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Mutations in the SRGAP3 gene residing on
chromosome 3p25 have previously been associated with
intellectual disability. Genome-wide association studies
have also revealed SRGAP3, together with genes from the
same cellular network, as risk genes for schizophrenia.
SRGAP3 regulates cytoskeletal dynamics through the
RHO protein RAC1. RHO proteins are known to be
involved in cytoskeletal reorganization during brain development to control processes such as synaptic plasticity. To
elucidate the importance of SRGAP3 in brain development, we generated Srgap3-knockout mice. Ten percent
of these mice developed a hydrocephalus and died before
adulthood. Surviving mice showed various neuroanatomical changes, including enlarged lateral ventricles, white
matter tracts, and dendritic spines together with
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molecular changes, including an increased basal activity of RAC1. Srgap3ⴚ/ⴚ mice additionally exhibited a complex behavioral phenotype. Behavioral
studies revealed an impaired spontaneous alternation and social behavior, while long-term memory was
unchanged. The animals also had tics. Lower locomotor activity was observed in male Srgap3ⴚ/ⴚ only.
Srgap3ⴚ/ⴚ mice showed increased methylphenidate
stimulation in males and an impaired prepulse inhibition in females. Together, the results show neurodevelopmental aberration in Srgap3ⴚ/ⴚ mice, with
many of the observed phenotypes matching several
schizophrenia-related intermediate phenotypes. Mutations of SRGAP3 may thus contribute to various neurodevelopmental disorders. Waltereit, R., Leimer, U., von
Bohlen und Halbach, O., Panke, J., Hölter, S. M., Garrett,
L., Wittig, K., Schneider, M., Schmitt, C., Calzada-Wack,
J., Neff, F., Becker, L., Prehn, C., Kutscherjawy, S.,
Endris, V., Bacon, C., Fuchs, H., Gailus-Durner, V.,
Berger, S., Schönig, K., Adamski, J., Klopstock, T., Esposito, I., Wurst, W., Hrabě de Angelis, M., Rappold, G.,
Wieland, T., Bartsch, D. Srgap3ⴚ/ⴚ mice present a neurodevelopmental disorder with schizophrenia-related intermediate phenotypes. FASEB J. 26, 000 – 000 (2012).
www.fasebj.org
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Rho GTPase proteins play essential roles in the development and plasticity of the nervous system. Ras homolog gene family, member A (RHOA), Ras-related C3
botulinum toxin substrate 1 (RAC1), and cell division
control protein 42 homolog (CDC42) regulate actin
dynamics during neuronal development to control
neuronal migration, axonal growth, and dendritic
branching (1, 2). In mature neurons, they are involved
in structural changes of dendritic spines during synaptic plasticity (3–7). RHO GTPases cycle between an
active GTP-bound state and an inactive GDP-bound
state. Dysfunction of RHO GTPases has been associated
with several psychiatric and neurological diseases (1, 6).
Of those, intellectual disability (previously called mental retardation) seems to be the most prominent clinical manifestation of aberrant RHO signaling (8 –13).
The 3p⫺ syndrome is caused by deletions affecting
many genes at the terminal end of chromosome 3p and
is characterized by intellectual disability, microcephalus, muscle hypotonia, growth failure, heart and renal
defects, and facial abnormalities (14). Our study began
with the discovery of a balanced translocation, with one
breakpoint mapping within the chromosomal 3p25
interval, in a female patient exhibiting “severe mental
retardation,” muscle hypotonia, and facial abnormalities. The translocation breakpoint was between exons 3
and 4 of the SRGAP3 gene, which encodes SLIT-ROBO
RHO GTPase-activating protein 3 (SRGAP3), also
termed mental disorder-associated GTPase-activating
protein (MEGAP). SRGAP3 is highly expressed in fetal
and adult brain, including the cortex and the hippocampus (15, 16). In vitro it strongly activates intrinsic
RAC1-GTPase activity and, to a lesser extent, CDC42
(17–19). The “severe mental retardation” used to describe the psychopathology of this patient was not
defined by intelligence quotient (IQ) testing. Instead,
the term relates here to a clinical diagnosis of severe
psychomotoric retardation, attention deficits, and absence of speech (17). In an independent study, another
patient was described with a mutation in exon 8 of the
SRGAP3 gene that led to the expression of a truncated
SRGAP3 protein, and this patient had normal intelligence (20). Therefore, it is not clear whether loss of
SRGAP3 function is causative for the cognitive impairment seen in patients with 3p⫺ syndrome.
Recent genome-wide association studies have revealed a significant overlap in the genes that lead to
intellectual disability, autism, and schizophrenia,
with a focus on shared trajectories in neurodevelopmental processes and synaptic plasticity (21–25). As
individual genes can contribute to multiple neurodevelopmental disorders, SRGAP3 may not be restricted
to intellectual disability alone. A rank-based genome
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scan meta-analysis revealed rank three for the region
3p25.3-p22.1 for schizophrenia (26). Childhood-onset
schizophrenia (COS) is a rare and severe form of
schizophrenia with some similarities to autism. Within a
sample of 105 patients with COS, rare copy number
variations (CNVs) in SRGAP3 were identified among a
few other genes (27). Sixty-six de novo CNVs were
identified in 1433 individuals with schizophrenia, and
one of the affected genes encoded for cytoplasmic
FMR1-interacting protein 1 (CYFIP1), which interacts
with RAC1 (28). In addition, the schizophrenia risk
factor disrupted in schizophrenia 1 (DISC1) regulates
glutamatergic synapse formation via RAC1 (29).
To investigate the possibility that disruption of the
SRGAP3 gene causes neurodevelopmental disorders,
we assessed the neuroanatomical and behavioral
phenotype of Srgap3-deficient mice, which mimicked
the translocation breakpoint described in the patient
(17). Srgap3-deficient animals were also assessed in a
systemic primary phenotypic screen at the German
Mouse Clinic (30). The full data set from this screen
is available at the Europhenome website (http://
www.europhenome.org).

