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Abstract
Compulsivity is a core symptom in different psychopathological disorders, characterized by excessive behaviors and behav-
ioral inflexibility. The selection of high drinker (HD) versus low drinker (LD) rats by schedule-induced polydipsia (SIP) is 
a valid model for studying the compulsive phenotype. The compulsive HD rats showed cognitive inflexibility and reduced 
serotonin 2A (5-HT2A) receptor binding levels in the frontal cortex (FC). According to that, we hypothesize that compulsive 
HD rats might have an alteration in the cognitive control domain regarding inflexibility, assessed by spatial memory on the 
Morris Water Maze (MWM), working and reference memory by the Radial Arm Maze, and behavioral deficits in stimulus 
processing by the Novel Object Recognition test. The possible underlying mechanisms might be linked to the brain gene 
expression of 5HT2A, 5HT2C, glutamate NMDA receptors, and brain-derived neurotrophic factor (BDNF) in FC, hippocam-
pus, and amygdala. HD rats confirmed a cognitive inflexibility profile on the reversal condition in the MWM compared to LD 
rats, while no differences were observed on stimulus processing, spatial, and working memory. Moreover, HD rats showed 
a reduced expression of the Htr2a, Grin1, and Bdnf genes in FC. Furthermore, there was a negative correlation between 
the relative expression of the Htr2a, Grin1, and Bdnf genes in FC and the level of compulsive water intake in HD rats on 
SIP. These data reveal that cognitive inflexibility may not be associated with a memory or stimulus processing deficit in 
compulsive individuals but may result by a region-specific alteration of the Htr2a, Grin1, and Bdnf gene expression in FC.
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Introduction

Compulsivity is defined as actions inappropriate to the situ-
ation that persist, have no obvious relationship to the overall 
goal, and often result in undesirable consequences [1]. It 
is one of the principal symptoms of obsessive-compulsive 
disorder (OCD), which affects 2–3% of the population and 
is ranked among the ten leading neuropsychiatric causes 
of disability [2]. It is associated with other disorders such 
as anorexia nervosa, trichotillomania, and excoriation dis-
order, but is also present in depression, bipolar disorder, 

schizophrenia, eating disorders, and addiction [3]. Thus, at 
least 5 different endophenotypes of OCD have been identi-
fied, due to the symptomatic heterogeneity of these groups 
of patients, suggesting that OCD could be a consequence 
of dysfunctional circuits that regulate response inhibition, 
cognitive flexibility, planning (and goal-directed behavior), 
working memory, and error monitoring [1]. According to 
the clinical data, OCD patients present behavioral inflex-
ibility in the Wisconsin Card Sorting Test and persistent 
skin conductance response in the extinction phase of the fear 
conditioning test [4, 5]. However, memory deficits in OCD 
have not been fully disentangled [6].

Schedule-induced polydipsia (SIP), a model of compul-
sive behavior [7] recently reviewed [8], has been demon-
strated to be effective in the study of different related dis-
orders such as schizophrenia [9], alcohol intake [10, 11], 
and OCD [12]. SIP is characterized by the development 
of an adjunctive behavior of excessive drinking in food-
deprived animals exposed to intermittent food-reinforcement 
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schedules [13]. After the SIP procedure, rats can be divided 
into two different populations according to their levels of 
water intake: high drinkers (HD) considered high compul-
sive, and low drinkers (LD) considered non-compulsive 
rats. Compulsive HD rats have a well-differentiated behav-
ioral profile, compared to LD rats, characterized by deficits 
in cognitive inflexibility and maintenance of maladaptive 
memories shown by resistance to extinction, for example, 
by: an increased number of trials and perseverative errors 
in different protocols of the spatial Reversal Learning Task 
[14, 15], increased number in perseverative responses under 
extinction conditions in the attentional 5- choice serial reac-
tion time task (5-CSRTT) [16], long-lasting response in fear 
conditioning [17], and passive avoidance [18] under extinc-
tion condition. Here, we wanted to further explore into these 
observations and investigate if the behavioral inflexibility 
of compulsive HD rats is related to memory impairments, 
assessing other components related to the cognitive pro-
cesses such as stimulus processing by the Novel Object 
Recognition test (NOR), reference and working memory 
by Radial Arm Maze (RAM), and cognitive flexibility by 
reversed Morris Water Maze (MWM).

The pharmacological treatment in patients with OCD 
is focused on selective serotonin reuptake inhibitors [19]. 
Nevertheless, up to 40% of patients with OCD do not 
respond successfully to this treatment, and glutamate mod-
ulating drugs have been proposed as a potential treatment 
for OCD [20]. A genome-wide association study has shown 
that vulnerability to OCD is associated with genetic poly-
morphisms in the serotonin transporter (Sert) and Htr2a 
[21]. Moreover, recent studies have evidenced that varia-
tions in glutamatergic genes, such as the SAPAP (DLGAP) 
family, SLC1A1, and GRIN/GRIK proteins can lead to dys-
functional glutamate signaling in OCD [reviewed in [22]]. 
Many studies support that there is an association between 
brain derived neurotrophic factor (BDNF) gene polymor-
phism and OCD [23, 24], reporting a lower BDNF serum 
level in OCD patients [25, 26]. The compulsive HD rats 
selected by SIP have shown reduced cortical 5-HT2A bind-
ing levels compared to LD rats [27]. Indeed, the systemic 
and prefrontal administration of the serotonin 5-TH2A/C 
receptor agonist DOI reduced compulsive water intake in 
HD rats on SIP [27, 28]. Moreover, the systemic administra-
tion of glutamatergic drugs such as memantine, an uncom-
petitive NMDA receptor antagonist, and lamotrigine, which 
inhibits excitatory amino acid release such as glutamate, 
also reduced compulsive water intake in HD rats on SIP 
[17]. Based on these neuropharmacological studies and the 
behavioral profile of HD rats, the objectives of the present 
study were: (1) to investigate the possible memory deficit 
associated with cognitive inflexibility in compulsive HD 
rats selected by SIP, and (2) to assess the possible altera-
tions in gene expression that could contribute as underlying 

mechanisms of this specific trait. Therefore, after the selec-
tion of compulsive HD and non-compulsive LD rats on SIP: 
First, we evaluated possible behavioral deficits in memory-
related tasks, such as spatial memory and cognitive inflex-
ibility by MWM, working and reference memory by RAM, 
and stimulus processing by NOR. Second, we analyzed the 
genetic expression, related to memory and cognitive inflex-
ibility, of the serotonergic Htr2a and Htr2c, glutamater-
gic Grin1, Grin2a, Grin2b, Grin2c, and Grm2 and Bdnf 
genes in the following neuroanatomical areas: frontal cortex 
(FC), hippocampus (HIP), and amygdala (AMY), related to 
the cortico-limbic circuit and compulsive drinking on SIP 
[29]. The results are discussed regarding the relevance of 
memory deficit and cognitive inflexibility, and the altera-
tion in the relative expression of the genes analyzed as pos-
sible biomarkers of vulnerability to compulsive spectrum 
disorders.

