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Background. Tumors affecting the head, neck, and brain account for significant morbidity and mortality. The curative efficacy of radio-
therapy for these tumorsis well established, but radiation carries a significant risk of neurologicinjury. So far, neuroprotective therapies for
radiation-induced brain injury are still limited. In this study we demonstrate that Stichodactyla helianthus (ShK) - 170, a specific inhibitor
of the voltage-gated potassium (Kv)1.3 channel, protected mice from radiation-induced brain injury.

Methods. Mice were treated with ShK-170 for 3 days immediately after brain irradiation. Radiation-induced brain injury was assessed by
MRI scans and a Morris water maze. Pathophysiological change of the brain was measured by immunofluorescence. Gene and protein
expressions of Kv1.3 and inflammatory factors were measured by quantitative real-time PCR, reverse transcription PCR, ELISA assay,
and western blot analyses. Kv currents were recorded in the whole-cell configuration of the patch-clamp technique.

Results. Radiation increased Kv1.3 mRNA and protein expression in microglia. Genetic silencing of Kv1.3 by specific short interference
RNAs or pharmacological blockade with ShK-170 suppressed radiation-induced production of the proinflammatory factors interleu-
kin-6, cyclooxygenase-2, and tumor necrosis factor-a by microglia. ShK-170 also inhibited neurotoxicity mediated by radiation-acti-
vated microglia and promoted neurogenesis by increasing the proliferation of neural progenitor cells.

Conclusions. The therapeutic effect of ShK-170is mediated by suppression of microglial activation and microglia-mediated neurotoxicity

and enhanced neurorestoration by promoting proliferation of neural progenitor cells.

Keywords: Kv1.3, microglia, radiation, ShK.

Tumors affecting the head, neck, and brain account for significant
morbidity and mortality, with anincidence of 6.5-12.5 per 100 000
inthe United States"? and a higher incidence in southeastern Asia,
where incidence of nasopharyngeal carcinoma for males is 6.5%
and for females 2.8%.° Radiation is an important adjuvant
therapy for these types of tumors, and its curative efficacy is well
established. However, therapeutic irradiation carries the risk of
neurologic injury including focal cerebral necrosis, neurocognitive
deficits, cerebrovascular disease, myelopathy, and brachial plexo-
pathy.*> Although the acetylcholinesterase inhibitor donepezil has
been reported to improve cognitive function in irradiated brain
tumor patients, neuroprotective therapies for radiation-induced
brain injury are still limited.®

Radiation to the brain induces a profound inflammatory re-
sponse.” Local inflammation is a major contributor to white
matter damage and cerebral edema.®? Within a few hours of

radiation, microglia get activated, change their shape from “rami-
fied” to “amoeboid,” activate transcription factors (eg, nuclear
factor-kappaB), and produce proinflammatory mediators (eg,
tumor necrosis factor [TNF]-«, interleukin [IL]-1 and -6, and
cyclooxygenase [Cox]-2) that impair neurogenesis'®*! and con-
tribute to CNS injury.'?~1> Radiation has also been reported to
deplete neural progenitor cells (NPCs) from the subgranular zone
(SGZ) of the hippocampal dentate gyrus and suppress neurogen-
esis.’® 18 Therefore, suppressing the destructive inflammatory re-
sponse and promoting neurogenesis might limit radiation-induced
brain injury.

Thevoltage-gated Kv1.3 potassium channel plays animportant
rolein cell types—microglia, Tcells, dendritic cells, and NPCs—likely
to participate in radiation-induced CNS injury. Kv1.3 is upregulated
during microglial activation,*®*° and microglia-mediated damage
to neurons requires Kv1.3 channel activity.?! Kv1.3 expression is
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increased during the activation of effector-memory T cells, and
pharmacological blockade of Kv1.3 in these cells suppresses prolif-
eration, cytokine production, andin vivo migration and ameliorates
experimental autoimmune encephalomyelitis.?” Kv1.3 blockade of
dendritic cellsinthe CNSimpairs upregulation of CD83, CD80, CD86,
CD40, and IL-12.%% Kv1.3 is present in NPCs. Blockade of this
channel enhances proliferation of these cells** and protects
them from the toxic effects of the T-cell mediator Grb2.%> Targeting
Kv1.3 channels with a selective blocker might therefore reduce
radiation-induced brain injury by targeting the key cells involved
in the inflammatory process (microglia, lymphocytes, dendritic
cells), while promoting neurogenesis. For these studies we chose
Stichodactyla helianthus (ShK)-170, a selective peptide inhibitor
of Kv1.3 with picomolar potency, because it is effective in rodent
experimental autoimmune encephalomyelitis and has durable
pharmacological activity?® and an excellent safety profile in
rodents.”® Here, we demonstrate that ShK-170 ameliorates
radiation-induced brain injury by suppressing microglial activation
and the production of proinflammatory factors and by promoting
neurorestoration.

