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Systems/Circuits

Thalamocortical mGlu8 Modulates Dorsal Thalamus
Excitatory Transmission and Sensorimotor Activity
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Metabotropic glutamate receptor 8 (mGlu8) is a heterogeneously expressed and poorly understood glutamate receptor with potential
pharmacological significance. The thalamic reticular nucleus (TRN) is a critical inhibitory modulator of the thalamocortical-
corticothalamic (TC-CT) network and plays a crucial role in information processing throughout the brain, is implicated in a variety
of psychiatric conditions, and is also a site of significant mGlu8 expression. Using both male and female mice, we determined
via fluorescent in situ hybridization that parvalbumin-expressing cells in the TRN core and shell matrices (identified by sppl+
and ecell+ expression, respectively), as well as the cortical layers involved in CT signaling, express grm8 mRNA. We then assayed
the physiological and behavioral impacts of perturbing grm8 signaling in the TC circuit through conditional (adeno-associated virus-
CRE mediated) and cell-type-specific constitutive deletion strategies. We show that constitutive parvalbumin grm8 knock-out
(PV¥™8 knock-out) mice exhibited (1) increased spontaneous excitatory drive onto dorsal thalamus relay cells and (2) impaired
sensorimotor gating, measured via paired-pulse inhibition, but observed no differences in locomotion and thigmotaxis in repeated
bouts of open field test (OFT). Conversely, we observed hyperlocomotive phenotypes and anxiolytic effects of AAV-mediated
conditional knockdown of grm8 in the TRN (TRN®""® knockdown) in repeated OFT. Our findings underscore a role for mGlu8
in regulating excitatory neurotransmission as well as anxiety-related locomotor behavior and sensorimotor gating, revealing
potential therapeutic applications for various neuropsychiatric disorders and guiding future research endeavors into mGlu8
signaling and TRN function.
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Group III metabotropic glutamate receptors and the thalamic reticular nucleus (TRN) are critical modulators of reciprocal
corticothalamic neurotransmission and are implicated in anxiety and locomotor behaviors. The present study demonstrates a
specific enrichment of grm8 mRNA within the TRN and thalamus-projecting cortical layers and characterizes the role of
mGlu8 receptors in controlling spontaneous excitatory neurotransmission onto cells located within the dorsal thalamus
and regulating sensorimotor behaviors from open field and paired-pulse inhibition testing. These findings add to the growing
bodies of literature regarding both TRN and grm8 regulation of thalamocortical activity and related behaviors implicated in
neurological and neuropsychiatric disorders.
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2020), anxiety and fear learning (John et al., 2016; Lee et al., 2019;
Zikopoulos and Barbas, n.d.), and other motor-related condi-
tions (Pratt and Morris, 2015; Gerardo and Manuel, 2020).
Thus, uncovering the versatile nature of TRN functionality
across neurological and neuropsychiatric conditions is of high
importance.

Metabotropic  glutamate (mGlu) receptors are well-
established targets in the development of novel pharmacothera-
pies for neurobiological diseases and are organized into three
families based on sequence homology, ligand selectivity, and
G-protein subtype coupling (Niswender and Conn, 2010).
Group III mGlu receptors are Go,;-coupled and typically located
at presynaptic sites to regulate neurotransmitter release by
decreasing intracellular cAMP production and other signaling
cascades (Niswender and Conn, 2010). Drugs targeting group
III mGlu receptors (comprising mGlu4, 6, 7, and 8) have gained
attention as potential treatments for anxiety disorders (Spooren
et al, 2010; Raber and Duvoisin, 2015; Ferraguti, 2018).
Human genetic studies have identified numerous associations
between polymorphisms in the mGlu8-encoding gene, grms,
and a variety of behavioral and neurophysiological measures
characterized by negative affect and externalizing behaviors
(Gast et al., 2013; Long et al., 2015; Bauer and Covault, 2020),
but we lack an understanding of grm8 function in the discrete
brain regions and neural circuits that are implicated in producing
anxiety and externalizing behaviors, such as the TRN. Grm8 is
significantly enriched in the TRN (Saugstad et al., 1997) and cor-
tical layers that participate in reciprocal TC communication and
also expressed by inhibitory and excitatory cells (Marabese et al.,
2005, 2007; Gosnell et al., 2011; Dobi et al., 2013; Mercier et al.,
2013), suggesting a potential versatile function of mGlu8 signal-
ing in both glutamatergic and GABAergic synaptic circuits.
Preclinical studies in constitutive mGlu8 knock-out (KO) mice
suggest that grm8 regulates activity of stress-sensitive brain
regions and produces related behaviors (Linden et al.,, 2002,
2003b), potentially through enhanced recruitment of the dorsal
thalamus, which facilitates proper sensorimotor behaviors
(Linden et al., 2003a).

Using a combination of fluorescent in situ hybridization, con-
ditional allele-based knockdown (KD) strategies, whole-cell
patch-clamp electrophysiology, and a variety of behavioral anal-
yses, we demonstrate that the TRN and cortical layers that com-
municate with the dorsal thalamus are rich in grm8-expressing
parvalbumin (PV) neurons, and disruption of grm8 function
on PV resulted in increased spontaneous excitatory drive onto
thalamic relay cells that was associated with impaired sensorimo-
tor gating in paired-pulse inhibition (PPI) assays, while condi-
tional TRN-specific grm8 KD (TRN®"® KD) disrupted
sensorimotor habituation, increased locomotion, and decreased
anxiety measures in repeated bouts of open field test (OFT).
Together, these findings suggest that grm8 regulates synaptic
transmission onto TC relay neurons and sensorimotor behaviors
through the cortex and TRN-specific mechanisms and further
highlights the importance of mGlu8 signaling in the TC system
as a potential therapeutic target.

