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Abstract

Newly developed targeted anticancer drugs inhibit signaling

pathways commonly altered in adult and pediatric cancers.

However, as these pathways are also essential for normal brain

development, concerns have emerged of neurologic sequelae

resulting specifically from their application in pediatric cancers.

The neural substrates and age dependency of these drug-

induced effects in vivo are unknown, and their long-term

behavioral consequences have not been characterized. This

study defines the age-dependent cellular and behavioral effects

of these drugs on normally developing brains and determines

their reversibility with post-drug intervention. Mice at different

postnatal ages received short courses of molecularly targeted

drugs in regimens analagous to clinical treatment. Analysis of

rapidly developing brain structures important for sensorimotor

and cognitive function showed that, while adult administration

was without effect, earlier neonatal administration of targeted

therapies attenuated white matter oligodendroglia and hippo-

campal neuronal development more profoundly than later

administration, leading to long-lasting behavioral deficits. This

functional impairment was reversed by rehabilitation with

physical and cognitive enrichment. Our findings demonstrate

age-dependent, reversible effects of these drugs on brain devel-

opment, which are important considerations as treatment

options expand for pediatric cancers.

Significance: Targeted therapeutics elicit age-dependent long-

term consequences on the developing brain that can be amelio-

rated with environmental enrichment. Cancer Res; 78(8); 2081–95.

�2018 AACR.

Introduction

Primary central nervous system (CNS) tumors continue to be

the leading type of solid tumors in the pediatric oncology pop-

ulation (1, 2). Treatment strategies using a combination of

cytotoxic chemotherapy, radiation, and surgery have greatly

improved patient survival. However, the rapidly developing

brains of children are particularly susceptible to long-term neu-

rologic sequelae from brain tumors and their treatment, thus

contributing to an increased incidence of morbidity (3). There-

fore, it is necessary to develop newer treatment paradigms that

target proliferating cancer cells, while sparing the cytotoxic effects

of conventional chemotherapeutic agents and radiotherapy on

the developing brain.

There has been significant progress made in understanding the

molecular pathways responsible for tumor growth. Interestingly,

many of these pathways are especially active during brain devel-

opment. A pathway shared by different cancers involves dysfunc-

tional receptor tyrosine kinases (RTK) signaling. During normal

brain development, RTKs are key regulators of proliferation,

mitogenesis, survival, metabolism, and migration of neural pro-

genitor cells. Overexpression, amplification, ormutation of RTKs,

such as EGFR, VEGF receptor (VEGFR), and platelet-derived

growth factor receptor (PDGFR), are implicated in tumorigenesis

(4). Expression of these RTKs often correlates with tumor grade

and a poor prognosis. They are highly expressed in high-grade

gliomas, medulloblastomas, ependymomas, and diffuse intrinsic

pontine gliomas, all of which are commonly found in the pedi-

atric population (5).

The PI3K pathway is an RTK-driven downstream signaling

pathway whose main target is the master regulator mTOR, a

serine/threonine intracellular kinase. These PI3K/mTOR signaling

pathways control neural progenitor growth andmigration during

brain development (6–8), and are upregulated in multiple CNS

neoplasms in both pediatric and adult cancers (9).

Our understanding of cancer pathways have resulted in the

development of molecularly targeted drugs. This class of drugs

was developed to be cystostatic and inhibit tumorigenesis. They

are ideal candidates for treating brain tumors because their low

molecular weight enables them to permeate the blood–brain

barrier. Drugs such as gefitinib (Iressa) and sunitinib malate

(Sutent) target EGFR and VEGFR/PDGFR, respectively. These

drugs are currently used inmonotherapy, in combination therapy,

or as radiosensitizers (7, 10–13). Rapamycin (sirolimus) is an

inhibitor of the mTOR pathway, which is used for low-grade

gliomas and subependymal giant cell astrocytoma's in children
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with tuberous sclerosis (14, 15). Significant responses in certain

cancer types are evident when these drugs are delivered individ-

ually or in combination with traditional approaches (16). How-

ever, most preclinical and clinical studies have been conducted in

adults, in whom the targeted pathways are not as active (17).

Interest in using these targeted drugs for cancer in childhood and

adolescents is increasing, but the effects of these agents on normal

noncancerous cells in the young developing brain are unknown

(18, 19). It is imperative to understandwhether thesemolecularly

targeted drugs affect normal cellular development at a time when

younger brains have larger populations of immature cells that

continue to undergo significant postnatal development.

In this study, we investigated the short- and long-term cellular

and behavioral effects of gefitinib, sunitinib, and rapamycin in

the cerebral white matter and hippocampus, brain regions that

exhibit a continuum of rapid postnatal development from

infancy to late adolescence (20–24). Evidence suggests that

molecularly targeted drugs may have less detrimental effects

on brain function than current treatments (25, 26). Gefitinib,

sunitinib, and rapamycin inhibit specific pathways commonly

altered in various pediatric cancers, including brain tumors.

We sought to define the broad effects of these drugs on the

developing brain and to determine whether their effects are

developmentally regulated. We used normal na€�ve mice in

paradigms that mimic typical cancer therapy protocols. We

compared these effects with adult treatment paradigms. Fur-

thermore, we examined whether the sensorimotor and neuro-

cognitive deficits of these drugs are mitigated by physical and

cognitive enrichment, which is analogous to similar enrichment

therapies recently found beneficial in patients undergoing can-

cer treatment (27, 28). Our study is the first to demonstrate age-

dependent effects of molecularly targeted drugs on critical brain

structures and reversal of these age-dependent deficits with

nonpharmacologic interventions.

Materials and Methods

Drug exposure paradigms

All procedures performed on mice were approved by the

Institutional Animal Care and Use Committee of Children's

National Medical Center and adhered to the Guide for the Care

and Use of Laboratory Animals (NIH, Bethesda, MD).

C57BL/6 wild-type mice or GAD2-IRES-Cre-R26R-EYFP mice

(The Jackson Laboratory stock #010802 and #006148, respec-

tively) were randomized to vehicle or one of the threemolecularly

targeted drugs. They were further randomized to one of two

developmental paradigms: paradigm 1 or paradigm 2 (Fig. 1A–

C). Mice randomized to paradigm #1 (early development, ED)

received either vehicle or drug frompostnatal day 12 (P12) toP17.

Mice randomized to paradigm #2 (late development, LD)

received either vehicle or drug from P17 to P22. In a separate set

of experiments, adult male and female mice between 12 and 14

weeks of life (adulthood) were randomized to receive daily doses

of vehicle or drug for 6 days (adult paradigm). Vehicle or drugs

were administered systemically via intraperitoneal injection at the

same approximate time each day to reduce the risk of toxicity.

