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“The difference between what the most and the least learned people know is 

inexpressibly trivial in relation to that which is unknown” 

-Albert Einstein
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1. Stress and stress hormones 

 

1.1. What is Stress? 

In biological systems, stress is generally defined as the subjective 

experience of any condition that disturbs the physiological and/or 

psychological homeostasis of the organism (Chrousos, 1998; de Kloet et al., 

2005; Kim and Diamond, 2002). Exposure to stressful events activates 

intrinsic mechanisms that help respond to these challenging conditions 

(Bracha et al., 2004). The entire repertoire of behavioral and physiological 

responses includes (among others things): enhanced appraisal, arousal and 

alertness, heightened attention, suppression of sexual and feeding 

behaviors, re-direction of energy flow towards the places where energy is 

needed and cardiovascular changes (Bracha et al., 2004). Ultimately, these 

actions are aimed to restore the disturbed equilibrium (de Kloet et al., 2005; 

Kopin, 1995). The response to a stressful experience is therefore highly 

adaptive and might even be beneficial for the survival and evolutionary 

development of the whole species. On the other hand, there are examples 

that exposure to stressful experiences can reduce health of individuals in 

general and can be a risk factor for psychopathological diseases such as 

depression and post-traumatic stress disorder (PTSD) (Yehuda, 2009). In 

depression and PTSD, the intrinsic mechanisms that promote behavioral 

adaptation to stressful events often appear to be dysregulated (de Kloet et 

al., 2005).  

 

1.2. Main stress pathways 

There are two main neuro-endocrine pathways activated upon exposure to 

stressful events: the autonomous nervous system (ANS) and the 

hypothalamo-pituitary-adrenal (HPA) axis. Both the ANS and HPA-axis are 

regulated by input from higher cortical, limbic, visual, auditory, olfactory and 

visceral areas, and are also subject to regulation by several hormones and 
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cytokines (Chrousos, 1998). Importantly, these systems interact at multiple 

levels to promote physical and behavioral adaptation to stressful events (De 

Kloet et al., 1998; Pacak et al., 1995; Tsigos and Chrousos, 2002). 

 

1.2.1. Autonomic Nervous System 

Activation of the autonomic nervous system (ANS) leads to elevated 

circulating levels of adrenaline and noradrenaline (Smith and Vale, 2006; 

Tsigos and Chrousos, 2002) which are released from the adrenal medulla 

and presynaptic nerve terminals. These catecholamines trigger an elevation 

in heart and respiratory rate, increase blood pressure and promote energy 

mobilization (Ulrich-Lai and Herman, 2009). In the central nervous system 

(CNS), exposure to a stressful event rapidly activates the locus coeruleus 

(LC), where the majority of noradrenergic neurons are located. These 

neurons project to other brain areas, such as the prefrontal cortex, 

cerebellum, amygdala, and hippocampus (Foote et al., 1983) and supply 

these areas with noradrenergic signals via - and -adrenergic receptors. 

Peripherally released adrenaline can also stimulate the ascending vagal 

afferents at the nucleus of solitary tract (NTS), from which noradrenergic 

neurons directly innervate the basolateral amygdala and LC. Therefore the 

brain is a major target for catecholamines that are released upon exposure 

to stressful events. 

 

1.2.2. Hypothalamo-Pituitary-Adrenal Axis 

A second major system that is activated upon exposure to stressful events is 

the hypothalamo-pituitary-adrenal (HPA)-axis. At baseline activity of the 

HPA-axis, glucocorticoid hormones (corticosterone in rodents; cortisol in 

humans) are secreted from the adrenal cortex in discrete pulses so that 

plasma glucocorticoid levels exhibit both an ultradian and a circadian rhythm 

(Lightman and Conway-Campbell, 2010; Lightman et al., 2008).  

The perception of a stressful event activates parvocellular neurons in 
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the paraventricular nucleus (PVN) of the hypothalamus. Activation of these 

neurons triggers the release of corticotrophin-releasing hormone (CRH) and 

arginine-vasopressin (AVP) which eventually stimulate the release of 

adrenocorticotropic hormone (ACTH) from the anterior pituitary gland into 

the peripheral circulation. ACTH acts on the adrenal cortex and initiates the 

synthesis (including a series of enzymatic steps) and secretion of 

glucocorticoids (Charlton, 1990). Adrenal corticosteroid hormones are not 

stored and their secretion usually reaches maximal levels within 15 min after 

HPA-axis activation (De Kloet et al., 1998).  

Due to their lipophilic properties, circulating glucocorticoids easily 

enter the brain, reach target brain areas and affect brain function. In addition, 

these hormones exert a negative feedback action at the level of the 

hypothalamus and pituitary (de Kloet et al., 2005; Gwinup, 1967) to restrain 

their own release and maintain a dynamic yet homeostatic equilibrium. The 

HPA-axis activity can also be modulated by other brain areas during stress, 

including the hippocampus (Jacobson and Sapolsky, 1991), amygdala 

(Allen and Allen, 1974) and prefrontal cortex (Diorio et al., 1993) (Figure 1).  

 

1.3. Corticosteroid receptors 

In the brain, corticosteroid hormones bind to both thus far characterized 

corticosteroid receptors: the glucocorticoid receptor (GR), which has a 

relatively low affinity for cortisol and corticosterone, and the 

mineralocorticoid receptor (MR), which has a higher affinity for these 

hormones (Joels et al., 2006; Reul and de Kloet, 1985). 

Both receptors belong to a superfamily of nuclear receptors (Arriza et 

al., 1987; Hollenberg et al., 1985; Lu et al., 2006; Miesfeld et al., 1986), 

which classically act as transcription factors to regulate gene expression. 

The intracellular steroid receptors are part of a cytoplasmic multiprotein 

complex, consisting of one receptor molecule, several heat shock proteins 

(HSP) and an immunophilin (De Kloet et al., 1998). Upon binding to MRs or 
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GRs in the cytoplasm, a rapid chain reaction happens: first, the receptors 

dissociate from HSPs and immunophilins; second, the ligand-bound 

receptors are translocated from the cytoplasm to the nucleus (Jewell et al., 

1995); third, the receptors, either in the form of homo- or hetero-dimers 

(Trapp et al., 1994), bind to glucocorticoid responsive elements (GREs) 

(Beato et al., 1996); finally, binding to GREs in a promoter region leads to 

enhanced or repressed transcription of the corresponding gene (De Kloet et 

al., 1998; Joels, 2006; Munck et al., 1990; Vreugdenhil et al., 2001).  

 

       

Figure 1. HPA-axis and ANS (see the text in Section 1.2 for details) 

Abbreviation: ACTH: adrenocorticotropin hormone; AMY: amygdala nuclei; ANS: 

autonomic nervous system; CRH: corticotrophin releasing hormone; HIPP: 

hippocampus; HYP: hypothalamus; LC: locus coeruleus; NA: noradrenaline; NTS: 
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nucleus of solitary tract; PFC: prefrontal cortex 

 

Even though the DNA binding domains of both GRs and MRs are 

nearly identical, the final functional outcome of the binding of glucocorticoids 

to MRs or GRs varies tremendously. Several main differences between MRs 

and GRs are listed below: 

1) Affinity: MRs and GRs display a different affinity for corticosterone; 

MRs exhibit a 10-fold higher affinity for corticosterone than GRs (Reul and 

de Kloet, 1985). Due to their lower affinity, GRs become fully occupied only 

when serum corticosterone level increase, e.g. after exposure to stress or 

during diurnal peaks. In contrast, most of the MR (nearly 90%) is already 

bound with endogenous corticosterone under basal condition (Reul and de 

Kloet, 1985).  

2) Distribution: GRs are ubiquitously expressed throughout the brain 

while MRs are highly expressed in the limbic system (Arriza et al., 1988; De 

Kloet et al., 1998; Reul and de Kloet, 1985). However, MRs and GRs also 

co-exist in some of the brain areas, including hippocampal pyramidal cell 

fields except for the adult CA3 region which shows minimal GRs expression 

(de Kloet et al., 2005; Evans and Arriza, 1989). Both receptors can also be 

found in the same hippocampal pyramidal cells (Bohn et al., 1991), which 

enables a cross-talk between these two types of receptors that might lead to 

either enhancement (synergism) or repression (antagonism) of gene 

transcription in response to physiological or cellular changes (De Kloet et al., 

1998). 

3) Structure: MRs and GRs differ in alternative RNA splicing, 

translation initiation as well as post-translational modulation (Joels, 2006; 

Pascual-Le Tallec and Lombes, 2005; Zhou and Cidlowski, 2005).  

In addition to these slow, genomic actions in the brain (Joels and de 

Kloet, 1994), it is now evident that glucocorticoids can also exert rapid, 

non-genomic effects via membrane-associated receptors which are present 
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in different species and in different brain areas (Orchinik et al., 1991, Venero 

and Borrell, 1999, Di et al., 2005, Karst et al., 2005, Groc et al., 2008, Karst 

et al., 2010). In the hippocampus, glucocorticoids rapidly and reversibly 

enhance the frequency of mEPSCs (miniature excitatory postsynaptic 

currents) via MRs that are presumably located in the membrane (Karst et al., 

2005). A similar rapid MR-mediated increase in mEPSC frequency has been 

reported in the basolateral amygdala (Karst et al., 2010b). Interestingly, this 

increase in synaptic transmission could be rapidly reversed by a 

non-genomic effect that involves GRs (Karst et al., 2010b). It is important to 

note that the presence of membrane corticosteroid receptors yields a 

completely new pathway via which glucocorticoids can regulate cellular 

function. The resultant cellular responses to the pulses of corticosterone 

during the circadian rhythm and after exposure to a stressful event are 

therefore determined by the dynamic interaction between corticosteroid 

hormones and MRs/GRs via genomic and/or non-genomic actions (Figure 

2).  

It is important to note that both MRs and GRs are localized in regions 

that are important for memory formation such as the hippocampus, 

amygdala and the prefrontal cortex. In interaction with a number of other 

compounds – such as (nor) adrenaline, CRH, endocannabinoids – 

corticosteroid hormones via their receptors alter neuronal activity in areas 

that play central roles in the storage of relevant information and promote 

behavioral adaptation (Joels and Baram, 2009; Roozendaal et al., 2009c).  

 

2. Learning and memory 

Experiences modify the nervous system so that individuals can learn and 

further evolve. Once information has been acquired (learned), the 

information can be consolidated and stored as a long-lasting memory trace 

(McGaugh, 2000). To become operational, memories need to be retrieved. 

Interestingly, the cascade of molecular mechanisms that is required for the 
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storage of information is also required to consolidate information once being 

retrieved and updated (reconsolidation, see Box 1) (Nader et al., 2000b). 

 

 

Figure 2. Non-/genomic pathways through which MR and GR can change 

brain function (see text in Section 1.3, for more extensive details; see de Kloet et 

al., 2005). 

 

Memory can be divided in at least two types: declarative (explicit) and 

procedural (implicit) memory (Graf and Schacter, 1985; Squire, 2004). 

Declarative memory requires conscious recall, and can be divided further 

into 1) semantic memory (concerning the facts), and 2) episodic memory 

(concerning events, including time and space). In contrast, procedural 

memory refers to unconsciously recalled information such as skills (e.g. 

learning how to bike or skate). Spatial memory is another special type of 

memory, which contains the information of the spatial environment. It can be 

recalled as a semantic memory (e.g. as one recalls a map learned from a 
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book) or as an episodic memory (e.g. as one recalls a journey he just had in 

tropical jungle).  

  

2.1. Stress hormones and learning and memory  

Stress can have a major impact on memory performance (Joels et al., 2006; 

Roozendaal et al., 2009a). Numerous studies have suggested that both in 

humans and rodents the most vivid memories tend to be of emotional events, 

which are likely to be recalled more often and with more clarity and details 

than neutral events (Cahill and McGaugh, 1998; Joels et al., 2006; 

McGaugh and Roozendaal, 2002; Olff et al., 2005). This ability to acquire, 

store and retrieve emotionally charged information may be beneficial from 

the evolutionary viewpoint. 

In our modern society along with the advancement of technology and 

economic growth, unfortunately human beings are more often exposed to 

psychological stress (global economic crisis, losing jobs, competitions and 

terrorism etc.). The notion that memories of stressful events are very robust 

and may even stay inappropriately present in some individuals has 

stimulated research on the molecular and cellular mechanisms that underlie 

the formation of fearful memories. Studies in humans and animals reveal 

that hormones that are released during aversive events promote memory 

formation of potentially relevant events. However, dysregulation of 

appropriate (endocrine) responses may on the other hand contribute to the 

formation of fearful memories (Joels et al., 2006). Post-traumatic stress 

disorder (PTSD) is an extreme example illustrating that stressful events can 

have a negative impact on humans. Patients suffering from PTSD can 

vividly recall the previous “aversive” life experiences (accidents, abuse and 

so on) no matter how long they have passed (Cahill and McGaugh, 1998; 

Shors, 2006). PTSD patients also avoid anything that is likely to remind 

them to the trauma and display heightened irritability (Gersons and Carlier, 

1992). 
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Norepinephrine (NE) and corticosteroid hormones, via their receptors, 

play an important role in the memory enhancing effects of stress and 

emotion (Joels et al., 2006; Roozendaal et al., 2009a). NE enhances 

memory formation of emotional events via the brain β-adrenergic receptors 

(β-ARs) both in humans and rodents: post-training application of 

norepinephrine or β-ARs agonists promotes memory consolidation in 

various memory tasks such as the inhibitory avoidance task, fear 

conditioning and Morris water-maze (Hu et al., 2007; Roozendaal et al., 

1993). Activation of -adrenergic receptors also enhances memory, 

presumably by enhancing the actions of -adrenergic actions (Ferry et al., 

1999).  

Corticosteroid hormones via MRs have been implicated in the 

appraisal of information and response selection (Oitzl and de Kloet, 1992; 

Sandi and Rose, 1994a). Via GRs these hormones have been reported to 

promote long-term consolidation of information (Jin et al., 2007; Oitzl and de 

Kloet, 1992; Pugh et al., 1997a; Quirarte et al., 2009; Quirarte et al., 1997; 

Roozendaal et al., 2001; Roozendaal and McGaugh, 1996a, b, 1997a, b; 

Roozendaal et al., 2009c; Roozendaal et al., 1999a; Roozendaal et al., 

1996; Roozendaal et al., 2002b; Roozendaal et al., 1999b; Sandi and Rose, 

1994b). Accordingly, a point mutation in the mouse GR (Oitzl et al., 2001) 

and inactivation of the mouse MR gene in the forebrain (Berger et al., 2006), 

are associated with impaired spatial memory performance. Recent evidence 

suggests that membrane-associated GRs also promote long-term memory 

in an object recognition task, via chromatin modification (Roozendaal et al., 

2010). Thus, it is likely that both non-genomic as well as genomic actions of 

corticosteroid hormones promote the storage of relevant information. 

Besides these well-described effects of stress and glucocorticoids on 

consolidation processes, these hormones have also been reported to affect 

memory retrieval mechanisms (de Quervain et al., 2007; de Quervain et al., 

2003; de Quervain et al., 1998; Pakdel and Rashidy-Pour, 2007; 

http://www.ncbi.nlm.nih.gov/pubmed/20371824
http://www.ncbi.nlm.nih.gov/pubmed/20371824
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Rashidy-Pour et al., 2009; Sajadi et al., 2006, 2007) and extinction 

processes (Bohus and de Kloet, 1981; Gourley et al., 2009; Yang et al., 

2006). Taken together, there is ample evidence that corticosteroid hormones, 

via activation of MRs and GRs, have a repertoire of behavioural effects and 

promote the consolidation of relevant information, which facilitates 

behavioural adaptation (de Kloet et al., 2005; Schwabe et al., 2010). Recent 

studies further suggest that corticosteroids act in concert with other 

hormones such as norepinephrine (Roozendaal et al., 2001; Roozendaal et 

al., 2004a; Roozendaal et al., 2004b; Roozendaal et al., 2006a; Roozendaal 

et al., 2006b), CRH (Coste et al., 2000; Muller et al., 2003; Roozendaal et al., 

2002a) and endocannabinoids (de Oliveira Alvares et al., 2010; Moreira and 

Lutz, 2008) for optimal memory performance both in rodents and humans 

(de Quervain et al., 2009). 

 

3. Glutamate receptors, synaptic plasticity and learning and memory 

An important question is how emotional memories are formed, what the 

underlying molecular and cellular mechanisms are and how these 

processes are modulated by stress hormones. Changes in synaptic 

connectivity are generally believed to underlie learning and memory 

processes (Bliss and Collingridge, 1993; Doyere and Laroche, 1992; Morris 

et al., 1990). Plasticity at synapses can be regulated at the presynaptic site 

(by changing the release of neurotransmitters), the postsynaptic site (by 

changing the function and number of receptors) or both (Malinow and 

Malenka, 2002). The most explored forms of plasticity at excitatory 

synapses are N-methyl-D-aspartic acid receptor (NMDAR)-dependent 

long-term potentiation (LTP) and long-term depression (LTD), which have 

been associated with changes in postsynaptic signaling (Bliss and 

Collingridge, 1993; Neves et al., 2008). 

 

3.1. NMDA receptors 
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Long-term potentiation (LTP) reflects a long-lasting increase in synaptic 

connectivity (Neves et al., 2008) that can experimentally be elicited by 

high-frequency stimulation or by afferent stimulation in combination with 

post-synaptic depolarization (Bliss and Collingridge, 1993; Bliss and Lomo, 

1973). NMDA receptors play a critical role in the induction of LTP. These 

receptors are composed of GluN1 and GluN2 subunits (latest nomenclature 

by NC-IUPHAR) (Collingridge et al., 2009). The NMDA receptor forms a 

heterotetramer of two GluN1 and two GluN2 subunits (GluN2A-D). Each 

receptor subunit has an extracellular domain, a membrane spanning domain 

and an intracellular cytoplasmic domain. The extracellular domain contains 

two globular structures: a modulatory domain and a ligand-binding domain. 

The transmembrane domain forms a channel pore which has a high-calcium 

permeability and voltage-dependent magnesium block. The extensive 

cytoplasmic domain can be modified by protein kinases and protein 

phosphatases, and interacts with and hence anchored at the synapses by a 

family of proteins named membrane-associated guanylate kinases (Leonard 

et al., 1999; Wenthold et al., 2003), including PSD-95 (Kornau et al., 1995), 

a highly abundant protein in the postsynaptic density (PSD). The NMDA 

receptor is a unique ligand-gated ion channels since activation requires 

binding of glutamate as well as membrane depolarization which is needed to 

release the magnesium block of the channel and to open the channel with 

high probability (Nowak et al., 1984). Therefore, the NMDA receptor 

functions as a coincidence detector that determines specificity and 

associativity of synaptic potentiation. 

  

3.2. AMPA receptors 

There is ample evidence that the dynamic regulation of 

α-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors or AMPARs - 

which mediate most of the fast excitatory synaptic transmission - can 

change synaptic function and regulate storage of information (Malinow and 

http://en.wikipedia.org/w/index.php?title=Heterotetramer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Extracellular
http://en.wikipedia.org/wiki/Domain_(biology)
http://en.wikipedia.org/wiki/Ligand
http://en.wikipedia.org/wiki/Pore
http://en.wikipedia.org/wiki/Protein_kinases
http://en.wikipedia.org/wiki/Protein_phosphatases
http://en.wikipedia.org/wiki/Protein_phosphatases
http://en.wikipedia.org/wiki/Protein_phosphatases
http://en.wikipedia.org/wiki/Coincidence_detector
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Malenka, 2002; Rumpel et al., 2005). Controlling the number of AMPARs on 

the postsynaptic membrane is an essential mechanism to regulate synaptic 

strength and plasticity (Malenka, 2003; Malinow and Malenka, 2002; Plant 

et al., 2006).  

AMPARs are heteromeric tetramer complexes formed of different 

combinations of GluA1-4 subunits (Hollmann and Heinemann, 1994; 

Keinanen et al., 1990; Tanabe et al., 1992; Wisden and Seeburg, 1993). 

Each AMPAR complex contains four subunits (Rosenmund et al., 1998), and 

the topology of each subunit is similar: an N-terminal extracellular amino 

domain, a ligand-binding domain, a membrane localized domain and an 

intracellular C-terminal domain (Hollmann, et al., 1994). The number and 

composition of AMPARs can vary substantially among different neuronal 

populations. In adult hippocampal pyramidal neurons for example, two main 

populations of AMPAR complexes are found: GluA1/GluA2 and 

GluA2/GluA3 containing AMPARs. Very few GluA1/GluA3 and some (up to 

8%) homomeric GluA1 AMPARs are present (Wenthold et al., 1996). 

While the extracellular and transmembrane regions of AMPAR 

subunits are very similar, their intracellular cytoplasmic tails are distinct: 

GluA1, GluA4 and an alternative splice form of GluA2 (GluA2L) have longer 

cytoplasmic tails. In contrast, the predominant splice form of GluA2, GluA3 

and an alternative splice form of GluA4 that is primarily expressed in 

cerebellum (GluA4c) have shorter cytoplasmic tails (Malinow and Malenka, 

2002). The differences in cytoplasmic carboxyl termini and binding to 

different intracellular proteins result in different synaptic function and 

dynamic transport of AMPARs.  

AMPAR subunits are synthesized and then assembled into receptors 

in the rough endoplasmic reticulum of the neuronal cell body (Barry and Ziff, 

2002) and reach their synaptic targets after a complicated journey involving 

multiple sorting and transport steps along different cytoskeleton structures 

and through various membrane compartments. The initial polarized sorting 
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of AMPARs into dendrites is controlled by the microtubule-dependent motor 

protein dynein (Kapitein et al., 2010). Once inside dendrites, trafficking of 

AMPARs to and from the synapse is regulated by two main processes: 1) 

exocytotic/endocytotic recycling between intracellular and membrane 

receptor pools (Gerges et al., 2006; Passafaro et al., 2001; Wang et al., 

2008b); 2) surface diffusion between extrasynaptic and synaptic receptor 

pools (Adesnik et al., 2005; Ashby et al., 2006; Ehlers et al., 2007). Recent 

studies are beginning to identify the molecular players in the endosomal 

pathway that are essential for AMPAR recycling (Carroll et al., 1999a; Lee et 

al., 2004). The insertion, through exocytosis, of AMPARs into the plasma 

membrane is a key step in controlling the number of surface receptors. 

Although there is still a debate on the exact localization and nature of 

inserted AMPAR, live imaging experiments have shown that exocytotic 

events occur in the dendritic shaft and may also happen in dendritic spines 

(Makino and Malinow, 2009; Yudowski et al., 2007). The sites of AMPAR 

internalization, through endocytosis, can lie both close to the postsynaptic 

density (PSD) and in the extrasynaptic membrane (Petrini et al., 2009). A 

two-step model has emerged in which AMPARs first traffic from and to the 

plasma membrane mostly outside or lateral to synapses, and then diffuse at 

the neuronal surface from extrasynaptic sites to synaptic membrane 

compartments. In line with this model, recent studies have shown that the 

delivery of AMPARs from intracellular stores to the synapse depends on 

extrasynaptic receptor exocytosis (Petrini et al., 2009). 

 

3.3. AMPA receptor trafficking in synaptic plasticity and learning and 

memory 

Activation of NMDA receptors allows Ca2+ influx into dendritic spines of 

post-synaptic neurons which activates calcium-dependent enzymes, such 

as calcium/calmodulin-dependent kinase II (CaMKII), protein kinase A (PKA) 

and protein kinase C (Sheng and Kim, 2002). These kinases modulate 
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synaptic transmission, including regulation of the function of AMPARs. 

CaMKII phosphorylates the GluA1 subunit of AMPARs at serine831 and 

enhances channel function of AMPARs (Barria et al., 1997a; Mammen et al., 

1997). Moreover, activated CaMKII reduces the probability of synaptic 

failures, indicating that the enzyme converts silent synapses into functional 

contacts (Lledo et al., 1995). Third, CaMKII helps to organize a structural 

process that leads to the incorporation of AMPARs-binding proteins into the 

PSD, followed by subsequent anchoring of additional AMPARs (Lisman and 

Zhabotinsky, 2001). PKA phosphorylates GluA1 subunit at Serine845 or 

S845 (Hu et al., 2007; Lee et al., 2000; Roche et al., 1996), while PKC 

phosphorylates GluA1 at ser818 (Boehm et al., 2006). The phosphorylation 

of PKA and PKC is crucial for synaptic incorporation of AMPAR (Ehlers, 

2000; Esteban et al., 2003; Qin et al., 2005) and can regulate AMPAR 

mediated synaptic plasticity (Lee et al., 2003). 

The link between AMPAR surface diffusion and cycling is evident in 

synaptic plasticity paradigms. Well-established protocols of synaptic 

potentiation induce massive exocytosis of AMPARs, which mostly originate 

from endosomal compartments. The exocytosed receptors, at extrasynaptic 

sites or near the spines, then diffuse and accumulate at postsynaptic density 

compartments. Together, the regulation of synaptic AMPAR numbers relies 

on a dynamic equilibrium between intracellular, extrasynaptic, and synaptic 

pools of AMPARs, and is regulated by the activity status of the neuronal 

network (Groc et al., 2008; Krugers et al., 2010; Makino and Malinow, 2009; 

Petrini et al., 2009). 

Interestingly, the trafficking of AMPARs appears to be dependent on 

the subunit composition. The GluA1 carboxyl terminus mediates regulated 

delivery of AMPARs onto synapses upon synaptic activation while the GluA2 

carboxyl terminus determines the continuous delivery of AMPARs onto 

synapses independent from synaptic stimulation (Shi et al., 2001). Upon 

LTP induction, GluA1-containing calcium-permeable AMPARs (GluA1 
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homomers) are rapidly and transiently incorporated into synaptic membrane 

from an intracellular reserve pool (Shi, 2001), and are replaced by 

GluA1-lacking calcium-impermeable AMPARs shortly after LTP induction 

(Plant et al., 2006). The GluA2/3 containing AMPARs represent a substantial 

proportion of endogenous AMPARs in cortical neurons (Lu and Ziff, 2005). 

They are highly mobile and involved in cell surface expression of AMPARs 

(Barry and Ziff, 2002). Functionally, these GluA1-lacking AMPARs (such as 

GluA2/3) are calcium-impermeable (Burnashev et al., 1992; Kauer and 

Malenka, 2006; Plant et al., 2006) and may play a role in maintaining 

synaptic strength (Kauer and Malenka, 2006; Malenka, 2003; Malinow and 

Malenka, 2002; Plant et al., 2006).  

The role of AMPAR trafficking in experience-dependent plasticity has 

been well-studied in the developing rodent sensory cortex. Sensory 

stimulation in vivo induces an LTP-like increase in the strength of neocortical 

synapses, which is probably dependent on delivery of GluA1-containing 

AMPARs (Takahashi et al., 2003). The role of AMPAR trafficking in learning 

has also been extensively studied in limbic areas. In tone-cued conditioning, 

the trafficking of GluA1 containing AMPARs is essential for the formation of 

fearful memories (Rumpel et al., 2005). In contextual learning paradigms, 

the phosphorylation of GluA1 subtype AMPARs at S831 is enhanced and 

GluA1 and GluA2 protein levels are rapidly and transiently enhanced in 

synapses, indicating that such a cognitive task is accompanied by changes 

in AMPAR trafficking in hippocampal neurons (Whitlock et al., 2006). 

Moreover, aversive learning induces LTP-like changes (Whitlock et al., 2006) 

and disrupting once established synaptic potentiation also impairs learning 

and memory (Pastalkova et al., 2006). In addition, learning recruits newly 

synthesized AMPAR selectively to mushroom-type spines in adult 

hippocampal CA1 neurons 24 hours after fear conditioning (Matsuo et al., 

2008). Studies in mutant mice confirm that GluA1 containing AMPARs are 

essential for spatial working memory (Reisel et al., 2002). Taken together, 
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there is ample evidence that AMPARs play a critical role in synaptic 

transmission, synaptic plasticity and learning and memory.   

 

4. Corticosteroids and AMPA receptors: relevance for synaptic 

function and synaptic plasticity 

The effects of glucocorticoids on synaptic plasticity are complex (Joels et al., 

2006). Through activation of mineralocorticoid receptors (MRs), presumably 

via genomic actions, glucocorticoids maintain glutamatergic transmission as 

well as aminergic transmission in the hippocampus (Joels, 1999). Via 

activation of GRs, glucocorticoids enhance the calcium-dependent 

after-hyperpolarization (Joels and de Kloet, 1989) and interfere with 

(subsequently induced) synaptic potentiation (Joels et al., 2006). Evidence is 

accumulating that glucocorticoids affect various aspects of function and 

dynamics of AMPARs, both via slow, protein-synthesis-dependent (genomic) 

effects as well as rapid (non-genomic) actions (Figure 3). 

 

4.1. Slowly developing effects of corticosteroids on AMPA receptors 

After exposure to a stressful event, elevated plasma corticosteroid levels 

return slowly to their pre-stress level in about 2 hours (de Kloet et al., 2005). 

