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ABSTRACT

Radiation-inducedbrain injury occurs inmanypatients receiving cranial radiation therapy, and these
deleterious effects are most profound in younger patients. Impaired neurocognitive functions in
both humans and rodents are associated with inflammation, demyelination, and neural stem cell
dysfunction. Here we evaluated the utility of lithium and a synthetic retinoid receptor agonist in
reducing damage in a model of brain-focused irradiation in juvenile mice. We found that lithium
stimulated brain progenitor cell proliferation and differentiation following cranial irradiation while
also preventing oligodendrocyte loss in the dentate gyrus of juvenile mice. In response to inflam-
mation induced by radiation, whichmay have encumbered the optimal reparative action of lithium,
we used the anti-inflammatory synthetic retinoid Am80 that is in clinical use in the treatment of
acute promyelocytic leukemia. Although Am80 reduced the number of cyclooxygenase-2-positive
microglial cells following radiation treatment, it did not enhance lithium-induced neurogenesis
recovery, and this alone was not significantly different from the effect of lithium on this proinflam-
matory response. Similarly, lithium was superior to Am80 in supporting the restoration of new
doublecortin-positive neurons following irradiation. These data suggest that lithium is superior in its
restorative effects to blocking inflammation alone, at least in the case of Am80. Because lithium has
been in routine clinical practice for 60 years, these preclinical studies indicate that this drugmight be
beneficial in reducing post-therapy late effects in patients receiving cranial radiotherapy and that
blocking inflammation in this context may not be as advantageous as previously suggested. STEM
CELLS TRANSLATIONAL MEDICINE 2012;1:469–479

INTRODUCTION

Cranial irradiation is used in the treatment of pri-
mary and metastatic central nervous system tu-
mors and prophylactically to prevent cranial re-
lapse in high-risk acute lymphoblastic leukemia
and lung cancer. In many instances subacute ef-
fects including behavioral changes, sleepiness,
and late delayed cognitive effects manifested as
lowered intelligence quotients and reduced
learning and memory performances are experi-
enced following these treatments [1]. The sever-
ity of these side effects is increased with higher
doses, larger brain volumes, and a younger age at
treatment [2, 3]. A range of cellular alterations
have been proposed to be responsible for these
debilitating side effects identified in rodents, pri-
mates, and humans, such as neural stem and
progenitor cell (NSPC) loss, demyelination, and
brain inflammation.

NSPCs play a critical role in the renewal of
adult brain cells in germinative areas involved in

learning and memory: the dentate gyrus (DG) in
the hippocampus and the subventricular zone
(SVZ)/olfactory bulb system [4–6]. Indeed, loss
of NSPCs is associated with impairment of cogni-
tive function following irradiation in both ro-
dents and humans [7, 8]. As a strategy to mini-
mize the effects of irradiation on brain cells, we
considered interventions that might promote
neurogenesis and repair after radiation injury.
Lithium has been in clinical use for 60 years and
remains a treatment of choice for bipolar disor-
der [9]. Experimental evidence supports the idea
that lithium can be used efficiently in the treat-
ment of irradiation-induced brain damage [10,
11]. In contrast to a previous study [11], we used
lithium as a postradiotherapy treatment to pre-
vent sensitizing endogenous NSPCs to radiation.
However, the efficiency of lithium treatment
within this context may have potentially been
limited by inflammation induced following irradi-
ation [7, 12]. We therefore investigated whether
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the concomitant use of lithium and inflammatory suppression
might achieve an optimal neural cell recovery following cranial
irradiation. We focused on the use of a clinically used drug that
could be dually applied both to achieve an anticancer therapeu-
tic effect and to reduce inflammation. One such candidate mol-
ecules is the synthetic retinoid Am80 (tamibarotene), because it
is a promising drug in regard to cancer treatment and has been
used already to reduce brain inflammation. Indeed Am80 is clin-
ically approved for relapsed or refractory acute promyelocytic
leukemia (APL) and has the advantage over all-trans-retinoic acid
to be more stable and to drive the differentiation of APL cells
[13]. Importantly, Am80 has been recently shown to reduce
brain inflammation following hemorrhage and to promote be-
havioral recovery [14]. We found here that Am80 can be used to
efficiently reduce irradiation-induced microglial cell activation,
which mediates inflammation, but that this provided no addi-
tional benefit beyond the lithium-alone-induced recovery of
neurogenesis.

MATERIALS AND METHODS

Animal and Experimental Treatment
Juvenile C57Bl/6 male 3–5-week-old mice were used in this
study. All of the experiments were conducted according to the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes. For cranial irradiation, the mice were placed
after anesthesia on polypropylene plastic beds and irradiated
using the 9 MeV electron beam from a Varian clinical linear ac-
celerator delivering a single dose of 8 Gy. To achieve this, the
mouse bodies excluding their heads were protected by a pre-
cisely machined Perspex (E-Plas, Tullamarine, VIC, Australia,
http://www.eplas.com.au) sheet and a 3-mm lead shield. In ro-
dents, a single dose of 8 Gy produces long-term NSPC prolifera-
tion and neurogenesis impairment [15] and is equivalent to a
fractionated dose of 20 Gy in 2-Gy doses. The calculation was
done as follows: effective dose (2 Gy per fraction) � total dose
(�/� � fraction size)/(�/� � 2), so in this instance the effective
dose� 8(2� 8)/(2� 2)� 20. The �/� ratio describes the tissue
tolerance, and an �/� value of 2 is used for brain tissue [16].