Mice in all paradigms received an equal number of drug or vehicle

doses.

Vehicle- and drug-containing solutions were a 75% to 25%

ratio of sunflower seedoil (SigmaAldrich) anddimethyl sulfoxide

(DMSO; Sigma-Aldrich), in which DMSO was used as a solubi-

lizing agent. Molecularly targeted agents used for this study

included: (i) gefitinib (Tocris), a selective EGFR antagonist,

administrated at 70 mg/g/day (29); (ii) sunitinib malate (Tocris),

a multiple receptor tyrosine kinase (RTK) inhibitor acting mainly

on the platelet-derived growth factor (PDGF) beta (b) and VEGF

receptors, administrated at 35 mg/g/day (30, 31); and (iii) rapa-

mycin/sirolimus (Tocris), a potentmTOR inhibitor, administered

at 1 mg/g/day (32).

We confirmed the expression profile of these drugs' targets in

thewhitematter andhippocampus (Supplementary Fig. S1A).We

also confirmed that these doses of medication chosen from the

literature did not cause mortality and that they inhibited their

specific targets in the brain (Supplementary Fig. S1B).

BrdUrd pulse protocol

The 5-bromo-20-deoxyuridine (BrdUrd) pulse protocol used in

these studies has been described previously (31). Briefly, mice

were administered BrdUrd (Sigma) over a period of four days,

according to the paradigm. The injections were administered

Figure 1.

Molecularly targeted agent treatment paradigms at different developmental stages. A, Visual representation of the two paradigms. Paradigm #1 represents

early development (ED), corresponding to approximately the second to third week of life in the mouse. Paradigm #2 represents later development (LD),

corresponding to approximately 3–4 weeks in the mouse. B and C, The timeline for each paradigm and the sacrifice points. Behavioral testing was performed

at 1 month and 2 months of age in na€�ve groups of mice. Days of drug exposure are denoted with a syringe over the postnatal day.
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intraperitoneally at approximately the same time each day and 8

hours prior to vehicle or drug administration to prevent toxicity.

IHC

Mice were anesthetized with isoflurane and transcardially per-

fusedwith0.1mol/LPBS, followedby4%paraformaldehyde (PFA)

overnight at 4�C.Brainswere then transferred to 20%glycerol (w/v)

followed by 10%glycerol. Serial coronal sections (35–40mmthick)

were cut using a sliding microtome with freezing stage (Thermo

Fisher Scientific) and stored in a 0.05% sodiumazide/PBS solution.

IHCwasperformedon free-floating sections byfirst placing slices in

blocking solution [1% BSA, 0.3% Triton X-100, and 20% normal

goat serum (NGS) in 1� PBS] for 1 hour at room temperature.

Tissue analyzed for BrdUrd incorporation was pretreated prior

to blocking solution with 2 N HCl for 30 minutes, followed by

0.1 mol/L boric acid for 15 minutes at room temperature.

All primary and secondary antibodies were diluted in carrier

solution [1% BSA, 0.3% Triton X-100, and 1% NGS in 1� PBS].

Sections used for IHC were incubated in primary antibodies at

4�C overnight. The following primary antibodies and concentra-

tions were used: mouse CC1, rabbit Olig2, rabbit NG2 chondroi-

tin sulfate proteoglycan, rabbit cleaved (activated) caspase-3

(Casp-3), and guinea pig doublecortin (DCx) antibody were

diluted 1:500 (EMD Millipore); chicken antibody glial fibrillary

acidic protein (GFAP) was diluted 1:1,000 (Abcam); mouse

glutamine synthetase (GS), rabbit Sox2, chicken GFP and rabbit

BrdUrd antibody were diluted 1:500 (Abcam); mouse NeuN

antibody was diluted 1:250 (EMD Millipore); and rabbit Ki67

antibody was diluted 1:500 (Vector Laboratories). Slices were

rinsed with 1� PBS three times and placed in carrier solution

containing secondary antibodies. The following secondary anti-

bodies at a concentration of 1:200 were used (Jackson Immunor-

esearch Laboratories): FITC-conjugated goat anti-mouse IgG;

FITC-conjugated goat anti-rabbit IgG; FITC-conjugated goat

anti-chicken IgG; CY5-conjugated goat anti-mouse IgG; CY5-

conjugated goat anti-rabbit IgG; CY3/rhodamine-conjugated

goat anti-mouse IgG; and CY3/rhodamine–conjugated goat

anti-rabbit IgG. Sections were incubated with secondary anti-

bodies for 1 hour at room temperature, followed by a 10-minute

incubation with DAPI (1:500; Invitrogen, D1306), washed with

1� PBS three times, and mounted using mowiol.

Confocal microscopy and quantitative analysis

IHC imaging was conducted with a Zeiss confocal laser scan-

ningmicroscopic described previously (33).Optical sectionswere

acquired with the use of ZEN software, under a 40� objective.

Four different laser lines were used for imaging: FITC (488 nm

excitation; 522/35 emission filter); Cy3 (560 nm excitation; 605/

32 emission filter); Cy5 (647 nm excitation; 680/32 emission

filter); and DAPI (400 nm excitation). The images were acquired

with a z step size of 1mm.The z-stackwas viewedusingNIH ImageJ

and Zeiss LSM Image Browser (version 4.2). Immunolabeled cells

were manually counted in each optical section using the ImageJ

"Cell Counter" plugin. An average of 6 images were taken for each

section (3 tissue sections for each animal) from the white matter,

including 2 from the corpus callosum, two from the cingulum,

and 2 from the external capsule regions. An average of 12 images

was taken for each section (3 tissue sections for each animal) from

the CA1, CA3, and DG regions of the hippocampus. Images used

for publication were created using ImageJ and Photoshop (CS5)

software.

Western blotting

Protein quantification analysis was conducted on microdis-

sected white matter and hippocampal tissue. The white matter

tissue included the corpus callosum, cingulum, and external

capsule. Hippocampus tissue included both sides of the entire

hippocampus. Samples were homogenized in RIPA lysis buffer

with proteinase inhibitors (Millipore 20-188). Proteins were

quantified using the Pierce BCA kit (Thermo Fisher Scientific).

