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ABSTRACT
◥

Children suffering from neurologic cancers undergoing chemo-

therapy and radiotherapy are at high risk of reduced neurocognitive

abilities likely via damage to proliferating neural stem cells (NSC).

Therefore, strategies to protect NSCs are needed. We argue that

induced cell-cycle arrest/quiescence in NSCs during cancer treat-

ment can represent such a strategy. Here, we show that hyperpo-

larization-activated cyclic nucleotide-gated (HCN) ion channels are

dynamically expressed over the cell cycle in NSCs, depolarize the

membrane potential, underlie spontaneous calcium oscillations and

are required to maintain NSCs in the actively proliferating pool.

Hyperpolarizing pharmacologic inhibition ofHCNchannels during

exposure to ionizing radiation protects NSCs cells in neurogenic

brain regions of young mice. In contrast, brain tumor–initiating

cells, which also express HCN channels, remain proliferative during

HCN inhibition.

Implications: Our finding that NSCs can be selectively rescued

while cancer cells remain sensitive to the treatment, provide a

foundation for reduction of cognitive impairment in children with

neurologic cancers.

Introduction
Even though neurologic childhood cancers have increased over the

past 20 years, the survival rates have also greatly improved (1).

Unfortunately, both chemotherapy and radiotherapy pose well-

known risks of inducing neurocognitive damage with severe impact

on these young children's quality of life and requiring extensive

posttreatment cognitive rehabilitation therapy (2). It is likely that

these side effects on cognitive development stem from damage to the

proliferating neural stem cell (NSC) pool, as postnatal neurogenesis

regulates critical functions such as learning and memory (3, 4). The

production of neurons by the NSCs continues at a reduced rate

throughout life in the subgranular zone of the hippocampus (SGZ)

and in the subventricular zone along the lateral ventricles (SVZ;

refs. 5–7). To develop new therapeutic strategies protecting against

damage during cancer treatments a deeper understanding of the

regulatory mechanisms controlling NSC proliferation is needed. So

far, strategies to rescue neurogenesis have focused on reactivating and

increasing NSC proliferation after radiotherapy (8–10). Another

strategy is to selectively induce quiescence while maintaining cancer

cells in a proliferative state. Such a strategy has not been reported yet

and requires deeper understanding of controlmechanisms that diverge

in normal and transformed cells.

Proliferation of NSCs as well as cancer cells is maintained by a

variety of extracellular signals in the microenvironment (11–13)

including signaling via neurotransmitters that control the membrane

potential. For example, chloride-permeable GABAA receptor channels

limit proliferation via hyperpolarization, while glutamate receptors

activate proliferation via depolarization (14). Interestingly, highly

proliferating cancer cells are thought to have a more depolarized

membrane potential conductive toward sustained proliferation in

comparison with nonmalignant cells (15). This suggests a divergence

in maintenance of membrane potential in malignant cells likely via

altered expression of ion channels.

Here we explore HCN ion channels as putative target for prolifer-

ative control in NSCs. HCN channels have neither previously been

investigated inNSCs nor in cancer cells, althoughHCN expression has

been linked to proliferation in embryonic stem cells (16, 17). TheHCN

channel family consists of 4 isoforms (HCN1–4) and conduct potas-

sium and sodium, with HCN2 being also slightly permeable to

calcium (18). In response to membrane hyperpolarization in excitable

cells, HCN channels conduct a depolarizing current, referred to as

h-current (Ih),contributing toward an electric feedback loop essential

for pace-making cyclic behavior in, for example, cardiac pacemaker

cells of the heart (19) and neuronal oscillations (20), including

circadian rhythmicity in the suprachiasmatic nucleus (21, 22).

We show thatHCN channel activity is critical formaintainingNSCs

in the actively proliferating pool. Hyperpolarization by pharmacologic
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inhibition of HCN channels induces quiescence inNSCs, while leaving

brain tumor cells unaffected. This selective effect protects NSCs from

genotoxic insult in vivo and thereby constitutes a novel approach for

neuroprotection during cancer treatment by directly reducing damage

to NSCs.

Materials and Methods
Animals

Mouse strains used to generate in vitro cultures were GFAP::GFP

reportermice (23). In vivo drug action experiments were performed on

wild-type C57/B6 animals. Ethical permissions were obtained for all

animal work (permit number N397/12, N 248-13, N 163-15). Work

was carried out in accordance with rules and regulations governing

animal research in Sweden.

Neurosphere derivation and generation of NSC lines

Neurosphere cultures were prepared as described previously (24).

NSCs isolated from sphere cultures were further cultured inmonolayer

as described previously (25).

Electrophysiology

Whole-cell patch clamp recordings were performed on selected cells

in voltage-clamp mode, recorded, and digitized at 10 kHz with EPC10

amplifier and digitizer (HEKA). The composition of the intracellular

solution was 140 mmol/L CsMeSO4, 10 mmol/L HEPES, 2 mmol/L

MgCl2, 0.6mmol/L EGTA, 2mmol/L ATPNa, 0.3mmol/LGTPNa, set

to pH 7.2–7.3 with CsOH, osmolarity 270 –280 mOsm. The compo-

sition of the extracellular solution ACSF was 124 mmol/L NaCl,

30 mmol/L NaHCO3, 10 mmol/L glucose, 1.25 mmol/L NaH2PO4,

3.5 mmol/L KCl, 1.5 mmol/L MgCl2, 1.5 mmol/L CaCl2. HCN

positivity was ascertained as a presence of a slow-activating inward

current at a 5-second step to -110 mV. Resting membrane potential

(Em) was calculated from voltage–current relationships (I–V curves)

recorded from a series of voltage steps from -100 toþ30mV in 10-mV

increments.

