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1.1 Stress changes the brain 

Challenging or stressful situations require immediate individual physiological and 

behavioral responses in order to handle or even to survive threatening events. The 

resulting stress response requires the activation of several organs in order to alert the 

body for flight or fight (Selye, 1973). Even though these immediate responses are 

conducted to survive, repetitive stressful experiences might have harmful effects on the 

body, on the brain and as a consequence, on the behavior. Glucocorticoids and 

catecholamines are the key mediators of the stress response and released upon 

stimulation of the hypothalamus-pituitary-adrenal (HPA) axis and the sympathetic 

nervous system (Koolhaas et al., 1997). These neuroendocrine substances can activate 

different organs in order to respond to stressful events, but under chronic exposure they 

may have deleterious effects (Chrousos, 1998). For example, chronic stress exposure 

results in reduced neurogenesis in the dentate gryus of the hippocampal formation 

(Gould and Tanapat, 1999; Gould et al., 1997; Czeh et al., 2000) retraction of dendrites 

in pyramidal neurons in the hippocampal cornu ammonis area CA3 and the prefrontal 

cortex (PFC) (Magarinos and McEwen, 1995a; Watanabe et al., 1992c; Radley et al., 

2004, 2006; Cook and Wellman, 2004). The increased level of corticosterone and the 

structural reorganization of neurons in different brain areas produced by stress have 

been linked with impairments in memory and learning (Liston et al., 2006; Miracle et al., 

2006 ; Radley and Morrison, 2005). Studies in humans revealed a strong correlation 

between the onset of major depression and previous stressful life experiences (Kessler, 

1997). Moreover, in clinical studies, structural brain modifications in depressed patients 

are similar that those found in animal models of chronic stress (such as decreased 

volume or neuronal size in hippocampus and PFC) (Bremner et al., 2000; Rajkowska et 

al., 1999). Therefore, repeated or long-lasting stressors might cause physiological and 

functional impairments in the mammalian brain, resulting in mal-adaptive behaviors or 

even disease (i.e. depression or post-traumatic stress disorder, PTSD). Studying the 

consequences of stress on the brain’s structure and function might help to understand 

the circuitry involved in the stress response and might help to create better 

psychological, social and medical strategies to avoid pathological conditions commonly 

triggered by chronic stress.  
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1.2 Plasticity of the brain: adaptive or mal-adaptive changes  

 
As mentioned above, chronic restraint stress causes retraction of apical 

dendrites in the CA3 region of the hippocampus (Magarinos and McEwen, 1995a; 

Watanabe et al., 1992c) and in the PFC (Cook and Wellman, 2004; Radley et al., 2004). 

These structural modifications can be mimicked by chronic administration of the 

glucocorticoid hormone corticosterone (Watanabe et al., 1992b; Wellman, 2001). 

Corticosterone (rats) and cortisol (man) binds to two receptor types, the glucocorticoid 

(GR) and the mineralocorticoid receptor (MR). The MRs have restricted localization in 

limbic brain regions, such as the hippocampus, septal and amygdala nuclei but also in 

motor nuclei of the brainstem. By contrast, GRs are much widely distributed, and are 

found both in neurons and glial cells (see Joels, 2001). These two receptors do not only 

differ with respect to distribution pattern, but also in their binding properties. The MRs 

bind corticosterone in vivo with a 10-fold higher affinity than GRs, and consequently MRs 

are substantially occupied at basal levels of hormone, while the majority of GRs only 

become occupied at stress levels of circulating hormone (de Kloet et al., 1998). When 

activated, MR and GR are translocated to the nucleus. Depending on the amount of 

corticosteroid receptors that are activated by a stressful stimulus and its duration of its 

presence, different genes are regulated (see Meijer, 2006).  

The mechanism of action of glucocorticoids to induce plastic changes in the brain 

has been linked to the excitatory actions of glutamate. To illustrate this theory, Stein-

Behrens and colleagues have demonstrated that corticosterone administration causes 

an increase in extracellular levels of glutamate in the PFC and hippocampus (Stein-

Behrens et al., 1994). Similar increases were found in rats exposed to stressful events 

(Moghaddam, 1993; Bagley and Moghaddam, 1997; Abraham et al., 1998). 

Furthermore, by blocking NMDA receptors the stress-induced dendritic remodeling in 

dendrites of CA3 pyramidal neurons can be abolished (Magarinos and McEwen, 1995b). 

Therefore, the structural remodeling observed in CA3 and PFC pyramidal neurons after 

chronic stress have been proposed to be an adaptive mechanism to avoid neuronal 

over-excitation by increased Ca2+ levels induced by glutamate increments after stressful 

experiences (Radley and Morrison, 2005).  

There is an important difference between the hippocampal formation and the 

PFC regarding dendritic remodeling. Structural changes in hippocampal neurons can be 

detected only after three-weeks of daily stress, but not at earlier time points (Wood et al., 
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2004; Magarinos and McEwen, 2000). In contrast, pyramidal cells of the PFC show 

structural remodeling even after a single stress episode (Izquierdo et al., 2006). 

Therefore, the PFC seems to react faster to stressful events, reflecting its important 

modulatory role to other cortical and subcortical brain areas (Vertes, 2004). On the other 

hand, this dendritic retraction in the hippocampus and in the PFC can be reversed after 

termination of stress (Conrad et al., 1999; Radley et al., 2005). Thus, plastic changes in 

these brain regions seem to be necessary in order to activate and terminate distinct 

responses to environmental challenges, as adaptive mechanism. When stressors are 

long-lasting or repeated consecutively, the potential cellular plasticity (and reversibility) 

might be disrupted leading to an impaired ability to cope with the stressors and 

producing irreversible damage to several brain circuitries or a loss of homeostasis. 

Hence, irreversible plastic changes induced by chronic stress can be regarded as mal-

adaptive changes.  

1.3 Prefrontal cortex of the rat: structure and functions 

The prefrontal cortex in the mammalian brain is defined as a cortical area that 

receives reciprocal projections from the mediodorsal thalamic nuclei (Uylings et al., 

2003). The medial PFC of the rat is mainly subdivided into three cytoarchitectonic sub-

areas: infralimbic (IL), prelimbic (PL) and anterior cingulate cortex (ACx) (Krettek and 

Price, 1977; Ray and Price, 1992). Each of these sub-areas has specific cortical and 

sub-cortical connections (Vertes, 2004) and distinct physiological functions (Heidbreder 

and Groenewegen, 2003). The dorsal PFC consisting of the ACx has been linked to 

motor behavior, while the ventral region (IL and PL) has been associated with diverse 

emotional, cognitive and mnemonic processes (Heidbreder and Groenewegen, 2003). It 

has been suggested that the ACx of the rat is homologous to the supplementary motor 

and premotor cortices of non-human primates (Neafsey et al., 1986;Reep et al., 

1990;Conde et al., 1995). In contrast, more ventral regions of the PFC are linked to the 

limbic system (Heidbreder and Groenewegen, 2003). For example, lesions in the rat PL 

produce deficits in delayed response tasks (Dalley et al., 2004). Similar deficits are 

caused by lesioning the PL in non-human primates (Groenewegen and Uylings, 2000), 

associating the PL whit cognitive processes. On the other hand, stimulation of the IL 

results in changes in respiration, gastrointestinal motility, heart rate and blood pressure 

(Terreberry and Neafsey, 1987). The IL is therefore regarded as a visceromotor center 

(Neafsey, 1990). Anatomical studies have confirmed and corroborated these functional 
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specializations of the different regions of the PFC, where the IL projects mainly to 

autonomic/visceral-related sites, PL projects primarily to limbic regions which are 

involved in cognition, and ACx projects to motor centers (Vertes, 2004 ;Gabbott et al., 

2005) (see Fig 1).  

1.4 Different roles of the PFC in the stress response 

 
The PFC receives direct dopaminergic and noradrenergic projections from the 

ventral tegmental area and from the locus coerulus, respectively (van Eden et al., 1987) 

(see Fig.1). These two systems are highly activated by stress (Jedema and 

Moghaddam, 1994; Kitayama et al., 1997) causing an immediate increase in the 

concentration of both  dopamine and noradrenalin in the PFC (Sullivan and Gratton, 

1998;Jedema and Moghaddam, 1994). On the other hand, the PFC is rich in 

corticosteroid receptors (Diorio et al., 1993) which become activated during stress 

(Figueiredo et al., 2003). Electrical stimulation of the PFC altered plasma levels of 

corticosterone (Feldman and Conforti, 1985) and lesioning the ACx increased plasma 

levels of corticosterone and ACTH in response to acute stress (Diorio et al., 1993). This 

suggests that the PFC plays an important role in the regulation of the HPA axis acting as 

a negative feedback element for the termination of stress responses (Diorio et al., 

1993;Sullivan and Gratton, 1999). 

As mentioned above, there are anatomical and functional differences between 

these three PFC sub-areas. These differences are also reflected in their specific roles in 

stress reactions. For example, lesion studies have shown that after acute stress, the 

ventral (Sullivan and Gratton, 1999) and the dorsal PFC (Diorio et al., 1993) regulate the 

release of corticosterone and ACTH in an opposite way (i.e. ACx lesions increased but 

IL lesions decreased corticosterone and ACTH levels). In addition, specific behavioral 

responses such as diminished fear reactivity (Lacroix et al., 2000) were observed after 

lesions in the IL (Frysztak and Neafsey, 1991), whereas increased fear reactivity is 

detected following lesions in the PL/ACx (Morgan and LeDoux, 1995). Furthermore, 

stimulation of the IL elicited sympathetic responses (Owens and Verberne, 2001), such 

as an increase in blood pressure (al Maskati and Zbrozyna, 1989) and elevation of 

corticosterone levels (Feldman and Conforti, 1985). In contrast, stimulation of PL/ACx 

resulted in parasympathetic responses and hypotension in rats (Powell et al., 1994). On 

the other hand, it has been proposed that short-term stress affects primarily ventral 

regions of the PFC (i.e. IL) (Izquierdo et al., 2006) while chronic stress leads to the 
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recruitment of more dorsal regions (i.e. PL and ACx) (Cook and Wellman, 2004;Radley 

et al., 2004;Radley et al., 2006). Therefore, analyzing the morphological consequences 

of stress in these three different areas of the PFC would help to understand the 

functional and anatomical differences between these brain regions. 

1.5 Lateralized stress response in the prefrontal cortex  

 
Besides the anatomical and functional differences in the PFC, the frontal cortex 

has hemisphere-dependent functions. The idea that cortical areas are lateralized is well 

established, mainly for sensory and motor regions, but it is less accepted for other 

cortical locations (see Hutsler and Galuske, 2003). Broca pioneered this era with his first 

pronouncement of the frontal lobe specialization in language function specifically on the 

left hemisphere (see Berker et al., 1986). Since then, functional and anatomical studies 

on language and speech systems found evidence for a strong lateralization (see 

Davidson et al., 2000). Structural differences between hemispheres have also been 

described in language-associated cortical regions. Seldon reported quantitative 

differences in auditory regions, such as longer basal dendrites and increased branching 

in pyramidal cells from layer III on the left hemisphere (Seldon, 1981, 1982). In addition, 

hemispheric differences in size and number of neurons were described for the same 

area (Hutsler and Gazzaniga, 1996). Recently, Uylings et al. (2006) described an 

asymmetry in the volume and total number of neurons in Broca’s area BA 44 with a left-

over-right asymmetry in both male and female human brains (Uylings et al., 2006). 

However, up to now there are no studies comparing the morphology of pyramidal 

neurons in the left with those in the right hemispheres of the rat PFC. 

Higher brain functions such as emotion (in part localized in the PFC) also have a 

strong asymmetric regulation. A wide range of human studies has suggested that the 

right hemisphere plays a prominent role in processes related to emotional states 

(Davidson et al., 2000). Patients with stroke in the left frontal lobe showed a 

disproportionate incidence of depression or catastrophic reactions, while comparable 

damages to the right frontal lobe produced indifference, or mania (Robinson et al., 

1984). Furthermore, the right hemisphere is dominant in the sympathetic component of 

cardiovascular control (Yoon et al., 1997; Hilz et al., 2001), and right-biased 

asymmetries in frontal activity are associated with very high levels of plasma cortisol and 

fearful and defensive behavior (Kalin et al., 1998). 
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Figure 1. Topographic map of the main efferent projections of the prefrontal cortex 
 
Schematic sagittal sections summarizing the main efferent projection of the IL (A), PL (B) and ACx (C). Note that IL 
projections are much more widespread than PL projections, particularly to the basal forebrain, amygdala and 
hypothalamus. Abbreviations: AA, anterior area of amygdala; AHN, anterior nucleus of hypothalamus; AI,d,v, agranular 
insular cortex, dorsal, ventral divisions; AM, anteromedial nucleus of thalamus; AON, anterior olfactory nucleus; BMA, 
basomedial nucleus of amygdala; C, cerebellum; CEM, central medial nucleus of thalamus; CLA, claustrum; COA, cortical 
nucleus of amygdala; C-P, caudate/putamen; DBh, nucleus of the diagonal band, horizontal limb; DMH, dorsomedial 
nucleus of hypothalamus; DR, dorsal raphe nucleus; EN, endopiriform nucleus; IAM, interanteromedial nucleus of 
thalamus; IC, inferior colliculus; IMD, intermediodorsal nucleus of thalamus; IP, interpeduncular nucleus; LHy, lateral 
hypothalamic area; LPO, lateral preoptic area; LS, lateral septal nucleus; MEA, medial nucleus of amygdala; MO, medial 
orbital cortex; MPO, medial preoptic area; MR, median raphe nucleus; N7, facial nucleus; OT, olfactory tubercle; PBm,l, 
parabrachial nucleus, medial and lateral divisions; PFx, perifornical region of hypothalamus; PN, nucleus of pons; PRC, 
perirhinal cortex; RH, rhomboid nucleus of thalamus; SI, substantia innominata; SLN, supralemniscal nucleus (B9); SUM, 
supramammillary nucleus; TTd, taenia tecta, dorsal part; VLO, ventral lateral orbital cortex; VO, ventral orbital cortex. 
Sub-area specific efferent projecting sties are highlighted with a rectangle. Adapted from Vertes (2004). 

 

Animal studies have also found a strong correlation between right PFC activation 

and increased stress responses (see Sullivan, 2004). For example, uncontrollable foot 

shock (Carlson et al., 1993) or novelty stress (Berridge et al., 1999) resulted in a higher 

dopamine turnover in the right PFC, while anxiolytic responses were observed after 

lesioning the right IL (Sullivan and Gratton, 2002). In addition, right-side lesions reduced 

gastric ulcer formation induced by cold-restraint stress (Sullivan and Gratton, 1999). 

Therefore, taking into account previous studies on the important role of the right 

hemisphere in the stress response, the present morphological analysis coincides with 

the hypothesis of lateralized roles of the PFC in stress and possible in other neurological 

disorders.  
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2 Hypothesis 
 

On the basis of the findings on stress-induced morphological changes in the 

hippocampus, the hypothesis of the present work was that chronic restraint stress will 

induce morphological changes in pyramidal neurons of the rat prefrontal cortex in a 

hemispheric and region-specific manner. 

 

3 Aim of the thesis and objectives 

The aim of the present thesis is to analyze whether the morphology of dendrites 

of pyramidal neurons in the rat prefrontal cortex is affected by stress in a hemisphere- 

specific manner.    

In order to address this general objective the project consists of the following parts: 

 

I. Definition of the sub-areas of the rat prefrontal cortex by the use of different 

antibodies. The resulting map was later used to localize pyramidal neurons in 

specific regions and layers of the prefrontal cortex for the subsequent studies.  

 

II. The chronic restraint model, a validated stress paradigm to induce dendritic 

remodeling in the hippocampus, was used to induce morphological changes in 

the three sub-areas of the prefrontal cortex with a left and right discrimination.  

 

III. The short-term chronic restraint model, as a validated stress model to induce 

changes in the prefrontal cortex, was used to analyze changes in spine density 

as an indirect measurement of functional plasticity induced by stress applied 

during the light or the dark phase.  

 

IV. The use of an antidepressant in order to asses the beneficial effects of the 

drug on the morphological modifications induced by stress in pyramidal neurons 

of the prefrontal cortex.  
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4 Part I.  Delineation of boundaries in 
sub-areas of the rat prefrontal cortex 
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Summary 

 
The medial prefrontal cortex (PFC) of the rat has been subdivided into three 

areas based in anatomical and functional differences. In most studies, PFC area 

delineation is based on the use of Nissl staining; however, superficial layers in infralimbic 

and prelimbic area are not clearly discernible. The aim of the present study was to 

develop a reliable method to delineate cytoarchitectonically the boundaries between the 

infralimbic, prelimbic and anterior cingulated areas of the PFC by the use of antibodies 

against parvalbumin, SMI-32, and NeuN.  

The marker for SMI-32 labeled almost exclusively neurofilaments in ACx, making 

it easy to recognize the border with PL. The antibody against parvalbumin, which labels 

a subpopulation of cortical interneurons was suitable for recognizing the boundaries 

between IL, PL and ACx. The NeuN antibody proved to be better than conventional 

stainings (i.e. Nissl staining) at defining cortical layers in IL and PL, but was not suitable 

to clearly distinguish layers in ACx. In this way, a PFC map was created which could be 

used for the exact localization of pyramidal neurons in subsequent experiments. 
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4.1 Rationale 

 

The most common immunohistochemistry technique to define borders in the 

brain is the Nissl staining (Paxinos and Watson, 1997). Nissl dyes allow detecting the 

soma of neurons and glial cells, but not dendritic processes. The border delineation of 

different sub-areas of the prefrontal cortex (PFC) based in the use of Nissl staining does 

not show clear boundaries between IL and PL and no layers can be defined in these two 

ventral areas (Cerqueira et al., 2005b;Gabbott et al., 1997). In order to obtain an exact 

map of areas and layers of the PFC, different antibodies were used in order to stain the 

rat PFC. The pattern obtained (boundary map) will be used in the subsequent 

experiments to clearly localize labeled pyramidal cells in specific layers and areas of the 

PFC. It was hypothesized that based in the anatomical and functional differences 

between these PFC areas, neurons localized in PL may undergo different modifications 

compared to IL or ACx neurons, therefore it is important to discriminate between sub-

areas cell localization in the following studies (see Part II, III and IV).  

 

4.2  Methods 

4.2.1 Animals 

Adult male Sprague Dawley rats (Harlan-Winkelmann, Borchen, Germany) were 

housed in groups of three animals per cage with food and water ad libitum. Animals 

were maintained in temperature-controlled rooms (21 ± 1°C.) with a light/dark cycle of 12 

h on, 12 h off (lights on at 07:00 h). All animal experiments were performed in 

accordance with the European Communities Council Directive of November 24, 1986 

(86/EEC), and were approved by the Government of Lower Saxony, Germany. The 

minimum number of animals required to obtain consistent data was used. 

4.2.2 Perfusion and tissue preparation  

 
Male rats (n = 5, weighing 220–250 g) were killed by intraperitoneal 

administration of an overdose of ketamine (50 mg/kg body weight; Ketavet®, Pharmacia 

& Upjohn, Erlangen, Germany), xylazine (10 mg/kg body weight; Rompun®, Bayer 

Leverkusen, Germany) and atropine (0.1 mg/kg body weight; WDT, Hannover, 

Germany). The descending aorta was clamped and the animals were transcardially 

perfused with cold 0.9% NaCl for five minutes, followed by cold 4% paraformaldehyde in 
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0.1 M phosphate buffer (PB) at pH 7.2 for 22 minutes. Development of postperfusion 

artifacts (Cammermeyer, 1978) was prevented by postfixing heads in fresh fixative at 

4°C. The following day, the brains were gently removed and stored overnight in 0.1 M 

PB at 4°C. Brains were cryoprotected by immersion in 2% DMSO and 20% glycerol in 

0.125 M phosphate-buffered saline (PBS) at 4°C. 

The brains were then cut into blocks containing the entire PFC, frozen on dry ice 

and stored at –80°C before serial cryosectioning at a section thickness of 50 µm. A 

stereotaxic atlas of the rat brain (Paxinos and Watson, 1997) was used during the 

dissecting and cryosectioning procedures. A small hole in the left striatum was made 

with a thin needle to differentiate the left from the right hemispheres. Eight to ten 

complete coronal series were collected and stored in 0.1 M PBS until staining (see Fig. 

2). 