For lithium treatment (LiCO3; Sigma-Aldrich, St. Louis, http://
www.sigmaaldrich.com), themicewere fedwith control chowor
lithium chow (0.5%) for 1 or 4 weeks. This protocol as tested by
us produced serum lithium levels of 0.9 � 0.01 mM in mice,
within the range of therapeutic concentrations used in humans
(0.5–1.2 mM). For Am80 treatment and combination treatment,
the mice were fed with Am80 chow (10 mg/kg [17]). To assess
cell proliferation in vivo, mice received a 5-bromo-2�-deoxyuri-
dine (BrdU) intraperitoneal (IP) injection (100 mg/kg) 1 hour be-
fore sacrifice to label cells engaged in the S phase. For newborn
cell number anddifferentiation experiments, themice received a
BrdU IP injection (100 mg/kg) twice daily for 3 days after 1 week
of lithium treatment and were housed for 3 additional weeks
of lithium treatment, during which the newborn cells differ-
entiated.

Quantitative Reverse Transcription-Polymerase Chain
Reaction
RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com) according to manufacturer’s in-
structions. Digestion of genomic DNA was performed by the

addition of RNase-free DNase 1 (1 unit per �l; Promega, Mad-
ison, WI, http://www.promega.com). Superscript III Reverse
Transcriptase (Invitrogen) was used for first-strand cDNA syn-
thesis according to the manufacturer’s instructions. Quanti-
tative reverse transcription-polymerase chain reactions (qRT-
PCRs) were conducted using an ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, http://
www.appliedbiosystems.com). For one reaction, 8 �l of cDNA
(1:10 dilution) was combined with 10 �l of SyBr Green PCR
Master Mix (Applied Biosystems) and 200 nM sense and anti-
sense oligonucleotides (Geneworks, Hindmarsh, SA, Austra-
lia, http://www.geneworks.com.au) and amplified using tem-
peratures of 50°C for 2 minutes and 95°C for 15 minutes.
These initial steps were followed by 45 cycles of 95°C for 15
seconds and 60°C for 1 minutes. Expression of all genes was
normalized to �2-microglobulin housekeeping gene expres-
sion. No template controls and dissociation curve analysis
were used to ensure the specific amplification of the tran-
scripts. Primer sequences were designed against the cDNA
sequence of target genes and were as follows: �2-microglobulin:
reverse, GTCTTGGGCTCGGCC, and forward, TTCACCCCCACT-
GAGACT; TNF�: reverse, ACAAGCAGGAATGAGAAGAGG, and for-
ward, CGTGGAACTGGCAGAAGAG;CyclinD1: reverse,GTGCGTTGT-
GCGGTAGCAGG, and forward, GCATCTACACTGACAACTCTATC;
c-myc, reverse, CTCTGCACACACGGCTCTTC, and forward, GCTG-
TAGTAATTCCAGCGAGAGACA; interleukin-6 (IL6): reverse, GAAG-
TAGGGAAGGCCGTGG, and forward, CTGCAAGAGACTTCCATC-
CAGTT; and IL6-R�: reverse, GCAACACCGTGAACTCCTTTG, and
forward, GACCTGGGACCCGAGTTACTA.

Immunohistochemistry
Themice were deeply anesthetized, and brain tissues were fixed
via transcardiac perfusion with 4% paraformaldehyde. The
brains were processed for paraffin embedding and sectioning.
For BrdU labeling and detection, after dewaxing and rehydra-
tion, 6-�m brain sections were subjected to 2 N HCl treatment
for 30 minutes at 37°C. Endogenous peroxidase activities were
quenchedwith 3%H2O2 in PBST (phosphate-buffered saline con-
taining 0.1% Triton X-100) for 10 minutes at room temperature
(RT). The sections were incubated with mouse anti-BrdU anti-
body (1/400; DakoCytomation, Glostrup, Denmark, http://www.
dakocytomation.com) at RT for 1 hour, rinsed in PBS, and incu-
bated in ImmPress reagent (Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com) for 30 minutes at RT. Staining
for BrdU was visualized using diaminobenzidine and H2O2. The
sections were then counterstained in Mayer’s hematoxylin, de-
hydrated, and coverslipped in Depex medium. For 2�,3�-cyclic
nucleotide-3�-phosphohydrolase (CNP) and cyclooxygenase-2
(COX-2) staining, the HCl incubation step was omitted, and sec-
tions were incubated in mouse anti-CNP antibody (1/500; Ab-
cam, Cambridge, U.K., http://www.abcam.com) at RT for 1 hour
or in rabbit anti-COX-2 antibody (1/300; Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, http://www.scbt.com) overnight at 4°C
after pressure cooker antigen retrieval in EDTA (1 mM) buffer.
For coimmunofluorescence staining for BrdU and neuron-spe-
cific enolase (NSE) or glial fibrillary acidic protein (GFAP), follow-
ing pressure cooker antigen retrieval in citrate buffer (10 mM)
followed by 2 N HCl treatment for BrdU, the sections were incu-
bated overnight at 4°C in appropriate secondary antibody mix-
ture: mouse anti-BrdU antibody (1/100; DakoCytomation) and
rabbit anti-NSE antibody (1/100; Chemicon, Temecula, CA,
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http://www.chemicon.com) or rabbit anti-GFAP antibodies (1/
200; DakoCytomation) for adjacent sections. All of the sections
were then washed, and secondary detection was performed us-
ing Alexa Fluor 594 goat anti-mouse IgG (for BrdU or CNP) or
Alexa Fluor 488 goat anti-rabbit IgG (for GFAP or NSE). The sec-
tions were then mounted in a fluorescent mounting medium
(DakoCytomation).

