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Abstract.
Background: Prior research supports a strong link between Alzheimer’s disease (AD) and metabolic dysfunction that involves
a multi-directional interaction between glucose, glutamatergic homeostasis, and amyloid pathology. Elevated soluble amyloid-
� (A�) is an early biomarker for AD-associated cognitive decline that contributes to concurrent glutamatergic and metabolic
dyshomeostasis in humans and male transgenic AD mice. Yet, it remains unclear how primary time-sensitive targeting of
hippocampal glutamatergic activity may impact glucose regulation in an amyloidogenic mouse model. Previous studies have
illustrated increased glucose uptake and metabolism using a neuroprotective glutamate modulator (riluzole), supporting the
link between glucose and glutamatergic homeostasis.
Objective: We hypothesized that targeting early glutamatergic hyperexcitation through riluzole treatment could aid in
attenuating co-occurring metabolic and amyloidogenic pathologies with the intent of ameliorating cognitive decline.
Methods: We conducted an early intervention study in male and female transgenic (A�PP/PS1) and knock-in (APPNL−F/NL−F)
AD mice to assess the on- and off-treatment effects of prodromal glutamatergic modulation (2–6 months of age) on glucose
homeostasis and spatial cognition through riluzole treatment.
Results: Results indicated a sex- and genotype-specific effect on glucose homeostasis and spatial cognition with riluzole
intervention that evolved with disease progression and time since treatment.
Conclusion: These findings support the interconnected nature of glucose and glutamatergic homeostasis with amyloid
pathology and petition for further investigation into the targeting of this relationship to improve cognitive performance.
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INTRODUCTION

In the United States, ∼6.5 million people have been
diagnosed with Alzheimer’s disease (AD), almost
two-thirds of whom are women [1]. AD is ranked
6th in the Top Ten Causes of Death by the Centers
for Disease Control, amongst other related conditions
such as diabetes and heart disease [2]. Evidence sup-
ports a strong epidemiological link between AD and
metabolic dysfunction, such that some researchers
now define AD as Type 3 Diabetes [3]. It is esti-
mated that Type-2 Diabetes increases the risk for
AD by ∼65% and that ∼80% of AD patients are
either pre-diabetic or diabetic [4]. The association
between these two diseases may result from their
shared pathological mechanisms and similarities in
disease-influencing factors, such as obesity, age, and
diet [3].

A limited number of drugs have been approved
for AD treatment, while many others have failed
in clinical trials. Most AD pharmacotherapies
treat the symptoms while next-generation medica-
tions remove pathologies associated with disease
progression but are controversial as to their
disease-modifying effects [5]. Prior work from our
laboratories and others indicates the appearance
of abnormalities in amyloid, glucose homeostasis,
and glutamatergic neurotransmission, among other
biomarkers, before the onset of cognitive symptoms
[6–11]. Evidence also supports that these abnor-
malities belong to a larger pathological framework
that drives disease progression and cognitive decline
[12–14]. As such, present research efforts focus
on earlier intervention strategies to ameliorate AD
pathology. Therapeutic targeting of pathogenesis
before the onset of amyloid and tau proteinopathies
and significant cognitive symptoms may prove more
efficacious in attenuating disease symptomology.

Riluzole is a glutamatergic modulator currently
FDA-approved for the treatment of amyotrophic lat-
eral sclerosis (ALS). ALS treatment with riluzole has
been shown to decrease presynaptic excitation and
glutamate release through modulation of Na+ and
Ca2+ channels [15–22] and support glutamatergic
homeostasis through increased glutamate transporter
expression and activity [23–27]. Previous studies
also support the restoration of glutamatergic tone
in vivo and improved spatial learning and mem-
ory performance in several AD mouse models [26,
28–31]. Our laboratory expanded on these findings
by exploring prodromal riluzole treatment in a trans-
genic mouse model of AD (A�PP/PS1). Similarly,

riluzole improved glutamatergic tone, spatial learn-
ing, and memory at 6 months post-treatment [32].
However, prior work does not address differences in
on- and off-treatment effects, metabolic dysregula-
tion, and sex differences in pathology and response
to riluzole treatment.

Previous metabolic studies illustrate a relation-
ship between hippocampal glutamate dynamics and
glucose homeostasis. Impaired peripheral insulin tol-
erance resulting from high-fat diet insult elevates
basal glutamate levels and stimulus-evoked gluta-
mate release in the hippocampus of C57BL/6 male
mice [12]. Findings from growth hormone receptor
knock out longevity mouse models with increased
insulin sensitivity indicate an opposing hypoglu-
tamatergic environment in the hippocampus and
enhanced cognition compared to littermate controls
[33]. These results petition for further investigation
into the modulation of glutamate dynamics as a strat-
egy for combating metabolic dysfunction previously
observed in transgenic male AD mice [12, 34, 35].
Riluzole recently underwent a Phase II clinical trial
to treat mild AD (Clinical Trial #NCT01703117) in
combination with donepezil, an acetylcholinesterase
inhibitor. Patients receiving riluzole treatment for six
months exhibited better cerebral glucose metabolism
in several brain regions, including the posterior
cingulate, hippocampus, and cortex [36]. Further,
preservation of brain glucose metabolism was posi-
tively correlated with cognitive outcome measures at
baseline and after riluzole treatment. Study outcomes
are in agreement with previous research indicating
increased glucose uptake rate and metabolism in the
brain with riluzole treatment and support a possi-
ble connection between glutamatergic modulation by
riluzole and glucose homeostasis on improving cog-
nition in AD [37, 38].

This study seeks to provide insight into the effi-
cacy of riluzole treatment on metabolic dysfunction
and cognitive decline in both sexes of two amy-
loidogenic mouse models. The inclusion of female
mice is imperative as prior research supports sex
differences in metabolism [39, 40] and AD pathol-
ogy [3, 41], possibly impacting responsiveness to
riluzole intervention and subsequent metabolic and
cognitive outcome measures. Further, the addition
of an amyloidogenic knock-in mouse model of AD
(APPNL−F/NL−F) will aid in avoiding confound-
ing variables associated with transgenic mice, such
as overexpression of the amyloid precursor protein
and presenilin-1 [42]. We build on prior knowledge
by including 6-month and 12-month time points to
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determine on- and off-treatment effects on Morris
water maze (MWM) performance and metabolic dys-
function in A�PP/PS1 and APPNL−F/NL−F mice.
Hippocampal plaque deposition begins at around 6
months old for both mouse models, with cognitive
deficits observed at around 12 months of age [8, 35,
42, 43]. Our study targets an early intervention win-
dow (2–6 months of age) for these AD mouse models,
with hippocampal glutamatergic dysregulation previ-
ously reported in A�PP/PS1 male mice at this time
point [7]. These efforts aim to investigate the effi-
cacy of early glutamatergic modulation on metabolic
regulation and cognition in AD pathology.

MATERIALS AND METHODS

Mice

Parental strains of C57BL/6 (RRID:IMSR JAX:
000,664) and A�PP/PS1 (RRID:MMRRC 034832-
JAX) were obtained from Jackson Laboratory
(Bar Harbor, ME), while APPNL−F/NL−F (RRID:
IMSR RBRC06343) mice were obtained from Riken
(Japan). Female breeders were paired with a
male mouse and checked for pregnancy twice
weekly, beginning 2 weeks after pairing. A�PP/PS1
mice were paired with C57BL/6 mice, while
APPNL−F/NL−F pairings included both heterozy-
gous and homozygous mice for the APPNL−F/NL−F

knock-in and C57BL/6 mice. Female C57BL/6 mice
included in A�PP/PS1 pairings were also used to
backcross APPNL−F/NL−F mice. When selecting
pairings, brother and sister mating was avoided. Preg-
nant female breeders were then separated from the
male mouse and moved to a new cage with nesting
material. New litters were tattooed with a correspond-
ing mouse number and tail snipped for genotyping
(TransnetYX) at 10 days old. Pups were weaned at
approximately 23–28 days old and placed into sex-
matched group housing of up to 5 mice total per cage
from different litters to avoid interlitter variability.