4.2.3 Immunocytochemistry 

 
Pilot experiments were performed to determine the optimal antibody 

concentration and incubation times for immunocytochemistry. Free-floating sections 

were washed in 0.1 M PBS and then treated with 0.5% H2O2 for 30 min. After washing, 

nonspecific binding of antibodies was blocked by incubating the sections for one hour in 

5% normal goat serum (NGS; DAKO, Glostrup, Denmark) in 0.1 M PBS containing 

0.25% Triton X-100. The sections were subsequently incubated for 48 hours at 4°C with 

the primary antibodies, neurofilament SMI-32 (mouse-anti-SMI-32, Sigma Aldrich), 

parvalbumin (mouse-anti-PV; Sigma Aldrich) and neuronal-nuclei NeuN (mouse-anti-

NeuN, Sigma Aldrich)] at working dilutions of 1:1000, 1:2000, and 1:500, respectively, in 

PBS containing Triton X-100 (0.5% for SMI-32, 0.25% for parvalbumin and NeuN), 

sodium azide (0.1% for SMI-32, 0.05% for parvalbumin and NeuN), and NGS (3% for 

SMI-32 and NeuN, 1% for parvalbumin). 

Following incubation, sections were thoroughly washed with 0.1 M PBS and 

incubated with biotinylated goat anti-mouse antibody (DAKO) diluted 1:200 in 0.1 M PBS 

with 3% NGS and 0.5% Triton X-100, for 1.5 hours, followed by washing in 0.1 M PBS. 

The sections were then incubated with 1:200 horseradish peroxidase-conjugated 

streptavidin (DAKO) in 0.1 M PBS with 3% NGS and 0.5% Triton X-100 for 1.5 hours. 

After washing, sections were stained with a DAB kit (Vector Laboratories, Burlingame, 

CA, USA), which uses 3,3′-diaminobenzidine (DAB) as chromogen. Staining time in DAB 

was 8–10 min for all sections; the reaction was stopped by washing the sections in 0.1 M 
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PBS. Sections were mounted on glass slides in 0.1% gelatin and dried overnight at 

37°C, after which they were cleared in xylene for 30 min. and finally coverslipped with 

Eukitt (Kindler, Freiburg, Germany). A series of adjacent coronal sections was also 

mounted on glass slides, dried overnight at room temperature, and stained with cresyl 

violet to obtain a clear comparison with the immunocytochemical images. 

4.2.4 Analysis of immunocytochemically stained sections 

 
Areal and laminar staining patterns were examined microscopically. Coronal 

sections were analyzed and photographed using a Zeiss Axiophot II photomicroscope 

(Carl Zeiss, Germany) at magnifications of 2.5×, 10× and 20×. The prefrontal cortical 

areas were identified and their boundaries or transition zones were outlined on 

photomicrographs of the sections, and a contour pattern (delineating IL, PL and ACx 

sub-areas) was drawn and stored as a Corel Draw file. Localization of intracellularly filled 

cells (see below) was then corroborated by overlapping a picture of a filled cell with a 

picture of a boundary contour pattern closest to the same region (anterior or posterior 

PFC). SMI-32, parvalbumin and NeuN stained sections were compared to ensure that 

the defined areas coincided, and were treated identically for the methods and 

measurements described below. Layers I, II, III, V and VI in PFC subfields were 

identified using the description and terminology in Paxinos and Watson (1997) atlas of 

the rat brain and its companion text book (Zilles and Wree, 1995), and boundaries 

definition made by Gabbott et al. (1997). 
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Figure 2. Selection of prefrontal cortex areas in the adult rat brain  
Coronal sections (50 µm) were obtained from the prefrontal cortex (PFC) by cryosectioning. A sagittal cut on 
the left side of the brain was made in order to further differentiate between hemispheres. Ventral (4.70 – 2. 
70 mm from Bregma) and dorsal (2.20 – 1.40 mm from Bregma) sections were stained by the use of 
different antibodies. A contour map was created in order to delineate borders between sub-areas of the PFC 
(IL: infralimbic; PL: prelimbic; ACx: anterior cingulated cortex) and layer definition using the description of 
PFC in Paxinos and Watson (1997) 

4.3 Results 

 
According to previous descriptions, the rat PFC can be divided into three sub-

areas: IL, PL and ACx. As a basis for the reliable localization of neurobiotin labeled 

pyramidal neurons in the present thesis, the boundaries of these sub-areas were 

visualized by using specific antibodies. The three sub-areas that were reliably found at 

the same location in all investigated brains were defined as showing differential staining 

patterns with at least two staining methods. 

Immunocytochemical staining with SMI-32 antibody gave a staining pattern that 

differentiates PL from ACx, and ACx from the premotor cortex (FR) in dorsal regions of 

the PFC (Figure 3A). In the PL, the SMI-32 antibody labeled layers III and V. This 

pattern became lighter and narrower in the ACx, where layer III was lightly stained 

whereas layer V was darker and broader. ACx could be distinguished from the premotor 
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cortex because in the later, the deep layers were intensely labeled by the SMI-32 

antibody (Figure 3A, lower panel). 

Parvalbumin proved to be a good marker to distinguish all PFC sub-areas and 

their respective layers. In IL, layer II was only lightly stained, layer III was slightly darker 

and layer V showed a pronounced staining. In the PL, layer II was distinctly stained by 

the PV antibody and layer III appeared wider than in the IL. The strong staining of layer 

V observed in the IL gradually disappeared in the PL. In the ACx, all layers had more 

parvalbumin-immunoreactive cells compared to PL. Layer II in ACx showed darker 

staining compared to the PL (Figure 3B). 

Immunoreactivity for NeuN provided a boundary between IL and PL, and a 

clearly layered pattern in all PFC sub-areas with pronounced staining of layer II (Figure 

3C). The IL was distinguished by a wide layer I and by densely packed cells in layers II. 

Compared to IL, the PL had a lighter layer III, and a broader layer V. In ACx, layer V was 

again broader than in the PL (Figure 3C). Using Nissl dyes, layer I can be clearly 

distinguished, however, it is difficult to distinguish the other cortical layers and to detect 

borders between PFC sub-areas (Figure 3D). 

By comparing the location of each neurobiotin filled layer III neuron (see below) 

with the boundary patterns described above, it was possible to accurately localize the 

neurons in a defined sub-area-specific location. 

 

4.4 Conclusion 

 

In aim of this study was to identify the boundaries between the three PFC sub-

areas. The border between PL and ACx could be visualized with the SMI-32 antibody 

which labels neurofilaments (Sternberger and Sternberger, 1983). The parvalbumin 

antibody, which stains a subpopulation of cortical interneurons (Gabbott and Bacon, 

1996), strongly stained layer V and was suitable for recognizing the boundaries between 

IL and PL. The antibody against NeuN, a selective marker for neurons (Mullen et al., 

1992), proved to be better than conventional Nissl staining at defining cortical layers II 

and III. Delineation of the sub-area boundaries and of cortical layers is a prerequisite for 

the exact localization of pyramidal neurons within the rat PFC. Exact localization of 

pyramidal neurons in specific layer and sub-areas of the PFC, was a prerequisite for 

subsequent experiments. 
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Figure 3. Boundary delineation in the rat prefrontal cortex  

 
Boundaries of the PFC sub-areas in the rat visualized with antibodies. In the anterior PFC (3.70 -2.20 mm 
from Bregma), three sub-areas can be distinguished: IL, PL and ACx. Pictures in the lower panels show the 
same sections at higher magnification. (A) Staining with the SMI-32 antibody shows the border between PL 
and ACx, and between ACx and premotor cortex (FR). (B) Parvalbumin (PV) is a good marker to distinguish 
IL from PL. The PV antibody stains neurons in layer V and in the other cortical layers in all three sub-areas. 
(C) The NeuN antibody strongly labels layer II, and also layers I-V can be easily distinguished with this 
antibody. (D) With Nissl staining, it is possible to distinguish layer I but not the other cortical layers. Scale 
bars: 500 µm. 
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Summary 

 
Previous studies demonstrated an important role of the rat prefrontal cortex 

(PFC) in the stress response that is abolished by lesioning the infralimbic and prelimbic 

cortices, but not the anterior cingulate cortex. This study investigated whether there 

might be morphological differences between pyramidal neurons in these PFC sub-areas 

and between the hemispheres, and whether chronic restraint stress changes pyramidal 

cell morphology. Using a whole-cell patch-clamp method with 400-µm thick slices from 

the PFC 139 pyramidal neurons were filled in layer III of the infralimbic, the prelimbic and 

the anterior cingulate cortex with neurobiotin. Cells were three-dimensionally 

reconstructed and the length of their apical and basal dendrites, as well as the number 

of dendritic branches of distinct branch orders was determined.  

In control rats, pyramidal neurons of infralimbic and prelimbic showed inter-

hemispheric differences in the length of apical dendrites in middle and distal distances 

from the soma. No hemispheric differences were observed in anterior cingulate cortex. 

Stress abolished the intrinsic asymmetries by reducing the total length of apical 

dendrites selectively in the right hemisphere of the infralimbic and prelimbic sub-areas. 

In the anterior cingulated cortex, however, chronic stress reduced apical dendrites on 

the left-hemisphere. These chronic stress-induced region- and hemisphere-specific 

changes may be correlated with the specialized functions of PFC sub-areas in stress-

related pathologies, and provide additional support for previous studies of stress-

dependent activation of the right PFC. 
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5.1 Rationale  

 
The prefrontal cortex (PFC) exhibits a hemispheric specialization with respect to 

its functional role in the integration of affective states suggesting that the right PFC is 

important in eliciting stress responses (see Sullivan, 2004). Uncontrollable foot shock 

(Carlson et al., 1993) or novelty stress (Berridge et al., 1999) resulted in a higher 

dopamine turnover selectively in the right PFC. The PFC has been subdivided into three 

main cytoarchitectonic sub-areas: Infralimbic (IL), prelimbic (PL) and anterior cingulate 

cortex (ACx) (Krettek and Price, 1977; Ray and Price, 1992). Each of these sub-areas 

has specific cortical and subcortical connections (Vertes, 2004) and distinct physiological 

functions. Lesion studies have shown that after acute stress, ventral (IL/PL) (Sullivan 

and Gratton, 1999) and dorsal PFC (PL/ACx) (Diorio et al., 1993) regulate the release of 

corticosterone and ACTH in an opposite way. Specific behavioral responses such as 

diminished fear reactivity (Lacroix et al., 2000) were observed after bilateral lesions in 

the IL (Frysztak and Neafsey, 1991), and increased fear reactivity was detected when 

the region PL/ACx was lesioned (Morgan and LeDoux, 1995). Anxiety-like responses 

were observed after lidocaine infusion into the IL (Wall et al., 2004) or lesioning the right 

IL (Sullivan and Gratton, 2002). 

Recent studies in rats showed morphological changes in pyramidal neurons in 

the PFC following chronic restraint stress (Radley et al., 2004, 2006 ; Cook and 

Wellman, 2004) or after chronic corticosterone treatment (Wellman, 2001). Chronic 

exposure to corticosterone also reduced the volume of layer II in all PFC sub-areas 

(Cerqueira et al., 2005a). Chronic restraint stress for 21 days decreased the number and 

the length of apical dendrites in Cg1–Cg3 (corresponding to the region PL/ACx) (Cook 

and Wellman, 2004; Radley et al., 2004), an effect accompanied by reduced spine 

density in the proximal portions of the apical dendrites (Radley et al., 2006). However, 

these studies did not investigate regional or possible hemispheric differences. 

The present study investigates whether pyramidal neurons in the three PFC sub-

areas have a hemisphere-specific morphology, and whether their specific dendritic 

architecture would be remodeled in a lateralized manner in response to chronic stress. 

As reference for the exact localization of the neurons prior to their morphological 

reconstruction, the PFC sub-areas boundaries delineation described in Part I was used. 

To reconstruct the morphology of individual pyramidal neurons in layer III which is known 

to have reciprocal connections with the mediodorsal thalamic nucleus (Heidbreder and 
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Groenewegen, 2003) cells were filled with neurobiotin using a whole-cell patch-clamp 

technique. Intracellular neurobiotin staining is a highly sensitive method (Pyapali et al., 

1998) for visualizing neuronal processes that are not obscured by more intensely stained 

portions of the neurons (Hill and Oliver, 1993; Oliver, 1994). The morphological 

characteristics of pyramidal cells in the three PFC sub-areas was investigated paying 

particular attention to hemispheric differences in dendritic morphology following three 

weeks of daily restraint stress. 

 

5.2 Methods 

5.2.1 Animals 

Same as described in Part I (see Methods; Animals, section 4.2.1) 

5.2.2 Chronic restraint stress 

 
Male Sprague Dawley rats initially weighing 150–170 g were housed in groups of 

three animals with ad libitum access to food and tap water. The first experimental phase 

(“Habituation”) lasted for 14 days, during which body weight was recorded daily. Animals 

were randomly assigned to the experimental (Stress, n= 16) and control (n = 16) groups. 

The second phase of the experiment (“Restraint stress”) lasted either for 21 days (in Part 

II and IV) or 7 days (in Part III), during which the animals of the Stress group were 

submitted to daily restraint stress for six hours per day (09:00–15:00 h). Restraint stress 

was carried out according to an established paradigm (Magarinos and McEwen, 1995a). 

During restraint, rats were placed in plastic tubes in their home cages and had no 

access to food or water. Control rats were not subjected to any type of stress except 

daily handling. At the end of the experiment, 24 h after the last stress exposure, animals 

were weighed, deeply anesthetized with a mixture of 50 mg/ml ketamine, 10 mg/ml 

xylazine, and 0.1 mg/ml atropine by intraperitoneal injection, and decapitated (see Fig 

4). 

Brains were rapidly removed and processed for slice preparation (see below). 

Increased adrenal and decreased thymus weights are indicators of sustained stress. 

These organs were therefore dissected immediately after decapitation and weighed. The 

data are expressed in milligrams per 100 grams body weight. 
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5.2.3 Prefrontal cortex slice preparation 

After removal of the PFC from the brain, a sagittal cut was made in the left 

temporal cortex with a silver blade to further differentiate the hemispheres. The blocks 

containing the left and the right PFC were rapidly submerged in ice-cold oxygenated 

artificial cerebrospinal fluid (ACSF) of the following composition (in mM): NaCl 125.0; 

KCl 2.5; L-ascorbic acid 1.0; MgSO4 2.0; Na2HPO4 1.25; NaHCO3 26.0; D-Glucose 14.0; 

CaCl2 1.5 (all chemicals from Merck, Darmstadt, Germany). The PFC was glued to the 

stage of a vibratome (Vibracut 2, FTB, Bensheim, Germany) and cut in coronal, 400-µm-

thick PFC slices. The slices were allowed to recover for at least one hour in ACSF 

bubbled with 95% O2/5% CO2 at a pH of 7.3 at 33°C, and then kept at room temperature 

for up to seven hours. 

 

 

 
Figure 4. Restraint stress procedure and intracellular labeling with neurobiotin 
For the restraint stress protocol, animals were placed in a plastic tube for 6 hours / per day during 21 days. 
The dimensions of the restraint tube were modified depending on the size of the animal to avoid any 
movement during the experimental sessions. Control animals were weighted everyday and returned to their 
home cages. Twenty-four hours after the last restraint session, animals were sacrificed and brains were 
dissected out. Coronal sections were prepared for the whole patch-clamp method and intracellular 
neurobiotin was injected into pyramidal neurons located in the selected regions of interest by a glass pipette 
during 20 minutes. Patch-pipettes were carefully withdrawn from the soma and slices were kept in 
paraformaldehyde for at least for 24 hours. Conventional imunocytochemical techniques were used for 
neurobiotin development.  
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5.2.4 Intracellular labeling and slice mounting 

 
The method for intracellular labeling previously described (Kole et al., 2004a) 

was used with some modifications. Neurobiotin was injected through borosilicate glass 

pipettes with 3–5 MΩ resistances, connected to an Axopatch 200B amplifier (Axon 

Instruments, Union City, CA, USA), using PULSE software (HEKA, Lambrecht, 

Germany). The standard pipette solution contained (in mM): K-MeSO4 120, KCl 20, 

HEPES 10, EGTA 0.2, ATP (magnesium salt) 2, phosphocreatine (disodium salt) 10, 

GTP (Tris-salt) 0.3, and 3 mg/ml neurobiotin (Vector Laboratories). 

PFC slices were transferred to a submerged recording chamber, continuously 

oxygenated with ACSF (flow rate: 1–2 ml/min), and maintained at 33°C. Cell bodies 

were visualized by infrared–differential interference contrast (IR–DIC) video microscopy 

using an upright microscope (Axioskop 2 FS, Carl Zeiss, Germany) equipped with a 

40×/0.80 W objective (Zeiss IR-Acroplan). Negative pressure was used to obtain tight 

seals (2–10 GΩ) onto identified pyramidal neurons. The membrane was disrupted with 

additional suction to form the whole-cell configuration. Pyramidal neurons with 

membrane potentials below –55 mV were excluded from the analysis. Cells were held at 

–70 mV for about 20 minutes. 

Pyramidal cells are readily identified by their specific morphology, and only 

pyramidal-shaped somata located in layer III of the IL, PL and ACx sub-areas of the PFC 

(readily identified under IR-DIC video: Dodt and Zieglgansberger, 1994) were used for 

neurobiotin filling. Layer III pyramidal somata, visible by transillumination, tend to be 

smaller than layer V somata. The border between layers II and III was difficult to identify; 

however, cells in layer III were mainly found at a depth of about 400 µm from the pial 

surface (Gabbott and Bacon, 1996). Post hoc observation of labeled neurons with the 

depth from boundary definition (see Results) verified this location. 

Neurobiotin injection lasted for about 20 minutes. Thereafter, patch pipettes were 

carefully withdrawn from the membrane and the slices were fixed in 0.1 M PB with 4% 

paraformaldehyde (pH 7.4) and stored at 4°C for at least 24 hours.  

Whole slices were processed free-floating first washed 3 times in phosphate-

buffered saline (PBS) for 10 min and incubated in a solution of 1% H2O2 in 70% 

methanol for 30 min to suppress endogenous peroxidase activity. Thereafter, tissue was 

incubated in a solution containing 1% normal goat serum (Vector Labs) and 0.3% Triton 

X-100 in PBS to block non-specific protein binding and to permeabilize the cells. 
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Subsequently, the slices were incubated in avidin-biotin-complex (ABC) reaction solution 

(Vector Labs), at 4°C overnight. The following day, the slices were washed in PBS 3 x 5 

min, 1 x 30 min, 1 x 60 min, and finally overnight. On the fourth day, the tissue was 

equilibrated by washing for 3 times in Tris-buffered saline (TBS, pH 7.6) and the 

histochemical reaction was completed by incubating the slices for 3-10 min in a solution 

containing 0.5 mg per ml 3,3’-diaminobenzidine (DAB) and 0.01% H2O2 (Vector Labs) in 

TBS. The reaction was stopped after 3-15 min by rinsing the slices in TBS 3 x 10 min. 

The tissue was dehydrated in an ascending series of ethanol (30-100%) for 10 min at 

each concentration and cleared by 2 times incubation in xylene for 10 min. The slices 

were coverslipped using a xylene-based medium (Eukitt; Kindler, Freiburg, Germany). 

Slices from at least one stressed and one control animal were always processed 

simultaneously. 

5.2.5 Neuronal reconstruction and morphometric analysis 

 
Labeled cells were examined by light microscopy to ensure that they fulfilled the 

following criteria: (1) a clear and completely stained apical dendritic tree; (2) at least 

three main basal branches, each branching at least to the third degree branch order; (3) 

soma location in layer III of an identified PFC sub-area; and (4) visibility of the most 

distal apical dendrites with clear, dense labeling of the processes (Kole et al., 2004a); 

(Radley et al., 2004). In a few cases, cell coupling was observed (<1%); such cells were 

omitted from the analysis, because the dendrites could not be assigned unequivocally to 

a single cell. Intracellularly labeled cells were located at 60–70 µm depth from the 

surface of the slice allowing reconstruction of almost all their main dendritic branches. 

Compromised cells that had truncated main apical or first order basal branches were 

omitted from the analysis. 

