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Abstract: Quinpirole (QNP) sensitization is a well-established model of stereotypical checking
relevant to obsessive-compulsive disorder. Previously, we found that QNP-treated rats display
deficits in hippocampus-dependent tasks. The present study explores the expression of immediate
early genes (IEG) during QNP-induced stereotypical checking in the hippocampus, anterior cingulate
cortex (ACC), orbitofrontal cortex (OFC), and medial prefrontal cortex (mPFC). Adult male rats were
injected with QNP (0.5 mg/mL/kg; n = 15) or saline (n = 14) daily for 10 days and exposed to an arena
enriched with two objects. Visits to the objects and the corners of the arena were recorded. QNP-
treated rats developed an idiosyncratic pattern of visits that persisted across experimental days. On
day 11, rats were exposed to the arena twice for 5 min and sacrificed. The expression of IEGs Arc and
Homerla was determined using cellular compartment analysis of temporal activity by fluorescence
in situ hybridization. IEG-positive nuclei were counted in the CA1 area of the hippocampus, ACC,
OFC, and mPFC. We found significantly fewer IEG-positive nuclei in the CA1 in QNP-treated rats
compared to controls. The overlap between IEG expressing neurons was comparable between the
groups. We did not observe significant differences in IEG expression between QNP treated and
control rats in ACC, OFC, and mPFC. In conclusion, treatment of rats with quinpirole decreases
plasticity-related activity in the hippocampus during stereotypical checking.

Keywords: hippocampus; obsessive-compulsive disorder; quinpirole; stereotypical checking; Arc;
Homer1

1. Introduction

Obsessive-compulsive disorder (OCD) is characterized by intrusive thoughts followed
by repetitive physical and/or mental acts. Currently, OCD is one of the leading causes of
disability worldwide [1] with an immense impact on the well-being of patients and their
relatives [2]. Fortunately, in past decades, our understanding of OCD has greatly advanced,
allowing the development of several pharmacological and non-pharmacological therapies
of OCD [3,4]. Yet, as many as 80% of OCD patients do not experience a full long-term
remission of symptoms following therapy [5], which indicates that our understanding of
OCD is still limited.

Cortico-striato-thalamo-cortical circuits (CSTC) are widely considered to be the neu-
roanatomical substrates of OCD. Hyperactivity within these circuits has been implicated
repeatedly in OCD by neuroimaging studies. In fact, the hyperactivity of the caudate
nucleus, the orbitofrontal cortex (OFC) and the anterior cingulate cortex (ACC) is the most
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consistently replicated finding in OCD [6-8]. However, abnormalities in several brain
regions outside CSTC circuits have also been reported in OCD, but these brain regions have
received little scientific attention in terms of OCD etiology [9-11]. One of these previously
disregarded brain regions is the hippocampus.

The idea that the hippocampus is involved in OCD gained traction in recent years.
Several studies showed functional and morphological changes of the hippocampus in
OCD patients. Functional imaging studies reported hippocampal hyperactivity in OCD
patients during symptom provocation resulting in obsessive thoughts [12] and during per-
formance of cognitive tasks [13,14] Kang et al. showed that the increased activity of patients’
hippocampi normalized following successful SSRI treatment [15]. Atmaca et al. observed
that in hippocampal N-acetyl-l-aspartate/choline ratio is reduced in OCD patients, which
indicates ongoing neurodegenerative changes [16]. Several small-scale studies reported
reductions of the hippocampal volume in OCD patients [15,17,18]; findings later con-
firmed by ENIGMA study—a worldwide collaborative initiative to elucidate the neuronal
substrates of OCD [19].

Several case studies suggest that hippocampal damage can increase the chance of de-
veloping OCD. OCD was detected in temporal lobe epilepsy patients [20,21] and following
traumatic brain injury to the temporal lobe region [22]. In a review, Isaac et al. showed
that patients with temporal lobe epilepsy had a high incidence of comorbid OCD [23].
Interestingly, temporal lobe epilepsy patients displayed frequent compulsive behavior,
while obsessive thoughts were generally absent. These studies indicate that the neurobi-
ological pathways sub-serving compulsions may differ from those underlying obsessive
thoughts [24]. In summary, human studies indicate that increased hippocampal activity
is associated with obsessive thoughts while decreased hippocampal activity is associated
with compulsive behaviors.

Neuronal substrates of many aspects of psychiatric disorders can be probed using ani-
mal models. In the case of OCD, employing animal models to study obsessive thoughts in
animals is at present impossible. However, animal models can be utilized to study neuronal
processes associated with compulsive and stereotypical behavior. Stereotypical behavior
can be assessed by diverse behavioral protocols ranging from spontaneous alternation and
compulsive lever pressing to spontaneous stereotypical checking. Spontaneous stereotyp-
ical checking induced by a D, /D3 agonist quinpirole (QNP) resembles the compulsive
behavior of OCD patients [25]. Previously, we reported that QNP treated rats display
a profound, yet transient, deficit in the hippocampus-dependent active place avoidance
task [26,27]. In the present study, we examined if QNP-induced stereotypical checking
alters expression of plasticity-inducing IEG expression in the hippocampus and cortical
regions implied in OCD. To our best knowledge, there are no other studies looking at the
role of hippocampus in etiology of OCD-like behavior.

2. Materials and Methods

First, we induced stereotypic checking behavior in rats by repeated administration
of QNP followed by exposure to an enriched open field arena similar to one described
previously [25]. Next, after development of stereotypic behavior in the QNP treated rats,
we used two 5 min exposures to the same arena separated by a 20 min interval to induce
the expression of two IEGs: Homerla and Arc. IEGs expression was determined using
cellular compartment analysis of temporal activity by fluorescence in situ hybridization
(catFISH) in several brain regions: ACC, OFC, and CAl area of the hippocampus, and the
medial prefrontal cortex (mPFC). ACC and OFC are implicated in OCD pathophysiology.
CA1 area was selected because most of the IEG expression occurs in the CA1 area: Approx-
imately 30-40% of CA1 neurons express the IEG Arc after behavioral exploration of (novel)
environment. In comparison, only 10-15% of CA3 neurons and 2% dentate granule cells
express Arc in the same conditions [28]. Therefore, the majority of the active neurons in
the hippocampus are from CA1. For this reason, most studies on IEG expression in the
hippocampus focus on CA1l. Furthermore, expression of Arc in the DG is not short-lasting



Biomolecules 2021, 11, 84

30f13

such as in CA1, CA3, and all other brain regions, but once triggered, remains high for as
long as 8 h [29,30]. mPFC was selected as an accessible control region with no reported
connection to OCD pathophysiology.