Protocols for animal use were approved by the
Institutional Animal Care and Use Committee at
Southern Illinois University School of Medicine
(Protocol #2022-055), which is accredited by the
Association for Assessment and Accreditation of
Laboratory Animal Care. Mice were group housed
on a 12:12 h light-dark cycle, and food (Chow 5001
with 23.4% protein, 5% fat, and 5.8% crude fiber;
LabDiet PMI Feeds) and water were available ad

libitum. All experiments were conducted during the
light phase. Genotypes were confirmed by collect-
ing a 5 mm tail snip for analysis by TransnetYX,
Inc (Cordova, TN). The survival rate after weaning
to the cessation of treatment and 6 months post-
treatment remained consistent (>80%) in both the
6- and 12-month-old cohorts for APPNL−F/NL−F and
C57BL/6 mice regardless of sex and treatment group,
while A�PP/PS1 male (50–70%) and female mice
(23–65%) displayed a lower survival rate indepen-
dent of treatment group.

Riluzole treatment

The riluzole treatment paradigm timeline has been
previously described [32]. All mice from three geno-
types (C57BL/6, A�PP/PS1, and APPNL−F/NL−F)
and both sexes were randomly assigned by cage to
receive either vehicle (1% sucrose) or riluzole treat-
ment (12.5 mg/kg body weight (b.w.)/day) in their
drinking water (ad libitum) from 2 to 6 months of
age. A 1.78 mM stock solution of riluzole was made
in deionized H2O with 1% sucrose and stored at
–20◦C. Every week, new water bottles were made
by diluting aliquoted stock riluzole in 1% sucrose
to a working concentration of 356 �M, and mouse
weights were recorded to determine treatment toler-
ance. Control mice received vehicle-treated drinking
water and underwent the same weekly procedures as
riluzole-treated mice.

Intraperitoneal (IP) insulin and glucose
tolerance testing (ITT/GTT)

After the cessation of riluzole treatment, mice in
the 6-month group underwent an ITT, followed by
a GTT approximately one week later, as previously
described [12]. Mice in the 12-month group were off
treatment for 6 months prior to ITT and GTT mea-
sures at approximately 12 months of age. For ITT,
mice were fasted for 4 h before initial blood glu-
cose measurements (time = 0) were taken from the tail
vein using a Presto glucometer (AgaMatrix, Salem,
NH, USA). Then, an IP injection of 1 IU/kg b.w. of
insulin (Sanofi, France) was administered. For GTT,
mice were fasted for 15 h before initial blood glucose
measurements, and then an lP injection of 2 g of glu-
cose/kg/b.w. was administered. After injection, blood
glucose measurements were taken at 15, 30, 45, 60,
and 120 min for both ITT and GTT.
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MWM

A week after ITT and GTT protocols were com-
pleted, we conducted an MWM assessment on all
mice as previously described [7, 32, 44, 45]. Briefly,
MWM examines spatial learning and long-term
memory through requiring mice to utilize external
visual cues to locate a hidden platform (submerged
1 cm below the opaque water surface), regardless of
starting position in the pool. The MWM consists of
one acclimation day, five consecutive learning days,
and a probe challenge approximately 72 h following
the last trial. The five learning days include three
trials, up to 90 s in duration, starting from three dif-
ferent entry points into the pool (order is randomized
throughout the learning days) with at least a 20-min
inter-trial interval to test spatial learning capabilities.
The probe challenge consists of a single 60-s trial with
the platform removed from the pool to test long-term
spatial memory. The ANY-maze video tracking sys-
tem (Stoelting, Wood Dale, IL) tracks and analyzes
several parameters, including average speed, cumu-
lative distance from the platform, path efficiency to
first platform entry, number of entries to the platform
area, and time spent in each quadrant of the pool.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were collected through cardiac
puncture immediately following overdose with
isoflurane, placed into an EDTA microvette tube,
and spun at 1500 G for 10 min at 4◦C. The sepa-
rated plasma was stored in a –80◦C freezer until
further use. Blood chemistry analysis of circulating
insulin and adiponectin concentration was carried
out using Ultra-Sensitive Mouse ELISA kits (Crys-
tal Chem, IL; Fujifilm, Japan) per the manufacturer’s
instructions. The Human/Rat � Amyloid (42) ELISA
Kit (Fujifilm, Wako) was utilized to determine
hippocampal soluble A�42 concentrations (experi-
mental samples diluted 1:50). Hippocampal tissue
was homogenized in 50 mM Tris Buffer (pH = 7.6)
with protease inhibitor and centrifuged for 20 min
at 4◦C. Homogenates were aliquoted and stored at
–80◦C until quantification.

Real-time polymerase chain reaction (RT-PCR)

Mice were euthanized with an overdose of isoflu-
rane followed by rapid decapitation. Liver and
hippocampal tissue were dissected (hippocampus
on ice), tissue weight recorded, and then immedi-

ately stored at –80◦C until RNA extraction. mRNA
from hippocampal samples were extracted accord-
ing to miRNeasy Mini Kit instructions (Qiagen).
Liver mRNA was extracted by homogenization in
Trizol Reagent and centrifugation at 12000 G for
15 min at 4◦C with chloroform. RNA isolation was
conducted using 100% isopropanol and identical cen-
trifugation as before. Then, samples were washed
with 75% EtOH and centrifugation at 7500 G for
5 min. Total RNA concentration was confirmed with
NanoDrop One (Thermo Scientific). cDNA was syn-
thesized with BioRad iScript cDNA synthesis kit
following manufacturer instructions. For RT-PCR,
individual samples were assayed with each reaction
containing 10 �L of iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA), 1 �L each of forward
and reverse primers, and 2.5 �L diluted cDNA (3
H2O: 1 cDNA). Beta-2-microglobulin and ubiquitin-
conjugating enzyme were used as controls for the
liver and hippocampus, respectively, following pre-
vious studies from our laboratory [12]. Samples were
run in duplicate, and results were averaged for data
analysis. Forward and reverse primers are shown in
Supplementary Table 1.

Glycogen assay kit

Liver glycogen content was examined using a
Glycogen Assay kit (Sigma-Aldrich) per the man-
ufacturer’s instructions. Liver tissue (10 mg) was
homogenized in 100 mL of water on ice, boiled for
5 min for enzyme inactivation, and centrifuged for
5 min at room temperature. Homogenates were stored
at –20◦C until quantification.

Statistical analysis

GraphPad Prism 9 Software (La Jolla, CA;
RRID:SCR 002798) was used for statistical analyses.
Statistical tests are listed in each figure legend. A sin-
gle Grubb’s test (alpha = 0.05) was utilized to identify
significant outliers in each group. Exclusion criteria
included seizure, injection failure (ITT/GTT), failure
to learn (MWM), or death before the study ended.
Failure to learn during the MWM was determined by
comparing the cumulative distance from the platform
on trial day 1 to the other 4 trial days and removing
subjects that displayed the same or higher cumulative
distance throughout the trial days. From the pool of
mice included in ITT/GTT and MWM, a subset of
mice from each treatment group and sex were cho-
sen at random for RT-PCR and ELISA analysis. All
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Fig. 1. (Continued)
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mice included in the ELISA assay were also included
in all measures of gene expression for RT-PCR. Data
are represented as mean ± SEM and statistical signif-
icance were defined as p < 0.05.