Live-cell calcium imaging

Cells were cultured in 35-mm Petri dishes until approximately

70% confluence, after which half of their medium was removed and

dishes were loaded with 10 mmol/L Ca2þ-sensitive indicator [either

Fluo-4 (Invitrogen, P3000MP), Fluo-8 (Teflabs, 0203), or Fura-2

(Life Technologies, F1221)] for 30 minutes in a 37�C humidified

incubator. Dishes were subsequently washed with phenol-free

DMEM/F-12 (Gibco, 21041-025). Ca2þ recordings were performed

in this phenol red–free DMEM at 37 �C by means of a heat-

controlled chamber (QE-1; Warner Instruments) with a cooled

electron-multiplying charged-coupled device Cascade II:512

camera (Photometrics) mounted on an inverted microscope (Zeiss

Axiovert 100M; Carl Zeiss) equipped with an 25 � 0.8 N.A. lens

(Carl Zeiss). Excitation was at 488 nm (Fluo-4 and Fluo-8) or at

340/380 nm (Fura-2) with a Lambda LS xenon-arc lamp equipped

with a SmartShutter (Sutter Instrument) at snapshot frequency of

every second or other second. After establish baseline oscillatory

activity for approximately 15 minutes, ZD2788 (10 mmol/L) was

applied. Recordings were analyzed by MetaFluor software (Molec-

ular Devices). ROI actively oscillating before drug application

through were selected and quantitative fluorescence data per time

interval was logged in an Excel spreadsheet, after which graphical

representation of intracellular calcium oscillations was created with

GraphPad Prism 6 (GraphPad Software, Inc.).

Flow cytometry

For cell-cycle profile analyses, DNA profiles were acquired with

BD CellQuest Pro software, and percentages of G1, S, and G2 phases

were calculated and graphically presented with MODFIT software.

For cell-cycle sorting, adherent NSCs were incubated in darkness

for 30 minutes in the presence of Hoechst 33258 (10 mg/mL,

Sigma-Aldrich). Cells were trypsinized and resuspended in 37�C

conditioned Hoechst media and sorted for DNA content on a

FACSVantage SE (Becton Dickinson) at 4�C and cell-cycle fractions

corresponding to G1–G0, S, and G2–Mwere collected in conditioned

media on ice.

Cell cycle sorting of cells for electrophysiological recordings was

also done by transfecting cells with Gem-AG (26) plasmid obtained

from the RIKEN BioResource Research Center DNA Bank.

Assays used for viable cell counting

ATP-based cell number assays were used after treatment as

described previously (27). The following chemical compounds used

in cell-based assays: ZD7288 (Tocris Bioscience), Zatebradine (Tocris

Bioscience), CsCl (Sigma), and SR9009 (Calbiochem).

Gene expression analysis and statistics

RNA was isolated using the RNeasy Micro Kit (Qiagen). For qRT-

PCR, 1 mg of RNA was reverse transcribed using the High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems). Transcript

abundance was assayed with qRT-PCR using gene-specific primer

pairs and SYBR reagents (Invitrogen) with a 7500 Fast Real-Time PCR

machine (Applied Biosystems).

Primer sequences

Hcn1 Forward: 50CGC CTT TCA AGG TTA ATC AGA 30

Hcn1 Reverse: 50 GGC GAG GTC ATA GGT CAT GT 30

Hcn2 Forward: 50 GCT CAT CCG ATA TAT CCA CCA 30

Hcn2 Reverse: 50 CTT GCC AGG TCG TAG GTC AT 30

Hcn3 Forward: 50 CCT CAT CCG CTA CAT ACA CCA 30

Hcn3 Reverse: 50 ACT GGC CAG GTC GTA GGT C 30

Hcn4 Forward: 50 CCA TCA ATG GCA TGG TGA 30

Hcn4 Reverse: 50 CCT TGA AGA GGG CGT AGG A 30

For RNA sequencing, RNA quality was verified with the RNANano

Chip (Agilent Technologies) on the Bioanalyzer 2100 (Agilent). Three-

hundred nanograms of total RNA per sample was used to generate a

sequencing library using theTrueSeq StrandedRNALTKit (Illumina),

as per manufacturer's instructions. Samples were sequenced on an

Illumina HiSeq 2000 sequencer as single-end 51-nucleotide reads

according to the manufacturer's protocol. Raw reads were mapped

to the reference human genome and normalized datawas generated for

each genomic feature using STRT software (28). Briefly, raw readswere

aligned using Bowtie (29). Mapped reads were normalized using reads

per kb per million reads (RPKM) normalization method (30), whereas

unmapped reads were removed. Analysis of RNA-sequencing data was

done using DAVID (http://david.abcc.ncifcrf.gov) and GeneVenn

(http://genevenn.sourceforge.net).

shRNA transduction and gene knockdown

shRNA plasmids were designed according to a previously published

protocol (31). Targeting sequences used were CGGCTCATCCGA-

TATATCCACC for Hcn2 and GCAGTACATGTCCTTCCACAAG

for Hcn3. Constructs were cloned into the previously described

pInducer system (32). shRNAwas delivered via lentiviral transduction.
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Lentiviral particles were produced by calcium phosphate–based trans-

fections by mixing 8 mg of the packaging plasmid, pCMV-

dR8.74psPAX2, and 4 mg of the VSV-G envelope plasmid along with

10 mg of the shRNA-expressing plasmid. The plasmid mixture was

added to a solution of 2 mol/L CaCl2 and mixed drop-wise into a

HEPES (1�) buffer solution. The mix was incubated at room tem-

perature for 10 minutes and then added to 293FT cells drop-wise. The

following day, transfection medium was replaced with fresh medium

and the lentiviral particles were collected at 24 and 48 hours post-

transfection. The collected lentiviral particles were filtered through a

0.45-mm low protein-binding filter (TPP) to remove cellular debris.

