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ABSTRACT

D-Cycloserine (DCS), a partial NMDA receptor agonist, has been proposed as a cognitive enhancer to facilitate the
extinction of drug-related memories. However, it is unknown whether there are individual differences in the efficacy
of DCS. Here, we set out to investigate the influence of serotonin transporter (5-HTT) genotype on DCS treatment
outcome and the underlying neural mechanism. To that end, we first determined the mRNA levels of several NMDA
receptor subunits and observed a reduction in NR1/NR2C receptors in the ventromedial prefrontal cortex and nucleus
accumbens of 5-HTT�/� compared with 5-HTT+/+ rats. Based on this finding, we hypothesized a lower sensitivity to
DCS in the 5-HTT�/� rats. To test this, rats were trained in a cocaine-induced conditioned place preference (CPP)
paradigm. A significant extinction of CPP was observed in 5-HTT+/+ rats receiving 1 mg/kg i.v. DCS, while a similar
effect was found in the 5-HTT�/� rats only after 5 mg/kg. Following CPP, we tested if DCS were able to reduce
FosB/ΔFosB protein expression, a molecular switch for cocaine-seeking behaviour. We observed an overall lower
number of FosB/ΔFosB positive cells in 5-HTT�/� ventromedial prefrontal cortex and amygdala and an overall effect
of DCS treatment on the number of positive cells in the nucleus accumbens. In conclusion, in this study, we show
that the dosing of DCS to facilitate the extinction of cocaine-seeking behaviour is, at least partially, determined by
5-HTT genotype.
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INTRODUCTION

Carriers of the short (s)-allele of the serotonin transporter-
linked polymorphic region (5-HTTLPR) exhibit a lower
level of serotonin transporter (5-HTT) mRNA tran-
scription and are hypothesized to have higher levels of
extracellular brain serotonin (Heils et al. 1996). These in-
dividuals may have an increased risk to become addicted
to different types of drug (Feinn, Nellissery & Kranzler
2005; Gokturk et al. 2008; Cao, Hudziak & Li 2013). An
animal model mimicking the 5-HTTLPR s-allele is the
serotonin transporter knockout (5-HTT�/�) rat (Smits
et al. 2006; Homberg et al. 2007). The 5-HTT�/� rats
self-administer more cocaine in long and short access

paradigms (Homberg et al. 2008; Verheij et al. 2012),
measuring regular and compulsive cocaine self-
administration behaviours, respectively (Ahmed & Koob
1998). The 5-HTT�/� rats furthermore exhibit increased
cocaine-induced place preference (CPP) compared with
wild-type (5-HTT+/+) controls (Homberg et al. 2008).
Importantly, these rats also display a difficulty in
extinguishing cocaine and fear-associated memories
(Homberg et al. 2008; Schipper, Kiliaan & Homberg
2011; Nonkes, de Pooter & Homberg 2012).

A potential mechanism underlying this extinction
deficit involves decreased top-down control of the ventro-
medial prefrontal cortex (vmPFC) over limbic structures
such as the amygdala (Amy) and the nucleus accumbens
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(NAc; Peters, Kalivas & Quirk 2009). Projections from the
vmPFC to these areas are glutamatergic and are essential
for the consolidation of extinction learning (Burgos-
Robles et al. 2007; LaLumiere, Niehoff & Kalivas 2010).
Furthermore, the glutamatergic system is implicated in
reward-related learning (Popik, Wrobel & Bisaga 2006).
It has been previously observed that 5-HTT�/� rodents
exhibit a lower vmPFC and higher Amy activation during
fear extinction (recall; Pang et al. 2011). Additionally,
morphological changes of glutamatergic pyramidal neu-
rons in the PFC and Amy associated with reduced fear
extinction recall (Wellman et al. 2007) have suggested
a comparable neural hallmark in 5-HTT�/� rodents.
These data suggest that the neural circuit implicated
in the extinction of fear and reward-related memories
exhibits changes in glutamatergic neurotransmission in
5-HTT�/� rats.

