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Abstract: 

 

Background: During brain development, a multitude of neuronal networks form as neurons find their 

correct position within the brain and send out axons to synapse onto specific targets.  Altered neuronal 

connectivity within these complex networks has been reported in Autism Spectrum Disorder (ASD), 

leading to alterations in brain function and multisensory integration.  Semaphorins (also referred to as 

Semas), a large protein family of about 30 members, have been shown to play an important role in 

neuronal circuit formation and have been implicated in the etiology of ASD.  The purpose of the current 

study is to investigate how Sema6A mutation affects neuronal connectivity in ASD.  Since Sema6A is 

involved in cell migration, we hypothesized that during brain development the migration of GABAergic 

interneurons is affected by the loss of Sema6A gene, leading to alterations in Excitatory/Inhibitory (E/I) 

balance.   

Methods: Sema6A transgenic mice were crossed with either GAD65-GFP mice or GAD67-GFP mice to allow 

for both a reliable and robust staining of the GABAergic interneuron population within the Sema6A mouse 

line.  Using histological techniques we studies the expression of interneurons subtypes in the Sema6A 

mutant mice. 

Results: Analysis of Sema6A mutant mice crossed with either GAD65-GFP or GAD67-GFP knock-in mice 

revealed a reduced number of GABAergic interneurons in the primary somatosensory cortex, 

hippocampus, and reticular thalamic nucleus (RTN) in adult Sema6A mutant mice.  This reduction in cell 

number appeared to be targeted to the Parvalbumin (PV) interneuron cell population since neither the 

Calretinin nor the Calbindin expressing interneurons were affected by the Sema6A mutation.   

Limitations: Although the use of animal models has been crucial for understanding the biological basis of 

autism, the complexity of the human brain can never truly be replicated by these models. 
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Conclusions: Taken together, these findings suggest that Sema6A gene loss affects only the fast spiking-

PV population and reveal the importance of an axon guidance molecule in the formation of GABAergic 

neuronal networks and provide insight into the molecular pathways that may lead to altered neuronal 

connectivity and E/I imbalance in ASD. 
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BACKGROUND:  

Leo Kanner was the first to describe early infantile autism in 1944 [1] and since then tremendous effort 

has been made to not only understand the causes of Autism Spectrum Disorder (ASD) but also to improve 

early diagnosis.  While it appears that the causation of autism is very complex, one can learn from studying 

abnormalities in brain structure or function.  Magnetic Resonance Imaging (MRI) as well as histological 

techniques using brain tissue from individuals with autism have provided invaluable data in the quest to 

elucidate brain differences occurring in ASD.  Indeed many studies that have examined brain anatomy at 

a structural and/or cellular level have reported an increased volume for total brain, parieto-temporal lobe, 

and cerebellar hemispheres in ASD [2].  Brain growth and connectivity differences are apparent early in 

brain development [3, 4] and a recent review by Donovan and Basson [5] provided evidence that brain 

growth is altered in ASD.  Neuropathological studies revealed altered neurogenesis and defective 

neuronal migration resulting in focal dysplasia in the cortical, hippocampal, and cerebellar brain areas [6, 

7].  All these changes in neuronal organization suggest that ASD brain differences take place early in brain 

development.  In addition, recent human and animal studies have suggested that many psychiatric 

disorders, including ASD, are characterized by an imbalance between excitation and inhibition (E/I) in the 

brain affecting normal brain activity [8] [9] [10] [11] [12].  Excitatory glutamate pyramidal neurons and 

inhibitory GABAergic interneurons are the main components of cortical neural circuits and GABAergic 

interneurons regulate excessive excitation of pyramidal neurons [11].  Differences in brain growth and 

connectivity occurring early in brain development, coupled with E/I imbalance, suggest that either the 

production, migration, cell-type specification, or maturation of GABAergic interneurons may be altered in 

ASD.  Both excitatory and inhibitory neurons are guided by a combination of chemo-attractive and 

repulsive cues [13] [14] [15, 16].  Hussman et al.  2011 [17], in a genome-wide association study, reported 

autism candidate genes with known roles in neurite outgrowth and guidance including the Semaphorin-

6A (also called Sema6A) gene.  Semaphorins (also referred to as Semas) constitute a large protein family 
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of 30 members [16, 18] and their role in the nervous system has been widely studied.  Acting as guidance 

molecules, Semas have been shown to be implicated in many processes of development.  More 

importantly, some members of the Semaphorin family have been shown to play an important role in 

neuronal circuit formation and have been implicated in the etiology of ASD [19-24].  Recent studies have 

shed light on the importance of Sema6A as a candidate gene in ASD [17, 24-27].  Increasing evidence 

suggests a role for Sema6A gene in ASD, as it was implicated as an autism candidate gene in both  genome-

wide prediction [17, 26] (prediction rank can been seen at http://asd.princeton.edu) and ASD IQ gene 

analysis [25].  Data obtained from two studies of Sema6A mutant mice also suggest a role for Sema6A in 

ASD [27, 28].  The first study revealed the role of Sema6A in the formation of both limbic and cortical 

connectivity as Sema6A mice displayed cellular disorganization and dysconnectivity [24].  The second 

study explored fundamental levels of behavior and reported a dysfunction in both motivational and 

motoric processes [27].  Taken together these studies revealed the potential for using Sema6A mutant 

mice as an animal model to study dysfunction in brain neuronal networks, as they displayed brain 

alterations similar to those seen in ASD, and the loss of a guidance molecule could also lead to disrupted 

E/I balance.  Therefore the present study focuses on the contribution of Sema6A toward GABAergic 

interneuron migration during brain development as an underlying cause of ASD.  Taking advantage of 

genetically engineered mouse lines, we observed a reduction in the number of GABAergic cells in Sema6A 

mutant mice, and found that the loss of Sema6A affected more specifically the calcium-binding 

parvalbumin interneuron population.  These results reveal a role for Sema6A in the formation of neuronal 

circuits in cortical, hippocampal, and reticular thalamic nucleus areas: key brain areas where alterations 

have been reported in individuals with ASD. 

 

METHODS 
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Animals 

All experimental procedures were performed in compliance with protocols approved by the Institutional 

Animal Care and Use Committees (IACUC) from the Hussman Institute for Autism and University of 

Maryland, Baltimore (UMB).  Animals were housed at UMB, an AAALAC accredited facility.  Animals were 

subjected to a standard 12 hr light/dark cycle and ad libitum access to water and food.  Sema6A mutant 

mice were obtained from Dr.  Giovanna Tosato, laboratory of cellular oncology at NCI/CCR (NIH), with the 

permission of Dr.  Kevin Mitchell, Trinity College Dubin.  Generation of the Sema6A mouse line was 

previously described by Leighton et al., 2001 [29] and Kerjan et al., 2005 [30].  GAD65-GFP transgenic 

mouse strain was used for this project.  In this mouse line, green fluorescent protein (GFP) is expressed 

under the control of the GAD65 promoter.  This mouse line was first developed by Gábor Szabó [31] in 

the Medical Gene Technology Unit, Institute of Experimental Medicine in Budapest, Hungary.  GAD67-GFP 

transgenic mouse strain was also used in the project, in which GFP is expressed under the control of the 

endogenous GAD67 promoter [32].  This mouse line was developed by Yuchio Yanagawa [33] in the 

Department of Genetic and Behavioral Neuroscience, Gunma University Graduate School of Medicine, 

Japan.  For immunohischemistry purposes, animals were anesthetized with isoflurane and then subjected 

to transcardiac perfusion with 0.9% of sodium chloride (NaCl) followed by 4% paraformaldehyde (PFA).  

Tissue was stored in 4% PFA at 4°C until dissection. 

PCR 

DNA from 2mm tail clippings were extracted with QuickExtract kit (Epicentre).  Sema6A genotype was 

determined using the following primers: 5’-gagatgcacagctaacttctggtg-3’ (wild-type allele forward primer), 

5’-ttgaagcctgctcttagtggctcc-3’ (reverse primer), and 5’-gctaccggctaaaacttgagacct-3’ (mutant allele reverse 

primer).  This amplified a 990-bp product for the mutant allele and a 1.43-bp product for the wild-type 

allele.  PCR was completed using RedExtract ReadyAmp Taq (Sigma, SIG-R4775) with the following cycle 
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conditions (29 cycles): 95°C for 30 seconds, 64°C for 30 seconds, and 72°C for 2 minutes.  PCR were run 

on either a T100 (Bio-rad) or a SimpliAmp (Life Technologies) thermal cycler and were imaged using 

ChemiDoc Touch Imaging System (Bio-rad). 

