
Introduction  
The response to an adverse event is significantly affected by the genetic background, suggesting that gene-environment 

interaction represents a key feature in psychiatry (Caspi et al., 2010). One of the most investigated human 

polymorphisms in gene-environment interaction is the serotonin transporter linked polymorphic region (5-HTTLPR), 

which comes in two variants, the long (L) and the short (S) allele (Lesch et al., 1996; Murphy and Lesch, 2008). 

Specifically, the S-allelic variant is directly associated with neuroticism (Lesch et al., 1996) and may enhance depression 

susceptibility following interaction with stressful events (Caspi et al., 2003; Karg et al., 2011; Munafo et al., 2009). Since 

this polymorphism is not found in rodents, serotonin transporter (SERT) mutant animals have been generated in which 

the function and the expression of the gene has been altered (Caspi et al., 2010). We have shown that adult SERT 

knockout rats, characterized by depression- and anxiety-related behaviors (Olivier et al., 2008), have reduced levels of 

neuroplastic molecules in brain regions involved in depression and anxiety-related disorders (Calabrese et al., 2013; 

Calabrese et al., 2010; Guidotti et al., 2012; Molteni et al., 2010). In particular, we demonstrated that the reduction of the 

expression of the neurotrophin BDNF was specific for the ventral part of the hippocampus whereas no change was 

observed in the dorsal hippocampus (Calabrese et al., 2013). This distinction is relevant, because the ventral 

hippocampus is involved in emotion regulation, and the dorsal hippocampus in spatial memory (Fanselow and Dong, 

2010). Moreover, the impairment in neuronal plasticity that follows genetic inactivation of SERT originates early in 

development and worsens during the first 2-3 weeks of postnatal life (Calabrese et al., 2013). 

It has now been well-established that the effect of stress exposure on brain function depends on the timing and duration 

of the adverse experience. In particular, the negative influences exerted by early life events on brain development is 

relevant for later psychopathology since they will affect brain structures that are not yet mature (Fumagalli et al., 2007). 

Indeed, humans exposed to maltreatment early in life show an increased risk to develop psychiatric diseases (Fisher et 

al., 2014; Heim et al., 2004). 

Among the animal models developed to study the effects of early perinatal adversities the maternal separation (MS) 

model is of interest since it triggers anxiety and depression-related behaviors as well as deficits in cognitive functions in 

later life (Gutman and Nemeroff, 2002; Ladd et al., 2000; Newport et al., 2002; Sanchez et al., 2001). Furthermore, MS 

has been demonstrated to be associated with alterations in the functioning of the hypothalamo-pitiutary-adrenals (HPA) 

axis (Weaver et al., 2004) and impaired function of neuroplastic mechanisms (Calabrese et al., 2011; Fumagalli et al., 

2007; Lippmann et al., 2007). In this regard, previous studies conducted in our lab have demonstrated that single or 

repeated MS produced a significant reduction in the expression of the neurotrophin brain-derived neurotrophic factor 

(BDNF) in adulthood (Roceri et al, 2002; Roceri et al., 2004). 

On these bases, the purpose of this study was to investigate the impact of chronic maternal separation on the 

expression of Bdnf in the ventral and the dorsal part of the hippocampus and of the prefrontal cortex of animals with 

partial or total deletion of the SERT gene. We aimed to evaluate if the anatomical selectively observed in basal condition 

is found also after stress exposure or even if the different basal deficits in neuroplasticity influences the response to an 

early life manipulation. 



Materials and Methods 
 
Animals  
Serotonin transporter knockout rats and maternal deprivation stress paradigm 

Serotonin transporter knockout Wistar rats (Slc6a41Hubr) were generated by ENU-induced mutagenesis (Smits et al., 

2006). All subjects were bred and reared in the Central Animal Laboratory of the Radboud University Nijmegen Medical 

Centre in Nijmegen, The Netherlands. Experimental animals were derived from crossing heterozygous (SERT+/-) 

knockout rats that were outcrossed for twelve generations. At the age of 14 days, ear cuts were taken for genotyping. 

Animals were supplied with food and water ad libitum and were kept on a 12 h: 12 h dark–light cycle (lights on at 6:00 

a.m.). From postnatal day 2 to postnatal day 14 rats (SERT+/+, SERT+/-, SERT-/-) were separated from their mothers for 3 

hours a day, while rats from the control groups (SERT+/+, SERT+/-, SERT-/-) were briefly handled during bedding change. 