Materials and Methods

Cultures of Primary Microglia and BV2 Microglia

Primary microglia cultures derived from newborn mice were prepared from
mixed glia cultures with the “shaking off” method as described previously.?”
The immortalized murine microglia BV2 cell line that exhibits phenotypic
and functional properties of reactive microglial cells was obtained from
the Cell Center of Peking Union Medical College and cultured as described.?®
TheBV2 cellline s useful forin vitro studies of microglia activation,?® and our
supplementary materials show that biological responses of primary micro-
glia and BV2 to radiation are similar.

Cell Irradiation and Treatment

We tested the radiation effect with doses of 3, 5, 8, and 10 Gy. Inflamma-
tory mediators did not change at 3 or 5 Gy but increased significantly at 8
and 10 Gy. Since earlier studies had reported that 10 Gy was the optimal ra-
diation dose to activate microglio,9 we used this dose for our studies.
Primary microglia and BV2 microglia were divided into 3 groups: unirra-
diated controls, irradiated controls, and irradiated with ShK-170 pretreat-
ment. ShK-170 was added at 0.1, 1, 10, and 100 nM for 1 h before
irradiation. Cells were then irradiated using a 6-megavolt B-ionizing-ray
linear accelerator (Siemens). Cells or culture supernatants were collected
at4h,12 h,1d, and 2 d post-irradiation.

Animal Irradiation and Treatment

Adult 6- to 8-week-old male Balb/c mice weighing 20-25 g were used in
this study. All procedures followed the guideline of the Chinese National In-
stitute of Health for humane care, and protocols were approved by the com-
mittee on animal research at Sun Yat-sen University. Mice were randomly
divided into the following groups: unirradiated controls, irradiated mice
administered saline (placebo controls), and irradiated mice administered
ShK-170. For irradiation, animals were anesthetized with 10% chloral
hydrate (600 mg/kg) administered by intraperitoneal injection. Irradiation
was administered using the Siemens 6-megavolt B-ionizing-ray linear ac-
celerator as previously described.?® The head of each mouse was placed
in a treatment field (2 x 2 cm?) within the confines of the whole brain
from the post-canthus line to the post-aurem line. A single dose of 30 Gy
was given at a rate of 3 Gy/min and a source-to-skin distance of 100 cm.
For the treatment protocols, mice were administrated saline or ShK-170

(100 pg/kg/d) once daily by i.p. injection. The controls received anesthetic
procedures at the same time as those irradiated. Mice were sacrificed at 4
time points: 4 h, 1 d, 3 d, and 14 d post-irradiation or were followed for 8
weeks to evaluate spatial learning activity and 16 weeks to detect long-
standing brain atrophy by MRI scans. The brains of 5 mice in each group
were used for morphological examination on the third day post-irradiation,
while 4 were used for western blotting and real-time PCR. For detection of
neurogenesis in the dentate gyrus, bromodeoxyuridine (BrdU; Sigma) at
100 mg/kgi.p. was administered starting 7 days before animals were sacri-
ficed, once daily for 6 consecutive days, and finally 3 times (10 h, 6 h, and
2 h) prior to sacrifice.>°

MRI Scanning

MRI scans were performed at 16 weeks (n=6 for each group) post-
irradiation by a 3T nuclear magnetic resonance scanner (Intera, Philips
Medical Systems) and a 5-cm linearly polarized birdcage radiofrequency
animal coil (Chenguang Medical Technologies). Mice were anesthetized
and prostrated on a custom-made holder with strapping to minimize
head motion while respiration was monitored. Coronal and transverse
T2-weighted MRIs were obtained using a 2-dimensional turbo spin echo se-
quence (repetition time/echo time, 1600 ms/125 ms; flipangle, 90°; field of
view, 40 mm; matrix, 200/400 r, echo planar imaging factor, 1; turbo spin
echo factor, 10; number of signal averages, 14; slice thickness, 2 mm; inter-
section gap, —0.9 mm; total scan time, 11 min). The transverse slices were
paralleled with the brainstem and ranged from the superior of the parietal
lobe to the inferior of the temporal lobe. Coronal slices were obtained on the
verticalorientationto the transverse slice and ranged fromthe frontal to the
posterior edges of the cerebrum. The final numbers of MRIs were coronal =
6, transverse = 5. Since irradiated animals showed significant enlargement
of lateral ventricles, the size of the ventricles was compared between
groups. The frontal and occipital horn ratio is a measure of the volume of
the lateral ventricle.? This ratio was calculated as the sum of the
maximal width of the frontal horn and occipital horn of the lateral ventricles
divided by the maximum brain width takenin an axial slice at the level of the
cerebral aqueduct. An enlarged lateral ventricle indicates cerebral cortex
atrophy.*?

