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Audiogenic Seizures in the Fmr1 Knock-Out Mouse Are Induced
by FmrI Deletion in Subcortical, VGlut2-Expressing Excitatory
Neurons and Require Deletion in the Inferior Colliculus

Darya Gonzalez,' Madison Tomasek,' “Seth Hays,' Vinay Sridhar,’
Karen Pawlowski,? Kimberly M. Huber,'* and Jay R. Gibson'*

'Department of Neuroscience, Dallas, and 2Department of Otolaryngology and Biomedical Engineering Program, University of Texas Southwestern Medical
Center, Dallas, Texas 75390-9035

Simon Ammanuel,' Chia-wei Chang,’

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability and the leading monogenetic cause of autism. One
symptom of FXS and autism is sensory hypersensitivity (also called sensory over-responsivity). Perhaps related to this, the audiogenic
seizure (AGS) is arguably the most robust behavioral phenotype in the FXS mouse model—the FmrI knock-out (KO) mouse. Therefore,
the AGS may be considered a mouse model of sensory hypersensitivity. Hyperactive circuits are hypothesized to underlie dysfunction in
anumber of brain regions in patients with FXS and Fmrl KO mice, and the AGS may be a result of this. But the specific cell types and brain
regions underlying AGSs in the Fmr1 KO are unknown. We used conditional deletion or expression of FmrI in different cell populations
to determine whether FmrI deletion in those cells was sufficient or necessary, respectively, for the AGS phenotype in males. Our data
indicate that FmrI deletion in glutamatergic neurons that express vesicular glutamate transporter 2 (VGlut2) and are located in subcor-
tical brain regions is sufficient and necessary to cause AGSs. Furthermore, the deletion of Fmr1 in glutamatergic neurons of the inferior
colliculus is necessary for AGSs. When we demonstrate necessity, we show that Fmrl expression in either the larger population of
VGlut2-expressing glutamatergic neurons or the smaller population of inferior collicular glutamatergic neurons—in an otherwise Fmr1
KO mouse— eliminates AGSs. Therefore, targeting these neuronal populations in FXS and autism may be part of a therapeutic strategy
to alleviate sensory hypersensitivity.
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fSigniﬁcance Statement \

Sensory hypersensitivity in fragile X syndrome (FXS) and autism patients significantly interferes with quality of life. Audiogenic
seizures (AGSs) are arguably the most robust behavioral phenotype in the FXS mouse model—the Fmr1 knockout—and may be
considered a model of sensory hypersensitivity in FXS. We provide the clearest and most precise genetic evidence to date for the
cell types and brain regions involved in causing AGSs in the Fmrl knockout and, more broadly, for any mouse mutant. The
expression of Fmr1 in these same cell types in an otherwise FmrI knockout eliminates AGSs indicating possible cellular targets for
alleviating sensory hypersensitivity in FXS and other forms of autism. j

tism (Bassell and Warren, 2008). It is caused by loss-of-function
mutations in FMRI, which encodes an RNA binding protein,

Introduction
Fragile X syndrome (FXS) is the most common form of inherited

intellectual disability and the leading monogenetic cause of au-
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Table 1. Citations of original research articles reproducing the AGS phenotype
Articles

Articles Articles

Musumedi et al., 2000
Chen and Toth, 2001
Yanetal., 2004

Qinetal., 2005

Yan et al., 2005

Délen etal., 2007
Musumedi et al., 2007

Min et al., 2009

Pacey etal., 2009
Westmark et al., 2009
Zangetal., 2009
Osterweil etal., 2010
Zhong etal., 2010
Paceyetal., 2011

Thomas etal., 2011
Veeraragavan etal., 2011a
Veeraragavan et al., 2011b

Westmark etal., 2011
Goebel-Goody et al., 2012
Henderson et al., 2012
Heulens et al., 2012
Michalon etal., 2012
Ronesi etal., 2012
Thomasetal., 2012
Veeraragavan etal., 2012
Wangetal., 2012
Busquets-Garcia et al., 2013
Curiaetal., 2013

Dansie etal., 2013
Dolanetal., 2013
Osterweil etal., 2013
Udagawa etal., 2013
Dingetal., 2014

Gholizadeh et al., 2014
Gross etal., 2015a
Gross et al., 2015b
Zhao et al., 2015
Guoetal.,, 2016
Sawicka etal., 2016
Gantois etal., 2017
Saréetal., 2018
Schaefer etal., 2017
Sethnaetal., 2017
Stoppel et al., 2017
Thomson etal., 2017
Chatterjee etal., 2018
Gross etal., 2019
Westmark et al., 2018
Muscas et al., 2019

pairments in FXS are reproduced in the FXS mouse model, the
Fmrl knock-out (KO) mouse (Bakker et al., 1994).

Sensory hypersensitivity (or sensory over-responsivity) and
abnormal sensory processing occur in 70-90% of FXS and autis-
tic patients, and these traits can significantly disrupt behavior
(Musumeci et al., 1994; Miller et al., 1999; Rojas et al., 2001;
Baranek et al., 2008; Ben-Sasson et al., 2009; Hagerman et al.,
2009). FXS patients display increased physiological auditory re-
sponses as observed by the event-related potential (ERP) ampli-
tude and reduced habituation of the ERP in response to repeated
sounds (Castrén et al., 2003; Van der Molen et al., 2012; Ethridge
etal.,2016). These ERP changes correlate with sensory hypersen-
sitivity and communication deficits in FXS patients, suggesting
that hyperexcitability of auditory pathways contributes to these
symptoms (Ethridge et al., 2016). Fmrl KO mice also have an
enhanced auditory ERP in the form of reduced habituation and
enhanced sound-evoked firing of auditory cortical neurons
(Rotschafer and Razak, 2013). The mice also have audiogenic sei-
zures (AGSs; Musumeci et al., 2000; Chen and Toth, 2001).

As a result of these and other observations, it is hypothesized
that brain circuits are hyperexcitable in FXS (Contractor et al.,
2015). In support of this idea, individuals with FXS have an in-
creased incidence of epilepsy (Musumeci et al., 1999; Sabaratnam
et al., 2001; Berry-Kravis et al., 2010). Indeed, in the Fmrl KO
mouse, circuit hyperexcitability and potential underlying mech-
anisms have been well demonstrated in neocortex and hippo-
campus (Chuang et al., 2005; Galvez and Greenough, 2005;
Gongalves et al., 2013; Cea-Del Rio and Huntsman, 2014; Zhang
etal., 2014a; Contractor etal., 2015). However, establishing a link
between a specific hyperexcitable circuit and altered behavior in
the Fmrl KO mouse has been elusive.

