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The human brain is capable of generating new functional neurons throughout life, a phenomenon known as adult neurogenesis. The
generation of new neurons is sustained throughout adulthood due to the proliferation and differentiation of adult neural stem cells.
This process in humans is uniquely located in the subgranular zone of the dentate gyrus in the hippocampus. Adult hippocampal
neurogenesis (AHN) is thought to play a major role in hippocampus-dependent functions, such as spatial awareness, long-term mem-
ory, emotionality, and mood. The overall aim of current treatments for cancer (such as radiotherapy and chemotherapy) is to prevent
aberrant cell division of cell populations associated with malignancy. However, the treatments in question are absolutist in nature and
hence inhibit all cell division. An unintended consequence of this cessation of cell division is the impairment of adult neural stem cell
proliferation and AHN. Patients undergoing treatment for cancerous malignancies often display specific forms of memory deficits, as
well as depressive symptoms. This review aims to discuss the effects of cancer treatments on AHN and propose a link between the
inhibition of the neurogenetic process in the hippocampus and the advent of the cognitive and mood-based deficits observed in
patients and animal models undergoing cancer therapies. Possible evidence for coadjuvant interventions aiming to protect neural
cells, and subsequently the mood and cognitive functions they regulate, from the ablative effects of cancer treatment are discussed
as potential clinical tools to improve mental health among cancer patients.
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The process of neurogenesis involves the development and mat-
uration of new neuronal populations from neural progenitor cells,
which are, by virtue of their multipotent state, forms of neural
stem cells (NSCs). In the adult rodent brain, neurogenesis has
been observed to occur in the subgranular zone (SGZ) of the den-
tate gyrus (DG) in the hippocampus.1 The hippocampus is known
to be one of the most important brain structures implicated in
memory formation and spatial processing,2 – 10 and it has hence
become evident that the process of hippocampal neurogenesis is
of pivotal importance in the maintenance of normal cognitive
function.11 It is now also well established that adult hippocampal
neurogenesis (AHN) is an important player in the regulation of
both mood and anxiety, with decreased rates of AHN being nor-
mally accompanied by an increase in depression- and
anxiety-related behaviors.12,13 Importantly, it had been proposed
that the cell growth patterns observed in rodent and other animal

models were analogous to the degree and processes of growth
displayed in human subjects.14,15 Indeed, evidence from a recent
study dating hippocampal cells with nuclear bomb test–derived
carbon-14 confirmed the occurrence of adult neurogenesis in
the human hippocampus.16 Moreover, it was revealed that it
occurs at rates comparable to those of middle-aged mice, sup-
porting a strong relevance of results from animal models. Given
that treatments for cancer are tailored in such a way as to prevent
the advent of cell division, it is not surprising that the process of
NSC proliferation followed by neurogenesis is inhibited upon ad-
ministration of various forms of cancer therapy.17

The methods used in the treatment of cancer-based patholo-
gies (namely surgical and radio- and chemotherapies) have often
been associated with the induction of memory deficits, cognitive
decline, and depressive symptoms in relevant patients,18 with
cognitive dysfunction having also been recognized as a long-term
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problem among pediatric patients.19 At present, few studies have
succeeded in determining whether or not a causal link exists
among cancer treatments, the impairment of AHN, and the sub-
sequent development of memory and mood dysfunction. The dif-
ficulty in establishing such a causal link, especially in the case of
depression, may rely on the highly negative cognitions associated
with cancer diagnosis, due to the invasive and severe treatments
offered and the high morbidity associated with this condition.
This psychosocial feature of cancer may confound the assump-
tion that depression could come as a consequence of antiproli-
ferative treatments through a decrease in AHN; it could, in turn,
be considered a psychiatric comorbidity established prior to the
effects of anticancer interventions as a consequence of other psy-
chobiological mechanisms than hippocampal neurogenesis. In
this sense, the use of animal models in the assessment of the
possible relationship between cancer therapies and the onset of
cognitive deficits and depressive behavior through a decrease in
hippocampal neurogenesis is of primary importance. This review
aims to summarize the scientific literature relevant to the area of
investigation and hypothesize the existence of a tangible causal
link among the aforementioned factors.

The Role of the Hippocampus
The hippocampus is a structure in the brain that forms part of the
limbic system. The hippocampus is implicated in a number of
complex cognitive procedures, such as spatial recognition and
memory, as well as mood regulation.3,20,21 Anatomically, the
hippocampus is divided into 3 main subregions, whose specific
cells confer to the system different important stages for informa-
tion processing (Fig. 1). These main subregions are the cornu
ammonis (CA) 1, the CA3, and the DG. The hippocampus
processes information through its trisynaptic circuit, starting
with the glutamatergic granule cells of the DG receiving input
from the entorhinal cortex and sending projections to the CA3,
which then connects with pyramidal neurons at the CA1. These,
in turn, send the processed information to other parts of the brain
through projections to the subiculum and entorhinal cortex.22

Since the hippocampal formation extends longitudinally along
the brain, hippocampus-related functions are, in general terms,
distributed along its septotemporal axis, with cognitive abilities
being more related to the dorsal hippocampus and mood/emo-
tionality being more closely related to pathways within the ven-
tral hippocampus.23 – 25

Due to the involvement of the hippocampus in cognitive and
mood- and emotion-related processes, it is unsurprising that hip-
pocampal dysfunction has been implicated in the development of
a number of psychiatric and neurological pathologies, such as de-
mentia26 and depression.27 Studies into the structure and func-
tioning of the hippocampus have indicated the existence of
NSCs in the SGZ of the DG and have asserted that the microenvir-
onment of this so-called neurogenic niche maintains this pool of
NSCs under highly regulated proliferative activity. Cell-intrinsic
and extracellular factors within the neurogenic niche actively co-
ordinate the generation of new populations of functional granule
neurons throughout life.28 These populations and the regulatory
processes involved in the coordination of their proliferation and
differentiation states are of great scientific interest, in that they
are currently therapeutic targets in future treatment paradigms

to restore hippocampal function. This becomes especially import-
ant in the context of individuals under decreased or ceased cell
proliferative activity, as is the case for patients undergoing cancer
treatment.

Neurogenesis in the Adult Hippocampus
Hippocampal NSCs are capable of self-renewal via proliferation
and differentiation into neurons, oligodendrocytes, and astro-
cytes throughout the duration of an individual’s lifespan. NSCs
in the DG, known as type 1 cells, are at a quiescent state and ex-
press radial and progenitor markers. Type 1 cells generate type 2
progenitors, which in turn give rise to either astrocytes or neuro-
blasts, these expressing the immature neuronal marker double-
cortin28 (Fig. 1). If given the appropriate conditions, neuroblasts
will mature into glutamatergic granule neurons, integrating in
the preexisting circuitry of the DG. The whole process is, therefore,
dependent on appropriate proliferative activity.