Materials and Methods

Animals

In this study 40 male Wistar rats (Envigo, RMS Spain), 
weighing approximately 230 to 250 g, were used; 20 for 
experiment 1 and 20 for experiment 2. The animals were 
housed in four rats per cage (50 × 35 × 20 cm) kept in a 
temperature controlled environment at 22 ± 2 °C, humidity 
(50 ± 10%), with a 12:12 h light-dark cycle (light off at 08:00 
am); food and water were provided ad libitum. After 10 days 
of habituation, before behavioral tasks, rats were gradually 
reduced to 85% of their free-feeding body weight, through 
controlled feeding. Body weight was maintained throughout 
the experiment. The food was provided by daily feedings 
of lab food approximately 30 min after each experimental 
session. All tests were performed between 9:00 am and 2:00 
pm. The age of the animals was approximately 3 months old 
when the experiment started and finished 2 months later. All 
procedures were carried out following the Spanish Royal 
Decree 53/ 2013 on the protection of experimental animals, 
the European Community Directive 2010/63/EU for animal 
experiments, and comply with the ARRIVE guidelines for 
animal research. The Animal Research Committee of the 
University of Almeria approved the experiments described 
here, and the authors declare that the research shows com-
mitment to the 3Rs principle (replacement, reduction, 
refinement).

Behavioral Selection: SIP Procedure

SIP procedure has been previously described [7]. Rats 
were tested in eight operant SIP chambers (35 × 25 × 34 
cm). Baseline: Before the SIP procedure and over two 
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consecutive days, the amount of water consumed by each 
rat in 60 min was measured. There was unlimited access 
to a bottle of water, and sixty food reward pellets were 
placed together (Noyes 45 mg dustless reward pellets; 
TSE Systems, Germany). SIP: The animals were then 
exposed to a fixed 60-s (FT-60 s) schedule of food pellet 
presentation in 60-min sessions. During each session, 100 
mL of freshwater bottles was provided. After 20 daily ses-
sions, the animals were separated into two specific popu-
lations, HD and LD, according to drinking rates (average 
of each animal over the last five sessions) above or below 
the group median, respectively. The following measures 
were recorded for each rat: (a) the total amount of water 
(milliliters) removed from the bottle, (b) the total number 
of licks to the bottle, and (c) the total number of entries 
into the food magazine.

Experimental Design

The order of behavioral assessment and gene expression 
analyses are summarized in Fig. 1.

Experiment 1. Behavioral Assessment

We examined cognitive flexibility, different types of mem-
ory, and stimulus processing, considered possibly altered 
processes in compulsive populations [30], in HD and LD rats 
selected by SIP. We explored spatial memory and cognitive 
flexibility by MWM, assessed working and reference mem-
ory by RAM, and analyzed stimuli processing and novelty 
reactivity by NOR. The screening for each test commenced 
at least 1 week after the previous one.

Experiment 2. Gene Expression

After the last session of SIP, all rats were sacrificed by rapid 
decapitation after induction of anesthesia by inhalation of 
4% isoflurane, to extract the brain and obtain structure sam-
ples, by fresh dissection, which would later be subject to 
analyses: FC, HIP, and AMY. The collected samples were 
immediately frozen on dry ice to prevent degradation of the 
RNA. The samples were then stored at −80 °C until use. All 
the material used in this procedure was autoclaved (Class B 
P Selecta) and treated with ZAP RNA (Sigma-Aldrich) to 

Fig. 1  The experimental procedures are illustrated in a timetable. 
Two independent experiments were carried out in the present study. 
In both experiments, high drinkers (HD) and low drinkers (LD) 
populations were separated by schedule-induced polydipsia (SIP). In 

experiment 1 HD and LD rats were assessed by: Morris Water Maze 
test (MWM), Radial Arm Maze test (RAM), and Novel Object Rec-
ognition test (NOR). In experiment 2 serotonergic, glutamatergic and 
Bdnf genes were analyzed
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avoid contamination and degradation of the genetic material. 
The samples were then isolated, quantified, and diluted to 
100 ng/μL. This concentration was used for cDNA synthesis 
(20 μL). Twenty microliters of that cDNA was then diluted 
(1:4 factor), and this dilution was finally used for the qPCR 
reaction.

Behavioral Assessment

Morris Water Maze MWM

The MWM protocol used follows the guidelines defined by 
De Bruin [31], with minor changes. The water maze test was 
carried out in a black circular pool with an inner diameter 
of 150 cm and walls 34 cm high. It was filled with tap water 
to a depth of 30 cm. The water was at room temperature (22 
± 2 °C). The pool was divided into four quadrants of equal 
size: A, B, C, and D; with A opposite D and B opposite 
C. A removable circular escape platform (diameter: 10 cm) 
could be positioned at only one location in each of the four 
quadrants (in the middle of a quadrant, with the center 30 cm 
away from the wall). Two types of platforms were used: an 
invisible one painted black, always 1.5 cm below the water 
surface, and a visible gray one, always 1.5 cm above the 
surface. Both platforms had a rough surface that provided 
enough grip for the animal to climb on top of it. Release sites 
were marked outside of the pool, each directly opposite to 
either of the four possible platform positions. The walls of 
the room were equipped with a variety of spatial cues that 
remained unchanged throughout the experiment. A video 
camera was used to record behavioral activities during trans-
fer tests using Ethovision 3.1. (Noldus). Behavioral proce-
dures: During a total of 9 days, the animals were trained and 
tested using the following:

Spatial training (days 1–4)
 The invisible white platform was placed for half of the 

animals in each group in quadrant B and for the other half 
in the opposite quadrant (C). Training was carried out in 4 
trial sessions with each animal released into the pool from 
one of the four release sites. The sequence of the four release 
sites varied from session to session but was identical for all 
animals within one session. The animal was released into 
the pool with its head facing the wall, and the time to reach 
the hidden platform was recorded with a stopwatch (escape 
latency). If the platform was not located within the maxi-
mum trial duration of 90 s, the animal was removed from the 
water and placed on the platform. In either case, the animal 
was left on top of the platform for 30 s. In between the suc-
cessive trials of one session, the animal was placed in a black 
plastic bucket for a 30-s intertrial interval period. During 
this time, fecal boluses (if present) were removed from the 
pool, and the transparent wall was wiped clean. Following 
the last trial of a session, the animal was dried with a cloth 

towel and placed in a clean cage. There were two sessions a 
day with an interval of approximately 3 h.

Reinstating memory (day 5)
On the afternoon of the fifth day, the animals were again 

subjected to a spatial training session with the platform in 
its original position.

Reversal test (days 6–7)
Following 2 days without behavioral training or testing, 

the reversal test began. The platform was now placed in the 
quadrant opposite to the one used during spatial training for 
two test sessions (each consisting of two reversal sessions, 
four trials per session); otherwise, all training procedures 
were identical to the ones described for spatial training.