We consider the AGS in the Fmr]l KO mice to be a model of
sensory stimulus hypersensitivity in FXS. AGSs occur in other
autism mouse models, such as with Syngap1 and Ube3a deletion
(Jiang et al., 1998; Clement et al., 2012). The AGS is arguably the
most robust behavioral phenotype in the Fmrl KO mouse and
has been reproduced in 49 original research articles since 2000
(Table 1) and in multiple strain backgrounds. But interpretations
from all these studies are limited by a lack of knowledge of the
circuits or cell types in which FmrI functions to cause the AGS.

From studies of seizure-prone rat and mouse strains, AGSs
likely originate from hyperexcitable circuits in the brainstem
(Faingold, 2002, 2004; Ribak, 2017). In the Fmrl KO, studies

J. Neurosci., December 4, 2019 - 39(49):9852-9863 * 9853

using c-fos expression to mark active neurons during the AGS
implicate cells in the midbrain and pons (Chen and Toth, 2001),
but this experimental approach cannot determine whether
FMRP deletion in these active neurons causes the AGS or whether
they are simply indirectly activated.

By crossing mice with conditional deletion or expression of
Fmrl with cell type and/or brain region-specific Cre lines, we
determined the locus in which FmrI deletion causes AGSs. Fmrl
is expressed in many cell types throughout the brain, as follows:
neurons, astrocytes, oligodendrocytes, and endothelial cells
(Zhang et al., 2014b). Our results indicate that FmrI deletion in
subcortical glutamatergic neurons that express vesicular gluta-
mate transporter 2 (VGlut2) underlies AGSs. Fmrl deletion in
glutamatergic neurons in the inferior colliculus is necessary for
the phenotype, which represents the most precise genetic lo-
calization to date for causing AGSs in mice. This latter finding
pertaining to the inferior colliculus implicates a potentially hy-
perexcitable, localized circuit underlying a behavioral phenotype
in the Fmrl KO mouse. Finally, selective Fmrl expression in glu-
tamatergic neurons in an otherwise Fmrl KO mouse eliminates
AGSs, suggesting that targeting these neurons may be part of a
strategy to alleviate sensory hypersensitivity in FXS and in autism.

Materials and Methods

Mice. For conditional Frmrl deletion, experimental mice were produced by
crossing a sire expressing Cre recombinase (Cre) in a specific neuronal pop-
ulation to an Fmr1™* dam (Mientjes et al., 2006). We refer to the loxP
allele as “conditional off,” or cOFF, and the genotype as Fmrl COFF/+ Bor
conditional expression of, or “turning on,” the FrmrI gene, we crossed a Cre
sire with an Frmrl 'P™Ne* dam (Guo etal., 2011). We refer to the loxP-Neo
allele as “conditional on,” or cON, and the genotype as Finrl CON/* 'Without
any Cre expression, the male Frmr1 ™Y and Fmr1 ™ mice used in all
experiments are functionally equivalent to wild-type (WT) and Fmrl KO
mice, respectively. The Fnrl ““™Y line has some residual FMRP expression
at either 1.5% or 10% nominal levels (Guo et al., 2011) (Dr. David Nelson,
personal communication). The Frmrl “©™* and Fmr1 ““™'" mice were pro-
vided by Dr. David Nelson (Baylor College of Medicine, Houston, Texas) as
part of the FRAXA Resource Foundation program (https://www.fraxa.org/
toward-a-cure/resources/).

We used the following Cre-expressing mice: (1) EmxI ™" (EmxI-
Cre KIANeo) provided by Drs. Takuji Iwasato (National Institute of
Genetics, Mishima, Japan) and Shigeyoshi Itohara (Riken BSI, Wako,
Japan) (Iwasato et al., 2000); (2) Nex ™" provided by Dr. Klaus-Armin
Nave (Max Planck Institute, Gottingen) (Goebbels et al., 2006); (3)
Vglut2°"/* from The Jackson Laboratory (SlcI7a6-IRES-Cre; Vong
etal., 2011); (4) Vglut1 “*/* from The Jackson Laboratory (Slc17a7-
IRES2-Cre; Harris et al., 2014); (5) Hoxbl ™" (Hoxbl-IRES-Cre)
provided by Drs. Russell Ray and Benjamin Arenkiel (Baylor College
of Medicine, Houston, TX) and Dr. Mario Capecchi (University of
Utah, Salt Lake City, UT; Arenkiel et al., 2003); (6) Egr2 Cre/+ from
The Jackson Laboratory (Krox20-Cre; Voiculescu et al., 2000); and (7)
Ntsr1 €™+ (GN209, BAC transgenic) from Gensat (for expression pat-
tern, see http://www.gensat.org/creGeneView.jsp?founder_id=
44880&gene_id=511&backcrossed=false; Gong et al., 2007) and pur-
chased from the Mouse Mutant Resource and Research Center (Davis,
CA). All Cre mice are “knock-in” except for Ntsr1 ©*/*, Expression pat-
terns for Vglut2<™'* and Vglut1 ™" lines are illustrated in the Allen
Brain Atlas (http://connectivity.brain-map.org/transgenic). For the ex-
amination of Cre expression in the above lines, we used the following two
reporter mice created by the Allen Brain Institute and obtained from The
Jackson Laboratory: (1) Rosa26'T°™2/* ' commonly known as the Ai9
tdTomato reporter (Madisen et al., 2010); and (2) Rosa262YFP'* | com-
monly known as the Ai3 EYFP (enhanced yellow fluorescent protein)
reporter (Madisen et al., 2010). We provide a table summarizing all Cre
lines used, their pattern of expression, and whether Fmrl deletion in the
targeted cells was sufficient or necessary for AGS (Table 2).


https://www.fraxa.org/toward-a-cure/resources/
https://www.fraxa.org/toward-a-cure/resources/
http://www.gensat.org/creGeneView.jsp?founder_id=44880&gene_id=511&backcrossed=false
http://www.gensat.org/creGeneView.jsp?founder_id=44880&gene_id=511&backcrossed=false
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Table 2. Summary table of mouse Cre lines, their targeted cells, and results
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Deletion sufficient Deletion necessary
Mouse Cre line Main target structures/cells for AGS (X cOFF) for AGS (X cON)
Emx7 </ Cortical glutamatergic neurons and glia No No
vGlut2 e Most brain glutamatergic neurons, SGNs Yes Yes
vGlut1 e+ Glutamatergic neurons: in cortex and some brainstem, SGNs No No
Hoxb1 ¢+ Starting at rhombomere 4 and caudal into spinal cord, auditory nuclei in medulla and pons No No
Egr2©el+ Rhombomeres 3- and 5-derived cells, auditory nuclei in medulla and pons No No
Nesr1 e/ + Inferior colliculus glutamatergic neurons, pyriform cortex No Yes

Results presented in terms of whether Fimr7 deletion in Cre-targeted neurons was sufficient (from cOFF) or necessary (from cON) for AGS. SGN, Spiral ganglion neuron.

