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Abstract

Background: Cyclophosphamide (CPH) is a cornerstone in cancer therapy and the present study explores the effect of Venlafaxine (VLX) against cognitive
deficits induced by CPH in mice and its effect on neurogenesis in the hippocampus. Methods: Forty mice were randomly allocated to four groups: control,
VLX, CPH, and CPH+VLX. The Novel Location Recognition model (NLR) test used here is a spatial variant of a two-trial object recognition task performed
before and after the treatment with the drugs. Results: The control group, the VLX group, and the VLX and CPH group examined the object at the new
location significantly more than the old one (P=0.04, P=0.05, and P=0.01, respectively). The test demonstrated a significant difference between Ki-67-
positive cell numbers across the four groups (p < 0.0001). There was a significant decrease in the total number of Ki67-positive cells in the CPH group
compared to the control group (p < 0.001). Conversely, the combined CPH and VLX group showed increased hippocampal proliferation compared to the
CPH group (p < 0.001). There was a significant difference between GPX-1 positively stained cell numbers between control and CPH as well as control
and CPH+VLX treated cells (p < 0.001) for both. Conclusion: our results show that CPH treatment caused cognitive deficits which were associated with a

reduction in cell proliferation in dentate gyrus. These deficits were reduced when VLX was administered along with CPH.
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INTRODUCTION

Cyclophosphamide (CPH) is considered a cornerstone
in cancer therapy, whether singularly or combined
with other chemotherapeutic agents.! CPH is used in

the treatment of malignant lymphomas, breast cancer,
disseminated neuroblastomas, retinoblastoma, and ovarian
adenocarcinomas. Additionally, it has an immunosuppressive
effect as multiple studies established it in the treatment of
autoimmune diseases such as multiple sclerosis and as a
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pretransplant drug to prevent transplant rejection and graft vs.
host complications.?

CPH is a type of nitrogen mustard drug that performs its effects
through the alkylation of DNA.? by which massive cellular
degeneration occurs® and oxidative stress is triggered in the
brain.?Studies showed that CPH significantly induced cognitive
and psychological impairments and anxiety-like behavior
without causing any change in locomotor activity, specifically
the hippocampal-dependent memory task.*through dystrophic
and apoptotic changes in the hippocampal neurocyte with a
marked reduction in the neurocyte cell layer thickness, thus
affecting hippocampal neurogenesis that is particularly involved
in learning and memory tasks.>®It also reduces the number of
proliferating cells in the subgranular zone of the hippocampus.®

Other common adverse effects reported in several studies
and clinical trials include nausea and vomiting, hemorrhagic
cystitis, amenorrhea, myelosuppression, and alopecia.® Higher
doses of CPH significantly increase the incidence of these side
effects and mortality.”

Venlafaxine (VLX) is one of the widely used antidepressants due
to its relatively safe profile and its positive effects on cognition
and memory impairment.® The serotonin-norepinephrine-
dopamine reuptake inhibitor (SNDRI) VLX has been addressed
to elevate monoamine levels in several brain areas related
to anxiety, depression, and memory.° Studies found that VLX
carries neuroprotective effects via its anti-inflammatory
effects.’® Animal studies have confirmed these results and
showed that antidepressants can increase working and spatial
memory.!
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The present study explores the protective effect of VLX
against cognitive deficits induced by CPH chemotherapy
in mice and examines its effect on neurogenesis in the
hippocampus. Both chemotherapy and antidepressants may
be altering hippocampal function which may provide a deeper
understanding of the mechanism by which these drugs improve
cognition during cancer treatment.

MATERIALS AND METHODS
Ethics Statement

All experiments and animal care were in accordance with
The University of Jordan regulations and with local ethical
committee approval.

Animals and Drug Administration

We used forty male mice (25-37 g) that were randomly
allocated to four groups, each containing ten mice: control,
VLX, CPH, and VLX and CPH. Animals were allowed to habituate
for a period of 2 weeks before starting treatment and housed
in groups of five under standard conditions of 12 hr light-12
hr dark cycle (from 8.30 a.m. to 8.30 p.m.) with free access to
food and water. Behavioral testing of all animals was carried
out between 8.30 a.m. and 2 p.m.