Morris Water Maze

Spatial learning and memory were evaluated in animals 8 weeks post-
irradiation using the Morris water maze.>* Mice were trained in the Morris
water maze for 6 days with 4 trials per day (n =7 for each group). In each
trial the animal was released into the water and was given 1 min to find
the hidden platform. When the animal found the platform within 1 min, it
was givenafurther 15 sto stayonthe platform. Ifit did not find the platform
within 1 min, it was guided to the platform and then allowed to stay on the
platform for a further 15 s. Latency in finding the platform and swim path
length were analyzed by a computerized video tracking system (DMS-2).
The average latency and length of swim of 6 consecutive days’ trials were
used in this study. The probe trial was performed on day 5, when the
mice were allowed 60 s to explore the water maze platform with the plat-
form removed. The time spent in each quadrant and platform location
crossings were recorded for the 60 s probe trial semiautomatically by
DMS-2. After the maze test, the animal was dried with a towel and
brought back to its cage beside an electric radiator.

Electrophysiology

Unstimulated, radiated, or trypsinized lipopolysaccharide-stimulated
primary microglia were plated onto poly-L-lysine coated glass coverslips
and allowed to attach for 20 min at 37°C. Kv currents were then recorded
at room temperature in the whole-cell configuration of the patch-clamp
technique using an EPC-10 amplifier (HEKA). The external solution

Neuro-Oncology

529



Peng et al.: Kv1.3 in radiation-induced brain injury

contained (mM) 160 NaCl, 4.5 KCl, 2 CaCl,, 1 MgCl,, and 10 HEPES
(4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid), pH 7.4, osmolality
300 mmol/kg. The internal pipette solution contained (mM) 160 KF, 2
MgCl,, 10 HEPES, and 10 EGTA (ethylene glycol tetraacetic acid), pH 7.2,
osmolality 300 mmol/kg. Pipette resistances were 1.5-3 megaohms. The
holding potential was —80 mV. Current traces were exported into IGOR
Pro software for figure assembly. The Kv current in microglia were deter-
mined to be Kv1.3 based on their cumulative inactivation, a characteristic
of Kv1.3, and their sensitivity to ShK-170 at picomolar concentrations.

Coculture of Primary Mice Neurons and Primary Microglia

Primary cultures of mice hippocampal neurons were obtained from post-
natal day O embryonic mouse brains as described** and were cocultured
with primary microglia indirectly in 24-well-plate chambers (pore size
0.4 um; BD Falcon) to study the effect of radiation-activated microglia on
the survival of neuronal cells. In this coculture system, microglial cells com-
municate with primary mice neuronal cells through the semipermeable
membrane, avoiding direct contact.

Inhibiting Expression of Kv1.3 by RNA Short Interference

The short interference (si)RNA sequences used for silencing of mouse Kv1.3
were chemically synthesized by GenePharma: forward and reverse RNA
strands were: sense, CCAUGACAACUGUUGGUUATT; antisense, UAACCAACA
GUUGUCAUGGTT. Control nonspecific sequences were: sense, UUCUCCG
AACGUGUCACGUTT; antisense, ACGUGACACGUUCGGAGAATT. The medium
was exchanged for Opti-MEM minimal essential medium (Invitrogen)
before RNA interference transfection. Briefly, 5 L of Lipo2000 (transfecta-
mine solution; Invitrogen) and 5 L siRNAwere gently mixed with Opti-MEM
to afinal volume of 500 plL and incubated at room temperature for 30 min.
Then the transfection agent/siRNA complex was added dropwise onto the
cells (25 nMfinal concentration), which were incubated for 6 h at 37°C until
amedium change with 1% fetal bovine serum-Dulbecco’s modified Eagle’s
medium with F12. Then cells were irradiated as previously here described.
The cells and the supernatant were collected at 12 h and 1d post-
irradiation.

Immunohistochemistry and Immunocytochemistry

For morphological examinationin vivo, mice were anesthetized, followed by
intracardiac perfusion with normal saline and 4% paraformaldehyde (PFA)
insequence. Afterward, the brains of each group and the spleens of the irra-
diated group were removed, postfixed in 4% PFA overnight, and dehydrated
inasucrose gradient. Serial sections with thickness of 10 wmor 30 pmwere
cut on a sliding knife with a cryostat microtome. Sections were blocked in a
solution containing 5% normal goat serum for 1 h after rinsing in 0.3%
Triton X-100 for 30 min at room temperature. Then the sections were incu-
bated at 4°C overnight with primary antibodies against Ibal (1:250; Wako
Pure Chemicals), Kv1.3 (1:50; NeuroMab), B-tubulin class III (1:400; Epi-
tomics), CD3 (1:100; R&D Systems), CD20 (1:50; OriGene Technologies),
and CD68 (1:200; Abcam). After washing, the sections were stained
with fluorescent-conjugated secondary antibody including goat anti-
mouse Alexa-488 (Jackson ImmunoResearch), goat anti-rat Alexa-594
(Jackson ImmunoResearch), or donkey anti-rabbit Cy3 (1:200; Millipore) for
100 min at room temperature. After nuclear staining with 4/,6’-diamidino-
2-phenylindole for 10 min, sections were coverslipped with glycerol, and
fluorescent images were obtained with a fluorescence microscope
(Olympus). For double-staining of BrdU and Neuronal Nuclei (NeuN), sec-
tions with a thickness of 30 wm were microwaved for heat-induced
epitope retrieval, incubated with 2 N HCl at 37°C for 30 min, and rinsed in
5% normal goat serum and 0.3% Triton X-100 sequentially as described
previously. The following primary antibodies were used overnight at 4°C:
rat anti-BrdU (1:300; AbD Serotec) and monoclonal mouse anti-NeuN

(1:100; Millipore). Afterward, primary antibodies were detected with
either Alexa-488- or Alexa-594-conjugated secondary antibodies (1:300;
Jackson ImmunoResearch). Immnohistochemical avidin-biotin complex
kits (Zhongshan Goldenbridge) were applied to investigate CD20 of brain
and spleen, which was followed by diaminobenzidine and hematoxylin
staining.

