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Experimentally naive rats show variance in their locomotor reactivity to novelty, 

some displaying higher (HR) while others displaying lower (LR) reactivity, associated 

with vulnerability to stress.  LRHR phenotype is proposed as an antecedent to the 

development of stress hyper responsiveness.  Results presented here show emergence of 

antidepressive-like behavior following peripubertal-juvenile exposure to chronic variable 

physical (CVP) and chronic variable social stress (CVS) in HR rats, and depressive-like 

behavior following CVP in the LRs.  The antidepressive-like behavior in HR rats was 

accompanied by increased levels of acetylated Histone3 (acH3) and acetylated Histone4 

(acH4) at the hippocampal brain-derived neurotrophic factor (BDNF) P2 and P4 

promoters respectively.  This effect may mediate increased mossy fibre (MF) terminal 

field size, particularly the suprapyramidal mossy fibre projection volume (SP-MF), in the 

HR animals following both stress regimens.  Concurrent with depressive-like behavior in 
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LRs, decreased SP-MF volume was observed following CVP exposure that is 

accompanied by decreased acH4 at the BDNF promoter P4. Moreover, CVP resulted in 

increased social anxiety-like behavior in both LRs and HRs and this effect was 

accompanied by upregulation of BDNF mRNA in the basolateral amygdala (BLA).  In 

parallel with changes on stress-induced epigenetic regulation of BDNF expression and 

mossy fibre remodeling, dendritic processes of hippocampal CA3 neurons were affected 

by CVP and CVS in LRHR rats.  Dendritic length, complexity and spine density were 

decreased in dendritic arbors of CA3 neurons with both CVP and CVS in juvenile LRs 

whereas in HRs, intensity of CA3 dendritic remodeling was much smaller and restricted 

to CVS.  Moreover, stress-induced depressive-like behavior in LRs was reversed with the 

pan-HDAC inhibitor, TSA, by increasing the acetylation levels of H4 at the BDNF 

promoter P4.  In HRs, TSA treatment resulted in effects similar to those observed with 

chronic variable stress exposure on acetylation levels of histones at BDNF promoters and 

a corresponding antidepressive behavior. These findings show that chronic variable stress 

during adolescence induces individual differences in molecular, neuromorphological and 

behavioral parameters between LRs and HRs, which provides further evidence that 

individual differences in stress responsiveness is an important factor in resistance or 

vulnerability to stress-induced depression and/or anxiety. 
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GENERAL INTRODUCTION 

A. The novelty-seeking (LRHR) phenotype is a model of stress responsiveness.

 Neurobiological differences between individuals contribute to significant variance 

in reactivity to stress (Zuckerman, 1990; Anisman and Zacharko, 1992; Holsboer et al., 

1995).  Individual differences exist in the degree to which humans voluntarily participate 

in activities that are associated with personal risk, which is termed sensation-seeking/risk 

taking personality trait (Zuckerman, 1984). Sensation-seeking/risk-taking behavior in 

humans initiates stress and anxiety but gives the participant a “thrill”, and is associated 

with vulnerability to drug abuse and emergence of affective disorders including 

depression and anxiety later in life (Zuckerman and Neeb, 1979). To study such 

individual differences in stress responsiveness, an outbred rat model of novelty-seeking 

phenotype (animal model of human sensation-seeking trait) was introduced (Piazza et al., 

1989), where experimentally naïve rats were screened based on degrees of locomotor 

reactivity in a novel environment.  In such settings, some rats display high rates of 

locomotor reactivity to novelty (high responders; HR), and others display low rates (low 

responders; LR, Figure 1).  HR rats repeatedly choose novel environments over familiar 

ones (Piazza et al., 1989), appear less anxious in the light–dark box and the elevated plus 

maze (Kabbaj et al., 2000), and demonstrate prolonged stress-induced secretion of 

corticosterone (CORT) when compared to LR rats (Dellu et al., 1996), suggesting a 

hyperactive hypothalamic pituitary adrenal axis (HPA).  HR and LR rats also have
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distinct patterns of basal gene expression for stress-related molecules in regions of the 

brain critical for the control of stress responsiveness (Kabbaj et al., 2000).  HR rats 

express lower levels of basal corticotrophin releasing hormone (CRH) mRNA in the 

central nucleus of the amygdala (CeA) and show higher levels of CRH mRNA in the 

paraventricular nucleus of the hypothalamus (PVN) compared to LR counterparts 

(Kabbaj et al., 2000).  In the hippocampus, HR rats show lower glucocorticoid receptor 

(GR) expression compared to LR rats, and hippocampal microinjection of a GR 

antagonist results in a phenotypic switch in LR rats towards HR-like anxiety and novelty-

seeking behaviors, suggesting that deficits in hippocampal GR activation may promote 

the novelty-seeking behavior (Kabbaj et al., 2000).  Physiologically, novelty exploration 

is accompanied by increased stress-induced plasma CORT levels in HR rats, thus novelty 

exploration in HRs does not appear to be less “stressful”.  In fact, HR rats self-administer 

CORT more readily than LR rats (Piazza et al., 1993), suggesting that HR rats might 

perceive stress-induced increases in plasma CORT rewarding.  In sum, HRs prefer to 

engage in novelty-seeking behaviors either despite or because of their ability to activate 

the stress axis.          

 HR and LR rats also differ in basal expression levels of serotonin receptors; 5-

HT2a mRNA in the parietal cortex and 5-HT1a mRNA in the dorsal raphe (Calvo et al., 

2011).  When compared to HR, LR rats show higher 5-HT2a mRNA expression in the 

parietal cortex and lower 5-HT1a mRNA expression in the dorsal raphe (Calvo et al., 

2011).  Decrease in 5-HT1a receptor function in dorsal raphe is linked to anxiogenic 

behavior in rats (Pobbe and Zangrossi, 2005) and 5-HT1a knockout mice show 

significant increase in anxiety-like behavior (Ramboz et al., 1998). These findings are 
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particularly relevant since these receptors are dysregulated in patients with depression 

and/or anxiety (Arango et al., 1990; Schechter et al., 1990).  Thus, the higher anxiety 

level in LR rats is associated with dysregulated serotonin neurotransmission in parietal 

cortex and dorsal raphe, as well as high levels of hippocampal GR expression that 

implicate alterations in mood as tested on experimental paradigms for anxiety- and 

depressive-like behaviors. Additionally, HR and LR rats show differences in neuronal 

activation as shown by mRNA expression levels of the immediate early gene, c-fos, in 

response to acute exposure to light-dark box anxiety test (Kabbaj and Akil, 2001).  HR 

rats show low expression of c-fos mRNA in the CA1 area of the hippocampus, but high 

c-fos mRNA levels in olfactory areas, the orbital cortex, the cingulate cortex, the dorsal 

striatum and the PVN compared to LR rats (Kabbaj and Akil, 2001).  Since c-fos reflects 

neuronal activity, differential regulation of c-fos mRNA expression following exposure 

to anxiogenic stressors in the LRHR rats suggests that the same stress exposure leads to 

activation of anatomically distinct brain regions in the LR versus HR phenotype.  This is 

proposed as a basis for observed individual differences in stress responsiveness in the 

novelty-seeking phenotype (Kabbaj and Akil, 2001).  

 HR and LR rats also exhibit different molecular and behavioral alterations 

relevant to depression and anxiety in response to chronic stress.  It has been shown that 

basally HR rats consume more sucrose solution than LR rats, but exposure to four daily 

consecutive bouts of social defeat stress results in decreased sucrose consumption in HR 

rats, indicative of depressive-like behavior.  However, LR rats’ sucrose intake is not 

affected by social defeat (Hollis et al., 2011).  Moreover, levels of Histone 3(H3) and 

Histone 2B (H2B) acetylation are higher in the hippocampus of HR rats compared to LR 
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rats in non-stress conditions.  Following social defeat, levels of H3 and H2B acetylation 

are decreased in HR rats, while acetylation of H3 is increased in LR rats, suggesting that 

histone modifications are potential mechanisms behind observed behavioral differences 

in depressive-like states in LRHR rats (Hollis et al., 2011).  Additionally, another study 

analyzed the effects of social defeat stress on depressive- and anxiety-like behaviors in 

HR and LR rats (Duclot et al., 2011).  Two weeks after four daily social defeat exposures, 

HR animals exhibited higher anxiety levels and social avoidance, together with reduced 

body weight gain and sucrose preference.  However, LR animals remained unaffected, 

suggesting that HR rats but not LR rats demonstrate stress-induced anhedonia, a core 

symptom of depression, in response to social defeat stress (Duclot et al., 2011).  These 

findings provide compelling evidence that the novelty-seeking phenotype is a valid 

model to study individual differences in vulnerability or resistance to stress-induced 

depression- and/or anxiety-like behaviors.   

Moreover, the LRHR model has a predictive value for psychostimulant taking 

behavior (Zuckerman & Neeb, 1979).  It has been shown that HR animals acquire self-

administration of psychostimulants such as amphetamine and cocaine faster and at lower 

drug doses when compared to LR rats (Piazza et al., 1989; Hooks et al., 1991; Piazza et 

al., 2000).  Furthermore, LRHR phenotypes are reported to be useful for predicting 

propensity to self-administer nicotine (Suto et al., 2001).  Our laboratory previously 

showed that HR animals are more vulnerable to the behaviorally sensitizing effects of 

nicotine, and hippocampal anatomical plasticity is implicated in this behavior (Bhatti et 

al., 2007, 2009), all of which suggest that HR animals are more vulnerable to 

psychostimulant-taking behavior.  Together, these findings provide compelling evidence 
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for the validity of the rodent LRHR phenotype model in studying molecular and neural 

mechanisms that underline the development of stress responsiveness under the general 

umbrella of vulnerability to emotional reactivity.  

Accumulation of stressful life events renders individuals to develop psychiatric 

disorders such as depression and anxiety (Anisman and Zacharko, 1992) and personality 

traits play an important role in an individual's vulnerability to mood disorders.  Moreover, 

clinical evidence suggests that vulnerability to mood disorders can be predicted by 

personality assessment (Cloninger et al., 2006; Kotov et al., 2010).  It is therefore crucial 

to study individual differences in stress responsiveness in an animal model mimicking 

intra-species stress vulnerabilities, in order to better understand the mechanisms behind 

the neurobiology of depression and anxiety.  Sensation-seeking/risk-taking trait in 

humans emerges during adolescence (Zuckerman, 2004) and accumulation of stressful 

life events early on is known to be a predisposing factor in an individual’s vulnerability 

to psychopathologies later in life (Hoffmann & Su, 1998; Cerbone & Larison, 2000; 

Hoffman et al., 2000). Therefore, the sensation-seeking trait can account for some of the 

individual differences in emotional reactivity to stress in the human population.  Animal 

model of human sensation-seeking/risk taking behavior (LRHR) is therefore used to 

understand the role of individual differences in the neurobiology of stress-induced 

depression and anxiety.  Thus, identifying individual mechanistic differences in stress 

responsiveness will be very valuable in developing potential treatments for depression 

and/or anxiety to overcome personality trait-induced resistances to current treatments.   

Although the aforementioned animal data was obtained from adults, the effects of 

chronic stress exposure in juvenile LRHR rats have not been investigated.  Since this 
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period is marked by heightened responsiveness to environmental perturbations, it is 

important to understand how adolescent brain responds to stress.  In this dissertation, I 

will use the LRHR rat model to study individual differences in vulnerability to emotional 

reactivity defined as depressive- and anxiety-like behaviors in response to chronic stress 

exposure during a critical period in adolescence (i.e., the peripubertal-juvenileperiod).
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A.                                                                   B. 

 

  

Figure 1: LRHR phenotype screening. A) Locomotor reactivity to novelty is tested in 43 
X 43 X 24.5 cm clear Plexiglas cages with stainless steel grid flooring.  Activity is 
monitored by means of two banks of photocells (total of photocells X=16; Y=16) 
connected to a microprocessor.  Rearing is monitored by activity on the upper bank of 
photocells. B) At the end of a 60 min screening session, total locomotor activity (i.e., X, 
Y and Z locomotion) are pooled and the distribution of the rat population according to 
their locomotor reactivity to novelty is determined. Rats are ranked as HRs (i.e., rats that 
exhibit locomotor scores in the highest third of the sample) or LRs (i.e., rats that exhibit 
locomotor scores in the lowest third of the sample).   
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B. Physiological, molecular and structural effects of chronic stress. 

The HPA axis is the primary neuroendocrine axis that mediates the stress 

response (Herman et al., 2003; Smith et al., 2006).  In response to stress, stress-related 

hormones [such as CRH, adrenocorticotropic hormone (ACTH), arginine vasopressin 

(AVP), glucocorticoids] are secreted by the HPA axis and these help animals to cope 

with adverse effects of stressful events (Sapolsky et al., 2000b; McEwen, 2007).  The 

release of stress hormones by the HPA axis is driven by the release of AVP and CRH 

from the PVN.  These two peptides are released into the portal system and stimulate the 

secretion of ACTH from anterior pituitary, which in turn induces the secretion of 

glucocorticoids (CORT in rodents and cortisol in humans) from the adrenal cortex 

(Figure 2A).  To maintain HPA axis activity at homeostatic levels, glucocorticoids exert 

negative feedback on the PVN, hippocampus and pituitary gland to inhibit the further 

synthesis and secretion of CRH, AVP and ACTH through a GR-mediated shutdown 

mechanism (Figure 2B; Herman et al., 1997; Sapolsky et al., 2000b), the net effect of 

which is a return to baseline levels.  However, repeated exposure to stress results in 

elevated concentrations of glucocorticoids over an extended periods of time due to 

inability to shut down the HPA axis, and causes impaired negative feedback by way of 

deficits in GR signaling, thereby resulting in a hyperactive HPA axis response (Figure 

2B; Sapolsky et al., 1984; Hermanet al., 1995; Mizoguchi et al., 2003). 
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A.                                                                                B. 

 

 
 
Figure 2: A) A schematic of HPA axis activity in response to stress. The release of CRH 
and AVP from the PVN into the portal blood vessels leads to secretion of ACTH from the 
anterior pituitary, which then acts on the adrenal cortex to synthesize and release 
glucocorticoids. B) A negative feedback loop is critical for shutting down the HPA axis.  
The activational effects of the HPA axis are counteracted by the inhibitory effects of 
glucocorticoid receptors expressed in the hippocampus, hypothalamus, and anterior 
pituitary (Murgatroyd and Spengler, 2011). 

 
  

 

 

 

 Adapted from Murgatroyd and Spengler, 2011 
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HPA axis hyperactivity has been implicated in patients with major depressive 

(Nemeroff et al., 1992; Holsboer, 2000; Cowen, 2002; Pariante and Lightman, 2008; 

Pariante, 2009) and anxiety disorders (Condren et al., 2002; Risbrough and Stein, 2006; 

Abelson et al., 2007; Martin et al., 2009).  Impaired GR-mediated negative feedback 

inhibition of the HPA axis in depressed patients has been demonstrated by administration 

of the synthetic glucocorticoid, dexamethasone, which fails to suppress elevated plasma 

levels of cortisol due to desensitization of GRs (reviewed in Arana et al. 1985; 

Baldessarini and Arana 1985; Ribeiro et al. 1993).  In parallel with clinical research, 

detrimental effects of long-term CORT elevation have been shown in animal studies 

using chronic CORT treatments that induce depressive- and anxiety-like behaviors 

(Ardayfio and Kim, 2006; Murray et al., 2008; David et al., 2009).  Moreover, 

hypersecretion of CRH has been implicated in patients with depression, and anxiety (de 

Kloet et al., 2005; Arborelius et al., 1999; Holsboer, 1999; Holsboer and Ising, 2010).  

Consistent with human data, central administration of CRH in rodents produces 

phenotypic alterations reminiscent of symptoms of depression and anxiety (for review 

see; Holsboer, 1999).  Taken together, these findings show that chronic stress is a model 

to study physiological and molecular mechanisms underlying depressive- and anxiety-

like behaviors in animal studies, since HPA axis dysfunction is evident in both clinical 

and laboratory settings following chronic exposure to stress. 

 Long-term elevation of CORT with chronic stress causes atrophy and, in severe 

cases, death of hippocampal CA3 neurons (Sapolsky et al., 1990; McEwen, 2000; 

Sapolsky, 2000a).  In addition, sustained elevation of CORT results in decreased numbers 

of newly generated granule neurons in the adult hippocampal dentate gyrus (DG, for 
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review see; Fuchs and Gould, 2000; see McEwen 1999; Malberg and Duman 2003; 

Vollmayr et al 2003).  These stress-induced changes in hippocampal morphology 

observed in laboratory models could be a factor in the reduced hippocampal volume 

observed in some depressed patients, based on post mortem brain analyses (Sheline et al., 

1999; Bremner et al., 2000).  Moreover, animal studies have shown that antidepressant 

treatments oppose these stress-induced morphological changes by preventing the atrophy 

of CA3 pyramidal cells (Watanabe et al 1992; Norrholm and Ouimet, 2001) and up-

regulating adult neurogenesis of dentate gyrus granule neurons (Duman and Malberg, 

1998; for review see Duman et al. 2000; Malberg et al. 2000).  These findings indicate a 

common neuronal pathology linking depression and chronic stress in animal models, 

confirming the validity of these animal models in studying physiological, molecular and 

structural outcomes of depression.      

 Investigation of the mechanisms underlying chronic stress-induced hippocampal 

remodeling implicates a critical role for brain-derived neurotrophic factor (BDNF).  

BDNF is a peptide neurotrophic factor in the brain that is important for neuronal 

morphological differentiation and synapse formation during development, but is also 

required for the survival and plasticity of existing neurons in the adult brain (Thoenen, 

1995; McAllister et al., 1999; Lu et al., 2008; Rauskolb et al., 2010). Chronic stress such 

as occurs with social defeat (Tsankova et al., 2006) or immobilization (Smith et al., 1995; 

Vollmayr et al., 2001; Roceri et al., 2002; Nair et al., 2007) in adult animals is reported to 

decrease BDNF expression in the hippocampus, which is associated with atrophy of CA3 

pyramidal neurons (for review see Duman et al., 1999).  This reduction in BDNF is partly 

regulated by stress-induced glucocorticoids and partly by other mechanisms such as 
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stress-induced deficits in cyclic adenosine monophosphate (cAMP)-cAMP response 

element-binding protein (CREB) signaling.  CREB phosphorylation levels affect BDNF 

expression through CREB transcriptional regulation.  Lower levels of brain BDNF gene 

expression in response to chronic stress is associated with depression, and can be 

reversed by antidepressant treatments (for review see; Duman et al., 1999; 2000 and 

Nestler et al., 2002).  Indeed, the ‘neurotrophic hypothesis of depression’ postulates that 

antidepressant treatments can reverse the inhibition of BDNF gene expression caused by 

chronic stress via the cAMP-CREB cascade (Duman et al., 1997; Altar, 1999), which in 

turn either blocks or reverses atrophy of CA3 cells and/or CA3 cell death (Figure 3).  

Moreover, BDNF plays an important role in another stress-reactive limbic region, the 

amygdala, in terms of synaptic plasticity and emotional behavior.  In particular, BDNF in 

the amygdala is critical for molecular and structural changes associated with chronic 

stress-induced anxiety.  For instance, BDNF expression levels are increased in the 

amygdala in a sustained manner following chronic social defeat stress (Fanous et al., 

2010).  Chronic stress induced anxiety-like behavior has been shown following 

adolescent social isolation (Lukkes et al., 2009), early life maternal separation, and 

chronic restraint (Eiland and McEwen, 2010).  These findings are linked to increased 

spine density in the basolateral amygdala (BLA, Vyas et al., 2006; Mitra et al., 2005), 

together with a long-term increase in amygdalar BDNF (Fanous et al., 2010) that is 

proposed to mediate this morphological plasticity.  These reports provide compelling 

evidence that BDNF is a critical neurotrophin that mediates the cellular effects of chronic 

stress in depressive- and anxiety-like behaviors in the hippocampus and amygdala, 

respectively. 
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Figure 3: Diagrammatic representation of the actions of stress and antidepressant 
treatment on hippocampal neurons.  Chronic stress and subsequent long-term elevation of 
glucocorticoids cause atrophy and, in severe cases, death of CA3 pyramidal neurons and 
decrease neurogenesis of dentate gyrus granule cells in the hippocampus.  Antidepressant 
treatments are proposed to oppose these actions of stress and either block or reverse 
hippocampal atrophy and/or cell death and decreased neurogenesis.  The mechanisms 
underlying such actions of antidepressants involve upregulation of BDNF via increased 
Norepinephrine (NE) and 5-hydroxytryptamine (5-HT) signal transduction. CA1: CA1 
pyramidal cells, mf pathway: Mossy fibre pathway, sc: Schaffer collaterals (Duman et al., 
1999) 

 

 

 

Adapted from Duman et al., 1999 
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In addition to direct regulation of the BDNF gene by transcriptional factors such 

as CREB, there are also epigenetic regulators that can be important for the modulation of 

BDNF gene transcription.  Epigenetic regulation is defined as histone and DNA 

modifications that influence the variety of gene expression (Jaenisch and Bird, 2003; 

Margueron et al., 2005).  Acetylation/deacetylation of N-terminal domains of core 

histone proteins regulates chromatin structure and gene expression (Strahl and Allis, 

2000).  Histone acetylation is catalyzed by histone acetyltransferases (HATs) which add 

acetyl groups to N-terminal domains of histones, thereby reducing the affinity between 

histones and DNA, resulting in increased gene expression or activation (Sterner and 

Berger, 2000).  Histone deacetylation is catalyzed by a family of histone deacetylase 

(HDAC) proteins (see Figure 4 for an example of modifications on the Histone 3).  There 

are three major classes of HDACs; class I (HDAC1, 2, 3 and 8), class II (HDAC4, 5, 6, 7, 

9 and 10), and the Sir2 family of NAD+ - dependent HDACs (Marks et al., 2003).  

HDACs remove acetyl groups from N-terminal domains of histones, lead to tighter DNA 

coiling and thereby result in gene repression or silencing (Hong et al., 1993; Strahl and 

Allis, 2000).  Methylation is mediated by histone methyltransferases (HMTs) at lysine or 

arginine residues of histones and is reversed by histone demethylases (HDMs).  

Methylation of histones at lysine residues can either activate transcription (H3-K4 and 

H3-K36) or repress (H3-K9 and H3-K27) transcription of the genomic region (Shi et al., 

2004). Thus, interplay between HATs and HDACs, or HMTs and HDMs appear to be 

important for chromatin remodeling of a variety of genes, such as the BDNF gene.  

Chronic social defeat stress (an animal model of depressive-like state), has been shown to 

induce social avoidance behavior and long-lasting increases in H3-K27 demethylation, a 
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repressive modification, at the P3 and P4 promotors in the BDNF gene, as well as long-

lasting downregulation of total BDNF mRNA levels in the mouse hippocampus 

(Tsankova et al., 2006).  However, antidepressant treatment reverses the repression of 

BDNF gene expression via Histone 3 (H3) acetylation, as well as H3-K4 methylation, an 

activating modification, at the same BDNF promoters (Tsankova et al., 2006).  These 

effects of antidepressant treatment appear to be mediated at least in part by 

downregulation of HDAC5 in the hippocampus (Tsankova et al., 2006).  Moreover, 

chronic electroconvulsive seizures (ECS; an effective treatment for depressed patients) 

have been shown in rats to induce increases in H3 acetylation at the BDNF P3 and P4 

promoters, in correlation with increased BDNF mRNA levels in rat hippocampus 

(Tsankova et al., 2004).  Therefore, these studies provide compelling evidence for 

epigenetic regulation of hippocampal BDNF expression in development of the depressive 

state.  The present dissertation will investigate the effects of chronic variable stress, along 

with systemic administration of a HDAC inhibitor, on epigenetic regulation of 

hippocampal BDNF gene expression and associated changes in depressive- and anxiety-

like behaviors in LRHR rats. 
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Figure 4: Representation of chromatin remodeling via common covalent modifications 
on Histone 3 (H3), which include acetylation and methylation at several amino acid 
residues.  Acetylation is catalyzed by histone acetyltransferases (HATs) and reversed by 
histone deacetylases (HDACs); lysine methylation (which can be either activating or 
repressing) is catalyzed by histone methyltransferases (HMTs) and reversed by histone 
demethylases (HDMs; Tsankova et al., 2007). 

 
 

 

 

 

 

                         

                                                                                                                    

Adapted from Tsankova et al., 2007 
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  In this dissertation, a chronic variable stress paradigm will be used to investigate 

individual differences in the effects of chronic stress using the LRHR stress vulnerability 

rat model.  This paradigm was originally described in a protocol by Katz and colleagues 

(1981) to counter the habituating effects of repeated stress in animal studies.  The original 

regimen incorporated physical stressors (e.g., restraint, cold exposure, and loud noise) 

assigned in a random exposure sequence at varying times in one day and at varying 

durations.  In addition to this, Isgor and colleagues (2004a) developed a parallel regimen 

using social stressors (e.g., isolation, novel environment, crowding) that are commonly 

utilized in the literature and applied with the same parameters.  Hence, a chronic variable 

social stress regimen was designed as a model for psychosocial stressors that may have 

relevance for human stress conditions.  Even though chronic variable physical (CVP) and 

chronic variable social (CVS) stressors are physiologically comparable when 

administered acutely (Isgor et al., 2004a), when they are applied chronically during the 

peripubertal-juvenile period (PD28-56), they appear to result in long term differential 

alterations in the physiological response to stress, in hippocampal GR expression and in 

the morphology of the hippocampus (Isgor et al., 2004a).  Particularly, CVP exposure 

leads to reduced hippocampal volume in the CA1, DG and the CA3 cell layers during 

transition into young adulthood (following 3 weeks of recovery from stress), effects that 

are associated with impairments in Morris water-maze navigation, downregulation of 

hippocampal GR expression, and deficits in feedback shutdown of acute stress-induced 

CORT secretion.  Even though similar downregulation of hippocampal GRs and elevated 

CORT responses to acute stress are observed with CVS, these effects are reversed with 3 

weeks of recovery into young adulthood (PD 77).  Moreover, these two stress regimens 
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have been characterized under exposure to a pharmacological stressor, namely repeated 

amphetamine treatment; showing that although CVP leads to robust expression of 

locomotor sensitization to amphetamine, CVS leads to inhibited locomotor activity to 

amphetamine challenge (Kabbaj et al., 2002).  This suggests differential neural 

adaptations in the brain reward circuitry (Kabbaj and Isgor, 2007). These findings suggest 

that CVP and CVS exposure during adolescence differentially modulate HPA axis 

function, hippocampal morphology and brain reward circuitry.  In this dissertation, I will 

study CVP vs. CVS-induced neuronal mechanisms that play important roles in the 

emergence of individual differences in behavioral and structural responses to chronic 

stress, using the LRHR animal model.         