Next, the virus supernatant was spun overnight at 4,000� g at 4�C to

concentrate the lentiviral particles. NSCs at 70% confluence were

transducedwith the pooled and concentrated viral particles. Polybrene

(4 mg/mL, Sigma) was added to the cells to increase transduction

efficiency. Following 24 hours of transduction, the medium was

replaced with fresh medium and the transduced cells were propagated

for 48 hours to fully express their selection markers. Selection of

transduced cells was performed by addition of puromycin (1 mg/mL,

Life Technologies) for 5 days. shRNA expression was induced by

adding 2 mg/mL doxycycline to culture media for 48 hours.

Immunostaining of cells in culture and Western blot analysis

Immunostainings and Western blotting were carried out

as described previously (27). Immunostainings were analyzed

using confocal microscopy (LSM710, Zeiss) and flow cytometry

(CyAn ADP, Beckman Coulter). Data were analyzed using FlowJo

software.

Staining of tissue sections

Immunostainings, Nissl, andDAB stainings, were done as described

previously (33). Image analyses for cell counting in brain sections were

performed by an observer blinded to the treatment of the animals. Cell

counting was performed using stereologic principles on serial sagittal

sections (Stereoinvestigator, MicroBrightField), 4–7 animals per

group. BrdUþ, Ki67þ, and caspase-3þ cells were counted in the SVZ

and the SGZ of the hippocampus. The total number of cells was

counted on each section. The total number of cells was obtained by

multiplying the number of cells by the sampling fraction. Cell counts

were analyzed using two-way ANOVAwith treatment and age asmain

factors, and P < 0.05 was considered statistically significant. The

antibodies used were: rabbit and mouse anti-SOX2, rabbit anti-

Cyclin D, mouse anti-b-Actin, rabbit anti-EGFR, mouse anti-EGFR,

rabbit anti-phospho-Histone 3, goat anti-GFAP, rabbit anti-gH2AX

(from Abcam), rabbit anti-active caspase-3 (Abcam, BD Biosciences),

rabbit anti-Ki-67 (Thermo Fisher Scientific, Leica Biosystems), rabbit

anti-HCN2 and HCN3 (Alomone labs), rabbit anti-GFAP (Dako), rat

anti-BrdU (Abcam, AbD Serotec), donkey anti-rat IgG BT (Jackson

Immunoresearch Laboratories Inc.), Alexa Fluor–conjugated goat and

donkey antibodies (Invitrogen).

Glioma tumor-initiating cells

Glioma-initiating cells (GIC) were obtained from the Uppsala

University Human Glioma Cell Culture (HGCC) collection (34)

and cultured as described previously (27, 35). Effects of ZD7288

on adherent human GIC cultures were screened as described

previously (27).

Irradiation

A linear accelerator (Varian Clinac 600 CD, Radiation Oncology

Systems LLC) with 4 MV nominal photon energy and a dose rate of

2.3 Gy/minute was used to irradiate mice on P12 as described

previously (36).

Statistical analysis

Statistical calculations of Student t test and SEM were performed

using GraphPad Prism v6.0. Significance levels were specified as �, P <

0.05; ��, P < 0.01; ���, P < 0.001.

Results
HCN2 and HCN3 ion channel isoforms are expressed in

proliferating NSCs

To identify ion channels that may have an impact on cell prolif-

eration in NSCs, we mined the microarray mRNA expression data

from Codega and colleagues (37) comparing actively proliferating

(aNSC) versus quiescent (qNSC) NSCs, isolated from mouse brains.

The analysis identified several ion channel genes, for example, GABAA

receptor genes, as selectively expressed in qNSCs, while only two

channel genes were selectively expressed in aNSCs (Fig. 1A), one of

them being the voltage gated Hcn3 channel. HCN channels are

expressed in neurons throughout the CNS (38), but a role for HCN

channels has not previously been described in NSCs and therefore this

selective expression in the aNSC pool prompted further investigations.

To probe HCN expression in neural stem and progenitor cells

(NSPC), neurospheres were prepared from the SVZ of mouse brain

(Fig. 1B) and gene expression ofHcn channel isoformswas assessed by

qRT-PCR. Both Hcn2 and Hcn3 genes were expressed in the NSPCs,

with Hcn2 expressed at higher levels than Hcn3 (Fig. 1C). To further

study HCN channel expression in NSPCs and more specifically in

NSCs, neurospheres derived from the SVZ of adult mice expressing

GFP from a human GFAP promoter fragment (GFAP::GFP) were

prepared. To this end, GFPhighNSCs andGFPweak progenitor cells (39)

were separated by flow cytometry and Hcn mRNA expression was

analyzed by qRT-PCR. Interestingly, both Hcn2 and Hcn3 were

expressed in both populations (Fig. 1D), suggesting ubiquitous Hcn

expression in proliferating cells in the SVZ niche.