2.1. Animals

Twenty-nine adult male Long—Evans rats from the breeding colony of the Institute
of Physiology (derived from Charles River breeding core) were used. At the start of the
experiment, rats weighed 300-350 g and were 12-13 weeks old. The rats were housed in
groups of two to three per cage in an air-conditioned rat room with a stable temperature
of 22 °C, and 12/12-light/dark cycle. All experiments were conducted in the light phase
of the day. Food and water were available ad libitum. Before the experiments, rats were
handled for 2 min daily for three days. All rat manipulations were approved by a local
ethical committee and complied with the Animal Protection Code of the Czech Republic
and with a corresponding directive of the European Community Council on the use of
laboratory animals (2010/63/EC).

2.2. Drug Administration

Rats were divided into QNP treatment (n = 15) and control (n = 14) groups. The
treatment group received one daily subcutaneous injection of QNP dissolved in saline
at a dose of 0.5 mg/mL/kg (Q102; Sigma Aldrich, Prague, Czech Republic); the control
group received one daily subcutaneous injection of saline of 1 mL/kg. Following drug
administration, animals were left undisturbed in their home cages for 50 min and then
individually tested in the object-enriched arena.

2.3. The Apparatus: Object-Enriched Arena

The arena consisted of a square box with a white plastic floor (95 x 95 cm?) surrounded
by 50 cm tall walls made of black non-reflective plastic. Two metal objects were fixed to
arbitrary locations in the arena, where they remained throughout the experiment. The
arena was elevated 1 m above the room floor and a video camera was mounted above the
center of the arena. The camera was connected to a computer located in an adjacent room,
which allowed the experimenter to observe and record each rat’s behavior simultaneously.

2.4. Behavioral Procedure

We monitored the spontaneous behavior of rats during repeated QNP and control
treatment during 10 daily 50 min exposures to the object-enriched arena. Each experimental
day began by placing a rat in the corner of the arena, facing the wall. Between the rats,
the arena was cleaned with 2.5% acetic acid. The video recording of the rat’s spontaneous
behavior started the moment the experimenter left the room. The rat was left undisturbed
to explore the arena freely for 50 min, and then it was returned to its home cage.

The course of the experimental day 11 was modified to optimize the induction of IEG
expression by the behavior of interest. Twelve hours before testing, all rats were single-
housed in white opaque home cages to minimize baseline IEG expression and enhance
the signal /noise ratio by sensory restriction. Randomly selected QNP treated (n = 9) and
control (n = 9) rats explored the arena (AjA;) on the experimental day 11; the remaining
QNP treated (1 = 6) and control rats (n = 5) were left undisturbed in their opaque home
cages (HC) for the duration of the experiment. Arena-exploring rats were placed into the
arena for 5 min (session Aj), returned to the home cage for 20 min, and then placed in
the arena again for another 5 min (session Ajy). Immediately after the end of session A;
or 80 min after the injection in the HC groups, the rats were deeply anesthetized with 2%
isoflurane and decapitated. Their brains were quickly removed (<2 min), flash-frozen in a
dry-ice-cooled isopentane bath, and stored in a freezer at —80 °C. The experimental scheme
is illustrated in Figure 1A.
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Figure 1. Stereotyped checking in rats repeatedly treated with quinpirole. (A) Experimental scheme: During experimental
days 1-10 rats received an injection of quinpirole (QNP; 0.5 mg/kg; n = 15) or saline (1 mL/kg; n = 14) 50 min prior to
arena exposure. Rats were then placed into the arena and left to explore for 50 min. On experimental day 11 rats were
injected by QNP or saline. After 50 min rats were placed into the arena for 5 min (A;), and returned back to the home cage.
After 20 min, rats were placed into the arena for the second 5 min exposure (A;). Immediately after, rats were sacrificed.
5 QNP-treated rats and 5 saline-treated control rats were kept in the home cage during sessions A; and A; to determine
baseline immediate early gene (IEG) expression. (B) Locomotor activity of quinpirole (QNP) treated and control rats on
experimental days 1-10. QNP treated rats elapsed significantly longer distances than control rats (p < 0.001) on experimental
days 4-10. (C) Visits to zones A-F by QNP treated rats. Zone A denotes the most visited zone, while F denotes the least
visited zone from all visits to zones pooled together. QNP treated rats visited zone A significantly more than zones B-F
on experimental days 1 and 4-10 (p < 0.001) and visited zone B significantly more than zones C—F on day 10 (p < 0.05).
(D) Visits to zones A-F by control rats. Control rats did not visit any zone significantly more than any other. (E) Heat-maps
illustrate that individual quinpirole (QNP) treated rats had very similar behavioral patterns between experimental days 8, 9,
and 10, while locations visited by individual control rats varied between experimental days 8, 9, and 10. Panel (a) shows
locations visited by three sample QNP treated rats in the last three days of treatment (days 8-10). Panel (b) shows locations
visited by three sample control rats.
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2.5. Behavioral Analysis and Statistics

The 10 recordings of the 50 min long exposures to the enriched arena were analyzed
using a video-tracking system to detect and track the position of each rat’s head, body, and
tail (Viewer2, Biobserve GmbH, Bonn, Germany). We focused the analysis on the locomotor
activity and the most salient spatial locations for compulsive checking: The two objects and
the four corners of the arena. Software parameters were optimized based on the manual
scoring of several random tracks. The main output parameter was the number of visits to
each of these locations. Determination of the optimal location size was important, as entry
into the location was counted only when an animal entered the location and interacted
with the object/corner. On the other hand, location entry was not counted when a rat was
merely passing by. To determine the optimal size and shape of the location containing
the objects and the cornets, we used an empirical approach. To that aim, we utilized data
from pilot experiments. The optimal location was either circular (objects) or quadri-circular
(corners). The radius of locations was determined by comparing the scoring of the software
with handmade scores of visits by an experimenter blinded to the treatment condition. We
selected a final radius of each location so that experimenter-determined counts of a visit
to objects/corners corresponded exactly to the counts of visits by the Biobserve Viewer2
software. In our setup, object zones had a radius of 10 cm with the object in the center,
while quadri-circular corner zones had a radius of 15 cm with the tip in the corner of the
arena. The radius of the zones would be different if objects were of different sizes or if
animals were bigger/smaller. After we obtained the number of visits to spatial locations,
we summed up and ranked visits to each location on days 1-10 separately for each rat.
We ranked locations from the most to least visited and labeled these locations zones A-F:
The most visited location was labeled “zone A” and the least visited location was labeled
“zone F”. This allowed us to pool the data from animals that displayed different spatial
patterns of activity.