C. Adolescence is a critical developmental period for stress vulnerability. 

Adolescence is characterized by major changes in neural, hormonal, and 

behavioral systems.  Despite its gradual onset and offset there are differences in these 

systems between adolescence and adulthood.  Adolescence in laboratory rodents consists 

of three stages; a prepubescence/early adolescence period from PD 21 to PD 34, a mid-

adolescence period from PD 34 to PD 46, and a late adolescence period from PD 46 to 

PD 59 (Spear, 2000; Tirelli et al., 2003; McCormick et al., 2010).  Human and animal 

studies support the notion that adolescence is a developmental period of stress 

vulnerability, and accumulation of stressful experiences during pubertal maturation 

increases the frequency of psychological disorders later in life, such as depression, 

anxiety and drug abuse (Kessler & Magee, 1993; Andersen et al., 2003; Costello et al., 

2003; Penza et al., 2003; Dahl R.E., 2004; Heim, Plotsky, & Nemeroff, 2004; Patton et 

al., 2007).  During adolescence, both progressive (i.e., neurite fiber sprouting, 
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myelination) as well as regressive (i.e., synapse pruning) processes take place in the 

brain, suggesting that this period marks the maturation of neuronal connectivity (Giedd et 

al., 1999; Cunningham et al., 2002).  Brain areas involved in emotional behavior such as 

the hippocampus continue to grow across the peripubertal-juvenile period into young 

adulthood (Bayer et al., 1982; Sousa et al., 1998; Isgor et al., 2004a).  Stress-induced 

structural and functional changes in brain regions implicated in stress reactivity and 

emotionality are hypothesized to render the adolescent individual more vulnerable to 

develop psychopathologies later on.  In this dissertation, I will use the LRHR phenotype 

to assess individual differences in the neurobiology of stress responsiveness during a 

developmental period that falls inside the peripubertal- juvenile period (PD 28 and PD 

42, Toledo-Rodriguez and Sandi, 2011), which is characterized by heightened 

responsiveness to environmental perturbations. 

 In fact, chronic stress applied during adolescence leads to robust behavioral 

effects in adulthood in the laboratory setting.  For instance, three days of unpredictable 

physical stress exposure during the juvenile period leads to heightened anxiety-like 

behaviors in rats in over a third of the stressed population, demonstrated by decreased 

time spent in the open arms of the elevated plus maze.  An additional third of the 

population displays depressive-like behavior as evidenced by decreased avoidance 

shuttles and increased escape failures during a two-way passive avoidance task in 

adulthood (Tsoory et al., 2007).  These results suggest that even short periods of variable 

stress during the juvenile period can induce long term alterations in emotional behaviors. 

Moreover, another study examined the effects of early chronic social stress (1 h isolation, 

daily and change of cage partner between PD 30 and 45) on anxiety-like behavior in 
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adulthood and revealed that adult rats exhibited increased anxiety behavior as indicated 

by decreased time spent in the open arms of an elevated plus maze (McCormick et al., 

2008).  In a different study Wilkin et al (2012) showed that severe chronic variable stress 

exposure (water immersion, elevated platform, foot shock) from PD 22 to 33, results in 

increased anxiety (tested on elevated plus maze) and depressive behaviors (tested on 

forced swim test) in adult male rats.  Thus, these reported effects support the notion that 

juvenile stress induces lasting impairments in stress-coping responses, and vulnerability 

to depression and anxiety may be shaped by experiences in adolescence. 

 In contrast to the reported deleterious effects of chronic stress during adolescence 

on depressive- and anxiety-like behaviors, there are also reports that show protection 

from later stress-induced effects when stressors are applied during adolescence.  For 

instance, chronic unpredictable stress exposures (daily 1 h isolation and new cage partner 

on PD 30–45) produced no difference between stressed and control adolescent rats in 

terms of depressive behavior assessed during the forced swim test, in spite of increased 

corticosterone release in chronically stressed male rats (Mathews et al., 2008).  Similarly, 

in response to chronic variable stress (CVS, repeated exposure of restraint, hypoxia, open 

field, cold and shaker stress between PD 35-48) adolescent animals did not show a latter 

increase in immobility on the forced swim test, but demonstrated resistance to the effects 

of CVS on depressive behavior (Jankord et al., 2011).  Interestingly, psychogenic stress 

(novelty, odor exposure and placement on an elevated platform) during PD 28-30 and PD 

40-42 decreased anxiety-like behaviors measured on the elevated plus maze, and 

increased risk-taking and novelty-seeking behaviors in adolescent rats, with no effect on 

depressive behaviors and the HPA response (Toledo-Rodrigez and Sandi, 2011).  
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Corroborating findings in additional recent studies also showed increased risk-taking and 

decreased anxiety-like behaviors following other forms of adolescent stress (Burke et al., 

2010; Ito et al., 2010; Jacobson-Pick and Richter-Levin, 2010; Jacobson-Pick et al., 

2011).  Thus, some of the literature suggests resilience in response to the adverse effects 

of stress during adolescence.  The discrepancies in these reported effects may very well 

be due to individual differences in stress responsiveness, and the impact of different types 

of specific stressors, which will be investigated in this dissertation. 

In this dissertation, the LRHR rat model will be used to investigate the behavioral, 

neurobiological and structural effects of chronic variable stress during the peripubertal-

juvenile period.  In Chapter 1, the effects of chronic variable stress on depressive- and 

anxiety-like behaviors and related changes in hippocampal and amygdalar BDNF levels 

will be assessed. Particularly, stress-induced changes in epigenetic regulation of 

hippocampal BDNF gene expression will be studied.  These changes then will be linked 

with changes in MFs, the primary innervation of the stress-responsive CA3 neurons in 

hippocampus. In Chapter 2, I will further assess remodeling of projections induced by 

chronic variable stress during adolescence, as measured on receptive CA3 dendritic 

surfaces in LRHR rats, to determine if structural changes in mossy fibre terminals are 

accompanied by changes in CA3 dendritic arbors.  In Chapter 3, following 

administration of a pan-HDAC inhibitor during chronic variable stress exposure, I will 

investigate interactions between depressive-like behavior and epigenetic regulation of 

hippocampal BDNF gene expression to assess molecular mechanisms that may underlie 

behavioral changes induced by chronic variable stress during the peripubertal-juvenile 

period.   
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CHAPTER 1: CHRONIC VARIABLE STRESS DURING PERIPUBERTAL-
JUVENILE PERIOD CAUSES DIFFERENTIAL DEPRESSIVE AND ANXIETY 

EFFECTS IN THE NOVELTY-SEEKING PHENOTYPE: EFFECTS IN 
HIPPOCAMPAL AND AMYGDALAR BDNF AND THE MOSSY FIBRE TERMINAL 

FIELDS 

Introduction 

The hippocampus, and specifically the MF system, is critically involved in 

detection of novelty (Vinogradova, 2001).  Moreover, morpho-behavioral correlations in 

genetically-altered mice have implicated hippocampal MF in exploratory behavior 

(Roullet and Lasalle, 1993; Ivanco and Greenough, 2002; Mineur and Crusio, 2002).  The 

MF axons of dentate granule cells relay multimodal sensory information from the 

entorhinal cortex to the hippocampus proper (CA3 dendrites), which upon receipt is 

compared with previously stored information (Amaral and Witter, 1989; Witter et al., 

1989; Vinogradova, 2001).  It is plausible that such a mechanism to detect environmental 

novelty may be a necessary component of the novelty-seeking phenotype (i.e., LRHR 

phenotype).  Hippocampal MF remodeling continues throughout the peripubertal-juvenile 

period, and experiential factors affect the sprouting and/or pruning of these axon 

terminals during this time (Gomez-Di Cesare et al., 1997).  The mossy fibres comprise 

the axons of the dentate gyrus (DG) granule neurons that innervate the CA3 neurons (for 

review see; Gaarskjaer, 1986) and stress-induced dendritic atrophy occurs in these 

neurons.  The granule cell axons contains high levels of  BDNF (Conner et al., 1997; Yan 

et al., 1997; Dieni et al., 2012) and hippocampal BDNF is implicated in chronic 
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stress-induced morphological changes in hippocampus (for review see; Duman et al., 

1999).  Therefore, alterations in hippocampal BDNF levels in response to chronic stress 

exposure during the peripubertal-juvenile period in LRHR rats could mediate structural 

changes in the MF-CA3 synapse, during the time when this fibre pathway normally 

undergoes extensive remodeling.       

 It has been previously shown that decreased levels of hippocampal BDNF, and 

subsequent neuronal atrophy is correlated with depression, whereas anxiety is associated 

with increased levels of amygdalar BDNF and increased dendritic spine density in the 

BLA in adult animals (for review see Vaidya and Duman, 2001; Vyas et al., 2002; 2006; 

Mitra et al., 2005; Fanous et al., 2010).  Thus, BDNF is thought to play an important role 

in the regulation of stress-induced cellular changes through its binding of full length 

TrkB receptors, mediating region-specific responses to stress in the brain.  In this chapter 

of the dissertation, I will use a previously described, chronic variable stress regimen 

(CVP and CVS; Isgor et al., 2004a) to study individual differences in the neurobiology of 

stress reactivity using the outbred rat model of the novelty-seeking phenotype (i.e., 

LRHR).  This experiment will investigate the effects of chronic variable stress during the 

peripubertal-juvenile period on depressive- and social anxiety-like behaviors and the 

associated changes in hippocampal and amygdalar BDNF and MF plasticity in the 

novelty-seeking phenotype.  I will test the hypotheses that the LRHR model can reliably 

predict stress-specific alterations in hippocampal MF plasticity, and that BDNF 

modulation in the hippocampus and amygdala will be associated with stress-induced 

depressive- and anxiety-like behaviors. 
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Methods 

LRHR phenotype screening                                                                                       

Animals were treated in accordance with the National Institutes of Health 

guidelines on laboratory animal use and care.  Male Sprague-Dawley rats (N=108, 

Charles River, Wilmington, MA) arrived at weaning (postnatal day, PN 22), were housed 

in 43 X 21.5 X 25 cm clear acrylic cages, and were allowed ad libitum access to food and 

water.  Animals were kept on a 12 hr light/dark cycle (lights on at 7:00 A.M.).  Animals 

were allowed to habituate to the housing conditions and were handled daily for 2 days.  

On PN 25, animals underwent locomotor screening for 60 min in commercially-available 

locomotion chambers (San Diego Instruments, San Diego, CA).  Locomotor reactivity to 

novelty was tested in 43 X 43 X 24.5 cm clear Plexiglas cages with stainless steel grid 

flooring.  Activity was monitored by means of two banks of photocells (total of 

photocells X=16; Y=16) connected to a microprocessor.  Two frames of photocells were 

used; the lower frame was located 2.5 cm above the grid floor and the upper frame was 

located 12.5 cm above the floor of the box.  Horizontal locomotion was monitored by the 

lower bank of photocells.  Each horizontal activity count recorded a minimum 14.3 cm 

traversing of the cage.  Rearing was monitored by activity on the upper bank of 

photocells.  At the end of a 60 min screening session, total locomotor activity (i.e., X, Y 

and Z locomotion) were pooled and the rats were ranked as HRs (i.e., rats that exhibited 

locomotor scores in the highest third of the sample) or LRs (i.e., rats that exhibited 

locomotor scores in the lowest third of the sample).   
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Chronic variable stress exposure  

For the chronic stress regimen, three stressors were selected from the published 

literature, and utilized in our previously published work (Isgor et al., 2004a; Kabbaj and 

Isgor, 2007).  Stressors were applied in a systematic random order and at varying times of 

day (one or two stressors per day) for a total of 15 stress exposures to avoid habituation. 

Control animals were handled daily.  Chronic stress or control handling occurred between 

PN 28-42 (Table 1). 

 Physical stressors:  1) Ether exposure:  Animals were transferred to an ether 

chamber located outside of the home colony in groups of four, for a maximum of 30 s.  

After complete recovery from ether, animals were returned to the home colony.  2) 

Restraint:  Animals were wrapped individually in flexible Teflon, which was secured 

with Velcro closures to limit movement for 2-hr.  3) Cold exposure:  Animals were 

transferred to a cold box (40C) for 2-hr.           

 Social stressors: 1) Isolation:  Animals were transferred into cages similar to 

home cages and placed in a room other than the home colony for 2-hr with free access to 

food and water.  2) Novel environment: Animals were individually placed in novel 

environments that consist of boxes with different geometric shapes (circular, rectangular, 

triangular), color and luminosity for 2-hr.  3) Crowding:  A group of animals (n=16) were 

placed in one cage similar to the home cage for 2-hr in the home colony.  As animals 

matured (PD 35-42), total number of animals placed in a cage during crowding session 

was decreased to n=8.  Twenty-four hours after the last stress exposure or control 

handling (PN 43), all animals were tested on the social interaction and forced swim tests.  

 



26 

Table 1: Behavioral procedure for phenotype screening and chronic variable stress 
exposure. 

 

CVP: Chronic Variable Physical stress, CVS: Chronic Variable Social stress, PD: 
Postnatal day 
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Social interaction test 

The social interaction (SI) test was developed by File and Hyde (1978) to measure 

anxiety-like behavior in rodents.  The SI test is sensitive to both anxiolytic and 

anxiogenic effects and does not require to use of aversive (e.g. electric shock) or 

appetitive (e.g. food or water deprivation) conditions (for review see File and Seth, 

2003).  The SI test in rodents is commonly used in research on anxiety-like behavior and 

this test reveals social behaviors that loosely reflect altered social communication and 

interactions (for review see File and Seth, 2003). Anxiety disorder in humans indeed 

affects an individual’s interpersonal relationships and ability to interact socially with 

people around them (Gelder et al., 2005).  Therefore, the SI test was used to assess 

anxiety-like behavior in a social context following chronic variable stress regimen in 

LRHR phenotype to model the human social fobia state.  An experimentally naive 

resident rat was placed in a 23 X 15 X 13 cm rubber rectangular box and allowed to 

habituate to its surroundings for 8 min.  After the initial 8 min, an age- and weight-

matched experimental rat was placed in the box and both rats were allowed to interact for 

5 min.  Resident rats were used only once and, between each trial, the box was wiped 

thoroughly with ethyl alcohol.  Social behaviors elicited by the experimental rat towards 

the resident rat were measured (i.e., sniffing, following, grooming and crawling over or 

under) as described by File (1980) and published by our laboratory (Aydin et al., 2010).  

No aggressive behaviors were observed.  Total amount of social interaction per animal 

was measured by adding the duration of all of the social interaction behaviors 

demonstrated by the experimental animal, and percent time spent in social interaction 

was calculated.   
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Forced swim test 

The forced swim test was introduced by Porsolt et al., (1977) as a paradigm that 

tests behavioral state of “despair” and since then it has been widely used to assess 

depressive-like behavior and measure the clinical efficacy of antidepressant drugs.  

Therefore, depressive-like behavior in HR and LR rats was assessed using the forced 

swim test following exposure to chronic variable stress. Briefly, rats were placed in a 30 

cm diameter cylinder filled with water (25°C). Each rat was tested for 5 min and the 

cylinder was cleaned and filled with fresh water following each animal. Behavior 

constituting immobility (defined as the absence of movement with the exception of what 

is necessary to keep the animal’s head above water) was scored.  Total amount of time 

spent as immobile per animal was measured by adding the duration of immobility 

demonstrated by the experimental animal in a single session, and percent time spent in 

immobility was calculated. 

At the completion of behavioral testing, animals were sacrificed by rapid 

decapitation.  For half of the animals (n=6 per experimental group), one hemisphere of 

each brain was harvested and snap frozen for in situ hybridization histochemistry, and the 

dorsal hippocampus from the remaining hemisphere was dissected and used for  

chromatin immunoprecipitation (ChIP) assay.  For the second group of the animals (n=6 

per experimental group), brains were harvested and snap frozen for Timm’s method for 

silver sulfide staining and subsequent morphological analyses using design-based 

stereology.          
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Chromatin immunoprecipitation (ChIP) assay  

ChIP assay was performed following a published protocol (Tsankova et al., 2004).  

Briefly, tissue punches from dorsal hippocampi were pooled and fixed with 5% 

formaldehyde to cross-link DNA with associated proteins.  Fixed hippocampal tissue was 

sonicated using a sonicator (Fisher Scientific, PA) twice for 10 sec at low setting and then 

sonicated three more times for 15 sec at maximum power to shear the chromatin to 400-

500 bp using a cell lysis buffer (1% SDS (10%),1 mM  Tris-HCl (pH 8.0) and 100 mM 

0.5 M EDTA).  After spectrophotometer quantification, equal amounts of chromatin 

lysate (60 μg) were diluted with ChIP dilution buffer to a final volume of 1 ml.  Samples 

were then immunoprecipitated overnight at 4°C with one of the following antibodies:  5 

μg of anti-acetyl H3 antibody (detects acetylation on Lys9 and Lys14, Millipore, CA), 5 

μg of anti-acetyl H4 antibody (detects acetylation at Lys5, Lys8, Lys12, and Lys16, 

Millipore, CA) and 5 μg nonimmune rabbit IgG antibody (Millipore, CA) used as a 

control.  The immunoprecipitate was collected using Protein A beads from Thermo 

Scientific (Rockford, IL).  The beads were washed once with low salt (NaCl), high NaCl, 

and LiCl and then washed twice with TE (Tris-EDTA) buffers.  After washing, the 

DNA–histone complexes were eluted from the beads and then dissociated by incubating 

at 650C using proteinase K.  DNA was extracted, purified and quantified using 

quantitative real time-PCR (Stratagene Mx3000P QPCR system, CA, Figure 5).  

 

 

 

 



30 

 

Retrieved from Vinci-Biochem, http://www.vincibiochem.it/AMChIP-IT.htm 

Figure 5: Chromatin immunoprecipitation (ChIP) assay work flow diagram. 
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Quantitative real time-PCR (qPCR)  

qPCR was performed to determine the levels of acH3 and acH4 at the P2 and P4 

BDNF gene promoters, as described in previously published work (Tsankova et al., 

2004).  The rat BDNF gene consists of four distinct 5’ exons (I-IV) which are associated 

with separate promoter and one common 3’ exon (V), and eight distinct BDNF transcripts 

can be generated by use of two different polyadenylation sites in the 3’-end of exon V 

(Timmusk et al., 1993).  BDNF P2 and P4 promoters were selected based on the reported 

effects of chronic stress on BDNF promoters (Tsankova et al., 2004).  Experimental 

primer pairs were custom designed as follows for:  BDNF P2: 5’-

TGAGGATAGGGGTGGAGTTG-3’, 5’-GCAGCAGGAGGAAAAGGTTA-3’; for 

BDNF P4: 5’-TGCAGGGGAATTAGGGATAC-3’, 5’-TCTTCGGTTGAGCTTCGATT-

3’, and as an endogenous control primers for GAPDH (Applied Biosystems, CA) were 

used for normalization.  qPCR was performed on MxPro-Mx3005P QPCR System 

(Agilent Technologies, CA). The reaction mixture consisted of 12.5 µl of Stratagene 

Brilliant II SYBR® Green Low ROX QPCR Master Mix (Agilent Technologies, CA), 

2.5 µl each of forward and reverse primers, and 4 µl of DNA in a total volume of 25 µl.  

Cycling conditions consisted of 10 min of polymerase activation at 95°C, an 

amplification step consisted of 40 cycles at 95°C for 30 sec and 60°C for 1 min, followed 

by 1 cycle of each phase; 95°C for 1 min, 55°C for 30 sec and 95°C for 30 sec to obtain 

the disassociation curve.  Immunoprecipitated DNA was PCR amplified in duplicate, and 

Ct (cycle threshold) values from each sample were obtained using the MxPro software. 

Ct values obtained from age-matched intermediary responders (i.e., rats that exhibited 

locomotor scores in the middle third of the same sample) that were handled as control 
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animals were used as phenotype controls to calculate the logarithmic changes in Ct 

values of LRHR rats exposed to chronic variable physical stress or control handling. 

 
In situ hybridization histochemistry        
 

Coronal brain sections were collected at 20 μm thickness throughout the dorsal 

hippocampus and stored at -800C.  On the day of hybridization, slide mounted sections 

were fixed in 4% paraformaldehyde at room temperature for 1 hr, followed by three 

washes in 2X SSC (1X SSC is 150 mM sodium chloride, 15 mM sodium citrate).  

Sections were placed in a solution containing acetic anhydride (0.25%) in triethanolamine 

(0.1 M, pH 8) for 10 min, rinsed in distilled water, dehydrated through graded alcohols 

(50%, 75%, 85%, 95% and 100%) and were air dried.  Antisense 35S-labeled cRNA 

probes for rat BDNF (585 bp complementary to the mature rat coding sequence, exon V), 

was labeled in a reaction mixture consisting of 1 ml of linearized plasmid, 1X 

transcription buffer, 125 mCi [35S ]UTP, 125 mCi [35S ]CTP, 150 mM each of ATP and 

GTP, 12.5 mM dithiothreitol, 20 U RNAase inhibitor, and 6 U RNA polymerase.  In this 

manner, BDNF riboprobe (kindly provided by Dr. Christine Gall, University of 

California, Irvine) was produced using T3 RNA polymerase as the transcription enzyme 

after the plasmid was linearized with XhoI.  Reactions were incubated for 90 min at 

370C, and unincorporated nucleotides were removed using Biorad spin columns (Biorad 

Laboratories, CA).  Probe was diluted in hybridization buffer (50% formamide, 10% 

dextran sulfate, 2X SSC, 50 mM sodium phosphate buffer, pH 7.4, 1X Denhardt’s 

solution, 0.1 mg/ml yeast tRNA and 10 mM dithiothreitol) to yield 106 dpm/70 μl.  

Sections were hybridized with the probe mixture inside a humidified box overnight at 
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55°C.  The next day, sections were washed in 3X SSC for 5 min each, then incubated for 

1 hr in RNAase (20 mg/ml in Tris buffer containing 0.5 M NaCl, pH 8) at 37°C.  Sections 

were washed with 2X, 1X and 0.5X SSC, and incubated for 1 hr in 0.1X SSC at 65°C.  

After rinsing in distilled water, sections were dehydrated, air dried and exposed to Kodak 

XAR film (Eastman Kodak, NY).  Section images were captured digitally from x-ray 

films with a CCD camera using MCID (image analysis) software, and relative optical 

densities were determined using the Scion imaging software.  Only pixels with gray 

values exceeding 3.5X above background (within hippocampus or amygdala) were 

considered measurable signal and were included in the analyses. 

Timm’s method for silver sulfide staining  

Coronal brain sections were collected at 160μm intervals throughout the 

hippocampus, and were kept at –80°C until staining.  On the day of staining, sections 

were air-dried and immersed in a phosphate-buffered (pH 7.4) 0.5% sodium sulfide 

solution for 2 min, briefly rinsed in two changes of phosphate buffer, fixed in 96% 

ethanol and were rehydrated.  Subsequently, sections were stained as described 

previously (Danscher, 1981; Geneser et al., 1993) by immersion in a citrate-buffered 

hydrochinone – silver lactate developer containing gum arabic as a protective colloid.  

Sections were rinsed vigorously with tap water following development and 

counterstained with cresyl violet and coverslipped.  This protocol was successfully used 

on fresh frozen brain tissue in a previously published article (Isgor et al., 2004b). 

Stereological estimation of mossy fiber terminal field volumes 

The volumes of the two major components of the dentate gyrus MF system were 

estimated using the Cavalieri estimator (Stereoinvestigator, Micro-BrightField, 
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Colchester, VT).  The tissue was viewed under brightfield illumination on a Zeiss 

Axiophot microscope interfaced with a CCD color video camera, and displayed on a 

high-resolution video monitor at a final magnification of 250X.  Rostral and caudal 

extents of the hippocampus were determined following the convention of Paxinos and 

Watson (1982).  A systematic, random sampling scheme was utilized such that estimates 

are based on every 10th section throughout the rostro-caudal extent of the hippocampus, 

yielding an average of 20 analyzed sections per animal.  The cross-sectional areas of the 

(SP)-MFs, terminating on the apical dendrites of CA3 pyramidal cells, and the 

intra/infrapyramidal (IIP)-MFs, which terminate within or below the pyramidal cell layer 

(Figure 6), were estimated by an automated point-counting technique using a grid of test 

points displayed on the video monitor, superimposed upon the structure of interest.  

Volumes of different MF terminal fields were estimated from the total number of points 

that fell within the respective field, the sampling interval and the nominal section 

thickness.  Values were plotted for unilateral terminal field volume estimations for SP-

MF, IIP-MF, and for total (SP + IIP) mossy fiber systems. 
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Figure 6: An illustration of a coronal hemisection of the dorsal hippocampus depicting 
the major hippocampal subdivisions and the two compartments of the mossy fibre system 
(SP-MF and IIP-MF) in which quantitative estimates were performed in the Timm-
stained tissue. 
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Statistical analyses  

Two-way ANOVAs were conducted for (1) percent time spent in social 

interaction (2) percent time spent in immobility on the forced swim test (3) amounts of 

acH3 and acH4 at the P2 and P4 promoters of the BDNF gene, (4) levels of BDNF 

mRNA expression following in situ hybridization histochemistry, and (5) the SP-MF, 

IIP-MF, and total MF terminal field volumes versus phenotype (LR, HR) and stress 

conditions (PHY, SOC, CONT).  Significant interactions and main effects of ANOVAs 

were followed by Scheffe post-hoc tests.  Furthermore, simple regression analyses were 

conducted between (1) percent time spent in social interaction and BDNF mRNA signal 

in the BLA, (2) percent time spent in immobility on the forced swim test and acH3 at the 

BDNF P2 promoter and acH4 at the BDNF P4 promoter, (3) percent time spent in 

immobility on the forced swim test and BDNF mRNA signal in CA3 and DG of the 

hippocampus.  All significance levels were set at p = 0.05.   

Results 

Social interaction and forced swim tests 

    Figure 7A shows the percent time engaged in social interaction in the LRHR rats.  

A two-way ANOVA revealed a significant main effect of Stress (PHY, SOC, CONT) on 

social interaction between groups [F(1,24) = 7.816, p = 0.009].  Subsequent post-hoc 

comparisons showed a significant decrease in percent time spent in social interaction in 

both phenotypes exposed to CVP compared to control animals [ps ≤ 0.015]. 

Figure 7B shows the percent time spent in immobility in LRHR rats on forced 

swim test.  A two-way ANOVA showed a significant interaction between Phenotype 

(LR, HR) and Stress (PHY, SOC, CONT) in immobility behavior [F(1,24) = 9.095, p = 
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0.005].  Subsequent post-hoc comparisons showed a significant decrease in percent time 

spent in immobility in HRs exposed to CVP and CVS compared to control animals 

[P=0.002], and a significant increase in percent time spent in immobility in LRs exposed 

to CVP compared to handled controls [P=0.0031]. 
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A.                                                                       B. 