We next analyzed HCN2 and HCN3 protein expression in vivo in

the SVZ and SGZ regions of the mouse brain. Proliferating cells were

labeled by administration of BrdU to mice prior to sacrifice and brain

sections were immunostained for BrdU, HCN2, or HCN3 in combi-

nation with the NSC markers SOX2 or GFAP. Both HCN2/SOX2/

BrdU and HCN3/SOX2/BrdU triple positive cells were found in the

SVZ and SGZ (Fig. 1E–G), and triple positive cells stained for HCN3/

SOX2/GFAP were identified within the SGZ (Fig. 1H). We concluded

that HCN ion channels are expressed in proliferating cells, including

NSCs, in both the SVZ and SGZ.

HCN channels are differentially expressed over the cell cycle

with channel function restricted to the S-G2–M phases

To investigate whether HCN channels are electrically active in

NSCs, we performed whole-cell patch-clamp recordings in primary

neurospheres derived from the SVZ. Under voltage-clamp conditions,

a slow inward current developed during a -110 mV step (seen as

downward deflection in the holding current), verifying the presence of

an HCN-mediated hyperpolarization-activated depolarizing current

(Ih). The current could be blocked using an Ih inhibitor (ZD7288,

selective for Ih at 10 mmol/L; Fig. 2A). Stepwise increased voltages

confirmed that the currents were activated by hyperpolarized poten-

tials as expected for HCN-mediated currents (Fig. 2B).

To demonstrate a role between HCN channel activity and cell

proliferation, neurospheres were transferred to adherent growth (25)

Johard et al.
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Figure 1.

HCN2 and HCN3 are expressed in proliferating NSCs.A,Data mining of gene enrichment set from Codega and colleagues (37) indicating differentially expressed ion

channel genes in aNSCs versus qNSCs in the adultmouse SVZ region.B–D,Expression of HCN channelswas analyzed in neurogenic SVZ andSGZ regions by qRT-PCR

of Hcn channel mRNA in adult mouse SVZ-derived primary neurospheres (C) and neurospheres from TgN-GFAP::GFP mice sorted by flow cytometry based on GFP

intensity (n¼ 3, Student t test; n.s.¼ not significant;D). E–H,Confocal images of neurogenic regions in sagittal brain sections of SVZ and SGZ [STR (striatum) and VZ

(ventricular zone)]. E and F, Immunostaing for HCN2 (red), BrdU (green) and SOX2 (blue) in SVZ (E) and SGZ (F). Immunostaining for HCN3 (red) in SGZ colocalizing

with BrdU (green) and SOX2 (blue; G) or BrdU (green) and GFAP (blue; H). Scale bars, 10 mm.
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Figure 2.

HCN channel function is cell-cycle–dependent and correlates with a depolarized membrane potential and sustained spontaneous Ca2þ oscillations. A, Whole-cell

patch clamp recordings of h-current at -110 mV in neurosphere NSCs before and after administration of 10 mmol/L ZD7288. B, Hyperpolarization-dependent

activation was determined by I/V plot of currents under varying membrane potential (Mean Ih values, n ¼ 8). C, After sorting adherently grown NSCs according to

DNA content, Ih currents were recorded and found exclusively in S-G2–Mphases (n¼ 89 cells).D, Comparison of restingmembrane potentials (Em) in S-G2–M sorted

NSCs that had (n¼ 18 cells) or lacked (n ¼ 26 cells) Ih. E, Comparison of resting membrane potentials (Em) in Gem-AGþ NSCs from primary neurospheres that had

(n ¼ 2 cells) or lacked (n ¼ 3 cells) Ih. Expression of HCN2 (F) and HCN3 protein over the cell-cycle quantified in adherent NSCs by immunostaining

and flow cytometry (normalized to G1–G0; G). HCN2 and HCN3 were expressed at higher levels in S-G2–M phases as compared with G1–G0 phases (n ¼ 3,
��� , P < 0.001; �� , P ≤ 0.01, Student t test). H, Confocal image of cell-cycle–sorted NSCs immunostained with HCN2 antibody showed differences in HCN2 channel

intensity and localization between phases (HCN2 green, DAPI blue). I, Spontaneous calcium oscillations recorded in NSCs during the administration of 10 mmol/L

ZD7288 or vehicle. J, Pie chart showing number and proportion of NSCs exhibiting spontaneous calcium oscillations after vehicle versus application of 10 mmol/L

ZD7288 (x2; ��� , P ≤ 0.001). While 83% of oscillating cells continued to oscillate 15 minutes after vehicle, only 16% of cells oscillated after administration of ZD7288.

K, Spontaneous calcium oscillations recorded in NSCs during administration of Csþ at indicated time point followed by Csþ wash-out.
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and adherent NSCs were labeled with the DNA dye Hoechst 33258

and sorted according to DNA content by flow cytometry (Fig. 2C).

Cells from G1, S, and G2–M phases were then recorded for Ih
separately. Interestingly, we identified cell-cycle–specific ion activ-

ity in 41% cells in S-phase (25 of 63 cells) and 72% in G2–M (8 of

11 cells) while no activity was seen in the G1–G0 cell-cycle phase

(n ¼ 15; Fig. 2C). Moreover, cells in S-G2–M phases that exhibited

Ih had a mean Em significantly more depolarized than Ih-negative

cells (Fig. 2D). To corroborate these findings, we analyzed Ih
currents by patch-clamp in cells in S-G2–M phases in primary

neurospheres using the FUCCI cell-cycle reporter Gem-AG (26)

and again found that cells positive for Ih had a more depolarized

membrane potential than cells lacking Ih (Fig. 2E). These data

demonstrate that HCN channel activity maintains depolarized

membrane potential in replicating NSCs.

