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Abstract

Cancer-related cognitive impairment (CRCI) considerably affects the quality of life of millions of cancer survivors. Brain-
derived neurotrophic factor (BDNF) has been shown to promote survival, differentiation, and maintenance of in vivo dentate
neurogenesis, and chemotherapy induces a plethora of physiological and cellular alterations, including a decline in neuro-
genesis and increased neuroinflammation linked with cognitive impairments. In our clinical studies, breast cancer patients
treated with doxorubicin (Adriamycin®, ADR) experienced a significant reduction in the blood levels of BDNF that was
associated with a higher risk of CRCI. Our past rodent studies in CRCI have also shown a significant reduction in dentate
neurogenesis accompanied by cognitive impairment. In this study, using a female mouse model of ADR-induced cognitive decline,
we tested the impact of riluzole (RZ), an orally active BDNF-enhancing medication that is FDA-approved for amyotrophic
lateral sclerosis. ADR-treated mice receiving RZ in the drinking water for 1 month showed significant improvements in hip-
pocampal-dependent learning and memory function (spatial recognition), fear extinction memory consolidation, and reduced
anxiety-like behavior. RZ prevented chemotherapy-induced reductions of BDNF levels in the hippocampus. Importantly,
RZ mitigated chemotherapy-induced loss of newly born, immature neurons, dentate neurogenesis, and neuroinflammation.
In conclusion, this data provides pre-clinical evidence for a translationally feasible approach to enhance the neuroprotective
effects of RZ treatment to prevent CRCI.

Keywords BDNF - Chemotherapy - Chemobrain - Cognitive function - Riluzole - Neurogenesis

Introduction wide range of symptoms during and after treatment, such

as memory loss, inability to concentrate, difficulty in think-

Chemotherapy-related cognitive impairment (CRCI), often
referred to as “chemobrain” or “chemofog,” is prevalent in
up to 75% of all breast cancer survivors. It encompasses a
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ing, poor response speed, and executive functioning [1].
These cognitive changes can be subtle but have a detrimen-
tal effect on patients’ daily functioning and health-related
quality of life [2]. Chemotherapy-induced cognitive decline
can pose significant challenges for cancer survivors who
wish to resume their day-to-day routine and social roles.
Research has suggested that the quality of life and activi-
ties of daily living in this group of long-term cancer survi-
vors are immensely affected by subtle neuropsychological
changes [3].

Clinical studies have suggested that brain-derived neu-
rotrophic factor (BDNF) is linked with a positive impact
on cognition in patients with cancer [3—7]. BDNF exerts
a number of neuro-modulatory effects on the CNS and the
neurosensory, endocrine, and immune systems, and BDNF is
also associated with neuronal repair and survival, dendritic
and axonal growth, and long-term potentiation. Numer-
ous studies have reported the possible role of BDNF in the
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«Fig. 1 Treatment with riluzole reverses chronic chemotherapy-
induced cognitive dysfunction. A Schematic representation of
research design: Eight to ten-week-old wild-type (C57BL/6 J) female
mice were injected with vehicle (vehicle, saline) or an anthracycline,
Adriamycin (ADR, doxorubicin hydrochloride, 2 mg/kg, i.p.), once
weekly for 4 weeks. Twenty-four hours after the last ADR injec-
tion, mice were given riluzole (RZ) treatment in the drinking water
(13 mg/kg) and continued on RZ till the end of the study. ADR-
treated animals that received drinking water served as the vehi-
cle group. To assess the in vivo neurogenesis, 1 week after the last
ADR injection, mice were administered with BrdU (5-Bromo-2'-
deoxyuridine, 50 mg/kg, i.p., once daily for 6 days). One month after
initiation of RZ treatment, mice were administered a spatial memory
retention test (novel place recognition, NPR), an anxiety test (elevated
plus maze, EPM) followed by a fear extinction memory consolida-
tion task (F. Ext.). After the completion of cognitive testing, mice
were euthanized, and brains were collected for the biochemical and
immunohistochemistry analyses. B ADR-treated mice spent signifi-
cantly less time exploring novel spatial location. Time spent explor-
ing the novel placements of objects during the test phase of the NPR
task show that control + vehicle, control+RZ, and ADR +RZ mice
spent significantly more time exploring novel versus familiar loca-
tion whereas ADR + vehicle mice spent comparable time exploring
both locations indicating an inability to recognize the novel location.
C The tendency to explore a novel spatial location was derived from
the discrimination index, calculated as ((novel location exploration
time/total exploration time) — (familiar location exploration time/total
exploration time)) X 100. ADR treatment significantly impaired cog-
nitive function as shown by the reduced preference toward the novel
place in the ADR + vehicle mice compared to the control+ vehicle,
control +RZ, and ADR +RZ mice. Importantly, ADR-exposed mice
receiving RZ treatment did not show a decline in spatial explora-
tion. D Examples of heat maps depicting animals exploring novel
or familiar spatial locations in each experimental group during the
NPR task. E ADR + vehicle mice showed increased anxiety levels as
indicated by reduced time (percentage) spent in the open arms on the
EPM tasks. In contrast, control + vehicle and ADR + RZ-treated mice
showed significantly higher time spent in the open arms. Data are
presented as mean+SEM (N=12-16 mice per group). P values were
derived from a two-way ANOVA and Bonferroni’s multiple compari-
sons test

pathogenesis of various cognitive disorders, such as Alz-
heimer’s disease (AD), where low serum levels have been
correlated with AD and mild cognitive impairment, and high
serum BDNF levels have been associated with better cogni-
tion in healthy older adults [8§—11]. In our previous clini-
cal studies, we observed that breast cancer patients [3, 12]
receiving doxorubicin and cyclophosphamide reported self-
perceived concentration deficits during chemotherapy, and
patients experiencing the least reduction of plasma BDNF
levels between baseline and end of chemotherapy were most
protected from cognitive decline. Adolescent and young
adult cancer patients were 3 times more likely to experi-
ence cognitive impairment prior to cancer treatment, and
their BDNF levels were half of age-matched healthy controls
[13]. As chemotherapy can be neurotoxic, it is postulated
that the effects of chemotherapy on BDNF expression can
persist long after the completion of chemotherapy and in
cancer survivors, resulting in persistent cognitive decline

post-chemotherapy [14]. Loss of BDNF may also accelerate
aging, which is postulated to be a mechanism that leads to
cognitive decline in patients receiving chemotherapy [15].

