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Introduction and outline

General introduction 

‘A child is not just a miniature adult’ (J.J. Rousseau, 1712-1778)

Since the time of Rousseau, developmental biology and child psychology have become 

an indisputable part of present-day science and it is nowadays undebated that a child (or 

adolescent) is not to be considered equal to an adult, not only in terms of its behavior 

and cognitive abilities, but also in terms of medicine. It is therefore striking that the largest 

part of the available medications are still primarily being tested in adults. The reason for 

this is that ‘pediatric studies are not only difficult to carry out from a practical point of 

view, they were also considered, until recently, as ethically difficult to defend’ (Wohlfarth et 

al., 2009). As a result, a considerable number of medicines are being prescribed in general 

practice that are not licensed for use in children or adolescents under 18 years of age (‘off-

label’), or not even licensed at all (‘unlicensed’). Also in the Netherlands the prescription of 

this type of medication to children and adolescents is common practice, with about half of 

all pediatric drug prescriptions being either ‘off-label’ or ‘unlicensed’ (‘t Jong et al., 2002; 

Schirm et al., 2002). Also the prescription of psychotropic drugs (medicines that act primarily 

upon the central nervous system) like methylphenidate and antidepressants, and even 

antipsychotics, to children and adolescents is becoming the rule rather than the exception 

(Andersen and Navalta, 2011; Hammad et al., 2006), and is in most cases unlicensed (except 

for methylphenidate (Ritalin®), which is ‘off-label’ for adult use). Considering the fact that 

human brain development is ongoing until at least the early twenties, this is worrisome at 

the least (Paus et al., 1999; Sowell et al., 2003). In view of the many scientific publications 

regarding this topic, awareness of this important matter inside and outside the scientific 

world is evident, although everyday practice is still lagging behind (Jureidini et al., 2004; 

Lancet Editorial Note, 2006; Vitiello, 2003; Wohlfarth et al., 2004).

Childhood depression is considered relatively rare under the age of 12, but its prevalence 

increases from 1-2 % to 8-14 % by the end of adolescence (Kapornai and Vetro, 2008; Kessler 

et al., 2001). Also, adolescent onset of major depression is associated with a more chronic, 

severe and disabling pattern, including higher rates of family history and more suicide 

attempts than adult onset depression (Zisook et al., 2007). In 2006, the antidepressant 

fluoxetine (Prozac®) was approved for the treatment of moderate-to-severe depression 

in children aged 8 years and older. The efficacy of antidepressants in either prepubertal 

children or adolescents remains heavily debated, however (Bridge et al., 2007; Hetrick et 

al., 2007; Jureidini et al., 2004; Wohlfarth et al., 2004). More strikingly, both the U.S. Food 

and Drug Administration (FDA) and the European Medicines Agency (EMA) initially stated, 

in 2004, that antidepressants were contraindicated for treating depression in children and 
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adolescents, after concerns about increased suicide risk in these specific age categories 

and concerns about developmental and reproductive toxicity of fluoxetine in particular. 

Meanwhile, although the steep increase in the rate of juvenile antidepressant prescriptions 

in the past 20 years did initially decline due to the warnings, prescription rates are now 

rising again (Wijlaars et al., 2012), also in the Netherlands (Volkers et al., 2007). In 2007, 

approximately 8.500 children and adolescents under age 21 were being treated with 

antidepressants in the Netherlands alone (Stichting Farmaceutische Kerngetallen 2007; 

www.sfk.nl).

Rationale and aim of the thesis

Fluoxetine (FLX) is a selective serotonin reuptake inhibitor (SSRI). Although numerous trials 

have shown robust safety of this type of antidepressant in adults, there are justified concerns 

about the long-term effects of these psychotropic medications on brain development in 

children and adolescents (Andersen and Navalta, 2004). Clinical safety data on their long-

term effects are scarce and if available, studies have been conducted mainly in adults. The 

available preclinical data on the effects of FLX on brain development is not only limited, but 

also primarily aimed at perinatal exposure. The few studies that exist on juvenile exposure 

indeed suggest age-related differences, although focus lies heavily on behavioral aspects 

instead of the underlying biochemical alterations. These age-related findings lay beside 

the still not dispelled concerns about the heightened suicide risk after SSRI treatment 

in youngsters and together all of these concerns emphasize the need and urgency for 

intensive investigation. This clear need for further investigation on the short- and long-

term developmental effects of FLX in depressed children and adolescents is supported by 

EMA, who have placed FLX in this context on their priority list (http://www.emea.europa.

eu/htms/human/paediatrics/ prioritylist.htm). The aim of this thesis was therefore to gain 

more insight in the effects of SSRIs, and FLX in particular, on neurodevelopmental processes 

in the adolescent brain, with an emphasis on serotonergic functioning.

SSRIs and the serotonin system

SSRIs like FLX mainly act on the serotonin system. Serotonin (5-hydroxytryptamine; 5-HT) 

is a monoamine neurotransmitter that plays a role in many important brain functions, 

ranging from regulation of circadian rhythms to complex cognitive processes linked to 

learning, memory and emotion. Changes in 5-HT function are known to be involved the 

pathophysiology of many psychiatric disorders, with depression and anxiety being the 

most well-known (Sharp, 2010). The cell bodies of 5-HT neurons are restricted to clusters 

of cells located in the brain stem, the raphe nuclei, with the dorsal raphe nucleus (DRN) 



12

Introduction and outline

being the largest of the brainstem’s serotonergic nuclei and containing about 50% of 5-HT 

neurons. Their axons however innervate nearly every area of the brain. And although 5-HT 

neurons make up for only one in a million (1 x 10-6) of all neurons in the entire mammalian 

central nervous system, serotonergic terminals may account for as many as 0.2% of all axon 

terminals in rat cortex, making 5-HT one of the most widely distributed neurotransmitters 

within the brain (Jacobs and Azmitia, 1992; Pineyro and Blier, 1999). 

Working mechanisms

5-HT is synthesized from the essential amino acid tryptophan in the presence of its rate-

limiting enzyme tryptophan hydroxylase (TPH). After release into the synaptic cleft, it diffuses 

to activate post-synaptic 5-HT receptors located on the dendrites, cell bodies and synaptic 

terminals of adjacent neurons. 5-HT action is regulated primarily via reuptake of 5-HT from 

the extracellular space and back into the pre-synaptic neuron by the 5-HT transporter (SERT) 

(Torres et al., 2003). This controlled and high affinity reuptake via SERT accounts for the 

removal of about 90% of released 5-HT (Benninghoff et al., 2012). SSRIs selectively inhibit 

this reuptake of 5-HT by blocking the SERTs, this way elevating the extracellular levels of 5-HT. 

After reuptake in the pre-synaptic cell by SERT, the 5-HT gets either stored in pre-synaptic 

vesicles for reuse or it is metabolized into 5-hydroxyindoleacetic acid (5-HIAA). Another key 

mechanism involved in the control of 5-HT homeostasis is negative feedback inhibition by 

pre-synaptic 5-HT auto-receptors, of which the 5-HT1a and 5-HT1b are best characterized 

(Best et al., 2010; Sharp, 2010). 5-HT1b auto-receptors, located at the nerve terminals 

themselves, decrease the synthesis and release of 5-HT when extracellular concentrations 

rise, whereas 5-HT1a auto-receptors affect firing rates in the DRN itself. Subsequently, these 

negative feedback mechanisms are themselves regulated by dynamic changes in auto-

receptor expression levels, which is demonstrated by the quick internalization of these 

auto-receptors by for example SSRI exposure (Descarries and Riad, 2012; Newman et al., 

2004). See Figure 1 for a schematic overview of 5-HT synthesis, release and uptake. 

While most of these direct effects of SSRIs on the 5-HT system are now unraveled, their 

exact mechanism of action is still unknown. This status quo is nicely stated by Benninghoff 

et al.: “while SSRIs have a proven effect on the patients’ mood, the underlying mechanisms 

for their beneficial impact still remain partially unclear mostly because the known effects of 

altered 5-HT levels on surrounding brain tissue do not suffice as satisfactory explanation of 

the therapeutic effects observed in patients receiving chronic SSRI-treatment” (Benninghoff 

et al., 2012). One of the main issues is that antidepressants such as SSRIs are only effective 

after long-term use, indicating that slowly proceeding neurophysiological adaptations 

of the brain are needed for the antidepressant effect to kick in. Several theories on the 
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underlying working mechanisms however exist, ranging from the requirement of complete 

desensitization of the negative feedback mechanisms to regulation of gene expression and 

adult neuroplasticity (Duman et al., 2001; Tardito et al., 2006). Either way, it is safe to say 

that the ways in which SSRIs exert their therapeutic effect are extremely complex and yet far 

from unraveled. Also, it is clear that these working mechanisms are by no means restricted 

to the 5-HT system, but that other neurotransmitters such as noradrenaline (NA), dopamine 

(DA), glutamate and GABA are involved as well (Amargos-Bosch et al., 2005).

Developmental role of 5-HT

So, even though it is still unresolved how SSRIs precisely work, we do prescribe them to 

children and youngsters with developing brains. Why is there reason to believe that changing 

5-HT function in a developing brain can be potentially harmful? 5-HT is already present in 

the brain during early prenatal development, even prior to the onset of neurotransmission 

or the formation of conventional synapses, and has therefore been suggested as early as 

1978 to play a role as ‘developmental signal’ in the construction and plasticity of brain 

circuits (Lauder and Krebs, 1978). 

Figure 1. Schematic view of a serotonergic 
synaptic terminal.  Adapted from (Fernandez 
and Gaspar, 2012). Abbreviations: 5-HT: 
serotonin, 5-HTP: 5-hydroxy-tryptophan, Tph2: 
tryptophan hydroxylase 2, Aadc: aromatic 
amino acid decarboxylase, SERT: 5-HT 
transporter, MAO: monoamine oxidase, 5-HIAA: 
5-hydroxyindoleacetic acid, Vmat2: vesicular 
monoamine transporter 2.

Indeed, 5-HT was recognized to play a role in numerous developmental events, including 

cell proliferation, migration, and differentiation, cell death and synaptogenesis (Gaspar 

et al., 2003; Whitaker-Azmitia et al., 1996). Most of the 5-HT system is already fully 

functional around birth (Murrin et al., 2007) and disruptions in 5-HT function will therefore 
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have more profound effects during early (prenatal) development. Still, development 

of 5-HT transmission is ongoing until adulthood. Animal studies have shown that 5-HT 

neurotransmission undergoes widespread remodeling from youth through adolescence into 

adulthood, which is during adolescence most pronounced in the frontal and limbic regions 

(Crews et al., 2007; Olivier et al., 2011). During this period the number of 5-HT synapses is 

known to fluctuate, there is a steady increase of SERTs in mainly the frontal cortex, and a 

clear reorganization of 5-HT receptor expression (Crews et al., 2007; Moll et al., 2000). Also, 

several brain regions, as for instance the prefrontal cortex (PFC) and the dentate gyrus (DG) 

of the hippocampus, still undergo structural maturational processes during youth in which 

5-HT plays a role, including synaptogenesis, synaptic pruning and white matter maturation 

(Brenhouse and Andersen, 2011). So, possible long-lasting changes can occur when altering 

neurotransmitter function during these late developmental processes; a process which is 

termed ‘neuronal imprinting’ (Andersen and Navalta, 2004).

Imprinting effects of juvenile drug exposure

Brain development depends on the emergence of critical developmental processes during 

which widespread reorganizations of brain morphology and function take place and is 

therefore sensitive to pharmacological interventions that occur during these processes 

(Swaab and Boer, 2001). Clearly, adolescence is one of these so-called ‘windows of 

vulnerability’. Several neuroimaging studies have helped to visualize these intense levels 

of neuronal plasticity in puberty (Toga et al., 2006). After an initial period of axonal 

overgrowth, most circuits in the brain are refined and rewired by a gradual but extensive 

loss of synapses (as many as 40%) together with strengthening and maturation of remaining 

synaptic connections (Blakemore, 2008; Casey et al., 2008; Paus et al., 1999). This loss of 

earlier formed synaptic connections, called pruning, peaks during adolescence and accounts 

for substantial region-specific decreases in gray matter density in puberty (Giedd, 2008), 

while maturation of remaining connections leads to increases in white matter (Paus et al., 

1999). This vulnerability of the adolescent brain becomes evident with the onset of some 

major neuropsychiatric disorders, including ADHD, depression, OCD, eating disorders and 

schizophrenia, and a severe liability to drug abuse (Adriani and Laviola, 2004; Andersen, 

2003). Furthermore, there is an increased likelihood that addiction will develop when 

psychoactive drug use starts early during adolescence, indicative of age-dependent 

differences in pharmacological sensitivity to drugs (Clark et al., 1998).

Imprinting describes the long-term effects of a drug or event that last well after the 

removal of the originating cause. These effects might even be not fully noticeable until well 

after the time of exposure and may thus arise only during adulthood (Andersen, 2003). In this 
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view, Andersen and Navalta have put forward the ‘equal, but opposite’ hypothesis; stating 

that, although the initial mechanisms of action of psychotropic drugs are most probably 

similar in both the immature and mature brain, chronic exposure in adult subjects will result 

mainly in transient compensatory reactions, while in juveniles these same compensatory 

reactions might permanently affect the development of the involved neurotransmitter 

systems and subsequently lead to decreased sensitivity to the drug or even to effects that are 

opposite to the original drug effect (Andersen and Navalta, 2004). As said before: much of 

the 5-HT system is already fully functional around birth (Murrin et al., 2007). This argument 

along with the notion that targeted deletions of 5-HT receptors or of genes involved in 

5-HT metabolism cause no gross abnormalities of brain development (Gaspar et al., 2003) 

suggests that the effects of SSRIs during childhood and adolescence will be minimal. The 

reason that targeted disruption of 5-HT transmission early in life has so little devastating 

effects is probably due to the large variety of 5-HT receptors and other 5-HT modulators and 

their limited set of actions during specific periods in development in specific brain areas, so 

that many ways of compensation exist (Gaspar et al., 2003). Still, the 5-HT system is not at 

‘adult’ level during adolescence. And effects of early changes in 5-HT homeostasis are in fact 

present, especially resulting in deviant adult behavior (and physiopathology of psychiatric 

diseases), although not as striking as one may expect.

Preclinical studies on the lasting effects of juvenile SSRI exposure have focused on 

behavioral aspects, while studies on the effects of neurochemical outcome measures and 

especially on neurotransmitter function still are scarce. Considering behavior, the general 

consensus is that exposure to SSRIs very early in rodent development can lead to depression- 

and anxiety-like behaviors in adulthood, which is in line with the earlier mentioned ‘equal-

but-opposite’ hypothesis (Olivier et al., 2011). However, the behavioral effects of adolescent 

exposure are less clear. Available studies report conflicting findings, both for the acute as well 

as for the long-term behavioral effects. Chronic SSRI treatment during adolescence has been 

reported to result in both anxiolytic as well as anxiogenic responses and both depressogenic 

as well as antidepressant behavior in adulthood, while other studies failed to demonstrate 

lasting effects (Iñiguez et al., 2010; Norcross et al., 2008; Oh et al., 2009; Vorhees et al., 

2011). Acutely, SSRIs have been found to have either antidepressant effects (Bhansali et 

al., 2007; Homberg et al., 2011), or anxiogenic effects (Oh et al., 2009) on adolescent 

behavior. It must be noted that in all above-described studies the used age ranges, dosages, 

routes and number of administrations and washout periods differ considerably, in this way 

complicating direct comparison. As said, studies regarding the effects of adolescent SSRI 

exposure on neurotransmitter function or related outcome measures are limited in number. 

However, there are reports of age-dependent effects of chronic FLX on SERT expression 
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(Bock et al., 2005; Wegerer et al., 1999) on markers of both 5-HT and DA function (Karanges 

et al., 2011) and on dendritic spine proliferation (Norrholm and Ouimet, 2000). Also, a small 

number of studies focused on the effects of juvenile exposure on adult neurogenesis, but 

again findings are mixed (Cowen et al., 2008; Hodes et al., 2009; Navailles et al., 2008).

Pharmacological MRI as a research tool

Neuroimaging techniques that allow us to study both the anatomy and functional activity 

of the living brain have helped greatly improving our understanding of the underlying 

mechanisms of action of psychiatric diseases and of the effects of psychotropic medication 

thereupon. Especially functional magnetic resonance imaging (fMRI) has become one of the 

key research tools in neuroscience today, accompanied with an exponential growth in the 

application of MRI tools (Martin and Sibson, 2008). A powerful feature of MRI methodologies 

is their non-invasive nature and consequent widespread application to studies involving 

both animals and humans. The most commonly used fMRI technique is blood-oxygen-level-

dependent (BOLD) fMRI. This technique is based upon the oxygenation state of the blood. 

Deoxygenated blood has paramagnetic properties which can influence the MR signal; its 

presence leads to signal decrease. Neuronal activation causes a local increase in blood flow 

which ‘overshoots’ the metabolic requirement of the nerve cells. The resultant increase in 

perfusion rate and in the amount of oxygenated blood in the region of activation can now 

be visualized as a change in raw image intensity when using appropriate MR acquisition 

sequences. These signal changes can be subsequently mapped onto ‘anatomical’ MR images 

of the same brain (Anderson et al., 2008; Leslie and James, 2000; Tracey, 2001). Perfusion, 

or cerebral blood flow (CBF), can also be measured with other MRI techniques such as 

arterial spin labelling (ASL). With ASL, arterial blood water is magnetically labeled using 

radiofrequency (RF) pulses and used as a diffusible flow tracer. By subtraction of labelled 

and non-labelled (control) images, a perfusion contrast can be obtained giving absolute 

CBF values in a specific region. CBF is expressed in well characterized physiological units of 

mL/100 g/min, reflecting the volume of flow per unit brain mass per unit time (Wolf and 

Detre, 2007). This is a more absolute measure than BOLD signal change. 

By combining fMRI with pharmacological intervention, the actions of psychotropic 

drugs on the central nervous system can be visualized, an application that is referred to as 

pharmacological MRI or phMRI. This is a relatively non-invasive method, which offers a good 

spatial and temporal resolution allowing longitudinal studies to follow disease progression 

and/or treatment efficacy. Until recently, pharmacological action was typically visualized 

using positron emission tomography (PET) (Aznavour et al., 2006) or single photon emission 

computed tomography (SPECT) (Hwang et al., 2007). These techniques allow the localization 
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of radioligands, for example targeted at a specific receptor or transporter, in the living 

body. This makes PET and SPECT more direct measures than fMRI, but these techniques 

also have important shortcomings. First, the radiation exposure that is involved leads to 

safety concerns regarding the radioactive load and repeatability issues. Second, PET and 

SPECT suffer from a relatively low spatial resolution, and there is still a relative lack of useful 

radioligands currently available for receptor studies (Paterson et al., 2013; Saulin et al., 

2012; Smith et al., 2002). Last, this type of imaging is relatively costly compared to MRI. 

Considering the amount of psychotropic substances available, phMRI generates endless 

possibilities. It can for example be used for the in vivo assessment of neurotransmitter 

function, by applying a drug that specifically targets that neurotransmitter system. In this 

way, it is possible to use phMRI to assess 5-HT function by visualizing the effects of for 

example an SSRI or 5-HT receptor (ant)agonist. Numerous studies in both animals and 

humans have already validated this specific use of phMRI (Anderson et al., 2008; Martin and 

Sibson, 2008). Although precise underlying mechanisms are yet unknown, animal studies 

have shown that alterations in extracellular 5-HT concentrations and/or the blockade or 

stimulation of 5-HT receptors alter the MR signal in a region-specific manner (Martin and 

Sibson, 2008). An additional advantage of phMRI is its possibility to either determine direct 

modulation of brain function, for example during a long resting-state or baseline fMRI 

sequence following drug infusion, or indirect modulation of brain activation, for example 

caused by an activation paradigm to specifically highlight brain areas related to a specific 

cognitive, sensory, or motor task (Anderson et al., 2008; Tracey, 2001). In this way, 5-HT 

phMRI has shown the involvement of 5-HT in a broad range of neural processes ranging 

from motor function through ‘cold’ cognition, such as memory and response inhibition, to 

emotional processing (Anderson et al., 2008). 

Besides these advantages, there are also some practical limitations to phMRI to consider. 

Firstly, although less invasive than PET or SPECT, phMRI still requires the administration of a 

drug and often this is administered intravenously to ensure rapid uptake in the brain visible 

within one scan. This makes the technique less suitable for vulnerable patient populations 

such as young children. Although oral administration of the challenge drug is possible 

and has been used in numerous studies (Anderson et al., 2008), individual differences 

in drug response and drug clearance together with the inability to scan on- and off the 

drug within one scan session will account for additional sources of variation. Secondly, 

the possible systemic and global cerebrovascular effects of the drug challenge should be 

taken into consideration, since these are able to affect the MR signal (Martin and Sibson, 

2008), although the same accounts for PET/SPECT studies. Additionally, one should keep 

physiological variables such as heart rate, temperature and O2 saturation as constant as 
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possible, as these also influence the hemodynamic response. This is especially of relevance 

in pre-clinical phMRI, where a certain level of anesthesia is often required. Last but not least, 

since phMRI is a relatively new imaging approach, for most of the phMRI applications, the 

reliability of the specific technique and thus its usefulness as a research tool needs to be 

further established.

Outline of this thesis

The aim of this thesis was to gain more insight in the effects of SSRIs, and FLX in particular, on 

neurochemical processes in the adolescent brain, and on how these differ from the effects 

on the adult brain, with a strong focus on the serotonergic neurotransmitter system. We first 

illustrate the concept of chemical imprinting after 5-HT manipulation in Part I. In Part II, we 

test this principle for FLX in a number of animal studies (the main focus of this thesis) and in 

Part III, methodological issues are discussed regarding imaging of the 5-HT system.

General Introduction

Chapter 1 offers a short introduction on the significance and relevance of studying the 

effects of antidepressants on the developing brain. The prevalence of depression and 

prescription rates of antidepressant drugs to children and teenagers force us to look into 

possible imprinting effects of these drugs on key neurotransmitter systems such as serotonin. 

Neuroimaging techniques such as pharmacological MRI can have a very useful role herein.

Part I: Chemical imprinting after 5-HT manipulation

Possible long-lasting changes in neurotransmission can occur when neurotransmitter 

function is altered during brain development. This is called neuronal imprinting, or, when 

a chemical substance is used to alter neurotransmitter function, chemical imprinting. In 

chapter 2, we describe a study in which the age-at-first-exposure to MDMA, a potent 5-HT 

releaser, is related to adult SERT expression in both the human and rat brain. Chapter 3 

presents the results of several early pilot experiments that were performed in order to assess 

the effects of FLX on the late developing rat brain, including behavior, SERT expression and 

phMRI results.

Part II: Age-related effects of chronic fluoxetine in the rat brain

The aim of the animal studies described in this part of the thesis was to identify age-related 

effects of chronic FLX treatment in the rat’s brain. All studies use the same study design 
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and treatment protocol combined with different read-out systems to assess 5-HT-related 

neurochemical processes. Chapter 4 describes a pharmacological MRI study in which we 

compared the effects of FLX treatment on the brain’s responsiveness to an acute 5-HT 

challenge between adolescent- and adult-treated animals. Chapter 5 focuses on the effects 

of preceding chronic FLX treatment on extracellular monoamine levels before and after an 

acute 5-HT challenge. In chapter 6, three explorative studies on the age-related effects of 

chronic treatment on gene expression, SERT availability and TPH expression are discussed. 

Chapter 7 concludes with a study on the effects of chronic treatment on adult neurogenesis 

and how this again differs between adolescent-treated and adult-treated animals.

Part III: Methodological issues of 5-HT phMRI

This part of the thesis focuses on the importance, but also on the difficulties of 5-HT imaging.  

In chapter 8 we present a technical overview of how to perform 5-HT phMRI in rats. Chapter 

9 and 10 describe an extensive pilot experiment in which the test-retest reliability of phMRI 

with an oral challenge was assessed in healthy female volunteers. In chapter 9, we used a 

perfusion-based method (arterial spin labeling) to overcome the potential problems with 

signal variation due to the requirement of repeated scan sessions. Chapter 10 describes the 

effects of an oral 5-HT challenge on task-related brain activity in a BOLD-based fMRI study. 

Finally, in chapter 11 we introduce the methodology of the ongoing clinical medication trial 

used to assess the effect of FLX treatment in adolescent and adult MDD patients.

Summary, general discussion and conclusion 

The most important findings of the studies described in this thesis are summarized and 

discussed in chapter 12. A Dutch summary of the main findings and their implications can 

be found in the appendix.
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Abstract

Rationale and Objective  Little is known on the effects of ecstasy (MDMA, a potent 5-HT-

releaser and neurotoxin) exposure on brain development in teenagers. The objective of this 

study was to investigate whether in humans, like previous observations made in animals, 

the effects of MDMA on the 5-HT system are dependent on age-of-first exposure. 

Methods  5-HT transporter (SERT) densities in the frontal cortex and midbrain were 

assessed with [123I]β-CIT single photon emission computed tomography in 33 users of 

ecstasy. Subjects were stratified for early-exposed users (age-at-first exposure 14-18 years; 

developing brain), and late-exposed users (age-at-first exposure 18-36 years; mature brain). 

In parallel, we investigated the effects of age experimentally with MDMA in early-exposed 

(adolescent) rats and late-exposed (adult) rats using the same radioligand. 

Results  On average five years after first exposure, we found a strong inverse 

relationship, wherein age-at-first exposure predicted 79% of the midbrain SERT variability in 

early (developing brain) exposed ecstasy users, whereas this was only 0.3% in late (mature 

brain) exposed users (p=0.007). No such effect was observed in the frontal cortex. In rats, 

a significant age-BY-treatment effect (p<0.01) was observed as well, however only in the 

frontal cortex. 

Conclusions  These age-related effects most likely reflect differences in the maturational 

stage of the 5-HT projection fields at age-at-first exposure and enhanced outgrowth of the 

5-HT system due to 5-HT’s neurotrophic effects. Ultimately, our findings stress the need for 

more knowledge on the effects of pharmacotherapies that alter brain 5-HT levels in the 

pediatric population.
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Introduction

The monoamine neurotransmitter serotonin (5-HT) plays a key role in the development 

of the central nervous system through its role in the connective organization of the brain. 

It is known not only to autoregulate the outgrowth of serotonergic neurons but has also 

been implicated in the control of cell proliferation, differentiation, migration, cell death, 

synaptogenesis and dendritic pruning (Gaspar et al., 2003; Homberg et al., 2010; Whitaker-

Azmitia et al., 1996). The brain in development is dependent on the emergence of these 

critical developmental processes and is thus sensitive to pharmacological interventions 

that can influence those. In this way, substances that induce heightened levels of 5-HT can 

lead to disturbed outgrowth of the 5-HT system when administered during (early) brain 

development (Cabrera-Vera et al., 1997; Maciag et al., 2006; Shemer et al., 1991; Wegerer 

et al., 1999). This also includes the drug of abuse 3,4-methylenedioxymethamphetamine 

(MDMA, ecstasy), a strong 5-HT releasing agent which can lead to enhanced 5-HT outgrowth 

in case of fetal exposure (Azmitia et al., 1990; Won et al., 2002).  This is striking, since dose-

dependent reductions in 5-HT markers such as the 5-HT transporter (SERT) are observed in 

adult animals (Ricaurte et al., 2000), and probably also in humans (Reneman et al., 2001a). 

Studies examining the effects of perinatal MDMA exposure also show that immature animals 

are less susceptible than adults to the neurotoxic effects of MDMA (Aguirre et al., 1998b; 

Broening et al., 1994; Meyer and Ali, 2002). These neurotoxic effects encompass long-term 

and long-lasting reductions in several markers of the 5-HT system (for example lower 5-HT 

and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) concentrations, SERT density, less 

activity of the rate-limiting 5-HT synthesis enzyme tryptophan hydroxylase (TPH) and loss of 

5-HT axons) in animals (Capela et al., 2009; Lyles and Cadet, 2003). As said before, MDMA 

seems to have much less of these neurotoxic effects on the perinatal brain. In rats, prenatal 

exposure has been shown not to affect any 5-HT markers (Aguirre et al., 1998b; Colado et 

al., 1997), while postnatally 5-HT sensitivity to MDMA seems to develop only after PND35 

(Aguirre et al., 1998b; Broening et al., 1994). Even during adolescent exposure, MDMA has 

been shown to reduce 5-HT transporter (SERT) densities in the frontal cortex still ‘only’ by 

21%, which is less pronounced than the 62% reduction seen in adult animals (Broening et 

al., 1994). Although human studies are less abundant, there is also evidence of reduced 

levels of 5-HIAA and SERT densities in ecstasy abusers. 5-HT2A receptor availability has 

found to be lower after recent abuse, but higher in former ecstasy abusers, perhaps due to 

compensatory receptor synthesis in response to 5-HT depletion (Reneman et al., 2001a). 

Although MDMA is known to directly affect the dopamine (DA) and noradrenaline (NA) 

systems as well, albeit to a lesser extent than 5-HT, no long-term neurotoxic effects on other 
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monoamine neurotransmitter systems have been found so far (Capela et al., 2009; Lyles and 

Cadet, 2003).

As mentioned before, the developing brain is sensitive to pharmacological interventions 

that influence normal neurotransmitter function. The perinatal period is not the only critical 

period though; the periadolescent period is characterized by a remarkable overshoot of 

synapses and neurotransmitter receptors, followed by synaptic pruning and maturation 

of remaining connections (Andersen, 2003). The monoamine neurotransmitters, such as 

5-HT, play an important role in these processes as well (Brenhouse and Andersen, 2011). 

Animal studies have shown that 5-HT neurotransmission undergoes widespread remodeling 

from early youth through adolescence into adulthood (Crews et al., 2007; Olivier et al., 

2011). During this entire period the number of 5-HT synapses is known to fluctuate, a 

steady increase of SERT is seen, mainly in the frontal cortex, and also a clear reorganization 

of 5-HT receptor expression (Crews et al., 2007; Moll et al., 2000). Hence, the brain is in 

another critical period of development during adolescence and is therefore thought to be 

more vulnerable to drug exposure in this period (Andersen, 2005), while it is this period in 

which many youngsters experiment with drugs of abuse, such as MDMA, due to increased 

risk-taking behavior and reduced impulsive control associated with these pubertal changes 

(Spear, 2000).

However, little is still known on the effects of altered 5-HT expression on (late) brain 

development, especially in humans. One way to study the effects of 5-HT alterations on 

neuronal development in humans is by examining the 5-HT system in recreational users of 

the ecstasy who have been exposed early during adolescence (developing brain), compared 

to users only exposed during adulthood  (mature brain), with ecstasy use of course being 

a rather extreme example of 5-HT manipulation. There are some indications from the 

literature that adolescent MDMA exposure exerts different effects than adult exposure. For 

example, 2-[18F]fluoro-2-deoxy-D-glucose (FDG) PET imaging studies have reported altered 

glucose metabolism in MDMA users, which seems to be more severe in subjects exposed to 

MDMA before the age of 18 (Lyles and Cadet, 2003). 

As SERT is a structural component of the 5-HT system, and has been validated as a 

reliable marker for the integrity of the 5-HT system, we aimed at measuring SERT binding 

in recreational users of the party drug ecstasy in which one group has been exposed during 

adolescence (developing brain), and the other group during adulthood (mature brain). In 

parallel, we investigated the effects of MDMA on SERT density in early-exposed (adolescent) 

rats and late-exposed (adult) rats. In rats, under normal rearing conditions, SERT densities 

in the midbrain already reach a plateau at weaning. In ontogenetically later maturing 

brain regions, such as the frontal cortex, SERT increases steadily from weaning till old age 
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(Brunello et al., 1985; Moll et al., 2000; Slotkin et al., 1997). In humans, on the other hand, 

midbrain SERT decreases with increasing age after the age of 18, as assessed with single 

photon emission computed tomography (SPECT) (van Dyck et al., 2000), whereas before the 

age of 18, no age-associated changes have been observed (Dahlstrom et al., 2000). With 

respect to the frontal cortex, most studies showed no aging effect of SERT (Andersson et al., 

1992; Arranz et al., 1993), although the dorsal aspects of the frontal lobe are known to be 

the latest to mature (Sowell et al., 2001).

The objective of this study was to investigate whether in humans and in rats the 

effects of MDMA on the 5-HT system are dependent on age-of-first exposure, like previous 

observations made in animals (Broening et al., 1994). Based on the essential role of SERT 

in the integrity of the 5-HT system and on the literature on normal age-associated changes 

in SERT density in rodents and humans, we hypothesized the following: a) in the midbrain, 

ecstasy induced reductions in SERT binding will be less pronounced in subjects exposed to 

ecstasy relatively late (matured brain) when compared to adolescence (maturing brain), due 

to a decrease in SERT with increasing age after the age of 18; b) No age-related effects of 

MDMA in rats, due to early maturation of this brain region in rat; c) in the frontal cortex, on 

the other hand, we expect no age-related effects of ecstasy exposure in the human subjects; 

d) but in rats we expect less pronounced effects following early exposure when compared to 

adult exposure, due to an increase in SERT with increasing age. 

Methods and materials

Human subjects

The present study population was described in previous publications in which we 

investigated the effects of ecstasy on SERT (Reneman et al., 2001a; Reneman et al., 2001b). 

Exclusion criteria were: positive drug screen; pregnancy; severe medical or neuropsychiatric 

illness that precluded informed consent; and lifetime psychiatric disorder. Subjects were 

interviewed with the computer assisted version of the Composite International Diagnostic 

Interview (CIDI, v2.1.) to screen for the presence of DSM-IV mental disorders. Subjects 

selected for this study were between 18 and 45 years old at the time of study entrance, 

otherwise healthy, and with no psychiatric history. The ecstasy users were stratified based 

upon age of first ecstasy use: one group consisted of 8 subjects who had started using 

ecstasy before the age of 18 (‘early exposure’ group), and the other group consisted of 25 

subjects that were older than 18 years of age when starting ecstasy use (‘late exposure’ 

group). The cutoff point of 18 years of age was chosen based on the literature showing age-

associated changes in midbrain SERT in subjects aged 18 years and older (Dahlstrom et al., 
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2000; van Dyck et al., 2000). In humans, on the other hand, SERT decreases with increasing 

age after the age of 18. All participants agreed to abstain from use of psychoactive drugs 

(including MDMA) for at least 3 weeks prior to the study, and were asked to undergo urine 

drug screening to assess current exposure to psychoactive drugs before enrolment. Subjects 

were informed that reimbursement for participation was contingent on no evidence of 

drug use on the urine sample. The institutional Medical Ethics Committee of the Academic 

Medical Center in Amsterdam approved the study. After complete description of the study 

to the subjects, written informed consent was obtained from all participants. This study was 

conducted according to the principles expressed in the Declaration of Helsinki.

SERT imaging studies

The subjects in each group were examined using SPECT with the SERT ligand 123I-labelled 

2b-carbomethoxy-3b-(4-iodophenyl) tropane ([123I]b-CIT). b-CIT binds with high affinity to 

both dopamine and 5-HT transporters, and has made it possible to assess the density of 

cortical and subcortical SERT in the living human brain, using SPECT (de Win et al., 2005). 

b-CIT has been shown to adequately detect changes in midbrain SERT and frontal cortex 

SERT secondary to MDMA treatment in non-human primate using SPECT (Reneman et al., 

2002). [123I]β-CIT binding in the cerebral cortex is predominantly to SERT, as pretreatment 

with the SSRI paroxetine significantly reduces [123I]β-CIT binding in the prefrontal cortex in 

rats and humans (Booij et al., 1997; Scheffel et al., 1992).

SPECT studies were acquired in all subjects with a brain dedicated SPECT system 

(Strichman Medical Equipment 810X, Strichman Medical Equipment Inc., Medfield, Mass., 

USA). This 12-detector single-slice scanner has a full width at half maximum (FWHM) 

resolution of approximately 7.5 mm. Transversal slices parallel to and upward in 5 mm 

steps from the orbito-meatal (OM) line to the vertex were acquired after positioning of the 

subject in the camera with a fixed light source oriented along the OM line. Each acquisition 

consisted of approximately 15 slices, (acquired in a 64 x 64 matrix) with 3 minutes scanning 

time per slice. The energy window was set at 135-190 keV. Acquisition was commenced 4 h 

after iv injection of approximately 140 MBq [123I]b-CIT, a time when specific binding to SERT 

is at a maximum and stable for up to 10 h after injection (Pirker et al., 2000). Reconstruction 

and attenuation correction of all images were performed as previously described (Booij et 

al., 1997).

An investigator unaware of the participant’s history carried out a region-of-interest 

analysis using a standard template for the frontal cortex, midbrain and cerebellum 

constructed manually from co-registered MR images in 4 control subjects. The binding in the 

cerebellum, which is presumed to be low in SERT, was used as a reference for background 
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radioactivity (non-specific binding + free ligand). The ratios of specific to non-specific [123I]

b-CIT binding in midbrain and the frontal cortex were calculated by dividing specific frontal 

cortex and midbrain binding by unspecific binding in the cerebellum, which is a well-

established measure for assessment of SERT density (Elfving et al., 2007; Gould et al., 2011). 

Animals and Drug Treatment

Male Wistar rats were obtained from Harlan (Horst, Netherlands). Animals were housed in a 

temperature and humidity controlled environment with food and water available ad libitum. 

The age at the start of the experimental manipulations in adolescent rats was PND27 (+/- 0 

days). This specific age was selected because adolescence is thought to last from PND28 to 

PND60 in male rats (Spear, 2000). Treatment in adult animals started at PND63 (+/- 5 days). 

Groups of rats (n=5-8) were given either a vehicle or a neurotoxic regimen of MDMA which 

consisted of a subcutaneous dose of 10 mg/kg MDMA given twice daily for four consecutive 

days, followed by a seven day washout period. MDMA (certified reference compound, purity 

98.9%) was obtained from the Netherlands Forensic Institute (Rijswijk, the Netherlands). All 

experiments involving procedures using animals were approved by the local Animal Care 

Committee at the Academic Medical Center in Amsterdam, according to relevant national 

and international guidelines.

SERT binding studies 

MDMA and vehicle-treated rats were injected intravenously with [123I]β-CIT seven days after 

the last treatment (PND38 in adolescent animals and PND74 (+/- 5 days) in adult animals). 

Three hours after injection of [123I]β-CIT (Reneman et al., 1999), animals were killed by 

bleeding via heart puncture under carbon dioxide anesthesia. The brains were quickly 

removed and dissected into the following regions: prefrontal cortex, temporal cortex, 

occipital cortex, hypothalamus, amygdala, hippocampus, striatum and cerebellum and 

weighed. For the midbrain, the superior colliculus was dissected because [123I]β-CIT uptake 

in the brainstem is highest in the superior colliculus in non-human primates (van Dyck et al., 

2000). The striatum was included as a negative control, since previous studies have failed to 

find an effect of MDMA using [123I]β-CIT in this brain region, since it mainly reflects binding to 

dopamine transporters. Radioactivity of [123I]β-CIT in each region was assayed with a gamma 

counter. The data were corrected for radioactivity decay back to the time of preparation of 

the injection syringes in order to compare relative concentrations in the tissues taken and 

to relate the results to the injected dose. The amount of radioactivity was expressed as a 

percentage of the injected dose, multiplied by the body weight per gram tissue weight (% 

ID x kg/g tissue), as described previously (Rijks et al., 1996). Binding of [123I]β-CIT to SERT 
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was analyzed using the ratio of specific to non-specific binding, using the cerebellum as a 

reference region for background radioactivity (Gould et al., 2011).

Statistics

Data were tested for normality using the Kolmogorov-Smirnov test. In the human 

experiment, differences in continuous variables (log-transformed if necessary) between 

the two groups were analyzed using a Student t-test. The association between midbrain 

and frontal cortex SERT and age-at-first ecstasy exposure was assessed using Spearman’s 

correlation coefficient, regression analysis and univariate analysis of variance (ANOVA). 

Possible confounding variables such as gender, total amount of ecstasy intake, duration of 

intake, time since last exposure, and exposure to other drugs of abuse on SERT expression 

were assessed with univariate ANOVAs as well. 

In the experiments in rodents, group differences in SERT densities were analyzed using 

multivariate ANOVA, with SERT density in all assessed brain regions as dependent variables 

and age and treatment as independent variables, followed by Bonferroni post-hoc tests 

when appropriate. Main age, treatment and age-BY-treatment interactions effects were 

further analyzed using a Student t-test. The chance of a type I error (α) was set at 0.05 using 

2-tailed tests of significance. All data were analyzed using SPSS version 16.0. 

Results

Demographics

Mean age-at-first ecstasy use was 16.1 years in the early-exposed group versus 22.4 years in 

the late-exposed group (p<0.01). On average subjects were scanned 4.7 years after their first 

ecstasy tablet in the early-exposed group and 5.2 years in the late-exposed group (p=NS). 

Apart from age at scanning (20.5 years in the early-exposed group versus 27.5 years in the 

late-exposed group, p<0.01) no differences were noted between the two groups: gender 

distribution, total ecstasy exposure, time since last exposure, as well as exposure to other 

drugs (alcohol, tobacco, cannabis, amphetamine and cocaine) was very similar for the two 

groups. An overview of these demographics is given in Table 1. 
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Table 1. Demographics, characteristics of MDMA use and exposure to other recreational drugs

First ecstasy < 18 years First ecstasy > 18 years

n=8 n=25 p-values

Age 20.5 (1.7) 27.5 (5.7) <0.01

Gender (M/F) 4/4 13/12 NS

Ecstasy use

Lifetime no. tablets 148 (190) 272 (476) NS

Time since last dose (months) 1.4 (0.8) 3.5 (4.9) NS

Age first use (years) 16.1 (1.0) 22.4 (4.7) <0.01

Duration of use (years) 4.7 (1.4) 5.2 (3.1) NS

Usual dose (mg) 193.8 (72.9) 180 (79.1) NS

Last 3 months use of

Alcohol (units/week) 10.1 (10.9) 11.2 (9.9) NS

Tobacco (cig./day) 9.4 (7.8) 9.2 (9.9) NS

Cannabis (no. joints) 39.5 (52.4) 68.1 (94.4) NS

Amphetamine (g) 3.5 (5.3) 2.2 (5.8) NS

SERT imaging in humans

Midbrain [123I]β-CIT binding ratios also did not differ between the two groups (1.30 ± 0.15 in 

the early exposure group vs. 1.24 ± 0.17 in the late exposure group, p=NS), nor frontal cortex 

(0.77 ± 0.06 in the early exposure group vs. 0.77 ± 0.08 in the late exposure group, p=NS). 

Analysis of variance revealed only a significant effect of age-at-first ecstasy use on midbrain 

[123I]β-CIT binding ratios (p<0.01), whereas other possible confounding variables had no 

significant effect (e.g. age-at-time of scanning p=0.37, gender p= 0.65, duration of ecstasy 

use p=0.63, lifetime total amount of tablets p=0.24). As postulated, correlation coefficient 

and regression analysis revealed a significant and very strong inverse relationship between 

age-at-first ecstasy use and midbrain [123I]β-CIT binding ratios. However, this effect was 

observed in the early-exposed group (Figure 1a) but not the late-exposed group (Figure 1b), 

opposite to our hypothesis. Age-at-first use accounted for a notable 79% of the variability in 

[123I]β-CIT binding ratios in the early-exposed group (Fig. 1a), whereas this was only 0.3% in 

the late-exposed group (Figure 1b). Exclusion of potential outliers did not affect the results. 

More specifically, the exclusion of the 14 year-old age-of-onset subject did not significantly 

change the slope of the regression line. As expected, no such relationship between age-at-

first ecstasy use and [123I]β-CIT binding ratios was observed in the frontal cortex.
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SERT binding in rats

Specific SERT binding ratios are given per group and per region in Table 2.

Effect of age on SERT binding   As expected, [123I]β-CIT binding ratios in the prefrontal 

cortex of control adult rats were higher when compared to adolescent control rats (4.47 

versus 3.55, respectively, + 21%; p <0.01). In other brain regions, such as the raphe nuclei 

contained in the midbrain, no significant differences in [123I]β-CIT binding ratios between 

adolescent and adult rats were observed, including the striatum (see also Table 2). 

Table 2. Specific [123I]b-CIT SERT binding ratios in saline and MDMA-treated rats

Control MDMA Delta p-value

Adolescent-treated

Cortical regions studied <0.01

Prefontal cortex 3.55 (0.52) 2.29 (0.24) -35% <0.01

Temporal cortex 2.30 (0.26) 1.67 (0.18) -27% <0.01

Occipital cortex 2.57 (0.26) 1.60 (0.16) -38% <0.01

Subcortical regions studied <0.01

Amygdala 5.87 (0.93) 3.64 (0.67) -38% <0.01

Hippocampus 3.44 (0.38) 2.13 (0.27) -38% <0.01

Hypothalamus 6.99 (1.03) 5.60 (1.07) -20% NS

Midbrain (sup. coll.) 7.06 (1.31) 2.16 (0.45) -69% <0.01

Striatum 17.40 (4.54) 20.93 (5.58) +17% NS

Adult-treated

Cortical regions studied <0.01

Prefontal cortex 4.47 (0.44) 2.27 (0.36) -49% <0.01

Temporal cortex 2.67 (0.40) 1.68 (0.22) -37% <0.01

Occipital cortex 3.03 (0.69) 1.75 (0.20) -42% <0.01

Subcortical regions studied <0.01

Amygdala 6.50 (0.85) 3.58 (0.70) -45% <0.01

Hippocampus 3.76 (0.46) 2.20 (0.33) -41% <0.01

Hypothalamus 6.66 (0.79) 4.36 (1.08) -35% <0.01

Midbrain (sup. coll.) 8.08 (1.40) 2.0 (0.62) -75% <0.01

Striatum 16.61 (3.10) 22.56 (7.73) +26% NS
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Effect of treatment   ANOVA analysis showed a significant main effect of treatment on 

cortical brain regions (p<0.01) and subcortical regions (p<0.01). Post hoc analysis revealed 

significant reductions in [123I]β-CIT binding ratios in all 5-HT-rich brain regions studied in 

MDMA treated rats, except for the hypothalamus in the adolescent rats (-20%, p=NS). The 

reductions were less pronounced in adolescent rats when compared to adult rats: ranging 

from -20% to -69% in adolescent rats (on average -37%), and -35% to -75% in adult rats 

(on average -46%). In the striatum, [123I]β-CIT binding ratios increased statistically non-

significantly by 17% in adolescent and 26% in adult rats.

Age-BY-treatment interaction effects   A significant interaction effect of age-BY-treatment 

was observed in cortical brain regions (p<0.05), but not in subcortical brain regions or the 

striatum. As expected, post hoc analysis revealed that the effects of MDMA treatment on 

[123I]β-CIT binding ratios were significantly different between adolescent and adult rats in 

the prefrontal cortex (p<0.01). In adolescent rats the degree of SERT loss in this brain region 

was less extensive when compared to adult rats following MDMA treatment (-35% versus 

-49%).

Figure 1. Early age of ecstasy use predicts higher SERT density in the developing brain. Midbrain SERT 
binding ratio plotted against age-at-first ecstasy exposure during a) brain development (first ecstasy 
use before 18 years; r2 = 0.789, r=-0.888, p=0.003) and in b) in the mature brain (first ecstasy use 18 
years or older; r2 = 0.032, r=0.179, p=0.392). 95% confidence limits are included with the regression 
line. 
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Discussion

Age-at-first ecstasy use predicted midbrain SERT binding in ecstasy users that started to use 

during adolescence but not in users that started during adulthood. In adolescent rats, MDMA 

administration resulted in a less pronounced loss of SERT binding in the frontal cortex. The 

differences between the effects of MDMA on the developing and matured brain most likely 

occur because of the differential maturational stage of the 5-HT projection fields at the 

time of first exposure in combination with 5-HT’s neurotrophic effects on the connective 

organisation of the developing brain.

Our data suggest that in rats a normal developmental increase in SERT density renders 

the frontal cortex sensitive to MDMA’s age-related effects (a statistically significant increase 

of +21% in SERT density between control adolescent and adult rats was observed in this 

brain region). This observation is in line with other studies that report a steady increase in 

SERT density from weaning until old age in this brain region (Moll et al., 2000). The frontal 

cortex is an ontogenetically later maturing brain region, and age-dependent increases in the 

densities of monoaminergic afferents may even continue to proceed until late adulthood in 

rat. The midbrain, on the other hand matures very early in rat, already during weaning (Moll 

et al., 2000), and indeed no age-BY-treatment effects were observed in this (or other) brains 

regions studied. It seems therefore likely that, in accordance with our hypothesis, the effects 

of MDMA in rats are (at least in part) determined by normal age-associated SERT densities. 

Other studies reported similar smaller reductions in SERT densities after early MDMA 

treatment (PND40: -21%) when compared to adult (PND70: - 62%) treatment (Broening et al., 

1994; Meyer and Ali, 2002) in the frontal cortex. In the present study, we observed a smaller 

difference between early and late MDMA treatment compared to Broening et al. (Broening 

et al., 1994) study, probably due to the younger age used in the present study (PND27 versus 

PND40). In the human study, we failed to find such an effect of age in the frontal cortex, 

as hypothesized. Besides a lack of age-associated changes in SERT densities in the human 

frontal cortex as pointed out earlier, another explanation for the species difference is that 

our sample of rat frontal cortex included the barrel field of primary somatosensory cortex 

(S-1). In this area of cortex, which receives input from the rat’s vibrissae, the thalamocortical 

afferents transiently express SERT during postnatal development as late as PND30 (Boylan et 

al., 2000). If these SERT-expressing but non-serotonergic fibers are not damaged by MDMA, 

then their presence at adolescence (PND27)  but not in adulthood (PND67) might contribute 

to the less pronounced treatment effect at the earlier time point. Barrels are found in some 

species of rodents and species of at least two other orders (Woolsey et al., 1975), but not 

in humans. 
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In line with our hypothesis, we observed no age-related effects of MDMA in rat midbrain, 

due to early maturation of this brain region in rat. However, in the human midbrain, we 

observed a significant effect of age-at-first ecstasy use on SERT densities, in early-exposed 

individuals, and not late-exposed individuals as hypothesized. We expected less pronounced 

effects of MDMA in the late-exposed individuals due to documented age-associated 

reductions in SERT only after the age of 18 (Dahlstrom et al., 2000; van Dyck et al., 2000) 

. The most likely explanation is that MDMA treatment does not cause loss of SERT in the 

midbrain due to 5-HT’s neurotrophic effects during development. Besides, the midbrain 

contains also the raphe nuclei. We previously observed that SERT density in the raphe 

nuclei, but not midbrain, is unaffected by MDMA in adult rat brain (de Win et al., 2004), 

an observation consistent with previous autoradiography (Battaglia et al., 1987; Lew et al., 

1996) and immunohistochemical (Hatzidimitriou et al., 1999; O’Hearn et al., 1988) studies. 

Thus, whereas the effect of age-at-first exposure of MDMA on 5-HT projection regions 

indeed may be primarily determined by age-associated SERT densities, in the midbrain its 

effects are also determined by 5-HT’s neurotrophic effects, due to proximity of the raphe 

nuclei. 

5-HT’s neurotrophic effects on the midbrain are age and species related, and strongest 

in early exposed individuals. It is well known that 5-HT has neurotrophic effects before the 

maturation of its neurotransmitter function (Lauder et al., 1983; Lauder et al., 1988; Lauder 

and Krebs, 1978). 5-HT’s neurotrophic effects on the midbrain containing the raphe nuclei 

are particularly strong. In line with this, MDMA, which is a potent 5-HT releaser, has been 

shown to increase 5-HT neuronal maturation in cell cultures of fetal raphe nuclei (Azmitia et 

al., 1990). In addition, other drugs that induce high levels of 5-HT during brain development 

may also cause enhanced outgrowth of the 5-HT system (Cabrera-Vera et al., 1997; Maciag 

et al., 2006; Shemer et al., 1991; Wegerer et al., 1999). In fact, ascending 5-HT projections 

of 5-HT neurons in the raphe nuclei have an enormous degree of structural plasticity, even 

in the adult brain: adult non-human primates with documented denervated proximal 

5-HT projection fields such as the thalamus and amygdala, completely reinnervated or 

hyperinnervated 7 years post-MDMA treatment (Hatzidimitriou et al., 1999). It has been 

suggested that release of a growth factor from astroglial cells in response to stimulation of 

postsynaptic 5-HT receptors causes this increased outgrowth of the 5-HT system (Azmitia et 

al., 1990; Whitaker-Azmitia and Azmitia, 1989). 

Several potential limitations of the current study should be mentioned. First, given 

the affinity of [123I]β-CIT for both 5-HT and dopamine transporters, our findings cannot be 

definitively ascribed to changes in the densities of SERT: the midbrain, thalamus, and cortex 

also contain dopamine transporters. However, displacement studies in animals have shown 
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that binding of β-CIT is predominantly associated with SERT in these brain regions (Farde 

et al., 1994; Scheffel et al., 1992). As reported previously (Reneman et al., 2001a), we did 

not observe differences in striatal [123I]β-CIT binding ratios (obtained 24 h after injection of 

the radiotracer and reflecting binding to dopamine transporters) between heavy MDMA 

users and controls, also not in the present rat study. We therefore conclude that the 

findings probably reflect differences in densities of SERT and not dopamine transporters 

(Reneman et al., 2001a). Second, as with all retrospective studies, there is a possibility that 

preexisting differences between the early and late-exposed group underlie differences in 

SERT densities—e.g., people with high SERT densities might be predisposed to start using 

ecstasy at a younger age. Because our sample size was small, the current findings need to be 

replicated in a larger cohort along with functional 5-HT outcome measures. 