Mice in the VLX and mix groups were administered 14
intraperitoneal (i.p) 20 mg/kg doses every day (34). Mice in
both the CPH and mix groups were administered 4 i.p. 50 mg/
kg doses of CPH every three days (35). Drug administration
duration was slightly modified for both drugs to reduce toxicity.
Mice in the control group were given 4 i.p doses of 0.9% sterile
saline, one injection every three days.

Behavioral testing

The Novel Location Recognition model (NLR) task was
implemented to assess spatial working memory since it
depends on animals’ natural preference for novelty rather than
positive and negative reinforcement.'? Given its dependence
on the integrity of the dentate gyrus, this task is also regarded
as hippocampus-dependent.

The NLR test which is a spatial variant of a two-trial object
recognition task adapted from Dix and Aggleton.®* The
apparatus was composed of an arena (a semi-transparent
Perspex box, dimensions; 49 cm wide x 66 cm long x 40 cm
high) and two toys (replicas, 15 cm high, 7 cm diameter).
Arenas and toys (objects) were cleaned with 20% ethanol
prior to each experiment and between trials to remove any
remaining olfactory clues. A black square card was on the wall
of the room throughout experiments to provide remarkable
clues for spatial orientation.

This was modified from a previous protocol.**and was recorded
by video camcorder as done previously in our laboratory.’* The
experiment apparatus consisted of plastic boxes (49 x 66 x 40
cm). The procedure consisted of habituating the animals for 1
hour in the box on the day prior to testing. The next day, two
identical objects were put in separate locations in the box and
the animals were allowed 3 min to explore (Familiarization

trial). Animals then were returned to their home cage for 5
min (inter-trial interval) in which the box was cleaned by 20%
ethanol. For the choice trial, the animals were put back to the
box for 3 min where one object was still in its original position
(familiar location) while the other object was moved to a new
position (novel location).

Exploration of the object was scored when the animal sniffed,
licked, chewed, or directed its nose at a distance <1 cm from
the object.’ Data were converted to preference indices (PI)
which indicates the time spent exploring the novel object
minus the time spent exploring the familiar object divided by
total exploration time.!*1>1¢ Exploration times of both objects
and trials were recorded blind twice and averaged using a
stopwatch from digitized recordings, so no observer was in the
room during the trials.

Histology and Immunohistochemistry

The day after behavioral testing was completed, the rats were
put down by rapid stunning and cervical dislocation. Their
brains were extracted, trimmed, and fixed in 3% glutaraldehyde
overnight. The next day the brains were sectioned using a
Leica vibrating microtome (LEICA RM2235 Microtome, Leica
Biosystems, Germany). The 4 um sections were placed onto
positively charged slides for routine staining with hematoxylin
and eosin and for Ki67 and Glutathione Peroxidase 1 (GPX1)
immunohistochemical analysis. The tissues were dewaxed with
xylene and rehydrated through a series of graded ethanols.
To retrieve the Ki67 epitopes, the samples were autoclaved in
0.01 M sodium citrate, pH 9.0, at 95°C for 60 minutes in Tris/
EDTA solution and then were heated in a microwave oven (800
W) for 5 minutes.'® For GPX1, the paraffin sections were heated
in a 95°C bath for 25 minutes in a sodium citrate solution (0.01
mM, pH 6.0).

After rinsing with deionized water, paraffin sections were
treated with 3% hydrogen peroxide for 10 minutes at room
temperature, then washed thoroughly in PBS (0.1 M, pH 7.4).
Non-specific binding of immunoglobulins was inhibited with 5%
bovine serum albumin (Atlas Medical, Germany) in PBS for 60
minutes at room temperature. After the blocking step, paraffin
sections were incubated with antibodies to GPX1 (rabbit
polyclonal, dilution of 1:750, PA5-95206, Invitrogen, USA)
and Ki67 (mouse monoclonal, dilution of 1:100, ab279653,
Abcam, Cambridge, UK) for one night at 4°C. Both Ki67 and
GPX1 antibodies were diluted in PBS containing 0.2% Tween 20
(Tween 20 detergent, CAS 9005-64-5, Sigma Aldrich, St. Louis,
MO, USA). Afterwards, paraffin sections were washed twice with
PBS for 5 minutes and incubated with the complement reagent
(ab236466, Abcam, UK) for 10 minutes at room temperature.
Later, paraffin sections were rinsed in PBS for 5 minutes and
incubated (ab236466, Abcam, UK) for 15 minutes at room
temperature. The paraffin sections were first washed twice
with PBS, then they were incubated with DAB for 6 minutes at
room temperature, which resulted in cooler development. The
paraffin sections were stained with hematoxylin for 5 minutes.
Ultimately, the slides were dried with an ascending ethanol
series, then cleared with fresh xylene, and coverslipped with
DPX mounting media.
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The appropriate positive and negative control slides were
present in every staining run and were stored as part of the
quality control system. For Ki67 and GPX1, rat intestinal
epithelium tissue sections were used as positive controls.
Negative controls were conducted by omitting the primary
antibody and replacing it with PBS. The dark brown cytoplasmic
pattern is positive for GPX1, while the dark brown nuclear
pattern is positive for Ki67.

