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Abstract

G Protein-Coupled Receptor Kinase-Interacting Protein-1 (GIT1) regulates neuronal functions,
including cell and axon migration and synapse formation and maintenance, and GIT1 knockout
(KO) mice exhibit learning and memory deficits. We noted that male and female GIT1-KO mice
exhibit neuroimaging phenotypes including microcephaly, and altered cortical layering, with a
decrease in neuron density in cortical layer V. Micro-CT and magnetic resonance microscopy
(MRM) were used to identify morphometric phenotypes for the skulls and throughout the GIT1-
KO brains. High field MRM of actively-stained mouse brains from GIT1-KO and wild type (WT)
controls (n=6 per group) allowed segmenting 37 regions, based on co-registration to the Waxholm
Space atlas. Overall brain size in GIT1-KO mice was ~32 % smaller compared to WT controls.
After correcting for brain size, several regions were significantly different in GIT1-KO mice
relative to WT, including the gray matter of the ventral thalamic nuclei and the rest of the
thalamus, the inferior colliculus, and pontine nuclei. GIT1-KO mice had reduced volume of white
matter tracts, most notably in the anterior commissure (~26% smaller), but also in the cerebral
peduncle, fornix, and spinal trigeminal tract. On the other hand, the basal ganglia appeared
enlarged in GIT1-KO mice, including the globus pallidus, caudate putamen, and particularly the
accumbens - supporting a possible vulnerability to addiction. Volume based morphometry based
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on high-resolution MRM (21.5 um isotropic voxels) was effective in detecting overall, and local
differences in brain volumes in GIT1-KO mice, including in white matter tracts. The reduced
relative volume of specific brain regions suggests a critical, but not uniform, role for GIT1 in brain
development, conducive to brain microcephaly, and aberrant connectivity.
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1 Introduction

G Protein-coupled Receptor Kinase-Interacting Protein-1 (GIT1) is GTPase-activating
protein (GAP) for the ADP-ribosylation factor (Arf) family of small GTP-binding proteins
(Premont, Claing et al. 1998). GIT1 functions most often as a component of a multisubunit
complex formed with p21-activated protein kinase (PAK)-interacting guanine nucleotide
exchange factor (P1X) proteins (Zhou, Li et al. 2016), which bind to PAK kinases and
activate the Racl and Cdc42 small GTPases that activate PAKs (Manser, Loo et al. 1998).
GIT proteins dimerize and PIX proteins trimerize, and together form oligomeric GIT/PIX
complexes (Zhou, Li et al. 2016). The GIT/PIX complex serves as a recruitable scaffold for
multiple types of signaling molecules to function as a signal integration center (Zhou, Li et
al. 2016). In addition to regulating two distinct families of small GTP-binding proteins, this
complex participates in multiple fundamental cellular processes (Zhou, Li et al. 2016). Most
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prominently, GIT/PIX regulates cytoskeletal organization and focal adhesion—-matrix
attachment subserving cell motility and migration (Zhou, Li et al. 2016).

GIT/PIX complexes have important functions in the brain. In neurons, GIT1 and PIX
function has been shown to be important for axon migration and branching (Zhang, Webb et
al. 2003, Zhang, Webb et al. 2005, Dyer, Demarco et al. 2010, Habig, Gellhaar et al. 2013,
Santiago-Medina, Gregus et al. 2013), synapse formation (Parnas, Haghighi et al. 2001,
Zhang, Webb et al. 2003, Zhang, Webb et al. 2005, Segura, Essmann et al. 2007), regulation
of presynaptic neurotransmitter vesicles (Kim, Ko et al. 2003, Podufall, Tian et al. 2014,
Montesinos, Dong et al. 2015) and regulation of postsynaptic neurotransmitter receptors
(Ko, Kim et al. 2003, Saneyoshi, Wayman et al. 2008). Humans with defects in the X-linked
ARHGEF7 (BPIX) or PAK3 genes exhibit X-linked intellectual disability (Allen, Gleeson et
al. 1998, Kutsche, Yntema et al. 2000), and these effects have been observed in mouse
Arhgef7 and Pak3/Pak1 knockouts (Huang, Zhou et al. 2011, Ramakers, Wolfer et al. 2012).
Behavioral studies have revealed that GIT1-KO mice are a model for intellectual disability
as well, with defects in fear conditioning (Schmalzigaug, Rodriguiz et al. 2009), operant
learning (Menon, Deane et al. 2010), spatial memory (Won, Mah et al. 2011, Martyn, Toth et
al. 2018), object recognition (Won, Mah et al. 2011, Martyn, Toth et al. 2018), and working
memory (Fass, Lewis et al. 2018). GIT1 deletion also has been shown to result in markedly
reduced dendritic length and spine density in the hippocampus (Menon, Deane et al. 2010,
Martyn, Toth et al. 2018). These results suggest possible neuroanatomical phenotypes in
regions associated with learning and memory (e.g., hippocampus) and fear (e.g., amygdala).
However, the role of GIT1 is unlikely to be limited to just these behavioral domains or brain
regions. Indeed, based on gross brain size measurements, GIT1-KO mice have been reported
to exhibit overall microcephaly attributed to reduced neuron size (Hong and Mah 2015);
ARHGEF7/ B-PIX has also been implicated recently in microcephaly (Bellucco, Rodrigues
de Oliveira-Junior et al. 2019). Moreover, GIT1 has been proposed to act as a key regulator
of bone mass in vivo by regulating osteoclast function (Menon, Yin et al. 2010).

With the present study we aim to complement these cellular and behavioral findings with
skull bone shape and structural characteristics, and with neuroanatomical phenotypes.
Because of the widespread presence of GIT1 throughout the brain, magnetic resonance
imaging (MRI) is suited for generating hypotheses for the effects GIT1 activity across the
brain, as it images the whole volume of the undistorted brain.