We next examined the relative HCN2 and HCN3 expression levels

over cell-cycle phases (as identified by DNA content) were examined

by flow cytometry. Reflecting the Ih activity profile over the cell cycle,

HCN2 channel expression increased in the S-G2–M phases (Fig. 2F

and G; Supplementary Fig. S1A). Moreover, confocal microscopy

analyses after sorting cell-cycle phases by flow cytometry, showed

increased HCN2 expression and localization to the cell surface in the

S and G2–M phase as compared with G1 (Fig. 2H). In conclusion,

the data identify HCN channel-mediated Ih currents to be restricted

to S-G2–M phases of the cell cycle and that it plays a role in

depolarizing the membrane potential in NSCs.

HCN channel function is required for sustained spontaneous

calcium oscillations

Calcium oscillations and waves have been shown to correlate

with cell cycle progression in neural progenitor cells in vitro (40, 41)

and in the SVZ (42). As we had found that HCN channels control

membrane potential in NSCs and that HCN2 channels are calcium

permeable, we hypothesized that the HCN channels might play a

role in spontaneous calcium oscillations. We therefore performed

live-cell time-lapse imaging of NSCs and recorded spontaneous

calcium oscillations in the presence or absence of the HCN channel

blocker ZD7288. Whereas 83% of the oscillating cells continued to

oscillate 15 minutes after vehicle application, only 16% of the cells

continued to oscillate after administration of the channel blocker

(Fig. 2I and J). A similar effect was found using the nonspecific

HCN channel blocker cesium (Fig. 2K) and this effect was revers-

ible as following cesium wash-out, cells resumed oscillations albeit

with an altered frequency (Fig. 2K). These data suggest that HCN

channel activity plays a direct role in maintaining spontaneous

calcium oscillations in NSCs.

HCN channels regulate NSC proliferation

To directly test a role for HCN channels in regulating NSC

proliferation, primary neurospheres established from SVZ of adult

mice, were treated with an HCN channel inhibitor (ZD7288) for four

days. This resulted in the formation of smaller neurospheres compared

with controls (Fig. 3A), supporting a role for HCN channels in NSC

proliferation. Treatment of adherent NSCs with ZD7288 for two days

at concentrations 0.1–100mmol/L showed a dose-dependent reduction

in cell numbers asmeasured by anATP assay (Fig. 3B) with an EC50 of

1.1 mmol/L. Two additional HCN channel blockers, Zatebradine and

cesium, likewise showed a dose-dependent effect on cell numbers

(Fig. 3B). As expected, HCN channel inhibition by ZD7288 reduced

DNA synthesis, as shown by lower EdU incorporation (Fig. 3C).

Importantly, ZD7288 treatment did not increase the number of

apoptotic cells, as no increase in active caspase-3–positive NSCs were

observed under these conditions (Fig. 3D). These results support the

conclusion that pharmacologic inhibition of HCN reduces prolifera-

tion of NSC cells. To corroborate the pharmacologic studies, Hcn2-

and Hcn3-targeting shRNA constructs were transduced to adherently

cultured NSCs. Both constructs resulted in significantly reduced

proliferation compared with control cells as assayed by the number

of EdU-incorporating cells (Fig. 3E).

The possibility that HCN channels play a role in proliferation in

neurogenic zones in vivo was tested by administration of ZD7288

(4 mg/kg body weight; i.p.) to 21-day-old mice followed by sacrifice

after 2, 24, and 72 hours (Fig. 3F). Levels of proliferation were assayed

by antibody staining for the G2–M phase marker phosphorylated

Histone-3 (PH3) in the SVZ and SGZ (Fig. 3G). No effect on

proliferation was detected 2 hours after injection of ZD7288

(Fig. 3H and I). However, 24 hours after injection the number of

G2–Mcells was robustly reduced in both the SVZ and SGZ (Fig. 3G–I).

An equivalent reduction in proliferation after 24 hours was observed

when analyzing themarker for active cell cycling, Ki67, in the SVZ and

SGZ (Supplementary Fig. S2A and S2B). Furthermore, reduced DNA

synthesis as observed by BrdU incorporation was found in both the

SVZ and SGZ 24 hours after ZD7288 administration (Supplementary

Fig. S2C and S2D). Interestingly, 72 hours after injection, the number

of PH3þ cells had returned to control values in both the SVZ and SGZ

(Fig. 3H and I) suggesting that ZD7288was efficiently cleared from the

niche. In conclusion, the transient inhibitory effect on cell proliferation

after HCN channel inhibition in vivo, suggested that the cell-cycle

arrest was reversible indicative of a temporary state of chemical-

induced cell quiescence.

HCN channel antagonism induces quiescence in NSCs

To verify that membrane hyperpolarization by HCN channel

inhibition causes induction of quiescence in NSCs also in vitro, Ki67þ

cells were quantified 24 hours after ZD7288 treatment, which showed

reduced number of Ki67þ cells (Fig. 4A). Effects on cell-cycle distri-

bution byZD7288were analyzed byDNAstaining andflow cytometry.

This showed an increase in the proportion of cells in G1–G0 and a

decrease in both S andG2–M fractions after treatment (Fig. 4B andC).

Together, these findings indicate that HCN channel antagonism limits

progression beyond G1–G0, and as such causes cell-cycle arrest and

quiescence.

Next, we assessed whether the effect on proliferation by HCN

channel antagonism was reversible in a drug wash-out experiment.

