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SUMMARY

Aim: The self-repair ability of neural progenitor cells (NPCs) has been found to be activated
and protected in several therapies helpful in multiple sclerosis (MS), an inflammatory
demyelinating disease of the CNS. As a potential therapeutic target in MS, the role of the
ion channel Kv1.3 in NPC self-repair has received limited attention. The aim of this study
was to explore the effects of a selective Kv1.3 blocker on NPC neuronal differentiation and
maturation. Methods: A small-molecule selective blocker for Kv1.3, Psora-4, was added to
the differentiation medium of cultured mouse NPCs to assess its effect on NPC differentia-
tion efficiency. Both a polypeptide Kv1.3 blocker and Kv1.3-specific RNA interference were
used in parallel experiments. Further, the maturity of newborn neurons in the presence of
Psora-4 was measured both by morphological analysis and by whole-cell patch clamping.
Results: Psora-4 induced a significant increase in the percentage of neurons. Knockdown
of Kv1.3 in NPCs also promoted neuronal differentiation. Both morphological and electro-
physiological analyses suggested that NPC-derived neurons in the presence of Psora-4 were
more mature. Conclusion: Our studies reveal a crucial role for the ion channel Kv1.3 in
the regulation of NPC differentiation and maturation, making Psora-4 a promising candi-
date molecule for MS treatment.

Introduction

Neural progenitor cells (NPCs), also known as neural stem cells,
exist in both the developing and the adult central nervous system
(CNS) in all mammals [1]. Because of their capacity to self-renew,
proliferate, and differentiate, NPCs have been explored for their
potential in treating CNS disorders such as multiple sclerosis (MS).
MS is an inflammatory demyelinating disease that results in
cumulative and irreversible CNS damage and for which there is
no known cure [2-5]. Recently, studies in animal models of MS
showed that NPCs were activated as part of CNS self-repair [6].
Transplantation of neural stem cells or nestin-positive neural pre-
cursor cells from adult brain resulted in functional remyelination,
which indicates the potential therapeutic value of NPCs for MS
[7,8]. Moreover, the self-repair capacity of NPCs was found to be
activated and protected in some MS therapies, such as drug ther-
apy targeting Kv1.3 and therapy based on mesenchymal stem cell
engraftment [9-11]. These studies suggest a potential role for
NPCs in MS treatment. However, the mechanism still needs more
supporting evidence.

Kv1.3 is a Shaker-type, delayed-rectifier potassium channel
[12], and it is functionally active in lymphocytes, cancer cells, and
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neurocytes [13-16]. Kv1.3-selective blockers had been reported to
be an effective treatment for MS [17]. However, most of these
studies focused on the immunosuppressive effect of Kv1.3 block-
ers and neglected the effects on NPCs. Recently, Kv1.3 blockers
were reported to attenuate the neurotoxicity caused by activated
T cells in neuro-inflammatory diseases [18,19]. In addition, Kv1.3
(~'7) mice showed changed proportions of interneuron subtypes
[20]. These findings revealed a potential role for Kv1.3 in neuro-
nal differentiation.

Psora-4, a 5-phenylalkoxypsoralen, is the most potent small-
molecule Kv1.3 inhibitor which with relatively simple structure
and low molecule weight in comparison with traditional polypep-
tide blocker such as margatoxin (MgTX) [21]. Its selectivity for
Kv1.3 is 17- to 70-fold higher than most related Kv1-family chan-
nels (e.g., Kvl.l, Kvl.2, Kvl.4, and Kvl.7). Psora-4 blocked
Kvl.3 in a dose-dependent manner by binding to the C-type
inactivated state of the channel, with an ECs value of 3 nM [22].

In the present study, we found that Kv1.3 selective blockers,
either Psora-4 or MgTX, increased the proportion of f-1II-tubulin-
positive neurons among mouse NPC differentiation progenies.
Selective silencing of Kv1.3 in NPCs through RNA interference
also promoted neuronal differentiation. Furthermore, we found
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that neurons differentiated in the presence of Kv1.3 blockers
developed a more mature morphology. Patch-clamp recordings
suggested that Psora-4 induced newborn neurons to develop more
mature electrophysiological functions. Our results indicate that
Kv1.3 blockade or silencing could promote NPC neuronal differ-
entiation and maturation. Psora-4, as a non-toxic small molecule,
could be developed into a promising clinical therapeutic drug for
MS treatment.