 

Figure 7: Anxiety- and depressive-like behaviors in LRHR rats.  Percent time spent in 
social interaction (A) and in immobility during forced swim test (B) in LRHR rats 
exposed to chronic variable physical stress (PHY) and chronic variable social stress 
(SOC) or handled as controls (CONT).  Means are plotted in bar graphs + SEMs. *: p ≤ 
0.05.   
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Levels of acetylated histones at the BDNF promoters  

Figures 8A and 8B show levels of acH3 at the P2 promoter of the BDNF gene and 

levels of acH4 at the P4 promoter of the BDNF gene respectively in the dorsal 

hippocampus of the LRHR rats exposed to CVP, CVS or control handling.  A two-way 

ANOVA revealed  a significant interaction between Phenotype (LR, HR) and Stress 

(PHY, SOC, CONT) in the acH3 levels at the BDNF P2 promoter [F(2,24) = 5.662, p = 

0.013].  Post-hoc comparisons showed that control HRs had lower levels of acH3 at the 

BDNF P2 promoter compared to control LRs [p = 0.010].  Furthermore, acH3 levels at 

the P2 promoter were increased with both CVP and CVS in HRs compared to control 

levels [ps ≤ 0.025].  No significant effects were detected in the acH3 levels at the P2 

promoter of the BDNF gene in the dorsal hippocampus of the LR rats, or in acH3 levels 

at the P4 promoter of BDNF gene across phenotypes and stress conditions (data not 

shown).  Moreover, a two-way ANOVA showed a significant interaction between 

Phenotype (LR, HR) and Stress (PHY, SOC, CONT), and a significant main effect of 

Stress in the acH4 levels at the BDNF P4 promoter [Fs(1,24) ≥ 13.058, ps ≤ 0.002].  Post-

hoc comparisons showed that control HRs had lower levels of acH4 at the BDNF P4 

promoter compared to control LRs [p < 0.001].  Furthermore, CVP resulted in decreased 

levels of acH4 at the BDNF P4 promoter in LRs, while both stress conditions caused an 

increase in acH4 at the P4 promoter in HRs compared to handled controls [ps ≤ 0.009].  

No significant effects were detected in acH4 levels at the P2 promoter of the BDNF gene 

between phenotypes and stress conditions (data not shown).  Moreover, a significant 

negative correlation was detected between percent time spent in immobility on the forced 

swim test and acH4 levels at the P4 promoter of the BDNF gene [Figure 9B; p = 0.0009].  



40 

No significant correlation was detected between percent time spent in immobility on the 

forced swim test and acH3 levels at the P2 promoter of the BDNF gene (Figure 9A). 
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Figure 8: Levels of acetylated Histone 3 (acH3) at the BDNF P2 promoter (A), and 
acetylated Histone 4 (acH4) at the BDNF P4 promoter (B) in the LRHR rats exposed to 
chronic variable physical (PHY) and social (SOC) stress or handled as controls (CONT).  
Means are plotted in bar graphs + SEMs. *: p ≤ 0.05. 
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   A.                                                                        B. 

 

Figure 9: Regression plots between percent time spent in immobility on the forced swim 
test and levels of acetylated Histone 3 (acH3) at the BDNF P2 promoter (A) and 
acetylated Histone 4 (acH4) at the BDNF P4 promoter (B) in the dorsal hippocampus.   
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BDNF mRNA in the dorsal hippocampus and the basolateral amygdala 

Figure 10 shows expression of BDNF mRNA in the dorsal hippocampus of the 

LRHR rats. Two-way ANOVAs showed significant interactions between Phenotype (LR, 

HR) and Stress (PHY, SOC, CONT) in the dentate gyrus (DG) and the CA3 pyramidal 

field of the hippocampus [Fs(2,24) > 3.529, ps < 0.035].  Post-hoc comparisons showed 

that BDNF mRNA was upregulated in the hippocampal DG and CA3 in HR rats exposed 

to CVP and CVS compared to handled controls [ps ≤ 0.034].  However, no significant 

effects were observed in the hippocampal BDNF mRNA levels in LRs exposed to 

chronic variable stress compared to handled controls.  Moreover, no significant 

correlations were detected between percent time spent in immobility on the forced swim 

test and BDNF mRNA signal in the CA3 and DG of the hippocampus (Figure 11A, B). 

 Figure 12 shows expression of the BDNF mRNA in the BLA of the LRHR rats. 

A two-way ANOVA showed a significant main effect of Stress (PHY, SOC, CONT) on 

BDNF mRNA in the BLA [F(1,24) = 31.771, p < 0.0001].  Post-hoc comparisons showed 

that BDNF mRNA levels were upregulated in the BLA following the CVP exposure in 

both the LR and HR rats compared to their respective handled controls [ps ≤ 0.001].  

Moreover, a significant negative correlation was detected between percent time spent in 

social interaction and BDNF mRNA signal in the BLA [Figure 13, p = 0.0001].  
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Figure 10: BDNF mRNA levels in the dorsal hippocampus. Panels A, B, C, D, E and F 
constitute x-ray film-exposed images of representative coronal hemisections of the 
hippocampus that were radioactively labeled with an antisense cRNA probe against  
BDNF mRNA in LRHR rats following chronic variable physical (PHY) and social stress 
(SOC) or control handling (CONT).  Means for optical densities ± SEMs are plotted by 
bar graphs for signal in the CA3 pyramidal field (G) and the dentate gyrus (DG, H) of the 
hippocampus. *: p ≤ 0.05.  Scale bar = 250 μm. 
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  A.                                                                   B. 

 

Figure 11: Regression plots between percent time spent in immobility on the forced 
swim test and BDNF mRNA signal in the CA3 (A) and DG (B) of the hippocampus. 
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Figure 12: BDNF mRNA levels in the basolateral amygdala.  Panels A, B, C and D 
constitute x-ray film-exposed images of representative sections showing basolateral 
amygdala (BLA) that were radioactively labeled with an antisense cRNA probe against 
the BDNF mRNA in the LRHR rats following chronic variable physical (PHY) and 
social (SOC) stress or control handling (CONT).  Means for optical densities + SEMs are 
plotted by a bar graph (E).  *: p ≤ 0.05.  Scale bar = 250 μm. 
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Figure 13: Regression plots between percent time spent in social interaction and BDNF 
mRNA signal in the BLA. 
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Stereological estimation of mossy fiber terminal field volumes 

The two major components of the MF system (SP-MF and IIP-MF) in which 

quantitative estimates were performed are shown in Figure 6.  Figure 14 depicts 

representative sections of the Timm-stained septal hippocampi from experimental groups, 

and estimates of terminal field volumes for SP-MF and total MF (SP-MF + IIP-MF).  

Two-way ANOVAs showed significant interactions between Phenotype (LR, HR) and 

Stress (PHY, SOC, CONT), and main effects of Phenotype in SP-MF and total MF 

terminal field volumes [Fs(2,24) > 3.572, ps < 0.048], whereas no significant effects were 

detected in IIP-MF terminal field volume (data not shown).  Post-hoc comparisons 

showed a significant increase in the SP-MF and total MF terminal field volumes in HRs 

exposed to CVP and CVS compared to handled controls, and a significant decrease in the 

SP-MF volume in LRs exposed to CVP compared to handled controls [ps < 0.045].  
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Figure 14: Mossy fibre plasticity. Coronal hemisections of the dorsal hippocampus 
showing Timm-stained mossy fibre terminal fields that are counterstained by cresyl violet 
representing LR control (A), LR exposed to chronic variable physical stress (B), LR 
exposed to chronic variable social stress (C), HR control (D), HR exposed to chronic 
variable physical stress (E) and HR exposed to chronic variable social stress (F) groups.  
Black arrows are pointing at the SP-MF compartment of the MF projections. Data 
pertaining to estimated SP-MF terminal field volume (G) and total mossy fibre terminal 
field volume (H, SP-MF + IIP-MF) are expressed as means ± SEMs in bar graphs.  *: p ≤ 
0.05.  Scale bar = 250 μm. 
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Discussion 

These results demonstrated individual differences in stress-induced depressive-

like behavior (antidepressive-like effects in HRs and depressive-like effects in LRs) in 

LRHR rats following peripubertal-juvenile exposure to chronic variable stress.  

Moreover, CVP during the peripubertal-juvenile period resulted in an opposite regulatory 

pattern between the depressive and social anxiety behaviors in the HR rats, in that a 

decrease in immobility (i.e., antidepressive-like effect) was detected on the forced swim 

test along with a decrease in the amount of social interaction [i.e., anxiogenic (anxiety-

like) effect].  CVS also led to antidepressive behavior in HRs, however performance on 

the social interaction test was unaffected.  In the LR phenotype, CVP led to an increase in 

depressive behavior while also causing an increase in social anxiety behavior.  Therefore, 

these behavioral findings reflect a stress-specific (i.e., following CVP) but phenotype 

non-specific emergence of social anxiety behavior, while simultaneously revealing a 

phenotype-specific (i.e., LRs) emergence of depressive behavior following peripubertal-

juvenile CVP exposure.   

Moreover, basal levels of acH3 and acH4 at the BDNF P2 and P4 promoters, 

respectively, were lower in HRs hippocampus compared to LRs hippocampus. However, 

acetylation levels of H3 and H4 at the BDNF promoters P2 and P4, respectively, were 

increased with both types of stress in the HR hippocampus compared to levels observed 

in handled controls.  In contrast, a significant decrease in acetylation levels of H4 was 

observed at the BDNF promoter P4 in the LR hippocampus following the CVP regimen.  

These findings suggest increased epigenetic activation of BDNF gene expression in the 

HR hippocampus with CVP and CVS, and in contrast a decreased epigenetic activation of 
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hippocampal BDNF gene expression in LRs with CVP.  Moreover, a significant negative 

correlation was found between percent time spent in immobility on the forced swim test 

and acetylation levels of H4 at the P4 promoter of the BDNF gene, suggesting an increase 

in “despair” behavior associated with decreased levels of epigenetic plasticity in 

hippocampal BDNF gene expression.  Furthermore, upregulation in BDNF mRNA levels 

was observed in the HR hippocampus (CA3 and DG) following both types of stress, 

compared to levels observed in handled controls.  These effects on BDNF mRNA are in 

the same direction as the effects observed in acetylated histone levels at the BDNF 

promoters in the HR phenotype, namely both indicate increased hippocampal BDNF gene 

transcription.   

Concurrent with findings on hippocampal BDNF levels, my results showed a 

significant increase in total MF volume, particularly in SP-MF terminal field size in HRs 

following both stress conditions.  Moreover, a significant decrease in SP-MF terminal 

field size was observed in LRs following the CVP regimen.  These findings suggest that 

fluctuations in the hippocampal BDNF levels induced by stressful stimulation during the 

peripubertal-juvenile period, particularly those that are mediated by histone modifications 

at the BDNF gene, may support observed structural plasticity at the MF terminals.  All of 

which may mediate antidepressive-like effects in the HRs and depressive-like effects in 

LRs (see Table 2 for summary of reported results).  Lastly, the emergence of social 

anxiety-like behavior following CVP in both phenotypes was associated with the 

upregulation of the BDNF mRNA in the BLA.  Moreover, a significant negative 

correlation was detected between precent time spent in social interaction and BDNF 

mRNA signal in the BLA in general, suggesting that increased social anxiety-like 
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behavior might be associated with decreased hippocampal BDNF mRNA levels 

irrespective of the LRHR phenotype.  These results indicate that stress-induced increase 

in BDNF levels in the amygdala may be mediating a general anxiogenic effect in the 

juvenile LRHR rats (see Table 3 for summary of reported results). 
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Chronic Variable Stress

LR HR
BDNF gene expression                  BDNF gene expression
in the hippocampus                       in the hippocampus

SP-MF terminal field size              SP-MF terminal field size

Depressive-like effect                   Antidepressive-like effect

 

Table 2: Diagrammatic representation of chronic variable stress effects on BDNF gene 
expression in the hippocampus, suprapyramidal mossy fibres (SP-MF) and depressive 
behavior in LRHR rats. 
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Chronic Variable Physical Stress

LR HR
BDNF mRNA in the BLA                       BDNF mRNA in the BLA

Anxiogenic effect                                     Anxiogenic effect

 

Table 3: Diagrammatic representation of chronic variable physical stress effects on 
BDNF mRNA levels in the basolateral amygdala (BLA) and anxiety behavior in LRHR 
rats. 
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Depressive-like behavior and hippocampal BDNF 

The results showed an opposite regulatory pattern for LRHR rats in depressive-

like behavior measured as immobility on the forced swim test following the peripubertal-

juvenile exposure of CVP.  LR rats showed increased immobility whereas HR rats 

showed decreased immobility compared to levels observed in handled controls.  Stress-

induced increases in depressive behavior observed in the juvenile LR rats is in line with 

numerous reports showing increased depressive behavior following chronic stress in 

adulthood.  In fact, paradigms of chronic stress are widely accepted as animal models for 

studying enhanced depressive-like states (for review see; Duman, 2010). Interestingly, 

the same chronic stress paradigm applied during the peripubertal-juvenile period resulted 

in an antidepressive effect in the HR rats.  It is noteworthy to mention that in our forced 

swim paradigm, control LRHR rats do not exhibit phenotype distinction in locomotor 

response to novelty. Optimally, the LRHR phenotype is manifested in locomotor 

reactivity to the mild stress of a novel environment in the experimentally naïve animals. 

Phenotypic locomotor differences are transiently neutralized in the light–dark box when 

HR rats are socially isolated for a week (Kabbaj et al., 2000).  However, stressors that are 

controllable by the animal’s response as opposed to experimenter-imposed are optimal 

for manifesting the LRHR phenotype (Kabbaj et al., 2000) and therefore the forced swim 

test is likely not ideal for phenotype screening per se. Moreover, novelty has been shown 

to induce lower glucocorticoid responses than forced swimming (Chandramohan et al., 

2007; Droste et al., 2009).  Hence, there is physiological evidence for higher severity of 

the forced swim stress compared with exposure to novelty.  Therefore, distinctly different 

regulatory patterns for immobility are observed on the forced swim test in HR and LR 
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rats exposed to chronic stress during adolescence.  Although individual components of 

our chronic variable stress regimens are commonly employed as stressors in the literature 

including novelty (Maccari et al., 1991), isolation, crowding (Gamallo et al., 1986; 

Sanchez et al., 1998) and restraint (Andrus et al., 2010), and are generally considered as 

“negative” experiences, a regimen of combined stressors applied intermittently at varying 

times of day and for varying durations during adolescence, may indeed mimic an 

enrichment-like effect, especially in the stress responsive HR phenotype.  It is not 

uncommon to induce a robust physiological stress response in conjunction with 

rewarding environmental stimuli during adolescence. For example, rough- and tumble-

play in juveniles induces positive experiences and is rewarding (Burgdorf and Panksepp, 

2001), although marked by increased levels of CORT (Terranova et al., 1999).  In 

addition to playful social interactions, positive reinforcing activities such as feeding and 

mating have also been shown to be associated with increased levels of CORT (Dallman et 

al., 1995; Frye et al., 1996).  Therefore, it can be argued that environmental stimulation 

induced by restraint, crowding and exposure to novel environment, although highly 

stressful in the physiological sense, may result in an enrichment-like outcome.  

Moreover, a classic postweaning enrichment paradigm produces an antidepressive-like 

effect on the forced swim test (Brenes et al., 2009), such as the one I report here for the 

HR rats following CVP and CVS exposures applied from postweaning into adolescence 

(PN 28-42).  Whether a depressive-state will emerge in the HR rats with recovery from 

stressful stimulation in adolescence is an empirical question that needs addressing in 

future studies. 
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In parallel with the opposite regulatory patterns seen in depressive-like behavior 

following chronic variable stress, accompanying changes are observed in chromatin 

plasticity associated with BDNF gene in the LRHR hippocampus.  Namely, decreased 

levels of helplessness (measured as reduced immobility on the forced swim test) were 

associated with increased levels of acH3 at the BDNF P2 promoter and increased levels 

of acH4 at the BDNF P4 promoter, suggesting epigenetic induction of BDNF gene 

expression in the HR rats.  These effects were reflected in mRNA expression levels 

where upregulation of BDNF mRNA in the DG and the CA3 fields of the hippocampus 

were detected in the HR animals following both chronic variable stress regimens.  This 

suggests that, along with chromatin plasticity, there may be classic transcriptional and/or 

indirect regulatory mechanisms responsible for stress-induced changes in endogenous 

BDNF levels.  However, simple regression analyses revealed a significant negative 

correlation only between percent time spent in immobility on the forced swim test and 

acetylation levels of H4 at the BDNF P4 promoter.  No significant correlations were 

detected neither between percent time spent in immobility on the forced swim test and 

acetylation levels of H3 at the BDNF P2 promoter nor between percent time spent in 

immobility on the forced swim test and BDNF mRNA levels in the CA3 and DG of the 

hippocampus.  Since HR and LR animals were pooled for simple regression analyses, the 

results did not reflect phenotype-specific effects, showing furthermore the importance of 

individual differences in the epigenetic regulation of the BDNF gene following stress 

exposure.    

Chronic variable stress effects on epigenetic and transcriptional regulation of 

BDNF in HR rats are in contrast with studies showing that hippocampal BDNF levels are 
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reduced following chronic stress produced by social defeat (Tsankova et al., 2006) and 

immobilization (Smith et al., 1995; Vollmayr et al., 2001; Roceri et al., 2002; Nair et al., 

2007).  Furthermore, chromatin plasticity in terms of increased histone methylation at 

BDNF promoters has been previously linked to stress-induced suppression of 

hippocampal BDNF gene expression, and antidepressant treatments have been linked to 

hyperacetylation of H3 at the BDNF promoter (Tsankova et al., 2006).  The adolescent 

stress exposures used in the present study appear to mimic previously reported effects of 

antidepressants on histone acetylation at the BDNF promoter in the HR phenotype, 

revealing a novel mechanism for environmental-induction of BDNF gene expression.  In 

contrast to HRs, LRs subjected to CVP show increased depressive behavior, which is 

associated with decreased levels of acH4 at the BDNF P4 promoter (with no effect on 

total BDNF mRNA) in the hippocampus.  This effect in the LR phenotype is in line with 

previous reports showing chronic stress-induced, epigenetic suppression of hippocampal 

BDNF expression and the associated emergence of depressive behavior (Tsankova et al., 

2006).  However, decreased levels of acetylation are confined to the H4 at the P4 

promoter, and are undetectable at the level of total BDNF mRNA levels.  Investigation of 

particular splice variants of BDNF mRNA may be useful to identify which stress-induced 

regulatory elements are affected in the adolescent LR phenotype.  Differential responses 

of LRs and HRs in terms of stress-induced depressive-like behavior provide compelling 

evidence for detectable neurobehavioral differences in emotional behaviors following 

peripubertal-juvenile exposure to chronic variable stress. 
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Anxiety-like behavior and amgdalar BDNF 

In addition to the antidepressant-like response, HR animals showed increased 

anxiety-like behavior following CVP, measured as reduced social contact in the social 

interaction test.  Opposite regulatory patterns in depressive and anxiety behaviors were 

only apparent in the HR phenotype, whereas increased social anxiety-like behavior 

emerged as a phenotype non-specific effect in both LR and HR rats following CVP.  

Emergence of social anxiety behavior was associated with an upregulation in BDNF 

mRNA levels in the BLA of adolescent LRHR rats.  This association was corroborated 

with findings from simple regression analyses where a significant negative correlation 

was detected between percent time spent in social interaction and BDNF mRNA signal in 

the BLA.  Increase in anxiety-like behavior in a social context, and with traditional 

indices of anxiety, such as open field behavior, has been previously reported following 

adolescent social isolation (Lukkes et al., 2009) and with early life maternal separation, 

followed by chronic restraint stress (Eiland and McEwen, 2010).  Furthermore, earlier 

studies have also linked chronic stress-induced anxiety with increased neuronal spine 

density in the BLA (Vyas et al., 2006; Mitra et al., 2005), together with a long-term 

increase in amygdalar BDNF (Fanous et al., 2010) that may mediate morphological 

synaptic plasticity.  What is intriguing is the question of how dissociation between the 

depressive- and anxiety-like behaviors may develop in the HR rats, and whether there are 

genetic models that can mimic this effect.  One study showed that transgenic mice 

overexpressing BDNF in forebrain display both anxiogenic and antidepressant behaviors 

(Govindarajan et al., 2006).  Specifically these authors showed that BDNF 

overexpression led to increased anxiety accompanied by an increase in spine density in 
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the BLA, similar to chronic stress-induced effects reported in prior studies (Duman et al., 

2000; Vyas et al., 2006).  Also BDNF overexpression in the hippocampus was proposed 

as a mechanism to inhibit chronic stress-induced cellular atrophy, and to promote  

improved performance on the forced swim test.  In conclusion, these authors stated that 

increased BDNF in the amygdala may facilitate the development of anxiety symptoms, 

whereas increased BDNF in the hippocampus may attenuate depressive symptoms 

(Govindarajan et al., 2006).  The CVP regimen, by way of inducing BDNF expression in 

both the hippocampus and the BLA of the HR rats, could lead to a similar and opposing 

regulatory pattern in depressive and anxiety behaviors.  By the same token, the chronic 

stress regimen, by way of inducing BDNF expression in the BLA and decreasing 

epigenetic induction of the BDNF in the hippocampus of the LR phenotype, could lead to 

emergence of both anxiety and depressive behaviors, respectively.   

Mossy fibre terminal fields 

Chromatin modifications in the form of histone acetylation at the BDNF 

promoters were closely correlated with mossy fibre remodeling in LRHR hippocampi 

following chronic variable stress exposure during the peripubertal-juvenile period.  

Namely, the results showed that increased mossy fibre terminal field size, particularly the 

SP-MF volume, in the HR animals following both stress regimens, was associated with 

increased H3 and H4 acetylation at the BDNF P2 and P4 promoters respectively. 

Decreased SP-MF volume in the LR animals following CVP exposure was associated 

with decreased H4 acetylation at the BDNF P4 promoter.  These findings strongly 

suggest that epigenetic regulation of BDNF gene expression mediates MF synaptic 

plasticity in LRHR rats following peripubertal-juvenile stress. 
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The peripubertal-juvenile period is a critical period for MF remodeling (Mori-

Kawakami et al., 2003), and the amount of MF content is highly dependent on 

experiential factors (Gomez-Di Cesare et al., 1997).  In the face of high levels of late 

developmental plasticity in the MF system, maintaining normal hippocampal function 

would require correct MF path finding and precise formation of synaptic connections 

(Parent et al., 1997), which are likely to be affected by stressful environmental 

stimulation during adolescence.  Since hippocampal BDNF is primarily stored in the 

axon terminals of the mossy fibres (Dieni et al., 2012), stress-induced changes in 

hippocampal BDNF levels could mediate structural changes in the MF-CA3 synapse.  

Intrahippacampal microinfusion of the BDNF has been shown to increase MF volume at 

the stratum oriens of CA3 (Schjetnan and Escobar, 2010).  Hence, it is plausible that the 

increase in the hippocampal BDNF in the adolescent HR rats following stressful 

stimulation may lead to increased MF innervation of the CA3 neurons, and may function 

to rescue CA3 neurons from stress-induced atrophy latter of which will be investigated in 

Chapter 2 (Watanabe et al., 1992; Magarinos et al., 1996).  

Although MF plasticity is linked to cognitive function (Notenboom et al., 2010), 

its role in depressive-like behavior is, for the most part, unexplored.  Functional 

maturation of the dentate granule cells and their mossy fibres are implicated in 

pathophysiology of depression.  In particular, antidepressants have been shown to 

increase adult granule cell neurogenesis in the DG (Malberg et al., 2000), whereas stress 

exposure results in decreased dentate neurogenesis (Warner-Schmidt and Duman, 2006).  

These findings suggest that granule neurons and their axonal projections onto CA3 may 

be critically involved in the pathogenesis of depression and in mediating antidepressant 
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effects (Kobayashi, 2009).  In support of this, repeated electroconvulsive stimulation 

(ECS) is shown to induce MF sprouting in rodents (Vaidya et al., 1999).  Similar to ECS 

data, increased MF terminal fields in the HR phenotype following chronic stress is  

accompanied by antidepressive-like effects on the forced swim test.  In contrast, the 

stress-induced atrophy observed in the MF terminal fields in the LR animals, is 

accompanied by the emergence of depressive-like behavior on forced swim test.  These 

findings implicate the MF system as a target for neuroadaptations induced by stressful 

stimulation during the peripubertal-juvenile period. 

In conclusion, depressive and anxiogenic behavioral effects emerge with juvenile 

exposure to CVP in the LR rats, while antidepressive and anxiogenic behavioral effects 

emerge in the HR rats following juvenile exposure to CVP and CVS.  These results 

reflect individual differences in behavioral responses to chronic variable stress in LRHR 

rats.  Accompanying the behavioral effects, differential epigenetic regulation of 

hippocampal BDNF gene expression is observed, and this may mediate aspects of 

synaptic plasticity at the MF terminals.  Unlike the phenotype-specific antidepressive 

effect, following CVP, an induction of social anxiety-like behavior is seen in both LR and 

HR rats that is accompanied by upregulation of the BDNF mRNA levels in the BLA.  

These findings assign differential functional significance to induction of hippocampal and 

amygdalar BDNF by chronic variable stress exposure during adolescence in the LRHR 

phenotype. 

Data pertaining to Chapter 1 has been published in Neuroscience, 2011; 192:334-

44; and Neuroscience Letters, 2011; 501(2): 107-11. 
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CHAPTER 2: CHRONIC VARIABLE STRESS-INDUCED CA3 PYRAMIDAL 
NEURON PLASTICITY IN THE LRHR RATS 

Introduction 

Chronic stress affects structural plasticity in the hippocampus, particularly 

remodeling of pyramidal neurons in the CA3 region.  In general, chronic stress causes 

dendritic retraction and reduced branching on apical region of CA3 neurons in adult 

animals (Watanabe et al., 1992b; Magariños and McEwen, 1995; Magariños et al., 1996; 

Galea et al., 1997; Conrad et al., 1999; McEwen, 1999; McKittrick et al., 2000; 

McLaughlin et al., 2009) which is accompanied by loss of synaptic plasticity that is 

crucial for cognitive impairments associated with stress (Rusakov et al., 1997; McEwen, 

1999; Sapolsky, 2000).  Chronic stress-induced CA3 dendritic remodeling in rodents is 

mediated by elevated levels of CORT and activation of excitatory amino acid release 

(Magarinos and McEwen, 1995b). Similar to rodent studies with chronic stress, 

hypersecretion of cortisol is observed in patients with post-traumatic stress disorder or 

major depressive disorder along with reduced hippocampal volume and impaired 

cognitive function (Campbell et al., 2004; Wignall et al., 2004; Karl et al., 2006; Vasic et 

al., 2008).  Chronic stress-induced dendritic retraction in CA3 neurons is known to be 

maladaptive since deficit in hippocampal structure and cognitive impairment are evident 

in both clinical and preclinical studies following chronic exposure to stress.   
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Although chronic stress primarily induces dendritic retraction in CA3 neurons, 

decrease in dendritic arbors has been reported in other hippocampal and cortical regions 

as well.  Four weeks of chronic unpredictable stress induces dendritic retraction in CA1 

and DG neurons along with CA3 neurons (Sousa et al., 2000) and repeated restraint stress 

(3hr/day for 21days) causes dendritic retraction in pyramidal neurons (layer II/III) of 

medial prefrontal cortex (Radley et al., 2004; Brown et al., 2005).  These findings may 

provide one potential explanation for reduced volume of hippocampus and medial 

prefrontal cortex associated with impairment in emotionality and cognition in depressed 

patients (McEwen, 2007; Sacher et al., 2011). 