MATERIALS AND METHODS
Generation of knockout mice
The genomic mouse PAC clone RPCIP711J22374Q2 (Library
RPCI-21; RZPD, Berlin, Germany) was used as a template to
amplify the 3= end of Srgap3 exon 3 by PCR using the
oligonucleotide sequences 5=-ATAAGAATGCGGCCGCAGCCCAGGGGACTCTCAGG-3= and 5=-GCACCTCGAGTTATTACTTTTTGAAGAGTCTGATGACATCTTC-3=, at the same
time introducing a stop-codon. The final targeting construct
consisted of the mutated sequence and an additional 5-kb
homology region upstream of Srgap3 exon 3 and a 2-kb
homology region downstream. Using standard methods, targeted R1 embryonic stem cells (31) were injected into murine
blastocysts and implanted into pseudopregnant recipients.
Chimeric mice were crossed with C57BL/6J mice. To remove
the FRT-flanked Neo resistance cassette, mice were crossed
with FLP-deleter mice [Tg(ACTFLPe)9205Dym/J]. The resulting Srgap3-knockout mice were backcrossed with C57BL/6J
mice for 6 to 8 generations.
Animals
Mice were housed under a 12-h reversed day-night cycle. All
testing took place during the night phase. Wild-type and
Srgap3⫺/⫺ genotypes were determined by PCR. Primers specific to the wild-type allele were 5=-TCAACGACATCTTCATGAAC-3= and 5=-AAAGAGACCCAGGGCAGATA-3=, resulting
in a 108-bp PCR product. Primers specific to the mutated
Srgap3⫺/⫺ allele were 5=-CCCTTAATTAACCGGTGAAG-3=
and 5=-AAAGGTTTTTATTCCTGTGG-3=, resulting in a
200-bp PCR product. PCR conditions were 94°C for 30 s, 56°C
for 1 min, and 72°C for 1 min for 35 cycles. In all experiments, littermates with similar distribution to Srgap3⫺/⫺ and
wild-type and similar age were used. If not stated otherwise,
animals were ⱖ12 but ⱕ40 wk old. All experimental procedures were performed according to permission obtained
from local state authorities.
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Pathology and histopathology

Quantitative Western blot analysis

Gross and histological analyses were performed at the age of
17–20 wk (Srgap3⫺/⫺: males n⫽8, females n⫽8; wild-type littermates: males n⫽8, females n⫽8). Animals were analyzed
macroscopically (see http://eulep.pdn.cam.ac.uk/
necropsy_of_the_mouse/index.php). The weights of the heart,
spleen, and liver were determined. All organs were fixed in 4%
buffered formalin, embedded in paraffin, and cut and stained
with hematoxylin and eosin for histological evaluation. Sections
were independently reviewed and interpreted by a neuropathologist (F.N.) and a medical scientist experienced in mouse
pathology (J.C.-W.).

Whole cortices were frozen in liquid nitrogen, sonicated in
protein lysis buffer, and immunoblotted (36). Blots were
hybridized with mouse monoclonal anti-phospho-p44/42MAPK (1:2000) and rehybridized after stripping with rabbit
polyclonal anti-p44/42-MAPK (1:1000) antibodies (Cell Signaling Technology, Beverly, MA, USA). The polyclonal antibody against SRGAP3 was raised in rabbit using synthetic
peptides (NH2-CHELRELERQNTVKQ-CONH2). The antibody was purified over a SRGAP3-conjugated Sepharose 4B
column (Pineda Antibody Service, Berlin, Germany). Signals
on autoradiographs were quantified with a densitometer.

Analysis of fiber tracts

RAC1 activity

Serial coronal brain sections (30 m thick), derived from
Srgap3⫺/⫺ (n⫽4) and wild-type (n⫽4) mice, were made using
a vibratome (Leica VT1000; Leica Microsystems, Wetzlar,
Germany). Sections were stained using the BrainStain Imaging kit (Molecular Probes, Eugene, OR, USA), according to
the supplier’s protocol. Stained sections were mounted in
fluorescent mounting medium (Dako, Carpinteria, CA,
USA). Regions of interest from one focal plane were captured
by an Axiocam video camera (Zeiss, Oberkochen, Germany)
mounted on an Axioplan 2 imaging microscope (Zeiss),
under the control of the Axiovision 3.1 software (Zeiss). The
mean thickness was analyzed using ImageTool 3.0 (University
of Texas Health Science Center at San Antonio, San Antonio,
TX, USA). Statistical analysis (unpaired t test) was performed
using Prism 5.03 (Graph Pad, San Diego, CA, USA).