Visually cued task (days 8–9)
One day after the completion of reversal training, ani-

mals were subjected to the visually cued task. A gray vis-
ible platform was used, extending 1.5 cm above the surface, 
in order to assess a correct performance and discard any 
possible alteration of the visual system integration func-
tion. Although the release site of the animal remained the 
same (always opposite to the quadrant where the platform 
was during spatial training), the position of the platform 
varied from trial to trial. The sequence of these positions 
was the same for all animals. Otherwise, procedures were 
as described for the spatial training phase.

Radial Arm Maze RAM

The RAM protocol consists of three consecutive phases: 
habituation (2 days), learning (4 days maximal), and test (4 
days), as described by Fole in 2017 [32]. Rats were trained 
every day, twice per day. Each rat was placed on the central 
platform, and the maze could be visited for 10 min. Each 
rat was placed in the RAM in a random order that changed 
every day. The RAM was cleaned between each animal with 
diluted ethanol (70%) and absorbent paper towel to minimize 
olfactory intra-maze cues. The performance of the animals 
was recorded on a computer. Variables registered were arm 
entries; total trial time; first entry latency. According to these 
data, the number of errors in working memory (WM) and 
reference memory (RM) were counted. Every entry in an 
already visited arm was considered a WM error. Entries 
in a non-rewarded arm were considered as RM errors. The 
behavioral procedure was as follows:

Habituation. This habituation allowed rats to adapt to 
the maze and to collect pellets at the end of their arms. All 
arms were kept baited during the trial period. On the first 
day, some pellets were placed along the arms to invite the 
animals to go to the end of the arms.

Acquisition. The animals performed 4 trials per session 
(2 sessions per day) until they reached the minimum values 
during three consecutive sessions. A trial was finished when: 
10 min past or the animal visited the 8 arms at least one 
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time. The criterion consisted in doing either no error for 8 
entries or at maximum 1 error for 9 entries.

Test. This protocol aimed to test the memorization of the 
task. Rat performance was evaluated by the number of errors 
and the rank of the first error. An error was defined as the rat 
returning to a previously visited arm, i.e., crossing the first 
beam of the arm.

Novel Object Recognition Test NOR

The NOR protocol [33] consists of three consecutive phases: 
habituation (day 1), acquisition (day 2), and test (day 2). 
Each rat was placed in the center of the arena and allowed to 
explore for 5 min. The arena was cleaned between each ani-
mal with water and absorbent paper towel to minimize intra-
cue olfactory noise. The animal performance was recorded 
on a computer using Ethovision 3.1. (Noldus). The data con-
sidered were speed, mobility, percentage of time in contact 
with objects (time in contact with the new or old object/total 
time), percentage of time near the objects (time near the 
new or old object/total time), and percentage of time in the 
neutral zone (time in the neutral zone/total time). Behavioral 
procedure was as follows:

Habituation. This habituation allowed accustoming the 
rats to the maze by free exploration of the arena for 5 min. 
No objects were placed in the arena in this phase.

Acquisition. 24 h after habituation, two identical objects 
were placed in opposite quadrants of the arena. The rats were 
placed in the center of the arena, equidistant from the two 
identical objects, and allowed to explore freely for 5 min. All 
sessions were recorded and analyzed.

Test. Two hours after the acquisition phase, one object 
used during acquisition (the familiar object) and one novel 
object were placed in the opposite quadrants of the arena. 
The animals were allowed to explore for 10 min. Sessions 
were recorded, and we analyzed the same variables as in the 
acquisition phase.

Gene Expression

Real‑time Quantitative Polymerase Chain Reaction

Using this technique, a multitude of copies of a particular 
nucleotide sequence can be generated in vitro from a small 
amount of genetic material from structures that have been 
carefully extracted beforehand. Thus, before exponential 
replication of the sequences of interest, a series of processes 
had to be developed to enable the polymerase chain reaction 
itself, as well as its reliability. First, RNA was extracted from 
samples of the three brain structures (FC, HIP, and AMY) 
and purified using trizol reagent (Invitrogen) according to 
the manufacturer’s instructions. The trizol reagent reliably 
extracts and purifies RNA from the samples by maintaining 

RNA integration through inhibition of RNAase activity and 
destroying cellular components in the homogenization of 
samples. Thus, a separation of different layers was obtained 
by adding chloroform, which is in the aqueous layer where 
the RNA is located; therefore, the RNA pellet was collected, 
and, by employing isopropyl alcohol and suitable centrifuga-
tion, the RNA pellet was precipitated. The supernatant was 
then removed, and the RNA pellet was washed with 75% 
ethanol. Finally, the remaining ethanol was removed and 
allowed to dry. Once the process was completed, the final 
number of samples to be analyzed was obtained: 18 FC, 18 
AMY, and 18 HIP. Secondly, RNA quality assessment was 
carried out by electrophoresis. Electrophoresis is a technique 
that uses the polar character of the genetic material (nega-
tive charge given by the phosphate groups) to consequently 
move it from the negative pole to the positive pole on a solid 
matrix (agarose gel) when a certain voltage is applied. First, 
the agarose gel was prepared by dissolving agarose in Milli-
Q water. The resulting mixture was heated until the agarose 
was perfectly dissolved. The solution was then poured into 
a gel holder. A comb installed in the gel holder shaped the 
wells where the samples were placed once the loading buffer 
was added to the samples and the gel was perfectly solidi-
fied and placed in the electrophoresis cuvette. The next step 
was the application of voltage that would cause the desired 
electrophoretic shift. To visualize the fragments, the gel had 
to be stained with an intercalating agent that binds to the 
genetic material. The marker used was ethidium bromide, 
which was handled with special caution because of its muta-
genic nature. The last step was fluorescence spectrometry, 
whereby ultraviolet light is applied to cause the ethidium 
bromide to emit fluorescence, thus separating the fragments 
according to molecular weight. This process was repeated 
for the samples of each structure. Furthermore, RNA was 
quantified by fluorescence signaling with a Qubit® fluorom-
eter (Life Technologies). This specific and sensitive process 
allowed us to know the concentration and quality, and to dis-
card degradation and/or contamination of the samples. This 
process was repeated for the samples of each structure. The 
samples were then subjected to a Turbo DNA-free treatment 
in which the DNAases remove contaminating genomic DNA 
from the preparations that will then be retrotranscribed. An 
inactivating reagent was used to stop the effect of DNAases. 
The removal of these contaminants allows for a PCR with 
less interference. Finally, complementary DNA (cDNA) was 
obtained from messenger RNA. Retrotranscription allows 
RNA to be used to obtain complementary DNA (cDNA) 
from a reverse transcriptase enzyme. In our case, cDNA was 
synthesized from DNA-free total RNA using the Maxima 
First Strand® cDNA synthesis kit (Thermo Scientific), 
using a mixture of random hexamers and 18-mer oligo (dT) 
as primers. This process was repeated for samples of each 
structure. The cDNA samples were stored at −80 °C until 
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the real-time quantitative polymerase chain reaction (qPCR) 
analysis.