Immunohistochemistry 

Brains were dissected, cryo-protected with 30% sucrose in 1X PBS (phosphate buffer saline), embedded 

in Optimal Cutting Temperature (OCT – VWR) and sliced at 40µM (Leica, cryostat).  Sections were washed 

in 1X PBS and then blocked for 30 minutes at room temperature in blocking solution (BS) [BS contains 1X 

Tris Buffer solution (TBS)-0.3% Triton, 1% Donkey Serum, and 1% Bovine serum albumin (BSA)] followed 

by incubation with primary antibodies at room temperature overnight (see antibody table for details on 

the primary antibodies that were used in this study).  The next day, sections were rinsed in 1X TBS-0.3% 

Triton and incubated with the corresponding secondary antibodies for two hours at room temperature 

(see antibody table for details on the secondary antibodies used).  For DAB (diaminobenzidine) staining, 

VECTASTAIN Elite ABC kit was used (Vector Laboratories, PK-6100) at room temperature for 1 hour, 

sections were rinsed and then incubated at room temperature in DAB (Sigma, cat# D4418).   

Antibodies 

Primary Antibodies Source Cat# Concentration 

Rabbit anti-Calbindin Swant*  CB-38a  1/100K 

Rabbit anti-Calretinin Swant*  7699/4  1/30K 

Rabbit anti-Calretinin Millipore/Sigma AB5054  1/30K 

Guinea pig anti-Parvalbumin Swant*  GP72 1/5K 

Secondary Antibodies Source Cat# Concentration 
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Biotin-SP-conjugated Donkey Anti-Rabbit IgG JIR‡ 711-065-152 1/2K 

Biotin-SP-conjugated Donkey Anti-Guinea Pig IgG JIR‡ 706-065-148 1/2K 

* Swant, https://www.swant.com;  Millipore/Sigma: http://www.emdmillipore.com; ‡JIR: Jackson 

ImmunoResearch: https://www.jacksonimmuno.com. 

Histological analysis: 

All images were obtained using an Axio Zoom V16 microscope (Zeiss) and NIH image J software was used 

for cortical thickness, cortical area and cell number analysis.  Histological and cell count analyses were 

performed blind of genotype (wildtype, heterozygous, or knockout) and sex.  Cortical thickness was 

measured in the primary somatosensory cortex (S1) from bregma levels -1.06 mm to -2.06 mm.  

Measurements of cortical area were achieved using a boundary map of the neocortical areas, including 

motor, somatosensory and auditory cortical areas at bregma levels -1.06 mm to -2.06 mm.  Cell number 

analysis for both GABAergic interneurons, GAD65-GFP and GAD67-GFP, consisted of counting fluorescent 

GFP positive cells in the primary somatosensory cortex (S1), hippocampus and reticular thalamic nucleus 

at bregma levels -1.06 mm to -2.06 mm.  Analysis of either Parvalbumin, or Calretinin or Calbindin cell 

number consisted of counting DAB positive cells in the primary somatosensory cortex (S1), hippocampus 

and reticular thalamic nucleus at bregma levels -1.06 mm to -2.06 mm.  A minimum of 7 animals and a 

maximum of 12 animals were used for all the analysis.  There were no significant differences between the 

cell counts from males and females of the same genotype therefore the data presented in this study 

combines cell counts obtained from either males or females of the same genotype.  Histological data were 

analyzed using unpaired two-tailed t tests using GraphPad Prism 8.0.0 (GraphPad Software; San Diego, 

CA), with genotype (Control vs KO) as the main factor.  Data are presented as mean ± SEM and statistical 

significance was set at p ≤ 0.05 – see figure legends for number of animal per analysis and p values. 
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RESULTS 

Both cortical thickness and cortical area were unchanged in Sema6A mutant mice  

  To investigate whether Sema6A mutants can be used as an informative model to investigate the E/I 

imbalance seen in ASD, the overall brain anatomy of the Sema6A mutant mice was first analyzed.  As 

previously reported by Runker et al. 2011 [24], our results showed that Sema6A mutant mice at P30 

displayed cortical lamination defects in the auditory cortex (data not shown), however both primary 

somatosensory cortical (Fig. 1A and A’ compared to Fig. 1B and B’) and hippocampal areas (Fig. 1A and A” 

compared to Fig. 1B and B”), where our data processing of the GABAergic population focused, appeared 

to be unaffected by the loss of Sema6A gene.  Analysis of the cortical thickness as well as the cortical area 

revealed no difference between Sema6A mutant and control mice at P30 (Fig.1C and D, mutant mice n=7, 

control mice n=7).  In order to investigate the contribution of Sema6A toward GABAergic interneuron 

migration, Sema6A mice were crossed with either GAD65-GFP transgenic mice or GAD67-GFP knock-in 

mice. 

Reduction in GAD65-GFP positive cells in Sema6A KO mice 

  GABA synthesis from glutamate is dependent upon glutamate decarboxylase (GAD) enzyme.  There are 

two distinct isoforms of GAD, GAD65 (65 kDa form) and GAD67 (67 kDa form), both able to synthesize 

GABA [34].  GAD65-GFP transgenic mouse line in which all GAD65 inhibitory neurons express GFP [35] has 

proven to be a very useful tool to visualize GABAergic interneurons considering the relatively low 

sensitivity of GABA immunoreactivity.  Therefore, GAD65-GFP mice were crossed with Sema6A mice to 

allow for a reliable and robust staining of the GAD65 interneuron population within the Sema6A mouse 

line and for a better understanding of the type of cells affected by the mutation.  In order to match closely 

the neuronal network alterations seen in adult humans with ASD, GABAergic interneuron expression was 

analyzed at postnatal stage 30 (P30) as it is considered an adult stage with a completely formed neuronal 
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network.  Our results showed that adult Sema6A/GAD65-GFP mutant mice have a reduced number of 

GAD65-GFP+ cells.  This reduction was present in the primary somatosensory cortex (S1) and well as in 

hippocampal and reticular thalamic nucleus (RTN) areas of Sema6A mutant mice (Fig. 2 A-A’”) compared 

to Sema6A WT mice (Fig. 2 B-B’”).  Cell counts revealed that GAD65-GFP+ cell number was reduced by 

50% in the cortical area (Fig. 2C, mutant n=8, control n=8), 46% in the hippocampal area (Fig. 2D, mutant 

n=8, control n=8), and 62% in the RTN area (Fig. 2E, mutant n=8, control n=7) compared to the control 

means for each area.  While Sema6A mutant mice displayed such a dramatic loss of GABAergic 

interneurons, there were no anatomical differences visible (Fig. 1) as measures of both cortical thickness 

and cortical area revealed no differences between Sema6A mutant and control (Fig. 1C and 1D) mice.   

Reduction in GAD67-GFP positive cells in Sema6A KO mice 

Given the distinct biochemical properties and intracellular distributions of GAD67 and GAD65 as well as 

the expression in distinct neuronal cell types [36-38], analysis of both GAD65+ and GAD67+ interneuron 

populations was required to fully evaluate the contribution of Sema6A toward GABAergic interneuron 

migration.  Therefore GAD67-GFP knock-in mouse line [33] in which all GAD67+ inhibitory neurons express 

GFP were crossed with Sema6A mice.  As previously reported in other studies [38], our results first showed 

that GAD67 appears to be the predominant GAD form in the neocortex (Fig. 3B’) compared to GAD65 

expression (Fig. 2B’) in control mice at P30.  It also appeared that the expression of GAD67, like GAD65, 

was affected by the loss of Sema6A gene.  When compared to the control mean (referenced as 100% of 

the GAD67-GFP positive population), analysis of the robust GAD67-GFP within the Sema6A mutant mice 

revealed a reduction of 26% of GAD67-GFP+ cell number in the cortical area (Fig. 3A’ and 3C, mutant n=7, 

control n=12), 42% in the hippocampal area (Fig. 3A’’ and 3D, mutant n=7, control n=12), and 52% in the 

RTN area (Fig. 3A’’’ and 3E, mutant n=7, control n=12) at the adult stage (P30).  Although all the brain 

areas that were analyzed displayed GAD67-GFP+ cell density loss, this loss was differentially affected 

depending on the brain area, with the RTN area affected the most.  GABAergic cell organization was also 
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affected in the RTN with the presence of holes in the mutant compared to the controls (Fig. 5C and C’, 

white arrows). 