2.6. Tissue Preparation

We processed the brain tissue to evaluate IEG expression in several brain regions.
Note that both IEGs are triggered by both sessions, but the intranuclear signal from intron-
enriched probes for Arc triggered by the first session has dissipated by the time of sacrifice,
while the signal from the probes targeting distal regions of the long primary transcript of
Homerla has not yet appeared at the same moment. Thus, Homerla probes detect plasticity-
inducing activity during the first session, while Arc probes mark the activity-inducing
activity during the second exploration session. The Arc/Homerla FISH procedure was
previously described in detail elsewhere [31,32]. Briefly, frozen 4 mm coronal segments from
the right hemispheres containing the dorsal hippocampus were arranged in blocks of 6-8
samples to ensure simultaneous processing and maximize the number of between-group
comparisons on each slide. The blocks were embedded in Optimal Cutting Temperature
medium (OCT; Sakura Finetek Europe, Alphen aan den Rijn, Netherlands), 20 um coronal
sections were cut in a cryostat (Leica CM 1850, Wetzlar, Germany), and mounted on
gelatin-coated Superfrost slides (Fisher Scientific, Pardubice, Czech Republic).

The best-quality sections of each block were processed for fluorescence in situ hy-
bridization to determine IEG expression during two 5 min sessions of day 11. Three slides
across the rostro-caudal axis were selected to provide a representative sample for each
evaluated brain region (details in the “Image analysis”). Samples (slide-mounted brain
sections) were fixed in an ice-cooled 4% solution of buffered paraformaldehyde, then incu-
bated in a mixture of 0.5% acetic anhydride with 1.5% triethanolamine, and permeabilized
in a 1:1 acetone/methanol mix at —20 °C. Samples were immersed in a hybridization buffer
containing hapten-labeled antisense RNA probes for Arc intron sequences and Homerla
3'UTR (untranslated region), coverslipped, and incubated overnight at 56 °C. To degrade
unbound RNA, we treated the samples with 0.1 pg/mL RNAse A in a citrate buffer. En-
dogenous peroxidase activity was quenched with 3% H;O,. The probes were detected
serially using anti-hapten antibodies conjugated with horseradish peroxidase (Jackson
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ImmunoResearch Europe, Ely, UK; Roche, Prague, Czech Republic). The signal was then
visualized using a tyramide signal amplification system (TSA kit, PerkinElmer, Waltham,
MA, USA) with Cy3 and FITC fluorophores. Cellular nuclei were counterstained with
DAPI (Invitrogen), and the slides were cover-slipped with anti-fade medium (Vectashield,
Vector Laboratories, Burlingame, CA, USA) and sealed with nail polish.

2.7. Image Acquisition

Confocal stacks were acquired from the CAl region of the hippocampus, ACC, OFC,
and mPFC on a Leica TCS SP8 laser-scanning microscope with an apochromatic HCX PL
APO 20x immersion objective. Each stack was composed of 21 optical sections ~1 pum
apart. The blue nuclear counterstain by DAPI was imaged using 405 nm excitation and a
415-490 nm emission bandpass. The green signal from Homerla probes (TSA-FITC) was
excited with a 488 nm laser and imaged within a 510-550 nm emission bandpass. The
orange/red signal from Arc probes (TSA-Cy3) was excited at 555 nm and filtered using a
565-665 nm emission bandpass. The laser power, gain, and offset were always set for an
entire slide. The settings were optimized for the detection of bright intra-nuclear foci of
Homerla and Arc expression, marking ongoing nuclear transcription.

2.8. Image Analysis

Six to nine images from CA1 and two to four images from ACC, OFC, and mPFC were
analyzed from each animal. The analysis was conducted using a custom macro running in
Fiji software [33] by an experimenter blinded to the samples’ experimental identity. Only
neuronal nuclei in the middle 20% of the Z-stack were selected for analysis to avoid the
inclusion of fragmented cell nuclei from the section edge yielding false-negative results
(due to a cut-off signal). Putative glial cell nuclei, identified by their smaller size, prolonged
shape, and bright, unstructured nuclear counterstain that showed no IEG signal were
excluded from the analysis.

Neuronal nuclei were automatically classified as negative, Arc-positive, Homerla-
positive, or double-positive, relative to threshold values based on manually selected nuclei
with the weakest signal observed in the exploring rats. Home cage controls rats were not
used in the threshold selection due to their low expression levels and insufficient numbers
of nuclei with weak expression. Threshold values were integrated across each slide, but
separately for each region and channel (green and orange/red). The thresholded IEG
signals were converted to binary variables and the numbers and proportions of nuclei
positive for either one or both IEGs were calculated. This methodology enabled us to assess
the activity patterns of hundreds of neurons during two distinct periods in multiple brain
regions per animal.

2.9. Similarity Score—A Measure of IEG Overlap between A; and A,

Next, we tested if the QNP induced stereotyped behavior is reflected in increased
recruitment of the same IEG expressing neurons. To examine changes in the activity
patterns between the first and second exploration session, we calculated the similarity
score. This parameter reduces four variables (proportions of negative, Arc+, Homerla+, and
double+ neuronal nuclei) into a single value normalized to the inter-individual variability
in the IEG expressing neuronal population size. The evaluated brain regions included the
hippocampal CA1, ACC, OFC, and mPFC. Similarity scores were calculated as described
earlier [31,34]. For an exact calculation of similarity score, we refer an interested reader to
these publications.