Previous efforts have pushed the use of high field preclinical MRI for phenotyping mouse
models of neurological and psychiatric conditions (Benveniste and Blackband 2002, Natt,
Watanabe et al. 2002, Bock, Nieman et al. 2005, Johnson, Ali-Sharief et al. 2007) and laid
the foundation for our work. Such developments in imaging technology, animal support and
specimen preparation have been reviewed before, e.g. in (Driehuys, Nouls et al. 2008, Badea
and Johnson 2013). The next stepping stone has been to incorporate quantitative
morphometry (Badea, Ali-Sharief et al. 2007, Johnson, Badea et al. 2011), which usually
relies on anatomical priors (Kovacevi¢, Henderson et al. 2005, Badea, Ali-Sharief et al.
2007, Ma, Smith et al. 2008, Aggarwal, Zhang et al. 2010, Johnson, Badea et al. 2010,
Calabrese, Badea et al. 2015), and image analysis pipelines using single or multiple MR
imaging protocols (Ali, Dale et al. 2005, Sharief, Badea et al. 2008, Friedel, van Eede et al.
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2014, Anderson, Cook et al. 2019, Celestine, Nadkarni et al. 2020), relying on image
registration and statistical analyses (Wu, Bae et al. 2012). Such developments have helped
reveal phenotypes associated with genotype (Badea, Johnson et al. 2009) - some conferring
risk for disease (Badea, Johnson et al. 2010, Badea, Kane et al. 2016, Badea, Delpratt et al.
2019, Badea, Wu et al. 2019, Yang, Walder-Christensen et al. 2019), with age (Wadghiri,
Blind et al. 2004), or with interventions (Badea, Ng et al. 2019).

Here we have used morphometry to characterize the GIT1-KO neuroanatomical phenotypes,
at the level of the whole brain, at the level of brain regions, and voxel-wise. We have
examined volume covariance networks, since they are likely to reflect concerted
developmental effects in distributed brain regions (Alexander-Bloch, Raznahan et al. 2013),
potentially forming connected in subnetworks. Besides morphometry, MRI can provide
microstructural information based on differences in image contrast and texture (Badea,
Nicholls et al. 2007) using endogenous or exogenous contrast, and also quantitative
relaxation parameters, or diffusion parameters (Kelm, West et al. 2016). Like in structural
imaging, such measures need to be acquired at high resolution to discriminate fine structural
details in the mouse brain, e.g. to discern cellular layers in the cortex or hippocampus. These
layers measure on the order of 10-100 um (Badea, Nicholls et al. 2007, Badea, Johnson et
al. 2010), while amyloid plaques measure 10s of pm in models of Alzheimer’s disease
(Badea and Johnson 2013). Both hardware improvements, in particular gradient strength and
speed, and also acquisition strategies are important to provide sufficient resolutions, with
high SNR, and fast. Here we have used partial Fourier acquisitions, with asymmetric
sampling, where the receiver gain was sequentially decreased from the edge towards the
center of k space during phase encoding steps, increasing dynamic range towards the center,
and matching the signal levels (Johnson, Ali-Sharief et al. 2007). This allowed us to obtain
21.5 pm isotropic image resolution in approximately 2 hours for the whole brain.

To detect the neuroanatomical phenotypes present in GIT1-KO mice we have used, besides
high field MRI, an in house developed microCT (Badea, Johnston et al. 2008) system to
reconstruct images at 88 um resolution. Our multivariate study demonstrated anatomical
phenotypes such as a flatter skull, reduced head, and brain size in mice lacking GIT1. We
investigated white matter and cortical layering defects, and main drivers for brain atrophy.
Our results starting from macroscopic volumetric changes, and down to the microscopic
levels demonstrated for the first time myelin deficiencies through the GIT1-KO brain,
suggesting alterations in brain connectivity.

2 Methods

2.1 Mice

GIT1-KO and WT controls were generated by breeding male GIT1* and GIT1™~ mice to
female GIT1™* mice on a mixed C57 x 129 genetic background (Schmalzigaug et al 2007),
since the rate of KO survival to weaning was very low in heterozygote crosses
(Schmalzigaug, Rodriguiz et al. 2009) and attempts to create a backcrossed C57BL/6J strain
failed due to increased neonatal lethality (Martyn, Toth et al. 2018). All animal procedures
were approved by the Duke University Institutional Animal Care and Use Committee
(IACUC).
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For measuring gross microcephaly, adult (4-10 months of age) male and female GIT1-KO
and WT controls were euthanized, and dissected brain and liver were weighed and compared
to body weight. N=21 female WT, and 32 female GIT1-KO, 21 male WT and 24 male
GIT1-KO (mean age 5.8+1.6 months).

For measuring global and local structural changes in the skull and brain, the same 12 adult
male mice at 10-13 weeks of age were imaged using CT and MRI to identify structural
differences, 6 for each genotype. The CT and MRI studies were performed at the Duke
Center for In Vivo Microscopy. Transcardiac perfusion was used to actively stain the
specimens with 1:10 ProHance (Bracco Diagnostics Inc., Princeton, NJ) in 0.9% saline,
followed by 1:10 ProHance in 10% formalin (Johnson, Cofer et al. 2002, Johnson, Ali-
Sharief et al. 2007). The brain specimens were left within the cranium, and fixed for 12
hours in formalin, then stored in 1:100 ProHance/PBS for 48 hours.

2.2 Micro-CT imaging and analysis

Micro-CT images were acquired using an in house developed system (Badea, Johnston et al.
2008) and reconstructed at 88 um resolution. We calculated Hounsfield numbers, which
estimate physical tissue density through X-ray attenuation, and re-scaled it linearly such that
water is set to 0 and air to —1000 Hounsfield units (HU). HUs were compared globally and
regionally, and skull shapes were compared using deformation-based morphometry. We used
a cross correlation metric for both the affine and diffeomorphic transform, with a kernel
radius of 4. We used a SyN parameter of 0.75, and Gaussian regularization of 3 voxels for
the update field, and 1 voxel for the total warp. 4000 iterations were allowed at each of the
resolution levels. Micro-CT images were analyzed for differences in skull shape and
Hounsfield numbers (HU). Shape estimates were based on the deformation between the
skulls identified based on the thresholded Hounsfield maps. The threshold-based segmented
skulls were mapped to a common template, and genotype specific shape differences were
compared through the log Jacobian of the deformation fields required to map individual to
the mean deformation template.