After this manipulation, all the animals underwent normal animal care and were sacrificed at adulthood. 

All experiments were carried out in accordance with the Guidelines laid down by the European Communities Council 

Directive of 24 November 1986 (86/609/EEC). 

 

Brain tissue collection 

For the collection of tissues adult (postnatal day (PND85-95) male rats were used. Of every litter, where possible, a 

single rat was selected of all three genotypes. The rats were sacrificed between 9.00 a.m. and 2.00 p.m. by acute 

decapitation. Across this time period, the rats were randomized for their genotype and early life treatment. Immediately 

after decapitation, the brains were isolated, frozen in aluminum foil on dry ice and stored at -80 °C. In a cryostat (-15 

°C), the brains were prepared in 420 µm-thick coronal slices in order to obtain punches from dorsal and ventral parts 

(prelimbic, infralimbic respectively) of the medial prefrontal cortex (mPFC, Bregma +3.72 and +3.30 mm) and dorsal 

(Bregma -2.14 and -2.56 mm) and ventral hippocampus (Bregma -4.80 and -5.22 mm). The brain areas were bilaterally 

punched out with a Miltex 1.5 (hippocampal samples) or 1.0 mm (medial prefrontal cortex) biopsy puncher (Integra 

Miltex, York, PA, USA), collected in sterile vials, immediately placed on dry ice and stored at -80 °C. 

 
RNA preparation and gene expression analysis by quantitative real time RT-PCR 
Total RNA was isolated by single step of guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation 

reagent (Bio-Rad Laboratories s.r.l. Italia) according with the manufacturer’s instructions and quantified by 

spectrophotometric analysis. Following total RNA extraction, the samples were processed for real time retrotranscriptase 

polymerase chain reaction (RT-PCR) to assess: total Brain derived neurotrophic factor (Bdnf), long 3’-UTR Bdnf and 

Bdnf exon IV, and VI mRNA levels. An aliquot of each sample was treated with DNase to avoid DNA contamination. 

RNA was analyzed by TaqMan qRT-PCR instrument (CFX384 real time system, Bio-Rad Laboratories, Italy) using the 

iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories). Samples were run in 384 well formats in triplicate as 

multiplexed reactions with a normalizing internal control (36B4). Probe and primer sequences used (Table 1) were 

purchased from Eurofins MWG-Operon (Germany) and Life Technologies. 

Thermal cycling was initiated with an incubation at 50°C for 10 min (RNA retrotranscription) and then at 95°C for 5 min 

(TaqMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle consisted of 



heating the samples at 95°C for 10 s to enable the melting process and then for 30 s at 60°C for the annealing and 

extension reactions. A comparative cycle threshold (Ct) method was used to calculate the relative target gene 

expression. 

 

Statistical analyses 

The effects of the genotype and of the maternal deprivation were analyzed with a two-way analysis of variance (ANOVA) 

followed by Single Contrast Post Hoc Test (SCPHT). Significance for all tests was assumed for p<0.05. Data are 

presented as means ± standard error (SEM). For graphic clarity, results are presented as mean percent of SERT+/+/No 

Stress rats.  



Results  
 
Modulation of total Bdnf expression in SERT mutant rats after exposure to maternal separation. 
We initially investigated total Bdnf mRNA levels in different brain structures from wild type and SERT mutant animals 

exposed (or not) to maternal separation (MS) from PND2 to PND14.  

In the ventral part of the hippocampus, which is involved in anxiety, fear and stress responses, total Bdnf mRNA levels 

were modulated by deletion of the SERT gene. Indeed, we observed a marked reduction in SERT-/- (-43%, p<0.05 vs 

SERT+/+/No Stress) but not in SERT+/- (-12%, p>0.05 vs SERT+/+/No Stress) rats. Exposure to MS significantly decreased 

Bdnf expression in SERT+/+ (-43%, p<0.05 vs SERT+/+/No Stress) as well as in SERT+/- (-44%, p<0.05 vs SERT+/-/No 

Stress) animals. However, this did not occur in SERT-/- rats since the reduction due to the genetic background was not 

exacerbated by the manipulation early in life.  

Conversely, in the dorsal part of the hippocampus, which is mainly involved in spatial learning and memory, SERT 

deletion did not affect the expression of the neurotrophin. Conversely, exposure to MS led to an increase in total Bdnf 

gene expression in SERT+/- animals (+64%, p<0.05 vs SERT+/-/No Stress), without affecting its mRNA levels in control 

rats as well as in SERT-/- rats. 