Mouse embryonic fibroblasts (MEFs) were isolated and cultured according to standard protocols (37). Wild-type and
Srgap3⫺/⫺ embryos were harvested at embryonic day (E) 13.5,
and a cell suspension was prepared from the embryonic
tissue. MEFs were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% FBS. The cellular level of
GTP-loaded RAC1 was determined essentially as described
previously (38, 39). In brief, MEFs from wild-type and Srgap3⫺/⫺
mice were grown to confluency in 6-cm dishes, serum starved
for 24 h, and then treated with 50 ng/ml platelet-derived
growth factor (PDGF; Sigma-Aldrich, St. Louis, MO, USA) for
1 min at 37°C. Thereafter, the cells were lysed, and the
RAC1-containing supernatant was then incubated for 1 h at
4°C with a GST fusion protein containing the binding domain
of p21 protein (Cdc42/Rac)-activated kinase 1 (PAK1) bound
to magnetic glutathione Sepharose beads. The beads were
washed and separated by SDS-PAGE. Rac1 was detected by
immunoblotting with anti-RAC1 antibody (BD Transduction
Laboratories, Lexington, KY, USA).

Golgi-Cox staining and dendritic spine analysis
Brains were impregnated according to the Golgi-Cox procedure (32) using Rapid GolgiStain reagents (FD NeuroTechnologies, Columbia, MD, USA) and cut at 100 m. Analysis of
dendritic spines was conducted in a blinded procedure. Only
tertiary dendrites were evaluated, which displayed no breaks
in their staining and were not obscured by other neurons or
artifacts. Only one segment per individual dendritic branch
and neuron was chosen for the analysis. Three-dimensional
reconstruction and evaluation were performed using NeuroLucida (Microbrightfields, Williston, VT, USA), as described
previously (33). The N values for the statistical analysis
(unpaired t test) were based on animal numbers (N) and not
on numbers of analyzed elements (n). Sampling was optimized to produce a coefficient of error (CE) under the
observed biological variance (34). Spines were grouped into
very short (ⱕ0.5 m), short (⬎0.5 to ⱕ1 m), medium (⬎1
to ⱕ1.5 m), long (⬎1.5 to ⱕ2 m) and very long (⬎2 m)
spines. Data were analyzed (2-way ANOVA followed by Bonferroni post hoc test) using Prism 5.03 (Graph Pad).
Clinical chemistry, energy metabolism, and steroid
metabolism
These parameters were determined as described previously
(35). Clinical chemistry consisted of white blood cell (WBC),
red blood cell (RBC), platelet, hemoglobin, hematocrit,
mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), calcium, albumin, transferrin, cholesterol,
triglyceride, and glucose assays. Energy metabolism assessed
body weight, rectal body temperature, food intake, mean
oxygen consumption, mean respiratory quotient, and minimal oxygen consumption. Steroid metabolism comprised
dehydroepiandrosterone (DHEA) and testosterone.
NEURODEVELOPMENTAL DISORDER IN Srgap3⫺/⫺ MICE

Neurological examination
Standardized neurological analysis of transgenic mice has
been described previously (35, 40). Systematic observation
was performed, according to a modified SmithKline Beecham, Harwell, Imperial College, and Royal London Hospital
phenotype assessment (SHIRPA) protocol (41) for the assessment of basic neurological functions. Grip strength was
analyzed by measuring the force a mouse applies to a grid
attached to a force meter. Coordination and balance were
determined with an accelerating rotarod (4 to 40 rpm in 5
min) in 3 trials with 15-min intertrial intervals.
Behavioral tests
Open-field and methylphenidate challenge
Eight chambers of equal size (48⫻48⫻40 cm) had dark floors
and transparent walls. The chambers were surrounded with
photobeam sensor rings, at 1 and 6 cm above the floor, which
detected all movements (TruScan, Coulbourn Instruments,
Allentown, GA, USA). Locomotor activity was monitored for
150 min, and signals were analyzed using TruScan software.
After 30 min in the arena, mice received an intraperitoneal
injection with 7.5 mg/kg methylphenidate (dissolved in PBS;
Sigma-Aldrich) or vehicle control.
Y maze
The apparatus had an arm length of 32.5 cm, an arm width of
8.5 cm, and a height of 15 cm. It was made from light gray
3

PVC. Arms were covered with Plexiglas. The room was
illuminated at 30 lux. The mouse was placed in the middle of
the maze, and the experimenter left the room. Movements
were recorded with a digital video camera for 5 min and
analyzed manually by a trained observer. Entries into arms,
including the whole body, were analyzed for their alternating
behavior as blocks of 3 entries.
Prepulse inhibition (PPI)
PPI of the acoustic startle reflex (ASR) was assessed using a
startle apparatus setup (Med Associates, St. Albans, VT, USA),
including 4 identical sound-attenuating cubicles. The protocol used was based on the Eumorphia protocol (see http://
www.empress.har.mrc.ac.uk), adapted to the specifications of
our startle equipment, as described previously (42). Background noise (NS, no stimulus) was 65 dB, and trial types for
ASR included 7 different stimulus intensities (NS, 70, 80, 90,
100, 110, 120 dB). Trial types for PPI included 4 different
prepulse intensities (67, 69, 73, 81 dB); each prepulse preceding the startle pulse (110 dB) by a 50-ms interstimulus
interval.
Social interaction
Social interaction was assessed in the open field (43). Animals
were allowed to explore the test arena freely for 2 min before
the social partner (male juvenile mouse, 6 wk old) was
presented for 5 min. Behavior was videotaped, and the
following elements were quantified by a trained observer in a
blinded procedure: social behavior [contact behavior
(grooming, crawling over), social exploration (anogenital
and nonanogenital investigation), and approach and following], social avoidance/anxiety-related behavior (evasion on
social contact and occurrence of stretched-attend posture),
and self-grooming behavior.
Statistics
If not stated otherwise, graphs show means ⫾ se and significant results from 2-way ANOVA. Significant results from
Bonferroni post hoc tests are indicated in the graphs as well.
Differences were considered statistically significant at values
of P ⬍ 0.05.

