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Chapter 1

1. Stress and the hypothalamic-pituitary-adrenal (HPA) axis 

1.1 The concept of stress and the stress response

 Environmental challenges are part of daily life for any individual. Whenever an 

endogenous or exogenous challenge is perceived as aversive or threatening, a coordinated 

response is generated by the brain in order to deal with that particular challenge, or stressor. 

Although “stress” is a common term nowadays, it is actually quite difficult to define precisely. 

While first used in a biological context by Hans Selye (Selye, 1956), stress nowadays refers 

to any actual or anticipated disturbance of the homeostasis of an organism, i.e. an anticipated 

threat to its well-being or survival (Ulrich-Lai and Herman, 2009). Homeostasis can be defined 

as the capacity of any living system or organism to regulate and adapt its internal environment 

in response to changes in the external environment in such a way that eventually a balanced and 

stable condition is again obtained.

 The general response to stress is conserved throughout evolution and can be found in 

many different species. Although generally aimed to restore homeostasis, the various changes 

that are triggered in response to a stressor can be diverse. They can e.g. be particularly strong in 

case of the loss of a loved one, when faced with a predator or with acute dangers in traffic e.g., 

or with psychosocial demand in humans. The same is true for perturbations of a more biological 

nature, such as an energy, food or water shortage, but also physical injury, hemorrhage or 

inflammatory conditions can generate stress responses.

 Stress itself is no single or uniform entity and different types of stressors can be 

distinguished: stressful challenges can be acute or chronic, they can occur only once, or can 

take place in a repetitive manner and then be anticipated. Conversely, stress can be highly 

unpredictable and beyond control, can be mild or severe, and occurring in or out of context, e.g. 

of a learning experience. Finally, how stress exposure is actually perceived by an individual 

varies greatly as well, as does the persistence of its consequences.

 Importantly, physiological ‘stress’ responses also occur following rewarding, 

“positive” and/or appetitive stimuli. Although they are often not considered as stressors in 

classic, and generally considered “negative” terms, the physiological responses elicited by e.g. 

falling in love can be as strong as those that occur after more ‘aversive’ types of stimuli, like 

meeting a deadline. Thus, in general terms, a stressor refers to any environmental demand that 
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exceeds the physiological regulatory capacity of an organism and is generally unpredictable 

and/or uncontrollable. In response to stress, various signals in the body and brain converge to 

orchestrate an integrated response to the stressor, that helps ‘reset’ many physiogical processes 

and allow an individual to adapt and restore homeostasis.

1.2 Stress hormones released in response to stress

 During stress exposure, several interrelated systems in different parts of the brain are 

activated. In addition to brain stem regions, the most important ones are the autonomic nervous 

system (ANS) and the hypothalamic-pituitary-adrenal (HPA) axis (Chrousos and Gold, 1992). 

The first phase of the stress response is considered to be the “alarm reaction”, or the classic 

“fight, fright, flight” response, which involves a rapid activation of the autonomic nervous 

system (ANS), that causes the release of epinephrine and norepinephrine from the adrenal 

medulla. These hormones quickly elevate basal metabolic rate, blood pressure and respiration, 

and increase blood flow to the more vital organs that are essential for the “fight, fright, flight” 

response, such as the heart and skeletal muscles.

 At a later stage, the hypothalamic-pituitary-adrenal (HPA) (Fig 1) axis is activated 

as well. In this classic neuroendocrine circuit, limbic brain structures coordinate emotional, 

cognitive, neuroendocrine and autonomic inputs, which together determine the magnitude and 

specificity of an individual’s behavioral, neural and hormonal responses to stress. In contrast to 

(nor)epinephrine, that acts quickly, the second and slower response of the HPA axis is mediated 

by glucocorticoid (GC) hormones (corticosterone in rodents and cortisol in humans) that act 

in a genomic, and therefore slower, manner; they bind to the DNA and are transcriptional 

regulators of specific glucocorticoid responsive genes. Whereas mineralocorticoids influence 

salt and mineral metabolism, glucocorticoids (GCs) participate in the regulation of amongst 

others energy metabolism, inflammation, growth and a range of brain processes.

 An integrated response of the ANS and HPA systems helps to direct attention and 

focus on the most urgent and important elements of the challenge or stressor. At the same time, 

other functions for which there is no immediate need, like ‘maintenance’ of e.g. the immune 

system, food intake and digestion, or reproduction, among others, are temporarily suppressed.

 Upon exposure to stress, the activation of the HPA axis is initiated by an increase 

in corticotrophin releasing hormone (CRH) secretion from the parvocellular neurons in the 
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paraventricular nucleus (PVN) of the hypothalamus. CRH then binds to CRH-1 receptors in the 

anterior pituitary gland, which in turn stimulate the pituitary gland to release adrenocorticotropic 

hormone (ACTH) into the bloodstream. In addition, CRH has various central effects, including 

cardiovascular regulation, respiration, appetite control, stress-related behavior and mood, 

cerebral blood flow regulation and stress-induced analgesia (Lehnert et al., 1998) (Aminoff MJ 

et al., 2003).

 After its release into the blood, ACTH binds to its receptors in the adrenal cortex, 

after which glucocorticoid hormones are released into the circulation. The sensitivity of the 

adrenal cortex to ACTH is determined by its autonomic innervation (Kalsbeek and Buijs, 

1992) and afterwards, due to their lipophilic properties, glucocorticoid hormones readily pass 

through the blood brain barrier (BBB) and act on specific receptors in the pituitary and in the 

hypothalamic PVN where they terminate their own production via a process known as negative 

feedback regulation (de Kloet et al., 2005; Sapolsky et al., 2000).

 Also glucocorticoid binding globulins (CBG) present in plasma, and possibly in 

brain, can modulate the free GC fraction that can be biologically active. Hence, individual 

differences in the initial temporal release pattern, CBG levels and/or liver kinetics all influence 

the strength and duration of an individual’s response to stress.

 

 

Fig 1. Schematic representation of the hypothalamic – pituitary – adrenal (HPA) axis. CRH: in releasing 
hormone; ACTH: adrenocorticotropic hormone. Adapted from Hiller-Sturmhöfel S and Bartke A, 1998.
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1.3 Feedback regulation mediated by corticosteroid receptors 

 Regulation and termination of the stress response occurs through negative 

feedback exerted after GC binding to high-affinity mineralocorticoid (MR) and low-affinity 

glucocorticoid receptors (GR) that are present throughout the rodent brain. MRs have a very 

high affinity for mineralocorticoid and glucocorticoid hormones and at least in rodents, are 

abundantly expressed in the heart and kidney, and concentrated in the hippocampus, prefrontal 

cortex, lateral septum and amygdala (Sarabdjitsingh et al., 2009). GRs, on the other hand, 

have a tenfold lower affinity (Reul and de Kloet, 1985) and are ubiquitously distributed over 

the brain and body, but highly enriched in the hippocampus, PVN and pituitary, i.e. the main 

feedback sites at which GCs act in order to regulate and curtail their own release. Also other 

brain regions like the amygdala and prefrontal cortex (PFC) express GRs and can modulate 

HPA axis feedback and (re)activity and the behavioral responses to stress (De Kloet et al., 

2005).

 GC plasma levels are furthermore under strict circadian control with their peak 

occurring just before the active period, i.e. early in the subjective morning for humans and 

just before the dark period in most rodents. Superimposed on this circadian pattern are hourly, 

pulsatile secretory bursts of GC release. This ultradian rhythm is important for maintaining 

tissue responsiveness, synapse formation and becomes disorganized with increasing age 

(Fitzsimons et al., 2016). Due to their differences in receptor affinity, circadian fluctuations in 

GC levels modulate the degree of MR and GR occupation. At rest, circulating GC levels are low 

and mainly activate MR, while after stress, or at the circadian GC peak, GRs become activated 

too. Shifts in the relative occupancy of MR and GR and in MR/GR ratio are thus particularly 

relevant for neurons that express both receptor types, such as hippocampal CA1 pyramidal 

neurons, DG granular neurons and neurons in prefrontal cortex.

 

2. Corticosteroid receptors

2.1 Mineralocorticoid and glucocorticoid receptors; mediators of corticosteroid action

 The GR is a member of the nuclear hormone receptor superfamily of ligand-

activated transcription factors (de Kloet et al., 2005). After ligand binding, the hormone-

receptor complex translocates from the cytoplasm to the nucleus to regulate gene transcription. 
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As a result, it generally takes at least 45-60 minutes before genomic actions of GC exposure 

develop. In rodents, GR is the dominant nuclear receptor that keeps GC levels within specific, 

physiological limits and mediates the effects of stress levels of GCs. When feedback through 

the GR is inefficient or disturbed, this will result in altered GC levels, which may overexpose 

an individual to these powerful steroids. 

 Aberrant GR expression has been implicated in conditions of stress resistance, anxiety 

and depression. Faster GC actions have also been described and their actions are generally 

mediated by putative membrane-bound receptors that may be variants of the classical MR and 

GR and are possibly involved in the initial responses to stress (Joels et al., 2012; Karst and 

Joels, 2005). Fast-acting GRs that require endocannabinoids exist as well (Atsak et al., 2012). 

Together, MRs and GRs determine sensitivity of the brain to stress. An imbalance or changes 

in their relative expression, or activation, modulates HPA feedback and cortisol levels, but also 

affects gene expression, electrophysiological properties and synapic structure of the brain. Even 

though negative feedback is largely mediated by the GR, chronic stress itself may also alter 

MR function in rodents, that has been implicated in tonic inhibitory control of the HPA axis 

and modulates structural plasticity and cognitive adaptation (de Kloet et al., 2016; Vogel et al., 

2016).

 The locus coeruleus, a small nucleus located in the pons, is the main source of 

noradrenaline in the forebrain. Activation of locus coeruleus neurons results in the concerted 

release of noradrenaline in multiple target areas. In the brain, (nor)adrenaline acts together 

with GCs to modulate different aspects of cognition, emotion and behavior (Roozendaal et al., 

2006). Whereas acute and short-term stress facilitate behavioral adaptation and is generally 

considered adaptive, chronic forms of stress may change MR/GR ratio or induce receptor 

downregulation, which in turn can alter HPA feedback and result in overexposure of the brain 

and body to glucocorticoids. This will not only exert deleterious effects, such as hyperglycemia 

and dysregulation of the immune system, but may also affect neuronal excitability, long-term 

potentiation and impair cognition. Short-term, or acute stress can also have positive effects as 

it focuses attention and promotes emotional memory formation. For instance, stress hormones 

released during learning are necessary for memory acquisition and act in a time- and context-

dependent manner, whereas corticosterone administered after training e.g. facilitates extinction 

of avoidance responses, thereby promoting the elimination of behaviors that are no longer 
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relevant (Joels et al., 2011).

 Thus, GCs are potent steroid hormones that interact with other stress hormones in an 

individual, context-, region- and time-dependent manner. Given the wide-spread distribution 

of GR, and to a lesser extent of MR throughout the rodent brain, physiological variations in 

GCs modulate neuronal activity in areas involved in attention, vigilance, behavior and memory 

formation, thereby eventually enabling behavioral adaptation and coping with stress.

2.2 Molecular and cellular mechanisms of GC action

 In the absence of glucocorticoids, the inactive GR is located in the cytoplasm of 

target cells and forms a hetero-oligomeric complex with heat shock proteins 90, 70 and 56 

(Bamberger et al., 1996). After ligand binding by GCs, the GR detaches from the heat shock 

proteins, translocates to the nucleus through the nuclear pore (Elbi et al., 2004; Hager et al., 

2002; Nagaich et al., 2004), and the ligand-receptor complex binds to glucocorticoid response 

elements (GREs) on the DNA from where it can regulate gene transcription.

 In addition to factors that modulate passage over the blood brain barrier (Karssen et 

al., 2001), specific co-activators and co-repressors have also been identified that can modify 

GC actions on gene transcription. Both co-activators and co-repressors exist as part of a large 

nuclear multiprotein complex, which mediates the transcriptional effects of the DNA bound 

hormone receptor. Examples include the nuclear receptor coactivator-1 (NRC-1) and steroid 

receptor coactivator-1 (SRC-1) (de Kloet et al., 2009; Meijer et al., 2000; Meijer et al., 2005; 

Zalachoras et al., 2016).

 Transcriptional regulation by GCs can occur either by activating or repressing the 

transcription of specific target genes by interacting with GREs (Drouin et al., 1993). Activation 

of transcription is usually the result of a direct interaction between the GR and GRE; GR can 

also regulates transcription via interacting with other nuclear transcription factors, such as 

activator protein 1 (AP1), nuclear factor kB (NFkB) and activator of transcription 5 and via 

various signaling pathways (Daskalakis et al., 2014; Mahfouz et al., 2016; Rogatsky et al., 

2002; Wang et al., 2004).

2.3 GR and MR genetic diversity

The Glucocorticoid Receptor
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 The GR, also known as NR3C1 (nuclear receptor subfamily 3, group C, member 1), 

is located at chromosome 5q31-32 and consists of nine exons (Kino et al., 2003; Stolte et al., 

2006) (Fig 2). Various splice variants are generated after alternative splicing of the GR, mainly 

exon 9. Of relevance, alternative splicing of the 3’-end of the primary transcript of the human 

GR gene gives rise to variants with different hormone-binding properties (De Kloet et al., 1998; 

Yudt and Cidlowski, 2001). One of them, the GRα contains 777 amino acids, while the GRβ 

consists of 742 amino acids. These two receptor isoforms share the same 727 amino acids from 

the N-terminal and the GRβ differs from the main GRα isoform by having 50 C-terminal amino 

acids replaced by unique amino acid sequences that affect ligand binding and transcriptional 

activity (Alt et al., 2010; Bamberger et al., 1995; Oakley et al., 1996).

 The GRα represents the so called classic GR, is ubiquitously expressed and becomes 

functional after glucocorticoid binding. In contrast, GRβ does not bind ligand and has been 

shown to inhibit GRα-mediated transactivation of specific target genes (Bamberger et al., 1995; 

Oakley et al., 1996). In addition to GRα and GRβ, other splice variances have been identified 

such as GR-P, GRγ and GR-Δ313-338. GR-P lacks exons 8 and 9 and is translated into a protein 

with a truncated LBD and is thought to enhance GRa activity. GR-γ is derived from an alternate 

splice donor site in intron 3 of the GR gene (Beger et al., 2003; Rivers et al., 1999) which causes 

the addition of three extra nucleotides between exons 3 and 4 and results in an insertion of an 

extra amino acid (arginine) at position 453, located between the two zinc fingers of the DNA-

binding domain (Taniguchi et al., 2010).

 

Fig 2. Schematic representation of the genomic structure of the glucocorticoid receptor and GR splice vari-
ants. The GR primary transcript is composed of 9 exons. GRα results from splicing exon 8 to the beginning 
of exon 9. GRβ, GRγ, GR-A, and GR-P are generated by the depicted alternative splicing events. Adapted 
from Oakley RH and Cidlowski JA, 2013.
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 In addition, GR-Δ313-338, in which exon 2 is deleted, results in a loss of 26 amino 

acid residues (313-338) in the N-terminal region. It was found to be expressed in the lung, 

thyroid and salivary gland, but not in the liver, skin, heart muscle, hippocampus, or any immune 

cells (Turner et al., 2007). Since GRα is the most abundant and active isoform in the human 

brain, we focus in the present thesis on this GR isoform. 

The Mineralocorticoid Receptor

 Similar in some of its functions to the GR, the MR is encoded by the NR3C2 (nuclear 

receptor subfamily 3, group C, member 2) gene located on chromosome 4q31.1-31.2 (Fan et 

al., 1989). The MR protein contains 984 amino acids and, like most steroid receptors, has three 

major domains: an N-terminal domain (NTD), a DNA-binding domain (DBD) and a ligand- 

binding domain (LBD). The MR gene consists of 10 exons (Fig 3). The coding region consists 

of exons 2-9. Among these exons, exon 2 codes for the N-terminal domain (NTB), exon 3 and 

4 for the DBD, exon 5-8 and the first part of exon 9 codes for the LBD. 

 

 Two exons located in the promoter region, named 1α and 1β, result in two MR splicing 

variants MRα and MRβ (Zennaro et al., 1995). They are regulated by different hormones in 

vitro and have distinct regulatory sequences in their promoter regions; MRα is regulated by 

dexamethasone and MRβ is regulated by both dexamethasone and aldosterone (Zennaro, 1996). 

In addition to the long-term changes in gene transcription induced by GC-induced GR trans-

Fig 3.  Schematic representation of the genomic structure of the human mineralo- corticoid receptor 
(MR). The MR gene consists of 10 exons. Among these exons, exon 2 codes for the N-terminal domain 
(NTB), exon 3 and 4 for the DBD, exon 5-8 and the first part of exon 9 codes for the LBD. Adapted from 
atlas of genetics and cytogenetics in oncology and haematology, Di Fabio F et al., 2008.
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activation or -repression, also membrane-bound GRs and MRs have been identified (Johnson et 

al., 2005; Karst and Joels, 2005; Karst et al., 2010; Roozendaal et al., 2010; Tasker et al., 2006) 

that are likely involved in rapid responses to stress (Joels et al., 2008; Joels et al., 2013; Johnson 

et al., 2005).

2.4 Differential distribution of GR and MR; species differences 

 While so far, most genetic, functional and anatomical studies have been performed on 

rodents, the expression and distribution of GR and MR have also been described in species of 

fish, dogs, non-human primates and to a limited extent in humans (Choi et al., 2008; Morimoto 

et al., 1996; Patel et al., 2000; Perlman et al., 2007; Pujols et al., 2002; Sanchez et al., 2000; 

Teitsma et al., 1997). In these species, GRs and MRs were found to be abundant in both the 

peripheral organs and the brain. Peripherally, GR and MR are generally expressed in major 

organs like the kidney, liver, heart, skeletal muscle, lung, nasal mucosa and intestinal tract, 

including the colon (Morimoto et al., 1996; Pujols et al., 2002; Zennaro et al., 1997). Different 

expression patterns exist between MRs and GRs, between different brain subregions, and some 

species differences exist, which will be addressed now. 

Rodents

 GRs are widely distributed over almost all neurons of the rat and mouse brain; 

from the olfactory bulb of the forebrain to the medulla oblongata, high levels of GR-RNA 

and GR protein are found. This includes the subfields of the cortex, hippocampus, amygdala 

and hypothalamus. GR is hardly found, however, in the CA3 pyramidal layers of the rat 

hippocampus (Morimoto et al., 1996).

 MR expression is more restricted, and present in the hippocampus, including CA1, 

CA3 and CA4, in the amygdala, but much lower, or even absent, levels of at least nuclear MR 

signal are present in the rest of the brain, and also the hypothalamus, is e.g. largely devoid of 

MR expression (Bohn et al., 1994; van Eekelen et al., 1991).

 In addition to the localization of GR in the neuronal nucleus, reflecting GC mediated 

changes in gene transcription, also more rapid, physiological effects via membrane-bound GRs 

and MRs have been identified (Johnson et al., 2005; Karst and Joels, 2005; Karst et al., 2010; 

Roozendaal et al., 2010; Tasker, 2006). So far, an anatomical distribution of specific membrane-
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bound MR or GRs, or possible differences between subregions, has not been studied in detail 

yet (Joels et al., 2008; Joels et al., 2013; Johnson et al., 2005).

Non-human primate

 In the brain of the rhesus monkey, GR is highly expressed throughout the cortex, 

hypothalamus and amygdala, but at moderate or even lower levels in hippocampus and 

subregions like CA3 and CA1 (Sanchez et al., 2000). However, relative to the low level of GR, 

abundant MR mRNA and protein were detected within the DG and CA of the rhesus monkey 

hippocampal formation (Sanchez et al., 2000). In addition, intensive GR mRNA was found in 

the dentate gyrus, piriform cortex of tree shrew, but moderate expression of GR mRNA was 

noted in region CA1 and CA3 (Meyer et al., 1998). Moreover, high GR mRNA and protein 

levels were expressed in the CA1, CA2, DG and paraventricular hypothalamus of squirrel 

monkey (Patel et al., 2000). Except for the amygdala and cortex, extensive MR expression was 

detected in all subregions of the hippocampal formation (Meyer et al., 1998; Patel et al., 2000; 

Pryce et al., 2005; Sanchez et al., 2000).

3. Human brain regions involved in stress regulation

 In human brain, so far only mRNA levels of GR and MR have been studied in some 

detail. GR mRNA was detected in the hippocampus, cortex and amygdala. In the hippocampus, 

GR mRNA was found to be highly expressed in the dentate gyrus, the CA3 and CA4, but levels 

were significantly lower in the CA1 and CA2; in the cortex, the lowest expression levels of GR 

mRNA were detected in layer I, with higher levels observed in layers II–VI (Alt et al., 2010; 

Perlman et al., 2007; Seckl et al., 1991). Relative to GR mRNA, high levels of MR mRNA were 

found in the hippocampus but generally lower levels in the human amygdala and cortex. In the 

hippocampus, MR mRNA expression was significantly higher in the dentate gyrus, CA2, CA3 

and CA4 then in the CA1 (Klok et al., 2011; Seckl et al., 1991). 

 Besides, aberrant GR and MR expression levels and distribution patterns were 

detected in brain regions of patients that had suffered from stress related diseases. For example, 

in major depressed patients, significantly reduced MR or GR expression levels were present in 

the hippocampus, and in the inferior frontal and cingulate gyrus; in bipolar depressed patients, 
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reduced expression of GR mRNA was detected in the basolateral/lateral nuclei of the amygdala 

and subiculum (Klok et al., 2011; Perlman et al., 2004; Perlman et al., 2007; Webster et al., 

2002). Thus, different patterns of GR and MR RNA expression exist between different species 

and between different tissues. In fact, even within a single substructure, or between different 

brain regions, regional differences in distribution or intensity have been found.

 Although the GR is important for mediating glucocorticoid actions and stress 

responsiveness and for controlling effects of stress on the brain, and even though numerous 

clinical and imaging studies have reported functional effects mediated through discrete brain 

regions after stress exposure, very little is still known about the distribution of GR protein in 

the human brain. This is particularly so for brain regions involved in mediating the negative 

feedback of stress and for the distribution of the GR in elements of the HPA axis that are so 

crucially implicated in stress-related disorders, such as anxiety or depression.

 Therefore, in this thesis, we set out to study GR and MR protein expression in the 

postmortem human brain. We focus on the hippocampus and associated prefrontal cortex, the 

hypothalamus and amygdala, main brain regions implicated in feedback of the HPA axis, and in 

conditions associated with HPA disturbances, like aging, Alzheimer’s disease, major depression, 

bipolar disorder and anxiety. As in previous animal studies, GR expression was abundant in key 

regions involved in HPA activity and feedback, like the hippocampus, hypothalamus (Jacobson 

and Sapolsky, 1991; Morimoto et al., 1996; Sapolsky et al., 1984; van Eekelen et al., 1991) and 

amygdala (Meyer et al., 1998; Patel et al., 2000), we discuss those areas first.

3.1 Hypothalamus and pituitary; anatomy and function

 The hypothalamus is a small but important part of the brain, located below the 

thalamus and rostral of the brain stem. It forms the anterior part of the diencephalon and is well 

conserved in many vertebrate species. The hypothalamus contains various clusters of neurons, 

so called hypothalamic nuclei, which produce in addition to classical neurotransmitters, a 

range of neuropeptides. These neuropeptides are axonally transported and secreted into the 

circulation where they interact with endocrine systems, the autonomic nervous system and 

the immune system. The hypothalamus regulates many basic vital functions of the organism, 

including reproduction, body temperature, blood pressure, heart rate, water and food intake, 

metabolism, sleep and circadian cycles (de Lecea and Sutcliffe, 1999; Sakurai et al., 2002; 
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Thompson et al., 2003). In addition, the hypothalamus plays a pivotal role in cognition, mood 

(de Winter et al., 2003; Overeem et al., 2002; Watson et al., 2002) and in the physiological and 

psychological reactions to stress (Imaki et al., 1995; Imaki et al., 1996).

 Anatomically, the hypothalamus is composed of two symmetrical halves situated on 

either side of the third ventricle. The structure can be divided into three regions: the chiasmatic, 

tuberal and mamillary region (Braak and Braak, 1992). The chiasmatic region contains 

hypothalamic nuclei involved in neuroendocrine regulation, such as the paraventricular 

nucleus (PVN), the supraoptic nucleus (SON) and the suprachiasmatic nucleus (SCN) i.e. the 

biological clock of the brain. The tuberal region consists of the ventromedial, dorsomedial 

and infundibular nuclei. The mamillary region contains the mamillary bodies, the posterior 

hypothalamic nucleus and the zona incerta (Braak and Braak, 1992; Swaab, 2003). Whenever 

a stress response is triggered, CRH neurons in the PVN activate the HPA axis via the pituitary 

gland and the adrenal medulla as described above. In terms of HPA-axis regulation, the PVN 

and pituitary are well known to be implicated in the negative feedback exerted by GCs that can 

reach the pituitary directly via the bloodstream, as is e.g. also evident from the suppression of 

the circadian GC peak in the Dexamethason, or Dexamethason-CRH suppresion test.

3.2 Hippocampus; anatomy and function

 The hippocampus is bilaterally located in the brain, underneath the cortical surface 

and within the medial temporal lobe, and belongs also to the limbic system. The hippocampus 

consists of two main parts that comprise prominently interconnected cell layers: the dentate 

gyrus (DG) and the Cornu Amonis (CA). The DG is a subregion with a tightly packed layer of 

granule cells, and the CA subregions largely contain pyramidal cells. The CA can be further 

divided into a CA1, CA2, CA3 and CA4 subregion that can be distinguished and classified 

according to their anatomical location, cellular-morphological features and fiber projections.

 Input from the entorhinal cortex (EC) enters the hippocampus and follows fixed 

anatomical pathways, known as the trisynaptic circuit or loop; i.e. the EC transmits its signals 

from the parahippocampal gyrus to the dentate gyrus via granule cell fibers, known as the 

perforant path. The dentate gyrus then synapses onto pyramidal cells in CA3 via mossy cell 

fibers. CA3 then fires to CA1 via Schaffer collaterals which synapse in the subiculum and are 

carried through the fornix (Burwell et al., 1995).
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 In functional terms, the hippocampus is well known to participate in learning and 

memory, spatial navigation and cognition (de Kloet et al., 2005). As reported by Scoville and 

Milner, removal of the temporal lobes (including the hippocampus and amygdala) from patient 

H.M. induced a disability to form new episodic memories (Scoville and Milner, 1957) as later 

confirmed by others (Rempel-Clower et al., 1996; Zola-Morgan et al., 1986). The role of the 

hippocampus in spatial navigation was described in 1971 by O’Keefe and Dostrovsky who 

noticed that the neurons in rat hippocampus appeared to show activity in relation to the rat’s 

location in a given environment (O’Keefe and Dostrovsky, 1971).

 In addition, based on various pharmacological studies, the hippocampus has been 

implicated in the modulation of HPA axis activity. The hippocampus was initially proposed 

to inhibit the HPA axis (Furay et al., 2008; Jacobson and Sapolsky, 1991; Juruena et al., 2006; 

Mizoguchi et al., 2003; Sapolsky et al., 1984), but others actually produced evidence for an 

activating role of specifically GRs in the hippocampus with regards to inhibition of the HPA-

axis (van Haarst et al., 1997). Moreover, it is now well accepted that the tonic inhibitory control 

on HPA axis activity (Herman et al., 2003) is exerted through several, often indirect, neural 

pathways including the bed nucleus of the stria terminalis (BST), the amygdala and also the 

endocannabinoid system is involved (Tasker and Herman, 2011). The GC-mediated negative 

feedback of the HPA axis thus takes place at several levels, including the hypothalamus and 

pituitary, and not only at that of the hippocampus, that is involved in adaptation of the behavioral 

responses to stress.

 Large numbers of GRs and MRs are present in the rodent hippocampus and amygdala 

(Bohn et al., 1994; Morimoto et al., 1996; van Eekelen et al., 1991). Since these structures are 

involved in HPA axis regulation and since imaging studies have revealed functional changes 

upon stress exposure, these brain region were expected to be sensitive to chronic stress 

(hormone) exposure, and thus to contain GRs also in human brain. For example, a decrease in 

hippocampal volume was observed in chronically stressed rats (Alfarez et al., 2009; McEwen, 

2004) as well as in depressive and Alzheimer (AD) patients, notably often in close correlation 

with their level of HPA axis activation (Axelson et al., 1993; Bobinski et al., 1998; Campbell 

et al., 2004; Elgh et al., 2006). Moreover, the specific changes reported in cognitive function in 

depressive and AD patients (Belanoff et al., 2001; Compton et al., 2002; Wolkowitz et al., 1995) 

have also indicated impairments in their hippocampus. Together, these studies indicated that 
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the human hippocampus and amygdala are directly responsive to stress and may likely express 

considerable amounts of GR.

3.3 Amygdala; anatomy and function

 Also the amygdala is considered part of the limbic system (Amunts et al., 2005) and 

is bilaterally located in the medial temporal lobes of the brain. It is an almond shaped brain 

region which contains several nuclei: the basolateral complex, the cortical nucleus, the medial 

nucleus and the central nucleus. The basolateral complex further comprises the lateral, basal, 

medial and accessory nucleus. The lateral and basal lateral nuclei receive input mainly from the 

thalamus, hippocampus and cortex, while most of its output is indirect and originates from the 

basolateral and central nuclei (McGaugh and Roozendaal, 2002).

 The amygdala plays an important role in the formation and storage of emotional 

memories in particular. Earlier research has shown that lesions in the temporal cortex of the 

rhesus monkey (including the amygdala) induced significant social and emotional deficits 

(Solano-Castiella et al., 2010). Later, it was found that emotional processing changes were 

due to damage in the amygdala (Aggleton and Passingham, 1981; Meunier et al., 1999; Oscar-

Berman and Bowirrat, 2005; Raper et al., 2013).

 Except for the formation and storage of emotional memories, the amygdala also 

participates in the regulation of HPA axis activity. For instance, local overexpression of CRH, 

only in the amygdala, induced a hyperactive HPA axis (Flandreau et al., 2012; Wang et al., 

2008). In contrast to the generally decreased hippocampal volume in stressed animals and 

patients with stress-related diseases, the volume of amygdala was in fact found to be increased 

in some earlier studies (Lupien et al., 2011; Morey et al., 2012; Pfleiderer et al., 2007; Rauch 

et al., 2003). These studies implied that the amygdala is also responsive to stress (hormones) 

and may be involved in HPA changes in depression. Animal data further indicate that feedback 

control of the HPA axis is largely mediated by GR in the PVN and to a lesser extent by the 

hippocampus (Erdmann et al., 2008; Kretz et al., 1999) while also the MR (Joels and Baram, 

2009), and thus that the balance between GR and MR, is important in aspects of HPA-axis 

regulation, mood and depression as was proposed before (De Kloet 1998; De Kloet al., 2005; 

(DeRijk et al., 2011; Klok et al., 2011; Qi et al., 2012; Wang et al., 2008).

 In the mammalian and human brain, changes in GR expression and HPA axis activity 
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have been observed in several depression models as well as in depressed patients (Matsubara 

et al., 2006) (Alt et al., 2010; Furay et al., 2008; Klok et al., 2011; Meyer et al., 2001; Patel 

et al., 2008; Perlman et al., 2007; Qi et al., 2012; Wang et al., 2012). Whereas many rodent 

studies have confirmed abundant GR expression and a high sensitivity to GC exposure in the 

hippocampus (Cornelisse et al., 2010; Henckens et al., 2009; Khalili-Mahani et al., 2010; 

Kumsta et al., 2010; Lovallo et al., 2010; Lupien et al., 2007; Zobel et al., 2008), less is known 

about the human amygdala in this respect. We therefore investigated in the present thesis also 

possible changes in GR protein distribution and level in the human amygdala and assessed 

putative changes in a cohort of well-characterized and confirmed major depressed and bipolar 

patients.

3.4 Prefrontal and orbitofrontal cortex; anatomy and function

 The prefrontal cortex (PFC) is the anterior part of the frontal lobes of the brain. It is 

highly interconnected with many cortical and subcortical brain regions, such as the hippocampus 

and amygdala. It is involved in higher cognitive functions and emotional processes, including 

personality expression, decision-making, emotional regulation, memory encoding and retrieval 

processes (Miller and Cohen, 2001; Teffer and Semendeferi, 2012). The prefrontal cortex can 

be divided into different subregions anatomically. In rodents, it consists of two main subregions: 

the medial prefrontal cortex (mPFC) and the orbitofrontal cortex (OFC) (Uylings et al., 2003). 

In humans, it comprises of a dorsal and ventral PFC, which both consist of a lateral and a medial 

part (Arnsten, 2009). 

 The PFC is also responsive to stress and plays an important role not only in cognition 

and emotion but, likely through it inhibitory projections to the hippocampus and other brain 

regions, also in the regulation of the stress response (Cato et al., 2004; Damasio et al., 1990; 

Heidbreder et al., 2004). In chronically stressed animals, dendritic atrophy in the medial PFC 

has been reported (Cerqueira et al., 2007; Cook and Wellman, 2004; Izquierdo et al., 2006) 

while reductions in PFC volume have been observed in depressive patients (Koolschijn et al., 

2009). Moreover, the PFC also participates in the regulation of the stress response via direct 

modulation of HPA axis activity (Dedovic et al., 2009; Hanson et al., 2012; Qi et al., 2013; 

Soares et al., 2012).
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4. Stress and the human brain

 As discussed before, the HPA axis orchestrates a generally adaptive and often 

protective, reaction of the organism to any kind of stressor. HPA axis activation serves to 

maintain the levels of circulating GCs within physiological limits and thereby to maintain 

homeostasis during conditions of aberrant stress exposure or disease. Aberrant HPA axis 

regulation, e.g. due to a disturbed feedback, exposes the brain and body to excess amounts 

of GCs. When chronic stress develops, excessive GCs can cause or worsen various disorders, 

including myopathy, adult-onset diabetes, hypertension, amenorrhea and impotency, aside from 

affecting the immune system (Munck and Holbrook, 1984). Since many of those disorders 

can be considered diseases of a slowly accumulating nature that resemble to some extent 

aging, links between chronic stress, aging, and age related disorders like cognitive decline and 

Alzheimer’s disease, have often been framed within the context of a pathogenic potential of GC 

overexposure (Sapolsky et al., 1986). 

4.1 Alteration in HPA axis activity during age

 In previous reports, changes in HPA parameters or stress responsivity have been 

found in aging rodents and humans. Initial studies showed that in old rats, basal ACTH and/

or corticosterone levels were significantly higher compared to young rats (Kizaki et al., 

2000; Meaney et al., 1992). Also, hippocampal GR mRNA expression in old rats correlated 

negatively with basal plasma corticosterone levels (Yau et al., 1995); in addition, the elevated 

basal ACTH levels, which reflect glucocorticoid non-suppression, suggested an impairment of 

HPA axis negative feedback in aged male Wistar rats (Hatzinger et al., 1996). Although some 

studies reported a hyperactivate HPA axis in older animals, other data have shown a negative 

relationship between age and ACTH-induced glucocorticoid release in vivo, both under normal 

conditions (Scaccianoce et al., 1995) and in response to an acute stressor (Brodish and Odio, 

1989). 

 In humans, increases in cortisol levels and other HPA parameters have been reported 

(Bao and Swaab, 2007; Conrad and Bimonte-Nelson, 2010; Swaab et al., 2005) and higher 

basal cortisol levels have e.g. been observed in old age (Lupien et al., 1998; Nicolson et al., 

1997), while an increased activation of the CRH neurons in the human PVN occurs with age 
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(Raadsheer et al., 1993). These studies point towards an increased HPA axis activity in aging 

rodents and humans, and suggest that age-related changes in HPA feedback may be involved 

that could be due to changes in GR protein level or in GR affinity, in brain regions like the 

hypothalamus or hippocampus.

4.2 Alteration in HPA axis activity in relation to Alzheimer’s disease

 AD is the most common form of dementia, and is characterized by an age-related  

progressive loss of cognitive function (Harry J, neuron, 2006) and the presence of senile plaques 

and neurofibrillary tangles in numerous areas of the brain, accompanied by prominent synaptic 

and limited neuronal cell loss (Selkoe et al., 1999). The major component of senile plaques is 

amyloid-β (Aβ). 

 In AD patients, memory deficits and psychological symptoms, like anxiety are 

commonly associated with a dysregulation of HPA axis activity (Swanwick et al., 1998). This is 

reflected by e.g. increased CRH mRNA in the PVN, plasma and CRH cortisol levels, enhanced 

adrenal senstivity to ACTH and the frequent occurrence of dexamethasone non suppressors 

in the demented population (Giubilei et al., 2001; Raadsheer et al., 1995; Swaab et al., 1994). 

For example, AD patients exhibit elevated cortisol levels (Davis et al., 1985; Giubilei et al., 

2001; Hartmann et al., 1997; Rasmuson et al., 2001), indicating a progressive imbalance in 

the function of the hypothalamic-pituitary adrenal (HPA) axis. In addition to increased adrenal 

sensitivity to adrenocorticotrophic hormone (ACTH) that suggested a hyperactivity of the HPA 

axis in AD patients (O’Brien et al., 1996), nonsuppression of cortisol after dexamethasone 

in AD patients (Murialdo et al., 2000) also indicated an altered HPA axis is common in AD, 

indicating that stress and glucocorticoids exposure may be implicated in AD. Although changes 

in GR level or affinity may be implicated, very little was so far known about GR levels in the 

hippocampus of AD patients. 

4.3 Alteration in HPA axis activity in relation to stress and depression

 Depression is a severe mood disorder affecting numerous people over the world. 

Many studies have shown evidence for an involvement of HPA changes, aberrant stress 

responsiveness and alterations in stress hormone regulation in the etiology of depression. Heim 

and Nemeroff (2001) and McEwen (2003), have shown that stressful experiences, especially 
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stress during early periods of life, can increase the risk to develop depression- and anxiety-like 

symptoms later in life (Heim and Nemeroff, 2001; McEwen et al., 2003). Also, a dysregulated 

HPA axis is often observed in patients suffering from depression. Around 50% of the depressed 

patients show increased CRH protein expression in the PVN, and elevated ACTH and corticol 

levels in saliva and plasma (Gibbons and Mc, 1962). Moreover, a substantial proportion of all 

depressed patients display an exaggerated response to the combined dexmethasone/ CRH test 

(Holsboer and Ising, 2010; Refojo and Holsboer, 2009), indicating a disturbed feedback and an 

imbalance in HPA axis regulation in depression. CRH-expressing neurons in the hypothalamic 

PVN and the level of CRH-mRNA in the PVN, are significantly increased during stress in 

rodents and were also elevated in postmortem tissue of depressed subjects (Raadsheer et al., 

1994; Raadsheer et al., 1995).

