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Abstract
Obsessive-compulsive disorder (OCD) is increasingly considered to be a neurodevelopmental
disorder. However, despite insights in neural substrates of OCD in adults, less is known about
mechanisms underlying compulsivity during brain development in children and adolescents.
Therefore, we developed an adolescent rat model of compulsive checking behavior and investigated developmental changes in structural and functional measures in the frontostriatal
circuitry. Five-weeks old Sprague Dawley rats were subcutaneously injected with quinpirole
(n = 21) or saline (n = 20) twice a week for ﬁve weeks. Each injection was followed by placement in the middle of an open ﬁeld table, and compulsive behavior was quantiﬁed as repeated checking behavior. Anatomical, resting-state functional and diffusion MRI at 4.7T were
conducted before the ﬁrst and after the last quinpirole/saline injection to measure regional
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volumes, functional connectivity and structural integrity in the brain, respectively. After consecutive quinpirole injections, adolescent rats demonstrated clear checking behavior and repeated travelling between two open-ﬁeld zones. MRI measurements revealed an increase of
regional volumes within the frontostriatal circuits and an increase in fractional anisotropy (FA)
in white matter areas during maturation in both experimental groups. Quinpirole-injected rats
showed a larger developmental increase in FA values in the internal capsule and forceps minor
compared to control rats. Our study points toward a link between development of compulsive
behavior and altered white matter maturation in quinpirole-injected adolescent rats, in line
with observations in pediatric patients with compulsive phenotypes. This novel animal model
provides opportunities to investigate novel treatments and underlying mechanisms for patients
with early-onset OCD speciﬁcally.
© 2020 Elsevier B.V. and ECNP. All rights reserved.

1.

Introduction

Obsessive–compulsive disorder (OCD) is a mental illness in
which people have recurrent thoughts, impulses or images
that inﬂict anxiety, distress and repetitive behaviors. OCD
has been recognized as a relatively common psychiatric disorder with a lifetime prevalence of 1–3% in the general population (Kessler et al., 2005; Veale and Roberts, 2014). Although the key symptoms are obsessions and compulsions,
people suffering from OCD may experience substantial variation in the severity of symptoms, the time of onset and
the effect of treatment (Butwicka and Gmitrowicz, 2010;
Eisen et al., 2013; Leckman et al., 2010; Lochner and
Stein, 2013). These variations in OCD manifestations suggest that there are multiple mechanisms that could underlie the development of this disorder. Nevertheless, in recent
years a consistent picture has emerged that shows that OCD
is associated with structural and functional changes in brain
areas that form the frontostriatal circuitry. Neuroimaging
modalities, including positron emission tomography, singlephoton emission computed tomography and MRI, have been
used to characterize these changes (Frydman et al., 2016;
Koch et al., 2014; Piras et al., 2015). Although results are
variable, studies in adults with OCD point to a decreased
gray matter volume in frontal cortical regions such as the
orbitofrontal, parietal and anterior cingulate cortex, and
increased volume in subcortical structures such as the putamen, thalamus and caudate nucleus (Boedhoe et al., 2018;
Piras et al., 2015; Radua and Mataix-Cols, 2009). Structural
changes in main white matter tracts have also been reported in adults with OCD. Decreased fractional anisotropy
(FA) values, potentially reﬂective of reduced white matter integrity, have been measured in several white matter tracts, of which the cingulate bundle, corpus callosum
and internal capsule appear to be most commonly affected
(Koch et al., 2014).
The OCD phenotype may not only be related to the
above-mentioned changes in brain structures, but also to
changes in neural network activation patterns. Functional
imaging techniques have revealed abnormal activity in
speciﬁc regions of the frontostriatal circuitry (Del Casale
et al., 2011). Symptom provocation-induced hyper- and
hypo-activity have been detected in the orbitofrontal cortex, the caudate nucleus, and the thalamus in adults and
adolescents (Adler et al., 2000; Gilbert et al., 2009). Studies using resting-state functional MRI (rs-fMRI) have shown

that functional connectivity between speciﬁc areas of the
frontostriatal circuitry may be increased or decreased in
people with OCD (Calzà et al., 2019; Posner et al., 2014;
Sakai et al., 2011).
Despite increasing insights in neural substrates of OCD
in adults, less is known about potential underlying mechanisms during brain development in children and adolescents. The ﬁrst appearance of clinical symptoms divides
the OCD population into two groups, i.e. early and late onset OCD patients that experience their ﬁrst clinical symptoms before or after adulthood, respectively. The early onset group is the most prevalent since approximately three
quarters of patients experience their ﬁrst symptoms at a
young age (Taylor, 2011). OCD may therefore be considered
a neurodevelopmental disorder for the majority of affected
persons.
In recent years a variety of translational animal models
has been developed to study the pathophysiology of OCD
and to test the effects of novel molecules (Albelda and
Joel, 2012a, 2012b; Alonso et al., 2015). A frequently applied and well-deﬁned model involves repeated injections
of the dopamine D2/D3 receptor agonist quinpirole in adult
rats (Szechtman et al., 1998). This results in sensitization
of the D2/D3 receptor and compulsive checking behavior, a
speciﬁc symptom of OCD. We set out to adapt this model
to study the development of compulsive behavior during
brain maturation in rats from juvenile to adolescent stages,
with the speciﬁc goal to identify abnormal developmental
changes in structural and functional aspects of the frontostriatal circuitry. To this aim, we applied serial structural and
functional MRI of the brain, in combination with behavioral
testing of compulsivity.