RESULTS
Generation of Srgap3ⴚ/ⴚ mice
We generated mice carrying a stop codon at the end of
the 163-bp exon 3 of Srgap3 by gene targeting (Fig. 1A).
The mutation resembled the breakpoint of the t(3;
X)(p25;p11) translocation reported by Endris et al.
(17). SRGAP3 is normally expressed in adult cortex of
wild-type mice (15–17). We were able to show an
apparent loss of SRGAP3 in the cortex of Srgap3⫺/⫺
mice (Fig. 1B, C). By the knockout strategy applied, it
could not be ruled out that a peptide comprising the
first 141 of 1099 aa of SRGAP3 was still expressed, but
because of strong homology with SRGAP1 and SRGAP2,
there is no antibody available specific to the N terminus
of Srgap3 to resolve this issue. Srgap3⫺/⫺ mice are
viable, and Srgap3⫹/⫺ animals breed normally, according to the mendelian law, and littermates reach the
same body weight. Clinical chemistry and energy metabolism in Srgap3⫺/⫺ mice were normal, except for
serum testosterone, which was lower in male Srgap3⫺/⫺
animals (wild type, n⫽10, 0.908 ng/ml; Srgap3⫺/⫺,
n⫽8, 0.258 ng/ml; P⫽0.007).
Ten percent of Srgap3ⴚ/ⴚ mice die from
hydrocephalus; most of the remaining animals have
enlarged lateral ventricles
We performed a complete macroscopic and microscopic
pathological assessment of mutant mice and wild-type
controls. Approximately 10% of all Srgap3⫺/⫺ mice developed a hydrocephalus and died at a median age of 50 d
(Fig. 2A). Hydrocephalus was not observed in any
Srgap3⫹/⫺ animals. Srgap3⫺/⫺ mice without hydrocephalus reached the same age as wild-type and Srgap3⫹/⫺ mice.
The hydrocephalus was already apparent on macroscopical examination and necropsy (Fig. 2Ca) and was confirmed with microscopical examination (Figure 2Cb).
Seventy-five percent of those Srgap3⫺/⫺ mice without
hydrocephalus presented enlarged lateral ventricles and
periventricular edema on microscopical examination
(Fig. 2Bb, c and Supplemental Fig. S1). No further gross

Figure 1. Generation of Srgap3⫺/⫺ mice. A) Gene-targeting approach. 1) Srgap3 gene locus. 2) Knockout gene locus after
homologous recombination. 3) Srgap3-null mutation following FLP-mediated recombination of FRT sites. B, C) Quantitative
Western blot analysis of SRGAP3 expression in adult cortex. Females: wild type, n ⫽ 3; Srgap3⫹/⫺, n ⫽ 3; Srgap3⫺/⫺, n ⫽ 3. B)
Autoradiographs. C) Signals quantified by densitometry. **P ⬍ 0.01, ***P ⬍ 0.001; ANOVA with Bonferroni post hoc test.
ANOVA.
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to wild-type animals. We also found a 20% enlargement
in alveus and external capsule (Fig. 3B). No additional
major alterations in the gross anatomy of the gray
matter were found. As disturbances in RHO-signaling
cascades are often associated with alterations in dendritic spines (5–7), we analyzed the morphology of
cornu ammonis area 1 (CA1) pyramidal neurons in the
hippocampus of Golgi-Cox-impregnated brains (Fig.
3C, D). Dendritic trees showed normal branching, and
spine densities in Srgap3⫺/⫺ mice were indistinguishable from wild-type animals (Fig. 3E, G). However, in
both basal and apical dendrites, spines were longer in
Srgap3⫺/⫺ brains than in wild type (Fig. 3F, H).
Srgap3ⴚ/ⴚ mice exhibit an increased basal RAC1
activity

Figure 2. Ten percent of Srgap3⫺/⫺ mice die from hydrocephalus. Most of the remaining animals have enlarged lateral
ventricles. A) Survival of Srgap3⫺/⫺ mice with hydrocephalus.
Ten percent of all Srgap3⫺/⫺ mice develop a macroscopically
visible hydrocephalus. These animals died at a median age of
50 d (n⫽13). B) a) Ninety percent of Srgap3⫺/⫺ mice have a
macroscopically normal skull (n⫽16; eyes have been
masked). b) Of Srgap3⫺/⫺ mice with macroscopically normal
skull, 25% have normal lateral ventricles on histopathological
examination (n⫽4/16). Thus, 22% of all Srgap3⫺/⫺ mice
have normal lateral ventricles. c) Of Srgap3⫺/⫺ mice with
macroscopically normal skull, 75% have enlarged lateral
ventricles on histopathological examination (n⫽12/16).
Thus, 68% of all Srgap3⫺/⫺ mice have enlarged lateral
ventricles. C) a) Ten percent of Srgap3⫺/⫺ mice have a
macroscopically visible hydrocephalus (eyes have been
masked). b) The hydrocephalus is always seen on histopathological examination, too. Thus, 10% of all Srgap3⫺/⫺ mice
have a hydrocephalus on histopathological examination.

