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Abstract

Radiotherapy, surgery and the chemotherapeutic agent temozolomide (TMZ) are frontline
treatments for glioblastoma multiforme (GBM). However beneficial, GBM treatments nevertheless
cause anxiety or depression in nearly 50% of patients. To further understand the basis of these
neurological complications, we investigated the effects of combined radiotherapy and TMZ
chemotherapy (combined treatment) on neurological impairments using a mouse model. Five
weeks after combined treatment, mice displayed anxiety-like behaviors, and at 15 weeks both
anxiety- and depression-like behaviors were observed. Relevant to the known roles of the
serotonin axis in mood disorders, we found that SHT1A serotonin receptor levels were decreased
by ~50% in the hippocampus at both early and late time points, and a 37% decrease in serotonin
levels was observed at 15 weeks postirradiation. Furthermore, chronic treatment with the selective
serotonin reuptake inhibitor fluoxetine was sufficient for reversing combined treatment-induced
depression-like behaviors. Combined treatment also elicited a transient early increase in activated
microglia in the hippocampus, suggesting therapy-induced neuroinflammation that subsided by 15
weeks. Together, the results of this study suggest that interventions targeting the serotonin axis
may help ameliorate certain neurological side effects associated with the clinical management of
GBM to improve the overall quality of life for cancer patients.

INTRODUCTION

Clinical radiation therapy for primary and secondary central nervous system (CNS)
malignancies can induce a wide spectrum of learning and memory deficits, adversely
affecting spatial, temporal and working memory (1, 2). Many of these debilitating
impairments are progressive and persistent, and show little to no decrease over the remaining
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lifetime of patients. In addition, a significant number of brain tumor patients develop mood
disorders that further compromise quality of life (3). Glioblastoma multiforme (GBM) is the
most aggressive primary brain tumor. Temozolomide (TMZ) is currently used as a first-line
concurrent and adjuvant chemotherapeutic agent, increasing both overall and progression-
free survival in GBM patients (4). Furthermore, GBM patients typically receive whole-brain
fractionated X-ray irradiation to a total dose of 60 Gy delivered in 2 Gy fractions over 6
weeks (5, 6). Such clinically relevant radiation exposures have clearly been shown to induce
cognitive impairments (1, 2); treatment using radiotherapy and TMZ (combined treatment)
has similarly been shown to elicit significant adverse neurocognitive side effects (4, 6).
Although long-term survivors of GBM suffer from depression (7) and anxiety (8, 9), few
studies have been done to systematically analyze the effect of combined treatment on mood
(10,11). Given the number of cancer patients suffering from mood disorders (3), it is crucial
to investigate the effects of combined treatment on anxiety and depression, and to identify
the underlying molecular mechanisms that are disrupted as a result of the combined
treatment paradigm.

The neuropathologies underlying mood disorders are not well understood; however, in
humans the regions of the brain most commonly observed to be dysregulated in such
disorders include the prefrontal and subgenual cingulate cortex, thought to be involved in
emotional experience and processing, and the subcortical hippocampus and amygdala, which
are involved in emotional memory formation and memory retrieval (12). Therapies involving
vagus nerve stimulation have shown some efficacy and are thought to alter levels of
serotonin, norepinephrine, GABA and glutamate, correcting dysfunctional neurotransmitter
modulatory circuits in the brains of patients with depression (12). Dysfunction in
serotonergic neurotransmission is closely associated with major depressive disorders (13),
whereby reduced 1-tryptophan synthesis, altered release or reuptake of serotonin (5-HT) or
disruption of postsynaptic 5-HT receptors, can lead to depression (14, 15). Similarly,
depletion of presynaptic stores of 5-HT by reserpine elicits depression-like syndromes both
in animals and in humans (16, 17). Conversely, increased concentrations of 5-HT in the
brains of patients treated with the monoamine oxidase inhibitor iproniazid experience
euphoria and hyperactive behaviors (17). Hippocampal deficits in the G protein-coupled
5HT1A receptor (5SHT1AR) are also associated with depression in patients (15) and in
animal models of chronic, stress-induced psychiatric disorders (18, 19). The most commonly
prescribed antidepressant is the selective serotonin reuptake inhibitor (SSRI) fluoxetine
(FLX), widely known under the brand name Prozac® (20, 21). FLX enhances serotonergic
neurotransmission in the CNS by inhibiting 5-HT reuptake. Microdialysis studies of rats
have shown that acute administration of FLX increases the 5-HT content in the dialysate in
both the raphe nucleus (22) and striatum of the brain (23), and that chronic administration of
FLX promotes increased hippocampal neurogenesis (24).

In the current study, the emotional and cognitive effects of combined treatment in mice, at
early and late times (5 and 15 weeks, respectively) postirradiation, were evaluated in the
absence of confounding underlying disease (i.e., GBM) and with an emphasis on the
serotonin axis within the hippocampus (Fig. 1A). The outcome of these experiments
suggests that combined treatment elicited anxiety- and depression-like behavior, and
impaired learning and memory. Furthermore, the data indicated that combined treatment
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elicits decreased expression of SHT1AR at both early and late times after treatment and
decreased 5-HT levels at 15 weeks postirradiation. However, treatment with the SSRI FLX
reversed combined treatment-induced depressive-like behavior at 15 weeks postirradiation in
mice. Previously reported studies from our laboratory have indicated that cranial irradiation
or systemic chemotherapy results in elevated neuroinflammation (25, 26). Similarly, our
current study revealed increased microglial activation in the CA1 and CA3 regions of the
hippocampus 5 weeks postirradiation, which subsided 10 weeks later, suggesting transient
combined treatment-induced neuroinflammation. Together, these new data implicate
impaired serotonin signaling in the mouse brain receiving combined treatment, as a factor
contributing to early and persistent neurocognitive deficits observed after combined
irradiation and TMZ treatment.

MATERIALS AND METHODS

Animals and Combined Radiation and TMZ Treatment

All animal procedures described in this study were in accordance with NIH guidelines and
approved by the University of California Irvine and Stanford University Institutional Animal
Care and Use Committees. Unique cohorts used for the 5- and 15-week studies were divided
into two experimental groups (control and combined treatment). Each cohort consisted of 6-
month-old wild-type male mice (C57BL/6J, JAX), housed in groups of 2—4 mice per
individually-ventilated cage and maintained in standard housing conditions (20°C £ 1°C;
70% = 10% humidity; 12:12 h light-dark schedule) and provided ad /ibitum access to food
(Envigo Teklad 2020x, Indianapolis, IN) and water.

Animals were randomized between experimental groups without any pre-selection criteria.
For cranial irradiation, isoflurane-anesthetized mice were placed in an X-RAD 320 irradiator
(Precision X-ray Inc, North Branford, CT) without restraint. Mice were positioned under a
collimated (1.0 cm? diameter) beam for head-only irradiation, such that the cerebellum, eyes
and rest of the body were shielded from exposure to radiation. The irradiator was equipped
with a hardening filter to eliminate low-energy X rays and minimize skin damage. X-ray
irradiation was delivered at a dose rate of 1.10 Gy/min. Mice received three fractionated X-
ray doses on alternating days (8.67 Gy each day) for a total dose of 26 Gy. Mice received
three concomitant doses of TMZ (25 mg/kg, in 1% ethanol) via intraperitoneal (i.p.)
injection in the first week, alternating with fractionated irradiation. For the subsequent three
weeks, mice received nine additional adjuvant TMZ (67 mg/kg i.p.). TMZ dosing was based
on human studies using a concomitant dose of 75 mg/m? and an adjuvant dose of 200
mg/m2. TMZ doses were calculated for mice using the human equivalent dose formula
reported elsewhere (27). Altogether, the above-described treatment paradigm is referred to as
combined treatment and is reflective of the Stupp protocol, which is currently in use in
clinical cancer treatments (6). Control mice were sham irradiated and received vehicle
injections on the same schedule as the mice receiving combined treatment.