RESULTS

Body weight changes

All mice underwent voluntary oral administra-
tion of riluzole in their drinking water from 2–6
months of age. Daily consumption of riluzole was
comparable to that of vehicle-treated mice (data
not shown). Mouse weight was measured prior to
treatment initiation and monitored weekly through-
out the 4 months of riluzole administration. At 6
months old, male mice did not exhibit treatment
effects for A�PP/PS1, APPNL−F/NL−F, or C57BL/6
mice (Supplementary Figure 1A). Females at 6
months old showed significant treatment effects in
weight gain for APPNL−F/NL−F mice (t(35) = 2.287,
p = 0.0283) with riluzole-treated females gaining
more weight than their genotype-matched vehicle-
treated counterparts (Supplementary Figure 1B).
No significant treatment effects were observed for
A�PP/PS1 or C57BL/6 female mice. Analysis of
treatment-matched sex differences at 6 months of
age revealed a significant main effect for A�PP/PS1
mice (F(3,66) = 4.460, p = 0.0065), such that riluzole-
treated A�PP/PS1 male mice gained significantly
more weight than A�PP/PS1 female mice dur-
ing treatment (p = 0.0121). No sex differences were
observed in vehicle-treated A�PP/PS1 mice or either
treatment group for APPNL−F/NL−F and C57BL/6
mice.

At 12 months old, riluzole-treated C57BL/6
male mice gained less weight than vehicle-
treated genotype-matched male mice (t(27) = 2.600,
p = 0.0149), while no differences were observed for
A�PP/PS1 and APPNL−F/NL−F male mice (Sup-
plementary Figure 1C). Female A�PP/PS1 mice
displayed increased weight gain with riluzole treat-
ment (t(25) = 2.267, p = 0.0323), but no significant

differences were observed for APPNL−F/NL−F or
C57BL/6 mice (Supplementary Figure 1D). No sig-
nificant sex differences were observed across all
genotypes and treatment groups at this time point.

Alterations to peripheral glucose tolerance and
homeostasis with riluzole treatment in male mice

To discern the on-treatment effects of prodromal
riluzole treatment on peripheral glucose tolerance and
insulin sensitivity, we conducted ITT/GTT imme-
diately following cessation of riluzole treatment at
6 months of age. No significant differences were
observed for fasting glucose levels or insulin sen-
sitivity after a 4-h fast in male mice (Fig. 1A-D).
Fasting glucose levels also remained not signif-
icantly different after a 15-hour fast (Fig. 1E).
However, GTT results support a significant main
effect for treatment in APPNL−F/NL−F male mice
(F(1,30) = 4.804, p = 0.0363) and C57BL/6 male
mice (F(1,19) = 17.86, p = 0.0005) (Fig. 1E-H). Area
under the curve (AUC) analysis also indicated signif-
icantly improved peripheral glucose tolerance with
riluzole treatment for APPNL−F/NL−F (t(30) = 2.245,
p = 0.0323) and C57BL/6 male mice (t(19) = 3.268,
p = 0.0041), but not A�PP/PS1 male mice. These
findings indicated improved glucose tolerance in
riluzole-treated APPNL−F/NL−F and C57BL/6 male
mice, which may impact cognitive performance as
previously described [12–14, 34].

To further investigate the observed improvement in
peripheral glucose tolerance with riluzole treatment
in the 6-month-old cohort, we conducted an RT-PCR
analysis of liver tissue (Fig. 1I). Glucose trans-
porter 2 (GLUT2) expression, a glucose transporter
that facilitates glucose movement across the liver
membrane, displayed no significant treatment effects
in A�PP/PS1, APPNL−F/NL−F, or C57BL/6 male
mice. Examination of glucokinase, an enzyme that
facilitates the phosphorylation of glucose to glucose-
6-phosphate, supported decreased expression with
riluzole treatment in C57BL/6 male mice alone
(t(12) = 2.962, p = 0.0119). Glucose-6-phosphatase

Fig. 1. Riluzole improves peripheral glucose tolerance in male APPNL−F/NL−F mice and littermate C57BL/6 mice at 6 months of age. A)
Blood glucose levels acquired from the tail vein after a 4 hour fast. B-D) Insulin tolerance was measured by percent change from baseline
(T = 0). Insets depict percent change AUC for each genotype (C57BL/6, A�PP/PS1, and APPNL−F/NL−F) and treatment group. E) Blood
glucose levels obtained from the tail vein after a 15-h fast. F-H) Blood glucose levels measured on the same time course as previously
described following IP injection of glucose. Insets show AUC for each genotype and treatment group. I) RT-PCR analysis of liver tissue.
J, K) ELISA quantification of serum insulin and adiponectin levels. ITT/GTT time course, within-genotype repeated measures two-way
ANOVA, Fisher’s LSD; AUC (n = 10–18), RT-PCR (n = 6–8), and ELISA analysis (n = 5–6) within-genotype unpaired t-test, *p < 0.05,
**p < 0.01.



C.A. Findley et al. / Glutamatergic Intervention in AD Mice 377

(G6P), an enzyme responsible for hydrolyzing
glucose-6-phosphate, indicated increased expression
of G6P in riluzole-treated male APPNL−F/NL−F

mice (t(12) = 3.243, p = 0.0070). A�PP/PS1 male
mice showed a significant opposing result with a
decrease in G6P expression with riluzole treatment
(t(13) = 2.399), p 0.0313).

Additionally, circulating insulin and adiponectin
levels were examined for each genotype and treat-
ment group to provide context for possible changes
to glucose regulation. ELISA quantification of
serum insulin concentration revealed a significant
decrease with riluzole treatment for male A�PP/PS1
mice (t(9) = 3.219, p = 0.0105) and C57BL/6 mice
(t(9) = 2.553, p = 0.0310), while no differences were
observed for APPNL−F/NL−F male mice (Fig. 1J).
A decrease in serum adiponectin levels was also
observed for riluzole-treated A�PP/PS1 male mice
alone (Fig. 1K). To further examine possible impacts
on glucose storage, we conducted a glycogen assay in
liver tissue. No significant differences were observed
across all genotypes (Supplementary Figure 2).
Together, these findings may indicate genotype-
specific alterations to glucose homeostasis with
riluzole treatment.

Improved spatial cognitive performance in
C57BL/6 male mice with riluzole treatment

Further, we conducted a hidden-platform MWM
task to investigate the on-treatment effects of rilu-
zole on learning and spatial memory. No significant
differences were observed for male mice in spatial
learning ability, and all mice were able to learn the
location of the platform by trial day five (Fig. 2A-
C). Probe challenge results indicated no significant
treatment difference in long-term spatial memory per-
formance for either APPNL−F/NL−F or A�PP/PS1
male mice at 6 months of age (Fig. 2D-F). No sig-
nificant differences were observed for swim speed
during the learning trials and probe challenge for
any mice (data not shown). However, riluzole-treated
C57BL/6 male mice did exhibit a significant increase
in platform entries during the probe challenge
(t(18) = 2.758, p = 0.0130) (Fig. 2D) and displayed
significant selective searching behavior in both
the vehicle-treated (F(3,36) = 23.60, p < 0.0001) and
riluzole-treated groups (F(3,36) = 23.08, p < 0.0001)
(Fig. 2F). Significant selective searching was also
observed for APPNL−F/NL−F mice regardless of
treatment (vehicle: F(3,48) = 12.73, p < 0.0001); rilu-
zole: F(3,52) = 14.95, p < 0.0001), but was absent for

vehicle-treated A�PP/PS1 mice. An improvement
in preference for the target quadrant compared to
the other quadrants of the pool was observed with
riluzole treatment for A�PP/PS1 male mice (F(3,
48) = 23.24, p < 0.001). Path traces from the probe
challenge illustrate these genotype-specific search
strategies (Fig. 2G).