 Moreover, CRH concentrations in the CSF of healthy controls and depressed patients 

decrease after treatment with antidepressant drugs (Heuser et al., 1998), although as a collected 

sample, CSF-CRH of course also reflects production derived from other brain areas, like the 

thalamus and hippocampus (Bao et al., 2005). Results obtained by laser microdissection of 

the PVN and PFC further suggest that a disturbed MR/GR receptor balance in these feedback 

regions contributes to HPA axis activation in depression (Wang et al., 2008). AVP is also 

released into the brain with a circadian rhythm by neurons of the SCN, which is also changed 

in depression (Ozawa et al., 1998; Zhou et al., 2001). Once over-expressed, AVP may further 

contribute to hyper-anxiety and depression-like behaviors (Frank and Landgraf, 2008).



28

Chapter 1

5. Outline of this thesis

 The overall aim of this thesis was to investigate in a quantitative and qualitative 

manner, GR protein levels and its distribution in key regions of the human brain that are 

involved in stress feedback regulation or in stress-related disorders. We limited ourselves to 

the hypothalamus, hippocampus, amygdala and prefrontal cortex during conditions of aging, 

depression and dementia.

 In chapter 2, the GR antibody we used for most of these studies is first extensively 

validated and optimized using preadsorption and western blot tests, and the effects of 

postmortem delay studied. We then investigated GR distribution in the human brain in relation 

to aging and gender and in important regions in relation to stress, i.e. the human hypothalamus 

and hippocampus. We describe presence of GR in neuronal and astrocyte nuclei and measured 

changes during ageing and gender in 26 control subjects.

 In chapter 3, we study GR expression in the hippocampus of patients that had 

suffered from major depression and in control subjects carefully matched for age, CSF-pH and 

postmortem delay (PMD). GR protein expression as well as the influence of age and gender is 

investigated in these two groups.

 In chapter 4, GR protein distribution and differences in expression are studied in 

the human amygdala of well characterized major depressed and bipolar patients. Moreover, 

GR expression was evaluated in astrocytes since also changes in these glia cells have been 

implicated in the sensitivity to stress and depression.

 In chapter 5, GR protein expression level is investigated in hippocampi of Alzheimer 

patients and matched, non-demented control subjects in relation to age, sex and postmortem 

delay. 

 In chapter 6, we used quantitative real-time PCR to measure mRNA levels of 17 

stress-related genes, including GR and MR, in the human postmortem anterior cingulate cortex 

(ACC) and in the dorsolateral PFC (DLPFC) of patients with mood disorder and matched 

controls. The correlation between the expression of these DLPFC genes and their earlier 

measured expression in the paraventricular nucleus (PVN) of the same subjects was determined. 

Furthermore, immunohistochemistry of MR is performed to study the MR distribution in the 

human ACC.
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Abstract

 The glucocorticoid receptor (GR) exerts numerous functions in the body and brain. 

In the brain, it has been implicated, a.o., in feedback regulation of the hypothalamic-pituitary-

adrenal axis (HPA), with potential deficits during aging and in depression. GRs are abundantly 

expressed in the hippocampus of rodent, except for the Ammon’s horn (CA) 3 subregion. In 

rhesus monkey however, GR protein was largely absent from all hippocampal subregions, which 

prompted us to investigate its distribution in human hippocampus. Following validation of 

antibody specificity, we investigated GRα protein distribution in the postmortem hippocampus 

of 26 human control subjects (1-98 years of age) and quantified changes with age and sex. 

 In contrast to monkey, abundant GR-immunoreactivity was present in nuclei of 

almost all neurons of the hippocampal CA subfields and dentate gyrus (DG), although neurons 

of the CA3 subregion displayed lower levels of immunoreactivity. Colocalization with glial 

fibrillary acidic protein (GFAP) confirmed that GR was additionally expressed in approximately 

50% of the astrocytes in the CA regions, with lower levels of colocalization (around 20%) in 

the DG. With increased age, GR expression remained stable in the CA regions in both sexes, 

whereas a significant negative correlation was found with age only in the DG of females. Thus, 

in contrast to the very low levels previously reported in monkey, GR protein is prominently 

expressed in human hippocampus, demonstrating that this region can form an important target 

for corticosteroid effects in human.   

Key words: Glucocorticoid receptor; human brain; hippocampus; hypothalamus; 

immunocytochemistry



41

Glucocorticoid receptor protein expression in human hippocampus; stability with age

2

Introduction

 Glucocorticoid hormones (GCs) are important mediators of the stress response 

in mammals, including humans. Exposure to a stressor triggers activation of corticotropin-

releasing hormone (CRH) neurons in the paraventricular nucleus (PVN) of the hypothalamus, 

which eventually induces GC release from the adrenal gland. GCs are highly lipophylic 

transcription factors that exert numerous effects on metabolism, inflammation and cognition (de 

Kloet et al., 2005). Once in the circulation, GCs exert negative feedback inhibition on the same 

regions that triggered their initial release, i.e., the hypothalamus and pituitary, while they also 

influence behavioural adaptation. These latter effects are generally thought to be mediated, at 

least partly, through the low affinity glucocorticoid receptor (GR) that is abundantly expressed 

in the hippocampus of rodents (Reul and de Kloet, 1985). The hippocampal formation is a key 

limbic region that participates in spatial navigation and the modulation of cognition, mood 

and behavior (de Kloet et al., 2005). Based on the presence of GR and the results from various 

pharmacological studies it has been postulated that the hippocampus is an area where GCs act 

to modulate behavior and hypothalamo-pituitary-adrenal (HPA) axis activity (Jacobson and 

Sapolsky, 1991; Juruena et al., 2006; Sapolsky et al., 1984). 

 The GR is a member of the nuclear hormone receptor superfamily of ligand-activated 

transcription factors. After ligand binding, the hormone-receptor complex translocates from 

the cytoplasm to the nucleus where it influences gene transcription. In rodents, GR is the 

dominant receptor that mediates effects of stress levels of GCs, and helps to maintain GC levels 

within specific limits (Erdmann et al., 2008; Kretz et al., 1999). Aberrant GR expression has 

been implicated in stress resistance, anxiety and depression (Alt et al., 2010; de Kloet et al., 

2005; Ridder et al., 2005; Wei et al., 2007). In human, there is a considerably diversity of GR 

transcripts and isoforms (Sinclair et al., 2011), which includes 13 exon 1 mRNA variants and 

8 N-terminal variants, which arise from the predominant GR isoform, GRa, that differ in size 

from 94 to 54 kDa based on the location of their translation start site. The regional distribution 

of the GR protein in the hippocampus has been studied before in various species. In rodents, 

GR expression is ubiquitous throughout the brain and enriched in key regions of the HPA-axis 

and the hippocampus, where GR is abundantly expressed in the CA pyramidal cell layer and in 

the granule cell layer of the DG, with generally lower levels in the CA3 subregion (Morimoto 
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et al., 1996; Sarabdjitsingh et al., 2010).

 In contrast to this well-established distribution in rodent brain, distribution of GR 

protein in the primate hippocampus is poorly studied. To date, there are no detailed studies 

of regional protein expression of the GR in the human hippocampus. In rhesus monkey, a 

general absence of GR was reported in the main neuronal layers of the hippocampal formation, 

whereas astroglia did express GR (Sanchez et al., 2000). As this suggested a species differences 

in GR expression, we set out to study GR protein distribution in the human hippocampus and 

hypothalamus.

 To validate our antibody and address the influence of postmortem delay on GR 

expression, we studied a series of postmortem rat brains, performed antigen preadsorption and 

western blot, and studied GR co-expression in CRH-containing parvocellular neurons of the 

human hypothalamic PVN, an important nucleus for GR-mediated feedback inhibition, that 

is expected to at least express significant levels of GR protein (Erkut et al., 1998; Han et al., 

2005; Kretz et al., 1999; Uht et al., 1988; Wang et al., 2008). We next questioned whether GR 

expression in the human hippocampus is comparable to the distribution in the rodent or primate 

hippocampus. Thirdly, given the numerous reports on changes with age (Bao and Swaab, 2007; 

Bizon et al., 2001; Hassan et al., 1999; Mizoguchi et al., 2009; Murphy et al., 2002; Perlman et 

al., 2007; Raadsheer et al., 1993; Sinclair et al., 2010; van Eekelen et al., 1992), we investigated 

whether age-and sex-related changes in GR protein occur in a cohort of 26 control subjects 

ranging from 1 to 98 years of age.

Material and Methods

Human brain tissue 

 Post-mortem human brain tissue used in this study was obtained from the Netherlands 

Brain Bank (NBB) and written permission was obtained from the patients or the next of kin 

for all brain autopsies and for the use of the tissues and clinical data for research purposes. 

Twenty-six subjects were studied, 12 males and 14 females, ranging in age from 1 to 98 years. 

Clinico-pathological details on disease condition, cause of death, pH of cerebrospinal fluid and 

postmortem delay (PMD) are given in Table 1.
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Table 1. Clinicopathological data of the human control cases

 The hippocampus proper was dissected at autopsy, fixed in formalin for 1-2 months, 

dehydrated, embedded in paraffin and serially sectioned at 8 μm. Midlevel sections of each 

subject were used for immunohistochemistry for GR. To investigate the distribution of GR in 

astroglia, a series of sections from four additional confirmed control subjects were used for 

immunohistochemical double staining of GR and GFAP. For the analysis of GR and its co-

expression in CRH neurons, additional hypothalamic tissue (6 μm) was used of 2 confirmed 

control cases obtained from the NBB (Table 1). Two freshly frozen cortices and two frozen 

hippocampi were further obtained from the Department Neuropathology of the Academic 

Medical Center (AMC, University of Amsterdam) and used for western blot to confirm 

specificity of the GR antibody (Table 1). Extensive clinicopathological investigation at the 

Department of Neuropathology had confirmed their control status. 

Methodological optimization; influence of PMD on rat GR immuno- histochemistry

 For human brain, possible effects of PMD need to be taken into account, not only 

with respect to total GR expression levels per se that may be subject to protein breakdown, 

but also regarding differences in the intracellular distribution of nuclear receptors between 

Key: NA, unknown or not available; PMD, postmortem delay. a Frozen human tissue.
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cytoplasm and nucleus, as was e.g. found under conditions of glucocorticoid absence or after 

arteficial PMDs (Fodor et al., 2002; Nishi and Kawata, 2007; Visser, et al., 1996). We therefore 

studied in 3 month old Sprague-Dawley rats the effect of different postmortem times on GR 

expression in 6 brains that were kept at room temperature for 0, 3 and 6 hr after death before 

dissection of the brain and immersion fixation in formalin for 7 days. The PMD rat brains were 

then processed at the Netherlands brain bank and embedded in paraffin using the exact same 

embedding protocol as used for the human PMD brain tissue in this study. 

 8 μm thick paraffin sections were cut and a well-characterized rat GR antibody 

(Morimoto et al., 1996) was used to study GR in these PMD rat studies. Mounted rat 

hippocampal sections were deparaffinized, rehydrated and placed in a conventional microwave 

oven (Miele) in citrate buffer (0.01 M, pH 9.0) for 20 min for antigen retrieval. After cooling 

down for 30 min, sections were incubated in 0.3% H2O2 in methanol for 30 min to block 

endogeneous peroxidase activity. After washing in Tris Buffered Saline (TBS, 0.05M Tris 

and 0.15M NaCl, pH 7.6), the rat hippocampal sections were incubated in the primary GR 

antiserum for 1 hour at room temperature (RT), followed by an overnight incubation at 4°C. 

Antiserum was diluted in Supermix (0.05M TBS buffer containing 0.5% Triton X and 0.25% 

gelatin, pH 7.6) at a concentration of 1:2000. After rinsing in TBS, sections were incubated in a 

1:200 dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories) in Supermix for 1 hour 

at RT. After rinsing in TBS, sections were incubated in a 1:800 dilution of streptavidin-biotin-

peroxidase complex (Vectastain ABC Elite kit, Vector laboratories, UK) in Supermix for 1 hour 

at RT. After rinsing in TBS and incubation in DAB-ammonium nickel solution (0.5 mg/ml 

3,3-diaminobenzidine, 0.01% H2O2, 2.33 mg/ml nickel ammonium sulfate in TBS) at RT for 

10 min, the sections were rinsed in TBS, dehydrated and coverslipped with Entallan (Merck).

Human GR antibody validation

 Given the discrepancy between the GR pattern in rat and primate, we choose to use 

the same antibody as had been used before in the study on GR in the rhesus monkey (Sanchez 

et al., 2000), i.e. the affinity purified rabbit polyclonal GR antiserum (E-20, human GR, Santa 

Cruz biotechnologies, USA), that was directed against the N-terminus of the classic human GRα 

protein and has been used and validated in various previous papers (Lu et al., 2006; Vancurova 

et al., 2001). Preadsorption, omission of the first antibody and Western blot on human brain 
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tissue was performed to confirm its specificity. Two pieces of control cortex and two control 

hippocampi from four different patients were homogenized in lysis buffer containing 10 mM 

Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% NP-40, 0.4 mg/ml Na-orthevanadate, 5 mM 

EDTA (pH 8.0), 5 mM NaF and protease inhibitors (cocktail tablets, Roche Diagnostics, 

Mannheim, Germany). Protein content was determined using the bicinchoninic acid method. 

For electrophoresis, equal amount of proteins (50 ug/lane) were separated by sodium 

dodecylsulfate-polyacrylamide gel electrophoretic (SDS-PAGE) analysis (10 % acrylamide). 

Separated proteins were transferred to nitrocellulose paper by electroblotting for 1 h and 30 min 

(BioRad, Transblot SD, Hercules, CA). After blocking for 1 h in TBST (20 mM Tris, 150 mM 

NaCl, 1 % Tween, pH 7.5)/5% non fat dry milk, blots were incubated overnight at 4 °C with 

the GR antibody (1:1000). After several washes in TBST, the membranes were incubated in 

TBST/5% non-fat dry milk, containing HRP-labeled goat anti-rabbit (Dako; 1:2500) for 1 h at 

room temperature. Immunoreactivity was visualized using Lumi–light PLUS western blotting 

substrate (Roche Diagnostics, Mannheim, Germany) and digitized using a Luminescent Image 

Analyzer (LAS-3000, Fuji Film, Japan). Blots were then washed several times in TBST 

and incubated for 30 min at 50 °C in stripping buffer (62.5 mM Tris-HCl pH 6.7, 100 mM 

β-mercaptoethanol and 2% SDS) to remove the AMOG antibody. Again blots were washed in 

TBST, blocked for 1 hour at room temperature in TBST/5% non fat dry milk and incubated 

for 1 hour at room temperature with mouse anti-β-actin (clone AC-15, Sigma; 1:50.000), used 

as reference protein. Immunoreactivity was again visualized using Lumi–light PLUS western 

blotting substrate and digitized using a Luminescent Image Analyzer (LAS-3000, Fuji Film, 

Japan). 

Immunohistochemistry for human GR

 Mounted hippocampal sections were deparaffinized in xylene, rehydrated in graded 

ethanol and placed in a glass jar with citrate buffer (0.01 M, pH 6.0) that was positioned inside a 

kitchen steamer device (Braun FS20). To unmask hidden antigens due to formalin fixation, this 

steamer was filled with distilled water and sections were heated at full power for 1 hour. After 

cooling down for another 30 min, the sections were incubated in 0.3% H2O2 in methanol for 

30 min to block endogenous peroxidase activity. 
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 After washing in TBS, the primary antiserum was added to the sections for 1 hour 

at room temperature (RT), followed by an overnight incubation at 4°C. Antiserum was diluted 

in supermix at a concentration of 1:1000. After retrieving the primary antibody and rinsing 

in TBS, sections were incubated in a 1:200 dilution of biotinylated goat anti rabbit IgG in 

Supermix for 1 hour at RT. Signal was further amplified by a second incubation with the 

retrieved primary antibody and goat anti-rabbit IgG both for 1 hour at RT. After rinsing in TBS, 

sections were incubated in a 1:800 dilution of streptavidin-biotin-peroxidase complex (ABC 

Elite, Vector Laboratories) in Supermix for 1 hour at RT. Following washing in TBS, sections 

were incubated in Tyramide in TBS (1:750 Tyramide in TBS, 0.01% H2O2, a generous gift of 

Dr. I. Huitinga, NBB Amsterdam) for 30 min at RT. After washing in TBS, sections were again 

incubated in 1:800 dilution of streptavidin- peroxidase complex in Supermix for 45 min at RT. 

The sections were then rinsed in TBS and incubated in DAB-nickel solution at RT for 40 min, 

rinsed in TBS, dehydrated, cleared in xylene and coverslipped.

 Additional specificity tests consisted of: 1) omission of the first antibody, and 2) 

preadsorption of the primary antisera with the corresponding GR peptide antigen (sc-1003 P, 

Santa Cruz). Preadsorption of the first antiserum was at 1:100 according to standard procedures. 

Briefly, after coating Nitrocellulose (NC) paper (3MM, Whatman) in 2% gelatin solution at 

40°C in a waterbath for 1 hour, the NC paper was dried overnight. One μl of a peptide dilution 

series made in IEF-medium (10% Glycerol (100%) + 10% Dimethyformamide (100%) + 2.5% 

Nonidet (100%) was spotted on gelatin-coated NC that was left to dry for one hour. Whatman 

3MM paper was then incubated in freshly made buffered 4% paraformaldehyde (ph 7.6) for 

5 min and dried. The paraformaldehyde containing filter paper was used to fix the spotted 

proteins on the NC by placing it in a press block (parafilm + NC + filterpaper containing fixative 

+ parafilm) over night. After washing the NC in H2O, 0.05M Tris/HCl (3.03g Tris + 500ml 

aqua dest, PH 7.6) and supermix, the NC sheet was then incubated in the antibody solution 

for for 4 hours (RT). The antibody solution was recollected and then used as first antibody for 

immunocytochemistry.

Immunofluorescent double staining for GR and CRH.

 As glucocorticoid feedback of the HPA axis is known to occur to a large extent at the 

level of the parvocellular CRH neurons located in the hypothalamic PVN (Kretz et al., 1999), 
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these neurons are expected to at least express significant amounts of GR (Han et al., 2005) and a 

double immunofluorescent staining protocol for CRH and GR was therefore developed. Double 

staining for GR and CRH was performed on sections located approximately in the middle of the 

PVN region of 2 established control subjects of 46 and 49 years of age; patient nrs. 96-411 and 

98-200 (Table 1). The sections were mounted on Super-Frost/Plus (Menzel, Germany) slides 

and air-dried. Following deparaffinization and rehydration in graded ethanols, the hypothalamic 

sections, similar to the hippocampal GR protocol, were placed in citrate buffer (0.01 M, pH 6.0) 

and heated in the steamer for 1 hour. After cooling down for another 30 min, sections were 

co-incubated with antibodies against GR (E-20) and CRH (PFU-83), diluted in Supermix at 

1:250 and 1:5000, respectively, for 1 hour at RT and overnight at 4°C. The CRH (PFU-83) 

antibody is directed against the extreme C-terminal part (amino acids 38-39) of CRF, has been 

characterized extensively before(de Goeij, et al., 1992,van Oers, et al., 1989) and has been used 

before on human hypothalamic sections as well (Erkut et al., 1998; Raadsheer et al., 1993). 

After washing in TBS, sections were incubated with the fluorescent secondary antibody Alexa 

488 anti rat (1:400) and Alexa 594 anti-rabbit (1:400) for 4 hours at RT before rinsing in TBS. 

Sections were coverslipped with glycerin and viewed under a regular fluorescence microscope 

(model E800; Nikon, Tokyo, Japan) and photographed on a confocal laser scanning microscope 

(model LSM510; Carl Zeiss, Oberkochen, Germany). For identifying the parvocellular and 

the magnocellular neurons of the PVN in the hypothalamus, the human hypothalamus has no 

specific subregions where CRH neurons are concentrated, as in rat (Kiss, et al., 1991), but since 

CRH-positive parvocelllular neurons are distributed throughout the human PVN (Raadsheer 

et al., 1993) we used, aside from CRH-immunoreactivity, morphological and size criteria to 

distinguish magnocellular from parvocellular neurons.

Double immunocytochemical staining for human GR and the astrocyte marker GFAP 

 Double staining for GR and glial fibrillary acidic (GFAP) protein was performed 

at light microscopical level in order to investigate the presence and subregional hippocampal 

distribution of the GR in astrocytes. Following immunocytochemical detection of GR using 

DAB with ammonium-nickel amplification, yielding a black precipitate, the sections were 

subsequently incubated with an antibody directed against GFAP (pan-GFAP, Dako) in Supermix 

at concentration of 1:1000 for 1 hour at RT and then overnight at 4°C. After rinsing in TBS, 
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sections were incubated in biotinylated goat anti rabbit IgG (1:200) in Supermix for 1 hour at 

RT, washed in TBS before signal amplification with ABC at a 1:800 dilution in Supermix for 

1 hour at RT. Sections were developed in DAB solution at RT for 10 min, yielding a brown 

precipitate, rinsed in TBS, dehydrated, cleared in xylene and coverslipped.

 For quantification, 3 microscopic fields corresponding to a 40x magnification were 

placed over the subregion of interest and the number of astrocytes counted and the percentage 

of cells co-expressing GR and GFAP determined.

Image analysis and quantification

 Immunocytochemical signal was quantified using image analysis tools described 

before in detail (Ishunina and Swaab, 2003; Ishunina et al., 2005). Measurements were performed 

using an IBAS-KAT image analysis system (Kontron KAT based system). The image analysis 

system was connected to a SONY XC-77CE black and white CCD camera mounted on a Zeiss 

microscope. Sampling and area selection of the hippocampus were performed as follows; in 

each hippocampal section to be analysed, an area including the CA and DG subregion (using 

the 20X objective of the microscope) was loaded into the IBAS and displayed on the image 

analysis monitor. The position of the section under the microscope was stored using the X-Y 

coordinates of the scanning stage. In this image, the contour of the CA1, CA3 or DG was 

outlined manually. In order to determine the amount of DAB-Ni precipitate corresponding 

to GR immunoreactivity, pictures were first collected of the hippocampus taken at 20X. The 

contours of the different hippocampal subregions are then outlined manually, based on the 

atlas of the human hippocampus of Duvernoy. Within each contour, a thresholding procedure 

is used to select only those pixels that contain DAB-Nickel precipitate, corresponding to GR 

immunoreactivity. The treshold of the mask is set by the observer at minimal 3.5x background 

level in such a way that it covers only the immunopositive pixels within the outlined area of 

the contour. Only of the pixels within this mask, the computer then determines optical density 

(OD) and the percentage of surface area covered by GR-ir signal (PSA) for each subregion, 

per patient which was then correlated with age and sex. The thresholding procedure assures 

that background or other surface areas not covered by GR signal are excluded from the 

quantification. This procedure has also been applied for comparable analyses before (Ishunina 

TA et al., 2007). Statistical analysis was conducted with SPSS. The differences between the 
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groups were statistically evaluated using Anova. Spearman correlation was used to analyse the 

correlation of GR-ir with age. Values of p<0.05 were considered significant. 

Results

Methodological optimization; validation of human GR antibody specificity

 Western blot with human anti-GR antiserum (E-20) performed on samples from 

freshly-frozen biopsy human cortical tissue revealed a single band corresponding with the 

expected height of the GR alpha (Fig 1A) (Han et al., 2005; Sinclair et al., 2010). No GR-

ir was observed in any of the human hypothalamic or hippocampal sections after omission 

of the primary antiserum (not shown), while preadsorption of the primary antisera with the 

corresponding peptide antigen used to generate the antibody (sc-1003 P, Santa Cruz), completely 

abolished all GR-ir in the human hippocampus (Fig. 1B) indicating specificity of the E-20 

Ab.  

Influence of PMD on GR levels 

 In paraffin sections of the rat brain tissue that was rapidly immersion fixed after a 

PMD of 0 hrs, prominent immunoreactivity (ir) for GR was found in almost all neuronal nuclei 

of the hippocampus (Fig. 2). Consistent with its known distribution in rodent (Morimoto et al., 

1998; Frotscher et al., 1991), abundant GR-ir was present in the neuronal layers of the CA1 

and DG and in hilar cells, but not in some neurons of the CA3 subregion (arrowhead in Fig. 2), 

that was largely devoid of any GR staining. Although GR-ir was present in small astrocytes, its 

distribution in neurons was largely nuclear throughout the main subregions and no GR-ir was 

e.g. observed in the cytoplasm.  

 This pattern did not change when tissues were fixed after PMDs of 3 and 6 hrs 

respectively (Fig. 2). Nuclear GR-ir after such PMDs remained present at similar densities 

throughout the DG and CA neuronal layers. There were no obvious differences in nuclear 

staining intensity when compared to the PMD 0 hr time point, nor did any cytoplasmic 

staining appear with increasing PMDs ( 3 and 6 h) in either of the subregions e.g., indicating 

a pronounced stability of GR protein with increasing PMDs, that was relevant for the present 

human cohort.
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 In the human hypothalamic sections, nuclear GR expression was seen throughout 

the main hypothalamic nuclei, such as the periventricular nucleus of the ventral zone, the 

diagonal band of Broca, the nucleus basalis of Meynert and parts of the bed nucleus of the stria 

terminalis. Abundant GR expression was observed in neurons of the supraoptic (SON) and 

PVN (Fig 3). In the SON, GR-ir was generally found in neuronal nuclei. In the PVN, GR-ir 

was particularly detected in small neurons that co-expressed corticotropin releasing hormone 

(CRH) immunoreactivity (ir)(Fig 4). Taken together with the data from the western blot and the 

 GR immunohistochemistry in human hypothalamus 

 To further confirm antibody specificity, we assessed whether parvocellular CRH 

neurons in the human hypothalamic PVN co-express GR. Double immunofluorescent staining 

for GR and CRH was performed on hypothalamic sections containing the PVN region of 

established cases.

Fig. 1. (A) Western blot of freshly-frozen human cortical tissue. (B) Results of the preadsorption test. Ab-
breviation: DG, dentate gyrus; GR, glucocorticoid receptor.
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Fig. 2. (A–C) Photomicrograph of glucocorticoid receptor (GR) staining in the postmortem rat hippocam-
pus. No changes are seen with increasing postmortem delays (PMDs) at 3 (B) or 6 (C) hours. (D) Over-
view of the human hippocampus of a patient with a PMD of 8 hours. Abundant GR-immunoreactivity 
(ir) is present throughout the CA and dentate gyrus (DG) subregions. (E) Detail of the DG. (F) Detail 
of the CA1. Arrow indicates the nuclear GR-ir pattern present in almost all CA and DG neurons. (G) 
Detail of the CA3 subregion where nuclear neuronal signal (arrow) is present but where also nonstained 
neuronal nuclei (arrowhead) are seen. (H–J) Double staining for GR (black) in neuronal nuclei and gli-
al fibrillary acidic protein (GFAP)-ir astrocytes (brown) in the hilar area (H), in the CA1 subregion (I) 
and in the associated cortex (J). Arrow indicates a GR positive nucleus in a GFAP-positive astrocyte. 
Arrowhead indicates a astrocyte without any GR-ir in its nucleus. Bar indicates 30 um. (K) Detail of 
a CA3 neuron showing nuclear GR-ir adjacent to a nonstained neuron (arrow). Bar indicates 20 um.
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pre-adsorption test, this confirmed specificity of the E-20 antibody.

GR immunohistochemistry in human hippocampus

 In the human hippocampus, GR-ir was observed as a prominent pattern of expression 

throughout the pyramidal and granule layers (Fig 2). Strong nuclear staining was present in 

DG and CA neurons, and in the CA3 subregion, although the latter region displayed a more 

sparse distribution and occasionally neurons without GR-ir nuclei were present here as well, 

similar to the distribution in rodent brain. In the DG, intense nuclear GR-ir was present in 

almost all granule cells that were densely packed together, whereas the CA1 neurons were more 

dispersed. This pattern was confirmed by quantification of the optical density and surface area 

covered by GR-ir. Thus, when comparing the different hippocampal subregions for GR-irby 

using ANOVA, a significant difference was found in OD of the GR signal between CA3 and 

DG (P<0.01) and between CA1 and DG (P<0.01), but not between CA1 and CA3 (P= 0.253). 

For PSA of GR-ir, significant differences were found between CA1 and CA3 (P< 0.01); CA1 

and DG (P< 0.01) and between CA3 and DG (P< 0.01) corresponding to different package 

densities. Since the present quantification was performed at the midlevel, we specifically 

compared different additional anatomical levels (4 patients at a more rostral and 4 at a more 

caudal level) but did not find major differences from the values reported when sampled at the 

hippocampal midlevel (see supplementary figure 1 and supplementary table 1).

 Colocalization with the astrocyte marker GFAP confirmed that GR was not only 

confined to the neuronal population, but also expressed in a subset of astroglia (Fig 2). 

Quantification of the percentage of double staining in CA1, CA3, hilus and cortex of human 

brain sections revealed that around 50% of the astrocytes in these regions express GR, a 

percentage that is lower in the DG where approximately 20% of the GFAP positive astrocytes 

co-express GR.

Correlations of GR expression with age and or sex

 Testing our cohort for correlations between GR exression with PMD or age revealed 

that the groups of males and females did not differ significantly in these parameters (age; p=0.77, 

PMD: p=0.35). In addition, correlating 1) OD and 2) percentage of surface area covered by 

GR-ir signal (PSA)  with the PMDs of all subjects, revealed no significant correlation for these 
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parameters in either of the subregions ( OD: CA1, P= 0.413; CA3: P= 0.251; DG: P= 0.330. 

PSA: CA1, P= 0.130; CA3: P= 0.584; DG, P= 0.104), confirming our rat data also in human 

brain, i.e. that PMD does not affect GR-ir.

 No significant correlation was found for between age and GR-ir in all subjects in 

either subregion; (OD: CA1, P= 0.348; CA3, P= 0.962; DG, P= 0.171. PSA: CA1, P= 0.069; 

Fig. 3. (A) Low power photomicrograph of glucocorticoid receptor (GR) immunoreactivity (ir) in the 
human hypothalamus taken at the level of the PVN. (B) Low power taken at the level of the supraoptic nu-
cleus SON. (C) Enlargement of the SON. Several neurons of apparently similar sizes are seen with nuclear 
GR immunostaining (arrowhead) and without (arrow). (D) Enlargement of the PVN; large, magnocellular 
neurons without nuclear GR signal are observed (arrows) and smaller, parvocellular neurons with GR-ir in 
the nucleus (arrowheads). Bar indicates 25 um. (E) Further enlargement of the human P VN showing ex-
amples of nuclear signal in parvocellular cells (arrowheads) and the absence of GR signal in a neighboring 
magnocellular neuron (arrow, lower left corner). Bar indicates 20 um. Abbreviations: III, third ventricle; 
PVN, paraventricular nucleus; SON, supraoptic nucleus.
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CA3, P= 0.081; DG, P= 0.086, see (Fig 5). Also, no significant change correlation was found 

when comparing examining the male group alone only; OD: CA1, P= 0.828; CA3, P= 0.794; 

DG, P= 0.777. PSA: CA1, P= 0.662; CA3, P= 0.163; DG, P= 0.427). In the female group 

however, PSA of GR-ir was found to correlate decline significantly with age in the DG but not 

in one of the other subregions, OD was not affected in the DG nor in the CA subregions; (OD: 

CA1, P= 0.171; CA3, P= 0.970; DG, P= 0.076; PSA: CA1, P= 0.055; CA3, P= 0.366; DG, P= 

0.029. 

Discussion

 We demonstrate that GR protein is abundantly expressed throughout the main 

neuronal subregions of the DG and CA of the human hippocampus, as well as in approximately 

50% of the astrocytes. This distribution pattern is comparable to the rodent hippocampus and 

differs from that of the rhesus monkey, where very low levels of GR were reported before 

(Sanchez et al., 2000). PMD was shown not to affect these data, neither in a correlative study in 

the human hippocampus, nor in an experimental study in the rat.

 We further validated our antibody on Western blot, and the slightly lower molecular 

Fig. 4. Double immunofluorescent labeling for glucocorticoid receptor (GR) and corticotropin-releasing 
hormone (CRH). (A) Low power of the human PVN. Arrows indicate examples of parvocellular 
neurons showing clear double-immunofluorescence for CRH (green) and GR (red). (B) High power 
of 2 double-stained cells for CRH (green) and GR (red) (arrow). Bar represents 20 um. (C) Three 
cells showing double immunofluorescence for CRH and GR (arrow), 1 of which only shows GR-
immunoreactivity (ir) (arrowhead). (D) Examples of 2 double-stained parvocellular neurons (arrow) 
next to a magnocellular neuron (asterisk) that is only GR-ir (arrowhead) and fails to show CRH 
coexpression. White arrows on top of the photomicrograph indicate the obvious differences in size 
between the magnocellular and parvocellular neurons (left side). Abbreviation: III, third ventricle.
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weight found with the GR alpha antibody E-20 is consistent with a previous molecular study 

confirming that, in addition to the archetypal full-length 94 kDa receptor, multiple true GRalpha 

variants exist in vivo. Irrespective of possible posttranslational modification, the predominant 

isoform in human brain tissue was the 67 kDa isoform, regardless of the anti-GRalpha antibody 

used (Sinclair et al., 2010). Also, this variant follows the same developmental pattern as the 

full length GRalpha-A form (Sinclair et al., 2010). Secondly, preabsorption tests resulted 

in the expected absence of staining. Finally, high GR expression was expected and indeed 

selectively observed in the CRH-producing, parvocellular, but not magnocellular neurons in the 

hypothalamic PVN. This strongly supports that the antibody indeed identifies GR in the human 

hippocampus. 

Fig 5. Quantification of hippocampal glucocorticoid receptor (GR)-immunoreactivity (ir) expressed as: 
total surface areas covered by the GR-ir (PSA, left series) and: averaged optical density (OD, right series) 
and the correlations of both these GR-ir parameters with age, plotted for CA1, CA3, and dentate gyrus (DG).
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 Our new protein distribution data are consistent with previous papers demonstrating 

prominent expression of mRNA for the GR in the human hippocampus (Alt et al., 2010; DeRijk 

et al., 2003; Klok et al., 2010; Lopez et al., 1998; McGowan et al., 2009; Turner and Muller, 

2005; Watzka et al., 2000; Webster et al., 2002). Also with in situ hybridization, abundant GR 

mRNA was found in the human DG and CA subfields (Lopez et al., 1998; Noorlander et al., 

2006; Seckl et al., 1991; Seckl et al., 1993; Wetzel et al., 1995).

 Clear differences have been reported in various structural, metabolic or functional 

parameters over the septo-temporal or horizontal axis of the hippocampus, e.g. using high-

resolution PET/MRI (Cho et al, 2011), MRspectroscopy (King et al., 2008), NMDA/AMPA 

receptor distribution (Pandis et al., 2006) or electrophysiological readouts (Maggio et al., 

2009), while in terms of disease vulnerability or synaptic connectivity, the hippocampus alo 

shows anatomical differences (Ta et al., 2011; Thom et al., 2012; Harrison & Eastwood, 2001). 

In view of these gradients along the septo-temporal axis, we also studied GR levels at more 

rostral and more caudal levels in an additional set of patients, but did not find major differences 

compared to our measurements performed at the midlevel. This indicates that apparently, GR 

immunoreactivity is distributed in a homogenous way along the entire septo-temporal axis of 

the human hippocampus.

 Another possible confound could be atrophy of the hippocampus that may occur with 

age. However, in a previous study, such changes were reported to occur mostly in the head and 

tail of the hippocampus (Pruessner et al., 2001) and as midlevels were studied here, atrophy of 

the hippocampus may thus not pose a major problem for our present results. 

 Given the present abundant distribution pattern, a largely absent expression of 

GR protein, as was found in rhesus monkey (Sanchez et al., 2000), would have been very 

surprising. Moreover, a variety of experimental studies in humans have shown potent effects 

on hippocampus- and GR-dependent cognitive functions, confirming the high sensitivity of the 

hippocampus to stress and GCs (Cornelisse et al., 2010; Henckens et al., 2009; Khalili-Mahani 

et al., 2010; Kumsta et al., 2010; Lovallo et al., 2010; Lupien et al., 2007; Zobel et al., 2008). 

 Although the human hippocampus is clearly responsive to GCs in functional terms, 

these effects are not necessarily mediated through GR alpha alone. Various splice variants of 

GR not studied here, may contribute as well (Alt et al., 2010; Kumsta et al., 2010; Sinclair 

et al., 2011; Webster et al., 2002). The rodent hippocampus is further enriched not only with 
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glucocorticoid receptors (GR) but also with high-affinity mineralocorticoid receptors (MR) that 

are occupied already at low levels of the stress hormone. Recent studies have implicated MR 

in rapid, nongenomic effects on rat hippocampal neurons (de Kloet et al., 2008; Joels and 

Baram, 2009; Joels et al., 2009), in structural plasticity (Gass et al., 2000), but also in aspects 

of human HPA axis regulation and depression (DeRijk et al., 2011; Klok et al., 2010; Wang 

et al., 2008; Wickert et al., 2000; Xing et al., 2004). So far, MR protein has been identified in 

human brain (Qi et al., 2012; Xing et al., 2004), and also high MR mRNA levels have been 

described in the hippocampal DG and CA2–CA3 of marmoset (Johnson et al., 1996), squirrel 

(Patel et al., 2000), rhesus monkey (Meyer et al., 1998; Meyer et al., 2001; Sanchez et al., 

2000) and in humans (Seckl et al., 1991; Wetzel et al., 1995). For both MR and GR, the cDNA 

sequence is conserved among New World monkeys and homology with human MR and GR is 

high (Brandon et al., 1991; Patel et al., 2000). Although beyond the scope of the present study, 

the ratio between GR and MR may be important for age-related hippocampal changes and/or 

vulnerability for disease, and will be important to consider in future studies (de Kloet et al., 

2005). 

 In previous papers, changes in HPA parameters or stress responsivity have been 

associated with altered GR protein expression in the hippocampus, e.g. during age (Herman 

and Spencer, 1998; Mizoguchi et al., 2009; Patel et al., 2008). For instance, Lewis rats, which 

exhibits HPA hypo-activity, express high levels of GR expression are present, whereas in the 

Fisher rat, the opposite is found. Also, downregulation of the GR by stress has been observed in 

monkeys (Meyer et al., 2001; Pryce et al., 2008). In human aging, increases in cortisol levels and 

other HPA parameters have been reported (Bao and Swaab, 2007; Conrad and Bimonte-Nelson, 

2010; Lupien et al., 1998; Raadsheer et al., 1994; Raadsheer et al., 1993; Raadsheer et al., 

1995; Swaab, et al., 2005). Yet, the present data suggest that at least in the human hippocampus, 

GR levels are generally not altered with age, except for the age-associated decline in the DG 

of females. A general stability of hippocampal GR expression during age was also reported 

earlier at the mRNA level although increases were found in the prefrontal cortex (Perlman 

et al., 2007). In addition, differential patterns have been observed over the life span for the 

different GR alpha variants (Sinclair et al., 2011). Additional postmortem studies on GR mRNA 

expression in patients diagnosed with schizophrenia or major depressive disorder, all of which 

were accompanied by hypercortisolemia, also failed to show a reduction in hippocampal GR 
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mRNA level.

