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Abstract SrGAP3 belongs to the family of Rho GTPase pro-
teins. These proteins are thought to play essential roles in
development and in the plasticity of the nervous system.
SrGAP3-deficient mice have recently been created and ap-
proximately 10 % of these mice developed a hydrocephalus
and died shortly after birth. The others survived into adult-
hood, but displayed neuroanatomical alteration, including in-
creased ventricular size. We now show that SrGAP3-deficient
mice display increased brain weight together with increased
hippocampal volume. This increase was accompanied by an
increase of the thickness of the stratum oriens of area CA1 as
well as of the thickness of the molecular layer of the dentate
gyrus (DG). Concerning hippocampal adult neurogenesis, we
observed no significant change in the number of proliferating
cells. The density of doublecortin-positive cells also did not
vary between SrGAP3-deficient mice and controls. By ana-
lyzing Golgi-impregnated material, we found that, in

SrGAP3-deficient mice, the morphology and number of den-
dritic spines was not altered in the DG. Likewise, a Sholl-
analysis revealed no significant changes concerning dendritic
complexity as compared to controls. Despite the distinct mor-
phological alterations in the hippocampus, SrGAP3-deficient
mice were relatively inconspicuous in their behavior, not only
in the open-field, nest building but also in the Morris water-
maze. However, the SrGAP3-deficient mice showed little to
no interest in burying marbles; a behavior that is seen in some
animal models related to autism, supporting the view that
SrGAP3 plays a role in neurodevelopmental disorders.
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Introduction

Rho GTPase proteins play essential roles in the development
and plasticity of the nervous system. One member of this large
family is encoded by the SRGAP3 gene, which encodes the
SLIT-ROBO RHO GTPase-activating protein 3 (SrGAP3),
also termed mental disorder-associated GTPase-activating
protein (MEGAP) or WAVE-associated GTPase-activating
protein (WRP). Functional inactivation of SRGAP3 in 3p bal-
anced translocation was observed in a patient with mental
retardation (Endris et al. 2002). SrGAP3 regulates cytoskeletal
reorganization through inhibition of the Rho GTPase Rac1
and interaction with actin remodeling proteins. SrGAP3 pro-
tein is highly expressed in fetal and adult brain, including the
cortex and hippocampus (Endris et al. 2002; Waltereit et al.
2008). Moreover, the highest SrGAP3 mRNA expression in
the adult mouse brain can be found in the hippocampus, in the
pyramidal layers of areas CA1–CA3 and in the granular layer
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of the dentate gyrus (http://mouse.brain-map.org/experiment/
show/316).

To investigate the possibility that disruption of the
SRGAP3 gene causes anatomical and behavioral defects,
SrGAP3-deficient mice have been generated. Currently, two
different SrGAP3models are available; a conditional SrGAP3
knockout mouse (Carlson et al. 2011; Kim et al. 2012), in
which SrGAP3 is deleted in nestin-positive cells, and a
SrGAP3-deficient mouse that mimics the disruption of
SrGAP3 reported in a patient with severe intellectual disability
(Waltereit et al. 2012). There are certain differences in the
phenotype of these mice. Thus, for the conditional SrGAP3
knockout mice, reductions in hippocampal spine densities
have been reported (Carlson et al. 2011), whereas in
SrGAP3-deficient mice the hippocampal spine densities are
not greatly affected, but the morphology of individual hippo-
campal dendritic spines is (Waltereit et al. 2012). Concerning
the conditional SrGAP3 knockout mice, no differences were
found by comparing these mice with their controls in the open
field, but significant impairments were seen in behavioral tests
such as novel object recognition, water maze, and passive
avoidance (Carlson et al. 2011). In contrast to this, male
SrGAP3-deficient mice have been reported to be less active
than wild-type mice in the open field test, express lower loco-
motor activity, and display tics and impairments in spontane-
ous alternation (Waltereit et al. 2012).

It has been described that conditional SrGAP3-
deficient mice display severe disturbances in adult
neurogenesis, with abnormal progenitor migration affect-
ing the subventricular zone (SVZ) and rostral migratory
stream (Kim et al. 2012). Moreover, it has been shown
in vitro that lentivirus-mediated knockdown of SrGAP3
dramatically decreases viability and proliferation of corti-
cal immature neural stem cells/neural progenitor cells (Lu
et al. 2013). Aside from the SVZ, the dentate gyrus (DG)
is also capable of adult neurogenesis. Neurogenesis within
the DG occurs throughout postnatal life, but in contrast to
neurogenesis in the SVZ, is influenced by the environ-
ment, behavior, and learning as well as aging (Dokter
and von Bohlen und Halbach 2012; Kempermann 2012;
Marlatt et al. 2012).