Follow-up studies consisted of additional cohorts of animals. The first cohort included three
groups of mice that received 26 Gy irradiation alone (plus vehicle injections), 12 doses of
TMZ alone or vehicle injections (1% ethanol solution) for comparison to combined
treatment. The second cohort included three groups that received combined treatment,
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combined treatment with FLX (25 mg/kg/day) or vehicle to evaluate the efficacy of FLX to
reverse combined treatment-induced depression. FLX-HCI (Selleckchem, Houston, TX) was
administered during weeks 6-15 in the drinking water, starting one week after the final TMZ
injection. FLX solutions were protected from light in opaque water bottles that were
replaced every 3 days (28-30).

The body weights of all mice were recorded prior to receiving drug injections in week 1
through week 4. In the five-week study, the mean weight of control mice was 33.5 + 0.66 g
at week 1 and 34.2 + 0.74 g at week 4, and the mean weight of mice receiving combined
treatment was 33.0 + 0.55 g at week 1, falling to 27.1 + 0.53 g by week 15. In the 15-week
study, the mean weight of control mice was 31.2 + 0.47 g at week 1 and 31.9 + 0.40 g at
week 4, and the mean weight of mice receiving combined treatment was 32 + 0.47 g at week
1, falling to 29.8 £ 0.38 g by week 4.

Behavioral Testing

All behavioral tests were performed during the light period of the day in the vivarium
light:dark cycle. Data were collected and analyses performed by independent observers who
were blinded to the animal treatment groups.

Open field test (OFT) for anxiety-like behavior.—In the OFT, the more time the
rodent spends hugging the walls of the arena, the more anxious it is thought to be, while
exploring the center of the arena is a measure of exploration or boldness.(31). The open field
was comprised of a well-lit (915 lux) acrylic box (30 x 30 x 30 cm). Mice were placed in the
center of the box and allowed to explore for 5 min (31). The total distance traveled by each
mouse and the total time spent in the central zone (15 x 15 cm) of the box were analyzed
using EthoVision® XT version 8.5 software (Noldus Information Technology, Sterling, VA).
Less time spent in the central area of the box demonstrates anxiety-like behavior in the
mouse (31). At the end of 5 min, each animal was removed and the arena was thoroughly
cleaned with ethanol.

Elevated plus maze (EPM) test for anxiety-like behavior.—The EPM was
comprised of an acrylic surface with four elevated arms (75 cm above the floor, 110 cm long
and 10 cm arm width) with two opposing arms enclosed with 42-cm high walls (i.e., closed
arms). The maze was subdivided into five different zones: two open arm zones, two closed
arm zones and a central zone (10 x 10 cm) where the arms intersect. The light intensity at
the open arms of the EPM was 915 lux. Mice were initially placed in the central zone of the
EPM, with their head facing towards a closed arm. Each mouse was allowed to freely
explore the maze for 5 min. The frequency of entries and the amount of time spent in each
arm was video recorded. Entry into a zone was defined as all four paws of the mouse
crossing into a new zone. At the end of 5 min, each mouse was removed from the EPM and
placed back in its home cage. The EPM apparatus was thoroughly cleaned between each
trial to prevent any influence of odor-related cues from the previous animal.

Light-dark box (LDB) exploration test.—The LDB exploration test assesses anxiety in
rodents. The light-dark test utilized an arena (45 x 30 x 27 cm) where one third of the box
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was a dark compartment and the other two thirds was a well-lit compartment. The light and
dark compartment were connected via a small opening (7.5 x 7.5 cm) that allowed the mice
to freely move between the light and dark compartments. The light intensity measured in the
light chamber was 900 lux and 4 lux in the dark chamber. Mice were placed at the center of
the light compartment facing opposite to the small opening. The number of transitions
between the compartments and the total time spent in the light compartment was recorded to
quantify performance in this 10-min test. Entry into a chamber was defined as all four paws
crossing into the chamber.

Forced swim test (FST) for depression-like behavior.—The FST involved placing a
mouse inside a cylinder filled with water, after which the mobility of the animal was
measured for 5 min. Increased time spent immobile and floating indicates depression-like
behavior (32). The apparatus for the FST was a glass beaker (inner diameter of 15 cm, depth
of 20 cm) filled with tap water (20-22°C) to a depth of 16 cm. The depth of water used
ensured that the animal could not touch the bottom of the container with their hind paws or
their tail. Mice were placed in the FST apparatus for a single video-recorded session lasting
5 min. Data were collected on the immobility or swimming behavior of the mouse by two
independent observers who were blinded to the animal groups. The light intensity was 915
lux. Swimming in the FST was defined as the horizontal movement of the animal in the
swim chamber or vertically directed movement with forepaws mostly above the water along
the wall of the swim chamber. However, immobility or floating was defined as the minimum
movement necessary to keep the head above the water level. Mice were removed from the
water at the end of 5 min and gently dried and placed back in their home cages. The total
immobility time spent over the trial duration was calculated for every mouse and was used to
quantify depression-like behavior (32).

Morris water maze (MWM) test.—The MWM test was used to study the effect of
combined radiation and TMZ treatment on spatial memory. The MWM was comprised of a
circular pool (121.9 cm diameter, 72 cm high) filled with water to a depth of 52 cm to
prevent mice from escaping the tank. There was a hidden platform (11.43 cm diameter) 2 cm
below the water surface. The four geometrical cues that surround the maze provide for
spatial learning and navigation with respect to the submerged platform. To conceal the
platform, the water was made opaque using nontoxic white paint. During an initial training
period, mice participated in three trials per day for six consecutive days. Rodents were
placed in different quadrants of the tank in a random sequence and then allowed to swim
until they found the slightly submerged platform. The platform was in the same quadrant of
the tank throughout the test period. Task completion was defined as successfully finding and
staying on the platform for at least 2 s. Mice were then allowed to remain on the platform for
10 s to reinforce the platform quadrant location before being returned to their home cage.
Mice unable to locate the platform within 60 s were assisted to the platform where they were
allowed to remain for 10 s and were assigned a maximum time of 60 s. To test memory
retrieval, on day 7 a probe trial was performed where the platform was removed. Mice were
placed in one quadrant and allowed to swim for 60 s and the times spent swimming in each
quadrant were analyzed. Data were analyzed using EthoVision XT version 8.5 software. The
light intensity at the surface of the water was 16 lux.
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Electrophysiology

At 4 months postirradiation and TMZ treatment, mice were deeply anesthetized and rapidly
decapitated. Brains were immediately immersed in ice-cold cutting solution containing (in
mM): 85 NaCl, 75 sucrose, 25 glucose, 24 NaHCO3, 4 MgCls, 2.5 KClI, 1.25 NaH,PO,4 and
0.5 CaCl,. Coronal slices (300 um) containing the hippocampus were prepared using a
vibratome (Leica Biosystems, Nussloch, Germany). Brain slices were then incubated in
35°C cutting solution for 1 h. Prior to recording, brain slices were transferred to artificial
cerebrospinal fluid (aCSF) consisting of (in mM): 126 NaCl, 26 NaHCOs3, 10 glucose, 2.5
KCI, 2 MgCl,, 2 CaClsy, 1.25 NH,PO,. All solutions were equilibrated with 95% 0,/5%
COs.

Intracellular recordings were performed in a submerged chamber perfused with oxygenated
aCSF at 2.5 ml/min and maintained at 33°C by a chamber heater (BadController V, Luigs &
Neumann Feinmechanik und Elektrotechnik GmbH). Hippocampal neurons were visualized
using DIC illumination on an Olympus BX61WI microscope (Olympus Microscopy, Tokyo,
Japan) with a CCD camera (Hamamatsu Photonics, Bridgewater, NJ). Recording pipettes
were pulled from thin-walled borosilicate capillary glass (King Precision Glass Inc.,
Claremont, CA) using a P97 puller (Sutter Instrument, Novato, CA) and were filled with (in
mM): 126 K-gluconate, 10 HEPES, 4 KCI, 4 ATP-Mg, 0.3 GTP-Na, 10 phosphocreatine
(pH-adjusted to 7.3 with KOH, osmolarity of 290 mOsm). Pipettes had a 3-5 MQ tip
resistance.

