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Abstract
The serotoninergic system plays a key role in environmental sensitivity, potentially through down-stream effects on the 
GABAergic and glutamatergic systems. We previously demonstrated that juvenile serotonin transporter knockout (SERT−/−) 
rats, showing increased environmental sensitivity, exhibit a decreased GABA-mediated inhibitory tone in the cortex. Since 
the GABAergic and glutamatergic systems are tightly interconnected, we here analyzed glutamatergic markers in the pre-
frontal cortex of SERT−/− rats, from the early stages of life until adulthood. We found that SERT inactivation in pre-weaning, 
juvenile, and adult rats was associated with reduced expression of proteins essential for the glutamatergic synapses such as 
GluN1, PSD95, CDC42, and SEPT7. These lifelong molecular changes may destabilize glutamatergic signaling and possibly 
contribute to stress sensitivity and vulnerability to stress-related disorders associated with SERT alteration.
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Introduction

Serotonin (5-HT) is a neurotransmitter implicated in a pleth-
ora of physiological and behavioral functions lifelong. One 
key regulator of 5-HT signaling is the serotonin transporter 
(5-HTT in humans, SERT in rodents), which is responsible 
for the reuptake of 5-HT from the synaptic cleft. The poly-
morphic region in the promoter of the human 5-HTT gene 
(5-HTTLPR) leads to the formation of the (long (l) and short 
(s)) allelic variants, resulting in differences in the transcrip-
tion and function of the transporter (Lesch 2005; Murphy 
and Lesch 2008; Lesch et al. 1996; Heils et al. 1997). The 
short variant is associated with neuroticism (Lesch 2005) 
and may enhance the vulnerability to develop depressive 
episodes upon stress exposure (Bleys et al. 2018).

Although the 5-HTTLPR does not exist in rodents, the 
behavioral phenotypes observed in animals with the deletion 
of the SERT gene are very similar to those of humans carry-
ing the 5-HTTLPR s-allele (Caspi et al. 2010; Holmes et al. 
2003; Homberg et al. 2016). The animals are well suitable 
to understand the potential neuronal mechanisms underly-
ing such evolutionary conserved effect of the 5-HTT gene 
on behavior. We previously found that SERT−/− rats display 
reduced inhibitory control over excitatory neurons in the 
cortex at postnatal day (PND) 21 (infancy) (Miceli et al. 
2017). This was associated with reduced expression of vari-
ous GABAergic markers that we independently also found 
to be reduced in the prefrontal cortex from early life to adult-
hood (Guidotti et al. 2012; Calabrese et al. 2013). Moreover, 
according to the observation that brain function depends on 
an intricate balance between excitation and inhibition (Zafra 
et al. 1991), we recently reported that SERT−/− rats display 
increased expression of the glutamatergic GluN2A subunit 
and reduced expression of the GluN1 receptor subunit in 
the prefrontal cortex (Karel et al. 2018). These observations 
suggest that the glutamatergic system has been altered too in 
these animals, but in what way is not yet clear.

Here, we investigated markers that may be indicative of 
glutamatergic function in the prefrontal cortex. Since we 
previously observed that alterations in neuroplastic mecha-
nisms as well as of GABAergic markers develop early in life 
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(Calabrese et al. 2013), we assessed the glutamatergic mark-
ers across development. To this aim, we measured the pro-
tein and the gene expression levels of glutamatergic markers, 
namely NMDA mandatory subunit 1 (GluN1) and postsyn-
aptic density protein 95 (PSD95) in the prefrontal cortex 
of pre-weaning, juvenile, and adult SERT−/− rats and their 
wild-type counterparts. Furthermore, we focused on the cell 
division cycle 42 (CDC42) pathway, one of the molecular 
mechanisms activated by glutamatergic stimulation that is 
involved in the correct formation and functions of spines. In 
particular, we analyzed the levels of the CDC42 and of the 
septin 7 (SEPT7).