Real‑time qPCR

Gene expression analyses were performed by RT-qPCR 
using the SYBR Green PCR Master Mix kit on a Step-One 
real-time PCR system (Applied Biosystems) and a pair 
of specific primers for each gene analyzed (Table 1). The 
appropriate efficiency of the primers was controlled by serial 
dilutions (dilution factor 1:10). The Gapdh housekeeping 
gene was used as an internal reference for gene expression 
analyses. The absence of gDNA contamination in the RNA 
sample analyzed by RT-qPCR was demonstrated using a 
specific amplicon of an intron section of the Gapdh gene as 
a control. The melting curves were analyzed to ensure the 
specificity of the amplification. This process was repeated 
for samples of each structure.

Statistical Analyses

The SIP acquisition data were analyzed using a two-way 
repeated measures analysis of variance (ANOVA), with a 
between-subject factor (group: HD and LD) and a within-
subject factor (session: 20 sessions). Experiment 1: The 
mean latency and speed in MWM, the speed and number 
of errors in RAM, and the percentage of time spent in each 
zone in NOR by LD and HD rats were compared using two-
way repeated measures ANOVA, with a between-subject 
factor (group: HD and LD) and a within- subject factor 
(sessions). Post hoc comparisons were made using the Bon-
ferroni test. Experiment 2: The study of the differences in 
gene expression between HD and LD was analyzed using 
Student’s t test for each of the genes in the three different 
structures. To assess the relationship between water intake 
levels in SIP and relative gene expression, correlations were 
calculated using Pearson correlation analysis. The effect size 

of the group differences was calculated using Cohen’s d or 
η2. Partial eta-squared values of 0.01, 0.06, and 0.14 and 
Cohen’s d values of 0.2, 0.5, and 0.8 are considered to reflect 
small, medium, and large effects, respectively [34]. Statisti-
cal significance was set at p < 0.05. All analyses were com-
puted using the Statistica software package (version 8.0). 
GraphPad Prism (version 9.0) was used for the graphs pre-
sented in the results section.

Results

LD and HD Selected by SIP

Figure  2 (experiment 1) and Supplementary figure S1 
(experiment 2) show the mean water intake in LD and HD 
during the acquisition and maintenance of SIP during 20 
sessions. In experiment 1, the mean water intake during the 
last 5 days of SIP was 25.9 ± 5.1 mL for HD and 6.1 ± 0.8 
for LD, respectively. The number of licks also showed SIP 

Table 1  Primers selected for the RT-qPCR study. From left to right, 
the name of the gene, forward primer, reverse primer, and source. 
Gapdh: Glyceraldehyde 3-phosphate dehydrogenase. Htr2a and c: 
Serotonergic receptor 2 a and b. Grin1, 2a, 2b, and 2c: Glutamater-

gic NMDA subunit ionotropic receptor 1, 2a, 2b, and 2c, respectively. 
Grm2: Glutamatergic metabotropic receptor 2. Bdnf: Brain-derived 
neurotrophic factor

Gene Forward Reverse Reference

Gadph ACA ACT TTG GCA TTG TGG AA GAT GCA GGG ATG ATG TTC TG Own design
Htr2a AAC GGT CCA TCC ACA GAG AAC AGG AAG AAC ACG ATG C Kindlundh-Högbergetal et al. 2006
Htr2c TTG GAC TGA GGG ACG AAA GC GGA TGA AGA ATG CCA CGA AGG Kindlundh- Högbergetalet al. 2006
Grin1 ATG GCT TCT GCA TAG ACC GTT GTT TAC CCG CTC CTG Lau et al. 2013
Grin2a AGT TCA CCT ATG ACC TCT ACC GTT GAT AGA CCA CTT CAC CT Lau et al. 2013
Grin2b AAG TTC ACC TAT GAC CTT TACC CAT GAC CAC CTC ACC GAT Lau et al. 2013
Grin2c GGC CCA GCT TTT GAC CTT AGT CCT GTG ACC ACC GCA AGA G Lau et al. 2013
Grm2 CTA TGC CAC CCA CAG TGA TG GCA CAG TGC GAG CAA AGT AATC Pershina et al. 2018
Bdnf GGT CAC AGC GGC AGA TAA CCG AAC ATA CGA TTG GGT AG Own design

Fig. 2  The mean (± SEM) water intake in mL in fixed time FT-60s 
across 20 sessions of schedule- induced polydipsia (SIP). Statistical 
analyses indicate significant differences between low drinkers (LD, n = 
10) and high drinkers (HD, n = 10; *p < 0.05) from session 3. Signifi-
cant differences between sessions were found from session 5 (#p < 0.05)
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acquisition (data not shown). The mean of total licks over 
the last 5 days of SIP were 3987.4 ± 820.7 and 1441.1 ± 
243 for HD and LD, respectively. ANOVA revealed signifi-
cant differences in water intake according to the interaction 
between the SIP acquisition sessions and the group (F(1,18) 
= 34.26, p < 0.001, η2p = 0.16).

Furthermore, differences in water consumption were 
observed for the session effect (F(19, 342) = 10.38, p < 
0.001) and the group effect (F(19, 342) = 5.47, p < 0.001). 
ANOVA also showed a significant interaction in the total 
number of licks (interaction SIP session xgroup effect: F(1, 
18) = 12.18, p < 0.001, d = 0.92; session effect: F(19,342) 
= 8.66, p < 0.001; group effect: F(19, 342) = 3.27, p < 
0.001). Post hoc comparisons indicated that SIP induced 
differences in drinking rates between the 20 sessions in both 
groups. The differences between LD and HD were evident 
in water intake from session 6 (p < 0.01) onwards. Fur-
thermore, compared to session 1, the animals in the HD 
group significantly increased their water consumption from 
session 6 (p < 0.01). Differences between the HD and LD 
groups were also observed in the number of total licks in 
session 8 (p < 0.01), and HD rats increased their number of 
licks in session 8 (p < 0.01) compared to session 1. There 
were significant differences between LD and HD animals 
in total magazine entries according to session effect (F(19, 
342) = 5.431, p < 0.001). However, there were no signifi-
cant differences according to the interaction between the 
SIP acquisition sessions and LD vs. HD (interaction SIP 
sessionx group effect: F(19, 342) = 0.933, p = 0.54) and 
group effect (F(1,18) = 0.039, p = 0.84).

In experiment 2, the mean water intake for the last 5 
days of SIP was 32.51 ± 2.42 mL for HD and 13.36 ± 1.61 
for LD, respectively. The number of licks also showed SIP 
acquisition (data not shown). The mean total licks aver-
aged during the last 5 days of SIP were 1014.8 ± 320.92 
and 765.89 ± 242.2 for HD and LD, respectively (data not 
shown). ANOVA revealed significant differences in water 
intake according to the interaction between SIP acquisition 
sessions and the group (interaction effect of SIP session × 

group: F(19,342) = 4.48, p < 0.001, η2p = 0.17). Further-
more, differences in water consumption were observed for 
the session effect (F(19, 342) = 18.46, p < 0.001) and the 
group effect (F(1,18) = 29.31, p < 0.001). ANOVA also 
showed a significant interaction in the total number of licks 
(interaction SIP session xgroup effect: F(19,342) = 23.95, p 
< 0.001; session effect: F(19,342) = 38.56, p < 0.001; group 
effect: F(1,18) = 85.42, p < 0.001).