Whole-cell recordings were performed on CA1 superficial layer pyramidal neurons in the
ventral hippocampus. Firing properties were assessed during injected current steps (=200 to
750 pA, 1 s). Input resistance was calculated from the change in steady-state membrane
potential resulting from hyperpolarizing current injections, while sag was measured as the
difference between the steady-state and peak negative potential during a =100 pA
hyperpolarizing current injection. SEPSC activity was measured while neurons were held at
—-65 mV and the decay time constant was calculated as the time required for the average
SEPSC recorded from each neuron to return to 63% of baseline levels. Series resistance was
compensated at 65% during all SEPSC recordings via Axon™ MultiClamp™ software
(Molecular Devices, Sunnyvale, CA).

Data were acquired using the following, all from Molecular Devices: pClamp software with
a Multiclamp 700B amplifier, low-pass filtered at 2 kHz, and digitized at 10 kHz (Digidata
1440A). Data analysis was performed using Clampfit (Molecular Devices) and custom-
written Python scripts.

Immunohistochemistry

After completion of all behavioral tests, 4 mice from each group were perfused with 4%
paraformaldehyde and 30-um thick coronal sections were prepared using a cryostat. For
each end point, 3—4 representative coronal brain sections from each of 4 animals per
experimental group were selected at approximately 15-section intervals.
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Quantification of CD68-positive Activated Microglia

To visualize activated microglia, 30-pm thick brain sections were washed in phosphate
buffered saline (PBS), subjected to peroxide treatment (30%) for 30 min, followed by
blocking for 30 min in 2% (wt/vol) goat serum and then incubated with a primary antibody
mixture containing 2% goat serum, 0.1% Triton™ X-100 and rat antimouse CD68 (1:500;
AbD Serotec/Bio-Rad, Raleigh, NC) for 24 h. Sections were then treated for 1 h with
biotinylated rabbit anti-rat antibody (1:500; Vector® Laboratories, Burlingame, CA), rinsed
thoroughly in PBS, treated in VECTASTAIN® ABC kit (Vector Laboratories) for 30 min,
processed for color development (Vector Gray, ZE 0419) for 5 min and mounted on gelatin-
coated slides. Sections were counterstained with nuclear fast red after 24 h. Unbiased
stereology was undertaken to quantify CD68* cells. Stereologic quantification was
conducted using a Nikon Eclipse TiE microscope (Tokyo, Japan) with an MBF CX9000
color digital camera, a 100x oil-immersion (1.30 NA) objective lens, a 3-axis stage and
Stereo Investigator software version 9 (MBF Bioscience, Williston, VT). For each animal,
CD68™ cells were quantified based on stereological principles, where each measuring frame
was 65 x 65 um, laid on a grid size of 125 x 125 pm to encompass the subregional contour
using the optical fractionator workflow. The Gundersen coefficient error, representing the
standard error of the mean of repeated estimates divided by the mean, was in the range of
0.05-0.10 for all counts in this study.

Quantification of 5SHT1AR Puncta

To visualize serotonin receptor expression, sections from the anterior hippocampus were
immunostained for the SHT1A receptor. Sections were initially washed in PBS (pH 7.4),
blocked for 30 min in PBS containing 2% (wt/vol) bovine serum albumin (BSA), then
incubated for 24 h in a primary antibody mixture of PBS containing 1% BSA, 0.1% Triton
X-100 and rabbit polyclonal 5SHT1AR (1:100; reacts with mouse and affinity purified by
protein A; Biorbyt LLC, St. Louis, MO). The next day, after PBS washes, sections were
incubated for 1 h with a mixture of secondary donkey anti-rabbit 1gG tagged with Alexa
Fluor® 594 (1:100; Invitrogen™, Carlsbad, CA), rinsed thoroughly in PBS, and then
mounted on slides using a slow fade/antifade mounting media (Life Technologies, Carlsbad,
CA). Image stacks composed of nine z planes (0.5-um spacing) were generated using a
Nikon Eclipse TE 2000-U microscope. Three 60x images from the stratum radiatum and
stratum lacunosum-moleculare layer of CA1 region and two 60x images of the CA3 region
from each hippocampus were captured. The receptor number in each image was counted
using Imaris software (Bitplane AG, Zurich, Switzerland). Each constituent image
comprising the Z-stack had a resolution of 1,024 x 1,024 pixels. To optimize the
quantification of immunore-active 5SHT1A receptor puncta, confocal Z-stacks were first
deconvoluted using AutoQuant X3 software (Media Cybernetics Inc., Rockville, MD) to
correct Z-axis distortion. High-resolution images were then exported into Imaris for 3D
deconvolution using a predefined diameter threshold (0.5 pm). The density of the SHT1A
receptor labeling was then quantified by conversion to a 3D surface, derived from confocal
Z-stacks. Both the spot analysis and minimum surface diameter parameters were manually
adjusted to optimize puncta detection and kept constant thereafter for all subsequent
analyses (33).
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High-Performance Liquid Chromatography (HPLC) Measurement of Serotonin

Sample preparation.—Mice were anesthetized with isoflurane and then decapitated, after
which both hippocampi were dissected out and immediately frozen in liquid nitrogen, prior
to storage at —80°C. Each hippocampus was weighed and homogenized in a 20x volume of
homogenizing buffer on ice. The homogenizing buffer consisted of a 1:1 solution of
acetonitrile and methanol. Brain samples were homogenized (Polytron®) for 2 min and then
subjected to sonication for 1 min in a Digital Sonifier® Branson Ultrasonics, Dansbury, CT).
Samples were centrifuged at 13,000¢g for 15 min and the supernatant was decanted into a
glass vial. To maximize recovery of serotonin from samples, each pellet was again
homogenized with an additional 100 pl of homogenizing buffer, followed by sonication and
centrifugation. The supernatant from both extractions was combined and dried under
nitrogen air on ice. The dried samples were reconstituted with 100 pl of homogenization
buffer in preparation for injection into an HPLC column.

Standard solutions.—Serotonin hydrochloride (Sigma-Aldrich® LLC, St. Louis, MO
was used as a reference standard. The standard stock solutions were prepared by dissolving
the compound in a solution of LC-MS grade 1:1 acetonitrile and methanol. A set of
serotonin standards was prepared in a range from 10-2,500 pg/5 pl and was run
simultaneously with brain-derived samples described above.

Gradient elution.—Chromatographic analysis was performed using a 1.7-um BEH Amide
column, 2.1 x 50 mm (Waters® Corp., Milford, MA) under HILIC conditions. For mobile
phase A, 0.1% formic acid in water (LC-MS grade; Honeywell Intl. Inc., Morris Plains, NJ)
was used, and for phase B, acetonitrile (LC-MS grade; Honeywell) was used. The injection
volume for all standards was 5.0 ul and that of brain extract was 10 pl. The flow rate was 0.4
ml/min. A step gradient elution was performed as follows: starting with 90% B to 3.51 min
and at 3.51 min change to 40% B to 5.50 min. Re-equilibration to the original condition was
done for 15 min.

Instrumentation

Statistics

The HPLC system consisted of a 1200 series degasser, binary pump and autosampler
(Agilent Technologies, Santa Clara, CA). An Agilent 1290 fluorescent detector was used
with 279-nm excitation and 320-nm emission. Both fluorescence excitation and emission
spectra were obtained during the runs to further identify the serotonin peaks. Data were
acquired and analyzed using Agilent OpenLab CDS with ChemStation.

