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Expansion of the GGGGCC hexanucleotide repeat in the chromosome 9 open reading
frame 72 (C907f72) gene is the most common genetic cause of amyotrophic lateral scle-
rosis (ALS). As in other forms of ALS, selective hyperexcitability of the motor cortex
has been implicated as a cause of the motor neuron death in C90rf72-associated ALS.
Here, we show that proline-arginine (PR) poly-dipeptides generated from C9orf/2
repeat expansions increase the intrinsic excitability in pyramidal neurons of the motor
cortex but not in the principal neurons of the visual cortex, somatosensory cortex, or
hippocampus. We further show that this effect is attributable to PR-induced enhance-
ment of the persistent sodium current primarily through an Navl.2-$1-$4 complex.
Reconstitution assays reveal that an auxiliary subunit, f4, plays a crucial role in the
PR-mediated modulation of human Nav1.2 channel activity. Moreover, compared with
the visual cortex, binding of PR poly-dipeptide to Navl.2 is stronger in the motor cor-
tex, where B4 is highly expressed. Taken together, these studies suggest a cellular mech-
anism underlying cortical hyperexcitability in C907f72 ALS by providing evidence that
PR poly-dipeptides induce hyperexcitability in cortical motor neurons by modulating
the Navl.2 channel complex.
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Expansion of the GGGGCC hexanucleotide repeat in the first intron of the chromosome
9 open reading frame 72 (C907f72) gene is implicated in most cases of familial amyotro-
phic lateral sclerosis (ALS), as well as in ~10% of instances of sporadic ALS (1, 2). Three
main mechanisms have been proposed to underlie the pathogenesis of C9orf/2-associated
ALS. One involves the presence of a large GGGGCC repeat expansion that would lead to
the down-regulation of C90rf72 gene expression and the loss of its normal cellular func-
tion (3). Another is associated with the accumulation of sense G4C2 and antisense G2C4
repeat—containing RNA, which could lead to the creation of toxic nuclear aggregates,
resulting in the sequestration of essential RNA binding proteins, including splicing factors,
with consequential defects in pre-messenger RNA (mRNA) splicing (4). In the last, one
or more of the poly-dipeptides generated via repeat-associated non-ATG-initiated transla-
tion, also termed RAN translation, are proposed to be toxic to nerve cells (5, 6). This
unconventional translation results in the production of five different poly-dipeptides
depending on reading frames, namely poly-glycine—alanine, poly-glycine—proline, poly-
GR (glycine-arginine), poly-proline-alanine, and poly-PR (proline-arginine) (7—13). Sev-
eral studies have reported that poly-PR and poly-GR peptides exert toxicity via broad
impediments to RNA biogenesis (5-7) and cellular organization (14). Specifically, the
application of synthetic poly-PR peptides to human astrocytes induces the same missplic-
ing of the glutamate transporter EAAT2 transcript as that found in C90rf72 ALS patients
(5, 15). Decreased EAAT?2 levels and reduced glutamate reuptake from the synaptic cleft
have been hypothesized to cause glutamate-mediated excitotoxicity in ALS patients (16).
However, no study to date has linked repeat expansion to the selective vulnerability of
motor neurons, suggesting that the repeat expansion in C907f72 triggers additional and as
yet unidentified pathogenic events.

Motor cortex (M1) hyperexcitability has been established as an early and prominent
feature in C90rf72 ALS patients (17-19). Recent studies have shown that cortical
hyperexcitability could be useful as a diagnostic biomarker for ALS, particularly at an
early stage of the disease (16). Interestingly, this cortical hyperexcitability precedes the
onset of motor symptoms (16, 20), which suggests that it is involved in ALS pathogen-
esis rather than simply acting as a marker of the disease. In vitro studies using human-
induced pluripotent stem cell-derived motor neurons harboring C907f72 mutations
confirmed that hyperexcitability onset occurs before any overt changes in cell viability,
implying that it contributes to the earliest events that ultimately lead to irreversible
neurodegeneration in C90rf72 ALS patients (21). Nevertheless, the pathophysiological
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mechanism by which the C97f72 repeat expansion leads to
cortical hyperexcitability remains unknown.