The significance of deformation-based morphometric differences was assessed using the
Statistical Parametric Mapping (SPM) toolbox, version 12 (Worsley, Poline et al. 1997). All
images included in this analysis were first aligned to the average template based on WT
controls, and smoothed with a 3 voxel size kernel. Voxel-wise statistics (t maps) were
computed for the log Jacobian of the deformation fields between each specimen skull and
the template, and also for the Hounsfield numbers. False discovery rate (FDR) corrections
were done cluster-wise, allowing for 1-5% false positives.

2.3 Magnetic Resonance Imaging and Analysis

The gadolinium-stained mouse brain specimens from GIT1 knockout (KO) and wild type
(WT) controls (N=6 per group) were imaged using high field MRI (9.4T) by placing
specimens in fomblin-filled tubes and scanning within the cranium to avoid mechanical
distortions. We used an 8.9 cm vertical bore Oxford magnet, with shielded coils providing
gradients of up to 2000 mT/m (Resonance Research, Inc. Billerica, MA), controlled by a
General Electric (GE Healthcare, Milwaukee, WI) EXCITE console (Epic 11.0). We used a
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solenoid radiofrequency coil, built in house from a single sheet of microwave substrate (12
mm diameter). Each specimen remained in the same position in the magnet during the entire
image acquisition protocol.

We have used a 3D T1w spin echo sequence with the following parameters: echo time (TE)
5.2 ms, repetition time (TR) 50 ms, 62.5 kHz bandwidth, field of view (FOV) of 11 x 11 x
22 mm. Fourier space was sampled asymmetrically at 384 x 384 x 768 locations, with zero
filling on one side of the array to 512 x 512 x 1024. The receiver gain was increased at the
periphery of Fourier space, to provide an expanded dynamic range and effectively weight
(amplify) these higher frequencies during the phase encoding steps. This allowed acquisition
of high-resolution images (21.5 pm isotropic) with in 2 h 7 minutes (Johnson, Ali-Sharief et
al. 2007).

As a baseline for assessing morphometric changes, we have used an MR atlas to define a
common reference for rigid registration, the Waxholm Space (WHS), and priors on 37
manually labeled regions (Johnson, Badea et al. 2010) from the Waxholm Space reference
brain. The individual brains were segmented using an image processing pipeline
implemented in Perl (Badea, Gewalt et al. 2012) (Anderson, Cook et al. 2019). We used
mutual information as a metric for affine registration (32 bins) with histogram matching, 3
and 0.5 regularization parameters, 4 levels with 3000 iterations per level (each of the levels
representing a down sampling by a factor of 2), no iterations at the full resolution level. We
used cross correlation as a metric (radius 4), SyN 0.5, regularization parameters 1 for the
velocity/update field and 0.5 for the total warp, 3000 iterations per level, but no iterations at
the full resolution level, for the diffeomorphic registration. The processing pipeline modules
perform: a) raw image retrieval from an archive database and conversion to NIFTI format; b)
stripping extra cranial tissue using mathematical morphology tools implemented in
MATLAB (MathWorks, Natick, MA); ¢) multivariate registration between the atlas and new
brain specimens if applicable. The ANTS registration software (Avants, Duda et al. 2008)
(Avants, Tustison et al. 2011a) was used sequentially for: 1) rigid co-registration among
images acquired for one specimen; 2) rigid registration to WHS; 3) affine registration
between the WHS atlas and the query set, i.e. all images acquired for one specimen, to
remove global differences; 4) diffeomorphic registration between the WHS atlas and the
query set, to compensate for local differences. Volumes were calculated as voxel volume
multiplied by voxel count for the regions defined by the atlas.

Volumes are expressed in mm3, or as percentage of the brain volume, as mean + standard

deviation. We used t-tests to assess the effect of genotype on the volume of each structure,
after correcting for overall brain size, and differences were considered significant at FDR

corrected p values <0.05.

Automatically generated labels were manually corrected using Avizo (FEI Visualization
Sciences Group). Individual brain slices were annotated in all 3 dimensions (1024 x 512 x
512 slices), first outlining the entire brain, and then specific brain regions. To calculate size
of brain regions relative to the entire brain, the number of voxels assigned to a region was
multiplied with the voxel volume, and divided by the entire brain of the same mouse.
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Voxel based morphometry relied on the Statistical Parametric Mapping (SPM) toolbox,
version 12 (Worsley, Poline et al. 1997). All images included in this analysis were first
aligned to an unbiased template average for the controls, and smoothed with a 3 voxel size
kernel. Voxel-wise statistics (t maps) were computed for the log Jacobian of the deformation
fields between each of the WT controls and GIT1 KO brains and the average template. False
discovery rate (FDR) corrections were done cluster-wise, allowing for 1-5% false positives.

The absolute brain regions volume covariance networks for the two genotypes provided
adjacency matrices that were thresholded to 0.5 before we compared graph properties using
the Brain Connectivity Toolbox (Rubinov and Sporns 2010), using pairwise t tests for the
nodal metrics, including degree, clustering coefficient, eccentricity, and path length.

2.4 Brain staining and immunohistochemistry

For verifying the cortical layering defects, a separate set of mice (N=7 per group; x days of
age) was prepared for immunohistochemistry. Brain specimens were fixed by transcardiac
perfusion with 4% PFA and saturated with sucrose prior to preparing frozen sections.
Floating sections at the level of hippocampus (Bregma —2) were stained with NeuroTrace
530/615 Red Fluorescent Nissl stain (ThermoFisher) and nuclei counterstained with Hoechst
33342 (Thermo Fisher), or were immunostained with anti-NeuN primary antibody (Abcam)
and Goat Anti-Rabbit 1gG-AlexaFluor 610 (Abcam), prior to immunofluorescent imaging.
Neuronal cell bodies were quantified from Nissl-stained cortical sections (40 pm) using FI1J1/
ImageJ (Schindelin, Arganda-Carreras et al. 2012).