Nevertheless, these hormones exert - via a slow, genomic mode of action - 

long-lasting effects on neuronal function. For example, elevated 

glucocorticoid levels slowly increase the membrane expression and 

synaptic insertion of GluA2-containing AMPARs in hippocampal neurons 

(Groc et al., 2008; Martin et al., 2009). These effects are mediated via GRs, 

require the synthesis of new proteins, and most likely result from increased 

lateral diffusion and/or altered ratio of endocytosis/exocytosis of 

GluA2-containing AMPARs (Groc et al., 2008; Martin et al., 2009). 

Functionally, glucocorticoids also slowly increase the amplitude of evoked 

as well as spontaneous AMPAR-mediated synaptic currents in hippocampal 

primary cultures and hippocampal slices (Karst and Joels, 2005b; Martin et 
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al., 2009), thereby enhancing AMPAR-mediated synaptic transmission. 

 

4.2. Rapid / non-genomic effects of corticosteroids on AMPA receptors  

In addition to the slow genomic effect of glucocorticoids on AMPAR function, 

recently it has been shown that glucocorticoids also rapidly increase the 

frequency of mEPSCs in the hippocampus (Karst et al., 2005) and 

amygdala (Karst et al., 2010b). By using specific agonists, antagonists, and 

brain-specific inactivation of MRs, it was determined that these rapid effects 

are mediated by low affinity MRs (Karst et al., 2005), which are located in 

the membrane. Moreover, the rapid and reversible increase in the frequency 

of mEPSC after glucocorticoid exposure most likely results from an increase 

in the presynaptic release of glutamate (Karst et al., 2005a; Olijslagers et al., 

2008). Later activation of GRs rapidly reduces the frequency of mEPSCs in 

the amygdala (Karst et al., 2010b). These studies highlight that 

glucocorticoids can rapidly (within minutes) regulate synaptic transmission. 

At the same time scale, corticosteroid exposure, via MRs which are located 

in the membrane, also rapidly increases the lateral diffusion of GluA2 

subunits without altering the postsynaptic receptor numbers (Groc et al., 

2008; Martin et al., 2009). Importantly, corticosteroids promote the synaptic 

insertion of GluA2-containing AMPARs after induction of chemical LTP, via 

activation of membrane MRs (Groc et al., 2008). 

 

4.3. Corticosteroids and AMPA receptors in learning and memory 

Current data suggests that glutamatergic neurotransmission is maintained 

under basal corticosterone levels. In addition, application of glucocorticoids, 

via a rapid, non-genomic mode of action, enhance mEPSC frequency (Karst 

et al., 2010b; Karst et al., 2005), promote the induction of long-term 

potentiation in vitro (Wiegert et al., 2006) and facilitate the synaptic insertion 

of AMPARs (Groc et al., 2008). These effects are mediated via MRs. 

Therefore, the data so far indicates that the surge of glucocorticoids can 
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rapidly increase the ability to encode information, which might therefore be 

relevant for the appraisal of a stressful event and/or the acquisition of 

information related to a stressful event (de Kloet et al., 1999; Oitzl and de 

Kloet, 1992; Schwabe et al., 2010). 

Hours after exposure to a stressful event, slow genomic effects of GRs 

on synaptic transmission and synaptic plasticity emerge. These actions 

include: 1) enhanced mobility of GluA2-containing AMPARs (Groc et al., 

2008), 2) enhanced surface expression (Martin et al., 2009) and synaptic 

insertion (Groc et al., 2008) of GluA2 containing AMPARs; 3) suppression of 

long-term potentiation (Alfarez et al., 2002); 4) facilitation of long-term 

depression (Coussens et al., 1997; Xu et al., 1997); and 5) an increase in 

endocytosis of synaptic AMPARs upon stimuli that weaken synaptic 

transmission (Martin et al., 2009). These effects might contribute to the 

storage of information in several ways. First, activity-dependent increased 

synaptic GluA1 containing AMPARs are replaced by GluA2-containing 

AMPARs (such as GluA2/3) (Hayashi et al., 2000; Plant et al., 2006; Shi, 

2001), which might be important to maintain or stabilize the synaptic 

transmission in the absence of activity. Accordingly, GluA2-containing 

AMPARs are critical for the formation of fearful memories (Migues et al., 

2010) and glucocorticoids promote learning and memory via 

GluA2-containing AMPARs (Conboy and Sandi, 2010). Second, 

glucocorticoids, via a genomic mode of action that involves GRs, reduce the 

ability to encode novel information (i.e. reduce the ability to elicit synaptic 

potentiation) (Alfarez et al., 2002). This might preserve overwriting of 

information that is present in the network, in a meta-plastic manner (de Kloet 

et al., 2005). Accordingly, corticosteroids occlude the activity-dependent 

increase in synaptic AMPARs (Groc et al., 2008) and prevent the 

activity-dependent increase in AMPAR-mediated synaptic transmission (Hui 

Xiong, personal communication). Third, GluA2-containing AMPARs are 

involved in spine formation (Passafaro et al., 2003; Saglietti et al., 2007): 
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alterations in synaptic AMPARs might therefore increase the capacity to 

store information. 

Taken together, a picture emerges that glucocorticoids, via MRs, 

rapidly enhance the ability to encode information, which is consolidated via 

activation of GRs (Krugers et al., 2010). 

 

Figure 3. Differential effects of corticosteroid receptors on AMPAR trafficking. 

a. GluA2-containing AMPARs traffic from and to the plasma membrane through 

endocytic and exocytotic recycling machinery between intracellular and membrane 

receptor pools. Surface AMPARs diffuse between extrasynaptic sites and synaptic 

membrane via lateral diffusion. b. MRs may influence AMPAR trafficking under 

basal condition (left part). During stress MRs regulate presynaptic release of 

glutamate and promote the synaptic insertion of AMPARs via rapid/non-genomic 

actions (middle part). GR activation - via slow/genomic actions - increases the 

synaptic incorporation and lateral diffusion of GluA2-containing AMPARs. 

Abbreviation: MR: mineralocorticoid receptor; GR: glucocorticoid receptor; PSD: 

postsynaptic density; GRE: glucocorticoid response element. Reproduced from 

Krugers et al., 2010 with the license granted by Nature Publishing Group. 

 

5. Outline of this thesis 

The overall aim of this thesis is to delineate the role of corticosteroid 

receptors in learning and memory formation, and better understand the role 

of AMPARs in this process. 

Several studies have identified that activation of glucocorticoid 
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receptors (GRs) is critical for the consolidation of (emotional) information. In 

contrast, the role of MRs in the formation of fearful memories remains to be 

established. MRs might be extremely relevant in this respect since recent 

studies suggest that these receptors not only exert slow genomic actions on 

synaptic transmission but also rapidly regulate (enhance) synaptic efficacy 

(Karst et al., 2010b; Karst et al., 2005) and synaptic plasticity (Wiegert et al., 

2006). We therefore examined in chapter 2 the role of both MRs and GRs in 

learning and memory using a fear conditioning paradigm. 

Memories for fearful events become labile upon re-exposure (Nader et 

al., 2000b), which has opened a new avenue to potentially reduce fearful 

memories (Monfils et al., 2009; Schiller et al., 2010). Corticosteroids have 

been shown to participate in retrieval and extinction of conditioned fear 

memory via glucocorticoid receptors (Bohus and de Kloet, 1981; Gourley et 

al., 2009; Roozendaal et al., 2004b). On the other hand, mineralocorticoid 

receptors have been found important for the appraisal of stressful 

information and response selection (Bitran et al., 1998; Oitzl and de Kloet, 

1992; Sandi and Rose, 1994b). More recently, we reported that blocking 

MRs during memory acquisition impaired contextual fearful memories (Zhou 

et al., 2010b). In chapter 3, we examined whether pharmacological 

blockade of MRs during memory retrieval was able to reduce retention of 

fearful information and if so, whether such reduction of fear memory was 

long-lasting. 

AMPA receptor mediated synaptic modifications in the amygdala have 

been reported to sustain tone-cued fear conditioning (Rumpel et al., 2005). 

However, the hippocampal formation is also critically involved in fear 

learning (Kim and Fanselow, 1992). We therefore examined in chapter 4 

whether fear conditioning is also accompanied by changes in AMPA 

receptor mediated synaptic transmission in the hippocampus. This was 

examined by recording spontaneous miniature excitatory postsynaptic 

currents (mEPSCs) in the hippocampal CA1 area after training in a fear 
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conditioning task. Memory retention as well as synaptic AMPAR expression 

after training were also examined in parallel. 

Corticosteroid hormones have been reported to slowly enhance 

AMPAR-mediated synaptic transmission and surface expression. The 

underlying molecular mechanisms of this effect remain elusive. We 

examined several candidate proteins that could be involved in this effect. 

The majority of translational regulation of protein synthesis occurs at the 

level of translation initiation where the mammalian target of rapamycin 

(mTOR) plays an essential role (Hoeffer and Klann, 2009). Meanwhile, 

NSF/GluA2 dependent trafficking of AMPARs serves to maintain basal 

synaptic transmission (Nishimune et al., 1998; Osten et al., 1998; Song et 

al., 1998; Yao et al., 2008). We therefore in chapter 5 explored the 

involvement of the PI3K-mTOR pathway and NSF/GluA2 interaction in 

corticosteroid-regulation of AMPAR function and surface expression. 

Stress hormones act in concert to promote learning and memory 

processes. In particular, glucocorticoids modulate memory formation (and 

synaptic plasticity) in synergy with arousal and activation of -adrenergic 

receptors (Roozendaal et al., 2004a; Roozendaal et al., 2002b). We 

explored therefore in chapter 6 how glucocorticoids and -adrenergic 

activation, alone and in concert, regulate surface labeling, phosphorylation 

and function of AMPARs in hippocampal neurons. 

Results from the abovementioned experiments are combined and 

discussed in chapter 7 (General Discussion).
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Box 1. Fear Conditioning 

 

Fear conditioning is a learning paradigm to examine the formation of 

aversive and emotional memories. This paradigm has been successfully 

established across many species, from flies to human beings (LeDoux, 

2000). In fear conditioning, an emotionally neutral conditioned stimulus (CS), 

such as a tone, context or picture is paired with aversive unconditioned 

stimulus (US), typically electrical foot shock for animals, or electrical shock 

(Marschner et al., 2008) / aversive noise (Sandin and Chorot, 1989) for 

human subjects. After successful association between the CS and US, 

individuals display behavioral (such as freezing), autonomic (such as 

elevated heart rate and blood pressure) and endocrine (such as hormone 

release) responses that are expressed in danger upon the re-representation 

of CS alone (which has become intrinsically aversive (LeDoux, 2000; 

Rodrigues et al., 2009; Sehlmeyer et al., 2009).   

The amygdala is a key structure in the circuitry that underlies fear 

conditioning. The lateral nucleus of the amygdala (LA) is viewed as the 

sensory gateway to the amygdala and receives CS information (e.g. 

auditory input) from cortical and thalamic projections. The 

thalamo-amygdala pathway mediates rapid and raw information about the 

fear-provoking stimuli (LeDoux, 1995). In contrast, the cortico-amygdala 

pathway provides slower yet more detailed information about the CS, and 

facilitates conscious control and fine adjustment of fear responses 

(Rodrigues et al., 2009). Neurons in LA respond to both the CS and US 

information, which converge in the dorsal half of LA to form a CS-US 

association (Romanski et al., 1993; Sah et al., 2003). The central nucleus of 

the amygdala (CE) is viewed as the major output region of the amygdala, 

controlling the expression of fear reaction via projections to downstream 

targets, such as the central gray, hypothalamus and dorsal motor nucleus of 

the vagus to evoke behavioral, autonomic and endocrine responses 
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(LeDoux, 1995, 2000; Rodrigues et al., 2009; Rodrigues et al., 2004). The 

basolateral amygdale (BLA) is considered to be important for the memory 

formation of emotional events.   

Although the amygdala has been placed at the center of the fear 

circuitry, the hippocampus also plays an important role in contextual fear 

conditioning (Kim and Fanselow, 1992); in particular, the hippocampus 

provides input about the context of the fearful event. Thus, the 

amygdala-hippocampal network plays a pivotal role in fear conditioning and 

synchronization of theta activities in the amygdala-hippocampal network 

represents a neuronal correlate of conditioned fear that is involved in 

memory retrieval (Seidenbecher et al., 2003). Also the prefrontal cortex 

(PFC) is a crucial neural structure that is involved in the control of stress and 

fear responses. In general, the PFC exerts (inhibitory) control over the 

amygdala-mediated defensive behaviors. The interaction between the two 

structure is required for glucocorticoid effect on memory consolidation 

(Roozendaal et al., 2009c). 

In several aversive learning paradigms (passive avoidance, fear 

conditioning) noradrenaline and corticosteroid hormones facilitate the 

memory for emotional events (Cahill et al., 1994; Pugh et al., 1997b; 

Roozendaal et al., 1993; Roozendaal and McGaugh, 1997b). These 

hormones have been reported to interact at the level of the basolateral 

amygdala to classical fear conditioning (Roozendaal et al., 2006c). However, 

norepinephrine and corticosteroid hormones can also influence synaptic 

plasticity in hippocampus that are involved in fear conditioning (Hu et al., 

2007; Karst et al., 2005; Martin et al., 2009; Wiegert et al., 2006). 
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Box 2. Acquisition, (re)consolidation and extinction of information.  

 

After the acquisition of CS-US association, newly formed memory is initially 

fragile, sensitive to disruption and requires time to consolidate (Dudai, 1996; 

McGaugh, 2000). During the consolidation phase, the association of CS-US 

is strengthened and short-term memory (seconds to hours after training) is 

converted into long-term memory (hours to months after training) (McGaugh, 

2000; Nader et al., 2000b; Rodrigues et al., 2009), via a mechanism that 

requires protein synthesis (Schafe and LeDoux, 2000; Schafe et al., 1999). 

Disruption of this process can therefore potentially disrupt the formation of 

fearful memories (McGaugh, 2000).  

Recent studies indicate that the molecular process that is required to 

consolidate information is also necessary to store information upon retrieval 

(reconsolidation) (Alberini, 2005). This might be extremely meaningful from 

an evolutionary point of view for individuals. A new round of storage of 

information upon retrieval provides a cellular and molecular mechanism to 

update information and integrate new information into the initial memory 

trace. Importantly this reconsolidation window (usually 6 hours after retrieval) 

(Monfils et al., 2009; Nader et al., 2000a) allows to potentially reduce the 

memory for fearful events (Dudai, 2006; Monfils et al., 2009; Nader et al., 

2000a; Schiller et al., 2010).  

Repeated exposure to conditioned stimuli in the absence of 

unconditioned stimuli reduces the amplitude and frequency of a conditioned 

response (Myers and Davis, 2002), a process called extinction. Extinction is 

generally considered as a new learning process, i.e. that exposure to a CS 

has no longer harmful consequences. Extinction is most often not 

permanent. The “extinguished” memory can come back under several 

conditions: 1) Spontaneous recovery, i.e. when certain amount of time has 

passed (Schiller et al., 2008); 2) reinstatement, i.e. when the original US is 

given unexpectedly (Bouton and Bolles, 1979) and 3) renewal, i.e. when CS 
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is given out of the extinction context (Effting and Kindt, 2007).



 28 

Box 3. The hippocampus 

 

The hippocampus - named after its seahorse-like appearance - is located in 

the medial temporal lobe and is an elaboration of the edge of cerebral cortex. 

In typical coronal brain sections, the hippocampus appears as 2 C-shaped 

cortical plates interlocking with each other, with two major subfields that can 

be clearly distinguished: the dentate gyrus (DG) and Ammon‟s horn (CA or 

hippocampus proper). The latter contains the CA3 and CA1 regions (with 

CA2 in-between). Anatomically, the hippocampus is closely connected to the 

adjacent structure, the enthorinal cortex (EC), which in turn is strongly and 

reciprocally connected with many other parts of the cerebral cortex. The EC 

therefore serves as the main source of hippocampal input and output and 

acts as an interface between the hippocampus and the rest of the brain. 

The hippocampus is well-known for its intrinsic connectivity, namely 

the “tri-synaptic circuitry”. The information from EC is relayed via the 

perforant pathway to granular cells of the DG, from where - via the 

unmyelinated mossy fibers – information is relayed to CA3 neurons. CA3 

neurons then send out their collateral axons (Schaffer collaterals) 

innervating massively the dendritic layer of CA1 pyramidal cells. These cells 

further project through the subiculum to the EC, from where the synaptic 

input originates. It should be mentioned though that the entire repertoire of 

intrahippocampal connections and connections between hippocampus and 

cortical areas are much more complex (van Strien et al., 2009). With this 

well-defined three-synaptic circuitry the hippocampus has become a very 

useful experimental substrate to study neuronal network functionality and 

synaptic transmission. This has led to fruitful achievements, including the 

discovery of long-term potentiation (LTP) (Lomo, 2003; Lømo, 1966).  

Numerous studies have shown that the hippocampus also plays a 

major role in learning and memory processes (Anagnostaras et al., 2001; 

Mahut et al., 1982; Mizuno and Giese, 2005; Sanders et al., 2003; Scoville 
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and Milner, 1957). One well-known case is that of patient H.M., who had a 

long history of major and minor seizures uncontrollable by maximum 

medication of various forms at that time. Eventually a radical bilateral medial 

temporal-lobe (including the hippocampus, amygdala and several other 

temporal cortical structures) resection was carried out in order to relieve the 

symptoms. However, unanticipated memory deficits occurred immediately 

after the surgery, including the severe disability to form new memories 

(anterograde amnesia) as well as the inability to recall the memories formed 

shortly before the surgery (retrograde amnesia). Interestingly, older 

memories (prior to 19 months preceding surgery) remained largely intact 

(Scoville and Milner, 1957). Later, another patient, patient R.B. with bilateral 

lesions confined to the hippocampus (entire CA1 regions), developed 

severe anterograde amnesia with little retrograde amnesia (Zola-Morgan et 

al., 1986). These findings in human subjects, as well as in non-human 

primates (Mahut et al., 1982; Zola-Morgan et al., 1989), confirm the role of 

hippocampus in declarative memory formation. 

Numerous studies have also revealed a crucial role for the 

hippocampus in spatial memory. It is believed that the hippocampus forms a 

spatial or topographic map representing the environment (Berthoz, 1997; 

O'Keefe and Dostrovsky, 1971). In support for a role of the hippocampus in 

spatial learning, London taxi drivers, who typically need to memorize huge 

amounts of navigational information, show increases in hippocampal volume 

which correlate with the years of navigation experience (Maguire et al., 

2000). Similarly, rodents can be trained to remember where to find a 

submerged platform hidden in a water tank; lesions of hippocampus lead to 

profound and long-lasting place navigational impairment in these animals 

(Morris et al., 1982). Moreover, hippocampal place cells are involved in 

representation of the spatial environment (Nadel, 1991; O'Keefe and 

Dostrovsky, 1971) and dynamic self-location (Leutgeb et al., 2005) in the 

brain, working together with head-direction cells (Muller et al., 1996) and 
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grid cells (Bayer, 2010; Doeller et al., 2010) that are located in pre- and 

para-subiculum as well as medial entorhinal cortex.  
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Abstract 

Corticosteroid hormones are thought to promote optimal behavioral 

adaptation under fearful conditions, primarily via glucocorticoid receptors 

(GRs). Here we examined – using pharmacological and genetic approaches 

in mice - if mineralocorticoid receptors (MRs) also play a role in fearful 

memory formation. As expected, administration of the GR-antagonist 

RU38486 prior to training in a fear conditioning paradigm impaired 

contextual memory when tested 24 (but not when tested 3) hours after 

training. Tone-cue memory was enhanced by RU38486 when tested at 4 

(but not 25) hours after training. Interestingly, pre (but not post)-training 

administration of MR antagonist spironolactone impaired contextual memory, 

both at 3 and 24 hours after training. Similar effects were also found in 

forebrain-specific MR knockout mice. Spironolactone also impaired tone-cue 

memory, but only at 4 hours after training. These results reveal that – in 

addition to GRs - MRs also play a critical role in establishing fear memories, 

particularly in the early phase of memory formation. 
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Introduction 

Exposure to emotionally arousing events activates the 

Hypothalamo-Pituitary-Adrenal (HPA) axis. As a consequence, enhanced 

levels of corticosteroid hormones (corticosterone in most rodents and 

cortisol in humans) are released into the circulation (de Kloet et al., 2005). 

Corticosteroid hormones enter the brain and bind to two receptor subtypes; 

the mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs). 

MRs are occupied when hormone levels are low and exert their effects 

classically via transcriptional regulation of responsive genes (de Kloet et al., 

2005). However, recent evidence shows that corticosteroid hormones can 

also exert rapid non-genomic effects via MRs (Karst et al., 2005; Olijslagers 

et al., 2008). Compared to MRs, GRs have a 10-fold lower affinity for 

corticosterone, become activated when hormone levels rise after stress and 

slowly exert genomic actions (de Kloet et al., 2005; Joels et al., 2006) but 

also non-genomic effects (Di et al., 2003; Karst et al., 2010b).  

Corticosteroid hormones alter neuronal activity in areas that play 

central roles in attention and selection of appropriate behavioral strategies 

(i.e. hippocampus, prefrontal cortex and amygdala; (de Kloet et al., 2005; 

Joels, 2010; Roozendaal et al., 2009c). As part of behavioral adaptation to 

stressful events, these hormones via activation of MRs and GRs, in 

interaction with other hormones and neurotransmitters (Joels and Baram, 

2009; Roozendaal et al., 2009c), promote the storage of information 

(McEwen and Gianaros, 2010; Oitzl et al., 2010). 

Corticosteroid hormones in vitro rapidly increase neuronal activity in 

the hippocampus (Karst et al., 2005; Olijslagers et al., 2008) and amygdala 

(Karst et al., 2010a) via a mechanism that requires MRs activation. 

Behavioral studies indicate that MRs are involved in appraisal of information 

and response selection in various tasks (Brinks et al., 2007; Oitzl et al., 2010; 

Oitzl and de Kloet, 1992; Sandi and Rose, 1994a). Moreover, genetic 

deletion of MRs in the forebrain led to various cognitive impairments, 
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including impaired learning in a Morris water-maze task (Berger et al., 2006). 

In contrast, via the activation of GRs, a gene-mediated cascade is initiated 

to slowly restore neuronal activity and suppress synaptic plasticity (Joels 

and de Kloet, 1989; Kerr et al., 1989; Kim and Diamond, 2002). At the 

behavioral level, activation of GRs promotes consolidation of the acquired 

stressful information at the later phase of memory formation (Lupien and 

McEwen, 1997; Oitzl et al., 2001; Pugh et al., 1997a; Pugh et al., 1997b; 

Roozendaal, 2003).  

The existing data on the role of MRs in neuronal activity and cognitive 

function justifies the question whether MRs also play a role during the early 

phase of memory formation, in addition to the role of GRs in promoting 

memory formation at later time points (e.g. up to one day after acquisition of 

information). We therefore tested this hypothesis by examining whether 

specific blockade of MRs and GRs interferes with contextual and tone-cue 

memory formation at two different time points (i.e. contextual memory tested 

either 3 or 24 hours after training, tone-cue memory tested one hour later, i.e. 

either 4 or 25 hours after training). These time points (3-4 hours versus 

24-25 hours) presumably reflect different learning phases (early encoding 

versus long-term memory) and cellular events that may underlie the learning 

process (Zhou et al., 2009). Corticosteroids have been reported to 

particularly modulate synaptic plasticity evoked by weak stimulation 

paradigms (Alfarez et al., 2002; Pu et al., 2009) and promote transition from 

short- to long-term memory in a relatively weak aversive learning paradigm 

(Cordero and Sandi, 1998; Sandi and Rose, 1994b). We therefore tested 

the roles of MRs and GRs both on contextual and tone-cue memory 

formation using mild (less aversive) and relatively strong (more aversive) 

learning paradigm, with shock intensities of 0.4 and 0.8 mA respectively.  
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Materials and Methods 

Animals 

Male C57/BL6 mice (6-8 weeks old, derived from Harlan, The Netherlands) 

and forebrain specific male MR-deficient animals (MRCAMKCre mice, Berger et 

al., 2006,, 4-5 months old, bred at Leiden University, Leiden) were 

individually housed 1-2 weeks before the experiment started. Within one 

experiment, control and experimental animals were trained in a random 

fashion. All animals were kept at a light/dark cycle of 12 hours (lights on at 8 

a.m.; room temperature kept at 22 °C  2). Food and water were given 

without restriction. The experiments were carried out in accordance with and 

approved by the local Animal Committees of the University of Amsterdam 

and Leiden University. 

 

Drugs 

To examine the roles of GRs and MRs in fear conditioning, we 

pharmacologically targeted these receptors using the GR antagonist 

RU38486 (mifepristone, Sigma) and the MR antagonist spironolactone 

(Sigma) respectively. RU38486 or its vehicle (DMSO) was administered 

intra-peritoneally (i.p.) one hour before training at a dosage of 10 mg/kg 

which is sufficient to prevent GR mediated effects (Pugh et al., 1997a). 

Spironolactone or its vehicle (propylene glycol) was injected subcutaneously 

(s.c.) one hour before or immediately (within less than 5 minutes) after 

training at a dosage of 50 mg/kg which blocks MR mediated effects (Herman 

and Spencer, 1998; Kumar et al., 2007). The dose of spironolactone was 

taken as an effective and well-tolerated dose with little effects on 

spontaneous behavior as documented before (Adamec et al., 2007; Koenig 

and Olive, 2004).  

 

Immunocytochemistry 

Brains from MRCAMKCre and wild type mice were immersion-fixed for 24 hours 
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in 4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) and stored 

in PB (+ sodium azide) at 4 C. Before sectioning, the brains were washed 

and cryoprotected by overnight incubation in 20% sucrose in phosphate 

buffered saline (PBS, pH 7.4). Frozen coronal sections (30 µm thick) were 

cut using a sliding microtome and stored in PB (+ sodium azide) until 

needed. Slices were washed thoroughly with PB to get rid of sodium azide, 

then rinsed with 1% H2O2 in 0.1 M Tris Buffered Saline (TBS, pH 7.4) to 

block endogenous peroxidase activity, followed by washing with TBS, TBS + 

Triton-X100 (TBS-TX) and TBS. Then, sections were incubated with the first 

antibody against MR (1D5, 1:500, Alfarez et al., 2009) in TBS for 48 hours in 

a cold room, kept for another 30 minutes at room temperature and washed 

in TBS. No blocking step prior to primary antibody application was applied 

since background staining was virtually absent. Next, sections were 

incubated for two hours with the secondary antibody (biotinylated 

Sheep-anti-Mouse 1:200 in TBS-TX, Amersham Biosciences) at room 

temperature, followed by washing with TBS and two-hour incubation in 

ABC-elite (1:800) in TBS-TX at room temperature. Then, sections were 

washed in TBS and 0.05 M TB (pH 7.6), followed by a DAB reaction. The 

duration of the reaction was established specifically for this staining; for 

negative controls always the same duration was kept as for the 

experimental slices. Specificity of the first antibody was confirmed by 

omitting the first antibody, which revealed in no staining. The reaction was 

stopped with three washes in 0.05 M TBS and two washes in TBS before 

slices were mounted. 

 

Fear conditioning 

Procedures were comparable to those described before (Zhou et al., 2009). 

The grid floor of the fear conditioning chamber (30 cm x 24 cm x 26 cm; W x 

L x H) was made of 37 stainless steel rods and connected to a shock 

generator (Med-Farm LION-ELD) that was developed in-house. During 
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training (between 8:30-11:30 am) one mouse at a time was put into the 

training chamber (cleaned with 1% acetic acid) and was allowed to freely 

explore the chamber for 3 minutes before 3 tone-foot shock pairs were 

introduced with an interval of one minute. Each tone (100 dB, 2.8 kHz) 

lasted 30 seconds and was accompanied by a foot shock of either 0.4 mA or 

0.8 mA during the last 2 seconds. Thirty seconds after the end of the last 

pairing, the mouse was taken back to its home cage. Three hours or 24 

hours (in separate experimental groups) later the animal was introduced into 

the same chamber for 3 minutes to test contextual memory, followed by 

tone-cue memory test one hour later, in a novel chamber with different 

contextual background. This cage was cleaned with 70% ethanol. After a 

free exploration period of 3 minutes the animals were exposed to the same 

tone (100 dB, 2.8 kHz) only once for 30 seconds. One minute later the 

animal was placed back into its home cage. Freezing behavior, defined as 

no body movements except those related to respiration, was determined 

every 2 seconds throughout the training period and during contextual and 

tone-cue memory testing. The percentage of freezing time was used for 

statistical analysis. During the training session, freezing behavior 

immediately after each of the tone-footshock pairings was recorded to 

examine effects on training over time. For the contextual memory test, total 

freezing behavior over the entire 3 minutes was compared between groups. 

