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Slitrk5 deficiency impairs corticostriatal circuitry and
leads to obsessive-compulsive–like behaviors in mice

© 2010 Nature America, Inc. All rights reserved.
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Obsessive-compulsive disorder (OCD) is a common psychiatric
disorder defined by the presence of obsessive thoughts and
repetitive compulsive actions, and it often encompasses anxiety
and depressive symptoms1,2. Recently, the corticostriatal
circuitry has been implicated in the pathogenesis of OCD3,4.
However, the etiology, pathophysiology and molecular basis
of OCD remain unknown. Several studies indicate that the
pathogenesis of OCD has a genetic component5–8. Here we
demonstrate that loss of a neuron-specific transmembrane
protein, SLIT and NTRK-like protein-5 (Slitrk5), leads to
OCD-like behaviors in mice, which manifests as excessive selfgrooming and increased anxiety-like behaviors, and is alleviated
by the selective serotonin reuptake inhibitor fluoxetine. Slitrk5−/−
mice show selective overactivation of the orbitofrontal cortex,
abnormalities in striatal anatomy and cell morphology and
alterations in glutamate receptor composition, which contribute
to deficient corticostriatal neurotransmission. Thus, our studies
identify Slitrk5 as an essential molecule at corticostriatal
synapses and provide a new mouse model of OCD-like behaviors.
There are several disorders that have OCD-like clinical manifestations9, such as obsessive-compulsive disorder, Gilles de la Tourette’s
syndrome and trichotillomania. Recent human genetic analyses have
linked the SLITRK1 gene to Tourette’s syndrome10, although the
underlying mechanisms are not well understood. The Slitrk1 gene
belongs to a new family of six members (Slitrk1–Slitrk6) encoding onepass transmembrane proteins that contain two extracellular leucinerich repeat domains, similar to Slit proteins, and a carboxy-terminal
domain that is similar to Trk neurotrophin receptors. These proteins
have been shown to affect neuronal process outgrowth11,12. Slitrk1knockout mice show increased anxiety-like behaviors but do not show
any other behavioral abnormalities13. Although little is known about
Slitrk1, the function of other members of the Slitrk family remains
even more obscure. By gene expression fingerprinting, we have

previously identified Slitrk5 in hematopoietic progenitors14. Subsequently,
we demonstrated that human SLITRK5 is expressed in leukemias,
embryonic stem cells and subsets of endothelial cells15. However, the
Slitrk5 gene is expressed predominantly in neural tissues12.
We hypothesized that abnormal expression of Slitrk5 may lead
to behavioral phenotypes similar to the involvement of SLITRK1 in
Tourette’s syndrome. To investigate the function of this protein and to
delineate the expression pattern of the Slitrk5 gene in mouse tissues,
we decided to create a knockout mouse by replacing the Slitrk5 gene
with a reporter gene. Analysis of the genomic structure of the Slitrk5
gene revealed that the coding region is localized to a single exon. Using
Velocigene technology16, we replaced the entire encoding exon with
the lacZ gene (Fig. 1a). Expression analysis of lacZ showed that Slitrk5
is widely expressed throughout the central nervous system, including
the cortex and striatum (Fig. 1b). Double staining for the neuronal
marker NeuN showed that in the brain Slitrk5 expression is restricted
to neurons and that the majority of neurons express Slitrk5 (Fig. 1c).
Slitrk5−/− mice were born in accordance with Mendelian distribution. Gross anatomical and thorough histological examination of
young Slitrk5−/− mice did not show any abnormalities. However,
analysis of older Slitrk5−/− mice revealed a behavioral phenotype.
Starting at 3 months of age, Slitrk5−/− mice developed facial hair loss
and severe skin lesions. Over time, these lesions produced ulcerations
with hemorrhage (Fig. 2a). The penetrance of this phenotype increased
with age, and most of the knockout as well as the heterozygous mice
were affected. The lesions in heterozygous mice were similar to those
in homozygous mice, but their emergence was delayed by 7–9 months.