Complete and optimally labeled pyramidal neurons meeting all criteria were 

reconstructed and quantified for dendritic morphometry using NeuroLucida software 

(MicroBrightField, Inc., Colchester, VT, USA) in combination with an automated stage 

and focus control connected to the microscope (Zeiss III RS). Data were collected as 

line drawings consisting of X, Y and Z coordinates. Dendritic length was measured by 

tracing dendrites using a 40× (N.A. 0.75) objective, giving a final magnification of 

40,000× on the monitor. The step size of the circular cursor was 0.16 µm, sufficiently 

below the limits of light microscopy resolution (about 0.25 µm). Numerical analysis and 

graphical processing of the neurons were performed with NeuroExplorer 
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(MicroBrightField). Sholl plots (Sholl, 1953) were constructed by plotting the dendritic 

length as a function of distance from the soma center, which was set at zero. The length 

of the dendrites within each subsequent radial bin at 10 µm increments was summed 

(Fig 5). 

Ethanol dehydration and xylene clearance is known to cause tissue shrinkage 

(Pyapali et al., 1998). However, previous analyses from our laboratory suggested that 

the linear shrinkage correction has no direct effect on data used for morphological 

comparative analysis (Kole et al., 2004a). Therefore, any correction factor was applied. 

 

 

 
 
 
Figure 5. Sholl analyses of pyramidal neurons 

 
Pyramidal neurons of the prefrontal cortex presented a typical pyramidal shape with a long apical dendrite 
projecting in most cases to the pia surface, and with several basal dendrites around the soma. Analyses of 
the dendritic morphology were performed by Sholl analysis (Sholl, 1953). A series of virtual circles are drawn 
around the soma (middle of the soma set at zero) with a fixed starting radius that is incremented by a 
constant amount as the starting radius. These radii are can be defined by the experimenter (i.e. 10 µm, 20 
µm…). The total numbers of intersections of dendrites that crossed these circles and the summed dendritic 
length within two circles can be determined by the Neuroexplorer software (MicroBrightField) for 
reconstruction of Sholl plots (see Result section).  
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5.2.6 Statistical analysis 

 

Body weight (BW) and relative organ weight (in milligrams per 100 grams of BW) 

of control and stress animals at the end of the experiment were compared using the 

unpaired t -test.  

The total number of labeled neurons that fulfilled the above criteria to be 

analyzed was 69 in the control and 70 in the stress group. Since these labeled cells 

were not evenly distributed among the animals, the means of the morphometric data 

were calculated for each hemisphere/animal. These mean data served as analysis unit 

for the statistical evaluation and are indicated as “n” in the tables. Data for the total 

length of dendrites, the total number of branching points and the total number of 

branches were evaluated by two-way ANOVA (factors: hemisphere x group) (Statistica 

software package, Release 6.0 StatSoft Inc., Tulsa, OK, USA). Numbers of branches per 

branch order were evaluated using three-way ANOVA (factors: branch order × 

hemisphere × group). Sholl analysis data were evaluated with three-way repeated 

measures ANOVA (factors: hemisphere x group × radius) (SPSS version 12.0, SPSS 

Inc., Chicago IL, USA). Bonferroni’s post hoc test was used in all cases. Because the 

morphology of the pyramidal cells shows complex differences along the dendritic trees 

our post hoc analyses were restricted to distinct radii (10 µm, 20 µm, 30 µm, etc.) and 

single branch orders (1st, 2nd, 3rd order, etc.). Data are presented as mean±SEM 

(standard error of the mean). Differences were considered statistically significant at 

P<0.05. 

5.3 Results 

5.3.1 Effects of chronic restraint stress on body and organ weights 

 
To assess the physiological effects of the chronic restraint stress, body weight 

and the weights of thymus and adrenal glands were measured. In rats subjected to the 

restraint stress for 21 days, a significant reduction in the final body weight (BW) was 

observed (Control: 328.9 ± 8.8 g; Stress: 292.3 ± 7.0 g; t=3.205, P<0.05). Adrenal 

weight was significantly increased in stressed animals (Controls: 13.66 ± 0.36 mg/100 g 

BW; Stress: 16.01 ± 0.86 mg/100 g BW; t=2.452, P<0.05) whereas thymus weight was 

significantly reduced (Controls: 120.10 ± 5.84 mg/100 g BW; Stress 100.40 ± 4.27 

mg/100 g BW; t=2.755, P<0.05). These results agree with previous reports on 
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physiological changes induced by chronic restraint stress (Magarinos and McEwen, 

1995a); (Watanabe et al., 1992c); (Wellman, 2001). 

5.3.2 Intracellular labeling with neurobiotin and dendritic reconstruction 

 
Intracellular labeling provides a reliable and sensitive method for the study of 

dendritic morphology (Pyapali et al., 1998). In all experimental groups, there was 

complete staining of the main dendritic branches of each neuron with distal dendrites 

(high order branches) being reliably visualized (Fig. 6). The use of relatively thick slices 

(400-µm) increased the probability of obtaining complete dendritic arbors without 

compromised branches. In both groups together, Control and Stress, 384 cells were 

filled of which 36% (139 cells) fulfilled the criteria for complete staining suitable for a 

quantitative analysis of essential aspects of their dendritic morphology. Since these 

labeled cells were not evenly distributed among the animals and to avoid any bias the 

means/hemisphere/animal were calculated. These means served as analysis units for 

the statistical evaluation (see below). 

 

5.3.3 Intrinsic morphological asymmetries 

 
For a close inspection of the dendritic trees in the left and the right hemisphere of 

control rats, Sholl analyses were performed (Fig. 7, left panel). For the length of basal 

dendrites in the IL, two-way ANOVA revealed significant effects of hemisphere and 

radius (F(1,450)=11.80 and F(29,450)=32.53, respectively, p < 0.001) and Bonferroni´s post 

hoc test indicated a significant inter-hemispheric difference in proximal parts of the basal 

tree (10 µm; df=31, p < 0.01) (Fig 7A left). For apical dendrites in the IL, ANOVA 

revealed significant effects of hemisphere and radius (F(1,900)=8.05 and F(59,900)=8.06, 

respectively, p < 0.01), and Bonferroni´s post hoc test showed longer apical dendrites in 

the right hemisphere at 10, 20 and 60 µm (df=30, p < 0.05 in all cases) (Fig 7A left 

panel).  
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Figure 6. Photomicrograph of an intracellular neurobiotin labeled pyramidal neuron in the 
prelimbic area 
Example of an intracellularly labeled and reconstructed pyramidal cell in the PFC of a control rat. (A) 
Photomicrograph of an intracellularly labeled pyramidal neuron in layer III of the prelimbic sub-area (left 
hemisphere). (B) Line-drawing of the neuron shown in A (reconstruction with NeuroLucida). The relative 
position of the pyramidal cell is shown by lines indicating the cortical layers (I–V). Scale bar: 100 µm. 

 

In the PL, Sholl analysis of the basal dendrites displayed significant effects of 

hemisphere and radius (F(1,240)=10.5 and F(29,240)=9.7, respectively, p < 0.001). However, 

the post hoc test depicted no reliable difference between basilar dendrites in the left and 

the right hemisphere of controls (Fig 3B). Apical dendrites in the PL showed a positive 

effect of hemisphere (F(1,480)=24.33, p < 0.001) and a weak effect of radius (F(59,480)=1.37, 

p < 0.05). Bonferroni’s post hoc test revealed significant hemispheric differences in 

apical dendritic trees with longer dendrites in the right pyramidal neurons in middle 

portions of the soma (at 180 and 420 µm from soma, df=25, p < 0.01; at 160, 170 and 

190, df=25, p < 0.01) (Fig 7B left panel).  
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For the basilar dendrites in the ACx, three-way ANOVA indicated no reliable 

inter-hemispheric difference but only an effect of radius (F(29,399)=15.55; p < 0.001). For 

the apical dendrites in ACx, ANOVA revealed a positive effect of the hemisphere 

(F(1,841)=7.81, p < 0.01) and an effect of radius (F(51,841)=3.11, p < 0.001). However, the 

post hoc test showed no inter-hemispheric difference with respect to apical dendrites in 

the ACx of controls (Fig. 7C left panel). 

These data demonstrate a lateralized morphology of apical dendrites on 

pyramidal neurons in IL and PL but not in the ACx of control rats.   

The total length of basilar and apical dendrites in control rats showed no 

significant inter-hemispheric differences although apical dendrites in the right tended to 

be longer than in the left hemisphere (Table 1). 

To asses the complexity of the apical and basal dendritic trees, analyses of the 

branching pattern between the two hemispheres were made (Table 2). For basilar 

dendrites, two-way ANOVA indicated no reliable inter-hemispheric differences for the 

total number of branching points and branches in any of the sub-areas (Table. 2). 

Numbers of branches of distinct branch orders were evaluated by three-way ANOVA 

(factors: hemisphere x group x branch order).  

For basilar dendrites in the IL, an effect of the hemisphere (F (1, 182)= 10.48; p < 

0.05) and of the branch order (F (6, 182)= 60.82; p < 0.001) was found (details not shown). 

For IL apical dendrites, numbers of branches of distinct branch orders revealed an effect 

of hemisphere (F (1, 288)= 4.73; p < 0.05) and of branch order (F (11, 288)= 13.74; p < 0.001) 

(Table 2). Bonferroni’s post hoc test showed reliable inter-hemispheric differences for 

the number of branches of the orders 4, 6 and 11 (df=24, p < 0.05 in all cases) and of 

branch order 12 (df=24, p < 0.01). In the left IL, dendritic branches of the orders 11 and 

12 could not be observed, but were only present in the right IL (Table 2).  

For basilar dendrites in the PL, three-way ANOVA depicted no effect of the 

hemisphere but only an effect of the branch order (F (6, 168)= 68.23; p < 0.001). Also for 

apical dendrites in the PL there was no effect of the hemisphere but only an effect of the 

branch order (F (10, 253)= 9.86; p < 0.001). The post hoc test showed no significant inter-

hemispheric difference for any branch order in the PL (Table 2). 

In the ACx of control rats, there were no significant inter-hemispheric differences 

with respect to the total number of apical and basilar branches and branching points. 

Three-way ANOVA depicted only effects of the branch order (basal: F (5, 118)= 36.11; p < 

0.001; apical: F (10, 220)= 9.92; p < 0.001) (Table 2).   
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Figure 7. Sholl analyses of dendrites of pyramidal neurons in control and stress rats 
Sholl analysis of dendrites on pyramidal cells in the left (open circles) and the right hemisphere (closed 
circles) of controls (left panel) and stressed rats (right panel). Basilar dendrites are plotted to the left and 
apical dendrites to the right as a function of the distance from the soma center (0). (A) In the infralimbic area 
of control rats (left panel), basilar dendrites close to the soma (at 10 µm) were longer in the left than in the 
right hemisphere. Apical dendrites showed hemispheric differences at several sites displaying longer 
dendrites in the right hemisphere. In the stressed rats (right panel), no hemispheric differences were found 
in basilar or apical dendrites. (B) In the prelimbic area of control rats, the apical dendrites in the right 
hemisphere showed more dendritic material at medium and far distances from the soma. In the stressed 
rats, no hemispheric differences were found in basilar or apical dendrites. (C) In the anterior cingulate cortex  
of control rats, neither apical nor basal dendrites displayed significant left-right differences in controls and 
stressed rats. Data points represent the sum of all dendrites detected at the respective distance (radius) 
from the soma center set as zero (mean ± SEM). Symbols indicate significant differences within each 10 µm 
ring determined by ANOVA with Bonferroni’s post hoc test (∗p < 0.05, # p < 0.01). 
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Morphometric data in control and stressed rats (left vs right) 
Total length (sum of all dendrites, µm) of basilar and apical dendrites on pyramidal neurons in the three PFC sub-areas of control and stressed 
rats. Hemispheric asymmetry refers to the dendritic length in the right compared to the left hemisphere (expressed as percentage). In the PL, 
chronic restraint stress reduced apical dendritic length exclusively in the right hemisphere (mean ± SEM; n=number of animals). 
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Number of branching points and of branches in basilar and apical dendrites on pyramidal neurons in PFC sub-areas. 

* P<0.05, ** P<0.01 significant differences between right (R) and left (L); # P<0.05, ## P<0.01 significant difference to Control 

as determined by ANOVA with Bonferroni’s post hoc test. Numbers in parentheses indicate number of animals from which data 

(means±SEM) were derived (n). Abbreviations: IL, infralimbic cortex; PL, prelimbic cortex; ACx, anterior cingulate cortex. 
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5.3.4 Stress effects on dendritic morphology  

 
Stress reduced the total length of apical dendrites on pyramidal neurons in the 

PL selectively in the right hemisphere (Table 1). No other stress effect on the total length 

of dendrites was observed. 

Dendrites of pyramidal neurons in stressed rats are shown in Figure 7 (right 

panel) and in Figure 8. For basilar dendrites in the IL, three-way ANOVA depicted no 

reliable effect of stress. These dendrites also displayed no significant left-right difference 

in stressed animals (Figure 7A, right panel).   

For apical dendrites in the IL, three-way ANOVA revealed an interaction 

hemisphere x group (F(1, 1086)=5.43, p < 0.05), but the post hoc test depicted no 

significant left-right difference for apical dendrites at defined distances from the soma 

(Figure 7A, right panel). However, in the right IL of stressed animals, the length of 

proximal dendrites at several sites was significantly shorter than in controls (at 10, 20, 

30, 40 and 70 µm, df=30, p < 0.05; at 50 and 60 µm, df=30, p < 0.01) (Figure 8A). 

In the PL of stressed rats, no reliable inter-hemispheric differences with respect 

to apical dendrites on pyramidal neurons were observed (Figure 7B, right panel). Three-

way ANOVA for apical branches in the PL, performed with data from all groups, showed 

an interaction hemisphere x group (F(1, 1018)=17.40, p < 0.001). The post hoc test 

indicated that in the right PL, stress reduced the length of apical dendrites at 160, 170, 

190, 420 µm (df=25; p < 0.05) and at 180 µm (df=25, p < 0.01) (Figure 8B).  

For basilar dendrites in the ACx, three-way ANOVA depicted an effect of group 

(F(1, 399)=9.23, p < 0.01) and an interaction hemisphere x group (F(1, 399)=6.40, p < 0.05). 

Also for the apical dendrites, three-way ANOVA showed an effect of group (F(1, 841)=9.34, 

p < 0.01) but no interaction. In the left hemisphere of the ACx, stress reduced the length 

of apical dendrites at certain distances from soma (210, 220, 240 and 250 µm; df=21, p 

< 0.05 in all cases) (Figure 8C). Also for the right ACx, the post hoc test depicted a 

significant stress effect (at 20 µm from soma; df=21, p < 0.05). 

The effect of stress on the total number of branching points and the total number 

of dendritic branches was also analyzed (Table 2).  

For apical dendrites in the IL, both basilar and apical dendrites showed no effect 

of group and no interaction. However, the post hoc test depicted a significant stress 

effect on numbers of branches of the order 12 in the right IL (df=24, p < 0.01). These 

dendritic branches could not be observed in stressed animals (Table 2). 
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In the PL, the branching pattern of basilar dendrites was apparently not affected 

by stress. For the total number of apical branching points, two-way ANOVA revealed an 

interaction group x hemisphere (F(1,31)=3.28, p < 0.05) represented by a reliable stress 

induced decrease in the total number of branching points in the right hemisphere (df=29, 

p < 0.05). Stress also reduced the number of branches of the order 3 selectively in the 

right hemisphere of the PL (interaction: group x hemisphere; F(1,253)=7.61, p < 0.01; post 

hoc test: df=23, p < 0.05) (Table 2). 

For basilar dendrites in the ACx, three-way ANOVA showed an interaction 

hemisphere x group (F(1, 118)=5.32, p < 0.05). For apical dendrites, there was a reliable 

effect of group (F(1, 220)=5.46, p < 0.05) represented by a stress induced increase in the 

number of branches of the order 3 in the right hemisphere (df=20; p < 0.05). Moreover, 

there was a significant left-right difference with respect to order 3 branches in the ACx; 

no dendritic branches of this order could be observed in stressed rats (df=20, p < 0.05) 

(Table 2).  

These data show that chronic restraints stress affects dendrites in the right 

hemisphere of IL and PL. In contrast in the ACx, it is the left hemisphere that is affected 

by stress. 
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Figure 8. Sholl analysis of pyramidal neurons in the right hemisphere of control and 
stressed rats  
Comparisons of apical dendrites in the right hemisphere of IL and PL, and in the left ACx of stressed (closed 
circles) and control rats (open circles). Apical dendrites were plotted as a function of distance from the soma 
center (0). (A) Right IL: In stressed rats, there was less dendritic material proximal to the soma compared to 
controls. (B) Right PL: In stressed rats, there was less dendritic material at several sites. (C) Left ACx: In 
stressed rats, there was less dendritic material at about 250 µm from the soma. Data points represent the 
sum of all dendrites detected at the respective distance (radius) from the soma (mean±SEM). Symbols 
indicate significant differences detected within each 10 µm ring as determined by three-way repeated 
measures ANOVA (∗p < 0.05, # p < 0.01). 
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5.4 Discussion 

The mammalian PFC is defined as brain region that possess reciprocal 

projections from the mediodorsal thalamic nucleus (Uylings et al., 2003). These 

projections principally target layer III and V of the PFC (Uylings et al., 2003; Gabbott et 

al., 2005; Krettek and Price, 1977), therefore, this study focused in the analysis of 

pyramidal cells exclusively in layer III. The neurons that were investigated showed apical 

dendrites extending to the brain surface, and the distance of their somata was up to 550 

µm from the pia mater. Their location agreed with a previous description of the PFC 

layers (Gabbott and Bacon, 1996). In contrast, Brown et al (2005) reported that the 

somata of the pyramidal neurons they examined were located closer to the cortical 

surface (distance of 250-280 µm), probably in layer II. It is important to mention that 

intracellular neurobiotin labeling allows a better staining of distal dendritic branches 

compared to conventional methods such as Golgi staining (Pyapali et al., 1998).  

This study demonstrated intrinsic morphological asymmetries in the prefronto-

cortical pyramidal cells of control animals. In PL and IL, there were inter-hemispheric 

differences in the length of apical dendrites at certain distances from the soma. These 

are new findings, because previous studies addressing the morphology of pyramidal 

neurons in the PFC did not discriminate between the hemispheres (Wellman, 2001; 

Cook and Wellman, 2004; Radley et al., 2004). Intrinsic asymmetries have been 

observed before in several regions of the human cerebral cortex, e.g. in entorhinal, 

auditory and language-associated cortices (Hayes and Lewis, 1993; Hutsler, 2003). 

Simic and co-workers found larger pyramidal neurons in the human left entorhinal cortex 

compared to the right, and hypothesized that this asymmetry reflects a more extended 

dendritic arborization and enlarged neuropil volume in the left hemisphere (Simic et al., 

2005). The present data show that in PFC sub-areas PL and IL of the rat, the length of 

apical dendrites at certain distances from soma differs between the hemispheres.  