3 Results

We and others have reported that mice lacking GIT1 exhibit substantial perinatal lethality,
and that surviving mice remain runted through adulthood (Schmalzigaug, Rodriguiz et al.
2009) (Pang, Hoefen et al. 2009) (Won, Mah et al. 2011). To examine this early mortality
more closely, we set up heterozygote breeding pairs with timed breeding and examined pups
daily after birth until weaning (Figure 1A). GIT1-KO pups were born at a normal Mendelian
ratio (including pups stillborn), but exhibited 90% mortality in the first day after birth.
Knockout pups that survived to postnatal day 2 survived to weaning at 21 days. This is in
contrast to a prior report where a distinct strain of GIT1-KO mice (a NEO insertion
knockout, in contrast to our floxed and markerless knockout) exhibited a near-constant daily
chance of post-natal lethality through day 10 after birth, before survival stabilized leaving
about 30% of those born as survivors to adulthood (Pang, Hoefen et al. 2009). Note that
backcrossing GIT1-KO to the C57BL/6J background reduces survival to near 0% (\Won,
Mabh et al. 2011) (Martyn, Toth et al. 2018), indicating that genetic background is a strong
modifier of GIT1 lethality, although the reasons why remain unknown.

Although we (Schmalzigaug, Rodriguiz et al. 2009) and others (Menon, Deane et al. 2010)
had reported that GIT1-KO brain appears grossly normal, we have observed that brains from
GIT1-KO mice consistently appear smaller than expected. Indeed, others have reported that
GIT1-KO mice are microcephalic (Hong and Mah 2015). In order to quantify this, we
measured the brain:body weight ratio and liver:body weight ratio for adult GIT1-KO mice.
Both male and female GIT1-KO mice exhibit significantly reduced brain size for their body
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weight, compared to WT controls (Figure 1B). Interestingly, microcephaly in female
knockouts (33% of WT) was nearly twice that of male knockouts (18% of WT). Comparing
liver to body weight, female GIT1-KO were normal, while male GIT1-KO actually had
significantly enlarged liver (8% increase) compared to male WT mice (Figure 1C). In
comparison the absolute average liver weight was 1.18 +£0.09 g in GIT1-KO females,
compared to 1.18 £0.15 g in WT females (n.s.). GIT1-KO males had liver weight average of
1.34+0.16 g, compared to WT males 1.48+0.2 g (p=0.01; t=-2.5). The average brain weight
in females GIT1-KO was 302.5+£51.8 g; compared with WT females at 464.8 £35.3 g
(p=3.3*10"1, t=12.6); while male GIT1-KO brain weighted 320.0+55.5 g, compared to WT
at 466.7+50.7 g (p=1.3*10715, t=11.4).

These results on microcephaly were supported by qualitative observation of the skulls size
and shape. Micro-CT images for representative animals suggested that GIT1-KO skulls were
smaller and flatter relative to age-matched WT controls (Figure 2A). A quantitative analysis
of the local skull shapes and HU values performed after deformable registration confirmed
that these local differences were significant, and supported our observations of a flatter
dorsal and occipital head surface. These analyses showed lower HU values for the occipital
areas, and regions above the prefrontal cortex (Figure 2B).

To gain insight into how loss of GIT1 expression results in brain structural changes, which
may underlie the skull shape changes, we compared MR images at corresponding locations
in representative GIT1-KO and age-matched WT controls. These representative images are
shown in Figure 3, next to the group specific averages. The MR images indicated that adult
GIT1-KO mice exhibited defects in cortical layering. Particularly, GIT1-KO mice showed
reduced local thickness of cortical layers IV and V. Interestingly, adult GIT1-KO mice also
have disproportionately small white matter fiber tracts compared to WT mice, in particular
in the anterior commissure, and reduced contrast of the hypointense white matter tracts
relative to the parenchyma in the MR images, indicative of lower fiber density and/or loss of
myelin.

The MRI findings on cortical layer alterations were supported by both NeuN
immunostaining and Nissl staining (Figure 4A). The decreased layer thickness observed by
MRI appears to be due to a significant reduction (19%, t=4.9, p=4.33*10-5, df=26) in the
total number of large neuron cell bodies, expected in this layer to be cortical pyramidal
neurons (Figure 4B).

Segmenting the entire brain from MRI scans allowed calculation of the total brain volume in
situ (Figure 5). As noted for dissected brain weight, brain volume of GIT1-KO mice was
significantly reduced by ~30% compared to WT mice of the same age (p<0.001). When this
brain volume was adjusted for the body weight of the individual mice used for MRI (age-
matched MRI WT mice were 31.5+2.1g and MRI GIT1-KO mice were 27.0+1.7g
(p=0.005)), half of this difference in brain volume was accounted for due to overall body
runting (14% reduction, p=0.005), leaving an additional 15% reduction (p=0.016) in brain
size due to microcephaly.
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We have used an automated brain region segmentation pipeline (Anderson, Badea 2018) to
annotate brain regions by reference to the Waxholm Space brain atlas (Johnson et al, 2010).
Due to significant shape distortions compared to the atlas, the automated pipeline was
noticeably less accurate on the KO mouse brains, so we manually corrected rlabels before
calculating genotype-based differences in volume of multiple brain regions of interest
including the anterior commissure, amygdala, accumbens and caudate putamen, shown in
Figure 5.

A quantitative characterization of the significant changes surviving FDR correction is shown
in Table 1, and Figure 6. GIT1-KO mice had 32% smaller brains than WT controls.

When examining relative changes, expressed as % of the total brain volume, we noted that
the largest atrophy for gray matter regions was found in the pontine nuclei and inferior
colliculus (>17% smaller), while the accumbens, caudate putamen and septum were
enlarged (>17% larger). Among white matter tracts, the anterior commissure showed the
largest atrophy (26% smaller), but also the cerebral peduncle, fornix and spinal trigeminal
were smaller (~7%). The periaqueductal gray and the rest of the brain stem showed a trend
toward reduction (7% smaller in GIT1-KO animals).