Based on these data, we hypothesized that mice defi-
cient for SrGAP3 display alterations in the morphology
and function of the hippocampus. Therefore, we exam-
ined the gross morphology of the hippocampal formation
of adult SrGAP3-deficient mice. Since we noted an in-
crease in the size of the hippocampus, we analyzed this
brain region in more detail (adult neurogenesis within the
DG, densities and size of dendritic spines in the DG and
dendritic complexity of adult granule cells in the DG).
Furthermore, we analyzed the SrGAP3-deficient mice
concerning their behavior in tests that are related to the
hippocampal formation.

Materials and methods

SrGAP3-deficient mice (Waltereit et al. 2012) and their con-
trols were obtained from crosses of heterozygous SrGAP3-
deficient mice. For experiments, 3- to 4-month-old male ho-
mozygous SrGAP3-deficient mice and their controls
(SrGAP3+/+) were used. All animal procedures were per-
formed in accordance with the European Communities
Council Directive of 1986 and the institutional guidelines for
animal welfare.

Post-mortem magnetic resonance imaging (MRI)

Post-mortem MRI was performed as recently described in
detail by von Bohlen und Halbach et al. (2014). In brief: adult
mice were euthanized and transferred to a 7 Tesla ClinScan
animal scanner (BioSpin; Bruker, Ettlingen, Germany) with a
bore of 15.4 cm. A 2 × 2 channel mouse headcoil was used to
measure a 3D T2-weighted turbo-spin echo (TSE) sequence
[96 transversal slices, 100 μm thickness, no gap, matrix of
1024×1024 pixels, repetition time (TR)=2500 ms, echotime
(TE)=55 ms]. The scanning was optimized to achieve about
95 images, covering the whole brain of the mouse and adja-
cent tissue, with a resolution of x=0.025; y=0.025, z=0.1
millimeters per pixel. For reconstruction and visualization of
the data Neurolucida (MBF Biosciences, USA) was used.

Histology

Animals were euthanized with diethyl ether and transcardially
perfused with phosphate-buffered saline (PBS) and afterwards
with 4 % paraformaldehyde (PFA). Thereafter, brains were re-
moved and wet weight was determined using an analytical bal-
ance (Acculab, Germany). To ensure a complete fixation, the
whole brains were stored in 4 % PFA for 3 days.

DAPI staining Serial coronal sections (30 μm)were cut using
a vibratome (VT1000S; Leica, Germany), collected and stored
in 20 % ethanol. Sections were mounted on SuperFrost® Plus
slides. Sections were incubated for 5 min in a PBS-solution
containing DAPI (4′,6-diamidino-2-phenylindole; 1:10,000).
Sections were mounted in fluorescent mounting medium
(Dako, Carpinteria, CA, USA). Regions of interest from one
focal plane were captured by anAxioCam cameramounted on
an Axioplan 2 imaging microscope under the control of
Axiovision 3.1 software (all from Zeiss, Germany). The mean
thickness was analyzed using ImageJ (NIH, USA). The mean
thickness of the granular layer was determined as the mean
thickness of the granular band in which the cell nuclei were
visualized with DAPI. The molecular layer was defined as the
layer between the granular layer and the hippocampal fissure.
Per animal, six different sections were chosen and in each
section three different ROIs were analyzed.
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Immunohistochemistry Sections (30 μm) were cut using a
vibratome (Leica VT1000; Germany) stored in 20 % ethanol
and then incubated for 30 min in a solution with 0.4 % Triton
X-100 in PBS, followed by an incubation for 1 h in a solution
containing 0.3 % Triton X-100 and 3 % BSA (bovine serum
albumin) in PBS. For phosphohistone-H3 immunohistochem-
istry, sections were first mounted on SuperFrost® Plus slides.
Antigen-demasking was performed for 20 min in 10 mM
sodium-citrate-buffer (pH 6.0) in a microwave at 700 W.
Afterwards, sections were incubated in a PBS-solution con-
taining 5 % normal goat serum (NGS), 5 % BSA and 0.1 %
Triton for 1 h. Sections were incubated in a solution contain-
ing α-phosphohistone H3 antibodies (rabbit polyclonal anti-
phosphohistone H3 (sc-8656-R; Santa Cruz Biotechnology,
USA) 1:100 in PBS containing 5 % BSA and 0.1 % Triton)
for 2 h. Visualization of the primary antibodies was performed
using Cy3-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, Germany; 1:2000 in PBS containing 5 %
BSA and 0.1 % Triton-X-100 for 1 h). For doublecortin
(DCX) immunohistochemistry, sections were incubated free-
floating in a solution containing antibodies directed against
doublecortin (goat polyclonal α-doublecortin (sc-8066;
Santa Cruz Biotechnology) 1:100 in PBS containing 0.1
Triton X-100 and 3 % BSA in PBS) overnight. Thereafter
sections were rinsed in a solution containing 0.3 % Triton
X-100 and 3 % BSA. For visualization of the primary anti-
bodies, Cy3-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch; 1:2000 in PBS for 2 h) were used. After
visualization of the primary antibodies, the sections were
rinsed. For visualization of cell nuclei, sections were incuba-
ted for 5 min in a PBS-solution containing DAPI (1:10,000).
After a final step of rinsing, sections were embedded in
MOWIOL (Calbiochem, Germany). All slices were examined
using an Axioplan 2 imaging microscope fitted for fluores-
cence and equipped with a digital camera. Cell counts through-
out the dentate gyrus were performed directly on screen.