All statistical analyses were performed using either GraphPad Prism data analysis software
version 7.03 (LaJolla, CA), or for whole cell recordings, custom-written Python scripts. For
analyses of OFT, EPM, LDB, FST, immunohistochemistry data, HPLC measurements of
serotonin, the different parameters from control and combined treated groups were assessed
using unpaired Mann-Whitney U test. For combined treatment with or without FLX, one-
way analysis of variance (ANOVA) was used. Data pertaining to spatial learning in the
MWM (i.e., latencies to reach platform and swim speed in successive learning sessions)
were analyzed using two-way RM-ANOVA followed by Bonferroni’s multiple comparisons
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test. Water maze probe tests (i.e., dwell time in platform quadrant and proximity to the
platform) were compared using paired Student’s ftests. For whole cell electrophysiology
recordings, all differences between treatment groups were evaluated using two-tailed #tests
run in Python. Data are expressed as mean = SEM from a minimum of three independent
measurements. *P< 0.05, **P< 0.01 and ***P < 0.001. Statistical significance was
assigned at £< 0.05.

Combined Treatment Elicits Anxiety and Depression-like Behaviors

Five or 15 weeks after final irradiation, mice receiving combined treatment or concurrent
control treatment were tested for anxiety-like behavior using open-field testing (OFT), the
elevated plus maze (EPM) and light-dark box exploration (LDB) (Fig. 1A). The OFT is used
for measuring exploratory behavior in a novel arena, providing an indication of fear or
anxiety-like tendencies, whereby mice with less anxiety explore over greater distances and
spend more time in the central part of the open field (31). As such, we tracked each mouse
as it freely explored an arena for 5 min (Fig. 1B-E). At 5 weeks postirradiation, mice
receiving combined treatment traveled a shorter total distance than control animals and also
spent less time in the center of the field, suggesting a combined treatment-induced anxiety
phenotype (Fig. 1B and C, £=0.003 and P= 0.02, respectively). This behavior was
similarly observed at 15 weeks postirradiation (Fig. 1D and E, £=0.0004 and P = 0.05,
respectively), indicating persistence of this combined treatment-related anxiety-like
behavior.

To further assess anxiety-like behavior after combined treatment, mice were evaluated on the
EPM (Fig. 2A and B). In this test, animals with increased anxiety spend more time in the
closed arms than in the open arms of the maze and will enter the open arms less frequently
(34). At 5 weeks postirradiation, both the combined treatment and control mice spent an
equivalent amount of time in the open arms; however, the mice that received combined
treatment showed subtle signs of anxiety-like behavior by avoiding entry into the open arms
(Fig. 2A, P=0.3 and P=0.04, respectively). At 15 weeks postirradiation, mice receiving
combined treatment displayed anxiety-like behavior by spending less time than control mice
in the open arms (Fig. 2B, £=0.002). Interestingly, the mice that received combined
treatment also displayed some characteristics of decreased anxiety, with an increased
preference for entering the open arms of the maze at 15 weeks postirradiation compared to
the control mice (Fig. 2B, £=0.009). While somewhat discordant, the results of the EPM at
15 weeks postirradiation consistently demonstrated that combined treatment induced
elements of anxiety-like behavior compared to control mice.

As a third measure of anxiety-like behavior, mice were also subjected to the LDB
exploration test (Fig. 2C and D). As with the EPM, animals exhibiting anxiety-like behavior
are less willing to spend time in the bright chamber and transition less frequently between
the light and dark chambers than normal control mice. At 5 weeks postirradiation, mice
receiving combined treatment showed no significant preference for either compartment,
(Fig. 2C, P=0.2), but did make significantly fewer transitions between the light and dark
compartments (Fig. 2C, £=0.007). These data again suggest that combined treatment may
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elicit increased anxiety-like behavior at early times after treatment. Similarly, while mice
that received combined treatment showed no significant aversion to the light compartment at
15 weeks postirradiation compared to concurrent controls (Fig. 2D, P= 0.4), they also made
fewer transitions between the light and dark compartments (Fig. 2D, 2= 0.04). Together,
open field, elevated plus maze and light-dark box exploration tests suggest that mice
receiving combined treatment may exhibit some induced anxiety-like behavior at early times
after treatment, which are persistent and may become more pronounced at later times after
treatment.

Because depression is a common side effect of combined radiation and TMZ treatment in
patients, the mice receiving combined treatment and the concurrent control mice were also
tested for depression-like behavior using the forced swim test (FST) (Fig. 2E). At 5 weeks
postirradiation, no depression-like changes were observed in the time in which the combined
treatment group spent floating compared to control animals (Fig. 2E, = 0.6); however, at
15 weeks after combined treatment, the treated mice displayed significant depression-like
behavior, spending much more time floating, compared to the control mice (Fig. 2E, P=
0.009). Thus, these findings suggest that the combination of X rays and TMZ might elicit
delayed onset of depressionlike behavior in mice.

Individual Irradiation or TMZ does not Induce Anxiety

To emphasize the effect of combined treatment on anxiety- or depression-like behaviors,
independent cohorts of mice that received 26 Gy fractionated irradiation alone or TMZ
treatment alone compared to concurrent controls were also tested for impairments at 15
weeks after treatment using the same battery of behavior tests employed to evaluate the
effects of combined treatment (Fig. 3). The OFT demonstrated that neither the irradiated nor
the TMZ-treated mice exhibited reductions in total distance traveled or time spent in the
center relative to concurrent control mice [Fig. 3D, F(2,30) = 2.55, P=0.1; and Fig. 3E,
F(2,30) = 2.00, A= 0.2, respectively], distinctly in contrast to the findings at 15 weeks after
combined treatment. Similarly, mice administered 26 Gy irradiation or TMZ alone spent the
same percentage of time in the open arms of the EPM, unlike the mice that received
combined treatment (Fig. 2B), and made the same percentage of entries into the open arms
at 15 weeks after treatment as the controls [Fig. 3F, F(2,30)=0.70, £=0.5; and Fig. 3G,
F(2,30)=0.27, P= 0.8, respectively]. Furthermore, while mice that received combined
treatment made fewer transitions between the light and dark chambers in the LDB (Fig. 2D),
the mice that received either 26 Gy irradiation or TMZ treatment alone spent similar
amounts of time in the light compartment compared to each other and to the control mice,
and had similar numbers of transitions between the light and dark compartments, also
compared to each other and to controls [Fig. 3H, F(2,29) = 0.15, = 0.9; and Fig. 3lI,
F(2,29) = 1.44, P= 0.3, respectively]. These data suggest that combined treatment is more
likely to induce anxiety-like behavior than either fractionated cranial radiotherapy or
chemotherapy alone. However, similar to the mice receiving combined treatment (Fig. 2E),
the 26 Gy fractionated radiation alone was capable of inducing depression-like behavior at
15 weeks postirradiation, whereby the mice displayed increased immobility compared to
controls (Fig. 3J, £=10.006). Mice treated with TMZ alone performed in a manner similar to
control animals [P= 0.5, F(2,27) = 5.24, P=0.01].
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Cognitive Performance is Persistently Disrupted in Mice that Received Combined

Treatment

In patients, radiotherapy for CNS malignacies is known to induce a variety of learning and
memory deficits (1, 2). Therefore, the Morris water maze (MWM) test was utilized to
evaluate spatial learning and memory in mice that received combined treatment, at 15 weeks
postirradiation (Fig. 4). While the swim velocity of both the combined treatment and control
groups decreased across training days 1-6 [F(5,100) = 19.09, £ < 0.0001], there was no
difference in velocity between the two groups on any given training day [Fig. 4A; F(1,20) =
1.33, £=0.3]. As the mice learned the water maze task, both treatment groups showed
progressive decreases in their latency to reach the hidden platform across training days
[F(5,100) = 17.56, < 0.0001] and likewise, both groups exhibited similar latencies to reach
the platform [Fig. 4B; F(1,20) = 2.47, P=0.1].