Materials and Methods
Cell Culture

Animals were handled according to protocols that were approved
by the Guangzhou Institutes of Biomedicine and Health Commit-
tee on Animal Care and that are in accordance with national
guidelines. Primary NPCs were prepared from fetal mice at embry-
onic Day 13. Briefly, a pregnant mouse was decapitated under
chloroform anesthesia, and the embryos were removed from the
uterus. Then, their brains were isolated, and the cerebral cortex
was collected using surgical scissors. The collected tissue was then
gently triturated, washed in PBS (1x), and digested in trypsin
(0.05%; Life Technologies, Gaithersburg, MD, USA) for 15 min at
37°C. The digested tissue was subsequently centrifuged, washed
twice with PBS, and homogenized to single-cell suspension by
gentle trituration. Then, cells were plated in cell culture flasks
(Nunc) and incubated at 37°C in an atmosphere of 5% CO, in air.
The proliferation medium contained 97% Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12, 1% N2 supplement, 2%
B27 supplement (all from Life Technologies) and was supple-
mented with 20 ng/mL epidermal growth factor (EGF), 20 ng/mL
recombinant human fibroblast growth factor-basic (bFGF, both
from PeproTech, Rocky Hill, NJ, USA) to maintain neurosphere
proliferation [23]. After 3 days, the cells formed neurospheres. At
3-day intervals, the neurospheres were passaged by dissociation
into single cells. Unless otherwise indicated, all the experiments
were carried out with NPCs at passages 8-10.

For NPC differentiation, single NPCs were plated in 24-well
plates coated with Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA) at 10 x 10" cells per well. At 24 h after plating, the medium
was replaced with differentiation medium containing Psora-4 or
MgTX (Sigma-Aldrich, St. Louis, MO, USA) at the indicated con-
centration, and the medium was refreshed each day. Differentia-
tion medium does not contain the bFGF and EGF found in
proliferation medium, but instead contains 10 ng/mL brain-
derived neurotrophic factor (BDNF; PeproTech) and 1 uM cyclic
adenosine monophosphate (cAMP; Sigma-Aldrich) to improve
neuronal survival [23]. Unless otherwise indicated, Psora-4 was
added into the differentiation medium at 10 nM.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 13 min. After per-
meabilization with 0.2% Triton X-100 in PBS (PBST) for 10 min,
the cells were blocked with 10% goat serum in PBS for 30 min.
Next, the cells were incubated in primary antibody solution (10%
goat serum with the indicated primary antibody in PBST) for 1 h
at room temperature or overnight at 4°C. The following monoclo-
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nal antibodies were used: rabbit anti-f-1II-tubulin (1:500; Merck
Millipore, Darmstadt, Germany), mouse anti-glial fibrillary acidic
protein (GFAP, 1:1000; Merck Millipore), mouse antimicrotubule-
associated protein 2 (MAP2, 1:400; Merck Millipore), and rat an-
tinestin (1:100; Merck Millipore). After cells were washed in PBST
for three times, they were incubated with secondary antibodies
conjugated with anti-mouse Alexa Fluor 555 and anti-rabbit
Alexa Fluor 488 (both from Cell Signaling Technology, Beverly,
MA, USA) in PBS with 5% goat serum for 1 h at room tempera-
ture, followed by nuclear staining with 4’,6-diamidino-2-pheny-
lindole (DAPI) for 5 min. Images were acquired with an inverted
fluorescence microscopy system (LEICA DMI6000B, Wetzlar, Ger-
many) or a confocal system (Single-photon Zeiss 710 NLO, Jena,
Germany).

Electrophysiological Recordings

Matrigel-coated coverslips with differentiated NPC progeny at
days 5-10, 13-16, and 20-24 were subjected to electrophysiologi-
cal recording. The coverslip was placed in a perfusion chamber
before measurement and immersed in bath solution containing
(in mM): 127 NacCl, 3 KCl, 1 MgSO,, 26 NaHCO5, 1.25 NaH,PO, 1
D-glucose (1 H,0), 2 CaCl,, pH adjusted to 7.4 with HCl. Record-
ing pipettes were fabricated from borosilicate glass using a Flam-
ing-Brown puller (model P-97; Sutter Instruments, Novato, CA,
USA), and the final resistances were 6-10 MQ. The pipette solution
contained (in mM): 140 potassium methanesulfonate, 5 NaCl, 1
CaCl,, 10 HEPES, 0.2 EGTA, 3 ATP, and 0.4 GTP, pH 7.4 with KOH.
Neurons were identified based on neuronal morphology and the
ability to fire action potentials. Whole-cell patch-clamp recordings
were carried out with patch-clamp amplifiers (Axopatch) and
pClamp 10.2 (Axon Instruments, Sunnyvale, CA, USA) as the data
acquisition and analysis software.