NSCs were cultured for 72 hours in the presence of ZD7288 and were

subsequently allowed to recover in inhibitor-free media for 48 hours,

followed by EdU pulsing. The percentage of EdU-incorporating cells

was fully recovered after wash-out confirming the cells' ability to

reenter cell cycling (Fig. 4D).

In contrast to actively proliferating and replicating cells, quiescent

cells are less vulnerable to cell death by radiation and genotoxic drugs.

This resistance can thus be used as a proxy to verify cell quiescence and

thereforewe testedwhetherHCNchannel inhibition could prevent cell

death induced by the genotoxic drug arabinofuranosyl cytidine (Ara-

C). NSCs were exposed to Ara-C with or without ZD7288 treatment

and analyzed 48 hours later. The number of surviving cells measured

by ATP assay was significantly higher after treatment with Ara-C

together with ZD7288 as compared with Ara-C treatment alone

(Fig. 4E). A similar protective effect from Ara-C treatment was found

for Csþ (Supplementary Fig. S3). In summary, these data further

support the induction of a quiescence-like state by HCN channel

inhibition.

HCN Channel–Mediated Neuroprotection
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Figure 3.

HCN channels regulate NSC proliferation. A, Box plot showing sphere diameters of treated spheres quantified by image analysis (ImageJ). Average sphere diameter

was smaller in ZD7288-treated spheres as compared with control (n¼ 3, �� , P ≤0.01, Student t test).B,Dose–response curve of adherently grown NSCs in relation to

control, 48 hours after application of ZD7288, Zatebradine, and CsCl, respectively, asmeasured by anATP-based cell assay (n¼ 3 for each treatment, curve fitting by

nonlinear regression: log(inhibitor) vs. response, three parameters).C,Quantification of percentage of EdUþ cells 24 hours after application of 10mmol/LZD7288 and

vehicle. A 46% reduction of EdUþ cells was seen after ZD7288 treatment (n¼ 3, ��� , P ≤0.001, Student t test).D,Quantification of apoptotic cells immunostained for

activated caspase-3 showed no significant cell death induced by ZD7288. E, Quantification of cell proliferation 48 hours following knockdown of Hcn2 and Hcn3.

Stably transduced doxycycline-inducible shRNA constructs targeting Hcn2 and Hcn3 were compared with scrambled control. In addition to the shRNA, all vectors

carried a red fluorescent protein (RFP) reporter under the control of the inducible promoter. After induction of shRNA expression and EdU pulsing, proliferationwas

analyzed by quantifying the fraction of EdUþ cells in RFPþ-transduced cells and compared with the fraction of EdUþ cells in the RFP� population. In contrast to

scrambled control, stably transduced shRNAs targeting Hcn2 and Hcn3 both resulted in significantly reduced EdU incorporation (n¼ 3 for each construct, � , P ≤0.01,

Student t test). F, Assessment of proliferating cells in SVZ and SGZ. G and H, Quantification of PH3 immunoreactivity 2 hours, 24 hours, and 72 hours

after intraperitoneal administration of 4 mg/kg ZD7288 and vehicle in SVZ (n ¼ 5 animals). I, Identical analysis in SGZ (n ¼ 5 animals; n.s. not significant;
� , P ≤ 0.05; �� , P ≤ 0.01, Student t test).
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Gene expression responses to HCN channel antagonism in NSCs

We comprehensively assessed genome-wide responses to mem-

brane hyperpolarization by HCN channel inhibition in an unbiased

manner by performing a transcriptome analysis by RNA sequencing of

NSCs (100,000 cells per sample) 24 hours after ZD7288 exposure (Key

Resource Table). A significant change in expression of a large number

of genes was found (2,845 genes at FDR ≤ 0.01; Key Resource Table;

Supplementary Fig. S4A). Further supporting the notion that hyper-

polarization byHCN inhibition induces quiescence, severalmarkers of

active proliferation were downregulated in ZD7288-treated NSCs,

including Ccnd1, Ccnd2, and Mki67 while markers of cell-cycle

arrest/quiescence were upregulated, including Cdkn1a (p21), Cdkn1b

(p27), and the G1 phase marker Cdt1 (Fig. 4F). Western blot validated

a downregulation of Cyclin D1 after 24 hours of ZD7288 treatment

(Fig. 4G). The transcriptome analysis further showed that markers of

qNSCs were upregulated by HCN channel inhibition (such as Vcam,

CD44 and Hif1a) and markers of aNSCs were downregulated (Fabp7,

Nes, and Olig2; Fig. 4H; refs. 13, 43, 44). Remarkably, HCN channel

expression itself was downregulated by HCN channel block (Fig. 4I)

identifying HCN channel expression to be selective for actively

proliferating NSCs. HCN channel expression and cell proliferation

thus appear to be regulated in a reciprocal fashion.
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Figure 4.