For in vitro fluorescence labeling, primary microglia or BV2 cells were
seeded in 24-well plates and treated with 100 nM ShK-170. At 24 h post-
irradiation, cells were fixed in 4% PFA for 30 min. After blocking with 5%
normal goat serum for 30 min, cells were incubated at 4°C overnight with
primary antibodies against CD11b (1:50; Abcam) or Kv1.3 (1:50; Chemicon).
After washing, cells were incubated for 1 h with appropriate fluorescent-
conjugated secondary antibodies: goat anti-mouse Cy3 (1:60; Boshide)
or goat anti-rabbit fluorescein isothiocyanate (1:60; Sigma) and cover-
slipped in anti-fluorescence-quenching reagent (Boshide). Fluorescent
images were obtained and analyzed as mentioned previously.

The percentage of microglial cells that were activated was determined
for each group. CD11b™, Ibal™ (total microglia), and CD68™ cells were
counted in 5 random 200x fields for each repeated experiment. Resting
microglia exhibited a branchlike form, while activated microglial cells
were characterized by bigger soma and a round and amoeba-like shape.

In the study of neurogenesis, NeuN/BrdU-positive cells were counted
and included in statistics if they were in the SGZ. Five sections per animal
(6 mice in total) were counted.

Reverse Transcription PCR

Tissue and cells of various groups were lysed in 1 mLTrizol reagent (Invitro-
gen). Total RNAwas harvested as described by the manufacturer’ s protocol
and stored at —80°C until samples from all time points were collected for
reverse transcription PCR. Total RNA (1 ug) was used for reverse transcrip-
tion PCR using random hexamers and superscript reverse transcriptase II
(TaKaRa) in a total volume of 20 pL. Reactions were performed according
to the manufacturer’s protocol. The ¢cDNA was then used for PCR of
murine inflammatory factor genes using gene-specific primers. PCR pro-
ducts were separated by electrophoresis through 2% agarose in Tris/
borate/EDTA solution and imaged using a bio-gel imaging system (Genet-
ics). Band intensities were determined using a gel imaging analysis
system (Genetics).

Quantitative Real-time PCR

Total RNA from primary microglia and BV2 cells was extracted and reverse
transcribed into cDNA using the protocols described here previously. Quan-
titative PCRin a final 20-pL reaction volume was performed using 50 ng of
cDNA of each sample in a 96-well-plate format on a Roche 480 LightCycler
Detection System. To allow standardization of the amount of cDNA added
to each PCRreaction and to minimize the effects of individual difference on
the results, quantitative PCR for the housekeeping gene GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) was performed for each sample. We
used real-time PCR to simultaneously detect and quantify Cox-2, TNF-a,
IL-6, and Kv1.3. The increase in the fluorescent signal was registered
during the extension step of the reaction, and the data were analyzed by
LightCycler 480 software 1.5 (Roche).

Immunoblotting

Total protein extracts were prepared and quantified from primary microglia,
BV2 cells, or mouse brain. Kv1.3 expression after radiation and the effects of
Kv1.3 siRNA and ShK-170 on radiation-induced Cox-2 expression in micro-
gliawere evaluated by western blot analysis. In brief, 40 g of total proteins
for each lane were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene difluoride membrane
(Millipore) using an electrophoretic transfer apparatus (Bio-Rad). The
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membrane was blocked with 5% bovine serum albumin in Tris-buffered
saline 4+ 0.05% Tween 20 (TBST) solution. The blots were laid on a shaker
andincubated with polyclonal rabbit anti-Cox-2 (Cell Signaling Technology)
and anti-Kv1.3 (Chemicon) in blocking solution overnight at 4°C. After
washing with TBST, the membranes were probed with secondary antibodies
by a goat anti-rabbit 1gG horseradish peroxidase conjugate (Cell Signaling
Technology) and the blots developed by enhanced chemiluminescence de-
tection (Beyotime) by exposure to X-ray film. The relative densities of bands
were analyzed with gel imaging analysis (Genetics).

Enzyme-linked Immunosorbent Assay

ELISAs were performed to measure levels of TNF-a, Cox-2, and IL-6 on the
culture supernatants according to the manufacturer’s instructions
(Dakewei). Aliquots were stored at —80°C until ELISA was performed. The
platewasread at 595 nm with a microplate reader, and data were analyzed
with SoftMax Pro software.

