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Abstract
Cancer therapies frequently result in a spectrum of neurocognitive deficits that include impaired
learning, memory, attention and speed of information processing. Damage to dynamic neural
progenitor cell populations in the brain are emerging as important etiologic factors. Radiation and
chemotherapy-induced damage to neural progenitor populations responsible for adult hippocampal
neurogenesis and for maintenance of subcortical white matter integrity are now believed to play
major roles in the neurocognitive impairment many cancer survivors experience.
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Therapies designed to kill proliferating cancer cells have profound and lasting effects on
cognitive function. Cranial radiation, used in the treatment of primary brain tumors, cancer
metastatic to brain, certain head and neck malignancies and historically in the management
of acute leukemia, may result in a debilitating cognitive syndrome. Cognitive deficits
associated with cancer therapy include prominent dysfunction of episodic memory, as well
as deficits in speed of information processing and executive functions such as attention and
calculation 1,2,3,4,5,6,7,8,9,10. These symptoms appear several months to years following
radiation exposure and worsen progressively 10-12. Chemotherapy, especially when
delivered directly to the central nervous system by intrathecal route, frequently results in a
similar cognitive syndrome of variable severity and duration 10,13,14,9,15.

Patients treated systemically for various cancers can be affected by impairment of cognitive
function 16. This has been particularly well-studied in breast cancer patients, revealing that
approximately 20%-40% of breast cancer patients demonstrate cognitive deficits on post-
treatment evaluation. 17,18,19,20,21

Symptoms may be especially accentuated in long-term survivors of cancer treated with both
radiation and chemotherapy 22. While the exact mechanisms underlying such cognitive
deficits have been poorly understood for decades, recent studies have started to shed light on
the cell-biological changes in the nervous system associated with cancer therapy. Radiation
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and chemotherapeutic agents can have deleterious effects on mature neural cell types and on
vascular structures. Certainly, severe cognitive dysfunction may be associated with
treatment-induced leukoencephalopathy and/or radiation-induced brain necrosis, changes
evident on standard clinical neuroimaging. However, mild to moderate cognitive
dysfunction is inconsistently associated with radiological findings, and frequently occurs in
patients with normal-appearing brain scans using standard clinical neuroimaging
protocols 23. Clinically significant cognitive deficits in the absence of obvious radiological
findings implicates damage to a subtle process with robust physiological consequences.

The cognitive side effect profile of many cancer therapies, particularly those targeted to the
central nervous system, came as somewhat of a surprise to the medical community during a
time when the brain was viewed as fully developed soon after birth. In the last two decades
this view of the postnatal brain as a static organ has been debunked, and populations of
dividing stem and progenitor cells are now recognized in the hippocampus 24 and subjacent
to the ventricular system 25 (Figure 1). In addition, actively dividing oligodendrocyte
precursor cells (OPCs) are found throughout the subcortical white matter 26,27,28(Figure 1).

Hippocampal stem and progenitor cells contribute to new neuron production in the dentate
gyrus of all mammals studies to date, including humans 29. Hippocampal neurogenesis
appears crucial for at least some hippocampal-dependent memory tasks. In rodents,
increased hippocampal neurogenesis results in improved performance in certain
hippocampal-dependent memory tasks 30. Neurogenesis is increased by voluntary physical
exercise 30, exposure to an enriched environment 31 and by hippocampal-dependent
learning 32. The mechanism by which cognitive challenges increase neurogenesis appears to
be mediated by increased activity flow through the hippocampal circuit 33,34. Conversely,
disruption of hippocampal neurogenesis generally results in decreased performance in
certain hippocampal-dependent memory tasks, such as finding the way out of a
maze 35,36,37,38,39,40. Several exogenous and endogenous conditions negatively regulate
neurogenesis in the hippocampus, including chemotherapy 35,41,42,43, radiation
therapy 44,45,46,47, the glucocorticoid stress hormones 48 and certain inflammatory
states 46,49. Cranial radiation and chemotherapy each cause defects in hippocampal-
dependent behavioral tests in rodents 40,39,38,42. Whether human hippocampal neurogenesis
is functionally significant remains a subject of debate 50,51. In rodents, subventricular zone
progenitors migrate via the rostral migratory stream to contribute to olfactory bulb
neurogenesis. In humans the role of SVZ progenitors is less well understood, but despite
conflicting reports 52 a rostral migratory stream appears to be present in the human adult
brain 53. Human SVZ stem cells may contribute to neurogenesis in yet-unknown forebrain
regions, and also may replenish glial precursor populations throughout the white matter.
Oligodendroglial precursor cells are found throughout white matter 28,27,26 and contribute to
postnatal myelination, particularly in the frontal lobes, which do not complete myelination
until the third decade of life.