In order to examine possible effects over time (Zhou et al., 2009), the whole 

3 minutes was split into two periods, 90 seconds each. Then, data was 

averaged per period and between- as well as within-group effects over time 

were then studied. During the tone-cue memory test, freezing behavior 

during free exploration and the 30 seconds tone presentation was recorded 

and compared between the experimental groups.  

 

Statistical analysis 

Data was analyzed by repeated measures ANOVA or using a two-tailed 
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independent-samples students‟t-test. Results are presented as mean ± 

SEM. P values smaller than 0.05 were considered significantly different. 

 

Results 

Pre-training RU38486 treatment alters contextual and tone-cue 

memories, using mild foot-shock intensity 

Earlier studies have reported that GRs are involved in the consolidation of 

spatial (Oitzl et al., 2001) and aversive memories (Pugh et al., 1997a). Here 

we examined whether pre-training application of GR antagonist RU 38486 

affects contextual and tone-cue memory at two different time points, i.e. at 3 

or 24 hours (context) and 4 or 25 hours (cue) after training, using mild 

foot-shock intensity (0.4 mA). Both RU38486 (n=8) and vehicle (n=8) 

treated animals displayed similar levels of freezing during training 

(between-group effect, F1, 14 = 2.52, P>0.05). Three hours after training both 

groups showed comparable amount of freezing during contextual memory 

test (vehicle versus RU38486: 30.4 ± 3.2 % and 33.3 ± 7.5 % respectively, 

t14=0.36, P>0.05). As reported before (Zhou et al., 2009), freezing behavior 

decreased over time (Figure 1A, within-group effect, F1, 14=7.53, P<0.05). No 

differences between experimental groups were found (between-group effect: 

F1, 14=0.13, P>0.05). In the tone-cue memory test (one hour later), both 

vehicle and RU38486 treated animals showed strong freezing behavior 

during the presence of tone (Figure 1B). Interestingly, animals treated with 

RU38486 displayed significantly more freezing when compared to vehicle 

treated animals (between-group effect, F1, 14=5.57, P<0.05). 

In a separate experiment, mice were trained with 0.4 mA footshock 

intensity and contextual memory was tested 24 hours after training. 

Administration of RU38486 (n=9) did not affect freezing during training when 

compared to vehicle (n=6) treated animals (between-group effect, F1,13 = 

3.35, P>0.05). The average amount of freezing during the 3 minutes context 

memory test revealed a trend towards less freezing compared to vehicle 
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treated animals (vehicle versus RU38486: 60.3 ± 7.3 % and 40.3 ± 6.2 %, 

t13=4.32, P=0.058). Further analysis of freezing behavior showed that 

pre-training application of the GR-antagonist significantly reduced freezing 

behavior during the 1st period of the contextual memory test (Figure 1C, 1st 

period: t13=2.70, P<0.05). One hour later, in the tone-cue memory test, both 

RU38486 and vehicle treated animals showed comparable freezing 

behavior (Figure 1D, between-group effect, F1, 13=0.20, P>0.05).  
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Figure 1. Effect of Pre-training administration of RU38486 on fear conditioning 

using mild footshock intensity. A) Animals that received RU38486 or vehicle 

before training showed comparable contextual freezing at three hours after training. 

B) During the presence of the tone (four hours after training) the RU38486 treated 

animals showed higher freezing behavior when compared to vehicle treated mice. C) 

Twenty four hours after training, when compared to vehicle treated animals, 

pre-training administration of RU38486 resulted in less freezing behavior during the 

1st period of the contextual memory test. D) Twenty five hours after training, 

animals that received RU38486 prior to training showed similar freezing behavior 
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when compared to vehicle treated animals in tone-cue memory test.  

 

Taken together, these data reveal that GRs are involved in both 

contextual and tone-cue memory formation, but the direction of the effect 

depends on the moment at which retention is tested. 

 

Pre-training spironolactone treatment reduces contextual and 

tone-cue memories, using mild foot-shock intensity 

We next examined whether pre-training blockade of MRs affected fearful 

learning at 3 or 24 hrs (context) and 4 or 25 hours (cue) after training using 

mild foot shock intensity (0.4 mA). Overall, spironolactone administration 

enhanced freezing behavior when compared to vehicle-treated animals 

during training (between-group effect, F1, 18= 4.83, P<0.05), yet freezing 

behavior was not different between the two groups after the last 

tone-footshock paring (t18= 1.34, P>0.05).  

Testing contextual memory at 3 hours after training revealed that 

pre-training application of spironolactone to mice (n=12) resulted in 

significantly less freezing behavior when compared to vehicle-treated 

animals (n=8) (vehicle versus spironolactone: 30.4 ± 6.0 % and 2.5 ± 0.8 % 

respectively; Figure 2A, between-group effect: F1, 18=32.16, P<0.01). One 

hour later in the tone-cue memory test, spironolactone-treated mice showed 

also less freezing behavior when compared to vehicle-treated mice (Figure 

2B, between-group effect, F1, 18=10.16, P<0.01).  
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Figure 2. Effect of Pre-training administration of spironolactone on fear 

conditioning using mild footshock intensity. A) Animals that received 

spironolactone before training showed less contextual freezing at three hours after 

training. B) During the presence of the tone (four hours after training) the 

spironolactone treated animals also showed less freezing behavior when compared 

to vehicle treated mice. C) Twenty four hours after training, when compared to 

vehicle treated animals, pre-training administration of spironolactone resulted in 

less freezing behavior during the contextual memory test. D) Twenty five hours after 

training, animals that received spironolactone prior to training showed similar 

freezing behavior when compared to vehicle treated animals in tone-cue memory 

test. 

 

In order to examine whether the contextual and tone-cue memories 

were also impaired when tested at 24 and 25 hours after training 

respectively, a separate group of animals was used and spironolactone or 

vehicle was given one hour prior to training (n=6 per group). During training, 

no effect of spironolactone on freezing behavior was observed 



 42 

(between-group effect, F1,10= 0.96, P>0.05). However twenty-four hours 

after training we found that pre-training administration of spironolactone 

significantly reduced freezing behavior during the contextual memory test 

when compared to vehicle treatment (vehicle versus spironolactone: 58.5 ± 

6.5 % and 30.7 ± 9.4 % respectively; Figure 2C; between-group effect over 

time : F1, 10=5.89, P<0.05). During the tone-cue memory test, both groups 

displayed comparable freezing behavior (Figure 2D, F1, 10=0.96, P>0.05).  

Overall, these results show that MRs are critically involved in 

contextual memory formation, both when animals were tested 3 hours and 

24 hours after training. Blocking MRs disturbs tone-cue memory only shortly 

(4 hours) after training. 

 

Post-training spironolactone treatment does not affect contextual and 

tone-cue memories, using mild footshock intensity 

Pre-training administration of spironolactone dramatically affected 

contextual and tone-cued memories, especially shortly after training. As a 

first attempt to distinguish between putative MR-involvement in behavioral 

strategy / appraisal of the situation on one hand and early encoding / 

consolidation on the other, we examined whether administration of 

spironolactone immediately after training (i.e. not affecting the acquisition 

phase) also modulated fear memories when tested at 3 hours after training 

(using mild foot shock intensity). During the training session, the two groups 

of mice displayed similar levels of freezing behavior (between-group effect, 

F1, 13=0.01, P>0.05). Three hours after training, mice that were treated with 

spironolactone (n=8) and vehicle (n=7) showed comparable freezing 

behavior (vehicle versus spironolactone: 37.1 ± 7.8 % and 29.0 ± 7.4% 

respectively). No between-group effects (F1, 13=0.67, P>0.05) was present 

(Figure 3A). One hour later, tone-cue memory was also not different 

between the two groups (Figure 3B, F1, 13=1.90, P>0.05). These results 

show that blocking MRs immediately after training has no effect on 
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emotional memory processes. 
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Figure 3. Effect of post-training administration of spironolactone on fear 

conditioning using mild footshock intensity. Immediate post-training 

administration of spironolactone did not affect contextual memory (A) or tone-cue 

memory (B) when tested three and four hours after training respectively.  

 

MRCAMKCre mice show impaired contextual memory, using 

mild-footshock intensity 

To further substantiate the pharmacological finding that pre-training 

blockade of MRs hampers emotional learning, esp. the contextual memory 3 

hours after training with mild footshock intensity, we examined contextual 

and tone-cue memories in MRCAMKCre mice, in which the MR gene in the 

forebrain was inactivated using the Cre/loxp-recombination system (Berger 

et al., 2006). In control mice, immunocytochemical staining specific for MRs 

confirmed the presence of MRs in principal neurons of important limbic 

areas, including pyramidal cells of Cornu Ammonis, in granular cells of the 

dentate gyrus (Figure 4A1) and in principal neurons of the central and 

basolateral amygdala (not shown). By contrast, imunocytochemical staining 

for MRs was absent in principal cells in the hippocampus (Figure 4A2), 

basolateral and central amygdala from MRCAMKCre mice. Berger et al (2006) 

described that inactivation of the MR gene in the forebrain did not impair 

survival of the animals and MRCaMKCre mice were visually indistinguishable 

from their control littermates. Extensive behavioral studies have revealed 
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that these MRCaMKCre animals perform normally when tested for sensory and 

motor function and anxiety-like behavior (Berger et al., 2006). Also, in adult 

MRCaMKCre mice, a gross survey of the cornu ammonis and dentate gyrus of 

the hippocampus by using Nissl staining showed no conspicuous change in 

cell number and density (Berger et al., 2006). Moreover, corticosterone 

levels in MRCaMKCre mice are comparable to those found in littermate control 

animals, both at diurnal trough and peak as well as after restraint stress 

(Berger et al., 2006).  

Interestingly, we found that MRCAMKCre mice (n=7) displayed reduced 

freezing behavior during training when compared to control animals (n=8) 

(between-group effect, F1, 13=9.16, P<0.05), yet no difference was found 

right after the last tone-footshock pairing (t13=1.30, P>0.05). Three hours 

later, during the contextual memory test, MRCAMKCre mice displayed less 

freezing behavior when compared to control mice (Figure 4B, control versus 

MRCAMKCre: 54.2 ± 7.9 % and 24.0 ± 7.6% respectively, t13=2.72, P<0.05), 

with a significant between-group effect over time (Figure 4C, F1, 13=7.42, 

P<0.05). No difference in tone-cue memory was found between MRCAMKCre 

animals and controls (Figure 4D, between-group effect, F1, 13=0.36, P>0.05). 

These data confirm that MRs are involved in formation of contextual fearful 

memories. 
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Figure 4. Contextual and tone-cue memories in MR
CAMKCre

 mice. Localization of 

MRs in wild type (A1) and MR
CAMKCre

 mice (A2). While MR positive cells were 

present in cellular subfields of the hippocampus in wild type littermates, none was 

present in the same areas of MRCAMKCre mice. B) Three hours after training, 

MR
CAMKCre

 mice displayed less total freezing during contextual memory test when 

compared to control animals. C) Three hours after training, MR
CAMKCre

 mice showed 

less freezing behavior over time when compared to control animals during 

contextual memory test. D) Four hours after training, no difference in tone-cue 

memory was found between MR
CAMKCre

 mice and control animals.  

 

Pre-training effects of spironolactone and RU38486 on fear 

conditioning, using strong foot shock intensity 

Corticosteroid hormones have been reported to modulate synaptic 

potentiation mainly under weak synaptic stimulation (Alfarez et al., 2002; Pu 

et al., 2009) and modulate learning and memory processes in relatively 

weak aversive learning paradigms (Cordero and Sandi, 1998; Sandi and 
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Rose, 1997). We therefore examined the effect of MR and GR antagonists 

separately on contextual and tone-cue memories 3 and 4 hours after 

training respectively, using stronger foot shock intensity (0.8 mA). 

Pre-training administration of spironolactone did not affect freezing behavior 

during training (between-group effect, F1, 14=0.19, P>0.05). In the contextual 

memory test, three hours after training, both vehicle and spironolactone 

treated groups showed comparable freezing behavior (vehicle versus 

spironolactone: 46.9 ± 8.0 % and 54.9 ± 9.2 % respectively, t14=0.65, P>0.05) 

with no between-group effect (Figure 5A, F1, 14=0.42, P>0.05). One hour 

later in the tone-cue memory test, spironolactone treatment did not affect 

freezing behavior (Figure 5B, between-group effect, F1, 14=0.14, P>0.05).  

Pre-training treatment with RU38486 (n=8) did not affect freezing 

behaviour during training when compared to vehicle treated animals (n=8) 

(between-group effect, F1, 14 = 0.50, P>0.05). Three hours later, when 

contextual memory was tested, freezing behavior was comparable for both 

RU38486 and vehicle treated animals (vehicle versus RU38486: 46.9 ± 

6.5 % and 42.1 ± 5.2 % respectively, t14=0.59, P>0.05) and no 

between-group difference was found (Figure 5C, F1, 14=0.35, P>0.05). 

However, similar to what we found with mild (0.4 mA) foot shocks, RU38486 

increased freezing behavior in response to the tone‟s presence when 

compared to vehicle using 0.8 mA foot shock intensity (Figure 5D, 

between-group effect, F1, 14=7.59, P<0.05). 
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Figure 5. Effect of Pre-training administration of spironolactone and RU38486 

on fear conditioning using strong footshock intensity. Using strong (0.8mA) 

learning paradigm, A) Pre-training administration of spironolactone did not affect 

contextual memory at three hours after training; B) Pre-training administration of 

spironolactone did not affect tone-cue memory at four hours after training; C) 

Pre-training administration of RU38486 did not affect contextual memory at three 

hours after training; D) Pre-training administration of RU38486 enhanced tone-cue 

memory at four hours after training. 

 

Discussion 

In this study we examined the role of MRs and GRs in the formation of 

emotional memories. In line with earlier findings (Cordero and Sandi, 1998; 

Oitzl and de Kloet, 1992; Pugh et al., 1997a; Pugh et al., 1997b), we found 

that pretraining administration of RU38486, which results in blockade of 

GRs during and after acquisition of a stressful learning task, impaired 

contextual memory. This effect was only apparent at 24 but not as early as 3 
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hours after acquisition which indicates that the modulatory role of GRs in 

emotional memory formation takes time to develop (de Kloet et al., 2005; de 

Kloet et al., 1999; Oitzl et al., 2001) presumably by inducing genomic 

cascades to promote long-term memory storage (Oitzl et al., 2001). To our 

surprise we found that blocking GRs enhanced tone-cue memory shortly 

after training. A possible explanation could be that blockade of GRs in the 

context of enhanced corticosterone release results in a predominant 

activation of MRs. In line with this assumption it has been reported that 

over-expression of MRs enhances memory formation for both spatial (Lai et 

al., 2007) and non-spatial information (Ferguson and Sapolsky, 2007). The 

fact that blocking GRs enhanced tone-cue freezing four hours after training 

while reducing contextual freezing 24 hours after training might indicate that 

corticosteroid hormones time-dependently affect different brain areas in 

tone (amygdala, prefrontal cortex) and context conditioning (hippocampus). 

While the effect of GRs on contextual memory became only apparent at 24 

hours after training, MR blockade was already very effective in reducing 

emotional memory at 3 hours after training. This effect was confirmed using 

forebrain-specific MRCAMKCre mice. MR blockade also reduced contextual 

fear conditioning at 24 hours after training. This may indicate that blocking 

MR prior to and during training might change behavioral strategy and/or 

appraisal of the situation and thereby interferes with memory formation.  

Interestingly, blocking MR immediately after training had no effect on 

contextual memory nor on tone-cue memory performance, supporting that 

the effects of spironolactone given prior to training most likely resulted from 

a specific role on memory formation rather than of sensorimotor effects. The 

data could indicate that MRs are particularly important for the immediate 

appraisal of the situation during training as well as for determining an 

appropriate behavioral strategy (de Kloet et al., 1999; Oitzl and de Kloet, 

1992; Schwabe et al., 2010), which might influence all subsequent stages of 

memory formation. However, we can not exclude that the lack of efficiency 
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of MR blockade after training to modulate emotional memory may result 

from full occupancy of MRs by elevated plasma corticosterone levels 

(induced by the stressful training paradigm) and the inability of 

spironolactone to prevent MR activation. Overall, these results indicate that 

activation of MRs during training is critical for emotional memory formation 

in the early phase as well as at a later stage (i.e. 24 hours) after training. 

Most likely, these effects are not the result of altered anxiety-related 

behavior: while over-expression of MRs reduces anxiety (Ferguson and 

Sapolsky, 2007; Lai et al., 2007), depletion of MRs does not affect anxiety 

related behavior (Berger et al., 2006).  

In the current study we applied both pharmacological and genetic 

approaches to target corticosteroid receptors in the brain and examined 

their roles in emotional memory formation. The pharmacological approach 

benefits from the ability to target MRs acutely (but acts potentially also 

peripherally), while the genetic approach benefits from its anatomical 

specificity (but is slow in onset) (Berger et al., 2006). The finding that both 

the pharmacological approach to target MRs and the genetic approach to 

ablate MRs lead to impaired freezing behaviour during contextual fear 

conditioning strengthens the notion that MRs are involved in emotional 

memory formation.  

Taken together, our results suggest that corticosteroid hormones, via 

activation of MRs and GRs, play a critical role in converting information from 

short-term memory into long-term memory. Although we did not measure 

corticosterone levels in this study, it is quite likely that the amount of 

hormone released under more aversive conditions (0.8 mA) is higher than 

that under mild conditions (0.4 mA). However, a simple linear correlation 

between the hormone concentration and the effect on fear learning does not 

seem to exist (Pugh et al., 1997b). The findings that blocking MRs and GRs 

affected memory of a weaker (less aversive) task much while leaving 

memory acquired in a stronger (more aversive) learning task unaffected is in 
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accordance with studies in which corticosterone potentiated memory for 

weak training situations, and highlights a modulatory role of corticosteroid 

hormones in learning and memory processes (Cordero and Sandi, 1998).  

Electrophysiological studies also support this behavioral concept. First, 

the rapid increase in corticosteroid hormone levels after exposure to a 

stressful event - via a fast non-genomic mode of action - has been reported 

to promote synaptic transmission by increasing the frequency of mEPSCs in 

the hippocampus (Karst et al., 2005; Olijslagers et al., 2008) as well as in 

the amygdala (Karst et al., 2010b). This might contribute to a rapid 

enhancement of long-term potentiation by corticosterone (Wiegert et al., 

2006), reflecting an increased ability to encode information. Meanwhile 

synaptic insertion of AMPARs which are critically involved in synaptic 

transmission and synaptic plasticity (Kessels and Malinow, 2009; Malinow 

and Malenka, 2002) is persistently enhanced via a slow activation of GRs 

(Groc et al., 2008; Martin et al., 2009). This increase in synaptic strength 

offers a mechanism by which these hormones can promote consolidation of 

information. Alternatively (or additionally) MR activation may affect synaptic 

transmission and/or plasticity via other means. The calcium-dependent K 

current is small when MRs are activated thereby enhancing cellular activity 

(Joels and de Kloet, 1990). Moreover, MR activation alters monoaminergic 

transmission (Joels and de Kloet, 1989). It should also be mentioned, that 

spironolactone in the current study may have affected peripheral processes 

which indirectly can change brain function. Although the precise cellular 

mechanisms thus need to be unraveled, our current behavioral study 

supports the role of MRs in fearful memory formation and different roles of 

MRs and GRs in learning and memory processes (Schwabe et al., 2010). 
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Abstract 

Background: Mineralocorticoid receptors (MRs) bind corticosteroids and 

are important for appraisal and response selection to emotional events. 

Blocking MRs during contextual fear learning impairs the expression of fear 

on the next day. Given that memories can become temporarily labile upon 

re-exposure to the conditioned stimulus (such as context or tone cue), we 

tested whether MR blockade during re-exposure also affects subsequent 

expression of fear.  

Methods: Mice were trained in contextual or tone cue fear conditioning 

paradigms, by pairing mild foot shocks with a particular context or tone 

respectively. Twenty-four hours after training, context-conditioned animals 

were re-exposed to the context for 3 or 30 minutes (day 2); tone-conditioned 

animals were placed in a different context and re-exposed to one or six 

tones. Twenty-four hours (day 3) and one month later, freezing behavior to 

the aversive context / tone was scored again. MR blockade was achieved by 

giving spironolactone subcutaneously one hour before re-exposure on day 

2.  

Results: Spironolactone administered prior to brief context re-exposure 

potently reduced subsequent freezing behavior, lasting until day 3 but not 

one month later. Administration of spironolactone without retrieval of the 

context or after re-exposure on day 2 did not reduce freezing on day 3. 

Re-exposure to the context for 30 minutes on day 2 did not result in 

extinction learning during the re-exposure session, but freezing was largely 

reduced on day 3. This effect was not further enhanced by spironolactone. 

Administration of spironolactone prior to cue re-exposure on day 2 did not 

affect freezing behavior.  

Conclusions: Blocking MRs prior to retrieval of contextual fear information 

strongly reduces freezing one day but not one month later. 
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Introduction 

Memories for emotionally arousing and stressful events are generally well 

retained (McGaugh, 2000). An extreme example occurs in posttraumatic 

stress disorder (PTSD), which is characterized by vivid re-experience of 

traumatic events (Bremner et al., 2008; Cukor et al., 2009; Gersons and 

Carlier, 1992; Yehuda, 2002). Many clinical trials, often based on 

fundamental studies in rodents, have sought to identify methods of 

ameliorating the distressing symptoms. These methods include 

pharmacological approaches, but so far the evidence for effectiveness of 

such therapies has remained inconclusive (Cukor et al., 2009). Another 

class of treatment involves cognitive-behavioral therapy, which is based on 

principles of extinction learning (Foa et al., 1999). Extinction learning - a 

paradigm in which a conditioned stimulus (CS) is repeatedly retrieved in the 

absence of an unconditioned stimulus (US) – has proven to be effective in 

reducing acquired fear responses. However, the progressive reduction in the 

expression of fear after extinction learning is not permanent, because 

extinction does not directly modify the existing fear memory. Rather, 

extinction leads to the formation of a new memory that inhibits the activation 

of the initial trace (Ji and Maren, 2007; Myers and Davis, 2002). The efficacy 

of this inhibition appears to depend on spatial, sensory, and temporal 

variables (Bouton, 2004; Ji and Maren, 2007; Myers and Davis, 2002; Nader 

et al., 2000b). 

Interestingly, studies over the past decade have shown that stored 

memories are rendered labile after being retrieved, and require de novo 

protein synthesis  for reconsolidation (Nader et al., 2000b). Reconsolidation 

has been demonstrated in various tasks and species (Eisenberg et al., 2003; 

Nader et al., 2000a; Sangha et al., 2003), including humans (Kindt et al., 

2009). The notion that stored memories can be turned into a labile state has 

opened new avenues to reduce excessive fears more permanently than the 

traditional extinction procedure (Monfils et al., 2009; Schiller et al., 2010), 
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including pharmacological intervention during re-exposure (Soeter and 

Kindt, 2010).  

Corticosteroid hormones are released in high amounts from the 

adrenal glands upon exposure to fearful events. Here we examined whether 

targeting corticosteroid receptors is effective to modulate fearful memories 

during this labile phase. Corticosteroid hormones readily cross the blood 

brain barrier and bind to high affinity mineralocorticoid receptors (MRs) and 

lower affinity glucocorticoid receptors (GRs). GRs are known to be important 

for consolidation of fearful information (Oitzl and de Kloet, 1992; 

Roozendaal and McGaugh, 1996a, b, 1997a, b; Sandi and Rose, 1994b), 

while MRs seem critical for the appraisal of stressful information and 

response selection (Bitran et al., 1998; Oitzl and de Kloet, 1992; Sandi and 

Rose, 1994b). Recently, we reported that blocking MRs in rodents during 

acquisition of contextual fear conditioning effectively reduces the expression 

of fear one day later (Zhou et al., 2010b). In the current study we examined 

whether blocking MRs during re-exposure to the context or tone cue can 

also reduce fearful memories.   

 

Materials and Methods 

Animals 

Male C57/BL6 mice (6-8 weeks old, Harlan, The Netherlands) were housed 

(2 mice per cage) for at least one week after arrival. All animals were kept on 

a light/dark cycle of 12 h (lights on at 8 a.m.; humidity 55 % ± 15; room 

temperature kept at 22 °C  2) and food and water were given without 

restriction. The experiments (training, memory retrieval and testing) were 

performed between 8:30-11:30 a.m. and approved by the local Animal 

Ethics Committee of the University of Amsterdam. 

 

Drugs and treatments 

The mineralocorticoid receptor antagonist spironolactone (Sigma, 50mg/kg) 
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or vehicle (VEH, propylene glycol) were injected subcutaneously one hour 

before the retrieval of contextual or tone-cued information (i.e. twenty three 

hours after training) or immediately after retrieval. The dosage and drug 

delivery route were chosen based on previous studies in which MR 

mediated effects were effectively blocked by the administration of MR 

antagonist (Herman and Spencer, 1998; Kumar et al., 2007; Pugh et al., 

1997a).  

 

Contextual Fear Conditioning 

Animals were trained in a fear conditioning chamber (Context A, W x L x H: 

30 cm x 24 cm x 26 cm) that contained a grid floor with 37 stainless steel 

rods and was connected to a shock generator and sound generator 

(Med-Farm LION-ELD) developed in-house. During training, one animal at 

one time was placed into context A. After three minutes of free exploration, 

three foot shocks (2 seconds, 0.4 mA) were delivered with an interval of 90 

seconds. Sixty seconds after the end of the last foot shock, the mouse was 

placed back into its home cage. Freezing behavior, defined as no body 

movements except those related to respiration, was determined every 2 

seconds throughout the experiment (Zhou et al., 2010b; Zhou et al., 2009). 

Twenty three hours later (on day 2), mice were injected subcutaneously with 

either spironolactone or VEH and returned to their homecages. One hour 

later, one animal at one time was placed in context A for either 3 min. or 30 

min. without receiving any foot shock, presumably initiating reconsolidation 

and extinction respectively based on previous studies (Eisenberg et al., 

2003; Pedreira and Maldonado, 2003; Suzuki et al., 2004). Freezing 

behavior was scored throughout these periods. Twenty four hours later (day 

3; 48 hours after training) one animal at a time was placed in context A for 3 

minutes without receiving any foot shock and freezing behavior was scored. 

At 30 days after training one mouse at a time was returned to the 

conditioning chamber (context A) for 3 minutes to examine spontaneous 
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recovery of freezing behavior. 

In separate experiments, animals received an injection with 

spironolactone or VEH at twenty three hours after training without retrieval 

of contextual information. In a third series, spironolactone or VEH were 

injected to animals immediately after retrieval of information. Memory 

retention was examined in both experiments one day (day 3) and one month 

later. 

 

Tone-cued Fear Conditioning 

All animals were handled for three days and placed for 20 minutes /day in 

context B which had the same size as context A, but different contextual 

background (odor, texture and color). During training, one animal at a time 

was placed into context A. After three minutes of free exploration, the animal 

was exposed to a tone (100 dB, 2.8 kHz) that lasted for 30 seconds and 

co-terminated with a mild foot shock (2 seconds, 0.4 mA, Zhou et al., 2010). 

Thirty seconds later, the animal was placed back in its home cage. Freezing 

behavior was scored throughout the experiment. Twenty three hours later 

(day 2), animals were injected subcutaneously with either spironolactone or 

VEH and returned to the home cage. One hour later, one animal at a time 

was placed in context B. After 3 minutes of free exploration, the animal was 

exposed to one tone for 30 seconds (presumably initiating reconsolidation) 

or to 6 tones repetitively with an inter-tone interval of 3 minutes (presumably 

initiating extinction) without exposure to any foot shock (8). Thirty seconds 

after the last tone, the animal was returned to its home cage. Freezing 

behavior was scored throughout the experiment. Twenty four hours later (on 

day 3, i.e. 48 hours after training) as well as thirty days after training, the 

animals were placed back in context B; after three minutes of free 

exploration, animals were exposed to one tone (100 dB, 2.8 kHz) for 30 sec. 

Thirty seconds later, mice were returned to their home cages. 
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Statistical Analysis 

Freezing behavior is expressed as percentage of freezing time versus total 

testing time. All results are presented as mean ± SEM. Data was analyzed 

with repeated measures ANOVA, with time as a repeated measure and drug 

treatment as between-subject factor. Significance over time was followed up 

by within-subject contrasts or unpaired t-test. P values smaller than 0.05 

were considered to be significantly different. 