Cell Quantitation and Statistical Analysis
Positive stained cells were scored in one-in-five series of three
coded sections sampled from three areas throughout the rostral
extent of the DG under high powermagnification. DG areaswere
quantified using SPOT software (SPOT Imaging Solutions, Diag-
nostic Instruments, Inc., Sterling Heights, MI, http://www.
spotimaging.com). The volume of DG was determined according
to Shi and collaborators [18] by multiplying areas by the thick-
ness of the sections. Cell densities were calculated by dividing
cell numbers by the volume. Double-stained cells were analyzed
on 0.3-�m optical sections using confocal microscopy.

Behavioral Experiments
Behavioral studies were performed on two separate cohorts of
mice, the first of which included 10 control and 10 irradiated
mice, at 4 weeks after irradiation; the second cohort included 8
control and 7 irradiated mice, at 8 weeks after radiation. Inves-
tigators carrying out the experiments were blinded to the treat-
ment of the mice. The open field is an open arena (40� 40� 30
cm) with a clear floor and walls and no distinguishing features.
No visual cues were placed within or around the arena. The ap-
paratus was placed on a table under a ceiling-mounted camera.
Over three sequential days, the mice were singly placed in the
center of the arena and left to explore for 30 minutes, thus de-
termining habituation to the locomotor environment. The Spon-
taneous Motor Activity Recording & Tracking (SMART) video
tracking system (San Diego Instruments, Inc., San Diego, http://
www.sandiegoinstruments.com) was used to track the locomo-
tor activity and analyze the total distance traveled (cm) in 5-min-
ute time bins, as well as session totals. The Morris water maze
consisted of a circular pool with a submerged platform 1 cm
below the water surface [19]. The water was made opaque with
nontoxic white paint and kept at 23 � 2°C. The pool was divided
into four equal quadrants (based on compass locations: north,
south, east, and west). The experimental room contained vari-
ous three-dimensional cues (door, computer, desk, curtain,
flower, a stuffed toy, and a red striped placard, which served as
external visual cues). Internal two-dimensional cueswere placed
at the north, south, east, andwest cardinal points. Subjectmove-
ments were recorded with a video camera positioned above the
pool and attached to the ceiling. The data were analyzed using
the SMART Video Tracking System. The program was used to
measure the latency to locate the submerged platform, time
spent in the target quadrant, platform crossings, time spent in
the platform area, and platform proximity on probe trial days.
Days 1 and 2 were the cue-associated learning phase (control
procedure), inwhich themicewere trained for 2 days in twodaily
sessions; each session consisted of four 1-minute trials. Themice
were randomly placed in different start positions and allowed 60
seconds to locate the platform indicated by a flag (12 cm visible
above the water surface). The platform location was varied with
each trial. The mice were left on the platform for 15 seconds
after successful navigation; if a mouse failed to locate the plat-

form after 60 seconds, it was led to the platform by a trailing
finger. Days 3–5 were the spatial learning phase (acquisition
phase), which was undertaken after the cue-associated learning
phase. Spatial learning was completed over 3 days with mice
undergoing eight trials per day in two sessions: each session con-
sisted of four 1-minute trials. The mice were placed in different
start positions and given 60 seconds to locate the submerged
platform. The submerged platform location was randomized for
each mouse; the location of the platform was kept constant for
individual mice across subsequent spatial learning trials. After
successful navigation to the platform, the mice were left for 15
seconds or manually placed on the platform if they were unable
to locate the platform after 60 seconds. On day 6, a probe trial
was conducted to check spatial referencememory. The platform
was removed, and the mice were allowed to explore for 60 sec-
onds. They were individually placed in the position furthest from
(diametrically opposed to) the previous location of the sub-
merged platform. For days 7–10, a reversal learning phase was
performed 1 day after the spatial probe trial had been com-
pleted. The location of the submerged platform was moved to
the diametrically opposed quadrant of the pool for each mouse.
The same procedure was then followed as described for the spa-
tial learning phase.