Because hyperexcitable neurons are vulnerable to glutamate
toxicity (16, 20), we hypothesized that toxic poly-dipeptides
produced from the C907f72 mutation might trigger hyperexcit-
ability selectively in motor neurons. To test this, we introduced
synthetic PR poly-dipeptides into different types of neurons in
acute brain slices while undertaking patch-clamp recordings of
neuronal activity. This allowed us to track dynamic changes in
electrical activity in living cells upon poly-dipeptide applica-
tion, identify neuron subtypes with distinct electrophysiological
characteristics, and ascertain the toxic effects exerted by poly-
dipeptides produced from C9o0rf72 repeat expansion. We found
that the C90rf72-derived poly-dipeptides induced hyperexcit-
ability in motor neurons by binding to, and hyperactivating, a
voltage-gated sodium channel (Nav) Navl.2. The sensitivity of
Navl.2 to the poly-dipeptides was mediated through an auxil-
iary P4-subunit that is highly expressed in the M1. Together,
these data reveal a possible cellular mechanism underlying how
C90rf72 repeats induce hyperexcitability in motor neurons in
the brain, an effect that might initiate a process of selective
motor neuron death in C90rf72 ALS patients.

Results

The proline-arginine (PR), Poly-Dipeptides Induced Hyperex-
citability in Cortical Motor Neurons. To examine the direct
action of soluble PR poly-dipeptides on neurons of acute brain
slices, we prepared synthetic peptide containing 20 repeats of
the PR sequence (PRyg) as previously described (5). The syn-
thesized PR, peptide was soluble in both standard artificial
cerebrospinal fluid (aCSF) and the internal pipette solution
(Materials and Methods) up to a concentration of 1 uM. To
mimic the endogenously generated PR poly-dipeptide, we first
injected different concentrations of the PR,y peptide into the
cytosol of layer 5 (L5) pyramidal cells (PCs) of the primary
M1—cortical motor neurons through a patch pipette, while neu-
ronal activity was evaluated using current-clamp recordings in
the presence of synaptic transmission blockers (Materials and
Methods). As shown in SI Appendix, Fig. S1 A-F, the applica-
tion of the PR,y peptide induced a marked and dose-
dependent increase in action potential (AP) firing evoked by
depolarizing current steps in M1 motor neurons, reaching a
steady state within 3 min after patch break-in. Because the
PRy peptide can easily enter cells (5), we also determined the
suitability of applying the PR, peptide to the bath solution (or
aCSF). We found that extracellular application of PR;,q induced
hyperexcitability in M1 motor neurons in the presence of syn-
aptic transmission blockers, reaching a steady state usually
within 15 min, which was as effective as that seen with intracel-
lular application (S/ Appendix, Fig. S1 G and H). To validate
the entry of bath-applied PR,y into the motor neurons, we
used recombinant proteins of green fluorescent protein (GFP)-
linked PRy (GFP:PRyg). As shown in SI Appendix, Fig. S2,
100 nM bath-applied GFP:PR;,q entered the motor neurons
and induced neuronal hyperexcitability indistinguishable from
synthetic PRy peptide, while GFP alone did not show any
effects. Thus, we used bath application of PRy at the 100-nM
level for 20 min to determine the capacity of the PRy, peptide
to induce increases in intrinsic neuronal excitability in various
brain regions in the presence of synaptic blockers.