HCN channel inhibition induces quies-

cence in NSCs. A, Determination of per-

centage of NSCs in active cell cycling by

quantification of percentage of Ki67þ

cells. A 31% reduction of Ki67þ cells

was seen after ZD7288 (10 mmol/L) treat-

ment as indicative of quiescence (n ¼ 3,
� , P ≤ 0.05, Student t test). B and C,

Cell-cycle profile of ZD7288-treated and

vehicle-treated cells was determined by

propidium iodine (PI) staining and flow

cytometry.C,Pie-chartwith relative num-

bers of cells in each cell-cycle stage

showed an accumulation of cells in

G1–G0 following 24-hour ZD7288 treat-

ment as compared with control (n ¼ 3,
�� , P ≤ 0.01, Student t test). D, Quantifi-

cation of EdUþ cells following 72-hour

treatment with ZD7288 indicated a

decreased proliferative level compared

with control and returned to control levels

48-hour after wash-out, (n ¼ 3, Student t

test, not significant, n.s.). E, Quantifica-

tion of cell viability (ATP-based cell

assay) following treatment with geno-

toxic drug (Ara-C, 1 mmol/L) in the pres-

ence or absence of ZD7288. Treatment

with ZD7288 appeared to protect NSCs

fromAra-C effect, indicating induced qui-

escence (control n ¼ 3, Ara-C–treated

cells n ¼ 2, �� , P ≤ 0.01, Student t test).

F, Expression analysis by RNA sequenc-

ing after 24 hours of ZD7288 treatment

showed changes in expression of

multiple cell-cycle markers (n ¼ 3 for

controls and n¼ 2 for ZD7288 treatment,
� , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001,

FDR). G, Western blot analyses showing

expression levels of Cyclin D1 in vehicle-

treated and 24-hour ZD7288-treated

NSCs. Protein expression levels were

quantified relative to b-actin. Cyclin D1

protein expression was reduced fol-

lowing HCN channel inhibition (n ¼ 3,

Student t test). H, Quiescence/prolifera-

tion marker expression in the RNA-

sequencing data after 24 hours of

ZD7288 treatment (control n ¼ 3,

ZD7288 n ¼ 2; � , P ≤ 0.05; �� , P ≤ 0.01;
��� , P ≤ 0.001, FDR). I, HCN channel

expression after 24-hour ZD7288 treat-

ment (n ¼ 3 for controls and n ¼ 2 for

ZD7288 treatment; � ,P≤0.05; �� ,P≤0.01,

FDR).
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To verify that HCN channel inhibition–induced cell-cycle arrest

was not a result of terminal differentiation, the expression of stemness-

and differentiation-associated geneswas analyzed in the transcriptome

data from ZD7288-treated and nontreated cells. No differentiation

markers were found to be upregulated, and expression of the multi-

potency marker Sox2 was unaltered (Supplementary Fig. S4).

Neuroprotective effect in vivo by HCN channel inhibition

Cancer therapy during adolescence can result in long-lasting cog-

nitive impairment (2). This may partly be caused by damage to

dividing NSCs in the developing brain primarily in the SGZ in the

hippocampus (8). We hypothesized that the drug-induced quiescence

we identified in our study would provide a protective effect during

cancer therapy, provided that cancer cells maintain sensitivity to

genotoxic treatment. We therefore first assessed the expression levels

of HCN by RNA sequencing and showed that HCN ion channels were

expressed in human fetal NSCs (hfNSCs) as well as in GICs

(ref. 45; Fig. 5A). The hfNSCs and the GICs were then tested for

HCN channel inhibition effects on proliferation by EdU pulsing.

While EdU incorporation was decreased in the hfNSCs after ZD7288

treatment, GICs showed no difference in comparison with control

(Fig. 5B). A larger set of GICswas tested in a dose–response analysis of

ZD7288, which in a similar manner showed no effect on cell numbers

(Fig. 5C). The data therefore suggest that HCN channel activity is a

distinctive regulatory feature of normal NSCs that is lost in brain

tumor–initiating cells that therefore remain sensitive to chemo- and

radiotherapy in the presence of ZD7288.

A selective effect on NSCs with respect to induction of quiescence

might be a basis for protectingNSCs during cancer therapy. To test this

idea in vivo, we next analyzed whether HCN channel inhibition

provides protection of NSCs during radiotherapy in a mouse model.

ZD7288 (8 mg/kg) was administered (i.p.) to P11 mice and 24 hours

later P12 animals were exposed to 2 Gy ionizing radiation (IR) and

sacrificed 6 hours later (Fig. 5D). ZD7288 treatment resulted in a

reduction in pyknotic nuclei in the SGZ as assayed byNissl nucleic acid

staining (Fig. 5E and F) and a decrease in irradiation-induced apo-

ptosis in SGZ cells as assayed by IHC against activated caspase-3

(Fig. 5G). Furthermore,measuring the number of proliferating cells, as

measured by IHC against PH3, showed that the number of PH3þ cells

in irradiated and ZD7288-treated animals was significantly higher

than in irradiated and nontreated animals (Fig. 5H) indicating that

cells reversibly arrested by ZD7288 had survived radiation and

returned to cell cycling at the time of sacrifice. A similar result was

found in animals that were BrdU pulsed prior to sacrifice, in which the

numbers of BrdUþ cells were higher in irradiated and ZD7288-treated

animals in comparison with irradiated and nontreated animals

(Fig. 5I). In conclusion, these data highlight a divergence in depen-

dence onHCNactivity between normalNSCs andmalignantGICs and

demonstrate that HCN channel inhibition provides a unique thera-

peutic benefit by protecting NSCs during cancer therapy by radiation

and likely also by genotoxic drugs (Fig. 5J).

Discussion
Ion channels regulate dynamic alterations in ion homeostasis and

membrane potential in control of NSC proliferation. Here we identify

HCN as a new component in the channel network in NSCs required to

maintain NSCs in the actively proliferating pool. Importantly, the

requirement for active HCN channels was unique for normal NSCs in

contrast to malignant brain tumor–initiating cells, suggesting a diver-

gence in electrochemical function between normal and malignant cell

types. However, further investigations are needed to clarify whether

the difference between normal and malignant cells lies in membrane

potential or indirectly in pathways downstream of ion fluxes. Inter-

estingly, this divergence provides a cell type–selective target for rescue

during cancer treatment by inducing quiescence in NSCs.