Experimental Procedure

Animals

SERT knockout rats (SERT−/−, Slc6a41Hubr) were gener-
ated on a Wistar background by ENU-induced mutagenesis 
(Smits et al. 2006). Male SERT−/− and SERT+/+ rats were 
sacrificed by decapitation at PND 7 (pre-weaning stage; 
4–10 animals per genotype), 21 (juvenile stage; 4–13 ani-
mals per genotype), and 100 (adult stage; 4–12 animals per 
genotype), according to our previous studies (Calabrese 
et al. 2013). Brains were immediately frozen on dry ice and 
prefrontal cortical subregions (cingulate cortex 1, cingulate 
cortex 3, and infralimbic cortex), corresponding to plates 
6–10 of the atlas of Paxinos and Watson, were dissected 
from 2-mm-thick frozen slices.

All procedures used in this study were compliant with the 
rules and principles of the 2010/63/EU Directive and were 
approved by the Committee for Animal Experiments of the 
Radboud University Nijmegen Medical Centre, Nijmegen, 
The Netherlands, and all efforts were made to minimalize 
animal suffering and to reduce the number of rats used.

RNA Preparation and Gene Expression Analyses

Total RNA was extracted, and samples were processed for 
real-time polymerase chain reaction (PCR) by a TaqMan 
qRT–PCR instrument (CFX384 real-time system, Bio-Rad 
Laboratories S.r.l.), as previously described (Calabrese et al. 
2013). The relative target gene expression was calculated 
by the comparative cycle threshold (Ct) method. Primer 
sequences used were purchased from Eurofins MWG-
Operon. GluN1: forward primer (FP): TCA​TCT​CTA​GCC​
AGG​TCT​ACG and reverse primer (RP): CAG​AGT​AGA​
TGG​ACA​TTC​GGG; PSD95: FP: CAA​GAA​ATA​CCG​
CTA​CCA​AGATG and RP: CCC​TCT​GTT​CCA​TTC​ACC​
TG; CDC42: FP: AAG​GCT​GTC​AAG​TAT​GTG​GAG and 
RP: GCT​CTG​GAG​ATG​CGT​TCA​TAG; SEPT7: FP: AAG​

AAG​GTG​GCG​TTC​AGT​TG and RP: CGT​CTG​TTC​ACT​
CGA​GAT​TCTG.

Protein Extraction and Western Blot Analysis

The protein levels of GluN1, PSD95 CDC42, and SEPT7 
were investigated in the crude synaptosomal fraction, 
extracted from the rats’ prefrontal cortex as previously 
reported (Calabrese et al. 2013). 10 µg of proteins was run 
on 10% SDS-polyacrylamide gels and transferred onto nitro-
cellulose membranes. Blots were blocked and incubated at 
room temperature with the primary antibodies (Genetex; 
GluN1: 1:1000, Invitrogen; PSD95: 1:4000, Cell Signaling; 
CDC42: 1:1000, Cell Signaling; SEPT7: 1:500) and then 
for 1 h at room temperature with the corresponding second-
ary antibody (GluN1: 1:3000, anti-mouse; PSD95: 1:8000, 
anti-rabbit; CDC42: 1:1000, anti-rabbit; SEPT7: 1:2000, 
anti-rabbit). Immunocomplexes were visualized using the 
Western Lightning Plus ECL (PerkinElmer) and Chemidoc 
MP imaging system (Bio-Rad Laboratories).

Statistical Analyses

The effects of age (PND7, PND21, and PND100) and geno-
type (SERT+/+ and SERT−/−) were analyzed using the two-
way analysis of variance (ANOVA) followed, when appro-
priate, by Fisher’s Protected Least Significant Difference 
(PLSD). Data were correlated using Pearson correlation 
analysis. Results were considered statistically significant 
with p values < 0.05. Data are presented as means ± stand-
ard error (SEM). For graphic clarity, SERT+/+/PND7 is set 
at 100%.