ELISA quantification of soluble A�42 in the hip-
pocampus revealed no significant effect of riluzole
treatment on A�42 levels in 6-month-old AD mice
(Fig. 2H). To probe central targets in glutamater-
gic neurotransmission and glucose homeostasis,
we performed RT-PCR analysis on hippocampal
tissue. GluN2A, a predominately synaptic N-methyl-
D-aspartate receptor (NMDARN2A) subtype, was
selected to characterize NMDAR expression and
for its role in long-term potentiation and learning
and memory [46]. NMDARN2A expression has also
been shown to be significantly impacted by pro-
dromal riluzole treatment in 6-month-old transgenic
(5XFAD) male mice utilizing the same treatment pro-
tocol [30]. Yet, NMDARN2A showed no significant
treatment effects across all genotypes (Fig. 2I). �7
nicotinic acetylcholine receptor (�7nAChR) expres-
sion was also investigated as it has previously been
shown to elicit presynaptic glutamate release, includ-
ing through high-affinity binding by A�42 [47, 48],
and form a complex with NMDARN2A at the post-
synaptic membrane impacting memory performance
[49, 50]. C57BL/6 male mice exhibited signifi-
cantly reduced �7 nicotinic acetylcholine receptor
(�7nAChR) expression with riluzole treatment
(t(14) = 2.580, p = 0.0218) (Fig. 2J). No significant
treatment effects were observed for A�PP/PS1 or
APPNL−F/NL−F male mice. Glucose transporters
1 and 3 (GLUT1, GLUT3) were examined to
characterize glucose uptake in neurons (GLUT3),
alongside uptake into glial cells and across the blood-
brain barrier (GLUT1) into the brain (Fig. 2K).
A�PP/PS1 male mice showed a significant reduc-
tion in GLUT1 with riluzole treatment (t(13) = 3.523,
p = 0.0037), while no significant differences were
observed for APPNL−F/NL−F or C57BL/6 mice.
GLUT3 results demonstrated opposing differences
between genotypes as riluzole-treated C57BL/6 male
mice exhibited significantly increased expression
(t(12) = 2.771, p = 0.0169) and A�PP/PS1 a decrease
(t(13) = 2.165, p = 0.0496). The insulin receptor
(INSR) and adiponectin R1 receptor (AdipoR1) were
examined as primary modulators of glucose home-
ostasis alongside their downstream target cyclic
AMP (cAMP) response element-binding protein 1
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Fig. 2. (Continued)



C.A. Findley et al. / Glutamatergic Intervention in AD Mice 379

(CREB1) (Fig. 2K). Riluzole-treated APPNL−F/NL−F

male mice alone had significantly increased INSR
expression (t(12) = 2.541, p = 0.0259). AdipoR1 and
CREB1 showed opposing results between geno-
types, as C57BL/6 male mice saw a significant
increase in expression (t(14) = 5.999, p < 0.0001;
t(13) = 7.034, p < 0.0001) and A�PP/PS1 mice a
decrease (t(13) = 2.464, p = 0.0284; t(13) = 2.339,
p = 0.0360) with riluzole treatment. APPNL−F/NL−F

male mice exhibited a significant increase in CREB1
expression with riluzole treatment (t(12) = 5.581,
p = 0.0001). Together, these findings indicate possible
on-treatment procognitive effects for male C57BL/6
mice and changes to glucose transport and insulin and
adiponectin signaling pathways with riluzole treat-
ment for all genotypes.

Enhanced insulin sensitivity with riluzole
treatment in female C57BL/6 mice

To elucidate possible sex-dependent effects on
peripheral glucose homeostasis and spatial cogni-
tion, the same ITT/GTT and MWM protocol was
carried out in female mice at 6 months of age.
ITT results supported no main effect in the glucose
monitoring time course across all genotypes (Fig. 3A-
D). However, when taken together, AUC analysis
indicated a significant improvement in insulin sensi-
tivity for riluzole-treated compared to vehicle-treated
C57BL/6 female mice (t(20) = 2.094, p = 0.0492)
(Fig. 3B). GTT results indicate no significant treat-
ment effects for APPNL−F/NL−F, A�PP/PS1, and
C57BL/6 mice for fasting glucose levels and glu-
cose tolerance (Fig. 3E-H). RT-PCR analysis of
liver tissue revealed no significant treatment effects
across all genotypes for GLUT2 and glucokinase
(Fig. 3I). APPNL−F/NL−F mice showed signifi-
cantly lower G6P expression with riluzole treatment
(t(13) = 2.807, p = 0.0148), while no differences were
observed for A�PP/PS1 or C57BL/6 mice. ELISA
quantification of serum insulin and adiponectin lev-
els (Fig. 3J-K) and examination of liver glycogen also
indicated no significant treatment effects across all
genotypes (Supplementary Figure 2). These findings

indicate modest improvement in insulin sensitivity
for riluzole-treated C57BL/6 female mice alone, sup-
porting sex differences in glucose homeostasis and
response to riluzole treatment for APPNL−F/NL−F and
C57BL/6 mice.

Spatial learning performance improved with
riluzole treatment in AβPP/PS1 female mice

For MWM, no treatment effects were observed
for spatial learning for APPNL−F/NL−F or C57BL/6
female mice (Fig. 4A-C). Examination of AUC
for the five trial days showed improved spatial
learning for A�PP/PS1 riluzole-treated female mice
compared to genotype-matched vehicle-treated mice
(t(19) = 2.016, p = 0.0582) (Fig. 4B). Probe challenge
swimming speed (data not shown) was nonsignif-
icant across all genotypes and treatment groups.
All vehicle-treated female mice showed no prefer-
ence for the target quadrant compared to the other
three quadrants, which was improved with riluzole
treatment for all genotypes [(C57: F(3,40) = 15.73,
p < 0.001); (PS1: F(3,40) = 7.959, p = 0.0003); (NLF:
F(3,32) = 11.51, p < 0.0001)] (Fig. 4D-F). Represen-
tative probe challenge paths are shown in Fig. 4G.