Supplementation of BDNF has been shown to protect
synapses against various toxic insults in neurodegenerative
diseases, including AD, Huntington’s disease, ALS, and
Parkinson’s disease [16] in animal models. These existing
data provide strong justification for the need to study the
viability of augmenting BDNF levels to reverse chemobrain.
To study the viability of this strategy, we have conducted a
pre-clinical study to evaluate the efficacy of riluzole (RZ),
an orally bioavailable agent that has been shown to increase
BDNF [17] and improve cognitive function in AD models
[18]. We hypothesize that RZ treatment will reduce the onset
and severity of the chemotherapy-induced cognitive decline.
We also hypothesize that RZ will augment BDNF levels and
that BDNF plays a major contributing factor in protecting
against adverse impacts on neurogenesis, microglial activa-
tion, and ultimately cognition.

Materials and Methods

Details on materials, experimental methods, behavior, and
immunostaining protocols are provided in the Supplemental
Information section.

Animals and Treatments

All animal experiments were approved by the Institutional
Animal Care and Use Committee (JACUC) and according
to the NIH guidelines. Our past clinical studies have shown
a positive correlation between the low BDNF levels and the
severity of CRCI in female breast cancer patients [3, 12].
Thus, for this pre-clinical study, we used adult female mice.
Four-month-old female wild-type mice (C57BL/6 J) were
purchased from Jackson Laboratories. Mice were group
housed (4 mice per cage), kept on a standard light—dark
cycle (12 h each) at 20 °C+ 1 room temperature, and
70% + 10 humidity and given a standard rodent chow diet
(Envigo Teklad 2020X) by the University Laboratory Ani-
mal Recourses (ULAR). Mice received Adriamycin injec-
tions (ADR, doxorubicin hydrochloride, Sigma) freshly
made in saline (2 mg/kg, once weekly, i.p.) for 4 weeks as
shown in the research design (Fig. 1A). Riluzole (2-amino6-
(trifluoromethoxy)benzothiazole, Selleckchem) was dis-
solved in filter sterilized (0.2 um, Millipore), warm RO
water (reverse osmosis, ULAR) with constant stirring (1 to
2 h at 45 °C) at a stock concentration of 600 pg per ml.
The stock solution was kept frozen at —20 °C until use. The
working solution (60 pg per ml) of RZ was prepared twice
a week by diluting the stock with sterile RO water. Mice
had ad libitum access to either vehicle (sterile RO water)
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or RZ solution (13 mg/kg per mouse, per day as described
[18-20]) throughout the duration of the study. Mice received
RZ treatment 24 h after the last ADR injection (Fig. 1A).
To evaluate the impact of ADR or RZ treatment on in vivo
neurogenesis, 1 week after the last ADR injection, mice
were administered BrdU (5-bromo-2'-deoxyuridine, 50 mg/
kg, i.p., Sigma) made in phosphate-buffered saline (PBS,
pH 7.6, Sigma) once daily for 6 days. Mice were divided
into four experimental groups (N=12 to 24 mice per
group) including saline-treated control mice receiving the
RO water (Con+ Veh), ADR-treated mice receiving the
RO water (ADR + Veh), saline-treated control mice receiv-
ing RZ (Con+RZ), and ADR-treated mice receiving RZ
(ADR+RZ).

Cognitive Testing

To determine the effect of RZ-mediated BDNF augmen-
tation on cognitive function after chronic chemotherapy,
mice were administered cognitive function and anxiety-like
behavior tests 4 weeks after the initiation of RZ treatment.
The details about test protocols are provided in the Sup-
plemental Information section. Over 2 to 3 weeks, cogni-
tive function tasks included novel place recognition (NPR),
elevated plus maze (EPM) for anxiety-like behavior, and,
lastly, fear extinction memory consolidation task (FE). The
NPR task is dependent on the intact hippocampal function
and assesses episodic and spatial memory function [21-23].
NPR determines the ability of animals to explore novel
placement of the objects in an unrestricted, non-invasive
open environment [22, 23] that is calculated as discrimina-
tion index (DI = (novel/total exploration time) — (familiar/
total exploration time)] X 100). A positive DI indicates that
animals spent more time exploring novel spatial locations. In
contrast, a negative or zero index shows that animals exhib-
ited little or no preference for the novel placements and spent
equal time exploring familiar and novel places. Data for the
open field activity (Suppl. Fig. S1) on the first day of NPR
task (habituation phase), and total time spent exploring both
placements of the objects (Suppl. Fig. S2) were also derived
from the NPR task. EPM measures anxiety levels based on
animal exploration in the elevated open arms versus closed
(dark) arms under a brightly lit environment. Anxious ani-
mals will spend more time in closed arms compared with
open arms [24].

After completing NPR and EPM tasks and about 72 h
of break, animals were administered the FE task. This task
determines if chronic chemotherapy or RZ treatment affects
hippocampal-dependent fear conditioning and memory
consolidation process, an active process of dissociating
learned responses to prior adverse events [25-27]. Briefly,
on the first day of the conditioning phase, mice were pre-
sented with three pairs (evenly spaced) of auditory stimulus
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co-terminating with a mild foot shock. Twenty-four hours
later, on the subsequent 3 days (extinction training phase),
animals were presented with 20 tones while in the same
contextual environment (odor and visual cues). Twenty-
four hours later, the fear test was administered on the final
day, where animals were presented with only three tones in
the same context. Animals’ freezing behavior was recorded
using a ceiling-mounted camera in the FE test chamber and
recorded by an automated freezing measurement module
(FreezeFrame, Coulbourn Instruments). The percentage of
time each mouse spent freezing during the tone was then cal-
culated for conditioning, extinction training (average of five
tones, four data points per day), and testing phases. Thus,
a combination of these cognitive function tasks provides us
with rigorous tools to determine the impact of chemotherapy
and RZ. Protocol details are provided in the Supplemental
Information section.