To examine the excitability of neurons, transient membrane
currents induced by stepping the holding membrane potential
from —80 mV to +80 mV (500 ms) were recorded. Then, the cell
was switched to current-clamp mode, and currents (—20 pA to
50 pA, 300 ms) were injected through the patch pipette to exam-
ine whether action potentials could be induced. Spontaneous
action potentials were collected during a 10-min period of contin-
uous recording in current-clamp mode (0 pA) and then ana-
lyzed.

shRNA Silencing of Kv1.3 in NPCs

The third-generation lentiviral vector pSicoR-mCherry was used
to construct the shRNA expression system. Four sequences
designed against Kv1.3, and one Nonsense control was inserted
separately into the vector (Table 1). The empty lentiviral expres-
sion vector was also used as a Blank vector control.

For viral packaging, the shRNA-expressing lentiviral plasmid
was co-transfected with plasmids pMD2G and pSPAX2 into 293T
cells. Virus-containing medium was collected and filtered at 48 h
and 72 h after transfection. Viral titers were measured by serial
dilution on 293T cells and estimated after 72 h.

For viral transduction, NPCs were adhered to Matrigel for 2 h,
followed by incubation with lentivirus-containing medium at a
multiplicity of infection of 10. Medium was replaced with NPC
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Table 1 Oligonucleotide sequences used for generation of shRNA vectors

Y.-Y. Zhou et al.

ShRNA Sense Loop Antisense

ShRNA-1 TCTGAGTAAGTCGGAGTATAT TTCAAGAGA ATATACTCCGACTTACTCAGA

shRNA-2 GCATTGCCAGTTCCTGTGATT AATCACAGGAACTGGCAATGC
shRNA-3 CGACGCCATCCTCTACTACTA TAGTAGTAGAGGATGGCGTCG

shRNA-4 AGGTGTCTTGACCATTGCATT AATGCAATGGTCAAGACACCT
Nonsense CAACAAGATGAAGAGCACCAA TTGGTGCTCTTCATCTTGTTG

Four shRNA-Kv1.3 sequences and one Nonsense control sequence were applied. Each hairpin was constructed from the sense strand followed by the

loop and then the antisense strand.

proliferation medium at 12 h after transduction. After 72 h, cells
were digested to a suspension and then passaged.

For cell purification, shRNA-transduced neurospheres were
digested into single-cell suspensions. After filtration with a 40-pm
filter (BD Biosciences), cells were sorted using fluorescence-acti-
vated cell sorter (FACS Aria IIU; BD Biosciences). After several
passages, the purified cells were subjected to real-time quantita-
tive PCR to estimate the knockdown efficiency.

Real-time Quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Life
Technologies, Grand Island, NY, USA). Total cDNA was prepared
with PrimeScript RT Reagent Kit Perfect Real Time (Takara,
Shiga, Japan) and used as templates for PCR. PCR reagents and
SYBR Green Premix EX Taq™ (Takara) were used with forward
and reverse primers (2.5 nM). Real-time quantitative PCR was
performed with the CFX96™ Real-time PCR (Bio-Rad, Hercules,
CA, USA). f-actin was used as an internal control. The Kv1.3/f-
actin ratio of every sample was calculated, and the results were
expressed as a percentage of the Nonsense control group in the
shRNA experiments. All amplifications were performed in dupli-
cate, and at least three technical and three biological replicates
were performed. PCR primer sequences were as follows: Kv1.3,
forward 5'-tactttgacccactccgeaa, reverse 5’'-tggtaaaagcggatctecteg;
p-actin, forward 5’-ccttcttgggtatggaatcctgt, reverse 5'-tttacggatgt
caacgtcacac.

Chemical Synthesis

First, 50 mg 4-methoxy-7H-furo[3,2-g]chromen-7-one
reacted at —20°C with boron tribromide (0.95 mL) in a solu-
tion of CH,Cl, (1.5 mL) under a protective argon. The progress
of the reaction was monitored by thin-layer chromatography.
After the completion of the reaction, the product mixture was
applied to posttreatment and concentrated to dryness. Next,
this product (25 mg) was reacted with (4-bromobutyl)-benzene
(0.03 mL) in the presence of the catalysts sodium iodide
(7.2 mg) and potassium carbonate (49.7 mg) under reflux in
the solvent dimethyl formamide (DMF, 2 mL) and under argon
protection. The reaction was completed after 4 h. Then, Psora-
4 was dissociated under column chromatography (23 mg,
65%). The compound was characterized by melting point and
'"H NMR analyses, in which the data corresponded to the refer-
ence [22].