Statistical Analysis
The data presented are the means � SEM from at least three
different mice. One-way analysis of variance with the Bonferroni
post test or the Newman-Keuls post test was performed using
GraphPad Prism version 5.00 for Windows (GraphPad Software,
Inc., San Diego, http://www.graphpad.com).

RESULTS

NSPC Proliferation Is Dampened in the DG Following
Brain-Focused Irradiation and Is Associated with Subtle
Cognitive Impairment in Juvenile Mouse
To ensure that the radiation treatment regimen we were testing
produced a demonstrable effect on the proliferation of NSPCs in
the DG of juvenile mouse, control and irradiated groups were
injected with the thymidine analog BrdU 9 days following 8-Gy
cranial ionizing radiation exposure. Immunohistochemical de-
tection of cells that have incorporated BrdU into their DNAwhile
progressing through the S phase at the time of the injection
showed that irradiation led to a significant reduction in the num-
ber of proliferating cells in the DG (Fig. 1A, 1B) of irradiatedmice
compared with untreated control mice. To investigate whether
irradiation in ourmodel also produces a loss in oligodendrocytes,
we quantified the number of CNP-positive (CNP�) oligodendro-
cytes as shown in Figure 1C. Scoring of CNP� cell bodies showed
that irradiation induced a significant reduction in the number of
CNP� oligodendrocytes in the DG of irradiated mice compared
with control (Fig. 1D).

We then evaluated whether these cellular alterations were
correlated with learning and memory abilities changes in juve-
nile mice in our paradigm at 4 and 8 weeks after irradiation (Fig.
2). This allowed the assessment of both subacute and delayed
(late) cognitive impairments as seen in whole brain irradiation
treated patients. To establish measures of these abilities we
used the Morris water maze (MWM) as used by others to assess
spatial learning related to hippocampal function. An open field
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paradigm was used prior to challenging mice in MWM to assess
locomotor and exploratory activity over 3 successive days. A ro-
bust habituation to the context was observed throughout the
period of habituation, such that mice from all treatment groups
were significantly less active by day 3 of habituation (Fig. 2A,
2B). Additionally, during each of the 3 days, control or irradiated
mice demonstrated similar patterns of locomotor activity.

Hippocampus-related learning and memory function were
then tested in the MWM. Spatial learning was assessed by train-
ing mice to locate a submerged platform. The mice were placed
in different start positions and given 60 seconds to locate the
submerged platform. The submerged platform location was ran-
domized for each mouse. The location of the platform was kept
constant for individual mice across subsequent spatial learning
trials. After successful navigation to the platform, the mice were
left for 15 seconds or manually placed on the platform if they
were unable to locate the platform after 60 seconds. During five
training sessions, irradiated and control mice alike demon-
strated a significantly decreased latency to find the platform
across sessions (Fig. 2C, 2D). The mice were subsequently reas-
sessed for spatial learning to determine apparent neural liability
in target reacquisition.Mice fromboth groups quickly reattained
the new location of the platform as shown by decreased latency.

Here a significant difference in latency between control and irra-
diated mice was identified. Indeed irradiated mice tended to
have a decreased latency after the first session. In groups
assessed 4 weeks after irradiation, a difference was seen at ses-
sion 5 (Fig. 2E). More consistent latency differences were identi-
fied between groups assessed 8 weeks after irradiation (Fig. 2F).
Altogether our results suggest that a single dose of 8Gyproduces
a subtle difference in learning and memory ability as assessed
using MWM.

Lithium Promotes Neurogenesis and Prevents
Oligodendrocytes Loss Following Cranial Irradiation in
the DG In Vivo
The effect of lithium treatment on NSPC proliferation in the
DG with or without cranial irradiation was then investigated.
Accordingly mice were fed control or lithium chow for 1 week
and received a 1-hour pulse of BrdU to assess the number of
proliferating cells in the subgranular layer of the DG where
NSPCs reside. This protocol achieved lithium levels in serum of
0.9 � 0.01 mM in mice within the range of therapeutic con-
centrations used in humans (0.5–1.2 mM). Immunohisto-
chemistry (IHC) detection of BrdU� cells suggested that lith-
ium treatment increased the proportion of cells engaged in