ELISA quantification of soluble A�42 indicated
no significant treatment effects on A�42 levels in
the hippocampus for female AD mice (Fig. 4H).
APPNL−F/NL−F female mice alone displayed
decreased NMDARN2A expression with riluzole
treatment (Fig. 4I). Riluzole-treated C57BL/6
female mice alone exhibited significantly decreased
�7nAChR expression (t(12) = 2.187, p = 0.0493)
(Fig. 4J). GLUT1 showed no treatment effects
across all genotypes (Fig. 4K). Increased GLUT3
expression was observed in APPNL−F/NL−F female
mice with riluzole treatment. No significant differ-
ences were observed for C57BL/6 or A�PP/PS1
female mice (Fig. 4K). A�PP/PS1 riluzole-treated
females alone showed significantly increased INSR
expression (t(13) = 2.209, p = 0.0457). Female
C57BL/6 mice alone saw significantly increased
AdipoR1 (t(11) = 7.800, p < 0.0001) and CREB1
(t(11) = 2.905, p = 0.0143) expression with riluzole

Fig. 2. Selective on-treatment changes in spatial cognitive performance with riluzole treatment at 6 months old. A-C) Spatial learning
performance measured by proximity to the platform throughout the trial days. D, E) Platform entries and cumulative distance from the
platform during the probe challenge, respectively. F) Analysis of probe challenge quadrant occupancy (T: target, O: opposite, AR: adjacent
right, AL: adjacent left) with percent time. G) Track plots of each genotype and treatment group during the probe challenge. H) ELISA
quantification of soluble A�42 levels in the hippocampus. I-K) RT-PCR analysis of gene targets in hippocampal tissue. Learning trials
two-way repeated measures ANOVA, Sidak (n = 10–17); probe challenge, RT-PCR (n = 6–8), and ELISA analysis (n = 5–6) within-genotype
unpaired t-test; Quadrant occupancy one-way ANOVA, Dunnett’s, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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treatment (Fig. 4K). Collectively, data support
improved spatial learning performance in A�PP/PS1
female mice with riluzole treatment that may work
through the insulin signaling pathway to elicit the
procognitive effects observed and improved spatial
long-term memory performance across all genotypes
for riluzole-treated female mice.

Off-treatment alterations to key factors in
glucose homeostasis in riluzole-treated mice

To determine possible long-term effects of pro-
dromal riluzole treatment, we conducted ITT/GTT
and MWM analysis on a separate cohort of mice
six months after treatment cessation. No signifi-
cant treatment effects were observed for peripheral
insulin or glucose tolerance in either sex at 12
months of age (Supplementary Figure 3). RT-
PCR analysis of liver tissue from male mice
indicated that 12-month-old APPNL−F/NL−F mice
displayed significantly decreased GLUT2 expression
with riluzole treatment (t(14) = 2.505, p = 0.0252)
(Fig. 5A). No significant differences were observed
for A�PP/PS1 and C57BL/6 male mice. Significantly
increased glucokinase expression was observed
in A�PP/PS1 male mice with riluzole treatment
(t(11) = 2.540, p = 0.0275), while no significant dif-
ferences were observed for APPNL−F/NL−F and
C57BL/6 mice. Riluzole-treated A�PP/PS1 male
mice alone also showed increased G6P expres-
sion. Quantification of circulating insulin levels
revealed that male A�PP/PS1 mice alone contin-
ued to show significantly decreased insulin levels
with riluzole treatment (t(9) = 2.327, p = 0.0450)
(Fig. 5B). No significant differences were observed
for adiponectin levels (Fig. 5C) or liver glycogen
in male mice (Supplementary Figure 2). For female
mice, decreased GLUT2 expression in riluzole-
treated APPNL−F/NL−F mice was observed, with no
treatment effects for A�PP/PS1 or C57BL/6 mice
(Fig. 5D). Female mice showed no treatment effects
for glucokinase and G6P across all genotypes. Female
mice showed no significant treatment effects in serum
insulin and adiponectin concentration (Fig. 5E, F) or

liver glycogen (Supplementary Figure 2). Together,
these findings indicate modest off-treatment effects
on the expression of key glucose metabolism factors
in both male and female mice that did not confer an
effect on insulin and glucose tolerance testing.

Procognitive effects with prodromal riluzole
treatment in male AD mice

MWM results supported no significant differ-
ences in spatial learning throughout the trial days
for male mice, and all mice were able to locate
the platform by trial day five (Fig. 6A-C). Dur-
ing the probe challenge, no significant differences
were observed in average swim speed across all
genotypes (data not shown). Male APPNL−F/NL−F

mice showed a significantly increased number of
platform entries (t(36) = 2.453, p = 0.0192) with rilu-
zole treatment (Fig. 6D). No significant differences
in platform entries were observed for A�PP/PS1
or C57BL/6 male mice. However, riluzole-treated
male A�PP/PS1 mice stayed in significantly closer
proximity to the platform area than vehicle-treated
genotype-matched mice (t(30) = 2.160, p = 0.0389)
(Fig. 6E). No significant differences in cumula-
tive distance were observed for APPNL−F/NL−F or
C57BL/6 mice. Vehicle-treated C57BL/6 male mice
displayed significant selective searching behavior
(F(3,56) = 21.49, p < 0.0001), while riluzole-treated
C57BL/6 mice lacked selectivity (Fig. 6F). Selective
searching was also significant in riluzole-treated male
APPNL−F/NL−F mice (F(3,80) = 16.06, p < 0.0001)
but not in vehicle-treated APPNL−F/NL−F mice.
A�PP/PS1 male mice failed to show selective
searching in either treatment group. Representative
swimming paths from the probe challenge appear to
possibly illustrate a circling swim strategy in male
A�PP/PS1 mice, while APPNL−F/NL−F mice may
show a more targeted direct swim and rotating swim
strategy (Fig. 6G). This divergence in swim strategies
between the AD models could impact the parameter
by which improved long-term spatial memory was
observed.

Fig. 3. Female AD mice fail to show improved glucose tolerance with riluzole treatment similar to littermate C57BL/6 mice at 6 months of
age. A) Blood glucose levels acquired from the tail vein after a 4-h fast. B-D) Insulin tolerance was measured by percent change from baseline
(T = 0). Insets show AUC for each genotype and treatment group. E) Blood glucose levels obtained from the tail vein after a 15-h fast. F-H)
Two-hour monitoring of blood glucose levels following an IP injection of glucose. Insets displays AUC. I) RT-PCR analysis of liver tissue.
J-K) ELISA quantification of serum insulin and adiponectin levels. ITT/GTT time course, within-genotype repeated measures two-way
ANOVA, Fisher’s LSD; AUC (n = 10–15), RT-PCR (n = 6–8), and ELISA analysis (n = 5–6), within-genotype unpaired t-test, *p < 0.05,
**p < 0.01.
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Quantification of hippocampal soluble A�42
supported no significant differences in A�42 con-
centration with riluzole treatment for A�PP/PS1 and
APPNL−F/NL−F male mice (Fig. 6H). No significant
differences were observed in NMDARN2A expres-
sion for any male mice (Fig. 6I). Control male mice
continued to show significantly decreased �7nAChR
expression with riluzole treatment (t(14) = 2.580,
p = 0.0218) (Fig. 6J). A�PP/PS1 riluzole-treated
male mice also showed decreased �7nAChR expres-
sion, while APPNL−F/NL−F mice displayed increased
expression with riluzole treatment.

Riluzole-treated C57BL/6 mice also had sig-
nificantly decreased GLUT1 (t(13) = 2.319,
p = 0.0373), GLUT3 (t(14) = 3.154, p = 0.0070),
INSR (t(14) = 3.344, p = 0.0048), and CREB1
(t(14) = 2.643, p = 0.0193) expression (Fig. 6K).
A decrease in AdipoR1 was also observed for
C57BL/6 mice with riluzole treatment. A�PP/PS1
male mice exhibited significantly decreased GLUT3
(t(12) = 4.068, p = 0.0016), INSR (t(12) = 2.327,
p = 0.0383), and CREB1 (t(12) = 3.001, p = 0.0110)
expression with riluzole treatment. Significantly
increased expression of CREB1 (t(14) = 2.287,
p = 0.0383) alone was observed for riluzole-treated
APPNL−F/NL−F male mice. Together, these results
support possible off-treatment effects for glucose
transport, insulin signaling, and spatial cognition in
AD male mice.