Immunohistochemistry, Confocal Microscopy, and In
Silico Volumetric Quantification

After the completion of cognitive function tests, mice were
euthanized (intra-cardiac perfusion) using saline with heparin
(10 U/ml, Sigma) and 4% PFA made in 100 mM PBS, pH
7.4 (paraformaldehyde, Sigma; phosphate-buffered saline,
Gibco). Brains were fixed overnight at 4 °C in 4% PFA.
Tissues were then cryo-protected (10 to 30% sucrose made
in 100 mM PBS, pH 7.4 and 0.02% sodium azide, Sigma)
and cryo-sectioned using a cryo-stat (HN525 NX, Microm,
Epredia, Germany) at the thickness of 30 um (coronal).
To determine the impact of chronic chemotherapy and RZ
treatments on the function of the neurogenic niche, serial
coronal brain sections (2 to 3 sections per brain, 8 to 10
brains per group) through the hippocampal formation were
stained using free-floating immunofluorescence protocols as
described [28]. Doublecortin (DCX) staining was performed
to label newly born, immature neurons [29] using a rabbit
anti-DCX primary (1:200; Abcam) and a donkey anti-Rabbit
Alexa Fluor 568 secondary antibodies. DCX-positive cells
were visualized using fluorescence microscopy as red. For
the BrdU-NeuN dual-immunofluorescence staining, tissues
were permeabilized to recover the BrdU antigen and stained
using rat anti-BrdU (1:150; Abcam) and rabbit anti-NeuN
(1:500, Millipore) primary antibodies. The fluorescence
color was developed using donkey anti-rat Alexa Fluor 488
(1:150, Invitrogen) and donkey anti-rabbit Alexa Fluor 568
(1:500, Invitrogen) secondary antibodies. BrdU-positive cells
were visualized using fluorescence microscopy as green and
NeuN-positive cells as red. Activated microglia were labeled
by IBA1-CD68 dual immunofluorescence staining (pan
microglial marker ionized calcium-binding adapter molecule
1, IBA1; and lysosomal protein in the activated microglia,
CD68). Briefly, coronal tissues were permeabilized using
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0.3% Tween-20 (Sigma) in PBS followed by 3% hydrogen
peroxide (Sigma) and 10% methanol (Sigma) treatments.
Tissues were then blocked using 4% bovine serum albumin
(Jackson ImmunoResearch) and 0.3% Tween-20 in PBS fol-
lowed by primary antibody incubation overnight (rabbit anti-
IBA1, 1:500, Wako; and rat anti-mouse CD68, 1:500, AbD
Serotec, Bio-Rad). The fluorescence color development was
facilitated by goat anti-rat Alexa Fluor 647 and goat anti-
rabbit Alexa Fluor 488 (1:1000 each dilution, Abcam) sec-
ondary antibodies. IBA1-positive cells were visualized using
fluorescence microscopy as green and CD68-positive puncta
cells as magenta. A detailed protocol is provided in the Sup-
plemental Information section.

Single- (DCX) or dual-(BrdU-NeuN; IBA1-CD68) immu-
nofluorescent sections were imaged using a laser-scanning
confocal microscope (Nikon Eclipse Ti C2) equipped with
a 40 x oil-immersion objective lens (1.0 NA) and NIS ele-
ment AR module (v4.3, Nikon). The high-resolution (1024
to 2048 p) z stacks (1 pm thick) were acquired through the
25-30 um thick brain sections. Unbiased deconvolution for
the fluorescent z stacks and in silico volumetric quantifica-
tion were carried out as described previously [30-33] and are
provided in the Supplemental Information section. An adap-
tive, 3D blinded deconvolution method (ClearView, Imaris
v9.2, BitPlane, Inc.) was used to deconvolute and facilitate
the fluorescence signal resolution with respective fluorescent
wavelengths (510 nm, green; 594 nm, red; 447 nm, UV,
and 647 nm for IR ranges). The deconvoluted IMS format
images were analyzed using a 3D algorithm-based Imaris
module (v9.2). In Imaris, BrdU, NeuN, IBA1, and CD68
were 3D modeled using the surface-rendering tool to create
the volume of individual glial or neuronal cells. Using an
unbiased, dedicated co-localization channel, the number of
BrdU™ cells co-labeled with NeuN* neurons was individu-
ally enumerated. Similarly, IBA1 and CD68 co-localization
was determined for the activated microglia. The number of
DCX* cells was quantified using the spot analysis tool. All
Imaris-based in silico analyses were conducted using auto-
mated batch processing modules. The criteria were applied
uniformly for all experimental groups by an experimenter
blinded to the group IDs to avoid bias.

BDNF ELISA

To determine the impact of RZ on the hippocampal BDNF,
mice receiving ADR or RZ were euthanized for 4 weeks after
the initiation of RZ treatment, and BDNF ELISA was per-
formed as described [34]. Brains were immediately extracted
from the skull (N=8 to 9 mice per group). The hippocampus
was microdissected from each cerebral hemisphere, flash-
frozen by immersing the cryo-vials in the liquid nitrogen,
and stored at— 80 °C until assayed. Each hippocampus was
weighed and transferred into 500 pl ice-cold lysis buffer

(NPER, Neuronal Protein Extraction Reagent, ThermoSci-
entific) containing sodium orthovanadate (0.5 mM, Santa
Cruz), phenyl-methylsulfonyl fluoride (PMSF, 1 mM, Santa
Cruz), aprotinin (10 pg/ml, Santa Cruz), and leupeptin (1 pg/
ml; Santa Cruz). Tissues were then sonicated individually
and centrifuged at 4 °C, and the supernatants were collected
and diluted at 1:5 or 1:10 with ice-cold Dulbecco’s PBS
(Gibco). The supernatants were acidified to pH 2.6 and then
neutralized to pH 7.6. The BDNF levels were assayed using
a commercially available ELISA kit (E-EL-M0203, Elab-
science Biotechnology) and uncoated ELISA plates (Nunc
MaxiSorp, Biolegend). The colorimetric measurements were
performed at 450 nm wavelength using a microplate reader
(BioTek SynergyMx).