The following strains have been maintained on a C57BL/6] back-
ground for at least eight generations, as follows: Fmrl COFF/* " Bypgpp <ON/*
Emxl Cre/+, NexCreH—, Hoxbl Cre/+, Nisrl Cre/+’ and R05026th0mam/+.
Velut2 <™ Valut] ©*'*, and Egr2 “"/* mice were maintained for two to
three generations after initial purchase as a C57BL/6] strain. All experi-
mental procedures were approved by the Institutional Animal Care and
Use Committee at the University of Texas Southwestern Medical Center.

Audiogenic seizures. AGSs were induced in 3-week-old male mice
[postnatal day 18 (P18) to P24], as described previously (Ronesi et al.,
2012; Guo et al., 2016). Briefly, mice were placed in a plastic chamber
(30 X 19 X 12 cm) containing a door alarm (GE 50246 personal security
alarm) and covered with a plastic lid. A 110-120 dB siren sound was
presented to mice for 3 min. Sound intensity was calibrated approxi-
mately every 20 experiments with a sound level meter (bandwidth, 300—
8000 Hz; model 407730, Extech). Mice were scored for behavioral
phenotype based on experimenter observation, as follows: 0 = no re-
sponse; 1 = wild running; 2 = tonic-clonic seizures; 3 = status
epilepticus/death.

For a subset of Frnrl ““N experiments (those crossed to vGlut
Hoxb1 '™, EngC“*H, and Ntsr1©™™), we measured the time after
sound initiation at which wild running began for all mice with a nonzero
AGS score. We pooled all these times over all of the experiments. These
times were 32.4 = 2.6 and 32.1 * 3.8 s for cON and Cre:cON genotypes,
respectively (N = 63 and N = 48, respectively; see genotypic description
below). These times and the average AGS scores in these same mice
(2.2 = 0.1 and 2.4 * 0.1) were not statistically different.

Experimental design and statistical analysis. Each individual dataset for
AGS was defined by the particular Cre mouse line used, and each set used
“littermate” comparisons. For example, in conditional deletion experi-
ments using Cre-expressing and Fmrl ““™™Y mice, male mice in a single
litter all underwent the AGS protocol and could be any one of the follow-
ing four genotypes based on their expression of two alleles: (1) WT with
no mutant allele, (2) Cre only, (3) cOFF only, and (4) Cre:cOFF. The first
three are considered “WT controls.” It was uncommon for a single litter
to have three or all four genotypes, but we still refer to the experimental
design as littermate comparisons. Conditional expression experiments
using Fmrl ™ mice underwent the identical design. In these cON
experiments, WT and Cre mice were considered to be WT controls, but
the cON mice were considered to be Finrl KO controls and were referred
to as the “cON-KO control.” Mutant alleles were always expressed as 1
copy, which was sufficient since FmrI is an X-linked gene (Verkerk et al.,
1991; O’Donnell and Warren, 2002). AGS experiments were done blind
to genotype. Average seizure scores for controls in the different Cre lines
varied, but the use of this littermate comparison design decreased any
interpretation problems caused by this variability.

AGS scores are ordinal data. Therefore, we used the nonparametric
Kruskal-Wallis (K-W) ANOVA followed by the Dunn’s multiple-compa-
risons test to compare AGS scores among the four genotypic groups in
each experiment. For another analysis, we calculated the AGS fraction for
each genotypic group, which was the fraction of mice with behavioral
symptoms of AGS (or in other words, the fraction with a nonzero AGS
score). The same Kruskal-Wallis ANOVA followed by the Dunn’s
multiple-comparisons test was used. In the figures, statistical compari-
sons are shown only between the gene manipulation group (Cre:cOFF or
Cre:cON) and the other control groups. All statistical analyses were
performed with GraphPad Prism version 8.0. Data are plotted as the

_re/+
ZC‘re/ ,

mean *= SE. The sample number (N) is the mouse number, unless
stated otherwise.

Organ of Corti dissection for tdTomato reporter expression. Cochlear
tissue containing the organ of Corti and the apical-most spiral ganglion
was obtained from two mice expressing Vglut2-Cre and tdTomato re-
porter alleles and two mice expressing Vglutl-Cre and tdTomato re-
porter alleles. The procedure was based on methods used in a previous
study (King et al., 2014). Mice were killed at age P17 under anesthesia,
their tympanic bullas opened, the inner ear localized, and the oval and
round windows dislodged. The perilymphatic space was perfused with
room temperature 4% formalin before the otic capsule (inner ear)
was dissected away and placed in formalin at 4°C overnight. The
following day, the ears were rinsed in 0.1 M sodium PBS, at pH 7.4
before microdissection. The partially calcified bone was picked away
from the apical half of the cochlea, and the apical portion of the organ
of Corti and corresponding modiolar tissue were harvested. The basal
portion of the bony otic capsule was then removed exposing the
remaining organ of Corti, which was then dissected away from the
basal portion of the modiolus. The harvested tissue was mounted in
glycerin and coverslipped before observation under a fluorescent
microscope.

Immunohistochemistry. Mice (age, P21) were given intraperitoneal in-
jections of 0.08 ml of ketamine mixed with xylazine (4 mg/ml xylazine in
30 mg/ml ketamine) and perfused intracardially with PBS followed by
4% PFA in 0.01 M PBS. Brains were postfixed in 4% PFA/PBS overnight at
4°C and were cryoprotected in a 30% sucrose/PBS solution until equili-
brated. Tissue was sectioned at 25 um using a CM1950 Leica cryostat.
Coronal sections of midbrain were taken and stored in PBS for 24—48 h.
Sections were mounted on Fisher Scientific ProbeOn Plus Microscope
Slides (Thermo Fisher Scientific), then rinsed and placed in blocking
solution (0.01% Triton X-100, 5% goat serum, 1% bovine serum albu-
min) at room temperature for 2 h. The mounted sections were rinsed and
incubated with the following primary antibodies in the blocking solu-
tion: mouse anti-NeuN (1:500; catalog #MAB377, Millipore); rabbit
anti-GABA (1:1000; catalog #A2052, Sigma-Aldrich); or chicken anti-
GFP (1:500; GFP-1020, Aves Labs; Hays et al., 2011). For FMRP labeling,
we followed a similar protocol to that previously published (Hodges et
al., 2017; Siegel et al., 2017). Mounted sections were rinsed 3 X 5 min in
PBS and then transferred to a hot sodium citrate bath for antigen retrieval
at 85-95°C and pH 6.0, and incubated for 30 min. The mounted sections
were rinsed and placed in blocking solution (0.01% Triton X-100, 5%
goat serum, 1% bovine serum albumin) at room temperature for 2 h,
then rinsed and incubated with mouse supernatant anti-FMRP (1:1; cat-
alog #2F5-1, Developmental Studies Hybridoma Bank) at 4°C overnight.
After rinsing, mounted sections were incubated with Invitrogen Alexa
Fluor 488- and 555-conjugated secondary antibodies (1:500; Thermo
Fisher Scientific) for 2 h at room temperature, rinsed several times, and
coverslipped with Aqua-Poly/Mount (Polysciences).