Our findings confirm previous animal findings that MDMA affects the developing brain 

differently and extend these observations for the first time to humans. These age-related 

effects most likely reflect the maturational stage of the 5-HT projection fields at age-at-

first exposure and enhanced outgrowth of the 5-HT system due to 5-HT’s neurotrophic 

effects. At what age the 5-HT system becomes fully sensitive the MDMA’s neurotoxic 

effects is dependent on the developmental status of SERT and the maturation of 5-HT’s 

neurotransmitter function. These findings support the notion that during brain development 

the degree of structural plasticity of ascending 5-HT projections is higher than at later stages. 

To what extent these findings can be extrapolated to other drugs of abuse and medicines 

that have their primary action on the 5-HT system, is difficult to predict. Ultimately our 

data illustrate the need for more knowledge on the effects of pharmacotherapies that 

increase 5-HT levels during brain development, such as SSRIs for the treatment of childhood 

depression and anxiety disorders.
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Abstract 

Rationale Selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine are increasingly 

used for the treatment of depression in children. Limited data are however available on 

their effects on brain development and their efficacy remains debated. Moreover, previous 

experimental studies are seriously hampered in their clinical relevance. 

Objectives The aim of the present study was to investigate putative age-related effects of a 

chronic treatment with fluoxetine (5 mg/kg, either orally or i.p. for 3 weeks, 1 week washout) 

using conventional methods (behavioral testing and binding assay using [123I]β-CIT) and a 

novel Magnetic Resonance Imaging (MRI) approach.

Methods Behavior was assessed, as well as serotonin transporter (SERT) availability and 

function through ex vivo binding assays and in vivo pharmacological MRI (phMRI) with an 

acute fluoxetine challenge (10 mg/kg oral or 5 mg/kg i.v.) in adolescent and adult rats. 

Results Fluoxetine caused an increase in anxiety-like behavior in adult-, but not adolescent 

treated rats. On the binding assays, we observed increased SERT densities in most cortical 

brain regions and hypothalamus in adolescent-, but not adult-treated rats. Finally, reductions 

in brain activation were observed with phMRI following treatment, in both the adult- and 

adolescent-treated animals.

Conclusion Collectively, our data indicate that the short-term effects of fluoxetine on the 

5-HT system may be age-dependent. These findings could reflect structural and functional 

re-arrangements in the developing brain that do not occur in the matured rat brain. phMRI 

possibly will be well suited to study this important issue in the pediatric population.
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Introduction 

Fluoxetine, a selective serotonin reuptake inhibitor (SSRI) is at present the only registered 

SSRI for the treatment of major depressive disorders (MDD) which affects 2-8% of children 

and adolescents (Kapornai and Vetro, 2008). This drug induces an increase in extracellular 

serotonin (5-HT) by blocking the serotonin transporter (SERT). The brain in development is 

sensitive to pharmacological interventions because of its dependence on the emergence 

of critical developmental processes (i.e. synaptogenesis; (Swaab and Boer, 2001)). As 

maturation of the brain is not complete until young adulthood, sensitive periods of brain 

maturation extend into adolescence. The long-term effects of drug exposure may be delayed 

and expressed once the target system reaches maturation (i.e. typically during adulthood), 

a phenomenon called neuronal imprinting and occurs when the effects of drug exposure 

outlast the drug itself (Andersen and Navalta, 2004).

In this context, the long-term side effects of fluoxetine are well known in adults but 

have been sparsely studied in the developing 5-HT system, even with pediatric prescriptions 

rates for SSRIs increasing (Zito et al., 2006). Since more than 50-90% of drugs prescribed in 

children have only been tested or licensed in adults, it is potentially dangerous to assume 

that children will have the same response to SSRIs as adults (Bachrach, 2004). In spite of 

increased number of reported self-harm and aggression among children treated with SSRIs 

and even a black box warning by the Food and Drug Administration and European Medicines 

Agency in 2004, fluoxetine is the registered treatment of MDD in children 8 years of age and 

over. 

Neurotransmitters such as 5-HT, are known to play a key role in many aspects of brain 

development (Whitaker-Azmitia et al., 1996). Given that the 5-HT system of adolescents is 

still developing (e.g. in rats SERT density increases in the frontal cortex and basal ganglia, and 

decreases in the midbrain throughout adolescence (Moll et al., 2000), and that treatment 

with SSRIs can last for years, it is possible that long-lasting manipulation of 5-HT release 

results in long-lasting and/or delayed adaptations of the 5-HT system. In fact, Wegerer et 

al. (Wegerer et al., 1999) showed that chronic fluoxetine treatment persistently increases 

outgrowth of serotonergic projections in the frontal cortex of young but not adult rats. 

Also, age-dependent effects on hippocampal neurogenesis have been observed (Couillard-

Despres et al., 2009; Navailles et al., 2008).

In clinical trials, the most efficient dose of fluoxetine for treatment of depression in all 

ages including children has been shown to be 20 mg (Beasley et al., 2000) (~0.3-0.9 mg/

kg). Drugs are generally administered to rats in about 10-fold higher dosages compared to 

humans because of the higher hepatic drug-metabolism in rodents. 3-9 mg/kg is therefore 
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a clinically relevant dose of fluoxetine. Although the minimal dose of fluoxetine required 

for a significant inhibition of SERT and 5-HT was found to be 5 mg/kg (Tordera et al., 2002; 

Wegerer et al., 1999), most studies in rodents have been performed with much higher drug 

doses (typically 10-20 mg/kg) which induced acute behavioral impairments. Thus, previous 

studies are seriously hampered by a dose that is not clinically relevant.

With the purpose to overcome above mentioned shortcomings in previous studies and 

to investigate the potential of new non invasive imaging modality of the 5-HT system called 

pharmacological Magnetic Resonance Imaging (phMRI), the aim of the current project was 

i) to investigate the putative modifications of the effects of a chronic treatment with 5 mg/

kg fluoxetine on locomotor activity, anxiety-like behavior, working memory and depressive-

like behavior (experiment A) as a function of age at the instauration of treatment, and ii) to 

explore the usefulness of a non-invasive imaging technique that would be able to address 

this important issue in the pediatric population. In this respect, we conducted explorative 

studies of ex-vivo binding assays in various 5-HT rich brain regions with a radioligand for 

SERT ([123I]β-CIT (Reneman et al., 1999) (experiment B), and pharmacological Magnetic 

Resonance Imaging (phMRI) with fluoxetine as an index of 5-HT availability and/or SERT 

functionality. It has been shown that the blood oxygenation level dependent (BOLD) signal 

is sensitive for changes in 5-HT itself (McKie et al., 2005; Preece et al., 2009; Schwarz et al., 

2007) and SERT function (Downey et al., 2010) (experiment C).

Materials and Methods 

All experiments were carried out in accordance with French, Dutch and UK regulations 

governing animal welfare and protection. Protocols were also reviewed and consented by a 

local animal care committee, in accordance with the guidelines of the Principles of Laboratory 

Animal Care (NIH publication 86-23, revised 1985). All experiments were performed in a 

randomized order. An overview of the experimental schemes used is presented in Table 1.  
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Table 1. Experimental schemes used

Rat Strain Age at start of 
treatment

Treatment dose, 
duration, and route

Challenge with 
fluoxetine

n

Experiment A

Male Wistar PND 25 Fluoxetine or saline, 
5 mg/kg, 3 weeks via 
oral gavage, 1 week 
washout

10 mg/kg (oral) or 
saline

10

PND 65

Total number of animals used in experiment A: 10 per group x 2 ages x 2 chronic treatments x 2 
acute challenges = 160

Experiment B

Male Wistar PND 25 Fluoxetine or saline, 5 
mg/kg, 3 weeks, i.p., 1 
week washout

None 3

PND 65

Total number of animals used in experiment B: 3 per group x 2 ages x 2 treatments = 12

Experiment C

Male Wistar PND 25 Fluoxetine or saline, 5 
mg/kg, 3 weeks, i.p., 1 
week washout

5 mg/kg i.v. 4-6

PND 65

Total number of animals used in experiment C: 4-6 per group x 2 ages x 2 treatments = 21

Animals

In all experiments the same strain of male Wistar rats were used, with exactly the same 

age from the same supplier (Harlan). Rats were aged PND25 (post-natal day 25: ‘adolescent 

group’, 35-49 g) and PND65 (‘adult group’, 275-299 g) at the beginning of the experiments. 

The assessments were always performed following a one week washout at PND53 and 

PND93, respectively to ensure total drug clearance (Caccia et al., 1990). PND25-53 was 

selected because it approximates adolescence in humans. In male rats, adolescence lasts 

from PND28 to PND60 (Spear, 2000), with puberty occurring around PND 45 (Engelbregt et 

al., 2000). Rats were housed (2-3 in each cage) under normal 12h light-dark cycle (light on at 

8:00) and food and water were available ad libitum.

Drugs and treatments

Fluoxetine hydrochloride (5mg/kg body weight) dissolved in saline as a vehicle or vehicle 

(saline) alone was either administered by daily oral gavage (0.5-1 mL volume) or i.p. during 

3 weeks. The rationale for the 5 mg/kg dose was that a dosage of 5 mg/kg of fluoxetine 

causes a 40%  inhibition of [3H]5-HT in adult rat (Tordera et al., 2002) and that plasma levels 

of fluoxetine and its metabolite norfluoxetine do not differ between adolescent or adult rats 
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with this dose (Wegerer et al., 1999). For practical reasons, fluoxetine was injected i.p. in 

experiments B and C. However, it has been shown that fluoxetine and norfluoxetine plasma 

levels do not differ between i.p. and oral routes at the 5 mg/kg dose (in contrast to higher 

doses such as 10 mg/kg) (Bourdeaux et al., 1998). In order to be able to better compare the 

results from the different experiments, all animals in the three (A-C) experiments underwent 

the same treatment protocol, as much as possible. Because we have to administer an acute 

challenge in experiment C (the phMRI study), we also administered an acute challenge 

(10 mg/kg) prior to experiment A (the behavioral study) in half of the animals tested. The 

other half did not receive an acute challenge in order to be able to compare the behavioral 

findings to experiment B (ex-vivo binding assay with [123I]β -CIT), in which we were not able 

to give an acute challenge, otherwise it would have affected the binding of [123I]β-CIT.  During 

experiment C, rats were injected intravenously with fluoxetine (5 mg/kg) dissolved in saline, 

injected in a volume of 1 mL/kg. 

Experiment A: Behavior 

Following chronic treatment with fluoxetine or vehicle, and a one week washout, groups of 

rats (n=10 animals per groups with a total of 8 study groups) received an acute challenge 

with fluoxetine or saline 1h before the onset of behavioral testing (see below). Each animal 

underwent 4 different behavioral experiments in the following order: spontaneous activity, 

anxiety-like behavior, working memory, depressive-like behavior (inter test interval: 2min). 

Animals were daily handled during 1-month preceding behavioral tests, and habituated to 

the testing room half-an-hour before the first test.

Spontaneous activity was assessed in open-field (100x100cm, walls height: 20cm) subdivided 

in 36 equal squares. Number of crossed squares, rearing, fecal boli were collected during 6 

min. 

Anxiety-like behavior was analyzed by placing the animal on an elevated plus-maze (EPM, 

two open arms: 50x10cm; closed arms: 50x40x10cm) for 5 min. Number of entries and time 

spent in open and closed arms were collected for calculation of % of time and % of entries 

in each arm (Pellow et al., 1985). 

Working memory was assessed by recording spontaneous alternation behavior in a single-

session Y-maze test (Bouet et al., 2010). To this, a grey painted wooden Y maze (each arm: 

50x30x15cm) was used. Each animal was placed at the end of one arm for free exploration 

(5min). The number and sequence of entries (four-paw criterion) and number of rearing 
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were collected. Alternation behavior was defined as consecutive entries into all three arms. 

The alternation percentage was calculated by the formula: (number of alternation/maximal 

possible alternation)×100. 

In the three tests described above, the apparatus was cleaned with diluted ethanol (70%) 

and dried between rats. 

Depressive-like behavior was assessed by a modified version of the forced swimming test 

(FST) (Castro et al., 2010), initially designed by Porsolt et al. (Porsolt et al., 1977). Briefly, 

it consisted in placing the rat for one trial in a vase full of water (25°) for 6 minutes and 

measuring immobility, swimming, and climbing times from videotapes. Although Porsolt et 

al. (1977) described the test in two sessions, Castro et al. (2010) performed only one session 

because, i. previous studies showed that the effects of chronic stress can be measured 

by only one session, ii. the stress of a pre-test procedure modifies the cell proliferation, 

whose measurement was in fact the goal of the study. In our conditions, performing FST 

in one session was more suitable because animals were tested along a battery of tests, 

consequently performing a pre-test period the day before the assessment of spontaneous 

activity, anxiety-like behavior, and spontaneous alternation, would have probably increase 

the stress level and biased the result of the other behavioral tests.

Experiment B: Ex-vivo binding assay with [123I] β-CIT

Following chronic treatment with fluoxetine or vehicle, and a one week washout, groups 

of rats (n=3) were injected i.v. with approximately 1.85 MBq [123I]β-CIT. Three hours after 

injection of [123I]β-CIT (Reneman et al., 1999), animals were killed by bleeding via heart 

puncture under isoflurane anesthesia. The brains were quickly removed and dissected into 

the following regions: prefrontal cortex, cingulated cortex, occipital cortex, hippocampus, 

hypothalamus, striatum, raphe area and cerebellum and weighed. The striatum was 

included as a negative, since [123I]β-CIT uptake in this region reflects primarily binding to 

dopamine transporters (Reneman et al., 1999). 123I radio-activity of [123I]β-CIT in each region 

was assayed with a gamma counter. The data were corrected for radioactivity decay back to 

the time of preparation of the injection syringes in order to compare relative concentrations 

in the tissues taken and to relate the results to the injected dose. The amount of radioactivity 

was expressed as a percentage of the injected dose, multiplied by the body weight per gram 

tissue weight (% ID x kg/g tissue), as described previously (Rijks et al., 1996). Uptake in the 

cerebellum, presumed low in SERT, was used as a reference for background radioactivity. 

Then, specific (total minus cerebellar uptake) to non-specific (cerebellar activity) ratios were 

calculated.
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Experiment C: phMRI study

Following chronic treatment with fluoxetine or vehicle, and a one week washout, groups of 

rats (four groups of rats were studied (adults control: n = 6, adults treated: n = 5, adolescent 

control: n = 6 and adolescent treated: n = 4.) were anaesthetized with isoflurane (5% 

induction and then reduced to 1.5-2% for maintenance of anesthesia during surgery and 

scanning) given in a mixture of nitrous oxide (1.2-1.5 L/min) and oxygen (0.5 L/min). Animals 

were free-breathing during the whole experiment. To monitor physiological conditions, 

the right femoral artery was cannulated for blood gas (AVL, Roswell, GA, USA) and blood 

pressure (Biopac Systems Corp. Goweta, USA) monitoring. The right femoral vein was also 

cannulated for injection of the fluoxetine (5 mg/kg) for the acute challenge during the 

phMRI experiments. Intravenous injection was chosen in order to see a rapid change of 

brain activity. However because of the systemic effect due to the intravenous injection of 

fluoxetine, we decided to reduce the dose to 5 mg/kg with respect to the 10 mg/kg used in 

experiment A, to prevent blood pressure change outside the range of the auto-regulation.

PhMRI experiments were acquired on a Varian direct drive 4.7T (Varian, Palo Alto, 

CA, USA). A cylindrical quadrature coil placed around the head of the animal was used to 

transmit and receive the signal. Temperature was monitored through a rectal probe and 

maintained at 37.5 ± 0.5 °C by a warm air heating system (SA Instruments, New York, USA). 

For each subject, we acquired a T2-weighted anatomical image volume using a fast spin 

echo sequence with 16 echo train, matrix = 256x 256, FOV = 50 mm, 30 contiguous 1 mm 

coronal slices, centered 8 mm caudal to the posterior edge of the olfactory bulb, 4 averages, 

TReff = 5112ms, and TEeff = 60 ms. The time series acquisition used the same sequence 

with an echo train of 8, 16 slices of 1 mm thickness centered to the same position as before 

with TReff = 4500 ms, TEeff = 60 ms and a matrix size of 128 x 128. Thirty two time points 

per subject (acquisition time per time series volume was 150 s; total scan time of 80 min.) 

were acquired with injection of 5 mg/kg fluoxetine during the acquisition of 9th time series 

volume. Anatomical and time series data were converted to 4D Analyze format. All image 

processing was performed with the physical pixel dimensions scaled up by a factor of 10, in 

order to ensure compatibility with analysis algorithms designed for use with human data. 

This resulted in a voxel size 3.91 x 3.91x 10 mm3 for the time series data. Preprocessing 

included brain extraction with FSL/BET v. 2.1 with an adjusted fractional intensity threshold 

and threshold gradient and motion correction using FSL/MCFLIRT. Data for each animal was 

spatially normalized to a stereotactic rat brain template (Schwarz et al., 2006) by computing 

a six degree-of freedom affine transform for the anatomical image and applying the resulting 

transformation matrix to the accompanying phMRI time series (FSL/FEAT v 5.98). 
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Statistics

Experiment A + B: Behavior and ex vivo binding assay with [123I]β-CIT  Data were analyzed 

with a two-way analysis of variance (ANOVA) with age and treatment as independent factors, 

followed by post hoc multiple comparisons tests (Fischer’s PLSD) (StatviewR). In addition, 

we analyzed the age x treatment interaction term. Univariate t-test was used to compare 

the working memory performances to a reference value (50% alternation corresponding to 

a random exploration of the Y-maze). Data are presented as mean ± standard deviation (SD). 

The chance of a type I error (α) was set at 0.05 using 2-tailed tests of significance, unless 

stated otherwise. All data were analyzed using SPSS version 16.0.

Experiment C: phMRI study  Explorative image-based time series analysis of the 

hemodynamic response in individual subjects was carried out in the framework of the 

general linear model (GLM) using FSL/FEAT v. 5.98 with 8mm FWHM spatial smoothing, 

FILM prewhitening and a high pass filter of 4800 s. The first time series volume was deleted 

from further analysis to ensure steady-state imaging has been reached. The design matrix 

consisted of a square basic waveform with an initial off-period of 1050 s (7 volumes of 

baseline recordings corresponding to the 8 time points before the injection from which we 

removed the first time point) followed by an on-period of 3600 s (recordings of functional 

activity induced by fluoxetine) with a gamma convolution and an added temporal derivative 

in order to match the time course profile expected form a first analysis step looking at all 

significant changes in the brain (t-test with P threshold of 0.05 using Stimulate (Strupp, 

1996)). Maps of group mean responses and positive and negative group mean differences 

(two-sample unpaired T-test) were calculated within a GLM framework at the higher 

level using FSL/FEAT v. 5.98 with ordinary least squares simple mixed effects inference. Z 

(Gaussianised T/F) statistic images were thresholded using clusters determined by Z>2.3 

in case of group means and Z>1.8 in case of group differences and a (corrected) cluster 

significance threshold of P=0.05 (See Figure 3 and 4).

Results

Experiment A: Behavior 

Spontaneous activity  Horizontal activity was not affected by fluoxetine treatment or 

by age as attested by an absence of significant difference in number of crossed squares in 

open-field (Figure 1A). There was no significant difference in the vertical activity (number 

of rearing) neither. The percentage of time spent in the central area was not modified by 

treatment neither by age (interaction age x chronic treatment: p=0.07). PND25 animals 
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chronically treated with fluoxetine showed a trend to a decrease in the time spent in the 

center of the open-field (p=0.06). Acute challenge in itself had no effect on these parameters.

Anxiety-like behavior  Global activity in the plus maze tended to decrease with age (age 

effect p=0.06) (Figure 1B). There was no significant effect of chronic treatment or age x 

chronic treatment. Overall, % of open arm entries was not significantly modified by age or 

chronic treatment. There was a trend for an interaction between age x chronic treatment 

(p=0.06). However, taken separately, the data from adult PND65 group displayed a significant 

effect of treatment (p=0.03) suggesting an increase in anxiety level in adult animals. The % 

of time spent in open arms did not differ with age of chronic treatment, and there was also 

no significant age x chronic treatment interaction, neither any effect of acute challenge. 

Working memory  There was no significant effect of treatment, age or age x treatment 

on the number of arm entries or number of rearing. Alternation percentages were not 

affected either by age or treatment and there was no significant age x treatment effect. 

Concerning spontaneous alternation, ANOVA also failed to show significant effects of age, 

treatment or age x chronic treatment. In contrast to the control group, which displayed 

an alternation percentage significantly different from the chance level (p<0.05, univariate 

t-test), PND25 animals chronically treated with fluoxetine but without challenge displayed 

significantly impaired spontaneous alternation (not different from chance: p=0.63). Such 

an impairment was also observed in PND65 chronically treated and receiving the challenge 

(comparison with 50%, p=0.09) (Figure 1C). Again, the acute challenge had no effect on 

these parameters.

Depressive-like behavior  Immobility and swimming time during the forced swimming 

test were affected by age (p=0.03 and p<0.001, respectively), but not modified by chronic 

treatment, and there was no significant age x chronic treatment interaction (Figure 1D). 

Acute treatment did not significantly decreased immobility time (p=0.09). Climbing time 

was not modified by age or chronic treatment and there was no significant age x chronic 

treatment interaction.

Experiment B: Ex-vivo binding assay with [123I]β-CIT

The mean binding ratios for the four different groups are outlined in Table 2. As expected, 

[123I]β-CIT binding ratios were higher in the raphe area and hypothalamus compared to the 

three cortical regions, with the lowest binding ratio in the occipital cortex. A significant 

effect of age was observed in the prefrontal cortex, cingulate cortex and raphe nuclei. 
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[123I]β-CIT binding ratios were statistically significantly higher in control adult rats when 

compared to control adolescent animals, but significantly lower in the raphe nuclei. An 

effect of treatment was observed in both adolescent and adult animals in the hypothalamus 

(+5% in adults vs. 24% in adolescent animals) and raphe nuclei (both groups +20%). In the 

prefrontal cortex, only an effect was observed in the adolescent group (+19%), together 

with the hippocampus (+10%). Only in adult animals did we observe a statistically significant 

reduction in [123I]β-CIT binding ratios following fluoxetine treatment in the occipital (-13%) 

and cingulate cortex (-23%). Most importantly, a significant age x treatment effect was 

observed in the hypothalamus (p=0.01), and all cortical regions studied: the occipital 

cortex (p=0.04), cingulate cortex (p=0.02) and a trend in the prefrontal cortex (p=0.06). No 

significant effect of age, treatment or their interaction term was observed in the striatum.

Table 2. Effects of chronic treatment with fluoxetine on [123I]β-CIT binding ratios in various brain 
regions in adolescent (PND53) and adult rats (PND93).

Adolescent Adult

Control Fluoxetine Delta Control Fluoxetine Delta

Prefrontal cortex 3.67±0.27 4.54 ±0.42 +19%* 4.60 ±0.03┴ 4.81 ±0.13 +4%

Occipital cortex 1.22±0.32 1.53 ±0.17 +20% 1.65 ±0.02 1.43 ±0.06 -13%*

Cingulate cortex 3.59±0.95 4.16 ±0.35 +14% 6.02 ±0.50┴ 4.63 ±0.40 -23%*

Hypothalamus 5.49±0.74 7.25 ±0.11 +24%* 6.51 ±0.01 6.87 ±0.01 +5%*

Hippocampus 3.11±0.09 3.44 ±0.12 +10%* 3.34 ±0.18 3.33 ±0.22 0%

Raphe nuclei 6.24±0.35 7.78 ±0.31 +20%* 5.70 ±0.45§ 7.09 ±0.31 +20%*

Striatum 13.47±2.00 13.76 ±1.91 +2% 16.23 ±0.04 16.53 ±1.13 +2%

┴ p<0.01 vs. adolescent control (age effect); § p=0.019 vs. adolescent control (age effect); * significantly 
different from control group p<0.05 (treatment effect).

Experiment C: phMRI study

Recording was started only when blood gas values (arterial pCO2 mm Hg, pO2 mm Hg and 

pH) were within normal range and stable. Other physiological parameters (body temperature 

(37.5° ± 0.5 °C), respiration rate, level of anesthesia) were maintained within normal ranges 

throughout the duration of each experiment. Administration of fluoxetine caused a sharp 

transient (1-2 min) decrease in blood pressure (Figure 2), followed by a gradual decrease of 

the blood pressure over the subsequent 15 min. The blood pressure, then reached a new 

lower level that partially recovered by fifty minutes post-injection. 
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Figure 1. Effects of chronic treatment with fluoxetine (5mg/kg) on behavior in adolescent and adult 
rats. A. Horizontal activity in open-field displayed by the number of crossed squares. No effect of 
treatment, age or age x treatment. B. Percentages of open arms entries in elevated-plus maze. Overall, 
there was no effect of treatment, age or age x treatment, but when analyzed separately, the adult group 
displayed a significant effect of chronic treatment (p=0.03). C. Alternation percentages calculated from 
Y-maze exploration behavior (see Material and Methods section). No effect of treatment, age or age 
x treatment. Comparison with chance level (univariate t-test, * indicates a significant difference with 
50% chance level) showed a deficit in adolescentFluo-NaCl and adultFluo-Fluo groups. D. Immobility 
time (s) in the forced swimming test shows an increase with age but not according to the treatments. 
NaCl-NaCl: control group receiving chronic and challenge saline administration; Fluo-NaCl: animals 
chronically treated with fluoxetine (5 mg/kg) and receiving a saline challenge (10 mg/kg); NaCl-Fluo: 
animals receiving chronic saline administration and a fluoxetine challenge (10 mg/kg); Fluo-Fluo: 
animals receiving chronic fluoxetine administration (5 mg/kg) and fluoxetine challenge (10 mg/kg).
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The challenge with fluoxetine caused a number of regional changes (Figure 3 Panel A), 

which were most prominent in the cortical regions, with additional foci in hypothalamus and 

hippocampus. These region specific effects with a predominant cortical effect are in line with 

a previous study (Schwarz et al., 2007), although in that study activation was also observed 

in the thalamus but with a higher challenge dose than used in the current study (10 mg/

kg versus 5 mg/kg in this study). Overall, there were no differences in levels of activation in 

response to fluoxetine challenge between adult and adolescent animals (age effect: Figure 3, 

panels B-C). However, on average, control animals (Figure 4, Panel A) showed much higher 

levels of activation in response to the 5-HT challenge than treated animals (Figure 4, Panel 

B). This treatment effect was statistically significant in several subcortical areas, such as the 

hypothalamus and (left) caudate putamen and in the (left) primary motor cortex (Figure 4, 

Panel C). When analyzing the effect of treatment within the adolescent and adult groups 

separately, we observed no significant age by treatment interaction effects. The effect of 

the treatment (decrease of activation after 5-HT challenge) was similar in both age groups. 

Figure 2. Blood pressure changes induced by i.v. injection 
of 5 mg/kg fluoxetine. The black curve represents the 
average time course for the adult animals and the grey 
curve the average for the adolescent treated group. 
Administration of fluoxetine caused a sharp transient 
(1-2 min) decrease in blood pressure following the 
administration of the challenge (grey rectangle).  This 
was followed by a gradual decrease of the blood pressure 
over the subsequent 15 min. The blood pressure, then 
reached a new lower level that partially recovers by fifty 
minutes post-injection.
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Figure 3. Effect of age on brain activation 
following fluoxetine (5mg/kg i.v.) 
challenge averaged for all animals. Areas of 
significant activation following fluoxetine 
(5mg/kg i.v.) challenge, averaged for all 
animals (n=21) (Panel A). No (significant) 
difference in activation between adult 
(n=11) (Panel B) and adolescent animals 
(n=10) (Panel C). FMRI data processing 
was carried out using FEAT (FMRI Expert 
Analysis Tool) Version 5.98, part of 
FSL (FMRIB’s Software Library, www.
fmrib.ox.ac.uk/fsl). Z statistic images 
(Gaussianised T/F) were thresholded 
using clusters determined by Z>2.3 and a 
(corrected) cluster significance threshold 
of p=0.05.

Figure 4. Effect of treatment on brain 
activation following fluoxetine (5mg/
kg i.v.) challenge. Areas of significant 
activation following fluoxetine (5mg/kg 
i.v.) challenge, averaged for all control 
animals (n=12) (Panel A) and all treated 
animals (n=9) (Panel B) show a clear 
reduction of signal in the treated animals. 
This effect of treatment was statistically 
significant (two-sample unpaired T-test) in 
several subcortical areas (hypothalamus, 
(left) caudate putamen) and in the 
(left) motor cortex (Panel C). FMRI data 
processing was carried out using FEAT 
(FMRI Expert Analysis Tool) Version 5.98, 
part of FSL (FMRIB’s Software Library, 
www.fmrib.ox.ac.uk/fsl). Z statistic images 
(Gaussianised T/F) were thresholded using 
clusters determined by Z>2.3 (Panel A and 
B) or Z>1.8 (Panel C) and a (corrected) 
cluster significance threshold of p=0.05.
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Discussion 

In this explorative study, chronic treatment with fluoxetine caused an increase in anxiety-like 

behavior only in adult treated rats. Only in adolescent rats, we observed increases in SERT 

densities in most cortical brain regions studied, in addition to the hypothalamus. In most 

cases, SERT densities approached or were even higher (hypothalamus) than adult control 

levels. Finally, we observed reduced brain activation on the phMRI in response to the acute 

5-HT challenge, in treated rats compared to control rats. 

Chronic fluoxetine did not induce age-related behavioral changes since we did not 

observe an interaction between age and treatment. We did, however, observe an increase 

in anxiety-like behavior in adult treated rats, and not adolescent rats. To our knowledge, 

only two studies reported previously on behavioral changes induced by fluoxetine during 

adolescence in male rats (Iñiguez et al., 2010; LaRoche and Morgan, 2007). LaRoche and 

Morgan (2007) showed an alteration in attention-related performances with chronic 5 and 

10 mg/kg fluoxetine treatment. Unfortunately, mood parameters were not investigated, 

impeding comparison with our data. Iñiguez et al. (2010) observed an increase in anxiety-

like behavior in the elevated plus maze 24 h or 3 weeks after treatment end. However, these 

effects were obtained with a much higher dose than the one used in the present study (20 

mg/kg versus 5 mg/kg daily). These findings are in line with the adult literature in which 

the 5 mg/kg dose exerts an effect on anxiety-like behavior when administered for at least 

3 weeks (Griebel et al., 1999; Lifschytz et al., 2006). Also, Shishkina et al. (Shishkina 2007) 

showed a significant effect of fluoxetine (7.5 mg/kg) only after a 4-week daily treatment, 

and not a 2-week long treatment. Thus, overall our findings are in line with the literature, 

taking into account differences in dose and duration of treatment. The absence of an effect 

on anxiety-like behavior in adolescent animals suggests the existence of a minimal active 

dose of fluoxetine, which apparently is higher in adolescent rats than adult rats, presumably 

reflecting increased neuroplasticity in the younger animals (see also below).

Only one previous study reported on SERT densities following chronic fluoxetine 

treatment in peri-adolescent rats (Wegerer et al., 1999). They also observed an increase 

in SERT densities in the frontal cortex in the order of 20%, only in adolescent but not adult 

rats, treated orally with 5 mg/kg fluoxetine. We, however, not only observed an effect 

in the frontal cortex, but also in the parietal or occipital cortices. Although we used the 

same age (PND 25), gender (male), and species (Wistar)), the discrepancies between the 

two studies are best explained by the longer duration of treatment in the present study (3 

weeks vs 2 weeks in the Wegerer study) and route of administration (oral vs. i.p.). Because 

treatment for MDD with an SSRI can last for years (Bhagwagar and Cowen, 2008), a longer 
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duration of treatment better simulates clinical practice. It has been postulated by Wegerer 

et al. (1999) that increased SERT densities following early fluoxetine treatment most likely 

reflects enhanced outgrowth of the 5-HT system, due to stimulation of 5-HT axonal growth 

and synaptogenesis by high levels of 5-HT following fluoxetine treatment. It is thought 

that release of a growth factor from astroglial cells in response to stimulation by 5-HT of 

postsynaptic 5-HT1A receptors in the developing brain causes this 5-HT hyperinnervation 

(Wegerer et al., 1999; Whitaker-Azmitia and Azmitia, 1989). 

Ascending 5-HT projections of the 5-HT neurons in the raphe nuclei have an enormous 

degree of structural plasticity, even in the adult brain: non-human primates with 

documented proximal denervated 5-HT projection fields following treatment with the 

5-HT neurotoxin 3,4-methylenediomethamphetamine (MDMA) such as the thalamus and 

amygdala, completely reinnervated or hyperinnervated (Hatzidimitriou et al., 1999), 7 

years post-drug survival. The degree of structural plasticity of ascending 5-HT projections is 

assumed to be higher during brain development than at later stages in life. Therefore, the 

increase in SERT densities we observed (predominantly in cortical regions), is best explained 

by enhanced 5-HT axonal outgrowth resulting from early fluoxetine treatment (Wegerer et 

al., 1999). The fact that we observed an opposite effect in adult animals (reduction in SERT 

densities in occipital and cingulate cortices) further supports this hypothesis. This finding is 

in line with previous studies in adult rats. Following treatment with SSRIs, either no effects 

or a reduction in the amount of SERT mRNA or SERT densities were observed, but never an 

increase (Lesch et al., 1993; Pineyro and Blier, 1999). These effects are long-lasting, since 

Wegerer et al. (1999) observed that increased SERT densities in the frontal cortex following 

early treatment persisted until adulthood (Wegerer et al., 1999).

In the present study, we also explored the consequences of the presumed 5-HT 

hyperinnervation from early fluoxetine treatment on brain activation using phMRI. Overall, 

we observed a reduction of brain activation in response to the fluoxetine challenge between 

control animals and treated animals, but no statistically significant difference between adult 

and adolescent animals. It has previously been shown that (BOLD) signal is sensitive to 

changes in 5-HT: the SSRI citalopram was shown to cause region specific changes in MRI 

signal in human volunteers (McKie et al., 2005). In rats, the potent 5-HT releaser fenfluramine 

also caused region specific changes in brain activation, which were attenuated by the 5-HT 

synthesis inhibitor p-chlorophenylalanine (pCPA (Preece et al., 2009). Furthermore, Downey 

(2010) demonstrated that citalopram phMRI can be used as a probe of SERT function, 

since they observed significant and bilateral reductions in BOLD responses in the caudate 

nucleus, mid-cingulate gyrus and parietal cortex of carriers of the short (s) allelic variant of 

a functional polymorphism in the promoter region of SERT (the 5-HTTLPR), when compared 
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to carries of the long (l) form. This is of particular interest to the current study as the s-allelic 

variant is associated with reduced SERT availability and/or function compared to the long 

(l) form (Canli and Lesch, 2007; Heils et al., 1996; Heils et al., 1997). Then, the reduced 

brain activation in response to the 5-HT challenge following treatment observed in the 

current study could also reflect reduced SERT functionality. However, using SERT binding 

assays, we observed a treatment-induced reduction in (mainly cortical) SERT density in 

adult animals while an increase in SERT densities occurred in adolescent rats treated with 

fluoxetine. Nevertheless, these findings do not inform us about possible changes in the 

functionality of the SERT in (adolescent) rats due to treatment with fluoxetine. It may be 

that the functionality of these SERT densities in adolescent rats has been reduced along to 

their increased density. 

Unfortunately, it is not possible to perform the presently used ex-vivo binding assays 

and phMRI studies in the same animals at the same age (due to blockade of the transporter 

by the pharmacological challenge). Although we used the same treatment protocol in all 

experiments, the routes of administration differed between the behavioral experiments 

(oral gavage) and the binding assays and phMRI studies (i.p. administration). It has been 

shown by Bourdeaux et al. (Bourdeaux et al., 1998) that fluoxetine and norfluoxetine plasma 

levels do not differ between i.p. and oral routes at the 5 mg/kg dose.  However, since we did 

not measure drug plasma concentrations we cannot be certain that  differences in plasma 

concentrations underlie the different findings in the 3 experiments: ‘only’ a treatment effect 

on behavioral studies and phMRI, whereas an interacting effect of age and treatment on the 

binding assays. In line with this, at higher oral concentrations of 12 mg/kg fluoxetine age-

related treatment effects have been noted on behavior (Homberg et al., 2011).

Although we used the same treatment protocol in the binding assay and phMRI studies, 

the reason why we presently only observed an age x treatment effect in the binding assays 

and not the phMRI studies, most likely reflects our relatively low statistical power in the 

phMRI studies Future phMRI studies with larger sample sizes are therefore needed, to 

further investigate this interesting issue. Although sample sizes were small, the observed 

age and treatment effects in the binding assay are in line with previous studies by Wegerer 

et al. (1999) and Moll et al. (2000). Finally, it is possible that the increase in SERT densities 

does not reflect an increase in serotonergic outgrowth or number of neuronal processes/

terminals. Future studies with more focused methods, such as immunohistochemistry, 

should be conducted and correlated to phMRI data obtained in the same animals in larger 

sample sizes. 

Collectively, the present data suggest age-dependent changes in 5-HT rich brain regions 

following chronic treatment with fluoxetine, which reflect altered SERT density (5-HT 
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hyperinnervation) in addition to SERT hypofunctionality in treated animals, but without 

functional deficits in behavior. It is well known from the literature that there is a certain 

threshold before functional changes become apparent (e.g. reduction of > 50% of striatal 

dopamine transporter is needed to induce motor signs of Parkinson’s disease (Booij 

et al., 2001). Apparently, the developing central 5-HT system is capable of structural re-

arrangements that are different from those seen in the mature brain, without influencing 

brain function. 

The significance of our observations for children and adolescents that are being treated 

with SSRIs is difficult to predict. However, it is conceivable that, also in humans, the degree 

of plasticity of ascending 5-HT projections is higher in children and adolescents than in the 

matured brain, and that pharmacological manipulations of 5-HT (release) would then also 

affect children differently from adults. To what extent our findings in rats are associated 

with observations in humans that the younger the child treated with fluoxetine, the greater 

the risk of suicidal thoughts or attempts (Olfson et al., 2006), is work for future studies. 

However, our study supports the notion that it is potentially dangerous to assume that 

children will have the same response to SSRIs as adults, as has already been pointed out 

for other medicines used in the pediatric population (Bachrach, 2004). The current results 

therefore raise serious concern and call for further investigations in humans of possible 

long-term effects in children and adolescents treated with SSRIs.
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Abstract   

Rationale  With the growing prevalence of psychotropic drug prescriptions among 

children and adolescents, the need for studies on lasting effects of drug exposure on the 

developing brain rises. Fluoxetine is the only selective serotonin reuptake inhibitor (SSRI) 

officially registered to treat major depressive disorder in children. Although various (pre)

clinical studies have assessed the (long-term) effects of fluoxetine exposure in the perinatal 

period and in adulthood, limited data is available on its effects on the developing brain later 

in life, i.e. during adolescence.

Objective  The present study aimed at investigating the effects of age following chronic 

SSRI treatment on the central serotonin (5-HT) system. To this end, pharmacological MRI 

(phMRI) was performed in chronic fluoxetine-treated (5 mg/kg, oral gavage for 3 weeks) 

juvenile (PND25) and adult rats (PND65) after a 1-week washout period, using an acute 

fluoxetine challenge (5 mg/kg, i.v.) to trigger the 5-HT system. 

Results  We observed a diminished brain response to the acute challenge in adult treated 

animals when compared to control animals, whereas this response was increased in juvenile 

treated rats. As a result, a significant age by treatment interaction effect was seen in several 

(subcortical) 5-HT related brain regions.

Conclusion  An opposite effect of chronic fluoxetine treatment was seen in the developing 

brain compared to that in matured brain, as assessed non-invasively using phMRI. These 

findings most likely reflect neuronal imprinting effects of juvenile SSRI treatment and may 

underlie emotional disturbances seen in animals and children treated with this drug. Also, 

our findings suggest that phMRI might be ideally suited to study this important issue in the 

pediatric population.
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Introduction   

Selective serotonin reuptake inhibitors (SSRIs), which induce an increase in extracellular 

serotonin (5-HT) by blocking the pre-synaptic serotonin transporter (SERT), are increasingly 

prescribed for treatment of childhood depression and anxiety disorders (Murray et 

al., 2004; Zito et al., 2002). However, efficacy of these drugs in the pediatric population 

remains debated (Hetrick et al., 2007). At present, fluoxetine is the only SSRI registered 

for treatment of major depressive disorder in children over 8 years old. Long-term (side-)

effects of this drug are well studied in adulthood (Benmansour et al., 1999; Cipriani et al., 

2007; Mourilhe and Stokes, 1998; Racagni and Popoli, 2008; Schule, 2007), as well as in 

the perinatal period (Alwan and Friedman, 2009; Borue et al., 2007; Morrison et al., 2005; 

Oberlander et al., 2006; Olivier et al., 2010) in both animals and humans. Yet, limited data 

exists on its effects on the late developing brain, i.e. during (pre)adolescence. Although the 

initial mechanisms of action are most probably similar in both the immature and mature 

brain, the maturational state of the targeted neurotransmitter system is nevertheless vitally 

important for determining the long term effects of antidepressant exposure (Andersen and 

Navalta, 2004). Andersen and Navalta postulated the hypothesis that whereas chronic drug 

exposure in adult animals results mainly in transient compensatory reactions, in juvenile 

animals these same compensatory reactions might permanently affect the development of 

the involved neurotransmitter systems.

Adolescence is a critical period for ‘neuronal imprinting’ effects, in which long-term 

effects of drug exposure are delayed and expressed only later in (adult) life. Throughout 

development, widespread reorganizations of brain morphology and function occur. Several 

neuroimaging studies in humans have shown that in puberty, after an initial period of axonal 

overgrowth, most circuits in the brain are refined and rewired by a gradual but extensive 

loss of synapses (as many as 40%) together with strengthening and maturation of remaining 

synaptic connections (Blakemore, 2008; Casey et al., 2008; Paus et al., 1999). This loss of 

earlier formed synaptic connections, called pruning, peaks during adolescence and accounts 

for substantial region specific decreases in grey matter density that occur during puberty 

(Giedd, 2008; Sowell et al., 2001). The 5-HT neurotransmitter system, which is targeted by 

fluoxetine, is known to play a key role in brain development through its role in the connective 

organization of the nervous system which includes control of proliferation, differentiation, 

migration, cell death, synaptogenesis and this earlier mentioned dendritic pruning (Gaspar 

et al., 2003; Homberg et al., 2010; Whitaker-Azmitia et al., 1996). Animal studies have 

shown that 5-HT neurotransmission undergoes widespread remodeling from youth through 

adolescence into adulthood, which is during adolescence most pronounced in the frontal 
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and limbic regions (Crews et al., 2007; Olivier et al., 2010). During this period the number of 

5-HT synapses is known to fluctuate, there is a steady increase of SERTs in mainly the frontal 

cortex, and a clear reorganization of 5-HT receptor expression (Crews et al., 2007; Moll et 

al., 2000). Hence, the brain is in a critical period of development during adolescence and 

therefore thought to be more vulnerable to drug exposure in this period (Andersen, 2005).

Indeed, there are clinical indications that SSRI exposure during adolescence may lead 

to (negative) outcomes that are not seen in adult patients. The most serious side-effects 

associated with SSRI use in children, adolescents and young adults are higher occurrence 

of psychiatric and/or behavioral adverse events, such as sleep disturbances and agitation 

(Wilens et al., 2002) and increased suicide risk (Bridge et al., 2007; Hammad et al., 2006; 

Wohlfarth et al., 2006) which has led to a black box warning from the Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) in 2004. Despite these warning 

signs, the available animal literature on juvenile SSRI exposure is remarkably scarce and 

focuses mainly on behavioral aspects suggesting anxiogenic and anti-depressant-like effects 

after juvenile (>PND14) but not adult exposure in rodents (Homberg et al., 2011; Iñiguez 

et al., 2010; Oh et al., 2009). Strikingly, only very few studies investigated neurobiological 

changes after juvenile SSRI exposure. A study by Wegerer et al. (1999) reported a significant 

increase in frontal cortex SERT expression in juvenile (PND25-39), but not in adult rats 

(PND50-64) after chronic treatment with fluoxetine and that this effect persisted into 

adulthood, long after discontinuation of treatment (Wegerer et al., 1999). A different study, 

focusing on dendritic spine proliferation, showed that chronic fluoxetine treatment during 

adolescence (PND21-42) might arrest spine development in the hippocampus (Norrholm 

and Ouimet, 2000). On the other hand, fluoxetine treatment during the juvenile period is 

thought to have a stimulatory effect of on adult hippocampal neurogenesis (Navailles et 

al., 2008) and on neuroplasticity in the visual system following retinal lesions (Bastos et al., 

1999).

However, to investigate the possibility of neuronal imprinting in the living human brain, 

non-invasive methods that can be easily applied in the pediatric population are needed. 

Changes in 5-HT system are typically visualized using positron emission tomography (PET) 

(Aznavour et al., 2006) and single photon emission computed tomography (SPECT) (Hwang 

et al., 2007). However, PET and SPECT techniques are not considered appropriate research 

tools in children because of the radiation exposure involved. A relatively new approach 

for assessing neurotransmitter function is the use of pharmacological MRI (phMRI) (Leslie 

and James, 2000). This method offers a good spatial and temporal resolution without 

using ionizing radiations allowing longitudinal studies to follow disease progression and/or 

treatment efficacy. This technique is based on BOLD signal changes often used in functional 
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MRI (fMRI) to detect drug-evoked changes in brain function (Anderson et al., 2008; Martin 

and Sibson, 2008). The brain has poor metabolic reserve and, as a result, local increases of 

neuronal activity are associated by a vascular reaction to supply the energetic substrates 

needed (glucose and oxygen). This phenomenon is called the cerebro-vascular coupling and 

allows tracking the central activation by measuring the hemodynamic changes (Gsell et al., 

2000). It is thus possible to map patterns of hemodynamic changes across the entire brain 

in response to stimulation of specific neurotransmitter systems using a pharmacological 

challenge. Several studies in animals have already demonstrated that drug-induced 

increases in extracellular levels of e.g. 5-HT (releasing agents, selective re-uptake blockers) 

evoke region-specific changes in BOLD signal intensity and that these effects can be reversed 

by treatments that decrease 5-HT availability (Houston et al., 2001; Preece et al., 2009; 

Sekar et al., 2011; Stark et al., 2006). In adult rats, BOLD signal changes following acute SSRI 

administration have been described in 5-HT related brain regions, i.e. several cortical areas, 

hippocampus, hypothalamus and thalamus (Schwarz et al., 2007; Sekar et al., 2011). Thus, 

stimulation of the 5-HT system and its response to this ‘challenge’ can be used as a measure 

of its function (Anderson et al., 2008).

Therefore, the present study aimed at investigating the effects of age following chronic 

SSRI treatment on the 5-HT system non-invasively using phMRI. To this end, 5-HT phMRI 

was performed in chronic fluoxetine-treated juvenile and adult rats, as an indication of 5-HT 

function. In view of the above mentioned literature, we hypothesized to detect a different 

effect of chronic treatment on brain responses evoked by a 5-HT challenge in juvenile treated 

rats when compared to adult treated animals, presumably reflecting long-lasting neuronal 

imprinting effects of chronic SSRI exposure on the developing brain.

Materials and Methods

All experiments were carried out in accordance to the guidelines laid out in the Animal 

Scientific Procedures Act under a project approved by the UK Home Office.

Animals

In total, 4 groups (n=8) of male Wistar rats (HsdRccBrlHan:WIST; Harlan, UK) were 

investigated. Treatment with either fluoxetine or vehicle started either at PND25 (post-

natal day 25: ‘periadolescent group’, 50-80 g) or at PND65 (post-natal day 65±3 days, ‘adult 

group’, 290-320 g). PND25 was selected because it approximates the start of adolescence in 

humans. In male rats, adolescence lasts from PND28 to PND60 (Spear, 2000), with puberty 



62

Part 2: Age-related effects of fluoxetine in the rat’s brain

occurring around PND45 (Engelbregt et al., 2000). All rats were housed (2-5 in each cage) 

under normal 12 hour light-dark cycle and food and water were available ad libitum.

Drugs and treatment

Fluoxetine hydrochloride (Pinewood Healthcare, Ireland; 5 mg/kg body weight) dissolved 

in sterile water as a vehicle or vehicle alone was administered once daily to each animal by 

oral gavage (0.5 ml (young animals) or 1 ml (adults) total volume) for 3 weeks. During the 

MRI experiment, rats were injected intravenously with fluoxetine hydrochloride (Fagron, 

Belgium; 5 mg/kg) dissolved in 0.9% saline to challenge the 5-HT system, injected in a 

volume of 1 ml/kg body weight. 

Animal preparation

Following chronic treatment with fluoxetine or vehicle and a washout period of at least one 

week to ensure total drug clearance, rats were anesthetized with isoflurane (5% induction 

and then reduced to 1.5-2% for maintenance of anesthesia during animal preparation and 

scanning) given in a 70:30 mixture of nitrous oxide (N2O) and oxygen (O2). Physiological 

conditions were constantly monitored to ensure that BOLD signal changes were not caused 

by peripheral systemic effects unrelated to the 5-HT challenge. The right femoral artery was 

cannulated for blood gas measurements (RapidLab 348, Siemens Healthcare Diagnostics, 

Newbury, UK) and blood pressure (Biopac Systems Corp., Goweta, USA) monitoring. The 

right femoral vein was also cannulated for injection of fluoxetine (5 mg/kg) for the acute 

5-HT challenge during the phMRI experiments. Since animals were free-breathing during 

the whole experiment, respiration rate was constantly monitored as well. Body temperature 

was checked through a rectal probe and maintained at 37.5 °C by a warm air heating system 

(SA Instruments, New York, USA). 

Data acquisition

PhMRI experiments were acquired on a Varian direct drive 4.7T animal MRI scanner (Varian 

Medical Systems, Inc., Oxford, UK). A cylindrical quadrature RF coil with 72mm inner 

diameter (m2m Imaging Corp., Cleveland OH, USA) placed around the head of the animal 

was used to transmit and receive the signal. For each animal, a T2-weighted anatomical 

image volume was acquired using a turbo spin echo sequence with an echo train length of 8, 

matrix = 256x 256, FOV = 50 mm, 30 contiguous 1 mm coronal slices, centered 8 mm caudal 

to the posterior edge of the olfactory bulb, 4 averages, TReff = 5112ms, and TEeff = 60 ms. 

The time series acquisition used the same sequence with an echo train length of 16; 20 

slices of 1 mm thickness centered to the same position as before with TReff = 4915 ms, TEeff 
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= 60 ms and a matrix size of 128 x 128. Thirty two time points (acquisition time per time 

series volume was 158 s; total scan time of 84 min.) were acquired with injection of 5 mg/

kg fluoxetine via the intravenous cannula during the acquisition of 9th time series volume. 

Data preprocessing

Obtained anatomical and time series data were converted to 4D Analyze format using 

ImageJ (Abramoff et al., 2004). All image processing was performed with the physical 

pixel dimensions scaled up by a factor of 10, in order to ensure compatibility with analysis 

algorithms designed for use with human data. This resulted in a voxel size of 3.91 x 3.91x 

10 mm3 for the time series data. Preprocessing included brain extraction with FSL/BET v. 

2.1 (Brain Extraction Tool, part of FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) with 

an adjusted fractional intensity threshold and threshold gradient to correct for use with 

rat data and motion correction using FSL/MCFLIRT. phMRI scans that were of too poor 

quality due to extensive movement were excluded at this point (6% of cases). Data for each 

remaining animal was spatially normalized to a stereotactic rat brain template (Schwarz et 

al., 2006) by computing a six degree-of freedom rigid transform for the phMRI time series 

to the accompanying anatomical images and a six degree-of freedom rigid transform for 

the anatomical images to the rat brain template. Finally, these two transformations were 

combined into a third, and this transformation matrix was used to directly register the low 

resolution time series into the template space during group analysis (FSL/FEAT v 5.98) (Smith 

et al., 2004; Woolrich et al., 2009).

Voxel-based analysis

Explorative image-based time series analysis of the BOLD response in individual animals 

was carried out using Stimulate software (Strupp, 1996). All voxels that showed more than 

1% change in signal intensity after the challenge were identified by performing a t-test. The 

average signal time course in all these activated voxels was then determined in order to 

decide upon the shape of brain signal change per animal. All individual time courses were 

then averaged to obtain the basic shape of the to-be-modeled waveform. This waveform 

was used to setup the framework of the general linear model (GLM) using FSL/FEAT v. 5.98 

(FMRI Expert Analysis Tool), part of FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) with 

8mm FWHM spatial smoothing, FILM prewhitening and a high pass filter of 5060s. The first 

time series volume was deleted from further analysis to ensure steady-state imaging has 

been reached. The design matrix consisted of the custom-made waveform explained above 

with an initial off period of 1106s (7 volumes of baseline recordings), followed by a gradual 

onset of 790s (starting with the volume during which the 5-HT challenge was injected) and 
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then a steady-state on period of another 3002s (19 volumes). A temporal derivative was 

added to the waveform and no HRF convolution or temporal filtering was applied. 

