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PERSPECTIVE

Effects of cancer therapy on  
hippocampus-related function

Cancer treatments such as chemotherapy and radiotherapy are widely 
used to treat primary and metastatic cancers. Epidemiological studies 
have demonstrated that these types of treatment can effectively and 
successfully extend the lifespan of cancer patients, but they are also 
associated with various neurological complications such as cognitive 
deficits, seizures, and emotional problems (Taphoorn and Klein, 2004; 
Yang and Moon, 2013; Son et al., 2015b). In particular, emerging 
clinical evidence has revealed that there is a higher incidence of cog-
nitive deficits among various types of cancer patients with peripheral 
tumors, including breast cancer, colorectal cancer, lymphoma, and 
brain tumors, following cancer therapy compared with healthy con-
trol subjects (Taphoorn and Klein, 2004; Dietrich et al., 2008; Pereira 
Dias et al., 2014). Thus, of the neurological complications, cognitive 
impairments are considered to be the major side effect because hu-
mans have highly developed cognitive abilities, and deficits in this 
area may ultimately lead to dementia and a diminished quality of life. 
Several brain regions, including the hippocampus, prefrontal cortex, 
amygdala, striatum, and several parts of the parietal lobe, are involved 
in cognitive processing (Pasupathy and Miller, 2005; Yang and Moon, 
2013). In particular, the hippocampus is a limbic structure that is 
essential for working memory, spatial memory, the consolidation of 
new information into long-term memories, and the acquisition and 
retrieval of stored memories. As a result, studies investigating cancer 
treatment-induced cognitive impairments typically assess hippo-
campal dysfunction. Thus, the present article reviews the possible 
mechanisms underlying hippocampus-related cognitive impairments 
following chemotherapy and radiotherapy.

Effects of cancer therapy on neurogenesis and synaptic plasticity 
in the hippocampus: The process of generating new neurons in the 
hippocampus, or hippocampal neurogenesis, is putatively regarded as a 
principle target of chemotherapy- and radiotherapy-induced side effects, 
particularly in relation to cognitive deficits. Following chemotherapy 
or radiotherapy, experimental animals exhibit significant reductions in 
neurogenesis and cell proliferation in the dentate gyrus of the hippo-
campus in conjunction with memory impairments across diverse behav-
ioral paradigms (Yang et al., 2011, 2012a). Reductions in neurogenesis 
and diminished memory capabilities have also been observed following 
relatively low doses of ionizing radiation (e.g., 2 Gy of γ-ray and 0.8 Gy 
of neutrons) or cyclophosphamide treatment (40 mg/kg, intraperitoneal 
(i.p.)), but these changes are reversible over time (Kim et al., 2008; Yang 
et al., 2010a, b, 2012a). However, exposure to relatively high doses of γ-ray 
(10 Gy) irradiation or methotrexate (MTX; 40 mg/kg, i.p.) treatment re-
sults in long-lasting alterations of neurogenesis and memory function 
(Yang et al., 2011; Son et al., 2014, 2015a). 

Irradiation or MTX may also alter synaptic plasticity-related signals, 
which support memory function, for approximately 14 days after treat-
ment (Yang et al., 2012a; Son et al., 2015a). Synaptic plasticity, which is 
closely linked with hippocampal neurogenesis, varies at different cellular 
levels and under diverse conditions, affecting processes such as dendritic 
growth, axonal sprouting, synaptic remodeling, and the creation of new 
synapses (Mesulam, 1999; Yang and Moon, 2013). Therefore, it appears 
that changes in synaptic plasticity-related signals, including cAMP-re-
sponse element binding protein (CREB), extracellular signal-regulated 
kinase (ERK) 1/2, and calcium/calmodulin-dependent protein kinases 
II (CAMKII), in the hippocampus following MTX treatment or 10 Gy 
γ-ray irradiation affect neuronal survival, plasticity-related cellular re-
modeling, and memory (Yang et al., 2012a; Son et al., 2015a). Based on 
this evidence, recent studies have focused on various factors that might 
influence neurogenesis and synaptic plasticity in the hippocampus to 
better understand the mechanisms underlying the memory impairments 
that are associated with acute and chronic cancer therapy. 