PV Reduction in Sema6A KO mice 

GABAergic interneurons have been shown to be highly heterogeneous and are classified into 

subpopulations using the expression of neurochemical markers.  GABAergic interneurons may be 

classified by their expression of the calcium binding proteins Parvalbumin (PV), Calbindin (CaB), and 

Calretinin (CaR) (McDonald and Mascagni, 2001), with PV neurons being the most abundant (Cowan et 

al., 1990; Kawaguchi and Kubota, 1993).  PV-expressing interneurons are characterized as fast spiking 

interneurons involved in gamma-oscillation generation that synchronize cortical activity during cognitive 

processing (Bartos et al., 2007; Sohal et al., 2009).  To better identify the interneuron population affected 

by the loss of Sema6A gene, PV, CaB, and CaR protein expressions were analyzed.  PV immunostainings at 

the adult stage (P30) revealed that PV expression is affected in the Sema6A mutant mice (Fig. 4C, mutant 

mice n=9) compared to controls (Fig. 4B, control mice n=10).  Indeed a 46% cell density loss is seen in the 

cortical area (Fig. 4A’ and 4C) and although this cortical PV cell loss might appear more dramatic in the 

upper cortical layers, all cortical layers are affected by this PV interneuron loss.  Cell count analysis also 

revealed a PV cell density loss of 45% in the hippocampal area (Fig. 4A’’ and 4D, mutant n=9, control n=10) 

and 37% in the RTN area (Fig. 4A’’’ and 4D, mutant n=10, control n=9).  There were no differences between 

male and female Sema6A mutant or control mice (see methods for more details).  This reduction in PV 

cell number was seen as early as PV expression turns on in the RTN area (Fig. 5A, A’, B and B’) at P7 when 

Sema6A mutant mice were compared to Sema6A control mice. 

Both Calretinin and Calbindin expressions are not affected in Sema6A KO mice 

It is well recognized that PV, CaR, and CaB are useful markers for categorizing interneuron populations as 

they are expressed by more than 80% of the GABAergic neurons [39-44].  As this study aimed to 
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investigate the contribution of Sema6A toward GABAergic interneuron populations, along with PV, CaR 

and CaB expressing interneurons were analyzed in Sema6A mutant mice (Fig. 6 and Fig. 7, respectively).  

Results showed that the expression of CaR was unaffected by the loss of the Sema6A gene (Fig.  6).  When 

both primary somatosensory cortical and hippocampal areas were analyzed at P30, there were no 

significant differences in CaR expression in the brain areas when Sema6A mutant mice (Fig. 6 A, A’, A’”) 

were compared to Sema6A control mice (Fig. 6B, B’, B’’’).  Expression of CaR in the RTN brain area was not 

analyzed since RTN is comprised of 98% of PV interneurons [45].  Cell count analysis was performed in 

both the cortical (S1) and hippocampal areas and revealed no significant differences (data not shown).  

Similarly to the PV expression, CaB expression was analyzed in the same brain areas, except for the RTN 

area.  When cell count analysis was performed there were no differences in both the primary 

somatosensory cortical (Fig. 7 A, A’ Sema6A mutant mice compared to Fig. 7B, B’ control mice) and 

hippocampal (Fig. 7 A, A” Sema6A mutant mice compared to Fig. 7B, B” control mice) interneuron cell 

populations expressing CaB.  Taken together these results suggest that of the GABAergic calcium-binding 

interneurons the loss of Sema6A affects only the PV interneuron population. 

DISCUSSION 

In the present study we took advantage of genetically modified mouse lines to examine the GABAergic 

interneuron population when Sema6A gene is knocked out.  Knock-in mouse lines expressing either 

GAD65-GFP or GAD67-GFP were crossed with Sema6A mouse line to examine GABAergic interneuron 

populations.  The advantage of using these two GFP reporter lines is a strong, robust and reliable staining 

of either GAD65 or GAD67 which facilitates our analysis of the GABAergic interneuron populations in the 

Sema6A mutant mouse line compared to GABA or GAD65 or GAD67 immunostainings.  Our major findings 

using these genetic manipulations are as follow: 1. Loss of Sema6A gene leads to a dramatic overall 

GABAergic cell reduction in the primary somatosensory cortical, hippocampal, and RTN brain areas.  To 

our knowledge this is the first study reporting a GABAergic interneuron loss in the RTN, an area known to 
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play a role in the brain’s attentional network.  2. Analysis of the subpopulations of inhibitory neurons 

revealed that the fast spiking interneurons, PV, are the only GABAergic interneurons affected by the 

Sema6A mutation as CaR and CaB cell populations remain unchanged.  3. Loss of the PV interneuron cell 

population can be observed in the RTN as early as the first postnatal week, when PV expression is initiated. 

Sema6A loss leads to GABAergic cell loss 

In this study, we aimed to understand E/I imbalance at a cellular level, and hypothesized that either the 

production, migration, cell-type specification, or maturation of GABAergic interneurons may be affected 

in ASD.  To this end, Sema6A gene contribution was analyzed to understand whether the loss of this axon 

guidance molecule can affect GABAergic interneuron populations.  Our results showed a reduction in 

GABAergic cell number in the primary somatosensory cortical, hippocampal, and RTN areas, thereby 

revealing the importance of Sema6A in the formation of GABAergic neuronal networks in these brain 

areas.  Other studies have previously documented the role of some semaphorin family members in 

interneuron cell migration during brain development.  Sema3A knockout mice display a reduced number 

of interneurons in the developing cortex due to altered migration [46-49]. These studies focused only on 

embryonic stages and did not indicate adult GABAergic interneuron fate, nor which interneuron cell type 

was affected as a result of the migration defect.  Sema3A is not the only member of the semaphorin family 

to control cortical interneuron migration [46-49] and cerebellar interneuron branching [50] as studies 

have described the role of Sema6A in cerebellar granule cell migration [30, 51].  Sema3C, another member 

of the family, also plays a role in GABAergic fate, as it is implicated in the transient presence of GABAergic 

interneurons during the formation of the corpus callosum (CC) [52].  It is interesting to note that the loss 

of these transient GABAergic interneurons in the CC resulted in major pathfinding defects in the CC [52].  

Such defects in CC formation were also reported in Sema3A knockout mice [33, 53] and provide more 

evidence for a role of semaphorin members in ASD as 1/3 of individuals with autism have an abnormal CC 

[54].  While most studies have focused on the importance of semaphorins in the control of neuronal 
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migration and axon guidance during brain development, recent studies have reported the role of 

semaphorins in the maturation of cortical circuits [55, 56].  Indeed failure in GABAergic circuitry formation 

was described in the Sema7A knockout mice, however the GABAergic cell loss was only reported in layer 

4 of the barrel cortex [55] compared to our results showing that all the cortical layers are affected in the 

Sema6A mutation.  More recently, Greg Barnes’ group published an informative study on interneuron-

specific knockout mouse of Sema3F [56].  Their data showed a 20% reduction of GABAergic cells in the 

somatosensory cortex while we report a 50% reduction of GAD65-GFP positive cells and 26% reduction of 

GAD67-GFP positive cells in the same cortical area.  The differences in cell number reduction between the 

2 studies might be explained by the fact that Sema6A and Sema3F play different roles in either the 

GABAergic cell production, migration or maturation.  Sema7A knockout mice also displayed a GABAergic 

cell loss in the hippocampus, however it was specifically located in the CA1 area [56] whereas our data 

showed that in Sema6A mutant mice all the hippocampal sub-regions had a reduction in GABAergic cell 

number.  Taken together, our data suggest the importance of Sema6A gene in either the production, 

proliferation and/or migration of GABAergic interneurons since the disruption of this gene leads to a 

GABAergic cell loss in several brain areas. 