The neurogenetic process is facilitated by the location of NSCs
within a neurogenic niche.29 It has been hypothesized that neuro-
genesis is able to occur in the SGZ due to the facilitative role of the
surrounding microenvironment, whereby astrocyte populations,
along with autocrine signaling from the NSCs themselves, actively
facilitate the process of neurogenesis through the provision of
proneurogenetic molecules.28 – 30 Also, the proximity observed of
NSCs to the endothelium of blood vessels facilitates the process,
given that these release factors that stimulate self-renewal of
NSCs.31

Increasing evidence supports the idea that AHN constitutes an
important factor underlying functional plasticity in the adult
brain, contributing to the formation of new memories and the
regulation of cognitive processes.32 The newly generated neurons
appear to have an essential role in the ability of the DG to distin-
guish contexts, as opposed to simply distinguishing places. This
process is known as pattern separation and is believed to confer
the uniqueness feature of a certain memory.11,33 – 35 Of special
interest for mental health, disruption in this ability to transform
similar experiences into distinguished, nonoverlapping represen-
tations has been proposed as an important factor underlying
the development of anxiety disorders.36 The development of
other aspects of anxiety,37,38 as well as of depression,39,40 has
also been shown to be related to low levels of AHN. In this
sense, it is plausible to suspect that manipulations that disrupt
AHN might also bring deleterious consequences to mental health,
specifically in terms of mood, emotionality, and cognition.

Effects of Cancer Treatments on Adult
Hippocampal Neurogenesis
Treatments for cancerous conditions are ultimately directed
against the proliferation of cancerous tumors, thereby aiming to
reduce and arrest the aberrant cell division brought about by the
affected cells. Current treatment protocols are usually adjusted in
order to arrest the form of cancer that is afflicting the patient.
Treatment can involve the use of chemotherapy, radiotherapy,
hormone therapy, and surgery. It may be deemed necessary to
utilize a number of treatment options, with chemotherapy
being frequently used as an adjuvant to radiotherapy. These
treatments are fundamentally absolutist in nature, in that they
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generally act to prevent systemically all forms of cell division.
Paradoxically, the treatments, while necessary to curtail the
spread and development of the cancer cell population, have un-
desirable consequences in preventing the division and prolifer-
ation of the stable cell populations that are required for the
maintenance of generalized homeostasis. Animal studies into
the effect of chemotherapeutic agents and radiation on NSC
populations involved in AHN have elucidated a number of novel
findings. It has been determined that use of therapeutic doses
of radiation in the treatment of CNS malignancies results in a de-
crease in hippocampal NSC proliferation, a concomitant increase
in the level of apoptosis of these cells, and an overall .95% de-
crease in the production of new neurons in adult rodents.41 – 43 In
essence, radiotherapy acts in such a way that ablates the neuro-
genetic process. Of great importance, however, was the discovery
that rodent NSC populations isolated 1 month after exposure to
irradiation were relatively unchanged following radiation treat-
ment. This indicates that acute cell death per se does not deter-
mine the persistent arrest of neurogenesis subsequent to brain
irradiation but that the neurogenic niche could be more profound-
ly affected by changes caused in the neural microenvironment
after radiation exposure, such as the disruption of microvascular

angiogenesis within the neurogenic niche.43 Strong evidence
points to an association between local angiogenesis and normal
AHN, with clusters of precursors found in close anatomical con-
tact with the surrounding microvasculature.44 Enhanced capillary
area accompanied by enhanced hippocampal neurogenesis
among depressed patients treated with selective serotonin re-
uptake inhibitors support the coupling of the 2 generational pro-
cesses.45 Detrimental changes to microangiogenesis could then
directly contribute to the decreased capacity for cell proliferation
and increased commitment of the remaining neural precursors
into a glial rather than a neuronal fate in the irradiated hippocam-
pus. The importance of the surrounding microenvironment for
neurogenesis in the context of radiation exposure has been con-
solidated through the use of transplantation studies in animal
models. These experiments have proven successful in demon-
strating de novo neurogenesis of irradiated neural precursor
cells in vitro, while healthy NSCs transplanted into an irradiated
hippocampus did not display distinct evidence of neurogenesis.18

It has generally been found that the neurogenetic niche of the
NSCs is altered in 2 ways following radiation therapy. Firstly, the
anatomical relationship between the neural progenitor cells and
the microvasculature is significantly disrupted, and secondly, the

Fig. 1. The hippocampal circuitry. The hippocampus is located within the temporal lobe, extending longitudinally across the brain. It is composed of 3
distinct subregions—the DG, CA1, and CA3—each responsible for specific components of information processing. Granule cells in the DG receive inputs
from the entorhinal cortex and send projections to CA3 pyramidal neurons, which connect with those of CA1, from where information is distributed to
other parts of the brain. The DG is particularly known for its remarkable characteristic of generating new functional neurons throughout adulthood. The
process of adult hippocampal neurogenesis starts with type 1 NSCs generating type 2 progenitors, which can differentiate into neuroblasts. Given
appropriate microenvironmental conditions, these cells will mature into neurons and integrate local preexisting circuits. Because the hippocampus
extends dorsoventrally, newborn neurons that integrate the dorsal circuitry are believed to regulate functions proper to the dorsal hippocampus,
such as spatial memory. In turn, those integrating ventral circuits are thought to play a role in the regulation of ventral hippocampus functions,
such as those related to mood and emotionality.
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radiation elicits an inflammatory response from the microglia,
which is itself sufficient to disrupt the neurovascular relationship
with NSCs.18,43

While the effects of radiotherapy appear to be related both to
disruption of the cell cycle, with delayed progression through the
G1, S, and G2 phases,46 and to the development of a neurotoxic
microenvironment triggered by microglial activation, in theory
chemotherapy drugs exert their antimitotic effect via well-
described intracellular mechanisms. The ultimate goal of these
drugs is to disrupt DNA, which can be achieved by mechanisms
as diverse as the formation of covalent bonds with, for instance,
the amino or phosphate groups of DNA strands (alkylating
agents) and the interference of DNA synthesis by structural ana-
logues of metabolites involved in DNA synthesis (antimetabolites,
such as 5-fluorouracil [5-FU]).47 Whatever the specific mechan-
ism of action, chemotherapeutics directly or indirectly induce
DNA damage of rapidly dividing cells48; their action, however, is
not specific to cancer cells, which makes dividing NSCs in the
neurogenic zones a vulnerable target of their antimitotic action.
Of special concern, both in vivo and in vitro approaches showed
that progenitor cell populations are even at more risk than cancer
lineages when exposed to different classes of chemotherapy
drugs, such as DNA cross-linking agents and antimetabolites.49

Also, as stated previously, one of the main factors that make it
possible for the adult hippocampus to generate new functional
neurons is the proximity of NSCs to the endothelium of blood ves-
sels. If, on the one hand, the close relationship between neural
progenitors and vessel cells facilitates AHN by the local release
of self-renewal factors, it also allows for a tight communication
with the systemic environment.50 In the context of chemother-
apy, this could more likely lead to a decrease in cell proliferation
activity via a facilitated contact with antiproliferative agents,
thereby impairing the neurogenetic process as a whole. In add-
ition, one of the promising interventions for tumor regression
combined with conventional chemotherapy is the administration
of antiangiogenic agents. The strategy relies on the prevention of
tumor vessel formation mainly through inhibition of the axis of
vascular endothelial growth factor (VEGF).51 However, although
the combined use of angiogenesis inhibitors with chemotherapy
in most cases yields superior outcomes in comparison with
single-drug treatment, it could also potentiate the negative con-
sequences of cancer treatment to AHN, given the close—and
possibly causal45—relationship between the neuro- and angio-
genesis processes.