Impairment of hippocampal neurogenesis may explain the profound difficulties patients
experience encoding new episodic memories following treatment for brain tumors and other
cancers requiring cranial radiation therapy. Cranial radiation therapy profoundly inhibits the
generation of new hippocampal granule cell neurons in both rodents 44,45,46 and in
humans 54. Of note, radiation does not simply ablate the hippocampal stem and precursor
pool 45, but rather alters the neurogenic microenvironment. Radiation-induced activation of
local microglia and the subsequent elaboration of pro-inflammatory cytokines such as
interleukin-6 produce a specific blockade in neuronal differentiation 46. This
microenvironmental perturbation can be mitigated by non-steroidal anti-inflammatory
therapies, offering a possible clinical intervention for patients suffering from radiation-
induced memory dysfunction 46,12. Chemotherapeutic agents also impair hippocampal
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neurogenesis in experimental models 41,55,42. A recent immunohistochemical analysis of
human postmortem brain tissue shows that pediatric and adult subjects treated with surgery,
radiation therapy and chemotherapy for medulloblastoma exhibited near complete ablation
of hippocampal neurogenesis compared to age and sex-matched control subjects 54.

White matter damage also occurs as a result of exposure to many chemotherapeutic agents.
For example, methotrexate, an anti-metabolite with a particularly high incidence of
neurotoxic effects, induces cell death in multiple neural cell types 56. Particularly vulnerable
to methotrexate toxicity are the glial progenitor cells that form myelinating oligodendrocytes
and astrocytes, both critical to white matter integrity 57. Further studies have confirmed and
delineated the particular chemo-sensitivity of neural precursor cells, including both neural
stem cells as well as glial progenitor cells that form, among other cell types, the myelinating
oligodendrocytes in the frontal white matter 58,59. Importantly, chemotherapeutic agents
may not simply target proliferating cells, but appear to alter fate decisions and cellular
functions of neural progenitor cells 58,60,58,60.

Alterations of the progenitor cell pool and disruption of the functionally significant postnatal
production of new neural cells offers a plausible explanation for the cognitive side effect
profile seen in many patients treated with anticancer therapies (Figure 1). If current theories
of postnatal neurogenesis and gliogenesis hold true in humans, then halting new cell
production in the central nervous system should produce cognitive deficits that localize
neurologically to the hippocampus and subcortical white matter, producing impairment of
verbal and visual episodic memory function as well as a clinical picture reminiscent of
subcortical dementia (slowed information processing, impaired attention – symptoms often
referred to as “processing” issues). This is, in fact, what a great number of patients treated
with cancer therapy targeted to the central nervous system experience. Damage to postnatal
neurogenesis and gliogenesis is now believed to be the cellular basis for much of the
cognitive dysfunction that follows treatment for cancer with cranial radiation and
chemotherapy 12,10. The clinical consequences associated with inadvertent medical
inhibition of postnatal neurogenesis suggest a crucial role for new neural cell production in
the postnatal brain.

Future studies designed to unravel the mechanisms and signals required for adult
neurogenesis and progenitor cell proliferation will likely suggest strategies to minimize or
even prevent the detrimental long-term cognitive consequences seen in many cancer
patients. A clinically meaningful cognitive benefit gleaned from restoring postnatal stem and
progenitor function after cancer therapy would further support the idea that these cells are
relevant to normal human brain function.