morphological abnormalities were observed, including
the testes. We only included those animals without hydrocephalus and with a minimum age of 12 wk in all
following experiments.
Srgap3ⴚ/ⴚ mice have enlarged white matter tracts and
longer dendritic spines
We next analyzed the neuroanatomy of Srgap3⫺/⫺
mice. Brains were stained using the brain stain kit and
assessed by fluorescence microscopy. White matter
tracts were enlarged in Srgap3⫺/⫺ brains (Fig. 3A). This
enlargement was most prominent in the corpus callosum, where fiber tracts were ⬃30% thicker compared
NEURODEVELOPMENTAL DISORDER IN Srgap3⫺/⫺ MICE

In vitro experiments have shown that SRGAP3 is a RAC1
GAP (17, 19). Thus, lack of SRGAP3 may result in
increased RAC1 activity. We isolated embryonic fibroblasts from wild-type and Srgap3⫺/⫺ animals and stimulated the activation of RAC1-GTP with 50 ng/ml
PDGF for 1 min. Fibroblasts from Srgap3⫺/⫺ mice were
unresponsive to PDGF stimulation (Fig. 4A, B). As
RAC1 induces a signal transduction cascade from PAK
to extracellular signal-regulated kinase 1/2 (ERK1/2)
via rapidly accelerated fibrosarcoma kinase (RAF) and
MAPK/ERK kinase (MEK) (44), we analyzed the level
of phosphorylated ERK1/2 in the adult cortex. As
shown in Fig. 4C, the concentration of phosphorylated
ERK2 was higher in Srgap3⫺/⫺ mice compared to
wild-type animals (Fig. 4C).
Srgap3ⴚ/ⴚ mice express lower locomotor activity,
have tics, and are impaired in spontaneous
alternation, while long-term memory is normal
We thoroughly investigated the behavioral phenotype
of the Srgap3⫺/⫺ mice using a series of tests. We used
the open-field test to assess locomotor activity. Male
Srgap3⫺/⫺ mice were less active than wild-type mice
(Fig. 5A), but no difference was observed in female
Srgap3⫺/⫺ mice (Fig. 5B). To investigate whether Srgap3⫺/⫺
mice have abnormal anxiety, we used the light/dark
box and the elevated plus maze. Both tests revealed no
differences between Srgap3⫺/⫺ and wild-type animals
(Supplemental Fig. S2). We then performed a full
neurological examination according to the SHIRPAprotocol (41), which showed that Srgap3⫺/⫺ mice have
spontaneous tics (Fig. 5C). The remaining neurological
examination was unremarkable, with no abnormalities
in coordination and muscle strength. Analysis of memory function was performed using the Y maze, where
spontaneous alternation is attributed to working memory. In Srgap3⫺/⫺ mice, spontaneous alternation was
reduced (Fig. 5D). Long-term memory in humans is
often divided into procedural (implicit) and declarative
(explicit) memory. Classical conditioning is attributed
to procedural memory. We analyzed classical conditioning by fear conditioning (Supplemental Fig. S3) and by
5

Figure 3. Srgap3⫺/⫺ mice have enlarged white matter tracts and longer dendritic spines. A) Differences in the mean thickness of the
corpus callosum are obvious by comparing FluroMyelin stainings of control (a) and Srgap3-deficient mice (b). B) The mean thickness
of the alveus, corpus callosum, and external capsule was increased in the Srgap3-deficient mice as compared to their controls *P ⱕ
0.05, ***P ⱕ 0.001; unpaired t test. C) Golgi-Cox staining of a hippocampal dendrite of a wild-type mouse. D) Golgi-Cox staining of
a hippocampal dendrite of a Srgap3⫺/⫺ mouse. E) No significant change (P⫽0.921; unpaired t test) in spine densities of basal
dendrites of CA1 pyramidal neurons was found. F) Mean length of dendritic spines on basal dendrites of CA1 pyramidal neurons was
altered; thus, a shift toward longer spines was noted in case of the Srgap3-knockout mice. *P ⱕ 0.05, **P ⱕ 0.005, ***P ⱕ 0.001; 2-way
ANOVA with Bonferroni post hoc test. G) Mean spine densities of apical dendrites of CA1 pyramidal neurons was unaltered (P⫽0.662;
unpaired t test). H) Mean length of spines on apical dendrites of CA1 pyramidal neurons was altered. A shift toward longer spines
was noted in case of the Srgap3-knockout mice. *P ⱕ 0.05, **P ⱕ 0.005, ***P ⱕ 0.001; 2-way ANOVA with Bonferroni post hoc test.

conditioned taste aversion (Supplemental Fig. S4).
Srgap3⫺/⫺ mice generally showed longer freezing rates,
which is in accordance with the reduced locomotor
activity. For conditioned taste aversion, there were no
differences between genotypes. We proceeded with
long-term memory paradigms attributed to declarative
memory. Spatial memory was assessed in the Morris
water maze and was not impaired in Srgap3⫺/⫺ animals
(Supplemental Fig. S5). Finally, we studied object recognition memory and found no impairment in the
short-term (15-min interval) or the long-term memory
(24-h interval), although Srgap3⫺/⫺ mice did spend less
time exploring the objects (Supplemental Fig. S6).