Stimulating glutamatergic neurotransmission, using
the partial N-methyl-D-aspartate (NMDA) receptor ago-
nist D-cycloserine (DCS), may provide a good basis for
remediation of reduced extinction of cocaine-related
memories in 5-HTT�/� rodents. In 2006, Botreau et al.
inspired addiction research by showing that DCS, which
was previously found to facilitate fear extinction in
humans and rodents (Walker et al. 2002; Ledgerwood,
Richardson & Cranney 2003), reduced drug-seeking in
a cocaine-induced CPP test when administered systemat-
ically (15 mg/kg i.p.) or locally into the Amy (10 μg/side;
Botreau, Paolone & Stewart 2006). This DCS effect was
replicated in rats self-administrating cocaine by using a
higher dose of DCS (30 mg/kg i.p.; Thanos et al. 2011)
and later translated to humans responding to smoking
or alcohol-related cues (Santa Ana et al. 2009; MacKillop
et al. 2015). Notably, not all subsequent human studies
were able to replicate these findings for cocaine (Kennedy
et al. 2012; Santa Ana et al. 2015). A possible ex-
planation is the presence of individual variability in
responsivity to DCS, which may mask the effect of DCS
in a subgroup of addicts who may benefit from treatment.
To illustrate this, De Kleine et al. (2014) identified person-
ality traits and demographic factors that predicted DCS
treatment efficiency in a group of post-traumatic stress
disorder patients (De Kleine et al. 2014).

In the present study, we set up experiments to investi-
gate if 5-HTT genotype influences the efficacy of DCS to
facilitate the extinction of cocaine-seeking behaviour.
Firstly, we show altered mRNA expression of specific
NMDA receptor (NMDAR) subunits in the vmPFC and
Amy of naïve 5-HTT�/� rats. Accordingly, it is our first
hypothesis that DCS less effectively facilitates the extinc-
tion of cocaine-induced CPP in 5-HTT�/� compared with
5-HTT+/+ rats. To confirm this, we demonstrate that
5-HTT�/� rats required a higher DCS dose to facilitate
extinction of cocaine-seeking behaviour in a cocaine-

induced CPP test. Finally, to delineate the neuronal
correlates of the DCS effects on extinction, we assessed
neuronal activity by using FosB/ΔFosB immunohisto-
chemistry. The remarkably stable isoform of the FOSB
gene, ΔFosB, accumulates in several brain areas after
repeated administration of cocaine. Because ΔFosB
induction induces cocaine seeking in the CPP and
self-administration paradigms (Kelz et al. 1999; Nestler,
Barrot & Self 2001), it is our second hypothesis that
DCS-facilitated reduction of cocaine-seeking behaviour
as function of 5-HTT genotype is accompanied by
a change in ΔFosB expression in the vmPFC, NAc
and Amy.

MATERIALS AND METHODS

Animals

All experiments were approved by the Committee
for Animal Experiments (DEC 2011–147) 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.

The 5-HTT knockout rats (5-HTT�/�, Slc6a41Hubr)
were generated on a Wistar background by N-
ethyl-N-nitrosourea-induced mutagenesis (Smits et al.
2004) and have been described previously (Homberg
et al. 2007). Heterozygous 5-HTT knockout (5-HTT+/�)
rats, which had been outcrossed for at least 15 genera-
tions with wild-type Wistar rats obtained from Charles
River Laboratories (Köln, Germany), were crossed to
derive experimental male 5-HTT�/� and 5-HTT+/+ rats.
The rats started testing at the age of postnatal day
80–90. After weaning at the age of 21 days, ear punches
were taken for genotyping. Genotyping was performed by
Kbioscience (Hoddesdon, UK), and the procedure of
genotyping has been described elsewhere (Homberg
et al. 2007). The rats were housed in Plexiglas cages in
pairs in a temperature (21 � 1°C) and humidity-
controlled room (60 � 15 percent relative humidity)
and had ad libitum access to water and food, except during
testing. After surgery, the rats were housed individually. A
12-hour light–dark cycle was maintained, with lights on
at 08:00 AM. Researchers analysing behavioural data or
animal tissues were blinded to the experimental condition
and/or genotype.