Golgi-Impregnation (dendritic spine analysis and Sholl-
analysis) Whole brains were impregnated according to the
Golgi-Cox procedure using FD Rapid GolgiStain™ Kit (FD
NeuroTechnologies, USA) and cut at 120 μm. Sections were
mounted on gelatinized glass slides, dehydrated, rinsed in
Xylol and finally embedded in Merckoglas® (Merck
Millipore, Germany). Analysis of dendritic spines was con-
ducted blind to the experimental conditions. Only dendrites
were evaluated, which displayed no breaks in their staining
and which were not obscured by other neurons or artifacts
(von Bohlen und Halbach et al. 2006). Since dendritic spines
differ in their morphology, spines were classified into different
categories (filopodia, stubby, thin, and mushroom) and their
frequency was analyzed. Quantitative three-dimensional anal-
yses of dendritic fragments with their spines were conducted
using a combined hardware/software system (NeuroLucida)

controlling the x–y–z axis (step size in z-axis: 0.25 μm) of
the Axioplan Imaging microscope and a microscope-
mounted digital camera. The three-dimensional reconstruction
was done using a ×100 objective (NA: 1.4; oil immersion).
Spine densities and mean spine length were calculated from
the reconstructed dendrites with the help of NeuroExplorer
(MBF, USA). For each brain, about 40 different neurons were
sampled. For reconstruction of complete Golgi-impregnated
neurons, z-stacks (step-width 1 μm) were generated using a
high-resolution digital camera (AxioCam) attached to a mi-
croscope with a motorized stage (Axioplan Imaging), con-
trolled by the custom-made software AxioVision (Zeiss,
Germany). Neurons were imaged at low magnification and
z-stacks were generated. These z-stacks were used for Sholl
analysis (Sholl 1953). The Sholl analysis was obtained using
Neurolucida software, which calculates the cumulative
number of dendritic intersections at 25-μm-interval distance
points from each neuron starting from the cell body. The num-
ber of nodes and of intersections was calculated as an index
for total dendritic complexity. For that analysis, brains of six
control and five SrGAP3-deficient mice were used and for
each brain about 14 different neurons were sampled.

Behavioral analyses

Open field For open field tests, a quadratic 60×60 cm arena
was used (Panlab, Spain). Illumination was set to 25 lux.
Animals (controls: n=8; SrGAP−/−: n=14) were placed in
the middle of the area and allowed to explore for 5 min.
Movements were recorded by a webcam. Parameters charac-
terizing open-field behavior (total distance moved, velocity,
resting time, centre time and defecation) were analyzed from
recorded sessions using SmartJunior 1.0.0.7 (Panlab). Ethanol
70 % was applied for intertrial cleaning.

Novel object recognition For this test, a quadratic 60×60 cm
arena was used (Panlab, Spain). Illumination was set to 25 lux.
We used a standard protocol for novel object recognition
(Puma and Bizot 1998). In brief: two objects were placed in
the open field arena. The mouse was allowed to explore the
items for 5 min. The mouse was removed and one object was
randomly displaced by another object. The mouse was placed
again in the open field arena for 2 min. The mouse was mon-
itored and the behavior was analyzed using SmartJunior
1.0.0.7 (Panlab). Ethanol 70 % was applied for intertrial
cleaning. For this test, nine SrGAP3-deficient mice as well
as nine control mice were used.