Dendritic integrity is governed by dendritic spines which are important for 

synaptic function and plasticity.  Reduced dendritic and/or synaptic plasticity underlies 

cognitive dysfunction and stress-related disorders, such as depression (for review see 

Pittenger and Duman, 2008).  Spines are fundamental unit of neuronal synapses and they 

are divided into four main categories based on the relative sizes of the spine head and 

neck (Peters et. al., 1970; Harris et al., 1992; Hering et al., 2001).  Mushroom spines have 

a large head and a narrow neck; thin spines have a smaller head and a narrow neck; 

stubby spines have no obvious constriction between the head and the attachment to the 

dendritic shaft and filopodium spines have hair-like morphology (Peters et. al., 1970; 

Harris et al., 1992; Hering et al., 2001).  Types of the spines may represent different 

stages of spine maturation, such as thin spines may develop into more stable mushroom 

spines depending on synaptic activity (Bourne and Harris, 2007).  Typically, mushroom-

type spines are categorized as mature type of spines (Horner, 1993).  Activity of spines is 

regulated by environmental signals.  Chronic stress induces synaptic alterations including 
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spine loss in CA3 neurons (Magariños et al., 1997; Sousa et al., 2000; Sandi et al., 2003; 

Donohue et al., 2006).  Therefore, stress-induced dendritic atrophy is accompanied by 

loss of spines and associated synaptic dysfunction which in turn affects neuronal firing 

properties and consequently brain plasticity. 

Data from Chapter 1 show differences on stress-induced MF plasticity in LRHR 

rats and that is accompanied by changes on hippocampal BDNF gene expression.    Since 

MF (the axons of dentate granule neurons) project and innervate the CA3 neurons, stress-

induced remodeling of the MF terminal fields suggests potential corresponding 

reorganization of the CA3 dendritic receptive fields.  Moreover, independent of changes 

in MF volume, modulation in hippocampal BDNF due to stress exposure in the LRHR 

rats may have resultant effects on MF-CA3 circuit, particularly the dendritic arbors of the 

stress-vulnerable CA3 neurons.  Indeed, chronic stress-induced decrease in BDNF 

expression in the hippocampus is associated with atrophy of CA3 neurons (for review see 

Dumann et al., 1999) and BDNF is critical for providing neurotrophic support for 

plasticity in the mossy fibre-CA3 synapse (Gómez-Palacio-Schjetnan and Escobar, 

2008).  Therefore, this experiment will investigate effects of chronic variable stress on 

CA3 dendritic plasticity in LRHR rats.  I will test the hypothesis that CVP and/or CVS 

will be associated with alterations in CA3 dendritic field size in the LRHR rats.  

Specifically, I hypothesize that stress exposure that leads to atrophy of MF and/or 

decrease in BDNF is likely to be associated with CA3 dendritic atrophy whereas, stress 

exposure that leads to hypertrophy of MF and/or increase in BDNF is expected to result 

in CA3 dendritic hypertrophy. 
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Methods 

LRHR phenotype screening and chronic variable stress paradigm   

 Total of 54 male Sprague-Dawley rats (Charles River, Wilmington, MA) arrived 

at weaning (PD 22), screened for locomotor reactivity to a novel environment and then 

exposed to chronic variable stress as described in Chapter 1. 

Histology 

One day after the last stress exposure or control handling, animals were overdosed 

with isoflurane and then perfused transcardially with 0.9% saline.  Brains were then 

removed and processed using a modified Golgi stain (Glaser and Van Der Loos, 1981), 

which allows visualization of whole neurons including processes.  Brains were immersed 

in Golgi-Cox solution (containing 5% potassium dichromate, 5% mercuric chloride, and 

5% potassium chromate in distilled water) which was kept in dark and changed every 2 

days for 30 days, following that they were dehydrated and embedded in celloidin.  

Coronal sections through the hippocampus were cut and collected at 160µm.  Tissue was 

further processed following the protocol described by Glaser and Van Der Loos (1981), 

omitting counterstain.  Processing of the sections involved alkalinization in ammonium 

hydroxide (66%), development in Dektol (Kodak), fixation in photographic fixative 

(Kodak), dehydration through a graded series of ethanols and clearing in xylene.  

Sections were then mounted onto custom made slides to accommodate section thickness, 

coverslipped and air dried before analyses. 

Analysis of dendritic morphology       

 Five animals per group were selected for dendritic and spine analyses.  For each 

animal, 6 CA3 pyramidal neurons were reconstructed at 100X objective magnification 
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with motorized microscope (Zeiss, Germany) attached to a camera (Microfire by 

Optronics, CA) and using a three-dimensional computer-based neuron tracing system 

(NeuroLeucida, MicroBrightfield, Inc., Williston, VT, N= 180).  To be selected for 

analysis, Golgi impregnated pyramidal neurons had to fulfill the following criteria: 1) 

relative isolation from neighboring impregnated neurons to prevent obstruction of 

dendritic processes, 2) dark and consistent impregnation throughout the extent of neuron, 

3) clearly visible spines and 4) the location of the cell soma has to be in the middle one-

third of the tissue section to trace the fully visible dendrites (Isgor and Sengelaub, 2003).  

CA3 pyramidal neurons were sampled systematically from all sections throughout the 

anterior/posterior extent of the hippocampal CA3 field.  The sample equally belonged to 

the CA3a, CA3b, CA3c and posterior/ventral subpopulations (Figure 15) following the 

description of Turner et al. (1995). Measurements of dendritic morphology included 

dendritic length and dendritic branches for apical, basal and overall (apical + basal) 

dendrites per neuron.  A three-dimensional analysis of the reconstructed neurons was 

performed using NeuroExplorer software (Microbrightfield).   

Analysis of spine number and density 

Spines were examined on apical and basal dendrites of CA3 pyramidal neurons.  

Spines were categorized as mushroom-shaped and total spines (mushroom-shaped + other 

type of spines) for analyses.  Spines which were morphologically different than 

mushroom-shaped spines such as thin, stubby, and filopodium were considered as the 

other type of spines without making any distinctions among spine types.  Measurements 

of spine morphology included spine number and spine density for apical, basal and 

overall (apical + basal) dendrites per neuron.  Spine density was calculated by dividing 
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the number of total spines by the total length of dendritic arbors and was expressed as the 

number of spines per micrometer of dendrite.  Sholl analyses were performed on CA3 

pyramidal neurons to obtain distribution of mushroom-shaped and total spines by 

examining each 20 µm segment from the soma across the dendritic tree. 

Statistical analyses  

Two-way ANOVAs were conducted for dendritic (length and number of 

branches) and spine [mushroom-shaped and total spines (mushroom-shaped+thin, stubby, 

filopodia spines)] measurements, and Sholl analyses in spine (mushroom-shaped and 

total spines) distribution across the dendritic tree between phenotypes (LR, HR) and 

stress conditions (PHY, SOC, CONT).  Furthermore, significant interactions and main 

effects of ANOVAs were followed by Scheffe post-hoc test.  All significance levels were 

set at p = 0.05.   
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Figure 15: Schematic representation of CA3 pyramidal neuron subregions in the dorsal 
hippocampus. CA1: CA1 pyramidal cell layer, CA2: CA2 pyramidal cell layer, CA3: 
CA3 pyramidal cell layer, DG: Dentate Gyrus. 
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Results 

Dendritic length 

 Reconstructions from representative neurons for control, CVP and CVS exposed 

LRHR rats are depicted in Figure 16.  Apical, basal and overall (apical + basal) dendritic 

length for each CA3 pyramidal neuron was computed from three-dimensional 

reconstructions, averaged and plotted in bar graphs for control and stress (CVP and CVS) 

groups in LRHR rats (Figure 17).  A two-way ANOVA revealed a significant main effect 

of Stress (PHY, SOC, CONT) in apical, basal and overall dendritic length between 

groups [Fs(2,24) > 5.796, ps < 0.008].  Subsequent post-hoc comparisons showed a 

significant decrease in overall and apical dendritic length in LRs following CVP and 

CVS exposure, and a decrease in basal dendritic length in LRs following CVP exposure 

compared to handled controls [ps ≤ 0.016].   However in HRs, only basal dendritic length 

was slightly decreased following the CVS exposure compared to handled controls [p = 

0.046, Figure 17 (A-C)].   No significant effects were detected in overall and apical 

dendritic length in HRs exposed to chronic variable stress compared to handled controls. 

Dendritic branches 

 Number of dendritic branches in apical, basal and overall dendrites (apical + 

basal) for each CA3 pyramidal neuron was computed from three-dimensional 

reconstructions, averaged and plotted in bar graphs for control and stress (CVP and CVS) 

groups in LRHR rats (Figure 17).  A two-way ANOVA revealed a significant main effect 

of Stress (PHY, SOC, CONT) in number of dendritic branches for apical, basal and 

overall dendrites between groups [Fs(2,24) > 5.514, ps < 0.010].  Post-hoc comparisons 

showed a significant decrease in number of dendritic branches for overall and apical 
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dendrites in LRs exposed to CVP and CVS, and in HRs exposed to CVS compared to 

handled controls [ps < 0.017].  Moreover, basal number of branches were decreased in 

HRs exposed to CVS [p = 0.017] whereas in LRs no significant effects were observed 

compared to their respective handled controls [Figure 17 (D-F)]. 
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Figure 16: Representative images of reconstructed CA3 neurons from LR control (A), 
LR chronic variable physical stress (B), LR chronic variable social stress (C), HR control 
(D), HR chronic variable physical stress (E) and HR chronic variable social stress (F) 
groups. Scale bar = 25μm.  CA3 apical and basal dendritic lengths are decreased with 
exposure to CVP, whereas only a decrease in the apical tree is observed with CVS 
exposure in LRs.  The only effect detectable in dendritic length in HRs is a slight but 
significant decrease in the basal tree with CVS exposure. Both stress regimens resulted in 
a marked decrease in the number of dendritic branches in the apical arbors in LRs.  This 
effect is only seen with CVS exposure in HRs, and reflected in both apical and basal 
dendritic trees.  
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Figure 17: CA3 dendritic length and number of branches in the LRHR rats following 
chronic variable physical (PHY) and social stress (SOC) or control handling (CONT).  
Mean dendritic length of CA3 neuron + SEMs are plotted by bar graphs for overall 
dendritic length (apical+basal, A), apical dendritic length (B) and basal dendritic length 
(C); and mean number of dendritic branches + SEMs are plotted by bar graphs for overall 
dendrites (apical+basal, D), apical dendrites (E) and basal dendrites (F). *: p ≤ 0.05. 
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Number of total spines and densities 

 A representative dendritic segment imaged at two different Z-planes is shown in 

Figure 18 to exhibit different types of spines that are visible using the Golgi-Cox 

technique.  Number of total spines irrespective of type residing in apical, basal and 

overall dendrites (apical + basal) for each CA3 pyramidal neuron was computed from 

three-dimensional reconstructions, averaged and plotted in bar graphs for control and 

stress (CVP and CVS) groups in LRHR rats (Figure 19).    A two-way ANOVA showed a 

significant interaction between Phenotype (LR, HR) and Stress (PHY, SOC, CONT) and 

significant main effect of Stress in number of total spines for apical, basal and overall 

dendrites [Fs(2,24) > 9.046, ps < 0.001].  A two-way ANOVA also showed significant 

main effect of Phenotype in number of total spines in overall and basal dendrites [Fs(1,24) 

> 8.118, ps < 0.008].   Post-hoc comparisons showed that number of total spines in 

apical, basal and overall dendrites was lower in control HRs compared to control LRs [ps 

< 0.007].  Moreover, number of total spines in apical, basal and overall dendrites was 

decreased in HRs exposed to CVP, and in LRs exposed to CVP and CVS compared to 

handled controls [ps < 0.043, Figure 19 (A-C)].  Additionally, Sholl analysis showed that 

number of total spines was lower in control HRs compared to control LRs between 60 

and 440 µm segment of apical dendritic tree; and between 40 and 240 µm segment of 

basal dendritic tree [ps < 0.045, Figure 20A, B].  Furthermore, Sholl analyses showed 

decreased number of total spines (1) in HRs exposed to CVP, between 120 and 340 µm 

segment of apical dendritic tree and between 60 and 140 µm segment of basal dendritic 

tree [ps < 0.023, Figure 20A, B]; (2) in LRs exposed to CVP and CVS, between 60 and 
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440 µm segment of apical dendritic tree and between 40 and 240 µm segment of basal 

dendritic tree [ps < 0.031, Figure 20A, B]. 

Density of total spines in apical, basal and overall (apical + basal) dendrites for 

each CA3 pyramidal neuron was computed from three-dimensional reconstructions, 

averaged and plotted in bar graphs for control and stress (CVP and CVS) groups in 

LRHR rats (Figure 19).  A two-way ANOVA revealed a significant interaction between 

Phenotype (LR, HR) and Stress (PHY, SOC, CONT) [Fs(2,24) > 7.265, ps < 0.003], 

significant main effect of Phenotype [Fs(1,24) > 6.345, ps < 0.018] and Stress [Fs(2,24) > 

9.236, ps < 0.001] in density of total spines in apical, basal and overall dendrites.  Post-

hoc comparisons showed that density of total spines in apical, basal and overall dendrites 

was lower in control HRs compared to control LRs [ps < 0.018].  CVP and CVS resulted 

in decreased levels of total spine density in apical, basal and overall dendrites in LRs, 

whereas in HRs no significant effects were detected compared to their respective handled 

controls [ps < 0.0003, Figure 19 (D-F)].   
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Figure 18: Golgi-stained CA3 pyramidal neuron, distal segment of a basal dendrite. A) 
Arrows point to mushroom spines that are in focus in this z-position. B) Z-axis is dropped 
down by 5 μm compared to A. Arrows point to other types of spines (e.g., stubby, 
filopodia) that are in focus in this z-position. Scale bar = 5 μm. 
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Figure 19: Number of total spines (mushroom-shaped spines+ thin, stubby, filopodia 
spines) and densities in LRHR rats following chronic variable physical (PHY) and social 
stress (SOC) or control handling (CONT).  Mean number of total spines + SEMs are 
plotted by bar graphs for overall dendrites (apical+basal, A), apical dendrites (B) and 
basal dendrites (C); and mean density of total spines + SEMs are plotted by bar graphs 
for overall dendritic field (apical+basal, D), apical dendritic field (E) and basal dendritic 
field (F). *: p ≤ 0.05. 
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Figure 20: Sholl plots illustrate the distribution of number of total spines in apical 
dendritic tree (A) and basal dendritic tree (B) against distance from soma. Chronic 
variable physical stress (PHY), chronic variable social stress (SOC), control handling 
(CONT). *:PHY effect (120-340 µm segment of apical tree and 60-140 µm segment of 
basal tree) in HR rats. #: PHY and SOC effects (60-440 µm segment of apical tree and 
40-240 µm segment of basal tree) in LR rats. *, #: p ≤ 0.05. 
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Number of mushroom spines and densities 

Number of mushroom spines in apical, basal and overall (apical + basal) dendritic 

fields for each CA3 pyramidal neuron was computed from three-dimensional 

reconstructions, averaged and plotted in bar graphs for control and stress (CVP and CVS) 

groups in LRHR rats (Figure 21).  A two-way ANOVA showed significant interaction 

between Phenotype (LR, HR) and Stress (PHY, SOC, CONT), a significant main effect 

of Stress in number of mushroom spines for apical, basal and overall dendrites [Fs(2,24) > 

10.337, ps < 0.0006].  A two-way ANOVA also showed significant main effect of 

Phenotype in number of mushroom spines in overall and basal dendrites [Fs(1,24) > 3.322, 

ps < 0.014].  Post-hoc comparisons showed that number of mushroom spines in apical, 

basal and overall dendrites was lower in control HRs compared to control LRs [ps < 

0.008].  Moreover, CVP and CVS resulted in decreased number of mushroom spines in 

apical, basal and overall dendrites in both LR and HR rats compared to their respective 

handled controls [ps < 0.0003, Figure 21 (A-C)].  Additionally, Sholl analyses showed 

that number of mushroom spines was lower in control HRs compared to control LRs 

between 60 and 440 µm segment of apical dendritic tree; and between 40 and 240 µm 

segment of basal dendritic tree [ps < 0.046, Figure 22A, B].  Furthermore, Sholl analyses 

showed decreased number of mushroom spines in (1) HR rats exposed to CVS and CVP, 

between 80 and 280 µm; and between 80 and 360 µm segments of apical dendritic trees 

respectively [ps < 0.026, Figure 22A]; and between 60 and 160 µm and between 60 and 

200 µm segments of basal dendritic trees respectively [ps < 0.017, Figure 22B]; (2) LR 

rats exposed to CVS and CVP, between 60 and 440 µm segment of apical dendritic tree 

and between 40 and 220 µm segment of basal dendritic tree [ps < 0.0004, Figure 22A, B]. 
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Density of mushroom spines in apical, basal and overall (apical + basal) dendrites 

for each CA3 pyramidal neuron was computed from three-dimensional reconstructions, 

averaged and plotted in bar graphs for control and stress (CVP and CVS) groups in 

LRHR rats (Figure 21).  A two-way ANOVA revealed significant interaction between 

Phenotype (LR, HR) and Stress (PHY, SOC, CONT) [Fs(2,24) >, ps < 0.0001] and a 

significant main effect of Phenotype [Fs(1,24) > 5.427, ps < 0.028] and Stress [Fs(2,24) > 

38.452, ps < 0.001] in density of mushroom spines in apical, basal and overall dendrites.  

Post-hoc comparisons showed that density of mushroom spines in apical, basal and 

overall dendrites was lower in control HRs compared to control LRs [ps < 0.018].  

Moreover, density of mushroom spines in apical, basal and overall dendrites was 

decreased with CVP and CVS in both LR and HR rats compared to their respective 

handled controls [ps < 0.016, Figure 21 (D-F)]. 
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Figure 21: Number of mushroom spines and densities in LRHR rats following chronic 
variable physical (PHY) and social stress (SOC) or control handling (CONT).  Mean 
number of mushroom spines + SEMs are plotted by bar graphs for overall dendrites 
(apical+basal, A), apical dendrites (B) and basal dendrites (C); and mean density of 
mushroom spines + SEMs are plotted by bar graphs for overall dendritic field 
(apical+basal, D), apical dendritic field (E) and basal dendritic field (F). *: p ≤ 0.05. 
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Figure 22: Sholl plots illustrate the distribution of number of mushroom spines in apical 
dendritic tree (A) and basal dendritic tree (B) against distance from soma. Chronic 
variable physical stress (PHY), chronic variable social stress (SOC), control handling 
(CONT). *:PHY effect (80-360 µm segment of apical tree and 60-200 µm  segment of 
basal tree) and SOC effect (80-280 µm segment of apical tree and 60-160 µm segment of 
basal tree) in HR rats. #: PHY and SOC effects (60-440 µm segment of apical tree and 
40-220 µm segment of basal tree) in LR rats. *, #: p ≤ 0.05. 
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Discussion 

 An extensive decrease in dendritic length, number of branches (termed as 

dendritic complexity) and overall spine density were observed in LRs with both CVP and 

CVS exposures albeit effects were more widespread with the CVP exposure.  However, 

stress-induced effects in dendritic length and complexity were much smaller and only 

with CVS in HRs compared to LRs.  Moreover in HRs in contrast to LRs, decrease in 

spine density was restricted to mushroom spines without altering total spine density 

(mushroom spines + other type of spines) in both apical and basal dendrites and this 

effect was observed with both type of stress exposures.  These results show that although 

chronic variable stress paradigm induces CA3 dendritic remodeling in both LR and HR 

rats, the intensity of stress-induced CA3 dendritic remodeling in HRs is not as severe as 

in LRs. Moreover, stress and/or phenotype effects in dendritic spine plasticity are equally 

distributed across the apical and basal dendritic trees, suggesting no particular clustering 

of changes in mushroom and/or total spines along the dendritic tree as indicated by Sholl 

analyses.  Thereby, these results emphasize exclusion of changes in MF innervations 

volume as a sole regulatory mechanism observed in CA3 dendritic plasticity.                             

  Current results showed resilience of CA3 neurons against deleterious effects of 

CVP in HR rats indicated by a lack of dendritic atrophy and maintained number of 

branches.  Interestingly, a slight but significant decrease in dendritic length and 

complexity in CA3 neurons was observed in HR rats with CVS only.  In the light of 

widely present CVP- and CVS- induced atrophy in dendritic length in the LRs, lack of 

such effects with CVP and only limited changes with CVS in the HR phenotype may 

underline fundamental difference in neurobiological mechanisms affected by stress. In 
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agreement with data from Chapter 1, it is plausible that stress-induced increase in BDNF 

and/or MF sprouting in the HR rats could account synergistically or independently for 

protection of CA3 neuron from stress-induced dendritic atrophy.  Although mossy fibre 

sprouting is likely not over emphasized since data also show homogenous effects in spine 

measurements along the dendritic extent stretching from proximal to distal dendrites.  

Nonetheless, the hypothesized “rescue” of CA3 dendritic material from stress-induced 

atrophy in the HR animals is full in response to CVP and partial in response to CVS.  

These results suggest an overall resilience to stress-induced attenuation in CA3 dendritic 

complexity in the HR phenotype. 

 It is possible that stress-induced atrophy in CA3 dendritic length and/or branch 

number may lead to a compensatory increase in spine number and/or density as it was 

shown in a previous report.  In this report, chronic restraint (6 hr/day for 21 days) stress-

induced decrease in CA3 dendritic complexity is coupled with increased number of 

thorny excrescences where mossy fibres form synapses on CA3 cells in adult rats 

(Sunanda et al., 1995), implicating compensatory adjustments in mossy fibre 

innervations.  However in the LR phenotype where I observed dendritic atrophy in 

response to CVP and CVS, I note no compensatory spinogenesis.  Indeed in agreement 

with published studies, my findings indicate a widespread decrease in mushroom spine 

number/density and overall spine number/density in both apical and basal trees together 

with atrophy in dendritic length (Vyas et al., 2002, Kleen et al., 2006; Pillai et al., 2012).  

This emphasizes that CVP or CVS exposure in peripubertal period has global and 

widespread detrimental effect on CA3 neurons of LRs without any observable 

compensatory dendritic response.  Similar to LRs, HRs also showed decreased mushroom 
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spine number and density in response to both stress types and in both apical and basal 

dendritic arbors.  However in HRs, total (mushroom+ other type) spine number decreased 

only in response to CVP and did not accompany a corresponding decrease in total spine 

density.  These results indicate that although number of mature spines decrease in HRs 

with stress, total spine density does not change probably due to an increase in immature 

type of spines on dendritic surfaces.  This is noteworthy because overall dendritic length 

of CA3 neuron does not change with CVP exposure in HRs and hence a sharp decline in 

mushroom spine number most likely be reflected as decrease in total spine density with 

stable dendritic length which is clearly not the case here.  Therefore, HR rats in contrast 

to LR rats may attempt to compensate for substraction of mature spines from CA3 

dendritic fields in response to stress at least partially via generating new synapses that are 

in the process of maturation. 

An intriguing question is the timeline of morphological changes that accompany 

chronic stress in LRHR phenotype.  Isgor and colleagues (2004a) showed that following 

3 weeks of recovery from juvenile CVS exposure into young adulthood (PD 77), atrophy 

of hippocampal volume in the CA1, DG and CA3 cell layers were reversed in a 

phenotype non-specific population (Isgor et al., 2004).  However, CVP effects on 

hippocampal gross morphology were more robust and resistant to recovery (Isgor et al., 

2004).  Therefore, it is plausible to expect that these stress exposures in adolescence, 

primarily CVS, could produce dynamic and reversible effects on CA3 dendrites.  Indeed 

in a previously published report, chronic restraint (6hr/day for 21 days) stress-induced 

CA3 dendritic atrophy emphasized as reduced number of branch points and shortened 

total length of apical dendritic tree was reversed to control levels by 10 days after the last 
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stress session (Conrad et al., 1999).  In light of these reports, CVS-induced changes in 

dendritic length, branch number and alterations in spine number and density may 

possibly have a time course of reversal with recovery from stress in LRHR rats that will 

be investigated in future studies.      

An intriguing phenotype effect was observed in stress-free conditions where 

control HRs showed lower number of mushroom spines and spine density in CA3 apical 

and basal dendrites compared to control LRs.  This effect was reflected in total spine 

number and density irrespective of spine type.  In parallel with these findings, data from 

Chapter 1 showed that in control HRs, levels of acH3 and acH4 at BDNF promoters P2 

and P4 were lower, respectively compared to control LRs.  BDNF has been shown to 

play an important role for maintaining dendritic and spine morphology of hippocampal 

neurons (Magariños et al., 2011).  Therefore, lower levels of chromatin plasticity on 

hippocampal BDNF gene expression in control handled HRs compared to LRs may be a 

factor in markedly lower number of CA3 spines and spine density in the HR rats.  This 

finding is also in line with previous reports showing elavated levels of CORT in 

experimentally naïve HR rats compared to LR rats as part of initial description of the 

LRHR phenotype (Piazza et al., 1989).  Excess basal levels of CORT, albeit in small 

magnitude, may contribute to lower levels of CA3 spines in HRs compared to LRs.  