 Regarding the present reduction in GR protein expression in the female DG with 

age, clear sex differences in cortisol level and CRH expression have been reported before (Bao 

and Swaab, 2007; Erkut et al., 2004; Heuser et al., 1994). Androgens selectively modulate GR, 

but not MR (Kerr et al., 1996) while older women display stronger increases in salivary free 

cortisol than older men (Bao et al., 2008; Seeman et al., 2001). In postmortem brain, increased 

levels of GR mRNA were reported in the cortex of females compared to males, but no sex 

differences were reported in the hippocampus. This was however measured in hippocampal 

homogenates and hippocampal subregions were not distinguished (Watzka et al., 2000). 

Clearly, sex differences need to be taken into account when investigating levels of hormones 

and their receptors, even with rare human material.

 In addition to the current GR expression in neuronal nuclei, GR was expressed in 

approximately 50% of the astroglial cells in the human CA, hilus and cortex, with lower levels 

in the DG. In previous studies in rats, glia cells were shown to express both GR and MR, and to 

be capable of responding to steroid exposure (Bohn et al., 1991; Cintra et al., 1994). We show 

that also in humans, GR is expressed in a considerable proportion of astroglia which can hence 

form a relevant substrate for mediating glucocorticoid responsivity. Functionally, GCs might 

impair the ability of astrocytes to aid neurons, e.g. by impairing their ability to buffer glutamate 

from the synapse(Virgin et al., 1991). Glial deficits have been reported in the PFC after stress, 

while stress also affected astrocyte number in tree shrews (Czeh et al., 2006; Stockmeier et al., 

2004). Possibly, such glia changes could contribute to hippocampal volume reductions as well 

(Czeh and Lucassen, 2007).

 The low GR expression in the hippocampus of rhesus monkeys (Sanchez et al., 2000) 

was in contrast to the strong GR expression in the hippocampus of rodents(Fuxe et al., 1985; 

Morimoto et al., 1996; Sarabdjitsingh et al., 2009; Van Eekelen et al., 1988) and other mammals 

(Pryce et al., 2008), like guinea pig, pigs (Weaver et al., 2000), marmoset (Pryce et al., 2005) 

and squirrel monkey (Patel et al., 2000) and tree shrews (Meyer et al., 1998; Meyer et al., 2001). 

As much research on stress or glucocorticoid actions on the brain is performed in rodents, the 

low GR expression levels in this particular primate (Sanchez et al., 2000) suggested at the time 

that if similar low densities of GR were present also in the human hippocampus, this might have 

considerable relevance for the extrapolation of findings on GCs in rodents to similar actions and 
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stress-related pathologies in humans.

 Although beyond the scope of the present paper, it remains unclear why the 

hippocampus of the rhesus monkey would contain low GR levels as several studies in other 

non-rodent or primate species have shown prominent expression of GR in the hippocampus 

(Johnson et al., 1996; Meyer et al., 1998; Patel et al., 2008; Patel et al., 2000; Pryce et al., 2005), 

suggesting that the rhesus monkey is indeed an exception in this respect. One explanation could 

be that this pattern is unique and that in this particular primate, neocortical and hypothalamic 

areas, that did express high GR levels (Sanchez et al., 2000) , may be more important 

glucocorticoid targets than the hippocampus. Another possibility is that similar to other monkey 

studies, previous (early life) stress influenced GR levels in this particular study (Arabadzisz et 

al., 2010; Meyer et al., 2001; Patel et al., 2008). In humans, adverse early life events such as 

childhood abuse have been shown to affect human GR expression and HPA function and to 

form important risk factors for HPA regulation, structural alterations and depression during 

adult life(McGowan et al., 2009; Oberlander et al., 2008).

 In summary, high level of GR alpha protein are present in human hippocampal neurons 

and glia throughout the DG and CA subfields. This indicates that the human hippocampus can 

be sensitive to GC exposure, consistent with a variety of effects of GC or stress exposure on 

human hippocampal cognitive functions.
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Abstract

 Hyperactivity of the Hypthalamus-Pituitary-Adrenal (HPA)-axis is common in major 

depression and evident from e.g. a frequently exaggerated response to combined application 

of dexamethasone and CRH in this disorder. HPA-axis activity and hence the secretion of 

glucocorticoids (GC), the endpoint of the HPA-axis, depend to some extent on GC binding to 

glucocorticoid receptors (GR) that are abundantly expressed in the hippocampus.  

 To assess whether differences in hippocampal GR expression occur in association 

with depression, we investigated GR alpha protein immunoreactivity (ir) in postmortem 

hippocampal tissue of a cohort of well-characterized depressed patients and control subjects 

that were pair-wise matched for age, sex, CSF-pH and postmortem delay. 

 Abundant nuclear GR-ir was observed in neurons of the hippocampal Ammon’s horn 

(CA) and dentate gyrus (DG) subregions. GR-ir in the DG correlated positively with age in the 

depressed but not the control group. Although no significant differences were found in GR-ir 

between the entire depressed and control groups, a significant increase in GR-ir was present in 

depressed compared to control females, but not in depressed males. Whether this sex difference 

in hippocampal GR-ir in depression relates to the increased incidence of depression in females 

awaits further study. 

  

Key words: Glucocorticoid receptor; depression; human brain; hippocampus; 

immunohistochemistry; sex difference
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Introduction

 Glucocorticoid hormones (GCs) are important mediators of the stress response in 

mammals including humans. Exposure to stress activates corticotropin-releasing hormone 

(CRH) neurons in the paraventricular nucleus (PVN) of the hypothalamus, which stimulates 

ACTH secretion from the pituitary and eventually induces GC release from the adrenal gland. 

GCs are highly lipophylic transcription factors that exert numerous, often long lasting, effects 

on the brain and body, e.g. on metabolism, inflammation and cognition(de Kloet et al., 2005; 

Holsboer et al., 1994)

 The activity of the hypothalamic-pituitary-adrenal (HPA) axis is regulated through 

GC mediated feedback inhibition via glucocorticoid (GR) and tonic inhibition through 

mineralocorticoid receptors (MR), that are present in distinct brain regions. Both MR and 

GR belong to the nuclear hormone receptor superfamily of ligand-activated transcription 

factors (Oakley and Cidlowski, 2010). After ligand binding, the hormone-receptor complex 

translocates from the cytoplasm to the nucleus where it influences gene transcription. In 

humans, there is a considerably diversity of GR transcripts and isoforms (Sinclair et al., 2010)  

but the predominant GR isoform is GRalpha (Oakley and Cidlowski, 2010).

 In both rodents and humans, GR is abundantly expressed in the hippocampal formation 

(Morimoto et al., 1996; Wang et al., 2011). The hippocampus participates not only in spatial 

navigation, cognition and mood (de Kloet et al., 2005), but, based on various pharmacological 

studies, has also been implicated in the modulation of hypothalamo-pituitary-adrenal (HPA) 

axis activity, by GCs acting on hippocampal GRs; GR activation has been proposed to cause 

inhibition of the HPA-axis by some (Furay et al., 2008; Jacobson and Sapolsky, 1991; Juruena et 

al., 2006; Mizoguchi et al., 2003; Sapolsky et al., 1984), but others actually provided evidence 

for an activating role of hippocampal GRs with regard to the HPA-axis (van Haarst et al., 1997). 

Consequently, aberrant GR expression or function has been suggested to be involved in HPA 

control and implicated in stress resistance, anxiety and depression(Alt et al., 2010; de Kloet et 

al., 2005; Lopez-Duran et al., 2009; Pariante et al., 2001; Ridder et al., 2005; Wei et al., 2007).

 Hyperactivity of the HPA axis commonly occurs in depressed patients. This is based 

a.o. on the fact that a substantial proportion of depressed individuals show an exaggerated 

response to combined dexamethasone / CRH administration (Dunlop et al., 2011; Holsboer 
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and Ising, 2010; Refojo and Holsboer, 2009), but also on human postmortem studies showing 

enhanced CRH expression in the hypothalamus(Bao et al., 2008; Raadsheer et al., 1995; Swaab 

et al., 2005). Given the generally accepted involvement of the hippocampus in the regulation 

of HPA-axis activity, there is surprisingly little known about GR protein in the human brain in 

general, and in the brain of depressed patients in particular. We recently demonstrated abundant 

GR protein expression in the hippocampus of healthy control subjects (Wang et al., 2011). Here, 

we investigated whether GR protein expression is altered in the hippocampus of confirmed 

depressed (n= 9) and control (n=9) subjects, that were carefully pair-wise matched for age, sex, 

CSF-pH and postmortem delay (PMD).

 

Material and Methods

Human brain tissue 

 Post-mortem human brain tissue was obtained from the Netherlands Brain Bank 

(NBB). Written permission was obtained from all patients or their next of kin for all brain 

autopsies and for the use of the tissues and clinical data for research purposes. The depressed 

patients (n= 9) were carefully pair-wise matched for sex age, PMD and CSF-pH with 9 control 

subjects as much as possible (female, n=10; male, n=8). All depressed patients had suffered 

from recurrent episodes of major depression, had often been admitted to psychiatric wards 

and were all confirmed to have been major depressed. This clinical diagnosis of all depressed 

patients had been established by psychiatrist on the basis of DSM-IV criteria (see Table 1 for 

clinico-pathological data). 

 Of every patient, the hippocampus proper was dissected at autopsy, fixed in formalin 

for 1-2 months, dehydrated, embedded in paraffin and serially sectioned at 8 µm. For all cases, 

hippocampal midlevel sections were selected that included the DG and CA 1-3 subregions. The 

absence of neuropathological changes in both the depressed patients and control subjects was 

confirmed by systematic neuropathological examination of the tissue as described before in 

previous studies on comparable patients (Lucassen et al., 2001; Lucassen et al., 2010; Muller et 

al., 2001; van de Nes et al., 1998).
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Immunohistochemistry for human GR

 Immunocytochemical protocols for human GR have been optimized and validated 

before in our previous paper, in which we also demonstrated that GR-ir is not affected by PMDs 

up until 19 h (Wang et al., 2011). We used antiserum (E-20, Santa Cruz biotechnologies, USA) 

directed against the N-terminus of the classic human GRα protein. Specificity of this antibody 

was confirmed before by 1) a complete absence of immunoreactivity after preadsorption of the 

antibody with the corresponding antigen, or after omission of the first antibody, 2) the presence 

of a single band on Western blot from human brain, and 3) selective co-expression of GR-ir in 

CRH-containing parvocellular neurons in the human PVN (see Wang et al., 2011 for details).   

 For immunocytochemistry, mounted hippocampal sections were deparaffinized in 

xylene, rehydrated in graded ethanol and placed in a glass jar with citrate buffer (0.01 M, pH 

6.0) that was positioned in a kitchen steamer device (Braun FS20) to unmask hidden antigens 

due to prolonged formalin fixation. The steamer was filled with distilled water and sections were 

heated at full power for 1 hour. After cooling down for another 30 min, sections were incubated 

in 0.3% H2O2 in methanol for 30 min to block endogenous peroxidase activity. After washing 

in TBS, sections were incubated with primary antiserum added for 1 hour at room temperature 

(RT), followed by an overnight incubation at 4 °C. Antiserum was diluted in supermix (0.05M 

TBS buffer containing 0.5% Triton X and 0.25% gelatin, pH 7.6) at a concentration of 1:1000. 

After retrieving the primary antibody and rinsing in TBS, sections were incubated in a 1:200 

Table 1. Clinico-pathological information of the 9 depressed (D) patients, that were pair-wise matched 
with 9 controls (C). Abbreviations: NBB; Netherlands Brain bank number, ND: not known/not determined; 
PMD: postmortem delay; pH; pH of the cerebrospinal fluid; Duration; disease duration of established 
major depression, SSRI: selective serotonin reuptake inhibitor; TCA: tricyclic antidepressant; ATAD: 
atypical and/or other types of antidepressant medication.
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dilution of biotinylated goat anti rabbit IgG in Supermix for 1 hour at RT. Signal was further 

amplified by a second incubation with the primary antibody and goat anti-rabbit IgG both for 

1 hour at RT. After rinsing in TBS, sections were incubated in a 1:800 dilution of streptavidin-

biotin-peroxidase complex (ABC Elite, Vector Laboratories) in Supermix for 1 hour at RT. 

Following washing in TBS, sections were incubated in Tyramide in TBS (1:750 Tyramide in 

TBS, 0.01% H2O2, a gift of Dr. I. Huitinga, NBB Amsterdam) for 30 min at RT. After washing 

in TBS, sections were again incubated in 1:800 dilution of streptavidin-biotin-peroxidase 

complex in Supermix for 45 min at RT. The sections were then rinsed in TBS and incubated 

in a DAB-nickel solution at RT for 40 min, rinsed in TBS, dehydrated, cleared in xylene and 

coverslipped.

Image analysis and quantification

 Immunocytochemical signal was quantified in a standardized way using specialized 

image analysis tools as described before in detail (Ishunina and Swaab, 2003; Ishunina et al., 

2005; Ishunina et al., 2007) using an IBAS-KAT image analysis system (Kontron KAT based 

system). The image analysis system was connected to a SONY XC-77CE black and white CCD 

camera mounted on a Zeiss microscope. Sampling and area selection of the hippocampus were 

performed as follows; in each hippocampal section to be analyzed, an area including the CA 

and DG subregion (using the 20X objective of the microscope) was loaded into the IBAS and 

displayed on the image analysis monitor. The position of the section under the microscope was 

stored using the X-Y coordinates of the scanning stage. In this image, a rough contour of the CA1, 

CA3 or DG was outlined manually. In order to determine the amount of DAB-Ni precipitate 

corresponding to GR-immunoreactivity within each field, a standard tresholding procedure 

was started that allowed a mask on the screen that could be set to selectively and completely 

overlap with the immunoreactive nuclear signal. Only within the area that was covered by the 

mask, optical density (OD) was then determined. This was done for each subregion and per 

patient and then correlated with age and sex. Statistical analysis was conducted with SPSS. The 

differences between the groups or sex were statistically evaluated using a Mann-Whitney non-

parametric test. Spearman’s correlation was used to analyze the correlation of GR-ir with age. 

Values of p<0.05 were considered significant.
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GR-immunohistochemistry in the hippocampus of human depressed patients

 No significant differences were present in the age, pH or PMD of the depressive 

patients compared to the control subjects (n=9) for each group; age, p= 0.757; PMD, p= 

0.658; pH, p= 0.507). As before, prominent nuclear GR immunoreactivity was observed in the 

pyramidal and granule neurons of the CA1-3 and DG subregions (Fig 1). In the hippocampus 

of depressed patients, the distribution and intensity of GR-ir generally was found to be similar 

to that of control subjects and no obvious reductions in specific subregions e.g., were apparent. 

Also, no correlation was found between GR-ir and PMD when the control and depressed groups 

were pooled (CA1, P= 0.700; CA3, P= 1.000; DG, P= 0.831), further confirming that PMD 

does not influence GR-ir in this study.

 We next tested whether a correlation existed between GR-ir and age and found that in 

the depressed group, the OD of the GR-ir increased significantly with age, but only in the DG, 

not in other subregions (Figure 2B; CA1, P=0.354; CA3, P=0.177; DG, P=0.038, R2= 0.483 

Spearman’s correlation) or in the control group (Figure 2A; CA1, P=1.000; CA3, P= 0.798; 

DG, P= 0.205). Upon selecting the depressed patients based on the type of antidepressant 

medication received the last month before death, no differences were found in GR levels 

between depressed patients on SSRIs, TCAs or that were non-medicated. When all subregions 

were taken together and averaged per group, no significant differences were found between the 

depressed and control groups (CA1, P=0.453; CA3, P=0.627; DG, P=0.453, Mann-Whitney).

Table 2. Overview of the individual OD data per subregion per patient.



74

Chapter 3

 Further analysis revealed that no sex differences were present in the control group 

(CA1, P= 0.086; CA3= 0.624; DG= 0.624). Within the group of depressed patients, however, 

females had significantly higher GR-ir in the CA1 subregion than the males (CA1, P=0.014; 

CA3, P=0.086; DG, P=0.086)(Mann-Whitney). When all subregions were combined, a 

significantly higher hippocampal GR-ir was found in the females that suffered from depression 

Fig 1. Photomicrograph of representative examples of GR immunostaining in the postmortem human hip-
pocampus of depressed patients. Prominent nuclear GR-ir signal is present in neurons of the DG (upper 
panels A and B) and CA1 subregion (lower panels C and D). In the depressed females (right panels), 
stronger GR-ir is present, as compared to depressed males (left panels), both for the DG (B vs A) and the 
CA (D vs C) subregions. Arrows in D indicate darkly stained, GR-positive neuronal nuclei. Arrowheads in 
C point to examples of neuronal nuclei with lower levels of GR-ir compared to the ones indicated by arrows 
in D. Magnification of upper panels: 20×, of lower panels: 40×.

Fig 2. Correlations of hippocampal GR-ir with age in the depressed and control groups. A: In the depressed 
group, a significant correlation of GR-ir with age was present only in the DG subregion (p = 0.038, R2 = 
0.483). B: No significant correlation could be found in the other subregions or (B) in the control group.
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than in the depressed males; this sex difference was not found in controls (Figure 3; depression 

p= 0.027; control p=0.624; Mann-Whitney). No significant differences in GR-ir were found 

between the depressed and control groups per se in CA1, CA3 and DG subregions (Figure 3).

Discussion

 We studied hippocampal GR protein expression in a group of established depressed 

patients and well-matched controls. In contrast to rhesus monkey, where a relative absence of 

GR was found (Sanchez et al., 2000), prominent nuclear GR-ir was present in neurons of all 

main hippocampal subfields of the human hippocampus. In depression, GR-ir was increased 

significantly with age in the DG in both sexes, while depressed females expressed significantly 

higher GR-ir than depressed men, a difference not seen in the control group. No significant 

differences were found in GR-ir between the depressed and control subjects.

 From animal studies, GR is known to be well regulated and to respond to various types 

of stress or stress hormone exposure. Down regulation of GR mRNA expression, e.g., has been 

commonly observed in the hippocampus of rodents exposed to stress or to hypercortisolemia 

Fig 3. Quantification of GR-ir expression in the human hippocampus. A: In the depressed group, females had sig-
nificantly higher GR-ir in the CA1 subregion than males (CA1, p = 0.014). B: No sex differences were present in 
control group. C: When the CA1, CA3 and DG subregions were combined, depressed females had significantly 
higher GR-ir than depressed males (p = 0.027). D: No significant difference in GR-ir was found between the 
depressed and control groups in CA1, CA3 and DG subregions. Abbreviation; GR-ir; GR-immunoreactivity.
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(Froger et al., 2004; Furay et al., 2008; Herman et al., 1995; Herman and Spencer, 1998; 

Hugin-Flores et al., 2004; Mizoguchi et al., 2003), or e.g. in tree shrews subjected to chronic 

psychosocial stress (Meyer et al., 2001). Also in another primate, GR mRNA was expressed 

in the hippocampus (Patel et al., 2000) and found to be downregulated after stress (Patel et al., 

2008). Since chronic stress is considered a risk factor for the precipitation of major depression 

in vulnerable subjects(de Kloet et al., 2005; Holsboer and Ising, 2010), we expected to see a 

similar reduction in hippocampal GR protein level in depressed individuals. This expectation, 

however, was not confirmed by our present observations.

 Although peripheral changes in HPA axis parameters like dexamethasone non-

suppression or elevated cortisol levels are commonly reported in depression, very few 

studies have so far examined GR, or related HPA features, in human brain. Postmortem 

immunohistochemical observation of the human paraventricular nucleus (PVN) of depressed 

patients demonstratred that CRH neuron numbers and CRH mRNA levels are increased, 

consistent with a hyperactivity of the HPA axis in this condition (Bao and Swaab, 2007; 

Raadsheer et al., 1994; Raadsheer et al., 1995; Swaab et al., 2005; Wang et al., 2008). In the 

human hippocampus, mRNA for GR is expressed in considerable amounts (Seckl et al., 1991; 

Tohgi et al., 1995; Watzka et al., 2000; Wetzel et al., 1995) and found to be stable with age 

(Perlman et al., 2007; Sinclair et al., 2010), similar to the expression of GR protein in this 

structure (Wang et al., 2011). In depressed patients, no changes in GR mRNA were reported(Alt 

et al., 2010; Klok et al., 2011; Lopez et al., 1998)  and also in suicide victims who suffered from 

schizophrenia, bipolar disorder or major depression, GR mRNA was not changed in depression 

(Webster et al., 2002). Our present results are thus in line with previous studies on mRNA for 

the GR that show stable expression of hippocampal GR alpha in depression, but we now extend 

to, and confirm these observations also at the protein level. 

 The discrepancy in GR changes or responsivity between the rodent and human 

studies may be due to differences in male/female ratios between the studies, to plain species 

differences (Pryce, 2008) or to possible differences in (translation efficiency of) mRNA and 

protein levels. Alternatively, other brain regions in which GR is expressed like the pituitary, 

hypothalamus, prefrontal cortex or amygdala, may be important GC targets, and could be 

changed in depression as well (Alt et al., 2010; Klok et al., 2011; Mizoguchi et al., 2003; Patel 

et al., 2000; Patel et al., 2008; Sinclair et al., 2010). 
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 We found a significantly higher GR-ir in females versus males, selectively in 

the depressed individuals, while no such sex difference was present in the control group. 

Sex differences, e.g. in cortisol level, CRH expression and GR expression are well known 

in the field (Bao and Swaab, 2007; Erkut et al., 2004; Heuser et al., 1994; Holsboer et al., 

1984; Seeman et al., 2001; Swaab et al., 2005)). Indeed, androgens are known to selectively 

modulate GR, but not MR (Kerr et al., 1996) and also Bao et al. have shown that only males 

have significantly larger numbers of CRH neurons in the hypothalamus, while the number in 

females remains stable with age (Bao and Swaab, 2007; Bao et al., 2008). Older women further 

display stronger increases in salivary free cortisol than older men in response to a standardized 

cognitive challenge (Heuser et al., 1994; Seeman et al., 2001). Heuser et al., (1994) have 

reported that when compared to males, female volunteers had an increased hormone secretion 

after additional CRH administration to dexamethasone (DEX). Our finding of sex-dependent 

differences in hippocampal GR expression is therefore not unprecedented. At this time we can 

only speculate about the functional relevance of these findings. If hippocampal GRs indeed 

exert an activating role on HPA axis (Sapolsky and McEwen, 1985; van Haarst et al., 1997), the 

relatively high expression in female depressives may bear relevance to their higher susceptibility 

to depression(Bland, 1997; Kessler et al., 1993; Naninck et al., 2011; Ustun, 2000). 

 The use of antidepressant medication that was taken by almost all patients in our 

cohort is a limitation of the study. Various experimental studies have shown that antidepressants 

can activate GR (Anacker et al., 2011), induce nuclear translocation in vitro (Pariante et al., 

1997) or can normalize or increase GR expression levels per se, either in naive or in stressed 

animals (Heydendael and Jacobson, 2008; Pariante et al., 2003; Yau et al., 2004). These effects 

appear to depend on the type of antidepressant medication and on the presence of specific 

GR polymorphisms and exons (Derijk and de Kloet, 2008; van Rossum et al., 2006; Webster 

et al., 2002). In rats e.g., 4 weeks of treatment with fluoxetine, but not with moclobemide, 

venlafaxine, tianeptine or desipramine, increased glucocorticoid receptor (GR) mRNA in the 

rat hippocampus. This effect was selective as GR mRNA containing the brain-specific exon 

17 was increased, whereas expression of GR mRNAs containing exons 110 and of 15 were 

unchanged(Yau et al., 2004). There is no reason, however, why this possible confounder should 

affect female GR expression more profoundly than expression in males.

 A second limitation is the fact that we here focused on ir of GR alpha. Although the 
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human hippocampus is clearly responsive to GCs in functional terms (Cornelisse et al., 2010; 

Khalili-Mahani et al., 2010; Lovallo et al., 2010; Lupien et al., 2007), these effects are not 

necessarily mediated through the GR alpha alone and various splice variants of GR not studied 

here, may be implicated as well (Alt et al., 2010; Kumsta et al., 2010; Sinclair et al., 2010; 

Webster et al., 2002). The human GR primary transcript is composed of nine exons, with the 

classic GRalpha protein, as detected by our present antibody, being one of the most abundant 

ones (Oakley and Cidlowski, 2010). Specific GR splice variants are generally rare in the 

population, but can confer differential sensitivity to GC feedback, and thereby pose an increased 

risk for developing depression. Some of the changes in GR sensitivity can even be regulated in 

an epigenetic manner by early life stressors that may alter feedback sensitivity for prolonged 

periods of time (Belay et al., 2011; McCormick et al., 2000; McGowan et al., 2009; Meaney 

and Aitken, 1985). Although GR isoforms could have affected GR responses to antidepressant 

treatment, classification of the depressed patients into three types of antidepressant medication, 

i.e.SSRI, TCA or atypical drug treatment, did not result in any significant differences. 

 In addition to GR, other related nuclear receptors may play a role in the etiology 

of depression and/or HPA activity as well. The mineralocorticoid receptor e.g., is conserved 

across human, rat and mouse, is regulated by stress (Gesing et al., 2001; Joels et al., 2008; 

Reul et al., 2000) and has been identified as a risk factor for depression in a subset of patients 

(DeRijk et al., 2011). Various studies have reported selective changes in MR in depression(Klok 

et al., 2011; Xing et al., 2004), although most were present in related brain regions like the 

prefrontal cortex, and so far not in the hippocampus. As MR protein, in contrast to GR (Wang 

et al., 2011), appears very sensitive to degradation during postmortem delay (Wang and 

Lucassen, unpublished observations), the study of MR protein in human hippocampus awaits 

the development of better immunocytochemical tools. Alternatively, HPA feedback could be 

mediated through GRs present in CRH neurons of the hypothalamic PVN, present in rat (Kretz 

et al., 1999) and human (Wang et al., 2011), or in the pituitary, options that await more detailed 

future studies.

 In conclusion, this is the first report on hippocampal GR protein expression in 

depression. Although females with depression showed higher GR protein expression levels than 

males, the absence of differences between the entire group of depressed patients and controls 

is consistent with previous reports on GR mRNA levels in depression. Together, our findings 
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indicate that HPA changes in depression are unlikely to be mediated to a major degree by 

changes in hippocampal GR alpha protein. Brain regions like the prefrontal cortex, amygdala, 

pituitary or hypothalamus are interesting topics for future study in this respect.  

Acknowledgements

 We thank mr M. Kooreman from the Netherlands Brain Bank for his help with 

organizing and collecting human brain material and for histological assistance, Dr. J. Bauer 

(University Wien, Austria) for immuhistochemical advice and J. Van Heerikhuize for assistance 

with immunohistochemical quantification. QW, DFS and PJL are supported by the Royal Dutch 

Academy of Sciences (KNAW China Exchange programs # 09CDP011 to DFS and # 09CDP019 

and 05CDP030 to PJL). PJL is further supported by the Nederlandse HersenStichting, the 

European Union (NEURAD program), NWO (PRIOMEDCHILD), IPF and the Internationale 

Stichting Alzheimer Onderzoek (ISAO).



80

Chapter 3

References

1 de Kloet, E. R., Joels, M. & Holsboer, F. Stress and the brain: from adaptation to disease. Nat 
 Rev Neurosci 6, 463-475
2 Holsboer, F., Grasser, A., Friess, E. & Wiedemann, K. Steroid effects on central neurons and 
 implications for psychiatric and neurological disorders. Ann N Y Acad Sci 746, 345-359; 
 discussion 359-361 (1994).
3 Oakley, R. H. & Cidlowski, J. A. Cellular processing of the glucocorticoid receptor gene and 
 protein: new mechanisms for generating tissue-specific actions of glucocorticoids. J Biol Chem 
 286, 3177-3184, 
4 Sinclair, D., Webster, M. J., Wong, J. & Weickert, C. S. Dynamic molecular and anatomical 
 changes in the glucocorticoid receptor in human cortical development. Mol Psychiatry
5 Morimoto, M., Morita, N., Ozawa, H., Yokoyama, K. & Kawata, M. Distribution of 
 glucocorticoid receptor immunoreactivity and mRNA in the rat brain: an immunohistochemical 
 and in situ hybridization study. Neurosci Res 26, 235-269
6 Mizoguchi, K., Ishige, A., Aburada, M. & Tabira, T. Chronic stress attenuates glucocorticoid 
 negative feedback: involvement of the prefrontal cortex and hippocampus. Neuroscience 119, 
 887-897
7 Furay, A. R., Bruestle, A. E. & Herman, J. P. The role of the forebrain glucocorticoid receptor in 
 acute and chronic stress. Endocrinology 149, 5482-5490
8 Sapolsky, R. M., Krey, L. C. & McEwen, B. S. Glucocorticoid-sensitive hippocampal neurons 
 are involved in terminating the adrenocortical stress response. Proc Natl Acad Sci U S A 81, 
 6174-6177 (1984).
9 Juruena, M. F. et al. Different responses to dexamethasone and prednisolone in the same 
 depressed patients. Psychopharmacology (Berl) 189, 225-235
10 Jacobson, L. & Sapolsky, R. The role of the hippocampus in feedback regulation of the 
 hypothalamic-pituitary-adrenocortical axis. Endocr Rev 12, 118-134 (1991).
11 van Haarst, A. D., Oitzl, M. S. & de Kloet, E. R. Facilitation of feedback inhibition through 
 blockade of glucocorticoid receptors in the hippocampus. Neurochem Res 22, 1323-1328 
 (1997).
12 Alt, S. R. et al. Differential expression of glucocorticoid receptor transcripts in major depressive 
 disorder is not epigenetically programmed. Psychoneuroendocrinology 35, 544-556, 
13 Pariante, C. M. et al. Antidepressants enhance glucocorticoid receptor function in vitro by 
 modulating the membrane steroid transporters. Br J Pharmacol 134, 1335-1343, 
14 Ridder, S. et al. Mice with genetically altered glucocorticoid receptor expression show altered 
 sensitivity for stress-induced depressive reactions. J Neurosci 25, 6243-6250
15 Wei, Q. et al. Overexpressing the glucocorticoid receptor in forebrain causes an aging-like 
 neuroendocrine phenotype and mild cognitive dysfunction. J Neurosci 27, 8836-8844
16 Lopez-Duran, N. L., Kovacs, M. & George, C. J. Hypothalamic-pituitary-adrenal axis 
 dysregulation in depressed children and adolescents: a meta-analysis. Psychoneuroendocrinology 
 34, 1272-1283, 
17 Dunlop, B. W. et al. Tolerability of the dexamethasone-corticotropin releasing hormone test in 
 major depressive disorder. J Psychiatr Res 45, 24-28
18 Holsboer, F. & Ising, M. Stress hormone regulation: biological role and translation into therapy. 
 Annu Rev Psychol 61, 81-109, C101-111
19 Refojo, D. & Holsboer, F. CRH signaling. Molecular specificity for drug targeting in the CNS. 



81

Hippocampal GR expression is increased in depressed females

        3

 Ann N Y Acad Sci 1179, 106-119
20 Raadsheer, F. C. et al. Corticotropin-releasing hormone mRNA levels in the paraventricular 
 nucleus of patients with Alzheimer’s disease and depression. Am J Psychiatry 152, 1372-1376 
 (1995).
21 Bao, A. M., Meynen, G. & Swaab, D. F. The stress system in depression and neurodegeneration: 
 focus on the human hypothalamus. Brain Res Rev 57, 531-553
22 Swaab, D. F., Bao, A. M. & Lucassen, P. J. The stress system in the human brain in depression 
 and neurodegeneration. Ageing Res Rev 4, 141-194
23 van de Nes, J. A., Kamphorst, W., Ravid, R. & Swaab, D. F. Comparison of beta-protein/A4 
 deposits and Alz-50-stained cytoskeletal changes in the hypothalamus and adjoining areas 
 of Alzheimer’s disease patients: amorphic plaques and cytoskeletal changes occur independently. 
 Acta Neuropathol 96, 129-138 (1998).
24 Muller, M. B. et al. Neither major depression nor glucocorticoid treatment affects the cellular 
 integrity of the human hippocampus. Eur J Neurosci 14, 1603-1612
25 Lucassen, P. J., Stumpel, M. W., Wang, Q. & Aronica, E. Decreased numbers of progenitor 
 cells but no response to antidepressant drugs in the hippocampus of elderly depressed patients. 
 Neuropharmacology 58, 940-949
26 Lucassen, P. J. et al. Hippocampal apoptosis in major depression is a minor event and absent 
 from subareas at risk for glucocorticoid overexposure. Am J Pathol 158, 453-468, 
27 Ishunina, T. A., Fischer, D. F. & Swaab, D. F. Estrogen receptor alpha and its splice variants in 
 the hippocampus in aging and Alzheimer’s disease. Neurobiol Aging 28, 1670-1681, 
28 Ishunina, T. A. et al. Diminished aromatase immunoreactivity in the hypothalamus, but not in 
 the basal forebrain nuclei in Alzheimer’s disease. Neurobiol Aging 26, 173-194
29 Ishunina, T. A. & Swaab, D. F. Increased neuronal metabolic activity and estrogen receptors 
 in the vertical limb of the diagonal band of Broca in Alzheimer’s disease: relation to sex and 
 aging. Exp Neurol 183, 159-172
30 Sanchez, M. M., Young, L. J., Plotsky, P. M. & Insel, T. R. Distribution of corticosteroid 
 receptors in the rhesus brain: relative absence of glucocorticoid receptors in the hippocampal 
 formation. J Neurosci 20, 4657-4668
31 Froger, N. et al. Neurochemical and behavioral alterations in glucocorticoid receptor-impaired 
 transgenic mice after chronic mild stress. J Neurosci 24, 2787-2796
32 Hugin-Flores, M. E., Steimer, T., Aubert, M. L. & Schulz, P. Mineralo- and glucocorticoid 
 receptor mrnas are differently regulated by corticosterone in the rat hippocampus and anterior 
 pituitary. Neuroendocrinology 79, 174-184
33 Herman, J. P. & Spencer, R. Regulation of hippocampal glucocorticoid receptor gene 
 transcription and protein expression in vivo. J Neurosci 18, 7462-7473 (1998).
34 Herman, J. P., Adams, D. & Prewitt, C. Regulatory changes in neuroendocrine stress-integrative 
 circuitry produced by a variable stress paradigm. Neuroendocrinology 61, 180-190 (1995).
35 Meyer, U., van Kampen, M., Isovich, E., Flugge, G. & Fuchs, E. Chronic psychosocial 
 stress regulates the expression of both GR and MR mRNA in the hippocampal formation of tree 
 shrews. Hippocampus 11, 329-336
36 Patel, P. D. et al. Glucocorticoid and mineralocorticoid receptor mRNA expression in squirrel 
 monkey brain. J Psychiatr Res 34, 383-392
37 Patel, P. D., Katz, M., Karssen, A. M. & Lyons, D. M. Stress-induced changes in corticosteroid 
 receptor expression in primate hippocampus and prefrontal cortex. Psychoneuroendocrinology 
 33, 360-367
38 Wang, S. S., Kamphuis, W., Huitinga, I., Zhou, J. N. & Swaab, D. F. Gene expression analysis 



82

Chapter 3

 in the human hypothalamus in depression by laser microdissection and real-time PCR: the 
 presence of multiple receptor imbalances. Mol Psychiatry 13, 786-799, 741
39 Bao, A. M. & Swaab, D. F. Gender difference in age-related number of corticotropin-releasing 
 hormone-expressing neurons in the human hypothalamic paraventricular nucleus and the role of 
 sex hormones. Neuroendocrinology 85, 27-36
40 Raadsheer, F. C., Hoogendijk, W. J., Stam, F. C., Tilders, F. J. & Swaab, D. F. Increased numbers 
 of corticotropin-releasing hormone expressing neurons in the hypothalamic paraventricular 
 nucleus of depressed patients. Neuroendocrinology 60, 436-444 (1994).
41 Tohgi, H., Utsugisawa, K., Yamagata, M. & Yoshimura, M. Effects of age on messenger RNA 
 expression of glucocorticoid, thyroid hormone, androgen, and estrogen receptors in postmortem 
 human hippocampus. Brain Res 700, 245-253 (1995).
42 Wetzel, D. M., Bohn, M. C., Kazee, A. M. & Hamill, R. W. Glucocorticoid receptor mRNA in 
 Alzheimer’s diseased hippocampus. Brain Res 679, 72-81 (1995).
43 Watzka, M. et al. Expression of mineralocorticoid and glucocorticoid receptor mRNA in the 
 human hippocampus. Neurosci Lett 290, 121-124 (2000).
44 Seckl, J. R., Dickson, K. L., Yates, C. & Fink, G. Distribution of glucocorticoid and 
 mineralocorticoid receptor messenger RNA expression in human postmortem hippocampus. 
 Brain Res 561, 332-337(1991).
45 Perlman, W. R., Webster, M. J., Herman, M. M., Kleinman, J. E. & Weickert, C. S. Age-
 related differences in glucocorticoid receptor mRNA levels in the human brain. Neurobiol 
 Aging 28, 447-458(2007).
46 Klok, M. D. et al. Decreased expression of mineralocorticoid receptor mRNA and its splice 
 variants in postmortem brain regions of patients with major depressive disorder. J Psychiatr Res 
 45, 871-878(2011).
47 Lopez, J. F., Chalmers, D. T., Little, K. Y. & Watson, S. J. A.E. Bennett Research Award. 
 Regulation of serotonin1A, glucocorticoid, and mineralocorticoid receptor in rat and human 
 hippocampus: implications for the neurobiology of depression. Biol Psychiatry 43, 547-573 
 (1998).
48 Webster, M. J., Knable, M. B., O’Grady, J., Orthmann, J. & Weickert, C. S. Regional specificity 
 of brain glucocorticoid receptor mRNA alterations in subjects with schizophrenia and mood 
 disorders. Mol Psychiatry 7, 985-994, 924 (2002).
49 Pryce, C. R. Postnatal ontogeny of expression of the corticosteroid receptor genes in mammalian 
 brains: inter-species and intra-species differences. Brain Res Rev 57, 596-605(2008).
50 Erkut, Z. A., Klooker, T., Endert, E., Huitinga, I. & Swaab, D. F. Stress of dying is not suppressed 
 by high-dose morphine or by dementia. Neuropsychopharmacology 29, 152-157(2004).
51 Seeman, T. E., Singer, B., Wilkinson, C. W. & McEwen, B. Gender differences in age-related 
 changes in HPA axis reactivity. Psychoneuroendocrinology 26, 225-240 (2001).
52 Heuser, I. J. et al. Age-associated changes of pituitary-adrenocortical hormone regulation in 
 humans: importance of gender. Neurobiol Aging 15, 227-231 (1994).
53 Holsboer, F. et al. ACTH and multisteroid responses to corticotropin-releasing factor in 
 depressive illness: relationship to multisteroid responses after ACTH stimulation and 
 dexamethasone suppression. Psychoneuroendocrinology 9, 147-160 (1984).
54 Kerr, J. E., Beck, S. G. & Handa, R. J. Androgens modulate glucocorticoid receptor mRNA, but 
 not mineralocorticoid receptor mRNA levels, in the rat hippocampus. J Neuroendocrinol 8, 439-
 447(1996).
55 Sapolsky, R. M. & McEwen, B. S. Down-regulation of neural corticosterone receptors by 
 corticosterone and dexamethasone. Brain Res 339, 161-165 (1985).