As demonstrated in Fig. 1 Aand B, in addition to an upward
shift in the firing frequency—input current (F-I) curve, L5
motor neurons of M1 also displayed a large reduction in the
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minimum current required for generating APs (rheobase), a
decrease in the threshold potential, and an increase in the input
resistance (R;,,) in response to 100 nM PRy treatment, indicat-
ing that PR,y increases the intrinsic excitability of motor
neurons, possibly by facilitating AP initation. In contrast, at
100 nM, PR,y did not induce hyperexcitability in principal
neurons of other brain regions, including L5 PCs of the pri-
mary visual cortex (V1) (Fig. 1 Cand D), L5 PCs of the pri-
mary somatosensory cortex (S1) (Fig. 1 £ and F), and granule
cells (GCs) of the hippocampal dentate gyrus (Fig. 1 G and H).
In hippocampal GCs, PRy rather decreased firing rates at high
current injection levels without affecting the resting membrane
potential (RMP), rheobase, threshold potential, or R;,. Further
detailed analysis showed that this reduced excitability was
accompanied by a reduction in fast after-hyperpolarization
(fAHP) (SI Appendix, Fig. S3), implying that reduced after-
hyperpolarization may contribute to a PRyp-induced decrease
in neuronal excitability in hippocampal GCs. As shown in S/
Appendix, Fig. S4, PCs in layer 3 (L3) of M1 did not respond
to 100 nM PRyg. Together, these data suggested that the PRy
peptide induces hyperexcitability in L5 cortical motor neurons,
while principal neurons in V1, S1, and hippocampus are spared
from PRyp-induced hyperactivation.

As GR poly-dipeptides, encoded by the sense transcript, as well
as PR poly-dipeptides, encoded by the antisense transcript, con-
tribute cellular toxicity (5, 6), we sought to examine the effects of
synthetic peptide containing 20 repeats of the GR sequence
(GRy0) on neuronal excitability. Like PRyo peptide, an intracellu-
lar application of GRyy peptide at the 100-nM level induced
hyperexcitability in motor neurons, possibly via modulation of AP
initiation, while having no effect or inhibitory effect on principal
neurons in V1, 81, and hippocampal dentate gyrus (SI Appendix;
Fig. S5). Together, these data suggest that both PRyy and GRyg
peptides induce hyperexcitability in mouse M1 motor neurons.

PRo-Induced Motor Neuron Hyperexcitability Was Attributable
to a Persistent Sodium Current. Next, we sought to investigate
the mechanism underlying the PR,p-mediated motor neuron
hyperexcitability. That PR,y peptide application facilitated AP
firing in cortical motor neurons suggested that PR,, might mod-
ulate one of the subthreshold-activating currents that are respon-
sible for the AP threshold and AP initiation. There are four major
types of subthreshold currents known in central neurons: the H
current (I) conducted by hyperpolarization-activated cyclic
nucleotide-gated channels,; the small conductance Ca**-activated
K* (SK) current conducted by SK channels; the M current (Iyy)
carried by KCNQ channels; and In,p, the persistent sodium cur-
rent conducted by Nav channels (22, 23). To identify which
subthreshold-activating current mediated the effect of PRy, we
analyzed AP firing in cortical motor neurons following the bath
application of PRy in the presence of pharmacological inhibitors
of the different subthreshold currents. For this, acute M1 slices
were pretreated with each inhibitor individually for 10 min fol-
lowed by PR, peptide treatment (100 nM, 20 min) while patch-
clamp recordings of neuronal activity were undertaken.
Incubation with a specific inhibitor of the SK current (apa-
min) or Iy, current (ZD7288) did not result in any inhibitory
effects on PR,p-induced changes in AP firing (Fig. 2 A and C)
or biophysical properties of the cells (Fig. 2 B and D). The
KCNQ channel blocker, XE991, prevented an increase in R,
(Fig. 2F, graph 4). Nevertheless, even in the presence of
XE991, PR,y treatment effectively increased AP firing with
concomitant decreases in the rheobase and threshold potential

(Fig. 2 E and F), similar to that observed with PR,g in the
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The PRyo poly-dipeptide selectively induces hyperexcitability in cortical motor neurons. Changes in AP firing (A, C, E, and G) and intrinsic neuronal

biophysical properties (B, D, F, and H) of PCs in primary M1 (A and B; n = 11 and 4 mice, respectively), PCs in primary V1 (C and D; n = 6 and 3 mice, respec-
tively), PCs in primary S1 (€ and F; n = 5 and 2 mice, respectively), or GCs in hippocampal dentate gyrus (G and H; n = 8 and 2 mice, respectively) were ana-
lyzed upon bath application of PRy (100 nM for 20 min). (A, C, E, and G) APs were evoked by 1-s depolarizing current steps during current-clamp recordings.
(Left) Representative traces before (black) and after (red) PRyo treatment. (Right) Summary plots of the AP frequency vs. injected current (F-1) curve. (B, D, F,
and H) Summary graphs of RMP, rheobase, threshold potential, and Rin. NS indicates not significantly different (paired Student's t test). All data are mean +