We hypothesized that this phenotype could be the result of excessive
grooming. We did not find the lesions in the wild-type littermates,
even when they were housed in the same cage with Slitrk5−/− mice,
indicating that this phenotype can be attributed to self-grooming.
This type of behavior is similar to that previously observed in mice
deficient for the Sapap3 gene17. Targeted deletion of this gene, which
encodes a postsynaptic scaffold protein, leads to compulsive
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open arms in the elevated-plus-maze test (Supplementary Fig. 1a). This
reduction in exploration could not be explained by changes in locomotor
activity, as there were no significant differences in total distance traveled.
To further assess the behavioral consequences of Slitrk5 inactivation,
we also tested Slitrk5−/− mice in a marble-burying paradigm, a behavioral task that assesses both OCD-like and anxiety-related behaviors. We
found that Slitrk5−/− mice showed an increase in marble-burying behavior
(Supplementary Fig. 1b), which is consistent with our findings that this
knockout mouse models core symptoms in OCD spectrum disorders.
We also assessed motor function in Slitrk5−/− mice by using the cylinder
test and by measuring the latency to fall from a rotarod and found no difference in gross motor skills and no impairment in motor learning compared to wild-type mice, indicating that these functions are not affected in
Slitrk5−/− mice (Supplementary Fig. 2 and Supplementary Fig. 3).
Because corticostriatal circuitry has been previously implicated in
the pathogenesis of OCD, we performed detailed anatomical, histological and functional analyses of cortex and striatum in Slitrk5−/−
mice. Initially, we evaluated the difference in baseline activity of
selected brain regions between wild-type and Slitrk5−/− mice by assessing expression of FosB, an established marker for neural activity18.
We found that FosB was upregulated exclusively in the orbitofrontal
cortex of Slitrk5−/− mice (Fig. 3a,b). Other brain regions such as the
caudate putamen, hippocampus and thalamus did not show upregulation of FosB expression (Supplementary Fig. 4). These findings are
particularly noteworthy, as it has been consistently shown in functional imaging studies that there is an increase in orbitofrontal cortex
activity in individuals with OCD4,19–21. Conversely, alterations in neural
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overgrooming behavior and increased anxiety, which are ameliorated
by selective serotonin reuptake inhibitors17.
We assessed the grooming behavior of Slitrk5−/− mice by counting the
number and duration of grooming events in the knockout and wild-type
littermates before any lesions or hair loss developed to exclude the possibility that the overgrooming was due to irritation in a wound area. Our
data show a significant increase in the duration of grooming events in
Slitrk5−/− mice as compared to their wild-type littermates (Fig. 2b).
As OCD is linked to a deficit in serotonin production, and because
selective serotonin reuptake inhibitors (SSRIs) are the major therapeutic agents for OCD, we sought to test the effect of chronic administration of the SSRI fluoxetine on overgrooming behavior in Slitrk5−/−
mice. Indeed, treatment of Slitrk5−/− mice with fluoxetine led to a significant (P = 0.0009) reduction in the duration of grooming compared
to pretreated mice (Fig. 2b). The duration of grooming in Slitrk5−/−
mice after fluoxetine treatment was the same as in wild-type littermates (Fig. 2b). The duration of grooming events in wild-type mice
was not affected by fluoxetine (Fig. 2b). Thus, treatment of Slitrk5−/−
mice with an SSRI prevents their compulsive behavior.
To determine whether Slitrk5−/− mice show additional behavioral phenotypes that also occur in OCD-related conditions, we assessed anxiety-like
behaviors in these mice. We performed the elevated-plus-maze and the
open-field tests, standard measures of anxiety-like behavior that place
the mice in conflict situations. In comparison with wild-type littermate
mice, Slitrk5−/− mice showed a lower percentage of time spent in the center
compartment and a lower number of entries into the center compartment
in the open-field test (Fig. 2c), and they showed reduced time spent in
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Figure 1 Targeted inactivation of Slitrk5 in mice
and its expression pattern in the mouse brain.