Additionally, data from Chapter 1 showed stress-induced decrease in MF terminal fields 

and epigenetic suppression of hippocampal BDNF gene expression in LRs that were 

accompanied with decreased mushroom and overall spine numbers and densities in CA3 

neurons reported here.  Moreover, Sholl analyses revealed that CVS- and CVP-induced 

decrease in mushroom and overall spine numbers in LR and HR rats is uniform on both 
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proximal and distal dendritic trees, and these effects in LR rats are much higher in 

magnitude through apical and basal dendrites than HR rats exposed to same stressors.  In 

addition, number of mushroom and overall spines in control and stress groups in both LR 

and HR rats reaches a peak at 160 µm from the soma, the segment falls inside the stratum 

lucidum region on apical dendrite, (Henze et al., 1996) possibly due to mossy fibre 

innervations to stratum lucidum region of CA3 neurons.  However, stress effects remain 

the same on mushroom and overall spine numbers in both LR and HR rats in stratum 

lucidum region, proximal to the CA3 soma.  In LRs, CVP and CVS-induced decrease in 

MF terminal fields coupled with drastic reduction in length and complexity of CA3 

dendritic arbors, and mushroom and overall spines on proximal and distal dendrites.  The 

commissural fibers from the contralateral hippocampus, recurrent axon collaterals from 

CA3 neurons and the perforant path from the entorhinal cortex are distal afferents on 

CA3 neuron (Brown and Zador, 1990; Martinez and Barea-Rodriguez, 1997; Witter and 

Amaral, 2004) and this drastic remodeling within CA3 dendritic tree in LRs suggest that 

commissural-associational collaterals and perforant path inputs contribute to CA3 

dendritic retraction along with MF.  However in HRs, CVP- and CVS-induced increase 

in MF terminal fields and epigenetic induction of hippocampal BDNF gene expression 

were accompanied by a decrease in CA3 mushroom spine number and density without 

alterations in overall spine density.  This finding indicates that loss of mushroom spines 

might be an adaptation to limit the increased excitatory input from commissural-

associational collaterals from CA3 neurons since no reduction in MF terminal fields is 

observed in stress-exposed HR rats.  Moreover, loss of mushroom spines may lead to 

increase in other type of spines with CVP and CVS that result in as no alterations in 
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overall spine density.  In present experiment, thin, stubby and filopodium spines were 

considered as other type of spines and analyzed together without any differentiation 

between spine types.  Additionally, number of other type of spines was similar to control 

levels in HRs with both stress exposure (data not shown).  However, chronic variable 

stress may induce a decrease in the one type of spine (e.g., stubby) and simultaneously it 

may promote the induction of another type of spine (thin, filopodium or vice versa), 

resulting in no change as a final effect.  Other type of spines are highly dynamic spines 

and they hold transient morphological stage that maintains structural flexibility, leading 

either to enlargement and stabilization (e.g., mushroom spines), or to shrinkage, 

depending on strength of synaptic activity (Bourne and Harris, 2007). Therefore, blunted 

increase in other type of spine/spines with chronic variable stress in HRs that is supported 

by newly sprouted axon terminals of dentate gyrus granule neurons, might be a 

compensatory mechanism for stress-induced loss of mushroom spines.  Moreover, it is 

important to keep in mind that some synapses may turn into shaft synapses, as spines are 

lost, as a compensatory mechanism to replace the loss of spines (for review see Yuste and 

Bonhoeffer, 2001).  Three-dimensional morphometric analyses also revealed that, 

repeated restraint stress (6h/day for 3 weeks) induces a decrease in large spines (e.g., 

mushroom spines) and shift towards small spines (e.g., thin, stubby) in pyramidal neurons 

of medial prefrontal cortex (Radley et al., 2008).  These results suggest that synaptic 

plasticity is modulated by chronic stress via changing the balance among spine subtypes.  

Thus, chronic variable stress-induced decrease in the mushroom spines in HRs can be 

substituted with thin, stubby or filopodium spines in the hippocampus compared to LRs.  

These  are possible hypotheses to be investigated in future studies.    
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Since BDNF has been shown to play a role on neurogenesis in the dentate gyrus 

(Lee et al., 2002; Sairanen et al., 2005), increased levels of hippocampal BDNF with 

chronic variable stress in HRs may induce generation of new granule neurons which may 

also stimulate formation of new synapses with CA3 pyramidal neurons.  Although our 15 

days of chronic variable stress paradigm may not be long enough for newborn neurons to 

fully differentiate and become mature neurons, the function of immature granule neurons 

should not be overlooked.  Even though neuronal maturation takes 3 to 4 weeks for new 

neurons to be functionally integrated into existing circuits (Esposito et al., 2005), it has 

been shown that immature granule neurons could participate in hippocampal information 

processing before maturation (Mongiat et al., 2009).  Immature granule neurons may also 

provide neurotrophic support by secreting neurotrophic factors such as BDNF for mature 

neurons to form their synaptic connection, which is corroborated by findings from neural 

stem cell studies (Lu et al., 2003; Llado et al., 2004).  These studies showed that in 

addition to differentiation into neuron-like cells, neural stem cells also produce various 

trophic factors which play an important role to support other cell types (Lu et al., 2003; 

Llado et al., 2004).  Additionally, immature granule neurons have been shown to form 

functional glutamatergic synapses onto dentate gyrus interneurons and CA3 pyramidal 

neurons before they are fully matured (Faulkner et al., 2008; Toni et al., 2008).  

Therefore, stress-induced induction of hippocampal BDNF in HRs may lead to 

generation of new granule neurons that in turn establishes synaptic connections with CA3 

neurons.  These newly formed synaptic connections may be governed by an increase in 

other type of spines in dendrites of CA3 pyramidal neurons.  Later on, these spines may 

differentiate into more stable mushroom spines depending on the functional significance 
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of neuronal activity.  Taken together, these suggest that compensatory mechanisms at 

work during chronic variable stress exposure in juvenile HRs that partially protects CA3 

neurons from adverse effects of stress.   

In conclusion, CVP-induced increase in MF terminal fields and/or hippocampal 

BDNF either partially or fully could account for protection of CA3 neurons from 

deleterious effects of same stress in HRs.  In LRs however, stress-induced extensive CA3 

dendritic retraction and accompanied loss of spines are coupled with decrease in MF 

terminal fields and hippocampal BDNF without any compensatory dendritic response.  

Moreover, CA3 dendritic remodeling is detectable with CVS exposure in HRs but it is 

not as severe as in LRs, indicating that CA3 neurons in HRs are more resilient to effects 

of chronic variable stress compared to LRs. These findings highlight individual 

differences in neuromorphology of stress responsiveness during peripubertal-juvenile 

period in LRHR rats and validate that these two types of stress regimens can produce 

differential effects in an individual difference model of stress hyperactivity.
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CHAPTER 3: CHRONIC VARIABLE STRESS DURING PERIPUBERTAL-
JUVENILE PERIOD ALTERS EPIGENETIC REGULATION OF THE 

HIPPOCAMPAL BDNF GENE AND DEPRESSIVE-LIKE BEHAVIOR IN LRHR 
RATS: MODULATION BY POTENTIAL THERAPEUTIC, HISTONE 

DEACETYLASE INHIBITOR 

Introduction  

 Epigenetic regulation is defined as reversible chromatin modifications at gene 

promoter regions that affect gene expression without changing the DNA sequence 

(Verdone et al., 2005; Santini et al., 2007).  DNA methylation and histone modifications 

(acetylation, methylation, and phosphorylation) are widely studied epigenetic 

mechanisms in animal models of stress-induced depression (Tsankova et al., 2004, 2006; 

Schroeder et al., 2007; Covington et al., 2009).  The fundamental unit of chromatin is the 

nucleosome, which contains 147 base pairs of DNA wrapped around the octamer of core 

histones, consisting of two copies of each histones H2A, H2B, H3 and H4 (for review see 

Tsankova et al., 2007, Figure 23).  Histone tails are composed of lysine amino acids, 

which play an important role for regulation of chromatin structure and gene transcription 

(Wolffe, 1994).  Histones can be acetylated at lysine residues by histone 

acetyltransferases (HATs) and deacetylated by histone deacetylases (HDACs), thereby 

leading to gene expression or repression, respectively (Grunstein, 1997; Hsieh and Gage, 

2005).  Thus, interplay between HAT and HDAC function is important for epigenetic 

regulation of genes and dysregulation of this delicate function by environmental factors, 
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such as stress, may contribute to the molecular mechanisms that play important role in 

regulation of stress-related disorders, including depression. 

 

 

 

 

 

 

 

 

 



93 

 

 

Figure 23: Schematic of a nucleosome showing a DNA strand wrapped around a histone 
octamer composed of two copies of each histones H2A, H2B, H3 and H4 (Tsankova et 
al., 2007). 

 

 

Adapted from Tsankova et al., 2007 
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Investigation of the role of chromatin remodeling in mechanisms of stress-

induced depressive-like behavior in vivo in animal studies has involved the use of HDAC 

inhibitors.  CNS-penetrable HDAC inhibitors have been shown to prevent histone 

deacetylation by selectively deactivating the class I and/or II HDACs, thereby causing 

increased levels of histone acetylation.  Rodent studies found that systemic administration 

of sodium butyrate, a nonspecific class I and II HDAC inhibitor, results in antidepressant-

like effects (Tsankova et al., 2006; Schroeder et al., 2007).  Similarly, infusion of MS-

275, a selective class I HDAC inhibitor, and SAHA, a selective class I and II HDAC 

inhibitor into the mouse nucleus accumbens (NAc)  also induced antidepressant-like 

effects in animal models of depression (Covington et al., 2009).  This line of work has 

highlighted HDAC inhibitors as potential therapeutics for the treatment of depression, 

and has initiated the investigation of target genes in particular brain regions implicated in 

depressive-like symptoms. 

In the present study, the effects of the class I and II HDAC inhibitor, Trichostatin 

A (TSA), in conjunction with chronic variable stress will be assessed for its affects on 

depressive-like behavior and epigenetic regulation of hippocampal BDNF gene 

expression in juvenile LRHR rats.  Systemic administration of TSA has been used in 

animal studies including cocaine and alcohol addiction paradigms to investigate 

epigenetic modifications associated with these disorders and this drug has been shown to 

alter acetylation levels of histones in the brain (Kumar et al., 2005; Pandey et al., 2008; 

Romieu et al., 2008; Host et al., 2011).  Moreover, TSA has been shown to induce 

transcriptional activation of BDNF promoter 1, which is correlated with increased 

occupancy of the promoter by acH3 and subsequent exon 1-specific increases in BDNF 
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mRNA levels in cultures of hippocampal neurons (Tian et al., 2009, 2010).  However, 

TSA has not been used in vivo in a chronic stress paradigm to investigate its effects in 

depressive-like behavior and specifically the regulation of the BDNF gene, which is the 

focus of the present study using the LRHR phenotype.  Data from Chapter 1 showed 

phenotype-specific (i.e., LRs) emergence of depressive-like behavior following 

peripubertal-juvenile CVP exposure.  Accompanying the behavioral effect, CVP resulted 

in decreased epigenetic activation of hippocampal BDNF gene expression in LRs.   

However in HRs, decreased depressive behavior was accompanied by epigenetic 

induction of hippocampal BDNF gene expression.  If stress-induced epigenetic regulation 

of hippocampal BDNF gene expression is a molecular mechanism that contributes to 

observed behaviors in LRHR rats, then it would be expected the depressive-like state in 

LRs can be reversed by an increase in histone acetylation at BDNF promoters.  

Therefore, this experiment will test the hypothesis that chronic TSA administration 

during chronic variable stress exposure will induce the HR-like phenotype in LR rats by 

way of inducing increased acetylation of histone 3 and/or 4 at the BDNF promoters, to a 

degree similar to that observed in stress-exposed HRs with resulting antidepressant 

effects. 
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Methods 

LRHR phenotype screening        

 A total of 108 male Sprague-Dawley rats (Charles River, Wilmington, MA) 

arrived at weaning (PD 22) and were screened for locomotor reactivity to a novel 

environment as described in Chapter 1. 

Chronic variable stress paradigm and TSA administration   

 Animals were exposed to chronic variable stress (as described in Chapter 1) in 

conjunction with systemic TSA injections between PD 28 and PD 42 (Table 4).  

TSA treatment          

 TSA (Sigma-Aldrich, MO, USA), a commercially available pan-HDAC inhibitor, 

was administrated via intraperitoneal (i.p.) injection at a dose of 1mg/kg dissolved in a 

vehicle solution consisting of DMSO and 0.9% NaCl (1:4) and 30 min before stress 

exposure or control handling.  This dose of TSA does not produce any toxicity, as neither 

cell death nor neurotoxic effects have been shown with higher doses (7.5 mg/kg; chronic 

treatment) of TSA in the mouse brain (Camelo et al., 2005).  TSA or vehicle injections 

occurred every other day during stress or handling regimen starting from PD 29, for a 

total of 7 doses. 

Behavioral assessments         

  Social interaction and forced swim tests were conducted as described in Chapter 

1. 
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Table 4: Behavioral procedure for phenotype screening, chronic variable stress exposure 
and TSA injections. 

 

 

CVP: Chronic Variable Physical Stress, CVS: Chronic Variable Social Stress, TSA: 
Trichostatin A, Veh: Vehicle, inj: injection, PD: Postnatal day 
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Molecular assessments 

1- In situ hybridization histochemistry was conducted using BDNF riboprobe as 

described in Chapter 1. 

2- Chromatin immunoprecipitation (ChIP) assay was conducted using anti-acetyl 

histone 3 (H3) and anti-acetyl histone 4 (H4) antibodies as described in Chapter 1. 

3- Quantitative real time-PCR (qPCR) was conducted using custom designed 

primers for BDNF promoters P2 and P4 as described in Chapter 1.  Input or total DNA 

(nonimmunoprecipitated) and immunoprecipitated DNA were PCR amplified in 

duplicate, and Ct values from each sample were obtained using Stratagene MxPro 

software.  Percent changes in levels of acetylated H3 and H4 at the hippocampal BDNF 

P2 and P4 promoters in experimental groups relative to corresponding inputs were plotted 

in bar graphs. 

Statistical analyses  

Three-way ANOVAs were conducted for (1) percent time spent in social 

interaction (2) percent time spent in immobility on the forced swim test (3) amounts of 

acH3 and acH4 at the P2 and P4 promoters of the BDNF gene in the hippocampus, (4) 

levels of BDNF mRNA expression in the hippocampus following in situ hybridization 

histochemistry between phenotypes (LR, HR), stress (PHY, SOC, CONT) and drug 

conditions (TSA, VEH).  Furthermore, significant interactions and main effects of 

ANOVAs were followed by Scheffe post-hoc tests.  All significance levels were set at p 

= 0.05.   
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Results 

Depressive- and social anxiety-like behaviors in LRHR rats   

 Figure 24A shows the percent time spent in social interaction in the LRHR rats.  

A three-way ANOVA revealed significant interaction between Stress (PHY, SOC, 

CONT) and Drug (TSA, VEH) and a significant main effect of Stress on percent time 

spent engaged in social behaviors [Fs (2, 60) ≥ 4.668, ps ≤ 0.036].  Subsequent post-hoc 

comparisons showed a significant decrease in percent time spent in social interaction in 

vehicle-injected LR and HR rats exposed to CVP compared to vehicle-injected handled 

controls [ps ≤ 0.017].  Moreover, TSA administration led to a decrease in percent time 

spent in social interaction in LRs that received control handling compared to vehicle-

injected counterparts [p = 0.001].         

 Figure 24B shows the percent time spent in immobility in LRHR rats tested on the 

forced swim test.  A three-way ANOVA showed significant interactions between 

Phenotype (LR, HR) and Stress (PHY, SOC, CONT), between Stress and Drug (TSA, 

VEH) and amongst Phenotype, Stress and Drug [Fs (2, 60) ≥ 4.950, ps ≤ 0.010]; and 

significant main effects of Phenotype and Drug [Fs (1, 60) ≥ 10.010, ps ≤ 0.002] on 

immobility behavior. Subsequent post-hoc comparisons showed a significant increase in 

percent time spent in immobility in both vehicle- and TSA-treated LR animals exposed to 

CVP compared to vehicle- and TSA-treated handled controls, respectively [ps ≤ 0.032].  

However, TSA injections resulted in decreased immobility in LRs exposed to CVP 

compared to vehicle-injected counterparts [p = 0.002]. In contrast, vehicle-treated HR 

animals exposed to CVP or CVS showed a significant decrease in percent time spent in 

immobility compared to vehicle-treated handled controls [ps ≤ 0.021].  TSA injections 
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resulted in a significant decrease in immobility in both control LR and control HR rats 

compared to vehicle-injected control counterparts [ps ≤ 0.008].   
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Figure 24: Anxiety- and depressive-like behaviors in LRHR rats.  Percent time spent in 
social interaction (A) and in immobility in the forced swim test (B) in LRHR rats 
exposed to chronic variable physical stress (PHY) and chronic variable social stress 
(SOC) or handled as controls (CONT) along with Trichostatin A (TSA) or vehicle (VEH) 
injections.  Means are plotted in bar graphs + SEMs. *: p ≤ 0.05.   
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Acetylation levels of histone 3 and 4 at the BDNF promoters in LRHR rats 

 Levels of acH3 at the BDNF P2 promoter and acH4 at the BDNF P2 and P4 

promoters in the dorsal hippocampus of the TSA or vehicle-injected LRHR rats exposed 

to CVP, CVS or control handling are depicted in Figure 25A, 25B and 25C respectively.  

A three-way ANOVA revealed significant interaction between Stress (PHY, SOC, 

CONT) and Drug (TSA, VEH) and a significant main effect of Drug in the acH3 levels at 

the BDNF P2 promoter [Fs (1, 60) ≥ 5.918, ps ≤ 0.022].  Post-hoc comparisons showed that 

acH3 and acH4 levels at the BDNF P2 promoter were increased following TSA 

administration in both LR and HR rats exposed to CVP, CVS or control handling 

compared to levels observed in vehicle-injected counterparts [ps ≤ 0.024].  Moreover, 

TSA administration resulted in higher levels of acH3 at the BDNF P2 promoter in LR 

animals exposed to CVP compared to vehicle-injected handled controls [p = 0.0001].  No 

significant effects were detected in the acH3 levels at the P4 promoter of the BDNF gene 

in the dorsal hippocampus of the LRHR rats between drug and stress conditions (data not 

shown).  Moreover, a three-way ANOVA revealed significant interaction between 

Phenotype (LR, HR), Stress (PHY, SOC CONT) and Drug (TSA, VEH) and a significant 

main effect of Drug in the acH4 levels at the BDNF P4 promoter [Fs (2, 60) ≥ 10.300, ps ≤ 

0.003].  Subsequent post-hoc comparisons showed that CVP and CVS resulted in 

decreased levels of acH4 at the BDNF P4 promoter in vehicle injected-LRs [ps ≤ 0.003]. 

In contrast, CVP and CVS resulted in increased levels of acH4 at the BDNF P4 promoter 

in vehicle injected-HRs compared to respective handled controls [ps ≤ 0.011].  

Furthermore, TSA administration could fully reverse the decrease in the levels of acH4 at 

the BDNF P4 promoter observed in LR animals following CVP and CVS [ps ≤ 0012].  In 
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control handled HRs, TSA administration led to increased levels of acH4 at the BDNF P4 

promoter compared to vehicle-injected handled controls [p = 0.028].   
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Figure 25: Levels of acetylated Histone3 (acH3) at the BDNF P2 promoter (A), 
acetylated Histone4 (acH4) at the BDNF P2 promoter (B) and acH4 at the BDNF P4 
promoter (C) in the LRHR rats exposed to chronic variable physical stress (PHY) and 
chronic variable social stress (SOC) or handled as controls (CONT), along with 
Trichostatin A (TSA) or vehicle (VEH) injections.  Means are plotted in bar graphs + 
SEMs. *: p ≤ 0.05.   
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BDNF mRNA in the dorsal hippocampus      

 Figure 26 show levels of the BDNF mRNA in the dorsal hippocampus of the 

LRHR rats.  Three-way ANOVAs showed significant interactions between Phenotype 

(LR, HR) and Stress (PHY, SOC, CONT) and significant main effects of Stress and Drug 

(TSA, VEH) in BDNF mRNA levels in the DG and the CA3 field of the hippocampus 

and in the CA3 field of the hippocampus [Fs (2, 60) > 5.414, ps < 0.026].  Post-hoc 

comparisons showed that in vehicle-injected HRs, CVP and CVS resulted in upregulated 

levels of BDNF mRNA in CA3 and DG compared to vehicle-injected handled controls 

[ps ≤ 0.030].  Moreover, BDNF mRNA levels were upregulated in the LR hippocampal 

CA3 field and DG following TSA administration, along with CVP or control handling 

compared to levels observed in vehicle-injected counterparts [ps ≤ 0.036].  Furthermore, 

in control handled HRs, TSA administration resulted in an upregulation of BDNF mRNA 

levels in both CA3 and DG compared to vehicle-injected counterparts [ps ≤ 0.013].  In 

DG, TSA administration together with CVP resulted in augmented BDNF mRNA levels 

above those observed with CVP in vehicle-injected HRs [p = 0.04]. 
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Figure 26: BDNF mRNA expression in the dorsal hippocampus. Panels A, B, C, D, E, F, 
G, H, I, J and K constitute x-ray film-exposed images of representative coronal 
hemisections of the hippocampus that were radioactively labeled with an antisense cRNA 
probe against the BDNF mRNA in the LRHR rats following chronic variable physical 
(PHY) and social stress (SOC) or control handling (CONT), in conjunction with 
Trichostatin A (TSA) or vehicle (VEH) injections. Scale bar = 250 μm. 

(Figure continues) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



107 

(Figure 26 continued) 
 

 

Figure 26: BDNF mRNA levels in the dorsal hippocampus. Means for optical densities ± 
SEMs are plotted by bar graphs for signal in the CA3 field (L) and the DG (M) of the 
hippocampus. *: p ≤ 0.05.   
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Discussion 

The results demonstrate emergence of depressive-like behavior in LRs with CVP, 

and emergence of antidepressive-like behavior in HRs following both CVP and CVS 

exposure.  These results are in agreement with behavioral findings in Chapter 1, 

confirming observed behavioral effects in LRHR rats with chronic variable stress 

exposure.  Moreover, TSA treatment reversed the stress-induced increase in depressive-

like behavior in LRs and the same treatment mimicked the antidepressive-like behavior 

observed with CVP and CVS in HRs.  These behavioral findings suggest that CVP 

exposure induces phenotype specific effects on depressive-like behavior in LRHR rats, 

and that TSA treatment may hold promise for reversing stress-induced depressive-like 

behavior.         

 Moreover, in both LRs and HRs, TSA administration either alone or with CVP 

and CVS resulted in increased levels of acH3 and acH4 at the BDNF promoter P2 in the 

hippocampus.  These findings confirm that the TSA administration regimen is effective at 

increasing acetylation levels of histones at hippocampal BDNF promoters in LRHR rats.  

Although levels of acH4 at the BDNF promoter P4 were decreased following CVP and 

CVS in LRs, TSA treatment reversed these effects in the same phenotype. In control 

handled HRs, TSA treatment mimicked CVP- and CVS-induced increases in acH4 at the 

BDNF promoter P4.  Furthermore, an upregulation in the BDNF mRNA levels was 

observed in the LR hippocampal CA3 field and DG following TSA administration along 

with CVP exposure or control handling compared to levels observed in vehicle injected 

counterparts.  In control handled HRs, TSA administration resulted in upregulation of 

BDNF mRNA levels in both DG and CA3, in a way similar to effects observed with CVP 



109 

and CVS exposure in the same phenotype.  These effects on BDNF mRNA are in the 

same direction as the effects observed in acH3 and acH4 levels at the BDNF promoter P2 

in the LRHR rats.  Namely, both indicate increased hippocampal BDNF gene 

transcription, confirming the antidepressive-like effects of the TSA in LR and HR rats.   

The results also showed phenotype non-specific emergence of social anxiety-like 

behavior in LRHR rats with CVP exposure in agreement with behavioral results in 

Chapter 1.  Additionally, TSA treatment induced an increase in social anxiety-like 

behavior in control-handled LRs in a way similar to effects observed with CVP exposed-

LRs.  Moreover, CVP-induced anxiety-like behavior remained unaffected in HRs 

following the TSA treatment, suggesting that anxiogenic effect of CVP may not be 

mediated by epigenetic plasticity in HR rats.  

Antidepressant-like effects of histone deacetylase inhibitors 

In agreement with findings in Chapter 1, the present study revealed that CVP has 

a different impact on the regulation of depressive-like behavior in LRHR rats during 

peripubertal-juvenile period.  Namely, LR rats showed increased depressive-like behavior 

(measured as increased immobility behavior on the forced swim test) following CVP in 

agreement with widely reported results on stress-induced depression in adult animals.  

However, the same stress regimen resulted in decreased depressive-like behavior in HRs 

showing a stress-induced enrichment-like effect.  Moreover, TSA administration reversed 

depressive-like behavior in LRs and same treatment mimicked the stress-induced 

antidepressive-like behavior in HRs.  Interestingly, both vehicle-treated HR and LR 

control animals spent more time in immobility on the forced swim test when compared to 

their respective counterparts (handled controls) in Chapter 1.  It is noteworthy to mention 
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that HR and LR control animals in Chapter 3 studies were not only handled daily, but 

also received intra peritoneal vehicle injections.  Repeated injections have been shown to 

be stressful since they are perceived as aversive by the animal (Gartner et al., 1980) and 

affect animals’ performance in behavioral tests (Davis and Perusse, 1988).  Vehicle 

injections therefore could be responsible for increased immobility on the forced swim test 

in HR and LR control animals in Chapter 3.   

Antidepressant-like effects of HDAC inhibitors have been shown in other animal 

models of stress-induced depression (Schroeder et al., 2007; Covington et al., 2009).  

Sodium butyrate, a pan-HDAC inhibitor, was shown to induce antidepressant effects in a 

mouse model of depression, when chronically administrated either alone or together with 

the selective serotonin reuptake inhibitor fluoxetine (Schroeder et al., 2007).  Continuous 

infusion of MS-275, a selective class I HDAC inhibitor, and SAHA, a selective class I 

and II HDAC inhibitor, in the nucleus accumbens (NAc) of mice exposed to chronic 

social defeat stress showed an increase in the levels of acetylated H3 and induced 

antidepressant effects (Covington et al., 2009).  Moreover, treatment with MS-275 

showed social defeat-induced gene expression modifications that were similar to the 

effects of systemic fluoxetine, showing common antidepressant effects of both drugs 

(Covington et al., 2009). These studies show that chromatin modifications play important 

role in the regulation of depressive-like behaviors in animal models of depression, and 

that HDAC inhibitors are potential therapeutics to reverse depressive-like states.   

Currently, not much information is available for stress-induced alterations in 

histone acetylation at specific gene promoters linked to depressive-like behavior.  

Tsankova and colleagues (2006) have shown that chronic social defeat stress results in 
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downregulation of BDNF transcripts III and IV due to increased repressive histone 

methylation at the promoter regions. However, antidepressant imipramine treatment 

reverses downregulation of these transcripts by hyperacetylation of histone 3 at the 

BDNF promoter, an effect that seems to be mediated at least in part by downregulation of 

HDAC5 in the hippocampus (Tsankova et al., 2006).  Similar to these findings, CVP- and 

CVS-induced decrease in acetylated Histone 4 at the BDNF promoter P4 was reversed by 

TSA treatment in LRs.  This effect was accompanied by decrease in depressive-like 

behavior.  Moreover, increased acetylation levels of histone 3 and histone 4 at the BDNF 

promoter P2 in LR and HR rats by TSA treatment were corroborated by upregulation in 

BDNF mRNA levels in the hippocampus.  Since TSA is generalized HDAC inhibitor, it 

deactivates both class I and II HDACs with no specificity to any members of the HDAC 

family.  Therefore investigation of particular HDAC types and many other genes with 

genome wide analysis that plays important role on mediating antidepressant-like effects 

of HDAC inhibitors in the brain need addressing in future studies.   

