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Abstract

Alzheimer’s Disease (AD) is a neurodegenerative disorder characterized by beta-amyloid plaques
(AB), neurofibrillary tangles (NFT), and neuroinflammation. Data have demonstrated that
neuroinflammation contributes to Ap and NFT onset and progression, indicating inflammation and
glial signaling is vital to understanding AD. A previous investigation demonstrated a significant
decrease of the GABAGRg receptor (GABARR ) in APP/PS1 mice (A. M. Salazar et al., 2021).

To determine if changes in GABARgR restricted to glia serve a role in AD, we developed a

mouse model with a reduction of GABARR restricted to macrophages, GAB/CX3ert. This model
exhibits alterations in gene expression and electrophysiological alterations similar to amyloid
mouse models of AD. Crossing the GAB/CX3ert mouse with APP/PS1 resulted in significant
increases in AP pathology. Our data demonstrates that decreased GABAgR on macrophages leads
to several changes observed in AD mouse models, as well as exacerbation of AD pathology when
crossed with existing models. These data suggest a novel mechanism in AD pathogenesis.
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1.

Introduction

Currently, it is estimated that 6.2 million Americans are living with Alzheimer’s Disease
(AD) and while many other major causes of death have decreased (i.e. heart disease,

HIV), the number of AD cases have increased 145.2% between 2000 and 2019, and

this number will continue to rise (Alzheimer’s Association 2021). Pathologically, AD

is characterized by three core hallmarks: senile plaques composed of amyloid beta

(AB), neurofibrillary tangles comprised of hyperphosphorylated tau (pTau), and chronic
inflammation (neuroinflammation). A plaques are derived from amyloid precursor protein
(APP), which belong to a family of proteins involved in nervous system development,
synaptic plasticity, learning and memory, and neuroprotection (Muller et al., 2017).These
amyloid peptides bond together, forming extracellular A plaques, leading to disruption

of cellular communication, synaptic toxicity, alterations in receptor activation and cellular
pathways, and promote the release of pro-inflammatory proteins and neurotoxins (Yankner
& Lu, 2009). Neurofibrillary tangles of pTau are another AD pathology that more closely
correlates to severity of the disease (Hanseeuw et al., 2019; La Joie et al., 2020). In AD,
tau becomes hyperphosphorylated and cannot return to their stabilizing position, leading to
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the collapse of microtubules, disrupting the cellular processes and, eventually, leading to
neuronal cell death (Ballatore et al., 2007; Mandelkow & Mandelkow, 1998; Medeiros et al.,
2010).

The investigation of the first two core pathologies in AD in animal model systems has
primarily focused on genetic alterations observed in familial AD (fAD) that account for
1-3% of all AD cases. These include investigations of amyloid pathogenesis via mutations
in the App gene, along with presenilin 1 (Pseni) and presenilin 2 (Psen2) genes, that
develop AB plaques (e.g. APP/PS1 mice) (A. Salazar et al., 2019). Similar investigations

in tau mouse models have been utilized to explore pathogenic mechanisms of tau in AD
(Bellucci et al., 2004; Dumont et al., 2011; Jiang et al., 2016; Koller et al., 2020; A. Salazar
et al., 2019). This approach has provided substantial insight into the underlying biology of
AD, however, the identification of preclinical models that have relevance to late-onset AD
(LOAD) and do not rely on fAD mutations is needed. More recent investigations of immune
function and interactions of immune signaling and genes altered in the more common
LOAD have shown promise (Guerreiro et al., 2013; Jay et al., 2017). The identification

of mechanisms driving the pathology and/or associated with amyloid or tau pathogenesis
without reliance on fAD mutations is needed to understand LOAD. Given substantial data
demonstrating altered glial function contributes to both AP and tau pathology, this has
become a productive target (S. E. Hickman et al., 2008; Kinney et al., 2018; Krabbe et al.,
2013; Mandrekar & Landreth, 2010; Perea et al., 2018).

Neuroinflammation is fundamental in the central nervous system (CNS) as a protective
mechanism to ensure adaptive brain function and response to insult. The response is
attributed to the activation of macrophages, in particular microglia, which are essential in
the maintenance of a healthy environment, however, in diseased states, they can become
chronically activated (Lull & Block, 2010; Tremblay et al., 2011). In AD, microglia attempt
to rid the brain of AP through phagocytosis and degradation that has been shown to be
beneficial in early stages of the disease in animal models (S. E. Hickman et al., 2008).
However, through the progression of the disease, microglia become dysfunctional and lose
the ability to clear AB, resulting in increased levels of AR accumulation (S. E. Hickman

et al., 2008; Krabbe et al., 2013). This cycle of microgliosis, with an imbalance of pro-
inflammatory and anti-inflammatory cytokines, results in a positive feedback loop that
leads to chronic neuroinflammation, damaged neurons, and ultimately neurodegeneration
(Giulian et al., 1994; Hammond et al., 2019; S. Hickman et al., 2018; Z. Liu et al.,

2019; Streit et al., 1999). In AD, microgliosis exacerbates the pathogenesis of the disease,
increasing the production of AB and pTau, while in turn, these pathologies continue to drive
neuroinflammation (S. E. Hickman et al., 2008; Mandrekar & Landreth, 2010; Meda et al.,
1995; Perea et al., 2018; Sheng et al., 1998; Spani¢ et al., 2019; Talan, 2019).

The above interaction of glia and AD pathophysiology has shifted considerable focus to
glial regulation in AD, as well as approaches to intervene in microgliosis as a therapeutic
target (See review Xu et al., 2016). The investigation of immune regulation in AD has
spanned considerable targets that range from the role of various cytokines (Alam et al.,
2016; Sawada et al., 2006; Smith et al., 2012; Yang et al., 2017) to microglial activation
and morphology (Dubbelaar et al., 2018; Navarro et al., 2018), as well as the role of
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discrete receptors expressed on glia and their involvement in regulation of inflammation
(Angelopoulou et al., 2020; Ardestani et al., 2017; Gonzalez-Scarano & Baltuch, 1999;
Haque et al., 2018; King et al., 2017; J. Y. Lee et al., 2006; B. Liu & Hong, 2003). Given
the extensive glial and neuronal interactions, the receptor assemblies regulating glia function
are vital to understand, in particular as it is related to AD, during which loss of numerous
transmitter and receptor systems are observed. Of relevance, are the G protein-coupled
receptors (GPCR) that serve roles in regulation of both neuronal and glial function.

The gamma-aminobutyric acid receptor B (GABAR), a metabotropic, Gjjo, represents a
novel target for evaluation of GPCR activity and glial function. Considerable data has
been published describing neuronal GABAg and its role in regulating neuronal inhibition
(Gassmann & Bettler, 2012; Kantamneni, 2015; Shen et al., 2017), network function
(Benarroch, 2012; Gaiarsa et al., 2011; Kohl & Paulsen, 2010), and learning and memory
(Heaney & Kinney, 2016; M. Lee, Schwab, et al., 2011). More recently, data have
demonstrated GABAg is expressed on microglia and serve a role in regulating immune
response (Charles et al., 2003; Crowley et al., 2015; Kuhn et al., 2004; M. Lee, Schwab,
etal., 2011). GABAg is composed of two different subunits, GABAR, consisting of the
ligand binding site, and GABARgy, the G-protein binding domain, responsible for evoking
changes in cellular function (Biermann et al., 2010; Marshall et al., 1999). There are

two different types of GABARg; subunits, GABAg1, and GABAR1y,; though similar in
most ways, GABAg1, has two additional short consensus repeats, or sushi domains (SD)
(Bettler et al., 2004; Hawrot Edward et al., 1998). As it relates to AD, recent data have
demonstrated an interaction of the SD of GABAg with soluble APP that alters neuronal
excitability (Rice et al., 2019). The SD also influences trafficking of B1 isoforms based
on the presence or absence of these SDs in neuronal organization, though their interactions
with specific proteins in glia may also be involved in trafficking (Biermann et al., 2010;
Blein et al., 2000; Guetg et al., 2009; Hannan et al., 2012). While the literature on glial
GABAg is limited, some evidence demonstrates GABAg inhibition of pro-inflammatory
cytokines, IL-6 and TNF-a., during GABA activation, as well as attenuation of intracellular
inflammatory mediator, NF-xB (M. Lee, Schwab, et al., 2011). Given additional literature
demonstrates that astrocytes manufacture and release GABA, especially during a reactive
state (Ishibashi et al., 2019; Jo et al., 2014; Le Meur et al., 2012; M. Lee, McGeer, et al.,
2011) and the lack of any data indicating other GABAergic receptors on glia, this receptor
likely serves a role in astrocyte mediated regulation of glia.