Altered soluble hippocampal Aβ42 with riluzole
treatment in female AD mice

Results from the female cohort indicated no sig-
nificant treatment effects in spatial learning, and
all mice learned the platform location (Fig. 7A-
C). No significant differences were observed for
swim speed across all genotypes (data not shown).
Female C57BL/6 mice alone exhibited significantly
increased platform entries with riluzole treatment
(t(28) = 2.052, p = 0.0496) (Fig. 7D). No differences
were observed for cumulative distance across all
genotypes (Fig. 7E). Selective searching behavior
was observed in APPNL−F/NL−F female mice alone
with riluzole treatment (F(3,64) = 12.39, p < 0.0001)

(Fig. 7F). A nonselective swim pattern was observed
with riluzole treatment in A�PP/PS1 female mice,
indicating a loss of any preference for the target quad-
rant that was present in vehicle-treated A�PP/PS1
female mice (F(3,56) = 10.22, p < 0.0001). Decreased
preference for the target quadrant with riluzole treat-
ment was also observed for C57BL/6 female mice
(F(3,56) = 17.50, p < 0.0001) compared to vehicle-
treated C57BL/6 sex-matched mice (F(3,56 = 12.38,
p < 0.0001). Path traces from the probe challenge
indicate a similar swim strategy across all groups
(Fig. 7G). Results from the MWM indicate selective
and modest off-treatment effects on long-term spa-
tial memory for C57BL/6 and APPNL−F/NL−F female
mice.

ELISA quantification of soluble A�42 in the
hippocampus revealed significantly increased
A�42 concentration with riluzole treatment for
female A�PP/PS1 mice (t(8) = 4.654, p = 0.0016)
(Fig. 7H). Riluzole-treated APPNL−F/NL−F female
mice showed reduced A�42 concentration com-
pared to genotype-matched vehicle-treated mice.
C57BL/6 female mice alone exhibited decreased
NMDARN2A expression with riluzole treatment
(Fig. 7I). A�PP/PS1 riluzole-treated female mice
alone showed decreased �7nAChR expression
(Fig. 7J). Further, A�PP/PS1 female mice showed
significantly decreased GLUT1 and GLUT3
expression with riluzole treatment (t(14) = 3.977,
p = 0.0014; t(13) = 3.595, p = 0.0033), while riluzole-
treated C57BL/6 females saw a significant increase
in GLUT1 (t(14) = 2.460, p = 0.0275) (Fig. 7K).
C57BL/6 female mice also showed increased
GLUT3 and decreased INSR expression with rilu-
zole treatment. No differences in glucose transport or
INSR expression were observed for APPNL−F/NL−F

female mice. However, female APPNL−F/NL−F mice
did show significantly increased CREB1 expression
with riluzole treatment (t(15) = 2.358, p = 0.0324)
(Fig. 7K). Data support alterations to amyloid
pathology and CREB expression for riluzole-treated
APPNL−F/NL−F females that may contribute to
improved long-term memory performance during
the MWM task. Conversely, the significant rise in
soluble A�42 observed in female A�PP/PS1 mice

Fig. 4. Improved spatial learning performance in riluzole-treated A�PP/PS1 female mice at 6 months old. A-C) Cumulative distance from
the platform area throughout the spatial learning trials. Probe challenge measures include: platform entries (D), cumulative distance from
platform (E), and quadrant occupancy (F). G) Track plots of each genotype and treatment group during the probe challenge. H) ELISA
quantification of soluble A�42 levels in the hippocampus. I-K) RT-PCR analysis of gene targets in hippocampal tissue. Learning trials two-
way repeated measures ANOVA, Sidak (n = 10–13); AUC learning trials, probe challenge, RT-PCR (n = 6–8), and ELISA analysis (n = 5–6)
within-genotype unpaired t-test; Quadrant occupancy one-way ANOVA, Dunnett’s (H), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. Off-treatment sex-dependent changes to peripheral glucose homeostatic factors in riluzole-treated AD mice. A) RT-PCR analysis
of liver tissue in 12-month-old male mice for each genotype and treatment group. B, C) ELISA quantification of serum insulin (B) and
adiponectin (C) levels for male mice. D-F) RT-PCR analysis of liver tissue (D) and ELISA quantification of serum insulin (E) and adiponectin
(F) levels in female mice for each genotype and treatment group. Within-genotype unpaired t-test, *p < 0.05, (n = 6–10).

with riluzole treatment could possibly explain in
part the loss of target quadrant preference. Taken
together, these findings indicate off-treatment sex-
and genotype-dependent effects of prodromal rilu-
zole treatment on swim strategy, long-term memory,
amyloid pathology, and glucose homeostasis in AD
mice.

DISCUSSION

This study aimed to investigate the on- and off-
treatment effects of prodromal riluzole treatment on
the modulation of glutamatergic receptors, glucose
homeostasis, and cognition. To this end, separate
cohorts of 6- and 12-month-old male and female
A�PP/PS1, APPNL−F/NL−F, and C57BL/6 mice
received either riluzole- or vehicle-treated drinking
water from 2-6 months of age. The cohorts were
assayed either immediately following treatment ces-
sation (6 months of age) or 6 months post-treatment
(12 months of age). This intervention was imple-
mented before the onset of cognitive decline for
both AD mouse models and at a time point when
hippocampal glutamatergic hyperactivity was previ-
ously observed in A�PP/PS1 male mice [7]. These
factors are thought to be interrelated with metabolic
dysfunction in AD pathology and underlie cognitive

decline in later disease stages [51, 52]. Our find-
ings indicated a sex- and genotype-specific response
to prodromal riluzole intervention, highlighting the
possibility of a specific optimal intervention window
to maximize the observed benefits of glutamatergic
modulation (Supplementary Table 2).

Altered metabolic tolerance in male AD mice
with riluzole treatment

Results from ITT and GTT experiments demon-
strated improved peripheral glucose tolerance for
riluzole-treated APPNL−F/NL−F and C57BL/6 male
mice at 6 months old. No treatment-related metabolic
differences were observed for A�PP/PS1 mice. This
contradicts previous studies that observed peripheral
metabolic dysregulation in A�PP/PS1 mice, poten-
tially emerging as early as 2 months of age [53].
ITT/GTTs conducted at differing time points have
yielded varying results between laboratories. One
study reported impaired fasting glucose and insulin
tolerance in 6-month-old A�PP/PS1 mice, while no
differences were seen at 3 months old [8]. Other
studies have reported impaired glucose tolerance and
increased plasma insulin at 2–4 months old [53, 54].
Peripheral metabolic deregulation is more commonly
reported at later disease stages (>8 months old) [53,
55, 56]. However, other laboratories have reported
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normal glucose tolerance in A�PP/PS1 mice at pre-
and post-cognitive deficit onset time points [41, 57].
The lack of congruency between laboratories could
result from a variety of reasons, such as differences in
protocol, sex, or disease stage [9]. Further, this study
utilized a vehicle of 1% sucrose over a period of four
months, which may have influenced outcomes on ITT
and GTT measures. The utilization of sucrose as a
vehicle was based on protocols utilizing this treat-
ment paradigm, indicating the need for sucrose to
make the medication palatable for mouse consump-
tion [32].

Examination of liver tissues from both cohorts
demonstrated a significant decline in G6P expression
and a reduction in circulating insulin levels for male
A�PP/PS1 riluzole-treated mice. APPNL−F/NL−F

male mice exhibited increased G6P expression,
coinciding with improved glucose tolerance with
riluzole treatment. C57BL/6 riluzole-treated males
had reduced insulin and glucokinase levels alongside
improved glucose tolerance. No significant differ-
ences were observed in liver glycogen or serum
adiponectin across all genotypes. These findings
indicate that changes in G6P expression are indepen-
dent of circulating insulin and adiponectin and may
point to possible alterations to pathways involved
in glucose homeostasis and glutamatergic neuro-
transmission, such as cAMP and CREB signaling.
These factors could mediate the observed divergence
between genotypes as the expression of several key
factors in this signaling pathway are impacted by
�-site APP-cleaving enzyme 1 mutations and APP
overexpression [58–60].