Cancer Treatments and Cognitive Impairment
In spite of evidence indicating that many normal cell populations
can adapt to and subsequently overcome the deleterious effects
of cancer treatments, it has been ascertained that the adminis-
tration of cancer treatment has an important degree of associ-
ation with long-term cognitive deficits in humans,17,52 – 54 a
theme that because of its extensive complexity and broad ap-
proach cannot be fully addressed in this review. Overall, patients
may display deficits in long-standing attentional functions,55

motor functions, and executive functions (which may include
those related to mental flexibility, planning, rule learning, initi-
ation, monitoring, and maintenance of appropriate action56),
which can be attributed to chemotherapeutic agents.57

Interestingly, cognitive deficits resulting from chemotherapy
among breast cancer survivors appear to be specific to certain
domains, a feature that may guide the design of more targeted
neuropsychological interventions to this population. Indeed, def-
icits presented in a rule-learning task by breast cancer patients
who had undergone chemotherapy were selective to decision
making under ambiguity, rather than decision making under
risk.58 The study compared the performance of chemotherapy
treated and nontreated patients, as well as healthy subjects,
showing that the cognitive deficits found could be attributed
mainly to treatment, and not simply to the psychological stress
of having a cancer diagnosis. In addition, the authors interpreted
the data as chemotherapy rendering some specific disruption to
the limbic circuitry, rather than the prefrontal loop. Although hip-
pocampal neurogenesis cannot so far be directly assessed in vivo
in humans, it is plausible to hypothesize that the effects observed
could be a consequence of the decreased NSC proliferation and
differentiation in the hippocampus as a result of chemotherapy.
The fact that the difference found was related to a deficit in dis-
sociating ambiguous stimuli (pattern separation), which is a
major function of the hippocampus, strongly supports this
hypothesis.

However, it has also been noted that a number of factors have
conspired to prevent the development of a directly causal link
among the aforementioned variables when considering studies
in human populations; these have included “relatively small sam-
ple sizes, differences in age of the patients, nature and location of
the tumor(s), additional anti-cancer treatments and intensity of
the adjuvant treatment.”17 Rodent studies would therefore be
of considerable benefit in that they could enable the study of
the effects of cancer treatment without confounding factors
affecting the results obtained. Consequences of chemotherapy
in rodent studies have been examined in a number of investiga-
tions utilizing healthy rodents, with many results hinting at a pos-
sible link between the use of chemotherapy and subsequent
hippocampus-related cognitive deficits59 – 61 (Table 1).

In several mouse studies, it has been demonstrated that
cyclophosphamide (CP), an alkylating agent that inhibits DNA
synthesis, decreases the capacity for memory retention,62,63 al-
though it has also been suggested to be less neurotoxic than
other chemotherapy drugs.64 Antimetabolites such as metho-
trexate (MTX) and 5-FU are chemotherapeutic agents used to im-
pair the biosynthesis of nucleic acids and hence arrest movement
of cells through the cell cycle. Rats receiving MTX, 5-FU, or a treat-
ment combining the 2 display cognitive dysfunction, performing
poorly in spatial learning tasks65,66 and displaying memory con-
solidation impairment.67,68 Combined treatment of CP, MTX, and
5-FU has also been shown to significantly impair hippocampus-
dependent memory, in association with decreased cell prolifer-
ation in the DG and altered histone remodeling in the
hippocampus.69

Radiation therapy for malignancies of the CNS has likewise
been associated with the induction of “progressive deficits in
learning and memory.”53 A wide range of cognitive deficits have
been reported in studies examining the effect of radiotherapy on
neuropsychological cognition, and it is perhaps appropriate to at-
tribute the wide range of deficits observed to differences in the
nature and extent of the core pathology, the brain volume
where radiotherapy was applied, or the means by which the cog-
nitive deficit was measured.18 In patient groups, early-delayed
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Table 1. Effects of cancer therapies on adult hippocampal stem cells proliferation and neurogenesis in rodents

Model Cancer Therapy Dose Effect on AHN Effect on Behavior Rescuing Intervention Effect of Rescuing Intervention Reference

In vivo: 3–4-mo-old male

Fischer rats

Radiosurgery 10 Gy Increased apoptosis in the SGZ

paralleled with decreased

proliferation of immature

progenitor populations

responsible for AHN

Not assessed Not assessed Not assessed Peissner et al.

199941

In vivo: 8–10-wk-old male

Fischer 344 rats

Irradiation 1 Gy to 30 Gy Increased apoptosis in the DG,

reaching a plateau at about

3 Gy; reduced cell proliferation

in the SGZ after 120 days at

doses of 5 Gy or higher

Not assessed Not assessed Not assessed Tada et al. 200042

In vivo: adult female Fischer

344 rats

Irradiation 2 Gy or 10 Gy Inhibition of AHN, disruption of

AHN-associated angiogenesis,

and increased number and

activation status of microglia

within the neurogenic zone

Not assessed Not assessed Not assessed Monje et al.

200243

In vitro: progenitor cells from

the hippocampi of irradiated

female rats

In vivo: 2-mo-old female BALB/

C mice

MTX + 5-FU Single i.p. injection of MTX

(37.5 mg/kg) + 5-FU

(75 mg/kg) each wk for 3

consecutive wk

Not assessed Impaired spatial (MWM) and

nonspatial memory (NMTS and

DNMTS)

Not assessed Not assessed Winocur et al.

200660

In vivo: 6–8-wk-old CBA mice BCNU, cisplatin, or

cytarabine

3 consecutive injections of

BCNU, cisplatin, or

cytarabine (3×10 mg/kg,

5 mg/kg, or 250 mg/kg body

weight, respectively)

Increased cell death and

decreased cell division in the

DG

Not assessed Not assessed Not assessed Dietrich et al.

200649

In vitro: rat CNS stem cells,

lineage restricted progenitor

cells and differentiated cell

types

5-FU In vitro: 0.5 mM, 1 mM, 5 mM for

24 h; 5 mM for 5 days; 1 mM

for 1 h

In vitro: 45%–80% reduction in

viability of dividing O-2A/OPCs,

nondividing oligodendrocytes,

and GRP cells

Not assessed Not assessed Not assessed Han et al.

2008161

In vivo: 6–8-wk-old CBA mice In vivo: 3 i.p. injections every

other day (40 mg/kg)

In vivo: induction of apoptosis and

suppression of proliferation in

the SVZ, DG, and CC; enhanced

loss of DCX + cells from among

the BrdU+ population in both

the SVZ and DG

In vivo: young male C57/BL6

mice

Irradiation Bilateral cranial irradiation (total

dose of 6 Gy/mouse) on

postnatal day 9 (P9)

Significant reduction of precursor

cell proliferation throughout

the entire hippocampal

formation; decreased number

and altered morphology of

DCX+ cells in the DG

Impaired exploratory behavior

(OFT)

Voluntary running in

adulthood for 4 wk

Voluntary running significantly

restored precursor cell and

neurogenesis levels, and

ameliorated the behavior

alterations observed in OFT

Naylor et al.

2008115

In vivo: 150–170 g male,

Swiss–Webster mice

MTX Single i.p. injection of MTX

(32 mg/kg); 5-FU (75 mg/

kg), or MTX + 5-FU

Not assessed Impaired memory retrieval in 5-FU

mice (autoshaping operant

procedure); impaired

acquisition and retrieval in

MTX + 5-FU mice

Not assessed Not assessed Foley et al.