Acknowledgments
The authors gratefully acknowledge support from the National Institutes of Health grant 1K08NS070926 – 01
(M.M.), Paul Calabresi Career Development Award for Clinical Oncology (J.D.), and the Stephen E. and Catherine
Pappas Foundation Award for Brain Tumor Research (J.D.).

References
1. Roman DD, Sperduto PW. Neuropsychological effects of cranial radiation: current knowledge and

future directions. Int J Radiat Oncol Biol Phys. Feb 15; 1995 31(4):983–998. [PubMed: 7860415]
2. Anderson VA, Godber T, Smibert E, Weiskop S, Ekert H. Cognitive and academic outcome

following cranial irradiation and chemotherapy in children: a longitudinal study. Br J Cancer. Jan;
2000 82(2):255–262. [PubMed: 10646874]

Monje and Dietrich Page 3

Behav Brain Res. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Moore BD 3rd, Copeland DR, Ried H, Levy B. Neurophysiological basis of cognitive deficits in
long-term survivors of childhood cancer. Arch Neurol. Aug; 1992 49(8):809–817. [PubMed:
1524513]

4. Crossen JR, Garwood D, Glatstein E, Neuwelt EA. Neurobehavioral sequelae of cranial irradiation
in adults: a review of radiation-induced encephalopathy. J Clin Oncol. Mar; 1994 12(3):627–642.
[PubMed: 8120563]

5. Abayomi OK. Pathogenesis of irradiation-induced cognitive dysfunction. Acta Oncol. 1996; 35(6):
659–663. [PubMed: 8938210]

6. Lee PW, Hung BK, Woo EK, Tai PT, Choi DT. Effects of radiation therapy on neuropsychological
functioning in patients with nasopharyngeal carcinoma. J Neurol Neurosurg Psychiatry. Apr; 1989
52(4):488–492. [PubMed: 2786925]

7. Surma-aho O, Niemela M, Vilkki J, et al. Adverse long-term effects of brain radiotherapy in adult
low-grade glioma patients. Neurology. May 22; 2001 56(10):1285–1290. [PubMed: 11376174]

8. Kramer JH, Crowe AB, Larson DA, et al. Neuropsychological sequelae of medulloblastoma in
adults. Int J Radiat Oncol Biol Phys. Apr 1; 1997 38(1):21–26. [PubMed: 9211999]

9. Wefel JS, Saleeba AK, Buzdar AU, Meyers CA. Acute and late onset cognitive dysfunction
associated with chemotherapy in women with breast cancer. Cancer. Jul 15; 2010 116(14):3348–
3356. [PubMed: 20564075]

10. Dietrich J, Monje M, Wefel J, Meyers C. Clinical patterns and biological correlates of cognitive
dysfunction associated with cancer therapy. Oncologist. Dec; 2008 13(12):1285–1295. [PubMed:
19019972]

11. Strother, D. Tumors of the central nervous system. In: Pizzo, PAPD., editor. Priniciples and
Practice of Pediatric Oncology. Philadelphia: Lippincott, Williams ad Wilkins; 2002. p. 751-824.

12. Monje M. Cranial radiation therapy and damage to hippocampal neurogenesis. Dev Disabil Res
Rev. 2008; 14(3):238–242. [PubMed: 18924155]

13. Schagen SB, Muller MJ, Boogerd W, et al. Late effects of adjuvant chemotherapy on cognitive
function: a follow-up study in breast cancer patients. Ann Oncol. Sep; 2002 13(9):1387–1397.
[PubMed: 12196364]

14. Berglund G, Bolund C, Fornander T, Rutqvist LE, Sjoden PO. Late effects of adjuvant
chemotherapy and postoperative radiotherapy on quality of life among breast cancer patients. Eur J
Cancer. 1991; 27(9):1075–1081. [PubMed: 1683557]