Results

In line with our previous results (Karel et al. 2018), we 
observed a significant effect of genotype (F1,52=9.739, 
p < 0.01) and of age (F1,52=19.420, p < 0.001) on GluN1 
gene expression (Fig.  1a). Indeed, even if the changes 
observed across ages were similar for the two genotypes, 
the mRNA levels of the mandatory subunit of the NMDA 
receptor were significantly reduced in SERT−/− compared 
to SERT+/+ rats from PND21 (− 38%, p < 0.05 vs SERT+/+) 
and PND100 (− 14%, p < 0.05 vs SERT+/+). In line, its 
protein levels (Fig. 1c) were significantly affected by gen-
otype (F1,32=10.093, p < 0.01) and by age (F1,32=24.964, 
p < 0.001). In particular, we found a significant down-
regulation at PND21 (− 39%, p < 0.01 vs SERT+/+) and at 
PND100 (− 47%, p < 0.05 vs SERT+/+). Moreover, we found 
a significant effect of genotype (F1,57 = 5.630, p < 0.05) and 
of age (F1,57 = 10.006, p < 0.001) for Psd95 mRNA lev-
els (Fig. 1b) that were decreased only at PND21 (− 26%; 
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p < 0.05 vs SERT+/+). PSD95 protein levels (Fig. 1d) were 
influenced by genotype (F1,34 = 8.480, p < 0.01) and by age 
(F1,34 = 66.069, p < 0.001), with a reduction from PND21 
(PND21: − 26%, p < 0.05 vs SERT+/+) to PND100 (− 30%, 
p < 0.01 vs SERT+/+).

To assess spine development, we focused subsequent 
measures on the CDC42 pathway. As shown in Fig. 2a, 
Cdc42 mRNA levels were significantly affected by geno-
type (F1,53 = 4.519, p < 0.05) and by age (F1,53 = 5.201, 
p < 0.01) with a genotype × age interaction (F1,53 = 8.740, 
p < 0.01). Indeed, CDC42 gene expression was up-reg-
ulated at early life stages in SERT−/− rats (PND7: +40%, 
p < 0.01 vs SERT+/+; PND21: +33%, p < 0.05 vs SERT+/+) 
and down-regulated in adult SERT−/− rats (− 21%, p < 0.05 
vs SERT+/+). On the contrary, CDC42 protein levels were 
reduced at all the ages investigated (PND7: − 46%, p < 0.05 
vs SERT+/+; PND21: − 51%, p < 0.01 vs SERT+/+; PND100; 
− 33%; p < 0.05 vs SERT+/+) (Fig. 2c) as suggested by the 
significant effect of genotype (F1,24 = 18.429, p < 0.001) 
and of the age (F1,24 = 5.781, p < 0.05). We furthermore 
found that the gene expression of Sept7, the most abundant 
septin in rat brain postsynaptic density fraction (Peng et al. 
2004), was influenced by age (F1,51 = 17.573, p < 0.001) 
with a genotype × age interaction (F1,51 = 4.137, p < 0.05). 

Accordingly, its mRNA levels were significantly reduced 
in SERT−/− rats at PND7 (− 28%, p < 0.05 vs SERT+/+) 
(Fig. 2c) and at PND100 (− 20%, p < 0.05 vs SERT), while 
SEPT7 protein levels were decreased at PND7 (− 51%, 
p < 0.05 vs SERT+/+) and at PND21 (− 40%, p < 0.05 vs 
SERT+/) (Fig. 2d) as indicated by the significant effect of 
age (F1,20 = 14.582, p < 0.001).

Interestingly, correlation analysis across all ages revealed 
significant positive correlations between Sept7 and both 
GluN1 and Psd95 (p < 0.05) (Fig. 3a, c, e, g), and CDC42 
and GluN1 protein levels (p < 0.05) (Fig. 3f).

Discussion

In this study, we found that perturbation of the serotonergic 
system affected the expression of fundamental markers of 
the postsynaptic density of the glutamatergic synapse, such 
as GluN1 and PSD95, that were down-regulated starting 
from the first stages of life. These effects were associated 
with the reduction of CDC42 and SEPT7 protein levels, 
which followed the same temporal profile. These findings 
point to a lifelong down-regulation of components of gluta-
matergic synapses in the prefrontal cortex of SERT−/− rats.