For gel electrophoresis, equal amounts of protein (10–20mg)were

loaded for each sample on 4%–20%pre-cast Tris-glycine gradient

gels. The gels were transferred onto polyvinylidene difluoride

membranes using the Trans-Blot Turbo Transfer System (Bio-

Rad). Immunoblotting was performed by first blocking mem-

branes in 3% BSA in Tris-buffered saline with 1% Tween-20

(TBST) for 1 hour at room temperature. Membranes were then

incubated overnight at 4�C in a primary antibody solution of 3%

BSA in TBST. The following concentrations were used for primary

antibodies: mouse b-actin-horseradish peroxidase (HRP) anti-

body diluted at 1:5,000 (Abcam); rabbit phosphorylated (p)

EGFR diluted at 1:1,000 (Novus Biologicals); rabbit pPDGFRb

diluted at 1:1,000 (Abcam); rabbit pVEGFR diluted at 1:1,000

(Millipore); rabbit pmTOR diluted at 1:1,000 (Cell Signaling

Technology); mouse myelin basic protein (MBP) antibody dilut-

ed at 1:1,000 (Covance); and chicken glial fibrillary acidic protein

(GFAP) antibody diluted 1:1,000 (Abcam). Membranes were

then washed three times in TBST and incubated with each respec-

tive HRP-conjugated antibody in 3% BSA in TBST. The following

secondaryHRP-conjugated antibodies were used: goat anti-rabbit

and anti-mouse (Santa Cruz Biotechnology), and goat anti-chick-

en (Aves Labs Inc.) were diluted 1:5,000 in 3% BSA in TBST.

Chemiluminescent detection was performed using ECL Super-

Signal (Thermo Fisher Scientific) kits according tomanufacturer's

directions. A pair-wise comparison between vehicle and drug

treatment groups for all study time points was performed for

analysis of Western blots. For all samples, the optical density for

each protein of interest was determined and expressed as a ratio of

the internal control b-actin.

Behavioral assessment

All behavioral tasks to assess both white matter and hippo-

campal function were performed on C57BL/6 wild-type mice

that had not undergone any previous behavioral testing and

had been accustomed to being handled by the investigators.

The investigator that performed behavioral testing was blinded

to treatment group and paradigm, but not sex or age. Males and

females were used for these studies with no mice or results

excluded from behavioral testing. Mice were acclimated to the

behavioral testing room for one hour prior to commencement

of testing. Mice were kept on a regular 12-hour light/dark cycle

(6 am–6 pm), with food and water made available ad libitum.

All behavioral experiments were performed in the evening,

when mice are most active. The order of testing for each mouse

was as follows: inclined beam-walking task; novel object rec-

ognition; spontaneous alternation behavioral testing on

Y-Maze for P30. Mice tested at P60 underwent same testing

order; however, the spontaneous alternations Y-maze behavior

test was substituted with the Barnes Maze. All behavioral testing

was performed in the same suite under the same lighting

conditions except for the Barnes Maze, which required the

addition of a bright overhead lamp with light directed at the

center of the maze.

Age-Dependent Effect of Targeted Drugs on Brain Development
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Inclined beam walk. The inclined-beam test is used to assess

sensory–motor integration and the overall function of the sub-

cortical WM, as described previously (33). Mice were subjected to

behavioral assessment at P30 and P60. The task involved two

separate beams (2 and 1 cm), each inclined at 30 degrees, with a

target box placed at the top of beams for the mice to reach. The

beam was cleaned with 30% ethanol (v/v) between each mouse.

The number of front and hind leg foot slips off of the beam

was quantified for each mouse as the mice traversed the length of

each beam.

Novel object recognition. This hippocampal-dependent test asses-

ses recognitionmemory (34). Mice were habituated to an opaque

rectangular field measuring 27 � 27 � 20 cm for 5 minutes on

the day prior to and during the day of testing. The open field

was cleaned with 30% ethanol (v/v) between each mouse to

minimize olfactory cues. In the familiarization phase, two iden-

tical objects were placed equidistant and 5 cmaway from thewalls

of the open field. The mouse was placed in the open field with

its head facing the experimenter and opposite to the objects. The

experiment was stoppedwhen 30 seconds of exploration between

both objects was reached, or when a 5-minute period had passed.

Themouse was then returned to the home cage and the open field

and objects were cleaned with 30% ethanol (v/v). The test session

was performed 12 hours later. One of the objects was replaced

with a novel object, and the familiar object was replaced to ensure

no residual olfactory cues on the previously used object. The

mousewasplaced in thefield facing the experimenter and the time

to explore each object was recorded. The experiment stopped

when the mouse had explored both objects for a total of 30

seconds. Themousewas returned to thehome cage and theobjects

and open field were cleaned with 30% ethanol (v/v) to minimize

olfactory cues between mice. The time it took (seconds) to reach

the criterion of 30 seconds and the amount of time spent with

each individual object was recorded. Data presented are the

amount of time spent with the novel object over the total

exploration time (30 seconds). This percentage/ratio was then

used for statistical analysis.

Continuous spontaneous alternations Y-Maze behavior. As

described in ref. 35, mice were placed in the center of a Y-maze

and allowed 8minutes to freely explore the open three arms of the

Y-Maze labeled A, B, or C. Activity was recorded with a video

camera centered above the maze. Each arm choice was recorded

during this 8-minute period. Themousewas returned to the home

cage and the Y-Maze is cleaned with 30% ethanol (v/v) between

mice. The spontaneous alternation behavior is scored by deter-

mining the number of three unique arm entries (alternation)

divided by the total number of arm entries minus 1 (35). The

spontaneous alternation Y-Maze behavior testing was performed

only on P30 mice.

Barnes maze. The Barnes maze is a dry land-maze test for hippo-

campal dependent spatial learning andmemory. The Barnesmaze

is like the Morris Water Maze and radial arm maze, but does not

require strong aversive stimuli or deprivation. The circular plat-

form (92 cm in diameter) has 20 equally spaced open holes (5 cm

in diameter and 7.5 cm between holes) along the perimeter. Mice

were trained to use spatial cues around the room to locate the hole

directly over a darkened escape box. ANY-maze (Stoelting Co.)

tracking software with video camera was used. The mice were

habituated on day 1 by placing them in the center of the maze

covered by a dark cylinder for 15 seconds. A bright light above the

platform shines directly on the platform. The mouse was gently

guided to the escape hole and allowed to remain in the escape box

for 2minutes. Then themousewas returned to the home cage. The

maze was cleaned with 30% ethanol (v/v) and rotated while

maintaining a constant location of the escape hole. During the

training phase on days 1–5, three trials with an inter-trial interval

of 15 minutes were performed. Mice were placed in the center of

the platform covered by a dark cylinder for 15 seconds. The trial

ended when the mouse enters the escape hole or 3 minutes have

elapsed. If the mouse was unable to locate the escape box, the

mouse was gently guided there and allowed to remain inside for 1

minute. Short-term memory was tested, 24 hours after last train-

ing day (probe day 1), by determining themouse'smemory of the

target hole locationwithin 90 seconds. All holeswere blocked and

themouse was unable to escape. Long-termmemory was assessed

with a test day 5 days after the first Probe day (probe day 5). The

number of errors and latency until the escape hole was located

(primary errors and primary latency, respectively) was deter-

mined. The Barnes Maze was performed at P60 because of

inability to reliably trainmice in the drug treatment groups at P30.