N-Methyl-D-aspartate receptor mRNA extraction and
quantitative real-time polymerase chain reaction

For NMDAR mRNA analysis, naïve adult rats (postnatal
day 80–90) were decapitated, and the brains were frozen
in aluminium foil on dry ice. The brains were stored at
�80°C and cut into 200-μm slices by using a Microm
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HM500O cryostat (GMI Inc, USA). The vmPFC, NAc
and Amy were then excised according the Paxinos and
Watson rat brain atlas by using Harris Uni-CoreTM
2.0 (vmPFC) or Uni-CoreTM 1.2 (NAc and Amy)
punches (Jed Pella Inc, USA) and stored at �80°C until
further processing (Paxinos & Watson 2006). Total
RNA was isolated by a single step of guanidinium
isothiocyanate/phenol extraction by using PureZol RNA
isolation reagent (Bio-Rad Laboratories, Italy), according
to the manufacturer’s instructions and quantified by
spectrophotometric analysis. Following total RNA extrac-
tion, the samples were processed for real-time polymerase
chain reaction (RT-PCR) to assess NR1, NR2A, NR2B,
NR2C and NR2D mRNA levels. An aliquot of each
sample was treated with DNase (Tebu-bio, Italy) to avoid
DNA contamination. RNA was analysed by a TaqMan
quantitative RT-PCR instrument (CFX384 real time sys-
tem, Bio-Rad Laboratories, Italy) by using the iScriptTM
one-step RT-PCR kit for probes (Bio-Rad Laboratories,
Italy). The samples were run in 384-well formats in trip-
licate as multiplexed reactions with a normalizing inter-
nal control (β-actin). The primer probes were purchased
from Eurofins MWG-Operon. The primer sequences can
be found in Table S1 and have been reported previously
(Calabrese et al. 2012).

Thermal cycling was initiated with an incubation at
50°C for 10 minutes (RNA retrotranscription) and then
at 95°C for 5 minutes (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 seconds to enable the melting process and
then for 30 seconds at 60°C for the annealing and exten-
sion reactions. A comparative cycle threshold method
was used to calculate the relative target gene expression.

Surgery

We chose to apply DCS through the intravenous route
for alignment of the present CPP study with future
intravenous cocaine self-administration and pharmaco-
logical magnetic resonance experiments. Intravenous
catheters were implanted in the right jugular vein of
56 rats under isoflurane anaesthesia (initially 5 percent,
during surgery 2–3 percent; for more details, see De
Vries et al. 1998). After surgery, the rats were allowed
to recover for a minimum of 1 week before testing
started. Catheter patency was maintained by daily ster-
ile saline–heparin (0.1 ml; 13.5 mg/ml, 140 units/mg)
infusions.

Apparatus

The CPP experiments took place in two, three-
compartment place conditioning boxes comprising two

identically sized conditioning chambers (27.0 × 27.0 ×
26.0 cm, l × w × h) and a neutral middle compartment
(10.0 × 27.0 × 26.0 cm, l × w × h). For contextual dis-
crimination, one of the conditioning chambers had black
and white checkered walls and a stainless steel grid floor.
The grid floor consisted out of 18 stainless steel bars
(ø = 6 mm) which were separated (centre–centre) by
8 mm. The other conditioning chamber had black and
white striped walls and a black fine wire mesh floor. A
reservoir with black bedding was located underneath
each grid for waste collection. The middle compartment
contained white walls and a grid floor of 10 steel bars
(ø = 4 mm) which were separated (centre–centre) by
6 mm. The steel bars were situated along the length of
the compartment, at a 90° angle of the rods of the check-
ered conditioning chamber. Removable inserts between
the chambers allowed the rats to either explore the entire
apparatus or be confined to one conditioning chamber.
A camera (Sony, Japan) connected to a PC running
EthoVision 3.1 software (Noldus, the Netherlands) was
mounted near the ceiling, enabling live position tracking
of the rats.