Statistical Analysis

All data are presented as the mean of each treatment group 4+ SEM, and
statistical analyses were performed using SPSS 17.0. For experiments that
required immunostaining, the total immunolabeled cells were counted in
5 predetermined fields per coverslip or slide using a fluorescence micro-
scope with a 10x or 40x objective. Three coverslips/slides were counted in
each group. At least 3 independent experiments were performed. Differ-
ences were tested using either a 1-way ANOVA followed by Bonferroni’s
test for multiple comparisons or Student’s t-test for 2-group comparisons.
Two-tailed values of P < .05 were considered significant.

Results

Short-term treatment with ShK-170, a selective peptide inhibitor of
Kv1.3 channels, reduces long-standing radiation-induced brain
injury.

In previous reports, a single dose of 25 Gy radiation was used to
induce braininjuryinrats*> or was used as hemisphere radiation on
mice,*® but the level of the microglial-derived proinflammatory
factors did not increase with this dose.'* We therefore used a
single 30 Gy radiation dose to the head. We evaluated the effect-
iveness of ShK-170 in preventing brain damage in irradiated
mice. For the treatment protocols, mice were administered saline
or ShK-170 (100 wg/kg/d) once daily by i.p. injection for 3 consecu-
tive days, starting 60 min before irradiation. At the 16th week post-
irradiation, we determined the volume of the lateral ventricle in
T2-weighted MRIs by measuring the frontal and occipital horn
ratio; the higher the ratio, the larger the lateral ventricle. Radiated
placebo-control mice (Rad group) showed significantly enlarged
lateral ventricles compared with unirradiated control mice
(control group) (Fig. 1A-C, n=6 per group; P <.05), most likely
reflecting atrophy of the cerebral cortex. Three days of ShK-170
therapy (100 pg/kg i.p. injection once daily), started immediately
after radiation (ShK group), prevented the enlargement of the
lateral ventricles (Fig. 1A-C; n= 6 per group, P < .05, ShK-170 vs
Rad).

To evaluate the effect of ShK-170 on the impairment of neuro-
logic deficits after brain irradiation, we used the Morris water maze
at 8 weeks post-irradiation to assess spatial learning and memory.
The time (latency) and the path length to find a hidden platform
(northwest quadrant of the water maze) was longest in irradiated
placebo-control mice (Fig. 2A and B). Irradiated mice treated with
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Fig. 1. MRI scan of mice brains shows enlargement of lateral ventricle after
irradiation is alleviated by ShK-170. (A) Transverse scan. (B) Coronal scan.
T2-weighted MRIs at week 16 post-irradiation display lateral ventricles
(highlighted by white arrow) in different groups. Ctrl: unirradiated control
mice (n=26); Rad: radiated mice administered placebo for 3 days
post-irradiation (n=6); ShK: irradiated mice treated with ShK-170
(100 pg/kg/d) for 3 days following radiation (n=6). Data are from 2
independent experiments. (C) Histogram showing the frontal to occipital
horn ratio in the 3 groups of mice. Mean + SEM; *P < .01 when irradiated
group is compared with unirradiated control group; #P<.05 when
ShK-170-treated group is compared with irradiated group; n = 6.

ShK-170 had significantly shorter latency and path length, but
longer than unirradiated control mice (Fig. 2A and B). On day 5 of
the study, irradiated ShK-170-treated mice spent significantly
more time in the target (northwest) quadrant of the water maze
(27.03% +2.11%) than irradiated placebo-control mice (22.61%+
3.14%, P < .05), suggestive of improved spatial memory, but they
spent less time in the target quadrant than unirradiated controls
(34.97% + 3.04%; Fig. 2C and D). ShK-170 likely enters the brain
after radiation-mediated disruption of the blood-brain barrier.?”
Because the peptide maintains blood levels above the half-maximal
inhibitory concentration value for Kv1.3 block for 3-5 days after a
single injection,*® Kv1.3-blocking concentrations of ShK-170 are
likely to have been present for 8 days in treated mice (ie, 5 days
after the third administration of ShK-170). Together, the data from
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Fig.2. ShK-170improves spatiallearningin mice after irradiation. (A) The latency and (B) swim path length before arrival on the platform were recorded for
6 consecutive days in each group. (C) Percentage of time in the northwest quadrant of the water maze for mice in each group. The difference between
different groups was assessed using probe trials on day 5 of training and was analyzed using a 1-way ANOVA followed by Bonferroni’s test. *P <.01
when irradiated group is compared with unirradiated control group; #P < .05 when ShK-170-treated group is compared with irradiated group; n=7.

(D) Swimming trail of each group in probe trial was recorded by DMS-2.

the MRI and Morris water maze suggest that ShK-170 therapy during
the acute phase of radiation-induced brain injury can reduce long-
standing radiation-induced brain injury. In the ensuing paragraphs,
we present evidence to demonstrate that the therapeutic effect of
ShK-170is due to a combination of suppression of microglial function
and neurorestoration via enhanced proliferation of NPCs.