 

Results 

Contextual fear conditioning 

During training all animals displayed a progressive increase in freezing 

behavior (repeated measures ANOVA, F3, 108=29.47, P<0.01; data not 

shown). Importantly, freezing behavior between the groups that were treated 

with vehicle or spironolactone 23 hours later was comparable. One hour 

later freezing behavior to the same context was measured (memory retrieval; 

day 2) and then compared to that measured one day later (memory 

retention; day 3) or 1 month later. In the first series of experiments we tested 

the effect of drug treatment prior to a brief (3 minutes) re-exposure to the 

aversive context (Figure 1). Repeated measures ANOVA showed a main 

effect of time (F2, 32=38.84, P<0.01). Follow-up contrasts revealed that - 

compared to day 2 - animals displayed significantly less freezing both on 

day 3 (Figure 1B, P<0.01) and one month later (Figure 1C, P<0.01). We 

observed a spontaneous recovery of the fear response, as is indicated by 

more freezing at 1 month than at day 3 (P<0.05). Furthermore, a main effect 

of treatment (F1, 16=9.92, P<0.01) suggested that mice treated with 

spironolactone showed less freezing. Planned post-hoc comparisons 

confirmed that treatment with spironolactone one hour before retrieval of 

contextual fearful information reduced freezing behavior during the retrieval 

trial, compared to vehicle treated mice (Figure 1A, t16=3.46, P<0.01) as well 

as 24 h later, on day 3 (Figure 1B, t16=2.61, P<0.05); however, there was no 
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significant treatment effect left after 1 month (Figure 1C, P>0.05). There was 

no significant interaction between time and treatment (F2, 32=0.49, P>0.05). 

These results show that spironolactone, when applied before retrieval of 

contextual information reduces fear expression, but this effect disappeared 

at one month. 
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Figure 1. Administration of spironolactone before brief retrieval reduces 

subsequent contextual fear. A) Treating mice with spironolactone one hour before 

brief retrieval (3 minutes) of contextual fearful information (on day 2) reduced 

freezing behavior during the retrieval trial when compared to vehicle treated mice. B) 

Twenty four hours later (day 3) both vehicle and spironolactone treated animals 

displayed significantly less freezing when compared to the retrieval performance. 

Spironolactone treated mice showed less freezing relative to vehicle treated 

animals. C) One month later, both vehicle and spironolactone treated mice 

displayed less freezing when compared to the retrieval performance at 24 hours 

after training. 
##

 reflects P<0.01 when compared to retrieval by within-subject 

contrast; * and ** reflect P<0.05 and P<0.01 when compared to vehicle by unpaired 

t-test (n=9 for both vehicle and spironolactone treatment). 

 

In a second series of experiments spironolactone was applied 23 

hours after training, but now in the absence of re-exposure to the fearful 
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context. No main effect of time (F1, 10=4.19, P>0.05) or spironolactone 

treatment (F1, 10=0.44, P>0.05) was observed, nor a time x treatment 

interaction (F1, 10=0.26, P>0.05; Figure 2). This suggests that spironolactone 

is only effective when combined with a labile period induced by retrieval. If 

spironolactone was administered immediately after re-exposure, there also 

was no main effect of time (F2, 20=2.73, P>0.05), treatment (F1, 10=0.21, 

P>0.05) nor any interaction between these two parameters (F2, 20=0.32, 

P>0.05; Figure 3). This implies that spironolactone is only effective in 

reducing the expression of contextual fearful memories when administered 

prior to and not after re-exposure. 
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Figure 2. Administration of spironolactone without retrieval does not reduce 

contextual fear. Spironolactone was injected 23 hours after training in the absence 

of re-exposure to the fearful context. No effect of spironolactone on contextual 

memory retention was found A) twenty four hours (day 3) or B) one month later 

(repeated measures ANOVA, P>0.05) (n=6 per group). 
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Figure 3. Administration of spironolactone immediately after brief retrieval 
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does not reduce contextual fear. Freezing behavior during brief retrieval was 

comparable between the two groups A). Treating animals with spironolactone 

immediately after brief re-exposure did not affect contextual memory retention B) at 

twenty four hours (day 3) or C) one month after retrieval (repeated measures 

ANOVA, P>0.05) (n=6 per group). 

 

Placing animals in the stressful training context for 3 minutes is 

thought to initiate reconsolidation, whereas placement in this context for 30 

minutes supposedly promotes extinction (Mamiya et al., 2009; Suzuki et al., 

2004). To specifically study the effect of spironolactone treatment on the 

latter, a separate batch of animals was exposed to the aversive context for 

30 minutes, 24 hours after training. Re-exposure for 30 minutes resulted in 

considerable levels of freezing behavior (Figure 4A). Interestingly, freezing 

behavior stayed remarkably stable over the entire 30 minutes (within-group 

effect, F9, 135=1.28, P>0.05). Animals treated with spironolactone displayed 

less freezing during the first 3 minutes of this period (Figure 4A, t15=2.26, 

P<0.05), but this subsequently became indistinguishable from controls. We 

determined the freezing behavior during the final 3 minutes of the 

30-minutes retrieval period and compared it with freezing measured on day 

3 and one month later. Repeated measures ANOVA supported a main effect 

of time (F2, 30=27.47, P<0.01). The follow-up contrast analysis showed that 

compared to the final 3 minutes during retrieval, animals displayed 

significantly less freezing both one day (Figure 4B, P<0.01) and one month 

later (Figure 4C, P<0.01), with one month testing yielding higher values than 

one day after treatment (P<0.01). Contrary to what we found when 

spironolactone was administered prior to a 3-minutes retrieval session, 

there was no main effect of treatment when animals were re-exposed to the 

context for 30 minutes (F1, 15=0.08, P>0.05), nor a time x treatment 

interaction (F2, 30=0.98, P>0.05)  
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Figure 4. Administration of spironolactone before long retrieval does not 

reduce contextual fear. A) The overall freezing behavior during 30-minute 

re-exposure was not affected by spironolactone treatment (repeated measures 

ANOVA, P>0.05) except for the first 3 minutes (unpaired t-test, *P<0.05). B) Twenty 

four hours and C) one month later, freezing behavior was significantly reduced 

when compared to the last 3 minutes of freezing behavior of 30-minute retrieval 

(within-subject contrast, 
##

P<0.01). No differences were found between the 

experimental groups (repeated measures ANOVA, P>0.05) (n=9 for vehicle-treated 

group; n=8 for spironolactone-treated group). 

 

Tone-cue fear conditioning 

We next tested if spironolactone modifies the expression of fear when the 

drug is administered prior to retrieval of tone-cue memories. During training 

trials in context A, freezing behavior during the tone and immediately after 

the tone was comparable between the groups that were treated with vehicle 

or spironolactone 23 hours later (data not shown). One day after training, 

both vehicle and spironolactone treated mice displayed high levels of 

freezing in response to one tone in context B (Figure 5A). The analysis on 

data obtained on day 2, day 3 and one month later indicated a main effect of 

time (F2, 24=31.56, P<0.01). The follow-up contrast showed a significant 

reduction in freezing behavior one day (P<0.01) and one month (P<0.01) 
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after drug treatment, compared to the retrieval session on day 2. Freezing 

behavior one day after treatment was higher than measured one month later 

(P<0.01). No main effect of spironolactone was found (F1, 12=0.26, P>0.05), 

nor an interaction between time and treatment (F2, 24=0.10, P>0.05). 

Repeated exposure to the tones on day 2 decreased freezing 

behavior over 30 minutes (Figure 6A, within-group effect, F5, 50=4.94, 

P<0.01), indicating that extinction training was effective on day 2. 

Spironolactone did not affect freezing behavior during repeated tone 

exposure (between-group effect, F1, 10=0.94, P>0.05). For comparison with 

tone-cue freezing one day and one month later, freezing behavior was 

determined during the last tone in the retrieval session. A main effect of time 

was discerned (F2, 24=10.84, P<0.01). Follow-up contrast analysis showed 

that freezing behavior was decreased both one day (P<0.05) and one month 

(P<0.01) after retrieval on day 2, the former time-point showing more 

freezing than the latter (P<0.05). No main effect of spironolactone 

pre-treatment was found (F1, 12=4.65, P>0.05), nor an interaction between 

time and treatment (F2, 24=0.31, P>0.05).  
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Figure 5 Administration of spironolactone before retrieval does not affect 

tone-cue fear memory. A) Twenty four hours after training in context A, both 

vehicle and spironolactone treated mice displayed high levels of freezing behavior 
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in response to the tone in context B. No differences were found between vehicle 

and spironolactone treated animals. B) Twenty four hours (day 3) and C) one month 

later, both vehicle and spironolactone treated mice displayed significantly less 

freezing behavior compared to previous retrieval performance (within-subject 

contrast, 
##

P<0.01). No differences were found between the experimental groups 

(repeated measures ANOVA, P>0.05) (n=7 per group).  

 

Taken together, our results suggest that, unlike contextual fear 

memory, spironolactone given prior to re-exposure to the tone cue has no 

effect on the subsequent expression of tone-cued fear memory.   
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Figure 6 Administration of spironolactone before extinction learning does not 

reduce tone-cue fear memory. A) Repeated exposure to the tone reduced 

freezing behavior over time (repeated measures ANOVA, 
&&

P<0.01). No difference 

was found between vehicle and spironolactone treatment during this period 

(P>0.05). B) Twenty four hours (day 3) and C) one month later, both vehicle and 

spironolactone treated mice showed reduced freezing behavior compared to the 

last retrieval trial (within-subject contrast, 
##

P<0.01). No differences were found 

between the experimental groups (repeated measures ANOVA, P>0.05) (n=7 per 

group). 

 

Discussion 

Retrieval of fearful events turns these memories into a labile state (Monfils 



 66 

et al., 2009; Nader et al., 2000a; Nader et al., 2000b), and protein synthesis 

is required for these memories to become reconsolidated (Nader et al., 

2000a). Here we examined whether targeting MRs during re-exposure 

affects subsequent expression of fear. Our data show that administration of 

the MR-antagonist spironolactone shortly before retrieval affects the 

expression of contextual but not tone-cued fear. Spironolactone was 

ineffective when administered immediately after retrieval. Extinction learning, 

evoked by a 30-minutes period of re-exposure to the context in the absence 

of the US, was not affected by treatment. 

The protocol that we used was previously described to promote 

reconsolidation of fear conditioning (Mamiya et al., 2009; Suzuki et al., 

2004). One could question, however, whether information was really 

reconsolidated or subject to weak extinction due to 3-minute re-exposure on 

day 2. This would argue for interpretation of re-exposure as a weak form of 

extinction, but absolute comparison of freezing levels between different 

cohorts of animals should be done with extreme care. Nevertheless, we 

cannot exclude that MR blockade promotes a weak form of extinction rather 

than reconsolidation of earlier learned information. If we targeted extinction 

learning more specifically, by re-exposing the mice to the adverse context 

for 30 minutes, treatment did not result in significant effects; yet, freezing 

one day later was already near-absent under vehicle conditions, so that the 

absence of treatment effects could be a „bottom‟ phenomenon. It is 

important to note, though, that also with the longer exposure time on day 2, 

freezing on day 3 or one month later by no means was increased by 

spironolactone treatment, so that the duration of re-exposure is not critical 

for the direction of the outcome, but only for the amplitude of the effect. 

Mineralocorticoid receptors (MRs) have been implicated in appraisal 

of novel and stressful events and response selection (Oitzl and de Kloet, 

1992; Sandi and Rose, 1994b). If blocking MRs upon retrieval affects 

response selection, we would predict a temporary fear reduction, but a 
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return of fear at the long-term. On the other hand, if blocking MRs upon 

retrieval affects reappraisal of the event, a permanent fear reduction would 

be expected. Our current findings that spironolactone when administered 

prior to retrieval of information reduces freezing behavior during re-exposure 

as well as one day later (in the absence of the drug) but not one month later 

suggests that MRs are involved in response selection rather than 

re-appraisal of the fearful situation. 

By blocking MRs, esp. in the context of elevated endogenous 

corticosteroid levels, the relative contribution of GRs in behavioral effects 

might be increased. This is of relevance, since elevated corticosteroid levels 

are thought to reduce retrieval of information and to promote the extinction 

of irrelevant information (Brinks et al., 2009; de Kloet et al., 1999). This 

seems unlikely, though. First, the effects of spironolactone are not restricted 

to retrieval, because they last at least until the next day. Second, our results 

do not support the notion that spironolactone treatment affects extinction 

learning, directly or indirectly. Moreover, spironolactone did not affect fear 

memory when given after re-exposure, while in all behavioral studies 

described so far pharmacological intervention with GRs after acquisition of 

the task (also in extinction paradigms) has been very effective (Roozendaal 

and McGaugh, 1996a, 1997b; Sandi and Rose, 1994b; Yang et al., 2006). 

The finding that administration of spironolactone after training was 

ineffective in reducing the expression of fear also argues against a general 

non-selective action of the drug. Therefore, the effects of spironolactone are 

most likely established by interfering with MR-mediated events on 

hippocampal synaptic transmission (Karst et al., 2005; Olijslagers et al., 

2008) or synaptic potentiation, an important cellular model for learning and 

memory formation (Wiegert et al., 2006).  

While administration of spironolactone prior to retrieval reduced the 

expression of contextual fear memory, tone-cue memories were not 

significantly changed. This again strongly argues against a non-specific role 
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of the drug in reducing fearful information. The differential effectiveness of 

spironolactone in context versus tone-cued memories could be explained by 

the MR distribution in areas linked to these two types of memories, i.e. the 

hippocampus and basolateral amygdala respectively. Thus, MRs are highly 

expressed in all hippocampal fields, whereas MR expression in the 

basolateral amygdala is much lower (de Kloet et al., 2005). Also, the efficacy 

of MRs to modulate synaptic transmission is different in amygdala (Karst et 

al., 2010b) compared to hippocampus (Karst et al., 2005).      

In conclusion, previous studies have reported that elevated 

corticosteroid levels reduce the retrieval of information (de Quervain et al., 

1998). This approach has been used to reduce the expression of for 

example phobic fear (Soravia et al., 2006). Our results demonstrate for the 

first time that blocking MRs prior to retrieval of contextual fearful information 

reduces the expression of contextual fear. 
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Summary 

AMPA receptor mediated synaptic modifications in the amygdala have been 

reported to sustain cued fear conditioning. However, the hippocampal 

formation is also critically involved in fear learning. Therefore, we examined 

if fear conditioning is also accompanied by changes in AMPA receptor 

mediated synaptic transmission in the hippocampus; we focused on 

spontaneous synaptic activity (mEPSCs). Young adult mice were trained 

using tone-footshock pairings; contextual / cued memories were tested 3-4 

hrs and 1 day later. We found that mEPSC frequency was enhanced by 70% 

when recorded 3 hours, but not 24 hours, after fear conditioning training. 

Fear training induced a significant enhancement in the mEPSC amplitude at 

both 3 and 24 hours after training; synaptic GluA2 expression was 

enhanced 24 hours after training. The increased mEPSC frequency and 

amplitude was absent in animals that were only exposed to shock or novelty, 

implying an association between aversive learning and enhanced 

spontaneous synaptic transmission. We conclude that fear conditioning not 

only elicits clear changes in synaptic efficacy in the amygdala but also in the 

hippocampus, which may contribute to the encoding of contextual aspects 

of the fearful situation.  
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Introduction 

Long-term potentiation (LTP) reflects an increase in synaptic efficacy and it 

is believed that such changes in synaptic weight underlie learning and 

memory processes (Neves et al., 2008). Indeed LTP-like changes have 

been reported in the hippocampal CA1 area after passive avoidance training 

and in the lateral amygdala after fear conditioning (Rogan et al., 1997b; 

Whitlock et al., 2006), and mechanisms maintaining LTP sustains spatial 

memory (Pastalkova et al., 2006).  

Long term potentiation involves the activity-dependent recruitment of 

AMPA receptors to the postsynaptic membrane and a concurrent increase in 

AMPA-mediated transmission (Malinow and Malenka, 2002; Plant et al., 

2006). Recent studies demonstrated that not only LTP is associated with a 

rapid delivery of AMPA receptors but that fear conditioning requires delivery 

of AMPA receptors to synapses of postsynaptic neurons in the lateral 

amygdala (Rumpel et al., 2005). Earlier it was shown that cued fear 

conditioning, a strong form of associative learning, is accompanied by 

enhanced glutamatergic transmission in subnuclei of the amygdala 

(Humeau et al., 2007; McKernan and Shinnick-Gallagher, 1997; Tsvetkov et 

al., 2002).  

However, behavioural studies suggest that not only the amygdala, but 

also the hippocampus is critically involved in aspects of fear conditioning 

(Maren, 2008; Sanders et al., 2003). Moreover, after cued fear conditioning 

rhythmical synchronized activity at theta frequencies increases between the 

lateral amygdala and the hippocampal CA1 area (Seidenbecher et al., 2003) 

suggesting that interactions between both regions might be critical to 

establish fearful memories. We therefore examined in detail whether fear 

learning alters hippocampal CA1 synaptic efficacy. To this end we recorded 

AMPA receptor mediated synaptic transmission in hippocampal CA1 

neurons at different time points after fear conditioning, focusing on 

spontaneous excitatory synaptic currents (mEPSCs). 
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Materials and Methods 

Animals 

Male C57 black 6 mice (6-8 weeks old, Harlan, The Netherlands) were 

individually housed upon arrival in enriched cages for at least one week, 

with a light/dark cycle of 12 h (lights on at 8am; room temperature kept 

around 20°C). Food and water were given without restriction. The 

experiments were carried out with permission of the local Animal Committee 

of the University of Amsterdam. 

 

Fear conditioning 

Animals were trained in a fear conditioning chamber (30 x 24 x 26; W x L x 

H). The grid floor was made of 37 stainless steel rods, which were 

connected to a shock generator (Med-Farm LION-ELD) that was in-house 

developed. On day 1 (8:30-9:00 a.m.) one mouse at a time was trained in 

the foot shock chamber (cleaned with 1% acetic acid). The animal was 

allowed to freely explore the chamber for 3 minutes, which was then 

followed by 3 tone-foot shock pairs (with an interval of 1 min). Each tone 

(100 dB, 2.8 kHz) lasted 30 seconds, accompanied by a foot shock (0.8 mA) 

during the last 2 sec; 30 sec after the end of the last pairing, the mouse was 

taken back to its home cage. Freezing behavior during this training session 

was scored before the onset of the first tone and after the end of each 

tone-foot shock. Either 3 hours (FC/3h group) or 24 hours (FC/24h group) 

after training, the mouse was introduced into the same chamber and 

freezing behavior was scored for 3 minutes (contextual memory test). One 

hour later, the mouse was introduced into another chamber with different 

contextual background and cleaned with 70% ethanol. After free exploration 

for three minutes the animal was exposed to one (30 sec) tone without foot 

shock and freezing behavior was scored before and during the tone 

presence (tone cue memory test). One control group consisted of mice 
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introduced into the foot shock chamber for 7 min without receiving any tone 

or foot shock (novelty group). A second control group (shock group) 

received 3 foot shocks (2 sec intervals) immediately after being put into the 

chamber, after which they were immediately placed back in their home cage, 

so that association between the shocks and the environment in which these 

were received was unlikely to have occurred. 

Freezing behavior was determined for each 2 sec throughout the 

experiment. Freezing was defined as no body movements except those 

related to respiration. The percentage of freezing time versus total 

experimental time was used for statistical analysis. 

 

Electrophysiology 

Mice were decapitated between 9 a.m. and 11:30 a.m. Dorsal hippocampal 

slices (350 μm) were made on a vibratome (LEICA VT 1000S; Germany) 

and stored in normal aCSF containing (in mM): 120 NaCl, 3.5 KCl, 1.3 

MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 10.0 glucose and 25.0 NaHCO3, pH7.4, 

and continuously gassed (mixture of 95% O2-5% CO2) at room temperature 

for >1h. One slice at a time was placed in a recording chamber mounted on 

an upright microscope (Nikon E600FN), continuously perfused with aCSF 

(32°C, 2-3ml/sec) and kept fully submerged. After the debris on the surface 

of the CA1 cell layer was removed with a cleaning pipette, whole cell patch 

clamp recordings were made using an AXOPATCH 200B amplifier (Axon 

Instruments, USA), with electrodes from borosilicate glass (1.5 mm outer 

diameter, Hilgerberg, Malsfeld, Germany). The pipette solution contained (in 

mM): 120 Cs methane sulfonate; 17.5 CsCl; 10 HEPES; 5 BAPTA; 2 

Mg-ATP; 0.5 Na-GTP; 10 QX-314; pH7.4, adjusted with CsOH; pipette 

resistance was between 3-6 MΩ. Under visual control (40  objective and 10 

 ocular magnifications) the electrode was directed towards a CA1 neuron 

with positive pressure. Once sealed on the cell membrane (resistance 

above 1GΩ) the membrane patch under the electrode was ruptured by 
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gentle suction and the cell was kept at a holding potential of –70 mV. The 

liquid junction potential caused a shift of no more than 10 mV, which was not 

compensated during mEPSCs recording. Recordings with an 

uncompensated series resistance of <15 MΩ and <2.5 times of the pipette 

resistance with a shift of <20% during the recording, were accepted for 

analysis.  Data acquisition was performed with Pclamp 8.2 and analyzed 

off-line with Clampfit 9.0. 

Miniature (m)EPSCs were recorded at a holding potential of -70 mV 

as described before (Karst and Joels, 2005). Tetrodotoxin (0.25 μM, Latoxan, 

Rosans, France) and bicuculline methobromide (20 μM, Biomol) were 

added to the buffer to block action potential induced glutamate release and 

GABAA receptor mediated mIPSCs, respectively. During some recordings 

the non–NMDA-receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX, 10 μM, Tocris) was perfused to confirm that the mEPSCs were 

indeed mediated by AMPA receptors. The events were identified as 

mEPSCs when the rise time was faster than the decay time. mEPSCs were 

recorded for 5 min in each cell. Of all cells, the frequency and peak 

amplitude of mEPSCs were determined. 

 

Biochemistry 

Hippocampi from naive or fear conditioned (3 or 24 hours after training), 

shock and novelty mice were isolated and stored at -80°C. For preparation 

of synaptoneurosomes, tissue samples were homogenized in ice-cold 

homogenization buffer (10 mM Hepes/1.0 mM EDTA/2.0 mM EGTA/0.5 mM 

DTT/0.1 mM PMSF/10 mg/l leupeptin/100 nM microcystin) with an 

eppendorf homogenizer, and homogenates were passed through two 

100-µm-pore nylon mesh filters. At this stage aliquots of whole hippocampus 

were taken and stored at -80 °C for future analysis. The remaining tissue 

was passed through two further 5-µm-pore filters. Filtered homogenates 

were centrifuged at 3600g for 10 min at 4°C. Resultant pellets were 
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resuspended in 100 µL 1% SDS, boiled for 10 min and stored at –80 °C. 

Whole and synaptoneurosomes hippocampal samples were quantified 

using the RC DC protein assay (Biorad). Equal protein samples were 

prepared at a concentration of 0.5 µg/ml in 33 mM NaCl, 70 mM Tris-HCl, 1 

mM EDTA, 2% (w/v) SDS, 0.01 % (w/v) bromophenol blue, 10% glycerol, pH 

6.8. Proteins were resolved on 10% polyacrylamide gels, and transferred to 

nitrocellulose membranes. Membranes were blocked for 1 h at room 

temperature with 5% non-fat dry milk in TBS-0.1% Tween 20 (TBS-T). 

Membranes were then incubated with primary antibody (GluA2 1: 2000 

(AbCAM), GluA1 1:10000 (Assay Design); GluA3 1:1000 (InVitrogen); 

Pan-actin 1:20000 (Sigma) for 2 h at room temperature. The membranes 

were washed 3 times in TBS-T for 10 min and then incubated over night at 

4˚C with the appropriate secondary horseradish peroxidase-linked 

antibodies diluted in blocking buffer. Following membrane washing with 

TBS-T buffer, the immunocomplexes were visualized using a 

chemiluminescence peroxidase substrate (SuperSignal West Dura 

Extended Duration Substrate) and immunoreactivity detected using the 

Biorad ChemiDoc XRS system. Densitometry analysis on the bands was 

calculated using Biorad Quantity One 4.2.3 software (Biorad Laboratories 

AG, Switzerland). Each band was normalized to the actin level determined in 

the corresponding sample. On each gel at least 2 naïve controls were used 

and protein changes were represented as a percentage of the normalized 

naïve value.  

 

Data analysis 

Data are expressed as mean ± S.E.M. Behavioral and western blots data 

were analyzed using (repeated measures) ANOVA or two-tailed t-test. 

Electrophysiological data (Cumulative distribution of the peak amplitude and 

intervals of mEPSCs) were analyzed using Kolmogorov-Smirnov (KS) test. 

Statistical significance was set at p<0.05. 
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Results 

Fear Conditioning 

Freezing behavior during training progressively and significantly increased 

after the end of each pair of tone and foot shock (Figure 1A, repeated 

measures ANOVA, F(3,140)=52.6; P<0.001). Three or 24 hours later, when 

contextual memory was tested for 3 minutes, both FC/3h and FC/24h 

groups displayed moderate amount of freezing behavior (Figure 1B: FC/3h, 

29.4% ± 6.9 of total time, n=7; FC/24h, 44.5% ± 5.0, n=6) and significantly 

more when compared to the 3-minutes free exploration prior to the 

exposures of tone-shock pairs during training (two tailed paired t-test, 

P<0.01), when animals showed no freezing at all. Although the total amount 

of contextual freezing over 3 minutes was not significantly different between 

animals that were tested 3 versus 24 hrs after training (Figure 1B, P>0.05), 

contextual memory in FC/3h group was significantly less stable when 

compared to FC/24h group (Figure 1C, ANOVA: F(1,11)=9.204, P<0.05). 

Novelty or shock groups showed no freezing behavior (Figure 1B, novelty 

versus FC/3h: F(1,8)=7.2, P<0.05; shock versus FC/3h: F(1,14)=18.9, 

P<0.01), showing that associative learning is necessary for freezing to occur 

in the familiar context. During the tone-cue test, animals that were placed in 

a novel test cage 1 hr after contextual memory testing did not show 

significant amount of freezing behavior during the free exploration. In 

contrast, when the tone was applied, animals displayed significantly more 

freezing when compared to free exploration (Figure 1D, FC/3h: 

F(1,12)=238.087, P<0.01; FC/24h: F(1,10)=48.62, P<0.01) 
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Figure 1. Fear Conditioning. A) Acquisition: Tone-shock pairings progressively 

and significantly increased freezing behavior. Before: 3min free exploration period; 

1
st
, 2

nd
 and 3

rd
: after the end of 1

st
, 2

nd
 and 3

rd
 pair of tone and foot shock 

respectively B) Context memory test: Three (FC/3h) and 24 hours after training 

animals displayed freezing, while no contextual freezing was observed in animals 

from novelty and shock groups. C) Context memory: Twenty four hours after training 

(FC/24h) animals show higher freezing during the last 1.5 minutes of the total of 23 

minutes of testing. D) Tone cue memory test: Animals show significant higher 

freezing upon tone exposure when compared to the free exploration period and 

when compared to novelty and shock only animals. FC/3h: n=7; FC/24h: n=6; shock: 

n=9; novelty: n=3. 
*
P<0.05. 

 

mEPSCs recordings after Fear Conditioning 

We next addressed the question if spontaneous AMPA receptor mediated 

synaptic events in the CA1 area – an area essential for contextual fear 

conditioning - were altered in parallel with associative learning. To this end, 

animals were first trained and then decapitated 3 hrs or 24 hrs later (i.e. in 
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the absence of any retention trials); we also included the naïve, novelty and 

shock control groups (6-8 samples per group). mEPSCs were recorded from 

hippocampal CA1 pyramidal cells kept at a holding potential of –70 mV, 

which favors the generation of AMPA- rather than NMDA-receptor mediated 

events. A typical example of a mEPSC recording is shown in Figure 2 (upper 

left trace). mEPSCs were completely blocked by application of the 

non-NMDA receptor antagonist CNQX (10 μM, n=3; typical example in 

Figure 2, upper right traces), supporting that the mEPSCs indeed 

represented spontaneous AMPARs mediated synaptic events.  

We observed frequency of mEPSCs in animals tested three hours 

after training was enhanced by 70% when compared to naïve animals. Thus, 

training significantly increased mEPSC frequency (inter-event intervals) in 

FC/3h group compared to naïve animals (Figure 2 A&B, P<0.001, KS test). 

Interestingly, the increase in frequency was transient, since animals tested 

24 hrs after training had a mEPSC frequency that was back to the level of 

the naïve controls and significantly lower when compared to FC/3h group 

(Figure 2 A&B, P<0.05, KS test). The mEPSC frequency was significantly 

lower in the shock (P<0.01, KS test) and novelty group (P<0.01, KS test) 

compared to FC/3h group, indicating that the increase of mEPSC frequency 

in FC/3h group was related to associative learning and not to the stress of 

the environment or exposure to shocks.  