When rats were chronically stressed, these inter-hemispheric differences found 

in the IL and PL were abolished. In the right PL, stress reduced dramatically the total 

length of the apical dendrites. The stress-induced factors that lead to these changes are 

not yet known, however, one may speculate that dopamine which is known to decrease 

excitability of PFC pyramidal neurons plays a role (Jedema and Moghaddam, 1994; 

Gulledge and Jaffe, 1998). Electrophysiological recordings have shown that dopamine 

enhances the spatiotemporal spread of activity in the rat PFC, at least in part via layer III  

__________________________Part II. Lateralized dendritic remodeling by chronic stress 



   

 36 

 

Figure 9. Drawings of representative neurons from the prefrontal cortex 
Representative neurons after reconstruction by Neurolucida Software. Labeled neurons from control (left 
panel) and stressed (right panel) rats were compared in the infralimbic, prelimbic and anterior cingulated 
cortex. Significant changes induced by chronic stress are symbolized by an arrow, indicating increases 
(arrow up) or decreases (arrow down) in the total dendritic length at specific distances from the soma. Stress 
induced significant modifications in the morphology of pyramidal neurons located in the right hemisphere of 
the Infralimbic and prelimbic areas whereas, in the anterior cingulated cortex, stress affected only left side 
pyramidal neurons.    
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pyramidal neurons (Bandyopadhyay et al., 2005). As mentioned above, stress can 

increase dopamine turnover in the right PFC (Carlson et al., 1993; Berridge et al., 1999; 

Slopsema et al., 1982) and chronic stress reduces the spontaneous activity of 

dopaminergic neurons in the ventral tegmental area (VTA) which project to the PFC 

(Moore et al., 2001; Benes et al., 1993). In coincidence with this it was found that 

repeated stress reduces dopamine (Mizoguchi et al., 2000), noradrenalin (Kitayama et 

al., 1997) and serotonin in the PFC (Mangiavacchi et al., 2001). Although it is not known 

whether in the present study, the chronic restraint stress induced a deficit in dopamine 

and/or other monoamines it may be hypothesized that the changes in dendrites 

observed here are related to adaptive neurochemical processes. In contrast to PL and 

IL, pyramidal neuron dendrites in the ACx of control rats showed no inter-hemispheric 

differences, but the stress induced a left-right difference. Previous reports described a 

stress induced decrease in apical dendritic length using a similar (Cook and Wellman, 

2004; Brown et al., 2005) or the same stress protocol (Radley et al., 2004). While in this 

analysis only layer III pyramidal neurons were investigated the former studies focused 

on cells more widely distributed over layers II–III (Cook and Wellman 2004; Radley et al., 

2004). Dendritic architecture is crucial for connectivity within neuronal networks. Sensory 

input or environmental enrichment has been shown to promote the formation of spines 

on proximal dendrites (Turner and Lewis, 2003). In hippocampal pyramidal neurons, 

extensive dendritic sprouting and enhanced spine density were observed when axonal 

afferents were increased (Kossel et al., 1997) whereas the loss of afferents can lead to 

dendritic atrophy (Valverde, 1968; Benes et al., 1977; Deitch and Rubel, 1984). One 

may speculate that the stress induced dendritic changes observed in the present study 

are related to alteration in axonal input. The observation that the dendritic alterations 

emerged at certain distances from soma may be related to the fact that axonal input to 

the PFC is site-specific and depends on the cortical layer. Furthermore, stress-induced 

reduction in the total length of dendrites in the right PL is in line with previous findings 

showing lateralization of the PFC mediated stress response. Right side lesions of the 

IL/PL reduced the peak stress-induced corticosterone response (Sullivan and Gratton, 

1999) and decreased anxiety (Sullivan and Gratton, 2002), suggesting that a 

compromised right PFC activity results in a lack of control over the physiological and 

behavioral responses to stress. Especially the PL and the ACx are important to react to 

environmental stimuli (Cardinal et al., 2002). Therefore, one may assume that alterations 

in the morphology of PFC pyramidal neurons have an impact on the stress response. 
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Similar stress-related processes as in the PFC have been observed in the amygdala. 

Chronic restraint stress increased the length of apical dendrites of pyramidal cells in the 

basolateral amygdala (Vyas et al., 2002) which sends projections to and receives input 

from PL and ACx (Vertes, 2004). Like in the PFC, the activity of the basolateral 

amygdala appears to be lateralized under stress conditions (Adamec et al., 1999). Under 

normal conditions, the PFC inhibits the basolateral amygdala (Rosenkranz and Grace, 

2002) but under stress, this inhibition might be impaired thus contributing to an over-

reactivity of this nucleus. It is possible that the morphological remodeling of the 

pyramidal neurons in the rat PFC that is described in the present study is related to a 

presumptive stress-induced change in information transfer between PFC and amygdala. 

Lateralization appears to be characteristic for normal PFC functioning. Studies in 

humans indicated that reduced lateralization correlates with pathological conditions or 

with aging processes as fronto-cortical activity during cognitive performance tends to be 

less lateralized in old compared to young adults (Dolcos et al., 2002). A recent 

investigation on the human dorsolateral PFC demonstrated a hemispheric asymmetry in 

pyramidal cell density in normal subjects (higher density left compared to right), which 

was reversed in schizophrenic patients (Cullen et al., 2006). Rotenberg suggested that 

in depressed patients, the right PFC hemisphere is over-activated (Rotenberg, 2004), 

and subjects with major depression displayed a reduced size of neurons in layer III of 

the right orbitofrontal cortex (Cotter et al., 2005). However, studies in depressed patients 

that did not focus on hemispheric differences reported on decreased activity in the PFC 

area ventral to the genu of the corpus callosum (Drevets et al., 1997), and on reduced 

cortical thickness, glial size and glial densities in supragranular layers of the orbitofrontal 

cortex (Rajkowska et al., 1999). The present study in rats shows that chronic restraint 

stress has a strong effect on the morphology of pyramidal neurons in the right 

hemisphere, at least in PL and IL.  

The neurophysiological consequences of the dendritic alterations are not yet 

known. A shortening of even a few dendrites on CA1 hippocampal pyramidal neurons 

enhanced the back-propagation of action potentials (Golding et al., 2001; Schaefer et al., 

2003). Moreover, experiments in our laboratory revealed that a stress-induced decrease 

in the length of apical dendrites of CA3 pyramidal neurons in the rat hippocampus 

correlates with reduced onset latency of excitatory postsynaptic potentials (Kole et al., 

2004b). However, functional studies are required to assess the physiological implications 

of such morphological remodeling in the rat PFC. 
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5.5 Conclusions 

 
This is the first study showing intrinsic hemispheric differences in the dendritic 

morphology of pyramidal neurons in sub-areas of the rat PFC. In PL and IL of control 

rats, inter-hemispheric differences in the length of apical dendrites at certain distances 

from the soma were observed. Chronic stress abolished these right-left differences and 

reduced the total length of apical dendrites in the right PL. In contrast in the ACx, there 

was no hemispheric difference in controls but stress induced a left-right difference. 

These chronic stress-induced regional changes may be correlated with the specialized 

functions of PFC sub-areas in stress-related pathologies, and provide additional support 

for previous studies of stress-dependent activation of the right PFC. 
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6 Part III. The impact of the diurnal light 
cycle on the morphology of pyramidal 
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6.1 Effects of stress applied during the light-phase or during the dark-
phase  

Summary 

 
In this study the effects of a short-term stress exposure performed either during 

the light- or during the dark-phase of the diurnal cycle were investigated. The effects of 

the stress on the physiology of adult rats and on the morphology of pyramidal neurons in 

the prelimbic area (PL) were analyzed. It was found that stress applied during the dark-

phase (representing the activity period) resulted in a more pronounced decrease in body 

weight gain compared to stress applied during the light-phase (representing the resting 

period). In addition, increased weights of adrenal glands (as indicator of sustained 

stress) was observed only in rats being stressed during the dark-phase.  

Morphological analysis of pyramidal cells in the PL indicated that stress caused a 

retraction of basal dendrites exclusively on the right hemisphere under both light 

conditions. This dendritic retraction was accompanied by decreases in spine density on 

dendrites proximal to soma, but not on distal dendrites. In the PL, stress effects on the 

morphology of pyramidal neurons differed between phases. Stress applied during the 

light-phase caused reduction in proximal basal dendrites, while stress applied during the 

dark-phase resulted in dendritic reduction in medium distances from the soma. In 

addition, a circadian rhythmicity in the morphology of basal dendrites was observed in 

control rats. During the dark-phase, control rats had shorter dendrites than during the 

light-phase. These results extent previous findings regarding the important role of the 

right hemisphere in the PFC in stress-related pathologies, and highlight the impact of the 

light cycle on the morphology of pyramidal neurons in the PL.  
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6.1.1 Rationale and hypothesis 

 
Clinical and experimental studies have shown that biological rhythm disturbances 

are often linked to stress-induced disorders. Stressful events involve – among others – 

the activation of the hypothalamus-pituitary-adrenal (HPA) axis resulting in increased 

plasma levels of corticosterone and ACTH (Retana-Marquez et al., 2003).  

Rats are nocturnal animals and present maximal plasma levels of ACTH and 

corticosterone at the beginning of the active period (dark-phase) and minimum levels at 

the beginning of the resting period (light-phase) (Rybkin et al., 1997). Several reports 

have demonstrated that neuroendocrine responses to acute stress in rats shown 

circadian variations: Maximal increases in ACTH and corticosterone in response to a 

single stressful situation are observed at the beginning of the resting period (light-

phase), and minimal stress responses are observed at the beginning of the active period 

(dark-phase) (Bradbury et al., 1991; Dunn et al., 1972; Torrellas et al., 1981). Similar 

neuroendocrine alterations were observed after chronic stress, when plasma 

corticosterone increased significantly only when immobilization stress was applied 

during the light-phase, but not during the dark-phase (Ushijima et al., 2006). In spite of 

the activation of the HPA-axis, a stress-induced dissociation between diurnal cycle and 

bodily changes has been proposed by several authors. Rats submitted to chronic 

restraint stress during the dark-phase but not during the light-phase presented significant 

body weight reductions compared to controls (Harris et al., 2002; D'Aquila et al., 1997). 

In addition, stress caused a decrease in sucrose intake in rats immobilized during the 

dark-phase but not during the light phase (D'Aquila et al., 1997). Therefore, the diurnal 

cycle seems to modulate the neuroendocrine and physiological responses to stressful 

events.  

On the other hand, previous studies have demonstrated that corticosterone 

administration causes dendritic retraction in apical dendrites of pyramidal neurons 

located in the prefrontal cortex (PFC) (Wellman, 2001). Similar reductions in apical 

dendrites were found when rats are submitted to chronic restraint stress (Radley et al., 

2004, 2006; Cook and Wellman, 2004; Perez-Cruz et al., 2007). It has been 

hypothesized that stress-induced dendritic remodeling in the PFC is partly caused by 

increases in corticosterone release (Wellman, 2001). Based on the circadian rhythmicity 

of corticosterone and the corticosterone-induced morphological changes in pyramidal 

neurons in the PFC, it was hypothesized that effects of stress in the morphology of 
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pyramidal neurons of the PFC would be different when stress is applied during the light-

phase compared to the dark-phase. Before the present study, there were no reports 

regarding the impact of stress applied at different time points of the diurnal cycle on the 

morphology of pyramidal neurons in the PFC.    

Different methods exist to analyze neuronal morphology; the intracellular 

injection of neurobiotin produces high quality results compared to other intracellular 

labeling techniques in terms of dendritic quantification, due to the visibility of more distal 

braches (Pyapali et al., 1998). Dendritic protrusions (i.e. spines) are difficult to visualize 

in neurobiotin injected neurons due to the thickness of the sections (400 µm thickness). 

Structural plasticity can be studied by analyzing, the morphology of the dendrites (as 

described in Part II) and the density of dendritic spines (Gibb and Kolb, 1998). The vast 

majority of synaptic inputs onto neurons are on dendritic spines and about 90 % of 

excitatory synapses are made on these dendritic protrusions. Furthermore, in adult rats 

nearly all spines in the cortex have a synaptic contact (Gray, 1959; Wilson et al., 1983). 

Therefore, counting the number of spines allows an estimate of the number of synapses 

(Harris and Kater, 1994) and might give an estimate of the synaptic input a cell is 

receiving. In order to further explore the stress-induced morphological and functional 

changes (i.e. spine density) in pyramidal neurons of the prefrontal cortex, the Golgi-Cox 

technique was used in the present study to quantify spine density on basal dendrites in 

the PL. 

Several morphological studies have found that most of the learning or drug-

induced modifications in pyramidal neurons of the PFC, occur in basal dendrites of 

pyramidal cells located in layer III and V, but not in layer II (Kolb et al., 1998). Therefore, 

it was hypothesized that major morphological modifications induced by stress can be 

detected on basal dendrites of pyramidal neurons located in layer III of the PL. 

A short-term stress protocol was applied during the light-phase and during the 

dark-phase, and the Golgi-Cox technique was used to quantify dendritic morphology and 

spine density in the prelimbic area with a left – right discrimination.   

6.1.2 Design and methods 

6.1.2.1 Short-term restraint stress 

 
Animals were obtained as described in Part I (Methods, section 4.2.1). Male 

Sprague-Dawley rats weighing 150–170 g at the beginning of the experiments were 
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housed in groups of three animals per cage with ad libitum access to food and tap water. 

The first experimental phase (“Habituation”) lasted for 14 days, during which body weight 

was recorded daily. For the second phase of the experiment a modification of short-term 

stress was used as described previously (Brown et al., 2005). Briefly, animals were 

randomly assigned to the experimental groups (Stress, Control). The Stress (n= 12) and 

the Control (n= 12) group were further subdivided in two groups, one kept on a normal 

light cycle (07.00 lights on, 19.00 lights off), and the other group kept on an inverse light 

cycle (19.00 lights on, 07.00 lights off). Short-term restraint stress consisted of daily 

restraint stress during six hours a day (0900–1500 h) for a period of 7 days. During 

restraint, rats were placed in plastic tubes in their home cages and during this time they 

had no access to food or water. Control rats were not subjected to any type of stress, 

except daily handling. On day 8, between 9.00 and 10.00 hr, animals were weighed, 

deeply anaesthetized with a mixture of 50 mg/ml ketamine, 10 mg/ml xylazine, and 0.1 

mg/ml atropine by i.p. injection and perfused intracardially with 0.9% saline.  

Increased adrenal weight is an indicator of sustained stress. Therefore, the 

adrenals were removed from the animals immediately before perfusion and weighed. 

Data are expressed in milligrams per 100 g body weight.  

The brains were removed and processed for a modified Golgi–Cox staining as 

described by Gibb and Kolb (1998). The Golgi-Cox solution was prepared by mixing 5 

vol. parts of solution A (5 % potassium dichromate, Sigma-Aldrich), and 5 vol. parts of 

solution B (5 % mercuric chloride, Sigma-Aldrich). Four vol. parts of solution C (5 % 

potassium cromate, Sigma-Aldrich) were diluted in 10 vol. parts of  destilled water. 

Solutions A and B were slowly mixed and poured into solution C under continuous 

stirring. This Golgi-Cox solution was kept in the darkness for at least five days before 

use. Brains were placed in brown glass bottles filled with 20 ml of the Golgi-Cox solution 

and stored in darkness for 14 days. On day 15, brains were transferred to a solution 

containing 30% sucrose (dissolved in destilled water) and stored for a minimum of 3 

days before sectioning. A vibratome (Vibracut 2, FTB, Bensheim, Germany) was used to 

obtain coronal sections of 250 µm thickness. The vibratome reservoir was filled with 6 % 

sucrose solution (dissolved in destilled water) to a level that covered the sectioning 

blade. PFC sections were collected on cleaned, gelatin-coated microscopic slides (four 

to six sections / slide) and the stain was developed with 100 % ammonium hydroxide 

(Sigma-Aldrich) for 30 min. Slides were immersed in Kodak Film Fixer for another 30 

min, and then washed with distilled water, dehydrated in a series of alcohols (75 % 
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alcohol, 5 min; 95 % alcohol, 10 min; 100 % alcohol, 15 min) and cleared for 15 minutes 

in a solution containing 1 vol. part chloroform, 1 vol. part xylene, and 1 vol. part 100 % 

alcohol. Finally, sections were mounted using Eukitt (Kindler, Freiburg, Germany), 

coverslipped and stored in the darkness while drying for at least one month before 

analyses. 

Pyramidal neurons impregnated with the Golgi–Cox solution were readily 

identified by their characteristic triangular soma shape, apical dendrites extending 

toward the pial surface, and numerous dendritic spines (Robinson and Kolb, 1997) (see 

Fig. 10). Pyramidal cells located in layer III of the PL, were identified by comparing the 

location of a selected neuron with the boundary patterns described before in Part I 

(section 4.3). The criteria for dendritic reconstruction and respective procedures are 

described in Part II (section 5.2.5). Four neurons of each hemisphere per animal were 

three dimensionally reconstructed and morphometric parameters were quantified. 

Statistical analyses of basal dendrites were performed with the final average of the total 

number of neurons / rat / hemisphere (n =6).   

Spine quantification was performed under a 100× (N.A. 0.75) objective, giving a 

final magnification of 100,000× on the monitor. The step size of the circular cursor was 

0.16 µm, sufficiently below the limits of light microscopy resolution (about 0.25 µm). 

Spines were counted in dendrites longer than 10 µm in at least six proximal (at a 

distance between 0 - 30 µm from soma) and six distal (at a distance between 30 - 120 

µm from soma, being most of the times the terminal tips) branch segments, per neuron 

(see Fig 11). For spine counting, straight branches were preferred in order to have a 

good spine resolution. Spine densities were calculated as the number of spines / µm / 

neuron and at least 4 neurons per animal were analyzed. Statistical analyses of the 

spine density were performed with the final average of the total number of spines / µm / 

neuron / rat / hemisphere (n = 6). Spines located in proximal dendrites and spines 

located in distal dendrites were analyzed separately.  
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Figure 10. Photomicograph of a Golgi-stained neuron in layer III of the prelimbic area of a 
control rat 
Representative photomicrograph of a pyramidal neuron stained by the Golgi-Cox technique. Several basal 
dendrites (bd) and one single apical dendrite (ad) can be observed. Note spines (sp) as small protrusions 
present in both basal and apical dendrites. Scale bar = 100 µm. 
 

Numerical analysis and graphical processing of the neurons were performed with 

NeuroExplorer (MicroBrightField). In order to evaluate the distribution of dendritic 

arborizations in detail, the dendrites were subjected to Sholl analysis (Sholl, 1953). The 

virtual Sholl circles (see Fig 5) were set to 10 µm constant increments between each 

radial bin. The number of times the basal dendrites cross a defined Sholl circle, is 

defined as the total number of intersections. Sholl plots were constructed by plotting the 

number of intersections as a function of distance from the soma center, which was set at 

zero.  

6.1.3 Statistical analysis 

 
Body weight was measured on day 8 and compared to day 0. Changes in final 

body weight were compared among groups by two-way ANOVA (SPSS Inc., Chicago IL, 

v. 12.0), with group and phase as independent factors (P<0.05 was as considered 

significant). Relative adrenal glands weights (in milligrams per 100 g of BW) were also 

compared among groups with two-way ANOVA followed by a Bonferroni’s post-hoc test. 

To statistically evaluate the total dendritic length and the spine density in 
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proximal and distal basal dendrites, the mean differences were compared by two-way 

ANOVA (factors: group x hemisphere) followed by a Bonferroni’s or Fisher post-hoc test 

when appropriate. For a closer inspection of the distribution of the dendritic material, the 

data from the Sholl analyses (number of intersections) as well as the length of all 

dendrites of a specific branch order (i.e. 1st, 2nd, 3rd….) were compared with three-way 

repeated measures ANOVA (factors: group x hemisphere x radius or branch order, 

respectively). Because the morphology of the pyramidal cells shows complex differences 

along the dendritic trees the post-hoc analyses were restricted to distinct radii (10 µm, 20 

µm, 30 µm, etc.) and single branch orders (1st, 2nd, 3rd order etc.; Statistica software 

package, Release 6.0 StatSoft Inc., Tulsa, OK, USA). Data are presented as the mean ± 

SEM. Differences were considered significant at P<0.05. 

 
 

Figure 11. Sholl analysis of basal dendrites and quantification of spines 

 
Basal dendrites were reconstructed by Neurolucida Software, and analyzed by NeuroExplorer. The number 
of intersections in each Sholl ring, as well as length of all dendrites of specific branch orders (represented as 
line colors for each branch order, i.e. 1

st
, 2

nd
, 3

rd
…) were analyzed and compared between control and 

stressed rats. For spine quantification, the total number of spines on dendrites longer than 10 µm were 
counted in at least six dendrites proximal to soma (proximal: 0 -30 µm) and six dendrites distal to soma 
(distal: 120 - 200 µm). Three concentric rings were drawn around the soma to delineate proximal and distal 
segments of basal dendrites.  
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6.1.4 Results 

6.1.4.1 Effects of stress on body weight and adrenal glands 

 

To assess the overall physiological effects of seven days of restraint stress, the 

final body weight was measured and compared between groups. Statistical analyzes by 

two-way ANOVA (factors: group x phase) showed a positive effect of phase on the final 

body weight (F(1,20)=8.87, p < 0.01). Post-hoc test showed significant weight reductions in 

rats stressed during the dark-phase (268.0 ± 2.6 g) compared to control rats under both 

light phases (control light-phase: 305.0 ± 10.4 g, and control dark-phase: 296.3 ± 6.4 g, 

p < 0.05 and p < 0.01, respectively) (Fig. 12A). This effect was corroborated by 

comparing body weight increases measured on day 8, expressed as percentage of body 

weight on day 0. Two-way ANOVA indicated effect of phase (F(1,20)=10.7, p < 0.01) and 

group (F(1,20)=10.07, p < 0.01) on final weight gain. Post-hoc test indicated that rats 

stressed during the dark-phase had significantly less weight gain (31.9 ± 1.3 %) 

compared to the other three groups (control light-phase: 43.0 ± 1.7 %, p < 0.001; stress 

light-phase: 39.4 ± 1.8 %; and control dark-phase: 39.6 ± 1.9 %, p<0.01) (Fig 12B). The 

relative weight of the adrenal glands (mg / 100 g body weight) showed a positive 

interaction between factors (F(1,17)=4.49, p < 0.05). Rats stressed during the dark-phase 

presented enlarged adrenal glands (1.47 ± 0.05 mg / 100 g BW) compared to controls 

(control dark-phase: 1.29 ± 0.05 mg / 100 g BW; p < 0.05) (Fig 12C). 
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Figure 12. Effects of seven days of restraint stress on body and adrenal glands’ weight 

 
A, Stress caused a significant reduction in the final body weight only when rats were stressed during the 
dark-phase (p < 0.01). B, Body weight grain as percentage of increased body weight from day 0 to day 8 
was significantly lower in rats being stressed during the dark-phase compared to controls in the dark-phase 
(p < 0.01) and controls and stressed rats in the light-phase (p < 0.001 and p < 0.01, respectively). C, In the 
same order, adrenal glands were enlarged only in rats stressed during the dark-phase (p < 0.05) but not 
during the light-phase. Data presented as mean ± SEM. *P<0.05, ** P<0.01, *** P<0.001 significant 
differences determined by two-way ANOVA followed by Bonferroni’s post hoc test. 

