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Abstract

Chemokines play important roles in the central nervous system, including mediating 

neuroinflammation and guiding the intracortical migration of interneurons during development. 

Alteration in parvalbumin-positive interneurons is a key neuropathological hallmark of multiple 

mental conditions. We recently reported a significant reduction in the expression of CXCL12 in 

olfactory neurons from sporadic cases with schizophrenia compared with matched controls, 

suggesting a role for CXCR4/CXCL12 signaling in mental conditions. Thus, we depleted the 

chemokine receptor Cxcr4 from mice using the parvalbumin-2A-Cre line. The conditional 

knockout mice exhibited a unique behavioral phenotype involving increased stereotypy. 

Stereotypy is observed in many psychiatric conditions, including schizophrenia, autism, and 

dementia. Thus, the Cxcr4 conditional knockout mice may serve as a model for this symptomatic 

feature.

Chemotactic cytokines, or chemokines, play several important roles in the central nervous 

system (Adler et al., 2005; Mithal et al., 2012). They mediate the infiltration of leukocytes 

into the central nervous system during neuropathology (Jaerve and Muller 2012) and may 

also be involved in neurogenesis, neuroprotection, and neurotransmission (Edman et al., 

2008; Guyon 2014). During development, the chemokine CXCL12 (also called stromal cell 

derived factor-1 or SDF-1) and its receptor CXCR4 guide the tangential intracortical 

migration of GABAergic interneurons to their correct laminar positions (Stumm et al., 2003; 

Lopez-Bendito et al., 2008). In addition to its role in the pathology of multiple sclerosis, 

Alzheimer's disease, and HIV-associated dementia, we have previously reported altered 

expression of the CXCR4/CXCL12 cascade in olfactory neurons from sporadic 

schizophrenia patients (Toritsuka et al., 2013).

Cxcr4 is constitutively expressed throughout the brain in neurons, astrocytes, and to a lesser 

extent microglia (Banisadr et al., 2002). Among cortical interneurons, Cxcr4 is especially 

critical for the migration of PV-positive interneurons (Zhao et al., 2008; Wang et al., 2010; 

Meechan et al., 2012). However, the postnatal expression of Cxcr4 in PV neurons may be 

relatively low (Stumm et al., 2007). As far as we are aware, the influence of CXCR4 on 
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behavior has been addressed only with Sox1-Cre;Cxcr4fl/fl mice, in which Cxcr4 is deleted 

in neural stem and progenitor cells, including populations in the lateral ventricle walls, 

dentate gyrus, and Purkinje cell layer of the cerebellum. That study focused on the 

cerebellum and detected abnormal motor behaviors (Huang et al., 2014). In contrast, here we 

address the influence of Cxcr4 on a variety of behaviors relevant to multiple dimensions of 

mental disorders (Cuthbert and Insel 2013). We thus aim to examine the specific effect of 

Cxcr4-mediated PV-positive neuron deficits on behavior.

We intended to genetically deplete Cxcr4 in PV-positive neurons by crossing floxed Cxcr4 
mice [B6.129P2-Cxcr4tm2Yzo/J mice (Jax 008767)] (Nie et al., 2004) with B6.Cg-

Pvalbtm1.1(cre)Aibs/J mice (Jax 012358) (Madisen et al., 2010). Experiments were performed 

with homozygous conditional Cxcr4 knockout males and their wild-type littermate controls. 

All animal experiments were carried out in accordance with the National Institute of Health 

Guide for Care and Use of Laboratory Animals (NIH Publications No. 823) and were 

approved by the Johns Hopkins IACUC.

We tested adult males (at least 3 months old) in the following sequence of behavioral tests: 

open field, Y maze, three-chamber sociability, prepulse inhibition, and forced swim. Tests 

were performed from less to more stressful and approximately one week apart to minimize 

inter-trial interference.

In the open field paradigm, each mouse was allowed to roam freely in a novel open field box 

(40 cm × 40 cm; San Diego Instruments, San Diego, CA) for 2 h. Horizontal and vertical 

locomotion and fine (stereotypic) movements were automatically recorded by an infrared 

activity monitor (San Diego Instruments). Single beam breaks are reported as “counts.” PV-

Cxcr4-/- mice showed hyperlocomotion over the whole 2 h (Fig. 1A, left) and their 

horizontal activity was higher than that of controls at all time points (Fig. 1A, right). Both 

PV-Cxcr4-/- mice and controls showed normal habituation of horizontal activity throughout 

the test period. Although vertical movements (rearing) were slightly increased in the PV-

Cxcr4-/- mice, there was no significant difference from controls (Fig. 1B). PV-Cxcr4-/- mice 

showed increased fine/stereotypic movements compared to controls during the second hour, 

suggesting abnormally slow habituation (Fig. 1C). Both groups spent a similar amount of 

time in the anxiogenic center of the open field vs. the safer periphery during the first 5 min 

(Fig. 1D).