Fig. 1   Developmental analysis of GluN1 and PSD95 gene and protein 
expression changes in SERT−/− rats. GluN1 (a–c) and PSD95 (b–d) 
mRNA and protein levels were measured in the prefrontal cortex of 
SERT−/− and SERT+/+ rats at postnatal days (PND) 7, 21, and 100. 

Data, expressed as the percentage of SERT+/+/PND7 animals (set at 
100%), represent the mean ± SEM of at least 4 independent deter-
minations. *p < 0.05, **p < 0.01 vs SERT+/+/same age (Two-way 
ANOVA with PLSD)
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Interestingly, for almost all markers considered, the 
temporal expression profile is similar for the two geno-
types, with the mutant rats starting from lower levels 
(except for the CDC42 gene expression). Accordingly, we 
found a positive correlation between Sept7 and GluN1 and 
Psd95, while CDC42 significantly correlated only with 
GluN1 at protein level.

Moreover, we found a peak around PND21, with a 
decrease in the later age that may be in line with the struc-
tural reorganization taking place during developmental 
pruning and stabilization of spines and synapses (Nietzer 
et al. 2011).

We previously observed that the lack of SERT is associ-
ated with GABAergic dysfunctions from the first phases of 
life (Calabrese et al. 2013) and it has been demonstrated 
that, while GABA acts as inhibitory neurotransmitter in 
the mature brain, it plays a key role in the formation of 
excitatory synapses during development (Oh et al. 2016). 
On these bases, it is plausible that this developmental 
process contributes to the lifelong alterations observed 
in the present study. More specifically, the glutamatergic 
molecular abnormalities we observed here may represent 
a compensatory change in response to the increased glu-
tamatergic tone found in young SERT−/− rats, showing a 

reduced inhibitory control over excitatory neurons (Miceli 
et al. 2017).

The decreases in CDC42 and SEPT7 may alter the traf-
ficking for and from the spines, thus contributing to altera-
tions in spine formation. Actually, we found for CDC42 an 
apparent discrepancy between SERT−/− and SERT+/+ rats at 
PND7 and PND21, which might be due to an attempt of the 
system to up-regulate the mRNA levels in order to counter-
act the lack of proteins.

NMDAR activity regulates morphological changes in 
dendritic spines and the PSD95 protein family is funda-
mental for the localization and clustering of receptors at the 
postsynaptic membrane (Wenthold et al. 2003). Hence, the 
reductions of GluN1 and PSD95 are suggestive of altera-
tions in glutamatergic spine formation. While morphological 
analyses are needed to confirm this hypothesis, Nietzer and 
collaborators already showed a reduction in spine density in 
the prefrontal cortex of SERT−/− mice (Nietzer et al. 2011).

Together with previous studies, our results suggest that 
perturbations in 5-HT homeostasis during development lead 
to stable modifications of the glutamatergic synapse.

Fig. 2   Developmental analysis of CDC42 and SEPT7 gene and pro-
tein expression changes in SERT−/− rats. CDC42 (a–c) and SEPT7 
(b–d) mRNA and protein levels were measured in the prefrontal cor-
tex of SERT−/− and SERT+/+ rats at postnatal days (PND) 7, 21, and 

100. Data, expressed as the percentage of SERT+/+/PND7 animals 
(set at 100%), represent the mean ± SEM of at least 4 independent 
determinations. *p < 0.05, **p < 0.01 vs SERT+/+/same age (Two-
way ANOVA with PLSD)



719Cellular and Molecular Neurobiology (2019) 39:715–720	

1 3

Acknowledgements  PB was supported by cycle XXXI of the doctorate 
in Experimental and Clinical Pharmacological Sciences, Department of 
Pharmacological and Biomolecular Sciences, Universita’ degli Studi di 
Milano. This work is furthermore supported by and the ERANID Grant 
“STANDUP” and the ERANET Grant “RESPOND” awarded to JH.

Author Contributions  FC, JRH, and MAR and were responsible for the 
study concept and design. PB performed and analyzed the molecular 
analysis. Data analysis and interpretation were done by PB, FC, JRH, 

and MAR. PB drafted the manuscript and FC and JRH critically revised 
the manuscript.