2.
2.1.

Experimental procedures
Animal model

All animal procedures were approved by the local Committee for
Animal Experiments of the University Medical Center Utrecht, The
Netherlands (DEC: 2014.I.12.104) and were performed in accordance with the guidelines of the European Communities council directive (EU Directive 2010/63/EU). All efforts were made to reduce
animal suffering.
To study compulsive behavior in adolescent rats, we
modiﬁed an established rat model for compulsive checking
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behavior. Forty-one juvenile Sprague Dawley rats (Harlan, Zeist)
were housed individually and habituated to environmental conditions (temperature 22–24° and 12 h light/dark cycle with lights
on at 7:00 AM) for at least seven days prior to the experiment
with access to food and water ad libitum. From the age of ﬁve
weeks (body weight: 104 ± 24 g (mean ± standard deviation (SD))),
we subcutaneously injected rats with quinpirole (Tocris, UK;
0.5 mg/kg; n = 21; Quinpirole group) or saline (n = 20; Control
group), twice a week for ﬁve weeks (a total of 10 injections).
We randomly assigned the treatment (quinpirole or saline), but
experimenters could not be blinded, due to the obvious behavioral
effects of quinpirole treatment. Each injection was followed by
placement of the rat in the middle of a large open ﬁeld table for
30 min. On the open ﬁeld table (160 × 160 cm2 , 60 cm above the
ﬂoor), four objects (two black, two white; 8 × 8 × 8 cm3 ) were
placed on ﬁxed locations: two near the middle and two near the
corners of the open ﬁeld. Each rat’s activity on the open ﬁeld table
was recorded with a camera ﬁxed to the ceiling.

2.2.

Behavioral analysis

Ethovision software (Noldus Information Technology B.V., Netherlands) was used to automatically trace the trajectories of locomotion for the open ﬁeld tests after the ﬁfth and tenth quinpirole/saline injection. The open ﬁeld area was virtually divided into
25 rectangles of 40 × 40 cm2 of which the outer zones extended
outside the open ﬁeld. For all analyses, we used the last 15 min for
the quinpirole-injected rats, and the complete 30 min for the control rats, similar to the original study by Szechtman and colleagues
who used the last 30 of 60 min for quinpirole-injected rats and the
full 60 min for control rats (Szechtman et al., 1998). We calculated
the frequency of visits for each zone during this observation period
and deﬁned the home-base as the most frequently visited zone.
2.2.1. Locomotor behavior
Compulsive checking behavior parameters were characterized relative to the home-base, and included frequency of checking (the
total number of visits at the home-base), length of checks (the average time of a visit at the home-base), recurrence time of checking (the average time spent at other areas before returning to the
home-base) and stops before returning to the home-base (the average number of areas an animal visited before returning to the
home-base) (Szechtman et al., 1998; Tucci et al., 2014). In addition, we determined the predictability of the visited zones as
the Lempel-Ziv source entropy (Song et al., 2010) using a maximal substring of three zones and only including animals that visited at least nine different zones. The higher the source entropy,
the less predictable the locomotion. Besides the compulsive behavior, we calculated hyperactivity measures, including the total travelled distance, average velocity of movement and immobility time
(<0.01 cm movement per video frame).

we determined the grooming time per visit. These individual behavioral scores were combined into a total number of behavioral acts
per visit.

2.3.