2008675-FU

MTX + 5-FU

In vivo: 3-mo-old male Wistar

rats

MTX Experiment I: single i.v. injection

(37.5–300 mg/kg)

Experiment I: dose-dependent

long-lasting decrease in

hippocampal cell proliferation

Experiment II: impaired spatial

(MWM) and nonspatial memory

(NOR)

Not assessed Not assessed Seigers et al.

200865

Experiment II: single i.v.

injection (250 mg/kg)
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In vivo: 3-mo-old male Wistar

rats

MTX Single i.v. injection (250 mg/kg) Decreased hippocampal cell

proliferation 7 days after

treatment; decreased white

matter density in the lateral CC

1 day, 1 wk and 3 wk after

treatment

Deficits in spatial memory (MWM)

and emotional learning (CFC)

Not assessed Not assessed Seigers et al.

200968

In vivo: 8–10-wk-old ICR mice CP Single i.p. injection (40 mg/kg) Decreased number of Ki-67- and

DCX-positive cells 12 h after

treatment, with highest effect

24 h after CP injection; levels

were restored between 2 and

10 days

Deficits in emotional (PAT) and

nonspatial cognitive memory

(NOR) 12 h after treatment

Not assessed Not assessed Yang et al. 201063

In vivo: adult Lister hooded rats 5-FU 5 i.v. injections every other day

over 2 wk of 5-FU (25 mg/kg)

with leucovorin (25 mg/kg/

day)

Reduced number of proliferating

cells in the SGZ of the DG

Impaired emotional (CFC) and

cognitive memory (OLR)

Fluoxetine,

administered in the

drinking water

(10 mg/kg/day) over

3 wk

Animals cotreated with

fluoxetine had improved

performance in the OLR and

restored number of

proliferating cells

Elbeltagy et al.

201059

In vivo: 48-wk-old female

C57BL/6J mice

Irradiation (WBI) Single dose of 5 Gy Decreased number of newborn

BrdU+/NeuN+ neurons in the

DG, decreased hippocampal

expression of BDNF and VEGF,

and increased expression of

IGF-I

Deficits in spatial memory

retention (Barnes maze)

Daily voluntary running

for 6 wk, starting 1

month after WBI

Daily running prevented decline

in spatial memory retention,

partially restored AHN, and

increased levels of VEGF and

IGF-1

Wong-Goodrich

et al. 2010116

In vivo: 5-wk-old male C57BL/6J

mice

thioTEPA 3 daily i.p. injections (10 mg/kg) Significant immediate and

long-term reduction of cell

proliferation and survival in the

DG

Memory deficits (NOR); no

differences in depressive

behavior (forced swimming and

tail suspension tests)

Not assessed Not assessed Mondie et al.

2010110

In vivo: 125–150 g male Lister

hooded rats

MTX 2 i.v. injections (75 mg/kg), a wk

apart

Reduced cell proliferation and

survival in the SGZ of the DG

Cognitive deficits (OLR) Fluoxetine (10 mg/kg/

day in drinking water

for 40 days)

Fluoxetine restored cognitive

ability and cell proliferation

and survival rates in the SGZ

of MTX + fluoxetine rats

Lyons et al.

2011132

In vivo: adult male Fischer 344

rats

WBI Bilateral irradiation in 2

consecutive half-dose

fractions (total doses of

10 Gy and 15 Gy

Reduced progenitor proliferation

and neurogenesis within the

SGZ following 10 Gy- and

15 Gy-WBI and increased

CD68+ activated microglia

Not assessed RAM administered

24 hours post-WBI

and maintained for

12 wk

RAM significantly reduced the

effects of radiation on

progenitor

Jenrow et al.

2010157

proliferation and neuronal

differentiation in the DG

following 10 Gy-WBI

In vivo: adult male Fischer 344

rats

WBI Bilateral irradiation in 2

consecutive half-dose

fractions (total doses of

10 Gy and15 Gy

Reduced progenitor proliferation

and neurogenesis within the

DG following 10 Gy- or

15 Gy-WBI and increased

CD68+ activated microglia

Not assessed AVS administered 24 h

post-WBI at doses of

10 and 15 Gy, and

daily until 12 wk

post-WBI.

Only AVS + RAM mitigated the

decrease in neurogenesis

following 10 Gy-WBI

Jenrow et al.

2011158

AVS + RAM (same

protocol, but

following only WBI

doses of 10 Gy)

In vivo: 20–25 g male

Swiss-Webster mice

Tamoxifen

5-FU

MTX

5-FU + MTX

Chronic injection procedure:

single i.p injection once a

wk for 3 wk: tamoxifen

(32 mg/kg); 5-FU (75 mg/

Not assessed Impaired memory acquisition and

retention (autoshaping learning

procedure) in chronic treatment

with tamoxifen; impaired

Not assessed Not assessed Walker et al.

201161

Continued
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Table 1. Continued

Model Cancer Therapy Dose Effect on AHN Effect on Behavior Rescuing Intervention Effect of Rescuing Intervention Reference

kg); MTX (3.2 or 32 mg/kg);

5-FU (75 mg/kg) + MTX

(3.2 or 32 mg/kg)

memory retention in chronic

treatment with MTX + 5-FU,

which depended on the MTX

doseAcute injection procedure:

single i.p. injection of

tamoxifen (32 mg/kg)

In vivo: 3-mo-old, female BALB/

C mice

MTX + 5-FU Single i.p. injection of MTX

(50 mg/kg) + 5-FU (75 mg/

kg), once a wk for 4 wk

Not assessed Impaired spatial (MWM) and

nonspatial learning and

memory (NMTS and DNMTS)

Donepezil (3 mg/kg) Daily administration of

donepezil in conjunction

with the chemotherapy

drugs prevented deficits in

spatial learning and in some

measures of the DNMTS

Winocur et al.

2011134

In vivo: 150–200 g male

Lister-hooded rats

CP 7 i.v. doses (30 mg/kg) Decreased survival of hippocampal

cells

No differences in spatial working

memory (OLR)

Not assessed Not assessed Lyons et al.

201164

In vivo: 4-mo-old female Wistar

rats

CMF (CP + MTX +
5-FU)

Single i.p. injection (CP: 40 mg/

kg; MTX: 37.5 mg/kg; 5-FU:

(75 mg/kg) once a wk for 4

wk

Decreased cell proliferation in the

DG; increased acetylation of

histone H3 and decreased

histone deacetylase activity in

the hippocampus

Transient impairment in spatial

learning, with persistent

disruption in spatial memory

(MWM)

Not assessed Not assessed Briones & Woods

201169

In vivo: 2-mo-old male athymic

nude rats (strain 02N01

Cr:NIH-rnu)

CP Single i.p. injection (CP: 50 mg/

kg; DOX: 2 mg/kg) once a wk

for 4 consecutive wk

Decreased AHN (BrdU+/NeuN+);

increased activated microglia

(ED1-positive) in the

hippocampus after CP

treatment

Impaired spatial recognition (NPR)

and emotional memory (CFC)

Not assessed Not assessed Christie et al.

201275DOX

In vivo: 265–369 g male Wistar

rats

OX Single i.p. injection of OX

(12 mg/kg; 8 mg/kg); 5-FU

(75 mg/kg), or a

combination of 5-FU and OX

in 2 i.p. injections

Not assessed Impaired memory (NOR) in

treatment with 5-FU and OX

alone; impaired emotional

(CFC) and spatial memory

(MWM) in combined treatment

Wheel running Impairments caused by

5FU + OX treatment were

prevented by 4 wk of wheel

running overnight after drug

administration

Fardell et al.