Conditioned place preference

The CPP experiments comprised three phases which
spanned a total of 11 days, pretest (1 day), conditioning
(8 days), and posttests (2 days). During the pretest, the
rats (5-HTT+/+ n = 31; 5-HTT�/� n = 25) were placed
in the middle compartment and were then allowed to
explore all three chambers freely for 15 minutes in
order to determine the initial preference of the rats.
Cocaine-paired chambers (CS+) were assigned in a
counterbalanced fashion, meaning that half the rats were
conditioned in their initially preferred compartment and
half in their initially non-preferred compartment (effort
was made to attain a 50–50 distribution of checked and
striped CS+ compartments). During the conditioning
phase, the rats were injected with either cocaine (CS+,
10 mg/kg, 1 ml/kg) or saline (CS�, 1 ml/kg) on alternat-
ing days (Homberg et al. 2008). The rats were then
confined the corresponding conditioning chamber for
40 minutes. Twenty-four hours after the last condition-
ing session, a 15-minute posttest was performed, in
which the rats were placed in the middle compartment
and allowed to freely explore all compartments in a
cocaine-free state. Directly after this first posttest, 0, 1
or 5 mg/kg of DCS (Sigma-Aldrich, USA) was adminis-
tered intravenously. Twenty-four hours later, the effects
of DCS on CPP were tested by performing an additional
15-minute posttest. End variable (ΔCS+) was calculated
by subtracting time spent in CS+ compartment during
pretest from time spent in CS+ compartment during each
of the posttests (Homberg et al. 2008).
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Tissue preparation

For ΔFosB staining, the rats that performed CPP were
anesthetized 24 hours after the final posttest by using
120 mg/kg pentobarbital after which they were
transcardially perfused by using 0.1 M phosphate buff-
ered saline (PBS, pH = 7.2) and 4 percent paraformalde-
hyde (PFA, pH = 7.3) to fix the brains. The brains were
then removed from the skulls and stored overnight in 4
percent PFA at 4°C for post fixation. The next day, the
PFA was replaced with 0.1 M PBS containing 0.05
percent sodium azide. Prior to sectioning, the brains were
transferred to 30 percent sucrose solution at room
temperature for 2 days, and a freezing microtome was
used to slice sections of 40 μm. The slices were stored in
PBS containing azide until immunostaining.

FosB/ΔFosB immunohistochemistry

Because no reliable commercially available antibody for
ΔFosB exists, we used an antibody that labels both FosB
and ΔFosB and sacrificed animals 24 hours after
performing the last posttest. Therefore, any differences
found in FosB/ΔFosB expression are likely caused by
ΔFosB (Hope et al. 1994; Perrotti et al. 2008; El Rawas
et al. 2012).

Slices were taken from storage and washed three
times for 10 minutes in 0.1 M PBS (pH = 7.2). Endoge-
nous peroxidase activity was blocked by incubating the
slices in 0.1 M PBS containing 1 percent hydrogen
peroxide. After three washing steps, the tissue was pre-
incubated for 1 hour with 0.1 M PBS containing 0.1
percent bovine serum albumin (Sigma-Aldrich) and 0.5
percent Triton X-100 (Sigma-Aldrich, PBS-BT). After this
pre-incubation period, a rabbit anti-FosB antibody (sc-48,
Santa Cruz, 1:2000) was added and left to incubate
overnight (El Rawas et al. 2012). The slices were then
washed three times by using 0.1 M PBS and incubated
with a donkey antirabbit biotin-conjugated antibody
(Jackson ImmunoResearch Laboratories, 1:1500 in
PBS-BT) for 90 minutes. After three more washing
steps, the slices were incubated with ABC vector elite
(1:800 in PBS-BT). Following three more washing
steps, immunolabelling was visualized by 3,3-
diaminobenzedine tetrahydrochloride. To this end,
sections were incubated for 10 minutes in a solution con-
taining 0.02 percent 3,3-diaminobenzedine tetrahydro-
chloride and 0.03 percent nickel–ammonium sulphate
in 0.05 M Tris buffer (pH = 7.6) after which 0.006
percent hydrogen peroxide was added for 10 minutes.
The reaction was then stopped by washing three times
in PBS. Subsequently, the slices were mounted on gelatin
chrome alum-coated glass slides, dried overnight at 37°C,
dehydrated in ascending alcohol concentrations, cleared

in Xylol (Merck), embedded in Entellan (Merck) and
coverslipped.