2.10. Statistical Analysis

The data were statistically analyzed using general mixed and linear models. Paramet-
ric assumptions were tested using the Shapiro-Wilks’ test and Levene’s test. In the present
case, data met parametric assumptions; they were not transformed. To analyze behavioral
tests, we used general mixed models (GMM). In the case of significant GMM results, GMMs
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were followed by separate ANOVAs or repeated measure ANOVAs. In the case of IEGs
expression, two-way ANOVA was used to analyze each brain region separately. Significant
ANOVA results were followed with either the Bonferroni post hoc test or a simple effect
analysis to examine the between-group differences. All statistical analyses were conducted
using SPSS software.

3. Results
3.1. Locomotor Sensitization Induced by QNP Treatment

We evaluated the locomotor activity of both groups of animals using two-way ANOVA
with repeated measures and found a significant interaction between the treatment group
(QNP or control) and the experimental day (p < 0.001). We found that the locomotor activity
of the QNP group increased significantly with each experimental day (p < 0.05). The
locomotor activity of the control rats did not differ significantly among the experimental
days (p = 0.73): On the experimental day 10, the track length of the control rats was only
1.3 times longer than on the experimental day 1. The locomotor activity of the QNP and
control groups on each experimental day was compared using simple effects analysis. The
locomotion of the QNP rats was significantly higher than the locomotion of the control rats
on all experimental days from the experimental day 4 to 10 (all p < 0.001). The average
locomotion during experimental days 1-10 is shown in Figure 1B.

3.2. Stereotypical Checking—Experimental Days 1-10

Next, we compared the number of visits (dependent variable) among zones (A-F),
treatments (QNP/control), and days (1-10) using GMM. We found a significant 3-way
treatment—zone—day interaction (p < 0.001). In QNP treated rats, we found that zone A
was visited significantly more than any other zone on the day 1 and on the days 4 to 10
(p <0.001). On the day 10, zone B was more visited than zones C to F (p < 0.05). In the
control group, there were no significant differences in the number of visits among zones on
any experimental day. Visits to zones are visualized in Figure 1C-E.

Moreover, there were differences in the identity of the most frequented zones between
the groups. In QNP treated rats the most visited zone, zone A, was most often a zone
containing a corner; similarly, in controls zone A was also most frequently a zone containing
a corner. On the other hand, in QNP treated rats the second most frequented zone, Zone B,
was a zone containing an object; while in control rats, it was most often a zone containing
a corner. To summarize, QNP treated rat stereotypic activity comprised most often of
movement between the selected corner and the selected object, while control animal moved
between corners of the arena.

3.3. Stereotypical Checking in Sessions A1 and A, (Experimental Day 11)

We compared visits to zones in sessions A1 and A; (both 5 min) of experimental day 11
with the visits in experimental day 10 (50 min). First, we standardized the data from these
sessions to be able to directly compare checking between the shorter A; and A, sessions
and the longer experimental day 10. We analyzed differences in the number of visits among
treatments, zones, and sessions (day 10, A, Ap) using GMM. The GMM statistical test was
significant (p < 0.05) and was followed by a separate ANOVA for each session and each
treatment. In the A; session, QNP treated rats showed significantly more visits to zone A
compared to zones E and F. In the A; session, QNP treated rats made significantly more
visits to zone A compared to zones D (p = 0.008), E, and F (p < 0.001). Here we showed that
QNP treated rats maintained the preference of zone A compared with zones E and F from
day 10 to A; and A; sessions of day 11 (Figure 2A). In contrast, control rats did not prefer
any zone significantly more in any session (Figure 2B).
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Figure 2. Zone visits, locomotor activity and IEG expression in HPC, OFC, ACC and mPFC during sessions A; and A,.
Standardized values of visits to zones in quinpirole (QNP) treated (A) and control rats (B). (C) Locomotor activity in QNP

treated rats (n = 9) and control rats (n = 9) in session A were not significantly different. (D) In session Ay, QNP treated

rats were significantly more active than control rats (p = 0.025). (E) Immediate early genes (IEG) expression and similarity

scores of IEG expressing neurons in the hippocampus (a—c), the orbitofrontal cortex (d—f), the anterior cingulate cortex

(g-i) and the medial prefrontal cortex (j-1). Panels (a) and (b) show that the expression of Homerla and Arc was significantly

lower in quinpirole (QNP) treated rats than in control rats exploring the arena (A;Ajy) (p < 0.05) in the hippocampus.

There were no significant differences in IEG expressions or in similarity scores for treatment and environment in any other

brain region. HC denotes home cage groups (QNP: 1 = 6); control: n = 5). The asterisk denotes significant between-group

differences

atp <0.05.

Because IEG expression can reflect an animal’s movement through the environment,
we compared the locomotion activity of QNP and control rats during sessions Aj and Aj.
In session Ap, we found no statistically significant difference in locomotion between QNP
and control rats (Figure 2C; p = 0.186). In session A,, QNP rats displayed significantly
higher locomotion than control rats (Figure 2D; p = 0.025).

3.4. IEG Expression in the Hippocampus, OFC, ACC, and mPFC

We used three-way ANOVA with repeated measures on the proportions of Arc+
and Homerla+ nuclei. IEG expression in the hippocampus, ACC, OFC, and mPFC was
analyzed separately (Figure 3). Independent variables were treatment (QNP or vehicle)
and environment (A1 A, or HC), with repeated measures on the exploration session (A
or A;). Highly significant effects of the environment showed that exploration triggered
a marked increase in IEG expression in the hippocampus (F; 23 = 9.099; p < 0.006) and
OFC (F1 23 = 9.598; p < 0.005) of exploring rats (A;Aj) compared to rats remaining in their
home cages (HC). However, in OFC there was no difference in IEG expression between
QNP treated and control rats. In hippocampus, significant effect of treatment (F; 3 = 5.873;
p = 0.024) indicating that QNP treated rats displayed reduced numbers of IEG-positive
neuronal nuclei in exploring rats (A A;) relative to vehicle controls (there were 29.4% Arc+
neurons in control rats, while there were only 11.2% Arc+ neurons in QNP treated rats
in Aq; and there were 30.6% Homerla+ neurons in control rats, while there were 20.7%
Homerla+ in QNP treated rats in Ay; despite the differences treatment x exploration session
was not significant). In the HC, IEG expression was comparable between QNP treated
and control rats. We found no statistically significant effects of environment, treatment, or
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session in the ACC and mPFC. In summary, QNP significantly decreases IEG expression
specifically in CA1 region of hippocampus. The numbers of IEG expressing neuronal nuclei
are visualized in Figure 2E.