Riluzole-treated female C57BL/6 mice displayed
improved peripheral insulin sensitivity following ces-
sation of treatment, while no significant effects were
observed in A�PP/PS1 or APPNL−F/NL−F female
mice. As no treatment effects were observed for
serum insulin and adiponectin or target hepatic glu-
cose homeostasis factors for C57BL/6 female mice,
the mechanism of this improvement remains uncer-
tain. Further, opposing results observed for glucose
tolerance and G6Pase expression in riluzole-treated
female APPNL-F/NL-F mice support possible hor-

monal interference in riluzole-mediated effects on
glucose factors and homeostasis [61].

No off-treatment impact on metabolic tolerance
across all genotypes

At 6-months post-treatment, findings from 12-
month-old male and female mice indicate no
off-treatment improvement of peripheral insulin
and glucose tolerance with riluzole treatment. Sex-
dependent treatment effects were observed for the
expression of glucokinase, GLUT2, and G6Pase.
Yet, these alterations failed to confer an effect on
insulin sensitivity and glucose tolerance. The reduc-
tion in insulin concentration previously observed
in riluzole-treated A�PP/PS1 males appeared again
post-treatment, now alongside elevated glucokinase
and G6Pase expression. These findings indicate that
the alterations to glucose factors previously observed
were an on-treatment effect that may have shifted
with time away from treatment. Collectively, data
support on- and off-treatment effects on peripheral
glucose tolerance and homeostasis that are dependent
on both genotype and sex.

Potentiation of spatial cognition in male
riluzole-treated control mice

Examination of spatial learning and long-
term memory immediately following cessation
of treatment indicated increased platform entries
for riluzole-treated C57BL/6 male mice com-
pared to genotype-matched vehicle-treated mice but
showed no significant differences for A�PP/PS1 or
APPNL−F/NL−F male mice. Of note, the only geno-
type difference observed at this time point was the
singular absence of selective searching behavior in
A�PP/PS1 mice. This may indicate that the males
for both AD models had yet to show cognitive
deficits at this time point, consistent with previ-
ous work from our laboratory utilizing A�PP/PS1
males [7] and studies from other laboratories on
APPNL−F/NL−F mice [42, 62]. A�PP/PS1 female
mice showed improved spatial learning with rilu-

Fig. 6. Prodromal riluzole treatment improves long-term spatial cognition in male AD mice at 12 months of age. A-C) Spatial learning
performance measured by cumulative distance from the platform area. D, E) Platform entries and cumulative distance from the platform
during the probe challenge, respectively. F) Analysis of probe challenge quadrant occupancy with percent time. G) Track plots of each
genotype and treatment group during the probe challenge. H) ELISA quantification of soluble A�42 levels in the hippocampus. I-K) RT-PCR
analysis in hippocampal tissue. Learning trials two-way repeated measures ANOVA, Sidak (n = 15–20); probe challenge, RT-PCR (n = 6–10),
and ELISA analysis (n = 5–6) within-genotype unpaired t-test; Quadrant occupancy one-way ANOVA, Dunnett’s (H), *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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zole treatment, while APPNL−F/NL−F and C57BL/6
female mice did not exhibit any treatment effects.
All vehicle-treated female groups at the 6-month
time point lacked selective searching behavior dur-
ing the probe challenge, only showing a modest
improvement in preference for the target quadrant
with riluzole treatment. However, the discrepancy
in spatial learning between female A�PP/PS1 treat-
ment groups limited the evaluation of long-term
spatial memory. Sex differences observed in MWM
performance are in line with previous literature indi-
cating a male advantage to spatial navigation tasks
[63].

Riluzole showed an on-treatment reduction in hip-
pocampal �7nAChR in male C57BL/6 mice alone,
potentially a result of riluzole-mediated excitation
inhibition at this time point. An impact was also seen
on several factors involved in glucose uptake and
homeostasis. GLUT3, AdipoR1, and CREB1 were
significantly elevated in riluzole-treated C57BL/6
male mice and reduced in riluzole-treated A�PP/PS1
males—who also saw a reduction in GLUT1
expression. In particular, the reduction in GLUT3
expression contrasts previous riluzole research, indi-
cating increased translocation of GLUT3 to the
plasma membrane and increased neuronal glucose
uptake and utilization [37]. It is possible that the
introduction of a pathological amyloidogenic envi-
ronment overrode the previously observed effects
of riluzole. As the plasma membrane in particu-
lar was not examined in this study, any impact
on the translocation of GLUT3 remains unclear.
Notably, as reduced serum insulin was observed
for both C57BL/6 and A�PP/PS1 males at this
time point, this may support that the disparity
in glucose transporter expression is independent
of peripheral serum findings as both GLUT1 and
GLUT3 are insulin-independent. APPNL−F/NL−F

males exhibited significantly increased INSR and
CREB1 expression with riluzole treatment, while no
differences were observed in glucose transport. No
differences were observed for this model in serum
insulin, again supporting that this is a localized hip-
pocampal impact on INSR expression. As INSR

and AdipoR1 are two primary modulators of glu-
cose homeostasis, it follows that CREB1 and glucose
transporter expression mirrors the results observed
for these respective genes. Additionally, INSR and
AdipoR1 are impacted by glutamatergic neurotrans-
mission, providing one potential avenue by which
riluzole indirectly impacts central glucose homeosta-
sis [64, 65].

Female C57BL/6 mice at 6 months of age demon-
strated elevated AdipoR1 and CREB1 and decreased
�7nAChR with riluzole treatment—similar to their
genotype-matched male counterparts, indicating a
sex-independent phenomenon in C57BL/6 mice.
A�PP/PS1 female mice showed upregulation of
INSR expression that was not observed in genotype-
matched male mice with riluzole treatment. The
upregulation of INSR in riluzole-treated A�PP/PS1
female mice also aligns with the observed improve-
ment in spatial learning at this time point.
Riluzole-treated APPNL−F/NL−F females displayed
decreased NMDARN2A and increased GLUT3
expression, unlike their genotype-matched male
counterparts. The collective observed sex differences
in these findings may result from several factors.
Namely, the differences in serum insulin observed in
A�PP/PS1 and C57BL/6 males were not apparent in
genotype-matched female mice. As riluzole-treated
C57BL/6 female mice diverged less from treatment-
matched C57BL/6 males, these findings could also
implicate sex differences in disease pathology as
exerting an effect on the disparity of results observed
rather than solely a sex-dependent response to rilu-
zole treatment.