Post hoc comparisons indicated that SIP induced dif-
ferences in drinking rates across the 20 sessions in both 
groups. Differences between LD and HD were evident in 
water intake from session 7 (p < 0.05) onwards. Further-
more, compared to session 1, animals in the HD group sig-
nificantly increased their water consumption from session 
7 (p < 0.01). Differences between the HD and LD groups 
were also observed in the number of total licks at session 
7 (p < 0.01), and HD rats increased their number of licks 
from session 7 (p < 0.05) compared to session 1. There were 
significant differences between LD and HD animals in total 
magazine entries according to session effect (F(19,342) = 
4.76, p < 0.001). However, there were no significant differ-
ences according to the interaction between SIP acquisition 
sessions and LD vs. HD (interaction SIP sessionx group 
effect: F(19,342) = 0.33, p = 0.42) and group effect (F(1,18) 
= 0.40, p = 0.61).

Experiment 1. Behavioral Assessment

Morris Water Maze

Figure 3A shows the latency to the platform during the spa-
tial training and reinstating session spent by LD and HD rats. 
No significant differences were observed between groups 
(F(8,624) = 1.09, p = 0.37). Figure 3B shows the latency 
to the platform during the reversal test by LD and HD rats. 
Significant differences between LD and HD rats were found 
on the MWM test 1. ANOVA revealed that HD rats spent 
more time to find the platform compared to LD rats (F(18,1) 
= 5.90, p < 0.05, η2p = 0.25). No significant differences 

Fig. 3  Latency to the platform in seconds (± SEM) in the Morris 
Water Maze (MWM) spent by high drinkers (HD; n = 10) and low 
drinkers rats (LD; n = 10) in the acquisition (A), the latency in the 

reversal phase (B) and the speed in the reversal phase. Statistical anal-
yses indicate significant differences between LD and HD (*p < 0.05) 
in the latency to platform in test 1
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were found between the LD and HD rats in latency on the 
MWM test 2 (F (1, 18) = 0.13, p = 0.7). LD and HD rats do 
not show significant differences in swimming speed during 
reversal (neither in Test 1 nor in Test 2) (Fig. 3C).

Radial Arm Maze

Significant differences in the number of memory errors 
accumulated in RAM by LD and HD rats were observed 
(Fig. 4). ANOVA revealed that HD rats committed a higher 
number of accumulated WM errors (Fig. 4A) compared to 
LD rats (F (126, 7) = 3.64, p < 0.01, η2p = 0.17). Addition-
ally, HD rats committed a higher number of accumulated 
RM errors (Fig. 4B) compared to LD rats (F (126, 7) = 4.41, 
p < 0.001, η2p = 0.20). Furthermore, HD rats committed a 
higher number of accumulated total errors (Fig. 4C) com-
pared to LD rats (F (126, 7) = 4.08, p < 0.001, η2p = 0.19).

Novel Object Recognition Test

Supplementary figure S2 shows the performance of LD and 
HD rats in the NOR test. No significant differences were 
found between rats with LD and HD in the percentage of 
time in contact with the object, near the object, or in the 
neutral zone (F (4,15) = 0.223, p = 0.92).

Experiment 2. Gene Expression

Relative Expression of Serotonergic Genes in LD and HD 
Rats

Figure 5 shows the mRNA expression levels of the Htr2a 
and Htr2c genes in different brain structures in HD and LD 
rats selected by SIP. HD rats showed significantly lower 
Htr2a mRNA expression levels in FC (t = 2.23, df = 16, p 
< 0.05; d = 1.06) compared to LD rats. No differences were 

found in the expression level of Htr2a mRNA gene in HIP 
(t = −0.61, df = 16, p = 0.72), nor in AMY (t = −0.91, df = 
16, p = 0.81) between LD and HD rats (Fig. 5A). A signifi-
cant negative correlation was found between water intake on 
SIP and Htr2a mRNA expression levels in FC (R2 = −0.57, 
p = 0.01) (Fig. 5B). However, no significant correlations 
were found between water intake and Htr2a mRNA expres-
sion levels in HIP (R2 = −0.01, p = 0.96) and AMY (R2 = 
0.25, p = 0.30). No differences were found in Htr2c mRNA 
expression levels in FC (t = 0.71, df = 16, p = 0.25), nor in 
HIP (t = 1.08, df = 16, p = 0.15) nor in AMY (t = −0.49, 
df = 16, p = 0.68) between HD and LD rats (Fig. 5C). No 
significant correlations were found between water intake and 
Htr2a mRNA expression levels in HIP (R2 = −0.01, p = 
0.96) and AMY (R2 = 0.25, p = 0.30). Furthermore, there 
were no significant correlations between water intake in SIP 
and Htr2c mRNA expression levels in FC (R2 = −0.21, p = 
0.41) (Fig. 5D) nor in HIP (R2 = 0.36, p = 0.14) nor in AMY 
(R2 = −0.09, p = 0.72) (Table 2).

Relative Expression of Glutamatergic Genes in LD and HD 
Rats

Figure 6 shows the expression levels of different glutamater-
gic genes in different brain structures in HD and LD rats 
selected by SIP. HD rats showed a significant reduction in 
Grin1 mRNA expression levels in FC (t = 1.95, df = 16, p 
< 0.05; d = 0.93) compared to LD rats. A significant nega-
tive correlation was also observed between water intake in 
SIP and relative expression of Grin1 in FC (R2 = −0.52, p 
= 0.03) (Fig. 6B). No significant differences were found in 
Grin1 mRNA expression levels in HIP (t = 0.36, df = 16, p = 
0.36) nor in AMY (t = − 0.28, df = 14, p = 0.61) between HD 
and LD rats (Fig. 6A). No differences were found in Grin2a 
expression levels in FC (t = − 1.20, df = 14, p = 0.88), in HIP 
(t = 0.17, df = 14, p = 0.43), and in AMY (t = − 0.19, df = 14, 