Hole-board test The hole-board was an elevated platform
(40×40 cm), containing 16 holes equipped with IR break
beam sensors. Illumination was set to 25 lux. After animals
(controls: n=8; SrGAP−/−: n=13) were transferred to the plat-
form, they were allowed to explore for 5 min. The number of
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head dips was recorded using the LE8825 data logger and
SedaCom v.2.0 (Panlab). Ethanol 70 % was used for intertrial
cleaning. In this configuration, the apparatus is used to ana-
lyze exploratory behaviors (Sharma et al. 2010).

Dark/light box The dark/light box was divided into a
30×30 cm bright compartment (350 lux) and a 20×30 cm
dark compartment. Mice (controls: n=8; SrGAP−/−: n=14)
were placed in the bright compartment and tracked over
5 min using a video-camera. The dark/light box is a common
test for measuring anxiety-like behavior (Powell et al. 2004).

Nest building Non-maternal nest building performance has
been shown to be sensitive to hippocampus damage (Jirkof
2014) and is sensitive for anxiolytic agents (Li et al. 2006).
Nest building was analyzed using a standard protocol (Deacon
2006a). In brief: in the evening, nest building material (3 g
each) were placed in the Bhome^ cage of single mice with
wood-embedding without any environmental enrichment
items. The next morning, the nests were assessed on a rating
scale of 1–5 (1: nestlets nearly untouched; 2: nestlets partially
torn; 3: nestlets mostly shredded but no identifiable nest; 4:
identifiable but flat nest; 5: near perfect nests). For this test, six
SrGAP3-deficient mice as well as 6 control mice were used.

Morris water maze The Morris water maze provides a com-
prehensive assay of spatial reference memory (Vogt et al.
2008; von Bohlen und Halbach et al. 2006). The animals were
expected to find a platform (14× 14 cm2, Plexiglas) 2 cm
underneath the surface within a water-filled circular pool (di-
ameter: 140 cm) with the help of visual cues attached at the
surrounding walls. The water was rendered opaque with 2 l
milk, kept at 23±1 °C and renewed daily. Lighting was set to
25 lux. Animals (controls: n=8; SrGAP−/−: n=8) were trained
for 4 days with a total of 24 trials (6 trials per day, inter-trial
interval ~1 h) during which the position of the platform was
kept unchanged (acquisition phase). In each swim trial during
the acquisition phase, mice were left in the pool for a maxi-
mum of 120 s or until they found the platform. On the fifth
day, the platform was removed and the mouse was swimming
for 60 s (probe trial) to assess memory. With a video camera
suspended above the center of the pool, the swim tracks of the
mice were recorded and analyzed using SmartJunior 1.0.0.7
(Panlab). The following variables from the recorded paths
were analyzed: time to find platform (s), length of swim path
(m), velocity (cm/s), percentage of time spent moving, per-
centage of time spent within a rim of 22 cm from the wall
(thigmotaxis), and percentage of time swimming parallel to
the wall. Additional parameters in the probe trial were percent-
age of time in target and other quadrants as well as the number
of crossings over the former platform position.

Marble burying The marble burying test is used as a test,
e.g., for obsessive–compulsive disorder (Li et al. 2006) and
is sensitive to hippocampal malfunctions (Bahi and Dreyer
2012). To test marble burying, the protocol introduced by
Deacon (2006b) was used. In brief, cages were filled approx-
imately 5 cm deep with wood chip bedding, lightly tamped
down to a flat, even surface. A regular pattern of glass marbles
was placed on the surface, evenly spaced, each about 4 cm
apart. The animal was placed in the cage for 30 min.
Thereafter, the number of marbles buried (to 2/3 their depth)
with bedding were counted.

Statistics

For statistical evaluation, the software PRISM 6.01
(GraphPad, USA) was used. Datasets were statistically com-
pared either using one-way ANOVA followed by a
Bonferroni’s multiple comparisons test or unpaired t test. For
the analysis of marble burying, a non-parametric Mann-
Whitney U test was used. A p value of less than 0.05 was
considered as significant. Data are expressed as mean
±SEM, except for Fig. 5b (as indicated in the legend).