_________________________Part III. Dendritic remodeling by diurnal cycle and stress 



   

 50 

6.1.4.2 Effects of stress on the morphology of basal dendrites of pyramidal 
neurons in the prelimbic area 

6.1.4.2.1 Stress during the light phase 

 
To asses the impact of stress applied during the light-phase on the dendritic 

remodeling, pyramidal neurons of PL were analyzed in both hemispheres. Two-way 

ANOVA (hemisphere x group) indicated an effect of hemisphere (F(1,14)=6.35, p < 0.05) 

on the total dendritic length. Bonferroni's post-hoc test showed significant dendritic 

retractions in the right hemisphere of stressed rats compared to the other three groups 

(control-left vs. stress-right by 23%, p < 0.01; control-right vs. stress right by 25%; 

stress-left vs. stress-right by 27 %; all p < 0.05) (Fig 13A left panel). 

In order to determine where these differences might be located, Sholl data was 

statically analyzed by a three-way ANOVA with repeated measures. The number of 

intersections as a function of the distance from the soma was positively affected by 

radius (F(24,408)=69.49, p < 0.001) and there was a weak interaction radius x group x 

hemisphere (F(24,480)=1.69, p<0.05). Fisher’s post-doc test indicated significant 

reductions exclusively in the right hemisphere of stressed rats compared to control rats 

in segments proximal to soma (40 µm, 60 µm - 80 µm and 100 µm, p < 0.05; 50µm, p < 

0.001)(Fig. 14A). To assess how stress affects the complexity of the basal dendritic 

trees, the length of dendrites of different branch orders were compared between controls 

and stressed rats. Three-way ANOVA with repeated measures showed a positive effect 

of branch order (F(5,80)= 10.37, p < 0.0001) and hemisphere (F(1,80)=5.03, p< 0.05). 

Fisher’s post-hoc test indicated significant reductions in dendrites of the branch order 2 

in the left hemisphere of stress rats compared to controls (p < 0.05) (Fig. 15A). In 

addition, pyramidal neurons in the right hemisphere of control rats presented higher 

branch order (i.e. branch order 9) compared to the other groups (Fig 15A). Hemispheric 

differences in control and stressed rats were also observed. In controls, the right 

hemisphere presented branch orders 9 whereas the left hemisphere reached only 

branch order 7. In the stress group, it was the left hemisphere that presented higher 

branch orders (order 8) compared to the right (order 6) (p<0.05) (Fig 15A).  
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Figure 13. Basal dendritic length and spine density in pyramidal neurons in the prelimbic 
area 
A, Light phase (left panel): Stress caused a significant reduction in the total basal dendritic length in 
pyramidal neurons of the right hemisphere compared to the three other groups. Dark-phase (right panel): 
Stress caused a reduction in the total basal dendritic length in the right hemisphere similarly to the effects of 
stress applied during the light-phase (A). B, Light-phase (left panel): Spine density on proximal dendrites 
was lower in the left and right hemispheres compared to control-left (both, p < 0.05). Dark-phase (left panel): 
A strong reduction in spine density was detected in the right hemisphere of stressed rats compared to the 
other three groups (all p < 0.05). C, Stress had no significant effects on the spine density on distal dendrites 
either during light-phase or dark-phase conditions. Data are mean ± SEM. * P < 0.05, ** P < 0.01 significant 
differences as determined by two-way ANOVA followed by Bonferroni’s post hoc test.  
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Figure 14. Number of intersections of basal dendrites in rats stressed during the light-
phase and controls 
The number of intersections is defined as the total number of intersecting points where basal dendrites cross 
a defined Sholl ring (see text for details). Rats were stressed during the light-phase and differences in the 
dendritic morphology were investigated with a hemispheric discrimination. A, Right hemisphere: Stress 
caused a drastic reduction of basal dendrites in segments proximal to soma (40 µm, 60 - 80 µm, 100 µm, p 
< .0.5; and 50 µm, p < 0.01). B, Left hemisphere: Note that pyramidal neurons of the left hemisphere in 
control rats presented more extended dendrites in distal segments of the basal trees compared to those of 
the right-hemisphere, but this difference was not significant. Data presented as mean ± SEM. **P < 0.01 and 
* P< 0.05.  
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Figure 15. Length of basal dendrites of distinct branch orders in the prelimbic area in 
control and stressed rats 
The length of dendrites of a specific branch order (i.e. 1

st
, 2

nd
,3

rd
…) was compared between control and 

stressed rats under different light conditions with a hemispheric discrimination. A, Light-phase condition: Left 
hemisphere of stressed rats showed shorter branches order 2

 
compared to the left hemisphere of control 

rats (p < 0.05). Hemispheric differences were found between groups: higher branching orders were 
observed in right hemisphere of controls (right: 9; left: 7), but in the left hemisphere of stressed rats (right: 6; 
left: 8). B, Dark-phase condition: No significant differences were found for any branch order. Note that 
hemispheric differences found in controls in the light-phase (A) disappeared under the dark-phase 
conditions (B). For stressed rats, same hemispheric differences were observed under both light conditions. 
Data presented are ± SEM. * P< 0.05 significant differences.  

_________________________Part III. Dendritic remodeling by diurnal cycle and stress 



   

 54 

 
The number of spines in basal dendrites at distances proximal or distal to soma 

was also analyzed. Dendrites proximal to soma presented a positive effect of group 

(F(1,14)=5.24, p > 0.05) on the spine density. Stress caused significant reductions in 

spine densities in the left and right hemispheres of stressed rats compared to left 

hemisphere of controls (by 16.5 % and 15.7 %, respectively; both p < 0.05) (Fig. 13B, 

left panel). Spine densities in dendrites distal to soma were not modified by stress (Fig. 

13C, left panel) 

6.1.4.2.2 Stress during the dark-phase 

 
The impact of stress applied during the dark-phase was evaluated by 

determining the overall dendritic length of basal dendrites by two-way ANOVA. Results 

indicated that the total dendritic length was positively affected by group (F(1,19)=6.25, p < 

0.05) and group x hemisphere (F(1,19)=4.61, p < 0.05). Bonferroni’s post-hoc test 

demonstrated that stress caused significant dendritic reductions in the right hemisphere 

of stressed rats compared to the left (by 26 %, p < 0.05), and compared to both 

hemispheres of control rats (right: by 28 %; left by 30 %; both p < 0.01) (Fig 13A, right 

panel).  

Sholl analyses were used to compare the total number of intersections across 

the dendritic tree. Three-way ANOVA indicated a positive effect of group x hemisphere 

(F(1,703)=4.17, p < 0.05), radius (F(19,703)=141.3, p < 0.0001), and an interaction radius x 

hemisphere x group (F(19,703) = 2.84, p < 0.001). Post-hoc test indicated that stress 

causes a significant decrease in number of intersections in middle portions of basal 

dendrites in the right hemisphere (70 µm - 80 µm, and 100 µm, p < 0.01; 90 µm and 110 

µm, p < 0.01) (Fig. 16A). In the left hemisphere, no significant differences were found 

between stress and control rats (Fig. 16B). In addition, hemispheric differences were 

found in stressed rats, where right hemisphere presented shorter dendrites compared to 

the left in middle portions of the dendritic trees (80 µm, 100 - 120 µm, p < 0.01;data no 

shown). To assess the impact of stress on the complexity of the dendritic arbors, the 

length of dendrites of different branch orders were analyzed. Three-way ANOVA 

indicated a positive effect of branch order (F(5,135)=17.8, p< 0.001), but no significant 

effect of stress on the length of dendrites of specific branch orders. Hemispheric 

differences were observed in stressed rats, presenting high branch orders in the right 

hemisphere (i.e. branch order 8) compared to the left (branch order 6). No hemispheric 
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differences were found in control rats (Fig. 15B). 

The number of spines in proximal and distal dendrites was quantified and analyzed by 

two-way ANOVA. In dendrites proximal to soma there was a positive effect of 

hemisphere (F(1, 14)=4.75, p < 0.05) on the spine density, with significant reductions in the 

right hemisphere of stressed rats compared to the other groups (control-left by 35 %; 

control-right by 31 %; stress-left by 32 %; all p < 0.05) (Fig 13B, right panel). In more 

distal dendritic segments, spine density was affected neither by stress nor by 

hemisphere (Fig 13C, right panel). 
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Figure 16. Number of intersections of basal dendrites in rats stressed during the dark-
phase and controls  

 
Rats were submitted to restrain stress during the dark-phase and number of intersections across basal 
dendrites was compared to controls. A, Right hemisphere: stress caused significant reductions in number of 
intersections in middle portions of the basal dendrites (70 – 80 µm and 100 µm, p < 0.01; 90 µm, 110 -120 
µm, p < 0.05). Left hemisphere: stress did not affect the number of intersections in stressed rats compared 
to controls. Data are mean ± SEM. **P < 0.01 and * P< 0.05. 
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6.1.5 Discussion 

 
This study demonstrates that stress applied during the dark-phase had a 

stronger impact on the physiology compared to stress applied during the light–phase, as 

reduced body weight gain and increased adrenal weights were significant only in rats 

being stressed during the dark-phase. These results agree with previous studies (Harris 

et al., 2002; D'Aquila et al., 1997) and coincide with the hypothesis that chronic restraint 

stress induces distinct disturbances in bodily stress-responses depending on the diurnal 

cycle.  

Analysis of the dendritic morphology showed that control rats during the dark-

phase, corresponding to the active-period, presented shorter dendrites compared to the 

light-phase. Stress-induced dendritic retractions, however, were similar under both light-

conditions. These results could be related to a disruption of the diurnal rhythm in the 

HPA axis activity. The circadian rhythm of corticosterone (highest at the beginning of 

dark-phase and lowest at the beginning of the light-phase (Rybkin et al., 1997) is lost in 

chronically stress rats with maximal corticosterone responses to stress when it is applied 

during the light-phase and minimal response to stress during the dark-phase (Retana-

Marquez et al., 2003). Structural modifications and neuronal plasticity induced by 

corticosterone have been reported previously for hippocampal (Watanabe et al., 1992a) 

and PFC (Wellman, 2001) pyramidal neurons. Based on these findings, it can be 

proposed that diurnal rhythms of corticosterone are partially linked to the intrinsic 

dendritic morphology observed in control rats, as longer dendrites are found at the 

lowest corticosterone levels (light-phase), and shorter dendrites are found when 

corticosterone is at the highest level (dark-phase). Other neurotransmitter systems might 

be implicated in such morphological modifications, as circadian rhythm patterns have 

been described for e.g. serotonin (Nakayama, 2002; Rueter and Jacobs, 1996), 

noradrenalin and adrenaline (de Boer and van der Gugten, 1987). 

In this context it is interesting to note that the noradrenergic system is particularly 

active during times of vigilance, which is during the active period in rats (dark-phase) 

(Aston-Jones and Bloom, 1981). Furthermore, as mentioned in the introduction, 

corticosterone receptors (GRs and MRs) upon activation, translocate to the cell nucleus 

and bind specific response elements (GREs) in the promoter region of target genes 

(Kitchener et al., 2004). Diurnal patterns in GRs nuclear translocation have been 

described, and more GR nuclear translocation has been found during the dark-phase 
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compared to the light-phase (Kitchener et al., 2004). Thus, the circadian activity of 

several neurotransmitter and neuromodulator systems being highest during the dark-

phase might play an important role in the structural remodeling of pyramidal neurons of 

the PFC. Further analysis under hypocortisolic (induced by adrenalectomy, ADX) and 

hypercortisolic (ADX with high-dose dexamethasone supplementation) rats would 

provide better understanding of the morphological changes in pyramidal neurons of the 

PFC induced by stress with a direct focus on the impact of corticosterone plasma levels. 

On the other hand, the effects of stress on pyramidal neurons of the PL occurred 

exclusively in the right hemisphere (see Fig. 17). These are new finding, as previous 

studies (using light-phase conditions) failed to detect any changes in basal dendrites 

(Brown et al., 2005). Therefore, discrepancies between the previous and the present 

results might be explained by the use of a detailed analysis discriminating the left and 

the right hemispheres. The criterion for cell sampling is another possible explanation. 

Brown et al. sampled pyramidal cells located mainly in the border between layer II and III 

(150 - 250 µm from pial surface) and irrespectively from different PFC areas (IL, PL and 

ACx) (Brown et al., 2005). In this study selected neurons were located in layer III (300 – 

450 µm from the pial surface) and restricted to the PL area (using the boundary 

definition developed in Part I).  

Structural changes in neuronal connections are believed to be important 

components underlying brain plasticity. Synaptic input correlates with dendritic geometry 

(Purves and Lichtman, 1985) and the structure of the dendritic trees affects neuronal 

firing properties (Schaefer et al., 2003). In this study, the Golgi-cox technique was 

employed to analyze dendritic morphology, and to evaluate changes in dendritic spine 

(Gibb and Kolb, 1998). The vast majority of synaptic inputs onto neurons are on dendritic 

spines and about 90 % of excitatory synapses are made on these dendritic protrusions. 

Functional studies indicated that increased spine size and spine numbers are associated 

with long-term potentiation (LTP) (Nimchinsky et al., 2002) whereas a decrease in spine 

number and/or size is associated with long-term depression (LTD) (Zhou et al., 2004). 

The present results might have functional implications, as it was demonstrated that 

stress caused significant reductions in spine densities only in basal dendrites proximal to 

soma, but not in distal dendrites. Similarly to the dendritic changes induced by stress, 

spine reductions were found only in pyramidal neurons in the right hemisphere. This 

lateralized alteration in spine number after stress is a new finding as no previous studies 

have reported left – right differences in spine densities of pyramidal neurons of the rat 

_________________________Part III. Dendritic remodeling by diurnal cycle and stress 



   

 59 

PFC. Lateralized specializations of the PFC, though, have been demonstrated in regards 

to stress responses (see Sullivan, 2004). Most of the neuroendocrine and hormonal 

systems activated by stress target principally the right hemisphere (Carlson et al., 1991; 

Carlson et al., 1993; Andersen and Teicher, 1999; Thiel and Schwarting, 2001; 

Slopsema et al., 1982; Berridge et al., 1999). Lesioning the right PFC reduced the 

neuroendocrine responses triggered by stress (Sullivan and Gratton, 1999). The present 

study offers further evidence of a lateralized stress response in the PFC, where the right 

hemisphere presented reduced dendritic lengths in basal dendrites proximal to soma 

with a simultaneous reduction in spine density in the same branches.  

Some studies have tried to understand the impact of stress on PFC functioning. 

The PFC and respective sub-areas are well known for their cognitive and emotional 

functions, but they also have important viscero-motor regulatory functions (Heidbreder 

and Groenewegen, 2003). Lesioning the ventral PFC (i.e. the infralimbic area) reduces 

the anticipatory increases in body temperature to the presentation of food, but prompted 

the anticipatory locomotor activity (Recabarren et al., 2005). On the other hand, the 

same PFC lesions impair fear conditioning, but fear extinction seems to be increased 

after PFC stimulation (Quirk et al., 2003). Moreover, Ushijima et al. (2006) reported that 

chronic restraint stress disrupted the rhythm pattern of rectal temperature, where ventral 

areas of the PFC are mainly implicated (Recabarren et al., 2005). Thus, ventral parts of 

the PFC (IL, PL) are intimately involved in stress responses and impaired functioning of 

these areas may lead to abnormal stress responses.  

On the other hand, chronic stress impairs spatial memory (Conrad et al., 1996) 

and produces depressive-like symptoms such as anhedonia (Gronli et al., 2005). 

Chronic restraint stress also decreases sexual activity in male rats and increases activity 

in the open field test (Gronli et al., 2005). The sleep-pattern is also affected by chronic 

stress by increasing the number of REM episodes and arousals (Gronli et al., 2004). 

Mizoguchi et al. (2000) have related the impaired memory and learning caused by stress 

with dysfunctions of the dopamine system in the PFC (Mizoguchi et al., 2000). However, 

more functional studies are required in order to understand the impact of dendritic 

remodeling caused by stress in the right hemisphere of the PFC. 
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The results from the present study demonstrated that light-phase conditions have 

a differential impact on the physiological responses to stress. However, the morphology 

of basal dendrites of pyramidal neurons in the PL was similarly affected in under both 

light-conditions. The importance of hemispheric discrimination is highlighted as stress 

causes a reduction in basal dendritic length and in spine density exclusively on basal 

dendrites of the right PL.  

 

 

 

 

 
 
 
 
 
 
 
Figure 17. Simplified drawing illustrating the morphological remodeling of basal dendrites 
on pyramidal neurons caused by chronic stress  

 
This scheme represents the dendritic remodeling resulting from 7 days immobilization stress. Stress caused 
a retraction in proximal basal dendrites in the right hemisphere with a concomitant reduced branching 
complexity. Because stress caused significant differences mainly in the right hemisphere, schematic 
neurons representing the left hemisphere are not shown (see Results for details). 
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6.2  Morphology of basal dendrites of pyramidal neurons in the prelimbic 
area in relation to the diurnal cycle 

 

Summary 

 
Rats are nocturnal animals and hence, are active during the dark phase. Diurnal 

variations in behavioral activity are highly correlated with neuroendocrine circadian 

rhythms, such as the rhythm of the hypothalamus-pituitary-axis, noradrenalin and 

serotonin. On the other hand, corticosterone administration can induce plastic changes 

in apical dendrites of pyramidal neurons of the prefrontal cortex (PFC) and depletion of 

monoamine neurotransmitters after sleep deprivation increase spine density in motor 

cortex. Therefore, it can be hypothesized that neuroendocrine circadian variations will 

have an affect on the morphology of pyramidal cells of the PFC.  

This study focused on the effects of the diurnal cycle (light- vs dark-phase) on the 

morphology of basal dendrites of pyramidal neurons in the rat prelimbic area. Data from 

section 6.1 was re-analyzed in order to compare diurnal variations in the morphology of 

pyramidal neurons of control and stressed rats. Results show that the total length of 

basal dendrites did not change across the diurnal cycle in control rats. A closer 

inspection of the dendritic arborization, however, demonstrated an effect of light-cycle on 

proximal basal dendrites in the right hemisphere, and on distal dendrites in the left-

hemisphere. In contrast, animals experiencing stress at different time points of the 

diurnal cycle presented dramatic reductions in the total dendritic length in the right 

hemisphere compared to left in a parallel manner under both light-conditions. 

Spine density in dendrites proximal to soma presented a circadian variation in the 

left hemisphere of controls, with more spine densities during the light-phase compared to 

the dark-phase. In stressed rats, spine density presented an opposite circadian variation, 

in that the right hemisphere showed more spines during the light-phase compared to the 

dark-phase. These results indicate that the number of spine found in basal dendrites 

depends on diurnal activity and stress affects this circadian variation.  

It is concluded that hemisphere and light-phase discrimination are crucial 

parameters that determine the length of dendrites of pyramidal neurons and their 

number of spines.  
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6.2.1 Rationale 

 
Rats are nocturnal animals whose active period is during the dark-phase (lights-

off) and their resting period during the light-phase (lights-on). Their circadian activity is 

accompanied by diurnal changes in the hypothalamus-pituitary-adrenal (HPA) axis 

activity and other neurotransmitter systems. For example, maximal levels of ACTH and 

corticosterone in rats are found at the beginning of the active period (dark-phase) and 

minimum levels are found at the beginning of the resting period (light-phase) (Retana-

Marquez et al., 2003; Nicholson et al., 1985). Similar cyclic pattern (higher plasma levels 

during the active period or dark-phase) are described - among others - for serotonin 

(Nakayama, 2002), noradrenalin and adrenaline (de Boer and van der Gugten, 1987). 