was
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Statistical Analysis

To calculate the efficiency of differentiation, the total number of
cells and immunolabeled cells were counted from seven random
fields of view per coverslip. For mature neuron candidates, all of
the cells on the coverslip were counted. Both types of counting
were performed under a fluorescence microscope with a 20x
objective. For neuron morphology calculating, the longest neurite
length and the number of branches were measured for each fS-11I-
tubulin-positive cell. At least three independent experiments were
performed. Data were graphed using OriginPro 8 software (Origin-
Lab, Northampton, MA, USA). Mean values and the standard
error were calculated for each treatment group. Statistical analysis
was performed using SPSS (Statistical Package for the Social Sci-
ences) 16.0 software (Chicago, IL, USA). For comparisons of two
groups, differences were tested using independent Student’s ¢-test.
For more than two groups, data were compared by one-way
analysis of variance (ANOVA), followed by post hoc analysis using
the LSD (least significant difference) test. P < 0.05 was considered
significant.

Results

Selective Blockade of Kv1.3 by Psora-4 and
MgTX Promoted NPC Neuronal Differentiation

To test the morphological development of cells during NPC differ-
entiation, we first identified NPCs, neurons, and astrocytes by im-
munostaining. Cells were immunolabeled with the NPC marker
nestin, the neuronal markers f-lI-tubulin and MAP2, and the
astroglial marker GFAP (Figure 1A).

Next, we studied the effect of Psora-4 on NPC differentiation by
exposing cultured NPCs to differentiation medium with Psora-4 in
a range of concentrations: 0, 5, 10, 20, and 50 nM. After 5 days of
differentiation, cells were labeled by immunostaining with anti-
p-Il-tubulin and anti-GFAP antibodies (Figure 1B). The total
numbers of cells and of immunolabeled cells were counted in each
well, and the cell ratios are expressed as the percentage of total
cells. Various concentrations of Psora-4 influenced the percentages
of p-1lI-tubulin-positive neurons and GFAP-positive astrocytes.
Psora-4 at 10 nM significantly increased the proportion of neurons
from 31.5 £ 0.7% to 37.1 £ 0.5% (n =3, P <0.01) and caused
an obvious decrease in the percentage of astrocytes from 60.4% =+
3.0% to 52.9 £ 2.5% (n =3, P<0.05 Figure 1C). Treatment
with 50 nM Psora-4 caused the percentage of neurons to decrease

© 2015 John Wiley & Sons Ltd
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Figure 1 Psora-4 or MgTX promoted the differentiation of neural progenitor cells (NPCs) toward a neuronal lineage. (A) Identification of NPCs and
differentiated cells derived from NPCs by immunocytochemistry. The NPCs were labeled with antibody for nestin (green) at Day 0, and the differentiated
cells were labeled with antibodies for f-lll-tubulin (green), MAP2 (red) and GFAP (red) at Day 5. Nuclei were stained with DAPI (blue). (B) Example images of
cells immunostained at Day 5 with or without Psora-4 (10 nM). (C) and (D) Various concentrations of Psora-4 or MgTX affect NPC neuronal differentiation.
The percentage of positive cells was calculated in relation to the total number of cells, visualized by DAPI staining of the nuclei. **P < 0.01, *P < 0.05.

to 25.9% + 0.5% (n =3, P<0.01). These results suggest that
10 nM Psora-4 could promote NPC differentiation into neurons.

Another high-affinity polypeptide blocker of Kv1.3, MgTX, was
also applied to test its effect on NPC differentiation. MgTX was
added to NPC differentiation medium in a range of concentrations:
0, 2.5, 5, 10, and 20 nM. The percentage of f-1II-tubulin-positive
cells was counted at Day 5. We found that MgTX at 5 nM signifi-
cantly increased the percentage of S-III-tubulin-positive neurons,
from 11.8 + 4.2% to 19.2 £ 0.9% (n =3, P <0.05), but there
was no significant effect on the number of GFAP-positive astro-
cytes (Figure 1D). These results indicate that the effect of MgTX
on regulating NPC neuronal differentiation was similar to that of
Psora-4.

Selective Silencing of Kv1.3 Through shRNA in
NPCs Resulted in Increased Neuronal
Differentiation Efficiency

To further establish that the mechanism by which Psora-4 affects
NPC differentiation is through Kv1.3, not direct action of the com-
pound itself, Kv1.3-silenced NPC lines were made through shRNA

© 2015 John Wiley & Sons Ltd

interference as a parallel experiment (Figure 2A). Four shRNA
sequences were tested (Table 1). Real-time quantitative PCR was
used to select a Kv1.3-silenced cell line. The Kv1.3 mRNA expres-
sion level in the presence of sShRNA-1 was remarkably down-regu-
lated by 85.2 + 1.7% (n =4, P < 0.001, Figure 2B) compared to
the Nonsense shRNA control cell line.