15. Ahles TA, Saykin AJ, Furstenberg CT, et al. Neuropsychologic impact of standard-dose systemic
chemotherapy in long-term survivorsof breast cancer and lymphoma. J Clin Oncol. Jan 15; 2002
20(2):485–493. [PubMed: 11786578]

16. Jansen CE, Miaskowski C, Dodd M, Dowling G, Kramer J. A metaanalysis of studies of the effects
of cancer chemotherapy on various domains of cognitive function. Cancer. Nov 15; 2005 104(10):
2222–2233. [PubMed: 16206292]

17. Schagen SB, van Dam FS, Muller MJ, Boogerd W, Lindeboom J, Bruning PF. Cognitive deficits
after postoperative adjuvant chemotherapy for breast carcinoma. Cancer. Feb 1; 1999 85(3):640–
650. [PubMed: 10091737]

18. Wefel JS, Lenzi R, Theriault RL, Davis RN, Meyers CA. The cognitive sequelae of standard-dose
adjuvant chemotherapy in women with breast carcinoma: results of a prospective, randomized,
longitudinal trial. Cancer. Jun 1; 2004 100(11):2292–2299. [PubMed: 15160331]

19. Matsuda T, Takayama T, Tashiro M, Nakamura Y, Ohashi Y, Shimozuma K. Mild cognitive
impairment after adjuvant chemotherapy in breast cancer patients--evaluation of appropriate
research design and methodology to measure symptoms. Breast Cancer. 2005; 12(4):279–287.
[PubMed: 16286908]

20. Hermelink K, Untch M, Lux MP, et al. Cognitive function during neoadjuvant chemotherapy for
breast cancer: results of a prospective, multicenter, longitudinal study. Cancer. May 1; 2007
109(9):1905–1913. [PubMed: 17351951]

21. Jansen CE, Dodd MJ, Miaskowski CA, Dowling GA, Kramer J. Preliminary results of a
longitudinal study of changes in cognitive function in breast cancer patients undergoing
chemotherapy with doxorubicin and cyclophosphamide. Psychooncology. Dec; 2008 17(12):1189–
1195. [PubMed: 18506671]

Monje and Dietrich Page 4

Behav Brain Res. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



22. Alvarez JA, Scully RE, Miller TL, et al. Long-term effects of treatments for childhood cancers.
Curr Opin Pediatr. Feb; 2007 19(1):23–31. [PubMed: 17224658]

23. Dropcho EJ. Central nervous system injury by therapeutic irradiation. Neurol Clin. Nov; 1991 9(4):
969–988. [PubMed: 1758435]

24. Zhao C, Deng W, Gage FH. Mechanisms and functional implications of adult neurogenesis. Cell.
Feb 22; 2008 132(4):645–660. [PubMed: 18295581]

25. Weiss S, Dunne C, Hewson J, et al. Multipotent CNS stem cells are present in the adult
mammalian spinal cord and ventricular neuroaxis. J Neurosci. Dec 1; 1996 16(23):7599–7609.
[PubMed: 8922416]

26. Chang A, Nishiyama A, Peterson J, Prineas J, Trapp BD. NG2-positive oligodendrocyte progenitor
cells in adult human brain and multiple sclerosis lesions. J Neurosci. Sep 1; 2000 20(17):6404–
6412. [PubMed: 10964946]

27. Dawson MR, Polito A, Levine JM, Reynolds R. NG2-expressing glial progenitor cells: an
abundant and widespread population of cycling cells in the adult rat CNS. Mol Cell Neurosci. Oct;
2003 24(2):476–488. [PubMed: 14572468]

28. Geha S, Pallud J, Junier MP, et al. NG2+/Olig2+ cells are the major cycle-related cell population
of the adult human normal brain. Brain Pathol. Mar; 2010 20(2):399–411. [PubMed: 19486010]

29. Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al. Neurogenesis in the adult human hippocampus.
Nat Med. Nov; 1998 4(11):1313–1317. [PubMed: 9809557]