MRI experiments were done before the ﬁrst and after the tenth
injection of quinpirole or saline. MRI experiments were executed
on a 4.7T horizontal bore magnet (Varian, Palo Alto, USA) with a
homebuilt Helmholtz volume coil for radiofrequency transmission
and an inductively coupled surface coil for signal detection.
Animals were anesthetized with isoﬂurane anesthesia (4% for
induction and 2% for maintenance) in a mixture of O2 and air
(30/70%). Subsequently, the animals were prepared for mechanical
ventilation by endotracheal intubation. Animals were immobilized
in a specially designed stereotactic holder and cradle to minimize
movement during the MRI experiment. During MRI, end-tidal CO2
was continuously monitored, and body temperature was maintained
at 37.0 ± 1.0 °C. An infrared sensor (Nonin Medical Inc., Plymouth,
MN, USA) was attached to the hind paw to monitor the heart rate
and blood oxygen saturation.
Anatomical MRI: For volumetric analyses and registration,
we performed a 3D balanced steady-state free precession scan.
Repetition time (TR) = 5 ms; echo time (TE) = 2.5 ms; ﬂip angle 20°; three averages; four pulse angle shifts; ﬁeld-ofview (FOV) = 40 × 32 × 24 mm3 ; acquisition matrix = 160 × 128 × 96
points; resolution = 250 μm isotropic. Total acquisition time was ten
minutes. Isoﬂurane anesthesia level was reduced to 1.5% at the
start of the anatomical MRI acquisition, to lower the anesthetic
depth for the following resting-state fMRI acquisition.
Resting-state functional MRI: For functional connectivity analyses, we acquired T2∗ -weighted blood oxygenation level-dependent
images using a single shot multi-slice 2D gradient echo-echo planar imaging (EPI) sequence under 1.5% isoﬂurane anesthesia.
TR = 700 ms; TE = 20 ms; FOV = 32 × 27.2 mm2 ; acquisition matrix = 40 × 34 points; slice thickness = 0.80 mm, 17 slices, isotropic
resolution of 800 μm, 850 images. The acquisition time was ten minutes. Resting-state fMRI acquisition was always started at 90 min
after quinpirole injection, to standardize the effects of quinpirole
across animals.
Diffusion MRI: For structural connectivity analyses we acquired multi-slice diffusion-weighted spin-echo images using fourshot EPI encoding. Diffusion MRI acquisition was performed under 2.0% of isoﬂurane anesthesia to minimize animal motion. Acquisition parameters were as follows: TR = 3000 ms; TE = 26.2 ms;
FOV = 32 × 32 mm2 ; acquisition matrix = 64 × 128 points; in plane
resolution = 500 × 250 μm2 , slice thickness = 500 μm; 25 slices;
δ/ = 10.84/4 ms; b-value = 1335 s/mm2 ; 60 directions. The acquisition time was 65 min.

2.4.
2.2.2. Behavior during stops
We manually quantiﬁed stereotypic behaviors the rats showed during a stop at their own home-base (Szechtman et al., 1998). Like
in the adult model, only the ﬁrst 20 visits during the observation
period were scored. However, because control rats were less active, all their visits were scored if required. First, for each visit
we scored the entering or leaving direction to and from the homebase, to determine a potential directional preference. Directions
were determined using a compass divided into eight different directions (per 45°). Second, we counted the number of clockwise
and anti-clockwise turns as horizontal movements per visit and the
number of head dips as vertical movements. Third, we scored the
interaction of the rat with the object by counting the number of
sniffs and placement of the forelegs at the object per visit. Fourth,

Experimental MRI protocol

Data analyses MRI

2.4.1. Regions-of-interest
For the structural connectivity analyses, several white matter
tracts, known to be affected in adults and children with OCD, were
used as regions-of-interest (Fig. 1A): the external capsule (only
the lateral part relative to the cingulum, 2.92 to 1.56 mm from
bregma), the internal capsule (2.92 to −1.08 mm from bregma),
the forceps minor of the corpus callosum (2.52 to 2.76 mm from
bregma), the genu of the corpus callosum (1.80 to 2.28 mm from
bregma) and the central part of the corpus callosum (deﬁned as
areas posterior to the genu of the corpus callosum (1.80 mm from
bregma) and anterior to the dorsal part of the third ventricle
(−0.60 mm from bregma, whereby only areas medial to the cingulum were included)).
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Fig. 1 Gray and white matter regions-of-interest. Regions-of-interest for the structural connectivity analyses projected on a
fractional anisotropy (FA) map (A), and for the volumetric and functional connectivity analyses, projected on an anatomical
image (B). For the functional connectivity analyses, frontal and striatal areas were combined into two regions-of-interest; the
frontal cortex (consisting of the anterior cingulate, medial prefrontal and orbitofrontal cortex) and striatum (consisting of the
nucleus accumbens and caudate putamen). ACC: anterior cingulate cortex; mPFC: medial prefrontal cortex; OFC: orbitofrontal
cortex.