In the Y-maze paradigm, we recorded arm entries for each mouse over a 5 min free 

exploration period in a Y-shaped maze. Spontaneous alternation was calculated as the 

percentage of triads of successive arm entries containing entries into all three arms. PV-

Cxcr4-/- mice had a higher number of arm entries, supporting our conclusion of 

hyperactivity seen in the open field test (Fig. 2A, left). However, they did not differ from the 

controls in the percentage of alternations between the three arms of the maze, suggesting 

normal short-term spatial memory (Fig. 2A, right).

Following the open field and Y-maze, we conducted the three-chamber sociability test. Mice 

were habituated to the three-chamber apparatus for three consecutive days prior to the 

experiment by being allowed to freely roam the apparatus for 10 min. The experiment 
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consisted of a 5 min habituation period followed by a 10 min trial to measure sociability. A 

young, unfamiliar mouse of the same background and sex as the experimental mice was 

placed in an enclosure in one of the side chambers while the enclosure in the other side 

chamber was left empty. Mice will normally interact with the enclosure containing the 

unfamiliar mouse more than the empty enclosure. In contrast to control mice, PV-Cxcr4-/- 

mice did not significantly prefer to interact with the stranger over the empty enclosure, 

suggesting reduced sociability (Fig. 2B).

We next examined prepulse inhibition of the startle response. Acoustic startle and prepulse 

inhibition responses were measured in a startle chamber (San Diego Instruments). Each 

mouse was subjected to six pseudorandomly-distributed sets of three trial types: pulse-alone 

trials, prepulse-pulse trials, and no-stimulus trials. The pulse used was 120 dB and the 

prepulses were 74, 78, 82, 86, and 90 dB emitted over a constant background noise of 70 dB. 

PV-Cxcr4-/- mice showed normal startle response (Fig. 2C, left) and prepulse inhibition, 

suggesting normal sensorimotor gating (Fig. 2C, right).

Lastly, we conducted a forced swim test in which each mouse was placed into a large glass 

beaker containing room-temperature water for 6 min. We recorded the length of time spent 

swimming vs. immobile. PV-Cxcr4-/- mice did not differ from controls in percentage of time 

spent immobile, suggesting that they are not more or less prone to developing learned 

helplessness (Fig. 2D).

We used the Student's t-test for statistical analysis of the open field, Y maze, and forced 

swim assays, and two-way repeated measures ANOVA for the sociability and prepulse 

inhibition assays. p<0.05 was considered significant.

To summarize, PV-Cxcr4-/- mice were hyperactive in the open field and showed impaired 

sociability. Among these phenotypes, the increased stereotypic movement caught our 

attention. We therefore compared this feature to other mouse models we have tested 

similarly in the past (Fig. 3). Over the 2 h in the open field, we found that Pcm1 
haploinsufficient mice (Zoubovsky et al., 2015) showed very similar stereotypic movement 

to wild-type littermate controls (Fig. 3B); Disc1 locus impairment mice (Shahani et al., 

2015) showed a non-significant trend towards less stereotypic movement than controls (Fig. 

3C); and Pick1 knockout mice (Nomura et al., 2015) showed significantly less stereotypic 

movement than controls, although they showed hyperlocomotion over part of the time (Fig. 

3D).

In the present study, we aimed to explore the role of Cxcr4 in behaviors relevant for mental 

conditions. As far as we are aware, there was only one study that addressed the effect of 

Cxcr4 on behavior, but focused on motor functions by using a Sox1-Cre line (Huang et al. 

2014). In contrast, Cxcr4 conditional knockout mice we used here exhibited a unique 

behavioral phenotype involving increased stereotypy. Stereotypy is observed in many 

psychiatric conditions, including schizophrenia, autism, and dementia. We propose that the 

increased stereotypy in the present Cxcr4 model is relatively unique among several mouse 

models relevant to schizophrenia and psychosis.
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Since the primary goal was to study behavioral deficits, we selected the strategy of cross-

breeding floxed Cxcr4 mice [B6.129P2-Cxcr4tm2Yzo/J mice (Jax 008767)] with B6.Cg-

Pvalbtm1.1(cre)Aibs/J mice (Jax 012358) to maintain C57BL/6J background. However, we 

need to state potential limitation in the choice of the mouse line. Due to the high efficiency 

of the 2A sequence in mediating bicistronic translation, it may drive Cre expression not only 

in interneurons where the levels of PV expression is high, but also in other neuronal 

populations and germ cells in which the levels of PV expression is lower (Madisen et al. 

2010; Kobayashi and Hensch 2013). In order to address the question whether Cxcr4 in PV-

positive interneurons is specifically important for stereotypical behavior, another Cre line 

(more specific to PV interneuron in its expression) (Hippenmeyer et al., 2005) will be useful. 

At least at present, the line under the C57BL/6J background is not commercially available. 