Loss of Sema6A gene leads to a loss of PV cells 

Of the GABAergic interneurons, PV neurons are the most abundant [57, 58] and are involved in the 

generation of cortical gamma-oscillations that synchronize cortical activity driving cognitive processing 

[59, 60].  Abnormalities of PV neurons have attracted attention as one of the potential causes underlying 

neuropsychiatric disorders [11].  Studies on postmortem brains of individuals with schizophrenia, autism, 

and bipolar disorder have revealed that the number of PV neurons is lower in the frontal cortex, entorhinal 

cortex, and hippocampus [44, 61-66].  Several studies using genetic mouse models to investigate the 

etiology of ASD also reported PV defects in these animal models [21, 67-78].  As we seek to understand 

the mechanisms behind human GABAergic defects in ASD, Sema6A knockout mice were crossed with 
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either a knock-in mouse model expressing GAD65-GFP or GAD67-GFP.  Since our results showed a loss of 

GABAergic interneurons in Sema6A knockout mice, we analyzed the expression of different populations 

of the GABAergic interneurons and found that the PV cell population displayed a reduction in cell number, 

whereas CaR and CaB cell populations were unaffected by the mutation.  Similar to our observations, in 

the FMR1 knockout mice. GABAergic cell loss was only targeted to the PV cell population, as no changes 

in either CaR or CaB were seen [72].  FMR1 knockout mice displayed a 20%  reduction in PV cell populations 

in the somatosensory cortex [72], while our results showed a more pronounced PV cell density loss with 

a 46% reduction in the primary somatosensory cortical area.  Hippocampal PV cell reduction was also 

reported in the Neuropilin-2 mutant mouse, with a 42% PV cell reduction [21] compared to the 45% PV 

cell reduction seen in the Sema6A mutant mice.  Since Neuropilin 2 has been shown to interact with 

Sema6A [79, 80], these very similar PV cell losses seen in both Sema6A and Neuropilin 2 knockout mice 

could suggest that Sema6A interacts with Neuropilin 2 to facilitate the migration of the GABAergic 

interneurons, and disruption of either leads to alterations of the GABAergic interneurons and more 

specifically the PV population.  CNTNAP2 knockout mice, another well-known ASD model, also displayed 

a 20% PV cell loss in both the cortical and hippocampal areas [71].  This PV cell reduction was lower than 

the one we observed in the Sema6A mutant mice, which displayed a 46% and a 45% reduction in the 

cortical and hippocampal areas, respectively, suggesting that there are different mechanisms controlling 

the GABAergic interneurons in these two ASD animal models.  In the Neuroligin-3 mutant mice, the 

cortical PV cell loss [68] was very similar to the one we observed in the Sema6A knockout mice (~50%), 

however no PV cell loss was reported in the hippocampal area, indicating that Neuroligin-3 might only 

play a role in the fate of cortical GABAergic interneurons, whereas Sema6A might be involved in both 

hippocampal and cortical GABAergic cell fate.  Taken together, it appears that similar to other mouse 

models that previously reported a PV cell reduction, Sema6A mutant mice also display a PV cell loss, 

suggesting that in ASD mouse models PV defects could be a common feature.  Recent studies on Shank1 
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and also Shank3 mutant mice suggested the PV reduction observed in both knockout mouse models was 

due to a PV downregulation rather than a neuronal loss [67, 69, 81, 82].  Based on our results showing an 

overall GABAergic cell loss, using GAD transgenic mouse lines to reliably visualize GABAergic interneurons, 

and the fact that neither CaR nor CaB interneurons are affected, we believe that the PV loss that we see 

in the Sema6A mutant mice is due to a PV cell loss rather than a downregulation of PV. 

RTN brain area displayed the greatest GABAergic cell loss in Sema6A mutant mice 

The RTN, discovered by Kölliker [83] and located between the internal capsule and the external medullary 

lamina, originates from the ventral thamalus [84] and receives inputs from the cerebral cortex and dorsal 

thalamic nuclei [85, 86].  It is sub-divided into several sectors [87-89] (1 limbic, 1 motor and 5 sensory 

sectors, including visual, auditory, somatosensory, gustatory and visceral) and GABAergic neurons appear 

to be the major RTN cell type [90, 91], with 98% of these GABAergic neurons expressing PV [45].  RTN has 

been described as a gate keeper [92] and has been shown to play a role in attention [93-97], multisensory 

gating [98], emotions [97], sleep [99, 100], and pain regulation [101].  More recent work by Halassa’s 

group [102] described the RTN as a switchboard regulating the information received by the brain, and 

more importantly filtering out unnecessary information, thereby reinforcing the importance of the RTN in 

attention processes and the consequences that might arise if such neural circuits become defective.  While 

Halassa’s group also investigated the role of Ptchd1, a gene mutated in ASD (~1% of all individuals with 

ASD), and reported RTN impairments using conditional Ptchd1 knockout mouse with attention deficit and 

hyperactivity, they did not report any loss of any GABAergic interneurons in this brain area [103].  The 

only PV cell loss that has been reported in the RTN area was found in subjects with either schizophrenia 

or bipolar disorder [104].  Although GABAergic cell loss and more specifically PV cell loss was reported in 

several studies using ASD mouse models, the interneuron loss was either seen in the cortical area and/or 

the hippocampus.  Therefore to our knowledge this is the first study reporting a GABAergic interneuron 

cell loss in the RTN when an axon guidance gene reported as an ASD candidate gene is mutated.  The 
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reduction of PV cell number (37%) observed in the RTN of Sema6A mutant mice suggests that Sema6A 

might play a role in the RTN formation by controlling the migration of the GABAergic interneurons into 

that area.  Sema6A may have a deep impact in the RTN function since such a cell loss might contribute to 

cognitive, emotional, attentional, sensory, and sleep defects, all of which have been observed in 

individuals with ASD.   

LIMITATIONS 

Sema6A mutant mice have been a valuable tool to assess the potential mechanisms altered in ASD, 

however it is important to acknowledge the limitation of animal models and the degree to which they can 

match the complexity of the human brain. 

CONCLUSIONS 

Sema6A gene and its implication in E/I balance 

The goal of our study was to focus on the potential role of Sema6A in ASD and assess whether the loss of 

an axon guidance molecule could affect the proper formation of neuronal circuits by disrupting the 

GABAergic interneuron population.  We did not intend to characterize the Sema6A mutant mice 

phenotype, since axon guidance, cell migration, and behavioral defects have been previously reported by 

other groups [27-30, 51, 105-109], but rather we intended to focus on whether Sema6A mutants can be 

used as an informative model to investigate the E/I imbalance.  As our results showed GABAergic cell loss, 

and more specifically PV cell loss, in key brain areas involved in ASD, our study revealed the implication of 

Sema6A E/I imbalance and its role on neurodevelopmental defects/ASD.  Indeed, Sema6A mutant mice 

also displayed cortical lamination defects in the auditory cortex (data not shown, [24]) similar to the 

disorganization of the cortical layers reported in individuals with autism [7], adding evidence to the role 

of Sema6A in ASD.  How PV cells are being disrupted in ASD still remains unclear, however it would appear 

that since only PV interneurons are affected by the loss of Sema6A, Sema6A is very likely to play a role in 
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the medial ganglionic eminence (MGE) maturation rather than the lateral (LGE) or caudal ganglionic 

eminence (CGE) maturation which are producing CaR interneurons.  Further studies looking at brain 

development and the generation of interneurons in Sema6A mutant mice will help to elucidate whether 

the proliferation, migration, or specification of PV interneurons is affected as a mechanism contributing 

to human GABAergic disruptions in ASD.  

LIST OF ABBREVIATIONS 

ASD: autism spectrum disorder 

CaB: Calbindin 

CaR: Calretinin 

CGE: caudal ganglionic eminence 

E/I: excitation/inhibition 

GAD: Glutamate decarboxylase 

GFP: Green fibrillary protein 

LGE: lateral ganglionic eminence 

MGE: medial ganglionic eminence 

MRI: magnetic resonance imaging 

PV: Parvalbuim 

RTN: reticular thalamic nucleus 

Sema6A: semaphoring 6A 

DECLARATIONS 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


Acknowledgements 

We would like to thank Dr. John Hussman, Dr. Gene Blatt, and Ms. Elizabeth Benevides for critical reading 

and editing of the manuscript, and Serena Edwards for technical assistance.  We would like to 

acknowledge Dr. Kevin Mitchell, Dr. Giovanna Tosato, and Dr. Ombretta Salvucci for the Sema6A mutant 

mice, as well as Dr. Alain Chedotal, Dr. Alex Kolodkin, and Dr. Adam Puche for helpful discussions.  We 

thank Dr. Louis DeTolla from the University of Maryland Baltimore for veterinary and consulting services. 

Funding 

This project is supported by the Hussman Foundation Grant #HIAS15005 (CP). 

Availability of data and materials 

Datasets for the current study can be made available from the corresponding author on reasonable 

request. 

Authors’ contributions 

CP conceived the study and secured the funds.  KM and CP performed the animal studies, analyzed 

statistics and wrote the manuscript.  GS, YY and TC assisted in the experiment design.  All authors have 

read and approved the final manuscript. 

Ethics approval  

Animals: the use of animals was in accordance with the Institutional Animal Care and Use Committees 

(IACUC) from the Hussman Institute for Autism and University of Maryland, Baltimore (UMB). 

Consent for publication 

Not applicable 

Competing Interests 

The authors declare no competing interests. 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


REFERENCES  

1. Kanner, L., Early infantile autism. the journal of Pediatrics, 1944. 25(3): p. 211-217. 
2. Brambilla, P., et al., Brain anatomy and development in autism: review of structural MRI studies. 