In the ventromedial prefrontal cortex, a region structurally and functionally linked to the ventral hippocampus, total Bdnf 

expression was decreased in SERT+/- (-39%, p<0.01 vs SERT+/+/No Stress) and SERT-/- rats (-33%, p<0.05 vs 

SERT+/+/No Stress). Moreover, following exposure to MS, total Bdnf mRNA levels were significantly reduced in SERT+/+ 

animals (-46%, p<0.001 vs SERT+/+/No Stress), whereas the decreased neurotrophin expression in SERT+/- and SERT-/- 

animals was not exacerbated by stress exposure.  

Similarly to what was observed in the dorsal part of the hippocampus, in the dorsomedial prefrontal cortex we found only 

an effect of the MS paradigm, which induced an up-regulation of total Bdnf mRNA levels specifically in SERT+/- animals 

(+33%, p<0.05 vs SERT+/-/No Stress). 

 

Modulation of long 3’UTR Bdnf expression in SERT mutant rats after exposure to maternal separation.  
The Bdnf gene is characterized by the presence of two different polyadenylation sites at the 3’UTR (Pruunsild et al., 

2011) giving rise to a short and a long transcript form. While the short 3’-UTR mRNAs are restricted to the somata, the 

long 3’UTR mRNAs are also localized in dendrites (An et al., 2008), suggesting that they may subserve different 

physiological roles within the cell (Lau et al., 2010; Orefice et al., 2013; Waterhouse et al., 2012). 

In the ventral hippocampus, deletion of the SERT gene did not affect the levels of long 3’UTR Bdnf mRNAs, whereas MS 

produced a significant decrease of its expression only in SERT+/- animals (-36%, p<0.01 vs SERT+/-/No Stress). On the 

contrary, in the dorsal hippocampus, the expression of long 3’UTR Bdnf was up regulated by MS both in SERT+/- (+30%, 

p<0.05 vs SERT+/-/No Stress) and in SERT-/- animals (+44%, p<0.05 vs SERT-/-/No Stress), whereas this pool of 

transcripts was not modulated by SERT genotype. 

In the ventromedial prefrontal cortex, long 3’UTR Bdnf mRNA levels were significantly reduced in SERT-/- animals (-40%, 

p<0.05 vs SERT+/+/No Stress), whereas the early adverse manipulation decreased its expression only in wild type rats (-

29%, p<0.05 vs SERT+/+/No Stress). Differently, in the dorsomedial prefrontal cortex the SERT genotype influenced the 

levels of the long 3’UTR Bdnf transcript that were up-regulated in SERT+/- rats (+33%, p<0.05 vs SERT+/+/No Stress) and 



SERT-/- rats, although in the latter group the effect did not reach statistical significance (+24%, p>0.05 vs SERT+/+/No 

Stress). Conversely exposure to MD did not produce any significant change in all the experimental groups. 

 

Modulation of Bdnf exon IV and VI expression in SERT mutant rats after exposure to maternal deprivation.  
Next we investigated the expression levels of the main neurotrophin transcripts, namely exon IV and VI.  

In the ventral hippocampus the expression levels of the exon IV were influenced by the genotype as well as by the 

stress. Indeed, we observed a significant reduction of exon IV mRNA levels in SERT-/- animals under basal conditions (-

35%, p<0.01 vs SERT+/+/No Stress, two-ways ANOVA with SCPHT), while MS reduced its expression only in SERT+/- 

rats (-31%, p<0.05 vs SERT+/-/No Stress, two-ways ANOVA with SCPHT).  

Differently, in the dorsal part of the hippocampus we observed only an effect of the genotype with an up-regulation of 

exon IV gene expression in SERT+/-/No Stress rats (+38%, p=0.05 vs SERT+/+/No Stress, two-way ANOVA with SCPHT). 

In the ventromedial prefrontal cortex, exon IV levels were significantly reduced in the control SERT+/- and SERT-/- rats (-

47%, p<0.001; -30%, p<0.01; vs SERT+/+/No Stress, two-ways ANOVA with SCPHT, respectively). Moreover, MS 

influenced the expression of this transcript in SERT+/+ rats (-25%, p<0.05 vs SERT+/+/No Stress, two-ways ANOVA with 

SCPHT), without worsening the reduction already present in the other genotypes.  