Taken together, these results show that in vivo administration of TSA is a potent 

antidepressant treatment that can reverse stress-induced depressive-like state and current 

study is the first to report this effect of TSA.  However, since TSA was administered 

systemically, effects of drug were not restricted only to hippocampus.  TSA also induces 

potent anxiogenic effect in LR rats.  Therefore, increased social anxiety-like behavior in 

control handled LRs following TSA administration may be due to increased epigenetic 

induction of the BDNF gene expression as a consequence of HDAC inhibition in 

amygdala.  Correlation between increased BDNF levels in BLA and elevated anxiety 

behavior has been shown with transgenic mice overexpressing BDNF study 
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(Govindarajan et al., 2006).  Therefore, TSA-induced increase in amygdalar BDNF levels 

may mediate increase in anxiety behavior in control handled LRs while simultaneously 

increase in hippocampal BDNF may induce antidepressant-like effects in the same 

phenotype.  It is plausible to expect that TSA administration may also induce epigenetic 

regulation of genes different than BDNF in other brain regions that may affect behavioral 

parameters in terms of depressive- and social anxiety-like behaviors in LRHR rats.  

Moreover, infusion of TSA in hippocampus may induce avoidance of unwanted 

anxiogenic effects of drug, all of which need testing in future studies.  

 In conclusion, CVP-induced depressive behavior and accompanying decrease in 

BDNF gene expression in LRs are reversed by TSA administration.  TSA exerts its 

effects by inducing increased levels of acH3 and acH4 at the hippocampal BDNF 

promoters in a degree similar to levels observed in stress-exposed HRs thereby resulting 

in phenotypic switch in the LR rats.  Although TSA induces anxiety behavior, these 

findings provide evidence that HDAC inhibitor treatment is promising for reversing 

stress-induced depressive behavior in juvenile LR rats.
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GENERAL DISCUSSION 

A. Behavioral effects of chronic variable stress during adolescence in the LRHR 

phenotype.          

 In this dissertation, LRHR rat model was utilized to study behavioral responses to 

chronic variable stress applied during the peripubertal-juvenile period as an attempt to 

model neurobehavioral differences in stress responsiveness among humans.  Although as 

with any other animal model, I do not propose that the LRHR model to match perfectly 

the human condition, there are sufficient overlaps between the novelty-seeking phenotype 

and human emotional reactivity to make this model useful in understanding molecular, 

structural and behavioral differences in stress responsiveness.  Results obtained from 

Chapters 1 and 3 showed striking individual differences in stress-induced depressive-like 

behavior measured as immobility on the forced swim test in LRHR rats.  In agreement 

with a vast body of literature showing enhanced depressive-like behavior following 

chronic stress in adulthood (reviewed in General Introduction), LR rats exposed to CVP 

during peripubertal-juvenile period showed increased depressive-like behavior (increased 

immobility on the forced swim test).  However in HR rats, the same stress paradigm 

resulted in antidepressive-like behavior (decreased immobility on the forced swim test).  

Moreover, data from Chapter 3 showed that TSA treatment reversed the stress-induced 

depressive-like behavior in LR rats, inducing a phenotypic switch in this phenotype 

towards HR-like behavioral response.  In HR rats, TSA treatment mimicked chronic 
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variable stress-induced antidepressive-like behavior. These results demonstrate that CVP 

exposure during adolescence induces opposite effects on depressive-like behavior in HR 

and LR rats, and that TSA is an effective antidepressant treatment to reverse stress-

induced depressive-like behavior in LR rats. 

B. Role of epigenetic regulation of hippocampal BDNF gene in actions of chronic 

variable stress and TSA treatment in LRHR phenotype.  

In parallel with depressive-like behavior, decreased levels of acetylated H4 at the 

hippocampal BDNF P4 promoter was observed in CVP-exposed LR rats (Chapters 1 and 

3).  This decreased epigenetic induction of BDNF gene was reversed by TSA treatment 

and associated with antidepressive behavior (Chapter 3).  Current findings are in 

agreement with published studies showing antidepressant-like effects of HDAC inhibitors 

upon systemic administration in animal models of stress-induced depression (Tsankova et 

al., 2006; Schroeder et al., 2007) specifically by reversing decreased BDNF gene 

expression in the hippocampus (Tsankova et al., 2006). These studies thus suggest that 

HDAC inhibitors are potential agents to reverse depressive-like behavior in animal 

models of depression.  These effects are consistent with the neurotrophic hypothesis of 

depression (for review see Duman and Monteggia, 2006), which states that decreased 

expression of BDNF contributes to depression, and that upregulation of BNDF is 

associated with antidepressive behavior as shown by antidepressant treatment-induced 

increases in BDNF levels.  Indeed, preclinical data has shown that BDNF expression in 

the hippocampus is decreased in response to chronic stress and this effect can be reversed 

with antidepressant treatments in adult animal models of depression (for review see 
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Duman and Monteggia, 2006).  These effects in animal studies are in line with clinical 

studies showing that hippocampal BDNF expression is decreased in depressed suicide 

patients, and that antidepressant treatment at the time of death induced an increase in 

BDNF expression (Dwivedi et al 2003; Karege et al 2005).  Thus, both clinical and 

preclinical studies suggest that BDNF regulation may be a key mechanism for behavioral 

effects of chronic stress and could be targeted for antidepressant action.  Interestingly, 

chronic variable stress in HR rats did not induce depressive behavior and reduction in 

hippocampal BDNF levels (Chapter 1 and 3).  However, the association between chronic 

variable stress-induced antidepressive behavior and increased hippocampal BDNF 

expression (measured as increased acetylation levels of H3 and H4 at the hippocampal 

BDNF P2 and P4 promoters, respectively and upregulated BDNF mRNA in the DG and 

CA3 fields of the hippocampus) in HR rats strengthen neurotrophic hypothesis of 

depression by mimicking previously reported effects of antidepressants on BDNF levels.  

Furthermore, the current data are in agreement with a recent report showing that while 

four weeks of unpredictable mild stress applied during adulthood induces anhedonia, a 

major symptom of depression, and decreases hippocampal BDNF expression, the same 

chronic stress applied at PD 30 results in resilience to depression and increased 

hippocampal BDNF expression (Toth et al., 2008).  This suggests age-dependent effects 

of stress on both depressive symptoms and hippocampal BDNF.  In addition, a recent 

study showed that classic environmental enrichment during adolescence can stimulate 

expression of hippocampal BDNF through chromatin-specific events (Kuzumaki et al., 

2010), providing further support for the enriching quality of the stress paradigm in HR 

rats.  Therefore, it is possible that increased hippocampal BDNF expression in adolescent 



116 

HR rats exposed to chronic variable stress is part of a mechanism that mediates the 

cellular effects of chronic stress on depressive-like behavior and enables establishment of 

resilience to depression during adolescence.  Additionally, it should be noted that 

depression is not a homogeneous disorder in either adults or adolescent individuals, and 

other neurochemicals or neurotrophic factors, may also mediate the cellular effects of 

chronic stress in LRHR rats that need addressing in future studies.  However, the current 

results showed that epigenetic regulation of BDNF gene expression was a target 

mechanism for actions of both chronic variable stress and TSA treatment on regulation of 

depressive-like behavior in HR and LR rats (Chapters 1 and 3).  These findings thus 

assigned a functionally significant role for BDNF in the actions of stress and TSA 

treatment, specifically at the epigenetic level. Eventually, the opposite regulatory patterns 

in depressive-like behavior seen with chronic variable stress and accompanying 

epigenetic regulation of hippocampal BDNF gene in adolescent LRHR rats provide  

compelling evidence for individual differences in neurobiology of stress-induced 

depression.            

 The link between chronic stress exposure and BDNF regulation, both at the 

transcriptional and epigenetic levels, deserves discussion since the animal model used in 

this dissertation is a stress responsiveness model and downstream effects of chronic stress 

exposure converge on the hippocampal BDNF expression.  Depression is associated with 

hyperactive HPA function (Nemeroff et al., 1992; Holsboer, 2000; Pariante, 2009). 

Namely, depression is accompanied by long term elevation of cortisol (Parker et al., 

2003) and chronic CORT treatments in preclinical studies mimic hyperactive HPA 

physiology in the human condition by way of inducing depressive-like behavior (Murray 
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et al., 2008; David et al., 2009).  Moreover, different types of chronic stress paradigms 

have been shown to induce elevated CORT levels in rodents (Mathews et al., 2008; Toth 

et al., 2008).  Increased levels of CORT generally decrease BDNF expression in the 

hippocampus (Nibuya et al., 1995; Smith et al., 1995) and is associated with depressive-

like behavior in adult animals (Toth et al., 2008).  CORT has been shown to regulate 

hippocampal BDNF expression via the exon 4 promoter, in that administration of CORT 

significantly decreased BDNF exon 4 mRNA levels in the hippocampus (Hansson et al., 

2006).  It is noteworthy to mention that the putative glucocorticoid response element 

(GRE) is located in the rodent BDNF promoter region 4 (Benraiss et al., 2001) which 

could allow for the possibility of direct genomic effects of CORT on BDNF transcription 

through this specific BDNF promoter (Suri and Vaidya, in press).  Therefore, decreased 

levels of acetylated H4 at the BDNF promoter P4 in LR rats exposed to CVP could be 

reflected by changes in exon 4 mRNA levels and mediated by actions of CORT on exon 

specific BDNF transcript variants (Chapters 1 and 3).  Interestingly, levels of acetylated 

H4 at the BDNF promoter P4 were increased in HR rats exposed to both types of 

stressors and were associated with antidepressive behavior, suggesting resilience to 

deleterious effects of CORT (Chapters 1 and 3).  These findings in HR rats are in 

agreement with a previously published study showing antidepressive behavior (measured 

with sucrose preference test) and increased hippocampal BDNF expression in chronically 

stressed adolescent rats despite increased CORT release (Toth et al., 2008).  Moreover, it 

is important to note that CORT may also have some protective effects in the nervous 

system.  Jeanneteau and colleagues (2008) showed that in vivo administration of 

synthetic CORT, dexamethasone (Dex), increased hippocampal TrkB (BDNF receptor) 
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phosphorylation independent of BDNF release in rats (Jeanneteau et al., 2008).  

Moreover, in vitro Dex treatment in cortical brain slices induced slow but long-lasting 

increase in TrkB, Akt, PLC, and Erk phosphorylation (Jeanneteau et al., 2008).  These 

findings suggest that CORT selectively enhance phosphorylation of the TrkB receptor 

and down-stream signaling proteins independent of BDNF release.  Therefore, it is 

plausible that chronic variable stress-induced CORT may activate the BDNF receptor, 

TrkB via non-ligand activated pathways, and its down-stream signaling cascades, rather 

than repressing BDNF expression in stress-exposed HR rats.  These stress-induced 

cellular effects could be a part of mechanism that mediates antidepressive behavior in HR 

rats. These are valid hypotheses to be investigated in future studies.   

 Both HR and LR animals showed increased anxiety-like behavior following CVP, 

measured as reduced social contact in the social interaction test (Chapter 1 and 3). 

Emergence of social anxiety-like behavior in response to CVP was marked by 

upregulation of BDNF mRNA levels in the BLA of juvenile LRHR rats (Chapter 1).  

These findings are consistent with previous studies showing emergence of anxiety-like 

behavior following chronic stress, and an associated increase in spine density in the BLA 

(Vyas et al., 2006; Mitra et al., 2005), together with increased levels of amygdalar BDNF 

in rodents (Fanous et al., 2010).  Anxiety disorders are highly comorbid with depression 

in human population (Hoffman et al., 2008).  Similar to the clinical data, both depressive- 

and anxiety-like behaviors were evident in LR rats exposed to CVP (Chapter 1 and 3).  

However, depressive- and anxiety-like behaviors were oppositely regulated in HR rats 

following CVP exposure (Chapters 1 and 3).  This interesting disassociation in the 

emergence of depressive- and anxiety-like behaviors, and associated increases in 



119 

hippocampal and amygdalar BDNF levels in CVP-exposed HR rats is corroborated, at 

least in part, by a previously published study. In this report, transgenic overexpression of 

forebrain BDNF has been shown to induce anxiety-like behavior concomitant with 

increased spinogenesis in the BLA and to cause antidepressant effects as shown by 

improved performance on the forced-swim test together with an absence of chronic 

stress-induced hippocampal atrophy in mice (Govindarajan et al., 2006).  In conclusion, 

these authors hypothesized that increased BDNF in the amygdala may act to facilitate the 

development of anxiety symptoms, whereas increased BDNF in the hippocampus may 

paradoxically attenuate depressive symptoms (Govindarajan et al., 2006).  Therefore, 

CVP-induced BDNF expression in both hippocampus and amygdala could lead to 

contrasting effects on depressive- and anxiety-like behaviors in HR rats whereas in LR 

rats, CVP-induced decrease in epigenetic induction of the hippocampal BDNF and 

increased BDNF mRNA in the BLA could lead to co-emergence of both depressive- and 

anxiety-like behaviors.       

 Systemic administration of TSA was successful to reverse depressive-like 

behavior in LR rats.  However, TSA treatment also induced anxiogenic effect in the same 

phenotype (Chapter 3).  Since effects of TSA were clearly not restricted to hippocampus, 

decreased HDAC activity in the BLA might also induce increased BDNF gene 

expression, and consequently result in anxiety-like behavior in LR rats.  As noted, such 

correlation between increased BDNF levels in BLA and elevated anxiety behavior has 

been shown in transgenic mice overexpressing BDNF (Govindarajan et al., 2006). 

Therefore, direct TSA infusion into hippocampus may eliminate unwanted anxiogenic 

effects of the drug, which will need to be addressed in future studies.  Taken together, 
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these results suggest that even though TSA treatment induces social anxiety-like behavior 

in LR rats, the observed molecular and behavioral results confirm that TSA is an 

effective antidepressant treatment to counteract stress-induced depressive behavior in 

vivo. Treatment and diagnosis of depression vary at the individual level and not all 

patients respond well to antidepressant treatments.  In current study, investigating the 

individual differences in stress responsiveness and effects of TSA treatment in 

depressive-like behavior could shed light to future studies for development of effective 

antidepressants, which may overcome personality trait-induced resistance to some current 

treatments for depression. 

C. Mossy fibre-CA3 plasticity in chronic variable stress-exposed LRHR rats.  

 Chronic variable stress-induced mossy fibre remodeling was closely correlated 

with histone modifications in some BDNF gene promoters in LRHR rats (Chapter 1). 

Indeed, increased MF terminal field size in HR rats following both CVP and CVS was 

associated with increased acetylation levels of H3 and H4 at the BDNF P2 and P4 

promoters respectively.  These findings accompanied antidepressant-like effects of stress 

in HR rats.  However in LR rats with depressive-like behavior, decreased MF terminal 

field size following CVP was associated with decreased H4 acetylation at the BDNF P4 

promoter, implicating a potential role for BDNF in the regulation of MF plasticity in 

response to chronic variable stress.  Similar to stress-induced hippocampal morphological 

changes in LR rats reported here, chronic stress is shown to result in hippocampal 

atrophy, which is also associated with decreased BDNF expression (for review see 

Duman et al., 1999).  These findings may provide an explanation for the observed 

hippocampal atrophy of depressed patients based on postmortem and structural imaging 
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studies (MacQueen et al, 2003; Campbell et al., 2004; Stockmeier et al, 2004).  Although 

CVP-induced decrease in levels of H4 acetylation at the BDNF P4 promoter in LR rats 

was not reflected to total BDNF mRNA levels, it could be reflected as a decrease in 

BDNF exon 4 mRNA levels, which is associated with P4 promoter (Chapters 1 and 3).  

However, in situ hybridization specific for BDNF exon 4 was not analyzed in the current 

work to directly address this question.       

 Decreases in MF plasticity could also be regulated via CVP-induced precursor 

form of BDNF (proBDNF). CVP may increase proBDNF levels because our BDNF 

riboprobe detects all BDNF splice variants containing exon 5 as well as proBDNF.  High 

levels of proBDNF exist in the postnatal CNS, suggesting that proBDNF actions may be 

most robust during postnatal development when axonal extension, dendritic spine 

pruning and synaptic maturation are prevalent, whereas proBDNF effects are more 

regionally restricted, but are maintained in adulthood (Yang et al., 2009). BDNF and 

proBDNF activate different receptors to regulate their neuronal actions. BDNF activates 

its high affinity receptor TrkB to promote cell survival and synaptic plasticity, whereas 

proBDNF induces neuronal apoptosis via activation of a p75 receptor (Lee et al., 2001; 

Huang and Reichardt, 2003). It has been shown that hippocampal proBDNF levels were 

increased following chronic stress and associated with altered hippocampal synaptic 

plasticity in rats (Yeh et al., 2012).  Therefore, it is plausible that increased proBDNF 

expression following CVP in LR rats could mediate MF synaptic plasticity by way of 

inducing decrease in MF terminal field volume.  In summary, specifics of how stress-

induced BDNF effects could be related to structural changes in MF terminals, if at all in 

the LRHR rats, remains to be resolved in future work.     
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 Mossy fibres, a traditionally-accepted excitatory projection at the second synapse 

of the trisynaptic hippocampal circuitry, consist of axons originating from the dentate 

granule neurons and synapsing onto the CA3 field.  Despite the traditional role, it has 

been shown that inhibitory interneurons receive approximately 10 times more synapses 

from mossy fibres than do principal neurons (Acsady et al., 1998), generating a strong 

feedforward inhibition at physiological firing frequencies of dentate granule cells 

(Lawrence and McBain, 2003).  The mossy fibre-CA3 network dynamics under 

pathophysiological circumstances such as chronic stress exposure may depend on the net 

innervation ratio between the excitatory primary neurons and inhibitory interneurons.  

Moreover, it has also been shown that mossy fibre synapses onto CA3 can switch from 

inhibition to excitation depending on the stimulation frequency of the dentate granule 

neurons (Mori et al., 2004), and can be selectively muted (Losonczy et al., 2003) 

providing a state-dependent switch in the network.  Therefore, the newly-formed MF 

synapses in response to chronic variable stress in the HR rats are likely to have different 

physiological properties than those formed under basal, stress-free conditions and CVP-

induced decrease in MF terminal field volume in LR rats may induce, at least in part, 

disruption in hippocampal circuit and enables estabilishment of vulnerability to 

depression. Critical properties of the MF-CA3 synapses in terms of their 

excitation/inhibition state and/or neurotransmitter content need addressing in future 

studies.  Although the role of MF plasticity in depressive-like behavior is, for the most 

part, unexplored, generation of new dentate granule cells and output mossy fibres are 

implicated in pathophysiology of depression.  Specifically, antidepressant treatments 

have been shown to increase adult granule cell neurogenesis in the DG (Malberg et al., 
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2000) and similar to antidepressant treatments, repeated ECS induced MF sprouting in 

rodents (Vaidya et al., 1999), suggesting that granule neurons and their axonal 

projections onto CA3 may be critically involved in the pathogenesis of depression and in 

actions of antidepressants.  Therefore, chronic variable stress-induced increase in MF 

terminal fields in HR rats showing antidepressive-like effects and decrease in LR rats 

with depressive-like effects may constitute a morphological adaptation for resilience or 

vulnerability to stress-induced depression respectively.       

 Since hippocampal BDNF is primarily stored in the axon terminals of mossy 

fibres (Dieni et al., 2012), alterations in hippocampal BDNF levels in response to chronic 

stress during peripubertal-juvenile period could, at least in part, mediate structural 

changes in the MF-CA3 synapse.  In Chapter 2, lack of CVP-induced dendritic atrophy in 

CA3 neurons could be interpreted as resilience to the deleterious effects of CVP in HR 

rats.  In the same phenotype, a partial protection from CVS-induced effects was also 

noted by a slight but significant decrease in dendritic length and complexity.  These 

effects were coupled with increased hippocampal BDNF expression and MF terminal 

field size in HR rats as shown in data obtained from Chapter 1.  In LR rats, significant 

dendritic retraction was evident in both apical and basal regions of CA3 neurons 

following both CVP and CVS in agreement with published studies (Vyas et al., 2002, 

Kleen et al., 2006; Pillai et al., 2012) and associated with CVP-induced decrease in 

hippocampal BDNF expression and MF terminal field size.   CVP-induced increase in 

hippocampal BDNF and/or MF sprouting may therefore contribute to the protection of 

CA3 neurons from the detrimental effects of stress in HR rats, whereas LR rats show 

vulnerability to adverse effects of stress by way of similar cellular/molecular 
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mechanisms.         

 Moreover, CVP- and CVS-induced extensive decrease in dendritic length and 

complexity were accompanied by widespread decrease in mushroom spine 

number/density and overall spine number/density in both apical and basal trees in LR 

rats, implicating absence of a compensatory mechanism (i.e., spinogenesis) to rescue 

CA3 neurons from dendritic atrophy (Chapter 2).  It has been shown that endogenous 

CORT has a role in stress-induced dendritic atrophy in the hippocampus (McEwen et al., 

1995) by way of inducing glutamate release (Moghaddam et al., 1994).  MF terminals in 

the stratum lucidum region of CA3 neuron contain presynaptic kainate receptors that 

postively regulate glutamate release (Chittajallu et al., 1996) under the control of CORT.  

Namely, density of these presynaptic kainate receptors is decreased by adrenalectomy 

and is restored to normal by CORT replacement (Watanabe et al., 1995).  Therefore, 

increased glutamatergic stimulation from MFs as well as from other distal afferents 

(commissural/associational collaterals and perforant path projections) in response to 

chronic variable stress may induce increase in intracellular calcium levels, leading to 

dendritic cytoskeleton proteolysis (McEwen et al., 1995) and result in massive CA3 

dendritic atrophy and consequently loss of these synaptic inputs in LR rats.  In HR rats, 

even though small and CVS specific effects were observed in dendritic length and branch 

number, equally widespread effects in mushroom spine number/density were observed in 

response to both types of stress and in both apical and basal dendritic arbors as they were 

observed in LR rats.  However, CVP- and CVS-induced decrease in mushroom spine 

number/density in HR rats was not accompanied by a corresponding decrease in total 

spine density.  These findings suggest that loss of mushroom spines could be 



125 

compensated for by addition of more immature type spines in stress-exposed HR rats.  

Indeed, repeated restraint stress (6h/day for 3 weeks) has been shown to induce a 

decrease in large spines (e.g., mushroom spines) with a shift towards small spines (e.g., 

thin, stubby) in pyramidal neurons of medial prefrontal cortex (Radley et al., 2008).  

Moreover, immature type of spines are highly dynamic spines subject to structural 

flexibility, either enlarging and stabilizing (e.g., mushroom spines), or shrinking, 

depending on the level of synaptic activity (Bourne and Harris, 2007).  Therefore, 

increased immature type of spines may differentiate into more stable mushroom spines if 

functional presynaptic elements can establish contacts in HR rats.  These findings 

implicate compensatory mechanisms at work to protect CA3 neurons, at least in part, 

from deleterious effects of stress in adolescent HR rats unlike LR rats.  Taken together, 

these findings underline individual differences in neuromorphological changes in 

response to stress which may play an important role for development of stress-induced 

mood disorders.         

 In conclusion, HR and LR rats displayed differential vulnerability to chronic 

variable stress induced depressive-like behavior but similar vulnerability to the 

emergence of anxiety-like behavior.  Indeed, LR rats possess higher vulnerability to 

development of depression along with decreased epigenetic induction of the hippocampal 

BDNF gene, MF and CA3 atrophy whereas HR rats exhibit somewhat resilience to 

depressive-like behavior with increased BDNF expression (at both epigenetic and 

transcriptional levels), MF sprouting and protected (partially) CA3 neurons. However, 

both HR and LR rats exhibit high vulnerability to social anxiety-like behavior together 

with increased BDNF mRNA levels in the BLA.  Moreover, whilst systemic HDAC 
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inhibitor, TSA, treatment induced anxiety-like behavior in LR rats, same treatment 

reversed stress-induced depressive-like behavior together with decreased acetylation 

levels of H4 at the BDNF P4 promoter in LR rats.  In HRs, TSA treatment resulted in 

identical effects that were observed with chronic variable stress exposure on acetylation 

levels of histones at BDNF promoters and corresponding antidepressive behavior. The 

current work showed individual differences in stress responsiveness during adolescence 

at molecular, structural and behavioral parameters, and investigated a new possible 

treatment method.  These results provide valuable evidence for development of new 

treatments for depression to overcome personality trait-induced resistances to current 

treatments.  Moreover, major changes in neural, hormonal and behavioral systems during 

adolescence may render individuals either vulnerable (e.g., LR rats in current study) or 

resistant (e.g., HR rats in current study) to the adverse effects of stress during this critical 

developmental period.  Current findings therefore provide further evidence for the 

importance of adolescent brain plasticity in stress responsiveness.  Taken together, these 

findings show that LRHR animal model is a valid model to study individual differences 

in resilience and/or vulnerability to stress-induced mood disorders during adolescence.



127 

REFERENCES 
 
Abelson, J.L., Khan, S., Liberzon, I., Young, E.A., (2007). HPA axis activity in patients 
with panic disorder: review and synthesis of four studies. Depress. Anxiety 24 (1), 66-76. 
 
Abrahám H, Orsi G, Seress L (2007) Ontogeny of cocaine- and amphetamine-regulated 
transcript (CART) peptide and calbindin immunoreactivity in granule cells of the dentate 
gyrus in the rat. Int J Dev Neurosci 25:265–274. 
 
Acsády L, Kamondi A, Sík A, Freund T, Buzsáki G, (1998). GABAergic cells are the 
major postsynaptic targets of mossy fibers in the rat hippocampus. J Neurosci. 
18(9):3386-403. 
 
Ajamian F, Salminen A, Reeben M. (2004): Selective regulation of class I and class II 
histone deacetylases expression by inhibitors of histone deacetylases in cultured mouse 
neural cells. Neuroscience Letters 365:64–68 
 
Altar, C.A. (1999). Neurotrophins and depression. Trends Pharmacol. Sci. 20, 59–61. 
 
Amaral DG, Witter MP. (1989).The three-dimensional organization of the hippocampal 
formation: a review of anatomical data. Neuroscience 31:571-591. 
 
Andersen S.L. (2003). Trajectories of brain development: point of vulnerability or 
window of opportunity, Neurosci. Biobehav. Rev. 27 3–18. 
 
Andrus BM, Blizinsky K, Vedell PT, Dennis K, Shukla PK, Schaffer DJ, Radulovic J, 
Churchill GA, Redei EE.(2010). Gene expression patterns in the hippocampus and 
amygdala of endogenous depression and chronic stress models. Mol Psychiatry 
 

Anisman H, Zacharko RM. (1992): Depression as a consequence of inadequate 
neurochemical adaptation in response to stressors. Br J Psychiatry [Suppl]; 15:36–43. 