Statistical Analysis

All data are presented as the mean + SEM. The statistical
analyses of cognitive function, biochemical, and immu-
nohistochemical data were conducted using a two-way
ANOVA (GraphPad Prism, v8.0). For the chemotherapy
or RZ treatment analysis, a two-way ANOVA and Bon-
ferroni’s multiple comparisons tests were performed as
standard for the cognitive tests [24, 35, 36]. The Wilcoxon
matched-pairs signed-rank test was used to compare the
exploration of familiar versus novel places by the same ani-
mals in the NPR task without normality assumptions. Pear-
son’s correlation coefficients were calculated to assess the
relationship between BDNF levels and cognitive function.
A three-way ANOVA and Bonferroni’s multiple compari-
sons tests were performed to analyze the fear extinction test
data. All statistical analyses were considered significant for
a value of P <0.05.

Results

Riluzole Treatment Mitigates
Chemotherapy-Induced Cognitive Impairments
and Anxiety-Like Behavior

Adult WT female mice received chronic ADR treatment
(once weekly for 4 weeks) followed by RZ in drinking water
(Fig. 1A). One month after RZ treatment, mice were han-
dled, habituated, and tested on the hippocampal-dependent
NPR task (Fig. 1B, C). The open field activity of animals in
the open arena was monitored for the day 1 of the habitua-
tion phase (no objects). We did not find significant differ-
ences between the experimental groups for the total distance
traveled and time spent in the central zone (60% of cen-
tral area) for the open field activity (Suppl. Fig. S1) indi-
cating the absence of neophobic behavior during cognitive
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testing. During the test phase, the total time exploring both
familiar and novel placements of objects did not differ sig-
nificantly between the experimental groups (Suppl. Fig. S2).
Comparison of the animal exploration of the familiar and
novel spatial location times (Fig. 1B) revealed significant
differences between control + vehicle, control + RZ, and
ADR +RZ mice (P <0.01), but not for the ADR + vehicle
mice, indicating no differences in an animal’s preference
for the novel location. The level of preference for novelty
was then calculated as the discrimination index (DI; see
“Materials and Methods”) (Fig. 1C). The two-way ANOVA
found a significant interaction between RZ and ADR treat-
ments (F(; s =11.87, P=0.001) as well as an RZ effect
(F(1,50y=7.07, P=0.01) and ADR effect (F; s, =8.57,
P =0.005). Furthermore, ADR-treated mice receiving
vehicle (ADR + vehicle) showed a significantly reduced
preference to explore the novel location compared to the
control + vehicle (P <0.0001), control+RZ (P <0.001), and
ADR +RZ (P <0.0004) mice. This behavior is also reflected
in the heat map of mouse exploration activity for the novel
or familiar spatial locations (Fig. 1D). Importantly, ADR-
treated mice receiving RZ did not show reductions in the
discrimination index, and exploration for the novel location
was comparable to the control + vehicle and control + RZ
mice (P >0.99, Fig. 1C).

To determine whether chronic ADR and RZ treat-
ments affected anxiety-like behavior, all groups of female
mice were administered an elevated plus maze (EPM)
task (Fig. 1E). The EPM task evaluates the preference
for exploring either open or the closed (dark) arms of the
maze under the bright ceiling lights. Anxious mice would
show a higher preference for the closed versus open arms
to avert brightly lit space. Using the two-way ANOVA, we
observed a significant interaction between RZ and ADR
treatments (F(; 44,=21.7, P<0.0001), though we neither
observed a significant RZ effect (F; 44,=0.35, P=0.56)
nor ADR effect (F(; 44y=1.03, P=0.32). ADR + vehicle-
treated mice spent significantly less time in the open arms
than the control + vehicle group (P <0.001). Control +RZ-
treated mice also showed reduced time spent in the open
arms compared to the control 4+ vehicle group (P <0.04).
In contrast, ADR +RZ-treated mice showed significantly
increased time spent in the open arms (P <0.004, Fig. 1E)
than ADR + vehicle groups indicating reduced anxiety-like
behavior following RZ treatment.

In the past, we reported chemotherapy-induced impair-
ments in contextual fear memory and fear extinction mem-
ory consolidation [29, 37]. Thus, to evaluate if RZ treatment
exerts beneficial effects or not, animals were administered
the fear extinction memory consolidation task (FE, Fig. 2).
During the conditioning phase of FE testing, all groups of
female mice (control + vehicle, control +RZ, ADR + vehicle,
and ADR +RZ) showed comparable associative learning as
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indicated by increased time spent freezing during the tone-
shock conditioning phase (Fig. 2A; conditioning day tone-
shock pairings, T}, T,, and T5; 40 to 48% freezing on T3).
The three-way ANOVA found a significant impact of tone-
shock pairings on the freezing behavior (F(, 65y=107.2,
P <0.0001). The comparison of freezing between the T}
and T; tone-shock pairings showed a significant increase
for each treatment group (P <0.0001) indicating the impact
of conditioning. Twenty-four hours later, during the extinc-
tion training phase (days 1-3, Fig. 2A), mice were presented
with 20 tones per day (5 s intervals) in the same context
as the conditioning phase while no foot shock was admin-
istered. Each data point is presented as an average of five
tones (four data points for 20 tones per day, Fig. 2A). For
each extinction training day, we conducted a three-way
ANOVA to determine the impact of ADR, RZ, or time on
the extinction training and re-learning process. We did not
find a significant triple interaction effect (time X RZ x ADR)
for freezing behavior over the extinction training phase (days
1-3; P>0.78). We found significant RZ X ADR interac-
tion for each of the extinction training days (P <0.0001).
For the fourth data point in the extinction training day for
each treatment group, we found a significant time effect
(F (o, 883,=16.23, P<0.0001) and RZ effect (F, gg3,=35.33,
P=0.021) but no ADR effect (F; gg3y=1.98, P=0.16).
Multiple comparisons between animal groups for the day
1 extinction training showed significantly higher freezing
in the ADR + vehicle groups compared to control 4 vehicle
(P<0.01) and ADR+RZ (P<0.01) groups. For the day
2 training, the ADR + vehicle group continued elevated
freezing behavior compared to the control + vehicle group
(P <0.01). Interestingly, for day 2, the control + RZ and
ADR +RZ groups also showed elevated freezing compared
to the control + vehicle group (P <0.02). Subsequently, for
extinction training day 3, the ADR + vehicle group showed
significant freezing compared to the control 4 vehicle and
ADR + vehicle groups (P <0.01). The control +RZ group
also showed increased freezing compared to the con-
trol + vehicle group (P <0.02). Importantly, RZ treatment
to the chronically exposed ADR animals mitigated impair-
ments in the ability to dissociate the learned response (freez-
ing) to a prior aversive event (tone-shock pairing).