30. van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running enhances neurogenesis, learning, and
long-term potentiation in mice. Proc Natl Acad Sci U S A. Nov 9; 1999 96(23):13427–13431.
[PubMed: 10557337]

31. Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons in adult mice living in an
enriched environment. Nature. Apr 3; 1997 386(6624):493–495. [PubMed: 9087407]

32. Leuner B, Gould E, Shors TJ. Is there a link between adult neurogenesis and learning?
Hippocampus. 2006; 16(3):216–224. [PubMed: 16421862]

33. Deisseroth K, Singla S, Toda H, Monje M, Palmer TD, Malenka RC. Excitation-neurogenesis
coupling in adult neural stem/progenitor cells. Neuron. May 27; 2004 42(4):535–552. [PubMed:
15157417]

34. Airan RD, Meltzer LA, Roy M, Gong Y, Chen H, Deisseroth K. High-speed imaging reveals
neurophysiological links to behavior in an animal model of depression. Science. Aug 10; 2007
317(5839):819–823. [PubMed: 17615305]

35. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neurogenesis in the adult is
involved in the formation of trace memories. Nature. Mar 15; 2001 410(6826):372–376. [PubMed:
11268214]

36. Cameron HA, Gould E. Adult neurogenesis is regulated by adrenal steroids in the dentate gyrus.
Neuroscience. Jul; 1994 61(2):203–209. [PubMed: 7969902]

37. Lemaire V, Koehl M, Le Moal M, Abrous DN. Prenatal stress produces learning deficits associated
with an inhibition of neurogenesis in the hippocampus. Proc Natl Acad Sci U S A. Sep 26; 2000
97(20):11032–11037. [PubMed: 11005874]

38. Madsen TM, Kristjansen PE, Bolwig TG, Wortwein G. Arrested neuronal proliferation and
impaired hippocampal function following fractionated brain irradiation in the adult rat.
Neuroscience. 2003; 119(3):635–642. [PubMed: 12809684]

39. Rola R, Raber J, Rizk A, et al. Radiation-induced impairment of hippocampal neurogenesis is
associated with cognitive deficits in young mice. Exp Neurol. Aug; 2004 188(2):316–330.
[PubMed: 15246832]

40. Raber J, Rola R, LeFevour A, et al. Radiation-induced cognitive impairments are associated with
changes in indicators of hippocampal neurogenesis. Radiat Res. Jul; 2004 162(1):39–47. [PubMed:
15222778]

41. Seigers R, Schagen SB, Beerling W, et al. Long-lasting suppression of hippocampal cell
proliferation and impaired cognitive performance by methotrexate in the rat. Behav Brain Res. Jan
25; 2008 186(2):168–175. [PubMed: 17854921]

Monje and Dietrich Page 5

Behav Brain Res. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



42. Winocur G, Vardy J, Binns MA, Kerr L, Tannock I. The effects of the anti-cancer drugs,
methotrexate and 5-fluorouracil, on cognitive function in mice. Pharmacol Biochem Behav. Sep;
2006 85(1):66–75. [PubMed: 16935324]

43. Garthe A, Behr J, Kempermann G. Adult-generated hippocampal neurons allow the flexible use of
spatially precise learning strategies. PLoS One. 2009; 4(5):e5464. [PubMed: 19421325]

44. Parent JM, Tada E, Fike JR, Lowenstein DH. Inhibition of dentate granule cell neurogenesis with
brain irradiation does not prevent seizure-induced mossy fiber synaptic reorganization in the rat. J
Neurosci. Jun 1; 1999 19(11):4508–4519. [PubMed: 10341251]

45. Monje ML, Mizumatsu S, Fike JR, Palmer TD. Irradiation induces neural precursor-cell
dysfunction. Nat Med. Sep; 2002 8(9):955–962. [PubMed: 12161748]