Optical imaging and image analysis. Confocal images were acquired on
a Zeiss LSM880 confocal microscope with a 5X/numerical aperture
(NA) 0.16 objective, a 20X/NA 0.8 objective, or a 63X/NA 1.4 oil-
immersion objective. Confocal images were used to analyze EYFP-
positive cells colabeled with various cell-specific markers by automated
counting in Image].
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Results

Fmr1 deletion in cortical excitatory neurons and glial cells are
neither sufficient nor necessary for recapitulating the AGS
phenotype

Sensory cortices in both Fmrl KO mice and FXS patients have been
reported to have enhanced sensory responses (Rotschafer and
Razak, 2013; Zhang et al., 2014a), and sensory neocortical circuits are
hyperexcitable, as measured in acute brain slices (Hays et al., 2011;
Goswami et al., 2019). Therefore, it is possible that Fnr1 deletion in
cortical structures results in enhanced responses in the cortex, which
in turn, cause AGSs. Therefore, we first determined whether Fmrl
expression in cortical structures plays a role in the AGS phenotype.
We used the EmxI ™" mouse, which expresses Cre mainly in ex-
citatory neurons and glia in cortical structures, as follows: neocortex,
piriform cortex, basolateral complex of the amygdala, and hip-
pocampus (Gorski et al., 2002; Iwasato et al., 2004). There is very
minor expression in the thalamus, cerebellum, and brainstem. Cre
expression and subsequent recombination begins at embryonic day
10 (E10; Iwasato et al., 2004). In EmxI ™" :Fmr1 ©©Y male mice,
immunohistochemistry for FMRP indicated Fmr1 deletion in corti-
cal structures, but subcortical regions, such as the midbrain, still had
normal FMRP expression (Fig. 1 A, B; N = 2 mice). We also observed
no change in FMRP expression in striatum and thalamus with high-
power images (images not shown). GABAergic neurons in the cortex
still expressed FMRP (Fig. 1C). Therefore, recombination occurred
as expected.

To test whether cortical Finrl deletion is sufficient to induce
AGSs, we crossed EmxI “™/* sires with Frmr1 <" dams to produce
male littermates of all four possible allelic combinations, which were
tested for AGSs. We found that deletion in cortical structures did not
induce AGSs. When compared with WT control genotypes (WT,
Cre, and cOFF), deletion did not increase the average AGS score or
AGS fraction—the latter being the fraction of mice with nonzero
AGS scores (Fig. LD-F). We repeated this experiment with another
“cortical” Cre line with a very similar spatial and temporal expres-
sion profile—the Nex ™" mouse—except that cortical expression
is restricted to glutamatergic neurons (Goebbels et al., 2006;
Kazdoba et al., 2012; Ttoh et al., 2016). This yielded the same result.
For WT, Cre, cOFF, and Cre:cOFF genotypic groups, AGS scores
were 0.29 * 0.29, 0.09 = 0.09, 0.33 = 0.33, and 0.5 = 0.25, respec-
tively (N = 7, 11, 9, and 11, respectively). In summary, these data
indicate that FmrI deletion in cortical excitatory neurons and glia is
not sufficient to recapitulate the AGS phenotype in the Fmrl KO.

Next, we determined whether cortical Frmrl deletion was neces-
sary for AGSs. We crossed Emx1 ™™ sires with Finr1 ““™'* dams to
produce male littermates of all four possible allelic combinations.
We considered the cON genotypic group as an Fmrl KO control—
referred to as “cON-KO control.” We tested for AGSs and found that
deletion in cortical excitatory neurons and glia was not necessary for
the AGS phenotype. Mice with selective cortical expression of FMRP
had average AGS scores and AGS fractions that were no different
from those of the cON-KO control and were significantly larger than
those of the two WT controls (WT, Cre; Fig. 1G-I).

These experiments indicate one of two most likely possi-
bilities, as follows: (1) subcortical FmrI deletion underlies AGSs;
or (2) Fmrl deletion in GABAergic neurons underlies AGSs.

Fmr1 deletion in VGlut2-expressing glutamatergic neurons is
both sufficient and necessary for recapitulating the AGS
phenotype

Next, we tested whether glutamatergic neurons could underlie
AGSs. If this is the case, this would eliminate the possibility of a
cortical GABAergic neuron role indicated by the AGS results in
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Figure 1. Fmr1 deletion in Emx1-expressing cells, primarily cortical excitatory neurons and
cortical glia, is neither sufficient nor necessary for recapitulating the AGS phenotype. A, FMRP
immunohistochemistry in forebrain in brain sections obtained from Fmr1 /¥ and Fmx7 </
Fmr1°F/¥ mice. FMRP expression is dramatically reduced in neocortex () and hippocampus
(h), but not striatum (s) or thalamus (t). B, FMRP expression is unchanged in the midbrain as
seen in the inferior colliculus (IC) and cerebellum (cer). Scale bars at bottom apply to the whole
column. €, High-power images of cortex showing immunohistochemistry for GABA (green) and
FMRP (red) illustrating the selective deletion of FmrT in neocortical cells that are not GABAergic.
D-F, AGS data for mice derived from Fmx7 /™ and Fmr1 ° cross-breeding. Deletion in cortex
(red bar) does not result in a change in AGS measurements compared with WT controls (black bars).
Therefore, deletion was not sufficient for the AGS phenotype. D, AGS scores for the four different
possible genotypic combinations. E, Distribution of AGS scores by percentage. F, AGS fraction (the
fraction of all mice that had nonzero AGS scores). G-I, Same analysis applied for mice derived from
Emx19®* and Fimr1 Y cross-breeding. AGS measurements resulting from Fmr1 expression in
cortex are no different from cON-KO controls (gray) and increased compared with WT controls (black).
Therefore, deletion was not necessary for the AGS phenotype. For all figures, black indicates WT con-
trols, gray indicates the cON-KO control, and red indicates the gene expression manipulation group. N
values for AGS data were as follows: cOFF = 28, 27, 22, 33 mice; and cON = 9, 15, 15, and 12 mice.
*p << 0.05, K-W ANOVA followed by Dunn's test.

EmxI ™ :Fmr] <™ mice and support a role for subcortical
structures.