The mEPSC peak amplitude was significantly increased both 3 hrs 

(P<0.01, KS test) and 24 hrs (P<0.05, KS test) after training when compared 

to naïve group (Figure 2 C&D). The distribution of peak amplitudes was 

skewed and significantly shifted to the right 3 hrs and 24 hrs after training 

(Figure 2D). It is unlikely that the skew we observed arises from differences 

in the electrotonic distance of synapses from the somatic recording site, 

since no correlation was found between the kinetics of mEPSCs (rise time 

or decay time) and their peak amplitudes(data not shown). Comparable 

mEPSC peak amplitude was found in novelty (P>0.05, KS test) and shock 
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(P>0.05, KS test) groups versus naïve control. 
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Figure 2. mEPSC recordings in hippocampal CA1 area. Upper left: Typical 

example of mEPSC recordings in hippocampal CA1 area. Upper right: mEPSCs 

gradually disappear within 5 minutes (traces 1-4) during the application of CNQX 

(10 M). A) mEPSC frequency three hours (FC/3h) and 24 hours (FC/24h) after fear 

conditioning training as well as in naïve, shock and novelty exposed animals. B) 

Cumulative distribution of mEPSC intervals in naïve animals and three (FC/3h) and 

24 hours (FC/24h) after training. C) mEPSC amplitude three hours (FC/3h) and 24 

hours (FC/24h) after training in fear conditioning task as well as in naïve, shock and 

novelty exposed animals. D) Cumulative distribution of mEPSC amplitude in naïve 

animals and three (FC/3h) and 24 hours (FC/24h) after training. **P<0.01 and 
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*P<0.05 when compared to naive controls by KS test. Naïve: n=6; FC/3h: n=6; 

FC/24h: n=7; shock: n=8; novelty: n=6. 

 

Biochemistry 

In view of the altered mEPSC peak amplitude, we examined whether 

postsynaptic AMPA receptor subunits (GluA1-3) were modulated by fear 

conditioning (Figure 3A-D). Three hours after training no change in synaptic 

GluA2 subunit was found (113.9% ± 14 of naïve animals, P>0.05), while 

there was a trend for synaptic GluA1 to decrease (78.4% ± 7.5 of naïve 

animals, P=0.06). In contrast, 24 hours after training synaptic GluA2 subunit 

was significantly enhanced (122.3% ± 6.4 of naïve animals, P<0.05) while 

no change was detected in synaptic GluA1 expression (97.2% ± 14.1 of 

naïve animals, P>0.05). Control groups (shock and novelty) did not show 

significant changes compared to naïve group, with the exception of an 

increase in synaptic GluA2 expression in novelty group. No changes were 

found in synaptic GluA3 subunits in all groups (data not shown). 
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Figure 3. Synaptic AMPARs subunits expression after fear conditioning. A) 

Typical western blot examples (in duplo) of synaptic GluA1-3 and actin expressions 

in naïve, FC/3h and FC/24h groups. B-D) Quantification of synaptic GluA1-3 

expression in different groups. Synaptic GluA2, but not GluA1 or GluA3, was 

enhanced 24 hrs after fear conditioning. No significant changes were found 3hrs 

after training. Naïve: n=10; FC/3h: n=8; FC/24h: n=8;
 
*P<0.05 when compared to 

naive. 

 

Discussion 

Activity dependent changes in functional postsynaptic AMPARs contribute to 

the two main forms of synaptic plasticity that are believed to underlie 

learning and memory in the hippocampus (Neves et al., 2008). Long term 

potentiation (LTP) involves the activity-dependent recruitment of AMPARs to 

the postsynaptic membrane and a concurrent increase in AMPA-mediated 

transmission whereas long term depression (LTD) is a decrease in synaptic 

AMPAR function (Malinow and Malenka, 2002). Importantly, modifications of 

synaptic strength have also been observed after learning. Fear conditioning, 

a strong form of associative learning, is accompanied by enhanced 

glutamatergic transmission in subnuclei of the amygdala (Humeau et al., 
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2007; McKernan and Shinnick-Gallagher, 1997; Tsvetkov et al., 2002). 

Moreover, trafficking of AMPA receptors to the postsynaptic membrane in 

the lateral nucleus of the amygdala is essential for forming fearful memories 

(Rumpel et al., 2005). Here we report that fear conditioning also enhances 

spontaneous AMPA receptor-mediated synaptic transmission in the 

hippocampal CA1 area, implying that changes in synaptic efficacy after fear 

conditioning are not confined to the amygdala. Although we did not assess 

learning and electrophysiology in the same animals - a single retention test 

may already influence the electrophysiological outcome -, there is 

nevertheless strong support for the view that the observed 

electrophysiological changes are associated with contextual fear learning. 

First, in the behavioral experiment all animals (without exception) displayed 

significantly enhanced freezing 3 hrs after training compared to the 

pre-shock period, i.e. learned the task; there is no reason to believe that the 

set of animals used for electrophysiology would respond differently. 

Secondly, the increased synaptic efficacy occurred only in animals which 

were trained to associate the context and footshock.  

The most obvious effect of fear conditioning turned out to be a 70% 

increase in the mEPSCs frequency 3 hrs after training. The altered 

frequency suggests a presynaptic origin of the changes in efficacy but it 

remains to be investigated whether these changes are related to enhanced 

release probability, or to generation of new spines, as was reported to occur 

24 hrs after fear conditioning (Matsuo et al., 2008).The fact that the current 

changes in frequency are transient suggests that they might be related to 

release rather than structural changes. This would be in line with earlier 

experiments in the amygdala reporting that cued fear training results in 

enhanced glutamatergic transmission (McKernan and Shinnick-Gallagher, 

1997), 1997), involving enhanced presynaptic glutamate release probability 

as well as postsynaptic changes (Humeau et al., 2007; Tsvetkov et al., 2002; 

Zinebi et al., 2001).  
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In agreement with postsynaptic modifications of synaptic efficacy we 

observed that fear conditioning persistently enhanced mEPSC amplitude - 

although it should be emphasized that the effects were smaller when 

compared to the changes in frequency. In agreement with postsynaptic 

modifications after learning we observed that synaptic GluA2 levels were 

enhanced at 24 hours, but not 3 hours after training while synaptic GluA1 

levels showed a tendency to decrease and synaptic GluA3 levels were 

unaffected. These results are strikingly similar with earlier findings that 

report a protein synthesis dependent increase in GluA2/3 levels during LTP 

in vivo(Williams et al., 2007) while one hour after LTP lateral diffusion of 

GluA2 containing AMPARs from extrasynaptic to synaptic sites is enhanced 

(Yao et al., 2008).  Taken together, our current results may signify a role for 

postsynaptic GluA2 containing AMPARs in long-term establishment of 

fearful memories (Shimshek et al., 2006).  

We conclude that fear conditioning not only enhances synaptic 

transmission in the lateral amygdala – a region critically involved in cued 

fear conditioning (LeDoux, 2000) – but also in the hippocampal CA1 area, 

presumably through both a pre- and post-synaptic mechanism. The findings 

strengthen the neurobiological basis for the idea that the hippocampus is 

critically involved in contextual aspects of fear learning (Maren, 2008). It is 

tempting to speculate that these synaptic modifications in both hippocampus 

and amygdala underlie synchronization of theta activities in the 

amygdala-hippocampal network to represent a neuronal correlate of 

conditioned fear (Seidenbecher et al., 2003). 
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Glucocorticoids increase AMPA receptor mediated synaptic 

transmission via N-Ethylmaleimide-Sensitive Factor/GluA2 dependent 

trafficking and PI3K-mTOR signaling 

(In preparation) 
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Abstract 

Emotionally arousing events promote the release of corticosteroid hormones 

from the adrenal glands. This facilitates the consolidation of these events 

which is considered to be behaviorally relevant. AMPA receptors (AMPARs) 

are critically involved in stressful learning and memory processes. The 

trafficking of AMPARs to and from the postsynaptic membrane can be 

modulated by glucocorticoid receptors (GRs). However, the mechanism 

underlying this process is still unknown. Here we explored the involvement 

of i) N-ethylmaleimide-sensitive factor (NSF)/GluA2 dependent trafficking of 

AMPARs and ii) the PI3K-mTOR pathway which regulates translational 

control of synaptic scaffolding proteins. In hippocampal primary cultures we 

found that corticosterone (100 nM) slowly enhanced the peak amplitude of 

AMPAR-mediated synaptic transmission. This effect could be fully 

prevented by co-application of pep2m which inhibits the interaction between 

NSF and GluA2. The GR-antagonist RU38486, mTOR inhibitor rapamycin 

and PI3K kinase inhibitor LY294002 prevented the increase in synaptic 

transmission and (although preliminary) also the surface labeling of GluA1 

and GluA2 subunits. We conclude that corticosterone-induced increases in 

synaptic transmission involve NSF/GluA2 dependent trafficking of AMPARs 

as well as the PI3K-mTOR pathway. 
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Introduction 

Memories for emotionally arousing and stressful events are consolidated 

better than memories for neutral events (McGaugh, 2000). The formation of 

these memories is promoted by glucocorticoid hormones which are released 

in high levels during and after exposure to stress. These hormones are 

lipophilic, can easily cross the blood-brain barrier and bind to two types of 

receptors in the brain: mineralocorticoid receptors (MRs) and glucocorticoid 

receptors (GRs). While MRs are involved in appraisal of stressful events 

and response selection (Oitzl and de Kloet, 1992; Sandi and Rose, 1994a), 

for several learning paradigms it has been reported that post-training 

application of glucocorticoids or GR agonists promotes the consolidation of 

emotionally loaded information (Quirarte et al., 2009; Quirarte et al., 1997; 

Roozendaal and McGaugh, 1996a, b; Roozendaal et al., 1996). Conversely, 

application of GR antagonists hampers the storage of information (Oitzl and 

de Kloet, 1992; Pugh et al., 1997a; Roozendaal and McGaugh, 1997b; Zhou 

et al., 2010a). An important question that remains to be addressed is the 

exact mechanism by which these glucocorticoids promote memory 

formation. 

AMPA receptors (AMPAR) mediate the majority of rapid excitatory 

synaptic signals in the mammalian central nervous system. The trafficking of 

AMPARs to and from the synaptic membrane is critically involved in 

long-term potentiation (LTP) and long-term depression (LTD) of synaptic 

transmission (Malenka, 2003; Plant et al., 2006), the two major cellular 

models that underlie memory formation. Accordingly, AMPAR function is 

enhanced in aversive learning paradigms (McKernan and 

Shinnick-Gallagher, 1997; Tsvetkov et al., 2002; Zhou et al., 2009) and 

pharmacological enhancement of AMPARs accelerates fear conditioning 

(Rogan et al., 1997a). The trafficking of AMPARs to and from the synapse 

was shown to be critical for fear learning (Clem and Huganir, 2010; Rumpel 

et al., 2005). 
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Interestingly, glucocorticoids enhance AMPAR function. These 

hormones slowly enhance AMPAR mobility, promote synaptic insertion of 

AMPARs, and enhance AMPAR-mediated synaptic transmission (Groc et al., 

2008; Martin et al., 2009). This effect requires activation of the GR (Groc et 

al., 2008; Martin et al., 2009) as well as protein synthesis (Martin et al., 

2009). Exactly how glucocorticoids persistently increase synaptic 

transmission is unknown. here we explored the effect of glucocorticoids on 

the interaction between N-ethylmaleimide-sensitive factor (NSF) and the 

intracellular C terminus of GluA2 AMPAR subunit, which regulates basal 

AMPAR trafficking (Nishimune et al., 1998; Osten et al., 1998; Song et al., 

1998; Yao et al., 2008). In addition, we explored glucocorticoid actions on 

the PI3 Kinase-mTOR pathway. This pathway is involved in protein 

translational control and long-lasting synaptic plasticity (Hoeffer and Klann, 

2009). It can be activated by hormones (Akama and McEwen, 2003; Lee et 

al., 2005) and stimulates translation of the dendritic scaffolding protein 

PSD-95 which is critically involved in basal synaptic transmission (Stein et 

al., 2003). 

 

Materials and methods 

Hippocampal primary cultures 

Primary hippocampal cultures were prepared from embryonic day 18 

(E18±1) rat brains. Cells were plated on coverslips coated with poly-D-lysine 

(0.5 mg/ml) at a density of 75,000/well for electrophysiology and 

immunosurface labeling experiments. Hippocampal cultures were grown in 

Neurobasal medium supplemented with (per 100ml): B27 2ml, GlutaMaxI 

1ml, Penicillin/Streptomycin 1ml, FBS 5-10ml (plating medium) for the first 

day. Half of the total volume was changed once a week by culturing medium 

(plating medium without FBS) from the 2nd day onwards, with 

5-Fluoro-2‟-Deoxyuridine (FUDR) 10µM to inhibit glial growth. All the 

reagents except FUDR (Sigma) were from Gibco Invitrogene. The 
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experiments were carried out in accordance with and approved by the local 

Animal Committees of the University of Amsterdam. 

 

Treatment 

DIV 14-21 hippocampal neurons were treated with corticosterone (CORT, 

100nM, Sigma) or its vehicle (<0.01%EtOH) for 3 hours, prior to and during 

recording. Pep2m (100 M,Tocris) or vehicle (distilled water) was applied 30 

minutes prior to corticosterone incubation: GR antagonist-RU38486 (500 

µM, Sigma), mTOR antagonist-rapamycin (50 nM), specific PI3K 

inhibitor-LY294002 (50 µM) or L-type calcium channel blocker-nifedipine (5 

µM, Sigma) was added into medium one hour before corticosterone 

incubation; EtOH (<0.01%) was used as the vehicle for all the groups except 

DMSO in the case of rapamycin (final concentration of DMSO <0.1%). 

 

Electrophysiology 

Coverslips (DIV 14-21 neurons) were placed in a recording chamber 

mounted on an upright microscope (Zeiss Axioskop 2 FS Plus, Germany), 

filled with HEPES buffer at room temperature (20°C ± 2) containing (in mM): 

NaCl (145), KCl (2.8), CaCl2 (2.0), MgCl2 (1.0), H-HEPES (10.0), pH 7.4, 

osmolarity 300±10 mOsm/L. Whole cell patch clamp recordings were made 

using an AXOPATCH 200B amplifier (Axon Instruments, USA), with 

electrodes from borosilicate glass (1.5 mm outer diameter, Hilgerberg, 

Malsfeld, Germany). The electrodes were pulled on a Sutter (USA) 

micropipette puller. The pipette solution contained (in mM): 120 Cs methane 

sulfonate; CsCl (17.5); HEPES (10); BAPTA (5); Mg-ATP (2); Na-GTP (0.5); 

QX-314 (10); pH 7.4, adjusted with CsOH; pipette resistance was between 

3–6 MΩ. Under visual control (40X objective and 10X ocular magnification) 

the electrode was directed towards a neuron with positive pressure. Once 

sealed on the cell membrane (resistance above 1 GΩ) the membrane patch 

under the electrode was ruptured by gentle suction and the cell was kept at 
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a holding potential of -70 mV. The liquid junction potential caused a shift of 

no more than 10 mV, which was not compensated during mEPSCs 

recording. Recordings with an uncompensated series resistance of <15 MΩ 

and <2.5 times of the pipette resistance with a shift of <20% during the 

recording, were accepted for analysis. Data acquisition was performed with 

pCLAMP 8.2 and analyzed off-line with MINIANALYSIS (version 6.0.9).  

As described before (Karst et al., 2005; Karst and Joels, 2005), 

miniature excitatory postsynaptic currents (mEPSCs) were recorded at a 

holding potential of -70 mV. Tetrodotoxin (0.25 µM, Latoxan, Rosans, France) 

and bicuculline methobromide (20 µM, Biomol) were added to the buffer to 

block action potential induced glutamate release and GABAA-receptor 

mediated miniature inhibitory postsynaptic currents (mIPSCs), respectively. 

mEPSCs were recorded for 2 min in each cell. The events were analyzed 

manually and identified as mEPSCs when the rise time was faster than the 

decay time, with an event detection threshold of -5 pA. The average 

frequency (inter-even intervals) and peak amplitude of the mEPSCs were 

determined for each cell.  

 

Immunosurface labeling and confocal microscopy 

DIV14-21 hippocampal neurons were incubated with GluA1 (Calbiochem, 

1:8) and GluA2 (Zymed, 1:80) N-terminal antibodies (10 mg/ml) at 37°C for 

15 min. After washing in DMEM medium, the neurons were fixed for 5 min 

with 4% formaldehyde / 4% sucrose in phosphate-buffered saline (PBS). 

Neurons were then washed three times in PBS for 30 min at room 

temperature and incubated with secondary antibody conjugated to Alexa488 

(1:400) or Alexa568 (1:400) in staining buffer without TritonX-100 (0.2% 

BSA, 0.8 M NaCl, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. 

Neurons were then washed three times in PBS for 30 min at room 

temperature and mounted. 

Confocal images on a Zeiss laser scanning microscope 510 (USA) 
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were obtained with sequential acquisition settings at the maximal resolution 

of the microscope (1024x1024 pixels). Morphometric analysis and 

quantification were performed using MetaMorph software (Universal 

Imaging Corporation, USA). The averaged whole cell surface 

immunodensity from 8-10 neurons per group was measured. 

 

Statistics and data analysis 

Data are expressed as mean ± SEM. Analyses were performed in SPSS 

11.0 for windows, using Kolmogorov-Smirnov (KS) tests, one-way ANOVA 

followed by post hoc Tukey multiple comparisons or independent two-tailed 

t-test. Data was normalized to control groups for figure presentation. A 

P-value of 0.05 was set as the level of significance. Data in each experiment 

was collected from 2-3 batches of cultured neurons, with all the treatments 

randomized to avoid possible batch/time differences.  

 

Results 

Corticosterone enhances AMPAR-mediated mEPSCs via NSF/GluA2 

dependent trafficking 

We first examined whether glucocorticoid regulation of synaptic 

transmission involves NSF/GluA2 dependent trafficking. An example of 

mEPSCs traces in response to either vehicle or corticosterone treatment is 

shown in Figure 1A. Application of 100 nM corticosterone significantly 

enhanced the amplitude of mEPSCs (Figure 1B, F3, 50=5.6, P<0.01). 

Post-hoc Tukey multiple comparisons revealed that corticosterone 

significantly enhanced peak amplitude compared to vehicle group (P<0.01), 

which was prevented by co-application of pep2m (vehicle_Cort versus 

pep2m_Cort: P>0.05). Pep2m itself had no effect (vehicle versus pep2m: 

P>0.05). Although an overall significant effects was found on the mEPSC 

frequency (Figure 1C. F3, 50= 3.6, P<0.02), Post-hoc Tukey analysis 

revealed only significant differences between corticosterone and pep2m 
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treated cells (P<0.05). Overall, these data indicate that 

NSF/GluA2-dependent trafficking underlies the corticosterone-induced 

increase in AMPA receptor mediated synaptic transmission.  
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Figure 1. Corticosterone enhances synaptic transmission via NSF/GluA2 

dependent trafficking. Bar diagram represents the normalized value of peak 

amplitude and frequency of mEPSCs for all treatment groups relative to respective 

vehicles. Data are collected from 13-17 neurons per group. A) An example of 

mEPSCs traces treated with either corticosterone or vehicle. B) A significant 

between-group effect was found in peak amplitude of mEPSCs (one-way ANOVA, 
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P<0.01). Corticosterone significantly enhanced the mEPSC peak amplitude (post 

hoc Tukey comparison, **P<0.01). This effect was completely blocked by pep2m 

(**P<0.01). C) A significant between-group effect was found in frequency of 

mEPSCs (one-way ANOVA, P<0.01), while corticosterone did not affect the 

frequency of mEPSCs (P>0.05). 

 

Corticosterone enhances AMPAR-mediated synaptic transmission via 

the PI3K-mTOR pathway. 

In a second experiment we examined whether corticosterone regulates 

AMPA receptor mediated synaptic transmission via the PI3K-mTOR pathway. 

One-way ANOVA revealed a between-group effect in the peak amplitude of 

mEPSCs (Figure 2 A, F9, 125=4.4, P<0.01,). Application of corticosterone 

(100nM) to hippocampal cultures significantly enhanced the peak amplitude 

of mEPSCs (post hoc Tukey multiple comparison, P<0.01). Application of 

corticosterone in the presence of the GR-antagonist RU38486 (500 nM) did 

not affect the peak amplitude of the mEPSCs (P>0.05). Likewise, 

corticosterone did not change the mEPSC amplitude in cells pretreated with 

either the PI3K inhibitor-LY294002 (50 µM), rapamycin (50 nM) or nifedipine 

(5 µM) compared to respective controls (Figure 2A, P>0.05). No effects on 

the frequency were observed between the treatments (Figure 2 B, F9, 125=1.2, 

P>0.05). 
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Figure 2. Corticosterone enhances AMPA receptor mediated synaptic 

transmission via PI3K-mTOR pathway. A) Corticosterone (100 nM) significantly 

enhances the peak amplitude of mEPSCs compared to vehicle (post hoc Tukey 

comparison, **P<0.05). Co-application of LY294002, rapamycin, RU38486 and 

nifedipine before and during corticosterone treatment prevented the effect of 

corticosterone on the amplitude of mEPSCs. In contrast, B) No between-group 

effect was found in frequency of mEPSCs (one-way ANOVA, P>0.05). 

 

Corticosterone enhances surface AMPARs labeling via the PI3K-mTOR 

pathway. 

Finally we examined (in an ongoing experiment) whether corticosterone 

regulates AMPA receptor surface expression via the PI3K-mTOR pathway. 

Only drug treatments in the presence of either corticosterone or its vehicle 
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has been so far analyzed and thus reported here. Immunosurface labeling 

showed that incubation with 100 nM corticosterone for 3 hours enhanced 

the surface expression of both GluA1 (t14=2.36, P<0.05) and GluA2 

(t14=2.38, P<0.05) AMPA receptor subunits (Figure 3A & B). This increase in 

surface labeling by corticosterone appears to be regulated by GRs since in 

the presence of the GR antagonist RU38486 (500 nM) GluA1 and GluA2 

surface labeling was not affected by corticosterone (t14=1.99, P>0.05 and 

t14=0.72, P>0.05, respectively) when compared to RU38486 treatment alone. 

Moreover, corticosterone application of cells pretreated with either the PI3K 

inhibitor LY294002 (50 µM) or the mTOR inhibitor rapamycin (50 nM) was 

ineffective in changing GluA1 and GluA2 surface labeling (LY294002: 

t14=1.99, P>0.05 and t14=0.72, P>0.05; rapamycin: t14=1.99, P>0.05 and 

t14=0.72, P>0.05) when compared to treatment with the respective drugs 

alone. Finally, we found that the increase in AMPAR requires calcium influx, 

since corticosterone was also ineffective in enhancing GluA1 (t6=1.06, 

P>0.05) and GluA2 (t6=1.31, P>0.05) surface expression expression when 

applied in the presence of the L-type calcium channel blocker nifedipine. 
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Figure 3. Corticosterone enhances surface expression of AMPA receptors via 

PI3K-mTOR pathway. Corticosterone (100nM) enhanced the surface expression of 

GluA1 A) and GluA2 B) subunits compared to its vehicle (t-test, *P<0.05). 

Application of LY294002, rapamycin, RU38486 and nifedipine prior to and during 

corticosterone incubation prevented this effect of corticosterone when compared to 

respective drug treatment in the presence of corticosterone vehicle (t-test, P>0.05). 

 

Discussion 

Although glucocorticoids have been reported to enhance AMPAR-mediated 

synaptic transmission (Karst and Joels, 2005; Martin et al., 2009), the 

underlying mechanism was unknown. NSF/GluA2 dependent trafficking 

serves to maintain basal synaptic transmission (Nishimune et al., 1998; 

Osten et al., 1998; Song et al., 1998; Yao et al., 2008). Here we report that 
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corticosterone enhances the peak amplitude of AMPAR-mediated mEPSCs 

via a mechanism involving NSF/GluA2 dependent AMPAR trafficking. In 

addition, corticosterone might enhance AMPA receptor mediated synaptic 

transmission via the ability of NSF to disrupt GluA2-PICK1 interaction 

(Terashima et al., 2008). GluA2-containing AMPARs appear to be excluded 

from synapses by binding to PICK1 (Perez et al., 2001): disrupting 

GluA2/PICK1 interactions using pep-EVKI increased postsynaptic AMPA 

receptor mediated synaptic responses (Yao et al., 2008). Moreover, PICK1 

is critically involved in endocytosis of AMPA receptors (Hanley et al., 2002). 

Corticosterone may therefore reduce endocytosis and enhance surface and 

synaptic expression of AMPA receptors. Moreover, the present study and 

earlier reports (Groc et al., 2008; Martin et al., 2009) show that 

corticosterone slowly enhances surface expression of GluA2-containing 

AMPARs via GR activation. Overall these data supports the notion that slow 

GR-dependent effects on AMPAR trafficking are directly translated into 

functional consequences, i.e. a selective increase in mEPSC amplitude.  

We next explored the signaling pathway upstream of AMPAR 

trafficking and the associated changes in mEPSC amplitude, focusing on 

the PI3K-mTOR pathway. The rationale behind this was two-fold. First, this 

pathway is critically involved in translational control of synaptic plasticity 

(Hoeffer and Klann, 2010; Wang et al., 2006), and translational processes 

are involved in glucocorticoid effects on AMPAR trafficking (Martin et al., 

2009). Second, other hormones – such as estrogen and insulin – have been 

shown to activate this pathway (Akama and McEwen, 2003; Lee et al., 2005) 

and ultimately regulate translation of PSD-95 which is important for 

maintaining AMPA receptors at synapses (Stein et al., 2003) and maturation 

of excitatory synapses (El-Husseini et al., 2000). Our studies suggest that 

pharmacological blockade of the PI3K-mTOR pathway by either LY294002 

or rapamycin prevent the corticosterone-induced increase in mEPSC 

amplitude and AMPA receptor surface expression. How glucocorticoids 
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exactly regulate this pathway, and whether these hormones increase 

PSD95 protein expression remains to be investigated. However, enhanced 

synaptic PSD-95 expression has been reported to suppress synaptic 

potentiation and facilitate synaptic depression (Stein et al., 2003) 

reminiscent of the slow effect of corticosterone on synaptic transmission and 

synaptic plasticity (Alfarez et al., 2002; Groc et al., 2008; Wiegert et al., 

2005). Interestingly, nifedipine blocked the glucocorticoid effects on 

AMPAR-mediated synaptic transmission. Glucocorticoids have been 

reported to increase calcium-influx via L-type calcium channels (Chameau 

et al., 2007). This may indirectly affect the functionality of the PI3K-mTOR 

signaling pathway. Dedicated biochemical investigations will be required to 

resolve this in the future.  

In conclusion, our data suggests that glucocorticoids increase 

synaptic transmission via NSF/GluA2-dependent trafficking of AMPARs. 

Although it requires further evidence (i.e. more extensive surface labeling 

and biochemical studies), these hormones may promote synaptic retention 

of AMPARs via the PI3K-mTOR pathway and increase translational 

regulation of synaptic scaffolding proteins such as PSD-95. 
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Combined β-adrenergic and corticosteroid receptor activation 

regulates AMPA receptor function in hippocampal neurons 

(In preparation) 

Ming Zhou, Casper C. Hoogenraad, Marian Joëls, Harm J Krugers 
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Abstract  

Shortly after stress, limbic neurons are exposed to high levels of 

noradrenaline and corticosterone. These hormones are necessary for 

optimal behavioral adaptation. Behavioral effects in the amygdala and 

hippocampus critically depend on noradrenaline acting via beta-adrenergic 

receptors, but these effects are strongly modulated by corticosterone, 

indicating putative interactions between the two hormones. Since both 

noradrenaline and corticosterone are known to quickly affect properties of 

AMPA-type glutamate receptor (AMPAR), we here examined -in 

hippocampal neurons- three parameters which give insight in its functionality: 

phosphorylation, surface expression and spontaneous synaptic 

transmission. Corticosterone (30 nM) by itself did not affect phosphorylation 

of AMPAR GluA1 subunit at S845 or S831, but addition of the β-agonist 

isoproterenol (10 µM) resulted in increased S845 (but not S831) 

phosphorylation; isoproterenol (1 or 10 µM) alone was ineffective. 

Corticosterone also did not change GluA1 surface expression, yet increased 

the effect of 1 µM isoproterenol, which by itself was ineffective. Interestingly, 

10 µM isoproterenol alone enhanced GluA1 surface expression, but this 

was decreased by corticosterone. Finally, the inter-event interval of 

miniature excitatory postsynaptic currents (mEPSCs) was decreased by the 

combination of 1 µM isoproterenol and corticosterone (ineffective by 

themselves) while the combined drug application did not affect the 

amplitude. We conclude that AMPAR phosphorylation, surface expression 

and mEPSC inter-event interval respond most strongly to a combination of 

corticosterone and isoproterenol. These combined hormonal effects on 

glutamate transmission might contribute to their influence on behavior. 
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Introduction  

Stress in rodents causes rapid activation of the sympathetic nervous system. 

Via the vagal nerve and the nucleus tractus solitarius (Williams and 

McGaugh, 1993) and by direct activation of the locus coeruleus (Valentino 

and Van Bockstaele, 2008), limbic neurons e.g. in the basolateral amygdala 

and hippocampus are thus exposed to elevated levels of noradrenaline 

(McIntyre et al., 2002a; McIntyre et al., 2002b). Slightly later these neurons 

are also targeted by glucocorticoids, which are released in high amounts 

after stress-induced activation of the hypothalamus-pituitary-adrenal axis 

(de Kloet et al., 2005). Together these hormones promote an adaptive 

response, allowing the organism to cope with the challenge (Joels and 

Baram, 2009; Roozendaal et al., 2009b). 