Exposure to early life stress significantly reduced the expression of exon IV also in the dorsomedial prefrontal cortex of 

SERT+/+ rats (-30%, p<0.05 vs SERT+/+/No Stress, two-ways ANOVA with SCPHT) while an increase was detected in 

SERT+/- rats (+43%, p<0.001 vs SERT+/-/No Stress, two-ways ANOVA with SCPHT). 

Limited effects were instead observed on the expression of the exon VI. Indeed, in the ventral hippocampus we found 

only a significant decrease of its mRNA levels in the SERT+/- exposed to MS (-32%, -p<0.01 vs SERT+/-/No Stress). 

Differently, in the dorsal part of the hippocampus, the levels of the exon VI were reduced in the SERT+/- rats (-40%, 

p<0.01 vs SERT+/+/No Stress), whereas MS increased its expression in the same group (+90%, -p<0.01 vs SERT+/-/No 

Stress). Finally, in the ventromedial prefrontal cortex both SERT+/- and SERT-/- animals showed reduced exon VI mRNA 

levels in basal condition (-45%, p<0.01; -38%, p<0.05 vs SERT+/+/No Stress, respectively), whereas no effects were 

detected in the dorsomedial prefrontal cortex. 



Discussion 
 

Our results demonstrate that early life stress differently affects the expression of Bdnf in an anatomically distinct manner 

as a function of SERT genotype. Indeed, we found brain region specificity with marked differences between the ventral 

and the dorsal parts of the brain regions considered. Specifically, we found that both SERT deletion and the adverse 

manipulation led to an overall reduction of Bdnf expression in the ventral hippocampus and in the ventromedial prefrontal 

cortex, whereas in the dorsal hippocampus and in the dorsomedial prefrontal cortex we observed a significant increase 

in the neurotrophin gene expression after MS exposure specifically in the heterozygous SERT rats. 

Of interest, we confirm previous results showing that the total form of Bdnf was reduced in the ventral but not in 

the dorsal hippocampus (Calabrese et al., 2013) and in the ventromedial prefrontal cortex of SERT-/- and SERT+/- rats, 

which is in line with what was observed in the whole prefrontal cortex (Molteni et al., 2010), where a partial defect of the 

serotonin transporter is sufficient to affect the expression of BDNF.  

Besides SERT genotype MS differentially affected Bdnf transcript levels in the ventral vs the dorsal parts of 

hippocampus and prefrontal cortex. Indeed, in the ventral hippocampus as well as in the ventromedial prefrontal cortex 

exposure to MS substantially reduced total Bdnf expression in a manner that corresponds to that exerted by SERT 

deletion, without any SERT x MS interaction. Conversely, within the dorsal hippocampus as well as in the dorsomedial 

prefrontal cortex we found a genotype x stress interaction; Bdnf gene expression was up-regulated in the heterozygous 

SERT mutant rats after exposure to early life adversity. 

Behavioral characterization of the SERT-/- rat model revealed that the animals display anxiety- and depression-

related behavior in the elevated plus maze, open field, forced swim test and sucrose consumption tests (Olivier et al., 

2008). Yet, we have also demonstrated that SERT+/- rats show an improved stress coping response in the learned 

helplessness test after exposure to MS (van der Doelen et al., 2013). These for better and for worse phenotypes are in 

line with the concept of the predictive adaptive response (PAR) (Gluckman et al., 2007). PAR entails that stressful 

experiences in the past can be useful for responding to a subsequent challenging situation (the performance is optimal 

when early and later life environment match). Moreover, recent findings have demonstrated that humans and nonhuman 

primates carrying the S variant of the 5-HTTLPR outperform subjects carrying the L- allele in a wide array of cognitive 

tasks (Homberg and Lesch, 2011). It is tempting to speculate that the differential modulation of Bdnf in the dorsal and 

ventral hippocampus and prefrontal cortex underlies the for better and for worse phenotypes in SERT mutant rats. Thus, 

reduced Bdnf levels in the ventral regions could contribute to the anxiety- and depression-related phenotypes, while 

increased Bdnf levels in dorsal regions after MS in heterozygous rats could be responsible for the improved performance 

observed in the learned helplessness test. As such, our findings support the notion that early life stress is not necessarily 

pathological but may also lead to an adaptive response (Homberg, 2012; Schmidt, 2011). 