(a) Genomic structure and the design of the
Slitrk5-knockout, lacZ–knock-in mouse. The
entire open reading frame (ORF) is localized
to exon 2 (Ex2); exon 1 (Ex1) is noncoding.
The Slitrk5-encoding region was replaced
with lacZ downstream of the signal sequence
cleavage site. WT, wild-type; KO, knockout.
(b) X-gal staining of mouse brain tissue, showing
ubiquitous expression of lacZ in the gray matter
of the various parts of the brain, including
cortex and striatum. Cx, cortex; St, striatum;
Hp, hippocampus; cc, corpus callosum;
Th, thalamus; Cbl, cerebellum. The higher
magnification image shows the distribution
of lacZ-expressing cells in the striatum of the
Slitrk5-knockout, lacZ–knock-in mouse.
(c) Immunostaining of cortex and striatum
with antibodies to B-galactosidase (anti–B-gal)
and NeuN (anti-NeuN), indicating that the
majority of neurons express Slitrk5.
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Figure 2 Facial lesions, OCD-like behavior and its
alleviation with fluoxetine treatment in Slitrk5knockout mice. (a) Phenotypic characteristic
of Slitrk5−/− mice: excessive grooming leads to
severe facial lesions. (b) Time spent grooming in
Slitrk5−/− mice (n = 9) compared to their wildtype littermates (n = 8) before and after treatment
with fluoxetine. Error bars depict the s.e.m.
(c) Anxiety-related behavior of Slitrk5−/− and WT
mice in the open-field test. Percentage of time
spent in the center and entries into the center of
the open field are shown. All open-field results
are presented as means o s.e.m. determined from
analysis of 20 mice per genotype.
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used fractal dimension analysis to quantify how completely a neuron
fills its dendritic field. There was a significant decrease in dendritic
complexity of striatal neurons in Slitrk5−/− mice (Fig. 3f). Although the
striatum contains two equally abundant subpopulations of medium
spiny neurons, which are classified on the basis of the neuropeptides
that they produce and the dopamine receptors that they express
(D1 and D2), distinguishing between these two types of cells is technically challenging26. However, in our detailed comparative analysis
of 40 randomly selected medium spiny neurons in Slitrk5−/− mice, we
found no evidence for a bimodal distribution in their dendritic complexity (Fig. 3e,f). These data suggest that there is no selective deficit
of arborization in one subpopulation of medium spiny neurons but
rather a general deficit in all medium spiny neurons. Sholl and fractal
dimension analyses of neurons in other brain regions with high
Slitrk5 expression such as dentate granular cells showed no difference
in dendritic branching complexity (Supplementary Fig. 6).
We subsequently assessed the cellular localization of Slitrk5 in striatal
neurons and found Slitrk5 in dendritic spines that are positive for postsynaptic density protein-95 (PSD95) in cocultures of cortical neurons,
isolated from transgenic mice that express enhanced GFP under the control of the human ubiquitin C promoter, and rat striatal neurons infected
with Flag-Slitrk5 lentivirus and transfected with PSD95 fused to mCherry
(Fig. 4a). Next, we examined the expression of glutamate receptors in
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activity in the caudate or thalamus have been less consistently found in
OCD19,21,22. Next, we measured the volume of the striatum relative to the
whole-brain volume by Cavalieri estimation. Our data showed that the
volume of striatum in Slitrk5−/− mice was significantly reduced compared
to wild-type mice (Fig. 3c). In both young and aged Slitrk5−/− mice, the
ratio of striatal volume to the total brain volume was decreased compared
to wild-type mice, whereas volume ratios of other brain structures, such
as the dorsal hippocampus, to the total brain volume were not changed,
indicating that the anatomy of striatum is specifically affected by Slitrk5
deficiency (Fig. 3c and Supplementary Fig. 5). In line with these data, it
has previously been reported that the volume of the striatum is decreased
in some individuals with OCD23–25. However, this finding has not been
consistent across all studies of individuals with OCD in which increased
or no change in striatal volumes have been reported19,21,22.