Results

Brain weight and hippocampal volume are increased
in adult SrGAP3-deficient mice

SrGAP3-deficient mice that did not die from hydrocephalus
shortly after birth display an enlargement of the ventricles
(Koschützke et al. 2015; Waltereit et al. 2012) and an increased
volume of brain matter (Koschützke et al. 2015). Interestingly,
the wet weight of the brains of SrGAP3-deficient mice was
significantly increased by ~20 % (SrGAP3−/− (n=11): 0.56±
0.004 g; control (n=11): 0.45±0.022 g; p≤0.001; Fig. 1a).
Next, we analyzed the hippocampal volume by reconstruction
of post-mortem MRI and could show that the hippocampal
volume of the SrGAP3-deficient mice was significantly in-
creased as compared to controls (SrGAP3−/− (n=4): 27.9±
0.94 mm3; controls (n = 4): 25.0 ± 0.57 mm3; p = 0.037;
Fig. 1b, c).

Adult SrGAP3 deficient mice display an enlargement
of the dentate gyrus (DG)

We next analyzed whether morphological changes in the DG
or area CA1 may contribute to the increase in hippocampal
volume seen in the SrGAP3-deficient mice. In detail, we an-
alyzed the thicknesses of different layers (granular and
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molecular layer) of the DG as well as of area CA1 (pyramidal
layer and the stratum oriens) on serial sections.

The mean thickness of the granular layer of the DG
(Fig. 2a, c, d) was not significantly altered (+4.6 %) in
SrGAP3-deficient mice (90.85±3.95 μm; n=4) as compared
to their age-matched controls (86.86±3.29 μm; n=4). The
mean thickness of the molecular layer (Fig. 2b–d), however,
was significantly increased (+13.8 %; p=0.0046) in SrGAP3-
deficient mice (233.2±3.65 μm; n=4) as compared to their
age-matched controls (204.9±5.28 μm; n=4).

Comparable to these results, we found that the thickness of
pyramidal layer of area CA1 was not significantly affected in
SrGAP3-deficient mice (+3.3 %; Fig. 2e), but the thickness of
the stratum oriens of area CA1 was affected (Fig. 2f). Within
SrGAP3-deficient mice, the thickness of the stratum oriens
was strongly increased by 24.5 % as compared to controls
(SrGAP3−/−: 208.5 ± 6.93 mm; control: 167.5 ± 3.81 mm;
p=0.002).

Adult hippocampal neurogenesis is unaffected in adult
SrGAP3 deficient− mice

We next investigated whether SrGAP3-deficient mice
display changes in adult hippocampal neurogenesis. We
first analyzed whether altered proliferation within the
DG can be noted. For that purpose, we used the marker
phosphohistone H3 (pH3). The marker is specific for
dividing cells, regardless of whether these cells are neu-
ronal or non-neuronal (von Bohlen und Halbach 2011).
SrGAP3-deficient mice displayed no statistical signifi-
cant alteration in the number of pH3-positive cells with-
in the DG (p= 0.094; Fig. 3a, b).

Doublecortin (DCX) is a marker for the neuronal line-
age. DCX is expressed in the adult DG in late mitotic active
neuronal cells, as well as in young, postmitotic neuronal
cells (Couillard-Despres et al. 2005). Analysis of the
population of DCX-positive cells within the DG did not
reveal a significant difference between the analyzed groups
(SrGAP3−/−: 5569 ± 456 DCX-positive cells; controls:
5540 ± 679 DCX positive cells; p= 0.974; Fig. 3).

No difference in the morphology of adult granule cells
in the DG of SrGAP3 deficient mice and corresponding
controls

It has previously been described that SrGAP3-deficient
mice (Waltereit et al. 2012), as well as conditional
SrGAP3 knockout mice (Carlson et al. 2011), display
altered dendritic spines in cortical layers, as well as in
hippocampal CA regions (Carlson et al. 2011; Waltereit
et al. 2012). Therefore, we investigated the density and

Fig. 1 Gross morphology of the brains of SrGAP3−/− mice. The total
weight of the brains of SrGAP3 deficient mice was found to be increased
(a). Moreover, MRTscans show that the brains of SrGAP3 deficient mice
display enlarged ventricles as compared to their controls (b). A detailed
analysis of the hippocampal formation revealed that the total
hippocampal volume (the hippocampus is marked by an arrow in (b))
was increased in the case of SrGAP3-deficient mice (c)

Cell Tissue Res (2016) 366:1–11 5



length of dendritic spines within the adult DG by three-
dimensional reconstructions of Golgi-impregnated den-
drites and computer-assisted analysis in SrGAP3-
deficient (n= 6) and control mice (n= 5). The analysis
revealed that deficiency for SrGAP3 neither affects
spine densities (p= 0.772) nor spine length (p= 0.944;
Fig. 4a–c). Moreover, no difference in the frequency
of different dendritic spine categories (filopodia, stubby,
thin and mushroom spines) was found by comparing
SrGAP3-deficient and control mice (data not shown).