The important role of noradrenalin in attention, arousal and vigilance (Aston-Jones and 

Bloom, 1981) is well established. Neurons in the locus coeruleus (LC) provide 

noradrenergic innervation to different areas of the brain such as the PFC. LC neuronal 

activity is directly correlated with the sleep-walking cycle, while during REM-sleep 

episodes they become virtually silent (Aston-Jones and Bloom, 1981). Ramesh et al. 

(1999) show that sleep deprivation resulted in reduced levels of different monoamine 

neurotransmitters (i.e. dopamine, serotonin, noradrenalin), but at the same time dendritic 

spine counts in motor cortex was increased. Thus, it can be suggested that low levels of 

monoamines (as during the light-phase of the rat) yield spine formation and dendritic 

growing. On the other hand, previous studies have demonstrated that corticosterone 

administration causes dendritic retraction in apical dendrites of pyramidal cells located in 

the PFC (Wellman, 2001). Based on the circadian cycle of corticosterone and other 

neurotransmitter systems, and the corticosterone-induced morphological changes in 

pyramidal cells of the PFC (Wellman, 2001) it was hypothesized that differences in the 

morphology of pyramidal neurons of the PFC can be detected in the light-phase 

compared to the dark-phase of the diurnal cycle. 

The diurnal variations in dendritic morphology and in spine density in basal 

dendrites of pyramidal cells of the prelimbic area (PL) were analyzed in controls and in 

stress rats, separately.  

6.2.2 Design and methods 

 
For this study the same data as in section 6.1 was used, but the focus of this 

analysis was to compare the circadian variation in the morphology of pyramidal cells in 
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control and stressed rats separately. The total dendritic length of basal dendrites and the 

spine densities in proximal and distal basal dendrites were compared by two-way 

ANOVA, with hemisphere and phase as independent factors (SPSS Inc., Chicago IL, v. 

12.0). Sholl data was analyzed by three-way ANOVA, with hemisphere, phase and 

radius as independent factors. These analyzes were followed by Bonferroni’s post-hoc 

test for statistical differences (Statistica software package, Release 6.0 StatSoft Inc., 

Tulsa, OK) (p < 0.05). 

6.2.3 Results 

6.2.3.1 Circadian variation in the morphology of pyramidal neurons in control 
rats 

 
The length of basal dendrites of pyramidal cells sampled either during the light-

phase or during the dark-phase showed a positive interaction between factors 

(F(1,18)=1181.9, p< 0.0001). There were slightly longer dendrites in the left hemisphere in 

the light-phase compared to the dark-phase, but this was not significant (Fig 18A).  

A closer inspection of the dendritic arborization by Sholl analysis demonstrated 

an effect of radius (F(19,570)=97.45, p < 0.001) and radius x phase (F(19,570)=4.29, p< 

0.001). Fischer post-hoc test indicated that pyramidal neurons in the right hemisphere 

presented higher numbers of intersections proximal to the soma during the light-phase 

compared to the dark-phase (right: 40 - 50 µm, p < 0.05) (Fig 19A). Importantly, 

pyramidal neurons in the right hemisphere showed longer distal dendrites (> 350 µm) 

during the light-phase compared to the dark-phase (> 200 µm) but this was not 

significant (Fig 19A). In the left hemisphere, distal dendrites extended more during the 

light-phase (> 550 µm) compared to dark-phase (> 300 µm) but this was not significant 

(Fig. 19B). 

Spine density analyses showed an effect of hemisphere (F(1,14)=5.78, p < 0.05) in 

proximal dendrites. Lower spine densities were found during the dark-phase in both 

hemispheres compared to the left hemisphere during the light-phase (p < 0.05)(Fig. 

18B). Distal dendrites presented no differences either between hemispheres or phases 

(Fig 18C).  
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Figure 18. Impact of the diurnal cycle on dendritic length and spine density in control rats 
The diurnal variations in the morphology of pyramidal neurons were analyzed between the light-phase and 
the dark-phase with left-right discrimination. A, No significant differences were observed for the total 
dendritic length in control rats tested during light- or dark-phase. B, Spine density on basal dendrites 
proximal to soma was higher in left hemisphere in the light-phase compared to both hemispheres in the 
dark-phase (p < 0.05). C, No differences were observed in distal basal dendrites. Data presented as mean ± 

SEM.  * P < 0.05. 
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Figure 19. Diurnal variations in the total number of intersections in basal dendrites of 
control rats 
This figure shows the effects of light schedule on the total number of intersections in control rats. A, Right 
hemisphere: the diurnal cycle affected the total number of intersections in basal dendrites as showed by a 
reduced number of intersections in proximal distances to soma (40 - 50 µm, p < 0.05). B, Left hemisphere: 
Note than under both light conditions, pyramidal neurons extended longer in distal distances from the soma 
during the light-phase compared to the dark-phase, although this was not significant. Data are mean ± SEM. 
* P < 0.05.  
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Figure 20. Impact of the diurnal cycle on dendritic length and spine density in stressed 
rats 
The diurnal variations in the morphology of pyramidal neurons were analyzed in stressed rats. A, Stressed 
rats presented shorter dendrites in the right hemisphere compared to the left hemisphere during the light- 

and during the dark-phase conditions (p < 0.05). B, Spine density in dendrites proximal to soma was lower in 

the right hemisphere compared to the left hemispheres during the light- and the dark-phase (p < 0.05) and 

compared to the right hemisphere during the light-phase (p< 0.05). C, No differences were observed in distal 

segments of basal dendrites. Data presented as mean ± SEM.  * P < 0.05, **P < 0.01 
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Figure 21 Diurnal variations in the total number of intersections basal dendrites of 
stressed rats 
Effects of the light schedule on the total number of intersections in stressed rats were compared between 
hemispheres. A, Right hemisphere: The diurnal cycle did not affect the total number of intersections across 
the basal dendrites in stressed rats. B, Left hemisphere: No significant differences in the total number of 
intersections were found under different light-conditions. Data are mean ± SEM. 
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6.2.3.2 Circadian variation in the morphology of pyramidal neurons in stressed 
rats 

In stressed rats two-way ANOVA showed a positive effect of hemisphere 

(F(1,15)=10.884, p< 0.01) on the total dendritic length of basal dendrites. Post-hoc 

analyses demonstrated a pronounced difference between right hemispheres compared 

to left hemispheres (p < 0.05) (Fig.20A). Sholl analysis indicated a positive effect of 

radius (F(18,468)=94.69), p< 0.0001) in the total number of intersections as function of 

distance from the soma (Fig. 21). No significant differences in the number of 

intersections were found between the two light-conditions in both hemispheres (Fig 21A 

and B).  

Analyzes of spine densities showed an effect of hemisphere (F (1,13)=4.36, p < 

0.5) in dendrites proximal to soma, where the right hemisphere during the dark-phase 

had lower spine densities compared to left hemisphere (p < 0.01) and compared to both 

hemispheres during the light-phase (right, p < 0.05; left, p < 0.01) (Fig 20B). No 

differences in spine densities were found in distal segments of basal dendrites (Fig 20C). 

6.2.4 Discussion 

 
This study describes circadian variations in the morphology of pyramidal cells 

located in the PL of the PFC. In control rats, the overall dendritic morphology was not 

modified during the diurnal cycle; however, a closer inspection of the dendritic trees 

indicated a positive effect of the light-cycle as the right hemisphere presented longer 

proximal dendrites during the light-phase compared to the dark-phase. It is interesting to 

note, that dendritic length was reduced during the activity period of the animals (the 

dark-phase). In stressed rats, besides the dramatic reduction in the total dendritic length 

produced by stress, there were no detectable effects of the light-phase or hemispheres.  

Spine counting analysis showed that in controls, spine density also presented 

hemispheric-dependent circadian variations in that pyramidal cells located in the left 

hemisphere had higher spine densities during the light-phase compared to the dark-

phase. In stressed rats, there was an opposite circadian variation in spine density where 

lower spine numbers were observed in the right hemisphere during the dark-phase 

compared to the light-phase. 

The PFC has been implicated in a number of higher-brain functions, such as 

selective attention, behavioral flexibility, working memory and regulation of mood 

(Drevets et al., 1997; Heidbreder and Groenewegen, 2003). Many of these functions are 
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subjected to diurnal rhythmicity. The suprachiasmatic nucleus (SCN) is a probable 

source of these rhythms since it is the master circadian pacemaker in the brain (Reppert 

and Weaver, 2002). Recently, Sylvester et al. (2002) demonstrated by tracing studies 

that the SCN projects to the PFC (mainly the IL) via a relay in the paraventricular 

thalamic nucleus. The SCN influences HPA-axis activation by stress, in that ablation of 

the SCN abolished the diurnal rhythmicity of corticosterone and blunted the stress-

induced increases of this hormone either during the light- or dark-phase (Sage et al., 

2001). Therefore, diurnal rhythms of the SCN and/or other nuclei projecting to the PFC 

may have an impact on the morphology of pyramidal cells on this area, as it has been 

demonstrated by Wellman (2001) that increases in corticosterone induced-dendritic 

retractions in apical dendrites of pyramidal neurons in the PFC, whereas decreases in 

monoamines induced by sleep-deprivation might cause increases in spine densities 

(Ramesh et al., 1999). On the other hand, differences in spine morphology have been 

associated with differences in synaptic functions (McKinney, 2005). The smaller the 

head of the spine the smaller is the associated postsynaptic density. In contrast, larger 

mushroom-shaped spine allows larger postsynaptic densities. Rapid changes in spine 

density have been shown in pyramidal neurons of the somatosensory cortex, where 

growth and retraction were observed within a day (Holtmaat et al., 2005). Furthermore, it 

has been hypothesized that most of the new spines found in the adult cortex are 

filopodia, being in the process of spine formation or elimination (Holtmaat et al., 2005). 

Filopodia are long and thin protusions without a bulbous head, many of which do not 

form synaptic contact with presynaptic axons (Dailey and Smith, 1996; Yuste and 

Bonhoeffer, 2004). Zuo et al. (2005) suggested that filopodia are transient structures in 

the formation and elimination of spines (Zuo et al., 2005).  

In this study, despite differences in shape and possible distinct functions, spine 

density was taken as the number of protrusions perpendicular to the dendrite and spines 

and filopodia-like spines were counted together (Seib and Wellman, 2003; Bock et al., 

2005; Murmu et al., 2006). Further studies discriminating filopodia and the different 

spines types are necessary in order to address the question whether these changes in 

spine density represent spine loss or a decrease in the generation of new spines (i.e. 

filopodia) during the diurnal cycle. Such analyses would offer a better understanding 

about the functional implications of synaptic alterations caused by the diurnal light-cycle 

and the stress.   
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This study demonstrated a hemispheric-dependent circadian variation in spine 

density of basal dendrites of the PL in control and in stressed rats. In control rats, there 

was a circadian variation in left pyramidal neurons, but in stressed rats this circadian 

variation was shifted to the right hemisphere.  
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Summary 

 

It has been shown that stress-induced dendritic remodeling in hippocampal 

neurons can be successfully blocked by tianeptine, but not by other conventional 

antidepressant compounds (Watanabe et al., 1992b);(Magarinos et al., 1999). 

Tianeptine is an antidepressant drug with proven clinical efficacy (Cassano et al., 1996). 

Based on experimental data from the hippocampal formation, it was hypothesized that 

stress-induced remodeling in pyramidal neurons of the PFC can be successfully blocked 

by tianeptine. Adult rats were chronically restrained for 21 days and received daily 

intraperitoneal injections of either vehicle or tianeptine. Acute slices (400 µm) were 

obtained from the PFC and a total of 187 neurons were filled with neurobiotin. Pyramidal 

neurons in the prelimbic area were three-dimensionally reconstructed and the dendritic 

length, the amount of apical and basal dendrites, and the maximum branch order were 

quantified.  

Stress-induced decrease of body weight and increase of adrenal gland weight 

were successfully blocked by tianeptine. Morphological analysis of pyramidal neurons 

showed that stress abolished the hemispheric asymmetry found in control rats, whereas 

tianeptine in stressed rats caused further decreases in apical dendrites in the left 

hemisphere. These results suggest that the effects of tianeptine in stressed rats are not 

directly correlated with restoration of dendritic remodeling of pyramidal neurons in the 

prelimbic area, but perhaps further remodeling induced by the drug might be associated 

with the positive effects of the antidepressant. 
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7.1 Rationale 

Part II of this thesis described an intrinsic hemispheric asymmetry in the 

morphology of pyramidal cells of the prefrontal cortex (PFC). The right hemisphere 

presented longer dendrites in proximal and middle segments of the apical trees in 

infralimbic (IL) and prelimbic (PL) areas of control rats. No hemispheric differences were 

found in pyramidal neurons in anterior cingulate cortex (ACx) of controls. Chronic 

restraint stress significantly reduced apical dendrites in the IL and PL, resulting in a loss 

of intrinsic lateralization. In addition, stress affected the right hemisphere in IL and PL, 

but the left hemisphere in ACx. As mentioned above (see Introduction), important 

functional differences exist between the sub-areas of the rat PFC. Dorsal regions (ACx) 

are mainly related to motor behaviors, and ventral regions (IL and PL) to emotional and 

cognitive processes (Heidbreder and Groenewegen, 2003). Moreover, these areas have 

different efferent projection targets (Vertes, 2004; Heidbreder and Groenewegen, 2003). 

On the other hand, several studies have reported a consistent structural remodeling 

induced by chronic stress in pyramidal neurons of CA3 hippocampal region in rats 

(Magarinos and McEwen, 1995a; Kole et al., 2004a) and tree shrews (Magarinos et al., 

1996). This dendritic remodeling was selectively prevented by tianeptine (Watanabe et 

al., 1992b) but not by other antidepressants, such as fluoxetine or fluoxamine 

(Magarinos et al., 1999). Tianeptine is suggested to enhance the uptake of monoamines, 

such as serotonin (Mennini et al., 1987; Fattaccini et al., 1990), and prevents the K+ -

induced increases in extracellular concentrations of serotonin in the ventral 

hippocampus of rats (Whitton et al., 1991). 

 Based on experimental data from the hippocampal formation, it is hypothesized 

that tianeptine will be able to abolish the structural modifications caused by stress in 

pyramidal neurons in the PFC. Since previous results presented in this thesis 

demonstrated important structural changes in the PL compared to IL and ACx, this study 

focused only on pyramidal neurons in the PL area. The effects of chronic stress and 

tianeptine treatment on the morphology of pyramidal neurons in the PL were 

investigated with left – right hemisphere discrimination. A validated chronic restraint 

stress paradigm and a tianeptine regime that has been proved to be highly efficient in 

blocking the stress-induce hippocampal remodeling (Watanabe et al., 1992b; Magarinos 

et al., 1999) were used for the present study. The whole-cell patch clamp technique 

combined with neurobiotin cell filling was used for morphological analysis.  
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7.2 Design and Methods 

7.2.1 Chronic restraint stress and antidepressant treatment 

 
Animals were obtained as described in Part I (Methods, section 4.2.1)). Male 

Sprague-Dawley rats weighing 150–170 g at the beginning of the experiments were 

housed in groups of three animals per cage with ad libitum access to food and tap water. 

The first experimental phase (“Habituation”) lasted for 14 days, during which bodyweight 

was recorded daily. For the second phase of the experiment a validated drug regime 

previously described by Magarinos and McEwen (1995) was strictly followed. This is a 

well established experimental design for the hippocampal region studies that has been 

shown to separate the effects of stress, drug administration and their interaction 

(Watanabe et al., 1992b; Magarinos et al., 1999; Kole et al., 2004a). Briefly, animals 

were randomly assigned to the experimental groups (Stress, Control). The Stress (n= 

21) and the Control (n= 19) groups were further subdivided in two groups, one received 

daily intraperitoneal (i.p.) injections of vehicle (control-vehicle and stress-vehicle) and the 

other received daily i.p injections of tianeptine (control-tianeptine, stress-tianeptine) (10 

mg/kg/ml) right before the daily stress sessions were started (approx. 09.00 h). Chronic 

restraint stress consisted of daily restraint during six hours a day (09.00–15.00 h) for a 

period of 21 days according to Magarinos and McEwen (1995) and Kole et al. (2004). 

During restraint sessions, rats were placed in plastic tubes in their home cages with no 

access to food or water. Control rats were not subjected to any type of stress, except 

daily i.p. injections of either vehicle or tianeptine on same time schedule as for the stress 

groups. After 21 days of stress or treatment, rats were allowed to recover for 24 hours. 

On day 23, animals were weighed, deeply anaesthetized by i.p. injection with a mixture 

of 50 mg/ml ketamine, 10 mg/ml xylazine, and 0.1 mg/ml atropine and decapitated. 

Brains were rapidly removed and processed for slice preparation as described in Part II 

(section 5.2.3). Increased adrenal and decreased thymus weights are indicators of 

sustained stress. Therefore, these organs were removed from the animals immediately 

after decapitation and weighed. Data are expressed in milligrams per 100 gram body 

weight. 

Fresh solutions were prepared every third day and kept under 4°C light protected 

in brown glass bottles. Vehicle injections consisted of sterile 0.9 % NaCl dissolved in 

double distilled water. Tianeptine injections consisted of tianeptine (Stablon®, S01574-

01,N-(8-chloro-10-dioxo-11-methyl-dibenzo(c,f)(1,2)-5-thiazepinyl) sodium heptanoate, 
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Servier, France) in a concentration of 10 mg /kg/ml dissolved in sterile 0.9 % NaCl. This 

dose was selected as it has been shown to be in the range to produce neuroendocrine 

and behavioral responses (Delbende et al., 1991, 1994; Broqua et al., 1992). Slice 

preparation, neuronal reconstruction and morphometric analyses were performed as 

previously mentioned in Part II (section 5.2.3 – 5.2.5). 

7.2.2 Statistical analysis 

 
For statistical analysis, body weight (BW) is given as the change in body weight 

from starting day (day 0) until day 21. Final body weights of control and stress groups 

from the different treatments were compared by two-way ANOVA (factors: treatment x 

group) (SPSS Inc., Chicago IL, v. 12.0). Relative organ weights (in milligrams per 100 

grams of BW) were also compared between groups by two-way ANOVA. 

It was attempted to label the same number of cells in all animals but there was a 

high variability in numbers of neurons that could be reconstructed because not all cells 

fulfilled the criteria for being included in the analyses. Data from the cells in each 

hemisphere and sub-area were averaged per animal and these mean data served as 

analysis unit for all statistical procedures. Two-way ANOVA (factors: treatment x group) 

was used to statistically evaluate the effects of treatment and stress on the total dendritic 

length, the total number of branching points and the amount of basal and apical 

dendrites. For a closer inspection of the distribution of the dendritic material, Sholl data 

was compared by three-way ANOVA repeated measures (with factors: treatment x group 

× radius). The complexity of the dendritic material, expressed by the number of branches 

per branch order, was also tested with three-way ANOVA (factors: treatment × group x 

branch order). All analyses were followed by Bonferroni’s post hoc test (Statistica 

software package, Release 6.0 StatSoft Inc., Tulsa, OK). Data are presented as the 

mean ± SEM. Differences were considered statistically significant at P<0.05. 

7.3 Results 

7.3.1 Intracellular labeling with neurobiotin and dendritic reconstruction 

 
Intracellular labeling provides a reliable and sensitive method for the study of 

dendritic morphology (Pyapali et al., 1998). In all experimental groups, there was 

complete staining of the main dendritic branches of each neuron with distal dendrites 

being reliably visualized (see Fig 6). In both groups together, Control and Stress, a total 
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of 480 cells were filled of which 39% (187 cells) fulfilled the criteria for complete staining 

suitable for a quantitative analysis of essential aspects of their dendritic morphology. The 

final percentage of recovered cells was similar to previous studies with same method of 

intracellular labeling (Perez-Cruz et al., 2007). This indicates that the whole-cell patch 

clamp method is a highly reproducible technique for the morphological analyses of 

pyramidal cells of the PFC. Filled cells were localized in layer III of the PL, readily 

identified by comparing the location of a neurobiotin filled neuron with the boundary 

patterns previously described (see, Part I). Briefly, a contour map based on the 

immunochemistry staining pattern in parvalbumin- and NEU-N- coronal stained sections 

from adult rats was overlapped into the selected neurobiotin-filled cells slides and the 

specific cell location was determined. Reconstructed neurons were located at depths of 

400-450 µm from the brain surface. 