In patients with AD, there has been evidence of alterations in GABAergic signaling that
may contribute to the disease (Y. Li et al., 2016; A. M. Salazar et al., 2021) and between
the relationship of GABAg and inflammation, the impact of the GABARg receptor on the
immune response and disease progression merits investigation. We have recently reported
that at 6 months of age, male APP/PS1 mice demonstrated a significant decrease in all
three GABAg receptor subunits, GABAg13, GABAR1p, and GABARy, in both mRNA and
protein, though this was not observed in 4-month-old APP/PS1 mice (A. M. Salazar et al.,
2021). These findings indicate that elevated amounts of amyloid at 6 months of age lead
to a significant decrease in the GABAg receptor in APP/PS1 mice (A. M. Salazar et al.,
2021). With GABAg receptors found on both neurons and glia, we aimed to expand our
investigation into the role of GABAg receptors specifically on glia, and the impact on glial
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function in AD. We developed a mouse model, known as GAB/CX3ert, in which a reduction
of GABAR1, subunit exists on macrophage populations by use of the Cre-loxP system. In
addition, a yellow florescence protein gene (YFP) was inserted into the genome to express
as an indicator of recombination. Interestingly, the crossbreeding of these models was also
recently reported by another group in which the study focused on assessing microglial and
neuronal communication during development (Favuzzi et al., 2021), whereas our study aims
to evaluate AD relevant differences.

In this study, we demonstrated a knockdown of the GABAgR through flow cytometry in
our GAB/CX3ert mouse model. We investigated if alterations in glial GABAg resulted

in any AD relevant changes given our previous data. This included electrophysiological
characterization, as well as expression of mouse transcripts, via NanoString technologies,
comparing the GAB/CX3ert model to the fAD APP/PS1 mouse model, and to human AD
risk genes. We further examined the role of glial GABAg in AD pathology by crossing
the GABAg knockdown mice with the APP/PS1 model (GAB/CX3ert x APP/PS1) and
examined the same risk genes, as well as amyloid pathology. Quantification of Ap was
performed through Luminex multiplex assay to compare the amount of A present in the
GAB/CX3ert x APP/PS1 compared to the APP/PS1 mice. To our knowledge, this is the first
study to use a mouse model exhibiting GABAg loss, specifically on macrophages, in AD
research to assess the relationship to disease-related changes.

Materials and Methods

2.1. Animals

2.1.1. Development of GAB/CX3ert Mice and Breeding of GAB/CX3ert

X APP/PS1—The novel mouse model, GAB/CX3ert, was developed by crossing

the Cx3cr1€ER mouse model (Dr. Dan Littman, Jackson Laboratory, B6.129P2(Cg)-
Cx3cr1tm2.1(ere/ERTZ)Liti\\gan]) with a GABAg1, knockout mouse, GABAg;-eGFP,
generously donated by Dr. Bernhard Bettler (Casanova et al., 2009; Haller et al., 2004).
The GABAg1-eGFP, containing the sequence for Cre recombinase and lox-P, was bred
with the Cx3cr1€ER mouse model for development of the novel GAB/CX3ert model. The
model is designed to knockdown the GABARg, receptor subunit, restricted to macrophages,
with yellow fluorescent protein (YFP) reporter expressed as indictor of recombination.

The GAB/CX3ert model was developed to utilize a drug, tamoxifen (TAM), as the Cre
recombinase activator. During our investigations, we found no significant effects of TAM on
the quantity of GABABR or YFP levels. To avoid drug effects of using TAM on the mice,
we opted out of using TAM during this study, though demonstrate alterations in GABABR
occurring spontaneously, as previously described by others using the Cx3cr1€"eER mouse
model (Alvarez-Aznar et al., 2020; Fonseca et al., 2017; Kristianto et al., 2017; Zhao et al.,
2019).

2.1.2. Genotyping—For verification of genetics, isolation of genomic DNA from tail
samples was used for genotyping by polymerase chain reaction (PCR). Evaluation of the
GABAg; flox transgene was performed using (forward) 5’- CGC TTA TCG AGC AGC
TAC AG -3’ and (reverse) 5’- ACC TTT CAA CCC AGC CTC AG -3’primers (Integrates
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DNA Technologies, Coralville, lowa). The mutant gene produces a band size of 540 bp
or the WT gene product, with a band size of 325 bp. CX3crl transgene genotyping was
performed using common primer (forward) 5’- AAG ACT CAC GTG GAC CTG CT -3’,
mutant primer (reverse) 5’- CGG TTA TTC AAC TTG CAC CA -3’, and wildtype primer
(reverse) 5°- AGG ATG TTG ACT TCC GAG TTG -3’ (Integrates DNA Technologies,
Coralville, lowa). The mutant gene yields a 300 bp product or a WT band of 695 bp. The
mice are maintained as a homozygous colony and majority of mice bred test positive for
both mutant genes. Only mice that tested positive for both mutant genes were used in the
completion of this study.

APP/PS1 mice were purchased through The Jackson Laboratory (B6.Cg-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) and maintained as a heterozygous colony per
breeding considerations (male hemizygous APP/PS1 mice were breed with female C57BL/
6J). Genotyping was also performed through isolation of genomic DNA from tail samples by
PCR. The APP 397bp transgene was determined using (forward) 5’- AGG ACT GAC CAC
TCG ACC AG -3’ and (reverse) 5°- CGG GGG TCT AGT TCT GCA T -3’. The PS1 gene,
608bp in size, was also evaluated through (forward) 5’- AAT AGA GAA CGG CAG GAG
CA -3’ and (reverse) 5’- GCC ATG AGG GCA CTA ATC AT -3’primers. Wildtype control
genes were also present using primers (forward) 5’ — CTA GGC CAC AGA ATT GAA AGA
TCT - 3’and (reverse) 5 — GTA GGT GGA AAT TCT AGC ATC ATC C - 3’, with a size of
324bp. Mice that did not test positive for both the APP and PS1 genes were not used during
this study.

GAB/CX3ert x APP/PS1 mice were bred by pairing male hemizygous APP/PS1 mice with
female homozygous GAB/CX3ert mice. Tail samples were acquired and used for isolation
of genomic DNA and PCR. Mice were tested for all four genes (GABAg; flox gene, and
CX3crl, APP, and PS1 transgenes). Only mice that tested positive for all four mutant genes
were used in the completion of the study.

2.1.3. Care of Animals—C57BL/6J, GAB/CX3ert, APP/PS1, and GAB/CX3ert x
APP/PS1 mice were used in the completion of this study. Mice were 6 months of age

for all studies except the Luminex multiplex evaluation of Ap, in which an aged group of
14-month-old mice were used. All animals were group-housed with a 12—12-hour light—-dark
cycle, with food and water available ad /ibitum. Animals were handled once per week to
reduce stress and anxiety (Hurst & West, 2010). All procedures were performed during the
light phase and in accordance with the University of Nevada, Las Vegas Animal Care and
Use Committee and NIH guidelines for ethical treatment of research subjects.

2.1.4. Behavioral Screen—To evaluate the general health and neurological reflexes of
the novel GAB/CX3ert mice, animals were assessed by using a modified standard behavioral
screen as previously described (Crawley, 1999; Murtishaw et al., 2018; Wrenn et al., 2004).
Fur condition, whisker condition, body tone, and limb tone were evaluated to determine

the general health. Positional passivity, truck curl, forepaw reach, righting reflex, and wire
hang were also evaluated for motoric abilities. To determine neurological reflexes, eye blink,
pinna twitch, vibrissae response, toe pinch, and visual cliff were assessed. Assessment of
behavioral reactivity was performed through attempted escape, struggling and vocalization
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during handling, and dowel biting. Using an empty cage, mice were scored for transfer
freezing, wild running, stereotypies, exploration, and grooming. Nociception was evaluated
by measurement of latency to flick their tail away from hot water (55°C).