In order to investigate whether the dendritic complexity of
the adult granule cells might be affected, a Sholl-analysis was
performed. The statistical analysis by one-way ANOVA re-
vealed overall differences in the distribution pattern
concerning the nodes (F17,89 = 39,04; p≤0.0001) and intersec-
tions (F17,89 = 24,1; p≤0.0001). However, a subsequent post-
hoc analysis (Bonferroni’s multiple comparisons test) re-
vealed no significant differences by comparing the two groups
directly (Fig. 4d–f).

SrGAP3−/−mice show relatively normal behavior, but they
failed to solve the marble burying task

First, normal behavior wasmonitored using the open field test.
The SrGAP3-deficient mice did not display altered behavior
in the open field test (total distance travelled (Fig. 5a), veloc-
ity, resting time, center time or defecation (data not shown)).
Likewise, SrGAP3-deficient mice did not display altered nov-
el object behavior (time to approach the novel object:
SrGAP3−/−: 0.45±0.45 s; control: 1.00±0.88; p=0.58).

In the hole-board test, SrGAP3-deficient mice did not differ
in their behavior from their controls. Thus, the number of head
dips was not different (SrGAP3−/−: 22.1±2.9 head dips; con-
trol: 25.6±6.5 head dips; p=0.586). Likewise, the distance
travelled and the velocity of the animals was not different
(data not shown).

In the dark-light box, the SrGAP3 knockout mice also did
not differ from controls. They travelled nearly the same dis-
tance during the test (SrGAP3−/−: 1839±128.9 mm; control:

Fig 2 Analysis of the mean
thickness of different
hippocampal layers. The mean
thicknesses of the granular layer
(a) and molecular layer (b) of the
DG were analyzed using DAPI-
stained coronal sections. Whereas
the granular layer was not
significantly affected (a), a
significant increase in the
thickness of the molecular layer
(b) by 13.8 % was noted in the
SrGAP3-deficient mice (ko) as
compared to their age-matched
controls (wt). Examples of DAPI
stained sections including the
granular and molecular layer of
the DG are shown for control (wt)
mice (c) as well as for srGAP3
knockout mice (d). Analysis of
the thicknesses of the stratum
pyramidale and stratum oriens of
area CA1 revealed that in
SrGAP3-deficient mice the
thickness of the stratum
pyramidale (e) was unaltered, but
that the mean thickness of the
stratum oriens (f) was
significantly increased
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2200±190.7 mm; p=0.121) and they display the same num-
ber of entries into the light compartment (SrGAP3−/−: 2.88
±0.83; control 3.11±1.45; p=0.88).

Since the non-maternal nest building performance has been
shown to be sensitive to hippocampal changes (Jirkof 2014),
we next examined the mice with respect to their nest building
behavior. Again, no behavioral alteration was found (p=0.87;
Fig. 5b). A further behavior that is related to the hippocampal
formation is the Morris water maze test. The analysis indicate
that both SrGAP3+/+ as well as SrGAP3−/− mice learned the
Morris water maze task (Fig. 5c). The two groups of mice did
not differ in their behavior in the probe trail of the test
(Fig. 5d).

Despite the fact that in most behavioral tasks SrGAP3-
deficient mice did not show altered behavior, it is known that
SrGAP3−/− mice have impaired social behavior (Waltereit
et al. 2012). This behavior may be homologous to
endophenotypes of autism spectrum disorder. Some mouse
models of autism spectrum disorder have been shown to dis-
play specific failures in the marble burying test (Egashira et al.
2007; Kouser et al. 2013). In addition, this test is sensitive to
hippocampal malfunctions (Bahi and Dreyer 2012). We there-
fore analyzed the mice in the marble burying task. We could
demonstrate a specific failure of SrGAP3−/− mice in this task

(p=0.005; Fig. 5e).Whereas controls buried about 10marbles
(control: 9.88±1.8 marbles per time), the SrGAP3-deficient
mice only buried 2 marbles (SrGAP3−/−: 2.00±1.5 marbles
per time).