Statistical analysis

Statistical analysis was undertaken and graphs were created
using GraphPad Prism 4.0. P < 0.05 was regarded as significant.
Student’s paired t-tests were used to compare the exploration
times for mice in each group in the NLR task choice trials. A one-
way ANOVA with Bonferroni’s post-test was used to compare
the number of Ki67and GPX-1-positive proliferating cells and
discrimination indices between groups, and a two-way ANOVA
with Bonferroni’s post-test was used to compare the replicate
means of the mice’s weights over the injection period between
all groups.

RESULTS
Effect of different treatments on weights of animals

Animals were weighed daily (Figurel). Although animals on
CPH showed weight gain after the first dose, they lost weight
after the third one but most importantly they were still
significantly below control weights. Surprisingly, animals on
both VLX and CPH showed a similar pattern of weight change
to that of animals on CPH during the administration of drugs
but the addition of VLX was associated with lesser weights (P
<0.0001).

Behavioral effects of treatments

In separate experiments, the behavioral effects of I.P CPH were
tested using the NLR test. The NLR test measures interactions
with objects either in familiar or novel locations within a test
arena. During the familiarization trial, when animals explored
two identical objects, both vehicle and drug-treated groups
showed no preference for either object or the total exploration
time (Figure 2).

Figure 1. Average Weights of the Mice over the Experiment

Figure 2. The Novel Location Recognition model (NLR) test

Normal saline-injected controls and mice that were treated
with VLX, and the mice that received both VLX and CPH
simultaneously explored the object at the new location
significantly more than the old one (P=0.04, P=0.05 and P=0.01,
respectively) (Figure2) On the other hand, the mice which
received CPH by i.p. injection failed to differentiate between
the two locations (P=0.1365).

Further analysis using the Pl was done to compare the four
groups (Figure 3). Comparing the Pl between the control
and the CPH-treated group demonstrated a significant
decrease after treatment with CPH (P < 0.05). Comparing
the Pl of animals treated with CPH on its own and that of
animals simultaneously given VLX and CPH showed that co-
administration of VLX significantly improved preference to the
new location compared with animals on CPH alone (P <0.001).
These findings indicate that animals receiving CPH show
deficits in spatial memory which are improved by simultaneous
administration of VLX.

Effect of treatments on proliferating cell counts

Immunostaining with Ki-67 was carried out to quantify the
number of dividing cells in the SGZ of the dentate gyrus (Figure
4). The analysis was performed using a one-way ANOVA
with Bonferroni’s post-test to compare replicate means on

Figure 3. Preference Index (Pl) of the Groups
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a GraphPad Prism 5. The test demonstrated a significant
difference between Ki-67-positive cell numbers across the four
groups (p < 0.0001). There was a significant decrease in the
total number of Ki67-positive cells in the CPH group compared
to the control group (p < 0.001), as CPH treatment impaired
hippocampal proliferation compared to saline. Conversely, the
combined CPH and VLX group showed increased hippocampal
proliferation compared to the CPH group (p < 0.001). Lastly,
CPH combined with VLX had more cellular proliferation than
VLX alone (p > 0.05)(Figure 4). VLX has not demonstrated
a significant difference in proliferating cell counts when
compared to all other groups but demonstrated a significant
difference when compared to CPH treatment alone (p < 0.001)
(Fig 4). In conclusion, concomitant VLX therapy was found to
prevent the decrease in cellular proliferation within the SGZ
caused by CPH.