83

Hippocampal GR expression is increased in depressed females

        3

56 Naninck, E. F., Lucassen, P. J. & Bakker, J. Sex differences in adolescent depression: do sex 
 hormones determine vulnerability? J Neuroendocrinol 23, 383-392(2011).
57 Ustun, T. B. Cross-national epidemiology of depression and gender. J Gend Specif Med 3, 54-58 
 (2000).
58 Kessler, R. C., McGonagle, K. A., Swartz, M., Blazer, D. G. & Nelson, C. B. Sex and depression 
 in the National Comorbidity Survey. I: Lifetime prevalence, chronicity and recurrence. J Affect 
 Disord 29, 85-96 (1993).
59 Bland, R. C. Epidemiology of affective disorders: a review. Can J Psychiatry 42, 367-377 
 (1997).
60 Anacker, C. et al. Antidepressants increase human hippocampal neurogenesis by activating the 
 glucocorticoid receptor. Mol Psychiatry 16, 738-750(2011).
61 Pariante, C. M., Pearce, B. D., Pisell, T. L., Owens, M. J. & Miller, A. H. Steroid-independent 
 translocation of the glucocorticoid receptor by the antidepressant desipramine. Mol Pharmacol 
 52, 571-581 (1997).
62 Pariante, C. M. et al. The antidepressant clomipramine regulates cortisol intracellular 
 concentrations and glucocorticoid receptor expression in fibroblasts and rat primary neurones. 
 Neuropsychopharmacology 28, 1553-1561(2003).
63 Heydendael, W. & Jacobson, L. Differential effects of imipramine and phenelzine on 
 corticosteroid receptor gene expression in mouse brain: potential relevance to antidepressant 
 response. Brain Res 1238, 93-107(2008).
64 Yau, J. L., Noble, J., Chapman, K. E. & Seckl, J. R. Differential regulation of variant 
 glucocorticoid receptor mRNAs in the rat hippocampus by the antidepressant fluoxetine. Brain 
 Res Mol Brain Res 129, 189-192(2004).
65 van Rossum, E. F. et al. Polymorphisms of the glucocorticoid receptor gene and major 
 depression. Biol Psychiatry 59, 681-688(2006).
66 Derijk, R. H. & de Kloet, E. R. Corticosteroid receptor polymorphisms: determinants of 
 vulnerability and resilience. Eur J Pharmacol 583, 303-311(2008).
67 Lupien, S. J., Maheu, F., Tu, M., Fiocco, A. & Schramek, T. E. The effects of stress and stress 
 hormones on human cognition: Implications for the field of brain and cognition. Brain Cogn 65, 
 209-237(2007).
68 Lovallo, W. R., Robinson, J. L., Glahn, D. C. & Fox, P. T. Acute effects of hydrocortisone on the 
 human brain: an fMRI study. Psychoneuroendocrinology 35, 15-20(2010).
69 Khalili-Mahani, N., Dedovic, K., Engert, V., Pruessner, M. & Pruessner, J. C. Hippocampal 
 activation during a cognitive task is associated with subsequent neuroendocrine and cognitive 
 responses to psychological stress. Hippocampus 20, 323-334 (2010).
70 Cornelisse, S., van Stegeren, A. H. & Joels, M. Implications of psychosocial stress on memory 
 formation in a typical male versus female student sample. Psychoneuroendocrinology (2010).
71 Kumsta, R. et al. Working memory performance is associated with common glucocorticoid 
 receptor gene polymorphisms. Neuropsychobiology 61, 49-56(2010).
72 McGowan, P. O. et al. Epigenetic regulation of the glucocorticoid receptor in human brain 
 associates with childhood abuse. Nat Neurosci 12, 342-348(2009).
73 McCormick, J. A. et al. 5’-heterogeneity of glucocorticoid receptor messenger RNA is tissue 
 specific: differential regulation of variant transcripts by early-life events. Mol Endocrinol 14, 
 506-517 (2000).
74 Meaney, M. J. & Aitken, D. H. The effects of early postnatal handling on hippocampal 
 glucocorticoid receptor concentrations: temporal parameters. Brain Res 354, 301-304 (1985).
75 Belay, H. et al. Early adversity and serotonin transporter genotype interact with hippocampal 



84

Chapter 3

 glucocorticoid receptor mRNA expression, corticosterone, and behavior in adult male rats. 
 Behav Neurosci 125, 150-160(2011).
76 Gesing, A. et al. Psychological stress increases hippocampal mineralocorticoid receptor levels: 
 involvement of corticotropin-releasing hormone. J Neurosci 21, 4822-4829 (2001).
77 Joels, M., Karst, H., DeRijk, R. & de Kloet, E. R. The coming out of the brain mineralocorticoid 
 receptor. Trends Neurosci 31, 1-7(2008).
78 Reul, J. M. et al. The brain mineralocorticoid receptor: greedy for ligand, mysterious in function. 
 Eur J Pharmacol 405, 235-249 (2000).
79 DeRijk, R. H., de Kloet, E. R., Zitman, F. G. & van Leeuwen, N. Mineralocorticoid receptor 
 gene variants as determinants of HPA axis regulation and behavior. Endocr Dev 20, 137-
 148(2011).
80 Xing, G. Q., Russell, S., Webster, M. J. & Post, R. M. Decreased expression of mineralocorticoid 
 receptor mRNA in the prefrontal cortex in schizophrenia and bipolar disorder. Int J 
 Neuropsychopharmacol 7, 143-153(2004).
81 Kretz, O., Reichardt, H. M., Schutz, G. & Bock, R. Corticotropin-releasing hormone expression 
 is the major target for glucocorticoid feedback-control at the hypothalamic level. Brain Res 818, 
 488-491,(1999).

 



85

Hippocampal GR expression is increased in depressed females

        3





87

Distribution of the glucocorticoid receptor in the human amygdala; 
changes in mood disorder patients

        4

CHAPTER 4

Distribution of the glucocorticoid receptor 
in the human amygdala; changes in mood 

disorder patients
Q. Wang, E.W.E. Verweij, H.J. Krugers, M Joels, D.F. Swaab, P.J. 
Lucassen

Brain, Structure & Function. 2014. Sep;219(5):1615-26



88

Chapter 4

Abstract

 Exposure to stress activates the hypothalamic-pituitary-adrenal (HPA) axis that 

stimulates glucocorticoid release from the adrenal. These hormones exert numerous effects 

in the body and brain and bind to a.o. glucocorticoid (GR) receptors expressed in the limbic 

system, including the hippocampus and amygdala. Hyperactivity of the HPA axis and disturbed 

stress feedback are common features in major depression. GR protein is present in the human 

hypothalamus and hippocampus, but little is known - neither in healthy subjects nor in depressed 

patients- about GR expression in the amygdala, a brain structure involved in fear and anxiety. 

Since chronic stress in rodents affects GR expression in the amygdala, altered GR protein level 

in depressed versus healthy controls can be expected. To test this, we investigated GR-α protein 

expression in the postmortem human amygdala and assessed changes in 10 major or bipolar 

depressed patients and 8 non-depressed controls.  

 Abundant GR immunoreactivity was observed in the human amygdala, both in 

neurons and astrocytes, with a similar pattern in its different anatomical subnuclei. In major 

depression, GR protein level as well as the percentage of GR-containing astrocytes was 

significantly higher than in bipolar depressed patients or in control subjects. 

 Taken together, the prominent expression of GR protein in the human amygdala 

indicates that this region can form an important target for corticosteroids and stress, while the 

increased GR expression in major, but not bipolar, depression suggests possible involvement in 

the etiology of major depression.

Key words: major depression; bipolar disorder; HPA-axis; stress; amygdala; astrocyte 
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Introduction

 Depression is a severe, often life-threatening disorder and a serious public health 

concern in the entire world (Sartorius 2003). Depressed patients often suffer from fear and 

anxiety-related problems; moreover, depression is frequently associated with an altered stress 

system and a hyperactive hypothalamic-pituitary-adrenal (HPA) axis (Young et al. 2004; 

Plotsky et al. 1998). Activation of the HPA-axis triggers corticotropin-releasing hormone (CRH) 

production in the paraventricular nucleus (PVN) of the hypothalamus and adrenocorticotroph 

hormone (ACTH) release from the pituitary, which in turn elevates plasma glucocorticoid (GC) 

levels. GCs, i.e. cortisol in humans, act on both glucocorticoid (GR) and mineralocorticoid 

receptors (MR) that are present throughout the body and brain, but enriched in the brain’s 

limbic system. Patients with depression often are dexamethasone non-suppressors (Holsboer 

et al. 1984; Swaab et al. 2005; Bao et al. 2012) and many of them display elevated ACTH and 

cortisol levels in plasma and CSF as well as increased CRH mRNA and protein levels in the 

PVN (Landgraf 2006; Burke et al. 2005; Raadsheer et al. 1995; Wang et al. 2008).

 The limbic system comprises several brain structures including the hippocampus, 

amygdala and other brain regions, that are all involved in emotion, cognition and stress 

regulation. Of these, the hippocampus and hypothalamic PVN are well known for their role in 

learning and memory and in negative feedback regulation of the stress response, respectively 

(Herman et al. 1989; Sapolsky et al. 1984; Nadel et al. 2012; Schwabe et al. 2012). The amygdala 

is involved in the emotional value of memories and cognition and is critically implicated in fear 

and anxiety-related behavior. The autonomic expressions of an emotional state are thought to 

be mediated by amygdalar connections to the hypothalamus (via the stria terminalis) and from 

there the autonomic nervous system. In rodents, the amygdala consists of several interconnected 

subnuclei, such as the basolateral complex, the medial and central nucleus. The lateral and 

basolateral nucleus mainly receive inputs from the cortex, thalamus and hippocampus, while 

most of the amygdalar output originates from the basolateral and central nucleus (McGaugh 

and Roozendaal 2002).

 Extensive animal data indicates that feedback control of the HPA axis is largely 

mediated by the GR in the PVN and to some extent by the hippocampus (Erdmann et al. 2008; 

Kretz et al. 1999; Herman and Spencer 1998) while also the MR (Joels and Baram 2009) is 
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implicated in aspects of HPA axis regulation, mood and depression (DeRijk et al. 2011; Klok 

et al. 2011; Wang et al. 2008; Wickert et al. 2000; Xing et al. 2004; Qi et al. 2012). In the 

mammalian and human brain, the distribution of GR RNA and several of its splice variants is 

well known (Morimoto et al. 1996; Sanchez et al. 2000; Seckl et al. 1991; DeRijk et al. 2003; 

Sinclair et al. 2010; Klok et al. 2011; Qi et al. 2012; Wang et al. 2012; Wang et al. 2013) and 

changes in GR expression and HPA-axis activity have been observed in several depression 

models as well as in depressed patients (Matsubara et al. 2006; Furay et al. 2008; Meyer et al. 

2001; Patel et al. 2008; Alt et al. 2010; Perlman et al. 2007; Klok et al. 2011; Qi et al. 2012; 

Wang et al. 2012). Whereas many studies have confirmed abundant GR expression and a high 

sensitivity to GC exposure in the hippocampus (Cornelisse et al. 2010; Henckens et al. 2009; 

Khalili-Mahani et al. 2010; Kumsta et al. 2010; Lovallo et al. 2010; Lupien et al. 2007; Zobel 

et al. 2008), less is known about the human amygdala in this respect. 

 Following chronic stress exposure in rodents, GR expression is altered in the 

hippocampus as well as the amygdala. Moreover, elevations occur in the expression of CRH, 

notably in the PVN and amygdala. In fact, local over-expression of CRH in the amygdala 

even produces HPA-axis hyperactivity (Flandreau et al. 2012; Wang et al. 2008), indicating 

that, in addition to the hippocampus and PVN, also the amygdala may participate in the HPA 

changes in depression. Interestingly, whereas hippocampal volume in mood disorder patients is 

generally decreased, the volume of the amygdala appears to be increased in some, but not all, 

studies (Drevets 2003; Pfleiderer et al. 2007; Rauch et al. 2003; Swaab et al. 2005; Morey et al. 

2012; Lupien et al. 2011).

 Given that in healthy and depressed subjects little is known about GR expression 

in the human amygdala, we here set out to investigate GR protein distribution in the human 

amygdala and assess putative changes in a cohort of well characterized and confirmed major 

depressed and bipolar patients. In addition, we studied GR expression in astrocytes since also 

changes in these glia cells have been implicated in the sensitivity to stress and depression 

(Altshuler et al. 2010; Gosselin et al. 2009; Hamidi et al. 2004; Czeh et al. 2006; Rajkowska et 

al. 2012; Czeh and Lucassen 2007; Stockmeier et al. 2004; Bohn et al. 1991; Cintra et al. 1994; 

Virgin et al. 1991). 
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Material and Methods

Human brain tissue 

 Post-mortem human brain tissue was obtained from the Netherlands brain Bank 

(NBB). Informed consent was given by the donor or their next of kin to perform brain autopsy, 

and to use the brain tissue and medical records for scientific purposes. In total 10 mood disorder 

patients were studied; 5 males and 5 females, including patients who suffered from major 

depression (n=6) and bipolar disorder (n=4), as well as non-demented, matched control subjects 

(n=8), 4 females and 4 males. All patients were confirmed to have suffered from a severe major 

depression or bipolar disorder for a significant period by established and certified psychiatrists 

according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria, 

using the extensive medical records of the NBB. Systematic neuropathological investigation 

has confirmed the absence of neuropathological changes in all subjects (Van de Nes et al., 

1998). Some of the patients included in the present study (3 out of 6) had been studied before 

in our study on the hippocampus in depression (Wang et al., 2012), and/or were indeed found 

before to display signs of HPA axis activation, e.g. at the level of the hypothalamus (Meynen et 

al. 2006; Raadsheer et al. 1994; Lucassen et al. 2001; Wang et al. 2012; Wang et al. 2013). More 

information about the clinico-pathological details of these subjects is given in Table 1.

M male, F female, NBB Netherlands Brain bank number, NA unknown or not available, PMD post-mortem 
delay (hours:minutes), pH CSF pH of the cerebrospinal fluid.

Table 1 Clinico-pathological details of the human brain material of non-demented control (C) subjects, 
patients who suffered from a bipolar disorder or from major depressive disorder
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Immunohistochemistry for human GR

 At autopsy, the amygdala was dissected and fixed in formalin for 1-2 months, 

dehydrated and embedded in paraffin. 6µm thick sections were cut serially, at different 

orientations, due to the almond shape of the amygdala. Sections were mounted on Menzel 

Plus slides and used for immunohistochemistry for the GR. GR antiserum (E-20, Santa Cruz 

Biotechnologies, USA), raised against the N-terminus of the classic human GR-α protein, 

has been validated earlier and was applied according to earlier described specificity tests 

and immunocytochemical staining protocols (Wang et al. 2013; Wang et al. 2012). Antibody 

specificity was extensively validated as described before (Wang et al. 2013) and confirmed 

by 1) a complete absence of immunoreactivity after preadsorption of the antibody with the 

homologous antigen or after omission of the first antibody, 2) the presence of a single band 

at the appropriate height on Western blot from human brain, and 3) selective co-expression of 

GR-ir in CRH-containing parvocellular, and not in magnocellular neurons, of the human PVN 

(Wang et al. 2013). Also, we demonstrated in a series of rat and human hippocampal tissues that 

GR-ir was not affected by the anatomical level nor by postmortem delays of up till 19 h (Wang 

et al. 2013). 

 Mounted amygdala sections were deparaffinized, rehydrated and washed in Tris 

Buffered Saline (TBS, 0.05 M Tris and 0.15 M NaCl, pH 7.6) before heating in a kitchen steamer 

device (Braun FS20) containing citrate buffer pH 6 (0.01 M) for antigen retrieval. The sections 

were heated for 1 h at full power followed by a cooling down period of 45 min. Endogenous 

peroxidase activity was blocked by incubation in 0.3% H2O2 in methanol at room temperature 

(RT) for 30 min. Primary antibody was diluted in Supermix (0.5% Triton-X 100, 0.25% gelatin 

in 0.05 M TBS, pH7.6) at a concentration of 1:1200 followed by an incubation in a 1:200 dilution 

of biotinylated goat anti-rabbit IgG (Vector Laboratories) in Supermix which was repeated for 

further signal amplification. Then sections were incubated in a 1:800 dilution of streptavidin-

biotin-peroxidase complex (Vectastain ABC Elite kit, Vector Laboratories) before chromogen 

development started in DAB to which Nickel was added (5% 3,3-diaminobenzidine, 0.035% 

H2O2, 0.04% nickelammoniumphosphate, 10% Tris Buffer pH8.0 in aquadest, pH 7.55) that 

yielded a black precipitate in the nuclei.

Immunocytochemical co-labeling for GR and GFAP
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 Due to the widespread distribution of GR immunoreactivity in almost all neuronal 

nuclei, it was difficult to define the anatomical borders of the amygdala based on GR-

immuno-staining alone. We therefore used double immunocytochemistry for the GR and glial 

fibrillary acidic protein (GFAP) as a common marker for mature astrocytes, that are located 

at higher densities in the white matter and therefore provide sufficient contrast to allow an 

accurate delineation of the natural anatomical borders of the human amygdala (see fig 1 for an 

example). After a first round during which GR immunohistochemical staining was performed, 

the amygdala sections were rinsed in tris buffered saline (TBS) and subsequently blocked in 

milk powder dissolved in Supermix (5% ELK (Campina, The Netherlands), 0.5% Triton X-100 

in 0.05 M TBS, pH7.6) for 10 min. Incubation was then with polyclonal rabbit anti-GFAP 

(Dako Cytomation, Denmark) diluted in Supermix at a concentration of 1:1000 for 1 h at room 

temperature (RT) followed by an overnight incubation at 4°C. Sections were then washed and 

incubated in goat anti-rabbit IgG (Vector Laboratories) 1:200 in Supermix for 1 h at RT. The 

sections were washed and pre-incubated in 1% bovine serum albumin (BSA fraction V, Roche 

Diagnostics GmbH) in TBS for 30 min followed by an incubation in ABC (Vector Laboratories), 

diluted in 1% BSA/TBS at a concentration of 1:800, for 1 h at RT. After washing in TBS, the 

sections were incubated in a DAB solution (5% 3,3-diaminobenzidine, 0.035% H2O2, 10% 

Tris Buffer pH 8 in aquadest, pH 7.55) for 16 min that yielded a brown precipitate in the 

soma of astroglia cells that could be easily distinguished from the black DAB-Ni chromogen 

precipitate in the GR-positive nucleus. Specific care was taken to standardize all washing and 

incubation steps, while the sections from patients and control subjects were randomized over 

the individual stainings. Before cover-slipping, the sections were washed, dehydrated in graded 

ethanol and cleared in xylene.

Anatomical orientation, image analysis and quantification

 For the anatomy of the amygdala, we used the human brain atlas of Mai et al. (2004). 

First the natural outer borders of the section and some landmark orientation points were used 

for initial orientation. These included; the outer cell layers of the entorhinal cortex (EC), the 

open structure of the temporal horn of the lateral ventricle (TLV), and the invagination of 

the sulcus of the perirhinal cortex (PC)(see fig 1 for details). According to Mai et al., (2004), 

the presence of the TLV demarcates the posterior amygdala, whereas its absence identifies 
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Fig. 1 Anatomical distribution of GR protein in the human amygdala. Overview illustrating the pattern of 
immunostaining for GR alone (brown precipitate) (a) and for GR and GFAP (black/blue) double staining 
(b). The amygdalar subregions are clearly visible in the GR/GFAP-double immunostained sections (d), 
where clear borders with, e.g., the hippocampus (Hi) or entorhinal cortex (Ent) can be distinguished, and 
between white and gray matter (c and arrows in d), that allow to locate, e.g., the central (Ce), basolateral 
(BL) and lateral (La) amygdalar subregions (d). No differences were present in the overall pattern of GR 
immunoreactivity between the three different subregions (e, f and g, respectively). TLV temporal horn of 
the lateral ventricle.
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more anterior levels of the amygdala. As in almost all patients the TLV was visible, we mainly 

focused on the posterior amygdala. 

 An IBAS-KAT image analysis system (Kontron KAT based system) connected to 

a SONY XC-77CE black and white CCD camera mounted on a Zeiss microscope was used 

to quantify GR immunocytochemical (ir) signal in all neuronal nuclei only. Since imaging 

studies of live patients can not distinguish between the anatomical subnuclei of the amygdala 

and as also our pilot studies revealed there were no differences in GR-ir between the individual 

subnuclei (see more details in Results section), we choose to quantify GR-ir in the combined 

amygdala. This was done in a standardized way using the IBAS system as described before 

in detail for comparable nuclear antigens (Ishunina et al. 2007; Wang et al. 2013). Briefly, in 

each section to be analyzed (n=2-3 per patient), the area of the entire amygdala was identified 

based on the anatomical hallmarks as described above, loaded into the IBAS and displayed 

on the image analysis monitor. The position of the section under the microscope was stored 

using the X-Y coordinates of the scanning stage. The contour of the entire amygdala was then 

outlined manually within this image. In order to quantify the amount of DAB-Ni precipitate 

corresponding to GR-ir, a thresholding procedure was started within each field that allowed a 

mask to be formed that selectively covered only the GR-ir nuclear signal and was independent 

of the surface area of the entire amygdala. Optical density (OD) of the GR-ir signal was then 

measured only within the mask and the percentage of total surface area covered by GR-ir signal 

(PSA) within the mask was then expressed per patient and per group. Furthermore, integrated 

optical density (IOD), the product of OD and PSA, as a measure for the total amount of GR-ir 

was calculated and compared in a double blind fashion between the three groups .

 Statistical analysis was conducted with SPSS (IBM SPSS Statistics 20) and differences 

between the three groups were evaluated using the Kruskal-Wallis test. A Mann-Whitney test 

was used for subsequent analysis between 2 groups. Additional analysis was performed using 

ANOVA with post-hoc (Scheffe) multiple comparisons. Spearman’s correlation was used to 

correlate GR-ir with PMD and age. Values of p<0.05 were considered significant. 

 To determine the percentage of astrocytes that expressed GR protein in their nucleus, 

we randomly placed 100 microscopic fields, corresponding to a 40x magnification, over the 

entire amygdalar section. The percentage of cells co-expressing GR and GFAP in these 100 

fields per patient was determined and averaged per group.
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Results

GR-ir in the human amygdala

 Based on the hallmarks described above, the GR/GFAP double immunostained sections 

allowed an excellent anatomical delineation of the subnuclei and borders of the amygdala. 

Thereby, the amygdala could readily be separated from the neighboring hippocampus by the 

densely stained fiber bundle of the fimbriae, while the positions of the basolateral amygdaloid 

nucleus (BL), the lateral amygdaloid nucleus (LA) and the basomedial amygdaloid nucleus 

(BM) were clearly visible in the GR-GFAP double stained sections (Fig 1). The general pattern 

of GR expression in, and the OD between, these three subregions of the amygdala was very 

comparable, as seen in the comparable pattern of GR-ir in Fig 1 E, F and G, and as confirmed by 

our pilot studies revealing no major differences in IOD between the BL, LA and BM amygdala 

of 3 controls (Con), one major depressed (MDep) and 1 bipolar depressed (BD) patient (Con: 

BLVM: 0.0023±0,0023, BL: 0.0019±0.0016, LA: 0.0023±0.0019;  MDep: BLVM: 0.0019, 

Fig. 2 Three levels of higher magnifications illustrating the different patterns of GR-ir observed in the 
amygdala of control (a, d and g), major depressed (b, e and h) and bipolar depressed cases (c, f and i) at 
×20 (a, b and c), ×40 (d, e and f) and ×100 (g, h and i) magnifications. In depression, an increased optical 
intensity and surface area covered by GR-ir in the neuronal nuclei is visible, as also shown in the results of 
the quantification in Fig. 3 as well.
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BL: 0.0021, LA: 0.0034;  BiDep: BLVM: 0.0045, BL: 0.0037, LA: 0.0035). Therefore, in the 

remainder of the analysis we determined GR expression level for the amygdala as a whole, for 

each subject. 

 At higher magnifications, GR-ir was found to be densely expressed in the nuclei of 

all neurons of the amygdala and also frequently in the nuclei of astrocytes (Fig 2). Cytoplasmic 

GR staining in neurons was never observed. 

Differences of GR-ir in control, depressed and bipolar human amygdala

 Quantification of the average optical density (OD) and the percentage of total surface 

area covered by GR-ir signal (PSA) of the GR-ir signal in neuronal nuclei for the major 

depression, bipolar depression and control groups (Table 2) revealed that the OD values were 

significantly higher in the major depressed group than in the bipolar (Mann-Whitney) (Fig 3A, 

P= 0.019) or control group (P= 0.002). Also the PSA of GR-ir (Fig 3B) was significantly higher 

in the depressed group compared to the control subjects (P= 0.002), but not relative to the 

bipolar group (P= 0.055). When comparing GR-ir between the bipolar and control groups, no 

significant differences were found for either OD (P= 0.089) or PSA (P= 0.610). Comparisons of 

the integrated optical density (IOD) (Table 2) revealed that GR-ir in the major depressed group 

was again significantly higher compared to the control (P= 0.002) and the bipolar group (P= 

Table 2 Individual values of GR immunoreactivity in the three patient groups studied. NBB; Netherlands 
Brain bank, OD; optical density, PSA; surface area expression, IOD; integrated optical density.
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0.033), but no differences were present between the bipolar and control group (P= 0.734).

 Since the data was not normally distributed, we used so far non-parametrical statistical 

analysis. Additional re-analysis of the OD, PSA and IOD data using the more stringent ANOVA 

test with post-hoc multiple comparisons in fact yielded comparable results (OD: P< 0.001, 

F= 20.844; PSA: P=0.001, F= 10.613; IOD: P= 0.001, F= 12.684). Significantly higher GR-ir 

levels were found in the major depressed group, relative to the control (OD: P< 0.001; PSA: 

P=0.003; IOD: P=0.001) and bipolar group (OD: P=0.021; PSA: P=0.008; IOD:P= 0.006). No 

difference was found between the control and bipolar groups (OD: P=0.096; PSA: P=0.988; 

IOD: P= 0.998). 

 The percentage of GFAP-positive astrocytes in the amygdala that co-expressed GR 

in control subjects was approximately 30%. However, in the amygdala of major depressed 

patients, this percentage had nearly doubled to over 60%, an increase that was again absent in 

the bipolar group (Fig 4). Significant differences were found with these three groups (P= 0.047) 

and when comparing the differences within each two groups (Mann-Whitney), we found that the 

percentage of GR containing GFAP positive astrocytes in the major depressed group was higher 

than in the control and bipolar groups (Control: P= 0.035; Bipolar: P= 0.02). However, there 

was no significant difference in the percentage of GR-containing, GFAP-positive astrocytes 

between the bipolar and control groups (P= 0.697). 

 When ANOVA post-hoc analysis (Scheffe) was additionally used to re-analyze 

the data, a significant difference between the percentage of GR containing GFAP positive 

astrocytes was found within the control, major depressed and bipolar depressed groups (P= 

Fig. 3 Quantification (arbitrary units) of the averaged optical density (OD) (a), surface area expression (P 
SA) (b) and integrated optical density (IOD) (c) of GR-ir in the control group, and the major depressed 
and bipolar depressed patients. A significant increase is present in GR-ir between the major depressed and 
control group. See text for details
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0.023, F= 4.757). The percentage of GR containing GFAP positive astrocytes was significantly 

higher than in the control group (P= 0.036), but not higher than bipolar group (P= 0.09) while 

no difference between the control and bipolar group was present either (P= 0.945).

Matching and correlation of GR-ir in the human amygdala with PMD and age 

 We next tested whether GR-ir correlated with possible confounders , i.e. age, post 

mortem delay (PMD) or pH of the CSF in the 3 groups using the Kruskal-Wallis test. Neither 

the pH of the CSF nor the PMD (CSF pH: P= 0.648; PMD: P= 0.183) were different between 

the groups. We next investigated correlations of GR-ir with age and found no significant 

correlation between GR-ir and PMD within each group. Regarding age, no correlation was 

found in the major depressed or control groups for OD (major depression: P= 0.577; control: 

P= 0.086) and PSA (depression: P= 0.125; control: P= 0.955). In the bipolar group, GR-ir was 

significantly correlated with age (OD: P<0.01; PSA: P<0.01). This did, however, not influence 

our conclusions since the average age was not different from the depressed group. The p-values 

of the correlations of OD-PMD and PSA-PMD with the major depressed, bipolar and control 

groups were 0.499, 0.600, 0.693, and 0.173, 0.600, 0.736, respectively. 

Sex differences in GR-ir in the amygdala

 Sex differences of GR-ir were assessed within all three groups using non-parametric 

Fig. 4 Percentage of co-expression (ratio) of GR in GFAP-positive astrocytes in control subjects, major de-
pressed and bipolar depressed patients. Significantly more astrocytes co-express GR in the major depressed 
patients compared to the control and bipolar depressed patients. No difference was found between control 
and bipolar depressed patients (P = 0.697)
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statistics (Mann-Whitney). In females, a significantly higher GR-ir was found in the major 

depressed group compared to the control group (OD: P= 0.021; PSA: P= 0.021; IOD: P= 

0.021). However, this difference was not found in the depressed male group (OD: P= 0.064; 

PSA: P= 0.064; IOD: P= 0.064). Neither in females nor in males was a difference present in 

GR-ir between the major depressed and bipolar groups (female: OD: P= 0.157; PSA: P= 0.157; 

IOD: P= 0.157; male: OD: P= 0.248; PSA: P= 0.248; IOD: P= 0.248) or between the bipolar 

and control groups (female: OD: P= 1.000; PSA: P= 0.157; IOD: P= 0.157; male: OD: P= 

0.077; PSA: P= 0.724; IOD: P= 0.724).

Discussion

 This is the first anatomical description of GR-ir in the postmortem human amygdala, 

showing changes in relation to sex and mood disorder. Similar to our previous studies on the 

hippocampus and hypothalamus (Wang et al., 2012; 2013), abundant GR-ir signal was present 

in nuclei of both neurons and astrocytes of the amygdala, a pattern not affected by age or 

postmortem delay. In the entire amygdala, total GR-ir, as well as the percentage of astrocytes 

expressing GR, was significantly elevated in the major depression group, but not in the bipolar 

depressed group relative to matched control subjects.

 In addition to the well-known presence and functional roles of the GR in the 

hippocampus and hypothalamus, its expression has been documented in the amygdala of 

rodents and non-human primates, both at the mRNA and protein level, and often in relation 

to stress exposure (Yi et al. 1994; Morimoto et al. 1996; Meyer et al. 1998; Pryce et al. 2005; 

Patel et al. 2000; Perlman et al. 2004; Perez-Ortiz et al. 2012; Eagle et al. 2012; Alt et al. 

2010; Sinclair et al. 2011). In humans, differential expression patterns exist for different splice 

variants of the GR in body and brain (Turner and Muller 2005; Alt et al. 2010; Sinclair et al. 

2012). The diversity of GR transcripts and isoforms (Sinclair et al. 2011) comprises 13 exon 

1 messenger RNA variants and 8 N-terminal variants, which arise from the predominant GR 

isoform, GR alpha. In addition to the archetypal full-length 94 kDa receptor, multiple GR alpha 

variants exist, that differ in size from 94 to 54 kDa based on the location of their translation 

start site, but the predominant isoform in human brain is the 67 kDa isoform (Sinclair et al., 

2010), which is selectively recognized by our current GR-alpha antibody as we validated before 



101

Distribution of the glucocorticoid receptor in the human amygdala; 
changes in mood disorder patients

        4

(Wang et al. 2013; Sinclair et al. 2010). Similar to the rodent and primate studies, we found 

abundant expression of the GR alpha protein to be present in the basolateral, lateral and central 

subnucleus of the human amygdala (Fig1-2). 

 In recent molecular studies on comparable human brain material of the entire amygdala 

and in younger patients, total GR mRNA levels were found to be not different between major 

depressed patients and matched control subjects (Alt et al. 2010; Turner and Muller 2005). While 

GR β and GR-P levels were stable, mRNA for GRα was found to be decreased in the amygdala 

of major depressed patients. Others have further reported decreases in GR mRNA expression in 

the amygdala in patients that had suffered from bipolar disorder and/or schizophrenia (Perlman 

et al. 2004), or had committed suicide, which may reflect different changes than depression per 

se (Perez-Ortiz et al. 2012). These differences with our present immunocytochemical analysis 

could be due to differences in disease condition, but also to methodological differences in 

the approaches used; measuring RNA in frozen tissue homogenates of an entire brain region 

differs considerably from immunocytochemically detected, local protein levels in selective cell 

populations in fixed thin tissue sections. Furthermore, changes in mRNA are not necessarily 

directly translated into protein and could reflect changes in RNA-protein turnover as well. 

Depending on their stability in the cell, such changes may even behave in opposite directions 

as decreases in GR RNA e.g. can go together with increases in (translated) GR protein and vice 

versa. Moreover, other factors like changes in the relative expression of other GR isoforms, 

microRNA or epigenetic modulation could affect GR protein levels, that are not detected by 

RNA studies per se (Alt et al. 2010; Mifsud et al. 2011). Either way, it is the change in protein 

level that is of functional importance. 

 Another relevant factor is that all the major depressed and bipolar patients in our 

study used antidepressant medication until their death. As antidepressants like desipramine, 

imipramine, ketanserin and lithium can increase GR levels in rodent brain (Brady et al. 1992; 

Rossby et al. 1995; Flandreau et al. 2012), notably in a sex-dependent manner (Peiffer et 

al. 1991; Pepin et al. 1989), this could have influenced our results. In our study, only one 

bipolar and none of the depressed patients took lithium. When the differences of GR IOD were 

compared between major depressed patients with and without SSRI treatment, no differences 

were found (P= 0.275), suggesting that the SSRI medication has not strongly affected our 

results. In terms of interactions between different classes of antidepressant drugs, differences 
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have been reported in their respective antidepressant or anxiogenic profile (Gobert et al. 2009). 

Also, decreases in GR expression have been reported after fluoxetine treatment (Heydendael 

and Jacobson 2008, 2010) in adrenalectomized mice with clamped corticosterone levels. In 

a similar model, chronic treatment with the MAO inhibitor phenelzine decreased, but TCA 

(imipramine) treatment increased neural GR gene expression in the PVN and prefrontal cortex, 

while no changes were found in the amygdala (Heydendael and Jacobson 2008). When GR was 

examined outside the hippocampus, then tricyclic and MAOI antidepressants increased GR 

expression in the hypothalamus (Peiffer et al. 1991; Reul et al. 1993; Reul et al. 1994), although 

this has not been observed consistently (Bjartmar et al. 2000; Brady et al. 1991; Seckl and Fink 

1992). 

 Thus, expanding on prior reports of antidepressant-induced increases in hippocampal 

GR expression in intact animals, also drug- and brain region-specific actions of antidepressants 

on GR levels may be relevant. The degree and direction of the effect may depend on previous 

stress or corticosteroid exposure, differences in treatment region or on antidepressant-induced 

changes in glucocorticoid secretion or GR levels per se (Heydendael and Jacobson 2008, 2010). 

As such, antidepressants do not appear to exert a generalized effect on GR expression in all 

human brain regions, and e.g. in the hippocampus of depressed patients, that were also treated 

with antidepressant drugs, we earlier failed to find overall increases in GR expression (Wang 

et al. 2012). Whether antidepressant effects on human GR expression are also drug- and brain-

region specific thus remains to be elucidated.

 Although prominent GR expression was present in neurons, GR was also expressed 

in many, but not all, astrocytes in the amygdala (Fig 2 and Fig 4). Whereas in the hippocampus 

approximately 50% of the astrocytes co-expressed GR in the main CA regions (Wang et al. 

2013), a lower percentage was present in the amygdala where 25-30% of the astrocytes in the 

control subjects co-expressed GR. Surprisingly, this percentage had increased to almost 60% 

in the major depressed group (Fig 3), but elevations of this size were absent in the bipolar 

group, suggesting depression specificity of these astrocytic changes. Changes in astrocytes in 

the amygdala in depression have been described before (Altshuler et al. 2010; Tham et al. 2011) 

although these studies mainly addressed cytoarchitectural aspects and changes in numbers e.g., 

rather than in co-expression of receptors or other markers in this cell population (Rajkowska 

and Miguel-Hidalgo 2007). In rodents, early maternal deprivation or stress manipulation 
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caused a reduction in the GFAP-ir density in the amygdala and other brain regions; also in the 

WKY rat model of depression that shows exaggerated behavioral and endocrine responses to 

stress and enhanced depressive-like behavior, a reduced GFAP-ir was found in the amygdala 

(Leventopoulos et al. 2007; Gosselin et al. 2009; Welberg et al., 2000). Recent other studies 

found selective changes in the astrocytic end feet contacts with blood vessels after stress, 

suggesting that stress can interfere with blood flow or metabolism in the depressed brain 

through modulation of astrocyte activity (Miguel-Hidalgo et al. 2011). These observations 

add to an increasingly important role attributed to astroglia in relation to stress effects on the 

brain and in depression (Rajkowska et al. 2012). Our result that more amygdalar astrocytes co-

express GR in depressed patients (Fig 4) suggests that more astrocytes are responsive to stress 

hormone, consistent with concepts of astrocytes participating in stress-mediated changes in 

amygdala function and in depression (Rajkowska et al. 2012; Czeh et al. 2006).   

 In conclusion, our current study presents a first description of GR protein levels in 

the human amygdala. The significantly increased GR protein levels in the amygdala of major 

depressed, but not bipolar, patients, as well as the increased percentage of astrocytes co-

expressing GR, suggests differences in GR activation or sensitivity in amygdalar neurons and 

glia in depression, which may have implications for understanding the etiology of this mood 

disorder. 
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Abstract

 Alzheimer’s disease (AD) is the most prevalent form of dementia, characterized by 

an age-related progressive cognitive decline and abundant amyloid and tangle pathology, a.o. 

in the hippocampus. AD patients often display a hyperactive hypothalamic-pituitary-adrenal 

(HPA) axis as is evident from e.g. elevated plasma cortisol levels. HPA axis activity is negatively 

regulated through glucocorticoid receptors (GR) that are widely expressed in the brain and 

abundant in the hippocampus. Since aberrant glucocorticoid exposure has been implicated in 

an increased vulnerability to develop hippocampal pathology, we here investigated GR protein 

expression (GR-ir) in hippocampal tissue of 10 AD patients and 10 control subject matched for 

age, sex, cerebrospinal fluid-pH and postmortem delay. 