Discussion

It has been shown that SrGAP3 is highly expressed in the
adult murine hippocampal formation, including the DG
(Endris et al. 2002; Waltereit et al. 2008). We have previously
shown that deficiency for SrGAP3 affects the hippocampal
CA1 area (Waltereit et al. 2012). Based on the strong expres-
sion of SrGAP3 in the adult DG, we evaluated whether gran-
ule cells are affected in a comparable manner. Moreover, since
the DG is capable of functional adult neurogenesis, we further
analyzed whether SrGAP3 may have an impact upon adult
neurogenesis. A first analysis of the gross morphology of the
DG revealed that the thickness of the granule layer was not
significantly altered in SrGAP3-deficient mice, indicating that
no major cell loss occurred in this area. However, it might be
possible that adult neurogenesis within the hippocampus is
affected in these mice, since it has been shown that knock-
down of SrGAP3 down-regulates the number of cortical

Fig 3 Analysis of adult
neurogenesis in the dentate gyrus.
Adult SrGAP3-deficient mice
(ko) have nearly the same
numbers of phosphohistone H3-
positive cells within the adult DG
(a), as compared to age-matched
control mice (wt). An example of
phosphohistone H3 positive cells
in the DG are shown in (b).
Analysis of the numbers of
doublecortin (DCX)-positive cells
in the DG of age-matched-control
(wt) and SrGAP3-deficient mice
(ko) revealed no significant
alteration (c). An example of
DCX positive neurons in the DG
is shown in (d)
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neuronal stem cells, derived from embryonic rats (E14)
in vitro (Lu et al. 2013). Furthermore, conditional SrGAP3
knockout mice were previously shown to display mislocated
DCX positive cells in the corpus callosum that are thought to
stem from the subventricular zone (Kim et al. 2012).
Moreover, in a mouse model of mental retardation [FMRP
knockout; functional loss of FMRP results in an intellectual
disability (fragile X syndrom (FXS)], reduced adult hippo-
campal neurogenesis has been described (Guo et al. 2011).
However, we did not find major alterations in adult hippocam-
pal neurogenesis in SrGAP3-deficient mice.

SrGAP3 also dynamically regulates the cytoskeletal reor-
ganization through inhibition of the Rho GTPase Rac1 and
interaction with actin remodeling proteins. SrGAP3-mediated
reorganization of the actin cytoskeleton is crucial for the nor-
mal development of dendritic spines, and loss of SrGAP3
leads to abnormal synaptic activity (Bacon et al. 2013).

Conditional SrGAP3 knockoutmice display a loss of dendritic
spines on CA1 pyramidal neurons (Carlson et al. 2011),
whereas SrGAP3-deficient mice did not show a significant
loss of spines in area CA1, but a change in the morphology
of dendritic spines within area CA1 (Waltereit et al. 2012).
However, in contrast to pyramidal neurons, neither spine den-
sities nor the mean length of dendritic spines were altered in
the granule cells of the DG. In addition, we did not observe a
reduction in the number of mushroom spines in the DG of
SrGAP3-deficient mice, as has been observed in area CA1
of conditional SrGAP3 knockout mice (Carlson et al. 2011).
Since SrGAP3 is known to regulate cytoskeletal reorganiza-
tion, we further examined the morphology of the adult granule
cells in the DG. However, we did not find evidence for altered
dendritic complexity, indicating that gross morphological al-
terations in the granule cells of the DG are absent. SrGAP3 is
strongly expressed in the adult DG, but, based on these results,

Fig. 4 Analysis of Golgi-
impregnated material. Golgi-
impregnated dendrites were three-
dimensionally reconstructed and
analyzed. There was no statistical
difference by comparing
dendrites of age-matched adult
control (wt) and SrGAP3
deficient mice (ko) concerning
spine densities (a wt: n= 5; ko:
n= 6) or length of dendritic spines
[bmean spine length; c frequency
of spines, grouped for length; (wt:
n= 5; ko: n= 6)]. Sholl analysis,
performed on Golgi-impregnated
neurons within the dentate gyrus
of adult control (wt) and SrGAP3-
deficient mice (ko), revealed no
obvious differences in the
branching pattern of the neurons,
as, e.g., in the number of nodes
(d) and intersections (e). An
example of Golgi-impregnated
neurons within the DG is
displayed in (f)
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the role of the protein in this brain area remains enigmatic. A
gene expression analysis by RNA sequencing of the whole
brain hinted towards differentially expressed genes (not
shown). However, a detailed gene expression analysis of the
DG or hippocampus may be more helpful, as differences in
gene expression could be indicative of changes on a subcellu-
lar level even without direct impact on morphological
features.