Compliance with Ethical Standards 

Conflict of interest  M.A.R. has received compensation as speaker/
consultant from Lundbeck, Otzuka, Sumitomo Dainippon Pharma and 
Sunovion, and he has received research grants from Lundbeck, Su-

Fig. 3   Correlations between 
Sept7 and GluN1 mRNA and 
protein levels (a, e), Sept7 
and Psd95 mRNA and protein 
levels (c, g), Cdc42 and GluN1 
mRNA and protein levels (b, f), 
Cdc42 and Psd95 mRNA and 
protein levels (d, h). Data are 
expressed as scatterplots, with 
a line indicating the coefficient 
of the correlation between the 
individual data points



720	 Cellular and Molecular Neurobiology (2019) 39:715–720

1 3

mitomo Dainippon Pharma and Sunovion. F.C., P.B., and J.R.H. have 
nothing to declare.

Ethical Approval  All procedures used in this study were compliant 
with the rules and principles of the 2010/63/EU Directive and were 
approved by the Committee for Animal Experiments of the Radboud 
University Nijmegen Medical Centre, Nijmegen, The Netherlands.

References

Bleys D, Luyten P, Soenens B, Claes S (2018) Gene-environment 
interactions between stress and 5-HTTLPR in depression: a 
meta-analytic update. J Affect Disord 226:339–345. https​://doi.
org/10.1016/j.jad.2017.09.050

Calabrese F, Guidotti G, Middelman A, Racagni G, Homberg J, Riva 
MA (2013) Lack of serotonin transporter alters BDNF expression 
in the rat brain during early postnatal development. Mol Neurobiol 
48(1):244–256. https​://doi.org/10.1007/s1203​5-013-8449-z

Caspi A, Hariri AR, Holmes A, Uher R, Moffitt TE (2010) Genetic sen-
sitivity to the environment: the case of the serotonin transporter 
gene and its implications for studying complex diseases and traits. 
Am J Psychiatry 167(5):509–527. https​://doi.org/10.1176/appi.
ajp.2010.09101​452

Guidotti G, Calabrese F, Auletta F, Olivier J, Racagni G, Homberg 
J, Riva MA (2012) Developmental influence of the serotonin 
transporter on the expression of npas4 and GABAergic markers: 
modulation by antidepressant treatment. Neuropsychopharmacol-
ogy 37(3):746–758. https​://doi.org/10.1038/npp.2011.252

Heils A, Mossner R, Lesch KP (1997) The human serotonin trans-
porter gene polymorphism—basic research and clinical implica-
tions. J Neural Transm (Vienna) 104(10):1005–1014. https​://doi.
org/10.1007/BF012​73314​

Holmes A, Murphy DL, Crawley JN (2003) Abnormal behavioral phe-
notypes of serotonin transporter knockout mice: parallels with 
human anxiety and depression. Biol Psychiatry 54(10):953–959

Homberg JR, Schubert D, Asan E, Aron EN (2016) Sensory process-
ing sensitivity and serotonin gene variance: Insights into mecha-
nisms shaping environmental sensitivity. Neurosci Biobehav Rev 
71:472–483. https​://doi.org/10.1016/j.neubi​orev.2016.09.029

Karel P, Calabrese F, Riva M, Brivio P, Van der Veen B, Reneman L, 
Verheij M, Homberg J (2018) d-Cycloserine enhanced extinction 
of cocaine-induced conditioned place preference is attenuated in 
serotonin transporter knockout rats. Addict Biol 23(1):120–129. 
https​://doi.org/10.1111/adb.12483​

Lesch KP (2005) Serotonergic gene inactivation in mice: models for 
anxiety and aggression? Novartis Found Symp 268:111–140 
167–170

Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S, Ben-
jamin J, Muller CR, Hamer DH, Murphy DL (1996) Association 
of anxiety-related traits with a polymorphism in the serotonin 
transporter gene regulatory region. Science 274(5292):1527–1531