2.2. Flow Cytometry

Mice were sacrificed via Somnasol (Henry Schein Animal Health, Dublin, Ohio)
intraperitoneal injection, transcardially perfused with 20mL sterile 1x PBS, and decapitated.
Brains were removed and placed in a tube of sterile 1x PBS on ice and immediately
processed for flow cytometry. Brains were mechanically homogenized and digested using
Neural Tissue Dissociation Kit (Cat. No. 130-092-628 (Kit P), Miltenyi Biotec, Auburn,
California) per manufacture guidelines. Cell suspension was pipetted over a 70um cell
strainer and HBSS with calcium was added. The samples were centrifuged, and supernatant
was removed and discarded. The pellet was resuspended in 70% isotonic percoll dilution
and 50% isotonic percoll dilution, 35% isotonic percoll dilution, and DPBS were layered
respectively as described in a recent protocol by Agalave et al. (Agalave et al., 2020).

Using differential centrifugation, microglia layers were isolated in a clean tube. Samples
were again centrifuged, and supernatant was discarded. The pellet was resuspended in FACS
buffer. A small sample of cells were stained with Trypan Blue and counted using the TC20
Automated Cell Counter (Bio-Rad, Hercules, California). A small portion of each sample
was combined and used for fluorescence-minus-one (FMO) controls. Cells were blocked
using FcR Blocking Reagent (mouse) (Miltenyi Biotec Cat. No. 130-092-575) The samples
were probed with primary antibodies [Primary antibodies: Anti-GABAR; unconjugated (Cat.
No. ab55051, Abcam, Cambridge, Massachusetts), Anti-CD11b APC (Cat. No. 1106055,
Sony, New York, New York), Anti-GABAg, AF700 (Cat. No. NBP2-59335, Novus
Biologicals, Littleton, Colorado), Anti-CD45 PE/Cy7 (Cat. No. 115565, Sony, New York,
New York)] in the dark for one hour. Cells were rinsed twice, and secondary antibodies
were added for the target GABARg1 [Secondary antibody: PE Texas Red (Cat. No. M32017,
Invitrogen, Carlsbad, California)] for 30 minutes. Cells were again rinsed and resuspended
in FACS buffer.

Samples were analyzed using the Sony SH800S Cell Sorter (Sony, New York, New York).
Compensation was performed using UltraComp eBeads Compensation Beads (Invitrogen
Cat. No. 01-2222-41). No viability dye was included, due to previous data demonstrating
the use to be unnecessary in this samples and allowing for greater number of channels used
for protein targets. Doublet discrimination was performed by plotting the cell width by area
to ensure the analysis of only single cells (Figure S1), and targets were gated using FMOs
controls. Gating strategy first identified macrophages through CD11b*/CD45™ cells, then
evaluated the percent of GABAg,*, GABAg,*, and YFP* from the parent population. A
minimum of 250,000 events analyzed per animal, consistent with previous studies (Hu et
al., 2021; McQuade et al., 2020; Nava Catorce et al., 2021). Data was analyzed via SPSS
statistical software version 25 (IBM, Armonk, New York) for one-way ANOVA values to
determine significance between GAB/CX3ert mice and controls.
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2.3. Luminex Multiplex Immunoassay

2.4,

2.3.1. Protein Extraction—For collection of brain tissue, mice were individually
euthanized by an i.p. injection of Somnasol (Henry Schein Animal Health, Dublin, Ohio).
Mice were transcardially perfused with 20mL sterile 1x PBS and decapitated. Brains were
removed and dissected for hippocampus, cortex, and cerebellum, for both right and left
hemispheres. Tissues were flash frozen with liquid nitrogen and stored in —80°C until
protein isolation. Whole protein lysates were extracted from frozen hippocampal tissue
using Bio-Plex Cell Lysis Kit (Cat. No. 171304011, Bio-rad, Hercules, California) following
manufacturer’s protocol, consistent with a recent 2022 study using Luminex assays (Pillon
et al., 2022). Complete cell lysis buffer was added to the frozen tissues, homogenized
(Kinematica Polytron 1300D, Luzern, CHE), and incubated overnight at —80°C. The
following day, the homogenates were allowed to thaw on ice and immediately sonicated
(Branson SFX 150, Branson Ultrasonics, Brookfield, Connecticut). The samples were
centrifuged for 10 minutes at 4,500g. Supernatants were transferred to a new, low-binding
centrifuge tube. Total protein concentrations were measured using Pierce Bicinchoninic
Assay Kit (Cat. No. 23255, Thermo Fisher Scientific, Waltham, Massachusetts) per the
manufacturer’s protocol. Prior to storage, protein lysates were diluted to the highest,
consistent concentration of 200,000ug/uL with complete cell lysis buffer, to facilitate equal
volume protein loading. Lysates and dilutions were stored at —80°C until use.

2.3.2. Luminex Data Collection—Milliplex Mouse Amyloid Beta Magnetic Bead
Panel (Millipore Sigma, Cat. No. MABMAG-83K) was used to quantify AB-40 and
AB-42 levels in the hippocampal tissue from the mouse models. Standards were prepared
in Assay Buffer provided by the kit. Samples were prepared and assay was performed

per the manufacture’s protocol without modifications. Concentrations were determined by
simultaneously evaluated AB-40 and AB-42 using Luminex multiplex immunoassay (Bio-
Plex 200 system, Bio-Rad, Hercules, California). Raw data was exported and statistically
analyzed using SPSS statistical software version 25 (IBM, Armonk, New York) and one-way
ANOVA was performed to determine statistical values, reaching statistically significance of
p <0.05.

Immunohistochemistry

Whole brains in 1x sterile PBS with 0.05% sodium azide were rinsed with 1x PBS for

5 minutes and froze in =20 °C for 15 minutes. Brains were mounted to cryostat chuck
using a tissue freezing medium (Cryostat Microtome CF-6100, Precisionary, Natick, MA).
Thirtymicron sections were generated and kept in 1x PBS at 4 °C until use. Briefly, the
sections were blocked in 1x PBS with 0.3% Triton-X and 10% fetal bovine serum (FBS,
Cat. No. 89510-194, VWR, PA, USA) overnight, at 4 °C overnight with gentle shaking,
and subsequently incubated with primary antibody mixture for 2 hours (1x PBS with
0.1% Triton-X, 10% FBS, 1:1000 Ibal (Cat. No. 019-19741), Wako, CA, USA). The
sections were rinsed with 1x PBS with 0.3% Triton-X, 3 times for 10 minutes each, with
gentle shaking and incubated with secondary antibody mixture 45 minutes, at RT with
gentle shaking (1x PBS with 0.1% Triton-X, 10% FBS, 1:1000 Alexa Fluor 594 (Cat. No.
A11012), Invitrogen, Waltham, MA, USA). The sections were rinsed with 1x PBS with
0.3% Triton-X, 3 times for 10 minutes each and additional wash in 1x PBS 2 times for
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10 minutes each, with gentle shaking. Staining for A followed using 0.05% Thioflavin

S (Cat. No. T1892, Millipore-Sigma, MO, USA) dissolved in 50% ethanol. The sections
were incubated for 8 minutes, followed by 2 rounds of differentiation in 80% ethanol for
10s each. The sections were rinsed in a generous amount of sterile distilled water 3 times
and transferred in cold 1x PBS before slide mounting. Poly-L-Lysine—coated slides (Cat.
No. 63410-01, Electron Microscopy Sciences, PA, USA) were used to mount sections.
Fluoromount G (Cat. No. 17984, Electron Microscopy Sciences, PA, USA) was added onto
sections before covering with glass slip and allowed to dry for at least 10 minutes at 4 °C,
followed by sealing the edges with clear nail polish. Mounted sections were kept at 4 °C
until imaging. Florescence microscopy was conducted using ECHO florescence microscope
(San Diego, CA).