Statistical maps of mean response to the acute challenge were calculated within the 

GLM framework by means of higher-level (group) analysis using the FSL-toolbox FEAT v. 

5.98.    Z (Gaussianised T/F) statistical maps were corrected for multiple comparisons using 

GRF theory-based cluster correction within FSL/FEAT (Worsley, 2001) with FWE 0.05 and a 

Z-threshold of Z>3.6 (all animals) or Z>2.3 (per group). Also within FEAT, a 2-factors 2-levels 

ANOVA design was used to determine the interaction effects of age and treatment within the 

response to the acute challenge. Subsequently, the effect of age in untreated animals only 

and the effect of treatment in both age groups separately were determined as posthoc tests 

using a two-sample T-test design. F- and T-values above threshold (p=0.05) are automatically 

transformed into Z-values by FEAT, again thresholded (Z>2.3) and then mapped onto a 

Z-statistic image. Thus, only voxels that survived in the ANOVA/T-test at p=0.05 and had a 

Z-value of above 2.3 are shown in the resulting statistical maps. Due to small sample size 

and thus lower power in these subanalyses, correction for multiple comparisons was only 

carried out when investigating the main effect of the acute challenge, In the subanalyses, 

we report clusters with a minimal size of 20 voxels instead. A 3D digital reconstruction of 

the Paxinos and Watson rat brain atlas (Paxinos and Watson, 1986) co-registered with the 

rat brain template (Schwarz et al., 2006) was used to identify the location of significantly 

activated clusters.

Results

Physiological parameters

Blood gas measurements (pCO2: 32.0-45.0 mmHg; pO2: 75.0-100.0 mmHg; pH: 7.35-7.45), 

mean artery blood pressure (100-150 mmHg), respiration rate (50-70 breaths/minute) 

and temperature (37 ± 1.5°C) were all within the here given normal ranges before start of 

scanning. Animals that showed unstable physiological responses during scanning that were 

1) clearly outside of the above mentioned ranges and that 2) could have affected reliable 

interpretation of the BOLD signal, but were 3) undoubtedly unrelated to the intravenous 

challenge were excluded from further analysis (12% of cases). All animals showed a 

distinctive drop in blood pressure signal of about 20% and a short rise in respiration rate 

upon administration of the intravenous 5-HT challenge. Blood pressure returned to pre-

challenge values within 5-10 minutes in all cases included in the analyses. These physiological 

responses to the challenge appeared to be unrelated to age or previous treatment.
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Voxel-based analysis

Effect of acute 5-HT challenge  Areas that were significantly activated by the acute 5-HT 

challenge averaged over all animals are depicted in Figure 1A. Cortical areas that showed 

significant activation (Z-value >3.6 with GRF-based cluster correction at p<0.05 (Worsley, 

2001)) include large parts of the sensory and motor cortices and the (pre)frontal cortex. 

Subcortical areas that were significantly activated by the 5-HT challenge were the amygdala, 

hippocampus, dorsolateral thalamus and caudate putamen. On average, there were no 

significant areas of deactivation following the challenge. In Figure 1B up to E, the average 

effects of the challenge are presented per group (Z-value >2.3 with GRF-based cluster 

correction at p<0.05). 

Age by treatment interaction effect   Explorative ANOVA analysis, used to determine the 

effects of age and treatment within the effect of the acute 5-HT challenge, showed an age by 

treatment interaction effect (P=0.05 (uncorrected), Z-value >2.3, cluster size >20 voxels) on 

the response to the acute 5-HT challenge in voxels in several cortical and subcortical areas, 

including the amygdala, caudate putamen, hypothalamus, hippocampus, inferior colliculus, 

substantia nigra, orbitofrontal cortex and the parts of the somatosensory cortex (See Table 

1 and Figure 2A). In most brain regions, except for the somatosensory cortex, juvenile-

treated rats showed an increased activation evoked by the 5-HT challenge following chronic 

fluoxetine treatment when compared to adult-treated animals. In order to determine what 

caused this interaction effect to occur, post-hoc analyses were performed on the effect of 

age in the untreated animals only and on the effect of treatment in both age categories 

separately, using a two-sample T-test design. 

Effect of age in control animals  The effect of age on the BOLD change evoked by the 

acute challenge was determined in the non-treated control animals (Figure 1B vs. 1D). 

Voxels with a significant (P=0.05 (uncorrected), Z-value >2.3, cluster size >20 voxels) higher 

response to the challenge in young (±PND55 at time of scanning) versus older (±PND95 at 

time of scanning) animals were found only in small areas of the left primary and secondary 

cortex, piriform cortex, and in the dorsal thalamus (See Figure 2B). No voxels with lower 

activation in young versus older animals were found.

Effect of treatment within different age categories  Chronic fluoxetine treatment caused 

a diminished response to the acute challenge in the adult animals compared to the adult 

controls (Figure 1B vs. 1C), in voxels in the hypothalamus, substantia nigra, amygdala, 

inferior colliculus, hippocampus and in voxels in several areas of the sensory cortex and 
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only an increased response in voxels in the secondary auditory part of the sensory cortex 

(See Table 1 and Figure 2C). In the juvenile-treated animals (Figure 1D versus 1E), chronic 

treatment mainly increased the response to the acute challenge, compared to juvenile 

control animals. This increase was seen in voxels in the caudate putamen, orbitofrontal 

cortex and the secondary auditory part of the sensory cortex. A diminished response was 

only seen in the lateral entorhinal part of the piriform cortex (See Table 2 and Figure 2D). 

Figure 1. Group mean effects following acute 5-HT challenge with fluoxetine. A) Mean effect in all 
animals (n=26), B) Mean effect in the adult control group (n=8), C) adult-treated animals (n=8), D) 
young control group (n=5), and E) juvenile-treated animals (n=5). All statistical parametric maps were 
thresholded using clusters determined at Z>3.6 (Fig. 1A) or Z>2.3 (Fig. 1B t/m E) and GRF-based cluster 
correction at p<0.05 (Worsley, 2001). Range: bregma −10 mm to bregma +4 mm.
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Figure 2. Age, treatment and age by treatment effects following 5-HT challenge with fluoxetine. 
A) Voxels with significant age by treatment interaction effect; B) Voxels with significant effect of 
age (juvenile animals higher activation than adult animals) in control animals only; C) Voxels with 
significant effect of treatment (control animals HIGHER activation than fluoxetine-treated animals) 
in the adult animals; D) Voxels with significant effect of treatment (control animals LOWER activation 
than fluoxetine-treated animals) in the juvenile animals. All maps were thresholded at p=0.05 
(uncorrected), Z>2.3 and cluster size >20. Range: bregma −10 mm to bregma +4 mm. Am=amygdala; 
AuD=secondary auditory cortex; CP = caudate putamen; HC = hippocampus; Hyp = hypothalamus; IC 
= inferior colliculus; OFC = orbital frontal cortex; S1 = primary sensory cortex; SN = substantia nigra; 
Thal = dorsal thalamus.
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Table 1. Age-by-Treatment effect. Clusters of voxels with significant in- or decreased activity related to 
the 5-HT challenge and an age by treatment interaction effect in adolescent vs. adult animals.

Region Left-right Size Z-value X Y Z Activation

Subcortical areas

Inferior Colliculus 65 3.57 50 56 9 ↑

Caudate Putamen R 44 3.09 34 49 21 ↑

R 28 2.82 35 39 22 ↑

Hypothalamus R 40 2.96 40 21 18 ↑

Hippocampus L 21 2.70 72 44 13 ↑

Substantia Nigra L 27 3.18 57 30 13 ↑

Amygdala L 20 3.40 64 26 18 ↑

Cortical areas

Orbital Frontal Cortex L 63 3.96 58 49 26 ↑

Sensory Cortex

Primary somatosensory 
cortex R 62 3.01 24 59 17 ↑

R 35 3.37 33 62 17 ↑

R 29 3.09 33 59 20 ↑

L 28 2.95 76 62 17 ↓

Secondary somatosensory 
cortex L 23 3.11 85 44 19 ↓

Voxels thresholded by Z >2.3. Only clusters with a size of > 20 voxels were included. Size is the number 
of voxels above threshold in the cluster; Z-value is the Z-value (converted from F-value) of the most 
activated voxel in the corresponding cluster. X-, Y-, and Z are MRI rat brain template coordinates 
(Schwarz et al., 2006); ↓ = negative interaction effect; significantly more decrease after treatment 
in adult animals than in juveniles; ↑ = positive interaction effect; significantly more increase after 
treatment in juvenile animals than in adults.
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Table 2. Clusters of voxels with significant in- or decreased activity after fluoxetine treatment related 
to the acute 5-HT challenge, compared to untreated animals.

Adult 

Region Left-right Size Z-value X Y Z Activation

Hypothalamus R 540 3.65 36 25 16 ↓

Substantia Nigra‡ L 364 4.26 57 31 14 ↓

Amygdala‡ L 364 3.89 63 26 18 ↓

Inferior Colliculus 266 3.91 48 58 10 ↓

Hippocampus R 137 4.43 43 49 19 ↓

L 43 3.22 61 53 18 ↓

L 24 2.88 57 53 14 ↓

Sensory cortex

Secondary visual cortex L 23 3.03 69 54 12 ↓

Primary somatosensory 
cortex R 22 3.27 20 55 15 ↓

Secondary auditory cortex L 33 2.79 80 56 16 ↑

Young

Region Left-right Size Z-value X Y Z Activation

Lateral entorhinal cortex L 31 3.78 82 31 15 ↓

Secondary auditory cortex R 58 2.93 17 48 17 ↑

Orbitofrontal cortex L 51 3.70 59 49 26 ↑

Caudate putamen R 46 3.37 34 49 21 ↑

R 33 2.79 35 39 22 ↑

Voxels thresholded by Z >2.3. Only clusters with a size of > 20 voxels were included. Size is the number 
of voxels above threshold in the cluster; Z-value is the Z-value (converted from T-value) of the most 
activated voxel in the corresponding cluster. X-, Y-, and Z are MRI rat brain template coordinates 
(Schwarz et al., 2006); ↓ = activation attenuated compared to untreated animals; ↑ = activation 
enhanced compared to untreated animals. ‡Two local maxima in one cluster.
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Discussion

Chronic treatment with an SSRI caused an opposite effect of the acute 5-HT challenge on 

brain activation in adult- versus adolescent treated rats after a one-week washout period. In 

juvenile animals, fluoxetine treatment caused an increase in brain activation, whereas this 

response was reduced in adult treated animals. 

Effect of acute challenge  

We observed an overall increase in brain activation in response to the acute fluoxetine 

challenge, mainly in the cortical brain regions (Figure 1A), which are known to be highly 

innervated by 5-HT projections and are rich in 5-HT receptors (D’Amato et al., 1987). These 

observations are in correspondence with the results of Schwarz et al. (2007), who also 

observed a predominantly cortical effect with fluoxetine-induced phMRI. Although in our 

study the cortical activation pattern is more widespread than in the Schwarz study and 

includes more ventral cortical regions as well, we believe that these differences could be 

attributed to the fact that Schwarz et al. (2007) used a surface coil to receive the MR signal. 

This could have lead to a drop of the signal to noise ratio for deeper lying regions. Studies 

that used another SSRI (citalopram) as acute 5-HT challenge, as well report extensive cortical 

activation in both animals (Sekar et al., 2011) and humans (McKie et al., 2005) as a result 

of this challenge. In addition to these cortical regions, we observed statistically significant 

subcortical effects in the hippocampus, dorsolateral thalamus, amygdala, and caudate. These 

findings are in agreement also with earlier 5-HT phMRI studies using either a fluoxetine 

(Schwarz et al., 2007) or a citalopram challenge (McKie et al., 2005; Sekar et al., 2011). 

These regions are all 5-HT related as well, either having a high 5-HT and/or SERT density 

(thalamus, amygdala, and caudate) or being abundant in 5-HT receptors (hippocampus and 

caudate). Although the juvenile-treated animals had reached (young) adulthood by the time 

scanning took place, there was still a small but significant age effect within the effect of the 

acute challenge in some cortical areas, the hippocampus and thalamus.

Effect of chronic SSRI treatment  

In the adult animals, chronic treatment with fluoxetine caused a general diminished 

response to the challenge, when compared to the effect on brain activation in untreated 

adult animals. To our knowledge, there is only one other 5-HT phMRI study available that 

looked at effects of chronic SSRI treatment in rats. Sekar et al. (2011) recently compared 

the acute and chronic effects of the SSRI citalopram on brain activity in adult rats. Although 

there is an essential methodological difference with the present study in that these authors 
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did not introduce a washout period after chronic treatment and thus did not look at lasting 

effects of chronic treatment, our results are partially in line with this study. Sekar et al. 

also report a diminished response after chronic treatment, although this was only visible 

in the midbrain areas, whereas in our study the effect is more widespread. Moreover, in 

contrast to Sekar et al., we extended these chronic studies by comparing effects of age. 

Interestingly, we found an opposite treatment effect in the juvenile-treated animals. Instead 

of a decrease, an increased response to the fluoxetine challenge was observed in this group, 

compared to untreated juvenile animals. In support of this, there was a significant age 

by treatment interaction effect in several voxels in 5-HT related brain regions such as the 

amygdala, hippocampus, caudate putamen, hypothalamus, and orbitofrontal cortex. Note 

that these are mainly limbic and frontal areas and, as mentioned before, remodelling of the 

5-HT system during adolescence is most prominent in the frontal and limbic regions as well 

(Crews et al., 2007). The findings are also in concordance with our hypothesis, in which we 

predicted a differential effect of chronic treatment on brain responses evoked by a 5-HT 

challenge in juvenile animals compared to adult animals. 

Different effect on phMRI in adolescent- versus adult-treated animals 

The increased phMRI signal induced by acute SERT blockade seen in all animals is most 

likely caused by increased extracellular levels of 5-HT, due to the inhibition of reuptake. 

The role of extracellular 5-HT on BOLD response was previously demonstrated by Preece et 

al. (2009) who showed that 5-HT release by the 5-HT releasing agent fenfluramine evokes 

effects on BOLD signal which are attenuated by 5-HT depletion with p-chlorophenylalanine. 

This does however not fully explain why chronically treated animals respond differently to 

the SSRI challenge when compared to non-treated animals; although chronic treatment 

with SSRIs in adult animals causes increased concentrations of extracellular 5-HT at the 

terminal fields, microdialysis studies have shown that these concentrations normalize again 

shortly after treatment discontinuation (Invernizzi et al., 1996). One week washout should 

have abolished the effects of chronic treatment if only extracellular 5-HT concentrations 

were of importance. However, the chronically elevated extracellular 5-HT concentrations 

are well-known to induce numerous adaptive responses in the expression of receptors and 

intracellular signaling mechanisms (Blier and de Montigny, 1999; Faure et al., 2006; Tardito 

et al., 2006). 

Sekar et al. (2011) recently showed that also the 5-HT1A (auto)receptor is involved in the 

brain response evoked by 5-HT challenge with an SSRI. They demonstrated that blockage of 

these receptors with a selective antagonist influenced the BOLD response to a citalopram 

challenge markedly. Although it is unknown how long it takes for the desensitization of 
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5-HT1A presynaptic autoreceptors to normalize again after discontinuation of fluoxetine 

treatment, it is known that postsynaptic 5-HT1A receptor function takes at least 14 days to 

return to normal values (Raap et al., 1999). Thus, an initial increase in extracellular 5-HT 

levels with subsequent longer-lasting desensitization of 5-HT1A autoreceptors might be an 

explanation for our findings of reduced brain activation in adult treated animals. However, 

it should be kept in mind that separating different contributors affecting the BOLD signal is 

difficult due to the complex interactions within the neurotransmitter system. Hemodynamic 

measurements are an indirect index for 5-HT function as they measure the system as a 

whole, including function from other receptor subtypes (e.g., 5-HT2A, 5-HT2C and 5-HT1B; 

(Gozzi et al., 2010; Houston et al., 2001; Scanley et al., 2001; Stark et al., 2006)) and their 

impact on other neurotransmitters as well. 

Unfortunately, much less is known about these effects in adolescent animals. To our 

knowledge, there are no studies documenting extracellular 5-HT levels after SSRI treatment 

in young animals. In a recent study, no changes in 5-HT1A receptor immunoreactivity 

following chronic fluoxetine treatment were observed (Homberg et al., 2011). As pointed 

out by the authors, this is somewhat surprising given the role of the 5-HT1A receptor in 

the antidepressant effects of SSRIs (see above). Yet, these observations do not exclude 

involvement of the 5-HT1A receptor in our study, because 5-HT1A receptor function was not 

assessed in the study of Homberg et al.. We can therefore only conclude that whatever 

the precise underlying mechanisms may be, they apparently affect the developing brain 

differently when compared to the matured brain. Future studies focusing on 5-HT levels and 

5-HT (auto)receptor functionality in juvenile SSRI treated rats are clearly of great interest. 

Other studies on age-related effects 

Although few in number, other animal studies support our findings of age-related effects 

following chronic fluoxetine treatment. A number of behavioral studies reported differential 

effects of chronic fluoxetine treatment with age on behavior in both rats and mice. In rats, 

Iñiguez et al. (2010) recently showed that fluoxetine treatment during adolescence (PND35-

49) results in long-lasting decreases in behavioral reactivity to forced swimming stress, while 

LaRoche and Morgan (LaRoche and Morgan, 2007) observed age and sex-specific alterations 

of visual discrimination and attention (PND25-49). Homberg et al. (2011) recently reported 

increased behavioral despair in the forced swim test and an increased number of amygdala 

PSA-NCAM (marker for synaptic remodeling) immunoreactive neurons only in juvenile 

(PND25-46) but not adult fluoxetine treated rats (PND67-88). In mice, Mason et al. (Mason 

et al., 2009) showed age-related differences (5 weeks vs. 12-13 weeks) in depression-like 

behavioral effects, although Norcross et al. (Norcross et al., 2008) did not find any anxiety-, 
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fear- or stress-related behavioral differences or differences in brain serotonin levels between 

adolescent (3-7 weeks) and adult (8-12 weeks) treated mice. On a more neurobiological 

level, Wegerer (1999) observed an increase in frontal cortex SERT densities in the order of 

20%, only in adolescent rats (PND25-39). In addition, Norrholm and Ouimet (2000) showed 

that juvenile chronic fluoxetine treatment (PND21-42) might arrest spine development in the 

hippocampus and Navailles et al. (2008) observed a stimulatory effect of chronic fluoxetine 

treatment during adolescence (PND32-56) on adult hippocampal neurogenesis. It should 

be noted however, that all above mentioned studies used different dosages, durations and 

routes of administration, different washout periods, and are not uniform in the age at which 

treatment started (although all animals were older than PND14 at start of treatment), which 

makes comparisons between them difficult. We however believe that the currently used 

low oral dosage of 5 mg/kg has a high clinical relevance, as noted by Wegerer et al. (1999) 

as well. The human therapeutic dose of fluoxetine is approximately 0.3-1.0 mg/kg/day, 

and because rodents metabolize fluoxetine about ten times faster than humans (Caccia et 

al., 1990; Hiemke and Härtter, 2000), the currently used dose is highly comparable to the 

human therapeutic dose.

Neuronal imprinting 

The present finding of different and even opposite effects evoked by chronic treatment 

with SSRI in adult versus juvenile rats, as assessed using phMRI, is in support of the 

“equal but opposite” hypothesis (Andersen, 2003). This hypothesis proposes that chronic 

drug exposure in adult animals will result in adjustment to the drug effects by a series 

of compensatory mechanisms, as shown by the reduced response to an acute challenge 

after chronic pretreatment in the current study, whereas in juvenile animals it will lead 

to more permanent developmental alterations of the involved neurotransmitter system. 

Adolescence is a particularly critical period for such ‘imprinting’ effects, due to changes in 

neurotransmitter function, and changes in functional connectivity. It is thought that altering 

neurotransmitter levels will have its greatest impact during childhood to adolescence, 

when the synaptic selection process reached its peak. Therefore, we propose that the age-

associated effects of chronic treatment with an SSRI on brain 5-HT function observed in 

this study most likely reflect a series of (transient) compensatory mechanisms in the adult 

animals, in contrast to more permanent developmental alterations to the 5-HT system in 

the juvenile animals. In order to unravel the neurobiological mechanisms underlying these 

alterations, it is necessary to first deciphering the underlying mechanism of the phMRI 

findings to have an idea which mechanisms are likely to be involved.
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Limitations  

As pointed out by Martin and Sibson (2008), a potential confound of all 5-HT phMRI studies 

is that it is assumed that the changes in brain activity evoked by the 5-HT challenge reflect 

changes in neuronal activity rather than peripheral systemic effects. In our study, there are 

several observations that support this assumption: the general pattern of activation was 

region specific and restricted to areas with a high 5-HT innervation, and not as much a 

general vascular response, as the strongest hemodynamic changes were observed in cortical 

regions and subcortical grey matter. Also, a different temporal profile between vascular and 

hemodynamic changes was observed; whereas blood pressure returned to pre-challenge 

values within 5-10 minutes in all cases, brain signal changes did not return to baseline 

within the scanning frame, which lasted until about 60 minutes after administration of the 

challenge. Therefore, we have no reason to believe that the age-dependent differences in 

the effects of chronic fluoxetine treatment found in this study are due to differences in 

basal cerebral blood flow. Also, the physiological responses to the acute challenge where 

similar in all animals, so no differences between age or treatment groups were observed 

on these parameters. Nevertheless, it is also known that a neurogenic regulation of the 

local blood flow by 5-HT exist (Cohen et al., 1996). Therefore it can not be excluded that 

local changes of BOLD signal could have attributed to vascular changes due to release of 

5-HT at the proximity of vessels. Although we can consider these effects as false positive 

results since they are not associated to local neuronal activation, it is also an index of the 

overall specific function of the serotonergic system. Finally, due to the explorative character 

and low statistical power of the ANOVA and subsequent posthoc subanalyses, we chose 

to report all clusters bigger than 20 significant voxels, instead of correcting for multiple 

comparisons using the standard GRF-based cluster correction method. The complexity 

of this type of study does not allow for the large sample sizes needed to obtain sufficient 

statistical power for these subanalyses, in which we looked at the effects of treatment and 

age within the acute effect of the challenge. Using standard GRF-based cluster correction 

at p=0.05 and Z>2.3, this would require clusters of at least 217 voxels. As can been seen in 

Table 2 only the effects of treatment in the hypothalamus, substantia nigra, amygdala, and 

inferior colliculus in the adult-treated animals would survive in this case. We did correct for 

multiple comparisons when examining the effects of the acute challenge on BOLD signal. 

Despite these limitations, we believe that, considering the overlapping results with earlier 

5-HT phMRI studies in rats (Schwarz et al., 2007; Sekar et al., 2011) and humans (McKie et 

al., 2005), 5-HT phMRI is a well suited method to assess 5-HT function. One of the major 

strengths of the present study is the easy clinical translation of the technique used and its 

non-invasive character, which suggests that this technique can and should be used to study 
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neuronal imprinting effects of early SSRI treatment in children suffering from depression or 

anxiety disorders.

Conclusions 

In line with our hypothesis, we observed age-dependent effects of chronic fluoxetine 

treatment on brain responses evoked by an acute 5-HT challenge with phMRI in juvenile-

treated rats compared to adult-treated rats after a one-week washout period. Although future 

studies directed towards the underlying mechanism of this observation are warranted, our 

opposite findings in juvenile-treated animals compared to adult-treated animals most likely 

reflect neuronal imprinting effects of early SSRI treatment. These findings of age-dependent 

alterations in 5-HT system function after chronic SSRI treatment during late development 

support the ‘equal but opposite’ theory of Andersen (2003). In comparison to previous 

animal studies on this subject, our study has a strong clinical relevance because of the non-

invasive nature of the technique used and the highly clinical relevant dosage and route of 

administration, and calls for further investigations in the pediatric population. 
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Abstract 

Little is known about the effects of chronic fluoxetine on 5-HT transmission in the adolescent 

brain, even though it is acknowledged that the neuroplasticity of the brain during 

childhood and adolescence might influence the neurobiological mechanisms underlying 

treatment response. Also, possible ongoing effects on monoamine function following drug 

discontinuation are unidentified. We therefore examined the chronic effects of fluoxetine 

on extracellular monoamine concentrations in the medial prefrontal cortex and studied 

their responsiveness to an acute challenge after a one-week washout period, both in 

adolescent and adult rats. Although there were no lasting effects of chronic fluoxetine on 

basal monoamine levels, we observed a clear potentiating effect of previous treatment on 

the fluoxetine-induced increase in extracellular 5-HT and, to a lesser extent, extracellular 

DA. Age-at-treatment did not influence these results. So, after cessation of chronic 

fluoxetine treatment 5-HT responsiveness remains heightened. This may be indicative of 

the continuing presence of 5-HT receptor desensitization, at least until one week after drug 

discontinuation in rats. No apparent age-at-treatment effects on extracellular monoamine 

concentrations in the medial prefrontal cortex were detected, but age-related differences in 

5-HT transmission further down-stream or in the recovery processes cannot be ruled out. 
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Introduction

The first onset of mood- and anxiety disorders usually occurs during (early) adolescence. 

It has therefore been suggested that early treatment of these disorders needs to focus 

more on youth. At the same time, in order to unravel its underlying mechanisms, research 

should lay more emphasis on the developing brain instead of the adult brain (Kessler et 

al., 2005; Merikangas et al., 2010). Indeed, prescription rates of psychotropic drugs such 

as antidepressants have increased significantly in the last 20 years among children and 

adolescents (Wijlaars et al., 2012), indicating better recognition of childhood depression. 

On the other hand, this expansion is worrisome since the ongoing neuroplasticity of the 

brain during childhood and adolescence might influence the neurobiological mechanisms 

underlying treatment response (Andersen and Navalta, 2004). Indeed, the efficacy of selective 

serotonin  (5-HT) reuptake inhibitors (SSRIs) in the treatment of pediatric depression is still 

disputed (Bridge et al., 2007; Cheung et al., 2005; Hetrick et al., 2007; Jureidini et al., 2004; 

March and Vitiello, 2009) while tricyclic antidepressants have been shown to be ineffective 

(Hazell et al., 2000). In addition, clinical studies have raised concerns about increases in 

suicidal ideation and behavior in children and adolescents treated with SSRIs (Hammad et 

al., 2006; Wilens et al., 2003; Wohlfarth et al., 2006) and also increased agitation, depression 

and anxiety (Wilens et al., 2003) as well as negative effects on growth rate (Weintrob et al., 

2002) have been described. This apparent heightened sensitivity to adverse effects has even 

led to governmental warnings on the use of antidepressants in youngsters. Nevertheless, 

the SSRI fluoxetine (FLX) was recently approved by the same governmental institutions for 

the treatment of childhood depression in children of 8 years and older.

Preclinical studies investigating the effects of antidepressant drugs on the developing 

brain still are in short supply, although several lines of research suggest that SSRIs have the 

potency to alter neurotransmitter development through their effect on 5-HT transmission 

and to affect consequently also neuronal outgrowth and maturation (Andersen and Navalta, 

2004; Whitaker-Azmitia et al., 1996). Understandably, these effects will be most profound 

during early (perinatal) development, but the brain also undergoes extensive remodeling 

from youth through adolescence into adulthood, with 5-HT playing a central role in these 

processes (Gaspar et al., 2003; Olivier et al., 2011). Although there are some preclinical 

studies that have investigated the long-term effects of antidepressant use in juvenile 

animal models, focus lies primarily on behavior, instead of on the more direct effects on 

neurotransmitter function (Andersen and Navalta, 2004; Olivier et al., 2011). A recent 

pharmacological magnetic resonance imaging (phMRI) study by our own group clearly 

indicated altered 5-HT function following chronic FLX treatment, which was dependent on 
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the age at treatment (Klomp et al., 2012b). While adult-treated animals showed a decreased 

response in brain activity to an acute 5-HT challenge, this response was heightened in the 

adolescent-treated animals. The underlying pathways of these findings currently remain 

unclear. However, age-related effects of SSRI treatment on 5-HT transporter (SERT) density 

(Bouet et al., 2012; Wegerer et al., 1999), on markers of both 5-HT and dopamine (DA) 

function (Karanges et al., 2011), and on dendritic spine proliferation (Norrholm and Ouimet, 

2000) have been described before, all indicative of altered 5-HT function after chronic 

treatment in juveniles.

Extracellular 5-HT concentrations reflect changes in 5-HT activity and increases in these 

concentrations are known to modulate the MRI signal in the rat brain (Preece et al., 2009). 

SSRIs enhance the extracellular concentrations of 5-HT by blocking the 5-HT transporters 

responsible for reuptake of 5-HT into the presynaptic terminal. Chronic administration 

results in higher levels of extracellular 5-HT than single administration (Rutter et al., 1994). 

Negative feedback loops that stabilize extracellular 5-HT concentrations are mainly regulated 

by the presynaptic 5-HT autoreceptors (Best et al., 2010; Sharp, 2010), which can quickly 

attenuate the 5-HT increase caused by SSRIs (Dawson and Nguyen, 2000; de Groote et al., 

2002). Chronic administration of SSRIs desensitizes these autoreceptors and leaves the 5-HT 

system more vulnerable to external influences (Descarries and Riad, 2012). Although the 

direct effects of chronic FLX on extracellular 5-HT concentrations have been extensively 

studied, little is known about its longer lasting effects. Moreover, it is unknown whether 

these effects are the same for the developing and developed brain. In view of the evidence 

mentioned above, such as the assumed age-dependent effects of chronic treatment on 

SERT density, it is not unlikely that the effects of chronic FLX on extracellular monoamine 

concentrations are also age-related.

The objective of this study was to determine if there are ongoing effects of chronic 

FLX after drug discontinuation on extracellular monoamine concentrations in adult- and 

adolescent-treated rats. Our aim is twofold; on one hand we want to gain more knowledge 

on the long-term effects of FLX on extracellular monoamine concentrations and on the 

other hand we would like to know if these long-lasting effects differ in relation to the age-

of-treatment. To that end, adolescent and adult rats were chronically treated with FLX 

and, after a one-week washout period, extracellular 5-HT concentrations in the medial 

prefrontal cortex (mPFC) were measured before and after an acute FLX challenge using 

microdialysis. The acute challenge should significantly elevate the levels of 5-HT, DA, and 

noradrenaline (NA) in the mPFC (Bymaster et al., 2002; Invernizzi et al., 1996; Rutter et 

al., 1994). Based upon earlier studies by Invernizzi (1996), we expected the elevated 5-HT 

concentrations directly after treatment to be normalized after a one-week washout period 



Increased 5-HT responsiveness after fluoxetine

81

5

in the adult-treated animals, whereas the effects might be longer lasting or even permanent 

in adolescent-treated animals. Without any pretreatment, age differences in extracellular 

5-HT concentrations between adolescent and adult rats are not expected (Staiti et al., 2011).

Materials and methods

All experiments were carried out in accordance with the Dutch regulations governing 

animal welfare and protection. Protocols were reviewed and consented by a local animal 

care committee, in accordance with the guidelines of the European Communities Council 

Directive of 24 November 1986 (86/609/EEC).

Animals

Male Wistar rats (N=32) were obtained from Charles River Inc. (Germany). Age of arrival 

was either post-natal day 21 (PND21; ‘adolescent group’, 50-60 g) or PND61 (± 3 days; ‘adult 

group’, 290-310 g). All rats were group-housed (3-4 animals per cage), under normal 12 hour 

light-dark cycle. Food and water were available ad libitum. Water intake and bodyweight 

were monitored on a daily base.

Drugs and treatment

After an acclimatization period of four days, drug treatment was started at either PND21 or 

PND65 (± 3 days). PND25 was selected because it approximates the start of adolescence in 

humans. In male rats, adolescence lasts from PND28 to PND60 (Spear, 2000), with puberty 

occurring around PND45 (Engelbregt et al., 2000). FLX hydrochloride (Fagron, Belgium) was 

administered via the drinking water for a period of 21 days, followed by a washout period 

of one week. Control animals received normal tap water. The daily intake of FLX per animal 

was adjusted to approximately 5 mg/Kg/day based upon average water intake per cage and 

bodyweight (Karanges et al., 2011; Wegerer et al., 1999). This dosage of 5 mg/Kg is proven 

to be the minimal dose required for a significant inhibition of 5-HT re-uptake (Wong et al., 

1983). FLX was given orally in order to mimic the typical route of administration when used 

clinically. Steady state blood plasma concentrations of FLX and NFLX were assessed for each 

animal. Blood plasma samples (0.5 ml via the tail vein under short isoflurane anesthesia) 

were taken in early morning on the 18th day of treatment.
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Stereotactic surgery

On the day of surgery (3 days post-treatment), the rats were anesthetized with isoflurane 

(3% induction, 1.5% maintenance within a mixture of oxygen/compressed air (1:1) with a 

total flow of 0.3 L/min). The animals were then placed in a Kopf stereotactic apparatus (Kopf 

Instruments, Tujunga, CA) and kept at a constant temperature using a heating pad. A small 

incision was made to expose the skull after which lidocaine was used for local anesthesia. 

A microdialysis guide (MAB 4.15.IC, Microbiotech, Sweden) was placed just above the 

mPFC (coordinates relative to intra aural point (IAP) and individually corrected for distance 

IAP-Bregma: ~12.72 mm; Medial-Lateral: 0.3 mm; Dorsal-ventral from skull: –3.0 mm 

(adolescent-treated rats) or -4.0 mm (adult-treated rats), according to Paxinos and Watson 

1986). A cannula was placed into the right jugular vein, for intravenous administration 

of the FLX challenge, and tunneled subcutaneous to the skull were it was attached to a 

stainless steel 20G curved blunted needle. The jugular vein cannula was filled with a solution 

of polyvinylpyrrolidone-amoxycycline-heparine (resp.0.9 g/mL, 0.9 mL (48 mg/mL), 0.1mL 

(5000 IU/mL)). The probe and jugular vein cannula were fixed to the skull surface with three 

stainless steel screws and dental glasionomere cement (GC Fuji Plus; GC Europe, Leuven, 

Belgium). Rats were given subcutaneous Metacam® (meloxicam; 1 mg/Kg) post-operatively 

for pain management and inhibition of inflammation. After surgery, the animals were 

individually housed.

In vivo microdialysis

After a recovery period of 5-6 days, microdialysis experiments were performed during the 

light cycle (8 or 9 days post-treatment). Experiments were carried out in a separate room 

with an experimental setup suited for four rats. The setup consisted of four standalone 

Raturn BASi turntables and corresponding counter-balanced lever arms (Raturn microdialysis 

setup; BASi, USA) each equipped with several lengths of Peek-tubing (1.2 µL/ 10 cm), a 

microdialysis pump (MAB20, Microbiotech, Sweden) and a fraction collector (Univentor, 

AgnTho’s AB, Sweden). To prevent probe-ultrafiltration, ringer solution was not only pushed 

but also pulled out of the tubing by the same pump. The microdialysis probes had an 

exposed membrane of 3 mm (adolescent-treated) or 2 mm (adult-treated animals). Probes 

were perfused with Ringer solution (147 mM NaCl, 4.0 mM KCl, 1.2 mM CaCl2 0.7 mM 

MgCl2,) at a constant flow rate of 1 µL/min beforehand overnight. Early in the morning, rats 

were transferred to the test room and connected to the setup by tether and peek tubing. 

Perfusion was kept on for approximately 6 h and samples were collected every 15 min in 

vials containing 5 µL of antioxidant agent (0.02 N HCOOH (Baker, 6037) en 0.01% cysteine.

HCl (Sigma, C-4820)). After an acclimatization period of approximately two hours and one 
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and a half hour of baseline sampling, an acute challenge with FLX (5 mg/Kg in 0.5 ml saline) 

was given intravenously through the jugular vein cannula. After another one and a half 

hour of sampling, tetrodotoxin (TTX; 1 mM) was administered via the perfusion medium 

through the microdialysis probe into the mPFC for the duration of one hour, in order to 

inhibit neuronal monoamine release. This resulted in six basal level samples, six samples 

following the acute FLX challenge and four samples following the TTX challenge. All samples 

were stored at minus 20°C until analysis. 

Analysis of monoamines

The monoamines 5-HT, DA, and NA and their metabolites (5HIAA, DOPAC, and HVA) were 

analyzed using a high performance liquid chromatography (HPLC) ALEXYS 100 2D system 

equipped with electrochemical detection (DECADE II) from ANTEC Leyden (Zoeterwoude, 

The Netherlands). Samples of 15 µL were spliced in 2 parts of 5 µL and injected on two 

ALF-115 (150 mm ×1 mm, 3 µm C18) columns to analyze dopamine and serotonin and their 

metabolites. The mobile phase for the ALF-115 columns consisted of 100 mM phosphoric 

acid, 1 mM KCl, 2.43 mM octanesulphonic acid (OSA) and 16 % methanol in milliQ water 

adjusted to a pH of 3.30. The flow rate was kept constant at 0.035 mL/min. Separation was 

performed at 38 °C and the electrochemical potentials were set at 600 mV against an Ag/

AgCl reference in the ISAAC electrochemical cell. The signals were analyzed using Clarity 

(3.0.3.358) software. The detection limits in a 5 µL sample (signal to noise ratio = 3) were 

0.02 nM for the monoamines and DOPAC, 5HIAA and 0.2 nM for HVA.

Histological examination

After completion of the experiment, all rats were decapitated after deep C02/02 intoxication. 

The brains were then removed and snap frozen in isopentane on dry-ice and stored at -20°C 

until histological examination. Coronal sections of 35 µm were cut on a cryostat system and 

stained with cresyl violet for verification of the probe placement.

Plasma levels of (nor)fluoxetine

FLX and NFLX were analyzed in serum using LC-MS/MS in the positive ionization mode on 

a Thermo Scientific (Waltham, USA) Surveyor LC coupled to a Thermo Scientific Quantum 

Access MS. To 100 µl of serum sample, 250 µl acetonitril/methanol 84:16 (v/v) containing 

400 ng/mL of the internal standard doxepin, was added to precipitate proteins. Samples 

were vortexed, stored at -20°C for 30 minutes, vortexed again and centrifuged. Of the 

supernatant, 10 µl was injected onto a Thermo Scientific HyPurity Aquastar (50 x 2.1 mm, 5 

µm) column. A stepwise chromatographic gradient was applied using acetonitril , water  and 
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a constant buffer concentration of 0.2% (v/v) ammonium acetate / 0.02% (v/v) trifluoracetic 

acid at pH 3.5. The flow was 0.4 ml/min and the column-oven temperature was 30°C, giving a 

total chromatographic runtime of 3 minutes per sample, with FLX and NFLX eluting after 2.4 

and 2.3 minutes respectively. FLX, NFLX and the internal standard doxepin were measured 

using the mass transitions 310.1 / 148.1, 296.1 / 134.1 and 280.2 / 107.1 respectively. The 

method was validated over a range of 20.0 – 800.0 ng/mL for both compounds.  For FLX, the 

accuracies ranged from 91.5% to 107.8%, the intra-day precisions were below 10.3% and 

the inter-day precisions were below 17.6%. For NFLX, the accuracies ranged from 93.4% to 

109.8%, the intra-day precisions were below 9.2% and the inter-day precisions were below 

14.8%.

Statistical analysis

Baseline values of extracellular monoamine concentrations were defined as the mean of 

the five samples before the FLX challenge. All data were then converted to a percentage 

of that baseline (set as a 100%). All data are presented as mean ± S.E.M. and statistically 

analyzed using two-way repeated measures analysis of variance (RM-ANOVA). In case of 

violations of sphericity, Greenhouse-Geisser correction was used. In addition, the AUC-value 

was determined (area-under-the-curve; sum of percent increases for all post-FLX samples) 

for each rat. The effects of age at time of treatment and type of treatment was assessed by 

using age and treatment as the ‘between subjects’ factors and time as the ‘within subjects’ 

factor. Effects of treatment on bodyweight and water intake were also taken into account. 

The criterion for significance was set at p < 0.05. All statistical analyses were performed in 

SPSS (IBM SPSS Statistics v19.0).

Results

Animals

Correct placement of the microdialysis probe in the mPFC was confirmed for all animals. 

Due to technical issues with the microdialysis setup, two animals of each adolescent-treated 

group were excluded from further analysis. Additionally, one animal was excluded due to 

suspected water deprivation caused by blockage of its water bottle on the day before the 

microdialysis experiment. Animals finally included in the analyses per group: Adolescent 

FLX-treated (n=6) and vehicle-treated animals (n=5), adult FLX-treated (n=8) and vehicle-

treated animals (n=8).
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Bodyweight  For both the adult and the adolescent groups, there was no significant 

difference in bodyweight between the FLX-treated and vehicle-treated animals at the 

start of treatment (average weight of 312.2 g ± 8.8 and 70.1 g ± 4.5, respectively). In the 

adolescent-treated animals, there was no significant effect of FLX treatment on weight 

gain. There were no significant differences in bodyweight between the FLX-treated and 

vehicle-treated animals at the end of treatment, at the time of surgery or at the time of 

the microdialysis experiments (average weight 252.5 g ± 17.0). In the adult-treated animals, 

there was a small but significant effect of treatment on weight gain (RM-ANOVA; time-by-

treatment effect (F(322,23) = 17.46, p-value < 0.001)). At the end of treatment, FLX-treated 

animals weighted 378.0 g (± 12.8) whereas the adult vehicle-treated animals weighted 

391.1 g (± 7.2). This difference in bodyweight was no longer present at time of surgery or at 

time of the microdialysis experiments (average weight 403.1 g ± 11.0).

Water intake  For both the adult and the adolescent groups, there was no difference in 

water intake between the FLX-treated and vehicle-treated animals during the acclimatization 

period, thus before start of treatment. Relative water intake was significantly higher in 

younger animals than in the adult animals (average water intake of 0.127 mL/g ± 0.01 and 

0.073 mL/g ± 0.01, respectively) and water intake also significantly decreased with aging 

in the young animals. There was a clear effect of FLX on water intake, especially in the 

adult animals. In young animals, water intake was on average 8.7% lower in the FLX-treated 

animals (n.s.). In the adult groups, this difference was 30.5% (p-value < 0.001). This is most 

probably due to the taste of the drinking water being affected by FLX and the concentration 

of FLX in the drinking water being higher in the adults. Since no major weight loss (over 10% 

weight loss or less weight gained compared to controls) was observed at any time point, we 

believe that water intake was sufficient for all animals.

Drug treatment  The average daily intake of FLX hydrochloride, based upon water intake 

and bodyweight, was 5.31 mg/kg (± 0.21) for the adult-treated animals and 5.03 mg/kg 

(± 0.42) for the adolescent-treated animals. There was no significant difference in drug 

intake between the two age groups (p-value > 0.10). Total plasma concentration of active 

components (FLX plus NFLX) on day 18 of treatment was (on average) 262.13 ng/mL (± 49.0) 

for the adult-treated animals and 124.67 ng/mL (± 9.6) for the adolescent-treated animals. 

Plasma concentrations of FLX alone were below the official detection limit of 20 ng/mL for 

all adolescent-treated animals and just above or around 20 ng/mL for most of the adult-

treated animals.



86

Part 2: Age-related effects of fluoxetine in the rat’s brain

Microdialysis

Serotonin  Basal levels of 5-HT did not differ between groups; there were no statistically 

significant effects of age, treatment or age-by-treatment (p-values > 0.100). On average, 

the basal level of extracellular 5-HT in the mPFC was 0.170 nM (± 0.067). The acute i.v. FLX 

challenge had a significantly increasing effect on 5-HT release compared to baseline values 

in all groups (RM-ANOVA; effect of time (F(230,10) = 48.342, p-value < 0.001); see also Figure 

1A). Additionally, there was a significant effect of treatment within the repeated-measures 

analysis (effect of time-by-treatment; F(230,10) = 4.417, p-value = 0.007) as well as within 

the AUC-values (effect of treatment; F(27,1) = 10.333, p-value = 0.004). The increase in 5-HT 

concentrations compared to baseline was on average 197% in the vehicle-treated animals, 

while it was 293% in the FLX-treated animals. There were no age or age-by-treatment 

effects. Since the levels of 5HIAA were out of range for several animals, changes in 5HIAA 

concentrations could not be determined. Therefore, 5-HIAA levels were not analyzed.

Dopamine  In four adult-treated animals, DA values were not quantifiable. Therefore, 

both the adult FLX-treated and the adult vehicle-treated group consisted of six instead of 

eight animals in the DA analysis. Basal levels of DA did not differ between groups; there were 

no statistically significant effects of age, treatment or age-by-treatment (p-values > 0.100). 

On average, the basal level of extracellular DA in the mPFC was 0.168 nM (± 0.110). The 

acute FLX challenge had a significantly increasing effect on DA release compared to baseline 

values in all groups (RM-ANOVA; effect of time (F(190,10) = 12.037, p-value < 0.001); see 

also Figure 1B). Similar as with the 5-HT, the increase in DA concentrations compared to 

baseline values was on average lower in the vehicle-treated animals than in the FLX-treated 

animals (118% vs. 141%). This difference reached statistical significance within the AUC-

analysis (treatment effect; F(23,1) = 4.914, p-value = 0.039), but not within the repeated-

measures analysis (effect of time-by-treatment (F(190,10) = 1.878, p-value = 0.113)). There 

were no age or age-by-treatment effects. For DOPAC and HVA, there were no differences in 

basal levels between groups and there was no clear effect of the FLX challenge, although 

there were significant changes over time.
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Figure 1. Extracellular 5-HT and DA levels in the mPFC before and after an acute FLX challenge. 
Levels are given as a percentage (%) of the average baseline value (= 100%). A) 5-HT release after the 
challenge is significantly enhanced in the chronically treated animals (AUC; F(27,1) = 10.333, p-value 
= 0.004) and reaches its maximum after approximately 30 minutes; B) Similar effects were seen for 
the DA release AUC; F(23,1) = 4.914, p-value = 0.039). Black arrow indicates the time point of the FLX 
challenge (5 mg/kg, i.v.). Error bars represent one S.E.M.

Noradrenaline  Due to chromatographic problems in the analysis of NA for several of the 
adolescent-treated animals, NA values were not compared on group level. However, again 
there was a clear overall effect of the FLX challenge on NA release compared to baseline 
values (RM-ANOVA; effect of time (F(200,10) = 12.197, p-value < 0.001); average increase 
of 170%).

Tetrodotoxin  After one hour, TTX (1 mM in the perfusion fluid) had reduced extracellular 
5-HT in the frontal cortex to 91% of the baseline values (after an initial increase of on average 
247% caused by the FLX challenge). Extracellular levels of DA and NA were reduced even 
further to respectively 38% and 17% of the baseline values, showing that the monoamine 
release was indeed inhibited by TTX.

Discussion

We have examined the long-term effects of chronic FLX treatment on extracellular 

monoamine concentrations in the mPFC of adult- and adolescent-treated rats. After a 

washout period of one week, basal extracellular levels of 5-HT, DA and NA did not differ 

between groups. Acute FLX caused an increase in both 5-HT and DA and NA release in all 

animals. The effects of prior FLX treatment on the 5-HT response to an acute challenge were 

clearly visible in both age groups, in that FLX-treated rats showed a twofold higher increase 

than saline-treated animals. A similar effect was seen on the DA response. Age-at-treatment 

did not influence these results.
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Enhancing effect of chronic fluoxetine on 5-HT release after one-week washout

The increase in extracellular 5-HT levels produced by acute SERT blockade was significantly 

enhanced one week following chronic treatment. This study is the first microdialysis study 

looking at FLX effects to use such a long washout period. Previous studies have investigated 

the effects of chronic FLX treatment on 5-HT system responsiveness with shorter wash-out 

periods, ranging from 1-3 days. Rutter et al. (1994) and Invernizzi et al. (1996) showed that 

chronically treated animals have higher basal 5-HT levels 24 h after the last dosage while the 

latter authors reported that this effect is absent 96 h post treatment. The increases in basal 

levels within 24 hours after the last dosage are most probably due to reuptake blockade by 

the residuals of active NFLX in the brain, which can remain present up until 48h after the 

last administration (Caccia et al., 1990). Here we showed that after a washout period of 

one week the initial increase in basal 5-HT concentrations is gone, but that a hypersensitive 

response to 5-HT uptake inhibition remains. In previous studies, a challenge given 24 h after 

the final dose hardly further increased the still high levels in chronically FLX-treated rats 

(Invernizzi et al., 1996; Rutter et al., 1994) but two days later, the effect of the challenge 

was the same in FLX- and saline-pretreated animals (Invernizzi et al., 1996). Several factors 

could explain the difference with our results – the treatment protocol (10mg/kg i.p. once 

daily for 14 days in the Invernizzi study versus 5mg/kg via drinking water for 21 days in our 

case), the acute challenge (Invernizzi: 10 mg/kg i.p. versus 5 mg/kg i.v.) and the position of 

the microdialysis probe (Invernizzi: lateral frontal cortex vs mPFC; cf (Beyer and Cremers, 

2008)) may have resulted in a more constant FLX exposure and in more sensitive conditions 

to detect FLX-induced effects. As said before, extracellular 5-HT release is regulated by 

presynaptic 5-HT receptors in the raphe nuclei. Several studies have shown desensitization 

(loss of function) of the 5-HT1A and 5-HT1B autoreceptor after chronic SSRI treatment 

(Descarries and Riad, 2012; Newman et al., 2004). Although this does not seem to affect 

basal 5-HT concentrations, it may facilitate postsynaptic processes in stimulation of the 

serotonergic system. In addition, chronic treatment may have upregulated postsynaptic 

receptor expression. Both processes could account for the enhanced 5-HT release after an 

acute FLX challenge seen in chronically treated animals. Since resensitization of internalized 

receptors is suggested by several studies to require the synthesis of completely new 

receptors, or the replenishment of regulatory proteins, these processes can take much 

longer than one week after treatment discontinuation to normalize (Descarries and Riad, 

2012; Invernizzi et al., 1996; Raap et al., 1999).

4.2 No apparent age-at-treatment effects
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We expected to find different effects of chronic treatment in adolescent-treated animals 

compared to adult-treated animals. However, such differences were not observed. As 

previously mentioned, a recent phMRI study by our group (Klomp et al., 2012b) suggested 

age-related differences in 5-HT system responsiveness to an acute SSRI challenge after a 

similar treatment regime and washout period as used in the current study. Apparently, 

these effects are not caused by differences in extracellular 5-HT concentrations, since in 

the present study we demonstrated that the same extracellular concentrations were 

present in all treated animals, irrespective of age-at-treatment, both before and after the 

acute challenge. In conclusion, there were no apparent age-by-treatment effects of chronic 

FLX on basal extracellular 5-HT concentration and on the FLX-induced increase. Still, we 

cannot rule out that there are age-related differences in more down-stream processes such 

as post-synaptic receptor sensitivity (Sharp, 2010). In this way, similar extracellular 5-HT 

concentrations may have dissimilar effects on 5-HT transmission, which might still explain 

our earlier phMRI findings where adolescent-treated showed an increased response to an 

acute challenge, while adult-treated animals were less responsive (Klomp et al., 2012b). 

Also, since resensitization of the autoreceptors presumably takes longer than the one-

week washout applied here, it might be that there are age-related differences or even non-

transient changes within this resensitization process. To rule this out, even longer washout 

periods might be needed.

Effects on other monoamines

As hypothesized, a clear effect of the acute FLX challenge was observed on the release of 

extracellular DA and NA, while no effect of chronic FLX treatment on their basal levels was 

seen. Unpredicted however, was the small but statistically significant effect of the preceding 

chronic FLX treatment on DA release after the acute challenge in both age groups, just as 

was seen with 5-HT. Previous studies have shown that FLX can indeed acutely affect DA 

and NA release in the prefrontal cortex, presumably via the 5-HT2c receptor and/or post-

synaptic 5-HT1A receptor (Bymaster et al., 2002; Sakaue et al., 2000), but other studies have 

reported no effects on DA and NA concentrations after an acute challenge (Perry and Fuller, 

1992) or directly after chronic administration (Amargos-Bosch et al., 2005; Tanda et al., 

1996). Although this effect of previous FLX treatment on the DA response to an acute 5-HT 

challenge is thus less easily explained, it is clear that almost all 5-HT receptors are capable 

of modulating DA release (Alex and Pehek, 2007) and it is therefore not surprising that, 

considering the effects seen in the 5-HT system, also the DA system is similarly affected. It 

was also previously shown that chronic FLX treatment requires long-term recovery of DA 

metabolism, just as is the case with 5-HT (Gardier et al., 1994). Our findings thus further 
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support the possible long-lasting interference of FLX on DA activity. Similar to our results, it 

was previously shown that there is little to no effect of an acute FLX challenge on extracellular 

DOPAC and HVA in the PFC (Li et al., 1999; Rogoz and Golembiowska, 2010), although the 

study by Li et al. (1999) also fails to report changes in DA release. We may even need to 

look at yet other neurotransmitters systems than 5-HT, DA and NA. For instance, GABA and 

glutamate projections are also known to be involved in 5-HT feedback control (Sharp, 2010). 