7.3.2 Effects of stress and tianeptine on body and organ weights 

 
To assess the beneficial effects of tianeptine on the physiological changes 

induced by stress, body weight and the weights of thymus and adrenal glands were 

measured. Two-way ANOVA indicated a positive interaction between group and 

treatment (F(1,27)=4.28, p < 0.05), and an effect of tianeptine (F(1,27)=7.24, p < 0.05) on the 

final body weight.  Bonferroni’s post-hoc test revealed a significant difference in the final 

body weight between stress-vehicle vs. control-vehicle (t = 30.25, p<0.05), stress-vehicle 

vs. control-tianeptine (t = 33.88, p<0.05) and stress-vehicle vs. stress-tianeptine (t = 

36.21, p<0.05) (Fig. 22A). Restoration of body weight was found in stress-tianeptine 

group, as values were close to control values. 

Relative adrenal and thymus gland weights (mg per 100 g body weight) were 

also compared between groups by two-way ANOVA. Relative adrenal weight showed a 

positive interaction between factors (F(1,30)=1428.75, p>0.0001) where adrenals were 

significantly enlarged in stress-vehicle vs. control-vehicle (t = 3.46, p< 0.01) and stress-

vehicle vs control-tianeptine (t = 2.48, p< 0.05). Normalization in the adrenal glands 

weight in the stress group was found after tianeptine treatment, as values were close to 

control values (Fig 22B).On the other hand, thymus weight was not affected neither by 

stress nor by treatment (Fig 22C).  
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Figure 22. Effects of tianeptine on body, adrenal and thymus weight in stressed and 
control rats  
A, Body weight increases were significantly reduced in stress-vehicle compared to control-vehicle (p< 0.05) 
and to control-tianeptine (p< 0.01). Tianeptine was able to block the decreases in body weight in stress-
tianeptine rats (p< 0.01). B, Relative adrenal glands weight (in mg per 100 g body weight) was increased in 
stress-vehicle compared to control-vehicle (p< 0.01) and control-tianeptine (p<0.05). Normalization in 
adrenal gland weight was found in stress-tianeptine as values were close to control values. C, on the other 
hand, thymus weight was affected neither by stress nor by treatment. Data are mean ± SEM. ** P < 0.01, * P 
< 0.05 
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7.3.3 Effects of stress and tianeptine on the morphology of pyramidal 
neurons 

For a general evaluation of the structural changes induced by stress and 

tianeptine on pyramidal neurons of the PL, basal and apical dendritic lengths were 

compared between groups. Basal dendrites were not modified either by stress or by 

tianeptine (Fig 23A). 

For apical dendrites, two-way ANOVA indicated a positive effect of treatment 

(F(3,46)=2.71, p < 0.05) and post-doc test indicated significant reductions in the left 

hemisphere of control-vehicle compared to stress-tianeptine (by 41 %) (p < 0.05) (Fig 

23B). Based on the findings of Part II, left and right hemispheres were compared in each 

group. Only control-vehicle rats presented hemispheric asymmetries in that left 

hemisphere had longer dendrites compared to right (p < 0.05) (Fig 23B).  

Sholl analyses were performed to have a closer inspection of the dendritic 

reorganization induced by stress and tianeptine. For basal dendrites on the right 

hemisphere, three-way ANOVA indicated a positive effect of radius (F(8,248)=100.18, p < 

0.0001). Post-hoc test demonstrated longer basal dendrites in the control-tianeptine 

group at 20 µm and 80 µm compared to stress-vehicle and control-vehicle, respectively 

(both p < 0.05). At distal distances from soma control-vehicle had shorter dendrites 

compared to stress-tianeptine (180 µm, 200 µm, p < 0.05) and stress-vehicle (200 µm, p 

< 0.5). At 210 µm distance from the soma control-tianeptine also had shorter dendrites 

compared to stress-vehicle (p < 0.05) (Fig 24A). Apical dendrites of the right hemisphere 

had a rather homogenous dendritic distribution between groups, but three-way ANOVA 

indicated a positive effect of radius (F(15,480)=4.11, p< 0.001) on the general dendritic 

organization. Post-hoc test indicated larger dendrites in the control-vehicle compared to 

stress-tianeptine at 20 µm from soma (p <0.05) (Fig 24A).  

In the left hemisphere, three-way ANOVA indicated a positive interaction 

between radius and treatment (F(8,144)=2.49, p < 0.05) and a positive effect of radius 

(F(8,144)=29.28, p < 0.05) in the distribution of basal dendrites. Post-hoc analyses showed 

that control-tianeptine had larger dendrites compared to control-vehicle, stress-vehicle 

and stress-tianeptine at 20 µm (p < 0.05; Fig 24B). In apical dendrites in the left 

hemisphere, three-way ANOVA an interaction between stress and radius (F(15,270)=2.64, 

p < 0.001), and between radius x stress x treatment (F(15,270)=2.27, p < 0.05), and a 

positive effect of radius (F(15,270)=2.14, p < 0.01) on the dendritic architecture.  Post-hoc 

test indicated that control-vehicle rats had longer dendrites in distal dendrites compared 
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to stress-tianeptine (260 µm, p < 0.01; 280 µm, p < 0.001; 300 µm and 320 µm, both p < 

0.05) and compared to the stress-vehicle (280 µm and 320 µm, p < 0.001; 300 µm, p < 

0.05)(Fig 24B). Detailed analyses of the dendritic complexity were done by comparing 

the amount of apical and basal dendrites, as well as the number of branching points 

between groups. In both hemispheres, apical and basal trees presented no significant 

differences in the amount of dendrites. Hemispheric differences, however, were found in 

stress-vehicle group in that left hemisphere presented more basal dendrites compared to 

right (t = 2.39, p < 0.05) (Table 3). For the total number of branching points, two-way 

ANOVA demonstrated a positive interaction between factors (F(1,25)= 203.42, p < 0.0001) 

in basal dendrites in that more branching points were detected in the right hemisphere of 

stress-vehicle rats compared to control-vehicle rats (Table 3). The total number of 

branching points in apical dendrites also presented a positive interaction between factors 

(F(1,21)=208.33, p < 0.0001) and post-hoc analysis indicated significantly less branching 

points in the left hemisphere of stress-tianeptine rats compared to stress-vehicle (p < 

0.05), and control-tianeptine animals (p < 0.05; Table 3). Because major changes were 

found between control-vehicle and stress-tianeptine groups (i.e. reduced total length of 

apical dendrites in the left hemisphere), it was of interest to analyze the complexity of the 

dendrites only between these two groups, with left - right discrimination. The length of 

dendrites of each branch order was compared by a three-way ANOVA (group x 

treatment x branch order). For the right hemisphere, basal dendrites showed a positive 

effect of treatment (F(1,40)=8.29, p < 0.01) and branch order (F(2,40)=34.49, p < 0.001). 

Although stressed rats treated with tianeptine presented higher branch order than 

controls (stress-tianeptine: 6; control-vehicle: 5) no significant differences were detected 

between groups (Fig 25A, left panel). Apical dendrites in the right hemisphere presented 

a positive interaction between factors (F(1,35)=481.11, p<0.001) and post-hoc test 

demonstrated that control-vehicle rats presented longer dendrites order 9 compared to 

stress-tianeptine rats (p < 0.01; Fig 25A, right panel). In the left hemisphere, basal 

dendrites presented a positive interaction between factors (F(1,18)=85.19, p < 0.001) and 

branch order (F(3,18)=7.95, p < 0.01) but no differences were found between groups (Fig. 

25B, left panel). Apical dendrites in the left hemisphere had a positive effect of branch 

order (F(7,42)=2.71, p<0.05) and a positive interaction between branch x group x 

treatment (F(7,42)=2.62, p<0.05). Even though control rats receiving vehicle presented 

higher order branches compared to stress (control-vehicle: 8; stress-tianeptine: 7), no 

significant differences were detected between groups (Fig 25B, right panel). 
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Figure 23. Effects of stress and tianeptine on the total dendritic length of basal and apical 
dendrites of the prelimbic area 

 
A, Basal dendrites: no significant differences were found between stress and control rats receiving vehicle or 
tianeptine. Larger values are found in the left hemispheres of stress-vehicle and control-vehicle group, but 
this was not significant. B, Apical dendrites: Reduced total dendritic length was found in the left hemisphere 
of stress-tianeptine rats compared to control-vehicle. Hemispheric asymmetries were only found in control-
vehicle with a left over right difference. *, P < 0.05 hemispheric differences as determined by unpaired t-test; 
#, P < 0.05 significant differences between stress and control rats as determined by two-way ANOVA with 
Newman-Keuls post hoc test. Values are means ± SEM. 
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Figure 24. Effects of stress and tianeptine on the dendritic distribution of pyramidal 
neurons in the prelimbic area  
A, Right hemisphere: basal dendrites presented significant differences between groups at 20 µm where 
control-tianeptine had longer dendrites compared to stress-vehicle (@, p < 0.05), and at 80 µm control-
tianeptine had also longer dendrites compared to control-vehicle (&, p< 0.05). In middle portions of the basal 
trees, control-vehicle presented longer dendrites compared to stress-tianeptine (at 180 - 200 µm, * p < 0.05) 
but compared to stress-vehicle only at 200 µm (@, p < 0.05). In addition, control-tianeptine presented longer 
dendrites compared to stress-vehicle at 200 µm (#, p < 0.05). Apical dendrites had a homogeneous 
distribution between groups and significant differences were only found only at 20 µm between control-
vehicle vs. stress-tianeptine (*, p < 0.05). B, Left hemisphere: basal dendrites of control-tianeptine were 
larger compared to stress-tianeptine (t, p > 0.05), stress-vehicle (@, p < 0.05) and control-vehicle (&, p < 
0.05) at 20 µm. Apical dendrites were significant different between groups in middle portions of the tree, 
where control-vehicle presented larger dendrites compared to stress-tianeptine (at 260 - 320 µm, **, p < 
0.01), and compared to stress-vehicle (at 280 – 320 µm, ##, p < 0.01) and control-tianeptine (at 280 µm, &, 
p < 0.05). Symbols indicate significant differences within each 20 µm ring. Data are mean ± SEM.  
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Figure 25 Length of dendrites of distinct branch orders in basal and apical dendrites of 
pyramidal neurons in the prelimbic cortex  

 
The length of dendrites of different branch orders (i.e. 1

st
, 2

nd
,3

rd
, etc.) were compared between control rats 

receiving vehicle (control-vehicle) and stress rats receiving tianeptine (stress-tianeptine). A, Right 
hemisphere: no significant differences were found in basal dendrites (left panel), but apical dendrites of 
control-vehicle presented longer dendrites order 10 compared to stress-tianeptine (right panel). B, Left 
hemisphere: no significant differences were found in basal dendrites (left panel), but control-vehicle rats had 
dendritic branches of the order 8 that did not exist in stress-tianeptine. Data presented are ± SEM. ** P < 
0.01, * P < 0.05 significant differences.  

 
 
 
 

_________________Part IV. Effects of tianeptine and chronic stress in dendritic morphology 



   

 83 

 
 
Table 3. Morphometric data of pyramidal neurons in the prelimbic area of control and 
stressed rats treated with tianeptine (10 mg/kg/ml) or vehicle.  

 
 
 
 

Control- 
vehicle 

Control-
tianeptine 

Stress-
vehicle 

Stress-
tianeptine 

Basal dendrites 

RIGHT 
 

6.2 ± 0.3 6.5 ± 0.6 5.2 ± 0.6 * 5.8 ± 0.5 Number of  basal 
dendrites 

LEFT 
 

5.6 ± 0.7 7.3 ± 0.7 7.0 ± 0.5  5.8 ± 0.7 

RIGHT 
 

9.0 ± 0.7  12.5 ± 1.1 14.3 ±2.2 
#
 13.2 ± 2.1 Number of 

branching points  
LEFT 
 

12.2 ± 4.5  13.5 ± 2. 2 13.9 ± 5.0 11.5 ± 1.8 

Apical dendrites 

RIGHT 
 

9.1 ± 1.0 10.3 ± 1.5 11.4 ± 1.7 8.2 ± 1.0 Number of 
branching points 

LEFT 
 

11.8 ± 0.8 12.0 ±2.0 12.1 ± 1.2 7.4 ±1.7 
& @

 

 
 
Morphometric data of basal and apical dendrites of pyramidal neurons in the prelimbic area of stress and 
control rats treated with vehicle or tianeptine. In basal dendrites, only stress-vehicle presented hemispheric 
differences in that left hemisphere had larger amount of basal dendrites compared to the right (*, P< 0.05). 
For the number of branching points, significant differences on the right hemisphere were found between 
stress-vehicle and control-vehicle (#, p < 0.05). In apical dendrites, significant differences were found 
between stress-tianeptine and stress-vehicle (&, p > 0.05), and stress-tianeptine control-tianeptine (@, p > 
0.05). Data are presented as mean ± SEM.  
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7.4 Discussion 

 
The antidepressant and anxiolytic properties of tianeptine have put this drug at 

the top of the antidepressants with additional morphological protective effects in the 

hippocampal formation (see McEwen and Olie, 2005). Stress-induced hippocampal 

dendritic remodeling, and declines in spatial memory and anxiety are effectively blocked 

after chronic tianeptine administration (Watanabe et al., 1992b; Conrad et al., 1996; 

Delbende et al., 1994). Moreover, single injection of tianeptine suppressed stress-induce 

release of corticosterone, ACTH (Delbende et al., 1991), and noradrenalin (Sacchetti et 

al., 1993). Thus, tianeptine seems to suppress endocrine changes caused by stress. 

This may explain the present findings regarding successful body and adrenal weights 

restoration after tianeptine treatment in stressed rats. Previous studies, however, have 

failed to detect beneficial effects of the drug on physiological parameters (i.e. no 

changes in body weight) (Watanabe et al., 1992; Magarinos et al., 1999; Kole et al., 

2004). Such contradictory results can be explained by differences in drug preparation 

(i.e. 50 % propylene glycol) or the route of administration (i.e. subcutaneous injection) 

(Watanabe et al., 1992). The pharmacological profile of tianeptine shows that chronic 

intraperitoneal administration (i.p.) results in plasma levels that peak very quickly (5-15 

minutes post-injection), appearing in brain tissue almost immediately after administration 

(Couet et al., 1990). Therefore, the administration route chosen for this study (i.p.) allows 

an efficient plasma and brain concentration during the whole treatment. Moreover, 

previous reports addressing the impact of tianeptine in chronically stressed rats failed to 

detect changes in body or adrenal gland weights in the stressed rats (Magarinos and 

McEwen, 1995). In the present study, changes in body and adrenal weights (as 

important factors to asses the effectiveness of the stress protocol) were detected in 

stressed rats. Therefore, it is concluded that this antidepressant drug effectively 

abolished the bodily changes induced by chronic stress. 

On the other hand, it is well known that stress-induced dendritic retraction in the 

CA3 hippocampal neurons (Conrad et al., 1999; Magarinos et al., 1999; Watanabe et al., 

1992) as well as reduced neurogenesis in the dentate gyrus of three shrews (Czeh et al., 

2001) are successfully blocked by tianeptine. Thus, tianeptine has important protective 

effects against stress-induce plastic changes in the hippocampus. Moreover, chronic 

restraint stress causes hypertrophy of pyramidal cells in the basolateral amygdala (Vyas 

et al., 2002), and this dendritic remodeling was also reversed by tianeptine (Pillai et al., 
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2004). In the present study, no significant protection exerted by tianeptine against 

stress-induced remodeling in the PL could be detected. One explanation could be that 

the compound acts region-specific. This idea is supported by previous studies reporting 

regional effects of tianeptine after systemic administration. Louilot et al. (1990) reported 

increased DA metabolism in the PFC but not in the nucleus accumbens after tianeptine 

administration. Moreover, tianeptine facilitated serotonin uptake in the PFC but not in the 

hippocampus (Pineyro et al., 1995). Contrary, increases in serotonin levels were found 

in the CA3 hippocampal region, but not in the PFC after tianeptine administration 

(Frankfurt et al., 1995). Therefore, one can assume that differences in brain distribution 

and/or metabolism might be a causal factor for the differential actions of tianeptine 

between the hippocampus and the PFC. Interestingly, previous studies reported 

neuroendrocrine modifications in control rats after tianeptine treatment (Louilot et al., 

1990; Pineyro et al., 1995; Frankfurt et al., 1995). In the present study, tianeptine caused 

some morphological modifications in control animals as well. Therefore, morphological 

changes induced by tianeptine can be found in control and stressed animals in a region-

dependent manner. Further experiments with a different route of administration, will 

address the questions as if injection procedure per se uncover potential beneficial 

effects of tianeptine in pyramidal neurons of the PFC.  

Electrophysiological data from hippocampal neurons have shown that acute 

tianeptine increases the firing frequencies of CA1 pyramidal cells (Dresse and Scuvee-

Moreau, 1988). Moreover, chronic restraint-stress reduced the EPSC amplitude of CA3 

pyramidal neurons and EPSC amplitude was normalized after tianeptine treatment 

(Pineyro et al., 1995; Kole et al., 2004). In PFC neurons acute injection of tianeptine 

reversed the impairment in LTP caused by acute stress on an elevated platform (Rocher 

et al., 2004). Until now, however, there are no reports regarding the functional effects of 

chronic tianeptine treatment in PFC neurons. However, an opposite action of 

antidepressant in the electrical properties of hippocampal neurons compared to PFC 

neurons have been reported: fluoxetine induced an increase in field potentials in the 

dentate gyrus (Stewart and Reid, 2000) but same drug in the PFC decreased the 

number of spontaneously active cells (Ceci et al., 1994). As mentioned above, tianeptine 

abolished the dendritic remodeling induced by stress in the CA3 hippocampal pyramidal 

neurons (Magarinos and McEwen, 1995). In contrast, the present study found further 

reductions of apical dendrites in the left PL. A decrease in apical dendritic length, 

however, does not necessarily imply a loss of function. Shortening of even a few 
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dendrites can lead to enhanced back-propagation of action potentials (Golding et al., 

2001; Schaefer et al., 2003). Moreover, previous experiments in our laboratory revealed 

that social defeat causes a decrease in the apical dendritic length of the CA3 pyramidal 

neurons in the rat hippocampus, an effect directly correlated with a shortening of the 

onset latency of EPSPs (excitatory postsynaptic potential) (Kole et al., 2004). Putting all 

this data together one can suggest that the dendritic remodeling found in PL pyramidal 

neurons in response to tianeptine treatment (dendritic retraction), might have beneficial 

effects in order to restore cortical functions, despite the negative connotation of the term 

“dendritic retraction” due to long established association with neurodegenerative 

processes. It is proposed that retractions in apical length induced by tianeptine may be 

part of a mechanism to counteract structural and functional imbalances induced by 

stress, and will help to restore PFC functioning. However, one cannot rule out the 

possibility that the protective effects of tianeptine against stress (i.e. physiological 

recovery, decreased anxiety, and improvement of spatial memory) might relay in other 

brain areas such as the hippocampus or the amygdala, but not in PFC. Functional 

studies are needed in order to understand the implications of dendritic retractions in 

pyramidal neurons of the left PL. 