Materials and Methods

Animals

Male and female mice >8 weeks of age were used for this study. All mice
were housed 2-5 per cage and maintained on a 12 h light/dark cycle
(lights on 0600 through 1800 h) under controlled temperature (20-25°C)
and humidity (30-50%). Water and food were available ad libitum.
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Grm8 mice (Grm8™2KOMPYWtsi prNTA TD: EM:07403) were purchased
from Wellcome Trust Sanger Institute Mouse Genetics Project (Pettitt
et al,, 2009; Skarnes et al., 2011; Bradley et al., 2012; White et al., 2013)
and rederived at the Vanderbilt University Transgenic Mouse Core.
Homozygous conditional grm8 KO mice (Grm8™™) were generated
by crossing F; generation of Grm8™2 animals with transgenic, hemizy-
gous FLP recombinase mice (JAX ID: 009086) and then recrossed to
generate homozygous floxed animals (Grm8™™) as outlined by the
Wellcome Trust Sanger Institute guidelines. Transgenic animals were
bred in-house and genotyped through Transnetyx Genotyping
Services. Animals were maintained on a C57BL/6] background and back-
crossed as necessary.

For the molecular confirmation of grm8 KO, homozygous Grm8™*/*
mice were crossed with female CMV-cre driver mice [B6.Tg(CMV-cre)
1Cgn/J; JAX: 006054] and then recrossed with homozygous floxed mice
to produce constitutive grm8 KO animals. The same breeding schema
was used to generate PV¥™® KO animals utilizing PV-cre driver mice
[B6;129P2-Pyalb™! ("A™r/1 JAX: 008069]. All animal procedures
were approved by the Vanderbilt University Institutional Animal Care
and Use Committee (IACUC) and were carried out in accordance with
the guidelines set in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. All behavioral experimen-
tation was carried out in the Vanderbilt Murine Neurobehavioral Core.

Stereotaxic surgeries

Adult mice (~8 weeks of age) were anesthetized with an initial 3% dose of
isoflurane and maintained at 1.5%. Surgeries were performed with an
Angle Two stereotaxic frame (Leica Microsystems) to intracranially
inject adeno-associated virus (AAV) directly into the rostroventral
TRN based on the Paxinos and Franklin 2004 mouse brain atlas (from
the bregma: AP, —0.6 mm; ML, +1.0 mm; DV, —4.0 mm; tilt, 21.96°)
at a rate of 60-100 nl/min. For behavioral studies using the Grmg™™
line, animals received bilateral, 350 nl injections of recombinant
AAV5-CMV-eGFP or AAV5-CMV-CRE-eGFP (UNC Vector Core)
and given a minimum of 4 weeks to recover. Mice were treated with
5 mg/kg ketoprofen or 2.5 mg/kg Metacam for 48 h to facilitate postsur-
gery recovery. Genotyping was performed through Transnetyx. All sur-
gical procedures were approved by the Vanderbilt University IACUC
and were carried out in accordance with the guidelines set in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health.

Behavioral testing

Age- and sex-matched animals were used in all experiments. Behavioral
experiments were always started in the morning (0700 h) at the
beginning of the animal’s light phase (Zeitgeber 1-Zeitgeber 2), and
the experimenter wore nursing scrubs during behavioral procedures.
Group-housed male and female Grm8™™ animals received intra-TRN
injections of CMV-cre-gfp (TRN®"® KD) or CMV-gfp-only control
AAV vectors and then transferred to the Vanderbilt Murine
Neurobehavioral Laboratory for a minimum of 3 weeks prior to testing,
allowing for at least 1 week of acclimation and 1 week of handling accli-
mation immediately preceding testing. Animals were handled for 5 d as
previously described to decrease potential experimenter-induced stress.
On test days, mice were brought to and kept in the procedure rooms
~1 h prior to beginning of testing to allow for acclimation, during which
animals had access to food and water ad libitum, and light intensity was
kept high (~350-500 lux). All utilized equipment were cleaned with 70%
ethanol solution before start and between each animal run in order to
mask other scents and odors that could interfere with experimentation.

OFT. Mice were run in ENV-S10S open field activity chambers (Med
Associates) that use IR photograph-beam arrays for 60 min in fully lit
conditions (~350 lux). The total chamber area accessible to the mouse
was 727 cm? (center zone, 362 cm?; surround, 365 cmz). Locomotor
activity and zone analyses for time spent in the center versus surrounding
areas were performed using the native Med Associates software. For OFT
over multiple days, animals were always retested in the original chamber
that they were tested in on Day 1.
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Elevated zero maze (EZM). Subjects were placed onto the open arm
of an EZM and tested for 5 min. Video recordings and behavioral anal-
yses were performed with AnyMaze behavioral software (Stoelting). The
apparatus was cleaned with 70% ethanol in-between subjects.

PPI. Subjects were placed into Med Associates PPI chambers with
a ANL-925C amplifier prior to protocol start. Sixty-four trials were
conducted at varied intertrial interval type and intertrial interval dura-
tion after a 5 min acclimation period with a constant 65 dB back-
ground noise throughout. Stimulus (120 dB) durations were 250 ms
long, and prepulse were delivered 50 ms before the main stimulus.
Startle curves were run without prepulse tones to assess basal startle
levels.

mRNA isolation and gqRT-PCR

Male and female animals were deeply anesthetized, and the brain was
rapidly prepared into 0.5-mm-thick sections. Tissue punches were taken
with 16-gauge syringe in ice-cold PBS and then rapidly frozen on dry ice
and stored at —80°C until processing. mRNA isolation was performed via
TRIzol reagent per the manufacturer’s guidelines (https:/assets.
thermofisher.com/TFS-Assets/LSG/manuals/trizol_reagent.pdf), eluted
in 30 pl RNase-free water and quantified via nanodrop. Prior to cDNA
synthesis, RNA sample concentrations were equalized by diluting to
match the least concentrated sample. cDNA synthesis was performed
with the QuantiTect reverse transcription kit (Qiagen, catalog
#205311) per the manufacturer’s instructions. cDNA samples were again
diluted at 1:5 prior to QPCR. RT-qPCR was performed in triplicates uti-
lizing the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on
Bio-Rad CFX96 plate readers. Predesigned PrimeTime qPCR primer
sets for reference genes HPRTI (Mm.PT.39a 22214828), EAATI
(Mm.PT.58.5217423), and grm7 (Mm.PT.58.43156724) were purchased
from Integrated DNA Technologies. Custom PrimeTime qPCR primer
sets targeting the exon 3-exon 4 cDNA junction (forward,
GATCTCAAGGGAGATTGG; reverse, GGCAAACATAATCACTGC)
in wild-type grm8 transcript (ENSMUSG00000024211) were designed
with IDT’s PrimerQuest design tool. Data were analyzed on CFX
Maestro software from Bio-Rad.