Composite

Figure 3. Representative images of immediate early gene (IEG) expression in CA1 area of hippocampus.

3.5. Overlap of IEG Expressing Neurons between A1 and A

Next, we assessed the overlap between populations of IEG expressing neurons in
the same environment during two exposures to the same environment (A; and A;) using
similarity score. We used two-way ANOVA to compare similarity scores of Homerla and
Arc expressing neuronal nuclei between treatment and environment for each brain region
separately (HPC, ACC, OFC, mPFC). Neither ANOVA was significant; indicating there
is no difference between recruitment of neurons between QNP treated and control rats.
In conclusion, QNP treated rats did not show the expected increased overlap in IEG
expressing neurons between sessions Aj and A; in any of the explored regions compared
to control rats. The similarity scores for each brain region are visualized in Figure 2E(c,f,i1).

4. Discussion

We found that repeated QNP treatment caused a robust, reliable, and complex idiosyn-
cratic pattern of stereotypical checking. Exploration activated IEG expression compared to
home cage controls in the hippocampus and OFC. Repeated QNP treatment was associated
with a lower IEG expression in the hippocampus, suggesting that hippocampal long-term
plasticity is compromised in QNP treated rats during stereotypical checking. We found no
statistical differences in IEG expression in other brain regions (ACC and mPFC) between
QNP treated rats and control rats. To our knowledge, this is the first study to examine
plasticity-inducing neural activity in the QNP sensitization model of stereotypical checking.

All QNP treated rats displayed unique and complex checking patterns that were
well preserved across experimental days. In contrast, control rats did not develop stable
behavioral patterns through experimental days. Since OCD rituals are more structured and
complicated than repeated visits to one place [35] our finding improve the face-validity of
the QNP-sensitization model.

Next, we showed that repeated administration of QNP diversely affected IEG expres-
sion in selected brain regions. While IEG expression was lower in the CA1 area of the
hippocampus, IEGs expression was unaffected in OFC, ACC, and mPFC. In CA1, the num-
ber of Homerla positive nuclei was lower by 62%, and the number of Arc positive nuclei
was lower by 32% compared to controls. IEG expression in OFC, ACC, and mPFC was not
significantly different between the arena exploring QNP treated rats and control rats.

It is unclear how D, /D3 agonist QNP simultaneously disrupts hippocampal plasticity
while sparing the plasticity of the cortical regions. It is similarly unclear whether the QNP-
induced decrease in hippocampal plasticity corresponds with the decrease in the activity
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of the hippocampus. Current research on this topic is limited and ambiguous. Servaes
et al. showed that the [18F]-FDG uptake in the hippocampus decreased by 19.57% in rats
chronically treated with QNP [36]. On the other hand, Carpenter et al. reported that local
cerebral glucose utilization in the hippocampus of QNP-treated rats remained unchanged
when measured by the [14C]2-deoxyglucose [37]. Neither of the studies assessed checking
behavior in QNP treated rats, only an increase in locomotion. This makes it more difficult
to compare their results with ours.

Despite lower numbers of IEG expressing neuronal nuclei in the hippocampus of
QNP treated rats, we found that similarity scores of QNP treated rats and control rats
remained comparable. Similarity score is a measure of overlap between IEG expressing
populations corrected for random overlap between populations. Absence of difference
between similarity scores between QNP treated and control rats indicates that the general
function of the hippocampus of QNP treated rats was unimpaired, while the magnitude of
plasticity-related changes was reduced. The plasticity-related activity of the hippocampus
during stereotypical checking might be decreased but not entirely diminished. The decrease
of IEG expression does not mean that all hippocampal processes are compromised. It was
found that many active neurons do not express IEGs even in actively behaving animals [38].
It is possible that only IEG dependent processes, such as long-term memory encoding, may
be impaired in QNP treated rats. Difficulty in memory encoding was reported in OCD
patients with checking compulsions [39]. Interestingly, the confidence in checking-related
memories further decreases in both OCD patients and healthy participants who underwent
experimental repeated checking protocol [40].

We found that the expression of Homerla and Arc in OFC, ACC, and mPFC remained
comparable in QNP treated and control rats. Similarly, to our results, studies using Mi-
croPET/CT and local cerebral glucose utilization using the [14C]2-deoxyglucose (2-DG)
did not detect statistically significant changes in OFC, ACC or mPFC following QNP
treatment [40,41]. In contrast, Asaoka et al. reported that OFC was hyperactive in QNP
treated rats using electrophysiological recordings [41]. However, plasticity-related IEG
expression may not directly correspond to changes in electrophysiological hyperactivity.

Our study has two major limitations. First, the methods we used did not allow us to
reveal the direction of causality between the decrease in the plasticity of CAl neurons and
stereotypical checking. Second, because we did not include acute groups (and we did not
assess IEG expression any sooner than on experimental day 11), we are unable to say how
quickly the disruption of the plasticity of CA1 occurs following QNP treatment.

Previously we have shown that QNP treatment induces a functional hippocampal
deficit reflected by the impairment of reversal learning in the hippocampus-dependent
Carousel maze task [26,27]. Present findings of reduction of CA1 plasticity-inducing activity
supports the notion that QNP treatment induces functional changes to the hippocampus.
We hypothesize that impairment of the hippocampus can lead to an overreliance on habitual
circuits (such as CSTC circuits) as a compensation for impaired memory encoding. The
notion of the impaired hippocampus as a driver of compulsive behavior is supported
by studies showing that damage to the hippocampus is associated with the emergence
of compulsive behaviors [21-24]. Further research is needed to validate hippocampal
involvement in OCD.