Statistical analysis

All statistical analyses were performed by using IBM SPSS

version 20.0 (IBM software, USA). All data were checked
for outliers and normality (using the Shapiro–Wilk statis-
tic). NMDAR subunit mRNA expression was compared by
using genotype (two levels) × subunit (five levels) univar-
iate analysis of variance (ANOVA). Post-hoc independent
sample t-tests were performed where applicable. To assess
whether cocaine-induced CPP induction was successful,
the data from posttest 1 were pooled per genotype and
one sample t-test was performed. The overall effects of
genotype and DCS treatment on CPP and locomotor activ-
ity were analysed by using a genotype (two levels) × dose
(three levels) × time (two levels) repeated measures
ANOVA. Post-hoc paired sample t-tests were performed
when appropriate. ΔFosB immunoreactivity was analysed
by using genotype (two levels) × dose (three levels)
univariate ANOVAs. Level of significance was set at
P < 0.05, and non-significant effects are indicated by
P = NS.

RESULTS

N-Methyl-D-aspartate receptor subunit expression

Relevant NMDAR subunits were analysed in the vmPFC,
NAc and Amy. As is shown in Figure 1, there was a
significant genotype * subunit effect in the vmPFC
[F(4,109) = 30.695, P < 0.001] and NAc
[F(4,110) = 3.726, P < 0.01]. Post-hoc analysis revealed
that, compared with 5-HTT+/+ rats, 5-HTT�/� rats had
a higher expression of NR2A [t(22) = 8.62, P < 0.001]
and lower expression of NR1 [t(21) = �3.02, P < 0.01]
in the vmPFC and a lower expression of NR2C
[t(22) = �5.13, P < 0.001] in the NAc. All other genes
did not differ significantly.

Conditioned place preference

Data acquired during posttest 1 were pooled per genotype
as displayed in Figure 2. Both 5-HTT+/+ and 5-HTT�/�

rats were able to acquire CPP [one sample t-test,
5-HTT+/+: t(30) = 3.027, P < 0.05; 5-HTT�/�:
t(22) = 3.607, P< 0.05]. No difference between genotypes
was observed [independent sample t-test, t(1,52) = 0.459,
P = NS].

For visualizing the effects of DCS on the extinction of
CPP, data acquired during posttests 1 and 2 were split
per genotype as seen in Figure 3a and b. Repeated
measures ANOVA revealed a significant dose * time inter-
action [F(2,48) = 3.198, P< 0.05]. Post-hoc paired sample
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t-tests between CPPs measured on posttest I and II
revealed that vehicle-treated rats had no significant
extinction of their CPP [5-HTT+/+: t(9) = �0.490,
P = NS and 5-HTT�/�: t(7) = �0.866, P = NS]. However,

CPP was significantly reduced in 5-HTT+/+ [t(10) = 3.575,
P< 0.01] but not in 5-HTT�/� [t(6) = 0.414, P = NS] rats
that received 1 mg/kg DCS. In contrast, CPP was signifi-
cantly reduced in 5-HTT�/� [t(7) = 2.465, P < 0.05] but

Figure 1 N-methyl-D-aspartate receptor subunit mRNA expression. Relative expression of NR1 and NR2 subunit mRNAs in (a) ventromedial
prefrontal cortex, (b) amygdala and (c) nucleus accumbens (NAc), including diagrams representing where tissue was collected (adapted from
Paxinos & Watson brain atlas). Wild-type serotonin transporter rats are represented by white bars and serotonin transporter knockout rats
by grey bars; all data represent mean (�SEM). Overall genotype * subunit interaction was found in the ventromedial prefrontal cortex
[#F(4,109) = 30.695, P < 0.001] and NAc [$F(4,110) = 3.726, P < 0.01]. Post-hoc independent sample t-test analysis revealed that serotonin trans-
porter knockout rats show a lower expression of NR1 [**t(21) = �3.017, P < 0.01] and higher expression of NR2A in the ventromedial pre-
frontal cortex [***t(22) = 8.620, P < 0.001] as well as a lower expression of NR2C in the NAc [***t(22) = �5.129, P < 0.001]
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not in 5-HTT+/+ [t(9) = 1.225, P = NS] rats that received
5 mg/kg DCS. Place preference behaviour can be divided
into several components (Huston et al. 2013). In Figure
S1A and B, we show that the number of CS+ com-
partment entries and the time per CS+ entry did not
differ between genotypes, nor were they influenced by
DCS treatment [entries: repeated measures ANOVA
F(2,48) = 1.373, P=NS, time per entry: repeatedmeasures
ANOVA: F(2,48) = 1.453, P = NS]. General locomotor ac-
tivity (expressed as distance moved) during both posttests
is shown in Figure S1C. No significant difference in loco-
motor activity was observed by using a repeated measures
ANOVA [F(2,48) = 0.407, P = NS].