20121145-FU

5FU + OX

In vivo: 60–75-day-old male

Sprague–Dawley rats

TMZ Single i.p. injection (25 mg/kg)

once a day for 3 consecutive

days per wk, for 4 wk

Decreased number of BrdU+ cells

in the DG 1 wk after BrdU

injection

Impaired aversive learning (trace

eyeblink response)

Not assessed Not assessed Nokia et al.

201274

Abbreviations: AVS, atorvastatin; BCNU, carmustine; BDNF, brain-derived neurotrophic factor; BrdU, bromodeoxyuridine; CFC, contextual fear conditioning; DCX, doublecortin;
DNMTS, delayed nonmatching-to-sample; DOX, doxorubicin; GRP, glial-restricted precursor cells; IGF, insulin-like growth factor; MWM, Morris water maze; NOR, novel object
recognition task; NPR, novel place recognition test; OFT, open-field test; OLR, object location recognition test; O-2A/OPCs, oligodendrocyte type 2 astrocyte progenitor cells;
OX, oxaliplatin; PAT, passive avoidance test; RAM, ramipril; SVZ, subventricular zone; WBI, whole-brain irradiation.
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reactions to radiotherapy, usually occurring from the first to the
sixth month of treatment, often manifest as deficits in memory
and word retrieval, in addition to slowed information processing
speed.70 Late-delayed side effects such as a decrease in quanti-
tative skills and further memory deficits may present months or
years after the initiation or even the cessation of treatment and
are often progressive in form. The dose of radiation administered
to the medial temporal lobe—which contains the hippocampus—
is also, according to one study, directly proportional to the extent
of subsequent cognitive dysfunction.71 Interestingly, no correl-
ation has been observed between mild to moderate cognitive im-
pairment and subsequent radiological findings, with affected
patients often displaying normal findings on neuroimaging
scans.72 In certain cases, radiation may induce vascular and
demyelinative changes, but memory deficits have nevertheless
been observed in numerous subjects who do not display any evi-
dence of such pathological development.52 These findings per-
haps suggest that the pathological development of cognitive
decline induced by radiotherapy may not be amenable to visual-
ization through neuroimaging techniques.

In spite of a large number of studies documenting the exist-
ence and presentation of neurotoxicity following radiotherapy, it
is generally recognized that only little is known about the precise
cellular and metabolic processes underpinning the development
of the neurotoxic state. Thus, 2 separate hypotheses have been
advanced as to how this cancer treatment intervention leads to
neurotoxicity. A “vascular hypothesis” suggests that vascular in-
jury induced by the radiation leads to vascular insufficiency and
infarction, which in turn contribute to the neurotoxic environ-
ment. An alternative “glial hypothesis” posits that an arrest of
gliogenesis caused by the treatment ultimately leads to a demye-
linative necrosis.52 However, experimental evidence suggesting
that gliogenesis is relatively well preserved following radiation
therapy would tend to repudiate the glial hypothesis,43 while nei-
ther hypothesis can account for the conspicuous lack of gross
pathology evident on the neuroimaging of patients displaying
cognitive deficits posttreatment. The effect of cancer treat-
ment—both chemo- and radiotherapy—is of particular note
when considering how neurogenesis and self-renewing lineage-
committed neural progenitor cells are altered as a result of the
development of neurotoxicity.18

Radiation administration is associated with an extensive
microglial inflammatory response in the regions of the hippocam-
pus associated with neurogenesis.43 This leads to an inappropri-
ate increase in the amount of proinflammatory interleukin (IL)-6,
which acts to inhibit neurogenesis.52 Of special interest for trans-
lational neuro-oncology, it has been recently demonstrated that
administration of MW-151, a selective inhibitor of proinflamma-
tory cytokine production, in adult rats was able to mitigate the
impaired neurogenesis and cognitive decline induced by whole
brain irradiation.73

In addition to the chemotherapy studies described previously,
it has been shown that chronic treatment with the antimitotic
temozolomide (TMZ) is associated with poor performance in the
acquisition of hippocampus-dependent trace eyeblink condition-
ing in rats, a specific task that requires the association of events
across a temporal gap.74 No differences were observed when the
association was to be accomplished with temporally overlapping
stimuli. This suggests that the effects of antimitotic drugs, like
TMZ, might be highly specific to certain types of memory, and

interestingly, that the types of memory affected are likely to re-
late to those encoded by newly generated neurons. Indeed, this
same study identified a TMZ-induced reduction in early survival of
young cells in the DG, without disruption of memories formed
prior to treatment, which are independent of newly born neurons.
This is in accordance with other findings in rats showing impaired
cognitive and emotional memory following treatment with CP
and doxorubicin, where an actual decrease in AHN (shown by
the number of bromodeoxyuridine-positive cells colocalizing
with the mature neuron marker NeuN) was also observed.75 In
addition, it was verified that TMZ leads to disrupted theta oscilla-
tions in the hippocampus.74 Synchronized activity within the
theta range (3–12 Hz) is believed not only to predict learning
rates76 but also to be one of the means by which immature neu-
rons differentially regulate temporal aspects of hippocampal en-
coding.77 Thus, a possible mechanistic explanation for part of the
effects of some chemotherapy drugs on learning and memory
could be that as a direct consequence of the decrease in cell pro-
liferation and neurogenesis in the DG, a reduction in overall theta
activity of immature neurons disrupts the temporal information
they are due to encode for appropriate stimuli association and,
therefore, for optimal cognition.

Cancer Treatments and Depression
Growing evidence indicates an important relationship between
depression and survival among cancer patients. For instance, it
has been shown that high levels of cortisol and depressive symp-
toms link to increased expression of proinflammatory and prome-
tastatic genes in circulating leukocytes of renal cell carcinoma
patients, suggesting that the dysregulation of cortisol and inflam-
matory markers of depression is an important predictor of sur-
vival among these patients.78

Depression is believed to have its origin in a dysfunctionality of
multiple biological factors. Here, we highlight 2 of the mechan-
isms that emerge as candidates potentially underlying depressive
symptoms and lower recovery among cancer patients undergo-
ing classic treatments, such as chemo- and radiotherapy. These
mechanisms are the decrease or transient ablation of hippocam-
pal neurogenesis and the onset of inflammatory responses in
the brain.