Figure 4. Mean Ki-67-Positive Cells Count

The effect of treatment on antioxidant activity

Immunostaining with GPX1 was done to assess the antioxidant
activity of different treatments. There was a significant
difference between positively stained cell numbers between
control and CPH as well as control and CPH+ VLX treated cells (p
< 0.001) for both. As for control versus VLX-treated cells, there
was also a significant difference in positively stained cells as
shown by (p < 0.001)(Figure5). When comparing cells treated
with CPH and those with VLX, there is a significant difference (p
< 0.05) with much fewer proliferating cells in animals treated
with CPH (Figure5). In conclusion, VLX therapy with CPH was
found to promote the antioxidant activity of GPX1 in addition
to promoting cellular proliferation.

Representative images of Ki67 and GPX1 positive proliferating
cells within the dentate gyrus in all four groups are shown in
(Figure 6) and (Figure 7), respectively.

DISCUSSION

Cognitive changes -collectively termed “chemobrain” or
“chemophog”- are known to be one of the major concerns
among cancer survivors. Distraction, forgetfulness, and

Figure 5. Mean GPX1-Positive Cells Count

A) B)

C) D)

Representative image of Ki67 positive proliferating cells within the dentate
gyrus in A) CPH group, B) VLX group, C) MIX group, and D) control group

Figure 6. Positive Cell Proliferation for Ki-67 Marker

A) B)

Q) D)

Representative image of GPX1 positive proliferating cells within the dentate
gyrus in A) CPH group, B) VLX group, C) MIX group, and D) control group

Figure 7. Positive Cell Proliferation for GPX1 Marker
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difficulties with attention, multitasking, and word finding
were mainly what cancer survivors reported when they were
asked about post-chemotherapy cognitive changes.' As a
consequence, the patients may develop mental disorders such
as anxiety and depression.*®

The volume of the prefrontal cortex including the middle
frontal gyrus, superior frontal gyrus, and frontal poles was
found to be decreased on brain MRI of cancer patients,'°along
with changes in the integrity of the white matter. [20] Similarly,
chemotherapy decreased the speed and distinctiveness
of stimulus encoding in working memory but spared the
mechanisms of perceptual encoding in EEG studies.?*

In the present study, we used a mice model to explore the
impact of CPH on cognitive behavior and cell proliferation, with
a specific focus on its crucial role in hippocampal neurogenesis.
Additionally, we sought to ascertain whether pretreatment
with the antidepressant VLX could offer protection against
the detrimental behavioral and cellular effects associated
with CPH, including oxidative stress and neuronal damage.
To assess hippocampus-dependent spatial memory, we
employed the NOL test which is a well-established method.®
The results of our study revealed that CPH-treated animals
showed no significant difference in the time spent on the two
objects. In contrast, animals treated with saline or VLX could
readily discriminate between the novel and familiar locations
of objects and spent significantly more time on the objects in
the novel location. This form of discrimination necessitates
the proper functioning of the dentate gyrus which diminishes
when there is a reduction in hippocampal neurogenesis.!®
on the other hand, VLX was shown alongside wheel running
exercise to prevent deleterious consequences of restraint
stress in rats, including anxiety/depression-like behaviors and
memory impairment that occur after the stress especially
learned fear by upregulating brain-derived neurotrophic factor
(BDNF) expression in the hippocampus.2VLX has also reversed
the stress-induced decrease in neurogenesis and N-methyl-D-
aspartate (NMDA) receptor 2B protein in the hippocampus.?
Consequently, Animals receiving both i.p. injections of CPH
and VLX show an improvement in their discrimination between
familiar and novel object locations and could significantly
discriminate between these positions. Moreover, this was
confirmed by calculating the PI, which demonstrated that
animals spent much more time on the object in the novel
location than would be predicted by chance. However, the
CPH-treated animals showed a significant decrease in selecting
the object in the novel location (Figure2). This behavioral data
aligns with previous research findings which revealed that
CPH can cause cognitive deficits and impair spatial memory in
animal models.?®

Regarding the effect of CPH on spatial memory, one
possible cause could be the disruption of adult hippocampal
neurogenesis. The production of new neurons in the
subgranular zone (SGZ) for incorporation into the dentate
gyrus, is a well-characterized phenomenon in all mammals
including humans.?® Reductions in cell proliferation in the SGZ
by pharmacological, environmental, or genetic means are

associated with deficits in memory.'>* Some reports have
found that antidepressants increase the proliferation of cells
in the SGZ®while others have failed to find this effect.?>*°In the
present study, we showed that CPH significantly decreased the
number of proliferating cells in the SGZ of the dentate gyrus
when compared to the controls using immunohistochemistry
for the proliferative markers Ki67 and GPX. The results of this
study also showed that VLX-treated animals had a higher
number of proliferating cells in the SGZ when compared with
mice treated with CPH only. So when VLX was administered
concomitantly with CPH, it was able to limit the decrease in
cognition and cellular proliferation found in animals treated
with CPH alone.