Environmental enrichment. Na€�ve C57BL/6 wild-type male and

female mice were randomized to either receive vehicle or one of

the three drugs.Only Paradigm#1 (ED)wasutilized for this study.

The mice were further randomized to typical housing or in an

enriched environment beginning onP17. As describedpreviously,

the enriched environment consisted of 6–8 mice per cage with a

dimension of 29 � 18 � 12.5 cm (L � W � H; ref. 36). The

enriched cages were equipped with a running wheel, a set of

plastic tubes of different textures and sizes, and various toys.

Objects in the enriched cages were changed every 3 days and

rearranged tomaintain novelty. Mice were housed in the enriched

cages only during the dark cycle. They were returned to their

home cage during the light cycle. Food and water was available

ad libitum.

Statistical analysis

The data contained in all histograms and line graphs are pre-

sented as averages � the SEM and created using GraphPad Prism

7.0. All cell quantification and Western blot data were compared

using one-way ANOVA analysis to determine whether an overall

statistically significant difference existed between study groups at

specific ages. Each respective drug groupwas compared against the

vehicle study group and adjusted using Bonferroni correction. The

Bonferroni correction was applied for the following comparisons:

vehicle versus gefitinib, vehicle versus sunitinib, and vehicle versus

rapamycin. A two-tailed type I error (P < 0.05) was used to

determine statistical significance. The degree of statistical signifi-

cance was denoted using asterisks (�, P < 0.05; ��, P < 0.01; ���, P <

0.005). Thedata from foot slips (inclinedbeamwalk), novelobject

recognition (NOR), spontaneous alternation behavior (Y-maze),

and Barnes maze were also analyzed using one-way ANOVA. The

same Bonferroni correctionwas applied for the comparisons listed

above. Regarding the studies on environmental enrichment, a one-

wayANOVAwasperformedonall groups todeterminewhether an

overall statistically significant difference existed. Each respective

enriched group was compared against the nonenriched group and

adjustedusinganunpaired t test. A two-tailed type I error (P<0.05)

was used to determine statistical significance.
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Data availability

All relevant data are available from the authors.

Results

Molecularly targeted drugs alter their respective signaling

pathways in the brain

To understand the effects of biologically targeted drugs on the

developing brain, we studied two separate developmental stages

inmice, designated as Paradigm #1 and Paradigm #2 (Fig. 1A–C):

Paradigm #1 represents early brain development (ED) and Par-

adigm #2 represents later brain development (LD; refs. 2, 37). In

Paradigm #1, mice received daily injections of drug or vehicle

from postnatal day (P)12 until P17 (Fig. 1A and B). During this

period, there is a larger population of progenitor and immature

cells in the subcortical white matter and hippocampus. In Para-

digm #2, mice received daily drug or vehicle from P17 until P22

(Fig. 1A and C). At this age fewer progenitor cells are present as

maturation progresses. The daily administration of therapeutics is

analogous to repeateddosages necessary in cancer therapy (Fig. 1B

and C). We first confirmed developmental expression for these

respective drug targets and that the expression of these activated

targets decreases with age (Supplementary Fig. S1A). We con-

firmed that these drugs cross the blood–brain barrier and inhibit

their respective targets in the white matter and the hippocampus,

and were not lethal (Supplementary Fig. S1B).

Molecularly targeted agents affect white matter development

and function

To determine whether molecularly targeted drugs alter oligo-

dendrocyte development, we studied their effects on different

stages of oligodendroglial lineage progression using the cellular

markers, Olig2, CC1, and NG2 (Fig. 2A–H).

In Paradigm #1, we observed a significant decrease in the total

number of white matter oligodendroglia (Olig2þ cells), mature

oligodendrocytes (CC1þOlig2þ cells), and OPCs (NG2þ cells)

after treatment (P18) with all three drugs (Fig. 2C, E, and G). At

P30, there continued to be a significant decrease in the total

number of oligodendrocytes and mature oligodendrocytes, with

recovery noted by adulthood (P60; Fig. 2C and E). The decrease in

OPCs at P30 was maintained, but did not reach significance (Fig.

2G). Paradigm #2 did not produce significant changes in the

number of total andmature oligodendrocytes byP23 (Fig. 2D and

F).However, all three agents did significantly decrease the number

of OPCs compared with vehicle (Fig. 2H). While no immediate

effect was evident on total and mature oligodendrocyte numbers

after treatment, their numbers were significantly decreased at P30

(Fig. 2D and F). Representative IHC examples are presented in

Supplementary Fig. S2. Together, these data suggest that decreas-

ing OPCs during development has important consequences on

mature oligodendrocyte numbers at a later time point.

To determine effects on myelin protein (MBP) expression,

Western blot analysis was conducted on microdissected white

matter tissue. In Paradigm #1, MBP was decreased in all drug

treatment groups at P18, when compared with vehicle (Supple-

mentary Fig. S3A–S3C). In contrast, in Paradigm #2, no change in

MBP expression was detected between drugs and vehicle at P23

and P30 (Supplementary Fig. S3D–S3F).

To define the effects of these drugs on oligodendrocyte devel-

opment, we analyzed cell proliferation, cell death, and oligoden-

drogenesis. In both Paradigm #1 and #2, significant decreases in

total cell proliferation (Ki67þ) and oligodendrocyte proliferation

(Ki67þOlig2þ) were found only immediately after treatment

(Fig. 3A–D). No difference in proliferation was evident by P30,

indicating recovery. The absence of change in total cleaved cas-

pase-3 positive (Casp-3þ) cells and Casp-3þOlig2þ cells in the

white matter (Fig. 3E–H) in both paradigms indicated no change

in cell survival. Because of the significant decreases in oligoden-

drocyte proliferation immediately after treatment, we evaluated

whether the drugs also affected the generation of new oligoden-

drocytes by utilizing a BrdUrd pulse chase-labeling paradigm that

overlaps with drug treatment (Fig. 3I–N). IHC analysis of

BrdUrdþOlig2þ and BrdUrdþ CC1þ at P30 showed that, in both

Paradigms, all molecularly targeted drugs significantly decreased

the generation and maturation of new oligodendrocytes (Fig. 3J–

N; Supplementary Fig. S4A–S4E). Interestingly, in bothparadigms,

no difference in was observed when BrdUrd pulse labeling was

performed post drug exposure (Supplementary Fig. S5A–S5D).