Then, three cell lines, the Kvl.3-silenced NPCs, Blank vector
control, and Nonsense control, were subjected to differentiation
conditions. Immunofluorescence staining was performed to test
the efficiency of neuronal differentiation at Day 5. The Kvl.3-
silenced NPCs generated a higher efficiency of neuronal differenti-
ation (26.5 £+ 1.4%, percentage of f-II-tubulin-positive cells)
than the Nonsense control group (21.6 + 0.2%, n = 3, P < 0.05)
or the Blank vector group (20.3 £0.8%, n=4, P<0.01).
Furthermore, as with normal NPCs, 10 nM Psora-4 increased the
proportion of f-III-tubulin-positive cells in the Nonsense control
group to 28.2 £ 1.5% (n =4, P<0.05) and that in the Blank
vector group to 25.0 £ 1.6% (n =4, P < 0.05). Psora-4 showed
no significant influence on Kvl.3 silenced NPCs (n =4,
25.9 £ 0.9%, Figure 2C). We also calculated the percentage of as-
trocytes, but we found no significant difference (Figure 2D).
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Figure 2 Silencing of Kv1.3 in neural progenitor cells (NPCs) by shRNA interference induced increased differentiation efficiency, consistent with Psora-4
treatment. (A) Example images of NPCs infected with shRNA lentiviruses with red fluorescence after flow cytometric sorting. The top panel shows the light
field, and the bottom panel shows the red fluorescence in the same field. The cells were plated on Matrigel-coated slides. (B) Kv1.3 mRNA expression
levels in NPCs with shRNA lentivirus. Relative Kv1.3 mRNA expression was quantified and normalized to the Nonsense control group (n = 4). Nonsense
control: NPCs infected with lentivirus containing the nonsense shRNA-sequence. Blank vector: NPCs infected with empty lentivirus vector. (C) and (D)
Differentiation efficiency of NPC cell lines with Kv1.3-shRNA toward neuron lineage or astrocyte lineage. The data were calculated at Day 5 in

differentiation condition (n = 4). **P < 0.01, *P < 0.05.

These results suggest that the Kv1.3 channel participated in the
fate decision during NPC differentiation.

Neurons Differentiated with Kv1.3 Blockade
Developed Greater Morphological Maturity

As time passes, newborn neurons derived from NPCs show more
mature morphology. The neurites become more extensive,
and the branch number of each neuron increases. Neuronal
morphology at days 5, 10, and 14 are shown in Figure 3A. To
quantify the degree of neuronal maturity, the branch number and
neurite length were calculated. The differentiated cells were
immunostained at Day 5. Both the total branch number and the
length of the longest neurite were measured for f-1II-tubulin-posi-
tive cells. With Psora-4 treatment (10 nM), the percentage of mul-
tiple-neurite neurons (more than two branches) was significantly
increased, from 66.5 + 10.0% to 75.9 + 10.8% (n =3, P < 0.01,
Figure 3B left). The average length of the longest neurite did not
change between the control group (53.5 &+ 5.3 pum) and the Psora-
4 group (n =4, 57.2 £ 3.5 pm, Figure 3B right). These results
indicate that Psora-4 could help newborn neurons to form a more
complicated neurite structure.

During neurogenesis, not all of the newborn cells can be incor-
porated into the nervous system. Most of the NPC offspring (espe-
cially neurons) fail to mature and instead undergo apoptosis

562 CNS Neuroscience & Therapeutics 21 (2015) 558-567

[24,25]. Cheyne et al. [26] found that the newborn neurons with
large somata and long dendrites tended to integrate into the neu-
ronal network. We observed cells at days 5, 10, and 14 using im-
munostaining for p-II-tubulin and GFAP antibodies.
immature-like neurons had short and sparse dendrites (Figure 3C,
white arrows), while some mature-like neurons had long and
extensive dendrites (orange arrows). Those mature-like neurons
were then manually counted. The percentage of mature-like neu-
rons was significantly increased by treatment with 10 nM Psora-4
(n =5, P<0.01 at Day 5, P < 0.05 at days 10 and 14, Figure 3D).
Similarly, MgTX (5 nM) significantly increased the percentage of
mature-like neurons from 0.17 £+ 0.03% t0 0.24 + 0.01% (n = 3,
P < 0.05, Figure 3E). These results indicate that selective blockade
of Kv1.3 could promote the maturation and integration of new-
born neurons during NPC differentiation.