2.5. Electrophysiology Experiments

2.5.1 Surgical Procedures—Fifteen male mice (C57BL/6J = 5; GABA/CX3ert =
5; APP/PS1 = 5) aged eight to twelve months (twenty-five grams - thirty-four grams)
were implanted with a fixed recording array containing eight tetrodes. Four tetrodes
targeted the medial frontal cortex (area 32 - ACC (anterior 1.0 mm, lateral 0.3 mm from
bregma, dorsoventral 0.8 mm) and four targeted the ipsilateral dorsal CAL (posterior
2.2 mm, lateral 1.6 mm from bregma, dorsoventral 1.2 mm). Coordinates were taken
from Paxinos and Franklin (2019), and the location of recording wires was confirmed
using electrophysiological markers (Buzsaki, 1986). A ground electrode was placed in the
contralateral cerebellum and soldered to the electrode interface board (EIB; Plexon Inc.
Dallas, Tx) on the recording array. Three screws were placed along the cranial ridge,
and dental acrylic was used to affix the array to the skull. Following surgery, mice were
housed individually on a twelve-hour light-dark cycle with food and water available ad
libitum and received one injection per day of Enroflox (0.01 ml/g; Bayer, Leverkusen,
Germany) and Rimadyl (0.01 ml/g; Pizer, New York, NY) for seven days after surgery
before electrophysiological recordings occurred.

2.5.2 Electrophysiological Recordings—Subjects were habituated to two neutral (no
rewarding or aversive stimuli presented) recording chambers prior to electrophysiological
recordings. The chambers were contextually unique but sized similarly (~sixty cm

long and forty-five cm long, the walls were forty-five cm tall). The affixed recording
array was attached to a headstage (Intan Technologies, Los Angeles, CA) and digitized
electrophysiological signals were sent through tether cables into an RHD 2000 USB
interface board (Intan Technologies). Local field potentials (LFPs) were sampled at thirty
kHz and bandpass filtered between 1-6000 Hz with the Open Ephys GUI (V0.5.0,
Cambridge, MA). Behavior was tracked using Bonsai (Lopes et al., 2015). Running speed
was calculated distance over time (ms). Running speed between groups was examined
using a one-way ANOVA and second by second behavioral states were grouped using
unsupervised learning (kmeans clustering; Python V3.7, Scikit Learn) to identify still or
slow, walking, or running states.

2.5.3. Electrophysiological Data Analysis—LFP data were read into a computer
workstation for data preprocessing. LFP data were downsampled to 1000 Hz and then notch
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filtered between 58-61 Hz to remove 60 cycle noise signal. Noisy signals were removed

by visual inspection and one wire from each tetrode was selected to reduce redundancy in
data analysis. All electrophysiological data were preprocessed using custom code written in
Python V3.7.

In the current experiments, we were interested in electrophysiological activity during active
behavioral periods. Our exposures were in 10-minute blocks, it was possible that some
animals fell asleep in that period, while others did not, which might have skewed our SWR
findings. SWRs are more frequent during sleep than waking periods (Joo & Frank, 2018).
To avoid including possible sleep episodes in SWR analysis, we identified any periods
when animals were still for >30 subsequent seconds. In total, we found 13 events across all
animals, sessions, and environments. All 13 of these events occurred during the second half
of exposures in both environments, thus we limited all our electrophysiological analyses to
only the first 300s of exploration in each environment.

2.5.4. Sharp-wave Ripple Detection—Sharp-wave ripple (SWR) detection was
accomplished using the freely available Kay Ripple detector (Kay et al., 2016). Briefly,
hippocampal LFPs were bandpass filtered between 150 — 250 Hz. The filtered envelope was
identified using the Hilbert transform and SWR amplitude was Gaussian filtered with four
milliseconds bins and four milliseconds overlap. Detected events greater than 2.0 standard
deviations above the mean that persisted for more than 15 milliseconds were classified

as SWR events. We calculated behavior by SWR event using decoded behavioral states
(discussed above). If the animal was in the still when the SWR occurred, it was identified as
an immobile SWR otherwise it was classified as walking or running.

2.5.5. Statistical Analysis—Unless otherwise stated, all electrophysiological statistical
analysis was performed in Python (V3.7) using statsmodels (V0.13). Subject mean value for
each measure so that each subject reported one data point in all statistical tests. We utilized
a group model to compare the main effects for each electrophysiological measure. Pairwise
Tukey HSD module from statsmodels (V0.13) was applied to significant main effects for
post hoc comparisons between groups.

NanoString

2.6.1. Total RNA Isolation—Mice were euthanized by an i.p. injection of Somnasol
(Henry Schein Animal Health, Dublin, Ohio). Mice were transcardially perfused with 20mL
sterile 1x PBS and decapitated. Hemibrains were removed and flash frozen immediately
with liquid nitrogen. Samples were placed into =80 degrees Celsius until processed.

To perform RNA isolation, brains were kept frozen while homogenized. Samples were
placed into clean tubes and RNeasy Lipid Tissue Mini Kit (Qiagen Cat. No. 74804)

was used per the manufacture’s protocol without modifications. For NanoString nCounter
analysis, Alzheimer’s Disease panel was used (NanoString Technologies, Seattle, WA,
USA). Two hundred nanograms of RNA was loaded and was hybridized with probes

for 16 h at 65 degrees C. The results obtained from the nCounter MAX Analysis

System (NanoString Technologies, catalog #NCT-SYST-LS, Seattle WA) were imported
into the nSolver Analysis Software (v4.0; NanoString Technologies) for QC verification,
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normalization, and data statistical analysis using Advanced Analysis software (v2.0.115;
NanoString Technologies). All assays were performed according to the manufacturer’s
protocols (PMID:33003412).

2.6.2. NanoString gene expression panel and data collection—The NanoString
Mouse AD gene expression panel (Preuss et al., 2020) was used for gene expression
profiling on the nCounter platform (NanoString, Seattle, WA). Mouse NanoString data was
collected from brain hemispheres from six months old male mice. nSolver software was
used for generating NanoString gene expression counts. Normalization was done by dividing
counts within a lane by geometric mean of the housekeeping genes from the same lane.
Next, normalized count values were log-transformed for downstream analysis.

2.6.3. AMP-AD post-mortem brain cohorts and gene co-expression modules
—Data on the 30 human AMP-AD (Accelerating Medicines Partnership in Alzheimer’s
Disease) co-expression modules was obtained from the Synapse data repository (Allen

et al., 2016; Mostafavi et al., 2018; Wang et al., 2018) (https://www.synapse.org/#!
Synapse:syn11932957/tables/; SynapselD: syn11932957).

These 30 human AMP-AD modules were further grouped into five consensus clusters

that describe the major functional groups of alterations observed in human AD (Preuss

et al., 2020; Wan et al., 2020). A detailed description on how co-expression modules

were identified can be found in the recent study that identified the harmonized human
co-expression modules as part of transcriptome wide AD meta-analysis (Wan et al., 2020).

2.6.4. Comparison between mouse models—Differential gene expression analysis
for each mouse model compared to the control strain (C57BL/6J) was performed using the
voom-limma (Ritchie et al., 2015) package in R. Pearson correlations of gene expression
changes (log fold changes versus control for each gene) were computed for each pair of
mouse models and regression lines were fitted with the ggscatter package in R.

2.6.5 Gene set enrichment analysis—Gene set enrichment analysis (GSEA)
(Subramanian et al., 2005) was performed using the clusterProfiler package (Wu et al.,
2021) in the R software environment for the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Briefly, NanoString AD panel genes were ranked based on log fold
change values obtained from differential expression analysis of each model. Enrichment
scores for KEGG pathways were computed to compare relative expression on the pathway
level between each mouse model.

2.6.6. Mouse-human expression comparison—To compare mouse expression
changes with those observed in human disease, we computed Pearson correlations between
changes in expression (log fold change) of each gene in a given AMP-AD module with
each mouse model (Pandey et al., 2019; Preuss et al., 2020). Correlation coefficients were
computed using cor.test function built in R as:

cor . test( LogFC(h), LogFC(m) ) 1)
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where LogFC(h) is the log fold change in transcript expression of human AD patients
compared to control patients, and LogFC(m) is the log fold change in expression

of mouse transcripts compare to control (C57BL/6J). LogFC values for human

transcripts were obtained via the AMP-AD knowledge portal (https://www.synapse.org/#!
Synapse:syn11180450).

3. Results

3.1.