During the 24-h post-extinction training phase, the female
mice were administered extinction testing in the same test-
ing environment used for extinction training (Fig. 2B). The
two-way ANOVA found a significant interaction between
ADR and RZ treatments (F(; 55,=5.12, P=0.027) as well
as RZ effect (F; 56y=5.41, P=0.024) but no ADR effect
(F, 56y=3.5, P=0.07). Moreover, multiple comparisons
showed significant differences between the control + vehi-
cle and ADR + vehicle groups (P=0.004); control +RZ
and ADR + vehicle groups (P=0.03); and ADR +RZ and
ADR + vehicle groups ( P=0.01). These data indicate that
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cits in fear memory consolidation. A Treatment with either ADR
or RZ did not impair the acquisition of conditioned fear memory as
shown by the elevated freezing following a series of three-tone and
shock pairings (80 dB, 0.6 mA, T1-T3). Subsequently, 24 h later,
fear extinction training was administered every 24 h (20 tones)
for 3 days. Each data point for the days 1-3 are presented as aver-
age of percentage time freezing for 5 tones (4 data points per day).
All mice showed a gradual decrease in freezing behavior (days 1-3);
however, ADR + vehicle mice spent a significantly higher time freez-
ing compared with control+ vehicle or ADR+RZ mice. For days 2
and 3, control4+RZ mice also showed increased freezing compared
to Con+ Vehicle group. B Twenty-four hours after the extinction

ADR + vehicle mice failed to abolish fear memories during
this retrieval testing and exhibited increased freezing that
was ameliorated by the RZ treatment (Fig. 2B).

These cognitive function and anxiety-like behavior data
demonstrated that chronic chemotherapy-induced impair-
ments were mitigated by RZ treatment.

Riluzole Restores In Vivo BDNF Levels
in the ADR-Treated Mice Brains

Our past human studies have shown that the reduction of
BDNEF levels is linked with acute and persistent self-reported
cognitive impairments in cancer survivors treated with
cytotoxic agents including cyclophosphamide and ADR
[3, 12]. In the mouse model of AD, RZ treatment has been

training, on the extinction test, control+ vehicle and control+RZ
mice showed abolished fear memory (reduced freezing) compared
with ADR + vehicle mice. Importantly, ADR-treated mice receiv-
ing RZ (ADR+RZ) were able to successfully abolish fear memory
(reduced freezing) compared with the ADR + vehicle group. Data are
presented as mean+SEM (N=10-20 mice per group). P values were
derived from a three-way ANOVA and Bonferroni’s multiple compar-
isons test. *P<0.01, ADR + vehicle vs. control + vehicle; *P<0.01
ADR + vehicle vs. ADR+RZ. For day 2, @p <0.02, control+RZ vs.
Control + vehicle. For day 3, @p<0.02, control+RZ vs. Con+ vehi-
cle; and control+RZ vs. ADR+RZ groups. **P <0.0001, T1 vs T3
for all experimental groups

shown to improve cognitive function [20]. To link favora-
ble cognitive and behavioral outcomes in the ADR-treated
female mice receiving RZ, we conducted an ELISA-based
estimation of BDNF in the micro-dissected hippocampus
(Fig. 3). Using a two-way ANOVA, we found a significant
an RZ X ADR interaction (F; ,4,=13.36, P=0.001), an
RZ effect (F(; ,4)=26.61, P<0.0001), and an ADR effect
(F1,28=90.97, P<0.0001). Chronic ADR treatment led
to an approximate 45% decrease in the BDNF levels com-
pared with either control 4 vehicle or control + RZ groups
(P <0.001). RZ treatment significantly restored BDNF levels
in the mice exposed to chronic ADR (P <0.001). The cor-
relation analysis did not reveal a relationship between BDNF
levels and the percentage of time spent on the open arm
(EPM) for the control + RZ group (R= —0.047). In contrast,
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Fig. 3 Riluzole treatment restores hippocampal BDNF in the
chemotherapy-exposed mice. Eight to ten-weeks-old WT female
mice received chronic ADR treatment (2 mg/kg, i. p., once weekly
for 4 weeks) followed by riluzole (RZ) treatment (13 mg/kg) in
drinking water for 4 weeks. An ELISA-based estimation of BDNF
from micro-dissected mice hippocampus showed chemotherapy-
induced reductions in the ADR + vehicle group. Importantly, RZ
treatment to the ADR-exposed mice showed significant restoration
of BDNF levels. Data are presented as mean+SEM (N=8 mice
per group). P values were derived from a two-way ANOVA and
Bonferroni’s multiple comparisons test

a positive correlation was found between the BDNF levels
and the percentage of time spent on the open arms for the

Con + Veh| g

DCX/DAPI

Fig.4 Riluzole treatment reverses chemotherapy-induced decline
in newly born neurons. Adult female mice were treated with chronic
ADR (2 mg/kg, i.p., once weekly for 4 weeks) and 24 h later received
riluzole (RZ, 13 mg/kg) in drinking water for 6 to 7 weeks. A-D. Newly
born, immature neurons (doublecortin, DCX) in the hippocampal
sub-granular zone (SGZ) and granule cell layer (GCL) were assessed
using immunofluorescence staining, confocal microscopy, and 3D
algorithm-based unbiased spot analysis of DCX* cells (red; DAPI,
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ADR +RZ group (R=0.556). Importantly, a correlation was
found between a lower freezing index in the FE task, sug-
gesting better memory consolidation, with higher BDNF
levels (R=—0.27 in ADR+RZ group and R= —0.71 in
ADR + vehicle group; Suppl. Fig. S3). These data indicate
that RZ augmented BDNF in the chemotherapy-exposed
mice correlated with improved memory consolidation
processes.