 Prominent GR-ir was present in neuronal nuclei with no differences between the 

main hippocampal subregions of the AD and non-demented groups, except for a significant 

increase in the CA3 area in AD. A sex difference was further present in AD with higher GR 

protein expression levels in females that was not present in the matched controls. While the 

relation to the increased incidence of AD in females remains to be studied, these results suggest 

a differential sensitivity of the hippocampus to glucocorticoid exposure between male and 

female Alzheimer patients.

Key words: Glucocorticoid receptor; Alzheimer’s disease; human brain; hippocampus; sex 

difference
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Introduction

 Alzheimer’s disease (AD) is the most prevalent form of dementia characterized by 

an age-related progressive cognitive decline and abundant amyloid and tangle pathology, a.o. 

in the hippocampus (Hardy, 2006). In AD patients, hyperactivity of the hypothalamic-pituitary-

adrenal (HPA) axis is common, as reflected by elevated basal plasma cortisol and cerebral 

spinal fluid (CSF) levels, an enhanced adrenal sensitivity to adrenocorticotroph hormone 

(ACTH), activation of the paraventricular nucleus and a high percentage of dexamethasone 

nonsuppressors in this patient population (Giubilei et al., 2001, Hoogendijk et al., 2006, 

Lucassen et al., 1994, Murialdo et al., 2000, O’Brien et al., 1996, Rasmuson et al., 2001, 

Swaab et al., 1994b), suggesting that stress and glucocorticoid exposure may be involved in 

the development and/or maintenance of aspects of AD. HPA axis negative feedback is largely 

mediated by glucocorticoid receptors (GR) that are abundantly expressed in the hippocampus, 

a.o. (Wang et al., 2013a). 

 In experimental studies, GR expression is sensitive to environmental influences such 

as enrichment, antidepressant drugs, damage or alterations in the cholinergic system (de Kloet 

et al., 2005, Olsson et al., 1994, Yau et al., 1992; Seckl and Fink, 1992). Changes in GR level 

or activation may also increase neuronal vulnerability, e.g. during aging (Sousa et al., 2008, 

Wei et al., 2007) and also in various AD models changes in HPA activity occur, often already 

during early stages of neuropathology, while stress exposure can further aggravate the extent of 

pathology (Brureau et al., 2013, Escribano et al., 2009, Hebda-Bauer et al., 2013, Puccio et al., 

2011, Rothman et al., 2012, Rothman and Mattson, 2010, Sotiropoulos et al., 2011). Although 

the distribution of GR mRNA has been described before (Alt et al., 2010, Gil-Bea et al., 2010, 

Klok et al., 2011, Seckl et al., 1992, Wang et al., 2008, Wetzel et al., 1995; Qi et al., 2013), little 

was known about GR protein levels in the hippocampus in AD. We therefore used previously 

validated methods (Wang et al., 2012, 2013a, 2013b) to investigate GR protein levels in a 

cohort of AD patients and control subjects that were carefully matched for age, sex, CSF-pH 

and postmortem delay (PMD).  

 

Material and Methods
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Human brain tissue 

 Human post-mortem brain tissue was obtained from the Netherlands Brain Bank 

(NBB). Written permission was obtained from all patients or their next of kin for brain autopsy 

and for use of the tissues and clinical data for research purposes. Ten established AD patients 

(average age: 78.8, average PMD of 5h 14 min, confirmed Braak stages 4-6) were carefully 

matched one by one for sex, age, PMD and CSF-pH with ten control subjects (average age: 

77.7, average PMD: 5h 43 min, Braak stages 0-2) (10 females, 10 males; 5 males and 5 females 

in each group). No differences were present in age (P=0.88) or PMD (P=0.57) (Mann-Whitney 

U). The diagnosis of AD and the subsequent definition of the Braak stages of the AD patients 

or control status was confirmed based upon a systematic neuropathological investigation (van 

de Nes, et al., 1998). Clinicopathological details are given in table 1. The hippocampus proper 

was dissected at autopsy, fixed in formalin for 1-2 months, dehydrated, embedded in paraffin 

and serially sectioned at 6 μm. For every case, 3-4 hippocampal midlevel sections were selected 

that included the DG and CA 1-3 subregions. 

Immunohistochemistry for the human GR

 Immunocytochemical protocols for the human GR and specificity tests of the 

antiserum (E-20, Santa Cruz biotechnologies, USA), directed against the N-terminus of the 

classic human GRα protein, have been described in detail before; specificity was confirmed 

Table 1. Clinico-pathological information of the human brain material of Alzheimer’s disease patients (A) 
and non-demented control (C) subjects. Abbreviations; M; male, F: female, NBB: Netherlands Brain bank 
number, NA: unknown or not available, PMD: postmortem delay (hours: minutes), pH CSF: pH of the 
cerebrospinal fluid, Braak: Braak stages, the ranking includes sparse (A), intermediate (B), or frequent (C) 
neuritic plaques density.
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by; 1) a complete absence of immunoreactivity after preadsorption of the antibody with the 

corresponding antigen, or after omission of the first antibody, 2) the presence of a single band 

at the appropriate height on Western blot from human cortex and 3) co-expression of GR-ir in 

CRH-containing parvocellular neurons in the hypothalamus. GR-ir was further not affected by 

PMDs up until 19 h (Wang, et al., 2013a). 

 Sections were immunocytochemically stained and developed as described before in 

detail (Wang, et al., 2013a; 2013b). Briefly, mounted hippocampal sections were deparaffinized 

in xylene, rehydrated in graded ethanol and, to unmask antigens after prolonged formalin 

fixation, pretreated using heat induced antigen retrieval with citrate buffer (0.01 M, pH 6.0) in 

a steamer device (Braun FS20), and incubated in 0.3% H2O2 in methanol to block endogenous 

peroxidase activity. After an incubation in primary antibody (1:1200) that was followed by 

another incubation in a 1:200 dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories), 

the sections were incubated in a 1:800 dilution of streptavidin-biotin-peroxidase complex 

(Vectastain ABC Elite kit, Vector Laboratories) before chromogen development started in 

DAB-Ni (5% 3,3-diaminobenzidine, 0.035% H2O2, 0.04% nickel, 10% Tris Buffer pH8.0 in 

aquadest, pH 7.55) that yielded a black precipitate in the nuclei. 

Image analysis and quantification  

 Optical density of the immunocytochemical signal intensity and the surface areas 

occupied by GR-ir were determined using image analysis tools as described before in detail 

(Ishunina et al., 2007, Ishunina and Swaab, 2003, Ishunina et al., 2005, Wang et al., 2013a). 

Measurements were performed using an IBAS-KAT image analysis system (Kontron KAT 

based system) that was connected to a SONY XC-77CE CCD camera and a Zeiss microscope. 

Sampling and area selection of the hippocampus were performed as follows; in each hippocampal 

section to be analyzed, an area including the CA and DG subregion (using the 20X objective) 

was positioned and loaded into the IBAS. The position of the section under the microscope was 

stored using the X-Y coordinates of the scanning stage. In this image, the contour of the CA1, 

CA3 or DG area was outlined manually. 

 In order to quantify the level of DAB-Ni precipitate corresponding to GR 

immunoreactivity, the contours of the different hippocampal subregions were first outlined 

manually at 20X, based on the atlas of the human hippocampus of Duvernoy (2005). Within 
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each contour, an automatic thresholding procedure was then used to select only those pixels that 

contain DAB-Nickel precipitate, by generating a mask on the screen that corresponded to the 

pattern of GR immunoreactivity. The threshold of the mask is set by the observer at minimal 

3.5x background level in such a way that it covers only the immunopositive pixels within the 

outlined area of the contour. Only of the pixels within this mask, the computer then determined 

optical density (OD) and the percentage of surface area (PSA) covered by the GR-ir signal 

for each subregion and per patient. Furthermore, integrated optical density (IOD), the product 

of OD and PSA, as a measure for the total amount of GR-ir was calculated (PSA X OD). 

The thresholding procedure assures that background or other surface areas not covered by GR 

signal are excluded from the quantification. Statistical analysis was conducted with SPSS and 

differences between groups were evaluated using non-parametric statics (Mann-Whitney U). 

Values of p<0.05 were considered significant.

Results

GR-immunohistochemistry in the hippocampus of AD patients

 The general pattern of GR-ir distribution in the AD hippocampus was highly 

comparable to that of the non-demented control subjects, and to that observed in our previous 

studies (Wang Q et al., 2012; 2013); prominent GR-immunoreactivity (GR-ir) was present in 

nuclei of all pyramidal and granular neurons of the hippocampus (Fig 1), with slightly lower 

levels in the CA3 subregion. Comparisons of GR-ir in the different subregions between the 

AD and control groups revealed no significant differences in either OD (CA1: P= 0.496; CA3: 

P= 0.705; DG: P=0.597), IOD (CA1: P= 0.496; DG: P=0.597) or PSA (CA1: P= 0.199; DG: 

P=0.940), except for the CA3 subregion in AD, where the PSA was significantly larger than in 

the control group (P=0.028) (Fig 2). The IOD of the CA3 showed a trend for a higher level in 

AD ( P= 0.059).

Surface area of hippocampal subregions in the AD and control groups

 Based on the PSA, also the surface areas of the hippocampal subregions were 

compared based on the manually drawn outlines of the CA1, CA3 and DG, which were 

distinguished by their cytoarchitectonical characteristics (see Duvernoy, 2007). A significant 
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reduction was found for the entire hippocampal surface area in the AD group (Fig 3A; P=0.008). 

Further comparison of the surface areas of the individual hippocampal subregions yielded, as 

expected, a significant reduction in the CA1 surface area, but not in other subregions, of the AD 

group (CA1: P=0.013; CA3: P= 0.070; DG: P= 0.112) (Fig 3B). 

Fig 1. Photomicrograph of GR staining in the postmortem hippocampus of an Alzheimer’s disease patient 
(A) and a control subject (B). Bar indicates 800 micrometer. Abundant GR immunoreactivity (GR-ir) is 
present through the CA1 (C), CA3 (D) and DG (E) of hippocampus of AD patients. Bar indicates 60 
micrometer. The width of the CA1 subregion is smaller in the AD group (arrows), as confirmed with the 
surface area measurements (fig 3).

Fig 2. Quantification of the surface area expression (PSA) (A), averaged optical density (OD) (B) and 
integrated optical density (IOD)(C) of GR-ir in the control and Alzheimer (AD) group. IOD = Psa  x OD. 
A significant difference was found in the GR-ir PSA value of the CA3.
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Sex differences of GR-ir between the AD and control groups 

 We further assesses whether sex differences were present. In females, significantly 

higher GR-ir IOD values were found in the AD group compared to the control females (Fig 

4A; P=0.047). This sex difference appeared to be largely due to the CA3 and DG, but not CA1, 

subregions that were increased in female AD patients relative to control subjects (Fig 4B; CA1: 

P=0.076; CA3: P=0.047; DG: P=0.047); For the males, neither in the whole hippocampus, 

nor in its subregions, were differences present between AD and control groups (Fig 4 C, D; 

P=0.347; IOD: CA1: P=0.347; CA3: P=0.465, DG: P=0.175). 

Fig 3. Quantification of the surface area (mm2) of the hippocampal subregions of the control and Alzheimer 
(AD) group (A). A significantly decreased hippocampal surface area was present in AD (P=0.008). In the 
three hippocampal subregions (CA1, CA3 and DG), a significantly reduced surface area was found in AD, 
only in the CA1 subregion (P= 0.013) and not in CA3 or DG (B).    

Fig 4. A sex difference is present in the integrated optical density (IOD) in AD. In females, a significantly 
increased GR-ir IOD is present in the entire hippocampus in the AD group (A, P= 0.047). For the three hip-
pocampal subregions, a significantly increased GR IOD was found in the CA3 and DG, but not in the CA1 
subregion (B). In males, no difference of GR IOD could be found in the entire hippocampi of the AD and 
control groups (C), nor in the subregions of hippocampi of the AD and control groups (D).
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Discussion

 We studied GR protein expression in the hippocampus of AD patients and well 

matched control subjects. GR-ir was abundant in neuronal nuclei of the main CA1, CA3 and 

DG subregions and, while no difference was present between the AD and control groups, a sex 

difference was apparent; the female AD patients displayed significantly higher levels of GR-ir 

in their hippocampus, to which the CA3 and DG subregions contributed most. 

 The current absence of an overall difference in GR between both groups is 

comparable to a previous in situ hybridization study (Seckl et al., 1993) where hippocampal 

GR mRNA was found not to differ between AD patients and matched control subjects. Wetzel 

and coworkers, however, reported increased levels of GR mRNA in hippocampi of AD patients 

(Wetzel, et al., 1995), but the PMDs in this study differed considerably between the AD and 

control group, which can affect in situ hybridization signal (Lucassen, et al., 1995, Preece 

and Cairns, 2003). In addition, no Braak scores were known of their patients, and hence the 

extent of pathology may have been different from our study, in which AD status was carefully 

confirmed neuropathologically. 

 Our data are also consistent with previous literature demonstrating a reduced 

hippocampal surface area and decrease in the CA1 subregion of the AD group. Previous studies 

had shown selective reductions in volume and cell loss, particularly in this subregion in AD 

(Bobinski et al., 1998, Elgh et al., 2006, Simic et al., 1997) and the extent of CA1 volume loss 

has even been related to an abnormal cortisol response in AD (de Leon et al., 1988, Elgh et al., 

2006, Huang et al., 2009). Interestingly, structural alterations have also been observed in this 

subregion after stress exposure in rats (Alfarez et al., 2003, Donohue et al., 2006). Thus, the 

reduced CA1 surface area and the systematic neuropathological investigation of our patients 

confirms that our cohort indeed contained ‘true’ AD cases. Despite the decrease in CA1 volume, 

no change was found in GR-ir OD, IOD or PSA of the CA1 between the 2 groups, indicating 

that comparable levels of GR protein are maintained in this region in AD. As neuronal loss, 

pathology and atrophy are prominent in this region in AD (Simic, et al., 1997, 2000, Swaab, 

et al., 1994a), this suggests that the remaining individual CA1 cells have likely increased GR 

expression. Clearly, the massive loss of hippocampal GRs, as has been proposed before, and 

that would, by disinhibition of the HPA-axis, promote further increases in glucocorticoid levels 
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and subsequent development of neuropathology (Sapolsky et al., 1986; Lucassen et al., 2013), 

was not apparent.

 In female AD patients, higher GR-ir values were found in the CA1, CA3 and DG 

subregions compared to female controls, whereas no such differences were present in males. 

Sex differences are not only common in conditions known to be associated with HPA axis 

alterations, like aging (Bao and Swaab, 2007, Heuser et al., 1994, Hua et al., 2010, O’Dwyer 

et al., 2012, Seeman et al., 2001, Skup et al., 2011) or depression (Solomon et al., 2012, Wang 

et al., 2012) or menopause (Zhang et al., 2013), but also epidemiological and imaging studies 

have demonstrated sex differences in AD, e.g. in volumetric, metabolic and neuropathological 

parameters, drug and stress sensitivity markers, in receptor levels, in brain reserve and in the 

risk to develop AD, that is well known to be higher in females (Callen et al., 2004, Counts et al., 

2011, Ishunina and Swaab, 2003, Perneczky et al., 2007, Petrie et al., 1999, Salehi et al., 1998; 

Webber et al., 2005). 

 Interestingly, in AD mouse models, sex specific changes occur in the onset of 

neuropathology, amyloid processing, cognitive deficits and in the stress response, suggesting 

that, despite a comparable genetic drive in e.g. the processing and expression of mutant APP 

in transgenic mice, sex further influences the eventual pathological phenotype (Callahan et 

al., 2001, Clinton et al., 2007, Devi et al., 2010, Gimenez-Llort et al., 2010, Hebda-Bauer et 

al., 2013, Hirata-Fukae et al., 2008, LaFerla et al., 2007, Schafer et al., 2007, Sierksma et al., 

2013, Touma et al., 2004). Also, exposure to stress or HPA-axis related markers can accelerate 

the neuropathology and cognitive decline in AD mouse models (Dong et al., 2012; Cuadrado-

Tejedor et al., 2012; Rothman et al., 2012; Sotiropoulos et al., 2011). Although the precise 

mechanism underlying sex as a basic biological variable in AD remains elusive, experimental 

studies have suggested a neuroprotective role for estrogens on neurotransmitter systems 

implicated in cognition (Webber et al., 2005; Zhang et al., 2013). Initial hormonal replacement 

therapy (HRT) trials indeed suggested some positive effects in relation to AD, but data from 

a large randomised controlled trial, the Women’s Health Initiative Memory Study, failed to 

confirm these observations and even suggested an increased dementia risk for women on HRT 

(Shumaker et al., 1998).

 One of the indicators for HPA axis activation is an increase in cortisol level in plasma 

or CSF (Erkut et al., 2004), that is commonly found in AD (Hoogendijk et al., 2006, Swaab et 
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al., 1994b). Although Davis et al. reported high cortisol levels in severely demented male and 

female AD patients (Davis et al., 1985), Rasmuson et al. found increased cortisol production 

in women with mild to moderate AD (Rasmuson et al., 2001) and the high serum cortisol 

levels in the pre-dementia clinical stage of AD even predicted a more rapid cognitive decline 

(Csernansky et al., 2006). Higher plasma cortisol levels also correlated with more rapid declines 

in cognitive scores after a 2 year follow up period in already established AD patients (Huang 

et al., 2009). Moreover, in a group of presenile AD patients (< 65 years of age), CSF-cortisol 

levels were 5 times higher than that of presenile controls, but the cortisol levels of older, senile 

AD patients and those of controls of over 65 years of age, did not differ significantly (Swaab 

et al., 1994b). Whether such changes in cortisol are additionally reflected by parallel changes 

in GR in CSF or plasma is impossible to assess as an ELISA for neuronal GRs does not exist 

and as GRs are produced inside the brain. Even if it could be developed, an ELISA would not 

be informative since it lacks anatomical information as to where the GR is produced. It would 

thus be highly unlikely that comparable differences are found in CSF as done now between the 

small anatomical subregions, or between the sexes, which is a main advantage of the present 

microscopical approach.

 If high CSF cortisol concentrations are causally involved in AD etiology, they are 

further also expected to preceed the development of pathology in persons with mild cognitive 

impairment (MCI), a stage considered prodromal for AD. However, whereas increased cortisol 

CSF levels have been shown in patients ranging from mild to severe AD, no such changes were 

found in patients with MCI (Wolf et al., 2002), indicating that MCI may behave differently in 

this respect. The above papers do suggest it is the increase in CSF cortisol (Csernansky et al., 

2006, Davis et al., 1985, Hoogendijk et al., 2006, Swaab et al., 1994b) that may relate to the 

progression of AD, but it remains unclear whether elevated cortisol levels are a cause, or rather 

a consequence, of degenerative events occurring in the hippocampus, or whether they may be 

initiated from other brain regions like the cortex or subcortical regions, or e.g. affected by the 

cholinergic system, that is known to degenerate during AD progression and to affect HPA-axis 

regulation (Olsson et al., 1994, Yau et al., 1992).

 Clearly, our study has limitations. Although matched human brain tissue of good 

quality is rare, and even though only patients were selected with a short PMD, our results are 

based on a limited number of patients. Another aspect is that the present postmortem tissue was 
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obtained from patients at an end-stage of their disease, which does not allow any conclusions 

about earlier stages of the disease, during which e.g. alterations in HPA axis activity may have 

been different. Whether this would then be reflected by changes in GR expression awaits further 

study. Finally, we have tried to reduce effects of medication by excluding subjects that had used 

medication that may have affected GR, like synthetic steroids or specific antidepressants, and 

by matching controls as well as AD patients for similar types of medication. Although not very 

likely, it remains difficult to completely exclude effects of medication on the present results. 

 In conclusion, we studied GR protein expression in the hippocampus of AD patients 

and well matched control subjects. No major differences were found between the AD and control 

groups, except for an increase in GR in the CA3 subregions in AD. A significant sex difference 

was present with higher levels of GR expression in female AD patients that was absent in the 

control group. While it remains to be studied whether it relates to the increased incidence of AD 

in females, this difference clearly suggests a differential sensitivity to glucocorticoid exposure 

between the sexes in Alzheimer’s disease.
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Abstract

 The prefrontal cortex (PFC) plays an important role in the regulation of the 

hypothalamo-pituitary-adrenal (HPA)-axis regarding stress response and possibly also 

depression. We used quantitative real-time PCR to determine the mRNA levels of 17 stress-

related genes in the human postmortem anterior cingulate cortex (ACC) and dorsolateral 

PFC (DLPFC) of patients with mood disorder and of well-matched controls. The correlation 

between the expression of these DLPFC genes and their earlier measured expression in the 

paraventricular nucleus (PVN) of the same subjects was also determined. Transcript level of 

mineralocorticoid receptor (MR) was significantly decreased, while the ratio of glucocorticoid 

receptor (GR) α to MR mRNA level was increased in the ACC/DLPFC, both in the bipolar and 

major depressive disorder subgroups and also in the pooled depression group. Significantly 

inverse correlations were found for MR mRNA level and for GRα/MR ratio between the DLPFC 

and PVN. A selective disturbance of MR and of the GRα/MR ratio thus seems to exist in the 

ACC/DLPFC in depression, which was inversely correlated with the corresponding levels in 

the PVN. These changes may contribute to HPA-axis hyperactivity and hence to depression 

etiology.

Key words: Anterior cingulate cortex; Bipolar disorder; Dorsolateral prefrontal cortex; 

Mineralocorticoid receptor; Major depressive disorder; Paraventricular nucleus
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Introduction

 Hypothalamo-pituitary-adrenal (HPA)-axis activity is dysregulated in a significant 

percentage of patients with bipolar disorder (BPD) and major depressive disorder (MDD), as 

evidenced by clinical and preclinical studies (Holsboer, 2001 and Schule et al., 2009). Even on 

their own, individual hormones of the HPA-axis, such as corticotropin-releasing hormone (CRH) 

or cortisol can induce symptoms of depression (Bao and Swaab, 2010). The importance of the 

hypothalamus in depression is further supported by the observation that ventral diencephalic 

volumes, mainly those including the hypothalamus, are among the strongest endophenotypes 

of depression (Glahn et al., 2012). HPA-axis activity and its subsequent response to stress are 

modulated by a complex network of brain structures and circuits, including the hippocampus, 

amygdala, prefrontal cortex (PFC) and anterior cingulate cortex (ACC) (Dedovic et al., 2009). 

These brain areas express corticosteroid receptors to mediate negative feedback regulation of 

the HPA-axis, which is suggested to be impaired in depression (Holsboer, 2000). Moreover, 

the regulatory role of the ACC/PFC can be stimulatory or inhibitory, depending on specific 

ACC/PFC subregions or stressor types (Dedovic et al., 2009). Together with the dysfunctioning 

ACC/PFC as shown by functional and structural imaging in depression (Drevets et al., 2008a 

and Drevets et al., 2008b), all available evidence indicates an abnormal interaction between the 

ACC/PFC and HPA-axis activity with possible implications for the pathogenesis of depression 

(Swaab et al., 2000 and Dedovic et al., 2009).

 Previously, we have shown that in the hypothalamic paraventricular nucleus (PVN) 

of depressed patients significant changes are present in several key stress-related genes, 

including CRH, CRH receptors (CRHRs), corticosteroid receptors and sex hormone receptors 

(Raadsheer et al., 1995 and Wang et al., 2008). In the present study we investigated in the ACC/

PFC whether the expression of CRH or associated factors modulating the network involved 

in stress regulation is changed in depression. We determined – in grey matter isolated from 

postmortem ACC and dorsolateral PFC (DLPFC) tissue of a clinically and neuropathologically 

well-characterized cohort of depressed patients and well-matched controls – the gene expression 

level of these molecules by quantitative real-time PCR (qPCR). In addition, we correlated the 

DLPFC stress-related molecules determined in the present study with those determined in the 

PVN from 11 overlapping subjects in our previous study (Wang et al., 2008).
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Methods

Subjects

 Postmortem brain specimens from elderly non-suicide depressed patients (DEP) 

and their matched controls without a psychiatric or neurological disease, as described before 

(Zhao et al., 2012), were obtained from the Netherlands Brain Bank (NBB), with informed 

written consent from the patients or their next of kin for the autopsy and use of brain material 

and clinical files for research purposes. The DEP patients were clinically diagnosed in various 

Dutch psychiatric hospitals with either BPD or MDD on the basis of the presence and severity 

of their symptoms and with the exclusion of other psychiatric and neurological disorders, 

which were systematically scored and confirmed by three qualified psychiatrists (Drs. W.J.G. 

Hoogendijk, E. Vermetten and G. Meynen) according to the Diagnostic and Statistical Manual 

of Mental Disorders, Fourth Edition criteria, using the extensive medical records of the NBB. 

Systematic neuropathological investigation confirmed the absence of neuropathological 

changes in all subjects (Van de Nes et al., 1998). Depressed patients and controls were one-

by-one matched for sex and group-matched for age, postmortem delay (PMD), clock time and 

month of death, cerebrospinal fluid (CSF)-pH and brain weight. The samples were obtained 

from the ACC (Brodmann area 24) of 12 DEP patients (sex, 9M/3F; age, 74.7 ± 3.9 (mean ± 

SEM)) and 12 matched controls (9M/3F; 79.5 ± 3.0) and DLPFC (Brodmann area 9) of 14 DEP 

patients (10M/4F; 72.8 ± 3.1) and 14 matched controls (10M/4F; 74.6 ± 3.0). Detailed clinico-

pathological information is shown in supplementary material (SM) 2. 

 Grey matter containing all six layers was isolated from 50 μm thick cryostat sections 

cut from snap-frozen ACC/DLPFC tissue as described before (Bossers et al., 2010). 

Quantitative real-time PCR

 RNA isolation, cDNA synthesis and qPCR reactions were performed as described 

(Wang et al., 2008 and Zhao et al., 2012). RNA integrity value (RIN), an indicator of isolated 

RNA quality, was determined and no difference was found between the DEP and control groups 

(for ACC of the DEP group: 7.3 ± 0.2 and control: 7.2 ± 0.3; for DLPFC of the DEP group: 7.5 

± 0.2 and control: 7.7 ± 0.2, mean ± SEM, see SM3). Primer information for the target genes 

and reference genes are given in SM4. For qPCR analysis, the absolute amount of target genes 
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was calculated by 1010 × E−Ct (E = 10− (1/slope)) (Kamphuis et al., 2001). The geNorm 

analysis allows us to determine how many and which of the stable housekeeping genes from 

the seven candidates (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin-β (ACTβ), 

hypoxanthine phosphoribosyltransferase 1 (HPRT1), ubiquitin C (UBC), tubulin-α (TUBα), 

tubulin-β4 (TUBβ4), hydroxymethylbilane synthase (HMBS)) we should use to control for 

unspecific and non-disease related changes, in either ACC or DLPFC. After the geNorm 

analysis, the geomean of the absolute amount of the following genes was calculated as reliable 

normalization factors, which did not differ between the diagnostic groups and their controls: 

GAPDH, ACTβ, HPRT1, UBC, TUBα, TUBβ4 for the ACC study and GAPDH, ACTβ, HMBS, 

HPRT1, TUBα, TUBβ4 for the DLPFC study. The following target genes were selected: 

CRH, urocortin3 (UCN3), CRHR1/2 (mediating CRH or UCN3 signal), CRH binding protein 

(CRHBP, controlling free CRH concentration), mineralocorticoid receptor/glucocorticoid 

receptor (MR/GR, mediating negative feedback on HPA-axis activity), estrogen receptor/

androgen receptor (ER/AR, positively or negatively regulating CRH/UCN3 expression), 

cAMP-response element-binding protein (CREB, regulating CRH expression), interleukin-1β 

and tumor necrosis factor-α (IL1β and TNFα, associated with GR function), heat shock protein 

70 and 90 (HSP70 and 90, determinants of glucocorticoid resistance), vasopressin receptor-1α 

(AVPR1α, a receptor for vasopressin which functions together with CRH during stress). The 

ratios between the respective receptor pairs, indicative of their balance, were also calculated, 

i.e. CRHR1/CRHR2, ER1/AR, ER1/ER2 and GRα/MR (stimulatory/inhibitory effects on HPA-

axis activation. Their imbalance may lead to depression; Wang et al., 2008). For further details 

see SM1. The absolute amount of the transcript obtained from the target genes was divided 

by the normalization factor to get the normalized relative value (mRNA relative value in the 

figures) for the final statistical analysis.

Immunohistochemistry for MR in the ACC

 Without the availability of a study on MR distribution in the human ACC, 

immunohistochemistry (IHC) of MR had to be performed. The procedures used for IHC and 

the specificity for MR antibody are shown in SM5–6.

Statistical analysis
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 Nonparametric Mann–Whitney U-test of the data from qPCR was carried out with 

SPSS (version 17.0, SPSS Incorporation), because the data were not always normally distributed. 

The differences between the subgroups (BPD or MDD) and their respective matched controls 

as well as between the DEP group and the matched controls were analyzed separately in the 

ACC and DLPFC. Nominal significance was accepted for p < 0.05 with a Bonferroni corrected 

threshold of 0.0025 (=0.05/20 in which 20 is the number of multiple tests) used to protect from 

false positive results. To evaluate the correlations for gene expression between DLPFC and 

PVN, Spearman’s correlation coefficient was used. P-values of less than 0.05 were considered 

statistically significant.

 

Results

 In the ACC and DLPFC of the elderly non-suicide depressed patients, the lowest 

P-values were found for the decreased MR transcript level and for the increased GRα/MR 

ratio (see Table 1). A significantly decreased MR transcript level was observed in the ACC 

and DLPFC of the BPD subgroup (for ACC, p = 0.002; for DLPFC, p = 0.031), in the ACC 

of the MDD subgroup (p = 0.009) and in both brain regions of the combined DEP group (for 

ACC, p < 0.001; for DLPFC, p = 0.01). In addition, a significantly higher GRα/MR ratio was 

observed in the ACC of the BPD subgroup, the MDD subgroup and the DEP group (p = 0.002, 

0.016 and p < 0.001, respectively). In the DLPFC, a higher GRα/MR ratio was found in the 

BPD subgroup and the DEP group (p = 0.015 and 0.006, respectively). In contrast, a decrease 

in GRα transcript level in the ACC was only marginally significant in the MDD subgroup (p = 

0.047) and was merely a trend in the DEP group (p = 0.057) (Fig. 1A–F). The GR splice variant 

GRβ was undetectable in the ACC/DLPFC. Immunohistochemically the MR protein was found 

throughout the grey and white matter in both neurons (arrows) and glia-cells (arrowheads), and 

distributed in the nucleus, and to a lesser extent in the cytoplasm of neurons and glia-cells (Fig. 

1G–J).

 Furthermore, in the ACC, lower mRNA expression levels of CRH and CRHBP were 

present in the BPD subgroup (CRH, p = 0.018; CRHBP, p = 0.013). In the DLPFC, a decrease 

in IL1β level in the MDD subgroup (p = 0.028) and an increase in ER2 level in the DEP group 

(p = 0.031) were found to be significant (see Table 1).
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 Other genes analyzed in our study, such as CRHRs, HSPs, AR and CREB, did not 

show any significant changes (p > 0.1). The ratios of specific receptor pairs showed no change, 

with the exception of the GRα/MR ratio.

 After the Bonferroni correction for multiple testing, only the data of diminished 

MR expression and increased GRα/MR ratio in the ACC of BPD and DEP patients remained 

significant (asterisks in Table 1). 

 As 11 subjects of the present study had also been investigated in our previous study 

on MR and GRα mRNA levels in the PVN (Wang et al., 2008), we investigated here the putative 

relationship between changes in the same genes in the DLPFC and PVN. There appeared to be 

a marked inverse correlation between MR mRNA level in the DLPFC and that in the PVN (Fig. 

Abbreviations: ACC – anterior cingulate cortex; AR – androgen receptor; AVPR1α – vasopressin receptor-
1α; BPD – bipolar disorder subgroup; CREB – cAMP-response element-binding protein; CRH – cortico-
tropin-releasing hormone; CRHBP – CRH binding protein; CRHR – CRH receptor; Ctr – control group; 
DEP – the pooled depressed group; DLPFC – dorsolateral prefrontal cortex; ER – estrogen receptor; GR 
– glucocorticoid receptor; HSP – heat shock protein; IL1β – interleukin-1β; MDD – major depressive 
disorder subgroup; MR – mineralocorticoid receptor; TNFα – tumor necrosis factor-a; UCN3 – urocotin 3.

Table 1. Results of expression of target genes as well as ratios of specific receptor pairs in the ACC and 
DLPFC between the diagnostic groups and their matched control groups.

Nominal significance was accepted for p < 0.05 (bold print, ↓ ↓ or ↑ ↑ indicates alterations with p 20.01; 
↓ or ↑ indicates alterations with p < 0.05). With a Bonferroni correction the threshold used was 0.0025 
(=0.05/20 in which 20 is the number of multiple tests), while* indicates results which were robust to the 
Bonferroni multiple test correction. 



136

Chapter 6

1K, p = 0.047, ρ = −0.609). For GRα/MR, a significantly inverse correlation was found as well 

(Fig. 1M, p = 0.003, ρ = −0.800). No such correlation could be determined between the ACC 

and PVN as the number of overlapping subjects was insufficient. 

Discussion

 We have shown a strongly different MR transcript level and GRα/MR ratio in the 

ACC/DLPFC of elderly non-suicide victims with BPD or MDD. Furthermore, a strikingly 

inverse correlation was present between the DLPFC and PVN for MR transcript level and also 

for the GRα/MR ratio. The current data confirm and extend previous reductions found in MR 

mRNA levels in the PFC of BPD patients (Xing et al., 2004) and of MDD patients (Klok et al., 

2011).

 The observed decreased MR transcript level and increased GRα/MR ratio might be 

the result of an interaction between genetic and environmental factors, as suggested by studies 

on MR and GR polymorphisms and epigenetic changes related to early-life experiences (Oitzl 

et al., 2010) such as differential GR promoter methylation in suicide victims with a history 

of childhood abuse (Labonte et al., 2012). This requires further investigation. The possibility 

that MR down-regulation in both frontal lobe regions is indeed related to the pathogenesis of 

depression is supported by several studies. Administration of a selective MR antagonist to rats 

produced higher basal corticosteroid levels, suggesting that activation of MR may control the 

cortisol levels during quiescent hours (Spencer et al., 1998). During quiescent hours the cortisol 

levels were elevated in depressive patients and correlated well with the severity of depression 

(Keller et al., 2006), which suggests an impaired MR function in these patients. The observations 

that (i) blockade of MR function by its antagonist hampered the antidepressant effect of the 

tricyclic antidepressant amitriptyline in human (Holsboer, 2001) and that (ii) depressed patients 

treated with an MR agonist responded faster to a selective serotonin reuptake inhibitor (Otte 

et al., 2010), support this possibility. The preclinical observation that antidepressant-induced 

up-regulation of MR in the rat hippocampus preceded both the increased GR expression and 

the negative steroid feedback effect on the HPA-axis (Reul et al., 1993) indicates that MR 

involvement may be a prerequisite for the initiation of antidepressant effects. Furthermore, 

mice with MR function deficiency showed anxiety-like behaviors (Gass et al., 2001) and a 
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Fig 1. In the anterior cingulate cortex (ACC), transcript level of the mineralocorticoid receptor (MR) 
showed a significant decrease in the bipolar disorder (BPD) or major depressive disorder (MDD) subgroup 
or the combined depressed group (DEP) (A). Slightly decreased GRα was found in the ACC of MDD 
subgroup (B). GRα/MR ratio in the BPD or MDD subgroup or DEP group was significantly increased in 
the ACC (C). In the dorsolateral prefrontal cortex (DLPFC), significantly decreased MR transcript level 
(D) and increased GRα/MR ratio (F) were found both in the BPD subgroup and in the DEP group. Immu-
nohistochemical staining of MR is shown in the layer I (G), layer II (H) and layer V (I) of the grey matter 
as well as the white matter (J) of the human ACC. MR protein was localized in both neurons (arrows) and 
glia-cells (arrowheads) with distribution in the nucleus and (to a lesser extent) also in the cytoplasma. MR 
mRNA expression levels in the DLPFC and paraventricular nucleus (PVN) of the same subjects showed 
significantly negative correlation (K) which is also represented in L, showing that a subject with a high 
MR mRNA expression level in the PVN had a low value in the DLPFC. The GRα/MR ratio of DLPFC and 
PVN showed the same pattern (M&N). Asterisks indicate a significant difference (*p < 0.05 or **p <  0.01) 
between subjects with depression and controls. Triangle points in A–F: female subjects. Black bullets in 
K–N: control subjects. Open circles in K–N: depressed subjects. Bar = 50 μm.
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higher HPA-axis reactivity (Brinks et al., 2009), whereas mice overexpressing forebrain MR 

had decreased anxiety-like behaviors, improved cognition and a suppressed corticosterone 

response to restraint stress (Lai et al., 2007 and Rozeboom et al., 2007).

 It is important to note that there are at least two MR mRNA variants in human, caused 

by alternative transcription of 5′-untranslated first exons, MRα and MRβ, which might contribute 

differentially to the mRNA reduction. Both variants translate into unique proteins because the 

initiation codon of translation is in exon 2 (Zennaro et al., 1995) so that the final result is MR 

proteins which include MRA and MRB due to the location of the translation initiation codon in 

exon 2. So the decreased MR mRNA levels, regardless of where the reduction was due to MRα 

or MRβ, caused decreased MR proteins. Moreover, compared to MRα, MRβ mRNA expression 

is very low (around 2% of MRα expression) in the cingulate gyrus in aged subjects (Klok et 

al., 2011), so that the contribution of possible MRβ changes in the reduction of MR here is 

negligible.

 The increased GR/MR ratio that we observed in depression is consistent with rat 

studies where a higher ratio was induced by chronic stress, an effect that could be partly reversed 

by antidepressant treatment (Lopez et al., 1998). It should be noted that another study reported 

no difference in the GR/MR ratio in brain areas, including the hippocampus and an unspecified 

part of the cingulate gyrus of MDD patients (Klok et al., 2011). The altered GR/MR balance as 

observed in our study is considered to be a crucial marker for alterations in stress regulation and 

homeostasis, and correction of such an imbalance in the diseased brain may facilitate recovery 

from depression (de Kloet et al., 2007). Treatment of psychotic depression, a depression subtype 

characterized by profound hypercortisolemia, with the GR antagonist mifepristone, exhibited 

a significantly and fast beneficial effect on mood, probably through restoring the enhanced 

GR/MR imbalance (Belanoff et al., 2002). In addition it was observed that the MR antagonist 

spironolactone may worsen the clinical outcome when administered in combination with an 

antidepressant, possibly by exacerbating the GR/MR imbalance (Holsboer, 2001).