Studies on the effect of chronic FLX treatment on these monoamines and their metabolites 

are however even more scarce. 

Strengths and limitations

So far, there is only a small number of studies that has looked into the ongoing effects of 

chronic FLX treatment on neurotransmitter responsiveness after its cessation. Our results 

show that the 5-HT system remains sensitive to external changes quite long after complete 

washout of the drug. While it is known from stimulant drugs that repeated administration 

may lead to long-lasting sensitization of the DA system (Boileau et al., 2006), similar studies 

in the 5-HT system were absent. Even though less invasive effects are to be expected from 

uptake inhibitors than from stimulants such as amphetamine that both inhibit uptake and 

actively force neurotransmitter release, it would still be worthwhile to further investigate 

this in future research. This type of studies will give us more insight in the 5-HT system and 

on the understanding of the effects of SSRIs thereupon. On a more future prospect, these 

studies might also have implications for clinical practice. For instance, although speculative, 

the switch between SSRIs in case of treatment non-response, as is currently described 

in clinical guidelines, may not be due to superior effect of the alternating SSRI but to the 

hypersensitivity of the 5-HT system induced by the previous one. Such a mechanism might 

be explained by our current results. Evidently, further research is needed to confirm and 

support this reflection.

A possible limitation of the present study is that we only studied the effects in one brain 

area, the mPFC. We should be aware that region-specific differences in 5-HT function and 

in response to SSRIs exist and that our findings might not be directly translatable to other 

brain regions, such as the raphe nuclei or the dorsal hippocampus, which is one of the other 

major terminal regions of 5-HT projections from the raphe (Hervas and Artigas, 1998; Li 

et al., 1999). Another limitation might be that it turned out to be very difficult to come 

to similar conditions of chronic treatment in adolescent and adult rats. The FLX treatment 

leaded to reduced water intake (presumably due to the taste of the drug) and also to a small 

reduction in weight gain in the adult-treated rats only. Although FLX is known for its weight 

reducing capacities (Yen and Fuller, 1992), this small reduction in weight gain could also be 
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due to the decreased water intake, since reductions in water intake will subsequently lead 

to reduced food intake (Cizek and Nocenti, 1965; Strominger, 1947). Still, water and food 

intake was considered sufficient for all animals and no actual weight loss was observed. 

Also, the adult-treated animals ingested similar FLX concentrations as the adolescent 

animals. Yet, the combined plasma concentrations of FLX and NFLX of the adult-treated 

animals were twofold of those seen in the adolescent-treated rats. This is probably due to 

faster drug metabolization in younger individuals (Caballero and Nahata, 2005). Although 

the same dosage and route of administration induced similar plasma levels of FLX and its 

active metabolite NFLX in both adolescent and adult rats in a previous study (Wegerer et 

al., 1999), similar age-related differences in drug plasma levels have been described with 

the oral intake of paroxetine (Karanges et al., 2011). A consequence of these differences in 

metabolization rate could be that the (N)FLX plasma levels of the younger animals varied 

more over the course of one day than was the case in the adult animals. Although not likely, 

we cannot rule out that this has affected the outcome of our study. Also, while plasma (N)

FLX levels in the adult rats were within the therapeutic range for humans (160-560 ng/mL; 

(DeVane, 1999)), levels of the adolescent animals were on the low side, making it arguable 

whether the (N)FLX concentrations in adolescents (114-139 ng/mL) were sufficient in terms 

of therapeutic efficacy. Still, the aforementioned therapeutic range is based upon adult 

values and thus not readily translatable to children and adolescents (Caballero and Nahata, 

2005). Additionally, it remains difficult to directly convert human therapeutic values to their 

efficacy in rats, since FLX metabolizes much faster in rats than in humans (Caccia et al., 

1990). Unfortunately, very little is known on the pharmacokinetics of FLX in both children 

and young rodents.

Conclusions

Our findings indicate ongoing effects of FLX treatment on 5-HT regulation one week 

after drug discontinuation. After the washout period, basal extracellular 5-HT levels are 

normalized, indicating that the direct effects of chronic FLX on 5-HT concentrations in the 

rat mPFC are gone. However, when challenging the 5-HT system, we observed a hyper-

responsive 5-HT system in adult- as well as adolescent-treated animals and to a lesser extent 

the same effect was seen on the DA system. It thus seems that both pre- and postsynaptic 

feedback mechanisms that should maintain stable monoamine levels are not yet completely 

restored one week after treatment discontinuation. These findings are of relevance, since 

they give us more insight in the working mechanisms of the 5-HT system and enhance 

our understanding of the effects of SSRIs thereupon, and might, on the long-term, have 
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implications for clinical practice. Moreover, we can conclude that age-related difference in 

extracellular concentrations of 5-HT or in 5-HT responsiveness are not likely an explanation 

for the observations we made earlier with phMRI. Future studies focusing on more down-

stream (post-synaptic) processes of 5-HT transmission, or even on other neurotransmitter 

systems, or studies using an even longer washout period to ensure complete restoration 

of the feedback mechanisms should establish if there are age-dependent changes in these 

specific processes.
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Abstract   

Little is known on the effects of chronic exposure to selective serotonin reuptake inhibitors 

(SSRIs) on 5-HT function during brain development in general and in adolescence in 

particular. Yet, adolescence is a sensitive period of developmental plasticity in the brain 

and 5-HT neurotransmission is recognized to play an important role herein. Despite 

controversies about their effectiveness and warnings of increased suicidal thinking 

during juvenile SSRI exposure, the prescription of SSRIs to youth with mood disorders is 

still increasing. Consequently, more knowledge on the possible developmental effects of 

SSRIs is warranted. We sought to characterize age-dependent effects of treatment with the 

SSRI fluoxetine on several 5-HT-related mechanisms in the rat brain: Our goal was to get a 

general impression of which processes might be (lastingly) affected by chronic fluoxetine 

(FLX) exposure during adolescence. We looked at 1) gene expression of targets within 5-HT-

ergic and related neurotransmitter systems and within 5-HT regulated processes, such 

as neuronal outgrowth and stress regulation, with real-time quantitative PCR; 2) in vivo 

serotonin transporter (SERT) availability using storage phosphor imaging with a validated 

radiotracer; and 3) tryptophan hydroxylase (TPH) expression in the dorsal raphe nuclei 

with immunohistochemical staining in both adolescent- and adult-treated male Wistar 

rats after 3 weeks of fluoxetine treatment (5 mg/kg, p.o.) and a one-week drug washout 

period. With these explorative studies, we detected a number of age-dependent effects 

of chronic FLX on mechanisms that can influence 5-HT neurotransmission. These included 

the mRNA expression of glutamatergic and GABAergic genes (VGLUT1, GLS and GAT1) and 

TPH immunoreactivity in the dorsal raphe. While the latter showed increased expression 

after adolescent treatment, mRNA expression of the glutamatergic and GABAergic gene 

transcripts was decreased, with the opposite effects seen after adult treatment. With GABA 

and glutamate known to be involved in the negative feedback control of 5-HT and TPH being 

the rate-limiting enzyme in 5-HT synthesis, this could indicate increased 5-HT reactivity after 

exposure during late brain development. Earlier findings of age-dependent effects on SERT 

density could not be replicated and there were no effects seen on the mRNA expression 

of gene transcripts coding for a number of 5-HT, dopamine and noradrenalin receptors or 

genes related to HPA-axis function and neuronal outgrowth markers. These exploratory 

experiments can serve as a starting point for further research indentifying the underlying 

pathways of the potential developmental effects of chronic SSRI exposure in the juvenile 

brain.
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Introduction

The antidepressant fluoxetine (FLX) affects several serotonin (5-HT)-related mechanisms in 

the brain by inhibiting 5-HT reuptake through blocking of the 5-HT transporter (SERT). Little 

is known on the possible lasting effects of chronic reuptake inhibition on 5-HT transmission, 

and especially on the effects of adolescent exposure. Yet, adolescence marks a particularly 

sensitive period of plasticity in the brain (Brenhouse and Andersen, 2011; Casey et al., 2008). 

Additionally, the prevalence of major depression disorder (MDD) increases dramatically 

with the onset of puberty (Anderson et al., 2008) and along with it the prescription rates 

of selective serotonin reuptake inhibitors (SSRIs) in this specific age group (Wijlaars et al., 

2012). 5-HT is known to play an important neurodevelopmental role (Whitaker-Azmitia et al., 

1996) and modifications in 5-HT transmission during sensitive periods of brain development 

could therefore result in non-transient changes not only in monoamine function, but also 

in developmental processes such as synaptogenesis and synaptic pruning (Andersen, 2003; 

Olivier et al., 2011). A recent pharmacological MRI (magnetic resonance imaging; phMRI) 

study by our group indicates functional changes in the 5-HT system that are dependent 

of age-at-treatment, as was shown by an opposite response in brain reactivity to acute 

reuptake inhibition (Klomp et al., 2012b). Until now, preclinical studies in rodents have 

focused mainly on behavioral effects instead of biochemical alterations (Olivier et al., 2011). 

In order to get a general impression of 5-HT related processes that might be affected by 

chronic FLX exposure, we sought to characterize age-dependent effects of FLX treatment on 

several potential 5-HT-related mechanisms. This was done by analyzing 1) gene expression 

of important targets within the 5-HT-ergic and related neurotransmitter systems and within 

neuronal outgrowth and stress regulation in the prefrontal cortex (PFC), hippocampus (HC), 

striatum (STR) and hypothalamus (HYP) with real-time quantitative PCR; 2) SERT availability 

in the PFC, HC, HYP and thalamus using storage phosphor imaging with a validated SERT 

radiotracer; and 3) expression of the 5-HT rate-limiting enzyme tryptophan hydroxylase 

(TPH) in the dorsal raphe nuclei (DRN) with immunohistochemical staining (IHC). 

With quantitative qPCR, the mRNA expression level of many gene transcripts can be 

measured in a relatively short time period, making it a suitable screening technique. We 

selected not only targets within the 5-HT system but also within other neurotransmitter 

systems (dopamine (DA), noradrenalin (NA), glutamate and GABA) as these systems 

are known to intensively interact  with the 5-HT system and play a putative role in the 

antidepressant actions of SSRIs (Benes et al., 2000; Leonard, 2007; Sharp, 2010). A subset of 

key elements of these neurotransmitter systems, such as well-known receptors, transporters 

and rate-limiting enzymes were selected as gene targets (See Supplementary Table S1 for 
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an overview). Additionally, we included gene transcripts related to the regulation of the 

stress system and to neuronal outgrowth, as it is likely that long-term exposure to SSRIs 

has age-dependent effects, either direct or indirect via altered 5-HT function, on these 

processes as well. The hypothalamic-pituitary-adrenal axis (HPA-axis) plays a pivotal role in 

the regulation of stress and in known to be a major system in the symptoms of depression 

(Bao et al., 2008). Its main regulatory hormones are corticotropin-releasing hormone 

(CRH), vasopressin (AVP) and oxytocin (OXT). The HPA system is known to be hyperactive 

in depression, a phenomenon that can be normalized by antidepressant medication and in 

which 5-HT function plays an indisputable role (Swaab et al., 2005). HPA-axis dysregulation 

has also been described in childhood and adolescent depression (Lopez-Duran et al., 

2009). Second, there are distinct differences in HPA-axis function between adulthood and 

adolescence. As many of the neural regions implicated in the control of the HPA axis still 

undergo developmental changes over adolescence, some of its negative feedback systems 

are still not mature (McCormick and Mathews, 2007). Additionally, during the course of 

adolescence, the HPA axis becomes increasingly sensitive to sex hormones, which are 

known to regulate HPA function in adulthood (McCormick and Mathews, 2007). As indicated 

previously, 5-HT is implicated in the regulation of neuronal outgrowth, which is still taking 

place at a large scale during adolescence in the form of synaptic refinement, which is marked 

by an overproduction of synapses, followed by subsequent pruning and myelination of the 

remaining fiber tracts (Brenhouse and Andersen, 2011). Altering 5-HT function during this 

vulnerable developmental time frame with chronic SSRI exposure might thus affect these 

processes of neuronal outgrowth. Three different indicators of neuronal outgrowth were 

included in our study: APP (amyloid precursor protein), which is a regulator of synapse 

formation; MBP (myelin basic protein) which is involved in the myelination of neurons; and 

BDNF (brain-derived neurotrophic factor), a growth factor that supports the growth and 

differentiation of new neurons and synapses. 

Since SSRIs occupy and block SERT specifically, changes in its availability as a result 

of long-term exposure is another essential target of investigation. In addition, previous 

studies suggest that adaptation to chronic SERT blockade can be dependent on age-at-

treatment (Bock et al., 2005; Wegerer et al., 1999). TPH is the rate-limiting enzyme that 

converts 5-hydroxytryptophan into 5-HT. It is primarily present in the raphe nuclei of the 

midbrain, particularly the dorsal raphe nuclei (DRN) from where the majority of 5-HT-ergic 

projections originate. Chronic SSRI treatment has been shown to reduce TPH levels both 

during adult exposure as well as in adult animals treated during their early postnatal period 

(MacGillivray et al., 2010; Maciag et al., 2006), but little is known on the effects of chronic 

SSRI exposure on the expression of this essential enzyme during later development, i.e. 
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during adolescence. By combining these experiments, our goal was to get an impression 

of different 5-HT-related processes that might be age-dependently affected by chronic FLX 

exposure. These exploratory experiments could subsequently serve as a starting point for 

further research. 

 

Materials and methods

All experiments were carried out in accordance with the Dutch regulations governing animal 

welfare and protection. Protocols were reviewed and consented by a local animal ethics 

committee (AMC, Amsterdam, Netherlands), in accordance with the guidelines of the 

European Communities Council Directive of 24 November 1986 (86/609/EEC).

Animals

Per experiment, either twenty-four (n=6 per treatment group; qPCR) or thirty-two (n=8; 

SERT binding and IHC) male Wistar rats were obtained from Harlan (Horst, Netherlands). 

Age of arrival was either post-natal day 21 (PND21; 50-65 g) or PND63 (±3 days; 290-350 g). 

All rats were group-housed (3-4 animals per cage), under a normal 12 hour light-dark cycle 

(lights on at 7:00 AM) and standard housing conditions. Food and water were available ad 

libitum.

Drugs and treatment

After an acclimatization period of four days, drug treatment was started at either PND25 or 

PND67 (±3 days). Fluoxetine hydrochloride (Fagron, Belgium) was dissolved in sterile water 

and administered once daily via oral gavage (5 mg/kg) for a period of 21 days, followed by 

a washout period of one week for the qPCR and IHC experiment and one or five weeks for 

the SERT binding experiment. Control animals received oral gavage with an equal amount 

of sterile water. PND25 was selected because it approximates the start of adolescence. 

Adolescence is characterized as the physical and psychological transition from childhood 

to adulthood. Unlike puberty, there are no clear physiological markers for the onset and 

offset of adolescence. A general system often used to classify adolescence for the rodent 

has three stages, a prepubescence/early adolescence period from days 21 to 34 of age, a 

midadolescence period from days 34 to 46 of age, and a late adolescence period from days 

46 to 59 of age (McCormick and Mathews, 2007; Spear, 2000). FLX treatment thus covered 

both the entire early and midadolescent period, with the assessments of 5-HT function 

taking place either in late adolescence or young adulthood. Our adult treatment started 

around PND67, which is generally accepted to represent adult age.
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Real-time quantitative PCR analysis (qPCR)

Tissue collection  After a one-week washout period, animals were anesthetized using a 

CO2:O2 (1:2) gas mixture and then decapitated. The brains were quickly removed, the ROIs 

dissected by an experienced technician (KB) and snap-frozen on dry-ice. These ROIs included 

the medial portion of the PFC, the dorsal and ventral HC (pooled), the STR and HYP. Left and 

right sides were pooled. Samples were kept at -80 °C until further analysis. 

RNA isolation  For RNA isolation, the tissue material (~50-100 mg) was homogenized in 

800 µl Trizol LS Reagent (Invitrogen, Carlsbad, CA, USA). After addition of 200 µg glycogen 

and 200 µl chloroform, the aqueous phase was isolated using Phase Lock tubes (5 Prime 

GmBH, Hamburg, Germany). RNA was precipitated with isopropyl alcohol, washed with 

75% ethanol and dissolved in RNAse free water. The concentration and purity of RNA were 

determined by measuring 260/280 nm using a Nanodrop spectrophotometer (Thermo 

Fisher Scientific, Wilmington, DE, USA). Five micrograms of total RNA were reverse-

transcribed into cDNA using oligo-d(T) primers. Five nmol oligo-d(T) primers were annealed 

to 5 µg total RNA in a total volume of 25 µl, by incubation at 72 °C for 10 min, and cooled 

to 4°C. Reverse transcription was performed by the addition of 25 µl RT-mix, containing: 

First Strand Buffer (Invitrogen-Life Technologies), 2 mM dNTPs  (Pharmacia, Germany), 30 

U RNase inhibitor (Roche Applied Science, Indianapolis, IN, USA) and 400 U M-MLV reverse 

transcriptase (Invitrogen - Life Technologies, The Netherlands). The total reaction mix (50 µl) 

was incubated at 37 °C for 60 min, heated to 95 °C for 10 min and stored at -20°C until use.

 

qPCR  PCR primers (Eurogentec, Belgium) were designed using the Universal Probe 

Library of Roche (https://www.roche-applied-science.com) on the basis of the reported 

mRNA sequences. Primer sequences for all targets are given in Supplementary Table S1. 

For each PCR, a master mix was prepared on ice, containing per sample: 1 µl cDNA, 2.5 

µl of FastStart Reaction Mix SYBR Green I (Roche Applied Science, Indianapolis, IN, USA), 

0.4 µM of both reverse and forward primers. The final volume was added up to 5 µl with 

H2O (PCR grade). The LightCycler® 480 Real-Time PCR System (Roche-applied-science) was 

used with a 384-multiwell plate format. The cycling conditions were carried out as follows: 

initial denaturation at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 

15 s, annealing at 55-60°C for 5 s and extension at 72°C for 10 s. The fluorescent product 

was measured by a single acquisition mode at 72°C after each cycle. For distinguishing 

specific from non-specific products and primer dimers, a melting curve was obtained after 

amplification by holding the temperature at 65°C for 15 s followed by a gradual increase in 

temperature to 95°C at a rate of 2.5°C s-1, with the signal acquisition mode set to continuous. 
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Quantification of data was performed using the computer program LinReg PCR in which 

linear regression on the Log(fluorescence) per cycle number data is applied to determine 

the amplification efficiency per sample (Ramakers et al., 2003). Samples that did not reach 

plateau phase or that had too low primer efficiency were removed from further analysis.

Data analysis  For between-sample normalization, a set of five commonly used internal 

reference genes (housekeeping genes; HKG) was included. These HKGs were cyclophilin 

A (CycA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-actin (ACTB), TATA-

binding protein (TBP), and hypoxanthine phosphoribosyl transferase (HPRT) (Bonefeld et 

al., 2008; Nelissen et al., 2010). Per brain region, the two most stable genes were selected 

using the normalization algorithm Normfinder (Andersen et al., 2004), and for each sample, 

a normalization factor was determined by geometric averaging of the expression values 

of these two genes. For the HC and HYP, ACTB and CycA were used for normalization 

purposes. For the PFC, CycA and TBP were used. For the STR, GAPDH, and HPRT were used. 

Quantification of the targets genes was as follow: for each primer pair, the raw relative 

amount of expression was calculated by means of the deltaCt method (formula: primer 

efficiency ^ (Ct-minimal Ct)) (Bossers et al., 2009). The resulting raw relative amounts were 

scaled using the normalization factor to yield corrected relative amounts. This resulted 

in the relative amount of target gene expression per animals and per region as outcome 

value. Also, the percentage of the mean relative expression in all adult control animals was 

calculated per animal.

Storage phosphor imaging

Experimental procedures  Following a washout period of either one week or five 

weeks post-treatment, rats were shortly anesthetized using a CO2:O2 (1:2) gas mixture, and 

injected intravenously with  ±50 MBq [123I]β-CIT (RadioNuclide Center, Vrije Universiteit 

Amsterdam, The Netherlands), a validated SERT tracer (Reneman et al., 1999). Three hours 

after injection of [123I]β-CIT, animals were killed by bleeding via heart puncture, again under 

CO2:O2 anesthesia. The brains were quickly removed, frozen and sliced horizontally into 50 

µm slices. Every 5th slice was placed on phosphor imaging plates (Fuji BAS-MS IPs, Stamford, 

CT, USA) for 16 hours. Plates were scanned at a 50 μm resolution with a 16-bit pixel depth 

using the Fuji FLA-3000 phosphor imager (Knol et al., 2008).

Data analysis  Regions of interest (ROIs) were drawn according to the standard rat 

brain atlas (Paxinos and Watson, 1986) by one trained rater (AK) and analyzed using AIDA 

software (Advanced Image Data Analyzer v.4.26. Ink, 2009), as described earlier (Knol et 
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al., 2008). These ROIs included the (medial) PFC, HC (left and right), HYP, thalamus, STR 

and cerebellum. The STR was included as a negative control, since [123I]b-CIT uptake in this 

region reflects primarily binding to DA transporters (Reneman et al., 1999). Uptake in the 

cerebellum, presumed low in SERT, was used as a reference for background radioactivity 

(Elfving et al., 2007). All consecutive slices in which specific radioligand binding was clearly 

visible were selected and the intensity per area within the ROI was determined. Slices 

with poor quality were excluded. Subsequently, ratios of ROI-to-cerebellum binding were 

calculated per animal and used as the outcome value, giving an indication of SERT binding 

in that specific ROI. 

Immunohistochemistry

Tissue collection  After a one-week washout period animals were anesthetized with 

pentobarbital natrium (50 mg/kg) and transcardially perfused with saline followed by 4 

% paraformaldehyde in 0.1 M phosphate buffered saline (PBS; pH 7.4). Brains were post-

fixed overnight at 4 °C and then carefully removed from their skulls and stored at 4 °C in 

PBS with 0.01 % sodium azide until needed. Subsequently, the brains were cryoprotected 

by saturation in sucrose solution (first 15%, then 30% sucrose in PB). 40 μm thick coronal 

sections were cut on a freezing microtome (R.Jung AG, Heidelberg, Germany) starting from 

the PFC (bregma 5.2, based upon Paxinos and Watson, 1998], through the entire HC (bregma 

-1.5 to -7.0) and ending at the DRN (bregma -10.30). Each coronal section was collected in 

PB (0.1 M)-filled jars in a one-in-ten series. Collected tissue slices were washed with chilled 

PB to extract the cryoprotectant, and stored at 4 °C in PB-azide until immunohistochemical 

staining.

Immunohistochemical staining  Free-floating DRN sections were washed in PBS (0.1 M) 

and incubated in 0.5 % H202 in PBS for 20 min to block endogenous peroxidase activity. 

Sections were then washed and blocked with 5% normal rabbit serum (NRS) and 0.2% 

Triton-X 100 (TX) in PBS for 1 hr. The primary antibody (sheep anti-tryptophan hydroxylase, 

1:1000; Chemicon/Millipore, AB1541) in 1% NRS 0.2% TX PBS was applied for 1 hr at room 

temperature and then overnight at 4 °C. On day 2, the secondary antibody (biotinylated 

rabbit anti-sheep, 1:200; Vector Labs) in 1% NRS 0.2% TX PBS, was applied for 2 hrs at 

room temperature. Signal amplification was attained by applying an Avidin-Biotin complex 

(ABC-Elite; 1:800 in PBS) for 2 hrs. Subsequently, sections were thoroughly washed in PBS 

(1 x 5 min) and 0.05M Tris buffer (TB, pH 7.6; 3 x 5 min) before chromogen development 

was achieved with peroxidase substrate 3,3’-diaminobenzidine tetra-hydrochloride (DAB; 

Sigma, no. D-5637; 0.01g/ml DAB, 0.01% H202 for 9 minutes. Sections were mounted on 
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glass slides with 0.2% gelatin in PB, counterstained with modified Mayer’s haematoxylin (1 

g/L), dehydrated in an alcohol/xylene series and coverslipped with Entellan.

Data analysis  All sections destined for quantitative analysis were coded and this code 

was not broken until acquisition had been finished, just before the statistical analysis for 

data entry. TPH-positive cells were clearly visible in the DAB-stained cell cytoplasm and were 

quantified visually in the DRN using a Zeiss microscope at 20X magnification in every 10th 

section in a total of 3 sections per animal. Per animal, the total amount of TPH-positive cells 

was included as outcome value in the statistical analysis.

Statistical analysis

For each of the experiments, an analysis of variance (ANOVA) with the outcome value as 

dependent variable and age and treatment as fixed factors was used to compare outcome 

values between groups and to investigate age-by-treatment effects. For the qPCR data, 

related targets were analyzed together in a multivariate analysis of variance (MANOVA), 

in order to correct for multiple comparisons. In case of a significant main effect on the 

MANOVA, subsequent post hoc analyses were performed. Data was log-transformed 

when necessary. In case of the SERT-binding experiment, the intra-rater reliability of the 

intensity per area values was determined using a two-way random single measure intra-

class correlation coefficient with absolute agreement. Also, the effects of age and treatment 

observed after one week washout were compared to the results after a 5-week washout 

period. For the immunohistochemistry experiment, a paired Student’s t-test was used 

to evaluate interhemispheric differences. P-values of ≤ 0.05 were considered statistically 

significant. When the same outcome measure was determined in multiple ROIs, Bonferroni 

correction was applied. All statistical analyses were performed using SPSS 16.0 (SPSS inc. 

Chicago, IL, USA).

Results

qPCR

Two animals of the adult FLX group died unexpectedly during treatment, resulting in a group 

size of 4 animals. All other groups consisted of 6 animals. In case of the neurotransmitter 

systems, mRNA expression of the gene transcripts was determined in all 4 regions, and thus 

a Bonferroni corrected p-value of 0.013 or below was considered statistically significant. 

Values between 0.050 and 0.013 were considered a statistical trend. The gene transcripts 

related to stress regulation and neuronal growth were determined in one region only, 
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respectively the HYP and PFC, and thus a p-value below 0.050 was considered statistically 

significant in these cases. Values between 0.100 and 0.050 were considered a statistical 

trend. An overview of all statistical outcomes is given in Supplementary Table S2.

Serotonergic targets  The qPCR data of the transcripts of SERT, 5-HTr6 and 5-HTr7 failed 

to pass the quality control in all 4 brain regions and were thus not analyzed. Multivariate 

analysis of the remaining 5-HT targets (5-HTr1a, 5-HTr1b and 5-HTr2a) revealed a significant 

main effect of treatment in the HC (p-value < 0.001) and a trend towards significance in the 

PFC and STR (p-value 0.049 and p-value 0.035, respectively). Post-hoc analysis showed that 

mRNA expression of 5-HTr2a was lower after chronic FLX exposure in the HC, but heightened 

in the STR. In the PFC, 5-HTr1b expression was higher in the treated animals compared to 

the control animals. A main effect of age was seen in the STR (p-value = 0.003); post-hoc 

analysis revealed that younger animals showed higher gene expression than adult animals 

of both the 5-HTr1b and the 5-HTr2a receptor. There were no significant age-by-treatment 

interaction effects. (See Supplementary Data; Figure S1). 

Dopaminergic targets  Data of the D3 receptor primer pairs failed to pass the quality 

control in all 4 brain regions, together with those of the DA transporter (DAT) in the PFC 

and STR. Multivariate analysis of the remaining DA targets (D1 and D2 receptor and DAT in 

the HC and HYP) revealed a significant main effect of treatment in the HC (p-value < 0.001) 

and in the HYP (p-value < 0.001). Post-hoc analysis showed that in the HC mRNA expression 

of both the D1 and D2 receptor was lower after chronic FLX exposure, and in the HYP D2 

receptor was lower in the treated animals compared to the control animals. A main effect 

of age was observed in the PFC (p-value 0.009) and in the HYP (p-value 0.027); post-hoc 

analysis revealed that younger animals showed higher D1 expression than adult animals in 

the PFC, but lower D2 expression in the HYP. There were no significant age-by-treatment 

interaction effects. (See Supplementary Data; Figure S2). 

Glutamatergic targets  Data of the glutamatergic excitatory amino acid transporter 1 

(EAAT1) failed to pass the quality control in all 4 brain regions, together with the vesicular 

glutamate transporter 1 (vGLUT1) in the HYP and STR. Multivariate analysis of the remaining 

glutamate targets (glutaminase (GLS), glutamatergic NDMA receptor subunit NR1 and 

vGLUT1 in the HC and PFC) revealed a significant age-by-treatment interaction effect in the 

HYP (p-value 0.002) and a trend towards significance in the PFC (p-value 0.015). Post-hoc 

analyses showed that glutaminase (GLS) expression in the HYP and vGLUT1 expression in 

the PFC were increased in the adult-treated animals, while no effect (vGLUT1) or a decrease 
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(GLS) was seen in the adolescent-treated animals. Additionally, there was a significant main 

effect of treatment in the PFC (p-value < 0.001) and in the STR (p-value 0.001), and a trend 

towards significance in the HC (p-value = 0.044). Post-hoc analyses revealed that in the PFC, 

FLX-treated animals had a higher mRNA expression of vGLUT1, but a lower NR1 expression 

than control animals. In the STR, previous treatment lowered GLS expression and in the 

HC, FLX lowered vGLUT1 expression. Considering main effects of age, only a trend towards 

significance was observed in the STR (p-value 0.029). Post-hoc analysis showed that both 

the expression of NR1 and GLS was lower in the adult animals. (See Supplementary Data; 

Figure S3).

GABAergic targets  Multivariate analysis of the GABAergic targets (GABA receptor A1 

(GABArA1) and B1 (GABArB1), and the GABA transporter 1 (GAT1)) revealed a trend towards 

a significant age-by-treatment interaction effect in the PFC (p-value 0.018). Post-hoc analyses 

showed that this was accounted for by GAT1 expression being enhanced with treatment 

in the adult-treated animals, while no effect or even a small decrease was seen in the 

adolescent-treated animals. Additionally, there was a significant main effect of treatment in 

the PFC (p-value 0.004). Post-hoc analyses indicated that FLX-treated animals showed both 

higher GABArB1 and GAT1 expression than non-treated animals in this region. A main effect 

of age was observed in the STR (p-value < 0.001); post-hoc analysis showed both GABAr1A 

and GAT1 mRNA expression to be lower in the adult animals. (See Supplementary Data; 

Figure S4).

Noradrenergic targets  Data of the NA transporter (NAT) primer pairs failed to pass the 

quality control in all 4 brain regions, together with those of the adrenergic alpha-2A receptor 

(alpha-2) in the HC and STR. Multivariate analysis was thus only performed in the PFC and 

HYP and in the HC and STR, a separate univariate analysis was performed on the adrenergic 

alpha-1A receptor (alpha-1). There was a trend towards a main effect of treatment in the PFC 

(p-value 0.039); post-hoc analysis indicated that FLX-treated animals showed heightened 

expression of both the alpha-1 and alpha-2 receptors compared to control animals. There 

were no significant main effects of age or age-by-treatment interaction effects. (See 

Supplementary Data; Figure S5).

HPA-axis targets  Multivariate analysis revealed no significant main effects of age or 

treatment, or a significant age-by-treatment interaction effect in the expression of the HPA-

axis neuropeptides (CRH, AVP, and OXT) in the HYP. (See Supplementary Data; Figure S6A).
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Neuronal outgrowth targets  Multivariate analysis revealed a significant main effect of 

age (p-value 0.001) in the expression of the neuronal outgrowth targets (MBP, APP, and 

BDNF). Post-hoc analysis showed that the mRNA expression of APP was significantly higher 

in adolescent animals. There was no significant main effect of treatment or an age-by-

treatment interaction effect. (See Supplementary Data; Figure S6B).

Storage phosphor imaging

For all ROIs included in the analysis, there was a high level of intra-rater reliability for 

the intensity-per-area values (ICC (3,1) > 0.970) (Supplementary Table S3; also for ROI 

characteristics). Univariate analysis showed no significant age-by-treatment interaction 

effects on SERT binding in any of the chosen ROIs after both one week and 5 weeks washout. 

There was a significant main effect of age in the PFC after one week washout (F-value (3,26) 

= 15.57, p-value < 0.001), with the younger animals showing an overall lower SERT binding in 

this area. After five weeks of washout, this age-effect was less pronounced but still apparent 

(F-value (3,30) = 2.043, p-value 0.047). There were no significant main effects of treatment 

in any of the chosen ROIs after one week washout. With a washout period of five weeks 

however, there was a significant main effect of treatment in the HYP (F-value (3,28) = 3.271, 

p-value 0.010). FLX-treated animals showed higher SERT binding in this region compared to 

the untreated animals, which was unrelated to the age-at-treatment. (See Figure 1 for the 

exact SERT binding ratios per treatment group and per ROI). There were no effects of FLX on 

the STR, which was included as a negative control, as [123I]b-CIT uptake in this region reflects 

primarily binding to DA transporters (Reneman et al., 1999).

Immunohistochemistry

For the IHC experiment, all animals were included in the final analysis, resulting in a group 

size of n = 8. Univariate analysis revealed a significant age-by-treatment interaction effect 

(F-value (1,28) = 5.030, p-value 0.030), such that FLX increased TPH immunoreactivity in 

the raphe nucleus of adolescent-treated animals while it reduced immunoreactivity in the 

adult-treated animals (Figure 2). There were no apparent main effects of age or treatment.
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Discussion

We characterized age-dependent effects of chronic FLX treatment on several 5-HT-related 

mechanisms by analyzing 1) gene expression of targets within the 5-HT-ergic and related 

neurotransmitter systems and within neuronal outgrowth and stress regulation, 2) SERT 

availability, and 3) TPH immunoreactivity, in several different brain regions in the adult 

and adolescent rat. These experiments were performed to get an impression of different 

5-HT-related processes that might be age-dependently affected by chronic FLX exposure. 

These exploratory experiments could serve as a starting point for further research into the 

neurodevelopmental effects of SSRI exposure during adolescence. 

Age-related differences in mRNA expression

Changes in mRNA expression are indicative of functional differences in the protein levels 

of the targeted gene transcripts. Age-by-treatment interaction effects in mRNA expression 

thus suggest age-dependent effects of chronic FLX treatment on the efficacy of these 

proteins. The relevance of the age-related differences found in the mRNA expression of the 

investigated gene transcripts is discussed below. Additionally, several age and treatment 

related effects were observed as well. Some of these effects were expected, such as the 

age effects in the expression of neuronal-outgrowth-related gene transcripts (Kanfer et al., 

1989; Sherman and Higgins, 1992; Webster et al., 2002). Considering that these effects of 

age and treatment were not the main interest of our exploratory experiments, we regard it 

to be beyond the scope of this study to discuss all effects found.
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Figure 1.  SERT binding in SERT-rich brain areas. The mean SERT availability (ROI-to-cerebellum 
binding ratios) is given for each group in the PFC, thalamus, HYP and HC, after either a one- (white) 
or five-week (grey) washout period. A) No effect on age, treatment or age-by-treatment after both 
washout periods in the HC, B) significant main effect of age after one-week and a trend after five 
weeks washout in the PFC, C) no effect on age, treatment or age-by-treatment after either washout 
period in the thalamus, D) main effect of treatment after 5 weeks washout only in the HYP. A_ctr = 
adult control animals, A_flx = adult fluoxetine-treated animals, Y_ctr = young control animals, Y_flx = 
young fluoxetine-treated animals. * = significant effect of age (** p-value < 0.013, * p-value < 0.050); 
$ = significant effect of treatment (p-value < 0.013). Error bars indicate ± 1 S.E.M.

Serotonin  There were no statistically significant age-by-treatment effects observed in 

the expression of the three 5-HT receptor gene transcripts that were assessed, the 5-HTr1A, 

5-HTr1B and 5-HTr2A. It is however noteworthy that in the HYP, FLX treatment seemed 

to increase mRNA expression of all three receptors in the adult-treated animals while it 

lowered expression in the adolescent-treated animals (Figure S1). However, these effects 

failed to reach statistical significance in the MANOVA analysis, possibly due to our relatively 

small sample size of 4-6 animals per group. Considering the important role of 5-HT receptors 

in the regulation of 5-HT function, it is worthwhile to look into the effects on 5-HT receptor 

expression in future studies using larger sample sizes. Considering the effect size of our 
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analysis (data not shown), a sample size of at least 10 animals per group, should provide 

sufficient statistical power.

Presynaptically, the 5-HTr1A and 5-HTr1B act as autoreceptors, play a pivotal role in the 

regulation of extracellular 5-HT concentrations by means of feedback inhibition (Sharp, 

2010). There is also emerging evidence of postsynaptic 5-HT feedback control and the 

here-considered receptors are believed to play an important role in this process as well, 

presumably by influencing GABAergic and glutamatergic pathways (Sharp, 2010). While it 

is clear that chronic SSRIs exposure can long-lastingly desensitize the 5-HTr1A and 5-HTr1B 

(Blier, 2001; Newman et al., 2004) as well as the 5-HTr2A (Eison and Mullins, 1996), literature 

on the effects on mRNA expression of these 5-HT receptors is equivocal. Decreases in mRNA 

levels during or directly after chronic treatment have been repeatedly reported, but seem 

to be region- and strain-dependent at the least (Burnet et al., 1994; Neumaier et al., 1996), 

while other studies failed to see any effect (Spurlock et al., 1994). 

Again, little is known on these effects with respect to juvenile SSRI exposure, even 

though the 5-HT system is known to play an important neurodevelopmental role (Whitaker-

Azmitia et al., 1996). For example, the 5-HT1A receptor is reported to be critically involved 

in dendritic maturation of the hippocampus and in controlling adult neurogenesis (Gaspar 

et al., 2003; Yan et al., 1997). The 5-HT1B receptor mainly plays a role during early prenatal 

development, regarding its’ early and dynamic expression profile, and is known to influence 

axonal arborization. It has also been suggested to be an important modulator of presynaptic 

plasticity mechanisms, which can take place during later development as well (Gaspar et 

al., 2003; Laurent et al., 2002). The 5-HT2A receptor, on the other hand, is predominantly 

expressed late in development (postnatal), and is indicated to be involved in late maturation 

processes such as neuronal differentiation and dendritic maturation (Azmitia, 2001; Gaspar 

et al., 2003). Thus, the neurodevelopmental role of these receptors, even during late 

postnatal development, is evident. Additionally, the expression levels of the 5-HT1A and 

5-HT2A receptors are known to gradually decrease during adolescence before reaching the 

adult levels, indicating ongoing maturation of these receptors during adolescence (Slotkin 

et al., 2008). 

Although the age-related effects of chronic FLX on mRNA expression of these 5-HT 

receptors were non-significant in this explorative study, these might become apparent with 

increased statistical power. Also, a lack of difference in mRNA levels does not rule out that 

such an age-related effect exists when looking at the sensitivity or functionality of these 

receptors. Furthermore, even if chronic SSRI exposure does equally affect the sensitivity of 

5-HT receptors in juveniles as in adults, the effects on more downstream signaling pathways 

may still differ across successive developmental stages (Olivier et al., 2011). 
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Glutamate and GABA  There were significant age-by-treatment effects of FLX in the 

expression of the GABAergic and glutamatergic gene transcripts. The mRNA expression of 

vGLUT1 and GAT1 in the PFC and of GLS in the HYP was increased after adult treatment while 

it was decreased following adolescent treatment (Figures S3 and S4). Although SSRIs do not 

directly target GABA and glutamate, the importance of these neurotransmitter systems in 

their functioning is unequivocal. There evidence of increases in glutamate and decreases 

in cortical GABA concentrations with depressive state (Leonard, 2007), which indicates 

an imbalance in excitatory and inhibitory neurotransmission in MDD, and gets restored 

by antidepressant treatment. It is also indicated that SSRIs indirectly affect glutamate and 

GABA neurotransmission, which might be essential for their therapeutic effect (Barbon et 

al., 2006; Cornelisse et al., 2007; Pittaluga et al., 2007). Moreover, postsynaptic feedback 

control of 5-HT system is thought to run via glutamate and GABA transmission, as indicated 

previously (Sharp, 2010). 

Like the monoaminergic 5-HT and DA transmission, glutamatergic neurotransmission 

is still under structural development during adolescence. For example, innervation of 

specific brain areas such as the PFC and amygdala by glutamatergic neurons continues to 

mature until young adulthood in the rat (Brenhouse and Andersen, 2011). Considering 

the important role of GABA in the CNS as the chief inhibitory neurotransmitter, it is not 

surprising that structural development of GABA is already completed early in life and 

that the density of GABA neurons remains relatively stable across age (Benes et al., 2000; 

Brenhouse and Andersen, 2011). However, functional changes in GABAergic transmission 

are observed during adolescence. For instance, in the course of postnatal development, 

there is a transition of GABA acting as excitatory signal early in development to becoming 

mainly inhibitory in adulthood. As stated in Brenhouse et al. (2011): “these inhibitory 

actions of GABA mature in parallel with the development of complex cognitive processing 

and increase substantially during adolescence”. 

The age-by-treatment effects that we found for the GABA and glutamate systems were 

caused by age-dependent differences in the expression of vGLUT, GLS and GAT1. The vesicular 

glutamate transporter vGLUT1 is responsible for the loading of glutamate into synaptic 

vesicles and is thus an essential player in glutamatergic synaptic transmission. Previous 

studies have reported increased mRNA expression of this transporter after antidepressant 

treatment in a number of cortical areas (Moutsimilli et al., 2005; Tordera et al., 2005), 

which is in line with our findings of increased mRNA expression after adult exposure in the 

PFC. Effects during developmental exposure have however not been previously described. 

Glutaminase (GLS) is the rate-limiting enzyme in the synthesis of glutamine into glutamate 

and is therefore considered  to  be  a  key enzyme  in  the  neurotransmission  of  GABA and 
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glutamate. 5-HTergic neurons have been shown to contain GLS, suggesting that they are 

capable of forming glutamate (Kaneko et al., 1990). However, little is currently known on the 

possible role of GLS in depression, or on the effects of SSRIs on its expression. The same holds 

for GAT1 expression, although it is identified that the expression of the GAT1 undergoes 

transient changes of overproduction and pruning during the course of adolescence (Cruz et 

al., 2003). 

When looking at the age-by-treatment interaction effects found in the mRNA expression 

of these targets, a similar expression pattern is seen for all targets. In the adult-treated 

animals, mRNA expression was increased after a one-week recovery period. In the 

adolescent-treated animals however, mRNA expression was decreased compared to their 

same-age controls. This increase after chronic SSRI exposure in adulthood is not always in 

line with existing literature. Nevertheless, all previous reports assessed mRNA levels during 

treatment or directly after drug cessation only. The one week washout period issued in 

the current experiment could account for ongoing recovery processes that occur after drug 

withdrawal, which could be reversed to the drugs initial actions in order to compensate. 

The fact that these effects are opposite in the adolescent-treated animals, is indicative of 

differences within this recovery process, most probably due developmental brain plasticity 

and is in line with the ‘equal but opposite’ hypothesis (Andersen and Navalta, 2004). 

Nevertheless, considering the relatively short washout period, future experiments should 

confirm that these changes are indeed non-transient.

 Dopamine and noradrenaline  We observed no apparent age-by-treatment effects on 

mRNA expression level of gene transcripts of the DA (D1, D2 and DAT) and NA (alpha-1 

and alpha-2) system in the selected regions. Similar to 5-HT, impairment of the NAergic 

system is thought to underlie depressive symptomatology, and although evidence is less 

substantial, also DA has been implicated in depression (Leonard, 2007). In addition, just 

like 5-HT, DA and NA play a profound and age-dependent role in promoting cellular growth, 

differentiation, and cell survival in the brain, and their receptors undergo a similar (region-

dependent) time course of receptor overproduction and pruning during adolescence 

as the 5-HT system (Brenhouse and Andersen, 2011). This, together with findings of FLX 

increasing extracellular DA and NA concentrations in specific brain regions (Bymaster et 

al., 2002), led us to include gene transcripts of DA and NA receptors and transporters in 

our explorative qPCR analysis. Apparently, chronic FLX treatment does not affect the mRNA 

expression levels of these gene transcripts in an age-dependent manner, although there 

were some main effects of treatment. However, considering the known interactions of 5-HT 

with DAergic and NAergic neurotransmission (Amargos-Bosch et al., 2005), it might well 
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be that changes in 5-HT function still affect other aspects of DA and NA neurotransmitter 

function in an age-dependent manner. Furthermore, it should be noted that it is important 

to take region-specificity into consideration. For instance, the hypothalamic DA system acts 

independently from the midbrain DA system and is known to be relatively low in D1 and D2 

receptors and DAT (Ciliax et al., 1995). The significant effects of age and treatment on D2 

receptor expression in this region might therefore be of less relevance.

Stress regulation and neuronal outgrowth  There were no apparent age-by-treatment 

effects of chronic FLX on mRNA expression levels of gene transcripts of the three HPA-axis 

neuropeptides (CRH, AVP and OXT) in the HYP and the markers of neuronal outgrowth (BDNF, 

MBP, APP) in the PFC. Even so, the regulation of the stress response and neuronal growth 

are processes in which 5-HT plays a pivotal role and that still mature during adolescence 

(McCormick and Mathews, 2007; Migliarini et al., 2012). Impairment of structural plasticity 

throughout the brain is associated with MDD and antidepressants such as FLX may reverse 

this as they have a stimulating effect on neuroplasticity (Fuchs et al., 2004). Also impairments 

in myelination processes are thought to play a role in the pathophysiology of depression 

considering consistent findings of white matter abnormalities in MDD (Tham et al., 2011). 

The stress system plays a pivotal role in the signs and symptoms of depression as well. 

The HPA-axis is known to be hyperactive in MDD, resulting in increased levels of CRH and 

AVP and excess release of the stress hormone cortisol (Bao et al., 2008). Considering the 

role of the stress system in almost all body systems, ranging from the immune response, 

memory, appetite, blood pressure, mood and also developmental growth, its importance in 

normal functioning of the organism is evident (de Kloet et al., 2005; Swaab et al., 2005). Not 

surprisingly, stress regulation and neuronal growth are also interrelated. Stress can affect 

structural plasticity as evidenced by the effects of both acute as well as chronic stress effects 

on adult neurogenesis and neuronal morphology (Fuchs et al., 2004; Joels et al., 2007). In 

addition, stress exposure and release of the stress hormone corticosterone has been shown 

to decrease the expression of BDNF in rats, while antidepressant treatment is known to 

reverse this process, possibly via regulation by 5-HT (Migliarini et al., 2012; Schmidt and 

Duman, 2007). Even though 5-HT is known to play a role in neuronal plasticity as well as 

stress regulation, their regulation does not exclusively dependent on 5-HT, which is not 

surprising considering their enormous importance in normal body function. It is therefore 

possible that any effects of changes in 5-HT transmission induced by chronic FLX treatment 

are overruled by other regulatory processes in play. Another possibility is that changes in 

5-HT transmission did affect the maturation and subsequent operation of neuronal plasticity 

and/or stress regulation in an age-dependent matter (e.g., via changes in regulation of the 
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5-HT system by GABA and glutamate), but without affecting mRNA expression of the gene 

transcripts included in our analysis.

Age-related differences in SERT binding

We observed no age-by-treatment related differences in [123I]b-CIT radioligand binding, 

suggesting that the chronic FLX treatment did not affect the availability of SERT in a different 

manner in adolescent rats than in adults. We did, however, observe a significant main effect 

of treatment on SERT binding in the HYP five weeks post-treatment, which was primarily 

caused by an increase in SERT expression after previous FLX treatment. A similar pattern of 

increased SERT binding five weeks after treatment cessation was also seen in the HC, PFC 

and thalamus, although statistical significance was not reached in these regions.

A recent review by Descarries and Riad (2012) showed that, following chronic treatment 

with SSRIs, the majority of studies report reductions in the density of SERT, although increases 

and lack of effect have been described as well (Descarries and Riad, 2012). Regrettably, 

all previous literature includes different types of SSRIs, treatment protocols, and washout 

periods, complicating direct comparison between these studies. Still, most of the studies 

that describe a decrease in SERT binding exercised relatively short washout periods, only 

in order to assure drug clearance. Our negative findings of chronic FLX treatment on SERT 

binding after a one-week washout period are in concordance with Gobbi et al (1997), the 

only study that used a similar treatment protocol and washout period. Additionally, no 

previous studies looked at the possible longer-lasting effects of chronic treatment after drug 

cessation; a one-week washout is the longest period previously described. This gives rise 

to the idea that the initial chronic decrease in SERT might result in an ongoing imbalance 

after drug cessation, leading to a compensatory overshoot in SERT expression after the 

initial decrease. This might be the reason why these increases in SERT density only became 

apparent on the long-term. If so, the 5-HT system seems to need considerably more time to 

recover than previously assumed, as would be supported by findings of Descarries and Riad 

(2012), who suggested that SERT not only internalizes but even degrades in the course of 

chronic fluoxetine treatment. In line with this, Benmansour et al. (2002) reported a recovery 

period after initial SERT downregulation of more than 10 days following drug withdrawal. 

The absence of any age-by-treatment effects is not in line with earlier findings of our 

group (Bouet et al., 2012) and other literature (Bock et al., 2005; Wegerer et al., 1999). 

These studies reported increased expression of SERT following chronic FLX treatment during 

early and late brain development. Although there are several (important) differences in 

methodologies used between these and the current study, the discrepancies are not easily 

explained. In the study of Bock et al. (2005), very early post-natal exposure was studied 
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(PND 2-5) and its effects were only assessed during adulthood. Just as in our study, they 

observed a prolonged (and enhancing) effect of treatment on SERT densities. Since only one 

age group was assessed, it is unknown if this effect was dependent on age at treatment. 

The effects after exposure during early development might not be the same as those of 

exposure during later development. Still, Wegerer et al. (1999) found similar effects as Bock 

and colleagues during adolescent exposure and a one week washout period. Although the 

previous study by our group (Bouet et al., 2012) used a small group size (n=3) and a different 

route of administration (intraperitonal instead of oral), power and route of administration 

issues are ruled out as being a valid explanation for the observed differences, considering 

that Wegerer et al. (1999) also applied oral administration and used similar group sizes as in 

the current study. Overall, the study by Wegerer et al. (1999) is the most alike with ours in 

experimental setup, except for the fact in the Wegerer study, the animals received the FLX 

continuously via their drinking water instead of once daily by oral gavage, which could have 

resulted in lower, but more steady plasma levels of FLX. Also, in the Wegerer study ex vivo 

autoradiography was used to determine SERT density, instead of in vivo radioligand binding 

in our study. Radioligand binding gives an indication of the amount of SERTs available to bind 

to the radioligand (the binding potential is dependent on the Bmax (amount) and Kd (affinity) 

of the transporter, however the Kd remains quite stable over time and conditions, thus the 

binding potential tends to be viewed as an index of Bmax (Meyer, 2007)). In vivo binding is 

believed to better reflect the conditions in the living animal and is therefore considered a 

more functional measure than ex vivo binding rates. On the other hand, it must be noted 

that the [123I]b-CIT radioligand has no specific selectivity for SERT. b-CIT is a cocaine-derivate 

that binds with high affinity to SERT, DAT and NET (Farde et al., 1994; Laruelle et al., 1993). 

The use of [123I]b-CIT in visualizing SERT and DAT has been validated in in vitro and ex vivo 

studies in rodents (Lew et al., 1996; Reneman et al., 2002; Scheffel et al., 1992). In addition, 

in vivo displacement studies in monkeys demonstrated that binding in hypothalamus and 

midbrain was mainly associated with binding to SERT, while binding in the striatum is mainly 

associated with binding to DAT (Laruelle et al., 1993). In line with this, we did observe the 

expected age effect in SERT binding in the PFC, with the younger animals having lower SERT 

densities than adult animals, which is in agreement with previous literature (Moll et al., 

2000) and further validates our chosen methodology. There are however several other, 

currently unknown, factors that are known to influence SERT density which could account 

for the different outcomes of the above mentioned studies. These include differences in 

anesthesia, rearing conditions, exposure to external stressors, etcetera. At this time, it thus 

remains unclear if chronic FLX exposure during adolescence increases adult SERT availability 

in the rat brain or not. Future studies regarding the age-related differences in SERT density 
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after FLX exposure should therefore include larger sample sizes, a range of washout periods 

to assess possible long-term effects and preferably use several different age categories to 

rule out the absence of age-by-treatment effects on SERT following chronic FLX treatment.