Regions of interest for the functional connectivity and volumetric analyses were taken from a 3D rendering of the Paxinos and Watson atlas (Paxinos and Watson, 2005). The 3D atlas rendering, with
the region speciﬁcations and the corresponding MRI images, are
available online (https://github.com/wmotte/rat_brain_atlas). We
selected regions within the frontostriatal circuitry: the caudate
putamen (CPu), nucleus accumbens (NAcc: accumbens nucleus
shell, accumbens nucleus core and lateral accumbens shell), anterior cingulate cortex (ACC: cingulate cortex areas 1 and 2), medial
prefrontal cortex (mPFC: prelimbic and infralimbic cortex) and orbitofrontal cortex (OFC: dorsolateral, lateral, medial and ventral
orbital cortex) (Fig. 1B).
2.4.2. Diffusion MRI
The diffusion-weighted images were brain-extracted with BET
and motion- and eddy current-corrected with mutual informationbased afﬁne transformations of all images to the baseline image
(Mangin et al., 2002). The diffusion tensor, the corresponding eigensystem, and the subsequently derived fractional anisotropy (FA) was
computed for each voxel within the brain mask (Basser and Pierpaoli, 1996). Mean FA values, reﬂecting the degree of anisotropy
(degree of restricted diffusion along the main directions of the diffusion tensor), were calculated for all white matter tracts of interest at each time point as a measure of structural connectivity
(Koay et al., 2006).
2.4.3. Resting-state functional MRI
Preprocessing steps of the resting-state fMRI scans included removal of the ﬁrst 20 images to reach a steady state; motioncorrection with MCFLIRT (Jenkinson et al., 2002); and brainextraction with BET (Smith, 2002). Motion-correction parameters
were used as regressor for the resting-state signal, and lowfrequency blood oxygenation level-dependent ﬂuctuations were obtained by applying temporal ﬁltering between 0.01 and 0.1 Hz in
AFNI (Cox, 1996). To verify the ability to measure speciﬁc functional
connectivity under our experimental conditions, we evaluated the
functional connectivity of the left anterior cingulate cortex from
seed-based analyses. We calculated Fisher’s Z-transformed correlation coefﬁcients for inter- and intrahemispheric functional connectivity between regions-of-interest. To preserve sufﬁcient signal-tonoise ratio for these analyses, we combined the orbitofrontal, anterior cingulate and medial prefrontal cortex into one frontal cortical
region-of-interest, and the nucleus accumbens and caudate putamen into a striatal region. In addition, we performed functional
connectivity analyses for the individual sub-regions of interest. The

nucleus accumbens was excluded from this sub-region analysis, as
the volume of this region in young rats was considered too small for
reliable measurements.
2.4.4. Volumetric MRI
For the volumetric analyses of the regions of interest in the frontostriatal circuitry, we determined their volume in individual anatomical MRI space. For total gray matter and white matter volumes, we
determined the volume in individual diffusion MRI space. The total cerebral white matter and gray matter volumes were calculated
between the cerebellum and the olfactory bulb. For segmentation
of the white matter we used a minimum FA threshold of 0.25, and
for segmentation of the gray matter we used a maximum FA threshold of 0.25, and a mean diffusivity below 0.001. Total volumes were
calculated by multiplying the number of voxels with the volume of
a voxel in either anatomical or diffusion MRI space.
2.4.5. Matching individual data with atlas coordinates
Individual anatomical images were non-linearly registered with the
atlas rendering using FNIRT software (Jenkinson et al., 2012). Individual resting-state fMRI and diffusion MRI images were linearly
registered to the individual anatomical image using FLIRT software (Jenkinson and Smith, 2001), followed by the non-linear registration from the individual anatomical space to the atlas as described above. Regions-of-interest were transformed to individual
anatomical, functional and diffusion MRI space by taking the inverse of these registrations. The regions for the functional connectivity analyses were masked with a temporal signal-to-noise ratio
mask of 10, and the regions for the structural connectivity analyses were masked with a white matter mask (FA higher than 0.25
(Giannelli et al., 2010)).

2.5.

Statistical analyses

Statistical analyses were performed in R (3.2.3) and R-studio 0.99
(R Core Team, 2014).
Differences in behavioral metrics (compulsive checking behavior,
hyperactivity measures and behavior during stops) between control and quinpirole-injected rats after the ﬁfth and tenth quinpirole/saline injection were analyzed with a Mann-Whitney U test.
We performed a mixed design ANOVA for all MRI parameters (regional brain volume, functional connectivity and structural connectivity) separately to assess brain development, with the factor time as within-subject variable, and treatment effect, with the
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factor group (Control or Quinpirole) as between-subject variable,
followed by post-hoc paired Wilcoxon signed rank tests. In addition, we determined whether MRI parameters signiﬁcantly differed
between control and quinpirole-injected rats after the tenth quinpirole/saline injection with Mann-Whitney U tests.
For all MRI-based measures we assessed possible correlation with
compulsive behavior measures after the tenth quinpirole/saline injection in the quinpirole and control group separately, using linear
regression.
All analyses were corrected for multiple testing using the falsediscovery rate correction (Benjamini and Hochberg, 1995). Results
with a corrected p < 0.05 were considered statistically signiﬁcant.

3.

Results

MRI acquisitions of two control and two quinpirole-injected
rats were not complete, and behavioral data recording
failed for two control rats and one quinpirole-injected rat.
Therefore, ﬁnal groups consisted of 18 quinpirole-injected
and 16 control rats.