Miceli S, Nadif Kasri N, Joosten J, Huang C, Kepser L, Proville R, 
Selten MM, van Eijs F, Azarfar A, Homberg JR, Celikel T, Schu-
bert D (2017) Reduced inhibition within layer IV of sert knock-
out rat barrel Cortex is associated with faster sensory integra-
tion. Cereb Cortex 27(2):933–949. https​://doi.org/10.1093/cerco​
r/bhx01​6

Murphy DL, Lesch KP (2008) Targeting the murine serotonin trans-
porter: insights into human neurobiology. Nat Rev Neurosci 
9(2):85–96. https​://doi.org/10.1038/nrn22​84

Nietzer SL, Bonn M, Jansen F, Heiming RS, Lewejohann L, Sachser 
N, Asan ES, Lesch KP, Schmitt AG (2011) Serotonin transporter 
knockout and repeated social defeat stress: impact on neuronal 
morphology and plasticity in limbic brain areas. Behav Brain Res 
220(1):42–54. https​://doi.org/10.1016/j.bbr.2011.01.011

Oh WC, Lutzu S, Castillo PE, Kwon HB (2016) De novo synaptogen-
esis induced by GABA in the developing mouse cortex. Science 
353(6303):1037–1040. https​://doi.org/10.1126/scien​ce.aaf52​06

Peng J, Kim MJ, Cheng D, Duong DM, Gygi SP, Sheng M (2004) Sem-
iquantitative proteomic analysis of rat forebrain postsynaptic den-
sity fractions by mass spectrometry. J Biol Chem 279(20):21003–
21011. https​://doi.org/10.1074/jbc.M4001​03200​

Smits BM, Mudde JB, van de Belt J, Verheul M, Olivier J, Homberg 
J, Guryev V, Cools AR, Ellenbroek BA, Plasterk RH, Cuppen E 
(2006) Generation of gene knockouts and mutant models in the 
laboratory rat by ENU-driven target-selected mutagenesis. Phar-
macogenet Genomics 16(3):159–169. https​://doi.org/10.1097/01.
fpc.00001​84960​.82903​.8f

Wenthold RJ, Prybylowski K, Standley S, Sans N, Petralia RS (2003) 
Trafficking of NMDA receptors. Annu Rev Pharmacol Toxicol 
43:335–358. https​://doi.org/10.1146/annur​ev.pharm​tox.43.10090​
1.13580​3

Zafra F, Castren E, Thoenen H, Lindholm D (1991) Interplay between 
glutamate and gamma-aminobutyric acid transmitter systems in 
the physiological regulation of brain-derived neurotrophic factor 
and nerve growth factor synthesis in hippocampal neurons. Proc 
Natl Acad Sci USA 88(22):10037–10041

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jad.2017.09.050
https://doi.org/10.1016/j.jad.2017.09.050
https://doi.org/10.1007/s12035-013-8449-z
https://doi.org/10.1176/appi.ajp.2010.09101452
https://doi.org/10.1176/appi.ajp.2010.09101452
https://doi.org/10.1038/npp.2011.252
https://doi.org/10.1007/BF01273314
https://doi.org/10.1007/BF01273314
https://doi.org/10.1016/j.neubiorev.2016.09.029
https://doi.org/10.1111/adb.12483
https://doi.org/10.1093/cercor/bhx016
https://doi.org/10.1093/cercor/bhx016
https://doi.org/10.1038/nrn2284
https://doi.org/10.1016/j.bbr.2011.01.011
https://doi.org/10.1126/science.aaf5206
https://doi.org/10.1074/jbc.M400103200
https://doi.org/10.1097/01.fpc.0000184960.82903.8f
https://doi.org/10.1097/01.fpc.0000184960.82903.8f
https://doi.org/10.1146/annurev.pharmtox.43.100901.135803
https://doi.org/10.1146/annurev.pharmtox.43.100901.135803

	Alterations of Glutamatergic Markers in the Prefrontal Cortex of Serotonin Transporter Knockout Rats: A Developmental Timeline
	Abstract
	Introduction
	Experimental Procedure
	Animals
	RNA Preparation and Gene Expression Analyses
	Protein Extraction and Western Blot Analysis
	Statistical Analyses

	Results
	Discussion
	Acknowledgements 
	References