Immunohistochemistry

Twenty-four hours after, the last posttest animals
were transcardially perfused and slices were stained for
FosB/ΔFosB. Figure 4a–c shows the density of positive
cells that was assessed in vmPFC, NAc and Amy. The
5-HTT�/� rats showed lower overall expression of ΔFoSB
in the vmPFC [F(1,46) = 6.433, P < 0.05]. Additionally,
the density of ΔFosB positive cells in the Amy was signif-
icantly lower in 5-HTT�/� [F(1,46) = 4.665, P < 0.05]
rats, while there was a trend towards significance caused
by the DCS treatment [F(2,46) = 3.018, P = 0.059]. The
most robust treatment effect was observed in the NAc
where DCS-treated animals showed an overall lower
density of ΔFosB positive cells when compared with the
vehicle control [F(2,47) = 7.469, P < 0.01].

DISCUSSION

In the experiments in the preceding text, we show that
naïve 5-HTT�/� rats display changes in NMDAR subunit
mRNA expression. More specifically, when compared
with 5-HTT+/+ rats, NR1 subunit mRNA is reduced and
NR2A subunit mRNA expression is increased in the
vmPFC and NR2C subunit expression is reduced in the
NAc of 5-HTT�/� rats. In line with this observation and
our first hypothesis, we found that 5-HTT�/�, compared
with 5-HTT+/+, rats required a higher dose of DCS to
potentiate the extinction of cocaine-induced CPP. This
suggests that 5-HTT�/� rats are less responsive to DCS.
Contrary to our second hypothesis, these behavioural dif-
ferences were not mirrored by reduced ΔFosB expression
in the same groups. Nonetheless, we did observe signifi-
cant genotype effects in the vmPFC and Amy and an
effect of DCS treatment in the NAc.

N-Methyl-D-aspartate receptors are functional
heterotetramers most often formed by combining two
NR1 subunits and two NR2 subunits. The NR1 subunits
present in the protein contain the glycine binding site,
and thus the binding site for DCS (Hood, Compton &
Monahan 1989). Interestingly, it is the NR2 subunit that
determines the efficacy of DCS on the receptor complex.
As such, it has been shown that DCS exerts its function
mostly through receptors consisting of NR1 and NR2C
subunits (NR1/NR2C receptors) and less through
NR1/NR2A and NR1/NR2B receptors (Sheinin, Shavit &
Benveniste 2001; Dravid et al. 2010). We showed that
the 5-HTT�/� rats have lower NR1 and higher NR2A sub-
unit mRNA expression in the vmPFC. These results imply
that there is, relative to NR1/NR2A and NR1/NR2B re-
ceptors, a lower number of NR1/NR2C receptors available
for DCS to exhibit its beneficial effects during extinction
consolidation. A similar shift in receptor ratio is seen in
the NAc, although it is caused by a direct downregulation
of NR2C subunit mRNA. Functionally, this is reflected by
the higher DCS dose that was required in our 5-HTT�/�

rats to facilitate extinction retention.
Here, we reproduced the finding reported by others

(Botreau et al. 2006) that DCS increases the extinction
of cocaine-induced CPP in wild-type rats and show that
this is also possible in 5-HTT�/� rats at a higher dose.
As mentioned in the Introduction, some human studies
reported beneficial effects of DCS on the extinction of
cue-induced drug craving (Santa Ana et al. 2009;
MacKillop et al. 2015). However, multiple human studies
have found no effect of DCS on extinction of cocaine-
associated cues (Kennedy et al. 2012; Santa Ana et al.
2015) or even enhanced reactivity after treatment (Price
et al. 2013; Prisciandaro et al. 2013). Although these
contrasting outcomes may be related to methodological
choices, it is also possible that these differences are