While we have demonstrated that these agents affect white

matter oligodendrocytes, we also found that, in both paradigms,

astrocyte cells were unaffected [glial fibrillary acidic protein

(GFAP)þ glutamine synthetase (GS)þ; Supplementary Fig. S6A–

S6D] showedand foundnodifferences inGFAPprotein expression

in both paradigms (Supplementary Fig. S6E–S6H). Therefore, in

the white matter, these drugs specifically target oligodendrocytes.

Treatmentwith these drugs during early development (Paradigm

#1) produces significant acute and short-term effects on white

matter oligodendrocytes and MBP expression. Although treatment

at a later age also affects oligodendrocyte number, proliferation,

and maturation, it does not affect MBP expression. The cytostatic

property of these agents at either developmental stage did not cause

oligodendrocyte cell apoptosis or affect white matter astrocytes.

White matter behavioral deficits result from treatment with

molecularly targeted agents

We tested whether drug treatments affected function using the

inclined beam-walking task (33). As previously reported, the

number of foot slips while walking on two different-sized beams

(2 cm and 1 cm) is a good test of motor coordination as an

indicator of subcortical white matter function (33). In Paradigm

#1, all drug-treated mice displayed a significantly greater number

of foot slips than controls for both beams at 1 month and 2

months of age (Fig. 4A andB). In Paradigm#2, all drug treatments

significantly increased thenumber of foot slips onbothbeams at 1

month of age (Fig. 4C). However, at 2 months of age, only

gefitinib-treatedmice showed a significant increase in the number

of foot slips on the 1-cm beam (Fig. 4D).

These results indicate that molecularly targeted therapies

administered during an earlier developmental age have short-

and long-term consequences on a task mediated by the white

matter. Sunitinib and rapamycin produce transient short-term

effects when administered at a later developmental age; however,

gefitinib produces long-term performance deficits.

Molecularly targeted agents affect specific populations of cells

in the hippocampus

Classic chemotherapeutic agents contribute to deficits in hip-

pocampal-dependent learning and memory, likely arising from

their cytotoxic effects on neurogenic niches such as the subgra-

nular zone of the hippocampus, thus altering neurogenesis (19).

The effects of these newer drugs on the hippocampus and the

subgranular zone are unknown.

Age-Dependent Effect of Targeted Drugs on Brain Development
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We assessed for changes in hippocampal astrocytes, GFAP

protein expression, oligodendrocytes, and neuronal lineage cells

in both treatment paradigms (Supplementary Figs. S7A–S7L and

S8A–S8D). We found that in both Paradigm #1 and #2 mice, the

number of hippocampal astrocytes, aswell asGFAPprotein levels,

was significantly decreased after completing drug treatment (Sup-

plementary Figs. S7A–S7DandS8A–S8D).However, recoverywas

evident in both Paradigms by P30. When we assessed the total

number of oligodendrocytes and mature oligodendrocytes in the

hippocampus, no differences were evident in both Paradigms at

any age (Supplementary Fig. S7E–S7H), which contrasts with our

white matter results (Fig. 2).

To visualize the wide-array of gamma-aminobutyric acid

(GABA)-ergic interneurons in the hippocampus, we used

GAD2-IRES-Cre knock-inmice,matedwith a Rosa26-eYFP report-

er (38). With all drugs, we found that the number of reporter-

positive (RosaYFP) cells in the hippocampus was decreased in

Paradigm #1 mice, only immediately after treatment (Supple-

mentary Fig. S7I). At P30, near complete cell recovery was evident

except in themice that received gefitinib. By adulthood (P60), full

cellular recoverywas evident in all groups. Therewas nodifference

in the total number of postmitotic NeuNþ cells (Supplementary

Fig. S7J). In Paradigm #2, only gefitinib significantly decreased

RosaYFPþ Gad2 lineage cells (Supplementary Fig. S7K). No

difference was found in the total number of postmitotic NeuNþ

cells (Supplementary Fig. S7L).

It is known that classic chemotherapeutic drugs affect neuro-

genesis, which may contribute to the cognitive dysfunction (39,

40). In the dentate gyrus, we found that in both Paradigm#1 (ED)

and #2 (LD) mice, there was a significant decrease in the number

of proliferative cells (Ki67þ) immediately after treatment (Fig. 5A

and B), but no difference at P30. The number of doublecortin

Figure 2.

Early treatment with molecularly targeted agents has a greater impact on glial cells in the white matter. A, Illustration of the different stages of oligodendrocyte

maturation and the subcortical white matter regions used in IHC analysis. B, Representative CC1þOlig2þ confocal IHC images from Paradigm #1 (ED) at

P18. C–H, Quantification of total (Olig2þ cells; C and D), mature (CC1þOlig2þ cells; E and F), and NG2-expressing oligodendrocytes (G and H) in the white matter

at different time points. n ¼ 4–5 mice per all groups and per age; one-way ANOVA, Bonferroni post hoc test for individual comparisons. All data are presented

as means � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005. Scale bar, 50 mm.

Scafidi et al.
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positive (DCxþ) migratory neuroblasts in a proliferative state

(Ki67þDCxþ) was also significantly decreased with all drugs in

both Paradigms (Fig. 5C and D). In Paradigm #1 mice, the

number of migratory neuroblasts recovered by P30 in animals

that received sunitinib and rapamycin but remained significantly

decreased in gefitinib-treated mice. In Paradigm #2 mice, the

number ofmigratory neuroblasts cells at P30was not significantly

different.

We also assessed the effects of these drugs on the neural stem

cell population in the subgranular zone that expresses Sox2, a

Figure 3.

Molecularly targeted agents decrease oligodendrocyte proliferation and newly generated oligodendrocyte number in the white matter. A–D, Quantification

of total number of proliferating cells (Ki67þ; A and B) and oligodendrocyte proliferation (Ki67þOlig2þ; C and D) cells for Paradigms #1 and #2. E–H, Quantification

of total apoptotic (Casp-3þ; E and F) and oligodendrocyte apoptotic (Casp-3þOlig2þ; G and H) cells for Paradigms #1 and #2. I, BrdUrd pulse protocol for mice

randomized to Paradigm #1. J and K, Quantification of newly generated oligodendrocyte lineage cells (BrdUrdþOlig2þ) and newly generated mature

oligodendrocytes (BrdUrdþCC1þOlig2þ) in Paradigm #1 at P30. L, BrdUrd pulse protocol for mice randomized to Paradigm #2. M and N, Quantification of

newly generated oligodendrocyte lineage cells (BrdUrdþOlig2þ) and newly generated mature oligodendrocytes (BrdUrdþCC1þOlig2þ) in Paradigm #2 at P30.

n ¼ 4–5 mice per all groups and per age; one-way ANOVA, Bonferroni post hoc test for individual comparisons. All data are presented as means � SEM.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.005.
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crucial proneurogenic transcription factor in the hippocampus

(41). In both Paradigms, all drugs decreased the number of

Sox2þ-expressing cells (Fig. 5E and F) immediately after com-

pleting drug therapy, but there was no change at later time point

(P30).