Because Slitrk family members have been shown to influence neuronal
differentiation10,12, the decreased striatal volume in the Slitrk5−/−
mice might be accounted for by altered neuronal morphology. We
used Golgi staining to visualize individual medium spiny neurons of
the striatum in Slitrk5−/− mice. There was no difference in striatal cell
soma area between Slitrk5−/− mice and their wild-type littermates.
Next, we analyzed dendritic complexity in the same neurons. Sholl
analysis revealed a decrease in dendritic arbor complexity at 50-Mm and
greater distances from the soma in Slitrk5−/− mice (Fig. 3d,e). We also
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Figure 3 Metabolic changes in the cortex and
anatomical defects in the striatum of Slitrk5−/−
mice. (a) Expression of FosB in orbitofrontal cortex
by immunostaining for FosB (red) and with DAPI
(blue). The top images show the distribution of
FosB expression in the various layers of orbitofrontal cortex. The bottom images show a higher
magnification of layer II of FosB immunoreactivity
in nuclei. (b) Quantification of FosB expression in
all layers of the orbitofrontal cortex. (c) Cavalieri
estimation of striatal volume in Slitrk5−/− and
WT mice. (d) Examples of Golgi staining and
Neurolucida reconstruction of striatal medium
spiny neurons in WT and Slitrk5−/− mice. (e) Sholl
analysis of striatal medium spiny neurons in WT and
Slitrk5−/− mice. All results are presented as means
o s.e.m.; 40 neurons per genotype. (f) Fractal
dimension analysis of striatal medium spiny neurons
in Slitrk5−/− and WT mice. All results are presented
as means o s.e.m.; 40 neurons per genotype.
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Figure 4 Deficiency in corticostriatal transmission in Slitrk5−/− mice is mediated by changes in glutamate receptor composition. (a) Immunostaining of
primary striatal rat neurons (infected with Flag-Slitrk5 lentivirus and transfected with PSD95 fused to mCherry (PSD95-cherry)) in culture with cortical
neurons (isolated from transgenic mice that ubiquitously express green fluorescent protein) with Flag-specific antibody (anti-Flag). The arrow points
to a magnified area (bottom images) that represents the synapses between cortical and striatal neurons. (b) Western blot analysis of NMDA and AMPA
receptor subunits in the striatum of 5-month-old Slitrk5−/− and WT mice. The protein amounts are adjusted to the expression of actin. (c) Population spike
amplitude in Slitrk5−/− mice (n = 11, from four mice) and matched WT mice (n = 9, from four mice). The population spike amplitude is significantly lower
in Slitrk5−/− mice, P < 0.01, repeated-measures analysis of variance. The inset shows examples of corticostriatal population spike amplitudes in Slitrk5−/−
mice and matched WT mice. (d) Average paired-pulse ratios of the population spike in Slitrk5−/− mice (n = 17, from five mice) and matched WT mice
(n = 17, from five mice). There is no significant difference in the paired-pulse ratio between Slitrk5−/− mice and wild-type mice.
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the striatum and found that they are downregulated in Slitrk5−/− mice
(Fig. 4b). Indeed, protein amounts of glutamate receptor subunits NR2A,
NR2B, GluR1, and GluR2 were decreased by 20–60%, with no significant
changes in PSD95 amounts (Fig. 4b). We found these changes in both
the total lysates (Fig. 4b) and in PSD-enriched fractions of synaptosomes
(Supplementary Fig. 7).
Given these findings, we investigated whether Slitrk5−/− mice have
deficits in corticostriatal neurotransmission by extracellular recordings in acute striatal slices. We recorded population spikes from striatum by stimulating the white matter between cortex and striatum. We
found a significantly reduced population spike amplitude in Slitrk5−/−
mice (Fig. 4c). We did not observe any difference in paired-pulse
ratios of the population spike in Slitrk5−/− mice and their wild-type
littermates, suggesting that the presynaptic mechanism involved in
paired-pulse facilitation is not responsible for the observed difference
in population spike amplitude (Fig. 4d). Also, we did not observe any
significant difference in fiber volley amplitude, suggesting that cortical axon input is normal in Slitrk5−/− mice (Supplementary Fig. 8).