We used the vGlut2"" mouse to delete Fmrl in a large
proportion of glutamatergic excitatory neurons throughout the



9856 - J. Neurosci., December 4, 2019 - 39(49):9852-9863

brain—forebrain, brainstem, and spinal cord. VGlut2 expression
begins before birth (Boulland et al., 2004), and, consistent with
this, fluorescent reporter expression induced by the Vglut2-Cre
allele is very strong at P4 (Allen Brain Atlas; see Materials and
Methods). The vast majority of glutamatergic neurons in the
mature brain express VGlutl (Slc17a7), VGlut2 (Slc17a6), or
both (Fremeau et al., 2001; Takamori, 2006). For a large number
of VGlutl-expressing neurons, VGlut2 is expressed early in de-
velopment, but only VGlutl is expressed later in development
(Fremeau et al., 2004). Therefore, the vGlut2“** mouse will
cause Frmrl deletion in a large fraction of mature VGlutl-expressing
neurons (including those in cortical structures), and this is indi-
cated by fluorescent reporter expression (Allen Brain Atlas; see
Materials and Methods). We confirmed this widespread Cre ex-
pression in vGlut2“*'*:Rosa26 7™+ mice based on tdTo-
mato fluorescence, which included cortical structures, thalamus,
superior colliculus (SC), and inferior colliculus (Fig. 2A). We also
saw tdTomato fluorescence in the spiral ganglion (the ganglia for
the auditory nerve; Fig. 2A), which is probably due to early de-
velopmental expression of VGlut2 since mature ganglion neu-
rons express only VGlutl (Zhou et al., 2007; Petitpré et al., 2018).
We saw no tdTomato fluorescence in auditory hair cells, which is
consistent with previous studies (Seal et al., 2008; Yu and Goo-
drich, 2014). As indicated previously, Cre expression in these
mice occurs in glutamatergic neurons, and not in GABAergic or
glycinergic neurons (Vong et al., 2011; Xu et al., 2015; Wozny et
al., 2018; Allen Brain Atlas; see Materials and Methods). More-
over, it is unlikely that Cre expression occurs in glia since oligo-
dendrocytes and microglia express VGlutl (Zhang et al., 2014b)
and astrocytes express little or none of either VGlutl or VGlut2
(Lietal., 2013; Zhang et al., 2014b).

We performed FMRP immunohistochemistry on brain slices
obtained from vGlut2“*":Fmr1 “°™ mice and confirmed that
FMRP was indeed lost in many brain structures containing glu-
tamatergic neurons, including the neocortex, hippocampus,
thalamus, and inferior colliculus (Fig. 2B,C; N = 2 mice). Re-
gions containing primarily GABAergic neurons, such as the stria-
tum, did not differ in FMRP expression. Staining for the neuronal
marker NeuN in the inferior colliculus indicated that neuron
numbers were not altered with loss of FMRP when compared
with controls (data not shown).

Fmrl deletion in glutamatergic neurons induced the full AGS
phenotype, indicating that deletion in these cells was sufficient
(Fig. 2D-F). Selective expression of FmrI in these neurons nor-
malized the AGS phenotype, indicating that deletion in these
neurons is necessary (Fig. 2G—I). These data indicate that Fmnrl
deletion in a large subpopulation of excitatory neurons in the
brain accounts for AGSs in the Fmr1 KO mouse.

These data rule out the possibility from the Emx experi-
ments that deletion in GABAergic neurons plays a role. Instead, the
other reasonable alternative from the EmxI " experiments re-
mains—that subcortical Fmrl deletion induces AGSs. And, more
specifically, the EnxI <™ and vGlut2“™" experiments provide
strong evidence that deletion in subcortical VGlut2-expressing
glutamatergic neurons underlies AGSs in Frmrl KO mice.

“re/+
1 Cre/

Fmr1 deletion in VGlutl-expressing glutamatergic neurons is
neither sufficient nor necessary for recapitulating the AGS
phenotype

As explained above, FmrI deletion likely occurs in both VGlut1-
and VGlut2-expressing neurons when using the vGlut2 " mouse.
To determine whether the VGlutl- or VGlut2-expressing popu-
lation plays the most significant role in AGSs, we manipulated
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Figure 2.  Fmr1 deletion in VGlut2-expressing glutamatergic neurons is sufficient and nec-
essary for recapitulating the AGS phenotype. 4, tdTomato fluorescence in live coronal slices
obtained from vGlut2 '+ :Rosa26 "™+ mice. Left, middle, Fluorescence indicates abun-
dant Cre expression in cortical, thalamic, and midbrain regions. Right, With the organ of Corti
preparation, fluorescence indicates Cre expression in spiral ganglion neurons. Other abbrevia-
tions are stated in Figure 1. B, €, FMRP immunohistochemistry in forebrain (B) and in the
inferior colliculus (€) obtained from vGlut2 ™ and vGlut2 ' :Fmr1 " mice. Consistent with
the tdTomato reporter expression in A, FMRP expression is dramatically reduced in both of these
regions. D—F, AGS data for mice derived from vGlut2 ™™ and Fmr1 " cross-breeding. Deletion n
vGlut2-expressing neurons (in red) results in increased AGS measurements compared with WT con-
trols (black). Therefore, deletion was sufficient for the AGS phenotype. G-I, AGS data for mice derived
from vGlut2 '+ and Fmr1 ™Y cross-breeding. AGS measurements resulting from Fmr expression
in VGlut2-expressing neurons are no different from WT controls (black) and are reduced compared
with the cON-KO control (gray). Therefore, deletion was necessary for the AGS phenotype. N'values for
AGS data were as follows: COFF = 16, 19,12, and 16; cON = 11, 20, 14, and 17. *p << 0.05, **p <
0.01, ***p < 0.001. K-W ANOVA followed by Dunn'’s test.

Fmrl expression with the vGlutI " mouse. VGlutl begins to

be expressed right after birth (Boulland et al., 2004), and, consis-
tent with this, fluorescent reporter expression in vGlut1 ™ * mice is
clearly observed at P4 (Allen Brain Atlas; see Materials and Meth-
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Figure3.  Fmr1deletionin VGlut1-expressing glutamatergic neuronsis neither sufficient nor
necessary for recapitulating the AGS phenotype. A, tdTomato fluorescence in spiral ganglion
neurons in the cochlea from vGlut? “'*:Rosa26 '™/ * mice indicating Cre expression in
these cells. B~D, AGS data for mice derived from vGlut7 <™ and Fmr1 " cross-breeding.
Deletionin cortex does not result in a change in AGS measurements compared with WT controls.
E—G, Data from vGlut1®/* and Fmr1 Y cross-breeding. AGS measurements resulting from
Cre-dependent Fmr1 expression are no different from the cON-KO control and increased com-
pared with WT controls. N values for AGS data were as follows: cCOFF = 16, 14, 18, and 14;
CON = 14,15,19,and 17. *p < 0.05, ***p << 0.001. K-W ANOVA followed by Dunn’s test.

ods). In line with a previous study (Fremeau et al., 2001), Cre
expression is limited to glutamatergic neurons mainly in cortical
structures, but also in a few subcortical structures (Allen Brain
Atlas; see Materials and Methods). We also observed that Cre is
expressed in the spiral ganglia (Fig. 3A) but not in auditory
hair cells, which is consistent with the known expression of
VGlutl (Zhou et al., 2007; Seal et al., 2008; Petitpré et al.,
2018). These expression data indicate that Cre expression in
vGlutl <"/ mice is most likely limited to VGlutl-expressing
glutamatergic neurons.