Thus, to carry out reliable behavioral assessment, we may need to adjust the genetic 

background by backcross breeding. Alternatively, we may employ stereotaxic injection of a 

viral vector that can express Cre under PV promoter into the forebrain. Testing of stereotypy 

in conventional Cxcr4+/- could also provide a useful comparison to assess the role of Cxcr4 

specific to PV neurons.

Comparison of stereotypic movement among several different genetically engineered mouse 

models revealed that the present PV-Cxcr4-/- mice demonstrate uniquely increased 

stereotypic movement. Mutations in PV-positive neurons are not always associated with the 

stereotypic phenotype. For example, mice with PV-specific knockout of the NMDA receptor 

subunit NR1 showed normal stereotypic behavior (Carlen et al., 2012). We also note that 

knockout of TrkB in PV-positive neurons showed increased stereotypy (Lucas et al., 2014).

Locomotor activity is thought to be associated with the mesocorticolimbic dopamine 

pathway, whereas fine movements involved in stereotypy are thought to be associated with 

the nigrostriatal dopamine pathway (Broderick 2002). Accordingly, dopamine agonists can 

induce hyperlocomotion and stereotypy. Dopamine transporter knockout mice also show 

hyperlocomotion and increased stereotypic movements in the open field (Wong et al., 2012). 

Our primary hypothesis is that the depletion of Cxcr4 from PV-interneurons may be a major 

driver for stereotypy in the present model. Nonetheless, we do not exclude the possibility 

that the stereotypy may be driven by depletion of Cxcr4 from the dopaminergic system. 

Indeed, Cxcr4 is reportedly expressed in the dopaminergic system including the substansia 

nigra (Banisadr et al. 2002), and Sdf1/Cxcl12 could increase dopamine release (Skrzydelski 

et al., 2007).

Stereotypy is observed in many psychiatric conditions, including schizophrenia, autism, 

ADHD, obsessive-compulsive disorder, and Tourette's syndrome (Ghosh et al., 2013). 

Recent nosology in psychiatry has introduced, instead of classic categorical approaches, 

dimensional approaches in which mechanisms for each behavioral construct are investigated 

at the molecular, cellular, and circuitry levels (Cuthbert and Insel 2013). Furthermore, recent 

genetic studies have indicated that each categorized disease (e.g., schizophrenia, autism, and 

ADHD) may not be mutually exclusive but overlap with each other in ethological viewpoint 

(Owen 2014). Thus, the present model that focuses on a unique behavioral construct (e.g., 

stereotypy) may be useful to address a key mechanism for the behavioral changes underlying 

more than one psychiatric conditions.
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Highlights

• We studied the behavioral effects of deleting Cxcr4 using parvalbumin-2A-Cre

• PV-Cxcr4-/- mice showed increased stereotypical movements in an open field

• PV-Cxcr4-/- may serve as a model for increased stereotypy
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Fig. 1. 
Behavior of PV-Cxcr4-/- mice in a novel open field. (A) Cxcr4 mice were hyperactive in the 

open field as measured by horizontal locomotion. Left, total counts over the 2 h, **p<0.01. 

Right, locomotion over time, two-way repeated measures ANOVA showed a significant 

effect of the genotype: F(1,26)=6.26, *p<0.05. (B) Cxcr4 mice did not differ significantly 

from control mice in rearing over the 2 h. (C) Cxcr4 mice made more fine/stereotypic 

movements during the second h in the open field. Two-way repeated measures ANOVA: 

significant genotype × time interaction, F(23,598)=2.24, ***p<0.001. Bonferroni post-hoc 

analysis indicated a significant difference in the fine movements in the 5 min interval 80-85 

min, p<0.05. (D) Cxcr4 mice did not differ from control mice in percentage time spent in the 

center of the open field during the first 5 min, suggesting no difference in anxiety.
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Fig. 2. 
Behavior of PV-Cxcr4-/- mice in additional standard assays. (A) Cxcr4 had more arm entries 

in the Y-maze (left, *p<0.05), but showed no difference in percentage of alternations, 

suggesting normal short term spatial memory. (B) In contrast to control mice, which showed 

a clear preference for interacting with a stranger mouse over an empty enclosure, Cxcr4 

mice did not show a significant preference. Bonferroni post-hoc comparison for empty vs. 

stranger following two way repeated measures ANOVA: Ctrl, p**<0.01; Cxcr4, non-

significant. (C) Cxcr4 mice did not differ from control mice in startle response to a 120 dB 

stimulus or in prepulse inhibition of acoustic startle.
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Fig. 3. 
Comparison of fine/stereotypic movements over 2 h in a novel open field among four brain 

oriented genetically engineered mouse models. (A) PV-Cxcr4-/- mice showed a strong trend 

of increased fine movements, p=0.063. (B) Pcm1 haploinsufficient mice made fine 

movements at a level very similar to that of WT littermate controls. (C) Disc1 locus 

impairment (LI) mice showed a non-significant trend of decreased fine movements. (D) 
Pick1 knockout mice had significantly lower fine movements that WT littermates, *p<0.05.
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