Due to its plastic nature, the hippocampus is especially vulner-
able to changes in brain homeostasis. This is clearly evident in the
case of chronic stress. Stressful events are known to cause the ad-
renal glands to release glucocorticoid hormones, such as cortisol,
whose receptors (glucocorticoid receptor [GR] and mineralocor-
ticoid receptor) are abundantly expressed in the hippocampus.79

Adrenal hormones play an important role in the regulation of the
stress response,80 but chronic glucocorticoid signaling has been
associated with decreased levels of trophic factors, cell death,
dendritic retraction, and hippocampal neurogenesis impair-
ment.81 Interestingly, it has been proposed that the newly gener-
ated neurons in the mouse DG have a role in buffering the stress
response, via modulation of the hypothalamic-pituitary-adrenal
axis.40 Although a causal relationship between cell genesis and
the onset of or vulnerability to depression still remains a subject
of constant debate,82 some studies have succeeded in showing a
link between the ablation of neurogenesis and the emergence of
a depressive behavioral profile.83,84 A recent study also showed
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that rats repeatedly treated with corticosterone had decreased
number of surviving immature neurons in the DG, a feature ac-
companied by increased depressive-like behaviors.85 A causal
link between AHN and depression must still be addressed with
caution, though, and one must consider that it may exist within
the context of certain and not all kinds of stress conditions.21 An-
other factor that seems to play a role for the establishment of
decreased AHN as a mechanism underlying depression is the
time course of analysis after exposure of the individual to the
cytogenesis suppression.86 While animal studies performing be-
havioral analysis immediately after the ablation of hippocampal
cell genesis failed to identify depressive-like behaviors,87 those
where cytogenesis suppression was prolonged88 or in which be-
havior was analyzed 4 weeks after the cessation of cell genesis
suppression40 reported a late manifestation of mood deficits. A
plausible way to interpret this recent data is that sustained
mood may require the appropriate integration of new neurons
in the DG, a process that starts with appropriate rates of cell
proliferation.

If on the one hand a causal link between AHN and mood is not
yet of consensus, there seems to be less controversy when it
comes to considering normal levels of AHN as a prerequisite for
remission from depression.39,89 Indeed, a reduction in depres-
sive behavior and improvement of cognitive function with
increased hippocampal neurogenesis has been observed follow-
ing chronic antidepressant treatment.90 Suppression of AHN, in
turn, was shown to reduce the efficacy of antidepressants in re-
storing depressive and anxious behavior in a number of animal
studies.91,92 Among the possible arguments to explain this phe-
nomenon is the proposition that the newly generated neurons
resulting from stimulation by antidepressants could play a role
in maintaining the inhibitory connections that target areas of
the hypothalamic-pituitary-adrenal axis.93 In addition, they
could integrate into memory circuits that regulate appropriate
responses to contextual changes, exerting a protective effect
against chronic stressors.94

With regard to the effects of cancer therapies on depression, it
is not clear yet whether a decreased rate of AHN caused by
chemo- and radiotherapy would lead to depressive behaviors,
or whether depression would come as a consequence of a vulner-
able phenotype in principle independently of AHN, which being
decreased after radio- or chemotherapy would contribute to de-
pressive symptoms and/or hamper remission. Therefore, behav-
ioral studies using rodent models to assess the particularities of
mood-related decline after chemo- and radiotherapy treatments,
as well as the use of cellular and molecular approaches in in vitro
models of depression in the hippocampus,95 should add vital in-
formation on how cancer treatments, depression, and AHN are
linked. As a consequence, specific neuroprotective strategies
could be more effectively designed.

Although not yet established as clearly causal, a link between
inflammation and depression has been increasingly suggested. A
number of studies have proposed a potential role of the immune
system in the development of major depression.96,97 Increased
concentration of a number of inflammatory markers, such as C
reactive protein and the proinflammatory cytokines IL-6 and
tumor necrosis factor a, has been consistently found in serum
and cerebrospinal fluid of depressed patients.98,99 In addition,
patients receiving immunotherapy with cytokines are at in-
creased risk for depression,100 and immunotherapy has been

increasingly used as a form of oncological treatment.101 The
exact mechanisms by which an increase in the level of proinflam-
matory agents (as a consequence of different stressors, such as
medical illness, medication, and psychological aspects) partici-
pate in the onset or progression of depressive symptoms are
still unknown, but some possible and well-grounded explanations
have arisen.102 Cytokines are cell signaling molecules, and it is not
surprising that they therefore exert their effects in a wide range of
pathways and mechanisms. These appear to include a disruption
in serotonergic transmission,103 by which classic antidepressants
exert their effects; increased activation of the glutamatergic re-
ceptor N-methyl-D-aspartate, resulting in increased excitoxicity
and calcium-mediated cell death104; decreased neurogenesis52;
and increased glucocorticoid resistance.105 In turn, a reduction
in GR function has been suggested to trigger hyperactivity of
the hypothalamic-pituitary-adrenal axis40 as well as inflamma-
tory responses.97 Dysfunctionality of the GR could then be pointed
to as a potential substrate through which stress contributes to
depression, in that decreased GR activity leads to a vicious cycle
of increased release of cortisol and inflammation, both mechan-
isms contributing to a decrease in neurogenesis and to the devel-
opment of depression. In addition, increased serum levels of IL-6
and tumor necrosis factor a were associated with decreased hip-
pocampal volume among breast cancer survivors.106 Although
the latter study found that the concentrations of cytokines and
altered volume of the hippocampus were particularly associated
with verbal memory, previous studies have proposed a possible
relationship between reduced hippocampal volume and depres-
sion.89,107,108 Whether decreased hippocampal volume could
also be part of the events underlying depressive symptoms
among cancer patients, as either a risk factor or a consequence
of depression, remains to be further investigated.

Considering this body of evidence, it is reasonable to suspect
that cancer patients are at high vulnerability to depression,
given the cytogenesis suppression and proinflammatory nature
of current cancer treatments, as well as the high levels of psycho-
social stress in which this population is immersed. Altogether,
these factors could maintain the vicious cycle of higher levels of
depression mediated by increased inflammatory responses and
decreased neurogenesis/response to antidepressants, bringing
serious consequences to quality of life and, ultimately, to survival
among cancer patients.

Potential Strategies to Protect/Improve AHN
and Reduce the Deleterious Consequences of
Cancer Treatments on Mood and Cognition
Whether depression among cancer patients as primarily caused
by a treatment-induced decrease in AHN is a topic yet to be
fully unraveled, it seems clear that depression and cancer are
somehow related in humans. It is known, for instance, that de-
pressive breast cancer patients are less likely to adhere to treat-
ment plans, particularly to postradiotherapy medications,109

which could become an additional obstacle to recovery. It
seems, then, essential that effective strategies to tackle depres-
sion within this patient population be developed as part of the
cancer treatment itself, an endeavor that could benefit from
the growing evidence relating AHN induction and mood improve-
ment. Some chemotherapeutic agents, however, were shown to
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exert detrimental effects on cognition without changes on de-
pressive behavior in mice,110 suggesting that—if such effect is
also true for humans—specific interventional strategies designed
in accordance with the drug used could maximize results in differ-
ent patients.

Given that the development of novel treatments and strat-
egies will be necessary to prevent the progression of mood- and
cognition-based disorders resulting from the various treatments
for cancer, it is here proposed that interventions known to in-
crease AHN could be seen as important factors in coadjuvant
cancer treatment (Fig. 2). A number of diverse environmental fac-
tors have been shown to have effects on hippocampal neurogen-
esis. Unpredictable chronic stress, for instance, has been
associated with the production of decreased AHN and the amp-
lification/development of depressive-like behavior.111 Although
this evidence is based on animal models, it is likely that these

kinds of stress paradigms could also play a deleterious role in
mental health among cancer patients.