Whole-cell patch-clamp electrophysiology

Mice were killed via isoflurane anesthesia and then were rapidly
decapitated following intracardial perfusion with ice-cold preoxygenated
(95%0,/5% CO,) NMDG-based slice buffer consisting of the following
(in mM): 93 NMDG, 30 NaHCOs3, 25 glucose, 20 HEPES, 2.5 KCl,
1.2 NaH,PO,, 10 MgCl,, 0.5 CaCl,, 5 Na ascorbate, 3 Na pyruvate, 5
N-acetylcysteine, adjusted to pH 7.3-7.4 and 300-310 mOsm. Coronal
slices (300 um) containing the paraventricular thalamus were prepared
from whole-brain tissue using a Vibratome (Leica VT1200S; Leica
Instruments). Slices were then placed into a warm bath (32-34°) contain-
ing the same NMDG-based slice buffer for 10-15 min. Slices were
then transferred to a chamber containing oxygenated artificial cerebro-
spinal fluid (ACSF; in mm): 119 NaCl, 2.5 KCl, 1.3 MgCl,-6H,0,
2.5 CaCl,-2H,0, 1.0 NaH,PO,-H,0, 26.2 NaHCO;, and 11 glucose,
287-295 mOsm), 298-302 mOsm, for 1 h at room temperature before
recording.

All experiments were performed and analyzed with pClamp 11.1
(Molecular Devices). Recordings were made using a 10 kHz sampling
rate and a 2 kHz low-pass filter. Slices were transferred to an interface
recording chamber and continuously perfused with 28-32°C ACSF
at 2 ml/min. The paraventricular nucleus of the thalamus (PVT)
neurons were patched onto randomly and viewed with a halogen
bulb. PVT cells were confirmed according to morphologic (size, shape)
and biophysical properties (e.g., capacitance and membrane
resistance) and patched with 3-5MQ recording pipettes (P-97
Micropipette Puller).

Voltage-clamp recordings were performed using a cesium-based
internal solution (in mM): 140 CsMeSO;, 5 NaCl, 10 HEPES, 0.2
EGTA, 2 MgATP, 0.2 NaGTP, and 5 QX-314, 310-315 mOsm. Cells
were held at 0 mV to record spontaneous inhibitory postsynaptic
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currents (sIPSCs) and at —70 mV to record spontaneous excitatory post-
synaptic currents (SEPSCs). Data were collected for 5 min at each mem-
brane potential. A maximum of three cells per animal were collected for
use in data analysis.

In situ hybridization (RNAscope)

Tissue was collected and prepared as previously described (Harris et al.,
2018; Fetterly et al., 2019; Salimando et al., 2020), with minor alterations.
The RNAscope Multiplex Fluorescent V2 assay kit was used to visualize
single molecules of mRNA expressed by neurons within the TRN.
Reagents were purchased from Advanced Cell Diagnostics and were
applied to fresh-frozen tissue preparations. The probes directed against
pvalb (catalog #421931; Channel 1), grm8 (catalog #521491; Channel 2),
ecell (catalog #475331; Channel 3), and sppl (catalog #435191;
c=Channel 3) were purchased from Advanced Cell Diagnostics and pre-
pared at a 50:1:1 ratio (C1:C2:C3). C57BL/6] male and female mice, aged
7-10 weeks, were anesthetized with isoflurane, and the brains were
quickly removed and frozen in Tissue Tek OCT compound (Sakura)
and then stored at —80°C until being cut at 14-pum-thick coronal sections
on a CM3000 cryostat (Leica Microsystems). Slices were directly
mounted from cryostat to Fisher Plus Charged Slides and stored at
—80°C until ready to undergo RNAscope staining.

In brief, slides were fixed for 15 min in ice-cold 4% PFA and then
dehydrated in increasing ethanol serial dilutions (50%, 70%, 2x 100%).
Slides were pretreated with ACD’s Pretreat IV solution for ~30 min in
a humidified chamber at 40°C. Then, slides were incubated with
mRNA probes for 2h and then with a series of signal amplification
reagents provided by ACD: Amp 1, Amp 2, and Amp 3. TSA vivid
dyes were used as part of the V2 RNAscope workflow at a 1:1,500 work-
ing dilution following reconstitution with 100 ul DMSO. Channel 1 was
visualized with TSA Vivid Dye 520 (FITC), Channel 2 with TSA Vivid
Dye 570 (TRITC), and Channel 3 with TSA Vivid Dye 650 (Cy5).
Finally, sections were counterstained with DAPI prior to application of
Aqua-Poly Mount Media (Polysciences) and coverslips and then were
allowed to dry in a cool, dark place. A minimum of one section was
stained with a probe and another with a negative control probe that
stains bacterial dapB mRNA (which is absent in mice).

Sections were imaged using an 880 scanning confocal microscope
(Carl Zeiss). Composite images of the TRN were saved as TIF files and
analyzed in Fiji/Image] with matching laser strength, gain, and pinhole
size. Sections stained with a negative control probe were used to set
parameters for laser settings and image brightness. Adjusted experimen-
tal images were analyzed with regions of interest (ROIs) containing the
TRN. Cells in these ROIs were marked with DAPI-stained nuclei, and
connecting nuclei were split apart by Fiji/Image] “watershed” function.
Finally, the total number of cells in each region was counted with tran-
scripts being readily identifiable as round punctate dots surrounding
the DAPI-labeled nuclei.