Genetic Silencing or Pharmacological Blockade of Kv1.3
Suppresses Radiation-induced Production of
Proinflammatory Mediators

A single dose of ionizing radiation (10 Gy) administered to freshly
isolated mouse microglia or to mouse BV2 microglial cells (a
useful model forinvitro studies of microglia)*® induced a significant
increase in Kv1.3 protein expression, which began 4 h after radi-
ation and remained elevated for 2 days (Fig. 3A and B; Supplemen-
tary Fig. STA-C). Patch-clamp experiments revealed increased-
amplitude Kv currents in irradiated primary microglia (Fig. 3C and
D), comparable to the ShK-170-sensitive Kv current seen in
lipopolysaccharide-activated primary mouse microglia (Supple-
mentary Fig. S1D and E). In vivo experiments confirmed the in
vitro data. Balb/c mice administered a single radiation dose of
30 Gy to the skull showed increased Kv1.3 protein expression in
microglia isolated from the brain 1-3 days after radiation (Fig. 3E
and F), and immunostains revealed Kv1.3 expression in Ibal*
microglia in irradiated brain (Fig. 3G). Taken together, these data
demonstrate that radiation, both in vitro and in vivo, stimulates
Kv1.3 protein expression in activated microglia.

In parallel with the increase in Kv1.3, both primary mouse
microglia (Fig. 4A-C) and BV2 microglia (Supplementary Fig. S2A-
E) increased production of proinflammatory factors IL-6, TNF-a,
and Cox-2 following irradiation (10 Gy) in vitro. The mRNA levels
of IL-6, Cox-2 (Fig. 4D-F), and TNF-a (Supplementary Fig. S2F)
were also significantly increased in the brains of irradiated
mice. Since lymphocytes can also produce proinflammatory
mediators, we performed immunostaining experiments to deter-
mine whether radiation caused CNS infiltration by lymphocytes.
No T- or B-lymphocytes were detected in the brain following
radiation (Supplementary Figs. S3 and S4). Our results suggest
that radiation-stimulated microglial activation contributes to the
increased production of proinflammatory factors in the CNS.

We used genetic silencing of Kv1.3 with a Kv1.3-specific siRNA
and pharmacological blockade by ShK-170 to establish a link
between Kv1.3 upregulation and the production of proinflammatory
factors. Due to the close similarity in radiation-induced responses of
primary mouse microglia and BV2 microglia, we used BV2 microglia
for these experiments. The Kv1.3-specific siRNA suppressed Kv1.3
protein levels in transfected microglia (Fig. 5A and B) and inhibited
radiation-induced increases in IL-6, Cox-2, and TNF-a mRNA and
protein in microglia (Fig. 5C and D, Supplementary Fig. S5). Pharma-
cological blockade of Kv1.3 channels with ShK-170 also inhibited
radiation-induced increases in Kv1.3, IL-6, and Cox-2 in a dose-
dependent manner (Fig. 5E). Mice administered ShK-170 (100 g/
kg) by i.p. injection, once daily for 3 days starting from the day of ir-
radiation (30 Gy to the head), exhibited significantly reduced mRNA
levels of Cox-2 and IL-6 (Fig. 4D-F), but not TNF-a (Supplementary
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Fig. 3. Kv1.3 expression increases in microglia following irradiation. (A) Kv1.3 protein expression in primary mouse microglia determined by western
blotting 4 h, 12 h, 1 d, and 2 d after radiation. (B) Densitometric analysis of western blot showing Kv1.3 vs glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Mean+ SEM; n= 3; *P <.05 compared with unirradiated control group. (C and D) Kv currents in unirradiated and irradiated primary mouse
microglia 12 h after radiation. (E) Kv1.3 protein expression in the brain of mice that received a single 30-Gy radiation dose to the head. (F)
Densitometric analysis of western blot showing Kv1.3 vs GAPDH. Mean + SEM; n = 4; *P < .05 compared with unirradiated control group. (G) Ibal (a
microglia/macrophage marker) and Kv1.3 colocalize in microglia in the brain of Balb/c mice that received a single dose of 30 Gy radiation to the head.

Scale bar, 30 pm.

Fig. S2F). ShK-170 therapy also reduced expression of Ibal in micro-
glia and decreased the percentage of activated microglia immunos-
tained by CD68 (Supplementary Fig. S6).

Kv1.3 Blockade Inhibits Microglia-mediated Neurotoxicity

We next explored whether the protective effect of ShK-170 was
mediated, in part, by suppression of the neurotoxic effects of
radiation-induced activated microglia and the proinflammatory
factors they produced. We cocultured irradiated BV2 microglia
and primary hippocampal neurons in a transwell system and irra-
diated microglial cells in the upper chamber and hippocampal
neurons in the lower chamber. After coculture for 4 hor 12 h post-
irradiation, apoptotic, neuronal cells were detected by double

staining with NeuN and terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick end labeling (TUNEL), and the
ratio of apoptotic to live neuronal cells was calculated. In a separ-
ate experiment, neuronal cells were pretreated with ShK-170
(10 nM or 100 nM) or medium for 1 h, then exposed to recombin-
ant inflammatory factors (IL-6 and TNF-a). The ratio of apoptotic
to live neuronal cells 12 h later was measured through NeuN and
TUNEL staining.