Arana GW, Baldessarini RJ, Ornsteen M (1985) The dexamethasone suppression test for 
diagnosis and prognosis in psychiatry. Commentary and review. Arch Gen Psychiatry 
42:1193–1204 
 
 
 



128 

Arango, V., Ernsberger, P., Marzuk, P.M., Chen, J.S., Tierney, H., Stanley, M., Reis, 
D.J., Mann, J.J., (1990). Autoradiographic demonstration of increased serotonin 5-HT2 
and beta-adrenergic receptor binding sites in the brain of suicide victims. Arch. Gen. 
Psychiatry 47, 1038–1047. 
 
Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB(1999) The role of corticotropin-
releasing factor in depression and anxiety disorders. J Endocrinol; 160: 1–12. 
 
Ardayfio, P., Kim, K.S., (2006). Anxiogenic-like effect of chronic corticosterone in the 
light-dark emergence task in mice. Behav. Neurosci. 120, 249—256. 
 
Aydin C, Oztan O, Isgor C (2010). Vulnerability to nicotine abstinence-related social 
anxiety-like behavior: Molecular correlates in neuropeptide Y, Y2 receptor and 
corticotropin releasing factor. Neurosci Lett 490(3):220–225. 
 
Baldessarini RJ, Arana GW (1985). Does the dexamethasone suppression test have 
clinical utility in psychiatry? J Clin Psychiatry 46:25–29 
 
Benraiss A, Chmielnicki E, Lerner K, Roh D, Goldman SA (2001) Adenoviral brain-
derived neurotrophic factor induces both neostriatal and olfactory neuronal recruitment 
from endogenous progenitor cells in the adult forebrain. J Neurosci 21:6718–6731. 
 
Bayer SA, Yachel JW, Puri PS (1982). Neurons in the rat dentate gyrus granular layer 
substantially increase during juvenile and adult life. Science 216:890-892. 
 
Bhatti AS, Hall P, Ma Z, Tao R, Isgor C, (2007). Hippocampus modulates the 
behaviorally-sensitizing effects of nicotine in a rat model of novelty-seeking: potential 
role for mossy fibers. Hippocampus. 17: 922-33. 
 
Bhatti AS, Aydin C, Oztan O, Ma Z, Hall P, Tao R, Isgor C,(2009). Effects of a 
cannabinoid receptor (CB) 1 antagonist AM251 on behavioral sensitization to nicotine in 
a rat model of novelty-seeking behavior: correlation with hippocampal 5HT. 
Psychopharmacology (Berl). 203: 23-32. 

Bourne J, Harris KM. (2007) Do thin spines learn to be mushroom spines that remember? 
Curr Opin Neurobiol. 17(3): 381-6. 
 
Bremner, J.D., Narayan, M., Anderson, E.R., Staib, L.H., Miller, H.L., and Charney, D.S. 
(2000). Hippocampal volume reduction in major depression. Am. J. Psychiatry 157, 115–
118. 
 
Brown SM, Henning S, Wellman CL. (2005). Mild, short-term stress alters dendritic 
morphology in rat medial prefrontal cortex. Cerebral Cortex 15:1714–1722. 
 



129 

Burgdorf J, Panksepp J.(2001) Tickling induces reward in adolescent rats. Physiol Behav 
72:167–173. 

Calvo N, Cecchi M, Kabbaj M, Watson SJ, Akil H.(2011). Differential effects of social 
defeat in rats with high and low locomotor response to novelty. Neuroscience.183:81-9 

Camelo S, Iglesias AH, Hwang D, Due B, Ryu H, Smith K, Gray SG, Imitola J, Duran G, 
Assaf B, Langley B, Khoury SJ, Stephanopoulos G, De Girolami U, Ratan RR, Ferrante 
RJ, Dangond F (2005) Transcriptional therapy with histone deacetylase inhibitor 
trichostatin A ameliorates experimental autoimmune encephalomyelitis. J Neuroimmunol 
164:10 –21. 
 
Campbell S, Marriott M, Nahmias C, MacQueen GM (2004) Lower hippocampal volume 
in patients suffering from depression: a meta-analysis. Am J Psychiatry 161(4):598–607 
 
Cerbone FG, Larison CL. (2000).A bibliographic essay: the relationship between stress 
and substance use. Subst Use Misuse, 35:757-786  
 
Chandramohan Y, S.K. Droste, J.M.H.M. Reul, (2007) Novelty stress induces 
phosphoracetylation of histone H3 in rat dentate-gyrus granule neurons through 
coincident signaling via the N-methyl-d-aspartate receptor and the glucocorticoid 
receptor: relevance for c-fos induction , J. Neurochem. 101:815–828. 
 
Chittajallu R, Vignes M, Dev KK, Barnes JM, Collingridge GL, et al. (1996). Regulation 
of glutamate release by presynaptic kainate receptors in the hippocampus. Nature 
379:78–81 
 
Cloninger CR, Svrakic DM, Przybeck TR. (2006). Can personality assessment predict 
future depression? A twelve-month follow-up of 631 subjects. J Affect Disord ;92: 35–
44. 
 
Condren, R.M., O’Neill, A., Ryan, M.C., Barrett, P., Thakore, J.H., (2002). HPA axis 
response to a psychological stressor in generalized social phobia. 
Psychoneuroendocrinology 27 (6), 693—703. 
 
Conner JM, Lauterborn JC, Yan Q, Gall CM, Varon S (1997) Distribution of brain-
derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: 
evidence for anterograde axonal transport. J Neurosci 17:2295–2313. 
 
Conrad, C. D., Magarin˜os, A. M., LeDoux, J. E., & McEwen, B. S. (1999).Repeated 
restraint stress facilitates fear conditioning independently of causing hippocampal CA3 
dendritic atrophy. Behavioral Neuroscience, 113, 902–913. 
 
Conrad CD (2006) What is the functional significance of chronic stress-induced CA3 
dendritic retraction within the hippocampus? Behav Cogn Neurosci Rev 5(1):41–60 



130 

Costello E.J., Mustillo S., Erkanli A., Keeler G., Angold A.,(2003). Prevalence and 
development of psychiatric disorders in childhood and adolescence, Arch. Gen. Psychiat. 
60 837–844. 
 
Covington HE 3rd, Maze I, LaPlant QC, et al. (2009). Antidepressant actions of histone 
deacetylase inhibitors. J Neurosci;29:11451–11460. 
 
Cowen PJ (2002) Cortisol, serotonin and depression: all stressed out? Br J Psychiatry 
180:99–100          
 
Cunningham, M. G., Bhattacharyya, S., and Benes, F. M. (2002). Amygdalo- cortical 
sprouting continues into early adulthood: implications for the development of normal and 
abnormal function during adolescence. J. Comp. Neurol. 453, 116–130. 
 

Dahl, R. E. (2004). Adolescent brain development: a period of vulnerabilities and 
opportunities. Keynote address. Ann. N. Y. Acad. Sci. 1021, 1–22. 

Dallman MF, Akana SF, Strack AM, Hanson ES, Sebastian RJ. (1995).The neural 
network that regulates energy balance is responsive to glucocorticoids and insulin and 
also regulates HPA axis responsivity at a site proximal to CRF neurons. Ann NY Acad 
Sci 771:730 –742. 
 
Danscher G (1981) Histochemical demonstration of heavy metals. A revised version of 
the sulphide silver method suitable for both light and electronmicroscopy. Histochemistry 
71:1–16. 
 
David, D.J., et al., (2009). Neurogenesis-dependent and –independent effects of 
fluoxetine in an animal model of anxiety/depression. Neuron 62, 479—493. 
 
Davis, H., Pe´russe, R., (1988). Human-based social interaction can reward a rat’s 
behavior. Anim. Learn. Behav. 16, 89–92.  
 
Dellu F, Piazza PV, Mayo W, Le Moal M, Simon H (1996) Noveltyseeking in rats—
biobehavioral characteristics and possible relationship with the sensation-seeking trait in 
man. Neuropsychobiology 34:136 –145.  
 
de Kloet ER, Joels M, Holsboer F(2005). Stress and the brain: from adaptation to disease. 
Nat Rev Neurosci; 6: 463–475. 
 
Dieni S, et al. (2012) BDNF and its pro-peptide are stored in presynaptic dense core 
vesicles in brain neurons. J Cell Biol 196:775–788. 

 



131 

Donohue H.S, Gabbott PL, Davies HA, Rodriguez JJ, Cordero MI, Sandi C, Medvedev 
NI, Popov VI, Colyer FM, Peddie CJ, Stewart MG (2006). Chronic restraint stress 
induces changes in synapse morphology in stratum lacunosum-moleculare CA1 rat 
hippocampus: a stereological and three-dimensional ultrastructural studyNeuroscience, 
140, pp. 597–606 

Droste SK, A. Collins, S.L. Lightman, A.C.E. Linthorst, J.M.H.M. Reul, (2009). Distinct, 
time-dependent effects of voluntary exercise on circadian and ultradian rhythms and 
stress responses of free corticosterone in the rat hippocampus. Endocrinology 150: 4170–
4179. 
 
Duclot F, Hollis F, Darcy JM, Kabbaj M (2011) Individual differences in novelty-seeking 
behavior in rats as a model for psychosocial stress-related mood disorders. Phsyiol 
Behav. 104(2):296-305 
 
Duman, R.S., Heninger, G.R., and Nestler, E.J. (1997). A molecular and cellular 
hypothesis of depression. Arch. Gen. Psychiatry 54,597–606. 
 
Duman RS, Malberg JE (1998): Neural plasticity in the pathophysiology and treatment of 
depression. Am Coll Neuropsychopharmacol 37:261. 
 
Duman RS, Malberg J, and Thome J. (1999). Neural Plasticity to Stress and 
Antidepressant Treatment. BIOL PSYCHIATRY 46:1181–1191 
 
Duman RS, Malberg J, Nakagawa S, D’Sa C (2000): Neuronal plasticity and survival in 
mood disorders. Biol Psychiatry 48:732–739 
 
Duman R. S. and Monteggia L. M. (2006) A neurotrophic model for stress-related mood 
disorders. Biol. Psychiatry 59, 1116–1127. 
 
Duman CH. (2010). Models of Depression. Vitam Horm 82:1-21. 

Dunaevsky A, Tashiro A, Majewska A, Mason C, Yuste R(1999). Developmental 
regulation of spine motility in the mammalian central nervous system. Proc Natl Acad Sci 
USA;96:13438–13443. 
 
Dwivedi Y, Rao JS, Hooriyah SR, Kotowski J, Conley RR, Roberts RC, et al (2003): 
Abnormal expression and functional characteristics of cyclic adenosine monophosphate 
response element binding protein in postmortem brain of suicide subjects. Arch Gen 
Psychiatry 60:273–282. 
 
 
 
 



132 

Eiland L, McEwen BS (2010) Early life stress followed by subsequent adult chronic 
stress potentiates anxiety and blunts hippocampal structural remodeling. Hippocampus. 
 
Esposito MS, Piatti VC, Laplagne DA, Morgenstern NA, Ferrari CC, et al. (2005) 
Neuronal differentiation in the adult hippocampus recapitulates embryonic development. 
J Neurosci 25: 10074–10086. 
 
Fanous S, Hammer RP Jr, Nikulina EM (2010). Short- and long-term effects of 
intermittent social defeat stress on brain-derived neurotrophic factor expression in 
mesocorticolimbic brain regions. Neuroscience 167(3):598-607.   
 
Faulkner RL, Jang MH, Liu XB, Duan X, Sailor KA, et al. (2008) Development of 
hippocampal mossy fiber synaptic outputs by new neurons in the adult brain. Proc Natl 
Acad Sci U S A 105: 14157–14162. 
 
File SE.(1980). The use of social interaction as a method for detecting anxiolytic activity 
of chlordiazepoxide-like drugs. J Neurosci Methods; 2:219-238. 
 
File, S.E., Hyde, J.R., (1978). Can social interaction be used to measure anxiety? Br. J. 
Pharmacol. 62, 19–24.  
 
File SE, Seth P. (2003). A review of 25 years of the social interaction test. Eur J 
Pharmacol. 463:35–53. 
 
Frye CA, McCormick CM, Coopersmith C, Erskine MS. (1996). Effects of paced and 
non-paced mating stimulation on plasma progesterone, 3 alpha-diol and corticosterone. 
Psychoneuroendocrinology 21:431– 439. 
 
Fuchs, E., and Gould, E. (2000). Mini-review: in vivo neurogenesis in the adult brain: 
regulation and functional implications. Eur. J. Neurosci. 12, 2211–2214. 
 
Gaarskjaer, FB (1986). The organization and development of the hippocampal mossy 
fiber system. Brain Res. Brain Res. Rev. 11:335-357 
 
Galea, L. A. M., McEwen, B. S., Tanapat, P., Deak, T., Spencer, R. L., & Dhabhar, F. S. 
(1997). Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to 
chronic restraint stress. Neuroscience, 81, 689–697. 
 
Gamallo A, Villanua A, Trancho G, Fraile A.(1986). Stress adaptation and adrenal 
activity in isolated and crowded rats. Physiol Behav 36:217-221. 
 
Gartner, K., Buttner, D., Dohler, K., Friedel, R., Lindena, J., Trautschold, I., (1980). 
Stress response of rats to handling and experimental procedures. Lab. Anim. 14, 267–
274.  
 



133 

Gelder M, Mayou R, Geddes J. (2005). 3rd ed. Oxford; New York: Oxford University 
Press, Psychiatry  p. 75  
 
Geneser FA, Holm IE, Slomianka L (1993) Application of the Timm and selenium 
methods to the central nervous system. Neurosci Protocols 50–15:1–14. 
 
Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., 
Paus, T., Evans, A. C., and Rapoport, J. L. (1999). Brain development during childhood 
and adolescence: a longi-tudinal MRI study. Nat. Neurosci. 2, 861–863. 

Glaser EM, van der Loos H. (1981). Analysis of thick brain sections by obverse-reverse 
computer microscopy: an application of a new high-clarity Golgi-Nissl stain. J Neurosci 
Methods 4:117–125. 
 
Gomez-Di Cesare CM, Smith KL, Rice FL, Swann JW. (1997).Axonal remodeling 
during postnatal maturation of CA3 hippocampal pyramidal neurons.  J Comp Neurol 
384:165-180. 
 
Gómez-Palacio-Schjetnan A, Escobar ML (2008) In vivo BDNF modulation of adult 
functional and morphological synaptic plasticity at hippocampal mossy fibers. Neurosci 
Lett 445(1):62–67. 
 
Govindarajan A, Rao BS, Nair D, Trinh M, Mawjee N, Tonegawa S, Chattarji S. 
(2006).Transgenic brain-derived neurotrophic factor expression causes both anxiogenic 
and antidepressant effects. Proc Natl Acad Sci USA 103: 13208–13213. 
 
Grunstein M (1997). Histone acetylation in chromatin structure and transcription. Nature 
389:349 –352. 
 
Harris KM, Jensen FE, Tsao B. (1992). Three-dimensional structure of dendritic spines 
and synapses in rat hippocampus (CA1) at postnatal day 15 and adult ages: Implications 
for the maturation of synaptic physiology and long-term potentiation. J Neurosci 
12:2685–2705. 
 

Heim, C., Plotsky, P. M., and Nemeroff, C. B. (2004). Importance of studying the 
contributions of early adverse expe-rience to neurobiological findings in depression. 
Neuropsychopharmacology 29, 641–648. 

Henze DA, Cameron WE, Barrionuevo G. (1996). Dendritic morphology and its effects 
on the amplitude and rise-time of synaptic signals in hippocampal CA3 pyramidal cells. J 
Comp Neurol 369:331–344.  
 
Hering H, Sheng M: Dendritic spines.(2001). Structure, dynamics and regulation. Nat 
Rev Neurosci 2:880–888. 



134 

Herman JP, Adams D, Prewitt C.(1995). Regulatory changes in neuroendocrine stress-
integrative circuitry produced by a variable stress paradigm. Neuroendocrinology; 61: 
180-190. 

Herman J.P., Cullinan W.E., (1997).Neurocircuitry of stress: central control of the 
hypothalamo–pituitary–adrenocortical axis, Trend. Neurosci. 20;78–84. 
 
Herman, J.P. et al. (2003). Central mechanisms of stress integration: hierarchical circuitry 
controlling hypothalamic-pituitary-adrenocortical responsiveness. Front 
Neuroendocrinol. 24: 151–180. 
 
Hoffmann JP, Su SS.(1998). Stressful life events and adolescent substance use and 
depression: conditional and gender differentiated effects. Subst Use Misuse, 33:2219-
2262 
 
Hoffmann JP, Cerbone FG, Su SS.(2000). A growth curve analysis of stress and 
adolescent drug use. Subst Use Misuse, 35:687-716 
 
Hoffman DL, Dukes EM, Wittchen HU (2008) Human and economic burden of 
generalized anxiety disorder. Depression Anxiety 25:72–90. 
 
Hollis F, Duclot F, Gunjan A, Kabbaj M (2011) Individual differences in the effect of 
social defeat on anhedonia and histone acetylation in the rat hippocampus. Horm Behav 
59:331–337. 
 
Holsboer F, Lauer CJ, Schreiber W, Krieg JC.(1995).Altered hypothalamic-pituitary 
adrenocortical regulation in healthy subjects at high familial risk for affective disorders. 
Neuroendocrinology; 62:340 –347. 
 
Holsboer F.(1999)The rationale for corticotrophin releasing hormone receptor (CRH-R) 
antagonists to treat depression and anxiety. J Psychiatr Res 1999; 33: 181–214. 
 
Holsboer, F. (2000). The corticosteroid receptor hypothesis of depression. 
Neuropsychopharma 23, 477–501. 
 
Holsboer F, Ising M.(2010). Stress hormone regulation: biological role and translation 
into therapy. Annu Rev Psychol; 61: 81–109, C101–C111. 
 
Holtmaat, A.J., Trachtenberg, J.T., Wilbrecht, L., Shepherd, G.M., Zhang, X., Knott, 
G.W., Svoboda, K., (2005). Transient and persistent dendritic spines in the neocortex in 
vivo. Neuron 45, 279–291. 
 
 
 
 



135 

Hong L, Schroth GP, Matthews HR, Yau P, Bradbury EM. (1993): Studies of the DNA 
binding properties of histone H4 aminoterminus. Thermal denaturation studies reveal that 
acetylation markedly reduces the binding constant of the H4 “tail” to DNA”. J Biol Chem 
268:305–314 
 
Hooks MS, Jones GH, Smith AD, Neill DB, Justice JB Jr, (1991). Response to novelty 
predicts the locomotor and nucleus accumbens dopamine response to cocaine. Synapse 
9:121–128. 
 
Horner CH (1993).Plasticity of the dendritic spine. Prog Neurobiol.41281- 321  
 
Host, L., Dietrich, J. B., Carouge, D., Aunis, D. & Zwiller, J.(2011) Cocaine self-
administration alters the expression of chromatin-remodelling proteins; modulation by 
histone deacetylase inhibition. J. Psychopharmacol. 25, 222–229. 
 
Hsieh J, Gage FH (2005) Chromatin remodeling in neural development and plasticity. 
Curr Opin Cell Biol 17:664–671. 
 
Huang, E.J. & Reichardt, L.F.(2003) Trk receptors: roles in neuronal signal transduction. 
Annu.Rev. Biochem. 72, 609–642. 
 
Ito, H., Nagano, M., Suzuki, H., and Murakoshi, T. (2010). Chronic stress enhances 
synaptic plasticity due to disinhibition in the anterior cingulate cortex and induces hyper-
locomotion in mice. Neuropharmacology 58, 746-757. 
 
Isgor C., Sengelaub DR. (2003) Effects of neonatal gonadal steroids on adult CA3 
pyramidal neuron dendritic morphology and spatial memory in rats.  J Neurobiol 
55(2):179-90.  
 
Isgor C, Kabbaj M, Akil H, Watson SJ.(2004a): Delayed effects of chronic variable stress 
during peripubertal-juvenile period on hippocampal morphology and on cognitive and 
stress axis functions in rats. Hippocampus; 14(5):636–648. 
 
Isgor C, Slomianka L, Watson SJ (2004b). Hippocampal mossy fibre terminal field size is 
differentially affected in a rat model of risk-taking behavior. Behav Brain Res 153(1):7-
14. 

Ivanco TL, Greenough WT. (2002). Altered mossy fibre distribution in adult Fmr1 (FVB) 
knockout mice.  Hippocampus 12:47-54. 
 
Jacobson-Pick, S., and Richter-Levin, G. (2010). Differential impact of juvenile stress 
and corticosterone in juvenility and in adulthood, in male and female rats. Behavioural 
brain research 214, 268-276. 
 



136 

Jacobson-Pick, S., Audet, M.C., Nathoo, N., and Anisman, H. (2011). Stressor 
experiences during the juvenile period increase stressor responsivity in adulthood: 
transmission of stressor experiences. Behavioural brain research 216, 365-374. 
 
Jaenisch R, Bird A. (2003): Epigenetic regulation of gene expression: how the genome 
integrates intrinsic and environmental signals. Nat Genet 33(Suppl) 245–254. 
 
Jama A, Cecchi M, Calvo N, Watson SJ, Akil H.(2008). Inter-individual differences in 
novelty-seeking behavior in rats predict differential responses to desipramine in the 
forced swim test. Psychopharmacology (Berl);198:333–40. 
 
Jankord R, Solomon MB, Albertz J, Flak JN, Zhang R, Herman JP. (2011). Stress 
Vulnerability during Adolescent Development in Rats. Endocrinology 152: 629–638. 
 
Jones EG, Powell TP. (1969). Morphological variations in the dendritic spines of the 
neocortex. J Cell Sci;5:509–529. 
 
Kabbaj, M., Akil, H., (2001). Individual differences in novelty-seeking behavior in rats: a 
c-fos study. Neuroscience 106, 535–545. 
 
Kabbaj M, Devine DP, Savage VR, Akil H. (2000): Neurobiological correlates of 
individual differences in novelty-seeking behavior in the rat: differential expression of 
stress-related molecules. J Neurosci; 20:6983–6988. 
 
Kabbaj M, Isgor C, Watson SJ, Akil H. (2002). Stress during adolescence alters 
behavioral sensitization to amphetamine. Neuroscience 113(2):395-400.  
 
Kabbaj M, Isgor, C. (2007):  Effects of chronic environmental and social stimuli during 
adolescence on mesolimbic dopaminergic circuitry markers. Neurosci Lett 422(1):7-12. 
 
Karege F, Vaudan G, Schwald M, Perroud N, La Harpe R (2005): Neurotrophin levels in 
postmortem brains of suicide victims and the effects of antemortem diagnosis and 
psychotropic drugs. Brain Res Mol Brain Res 136: 29–37. 
 
Karl A, Schaefer M, Malta LS, Dörfel D, Rohleder N, Werner A (2006) A meta-analysis 
of structural brain abnormalities in PTSD. Neurosci Biobehav Rev 30:1004–1031 
 
Kasai H, Matsuzaki M, Noguchi J, Yasumatsu N, Nakahara H. (2003). Structure-
stability-function relationships of dendritic spines. Trends Neurosci 26:360–368. 
 
Katz RJ, Roth KA, Carroll BJ. (1981). Acute and chronic stress effects on open field 
activity in the rat: implications for a model of depression. Neurosci Biobehav Rev 5:247–
251. 
 



137 

Kessler, R. C., and Magee, W. J. (1993). Childhood adversities and adult depression: 
basic patterns of associa-tion in a US national survey. Psychol. Med. 23, 679–690. 

Kleen JK, Sitomer MT, Killeen PR, Conrad CD. (2006).Chronic stress impairs spatial 
memory and motivation for reward without disrupting motor ability and motivation to 
explore. Behav. Neurosci., 120, pp. 842–851 

Knott GW, Quairiaux C, Genoud C, Welker E (2002). Formation of dendritic spines with 
GABAergic synapses induced by whisker stimulation inadult mice. Neuron;34:265–273. 
 
Kobayashi K. (2009).Targeting the hippocampal mossy fiber synapse for the treatment of 
psychiatric disorders. Mol Neurobiol 39(1):24-36 

Kotov R, Gamez W, Schmidt F, Watson D. (2010). Linking “big” personality traits to 
anxiety, depressive, and substance use disorders: a meta-analysis. Psychol Bull ;136:768–
821. 
 
Kumar, A. et al. (2005) Chromatin remodeling is a key mechanism underlying cocaine-
induced plasticity in striatum. Neuron 48, 303–314. 
 
Kuzumaki N, Ikegami D, Tamura R, Hareyama N, Imai S, Narita M, Torigoe K, Niikura 
K et al. (2010). Hippocampal epigenetic modification at the brain-derived neurotrophic 
factor gene induced by an enriching environment. Hippocampus 21:127-132. 
 
Langley B, Gensert JM, Beal MF, Ratan RR. (2005).Remodeling chromatin and stress 
resistance in the central nervous system: Histone deacetylase inhibitors as novel and 
broadly effective neuroprotective agents. Curr Drug Targets CNS Neurol Disord;4:41–
50. 
 
Lee J, Duan W, Mattson MP. (2002). Evidence that brain-derived neurotrophic factor is 
required for basal neurogenesis and mediates, in part, the enhancement of neurogenesis 
by dietary restriction in the hippocampus of adult mice. J Neurochem 82:1367–1375. 
 
Lee, R., Kermani, P., Teng, K.K. & Hempstead, B.L.(2001) Regulation of cell survival 
by secreted proneurotrophins. Science 294, 1945–1948. 
 
Llado J, Haenggeli C, Maragakis NJ, Snyder EY, Rothstein JD (2004) Neural stem cells 
protect against glutamate-induced excitotoxicity and promote survival of injured motor 
neurons through the secretion of neurotrophic factors. Mol Cell Neurosci 27: 322–331. 
 
Lawrence JJ, McBain CJ, (2003). Interneuron diversity series: containing the detonation-
feedforward inhibition in the CA3 hippocampus. Trends Neurosci. 26(11):631-40. 
 



138 

Lu P, Jones LL, Snyder EY, Tuszynski MH (2003) Neural stem cells constitutively 
secrete neurotrophic factors and promote extensive host axonal growth after spinal cord 
injury. Exp Neurol 181: 115–129. 
 
Lu Y, Christian K, Lu B (2008) BDNF: a key regulator for protein synthesis dependent 
LTP and long term memory. Neurobiol Learn Mem 89:312–323. 
 

Lukkes JL, Mokin MV, Scholl JL, Forster GL (2009) Adult rats exposed to early-life 
social isolation exhibit increased anxiety and conditioned fear behavior, and altered 
hormonal stress response. Horm Behav 55(1):248-56. 
 
Maccari S, Piazza PV, Deminiere JM, Lemaire V, Mormede P, Simon H, Angelucci L, 
Le Moal M. (1991). Life events-induced decrease of corticosteroid type I receptors is 
associated with reduced corticosterone feedback and enhanced vulnerability to 
amphetamine self-administration. Brain Res 547: 7-12. 
 
MacQueen GM, Campbell S, McEwen BS, Macdonald K, Amano S, Joffe RT et al 
(2003). Course of illness, hippocampal function, and hippocampal volume in major 
depression. Proc Natl Acad Sci USA 100: 1387–1392. 
 