5. Conclusions

In the present study, we show that stereotypical checking—a hallmark of OCD—
is associated with impaired plasticity of the hippocampus. Namely, we found that the
expression of IEG Homerla and Arc is reduced in CAl, the main output region of the
hippocampus, during stereotypical checking.

Author Contributions: Conceptualization, H.B. and A.S.; methodology, H.B., BK., D.A., D.R.,, M.].,
].S., and $.K; software, S.K; validation, H.B., BX.,, D.A., D.R, MJ.,$ K, J.S., and A.S.; formal analysis,
A.S,; data curation, H.B. and D.R.; writing—original draft preparation, H.B.; writing—review and
editing, H.B.,, BK.,, D.A.,, D.R,, MJ,, ]S, SK., and A.S.; visualization, H.B.; supervision, A.S., J.S., and



Biomolecules 2021, 11, 84 11 of 13

SK.; project administration, H.B, A.S.; funding acquisition, A.S. All authors have read and agreed to
the published version of the manuscript.

Funding: The study was supported mainly by the Czech Health Research Council (AZV) grant
NU20-04-00147. Institutional and infrastructure support was provided by RVO: 67985823, ERDE,
OPPK Microscopic System CZ.2.16/3.1.00/28034, OPPK BrainView CZ.2.16/3.1.00/21544. The
microscopic results were obtained using the National Infrastructure for Biological and Medical
Imaging at the BioImaging Facility, Institute of Physiology, CAS (Czech-Biolmaging—LM?2018129
funded by MEYS CR).

Institutional Review Board Statement: All rat manipulations were approved by a local ethical
committee and complied with the Animal Protection Code of the Czech Republic and with a
corresponding directive of the European Community Council on the use of laboratory animals
(2010/63/EC). The study was approved by the local and Ministry committee on animal welfare
(project of Experiments No. 50/2016).

Informed Consent Statement: No human patients were studied, data on human patients are not
part of this work.

Data Availability Statement: All data generated and analyzed during this study are included in this
article. Numeric source data for the presented figures are available from the corresponding author
on reasonable request at the desired level of analysis.

Acknowledgments: We thank Michaela Radostna for the laboratory management support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Murray, C.J.L.; Lopez, A.D. The Global Burden of Disease: A Comprehensive Assessment of Mortality and Disability from Diseases,
Injuries and Risk Factors in 1990 and Projected to 2010; Harvard University Press: Cambridge, MA, USA, 1996; Volume 1, pp. 1-35.

2. Swain, S.; Behura, S.A. Comparative study of quality of life and disability among schizophrenia and obsessive-compulsive
dis-order patients in remission. Ind. Psychiatry |. 2016, 25, 210.

3. Albert, U.; Marazziti, D.; Di Salvo, G.; Solia, F.; Rosso, G.; Maina, G. A Systematic Review of Evidence-based Treatment Strategies
for Obsessive- compulsive Disorder Resistant to first-line Pharmacotherapy. Curr. Med. Chem. 2017, 25, 5647-5661. [CrossRef]

4. Hirschtritt, M.E.; Bloch, M.H.; Mathews, C.A. Obsessive-compulsive disorder advances in diagnosis and treatment. JAMA J. Am.
Med. Assoc. 2017, 317, 1358-1367. [CrossRef]

5. Bloch, M.H.; Green, C.; Kichuk, S.A.; Dombrowski, P.A.; Wasylink, S.; Billingslea, E.; Landeros-Weisenberger, A.; Kelmendi, B.;
Goodman, WK.; Leckman, J.E; et al. Long-term outcome in adults with obses-sive-compulsive disorder. Depress. Anxiety 2013,
30, 716-722. [CrossRef]

6.  Baxter, L.R.; Schwartz, ] M.; Mazziotta, ].C.; Phelps, M.E.; Pahl, ].].; Guze, B.H.; Fairbanks, L. Cerebral glucose metabolic rates in
nondepressed patients with obsessive-compulsive disorder. Am. |. Psychiatry 1988, 145, 1560-1563. [CrossRef]

7. Perani, D.; Colombo, C.; Bressi, S.; Bonfanti, A.; Grassi, F.; Scarone, S.; Bellodi, L.; Smeraldi, E.; Fazio, F. [18F]FDG PET Study in
Obsessive-Compulsive Disorder: A Clinical/Metabolic Correlation Study after Treatment. Br. ]. Psychiatry 1995, 166, 244-250.
[CrossRef]

8.  Del Casale, A.; Kotzalidis, G.D.; Rapinesi, C.; Serata, D.; Ambrosi, E.; Simonetti, A.; Pompili, M.; Ferracuti, S.; Tatarelli, R.; Girardi,
P. Functional Neuroimaging in Obsessive-Compulsive Disorder. Neuropsychobiology 2011, 64, 61-85. [CrossRef]

9.  Milad, M.R,; Rauch, S.L. Obsessive-compulsive disorder: Beyond segregated cortico-striatal pathways. Trends Cogn. Sci. 2012, 16,
43-51. [CrossRef]

10. Kwon, J.S.; Shin, Y.-W.; Kim, C.-W.; Kim, Y.I; Youn, T.; Han, M.H.; Chang, K.-H.; Kim, J.-J. Similarity and disparity of obsessive-
compulsive disorder and schizophrenia in MR volumetric abnormalities of the hippocampus-amygdala complex. J. Neurol.
Neurosurg. Psychiatry 2003, 74, 962-964. [CrossRef]

11.  Gottlich, M.; Kramer, U.M.; Kordon, A.; Hohagen, F.; Zurowski, B. Decreased limbic and increased fronto-parietal connectivity in
unmedicated patients with obsessive-compulsive disorder. Hum. Brain Mapp. 2014, 35, 5617-5632. [CrossRef]

12.  Adler, CM.; McDonough-Ryan, P; Sax, KW.; Holland, SK.; Arndt, S.; Strakowski, S.M. fMRI of neuronal activation with
symptom provocation in unmedicated patients with obsessive compulsive disorder. J. Psychiatr. Res. 2000, 34, 317-324. [CrossRef]