Social behavior is impaired in Srgap3ⴚ/ⴚ mice
We have demonstrated some behavioral alterations in
Srgap3⫺/⫺ mice, but despite a reduction in spontaneous alternation, cognition appeared to be intact. These
findings prompted us to investigate another major
paradigm of behavior: social interaction. The interaction of Srgap3⫺/⫺ and wild-type mice with an unknown
social partner was analyzed. Social exploration was
divided into anogenital, nonanogenital exploration,
and approach and follow behavior. Anogenital exploration was reduced in both male and female Srgap3⫺/⫺
animals (Fig. 5E). Nonanogenital exploration (Sup-

Figure 4. Srgap3⫺/⫺ mice exhibit increased RAC1 activity. A, B) RAC1 activity in embryonic fibroblasts. Cells were analyzed for basal
RAC1 activity and for activity 1 min after stimulation with 50 ng/ml PDGF. RAC1 activity was determined as relation of RAC1-GTP
and total RAC1. A) Representative pulldown experiments. B) Quantification of RAC1-GTP activity as ratio of RAC1-GTP to total RAC1
content. Wild-type, n ⫽ 6; Srgap3⫺/⫺, n ⫽ 6 (P⬎0.05 for basal vs. stimulated cells; ANOVA). ***P ⬍ 0.001 vs. basal cells; ANOVA. C)
ERK 1/2 activity in adult cortex. Phospho-ERK 1/2 and total ERK 1/2 were determined by quantitative Western blot analysis. Graph
shows activity of phosphor-ERK 1/2 in relation to total ERK 1/2. Females: wild-type, n ⫽ 9; Srgap3⫹/⫺, n ⫽ 9; Srgap3⫺/⫺, n ⫽ 9.
Phospho-ERK 1: P ⬎ 0.05 for Srgap3⫹/⫺ and Srgap3⫺/⫺ vs. wild type; ANOVA. Phospho-ERK 2: P ⬎ 0.05 for Srgap3⫹/⫺ vs. wild type;
ANOVA with Bonferroni post hoc test. *P ⬍ 0.05; ANOVA with Bonferroni post hoc test.
6
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Figure 5. Srgap3⫺/⫺ mice express lower locomotor activity, have tics, and are impaired
in spontaneous alternation. Social behavior is impaired. Transgenic mice are sensitive
to methylphenidate stimulation and impaired in PPI. A) Distance traveled in the open
field. Males: wild-type, n ⫽ 12; Srgap3⫺/⫺, n ⫽ 12. *P ⬍ 0.05 for intervals from 10 to 30
min; repeated-measures ANOVA. B) Distance traveled in the open field. Females:
wild-type, n ⫽ 11; Srgap3⫺/⫺, n ⫽ 11. P ⬎ 0.05 for intervals from 10 to 30 min;
repeated-measures ANOVA. C) Tics in the SHIRPA protocol. Males: wild-type, n ⫽ 10;
Srgap3⫺/⫺, n ⫽ 8. Females: wild-type, n ⫽ 10; Srgap3⫺/⫺, n ⫽ 9. *P ⬍ 0.05, **P ⬍ 0.01;
ANOVA. D) Spontaneous alternation in the Y maze. Males: wild-type, n ⫽ 12;
Srgap3⫺/⫺, n ⫽ 12. Females: wild-type, n ⫽ 12; Srgap3⫺/⫺, n ⫽ 12. *P ⬍ 0.05; ANOVA.
E) Anogenital exploration. Males: wild-type, n ⫽ 12; Srgap3⫺/⫺, n ⫽ 12. Females:
wild-type, n ⫽ 12; Srgap3⫺/⫺, n ⫽ 11. *P ⬍ 0.05, ***P ⬍ 0.001; ANOVA. F) Social evade.
Males: wild-type, n ⫽ 12, Srgap3⫺/⫺, n ⫽ 12; P ⬎ 0.05; ANOVA. Females: wild-type,
n ⫽ 12; Srgap3⫺/⫺, n ⫽ 11. **P ⬍ 0.01; ANOVA. G) Distance traveled in the open field. Intraperitoneal injection with 7.5 mg/kg
methylphenidate after 30 min. Males: wild-type, n ⫽ 10; Srgap3⫺/⫺, n ⫽ 8. *P ⬍ 0.05 for intervals from 45 to 75 min and for
induction of intervals from 45 to 75 min from the intervals from 10 to 30 min, **P ⬍ 0.01 for intervals from 10 to 30 min;
repeated-measures ANOVA. H) Distance traveled in the open field. Intraperitoneal injection with 7.5 mg/kg methylphenidate
after 30 min. Females: wild-type, n ⫽ 11; Srgap3⫺/⫺, n ⫽ 11; P ⬎ 0.05 for intervals from 10 to 30 min, intervals from 45 to 75 min,
and for the induction of intervals from 45 to 75 min from the intervals from 10 to 30 min; repeated-measures ANOVA. I) PPI.
Males: wild-type, n ⫽ 10; Srgap3⫺/⫺, n ⫽ 8; P ⬎ 0.05 for all PPIs; ANOVA. J) PPI. Females: wild-type, n ⫽ 10; Srgap3⫺/⫺ n ⫽ 9;
P ⬎ 0.05 for 67, 69, 73 dB; ANOVA. *P ⬍ 0.05; ANOVA.