Irradiated microglia induced greater apoptosis in neurons com-
pared with unirradiated microglia (P=.0001 at 4 h, P=.033 at
12 h; Fig. 6A). Treatment of microglia with ShK-170 prior to radi-
ation significantly reduced neurotoxicity (P<.01 at 4 h and 12 h;
Fig. 6A). Residual ShK-170 is not the cause of this inhibition
because irradiated microglial cells were washed 3 times before
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Fig. 4. Proinflammatory factors increase following irradiation. (A-C) IL-6, Cox-2, and TNF-a protein determined by ELISA in supernatants from cultured
primary mouse microglia after a single dose of 10 Gy radiation. *P < .05, compared with unirradiated primary microglia controls. Data are obtained
from 3 replicate wells. (D) A single 30 Gy dose of radiation to the head of Balb/c mice increased Cox-2 and IL-6 levels in the brain. Administration of
ShK-170 (100 png/kg/d) prevented radiation-induced increases in IL-6 and Cox-2 measured 4 h, 12 h, and 3 d after radiation. (E, F) Densitometric scans
of the data in (D). Mean+SEM; *P< .01 when irradiated group is compared with unirradiated group; #P < .05 when ShK-170-treated group is

compared with irradiated group; n = 4 for each group at each time point.

initiating coculture. Furthermore, ShK-170 did not prevent neurotox-
icityinduced by recombinant IL-6 or TNF-« (Fig. 6B), indicating that it
has no direct inhibitory effect on neurons and its inhibitory effect is
directly on microglia. Thus, suppression of microglia-mediated
neurotoxicity likely contributes to ShK-170’s therapeutic effect in
limiting brain injury due to radiation. The neurons stained with
TUNEL and NeuN of these 3 groups are displayed in Fig. 6C.

ShK-170 Enhances Neurorestoration and Attenuates
Radiation-induced Brain Injury

NPCs that contribute to the healing process following brain injury by
promoting neurogenesis®® are depleted 14 days after radiation-
induced braininjury, and their differentiation into neurons is inhibited
via microglia-mediated inflammatory mechanisms.**¢1740 Since
NPCs express Kv1.3, and blocking of this channel augments NPC pro-
liferation,?* we examined whether ShK-170 would promote neuro-
genesis following radiation. Mice that received a single dose of
brain irradiation (30 Gy) had decreased numbers of neurons in the

cortex (Fig. 7A and B) and hippocampus (Fig. 7C and D) identified
by their decreased B-tubulin staining on day 3 post-irradiation
(P<.05inboth cases; radiated placebo controls compared with uni-
rradiated). Intraperitoneal administration of ShK-170 (100 pg/kg)
once daily, starting from the time of radiation and continued for
3 days, decreased radiation-induced loss of neurons in the cortex
and hippocampus (P <.05; ShK-170-treated vs placebo control;
Fig. 7A-D). NPCs (BrdU*/NeuN™ cells) are commonly found in the
SGZ of the brain, where they proliferate, renew themselves, and dif-
ferentiate into neurons. The number of BrdU™/NeuN* cells in the
SGZ in the dentate gyrus was evaluated at 14 days post-irradiation.
The numberof Brdu*/NeuN* cells was reduced inirradiated placebo-
control mice, indicative of diminished neurogenesis (P < .05; radiated
placebo control vs unirradiated; Fig. 7E and F). ShK-170 (100 w.g/kg
once daily for 7 consecutive days starting from the time of radiation)
enhanced the number of BrdU*/NeuN™ NPCs in the SGZ (P < .05;
ShK-170-treated vs placebo control; Fig. 7E and F). These data
suggest that ShK-170 enhances neurorestoration and attenuates
brain injury induced by radiation.
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Fig. 5. Genetic silencing or pharmacological blockade of Kv1.3 prevents microglial activation. (A) Kv1.3-specific siRNA significantly inhibits Kv1.3 protein
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(E) Densitometric scan showing that ShK-170 at 10 and 100 nM suppresses radiation-induced increases in Kv1.3, Cox-2, and IL-6 in microglia. *P < .05
compared with irradiated group; **P < .01 compared with irradiated group; n=3.