Some

Psora-4 Promoted the Preliminary Functional
Maturation of NPC-Derived Neurons

To determine whether newborn neurons derived from NPCs could
develop the essential functions of neurons, we performed whole-
cell patch clamping (Figure 4B) and recorded the electrophysio-
logical activities of neurons in the absence (Figure 4A, left) and
the presence Psora-4 (10 nM) group (Figure 4A, right). Neurons
were identified first by their morphology and then by their ability

© 2015 John Wiley & Sons Ltd
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Figure 3 Newborn neurons derived from neural progenitor cells (NPCs) in the presence of Psora-4 (10 nM) developed more mature morphology. (A)
Immunocytochemistry images of NPC offspring with or without Psora-4 at days 5, 10, and 14. (B) Psora-4 influenced the morphology of newborn neurons.
Left, percentage of neurons with multiple neurites (n = 3). Right, average neurite length (n = 4). At least 150 neurons were measured using ImageJ in each
independent experiment. (C) Mature-like and immature-like neurons at Day 5 of NPC neuronal differentiation. (a) Low-power image of mature-like neurons
with long and extensive dendrites (orange arrow) and immature-like neurons with thin and sparse dendrites (white arrow). (b) High-power image of boxed
region in panel a. (c) Low-power image of neurons (green) and astrocytes (red). This shows the same field as the image in panel a. (d) High-power image of
the boxed region in panel c. (D) Psora-4 increased the percentage of mature neuron candidates at days 5, 10, and 14 in differentiation condition. (n = 5).
(E) MgTX (5 nM) increased the percentage of mature-like neurons at Day 5 (n = 3). ***P < 0.001, **P < 0.01, *P < 0.05.

to spike in response to depolarizing steps of current injection. In
current-clamp recordings, injection of step currents (—20 pA to 50
pA) induced multiple action potentials (APs) (Figure 4A b, f). We
also recorded continuous spontaneous APs from neurons in both
groups (Figure 4A a, e). Depolarizing voltage steps in voltage-
clamp mode elicited mature outward K* currents and inward Na*
currents (Figure 4A e, d, g, h). These results indicate that neurons

© 2015 John Wiley & Sons Ltd

differentiated either with or without Psora-4 could develop
mature electrophysiological functions.

To detect the mature time course of the electrophysiological
function of neurons, we manually selected three main periods
based on the progress toward neuronal maturity: days 5-10, days
13-16, and days 20-24. Representative experiments are shown in
Figure 5A. As time passed, neurons generated increasing outward

CNS Neuroscience & Therapeutics 21 (2015) 558-567 563
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Figure 4 Neuron-like cells differentiated with or without Psora-4 (10 nM) displayed mature electrophysiological characteristics. (A) Representative
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¢, d, g and h). (B) A microscopic image showing whole-cell patch-clamp recording of a neuron at Day 14.
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Figure 5 Newborn neurons derived from neural progenitor cells (NPCs) in the Psora-4 (10 nM) group developed more mature electrophysiological
properties. (A) Typical electrophysiological recordings from the three main differentiation periods (days 5-10, 1316 and 20-24). The left panel shows K*
and Na* currents, the middle panel shows induced action potentials (APs), and the right panel shows spontaneous APs. (B) Current-voltage relationships
for Na* current (Iya) at days 13-16 (left) and days 20-24 (right). The Iy, value at days 20-24 was significantly increased in the presence of Psora-4 (n = 19).
Ina Was measured as the peak inward current. (C) Psora-4 increased the percentage of neurons that fired induced continuous APs (ICAPs) and
spontaneous APs (SAPs) at days 20-24. (D) Neurons differentiated with Psora-4 developed more hyperpolarized rest membrane potentials (V,es) both at
days 13-16 (control n = 18, Psora-4 n = 17) and at days 20-24 (control n = 19, Psora-4 n = 18). *P < 0.05.
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K* and inward Na* currents (Figure 5A, left). In agreement with
these results, induced and spontaneous APs
frequency and gradually became more continuous (Figure 5A,
middle, right).

The electrophysiological properties of NPC-derived neurons
were quantified and compared between the control and Psora-4
(10 nM) groups. The influence of Psora-4 on neuronal function
increased obviously over time. In the early periods, little differ-
ence was recorded at days 5-10 (data not shown) and days 13-16
(shown as the Na* I-V curves, Figure 5B, left). In the late period,
days 20-24, the peak amplitude of Na* currents (at —20 mV) of
Psora-4 neurons (—518 + 97 pA, n = 19) was significantly larger
than those of control neurons (—398 + 92 pA, n =17, P < 0.05,
Figure 5B, right). However, there was little difference at the peak
amplitude of K* currents between the two groups (Table 2). These
results indicate that Psora-4 helps newborn neurons to develop
larger sodium currents, which mainly participated in the firing of
action potentials.