Fig. 4  The cumulative number of memory errors (± SEM) commit-
ted by high drinkers (HD; n = 10) and low drinkers rats (LD; n = 10) 
in the Radial Arm Maze (RAM). (A) Working memory errors, (B) 
reference memory errors, and (C) the total number of memory errors 

committed across the 8 sessions of RAM. Statistical analyses indi-
cate significant differences between LD and HD (**p < 0.01; *** p< 
0.001) in the number of working memory errors, reference memory 
errors, and the total number of errors form session 4
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p = 0.57) between HD and LD rats (Fig. 6C). Furthermore, 
no significant differences were found in Grin2b expression 
levels in FC (t = 0.70, df = 16, p = 0.25), in HIP (t = 1,24, df 
= 16, p = 0.12), and in AMY (t = − 1.22, df = 16, p = 0.88) 
between HD and LD rats (Fig. 6D). Additionally, we did not 
find any significant differences in Grin2c expression levels 
in FC (t = − 0.32, df = 13, p = 0.63), in HIP (t = − 0.44, df 
= 14, p = 0.67) and in AMY (t = 0.01, df = 12, p = 0.50) 
between HD and LD rats (Fig. 6E). There was a nonsignifi-
cant trend to decrease Grm2 levels mRNA expression in FC 
(t = 1.68, df = 16, p = 0.05) and in HIP (t = 1.38, df = 16, p 
= 0.09) between HD and LD rats. No significant differences 
were found in AMY (t = 0.31, df = 16, p = 0.38) between HD 
and LD rats (Fig. 6F). Comparison between drinking levels 
in SIP and mRNA expression levels of the rest of the gluta-
matergic genes analyzed revealed no significant correlations. 
The correlation between water intake in SIP and Grin1 mRNA 
expression levels: in HIP (R2 = −0.13, p = 0.61) and AMY 
(R2 = −0.09, p = 0.70) is shown in Table 2. No significant 
differences between water intake in SIP and Grin2a mRNA 
expression levels: in FC (R2 = −0.34, p = 0.20), in HIP (R2 = 
− 0.33, p = 0.97) and in AMY (R2 = 0.92, p = 0.40); Grin2b: 
in FC (R2 = −0.48, p = 0.17), in HIP (R2 = −0.45, p = 0.17), 

and in AMY (R2 = 0.32, p = 0.90); and Grin2a: in FC (R2 = 
−0.74, p = 0.47), in HIP (R2 = −0.36, p = 0.17), and AMY 
(R2 = 0.22, p = 0.40) (Table 2). There were no significant 
correlations between water intake in SIP and Grin1 mRNA 
expression levels of Grm2 in FC (R2 = −0.13, p = 0.62), in 
HIP (R2 = 0.02, p = 0.94), and in AMY (R2 = −0.06, p = 
0.82) (Table 2).

Relative Expression of BDNF Genes in LD and HD Rats

HD rats showed a significant reduction in Bdnf mRNA 
expression levels in FC (t = 1.84, df = 16, p < 0.05; d = 
0.874). A trend was observed in the same way in HIP (t = 
1.43, df = 16, p = 0.08) compared to LD rats. No signifi-
cant differences were found in the expression levels of Bdnf 
mRNA in AMY (t = - 0.31, df = 16, p = 0.62) between HD 
and LD rats (Fig. 7A). There was a significant negative corre-
lation between water intake in SIP and the relative expression 
of Bdnf in FC (R2 = -0.67, p = 0.002) (Fig. 7B). No signifi-
cant negative correlations were found between water intake 
in SIP and Bdnf mRNA expression levels in HIP (R2 =-0.19, 
p = 0.44) and in AMY (R2 =- 0.13, p = 0.60) (Table 2).

Fig. 5  Serotonergic relative 
expression (± SEM) of Htr2a 
(A) and Htr2c (C) of high 
drinker (HD; n = 10) and low 
drinker rats (LD; n = 10) in 
frontal cortex, hippocampus, 
and amygdala. Negative cor-
relation between Htr2a (B) and 
Htr2c (D) relative expression in 
frontal cortex and water intake 
on SIP. Statistical analyses 
indicate significant differences 
between LD and HD (*p < 
0.05) in the relative expression 
of Htr2a in frontal cortex and 
significant negative correlation 
between Htr2a relative expres-
sion in frontal cortex and the 
water intake
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Discussion

The present results confirm the differences in behav-
ioral inflexibility and the 5-HT2A receptor previously 
described by us in compulsive HD rats selected by 
SIP [8, 35]. We report that the behavioral inflexibility 
in compulsive HD rats, expressed by an increase in 
latency to find the platform on the reversal phase of 
the MWM, might also be associated with other com-
ponents of memory deficits ref lected by an increased 
number of memory errors in the RAM compared to 
LD rats. Furthermore, we expanded our knowledge 
about the reduced binding of the 5-HT2A receptor in 
HD rats selected by SIP [27], previously described, 
by revealing a decreased expression of the serotonin 
Htr2a, Grin1, and Bdnf genes in FC compared to LD 
rats. Thus, the present data point to a memory defi-
cit in the compulsive phenotype linked to cognitive 
inf lexibility in which the expression of the Htr2a, 
Grin1, and Bdnf genes in FC could play a key role in 
its functionality.

Assessment of Inflexible Behaviors and Memory 
Impairments in Compulsive HD Rats

HD rats and LD rats did not show differences in the acqui-
sition of the MWM. However, we observed an inflexible 
behavior in HD rats, as they spent more time to find the plat-
form on the first reversal phase in the MWM. Previous find-
ings have strongly demonstrated that HD rats have an inflex-
ible and perseverant profile. In the reversal learning task, 
HD rats needed more trials to reach the criterion [14] and 
performed more perseverative responses compared to LD 
rats [14, 15]. As occurs in the present study, these significant 
differences in inflexible behavior between HD and LD rats 
were only observed on the first reversal test. However, these 
differences disappear on the second test, pointing toward a 
rigid strategy of compulsive HD rats in order to update a 
memory that was previously stable, requiring more trials to 
adjust their behavior when the reward-related contingencies 
are reversed. Furthermore, Moreno reported an increase in 
perseverative responses on the 5-choice serial reaction time 
task (5-CSRTT) under extinction conditions compared to 
LD rats [16]. Also, HD rats expressed an increased habit 
behavior in the reinforcer devaluation paradigm by a greater 
number of lever presses during the devaluation test day [15]. 
Moreover, HD rats exhibited a higher resistance to extinct 
fear behavior, although they did not differ in acquisition 
compared to LD rats [17, 18]. In the fear conditioning test, 
we observed an increased percentage of freezing behavior on 
the retrieval day [17], as well as a sustained higher latency to 
enter the dark compartment during the last extinction session 
of the passive avoidance test [18]. According to our preclini-
cal compulsive model, OCD patients have decreased behav-
ioral flexibility as they committed more perseverative errors 
with a pronounced trend toward poorer performance in the 
Wisconsin Card Sorting Test [reviewed in [4]]. In addition, 
patients with OCD have shown a deficit in fear renewal and 
extinction recall in fear conditioning paradigms [36], with a 
different skin conductance response in the extinction phase 
[5].