Male GAB/CX3ert mice have decreased GABAg receptor subunits on macrophages

To verify genetic recombination in the GAB/CX3ert mouse model, and assessment of
GABAg subunit loss on macrophages, flow cytometry was utilized for evaluation of whole-
brain cell suspension. Cells were labelled with CD11b and CD45, a co-positive marker

of macrophages, and were evaluated for the GABAg receptor subunits. GAB/CX3ert male
mice demonstrated a 54% decrease in GABAR; receptor subunit on macrophages compared
to controls and a 58% decrease in the GABAR; receptor subunit (Figure 1B; £ g = 31.342,
p=0.003; F1 6=9.007, p=0.030, respectively), with no difference in the overall number
of macrophages between the two genotypes (Figure 1B; F; 6 = 0.077, p=0.792). YFP was
also evaluated as an indicator of recombination and showed that 36% of CD11b*/CD45*
cells expressed YFP (Figure 1C; £ g = 315.316, p = 0.000). Female GAB/CX3ert mice were
also evaluated for the GABAg receptor, however, they did not show changes in GABAg;

or GABAg; on macrophages (Figure 2B; 1 g = 2.302, p=0.180; /1 ¢ = 1.388, p=0.283;
respectively). There was an increase in YFP, indicating some recombination was occurring,
though only 16% of macrophages expressed YFP (Figure 2C; F g = 72.447, p = 0.000).

To assess any phenotypic differences in the general health of the mice, we performed

a behavioral screen to progressively investigate any alterations in neurological reflexes,
motoric abilities, behavioral reactivity, empty cage behavior, and nociception of GAB/
CX3ert mice compared to wildtype controls. The evaluation resulted in no significant
differences in any of the measures between the GAB/CX3ert and controls, in either male
or female mice (Supplemental Figure 2). Overall, the GAB/CX3ert mouse model mutation
resulted in a significant decrease in the GABARg receptor on macrophages in male mice,
though did not result in variation in health or general behavior of the mice.

3.2. Altered Sharp-Wave Ripple activity in GABA/CX3ert and APP/PS1 Mice

The hippocampus (HC) is crucial for learning and memory processes and is one of the

most affected regions of the brain in AD, contributing to the clinical manifestation of the
disease. Hippocampal sharp-wave ripple (SWR) activity is thought to stabilize newly learned
hippocampal traces and is an essential mechanism for consolidating these traces to the
cortex and other areas (Buzsaki, 2015). Disruption of SWR activity profoundly impairs
learning and memory (Caccavano et al., 2020; Ego-Stengel & Wilson, 2010, p.). To this end,
we investigated if a reduction of the GABAgRR on macrophages could lead to alterations in
hippocampal SWR activity, as well as compare the changes to a well-established amyloid
model of AD.
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We compared the number of SWRs per second during environmental exploration of
C57BL/6J, GAB/CX3ert, and APP/PS1 mice. GAB/CX3ert and APP/PS1 mice had
significantly fewer SWRs than controls (Figure 3A and 3B). A one-way ANOVA revealed
significant group main effects (£, 12) = 5.83, p = 0.017), and post hoc tests showed that
both GAB/CX3ert (p = 0.04) and APP/PS1 (p = 0.02) were significantly altered. We found
no differences in SWR peak frequency between groups (p=0.54; Figure 3B). We also found
no differences in power at SWR peak power in the HC (p=0.626; Figure 3B), SWR duration
(p=0.92; Figure 3B), and SWR amplitude (p=0.18; Figure 3B).

SWR activity has been linked with memory consolidation and is thought to be integral for
strengthening memory traces outside the HC, thus, we also examined cortical activity during
HC SWRs. Interestingly, we found that anterior cingulate cortex (ACC) SWR power at peak
frequency was significantly decreased from controls (£, 12) = 6.56) for both GAB/CX3ert
(p =0.01) and APP/PS1 (p = 0.04; Figure 3B) mice. Altered HC-cortical interactions during
SWRs have been hypothesized to disrupt memory processing (Tang & Jadhav, 2019), and
have been previously reported in APP/PS1 (Jura et al., 2019), so it is particularly notable
that GAB/CX3ert mice are affected similarly. Overall, we found similar abnormalities in
SWR activity in both GAB/CX3ert and APP/PS1 mice, in terms of a reduction in the total
number of SWR events and in the spectral power of SWRs in the ACC. These effects
suggest that the glial-specific loss of the GABARR in the GAB/CX3ert mice are affecting
hippocampal activity and hippocampal-cortical communication, as similarly observed in the
amyloid model of AD.

Hippocampal Coherence is Disrupted in GABA/CX3ert Mice

With our results showing a decreased cortical response to hippocampal sharp waves in both
APP/PS1 and GAB/CX3ert mice, we sought to further examine whether corticohippocampal
interactions were affected more broadly, and, if again, there were similarities between GAB/
CX3ert and APP/PS1 mice. We used ANOVAs to compare ACC-HC coherence between
GAB/CX3ert, APP/PS1, and controls (Figure 3D) in delta (1-4Hz; Figure 3E), theta (5—
12Hz; Figure 3F.), slow gamma (30-55Hz; Figure 3G), and fast gamma (62-120Hz; Figure
3H). We found that both GAB/CX3ert and APP/PS1 mice had significantly increased
coherence in slow gamma (F 2, 12) = 5.63, p = 0.011). Hypersynchrony in the slow

gamma band indicates that network interactions between the ACC and HC were altered

by the selective decrease in GABARR on glial cells. In the delta band, APP/PS1 mice had
elevated coherence from controls (A2, 12) = 5.18, p = 0.02), though no differences were
found in the GAB/CX3ert mice when compared to the other genotypes (p > 0.05). In the
analyzed periods here, there were no differences in spectral power found between groups

in either delta, theta, beta, and slow or fast gamma power (p>0.05), suggesting that the
coherence differences were not due to inherent differences in spectral power. Impairments
in ACC-HC coherence in slow gamma band, along with the finding of reduced ACC SWR
peak frequency power, suggests a wholesale impairment in communication between these
areas. These effects indicate that the glial-specific changes found in the GAB/CX3ert mice
are affecting hippocampal network activity and hippocampal-cortical communication.
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3.4. Similar gene expression changes observed across all our mouse strains

Resemblance in the GAB/CX3ert and APP/PS1 mouse models in network activity led

us to further evaluate the similarities in gene expression between the models, as well

as the crossbred GAB/CX3ert x APP/PS1 mice. Using NanoString gene expression
profiling of the three transgenic mouse models, we computed the log fold change in
expression of mouse transcripts for each of the models compared to controls (C57BL/6J)
(Supplemental_Tables_GeneExpressionChanges), followed by a correlation analysis using
the change in expression values (logFC) for all 770 AD-related NanoString probes. We
observed strong and significant correlation (Pearson correlation coefficient = 0.64, p < 2.2
x 10716) between APP/PS1 and GAB/CX3ert mice (Figure 4A). Similarly, GAB/CX3ert x
APP/PS1 mice showed strong positive correlation with both APP/PS1 (Pearson correlation
coefficient = 0.61, p < 2.2 x 10716) and GAB/CX3ert mice (Pearson correlation coefficient
=0.66, p < 2.2 x 10716) (Figure 4B-C). Notably, we observed increased expression of
mouse App gene in APP/PS1 transgenic mice (logFC = 0.60), but no significant changes
in the GAB/CX3ert mice (logFC = -0.02). However, expression of the mouse App gene
significantly increased in GAB/CX3ert x APP/PS1 mice compared to APP/PS1 (logFC =
0.27, FDR = 0.04), suggesting more pronounced effects in the double mutant than single
variant model. Interestingly, despite the differences in App gene expression between the
mutant strains, we observed overall very similar gene expression changes in the novel GAB/
CX3ert mouse model as observed in APP/PS1 transgenic mice. Although these mutations
are functionally very different (loss of the GABAgR on macrophages versus increased
secretion of a human Ap peptide with rare variants), these results demonstrate similar
transcriptomic changes supported across almost all NanoString panel genes (Figure 4).

Next, we performed gene set enrichment analysis (GSEA) (Subramanian et al., 2005) in
order to identify enriched pathways across each model. GSEA aggregates the per gene
statistics across multiple pathways to identify transcriptional changes at the pathway

level in a specific direction. We observed gene sets associated with multiple AD-

specific processes were either upregulated or downregulated in all three mouse models
(Supplementary Figure 3, Supplemental_Tables_ GSEA). Multiple KEGG pathways such as
oxidative phosphorylation and Alzheimer’s disease were upregulated, while focal adhesion,
endocytosis and signaling related pathways were downregulated in each mouse model
(Supplementary Figure 3). In addition, we also observed multiple pathways that were either
up- or down-regulated in specific mouse model, such as synaptic vesicle cycle, lysosome
and osteoclast differentiation pathways were downregulated in APP/PS1 transgenic mice
but upregulated in GAB/CX3ert and GAB/CX3ert x APP/PS1 mice (Supplementary Figure
3, Supplemental_Tables GSEA). Altogether, the similarities in overall gene expression
generally, but not universally, corresponded to pathway-level expression differences.