Experimental design and statistical analyses

All data are represented as mean * standard error of the mean. Data and
plots were visualized using Prism 9 (GraphPad Software). Statistical tests
(either Student’s two-tailed ¢ test or two-way RM-ANOVA) are noted
where appropriate in each experimental section. Cell density measure-
ments from in situ analyses were determined by using an ROI of
~14 mm?, and three separate replicate counts per region from one brain
slice were averaged to represent one animal. Comparisons in behavior
experiments with sex- and age-matched subjects were ran as two-way
repeated measures ANOVA with Fisher’s noncorrected LSD. To deter-
mine statistical significance, we compared our generated p-values from
Prism9 to alpha values of 0.05 (« = 0.05). Power analyses were performed
with preliminary data, and previously ran experiments and papers were
used to help determine proper sample sizes across groups. Analyses of
sex as a biological variable were performed in all experiments, and
data were represented as combined male and female averages unless
there was a statistically significant difference in male versus female
subjects.
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Results

Grma8 is heavily expressed by PV+ interneuron populations
located throughout the TC circuitry

Early studies on grm8 identified a heterogenous expression
pattern throughout the brain (Duvoisin et al., 1995; Saugstad
et al, 1997), and recent snRNA-seq studies have identified
grm8-positive cells within the TC system (Y. Li et al., 2020),
but we lack in situ data with higher fidelity spatial information
regarding subregion- and cell-type-specific grm8 expression.
Thus, we assayed grm8 and several cell-type markers throughout
the TC system. Perfused brains were rapidly collected and pro-
cessed with RNAscope© V2 Multiplex system and subsequently
imaged via confocal microscopy. Grm8 expression was readily
identified throughout the medial and midline dorsal thalamic
nuclei at the level of the anterior third ventricle (Fig. 1A).

We observed strong grm8 expression that delineated the bor-
der of the TRN and colocalized with PV expression (Fig. 1B,C).
The PV cells that comprise the TRN, depending on their location
within the TRN shell or core, project to higher-order and
first-order thalamic neurons, respectively (Y. Li et al., 2020).
Here, ~80% of PV cells expressed grm8 along the rostral-caudal
axis of the TRN (Fig. 1D; coronal brain atlas images from the
Allen Institute for Brain Science). Furthermore, we show that
grm8 is present on both the higher-order neuron-projecting
ecell+ “shell” cells and first-order neuron-projecting sppI+
“core” cells (Fig. 1I) at comparable cell densities and coexpres-
sion levels (Fig. 1]). The level of sppl+ grm8+ cells were slightly
higher than the amount of ecelI+ grm8+ cells, but it remains that
the findings suggest grm8 is poised to regulate GABAergic synap-
tic activity onto first- and higher-order neurons in the dorsal
thalamus.

Grm8 expression was noted throughout the somatosensory
cortical layers—particularly in Layers II/III, V, and VI (Fig. 1E).
In the cortex, PV cells play traditional interneuron roles to regu-
late the firing activity of pyramidal neurons (Nahar et al., 2021).
Consistent with previous studies (Kawaguchi and Kubota, 1997),
PV expression was scattered throughout the cortical layers. We
sought to quantify PV expression in cortical layers that project
to the TRN and thalamus, so ROIs were placed within Layers
V and VI (Carroll et al., 2022). We identified region-dependent
effects on cell densities, with significantly higher cell densities
of grm8+ cells in the somatosensory cortex compared with the
TRN, whereas in the TRN, we observed significantly increased
densities of PV+ and grm8+ PV+ cells [Fig. 1G; effect of region,
F1,18=3.567, p=0.0752; effect of cell type, F,15)=60.25, p<
0.0001; region X cell-type interaction, F(, ;g)=55.34, p <0.0001].
Overall, there was higher prevalence of PV+ grm8+ cells in the
TRN compared with the somatosensory cortex (Fig. 1H; two-
tailed independent sample t test, fs=3.505; p=0.0127). Thus,
we hypothesize that grm8+ PV + cells in the TRN synapse directly
onto other TRN neurons or thalamic relay neurons, while corti-
cal grm8+ PV+ cells represent local inhibitory interneurons that
may regulate the activity of thalamus-projecting pyramidal cells,
representing multiple mechanisms by which grm8 can regulate
the TC system.

Derivation of Grm8™™ mouse line to assess brain region- and
cell-type-specific grm8 function

To date, studies identifying effects of constitutive grm8 deletion
on behavior and physiology have employed constitutive, body-
wide KO lines. While practical to determine general target func-
tion, these models do not provide information regarding discrete
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cell-type- or brain region-specific functionality of grm8 or any
other heterogeneously expressed target. To circumvent this issue,
we validated and employed a conditional KO (or, floxed, flx)
approach with a novel grm8 mouse line, Grm8™™, that we
used to generate cell-type-specific and region-specific grms8
mutations.

We first validated our model by crossing grm8™™ animals to
hemizygous CMV-cre driver mice, producing constitutive grm8
KO animals (Fig. 2A). Then, through qRT-PCR, we show
decreased relative levels of grm8 expression (compared with
housekeeping gene HPRT) in brain regions known to be enriched
for grm8, such as the TRN, the entorhinal cortex, and the dentate
gyrus (Fig. 2B-D). We also assayed for and found no differences
in relative expression levels of the excitatory amino acid trans-
porter (eattl) in the same regions, to determine if the grm8 KO
mice showed perturbed glutamate system homeostasis. After
confirming, we investigated the role of grm8 expressed by PV
neurons in regulating neurotransmission and sensorimotor
behaviors through the use of a PV-cre driver mouse line
(Fig. 2E). We performed qRT-PCR in TRN samples from
PVE™ KO mice and observed decreased levels of grm8
(Fig. 2F; Student’s two-tailed ¢ test, t;4=2.237, *p=0.0420) but
no changes in the expression of grm?7 levels (Fig. 2F; Student’s
two-tailed f test, t;4=0.5957, p =0.5609, ns), a known dimerization
partner of mGlu8 (Lin et al., 2022).