Behavioral studies have supplied evidence that effects of stress on e.g. 

hippocampus-dependent memory formation critically depend on 

noradrenaline, acting via the β-adrenoceptor (Roozendaal et al., 2004a). 

This effect is facilitated by corticosterone, which by itself seems insufficient 

to modulate behavioral function (Okuda et al., 2004; Roozendaal et al., 

2004b). Even though pharmacological and behavioral studies have 

suggested that glucocorticoids may influence the β-adrenoceptor-cAMP / 

protein kinase A system (Roozendaal, 2000; Stone et al., 1987), insight into 

how interactions between the two stress hormones is achieved at the 

cellular level is still very limited. 

Corticosteroid hormones generally act via a slow gene-mediated 

pathway, involving two nuclear receptors, i.e. the high affinity 

mineralocorticoid receptor (MR) and the lower affinity glucocorticoid 

receptor (GR) (de Kloet et al., 2005). It was shown that β-adrenoceptor 

activation potentiates transcriptional activity of the GR in a hippocampal cell 

line, via a pathway involving G-proteins and phosphoinositide 3-kinase 

(Schmidt et al., 2001). Furthermore, in the dentate gyrus and basolateral 

amygdala in vitro, corticosterone treatment slowly decreased the ability of 
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the β-adrenoceptor agonist isoproterenol to facilitate synaptic potentiation 

(Pu et al., 2007, 2009), thus potentially preserving earlier encoded 

stress-related information. In line with these observations, corticosterone 

slowly suppressed isoproterenol-induced facilitation of AMPA receptor 

(AMPAR) mediated synaptic responses in the basolateral amygdala 

(Liebmann et al., 2009). 

Recently it has become evident, though, that corticosterone can also 

rapidly and nongenomically change synaptic function in limbic cells (Karst et 

al., 2005; Olijslagers et al., 2008). This is highly relevant for the period 

directly after stress, when limbic neurons are first exposed to high levels of 

noradrenaline and shortly thereafter to corticosteroids (Droste et al., 2008). 

It was reported that corticosterone via membrane-located MRs increases 

the release probability of glutamate-containing vesicles in CA1 hippocampal 

neurons, causing a rapid and reversible enhancement in the frequency of 

miniature excitatory postsynaptic currents (mEPSCs) (Karst et al., 2005). In 

cultured hippocampal cells, MR activation caused rapid lateral diffusion of 

the AMPAR subunit GluA2 (Groc et al., 2008). Interestingly, noradrenaline 

also changes AMPAR function. Thus, noradrenaline was reported to 

increase phosphorylation of the Ser845 (and to a lesser extent Ser831) 

residue in the GluA1 subunit via β-receptors (Hu et al., 2007). 

Phosphorylation at these sites was found to be necessary and sufficient to 

lower the threshold for GluA1 synaptic incorporation, as occurs during 

long-term potentiation. Very recently, Joiner et al (2010) demonstrated in 

forebrain that β2-adrenoceptors form a complex with GluA1 subunits, 

together with PKA and other proteins. Activation of β2-adrenoceptors 

triggered phosphorylation of GluA1 via PKA, which led to increased surface 

expression of GluA1 and enhanced AMPAR-mediated mEPSC amplitudes. 

In view of this convergence of corticosteroid and β-adrenergic 

signaling pathways on AMPAR subunits, we here hypothesized that 

corticosterone facilitates noradrenergic function in the hippocampus by 
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potentiating the effects of the β-agonist isoproterenol on GluA1 

phosphorylation, AMPAR subunit surface expression and/or mEPSC 

properties. 

 

Materials and methods  

All experiments were carried out in accordance with and approved by the 

local Animal Committee of the University of Amsterdam. 

 

Immunoblots 

Naïve male Wistar rats (6-8 weeks old) were sacrificed under 4-5 % 

isoflurane anaesthesia and coronal brain slices (400 µm in thickness) were 

made with a manual tissue chopper. Slices were incubated, at room 

temperature, in artificial cerebro-spinal fluid (ACSF) containing (in mM): 120 

NaCl, 3.5 KCl, 1.3 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 10.0 glucose and 25.0 

NaHCO3, pH7.4, and continuously gassed (mixture of 95% O2-5% CO2). To 

this perfusion medium we added for 15 min 1) isoproterenol (ISO; Sigma, 

The Netherlands) at 1 or 10µM; 2) corticosterone (CORT; Sigma, The 

Netherlands) at 30 nM; 3) the combination of ISO 1 µM / CORT 30nM or 

ISO10 µM / CORT 30nM. For each treatment we used two to three slices 

per rat. In total, 14 rats were used for this experimental series. After 

treatment, slices were immediately put in liquid nitrogen and stored at -80°C 

until use.  

Each slice was homogenized with an insulin syringe in 200 µL 

homogenization buffer (1% TritonX-100, 10 mM Tris pH 7.4, 150 mM NaCl, 

10 mM EGTA pH 8; 10 mM EDTA pH 8) according to standard protocols 

(Bartos et al., 2010; Joiner et al., 2010). Phosphatase inhibitors (25 mM NaF, 

25 mM NaPPi, 1 mM PNPP, and 2 µM microcystin) and protease inhibitors 

(PMSF, Pepstatin A, Leupeptin and Aprotinin) were added to the buffer. After 

being left on ice for 5-10 minutes, the homogenate was ultracentrifuged at 

40,000 rpm for 30 minutes at 4 °C. The supernatant was removed and 
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saved as the Tx extract. 20 µL of each Tx extract was mixed with 5 µL of 5x 

SDS loading buffer, then heated for 5 minutes at 95°C with shaking. The 

condensation was quickly spun down and samples were loaded onto 7.5% 

polyacrylamide gel. The PAGE gel was run for 2-2.5 hours at 30 mA and 

transferred for 500 minutes overnight at 50 V at 4°C. The blot was 

subsequently blocked in 10% milk solution for at least 1 hour at room 

temperature. Next, blots were incubated with Millipore antibodies against 

pS845 (1: 1000, Millipore), pS831 (1: 100, Millipore), total GluA1 (1: 600) 

and alfa tubulin (1: 500) see (Bartos et al., 2010; Joiner et al., 2010) (in 10% 

milk) for 3 hours at room temperature on an orbital shaker and afterwards 

washed with 0.1% Tween in TBS buffer for 4 times, 5 minutes each wash. 

Blots were next incubated with goal anti-rabbit HRP solution (in 10% milk) 

for 1 hour at room temperature on an orbital shaker, after which they were 

washed with TBS buffer and 0.1% Tween 4-5 times, 20-30 minutes each. 

GE Healthcare ECL reagents were used to visualize bands. Immunosignals 

were quantified by densitometry. Phospho-S845 (pS845) and 

phospho-S831 (pS831) signals were expressed relative to the total GluA1 

signals and normalized to control for data analysis. One blot was run per 

animal/experimental condition. 

 

Hippocampal primary culture 

Primary hippocampal cultures were prepared from rat brains at embryonic 

day 18 ± 1 (Hoogenraad et al., 2005). Cells were plated on coverslips 

coated with poly-D-lysine (0.5 mg/ml) at a density of 75,000/well for the 

electrophysiology and immunosurface labeling experiments. Hippocampal 

cultures were grown in Neurobasal medium supplemented with (per 100 ml): 

B27 2 ml, GlutaMaxI 1ml, Penicillin/Streptomycin 1ml, FBS 5-10 ml (plating 

medium) for the first day; from the 2nd day onwards, half of the medium was 

changed once a week by the culturing medium (plating medium without 

FBS), adding 5-Fluoro-2‟-Deoxyuridine (FUDR) 10 µM to inhibit glial growth. 
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All reagants except FUDR (Sigma, The Netherlands) were obtained from 

Gibco Invitrogene (the Netherlands).  

 

Immunosurfacelabeling and confocal microscopy 

DIV 14-21 hippocampal neurons were treated for 15 min with: 1) ISO 1 or 10 

µM; 2) CORT 30 nM; 3) the combination of ISO 1 µM and CORT 30 nM, or 

of ISO 10 µM and CORT 30 nM. For each treatment we also included a 

vehicle control group: distilled sterile water and EtOH (final concentration: 

<0.01%) for ISO and CORT respectively. Neurons were subsequently 

incubated with GluA1 (Calbiochem, 1:8) or GluA2 (Zymed, 1:80) N-terminal 

antibodies (10 mg/ml) at 37°C for 15 min. After being washed in DMEM 

medium, the neurons were fixed for 5 min with 4% formaldehyde / 4% 

sucrose in phosphate-buffered saline (PBS). Neurons were then washed 

three times in PBS for 30 min at room temperature and incubated with a 

secondary antibody conjugated to Alexa488 (1:400) or Alexa568 (1:400) in 

staining buffer without TritonX-100 (0.2% BSA, 0.8 M NaCl, 30 mM 

phosphate buffer, pH 7.4) overnight at 4 °C. Neurons were then washed 

three times in PBS for 30 min at room temperature and mounted.  

Confocal images on a Zeiss laser scanning microscope 510 (USA) 

were obtained with sequential acquisition settings at the maximal resolution 

of the microscope (1024 x 1024 pixels). Morphometric analysis and 

quantification were performed using MetaMorph software (Universal 

Imaging Corporation, USA). The averaged whole cell surface 

immunodensity from 12-20 neurons per group was measured. 

 

mEPSCs 

Coverslips with DIV 14-21 neurons were placed in a recording chamber, 

mounted on an upright microscope (Zeiss Axioskop 2 FS Plus, Germany) 

and filled with HEPES buffer at room temperature (20°C ± 2) containing (in 

mM): NaCl (145), KCl (2.8), CaCl2 (2.0), MgCl2 (1.0), H-HEPES (10.0), pH 
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7.4, osmolarity 300±10 mOsm/L. Whole cell patch clamp recordings were 

made using an AXOPATCH 200B amplifier (Axon Instruments, USA), with 

electrodes from borosilicate glass (1.5 mm outer diameter, Hilgerberg, 

Malsfeld, Germany). The electrodes were pulled on a Sutter (USA) 

micropipette puller. The pipette solution contained (in mM): Cs methane 

sulfonate (120); CsCl (17.5); HEPES (10); BAPTA (5); Mg-ATP (2); Na-GTP 

(0.5); QX-314 (10); pH 7.4, adjusted with CsOH; pipette resistance was 

between 3–6 MΩ. Under visual control (40X objective and 10X ocular 

magnification) the electrode was directed towards a neuron with positive 

pressure. Once sealed on the cell membrane (resistance above 1 GΩ) the 

membrane patch under the electrode was ruptured by gentle suction and 

the cell was kept at a holding potential of -70 mV. The liquid junction 

potential caused a shift of no more than 10 mV, which was not compensated 

during mEPSCs recording. Recordings with an uncompensated series 

resistance of <15 MΩ and <2.5 times the pipette resistance with a shift of 

<20% during the recording, were accepted for analysis. Data acquisition 

was performed with pCLAMP 8.2 (Axon Instruments, USA) and analyzed 

off-line with Minianalysis (version 6.0.9; Synaptosoft, USA).  

As described before (Karst et al., 2005; Karst and Joels, 2005; Zhou et 

al., 2009), miniature excitatory postsynaptic currents (mEPSCs) were 

recorded at a holding potential of -70 mV, at which NMDA currents are 

blocked when Mg2+ is present in the extracellular buffer (Nowak et al., 1984), 

thus focusing on AMPAR-mediated mEPSCs. Tetrodotoxin (0.25 µM, 

Latoxan, Rosans, France) and bicuculline methobromide (20 µM, Enzo Life 

Sciences, the Netherlands) were added to the buffer to block action 

potential induced glutamate release and GABAA-receptor mediated 

miniature inhibitory postsynaptic currents respectively. After achieving the 

whole-cell configuration, mEPSCs was recorded for 2 min with vehicle 

administration. A 16 min-recording was then made after the application of 

ISO 1 or 10 µM alone, CORT 30 nM alone, or the combination of the two, i.e. 
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ISO 1 µM and CORT 30 nM or ISO10 µM and CORT 30 nM. The events 

were examined manually and identified as mEPSCs when the rise time was 

faster than the decay time, with an event detection threshold of -5 pA. The 

inter-event interval and peak amplitude of mEPSCs were analyzed. 

 

Statistics and data analysis 

All data is expressed as mean ± SEM. Statistical analysis was performed in 

SPSS 11.0 for windows. Immunosurface labeling for each treatment group 

was analyzed relative to the corresponding vehicle group with an unpaired 

t-test. Between group-comparisons, both for immunosurface labeling and 

phosphorylation, were carried out using a one-way ANOVA followed by a 

post hoc Tukey test. The frequency distributions of the mEPSC inter-event 

intervals or amplitude before (2 minutes) and during drug treatment (final 2 

minutes) were analyzed using a non-parametric Kolmogorov-Smirnov (KS) 

test. P values < 0.05 were considered significantly different.  

 

Results 

Effects of isoproterenol and corticosterone on AMPAR GluA1 subunit 

phosphorylation 

We first investigated the effect of isoproterenol and/or corticosterone on the 

phosphorylation of two important (Barria et al., 1997a; Barria et al., 1997b; 

Hu et al., 2007; Mammen et al., 1997; Roche et al., 1996) serine-residues in 

GluA1 AMPAR subunits, i.e. levels of pS831 and pS845 relative to the total 

GluA1 expression (see for typical examples figure 1A). The expression of 

total GluA1 relative to alpha-tubulin was comparable across all the 

treatments (one-way ANOVA, F5, 41=0.67, P>0.05, data not shown).  
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Figure 1 Effect of treatment of hippocampal slices with corticosterone (CORT) 

and/or isoproterenol (ISO) on phosphorylation of Ser 831 and Ser845 sites in 

the GluA1 AMPAR subunit. A) Typical examples of pS831 and pS845 

immunoblots. B) and C) Bar diagram representing the averaged pS831 and pS845 

levels for all treatment groups. All bars correspond with the mean + SEM. Data are 

based on tissue samples collected from 13-14 rats per group. B) Neither 15 minutes 

exposure to CORT, ISO (1 or 10 µM) nor to the combination of the two hormones 

affected pS831 levels, here expressed relative to the total GluA1 immunosignal. C) 

Expression of pS845 was significantly altered by stress hormone treatment (ANOVA, 

P<0.05). Post hoc (Tukey) comparisons showed that CORT did not affect pS845 

expression compared to vehicle treatment (P>0.05). Similarly, 1 and 10 µM ISO did 

not change pS845 expression compared with vehicle treatment. Yet, simultaneous 

treatment of slices for 15 minutes with 10 µM of ISO and corticosterone caused a 

significantly enhanced pS845 signal compared to both vehicle treatment (*P<0.05) 

and CORT treatment (
##

P<0.01).  
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As shown in figure 1B, pS831 relative to total GluA1 expression was 

not affected by either 1 or 10 µM isoproterenol, 30 nM corticosterone or the 

combination of these drugs (one-way ANOVA, F5, 78=0.82, P>0.05). By 

contrast, statistical analysis revealed a significant between-group effect of 

treatment on pS845 expression (figure 1C, one-way ANOVA, F5, 77=3.58, 

P<0.01). Post hoc (Tukey) comparisons showed that combined treatment 

with 10 µM isoproterenol and 30 nM corticosterone significantly enhanced 

the expression of pS845 (relative to total GluA1) compared to vehicle 

treatment (P<0.05) and to the group treated only with 30 nM corticosterone 

(P<0.01).  

Overall the data suggests that phosphorylation of S845 in the GluA1 

AMPAR subunit is most effectively achieved with the combination of 30 nM 

corticosterone and 10 µM isoproterenol. 

 

Effects of isoproterenol and corticosterone on immunosurfacelabeling 

of AMPAR subunits 

Unlike the slow GR effect on AMPARs (Martin et al., 2009), application of 

corticosterone (30 nM) did not affect surface labeling of GluA1 (t34=0.62, 

P>0.05, compared to the corresponding vehicle-treated cells) or GluA2 

(t34=1.32, P>0.05) when bath-applied for only 15 min (typical examples in 

figure 2; averaged data in figure 3). Similarly, 1 µM isoproterenol by itself did 

not change immunosurface labeling for either GluA1 (t36=0.73, P>0.05, 

compared to the corresponding vehicle treated cells) or GluA2 (t36=1.44, 

P>0.05). However, co-application of 1 µM isoproterenol and corticosterone 

for 15 min significantly enhanced both GluA1 (t32=6.84, P<0.01, compared 

to the corresponding vehicle group) and GluA2 (t32=7.94, P<0.01) AMPAR 

immunosurface labeling. Interestingly, a highly comparable enhancement 

was also achieved with just 10 µM isoproterenol (t36=5.28, P<0.01, for 

GluA1 and t36=5.86, P<0.01, for GluA2). Yet, combined application of 10 µM 

isoproterenol and 30 nM corticosterone for 15 minutes caused a decreased 
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surface expression of GluA1 (t21=2.60, P<0.05, compared to the 

corresponding vehicle treated cells), while no significant effect was 

observed on GluA2 (t21=2.02, P>0.05). 

     

Figure 2 Representative images of GluA1 and GluA2 immunosurface labeling 

in cultured hippocampal cells after various treatments. Representative images 

of cultured hippocampal neurons treated for 15 minutes with 30 nM corticosterone 

(CORT), 1 and 10 µM isoproterenol (ISO), 1 µM ISO in combination with 30 nM 

CORT or 10 µM ISO with 30 nM CORT. Left and middle lanes represent GluA1 and 

GluA2 antibody staining respectively, while the two images are merged in the right 

lane.  

 

Between-group comparison was carried out with one-way ANOVA and 
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revealed significant treatment effects for both GluA1 (F4, 82=29.17, P<0.01) 

and GluA2 (F4, 82=29.33, P<0.01; figure 3) immunosurfacelabeling. Post hoc 

(Tukey) analysis indicated that the combined treatment with 1 µM 

isoproterenol and 30 nM corticosterone led to significantly enhanced GluA1 

and GluA2 surface expression compared to 1) treatment with only 1 µM 

isoproterenol (P<0.01 for both GluA1 and GluA2) or only 30 nM 

corticosterone (P<0.01 for both GluA1 and GluA2) and 2) 30 nM 

corticosterone combined with a higher dose of isoproterenol (P<0.01 for 

both GluA1 and GluA2). Moreover, application of 10 µM isoproterenol was 

significantly different from 1) treatment with 1 µM isoproterenol (P<0.01 for 

both GluA1 and GluA2) and 2) the combination of 10 µM isoproterenol and 

30 nM corticosterone (P<0.01 for both GluA1 and GluA2). 

 

Figure 3 Effects of stress hormones on GluA1 and GluA2 immunosurface 

labeling in cultured hippocampal cells. Bar diagram summarizing the mean + 

SEM immunosurface labeling for GluA1 (left) and GluA2 (right) for all treatment 

groups. All data is normalized to the corresponding control group and based on 

whole cell surface immunodensity determined in 12-20 cells per treatment group. 

For both subunits we observed that treatment with 10 µM ISO alone, or a 

combination of corticosterone and 1 µM ISO resulted in significantly higher surface 

expression than in the corresponding vehicle control group (t-test, **P<0.01). 

Comparison of all groups yielded a significant treatment effect (one-way ANOVA, 
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P<0.01). Post-hoc (Tukey) comparison revealed that immunostaining for GluA1 as 

well as GluA2 after combined treatment with corticosterone and 1 µM ISO was 

significantly  higher than for either of the hormones alone (
##

P<0.01). By contrast, 

the elevated surface expression of the GluA1 subtype seen for 10 µM ISO alone 

was significantly reduced if corticosterone was applied concomitantly, in comparison 

with the corresponding control group (t-test, **P<0.01). 

 

These results indicate that surface labeling of GluA1 as well as GluA2 

is very high shortly after application of a high dose of isoproterenol. A 

similarly high labeling can also be achieved by applying a moderate dose of 

isoproterenol in combination with corticosterone.      

 

 

 

Table 1 The effects of stress hormones on mEPSC properties in cultured 

hippocampal cells. Isoproterenol alone had no effect on mEPSC properties (KS 

test, P>0.05). Corticosterone alone increased the peak amplitude of mEPSCs (KS 

test, **P<0.01). The combination of 1 (but not 10) M isoproterenol and 

corticosterone statistically decreased the inter-event interval of mEPSCs (KS test, 

*P<0.05). Statistical significance for each treatment was determined by applying a 

Kolmogorov-Smirnov (KS) test for the inter-event interval or peak amplitude 

distribution obtained during versus prior to drug application. 

 

Effects of isoproterenol and corticosterone on AMPAR-mediated 

mEPSCs. 

To further investigate the hormonal effects on AMPAR-mediated synaptic 
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transmission in hippocampal cultured neurons, spontaneous mEPSCs were 

recorded prior to and up to 15 min. in the presence of vehicle, (1 or 10 µM) 

isoproterenol, 30 nM corticosterone or a combination of these drugs. A 

typical example of AMPAR-mediated mEPSCs traces (from concurrent 

treatment of 1µM isoproterenol and corticosterone) is shown in figure 4A. 

Treatment effects on the frequency distribution of mEPSC inter-event 

interval and amplitude were tested for statistical significance with a 

Kolmogorov-Smirnov (KS) analysis.  

Application of 1 µM isoproterenol had no effect on inter-event interval, 

nor on peak amplitude (Table 1, P>0.05). Similarly, a higher concentration of 

isoproterenol (10 µM) was ineffective in this respect (P>0.05). Somewhat 

unexpectedly, acute application of 30nM of corticosterone to cultured 

hippocampal neurons enhanced the mEPSC peak amplitude (P<0.05), with 

a significant shift of the cumulative distribution towards bigger mEPSCs 

events. No effect of corticosterone was observed on the mEPSC interval 

distribution (P>0.05).  

Co-application of 1µM isoproterenol and corticosterone caused a 

significant reduction in inter-event interval of mEPSCs (Figure 4B, P<0.05), 

with a clear shift of the cumulative distribution towards shorter inter-event 

interval, while peak amplitude of mEPSCs remained unaffected (Figure 4C, 

P>0.05). The combination of a higher isoproterenol concentration and 

corticosterone had no significant effect on either frequency or peak 

amplitude (P>0.05).  
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Figure 4 Interactive actions of isoproterenol and corticosterone on mEPSC 

properties of cultured hippocampal cells. A) Representative traces of 

AMPAR-mediated mEPSCs, before (top) and during (bottom) treatment with 1 µM 

isoproterenol and 30 nM corticosterone. An example of the cumulative distribution 

of inter-event interval and peak amplitude of mEPSCs, before and during treatment 

with 1 µM and 30 nM corticosterone is shown in B) and C) respectively. This 

combination of drugs decreased inter-event interval (but not peak amplitude) of 

mEPSCs significantly (KS test, *P<0.05). 

 

Taken together, these electrophysiological results show that mEPSC 

inter-event interval is most effectively changed by combined administration 

of corticosterone and a moderate (1 µM) concentration of isoproterenol. The 

mEPSC amplitude was only affected by corticosterone, but not by 

isoproterenol or the combination of drugs. 

 

Discussion 
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We here tested the hypothesis that corticosterone facilitates noradrenergic 

function in the hippocampus by potentiating actions induced via 

β-adrenergic receptors on GluA1 phosphorylation, AMPAR subunit surface 

expression and/or mEPSC properties. Corticosterone -at the presently 

tested concentration- was mostly ineffective by itself, as was isoproterenol, 

with the exception of a significant increase in GluA1 and GluA2 surface 

expression observed with 10 µM isoproterenol. In agreement with the 

hypothesis, AMPAR phosphorylation, surface expression and mEPSC 

inter-event interval all responded most strongly to a combination of 

corticosterone and isoproterenol, except for the case where isoproterenol by 

itself already induced a strong effect. 

In this study we focused on properties of AMPAR subunits, as a 

potential common endpoint of corticosteroid and adrenergic signaling. This 

is a highly relevant endpoint, since it is well known that trafficking of 

AMPARs towards and from excitatory synaptic membranes is critically 

involved in long-term potentiation and depression, and important for 

emotional learning (Malenka, 2003; Plant et al., 2006). Corticosterone 

rapidly alters the mobility of GluA2 containing AMPAR, and slowly enhances 

AMPAR surface expression and AMPAR-mediated synaptic transmission, at 

least in the hippocampus (Groc et al., 2008; Martin et al., 2009); this may 

contribute to its promoting effects on learning and memory (Krugers et al., 

2010). Moreover, β-adrenoceptor activation by noradrenaline and 

isoproterenol has been found to induce the phosphorylation of GluA1 

subtype AMPAR, to facilitate surface expression and synaptic delivery of 

AMPARs, enhance AMPAR-mediated mEPSCs and lower the threshold for 

LTP induction (Hu et al., 2007; Joiner et al., 2010). 

To examine putative rapid interactions between corticosterone and the 

β-adrenoceptor agonist isoproterenol on AMPAR properties, we used a 

corticosterone concentration of 30 nM. This was based on earlier studies 

describing rapid corticosteroid actions in vitro (Groc et al., 2008; Karst et al., 
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2005). On the one hand this concentration seems sufficiently high to just 

affect GluA2 surface trafficking in hippocampal cultures (Groc et al., 2008). 

On the other hand, rapid effects of corticosterone on mEPSC frequency in 

adult hippocampal slices are not yet saturated with this concentration (Karst 

et al., 2005), allowing facilitation as well as suppression to become apparent. 

Since the current experiments were carried out in different preparations for 

technical reasons –surface labeling is best studied in cultures, while AMPAR 

phosphorylation was examined in slices, to allow comparison with earlier 

studies (Hu et al., 2007; Joiner et al., 2010)- we settled for 30 nM 

corticosterone, which seems an appropriate concentration under both 

conditions. With respect to isoproterenol, we primarily focused on a 

concentration (1 µM) which was previously found to be appropriate for 

studying rapid interactions between isoproterenol and corticosterone in 

slices of the hippocampus (Pu et al., 2007). To allow comparison with other 

studies reporting on isoproterenol and AMPAR properties (Hu et al., 2007; 

Joiner et al., 2010), we also included the higher concentration of 10 µM. We 

refrained from using much higher concentrations of the two hormones, 

which are no longer in the physiological range.   

Recently, it was demonstrated in prefrontal cortex slices (Joiner et al., 

2010) that β2-adrenoceptors form a complex with GluA1 subunits and other 

proteins including PKA. Activation of β2-adrenoceptors triggered 

phosphorylation of GluA1 via PKA, which led to increased surface 

expression of GluA1 and enhanced AMPAR-mediated mEPSC amplitudes. 

Phosphorylation of the pS845 and pS831sites of GluA1 subtype AMPARs 

by β-agonists seems therefore a critical step early on in this process. In 

hippocampal slices, though, we did not observe any significant effects of 

either corticosterone or isoproterenol on phosphorylation of Ser831 and 

Ser845 relative to total GluA1 expression, although pS845 levels were on 

average 70% but non-significantly increased after 15 min of isoproterenol 

treatment compared to the vehicle group. The discrepancy in efficacy of 
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isoproterenol between the current data and those reported earlier (Joiner et 

al., 2010) could be due to differences between prefrontal and hippocampal 

cells. Indeed, very recently it was reported that prefrontal tissue responds 

differently after stress than hippocampal tissue with respect to AMPAR 

subunit phosphorylation (Caudal et al., 2010); it should be noted that the 

time frame of that study (animals killed >60 min after stress onset) was such 

that it focused on slow genomic rather than rapid nongenomic effects of 

stress hormones. However, it is also important to underline that we explicitly 

made sure to prepare slices from non-stressed animals at the nadir of their 

circadian corticosterone release pattern, resulting in extremely low 

endogenous corticosterone levels. This differs from the procedure in most 

laboratories where animals are brought to the laboratory in an unfamiliar 

transportation cage. This is experienced by rats as a novelty stress (Joels et 

al., 2003), causing effects on hippocampal properties which can be 

effectively mimicked with 30 nM corticosterone in vitro. If slices are prepared 

after a delay of >20 minutes, noradrenaline concentrations due to the 

novelty stress have probably already normalized (McIntyre et al., 2002a), 

while corticosterone levels are still high. In the hippocampus this would 

cause a situation comparable to slices treated with 30 nM corticosterone 

only. In this respect, it is of interest that compared to the slices treated with 

corticosterone only (using a t-test), pS845 levels in our hands were 

significantly increased by 1 µM isoproterenol or by a combination of 1 or 10 

µM isoproterenol and corticosterone. The state of the animals could thus 

very well explain the slight difference between earlier (Joiner et al, 2010) 

and the current observations. Overall, the present data suggests that the 

combined application of 10 µM isoproterenol and corticosterone is most 

effective in increasing pS845 levels: this was the only treatment group which 

differed significantly from the vehicle control group.     