We found that Fmrl deletion limited to VGlutl-expressing
neurons was not sufficient to induce AGSs (Fig. 3B-D). And
deletion was not necessary in these neurons (Fig. 3E-G). By a
process of elimination, these data indicate that Frrl deletion in
neuron types that express VGlut2, but never express VGlutl, un-
derlies AGSs in the Fmrl KO.

Based on our vGlut2“™'* experiments, it was possible that
deletion in spiral ganglion neurons could play a role in AGSs
since Cre was expressed in those neurons (Fig. 2A). But in these
vGlut] <" experiments, Cre is also expressed in spiral ganglion
neurons, and, therefore, it is unlikely that Fmrl expression in
spiral ganglion neurons plays a role in AGSs.

Fmr1 deletion in subpopulations of neurons in the pons and
medaulla is neither sufficient nor necessary for recapitulating
the AGS phenotype

Since experiments indicate that Fmrl deletion in subcortical ex-
citatory neuron populations underlies AGSs, we examined the
role of Fmrl expression in different, but overlapping, popula-
tions of cells in the caudal pons and medulla.

First, we used the HoxbI1“** mouse line, which has selective
Cre expression starting at thombomere 4 (r4) and extending into
caudal rhombomeres starting at approximately E9. These cells
are progenitors to a large subpopulation of neurons in the mature
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Figure4. Fmr1deletionin Hoxb1-expressing cellsin the brainstem and spinal cord is neither
sufficient nor necessary for recapitulating the AGS phenotype. A, A live sagittal section obtained
from Hoxb1 '+ :Rosa26 “T°™*'* mice. tdTomato fluorescence indicates Cre expression in
caudal Pons and posterior into the spinal cord. B—D, AGS data for mice derived from Hoxb7 ¢/ *
and Fmr1 " cross-breeding. Deletion in cortex does not result in a change in AGS measure-
ments compared with WT controls. E~G, Data derived from Hoxb7®/* and Fmr1 N cross-
breeding. AGS measurements resulting from Cre-dependent Fmr expression are no different
from the cON-KO control and are increased compared with WT controls. N values for AGS data
were as follows: cOFF = 21,22, 26,and 19; cON = 19,29, 22,and 21. **p < 0.01. K-W ANOVA
followed by Dunn’s test.

caudal pons down through the spinal cord (Maricich et al., 2009).
Related to the auditory system, this line induces recombination
in a large proportion of neurons located in the superior olive,
nucleus of the trapezoid body, ventral lateral lemniscus, and
cochlear nuclei (Arenkiel et al., 2003; Maricich et al., 2009; Di
Bonito et al., 2013; Di Bonito and Studer, 2017). Using
Hoxb1 "' :Rosa26'“T°™*°/* mice, we confirmed Cre expression
extending from the caudal pons into the spinal cord (Fig. 4A). We
found that FmrI deletion in these neurons was neither sufficient
nor necessary for the AGS phenotype (Fig. 4B-G).

Next, we used the Egr2 Cre/* mouse line, which has selective
Cre expression in r3- and r5-derived cells starting at approxi-
mately E9 and populating similar, but not completely overlap-
ping, mature brainstem structures as the Hoxb1“"'* mice. This
includes the superior olive and cochlear nuclei, but not the spinal
cord (Voiculescu et al.,, 2000; Maricich et al., 2009). Using
Egr2“*/" :Rosa26'7°™3/* mice, we confirmed Cre expression
in limited portions of the caudal pons and medulla, but, unex-
pectedly, some expression occurred in the superficial layers of
motor and somatosensory cortex (data not shown). We found
that Fmrl deletion in these neurons was neither sufficient nor
necessary for AGSs (Fig. 5A-F).

Fmrl deletion in the inferior colliculus is necessary for
recapitulating the AGS phenotype
The inferior colliculus is hypothesized to contain the circuits that
initiate AGSs in genetically epilepsy-prone rats (Faingold, 2002,
2017; Ribak, 2017). With this in mind, we tested the hypothesis
that Fmrl deletion in the inferior colliculus is important for in-
ducing AGSs.

We used the Ntsr1 <"+ mouse line, which expresses Cre most
strongly in the inferior colliculus, but it also has strong expression
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Figure 5.  Fmr1 deletion in Egr2-expressing cells in the brainstem and neocortex is neither
sufficient nor necessary for recapitulating the AGS phenotype. A—(, AGS data for mice derived
from £gr2®/ ™ and Fmr1 “°F/ cross-breeding. Deletion in cortex does not result in a change in
AGS measurements compared with WT controls. D—F, Data derived from Fgr2“®* and
Fmr1 Y cross-breeding. AGS measurements resulting from expression resulting from Cre-
dependent Fmr1 expression are no different from the cCON-KO control and increased compared
with WT controls. N values for AGS data were as follows: cOFF = 33,23, 30, and 25; cON = 30,
22,29,and 16. **p < 0.01, ***p << 0.001. K-W ANOVA followed by Dunn’s test.

in the pyriform cortex and moderate expression in the superficial
layer of the SC. We consider the pyriform cortex to be irrelevant
since it is not considered important for AGS, and since it expressed
Cre in the EmxI <" and vGlut] “"'" experiments, where no link
to AGSs was observed. While the neurons in the superficial layer
of the SC are close to the deep layers of the SC (DLSCs), which is
an AGS-relevant structure in rats, these Cre-expressing neurons
in the superficial layer are known not to interact with the DLSCs.
Instead, they project to the thalamus (Gale and Murphy, 2014).

There is also weak, sparse expression in other cortical regions,
the DLSCs, and the periaqueductal gray (Gale and Murphy, 2014;
see Materials and Methods). We confirmed this expression using
Nitsr1 /" :Rosa26'9T°™4°/* mijce (Fig. 6A). Based on the rat lit-
erature, the DLSC and periaqueductal gray are AGS-relevant
structures (Faingold, 2002, 2017; Ribak, 2017). Therefore, our
attributions of FMRP function in the inferior colliculus may be
confounded. However, the much stronger Cre expression in the
inferior colliculus makes it much more likely that FMRP expres-
sion in this structure contributes the most to AGS.