The persevering behavior profile shown by HD rats 
might be related to memory deficits, as revealed by the 
increased number of WM errors and RM errors in the 
RAM compared to LD rats. Few preclinical studies have 
investigated the role of memory in compulsive behavior. 
However, in 2010 Andersen observed that rats exposed to 
clomipramine in early life, considered an OCD model, had 
an impaired WM in a win-shift task, shown by an increased 
number of errors and longer time to enter each arm than 
control rats [37]. Interestingly, the use of enriched environ-
ments reduced spatial memory impairments in the MWM 
and compulsive grooming behavior induced by metham-
phetamine [38]. The systemic administration of d-cyclo-
serine and d-serine, NMDA modulators that enhance 

Table 2  Correlations between water intake on SIP and relative gene 
expression. From left to right, the name of the gene, the brain struc-
ture, the R2 value, and p value. Statistical analyses indicate significant 
negative correlation between Htr2a, Grin1, and Bdnf relative expres-
sion in frontal cortex and the water intake. (*p < 0.05; ** p < 0.01)

Gene Brain structure R2 p value

Htr2a FC −0.57 0.01*
HIP −0.01 0.96
AMY 0.25 0.30

Htr2c FC −0.21 0.41
HIP 0.36 0.14
AMY −0.09 0.72

Grin1 FC −0.52 0.03*
HIP −0.13 0.61
AMY −0.09 0.70

Grin2a FC −0.06 0.69
HIP 0.25 0.37
AMY 0.03 0.93

Grin2b FC −0.34 0.17
HIP −0.34 0.17
AMY 0.22 0.40

Grin2c FC −0.13 0.70
HIP −0.05 0.81
AMY −0.36 0.15

Grm2 FC −0.13 0.62
HIP 0.02 0.94
AMY 0.06 0.82

Bdnf FC −0.67 0.002**
HIP −0.19 0.44
AMY −0.13 0.60
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memory, reduced compulsive aversion-resistant alcohol 
drinking [39]. Moreover, in terms of memory assessment, 
OCD patients have evidenced a deficit in verbal episodic 
memory, by an impaired performance in Wechsler Memory 
Scale-Revised relative to controls and non-verbal mem-
ory [40]. Similarly, OCD patients appear to have poorer 

performance than control subjects when evaluating verbal 
and visual memory using the Wechsler Adult Intelligence 
Scale-Revised [41]. Other researchers assessing neuropsy-
chological skills in OCD patients also found that verbal 
memory was impaired in these patients measured by Cali-
fornia Verbal Learning Test [42].

Fig. 6  Glutamatergic relative expression (± SEM) of Grin1 (A), 
Grin2a (C), Grin2b (D), Grin2c (E), and Grm2 (F) of high drinker 
(HD; n = 10) and low drinker rats (LD; n = 10) in frontal cortex, 
hippocampus, and amygdala. Significant negative correlation between 
Grin1 relative expression in frontal cortex and water intake on SIP 

(B). Statistical analyses indicate significant differences between LD 
and HD (*p < 0.05) in the relative expression of Grin1 in frontal 
cortex and significant negative correlation between Grin1 relative 
expression in frontal cortex and the water intake
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The inflexible behaviors and memory impairments 
observed in compulsive HD rats might be associated to a 
dysfunctional processing of explicit contingencies when 
updating mechanisms are required. We can hypothesize that 
the destabilization process, which renders the memory labile 
to learn a new strategy, might be maladaptive on compulsive 
HD rats. Moreover, memory destabilization and reconsolida-
tion rely on neuroplasticity molecular mechanisms linked 
to NMDA receptors and BDNF synthesis [43]. In the next 
section, we discuss the implication of NMDA and BDNF 
alteration in compulsive HD rats according to our results.

Genetic Expression in Compulsive HD Rats

We found that HD rats have a significantly lower level of 
mRNA expression of the Htr2a, Grin1, and Bdnf genes 
in FC compared to LD rats. Furthermore, Htr2a mRNA 
expression levels in FC were negatively correlated with 
compulsive drinking on SIP. This is in accordance with 
previous research in our laboratory, which revealed 
that HD rats selected by SIP had a specific reduction in 
5-HT2A receptor binding in FC compared to LD rats [27]. 
In contrast, Roman High Avoidance (RHA) rats character-
ized as impulsive and by a compulsive drinking profile on 
SIP [44] show higher 5-HT2A binding in FC compared to 
Roman Low Avoidance (RLA) rats [45]. However, a recent 
study did not find differences in Htr2a gene expression in 
FC between RHA and RLA rats [46]. According to our 
findings, rats that showed high inflexibility in a spatial dis-
crimination Reversal Learning Task had lower serotonin 
5- HT2A receptor binding in the orbitofrontal cortex com-
pared to low-perseverative rats [47]. Studies using single 
photon emission computed tomography found that dogs 
with compulsive behaviors have lower serotonin 5-HT2A 
receptor availability in the FC [48]. On the contrary, red 
junglefowl (Gallus gallus) chicks characterized by higher 
expression of Htr2a are less flexible in a discriminative 

and Reversal Learning Task [49]. Animal models of indi-
vidual differences, for example, on depression, have shown 
that the expression of Htr2a is reduced in the FC of Flin-
ders Sensitive Line (FSL) compared to their control strain 
Flinders Resistant Line (FRL) [50]. Moreover, dogs with 
anxiety disorders have lower serotonin 5-HT2A binding in 
the FC [48]. Furthermore, pharmacological studies have 
found that serotonin 5-TH2A/C receptor agonists reduce 
compulsive drinking on SIP [27, 28]. Thus, the systemic 
administration of DOI in a dose-dependent manner only 
reduced compulsive drinking on SIP in HD rats com-
pared to LD rats, which supports the notion that serotonin 
5-HT2A receptors have a key role in compulsive behav-
ior [28]. Also, the activation of prefrontal serotonin 5- 
HT2A/C receptors by direct micro-infusion of DOI in the 
medial prefrontal cortex decreased compulsive drinking in 
HD rats [27]. Serotonin 5-HT2A receptors have a role in 
cognitive flexibility since the blockade of these receptors 
leads to impairments in reversal learning [51]. Microinfu-
sion of the 5-HT2A receptor antagonist M100907 in the 
orbitofrontal cortex leads to a higher perseveration during 
reversal learning and potentiated self-grooming behavior 
in BTBR mice, a mouse model of autism [52]. Also, a high 
expression of Htr2a has been found in FC, HIP, and AMY 
of adult rats, which constitute components of the brain cir-
cuits implicated in memory extinction [53]. The activation 
of serotonin 5-HT2A receptors facilitates the consolidation 
and extinction of trace and delay-cued fear memory [54]. 
Clinical studies have also implicated the serotonin Htr2a 
receptor in different psychopathological disorders. In vivo 
PET studies in drug-naive OCD patients show a reduc-
tion in the availability of 5-HT2A receptors in FC [55]. 
A reduction in mRNA expression levels of Htr2a has also 
been observed in patients with bipolar disorder [56] and 
schizophrenia [57], a finding consistent with postmortem 
autoradiography studies that showed reduced binding of 
5-HT2A in FC [58].