Voluntary running, in turn, has been shown to have a tangible
beneficial link with hippocampal neurogenesis. Studies have
again illustrated that running in rodent groups is associated
with an increase in the extent of neurogenesis in the hippocam-
pus and that this is associated with an increased capacity for
hippocampus-dependent learning while also partially rescuing
memory impairment resulting from a genetically low basal rate
of neurogenesis.112,113 It has furthermore been demonstrated
that the process of running also helps to prevent cognitive de-
cline, even following combination chemotherapy with 5-FU and
oxaliplatin.114 The positive effects of voluntary running were
seen in a range of exploratory behaviors of adult mice whose
brains had been irradiated in early postnatal development.115

Interestingly, the behavior amelioration observed was followed

Fig. 2. Consequences of cancer treatments to mental health. Cancer treatments, such as chemotherapy and radiotherapy, aim at ablating the
proliferative activity of tumorous cells. However, given their unspecific action, these treatments also arrest proliferation of desirable cell populations,
such as those maintaining the process of neurogenesis in the postnatal/adult brain. Adult hippocampal neurogenesis is thought to underlie an
important portion of neural plasticity throughout life, with newly born neurons integrating memory and mood circuits. AHN can be downregulated
directly by the antimitotic action of cancer treatments, or indirectly by the pro-inflammatory responses triggered by these agents. Chronic stress is
significantly present in the routine of cancer patients and is another important contributor to lower levels of AHN. Decreased AHN, in turn, has been
consistently linked with cognitive decline and depression. On the other hand, environmental factors like exercise, diet, and use of antidepressants and
anti-inflammatory drugs, as well as peroxisomal proliferator-activated receptor alpha agonists, are known to increase AHN and restore cognitive
abilities and mood states. They could, therefore, positively contribute to mental health among cancer patients. Other strategies, such as
hippocampal sparing, cognitive stimulation, and treatment with memantine, stimulants, and ramipril, have been shown to exert positive effects on
mental health in the context of cancer treatments, a phenomenon that probably occurs via protection or increase of hippocampal neurogenesis.
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by a recovery in both precursor cell and neurogenesis levels in the
hippocampus. Similar results were obtained from rats exposed to
daily voluntary running a month after irradiation, where an in-
crease in the hippocampal expression of brain-derived vascular
endothelial growth factor was observed, in addition to the restor-
ation of both AHN and cognitive function.116 It is believed, there-
fore, that exercise might be a potential adjuvant in tackling the
deleterious effects of radiotherapy on mental health, for it contri-
butes to the development of a proneuroplastic milieu, enhancing
both trophic factors and cell proliferation levels in the brain.117

The importance of diet in the maintenance and facilitation of
hippocampal neurogenesis and appropriate cognitive function
has also been investigated. It has been empirically observed
that a calorific reduction of 30%–40% results in an increase in
hippocampal neurogenesis, while extending the time between
meals also acts to improve the extent to which neurogenesis
occurs.118 Certain dietary components (such as flavonoids) have
been shown to improve both depressive symptoms119 and spatial
working memory in rodents.120 – 122 Of special interest in the
context of diet and cancer therapies, there is evidence that the
activation of the peroxisomal proliferator-activated receptor
alpha—a nuclear receptor that regulates gene transcription
upon activation by, for instance, long chain fatty acids and eico-
sanoids123—can inhibit the microglial inflammatory responses
induced by radiation,124,125 without protecting tumor cells.126

Cognitive stimulation can be pointed to as an important factor
favoring cognitive amelioration among cancer-treated patients. A
recent randomized controlled trial using a 12-week computerized
cognitive training program with long-term breast cancer survivors
successfully showed significant improvements in aspects such as
cognitive flexibility, processing speed, and verbal fluency.127

Breast cancer survivors benefited from a group rehabilitation pro-
gram, showing significant improvement in neurocognitive
tests.128 Patients who received treatment (chemotherapy,
radiotherapy, or surgery) for other types of cancer, including blad-
der, prostate, colon, and uterine, presented amelioration on per-
ceived cognition abilities and quality of life after a group-based
cognitive rehabilitation intervention.129 Hypothetically, it could
be argued that in some cases depressive symptoms could arise
or worsen if not only via decreased hippocampal neurogenesis
as a psychological consequence of cognitive disruption. In this
sense, cognitive stimulation through cognitive rehabilitation pro-
grams could, indirectly, help prevent and/or reduce mood-related
symptomatology.

Pharmacological treatment can provide some effective pro-
tection to neuronal cells and, consequently, exert positive effects
on behavior. Administration of anti-inflammatory agents helps to
restore the relationship between the NSC population and the
microvasculature, hence facilitating the neurogenetic process.
However, the full extent of normal neurogenesis is not realized
with anti-inflammatory therapy alone,130 and it is evident that
additional therapies will have to be developed to achieve full res-
toration of the neurogenetic process. In the context of antide-
pressants, fluoxetine reversed both the reduction in cell
proliferation in the DG and the cognitive deficit observed in
mice treated with only 5-FU,131 as well as survival in rats treated
with MTX.132 Not all antidepressants should be seen as potential
coadjuvants for cancer patients, though. Some antidepressants
can interact with antineoplastic agents, resulting in less efficacy
of the drug or increased side effects.133 Drugs such as

escitalopram, citalopram, venlafaxine, mirtazapine, and milnaci-
pran have been pointed to as presenting a safer profile for use
among cancer patients,133 yet specific studies investigating
their potential role in improving mood in the context of chemo-
and radiotherapy are still lacking. Other types of drugs may
exert positive effects to buffer the deleterious consequences of
antiproliferative treatments in the context of mental health. In
this sense, administration of cognitive enhancers such as the cho-
linesterase inhibitor donepezil in conjunction with chemotherapy
drugs 5-FU and MTX was shown to prevent some of the cognitive
impairments observed in rats treated with the chemotherapeu-
tics alone134 (other cognitive enhancers have been reviewed else-
where135). On the other hand, the psychostimulant modafinil did
not exceed placebo effects on cognition among primary brain
tumor patients,136 suggesting that other categories of drugs
could be more effective for this population. Interestingly, moda-
finil was found to suppress hippocampal cell proliferation in
rodents.137

Other stimulants, such as the amphetamine-like agent me-
thylphenidate, improved cognition in patients with advanced can-
cer and hypoactive delirium,138 although no effects were found in
2 placebo-controlled trials where methylphenidate was adminis-
tered to patients during chemotherapy.139,140 At least 3 hypoth-
eses can be drawn to explain the controversy over the use of this
psychostimulant drug among cancer patients: (i) its effects could
be linked with the delirium, and no result should be expected in
cancer patients without this condition; (ii) its effects could be
linked with the time course and severity of cancer, since the
study that showed cognitive improvement after treatment with
methylphenidate was conducted with advanced cancer patients;
(iii) the effects of methylphenidate could be observed when admi-
nistered long after completion of cancer treatment, in this case,
chemotherapy. Indeed, some interventions are designed to take
place only after chemo- or radiotherapy or surgery, as they re-
quire some neural stabilization and recovery in order to exert
beneficial effects toward cognitive enhancement.127 – 129 On the
other hand, a retrospective analysis of the effects of methylphen-
idate showed that depression and fatigue in advanced cancer
patients improved after treatment with this stimulant,141 and a
small pilot randomized trial showed that patients with primary
brain tumor presented improved executive functions after a
4-week treatment with methylphenidate or modafinil.142 The po-
tential of methylphenidate as a cognition and mood enhancer
may go beyond its classic mechanism of action as a dopamine
and noradrenaline reuptake inhibitor; interestingly, this drug
was shown to enhance cell proliferation and neuroblast differen-
tiation in the SGZ of the DG of adolescent rats, likely through an
increase in levels of brain-derived neurotrophic factor.143 Future
studies unraveling the specific effects and side effects of these
different modalities of drugs on the various populations of cancer
patients are thus highly desirable in that they can be translated
into clinical practice as potent tools toward profound conse-
quences in overall quality of life of adult cancer survivors, and
in the psychosocial and educational development of pediatric
patients. Still in the pharmacological context, it goes without
saying that the search for chemotherapy agents that are select-
ively more effective in reducing tumor cell outgrowth while spar-
ing neuronal progenitor populations is a highly desirable
endeavor. Aligned with that, recent findings show that 2 newer
drugs—the proteasome inhibitor bortezomib and the epidermal
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growth factor receptor tyrosine kinase inhibitor erlotinib—were
effective against glioma stemlike cells and delivered less toxic
effects to NSCs, at least in comparison with the conventional che-
motherapeutics TMZ and cisplatin.144