Effects of cancer therapy on neurotrophic factors: Neurotrophic fac-
tors play important roles in brain development, adult neurogenesis, 
emotional regulation (i.e., depression and anxiety), and learning and 

memory. Of these factors, brain-derived neurotrophic factor (BDNF) is 
well-known to be involved in cell survival, adult neurogenesis, and neu-
roplasticity. Although this evidence indicates that BDNF plays a crucial 
role in learning and memory processes, its effects on memory remain 
controversial. BDNF-deficient animal models exhibit defective learning 
and memory, whereas chronic overexpression of BDNF also results in 
learning deficits (Cunha et al., 2009).

Previous studies conducted by our research group have found that 
various levels of BDNF are associated with memory impairments follow-
ing radiotherapy or chemotherapy. For example, 10 Gy γ-ray irradiation 
significantly reduces mRNA and protein levels of BDNF at 1 month 
post-irradiation. Furthermore, the downregulation of common BDNF 
levels and diverse exon variants coincide with the reduced phosphory-
lation of CREB (Son et al., 2014, 2015a), and this reduction in CREB/
BDNF signaling after cranial radiation can potentially lead to impair-
ments in cognitive functioning (Son et al., 2015a). Conversely, MTX 
significantly increases BDNF levels 7–14 days post-treatment, which sug-
gests that this increase may contribute to the remodeling of hippocampal 
dendritic spines and influence changes in the activity of plasticity-related 
proteins during the late phases of treatment (Yang et al., 2012a). There-
fore, it is feasible that altered levels of neurotrophic factors following 
cancer therapy may play a significant role in the proliferation of neural 
precursor cells in the hippocampus as well as the activity of synaptic 
plasticity-related signals. Furthermore, these alterations may affect hip-
pocampal functions, including memory abilities. 

Effects of cancer therapy on glial cells: Microglia and astrocytes are 
important modulators of homeostasis in the brain microenvironment 
via the secretion of BDNF and glial cell line-derived neurotrophic 
factor (GDNF) and the regulation of brain immune responses, such 
as the secretion of cytokines. Changes in the brain microenvironment, 
which reflect levels of microglia and astrocytes, and the extent of gli-
al cell-secreted inflammatory cytokines are considered to be causal 
factors underlying cancer therapy-induced memory impairments as 
well as other neurological complications, including depression. Addi-
tionally, neuroinflammation contributes to cognitive impairments via 
interactions between neurons and glial cells that could facilitate either 
neuronal regeneration or damage. Thus, the identification of a patient’s 
inflammatory status after cancer therapy would aid in determining the 
related mechanisms underlying memory impairment. 

High-dose irradiation and the chemotherapeutic agents used in can-
cer therapies, such as doxorubicin, 5-fluorouracil, and paclitaxel, also 
induce inflammatory responses. MTX-treated mice showed an inflam-
matory response that was reflected in an increase of Iba1-positive mi-
croglia and an upregulation of cyclooxygenase (COX)-2 and inducible 
nitric oxide synthase (iNOS) levels on 1 day post-treatment. Moreover, 
this inflammatory response was intensified when a peripheral tumor 
was present. The activated microglial response following MTX treat-
ment contributes to the upregulation of pro-inflammatory enzymes 
(COX-2 and iNOS), the inhibition of neurogenesis, and subsequent 
cognitive deficits (Yang et al., 2012b). 