Magariños AM, McEwen BS.(1995a). Stress-induced atrophy of apical dendrites of 
hippocampal CA3c neurons: comparison of stressors. Neuroscience, 69 , pp. 83–88 
 
Magarinos AM, McEwen BS (1995b). Stress-induced atrophy of apical dendrites of 
hippocampal CA3c neurons: involvement of glucocorticoid secretion and excitatory 
amino acid receptors. Neuroscience 69:89–98. 
 
Magariños AM, McEwen BS, Flügge G, Fuchs E. (1996).Chronic psychosocial stress 
causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate 
tree shrews. J Neurosci  16(10):3534-3540. 

Magariños A.M, Verdugo J.M., McEwen B.S. (1997).Chronic stress alters synaptic 
terminal structure in hippocampus.Proc Natl Acad Sci USA, 94 , pp. 14002–14008 

Magariños AM, Li CJ, J. Gal Toth, Bath KG, Jing D, Lee FS, McEwen BS.(2011).Effect 
of brain-derived neurotrophic factor haploinsufficiency on stress-induced remodeling of 
hippocampal neurons.Hippocampus, 21, pp. 253–264 
 
Malberg JE, Duman RS (2003): Cell proliferation in adult hippocampus is decreased by 
inescapable stress: Reversal by fluoxetine treatment. Neuropsychopharmacology 
28:1562–1571. 
 
Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000): Effects of antidepressant treatment 
and learned helplessness training on hippocampal neurogenesis in adult rat. Soc Neurosci 
Abstr 26:1044 



139 

Margueron R, Trojer P, Reinberg D. (2005): The key to development: interpreting the 
histone code? Curr Opin Genet Dev 15:163–176 
 
Mori M, Abegg MH, Gähwiler BH, Gerber U, (2004). A frequency-dependent switch 
from inhibition to excitation in a hippocampal unitary circuit. Nature. 431(7007):453-6. 
 
Marks PA, Miller T, Richon VM. (2003): Histone deacetylases. Curr Opin Pharmacol 
3:344–351. 

Martin, E.I., Ressler, K.J., Binder, E., Nemeroff, C.B., (2009). The neurobiology of 
anxiety disorders: brain imaging, genetics, and psychoneuroendocrinology. Psychiatr. 
Clin. N. Am. 32 (3),549-575. 
 
Mathews IZ, Wilton A, Styles A, McCormick CM. (2008). Increased depressive 
behaviour in females and heightened corticosterone release in males to swim stress after 
adolescent social stress in rats. Bhav Brain Res. Jun 26;190(1):33-40. 

McAllister AK, Katz LC, Lo DC (1999). Neurotrophins and synaptic plasticity. Annu 
Rev Neurosci 22:295–318. 

McCormick CM, Smith C, Mathews IZ  (2008). Effects of chronic social stress in 
adolescence on anxiety and neuroendocrine response to mild stress in male and female 
rats. Behav Brain Res.;187(2):228-38. 

McCormick CM, Mathews IZ (2010). Adolescent development, hypothalamicpituitary- 
adrenal function, and programming of adult learning and memory. Prog 
Neuropsychopharm Biol Psychiatry, 34:756-765. 
 
McEwen BS, Albeck D, Cameron H, Chao HM, Gould E, et al. (1995). Stress and the 
brain: a paradoxical role for adrenal steroids. In Vitamins And Hormones, ed. GD 
Litwack, pp. 371–402. New York: Academic 
 
McEwen, B.S. (1999). Stress and hippocampal plasticity. Annu. Rev. Neurosci. 22: 105-
122. 
 
McEwen, B.S. (2000). Allostasis and allostatic load: implications for 
neuropsychopharmacology. Neuropsychopharmacology 22, 108–124. 
 
McEwen B.S., (2007).  Physiology and neurobiology of stress and adaptation: central role 
of the brain, Physiol. Rev. 87 873–904. 
 
McKittrick CR, Magarinos AM, Blanchard DC, Blanchard RJ, McEwen BS, Sakai 
RR.(2000). Chronic social stress reduces dendritic arbors in CA3 of hippocampus and 
decreases binding to serotonin transporter sites. Synapse 36: 85–94. 
 



140 

McLaughlin KJ, Baran SE, Conrad CD. (2009). Chronic stress- and sex-specific 
neuromorphological and functional changes in limbic structures. Mol Neurobiol 40:166–
182. 
 
Mineur YS, Crusio WE. (2002).Behavioral and neuroanatomical characterization of 
FVB/N inbred mice. Brain Res Bull; 57:41-47. 
 
Mitra R, Jadhav S, McEwen BS, Vyas A, Chattarji S. (2005). Stress duration modulates 
the spatiotemporal patterns of spine formation in the basolateral amygdala. Proc Natl 
Acad Sci USA 102(26):9371-6. 

Mizoguchi K, Ishige A, Aburada M, Tabira T. (2003). Chronic stress attenuates 
glucocorticoid negative feedback: involvement of the prefrontal cortex and hippocampus. 
Neuroscience; 119: 887-897.  

Mongiat LA, Esposito MS, Lombardi G, Schinder AF (2009) Reliable activation of 
immature neurons in the adult hippocampus. PLoS One 4: e5320. 
 
Murgatroyd C., Spengler D. (2011). Epigenetics of early child development. Front. 
Psychiatry 2:16. doi: 10.3389 

Murray, F., Smith, D.W., Hutson, P.H., (2008). Chronic low dose corticosterone 
exposure decreased hippocampal cell proliferation, volume and induced anxiety and 
depression like behaviours in mice. Eur. J. Pharmacol. 583, 115—127. 
 
Moghaddam B, Boliano ML, Stein-Behrens B, Sapolsky R. (1994). Glucocorticoids 
mediate the stress-induced extracellular accumulation of glutamate. Brain Res. 655:251-
54 
 
Mori-Kawakami F, Kobayashi K, Takahashi T. (2003).Developmental decrease in 
synaptic facilitation at the mouse hippocampal mossy fibre synapse.  J Physiol 553:37-48. 
 
Nair A, Vadodaria KC, Banerjee SB, Benekareddy M, Dias BG, Duman RS et al. (2007)  
Stressor-specific regulation of distinct brain-derived neurotrophic factor transcripts and 
cyclic AMP response element-binding protein expression in the postnatal and adult rat 
hippocampus, Neuropsychopharmacology 32:1504–19. 

Nemeroff, C.B., et al., (1992). Adrenal gland enlargement in major depression. A 
computed tomographic study. Arch. Gen. Psychiatry  49 (5), 384—387. 
 
Nestler E.J., Barrot M., DiLeone R.J., Eisch A.J., Gold S.J., and Monteggia L.M. (2002). 
Neurobiology of Depression. Neuron, 34:13–25, 
 
Nimchinsky EA, Sabatini BL, Svoboda K (2002) Structure and function of dendritic 
spines. Annu Rev Physiol, 64:313-353. 
 



141 

Norrholm, S.D., and Ouimet, C.C. (2001). Altered dendritic spine density in animal 
models of depression and in response to antidepressant treatment. Synapse 42, 151–163. 
 
Ostroff, L.E., Fiala, J.C., Allwardt, B., Harris, K.M., (2002). Polyribosomes redistribute 
from dendritic shafts into spines with enlarged synapses during LTP in developing rat 
hippocampal slices. Neuron 35, 535–545. 
 
Pandey SC, Ugale R, Zhang H, Tang L, Prakash A.(2008). Brain chromatin remodeling: 
a novel mechanism of alcoholism. J Neurosci 28:3729–3737. 
 
Parent JM, Yu TW, Leibowitz RT, Geshwind DH, Sloviter RS, Lowenstein DH.(1997). 
Dentate granule cell neurogenesisis increased by seizures and contributes to aberrant 
network reorganization in the adult rat hippocampus. J Neurosci 17:3727-3738. 

Pariante CM, Lightman SL. (2008). The HPA axis in major depression: 
classical theories and new developments. Trends Neurosci.; 39(9):464–468. 

Pariante, C.M., (2009). Risk factors for development of depression and psychosis. Ann. 
N. Y. Acad. Sci. 1179, 144—152. 
 
Parker K. J., Schatzberg A. F. and Lyons D. M. (2003) Neuroendocrine aspects of 
hypercortisolism in major depression. Horm. Behav. 43,60–66. 
 
Parnass Z, Tashiro A, Yuste R. (2000). Analysis of spine morphological plasticity in 
developing hippocampal pyramidal neurons. Hippocampus;10:561–568. 
 
Patton G.C., Viner R., (2007).  Pubertal transitions in health, Lancet 369 1130–1139 
 
Paxinos G, Watson C. (1982).The rat brain in stereotaxic coordinates. 2nd ed. San Diego, 
CA: Academic Press          
 
Penza, K. M., Heim, C., and Nemeroff, C. B. (2003). Neurobiological effects of child- 
hood abuse: implications for the patho- physiology of depression and anxiety. Arch. 
Womens Ment. Health 6, 15–22. 
 
Peters A, Kaiserman-Abramof IR. (1970). The small pyramidal neuron of the rat cerebral 
cortex. The perikaryon, dendrites and spines. Am. J. Anat. 127:321–55 
 
Piazza, P.V., and Le Moal, M. (1998). The role of stress in drug self-administration. 
Trends in pharmacological sciences 19, 67-74. 
 
Piazza PV, Deminiere JM, Le Moal M, Simon H. (1989): “Factors that predict individual 
vulnerability to amphetamine self-administration. Science; 245:1511–1513. 
 



142 

Piazza PV, Deroche V, Deminière JM, Maccari S, Le Moal M, Simon H, (1993). 
Corticosterone in the range of stress-induced levels possesses reinforcing properties: 
implications for sensation-seeking behaviors. Proc Natl Acad Sci U S A. 90(24):11738- 
42. 
 
Piazza PV, Le Moal ML (1996) Pathophysiological basis of vulnerability to drug abuse: 
role of an interaction between stress, glucocorticoids, and dopaminergic neurons. Annu 
Rev Pharmacol Toxicol 36:359–378. 
 
Piazza PV, Deroche-Gamonet V, Rouge-pont F, LeMoal M (2000). Vertical shifts in self-
administration dose-response functions predict a drug-vulnerable phenotype predisposed 
to addiction. J. Neurosci. 20:4226-4232 
 
Pittenger C, Duman RS (2008) Stress, depression, and neuroplasticity: a convergence of 
mechanisms. Neuropsychopharmacology 33(1):88–109 

Pillai AG, de Jong D, Kanatsou S, Krugers H, Knapman A, Heinzmann JM, Holsboer F, 
Landgraf R, Joëls M, Touma C.(2012).Dendritic morphology of hippocampal and 
amygdalar neurons in adolescent mice is resilient to genetic differences in stress 
reactivity.PLoS One. 7(6):e38971. Epub 2012 Jun 12. 

Pobbe RL, Zangrossi H Jr (2005) 5-HT(1A) and 5-HT(2A) receptors in the rat dorsal 
periaqueductal gray mediate the antipanic-like effect induced by the stimulation of 
serotonergic neurons in the dorsal raphe nucleus. Psychopharmacology (Berl) 183:314–
321. 
 
Porsolt RD, Bertin A, Jalfre M. (1977). Behavioral despair in mice: a primary screening 
test for antidepressants. Arch Int Pharmacodyn Ther 229: 327-336. 
 
Radley JJ, Sisti HM, Hao J, Rocher AB, McCall T, Hof PR, Mcewen BS, et al. (2004). 
Chronic behavioral stress induces apical dendritic reorganization in pyramidal neurons of 
the medial prefrontal cortex.Neuroscience 125:1–6.  
 
Ramboz S, Oosting R, Amara DA, et al. (1998) Serotonin receptor 1A knockout: an 
animal model of anxiety- related disorder. Proc Natl Acad Sci U S A;95:14476-14481. 
 
Rauskolb S., Zagrebelsky M., Dreznjak A. et al. (2010) Global deprivation of brain-
derived neurotrophic factor in the CNS reveals an area-specific requirement for dendritic 
growth. J. Neurosci. 30, 1739–1749. 
 
Romieu P, Host L, Gobaille S, Sandner G, Aunis D, Zwiller J. (2008). Histone 
deacetylase inhibitors decrease cocaine but not sucrose self-administration in rats. J 
Neurosci 28: 9342–9348 
 



143 

Roullet P, Lassalle JM.(1993). Spontaneous exploration, response plus position learning 
and hippocampal mossy fibre distribution: a correlational study. Behav Process  29:217-
228. 
 
Ribeiro SC, Tandon R, Grunhaus L, Greden JF (1993). The DST as a predictor of 
outcome in depression: a meta-analysis. Am J Psychiatry 150:1618–1629 
 
Risbrough, V.B., Stein, M.B., (2006). Role of corticotropin releasing factor in anxiety 
disorders: a translational research perspective. Horm. Behav. 50 (4), 550—561. 
 
Roceri M, Hendriks W, Racagni G, Ellenbroek BA, Riva MA (2002).  Early maternal 
deprivation reduces the expression of BDNF and NMDA receptor subunits in rat 
hippocampus.  Mol Psychiatry 7:609–16. 
 
Rusakov D. A., Davies H. A., Harrison E., Diana G., Richter-Levin G., Bliss T. V. P. and 
Stewart M. G. (1997) Ultrastructural synaptic correlates of spatial learning in rat 
hippocampus. Neuroscience 80, 69–77. 
 
Sacher, J., et al., 2011. Mapping the depressed brain: a meta-analysis of structural and 
functional alterations in major depressive disorder. J. Affect. Disord. 140, 142–148. 
 
Sairanen M, Lucas G, Ernfors P, Castren M, Castren E. (2005). Brain-derived 
neurotrophic factor and antidepressant drugs have different but coordinated effects on 
neuronal turnover, proliferation, and survival in the adult dentate gyrus. J Neurosci 
25:1089–1094. 
 
Sanchez MM, Aguado F, Sanchez-Toscano F, Saphier D. (1998).Neuroendocrine and 
immunocytochemical demonstrations of decreased hypothalamo-pituitary-adrenal axis 
responsiveness to restraint stress after long-term social isolation. Endocrinology 139:579-
587. 

Sandi C, Davies H.A., Cordero M.I, Rodriguez J.J, Popov V.I, Stewart MG.(2003).Rapid 
reversal of stress induced loss of synapses in CA3 of rat hippocampus following water 
maze training.Eur J Neurosci, 17 , pp. 2447–2456 
 
Santini V, Gozzini A, Ferrari G.(2007). Histone deacetylase inhibitors: Molecular and 
biological activity as a premise to clinical application. Curr Drug Metab;8:383–393. 
 
Sapolsky RM, Krey LC, McEwen BS. (1984). Stress down-regulates corticosterone 
receptors in a site-specific manner in the brain. Endocrinology; 114: 287-292.  

Sapolsky RM, Uno H, Robert CS, Finsh CE (1990). Hippocampal damage associated 
with prolonged glucocorticoid exposure in primates. J Neurosci, 10:2897-2902. 
 



144 

Sapolsky, R.M. (2000a). Glucocorticoids and hippocampal atrophy in neuropsychiatric 
disorders. Arch. Gen. Psychiatry 57, 925–935. 
 
Sapolsky R.M., Romero L.M., Munck A.U., (2000b).  How do glucocorticoids influence 
stress responses? Integrating permissive, suppressive, stimulatory, and preparative 
actions, Endocrine Rev. 21 55–89.  
 
Schechter, L.E., Bolanos, F.J., Gozlan, H., Lanfumey, L., Haj-Dahmane, S., Laporte, 
A.M., Fattaccini, C.M., Hamon, M., (1990). Alterations of central serotoninergic and 
dopaminergic neurotransmission in rats chronically treated with ipsapirone: biochemical 
and electrophysiological studies. J. Pharmacol. Exp. Ther. 255, 1335–1347. 
 
Schjetnan AG, Escobar ML. (2010).In vivo BDNF modulation of hippocampal mossy 
fiber plasticity induced by high frequency stimulation. Hippocampus  
 
Schmidt-Hieber C, Jonas P, Bischofberger J (2004) Enhanced synaptic plasticity in newly 
generated granule cells of the adult hippocampus. Nature 429:184–187. 
 
Schroeder FA, Lin CL, Crusio WE, Akbarian S. (2007).Antidepressant-like effects of the 
histone deacetylase inhibitor, sodium butyrate, in the mouse. Biol Psychiatry;62:55–64. 
 
Sheline, Y. I., Wang, P. W., Gado, M. H., Csernansky, J. C., & Vannier, M. W. (1996). 
Hippocampal atrophy in recurrent major depression. Proceedings of the National 
Academy of Sciences, USA, 93, 3908 –3913. 
 
Sheline, Y.I., Sanghavi, M., Mintun, M.A., and Gado, M.H. (1999). Depression duration 
but not age predicts hippocampal volume loss in medically healthy women with recurrent 
major depression. J. Neurosci. 19, 5034–5043. 
 
Shi, Y. et al. (2004). Histone demethylation mediated by the nuclear amine oxidase 
homolog LSD1. Cell 119, 941–953  
 
Smith MA, Makino S, Kvet R, Anskya N, Robert M. (1995): Post: Effects of Stress on 
Neurotrophic Factor Expression in the Rat Brain”. Annals of the New York Academy of 
Sciences: 771, 234–239 
 
Smith S.M., Vale W.W.(2006). The role of the hypothalamic–pituitary–adrenal axis in 
neuroendocrine responses to stress, Dial. Clin. Neurosci. 8 383–395. 
 
Sousa N, Madeira MD, Paula-Barbosa MM (1998). Effect of corticosterone treatment and 
rehabilitation on the hippocampal formation of neonatal and adult rats. An unbiased 
stereological study. Brain Res. 794:199-210 



145 

Sousa N, Lukoyanov N.V., Madeira M.D., Almeida O.F., Paula-Barbosa M.M. (2000). 
Reorganization of the morphology of hippocampal neurites and synapses after stress-
induced damage correlates with behavioral improvement. Neuroscience, 97, pp. 253–266 
 
Spacek, J., Harris, K.M., (1997). Three-dimensional organization of smooth endoplasmic 
reticulum in hippocampal CA1 dendrites and dendritic spines of the immature and mature 
rat. J. Neurosci. 17, 190–203. 
 
Spear LP. (2000). The adolescent brain and age-related behavioral manifestations. 
Neurosci Biobehav Rev, 24:417-463. 
 
Stedenfeld, K. A, Clinton, S. M., Kerman, I. A, Akil, H., Watson, S. J., & Sved, A. F. 
(2011). Novelty-seeking behavior predicts vulnerability in a rodent model of depression. 
Physiology & Behavior, 103, 210-216. 
 
Stockmeier CA, Mahajan GJ, Konick LC, Overholser JC, Jurjus GJ, Meltzer HY et al 
(2004). Cellular changes in the postmortem hippocampus in major depression. Biol Psych 
56: 640–650. 
 
Strahl BD, Allis CD. (2000): The language of covalent histone modifications. Nature 
403:41–45. 

Sunanda Rao MS, Raju TR. (1995) Effect of chronic restraint stress on dendritic spines 
and excrescences of hippocampal CA3 pyramidal neurons—A quantitative study. Brain 
Research;694:312–317. 
 
Suri D, Vaidya VA.(2012) Glucocorticoid regulation of brain-derived neurotrophic 
factor: Relevance to hippocampal structural and functional plasticity. Neuroscience, 
article in press 
 
Suto N, Austin JD, Vezina P. (2001) Locomotor response to novelty predicts a rat's 
propensity to self-administer nicotine. Psychopharmacology (Berl), 158, 175-180. 
 
Taghzouti, K., Lamarque, S., Kharouby, M., Simon, H., (1999). Interindividual 
differences in active and passive behaviors in the forced-swimming test: implications for 
animal models of psychopathology. Biol. Psychiatry 45, 750–758. 
 
Terranova ML, Cirulli F, Laviola G. (1999). Behavioral and hormonal effects of partner 
familiarity in periadolescent rat pairs upon novelty exposure. Psychoneuroendocrinology 
24:639–656. 
 
Thoenen H (1995): Neurotrophins and neuronal plasticity. Science 270:593–598. 
 



146 

Tirelli E, Laviola G, Adriani W. (2003). Ontogenesis of behavioral sensitization and 
conditioned place preference induced by psychostimulants in laboratory rodents. 
Neurosci Biobehav Rev 27:163–78. 
 
Toledo-Rodriguez, M., and Sandi, C. (2011). Stress during Adolescence Increases 
Novelty Seeking and Risk-Taking Behavior in Male and Female Rats. Frontiers in 
behavioral neuroscience 5, 17. 
 
Toni N, Laplagne DA, Zhao C, Lombardi G, Ribak CE, et al. (2008). Neurons born in the 
adult dentate gyrus form functional synapses with target cells. Nat Neurosci 11: 901–907. 
 
Toth E, Gersner R, Wilf-Yarkoni A, Raizel H, Dar DE, Richter-Levin G et al.(2008). 
Age-dependent effects of chronic stress on brain plasticity and depressive behavior. J 
Neurochem 107:522–532. 
 
Tsankova NM, Kumar A, Nestler EJ (2004). Histone modifications at gene promoter 
regions in rat hippocampus after acute and chronic electroconvulsive seizures. J 
Neurosci, 24:5603-10. 
 
Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler EJ. (2006). Sustained 
hippocampal chromatin regulation in a mouse model of depression and antidepressant 
action. Nat Neurosci; 9(4):519-525.  
 
Tsankova N.M., Renthal W, Kumar A, Nestler EJ.(2007). Epigenetic regulation in 
psychiatric disorders. Nat Rev Neurosci. 8(5):355-67 

Tsoory, M., Cohen, H., Richter-Levin, G., (2007). Juvenile stress induces a 
predisposition to either anxiety or depressive-like symptoms following stress in 
adulthood. Eur. Neuropsychopharmacol. 17, 245–256 
 
Vaidya VA, Siuciak JA, Du F, Duman RS. (1999).Hippocampal mossy fiber sprouting 
induced by chronic electroconvulsive seizures. Neuroscience 89:157-166. 

Vaidya, V.A., and Duman, R.S. (2001). Depresssion–emerging sights from neurobiology. 
Br. Med. Bull. 57, 61–79. 
 
Vasic N, Walter H, Hose A,Wolf RC (2008) Gray matter reduction associated with 
psychopathology and cognitive dysfunction in unipolar depression: a voxel-based 
morphometry study. J Affect Disord 109(1–2):107–116 
 
Verdone L, Caserta M, Di Mauro E (2005). Role of histone acetylation in the control of 
gene expression. Biochem Cell Biol 83:344 –353. 
 
Videbech, P., & Ravnkilde, B. (2004). Hippocampal volume and depression: A meta-
anlaysis of MRI studies. American Journal of Psychiatry, 161, 1957–1966. 



147 

Vinogradova OS. (2001).Hippocampus as comparator: role of the two input and two 
output systems of the hippocampus in selection and registration of information. 
Hippocampus 11:578-598. 
 
Vollmayr B, Faust H, Lewicka S, Henn FA (2001). Brain-derived-neurotrophic-factor 
(BDNF) stress response in rats bred for learned helplessness.  Mol Psychiatry 358:471–4. 
 
Vollmayr B, Simonis C, Weber S, Gass P, Henn F (2003). Reduced cell proliferation in 
the dentate gyrus is not correlated with the development of learned helplessness. Biol 
Psychiatry 54:1035–1040. 
 
Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S (2002) Chronic stress induces 
contrasting patterns of dendritic modeling in hippocampal and amygdaloid neurons. J 
Neurosci 22:6810-18. 
 
Vyas, A., Jadhav, S., Chattarji, S., (2006). Prolonged behavioral stress enhances synaptic 
connectivity in the basolateral amygdala. Neuroscience 143, 387–393. 
 
Wang S, Scott BW, Wojtowicz JM (2000). Heterogenous properties of dentate granule 
neurons in the adult rat. J Neurobiol 42: 248–257. 
 
Warner-Schmidt JL, Duman RS.(2006). Hippocampal neurogenesis: opposing effects of 
stress and antidepressant treatment. Hippocampus 16:239-249. 

Watanabe Y, Gould E, Daniels DC, Cameron H, McEwen BS (1992a). Tianeptine 
attenuates stress-induced morphological changes in the hippocampus. Eur J Pharmacol 
222:157–162. 

Watanabe Y., Gould E., McEwen BS. (1992b).Stress induces atrophy of apical dendrites 
of hippocampal CA3 pyramidal neurons. Brain Res, 588, pp. 341–345 
 
Watanabe Y, Weiland NG, McEwen BS. 1995. Effects of adrenal steroid manipulations 
and repeated restraint stress on dynorphin mRNA levels and excitatory amino acid 
receptor binding in hippocampus. Brain Res. 680: 217–25 
 
Wignall EL, Dickson JM, Vaughan P, Farrow TF, Wilkinson ID, Hunter MD, Woodruff 
PW (2004) Smaller hippocampal volume in patients with recent-onset posttraumatic 
stress disorder. Biol Psychiatry 56(11):832–836 

 
Wilkin MM, Waters P, McCormick CM, Menard JL (2012), Intermittent physical stress 
during early- and mid-adolescence differentially alters rats’ anxiety- and depression-like 
behaviours in adulthood. Behav Neurosci 126:344-360. 
 



148 

Witter MP, Groenewegen HJ, Lopes da Silva FH, Lohman AHM.(1989). Functional 
organization of the extrinsic and intrinsic circuitry of the parahippocampal region. Prog 
Neurobiol 1989; 33:161-253. 
 
Wolffe AP. (1994). Nucleosome positioning and modification: Chromatin structures that 
potentiate transcription. Trends Biochem Sci;19:240–244. 
 
Yan Q, Rosenfeld RD, Matheson CR, Hawkins N, Lopez OT, Bennett L, Welcher AA 
(1997). Expression of brain-derived neurotrophic factor protein in the adult rat central 
nervous system. Neuroscience 78:431– 448. 
 
Yang J, Siao C, Nagappan G, Marinic T, Jing D, McGrath K, Chen ZY, Mark W, 
Tessarollo L, Lee FS, Lu B, Hempstead BL. (2009). Neuronal release of proBDNF. 
Nature neuroscience 12:2 
 
Yeh CM, Huang CC, Hsu KS (2012) Prenatal stress alters hippocampal synaptic 
plasticity in young rat offspring through preventing the proteolytic conversion of pro-
brain-derived neurotrophic factor (BDNF) to mature BDNF. J Physiol 590: 991–1010. 
 
Yuste, R., and Bonhoeffer, T. (2001). Morphological changes in dendritic spines 
associated with long-term synaptic plasticity. Annu. Rev. Neurosci. 24, 1071–1089 
 
Zuckerman M, Neeb M, (1979). Sensation seeking and psychopathology. Psychiatry Res 
1(3):255-64.          
 
Zuckerman M. (1990): The psychophysiology of sensation seeking. J Pers; 58:313–345. 
 
Zuckerman M. (2004). The shaping of personality: genes, environments, and chance 
encounters. J Pers Assess 82:11-22. 
 

 