Figure 1. Short-term lithium treatment
significantly reverses irradiation-induced
decrease in neural stem and progenitor
cell (NSPC) proliferation and protects oli-
godendrocytes in vivo in the dentate
gyrus (DG). Experiments were performed
using four groups of mice: (a) control, (b)
irradiated, (c) lithium-treated, and (d) irra-
diated and lithium-treated. The mouse
groups were fed with control or lithium
chow for 1 week starting 2 days after radi-
ation to avoid interfering with cell death
and repair. All of the groups were injected
with BrdU 1 hour before sacrifice to label
NSPCs engaged in the S phase. (A): Hema-
toxylin-stained coronal sections through
the DG showing proliferating BrdU� cells
typically located in the subgranular
zone. Lithium increased the number of
proliferating cells in the DG, thus revers-
ing irradiation-induced loss of BrdU�

cells. (B): BrdU� cell quantitation
showed that lithium induced a signifi-
cant increase in the number of BrdU�

cells following irradiation compared
with irradiated mice. (C): Oligodendro-
cytes were identified by immunohisto-
chemical staining for CNP. Typical CNP
staining was observed in oligodendro-
cytes processes and around the cell bod-
ies. Irradiation reduced the number
CNP� cell bodies in the DG (white ar-
rows), whereas lithium blocked this ef-
fect. Scale bars � 100 �m. (D): Quanti-
tation of the number of CNP� cells
showed that irradiation produced a sig-
nificant reduction in the number of oli-
godendrocytes, whereas lithium re-
stored their numbers to control levels.
The data shown are the means � SEM. �,
p � .05. Abbreviations: BrdU, 5-bromo-2�-
deoxyuridine; IR, irradiation; CNP, 2�,3�-cy-
clic nucleotide-3�-phosphohydrolase.
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the S phase in the DG following irradiation (Fig. 1A). Quanti-
tation of the number of these cells showed that lithium signif-
icantly reversed the effect of irradiation on NSPC proliferation
in the DG of irradiated mice (Fig. 1B). These results indicate
that DG NSPCs can be stimulated by lithium treatment follow-
ing cranial irradiation.

To investigate whether the increase in NSPC proliferation
translated into an increased number of newly generated cells,
mice were injected with BrdU twice daily for 3 days 1 week
following irradiation, and the number of BrdU� newborn cells
was quantified 3 weeks later (4 weeks after radiation). Using
this protocol, proliferating cells are no longer detectable be-
cause of BrdU dilution as a result of successive rounds of
proliferation. As shown in Figure 3A, BrdU� cells were typi-
cally seen in the granular layer, in the hilus, and occasionally in
the molecular layer of the DG. BrdU� cell quantitation (Fig.
3B) showed that irradiation produced a 50% decrease in the
number of newborn cells after 3 weeks, whereas lithium in-
duced a significant recovery in their number. These data sup-

port the view that lithium treatment enhances NSPC prolifer-
ation and neural cell birth.

Next, we investigated whether lithium enhances the dif-
ferentiation of newly generated cells into neurons in vivo. The
mice were injected with BrdU twice daily for 3 days 1 week
following irradiation, and the fate of BrdU� cells was deter-
mined using coimmunostaining for BrdU and specific markers
for neurons (NSE) or astrocyte marker GFAP (Fig. 4A). Using
immunofluorescence and confocal microscopy, we found that
lithium enhanced differentiation toward the neuronal lineage
in lithium-treated mice compared with control mice following
cranial irradiation as shown by BrdU and NSE costaining (Fig.
4A, 4B). In contrast, lithium treatment did not significantly
affected glial differentiation as shown by BrdU and GFAP co-
labeling (Fig. 4C).

To address the effects of irradiation and lithium treatment

on demyelination, we quantified the number of differentiated
oligodendrocytes identified by CNP IHC. Interestingly, we found

that lithium restored the number of CNP� oligodendrocytes

Figure 2. A single dose of 8 Gy produces subtle differences in learning andmemory ability as assessed using theMorris water maze (MWM).
Weused theopen-field paradigm to assess locomotor andexploratory activity prior to testing themice in theMWM. (A, B): Themicewere first
tested in a small open field, and their locomotor behavior was monitored over 3 successive days. A robust habituation was observed in both
irradiated and controlmice, 4 (A) and 8 (B)weeks after radiation. Hippocampus-related learning andmemory functionwas assessed using the
MWM. During five training sessions, a significantly decreased latency to find the platform across sessions was found in both irradiated and
control groups 4 (C) and 8 (D)weeks after radiation. Themicewere subsequently reassessed for spatial learning to determine apparent neural
liability in target reacquisition. Subtle differences were observed between group at 4 weeks after radiation (E) (session 5) and 8 weeks after
radiation (F) (session 2). The data shown are the means � SEM. �, p � .05. Abbreviation: IR, irradiation.
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following irradiation (Fig. 1C, 1D). These results suggest that lith-
ium treatment stimulates NSPC proliferation and neuronal dif-
ferentiation and reduces the loss of oligodendrocytes following
cranial irradiation.