A recent study from our group found that 10 Gy cranial irradiation 
did not alter the numbers of microglia or inflammatory cytokines 
(interleukin (IL)-1β, IL-6, and interferon (IFN)-γ) in the hippocam-
pus during the early and intermediate phases of treatment (1–8 days 
post-irradiation). However, the irradiation still appeared to reduce 
neurogenesis and lead to memory dysfunction. Based on these findings, 
the present authors assumed that the inflammatory status of a patient 
during the early post-irradiation phases is not correlated with the in-
hibition of neurogenesis or the presence of memory impairments (Son 
et al., 2014). However, during the chronic post-irradiation phase (1–3 
months), there was a significant reduction in the number of microglia 
in treated animals compared with age-matched sham controls, and this 
was concomitant with the downregulation of BDNF and GDNF, but 
not of inflammatory cytokines, in the hippocampus (Son et al., 2014). 
In that study, the reduced levels of microglia did not reflect the inflam-
matory status of the patients during the chronic post-irradiation phase, 
but they may have affected neurotrophic factors such as BDNF and 
GDNF. Thus, the reduction in microglia influenced hippocampal neu-
rogenesis, synaptic plasticity, and, ultimately, hippocampal function. 
Although microglia in the brain act differently during the early and late 
phases of radiotherapy and chemotherapy, the abnormal regulation of 
glial cells, either in a positive or negative direction, may alter the brain 
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microenvironment and contribute to changes in synaptic plasticity-re-
lated signals and neurogenesis in the hippocampus. Thus, we suggest 
that the immune status of a patient following cancer treatment may 
affect diverse mechanisms associated with cognitive impairments, such 
as neurogenesis, synaptic plasticity, and neurotrophic factors.

Effects of cancer on immune status: In some clinical cases, the im-
mune systems of cancer patients undergoing cancer therapy, or even 
those who are operating under normal conditions, can become hyper-
activated, and there is a subsequent increase in the levels of cytokines 
derived from tumor cells (Culig, 2011; Gilbert and Slingerland, 2013). 
Thus, to confirm the influence of cancer itself on inflammatory status, 
memory function, and related signaling, our research group used spe-
cific cancer cell lines to create tumor-bearing mice and then inoculated 
identical strain-derived cancer cell lines within each strain. Female 
BALB/c mice were inoculated with a BALB/c strain-derived colon car-
cinoma cell line (CT26) and female C3H/HeN mice were inoculated 
with a C3H/HeN strain-derived breast cancer cell line (FM3A) (Yang et 
al., 2012b, 2014). In these tumor-bearing mouse models, the peripheral 
tumors induced the upregulation of pro-inflammatory enzymes, such 
as COX-2 and iNOS, and of various inflammatory cytokines, IL-6 and 
tumor necrosis factor (TNF-α), in the hippocampus as well as serum 
IL-6. Additionally, the tumor-bearing mice exhibited reductions in 
hippocampal neurogenesis, which were detected with Ki-67 and DCX, 
in conjunction with deficits in object-recognition memory and pas-
sive-avoidance memory. Thus, upregulated inflammatory responses in 
the brains of tumor-bearing mice may negatively affect hippocampal 
neurogenesis and memory function.

In conclusion: The aforementioned preclinical data are consistent with 
the findings of clinical studies (Taphoorn and Klein, 2004; Miller et 
al., 2008; Pereira Dias et al., 2014) regarding the following conclusions: 
(1) following cancer therapy, cancer patients experience cognitive im-
pairments during their survived period; (2) there are reduced levels of 
BDNF and neurogenesis in patients exhibiting memory deficits; and (3) 
there is an increased inflammatory response in cancer patients that is 
concomitant with behavioral symptoms. 

Current research has demonstrated that cancer therapy results in 
the alteration of a patient’s immune status, causes changes in levels of 
neurotrophic factors, and negatively affects synaptic plasticity-related 
signals and neurogenesis in the hippocampus. Consequently, cancer 
treatments that induce microenvironmental imbalances and changes in 
hippocampal functioning may lead to cognitive impairments in surviv-
ing cancer patients who were treated with chemotherapy or radiother-
apy (Figure 1). Although a majority of studies assessing the effects of 
cancer therapy have investigated the cognitive abilities of patients, there 
has been a recent increase in preclinical and clinical interest regarding 
the manifestation of depression. Even though the influence of cancer 
therapies on the prevalence of mood disorders has received less re-
search attention than their effects on cognition, the present article may 
further the understanding of the development of depression and other 
neuropsychological deficits following cancer therapy.  
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Figure 1 Schematic overview illustrating the putative mechanisms 
underlying the development of cognitive impairment following cancer 
therapy. 