Off-treatment effects on spatial navigation and
soluble amyloid in AD mice

At 6 months post-treatment, riluzole-treated male
APPNL−F/NL−F mice displayed increased platform
entries and selective searching behavior compared
to vehicle-treated genotype-matched mice. Selec-
tive searching behavior was absent in vehicle-treated
APPNL−F/NL−F male mice, providing further evi-
dence of improved spatial long-term memory in

Fig. 7. Off-treatment changes to spatial cognition in riluzole-treated female C57BL/6 mice at 12 months of age. A-C) Cumulative distance
from the platform area throughout the spatial learning trials. D-F) Probe challenge measures include: platform entries (D), cumulative distance
from platform (E), and quadrant occupancy (F). G) Track plots of each genotype and treatment group during the probe challenge. H) ELISA
quantification of soluble A�42 levels in the hippocampus. I-K) RT-PCR analysis in hippocampal tissue. Learning trials two-way repeated
measures ANOVA, Sidak (n = 12–19); probe challenge, RT-PCR (n = 6–10), and ELISA analysis (n = 5–6) within-genotype unpaired t-test;
Quadrant occupancy one-way ANOVA, Dunnett’s (H), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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this mouse model. While vehicle-treated male
APPNL−F/NL−F mice did not differ from vehicle-
treated C57BL/6 males, previous studies utilizing
various behavioral tasks have observed cognitive
deficits around 12–18 months of age [13, 42,
43]. Improvement in long-term spatial memory for
riluzole-treated male APPNL−F/NL−F mice aligns
with RT-PCR findings of on-treatment elevation in
INSR expression and on- and off-treatment increase
in CREB1 expression, factors previously shown to
improve spatial cognition [66].

Riluzole-treated A�PP/PS1 male mice showed
closer proximity to the immediate platform area at 12
months old, similar to findings previously reported by
our laboratory [32]. However, A�PP/PS1 males con-
tinued to show a lack of selective searching in either
treatment group. Further, improvements in long-term
spatial memory were observed on different MWM
measures between our two AD models. It is possi-
ble that a divergence in swim strategy or wayfinding
occurred between these models, as these differences
would have an impact on which parameters would
detect changes in performance. As an improvement
for A�PP/PS1 males was observed in the proximity
to the platform, the effect observed may be tied to
executive function and problem-solving rather than
long-term memory. Hippocampal RT-PCR findings
in A�PP/PS1 males would indicate that this improve-
ment occurs through a separate pathway than INSR
and would require further examination of synaptic
receptors outside of NMDARN2A and �7nAChR
to pinpoint possible points of impact with riluzole
treatment. As well, quantification of soluble A�42
levels in the hippocampus yielded no significant dif-
ference for AD male mice on- or off-treatment, in
contrast to previously reported findings in 5XFAD
male mice [30]. The reasons for these discrepancies
and potential insights into select amyloid mutations
on wayfinding and responsiveness to glutamatergic
modulation should be investigated in future studies.

Notably, male C57BL/6 mice exhibited loss of
selective searching behavior with riluzole treatment,
indicating that prior improvements in long-term
spatial memory performance were limited to an on-
treatment effect. Data from 6 months post-treatment
in male AD mice may indicate that riluzole’s potential
off-treatment cognitive benefits are confined to patho-
logical conditions. Conversely, female C57BL/6
mice displayed increased platform entries with rilu-
zole treatment compared to matched vehicle-treated
C57BL/6 s at 6 months post-treatment only. Results
from C57BL/6 female mice may highlight a sex-

dependent shift in glutamatergic neurotransmission
with age in C57BL/6 mice, such that glutamate mod-
ulation at an early age provided procognitive effects
at different time points and warrants further study.
Riluzole-treated APPNL−F/NL−F female mice dis-
played selective searching behavior, while A�PP/PS1
females lost all preference for the target quadrant
with riluzole treatment. Subsequent quantification of
soluble A�42 in the hippocampus revealed increased
A�42 concentration in A�PP/PS1 female mice with
riluzole treatment that likely contributed to the
decline in spatial memory performance. Conversely,
a decrease in A�42 concentration was observed for
riluzole-treated APPNL−F/NL−F female mice, con-
gruent with the observed improvement in spatial
cognition. Future studies should investigate impacts
on the A�40:42 ratio and plaque load in the hip-
pocampus with riluzole treatment in A�PP/PS1 and
APPNL−F/NL−F mice to clarify the mechanism by
which this division in amyloid pathology occurs.

Off-treatment alterations to key factors in
glutamate and glucose homeostasis

At 6 months post-treatment, male C57BL/6 mice
continued to display reduced �7nAChR expres-
sion, indicating an on- and off-treatment impact
on an important mediator of presynaptic glutamate
release. A�PP/PS1 male mice also showed a reduc-
tion in �7nAChR with riluzole treatment, while
APPNL−F/NL−F riluzole-treated males showed an
increase. We previously reported that �7nAChR den-
sity in the hippocampus was not affected by riluzole
treatment in 12-month-old A�PP/PS1 mice, indicat-
ing that riluzole-mediated glutamatergic alterations
are independent of A�-�7nAChR glutamate release.
[32]. However, our previous study did not examine
riluzole treatment in C57BL/6 and APPNL−F/NL−F

males, and the impact on hippocampal �7nAChR
surface density in light of our current PCR findings
remains uncertain.

Opposing results to that reported on-treatment for
C57BL/6 males were observed for GLUT3, Adi-
poR1, and CREB1, in addition to reductions in
GLUT1 and INSR. Data may support that age and
time away from treatment led to a downregulation of
glucose factors for C57BL/6 males. A�PP/PS1 males
continued to display reduced GLUT3 and CREB1
expression, now alongside a significant reduction in
INSR expression. These findings may be partly influ-
enced by the reduction in serum insulin observed
in A�PP/PS1 males at this time. Elevated CREB1



390 C.A. Findley et al. / Glutamatergic Intervention in AD Mice

in riluzole-treated APPNL−F/NL−F males was also
observed at this time point, similar to that reported
while on treatment, pointing to a prolonged upregu-
lation of CREB1 in this model that may contribute in
part to improved cognitive outcomes.

Riluzole-treated C57BL/6 female mice exhibited
elevated GLUT1 and GLUT3 and decreased INSR
expression at 6 months post-treatment. As both glu-
cose transporters are insulin-independent, it follows
that alterations in INSR expression may not mir-
ror changes in GLUT1 expression. These findings
also contrast that observed for glucose transport
expression in respective male C57BL/6 mice, pos-
sibly indicating a hormonally influenced outcome
with age and time away from treatment in C57BL/6
mice that is independent of insulin. Results from
A�PP/PS1 female mice indicated decreased GLUT1
and GLUT3 expression with riluzole treatment—a
selectively off-treatment effect. As elevated soluble
A�42 was observed at this time point in the hippocam-
pus, it is possible that the downregulation of glucose
transporter expression was amyloid-mediated with
riluzole treatment [67]. APPNL−F/NL−F female mice
showed elevated CREB1 expression with riluzole
treatment, an off-treatment effect seemingly inde-
pendent of INSR and AdipoR1 and similar to
that observed in their riluzole-treated male coun-
terparts. As CREB1 expression is vulnerable to
influences from many different pathways, including
glutamatergic neurotransmission, further investiga-
tion would be required to discern the direct cause
of this increase. Gene expression results from hip-
pocampal RT-PCR studies indicate sex-dependent
changes in important factors for glutamate and glu-
cose homeostasis with riluzole treatment that have
the potential to impact cognition both on- and
off-treatment.

Collectively, these findings support sex and geno-
type differences in response to riluzole treatment
that may impact cognitive outcomes. An effective
intervention strategy that utilizes glutamatergic mod-
ulation requires accurate timing of treatment with
hippocampal glutamate dynamics that shift with age
and disease progression and are specific to each geno-
type and sex. Targeting of the glutamatergic system
through riluzole did impact glucose homeostasis in
the hippocampus and periphery but elicited a stronger
response from male mice and warrants further inves-
tigation as to the lack of responsiveness in female
AD mice. Thus, manipulation of the interconnected
pathological relationship between glutamate and glu-
cose homeostasis and amyloid pathology requires a

nuanced and tailored strategy to ameliorate cognitive
decline effectively.
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