Lithium Treatment Increases Cyclin D1 Expression in the
DG Following Irradiation
To investigate the molecular mechanism by which lithium stim-
ulates NSPC proliferation, we evaluated the action of lithium on
another population of NSPCs. In this instance NSPCs were iso-
lated from the SVZ [20]. Indeed, in contrast to DG NSPCs, NSPCs
derived from the SVZ can be efficiently expanded using the neu-
rosphere assays (supplemental online Fig. 1A). NSPCs were
plated at a density of 104 cells per milliliter into 96-well plates in
the presence or absence of 0.5 or 1 mM lithium. This exposure is
within the therapeutic range for humans (0.5–1.2 mM lithium).
Neurosphere growth was assessed using [3H]thymidine incorpo-
ration for 24 hours. Under both nonirradiated and irradiated

conditions, 0.5 and 1mM lithium increased neurosphere growth
(supplemental online Fig. 1B). Quantitation confirmed a dou-
bling in incorporated radioactivity in lithium-treated cultures
comparedwith untreated cultures under both nonirradiated and
irradiated conditions (supplemental online Fig. 1C). To rule out
the possibility that [3H]thymidine incorporationwas occurring as
a consequence of the repair process, we have also quantify neu-
rosphere growth by viability assay using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (supplemental online Fig. 1D). We
found that, in accord with the [3H]thymidine incorporation ex-
periment, adding 0.5 or 1 mM lithium increased neurosphere
growth under both nonirradiated and irradiated conditions. Al-
together these data suggest that lithium stimulates neurosphere
cell proliferation.

Because lithium as been shown to activate the �-catenin-
mediated signaling pathway,wemeasured the expression of one
of its key target genes, Cyclin D1, at the mRNA level using qRT-
PCR (supplemental online Fig. 1E). Neurosphereswere incubated
in 1 mM lithium for 24 hour after radiation to allow changes in
transcription. Under these conditions we found that Cyclin D1
(supplemental online Fig. 1E) was upregulated by lithium treat-
ment after radiation in NSPCs derived from SVZ. We then inves-
tigated whether our findings in SVZ derived NSPCs translated to
DG NSPCs in vivo. The levels of Cyclin D1 and c-Myc mRNA, an-
other�-catenin target gene,weremeasured in the hippocampus
following 1 week of lithium treatment after irradiation using
qRT-PCR (Fig. 5). Our results show that lithium treatment for 1
week following irradiation did not induce any significant change
in either Cyclin D1 (Fig. 5A) or c-Myc mRNA expression level (Fig.
5B). However, IHC for Cyclin D1 presented in Figure 5C and 5D
shows that CyclinD1� cells aremore abundant in lithium-treated
neurogenic regions compared with untreated after brain irradi-
ation. This is likely to be a more sensitive measure of �-catenin
target gene expression in the DG.

Reduced Inflammation Is Not Required to Allow
Increased Neurogenesis Following Brain-Focused
Irradiation in Juvenile Mice In Vivo
Irradiation-induced inflammation and subsequent gliosis is con-
sidered to functionally impair neurogenesis following irradiation
[12]. We thus postulated that the suppression of inflammation
might improve the stimulatory effect of lithium on neurogenesis
following whole-brain irradiation in juvenile mice. With the aim
of maximizing recovery, we introduced a combinatorial ap-
proach using lithiumplus the synthetic retinoid Am80 (tamibaro-
tene) [13, 14, 21] to reduce inflammation. In these experiments,
the mice were fed with Am80 chow (10 mg/kg) as previously
described [17].

Initially we investigated the effect of Am80 on brain inflam-
mation following irradiation by measuring the mRNA level of
proinflammatory molecules. Therefore IL6, IL6-R�, and TNF�
mRNA expression were measured in the hippocampus of juve-
nile mice by qRT-PCR 1 and 4 weeks following irradiation. Inter-
estingly we found that only TNF� mRNA (supplemental online
Fig. 2A, 2B) but not IL6mRNA (supplemental online Fig. 2C, 2D) or
IL6-R� mRNA (supplemental online Fig. 2E, 2F) expression was
elevated in irradiated mice compared with unirradiated control
mice only after 1 week. However, Am80 treatment over 4 weeks
did not significantly reduce TNF� mRNA expression following
irradiation.

Figure 3. Lithium increases the number of newborn cells in the
dentate gyrus (DG) following brain-focused irradiation. The mice re-
ceived BrdU injections twice daily for 3 days 1week after radiation to
label newly generated cells, and the number of surviving newborn
cells was assessed after 3 additional weeks. The mice were fed with
lithium or control chow for a total of 4 weeks. (A): Newly generated
cells were detected by immunohistochemistry for BrdU on coronal
sections through the DG. BrdU� cells were typically seen in the gran-
ular layer, in the hilus, and occasionally in the molecular layer of the
DG. Irradiation induced a reduction of the number of BrdU� cell, and
lithium reversed this effect. (B): BrdU� quantitation showed that
irradiation produced a 50% decrease in the number of newborn cells
after 3 weeks, whereas lithium induced significant recovery in their
number. Thedata shownare themeans� SEM. Scale bar�100�m.�,
p� .05. Abbreviations: IR, irradiation; BrdU, 5-bromo-2�-deoxyuridine.