Figure 2 Posttest 1 place preference induction in wild-type seroto-
nin transporter (5-HTT+/+) and serotonin transporter knockout
(5-HTT�/�) rats. 5-HTT+/+ rats are represented by white bars and
5-HTT�/� rats by grey bars; ΔCS+ was calculated by subtracting time
spent in CS+ compartment during pretest from time spent in CS+
compartment during the first posttest. All data are represented as
mean (�SEM). (a) ΔCS+ representing cocaine-induced conditioned
place preference in 5-HTT+/+ versus 5-HTT�/� rats during posttest
1. Both genotypes were able to acquire conditioned place preference
[one sample t-test, 5-HTT+/+: t(30) = 3.027, *P < 0.05; 5-HTT�/�:
t(22) = 3.607, *P < 0.05]. No difference between genotypes was
observed [independent sample t-test, t(1,52) = 0.459, P = NS]
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dependent on the nature of the study population. In this
light, we show here that the 5-HTT genotype may influ-
ence the efficacy of DCS to potentiate the extinction of
cocaine-related memories. As the 5-HTT�/� rat model
has higher levels of trait anxiety before and after cocaine
administration (Homberg et al. 2008; Verheij et al. 2014),
our results are in line with the findings by Ho et al., show-
ing that the effectiveness of DCS is lowered in a rat model
specifically bred for high anxiety compared with low anx-
iety counterparts (Ho et al. 2005). It is also noteworthy
that the 5-HTT+/+ rats did not benefit from increased
(5 mg/kg) DCS treatment, suggesting an inverted U-shape
functionality of DCS on behaviour. The human studies
mentioned in the preceding text all used the same dose
of DCS (50mg), and all highlight the importance of dosing
when discussing their results. In this light, our results
confirm that there are individual differences in the
effectiveness of as both genotypes only responded to a
single (different) dose.

ΔFosB is a transcription factor that has been theorized
to be a molecular switch for addiction behaviour, where
high levels of the protein in the NAc trigger cocaine
seeking (Nestler 2001). Here, we hypothesized that ΔFosB
immunoreactivity would go down as a result of DCS

treatment. DCS is thought to reduce CPP through actions
in the NAc (Torregrossa et al. 2010). In line with this, we
observed a significant DCS dose effect (independent of ge-
notype) in this brain area. Additionally, the NAc is also the
brain area to which most drug-seeking effects of ΔFosB
are attributed (Nestler 2008). We also observed the over-
all lower expression of ΔFosB in 5-HTT�/� rats (irrespec-
tive of DCS dose) in the vmPFC and Amy. Even though it
has been shown that, like in the NAc, repeated drug
administration induces ΔFosB in these areas (Perrotti
et al. 2008), the role of ΔFosB in cocaine-seeking behav-
iour in these areas has not been extensively researched.
Interestingly, the finding that ΔFosB expression is reduced
in the vmPFC of 5-HTT�/� versus 5-HTT+/+ rats is in line
with previous observations of reduced vmPFC activity and
immediate early gene expression in 5-HTT�/� versus
5-HTT+/+ rats (Molteni et al. 2009; Pang et al. 2011), as
well as reduced medial prefrontal activity in human
5-HTTLPR s-allele carriers exposed to emotion provoking
stimuli (Pezawas et al. 2005; Munafo, Brown, & Hariri
2008). The lower FosB/ΔFosB immunoreactivity in the
Amy of 5-HTT�/� versus 5-HTT+/+ rats seems to contra-
dict previous studies reporting increased baseline Amy
(re)activity in 5-HTT�/� rodents and humans carrying