Riluzole Reverses Chemotherapy-Induced Loss
of Newly Born Neurons

BDNF has been shown to play a critical role in maintain-
ing neurogenesis and neuronal plasticity in the brain [38,
39]. In our past studies, we have shown that exposure to
chronic chemotherapy adversely affects neurogenesis [29].
We assessed the impact of chronic ADR and RZ treatments
on the expression of doublecortin (DCX), a surrogate marker
of newly born, immature neurons in the hippocampal den-
tate gyrus. Following differentiation from neural stem cells,
newly born neurons express DCX in the hippocampal gran-
ule cell layers (GCL) and sub-granular zone (SGZ) within
3 h and up to 12 to 14 days in vivo. We conducted immu-
nofluorescence staining and quantification for DCX* neu-
rons in the hippocampal GCL and SGZ (Fig. 4A-D). The
two-way ANOVA showed a significant RZ X ADR interac-
tion (F(; 44y=38.37, P=0.006) and RZ effect (F; 44y=21.5,
P <0.0001) but no ADR effect (F; 44,=2.90, P=0.10). The

m

40+

P<0.01

P<0.002
T P<0.0001

A
A A

No. of DCX* cells/
Hippocampal SGZ and GCL

blue). E. ADR treatment significantly reduced the number of DCX*
neurons in the hippocampus compared with either control + vehi-
cle or control+RZ groups. ADR-treated mice receiving RZ showed
a significantly higher number of DCX™ cells compared with the
ADR +vehicle group. Data are presented as mean+SEM (N=12
mice per group). P values were derived from a two-way ANOVA and
Bonferroni’s multiple comparisons test. Scale bars, 40 pm, (A-D)
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chronic ADR treatment (ADR + vehicle) led to a significant
reduction in the number of DCX™ cells in hippocampal
GCL and SGZ compared to either control + vehicle and con-
trol + RZ groups (Fig. 4E; P <0.01 and P <0.002, respec-
tively). Treatment with RZ significantly increased the num-
ber of DCX™ cells in the ADR +RZ group compared with
the ADR + vehicle group (P <0.0001) indicating protective
effects against chronic chemotherapy.

Riluzole Reverses Chemotherapy-Induced Decline
in Neurogenesis

In the rodent hippocampus, after differentiation from neu-
ral stem cells, the maturation of newly born neurons takes
approximately 2627 days to express the mature neuronal
marker NeuN. Next, we assessed the impact of RZ treat-
ment and BDNF enhancement on the process of neurogen-
esis in vivo. One week after completion of chronic ADR
treatment (Fig. 1A), female mice were treated with BrdU to
label proliferating neural stem cells. The assessment of neu-
rogenesis (BrdU"-NeuN* dual-labeled cells) was conducted
7-8 weeks after BrdU injection (Fig. SA-D, al-d1). The two-
way ANOVA analysis found a significant RZx ADR interac-
tion (F(; ,4,=38.78, P=0.007) and RZ effect (F; 4)=5.89,
P=0.023) but no ADR effect (F; ,4,=4.12.90, P=0.06).
ADR + vehicle groups showed a significantly reduced
percentage of BrdU*-NeuN™ cells compared with con-
trol + vehicle and control +RZ groups (Fig. SE, P <0.02).
Conversely, treatment with RZ (or augmentation of BDNF),
significantly increased BrdU*-NeuN™ cells in the ADR +RZ
group compared with the ADR + vehicle group (P <0.005).
This data corroborates our findings on regarding the num-
bers of immature neurons (Fig. 4, DCX) and asserts that RZ
treatment is neuroprotective against chemotherapy-induced
loss of neurogenesis.

Riluzole Treatment Reduces Chemotherapy-Induced
Neuroinflammation

Our past studies have shown elevated neuroinflamma-
tion and microglial activation as one of the hallmarks in
the rodent brains exposed to chronic chemotherapy [29,
37, 40]. To assess the effectiveness of RZ treatment on the
status of microglial activation, dual immunofluorescence
staining (Fig. 6A-D) and 3D algorithm-based volumetric
analysis (Fig. 6E) were conducted on brain sections stained
for a pan microglial marker and a lysosomal membrane
protein marker representing microglial activation (IBA1
and CD68, respectively). We found elevated CD68 expres-
sion in the IBA1" microglia (IBA1-CD68 co-labeling)
in the brains of mice exposed to chronic ADR treatment
(ADR + vehicle group). The two-way ANOVA revealed a
significant RZ effect (F(; 59, =7.64, P=0.012) and ADR

effect (F(; 9, =11.68, P=0.003) but no RZX ADR inter-
action (F(; 59,=2.99, P=0.10). Chronic ADR treatment
(ADR + vehicle) significantly increased CD68 immunoreac-
tivity in the IBA1" microglia compared to the control + vehi-
cle and control +RZ groups (P=0.01 and 0.002 respectively,
Fig. 6E). Conversely, RZ treatment significantly reduced
activated microglia in the ADR-treated brain compared to
the ADR + vehicle group (P =0.03). The quantification of
IBA1 immunoreactivity alone did not reveal any significant
differences between groups (Suppl. Fig. S4). These data
provided a plausible link between the RZ treatment- and/or
BDNF augmentation-mediated reduction in the microglial
activation that reverses adverse effects of chemotherapy on
the cognitive function.

Discussion

This study provided pre-clinical evidence that RZ reverses
chemotherapy-induced cognitive decline in a mouse model.
Notably, in chemotherapy-exposed female mice, our data
showed that treatment with RZ improves cognitive perfor-
mance, along with other important observations signifying
the reversal of biochemical and neurobiological underpin-
nings of chemotherapy-induced cognitive decline including
elevated BDNF levels, neurogenesis, and neuroinflamma-
tion compared to vehicle-treated mice. Our results echoed
the findings of other studies reported in the literature where
treatment with RZ arrested cognitive decline in mouse
models of AD, likely mediated through protection of hip-
pocampal neurons [41, 42]. In cultured mouse astrocytes,
RZ is shown to stimulate BDNF and glial cell line-derived
neurotrophic factor (GDNF) synthesis [43].