While Ser831 is phosphorylated by CaMKII and protein kinase C 

(PKC), Ser845 is phosphorylated by PKA (Barria et al., 1997b; Mammen et 
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al., 1997; Roche et al., 1996). Previous studies have shown that PKA 

phosphorylation of GluA1 directly controls its synaptic incorporation 

(Esteban et al., 2003) and fosters surface expression of GluA1 (Man et al., 

2007). Interestingly, in the current study surface expression of both GluA1 

and GluA2 AMPAR subunits was not affected by either 1 µM isoproterenol 

or 30 nM corticosterone, but when co-applied these hormones significantly 

enhanced GluA1 and GluA2 surface expression. A higher concentration of 

isoproterenol (10 µM) increased GluA1 and GluA2 surface expression by 

itself; this was not further enhanced by corticosterone.  

In contrast to what was earlier described for CA1 neurons in 

hippocampal slices from adult mice (Karst and Joels, 2005), we did not 

observe an effect of 30 nM corticosterone on mEPSC frequency in cultured 

cells, while the amplitude was significantly enhanced. Differences in the 

species used, the age of the animals / cells, the structural environment of 

the cells and possibly the identity of the cells from which mEPSCs were 

recorded may explain this discrepancy. Isoproterenol by itself was 

ineffective. However, co-application of 1 µM of isoproterenol and 

corticosterone significantly reduced the mEPSC inter-event interval, in other 

words increased the frequency. Possibly, 1 µM of isoproterenol might have 

induced subthreshold effects. This would be in line with reports that PKA 

activation increases mEPSCs frequency, but not peak amplitude, in rat 

hippocampal CA1 neurons (Carroll et al., 1998; Chavez-Noriega and 

Stevens, 1994) as well as in dentate granule cells in human hippocampal 

slices (Chen and Roper, 2003). 

For both the GluA1 and GluA2 immuno surface labeling and mEPSC 

frequency, the combination of corticosterone and a high concentration of 

isoproterenol (10 µM) was less effective than the lower concentration of 1 

µM. This is reminiscent of the inverted U-shape dose dependency of 

corticosterone at the hippocampal CA1 neuronal (Joels and de Kloet, 1994) 

and network level (Diamond et al., 1992; Joels, 2006; Joels and de Kloet, 
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1994). A similar dose dependency is also reflected at the behavioral level, in 

tasks requiring the involvement of the hippocampal CA1 area, such as 

spatial orientation (Sandi et al., 1997) and learned helplessness (Kademian 

et al., 2005), where optimal enhancing effects on memory performance were 

seen at the midrange dosage while higher dosages were less effective or 

even impaired memory (Roozendaal, 2000). Although it is not easy to 

compare the latter experimental conditions with the reduced preparation of 

the present study, a general principle seems to emerge that the collective 

efficacy of the two main stress hormones is highest under conditions that the 

effect of either of the hormones alone is not yet saturated, as was suggested 

already by results from recent electrophysiological studies (Liebmann et al., 

2009; Pu et al., 2009). 

In conclusion, our experiments indicate that corticosterone rapidly 

increases AMPAR surface expression particularly when combined with 

moderate doses of β-adrenoceptor agonist. This possibly involves 

phosphorylation of AMPARs at Ser845 by PKA activation. Corticosterone in 

combination with a moderate dose of isoproterenol also enhances mEPSC 

frequency. Overall, the combination of the two hormones seems very 

effective in targeting AMPAR functionality, although combinations of the 

hormones beyond the optimal range lead again to diminishment of the 

effectiveness, pointing to a U-shaped dose-dependency. In vivo release of 

noradrenaline and glucocorticoids after stress (the latter at a slightly slower 

rate than the former) might thus promote rapid and prominent 

AMPAR-mediated responses in the hippocampus. This early interaction 

could contribute to a prompt response to stressors, enabling the organism to 

cope with stress rapidly and efficiently.  
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1. Summary 

Upon exposure to stressful events, the release of corticosteroids from the 

adrenal glands is enhanced. These hormones, together with other stress 

hormones and peptides (Joels and Baram, 2009) enable organisms to react 

effectively to stressful conditions and help individuals prepare for future 

events, e.g. by enhancing the consolidation of relevant information (de Kloet 

et al., 2005). 

Corticosteroids regulate consolidation of information via the low 

affinity glucocorticoid receptors (GRs) (Barrett and Gonzalez-Lima, 2004; 

Oitzl and de Kloet, 1992; Roozendaal, 2002, 2003; Sandi and Rose, 1994b). 

The high affinity mineralocorticoid receptors (MRs) appear to be involved in 

appraisal of novel, stressful information (Oitzl and de Kloet, 1992). Yet, the 

underlying mechanisms of how these hormones regulate learning and 

memory processes are far from being resolved. One putative mechanism 

could involve trafficking of AMPARs, which is important for synaptic plasticity 

(Beattie et al., 2000; Carroll et al., 1999b; Hu et al., 2007; Malenka, 2003; 

Malenka and Nicoll, 1999; Plant et al., 2006) as well as learning and 

memory formation (Hu et al., 2007; Humeau et al., 2007; Whitlock et al., 

2006). Recent evidence suggests that corticosteroids modulate the 

trafficking of AMPARs (Groc et al., 2008; Martin et al., 2009) and 

AMPAR-mediated synaptic transmission (Karst et al., 2010b; Karst et al., 

2005; Karst and Joels, 2005; Pasricha et al., 2011). Therefore, AMPARs 

might be an important molecular substrate by which stress hormones 

regulate memory formation (Kessels and Malinow, 2009; Krugers et al., 

2010). 

In this thesis, we performed behavioral experiments using the 

classical fear conditioning paradigm to examine the role of GRs and MRs in 

fear learning. In addition, we examined how fear learning and 

corticosteroids regulate the function of AMPA receptors. Finally, we 

examined further how GRs might alter AMPAR function. 
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The main findings of this thesis are summarized below:  

Chapter 2: Blocking GRs prior to training impaired contextual memory 

one day after training but enhanced tone-cue memory three hours after 

training. Blocking MRs prior to training impaired contextual memory both 

three hours and one day after training. In agreement contextual memory 

was also impaired in forebrain-specific MR knockout mice at three hours 

after training (24 hours after training was not tested). Blocking MRs prior to 

training impaired tone-cue memory only at three hours after training. These 

studies indicate that both MRs and GRs are involved in fear learning. 

Chapter 3: Memories become labile upon retrieval of information. 

Since blocking MRs reduces contextual fear conditioning (chapter 2) we 

investigated whether blocking MRs prior to retrieval also modulated fear 

memory. Administration of the MR antagonist spironolactone prior to (but not 

after) retrieval of contextual information reduced contextual freezing during 

the retrieval session and 24 hours later, though not one month later. 

Administration of spironolactone prior to retrieval did not affect extinction of 

contextual information and tone-cue memories. 

Chapter 4: Here we examined whether fear learning is accompanied 

by altered AMPA receptor mediated synaptic transmission. We report that 

the mEPSC frequency in the hippocampal CA1 area was largely enhanced 

when measured shortly (but not one day) after fear conditioning training. In 

contrast, a significant enhancement in the mEPSC amplitude was found 

both shortly and one day after training. This effect was accompanied by a 

significant increase of synaptic GluA2 expression one day after training. 

These findings suggest that the formation of contextual fear memory - which 

occurs under stressful conditions - involves slow changes in hippocampal 

AMPAR-mediated signaling. 

Chapter 5: In this chapter we examined the putative pathway between 

binding of corticosterone to glucocorticoid receptors and the eventual effects 
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on AMPAR-mediated synaptic transmission. We found that corticosterone 

slowly enhances the amplitude of mEPSCs in cultured hippocampal 

neurons. This effect could be fully prevented by co-application of pep2m 

which inhibits the interaction between N-ethylmaleimide-sensitive factor 

(NSF) and GluA2. Furthermore, the GR-antagonist RU38486, mTOR 

inhibitor rapamycin, PI3K kinase inhibitor LY294002 and calcium channel 

blocker nifedipine could also prevent the corticosterone-induced increase in 

synaptic transmission and enhanced surface labeling of GluA1 and GluA2 

subunits. This supports that corticosterone regulates AMPARs function via 

NSF/GluA2-dependent trafficking and mTOR signaling. 

Chapter 6: Hormones interact to promote the consolidation of fearful 

memories. We report here that combined administration of corticosterone 

and the beta-adrenergic receptor agonist isoproterenol (which were 

ineffective by themselves) rapidly increased phosphorylation of the AMPA 

receptor GluA1 subunit at S845, increased GluA1 and GluA2 subtype 

AMPAR surface expression and decreased the inter-event interval (i.e. 

increased frequency) of AMPAR-mediated mEPSCs. This suggests that 

cortcosterone in interaction with noradrenaline may also rapidly promote the 

ability to store information, via an AMPAR-mediated pathway. 

 

In the following paragraphs of this chapter I will discuss these findings in 

detail and focus on the following points:  

1) The role of glucocorticoid receptors (GRs) and mineralocorticoid 

receptors (MRs) in fear learning and memory formation;  

2) The role of MRs and GRs in modulating AMPA receptor function; 

3) Combined effects of glucocorticoids and beta-adrenergic receptor 

activation on fear learning and AMPAR function; 

4) Future plans based on results obtained in this thesis. 

 

2. Corticosteroid receptors in Learning and Memory 
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2.1. The role of Glucocorticoid receptors in learning and memory formation 

Two subtypes of corticosteroid receptors are expressed in the brain. 

Glucocorticoid receptors (GRs) are ubiquitously expressed throughout the 

brain while mineralocorticoid receptors (MRs) are highly expressed in the 

limbic system (Arriza et al., 1988; De Kloet et al., 1998; Reul and de Kloet, 

1985). GRs have been found to play an important role in promoting memory 

consolidation but also to suppress memory retrieval. For example, applying 

selective GR agonists systemically or locally into the basolateral complex of 

the amygdala (BLA) immediately after inhibitory avoidance training 

enhanced memory retention (Roozendaal and McGaugh, 1996a, 1997b). 

Conversely, systemic injection of high dosages of corticosterone impaired 

the retrieval of already learned information in a water maze task (de 

Quervain et al., 1998). Similar findings have been reported in humans (de 

Quervain et al., 2000; Soravia et al., 2006; van Stegeren et al., 2010) 

(Figure 1). 

In line with the view that GRs enhance memory consolidation, we 

report in chapter 2 that systemic injection of the GR-antagonist RU38486 

one hour before training resulted in a reduction in contextual freezing 

behavior 24 hours after fear conditioning training. Even though the design 

did not allow to delineate whether this reduction in freezing behavior 

resulted from the interference with memory acquisition or consolidation, the 

fact that no effect of GR blockade was found when memory retention was 

tested shortly after training suggests a slow effect of GRs on contextual 

memory formation. As reported in chapter 2, contextual memory is relatively 

unstable 3 hours after training and decreases during retrieval. By contrast, 

memories are more stable at 24 hours after training. This suggests that time 

(>3 hrs) is needed for contextual information to become consolidated. Since 

RU38486 reduced memory at 24 but not 3 hrs after training, the data 

supports the idea that GRs are indeed involved in the consolidation of 

information (Oitzl et al., 2001).  
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Interestingly, application of RU38486 one hour before training resulted 

in increased freezing behavior to the tone cue 3 hours (but not 24 hours) 

after training. This observation was unexpected since previous studies 

suggest that corticosteroids enhance memory of aversive stimuli 

(Roozendaal and McGaugh, 1996a, 1997b). Although the role of MRs in 

fear learning and memory formation will be discussed further below, we 

speculate that during this early learning phase, blockade of GRs might 

uncover the effects of MR activation, which could enhance memory 

formation. The observation that MR blockade before training impairs tone 

cue fear memory expression shortly after training further supports this 

speculation.  

Taken together, GRs are generally believed to enhance the 

consolidation of emotional and stressful memories. It was assumed for a 

long time that these behavioral effects are exclusively mediated via a 

genomic action (Oitzl et al., 2001). However, recent studies have shown that 

corticosteroids can also promote formation of emotional memories via 

membrane-associated receptors, presumably GRs but not MRs (Barsegyan 

et al., 2010; Roozendaal et al., 2010). The application of MR / GR 

antagonists in our studies as well as in other studies using pharmacological 

approaches do not allow firm conclusions of whether corticosterone effects 

on memory performance time involve genomic and or-genomic actions. This 

therefore justifies the question whether corticosteroid effects on fear 

memories involves genomic as well as non-genomic actions.  

 

Question for future investigation:  

-Do GRs regulate learning and memory formation (acquisition, 

consolidation, retrieval) exclusively via slow genomic actions or also 

via rapid non-genomic actions? 

 

2.2. The role of Mineralocorticoid Receptors in learning and memory 
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formation 

While GRs play a critical role in consolidation of fearful memories, there is 

also evidence that mineralocorticoid receptors (MRs) are involved in 

cognitive function (Figure 1). Recently it has been shown in both rodents 

and humans that stress exposure immediately before a spatial learning task 

promotes the use of an egocentric and stimulus-response approach rather 

than the use of allocentric and spatial map-based approaches (Schwabe et 

al., 2007; Schwabe et al., 2010). This shift in strategy is mediated by 

corticosteroids and can be blocked by pretreatment with an MR-antagonist 

(Schwabe et al., 2010). Accordingly, a critical role for MRs in appraisal of 

information and response selection has been reported before (Oitzl and de 

Kloet, 1992; Sandi and Rose, 1994a). MRs are therefore proposed to play 

an important role in cognitive processes, including learning and memory 

formation. Indeed, MR overexpression in rat dentate gyrus granular cells 

enhances consolidation in an object recognition task (Ferguson and 

Sapolsky, 2007). Conversely, forebrain-specific genetic deletion of MRs 

leads to impaired acquisition in a Morris water maze task (Berger et al., 

2006). In agreement we report in this thesis that the MR-antagonist 

spironolactone, when injected one hour before fear conditioning training, 

reduces contextual fear memories shortly and one day after training (Zhou 

et al., 2010b). Contextual freezing behavior also decreased in 

forebrain-specific MR knockout mice when tested 3 hours after training 

(Zhou et al., 2010b). The current view that MRs are involved in the initial 

phase of a behavioral response to stress, involving strategy, appraisal and 

response selection, is therefore confirmed by our findings. These early 

effects may have lasting consequences for learning and memory processes.  

MRs appear not only to be involved in the appraisal of novel fearful 

information, but also play a role during retrieval of already stored information 

(chapter 3). Current evidence shows that the retrieval of information renders 

the memory labile which enables updating of relevant information 
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(Eisenberg et al., 2003; Lee et al., 2006; Monfils et al., 2009; Nader et al., 

2000b). We report that MRs are involved in the re-appraisal, updating and/or 

reconsolidation of contextual information. This was particularly evident when 

the retrieval process was relatively brief: when exposure to already stored 

information was relatively long – thereby inducing extinction learning – 

blocking MRs did not further enhance extinction of contextual and tone cue 

memory formation. Moreover, MRs are only involved in re-appraisal / 

updating / reconsolidation of information when the stored memory trace(s) 

was actively recruited, as no effects on freezing behavior was observed if 

MRs were blocked after or without retrieval. This suggests that MRs act in 

concert with synaptic activation to promote the storage of relevant 

information. Our design does not allow to determine whether MRs are 

specifically involved in re-appraisal, updating or reconsolidation of 

information, but the current ideas are summarized in Figure 1. Involvement 

in reconsolidation seems unlikely, given that spironolactone was ineffective 

when given after the re-exposure. Dedicated experiments, though, are 

necessary to resolve this issue. It also remains to be established whether 

the MR antagonist-spironolactone can be effectively used to reduce fear e.g. 

in humans, since the effects that we observed lasted for only 24 hours after 

retrieval. Finally, the behavioral experiments do not allow insight into the 

mechanism by which MR affects fear learning.  

 

Question for future investigation:  

-How do MRs affect learning and memory processes? Are slow 

genomic and /or non-genomic effects involved? 

 

3. Hormonal Regulation of AMPA receptors 

3.1. Glucocorticoid Receptors and AMPA receptor function 

As discussed before, corticosteroids, via activation of MRs and GRs, play a 

critical role in learning and memory processes. Yet, the underlying 
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mechanisms of how these hormones regulate learning and memory 

processes are far from being conclusive. AMPARs mediate the majority of 

rapid excitatory synaptic currents in the mammalian central nervous system. 

The trafficking of AMPARs to and away from excitatory synaptic membrane 

is critically required for long-term potentiation (LTP) and long-term 

depression (LTD) of synaptic transmission (Malenka, 2003; Plant et al., 

2006) and underlies fearful learning (McKernan and Shinnick-Gallagher, 

1997; Rumpel et al., 2005; Tsvetkov et al., 2002).  

Activation of GRs has been reported to slowly enhance hippocampal 

AMPAR-mediated mEPSCs, AMPAR surface expression, lateral diffusion 

and synaptic insertion (Groc et al., 2008; Karst and Joels, 2005; Martin et al., 

2009). Such effects are protein synthesis-dependent. In chapter 5 we further 

identified that these slow effects of corticosterone on AMPARs-mediated 

synaptic transmission involve NSF-GluA2 dependent trafficking. Even 

though synaptic expression of AMPARs should be further investigated in this 

regard, the electrophysiological results support the current view that 

NSF-GluA2 interaction is necessary for maintaining synaptic transmission 

(Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998; Yao et al., 

2008) (Figure 2).  

In addition to NSF, GluA2 also interacts with other proteins, such as 

PDZ domain-containing protein interacting with C kinase (PICK1) (Dev et al., 

1999; Xia et al., 1999). Contrary to the role of NSF-GluA2 interaction, PICK1 

is found to promote the internalization of GluA2 content of AMPARs or 

stabilizes its intracellular pools (Perez et al., 2001; Rocca et al., 2008; 

Terashima et al., 2004). Recently it is shown that PICK1 regulates spine size 

in hippocampal neurons via inhibition of the Arp2/3 complex and thus plays 

a role in hippocampal LTD (Nakamura et al., 2011). Furthermore, NSF 

ATPase activity has been reported to disrupt PICK1-GluA2 interaction 

(Hanley et al., 2002). Therefore, it would be interesting to investigate in 

detail how glucocorticoids modulate PICK1 synaptic expression and function 
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as well as its interaction with NSF in the context of AMPAR modulation by 

glucocorticoids. 

Behaviorally, these effects of GRs on AMPA receptor function may be 

relevant for learning and memory. For example, intracranial injection of the 

AMPAR antagonist-CNQX impaired the memory-potentiating effect of 

corticosterone (Venero and Sandi, 1997). Intracerebroventricular infusion of 

pep2m, the peptide that blocks GluA2 synaptic trafficking by interfering with 

the interaction between NSF and GluA2, impaired long-term memory 

retrieval (Conboy and Sandi, 2010). Thus, trafficking of AMPARs might be 

one of the possible targets for glucocorticoids to facilitate learning and 

memory processes under stressful conditions. 

The PI3K-mTOR signaling pathway also plays an important role in 

AMPAR insertion (Man et al., 2003; Wang et al., 2006) and is critically 

involved in synaptic plasticity (Gobert et al., 2008; Man et al., 2003; Tang et 

al., 2002; Tsokas et al., 2007) and memory formation (Parsons et al., 2006; 

Tischmeyer et al., 2003). In chapter 5 we report that the PI3K inhibitor 

LY294002 and mTOR inhibitor rapamycin were able to block the effects of 

corticosterone on AMPAR-mediated mEPSC peak amplitude as well as 

AMPAR surface expression in cultured hippocampal neurons. This indicates 

that the PI3K-mTOR pathway might be an important mechanism via which 

corticosteroid hormones promote the synaptic retention of AMPARs (Figure 

2). The fact that application of the mTOR pathway blocker rapamycin 

impairs late (but not early)-phase LTP (Gobert et al., 2008; Tang et al., 2002) 

as well as later phase memory consolidation (Tischmeyer et al., 2003) 

suggests that translational control of relevant protein synthesis is required 

for maintenance of LTP and formation of long term memory. This might be 

the process targeted by corticosteroids. 

Components of the mTOR pathway, such as mTOR, eukaryotic 

initiation factor 4E and its binding proteins, have a completely overlapping 

distribution in cultured hippocampal neurons with PSD-95 (Tang et al., 2002), 
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a postsynaptic protein that is critically involved in retention of AMPA 

receptors (Stein et al., 2003). Overexpression of PSD-95 selectively 

enhances AMPAR synaptic clustering and AMPAR-mediated synaptic 

transmission (Beique and Andrade, 2003; El-Husseini et al., 2000; Stein et 

al., 2003). Interestingly, enhanced PSD-95 expression suppresses the 

ability to induce LTP and enhances the ability to elicit LTD as shown with the 

transfection or viral infection (Beique and Andrade, 2003; Stein et al., 2003), 

indicating a synaptic stabilization role of PSD-95. This is very reminiscent of 

the effects of corticosteroids: GR activation slowly reduces the ability to elicit 

LTP, while LTD under these conditions is facilitated (Alfarez et al., 2002; 

Wiegert et al., 2005). These slow/genomic GR-mediated effects therefore 

facilitate normalization of previously increased excitability and might protect 

earlier encoded information (de Kloet et al., 2008; Joels et al., 2008). 

Taken together, our data suggest that activation of GRs slowly 

promotes AMPAR-mediated synaptic transmission via NSF-GluA2 

dependent trafficking, involving PI3K-mTOR signaling. This does not 

exclude the possibility that other signaling pathways also play a role in the 

facilitatory effect of corticosteroids on glutamate transmission, for instance, 

corticosterone treatment was found to enhance AMPAR-mediated synaptic 

transmission and AMPAR surface expression via the induction of 

serum-and-glucocorticoid-inducible kinase (SGK) and the activation of Rab4, 

which mediates receptor recycling between early endosomes and the 

plasma membrane (Liu et al., 2010; Yuen et al., 2011). Therefore, it is 

relevant to further examine the role of corticosteroids on AMPAR 

exocytosis/endocytosis by targeting proteins involved in those two 

processes, such as the members of the Rab family of membrane sorting 

proteins (Gerges et al., 2004; Glodowski et al., 2007; Liu et al., 2010; Ward 

et al., 2005). 

 

Questions for future investigation:  
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-What are the molecular mechanisms via which GRs modulate 

exocytosis/endocytosis and lateral diffusion of AMPA receptors ?  

-(How) do GRs promote retention of AMPARs? Are these effects 

mediated via genomic and/or non-genomic effects? 

-Is hormonal regulation of AMPAR function critical for the memory 

enhancing effects of GRs?  

 

3.2. Mineralocorticoid Receptors and AMPA receptor function 

The fact that MR-mediated actions of corticosteroids modulate learning and 

memory processes justifies the question how these receptors affect synaptic 

function. Apart from the classic slow / genomic effects of corticosteroids 

mediated via GRs on synaptic transmission, rapid, presumably non/genomic 

effects on synaptic transmission via MRs have been reported recently (Karst 

et al., 2010b; Karst et al., 2005; Pasricha et al., 2011).  

Recent data show that MRs are not only localized in the cytosol, but 

also believed to reside at the plasma membrane with 10-fold lower affinity 

than classic cytosolic MRs (Joels et al., 2008; Karst et al., 2005). Evidence 

shows that this type of MR mediates rapid and non-genomic effects and is 

probably involved in many rapid functions in the central nervous system (de 

Kloet et al., 2008). It has been shown that corticosterone application rapidly 

(within minutes) increases the frequency of AMPAR-mediated miniature 

excitatory synaptic currents (mEPSCs) presumably by increasing the 

pre-synaptic glutamate release probability (Karst et al., 2005). In addition, 

Groc et al. (2008) - using single quantum-dot imaging in live hippocampal 

neurons - demonstrated that corticosterone and also a 

membrane-impermeable BSA-corticosterone conjugate rapidly increase 

GluA2-AMPAR surface diffusion (Groc et al., 2008). These effects can be 

mimicked by a selective MR agonist (aldosterone) and blocked by a 

selective MR antagonist. At the same time, corticosterone amplified the 

glycine/picrotoxin- induced increase in synaptic surface GluA2-AMPAR 
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density (Groc et al., 2008). 

These findings at the single cell level indicate that MRs may rapidly 

promote the capacity to store information at the cellular level. Accordingly, 

rapid corticosteroid effects on synaptic plasticity have been reported. For 

example, corticosterone rapidly facilitates synaptic potentiation in the mouse 

hippocampal CA1 area, but only when high levels of the hormone and high 

frequency of stimulation coincide in time (Wiegert et al., 2006). While the 

role of MRs remained unclear in this study, others have reported that MR 

activation can promote LTP in the dentate gyrus (Korz and Frey, 2003). 

Moreover, Pu et al., (2007) found in a slightly different experimental setting 

that corticosterone application can increase the early phase LTP in the 

hippocampal dentate gyrus, when applied around the time of high frequency 

stimulation.  

Earlier studies have demonstrated that MR activation enhances LTP in 

the dentate gyrus (Pavlides et al., 1995) and CA3 area (Pavlides and 

McEwen, 1999) in anesthetized rats, and in the hippocampal CA1 area in 

vitro (Pavlides et al., 1996). In these experiments the delay between the 

time brain tissue was first exposed to MR agonist or antagonist till synaptic 

potentiation was usually > 1 hour, making a distinction between rapid 

(non-genomic) and slower (genomic) effects impossible.  

Recently Karst et al (2010) showed that corticosterone rapidly 

enhances glutamatergic synaptic transmission via MRs in BLA neurons. In 

contrast to previous findings in the hippocampus (Karst et al., 2005), this 

enhancement was long-lasting, potentially in favor of encoding information 

related to the stress experience (Karst et al., 2010b). Subsequent 

application of corticosterone resulted in a reduction of synaptic transmission 

(which was absent in hippocampal CA1 neurons), via a process involving 

GRs and cannabinoid receptor-1. Importantly, these findings demonstrate 

that corticosteroids can rapidly affect synaptic transmission in the 

hippocampus and amygdala - which are critically engaged in fear learning - 
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although critical differences between the two areas are present. Overall 

these studies demonstrate that corticosteroids can rapidly enhance 

hippocampal AMPA receptor mediated synaptic transmission, presumably 

via activation of MRs. Although it remains speculative, these effects may 

contribute to fearful learning and memory formation. The current ideas on 

this topic are summarized in Figure 2. 

 

3.3. Relevance of Mineralocorticoid Receptors 

Due to their 10-fold higher affinity than GRs (De Kloet et al., 1975), cytosolic 

MRs are normally occupied under basal conditions or during the trough of 

corticosteroid  secretion (de Kloet et al., 2005).This raises the question to 

what extent MRs can be further activated and via which mechanisms 

corticosteroids can modulate brain function via MRs in vivo, in response to 

an exogenous or endogenous hormone surge? 

Previous studies have demonstrated that the affinity of 

membrane-located MRs in mammalian brain neurons (Groc et al., 2008; 

Karst et al., 2005) is 10-fold lower than that of the classic cytosolic MRs, i.e. 

membrane-located MRs have more or less comparable affinity as the 

classic cytosolic GRs. The finding of membrane-located low-affinity MRs 

provides a possible explanation to the previous question. Despite the nearly 

full occupancy of classic MRs under basal conditions, it is possible that 

membrane-located MRs compete with cytosolic GRs during stress. Thus, a 

new model has been proposed (Joels et al., 2008), which highlights the 

existence of membrane located MRs and their role in various brain functions 

such as synaptic plasticity and learning and memory formation during stress 

(in addition to the role of classic MRs and GRs). Plasma membrane-located 

MRs are also ideally suited to follow the pulsatile pattern of circulating 

hormones levels (de Kloet and Sarabdjitsingh, 2008). Via membrane MRs, 

corticosteroids could also amplify the effect of other stress hormones (Groc 

et al., 2008). Thereby, these hormones may contribute to the fast behavioral 
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effects and encoding of stress-related information, although the underlying 

signaling pathways still need to be addressed. Such initial fast effects may 

be counteracted by subsequent slow/genomic effects via GR, which 

facilitate suppression of previously increased excitability, thus favoring 

storage of information for the future (de Kloet et al., 2008; Joels et al., 2008). 

 

Questions for future investigation: 

-How does MR activation enhance synaptic insertion of AMPARs? Are 

these effects mediated via genomic and/or non-genomic effects? 

-Is hormonal regulation of AMPAR function critical for the memory 

enhancing effects of MRs? 

-How are MRs inserted into the plasma membrane? 

 

4. Combined hormonal effects on memory and AMPA receptors 

4.1. Corticosteroids, beta-adrenergic receptors and learning and memory 

formation 

Upon stress, not only corticosteroids but also other stress-related peptides 

and neurotransmitters -such as CRH, endocannabinoids and noradrenaline- 

are released in the brain (Joels and Baram, 2009). These hormones, in 

close harmony with corticosteroids promote the consolidation of relevant 

information (Joels, 2006). In particular there is evidence that corticosteroids 

and noradrenaline work together to promote adaptive behavior. For example, 

infusion of a β-antagonist into the basolateral complex of the amygdala (BLA) 

inhibits the GR-induced increase in inhibitory avoidance learning (Quirarte 

et al., 1997; Roozendaal and McGaugh, 1997a; Roozendaal et al., 1999a). 