Consistent with the voltage-clamp recordings, current-clamp
data showed that neurons differentiated with Psora-4 (10 nM)
were more mature than control neurons. During the late period,
days 20-24, the percentage of neurons that fired induced continu-
ous APs (ICAPs) was significantly increased in the presence of
Psora-4, from 73.7 £ 7.0% (14 of 17 neurons) to 93.3 £ 6.7%
(18 of 19 neurons, P < 0.05, Figure 5C). Psora-4 also significantly
increased the percentage of neurons that fired spontaneous APs
(SAPs), from 26.7 £+ 13.8% (five of 17 neurons) to 54.7 £+ 8.7%
(10 of 19 neurons, P < 0.05, Figure 5C). Additional characteristics
such as AP peak value, AP frequency, and after-hyperpolarization
(AHP) amplitude were also calculated, and no significant differ-
ence was found (Table 2). These results suggest that neurons in
the presence of Psora-4 could develop more mature properties and
become functional earlier than control neurons.

increased in

Neurons differentiated in the presence of Psora-4 (10 nM)
exhibited more hyperpolarized resting membrane potentials
(Vrest), which is determined by the relative ionic concentrations
and permeabilities. During the early period, days 13-16, the aver-
age Vieq of neurons in the Psora-4 group was —67.4 £ 2.1 mV
(n = 17), which is significantly more hyperpolarized than the Ve
of the control group, —60.5 + 2.8 mV (n = 18, P < 0.05, Fig-
ure 5D). Neurons in the late period, days 20-24, also showed sig-
nificant differences, with a Vs, of —62.3 £+ 3.7 mV in the control

Kv1.3 Blocker Enhances NPC Differentiation

group (n =19) and a Vi, of —70.5 £ 5.0 mV in the Psora-4
group (n =18, P < 0.05, Figure 5D). These results suggest that
Psora-4 could help newborn neurons to generate a functional ion
channel distribution.

Discussion

The above results suggest that Kvl.3 blockers can promote
NPC neuronal differentiation and maturation. First, Psora-4, a
small-molecule selective blocker for Kv1.3, was found to increase
the differentiation efficiency of NPCs in a concentration-depen-
dent manner. Another Kv1.3 blocker, MgTX, was also found to
influence NPC neuronal differentiation. Then, shRNA targeting
Kv1.3 was used in NPCs as a parallel experiment, generating an
increased proportion of neurons, consistent with the Psora-4 and
MgTX results. Furthermore, Psora-4 was also found to contribute
to the morphological maturation of neurons. Finally, functional
analysis indicated that NPC-derived neurons that were differenti-
ated in the presence of Psora-4 developed greater electrophysio-
logical maturity.

Previous studies had shown that neurogenesis could be regu-
lated by different kinds of factors, including extrinsic molecules
[27,28], physical stimuli [29], and intracellular regulators [30].
However, the role of ion channels in NPC differentiation is still
poorly understood, although both the ion channel species and the
membrane potential of NPCs change during differentiation [31].
Our results demonstrate that selective blockade or silencing
Kvl.3, a voltage-gated potassium channel, promoted NPC neuro-
nal differentiation and maturation. Tetraethylammonium, a
broad-spectrum inhibitor of voltage-gated potassium channels
[32], was also tested, but it was cytotoxic to NPCs (data not
shown). Previously, Kv1.3 blockade was reported to inhibit the
proliferation of oligodendrocyte progenitor cells [14]. Because the
offspring of differentiating NPCs are mainly composed of neurons,
astrocytes, and oligodendrocytes, Kv1.3 blockade or silencing may
act in neurogenesis through the blockade of proliferation or differ-
entiation to oligodendrocytes. The cellular mechanism by which
inhibition of Kvl.3 promotes NPC neuronal differentiation
requires further study.