3.1. Locomotor, compulsive and grooming
behavior
Fig. 2 shows a representative locomotor trajectory of one
quinpirole-injected and one control rat after the tenth quinpirole/saline injection and the compulsive checking behavioral metrics that were calculated from the motor trajectories after the ﬁfth and tenth quinpirole/saline injection.
Compared to control rats, quinpirole-injected rats travelled more repeatedly between two zones of the open ﬁeld
(Fig. 2A and B). Both after the ﬁfth and after the tenth
quinpirole/saline injection, quinpirole-injected rats showed
a higher frequency of checks (ﬁfth injection: Control:
12.7 ± 6.6 (mean ± standard deviation (SD)); Quinpirole:
24.1 ± 12.3; p = 0.003; tenth injection: Control: 15.9 ± 9.4;
Quinpirole: 51.6 ± 33.6; p = 0.0004), lower recurrence time
of checking (ﬁfth injection: Control: 122.4 ± 83.7 s; Quinpirole: 33.6 ± 29.0 s; p = 0.0003; tenth injection: Control:
115.5 ± 69.2 s; Quinpirole: 18.9 ± 10.8 s; p < 0.0001) and
lower number of stops before returning to the home-base
(ﬁfth injection: Control: 10.1 ± 3.4; Quinpirole: 5.8 ± 2.0;
p < 0.0001; tenth injection: Control: 10.6 ± 3.4; Quinpirole:
6.9 ± 1.7; p = 0.0004) than control rats (Fig. 2C). The average length of a visit at the home-base was not statistically
signiﬁcantly different between quinpirole-injected and control rats after the ﬁfth (Control: 71.8 ± 91.1 s; Quinpirole:
25.7 ± 65.5 s; p = 0.10) and tenth quinpirole/saline injection (Control: 42.6 ± 84.4; Quinpirole: 6.3 ± 10.4; p = 0.08)
(Fig. 2C).
The entropy of the visited zones was lower in quinpiroleinjected rats compared to control rats after both the ﬁfth
and tenth injection (ﬁfth injection: Control: 2.2 ± 0.005;
Quinpirole: 2.0 ± 0.2; p = 0.002; tenth injection: Control:
2.2 ± 0.006; Quinpirole: 2.1 ± 0.007; p < 0.0001). This lower
entropy in quinpirole-injected rats means that the order of
visited zones is less random and shows a higher degree of
predictability and repeatability.
Next to compulsive behavior, we characterized hyperactivity measures in control and quinpirole-injected

rats after the ﬁfth and tenth quinpirole/saline injection (Fig. 2D). At both time-points, quinpirole-injected
rats moved with a higher mean velocity (ﬁfth injection: Control: 2.8 ± 1.3 cm/s; Quinpirole: 6.6 ± 3.6 cm/s;
p = 0.0004; tenth injection: Control: 3.3 ± 1.5 cm/s; Quinpirole: 11.7 ± 5.1 cm/s; p = 0.002) and had a lower immobility time (ﬁfth injection: Control: 495.4 ± 207.8 s;
Quinpirole: 47.2 ± 41.4 s; p < 0.0001; tenth injection: Control: 519.1 ± 236.7 s; Quinpirole: 22.1 ± 18.0 s;
p < 0.0001). After the tenth quinpirole/saline injection, the
quinpirole-injected rats moved over a longer distance
(Control: 5954 ± 2664 cm; Quinpirole: 11,112 ± 5454 cm;
p = 0.002). The total distance moved was not signiﬁcantly
different between quinpirole-injected and control rats after the ﬁfth quinpirole injection (Control: 4963 ± 2316 cm;
Quinpirole: 5899 ± 3178 cm; p = 0.34).
After the ﬁfth injection, control rats groomed signiﬁcantly more during a visit of the home-base than quinpiroleinjected rats (Fig. 2E; Control: 6.7 ± 8.7 s; Quinpirole: no
detectable grooming; p = 0.004). The average grooming
time per visit was not signiﬁcantly different between control and quinpirole-injected rats after the tenth injection,
although quinpirole-injected rats did not groom at all (Control: 1.21 ± 2.40 s; p = 0.21). All other behaviors we quantiﬁed during home-base visits were not statistically significantly different between quinpirole-injected and control
rats at both time-points.