Systemic injection of corticosterone was found to increase BLA 

norepinephrine levels shortly after inhibitory avoidance training 

(McReynolds et al., 2010). It has been proposed that glucocorticoids 

enhance memory consolidation, in a permissive fashion, by potentiating 

β-adrenoceptor-cAMP/PKA signaling in the BLA (Roozendaal et al., 2002b).  
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4.2. Corticosteroids, beta-adrenergic receptors and AMPA receptor 

trafficking  

Since AMPA receptors are critical for storing information at the cellular level 

we examined how corticosteroids and noradrenaline – via combined action 

– modulate AMPAR-mediated synaptic transmission. In chapter 6, we report 

that corticosterone, together with a relatively low (rather than high) 

concentration of isoproterenol (a β-adrenoceptor agonist), rapidly enhances 

AMPAR immunosurface labeling, phosphorylation of GluA1 S845 as well as 

AMPAR-mediated mEPSCs. These studies suggest that the combined 

action of corticosteroids and noradrenaline rapidly promotes AMPAR 

signaling and hence presumably the storage of information. Support for this 

notion comes from earlier studies showing that co-application of 

isoproterenol and corticosterone leads to very effective synaptic plasticity in 

the dentate gyrus (Pu et al., 2007). This is very different from the situation 

where corticosterone is allowed to develop its genomic actions. For instance, 

noradrenaline has been reported to increase the excitability of CA1 

pyramidal neurons from adrenalectomized rats, and this effect is attenuated 

by application of a GR agonist hours in advance (Joels and de Kloet, 1989). 

Similar findings have been reported at the network level, where 

corticosterone can slowly suppress synaptic potentiation (Pu et al., 2007), 

and even with respect to amygdala-dependent behaviour (Borrell et al., 

1984). These findings indicate that corticosteroids on the one hand prime 

the network functionally to facilitate noradrenergic effect during stress and 

on the other hand seem to prevent overshooting of network function. The 

latter effect might favor preservation of previously acquired information from 

subsequent disturbance, at least for a period of time. 

 

Questions for future investigation: 

-Does combined beta-adrenergic and glucocorticoid receptor 
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activation long-lastingly regulate AMPAR-mediated synaptic 

transmission? 

-Is PKA/cAMP signaling involved in combined actions of noradrenaline 

and glucocorticoids on AMPAR function?  

-Does regulation of AMPAR function by combined beta-adrenergic / 

glucocorticoid receptor activation underlie hormonal regulation of 

emotional memories?  

 

5. Closing remarks and future directions 

1) In this thesis, we describe that not only GRs, but also MRs are critically 

involved in fear-related learning and memory processes. To examine in 

detail the role of MRs versus GRs in the different memory phases 

(acquisition including appraisal and strategy; consolidation; retrieval; 

renewed encoding; extinction), it would be interesting to perform behavioral 

studies and apply specific MR or GR agonists and antagonists systemically 

or locally in mutant animals with targeted disruption of GRs or MRs. In 

combination with application of corticosteroids that act on membrane 

receptors (e.g. corticosterone-BSA conjugate) this will also help to identify 

the involvement of membrane-located receptor activation in learning and 

memory processes. 

 

2) GR-antagonists have been reported to ameliorate symptoms of psychotic 

depression (Belanoff et al., 2001; Belanoff et al., 2002; Flores et al., 2006) 

and recently human MR gene haplotypes have been associated with 

perceived chronic stress (van Leeuwen et al., 2010) In this thesis we report 

that the MR antagonist spironolactone is able to temporary reduce fear 

memories when applied before retrieval of fearful information. Therefore it is 

important to further explore the potential of targeting glucocorticoid 

receptors during memory retrieval in order to (eventually) intervene with 

maladapted fear / mood disorders in humans. 
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3) PI3K-AKT-mTOR signaling as well as NSF/GluA2-dependent AMPAR 

trafficking underlie glucocorticoid-regulation of AMPAR function. Therefore, 

by pharmacological blockade or genetic up-/down-regulation of the mTOR 

pathway and/or NSF expression in cultured hippocampal neurons, the 

combined effects of corticosterone and isoproterenol can be further studied 

at the mechanistic level. In addition, with quantum-dot and high-resolution 

imaging approaches AMPAR dynamics such as exocytosis / endocytosis in 

response to various stimulations (e.g. hormone(s) administration or 

chemical LTP induction) need to be investigated in detail. 

 

4) Combined application of a beta-adrenergic receptor agonist and 

corticosteroids regulate AMPAR-mediated synaptic transmission. These 

findings underline the importance to examine AMPAR function as relevant 

molecular mechanism by which stress-hormones and neurotransmitters 

interact and modulate learning and memory processes. 

 

5) Finally, the fact that many stress-related peptides and neurotransmitters 

(e.g. CRH, endocannabinoids) play important roles in learning and memory 

formation (Izquierdo et al., 1988; Lee et al., 1992; Radulovic et al., 1999; 

Roozendaal et al., 1992), justifies a thorough integrated and systemic 

investigation to understand how all the elements (i.e. each individual stress 

hormone or peptide) are composed together to make a “symphonic” 

reaction that helps store relevant information which can be used for future 

events. 
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Figure 1. Corticosterone and Corticosteroid Receptors in Learning and 

Memory 

A) Exposure to stressful experiences increases peripheral circulating plasma 

corticosterone levels. With a delay of less than 15 minutes hippocampal free 

corticosterone levels also reach their peak and both peripheral and cerebral levels 

then decline (Droste et al., 2008). Most likely, similar changes occur during fear 

conditioning: CS-US training increases plasma corticosterone levels which then 

slowly decline. Upon re-exposure to the (fearful) CS, a similar increase in plasma 

corticosterone levels most likely occurs (Conway-Campbell et al., 2007).  

 

B) Elevated corticosterone levels activate MRs and GRs which modulate learning 

and memory processes.    

1) Corticosterone enhances memory acquisition (Akirav et al., 2004; Archer et al., 

1981; Beylin and Shors, 2003; Roozendaal and McGaugh, 1996a, b). Both MRs 

(Berger et al., 2006; Herrero et al., 2006; Zhou et al., 2010b) and GRs play a role in 

acquisition (Brinks et al., 2007; Oitzl et al., 1997).  

2) Corticosterone enhances memory consolidation (Abrari et al., 2009; Pugh et al., 
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1997b; Quirarte et al., 2009; Roozendaal et al., 2006a; Roozendaal and McGaugh, 

1996a; Roozendaal et al., 2006c; Sandi and Rose, 1994b), via activation of GRs 

(Jin et al., 2007; Oitzl and de Kloet, 1992; Pugh et al., 1997a; Quirarte et al., 2009; 

Quirarte et al., 1997; Roozendaal et al., 2001; Roozendaal and McGaugh, 1996a, b, 

1997a, b; Roozendaal et al., 2009c; Roozendaal et al., 1999a; Roozendaal et al., 

1996; Roozendaal et al., 2002b; Roozendaal et al., 1999b; Sandi and Rose, 1994b). 

A possible role for MRs in consolidation remains to be verified. In chapter 2 we 

describe that blocking MRs immediately after training does not affect freezing (Zhou 

et al., 2010b). However, a possible explanation of the “lack of effect” could be that 

endogenous MRs were already activated after training, thereby reducing the ability 

of spironolactone to block MRs.  

3) Application of high doses of corticosterone before retrieval impairs memory 

retrieval (de Quervain et al., 2007; de Quervain et al., 2003; de Quervain et al., 

1998; Pakdel and Rashidy-Pour, 2007; Rashidy-Pour et al., 2009; Sajadi et al., 

2006, 2007). This effect might involve GRs (Roozendaal et al., 2003; Roozendaal et 

al., 2004b), Our studies suggest that MRs is required for contextual memory 

retrieval, while experiments of the role of GRs are being performed.  

4) Corticosterone has also been shown to facilitate reconsolidation (Wang et al., 

2008a) possibly via GRs (Jin et al., 2007; Wang et al., 2008a). In our experiments 

we found no clear role of MRs in reconsolidation (chapter 3, but see also #2 of this 

legend).  

5) Corticosterone enhances extinction (Bohus and de Kloet, 1981; Gourley et al., 

2009), via GR activation (Gourley et al., 2009; Yang et al., 2006). Our preliminary 

studies do not provide evidence for a role of MRs in extinction (chapter 3). 
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Figure 2. Corticosteroid Regulation of AMPARs.  

This figure shows a (preliminary) summary of how glucocorticoids can enhance 

AMPAR mediated synaptic transmission. 

(1-2) Upon delivery to the extrasynaptic membrane, AMPARs diffuse between the 

extrasynaptic space and synapse via lateral diffusion (Makino and Malinow, 2009; 

Petrini et al., 2009). GluA1/2 containing AMPA receptors require activity to become 

synaptically inserted (Hayashi et al., 2000; Kakegawa et al., 2004; Plant et al., 2006; 

Shi et al., 2001) and these receptors become replaced by GluA2/3 containing 

AMPARs (Shi et al., 2001).  

(3-4) Elevated corticosterone (CORT) levels rapidly increase AMPAR-mediated 

synaptic transmission via MRs which are located both in the postsynaptic (Karst et 

al., 2005; Olijslagers et al., 2008) and presynaptic membrane (Olijslagers et al., 

2008). These effects most likely involve an increase in release probability (not 

shown) and lateral diffusion (Groc et al., 2008).  

(5-6) Corticosterone activates cytosolic GRs and slowly regulates AMPAR-mediated 

synaptic transmission and activity. For example, corticosterone enhances L-type 

calcium current via GR activation (Chameau et al., 2007). This might increase of 

cytoplasmic calcium levels, which in turn can activate numerous signaling 
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pathways.  

(7-9) In chapter 5, we show that glucocorticoid-induced increases in surface 

labeling and AMPAR function involves PI3K and mTOR. The main active 

phosphoform of the downstream substrate of this PI3K-mTOR 

pathway-Thr-389-phosphorylated-p70 S6 kinase (p70S6K) can be found in the 

dendritic shaft and a subset of dendritic spines (Cammalleri et al., 2003) and is 

involved in protein synthesis (such as PSD95). PSD95 overexpression selectively 

increases the clustering and function of postsynaptic GluA1-containing AMPAR 

(El-Husseini et al., 2000). Meanwhile noradrenaline (NA) can also potentiate the 

PI3K pathway (Chenal and Pellerin, 2007) and thus might enhance GR effects 

(Chenal and Pellerin, 2007).  

(10) NSF is found to interact with the C terminal of GluA2 subtype AMPARs in 

sub-synaptic vesicles, which regulates the “docking” of the vesicles with 

postsynaptic membrane fusion machinery (FM) and promotes the insertion of 

AMPARs into the synaptic plasma membrane (Song et al., 1998). Blocking 

NSF/GluA2 interaction abolishes the effect of corticosterone on AMPAR-mediated 

synaptic transmission. 
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Summary 

 

In biological systems, stress is generally defined as any condition that 

disturbs the physiological and/or psychological homeostasis of an organism. 

Stress is thus inherent to our daily life. The response of individuals to 

stressful experiences promotes physiological and behavioral adaptation to 

these potentially threatening events. Enhanced memory of stressful 

(relevant) information can be considered to be a highly adaptive behavioral 

response. Prolonged exposure to stressful experiences on the other hand 

has been reported to hamper memory formation. Failure to effectively cope 

with stressful events generates a variety of disorders such as post-traumatic 

stress disorder (PTSD) which decrease the quality of life. 

Upon exposure to stressful events, several hormones and 

neuropeptides are released into the circulation and brain to help organisms 

cope with stressful events. Corticosteroids are released in increased 

amount from adrenal cortex and then activate their receptors in the brain - 

the low affinity glucocorticoid receptors (GRs) and high affinity 

mineralocorticoid receptors (MRs), which are differentially involved in 

stress-related learning and memory process. MRs appear to be involved in 

appraisal of stressful information as well as response / strategy selection. 

Activation of GRs plays an important role in memory consolidation and 

retrieval. While GRs have been well studied in memory formation process, 

the role of MRs in cognitive performance has been confirmed. One of the 

research questions that was addressed in this thesis was how MRs regulate 

fear memory formation. 

To answer that question, in chapter 2 of this thesis, we applied 

antagonists against corticosteroid receptors (GRs or MRs) in mice shortly 

before training. In agreement with previous studies, we found that GR 

blockade impaired retention of contextual information. Interestingly, MRs 
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also play an important role in fear memory formation, since blocking MRs 

reduced encoding of contextual fearful information. This was confirmed in 

MR mutant mice in which forebrain MRs were depleted.  

Previous studies have shown that memories become labile upon 

re-exposure and retrieval of information. Importantly, this provides a time 

window to interfere the previously-stored fear memory. Since 

pharmacologically blocking MRs before memory acquisition reduced 

subsequent fear memory expression (chapter 2), we went on examining 

whether blocking MRs prior to retrieval could also reduce fear expression 

later on. In chapter 3, by applying MR antagonist-spironolactone shortly 

before retrieval (either 3 or 30 minutes), we observed a significant reduction 

in fear memory expression during brief (3 minutes) contextual retrieval 

session and also in the subsequent memory retention test (24 hours later). 

However, this reduction in memory expression was not present one month 

later, and also absent 1) if the re-exposure to the context was prolonged in 

time (30 minutes) and 2) in tone-cue fear memory. These findings highlight 

an important role for the MRs in retrieval of contextual information. However, 

blocking MRs before retrieval did not erase the original fearful memory trace. 

It will be important to test whether blocking GRs or both MRs and GRs 

before retrieval is more efficient in long-lastingly reducing the expression of 

contextual far.  

The underlying mechanisms of how stress hormones regulate learning 

and memory are still far from being fully understood. One of the putative 

molecular substrates could be AMPA-type glutamate receptors, which are 

important for synaptic plasticity, fear memory formation and also, as 

reported recently, for fear memory erasure. Corticosteroids are known to 

modulate the trafficking of AMPA receptors (AMPARs) and 

AMPAR-mediated synaptic transmission. In this thesis we therefore further 

examined how fearful learning and stress-hormones regulate the function of 

AMPARs.  
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In chapter 4, we studied AMPAR-mediated synaptic transmission in 

vitro and synaptic expression of AMPARs in the hippocampus after 

acquisition of contextual fear memory in vivo. We found that the miniature 

excitatory postsynaptic current (mEPSC) frequency was largely though 

transiently enhanced after training, in contrast to a relatively long-lasting 

enhancement in mEPSC amplitude. Meanwhile, a significant increase of 

synaptic GluA2 subtype AMPAR expression was also found. These results, 

in line with previous findings in other brain regions (such as amygdala), 

suggest that hippocampal AMPAR-mediated signaling underlies the 

formation of contextual fear memories. These effects on AMPAR-mediated 

synaptic transmission were also accompanied by transient increase of 

plasma corticosterone level, and corticosterone therefore presumably plays 

important roles in this process. 

Indeed, corticosteroid hormones have been found to modulate 

AMPAR-mediated synaptic transmission, AMPAR lateral diffusion, and 

synaptic as well as surface expression of AMPARs. Yet, how corticosteroids 

modulate AMPAR function and expression remains unclear. To that end we 

investigated the involvement of 1) the interaction between 

N-ethylmaleimide-sensitive factor (NSF)/GluA2 - which underlies the 

trafficking of AMPARs - and 2) the PI3K-mTOR pathway - which regulates 

translational control of synaptic scaffolding proteins, relevant for the 

anchoring of synaptic AMPARs – in the effects of corticosteroids on AMPAR 

function (chapter 5). Application of pep2m - a peptide that specifically blocks 

the interaction between NSF and the intracellular C terminus of GluA2 

subtype AMPAR - to hippocampal primary cell cultures, fully prevented the 

corticosterone-induced increase in peak amplitude of mEPSCs. The 

PI3K-mTOR pathway is involved in protein translational control of synaptic 

plasticity, AMPAR surface expression as well as synaptic insertion during 

LTP. In line with these findings, by pre-incubation with various antagonists 

we were able to demonstrate the involvement of PI3K-mTOR pathway in 
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corticosterone-induced increase in AMPAR-mediated synaptic transmission 

as well as surface expression. Further studies, using biochemical tools, are 

planned to confirm the above-mentioned results. 

Corticosteroids act in concert with other hormones (such as 

norepinephrine) and peptides to modulate fear learning and memory 

formation. In chapter 6, we examined whether both corticosteroid and 

noradrenergic hormone systems also act in concert to modulate the function 

of AMPARs. Therefore we used primary cultured hippocampal neurons to 

study the interaction of corticosterone and isoproterenol – a 

beta-adrenoceptor agonist on AMPAR function. In contrast to the previous 

study in chapter 5, in which we focused on the slow (genomic) effects of 

corticosterone, we focused here on the rapid effects of the two hormones 

(up to 15-min after hormones application). The results indicated that 

combined administration of corticosterone and isoproterenol (which were 

ineffective by themselves) rapidly increased phosphorylation of AMPAR 

GluA1 subunit at S845, increased GluA1 and GluA2 subtype AMPAR 

surface expression and increased frequency of AMPAR-mediated mEPSCs. 

Together with previous studies, this suggests that corticosterone, in 

interaction with noradrenergic activation, rapidly enhances 

AMPAR-mediated synaptic transmission and which might promote the ability 

to store information at the cellular level. These studies highlight the notion 

that instead of working alone, hormones and peptides actually work together 

in vivo to help produce a “symphonic” reaction towards stress. This opens a 

novel avenue to examine in more details how – and which – stress 

hormones interact to modulate molecular substrates that are involved in 

learning and memory.  

In conclusion, the overall aim of this thesis was to delineate the role of 

corticosteroid receptors in learning and memory formation and to better 

understand the role of AMPARs in this process. By applying various 

approaches such as fear conditioning, electrophysiology and molecular 
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techniques, we were able to illustrate at the behavioral level that the stress 

hormone corticosterone acts not only via GRs but also via MRs to modulate 

the acquisition, consolidation and retrieval of fear memory. These studies 

provide novel insights for the interference and hopefully erasure of the 

mal-adaptive expression of fear.  

At the molecular level, AMPARs mediate the effect of corticosterone 

on fear learning and contextual fear memory formation. We report that this 

effect requires the involvement of NSF/GluA2 interaction and PI3K-mTOR 

signaling pathway. Moreover, AMPARs are subject to modulation not only by 

corticosterone alone but also by its interaction with other stress hormones.  
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Nederlandse Samenvatting 

 

In biologische systemen kan “stress” worden gedefinieerd als een conditie 

of toestand die het fysiologisch of gedragsmatig evenwicht van een individu 

dreigt te verstoren. In de praktijk komt het er op neer dat stress een situatie 

reflecteert die inherent is aan ons dagelijkse leven. Individuen zijn in staat 

om te reageren op situaties die voor stress zorgen waardoor ze zich 

fysiologisch en gedragsmatig kunnen aanpassen aan die gebeurtenissen. 

Het goed onthouden van een aantal aspecten van zo‟n – potentieel 

bedreigende – stressvolle gebeurtenis is een belangrijk voorbeeld van 

adaptatie. Indien individuen zich niet goed kunnen aanpassen aan 

stressvolle situaties kan dat tot stress-gerelateerde aandoeningen leiden 

zoals post-traumatisch stress-syndroom (PTSS) waarbij informatie sterk 

wordt onthouden. Dit gaat gepaard met een sterke afname van kwaliteit van 

leven. Wanneer individuen langdurig aan stressvolle situaties worden 

blootgesteld kan dat zorgen voor juist een verminderd vermogen om 

informatie aan te leren en te onthouden 

Tijdens en na blootstelling aan een stressvolle gebeurtenis worden 

verschillende neuropeptiden en hormonen, zoals corticosteroiden, 

afgegeven aan de circulatie. Deze hormonen en peptiden komen ook in de 

hersenen en helpen individuen om zich aan te kunnen passen aan die 

gebeurtenis. Corticosteroid-hormonen binden aan receptoren in de 

hersenen: de mineralocorticoid receptor (MR, hoge affiniteit voor 

corticosteroïden) en de glucocorticoid receptor (GR, lage affiniteit voor 

corticosteroïden). Deze hormonen – via hun receptoren – beïnvloeden 

verschillende cognitieve processen; MRs zijn betrokken bij de selectie van 

strategie; GRs zijn betrokken bij consolidatie van informatie en beïnvloeden 

ook het oproepen (retrieval) van informatie.  

Over de rol van de MR bij leer- en geheugenprocessen is nog niet erg 
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veel bekend. Een van de vragen die in dit proefschrift is behandeld is wat de 

rol van MRs is bij het onthouden en oproepen van emotionele informatie. 

Om dat te onderzoeken hebben we (hoofdstuk 2) antagonisten van de MR 

en GR toegediend aan muizen, kort voordat deze dieren werden getraind in 

een emotionele leertaak (fear conditioning). We vonden dat blokkade van de 

GR zorgde voor een afname in het vasthouden van contextuele informatie. 

Daarnaast vonden we dat ook de MR een belangrijke rol speelt bij het 

onthouden van emotionele informatie: blokkeren van MRs zorgde ervoor dat 

contextuele informatie (veel) minder goed werd onthouden. Dit werd 

bevestigd door gebruik te maken van mutante muizen met een deletie van 

MRs.  

Verschillende studies hebben aangetoond dat informatie labiel wordt 

(mogelijk om te moduleren) nadat deze wordt opgeroepen (retrieval / 

re-exposure). Dit betekent dat er een periode is waarin opgeslagen 

emotionele informatie kan worden beïnvloed. In hoofdstuk 2 hebben we 

gevonden dat emotionele informatie minder goed wordt onthouden indien 

MRs worden geblokkeerd voor en tijdens het aanleren van een emotionele 

leertaak. We hebben in hoofdstuk 3 onderzocht of emotionele informatie ook 

minder goed wordt onthouden indien MRs worden geblokkeerd voor en 

tijdens het oproepen van emotionele informatie. De MR-antagonist 

spironolactone werd toegediend voor het oproepen van emotionele 

contextuele informatie (3 minuten of 30 minuten). We vonden een 

significante afname in de expressie van angst 24 uur later wanneer dieren 

gedurende 3 minuten de tijd kregen om aangeleerde contextuele informatie 

op te halen. Een maand later was deze afname niet meer aanwezig. Deze 

afname was ook niet aanwezig: 1) indien dieren langer de tijd kregen (30 

minuten) om contextuele emotionele informatie op te roepen, 2) voor 

informatie die betrekking had op associaties tussen een toon en foot shock. 

Deze studies laten zien dat de MR ook betrokken is bij het oproepen van 

contextuele emotionele informatie, maar dat blokkade van de MR niet in 
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staat is om het originele emotionele geheugenspoor “uit te wissen”. In de 

toekomst is het belangrijk om te onderzoeken of blokkade van GRs of MRs 

samen met GRs in staat is om de expressie van angst meer efficiënt te 

reduceren.  

Er is nog weinig bekend over de mechanismen die verantwoordelijk 

zijn voor de effecten van stresshormonen op leer en geheugenprocessen. 

AMPA-type glutamaat receptoren zijn mogelijk een belangrijk substraat. 

Deze receptoren zijn betrokken bij de communicatie tussen hersencellen, 

veranderingen in communicatie tussen hersencellen en het vastleggen, 

onthouden en verminderen van emotionele informatie. Eerder onderzoek 

heeft aangetoond dat corticosteroïden de AMPA receptor gemedieerde 

synaptische transmissie beïnvloeden. In dit proefschrift is verder onderzocht 

of AMPA receptoren worden beïnvloed tijdens emotionele leer- en 

geheugenprocessen en hoe stresshormonen de functie van AMPA 

receptoren beïnvloeden.  

In hoofdstuk 4 hebben we de AMPA receptor gemedieerd synaptische 

transmissie en synaptische expressie van AMPA receptor subunits 

bestudeerd na het aanleren van een emotionele leertaak (fear conditioning). 

We hebben gevonden dat de frequentie van de miniature excitatoire 

postsynaptische events (mEPSCs) sterk – maar tijdelijk – was toegenomen 

na de training. De amplitude van de mEPSCs was langdurig toegenomen. 

Daarnaast vonden we een significante toename in de synaptische expressie 

van de GluA2 AMPA receptor subunit. Deze resultaten komen overeen met 

wat andere studies hebben gerapporteerd in de amygdala en suggereren 

dat de functie van AMPA receptoren is veranderd tijdens en na het aanleren 

van emotionele informatie. Hoewel we dat niet hebben onderzocht, worden 

deze effecten mogelijk gemedieerd door corticosteroïden die worden 

afgegeven tijdens het aanleren van de emotionele leertaak.  

Corticosteroïden beïnvloeden AMPA receptor gemedieerde 

synaptische transmissie, laterale diffusie en de synaptische en surface 
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expressie van AMPA receptoren. Het blijft echter onduidelijk op welke 

manier corticosteroïden de AMPA receptor expressie en functie beïnvloeden. 

Daarom hebben we bestudeerd of 1) de interactie tussen 

N-ethylmaleimide-sensitive factor (NSF) and GluA2 (deze interactie 

reguleert transport van AMPA receptoren) en 2) de PI3K-mTOR signalling 

route (speelt een belangrijke rol bij de translationele controle van scaffolding 

eiwitten en eiwitten die een rol spelen bij de verankering van AMPA 

receptoren in de synaps) betrokken zijn bij de effecten van corticosteroïden 

op de functie en expressie van AMPA receptoren (hoofdstuk 5). We hebben 

gevonden dat toediening van pep2m (een peptide dat de interactie tussen 

NSF en de intracellulaire C-terminus van GluA2 blokkeert) aan 

hippocampale cellen de toename in de amplitude van mEPSCs door 

corticosteroïden voorkomt. Zoals genoemd is de PI3K-mTOR route 

betrokken bij de translationele controle van synaptische plasticiteit en de 

synaptische expressie / insertie van AMPA receptoren tijdens LTP. Door 

toediening van verscheidene antagonisten konden we vaststellen dat de 

PI3K-mTOR route betrokken is bij de effecten van corticosteroïden op AMPA 

receptor gemedieerde synaptische transmissie en surface expressie. 

Aanvullende biochemische studies zijn nodig om de interactie tussen 

corticosteroïden en NSG/GluA2 alsmede corticosteroïden en PI3k/mTOR 

verder in kaart te brengen.  

Corticosteroid hormonen werken samen met andere hormonen en 

neurotransmitters (zoals noradrenaline) en kunnen (samen) leer- en 

geheugenprocessen bevorderen. In hoofdstuk 6 hebben we onderzocht of 

corticosteroïden en noradrenaline ook samen de functie van AMPA 

receptoren beïnvloeden.  

Dit hebben we onderzocht in hippocampale primaire cultures door 

hieraan corticosteroïden en isoproterenol (een beta-adrenerge receptor 

agonist) toe te dienen (alleen of samen). We hebben hier relatief snelle 

effecten (tot 15 minuten na toediening) bestudeerd. De resultaten laten zien 
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dat de fosforylering van de AMPA receptor subunit GluA1 (S845), surface 

expressie van GluA1 en GluA2 en frequentie van de mEPSCs was 

toegenomen na gecombineerde toediening van corticosteron en 

isoproterenol, terwijl deze stoffen alleen geen effect hadden. Deze 

bevindingen – samen met andere studies – suggereren dat de interactie 

tussen corticosteroïden en noradrenerge activiteit voor een snelle toename 

zorgt van AMPA receptor gemedieerde synaptische transmissie en de 

mogelijkheid om informatie op cellulair (synaptisch) nivo op te slaan 

bevordert. Deze studies tonen aan dat stress hormonen en 

neurotransmitters ook op moleculair nivo kunnen samenwerken om de 

aanpassing aan stressvolle situaties zo optimaal mogelijk te laten verlopen. 

Dit opent nieuwe paden om meer in detail te bestuderen hoe 

stresshormonen samenwerken en hoe ze moleculaire substraten die ten 

grondslag liggen aan leer- en geheugenprocessen beïnvloeden.  

Samenvattend: Door gebruik te maken van verschillende 

benaderingen – fear conditioning, electrofysiologie, moleculaire technieken - 

is de rol van corticosteroid receptoren bij leer- en geheugenprocessen 

verder onderzocht en hebben we de rol van AMPA receptoren bij deze 

processen verder bestudeerd. We hebben aangetoond dat corticosteroïden 

via MRs de acquisitie, consolidatie en retrieval van informatie beïnvloeden. 

De nieuwe inzichten die door deze studies zijn verkregen kunnen mogelijk 

gebruikt worden om stress-gerelateerde aandoeningen zoals PTSS – 

waarbij angstige herinneringen aanwezig blijven – te behandelen. Op 

moleculair nivo hebben we gevonden dat AMPA worden beïnvloed door 

corticosteroiden. We hebben gevonden dat corticosteroïden deze 

receptoren beïnvloeden via NSF/GluA2 interactie en via de PI3K-mTOR 

route. Bovendien zijn corticosteroïden in staat om samen met andere 

neurotransmitter de functie van AMPA receptoren te beïnvloeden. 
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