Several human studies have reported a positive correla-
tion between BDNF levels and improved cognitive func-
tion in cancer patients [44], supporting our hypothesis that
augmenting BDNF has great potential to mitigate CRCI.
Hence, the basis of this study stems from the breadth of
our and others’ clinical data showing a positive correlation
between the low BDNF levels with cognitive dysfunction
in cancer patients receiving cytotoxic chemotherapy [3-7].
We postulated that the effects of chronic chemotherapy
on BDNF expression could persist long after the comple-
tion of chemotherapy and in cancer survivors, resulting in
the long-term CRCI [14]. In our past clinical studies [3,
12, 45], we consistently observed a statistically signifi-
cant decrease in plasma BDNF levels at 6 and 12 weeks
after breast cancer patients were treated with ADR and
cyclophosphamide (ADR-CYP). This association between
reduced BDNF and the higher risk of cognitive decline
was still evident at 24 months post-treatment. These find-
ings suggest that increasing or augmenting BDNF levels
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«Fig.5 Riluzole treatment reverses chemotherapy-induced decline
in neurogenesis. WT adult female mice treated with chronic ADR
(2 mg/kg, i. p., once weekly for 4 weeks) received riluzole (RZ,
13 mg/kg) 24 h later in drinking water for 6 to 7 weeks. One week
after the last ADR injection, mice were treated with BrdU, and hip-
pocampal neurogenesis was quantified using BrdU-NeuN dual-immu-
nofluorescence staining in the dentate gyrus 4 to 5 weeks after BrdU
treatment. Compared to the control + vehicle (A, al) and control + RZ
(B, bl), ADR + vehicle mice (C, c1) showed a significant decline in
neurogenesis, as indicated by the reduced numbers of the percentage
of BrdU" cells (red) differentiating into the mature neurons (green,
NeuN; C, cl, E). RZ-treated mice retained significantly higher num-
bers of dual-fluorescent cells (BrdU*-NeuN"), similar to the con-
trol + vehicle group (E). Orthogonal z stacks (al-d1) for the repre-
sentative dual-labeled BrdU+ -NeuN+ cells (white arrows) are shown
for each group (A-D). Data are presented as mean+SEM (N=6-8
mice per group). P values were derived from a two-way ANOVA and
Bonferroni’s multiple comparisons test. GCL, granule cell layer; DH,
dentate hilus. Scale bars, 50 pm, (A-D), and 5 pm, (al-d1)

in vivo provides a therapeutic avenue to reverse short- and
long-term CRCI.

It has been well established that along with other neuro-
trophins, BDNF plays a major role in cognitive performance,
maintenance of neurogenesis, and neuronal plasticity in the
brain [38, 39]. BDNF is highly expressed in the hippocampus,
cortex, and basal forebrain and has an important role in regions
that are vital to cognitive function, particularly hippocampal-
dependent learning and memory [46]. BDNF plays a neuro-
modulatory role in the maintenance of LTP [10, 11, 39] that
contribute in learning and memory consolidation [47]. Several
studies have linked reductions in BDNF to the pathogenesis of
cognitive disorders, such as AD, with low serum levels corre-
lated with AD and mild cognitive impairment and high serum
levels associated with better cognition in healthy older adults
[8—11]. Our past pre-clinical studies have also shown a sig-
nificant decline in newly born neurons (DCX), hippocampal
neurogenesis (BrdU-NeuN), and loss of neuronal structure and
synaptic density that was accompanied by cognitive dysfunc-
tion following chronic ADR or CYP treatment [29, 37]. As
chemotherapy diminishes dentate neurogenesis, it is plausible
that it is partially linked to a decline in the hippocampal BDNF
levels in the chemo-treated brains. In rat models of chemo-
brain, physical exercise prevented decline in newly born neu-
rons, neurogenesis, apoptosis, and reduced cognitive impair-
ments [48, 49]. Physical exercise or running has been shown to
increase BDNF levels which is linked with improved synaptic
plasticity, spinogenesis, dentate neurogenesis, and improved
cognitive function in rodents [50]. Several human studies
evaluated the role of non-pharmacological interventions such
as cognitive training or integrative therapies to mitigate CRCI
by increasing BDNF levels [44, 51-54]. Taken together, these
pre-clinical and clinical studies supported our pharmacologi-
cal approach to augment BDNF in vivo to protect from the
loss of neurogenesis and thereby cognitive function following
exposure to chemotherapy.

We have observed differences between the control + vehi-
cle and control + RZ groups in Elevated Plus Maze (EPM).
We have also observed significant differences between the
control + vehicle and control +RZ groups in the extinction
training days (days 2 and 3) of the FE task. After the com-
pletion of the extinction training phase (24 h after training
day 3), the extinction test was administered (Fig. 2B), which
serves as one of the benchmarks for the memory consolida-
tion process, and we did not find any statistical significance
(P=0.95) between the control + vehicle and control +RZ
groups. Importantly, for both the tasks, RZ treatment to
the chemo-exposed mice was able to improve anxiety-like
behavior (EPM) and memory consolidation deficits (FE).
Furthermore, RZ treatment did not significantly increase the
release of BDNF in healthy brains not exposed to chemo-
therapy. Albeit, EPM is one of the measures for anxiety-like
behavior. We have also analyzed two other parameters to
determine anxiety-like behavior, including open field activ-
ity (Suppl. Fig. S1) and total time exploring both novel and
familiar locations in the NPR task (Suppl. Fig. S2). However,
we did not find significant differences between the groups
in total distance traveled (Fig. S1-A) and percentage time
spent in the central zone (Fig. S1-B). Similarly, we did not
find significant differences in total time spent exploring both
objects in the NPR task, thereby excluding the possibility
of neophobic behavior of mice in the open arena presented
with objects. These observations indicate that control + RZ
mice are not anxious per se, but it could be a task-specific
behavior. The brain structural physiology and conductivities
may differ between in mice exposed to chemotherapy and
non-exposed to chemotherapy, which could also explain the
differences observed. This is evident in other neurodegen-
erative conditions, such as Parkinson’s disease (PD), where
BDNF expression is downregulated in the pars compacta of
substantia niagra (SN) in the PD patients, which resulting in
the deprivation of dopaminergic neurons from trophic sup-
port and the remaining dopaminergic neurons in SN pro-
duce progressively lower BDNF levels [55, 56]. In contrast,
recurrent limbic seizures elevate BDNF which is linked with
elevated neurogenesis and increased anterograde BDNF
transport in the epileptic hippocampus [57]. The enhance-
ment of BDNF by exogenous sources may be more obvious
in the disease setting comparing to healthy settings. Although
there was no statistically significant enhancement of BDNF
levels after RZ administration in the control female mice
(comparing control 4 vehicle vs. control +RZ), these results
lack clinical relevance because it is unlikely to administer
RZ to patients without exposure to chemotherapy or can-
cer. We have also observed the correlation of BDNF levels
with freezing indices in the extinction test. Elevated freez-
ing behavior was correlated with lower hippocampal BDNF
levels in the ADR + vehicle group, and in contrast, lower
freezing behavior (intact memory consolidation process) was
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CD68/IBA1