SEM. **P < 0.01; ***P < 0.001.

absence of XE991 (Fig. 1 A and B). This indicated that the Iy
contributes only minimally to PRyg-induced hyperexcitability.
In contrast, as shown in Fig. 2 G and H, the increases in AP fir-
ing, decreases in rheobase and threshold potential, and increases
in R;, induced by PR,y were almost completely suppressed
when the slices were preincubated for 10 min with a 10-uM
concentration of riluzole, a specific In,p inhibitor (18, 24).
Consistent with the notion that these four conductances are
active at rest (i.e., at subthreshold potentials), all the inhibitors
altered the intrinsic excitability of motor neurons under control
conditions. Together, these results indicated that the increased
excitability induced by the PRy, peptide in cortical motor neu-
rons is largely attributable to an abnormal Inp.

PR, Specifically Increased Iy,p in Cortical Motor Neurons.
Having observed that the effect of PR,y was blocked by the
Inap-specific inhibitor, we then investigated whether PRy can
specifically regulate In,p in cortical motor neurons. For this,
changes in In,p in cortical motor neurons following bath appli-
cation of PR,y were measured using voltage-clamp recordings,
employing Cs*-based pipette solutions to inhibit K* currents.

PNAS 2022 Vol.119 No.11 2113813119

To eliminate synaptic inputs, a mixture of synaptic blockers
was added to the bath recording solutions (Materials and Meth-
ods). As shown in Fig. 3 A, Left, a slow (60-mV/s) depolarizing
voltage ramp from —60 to 0 mV at a holding potential of —70
mV (25, 26) elicited an inward current at the range of Inp
activation under control conditions, starting at potentials
slightly lower than —60 mV (the black line). The addition of
100 nM PRy to the control bath solution induced a significant
increase in the inward current (the red line in Fig. 3 A, Lefd),
an effect that was completely blocked by the subsequent appli-
cation of the sodium channel blocker tetrodotoxin (TTX; 1
MUM) (the gray line in Fig. 3 A, Lefd), indicating that the inward
current recorded using this protocol indeed represented In.p.
Moreover, analysis on TTX-subtracted current traces indicated
that PR, treatment clearly increased In,p magnitude (Fig. 3 4,
Right). Current—voltage (I-V) curves showed that PRy, treat-
ment at 100 nM significantly increased the mean Iy,p ampli-
tude without altering the shape of the curve (Fig. 3 B, Lefd).
When analyzed at —20 mV, the average In,p amplitude was
increased from —1.5 + 0.3 pA/pF (black) to —4.0 + 0.8 pA/
pF (red) with PRyq application (2 = 5, P < 0.05) (Fig. 3 B,
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Fig. 2. PRyo-induced motor neuron hyperexcitability is attributable to a persistent Na* current. Effects of different ion channel blockers on PRy-induced AP
firing (A, C, E, and G) and intrinsic neuronal biophysical properties (B, D, f, and H) in M1 motor neurons preincubated with bath-applied 100 nM apamin (A
and B; n = 5 and 2 mice, respectively), 10 uM ZD7288 (C and D; n = 6 and 4 mice, respectively), 50 pM XE991 (E and F, n = 7 and 5 mice, respectively), or 10
pM riluzole (G and H; n = 8 and 3 mice, respectively). In A, C, E, and G, Left shows representative traces, and Right shows averaged F-I curves (from +50 to
+350 pA; 1-s, 50-pA increments). White circles indicate control, black circles indicate blocker, and red circles indicate blocker plus PRyo. In C, AP frequency is
shown before (open red circles) and after (closed red circles) the compensation for the ZD7288-induced hyperpolarization. (B, D, f, and H) Summary graphs
showing changes in RMP, rheobase, threshold potential, and Rin recorded from motor neurons before (white) and after (black) 10 min of pretreatment of
chemical blockers and subsequent application of 100 nM PRy (red). D shows the values obtained before (striped red) and after (solid red) the cell was held
at —74 mV by holding current adjustment during application of ZD7288 + PR,,. All data are mean + SEM. NS indicates not significantly different. *P < 0.05
vs. control; **P < 0.01 vs. control; *P < 0.05 vs. each channel blocker in the same group (paired Student's t test); **P < 0.01; **#P < 0.001 vs. each channel