In the context of cognitive dysfunction among patients receiv-
ing whole-brain radiotherapy (WBRT), an important randomized
double-blind placebo trial with memantine by the Radiation Ther-
apy Oncology Group (the RTOG 0614 study) showed that this drug
is effective in preserving cognition of patients with brain metasta-
sis under WBRT.145 Memantine is a noncompetitive antagonist of
the glutamatergic N-methyl-D-aspartate receptor, which leads to
excitotoxicity when overstimulated by, for instance, proinflam-
matory cytokines.104 In the trial, patients received a total of
37.5 Gy WBRT (15 fractions of 2.5 Gy); then, no later than 3
days after initiating WBRT, a 24-week oral treatment with either
memantine or placebo started. The results were promising, with
memantine improving cognition, delaying cognitive decline, and
reducing the rate of decline in several cognitive functions, such
as memory and processing speed. It is also noteworthy that
the toxicity and tolerance of memantine were equivalent to
those of the placebo, making its prescription to be highly recom-
mended for WBRT patients. Interestingly, cotreatment with
memantine in rats receiving MTX chemotherapy was neuropro-
tective, decreasing the spatial memory deficits induced by the
latter.146 This finding could help expand the use of memantine
to chemotherapy patients, a hypothesis that needs to be
addressed by human studies.

In order to prevent WBRT-related cognitive decline, modern
radiotherapy appliances and protocols are designed in such a
way as to contour the hippocampus and use intensity-modulated
radiotherapy (IMRT) to direct the radiation beam, avoiding the
contoured area, a process known as hippocampal sparing. In-
deed, increasing radiotherapy doses to the hippocampus and
temporal lobes have been found to be associated with neurocog-
nitive decline following cranial irradiation in children.147 Using
modern IMRT techniques, an important study conducted with 5
patients with brain metastases showed that it is possible to
achieve acceptable target coverage and homogeneity and still re-
duce the mean dose per fraction of radiation to the hippocampus
by 87% using helical tomotherapy, and by 81% to 0.73 Gy2 using
linear accelerator–based IMRT.148 The potentially neuroprotec-
tive effects of this intervention in the context of cognition are
now under analysis by the phase II clinical trial (RTOG 0933).
The sparing of NSC niches during irradiation of intracranial tumors
has also been found to be feasible without compromising the
quality of coverage in a retrospective planning study.149 These
findings are encouraging, especially considering that sparing the
hippocampus can be considered a safe procedure,150 as the hip-
pocampal formation is rarely involved with metastases.151 In
addition, stem cell therapies point to effective prevention of the
radiation-induced decrease in neurogenesis, but considerable
additional research is still needed for such an approach to be con-
sidered for translation into clinical practice.

Another aspect that deserves special consideration is the po-
tential role of renin-angiotensin inhibitors. Although primarily
acknowledged to play a systemic role in regulating blood pres-
sure, local renin-angiotensin systems have been identified.152 In
the brain, components of these systems, such as angiotensin
(Ang) I, II, and III, are believed to participate as neuromodulators
in brain regions that regulate homeostatic functions153; in

addition, evidence points to a role in neurogenesis, with Ang II in-
creasing NSC proliferation, possibly via Ang II type 2 receptor.154

However, in the context of tissue damage, Ang II has been asso-
ciated with proinflammatory and pro-apoptotic processes that
can lead to long-term detrimental effects.155 Blockade of Ang
II type 1 receptor has been proposed to ameliorate brain injury
conditions, including brain inflammation.156 Interestingly, in
rats given 10 Gy WBRT, the angiotensin converting enzyme inhibi-
tor ramipril could reduce the deleterious effects of radiation on
progenitor cell proliferation and neuronal differentiation in the
DG, possibly through a decrease in apoptosis and inflamma-
tion.157 Ramipril in combination with atorvastatin has been
shown to mitigate the radiation-induced reduction of hippocam-
pal neurogenesis158 and to prevent alone the perirhinal cortex-
dependent cognitive impairment observed following WBRT.159

Also of potential clinical value, important evidence has recent-
ly emerged for a role of neuroprotective agents such as glial cell–
derived neurotrophic factor or 4-methylcatechol to prevent the
loss of catecholaminergic nerves in the bone marrow of mice
given cisplatin chemotherapy.160 While providing obvious benefi-
cial effects to cancer recovery itself, these neuroprotectors could
also have a positive effect on AHN and mental health, a hypoth-
esis that remains to be addressed. Further studies investigating
the effects of specific neuroprotective agents in the contexts of
cancer therapies, AHN, cognition, and mood may constitute,
therefore, a promising field for future clinical application in the
scope of cancer and mental health.

Conclusion
It is evident that current therapies for cancer, while effective in
curtailing cancer cell proliferation, also cause deleterious cell
loss and dysfunction in normal cell populations. This currently un-
satisfactory treatment paradigm contributes significantly to the
development of serious cognitive deficits in patients receiving
these forms of treatment. If the central postulate of this review
has a significant degree of logical veracity (ie, that cancer treat-
ments—both chemo- and radiotherapy—contribute meaningful-
ly to these cognitive deficits through inhibition of AHN), treatment
protocols can be developed that avoid or at least reduce the dele-
terious aspects of current treatments of cancer. Identifying the
precise mechanisms by which each type of treatment has conse-
quences to AHN and to the microenvironment surrounding neural
cells holds great promise for the establishment of strategies to
protect the CNS from long-lasting injury. On that, it has been
found that interventions as diverse as anti-inflammatory and
antidepressant medication, voluntary running, and diet alteration
were all able to exert beneficial effects in animal models. That
opens a promising avenue of possible interventional studies to
be conducted in humans, with the ultimate goal to reduce
chemo- and radiotherapy-induced cognitive and mood decline
among cancer patients. As the number of cancer survivors
increases due to advances in treatment, more extensive research
is required to categorically determine the benefit of particular
interventions. It is noteworthy, though, that such endeavor will
achieve translational significance only if studies are conducted
with large samples and appropriate control conditions, essential
components not always present in clinical trials.
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As a whole, the present understanding garnered from investi-
gations conducted thus far points the way to a more complete
understanding of the process of AHN and in turn how it affects
other cellular and behavioral processes. Advances in this under-
standing will evidently be of benefit to the patient populations
that are currently in receipt of the treatments, as well as those
who will undergo these interventions at junctures in the future.
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