This study indicated that the beneficial effects of tianeptine on depressive 

symptoms are regional-dependent, in that the PFC dendritic remodeling caused by 

stress was not significantly prevented by this antidepressant.  
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8.1 Effect of intraperitoneal injection 

Summary 

 
In Part IV of the present thesis, it was noted that chronic intraperitoneal (i.p.) 

injection per se caused alterations in the morphology of pyramidal cells in some areas of 

the prefrontal cortex (PFC). This mild stressful factor seems to have specific regional 

and hemispheric effects. Therefore, it was of interest to analyze the effects of i.p. 

injection on apical and basal dendrites in the infralimbic (IL) and prelimbic (PL) areas of 

the PFC. Results indicated that saline i.p. injections during 21 consecutive days 

produced a retraction in apical dendrites in the right PL. Apical dendrites in IL were not 

affected by i.p. injections, nor the basal dendrites from PL or IL areas. Previously, it was 

demonstrated that chronic stress (applied for 21 or 7 days, see Part II and Part III, 

respectively) reduces the apical dendrites exclusively in pyramidal cells located in right 

PL and IL. These results suggest that, mild stress (i.p. injection), short-chronic stress (7 

days restraint) as well as long-chronic stress (21 days restraint) have a more 

pronounced effect on the morphology of pyramidal neurons in the right PL compared to 

other PFC sub-areas. Putting all this data together, it can be concluded that is the right 

PL the most sensible area of the PFC to external stimuli. These results also show that 

injection procedures as well as other stimuli have an effect on the dendritic morphology 

of PFC neurons. Therefore, it is strongly suggested the use of different drug 

administration route (i.e. per oral) in order to discriminate drug and treatment effects on 

stress induced morphological changes in the PFC.  
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8.1.1 Rationale 

 
The protective effects of tianeptine on stress-induced dendritic remodeling of 

pyramidal cells of the CA3 hippocampal region (Magarinos et al., 1999; Kole et al., 2004) 

formed the basis for hypothesize that tianeptine can counteract the morphological 

modifications of chronic stress also in the prefrontal cortex (PFC) (Part IV). Part II of this 

thesis described a lateralized morphology in pyramidal cells of different areas of the 

PFC, where chronic stress reduced dendrites exclusively in the right hemispheres of the 

IL and PL areas. Part IV of this thesis described an attempted to block this stress-

induced dendritic remodeling by the use of chronic tianeptine treatment. When 

comparing the dendritic morphology of pyramidal neurons from the IL and PL between 

vehicle injected rats (Part IV) and handled controls (Part II) slight differences was 

observed for some regions of the PFC. Therefore, this study aimed to compare the 

effects of intraperitoneal injections versus handling in control rats. The data from Part II 

(control rats) and from Part IV (vehicle injected rats) was re-analyzed and compared to 

investigate the effects of injection procedure per se on the morphology of pyramidal 

neurons in the IL and PL sub-areas of the PFC.  

The results indicate that injection per se causes a mild stress effect in some 

areas of the PFC. Retraction of apical dendrites was found in the right PL of chronically 

injected rats compared to handled controls. No differences were found in the left 

hemisphere of PL or in dendrites of the IL. The right PL seems to be highly sensitive to 

external stimuli, and structural modifications in this area can be observed after mild 

stress before other PFC sub-areas are modified.  

8.1.2 Design 

 
For this study the data from control rats of Part II, and control rats receiving 

vehicle (control-vehicle) of Part IV were re-analyzed. New name codes were given to 

them, as “Handled” (control rats handled only for weight measurements during 21 

consecutive days), and “Injected” (control rats receiving i.p. injections during 21 

consecutive days). Comparisons between the total dendritic length were performed by 

the use of two-way ANOVA (factors: hemisphere x group) followed by Bonferroni’s post-

hoc test for statistical differences (p < 0.05).  
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8.1.3 Results 

8.1.3.1 Effects of intraperitoneal injection on the morphology of pyramidal 
neurons in the infralimbic and prelimbic areas  

 
In order to assess the overall effects of i.p. injection on the dendritic architecture 

of neurons from IL and PL areas, basal and apical morphometric data was compared 

between “Handled” and “Injected” rats with a left-right discrimination.  

In the prelimbic area, two-way ANOVA indicated a positive interaction between 

factors (F(1, 20)=9.07, p < 0.001) in the total dendritic length. Bonferroni's post-hoc 

analysis demonstrated that in “Injected” rats, i.p. injections produced a dramatic 

reduction in apical dendrites of the PL only in the right hemisphere compared to 

“Handled” rats (p < 0.05) (Fig 26A). No statistical differences were found for basal 

dendrites of PL. 

In the IL, no significant differences were found for basal or apical dendrites 

between “Handled” and “Injected” rats (Fig 26B).  

In addition, the asymmetrical morphology favoring the right apical dendrites of 

the PL in “Handled” rats was lost in pyramidal cells from “Injected” rats (Fig 26A). 

Therefore, the route of drug administration, i.p. can be considered as mild stress that 

produced plastic changes only in the PL and more specifically, in the right hemisphere.  
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Figure 26. Effect of daily handling or intraperitoneal injections on the dendritic length of  
infralimbic and prelimbic areas  
The effects of daily handling or i.p. injections were analyzed in basal and apical dendrites of the prelimbic 
and infralimbic areas A, Prelimbic area: apical dendrites presented significant reductions in the right 
hemisphere, where rats receiving i.p. injections (injected right) presented shorter dendritic lengths compared 
to rats that were only handled (handled right) (p<0.05) (left side). No differences were found in basal 
dendrites. B, Infralimbic area: No significant differences were found between handled and injected rats 
either in basal or apical dendrites. *, P<0.05 significant difference as determined by two-way ANOVA with 
Bonferroni’s post hoc test. Handled: control rats daily handled for 21-days; Injected: control rats receiving 
daily i.p. injections of saline for 21 days. Values are presented as means ± SEM. 
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8.1.4 Discussion 

 
In Part IV of this thesis, control rats receiving i.p. injections of saline, presented a 

slight reduction of the total dendritic length in apical and basal trees in comparison with 

previous experiments (Part II, where control animals were not injected). The PFC seems 

to be extremely sensitive to stressful events. Previous studies shown that chronic 

subcutaneous (s.c.) administration of sesame oil as vehicle in control rats resulted in a 

reduction in the number of spines in apical dendrites of the PFC (Seib and Wellman 

2003). Therefore, it seems that the administration procedure per se might be stressful 

enough to alter the morphology of dendrites in the PFC. The present study compared 

the overall morphology of pyramidal neurons of control animals that were only handled 

for body weight measurements during 21-days (“Handled”), and those that received i.p. 

injection of saline during same period of time (“Injected”) from previous data of Part II 

and IV, respectively. Results indicated that mild stress, such as daily i.p. injection with 

saline, resulted in a retraction of apical dendrites exclusively in the right PL. No changes 

were observed in basal dendrites of the PL, or in pyramidal cells from the IL. Thus, 

under these experimental conditions, the right PL seems to be the most sensitive to 

stress as it was demonstrated by alterations in its dendritic morphology. Recently, 

Izquierdo et al. (2006) have demonstrated that a single stress episode in mice 

(swimming stress) caused significant retractions of apical dendrites in the IL. They 

proposed the IL to be the first PFC area to react to stressful events (by retraction of the 

apical dendrites) (Izquierdo et al., 2006). When stressors are applied for a longer periods 

(7- or 21-days of chronic restraint stress) (Part II, Part III; Brown et al., 2005; Radley et 

al., 2004) other PFC areas, such as PL, can be recruited resulting in plastic changes of 

their dendritic arbors. Anatomical studies in rats have demonstrated the existence of a 

“PL loop” involving projections from the PL to the ventral striatum, ventral pallidum, and 

the mediodorsal nucleus back to the PL (Groenewegen and Uylings, 2000). This loop 

appears to represent an important circuitry involved in cognitive processing (Vertes, 

2006). By contrast, the IL projects to viscero-motor centers (Vertes, 2004) and is mainly 

involved in visceral and autonomic regulation (Heidbreder and Groenewegen, 2003). 

Thus, specific stress responses of the PL compared to the IL might be linked to the 

dendritic remodeling in the PL but not in the IL.   

The criteria used to select neurons for analysis in this study compared to the 

previous ones, might also explain the contrasting results with Izquierdo et al. (2006). As 
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mentioned already in Part II-Part IV of this thesis, previous studies (Cook and Wellman, 

2004; Brown et al., 2005; Wellman, 2001) selected neurons located in the border of layer 

II - III, whereas in the present analysis neurons were located exclusively in layer III 

(closer to border of layer V). The PFC receives different afferent projections from cortical 

and subcortical areas, and these projections target specific cells in a layer-specific 

manner (Gabbott et al., 2005; Vertes, 2004). Most of the medial thalamic input to the 

PFC is on layer V and deep layer III (Gabbott et al., 2005; Wyss et al., 1990). As the 

PFC in mammals is defined as the cerebral cortex region that presents reciprocal 

projections from the medial thalamic nucleus (Uylings et al., 2003), investigating layer III 

neurons would provide a clearer approach to pathological conditions involving the PFC.  

It is concluded that the right PL reacts to stress events in a more sensitive 

manner than lower PFC areas. Daily i.p. injections with saline caused reductions in the 

apical dendrites of exclusively in the right PL, but not in basal dendrites. These results 

are in agreement with the hypothesis of a lateralized activation of the PFC to stressful 

events (Sullivan and Gratton, 1999; Sullivan, 2004) and suggest the use of another route 

of drug administration to discriminate the drug and treatment effects on stress induced 

morphological changes in the PFC 
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9.1 Prefrontal cortex and stress responses  

 
The aim of present thesis was to contribute to the understanding of the 

morphological alterations in the PFC caused by repeated stressful experiences. This 

study illustrated the effects of repeated stressful experiences with a specific regional and 

hemispheric distinction. Dendritic remodeling was consistently observed in the right 

hemisphere of the IL and PL sub-areas of the PFC. Moreover, restraint stress applied for 

one-week leads to the retraction of basal dendrites in proximal distances from the soma 

in the right PL, and effect accompanied by reductions in spine density. In addition, the 

exquisite responsiveness of the PL to stress was further demonstrated as intraperitoneal 

injections per se caused dendritic retraction in apical dendrites of the right PL. 

At functional level, Schaefer et al. (2003) have demonstrated that branches 

emerging from distal regions of the apical dendrites diminish coupling (acting as current 

sinks, reducing the current to the main dendrite), while proximal branches enhance the 

current transmission (Schaefer et al., 2003). Vetter et al., (2000) provided further clear 

evidences of a direct correlation between neuronal morphology and propagation of 

action potentials. Complex dendritic arbors (i.e. high branching points and branch 

orders) decrease back propagation efficacy leading to a decrease in spike capacity 

(Vetter et al., 2001). Thus, morphological variations in the dendritic architecture of 

pyramidal cells might render important adaptive and functional modifications. One can 

speculate that these dendritic retractions found in apical dendrites of the IL and PL (in 

proximal and middle distances from the soma, respectively) will result in an enhanced 

current transmission and permissive excitatory properties.  

9.2 What are the causes and/or functional consequences of this dendritic 
remodeling?   

 
Dendritic architecture is a crucial factor that determines the connectivity of 

neuronal circuits. Several molecular, cellular and physiological components play a role in 

modulating dendritic morphology. For example, sensory input or environmental 

enrichment promotes the formation of spines on proximal branches of motor cortex in 

mice (Turner and Lewis, 2003). Increase innervation by axonal afferents promotes an 

extensive dendritic sprouting and increases the spine density in hippocampal pyramidal 

neurons (Kossel et al., 1997). On the other hand, axonal deafferentiation decreases the 

total length and branching points of distal dendrites on giant sensory interneurons from 
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the cockroach cercal system (Mizrahi and Libersat, 2002). Thus, loss of afferents lead to 

dendritic retraction (Valverde, 1968; Benes et al., 1977; Deitch and Rubel, 1984) 

whereas increase of afferents lead to dendritic growth (Goodman and Model, 1988).  

As mentioned before, several neurochemical systems are activated by stress 

(Fuchs and Flugge, 2004). Among others the dopaminergic system is activated by acute 

stress (Jackson and Moghaddam, 2004) but becomes adapted after repeated stressful 

situations (Mizoguchi et al., 2000; Jackson and Moghaddam, 2004). Projection neurons 

from the ventral tegmental area (VTA) target primarily the PFC (Gabbott et al., 2005); 

Benes et al., 1993). Stimulation of the VTA evokes dopamine overflow in the PFC 

causing a long-lasting enhancement of long term potentiation (LTP) whereas depletion 

of cortical dopamine levels generates a dramatic decrease in this LTP (Jay et al., 2004). 

Decreased spontaneous activity of VTA neurons can be induced by chronic stress 

(Moore et al., 2001) reducing the dopamine level in the PFC (Mizoguchi et al., 2000) with 

a final loss of inhibitory input to the PFC generating an final over-excitation of pyramidal 

neurons of the PFC. The hypothesis of stress-induced dendritic retraction with a 

concomitant functional impairment (hyperactivation), however, needs to be 

experimentally tested.  

The amygdala is another important structure severely modified by stress 

(LeDoux, 1994). Contrary to the findings on the PFC, pyramidal cells of the basolateral 

amygdala revealed an increase in the apical dendritic length after chronic restraint stress 

(Vyas et al., 2002). This nucleus sends projections to and receives inputs from PL and 

ACx (Vertes, 2004). Activation of the basolateral amygdala elevates glutamate levels 

and GABA release in the PL (Del Arco and Mora, 2002) resulting in a net inhibition of the 

glutamatergic neurons in the PFC (Perez-Jaranay and Vives, 1991). Under normal 

conditions, the PFC inhibits the basolateral amygdala (Rosenkranz and Grace, 2002) but 

under stress, this inhibition might be impaired as result of a hyperexcitation of PL 

neurons, contributing to an over-reactivity of the basolateral amygdala with a resultant 

dendritic hypertrophy. Thus, afferents from the VTA and from the basolateral amygdale 

might be implicated in the dendritic alterations observed in the different areas of the 

PFC. However, it is not yet known which functional consequences can be associated 

with this morphological remodeling. One might speculated that impairments in learning 

and memory observed when animals are expose repeatedly to stress events (Miracle et 

al., 2006; Sousa et al., 2000) are consequence of the regional morphological 

modifications in different brain structures. 
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9.3 Site-specific dendritic remodeling caused by stress 

 
The majority of synaptic inputs to neocortical pyramidal cells are received in 

basal dendrites (Larkman, 1991). Same as apical dendrites, basal dendrites can be 

functionally differentiated in proximal and distal segments. Proximal basal dendrites 

(located close to the soma) undergo LTP in response to pairing EPSPs with back-after 

polarization (Gordon et al., 2006). On the other hand, distal basal dendrites (located in 

neighborhood layers from the soma) typically support initiation of NMDA spikes that in 

turn are associated with large local calcium influx (Schiller et al., 2000), but fail to 

undergo LTP when paired with local spikes (Gordon et al., 2006). The same authors 

postulated that proximal basal dendrites contain synapses that are able to respond to 

plastic responses, but distal basal dendrites contain synapses that are resistant to 

plastic changes (Gordon et al., 2006). This previous studies agree with the results of 

Part III, where stress-induced plastic changes in basal dendrites of the PL were found 

exclusively in proximal parts but not in distal segments. This might imply that afferents to 

the PFC alter the dendritic morphology in an exquisite regional manner. Alonso-

Nanclares and colleagues (Alonso-Nanclares et al., 2004) described that only 

symmetrical synapses (which are believed to be inhibitory; Ribak, 1978) can be found in 

proximal basal dendrites (Alonso-Nanclares et al., 2004) suggesting that proximal 

portions of basal dendrites receives mostly inhibitory inputs. Moreover, soma and 

proximal basal dendrites of pyramidal cells located in layer III are in close proximity to 

the main dopaminergic afferent terminals from the VTA (Gabbott et al., 2005). Reduced 

dopamine levels in the PFC in chronically stressed rats are highly associated with 

cognitive (Mizoguchi et al., 2000) and emotional impairments (Sullivan and Dufresne, 

2006), thus, dramatic decreases in LTP after depletion of cortical dopamine levels (Jay 

et al., 2004) might produce inhibitory actions on basal dendrites of the PFC with a 

resultant plastic changes exclusively on proximal segments, where most of the 

dopamine terminals are located.  

9.4 Lateralization and brain function 

 
The correlation between brain asymmetry and functional homeostasis has been 

described in several human neurological disorders (see Rotenberg, 2004; Davidson et 

al., 2000). Lateralized functional and anatomical asymmetries of the PFC in healthy 

subjects is represented by a left-hemisphere dominance that seems to be reversed in 
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several neurological disorder, such as major depression (Cotter et al., 2005), 

schizophrenia (Cullen et al., 2006), attention deficit hyperactive disorders (Hill et al., 

2003), and autism (Buchsbaum et al., 1992; Haznedar et al., 1997). Not only is a 

reversed asymmetry linked to pathological conditions, but also reduced functional and 

morphological asymmetries. Greater right-than left-hemisphere activation mediates the 

effects of negative affect (Davidson et al., 2000; Rotenberg, 2004). Moreover, damage of 

the left hemisphere is accompanied by depressed mood whereas right-hemisphere 

damage is associated with euphoric reactions (see Rotenberg, 2004). In depressed 

subjects, a relative increase of the electrical activity of the right frontal lobe (Henriques 

and Davidson, 1990) is accompanied by a relative decrease of the electrical activity of 

the left hemisphere (Debener et al., 2000). This agrees with the present studies, where 

the right hemisphere suffered morphological alteration, such as retraction of apical 

dendrites in the right PL. Electrophysiological studies have explored the relation between 

dendritic morphology and neuronal function. Vettes et al. (2001) proposed an indirect 

correlation between higher number of branches or branching points (complex dendritic 

arbors) and propagation of action potentials. As explained above, stress-induced 

retraction of apical dendrites of the right PL might exacerbate the spiking capacity of the 

neuron increasing its further activation in accordance to clinical studies in which the right 

hemisphere seems hyper-activated in neurological disorders (Rotenberg, 2004).   

9.5 Regional effects of tianeptine in stress-induced neural plasticity  

 
Part IV of this thesis tested the antidepressant properties of tianeptine, a well 

known drug that efficiently blocks stress-induced dendritic remodeling of hippocampal 

pyramidal neurons (Magarinos et al., 1999). Surprisingly, tianeptine did not abolish the 

dendritic remodeling caused by chronic stress in the PFC pyramidal neurons, but it 

causes a further retraction in apical dendrites from the left PL. Beneficial effects on the 

drug, however, were observed in body and adrenal weight changes. Recently, Vouimba 

et al. (2006) reported that acute tianeptine treatment blocked the stress-induced 

suppression of primed burst potentiation in CA1 without affecting the stress-induced 

enhancement of LTP in the basolateral amygdala nucleus (Vouimba et al., 2006). 

Moreover, several studies have demonstrated that tianeptine can abolish stress-induced 

memory impairments (related to hippocampal function, Conrad et al., 1996), but it does 

not affect fear conditioning (related to amygdale function, Burghardt et al., 2004). 

Therefore, based on the regional brain distribution of tianeptine (Louilot et al., 1990) and 
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the site-specific effects the morphology and function of pyramidal neurons of distinct 

parts of the brain, one can speculate that the hippocampal formation is highly responsive 

to tianeptine protective effects against stress-induced functional and structural 

alterations. This hemispheric- and region- specific effect of tianeptine, opens the door for 

further studies to understand the functional implications of morphological remodeling, as 

some possible beneficial effects of tianeptine might be linked to dendritic retractions in 

specific locations of the basal or apical dendrites of pyramidal neurons of the PFC.  
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10 General Summary 

 
This thesis demonstrated that pyramidal neurons of the prelimbic and infralimbic 

area of the rat prefrontal cortex had an intrinsic morphological asymmetry in that 

pyramidal neurons in the right hemisphere presented longer apical dendrites compared 

to the left. Stress induced-morphological alterations in pyramidal neurons were region- 

and hemispheric dependent, resulting in a final loss of hemisphere lateralization. Stress-

induced retraction of apical dendrites in right infralimbic and prelimbic areas; however in 

anterior cingulated cortex apical dendrites were retracted in the left hemisphere. In 

addition, stress causes retraction of basal dendrites proximal to soma in the prelimbic 

area with concomitant reduction in spine density. Furthermore, the right prelimbic area 

showed reductions in apical dendrites after intraperitoneal injections of vehicle, 

demonstrating that this sub-area of the prefrontal cortex is highly sensitive to stress.  

The effects of diurnal cycle and stress on spine densities in basal dendrites were 

also investigated. Surprisingly, control rats presented a diurnal variation in the number of 

spines in the left hemisphere. Chronic stress shifted this circadian variation to the right 

hemisphere. These alterations were selectively localized in proximal basal dendrites.  

The effectiveness of an antidepressant, tianeptine, to abolish the dendritic 

remodeling caused by stress was evaluated. The drug did not restore the morphological 

changes induced by stress; however, physiological alterations induced by stress were 

successfully blocked by tianeptine.  

It is hypothesized that these morphological remodeling of pyramidal neurons in 

the prefrontal cortex may have an important regulatory function in stress responses and 

might be part of an adaptive strategy to cope with stressful situations. This study offers 

important information to the field of stress research, as it is the first description of a 

region- and hemisphere- specific effects of stress in the rat prefrontal cortex. 
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