13. Marsh, R;; Tau, G.Z.,; Wang, Z.; Huo, Y.; Liu, G.; Hao, X.; Packard, M.G.; Peterson, B.S.; Simpson, H.B. Reward-based spatial
learning in unmedicated adults with obsessive-compulsive disorder. Am. J. Psychiatry 2015, 172, 383-392. [CrossRef] [PubMed]

14. Rauch, S.L.; Savage, C.R.; Alpert, N.M.; Dougherty, D.; Kendrick, A.; Curran, T.; Brown, H.D.; Manzo, P,; Fischman, A].;

Jenike, M. A. Probing striatal function in obsessive-compulsive disorder: A PET study of implicit sequence learning. J. Neuropsy-
chiatry Clin. Neurosci. 1997, 9, 568-573. [PubMed]


http://doi.org/10.2174/0929867325666171222163645
http://doi.org/10.1001/jama.2017.2200
http://doi.org/10.1002/da.22103
http://doi.org/10.1176/ajp.145.12.1560
http://doi.org/10.1192/bjp.166.2.244
http://doi.org/10.1159/000325223
http://doi.org/10.1016/j.tics.2011.11.003
http://doi.org/10.1136/jnnp.74.7.962
http://doi.org/10.1002/hbm.22574
http://doi.org/10.1016/S0022-3956(00)00022-4
http://doi.org/10.1176/appi.ajp.2014.13121700
http://www.ncbi.nlm.nih.gov/pubmed/25526598
http://www.ncbi.nlm.nih.gov/pubmed/9447498

Biomolecules 2021, 11, 84 12 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kang, D.H.; Kwon, ].S.; Kim, ].].; Youn, T.; Park, H.J.; Kim, M.S.; Lee, D.S.; Lee, M.C. Brain glucose metabolic changes associated
with neuropsy-chological improvements after 4 months of treatment in patients with obsessive-compulsive disorder. Acta
Psychiatr. Scand 2003, 107, 291-297. [CrossRef]

Atmaca, M.; Yildirim, H.; Ozdemir, H.; Koc, M.; Ozler, S.; Tezcan, E. Neurochemistry of the hippocampus in patients with
obsessive-compulsive disorder: Regular article. Psychiatry Clin. Neurosci. 2009, 63, 486—490. [CrossRef]

Atmaca, M.; Yildirim, H.; Ozdemir, H.; Ozler, S.; Kara, B.; Ozler, Z.; Kanmaz, E.; Mermi, O.; Tezcan, E. Hippocampus and
amygdalar volumes in patients with refractory obsessive—compulsive disorder. Prog. Neuro Psychopharmacol. Biol. Psychiatry 2008,
32,1283-1286. [CrossRef]

Reess, T.].; Rus, O.G.; Giirsel, D.A.; Schmitz-Koep, B.; Wagner, G.; Berberich, G.; Koch, K. Association between hippocampus
volume and symptom profiles in obsessive-compulsive disorder. Neurolmage Clin. 2018, 17, 474-480. [CrossRef]

Heuvel, O.A.V.D.; Boedhoe, P.S.; Bertolin, S.; Bruin, W.B.; Francks, C.; Ivanov, I.; Jahanshad, N.; Kong, X.; Kwon, J.S.; O'Neill, J.;
et al. An overview of the first 5 years of the ENIGMA obsessive-compulsive disorder working group: The power of worldwide
collaboration. Hum. Brain Mapp. 2020. [CrossRef]

Kettl, P.A.; Marks, .M. Neurological Factors in Obsessive Compulsive Disorder: Two case reports and a review of the literature.
Br. J. Psychiatry 1986, 149, 315-319. [CrossRef]

Stern, T.A.; Murray, G.B. Complex Partial Seizures Presenting as a Psychiatric Illness. J. Nerv. Ment. Dis. 1984, 172, 625-627.
[CrossRef]

Max, J.E.; Smith, W.L.; Lindgren, S.D.; Robin, N.A.; Mattheis, P,; Stierwalt, J.; Morrisey, M. Case Study: Obsessive-Compulsive
Disorder after Severe Traumatic Brain Injury in an Adolescent. . Am. Acad. Child Adolesc. Psychiatry 1995, 34, 45-49. [CrossRef]
[PubMed]

Isaacs, K.L.; Philbeck, ].W.; Barr, W.B.; Devinsky, O.; Alper, K. Obsessive-compulsive symptoms in patients with temporal lobe
epi-lepsy. Epilepsy Behav. 2004, 5, 569-574. [CrossRef] [PubMed]

Kaplan, PW. Obsessive—-compulsive disorder in chronic epilepsy. Epilepsy Behav. 2011, 22, 428-432. [CrossRef] [PubMed]
Szechtman, H.; Eckert, M.].; Tse, W.S.; Boersma, ].T.; Bonura, C.A.; McClelland, J.Z.; Culver, K.E.; Eilam, D. Compulsive checking
behavior of quinpirole-sensitized rats as an animal model of Obsessive-Compulsive Disorder(OCD): Form and control. BMC
Neurosci. 2001, 2, 4. [CrossRef]

Hatalova, H.; Radostova, D.; Pistikova, A.; Vales, K.; Stuchlik, A. Spatial Reversal Learning in Chronically Sensitized Rats and in
Undrugged Sensitized Rats with Dopamine D2-Like Receptor Agonist Quinpirole. Front. Behav. Neurosci. 2014, 8. [CrossRef]
Hatalova, H.; Radostova, D.; Pistikova, A.; Vales, K.; Stuchlik, A. Detrimental effect of clomipramine on hippocampus-dependent
learning in an animal model of obsessive-compulsive disorder induced by sensitization with d2/d3 agonist quinpirole. Behav.
Brain Res. 2017, 317,210-217. [CrossRef]

Chawla, M.K.; Guzowski, J.F.; Ramirez-Amaya, V.; Lipa, P; Hoffman, K.L.; Marriott, L.K.; Worley, PF; McNaughton, B.L.;
Barnes, C.A. Sparse, environmentally selective expression of Arc RNA in the upper blade of the rodent fascia dentata by brief
spatial ex-perience. Hippocampus 2005, 15, 579-586. [CrossRef]