3.5. Mouse models reproduce human inflammation signatures in gene modules

In order to assess the relevance of our model for Alzheimer’s disease, we performed

a correlation analysis between our mouse NanoString data and human post-mortem co-
expression modules (Preuss et al., 2020; Wan et al., 2020). Interestingly, all three groups of
mice showed significant positive correlations (p < 0.05) with human co-expression modules
in Consensus Cluster B, which include transcripts that are enriched for immune related
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pathways in the superior temporal gyrus (STG) and the inferior frontal gyrus (IFG) brain
regions (Figure 5A). Furthermore, all mouse strains showed significant negative correlations
(p < 0.05) with the inferior frontal gyrus module (IFGblue in Consensus Cluster D),
enriched for transcripts associated with cell cycle, RNA non-mediated decay, myelination,
and glial development, implying that these processes are altered in the opposite direction
than seen in endpoint Alzheimer’s brains. Notably, GAB/CX3ert x APP/PS1 mice showed
strong negative correlations (p < 0.05) with human co-expression modules in Consensus
Cluster E, which are enriched for transcripts associated with organelle biogenesis and
cellular stress response pathways across all brain regions (Figure 5A), while APP/PS1

and GAB/CX3ert mice showed significant negative correlations (p < 0.05) with human
co-expression modules in the frontal pole (FP) and the parahippocampus gyrus (PHG) brain
regions, also observed in Consensus Cluster E (Figure 5A). These effects are similar to
those observed in the 5XFAD mouse model at six months of age (Oblak et al., 2021). These
results represent opposite effects to those observed in endpoint Alzheimer’s and, unlike the
Consensus Cluster B and D results, are strengthened in the double mutant.

Furthermore, we identified genes driving significant positive correlations with immune
related modules STGblue and IFGturquoise (Figure 5A) and found many common genes
that were either upregulated (e.g. CIga, C1gb, and Tyrobp) or downregulated (e.g. Vav2
and Zfp36) in all three mouse models, similar to human Alzheimer’s changes in STGblue
(Figure 5B) and IFGturquoise (Figure 5C). Although the degree of change varied across
these genes, as with 7remZ2, effects were generally consistent. Overall, we observed similar
patterns when comparing each mouse model with disease-associated changes in human
co-expression modules, suggesting decrease of the GABARR on macrophages generates
effects similar to APP/PS1 transgene in mice, significantly replicating effects in immune
associated human modules.

3.5. Decrease of the GABAg receptor exacerbates A pathology in GAB/CX3ert x
APP/PS1 mice

As we reported above, NanoString investigations demonstrated increased expression of the
App gene in the GAB/CX3ert x APP/PS1 mice. With this data, we aimed to evaluate how
AP protein accumulation would be affected by this alteration of gene expression. To achieve
this, we quantified the amount of AB-40 and AB-42 via Luminex multiplex assay. As
expected, with no amyloid mutation present, minimal AR was detected in the C57BL6J and
GAB/CX3ert mice (Supplemental Figure 4). Evaluation of Ap between the GAB/CX3ert x
APP/PS1 and APP/PS1 mice at 6 months of age demonstrated no significant differences in
both males (AB-40: F1 19 =2.891, p=0.106; AB-42: F1 19 =0.713, p=0.41) and females
(AB-40: F1 19 =0.763, p=0.394; AB-42: F1 19 =0.304, p= 0.588; data not shown). It is
noteworthy to mention that even though there were no significant differences, the male mice
showed a positive trend of increased Ap-40 and AB-42 in the double mutant compared to
APP/PS1 mice alone at this timepoint.

With no significant changes in Ap detected in the 6-month-old GAB/CX3ert x APP/PS1
mice compared to APP/PS1 mice of that age, we evaluated how aging may influence Ap
levels in a 14-month-old cohort of the genetically modified mice. This timepoint was chosen
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to determine if aging impacts Ap levels in the double mutant mice, with the idea that overall
AP would not be too advanced to be undetectable, but allow investigates into whether the Ap
alterations attributed to the decrease of the GABA-BR emerge with age. We found that in
male GAB/CX3ert x APP/PS1 mice there was a 49% increase in AB-40 and a 21% increase
in AB-42, compared to the APP/PS1 mice (Figure 6A; F 19 =7.793, p=0.012; A 19
=5.434, p=0.032, respectively). Female GAB/CX3ert x APP/PS1 mice did not show a
significant difference in the amount of AB-40 or AB-42 compared to APP/PS1 mice (Figure
6B; F1 13 = 3.455, p=0.088; £ 13 =0.770, p= 0.770, respectively), as this is consistent
with the absent change in the GABAg receptor reported in female GAB/CX3ert mice.

Brains of the male GAB/CX3ert x APP/PS1 and APP/PS1 were evaluated via
immunohistochemistry and demonstrated an increase in Ap plague number and size in
several fields of the hippocampus, including dentate gyrus, consistent with significant
increase in Luminex quantification (Supplemental Figure 5).

Our study demonstrated similar transcriptomic changes in the GAB/CX3ert and APP/PS1
mice, as well as an increased effect in the double mutant. Altogether, the reduction of the
GABAg receptor in the males of the crossed model, GAB/CX3ert x APP/PS1, led to an
increase in App gene expression and, furthermore, an increase in Ap pathology compared
to APP/PS1 alone; this supports the concept of more pronounced effects of the App gene

in GAB/CX3ert x APP/PS1 mice. With our previously published work demonstrating a
reduction in the GABAgR in the APP/PS1 amyloid model (A. M. Salazar et al., 2021), as
well as our current finding of increased Ap pathology in the GAB/CX3ert x APP/PS1 mice,
these data together highlight the relationship between GABARgR loss and Ap pathology.

4. Discussion

The GAB/CX3ert mouse model we developed has utility in investigating glia’s influence
on disease, as well as the role of GABAgR. Specifically, we evaluated the GAB/CX3ert
mice in relation to AD pathology and mechanisms. Flow cytometry validated the GAB/
CX3ert model in males by demonstrating a 54% decrease of the GABARg receptor subunit
restricted to the macrophage population, as well as a similar significant decrease in the
GABAg; subunit (58%), indicating a loss of functional receptors. There were no significant
differences observed during evaluation of general health between the GAB/CX3ert and
control mice. In addition, we report that the genetic mutation did not result in lethality,

as previously described in the complete GABAR; knockout mouse models (Prosser et al.,
2001; Quéva et al., 2003), demonstrating that survivability is not compromised by the loss of
GABAg function on glia. This indicates that there are clear phenotypic differences between
the two models depending on the specific cell type being altered. Our model demonstrated
genetic recombination in the absence of tamoxifen, so tamoxifen was not used, as it seemed
to be an unnecessary variable. Previous studies with tamoxifen described alterations in
memory, locomotor activity, anxiety, and immobility during a swimming task, as well as
depressive-like behavior (X. Li et al., 2020; D. Pandey et al., 2016; Wang et al., 2016).
Genetic recombination without tamoxifen in our model is also consistent with other reports
of cre-lox systems in genetically modified mice being “leaky”, attributed to small amounts
of cre entering the nucleus without induction from tamoxifen or active transport into the
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nucleus (Chappell-Maor et al., 2020; Sahasrabuddhe & Ghosh, 2022; Van Hove et al.,
2020). However, even with reports of “leaky” cre activity in the mouse models used in
targeting microglial function, the CX3CR1-Cre ER models have contributed greatly to the
field (Bruttger et al., 2015; Goldmann et al., 2013; Parkhurst et al., 2013; Sahasrabuddhe &
Ghosh, 2022; Tay et al., 2017).