While we found that Frr1 deletion in the inferior colliculi was
not sufficient to induce AGSs (Fig. 6B-D), deletion was necessary
(Fig. 6E-G). We performed FMRP immunohistochemistry and
confirmed that FMRP was indeed selectively lost in the inferior
colliculus of Nitsr1 <™ *:Fmr1 “°™ mice and selectively expressed in
Nitsr1 ™+ :Fmrl “°N mice (Fig. 7 A, B).

The cell types expressing Cre in the inferior colliculus of the
Ntsr1'* mice have not been precisely determined. To deter-
mine the cell types expressing Cre, we performed immunohisto-
chemistry in sections obtained from Ntsrl<"":Rosa26" """
mice. First, we costained for the neuronal marker NeuN and the
Cre-dependent reporter YFP (Fig. 7C). There was almost a 1:1
overlap of these markers. Of all YFP-positive cells, 84% were
NeuN positive (544 of 644, two sections, three loci). And YFP-
positive cells constituted 80% of all NeuN-positive cells (535 of
666). Second, we costained for GABA and YFP, and found that
YFP-positive cells were never GABAergic (Fig. 7D; 0 of 467 cells;
two sections, three loci). These data indicate that Cre expression
is occurring, as follows: (1) mainly in neurons, (2) in a majority of
the neurons, and (3) not in GABAergic neurons. In these same
sections, the number of GABAergic neurons was much smaller
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Figure6.  Fmr1 deletion primarily in the inferior colliculus is necessary for recapitulating the
AGS phenotype. A, A live coronal section obtained from Ntsr7 " :Rosa26"™°™'* mice.
tdTomato fluorescence indicates strong Cre expression that is primarily in the inferior colliculus.
B-D, AGS data for mice derived from Ntsr7 ™ and Fmr1 ™ cross-breeding. Deletion in
cortex does not resultin a change in AGS measurements compared with WT controls. E-G, Data
derived from Ntsr7“®* and Fmr1 " cross-breeding. AGS measurements resulting from
Fmr1 expression in the inferior colliculus are no different from WT controls and are reduced
compared with the cON-KO control. Therefore, deletion in inferior colliculus neurons is neces-
sary for the AGS phenotype. N values for AGS data were as follows: cOFF = 32, 22, 20, and 24;
CON = 27,24,18,and 19. *p < 0.05, **p < 0.01. K-W ANOVA followed by Dunn’s test.

compared with YFP-positive neurons (76 and 467 cells, respec-
tively)— consistent with the known ratio of GABAergic to gluta-
matergic neurons if we assume that YFP-positive neurons are
glutamatergic (Ito and Oliver, 2012). Therefore, our data indicate
that FmrI deletion in excitatory neurons of the inferior colliculus
is necessary for AGSs in the Fmrl KO.

Discussion

We have used a conditional deletion and expression strategy to
determine the specific cell types and brain regions where Fmrl
deletion is sufficient and necessary, respectively, to induce AGSs
in the Frmrl KO mouse. We provide evidence that Finrl deletion
in VGlut2-expressing neurons in subcortical brain regions is fully
sufficient to cause AGSs. Deletion of Fmrl in glutamatergic neu-
rons in the inferior colliculus, while not sufficient to cause AGSs,
is necessary for the phenotype. We did this precise localization by
conducting 13 Fmrl conditional-expression experiments (7 us-
ing Fmrl <™, 6 using Fmrl“°N") in which all four possible
genotypic controls were examined. This is unprecedented for
studying behavior in the Fmrl KO and only possible due to the
robustness of the AGS phenotype.

Our results are consistent with previous findings that Fmrl
deletion in glutamatergic neurons results in changes in synaptic
and circuit function that may lead to hyperexcitability in the
Fmrl KO brain (Hays et al., 2011; Deng et al., 2013; Patel et al.,
2013, 2014). Therefore, accumulating evidence implicates gluta-
matergic neurons in inducing circuit and behavioral dysfunction
related to hyperexcitability in the Fnrl KO mouse.

The ability of FMRP expression in the inferior colliculus to
affect the AGS phenotype is particularly striking considering the
limited number of neurons involved and the restricted spatial
locus of these neurons. Of 109 million cells in the mouse brain
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Figure7.  FmrT deletion in glutamatergic neurons in the inferior colliculus is the most likely
cell type necessary for recapitulating the AGS phenotype. A, FMRP immunohistochemistry in a
midbrain section obtained from an Ntsr7 </ :Fmr7 Y mouse indicating selective expression
in the inferior colliculus. B, High-power images of FMRP immunohistochemistry in the inferior
colliculus of Nesr 7/ :Fmr1 Y and Ntsr 7/ :Fmr1 % mice. €, A coronal section from an
Ntsr1 <" :Rosa26 %'+ mouse immunostained for NeuN (green) and the EYFP reporter (red).
The high-power image of the inferior colliculus (right) shows a large overlap of NeuN and EYFP
staining, indicating that the most Cre-expressing cells are neurons. D, A coronal section from an
Ntsr1 <" :Rosa26 %'+ mouse immunostained for the EYFP reporter (green) and GABA (red).
The high-power image of the inferior colliculus (right) shows essentially no overlap of EYFP and
GABA staining, indicating that the most Cre-expressing cells are not GABAergic. Therefore,
Cre-expressing neurons are most likely glutamatergic. Scale bars in D apply to C.

(Williams, 2000), glutamatergic neurons in the two inferior col-
liculi number ~0.5 million (Kulesza et al., 2002; Ito and Oliver,
2012). Because Fmrl deletion in these neurons was not sufficient
to induce AGS, our data suggest that deletion in inferior collicular
glutamatergic neurons together with other subcortical glutama-
tergic neuron types is necessary for AGSs. To date, this is the
smallest and most spatially restricted cell population for condi-
tional gene expression found for regulating the AGS. The next
closest was the finding that that deletion of Ube3a in all brain
GABAergic neurons was sufficient for inducing AGSs in the An-
gelman syndrome mouse model (Judson et al., 2016). These find-
ings relating to the inferior colliculus represent the first potential
link between a localized, hyperexcitable circuit and a behavioral
phenotype in the Frnrl KO mouse.

Our finding that Fmnrl deletion in VGlut2-expressing neurons
in subcortical brain structures underlies the AGS is consistent
with what is known about genetically epilepsy-prone rats (GEPRs)
and about VGlut2 expression. First, the brainstem is thought to
be the main, if not the exclusive, site for mediating the AGS in
GEPRs, and the inferior colliculus is thought to be the initiation
site (Faingold, 2002, 2004; Ribak, 2017). Second, our finding that
Fmrl deletion in VGlut2-expressing glutamatergic neurons that
never express VGlutl underlies the AGS is consistent with our
finding that deletion in subcortical regions is required. This sub-
type of glutamatergic neuron is primarily located in subcortical
structures with few or none in cortical structures, and they are the
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exclusive type of glutamatergic neuron in the inferior colliculus
(Fremeau et al., 2001; Ito et al., 2011; Allen Brain Atlas; see Ma-
terials and Methods).