blocker in the same group (paired Student's ¢ test).

Right). The voltage dependence of activation for In,p was unal-
tered (n =5, P> 0.05) (Fig. 3C). The effects of PRyy on Inp
in the motor neuron were further validated by using a step pro-
tocol. When the mean residual currents during 480 to 500 ms
of the 500-ms voltage steps from —70 to 0 mV from a holding
potential of —70 mV were calculated as Inp (27), 100 nM
PR, increased Iny,p density without altering resurgent Na* cur-
rents (SI Appendix, Fig. S6). Inap was corrected for each indi-
vidual trace by subtracting current recorded in the presence of
TTX (1 uM).

That XE991 exerted a suppressive effect on the PRyg-induced
increase in R;, implied that a decrease in Iy; contributed to this
increase. Given that the PR,y-induced increase in R;, was also
inhibited by riluzole treatment (Fig. 2A), it is likely that the
PRyg-mediated inhibition of Iy might be secondary to the
increase in Ingp. To test this idea, we employed whole-cell voltage
clamp to isolate I using the classical Iy protocol (28) in the pres-
ence of Na* channel and synaptic blockers but not KCNQ/M

https://doi.org/10.1073/pnas.2113813119

channel blockers (Materials and Methods). When Iy amplitude
was measured as the amplitude of the characteristic slow relaxa-
tion (tail current) evoked by a voltage step from —20 to —40 mV,
bath application of 100 nM PR,y did not alter XE991-sensitive
In amplitude (z = 7, P> 0.05) (S Appendix, Fig. S7). These
data showed that PRy had no direct effect on Iy, implying that
the PRyp-mediated inhibition of I was a secondary consequence
of increasing In,p. This is consistent with previous studies that
Nav and KCNQ/M channels colocalize within the axon initial
segment (AIS) and counteract each other to set neuronal excit-
ability (29, 30). Combined, these findings indicated that PR,
specifically increases In,p in cortical motor neurons.

PRo-Induced Hyperexcitability Was Mediated by In,p Conducted
via the Nav1.2-81-p4 Complex. We then sought to determine
the mechanism undetlying the PRyy-promoted enhancement of
Inap in cortical motor neurons. Navs are multimeric complexes
composed of a pore-forming a-subunit and auxiliary B-subunits

pnas.org
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Fig. 3. PRy increases Iyap in cortical motor neurons. (A) Iyap evoked by a
depolarizing voltage ramp (Upper) before (black) and after (red) 10 min of
the application of 100 nM PRy followed by 1 pM TTX (gray). TTX-sensitive
currents were obtained by subtraction. (B) I-V relationships of Inap (Left)
and a summary graph at —20 mV (Right) before (black) and after (red) PRy
application (n = 5 and 3 mice, respectively). (C) Steady-state activation
curves of Inap (Left) and summary for half-activation voltage Vi, (Right)
before (black) and after (red) PRy application (n = 5 and 3 mice, respec-
tively). All data are mean + SEM. NS indicates not significantly different. *P
< 0.05 (paired Student’s ¢ test). pA, pico ampere; pF, picofarad.