Figure 3 Effects of single i.v. D-cycloserine
(DCS) injection on conditioned place prefer-
ence (CPP) behaviour of wild-type serotonin
transporter (5-HTT+/+) and serotonin trans-
porter knockout (5-HTT�/�) rats. For visual
clarity: (a) 5-HTT+/+ rats and (b) 5-HTT�/�;
all data represented mean of ΔCS+ (�SEM),
and both genotypes were analysed together.
ΔCS+ was calculated by subtracting time spent
in CS+ compartment during pretest from time
spent in CS+ compartment during each of the
posttests. Data acquired during posttest I are
represented by white bars and posttest II by
grey bars. Repeated measures ANOVA re-
vealed a significant DCS dose * posttest inter-
action [#F(2,48) = 3.198, P < 0.05]. Post-hoc
paired samples t-tests revealed a significant
lower CPP during posttest II in 5-HTT+/+ rats
treated with 1 mg/kg DCS [n = 11,
**t(10) = 3.575, P < 0.01] and 5-HTT�/� rats
treated with 5 mg/kg DCS [n = 8,
*t(7) = 2.465, P < 0.05]. No reduction of
CPP was observed in control rats (0 mg/kg,
5-HTT+/+ n = 10, 5-HTT�/� n = 8),
5-HTT�/� rats treated with 1 mg/kg (n = 7)
DCS and 5-HTT+/+ rats treated with 5 mg/kg
DCS (n = 10)
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the 5-HTTLPR s-allele (Hariri et al. 2002; Pang et al.
2011). Yet, because we do not know which neurons
expressed FosB/ΔFosB, additional studies are needed to

properly interpret these findings in terms of area activ-
ity levels. Even though these past observations in
vmPFC and Amy were made under drug-free conditions
and therefore may not reflect the same neurobiological
state, FosB/ΔFosB immunoreactivity is lowered in the
vmPFC and NaC of animals that are susceptive to de-
velop anxiety and depression-like behaviours after social
defeat stress (Vialou et al. 2014). Because 5-HTT�/�

rodents show depression and anxiety-like behaviours
(Holmes, Murphy & Crawley 2003; Olivier et al.
2008), which are also more exaggerated after social
defeat stress (Jansen et al. 2010), it is possible that the
lower FosB/ΔFosB expression observed here reflects an
anxious state and is not (or not exclusively) related to
DCS treatment.

There are some shortcomings in the present study.
Differences in mRNA expression do not always trans-
late to differences in protein expression. However, the
effect size of especially the NR2A subunit in vmPFC is
quite considerable and as such is likely to translate into
differences at the protein level. To further determine
the respective roles of different NMDARs in the work-
ing mechanism of DCS, it could be crucial for future
studies to examine the NMDAR composition in the pro-
jection terminals of the vmPFC (e.g. Amy and NAc) to
confirm these mRNA results. Furthermore, we were
unable to reproduce our finding that cocaine-induced
CPP is increased in the 5-HTT�/� rats (Homberg
et al. 2008). This discrepancy may be attributed to
major differences in methodology. In the present study,
the animals required surgery and single housing
which may have altered their sensitivity to cocaine
(Nader et al. 2012). Additionally, we only used a single
injection of DCS to extinguish CPP-seeking behaviour
and are therefore unaware what repeated exposure
may reveal.

In conclusion, in the preceding texts, we show that a
genetic variation in serotonin transporter expression
can be a predictor for the efficiency of DCS. It is possible
that this reduction in sensitivity to DCS treatment is
caused by a lower expression of NR1/NR2C NMDAR.
Future studies should focus on confirming this difference
in the expression on the protein level and the underlying
mechanisms causing this shift.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table S1. NMDAR subunit qPCR primers and probes
Figure S1. CPP CS+ entries and locomotion behaviour.
5-HTT+/+ rats are represented by white bars and
5-HTT�/� rats by grey bars, all data represent mean
(�SEM). A) CS+ entries of 5-HTT+/+ and 5-HTT�/� rats
during posttest 1 and 2. CS+ entries did not change by
treatment or genotype (repeated measures ANOVA
F(2,48) = 1.373, p = NS). B) Time spent in CS+ compart-
ment per visit was neither influenced by DCS treatment
nor by DCS treatment (repeated measures ANOVA
F(2,48) = 1.453, p = NS). C) Locomotion of 5-HTT+/+

and 5-HTT�/� did not change between the posttests
and did not differ between genotypes (repeated measures
ANOVA, F(2, 48) = 0.407, p = NS)
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