Fig. 7  Bdnf relative expression 
(± SEM) of high drinkers (HD; 
n = 10) and low drinkers rats 
(LD; n = 10) in frontal cortex, 
hippocampus, and amygdala 
(A). Significant negative cor-
relation between Bdnf relative 
expression in frontal cortex and 
water intake on SIP (B). Statisti-
cal analyses indicate significant 
differences between LD and 
HD (*p < 0.05) in the relative 
expression of Bdnf in frontal 
cortex and significant negative 
correlation between Bdnf rela-
tive expression in frontal cortex 
and the water intake
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In the present study, HD rats did not differ significantly in 
the level of Htr2c mRNA expression in FC, HIP, and AMY 
compared to LD rats. Furthermore, no significant correla-
tions were found between water intake on SIP and the level 
of Htr2c mRNA expression. Overall, there is very little evi-
dence to suggest the involvement of the 5-HT2C receptor 
in OCD [59]. However, studies support that 5-HT2C plays 
a role in this disorder. Previous research shows that DOI 
decreased compulsive drinking in HD rats on SIP [28], while 
the SB242084 did not affect compulsive drinking on SIP 
[27]. Also, the administration of WAY-163909, a seroto-
nin 5-HT2C antagonist, decreased adjunctive drinking on 
SIP [60], while the 5-HT2C receptor antagonist SB242084 
increased drinking behavior on SIP [61]. 5-HT2C receptor 
knockout mice exhibited compulsive-like behaviors [62]. 
Notwithstanding, serotonin 5-HT2C receptors have been 
associated with cognitive flexibility and reversal learning. 
Preclinical studies with rats have found that the administra-
tion of the 5-HT2C receptor antagonist SB242084 improved 
learning performance [51, 63]. In clinical studies, Htr2c 
mRNA expression levels have been shown to be reduced in 
FC in unmedicated and medicated schizophrenic patients 
[64, 65]. On the contrary, a recent meta-analysis found no 
significant associations between Htr2c polymorphism and 
OCD [21].

The assessment of the glutamatergic Grin1 gene, which 
encodes NMDA receptor subunit 1, revealed a signifi-
cant reduction in FC in HD rats and an inverse correlation 
between its expression and compulsive drinking in SIP. Pre-
vious studies pointed toward the relationship between Grin1 
and compulsive behavior in rats, as, for example, Ploense in 
2018 described different correlations between Grin1 mRNA 
expression in the dorsomedial PFC and cocaine exposure, in 
which limited access to cocaine negatively correlates with 
mRNA expression levels. Nevertheless, prolonged exposure 
increased the mRNA levels [66]. However, a recent study in 
rats after 10 days of cocaine abstinence has not shown sig-
nificant differences in Grin1 expression in FC or HIP [67]. 
Similarly, other study did not describe any significant dif-
ferences in Grin1 mRNA levels in RHA high avoidance rats 
in the same brain areas [68]. Besides, other preclinical stud-
ies confirmed the implication of Grin1 in fear memory and 
extinction processes, showing that deletion of Grin1 strongly 
facilitates the formation and retention of fear memory and 
attenuates the extinction of a cued fear response [69, 70]. 
Likewise, Grin1 is considered an important gene in memory 
acquisition [71]. Thus, mutant mice expressed deficits in 
spatial working memory in the MWM [72]. Also, mutant 
mice presented abnormal anxiety-like behaviors in the light/
dark transition and the elevated plus maze tests, a deficient 
contextual and cued fear memory in the fear conditioning 
test, and impaired WM in the RAM test [73]. Grin1 has 
been considered a susceptibility gene candidate for some 

neuropsychiatric disorders, including schizophrenia, bipo-
lar disorder, and attention-deficit/hyperactivity disorder [73, 
74]. Moreover, Grin1 seems to have a relevant role in schizo-
phrenia disorder [75–77].

The assessment of the glutamatergic Grin2b and Grm2 
genes revealed no significant differences in gene expression 
between compulsive HD rats and LD rats. However, a pre-
vious study showed that rats with high avoidance behavior 
expressed increased levels of Grin2b and decreased levels of 
Grm2, both in the FC [68]. Moreover, contradictory results 
have been found regarding the association between Grin2b 
mRNA expression and the experience of stressful and anx-
ious experiences in rats. Stress induced by maternal separa-
tion did not affect Grin2b expression levels in the FC, nor in 
the HIP [78]. Grin2b knockout mice are considered a model 
of autism and intellectual disability [79, 80]. Consistently, 
Grin2b variants had been associated with the susceptibil-
ity to develop OCD in humans [81–83]. Less information 
is available on Grm2 genes. Research exploring the effect 
of the lack of Grm2 in the prelimbic cortex in alcohol con-
sumption using knockout rats did not report significant 
differences in alcohol intake [84]. Other study showed an 
upregulation of Grm2 proteins in the FC and ventral tegmen-
tal area after protocols of mild stress [85]. Clinical research 
suggested that Grm2 may play a key role in the pathophysi-
ology of methamphetamine-induced psychosis [86].

The assessment of the Bdnf gene revealed a signifi-
cant reduction in FC in HD rats and an inverse correla-
tion between its expression and compulsive drinking on 
SIP. BDNF and its receptors are involved in the regulation 
of synaptic plasticity processes and synaptic communica-
tion [87–89]. In preclinical studies, upregulation of Bdnf 
expression was observed in the nucleus accumbens of rats 
showing successful extinction in morphine-conditioned 
place preference [90]. In addition, increased BDNF protein 
in the prefrontal and hippocampal regions produces extinc-
tion facilitation in fear-conditioned rats [91, 92]. Besides, 
decreased Bdnf expression level in different areas of the 
brain has been reported in animal models of depression and 
isolation [93], but a review pointed out that downregula-
tion of Bdnf expression could be associated with increased 
anxiety-like symptoms, such as shorter time spent in the 
open arms of an elevated plus maze, increased immobility 
in the forced swimming test, or reduced sucrose preference 
[reviewed in [94]]. However, the level of Bdnf expression 
has been shown to be increased in high avoidance RHA 
rats in FC [68]. Moreover, recent data suggest that down-
regulation of Arc mRNA levels in the locus coeruleus, 
another plasticity marker, is associated with the tendency 
to develop compulsive behavior on SIP [95]. Furthermore, 
clinical studies demonstrated decreased serum levels of 
BDNF in patients with OCD and schizophrenia compared 
to control participants [89, 96].
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Conclusions

The present study suggests that the compulsivity expressed 
by HD rats on SIP could be under memory deficits regard-
ing updating mechanism that cause inflexible behavior, 
revealed by an increased latency on the reversal phase of 
the MWM and an impaired memory on the RAM. Moreo-
ver, the possible underlying mechanisms of the compul-
sive phenotype of HD rats selected by SIP point toward a 
down-regulation of the mRNA expression levels of Htr2a, 
Grin1, and Bdnf in the FC compared to non-compulsive 
LD rats. Collectively and according to the reviewed litera-
ture, compulsive HD rats might have a lack of plasticity 
in the FC, causing inflexibility and interfering with the 
extinction of a prominent behavior, such as those tests 
that require updating mechanism. Future studies should 
explore the link between mRNA expression of the sero-
tonergic, glutamatergic, and BDNF genes and the develop-
ment of behavioral alterations related to impulsivity and 
compulsivity. This approach could help us to understand 
vulnerability biomarkers that could guide new neuropsy-
chopharmacological treatments for compulsive spectrum 
disorders.
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