plemental Fig. S7B) and approach and follow behavior (Supplemental Fig. S7C) were reduced only in
female Srgap3⫺/⫺ mice. Contact behavior was not
altered in Srgap3⫺/⫺ animals (Supplemental Fig.
S7D). Social evasion is the active avoidance of contact with the social partner and was increased in
Srgap3⫺/⫺ mice (Fig. 5F).
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Srgap3ⴚ/ⴚ mice are sensitive to methylphenidate
stimulation and impaired in PPI
Our analyses of Srgap3⫺/⫺ mice revealed certain phenotypes, including enlarged lateral ventricles, thicker
white matter tracts, impaired spontaneous alternation,

7

and impaired social behavior, all of which resemble
schizophrenia-related intermediate phenotypes previously described in animal models of the disease. This
prompted us to assess whether further schizophreniarelated intermediate phenotypes are present in Srgap3⫺/⫺
mice. We assessed two further paradigms. Methylphenidate stimulates dopamine release in the striatum, which
is increased in schizophrenia. Methylphenidate injection resulted in locomotor hyperactivation in all treated
mice. This hyperactivation was stronger in male Srgap3⫺/⫺
mice (Fig. 5G), but not in female Srgap3⫺/⫺ animals
(Fig. 5H). PPI is also known to be impaired in
schizophrenia and is interpreted as a sensorimotor
gating deficit. Acoustic startle response amplitudes
were lower in both male and female Srgap3⫺/⫺ mice
but could still be easily measured (Supplemental Fig.
S8). Male Srgap3⫺/⫺ mice had a subtly impaired PPI
(Fig. 5I), while female Srgap3⫺/⫺ mice had a more
pronounced and statistically significant impairment
in PPI (Fig. 5J).