Brain Res Bull, 2003. 61(6): p. 557-69. 
3. Courchesne, E., R. Carper, and N. Akshoomoff, Evidence of brain overgrowth in the first year of life 

in autism. JAMA, 2003. 290(3): p. 337-44. 
4. Williams, E.L. and M.F. Casanova, Above genetics: lessons from cerebral development in autism. 

Transl Neurosci, 2011. 2(2): p. 106-120. 
5. Donovan, A.P. and M.A. Basson, The neuroanatomy of autism - a developmental perspective. J 

Anat, 2017. 230(1): p. 4-15. 
6. Wegiel, J., et al., The neuropathology of autism: defects of neurogenesis and neuronal migration, 

and dysplastic changes. Acta Neuropathol, 2010. 119(6): p. 755-70. 
7. Stoner, R., et al., Patches of disorganization in the neocortex of children with autism. N Engl J Med, 

2014. 370(13): p. 1209-1219. 
8. Hussman, J.P., Suppressed GABAergic inhibition as a common factor in suspected etiologies of 

autism. J Autism Dev Disord, 2001. 31(2): p. 247-8. 
9. Blatt, G.J., et al., Density and distribution of hippocampal neurotransmitter receptors in autism: 

an autoradiographic study. J Autism Dev Disord, 2001. 31(6): p. 537-43. 
10. Gao, R. and P. Penzes, Common mechanisms of excitatory and inhibitory imbalance in 

schizophrenia and autism spectrum disorders. Curr Mol Med, 2015. 15(2): p. 146-67. 
11. Marin, O., Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci, 2012. 13(2): p. 107-

20. 
12. Hussman, J.P., The gap between intention and action: Altered connectivity and GABA-mediated 

synchrony in autism: The Movement Sensing Perspective Frontiers in Neuroscience, 2017. Torres 
E.B. & Whyatt C., Editors, CRC Press: p. 139-151. 

13. Marin, O. and J.L. Rubenstein, Cell migration in the forebrain. Annu Rev Neurosci, 2003. 26: p. 
441-83. 

14. Metin, C., et al., Cell and molecular mechanisms involved in the migration of cortical interneurons. 
Eur J Neurosci, 2006. 23(4): p. 894-900. 

15. Xu, Q., et al., Origins of cortical interneuron subtypes. J Neurosci, 2004. 24(11): p. 2612-22. 
16. Plachez, C. and L.J. Richards, Mechanisms of axon guidance in the developing nervous system. Curr 

Top Dev Biol, 2005. 69: p. 267-346. 
17. Hussman, J.P., et al., A noise-reduction GWAS analysis implicates altered regulation of neurite 

outgrowth and guidance in autism. Mol Autism, 2011. 2(1): p. 1. 
18. Alto, L.T. and J.R. Terman, Semaphorins and their Signaling Mechanisms. Methods Mol Biol, 2017. 

1493: p. 1-25. 
19. de Anda, F.C., et al., Autism spectrum disorder susceptibility gene TAOK2 affects basal dendrite 

formation in the neocortex. Nat Neurosci, 2012. 15(7): p. 1022-31. 
20. Degano, A.L., R.J. Pasterkamp, and G.V. Ronnett, MeCP2 deficiency disrupts axonal guidance, 

fasciculation, and targeting by altering Semaphorin 3F function. Mol Cell Neurosci, 2009. 42(3): p. 
243-54. 

21. Gant, J.C., et al., Decreased number of interneurons and increased seizures in neuropilin 2 deficient 
mice: implications for autism and epilepsy. Epilepsia, 2009. 50(4): p. 629-45. 

22. Mosca-Boidron, A.L., et al., A de novo microdeletion of SEMA5A in a boy with autism spectrum 
disorder and intellectual disability. Eur J Hum Genet, 2016. 24(6): p. 838-43. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


23. Napoli, E., et al., Beyond autophagy: a novel role for autism-linked Wdfy3 in brain mitophagy. Sci 
Rep, 2018. 8(1): p. 11348. 

24. Rünker, A.E., et al., Mutation of Semaphorin-6A disrupts limbic and cortical connectivity and 
models neurodevelopmental psychopathology. PLoS One, 2011. 6(11): p. e26488. 

25. Wang, H.Z., et al., New insights into the genetic mechanism of IQ in autism spectrum disorders. 
Front Genet, 2013. 4: p. 195. 

26. Krishnan, A., et al., Genome-wide prediction and functional characterization of the genetic basis 
of autism spectrum disorder. Nat Neurosci, 2016. 19(11): p. 1454-1462. 

27. Hakansson, K., et al., Semaphorin 6A knockout mice display abnormalities across ethologically-
based topographies of exploration and in motor learning. Neurosci Lett, 2017. 641: p. 70-76. 

28. Runker, A.E., et al., Mutation of Semaphorin-6A disrupts limbic and cortical connectivity and 
models neurodevelopmental psychopathology. PLoS One, 2011. 6(11): p. e26488. 

29. Leighton, P.A., et al., Defining brain wiring patterns and mechanisms through gene trapping in 
mice. Nature, 2001. 410(6825): p. 174-9. 

30. Kerjan, G., et al., The transmembrane semaphorin Sema6A controls cerebellar granule cell 
migration. Nat Neurosci, 2005. 8(11): p. 1516-24. 

31. Lopez-Bendito, G., et al., Preferential origin and layer destination of GAD65-GFP cortical 
interneurons. Cereb Cortex, 2004. 14(10): p. 1122-33. 

32. Plachez, C. and A.C. Puche, Early specification of GAD67 subventricular derived olfactory 
interneurons. J Mol Histol, 2012. 43(2): p. 215-21. 

33. Kaneko, K., et al., Noradrenergic excitation of a subpopulation of GABAergic cells in the basolateral 
amygdala via both activation of nonselective cationic conductance and suppression of resting K+ 
conductance: a study using glutamate decarboxylase 67-green fluorescent protein knock-in mice. 
Neuroscience, 2008. 157(4): p. 781-97. 

34. Erlander, M.G., et al., Two genes encode distinct glutamate decarboxylases. Neuron, 1991. 7(1): 
p. 91-100. 

35. Lopez-Bendito, G., et al., Robo1 and Robo2 cooperate to control the guidance of major axonal 
tracts in the mammalian forebrain. The Journal of neuroscience : the official journal of the Society 
for Neuroscience, 2007. 27(13): p. 3395-3407. 

36. Erlander, M.G. and A.J. Tobin, The structural and functional heterogeneity of glutamic acid 
decarboxylase: a review. Neurochem Res, 1991. 16(3): p. 215-26. 

37. Esclapez, M., et al., Comparative localization of two forms of glutamic acid decarboxylase and 
their mRNAs in rat brain supports the concept of functional differences between the forms. J 
Neurosci, 1994. 14(3 Pt 2): p. 1834-55. 

38. Feldblum, S., M.G. Erlander, and A.J. Tobin, Different distributions of GAD65 and GAD67 mRNAs 
suggest that the two glutamate decarboxylases play distinctive functional roles. J Neurosci Res, 
1993. 34(6): p. 689-706. 

39. Gonchar, Y. and A. Burkhalter, Three distinct families of GABAergic neurons in rat visual cortex. 
Cereb Cortex, 1997. 7(4): p. 347-58. 

40. Gonchar, Y., Q. Wang, and A. Burkhalter, Multiple distinct subtypes of GABAergic neurons in mouse 
visual cortex identified by triple immunostaining. Front Neuroanat, 2007. 1: p. 3. 

41. Kubota, Y., R. Hattori, and Y. Yui, Three distinct subpopulations of GABAergic neurons in rat frontal 
agranular cortex. Brain Res, 1994. 649(1-2): p. 159-73. 

42. Xu, X., K.D. Roby, and E.M. Callaway, Immunochemical characterization of inhibitory mouse 
cortical neurons: three chemically distinct classes of inhibitory cells. J Comp Neurol, 2010. 518(3): 
p. 389-404. 

43. Sequier, J.M., et al., Calbindin D-28k Protein and mRNA Localization in the Rat Brain. Eur J 
Neurosci, 1990. 2(12): p. 1118-1126. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


44. Lawrence, Y.A., et al., Parvalbumin-, calbindin-, and calretinin-immunoreactive hippocampal 
interneuron density in autism. Acta Neurol Scand, 2010. 121(2): p. 99-108. 

45. Hou, X., et al., Cytotoxic ethnic Yao medicine Baizuan, leaves of Schisandra viridis A. C. Smith. J 
Ethnopharmacol, 2016. 194: p. 146-152. 