 Moreover, MR and GR have opposite effects regarding their regulation of cellular 

properties. For instance, in rat hippocampus MR mediated neuroprotective effects (Almeida 

et al., 2000) while GR mediated neurotoxic effects (Morse and Davis, 1990). MR activation 

could also prevent the effect of GR-mediated neuronal apoptosis in the dentate gyrus (Hassan 

et al., 1996). The transcription of brain-derived neurotrophic factor (BDNF) is positively or 
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negatively regulated by MR or GR, respectively (Kino et al., 2010). The observed increased 

GR/MR ratio might thus explain, at least partly, the reduced mRNA expression level of BDNF 

we observed in the DLPFC of the same patients (X.-R. Qi et al., unpublished data).

 We have found – for the first time, we think – inverse correlations between PVN and 

DLPFC for MR level and GRα/MR ratio, indicating that a subject with a high MR level or a 

high GRα/MR ratio in the PVN is likely to show a lower value in the DLPFC, and vice versa. 

The present results suggest the presence of a common factor regulating the MR level or GRα/

MR ratio in the DLPFC and PVN in an opposite direction. This factor may be closely related to 

the disease process since the DLPFC shows a decreased metabolism in depression (Drevets et 

al., 2008a), while the PVN is strongly activated in this disorder (Raadsheer et al., 1995, Wang et 

al., 2008 and Bao and Swaab, 2010). We have, however, no indication that the altered receptor 

levels are secondary to changes in cortisol levels, as we found no correlation between either 

MR level or GRα/MR ratio in the ACC/DLPFC and postmortem CSF cortisol levels of the same 

patients (data not shown).

 The PFC regulates HPA-axis activity (Dedovic et al., 2009). Moreover, Koenigs et 

al. reported that bilateral DLPFC lesions (Koenigs et al., 2008) increased the vulnerability 

for depression and were associated with higher depression levels. Our data, in line with the 

literature, suggests that the aberrant corticosteroid receptor levels may mediate an alteration 

in the activity of the ACC/DLPFC and so contribute to a dysfunctional HPA-axis (Holsboer, 

2000). In addition, a malfunctioning MR may influence the appraisal of a situation leading to 

maladaptive behaviors resulting in vulnerability to psychiatric disorders (Brinks et al., 2009).

 The possible confounders in our study, such as age, PMD and CSF-pH, did not differ 

between DEP subjects and controls (see SM3) and have thus not affected our conclusions. 

Given the fact that only three (ACC) or four (DLPFC) female subjects were present both in the 

DEP and control groups, it was not possible to statistically evaluate a possible sex difference as 

was found, e.g., for GR protein levels in the hippocampus of depressed patients (Wang et al., 

2012). However, based on the present data a clear sex difference is not presumed to be present, 

since the gene expression levels of males and females were intermingled in both the control and 

DEP groups (triangles in Fig. 1A–F indicate females).

 All DEP patients in our study received antidepressants. It would be unreasonable to 

deem this previous (over 3 months before death in all cases) treatment a confounder for our 
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study (see SM2). In addition, the results from animal experiments do not support the possibility 

that a decreased MR expression would be due to medication. Chronic antidepressant or lithium 

administration in animals induced an increase in MR binding capacity and MR expression in 

the neocortex (Budziszewska and Lason, 1994). Had such medication influenced our data, it 

would most probably have increased, rather than decreased, MR levels. In addition, although 

antidepressants could increase GR expression (Anacker et al., 2011), we still found a slight 

decrease in GR levels of MDD patients. Animal experiments have shown that antidepressants 

reversed the chronic stress-induced increased GR/MR ratio (Lopez et al., 1998), which again 

suggests that the increased ratio we found would not be caused by antidepressants.

 To conclude, our current study revealed significantly altered expression level of MR 

and of the GRα/MR ratio in the ACC/DLPFC in elderly non-suicide subjects with BPD or 

MDD. Given the important roles of MR in stress regulation, neuronal viability and function, 

the strong and reproducible finding of a diminished expression of MR in the ACC/DLPFC in 

depression seems to be a promising target for therapeutic antidepressant strategies.
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Supplementary material (SM) for “Aberrant stress hormone re-

ceptor balance in the human prefrontal cortex and hypothalamic 

paraventricular nucleus of depressed patients”

SM1 Table of target genes chosen for study
Target genes Reasons
Corticotrophin - re-
leasing hormone 
(CRH)

It is not only activated in the hypothalamic paraventricular nucleus 
(PVN) in depression (Wang et al., 2008), but also present in human 
cortex (Zetterstrom et al., 1999). The protein level of CRH in the 
prefrontal cortex (PFC) of suicide victims is increased (Merali et al., 
2004).

CRH receptor 1/2 
(CRHR1/CRHR2)

They are associated with the production of CRH and also expressed in 
the human cortex (Hiroi et al., 2001). CRHR1 expression is increased 
in the PVN in depression (Wang et al., 2008). CRHR1 antagonists 
have anxiolytic effects both in animal models and in human preclinical 
experiments (Holsboer and Ising, 2008), and CRHR2/CRH signal may 
mediate anxiolytic effects (Muller and Wurst, 2004).
CRHR1/CRHR2 ratio may indicate the balance between anxiogenic 
and anxiolytic effects via CRH signaling.

CRH binding pro-
tein (CRHBP)

It decreases the concentration of free CRH (Van Den Eede et al., 2005).

Urocortin 3 It is a CRH-related peptide and CRHR2 agonist. Increased mRNA 
level is reported in the postmortem PFC in major depressive disorder 
(MDD) (Kang et al., 2007).

G l u c o c o r t i c o i d 
receptor α/β and 
Mineralocorticoid 
receptor (GRα/β, 
MR)

They are involved in the feedback of the hypothalamo-pituitary-adre-
nal (HPA) - axis and regulate CRH expression (de Kloet et al., 2005; 
van Leeuwen et al., 2010; Vreeburg et al., 2009). In the PVN of de-
pressed patients, the mRNA level of MR is significantly increased 
while no change is found in GR mRNA expression level (Wang et al., 
2008). Polymorphisms in these receptors lead to a different response 
to stress and different vulnerability to depression (Derijk et al., 2008).
GRα/MR ratio may indicate the balance between the initiation and 
termination of response to stress (de Kloet et al., 2007).

Heat shock protein 
70 and 90 (HSP70 
and 90)

determinants of glucocorticoid resistance (Tissing et al., 2005)
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Androgen receptor 
or Estrogen recep-
tor 1/2 (AR, ER1/2)

A nuclear sex hormone receptor can inhibit or stimulate CRH or UCN 
expression (Bao et al., 2005; Bao et al., 2006). Increased ER1 mRNA 
level and decreased AR mRNA level together with higher CRH mRNA 
expression are detected in the PVN of depressed patients (Wang et al., 
2008).
ER1/AR ratio may indicate the balance between stimulatory/inhibi-
tory effects on CRH expression (Bao et al., 2005; Bao et al., 2006).
ER1/ER2 ratio may indicate the balance regarding regulation of ex-
pression of CRH, UCN and CRHBP as the two receptors differentially 
modulate their expression.

cAMP-response el-
ement-binding pro-
tein (CREB)

a transcription factor that can modulate CRH expression (Legradi et 
al., 1997)

vasopressin recep-
tor-1α (AVPR1α)

Excessive vasopressin function is associated with depression (Holmes 
et al., 2003; Surget and Belzung, 2008), possibly via AVPR1α (Wigger 
et al., 2004).

interleukin-1β and
tumor necrosis fac-
tor-α

Interleukin-1β gene is associated with the response to antidepressant 
treatment and with neuronal circuits dealing with emotion (Baune et 
al., 2010).
Tumor necrosis factor-α gene polymorphism is a risk factor for depres-
sion in the Korean population (Jun et al., 2003).
Both cytokines are elevated in depression (Dowlati et al, 2010) and 
could efficiently impair GR signaling and thus lead to depression 
(Pace and Miller, 2009).
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SM2 Clinico-pathological information of patients with mood disorders and control sub-

jects

NBB 
number Group Sex

Age 
(ye-
ar)

PMD 
(hr:min)

Ven-
tric-
ular 
CSF 
pH 1

Brain 
weight 

(g)

ApoE 
geno-
type

Clock 
time at 
death 

(hr:min)

Month 
of 

Death
Braak 
stage2

00-074 BPD M 78 07:35 6.27 1 227 33 23:00 6 0

00-088 BPD M 73 05:15 6.38 1 260 33 09:30 7 2

00-111 BPD M 70 04:50 6.26 1 490 33 02:45 10 1

02-014 BPD M 68 16:46 6.64 1 424 33 ND 2 1

06-021 BPD M 70 06:23 6.53 1 488 33 13:07 3 3

06-075 BPD F 80 09:30 6.33 1 190 33 09:30 10 1

07-060 BPD M 93 06:00 6.37 1 459 33 21:10 9 1

07-076 BPD F 79 07:25 6.26 1 231 43 03:10 11 2

97-058 BPD F 90 06:30 ND 1 143 32 10:15 5 3

99-118 BPD M 68 05:55 6.82 1 204 32 23:15 10 1

01-074 MDD M 45 07:00 6.55 1 427 43 02:30 6 0

02-051 MDD M 81 06:00 6.50 1 345 43 15:30 6 3

06-011 MDD F 60 04:20 ND 1 080 33 16:10 1 1

06-026 MDD M 70 07:15 6.50 1 415 43 08:00 3 1

07-033 MDD M 88 06:37 6.26 1 225 43 21:15 5 2

00-067 C M 73 24:45 ND 1 267 33 00:01 6 0

01-033 C M 75 06:20 6.18 1 180 43 06:10 3 1

01-086 C M 88 07:00 6.84 1 398 32 03:00 7 1

04-020 C M 96 05:23 6.70 1 204 33 13:27 2 1

04-0493 C F 77 08:20 6.48 1 312 32 07:55 7 1

04-057 C F 81 06:40 7.16 1 164 33 13:10 8 1

05-017 C M 87 10:20 6.32 1 356 33 04:00 3 1

05-019 C M 74 05:00 6.70 1 125 43 02:00 4 3

05-034 C M 56 14:00 7.03 1 323 33 00:01 5 0

05-044 C M 80 07:15 5.80 1 376 33 07:15 6 0

05-068 C M 56 09:15 6.54 1 553 43 04:45 10 0

05-073 C M 87 06:05 6.96 1 568 33 08:05 10 3

06-037 C M 66 07:45 6.70 1 590 33 17:45 5 0

06-080 C F 89 06:25 6.46 1 210 32 21:30 12 2

95-062 C M 80 04:30 6.22 1 400 33 14:30 6 2

96-052 C M 73 09:10 ND 1 500 43 11:30 5 2
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97-039 C M 87 04:00 7.39 1 506 33 15:00 4 3

97-043 C M 68 10:10 7.08 1 547 33 09:05 4 2

97-143 C M 79 06:00 6.51 1 392 33 06:10 10 1

97-156 C F 77 02:40 6.37 1 235 33 08:30 11 1

98-006 C M 50 08:30 6.65 1 436 43 11:00 1 0

99-111 C F 88 05:40 6.67 1 054 33 03:05 9 3
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SM2 Continued

NBB 
number

RIN 
values

DLPFC/
ACC 

Medication 
taken in 
the past

Medica-
tion in 

the last 3 
months

Suicide 
attempt

Died 
during 
depres-

sive 
episode

B r a i n 
Region

Family 
history

00-074 7.3/6.7 Li, Hal, 
BZD BZD Yes Yes

L ACC, 
L DLP-

FC
Yes

00-088 7.2/7.5 Li, Car, 
BZD, ECT Mo No Yes

L ACC, 
R DL-
PFC

Yes

00-111 6.9/-
Li, Hal, 

BZD, ECT, 
ZUC

Mo, ZUC No Yes L DLP-
FC Yes

02-014 8.1/7.2

Li, ZUC, 
Car, 

MAO-A 
inhibitor, 
BZD, Hal

None No Yes
L ACC, 
L DLP-

FC
Yes

06-021 7.1/7.0 Li Li, BZD No Proba-
bly

L ACC, 
L DLP-

FC
No

06-075 6.3/6.3 Li Li, Prednis-
olone No No

L ACC, 
L DLP-

FC
ND

07-060 -/7.7 BZD, SSRI, 
TCA BZD No Yes L ACC ND

07-076 7.2/- ECT, BZD, 
Car Mo, Car No ND L DLP-

FC No

97-058 7.4/7.1
Li, TCA, 
Parnate, 

ECT
Parnate No Yes

L ACC, 
L DLP-

FC
No

99-118 7.7/- Li None No Yes L DLP-
FC No

01-074 8.0/7.0 SSRI, BZD SSRI No Yes
L ACC, 
R DL-
PFC

No

02-051 7.3/8.0 BZD, TCA, 
Hal Hal No No

L ACC, 
L DLP-

FC
ND

06-011 8.9/8.1
SSRI, BZD, 

Hal, Mo, 
Tamoxifen

Hal, Dex No Yes
L ACC, 
L DLP-

FC
No
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06-026 8.4/7.9

Methyl-
predniso-
lone, Hal, 

ZUC, BZD

BZD, Mo, 
Clozapine No Yes

L ACC, 
L DLP-

FC
No

07-033 7.3/7.0
Li, BZD, 

Levetirace-
tam, Mo

BZD, 
Levetirace-

tam, Mo
No Yes

L ACC, 
L DLP-

FC
No

00-067 7.8/- ND ND   L DLP-
FC

01-033 7.3/- None Ipratropi-
um, Mo   L DLP-

FC

01-086 8.1/-
BZD, Pred-

nisolone, 
Prednisone

Mo   L DLP-
FC

04-020 -/7.4 None Mo   L ACC

04-049 6.1/5.9 BZD

BDZ, TCA 
3 -only 

during the 
night to 

sleep
for the last 

10 days

  
L ACC, 
L DLP-

FC

04-057 8.2/7.5 None Mo   
L ACC, 
L DLP-

FC

05-017 -/7.5 ND Mo   L ACC

05-019 8.3/8.1 Fluticasone, 
Salbutamol

Mo, Hal, 
BZD   

L ACC, 
L DLP-

FC

05-034 8.5/- ND ND   L DLP-
FC

05-044 5.7/5.2 None Mo   
L ACC, 
L DLP-

FC

05-068 -/7.9 None None   L ACC

05-073 -/7.8 None None   L ACC

06-037 7.8/-
Testoster-
one, Meth-
ylphenidate

Testos-
terone, 

Methylphe-
nidate

  L DLP-
FC

06-080 -/7.1 Hal, BZD BZD   L ACC

95-062 -/5.4
Dex, Mo, 
Estramus-

tine
None   L ACC
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96-052 -/8.5 None None   L DLP-
FC

97-039 8.3/- None None   L DLP-
FC

97-043 -/8.5 None None                                L ACC

97-143 -/8.6 BZD, Dex None   L ACC

97-156 8.2/- None None   L DLP-
FC

98-006 7.5/- None None   L DLP-
FC

99-111 6.9/- BZD, Pred-
nisolone None   L DLP-

FC
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SM2 Continued
N B B 
number Cause of death

00-074 Metastases of colon cancer

00-088 Dehydration

00-111 Cardiac arrest, ileus

02-014 Subdural hematoma after a fall

06-021 Severe neck trauma with contusio cerebri and pneumonia

06-075 Acute heart death

07-060 Cachexia, failure of renal functions

07-076 ND

97-058 Respiratory insufficiency, lung embolism, cordial decompensation

99-118 Cardiac ischemia

01-074 Pons hemorrhage 

02-051 Renal insufficiency

06-011 Legal euthanasia because of metastasized mamma carcinoma

06-026 Respiratory insufficiency

07-033 Multiple epileptic seizures

00-067 Massive lung emboli

01-033 Dehydration, adenocarcinoma, pneumonia

01-086 Heart failure

04-020 Pneumonia caused by aspiration

04-049 Cachexia and uremia

04-057 Legal euthanasia because of metastasized cholangiocarcinoma

05-017 Pneumonia, heart infarction, renal insufficiency

05-019 Bronchus carcinoma

05-034 Terminal congestive heart failure

05-044 Cachexia and dehydration

05-068 Acute myocardial infarction

05-073 Unknown

06-037 Ruptured abdominal aorta aneurysm

06-080 Died 2 days after a fall

95-062 Renal insufficiency with metabolic acidosis and hyperpotassemia

96-052 Cardiac arrest, probably due to tamponade

97-039 Myocardial infarction

97-043 Heart infarction

97-143 Extensive metastases of adenocarcinoma of the prostate and diffuse tumor em-
bolisms in both lungs, lung edema
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97-156 Septic shock, Metastasized pancreas carcinoma

98-006 Cardiac arrest, sepsis

99-111 Respiration insufficiency, cardial decompensation, peritonitis

Abbreviations: ACC, anterior cingulate cortex; BPD, bipolar disorder; BZD, benzodiazepine; Car, carba-

mazepine; CSF, cerebrospinal fluid; Dex, dexamethasone; DLPFC, dorsolateral prefrontal cortex; ECT, 

electro-convulsive treatment; F, female; Hal, haloperidol; L, left; Li, lithium; M, male; MDD, major de-

pressive disorder; Mo, morphine; NBB, Netherlands Brain Bank; ND, no data; None, no medication; PMD, 

postmortem delay; R, right; RIN, RNA integrity number with 1 being the lowest and 10 being the highest 

quality of RNA; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic antidepressant; ZUC, zuclo-

penthixol.

1 Ventricular CSF pH correlates well with brain pH (Hardy et al., 1985) and is an indication of the brain 

RNA quality (Tomita et al., 2004).

2 Braak stage less than 3 indicates preclinical stages of Alzheimer’s disease (Braak and Braak, 1991).

3 The expression levels of the control subject who used tricyclic antidepressant for the last 10 days were 

within the range of the other controls and could thus not have changed our conclusions.
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SM3 Table of P-values for matching of patients with mood disorders and controls 

ACC Agea PMDa CSF 
pHa

Brain 
weighta

Braak
Stageb

ApoE 
typeb

TODc MODc
RINa

P(BPD) 0.949 0.898 0.568 0.949 1 1 0.0211 0.690 0.481
P(MDD) 0.402 0.917 0.219 0.602 1 0.329 0.085 0.843 0.401
P(DEP) 0.418 0.931 0.262 0.686 1 0.979 0.266 0.818 0.582

DLPFC Agea PMDa CSF 
pHa

Brain 
weighta

Braak
Stageb

ApoE 
typeb

TODc MODc
RINa

P(BPD) 0.929 0.508 0.246 0.453 0.699 0.734 0.986 0.330 0.102
P(MDD) 0.341 0.834 0.140 0.754 1 0.572 0.237 0.698 0.751
P(DEP) 0.581 0.550 0.073 0.646 0.905 1 0.806 0.565 0.259

Abbreviations: ACC, anterior cingulate cortex; BPD, bipolar disorder subgroup; CSF, cerebrospinal fluid; 

DEP, the pooled depressed patients; DLPFC, dorsolateral prefrontal cortex; MOD, month of death; PMD, 

postmortem delay; RIN, RNA integrity number with 1 being the lowest and 10 being the highest quality of 

RNA; TOD, clock time at death.

a, nonparametric Mann - Whitney U - test

b, Kolmogorov - Smirnov test

c, Mardia - Watson - Wheeler test

1, This does not seem to influence our data since no day/night fluctuations were found in any genes in the 

ACC.



151

Aberrant stress hormone receptor balance in the human prefrontal cortex and 
hypothalamic paraventricular nucleus of depressed patients

        6

SM4 Table of sequence of primers, gene bank accession numbers and the length of ampli-

fied products for the target genes and reference genes
Gene Primer sequences Accession numbers A m p l i c o n 

length(bp)
AR GTCAACTCCAGGATGCTC-

TACT
NM_000044 101

AGGTGCCTCATTCGGACA

AVPR1α CTTTTGTGATCGTGACGGCT-
TA

NM_000706 75

TGATGGTAGGGTTTTCCGAT-
TC

CREB ACCACTGTAACGGTGCCAAC NM_134442 73 73
CTCCTCCCTGGGTAATGG

CRHR1 C G G G T C G T C T T C AT C -
TACTTCA

NM_004382 100

TGGCAGAACGGACCTCACT

CRHR2 CCACATCCGAGACAATCCA NM_001883 87
CGAAGAAGAGCATGTAGGT-
GA

CRH C A T C T C C C T G G A T C T -
CACCTTC

NM_000756 109

A A T A A T C T C C A T -
GAGTTTCCTGTTG

CRHBP A G G T T G C G A G G -
GAATAGGAG

NM_001882 96

GGCGTCATCTTGGAAGGG

ER1 TCTTGGACAGGAACCAGG-
GAA

NM_000125 82

CGGAACCGAGATGATGTAG-
CC

ER2 TGCTTTGGTTTGGGTGATTG NM_001437 118
TTCCATGCCCTTGTTACTCG

G R α ( N -
R3C1)

CCATTGTCAAGAGGGAAG-
GAA

NM_001018077 119

TGTTTGGAAGCAATAGTTA-
AGGAG

G R β ( N -
R3C1)

A G A A C T G G C A G C G -
GTTTTATC

NM_001020825 91

GTGTGAGATGTGCTTTCTG-
GTTT

MR A A G T C G T G A A G T G G G -
CAAAG

NM_000901 83
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CCAAGAATACTGGATTAGG-
GT

HSP70 AGGCTGGTGAACCACTTCGT NM_005345 73
CGGCTCGCTTGTTCTGGCT

HSP90 CGCTCCTGTCTTCTGGCTTC NM_005348 117

TGGTATCATCAGCAGTAGG-
GTCA

IL1β CCGACCACCACTACAGCAA NM_000576 86
GGCAGGGAACCAGCATCT

TNFα GGCGTGGAGCTGAGAGATA NM_000594 88
CAGCCTTGGCCCTTGAAGA

UCN3 CGGGGAGAGATGCTGATGC NM_053049 108

GAAGATGGGCTTGGCTTTG-
TAG

ACTβ CCCAGCCATGTACGTTGCTA NM_001101 65
TCACCGGAGTCCATCACGAT

GAPDH CAAATTCCATGGCACCGTC NM_002046 62
TCTCGCTCCTGGAAGATGGT

HPRT1 G G A C A G G A C T G A A C -
GTCTTGC

NM_000194 88

ATAGCCCCCCTTGAGCACAC

TUBα CTTTGAGCCAGCCAACCAGA NM_006082 72
GTACAACAGGCAGCAAGC-
CAT

UBC GCTGCTCATAAGACTCGGCC NM_021009 70
GTCACCCAAGTCCCGTCCTA

HMBS GATCCCGAGACTCTGCTTCG NM_001024382 70
ACACTGCAGCCTCCTTCCAG

TUBβ4 GGGCCAAGTTTTGGGAGGT NM_006087 71
CACTGTCCCCATGGTATGT-
GC

Abbreviations: ACTβ, actin-β; AR, androgen receptor; AVPR1α, vasopressin receptor-1α; CREB, 
cAMP-response element-binding protein; CRH, corticotropin-releasing hormone; CRHBP, CRH binding 
protein; CRHR, CRH receptor; ER, estrogen receptor; GAPDH, glyceraldehydes-3-phosphate dehydro-
genase; GR, glucocorticoid receptor; HMBS, hydroxymethylbilane synthase; HPRT, hypoxanthine phos-

phoribosyltransferase 1; HSP, heat shock protein; IL1β, interleukin-1β; MR, mineralocorticoid recep-

tor; TNFα, tumor necrosis factor-α; TUBα, tubulin-α; TUBβ4, tubulin-β4; UBC, ubiquitin C; 
UCN3, urocortin 3. 
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SM5 Specificity tests for the mineralocorticoid receptor (MR) antibody and the proce-

dures used for MR immunohistochemistry in the ACC.

 The MR monoclonal antibody (1D5) was kindly donated by Gomez-Sanches (Go-

mez-Sanchez et al., 2006). It recognizes the N-terminal epitope of MR amino acids 1-18 (Go-

mez-Sanchez et al., 2006). The specificity of the MR antibody was first checked by solid phase 

adsorption of the antibody to the antigenic peptide (METKGYHSLPEGLDMERR) (Pepscan 

Presto BV, Lelystad, the Netherlands), after which only neglectable staining remained. Subse-

quently, immunohistochemistry of brain sections from MRCaMKCre knockout mice and wild type 

mice (Berger et al., 2006; Brinks et al., 2009) was performed. There was intensive staining in 

the wild type mice. In the knockout mice the neurons were almost totally negative in the hippo-

campus and medial prefrontal cortex, while the glia-cells and endothelial cells remained stained 

(see SM6) due to the CaMK promoter which only targets the MR in neurons. This staining 

showed the specificity of the MR antibody. 

 For MR immunohistochemistry, the sections were deparaffinized and rehydrated fol-

lowed by washing in 0.05 M Tris-buffered saline (TBS, pH 7.6). After antigen unmasking by 

heating the sections in a steamer for 1 hour in 0.01M pH 6 Citrate Buffer, sections were cooled 

down. Subsequently, sections were treated with methanol containing 0.3% H2O2 (Merck, Darm-

stadt, Germany) for 30 min to block endogenous peroxidase activity, and pre-incubated in TBS-

milk (5% w/v in 0.05 M TBS) at room temperature for 1 hour to reduce non-specific staining. 

Incubation with the first antibody (1:50 dilution) in TBS buffer containing 0.5% (v/v) Triton-X 

100, 0.25% (w/v) gelatin and 5% (w/v) milk (SUMI) at room temperature for 1 hour was fol-

lowed by overnight incubation at 4 oC. The next day after rinsing, sections were incubated with 

anti-mouse IgG biotin-labeled antibody (1:200 dilution; Vector laboratories, Inc. Burlingame, 

CA) in SUMI at room temperature for 1 hour. Again incubation with first and second antibody 

was performed for 1 hour. This was followed by incubation with the avidin-biotin complex 

(Vectastain ABC kit; Vector laboratories, Inc. Burlingame, CA) at room temperature for 1 hour. 

Finally, sections were stained with 3.3’-diaminobenzidine (DAB, Sigma, catalog no. D-5637) 

at 0.5 mg/ml in TBS, containing 0.23% (w/v) nickel-ammoniumsulphate (Merck, Darmstadt, 

Germany) and 0.04% H2O2. The reaction was stopped by washing in TBS and sections were 

dehydrated, cleared in xylene and coverslipped using Entellan (Merck, Darmstadt, Germany).  



154

Chapter 6

SM6 Immunohistochemical staining of mineralocorticoid receptor (MR) in MRCaMKCre 

knockout mouse and wild type mouse.

Figure legend: Immunohistochemical staining show mineralocorticoid receptor (MR) in the hippocampus 
(A) and medial prefrontal cortex (mPFC, C) of a MRCaMKCre knockout mouse and the hippocampus (B) 
and mPFC (D) of a wild type mouse. Bar=250µm. 
Higher-power images show immuno-negative neurons (arrows) in the hippocampus (E) and mPFC (G) 
of a MRCaMKCre knockout mouse, compared to the same areas in a wild type mouse (F&H). The stain-
ing of glia-cells (asterisks) and endothelial cells (arrowheads) remained present in the knockout mouse. 
Bar=50µm.
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1. Summary of the main results

 Glucocorticoid hormones (GCs) are important mediators of the stress response in 

mammals and primates, including humans. The hormonal response to stress, as far as it involves 

the release of glucocorticoids, is regulated through negative feedback via mineralocorticoid 

(MR) and glucocorticoid receptors (GR) that are present with different distributions throughout 

the	brain.	Numerous	studies	have	now	firmly	established	that	the	hippocampus	and	the	amygdala,	

among several other brain regions such as the paraventricular nucleus of the hypothalamus 

(PVN), are not only sensitive to stress in functional terms, but are also implicated in (aspects of) 

hypothalamic–pituitary–adrenal	axis	(HPA)	axis	feedback	regulation	as	well.	Moreover,	these	

regions have been reported to change in volume during conditions of aberrant stress regulation 

or stress related human disorders. 

 While in various animal species, the distribution of GR protein has been studied 

before and is well-established in (subregions of the) hippocampus and amygdala, the presence 

and anatomical distribution of GR protein in the primate and particularly the human brain was 

still poorly studied. The main aim of the present thesis was therefore; 1) to investigate and 

describe	the	presence	and	distribution	of	GR	protein	expression	in	key	areas	of	the	human	brain	

known to be involved in stress sensitivity and feedback, and 2) to quantify and assess changes 

in	GR	protein	 in	 these	 areas	 during	 conditions	 in	which	HPA	 axis	 activity	 is	 often	 altered,	

such as during aging and in disorders like major depression, bipolar disorder and Alzheimer’s 

disease. 

Main findings of the thesis:

•	 We	 first	 developed	 and	 validated	 immunocytochemical	 protocols	 to	 detect	 and	

	 quantify	 the	 amount	 of	 GR	 protein	 in	 formalin-fixed,	 paraffin-embedded	 human	

 postmortem brain tissue section. Similar to rodent data, we showed that strong GR 

	 protein	expression	was	present	in	the	corticotropin-releasing	hormone	(CRH)	neurons	

	 of	 the	 human	 hypothalamus,	 a	 major	 feedback	 region	 of	 HPA	 axis	 activity.	 Its	

 presence there provides an important biological relevant argument that further 

	 validated	 the	 specificity	 of	 our	 antibody.	 GR	 signal	 was	 further	 abundant	 in	 the	

 hippocampus, particularly in nuclei of almost all CA1 and DG neurons, and 
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 in many, but not all, neurons of the CA3, a subregion known to be largely devoid 

	 of	GR	protein	in	the	rodent	hippocampus.	Furthermore,	GR	protein	was	expressed	

	 in	 approximately	 50%	of	 the	 hippocampal	 astrocytes,	which	were	mainly	 located	

	 in	the	CA	and	DG	subfields,	while	glia	of	the	CA3	subregion	again	displayed	lower	

	 levels	of	GR-immunoreactivity	in	general.	Quantification	revealed	that	with	increasing	

 age, the levels of GR protein remained remarkably stable in neurons of various 

	 hippocampal	 subregions,	 but	 that	 a	 significant	 negative	 correlation	 with	 age	 was	

 found in the female DG (Chapter 2). 

•	 The	 anatomical	 distribution	of	GR,	 and	 its	 relative	 density,	were	 not	 significantly	

 different in hippocampi of patients who had long-term suffered from periods of major 

 depression. Surprisingly, GR-immunoreactivity (GR-ir) in the DG correlated 

 positively with age in the depressed, but not the control group. When comparing 

	 sexes,	we	 found	 a	 significant	 increase	 in	GR-ir	 in	 the	 hippocampus	 of	 depressed	

	 women	relative	to	depressed	men	indicative	of	a	sex	difference	in	hippocampal	GR	

 in depression (Chapter 3).

• In the human amygdala, abundant GR-immunoreactivity was present in nuclei of 

 both neurons and astrocytes. Its distribution was similar when different anatomical 

 subregions such as the basolateral or central amygdaloid nuclei were compared. 

 Interestingly, the GR-ir signal in neurons as well as the percentage of GR-containing 

	 astrocytes,	were	significantly	increased	specifically	in	major	depression,	relative	to	

 the bipolar depressed patients or to control subjects (Chapter 4).

• We further studied the hippocampus in Alzheimer’s diseases, a brain region involved 

 in memory, mood and stress regulation, which is also heavily affected in this 

	 neurodegenerative	disorder.	We	found	a	clear	sex	difference	with	higher	expression	

 levels of GR protein in the female relative to the male Alzheimer patients, a difference 

	 that	was	absent	in	age-matched	controls	(Chapter	5).

•	 In	 the	 prefrontal	 cortex	 (PFC),	 qPCR	 analysis	 revealed	 that	 MR	 mRNA	 was	

	 significantly	 decreased,	 while	 the	 ratio	 of	 Gα	 to	 MR	 mRNA	 level	 was	

 increased in the ACC/DLPFC, in both bipolar and major depression and 

	 also	 in	 the	pooled	depression	group.	Significantly	 inverse	correlations	were	 found	

	 for	 MR	 mRNA	 and	 GRα/MR	 ratio	 between	 the	 DLPFC	 and	 PVN	 indicating	 a	
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	 selective		disturbance	 of	 MR	 and	 of	 the	 GRα/MR	 ratio	 in	 the	 ACC/DLPFC	 in	

 depression (chapter 6).

2. General and methodological considerations

 Having access, and the possibility, to study human brain tissue provides great 

opportunities	that	enable	researchers	to	ask	unique	questions	and	address	specific	mechanisms	

in detail. However, the use of postmortem human brain tissue also presents a number of obvious 

difficulties,	resulting	from	variations	that	are	always	present	in	the	patient’s	age,	agonal	state,	

sex,	preterminal	medication,	postmortem	delay,	etc.	Human	beings	are	furthermore	genetically	

and developmentally heterogeneous, and data variability is thus usually greater than when 

using tissue from e..g laboratory animals from an inbred strain. When working with human 

postmortem	 brain	 material,	 and	 in	 particular	 when	 studying	 protein	 distribution	 in	 fixed	

tissues,	such	methodological	issues	can	influence	protein	detection,	the	general	outcome	of	the	

immunocytochemistry and such possible confounder could contribute to differences between 

experimental	groups.	These	need	to	be	taken	into	consideration	as	they	can	influence	the	use	of	

specific	techniques.	Moreover,	due	to	the	activation	of	various	RNAses	and	proteases,	which	

become activated after death, proteins may degrade with increasing postmortem delay and can 

subsequently be washed out during tissue processing, or reach levels below the detection limit 

of	a	particular	technique.	On	the	other	hand,	prolonged	fixation,	often	in	formalin	and	often	for	

1	or	2	months,	may	form	extensive	crosslinks	that	can	physically	prevent	or	hamper	access	of	

antibodies	or	probes,	and	thus	a	failure	to	detect,	or	extract,	specific	proteins	or	RNA	molecules.	

This may result in so-called ‘masking’ of antigenicity and thereby hamper immunocytochemical 

results. 

 One common way to approach this type of problems is to carefully select and match 

the	human	tissues,	as	much	as	possible,	for	the	influence	of	such	agonal	state	and	postmortem	

factors.	Here,	aspects	of	postmortem	tissue	will	be	discussed	first,	together	with	the	approaches	

I used in this thesis and their limitations, as well as related factors relevant for the interpretation 

of	the	current	results.	Subsequently,	I	will	discuss	the	complexity	and	functional	properties	of	

the GR (isoforms) and some of its main relevant domains in molecular and physiological terms, 

before addressing more recent developments and implications of (changes in) the GR in human 



165

General Discussion

7

brain and in some of its disorders.   

2.1 Human brain material, anatomical differences

 For some brain structures, subregions or only selected parts or anatomical levels of 

such regions, are available from the Netherlands brain bank. This is due to heavy demand for 

a	given	popular	subregion,	or	due	to	the	fact	that	patients	with	specific	conditions	are	simply	

rare	and	difficult	to	obtain.	In	particular,	if	anatomical	differences	in	the	distribution	of	a	new	

protein	within	a	particular	brain	region	are	to	be	expected,	e.g.	between	rostral	to	caudal	parts	

of	a	specific	structure	of	interest,	this	becomes	important	when	different	patients	and	groups	

are	being	compared.	Ideally,	it	needs	to	be	confirmed	whether	results	obtained	from	a	particular	

part	of	tissue	that	is	studied,	indeed	reflects	the	signal	in	the	entire	region	of	interest,	or	whether	

regional	differences	exist	and	anatomical	selection	may	have	biased	the	results.

	 In	 the	 present	 thesis,	 fixed	 tissue	 sections	 available	 from	 the	 hippocampus,	

hypothalamus,	 amygdala	 and	 their	 associated	 cortices	 were	 selected	 from	 a	 well-defined	

anatomical mid-level of the respective structure. This generally assured that a relatively large 

part of the structure and surface area was available, in which all major cell layers and subregions 

were present. This reduced anatomical variation between subjects from the same group and also 

minimized	contributions	from	e.g.	outer	parts	of	the	structure.	Except	for	reasons	of	comparions,	

the shape and border of a structure are ideally comparable between patients, different parts of 

a brain region may also be involved in different functions. For the hippocampus e.g., clear 

differences have been reported in structural, metabolic or functional parameters over its septo-

temporal,	or	horizontal,	axis,	e.g.	with	considerable	relevance	for	conditions	like	stress	or	age	

(Huang	et	al.,	2013).	For	example,	the	ventral	part	of	the	rodent	hippocampus	is	well	known	

to	preferentially	regulate	stress	and	anxiety,	while	the	dorsal	hippocampus	is	more	involved	in	

spatial	 learning	and	memory.	Similarly,	anatomical	differences	exist	 in	receptor	distribution,	

anatomical	inputs	and	projections,	the	extent	of	neurogenesis	(Tanti	et	al.,	2013),	antidepressant	

responsivity	(O’Leary	and	Cryan,	2014),	cognitive	or	emotional	functionality	(Wu	and	Hen,	

2014)	 and	 in	 specific	 electrophysiological	 network	 properties,	 like	 long	 term	 potentiation	

(Maggio	 and	 Segal,	 2007).	 Using	 high	 resolution	 positron	 emission	 tomography,	 magnetic	

resonance	imaging	or	resonance	spectroscopy	(Cho	et	al.,	2011),	anatomical	differences	have	

further	been	identified	in	the	human	hippocampus	in	N-methyl-D-aspartate/amino-3-hydroxy-
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5-methyl-4-isoxazolepropionic	 acid	 (NMDA	 /AMPA)	 receptor	 distribution	 (Pandis	 et	 al.,	

2006).	Also	 in	 terms	 of	 disease	 vulnerability	 or	 synaptic	 connectivity,	 the	 structure	 of	 the	

human	hippocampus	shows	clear	anatomical	differences	(de	Flores	et	al.,	2015;	Harrison	and	

Eastwood,	2001;	Pinto	et	al.,	2015;	Ta	et	al.,	2012;	Thom	et	al.,	2012).	

 For these reasons, we made sure that the hippocampal midlevels we studied in our 

GR	 analyses,	 indeed	 reflected	 the	GR-ir	 distribution	 throughout	 the	 entire	 region,	 and	 thus	

assessed whether the data we obtained from the midregion were comparable to GR levels 

present in more rostral or caudal levels. To that end, we additionally collected both rostral and 

caudal	levels	of	the	hippocampus	of	a	separate	set	of	control	cases	and	quantified	GR-ir	in	these	

regions and compared the results with the signal obtained from mid-level sections. As we failed 

to	find	any	significant	differences	between	these	rostral,	mid	and	caudal	levels,	this	indicated	

that on the one hand, GR protein is distributed in a homogenous way throughout the entire 

septo-temporal	axis,	and	second,	that	midlevels	can	thus	be	considered	representative	for	the	

whole hippocampus, at least when GR is studied in control cases.