To evaluate the effects on glial precursors in the dentate gyrus,

we counted the number ofNG2þprogenitor cells in this region. In

Paradigm #1, all targeted therapies decreased the number of these

cells immediately after treatment, but recovery was evident by

P30. In Paradigm #2, only gefitinib reduced the number of NG2-

expressing cells at P23 (Fig. 5G and H).

To determine whether neurogenesis still occurs during treat-

ment, we used the BrdUrd pulse chase labeling protocol (see Fig.

3I and L). Colabeling with BrdUrd and NeuN was significantly

decreased in both Paradigms and with all drugs, compared with

vehicle treatment (Fig. 5I and J). Similar to thewhitematter, Casp-

3þ cells in the hippocampus was not altered in both Paradigms

(Fig. 5K and L).

Together, our results demonstrate that molecularly tar-

geted drugs have significant cellular effects with respect to

hippocampal astrocyte numbers, GFAP expression, and GAD2-

lineage cells.

Molecularly targeted agents impair nonspatial and spatial

memory

We tested whether treatment with these targeted therapies

at different developmental stages have long-term effects on

hippocampal-dependent nonspatial and spatial memory. Rec-

ognition memory, a type of nonspatial memory, is commonly

assessed in rodents with the use of the novel object recognition

test (42, 43). The novel object recognition test was performed

in na€�ve mice for both experimental Paradigms at 1 month and

2 months of age. In both paradigms, all treated mice exhibited

a significant decrease in the percentage of time spent with the

novel object at 1 month of age (Fig. 6A and B). At 2 months,

only gefitinib- and rapamycin-treated mice continued to

exhibit significant deficits, whereas the sunitinib group had

only marginal (P ¼ 0.06) memory impairment (Fig. 6A). In

Paradigm #2 mice, only those that received gefitinib had

significant deficits evident in adulthood (2 months of age;

Fig. 6B).

The second behavioral test used to test hippocampal-depen-

dent spatial memory was the Y-maze (44). In both Paradigms,

all mice treated with molecularly targeted agents demonstrated

a significant decrease in the percentage of unique alternations

Figure 4.

Early treatment with molecularly

targeted agents has long-term effects

on white matter–dependent behavior.

The inclined beam-walking task

utilized two different beam widths

(2 cm and 1 cm) to assess white matter

behavioral performance at 1 month

and 2 months of age. A and B, The

number of foot slips in each

experimental group in Paradigm #1.

C and D, The number of foot slips in

Paradigm #2. n ¼ 10–15 mice per all

groups and per age; one-way ANOVA,

Bonferroni post hoc test for individual

comparisons. All data are presented as

means � SEM. � , P < 0.05; �� , P < 0.01;
��� , P < 0.005.

Scafidi et al.
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at 1 month of age (Fig. 6C and D). Another assessment of

hippocampal-dependent spatial memory is the Barnes maze

(45). This test was performed only at 2 months of age because

of the difficulty training younger mice. After a 5-day training

period, the mice were tested for short-term (24 hours after the

last day of training, Probe Day 1) and long-term (5 days later,

Probe Day 5) memory. Paradigm #1 produced a significant

increase in the number of primary errors in all three drug treat-

ment groups at ProbeDays 1 and 5 (Fig. 6E). In Paradigm#2, only

gefitinib-treated mice demonstrated a significant increase in the

number of primary errors at 2 months of age for both probe trial

days (Fig. 6F).

Together, these results demonstrate that treatment at an early

age has more significant short- and long-term consequences on

learning and memory than treatment at a later age. While later

treatment produces effects shortly after treatment, these effects

do not persist in the long-term after sunitinib and rapamycin.

However, treatment with gefitinib at both earlier and later devel-

opmental stages exhibits detrimental effects on long-term cogni-

tive function.

Single-dose treatment affects progenitor cells

Our results indicate that these drugs administered over several

days have a significant effect on progenitor cells and generation of

Figure 5.

Molecularly targeted agents inhibit cell proliferation and neurogenesis in the hippocampus. A and B, Proliferation (Ki67þ) was quantified in the hippocampal

dentate gyrus in Paradigms #1 and #2. C and D, The number of immature neuronal-lineage cells in a proliferative state (DCxþKi67þ) was quantified for both

Paradigms. E–H, Other immature cell populations, such as Sox2 (E and F) and NG2 (G and H) were also quantified. I and J, Using the BrdUrd pulse protocol for

Paradigms #1 and #2 outlined in Fig. 3I and L, respectively, we quantified the total number of BrdUrdþ cells that differentiated to NeuNþ in the hippocampus.K and L,

In both paradigms, apoptotic cell death was quantified for each of the experimental groups using Casp-3 immunostaining. n¼ 4–5 mice per all groups and per age;

one-way ANOVA, Bonferroni post hoc test for individual comparisons. All data are presented as means � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005.
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new oligodendrocytes and neurons. While most cancer therapy

requires repeated administration of therapy over time, we tested

whether a single dose of drug administered at P12 (ED) or P17

(LD) has short and long-term cellular and behavioral deficits

(refer to Supplementary Fig. S9A–S9P). Tissue was collected 24

hours after single dose treatment and at P30. At both develop-

mental stages (ED and LD), a single dose decreased the number of

white matter OPCs (NG2þ), but not mature oligodendrocytes

Figure 6.

Early treatment with molecularly targeted agents has long-term effects on hippocampal-dependent memory. A and B, Recognition memory was tested at

1 month and 2 months of age in both paradigms using the novel object recognition test. The recognition index was assessed after a 12-hour delay between the

sample and test phase. C and D, Spatial memory was tested using the spontaneous alternation behavior memory test, where the percent alternation was calculated

in all experimental groups at 1 month of age in Paradigm #1 and #2. E and F, The Barnes maze assessed spatial memory at 2 months of age. The histograms

present the number of primary errors on probe day 1 (short-termmemory) and probe day 5 (long-termmemory). n¼ 10–15mice per all groups and per age; one-way

ANOVA, Bonferroni post hoc test for individual comparisons. All data are presented as means � SEM. ^, P ¼ 0.06; � , P < 0.05; �� , P < 0.01; ���, P < 0.005.