3.2. Structural integrity and functional
connectivity
Fig. 3A and B show the structural connectivity in the white
matter tracts of interest and the functional connectivity
within the frontostriatal system, respectively, before the
ﬁrst and after the tenth quinpirole/saline injection.
For the structural integrity analyses, the mixed design
ANOVA demonstrated a signiﬁcant main effect of time for
all included white matter tracts (p < 0.0001). Correspondingly, the post-hoc analyses revealed an increased FA value
in all white matter tracts of interest in the control and
quinpirole group after the tenth quinpirole/saline injection (p < 0.0001; Fig. 3A). In addition, the mixed design
ANOVA showed a signiﬁcant interaction effect of group and
time for the internal capsule and the forceps minor, indicating that the change in FA over time in these white matter
tracts was different between quinpirole-injected and control rats. The increase in FA over time in these two white
matter areas was larger in quinpirole-injected rats than
in control rats (internal capsule: Control: 0.041 ± 0.019;
Quinpirole: 0.063 ± 0.019; p = 0.007; forceps minor: Control: 0.035 ± 0.016; Quinpirole: 0.053 ± 0.019; p = 0.01).
After the tenth quinpirole/saline injection, we found trends
towards higher FA values in quinpirole-injected vs. control rats in the internal capsule (Control: 0.45 ± 0.01; Quinpirole: 0.46 ± 0.01; p = 0.06), the forceps minor (Control:
0.44 ± 0.008; Quinpirole: 0.45 ± 0.01; p = 0.14) and the center of the corpus callosum (Control: 0.52 ± 0.03; Quinpirole:
0.53 ± 0.02; p = 0.14).
Seed-based analysis of functional connectivity of the left
anterior cingulate cortex showed that our approach enabled
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Fig. 2 Locomotor trajectories and compulsive and hyperactive behavioral metrics for control and quinpirole-injected adolescent
rats during the open ﬁeld test. Locomotor trajectory of a control (A) and a quinpirole-injected adolescent rat (B). The different
zones of the open ﬁeld are numbered, and the locomotor trajectories are colored corresponding to these zones. We characterized
behavior during the open ﬁeld test for the last 15 min for quinpirole-injected rats and the full 30 min for control rats. Boxplots of
compulsive behavior, including the frequency of checking (total number of visits at the home-base during observation), length of
checks (average time (s) spent at the home-base), recurrence time of checking (average time (s) before returning to the homebase), stops before returning to the home-base (average number of zones visited in between two visits at the home-base) and
entropy (predictability of the visited zones) for control and quinpirole-injected rats after the ﬁfth and tenth injection of quinpirole/saline (C). Boxplots of hyperactive behavior, including the mean velocity, immobility time (<0.01 cm movement per video
frame) and the total distance moved for control and quinpirole-injected rats after the ﬁfth and tenth injection of quinpirole/saline
(D). Grooming time (average time (s) grooming per visit at the home-base) for control and quinpirole-injected rats after the ﬁfth
and tenth injection of quinpirole/saline (E). ∗ corrected p < 0.01. Error bars represent the interquartile range and dots represent
outliers. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Fig. 3 Structural integrity and functional connectivity in control and quinpirole-injected rats before and after repeated
saline/quinpirole injections. Structural integrity (A; fractional anisotropy (FA)) in white matter tracts of interest and functional
connectivity (B; Fisher’s Z transformed correlation coefﬁcient) within the frontostriatal system for control and quinpirole-injected
rats before the ﬁrst (5-weeks old rats; red) and after the tenth (10-weeks old rats; blue) quinpirole/saline injection. le: left; ri:
right. Error bars represent 1.5 × the interquartile range and dots represent outliers. ∗∗ corrected p < 0.01; ∗ corrected p < 0.05;
# corrected p < 0.15. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

measurement of speciﬁc and localized functional connectivity effects in quinpirole-injected and control rats (Supplementary Fig. S1). The mixed design ANOVA, with the factor time as within-subject variable, and the factor group
as between-subject variable, demonstrated a signiﬁcant
main effect of group, irrespective of time, for the interhemispheric connection between the two frontal cortices
(p = 0.01). However, post-hoc analyses did not reveal statistically signiﬁcant differences in interhemispheric frontal

connectivity between quinpirole-injected and control rats
after the tenth quinpirole/saline injection. In addition, we
did not ﬁnd any time or interaction effects, or differences between quinpirole-injected and control rats after
the tenth quinpirole/saline injection. Functional connectivity analyses in individual sub-regions, also did not reveal
signiﬁcant differences between quinpirole-injected and
control rats after the tenth quinpirole/saline injection (Supplementary Fig. S2).
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Fig. 4 Regional brain volumes before and after repeated quinpirole/saline injections. Boxplots of the volumes (mm3 ) of regionsof-interest in the frontostriatal system, and the total white and gray matter volume for control and quinpirole-injected rats before
the ﬁrst (5-weeks old rats; red) and after the tenth injection (10-weeks old rats; blue) of quinpirole/saline. Error bars represent
1.5 × interquartile range and dots represent outliers. ACC: anterior cingulate cortex; OFC: orbitofrontal cortex; mPFC: medial
prefrontal cortex; CPu: caudate putamen; NAcc: nucleus accumbens. ∗ corrected p < 0.01. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

3.3.

Regional brain volumes

The volumes of regions within the frontostriatal system and
the total gray and white matter volumes were determined
before the ﬁrst and after the tenth quinpirole/saline injection (Fig. 4). The mixed design ANOVA, with the withinsubject factor time and between-subject factor group,
demonstrated a signiﬁcant time effect for all volumes of in-

terest (p < 0.0001). Correspondingly, post-hoc analyses revealed that all the investigated cerebral volumes increased
between the ﬁrst (before the ﬁrst injection) and the ﬁnal
measurement (after the tenth injection), in the saline- and
quinpirole-injected groups (p < 0.0001; Fig. 4). There was
no signiﬁcant interaction effect between time and group. In
addition, after the tenth quinpirole/saline injection, there
were no signiﬁcant differences in regional volumes between
quinpirole-injected and control rats.
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3.4. Relationship between compulsive behavior
and MRI measures
We checked for possible relationships between MRI-based
parameters and compulsive behavior measures after the
tenth quinpirole/saline injection in the control and quinpirole group. None of the regressions demonstrated a significant correlation.

4.