Understanding the effects of chemotherapy on patients is
complicated by other aspects of the disease and treatment
and cancer patients can exhibit cognitive impairments prior
to treatment.?' The present study shows that CPH can produce
cognitive decline in the behavioral test and this is associated
with a decrease in proliferation in the neurogenic region of
the hippocampus. These results are in line with animal studies
of other chemotherapy agents which have found cognitive
declines after treatment.'#3%33

The effect of VLX on weight is still controversial, few studies
conducted on both animals and humans reported a decrease
in weight among using VLX.?>*®Whereas other studies reported
its association with weight gain.** Weight loss was seen in both
of the groups that were injected with CPH, and such a finding is
in line with the literature, as CPH was found to cause rapid and
significant weight loss and/or inhibition of weight gain.* The
damage to liver cells, which have important roles in digestion
and metabolism, was suggested as one of the mechanisms by
which CPH affects weight. Additionally, the impairment of the
immune system that CPH can cause, may also have a role in
weight loss.*

The hippocampal dentate gyrus, a critical brain regionimplicated
in learning and memory functions, displays a high susceptibility
to oxidative stress induced by reactive oxygen species (ROS), as
demonstrated in prior research.?® This oxidative stress poses a
substantial risk to cells, resulting in detrimental consequences
such as damage and the eventual demise of crucial cellular
constituents, including lipids, proteins, and DNA.*” Indeed, it
is worth emphasizing that the oxidative injury inflicted upon
neuronal components serves as the fundamental molecular
underpinning of both neurodegenerative processes and the
natural aging of the brain. CPH exerts its pharmacological
effects primarily through a process known as DNA alkylation.?
This intricate molecular mechanism instigates a cascade of
events within the cellular milieu, resulting in extensive cellular
degeneration and the initiation of oxidative stress within the
cerebral context.*

In conclusion, our results show that CPH treatment caused
cognitive deficits which were associated with a reduction
in cell proliferation in the SGZ of the dentate gyrus. These
deficits were reduced when VLX was administered throughout
the CPH treatment period. Extensive research endeavors
have unveiled the profound impact of CPH on cognitive and
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psychological domains, with a pronounced emphasis on its
deleterious effects on hippocampal-dependent memory tasks.®
These cognitive impairments can be attributed, in part, to the
dystrophic and apoptotic transformations that hippocampal
neurocytes undergo when exposed to CPH.®

Animals on CPH showed weight gain after the first dose and
they lost weight after the third and they were significantly
below control weights. Animals in the mix group showed a
similar pattern of weight change to that of animals on CPH
where the addition of VLX was associated with lesser weights
(P <0.0001).

The control group, the VLX group, and the mix group explored
the object at the new location significantly more than the old
one (P=0.04, P=0.05 and P=0.01, respectively). On the other
hand, the CPH group failed to differentiate between the two
locations (P=0.1365).

The PI of the CPH group in comparison to the control group
was significantly lesser (P < 0.05). The Pl of CPH group in
comparison to the mix group showed that co-administration
of VLX significantly improved preference to the new location
compared with animals on CPH alone (P <0.001).

Significant difference between Ki-67-positive cell numbers
across the four groups (p < 0.0001). Moreover, there was a
significant decrease in the total number of Ki67-positive cells
in the CPH group compared to the control group (p < 0.001).
The mix group showed significant increased proliferation
compared to the CPH group (p < 0.001). Lastly, the mix group
had more cellular proliferation than the VLX group (p > 0.05).
tThe VLX group did not demonstrate a significant difference in
proliferating cell counts when compared to all other groups.

except when compared to the CPH group (p < 0.001).

There was a significant difference between positively stained
cell numbers between the control group and the CPH group(p
< 0.001). Similarly, the control group and the mix group (p <
0.001). As for control versus VLX groups, there was also a
significant difference in positively stained cells (p < 0.001).
When comparing the CPH group and the VLX group, there is a
significant difference (p < 0.05) with much fewer proliferating
cells in animals treated with CPH.
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