46. Andrews, W.D., et al., Semaphorin3A-neuropilin1 signalling is involved in the generation of cortical 
interneurons. Brain Struct Funct, 2017. 222(5): p. 2217-2233. 

47. Hernandez-Miranda, L.R., et al., Robo1 regulates semaphorin signaling to guide the migration of 
cortical interneurons through the ventral forebrain. J Neurosci, 2011. 31(16): p. 6174-87. 

48. Marin, O., et al., Sorting of striatal and cortical interneurons regulated by semaphorin-neuropilin 
interactions. Science, 2001. 293(5531): p. 872-5. 

49. Tamamaki, N., et al., Evidence that Sema3A and Sema3F regulate the migration of GABAergic 
neurons in the developing neocortex. J Comp Neurol, 2003. 455(2): p. 238-48. 

50. Cioni, J.M., et al., SEMA3A signaling controls layer-specific interneuron branching in the 
cerebellum. Curr Biol, 2013. 23(10): p. 850-61. 

51. Renaud, J., et al., Plexin-A2 and its ligand, Sema6A, control nucleus-centrosome coupling in 
migrating granule cells. Nat Neurosci, 2008. 11(4): p. 440-9. 

52. Niquille, M., et al., Transient neuronal populations are required to guide callosal axons: a role for 
semaphorin 3C. PLoS Biol, 2009. 7(10): p. e1000230. 

53. Piper, M., et al., Neuropilin 1-Sema signaling regulates crossing of cingulate pioneering axons 
during development of the corpus callosum. Cereb Cortex, 2009. 19 Suppl 1: p. i11-21. 

54. Lazar, M., et al., Axonal deficits in young adults with High Functioning Autism and their impact on 
processing speed. Neuroimage Clin, 2014. 4: p. 417-25. 

55. Carcea, I., et al., Maturation of cortical circuits requires Semaphorin 7A. Proc Natl Acad Sci U S A, 
2014. 111(38): p. 13978-83. 

56. Li, Z., et al., Deletion of Semaphorin 3F in Interneurons Is Associated with Decreased GABAergic 
Neurons, Autism-like Behavior, and Increased Oxidative Stress Cascades. Mol Neurobiol, 2019. 

57. Cowan, R.L., et al., Parvalbumin-containing GABAergic interneurons in the rat neostriatum. J Comp 
Neurol, 1990. 302(2): p. 197-205. 

58. Kawaguchi, Y. and Y. Kubota, Correlation of physiological subgroupings of nonpyramidal cells with 
parvalbumin- and calbindinD28k-immunoreactive neurons in layer V of rat frontal cortex. J 
Neurophysiol, 1993. 70(1): p. 387-96. 

59. Bartos, M., I. Vida, and P. Jonas, Synaptic mechanisms of synchronized gamma oscillations in 
inhibitory interneuron networks. Nat Rev Neurosci, 2007. 8(1): p. 45-56. 

60. Sohal, V.S., et al., Parvalbumin neurons and gamma rhythms enhance cortical circuit performance. 
Nature, 2009. 459(7247): p. 698-702. 

61. Beasley, C.L. and G.P. Reynolds, Parvalbumin-immunoreactive neurons are reduced in the 
prefrontal cortex of schizophrenics. Schizophr Res, 1997. 24(3): p. 349-55. 

62. Chung, D.W., et al., Dysregulated ErbB4 Splicing in Schizophrenia: Selective Effects on Parvalbumin 
Expression. Am J Psychiatry, 2016. 173(1): p. 60-8. 

63. Hashemi, E., et al., Abnormal white matter tracts resembling pencil fibers involving prefrontal 
cortex (Brodmann area 47) in autism: a case report. J Med Case Rep, 2016. 10(1): p. 237. 

64. Lewis, D.A., Inhibitory neurons in human cortical circuits: substrate for cognitive dysfunction in 
schizophrenia. Curr Opin Neurobiol, 2014. 26: p. 22-6. 

65. Berridge, M.J., Dysregulation of neural calcium signaling in Alzheimer disease, bipolar disorder 
and schizophrenia. Prion, 2013. 7(1): p. 2-13. 

66. Zikopoulos, B. and H. Barbas, Altered neural connectivity in excitatory and inhibitory cortical 
circuits in autism. Front Hum Neurosci, 2013. 7: p. 609. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


67. Filice, F., et al., Reduction in parvalbumin expression not loss of the parvalbumin-expressing GABA 
interneuron subpopulation in genetic parvalbumin and shank mouse models of autism. Mol Brain, 
2016. 9: p. 10. 

68. Gogolla, N., et al., Common circuit defect of excitatory-inhibitory balance in mouse models of 
autism. J Neurodev Disord, 2009. 1(2): p. 172-81. 

69. Lauber, E., F. Filice, and B. Schwaller, Prenatal Valproate Exposure Differentially Affects 
Parvalbumin-Expressing Neurons and Related Circuits in the Cortex and Striatum of Mice. Front 
Mol Neurosci, 2016. 9: p. 150. 

70. Martins, G.J., M. Shahrokh, and E.M. Powell, Genetic disruption of Met signaling impairs 
GABAergic striatal development and cognition. Neuroscience, 2011. 176: p. 199-209. 

71. Penagarikano, O., et al., Absence of CNTNAP2 leads to epilepsy, neuronal migration abnormalities, 
and core autism-related deficits. Cell, 2011. 147(1): p. 235-46. 

72. Selby, L., C. Zhang, and Q.Q. Sun, Major defects in neocortical GABAergic inhibitory circuits in mice 
lacking the fragile X mental retardation protein. Neurosci Lett, 2007. 412(3): p. 227-32. 

73. Wohr, M., et al., Lack of parvalbumin in mice leads to behavioral deficits relevant to all human 
autism core symptoms and related neural morphofunctional abnormalities. Transl Psychiatry, 
2015. 5: p. e525. 

74. Vogt, D., et al., The parvalbumin/somatostatin ratio is increased in Pten mutant mice and by 
human PTEN ASD alleles. Cell Rep, 2015. 11(6): p. 944-956. 

75. Fukuda, T., et al., Delayed maturation of neuronal architecture and synaptogenesis in cerebral 
cortex of Mecp2-deficient mice. J Neuropathol Exp Neurol, 2005. 64(6): p. 537-44. 

76. Powell, E.M., et al., Genetic disruption of cortical interneuron development causes region- and 
GABA cell type-specific deficits, epilepsy, and behavioral dysfunction. J Neurosci, 2003. 23(2): p. 
622-31. 

77. Sadakata, T., et al., Autistic-like phenotypes in Cadps2-knockout mice and aberrant CADPS2 
splicing in autistic patients. J Clin Invest, 2007. 117(4): p. 931-43. 

78. Tripathi, P.P., et al., Increased susceptibility to kainic acid-induced seizures in Engrailed-2 knockout 
mice. Neuroscience, 2009. 159(2): p. 842-9. 

79. Bron, R., et al., Boundary cap cells constrain spinal motor neuron somal migration at motor exit 
points by a semaphorin-plexin mechanism. Neural Dev, 2007. 2: p. 21. 

80. Mauti, O., et al., Semaphorin6A acts as a gate keeper between the central and the peripheral 
nervous system. Neural Dev, 2007. 2: p. 28. 

81. Filice, F. and B. Schwaller, Parvalbumin and autism: different causes, same effect? Oncotarget, 
2017. 8(5): p. 7222-7223. 

82. Lauber, E., F. Filice, and B. Schwaller, Parvalbumin neurons as a hub in autism spectrum disorders. 
J Neurosci Res, 2018. 96(3): p. 360-361. 

83. Kolliker, A., handbuch der Gewebelehre des Mensschen. Nervensystemen des Menschen und der 
Thiere, 1986. 2(6th ed.): p. leipzig. 

84. Rose, J.E., The ontogenetic development of the rabbit's diencephalon. Journal of Comparative 
Neurology, 1942. 77: p. 61-129. 

85. Jones, E.G., the Thalamus. New York: Plenum, 1985. 
86. Ohara, P.T. and A.R. Lieberman, The thalamic reticular nucleus of the adult rat: experimental 

anatomical studies. J Neurocytol, 1985. 14(3): p. 365-411. 
87. Crabtree, J.W., Intrathalamic sensory connections mediated by the thalamic reticular nucleus. Cell 

Mol Life Sci, 1999. 56(7-8): p. 683-700. 
88. Guillery, R.W., S.L. Feig, and D.A. Lozsadi, Paying attention to the thalamic reticular nucleus. 