Discussion

We conducted a multi-parametric MRI examination of the
development of compulsive behavior in a novel adolescent
rat model of quinpirole-induced compulsive checking behavior. After ﬁve weeks of consecutive quinpirole injections,
adolescent rats demonstrated clear compulsive checking
behavior, repeated travelling between two open-ﬁeld zones
and no grooming. Our MRI measurements revealed developmental increases in regional brain volumes and white matter
integrity in control and quinpirole-injected rats. Quinpiroleinjected rats showed a larger increase in FA values in the
internal capsule and forceps minor as compared to control
rats, and a trend towards higher integrity values in the internal capsule, forceps minor and central part of the corpus
callosum after ﬁve weeks of quinpirole treatment as compared to saline treatment.

4.1.

Compulsive-like behavioral phenotype

While the model of quinpirole-induced compulsive checking in adult rats has shown good face validity to OCD
(Stuchlik et al., 2016), compulsive behavior and OCD
in humans generally develops during early adolescence
(Boileau, 2011). Therefore, we have adapted the quinpiroleinduced compulsive checking model in adult rats by starting
quinpirole injections during early adolescence. Our study
shows that quinpirole-injected adolescent rats meet three
of four reported criteria for compulsive checking behavior after the ﬁfth and tenth quinpirole/saline injection
(Szechtman et al., 1998; Tucci et al., 2014). By including
the measurement after the ﬁfth quinpirole/saline injection
(8–9 weeks of age), we assured that the compulsive behavior developed during the adolescent phase and was established before adulthood. An additional feature that we observed in the quinpirole-injected adolescent rats was repeated traveling between two sides of the open ﬁeld. This
is also observable in adult rats with an OCD-like phenotype (Eilam, 2017). Next to these compulsive checking behaviors, we also characterized hyperactivity measures and
speciﬁc behavioral acts the rats performed during a visit
at the home-base. Quinpirole-injected adolescent rats travelled over a longer total distance and with higher velocity
than control rats, corresponding to hyperactivity, which has
also been observed in the adult model (Servaes et al., 2019).
In addition, in contrast to control animals showing clear
grooming behavior during a home-base visit, quinpiroleinjected adolescent rats did not groom, similar to what has
been observed in the adult rat model (Szechtman et al.,
1998). However, other behavioral acts, such as interaction

with objects or preferences for entering or leaving directions, that were signiﬁcantly altered in the adult model,
were not signiﬁcantly different between quinpirole-injected
and control adolescent rats.
The development of compulsive-like behavior after repeated quinpirole injections is believed to reﬂect modiﬁcations in the brain due to the sensitization to the dopamine
D2-receptor agonist quinpirole (Tucci et al., 2014), such as
an increased D2 receptor density (Servaes et al., 2019).
The reduced expression of compulsive checking behavior
in the adolescent rat model may be explained by maturational differences in dopaminergic receptors in the striatum between day 40 (adolescence) and day 60 (adulthood) (Teicher et al., 1995), potentially resulting in reduced sensitivity to dopaminergic agonists in young rats
(Bolanos et al., 1998; Ulloa et al., 2004). Nevertheless, we feel that the behavioral proﬁle that we observed in response to repeated quinpirole injections during adolescence in rats effectively reﬂects a compulsive-like
phenotype.

4.2.