In a probe trial performed 24 h after the final training session (day 6), two-way ANOVA
demonstrated no quadrant effect [F(3, 60) = 2.39, £=0.08] and no significant group X
quadrant interaction [F(3, 60) = 0.66, A= 0.6]. However, significant differences within the
control group were found in the times spent between the platform quadrant and the right or
opposite quadrants, indicating intact memory retrieval from the six days of training (Fig. 4C;
P=0.05, paired Student’s ¢test). Conversely, mice that received combined treatment
demonstrated impaired memory retrieval when searching for the previously learned platform
location, exhibiting almost equal affinity for all four quadrants (Fig. 4D; 2> 0.05, paired
Student’s ttest). Further analysis evaluating the number of crossings and time spent within
the platform zone indicated no differences between the combined treatment and control
groups (Fig. 4E and F).

Combined Treatment Does Not Alter the Electrophysiological Properties of CA1 Pyramidal

Neurons

Since many of the cognitive deficits induced by radiation and chemotherapy have been
linked to hippocampal impairments (33), electrophysiological properties of CA1 pyramidal
neurons were determined after completion of behavior testing for the 15-week
postirradiation mice. The employed paired cell recordings represent a highly sophisticated
and sensitive method of evaluating synaptic connections. Because the behavioral data
indicated that combined treatment produces greater disruptions in anxiety and depression-
like behaviors than disruptions in learning and memory performance, the ventral portion of
the hippocampus was targeted for electrophysiological analysis. While the dorsal
hippocampus has a more prominent role in spatial learning tasks (35), signaling from the
ventral hippocampus is important in the regulation of anxiety and depression behavior (36—
38).

No discernable changes were observed in the electrophysiological properties of CA1
superficial layer pyramidal neurons in the ventral hippocampus after combined treatment
(Fig. 5). The resting membrane potential of neurons in both treatment groups remained
equivalent during whole-cell recordings (Fig. 5A; control: =66.7 £ 0.4 mV, n = 16 cells;
combined treatment: —66.3 = 0.4 mV, n = 25 cells; 2= 0.5). Furthermore, CAL pyramidal
neurons from control mice and those receiving combined treatment were subjected to a
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range of brief current injections to test for changes in cell-intrinsic properties (Fig. 5B).
Combined treatment neither altered the input resistance of CA1 pyramidal neurons (Fig. 5C;
control: 107 + 6.3 MQ, n = 16 cells; combined treatment: 100 £ 5.2 MQ, n = 25 cells; P=
0.4), nor the amplitude of the hyperpolarization sag when neurons were injected with a =100
pA current (Fig. 5D; control: 1.7 £ 0.20 mV, n = 16 cells; combined treatment: 1.7 £ 0.12
mV, n = 25 cells; £=0.9). Additionally, the excitability of CA1 pyramidal neurons was not
altered in mice that received combined treatment, with the same rheobase current-evoking
action potentials in both treatment groups (Fig. 5B and E; control: 122 + 16.4 pA, n =16
cells; combined treatment: 120 + 5.8 pA, n = 25 cells; £=0.9).

The spontaneous, excitatory, postsynaptic activity received by CA1 pyramidal neurons was
also unaltered by combined treatment (Fig. 5F). CAL pyramidal neuron spontaneous
excitatory postsynaptic current (SEPSC) frequency remained at similar levels in control (2.4
+ 0.42 Hz, n = 16 cells) and animals receiving combined treatment (Fig. 5G; 2.6 + 0.30 Hz,
n =25 cells; P=10.7). To examine differences in the SEPSC properties within individual
neurons, all SEPSCs detected within a 200-s recording period from that cell were averaged
together to generate a standard profile (Fig. 5H). Neither the amplitude of SEPSCs (Fig. 5I,
control: 13.4 £ 0.86 pA, n = 16 cells; combined treatment: 13.9 £ 0.73 pA, n = 25 cells; P=
0.67), nor the rate at which sEPSCs decay (Fig. 4J; control: 7.5 + 0.37 ms, n = 16 cells;
combined treatment: 7.7 + 0.33 ms, n = 25 cells; P=0.7) was altered by combined
treatment. Thus, combined treatment did not appear to affect excitatory network activity
within the hippocampus of mice in the 15-week postirradiation study.

Microglial Activation is Acutely Elevated by Combined Treatment

Microglia are the primary immune cells of the CNS, responding to injury or disease by
removing damage-related debris from the brain and serving a neuroprotective function.
However, persistent microglial activation is a hallmark of increased inflammation and is one
of the detrimental side effects linked to normal tissue injury after clinically relevant radiation
or chemotherapy treatments (25, 26). Therefore, the number of CD68* activated microglia
was quantified for mice receiving combined treatment and control mice (Fig. 6). At 5 weeks
postirradiation, stereology counting revealed a doubling in the number of activated microglia
in the CA1 (Fig. 6A, B and E) and CA3 (Fig. 6C, D and F) hippocampal regions of mice
receiving combined treatment compared to their concurrent controls (Fig. 6E and F; P>
0.05). However, by 15 weeks postirradiation the number of CD68* microglia in the CA1 and
CAZ3 of the combined treatment mouse brain had returned to levels similar to that of controls
(Fig. 6G and H; P=0.4 and P= 1.0, respectively).

Combined Treatment Induces a Delayed Decrease in Hippocampal Serotonin Signaling

Pathways

The serotonergic system plays a significant role in the etiology of anxiety and depression,
with either a knockout or blockade of the 5SHT1A receptor leading to increasing anxiety-like
behavior in mice (39). Given these observations, immunohistochemical analyses were
performed to investigate whether combined treatment induced changes in hippocampal
5HT1AR levels. The literature has shown the anatomical distribution of SHT1AR to be in
the stratum oriens (SO), radiatum (SR) and lacunosum moleculare (SLM) layers of the CAl
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and CA3 hippocampal subfields, with SHT1AR mRNA localized in the pyramidal cell layer
of the CAL and CA3 subfields (40). SHT1AR protein is also expressed in pyramidal cells
and interneurons of both the cortex and hippocampus (41, 42). At 5 weeks postirradiation a
significant decrease in SHT1AR puncta was observed in the CA1 region of the hippocampus
of mice that received combined treatment compared to controls (Fig. 7A-C, £=0.0002), as
well as in the CA3 hippocampal subfield (Fig. 7D-F, £=0.0002). Similarly, at 15 weeks
postirradiation, the number of SHT1AR puncta was reduced in the SR and SLM regions of
the CA1 of mice that received combined treatment compared to concurrent controls (Fig.
7G-l1, P=0.002), but 5SHT1AR puncta had returned to control levels in the CA3 region (Fig.
7)-L, P=0.5).

In addition to changes in 5SHT1A receptor protein levels, altered levels of 5-HT in mice
receiving combined treatment might contribute to the neurocognitive impairments as well.
Therefore, HPLC was performed to measure 5-HT levels in the hippocampus of mice that
received combined treatment and controls, whereby all measurements were compared to
chromatograms of 5-HT standard solutions (Fig. 8). While hippocampal 5-HT levels were
unchanged in the combined treatment group at 5 weeks postirradiation compared to controls
(Fig. 8A; 1010 + 174 pg/mg and 1590 + 601 pg/mg, respectively; £=0.5), they were
significantly reduced in the hippocampus of the combined treatment group at 15 weeks
postirradiation (Fig. 8B; 180 + 14 pg/mg and 286 + 55 pg/mg, respectively; £=0.03). As
with the other findings, individual treatment with 26 Gy fractionated irradiation or TMZ
alone was insufficient to alter hippocampal 5-HT levels at 15 weeks aftertreatment (Fig. 8C;
659 + 81 pg/mg, 624 + 44 pg/mg and 660 + 108 pg/mg for control, 26 Gy and TMZ,
respectively; [F(2,12)=0.71, P=0.9].