Trends Neurosci, 1998. 21(1): p. 28-32. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


89. Pinault, D., The thalamic reticular nucleus: structure, function and concept. Brain Res Brain Res 
Rev, 2004. 46(1): p. 1-31. 

90. de Biasi, S., C. Frassoni, and R. Spreafico, GABA immunoreactivity in the thalamic reticular nucleus 
of the rat. A light and electron microscopical study. Brain Res, 1986. 399(1): p. 143-7. 

91. Houser, C.R., et al., GABA neurons are the major cell type of the nucleus reticularis thalami. Brain 
Res, 1980. 200(2): p. 341-54. 

92. Crick, F., Function of the thalamic reticular complex: the searchlight hypothesis. Proc Natl Acad Sci 
U S A, 1984. 81(14): p. 4586-90. 

93. McAlonan, K., V.J. Brown, and E.M. Bowman, Thalamic reticular nucleus activation reflects 
attentional gating during classical conditioning. J Neurosci, 2000. 20(23): p. 8897-901. 

94. McAlonan, K., J. Cavanaugh, and R.H. Wurtz, Attentional modulation of thalamic reticular neurons. 
J Neurosci, 2006. 26(16): p. 4444-50. 

95. Weese, G.D., J.M. Phillips, and V.J. Brown, Attentional orienting is impaired by unilateral lesions 
of the thalamic reticular nucleus in the rat. J Neurosci, 1999. 19(22): p. 10135-9. 

96. Zikopoulos, B. and H. Barbas, Prefrontal projections to the thalamic reticular nucleus form a unique 
circuit for attentional mechanisms. J Neurosci, 2006. 26(28): p. 7348-61. 

97. Zikopoulos, B. and H. Barbas, Pathways for emotions and attention converge on the thalamic 
reticular nucleus in primates. J Neurosci, 2012. 32(15): p. 5338-50. 

98. Zikopoulos, B. and H. Barbas, Circuits for multisensory integration and attentional modulation 
through the prefrontal cortex and the thalamic reticular nucleus in primates. Rev Neurosci, 2007. 
18(6): p. 21. 

99. Lewis, L.D., et al., Thalamic reticular nucleus induces fast and local modulation of arousal state. 
Elife, 2015. 4: p. e08760. 

100. McCormick, D.A. and T. Bal, Sleep and arousal: thalamocortical mechanisms. Annu Rev Neurosci, 
1997. 20: p. 185-215. 

101. Liu, J., et al., Activation of Parvalbumin Neurons in the Rostro-Dorsal Sector of the Thalamic 
Reticular Nucleus Promotes Sensitivity to Pain in Mice. Neuroscience, 2017. 366: p. 113-123. 

102. Wimmer, R.D., et al., Thalamic control of sensory selection in divided attention. Nature, 2015. 
526(7575): p. 705-9. 

103. Wells, M.F., et al., Thalamic reticular impairment underlies attention deficit in Ptchd1(Y/-) mice. 
Nature, 2016. 532(7597): p. 58-63. 

104. Steullet, P., et al., The thalamic reticular nucleus in schizophrenia and bipolar disorder: role of 
parvalbumin-expressing neuron networks and oxidative stress. Mol Psychiatry, 2018. 23(10): p. 
2057-2065. 

105. Little, G.E., et al., Specificity and plasticity of thalamocortical connections in Sema6A mutant mice. 
PLoS Biol, 2009. 7(4): p. e98. 

106. Matsuoka, R.L., et al., Guidance-cue control of horizontal cell morphology, lamination, and 
synapse formation in the mammalian outer retina. J Neurosci, 2012. 32(20): p. 6859-68. 

107. Mitsogiannis, M.D., G.E. Little, and K.J. Mitchell, Semaphorin-Plexin signaling influences early 
ventral telencephalic development and thalamocortical axon guidance. Neural Dev, 2017. 12(1): 
p. 6. 

108. Okada, T., et al., Remarkable complexity and variability of corticospinal tract defects in adult 
Semaphorin 6A knockout mice. Brain Res, 2018. 

109. Runker, A.E., et al., Semaphorin-6A controls guidance of corticospinal tract axons at multiple 
choice points. Neural Dev, 2008. 3: p. 34. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 7, 2019. ; https://doi.org/10.1101/663419doi: bioRxiv preprint 

https://doi.org/10.1101/663419


Figure Legends 

Figure 1: Cortical area and cortical thickness were not affected in Sema6A mutant mice. 

Hematoxylin staining was performed on P30 coronal brain slices.  No anatomical differences were found 

between Sema6A mutant (A, A’, A”) and Sema6A control (B, B’, B”) brains.  A’ and B’ are high magnification 

of the inserts in A and B, respectively, at cortical level.  A” and B” are high magnification of the inserts in 

A and B, respectively, at the hippocampal level.  Both the cortical area (C) and the cortical thickness (D) 

were measured in both Sema6A mutant and control mice and no significant differences were found.  (ns: 

not significant in C and D).  Scale bar in B is 1000µm for A and B; scale bar in B” is 200µm for A’ and B’ and 

400µm for A” and B”. 

Figure 2: Sema6A mutant mice display a decrease in GAD65-GFP positive cells.   

Sema6A mutant mice were crossed with GAD65-GFP mice to allow for reliable labeling of the GAD65 

interneurons population (green staining on panels A-A”’, B-B’”).  Panels A’-A’” shows GAD65-GFP positive 

cells (in green) in a Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views of the 

primary somatosensory cortex, hippocampus and RTN, respectively.  Panels B, B’, and B’” show GAD65-

GFP positive cells in a Sema6A control mouse at P30.  B’, B” and B’” are higher magnification views of the 

cortex, hippocampus and RTN, respectively.  Panels C, D and E represent GAD65-GFP positive cell count 

with a reduction of GAD65 positive cells seen in Sema6A mutant mice at P30 in the cortical area (C, blue 

bar: KO, n=8, white bar: WT, n=8, p value<0.0001), hippocampal area (D, green bar: KO, n=8, white bar: 

WT, n=8, p value<0.0001) and reticular thalamic nucleus (E, orange bar: KO, n=8, white bar: WT, n=8, p 

value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”” is 200µm for A’ and B’ and 300µm 

for A”, B”, A’” and B’”. 
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Figure 3: Sema6A mutant mice display a decrease in Gad67-GFP positive cells.   

GAD67-GFP mice were crossed with Sema6A mutant mice to allow for reliable tracking of the GAD67 

interneurons population (green staining on panels A-A”’, B-B’”).  Panels A’A’” shows GAD67-GFP positive 

cells (in green) in Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views of the 

cortex (S1), hippocampus, and RTN, respectively.  Panels B, B’B’” shows GAD67-GFP positive cells in 

Sema6A control mouse at P30.  B’, B” and B’” are higher magnification views of the cortex, hippocampus, 

and RTN areas, respectively.  Panels C, D and E represent GAD67-GFP positive cell count with a reduction 

of GAD67 positive cells seen in Sema6A mutant mice at P30 in the cortical area (C, blue bar: KO, n=7, white 

bar: WT, n=12, p value<0.0001), hippocampal area (D, green bar: KO, n=7, white bar: WT, n=12, p 

value<0.0001), and reticular thalamic nucleus (E, orange bar: KO, n=7, white bar: WT, n=12, p 

value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”” is 200µm for A’ and B’ and 300µm 

for A”, B”, A’” and B’”. 

Figure 4: Decreased Parvalbumin cell number in Sema6A mutant mice. 

Parvalbumin staining was performed on P30 Sema6A mutant and control mice.  Panels A, A’, A’” show PV 

cells in Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views of the cortex (S1), 

hippocampus, and RTN, respectively.  Panels B, B’, B’” show PV cells in Sema6A WT mouse at P30.  B’, B” 

and B’” are higher magnification views of the cortex, hippocampus, and RTN, respectively.  Panels C, D 

and E display the reduction in PV positive cell count in Sema6A mutant mice at P30 in the cortical area (C, 

blue bar: KO, n=9, white bar: WT, n=10, p value<0.0001), hippocampal area (D, green bar: KO, n=9, white 

bar: WT, n=10, p value<0.0001), and reticular thalamic nucleus (E, orange bar: KO, n=9, white bar: WT, 

n=10, p value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”’ is 200µm for A’ and B’ and 

500µm for A”, B”, A’” and B’”. 
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Figure 5: RTN GABAergic cell loss in Sema6A mutant mice. 