Structural and functional brain alterations

MRI-based measures of regional brain volume and white
matter structural integrity revealed clear developmental
changes in quinpirole-injected and control rats between
pre- (early adolescence) and post-treatment (late adolescence/adulthood) time-points. The volumes of regions
within the frontostriatal system, as well as the total gray
and white matter volume, signiﬁcantly increased during this
developmental phase of adolescence. These ﬁndings are in
line with previous research demonstrating that cortical and
subcortical regions increase in volume up to at least two
months of age in rats (Calabrese et al., 2013; Mengler et al.,
2014), representing maturation of brain regions. White matter structural integrity also changed during this developmental period. We found increasing FA values in white matter tracts, between postnatal weeks ﬁve and ten. Previous
studies also demonstrated an increase in FA values of white
matter tracts during development in rats (Bockhorst et al.,
2008; Calabrese and Johnson, 2013), which may continue
during (early) adulthood (van Meer et al., 2012). Likewise,
in humans, developmental increases in FA values of white
matter tracts have been demonstrated to continue until the
end of adolescence or the beginning of adulthood (BarneaGoraly et al., 2005; Chen et al., 2016). These increasing FA
values in white matter tracts during development may reﬂect ongoing myelination (Bockhorst et al., 2008). The increased FA values at postnatal week 10 may have resulted
in more voxel inclusions and hence an apparent increase in
white matter volume over time. Nevertheless, white matter volumes calculated from different MRI scans (not solely
based on FA values) have been demonstrated to increase up
until postnatal week 19 (Otte et al., 2015). Therefore, we
believe that the white matter volume increase during development, as observed in the current study, is not merely
explained by increased FA values over time, but truly reﬂects an increase in white matter volume.
Regional brain volumes and functional connectivity within
the frontostriatal system did not differ between quinpiroleinjected and control rats after the tenth quinpirole/saline
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injection. In children with OCD, conﬂicting results have
been reported regarding brain volume and functional connectivity changes. Increases or decreases, or even no
differences, in the size of frontal cortical areas have
been measured (Boedhoe et al., 2018; Christian et al.,
2008; Lázaro et al., 2009). Furthermore, increased as well
as decreased functional connectivity between frontostriatal regions has been reported (Bernstein et al., 2016;
Fitzgerald et al., 2011). These differences may be related
to the heterogeneous nature of OCD but could also be due
to methodological variation between studies. This underscores the need for standardization of neuroimaging protocols and investigations in well-controlled experimental
designs.
The developmental rise in FA in the internal capsule and
forceps minor was larger in quinpirole-injected animals as
compared to controls, suggesting differences in white matter maturation. As a result, we found a trend towards higher
FA values in these white matter tracts and in the center of
the corpus callosum in quinpirole-injected as compared to
saline-injected rats after the ﬁve weeks treatment period.
Elevated FA values in white matter tracts, including the corpus callosum and internal capsule, have also been observed
in children and adolescents with OCD (Gruner et al., 2012;
Zarei et al., 2011). The higher FA values in children with OCD
are suggested to reﬂect premature myelination of white
matter tracts (Zarei et al., 2011). In addition, FA values in
the internal capsule have been shown to be positively correlated to symptom severity in children with OCD (Zarei et al.,
2011). Together, these ﬁndings underline the involvement
of white matter structural integrity disturbances in disease
processes of OCD in children and adolescents.
The rat model of quinpirole-induced OCD-like behavior
offers opportunities for standardized and well-controlled
investigation of the neural underpinnings of compulsive
checking behavior. Since approximately three quarters of
patients experience their ﬁrst symptoms at a young age
(Taylor, 2011), the adolescent quinpirole rat model described in this study enables studying the neurodevelopmental processes underlying early-onset OCD speciﬁcally.
For optimal translation, we used similar MR protocols as
in human neuroimaging studies, including diffusion MRI and
resting-state functional MRI. However, diffusion-based measures are proxies of the true neuroanatomical features, and
the (sub)cellular processes underlying changes in FA remain
largely unclear (Johansen-Berg and Behrens, 2013). In addition, in contrast to human neuroimaging studies, animals in
our study were anesthetized during MRI acquisitions, which
is known to inﬂuence functional connectivity measurements
(Paasonen et al., 2018).
Despite the good face validity of the adult quinpiroleinduced compulsivity model, its construct and predictive
validity have not yet been extensively validated. The adolescent quinpirole-induced compulsive checking behavior
model introduced in this study demonstrated face validity with regards to compulsive checking behavior and construct validity from disturbances in white matter integrity.
However, despite clear behavioral effects, we did not ﬁnd
quinpirole-induced effects on resting-state functional connectivity. Quinpirole effects should still be present dur-
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ing the time of resting-state fMRI (90 min after injection)
as the half-life time of quinpirole in rat plasma is 9.5 h
(Whitaker and Lindstrom, 1987) and behavioral effects of
quinpirole have been measured up to two hours after injection (Eilam et al., 1989). It may be that the use of anesthesia during our MRI acquisition has covered the effects of
quinpirole on MRI-based measures of functional connectivity. Isoﬂurane anesthesia has been shown to affect the binding of agonistic PET tracers to the dopamine D2/D3 receptor
(McCormick et al., 2011). Since quinpirole is a D2/D3 receptor agonist, the use of isoﬂurane anesthesia may have inﬂuenced the effects of quinpirole. Nonetheless, we expect
a minimal contribution of this mechanism on the functional
connectivity measurements in our study, since we administered quinpirole nine times without isoﬂurane anesthesia,
and once at 40 min before the induction of isoﬂurane anesthesia. The clear behavioral effects in quinpirole-injected
rats may be a direct result of the preceding quinpirole injection, rather than from a change in the macro-scale functional or structural brain connections. Since previous studies have shown abnormalities at the neurotransmitter and
receptor level in the quinpirole model (Servaes et al., 2019,
2017), differences in structural and functional connectivity
may be more subtle and at the micro-scale. Differences that
are not detectable with macro-scale MRI-based measures.
In addition, we cannot completely rule out that motionand physiological-related noise may have obscured modelrelated changes in structural and functional connectivity.
Future studies could investigate the predictive validity of
the adolescent quinpirole model by assessing the effects of
pharmacological treatments that are already used for children and adolescents with OCD. In addition, the adolescent
quinpirole-induced compulsivity model provides unique opportunities to study potential novel therapeutic strategies
and their working mechanisms for this subgroup of OCD patients speciﬁcally.
In conclusion, we found clear development of
compulsive-like behavior and altered white matter maturation in a novel model of quinpirole-induced compulsivity
in adolescent rats, which matched with reported substrates
of early-onset OCD. Our study shows that MRI in animal
models of speciﬁc symptoms of heterogeneous psychiatric
disorders provides unique opportunities to assess the neurodevelopmental aspects and neurobiological substrates
of these symptoms in a well-controlled experimental
design.
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