Fluoxetine Alleviates Combined Treatment-Induced Depression-like Behavior

Finally, the hypothesis that 5-HT manipulation using the SSRI fluoxetine (FLX) would
ameliorate depression-like behavioral deficits observed in mice receiving combined
treatment was tested. FLX is a widely used antidepressant that works by inhibiting the
reuptake of 5-HT, thus enhancing serotonergic neurotransmission in the CNS. A separate
cohort of mice comprised of three groups was used: control, combined treatment and
combined treatment with FLX (Fig. 9). One week after the final TMZ dose, the FLX
treatment group received FLX (25 mg/kg/day) in their drinking water (28-30) (Fig. 9A).
Depression-like behavior was then evaluated among the three groups using the FST. At 15
weeks postirradiation, immobility time varied among the treatment groups [Fig. 9B, F(2,18)
=4.24, P=0.03]. As with our first cohort of mice (Fig. 2E) we found that mice receiving
combined treatment spent more time immobile than the control mice (Fig. 9B, £=0.05),
indicating increased depression-like behavior. However, the mice receiving FLX with
combined treatment showed immobility times that were significantly lower than those of
mice that received combined treatment alone, and the times were indistinguishable between
the FLX-treated mice and the controls, indicating amelioration of depression-like behavior
(P=0.04 and P= 0.8, respectively).

Radiat Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dey et al. Page 14

DISCUSSION

Advancements in the diagnosis and treatment of cancer have led to improvements in local-
regional control and progression-free survival for patients with many cancer types, including
GBM (43). Even with such encouraging progress, therapy-induced impairments in learning,
memory and mood remain a serious unmet concern that is particularly problematic for
pediatric cancer survivors and those afflicted with CNS malignancies. Normal tissue
toxicities are believed to underlie a majority of the complications associated with the radio-
and chemotherapeutic management of cancer. Therefore, sparing neurocognitive
functionality is now recognized as a critical criterion for successful therapeutic outcome
(44). Importantly, both conformal radiotherapy targeted specifically to the CNS and systemic
chemotherapy elicit cognitive dysfunction that exhibits similar pathologies and phenotypic
overlap at the cellular level (45). Previously published work from our laboratory has linked
both of these cancer therapies to qualitatively similar increases in neuroinflammation and to
structural deterioration of mature neurons (33, 34, 46, 47). Furthermore, cranial irradiation
elicits persistent oxidative stress in the brain (48, 49). Together, such cellular changes are
hypothesized to underlie the learning and memory deficits exhibited in preclinical
chemotherapy studies using rodents (50, 51) and observed in patients given cranial
radiotherapy (52, 53). In particular, neurological complications are a substantial problem for
cancer patients, thereby affecting their quality of life (54, 55). In our current study, we
investigated the combined effects of cranial radiotherapy and TMZ treatment (i.e., combined
treatment) on neurological function in mice.

The testing of our combined treatment paradigm revealed significant anxiety- and
depression-like behaviors. Compared to control mice, animals subjected to combination
radio- and chemotherapy showed reluctance to explore stressful environments, indicating a
persistent anxiety- and/or depression-like phenotype that emerged between 5 and 15 weeks
postirradiation. While data derived from combined treatment cohorts were suggestive of
mood disorders, these interpretations may be confounded by resultant hypoactivity. Some
divergence between the relative time spent and transitions between compartments was
observed in the LDB test, with the latter parameter reaching significance at both 5 and 15
weeks after treatment (Fig. 2C and D). In addition, equivalent swim speeds of control and
combined treatment cohorts in the Morris water maze test (Fig. 4A) suggested that measures
of anxiety- and depression-like behavior were not confounded by inactivity within the
combined treatment group.

Many of the changes reported here with rodents resemble elements of mood disorders that
routinely plague cancer survivors (56). While anxiety and depression disorders share some
common features (57), they have distinct molecular pathways. Thus, while tricyclic
antidepressants can treat depression, benzodiazepines are more commonly used to treat
anxiety (58). However, SSRIs have gained in popularity due to their success in treating both
anxiety and depression (58). Feelings of uncertainty, lack of confidence, anxiousness and
generalized depression are among the mood disorders that persist chronically in cancer
patients even long after they have completed their treatment. Longer-term survivors of
childhood cancers exhibit many of these same complications, compromising their ability to
adapt and integrate into society (59). Behavioral testing in rodents is not without caveats, but
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such models provide useful surrogates for dissecting the underlying complications
associated with select cancer treatments, while simultaneously avoiding the complications of
confounding disease.

Monoamine metabolism and signaling plays a significant role in regulating stress-induced
mood disorders (42, 60), and reduced 5-HT neurotransmission has been shown to contribute
to depression (61-63). Here, we report for the first time that combined radio- and
chemotherapy treatment elicits long-term disruptions in hippocampal serotonergic signaling.
Mice with genetic knockdowns of the serotonin receptor 5SHT1A are increasingly susceptible
to anxiety phenotypes (64). In our study, we found that combined treatment caused marked,
acute reductions in 5SHT1AR in both the CA1 and CA3 regions of the hippocampus, which
persist in the CA1 to at least 15 weeks postirradiation. The differential effects of combined
treatment on 5SHT1AR expression within CA1 and CA3 at our later time point may be due to
the regional sensitivity of different hippocampal subfields to brain insults (65). As baseline
S5HT1AR expression is higher in the CA1 than the CA3 (66, 67), any reduction in 5SHT1AR
induced by our treatment at a later time point may be more dramatic in the CAL than the
CA3. Furthermore, previously published findings demonstrate that CA1 neurons are more
susceptible to damage and resultant changes in protein expression in response to insults such
as intermittent hypoxia-induced damage as compared to the CA3 (68). Insults like global
ischemia, chronic epileptic seizures and oxidative stress have also been shown to cause
greater cell death to CA1 neurons than to CA3 pyramidal cells (69, 70). Alternatively, CA1
neurons expressing higher levels of SHT1AR may be more susceptible to combined
treatment-mediated reductions in receptor levels, leading to a more severe effect on CA1
neuron function compared to CA3 neurons. The foregoing possibilities may provide some
explanation for reduced 5SHT1AR levels in the CA1 versus the CA3 region at 15 weeks
postirradiation. Previously published studies that have identified persistent elevations in
oxidative stress after irradiation highlight the differential susceptibility of the CNS to
oxidative insult (71, 72). Oxidative stress was also elevated in the brains of mice treated with
the chemotherapeutic drug Adriamycin (73). Thus, treatment-associated oxidative stress
represents a potential biochemical mechanism capable of producing the deficits in
serotonergic signaling, and the perturbations in anxiety and depression that we observed.
Previously reported studies from our laboratory have demonstrated that even low-dose
exposures to charged particle radiation (<1 Gy) are sufficient to cause increased oxidative
stress (74).

Serotonergic projections from the raphe nucleus innervate the hippocampus and can affect
the excitability and synaptic plasticity of CA1 neurons (75). Thus, serotonergic signaling via
5HT1AR activates inwardly rectifying potassium channels and can hyperpolarize CAl
pyramidal cells (76). 5-HT also modulates fast and slow synaptic inhibition of CA1 principal
cells (77). Additionally, 5-HT increases the rectification of CA1 pyramidal cells and sub-
threshold EPSP amplitudes (78). Although combined treatment significantly decreases
hippocampal 5HT1A receptor expression and decreases 5-HT levels in the hippocampus, we
find no changes in electrophysiological properties of the CA1 pyramidal neurons. Currently,
the reason for these findings remains uncertain.
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Diffuse traumatic brain injury is capable of producing transient neuroinflammation and
depression-like behavior (79). Our data demonstrated an acute increase in inflammation
within the CA1 and CA3 that diminished by 15 weeks postirradiation. Radiation-induced
increases in reactive oxygen species occur rapidly and may persist for weeks to months
postirradiation (80), thus leading to increased levels of lipid peroxidation (81, 82).
Additionally, increased expression of the proinflammatory cytokines TNFa, IL-1, IL-1f and
ICAM-1 occurs in cranially-exposed mice (83). Microglia, as the resident immune cells in
the CNS, play an important role in the immunological response within the brain. After a
brain injury, microglia become activated and amoeboid in shape (84, 85), a hallmark of
neuroinflammation. Moreover, we observed that combined treatment induced activated
microglia in the CA1 and CA3, an effect that did not persist at 15 weeks postirradiation. One
possible reason for this might involve a gradual decline in proinflammatory cytokines at the
later postirradiation time, possibly due to the recovery of the brain from radiation injury,
which minimizes persistent inflammatory signatures.