Age-related differences in TPH immunoreactivity

Our findings regarding the effects of chronic FLX on the immunoreactivity of TPH in the DRN 

indicate a clear age-at-treatment dependency. Although TPH is the rate-limiting enzyme 

responsible for synthesis of 5-HT, little is known about effects of FLX on the expression of 

this enzyme. Only a handful of studies have examined these effects and found somewhat 

conflicting results. MacGillivray et al. (2010) reported reduced TPH expression in adult 

animals directly after acute and chronic FLX treatment (MacGillivray et al., 2010), while yet 

another study failed to see an effect after either 5 or 14 days of treatment (Choi et al., 

2012). A study by Shishkina et al. showed that mRNA expression increased in the DRN after 

either 4 or 8 weeks of FLX treatment (Shishkina et al., 2007), while a study by the same 

group also reported decreased mRNA expression in the medial raphe nucleus after 2 weeks 

treatment, but at a much higher dose (25 mg/kg vs. 7.5 mg/kg) (Dygalo et al., 2006). Only 

one previous study has looked into the effects of FLX treatment during brain development; 

Maciag et al. (2006) showed that postnatal exposure (PND 8-21) to FLX causes decreased 

TPH immunoreactivity which was still visible in adulthood (PND 130) (Maciag et al., 2006). 

So, in both adult and perinatal animals, evidence is accumulating that chronic FLX decreases 

the expression of TPH in the DRN. Whereas we observed this decrease in the adult-treated 

animals (even after a one week washout period), we observed the opposite in adolescent-

treated animals. It is therefore likely that the effects of FLX on TPH are also dependent on 

developmentally sensitive time windows. Indeed, the developmental regulation of TPH is 

known to differ between the early postnatal period and adolescence. In normal developing 

rats, TPH activity reaches its peak between 24-30 days after birth. TPH mRNA expression 

is known to increase vastly until around PND 22 after which it decreases with about 40% 

before it reaches adult values around PND 61 (Park et al., 1986; Rind et al., 2000). It might 

be that this decrease in TPH expression during adolescence is counteracted by the decrease 

induced by SSRI exposure. Therefore, TPH expression will be heightened compared to the 

same-age control animals after drug withdrawal, which would be in line with the ‘use it or 

lose it’ philosophy of brain development (Andersen and Navalta, 2011). 
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Figure 2. TPH expression in the DRN. Mean 
number of TPH+ cells in the total DRN is given 
per group. There was a significant age-by-
treatment effect (#; p-value = 0.030), such that 
FLX increased TPH expression in the adolescent-
treated animals while it reduced the expression 
in the adult-treated animals. Error bars indicate 
± 1 S.E.M.

General remarks and conclusions

With these explorative studies, we found a number of age-dependent effects of chronic 

FLX on mechanisms that can influence 5-HT neurotransmission. These included the mRNA 

expression of glutamatergic and GABAergic gene transcripts (vGLUT1, GLS and GAT1) 

and TPH immunoreactivity in the DRN. The mRNA expression of vGLUT1, GLS and GAT1 

was increased after adult treatment, while such effects were absent or opposite in the 

adolescent-treated animals. TPH expression was increased after adolescent treatment, 

but decreased after adult exposure. As TPH is considered a marker of 5-HT synthesis and 

GABA and glutamate are known to be involved in the negative feedback control of 5-HT, the 

combined findings of this study suggest increased 5-HT reactivity after chronic exposure to 

FLX during late development, possibly due to changes in 5-HT feedback control. We could 

however not replicate earlier findings of age-dependent effects on SERT density and also 

no significant effects were seen on the mRNA expression of genes coding for a number of 

5-HT, DA and NA receptors or genes related to HPA-axis function and neuronal outgrowth 

markers. However, in case of the 5-HT receptors, age-dependent effects of FLX exposure 

might become evident with increased statistical power. Our explorative qPCR results still 

need confirmation by functional protein measures, as differences in mRNA expression do 

not always reflect changes in protein function (de Sousa et al., 2009; Vogel and Marcotte, 

2012). Also, the here selected targets do not give a complete view of the possible effect 

of FLX on these 5-HT related systems. There are many more receptors, transporters, rate-

limiting enzymes and neuropeptides that are able to influence 5-HT function than were 

assessed here; qPCR analysis of mRNA expression was used as a screening tool for the most 
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obvious candidates, in order to get an impression of where to look in future experiments. 

Furthermore, little attention was given to the region-specificity of our findings. Additionally, 

the effects on mRNA expression and TPH immunoreactivity were only assessed after a 

one-week washout period. Since the effects of FLX on the adult brain are assumed to be 

transient and effects of previous treatment could still be seen in the adult animals, this one-

week period might not capture the 5-HT system in steady-state. In this regard, it is also not 

certain if the effects observed in the adolescent-treated animals are of a permanent nature, 

although a one week washout is relatively long in this field of research, and also when 

translated to man years. Considering the increase in SERT availability in the HYP that we 

observed five weeks after drug withdrawal, one might argue that either the recovery period 

is much longer than previously assumed or that SSRI exposure might cause permanent 

alterations in the adult brain after all. Nevertheless, confirmation of these findings in future 

experiments is needed, considering that we were not able to replicate previous reported 

findings of age-related effects of FLX on SERT expression. Our findings also suggest that it 

is both relevant and valuable to look at other neurotransmitters systems than 5-HT alone. 

Together, we provide substantial evidence that warrants further research indentifying the 

underlying pathways of the potential developmental effects of chronic SSRI exposure in the 

juvenile brain.
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Figure S1. mRNA expression of 5-HT targets. Expressed as the mean % change in relation to the level 
of the adult control group. Multivariate analysis including all 5-HT targets showed A) a significant 
treatment effect (p < 0.001) in the HC (N=22); B) a trend towards a significant treatment effect (p = 
0.049) in the PFC (N=22); C) a significant effect of age (p = 0.003) plus a trend towards a significant 
treatment effect (p = 0.035) in the STR (N=21); and D) not significant main or interaction effects in 
the HYP (N=21). Significance levels depicted in the figures represent the post-hoc analysis result for 
each target: # = age-by-treatment effect; * = main effect of age; $ = main effect of treatment (bold 
= significant; italic = trend towards significance). P-values below 0.013 were considered statistically 
significant and p-values below 0.050 were considered as a trend towards significance. Error bars 
indicate ± 1 S.E.M.
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Figure S2. mRNA expression of DA targets. Expressed as the mean % change in relation to the level 
of the adult control group. Multivariate analysis including all DA targets showed A) a significant 
treatment effect (p < 0.001) in the HC (N=22); B) a significant age effect (p = 0.009) in the PFC (N=21); 
C) no significant main or interaction effects in the STR (N=22); and D) a significant treatment effect (p 
< 0.001) plus a trend towards a significant age effect (p = 0.027) in the HYP (N=21). Significance levels 
depicted in the figures represent the post-hoc analysis result for each target: # = age-by-treatment 
effect; * = main effect of age; $ = main effect of treatment (bold = significant; italic = trend towards 
significance). P-values below 0.013 were considered statistically significant and p-values below 0.050 
were considered as a trend towards significance. Error bars indicate ± 1 S.E.M.
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Figure S3. mRNA expression of glutamate targets. Expressed as the mean % change in relation to 
the level of the adult control group. Multivariate analysis including all Glu targets showed A) a trend 
towards a significant treatment effect (p = 0.044) in the HC (N=21); B) a significant treatment effect (p 
< 0.001) plus a trend towards a significant age-by-treatment interaction effect (p = 0.015) in the PFC 
(N=19); C) a significant treatment effect (p = 0.001) plus a trend towards a significant age effect (p = 
0.029) in the STR (N=21); and D) a significant age-by-treatment effect (p = 0.002) in the HYP (N=21). 
Significance levels depicted in the figures represent the post-hoc analysis result for each target: # = 
age-by-treatment effect; * = main effect of age; $ = main effect of treatment (bold = significant; italic = 
trend towards significance). P-values below 0.013 were considered statistically significant and p-values 
below 0.050 were considered as a trend towards significance. Error bars indicate ± 1 S.E.M.
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Figure S4. mRNA expression of GABA targets. Expressed as the mean % change in relation to the level 
of the adult control group. Multivariate analysis including all GABA targets showed A) no significant 
main or interaction effects in the HC (N=22); B) a significant treatment effect (p = 0.004) plus a trend 
towards a significant age-by-treatment interaction effect (p = 0.018) in the PFC (N=18); C) a significant 
age effect (p < 0.001) in the STR (N=22); and D) no significant main or interaction effects in the HYP 
(N=22). Significance levels depicted in the figures represent the post-hoc analysis result for each target: 
# = age-by-treatment effect; * = main effect of age; $ = main effect of treatment (bold = significant; 
italic = trend towards significance). P-values below 0.013 were considered statistically significant and 
p-values below 0.050 were considered as a trend towards significance. Error bars indicate ± 1 S.E.M.
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Figure S5. mRNA expression of NA targets. Expressed as the mean % change in relation to the level 
of the adult control group. Multivariate analysis including both NA targets was performed for the 
PFC and HYP only. There was A) no significant main or interaction effect on alpha-1 expression in 
the HC (N=22); B) a trend towards a significant treatment effect (p = 0.018) in the PFC (N=22); C) no 
significant main or interaction effect on alpha-1 expression in the STR (N=22); and D) no significant 
main or interaction effect in the HYP (N=22). Significance levels depicted in the figures represent the 
post-hoc analysis result for each target: # = age-by-treatment effect; * = main effect of age; $ = main 
effect of treatment (bold = significant; italic = trend towards significance). P-values below 0.013 were 
considered statistically significant and p-values below 0.050 were considered as a trend towards 
significance. Error bars indicate ± 1 S.E.M.
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Figure S6. mRNA expression of HPA-axis and neuronal growth targets. Expressed as the mean 
% change in relation to the level of the adult control group. Multivariate analysis showed A) no 
significant main or interaction effect in the expression of the HPA-axis targets in the HYP (N=22); B) a 
significant age effect (p = 0.001) in the expression of the neuronal growth targets in the PFC (N=22). 
Significance levels depicted in the figures represent the post-hoc analysis result for each target: # = 
age-by-treatment effect; * = main effect of age; $ = main effect of treatment (bold = significant; italic 
= trend towards significance). P-values below 0.050 were considered statistically significant. Error bars 
indicate ± 1 S.E.M.

Table S3. Characteristics of the region-of-interest storage phosphor imaging analysis

Region of Interest Animals Slices Area Variation ICC(3,1) CI (95%)

Prefrontal Area 1 week
5 weeks

27
31

8
8

4048
4708

0.32
0.31 .982 .905 - .996

Thalamus 1 week
5 weeks

29
30

7
6

3391
2514

0.37
0.35 .998 .984 - 1.000

Hypothalamus 1 week
5 weeks

27
29

5
5

4100
3045

0.46
0.68 .998 .990 - 1.000

Hippocampus 1 week
5 weeks

29
31

17
17

1926
2109

0.46
0.48 .996 .982 - .999

Cerebellum 1 week
5 weeks

30
32

10
10

16907
17096

0.08
0.06 .970 .927 - .997

Animals is the number of animals that was included in the specific ROI analysis (N = 32), Slices is 
the average number of slices in which the ROI was delineated, Area is the average total area of the 
ROI, variation is the average standard deviation of the intensity/area value, indicative of the variation 
between different slices in that ROI. ICC(3,1) is the intrarater reliability of the intensity/area value, CI 
(95%) is the 95% confidence interval of the ICC(3,1).
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Abstract

Over the years, the antidepressant drug fluoxetine (Prozac®) is increasingly being prescribed 

to children and adolescents with a depressive disorder, despite ongoing debate on its 

efficacy in the pediatric population and a lack of detailed knowledge on its putative 

neurodevelopmental effects. Here, we investigated the effects of chronic fluoxetine on adult 

hippocampal neurogenesis, a structural readout relevant for antidepressant action, in the 

rat brain and whether this differed from treatment during adolescence or at an adult age. 

Stereological quantification of the immunoreactivity of the proliferation marker Ki-67 and 

the neuronal differentiation marker doublecortin, revealed a significant age-by-treatment 

interaction effect, which indicates that fluoxetine differently affects adult neurogenesis 

in adolescent-treated animals than in those treated as adults. Fluoxetine enhanced 

proliferation in mainly the dorsal parts of the hippocampus and differentiation in both 

the suprapyramidal and infrapyramidal blades of the dentate gyrus in adolescent-treated 

animals, while such an effect was not seen in the adult-treated animals. Thus, fluoxetine 

exerts divergent effects on structural plasticity in adolescent versus adult-treated animals, 

possibly due to the neurodevelopmental state of the adolescent brain. These preliminary 

data warrant further research into behavioral and translational aspects of our findings 

and, together with related recent findings, call for caution in prescribing these drugs to the 

adolescent population. 
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Introduction

Adolescence is a sensitive developmental period during which several important 

brain systems and structures mature. As such, it is highly susceptible to interference by 

environmental factors such as stress or psychotropic drugs, that can influence this brain 

maturation, often in a lasting manner (Andersen and Navalta, 2004). The SSRI fluoxetine 

(FLX; Prozac®) is currently the only approved drug available for treatment of pediatric 

depression. despite ongoing debate (Bridge et al., 2007; Hetrick et al., 2007) on increased 

risks for suicidal thinking in the pediatric population (Gibbons et al., 2006; Jureidini et al., 

2004) and despite earlier warnings by FDA and EMEA, discouraging practitioners from 

prescribing antidepressants to children (Lancet Editorial Note, 2006). SSRIs selectively block 

the 5-HT transporter (SERT) and thereby increase levels of 5-HT in the synaptic cleft. Stable 

5-HT concentrations are established through negative feedback control mediated through 

5-HT autoreceptors located on the presynaptic cell. Upon chronic treatment, 5-HT receptor 

desensitization is believed to be instrumental in alleviating depressive symptoms (Pineyro 

and Blier, 1999; Sharp, 2010). 

5-HT plays a key role in many aspects of early brain development, including cell 

proliferation and differentiation, and is crucial for proper wiring of the brain (Gaspar et 

al., 2003; Lauder, 1990; Whitaker-Azmitia et al., 1996). Although most of the 5-HT system 

is already fully functional around birth (Murrin et al., 2007), it was shown that 5-HT 

neurotransmission undergoes widespread remodeling from youth through adolescence into 

adulthood, which is during adolescence most pronounced in the frontal and limbic regions 

(Crews et al., 2007; Olivier et al., 2011). During this period the number of 5-HT synapses is 

known to fluctuate, there is a steady increase of SERTs in mainly the frontal cortex, and a 

clear reorganization of 5-HT receptor expression (Crews et al., 2007; Moll et al., 2000). In 

view of this ongoing development of 5-HT transmission in adolescence and the fact that 

5-HT also influences hippocampal neurogenesis (Migliarini et al., 2012; Whitaker-Azmitia 

et al., 1996), it is likely that exposure to SSRIs during periods of DG development may exert 

lasting consequences on the adult 5-HT system, which may influence the vulnerability to 

neuropsychiatric disorders with developmental origins such as schizophrenia, depression, 

autism and mental retardation (Migliarini et al., 2012).

The neurogenesis theory of depression builds on rodent data showing that chronic stress 

not only induces depressive-like symptoms, but also decreases the incorporation and/or 

survival of newborn cells in the hippocampus. Chronic treatment with FLX e.g. stimulates 

neurogenesis in naive rats (Encinas et al., 2006; Huang and Herbert, 2006; Kodama et al., 

2004; Malberg et al., 2000; Marcussen et al., 2008; Pinnock et al., 2009; Sui et al., 2009), and 
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can rescue chronic stress-induced reductions in neurogenesis (Czeh and Lucassen, 2007; 

Hanson et al., 2011b; Lucassen et al., 2010a; Oomen et al., 2007; Sahay and Hen, 2007; 

Sass and Wortwein, 2012; Su et al., 2009). Neurogenesis is further needed for FLX to exert 

its behavioral effects (Santarelli et al., 2003), and can be influenced by stress (David et al., 

2009) and age (Couillard-Despres et al., 2009; Navailles et al., 2008). FLX further modulates 

structural plasticity in human depression (Boldrini et al., 2012; Lucassen et al., 2010b), 

but does not alleviate depressive symptoms until after several weeks of treatment. This 

time-to-effect matches the time required for new cells to integrate into a network, further 

supporting a role for neurogenesis in antidepressant action (Taupin, 2010).

Previously, we found differential, age-dependent effects of FLX treatment on 5-HT 

related brain activity using pharmacological MRI (Klomp et al., 2012b). This suggested that 

in terms of sensitivity to FLX, the brain of adolescent animals differs from adults, which 

may bear relevance for neuronal imprinting (Andersen and Navalta, 2004). Although many 

studies have looked into the effects of e.g. maternal FLX exposure on structural plasticity, 

studies on adolescent exposure are less abundant with generally mixed results (Cowen et al., 

2008; Hodes et al., 2009; Navailles et al., 2008). Here we investigated whether FLX induces 

age-dependent effects on adult neurogenesis in the hippocampus after either adolescent 

or adult chronic exposure. For this, Ki-67 and doublecortin (DCX) immunohistochemistry 

was used to respectively study changes in cell proliferation and to determine if FLX had 

influenced survival and neuronal differentiation of progenitor cells.

Experimental procedures

All experiments were carried out according to the guidelines set forth by Dutch regulations 

governing animal welfare and protection. Protocols were reviewed and approved by the 

local Animal Welfare Committee for Animal Experiments at the Academic Medical Centre in 

Amsterdam, the Netherlands. All efforts were made to ensure that animal suffering and the 

number of animals was kept to a minimum.

Animals

In total, 32 male Wistar rats (n=8 per group) were obtained from Harlan (Venray, The 

Netherlands). The adolescent-treated animals arrived on postnatal day 21 (PND21) and 

treatment started at PND25 (body weight of 50-80g) with either FLX or vehicle. Since the 

peripubescent period begins around PND24 (Spear, 2000), PND25 lent itself to model the 

clinical situation where FLX is administered to children and adolescents from the age of 

8 years onwards. A second group of young adult animals began treatment at PND65 ±4 
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days (body weight of 290-320g). Henceforth, the group representing the rats treated in 

adolescence will be referred to as PND25 and those treated in adulthood as PND65. All 

animals were group-housed four per cage, weighed and handled daily and provided with 

food and water ad libitum. A normal 12:12 hour light/dark cycle was applied with lights on 

at 7:00 am. Laboratory conditions were kept at a constant 20 ± 1°C with normal humidity.

Drugs and treatment protocol

Fluoxetine hydrochloride (Fagron, Belgium) was dissolved in sterile water (vehicle) and 

administered at a final dose of 5 mg/kg/day per os via oral gavage with a total volume 

of 0.5 ml in young animals and 1 ml in adult animals. Control animals received the same 

total volumes of vehicle only. Treatments were administered daily before lights out for 3 

weeks, followed by a washout period of one week to allow the pharmacological agent to be 

removed from the animals’ system (Caccia et al., 1990). See also Figure 1 for the time line 

of this study. 

Animal and Tissue Preparation

At the end of the washout period, animals were sacrificed at PND53 for the adolescent 

group, and at PND93 ±4 days for the adult group. Animals were anaesthetized with sodium 

pentobarbital and transcardially perfused with 0.9% saline followed by 4% paraformaldehyde 

in 0.1M Phosphate Buffered Saline (PBS), pH 7.4. Brains were post-fixed in the skull overnight 

at 4°C before careful removal and storage in PBS azide pH 7.4. Subsequently, brains were 

cryoprotected by saturation in 15% sucrose that was later replaced by a 30% sucrose 

solution in PB. Sections were cut at 40 mm with a freezing microtome. Tissue sections were 

collected in a one-in-10 series in 0.1M phosphate buffer and ranged from the prefrontal 

cortex (Bregma 5.2) through to the dorsal raphe nucleus (Bregma -10.30, (Paxinos and 

Watson, 1986). Sections were washed in chilled PB to extract the cryoprotectant and stored 

at 4°C in PB + 0.01% sodium azide prior to immunohistochemistry.

Immunohistochemistry

Proliferation (Ki-67)  Ki-67 is an endogenous protein that is expressed during all stages 

of the cell cycle, except G0. Free-floating coronal sections were mounted on glass slides, 

dried and then randomized. Sections were boiled in citrate buffer (0.01M, pH 6.0) in a 

microwave oven (Samsung, M6235 800W) for antigen retrieval and further processed 

according to standard protocols described before (Oomen et al., 2010) using antibodies 

against Ki-67 (polyclonal rabbit anti-Ki67p; 1:2000; Novocastra), biotinylated goat anti-

rabbit (Vector, 1:200), amplification with Avidin-Biotin Complex (ABC-elite (Vector) 1:800 
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in TBS) and biotinylated tyramide (1:500 in 0.01% H202 in TBS). Chromogen development 

was in 3,3“-Diaminobenzidine (DAB; Sigma  D-5637; 0.01g/ml DAB, 0.01% H202) followed 

by counterstaining in Haematoxylin (1g/l), dehydration and coverslipping with Entellan 

(Merck).

Neuronal differentiation (DCX)  DCX is a microtubule-associated protein expressed in 

young migratory neurons. Free-floating hippocampal sections were processed according to 

protocols described in detail before (Oomen et al., 2010) using anti-doublecortin (Santa-

Cruz 1:800), biotinylated donkey anti-goat (Jackson, 1:500) and amplification as described 

above.

Data acquisition and stereological quantification

Ki-67+ cells in the granule cell layer (GCL), subgranular zone SGZ) and hilus were quantified 

by an observer (LV) unaware of the conditions of the material, using a light microscope 

(Figure 2A and 2B). The SGZ was defined as a two-three cell-body wide band running along 

the base of the GCL and facing the hilus. The hilus was defined by drawing a virtual line from 

the caudal tip of the suprapyramidal blade to the tip of the CA3-4 that ended within the 

DG, and then to the caudal end of the infrapyramidal blade. Ki-67+ cells were quantified in 

a 1-in-10 series (11 ±1 hippocampal sections per animal) in the SGZ of the infrapyramidal 

and suprapyramidal blade, in the GCL of both infra- and supra-pyramidal blades, and in the 

hilus, in both hemispheres. Dorsal and ventral regions were defined as the first 6 and final 

4-6 hippocampal sections, respectively, along the entire extent of the rostro-caudal axis. 

DCX+ cells were too numerous to be counted by hand (Figure 3A and 3B), and a design-

based stereological procedure was applied based on every tenth serial section along the 

rostro-caudal extent of the hippocampus (12 sections per animal) as described before 

(Oomen et al., 2007) including the infra- and supra-pyramidal blades as well as the dorsal 

and ventral hippocampus as described above. DCX+ cells were quantified using a systematic 

random sampling technique with an optical fractionator method in the StereoInvestigator 

software (MicroBrightField, Germany). The following settings were employed: grid size 140 

x 80, counting frame 50 x 50, which resulted in counts ranging from 300 to 800. 

Statistical Analysis

All data are expressed as group means ± S.E.M. Data were analyzed using SPSS.20 (IBM) 

by analysis of variance (2-by-2 ANOVA) with ‘age’ and ‘treatment’ as factors, after log-

transformation of the data where necessary. In case of significant interaction effects, post-hoc 
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analyses were performed. A Paired Student’s t-test was used to evaluate interhemispheric 

differences. P-values of ≤ 0.05 were considered statistically significant.

Figure 1. Chronological timeline representing the experimental protocol
Two age groups were used: the adolescent-treated group (referred to as PND25) and the adult-treated 
group (referred to as PND65). After an acclimatization period of 4 days, chronic treatment with either 
FLX (5 mg/kg) or vehicle started at the age of PND25 or PND65. After 21 days of treatment and one 
week of drug washout, brains were extracted at either PND53 or PND93.

Results    

Cell Proliferation

Quantification of the numbers of Ki-67+ cells in the bilateral SGZ, GCL and hilus revealed 

no significant difference between left and right hemispheres in any group (P65SAL: t(4) = 

0.456, p=0.672; P65FLX: t(4) = 0.706, p =0.519; P25SAL: t(6) = -0.721, p=0.498; and P25FLX: 

t(6)=1.801, p=0.122, paired student’s t-test). In the SGZ, a significant main effect of age 

was found (2-by-2 ANOVA; F(1,28) = 57.140, p<0.001) regardless of FLX treatment, and a 

significant age-by-treatment interaction effect (F(1,28) = 5.286,  p=0.029), indicating that 

FLX exerts a different effect on cell proliferation depending on age-at-treatment (Figure 

2C). Post-hoc analysis showed a clear trend towards decreased cell proliferation due to 

FLX treatment in the adult-treated animals (t(14) = -1.956, p=0.071), but in the adolescent-

treated animals, FLX did not significantly increase cell proliferation in the SGZ (t(14) = 1.411 

p=0.180). There was also a significant age-by-treatment interaction effect detected in the 

hilus (F(1,28) = 8.122, p=0.008) and a significant main effect of age (F(1,28) = 58.316, p 

<0.001) such that it reflected the overall effects seen in proliferation. 

The infrapyramidal blade of the dorsal hippocampus (dorsal infra), the suprapyramidal 

blade of the dorsal hippocampus (dorsal supra) and those of the ventral hippocampus 

(ventral infra and ventral supra) were analyzed separately. The highest numbers of Ki-67+ 

cells were observed in the infrapyramidal blade of all groups, relative to the suprapyramidal 
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blade (Figure 2D). A 2-by-2 ANOVA revealed significant age effects, irrespective of treatment, 

in all sub-regions (dorsal infra: F(1,28) = 45.041, p<0.001; dorsal supra: F(1,28) = 18.197, 

p<0.001; ventral infra: F(1,28) = 40.77, p<0.001; ventral supra: F(1,28) = 41.414, p<0.001). 

Furthermore, there was a significant age-by-treatment interaction in the dorsal infra 

(F(1,28) = 7.810, p=0.009) and in the dorsal supra (F(1,28) = 6.434, p=0.017). This suggests 

that FLX primarily exerts effects in the dorsal hippocampus, and that these effects of FLX cell 

proliferation are dependent on the age-at-treatment.

Neuronal Differentiation

Stereological quantification of DCX+ (doublecortin-positive) cell numbers revealed a 

significant main effect of age, irrespective of treatment, when the DG was taken as a whole 

(2-by-2 ANOVA F(1,28) = 92.172, p<0.001) and a significant age-by-treatment interaction 

effect (F(1,28) = 4.852, p=0.036), such that adolescent-treated animals had higher numbers 

of DCX+ cells and adult-treated animals lower numbers of DCX+ cells (Figure 3C), indicating 

that FLX had an age-dependent, divergent effect on neuronal differentiation. Post-hoc 

analysis showed that there was a clear trend towards increased cell differentiation due 

to FLX treatment in the adolescent-treated animals (t(14) = 2.039, p=0.061), but that in 

the adult-treated animals, FLX did not significantly decrease cell differentiation (t(14) = 

-1.010 p=0.330). When investigating the regional effects of FLX, a 2-by-2 ANOVA revealed 

significant age effects, irrespective of treatment in all sub-regions (dorsal infra: F(1,28) = 

55.837, p<0.001; dorsal supra: F(1,28) = 80.664, p<0.001; ventral infra: F(1,28) = 61.084, 

p<0.001; and ventral supra: F(1,28) = 40.455, p<0.001) indicating an age-dependent decline 

in cell differentiation. Additionally, a significant main effect of treatment was detected 

in the ventral infra (F(1,28) = 5.969, p=0.021) such that FLX increased DCX+ cells in both 

treatment groups. Furthermore, there was a significant age-by-treatment interaction effect 

in the dorsal infra (F(1,28) = 5.369, p=0.028) such that FLX age-dependently influenced DCX+ 

cells (Figure 3D). Noteworthy is that there was a borderline significant age-by-treatment 

interaction effect in the dorsal supra (F(1,28) = 3.660, p=0.066) such that FLX again 

influenced cell differentiation in an age-dependent manner. Together, these results indicate 

that FLX exerts its effects on neuronal differentiation primarily in the infrapyramidal blade 

of both the dorsal and ventral hippocampus. Analysis of the DG volume divulged an age 

effect (F(1,28) = 6.461, p=0.017) with adolescents having slightly but significantly larger DG 

volumes than adults, and a significant treatment effect (F(1,28) = 4.418, p=0.045) such that 

FLX age-dependently influenced the total volume of the DG (Figure 3E). 
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Figure 2. Age-related effects of fluoxetine and regional differences in cell proliferation
An example of Ki-67 expression in the hippocampus is shown for (A) adult-treated and (B) adolescent-
treated rats. C) Significant age-by-treatment interaction effect (p = 0.029) as well as a significant effect 
of age (p < 0.001) in the expression of Ki-67+ cells; D) Regional differences in proliferation exist in 
various sub-regions of the hippocampus (divided into the infrapyramidal and suprapyramidal blades of 
the dentate gyrus in either the dorsal or ventral portion of the hippocampus). There was a significant 
effect of age in all sub-regions (p < 0.001), and a significant age-by-treatment interaction effect in 
both the dorsal infrapyramidal (p = 0.009) as the dorsal suprapyramidal blade (p = 0.017). Also note 
the higher cell numbers in the infrapyramidal blade overall compared with the suprapyramidal blade, 
regardless of being in the dorsal or ventral portion. * = main effect of age; $ = main effect of treatment; 
# = age-by-treatment effect. P-values below 0.050 were considered statistically significant. Error bars 
indicate ± 1 S.E.M.
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Figure 3. Age-related effects of fluoxetine and regional differences in cell differentiation 
An example of doublecortin (DCX) expression along the subgranular zone is shown for adult-treated 
(A) and adolescent-treated rats (B). C) There was both a significant age-by-treatment interaction effect 
(p = 0.036) and a significant effect of age (p < 0.001) in the expression of DCX+ cells. D) There were 
regional differences in the amount of DCX+ cells. There was a significant effect of age in all sub-regions 
(p < 0.001), a significant treatment effect in the ventral infrapyramidal blade of the dentate gyrus (p 
= 0.021), and a significant age-by-treatment interaction effect in the dorsal infrapyramidal blade (p 
= 0.028). E) There was both a significant effect of age (p = 0.017) as well as an effect of treatment (p 
= 0.045) on dentate gyrus volume. * = main effect of age; $ = main effect of treatment; # = age-by-
treatment effect. P-values below 0.050 were considered statistically significant. Error bars indicate ± 
1 S.E.M.
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Discussion

The present study investigated the age-specific changes in structural plasticity in the 

hippocampus after chronic FLX treatment, administered either during adolescence or 

adulthood. One week after drug cessation, adult cell proliferation and neuronal differentiation 

were increased in the adolescent-treated animals, whereas a reduction or no effect was 

found in animals treated as adults, resulting in a significant age-by-treatment interaction 

effect on adult neurogenesis.Adult neurogenesis is a commonly used measure for structural 

plasticity in rodents. It originates from stem cells present in the SGZ that differentiate into 

new neurons throughout life. Neurogenesis is extensive in the early life period and slows 

down with age (Korosi et al., 2012). Consistent with the significant age effect in Ki67+ and 

DCX+ numbers, neurogenesis is thus reduced in adults as compared to adolescent animals. 

In young rats, the DG is formed during the first 2-3 weeks of life and approximately 80% of 

its granule neurons are born postnatal. After PND14, the rate of neurogenesis starts to slow 

down, but the neurons born during this period continue to differentiate until PND60, when 

neurogenesis has reached relatively low levels and most granule neurons are considered 

mature (Rahimi and Claiborne, 2007). In male rats, adolescence lasts from PND28 to PND60 

(Spear, 2000), with puberty occurring around PND45 (Engelbregt et al., 2000). Hence, our 

experimental design in which FLX treatment was started at PND25 and lasted for 3 weeks, 

not only approximated a comparable period of adolescence in humans, but also coincided 

with the sensitive period of delayed DG development. As such, it was optimally suited to 

detect putative effects on its structural organization.   

For human depression, the most efficient dose of FLX is 20 mg (Beasley et al., 2000) (appr. 

0.3–0.9 mg/kg). In rats, however, drugs are generally administered at 10-fold higher dosages 

because of the difference in the rate of liver metabolism and a clinically relevant dose for 

FLX would be 3–9 mg/kg. The minimal dose of FLX required for a significant inhibition of 

SERT and 5-HT is 5 mg/kg, which indeed is in the same range (Tordera et al., 2002; Wegerer 

et al., 1999). Despite this, most rodent studies used higher FLX concentrations, typically 10–

20 mg/kg, which are not only clinically less relevant, but also induce behavioral impairments 

including impairments in water-maze probe trial performance and/or higher levels of 

anxiety after doses of FLX up to 10 mg/kg/day from PND28-60, notably without changes in 

proliferation (Hansen et al., 2011; Sass and Wortwein, 2012).

Effects of adult FLX exposure on neurogenesis

Even though neurogenesis is reduced with age, it can still be stimulated by environmental 

factors (Knoth et al., 2010; Marlatt et al., 2010; Marlatt et al., 2012), in depression models 
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(Czeh and Lucassen, 2007; Malberg and Duman, 2003; Oomen et al., 2007; Rainer et al., 

2012), and with various antidepressants including FLX, which stimulate proliferation in 

young, naive rodents (Kodama et al., 2004; Madsen et al., 2005; Malberg et al., 2000; Sahay 

and Hen, 2007; Su et al., 2009). The lack of effect or even reduction in proliferation and 

DCX+ numbers in the adult-treated animals that we find differs from the earlier, mostly 

stimulatory, reports on FLX (Malberg et al., 2000; Perera et al., 2011; Sahay and Hen, 2007). 

However, these studies often used different experimental designs, different markers or 

studied shorter survival times. Moreover, several groups have now demonstrated that the 

neurogenic effects of antidepressants like FLX, strongly depend on strain, age and brain 

region of the animal (Balu, 2010), and its stress history (Couillard-Despres et al., 2009; David 

et al., 2009; Marlatt et al., 2010; Rayen et al., 2011; Surget et al., 2011; Suri et al., 2013). 

Consistent with our present results, several studies failed to find stimulatory effects of FLX or 

other antidepressants on neurogenesis in rats of comparable ages, or they report decreases 

in neurogenesis (Cowen et al., 2008; Hanson et al., 2011a; Navailles et al., 2008; Paizanis et 

al., 2010) or even neurogenesis-independent effects (David et al., 2009; Nollet et al., 2012). 

Another difference with these previous studies is the washout period of 1 week that we 

introduced to avoid acute effects of the drug on neurogenesis and TPH readouts. Although 

this design enables us to study lasting effects, it could also have allowed compensatory 

responses to develop once treatment was stopped, that could have masked initial 

differences between groups by the time of sacrifice. Similar dynamic responses are known 

from studies in which neurogenesis was initially reduced by radiation, chemotherapy or 

stress but showed later recovery (Fike et al., 2007; Heine et al., 2004; Marlatt et al., 2011; 

Nokia et al., 2012). The current results may then suggest that neurogenesis is stimulated by 

chronic FLX treatment, but later reduced when the drug is no longer present. If this is true, it 

means the drug should remain continuously present in order to propagate its positive effect 

on neurogenesis. Another option is that exhaustion, or depletion, of the initial neurogenic 

pool has occurred that might be due to forced increases in division of the progenitor cells 

by FLX treatment, which may have slowed down subsequent stages of neurogenesis at later 

time points (Encinas and Sierra, 2012). 

Effects of adolescent FLX exposure on neurogenesis

In contrast to the adult-treated animals, we found statistically significant stimulatory effects 

of FLX on both neurogenesis markers in young adult animals treated as adolescents. This is 

consistent with an earlier study performed in mice (Navailles et al., 2008) that also reported 

stimulatory effects of FLX (16 mg/kg/day in drinking water for 14 days) on neurogenesis, 

only when treatment was initiated during adolescence and not in adulthood. However, 
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two other studies failed to find effects of adolescent FLX treatment, both acutely and 

after several weeks of treatment discontinuation (Cowen et al., 2008; Hodes et al., 2009). 

Although studied in rats of comparable ages and with similar FLX doses, i.e. 5 mg/kg (i.p.), 

Cowen et al. (2008) reported no effect of FLX whatsoever whereas Hodes et al., (2009) only 

found FLX to increase cell proliferation in adult male rats but not in the peri-pubescent male, 

or female, rats. Also treatment duration in our study was comparable to that of Navailles et 

al. (2008), i.e. between 14 and 25 days. 

Explanation of these inconsistent findings might lie in known effects of social stress that 

can inhibit proliferation whereas FLX can reverse reductions in neurogenesis (Czeh and 

Lucassen, 2007). On the other hand, the stimulatory effect of adolescent FLX exposure on 

neurogenesis can be abolished by early life stress (Navailles et al., 2008). In both studies 

(Cowen et al., 2008; Hodes et al., 2009), animals were individually housed just before 

start of the treatment. This represents a serious social stressor for juvenile animals that 

are particularly sensitive to environmental stress as brain areas targeted by stress such as 

the prefrontal cortex and hippocampus develop relatively late. Also, social play behavior is 

known to be disrupted after earlier individual housing (von Frijtag et al., 2002) while social 

isolation can also preclude the positive effects of running on adult neurogenesis (Stranahan 

et al., 2006). It is well possible that the social isolation just before and during treatment has 

masked effects of FLX on neurogenesis in the studies by Hodes and Cowen.

While changes in neurogenesis after a specific stimulus are generally transient during 

adulthood (Madsen et al., 2005; Malberg and Duman, 2003), this is different in the 

adolescent period where FLX may exert lasting ‘imprinting’ effects on DG development 

(Andersen and Navalta, 2004). It would be very interesting to study whether the increased 

numbers of proliferating and differentiating cells in our current study do survive and alter 

DG structure or function at later ages, as was found before e.g. after early stress exposure 

(Oomen et al., 2011; Suri et al., 2013), but this awaits further research.

Possible mechanisms of action underlying the age-dependent effects on neurogenesis

Although it is still not clear how 5-HT transmission precisely regulates adult neurogenesis, 

as is demonstrated by the recent findings that neurogenesis is not affected in SERT knockout 

animals (Benninghoff et al., 2012; Schmitt et al., 2007), it is known that adult neurogenesis 

is mediated by a variety of 5-HT (auto)receptors. For instance, 5-HT1A receptor activation 

is known to have a proliferative effect (Klempin et al., 2010; Soumier et al., 2010), and also 

5-HT1B, 5-HT2A, 5-HT2C and 5-HT4 receptor-mediated signaling have been described to 

affect proliferation, differentiation and survival of newborn neurons, partly selective of each 

neurogenic zone (Banasr et al., 2004; Jha et al., 2008; Klempin et al., 2010; Kobayashi et 
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al., 2010). FLX is thought to exert its effect on neurogenesis by primarily targeting early 

progenitor cells in the DG (Encinas et al., 2006). So far, it remains largely unknown which 

5-HT receptors are present on individual progenitor cells, or whether similar changes in their 

receptor subtype composition contribute to the sensitivity changes during different ages. 

Similarly, it remains elusive whether FLX alters glucocorticoid hormone receptor expression, 

or NMDA receptor expression on the new cells (Garcia et al., 2004; Huang and Herbert, 

2006; Nacher and McEwen, 2006). 

Another important player in the regulation of neurogenesis is BDNF (brain derived 

neurotrophic factor). The actions of FLX on neurogenesis are believed to dependent on 

BDNF activity (Pinnock et al., 2010). In turn, BDNF expression is thought to be regulated 

by 5-HT transmission. As suggested by Migliarini et al. (2012), effects of 5-HT depletion on 

BDNF expression propose a possible regulatory feedback mechanism through which 5-HT 

itself might regulate the formation of the 5-HTergic neuronal circuitry in the hippocampus. 

A reduction in 5-HT levels may trigger endogenous BDNF signaling that would then exert a 

neurotrophic effect on 5-HTergic axons, which in turn, could restore original BDNF levels. 

Ongoing plasticity within this regulatory feedback loop during adolescence could be 

accountable for age-dependent effects of chronic FLX on adult neurogenesis. 

Implications; relevance for human treatment

The present preliminary observations provide a first step towards an improved understanding 

of the consequences of FLX exposure on young patient populations. In future studies, it would 

be interesting to investigate the long-term survival and behavioral effects of the newborn 

cells. Although the clinical significance of our observations for children and adolescents 

treated with SSRIs is difficult to predict, it is conceivable that, also in humans, the plasticity 

of the 5-HT system and of the newborn neurons is higher in children and adolescents than 

in the mature brain. Pharmacological manipulations of 5-HT would then likely also affect 

children differently from adults. 

Conclusions

We conclude that the widely prescribed antidepressant FLX has divergent actions on 

brain measures relevant for depression in adolescent or adult individuals. Our results thus 

support the notion that adult neurogenesis is influenced by SSRI administration, however 

only during critical developmental time periods. As these drugs, for obvious reasons, have 

not been thoroughly tested in the adolescent population, the present data call for further 

research into the underlying mechanisms and long-term consequences of juvenile FLX 
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treatment in particular, and emphasize the need for continued appropriate use of FLX and 

other antidepressants to adolescents in general.
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Abstract

Pharmacological MRI (phMRI) is a new and promising method to study the effects of 

substances on brain function that can ultimately be used to unravel underlying neurobiological 

mechanisms behind drug action and neurotransmitter-related disorders, such as depression 

and ADHD. Like most of the imaging methods (PET, SPECT, CT) it represents a progress in 

the investigation of brain disorders and the related function of neurotransmitter pathways 

in a non-invasive way with respect of the  overall neuronal connectivity. Moreover it also 

provides the ideal tool for translation to clinical investigations. MRI, while still behind in 

molecular imaging strategies compared to PET and SPECT, has the great advantage to have 

a high spatial resolution and no need for the injection of a contrast-agent or radio-labeled 

molecules, thereby avoiding the repetitive exposure to ionizing radiations. Functional MRI 

(fMRI) is extensively used in research and clinical setting, where it is generally combined with 

a psycho-motor task. phMRI is an adaptation of fMRI enabling the investigation of a specific 

neurotransmitter system, such as serotonin (5-HT), under physiological or pathological 

conditions following activation via administration of a specific challenging drug.

The aim of the here described method is to assess brain 5-HT function in alive and free-

breathing animals. By challenging the 5-HT system while simultaneously acquiring functional 

MR images over time, the response of the brain to this challenge can be visualized. Several 

studies in animals have already demonstrated that drug-induced increases in extracellular 

levels of e.g. 5-HT (releasing agents, selective re-uptake blockers, etc) evoke region-specific 

changes in blood oxygenation level dependent (BOLD) MRI signals (signal due to a change 

of the oxygenated/deoxygenated hemoglobin levels occurring during brain activation 

through an increase of the blood supply to supply the oxygen and glucose to the demanding 

neurons) providing an index of neurotransmitter function. It has also been shown that these 

effects can be reversed by treatments that decrease 5-HT availability (Houston et al., 2001; 

Preece et al., 2009; Sekar et al., 2011; Stark et al., 2006). In adult rats, BOLD signal changes 

following acute SSRI administration have been described in several 5-HT related brain 

regions, i.e. cortical areas, hippocampus, hypothalamus and thalamus (Klomp et al., 2012b; 

Schwarz et al., 2007; Sekar et al., 2011). Stimulation of the 5-HT system and its response to 

this challenge can be thus used as a measure of its function in both animals and humans 

(Anderson et al., 2008; Martin and Sibson, 2008). 
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Video link

The video component of this article can be found at http://www.jove.com/video/3956/.

Protocol 

Preparing animal for in vivo MRI imaging

1. Surgical cannulation

1. Anesthetize the rat (male Wistar rat, 200-300 g) with isoflurane (5% induction and 

then reduced to 1.5-2% for maintenance of anesthesia during animal preparation 

and scanning) given in medical air (21% O2, BOC UK). Ensure that the animal is well 

anesthetized and exhibits no response to a toe pinch. The femoral artery and vein 

are cannulated for blood gas and blood pressure measurements and administration 

of the drug challenge respectively. During the surgical procedure, the animal’s body 

temperature is monitored and maintained through a rectal probe and a thermal blanket 

(Harvard apparatus).

2. The anesthetized animal is positioned on a warming pad under a dissecting microscope 

in dorsal recumbency. Shave the mid-thigh area and swab the skin with alcohol. Make 

a 2cm skin incision along the crease formed by the abdomen and right thigh. Blunt 

dissection of the adductor muscles is used to visualize the femoral artery, vein and the 

femoral nerve. Separate carefully the vessels. 

3. Gently tie a silk ligature completely around the distal end of the vessel and place 

another tie with half of a surgical knot loosely in the proximal site. Apply traction to 

both ligatures, to occlude blood flow in the remaining middle portion of the vessel 

exposed between the ligatures. Make a small incision of about a third of the vessel 

circumference in this part of the vessel to allow insertion of a PE-50 cannula (0.54mm 

internal diameter and 0.96 for external diameter in case of adult male rats, otherwise 

0.40mm ID and 0.80mm ED) into the vessel. 

4. The cannula should be inserted several mm (at least 5) into the vessel. Once into the 

lumen, flush a small amount of heparinized saline (15 UI/ml) through the vessel to 

avoid any formation of blood clot. The proximal silk loop is also ligated completely to fix 

the cannula. Repeat this procedure for the second vessel. Glue the skin using a Vetbond 

Tissue Adhesive (3M UK plc, Bracknell, UK) when both cannulas are in place. See Figure 

1 for exact placement of the cannulas.
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5. Place the animal in a MR compatible stereotactic bed (m2m Imaging Corp., USA) in a 

prone position. Maintain the head of the animal through the insertion of ear bars and 

a tooth bar. At this point, the animal can be placed in the MRI scanner for imaging. 

The animal remains anesthetized and is free-breathing throughout the entire imaging 

procedure. 

2.  Monitoring

During the entire imaging procedure, several physiological responses should be constantly 

monitored and be kept as constant as possible. This is essential, since these responses 

can vary greatly over the same time window as the phMRI signal and also affect the signal 

of interest. It is also important, given that the animal will be placed in the magnet and 

is therefore out of sight and not amenable to standard checks of anesthetic depth (e.g. 

toe pinch), for ensuring adequate anesthetic depth. Additionally, given that many drugs 

alter cardiovascular parameters such as blood pressure, measurement of these is critical to 

ensure account can be taken of global physiological effects of the drug’s action in the phMRI 

data. See also section 4 for the baseline values and the expected responses to the infusion 

of 5 mg/kg fluoxetine.

1. Body temperature is maintained at 37 ± 1.5°C by a warm air heating system (SA 

Instruments, New York, USA). Be aware that MR imaging can affect temperature 

measurement, check this with your own system.

2. Monitor and record the animal’s respiration rate using a respiratory cuff coupled to 

pressure sensor (SA Instruments, New York, USA).

3. Record invasive arterial blood pressure using a pressure transducer (TSD104A, Biopac 

Systems Corp., USA) and periodically withdraw and analyze arterial blood gas samples 

(RapidLab, Siemens diagnostic) via the cannulated femoral artery during imaging to 

monitor arterial pCO2 and partial pressure of oxygen (pO2). 

4. Use the cannulated femoral vein as the main infusion line for the pharmacological 

challenge (fluoxetine (fluoxetine hydrochloride from Sigma-Aldrich, UK) solution, 5 mg/

kg, dissolved in saline). 

In vivo imaging

A schematic representation of the fMRI experimental setup is given in Figure 2.
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3.  Imaging parameters  

1. Once the animal is placed inside the scanner and continues to show stable physiological 

responses, imaging can start. In our studies, we used a 4.7 T small animal MRI system 

(Agilent technologies) with a cylindrical quadrature transmit/receive RF coil with 

72mm inner diameter (m2m Imaging Corp., USA). Make a three plane scout image to 

correctly position the brain in the middle of the MRI field of view and use localized shim 

correction (fastmap sequence) to improve the magnetic field homogeneity in the brain. 

2. For each animal, first acquire a T2-weighted anatomical image volume for registration 

and segmentation purposes. We used a turbo spin echo sequence with echo train 

length = 8; matrix size = 256 x 256; FOV = 50 x 50 mm2; with interleaved acquisition of 30 

contiguous coronal slices with 1 mm thickness, centered 8 mm caudal to the posterior 

edge of the olfactory bulb; averages = 4; TR/TE = 5112/60 ms.

3. Make sure the animal its physiological responses are constant before starting the 

phMRI scan. For the time series acquisition, we used the same T2-weighted turbo spin 

echo sequence with echo train length = 16; matrix size = 128 x 128; with interleaved 

acquisition of 20 contiguous slices with 1 mm thickness centered at same position; TR/

TE = 4915/60 ms. In total, we acquired 32 time points with an acquisition time of 158 

s per time series volume and a total scan time of 84 min. The first volume is used as a 

‘dummy scan’ to address T1 saturation effects and not used in the data analysis. Other 

fMRI sequences such as gradient echo or echo planar imaging (EPI) sequences can also 

be used. Make sure to assess the signal stability of your sequence of choice before start 

of your experiment.

4. Acquire a number of baseline volumes, before administering the challenge medication. 

We suggest at least 10 minutes of baseline acquisition under stable conditions.  Start 

the infusion at exactly the same time for all animals. In our protocol, we started 

administration at the start of the 9th volume (after approximately 21 min baseline 

scanning). After infusion, image acquisition continued for another 60 minutes (32 

volumes in total).  Make sure the post-infusion period is long enough to visualize 

changes and to reach steady state or recovery of the signal, depending on your research 

question and your choice of drug challenge. 

5. When image acquisition is finished, remove the animal from the scanner. Perform a 

final blood gas measurement to ensure stability of the blood gas parameters and to 

enable evaluation of the drug effects on basic physiology. 
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Data processing

4.   Physiological responses     

Expected physiological responses to the challenge are dependent on the chosen drug. 

Below, generally accepted baseline values (of adult male rats) and the expected responses 

to the i.v. infusion of 5mg/kg fluoxetine are given.

1. Respiration rate should be stable at 45-75 breaths/minute. The pharmacological 

challenge of fluoxetine induces a short rise (15-20%) in respiration rate.

2. Blood pressure should be constant and between 100-150 mmHg (Biopac Systems Corp., 

Goweta, USA). The fluoxetine challenge induces a short but steep drop of about 20% in 

arterial blood pressure. This should recover within 5-10 minutes. This is shown in Figure 

3.

3. Blood gas values should be stable (measure at least twice) and within the following 

ranges before starting the phMRI scan: pCO2, 35-45 mmHg; pO2, 80-130 mmHg; pH, 

7.35-7.45. Always check these values again after scanning to see if the animal remained 

stable and to enable evaluation of the drug effects on basic physiology. High pCO2 values 

will induce vasodilatation and will thus avoid seeing BOLD signal changes. 

4. Make sure that the animal is under a continuous and constant level of anesthesia (2 

±0.25%; higher levels can cause depression of cerebrovascular reactivity and lower 

insufficient anesthesia and thus movement), before starting the phMRI scan and 

importantly, avoid any adjustments in the anesthesia regime (e.g. % isoflurane and/

or gas flow) during the functional image acquisition as this could also affect the BOLD 

signal.

5.  Preprocessing MRI data

Here we describe several steps in the preprocessing of the MR data in order to optimalize 

the data for statistical analysis. We mention the tools that are used in our lab, however 

many different tools are available.  

5.1 Data preparation

1. Put the raw images in the correct file format for the MRI analysis software that you 

prefer to use (NIfTI1.1 or Analyze7.5 format for FSL programs). Several free file converter 

programs are available online. Depending on the used scanner, it might be necessary to 

first construct a 3D (anatomical scan) or 4D (phMRI scan) image of all separate 2D slices. 
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This can be done using an image processing program, such as ImageJ (Abramoff et al., 

2004).

2. In order to ensure compatibility with analysis algorithms designed for use with human 

data (e.g. FSL programs), voxel size has to be multiplied by a factor 10 (this can also be 

done using for example ImageJ). In our study, this resulted in a voxel size of 3.91 x 3.91x 

10 mm3.

3. Visually check your images for irregularities in orientation, artefacts, and motion. Be 

careful not to use scans with clear artefacts or excessive motion in your analyses as they 

will distort you results.

4. Orientation of all scans should be similar between the anatomical and functional 

images and in concordance with the used reference brain. In our study, we used the 

stereotactic rat brain template described by Schwarz et al. (2006). The FSL command 

fslswapdim can be used for reorienting.

5.2 Motion correction 

1. To correct for any motion artefacts in the 4D time series, we used the motion correction 

tool McFlirt (Motion Correction using FMRIB’s Linear Image Registration Tool, part of 

FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). MCFLIRT is an intra-modal motion 

correction tool designed for use on fMRI time series and based on optimization and 

registration techniques used in FLIRT, a fully automated tool for linear (affine) inter-

modal brain image registration. Always check afterwards if the result is satisfactory.

5.3 Brain segmentation 

1. Delete all non-brain tissue from an image of the whole head for both the 4D time series 

as the 3D anatomical image. For this we used the FSL tool BET (Brain Extraction Tool 

v. 2.1, part of FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). The default settings 

are developed for use with human brains and are thus not ideal for rat brain. We used 

the following parameters: fractional intensity threshold, f = 1.0; vertical gradient in 

fractional intensity threshold, g = 0.1; and head radius (in mm), r = 175 for most animals. 

If necessary, you can optimize these values per subject. 

6.  Data analysis   

Goal of the statistical analysis of the MR data is to determine the voxels which exhibit 

additional variance attributable to the drug challenge in a statistically robust manner. Various 

methodological approaches are available for this, even as numerable software packages. The 

choice you make is dependent on the availability of software and knowledge/experience at 
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your lab and your specific research question. Here we give a suggested method as is used 

in our lab.