46. Monje ML, Toda H, Palmer TD. Inflammatory blockade restores adult hippocampal neurogenesis.
Science. Dec 5; 2003 302(5651):1760–1765. [PubMed: 14615545]

47. Mizumatsu S, Monje ML, Morhardt DR, Rola R, Palmer TD, Fike JR. Extreme sensitivity of adult
neurogenesis to low doses of X-irradiation. Cancer Res. Jul 15; 2003 63(14):4021–4027.
[PubMed: 12874001]

48. Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus. 2006; 16(3):233–238.
[PubMed: 16411244]

49. Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O. Inflammation is detrimental for
neurogenesis in adult brain. Proc Natl Acad Sci U S A. Nov 11; 2003 100(23):13632–13637.
[PubMed: 14581618]

50. Wiskott L, Rasch MJ, Kempermann G. A functional hypothesis for adult hippocampal
neurogenesis: avoidance of catastrophic interference in the dentate gyrus. Hippocampus. 2006;
16(3):329–343. [PubMed: 16435309]

51. Kempermann G. The neurogenic reserve hypothesis: what is adult hippocampal neurogenesis good
for? Trends Neurosci. Apr; 2008 31(4):163–169. [PubMed: 18329110]

52. Quinones-Hinojosa A, Sanai N, Soriano-Navarro M, et al. Cellular composition and
cytoarchitecture of the adult human subventricular zone: a niche of neural stem cells. J Comp
Neurol. Jan 20; 2006 494(3):415–434. [PubMed: 16320258]

53. Curtis MA, Kam M, Nannmark U, et al. Human neuroblasts migrate to the olfactory bulb via a
lateral ventricular extension. Science. Mar 2; 2007 315(5816):1243–1249. [PubMed: 17303719]

54. Monje ML, Vogel H, Masek M, Ligon KL, Fisher PG, Palmer TD. Impaired human hippocampal
neurogenesis after treatment for central nervous system malignancies. Ann Neurol. Nov; 2007
62(5):515–520. [PubMed: 17786983]

55. Mignone RG, Weber ET. Potent inhibition of cell proliferation in the hippocampal dentate gyrus of
mice by the chemotherapeutic drug thioTEPA. Brain Res. Sep 21; 2006 1111(1):26–29. [PubMed:
16879810]

56. Rzeski W, Pruskil S, Macke A, et al. Anticancer agents are potent neurotoxins in vitro and in vivo.
Ann Neurol. Sep; 2004 56(3):351–360. [PubMed: 15349862]

57. Morris GM, Hopewell JW, Morris AD. A comparison of the effects of methotrexate and
misonidazole on the germinal cells of the subependymal plate of the rat. Br J Radiol. Apr; 1995
68(808):406–412. [PubMed: 7795978]

58. Dietrich J, Han R, Yang Y, Mayer-Proschel M, Noble M. CNS progenitor cells and
oligodendrocytes are targets of chemotherapeutic agents in vitro and in vivo. J Biol. 2006; 5(7):22.
[PubMed: 17125495]

59. Han R, Yang YM, Dietrich J, Luebke A, Mayer-Proschel M, Noble M. Systemic 5-fluorouracil
treatment causes a syndrome of delayed myelin destruction in the central nervous system. J Biol.
2008; 7(4):12. [PubMed: 18430259]

60. Hyrien O, Dietrich J, Noble M. Mathematical and experimental approaches to identify and predict
the effects of chemotherapy on neuroglial precursors. Cancer Res. Dec 15; 2010 70(24):10051–
10059. [PubMed: 21056994]

Monje and Dietrich Page 6

Behav Brain Res. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Neural precursor populations in the postnatal brain
Coronal section of brain (at the level indicated by the schematic in the upper). Postnatal
neural precursor populations of the forebrain include hippocampal stem and progenitor cells
(black dots), subventricular zone stem and progenitor cells (green dots) and white matter
oligodendrocyte progenitor cells (red dots). Neuroanatomical localization of cognitive
functions affected by cancer therapy are described on the left half of the figure.
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