Taken together, our data demonstrate that targeted inactivation
of Slitrk5 in mice leads to OCD-like behavioral phenotypes, including overgrooming with elements of self-mutilation. Although Slitrk5
expression is widespread in the central nervous system, we found
increased neuronal activity specifically in the orbitofrontal cortex of
Slitrk5−/− mice, which is consistent with functional imaging findings
in humans with OCD that implicated dysregulation of corticostriatal
circuitry23,27, and which has not been reported in previous mouse
models of OCD28,29. In addition, Slitrk5−/− mice have anatomical
deficits in the striatum, such as reduced striatal volume, as well as
decreased dendritic complexity of striatal medium spiny neurons.
Although this region has not been consistently found to be altered
anatomically in people with OCD19,21,22, emerging literature suggests
that striatal dysfunction may underlie behavioral deficits in individuals with OCD27. In this context, it has recently been postulated that
striatal dysfunction, in the presence of orbitofrontal cortex overactivation, could lead to deficits in thalamic filtering or imbalance
in the direct and indirect pathways of the basal ganglia30. Given the
ubiquitous neuronal expression of Slitrk5, this selective effect on the
orbitofrontal cortex and on striatal neurons is hard to explain. On the
one hand, it is reminiscent of the effect of other proteins such as huntingtin, which is also widely expressed in the central nervous system,
but alterations in the huntingtin protein result in functional defects
predominantly in striatal neurons, directly leading to Huntington’s
disease pathology31. On the other hand, it is possible that Slitrk5 may
form a signaling complex with corticostriatal-specific proteins, which
may explain these region-specific effects.
Overall, our data suggest that Slitrk5 may have a central role in the
development of OCD-like behaviors. Although human genetic studies
have implicated another Slitrk family member, SLITRK1, in Tourette’s
syndrome, these associations have not been consistently replicated32,33.
In this context, our studies link Slitrk5 to the core symptoms of OCD:
self-injurious repetitive behavior and increased anxiety. In all, we provide a new mouse model of OCD-like behaviors, involving a previously
uncharacterized neuronal transmembrane protein that modulates
region-specific glutamatergic neurotransmission. This model can be
used to further dissect the role of Slitrk5 in molecular pathways underlying the pathogenesis of obsessive-compulsive behaviors.
METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.
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Note: Supplementary information is available on the Nature Medicine website.
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Mice. All experiments were approved by the Animal Care and Use Committee
of the Weill Cornell Medical College. We generated Slitrk5−/− mice with the
previously described high-throughput VelociGene16. The expression pattern
of Slitrk5 was determined by the detection of B-galactosidase activity. Detailed
methods are located in the Supplementary Methods. All experiments were
performed blinded to genotype.
Tissue processing and immunostaining. We transcardially perfused mice and
postfixed the brains with 4% paraformaldehyde and obtained 40-Mm serial
coronal frozen sections. For immunofluorescence, we stained free-floating
sections with antibodies to B-galactosidase (2 Mg ml−1, Chemicon) and to
NeuN (1 Mg ml−1, Chemicon) and detected with Alexa-conjugated secondary
antibodies (2 Mg ml−1, Invitrogen). Nissl staining was performed as described
previously34. For staining of neurons in culture, striatal neurons grown on
glass coverslips (8 d in vitro) were fixed in 3.7% paraformaldehyde and permeabilized with 0.2% Triton X-100. We used Flag-specific antibody (1 in
1,000, Sigma) and Alexa-conjugated secondary antibodies (Invitrogen) for
the detection in coimmunofluorescence experiments. We used lipofectamine
(Invitrogen) to transfect striatal neurons with PSD95 fused to mCherry (a kind
gift from Dr. R.H. Edwards).
Behavioral analysis and fluoxetine treatment. We performed 20-min videotaping sessions on 3-month-old mice for 2 consecutive days at 9:30, 13:30,
16:30 and 19:00. We treated the mice for 21 d with fluoxetine (Sigma) delivered
in the drinking water as previously described34. Detailed methodology can be
found in the Supplementary Methods.