6.1

1. Before analyzing the MRI data, determine a general linear model (GLM) to which the 

data will be fitted. This can be a simple square on-off model (off for pre-drug and on for 

post-drug infusion) or a specific model based upon the data. We have used the program 

Stimulate (Strupp, 1996) to determine a data-based GLM model.

2. Perform a two-sample T-test (for example in Stimulate) on all baseline volumes vs. all 

post-challenge volumes. Optionally, leave out the first volume(s) and the volume during 

which the challenge is given, since those may not represent steady-state imaging. 

Subsequently, discriminate all voxels with more than a certain % change from baseline. 

We used all voxels with more than 1% change. 

3. Next, average the time course in all these voxels, which already gives you an impression 

of the shape of the model. In this way it can be determined if the challenge 1) has an 

immediate or delayed effect, 2) if and when the effect reaches a plateau and/or peak 

and, 3) if or when the effect declines again during the time course of the scan. Examples 

are shown in Figure 4A and 4B.

6.2 

The next step is then to statistically test the raw 4D time series image of each animal against 

the previous established GLM model. For this, we used the FSL program FEAT (FMRI Expert 

Analysis Tool, v5.98) (Smith et al., 2004; Woolrich et al., 2009). However, other fMRI analysis 

tools are available as well. Within the analysis tool, a first level analysis has to be set up. This 

requires the following steps:

1. Make sure to use the same settings for each animal. You may chose to delete the first 

(two) volumes before analysis, since steady-state imaging may not be reached yet at 

that point. Set the TR; this is the time (in seconds) between the start of each successive 

volume. Since you are looking at effects which could last the entire scan time, there is 

no need to set a high or low pass filter.

2. Spatially smooth the data in order to reduce noise and improve the signal to noise (SNR) 

ratio. We chose a FWHM kernel of 8 mm.

3. Now run the desired GLM model on your data. This is your main explanatory variable 

(EV), i.e. the waveform you are testing your data against. The GLM that was determined 

based upon our own data can be seen in Figure 4C. There is also the possibility of 

adding additional confound EV’s such as movement parameters, low frequency noise 
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(scanner drift) or even physiological parameters such as blood pressure to remove 

general physiological drug-effects. 

Within FEAT: Use FILM prewhitening. Add temporal derivative. In the Contrasts & F-tests tab, 
set up a contrast. To convert a single EV into a Z statistic image, set its contrast value to 1. This 
gives you all voxels in which its time course can be significantly explained by the GLM. Setting 
the value to -1 will give the negative activation.

4. After carrying out the initial statistical test, the resulting statistic image needs to be 

thresholded to show which voxels or clusters of voxels are activated at a particular 

significance level. Multiple comparisons correction is needed due to the large number 

of brain voxels tested. The FSL program FEAT uses an automated cluster-based multiple 

comparisons correction based upon the GRF (Gaussian Random Field) theory (Worsley, 

2001).

5. Finally, the data should be spatially normalized to a reference image, in order to 

perform group statistics. First register the functional data to the animals brain-extracted 

anatomical image and then to the reference image. We used the stereotactic rat brain 

template described by Schwarz et al. (2006) as a reference brain. 

6.3 

After this, the first-level analyses of all animals can be combined in higher level (group) 

statistical analyses. This is highly dependent on your own study design and research 

questions. 

6.4 

Physiological drug responses can be coupled or correlated to the MR signal, if desired. See 

also section 6.2.3 about adding confound EV’s.

Representative Results

When the challenging drug (5 mg/kg i.v. fluoxetine) enters the vascular system, a clear 

physiological response should be visible in respiration rate (up) and blood pressure (down). 

These responses normalize on average within 5-10 min. In Figure 3 this drop in blood 

pressure is clearly visible.

The average signal time course should show a relatively stable baseline and a clear effect 

of the challenge. Preferably, there should be no challenge-independent drift in the signal. A 
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representative example of an average signal time course can be seen in Figure 5A. Artifacts, 

such as respiration depression/failure or changes in anesthesia are often clearly visible in 

the signal. Respiratory depression will negatively affect the signal in the entire brain. This 

can be seen in Figure 5B.

After first level analysis, the activation pattern is expected to be mainly positive and 

located in specific regions only (, i.e. cortical areas, hippocampus, hypothalamus and 

thalamus; See Figure 6A). If the whole brain is deactivated, this is often an indication of too 

deep anesthesia and/or oxygen shortage during scanning. An example of this can be seen 

in Figure 6B.  

Tables and Figures

Figure 1. Location 
of placement of the 
cannulas in the femoral 
artery and vein. 

Figure 2. Schematic representation of the fMRI setting; all the equipment needs to be non-
ferromagnetic and it is connected to a module system which allows gated acquisition of images 
avoiding interferences from motion due to breathing and /or heart beating. Body temperature is also 
regulated through a heating module to monitor and control the animal temperature during imaging. 
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Figure 3. Representative example of blood pressure data. There is a clear drop in blood pressure visible 
directly after the start of the infusion (red bar). Normal values are reached again within 10 min. after 
the challenge administration.

Figure 4. A) ‘expected’ activation pattern using the MRI analysis program Stimulate. Red is positive 
activation, blue is negative activation. B) Average time course of all activated voxels (≥1% change from 
baseline) in all animals. C) Example of the resulting GLM model in FSL/FEAT.
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Figure 5. A) Example of positive activation. The time course in the activated voxels (red) is following 
roughly the shape of the GLM model. Infusion of the drug started around time point 8. B) Example 
of negative activation in entire brain after too deep anesthesia. The time course in the negatively 
activated voxels (blue) show a general decline in signal and no effect of the challenge is visible.

Figure 6. A) Expected activation 
pattern after first level analysis. 
Activation of clusters of voxels (red to 
yellow), only in specific brain areas. B) 
Example of ‘bad’ activation pattern. 
Whole brain negative activation (blue) 
in the same animal as in Figure 3B.
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Discussion

5-HT phMRI is a promising tool to assess neurotransmitter function in the live and free-

breathing animal. It visualizes the brain response to a 5-HT challenge with functional MR 

imaging. MRI has the great advantage to have a high spatial resolution and to not need the 

injection of contrast-agent or radio-labeled molecules thus avoiding the repetitive exposure 

to ionizing radiations. This technique is applicable in both human and animal subjects and 

therefore very suitable for translational research of neurotransmitter systems and psychiatric 

disorders. Its application is of course not limited to the 5-HT pathway and has already been 

used extensively to assess effects of dopaminergic drugs in both animals (Ferrari et al., 2011; 

Schwarz et al., 2007) and humans (Tomasi et al., 2011).

Nevertheless, phMRI in small animals remains challenging, as already pointed out in 

recent review articles (Martin and Sibson, 2008; Steward et al., 2005). One of these challenges 

is the maintenance of stable physiological parameters during image acquisition. Most 

anesthetics can alter cardiovascular function and given that phMRI is critically dependent 

on cardiovascular/hemodynamic parameters it is essential to ensure that any hemodynamic 

changes are solely attributable to the given drug challenge. It is therefore vitally important 

that pCO2 levels remain constant during baseline acquisition. Mechanical ventilation can to 

help ensure physiological stability, and is often used in this type of experiments. We however 

chose to use free-breathing animals to leave open the possibility to perform longitudinal 

studies in the future. Instead, we extensively monitored (and altered) respiration rate and 

blood gas values to ensure physiological stability within the normal ranges before start of 

the functional scan and in this way to preserve stable vascular reactivity and thus T2*/T2 

signal. Literature about the effects of general anesthetics on cerebral hemodynamics and 

metabolism is abundant (Steward et al., 2005) and beyond the scope of this manuscript.  

We chose to use gas anesthesia with ±2% isoflurane in this specific protocol, because with 

inhalation anesthetics, the depth of anesthesia can be rapidly and easily controlled. This is 

important in our setup to ensure normal range stable pCO2 levels before start of the image 

acquisition. Isoflurane is the most commonly used inhalant anesthetic today and allows for 

rapid induction and recovery, which is important for longitudinal studies. It also produces 

minimal cardiovascular and respiratory depression and induces good relaxation of skeletal 

muscles.

Secondly, the intravenous administration of the challenging drug is more complicated 

in small animals than in humans. The surgery that is needed for the cannulation of the 

femoral artery and vein requires well-trained and experienced staff. Due to these invasive 

procedures it is at the moment mainly used in terminal procedures. However, non-invasive 
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monitoring of blood homeostasis and tail vein injection could be used for longitudinal 

studies (Weber et al., 2006).

In addition, there are some more general limitations to the technique, which are 

not specific for animal phMRI. Additionally, as pointed out by Martin and Sibson (2008), 

a potential confound of all fMRI studies is that it is assumed that the changes in brain 

activity evoked by the challenge reflect changes in neuronal activity rather than peripheral 

systemic effects. Especially in deeper brain structures, a relatively poor understanding of 

neurovascular coupling (relationship between neuronal activity changes and hemodynamic 

changes) remains. Studies of the kind performed by Logothetis et al. (2001) to determine 

neurovascular coupling in the cortex have not yet been performed in other parts of the 

brain. It is therefore unknown what an increase in BOLD signal in important structures such 

the striatum or amygdala is telling us about neuronal activity.  The best we could say at this 

moment is that the brain region reacts to the given challenge and that depending on the 

treatment and/or conditions, we can monitor the significant changes of the brain reactivity. 

This can largely be verified by looking at both the MRI data and physiological responses. 

The general pattern of brain activation should be region specific and restricted to areas 

with, in this case, a high 5-HT innervation, and not as much a general vascular response. 

Also, a different temporal profile between vascular and hemodynamic changes is expected. 

Whereas the blood pressure changes return to their baseline values within several minutes, 

the effect of the drug on BOLD activation is in the case of fluoxetine visible until the end 

of the image acquisition and correspond to the know pharmacokinetic properties of this 

drug. Finally, the physiological responses of all animals should be similar in order to make 

inter-subject comparisons. Nonetheless, it is known that a neurogenic regulation of the local 

blood flow by 5-HT exist (Cohen et al., 1996). Therefore it can not be excluded that local 

changes of BOLD signal may attribute to vascular changes due to release of 5-HT at the 

proximity of vessels. Although these effects are not associated to local neuronal activation 

and can thus be considered as false positive results, it is also an index of the overall specific 

function of the 5-HT system (Choi et al., 2006).

Critical steps of this technique are therefore to monitor physiological responses 

extensively and to make sure that the physiological conditions of the animal are stable 

before and during the image acquisition. Also scanner conditions should be as stable as 

possible and exactly the same for each animal. Signal stability of your sequence should be 

checked and confirmed before start of your experiment. Furthermore, make sure to always 

have large enough statistical power, even with small subject groups. For a nice review on 

the experimental considerations of animal phMRI in general, see Steward et al. (2005) and 
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for an additional example of an experimental protocol for pharmacological fMRI in rats and 

mice, see Ferrari et al. (2011).

Possible modifications of technique described here are numerous. One could:

1.  use a different drug for 5-HT challenge, such as another SSRIs or 5-HT receptor (ant)

agonists (Houston et al., 2001; Preece et al., 2009; Sekar et al., 2011; Stark et al., 2006) 

or even a double challenge in order to reveal underlying mechanisms of drug action 

(Gozzi et al., 2008; Stark et al., 2008);

2.  use a different experimental setup, such as a different anesthesia regime, mechanical 

ventilation, blood-pool contrast agents instead of BOLD (Schwarz et al., 2007), 

longitudinal studies (animal needs to be kept alive, so no invasive blood pressure/blood 

gas measurement and/or mechanical ventilation are possible), or even combinations 

with other (invasive) methods such as recording of neuronal activity using MR-

compatible electrodes (Logothetis et al., 2001) or PET/SPECT studies (Jenkins et al., 

2004);

3.  use different MRI data analysis methods such as the ‘p-block’ method of McKie et al. 

(McKie et al., 2005) or functional connectivity analysis (Schwarz et al., 2007).

Which choices you make in the experimental setup is highly dependent on the possibilities 

of and/or the experience within your lab and the type of research question you would like 

to answer.
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Abstract

Assessment of cerebral serotonin (5-HT) function with arterial spin labeling (ASL)-based 

pharmacological Magnetic Resonance Imaging (phMRI) could be a highly useful tool in 

clinical psychiatric research. The goal of this study was to verify the reliability of ASL-based 

phMRI after an oral challenge of a selective serotonin reuptake inhibitor (SSRI) in repeated 

assessment of cerebral 5-HT function. In a placebo-controlled, within-subject crossover 

study we investigated the effect of a single oral dose of citalopram on brain cerebral blood 

flow (CBF) using a pulsed ASL sequence (PASL) in twelve female healthy volunteers. The 

within-session repeatability of the PASL signal was good for all regions tested (wsCV<15%). 

Both ROI- and voxel-based analyses revealed small but significant effects of a citalopram 

challenge on CBF values in 5-HT rich brain regions, among which the frontal gyrus and 

thalamus. These effects could however not be replicated between sessions, most probably 

due to the small effect size of the oral citalopram challenge on cerebral blood flow. We 

therefore conclude that the test-retest reliability of PASL phMRI with an oral citalopram 

challenge is low, limiting the technique’s sensitivity to time-dependent changes and 

consequently its use as a (clinical) research tool.
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Introduction   

Impaired serotonin (5-HT) neurotransmission is hypothesized to be involved in a number 

of psychiatric disorders, such as mood-, anxiety- and impulse control disorders. In vivo 

assessment of the human brain 5-HT function may help to improve our understanding of the 

underlying mechanism of these disorders. Although changes in the 5-HT system are typically 

visualized using positron emission tomography (PET) (Aznavour et al., 2006) and single 

photon emission computed tomography (SPECT) (Hwang et al., 2007), these techniques 

have shortcomings. First, they are not ideal research tools because of the radiation exposure 

involved. Second, PET and SPECT suffer from relatively low spatial resolution. Besides these 

practical limitations, until now studies using 5-HT radioligands have been less successful and 

are (consequently) less abundant than studies with for example dopaminergic radioligands 

(Paterson et al., 2013; Saulin et al., 2012; Smith et al., 2002). Thus, there is a clear need for 

novel, non-invasive methods to assess 5-HT function in humans and especially in psychiatric 

patients. A relatively new and promising approach for determining neurotransmitter 

function is the use of pharmacological MRI (phMRI) (Leslie and James, 2000). With phMRI, 

neurotransmitter function is modulated pharmacologically using a psychotropic drug while 

brain functional MRI is simultaneously collected. This is a non-invasive method, which 

offers a good spatial and temporal resolution allowing longitudinal studies to follow disease 

progression and/or treatment efficacy without using harmful ionizing radiations. It has 

already been proven to be a useful method for assessing 5-HT function in preclinical studies 

(Anderson et al., 2008; Klomp et al., 2012b). Up to now, most phMRI studies examined 

drug effects using intravenous administration or following a chronic drug pre-treatment. 

Obtaining the same information using a single oral dosage of the challenging drug would be 

of interest since it is less bothersome to the patient.

 BOLD (blood oxygen-level dependent) contrast is the most frequently applied acquisition 

method in functional MRI because of its ease of data acquisition (Zhang et al., 2006). It 

is nevertheless not a quantitative measure and known to vary over time (Aguirre et al., 

1998a). In order to measure a reliable BOLD signal change, the challenging drug needs to 

enter the brain in rapid and consistent manner during a single scan session (Anderson et 

al., 2008). Administering a drug orally and subsequently measuring changes in (resting-

state) MRI BOLD signal are less feasible considering the long mean time to maximum 

concentration (Tmax) values oral psychotropic drugs typically have (in the order of hours). 

This problem may be overcome by using CBF- (cerebral blood flow) or CBV- (cerebral blood 

volume) based techniques, such as arterial spin labeling (ASL) (Dijkhuizen and Nicolay, 2003; 

Shah and Marsden, 2004; Wang et al., 2011a; Wolf and Detre, 2007). ASL has a higher 
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temporal stability than BOLD contrast and therefore better reproducibility (Wang et al., 

2011a). Recently, ASL has become the most common method to measure perfusion and 

is applied more often in phMRI studies (Chen et al., 2011a; Luo et al., 2009; Schouw et al., 

2012). A recent paper by Wang et al. (2011a) states that ASL as an imaging marker for drug 

actions has many advantages above available BOLD-based techniques. Recently, a study by 

Chen et al. (2011a) suggested that ASL-based phMRI with a single oral SSRI challenge is a 

feasible method to detect 5-HT activity in the brain. To evaluate the test-retest abilities of 

this technique, so that it may be used reliably on multiple time points, the reproducibility 

of ASL-based phMRI following a single oral challenge needs to be verified. If reliable, this 

technique could ultimately become a fast and non-invasive tool to assess serotonergic 

activity on different time points, which is also suited for vulnerable patient populations, 

such as psychiatric patients and children.

Methods

Participants

Twelve healthy female volunteers were recruited through advertisement. Inclusion criteria 

were as follows: right-handedness, age between 20 and 30 years, and currently taking oral 

contraceptives. Exclusion criteria included medical conditions that might interfere with the 

interpretation of results, contraindications to MR imaging, current or past known brain 

disease, psychiatric or neurological disorders, presently taking prescribed medication that 

could affect 5-HT function, habitual drug use, and excessive consumption of alcohol (>21 

U/week), caffeine (>8 cups of coffee/day), or nicotine (>10 cigarettes/day). The absence of 

psychiatric or neurological disorders and drug abuse was checked with the well-validated 

Mini-International Neuropsychiatric Interview (M.I.N.I.) Plus (van Vliet and de Beurs, 2007). 

All subjects were instructed to withhold the consumption of substances that could directly 

influence CBF (e.g. caffeine, alcohol, nicotine; (Mathew and Wilson, 1991)) before each scan 

session and between scans. Also, subjects were asked to refrain from any form of drug use 

during the entire study. The study was approved by a local Research Ethics Committee and 

written informed consent was obtained from each volunteer.

Experimental design

All participants underwent two MRI scan sessions on three different days, so six scan 

sessions in total. The first scan session (baseline) was immediately followed by intake of 

the oral challenge on a fixed time point, consisting of either a 16mg citalopram solution 

(equivalent to one 20mg tablet; Lundbeck, Amsterdam) dissolved in lemonade or a placebo 
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solution (lemonade only). A second scan session (challenge), which was identical to the 

first, was made exactly 2 h later (Tmax of oral citalopram solution is 2 h after ingestion 

(http://www.medicines.org.uk/EMC/medicine/6153/SPC). On two out of three assessment 

days, an oral 5-HT challenge with citalopram was given and on one assessment day an oral 

placebo challenge. Subjects were randomly assigned to the order in which the assessment 

days took place and were blind to the type of challenge given. In order to allow complete 

washout of the citalopram challenge before the next assessment, the assessment days took 

place with an interval of 2 weeks (Seifritz et al., 1996). The three assessment days were 

scheduled at the same time of the day for each subject to minimize time-of-day effects. See 

also an overview of the experimental design in Figure 1.

Imaging data acquisition

All MR imaging was conducted on a 3.0 Tesla Philips MR scanner with a SENSE 8-channel 

head coil and body coil transmission (Philips Intera; Philips Medical Systems, Best, The 

Netherlands). Each scan session consisted of an ASL-based perfusion-weighted scan and 

three task-related fMRI scans (data not shown). In addition, during one of the six sessions, a 

high resolution 3D T1-weighted structural scan was made for registration and segmentation 

purposes. The imaging parameters for the perfusion-weighted scan were as follows: a pulsed 

ASL sequence (PASL), based on the PULSAR sequence developed by Golay et al. (2005) was 

used. The labeling plane was positioned parallel to the imaging volume with a labeling gap 

between the imaging volume and the labeling volume of 25mm. ASL parameters were TR, 

3000ms; TE, 14ms; FOV, 240×240mm2; matrix size, 80×79; 17 slices with slice thickness of 

7mm and no gap; gradient echo single shot EPI; SENSE 2.0; post-labeling delay of 1.2 to 2 s, 

depending on the slice number; number of dynamics, 50. One dynamic consisted of a control 

and a labeled image. For the structural scan parameters were as follows: high-resolution 3D 

T1-weighted anatomical image; TR, 9.8 ms; TE, 4.6ms; 120 contiguous transversal slices.

Figure 1. Within-subject cross-over study design. Oral intake of challenge medication took place right 
after the baseline scan. A placebo scan was randomly assigned to day 1 or day 2 and subjects were 
blind to the type of challenge received. 
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Data preprocessing

Matlab (The MathWorks Inc., Natick, USA; http://www.mathworks.com), and the Statistical 

Parametric Mapping (SPM8) toolbox (http://www.fil.ion.ucl.ac.uk/spm) were used for offline 

data processing. Fifty pairs of labeled and control images were subtracted and averaged to 

yield whole brain perfusion weighted images. The mean equilibrium magnetization (M0) 

of arterial blood per subject was calculated, from which the absolute CBF was computed 

(Chalela et al., 2000). To allow for a voxel-based analysis, the structural images were 

non-rigidly normalized to a population-based average using Diffeomorphic Anatomical 

Registration Through Exponentiated Lie Algebra (DARTEL) (Ashburner, 2007). The non-rigid 

transformations were then applied to the ASL volumes that were previously registered to 

gray matter masks, such that all dynamics of all subjects resided in one common frame 

of reference. Next, all images were spatially normalized into the Talairach and Tournoux 

stereotactic space (Talairach and Tournoux, 1988) using Montreal Neurological Institute 

(MNI) templates to facilitate intersubject averaging. Finally, a Gaussian smoothing with 

FWHM=6mm was applied to all volumes. Predefined regions-of-interest (ROIs) were 

determined based upon the Harvard Oxford structural atlas (provided within FSL 4.1; 

FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain Centre, Dept. 

of Clinical Neurology, University of Oxford, Oxford, UK, http://www.fmrib.ox.ac.uk). Based 

upon previous literature on the effects of citalopram on brain function (Anderson et al., 2008; 

McKie et al., 2005; Schwarz et al., 2007), the following ROIs were included: orbitofrontal 

cortex (OFC), inferior frontal gyrus (IFG), medial frontal gyrus (MFG), superior frontal gyrus 

(SFG), anterior cingulated gyrus (ACG), amygdala, thalamus, hippocampus, putamen and 

caudate and gray matter (GM) as a control region. Within these ROIs, the median CBF-value 

of all voxels within a specific ROI was calculated and used for statistical analysis.

Reproducibility of PASL signal

In order to establish the stability of the CBF measures, the between-session repeatability 

was assessed for the placebo session and its baseline (reproducibility within 1 day) and 

for all three baseline sessions (reproducibility over several weeks) by calculating three 

commonly used reproducibility indices per ROI: the within-subject coefficient of variation 

(wsCV), coefficient of repeatability (CR) and intraclass correlation coefficient (ICC) (Chen et 

al., 2011b; Gevers et al., 2011; Wang et al., 2011b). The wsCV was calculated as the SD of 

the difference between two CBF measurements given as a percentage of the mean of the 

two measurements (Bland and Altman, 1996). The CR is defined as the largest likely size of 

difference between 2 repeated measurements (within a 95% confidence limit). It is given 

by the following equation: CR = 1.96*SD∆CBF, with SD∆CBF being the SD of the CBF difference 
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between repeated measurements. The ICC measures the contribution of between-subject 

variances to the total variance (Shrout and Fleiss, 1979). ICC values can range from zero 

(no agreement) to one (perfect agreement) (McGraw and Wong, 1996). Two-way mixed 

model ICCs (ICC(3,1)) were calculated using SPSS for Windows (v.16.0, SPSS Inc. Chicago, 

IL). An ICC value above 0.70 was considered as adequate repeatability of the used method. 

On a voxel-based level, ICC maps were generated to assess the reliability per voxel using 

the ICC Toolbox for SPM5 (http://brainmap.co.uk). Statistical methods behind this tool are 

described in detail in Caceres et al. (Caceres et al., 2009).

Effect of citalopram challenge

Within each ROI, the effect of the challenge compared to baseline values was assessed using 

a Wilcoxon signed-rank test in SPSS for Windows (v.16.0, SPSS Inc. Chicago, IL) on the average 

CBF-values per ROI. On the voxel-based level, a higher level statistical analysis was carried 

out in SPM8 using the preprocessed mean CBF images. A paired t-test analysis was used to 

compare the challenge scans and their accompanying baseline scans on a group level. The 

resulting statistical parametric maps were thresholded at T-value > 4.14, corresponding to a 

p-value of >0.001, uncorrected. Only clusters of a size bigger than 30 contiguous significant 

voxels were reported. 

Reproducibility of citalopram effect

The effect of the challenge in the first citalopram session (EffCit1) was compared to the 

effect of the challenge in the second citalopram session (EffCit2) using again the CR on an 

ROI-based level and an ICC map on a voxel-based level as measures of reliability. In each ROI 

where a significant effect of citalopram was detected, the effect size of this challenge effect 

was determined as the standardized mean difference between CBF-values of the challenged 

scan and its accompanying baseline scan in that ROI. Based upon the estimated general 

effect size and expected within-day signal variation (standard deviation of paired difference 

within the placebo session), the sample size needed to detect significant differences with 

90% power was calculated per ROI.
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Results

Subjects

Citalopram administration was well tolerated in all subjects (mean age 22.9 ±3.0 years) and 

no clinical side effects were reported during or after scanning. The average time between 

the baseline scan session and the second scan session, i.e. time between challenge intake 

and the subsequent scan session, was 2h and 3min ± 4.2min. The average time between 

the assessment days was 15 ± 2.5 days. Due to technical problems and no-show, data from 

either one or two scan sessions of three subjects were missing. These included two placebo 

sessions and one of each citalopram sessions.

Between-session repeatability of PASL

On both the voxel-based level and ROI-based level, there were no significant differences 

between average CBF-values of the placebo session and its preceding baseline session. The 

placebo sessions were therefore used to assess the typical between-session variation of 

CBF measures within 1 day. Between-session reproducibility within 1 day ranged from good 

(wsCV > 10%) to excellent (wsCV < 10%) in all ROIs and could also be considered good to 

very good on the voxel-based level (a vast majority of the GM voxels showed ICC-values 

above 0.70). The wsCV, CR and ICC values for all ROIs can be found in Table 1. The voxel-

based ICC map is depicted in Figure 2A. The between-session variation within 2-4 weeks 

was determined using the three separate baseline scan sessions. On the ROI-based level, 

reproducibility of the PASL signal within 2-4 weeks was considerably lower than the within-

day reproducibility. It was nevertheless still considered acceptable to good (10% < wsCV 

< 20%) for most regions (See Table 1). On the voxel-based level, the ICC map also showed 

lower consistency between the scan sessions several weeks apart than between the scan 

sessions within 1 day (See Figure 2B). However, most voxels still showed ICC values above 

0.70. 

Effect of citalopram

An ROI-based analysis showed a significant effect of the citalopram challenge in the SFG 

(effect size +4.94 ml/100 g/min, p-value 0.041 (uncorrected)) and a marginally significant 

effect in the thalamus (effect size +4.72 ml/ 100 g/min, p-value 0.050 (uncorrected)), 

both only during session 2 (See Table 2). In the same session, there was a trend towards 

significant effect of the challenge in the MFG and IFG (effect size +5.12 and 3.48 ml/ 100 g/
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min respectively, p-value 0.075 in both cases). During session 1, in none of the examined 

regions a significant effect of the citalopram challenge was found.

Voxel-based analysis showed small but significantly activated clusters in both citalopram 

sessions compared to the baseline sessions (See Figure 3). The effect of the citalopram 

challenge during session 1 (CitEff1) was only seen in the frontal cerebral white matter (WM). 

During session 2 (CitEff2), significantly activated clusters were found in the right thalamus, 

MFG, SFG and the right cerebellum, which greatly overlaps with the ROI-based findings. The 

exact location and size of these clusters are given in Table 3. As can be clearly seen in Figure 

3, the activated clusters did not overlap between the two different citalopram sessions. 

Figure 2 Voxel-based ICC maps overlayed 
on population averaged perfusion map 
(transversal view; n=11). A) ICC(3,1) 
values between-session within one day 
(baseline vs. placebo; n=10), B) between-
session ICC within 2-4 weeks (all three 
baseline scans; n=9), C) reliability of 
citalopram effect (CitEff1 vs. CitEff2) 
(n=10). Please refer to the online version 
for a color print of this figure.

Figure 3 Statistical parametric T-maps (p<0.001, uncorrected; cluster size > 30 voxels) of citalopram 
effect. A) Significant effects of citalopram during session 1 (CitEff1) and B) session 2 (CitEff2), on top of 
population averaged anatomical map (coronal view; n=11).
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Test-retest reliability of citalopram effect

A low reproducibility of the citalopram effect was confirmed by the relatively high CR values 

(Table 2 under ‘Reliability of CitEff’) in comparison to the within-day CR values of the PASL 

signal itself (Table 1), which are on average ±10 ml/100 g/min lower. On a voxel-based level, 

the ICC map of CitEff1 and CitEff2 showed a very low number of voxels (<5%) above the 

threshold of 0.70 (Figure 2C). In addition, voxels in which the effect of citalopram could 

be considered repeatable (ICC>0.70) were not located in the same regions in which actual 

effects of the citalopram were seen during one of the two sessions.

The effect sizes of the (near) significant effects of citalopram obtained with the ROI 

analysis lay around +5 ml/100 g/min (See under ‘Effect size’ in Table 2). The sample sizes 

needed to detect such an effect size with 90% power, considering the previous determined 

within-day variability in PASL signal per ROI, are given in Table 2 (under ‘Sample size’). This 

power analysis indicated that sample sizes should consist of 5 to 15 subjects in the GM, 

thalamus, SFG and IFG. Large sample sizes of above 50 subjects are needed in the ACG and 

hippocampus.

Table 1 Between-session reproducibility of the PASL signal within 1 day and within 2-4 weeks.

Within 1 
day GM SFG IFG MFG OFC ACG Amyg- 

dala
Thala- 
mus HC Cau- 

date
Puta- 
men

CR 
(ml/100g/
min) 6.40 6.57 8.90 11.99 17.18 22.59 15.08 10.02 24.00 15.60 11.27

wsCV (%) 5.37 5.38 6.53 6.75 13.31 9.98 13.79 9.64 15.45 8.95 6.64

ICC 
(95% CI)

0.923
(0.72-
0.98)

0.950
(0.81-
0.99)

0.951
(0.82-
0.99)

0.937 
(0.77-
0.98)

0.833 
(0.46-
0.96)

0.880
(0.59-
0.97)

0.825
(0.44-
0.95)

0.948 
(0.81-
0.99)

0.373
(-0.30-
0.80)

0.870
(0.56-
0.97)

0.930
(0.75-
0.98)

Within 2-4 
weeks GM SFG IFG MFG OFC ACG Amyg- 

dala
Thala- 
mus HC Cau- 

date
Puta- 
men

CR 
(ml/100g/
min)

16.26 20.24 21.10 24.88 21.22 40.85 16.40 26.90 21.41 21.20 22.36

wsCV (%) 17.34 16.76 22.00 16.82 18.66 19.75 18.14 22.47 15.11 20.01 17.81

ICC 
(95% CI)

0.499
(0.08-
0.84)

0.589
(0.19-
0.87)

0.677
(0.31-
0.91)

0.668
(0.29-
0.90)

0.575
(0.17-
0.87)

0.535
(0.12-
0.85)

0.698
(0.34-
0.91)

0.647
(0.27-
0.90)

0.482
(0.07-
0.83)

0.581
(0.18-
0.87)

0.537
(0.13-
0.85)

ACG = anterior cingulate gyrus; CI=confidence interval; wsCV=within subject coefficient of variation; 
CR=coefficient of repeatability; GM=gray matter; HC = hippocampus; ICC= intraclass correlation 
coefficient; IFG=inferior frontal gyrus; MFG=medial frontal gyrus; OFC=orbital frontal gyrus; 
SFG=superior frontal gyrus. wsCV values below 10% (bold) are considered good to excellent, values 
between 10% and 20% (italic) are considered acceptable to good. ICC values above 0.80 (bold) are 
considered excellent, values between 0.80 and 0.70 (italic) are considered good.
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Table 2 Citalopram effect per ROI and per session (Wilcoxon signed-rank test) and its reliability over 
sessions.

GM SFG IFG MFG OFC ACG Amyg- 
dala

Thala- 
mus HC Cau- 

date
Puta- 
men

Effect of citalopram

CitEff1 (n=11) Z
p

1.067
0.286

0.533
0.594

0.533
0.594

0.178
0.859

0.533
0.594

0.800
0.424

0.356
0.722

0.889
0.374

0.711
0.477

0.089
0.929

0.711
0.477

CitEff2 (n=11) Z
p

1.423
0.155

2.045
0.041

1.778
0.075

1.778
0.075

0.356
0.722

1.156
0.248

1.067
0.286

1.956
0.050

0.889
0.767

1.689
0.091

1.689
0.091

*Effect size 
(ml/100g/
min) 4.94 3.48 5.12 4.72 4.39 3.95

#Sample size (n) 4 5 9 16 32 56 25 11 63 27 14
*In case of significant (p<0.05; bold) or near-significant (p<0.10; italic) effect
# needed sample size to detect effect size of 5ml/100g/min with 90% power

GM SFG IFG MFG OFC ACG Amyg-
dala

Thala-
mus HC Cau-

date
Puta-
men

Reliability of CitEff
CR 
(ml/100g/
min) 17.61 18.90 14.18 23.52 26.46 35.37 24.33 23.89 30.72 20.75 17.91

ACG = anterior cingulate gyrus; CitEff= effect of citalopram; CR=coefficient of repeatability; GM=gray 
matter; HC=hippocampus; IFG=inferior frontal gyrus; MFG=medial frontal gyrus; OFC=orbital frontal 
gyrus; SFG=superior frontal gyrus.

Table 3 Clusters with significant effect of citalopram challenge during session 1 (CitEff1) and session 
2 (CitEff2). 

CitEff1 
Region Left-right Size T-value X Y Z
Cerebral WM (frontal) L 66 6.49 -28 44 6
Cerebral WM (frontal) L 34 5.00 -26 24 22
CitEff2
Region Left-right Size T-value X Y Z
Thalamus R 208 6.79 8 -22 16

R 87 5.60 24 -40 10
Superior frontal gyrus R 35 5.66 22 -2 62
Middle frontal gyrus R 34 6.25 26 26 48
Cerebellum R 31 4.84 36 -64 -28

Voxels thresholded at T >4.14. Clusters with a size of > 30 voxels were reported. Size is the number 
of voxels above threshold in the cluster; T-value is the T-value of the most activated voxel in the 
corresponding cluster. X, Y, and Z represent MNI coordinates (mm).
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Discussion

In this placebo-controlled, within-subject cross-over study we assessed the feasibility and 

reliability of ASL-based phMRI as a non-invasive tool for assessing brain 5-HT function.

As anticipated, the within-day between-session repeatability of CBF values using a PASL 

sequence was good to excellent for most ROIs. Within-subject variation (wsCV) was in the 

order of 5-15% and the largest expected difference between two repeated measurements 

in one subject (coefficient of repeatability; CR) was on average ±13 ml/100 g/min. These 

findings agree with earlier reported values of reproducibility of PASL on 3T (Chen et al., 

2011b). The variation in CBF-values between scans acquired 2 to 4 weeks apart was 

considerably higher. This suggests that in order to keep variation as low as possible and 

thus retain power to detect CBF differences caused by the challenging drug, it is essential to 

compare the challenged scan with a baseline scan made on the same day. 

Despite the excellent within-day reproducibility of the PASL signal, the effect of a single 

oral dose of citalopram on CBF values appeared to be small and could not be replicated 

between sessions. Although during session two an increase in CBF of about 5 ml/100 g/

min was seen in the 5-HT rich thalamus, SFG and MFG, no effects were reported during 

session one in GM regions where the CBF can be reliably measured (Golay et al., 2004). 

Our experiments thus show that the test-retest reliability of this method is low, limiting its 

sensitivity to time-dependent changes.

The relatively short post-labeling delay of PASL results in large signal variations near 

blood vessels (Wolf and Detre, 2007). To detect citalopram effects (with an effect size of 5 

ml/100 g/min) in these areas, such as the ACG and hippocampus, large sample sizes (above 

50 subjects) are needed. Other areas that are sufficiently large or distant from vascular 

components, among which are the GM, thalamus, SFG and IFG, show an effect in much 

smaller groups of 5-15 subjects. Our data thus indicate that it is advisable to confine data 

analysis to these brain regions. Indeed, effects of the challenge were seen in the thalamus 

and SFG during one of the assessments, as well as a trend in IFG. Note that the GM was used 

as a reference region since no systemic effect of the low dose citalopram on the general CBF 

value was expected (Smith et al., 2002). Physiological variations form another limitation 

to measuring the modest effect of oral citalopram on CBF values. Perfusion values may 

already vary up to 20% over repeated imaging sessions within subjects (Gevers et al., 2011). 

Furthermore, individual physiological differences in responsiveness of the 5-HT system to 

citalopram influence the change in CBF (Hu et al., 2007; Kronenberg et al., 2007; Lotrich et 

al., 2001) and the time of peak plasma concentration of citalopram (Dalgaard and Larsen, 

1999; Mendoza et al., 2005). These effects of individual variation will nevertheless for a 
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great part be overcome with larger sample sizes. Our results confirm recent findings by Chen 

et al. (2011a), who reported problems in detecting drug-induced CBF changes with PASL 

using the same sample size. Due to its better signal-to-noise ratio, the recently developed 

pCASL sequence measures CBF even more reliably than the PASL sequence does (Chen et al., 

2011b; Gevers et al., 2011) and might therefore be better suited for detecting signal changes 

of this small size. However, the reliability of this specific ASL technique in phMRI studies still 

needs to be confirmed.

In summary, our study illustrates the requirements and limitations of (PASL-based) phMRI 

in assessing brain 5-HT function on multiple time points. Despite the good reproducibility 

of the PASL signal, the between-session variation remained too high to reliably detect 

the modest effects on CBF induced by a single oral dose of citalopram with this specific 

technique. We therefore conclude that the test-retest reliability of PASL phMRI with an 

oral citalopram challenge is low, limiting the technique’s sensitivity to time-dependent 

changes and consequently its use as a (clinical) research tool. Although there is a clear need 

for an easy applicable and non-invasive way to study 5-HT function in vulnerable patient 

populations such as psychiatric patients, the here tested method does not (yet) seem fit for 

this purpose.
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Abstract 

Non-invasive assessment of human neurotransmitter function is a highly valuable tool in 

clinical research. Despite the current interest in task-based pharmacological MRI (phMRI) 

for the assessment of neural correlates of serotonin (5-HT) function, test-retest reliability of 

this technique has not yet been established. Using a placebo-controlled crossover design, 

we aimed to examine the repeatability of task-related phMRI with a single dose of oral 

citalopram in twelve healthy female subjects. Since we were interested in the drug’s effect 

on neural correlates of 5-HT related cognitive processes, a sensorimotor and an emotional 

face processing paradigm were used. For both paradigms, we found no significant effects 

of the oral citalopram challenge on task-positive brain activity with whole-brain analysis. 

With ROI-based analysis, there was a small effect of the challenge related to emotional 

processing in the amygdala, but this effect could not be reproduced between sessions. We 

did however find reproducible effects of the challenge on task-negative BOLD-responses 

for both paradigms, particularly in the medial frontal cortex and paracingulate gyrus. In 

conclusion, our data shows that a single oral dose of citalopram does not reliably affect 

emotional processing and sensorimotor activity, but does influence task-negative processes 

in the frontal cortex. This latter finding validates previous studies indicating a role for 5-HT 

in suppression of the task-negative network during goal-directed behavior. 
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Introduction 

The measurement of serotonin (5-HT) function in the human brain is an important tool 

to improve our understanding of the underlying neurobiological mechanism of mood-, 

anxiety- and impulse control disorders (Deakin, 1991; Meltzer, 1990; Taylor, 1990). For this 

reason, there is currently much interest in the application of imaging techniques to assess 

neurotransmitter function. With pharmacological magnetic resonance imaging (phMRI), 

5-HT function can be modulated pharmacologically with selective 5-HT reuptake inhibitors 

(SSRIs) while brain functional MR images (fMRI) are simultaneously collected. In this way, 

the neural activity related to the 5-HT response can be visualized (for a recent review 

on this topic, please refer to Anderson et al. (2008)). In comparison with other imaging 

techniques, such as positron emission tomography (PET) (Aznavour et al., 2006) and single 

photon emission computed tomography (SPECT) (Hwang et al., 2007), fMRI is pre-eminently 

suitable for measuring (changes in) neural activity and offers both excellent spatial as well 

as good temporal resolution. It is also less invasive due to the lack of involved radiation 

exposure. This allows for use in longitudinal studies to follow disease progression and/or 

treatment efficacy. 

In order for a research tool to be readily used for multiple assessments within the same 

patient, its repeatability (test-retest reliability) should be established. Until now, this is lacking 

for most phMRI applications. Recently, our group has published one of the first repeatability 

studies for 5-HT phMRI using an arterial spin labelling (ASL)-based technique in the same 

subjects as in this current study in which we concluded that the test-retest reliability of 

pulsed ASL phMRI with an oral citalopram challenge is low (Klomp et al., 2012a). While with 

techniques such as ASL the direct effects of the challenge on cerebral blood flow can be 

measured, it may be of even greater interest to assess the effects of the drug on cognitive 

processes. 5-HT is known to play a role in a broad range of cognitive processes, especially 

in emotional processing, behavioral inhibition, reward behavior, memory, and sensorimotor 

function. Functional MRI studies have shown previously that SSRIs can influence these 

processes in both healthy controls and patients (Anderson et al., 2008). Although most of 

these 5-HT phMRI studies looked at the effects of an intravenous drug challenge or at the 

effects of chronic drug pre-treatment, there are also studies looking at the effect of a single 

oral dosage of the challenging drug, which is less invasive for the participants and more 

practical in use, especially in case of repeated measurements. However, inter-individual 

differences in drug response and the long Tmax (time to maximal plasma concentrations) 

oral drugs typically have, give rise to additional sources of variation (e.g. getting subjects 

in and out of the scanner), making the detection of significant drug-effects more difficult. 
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Still, several studies have shown that administration of a single oral dosage of an SSRI can 

affect 5-HT related neural processes in the human brain (Loubinoux et al., 1999; Murphy 

et al., 2009; Takahashi et al., 2005; Vollm et al., 2006). Nevertheless, the repeatability of 

this technique has never been assessed. Also, most studies did not account for within-day 

variations in the MR signal, did not include a placebo-condition, and are in some cases not 

corrected for multiple comparisons. There is thus a clear need to assess the reliability of this 

specific MR method.

To this end, the objective of this study was to examine the test-retest reliability of task-

related phMRI with a single dose of an oral SSRI (citalopram), in order to assess the effects of 

altered cerebral 5-HT function on neural correlates of 5-HT related cognitive processes. Since 

emotional processing is known to be strongly regulated by 5-HT and also to be affected in 

mood disorder (Surguladze et al., 2004), we chose an emotional face processing paradigm. 

This is one of the most used paradigms in task-related 5-HT phMRI studies. fMRI studies have 

consistently shown that emotional stimuli tend to primarily activate the amygdala, especially 

in case of emotional face processing (Anderson et al., 2008; Fusar-Poli et al., 2009). In both 

healthy volunteers and MDD patients, acute SSRI treatment was found to reduce amygdala 

responses to fearful facial expressions (Anderson et al., 2007; Anderson et al., 2011a; Del-

Ben et al., 2005; Murphy et al., 2009). We also assessed 5-HT modulation of sensorimotor 

activity, as it has been shown that 5-HT can improve motor function in both animals (Geyer, 

1996; Jacobs and Fornal, 1999) and humans (Hindmarch, 1995). Furthermore, sensorimotor 

task paradigms are known for their robustness, good repeatability and ease-of-use (Havel 

et al., 2006; Ramsey et al., 1996; Yetkin et al., 1996), and are consequently very suitable 

paradigms for test-retest reliability studies. 

We hypothesized that, presuming the method to be reliable, a single oral dosage of 

the SSRI citalopram would affect the amygdala response to emotionally laden facial stimuli, 

when compared to the baseline and the placebo scan sessions in both citalopram sessions. 

In accordance with Murphy et al. (2009) and Takahashi et al. (2005) and with findings after 

an intravenous or chronic SSRI challenge (Anderson et al., 2007; Anderson et al., 2011a; 

Del-Ben et al., 2005; Harmer et al., 2006; Windischberger et al., 2010), we expect this effect 

to be a decrease, although increased amygdala activation has been described as well (Bigos 

et al., 2008; Murphy et al., 2009). For the sensorimotor task, based upon previous studies 

(Loubinoux et al., 1999; Loubinoux et al., 2002), we expected a repeatable enhancing effect 

of citalopram on the controlateral sensorimotor cortex (S1M1).
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Methods

Participants

Twelve healthy right-handed female volunteers were recruited through advertisement. 

Participants and in- and exclusion criteria have been described previously (Klomp et al., 

2012a). In short, the inclusion criteria were: female gender, right-handed, between 20 and 

30 years of age, and currently taking oral contraceptives. Exclusion criteria included any 

serious general medical condition or one that could interfere with the interpretation of 

results, contraindications to MR imaging, current or past known brain disease, psychiatric 

or neurological disorders (according to the Mini-International Neuropsychiatric Interview 

(M.I.N.I.) Plus (van Vliet and de Beurs, 2007)), any current medication that could affect 5-HT 

function, habitual drug use and excessive consumption of alcohol (>21 U/week), caffeine (>8 

cups of coffee/day), or nicotine (>10 cigarettes/day). All subjects were instructed to withhold 

consumption of substances that could directly influence CBF (e.g. caffeine, alcohol, nicotine; 

(Mathew and Wilson, 1991)) before each scan session and between scans. Also, subjects 

were asked to refrain from any form of drug use during the entire study. Subjects were all 

on oral contraception during the study and were not scanned at menstruation in order to 

assure stable gonadal hormone levels at all scans, as fluctuations in gonadal hormones across 

the menstrual cycle are known to influence amygdala reactivity (Mareckova et al., 2012; 

Ossewaarde et al., 2010). The study was approved by a local Research Ethics Committee and 

written informed consent was obtained from each participant.

Experimental design

In this study, a balanced within-subject cross-over design was used. Participants visited 

the research centre on three occasions, with an interval of two weeks to assure complete 

washout of the drug challenge before the next session (Seifritz et al., 1996). On each occasion, 

subjects received a series of baseline scans, directly followed by an oral drug challenge. On 

two occasions, this challenge consisted of citalopram (16 mg citalopram solution (equivalent 

to one 20 mg tablet; Lundbeck, Amsterdam) dissolved in lemonade) and on one occasion a 

placebo was given (lemonade only). The order in which the different challenges were given 

was counterbalanced. Half of the subjects were randomly allocated to receive citalopram 

on the first and third research day and the other half received citalopram on the second and 

third research day. Subjects were blind to the type of challenge received. Exactly 2h after 

the oral challenge (= Tmax of oral citalopram solution; http://www.medicines.org.uk/EMC/

medicine/6153/SPC), a second series of scans was performed, which were identical to the 

first. For a detailed overview of the experimental design, we refer to (Klomp et al., 2012a). This 
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way, it was possible to both assess effect of a placebo challenge as well as the reproducibility 

of the citalopram effect. Each of the six scan sessions took about 45 minutes and consisted 

of an emotional processing task, a sensorimotor task, a behavioral inhibition task (data not 

shown; full data set was available for only 6 subjects due to technical difficulties and poor 

task performance) and a resting-state ASL scan (data described elsewhere (Klomp et al., 

2012a)). Also, during one of the sessions, a structural MRI scan was made for registration 

and segmentation purposes. Following the last MRI scan session, subjects performed an 

emotional face recognition task outside of the scanner to confirm their ability to correctly 

recognize the emotional expression of unfamiliar faces.

fMRI paradigms

All tasks were programmed using ePrime programming software (v2.0, Psychology Software 

Tools, Inc., www.pstnet.com). Task images were displayed onto a rear-projection screen 

placed in front of the MRI bed and were viewed via a mirror attached to the MRI head coil. 

Before start of the first MRI scan session, subjects shortly practiced each task outside the 

scanner behind a computer screen to verify that each subject understood the tasks and 

was able to perform them correctly. In case of the sensorimotor task, it was verified that 

participants complied with the auditory pacing.

Sensorimotor activity  A finger tapping task was used to elicit sensorimotor activity. 

The paced finger tapping task followed a block design and consisted of ten 25-s epochs 

alternating between rest (R) and activation (A), with a total task length of ± 4 min. Subjects 

were asked to sequentially touch the thumb with each of the four digits of their right hand 

during the ‘activation’ period, which was presented on the screen. During activation periods, 

participants heard a 120 Hz auditory cue, which they had to use for pacing. During the ‘rest’ 

condition, subjects were asked to relax and not to move at all. 

Emotional processing  To assess emotional processing, a covert emotional face 

processing task was used. Subjects were presented with pictures of faces adapted from the 

NimStim Face Stimulus Set (MacArthur Foundation Research Network on Early Experience 

and Brain Development, http://www.macbrain.org). The faces included different genders 

and ethnicities and were presented in black and white on a black background, with hair and 

clothing removed (See Figure 1 for examples). Included face models of the NimStim set were 

08, 10, 11, 14, 28, 34, 39, and 40. The following types of affect were presented: happy (H), 

fear (F) and neutral (N). The emotionally loaded pictures (H and F) were presented at two 

different intensities; either very (100%) happy or fearful (H/F100) or slightly (50%) happy or 
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fearful (H/F50) (Perlman et al., 2012). As control condition (C), pictures of distorted faces 

were used. Care was taken to ensure that the colors, size, shape and contrast of the control 

stimuli were equal those of the experimental stimuli. For each of these six conditions (N, 

H50, H100, F50, F100, and C), four blocks of four stimuli were presented, making a total 

of 24 blocks. Stimulus presentation time was 3.5 s, with an interstimulus interval of 0.5 s 

and a 4.0 s fixation between blocks. Thus, each block lasted 20 s, with total task duration of 

approximately 8 min. Volunteers were instructed to identify the gender of the faces (“press 

left button for women and right button for men”) or indicate in which direction the arrow 

was pointing in case of the control stimuli. In order to overcome learning effects, there were 

four different versions of this task, which were randomly assigned over the six different 

scan sessions per subject. The different versions consisted of the exact same stimuli, only 

the order in which the stimuli and the different conditions were presented was changed. 

The practice session that was conducted 30 minutes prior to the first series of MRI scans 

consisted of three blocks of four stimuli (N, H, F, and C), presented in random order and was 

the same for all participants.

Emotional face recognition task

At the end of the study and outside of the scanner, participants were shown similar faces 

as during the emotional processing task (NimStim Face Stimulus Set), displaying the same 

types of affect (happy (H), fear (F) and neutral (N)). Subjects were asked to identify which of 

these three types of affect the face was expressing. Again, the emotionally loaded pictures 

(H and F) were presented at two different intensities. Stimuli were presented for either a 

long time (2000 ms) or a short time (100 ms). In total, there were 80 stimuli to assess (8 

pictures per affect (H50, H100, F50, F100 and N) and per presentation time). Hits, misses 

and omissions were recorded. 

Imaging data acquisition

All MR imaging was conducted on a 3.0 Tesla Philips MR scanner with an SENSE 8-channel 

head coil and body coil transmission (Philips Intera; Philips Medical Systems, Best, The 

Netherlands). Imaging parameters of the task-related functional MRI scans were: TR/

TE 2300/30 ms; FOV 220×220×120 mm2; matrix size 96×95; 40 contiguous transversal 

slices; ascending acquisition, thickness 3 mm; gradient echo single shot echo-planar EPI 

pulse sequence. Number of dynamics for the emotional processing task was 215 with a 

total scanning time of 8:23 min, and 100 dynamics with a total scanning time of 4:22 min 

for the sensorimotor task. For the structural scan imaging parameters were as follows: 
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high-resolution 3D T1-weighted anatomical image; TR, 9.8 ms; TE, 4.6ms; 120 contiguous 

transversal slices.

Figure 1. Examples of stimuli of the covert emotional face processing paradigm. Stimuli used in 
this task paradigm comprised of faces expressing either happiness (A) or fear (B) or a neutral face 
expression. Baseline stimuli consisted of a distorted face with a black arrow on top (C), pointing either 
to the left or to the right. 

Data analysis

Imaging data was analyzed using FEAT (FMRI Expert Analysis Tool) v5.90, part of FSL v4.1.6. 