By investigating the ability combined radiation and chemotherapy to induce persistent mood
disorders, we identified certain molecular mechanisms associated with the observed aberrant
behavioral phenotypes. Early and persistent anxiety-like behavior was observed after
combined treatment, along with a decreased number of SHT1AR serotonin receptors in the
CALl and CA3 hippocampal subfields. Persistent depressive-like behavior in response to
combined treatment also correlated with a decrease in serotonin level in the hippocampus.
Interestingly, recently published work using similar combined treatment demonstrated
benefits of FLX for resolving behavioral dysfunction (10, 11), and our studies, using a more
clinically relevant combined treatment paradigm, expand this work further. Here we show
that certain neurological impairments of mice given combined treatment involved
disruptions to serotonin signaling which might be ameliorated with the SSRI FLX.
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Combined treatment promotes anxiety-like tendencies in an open field. Panel A:
Experimental design. Six-month-old male C57BL/6J mice received three X-ray doses of
8.67 Gy in week 1 interspersed with concomitant doses of TMZ administered
intraperitoneally (i.p., 25 mg/kg). Mice then received nine adjuvant doses (66.7 mg/kg) of
TMZ (i.p.) in the subsequent 3 weeks (3 alternating days/week). The first cohort of mice was
subjected to behavioral testing at 5 weeks postirradiation and the second at 15 weeks
postirradiation followed by immunohistochemistry and HPLC studies for both cohorts and
electrophysiology for the 15-week cohort. These time points were specifically counted from
the final day of irradiation. Panel B: Representative movement tracking of control and
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combined treatment mice in the 5-min open field test at 5 weeks postirradiation. Panel C:
Combined treatment mice traveled significantly less distance than control mice (408 + 123
cm and 1,004 + 120 cm, respectively) and spent significantly less time in the central zone
compared to the control animals (10.2 £ 2.0 s and 23.6 + 4.0 s, respectively). Panel D:
Representative movement tracking of control and combined treatment mice in the 5-min
open field test at 15 weeks postirradiation. Panel E: Combined treatment mice travelled
significantly less distance than control mice (817 £ 130 cm and 1,487 + 80 cm, respectively)
and spent significantly less time in the central zone compared to the control animals (6.9 +
2.0 sand 13.6 + 3.0 s, respectively). For the 5-week cohorts, n = 10 for the control and n =9
for the combined treatment group. For the 15-week cohorts, n = 15 for the control and n =
14 for the combined treatment group. Data are presented as mean + SEM. Pvalues are
derived using the Mann-Whitney U test. *~< 0.05, **£< 0.01, ***F < 0.001.
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FIG. 2.
Combined treatment induces anxiety- and depression-like behavior. Panel A: At 5 weeks

postirradiation combined treatment mice spent a similar percentage of time in the open arms
of the EPM compared to the control mice (19.3 = 3.8 and 23 * 2.0, respectively), but
differed significantly in the percentage of entries into the open arms (47 + 0.6 and 49 + 0.2,
respectively). Panel B: At 15 weeks postirradiation, the percentage of time spent in the open
arms of the EPM by combined treatment mice was less than that of control mice (6.3 = 1.5
and 15.4 + 2.0, respectively), but combined treatment mice made more entries into the open
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arms compared to controls (81.2 + 4.0 and 68.6 £ 2.8, respectively). Panel C: At 5 weeks
postirradiation no significant difference in the time spent in the light compartment of the
light-dark box arena was found between combined treatment and control mice (45.2 + 8.7
and 106.3 £ 23.1, respectively). However, combined treatment mice had fewer numbers of
transitions between compartments compared to controls (10 + 2.0 and 22 + 4.0,
respectively). Panel D: At 15 weeks postirradiation, combined treatment and control mice
spent similar times in the light compartment of the light-dark box (79.7 + 18.7 and 104.4 +
20.5, respectively). However, combined treatment mice had fewer numbers of transitions
between compartments compared to controls (13 + 2.0 and 21 + 3.0, respectively). Panel E:
At 5 weeks postirradiation on the forced swim test the combined treatment and control mice
spent similar amounts of time floating (118.2 + 14.0 s and 135.7 + 9.0 s, respectively), but at
the late time point the combined treatment mice spent significantly more time floating than
did the controls (132 = 14.1 s and 83 £ 12.7 s, respectively). For the EPM and LDB 5-week
cohorts, n = 10 for the control group and n = 9 for the combined treatment group; for the 15-
week cohort, n = 15 for the control group and n = 14 for the combined treatment group. For
the FST 5-week cohorts, n = 9 each for the control and combined treatment groups; and for
the 15-week cohort, n = 6 each for the control and combined treatment groups. Data are
presented as mean + SEM. P values are derived from the Mann-Whitney U test. *~£< 0.05,
**P<0.01.

Radiat Res. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dey et al.

mm

Percentage time

in open arms

]
o

ot
(=}

Page 25

b k=
€ 800 0
b 310
§600 £
£ 400 8
2 £5
§ 200 z
R0 o
G H | J
w —
] - @ 1 *%k
EE £ 280 S 15 o 200f 4
[l = -
s &40 28 S E
> & £k g 10 2
& o Ee © 5 )
O £ = E20 e g 50
o = © z £
e o 0 0 = 0

B controi 26 Gy B TMZ

FIG. 3.
Individual treatment with radiation or TMZ does not cause anxiety. Panels A-C:

Representative movement tracking of 0 Gy (control), 26 Gy (radiation alone) and TMZ-only
treated mice, respectively, in the 5min open field test. Panel D: No significant difference in
distance travelled was observed in individually treated groups of mice (536 + 120 cm, 707 +
88 cm and 351 + 90 cm, for control, 26 Gy and TMZ, respectively). Panel E: Similarly, no
significant difference in time spent in the center zone was observed in individually treated
groups of mice (7.8 £2.6 s, 3.7 £ 0.6 sand 3.4 + 1.4, for control, 26 Gy and TMZ,
respectively). Panel F: The EPM test also revealed no significant difference in the percentage
of time spent in open arms of the maze between the three groups (23 + 3,23 +3and 18+ 3
for control, 26 Gy and TMZ, respectively); and (panel G) the number of the entries into the
open arms was also similar among all groups (49 £ 0.3, 49 + 0.4 and 43 + 6 for control, 26
Gy and TMZ, respectively). Panel H: LDB testing similarly showed no differences in the
time spent in the light compartment among groups (63 + 14, 62 + 10 and 74 + 26 for control,
26 Gy and TMZ, respectively) and (panel I) no difference in the number of transitions (10 £
2,14 + 2 and 11 + 3 for control, 26 Gy and TMZ, respectively). Panel J: In the FST, the
irradiated mice exhibited more time floating than either control or TMZ-treated mice (165 £
5,188 + 5 and 175 + 8 for control, 26 Gy and TMZ, respectively). For these studies, the
control n = 12 for all tasks; the 26 Gy cohort n = 14 for panels A-Il and n = 13 for panel J;
and the TMZ cohort n = 7 for panels A-G, n = 6 for panels H-I and n = 5 for panel J. Data
are presented as mean + SEM. Pvalues are derived from one-way ANOVA. **P< 0.01
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Effects of combined treatment on cognitive impairments using the MWM at 15 weeks
postirradiation. Panel A: The swimming velocity (cm/s) was similar between control and
combined treatment mice; and (panel B) no change was found in learning between the
combined treatment and control mice, as measured by latency to locate the platform. Panel
C: As measured by dwell time, control mice exhibited a clear preference for the original
platform quadrant, which was greater than the time spent in the right and opposite quadrant
during the memory retrieval test (right 13.3 = 1.5 s; opposite 12.3 +0.9s; left 145+ 1.4 s;
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platform 18.5 + 1.7 s); however, (panel D), combined treatment mice exhibited no quadrant
preference during the memory retrieval task (right 13.3 £ 1.8 s; opposite 14.8 + 1.1 s; left
14.9 £ 1.3 s, platform 16.3 £ 1.7 s). Control n = 13 and combined treatment n = 9. Data are
presented as mean £ SEM. Pvalues are derived from (panels A and B) two-way RM
ANOVA with Bonferonni’s multiple comparisons. Panels C and D: Paired Student’s ftest
was used; *P< 0.05. Panels E and F: Wilcoxon matched-pairs signed rank test was used.
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Electrophysiological properties of CAL pyramidal neurons are not altered after combined