Open-field test. The open-field test was performed as previously described34.
Detailed methodology can be found in the Supplementary Methods.

Electrophysiology. We killed 4-month-old mice by pentobarbital anesthesia
to obtain corticostriatal slices for electrophysiological recordings. Coronal
brain slices (400 Mm) were made on a vibrotome (Campden Instruments) and
submerged in artificial cerebrospinal fluid in a brain-slice keeper (Scientific
Systems Design) for 90 min at 25 °C and gassed with 95% O2, 5% CO2 before
transfer to the recording chamber35. The artificial cerebrospinal fluid contained 118 mM NaCl, 2.5 mM KCl, 10 mM glucose, 1 mM NaH2PO4, 3 mM
CaCl2, 2 mM MgCl2 and 25 mM NaHCO3. 100 MM picrotoxin was included in
the recording solution. Recording electrodes were filled with 2 M NaCl solution, and population spikes were recorded from the striatum with the IE-210
amplifier (Warner Instruments) using Digidata 1440A and pClamp 10 software (Molecular Devices) at 32 °C. For synaptic stimulation, we placed bipolar
electrodes in the white matter between the cortex and the striatum to activate
corticostriatal fibers35. Population spike amplitude was calculated by the mean
of the amplitude from the first peak positivity to the peak negativity of the
population spike and the amplitude of the peak negativity of the population
spike to the second peak positivity36,37. The presynaptic fiber volley amplitude
was measured as a difference between the initial positive and the following
negative peak. Three consecutive responses were averaged for measuring the
spike and fiber volley amplitude. Paired-pulse responses were evoked at interstimulus intervals of 20, 40, 80, 120 and 200 ms using a stimulation intensity
of 0.9 mA. Paired-pulse ratio is defined as the ratio of second population spike
amplitude to the first population spike amplitude. Population spike amplitudes were analyzed by Clampfit software (Molecular Devices).
Neuronal culture. Rat primary striatal neuron cultures were prepared as
described previously, with a few modifications38. Detailed methodology can
be found in the Supplementary Methods.
Immunoblotting. Immunoblotting was performed as previously described38
with antibodies to the following proteins: NR2A (Covance), NR2B (Invitrogen),
GluR1, GluR2, NR1, PSD95 (all Chemicon) and actin (Santa Cruz). Detailed
methodology can be found in the Supplementary Methods.

Stereological volume and cell density estimations. Volume and cell
density estimations were performed with the Stereoinvestigator System
(Microbrightfield). After systemic random sampling, we traced brain structures using the Allen Mouse Brain Map as a reference. Striatal and total brain
volumes were calculated based on traced contours by the Cavalieri estimation
method. Fractionator probe was used for the stereological estimation of cell
density (Supplementary Fig. 9). Detailed methodology can be found in the
Supplementary Methods.

Statistical analyses. Data are shown as means o s.e.m. We used Student’s t test to
calculate statistical significance between group differences. Significance was set at
P < 0.05. We used two-way ANOVA with repeated measures to analyze behavioral
performance in the rotarod test and electrophysiological studies. We performed
data analysis using Prism 4.0 (GraphPad software) for neuron tracing.

Golgi impregnation and tracing. We impregnated fresh brains in Golgi-cox using
the FD Rapid GolgiStain Kit (Neurodigitech) solution for 14 d at 25 °C in the
dark and then transferred them to 30% sucrose at 4 °C for 72 h. We prepared
150-Mm coronal serial sections with a vibrotome; slides were soaked in 50%
sucrose and air-dried for 72 h in the dark. Quantitative microscopy was performed
on a Microbrightfield imaging system (Microbrightfield). Two hundred striatal
neurons were chosen by systemic random sampling, and 40 ‘traceable’ neurons
for each genotype were reconstructed three dimensionally with the Neurolucida
system. The morphological traits of cells were analyzed with Neuroexplorer.
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