474 Lithium Enhances Brain Recovery

STEM CELLS TRANSLATIONAL MEDICINE



Although we endeavored to isolate the hippocampal neuro-
genic regions for mRNA analysis, we suspected that the cells
responsible for the production of these proinflammatory medi-
ators are in the minority of the cell total. Accordingly we were
concerned that any effects of Am80 might be overwhelmed by
the presence of the total tissue content. Therefore to directly
visualize the effect of irradiation and drug treatment on micro-
glial activation, IHC for COX-2 was used (Fig. 6A, 6B). Indeed
activated microglial cells are known to be the source of TNF�
following irradiation [22, 23] and to robustly express the inflam-
matory molecule COX-2. Using this strategy to evaluate inflam-
mation, wewere able to demonstrate that the number of micro-
glial cells expressing COX-2 after irradiation is significantly
increased in the DG, and whenmice are treated with Am80 for 4
weeks, this irradiation-induced increase is efficiently blocked.
When lithium or lithium plus Am80was administrated, the num-
ber of COX-2� cells in the irradiated tissuewas not different from
the unirradiated control group. We then asked whether the two
drug interventions had an effect on neurogenesis.

To specifically quantify the number of new neurons, we used
the immature neuronal marker doublecortin (DCX), which has
been shown to reflect the level of neurogenesis [24]. Quantita-
tion of DCX� cells demonstrated that lithium significantly in-
creased the number of immature neurons following brain-fo-
cused irradiation (Fig. 7A, 7B). By contrast Am80 treatment alone
did not increase the number of DCX-stained neuroblasts. Fur-

thermore we found that when we used lithium and Am80 in
combination, they were nomore efficient in increasing the num-
ber of neuroblasts than lithium alone. This was an important
experiment in establishing that inflammation was not alone in
impeding neurogenesis or that it perturbs the positive action of
lithium.

DISCUSSION

Our data demonstrate that lithium treatment promotes NSPC
proliferation and neuronal differentiation and reduces oligoden-
drocyte loss in the DG of juvenile mice in a model of brain-fo-
cused irradiation in vivo. This model reproduces the deleterious
effect of radiotherapy as seen in humans including NSPC loss,
inflammation, and demyelination. These alterations are pro-
posed to underpin the occurrence of subacute and delayed cog-
nitive side effects observed in patients who are receiving whole
brain irradiation during the course of cancer treatment. We also
investigated the use of the synthetic retinoid Am80 with the
prospect of achieving an optimal recovery in combination with
lithium treatment.

NSPCs are extremely radiosensitive cells, and irradiation has
been shown to produce long-lasting impairments in neurogen-
esis in vivo [25]. In rodents, lithium has been shown to exert a
protective effect against ischemia [26–28] and neurodegenera-
tion in mouse models of Alzheimer [29] and Huntington [30, 31]

Figure 4. Lithium increases the percent-
age of newborn cells that differentiate
into neurons under basal conditions and
following irradiation but does not influ-
ence glial cell differentiation. (A): To as-
sess newborn cell fate in the dentate
gyrus (DG), sections were costained for
BrdU and NSE to identify neurons or for
BrdU and GFAP to identify astrocytes
(white arrows) and were analyzed by con-
focal microscopy. (B): Results of confocal
analyses revealed that irradiation signifi-
cantly reduced neuronal differentiation,
whereas long-term lithium treatment sig-
nificantly enhanced neuronal differentia-
tion at a basal level and following irradia-
tion in the DG. (C): Irradiation led to an
increased production of glia (gliosis),
whereas lithium did not have any signifi-
cant effect on glial differentiation. The
data shown are the means � SEM. Scale
bars � 50 �m. �, p � .05; ��, p � .01.
Abbreviations: BrdU, 5-bromo-2�-deoxyu-
ridine; NSE, neuron-specific enolase;
GFAP, glial fibrillary acidic protein; IR,
irradiation.
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diseases. In parallel, lithiumpositively influences neurogenesis in
the DG [32, 33], and lithium pretreatment prior to irradiation
improves cognitive performance of mice [11]. Our findings sug-
gest that lithium reverses radiation-inducedNSPCdysfunction by
promoting neuronal progenitor proliferation and differentiation.
These data are in linewith studies showing that lithium increases
neuronal differentiation [34, 35]. To take advantage of the
stimulatory effect of lithium on neurogenesis following whole-
brain irradiation, we testedwhether we could enhance its action

by blocking inflammation. To this end we combined lithiumwith
a clinically used drug with the underlying idea that we could
achieve both anticancer therapeutic effect and amelioration of
radiotherapy side effects.With this inmind,we have focused our
attention on the synthetic retinoid Am80 (tamibarotene), which
is a potent drug clinically approved for relapsed or refractory APL
and which has been recently shown to reduce brain inflamma-
tion following hemorrhage and to promote behavioral recovery
[14]. Our results indicate that Am80 can be used to achieve