Scafidi et al.
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(CC1þOlig2þ) after treatment (Supplementary Fig. S9B, S9C, S9J,

and S9K). No effect was evident at P30 or on subcortical white

matter behavior at 1 month of age (Supplementary Fig. S9D and

S9L). In the hippocampus, a single dose of drug administered at

either developmental stage resulted in a significant decrease in

Sox2þ progenitor cells (Supplementary Fig. S9E and S9M) and

proliferating neuroblasts (DCxþKi67þ; Supplementary Fig. S9F

and S9N). Both populations of cells recovered by P30. No effect

was evident on postmitotic neuronal cells and on hippocampal-

dependent recognition memory (Supplementary Fig. S9G, S9H,

S9O, and S9P). These data support our finding that a single dose

of these cytostaticmolecularly targeted drugs transiently decreases

progenitor cells. This contrasts with the short and long-term

consequences of repeated doses.

Treatment with targeted therapies has no effect in adult mice

To determine whether the effects we observed are age-specific,

we administered the molecularly targeted drugs in adult mice

(Supplementary Fig. S10A). In contrast with younger-treated

mice, the total number of white matter oligodendrocytes, mature

oligodendrocytes, orOPCs remained unchanged (Supplementary

Fig. S10B–S10D). During the inclined beam-walking task 1 week

after treatment, no difference in the number of foot slips was

evident (Supplementary Fig. S10E). In the hippocampus, the

number of Gad2Cre-lineage reporter cells and the total number

of NeuN-positive postmitotic cells was not significantly different

from controls (Supplementary Fig. S10F and S10G). Furthermore,

treatment in adults failed to produce differences in novel object

recognition test (Supplementary Fig. S10H).

These results demonstrate that, unlike treatment at younger

ages, treatment in adulthood produces no cellular effects in the

white matter or hippocampus and does not alter behavioral

function associated with these brain regions.

Environmental enrichment improves behavioral deficits

The use of cognitive, social stimulation, and physical therapies

are becoming increasingly important for the treatment of disease

and treatment-associated morbidities (46). In rodents, environ-

mental enrichment is used to stimulate the brain by social, novel,

and complex surroundings with the ability for increased physical

activity. Recent rodent studies have demonstrated that environ-

mental enrichment is effective in improving both sensorimotor

and hippocampal behavioral performance through enhanced

neurogenesis (36, 47–49).

To assess whether environmental enrichment would improve

abnormalities frommolecularly targeted anticancer treatment, we

selected the group with the most severe deficits: mice treated at a

younger age. Paradigm #1mice were subjected to 8 to 12 hours of

daily environmental enrichment from P17 to P30 following drug

administration (Fig. 7A). We then analyzed the white matter and

hippocampus by IHC, and compared the results with those of

nonenriched controls. Enrichment prevented the maturation

deficits of oligodendrocytes (BrdUrdþCC1þ; Fig. 7B) andneurons

(BrdUrdþNeuNþ; Fig. 7C).

The inclined beam-walking task showed that drug-treatedmice

that received enrichment performed significantly better thandrug-

treated mice in the control environment (Fig. 7D; ref. 33). Sim-

ilarly, enrichment also improved recognitionmemory, compared

with the nonenriched control group (Fig. 7E).

These results thereby indicate that environmental enrichment is

an effective intervention to improve white matter- and hippo-

campal-dependent behavioral performance following adminis-

tration of molecularly targeted anticancer agents.

Discussion

Our study is the first to demonstrate that the developing brain's

white matter and hippocampus are most vulnerable to molecu-

larly targeted drugs administered at an early age. While admin-

istrationof these drugs at a later developmental stage (fromP17 to

P22) did produce negative effects, they were not as pronounced.

Interestingly, treatment with these drugs in the mature brain did

not produce cellular or behavioral deficits. While the younger

developing brain is most vulnerable to thesemolecularly targeted

agents, reversal was possible by promoting brain plasticity

through increased social interaction and physical activity (i.e.,

environmental enrichment). This indicates that promoting brain

plasticity with timely intervention improves the age-dependent

side effects of molecularly targeted drug therapy.

Brain development is a continuum that begins during early

gestation and continues until young adulthood, with the most

rapid growth andmaturation of progenitor cells occurring during

the first several years of life (37). At the cellular level, these events

are dependent on a coordinated balance between expression and

activation of different growth factors (EGF, VEGF, and PDGF),

their respective receptors, and the multiple intracellular signaling

pathways associated with these receptors. One of the major

intracellular pathways activated by growth factor receptors is

PI3K/protein kinase B (AKT)/mTOR. This pathway is crucial for

proliferation, growth, angiogenesis, and survival. Upon comple-

tion of development and with increasing age, growth factors and

their respective receptors take on different roles, such as cell

maintenance, or participate in the endogenous recovery after

injury. However, if the receptors or their intracellular signaling

pathways become dysfunctional, tumorigenesis may ensue.

Two critical brain structures that continue to mature in early

childhood and adolescence are the subcortical white matter and

the hippocampus. These structures are important for sensorimo-

tor and cognitive function and are affected in patients undergoing

treatment for cancer (40, 41). The neurotoxic effects in pediatric

and adult cancer treatments are associated with both localized

therapy, such as radiation, and systemic chemotherapeutic agents

(41, 50, 51). However, infants and children are more suscep-

tible to neurologic and neurosensory sequelae than adults.

These conventional treatments are associated with white matter

abnormalities on diffusion tensor imaging, as well as posttreat-

ment executive and cognitive dysfunction. At the cellular level,

conventional chemotherapeutics exert toxic effects on neural

progenitor cells in neurogenic niches and oligodendrocytes in

the adult brain (52, 53). Molecularly targeted therapeutics that

specifically target dysregulated pathways are promising treat-

ments for these cancers.

In the current study, we found that in the subcortical white

matter of mice treated at a young age, the total number of

oligodendrocytes and mature oligodendrocytes was significantly

decreased immediately after treatment and remained low even

into young adulthood. This was not observed in mice that began

treatment at a later age. The number of immature NG2-expressing

OPCs decreased, followed by a decrease several days later in the

number of mature oligodendrocytes. No effects were evident in

adulthood, probably because there are fewer numbers of progen-

itor cells in the adult brain.
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Although the molecularly targeted agents significantly

decreased white matter proliferation and oligodendrogenesis at

both treatment ages, they did not affect apoptosis. Assessment of

behavioral outcomes using a white matter-specific behavioral

task showed that mice in the younger treatment group had

significant short- and long-term sensorimotor deficits, while the

older treated group deficits were only evident at P30 (young

adulthood) but did not persist. Interestingly, mice treated as

adults with all molecularly targeted agents exhibited no sensori-

motor behavioral deficits.