Discussion

Radiation, a mainstay adjuvant therapy for cancers of the brain,
head, and neck, carries the risk of neurologic injury including
focal cerebral necrosis, neurocognitive deficits, cerebrovascular
disease, myelopathy, and brachial plexopathy. Here we report
that ShK-170, a selective inhibitor of the voltage-gated Kv1.3 po-
tassium channel, significantly reduces radiation-induced brain
injury in mice. In irradiated mice treated with placebo, MRI scans
atweek 16 following a 30-Gy radiation dose to the head caused sig-
nificant enlargement of the lateral ventricles, indicative of cortical
atrophy. In striking contrast, the volume of the lateral ventricles in
mice that received 3 once-daily i.p. injections of ShK-170 immedi-
ately after radiation was similar to that of unirradiated mice. This
therapeutic effect is due to suppression of microglial activation,
prevention of activated microglia-mediated neurotoxicity, and
promotion of neurogenesis. So far, there is no generally accepted
animal model for irradiated brain injury. In the treatment of
patientswith head and neck or brain tumors, normally fractionated
radiotherapy was used. Yet, in an animal model, it is difficult to

mimic this regimen, for animals cannot tolerate this high dose.
Single radiation has been used more widely than fractionated radi-
ation. In this study, single radiation was used to develop the animal
model.

Brain irradiation was accompanied by microglial activation and
production of proinflammatory factors corroborating previous
reports,“® and we detected a parallel increase in Kv1.3 mRNA and
protein in microglia in brain-irradiated mice. The results suggested
that Kv1.3 channel expression was regulated at the transcriptional
level. The underlying signaling pathways that increase Kv1.3
channel expression after radiation remain unclear. Report 41 has
shown that in HIV-1 infected brain, HIV-1 Tat protein induced
Kv1.3 channel expression and consequent microglia activation
through the signaling pathway of extracellular signal-regulated
kinase (ERK)1/2 mitogen-activated protein kinase (MAPK). In the
study, ERK1/2 phosphorylation was enhanced by Tat exposure.
U0126 was used to inhibit MAP/ERK kinase MEK1 and MEK2,
the MAPK kinases responsible for phosphorylation of ERK1/2
MAPK. Reduction of ERK1/2 MAPK activity using U0126 markedly
decreased the expression levels of microglial Kv1.3.“* Also
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phosphatidylinositol-3 kinase and p38 MAPK have been shown in
literature to be involved in mediating Kv1.3 expression and micro-
glial activation.?® The exact signal transduction pathways that
initiated Kv1.3 expression and microglial activation after radiation
merit further investigation.

Genetic silencing with a Kv1.3-specific siRNA and pharmaco-
logical blockade with ShK-170 in radiated microglia both signifi-
cantly reduced the production of proinflammatory factors.
ShK-170 also effectively reduced microglial activation and produc-
tion of proinflammatory factors invivo following a single dose of ra-
diation to the head. These results are consistent with the reported
upregulation of Kv1.3 during microglial activation and the chan-
nel’s involvement in the respiratory burst during microglial
kiling.?* It is noted that the effect of Kv1.3 after radiation might
also partly come from activation of this channel protein, in addition
to the upregulation of expression of Kv1.3.

Although radiation can cause neuronal apoptosis directly,
radiation-activated microglia can aggravate this injury through
the production of proinflammatory factors such as IL-6, Cox-2,
and TNF-a. Our study showed that ShK-170 significantly reduced
radiation-activated microglia-mediated neurotoxicity but was

ineffective at protecting neurons from the direct neurotoxic
effects of recombinant IL-6 and TNF-a. ShK-170 therapy also
reduced neuronal damage in the cortex and the CA3 region of
the hippocampus, enhanced NPC proliferation, and suppressed
microglia-mediated neurotoxicity. These results demonstrate
that ShK-170 limits radiation-induced brain injury by targeting 2
key processes: suppression of microglia-mediated neuroinflam-
mation, thereby protecting neurons from proinflammatory
factor-mediated toxicity, and promotion of neurogenesis and
neurorestoration.

Since radiation-induced brain injury is a severe complication of
therapeutic irradiation for tumors affecting the head, neck, and
brain, an imaging examination such as MRI, MR spectroscopy,
PET-CT, or even brain biopsy is needed to prove that the brain
injury is caused by radiation, not by brain metastasis of head and
neck cancers or brain tumor recurrence. In addition, treatment of
this complication should be started only after the primary tumor
is controlled. If there is any chance of cancer metastasis or recur-
rence, cancer should always be treated with priority. In this scen-
ario, blockade of Kv1.3 with ShK-170 in radiation-induced brain
injury is safe.
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A stabilized analog of ShK-170, ShK-186, has completed preclin-  China (81101909) to Y.Z, and National Natural Science Foundation of
ical pharmacokinetic and toxicity studies and is being evaluated in ~ China (31070953) to Y.P.
first-in-human phase 1 clinical trials.?%2%42~47 ShK-186 and clofazi-
mine,*® therapies for leprosy with Kv1.3-blocking activity, merit
evaluation for their ability to limit neurologic injury following thera-
peutic radiation for brain, head, and neck cancers. Kv1.3 blockers
may have an advantage over corticosteroids, which are effective inhi-
bitors of neuroinflammation and brain edema following therapeutic
radiation but have the disadvantage of inhibiting neurogenesis. 1t
remains to be seen whether Kv1.3 blockers exhibit any advantage
over other agents such as indomethacin and minocycline, which
both inhibit microglial activation and are neuroprotective **333*
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