It is worth noting that another group recently published a similar novel mouse model
(Favuzzi et al., 2021) in crossbreeding of the GABARg; floxed mice (Haller et al., 2004)

and the B6.129P2(Cg)-Cx3cr1tMiLitt/; model (Dr. Dan Littman, Jackson Laboratory), as
we used for the development of the GAB/CX3ert mice. Consistent with our findings, their
animals had no apparent overt deficits or survivability issues. The focus of the Favuzzi et al.
(2021) study was on assessing microglial and neuronal communication during development
as opposed to evaluation of AD relevant differences that we have observed in the present
study.

With the hippocampus being one of the most affected brain regions in AD, hippocampal
network activity is of considerable interest for studying dementia-related disorders (Fjell
etal., 2014; Lok et al., 2013). Hippocampal sharp waves have been linked with memory
formation, consolidation, and usage (Joo & Frank, 2018; Pfeiffer & Foster, 2013) and

they have also been a mechanism of interest underlying memory dysfunction found in

AD patients and animal models. Notably, multiple recent findings have shown that a

range of AD animal models, including the foundational APP/PS1 model, have significant
reductions in the frequency of SWR events (E. A. Jones et al., 2019; Jura et al., 2019).
Here, we report that GAB/CX3ert mice also showed decreased SWR events, similar to
APP/PS1 mice, suggesting that these animals may exhibit some form of long-term memory
impairment. Furthermore, our results indicate that there is an important role for GABAgR on
macrophages in normal hippocampal network function.

Communication by coherence is thought to be the principal mechanism that enables
physically separated brain areas to work together (Fries, 2015). Local field potential
coherence between the medial prefrontal cortex (including the ACC) and the HC has

been linked to spatial processing (Zielinski et al., 2019), spatial working memory (M.

W. Jones & Wilson, 2005), and memory recall (Makino et al., 2019; Wirt & Hyman,
2019). Prefrontal-hippocampal coherence is of great interest both as a diagnostic and
therapeutic biomarker for a variety of psychiatric and neurodegenerative disorders (M. Li
et al., 2015; Ranasinghe et al., 2020; Wirt et al., 2021) and is often impaired in transgenic
mouse models of these disorders (Sigurdsson et al., 2010; Zhurakovskaya et al., 2019).
While most effects have been found in the theta range, others have reported alterations in
both delta (Schultheiss et al., 2020) and gamma (Bygrave et al., 2019). The GAB/CX3ert
model showed increased coherence in slow gamma, as also observed in the APP/PS1 mice,
indicating alterations in network interactions between the ACC and HC. Future experiments
will be needed to understand how projection neurons between the ACC and HC and/or
those traveling through thalamic relays are affected by partial depletion of GABAgR on
glia. This may cause impairments in spatial working memory (Hallock et al., 2013) and
memory recall (Davoodi et al., 2009; Ramanathan et al., 2018). The observed impairments
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in communication between the ACC and HC suggest that GABA/CX3ert mice may have
some form of learning and memory impairment not yet identified.

Analysis of gene expression through NanoString demonstrated the striking similarity
between gene expression changes in the GAB/CX3ert and APP/PS1 mouse models,
consistent across all genes and, to our knowledge, unique for a non-amyloidogenic model.
Although the correspondence with human gene modules (Figure 6A) is similar to those
observed in 5xFAD and other mice with mutant amyloid overexpression (Oblak et al.,

2021; Wan et al., 2020), different patterns have been observed in mice based on LOAD
genetics (R. S. Pandey et al., 2019; Preuss et al., 2020). In particular, we note that

the neuroinflammatory responses in Consensus Cluster B driven by the GAB/CX3ert
perturbation mimic those from APP/PS1 (Figure 6). The similar pattern of expression

in the GAB/CX3ert x APP/PS1 double mutant suggests that the GAB/CX3ert mutation

and APP/PS1 transgene are acting through similar mechanisms to generate this response;
otherwise, we would have expected to see additive effects on each gene’s expression.

The overlap in GAB/CX3ert and APP/PS1 mice in NanoString targets coupled with the
electrophysiological changes are particularly striking given the absence of any amyloid
pathology in the GAB/CX3ert mice. This may point to an underlying molecular mechanism
for the GAB/CX3ert mutation that mimics the response to transgenic amyloid, without any
modifications of the standard gene targets App, Pseni, or PsenZ. Together, these findings are
particularly novel and may indicate that the some of the changes observed in amyloid mouse
models may occur via loss of GABARg on glia. The alteration of GABARg; signaling on glia
was capable of inducing amyloid related changes in the absence of amyloid.

To investigate how the reduction of the GABAgR and alterations in gene expression could
influence AD pathology, we evaluated the AB in the non-amylogenic GAB/CX3ert mice
crossbred with the APP/PS1 amyloid model (GAB/CX3ert x APP/PS1). Quantification of
AP in male mice demonstrated that decreases in the GABAgR on macrophages results in a
significant increase in Ap-40 and AB-42 in GAB/CX3ert x APP/PS1 compared to APP/PS1
AB levels. In addition, gene expression data showed GAB/CX3ert x APP/PS1 mice had
significantly increased expression of the App gene, when compared to the APP/PS1 alone,
indicating a more pronounced effect. As described above, this may be a contributing factor
to the greater amount of AB-40 and AB-42 in the GAB/CX3ert x APP/PS1 model compared
to the APP/PS1 alone. A recent study by Rice et al. (2019) reported soluble APP, a precursor
to the AP peptide, binds to the sushi domains of GABAg, however, the authors explained
the effects in neuronal processes. This interaction could be involved in the recognition of Ap
for phagocytosis and degradation of AR in glia cells. In the GAB/CX3ert, decrease of the
receptor related to these processes could further explain the increase in AB. Furthermore, the
increased expression of the App gene in the GAB/CX3ert x APP/PS1 may also be leading to
the increase in AP production, in which the mechanisms for clearance fall further behind in
processing the amyloid, however, this merits further investigation. The GABAgR was found
to be significantly decreased in the APP/PS1 model at 6 months of age, indicating that the
increased presence of AP leads to a loss of the protein (A. M. Salazar et al., 2021). Together,
these data indicate a link between AP and GABAgR, with previously reported findings of
AP leading to decreases in GABAgR in APP/PS1 mice, and the reduction of the receptors
exacerbating Ap pathology in the current study. While our GAB/CX3ert x APP/PS1 mice
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only carry one copy of the CX3CR1 after cross-breeding, genetic recombination possibly
resulting in less GABA-BR knockdown than mice with both copies, still has a significant
effect on AP levels, as future studies will aim to investigate the changes in Ap in relation to
the extent of GABA-BR knockdown.

It is interesting to note that the female GAB/CX3ert mice did not exhibit the same degree

of loss of GABARR as the males, and in fact it appears to be widely variable on an
animal-to-animal basis in both the WT controls and GAB/CX3ert. With the genetic mutation
being a creER model, which is activated through estrogen receptors, female and male mice
may have different levels of genetic recombination (Donocoff et al., 2020; Kellendonk et

al., 1999; Shimshek et al., 2002). Sex specific differences in recombination has been well
described in mice (Rice, 2002; Ritz et al., 2017; Sardell & Kirkpatrick, 2020), as well as sex
differences in both fAD and sAD mouse models (Li et al., 2016; Mishra et al., 2021; Oblak
et al., 2021; Sun et al., 2020). While there were no significant differences in GABAgR levels
in the overall female group, some females did show a loss. In addition, we do not report any
significant changes in AR in the female GAB/CX3ert x APP/PS1 mice, as we observed in
the males, which may be due to the inconstant GABAg reduction. The consistency in lack
of altered GABARg and no change in amyloid in females further reinforces our data in the
males. Changes in hormonal levels through the estrous cycle may be a contributing factor

to GABAg expression and/or level of genetic recombination. Research has demonstrated
that GABAR receptors may be regulated by sex hormones. In a study by Francois-Bellan

et al., the authors demonstrated that chronic estradiol treatment resulted in a decrease in

the density of GABARR (Francois-Bellan et al., 1989). In addition, GABAg binding of
baclofen, a GABARg agonist, was reported to vary throughout the estrous cycle, with highest
binding during proestrus and lowest during the estrus stages (al-Dahan & Thalmann, 1996).
The estrous cycle in our model may lead to the variability between the samples in female
mice, depending on where the mice are in the cycle, resulting in no significant findings.
Further evaluation of the GAB/CX3ert female mice and the GABAg receptor throughout the
estrous cycle is required.