The phosphorylated molecular targets of these drugs are most

abundant between P12 and P17 (Supplementary Fig. S1A). How-

ever, with increasing age, these pathways are less active (Supple-

mentary Fig. S1A). The LD paradigm, where treatment ends at

P22, an age when targets have clearly declined, produces smaller

cellular changes at P23. Indeed, using the datasets presented

in Fig. 2, t test analysis of the extent of change in cell densities

relative to vehicle revealed that, immediately after treatment, ED

reduces Olig2þ (P < 0.01) and CC1þOlig2þ (P < 0.05) cells

significantly more than LD, irrespective of drug. These differences

may form a cellular basis underlying the greater persistence of

behavioral deficit arising in the ED treatment group. Asmolecular

targets are no longer phosphorylated at high levels in adulthood

(Supplementary Fig. S1A), adult treatment produces neither cel-

lular change nor behavioral deficit. Interestingly, quantitative

differences between ED and LD could not be found among the

cellular markers we had analyzed in the hippocampus, suggesting

that other factors (e.g., other neuronal cells, myelin ultrastructure,

changes to circuitry) may contribute to persistence of hippocam-

pal-dependent deficits preferentially induced in the early treat-

ment (ED) paradigm.

Unlike thewhitematter, astrocytes of the hippocampus in both

early and later treatment groups were significantly decreased

immediately after the completion of treatment. However, the

drugs did not affect hippocampal oligodendrocytes. GAD2-

expressing cells in the hippocampus were affected by these drugs

in the early-treated mice and by gefitinib only in the later-treated

mice. Similar to the white matter, the molecularly targeted drugs

decreased proliferation, progenitor cells, and hippocampal neu-

rogenesis in both age groups. These drugs also did not signifi-

cantly change apoptotic cell death, supporting a mechanism of

cytostasis, rather than cellular toxicity. Indeed, the short-lived

nature of drug activity is further demonstrated in two single-dose

experiments (Supplementary Fig. S9). This property, combined

with the innate regenerative response following injury, promotes

the observed cell replacement and recovery in both WM and

hippocampus at P30. The normal developmental decline in

proliferating progenitor cell populations with age also adds to

the perceived recovery of cell proliferation after drug treatment.

Patients undergoing cancer treatment have immediate and

long-term difficulties with cognitive performance, such as learn-

ing and memory. However, it is difficult to discern whether these

are the result of treatment or of both cancer and treatment. This

study evaluated whether treatment alone affects hippocampal

Figure 7.

Environmental enrichment reverses behavioral deficits. A, Experimental protocol of vehicle or drug administration, followed by randomization to either

receive 12 hours a dayof environmental enrichment fromP17–P30 or remain in typical housing environment. BrdUrdwas administered daily fromP17–P20. Behavioral

testing was performed between P30 and P32. B, Quantification of newly generated mature oligodendrocytes (BrdUrdþCC1þOlig2þ) at P30. C, Quantification

of newly generated postmitotic neurons (BrdUrdþNeuNþ) at P30. D, The average number of foot slips on the 2 cm and 1 cm inclined beam-walking task.

E, Recognition memory was tested using the novel object recognition memory paradigm with a 12-hour delay between sample and test phase. In the test phase,

the percent time spent with the novel object was calculated. For B and C, n ¼ 4 mice per all groups. For D and E, n ¼ 10–15 mice per all groups and per age.

A one-way ANOVA, followed by unpaired t test comparing nonenriched with enrichment. All data are presented as means � SEM. ^, P ¼ 0.05; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.005.
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function. Recognition and spatial memory were impaired in

younger-treated mice. While mice treated at a later age did have

impairement early on, these deficits persisted into adulthoodonly

in the gefitinib-treated mice. No effect was evident in any drug

group in those treated in adulthood, indicating that the behav-

ioral effects of these drugs are developmentally restricted and do

not manifest in the adult treatment groups.

The short- and long-term negative effects of these drugs on the

developing brain treated at an earlier age raise the important

question whether these deficits are amendable to reversal. Cog-

nitive and physical therapy are being investigated as a potential

nonpharmacologic approach to improve cognition and quality of

life after cancer treatment in both pediatric and adult patients. To

mimic these therapies in rodents, we used an environmental

enrichment paradigm inwhichmice are housed for a short period

of time each day in a larger, socially enriched cage containing

novel stimuli and a running wheel to increase physical activity.

The enrichment was initiated after completing drug therapy to

mimic the usual clinical scenario in cancer patients. The improve-

ment in both white matter oligodendrogenesis and hippocampal

neurogenesis, we observed in mice subjected to enrichment was

consistent with the fewer deficits observed with enrichment. The

potential reversal of deficits with a regimen of increased social,

physical, and cognitive activity thus reinforces the important role

of such regimes in improving morbidity (47, 51).

A limitation of our study is that treatment with the three

commercially available, molecularly targeted therapeutic drugs

was performed in healthy mice without cancer and each animal

received only a single agent. However, we wanted to test whether

these drugs alone affected the brain. We know from preclinical

studies of these individual agents that they target cancer cells and

decrease cancer cell growth in vitro and in vivo. However, those

studies were performed in adults and did not assess unaffected

brain regions. In clinical practice, these drugs are used in con-

junction with conventional therapies, which often complicates

our understanding of the cellular and behavioral effects from

these agents.

In summary, our results demonstrate that the early developing

brain is selectively vulnerable to molecularly targeted drugs used

for cancer therapy. This class of drugs affects cellular development,

proliferation, and maturation when administered at a young age.

The result is impairment of white matter and hippocampal

function. Importantly, these effects can be attenuated by exposure

to a stimulating cognitive and physical environment. These find-

ings have broad clinical implications for the pediatric population,

as the therapies are not only being used for cancers, but also for

other medical conditions. For example, intravitreal injection of

molecularly targeted VEGF inhibitors is currently being used in

preterm infants with retinopathy of prematurity (54). Despite

intravitreal administration, high plasma levels of the drug and

decreased serum levels of VEGF occur (55). This suggests that that

brain toxicity may be an important issue as these drugs can cross

the blood–brain barrier.

Further research regarding the impact of molecularly targeted

drugs and the possible additive effects of traditional cancer treat-

ments on the developing brain is necessary. Our results are not

meant to discourage physicians from using these targeted thera-

pies in youngpatients, but to foster an awareness of their effects on

the developing brain. Further studies on the neurodevelopmental

and cognitive effects of molecularly targeted drugs administered

to pediatric populations are necessary to minimize morbidity.
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