It has been controversially discussed whether there are as-
sociations between SRGAP3 gene defects and mental retarda-
tion (Endris et al. 2002; Shuib et al. 2009) or not (Hamdan
et al. 2009). In a mouse model of metal retardation (Fmr1
knockout mice), spatial learning deficits and memory impair-
ments have been observed, including deficits in the Morris
water maze (Baker et al. 2010). Concerning behavior and
learning, the SrGAP3-deficient mice did not display alter-
ations in tasks related to hippocampus-associated learning,
as, e.g., in the Morris water maze task. This is comparable to

the results obtained in another study (Waltereit et al. 2012).
Thus, the deficits seen in conditional SrGAP3 knockout mice
with respect to, e.g., the Morris water maze (Carlson et al.
2011) could not be seen in the SrGAP3-deficient mice.

The hippocampal formation of SrGAP3−/− mice shows
some morphological alterations, including changes in the
volume that are due to increased mean thicknesses of the
molecular layer of the DG and the stratum oriens. Since
the non-maternal nest building performance has been
shown to be sensitive to hippocampus changes (Jirkof
2014), we analyzed nest building behavior in these mice,
but we were unable to detect significant changes in this
behavior.

It has been shown that social behavior is impaired in
SrGAP3−/− mice (Waltereit et al. 2012). Alteration in social
behavior may be linked to schizophrenia, but is also evident in
autism spectrum disorders (Banerjee et al. 2014). Some of the
mouse models representing syndromic forms of autism

Fig. 5 Behavioral analysis of
SrGAP3−/− mice. The SrGAP3−/−

mice did not differ in their
behavior from age-matched
controls in the open field test, as,
e.g., in the total distances
travelled (a). Despite changes in
the morphology of the
hippocampal formation, the
SrGAP3-/- mice did not differ in
their nest building behavior
(b; data are displayed as median
with interquartile range, as
described by Deacon (2006a)).
Both SrGAP3+/+ and SrGAP3-/-

mice did not differ in their
behavior in learning the Morris
water maze (MWM) task (c).
Likewise, in the probe trail of the
MWM test, the SrGAP3-/- mice
did not differ in their behavior as
compared to SrGAP3+/+ mice (d).
However, in contrast to
SrGAP3+/+ mice, the SrGAP3-
deficient mice failed to solve the
marble burying task (e)
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spectrum disorder include mice modeling fragile X syndrome
(Banerjee et al. 2014). The most well-known genetic varia-
tions that are related to autism spectrum disorder are mutations
in Shank3 (Moessner et al. 2007). Shank3-mutant mice dis-
play altered behavior and, among others, they show a remark-
able failure in solving the marble burying task (Kouser et al.
2013). Moreover, autism has been associated with the V1a
receptor gene and V1aRKOmice also display reduced marble
burying activity (Egashira et al. 2007). Since SrGAP3-
deficient mice also failed to solve the marble burying task,
mutation in SrGAP3 might contribute to alterations related
to autism spectrum disorder. Along this line, macrocephaly
with differential white matter increase is often observed in
autism (Williams et al. 2008), and SrGAP3-deficient mice
have been reported to display increases in white matter tracts
(Waltereit et al. 2012). Moreover, we could show here that
SRGAP3-deficient mice display increased thicknesses of the
molecular layer of the DG and stratum oriens of the hippo-
campal area CA1. In this context, it should be mentioned that
autistic symptoms in children have been linked with hydro-
cephalus and mental retardation (Fernell et al. 1991).

In humans, distal chromosome 3p deletions (3p-
syndrome) are associated with various developmental de-
fects, leading to phenotypes including congenital heart
defect, autistic behavior and mental retardation (Harvard
et al. 2005; Lauritsen et al. 2006). Specifically, it has been
shown that 3p25.3-p26.1 deletion leads to these men-
tioned phenotypes (Gunnarsson and Foyn Bruun 2010).
Such a deletion interrupts several genes in humans,
including SrGAP3 (Endris et al. 2002). The term
neurodevelopmental disorder refers to disorders including
schizophrenia, autism spectrum disorders, epilepsy and
mental retardation (Mitchell 2011). Several genes with
overlapping functions are known to be causative for intel-
lectual disability, autism and schizophrenia, supporting
the existence of shared biologic pathways in these
neurodevelopmental disorders (Guilmatre et al. 2009).
Among others, SrGAP3 seems to play a multiple role in
these neurodevelopmental disorders. SrGAP3-deficient
mice have been shown to display a schizophrenia-related
intermediate phenotype (Waltereit et al. 2012), and most
of them develop a hydrocephalus that might be a conse-
quence of a ciliopathy (Koschützke et al. 2015). Thus,
SRGAP3 may represent a gene with a pathological role
in several neurodevelopmental disorders.
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