PV#8 KO enhanced excitatory transmission onto thalamic
relay neurons

Nuclei in the dorsal thalamus receive inputs from both the cortex
and TRN (Lam and Sherman, 2007; Wang et al., 2001; Mease and
Gonzalez, 2021; S. H. Li et al., 2024). To elucidate the role of
mGlu8 in regulating synaptic transmission within the TC system,
we focused on the PVT, a hub for coordinating stress responses
and salience-motivated behaviors via unique connectivity
between the cortex and amygdala (James and Dayas, 2013; M.
Chen and Bi, 2019; Green and Green, 2022; S. H. Li et al,
2024; S. Li and Kirouac, 2008; Penzo et al., 2015; Y. B. Zhu
et al,, 2022). Due to the high degree of colocalization of grm8
and PV transcript observed in the TRN and cortex, and the pro-
jections regulated by or comprising PV+ cells in the cortex or
TRN, we generated a PV-specific grm8 KO model (PV#™® KO;
Fig. 3A) to determine the role of PV¥"™® in regulating sponta-
neous excitatory and inhibitory postsynaptic currents (sEPSC,
sIPSC) onto PVT cells. Cells were patched onto and excitatory
and inhibitory spontaneous transmissions were measured in
voltage-clamp mode.

We observed increased frequency of sEPSCs (t,,=3.735,
*%p=0.0011; littermate control: 0.81 Hz+0.09 Hz vs PV&™®
KO: 1.58 Hz+0.1820 Hz), while the sEPSC amplitude was
not significantly different across genotypes (Fig. 3B; t,, =1.503,
p=0.1471, n.s; littermate control: 13.08 pA +0.6263 pA vs
PVE™® KO: 15.10 pA +1.187 pA). We originally hypothesized
that inhibitory transmission onto relay neurons would be
increased in PV®™® KO animals, as would be expected when
removing mGlu8, a Gg-coupled presynaptic receptor, from
GABA-releasing TRN terminals. Surprisingly, we observed no
differences in sIPSC frequency (Fig. 3C; frequency: t,, =0.1861,
p=0.8541, n.s; littermate control: 1.691 Hz+0.1656 Hz vs
PVE™ KO: 1.738 Hz+0.1916 Hz) or amplitude (amplitude:
£, =0.9050, p=0.3753, n.s; littermate control: 16.35 pA+
1.740 pA vs PVE""8 KO: 14.58 pA +0.8843 pA) between mutant
and control animals.
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Finally, we calculated the excitatory:inhibitory neurotrans-  observed no differences in E:I when using the area (total net
mission ratios for PV¥”"® KO and littermate control animals  charge) parameter (Fig. 3D; t,, = 0.4778, p = 0.6375, n.s.; control:
using three parameters: area, amplitude, and frequency. We  0.2833+0.08 vs PVE™ KO: 0.3525 +0.6146) or the E:lamplitude
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parameter (fy,=1.395, p=0.1771, n.s; control: 0.89+0.09 vs
PVE™ KO: 1.053 +0.07). We did observe increased EIfrequency
(t2=3.356, **p =0.0029; control: 0.5350+ 0.08 vs PVE™® KO:
0.9583 +0.09). Together, these data imply that excitatory synap-
tic transmission onto thalamic cells is dysregulated in PV&™®
KO animals.

PV#""8 KO had no effect on locomotor habituation or anxiety
phenotypes in repeated bouts of OFT

Early studies utilizing global grm8 KO mice resulted in various
anxiety and hyper- or hypolocomotive phenotypes (Gerlai
et al, 2002; Linden et al, 2002; Robbins et al., 2007; Fendt
etal., 2010; Liiffe et al., 2022), but did not allow insight into which
grm8-expressing cell types and brain regions regulate these
behaviors. We performed behavioral analyses with PV&""® KO
mice to determine if PV+ grm8+ cells regulate sensorimotor
behaviors in nonconditioned measures of anxiety. PV¥™® KO
animals first were observed in EZM and then were run through
repeated bouts of OFT to determine the necessity of PV cell-
specific grm8 expression in regulating anxiety phenotypes along
with thigmotaxis and locomotor habituation (Fig. 4A), as sug-
gested by other studies (Gerlai et al., 2002; Liiffe et al., 2022).

Littermate control and PV®™® KO mice were tested in the
EZM for 5 min per trial. KO mice showed no differences in
time spent in the open arms (Fig. 4B; Student’s two-tailed ¢
test, t13=0.06928, p=0.9455, n.s.) or in entries into the open
arms (Fig. 4B; Student’s two-tailed t test, t;3=0.6595, p=
0.5179, n.s.), suggesting no effect of KO on anxiety phenotypes.
We observed no effects of PV¥”"® KO on total distance traveled
compared with littermate controls over 3 testing days [Fig. 4B;
main effect of genotype on total distance: F(; 5 =0.1070, p=
0.7473, n.s., main effect of day on total distance: F(; g40, 33.12)=
10.39, ***p=0.0004, day x genotype interaction: F, 35 = 1.825,
p=0.1757, n.s.] nor was there a zone-dependent effect on loco-
motor activity [Fig. 4B, main effect of genotype on total center
distance: F(;,13)=0.06339, p=0.8041, n.s., main effect of day on
total center distance: F(; ¢85, 30.33) = 19.15, p <0.0001, day x geno-
type interaction: F(, 36) = 2.565, p=0.0909, n.s.].

We next analyzed the habituation activity of PV¥""® KO mice
and detected no differences in mutant activity levels over time
compared with littermate controls, suggesting that there was
no disruption of sensorimotor habituation [Fig. 4C; Day I:
main effect of genotype on day 1 habituation: F; 15, =0.1080,
p=0.7462, n.s., main effect of day on Day 1 habituation:
F(s019, 90.35) =44.42, ****p <0.0001, day x genotype interaction:
F11,108) = 1.122, p=0.3457, n.s.; Day 2: main effect of genotype
on Day 2 habituation: F(; 15)=0.5144, p = 0.4824, n.s., main effect
of day on Day 2 habituation: Fy 410, 7037) = 24.35, ****p <0.0001,
day x genotype interaction: F;;19g)=1.336, p=0.2070, n.s;; Day
3: main effect of genotype on Day 2 habituation: F(; ) =1.257,
p=0.2770, ns, main effect of day on Day 2 habituation:
Fissa1, 105.1)=14.76, ****p<0.0001, day x genotype interaction:
Fi11.105 = 1.081, p=0.3786, n.s.].