Our strategy combining both conditional “on” and “off” Fmrl
mice with many Cre lines practically eliminates roles for Frmurl in
other cell types in AGSs. Because the vGlut2“*'* mouse experi-
ments demonstrated that Fmr1 deletion was both sufficient and
necessary for the AGS phenotype, this indicates that deletion in
all other cell types plays a small role, if any. These other irrelevant
types include non-neuronal cells and the following other neuron
types: GABAergic, glycinergic, serotonergic, and cholinergic.

The known expression of VGlut2 supports the elimination of
these other cell types based on interpretations of the vGlut2 <"+
experiments. For example, it is unlikely that Cre is expressed in
glial cells in the vGlut2“"/" mouse since oligodendrocytes and
microglia express VGlutl (Zhang et al., 2014b) and astrocytes
express little or none of either VGlutl or VGlut2 (Li et al., 2013;
Zhangetal.,2014b). Therefore, it is unlikely that Frmr1 deletion in
glial cells was involved in causing the AGS. Serotonergic and
cholinergic neurons have been reported to release glutamate, but
VGlut3 is the transporter in these neurons (Higley et al., 2011;
Wangetal., 2019). There is a small subpopulation of dopaminer-
gic neurons in the ventral tegmental area that express VGlut2, so
we cannot rule out the possibility that they play a role in AGSs
(Papathanou et al., 2018). Finally, FmrI deletion in the auditory
system periphery does not play a role since auditory hair cells did
not express Cre in our vGlut2“"'* experiments and since AGS
induction was unaffected in the vGlutl “"/* experiments, even
though spiral ganglion cells expressed Cre.

Based on previous studies of the developmental time course of
VGlutl and VGlut2, Fmrl deletion in vGlut2“*'* mice may oc-
cur before that occurring in vGlutl " mice (Boulland et al.,
2004; Fremeau et al., 2004). Because of this, we cannot completely
rule out the possibility that the effectiveness of the vGlut2 ™"
mice in completely mimicking the AGS phenotype is due to early
Fmrl deletion in VGlutl-expressing neurons (remember that
vGlut2“™'" mice induce recombination in both VGlutl- and
VGlut2-expressing cells). In this scenario, Fmrl is deleted early
enough in VGlutl-expressing neurons in vGlut2“"* mice to
induce AGS, but not early enough in vGlut1 ™" mice. But we
think this scenario is unlikely. We have used two other Cre lines
in this study with Cre expression patterns that are very similar to
those in vGlutl <", but with early expression onset similar to
that of vGlut2 ' * —Emx1“"/* and Nex“"'"—and AGS results
were similar to that of vGlut1 <",

While our data indicate that Frmrl deletion in VGlut2-positive
neurons is important for AGSs, they do not indicate that hyper-
excitability of glutamatergic neurons directly cause AGS. For
example, cell-autonomous deletion of Fmrl in neocortical ex-
citatory neurons results in weak excitatory synapses onto
parvalbumin-positive inhibitory neurons, which results in re-
duced feedback inhibition in cortical circuits (Patel et al., 2013).
A similar “presynaptic” function of FMRP in glutamatergic neu-
rons in the inferior colliculus may result in reduced inhibition
and hyperexcitability. Therefore, further investigation is needed
to identify the specific cell types and circuit mechanisms in the
inferior colliculus. These future investigations will be expedited
by our finding of established Cre-mouse lines targeting the rele-
vant neurons in the AGS.

We assert that AGSs are a model of sensory hypersensitivity
found in many forms of autism and in FXS. Because AGSs are
likely primarily mediated by brainstem circuits, this model im-
plies that sensory hypersensitivity is mediated by brainstem cir-
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cuits and not cortical circuits. For studies observing enhanced
responses in sensory cortical areas, it is unknown whether the
enhancement is due to cortical or subcortical Fmrl deletion
(Zhang et al., 2014a; Lovelace et al., 2016; Wen et al., 2018), and
some studies do not observe enhanced cortical sensory responses
(Goel et al., 2018; Antoine et al., 2019). This leaves open the
possibility that enhanced physiological responses mediating sen-
sory hypersensitivity are occurring subcortically in FXS.

Because evidence obtained by us and others indicates that
AGSs in the Fmrl KO involve alterations in brainstem circuits, we
would expect the auditory brainstem response (ABR) to be en-
hanced in the mouse and in FXS patients. Interestingly, recent
studies report no changes in the ABR in FXS patients (Roberts et
al., 2005; but see Arinami et al., 1988) and mixed results in the
Fmrl KO mouse (Rotschafer et al., 2015; El-Hassar et al., 2019).
How might this relate to the AGS and sensory hypersensitivity?
First, the ABR, being measured from the scalp, may not be sensi-
tive enough to detect enhanced responses occurring in higher
stages of auditory brainstem processing such as in the inferior
colliculus. Second, sensory hypersensitivity might only occur un-
der certain circumstances, and not under the conditions under
which ABRs are measured. For example, in mice, the ABR is in
response to short duration stimuli and are recorded under anes-
thesia. The AGS experiments use prolonged stimuli (on the order
of minutes) in alert mice, and in our experiments, AGS induction
required an average of 30 s with respect to stimulus onset (see
Materials and Methods). These points suggest that time-dependent
processes or particular brain states like those achieved during an
AGS in mouse may be needed to observe the physiological and
behavioral manifestations of sensory hypersensitivity in FXS
patients.

Our Fmrl ““N experiments, while described in the context of
“deletion necessity,” also show which cell populations normalize
the AGS phenotype when FMRP is expressed in an otherwise
Fmrl KO mouse (Figs. 21, 6G). These data indicate that FMRP
expression restricted to VGlut2-expressing neurons and gluta-
matergic inferior colliculus neurons are sufficient to remedy the
AGS phenotype. Interestingly, while our data indicate that the
inferior collicular neurons are only a subset of all the neurons that
underlie the AGS phenotype in the Fmrl KO mouse (i.e., Fmrl
deletion in them is necessary but not sufficient), we show that
targeting this subset is enough to rescue the AGS phenotype.
Therefore, we demonstrate that not all the relevant neurons need
to be manipulated to normalize a behavior. In summary, if the
AGS is an effective model for sensory hypersensitivity, our data
indicate that targeting brainstem structures in autism and FXS
patients may be an effective strategy for the treatment of sensory
hypersensitivity.
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