DISCUSSION
In this study, we have generated Srgap3⫺/⫺ mice. Ten
percent of these mice developed a hydrocephalus and
died before adulthood. Surviving animals showed distinct neuroanatomical changes and an increased RAC1
basal activity. Several behavioral alterations were also
observed in Srgap3⫺/⫺ mice. These alterations included
an impaired spontaneous alternation and social behavior, while long-term memory was unchanged. The
animals also had tics. Lower locomotor activity was
observed in male Srgap3⫺/⫺ only. Srgap3⫺/⫺ mice
showed increased methylphenidate stimulation in
males and an impaired prepulse inhibition in females.
The range of phenotypes that we have identified are
complex and raise the questions of how they are
interrelated, how they can elucidate the cellular importance of SRGAP3 in neurodevelopmental processes,
and how loss of SRGAP3 function can contribute
toward neurodevelopmental disorders.
Congenital hydrocephalus is a medical condition in
humans (45). It likely develops during neural stem cell
proliferation and differentiation in the embryonic
brain. About 40% of hydrocephalus cases have a genetic etiology. Most known genes involved in the formation of hydrocephalus are cytokines, growth factors,
or related molecules in the cellular signaling pathways
during early brain development (46). We observed a
hydrocephalus in only 10% of Srgap3⫺/⫺ mice, although 75% had enlarged lateral ventricles. This suggests a continuum of ventricle system pathology from
lethal hydrocephalus in only a few cases, enlarged
lateral ventricles in the majority and normal ventricles
in the minority of Srgap3⫺/⫺ animals. Interestingly,
enlarged lateral ventricles are a characteristic finding in
patients with schizophrenia (47) and have additionally
been described in a series of other knockout animals
with neurodevelopmental phenotypes. A number of
8
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these mice were also reported to be defective for
schizophrenia-related genes, neuregulin 1 (NRG1; refs.
48, 49) and DISC1 (50).
SRGAP3 is a GAP and negatively regulates RAC1. In
Srgap3⫺/⫺ mice, RAC1 activity was increased compared
to wild-type mice, likely due to the loss of the inhibitory
role of SRGAP3 on RAC1 activity. Interestingly, we
observed an enlarged corpus callosum in Srgap3⫺/⫺
mice, which contrasts to the agenesis of commissural
axons reported in the corpus callosum of Rac1⫺/⫺ mice
(51, 52). These findings implicate RAC1 activity in
corpus callosum formation, and our results suggest that
SRGAP3 may control RAC1 activity in this process. We
also found longer dendritic spines in hippocampal
neurons of Srgap3⫺/⫺ animals. In human disease, abnormalities in dendritic spine formation are observed
in intellectual disability, autism, schizophrenia, and
neurodegenerative disorders, including Alzheimer’s
disease (53–56). Evidence suggests that RAC1 contributes to the regulation of dendritic spine formation (57)
and pathways activating RAC1, such as the EPHRIN B
(EPHB)-receptor-KALIRIN pathway have been shown
to influence dendritic spine morphogenesis (58). Recently, it was described that mice lacking the Rac1 GAP
variants Bcr and Abr exhibit a higher basal RAC1
activity, which was associated with higher levels of
phosphorylated ERK1/2 (59).
Behavioral studies revealed that Srgap3⫺/⫺ mice have
an intact long-term memory. The core symptom of
intellectual disability in humans is an IQ ⬍ 70, which is
usually strongly associated with a deficit in learning and
memory. Most genetically defined animal models of
intellectual disability syndromes demonstrate learning
deficits (60). The phenotypes that we observed in the
Srgap3⫺/⫺ mice seem to correlate better with those
seen in rodent models of schizophrenia rather than
intellectual disability. The clinical schizophrenia phenotype comprises so-called positive, negative, and cognitive symptoms. Hypersensitivity to methylphenidate
stimulation in animal models is seen as part of the
modeling of positive symptoms and was attributed to
hyperactivity in the subcortical dopamine system. Reduced locomotor activity and impaired social behavior
are part of the modeling of negative symptoms. Impaired spontaneous alternation and impaired PPI can
be attributed to the modeling of positive and cognitive
symptoms in schizophrenia (61– 64). In our study, we
did not investigate whether these phenotypes could be
altered by treatment with antipsychotic drugs. In contrast to the schizophrenia-related behaviors we observed in our Srgap3⫺/⫺ model, tics are not seen as a
symptom of schizophrenia. They are the core symptom
of Tourette’s syndrome and associated with dysfunction
in the dopamine system. Similar to schizophrenia,
medications regulating the dopamine system are used
as a treatment for tics (65). Impairments in learning
and memory are also frequently observed in schizophrenia mouse models; however we did not find any
such deficits in our Srgap3⫺/⫺ mice. Finally, many
behavioral findings in Srgap3⫺/⫺ mice show a sexual
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dimorphism. Lower testosterone in male Srgap3⫺/⫺
mice was not associated with morphological changes in
testes. Although sexual dimorphism is not unusual in
knockout mice, the underlying cause in Srgap3⫺/⫺
animals remains unclear. An association between serum testosterone levels and the severity of negative
symptoms in male patients with chronic schizophrenia
has been described (66). Reduced locomotor activity in
male Srgap3⫺/⫺ mice could be caused by lower testosterone levels.
Recently, Soderling and colleagues (67) published
another Srgap3⫺/⫺ mouse model, termed WAVE-associated Rac GAP (Wrp)⫺/⫺. In Wrp⫺/⫺ mice, exon 3 is
flanked by loxP-sites, constituting a conditional knockout. In Wrp⫺/⫺ mice with hereditary deletion of exon 3,
lateral ventricles are enlarged, and dendritic spines
have reduced density in neuronal cultures. For behavioral testing, Wrp⫺/⫺ animals were crossed with NestinCre-positive mice, in which CRE (causes recombination)-recombinase activity is present in nervous tissue
by E11. These mice have normal short-term memory,
but impaired long-term memory, which led the researchers to conclude that the Wrp⫺/⫺ mice model the
SRGAP3-deficient intellectual disability described in the
published case reports (17, 68). The behavioral phenotype reported in Wrp⫺/⫺ mice differs from our findings
in Srgap3⫺/⫺ animals. Three main explanations may
account for this discrepancy. First, exons 2 and 3
encode the inverse F-BAR (IF-BAR) domain, which is
interrupted in Wrp⫺/⫺ but intact in Srgap3⫺/⫺ mice.
The IF-BAR domain facilitates the lipid binding of
SRGAP3, and it has been suggested to be required for
normal intellectual abilities (67). However, the IF-BAR
domain was left undisrupted in the translocation patient with psychomotoric retardation (17) and in the
individual with normal intelligence with a mutation in
exon 8 of the SRGAP3 gene (20). Second, in the
conditional-knockout Wrp⫺/⫺ mice, SRGAP3 function
is lost from E11 onwards, whereas in our Srgap3⫺/⫺
mice, the mutation was constitutive. It is possible that
the earlier loss of Srgap3 in our mice induces compensatory mechanisms resulting in a milder behavioral
phenotype, including normal long-term memory. Finally, differences in the genetic backgrounds between
Srgap3⫺/⫺ and Wrp⫺/⫺ mice could account for the
divergent phenotypes. Differences in the genetic backgrounds of knockout mice generated at two different
laboratories may be the result of strain differences in
embryonic stem cells and in C57BL/6 mice used for
backcrossing the founders.
In summary, we have described the neurodevelopmental phenotype of Srgap3⫺/⫺ mice. The findings
from Srgap3- and Wrp-knockout mice suggest that complex and fragile regulatory mechanisms exist within the
SRGAP3 cellular network. Congenital hydrocephalus,
schizophrenia-related, and intellectual disability-related behaviors are all associated with neurodevelopmental disorders. Several hundred genes are known to
be causative for intellectual disability, autism and
schizophrenia, with overlapping functions for many of
NEURODEVELOPMENTAL DISORDER IN Srgap3⫺/⫺ MICE

the participating genes between the different clinical
phenotypes (21–25). In polygenetically inherited neurodevelopmental disorders, these genes usually act by
subtle dosage effects, caused by CNVs, and in the
concerted action of many mutations. Homozygous deletion of such a gene could have a much stronger
impact, with a phenotype specific to the individual gene
function. We propose that SRGAP3 is one of these
genes. Subtle changes in the SRGAP3 cellular network
could be causative for the spectrum of neuroanatomical and behavioral phenotypes. High penetrance of the
Srgap3 gene defect during early brain development
could be the cause of hydrocephalus in a minority of
animals. A lower penetrance of the defect may result
in enlarged lateral ventricles, which are also seen in
schizophrenia. Notably, hydrocephalus was not seen in
Srgap3⫹/⫺ mice. Constitutive loss of SRGAP3 appears
to lead to certain schizophrenia-related behaviors,
whereas later disruption of the protein may lead to
intellectual disability-related behaviors (55). Here, we
studied knockout mice with homozygous deletion of
Srgap3. Further functional analyses of animal models
deficient for genes associated with neuronal development are required to elucidate the mechanisms of
these genes in intellectual disability, schizophrenia, and
other neurodevelopmental disorders.
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