Our data demonstrate significant alterations in electrophysiological activity and gene
expression in the non-amylogenic GAB/CX3ert mouse model, consistent with what is
observed in a well-established amyloid model of AD. These findings indicate a novel
mechanism, specifically the reduction in GABAg on glia induces similar alterations as

a core pathology in AD. In addition, significant increases in Ap were observed due to
reductions in GABARR on macrophages indicating a role for this receptor in amyloid
production or clearance. Our findings provide support for further investigation of the role of
GABAg on glia as a mechanism in AD pathogenesis.

The GAB/CX3ert mouse model data provide several important novel implications in
neurodegeneration disease research, particularly in the investigation of the GABAgR’s role
on glia function and AD. The reduction of GABAg on glia induced alterations in neuronal
activity (sharp waves) and gene expression consistent with what is observed in amyloid
fAD models is unique. This is particularly striking given there is no overt AD pathology

Brain Behav Immun. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osse et al.

Page 20

in these mice (AP or tau changes) and yet they exhibit several changes consistent with
AD. These data suggest the alteration of GABAg on glia may be a mechanism in AD
pathogenesis, potentially as a result of AB. In addition, we observed significant increases
in Ap-40 and AB-42 when our novel model was crossed with the APP/PS1 amyloid mouse
model. These findings are particularly relevant as previous work has demonstrated in the
APP/PS1 model a reduction of mMRNA and total protein of GABAg (A. M. Salazar et al.,
2021), which combined with the present study that reduced GABAg on glia exacerbates
amyloid pathology, suggests a progressive relationship between amyloid and GABAg_ If
amyloid induces a reduction of GABAg, and that reduction exacerbates amyloid levels,
our findings may provide a novel link between glia function and progressive amyloid
accumulation. Further, the numerous gene expression targets altered in the GAB/CX3ert
mouse model, that exhibits no amyloid pathology, indicates a conserved pathway in AD
pathology. The GAB/CX3ert mice may serve as a novel model of AD without reliance
on fAD genetic mutations, allowing further research into mechanisms of the disease, and
possible therapeutic treatments.
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Highlights

. Decreasing GABAgR on macrophages in APP/PS1 mice results in increased
in amyloid

. Network activity of GAB/CX3ert mice is comparable to the APP/PS1 model

. GABJ/CX3ert mice express risk factor genes observed in APP/PS1 mice and
human AD

. GAB/CX3ert show consistencies with APP/PS1 mice, unique to non-
amyloidogenic models
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Figure 1. Flow cytometric verification of GABARgL receptor subunit knockdown and expression
of YFP in males.

(A) Representation of gating strategy used for data analysis. (B) Percent of parent population
(CD11b*/CDA45%) that was positive for GABAg1, GABAR2, and total CD11b*/CD45*

cells. Significant differences in GABAg1 and GABAR?2 receptor subunits between controls
and GAB/CX3ert mice indicate recombination resulted in knockdown of the GABAg
receptor. (C) YFP is significantly expressed in the GAB/CX3ert mice indicating genetic
recombination. Data analysis through IBM SPSS Statistics v24. All data are shown as mean
(xSEM); *p<.05.

Brain Behav Immun. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Osse et al.

BSC-A

BSC-A

BSC-A

BSC-A

Controls

GABA-B1: 9.84%

T
104 10° 108

GAB/CX3ert

GABA-B2: 0.03%

T T
104 10° 108

GABA-B2: 0.03%

T
104 10°%

cD11b CD45:

T
104 10°

lcD11b CD45: 41.45

T
0 10° 104

10°

YFP.: 0.00%

e T
104 10° 10°

YFP.: 15.37%

v

o T T
o 10 104 10°

108
»
>

Proportion to Control

Page 32

Control
GAB/CX3ert

3.0 9
25 T
20 1 i o
1.5 1 [
[
’54’
1.0 1
0.5 1
0.0 T
GABAB1 on
CD11b &
CD45
Cc

25 9

20 1

Percent of Parent Population

0 o

GABAB2 on
CD11b &
CD45

M

CD11b &
CD45

A4

YFP on CD11b & CD45

Figure 2. Flow cytometric evaluation of GABAg1 receptor subunit knockdown and expression of
YFP in females.

(A) Representation of gating strategy used for data analysis. (B) Percent of parent population
(CD11b*/CDA45%) that was positive for GABAg1, GABAR2, and total CD11b*/CD45* cells.

No significant differences were observed in GABAg1 and GABAg?2 receptor subunits

between controls and GAB/CX3ert mice. (C) YFP is significantly expressed in the GAB/
CX3ert mice indicating some genetic recombination in samples. Data analysis through IBM
SPSS Statistics v24. All data are shown as mean (+SEM); *p<.05.
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Figure 3. GABA/CX3ert and APP/PS1 mice have fewer sharp-wave ripples and hippocampal-
prefrontal hypersynchrony.
(A) Example raw and filtered (150 — 250 (Hz)) traces and spectrograms from C57BI/6J

(top), GABACXa3rt (middle), and APP/PS1 (bottom) from raw and filtered hippocampal
wires. APP/PS1 and GABA/CX3rt exhibit fewer sharp-wave ripples (SWRs) than C57BI/
6Jmice. (B - G) Comparison of SWR activity of C57BI/6J, GABACXa3rt, and APP/PS1
mice. (B) Frequency of SWR events; (C) Max frequency of hippocampal activity during
SWR; (D) max power spectral density in the hippocampus during SWR; (E) duration of
SWRs; (F) the maximum amplitude of hippocampal wires during SWR; (G) max power
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spectral density in the prefrontal cortex during SWR. Average values are shown for each of
the five mice group mean + S.E.M; * p < 0.05.

(H - L) Hippocampal - prefrontal Coherence. (H) Average hippocampal - prefrontal
coherogram across groups. Note the color bar represents the minimum and maximum
coherence values. (1) Delta coherence between the mPFC and HC is higher in APP/PS1 mice
than C57BI/6J and GABA/CX3rt mice. (J) Theta coherence between the mPFC and HC is
not significantly different across groups. (K) Slow gamma coherence between the mPFC

and HC is significantly higher in APP/PS1 and GABA/CX3rt mice compared to C57BI/6J.
(L) Fast gamma coherence between the mPFC and HC is not significantly different across
groups. Average values are shown for each of the five mice group mean + S.E.M; * p < 0.05.
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Abp
R=0.66, p<2.2e-16
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Figure 4: Comparison of gene expression changes of the 770 transcripts on the NanoString panel
between pairs of mouse models.

(A) GAB/CX3ert mice showed strong positive correlation (Pearson correlation coefficient
= 0.64, p < 2.2 x 10716) with APP/PS1 mice. (B) GAB/CX3ert x APP/PS1 mice showed
strong positive correlation (Pearson correlation coefficient = 0.61, p < 2.2 x 10716) with
APP/PS1 mice.

(C) GAB/CX3ert mice showed strong positive correlation (Pearson correlation coefficient
=0.66, p < 2.2 x 10716) with GAB/CX3ert x APP/PS1 mice. In all panels the total Agp
gene expression is labeled, which reports the sum of the mouse gene and human transgene
expression in APP/PS1 carriers, to illustrate the effect of the transgenic construct.
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Figure 5: Correlation analysis between mouse models and 30 human co-expression modules

using the NanoString Mouse AD panel.

(A) Our mouse models showed a significant positive correlation (p < 0.05) with immune
related modules STGblue and IFGturquoise in Consensus Cluster B. Circles within a square
correspond to significant (p < 0.05) positive (blue) and negative (red) Pearson correlation

coefficients. Color intensity and size of the circles are proportional to the correlation.

(B) Commaon genes exhibiting directional coherence for gene expression changes between
immune related STGblue module and all mouse models. (C) Common genes exhibiting
directional coherence for gene expression changes between immune related IFGturquoise

module and all mouse models.
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Figure 6. Quantification of AB-40 and AB-42 in GAB/CX3ert x APP/PS1 mice compared to
APP/PS1 mice.

(A) Significant increase in AB-40 and Ap-42 was observed in male GAB/CX3ert mice
compared to APP/PS1 mice. (B) No significant differences were observed in female GAB/
CX3ert x APP/PS1 mice compared to female APP/PS1 mice. Data analysis through IBM
SPSS Statistics v24. All data are shown as mean (£SEM); *p<.05.
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