Fig.6 Riluzole treatment reduces chemotherapy-induced microglial
activation. Adult female mice were treated with chronic ADR (2 mg/
kg, i.p., once weekly for 4 weeks) and 24 h later received riluzole
(RZ, 13 mg/kg) in drinking water for 6 to 7 weeks. Activated micro-
glia in the hippocampal granule cell layer (GCL) and dentate hilus
(DH) were assessed using dual immunofluorescence staining, laser
scanning confocal microscopy, and 3D algorithm-based volumetric
quantification for IBA1 (green) and CD68 (magenta) dual-labeling.
A-D ADR treatment (ADR+ vehicle group) significantly elevated
the volume of activated microglia (CD68*-IBA1%) in the hippocam-

correlated with higher BDNF in the hippocampus (Suppl.
Fig. S3). Impaired fear extinction memory consoli-
dation in the ADR + vehicle group indicates a dis-
ruption of neural processes involving multiple brain
regions including hippocampus, mPFC, and amyg-
dala [26, 58]. Such Pavlovian conditioning and disso-
ciative learning involve long-term genetic, epigenetic, and
synaptic remodeling [59, 60]. Importantly, the RZ treatment
of the chemotherapy-exposed animals was able to restore
memory consolidation indicating a long-term beneficial
neuro-cognitive impact in the chemobrain.

Our previous pre-clinical studies [29, 37, 40] have also
shown that chemotherapy can interfere with neurogenesis
and elevate neuroinflammation that may culminate into cog-
nitive dysfunction. Furthermore, clinical studies conducted
by our group have observed a correlation between reduc-
tion of BDNF and increase in pro-inflammatory cytokines
such as TNFa« [45, 61]. Treatment with doxorubicin has also
been shown to elevate plasma TNFa in rodents [62] that may
disrupt the blood brain barrier integrity and aggravate neu-
roinflammation, including microglial activation. Increased
levels of pro-inflammatory cytokines and neuroinflammation
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pus compared with either control+ vehicle or control+RZ groups.
ADR-treated mice receiving RZ showed a significantly reduced vol-
ume of CD68*-IBA1* co-labeling compared with the ADR + vehicle
group. al-d1 Higher magnification surface reconstruction for the
IBA1* (green) positive microglia expressing CD68 puncta (magenta)
is shown for the selected cells (white arrows, A-D) in each group.
E Volumetric data for CD68*-IBA1" co-expression is presented as
mean=+SEM (N=6 mice per group). P values were derived from a
two-way ANOVA and Bonferroni’s multiple comparisons test. Scale
bars, 30 pm, (A-D), and 5 pm, (al-d1)

can adversely affect the downstream BDNF signaling [63].
In our study, we have observed that neural stem cells were
protected from microglial activation and thus implying less
reduction of neurogenesis in mice receiving RZ. Data from
this study, along with our past pre-clinical and clinical stud-
ies, corroborate our current findings that in vivo enhance-
ment of BDNF is one of the contributory neuroprotective
factors in the mouse chemobrain model.

A number of mitigation strategies have been investi-
gated to clinically manage CRCI, which include both non-
pharmacological and pharmacological strategies [64, 65].
Unfortunately, the poor effectiveness for majority of the
proposed intervention was likely due to the poor ability
for these to target the underlying mechanisms associated
with CRCI. Recent research has also evaluated whether
novel modalities such as stem cells [66] or exosomes [67]
are able to reverse CRCI. Hence, the utility of transla-
tionally feasible pharmacological strategy in the context
of non-CNS cancer therapy has yet to be established and
remains an area of limited research. Our strategy to aug-
ment BDNF in CRCI has also been trialed in a number of
neurological complications such as AD [68], Parkinson’s
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disease [69], and depression [70]. In the AD, it has been
shown that CREB-mediated transcription is down regu-
lated by p-amyloid peptide in the amyloid plaques, which
can contribute to a decrease of CREB-regulated BDNF
levels. Non-pharmacological strategies such as exercise can
improve learning and memory impairment by upregulating
the BDNF pathway in animal models of AD [68] and in
Parkinson’s disease [69]. Investigators have also evaluated
the efficacy of utilizing Mediterranean diet to improvement
plasma BDNF levels in patients diagnosed with depression
[70]. It is important to note that current interventions are
mostly focused on non-pharmacological strategies, with a
lack of pharmacological agents demonstrating the effec-
tiveness to improve disease as well as associated BDNF
levels.

We acknowledge that in addition to protection of neu-
rogenesis, RZ-mediated beneficial neuroprotective effects
in the chemobrain model are likely mediated through other
neuronal mechanisms including maintenance of neuronal
plasticity or LTP, protection of dendritic structure, spine
density, and synapses. For example, AD mice treated with
RZ had long-term memory comparable to the age-matched
controls that was hypothesized to be mediated through
reducing glutamate release during early AD as glutamin-
ergic hyperactivity is known to cause a neurotoxic effect
on hippocampal neurons [41, 42]. The eventual goal of our
approach is to test this pharmacologic strategy in a clini-
cally relevant, cancer-bearing model receiving combination
chemo- or radiation-therapy to broaden its prospects to ame-
liorate CRCI. Based on the results of our study, we posit
that the use of RZ is likely most beneficial in patients who
are receiving chemotherapy (such as ADR) who are at high
risk for CRCI. However, before RZ can be utilized in the
clinical setting, it is vital to ensure that RZ does not interfere
with chemotherapy, and the safety/efficacy of RZ needs to be
tested in the pre-clinical mouse models of cancer receiving
chemotherapy to recapitulate clinical scenario.

Conclusion

In summary, our data provides pre-clinical evidence for
a translationally feasible pharmacological approach, oral
delivery of riluzole, to augment BDNF in vivo to mitigate
cancer chemotherapy-induced adverse impact on neurogen-
esis, microglial activation, and cognitive function.
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