We examined network properties for the adjacency matrices resulting from absolute regional
volume correlations (Figure 7), and observed differences in the overall degree (774 in GIT1-
KO versus 636 non zero entries in the WT adjacency matrix); and node average 20.92+7.15
for GIT1-KO versus 17.19+6.19 for WT mice; p=0.003, CI=[1.36, 6.10], df=36. The same
was true for the node clustering coefficient, averaging 0.55+0.10 in GIT1-KO, relative to
0.48+0.07 in WT,; p<0.0001, t=4.32, CI1=[0.04, 0.1], df=36. We observed lower eccentricity
(p=0.001, t=-3.48, CI=[-0.57,-0.15], df=36), corresponding to shorter path lengths (1.98
versus 2.20) in GIT1-KO relative to WT mice.

To examine in more detail the changes in the brain networks, we used voxel-based
morphometry (Figure 8). This analysis confirmed that multiple brain regions suffered local
atrophy at the same time. Extensive areas of the cortex, thalamus, and hippocampus were
involved, and we noted particular layers of the isocortex V-V and VI were particularly
affected. These confirmed the histology findings, and added new hypotheses for layers V-
VI being dysmorphic in GIT1-KO animals.

We noted local atrophy in regions such as olfactory areas, piriform cortex, primary sensory
and motor cortex, cortical layers 1\VV-VI, anterior commissure, hippocampus (ventral), deep
mesencephalic nuclei, with extensive clusters over the thalamus and cerebellum, and also in
the brainstem. Since we have examined morphometric changes remaining after removel of
the affince component, local hypertrophy was also detected primarily in the basal ganglia,
the accumbens, caudate putamen, and amygdala, as well as in the cortical layer 1V, and
cerebellum.
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4 Discussion

4.1 Major Findings

G Protein—Coupled Receptor Kinase—Interacting Protein-1 (GIT1) has multiple and complex
roles. For example, in the brain, it has been shown to regulate neuronal functions including
cell and axon migration, as well as synapse formation and maintenance (Zhang, Webb et al.
2003, Schmalzigaug, Phee et al. 2007). GIT1 knockout mice (KO) exhibit learning and
memory deficits consistent with mental retardation. GIT1 also has roles in regulating
cytoskeleton attachment to matrix through focal adhesions and cell motility (Zhou, Li et al.
2016), and has been implicated in forming and maintaining bone structure (Dong, Yin et al.
2018, Zhao, Kong et al. 2018, Xu, Luo et al. 2019).

Our micro-CT analyses have shown that the lack of GIT1 expression is associated with
abnormal skull bone shape and density, and with severe microcephaly. This finding
complements the known role of GIT1 in bone modeling and remodeling during osteogenesis
coupled with angiogenesis where GIT1 contributes to adjusting VEGF expression in
osteoblasts, as well as regulates osteoclast function, and bone mass (Xu, Luo et al. 2019).

We sought supporting evidence for the observed microcephaly and to identify the main
drivers in brain regions accounting for it using high resolution MRI. MRI supported these
findings and also indicated abnormal cortical layering in the cingulate cortex, as well as in
other areas of the isocortex including the primary sensory and motor cortex (S1 and M1),
and the piriform cortex (Pir). While the total brain was substantially smaller in GIT1-KO
animals compared to WT controls, the pons and inferior colliculi had the largest relative
changes (atrophy), suggesting a possible role for the auditory system (Caicedo and Herbert
1993). Besides the auditory sensory system, the pontine nuclei have a role in collecting
information from various parts of the cortex and subcortical nuclei to be integrated in the
cerebellar cortex. For example, the auditory and visual cortices project to the dorso lateral
pontine areas, the motor cortex to the rostral and medial areas, and the somatosensory cortex
to its caudal regions (Odeh, Ackerley et al. 2005, Leergaard, Lillehaug et al. 2006).
Moreover, such projection may partially overlap in the pontine areas. Subcortical structures
including the superior and inferior colliculus, the trigeminal nuclei, and pretectum, and
cerebellum also project to the pons (Kosinski, Neafsey et al. 1986, Kratochwil, Maheshwari
et al. 2017). The pontine nuclei integrate signals from motor cortex and cerebellum, and
projects to spinal cord interneurons and motor neurons through the propriospinal tract
(RST). Both the pontine precerebellar nuclei, as well as the cerebellum and deep
mesencephalic nuclei (including the red nucleus), showed extensive local atrophy,
suggesting potentially altered sensory-motor integration. Large areas of the thalamus,
including the ventral nuclei involved in integrating motor control, also were affected.

Besides these regions, the ventral hippocampus also suffered atrophy relative to WT mice.
Such a phenotype supports the previously reported learning and memory defects consistent
with an intellectual disability model (Martyn, Toth et al. 2018), where stress, emotion and
affect can elicit different responses and interfere with the normal function of brain circuits
involved in learning and memory(Fanselow and Dong 2010).
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Interestingly, an important role for GIT1 is related to recruiting proteins to the synapse, and
GIT1 knockout mice have been shown to have decreased dendritic length and spine density
(Zhang, Webb et al. 2005, Menon, Deane et al. 2010). Fiuza et al (Fiuza, Gonzalez-Gonzalez
et al. 2013) showed that juvenile NMDA-type glutamate receptors containing GIUN3A
subunits regulate spine rearrangements by controlling the function of GIT1, which results in
cytoskeletal rearrangements. Binding to GIUN3A limits the synaptic targeting of GIT1 and
its ability to recruit actin regulators, thus limiting the maturation of nonused synapses.

While our study did not evaluate the direct role of GIT1 on synaptic connectivity, we
observed that several white matter tracts, including the anterior commissure and fornix, were
notably reduced in GIT1 mice. These white matter tracts showed volume loss, and also
reduced Gd staining contrast.