treatment. All data are from whole-cell recordings of CA1 pyramidal neurons from the

superficial layer of the ventral hippocampus. Panel A: Resting membrane potential was
unchanged between combined treatment and control mice. Panel B: Representative examples

of responses to a range of brief current injections in control and combined treatment

neurons. There was no alteration in the (panel C) input resistance, (panel D) sag during a
-100 pA hyperpolarizing current injection, (panel E) or rheobase current required to evoke
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an action potential between the treatment groups. Panel F: Representative examples of
recordings containing spontaneous EPSCs from control and combined treatment neurons.
Panel G: The frequency of SEPSCs was equivalent between control and combined treatment
neurons. Panel H: Examples of EPSCs in representative control and combined treatmnet
neurons. Light lines show individual SEPSCs, while the darker line displays the average
SEPSC during a 200-s recording from that neuron. Neither (panel 1) SEPSC amplitude nor
(panel J) the SEPSC decay time-constant was shifted between groups. Control n = 16 cells
and combined treatment n = 25 cells for all plots showing grouped data.
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FIG.6.

Microglial activation is acutely elevated by combined treatment. Representative images of
CD68* activated microglia immunohistochemistry in the CA1 (panels A and B) and CA3
(panels C and D) regions of the hippocampus of control and combined treatment mice at 5
weeks postirradiation. CT = combined treatment. Panel E: Increased numbers of activated
microglia were found at 5 weeks postirradiation in the CA1 region of the hippocampus of
combined treatment mice compared to controls (4854 + 413 control and 1690 + 407
combined treatment, CD68™ cells) and (panel F) in the CA3 region of combined treatment
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mice compared to controls (3526 + 254 control and 681.8 + 199 combined treatment, CD68*
cells). Relative to controls, no change in microglial activation was observed at 15 weeks
postirradiation in either the CA1 (panel G; 20,060 + 197 control and 22,050 + 274 combined
treatment, CD68™ cells) or CA3 (panel H) region of the hippocampus (16,540 + 411 control
and 15,770 + 167 combined treatment, CD68* cells). Black indicates the CD68* cells and
red indicates the nuclear fast red counterstain; Scale bar = 30 um. The number of CD68*
cells in each combined treatment group is normalized to the number of CD68* cells in the
control group and presented as mean + SEM for n = 4 mice/group. Pvalues are derived from
the Mann-Whitney U test. *~< 0.05.
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FIG. 7.
Combined treatment alters hippocampal serotonin receptor 5SHT1A receptor (5SHT1AR)

levels. Panels A and B: Representative images of SHT1AR immunohistochemistry in the
CAL region of the hippocampus in control and combined treatment mice at 5 weeks
postirradiation, respectively. Panel C: Combined treatment mice had reduced numbers of
5HT1AR puncta per pm?3 x 100 in the CA1 region of the hippocampus compared to control
mice at 5 weeks postirradiation (0.92 + 0.1 and 2.7 £ 0.1, respectively). Panels D and E:
Representative images of 5SHT1A receptor immunohistochemistry in the CA3 region of the
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hippocampus in control and combined treatment mice at 5 weeks postirradiation,
respectively. Panel F: At 5 weeks postirradiation, fewer SHT1AR puncta were also observed
in the CA3 region of the hippocampus of combined treatment compared to control mice
(0.92 £ 0.1 and 2.02 + 0.2, respectively). Panels G and H: Representative images of 5SHT1A
receptor immunohistochemistry in the CA1 region of the hippocampus in control and
combined treatment mice at 15 weeks postirradiation, respectively, at which time (panel 1),
combined treatment mice had reduced numbers of SHT1AR puncta in the CA1 region of the
hippocampus compared to control mice (1.5 + 0.1 and 3.3 £ 0.4, respectively). Panels J and
K: Representative images of SHT1A receptor immunohistochemistry in the CA3 region of
the hippocampus in control and combined treatment mice, respectively, at 15 weeks
postirradiation, at which time (panel L) levels of 5SHT1AR in the CA3 region of the
hippocampus of combined treatment mice were indistinguishable from that of controls (2.5
+ 0.4 and 3.2 £ 0.6, respectively). Red indicates SHT1AR; blue indicates DAPI counterstain.
Scale bar = 20 um. SP = stratum pyramidale, SR = stratum radiatum and SLM = stratum
lacunosum moleculare. Data are presented as mean + SEM for n = 4 mice/group. Pvalues
are derived using Mann-Whitney U test. **P< 0.01, ***P < 0.001.
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FIG. 8.
Hippocampal serotonin levels are reduced after combined treatment, but not after individual

therapies. Panel A: The levels of 5-HT were similar in combined treatment and control mice
at 5 weeks postirradiation. Panel B: However, at 15 weeks postirradiation combined
treatment mice had lower levels of 5-HT compared to controls. Panel C: Compared to
controls, mice treated with radiation alone (26 Gy) or with TMZ alone showed no evidence
of decreased hippocampal levels of 5-HT at 15 weeks postirradiation. Levels of 5-HT are
normalized to that of the control. For the combined treatment study, data are presented as
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mean £ SEM, n = 6-8 mice/group, and Pvalues are derived using Mann-Whitney U test. *P
< 0.05. For the individual therapy study, data are presented as mean £ SEM n = 4-6 mice/
group and Pvalues are derived using one-way ANOVA.

Radiat Res. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dey et al. Page 36

A

150

Combined treatment
(weeks 1-4)

|
|*

-l
o
o

Recover
(week 5)

Immobility time (s)
3

FLX (25 mg/kg/day)
(weeks 6-15)

Forced swim test

(week 15 0
) . Control

= Combined treatment
Combined treatment + FLX

FIG.9.
Fluoxetine alleviates combined treatment-induced depression-like behavior. Panel A: Six-

month-old male mice received combined treatment and were then allowed to recover for one
week before beginning fluoxetine (FLX) treatment (25 mg/kg/day). Mice remained on FLX
until 15 weeks postirradiation at which time FST was conducted. Panel B: Mice receiving
combined treatment with FLX spent significantly less time floating than mice given
combined treatment alone (66.5 + 5.1 s and 101.5 + 14.0 s, respectively). Similarly,
combined treatment mice spent significantly more time floating than controls (101.5+ 14.0 s
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and 70.0 £ 5.8 s, respectively). No difference in floating time was found between control
mice and those receiving combined treatment with FLX (2= 0.8). For these studies, n = 8
for the controls, n = 7 for the combined treatment group and n = 6 for the combined
treatment with FLX group. Data are presented as mean + SEM. Pvalues are derived using
one-way ANOVA. *P< 0.05.
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