 This does not imply the same is true for other structural readouts, or e.g. for GR 

distribution	in	disease	conditions.	When	comparing	individuals	using	MRI,	specific	anatomical	

changes have indeed been reported in subregions of the hippocampus in relation to aging, 

Alzheimer’s disease, or e.g. to aspects like spatial navigation skills. Also in disorders like 

depression, selective shrinkage was reported in parts of the hippocampus (de Flores et al., 

2015;	Maguire	et	al.,	2000).	Voxel-based	morphometry	(VBM)	of	gray	matter	 in	depressive	

patients	revealed	a	significant	decrease	of	volume	in	the	right	rostral	hippocampus,	in	the	right	

amygdala	and	in	the	medial	orbito-frontal	cortex	(gyrus	rectus)	bilaterally	(Egger	et	al.,	2008;	

Huang	et	al.,	2013;	Travis	et	al.,	2015).	In	view	of	such	possible	hippocampal	volume	changes,	

next	to	the	optical	density	of	the	GR-ir	signal,	we	also	studied	the	percentage	of	surface	area	

that was covered by GR-ir signal as this allowed to control for shrinkage.

2.2 Post-mortem delay, agonal state and fixation time 

 Another potentially important methodological concern is that for obvious reasons, 

all the human brain tissues used in our studies were collected several hours after death. In 

addition,	the	tissues	were	fixed	in	formalin	generally	for	a	period	of	1–2	months,	before	they	

were	embedded	in	paraffin	and	serially	sectioned	and	stored	for	different	periods	of	time	before	
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being	used	in	our	experiments.	During	postmortem	delay,	important	components	of	the	tissue	

can be affected by proteolytic decay and enzymatic breakdown. While human tissue provides 

unique	opportunities	to	study	specific	questions,	it	can	only	be	obtained	several,	and	variable,	

hours after death and after varying agonal states induced during the process of dying. Hence, 

postmortem	tissue	may	not	always	accurately	reflect	the	actual	in	vivo	situation	prior	to	death.	

 On a same note, conditions shortly before death, such as morphine treatment of the 

patient, severe ischemia, trauma to the brain, or the duration of the death process, i.e the ‘stress 

of	 dying’	 itself,	 can	 have	 effects	 on	 specific	 parameters	 that	 differ	 between	 subjects	 and/or	

can	potentially	modify	tissue	protein	quality	and	conservation	(Erkut	et	al.,	2004;	Trabzuni	et	

al.,	2011).	One	well	accepted	measure	used	to	match	for	this	type	of	variation,	is	agonal	state,	

which	is	reflected	by	the	pH	of	the	CSF	(Ravid	et	al.,	1992;	Wester	et	al.,	1985).	When	the	death	

process is protracted and occurs more slowly, there is a buildup of lactate in the brain and as 

a result, the pH of the CSF is lower than in subjects who died quickly, e.g. in a car accident. 

Therefore, in our study we carefully matched the control and diseases groups based on the pH 

of the CSF.

 PMD is important for the preservation of tissue morphology per se, and may also 

affect	 the	 stability	 of	 several	 neurochemical	 substances,	 nucleic	 acids,	 specific	 antigenic	

determinants,	or	the	viability	of	cells	isolated	from	postmortem	brain	(De	Groot	et	al.,	1995;	

Perry	 and	Perry,	 1983;	Whitehouse	 et	 al.,	 1984).	 Postmortem	variables	 alter	RNA	 integrity	

in	a	complex	manner,	which	is	e.g.	of	relevance	for	molecular	and	GWAS	studies.	When	this	

question was addressed in detail, parameters like post-mortem delay, agonal state and age were 

found to have little impact on microarray data that were found to be robust to variable levels 

of RNA integrity, with brain pH having only a small effect on array performance (Trabzuni et 

al.,	2011).	Also,	the	commonly	used	measure	RNA	integrity	number	was	found	not	to	predict	

mRNA	integrity	(Sonntag	et	al.,	2016).	

 Clearly, there are differences in conservation and sensitivity between these 

compounds,	and	for	many	mRNAs,	breakdown	is	known	to	occur	likely	to	a	different	extent,	

whereas for the generally shorter class of more recently described microRNAs e.g., or for 

proteins, a prolonged stability with postmortem delay has been observed for some, but not for 

all	(Rivero	et	al.,	2010;	Siew	et	al.,	2004;	van	Zwieten	et	al.,	1991).	

 For novel proteins, sensitivity to postmortem delay is generally unknown and it is  
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important	to	first	control	whether	breakdown	of	a	particular	protein	of	interest	occurs	during	

the	 postmortem	period.	A	possibility	 to	 test	 this	 is	 to	 induce	 an	 artificial	 postmortem	delay	

series,	e.g.	in	rat	tissue	that	is	not	fixed	nor	frozen	until	after	a	specific	delay	after	death,	which	

can	provide	useful	 information	 (Rivero	 et	 al.,	 2010;	Siew	et	 al.,	 2004).	Alternatively,	when	

human tissue is available and postmortem delays a given fact, it possible effect can be studied 

by ranking subjects on basis of increasing PMD and assess whether the results obtained from, 

or the measurements done on those tissues, show a correlation. For possible confounders like 

age,	fixation	time	and	agonal	state,	a	careful	matching	of	the	experimental	cases	was	performed	

with the control subjects and it is thus not likely that our results have been affected by these 

confounders	to	a	major	extent.

 Some proteins, neuropeptides and receptors appear, however, rather insensitive to 

the proteolytic effects occurring during the postmortem period. CRH immunoreactivity in the 

rat	hypothalamus	was	e.g.	unaffected	by	postmortem	delays	(PMD)	of	0,	6	or	24	h	(Raadsheer	

et	 al.,	1993;	Siew	et	 al.,	2004).	When	studying	 steroids,	 it	 is	 important	 to	 realize	 that	upon	

ligand binding, their receptors generally translocate from the soma to the nucleus, but shuttle 

back again if the ligand decreases in concentration. Hence, in addition to the changes in total 

GR levels, for steroid receptors, also their subcellular distribution may be altered when the 

concentration of ligand drops in the periphery, or is degraded during PMD. Indeed, dependent 

on the antibody used and isoform studied, differences in the subcellular location of GR-ir have 

been described under conditions of glucocorticoid absence, such as adrenalectomy, where 

a	re-distribution	occurred	of	nuclear	 to	cytoplasmatic	GR	signal,	a	finding	 that	was	 initially	

proposed	to	be	relevant	for	human	postmortem	brain	(Fodor	et	al.,	2002;	Nishi	and	Kawata,	

2007;	Visser	et	al.,	1996).	

 Clinical observations however, have shown strong elevations of cortisol in fatally ill 

patients, which were not suppressed in patients who received e.g. morphine, or in demented 

patients, that might have been less aware of psychosocial stress factors. As such, the high cortisol 

levels in fatally ill patients may thus be due to an ‘organic’ stress response of the organism that 

may possibly be associated with the impending death, rather than with the psychological stress 

per	se	(Erkut	et	al.,	2004).	

 Although no cortisol levels were available, it may be anticipated that cortisol levels 

will have been high as well in the patients in our cohorts. In this case, at least a considerable 
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proportion	of	GR-alpha	is	expected	to	be	activated	and	be	present	in	the	nucleus,	consistent	with	

the general picture we observed here in our human tissues, where very little, if any, cytoplasmic 

or	membrane	restricted	staining	was	observed.	Except	for	matching	the	PMDs	of	our	current	

patients and controls as much as possible, we also had studied the effect of postmortem delay 

on	GR	expression	in	rat	brain	(chapter	2)	and	found	a	pronounced	stability	of	GR	protein	with	

increasing PMDs of at least 6 hrs, suggesting that PMD is not a major concern for GR-ir in our 

and similar studies. 

	 In	addition	to	PMD,	also	formalin	fixation,	especially	when	its	duration	is	prolonged,	

may be a possible confounder for immunocytochemical studies on postmortem brain. The 

most	widely	used	fixative	 for	 routine	histology	 is	10%	neutral	buffered	 formalin	 (NBF,	4%	

formaldehyde).	 This	 fixative	 introduces	 cross-links	 and	 effectively	 prevents	 autolysis	 by	

degrading	and	preventing	enzyme	activity	from	proteases	etc..	It	thereby	provides	an	excellent	

preservative	of	tissue	and	cellular	morphology.	However,	prolonged	formaldehyde	fixation	also	

introduces	protein-	and	formalin	crosslinks	that	can	‘mask’	specific	antigenic	sites	and	result	in	

a	variable	loss	of	immunoreactivity.	Indeed,	prolonged	formalin	fixation	has	been	reported	to	

lead to weak or absent staining, that was largely dependent on the susceptibility of individual 

epitopes	though,	and	can	be	retrieved	using	specific	pretreatments	(Lucassen	et	al.,	1993;	Otali	

et	al.,	2009;	Shi	et	al.,	1991;	Werner	et	al.,	2000).	

	 Although	excessive	cross-linkage	as	well	as	contaminating	substances	in	the	fixative	

may	lead	to	irreversible	damage	to	some	epitopes	(Hitchman	et	al.,	2011;	Pikkarainen	et	al.,	

2010;	Webster	et	al.,	2009),	other	epitopes	resist	degradation	and	are	only	hidden	or	‘masked’	

by	 the	 fixation-related	 crosslinks.	 Even	 though	 they	 are	 still	 present	 and	 intact,	 they	 still	

cannot be reached by antibodies and thus yield false negative results in immunocytochemical 

experiments.	To	that	end,	‘unmasking’	pretreatments	have	been	developed	that	reduce	or	reverse	

the formalin-mediated crosslinking which can dramatically improve the sensitivity of a given 

immunocytochemical	detection	system	(Lucassen	et	al.,	1993;	Shi	et	al.,	1991;	Shi	et	al.,	1993).	

Several antigen retrieval (AR) methods, most are based on heat or pH, or combinations thereof, 

are now routinely applied in immunohistochemical studies on brain tissue with often positive 

results	(Alelu-Paz	et	al.,	2008;	Bogen	et	al.,	2009;	Liu	et	al.,	2010;	Lucassen	et	al.,	1993;	Syrbu	

and	Cohen,	2011).	

 The mechanisms of antigen retrieval are not completely understood, but as the principle 
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of antigen–antibody recognition depends on an intact protein structure, the heat-induced AR 

method	may	on	the	one	hand	depend	on	the	‘re-opening’	of	a	too	dense	and	compact	matrix	of	

formalin and formalin-protein cross-links, that initially hampers antibody access but physically 

opens up and can become more accessible for antibodies after heat treatment. Alternatively, 

AR	may	‘re-set’	a	masked,	or	changed	protein	confirmation	into	a	form	of	which	the	epitope	

approaches its native condition, e.g. though re-establishment of the three-dimensional protein 

structure, that is recognized again by the antibody. In addition to heat, i.e. temperature itself 

and its duration, the slow cooling afterwards, and pH of the AR solution are important factors, 

which	points	to	hydrolysis	as	a	mechanism	involved	in	AR	effectiveness	(Shi	et	al.,	2001).

The	human	brain	tissues	we	used	in	our	studies	were	fixed	in	a	standardized	way	in	4%	formalin	

for 1–2 months, and were well matched. Moreover, for AR, we used a steamer device that 

was	 developed	 as	 an	 effective	AR	method	 by	 others	 before	 (Ramos-Vara	 and	Beissenherz,	

2000;	Tang	et	al.,	2007a)	and	allows	 to	carefully	apply	and	 increase	heat	 to	 tissue	sections,	

which in practice, prevented their detachment compared to more rigorous methods like pressure 

cooking,	and	allowed	to	retrieve	specific	antigens.	Finally,	both	our	human	and	rat	experiments	

demonstrated	 specific	 (biological)	 distribution	 patterns	 of	 GR-ir	 in	 locations	 where	 it	 was	

expected,	e.g.	in	the	parvocellular,	not	magnocellular,	neurons	of	the	hypothalamic	PVN	and	in	

colabeling	with	CRH-ir,	which	confirmed	that	fixation	of	our	tissues	per	se	has	not	confounded	

our immunocytochemical results.

2.3 Medication

 The use of medication, which was taken by almost all patients in our study, and 

the	differences	between	them,	may	in	theory	influence	GR	expression	levels.	Within	the	wide	

variety of commonly used medications in these age groups, such as corticosteroids, morphine, 

aspirin	 and	 antidepressants,	 the	 latter	 require	 special	 attention.	 In	 the	 first	 place,	 various	

experimental	studies	in	rodents	have	shown	that	antidepressants	can	activate	GR,	induce	nuclear	

translocation	in	vitro,	or	can	normalize	or	increase	GR	expression	levels,	either	in	naive	or	in	

chronically	stressed	animals	(Anacker	et	al.,	2011;	Heydendael	and	Jacobson,	2008;	Pariante	et	

al.,	2003;	Yau	et	al.,	2004).	Secondly,	antidepressants	like	desipramine,	imipramine,	ketanserin	

and	lithium	were	shown	to	increase	GR	levels	in	rodent	brain	(Brady	et	al.,	1992;	Flandreau	et	

al.,	2012;	Rossby	et	al.,	1995),	notably	in	a	sex-dependent	manner	(Peiffer	et	al.,	1991;	Pepin	



171

General Discussion

7

et	al.,	1989).	Third,	such	effects	depend	on	the	type	of	antidepressant	and	are	influenced	by	the	

presence	of	specific	but	often	rare	GR	polymorphisms	(Derijk	and	de	Kloet,	2008)	that	may	

modify	clinical	effectiveness	of	these	drugs.	For	instance,	4	weeks	of	treatment	with	fluoxetine,	

increased glucocorticoid receptor (GR) mRNA levels in the rat hippocampus, but not when 

moclobemide,	venlafaxine,	tianeptine	or	desipramine	were	tested	(Yau	et	al.,	2004).

	 We	therefore	specifically	compared	GR	expression	levels	between	depressed	patients	

that received SSRIs and TCAs as medication, with depressed patients that had remained 

non-medicated	 (Chapter	3),	 but	 could	not	find	 significant	differences.	Furthermore,	we	also	

compared differences in GR levels between major depressed patients with and without SSRI 

treatment (Chapter 4), and no differences were found either. While a limitation of our study is 

that our sample size was small, the available data suggest that those antidepressants that were 

used	by	the	patients	in	our	study	have	not	strongly	influenced	our	main	results.	Alternatively,	as	

GR is occupied during stress and, after ligand-dependent translocation, present in high amounts 

in neuronal nuclei, it remains unclear whether our current immunocytochemical protocol allows 

to pick up additional changes in GR-ir density when this would occur after e.g. antidepressant 

medication. It awaits to be studied whether under such conditions, anatomical differences in the 

human hippocampus are of relevance, or whether the human hippocampus as a whole differs 

in its sensitivity to antidepressants. This hippocampus could be different in this respect when 

compared to the hypothalamus, where circumventricular organs could play a role and where, as 

a result, antidepressants could potentially act more readily on PVN neurons. The same applies 

for effects of cortisol, or antidepressants, on functional steroid receptors located in the cell 

membrane,	 that	 at	 least	 for	MR,	have	been	described	 in	 rodent	brain	 (Brureau	et	 al.,	 2013;	

Deng	et	al.,	2015),	but	relatively	little	is	known	about	this	in	human	brain	yet	(ter	Heegde	et	al.,	

2015).	Since	few	of	our	patients	used	corticosteroids	as	medication,	we	have	selected	controls	

that were given corticosteroids as controls (one by one paired, see chapter 3 table 1) to reduce 

the	possible	effects	of	corticosteroids	on	our	experiments.

	 Finally,	 GR	 and	 antidepressants	 are	 thought	 to	 interact	 a.o.	 with	 BDNF	 and	

other	 neurotrophins,	 and	 BDNF	 facilitates	 e.g.	 GR-mediated	 signaling	 and	 the	 response	 to	

antidepressants	(Arango-Lievano	et	al.,	2015).	While	such	interactions	are	of	relevance	here,	

e.g. given theit regulation of neuronal plastity-related genes, remains to be studied. The same 

applies for how changes in GR activation and location in the brains studied here relate to such 
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plasticity-related readouts. 

2.4 General GR organization and regulation

	 In	this	thesis,	we	studied	GRα	protein	levels	in	the	human	limbic	system.	GRα	is	the	

most abundant variant that is thought to mediate the main genomic actions of glucocorticoids 

and as such one of the important variants. As mentioned before, the human GR gene is composed 

of	9	exons,	which,	through	alternative	splicing,	can	produce	several	other	GR-subtypes	as	well;	

i.e.	GRβ,	GRγ,	GR-P	and	GR-A	(Oakley	and	Cidlowski,	2013).	In	addition	to	GRα,	alternative	

splicing	 in	exon	9	near	 the	end	of	 the	GR	primary	 transcript	generates	GRβ	 (Oakley	et	 al.,	

1996),	that	functions	as	a	dominant	negative	inhibitor	and	antagonizes	the	activity	of	GRα	on	

many	glucocorticoid-responsive	 target	genes	studied	 in	vitro	 (Kino	et	al.,	2009;	Oakley	and	

Cidlowski,	2013).	While	it	is	thus	an	interesting	variant	that	can	possibly	also	induce	changes	

in	HPA	feedback	regulation,	GRβ	was	studied	in	human	brain	before	but	found	to	be	present	

in very low levels in brain, and of those already low levels, most signal appeared to be largely 

derived	from	blood	cells	(DeRijk	et	al.,	2003).	Although	not	yet	studied	in	disease	conditions,	

the	role	of	GRβ	in	HPA	feedback	changes	in	control	human	brain	is	considered	negligible.

	 An	alternative	splice	site	in	the	intron	separating	exons	3	and	4	results	in	the	GRγ	

isoform,	 which	 is	 however,	 associated	 with	 glucocorticoid	 resistance	 in	 patients	 (Beger	 et	

al.,	 2003;	 Ray	 et	 al.,	 1996).	Moreover,	 two	GR	 splice	 variants	 GR-A	 and	GR-P	 exist	 that	

miss	 large	 regions	of	 the	LBD	were	 initially	discovered	 in	glucocorticoid-resistant	multiple	

myeloma	cells	(Moalli	et	al.,	1993).	The	GRγ	is	widely	expressed	and	binds	glucocorticoids	

and	DNA	(Thomas-Chollier	et	al.,	2013)	but	is	impaired	in	its	ability	to	regulate	glucocorticoid-

responsive	reporter	genes	due	to	a	disrupted	DBD	which	results	in	different	DNA-targets	as	

compared	to	GRα.	Both	GR-A	and	GR-P	isoforms	miss	large	regions	of	the	LBD	and	cannot	

bind	CORT.	The	functional	role	of	GR-A	and	GR-P	is	less	clear	(de	Lange	et	al.,	2001).	Since	

GRα	is	the	most	abundant	and	active	isoform	in	the	human	brain,	we	focused	in	this	thesis	on	

this	GR	 isoform,	but	we	cannot	exclude	 that	 changes	 in	 some	of	 these	other	 isoforms	have	

occurred during the conditions we studied. However, cases carrying these variants are rare and 

unlikely to be part of the limited sample in our cohort. Also, to study possible changes in the 

presence	and	distribution	of	these	splice	variants,	additional	specific	antibodies	would	need	to	

be developed and validated for human postmortem brain.  
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	 In	the	absence	of	hormone,	the	GR	resides	in	the	cytoplasm,	where	it	is	complexed	

with	a	variety	of	proteins	including	chaperone	proteins	(hsp90,	hsp70,	and	p23)	that	prevents	

GR	from	being	degraded,	and	with	immunophilins	of	the	FKBP506	family	(Grad	and	Picard,	

2007;	Pratt	and	Toft,	1997).	These	proteins	maintain	the	GR	in	a	conformation	that	is	generally	

transcriptionally	inactive	but	favors	high-affinity	ligand	binding	(Oakley	and	Cidlowski,	2013).	

Yet,	 also	 ligand-independent	 phosphorylation	 of	 the	 GR,	 through	 the	 phosphorylation	 site	

Ser134,	can	act	as	a	molecular	sensor	on	the	GR,	which	can	influence	promotor	recruitment	and	

mediate	effects	on	nuclear	receptor	signaling	(Galliher-Beckley	et	al.,	2011).	In	our	validation	

studies, we detected a single band on western blot in chapter 2. Hence, a role for an additional, 

phosphorylated	form	of	GRα	in	our	studies	is	rather	unlikely.	When	in	contrast,	CORT	plasma	

levels	are	high,	CORT	will	bind	GR	at	its	ligand-binding	domain	(LBD)	(Reul	and	de	Kloet,	

1985;	Spiga	and	Lightman,	2009)	and	 in	 this	 activated	 state,	GR	can	be	phosphorylated	by	

several kinases. Phosphorylation of GR can either inhibit or facilitate the attraction of additional 

cofactors to the GR, which can subsequently modulate its transcriptional activity (Chrousos and 

Kino,	2009;	Galliher-Beckley	and	Cidlowski,	2009).	Apart	from	driving	gene	transcription	via	

binding glucocorticoid response elements in regulatory regions of particular target genes, GR 

also	inhibits	gene	expression	via	transrepression,	largely	via	protein:	protein	interactions.	As	

such,	GR	can	thus	influence	the	activity	of	other	transcription	factors,	without	contacting	DNA	

itself	(Ratman	et	al.,	2013).	

 Activated GR translocates to the nucleus using the cytoskeleton, a process that is 

facilitated	by	hsp90,	which	is	involved	in	GR	nuclear	mobility	(Vandevyver	et	al.,	2012).	In	

addition,	 there	 are	 two	nuclear	 localization	 signals	 (NLS)	present	 in	 the	GR	protein:	NLS1	

and NLS2 that are recognized by importins which mediate nuclear transport of GR. Within 

the	nucleus,	GR	binds	directly	to	GREs,	via	which	it	regulates	the	expression	of	specific	sets	

of	target	genes	(Freedman,	1992).	Both	positive	and	repressive	GREs	have	been	reported	that	

mediate	activating	or	repressing	target	genes	(Beato,	1989;	Uhlenhaut	et	al.,	2013).	

	 The	activated	GR	regulates	gene	expression	in	3	primary	ways:	it	can	bind	directly	to	

DNA, or can tether itself to other DNA-bound transcription factors, or bind directly to DNA and 

then	interact	with	neighboring	DNA-bound	transcription	factors	(Oakley	and	Cidlowski,	2013).	

As is well-known, the GR can also regulate the transcription of target genes by physically 

interacting with classic transcription factors, like activator protein 1 (AP1) and nuclear factor 



174

Chapter 7

κB	(NF-κB),	 that	can	in	 turn	 interfere	with	 the	 transcriptional	activation	function	of	 these	2	

proteins	 (Nissen	 and	 Yamamoto,	 2000;	 Yang-Yen	 et	 al.,	 1990).	 Also,	 several	 critical	 GR	

trafficking	proteins	 are	 known,	 like	FKBP51,	Hsp90,	 cyclophilin	 40,	 dynamitin	 and	dynein	

intermediate	chain,	that	can	help	exclude	GR	from	the	nucleus	(Allan	et	al.,	2014).	Thus,	while	

the main gene classes that are targeted by glucocorticoids become better known, the processes 

by	which	these	steroid	hormones	actually	bind	to	GR	and	regulate	the	gene	expression	of	these	

targets	in	the	nucleus	is	complex	and	influenced	by	many	additional	factors.		

3. GR and HPA changes in human brain; changes in depression

3.1 Changes in GR protein in the hippocampus and amygdala in depression

	 With	increasing	age,	we	found	a	pronounced	stability	of	GR	protein	expression	in	

most	neuronal	layers	of	the	human	hippocampus.	This	was	not	expected	as	in	rodent	studies,	

often	an	activation	of	 the	HPA	axis	with	age	was	 reported,	parallel	 to	 reductions	 in	volume	

and/or GR levels in the hippocampus. Aged rats in particular have an increased sensitivity 

to	 dexamethasone	 (Hassan	 et	 al.,	 1996),	 and	 elevated	 glucocorticoid	 levels	 have	 e.g.	 been	

reported together with degenerative changes in pyramidal neurons in the rat CA layers. This 

was	accompanied	by	hippocampal	dysfunction,	possibly	through	GR	activation	(Bodnoff	et	al.,	

1995;	Ding	et	al.,	2016).	

 Several other studies have addressed effects of glucocorticoids on the structural 

and functional integrity of the hippocampus, in different models and with different treatment 

regimens.	Many	failed	to	find	a	massive	CA	neuronal	loss	after	exposure	to	chronic	stress	or	

glucocorticoid,	dexamethason	or	prednisolone	exposure,	indicating	that	functional	alterations	

are more responsive then the cytoarchitectual integrity of the hippocampus that does not seem 

to	be	affected	much	by	such	chronic	and	severe	treatment	regimens	(de	Kloet	et	al.,	2005;	Fuchs	

et	al.,	1995;	Hassan	et	al.,	1996;	Lucassen	et	al.,	2014;	Sapolsky	and	McEwen,	1985;	Stein-

Behrens	et	al.,	1994;	Virgin	et	al.,	1991).	

 Particularly in chronically stressed rodents, down regulation of GR is commonly 

observed	in	the	hippocampus.	Using	in	situ	hybridization	histochemistry,	Kitraki	et	al.,	1999	

reported	a	statistically	significant	down-regulation	of	GR	mRNA	in	the	hippocampus	of	rats	

that	had	been	exposed	to	stress	for	8,	10	and	14	days	(Kitraki	et	al.,	1999).	Froger	et	al.,	2004	
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found	that	4	weeks	of	chronic	mild	stress	exposure	caused	a	significant	decrease	in	both	GR	

mRNA levels and in the density of cytosolic GR binding sites in the hippocampus of wild 

type	mice	(Froger	et	al.,	2004).	After	exposure	to	chronic	unpredictable	stress,	GR	mRNA	was	

significantly	down-regulated	in	 the	rat	CA1	and	DG	(Herman	et	al.,	1995).	For	GR	protein,	

Chen	et	 al.,	 2008	 found	 lower	 levels	of	GR	 immunostaining	 in	 the	CA1	and	DG	of	 the	 rat	

hippocampus	after	exposure	to	chronic	immobilization	stress	for	21	days	(Chen	et	al.,	2008).	

Not only in rats, but also in a primate, GR mRNA was downregulated in the hippocampus after 

stress.	Four	weeks	of	exposure	to	psychosocial	stress	reduced	GR	mRNA	in	the	DG	and	CA1/

CA3	of	male	tree	shrews	(Meyer	et	al.,	2001),	while	Patel	et	al.,	2008	observed	GR	expression	

to be diminished in the CA1 of adult squirrel monkeys after adult social stress (Patel et al., 

2008).	 However,	 after	 chronic	 stress,	Mizoguchi	 K	 et	 al.,	 (2003)	 reported	 increased	 levels	

of	the	cytosolic	and	nuclear	GR	protein	in	the	rat	hippocampus,	which	was	confirmed	by	in	

situ hybridization. Also in prenatally stressed rats, increases in GR protein levels have been 

found	at	 an	 adult	 age	 (Szymanska	 et	 al.,	 2009),	 indicating	 that	 some	of	 the	 changes	 in	GR	

protein	expression	may	in	part	have	been	influenced,	or	programmed	by	events	during	early	

life.	Taken	together,	we	expected	increased	GR	protein	levels	in	the	human	brain	of	patients	

that	had	suffered	from	major	depression,	as	these	patients	generally	display	aberrant	HPA	axis	

regulation and early stress is a risk factor for this condition.

 The earlier animal studies however, differed from our human cohort in obvious 

intrinsic differences between rodent and human brain. These included differences in genetic 

variation, individual vulnerability, timing and duration of stress, early life history and the 

context	in	which	GR	is	studied	in	the	brain.	Also,	stress-induced	changes	in	animal	models	for	

depression	strongly	depend	on	the	animal	strain	studied	and	the	experimental	design,	while	the	

stressor applied in animals is generally more severe, or physical in nature than in the human 

condition, where stress is generally more subjective and/or psychosocial in nature, and a general 

measure	for	stress	history	more	difficult	to	standardize	between	subjects	(Alfarez	et	al.,	2008;	

Duman,	2010).	

	 Moreover,	neurobiological	changes	that	are	induced	or	over-expressed	in	otherwise	

healthy and naive animals, may elicit successful adaptive responses with time, and clearly differ 

from the human disease condition, where observed neurobiological changes may represent 

maladaptive	responses	(Kas	et	al.,	2011).	In	contrast	to	animal	studies,	related	studies	on	human	
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brain	did	not	find	strong	changes	in	the	levels	of	mRNA	for	the	GR	in	depressed	patients	(Alt	

et	al.,	2010;	Klok	et	al.,	2011;	Lopez	et	al.,	1998;	Medina	et	al.,	2013),	nor	in	suicide	victims	

who suffered from major depression, and GR mRNA or protein level were found to be unaltered 

(Pandey	et	al.,	2013;	Webster	et	al.,	2002).	This	is	consistent	with	our	present	results	and	the	

stable	 expression	of	 hippocampal	GR-alpha	 in	 depression,	 confirming	 this	 observation	now	

also at the protein level. Whether epigenetic changes to the GR are present in our sample, 

as	suggested	by	some,	but	not	all,	other	studies	(Alt	et	al.,	2010;	Klok	et	al.,	2011),	requires	

different	methodology	that	remains	to	be	developed	for	fixed	human	postmortem	tissue.

 Despite the stable GR levels, elevated plasma cortisol levels are a common feature of 

many depressed patients. This may originate from changes in HPA activity originating from the 

CRH cells, but can also be due to disturbed negative feedback mediated by the GR in key brain 

regions. While the resulting hypercortisolism affects the brain, this can have various structural 

and functional consequences, that depend on the type, duration, release pattern and accumulative 

concentration	of	cortisol	(Joels,	1999).	In	rodents,	the	consequences	of	stress	range	from	early	

functional	deficits	and	selective,	but	 still	 transient	and	 relatively	 subtle	changes	 in	neuronal	

morphology,	to	an	increased	vulnerability	to	subsequent	insults	and	atrophy	of	specific	brain	

regions. Atrophy of the apical dendrites of the neurons in the CA3 subarea is generally observed 

first,	 in	association	with	reversible	memory	impairment	(Luine,	1997;	Lupien	and	McEwen,	

1997).	When	 stress	 becomes	 prolonged,	 hypercortisolism	 occurs	 and	 GC	 rhythms	 are	 e.g.	

lost, atrophy of CA3 neurons may occur that have been proposed to eventually lead to cell 

death	under	severe	conditions,	which	can	affect	CA1	as	well	(Lucassen	et	al.,	2014;	Sapolsky	

and	McEwen,	1985;	Sapolsky,	1999;	Stein-Behrens	et	al.,	1994;	Uno	et	al.,	1989).	While	the	

functional	consequences	are	well	described,	later	studies	that	used	stereological	quantification	

have	however	failed	to	find	massive	hippocampal	cell	loss	in	several	stress-related	models	and	

conditions	(Lucassen	et	al.,	2014).	In	the	related	condition	of	Cushing’s	disease,	however,	that	

is characterized by strong elevations of cortisol, lasting structural changes have been reported 

in	white	matter	integrity	and	in	the	volume	of	the	grey	matter	of	the	anterior	cingulate	cortex	

(Andela	et	al.,	2013;	van	der	Werff	et	al.,	2014).			

	 Based	 on	 positive	 correlations	 between	 glucocorticoid	 levels	 and	 the	 extent	 of	

hippocampal	pathological	 changes,	 a	 relationship	between	cumulative	exposure	 to	GCs	and	

hippocampal function was proposed with particular relevance for aging. This concept was 
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supported by increased numbers of reactive astrocytes, activation of microglia and other 

neuropathological	markers	in	the	hippocampus	of	old	rats	(Kerr	et	al.,	1991;	Landfield	et	al.,	

1978;	Landfield	et	al.,	1981;	Nichols	et	al.,	1993;	Rozovsky	et	al.,	1998;	Seckl	and	Olsson,	1995;	

Sugaya	et	al.,	1996)	that	paralleled	the	extent	of	their	age-related	learning	impairments.	Also,	

adrenalectomy of middle aged rats attenuated hippocampal degeneration and cognitive decline 

later	in	life	(Landfield	et	al.,	1981)	consistent	with	a	role	for	elevated	basal	glucocorticoid	levels	

in	age-related	cognitive	impairment	and	hippocampal	pathology.	High	glucocorticoid	exposure	

during	the	course	of	aging	(Sapolsky	and	Altmann,	1991;	Sapolsky,	1992)	has	been	proposed	

to	also	modify	hippocampal	volume	changes	in	rat	(Rapp	et	al.,	1999),	although	this	seems,	in	

addition,	to	depend	on	factors	like	energy	metabolism	and	sex	steroids	(Luine,	1997;	McEwen,	

1996;	McEwen	et	al.,	1999).

	 Unlike	rodents,	however,	increases	in	HPA	axis	activity	are	not	a	universal	feature	

of human aging. In studies on the postmortem human hypothalamus, increased numbers of 

CRH	expressing	neurons,	and	increased	CRH-vasopressin	co-localization,	were	found	in	the	

paraventricular nucleus with aging in males, indicative of an increased chronic CRH activation 

during	human	aging	(Bao	and	Swaab,	2007;	Raadsheer	et	al.,	1994;	Raadsheer	et	al.,	1995).	

Related	activational	changes,	like	increased	cortisol	concentrations	in	the	cerebrospinal	fluid	

(Swaab	et	al.,	1994)	have	e.g.	also	been	seen	during	aging	and	in	depression	(Lucassen	et	al.,	

1997;	Raadsheer	et	al.,	1993;	Raadsheer	et	al.,	1994;	Raadsheer	et	al.,	1995;	Schatzberg	et	al.,	

2014;	Swaab,	1999).	Given	the	nature	of	these	studies,	it	is	difficult	to	draw	final	conclusions	

on	the	interrelated	effects	of	aging	on	the	human	HPA	axis	parameters	per	se,	or	vice	versa.

 In a prospective approach in which cortisol was studied in relation to cognition, 

Lupien	et	al.	1997,	observed	that	individuals	with	increased	cortisol	levels	over	a	period	of	4	

years,	showed	impairments	 in	performance	in	explicit	memory	and	selective	attention	tasks.	

However,	when	these	individuals	were	classified	into	three	subgroups	(low,	medium	and	high	

cortisol levels), only individuals with rising cortisol levels over the 4 year period, showed 

impairment	in	cognition,	indicating	a	relation	between	basal	cortisol	and	cognitive	deficits	at	

old	age,	that	were	predicted	by	the	extent	of	earlier	changes	in	glucocorticoid	levels	(Lupien	and	

McEwen,	1997).	These	data	suggested	that,	even	though	the	design	and	extent	of	the	stressors	

compared was quite different, at least some results from earlier rat studies, i.e. those showing 

that	long-term	glucocorticoid	overexposure	in	later	life	can	accelerate	aspects	of	brain	aging,	
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can	partly	be	extrapolated	to	the	human	situation.			

 Even though plasma cortisol level was not measured in the patients we studied 

here,	we	did	not	find	strong	indications	for	an	age-related	reduction	in	overall	GR	levels.	An	

alternative	explanation	for	this	is	that	negative	feedback	regulation	of	stress	hormones	is	not	

exerted	 through	 the	hippocampus	alone.	 Initially,	 this	 structure	was	 thought	 to	exert	a	 tonic	

inhibitory	control	on	HPA	axis	activity	(Herman	et	al.,	1989;	Jacobson	and	Sapolsky,	1991;	

Ratka	et	al.,	1989;	Sapolsky	and	Altmann,	1991)	but	later	studies	have	shown	that	hippocampal	

inhibition	 is	 exerted	 through	 several,	 often	 indirect,	 neural	 pathways	 to	 which	 also	 frontal	

cortical	 regions	 and	 the	 ventral	 subiculum	 contribute	 (Herman	 and	 Cullinan,	 1997),	 while	

glucocorticoid	feedback	on	the	HPA	axis	is	now	known	to	take	place	,	at	least	in	rat,	primarily	

at	the	level	of	the	hypothalamic	PVN	and	pituitary	(De	Kloet	et	al.,	1998;	Kretz	et	al.,	1999).	

The hippocampus remains an important brain region in modulating aspects of learning and 

memory processing, mood, affect and adaptation, each with their own effects on neuroendocrine 

regulation.

	 In	 addition	 to	 the	 hippocampus,	 exposure	 to	 stress	 alters	 GR	 expression	 in	 the	

amygdala	(Drevets	et	al.,	2013;	Lupien	et	al.,	2011;	Morey	et	al.,	2012).	Here	we	found	that	

GR	protein	was	significantly	higher	in	the	amygdala	of	bipolar	depressed	patients.	Differential	

responses of the hippocampus and amygdala to stress have been reported before and whereas 

hippocampal volume is generally decreased in mood disorder patients, the volume of the 

amygdala	 was	 found	 to	 be	 increased	 in	 some	 studies	 (Drevets,	 2003;	 Lupien	 et	 al.,	 2011;	

Pfleiderer	 et	 al.,	 2007;	 Rauch	 et	 al.,	 2003;	 Swaab	 et	 al.,	 2005).	 These	 different	 responses	

were	also	supported	by	high	field	MRI	studies	where	the	mean	volumes	of	the	DG	and	CA1-

3 subregion were smaller in non-medicated or recently unmedicated depressed patients than 

in	healthy	controls	 (Huang	et	al.,	2013;	Jia	et	al.,	2010).	 In	 the	amygdala,	however,	clinical	

MRI studies have shown increases, decreases or no change in its volume in MDD (Caetano 

et	al.,	2004;	Tang	et	al.,	2007b;	Vassilopoulou	et	al.,	2013).	Furthermore,	and	importantly,	in	

contrast to the reversible atrophy and retractions occurring in the hippocampal CA3 after a 

stress-free	recovery	period,	the	dendritic	hypertrophy	in	the	basolateral	amygdala	(BLA)	of	the	

amygdala after stress generally does not seem to re-adjust in morphological or functional terms 

and	appears	to	persist	(Mitra	et	al.,	2005;	Vyas	et	al.,	2004).