(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Images were skull stripped, corrected 

for motion artifacts, spatially smoothed with a full width half maximum Gaussian kernel 

of 5 mm and registered to the Talairach and Tournoux stereotactic space (‘standard space’, 

Talairach and Tournoux, 1988) using Montreal Neurological Institute (MNI) templates to 

facilitate intersubject averaging. Imaging data were high-pass filtered with a cutoff of 50 

s in the emotion processing task and 25 s in the sensorimotor task. Subsequently, first-

level analysis was performed on each scan using a task-specific general linear model (GLM) 

to model task-related blood oxygenation level-dependent (BOLD) signal changes. For the 

emotional processing task, each facial expression (N, H, F) was contrasted to either the 

control condition (C) or the neutral face expression (N). Also, all face expression together 

(N+H+F) were contrasted to the control (C) and all emotional expressions (H+F) to the 

neutral expression (N), resulting in seven first-level contrasts. For the sensorimotor task, 

BOLD signal change was modeled for ‘tapping’ vs. ‘rest’ only. For every contrast, both the 

positive as well as the negative contrast was modeled (representing respectively task-related 

activation and deactivation).
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Voxel-based higher-level analysis  First-level contrasts were entered into higher level 

mixed-effects models within FEAT. Mean task-related brain activity was assessed by taking 

the average activation over all sessions per subject and subsequently averaging these subject-

averages to a group mean. The within-day and between-days variability were determined 

with either a paired t-test (placebo vs. its baseline) or a repeated measures ANOVA analysis 

(all three baseline sessions). To determine the effects of citalopram on task-related activity, a 

2-by-2 ANOVA with time (pre- & post-challenge) and drug (citalopram & placebo) as factors 

was performed. Only in case of significant time-by-drug interaction effects, paired t-tests 

were performed as post-hoc analyses to determine which scan sessions were driving the 

observed effects For the emotion processing task, the different emotion conditions were 

only retained in the case of significant drug-by-emotion interactions, which were evaluated 

using factorial ANOVAs. All resulting statistical parametric maps were thresholded at a 

Z-value > 1.8 with a cluster-based FWE correction at p < 0.05.

ROI-based higher level analysis  For each first-level contrast of interest, the average 

percentage signal change in a predefined region of interest (ROI) was extracted. For the 

emotional processing task, this was the bilateral amygdala. For the sensorimotor task, this 

was the left motor area, consisting of the left primary motor cortex, premotor cortex and 

primary somatosensory cortex. All masks were made based upon Juelich Histological atlas 

templates (incorporated within FSL v4.1.6). Effects of citalopram within the ROIs were 

determined by a 2-by-2 ANOVA with time (pre- & post-challenge) and drug (citalopram & 

placebo) as factors, analogous to the voxel-based analysis. In analogy to previous studies in 

which no placebo session was used, post-hoc analyses (paired t-tests) were exploratively 

performed regardless the significance of time-by-drug interaction effects. ROI-based 

analyses were performed in SPSS (IBM SPSS Statistics v19.0).

Results

Subjects

Citalopram administration was well tolerated by all subjects (mean age 22.9 ± 3.0 years) 

and no clinical side effects were reported during or after the experiment. The average time 

between the baseline scan session and the second scan session, i.e. time between challenge 

intake and the subsequent scan session, was 2 h and 3 min ± 4.2 min. The average time 

between the assessment days was 15 ± 2.5 days. One subject had to be excluded from 
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analysis, since no complete set of six scans could be obtained for this participant. In total 

eleven subjects were included in the analyses. 

Sensorimotor activity

For the finger tapping task, highly robust task-related brain activity was found in the left 

primary somatosensory cortex, premotor cortex, visual cortex (V5), superior temporal gyrus 

(auditory cortex), and putamen, the bilateral thalamus, parietal cortices and cerebellum 

(Figure 2). Task-related deactivation was found in the left temporal cortex (temporal pole, 

temporal occipital fusiform cortex, and inferior temporal gyrus), in the precuneus, postcentral 

gyrus, cuneus and in the frontal region (superior frontal gyrus, paracingulate gyrus, anterior 

cingulate gyrus, inferior frontal gyrus, and frontal pole). No significant differences were 

found between the three baseline scan sessions. Analysis of variance revealed a significant 

time-by-drug interaction and subsequent post-hoc analyses revealed that these were 

predominantly driven by significant differences between the citalopram and placebo scans. 

There was a significant enhancing effect of the citalopram challenge (i.e. increased activity) 

in the anterior cingulate gyrus (ACC), paracingular gyrus (PCC) and frontal medial cortex 

(mPFC), and these findings were comparable between both citalopram sessions (Figure 3). 

These areas largely overlap with the earlier mentioned task-deactivated areas. ROI-based 

analysis showed no effect of citalopram compared to placebo (time-by-drug effect) on the 

left motor area during both citalopram sessions (F(1,40) = 0.178, p = 0.675, effect size (η2) = 

0.004 and F (1,40) = 0.016, p = 0.900, η2 < 0.001, for Cit1 and Cit2 respectively).

Figure 2. Statistical parametric map 
of task-related (de)activation of the 
sensorimotor paradigm. Task-related 
activity is shown in red, deactivation is 
shown in blue. Maps are thresholded 
at     Z > 1.8 with a cluster-based multiple 
comparison correction (FWE; p = 0.05).
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Figure 3. Statistical parametric map 
of the citalopram effect related to the 
sensorimotor paradigm. Positive (i.e. 
enhancing) effect of the first citalopram 
challenge (Cit1) is shown in red, positive 
effects of the second citalopram 
challenge (Cit2) are shown in green. 
Maps are thresholded at Z > 1.8 with 
a cluster-based correction for multiple 
comparison (FWE; p = 0.05).

Figure 4. Statistical parametric map of task-related (de)activation of the emotional processing 
paradigms. A) Results of the ‘face stimuli vs. baseline stimuli’ contrast, and B) results of the ‘emotion 
vs. neutral faces’ contrast. Task-related activity is shown in red, deactivation is shown in blue. Maps are 
thresholded at Z > 1.8 with a cluster-based multiple comparison correction (FWE; p = 0.05).



184

Part 3: Methodological issues

Figure 5. Statistical parametric map 
of the citalopram effect related to the 
emotional processing paradigm. Effect 
of the first citalopram challenge (Cit1) on 
emotional processing (‘faces vs. baseline 
stimuli’ contrast) is shown in red, effect 
of the second citalopram challenge (Cit2) 
is shown in green. Maps are thresholded 
at Z > 1.8 with a cluster-based multiple 
comparison correction (FWE; p = 0.05).

Emotional processing

Analysis of variance showed no main effect of emotion or an interaction effect of emotion 

with drug or time in the covert emotional face processing task. Therefore, no distinction was 

made between the different types of emotions displayed, and only the ‘faces vs. baseline’ and 

the ‘emotion vs. neutral’ contrasts were used for further analysis. For the ‘faces vs. baseline’ 

contrast, task-related brain activity was found mainly in the bilateral amygdala, and fusiform 

cortex (fusiform face area (FFA)) and further in the superior frontal gyrus, left inferior frontal 

gyrus, right frontal medial cortex and frontal orbital cortex, right primary somatosensory 

cortex, right premotor cortex, right superior temporal gyrus and the right precuneus (Figure 

4a). Task-related activation was much less pronounced in case of the ‘emotion vs. neutral’ 

contrast, with only significant clusters of activation in the (bilateral) amygdala, left FFA, 

superior frontal gyrus / frontal pole, and bilateral inferior frontal gyrus (Figure 4b). Task-

related deactivation was found in the bilateral lateral occipital cortex, precuneus, temporal 

occipital fusiform cortex, occipital fusiform gyrus, middle temporal gyrus, paracingulate 

gyrus, frontal pole, superior frontal gyrus, and inferior frontal gyrus for the ‘faces vs. baseline’ 

contrast (Figure 4a). Except for the frontal regions, regions of deactivation were again similar 

but less profound for the ‘emotion vs. neutral’ contrast (Figure 4b). For both contrasts, there 

were small but significant differences between the three baseline scans. Post-hoc analyses 

revealed that these differences depended mainly on differences between the second and 

third baseline scan. Effects of the citalopram challenge compared to the placebo challenge 

were only seen within the ‘faces vs. baseline’ contrast. The ANOVA analysis revealed small 
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but significant time-by-drug interaction effects during both citalopram sessions. However, 

post-hoc analyses showed that during the first citalopram session, the drug caused decreased 

activity in parts of the occipital and parietal lobe (precuneus, primary visual cortex, lingual 

cortex), while during the second citalopram session increased activity in the frontal cortex 

(frontal pole, frontal medial cortex, paracingulate gyrus) was seen (Figure 5). In both cases 

the drug-induced changes were located outside the task-activated areas, but did partially 

overlap with the task-deactivated areas. 

ROI-based analyses showed no significant effect of citalopram compared to placebo 

(time-by-drug effect) in the amygdala for both contrasts and during both citalopram sessions 

(‘faces vs. baseline’: F(1,40) = 0.031, p = 0.862, η2 = 0.001 and F (1,40) = 2.794, p = 0.102, η2 

= 0.065, for Cit1 and Cit2 respectively; ‘emotion vs. neutral’: F(1,40) = 1.040, p = 0.314, η2 

= 0.025 and F (1,40) = 0.732, p = 0.397, η2 = 0.018, for Cit1 and Cit2 respectively). However, 

when directly comparing the citalopram scan and its preceding baseline scan (thus without 

taking the placebo session into account), there was a significant positive effect of citalopram 

in the amygdala for the ‘faces vs. baseline’ contrast, but only during the second citalopram 

session (t(10) = -2.761, p = 0.020).

Emotional face recognition

Subjects performed near ceiling on the emotional face recognition task that was applied 

at the end of the study. Subjects made very few incorrect responses or omission errors (on 

average, 87.6% of the targets were assessed correctly). Most of the errors made concerned 

a slightly happy or fearful face (H/F50) being mistaken for a neutral face (N). Almost all 

mistakes were made in the ‘short presentation time’ condition in which the stimuli were 

only shown for 100ms. All subjects were thus considered to be able to correctly recognize 

the shown emotions of unfamiliar faces. 

Discussion

We aimed at verifying the test-retest reliability of BOLD-based phMRI with a single-dose 

oral SSRI challenge to assess neural correlates of 5-HT related cognitive processes. For 

this purpose, we chose fMRI paradigms for emotional face processing and sensorimotor 

function.

Main task effects

In accordance with previous studies (Loubinoux et al., 1999; Loubinoux et al., 2002), the 

sensorimotor task mainly activated the contralateral primary somatosensory cortex (S1M1) 



186

Part 3: Methodological issues

and premotor cortex, bilateral thalamus, parietal cortices and cerebellum (See also Figure 

2). Task-related deactivation was seen in the (pre)frontal regions, left medial temporal 

lobe and medial superior parietal lobe (precuneus cortex). For the emotional processing 

task, activation was mainly found in the bilateral amygdala, fusiform face area and (pre)

frontal regions (Figure 4). The faces vs. baseline contrast resulted in larger and more robust 

patterns of activation than the emotional vs. neutral faces contrast. These results are in 

concordance with previous literature (Fusar-Poli et al., 2009). The patterns of task-related 

deactivation were similar for both contrasts and also similar to the areas of deactivation 

seen in the sensorimotor task. As expected, the sensorimotor task gave the most robust and 

reliable signal of the two task paradigms. For this task, there were no significant differences 

in activation pattern between the three baseline scans, each made two weeks apart. For the 

emotion processing task however, there were small but significant differences in activation 

pattern between the three baseline scans, showing more variable and thus less robust task 

activations with this particular paradigm.

Effects of citalopram on task-related (de)activation

For both paradigms, whole brain voxel-based analysis no significant effect of the oral 

citalopram challenge on task-related activation. In the emotional face processing paradigm, 

we found a positive effect of citalopram in the amygdala for the ‘face vs. baseline’ contrast 

during the second citalopram session only, when directly comparing the citalopram scan 

and its corresponding baseline scan. Although this is in concordance with findings of 

increased human amygdala reactivity to emotionally laden facial stimuli after intravenous 

administration (Bigos et al., 2008), this citalopram-related amygdala activation could not be 

reproduced between sessions and was no longer statistically significant when taking within-

day variation (determined by the placebo session) into account. ROI-based analysis showed 

no robust effect of citalopram in the contralateral motor area in the sensorimotor paradigm. 

However, for the sensorimotor paradigm, there was a significant and reproducible 

decrease of task-related deactivation in the mPFC and PCC after citalopram intake (Figure 

3). With respect to the emotion processing paradigm, some effects of citalopram in task-

deactivated areas were present as well (‘faces vs. baseline’ contrast only). However, the 

specific areas in which these effects were seen did not overlap between sessions: during the 

first citalopram session, a citalopram-induced decrease of activity was seen in the occipital 

and parietal regions (precuneus), whereas during the second citalopram session increased 

activity was observed in the frontal regions (mPFC and PCC) (Figure 5). 

These results are only partially in agreement with our hypotheses and with previous 

work. While we had no prior hypotheses about the effects of the citalopram challenge on 
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task-deactivation processes, we had expected an effect of oral citalopram on the contralateral 

sensorimotor cortex (S1M1) for the sensorimotor task and on amygdala activation related 

to emotional faces, in accordance with previous studies using an oral challenge (Loubinoux 

et al., 1999; Loubinoux et al., 2002; Murphy et al., 2009; Takahashi et al., 2005). We were 

however not able to replicate these earlier findings and thus the repeatability of the effect of 

the oral challenge on sensorimotor activity and emotional processing could not be assessed. 

Several possible explanations could underlie this negative finding. First, in the studies 

of Loubinoux et al. (1999; 2002) on sensorimotor activity, two different types of SSRI were 

used (fluoxetine and paroxetine), against citalopram in our case. Also, a much older subject 

population was assessed with a mean age of ± 50 years, against ± 23 years in our population. 

Both studies used both male and female subjects while we only included females. These 

methodological differences could have accounted for the fact that the results of Loubinoux 

et al. were not replicated. Also Murphy et al. (2009) used a different study design; a 

between-subjects design with one citalopram-treated group vs. a placebo-treated group. 

The design of Takahashi et al. (2005) was more in concordance with our design, but they 

used unpleasant vs. neutral pictures as stimuli instead of emotionally laden faces. Also, 

both studies did not include a non-challenged (baseline) scan prior to the challenge scan in 

order to account for within-day variation. The strength of the design chosen in the current 

study is that it enabled us to take variations in task-activation over time into account, in 

addition to possible placebo effects, and that we are able to assess the test-retest reliability 

of this technique, which no other study has done before. The importance of such a design is 

illustrated by the fact that we did find an effect of citalopram on amygdala activation during 

one of the citalopram sessions with a ROI-based approach, which was no longer statistically 

significant when taking within-day variation and which could not be replicated over sessions. 

Thus, although earlier studies have shown effects of citalopram on emotion processing 

in the amygdala and on motor activity in the S1M1, we were not able to replicate these 

findings with a single-dose oral challenge, most likely due to methodological differences 

between the studies. 

Effects of citalopram on task-related deactivation

In both paradigms, we observed a significant positive effect of the oral citalopram challenge 

in brain areas that were related to task-deactivation processes (mPFC, PCC and precuneus). 

These brain areas are known to be part of the so-called default mode network (DMN), also 

referred to as the task-negative network (Fox et al., 2005). This network is not only known to 

have high neuronal resting-state activity, but also to deactivate during goal-directed behavior 

(Buckner et al., 2008; Cavanna and Trimble, 2006). As is clear from previous studies, 5-HT 
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plays a role in these processes, although the precise pathway(s) remain unclear (Greicius 

et al., 2007; Grimm et al., 2009; Kunisato et al., 2011). In our study, task-negative BOLD-

responses diminished after the citalopram challenge. In case of the sensorimotor paradigm, 

this effect was reproducible over time and was mainly seen in the medial frontal region 

(mPFC and PCC). For the emotion processing task, an effect on task-deactivation was seen 

as well, but the effects were smaller and they were located in different task-negative brain 

areas over sessions (precuneus vs. medial frontal cortex). A possible explanation could be 

the difference in control conditions between the two paradigms. In the sensorimotor task, 

the control condition was ‘rest’, while in the emotional processing paradigm the control 

condition consisted of indicating the direction of an arrow. Although most probably still 

less cognitively demanding than indicating the gender of a face, this can still be considered 

goal-directed behavior. Thus, is seems reasonable that the deactivation of DMN brain 

regions during goal-directed behavior (and thus also the effect of an SSRI hereupon) was 

more difficult to detect in the emotional face processing paradigm. Reduced negative BOLD-

response during emotion processing has been described in MDD patients (Anand et al., 

2005; Grimm et al., 2009). Our findings are moreover in agreement with a recent meta-

analysis from Delaveau et al. (2011), which concluded that antidepressants restore normal 

deactivation of the DMN during externally-oriented tasks in MDD patients. Future research 

investigating the role of 5-HT and the effects of SSRIs on the DMN is required and would be 

of great interest considering our findings.

Strengths and limitations

One of the main strengths of this study is its experimental design. By adding a baseline 

scan before each challenge scan and by using a placebo condition, we are able to take into 

account within-day and between-day variations in BOLD response related to the tasks and 

to assess possible placebo-effects. Order effects were ruled out by counterbalancing of 

the placebo and citalopram challenge and our within-subject design enables us to rule out 

most of the subjective differences in drug response. Last, but not least, by giving the oral 

citalopram challenge twice, we could evaluate the reproducibility of this specific technique. 

No previous study, using either an oral or intravenous challenge, has taken all these aspects 

into account. If phMRI is to become a reliable research tool readily usable in clinical practice, 

these methodological aspects need to be taken into account more routinely.

First onset of 5-HT-related disorders such as mood- and anxiety disorders usually occurs 

during (early) adolescence (Kessler et al., 2005; Merikangas et al., 2010). It has therefore 

not only been suggested that interventions aimed at prevention or early treatment need to 

focus more on youth, but also that research should lay more emphasis on the developing 
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brain instead of the adult brain. For this purpose we applied an oral administration, a less 

invasive research tool that is readily available for children and adolescents. Unfortunately, 

oral administration results in higher inter-subject variability in drug levels within the brain 

than for example intravenous administration. It might therefore have valued our study if 

the fMRI results were correlated to each individual’s plasma concentrations of citalopram 

on a given time after the challenge. Still, this variation is also taken into account with the 

placebo-controlled within-subject design that was used in this study. Related to this, another 

limitation could be that the current study was limited to a relatively small sample size of 12 

subjects. Nevertheless, our group size is similar to related work (Loubinoux et al., 1999; 

Loubinoux et al., 2002; Murphy et al., 2009; Takahashi et al., 2005) and the within-subjects 

design that was used increases statistical power by reducing the error variance associated 

with individual differences, thus reducing the need for large sample sizes. Also, the effect 

sizes of our ROI analyses do not suggest that higher statistical power would have lead to 

significant and reproducible results in these areas.

Conclusions

Using a within-subject design, phMRI with a single-dose oral challenge of the SSRI citalopram 

in combination with 5-HT related fMRI paradigms did not result in reproducible effects on 

neuronal activation related to emotion processing and/or locomotor activity. However, 

we did find reproducible effects of the oral 5-HT challenge on task-related deactivation, 

particularly in the medial frontal cortex. The involved areas are known to be part of the 

task-negative network, which has been previously shown to be influenced by 5-HT as well. 

Our findings therefore suggest that the here described technique might be used to reliably 

assess 5-HT function via its effects on task-negative processes. Also, more care should be 

taken to assess the repeatability of drug effects on cognitive processes and to rule out 

effects of time and placebo treatment in future oral phMRI studies.
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Abstract

Animal studies have shown that methylphenidate (MPH) and fluoxetine (FLX) have different 

effects on dopamine and serotonin in the developing brain compared to the developed 

brain.  The effects of Psychotropic drugs On Developing brain (ePOD) study is a combination 

of different approaches to determine whether there are related findings in humans. Animal 

studies were carried out to observe age-related effects of psychotropic drugs and to 

validate different new neuroimaging techniques. We have set up two double-blind placebo 

controlled clinical trials with MPH in 50 boys (10-12 years) and 50 young men (23-30 years) 

suffering from ADHD (ePOD-MPH) and with FLX in 40 girls (12-14 years) and 40 young 

women (23-30 years) suffering from depression and anxiety disorders (ePOD-SSRI) next to 

a cross-sectional study on age-related effects of these psychotropic medications in patients 

who were treated previously with MPH or FLX (ePOD-Pharmo).  The effects of psychotropic 

drugs on the developing brain are studied using neuroimaging techniques together with 

neuropsychological and psychiatric assessments of cognition, behavior and emotion. All 

assessments take place before, during (only in case of MPH) and after chronic treatment.  

The combined results of the three different approaches will provide new insight into the 

modulating effect of MPH and FLX and age-at-treatment during brain development.
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Introduction

Brain development during adolescence is a vulnerable and critical process (i.e. synaptogenesis, 

(Swaab and Boer, 2001), and therefore sensitive to pharmacological interventions. Treating 

children and adolescents during this period with serotonergic (5-HTergic) or dopaminergic 

(DAergic) drugs like fluoxetine (FLX) and methylphenidate (MPH), is likely to have influence 

on maturation of the brain. For instance, FLX (a selective serotonin reuptake inhibitor (SSRI) 

is known to increase extracellular levels of 5-HT by blocking the serotonin transporter 

(SERT) and animal studies have demonstrated that periadolescent 5-HT pharmacological 

manipulations can lead to abnormal outgrowth of the 5-HT system (Iñiguez et al., 2010; 

Karanges et al., 2011). Recently, pilot experiments by our group have shown that chronic 

treatment with FLX results in a significant increase in prefrontal and hypothalamic SERT 

(+30%, p< 0.01) in juvenile-treated rats, but not in adult treated rats (Bouet et al., 2012). 

These findings are in accordance with Wegerer et al. and Bock et al., who have also shown 

that this effect persists into adulthood, long after discontinuation of treatment with SSRIs 

(Bock et al., 2005; Wegerer et al., 1999). These studies suggest that 5-HT manipulations 

may have an impact on the regulation of 5-HT outgrowth which is dependent on the age of 

exposure. 

Also for the DAergic system, recent animal studies with MPH have demonstrated 

that the effect on DAergic functioning in the brain differs between children and adults, 

suggesting an age effect of treatment. In rats for instance, early treatment with MPH led to 

a considerable (-50%) reduction of dopamine transport density (DAT) in the striatum and 

other DA-rich brain regions when compared to non-treated animals, whereas no effects 

have been observed in adult animals (Grund et al., 2006; Kirchheiner et al., 2001). These 

alterations in the DA system have been shown to relate to behavioral abnormalities. For 

example, young rats treated with MPH show after long-term follow-up, more anxiety- 

and depression-related behavior than adult rats treated with MPH (Bolanos et al., 2003). 

There is some clinical evidence for related findings in humans, for example in the NIMH 

Collaborative Multisite Multimodal Treatment Study of Children With Attention-Deficit/

Hyperactivity Disorder (MTA) where children who received behavioral therapy had a lower 

rate of diagnoses of anxiety or depression (4.3%) after treatment than the children who were 

treated with methylphenidate (19.1%) thus indicating an increase of emotional disorders six 

to eight years after treatment with methylphenidate (Molina et al., 2009). Differences have 

also been found between adolescent and adult patients treated with MPH on fMRI studies, 

with adolescent patients treated with MPH showing more activity in the prefrontal cortex 

after treatment than adult patients (Epstein et al., 2007). 
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Thus, evidence is slowly emerging that the long-term effects of drug exposure are 

delayed and come to expression once the vulnerable system reaches maturation (i.e., 

typically during adulthood). This phenomenon is known as neuronal imprinting and occurs 

when the effects of drug exposure outlast the drug itself (Andersen and Navalta, 2004). 

Still, very little is known on exposure during later brain development. Most (clinical) 

studies are hampered by the fact that they are retrospective in design, and therefore the 

findings could be caused by other factors on which the groups differed. As pointed out by 

Shaw and colleagues: ‘….the ideal study design for this question would be a randomized 

trial comparing cortical growth in children on psychostimulants against an unmedicated 

comparison group—but this would be both logistically and ethically challenging’ (Shaw et 

al., 2009). Notwithstanding this challenge, we have set up three studies: two randomized 

controlled trials (RCTs) and a retrospective cohort study, investigating the possibility of 

the existence of ‘neuronal imprinting’ in children medicated with these drugs while using 

several modalities to assess neurocognitive development. Here we report on the objectives 

and methods of these studies. 

Objectives

Primary objective:

The primary objectives of the ePOD randomized clinical trials (RCTs) are to report on the 

short-term age-dependency of the effect(s) of MPH treatment on the developing DA system 

and on the age-dependency of the effect(s) of FLX on the developing 5-HTergic system, using 

pharmacological MRI (phMRI) Furthermore, we aim to study the long-term effects of these 

drugs in a cohort study based on medical prescription data.

Secondary objectives:

1. To report on the age-dependency of MPH and FLX on the outgrowth of the DA system 

and the 5-HT system using functional outcome measures (DTI, fMRI, rs-fMRI and 

neuropsychological assessments (NPA)). 

2. To report on the age-dependency of the effects of FLX on 5-HT driven HPA axis activity 

using cortisol measures. 

3. To report on the role of the 5-HTTLPR polymorphism upon the age-dependency of FLX 

on the outgrowth of the 5-HT-ergic system

4. To report on the effects of MPH on restless legs (RLS) symptoms and insomnia.
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Design

General design of the ePOD project

As only a long-term prospective study in patients randomly assigned to MPH or SSRIs and 

placebo conditions can determine unequivocally whether the (adverse) effects of these 

medications on the neurotransmitter systems interact with the age when these drugs are 

prescribed. However, it would not be ethical to deprive subjects in a placebo setting from 

treatment for extensive periods of time. Therefore, in addition to the RCTs, which will 

last 4-5 months, we investigate the long-term effects in a cohort study based on medical 

prescription (the Pharmo study). The three sub-studies of the ePOD project include:

•	 ePOD-MPH: The first RCT with medication naïve ADHD patients will involve three NPA 

and MRI scanning sessions: before starting with the study medication (baseline session), 

during treatment with MPH or placebo (week 8) and after trial end following a 1-week 

washout period (week 17) . 

•	 ePOD-SSRI: The second RCT involving medication naïve MDD and anxiety disorder 

(AD) patients receive NPA and MRI sessions: before starting with the study medication 

(baseline session) and after treatment with FLX (week 19)  including a 3-week washout 

period. 

•	 ePOD-Pharmo: This will be a cross-sectional study with a cohort of subjects suffering 

from ADHD or MDD or AD now or in the past. They will receive the same assessments 

as in the first two sub-studies but only once.  

The outcome measures in the ePOD-MPH, ePOD-SSRI and ePOD-Pharmo studies. In 

addition, currently known potential confounders like age in months, ratings of symptom 

severity and in the SSRI trial, the 5-HTTLPR polymorphism, are registered. Both clinical trials 

are approved by the Central Committee on Human Research in the Netherlands (CCMO)

Randomized Controlled Trial design and study samples

The RCTs consist of a 16-week multicenter randomized, double blind, placebo-controlled 

trial with a washout period of one week (MPH) or three weeks (FLX).  Subjects are stratified 

into two age categories: children (MPH), 10-12 years/adolescents (FLX), 12-14 years and 

adults (MPH and FLX), 23-30 years. These two groups are randomly assigned to either 

placebo or active treatment. NeuroPsychological Assesment (NPA) and Magnetic Resonance 

Imaging (MRI) assessment days will take place before treatment (baseline), during treatment 

(only in the MPH trial) and following the washout period (see Figure 1 for the timeline for 

ePOD-SSRI). Baseline measurements are compared with the results during the trial and at 

endpoint. Differences in treatment-effect are compared between the two age categories 
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(children vs. adult) and with healthy controls. In view of our hypothesis that the active 

treatment results in long lasting or even permanent changes in the developing monoamine 

system, we expect no differences between the two age-groups during treatment (due to 

the presence of active treatment: MPH trial only), but only after stopping the treatment 

(because the effect of active treatment has subsided in adults, but enduring changes in 

the pediatric brain have taken place). Washout periods were chosen based on chemical 

properties (rate of elimination based on five half–live times) and ethical considerations 

(time without treatment).

A total of 100 children (10-12 years of age) and adult (23-30 years of age) male 

outpatients diagnosed with ADHD (all subtypes) and in need of pharmacological therapy 

will be included in ePOD-MPH and total of 80 adolescent (12-14 years of age) and adult (23-

25 years of age) female outpatients with moderate to severe MDD or an anxiety disorder in 

need of pharmacological treatment will be included in ePOD-SSRI. Patients that have used 

medications or drugs that influence the monoamine systems involved before age 23 will not 

be eligible.

Patients are being recruited from clinical programs at the Child and Adolescent Psychiatry 

Center Triversum (Alkmaar) and from the department of (Child and Adolescent) Psychiatry 

of the Bascule/AMC (Amsterdam), and from PsyQ mental health facility in The Hague. The 

diagnosis will be made by an experienced psychiatrist based on the Diagnostic and Statistical 

Manual of Mental Disorders, (DSM-IV), Fourth Edition, (American Psychiatric Association, 

1994) and confirmed by a structured interview: Diagnostic Interview Schedule for Children 

(National Institute of Mental Health Diagnostic Interview Schedule for Children Version IV 

(NIMH-DISC-IV, (Shaffer et al., 2000)), Dutch translation Ferdinand RF, van der Ende J, 1998, 

Rotterdam, the Netherlands), in children or in parents and Diagnostic Interview for Adult 

ADHD (DIVA), (Kooij, 2012) , in the MPH trial and the Diagnostic Interview Schedule for 

Children in children and the Composite International Diagnostic Interview (CIDI; lifetime 

version 2.1 (World Health Organization, 1990), Dutch translation by Smitten, Smeets and 

van den Brink, Amsterdam 1998) and Hamilton Anxiety Scale (HAM-A) (Hamilton, 1969) 

in adults.  Patients with co-morbid axis I psychiatric disorders requiring treatment with 

medication at study entry, with IQ lower than 80 (as measured by a subtest of the Wechsler 

Intelligence Scale for children-Revised (WISC-R), National Adult Reading Test (NART) 

(Willshire et al., 1991), Dutch translation (Schmand et al., 1991) and MDD patients with 

current risk of suicide attempt are excluded. 

We chose to include male patients in ePOD-MPH to limit subject variation and because 

ADHD is most prevalent in males (Boyle et al., 2011). The cut-off point of 10-12 years of age 

is chosen because peak prevalence of ADHD is 10 years of age (Burd et al., 2003) and also 
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because several MRI parameters greatly change until 8-10 years of age (Ben et al., 2005), 

whereas the rate of increase of neuronal growth and pruning reduces after 10 years of age. 

The age range of the adults is chosen in line with previous studies involving a comparison 

between matured versus immature brain (Sowell et al., 1999). 

Only female subjects were chosen in ePOD-SSRI based on the higher prevalence of MDD 

and AD in this population (Hasin et al., 2005). For the adolescent group we chose a cut-off 

point of 12-14 years of age because the risk of MDD and AD onset increases approximately 

8 fold at this age compared to children younger than 10 years of age (Birmaher et al., 1996; 

Merikangas et al., 2010).

Figure 1. Timeline study procedures SSRI trial; *only in adolescents.

Cohort study design and study sample

In the ePOD-Pharmo study, early-and late SSRI-and MPH exposed subjects are recruited 

through the Pharmo database, in addition to unexposed subjects. The PHARMO Institute 

(Utrecht, the Netherlands) collects, maintains and performs research on patient-centric data 

to derive real-life insights for tailoring of medicines, in order to improve the effectiveness 

and risk management of drugs as used in daily practice. A major characteristic of the 

PHARMO Institute is that it focuses on geographically and demographically defined areas 

where complete coverage of the population is established (denominator). This results 

in a unique database with a large quantity of anonymized patients enabling follow-up of 

exposure and medical events for more than 20 years. In the ePOD-Pharmo project subjects 

will be invited to participate in a single assessment day (cross-sectional design) with similar 

NPA and MRI investigations as in the ePOD RCTs. The outcome measures will be compared 
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to adult controls that have not been previously treated with these drugs and with healthy 

controls (not part of the current trial).

Study sample of the ePOD-Pharmo trial

Subjects eligible for study participation are 23-30 years of age and preferably diagnosed 

with ADHD or MDD/anxiety disorder. The first two groups will have a history of MPH or 

SSRI (preferably FLX) treatment before the age of 16. Groups three and four are defined as 

with a history of treatment only in adulthood (between 23 and 30 years of age). Age-and 

sex matched control groups will be formed consisting of medication naive subjects suffering 

from ADHD or MDD/anxiety disorder. All six groups will contain 25 subjects. 

Assessments

Clinical rating scales

For both RCTs we use one set of clinical rating scales to assess symptom severity and 

functioning at baseline and after treatment. For each study separately we have some 

additional, disorder-specific rating scales. The basic set includes the Clinical Global 

Impression scale (CGI), (Guy, 1976), the Clinical Global Assessment Scale (CGAS) (Shaffer et 

al., 1983) in children and the Global Assessment of Function (Endicott et al., 1976) in adults. 

In both groups the Children’s Depression Inventory (CDI) (Saylor et al., 1984) and an anxiety 

scale, the Screen for Child Anxiety Related Emotional Disorders (SCARED) (Birmaher et al., 

1997), will be administered to children and the Beck Depression Inventory (BDI) (BECK et al., 

1961) and the Beck Anxiety Index (BAI) (BECK et al., 1988) to adults. To measure disorder 

specific symptoms, a translation of the Disruptive Behavior Disorders Rating Scale (DBD-

RS) (Pelham, Jr. et al., 1992) is used in children and the ADHD-SR (Rosler et al., 2006) in 

adults in the ePOD-MPH study. To measure depressive symptoms in children the Childhood 

Depression Rating Scale (CDRS) (Poznanski et al., 1979) will be completed in the ePOD-SSRI 

study.

Imaging parameters

During the ePOD-MPH study two scanning sessions will take place at baseline and after 

the washout period. Imaging parameters are directed towards the DAergic and 5-HTergic 

system: DAergic and 5-HTergic brain activity will be assessed using phMRI, which is the 

primary outcome measure of the study. DA and 5-HT connectivity will be assessed using 
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rs-fMRI and DTI, and task related brain activity during 5-HT (emotional processing) and DA 

(motor inhibition) fMRI tasks. 

phMRI 

With phMRI, a neurotransmitter specific pharmacological challenge is given, causing changes 

in neurovascular coupling and subsequent region-specific hemodynamic changes. DAergic 

(dys)function has been previously assessed by imaging changes in cerebral hemodynamics 

following a DAergic challenge (Jenkins et al., 2004). Based on the literature and experiments 

from our own group (in submission), we expect in the MPH study an increased CBF in 

specific brain areas (e.g. thalamus and frontal cortex) evoked by the DA challenge with MPH 

in treated children when compared to pre-treatment baseline scans and untreated subjects, 

reflecting changes in DA neuronal activity (Andersen and Teicher, 2008).

After the baseline session subjects will receive an oral dose of MPH (0.5 mg/kg with a 

maximum dose of 20 mg in children and 40 mg in adults) for the phMRI scan. Subjects will 

be put back into the scanner after 90 minutes and the same sequences will be repeated, 

now under the influence of MPH. This time window was chosen, because DAT occupancy is 

significantly correlated with plasma concentration of MPH, which peaks between 1 and 2 

hours following ingestion of MPH (Silveri et al., 2004; Spencer et al., 2006). DAT occupancy 

has also been shown to be relatively stable between 1 and 2 hours after ingestion of MPH 

(Spencer et al., 2006). 

In the ePOD-SSRI study, an intravenous (i.v.) challenge with citalopram (5 mg in adolescents 

and 7.5 mg in adults) will be administered during a single scanning session. This 5-HT 

challenge is subject to more variability and therefore needs to enter the brain in a rapid and 

consistent manner over the time course of a single scan session which requires intravenous 

administration (Anderson et al., 2008). Citalopram is currently the only SSRI registered for 

i.v. administration. When used for therapeutic purposes, intravenous citalopram is given at 

the same dose as the oral route of administration and it is well within the therapeutic range 

even for children (Guelfi et al., 2000). Although posing an extra burden, especially to the 

adolescent group, i.v. administration of the challenge is necessary to ensure reliable data 

collection. Citalopram increases 5-HT release by inhibiting the reuptake of 5-HT by SERT. It 

has been used previously in phMRI studies and has been proven an adequate probe of 5-HT 

function (Anderson et al., 2008; McKie et al., 2005), as well the interaction effect of age by 

SSRI treatment in rats (Klomp et al., 2012b). We expect an increased signal in 5-HT rich brain 

areas (e.g. prefrontal cortex, hippocampus and hypothalamus) after 5-HT challenge only in 

FLX treated adolescents when compared to pretreatment baseline scans, due to increased 
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SERT densities (Bouet et al., 2012) and based upon previous phMRI results in rats (Klomp et 

al., 2012b).

rs-fMRI

A relatively new fMRI approach (i.e., resting-state fMRI (rs-fMRI)) allows extensive 

assessment of changes in organization of whole functional networks. Rs-fMRI aims to detect 

baseline brain activity related to ongoing neuronal signaling at “rest” and is performed by 

low-pass filtering of spontaneous blood oxygenation level-dependent (BOLD) fMRI signals 

(Fox and Raichle, 2007). In adult ADHD a decreased functional connectivity between anterior 

cingulated cortex and precuneus has been found using this technique (Castellanos et al., 

2008). However, the effect of MPH or SSRI treatment on functional connectivity either in 

adults or children is unknown. 

DTI

With diffusion tensor imaging (DTI), the micro-structural organization of white matter (WM) 

can be imaged. By measuring the diffusion motion of water molecules, and the fact that this 

motion is restricted by myelin sheaths, an impression of axonal direction and integrity can 

be obtained (Mori and Zhang, 2006). Fractional anisotropy (FA) is the most commonly used 

unit in DTI and provides information about the degree of fiber organization and integrity. 

Any process that results in alterations in axonal architecture, such as decreased axonal 

outgrowth, can result in decrease in FA (de Win et al., 2007; Moeller et al., 2005; Reneman 

et al., 2001c). A previous study with MPH observed an increase, or rather normalization, 

of white matter volume in ADHD medicated children compared to unmedicated children 

(Castellanos and Tannock, 2002). Chronic treatment with MPH in pre-adolescent rats was 

found to increase (fold change >1.5) genes involved in striatal growth of novel axons (Adriani 

et al., 2006). Therefore we expect an increase in FA in MPH treated children when compared 

to pre-treatment baseline scans and when compared to non-treated subjects.  

Considering the 5-HTergic system we have previously shown that alterations in axonal 

integrity linked to the 5-HTergic system can be adequately assessed using DTI (de Win et al., 

2007). We hypothesize that chronic treatment with SSRIs leads to increased outgrowth of 

the 5-HT system, since 5-HT acts as a growth factor in the maturing brain (Whitaker-Azmitia 

et al., 1996). Therefore we expect an increase in FA (reflecting 5-HT neuronal growth) in 5-HT 

rich brain areas only in FLX treated adolescents when compared to pretreatment baseline 

scans. No effect of treatment on these scan parameters are expected in adults. 
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fMRI  

We have selected two task-related fMRI scans either based upon their involvement of the DA 

system and/or the 5-HT system and the known interaction with MPH or FLX and treatment 

response in anxiety and depressive disorders. In view of our hypothesis we expect to find 

a normalized pattern of activation on these tasks in children during treatment, which will 

persist after the end of the trial. In contrast, the activation pattern in adult subjects will 

normalize during the trial and fall back to pre-treatment (hypoactivation) values after the 

end of the trial. The fMRI tasks consist of the following:  

Emotional processing (MPH and SSRI trials): The BOLD response to negative emotional 

faces (angry and fearful faces) is measured in a block-design fMRI task (Hariri et al., 2002). 

Emotional responses are elicited in many different brain regions, where the amygdala seems 

to be a relay between visual systems en modulatory responses. Emotional processing is 

known to be regulated by 5-HT and to be affected in mood disorder (Surguladze et al., 2004).

MDD patients are believed to express a heightened responsiveness to negative 

emotional stimuli and a reduced detection of positive affect (Anderson et al., 2011b; Harmer 

et al., 2009), which is explained by hyperactivity of the affective neurocircuitry, including 

the amygdala (Drevets et al., 2008). SSRIs have been found to decrease amygdala activity 

in response to negative affect in both healthy subjects and MDD patients, which might 

(partially) symptom remission following antidepressant treatment in MDD (Anderson et al., 

2011a; Delaveau et al., 2011; Murphy et al., 2009). 

Motor inhibition (only MPH trial): Frontal–striatal function and its modulation by MPH 

will be assed using a motor inhibition task: the go/no-go task (Durston et al., 2003). MPH 

has been shown to normalize striatal hypoactivation in ADHD subjects (Vaidya et al., 1998). 

Specifically, fronto–striatal activation during response inhibition will be measured on two 

versions of a go/no-go task, each with and without administration of MPH. The effects of 

MPH on frontal and striatal activation during response inhibition will be compared within 

and between groups. 

Neuropsychological tests

A neuropsychological test battery (Standard Reaction Time Task, Rey Auditory Verbal 

Learning Task, Sustained Attention to Response Task (SART) (Johnson et al., 2007), N-back 

(working memory task) (Smith and Jonides, 1999), Maudsley Index of Delay Aversion 

(MIDA) (Kuntsi et al., 2001)) will be administered, addressing reaction time, verbal memory, 

sustained attention, working memory and delay aversion in particular. This information can 

be linked to results from imaging in order to determine any links between behavioral and 

fMRI data and changes in the monoamine systems. We will look for correlations between 
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altered behavioral responses and fMRI responses, phMRI responses, DTI measures and rs-

fMRI response.

Actigraphy and sleep log

Restless Legs Syndrome is a chronic progressive neurological disorder that has a greater 

incidence in ADHD children, adolescents and adults than in the general population (Cortese 

et al., 2005). It is possible that RLS is co-morbid with ADHD or that they share a common 

DAergic deficit. Also, ADHD separately and ADHD together with RLS have been found to 

be associated with sleep disorders such as insomnia and a common genetic polymorphism 

(Fliers et al., 2012; Imeraj et al., 2012; Yoon et al., 2012). In a recent study, 64% of children 

with ADHD were estimated to suffer from RLS judged by their nocturnal periodic limb 

movement (Picchietti et al., 1999). It has been shown that MPH reduces total sleep time but 

improves sleep quality by consolidating sleep in adults (Huang et al., 2011). However, the 

effect of MPH on RLS in ADHD children has never been investigated. In view of the expected 

inhibitory effect of MPH on DA metabolism it is important to investigate the occurrence and 

severity of RLS and sleep disorders in children and compare these to adults, and the effect of 

MPH thereupon. Sleep disorders and RLS are effective and non-invasive outcome measures 

to evaluate the effect of age following MPH treatment in the human brain. Therefore, we 

will assess RLS severity and sleep quality in the ePOD-MPH study using questionnaires (the 

Holland Sleep Diagnostic List (HSDL) (Kerkhof et al., 2013) and sleep log and actigraphy at 

three time points during the study: the week prior to the trial, during the trial, and during 

the washout period. Actigraphy is a non-invasive method of monitoring human rest/activity 

cycles.  To measure gross motor activity, each patient will wear a small actigraph unit, 

also called an actimetry sensor, for five consecutive days. We hypothesize that due to an 

expected long-term reduction in DA turnover rate after early MPH treatment, there will be 

long lasting positive effects on RLS symptoms and sleep disorders only in children, but not 

adults. 

Cortisol measurements

In the ePOD-SSRI study salivary cortisol levels will be determined in salivary samples taken 

at home on a ‘normal’ weekday in the week before baseline and washout assessment days 

in order to determine the cortical awakenings response (CAR) and the diurnal cortisol cycle. 

Samples will be collected at 5 different moments: 1) directly after waking up, 2) 30 minutes 

after waking up, 3) 4 hours after waking up, 4) 8 hours after waking up, and 5) and 12 

hours after waking up. To determine the peak after a 5-HT challenge, one salivary sample 

will be collected before the MRI scan session (baseline measure) and a second sample 30 
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minutes after the 5-HT challenge (directly after the MRI scan) on the day of both the MRI 

scan sessions. 

Potential confounders

The study is designed to limit several important possible confounding parameters, such as 

gender effects (only women are included in the FLX trial and only men in the MPH trial) and 

aging effect (small age range, only young adults included). A within subject approach (pre- 

and post-treatment measurement in every subject) is used to rule out most between subject 

differences. Because of the design of the study, we have limited power and can correct for 

a maximum of 2 or 3 confounders. Therefore, first age in months and ratings of symptom 

severity will be taken into account as covariates. In addition in the ePOD-SSRI study, the 

5-HTTLPR polymorphism will be determined. The long allele of this SERT polymorphism in 

the promoter region (5-HTTLPR) has an activity twice that of the short allele (Lesch et al., 

1996), resulting in higher densities of SERT. It is expected to be an important confounder to 

take into account when measuring SERT functioning. Also, significant associations between 

the long variant and a favorable treatment response have been repeatedly reported (Serretti 

et al., 2007). 

Power analysis

Since these trials are the first to examine 5-HT and DA functioning following FLX and MPH 

treatment in children and young adults using MR imaging, there is only limited and indirect 

data available to perform a sample size calculation. The goal of our research is to detect 

differences in the age-dependency effect of FLX and MPH on the outgrowth of the DA-ergic 

and 5-HT-ergic system if these differences are in the magnitude of a standardized effect size of 

1.25. From pilot experiments in rats and humans we presume that the expected differences 

with our methods will lead to standardized effect sizes of at least 1.25. Both current trials 

will have the benefit of having before and after treatment measurements data from each 

patient. This paired data will reduce the between subject variability. This will increase the 

power of our trial to detect differences between groups. A sample size of 15 patients in 

each treatment-by-age group (4 groups) will be sufficient to detect standardized effect size 

of 1.25 with a two-sided significance level of 5% and a power of 90% to demonstrate age-

dependency of the effects of MPH and FLX. To account for an expected drop-out of 25%, we 

will include 20 patients in each group for the FLX trial. Because the expected drop-out in 

the MPH trial is probably higher, due to motion artifacts in MRI scanning, we will include 25 

patients in each treatment-by-age group. Because of slightly higher subject variability in the 

ePOD-Pharmo study (age and duration of treatment) again a sample size of 25 was chosen.
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Statistical analysis

To evaluate the age-dependency of the effect of MPH and FLX on the outgrowth of the 

DA-ergic and 5-HT-ergic system, the change in our primary outcome measures (CBF) from 

baseline to post-treatment will be determined for each patient (∆i). These individual changes 

(∆i) will be used to estimate the treatment effect in adolescents (mean ∆ in treated patients 

minus mean ∆ in placebo treated patients) and in adults, which will be compared, as shown 

also in Figure 2. All analysis will initially be conducted using the intension-to-treat principle, 

but for the imaging outcomes a per-protocol analysis will also be performed.

The central analysis examines whether this treatment effect is different in adolescents 

compared to adults (effect modification or interaction by age). This hypothesis will be 

formally examined using ANOVA. The model includes treatment group (2 categories), age 

group (2 categories), and the interaction between treatment and age to examine whether 

the impact of MPH and FLX treatment differs by age. Depending on the imaging modality 

we will use a whole brain voxel based analysis or an ROI analysis. The same approach 

can be used for explorative analysis on the age-dependency of the effects on secondary 

outcome measures such as behavioral outcome (fMRI, neuropsychological assessment) and 

behavioral measures, and cortisol response for the FLX trial and sleep-log actigraph for the 

MPH trial.

Ethical considerations

Evidently, there are important ethical considerations that need to be taken into account 

with medication studies in children. In our case, the most important restriction is the 

duration of the clinical trial, or the time that a child would not receive adequate treatment 

(placebo condition). The duration of the RCT could not be longer than the time a child 

would otherwise also not receive adequate treatment, due to (relatively) long waiting lists 

in the Netherlands: typically 4 months at the time these studies were being evaluated by 

the Central Committee on Human Research in the Netherlands (CCMO). In the MPH study 

we overcome the treatment delay by including patients from the waiting list and offering 

psycho-education when necessary. In addition, in the ePOD-SSRI trial we give at least 18 

sessions Cognitive Behavioral Therapy (CBT) to all adolescent participants. Therapy will 

be in accordance with the ‘Doepressie’ protocol, a psychotherapeutic program which is a 

Dutch translation of the internationally well-used program ‘Coping with Depression Course 

for Adolescents’ (Clarke and Lewinsohn, 1989). CBT is not part of standard clinical practice 

in the adult MDD population and will therefore not be provided to the adult patients. Adult 

MDD patients, who already receive some form of behavioral therapy at the start of the 
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study, may continue this if they wish, but adult MDD patients cannot start a new therapy. 

Moreover, studies with SSRI’s, especially in children have shown a placebo response up to 

40 % making treatment with placebo more ethically acceptable [Kennard 2009.  

The RCTs have been approved by the Central Committee on Human Research in the 

Netherlands (CCMO), the Pharmo cohort study has been approved by the local medical 

ethics committee (METC) of the Academic Medical Center Amsterdam (AMC). All subjects 

participate on a voluntary base and receive a small financial compensation (50 euro and 

travel expenses). Written and informed consent from both patients and legal caregivers will 

be obtained in all cases.

Figure 2. Comparison of mean ∆ in treated patients minus mean ∆ in placebo treated patients.

Discussion

In the ePOD studies we propose a set of neuroimaging studies and neuropsychological 

assessments in which we examine the neural circuitry in adolescents with depression or 

anxiety and ADHD before and after treatment. As pointed out recently in an editorial from 

the American Journal of Psychiatry (Cullen, 2012), this type of research is greatly needed in 

a field in which most imaging studies have been conducted in adults. Because of ongoing 

brain development during adolescence, the neuropathophysiology, let alone the treatment, 

that underlie these disorders could be distinct. Slowly emerging evidence suggests that 
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the long-term effects of drug exposure are delayed and expressed once the vulnerable 

system reaches maturation (i.e., typically during adulthood). This phenomenon, known 

as neuronal imprinting, occurs when the effects of drug exposure outlast the drug itself. 

Thus, understanding the persistent effects critically depends on the window of observation. 

Therefore, ePOD is a unique clinical study in children and (young) adults which will exactly 

grab this window of opportunity to measure age related effects of psychotropic drugs with 

sophisticated neuroimaging techniques. Embracing this concept should influence how we 

conduct preclinical assessments of developmental drug exposure, and ultimately how we 

conduct clinical assessments of drug efficacy, effectiveness, and safety for the treatment of 

childhood psychiatric disorders (Andersen and Navalta, 2004).

As the safety of antidepressants to children still is a subject of concern, particularly since 

FLX is now licensed for the treatment of MDD in children of 8 years and older, information 

about the safety of FLX in treating childhood depression is needed. Especially the potential 

for an increased suicide risk in association with SSRIs in general  has led to much debate, as 

has also been pointed out by the Medicines Evaluation Board of the Netherlands (Wohlfarth 

et al., 2006) and several comments in the Lancet in response to an article by Ebmeier and 

colleagues (Ebmeier et al., 2006). 

The neurotransmitter 5-HT plays a crucial role in axonal outgrowth of 5-HT projections 

during brain development (Whitaker-Azmitia et al., 1996). Earlier animal work demonstrated 

that postnatal 5-HT pharmacological manipulations can lead to abnormal outgrowth of the 

5-HT system (Azmitia et al., 1990; Shemer et al., 1991; Won et al., 2002). As an SSRI, FLX 

increases extracellular 5-HT concentrations by blocking SERT. Recently, pilot experiments 

of our group have shown that chronic treatment with FLX results in a significant increase 

in prefrontal and hypothalamic SERT (+30%, p< 0.01) in juvenile-treated rats, but not in 

adult-treated rats. These findings are in line with findings of Wegerer et al. and Bock et al., 

which also have shown that this effect persists into adulthood, long after discontinuation 

of treatment with SSRIs (Bock et al., 2005; Wegerer et al., 1999).  Also, we showed with 

phMRI that juvenile-treated rats respond more strongly to a 5-HT challenge than same-age 

untreated rats, while adult-treated rats show a diminished response after previous chronic 

treatment (Klomp et al., 2012b). The phMRI technique is very well suited to address the 

primary objective of the ePOD-MPH studies: investigating whether the effect(s) of FLX on 

serotonin depend upon age. As may be expected, on a behavioural level, results are less 

consistent, although age-dependent responses to SSRIs on depression-like behaviour are 

described in both rats and mice (Homberg et al., 2011; Iñiguez et al., 2010; Mason et al., 

2009). All these findings most likely reflect the earlier described neuronal imprinting effects.
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MPH is being prescribed to increasingly younger children (van Dijk et al., 2008; Zito et 

al., 2002). A meta-analysis has shown that in the USA and Australia up to 18 – 66 % of those 

treated with stimulants do not meet the criteria for ADHD (Rey and Sawyer, 2003).  The 

increased prescription rates and concerns about proper diagnostic protocols have led to 

much public debate on the safety of MPH in the treatment of children. Indeed, a meta-

analysis has shown that non-compliance is estimated at 20-65% and is attributed in part to 

apprehension about the safety of psychostimulants (Swanson, 2003). Recent work on the 

effects of MPH has shown that it may indeed normalize rates of cortical thinning, especially 

that of the prefrontal cortex (Shaw et al., 2009). In addition, in adult ADHD several reports 

on grey matter reductions were not able to distinguish between ADHD and psychostimulant 

effects (Amico et al., 2011; Seidman et al., 2011). However, reports on greater rates 

of depression and anxiety in the treated groups of the MTA study sample and in several 

studies involving rats indicate that effects of MPH treatment may have mixed positive and 

negative effects (Bolanos et al., 2003; Gray et al., 2007; Molina et al., 2009). Our main 

outcome parameter phMRI may be able to shed more light on the effects of MPH on the 

development of the DAergic system. This will increase our understanding of the safety and 

working mechanisms of MPH in a vulnerable population. In addition, we will gain insight 

into basal neurocognitive and neuroadaptive processes in the developing brain, as well as 

increasing our knowledge on the pathophysiology of ADHD. 