Because of their capacity for self-renewal and differentiation,
NPCs represent a promising approach for achieving CNS tissue
repair in neurodegenerative diseases such as MS, a chronic

Table 2 Electrophysiological properties of neurons recorded at days 1316 and days 20-24

Days 13-16 Days 20-24

Control Psora-4 10 nM Control Psora-4 10 nM
Neurons (n) 16 17 19 18
Ina (NA) —0.441 + 0.172 —0.380 + 0.123 —0.657 4+ 0.206 —0.898 + 0.216*
I (NA) 1.76 + 0.22 1.71 £ 0.28 1.81 + 0.18 211 +£0.27
Vyest (MV) —60.5 + 2.8 —67.4 + 2.1* —623 £ 37 —70.5 & 5.0%
AP peak (mV) 46.9 + 8.7 549 +£ 5.6 57.7 £ 9.3 635 + 7.6
AHP (mV) —147 +£ 3.8 —143 +£ 28 —11.0 £ 0.8 —11.6 £ 2.4
Induced AP frequency (Hz) 35.9 +£ 3.9 30.4 + 0.9 27.0 £ 3.6 251 £ 1.7

Ina Was measured as peak inward current, and I, was measured as peak outward current. Action potential (AP) peak and after-hyperpolarization (AHP)
values were measured in the first action potential of the spike train. Induced AP frequency was measured on those neurons that fired induced contin-

uous APs. *P < 0.05.

© 2015 John Wiley & Sons Ltd
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inflammatory multifocal demyelinating disorder [6]. However,
the clinical application of NPC engraftment has been limited by
challenges such as poor cell sources and low differentiation
efficiency. As a potential treatment for MS, Kvl1.3 blockers were
reported to ameliorate disease in animal models of MS [11]. In this
study, we report that Psora-4, a selective molecular blocker of
Kv1.3 channels, promotes neuronal differentiation and matura-
tion of NPCs. Our studies partially explain the underlying mecha-
nism of Kvl1.3 blockade-based MS therapy at the cellular level.
Increasing the activity of NPCs to an appropriate degree, instead of
NPCs transplantation, may represent a novel treatment for CNS
disorders. In this study, fetal mice NPCs were used for reasons of
cell feasibility and quantity. To address the age factor in demyelin-
ating diseases, our next research step would focus on applying
Psora-4 to adult NPCs in vivo and in vitro.

Psora-4 is a derivative of 5-methoxypsoralen that binds to a
water-filled cavity below the selectivity filter of Kv1.3 [33]. Psora-
4 can be synthesized simply, and it causes little acute toxicity to
cells [22]. Our results show that 10 nM Psora-4 increased the NPC
neuronal differentiation efficiency and promoted newborn neu-
rons to develop mature functions. Neurons derived from NPCs in
the presence of Psora-4 had normal electrophysiological activities
(Figure 4). The AP properties (including AP peak value, AHP, and
AP frequency) of neurons in the Psora-4 group were not obviously
different from those of the control group (Table 2). Thus, Psora-4
has a bright prospect for further understanding NPC activity and
for clinical therapies for MS. Liebau et al. [34] reported those Kv1
ion channel subfamily, included Kv1.1, Kv1.2, Kv1.3, and Kv1.4,
expressed in NPCs. In our present study, Psora-4 at a higher
concentration (50 nM) produced a more negative effect. This may
be because the higher concentration of Psora-4 blocked other Kv1
channels such as Kv1.2, thus causing changes in membrane osmotic
pressure and cytotoxicity [22].

During development and also in the adult brain, only a subset
of newborn neurons derived from NSCs integrate into the cir-
cuitry, and most of these neurons undergo death at immature
stages [25]. Until now, however, the survival and maturation of
newborn neurons were hard to evaluate through biochemical
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methods because of the lack of a convincing cell marker. In this
study, we detected the maturation of newborn neurons through
the quantification of morphology and electrophysiology. Our
results indicated that NSCs in the presence of Psora-4 (10 nM)
generated more mature neurons, showing increased maturity
both morphologically and electrophysiologically. Previous studies
reported that Kv1.3 blockade promoted neurotransmitter release
and caused cell membrane depolarization [35]. The cell mem-
brane depolarization would lead to the activation of voltage-gated
Ca** channels which had been reported to play a functional role
during the early neuron development [36]. Thus, Kv1.3 inhibitors
may promote the maturation of newborn neurons by increasing
intracellular Ca®* concentration. However, because low func-
tional Ca?* currents were recorded in nestin-positive NPCs, the
voltage-gated Ca** channel should not participate in neuronal fate
determination [37,38].

In conclusion, we first uncovered that selective blockade of
Kvl1.3 ion channel could promote NPC neuronal differentiation
and maturation. Our results partially explain the therapeutic
mechanisms by which Kv1.3 blockers have been used to treat
neurological diseases such as MS. Furthermore, the small-mole-
cule selective Kv1.3 blocker Psora-4 has the potential to be devel-
oped into a clinical treatment for MS. However, more intensive
studies are still needed. Applying Psora-4 to MS animal models
in vivo will be the next step in our research.
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