The effects observed in control SERT mutant rats as well as in wildtype animals exposed to MS exposure, 

confirm our previous results that juvenile and adult SERT mutants rats exhibit a decrease in Bdnf levels in the 

hippocampus and prefrontal cortex (Calabrese et al., 2013; Molteni et al., 2010). Our data also match the finding that 

early life stress exposure leads to a reduction in BDNF levels in adult animals (Roceri et al., 2004). Yet, here we more 

precisely dissected brain regions, and thereby we could reveal that early life stress has a specific impact on 

neuroplasticity in the ventral hippocampus and the ventromedial prefrontal cortex.  



Conversely, considering the fact that gene x environment interactions increase the risk for psychiatric disorders we found 

that MS did not worsen the neuroplastic alterations due to the putative ‘vulnerable’ SERT genotype in the ventral and 

dorsal hippocampus and prefrontal cortex. This may be due to the fact that the MS paradigm used in our study is already 

sufficient to produce behavioral (depression and anxiety)((Fumagalli et al., 2007; Meaney, 2001) as well as functional 

and molecular alterations (reduction of Bdnf in wild type animals) (Roceri et al., 2004) leading to a floor effect, that could 

hinder the identification of a gene x environment interaction.  

Moreover, the reduction of the neurotrophin levels in the adult SERT mutant rats occurs between the first and the 

second week of life (Calabrese et al., 2013) suggesting that this period may be critical for the correct development of 

neuroplastic mechanisms. If unaltered, changes in neurodevelopment may in turn underlie the for better and for worse 

phenotypes in adult SERT mutant rats. Since MS was carried out exactly during this vulnerable developmental time 

window, it may be inferred that the alteration due to the manipulated genotype was maximal. Hence, any further effect of 

MS would be overshadowed by the developmental changes in SERT mutant rats.  

In an attempt to assess whether the mechanism underlying the modification of Bdnf expression induced by 

SERT genotype and early life stress are comparable or distinctive, we measured the mRNA levels of the long 3’UTR 

pool of transcripts, and of the type IV and VI 5’ exons. The effect observed in the dorsal hippocampus on the total Bdnf 

gene expression was paralleled by a similar modulation of the long 3’UTR Bdnf and of the exon VI, two subpopulations 

of Bdnf mRNA that may be eventually target to dendrites (An et al., 2008; Baj et al., 2013). Interestingly, in the ventral 

part of the hippocampus a more comparable pattern between total Bdnf and the expression of the exon IV was found. 

These results suggest that SERT deletion and MS exposure not only affect the expression of Bdnf in an anatomic 

specific manner, but also that the mechanisms through which this modulation is achieved are specific and diverse 

depending on the brain regions considered. Moreover, alterations in different pools of the neurotrophin may be 

translated in different modulation of downstream pathways. 

In summary, we show that the modulation of Bdnf expression in SERT mutant rats exposed to maternal separation 

reflects the complex functional consequences of this gene X environment interaction with a clear distinction between the 

ventral and the dorsal subfields of the hippocampus and of the prefrontal cortex. The characterization of these 

mechanisms may provide novel cues for modulating neurotrophin function, which is dys-regulated in several psychiatric 

conditions. 
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Table 1 Sequences of forward and reverse primers used in Real-Time PCR analysis and purchased from Eurofins 

MWG-Operon (Germany). 

 

a: forward and reverse primers and probes purchased from Eurofins MWG-Operon 

Gene Forward primer Reverse Primer Probe 

Total Bdnf 5’-AAGTCTGCATTACATTCCTCGA-3’ 
5’-GTTTTCTGAAAGAGGGACAGTTTAT-

3’ 
5’-TGTGGTTTGTTGCCGTTGCCAAG-3’ 

Bdnf exon VI 5’- CTGGCAGGCTTTGATGAGAC -3’ 5’- GTCATCACTCTTCTCACCTGG -3’ 5’- AGCTTTGTGTGGACCCTGAGTTCC -3’ 

36B4 5’-TTCCCACTGGCTGAAAAGGT-3’ 5’-CGCAGCCGCAAATGC-3’ 5’-AAGGCCTTCCTGGCCGATCCATC-3’ 

b:   forward and reverse primers and probes purchased from Life Technologies 

Gene Accession number Assay ID 

Long 3’UTR Bdnf EF125675 Rn02531967_s1 

Bdnf exon IV EF125678 Rn01484927_m1 

 

 

 

 