As recently indicated by Tao and colleagues, studies are needed that use the same 

methodology simultaneously in both adolescents and adults, to overcome methodological 

differences, and correct interpretation of the age-dependency of results (Tao et al., 2012).  

Sample differences in age and illness status or differences in the image acquisition/analysis 

approach may obscure the age-dependency of the findings.  These issues are overcome by 

the current study design. Since this study employs randomized controlled trials and has the 

benefit of having before and after treatment measurements from each patient, we will be 

able to reduce subject variability. This increases the ability of our trial to detect differences 

between groups. Moreover, this study employs novel non-invasive MRI techniques in 

children and adolescents, which provide new insights into the effects of psychotropic drugs 

on the developing brain.  The use of phMRI in assessing DAergic and 5-HTergic functionality 

may have important prognostic factors, for instance in predicting responsiveness to 

psychostimulants or antidepressant medication in the near future.  
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Conclusion

So far, most imaging studies have been conducted in adults. Ongoing brain development 

during adolescence may distinct the neural mechanisms that underlie psychiatric disorders 

like depression, anxiety and ADHD.  Examination of these mechanisms during early phases 

of the disorder provides the opportunity to avoid confounds due to complex treatment 

histories or potential scarring from years of disease. A better understanding of adolescent-

specific mechanisms will be “a critical foundation for the advancement of early treatment 

interventions, which could significantly affect public health” (Cullen, 2012).

In the ePOD studies we propose a set of neuroimaging studies and neuropsychological 

assessments in which we examine the neural circuitry in adolescents with depression 

or anxiety and adolescents with ADHD before and after treatment. The combination of 

prospective studies with a cross-sectional cohort, using the same outcome measures, will 

increase our understanding not only of the working mechanisms of both FLX and MPH in 

children and adolescents, but also provide more information about the safety of these 

substances in the maturing brain. 
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Summary

The main objective of this thesis was to gain more insight in the effects of SSRIs, and 

fluoxetine (FLX) in particular, on neurodevelopmental processes in the adolescent brain. In 

more detail, we were interested in the effects of chronic FLX treatment on neurotransmitter 

function, with a strong emphasis on serotonergic function, and on how these effects differed 

between adolescent- and adult exposure in the rat brain. Additionally, we focused on the 

usefulness of pharmacological MRI as an imaging tool for assessing 5-HT function.

Part I: Chemical imprinting after 5-HT manipulation

Chemical imprinting can occur when psychoactive substances are administered during 

developmentally vulnerable time windows. In part I of this thesis, two pilot studies looking 

at effects of 5-HT manipulation during adolescence are described. In chapter 2, MDMA 

exposure was used as a model for 5-HT neurotoxicity. In line with the literature, and likely 

due to ongoing plasticity in the developing brain, we observed that the neurotoxic effects 

of MDMA on SERT expression are less pronounced in juvenile-exposed rats than in adult- 

exposed rats. Additionally, we were interested to see if the effects of ecstasy in recreational 

users of this drug are also dependent upon age. Interestingly, we found that younger age-

of-first-ecstasy-use predicted higher SERT density in adulthood, but only in individuals that 

started their abuse before the age of 18 years. Hence, age-at-first-exposure affected adult 

SERT availability only when this first exposure happened during youth, thus in a developing 

brain. Chapter 3 describes a combination of experiments in which we looked at the effects 

of chronic FLX on behavior, on SERT density and on phMRI readouts. After treatment 

cessation, an increase in anxiety-like behavior was seen in the adult-treated animals only, 

while there were no behavioral effects in the adolescent-treated animals. Age-by-treatment 

effects were seen in SERT density within all cortical areas and the hypothalamus, which 

confirmed earlier findings (Bock et al., 2005; Wegerer et al., 1999), but not in the phMRI 

results. Thus, there were clear indications of age-related effects following adolescent and 

adult SSRI exposure, which asked for further research with larger sample sizes.

Part II: Age-related effects of chronic fluoxetine in the rat brain 

Several different research techniques were used to assess the age-dependency of the effects 

of chronic FLX exposure on 5-HT and related neurotransmitter systems. For each of these 

studies the same treatment protocol and study design was applied. Adolescent (postnatal 
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day 25 (PND25)) and adult (PND65) male Wistar rats were treated for 21 days with 5 mg/

kg FLX via the oral route. After one week washout, 5-HT function was assessed. With 5-HT 

phMRI, we looked at effect of previous treatment on the brain response to an acute 5-HT 

challenge. As described in chapter 4, we observed a diminished brain response to this acute 

5-HT challenge in adult treated animals when compared to control animals, whereas this 

response was increased in juvenile treated rats. Age-by-treatment effects were apparent in 

several 5-HT related brain areas, such as the frontal cortex, amygdala, hypothalamus and 

striatum. Subsequently, follow-up studies were performed to gain more insight in underlying 

processes of these phMRI results. In vivo concentrations of extracellular 5-HT, DA and NA 

and their metabolites were measured in the mPFC before and after an acute 5-HT challenge 

(chapter 5). Although previous treatment with FLX did increase the 5-HT and DA response to 

the acute challenge, no age-by-treatment effects were observed. Chapter 6 describes three 

exploratory experiments looking at the effects of chronic treatment on gene expression, 

SERT availability and TPH expression. Age-by-treatment effects were found in the mRNA 

expression of glutamatergic and GABAergic targets, but not in the expression of 5-HT, DA, and 

NA targets and also not in the expression of genes related to neuronal outgrowth and HPA-

axis function. Surprisingly, we also found no age-by-treatment effects on SERT availability. 

The immunoreactivity of the rate limiting enzyme of 5-HT synthesis, TPH, was dependent 

on age-at-treatment, in that adolescent-treated animals showed heightened expression of 

TPH+ cells whereas adult-treated animals showed decreased expression compared to non-

treated animals. Additionally, we looked at the impact of FLX on immunoreactivity of two 

markers of adult neurogenesis in the hippocampal dentate gyrus (DG), which is known to 

be positively influenced by 5-HT (Boldrini et al., 2009). Similar to the TPH findings, we found 

significant age-by-treatment effects on the expression of both DCX+ and Ki67+ cells (chapter 

7). Overall, these findings give a clear indication that FLX can indeed have a differential 

effect on 5-HT neurotransmission dependent on the age of exposure.

Part III: Methodological issues of 5-HT phMRI

Being a relatively new imaging approach, the full range of applications for 5-HT phMRI is 

currently being explored. In chapter 8 and the accompanying video article (available at www.

jove.com/video/3956), we presented a methodological overview on how to perform 5-HT 

phMRI in the alive and free-breathing rat. In addition, its strengths and shortcomings were 

discussed. While 5-HT phMRI makes it possible to assess cerebral neurotransmitter function 

in the live animal, it remains a challenging technique. The greatest possible effort should be 

put in assuring the maintenance of stable physiological parameters during the full length of 

image acquisition. For patient studies, especially studies concerning effects of medication 
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on the developing brain, 5-HT phMRI is still considered to be fairly invasive, particularly 

when the challenging drug is administered intravenously. Therefore, it would be beneficial 

if the same effects could be measured after oral administration of the drug. This specific 

method has been used in previous fMRI studies but test-retest reliability of this method was 

not yet determined. In chapter 9, we report that the repeatability of pulsed ASL phMRI with 

an oral citalopram challenge is low, limiting the technique’s sensitivity to time-dependent 

changes and consequently its use as a (clinical) research tool. Recently, ASL techniques with 

less signal variability, such as pseudo continuous ASL, have become available. It will of great 

interest to see if these techniques will give a better result. Nevertheless, we demonstrated 

that the effect of an oral SSRI challenge on cerebral blood flow is relatively small.  Also with 

BOLD-based fMRI, we demonstrated that it is difficult to reliably detect the same effects 

of an oral SSRI challenge on task-related brain activity, as is described in chapter 10. Here, 

we found no reproducible effects of the challenge on brain activity related to emotional 

processing and sensorimotor activation. However, we did find reproducible effects on task-

negative processes, in the so-called ‘default mode network’ (DMN). This network comprises 

of brain areas that are mainly activated during rest and become deactivated in response 

to goal-directed behavior (Buckner et al., 2008). Oral citalopram administration reliably 

diminished this deactivation, particularly in the medial frontal cortex. This finding could be 

indicative of 5-HT control on the default mode network. Overall, oral challenge 5-HT phMRI 

demonstrated to be a valuable imaging technique, but caution is needed in its appliance 

in terms of test-retest reliability. This is especially the case when a drug challenge with a 

relatively small effect size is used or when extra variability is introduced to your design, for 

example with anesthesia or if the challenge is given orally instead of intravenously. This 

requires sufficiently large sample sizes. Finally, in chapter 11, we combine the aims of Parts 

II and III of this thesis and describe the design and methodology of three ongoing clinical 

trials that should give us more insight in the effects of psychotropic medication use on the 

neurodevelopment of children and adolescents in the near future, using both prospective 

and retrospective approaches and several neuroimaging techniques including 5-HT phMRI.

General discussion

Age-dependent effects of chronic FLX exposure on 5-HT neurotransmission

Collectively, the animal studies presented in this thesis support the hypothesis that the 

effects of chronic FLX exposure on 5-HT transmission depend on the age-of-treatment. 

Despite a number of negative and unexpected findings, several significant age-by-treatment 

interaction effects on read-outs of the 5-HT system were identified. In the adolescent-
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treated animals, we observed an increase of TPH+ cells in the raphe nucleus (chapter 6) 

and of the neurogenesis markers DCX and Ki67 in the DG (chapter 7), together with an 

increase in the BOLD-response to an acute 5-HT challenge (chapter 4). This is all indicative 

of enhanced 5-HT neurotransmission. On the other hand, mRNA expression of several 

glutamatergic and GABAergic targets, and to a lesser extent of the 5-HT (auto)receptors, was 

diminished in comparison to adult-treated animals (chapter 6). Considering the important 

role of those targets in 5-HT feedback control (Sharp, 2010), taken together, these results 

suggest that there is an increased responsiveness of the 5-HT system in adolescent-treated 

animals, possible due to diminished feedback control. This is somewhat surprising, since it 

is commonly believed that drug exposure to a developing environment will integrate the 

drug into this environment and, subsequently, development will be adjusted to depend on 

its presence (Andersen and Navalta, 2011). In case of the enhanced 5-HT neurotransmission 

caused by an SSRI, one would thus expect the 5-HT system to adapt to this artificial 

enhancement, which will lead to a deficit state upon drug cessation, and not, as is suggested 

by our results, to enhanced 5-HT neurotransmission. However, as pointed out before, the 

possibility to alter neurodevelopment is highly dependent on the so-called ‘sensitive period’ 

in which the developmental process is taking place. The occurrence of this timeframe might 

not only vary for each different part of 5-HT system (e.g. the expression of the variety of 

5-HT receptors and SERT, synaptogenesis of 5-HT neurons, etc.) but even differs per brain 

region. So, timing is in this case everything. During the postnatal period that was chosen for 

our studies, representing the entire peri-adolescent period (PND21 to PND59; (McCormick 

and Mathews, 2007)), most of the 5-HT related developmental processes will be completed 

(Murrin et al., 2007). FLX exposure during this time window will most probably only affect the 

late-developmental processes such as synaptic pruning and changes in receptor expression, 

which are both relevant for the fine-tuning of 5-HT feedback control later in life. This would 

thus support our hypothesis of diminished feedback control after adolescent FLX treatment. 

Nevertheless, as long as it is unidentified when and where these specific developmental 

processes take place, making inferences about the effects of chronic SSRI exposure hereupon 

will remain speculative at best. Regarding the title of this dissertation, the question mark 

thus remains unresolved. While it was confirmed that chronic SSRI exposure can indeed 

affect the 5-HT system in a different manner within adolescent animals than in adult 

animals, and that this is most probably due to ongoing plasticity in the adolescent brain, it 

remains to be seen if these differences really reflect changes in neurodevelopment. More 

importantly, longer washout periods are needed to ensure that these effects are permanent, 

also considering the fact that ongoing effects of previous treatment were observed in the 

adult-treated rats as well.
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Underlying pathways?

Although our findings of age-by-treatment interaction effects of chronic FLX treatment on 

several neurochemical properties of the 5-HT system are of interest in itself, the real challenge 

would be to explain differences between adolescent- and adult-treatment in terms of the 

underlying neurobiological pathways that have caused them. In order to do so, we should 

start with joining together the findings of our different experiments. To begin with, the 

heightened release of extracellular 5-HT (and DA) as a response to acute reuptake blockade 

after previous FLX treatment that we describe in chapter 5 is indeed indicative of increased 

5-HT system responsiveness. However, this effect did not depend on age-of-treatment and 

was seen in both the adult and adolescent treated animals. And if indeed extracellular 5-HT 

release is directly responsible for changes in BOLD MRI signal, as is suggested by Preece et 

al. (2009), then why did we find age-at-treatment related differences in BOLD response with 

phMRI but not in the 5-HT release with in vivo microdialysis? To answer this question, we 

should consider in more detail the neural basis underlying the BOLD fMRI signal. Although 

it was recently confirmed that the regional activations measured with MR neuroimaging do 

indeed reflect local changes in neural activity, the precise underlying mechanisms of this 

neural basis of the fMRI signal are still not fully identified (Logothetis and Wandell, 2004). 

The MRI signal changes that are observed in response to a 5-HT challenge are known to be 

influenced not only by extracellular 5-HT release directly (Preece et al., 2009; Sekar et al., 

2011), but also indirectly by the (de)activation of a number of 5-HT receptors (Gozzi et al., 

2010; Martin and Sibson, 2008; Sekar et al., 2011). This direct effect of extracellular 5-HT 

release on the BOLD response is however not straightforward. While Preece et al. (2009) 

showed signal decreases after 5-HT release in most brain regions, in our study (chapter 4) 

and that of Sekar et al. (2011) 5-HT release due to SERT blockade by an SSRI resulted in signal 

increase. BOLD signal change is dependent on neurovascular coupling, the relationship 

between local neural activity and subsequent changes in cerebral blood flow. This is not 

only influenced by oxygen and glucose consumption, but also by neurotransmitter release 

(Logothetis and Wandell, 2004). Additionally, 5-HT is a known modulator of vascular control, 

although the actions of 5-HT on blood flow are intricate and result from interactions with 

the multiplicity of 5-HT receptors (Martin, 1994). So, depending on the state of the 5-HT 

receptors, extracellular 5-HT can cause either vasoconstriction or vasodilatation. In this way, 

the phMRI response to increased 5-HT release can have both a specific and non-specific 

neurovascular origin (Preece et al., 2009; Scanley et al., 2001). 

One can imagine that the MRI signal is influenced by the available amount of SERT as 

well, since an acute SSRI challenge will block the available SERT, leading to an increase 

of extracellular 5-HT and resulting in BOLD signal changes. Adjustments in the amount 
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of available SERT might thus influence the effect size of the challenge, depending on the 

level of occupancy. Although we did find age-at-treatment related differences in the SERT 

binding potential in our initial pilot study (chapter 3), with a relatively small sample size and 

after intraperitonal drug administration, we were not able to replicate these findings with a 

larger sample size and oral administration (chapter 6). It thus remains elusive if chronic FLX 

divergently changes SERT availability with adolescent or adult treatment. Yet, if the SERT 

expression in younger animals would have been increased after FLX treatment, as suggested 

by our results in chapter 3 and by Wegerer et al. (1999), SERT blockade might have been 

less effective and this would have led to a diminished response to an acute SSRI challenge in 

comparison to control animals, though we observed an increased 5-HT release after chronic 

exposure in both adolescent as adult in our microdialysis study (chapter 5). On the other 

hand, the occupancy of SERT by SSRIs is known to be relatively high with approximately 80% 

occupancy at the minimum clinical dose in humans (Meyer, 2007) and possibly even higher 

levels of occupancy in the rat (Geldof et al., 2008). This high level of occupancy could have 

concealed the effects of SERT density in both the microdialysis and the phMRI experiment. 

Nevertheless, basal 5-HT levels were also not different between treated and untreated 

animals (chapter 5).

The age-by-treatment interaction effect on the expression of TPH in the dorsal raphe, as 

described in chapter 6, suggests enhanced 5-HT responsiveness after adolescent treatment 

as well, as the increased TPH expression is assumed to be indicative of augmented 5-HT 

synthesis. On the other hand, this is still not fully supported by our measures of extracellular 

5-HT (chapter 5), which indeed showed enhanced 5-HT release after FLX treatment, though 

no age-by-treatment effects were seen in this enhancement. Once more, there might be an 

important role for the negative feedback mechanisms that regulate the 5-HT homeostasis. 

At any rate, it does show that TPH expression in the DRN is apparently not predictive of 

the level of 5-HT release in the mPFC. Additionally, previous literature suggests a decrease 

of TPH after prolonged SSRI exposure, both after adult and early developmental exposure 

(MacGillivray et al., 2010; Maciag et al., 2006). In normal developing rats, TPH activity 

reaches its peak between 24-30 days after birth and TPH mRNA expression is known to 

increase vastly until around PND 22 after which it again decreases with about 40% before 

it reaches adult values around PND 61 (Park et al., 1986; Rind et al., 2000). We hypothesize 

that this normal decrease in TPH during adolescence is countered by the decrease due to 

SSRI exposure and that therefore TPH expression is heightened compared to the same-age 

control animals after drug withdrawal, in line with the ‘use it or lose it’ philosophy of brain 

development, as postulated in Andersen and Navalta (2011). 
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Similar age-by-treatment effects were observed in the expression of adult neurogenesis 

markers in the DG (chapter 7). As 5-HT is known to stimulate cell proliferation, this is in line 

with our suggestion of enhanced 5-HT function in the adolescent-treated rats. Although it 

is still not clear how 5-HT transmission regulates adult neurogenesis, this process is again 

mediated by 5-HT (auto)receptors (Banasr et al., 2004; Benninghoff et al., 2012; Jha et al., 

2008; Klempin et al., 2010; Soumier et al., 2010). Even though mRNA expression of the 

5-HTr2A was significantly lower in the HC (chapter 6), it was a main effect of treatment 

and did not depend on the age-at-treatment. With phMRI, there was a treatment effect on 

BOLD reactivity in the HC as well, but only in adult animals. At this moment, our results can 

thus not explain the age-by-treatment effect seen in the expression of adult neurogenesis 

markers. 

Taken together, we believe that differences in 5-HT receptor function and thus in 5-HT 

feedback mechanisms are responsible for age-by-treatment effects seen in the phMRI study, 

in the expression of TPH in the DRN and in the neurogenesis markers in the DG. This is 

supported by the results of the other studies, with no apparent age-related effects on 5-HT 

release in the mPFC and on SERT expression, and the age-related effect on mRNA expression 

of targets involved in this feedback control. Of course, these assumptions are largely 

hypothetical. The underlying working mechanisms of 5-HT transmission and the effects 

of SSRIs thereupon are complex and only a small part has been unraveled. This makes it 

extremely hard, if not impossible, to exactly pinpoint the differences of SSRI exposure on 

5-HT transmission in the developing or adult brain. One should keep in mind that there is a 

broad range of variables that could potentially affect 5-HT function, which is not only limited 

to the exact age at evaluation but is also dependent on species, strain, brain region, rearing 

conditions and other environmental influences, etcetera.

Enduring effects of SSRI exposure in adult animals

In literature, it is often suggested that the time needed to remove a drug from the animal’s 

system is enough to end its effects. However, while we hypothesized to find little to no effects 

on 5-HT transmission in the adult-treated animals one week after drug withdrawal, we did 

find several effects of previous treatment in the adult rats as well (e.g. on BOLD response 

(chapter 4) and the 5-HT response to acute reuptake blockade (chapter 5)). In some cases, 

these effects were opposite to the known effects during or directly after SSRI treatment, 

such as the decrease in adult neurogenesis (chapter 7). In case of SERT expression, an effect 

of previous treatment was even only seen five weeks after treatment cessation (chapter 6). 

Our data thus indicate that the effect of adult FLX exposure is not only apparent during or 

directly after treatment, but that longer-lasting effects are present as well. It is likely that 
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those enduring effects reflect the recovery of ‘normal’ 5-HT neurotransmission, possibly 

in the form of compensatory actions, as suggested by the decrease in neurogenesis after 

the synthetic enhancement by chronic SSRI exposure (chapter 7). This recovery might take 

longer than generally thought. Surprisingly, little is reported on these restorative processes 

following discontinuation of SSRIs in the adult brain, although recent studies do suggest 

that for example the replacement of down-regulated SERT will take more than 10 days in 

an adult rat brain (Descarries and Riad, 2012). This uncertainty raises questions about the 

washout period chosen in our studies. Even in the fast metabolizing rat, one week may well 

be too short to fully restore 5-HT homeostasis, and will thus also be too short to adequately 

assess lasting changes after adolescent exposure. It is therefore recommended in future 

studies to assess the effects of FLX at several different time intervals after drug cessation, in 

order to learn more about the time period needed for full recovery of the affected system. 

5-HT phMRI: a useful tool for studying developmental drug exposure?

The use of phMRI for the assessment of 5-HT neurotransmission is a relatively new 

imaging approach. The fact that this technique can be readily used in both animals and 

human subjects makes it especially suited for studies in which the translation from basic 

to preclinical and clinical research is a key factor (Martin and Sibson, 2008). Additionally, 

repeated assessment within the same individual is unrestricted, unlike for example with 

PET and SPECT imaging. The review papers by Anderson et al. (2008) and Martin and Sibson 

(2008) already give a good overview of the strengths and limitations of 5-HT phMRI in both 

humans and animals, so we kindly refer to those for considerations on the validity of phMRI 

for the assessment of 5-HT function. In the light of this thesis, we aimed to determine 

whether 5-HT phMRI is a useful tool to study the effects of developmental drug exposure 

on the 5-HT system. Indeed, we were able to pick up the effects of an acute 5-HT challenge 

and to observe differences herein between adolescent- and adult-treated animals, thus to 

demonstrate the age-dependency of the chronic effects of FLX treatment on brain function 

in rats (chapter 4). A great advantage of phMRI over other techniques used in this thesis is 

that it enables in vivo measurement of an acute pharmacological intervention on functional 

parameters in the entire brain at once. Application of this technique to study age-related 

effects in human subjects might nevertheless hold greater challenges than those of animal 

5-HT phMRI (chapter 8). Although phMRI is less invasive than PET and SPECT imaging, there 

is still the issue of (repeated) drug administration. Administering drugs to healthy minors 

is not ethically accepted and, in case of juvenile patients, the drug challenge is ideally not 

given intravenously, while this is methodologically preferred. We have shown that with an 

oral 5-HT challenge the effect size of the drug on blood perfusion (chapter 9) and on task-
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related BOLD responses (chapter 10) is relatively small, not only hampering the detecting 

of potential 5-HT related differences but also the technique’s test-retest reliability. It is 

therefore recommended to use an intravenous instead of oral challenge, as is being issued 

in our current patient trial, in order to assure adequate statistical power, and to use a mixed 

between-group and within-subject design (‘mixed factorial design’) to reduce between-

subject variation (chapter 11).

Methodological considerations

A major strength of the animal studies in Part II of this thesis, is that in each experiment, the 

same study design and treatment protocol was used, making a direct comparison possible 

(with exception of drug administration in drinking water instead of by oral gavage in the 

microdialysis study in chapter 5). There are however also a number of general restrictions 

to our studies that should be considered, apart from the earlier mentioned issues with the 

length of the chosen washout period, and the strengths and limitations of each individual 

study which are mentioned per chapter.

To start with, one might argue that our animal work is not directly representative for 

the human situation, since antidepressants are not normally prescribed to healthy subjects 

and no animal model of depression was used. SSRIs are meant to normalize a dysfunctional 

state and may well work differently in a healthy brain. Although we acknowledge the validity 

of this issue, much is still unclear about the etiology of depression as well as on the exact 

working mechanisms of SSRIs and it is therefore almost impossible to study age-related 

differences herein. We argue that, it is better to first focus on what is happening in a ‘normal’ 

state before complicating things with a diseased state. We can also turn this issue around; 

studying these effects in healthy subjects is the only way to get insight of the effects of 

the drug independent of the underlying disease state (Andersen and Navalta, 2011). Since 

our interest is primarily in the age-dependency of the effects of SSRIs, it is likely that if 

such age-related differences occur in a healthy brain, they will also occur in the depressed 

brain. Of course, it remains to be seen if these differences are equivalent and also if they 

are beneficial to the diseased state or not? Furthermore, there is yet an ongoing debate 

about the validity of animal models for depression. Although new models are still being 

developed (Neumann et al., 2011), there is at the moment no model that can capture the 

heterogeneity of symptoms expressed in MDD (Berton et al., 2012; Dzirasa and Covington 

III, 2012). Even so, it remains to be seen if such a model also adequately captures the specific 

aspects of pediatric depression, and more importantly, one cannot rule out that the model 

itself will affect either the effects of SSRI exposure or neurodevelopment itself. 
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Another issue of great relevance is the drug dosing and pharmacokinetics in children 

and young animals. All aspects regarding the effectiveness of a drug, such as bioavailability, 

distribution, and drug metabolism, but also the pharmacodynamics, can all differ with 

developmental state (Kearns et al., 2003). In our experiments, we chose to use the same 

weight-dependent dosage in the adolescent animals as in the adult animals (5mg/kg), 

as this is considered to be a clinical relevant dosage (chapter 3). However, as the plasma 

concentrations presented in chapter 5 show, drug clearance is about two-fold faster in the 

younger animals. This will result in less of a steady state in drug plasma levels, especially 

with in case of the once daily administration via oral gavage. Although the active and slower 

eliminating metabolite of FLX, norfluoxetine, presumably remains present in the rat brain 

over 24h (Caccia et al., 1990), also in the adolescent animals, we cannot rule out that this 

difference in elimination rate has affected our results. Additionally, these developmental 

differences in drug properties and effectiveness seriously impede the translation of our and 

related studies between species. As said before, we consider the used dosage to be clinically 

relevant, but this is based upon adult data. This is not only an issue in (our) animal studies, but 

in the clinical setting as well, as often the dosage of SSRIs issued in children and adolescents 

is not evidence-based. Findling and colleagues (2006) stated that dosing strategies that are 

being employed in placebo-controlled efficacy studies in juvenile MDD are not supported 

by the data available from juvenile PK studies. Not only might data derived from adults be 

inapplicable, it was even suggested that children and adolescents require different dosages 

of FLX based on PK data (Findling et al., 2006).

Clinical implications and future directions

Although this thesis has not provided direct proof of neurodevelopmental effects of FLX 

in depressed children and adolescents and does not answer whether these effects will 

outweigh the clinical benefits of SSRIs in pediatric depression, our findings in the adolescent 

rat brain have again stressed the importance of uncovering the effects of SSRI exposure 

on human brain development. In addition, more insight is gained on the complexity of the 

5-HT system, which primarily points out that much more research is needed to unravel the 

working mechanisms of SSRIs before any conclusions can be drawn on their influence on 

neurodevelopment. At the same time it is of great importance to learn more about the 

what, when, where and why of 5-HT related developmental processes, especially in the 

late developing brain. In the future, hopefully with our research as a starting point, this 

information could be ultimately used to generate more effective antidepressant treatments 

specifically designed for children and adolescents, as is previously suggested by Andersen 

and Navalta (2011). They stated that: “a greater understanding of neurodevelopment can 
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lead to improved treatment that intervenes early in the progression of a given disorder and 

prevents symptoms from manifesting [..] given the remarkable plasticity of the immature 

brain”. 

In addition, our results suggest an important role for the feedback mechanisms that 

control 5-HT homeostasis. Although the significance of the 5-HT receptors is generally 

acknowledged, their exact function is not yet fully understood and, especially in regard 

to the age-related effects of SSRIs, not extensively studied. Moreover, the focus of future 

research should not be solely on 5-HT, considering the extensive interplay with other 

neurotransmitter systems such as the glutamate and GABA systems, as is pointed out in 

chapter 6. Also our findings of longer lasting effects of SSRI treatment in adult subjects, such 

as shown in chapter 5, and of possible effects of 5-HT on the default mode network, as was 

presented in chapter 10, will hopefully encourage new lines of research. 

In the coming years, methodological improvements will also offer new opportunities. 

For one thing, the constant development of MRI sequences with a better signal-to-noise 

ratio will increase their capability to detect smaller effects, which will for instance improve 

the detection of the effects of an oral 5-HT challenge. With regard to neural basis of the 

BOLD response to 5-HT alterations, it would be of interest to combine MR imaging and 

neurochemical measurements of 5-HT release.  In this light, much can be expected from 

advances in magnetic resonance spectroscopy or of the development of devices such as the 

Wireless Instantaneous Neurotransmitter Concentration Sensing System (WINCS), which 

enables real-time analysis of extracellular neurotransmitter concentrations simultaneous 

with MR imaging (Kimble et al., 2009).

Conclusions

Even though the precise working mechanisms of psychotropic drugs such as antidepressants 

are still not identified, we continue to increasingly prescribe them to children and 

youngsters whose brains are not yet fully developed. Yet, there is reason to believe that 

changing neurotransmitter function in an immature brain can potentially influence ongoing 

neurodevelopmental processes, leading to altered neurotransmission in later life. In this 

thesis, the occurrence of this so-called ‘chemical imprinting’ was first demonstrated with the 

age-at-exposure dependent effects of the potent 5-HT releaser and neurotoxic agent MDMA 

on 5-HT transporter density in both rats and humans. The main focus of this dissertation 

was however to gain more insight in the effects of SSRIs, and of FLX (Prozac®) in particular, 

on serotonergic signaling. Together, the animal studies described in this dissertation 

support the notion that the effects of chronic FLX exposure on 5-HT transmission depend 
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on the age of exposure. We observed an increased responsiveness of the 5-HT system in 

adolescent-treated animals while no or opposite effects were seen in adult-treated animals. 

This enhancement of 5-HT function may be due to imprinting effects on 5-HT feedback 

control. Future studies should confirm the non-transient nature of these findings in order to 

ascertain that these age-dependent effects actually represent neurodevelopmental changes 

in 5-HT transmission and related neurotransmitter systems. The role of the 5-HT (auto)

receptors herein should be further elucidated as well. In general, a greater understanding 

of 5-HT neurodevelopment and the exact mechanisms of action of SSRIs is therefore clearly 

needed. Furthermore, our findings in the healthy rat brain ultimately require translation 

to the depressed human brain. In this respect, pharmacological MRI demonstrated to be a 

potentially useful research tool, as it enables the assessment of in vivo 5-HT function in both 

animals and humans in a relatively non-invasive way. With this technique, we were able to 

demonstrate the age-dependency of the chronic effects of FLX treatment on brain function 

in rats. Upcoming technical developments will most likely further increase the sensitivity of 

this technique to pick up 5-HT related differences in neurotransmission, so that the existence 

of ‘human FLX imprinting’ can be investigated even better in future studies.
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SSRIs en het adolescente brein: Veranderingen in de 
hersenontwikkeling?

Samenvatting

Hoewel er nog weinig bekend is over de precieze werking van antidepressiva op het 

brein, worden deze geneesmiddelen in toenemende mate voorgeschreven aan kinderen 

en jongeren bij wie de hersenen nog niet volledig zijn ontwikkeld. Het toedienen van 

psychoactieve stoffen tijdens de hersenontwikkeling kan de normale uitrijping van het 

brein beïnvloeden. Onderzoek naar de lange termijn effecten van antidepressiva op de 

hersenontwikkeling is tot nu toe voornamelijk gericht op perinatale blootstelling. Ook tijdens 

de adolescentie vinden echter nog veel rijpingsprocessen plaats. Het belangrijkste doel van 

het onderzoek in dit proefschrift was om meer inzicht te krijgen in de effecten van selectieve 

serotonine heropname remmers (SSRI’s) op neurochemische processen in het adolescente 

brein. Daarbij waren we vooral geïnteresseerd in de effecten van langdurige behandeling 

met de SSRI fluoxetine (Prozac®) op de werking en regulering van de neurotransmitter 

serotonine (5-hydroxytryptamine, 5-HT) in de hersenen van de rat. En in het bijzonder of 

deze effecten verschillen wanneer blootstelling plaatsvindt tijdens de adolescentie of in het 

volgroeide volwassen brein. 

Daarnaast hebben we gekeken naar de bruikbaarheid van farmacologische MRI (magnetic 

resonance imaging; phMRI) als imaging techniek voor het meten van de 5-HT neurotransmitter 

functie. Door het toedienen van een SSRI te combineren met functionele MRI kan het effect 

van de SSRI op het centrale zenuwstelsel in beeld worden gebracht. Dit geeft een indicatie 

van het functioneren van het 5-HT systeem. phMRI heeft als voordeel boven andere imaging 

technieken waarmee de werking van neurotransmitters in beeld kunnen worden gebracht, 

zoals SPECT of PET, dat het een goede spatiële resolutie (nauwkeurigheid in locatie) heeft 

en bovendien geen gebruik maakt van radioactieve stoffen. Hierdoor is de techniek ook 

geschikt voor gebruik in kinderen en kan de techniek herhaaldelijk worden toegepast in de 

zelfde patiënt. 

Wanneer tijdens de hersenontwikkeling neurotransmitter systemen in het brein worden 

‘verstoord’ door bijvoorbeeld een medicijn of een andere psychoactieve stof, kunnen er, 

in elk geval in proefdieren, onherstelbare veranderingen in de signaaloverdracht binnen de 

hersenen optreden. Dit kan leiden tot een verstoorde hersenfunctie in het latere leven. 

We noemen dit ‘chemische inprenting’ (chemical imprinting). In deel I van dit proefschrift 
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illustreren we eerst het concept ‘chemische inprenting’ na beïnvloeding van het 5-HT 

systeem. In deel II hebben we dit principe getest voor fluoxetine in een aantal dierstudies, 

het belangrijkste doel van dit proefschrift. In deel III komen verschillende methodologische 

aspecten van het gebruik van phMRI aan bod. Het gaat daarbij vooral om de geschiktheid 

van deze techniek om de eventuele effecten van chemische inprenting op het 5-HT systeem 

in kaart te brengen.

Deel I: Chemische inprenting na 5-HT beïnvloeding

Chemische inprenting kan ontstaan wanneer psychoactieve stoffen worden toegediend 

tijdens kwetsbare momenten in de hersenontwikkeling, zoals in de foetale periode. 

Maar ook de adolescentie is een periode waarin nog veel veranderingen plaatsvinden 

in het brein. In deel I van dit proefschrift, worden twee studies beschreven waarin de 

effecten van chemische inprenting worden onderzocht na toediening van middelen 

die invloed hebben op het 5-HT systeem. In hoofdstuk 2 werd blootstelling aan MDMA 

(3,4-methyleendioxymethamfetamine; beter bekend als ecstasy) gebruikt als model voor 

beïnvloeding van het 5-HT systeem. In overeenstemming met eerder beschreven studies, 

zagen we dat de neurotoxische effecten van MDMA op de 5-HT transporter (SERT) in de 

rat minder uitgesproken zijn na blootstelling tijdens de adolescentie dan na blootstelling 

tijdens volwassenheid. Dit is waarschijnlijk te wijten aan de plasticiteit van de zich nog 

ontwikkelende hersenen. Daarnaast waren we benieuwd of de effecten van ecstasy in 

recreatieve gebruikers van deze drug ook afhankelijk van leeftijd zijn. We vonden dat een 

eerste gebruik op jongere leeftijd voorspellend was voor een hogere SERT dichtheid in 

volwassenheid, maar alleen bij personen die vóór de leeftijd van 18 jaar waren begonnen 

met het ecstasy gebruik. Leeftijd beïnvloedde dus het effect van ecstasy op SERT dichtheid 

alleen wanneer de eerste blootstelling tijdens de jeugd en dus in een ontwikkelend brein 

plaatsvond. Hoofdstuk 3 beschrijft een aantal exploratieve experimenten waarin gekeken 

is naar de effecten van chronische fluoxetine behandeling op gedrag, SERT dichtheid en 

veranderingen in hersenactiviteit na acute fluoxetine toediening, gemeten met phMRI. Deze 

acute challenge zou moeten leiden tot een directe verhoging van de 5-HT concentratie in het 

brein. Een week na het stoppen van de behandeling werd een toename in angst-gerelateerd 

gedrag gezien in de volwassen behandelde dieren, terwijl er geen gedragseffecten werden 

waargenomen bij de adolescent behandelde dieren. Leeftijdsafhankelijke effecten van 

de behandeling werden ook gezien in de SERT dichtheid in alle corticale hersengebieden, 

alsook in de hypothalamus. We vonden echter geen leeftijd-gerelateerde effecten van de 

chronische fluoxetine behandeling op de hersenactiviteit met phMRI. Deze bevindingen 

vereisten verder onderzoek met grotere steekproeven.



228

Appendix

Deel II: Leeftijd-gerelateerde effecten van chronische fluoxetine in het rattenbrein

In dit deel van mijn dissertatie beschrijven we een aantal experimenten waarbij gekeken 

is naar de effecten van chronische blootstelling aan fluoxetine op 5-HT en verwante 

neurotransmittersystemen met verschillende onderzoeksmethoden. In elk van deze studies 

werd dezelfde behandeling en onderzoeksopzet toegepast. Adolescente (postnatale dag 

(PND) 25) en volwassen (PND65) mannelijke Wistar ratten werden gedurende 3 weken met 

fluoxetine (5 mg/kg via de orale route) behandeld. Een week na het staken van de behandeling 

werd (een onderdeel van) de 5-HT functie beoordeeld. In hoofdstuk 4 is opnieuw is met 

phMRI gekeken naar de effecten van eerdere behandeling op de hersenenactiviteit in reactie 

op een acute fluoxetine toediening. Met een grotere steekproefgrootte zagen we ditmaal in 

de hersenactiviteit van jong behandelde dieren een verhoogde respons op deze acute 5-HT 

challenge, in vergelijking met controle dieren van dezelfde leeftijd. Dit terwijl de respons op 

de challenge verminderd was in de volwassen behandelde dieren. Deze leeftijdsafhankelijke 

effecten waren duidelijk zichtbaar in verschillende 5-HT gerelateerde hersengebieden, zoals 

de frontale cortex, amygdala, en de hypothalamus. In de hierop volgende hoofdstukken 

beschrijven we verscheidene vervolgstudies die zijn uitgevoerd om meer inzicht te krijgen 

in de neurochemische processen die ten grondslag zouden kunnen liggen aan deze phMRI 

resultaten. Met behulp van microdialyse hebben we de extracellulaire concentratie van 

5-HT, dopamine, noradrenaline en hun afbraakproducten gemeten in de mediale prefrontale 

cortex, zowel voor-, als na een acute 5-HT verhoging (hoofdstuk 5). Hoewel eerdere 

behandeling met fluoxetine de afgifte van 5-HT en DA als reactie op de acute challenge 

sterk verhoogde, werden er geen leeftijdsafhankelijke effecten van de eerdere behandeling 

gevonden. Het 5-HT phMRI signaal wordt vermoedelijk dus niet alleen bepaald door de 

mate van 5-HT afgifte. Hoofdstuk 6 beschrijft drie pilot experimenten waarin gekeken is 

naar de effecten van chronische behandeling op genexpressie, SERT beschikbaarheid en de 

hoeveelheid tryptofaan hydroxylase (TPH), het enzym dat betrokken is bij de synthese van 

5-HT. Leeftijdsgebonden effecten van de eerdere fluoxetine behandeling werden gevonden 

in de mRNA expressie van verscheidene glutaminerge en GABA-erge genen, maar niet 

in de expressie van genen coderend voor 5-HT, DA en NA receptoren en ook niet in de 

expressie van genen betrokken bij neuronale uitgroei en stress regulatie. Verrassend genoeg 

vonden we ditmaal ook geen leeftijdsafhankelijk effect van de behandeling op de SERT 

beschikbaarheid. Het effect van fluoxetine op de immunoreactiviteit van het 5-HT synthese 

enzym TPH was wel afhankelijk van leeftijd. De jong behandelde dieren vertoonden een 

hogere aanwezigheid van TPH-positieve cellen, terwijl de volwassen behandelde dieren, 

in vergelijking met niet-behandelde dieren, verminderde expressie lieten zien. Als laatste 

is ook gekeken naar de invloed van fluoxetine op de aanwezigheid van twee indicatoren 
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van structurele plasticiteit in de dentate gyrus (DG) van de hippocampus, een proces 

waarvan bekend is dat deze positief beïnvloed wordt door 5-HT. We vonden duidelijke 

leeftijdgebonden effecten van de fluoxetine behandeling op de aanwezigheid van zowel 

DCX- als Ki67-positieve cellen (hoofdstuk 7), vergelijkbaar met de resultaten van de TPH 

expressie. Over het geheel genomen laten deze experimenten zien dat fluoxetine inderdaad 

een effect heeft op 5-HT neurotransmissie, die afhankelijk blijkt te zijn van de leeftijd ten 

tijde van de blootstelling.

Deel III: Methodologische vraagstukken rondom 5-HT phMRI 

Door het combineren van functionele MRI met de toediening van een psychoactief middel, 

kan het effect van dat middel op het centrale zenuwstelsel in beeld worden gebracht, een 

toepassing die wordt aangeduid als farmacologische MRI of phMRI. Dit is een interessante 

ontwikkeling omdat met deze techniek in toekomstig onderzoek wellicht meer inzicht 

verkregen kan worden in het optreden van chemische inprenting van psychoactieve 

medicatie bij kinderen en adolescenten. Met phMRI kan na toediening van bijvoorbeeld een 

SSRI een goede inschatting gemaakt worden van de 5-HT functie. 5-HT phMRI is een relatief 

nieuwe techniek binnen de neuroimaging, en het volledige scala van toepassingen voor deze 

methode is nog in volle ontwikkeling. In hoofdstuk 8 en het bijbehorende videoartikel (te 

vinden op www.jove.com/video/3956) demonstreerden we hoe 5-HT phMRI in levende en 

zelfademende ratten is toe te passen. Daarnaast werden de sterke punten en tekortkomingen 

van deze techniek en de bijbehorende data analyse besproken. 5-HT phMRI maakt het 

dus niet alleen mogelijk om een duidelijke inschatting te krijgen van de neurotransmitter 

functie in het brein van een levend dier, maar kan ook leeftijdsafhankelijke verschillen hierin 

zichtbaar maken, zoals we in hoofdstuk 4 van dit proefschrift laten zien. Tegelijkertijd blijkt 

deze gevoelige techniek soms lastig te interpreteren. Het is daarom cruciaal om tijdens de 

gehele acquisitie van MRI beelden alle fysiologische processen die invloed kunnen hebben 

op de doorbloeding van het brein zo constant mogelijk te houden. Wat humane 5-HT phMRI 

studies betreft, vooral wanneer dit studies naar de effecten van geneesmiddelen op de 

ontwikkelende hersenen en dus in kinderen en jongeren betreft, wordt 5-HT phMRI nog 

steeds als een vrij belastende techniek gezien, vooral wanneer de desbetreffende medicatie 

intraveneus wordt toegediend. Het zou daarom positief zijn als de effecten op het brein 

zouden kunnen worden weergegeven na orale toediening van het geneesmiddel. Hoewel 

dit vaker is toegepast is in verschillende fMRI-studies, is de test-hertest betrouwbaarheid 

van deze methode voor de meeste toepassingen nog niet eerder bepaald. In hoofdstuk 9 

beschrijven we dat deze test-hertest betrouwbaarheid, na orale toediening van een SSRI, 

laag is voor zogenaamde ‘pulsed ASL’ phMRI, een techniek gebaseerd op de mate van 
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doorbloeding van het brein. Dit beperkt de bruikbaarheid van deze specifieke toepassing 

voor het bepalen van veranderingen in 5-HT functie over de tijd en dus ook het gebruik ervan 

als een betrouwbare (klinische) onderzoeksmethode. Recentelijk zijn er echter nieuwe ASL 

technieken ontwikkeld, met minder signaal schommelingen, zoals de ‘pseudo continue’ ASL. 

Het is interessant om in toekomstige onderzoeken te zien of deze nieuwe technieken een 

beter resultaat geven. Niettemin hebben we aangetoond dat het effect van een orale SSRI 

toediening op de cerebrale bloedstroom relatief klein is. Ook met BOLD-gebaseerde fMRI 

hebben we laten zien dat het lastig is om op repliceerbare wijze het effect van een orale SSRI 

op taakgerelateerde hersenactiviteit in kaart te brengen, zoals beschreven staat in hoofdstuk 

10 van dit proefschrift. We vonden geen reproduceerbare effecten van een orale SSRI op de 

hersenactiviteit die betrokken is bij emotionele verwerking of sensomotorische beweging, 

processen waarbij 5-HT een rol speelt. Wel vonden we duidelijke en reproduceerbare 

effecten van de orale SSRI op zogenaamde ‘taak-negatieve’ processen in het ‘default mode 

network’ (DMN). Dit netwerk bestaat uit hersengebieden die vooral actief zijn tijdens rust en 

worden uitgeschakeld tijdens doelgericht gedrag. Orale toediening van het SSRI citalopram 

verminderde deze deactivatie zichtbaar, voornamelijk in de mediale frontale cortex. Deze 

bevinding kan erop wijzen dat 5-HT betrokken is bij het reguleren van het DMN. Al met 

al tonen we in deel III van dit proefschrift aan dat 5-HT phMRI met een orale challenge 

een waardevolle beeldvormende techniek is, maar dat voorzichtigheid geboden blijft op 

het gebied van de test-hertest betrouwbaarheid. Vooral wanneer de effectgrootte van het 

middel op de doorbloeding gering is, of wanneer extra bronnen van mogelijke ‘ruis’ op het 

MRI signaal worden toegevoegd. Wanneer er bijvoorbeeld anesthesie wordt gebruikt of 

wanneer de challenge oraal i.p.v. intraveneus wordt toegediend, zal een grotere steekproef 

moeten worden gebruikt. Tot slot combineren we in hoofdstuk 11 de doelstellingen van 

de delen II en III van dit proefschrift en beschrijven we de opzet en methodologie van drie 

nog lopende klinische studies. Deze studies zullen naar verwachting op korte termijn meer 

inzicht kunnen geven in de effecten van psychotrope medicatie, waaronder fluoxetine, op 

de neuronale ontwikkeling van kinderen en jongeren, met behulp van zowel retrospectieve 

als prospectieve benaderingen en verschillende neuroimaging technieken, waaronder 5-HT 

phMRI.

Conclusies

Hoewel de precieze werkingsmechanismen van antidepressiva nog steeds niet bekend 

zijn, worden deze geneesmiddelen in toenemende mate voorgeschreven aan kinderen en 

jongeren bij wie de hersenen nog niet volledig zijn ontwikkeld. Het beïnvloeden van de 
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neurotransmitter functie in een onvolgroeid brein kan de normale uitrijping van dat brein 

beïnvloeden, wat kan leiden tot veranderingen in de signaaloverdracht in het latere leven, 

en uiteindelijk mogelijk tot veranderingen in gedrag. In dit proefschrift geven we eerst een 

voorbeeld van deze zogenaamde ‘chemische imprinting’ in de vorm van leeftijdsafhankelijke 

effecten van het middel MDMA, een krachtige manipulator van de 5-HT functie, op de SERT 

dichtheid bij zowel ratten als mensen. Het belangrijkste doel van dit proefschrift was echter 

om meer inzicht te krijgen in de effecten van SSRI’s, en van fluoxetine (Prozac®) in het 

bijzonder, op het 5-HT systeem na adolescente blootstelling. De dierproeven in dit proefschrift 

ondersteunen het idee dat de effecten van chronische behandeling met fluoxetine op de 5-HT 

functie afhankelijk zijn van de leeftijd waarop deze behandeling plaatsvindt. Na langdurige 

fluoxetine behandeling werd een verhoogde gevoeligheid van het 5-HT systeem gevonden in 

adolescente dieren, terwijl bij volwassen behandelde dieren geen of tegengestelde effecten 

werden waargenomen. Deze toegenomen 5-HT activiteit wordt mogelijk veroorzaakt door 

een verminderde werking van het 5-HT feedbackmechanisme in de jong behandelde dieren. 

Aanvullende studies zijn nodig om te bevestigen dat deze leeftijdsafhankelijke effecten 

inderdaad permanent zijn en veroorzaakt worden door neurochemische veranderingen 

in ontwikkeling van het 5-HT systeem en aanverwante neurotransmitter systemen. De rol 

van de 5-HT receptoren hierin zal ook verder moeten worden onderzocht. Daarnaast is 

in algemene zin ook een beter inzicht noodzakelijk in de 5-HT ontwikkeling en het exacte 

werkingsmechanisme van SSRI’s. Bovendien moeten onze bevindingen in het gezonde brein 

van de rat uiteindelijk vertaald worden naar het depressieve menselijk brein. In dit opzicht 

kan farmacologische MRI zeker een nuttige toepassing zijn, omdat het de beoordeling van 

de 5-HT functie in zowel dier als mens op een relatief weinig belastende wijze mogelijk 

maakt. Met deze techniek waren wij in staat de leeftijdsafhankelijkheid van de effecten van 

langdurige fluoxetine behandeling op de hersenfunctie bij ratten aan te tonen. Verwachte 

technische ontwikkelingen zullen waarschijnlijk een verdere verhoging van de gevoeligheid 

van deze techniek opleveren, waardoor de (potentiële) aanwezigheid   van ‘fluoxetine 

imprinting’ in kinderen en adolescenten in de toekomst nog beter zal kunnen worden 

onderzocht.
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Lieve Q, waar moet ik beginnen? We kennen elkaar al zo lang en hebben al zoveel samen 

meegemaakt. Niemand kent mij beter dan jij. Wat mooi en ook zo vanzelfsprekend dat 

jij straks naast mij staat. Ik hoop dat we ook in ons verdere leven nog veel bijzondere 

momenten samen gaan delen. Lieve Femke, we kennen elkaar al vanaf de kleuterschool en 

ook al hebben we allebei een heel ander leven, voor mijn gevoel zitten we altijd op één lijn. 

Zelfs als we elkaar maanden niet zien, is het weer alsof ik je gisteren nog sprak. Lieve Klara, 

bedankt voor je hartelijkheid en welgemeende interesse in mijn promotie-perikelen en alles 

daarbuiten, zelfs nu je ver weg in Parijs zit. Ik wens je heel veel succes bij het vinden van je 

droombaan, het gaat je echt lukken!
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Mijn middelbare schoolvrienden; Leonie, Niels, Tim, Steven, Freek; we zien elkaar niet 

vaak, maar de vriendschap blijft en dat is fijn om te merken. Jeroen en Marein, bedankt 

voor alle gezellige koffiemomentjes in het AMC. Martijn, hetzelfde geldt voor jou! Mijn 

studievriendinnetjes; Ilona, Kristel, Marjolein, Reina, Linda, Kim, Marieke en Dieuwertje. 

Ook wij zijn inmiddels verspreid over stad en land, maar de betrokkenheid en verbondenheid 

is er nog steeds. Bedankt voor de fantastische studietijd die ik met jullie heb gehad, en de 

leuke en gezellige momenten die we nog steeds samen hebben. De ‘VIA’ vrienden groep; 

Klara, Tim, Guusje, Daan, Nynke, Martijn, Janneke, Ton, Nutjaree, Joram, Hannah Kay, Aron, 

Yuva, Machteld en Niels. Bedankt voor alle gezellige feestjes, festivals, borrels en meer. 

De DGO’ers; wat een bijzondere groep mensen zijn jullie. Zo’n grote verscheidenheid aan 

mensen en toch zo hecht. Bedankt voor alle fijne etentjes, borrels, weekendjes weg en 

gezelligheid.

Valentijn en Sanne; ik kan me geen leukere schoonbroer en schoonzus wensen, bedankt 

voor jullie steun, interesse en de gezellige etentjes. Dorothea en Ronnie; bedankt voor jullie 

oprechte betrokkenheid en de fijne tijden op Tenerife, ik voel me er inderdaad thuis.

Lieve Thea en Wim; bedankt voor alles wat jullie mij geven en gunnen in het leven. Jullie 

hebben mij altijd mijn eigen keuzes laten maken en mijn eigen weg laten kiezen, hoe lastig 

dit soms ook is (voor mij en waarschijnlijk ook voor jullie). Dit heeft mij gemaakt tot wie ik 

ben; betrokken, zelfstandig en nieuwsgierig. Ik weet dat jullie altijd achter mij staan, mij 

onvoorwaardelijk steunen en van me houden. Ik ook van jullie.

Allerliefste Kaspar; wij samen is in één woord schitterend. Er is zoveel aan jou dat ik 

waardeer, teveel om nu op te noemen. Bedankt voor je onvoorwaardelijke liefde en support 

in alles wat ik doe en wil. Ik ben ontzettend blij dat ik de liefste persoon op deze wereld mijn 

vriendje mag noemen.

‘The place that feels like home is your embrace’