While one study has suggested defects in basal ganglia circuitry leading to impaired
inhibitory modulation of the thalamus that manifest as reported ADHD-associated behaviors
in GIT1-KO mice (Won, Mah et al. 2011), such behavioral changes were not seen in our
distinct strain of GIT1-KO mice (Martyn, Toth et al. 2018), consistent with similar
conclusions by others (Klein, van der Voet et al. 2015). Unlike Lim et al. (Lim and Mah
2015), we did however find structural changes in the basal ganglia, which occupied a
relatively larger area as a percentage of GIT1-KO brain size compared to WT controls. Since
the basal ganglia, septum and amygdala were enlarged, our findings thus do not align to
ADHD-associated volume loss reported in these regions (Qiu, Crocetti et al. 2009). An
enlarged amygdala however, may be connected to the impaired responses to fear
conditioning and fear-potentiated startle (Schmalzigaug, Rodriguiz et al. 2009). The septum,
which we also found significantly enlarged, has also been linked to expression of the fear
response. Interestingly, both the septal connections and the accumbens changes may be
supportive of a possible addiction related phenotype.

Our volume covariance network analyses suggest that differences in axonal connectivity
between cortical regions may result in altered trophic effects on regional growth in regions
that cluster in connected subgraphs. The nodes with the largest differences in degree of
connectivity included, besides the isocortex, the cerebellum, deep mesencephalic nuclei,
thalamic nuclei, the hippocampus and amygdala; while the fimbria ranked 5th. Thus, the
basal ganglia, cerebellum, as well as regions commonly associated with learning and
memory (hippocampus, amygdala), and their connecting fibers, showed phenotypes at the
level of brain networks, helping discriminate GIT1-KO from WT mice. Overall, our
examination of the volume covariance patterns across the brain suggest that structural
changes are not occurring independently; rather they happen in a concerted action, spanning
several brain networks in GIT1-KO, and these may include distinct cell populations located
in distinct cortical layers.

Cortical thinning has been associated in humans to lower cognitive performance. Loss of
layer VI neurons would involve disturbances in the corticothalamic circuits. Loss of layer V
neurons would involve loss of the cortico-cortical, but also cortical-subcortical connections.
Deficits in connectivity to the internal capsule and brainstem and to the corticospinal tract,
may result in problems with voluntary motor control, as in Huntington’s disease (Goehler,
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Lalowski et al. 2004). Deficits in the cortical to basal ganglia connectivity can results in
deficits with procedural learning, cognition (Stocco, Lebiere et al. 2010), and emotion,
supported by our findings on fear conditioning deficits in these mice (Schmalzigaug,
Rodriguiz et al. 2009).

Our previous study (Martyn, Toth et al. 2018) identified reduced spine density in the
hippocampal CA1 neurons, and cortical layer V, providing evidence that GIT1 functions
within postsynaptic spines to help regulate proper cytoskeletal rearrangements underlying
structural plasticity after synaptic activation. Our current study supports such findings
through atrophy in the hippocampus and cortical layer V, and thus a role of GIT1 in synaptic
plasticity during learning.

4.2 Other Imaging and Analysis Considerations for Neuroanatomical Phenotyping

MRI based contrast differences are largely due to differences in tissue composition (water
and lipid content), as well as cellular density. While white matter to gray matter contrast is
rather strong in our MR images, we have previously demonstrated gray matter layer-based
changes at 21.5 um resolution in mouse models of schizophrenia (Badea, Nicholls et al.
2007) and Alzheimer’s disease (Badea, Johnson et al. 2010) using comparable image
resolutions. We demonstrated texture and size changes for cellular layers in the
hippocampus, for both the pyramidal and granule cell layers which ranged in size from ~60-
70 um for the granule cell layer to 100-200 um for stratum radiatum, while the primary
somatosensory cortex thickness ranged from 800 um in the Reln-KO to 1400 pm for control
AD mice. The significant differences between corresponding hippocampal layers ranged
from 30 um to 100 um for the granule cell layers and stratum radiatum respectively. The S1
cortical thickness differences between mouse models of AD and controls were ~120-130 um
and 200 um between Reln-KO and WT controls. This underscores the need for spatial
resolution. While we have not directly evaluated the thickness of the anterior commissure,
made up normally of myelinated axons we were able to observe significant volume changes
(and visible thinning), as well as lower contrast relative to gray matter, denoting defects in
myelination.

White matter, made of tightly packed axons surrounded by lipid rich myelin shows increased
contrast in T1 weighted images because it does not take as much Gd as the surrounding
parenchyma, where shorter T1 caused by increased uptake of Gd causes signal to be
brighter. Other effects besides Gd uptake may also affect contrast, including reduced axonal
diameter (1/T1 ~ axonal diameter) (Harkins, Xu et al. 2016), myelin (longer T1
corresponding to demyelination) (Thiessen, Zhang et al. 2013), and density may also change
contrast for white matter tracts. Considering that these differences are from 1.3 s for
myelinated tracts, to 1.5 s for gray matter or cuprizone treated white matter tracts at 7T, or
200 ms (Thiessen, Zhang et al. 2013), while Gd causes a shortening of T1 to ~100 ms we
suggest that such effects are rather likely smaller than the Gd effects.

We recognize the challenges coming from segmenting a mouse brain that has substantially
different anatomy than the anatomical atlas references. Figure 9 shows challenging brain
size and shape differences are accompanied by a lower contrast for the anterior commissure.
We have thus aimed to optimize and evaluate segmentation accuracy, which depends on the
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accuracy of registration as well as on the suitability of anatomical priors in our reference
atlas. We have evaluated segmentation accuracy through Dice coefficients in 4 brains (two
controls, and two GIT1-KO) for two larger nuclei - the caudate putamen 89+2%, and
hippocampus 88+1%; and also for smaller nuclei — the substantia nigra 83+5%, and a white
matter tract - the anterior commissure 64+13%.

The average difference between the most accurately segmented control brain structure and
the GIT1-KO labels ranged from 3% for the caudate putamen and hippocampus, to 10% for
the substantia nigra and 25% for the anterior commissure. With the exception of the anterior
commissure, these values are comparable to the accuracy of segmenting control brains. The
anterior commissure manual label priors were sufficiently different that we aimed to
improve the results of automated segmentation using manual edits. Alternatively, future
studies should consider developing population/strain specific atlases for challenging studies.