Our electrophysiologic recordings revealed that HCN-mediated Ih-

currents were restricted to S-G2–Mcell-cycle phases and accompanied

elevated membrane potentials. This is in agreement with previously

reports showing that cells entering S-phase depolarize (46–49). Fur-

thermore, we found that hyperpolarization via inhibition of HCN

channel activity caused NSCs to accumulate in G1–G0 and enter a

quiescent state, suggesting a function of HCN channels in progression

through the G1–S transition or for reentrance into cell cycling fol-

lowing quiescence.

Our results showed HCN channels to be necessary for sponta-

neous calcium oscillations. Interestingly, calcium oscillations have

previously been shown to be restricted to G1 to S-phase transition

and associated with cell-cycle progression in neuronal (44) and

cardiac progenitor cells (45). Our results thus suggest that HCN-

mediated currents maintain calcium oscillations necessary for

progression through the cell cycle. HCN channels furthermore

have a unique property of being activated by hyperpolarization

and contributing to electrical feedback loops in membrane potential

that may be a driver of calcium oscillations. Interestingly, as HCN2

channels are calcium-permeable (18), this channel could participate

directly in calcium oscillations although more detailed investiga-

tions are needed to prove this. Taken together, these observations

strengthen a mechanistic connection between HCN activity, cal-

cium oscillations, and cell-cycle progression.

In our study, calcium oscillations were blocked by both ZD7288 and

Csþ. While the selectivity of ZD7288 towards HCN channels has been

challenged, as T-type VGCC currents are blocked in one study (50),

this was at a significantly higher IC50 (IC50 1.4 mmol/L for HCN and 40

mmol/L for T-type VGCCs). In our study, we used 10 mmol/L ZD7288

and the VGCC is therefore an unlikely target. Supporting that HCN

and not T-type VGCCs are targeted in our study is the fact that the

T-type channel blockers niguldipine and mibefradil effectively caused

cell death in GICs in our previous study (27). In this study, GICs were

resistant to ZD7288 at 10mmol/L excluding block of T-type channels

at this concentration.

Our data mining and previous studies show that GABAA receptors

are expressed in qNSCs (51) and reduce proliferation via hyperpo-

larization of the membrane potential (14, 52). We show that HCN

channels and GABAA receptors are differentially transcriptionally

encoded in active and quiescent state respectively to dictate prolifer-

ation in NSC in opposite directions (Fig. 5K). Noteworthily, both

glutamate and GABA-gated receptors control proliferation in cancer

cells, including GICs (53, 54). HCN channel activity therefore has a

potentially unique function in NSCs. This opens unexpected possi-

bilities when designing neuroprotective strategies that we explored in

this study.

Our results provide a foundation for neuroprotection addressing

the problem from a different angle than previous studies. These

studies utilize lithium administration to alleviate effects from

damage on NSCs and have therefore focused on augmenting NSC

proliferation after the damaging event (8, 9, 10) aiming to stimulate

postdamage repair of the nervous system. In contrast, our study, to

our knowledge, is the first to report cell type–specific protection of

NSCs during the genotoxic insult itself and may therefore provide a

starting point for the development of a new type of protective

strategies. Encouragingly, the two strategies can be sequentially
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Cancer cells are insensitive toHCNchannel inhibitiondespiteHCNchannel expression andHCNchannel inhibitionprotectsNSC irradiation–induced cell death.A,HCN

mRNA isoform expression in hGICs and hfNSCs (RPKM values from RNA sequencing, hGICs n¼ 3, hfNSCs n¼ 1). B, Analysis of fraction of EdUþ cells in hfNSCs and

hGICs after applicationof 24hours of 10mmol/LZD7288 (all conditionsn¼ 3, except hfNSCs control n¼ 2; �� ,P≤0.01, Student t test).C,Quantification of cell numbers

assaying for viability using resazurin in 17 patient-derived GIC lines after application of 72 hours of ZD7288 [GIC subtypes (55): MS mesenchymal; PN, proneural; CL,

classical; n.t., not tested]. D–I, Schematic overview of ZD7288 administration (8 mg/kg) in combination with IR (2 Gy) in mice (P11-P12). After IR and ZD7288

treatment, animals were sacrificed and stereologic cell counting was done in sagittal sections of SGZ/hippocampus. E and F, Nissl staining for pyknotic nuclei in the

SGZ after IR with or without ZD7288 administration (number of animals in each condition: n ¼ 5, n ¼ 6, n ¼ 9, n ¼ 9, respectively; ��� , P ≤ 0.001, Student t test).

G, Analysis of apoptosis by immunostaining for cleaved caspase-3 after IR combined with ZD7288 or vehicle administration (animals in each condition: n¼ 5, n¼ 6,

n¼ 9, n¼ 9, respectively; ��� , P ≤ 0.001, Student t test). Analysis of proliferation was assayed by immunostaining for PH3 (H) and BrdU (I; animals in each condition:

n ¼ 5, n ¼ 6, n ¼ 9, n ¼ 9, respectively; �� , P ≤ 0.01, Student t test). J, Proposed therapeutic model for neuroprotection targeting HCN activity. K, Schematic of

balancing effects on membrane potential by HCN channels and GABAA receptors shaping proliferative status of NSCs.
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administered, first protecting NSCs and then stimulating expansion

of intact NSCs to induce repair.
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