Furthermore, cumulative distance traveled over time in the
center zone was unaffected by PV®"® KO [Fig. 4D; main effect
of genotype on Day 1 cumulative center zone distance: F; ;7)=
0.2600, p=0.6167, n.s., main effect of day on Day 1 cumulative
center zone distance: F(j 145, 1952) = 52.46, ****p <0.0001, geno-
type xday interaction: F(j1,187)=0.04351, p>0.9999, n.s.; main
effect of genotype on Day 2 cumulative center zone distance:
F(1,17)=2.045, p=0.1709, n.s., main effect of day on Day 2 cumu-
lative center zone distance: F(; 112, 1591)=19.49, **¥p=0.0002,
genotype xday interaction: F(j;157)=0.9975, p=0.4503, n.s;
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main effect of genotype on Day 3 cumulative center zone distance:
F(1,17)=0.6846, p =0.4195, n.s., main effect of day on Day 3 cumu-
lative center zone distance: F(jos1, 17.87)=13.42, **p=0.0016,
genotype x day interaction: F(;; 157 =0.8531, p=0.5873, n.s.].
Finally, we determined that there were no differences between
KO and littermate controls in the amount of time spent in the cen-
ter zone of the testing arena [Fig. 4E; main effect of genotype on
normalized center time: F(j 15 =0.6466, p=0.4318, n.s., main
effect of day on normalized center time: F(;o04, 34.27)=28.65,
**E%p <0.0001, genotype x day interaction: Fy36)=3.507, *p=
0.0406; main effect of genotype on normalized peripheral time:
F(1,18=0.6459, p=0.4321, n.s., main effect of day on normalized
peripheral time: F(; op4, 34.27) =28.62, ****p <0.0001, genotype x
day interaction: F(,36)=3.503, *p =0.0407]. Together, these data
suggest that mGlu8 signaling on PV cells is not necessary for
expression of OFT phenotypes (Gerlai et al, 2002; Robbins
et al., 2007).

PV KO produced deficits in acoustic startle and PPI
Numerous reports have studied TRN (Wells et al., 2016; You
et al,, 2021) and grm8 (Fendt et al., 2010; Hikichi et al., 2010)
signaling in the regulation of acoustic startle and PPI, a well-
established assay used in preclinical and clinical models to
identify deficits in sensorimotor gating associated with various
neuropsychiatric disorders. We utilized our PV¢"™ KO model
to determine whether grm8 signaling on PV cells regulates sen-
sorimotor gating (Fig. 5A).

Subjects were tested for basal startle activity via a startle
curve where tones without prepulses were played (Fig. 5B).
There was no effect of genotype on startle magnitude and a
significant effect of tone intensity but no overall genotype x
tone intensity interaction [Fig. 5B; two-way RM-ANOVA;
effect of genotype: F(;4)=0.1543, p=0.7047, n.s.; effect of
tone intensity: F(; 22, 5.979)=31.59, ***p =0.0003, genotype x
tone intensity: F(s40y=1.403, p=0.2439, n.s.]. We observed
main effects of genotype and of tone intensity on the baseline
startle response to 120 dB [Fig. 5C; two-way RM-ANOVA;
effect of genotype: F(;,)=6.474, *p=0.0384, effect of tone
intensity: F(; 7)=225.8, ***p <0.0001, genotype x tone intensity:
Fq,7)=7.598, *p=0.0282]. To test the sensorimotor gating func-
tionality of our subjects, we then tested for altered startle magni-
tude by randomly pairing 70, 76, 82, and 88 dB prepulse tones
with our 0 and 120 dB test tones. We found that prepulse +
tone presentation decreased the startle magnitude of PV
KO mice compared with littermate controls [Fig. 5D; two-way
RM-ANOVA; effect of genotype: F(;7 =6.568, *p=0.0374,
effect of tone intensity: F(; 55, 12.96) = 3.429, n.s. p = 0.0666; geno-
type x startle intensity: F(3 51y = 0.8242, n.s. p = 0.4952] regardless
of prepulse intensity. Conversely, we did not observe statistically
significant changes in percent inhibition of startle responses in
our mutant model [Fig. 5E; two-way RM-ANOVA; effect of
genotype: F(; 7y=3.175, n.s. p=0.1180; effect of startle intensity:
F.96s, 1378)=3.870, *p=0.0469; genotype x startle intensity:
Fs21)=0.9931, n.s. p=0.4153].

TRN-specific grm8 KD disrupts sensorimotor activity and
produces hyperlocomotive phenotypes

As grm8 is expressed throughout the TC system, we sought to
identify region-specific gene functionality. We hypothesized
that deletion of grm8 in discrete TC nuclei could reveal region-
specific regulation of OFT behavior. To test this hypothesis,
based on other reports implicating the TRN in thigmotaxis
(Wells et al., 2016; El Boukhari et al., 2019), we utilized our
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Figure 4.  PVY™ KO did not affect sensorimotor habituation in EZM or repeated open field sessions. A, Experimental design. B, No differences in time spent in open arms or entries into open
arms were noted between experimental and control groups. C, There were no statistically significant main effects of genotype on the total distance traveled, the distance traveled in the center
zone, or the distance traveled in the peripheral zone. D, KO did not affect locomotor activity over time compared with littermate controls. E, Cumulative center zone distances were unaffected by
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€, Baseline acoustic startle magnitudes were decreased in PV¥"™ KO but not littermate controls. D, Startle magnitudes were decreased in PV9"™ KO by presentation of prepulse tone regardless
of tone intensity. E, PPI trended high in PVY"™ KO animals but did not reach statistical significance.

floxed grm8 model to KD grm8 expression specifically within the
TRN (TRN®" KD; Fig. 6A).