4.3 Limitations

While in vivo MRI would more accurately represent the physiological brain environment,
and there are concerns related to equivalence between in vivo and ex vivo measurements
(Badea, Ng et al. 2019), detecting morphometric differences for thin white matter tracts or at
the level of cellular layers requires high spatial resolution, at levels not currently achievable
in vivo for the whole brain. We remain hopeful that future advances will lead to accelerating
imaging protocols, such as translating those using compressed sensing in ex vivo specimens
(Anderson, Wang et al. 2018, Wang, Anderson et al. 2018) to enable accurate measurements
in vivo.

Reduction in white matter tracts suggests demyelination, but we have not directly evaluated
myelination here. However, GIT1 has been identified as part of the substrates for substrates
for protein tyrosine phosphatases ¢ (Kawachi, Fujikawa et al. 2001), whose downregulation
promotes remyelination in demyelinated lesions (Fujikawa and Noda 2016). Further studies
will be needed to evaluate myelination and axonal density contributions to the reduced
contrast we observed for the white matter tracts.

MRI accounts for larger areas than histology and immunohistochemistry, which can generate
valid hypotheses expanding upon the point-based measurements in IHC, we also need to
acknowledge that the lower resolution of MRI relative to histology, as well as voxel
smoothing may result in large clusters, overlapping more than one cortical layer. Since our
MRI images are from only 6 male mice, we cannot address sex-based differences.
Nevertheless, our MRI images are some of the highest resolution reported, and it is apparent
that we can distinguish distinct cortical layers that differ from control mice, and these MRI
findings were supported by direct histological measures.

5 Conclusion

We have identified structural skull and brain changes resulting from the absence of GIT1,
and these support an altered sensory-motor integration through volume loss in the cortico-
pontine-cerebellar circuitry, impaired learning and memory though hippocampal loss, and
overall loss of brain connectivity in groups of brain regions, due to reduced fiber density,

Magn Reson Imaging. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Badea et al. Page 14

myelination, or both. Particularly interesting are the layer-based changes which may support
the role of GIT1 in cell migration (Lucanic and Cheng 2008). These results should inform
future studies to understand the function of GIT1 in overall nervous system development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation Region

ac anterior commissure
Acb Accumbens

Amy Amygdala

APT AnteriorPretectalNucleus
Aq Aqueduct

Brain Brain

BS BrainStemRest

Cblm Cerebellum

cc CorpusCallosum

CN CochlearNuclei

cp cerebral peduncle

CPu Caudate Putamen

Cx Cortex

DpMed Deep Mesencephalic Nuclei
fi fimbria

fx fornix

GP Globus Pallidus

Hc Hippocampus

Hyp Hypothalamus
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Highlights
. Micro-CT revealed microcephaly, significant differences in local skull shape
and Hounsfield units for GIT1-KO animals relative to WT controls.
. MRI and deformation based morphometry supported microcephaly findings,

and identified main drivers for brain atrophy.
. Mice lacking GIT1 have white matter and cortical layering defects

. GIT1 has a critical but not uniform role in brain development, pointing to
aberrant connectivity

. High resolution MRI distinguishes cortical layers in GIT1-KO mice and WT
controls..
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Figure 1. Survival of GIT1-deficient pups and adult microcephaly.
Survival of GIT1-KO (KO, red), GIT1-heterozygote (Het, grey) and wildtype (WT, black)

pups from birth. Pups resulting from timed breeding of GIT1-Het pairs were scored for
survival daily from day of birth until weaning (n=92). Data are plotted as percent of pups
born on Day O still alive on the indicated day. Differences were assessed by RM-ANOVA
followed by Tukey’s posthoc test. (B) Brain weight as % of body weight for adult female
WT (n=21) and GIT1-KO (n=32), and for male WT (n=21) and GIT1-KO (n=24) mice.
Body weight for adult female WT was 23.2 +1.5 g and GIT1-KO was 22.7+ 2.0 g (n.s.); and
for male WT 30.7+5.5 g and GIT1-KO 25.6+2.2 g (t=—4.9, p=1.34*107). *, p=1.1E-15 for
female WT vs KO, and p=1.5E-05 for male WT vs KO. (C) Liver weight percentage for
adult female WT (n=21; age 5.2 +1.8 months) and GIT1-KO (n=32; age 5.9+1.5 months)
and for male WT (n=21; age 6.1+1.6 months) and GIT1-KO (n=24; age 6.1+1.5 months).
Differences were assessed by 2-tail t-test. Differences were not significant for female WT vs
KO; * p=0.0019 for male WT vs KO.
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GIT1-KO

Figure 2. Micro-CT characterization of mouse skulls with respect to size, shape, and density.
A. Micro-CT images of representative GIT1-KO and age-matched WT controls showed

qualitative differences in the skull size and shape. The t maps comparing local shapes were
FDR corrected at a 5% level, with an initial cluster-forming threshold of 0.01. B. Micro-CT
analyses after deformable registration to a population average confirmed significant
differences in local shape and Hounsfield units for GIT1-KO animals relative to WT
controls. Abbreviations: HU: Hounsfield units.
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Figure 3. Qualitative structural differences indicative of brain, and in particular cortical layer
dysmorphy shown in T1-weighted MR images.