Figure 5. Effect of lithium treatment on
Cyclin D1 and c-Myc expression following
irradiation in vitro and in vivo. (A, B): Cy-
clin D1 (A) and c-Myc (B) mRNA expres-
sionwasmeasured in the hippocampus by
quantitative reverse transcription-poly-
merase chain reaction 1 week following
brain-focused irradiation. (C): Immuno-
histochemistry (IHC) detection of Cyclin
D1 was performed on brain sections ob-
tained from control, irradiated, and lithi-
um-treated mice. Photographs taken
from stained coronal sections show that
Cyclin D1� cells were more abundant in
lithium-treated samples compared with
untreated samples following irradiation.
Scale bars � 100 �m. (D):Quantitation of
IHC for Cyclin D1. Lithium treatment re-
stored the number of Cyclin D1� cells to
control levels following irradiation. Am80
treatment did not change the number of
Cyclin D1� cells. The data shown are the
means � SEM. �, p � .05. Abbreviations:
CyD1, Cyclin D1; IR, irradiation; IRA, irradi-
ation and lithium; b2M, �2-microglobulin.
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inhibition of irradiation-induced microglial activation as shown
by COX-2 immunohistological staining, but this did not benefit
neurogenesis following irradiation. This result is in accord with
our result using an IL6-null mouse-irradiation model, which
showed that genetic loss of IL-6 prevented the lithium beneficial
effect on cell birth in the DG as shown by BrdU pulse/chase ex-
periment (supplemental online Fig. 3) compared with that seen
with wild-type mice. In further support of these observations,
there is an increasing body of evidence suggesting that inflam-
mation has beneficial effects on brain recovery in experimental
and clinical traumatic brain injury [36], neurodegenerative dis-
eases [37], and ischemia [38]. Thus it has been suggested that
activatedmicrogliamay help in promoting optimal recovery [39].

Collectively our data show that lithium promotes NSPC pro-
liferation and commitment to the neuronal lineage following ir-
radiation. They also provide proof of principle for the use of
lithium in the clinic in the context of promoting postirradiation
neurogenesis and tissue repair. Our data also reveal that lithium
assists in reducing oligodendrocyte loss induced by brain irradi-
ation, similar to its ability to promote Schwann cell proliferation
in the peripheral nervous system [40] and its protective effect in
an in vivo model of induced allergic encephalomyelitis [41].
These data imply that lithium promotes normal neuronal func-
tion by ensuring proper myelination following irradiation. The

question remains whether the use of lithium provides a func-
tional behavioral recovery. Accordingly we have assessed the
effect of irradiation using the MWM paradigm. Studies from the
literature report either reduced abilities [11, 42, 43] or no differ-
ence [44] using this behavioral test. In this work we have found
that the apparent latency to find the platform is modestly re-
duced in irradiated compared with nonirradiated groups in the
reversal form of theMWMwhere the submerged platform loca-
tion is changed to the quadrant diametrically opposed to that
held previously. One explanation we favor is that previous train-
ing has influenced the response of the unirradiated mice [45].
The reversal tests are run 24 hours after a probe trial when the
platform is removed and the mice have to swim with no escape.
Therefore the control group may have learned that the platform
is not present and thus offers a reduced stimulation. Indeed, in
forced swimming experiments a reduced mobility reflects a rel-
atively successful coping strategy for energy conservation [46].
However, the end point of the experiment was not different be-
tween groups in term of time spent in the target quadrant (not
shown), platform crossings (not shown), or time spent in the
platform area (not shown). Because these differences were sub-
tle and certainly not sufficiently large enough, we did not pursue
further investigation of the behavioral effects of lithium treat-
ment following irradiation. Moreover, lithium has previously

Figure 6. Effect of 4 weeks of lithium and
Am80 treatment on the number of cyclo-
oxygenase-2-positive (COX-2�) microglial
cells in the dentate gyrus (DG) following
brain-focused irradiation. (A): Immuno-
histochemistry for COX-2 was performed
to assess the effect of Am80 on brain in-
flammation following cranial irradiation.
Typical COX-2� microglia cells (as shown
in the inset) were seen in the hilus, sub-
granular, and granular layer of the DG
(black arrowheads). (B): Positive COX-2
microglia cells were scored to show that
their number was significantly elevated
following brain-focused irradiation. Ad-
ministration of Am80 for 4 weeks signifi-
cantly blocked this effect. Scale bars �
100 �m and scale bar � 20 �m for inset.
The data shown are the means � SEM. �,
p � .05. Abbreviation: IR, irradiation.
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been shown to improve cognitive performances of irradiated
mice when used as a pretreatment [11]. In our study we used
lithiumas a postirradiation treatmentwith the view that it would
be more acceptable in a clinical setting. Indeed administering
lithium to patients as a pretreatment might be damaging be-
cause it is likely to induceNSPC toproliferateprior to radiotherapy.
Indeed, quiescent NSPCs are somewhat protected from irradiation,
whereas when induced into cycle they are potentially more vulner-
able to radiation.

CONCLUSION
Wehave found here that lithium stimulates NSPC proliferation and
differentiation following cranial irradiation while also reducing oli-
godendrocyte loss in the DG of juvenile mice. Importantly our data
have served as a trigger for a phase I clinical trial in lung cancer
patients who are receiving whole-brain prophylactic radiotherapy
to prevent the occurrence of cranial metastases. We thus believe
the beneficial cellular and molecular changes generated using lith-
ium as described here add hope that patients receiving cranio-
therapy during the course of cancer management might receive
improved neurogenic recovery post-treatment.
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