We sought to determine the effects of KD on locomotion
and first analyzed zone-specific total locomotor activity in KD
versus control animals over 3 testing days. There was a main
effect of KD and of time on total distance traveled regardless of
zone [Fig. 6B; two-way RM-ANOVA effect of KD on total
distance; effect of KD: F(; 15y =7.941, *p=0.0155; effect of time:
F(1.226, 14.72) = 9.672]. Interestingly, the hyperlocomotion pheno-
type observed in the experimental group was specific to the center

zone of the testing apparatus [Fig. 5B, two-way RM-ANOVA
effect of KD on center total distance; effect of KD: F(y 15y =9.222,
*p=0.0103; effect of time: F(j 154, 1385 =10.07, **p=0.0054].
There was no statistically significant difference between KD and
control groups in total distance traveled in the surround zone
[Fig. 5B; two-way RM-ANOVA effect of KD on surround
distance; effect of KD: F(;12)=2.798, p=0.1202, n.s.; effect of
time: F(1.812, 21.75) = 2.147, p= 0.1445, H.S.] .

We next analyzed the raw habituation activity of the animals
to the open field zones over time. The experimental KD group
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Figure 6.  TRN™ ablation alters sensorimotor habituation activity in repeated OFT. A, Experimental design and stereotax coordinates targeting rostroventral TRN. B, There was a statistically
significant main effect of KD on the total distance traveled and the total center distance traveled in the open field but not in the peripheral zone. €, TRN"™ KD mice exhibited increased basal
activity levels over 3 testing days. D, Cumulative center zone-specific activity levels were increased in experimental animals compared with control over 3 testing days. E, KD-dependent increase
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exhibited disrupted habituation levels on each testing day, indi-
cated by consistently increased basal activity levels [Fig. 6C;
effect of KD Day 1: F(;,12)=5.980, p=0.0309; effect of KD Day
2: F112 = 6461, p=0.0259; effect of KD Day 3: F(; 2 = 4.446,
p=0.0567], whereas the control animals decreased their locomo-
tor behaviors with each testing day. We found that TRN®""* KD
animals traveled greater cumulative total distances over time spe-
cifically in the center zone of the open field apparatus, an effect
that appeared at ~15 min into testing [Fig. 6D; effect of KD on
cumulative center activity; Day 1 cumulative sum: F 1) =5.922,
*p=0.0315; Day 2 cumulative sum: F; ;5= 10.16, **p=0.0078;
Day 3 cumulative sum: F(; ;) =4.823, *p=0.0485]. In addition to
locomotion, TRN®""® KD animals also spent ~50% or more of their
time in the center zone of the open field when normalized to total
testing time [Fig. 6E; effect of KD on normalized center time; effect
of KD: Fy 1) = 6.942 *p = 0.0218; effect of time: F(y 474, 17.69) = 4.870
*p=0.0290]. Nonsurprisingly, grm8 KD mice consistently spent
less time in the surround zone compared with control animals.

Together, the combined behavioral profiles of PV¥"* KO and
TRN®"® KD animals suggests that grm8 plays a role in regulating
sensorimotor activity and anxiety phenotypes in the open field
assay likely through changes in neurotransmission throughout
the TC system.

Discussion

In the present study, we demonstrated that the mGlu8 receptor-
encoding gene grm8 regulates neurotransmission onto dorsal
thalamic relay cells and the behavioral outputs of the TC net-
work. Low-density expression of grm8+ cells were detected in
the medial and midline thalamic nuclei, TRN, and nearly all lay-
ers of the somatosensory cortex, suggesting that in these regions,
only a small fraction of all cells are grm8+. Conversely, strong
coexpression of grm8 with PV was observed in the TRN and
deeper cortical layers known to project to the dorsal thalamus
and TRN. Through the use of a floxed grm8 mouse, we show
that PV-specific constitutive grm8 KO (PVE™® KO) increased
the frequency of spontaneous excitatory but not inhibitory trans-
mission onto thalamic relay neurons located within the PVT, a
critical nucleus for expression of a variety of behaviors. PV&™®
KO did not affect locomotor habituation and anxiety-like pheno-
types in EZM and open field assays but did produce
KO-dependent effects on acoustic startle magnitude, suggesting
involvement of PV+ grm8+ cells not in locomotion but in sensor-
imotor gating. We then showed that grm8+ TRN cells regulated
OFT habituation, locomotor, and anxiety phenotypes via viral-
mediated conditional KD. Altogether, we found that grm8+ cells
in the TC-CT system regulate spontaneous excitatory synaptic
transmission onto thalamic relay neurons and facilitate sensori-
motor gating of extraneous stimuli in open field and acoustic
startle assays. The behavioral phenotypic differences observed
in the two different KD approaches could be related to differences
in the timing of the deletion relative to development and/or the
nonoverlapping cell populations targeted in the two approaches
beyond TRN PV cells.

Group III mGlu receptors are involved in the expression of
anxiety- and stress-related behavioral phenotypes (Palucha
et al, 2004; Goddyn et al, 2015; for review, see Dogra and
Conn, 2021). In classical, nonconditioned measures of anxiety,
constitutive grm8 KO mice showed altered locomotor activity
in open field [Duvoisin et al., 2005; Liffe et al,, 2022; both
decreased (Duvoisin et al., 2005) and increased (Gerlai et al.,
2002)], increased anxiety phenotypes in the elevated plus maze
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(Linden et al., 2002; Duvoisin et al., 2005), as and deficits in con-
textual fear, object recognition, and PPI (Fendt et al., 2010).
Findings in zebrafish suggest that deletion of both grm8, and
grm8p isoforms disrupted normal thigmotaxis behavior, further
suggesting a role of grm8 in guiding behavioral responses relative
to an organism’s environment (Liiffe et al, 2022). Notably,
Linden et al. (2003a) reported increased levels of the neuronal
activity marker cFos in medial thalamus relay neurons following
EPM exposure in grm8 KO mice, further supporting the hypoth-
esis that grm8 regulates behavioral responses to aversive environ-
ments. The present study adds to these findings by implicating
grm8 function within the TC-TRN-CT system in aspects of sen-
sorimotor gating and locomotion, likely by regulating neuro-
transmission within the dorsal thalamus.