Virtual brain slices from representative GIT1-KO and WT mice, and group averages, arrayed
anterior to posterior (from top to bottom). Changes were observed in the cingulate cortex
(Cqg), and in other areas of the cortex (layer IV, Cx 1V; and layer V, Cx V). We also noted
reduced white matter (myelinated tracts), in particular in the anterior commissure (ac) and
fornix (f), but also cerebral peduncle (cp), fasciculus retroflexus (fr), and medial fasciculus /
longitudinal fasciculus of pons (ml/Ifp). Abbreviations: AVG: average, aca: anterior branch
of the anterior commissure, mtg: mamillo-tegmental tract, Cblm: cerebellum; OIf: olfactory
cortex.
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Figure 4. Cortical layering defects in GIT1-KO mouse.
(A) Immunohistochemistry and histology of GIT-KO brain slices in cerebral cortex reveals

reduced thickness of Layer V. Immunofluorescent staining with NeuN antibody (left) and
staining with Nissl plus Hoescht (right). Layers are indicated with dashed lines, and images
are 25 ym wide. (B) Quantification of cell bodies in cortical Layer V. 500 pm sections from
2 slices from n=7 WT and KO mice were quantified for Nissl-stained pyramidal cell bodies
using ImageJ. Differences were assessed by 2-tail t-test. *, p= 4.3E-5.
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GIT1- KO

Figure 5. Qualitative differences between GIT1-KO and WT control were observed in brain
overall shape, and selected regions
(with significant quantitative differences in GIT1-KO mice). Abbreviations: ac: anterior

commissure, Ach: accumbens, Amy: amygdala, cp: cerebral peduncle, CPu: caudate
putamen, Spt: septum, VThal: ventral thalamic nuclei.
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Figure 6. Significant volume differences between GIT1-KO and WT control mice.
Significant differences were identified in GIT1-KO mice, which had a smaller total brain

volume (32%) relative to age matched WT controls, and also smaller relative volume (% of
the brain) for the thalamus (ventral thalamic nuclei, and ret of thalamus), and pons, but also
inferior colliculus, and deep mesencephalic nuclei (red nucleus). Among white matter tracts
the anterior commissure has the largest difference (30% smaller) relative to WT controls. In
contrast, the basal ganglia relative volumes were enlarged for the caudate putamen, globus
pallidus, accumbens, as well as the septum and amygdala, which are part of the limbic
circuitry. Unlabeled y axes denote relative volumes expressed as % of tht total brain volume.
FDR corrected p <0.05.
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Figure 7. Graphical analysis of volume covariance patterns revealed significant differences in
anatomical brain networks typical of GIT1-KO mice (left) relative to WT controls (right).

See Table 1 and Suppl Table 1 for abbreviations. P<0.05. The colorscale indicates Pearson
correlation values.
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Figure 8. Voxel-based morphometry identified regional differences in multiple areas of GIT1-KO
brains relative to WT controls.

Brain slices, showing the anatomy using a grayscale colormap are arrayed left-to-right, and
top-to-bottom from anterior to posterior. The values of the t statistics comparing GIT1-KO
and WT are indicated by the colorbar. Local atrophy was identified through voxel-based
morphometry (A). This emphasized cortical layer thinning, as well as select local atrophy in
regions such as cortical layers IV-VI, anterior commissure (ac), hippocampus (Hc), piriform
cortex (Pir), and deep mesencephalic nuclei (DpMe), with extensive clusters over the
thalamus (Thal) and cerebellum (Cblm). Local hypertrophy was also detected in cortical
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layer 1V, the accumbens (Acb), caudate putamen (CPu), and amygdala (Amy), as well as in
the cerebellum (Cblm) (B). Results were FDR corrected at a 5% level, with an initial cluster-
forming threshold of 0.01. On the dorso-caudal axis, the bregma level 0 corresponds to the
slice through the anterior commissure in the WT brain template (position 2,2 in the grid).
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GIT1-KO

Figure 9. Size, shape and contrast differences constitute challenges for segmenting a mouse
strain that has substantially different anatomy than the anatomical atlas references

(A). Note the size and shape difference between WT and GIT1-KO were accompanied by
lower contrast for the anterior commissure (B, shown in blue).
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Quantitative neuroanatomical phenotypes in GIT1-KO mice relative to WT controls

(mean % standard deviation).

Table 1.

Only regions that have survived the FDR correction, or indicated a trend are shown.

Abbrev | Region GIT1 WT pFDR t d Diff (%)
Brain Brain 305.00+15.77 mm? | 449.22+27.54 mm3 | 2.24E-05 | -11.13 | -6.43 | -32.10
Pn Pontine Nuclei 0.20+0.05 % 0.29+0.04 % 0.04 -3.05 -1.76 | -30.44
IC Inferior Colliculus 0.99+0.13 % 1.20+0.05 % 0.02 -3.57 -2.06 | -17.31
Vthal Ventral Thalamic Nuclei 0.58+0.02 % 0.66+0.05 % 0.02 -3.67 -2.12 | -12.32
DpMe Deep Mesencephalic Nuclei | 0.53+0.02 % 0.60+0.02 % 0.003 -5.55 -3.20 | -11.42
Thal Thalamus Rest 3.57+0.10 % 3.80+0.10 % 0.02 -3.84 -2.22 | -5.97
ac anterior commissure 0.12+0.02% 0.17 +0.01% 0.003 =531 =3.07 | -26.12
sp5 spinal trigeminal 016+ 0.01% 018+ 0.02% 0.04 -2.96 -1.71 | 1334
x fornix 0.072 £+ 0.004 % 0.078 + 0.002% 0.04 -3.03 -1.75 | -7.57
o cerebral peduncle 0.30+0.01% 0334 0.02% 0.05 =281 -162 | -6.71
Acb Accumbens 1.00£0.12 % 0.77+0.12 % 0.03 3.39 1.96 29.85
CPu Caudate Putamen 5.94+0.22 % 5.02+0.28 % 0.002 6.36 3.67 18.26
Spt Septum 1.13+0.13 % 0.97+0.03 % 0.05 2.84 1.64 16.55
Amy Amygdala 2.50+0.14 % 2.24+0.13 % 0.03 3.40 1.96 11.95
GP Globus Pallidus 0.60+0.03 % 0.54+0.02 % 0.02 3.84 2.22 11.03
PAG Periaqueductal Gray 0.90+0.05 % 0.97+0.04 % 0.07 -2.57 -1.49 | -7.32
BS BrainStemRest 13.43+£0.49 % 14.41+0.82 % 0.07 -2.51 -1.45 | -6.80
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