Bramham, C.R.; Worley, PF.; Moore, M.].; Guzowski, J.F. The Immediate Early Gene Arc/Arg3.1: Regulation, Mechanisms, and
Function. J. Neurosci. 2008, 28, 11760-11767. [CrossRef]

Ramirez-Amaya, V.; Angulo-Perkins, A.; Chawla, M.K.; Barnes, C.A.; Rosi, S. Sustained Transcription of the Inmediate Early
Gene Arc in the Dentate Gyrus after Spatial Exploration. J. Neurosci. 2013, 33, 1631-1639. [CrossRef]

Vazdarjanova, A.; Ramirez-Amaya, V,; Insel, N.; Plummer, TK.; Rosi, S.; Chowdhury, S.; Mikhael, D.; Worley, P.E; Guzowski, ].F;
Barnes, C.A. Spatial exploration inducesARC, a plasticity-related immediate-early gene, only in calcium/calmodulin-dependent
protein kinase II-positive principal excitatory and inhibitory neurons of the rat forebrain. J. Comp. Neurol. 2006, 498, 317-329.
[CrossRef]

Kubik, S.; Miyashita, T.; Guzowski, ].F. Using immediate-early genes to map hippocampal subregional functions. Learn. Mem.
2007, 14, 758-770. [CrossRef] [PubMed]

Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biologi-cal-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Vazdarjanova, A.; Guzowski, J.E. Differences in Hippocampal Neuronal Population Responses to Modifications of an Envi-
ronmental Context: Evidence for Distinct, Yet Complementary, Functions of CA3 and CA1 Ensembles. |. Neurosci. 2004, 24,
6489-6496. [CrossRef]

Swedo, S.E.; Rapoport, ].L.; Leonard, H.; Lenane, M.; Cheslow, D. Obsessive-Compulsive Disorder in Children and Adolescents.
Arch. Gen. Psychiatry 1989, 46, 335. [CrossRef] [PubMed]

Servaes, S.; Glorie, D.; Verhaeghe, J.; Wyffels, L.; Stroobants, S.; Staelens, S. [18F]-FDG PET neuroimaging in rats with quinpirole-
induced checking behavior as a model for obsessive compulsive disorder. Psychiatry Res. Neuroimaging 2016, 257, 31-38. [CrossRef]
[PubMed]

Carpenter, T.L.; Pazdernik, T.L.; Levant, B. Differences in quinpirole-induced local cerebral glucose utilization between naive and
sensitized rats. Brain Res. 2003, 964, 295-301. [CrossRef]

Tanaka, K.Z.; He, H.; Tomar, A.; Niisato, K.; Huang, A.J.Y.; McHugh, T.]J. The hippocampal engram maps experience but not place.
Science 2018, 361, 392-397. [CrossRef]


http://doi.org/10.1034/j.1600-0447.2003.00070.x
http://doi.org/10.1111/j.1440-1819.2009.01993.x
http://doi.org/10.1016/j.pnpbp.2008.04.002
http://doi.org/10.1016/j.nicl.2017.11.006
http://doi.org/10.1002/hbm.24972
http://doi.org/10.1192/bjp.149.3.315
http://doi.org/10.1097/00005053-198410000-00006
http://doi.org/10.1097/00004583-199501000-00012
http://www.ncbi.nlm.nih.gov/pubmed/7860455
http://doi.org/10.1016/j.yebeh.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15256195
http://doi.org/10.1016/j.yebeh.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21889913
http://doi.org/10.1186/1471-2202-2-4
http://doi.org/10.3389/fnbeh.2014.00122
http://doi.org/10.1016/j.bbr.2016.09.042
http://doi.org/10.1002/hipo.20091
http://doi.org/10.1523/JNEUROSCI.3864-08.2008
http://doi.org/10.1523/JNEUROSCI.2916-12.2013
http://doi.org/10.1002/cne.21003
http://doi.org/10.1101/lm.698107
http://www.ncbi.nlm.nih.gov/pubmed/18007019
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1523/JNEUROSCI.0350-04.2004
http://doi.org/10.1001/archpsyc.1989.01810040041007
http://www.ncbi.nlm.nih.gov/pubmed/2930330
http://doi.org/10.1016/j.pscychresns.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27771554
http://doi.org/10.1016/S0006-8993(02)04115-X
http://doi.org/10.1126/science.aat5397

Biomolecules 2021, 11, 84 13 of 13

39. Woods, C.M.; Vevea, ].L.; Chambless, D.L.; Bayen, U.]. Are Compulsive Checkers Impaired in Memory? A Meta-Analytic Review.
Clin. Psychol. Sci. Pract. 2006, 9, 353-366. [CrossRef]

40. Radomsky, A.S.; Dugas, M.].; Alcolado, G.M.; Lavoie, S.L. When more is less: Doubt, repetition, memory, metamemory, and
com-pulsive checking in OCD. Behav. Res. Ther. 2014, 59, 30-39. [CrossRef]

41. Asaoka, N.; Nishitani, N.; Kinoshita, H.; Nagai, Y.; Hatakama, H.; Nagayasu, K.; Shirakawa, H.; Nakagawa, T.; Kaneko, S. An
Adenosine A2A Receptor Antagonist Improves Multiple Symptoms of Repeated Quinpirole-Induced Psychosis. eNeuro 2019,
6, 0366-18.2019. [CrossRef]


http://doi.org/10.1093/clipsy.9.4.353
http://doi.org/10.1016/j.brat.2014.05.008
http://doi.org/10.1523/ENEURO.0366-18.2019

	Introduction 
	Materials and Methods 
	Animals 
	Drug Administration 
	The Apparatus: Object-Enriched Arena 
	Behavioral Procedure 
	Behavioral Analysis and Statistics 
	Tissue Preparation 
	Image Acquisition 
	Image Analysis 
	Similarity Score—A Measure of IEG Overlap between A1 and A2 
	Statistical Analysis 

	Results 
	Locomotor Sensitization Induced by QNP Treatment 
	Stereotypical Checking—Experimental Days 1–10 
	Stereotypical Checking in Sessions A1 and A2 (Experimental Day 11) 
	IEG Expression in the Hippocampus, OFC, ACC, and mPFC 
	Overlap of IEG Expressing Neurons between A1 and A2 

	Discussion 
	Conclusions 
	References