Parvalbumin staining was performed on P7 Sema6A mutant and control mice and was found in the RTN 

area.  Panels A and A’ show PV cells in Sema6A control mouse.  A’ is a higher magnification view of the 

RTN area.  Panels B and B’ show PV cells in Sema6A mutant mouse.  B’ is a higher magnification view of 

the RTN area.  At this stage the PV cell reduction can be seen in the Sema6A mutant (B) compared to the 

Sema6 control mice (A).  Panels C and C’ display an example of the GABAergic cell reduction in the RTN, 

where holes (white arrows in both C and C’) can be seen in some areas of the RTN in Sema6A/GAD-67 GFP 

mutant mice at P30.  Scale bar in B is 1000µm for A and B; scale bar in B’ is 300µm for A’, B’ and C’ and 

150µm for C’. 

Figure 6: Sema6A mutant mice display no alteration in Calretinin interneuron population. 

Calretinin staining was performed on coronal brain sections at P30.  No differences in expression were 

observed between the Sema6A mutant mice (A, A’ is a high power view of the cortical area, A” is a high 

magnification of the hippocampal area) and the Sema6A control mice (B, B’ is a high power view of the 

cortical area, B” is a magnification of the hippocampal area).  Cell density analysis in the cortical (S1), 

hippocampal, and RTN areas revealed no significant difference in CaR interneurons (data not shown) 

between Sema6A mutant and control mice.  Scale bar in A is 1000µm for A and B; scale bar in A’ is 200µm 

for A’ and B’, scale bar in A” is 500µm for A”, B”. 

Figure 7: Calbindin interneuron population was not affected in Sema6A mutant. 

Calbindin staining was performed on coronal brain sections at P30.  No differences in expression were 

found between the Sema6A mutant mice (A, A’ is a high power view of the cortical area, A” is a high 

magnification of the hippocampal area) and the Sema6A control mice (B, B’ is a high power view of the 

cortical area, B” is a magnification of the hippocampal area).  Cell count analysis in the cortical (S1), 

hippocampal, and RTN areas revealed no significant difference in the CaB interneuron population (data 
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not shown) between Sema6A mutant and control mice.  Scale bar in B is 1000µm for A and B; scale bar in 

B’ is 200µm for A’ and B’, scale bar in B” is 500µm for A”, B”. 
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Figure Legends 

Figure 1: Cortical area and cortical thickness were not affected in Sema6A mutant mice. 

Hematoxylin staining was performed on P30 coronal brain slices.  No anatomical differences were found 

between Sema6A mutant (A, A’, A”) and Sema6A control (B, B’, B”) brains.  A’ and B’ are high 

magnification of the inserts in A and B, respectively, at cortical level.  A” and B” are high magnification of 

the inserts in A and B, respectively, at the hippocampal level.  Both the cortical area (C) and the cortical 

thickness (D) were measured in both Sema6A mutant and control mice and no significant differences 

were found.  (ns: not significant in C and D).  Scale bar in B is 1000µm for A and B; scale bar in B” is 

200µm for A’ and B’ and 400µm for A” and B”. 

Figure 2: Sema6A mutant mice display a decrease in GAD65-GFP positive cells.   

Sema6A mutant mice were crossed with GAD65-GFP mice to allow for reliable labeling of the GAD65 

interneurons population (green staining on panels A-A”’, B-B’”).  Panels A’-A’” shows GAD65-GFP 

positive cells (in green) in a Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views 

of the primary somatosensory cortex, hippocampus and RTN, respectively.  Panels B, B’, and B’” show 

GAD65-GFP positive cells in a Sema6A control mouse at P30.  B’, B” and B’” are higher magnification 

views of the cortex, hippocampus and RTN, respectively.  Panels C, D and E represent GAD65-GFP 

positive cell count with a reduction of GAD65 positive cells seen in Sema6A mutant mice at P30 in the 

cortical area (C, blue bar: KO, n=8, white bar: WT, n=8, p value<0.0001), hippocampal area (D, green bar: 

KO, n=8, white bar: WT, n=8, p value<0.0001) and reticular thalamic nucleus (E, orange bar: KO, n=8, 

white bar: WT, n=8, p value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”” is 200µm for 

A’ and B’ and 300µm for A”, B”, A’” and B’”. 
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Figure 3: Sema6A mutant mice display a decrease in Gad67-GFP positive cells.   

GAD67-GFP mice were crossed with Sema6A mutant mice to allow for reliable tracking of the GAD67 

interneurons population (green staining on panels A-A”’, B-B’”).  Panels A’A’” shows GAD67-GFP positive 

cells (in green) in Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views of the 

cortex (S1), hippocampus, and RTN, respectively.  Panels B, B’B’” shows GAD67-GFP positive cells in 

Sema6A control mouse at P30.  B’, B” and B’” are higher magnification views of the cortex, 

hippocampus, and RTN areas, respectively.  Panels C, D and E represent GAD67-GFP positive cell count 

with a reduction of GAD67 positive cells seen in Sema6A mutant mice at P30 in the cortical area (C, blue 

bar: KO, n=7, white bar: WT, n=12, p value<0.0001), hippocampal area (D, green bar: KO, n=7, white bar: 

WT, n=12, p value<0.0001), and reticular thalamic nucleus (E, orange bar: KO, n=7, white bar: WT, n=12, 

p value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”” is 200µm for A’ and B’ and 300µm 

for A”, B”, A’” and B’”. 

Figure 4: Decreased Parvalbumin cell number in Sema6A mutant mice. 

Parvalbumin staining was performed on P30 Sema6A mutant and control mice.  Panels A, A’, A’” show 

PV cells in Sema6A mutant mouse at P30.  A’, A” and A’” are higher magnification views of the cortex 

(S1), hippocampus, and RTN, respectively.  Panels B, B’, B’” show PV cells in Sema6A WT mouse at P30.  

B’, B” and B’” are higher magnification views of the cortex, hippocampus, and RTN, respectively.  Panels 

C, D and E display the reduction in PV positive cell count in Sema6A mutant mice at P30 in the cortical 

area (C, blue bar: KO, n=9, white bar: WT, n=10, p value<0.0001), hippocampal area (D, green bar: KO, 

n=9, white bar: WT, n=10, p value<0.0001), and reticular thalamic nucleus (E, orange bar: KO, n=9, white 

bar: WT, n=10, p value<0.0001).  Scale bar in B is 1000µm for A and B; scale bar in B”’ is 200µm for A’ 

and B’ and 500µm for A”, B”, A’” and B’”. 
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Figure 5: RTN GABAergic cell loss in Sema6A mutant mice. 

Parvalbumin staining was performed on P7 Sema6A mutant and control mice and was found in the RTN 

area.  Panels A and A’ show PV cells in Sema6A control mouse.  A’ is a higher magnification view of the 

RTN area.  Panels B and B’ show PV cells in Sema6A mutant mouse.  B’ is a higher magnification view of 

the RTN area.  At this stage the PV cell reduction can be seen in the Sema6A mutant (B) compared to the 

Sema6 control mice (A).  Panels C and C’ display an example of the GABAergic cell reduction in the RTN, 

where holes (white arrows in both C and C’) can be seen in some areas of the RTN in Sema6A/GAD-67 

GFP mutant mice at P30.  Scale bar in B is 1000µm for A and B; scale bar in B’ is 300µm for A’, B’ and C’ 

and 150µm for C’. 

Figure 6: Sema6A mutant mice display no alteration in Calretinin interneuron population. 

Calretinin staining was performed on coronal brain sections at P30.  No differences in expression were 

observed between the Sema6A mutant mice (A, A’ is a high power view of the cortical area, A” is a high 

magnification of the hippocampal area) and the Sema6A control mice (B, B’ is a high power view of the 

cortical area, B” is a magnification of the hippocampal area).  Cell density analysis in the cortical (S1), 

hippocampal, and RTN areas revealed no significant difference in CaR interneurons (data not shown) 

between Sema6A mutant and control mice.  Scale bar in A is 1000µm for A and B; scale bar in A’ is 

200µm for A’ and B’, scale bar in A” is 500µm for A”, B”. 

Figure 7: Calbindin interneuron population was not affected in Sema6A mutant. 

Calbindin staining was performed on coronal brain sections at P30.  No differences in expression were 

found between the Sema6A mutant mice (A, A’ is a high power view of the cortical area, A” is a high 

magnification of the hippocampal area) and the Sema6A control mice (B, B’ is a high power view of the 

cortical area, B” is a magnification of the hippocampal area).  Cell count analysis in the cortical (S1), 

hippocampal, and RTN areas revealed no significant difference in the CaB interneuron population (data 
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not shown) between Sema6A mutant and control mice.  Scale bar in B is 1000µm for A and B; scale bar 

in B’ is 200µm for A’ and B’, scale bar in B” is 500µm for A”, B”. 
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