 Molecular studies in the amygdala of younger patients have shown that total GR 
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mRNA	levels	were	not	different	between	major	depressed	patients	and	controls	(Alt	et	al.,	2010;	

Turner	and	Muller,	2005)	and	GRα	mRNA	was	found	to	be	decreased	in	the	amygdala	of	major	

depressed	patients.	Others	have	reported	decreases	in	GR	mRNA	expression	in	the	amygdala	in	

patients	that	had	suffered	from	bipolar	disorder	or	schizophrenia	(Perlman	et	al.,	2004),	which	

may	 reflect	different	changes	 for	 some	brain	 regions	 than	as	 seen	 in	depressed	cases	per	 se	

(Perez-Ortiz	et	al.,	2012).	These	discrepancies	with	our	present	immunocytochemical	analysis	

could be due to the differences in disease condition, but also to methodological differences in 

the approaches used; RNA measures in frozen tissue homogenates of an entire brain region may 

differ considerably from immunocytochemically detected, local protein levels in selective cell 

populations	of	a	brain	region	that	is	studied	in	fixed,	thin	tissue	sections.	Furthermore,	changes	

in	mRNA	are	not	necessarily	directly	translated	into	protein	and	could	reflect	changes	in	RNA–

protein turnover as well. Depending on the stability of RNA in the cell, such changes may even 

behave in opposite directions as at one point in time, decreases in GR mRNA can go together 

with	increases	in	(translated)	GR	protein	expression	and	vice	versa.	Moreover,	other	factors	like	

changes	in	the	relative	expression	of	other	GR	isoforms,	microRNA	or	epigenetic	modulation	

could	affect	GR	protein	levels,	which	are	not	detected	by	RNA	studies	(Alt	et	al.,	2010;	Mifsud	

et	al.,	2011).	Either	way,	it	is	the	change	in	protein	level	that	is	of	functional	importance.

	 In	both	the	hippocampus	and	amygdala,	we	found	significantly	higher	levels	of	GR-ir	

in	females	vs.	males,	specifically	in	depressed	individuals,	while	no	such	sex	difference	was	

present	in	the	control	group.	Sex	differences	in	stress	and	HPA	parameters,	in	cortisol	level,	

CRH	expression	and	GR	expression,	are	well	known	(Bao	and	Swaab,	2007;	Heuser	et	al.,	1994;	

Holsen	et	al.,	2013;	McCormick	et	al.,	1995;	Pruessner	et	al.,	2015;	Seeman	et	al.,	2001;	Swaab	

et	al.,	2005).	Older	women	e.g.	generally	display	stronger	 increases	 in	salivary	free	cortisol	

than	older	men	in	response	to	a	standard	cognitive	challenge	(Heuser	et	al.,	1994;	Seeman	et	al.,	

2001).	Using	MRI	in	fifty-eight	psychotic	patients	(FEP),	Pruessner	found	that	male	patients	

had	smaller	hippocampal	volumes	compared	to	female	patients	(Pruessner	et	al.,	2015).	Bao	

and	Swaab	observed	that	older	males	have	significantly	larger	number	of	CRH	neurons	in	the	

hypothalamus,	while	the	numbers	in	females	remains	stable	with	age	(Bao	and	Swaab,	2007).	

These higher cortisol levels and activational HPA parameters suggest that females have a higher 

risk	of	suffering	from	depression.	But	in	contrast	to	the	presumed	decrease	in	GR	expression	in	

the	hippocampus	of	depressed	patients,	we	found	higher	GR	expression	in	the	female	depressed	
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patients	in	our	study.	This	suggests	that	if	hippocampal	GRs	indeed	exert	an	stimulating	role	on	

HPA-axis	activity	(Glavas	et	al.,	2006;	van	Haarst	et	al.,	1997),	the	higher	expression	in	female	

depressed	patients	may	bear	relevance	to	their	higher	susceptibility	to	depression	(Ustun,	2000).	

In	addition	to	a	higher	risk	of	suffering	from	depression,	females	are	generally	better	at	expressing	

emotions, and tend to score higher on emotional ratings on e.g., neuroticism (Goodwin and 

Gotlib,	2004).	This	 is	 relevant	as	 the	amygdala	 is	 involved	 in	 the	stress	response	as	well	as	

in	 the	regulation	of	emotional	behavior	and	memories.	Similar	 to	our	result,	sex	differences	

have been reported in the amygdala and its related behaviors and memories in both stressed 

rodents	and	depressed	humans	(Luine,	2002;	Perlman	et	al.,	2004).	A	heightened	anxiety-type	
of behavior was shown in adult male, but not female, offspring born to rat mothers that had 

been	exposed	to	social	stress	during	late	gestation.	Luine	V	et	al.,	(2002)	found	that	after	21	

days of restraint stress for 6 h each day, males were impaired in all memory tests while females 

showed enhanced performance of spatial memory and had no changes in object recognition. In 

humans,	Perlman	WR	et	al.,	(2004)	found	estrogen	receptor	α	mRNA	levels	to	be	reduced	in	

the basomedial nucleus in major depressive disorder and bipolar disorder. These studies were in 

line	with	the	sex	difference	we	found	in	the	amygdala	of	depressed	patients.

3.2 Remaining issues and future directions

3.2.1 Remaining issues

	 Ultimately,	the	goal	of	studying	GR	expression	in	the	human	brain	is	to	improve	our	

knowledge of the stress system and its role and (dys-)regulation in the etiology of stress-related 

disorders.	Before	rational	therapeutic	intervention	can	be	designed	and	further	developed,	a	first	

step is to obtain a better understanding of the actions of the stress hormone and the organization 

and	distribution	of	its	receptors.	Our	studies	have	demonstrated	that	GRα	protein	expression	

is abundant in some of the key brain regions involved in stress regulation in human brain, 

indicating that the hippocampus, hypothalamus and amygdala are sensitive to stress hormone 

actions, and that GR could thus be involved in mediating volume changes of the hippocampus 

in	depression	 (Kempton	et	al.,	2011),	and	 in	 its	 subfields,	as	 identified	with	high	field	MRI	

(Winterburn	et	al.,	2013)	and	in	changes	 in	amygdala	volume	in	depression	(Drevets,	2003;	

Morey	et	al.,	2012).	

	 Firstly,	one	novel	observation	we	made	was	that	the	expression	of	GR-ir	in	astrocytes	

demonstrated that also glia cells can play an important role in human glucocorticoid feedback 
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and in stress regulation. Astrocytes play a number of active roles in the brain, including the 

secretion	or	absorption	of	neural	transmitters	and	maintenance	of	the	blood–brain	barrier	(Kolb	

B,	Whishaw	IQ,	2008),	and	they	provide	nutrients	to	neurons	too.	During	pathophysiological	

conditions, astrocytes become activated, or may even die. Changes in astrocytes in the amygdala 

in	relation	to	depression	have	been	described	before	(Altshuler	et	al.,	2010;	Tham	et	al.,	2011).	

Early maternal deprivation in rodents, or stress manipulation caused a reduction in GFAP-ir 

density	in	the	amygdala	and	other	brain	regions;	also	in	the	Wistar	Kyoto	(WKY)	rat	model	of	

depression	that	shows	exaggerated	behavioral	and	endocrine	responses	to	stress	and	enhanced	

depressive-like	behavior,	a	reduced	GFAP-ir	was	found	in	the	amygdala	(Gosselin	et	al.,	2009;	

Leventopoulos	et	al.,	2007;	Welberg	et	al.,	2000).	

 These observations add to an increasingly important role attributed to astroglia in 

relation	 to	stress	effects	on	 the	brain	and	 in	depression	(Rajkowska	et	al.,	2012).	Moreover,	

our	 results	 that	 more	 amygdalar	 astrocytes	 co-express	 GR	 in	 depressed	 patients	 suggests	

that	astrocytes	can	not	only	be	responsive	 to	stress	hormone	exposure	but	also	 that	 this	cell	

population can bind a considerable portion of GC hormone, which would imply that the 

neuronal	compartment	is	exposed	to	relatively	lesser	amount	of	GCs.	Together,	such	findings	are	

consistent with the concept that astrocytes participate in stress-mediated changes in amygdala 

function	(Czeh	et	al.,	2006;	Rajkowska	et	al.,	2012)	and	that	this	may	occur	via	active	control	of	

neuronal activity and synaptic neurotransmission. Previous studies have e.g. shown that, as an 

active component of the synapse, astrocytes also respond to neuronal activity by elevating their 

internal Ca2+ concentration that triggers the release of glial neurotransmitters which, in turn, 

regulate	neuronal	activity	(Araque	et	al.,	1999;	Nedergaard	and	Verkhratsky,	2012;	Rajkowska	

and	Stockmeier,	2013).	Clearly,	such	interactions	are	likely	bidirectional.

	 Secondly,	we	reported	(Chapter	4)	that	significantly	higher	GR-ir	was	found	in	the	

amygdala of depressed patients than in controls, but no difference was observed in the overall 

GR-ir signal in the hippocampus between depressed and control groups. As mentioned in the 

introduction, although they both belong to the limbic system, the hippocampus and amygdala 

have different functions. The hippocampus participates in spatiotemporal learning and memory 

(de	Kloet	et	al.,	2005)	and	the	amygdala	plays	an	important	role	in	emotional	memories	(Meunier	

et	 al.,	 1999;	Oscar-Berman	 and	Bowirrat,	 2005;	Raper	 et	 al.,	 2013).	Different	 responses	 to	

stress or depression are hence not unlikely, as illustrated by the differential changes in volume 
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that appears to be increased for the amygdala and decreased for the hippocampus (Lupien et 

al.,	2011;	Morey	et	al.,	2012).	Together	with	these	studies,	our	results	suggest	that,	although	

hippocampus	and	amygdala	cooperate	during	stress	exposure,	they	have	differential	response	to	

prolonged	stress	or	in	depression.	How	exactly	this	is	mediated	is	an	interesting	topic	for	future	

studies.

 Thirdly, we found an increased GR-ir in both hippocampus and amygdala of the 

female	depressed	patients,	but	not	in	males	or	controls	(Chapter	3	and	4).	Sex	differences	in	

major depression per se are well known and it has been shown that women consistently have 

a	higher	rate	of	major	depression	than	men	(Bebbington	et	al.,	1998;	Kessler,	2003;	Weissman	

et	al.,	1996).	At	 this	 time	we	can	only	speculate	about	 the	underlying	causes	and	functional	

relevance	of	these	findings,	but	if	hippocampal	GRs	indeed	exert	an	activating	role	on	HPA-axis	

(van	Haarst	et	al.,	1997),	their	relatively	high	expression	in	female	depressed	patients	may	bear	

some	relevance	to	their	higher	susceptibility	to	depression	(Bland,	1997;	Kessler	et	al.,	1993;	

Ustun,	2000).	Alternatively,	estrogens	and	androgens	affect	CRH	levels	in	postmortem	studies	

(Bao	et	al.,	2005;	Bao	et	al.,	2006)	and	sex	difference	thus	remain	to	be	taken	into	account	when	

investigating stress related changes in depression.

3.2.2 Future directions

	 1)	We	have	described	the	distribution	of	GR	protein	expression	in	nuclei	of	neurons	

and astrocytes both in the hippocampus and amygdala of control subjects, aged individuals 

and depressed patients. Although in less detail, GR was also studied in the hypothalamus and 

prefrontal	cortex	(Qi	et	al.,	2012;	Wang	et	al.,	2013),	where	it	has	been	described	before	as	well	

in	other	species	(Meyer	et	al.,	1998;	Mizoguchi	et	al.,	2003;	Morimoto	et	al.,	1996;	Sanchez	

et	 al.,	 2000).	 In	 a	 few	 human	 studies,	 GR	 mRNA	 changes	 were	 studied	 in	 hypothalamus	

and	cortex	of	depressed	patients	 (Alt	 et	 al.,	2010;	Sinclair	 et	 al.,	2011),	 eg.	Alt	 et	 al.,	2010	

found	 decreased	GRα	 in	 the	 cingulate	 gyrus	 of	major	 depressed	 patients.	Given	 the	 strong	

anatomical and functional interactions between brain regions like the PFC and hippocampus, 

hypothalamus, and to better understand how GR changes affect, interact or cooperate between 

the	 hippocampus	 and	 amygdala,	 it	 will	 be	 of	 interest	 to	 also	 study	 changes	 in	 local	 GRα	

expression	 in	 the	 prefrontal	 cortex	 e.g.	 that	 is	 relevant	 given	 its	 role	 in	 emotion,	 cognitive	

processing	and	decision	making	(Bremner,	2002;	Hanson	et	al.,	2010;	Sinclair	et	al.,	2012).	
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 2) As described in the introduction, in addition to GR, MR is an important stress 

hormone	receptor	too.	Both	GR	and	MR	bind	cortisol	and	mediate	cortisol	effects.	MRs	are	

involved in stress appraisal and response onset, while GRs facilitate stress response termination 

and	are	involved	in	coping	strategies	(Franklin	et	al.,	2012).	In	fact,	an	imbalance	between	central	

glucocorticoid (GR) and mineralocorticoid (MR) receptors has been proposed to underlie HPA-

axis	dysregulation	that	associates	with	the	susceptibility	to	develop	psychopathologies	such	as	

anxiety,	depression	and	posttraumatic	stress	disorder	(PTSD)	(Harris	et	al.,	2013).	

 While GR generally mediates the negative feedback of cortisol on stress-induced 

HPA	axis	activity,	making	it	a	likely	target	for	depression	(Sinclair	et	al.,	2011),	recent	clinical	

studies have also implicated MR in aspects of stress regulation and depression, and changes in 

GR	and	MR	expression	have	been	reported	in	stressed	rodents	and	in	the	brains	of	depressed	

patients	(Klok	et	al.,	2011;	Mostalac-Preciado	et	al.,	2011;	Sterlemann	et	al.,	2008;	Topic	et	

al.,	 2008),	 and	 these	changes	depend	 in	part	on	 the	anatomical	 level	 studied	 (Caudal	 et	 al.,	

2014;	Medina	et	al.,	2013).	In	our	previous	study	(Qi	et	al.,	2012)(Chapter	7),	changes	in	MR	

expression	were	found	 in	postmortem	human	prefrontal	cortex	of	depressed	subjects.	Given	

the	anatomical	connections	between	these	regions	x,	the	ratio	between	GR	and	MR	in	the	PFC	

might	also	influence	HPA	responsivity	and	hence	vulnerability	for	diseases.	Thus,	future	studies	

should	address	also	(local)	changes	in	MR	expression	in	the	human	hippocampus,	amygdala,	

hypothalamus	and	prefrontal	cortex	of	depressed	patients.	One	reason	why	this	was	not	done	yet	

is	that	aside	from	the	need	for	specific	antibodies,	MR	protein	is,	according	to	our	experience,	

rapidly broken down in human postmortem tissue. 

	 3)	Significantly	increased	GR	protein	levels	in	the	hippocampus	and	amygdala	were	

only	found	in	female	depressed	patients	(Chapter	3	and	4).	The	sex	differences	we	reported	

deserve further study, given the clinical implications. Also CRH as important stress hormone 

shows	a	sex	differences	in	the	PVN	of	depressed	patients	(Bao	et	al.,	2008).	Hence,	it	would	be	

interesting to study CRH protein levels in the hippocampus and amygdala of female vs. male 

depressed	patients,	and	investigate	possible	sex	differences	in	relation	to	depression.

	 4)	 Since	we	 found	 significantly	 higher	 levels	 of	GR	 protein	 in	 the	 amygdala	 but	

not in the hippocampus of depressed patients, it would be interesting to study the mechanism 

and	 factors	 affecting	GR	 expression.	 FKBP5	 family	members,	 various	 heat	 shock	 proteins	

as	well	 as	more	 recent	mediators	 like	microRNAs-124a	or	18,	which	have	been	 implicated	
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in	regulation	of	GR	levels	(Binder,	2009;	Mifsud	et	al.,	2016;	Vreugdenhil	et	al.,	2009),	are	

interesting candidates in this respect to study in the hippocampus and amygdala of depressed 

patients.

4. GR in relation to ageing and Alzheimer’s disease 

4.1 Changes in GR protein in the hippocampus during ageing and in Alzheimer’s disease

  Ageing is a major risk factor for AD, and the incidence of AD increases sharply after 

60	years	 (Kawas	et	al.,	2000).	 In	our	study,	changes	 in	GR	protein	 levels	were	 investigated	

in the hippocampus of both ageing subjects and AD patients. A negative correlation of GR-ir 

with age was found in the hippocampus in both controls and AD patients.  GR-ir was reduced 

with age in the female DG in controls whereas in the AD females, GR-ir was elevated relative 

to	the	AD	males.	One	explanation	for	this	sex	difference	in	GR-ir	in	AD	might	be	subregional	

differences as GR optical density measurements on the hipocampal subregions of the AD group 

separately, yielded GR-ir increases in CA3 and DG, but not in the CA1 subregion, that was 

significantly	decreased	in	surface	area	in	the	AD	group.	Age-related	changes	in	GR	expression	

have	been	reported	in	numerous	studies.	In	rodents,	GR	mRNA	was	significantly	reduced	in	

several	hippocampal	subfields	of	aged	and	cognitively	impaired	rats	after	1-h	of	restraint	stress	

but not in the young or aged and cognitively unimpaired Long Even rats. GR levels were 

further	significantly	correlated	with	spatial	learning	ability	among	the	aged	rats	in	each	of	these	

brain	 regions	 (Bizon	 et	 al.,	 2001).	Using	 immunohistochemistry	 and	western	 blot	 analysis,	

Mizoguchi	et	al.,	2009	found	that	the	number	of	GR	positive	cells	in	the	PFC,	hippocampus	and	

hypothalamus was decreased in aged rats, compared with young rats. The discrepancy may at 

least partly be due to strain differences.

	 Comparison	 with	 animal	 data	 of	 the	 sex	 difference	 we	 found	 in	 human	 brain	 is	

difficult	in	part	because	female	animals	per	se	are	studied	less	frequently	in	literature.	Another	

methodological	 difference	 may	 come	 from	 differences	 in	 translation	 efficiency	 that	 could	

favor the measurement of more dynamic changes at the mRNA level, compared to changes 

in GR protein that may be more stable and less dynamic in their regulation. In human brain, 

Perlman	et	 al.,	 2007	 reported	complex	changes	 in	GR	mRNA	 levels	 across	 the	 life	 span	 in	

five	age	groups	 (infants,	adolescents,	young	adults,	adults,	and	aged	subjects).	Following	 in	
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situ hybridization with a riboprobe for human GR mRNA, they detected a main effect of age 

in	cortical,	but	not	hippocampal	GR	mRNA,	with	greater	cortical	expression	 in	adolescents	

and adults than in infants, or in an aged group. In addition, different patterns of changes with 

age have been observed over the life span when studying different GR variants (Sinclair et al., 

2010).	The	general	stability	of	hippocampal	GR	mRNA	expression	with	age	(Alt	et	al.,	2010)	

is	in	agreement	with	our	findings	at	the	protein	level	(chapter	2)	and	with	postmortem	studies	

on	GR	mRNA	expression	in	schizophrenic	or	depressed	patients	(Sinclair	et	al.,	2012),	all	of	

which were accompanied by hypercortisolemia, and who also failed to show a reduction in 

hippocampal GR mRNA level.

	 Sex	differences	have	been	reported	in	control	conditions	in	various	HPA	parameters,	

such	as	cortisol	level	and	CRH	expression	(Bao	and	Swaab,	2007;	Bao	et	al.,	2008;	Erkut	et	al.,	

2004;	Heuser	et	al.,	1994;	Rasmuson	et	al.,	2001;	Seeman	et	al.,	2001;	Wang	et	al.,	2012)	and	in	

many	conditions	associated	with	HPA	axis	alterations,	like	aging	(Bao	and	Swaab,	2007;	Heuser	

et	al.,	1994;	Hua	et	al.,	2010;	O’Dwyer	et	al.,	2012;	Seeman	et	al.,	2001;	Skup	et	al.,	2011)	

or	depression	 (Solomon	et	 al.,	2012;	Wang	et	 al.,	2012).	Also	epidemiological	and	 imaging	

studies	have	demonstrated	sex	differences	in	AD,	e.g.	in	volumetric	and	metabolic	parameters,	

drug	and	stress	sensitivity	markers,	receptor	levels,	in	the	extent	of	‘brain	reserve’	and	in	the	

risk	to	develop	AD,	that	is	well	known	to	be	higher	in	females	(Callen	et	al.,	2004;	Ishunina	

and	Swaab,	2003;	Petrie	et	al.,	1999;	Webber	et	al.,	2005)	(Counts	et	al.,	2011;	Haywood	and	

Mukaetova-Ladinska,	2006;	Ishunina	and	Swaab,	2003;	Perneczky	et	al.,	2007;	Salehi	et	al.,	

1998;	Webber	et	al.,	2005).	In	addition,	 increased	levels	of	GR	mRNA	were	reported	in	 the	

postmortem	cortex	of	control	females	(Watzka	et	al.,	2000)	while	our	current	data	showed	a	sex	

differences	in	GR-ir	expression	in	the	hippocampus	of	depressed	patients.	

	 Thus,	also	in	aged	subjects	and	AD	patients,	who	often	display	HPA	axis	hyperactivity,	

sex	differences	in	GR	expression	are	present	in	the	hippocampus.	Interestingly,	also	in	AD	mouse	

models,	sex-specific	changes	occur	in	the	onset	of	their	neuropathology,	amyloid	processing,	

cognitive	deficits	and	in	their	stress	response.	This	suggests	that,	despite	a	comparable	genetic	

drive	in	e.g.	the	processing	and	expression	of	mutant	APP	in	transgenic	mice,	sex	of	the	animal	

itself	further	influences	the	eventual	pathological	phenotype,	possibly	through	sex	hormones.	

The fact that the stress response is altered suggests that the difference in hippocampal pathology 

between	male	and	female	animals	could	be	involved	(Callahan	et	al.,	2001;	Clinton	et	al.,	2007;	
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Devi	et	al.,	2010;	Gimenez-Llort	et	al.,	2010;	Hebda-Bauer	et	al.,	2013;	Hirata-Fukae	et	al.,	

2008;	LaFerla	et	al.,	2007;	Schafer	et	al.,	2007;	Sierksma	et	al.,	2013;	Touma	et	al.,	2004).

 Recent studies further report that one of the major genetic risk factors for Alzheimer’s 

disease – the E4 variant of the apolipoprotein E (APOE) gene -- manifests itself more often 

in	 women	 than	 in	men	 (Ungar	 et	 al.,	 2014).	 In	 a	 cohort	 of	 cognitively	 healthy	 older	men	

and	women,	 the	percentage	of	carriers	of	 the	E4	variant	 that	 suffered	 from	deficits	 in	brain	

connectivity	was	higher	in	women	(Altmann	et	al.,	2014).	In	agreement	with	these	studies,	our	

results	 (Chapter	 5)	 suggest	 a	 differential	 sensitivity	 to	 glucocorticoid	 exposure	 between	 the	

sexes	in	Alzheimer’s	disease	but	 it	remains	to	be	determined	whether	 this	contributes	to	the	

increased incidence of AD in females. Clearly, hormones like estrogen and their drop during 

menopause, could potentially be instrumental. For instance, it would be interesting to perform 

GR and estrogen receptor double staining in postmortem human hippocampus of ageing and 

AD	patients	in	order	to	study	possible	interactions	of	estrogen	with	GR	expression.

4.2 General implications and future directions

	 We	 set	 out	 to	 study	GR	 expression	 in	 the	 human	 hippocampus	 of	 ageing	 control	

subjects and in AD patients in order to derive more knowledge about the organization of 

the stress system and its possible role in ageing and in the etiology of stress related brain 

disorders. This has become particularly relevant since stress has been implicated as factor 

mediating	aspects	of	Alzheimer	pathology	 (Herbert	and	Lucassen,	2016;	 Jeong	et	al.,	2006;	

Park	et	al.,	2015).	The	presence	of	abundant	GR-ir	and	its	pronounced	stability	with	age,	as	

also	 supported	by	 independent	RNA	studies	 by	others	 (Perlman	 et	 al.,	 2007),	 confirms	 that	

the human hippocampus is a target for GCs throughout life. This is further supported by clear 

hippocampal	responses,	both	functionally	and	structurally,	to	GCs	or	stress	exposure	at	every	

age.	Such	effects	may	also	mediated	through	various	other	splice	variants	of	GR,	such	as	GRβ	

and	GR-γ,	which	were	not	studied	here,	and	may	provide	a	diverse	spectrum	of	targets	and	e.g.	

contribute	to	GC-mediated	actions	of	stress	on	the	brain	as	well	(Alt	et	al.,	2010;	Kumsta	et	al.,	

2010;	Sinclair	et	al.,	2011;	Sinclair	et	al.,	2012;	Webster	et	al.,	2002).

	 Except	for	GR	variants,	also	MR	is	highly	expressed	in	the	rodent	hippocampus	and	

may	participate	 in	 stress	 regulation.	So	 far,	MR	mRNA	and	protein	have	been	 identified	 in	

human	brain	(Klok	et	al.,	2011;	Qi	et	al.,	2012;	Seckl	et	al.,	1991;	Wetzel	et	al.,	1995;	Xing	
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et	al.,	2004),	and	also	high	 levels	of	MR	mRNA	were	reported	 in	 the	hippocampal	DG	and	

CA2–CA3	of	marmoset	(Johnson	et	al.,	1996),	squirrel	(Patel	et	al.,	2000),	and	rhesus	monkey	

(Meyer	et	al.,	1998;	Meyer	et	al.,	2001;	Sanchez	et	al.,	2000).	Therefore,	it	would	be	interesting	

to	study	if	MR	will	show	a	similar	distribution	of	protein,	or	whether	specific	subregional,	or	

species-specific	differences	exist,	and	study	the	distribution	of	MR	in	key	brain	regions	involved	

in HPA activity, and thereby increase our understanding of the role MR could play in stress 

related disorders. Also, since AD is characterized by an abundant plaque and tangle pathology 

particularly in the hippocampus and hippocampal GR may participate in the regulation of the 

HPA	axis	(Juruena	et	al.,	2006),	it	will	also	be	important	to	explore	GR	distribution	in	relation	

to	the	local	vicinity	of	amyloid	plaques	and/or	neurofibrillary	tangles	and	by	GR	&	Aβ	and	GR	

&	Tau	double	immunocytochemical	staining	in	the	AD	hippocampus.	

	 In	sum,	the	work	described	in	this	thesis	represents	a	first	attempt	to	gain	more	insight	

in the location of the stress hormone receptor GR, and thus in possible differences in sensitivity 

and responsivity, in key regions that are well known to be related to stress regulation of the 

human brain. These studies in postmortem tissue of patients who had suffered from depression 

and	dementia	and	in	relation	to	age	and	sex,	form	a	first	starting	point	for	more	extensive	future	

studies, aimed at unraveling the underlying mechanisms that contribute to these devastating 

human brain disorders, and that may help to develop strategies to target aberrant stress 

responsitivity in general.
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 Als we een bedreigende of stressvolle gebeurtenis meemaken, dan reageert ons 

lichaam; we worden zeer alert, focussen al onze aandacht op datgene wat ons bedreigt, en 

stoppen met zaken of activiteiten die op dat moment minder belangrijk zijn, zoals bv eten. 

Onderdeel van onze respons op stress is de afgifte van een aantal hormonen die het lichaam 

helpen om zich aan te passen en zo optimaal met de bedreiging, of stressor, om te kunnen gaan.

 Allereerst word het hormoon adrenaline afgegeven; dit gebeurt in seconden tot 

minuten. Dit hormoon doet de suiker concentratie in ons bloed toenemen, verhoogt onze 

ademhaling en doet onze hartslag versnellen, zodat we lichamelijk in staat zijn om om te gaan 

met die bedreiging, door te vluchten of bv juist een gevecht aan te gaan. Kort na adrenaline 

worden ook glucocorticoiden (GCs) afgegeven, krachtige steroid hormonen uit de bijnier die 

diverse processen in ons lichaam beinvloeden. GCs helpen bv de energie voorraad op peil te 

houden, maar onderdrukken tegelijkertijd ook het immuun systeem en de bot opbouw. Ze spelen 

tevens een belangrijke rol in onze hersenen en zorgen er bv voor dat we ons een bedreigende 

ervaring of de omgeving waarin dat gebeurde, juist heel goed kunnen herinneren, zodat we 

optimaal voorbereid zijn als we opnieuw in een vergelijkbare situatie terecht komen.

 De hoeveelheid GCs in ons bloed wordt nauwkeurig gereguleerd en doorgaans strikt 

binnen bepaalde streefwaarden gehouden. Dit gebeurt doordat, na hun afgifte aan het bloed, 

GCs aan specifieke receptoren binden, aanwezig in hersengebieden zoals de hypofyse en 

hypothalamus, wat als gevolg heeft dat hun aanvankelijke productie weer onderdrukt wordt, 

en een nieuw evenwicht in de bloed waardes van GC wordt bereikt. Dit proces wordt negatieve 

feedback regulatie genoemd. Ook de hippocampus, een hersengebeid betrokken bij leren en 

geheugen, bevat veel stress hormoon receptoren, en is erg gevoelig voor stress. GCs binden 

aan 2 verschillende typen receptoren; de mineralocorticoid (MR) en de glucocorticoid receptor 

(GR). Terwijl de MR een hoge affiniteit heeft voor GCs en bijna altijd bezet is, ook al door lage 

hormoon waardes, heeft de GR een lagere affiniteit voor GCs en wordt ze doorgaans alleen 

bezet tijdens hoge GC waardes in bloed, zoals optreden tijdens condities van stress.

 In dieren is goed bekend waar de MR en GR zich in de hersenen bevinden, en welke 

subgebieden gevoelig zijn voor stress. Diverse studies hebben aangetoond dat in knaagdieren en 

apen bv, de GR in hoge concentraties voorkomt in gebieden als de hippocampus en amygdala, 

en ook de paraventriculaire kern van de hypothalamus (PVN), een belangrijk startpunt van de 

hypothalamus–hypofyse-bijnier stress as (HPA), bevat veel GR. De HPA as is betrokken bij 
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de regulatie van stress en GC afgifte en blijkt sterk geactiveerd te zijn tijdens stress en stress-

gerelateerde ziektes, zoals bv depressie.

 In de mens zijn veel effecten van stress op de functie van de hersenen bekend, en ook 

de structuur van onderdelen van de hersenen kan veranderen; imaging studies hebben bv laten 

zien dat in depressie, er ook volume veranderingen van de hippocampus en amygdala optreden. 

Echter, de feitelijke distributie en hoeveelheid van de GR in relevante (sub)gebieden van de 

menselijke hersenen waren tot nu toe nog niet beschreven. 

 Het belangrijkste doel van dit proefschrift was dan ook om; 1) een methode te 

ontwikkelen om de aanwezigheid en subregionale/subcellulaire distributie van de GR in de 

hersenen van de mens te kunnen beschrijven, met name in hersengebieden betrokken bij stress 

regulatie en feedback, 2) de hoeveelheid GR eiwit te kwantificeren teneinde veranderingen te 

kunnen bestuderen in (sub)gebieden die relevant zijn voor stress-gerelateerde condities, zoals 

veroudering, major depressie, bipolaire depressie en de ziekte van Alzheimer. 

De belangrijkste resultaten van dit proefschrift:

 We hebben eerst een immunocytochemisch protocol en analyse methode op IBAS 

beeldverwerkings apparatuur ontwikkeld en gevalideerd, zodat de hoeveelheid GR eiwit in 

formaline gefixeerd, paraffine ingebed humaan postmortem hersen weefsel op betrouwbare 

wijze gemeten kan worden. Validatie studies lieten zien dat postmortem tijd van het humane 

hersenweefsel geen sterke invloed op het GR signaal bleek te hebben. Mbv een aangepast 

dubbel immunofluorescentie protocol vonden we verder dat er, in overeenstemming met 

eerdere dierexperimentele studies, GR expressie aanwezig was in de kernen van parvocellulaire 

neuronen van de PVN in de hypothalamus, en wel specifiek in neuronen die corticotropin-

releasing hormone (CRH) tot expressie brengen, een belangrijke cel populatie voor HPA 

feedback regulatie en biologisch argument voor de specificiteit van het signaal. Specificiteit 

werd verder ondersteund door preadsorptie testen die een negatief resultaat lieten zien, en door 

western blot studies waarmee 1 band op de juiste hoogte werd gevonden (Hoofdstuk 2). GR 

signaal bleek prominent aanwezig in de hippocampus, met name in kernen van neuronen in de 

subgebieden CA1 en gyrus dentatus (DG), en in veel, maar niet alle neuronen van de CA3, een 

subgebied waar ook in knaagdieren doorgaans geen GR eiwit voorkomt.

 Met behulp van een dubbel immunocytochemisch lichtmicroscopie protocol konden 



205

Nederlandse samenvatting

we verder aantonen dat GR eiwit niet alleen in de kernen van neuronen, maar ook in die van 

ongeveer 50% van de astrocyten in de hippocampus tot expressie wordt gebracht, voornamelijk 

in de CA en DG subgebieden. In astroglia van het CA3 gebied werden lagere GR waardes 

gevonden. Kwantificatie van het GR signaal in een groep van 28 patienten varierend in leeftijd 

van 1 tot 98 jaar, liet zien dat de hoeveelheid GR eiwit opvallend stabiel bleef tijdens het 

leven en ook tot op hoge leeftijd. Alleen in de DG van vrouwen werd een significante negative 

correlatie gevonden met de leeftijd (Hoofdstuk 2). 

 In een groep patienten die bij leven aan een major depressie hadden geleden, werd 

opvallend genoeg geen grote veranderingen in GR distributie of relatieve dichtheid gevonden 

ten opzichte van een controle groep die qua leeftijd en postmortem delay vergelijkbaar was. Wel 

was de hoeveelheid GR kern signaal in de DG positief gecorreleerd met de leeftijd, maar alleen 

in de depressieve, en niet in de controle groep, zoals we in hoofdstuk 2 eerder ook vonden. 

Daarnaast vonden we wel een significante toename in GR kern signaal in de hippocampus 

van depressieve vrouwen, hetgeen niet aanwezig was in weefsel van depressieve mannen. 

Samen wijst dit op een geslachtsverschil in de hoeveelheid GR expressie in de hippocampus bij 

patienten met depressie (Hoofdstuk 3). 

 Ook in de humane amygdala vonden we uitgebreid GR kern signaal in zowel 

neuronen als astrocyten. De distributie was vergelijkbaar tussen verschillende anatomische 

subgebieden zoals de basolaterale of centrale amygdala kernen. Het GR signaal in neuronen als 

ook het percentage van GR-positieve astrocyten, bleek alleen significant toegenomen te zijn in 

de groep patienten die aan een major depressie leden, ten opzicht van zowel patienten met een 

bipolaire depressie als de controle groep (Hoofdstuk 4).

  We hebben verder de hippocampus bestudeerd van patienten met de ziekte van 

Alzheimer, een hersen gebied betrokken bij leren en geheugen, stemming en stress regulatie, wat 

sterk is aangedaan in deze neurodegeneratieve aandoening. In het algemeen was de anatomische 

distributie vergelijkbaar tussen beide groepen. In de Alzheimer groep vonden we een duidelijk 

sex verschil met hogere GR expressie waarden in de hippocampus van vrouwelijke ten opzichte 

van mannelijke Alzheimer patienten. Dit verschil was afwezig in controles van dezelfde leeftijd 

(Hoofdstuk 5).

 In hoofdstuk 6 onderzochten we de prefrontale cortex (PFC), een gebied van belang bij 

de regulatie van de HPA-as en mogelijk ook bij depressie. We gebruikten moleculaire technieken, 
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quantitatieve PCR, om 17 verschillende stress-gerelateerde genen, en immunocytochemie voor 

de MR, om veranderingen te bestuderen in postmortem weefsel van de anterior cingulate cortex 

(ACC) en de dorsolaterale PFC (DLPFC) van patienten met een depressieve stoornis en een 

gematchde controle groep. Deze resultaten werden gecorreleerd met eerder bepaalde waardes in 

the PVN van dezelfde patienten. RNA levels van de MR bleken significant afgenomen, terwijl 

de verhouding tussen GRalpha en MR was toegenomen in de ACC/DLPFC, van zowel de 

bipolaire als de major depressieve groep. Een significante negatieve correlatie werd gevonden 

tussen MR RNA waardes en de GR/MR verhouding tussen de DLPFC en de PVN. Dit wijst 

op een verstoring van de MR en van GR/MR ratios in de ACC/DLPFC in depressie, wat zou 

kunnen bijdragen aan de HPA as activatie die vaak bij deze aandoening wordt gevonden. 

 In conclusie, we beschrijven in dit proefschrift voor de eerste keer de distributie 

van de GR in (subgebieden van) de hypothalamus, hippocampus en amygdala van de mens 

en veranderingen in GR/MR ratio in de PFC. In het algemeen is de anatomische distributie 

en subcellulaire localisatie van de GR in de mens vergelijkbaar met die in eerdere studies 

aan knaagdieren en apen. We vinden specifieke veranderingen in de GR en GR/MR ratio, in 

specifieke (sub)gebieden tijdens veroudering, (bipolaire) depressie en de ziekte van Alzheimer 

en in relatie tot geslacht. Deze eerste studies vormen een startpunt voor verder onderzoek naar 

de moleculaire mechanismes die ten grondslag liggen aan deze en andere stress-gerelateerde 

aandoeningen en kunnen mogelijk bijdragen aan betere therapie ontwikkeling. 
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Dear Mom妈妈, although you have left for more than 13 years, I still miss you very very 

much. 我相信你一直都在远处看着我陪伴着我保护着我，我也会一直想念你的。爸爸

阿姨，谢谢你们对我的照顾和支持，我以后也会常常回家看看你们的，你们健康快乐

是我最大的愿望。Dear parents in law, 谢谢你们一直以来的照顾，能遇到你们是我的

福气，也谢谢你们对我工作的支持，我以后也会继续努力。Dear Tong，过去6年多的相

处像电影一样闪现在我眼前，从相遇到相爱，到共建家庭。谢谢你对我无限的支持，

包容和照顾，没有你就没有今天的我。也愿我们能相知相伴，携手走过更过的6年，16

年，60年… My Dear Aimy and Glenn, thank you for being my daughter and son, I love you 

both so much. 愿你们以后开心快乐健康成长！
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Curriculum Vitae

 Qian Wang was born on November 4th, 1981 in Wuhan, China. In 1999, she entered 

JiangHan University, where she studied clinical medicine. In 2004, she received her bachelor 

degree and obtained the Chinese doctor license in clinical medicine. After this, she started 

her master in neurobiology at Tongji Medical College, Huazhong University of Science and 

Technology. She was involved in a research project on the mechanisms of Alzheimer’s disease, 

under the supervision of professor Jiapei Dai and professor Jing Shi, and obtained her master 

degree. In 2008, she came to the Netherlands to participate in a two-year joint scientific research 

project on the expression of the glucocorticoid receptor (GR) in human hippocampus, supported 

by the Royal Netherlands Academy of Arts and Science (KNAW), at the Swammerdam Institute 

for Life Science, University of Amsterdam. Later on, with the endorsement of professor Paul 

Lucassen, she continued her research as a PhD student in the same lab. 
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