This study is in line with other published reports demonstrat-
ing mGlu8-dependent anxiety and locomotor behaviors
(Duvoisin et al., 2005), as well as those implicating grm8 in the
regulation of acoustic startle and PPI (Robbins et al.,, 2007;
Fendt et al., 2010). Through our conditional deletion approaches,
we suggest that TRNS""® KD (facilitated by a viral-mediated
strategy), but not constitutive PV¥""* KO, disrupted normal sen-
sorimotor habituation and activity in repeated bouts of OFT. We
further show that deficits in acoustic startle and PPI are regulated
by grm8 expressed specifically on PV neurons. Together, our
findings suggest mGlu8 is a critical mediator of sensorimotor
behaviors, potentially through the regulation of the cortical out-
put to the thalamus. Furthermore, our findings underscore
existing preclinical and human genetics literature implicating
the TC-TRN-CT system and grm8 in the pathogenesis of a vari-
ety of neuropsychiatric disorders characterized by negative affect
(Terracciano et al.,, 2010) and externalizing behaviors (Bauer and
Covault, 2020; A. C. H. Chen et al, 2009; Gast et al,, 2013;
Kostrzewa et al, 2015; Long et al, 2015). In addition, our
PV-specific deletions agree with and highlight published reports
exploring functionality of PV neurons in various neuropsychiat-
ric disorders (Steullet et al., 2018; Cabungcal et al., 2019; Perlman
et al., 2021; Radovanovic et al., 2021).

Mechanistically, little is understood about the role of mGlu8
signaling within the TC system. Here, we showed that mGlu8
receptors expressed by PV neurons regulated spontaneous excit-
atory neurotransmission onto thalamic neurons. A surprising
result of the present study was that inhibitory neurotransmission
onto the same cells was unaffected by PV¥"™ KO, given the high
degree of grm8 and PV co-expression in the GABAergic TRN.
Despite the lack of inhibitory regulation in this report, other
reports demonstrated a role of mGlu8 in regulating glutamatergic
and GABAergic transmission in other brain regions (Marabese
et al,, 2005, 2007; Palazzo et al., 2011). We hypothesize that the
observed increase in excitatory drive onto thalamic relay neurons
in PV®"™ KO mice is a result of cortical PV interneuron micro-
circuit dysfunction, whereby removal of mGlu8 on cortical PV
cells facilitates increased pyramidal cell drive onto TC cells.
Together, these data imply that synaptic transmission onto tha-
lamic cells is dysregulated in PV¥”"® KO animals likely through
disrupted CT signaling. Future studies utilizing electrophysiolog-
ical, behavioral, and cortical EEG techniques will determine roles
of mGlu8 in regulating TRN- and cortical-specific PVE""** cell
function and how these unique neural systems guide behavior
in murine models of externalizing disorders.

The mouse models used in these studies provide novel insight
into the neurobiology of mGlu8. However, there are limitations
associated with both the constitutive parvalbumin-specific KO
and TRN-specific viral-mediated KD of grm8 that affect
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interpretation of the presented data. The presented findings in
PV#"® KO mice cannot be attributed solely to the TRN and alter-
ations in TRN signaling. It is possible that the increased excit-
atory synaptic transmission was due to alterations in cortical
interneuron and pyramidal cell signaling. The lack of effect on
inhibitory synaptic transmission in PV&™* KO mice is indeed
suggestive of synaptic alterations occurring outside of the TRN.
Conversely, the conditional TRN®""® KD effects on habituation
behavior do not differentiate between the numerous cell types
in the TRN (Y. Li et al.,, 2020). Despite these limitations, the
two mouse models presented here advance our understanding
of mGlu8 function within the TC circuitry, adding to growing
bodies of literature on the roles of grm8, PV expression neurons,
and the TRN in neuropsychiatric and neurological disorders
(Krol et al., 2018; Steullet et al., 2018; Bauer and Covault, 2020;
Nabhar et al., 2021; Liffe et al., 2022).

The ability of mGlu receptors to form obligate dimers and the
dimerizing potential of Group II and Group III mGlu receptors
were previously reported in vitro (Doumazane et al, 2011).
More recent findings (Lin et al., 2022) have implicated pharma-
cologically distinct mGlu7/8 receptor dimers in regulating the
activity of the SC-CA1 hippocampal synapse in vivo. With regard
to the lack of mGlu8 regulation of inhibitory transmission, it is
possible that PV-dense TRN cells synapsing onto TC cells could
compensate for constitutive grm8 deletion over the course of
development by substituting another mGlu receptor in
mGlu8’s place. Of the Group III mGlu receptors, the expression
of grm7 and grm8 in the TRN is high, while grm4 mRNA was not
detected (in situ data not shown), and grmé6 is exclusively
expressed in the retina, leaving mGlu2 and mGlu3 as the other
remaining dimerizing partners in the TRN. The availability of
novel and specific dimer-preferring small molecules, as shown
by Lin et al. (2022), will greatly facilitate experiments exploring
the functionality of mGlu heterodimers.

Altogether, the present study adds to a growing body of liter-
ature that has implicated mGlu8, the TC system, and TRN in var-
ious neurophysiological roles and sensorimotor phenotypes.
Furthermore, by highlighting the use of novel genetic technolo-
gies and deletion strategies, we lay groundwork that will serve
as a basis to study mGlu8 regulation of the TC system via the
TRN in more depth.

Conclusion

Group III mGlu receptors are critical modulators of neurotrans-
mission involved in sensory perception, and their dysfunction is
implicated in numerous psychiatric and neurologic disorders.
mGlu8 regulation of inhibitory TRN terminals maintains normal
electrophysiological properties of neurons within the dorsal thal-
amus, allowing for proper information flow from the thalamus to
the cortex. Expanding our understanding of how the brain regu-
lates sensorimotor activity and attention may represent novel loci
for therapeutic drug development, potentially for the treatment
of CNS disorders such as anxiety and substance abuse. The
proven efficacy of therapeutically targeting mGlu receptors high-
lights the importance of this study.
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