(31, 32). Navl.2 and Navl.6 are two predominant forms of the
nine known mammalian &-subunits in excitatory pyramidal neu-
rons in the cerebral cortex and may cooperate in the initiation
and propagation of APs (33). In the mammalian brain, the p1-,
B2-, and P4-subunits predominate in postnatal development,
showing distinct spatiotemporal expression patterns, whereas p3
is highly expressed during embryonic development (32, 34). In
the previous studies, antibodies specifically targeting ion channels
have been used as channel blockers and developed as potential
therapeutics in neurological diseases as well as cancer (35-37).
Thus, to identify the Nav isoforms responsible for PR-induced

hyperexcitability in motor neurons, we microinjected antibodies
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targeting each isoform into motor neurons using intracellular per-
fusion through a patch pipette. After patch break-in, 15 min was
allowed for dialysis of the Nav antibodies, and then, PR, was
bath applied. Series resistance (Rs) was monitored during the
recording, and cells were discarded when the Rs had changed by
>20% compared with the baseline value. Rabbit immunoglobu-
lin G (IgG) was used as a negative control for the ability of Nav
antibodies to block the effects of the PR,y peptide and was
applied to motor neurons at the same concentration as that used
for the Nav antibodies (0.4 pg/mL). In the presence of control
IgG, PRy increased Inp density at —20 mV by 127.9 + 37.2%
(n =5) (Fig. 44), which was indistinguishable from that in cells
without IgG (155.5 & 48%, n =5, P> 0.05). We observed that
a PRyp-induced increase in In,p was blocked by anti-Nav1.2 anti-
bodies (—12.2 + 14.4%, n= 7, P < 0.01 vs. IgG) but not anti-
Nav1.6 antibodies (73.2 + 33.1%, n = 5, P > 0.05 vs. IgG)
(Fig. 44). We also individually applied anti-f1, -p2, and -p4 anti-
bodies through a patch pipette. Antibodies against B1 or p4 effec-
tively suppressed PRyg-induced increases in Inp (Bl: 2.7 =+
4.8%, n=>5, P< 0.05 vs. IgG; p4: —1.6 = 12.0%, n=6, P <
0.01 vs. IgG), whereas anti-f2 antibodies did not (73.0 +
19.3%, n =3, P> 0.05 vs. IgG) (Fig. 44). These data suggested
that the antibodies against Nav1.2, f1, and 4 specifically inter-
fered with the PR,¢-mediated effects on In,p in cortical motor
neurons. We confirmed that all the antibodies tested were specific
to the given Nav subunits (57 Appendix, Fig. S8).

To examine whether anti-Nav antibodies can also block
PRyo-induced hyperexcitability, we delivered Nav-targeting
antibodies into motor neurons as described above. In the pres-
ence of control IgG, PRy effectively induced hyperexcitability
with concomitant changes in the biophysical properties of the
neurons, similar to that observed in cells treated with PRy,
only (Fig. 4B and S Appendix, Fig. S9A). As shown in Fig. 4
C-G and SI Appendix, Fig. S9 B—F, antibodies against Nav1.2,
B1, or P4, but not Navl.6 or P2, prevented PRjp-induced
increases in firing rates and all the PRyp-induced changes in
biophysical properties. These data showed a pattern of signifi-
cant concordance between the ability of anti-Nav antibodies to
block PRyp-induced In,p and their ability to block PRyo-
induced hyperexcitability, indicating that anti-Nav1.2, -f1, and
-p4 antibodies inhibited hyperexcitability by blocking Inp. Of
note, all the anti-Nav antibodies tested here did not affect AP
firing of motor neurons under control condition (S/ Appendix,
Fig. S10), which is consistent with previous observations that
antibodies targeting intracellular segments between domains I
and II or II and III of Nav a-subunit do not interrupt channel
function recorded by the patch-clamp technique (38, 39).
Given that one a-subunit is generally associated with two
f-subunits in vivo, one through a noncovalent bond (B1 or p3)
and the other via a covalent bond (B2 or p4) (31, 32), these
data suggested a possibility that PR might induce hyperexcit-
ability by modulating an Nav1.2-f1-p4 complex in cortical
motor neurons.

p4 Was Critical for the PRy,-Mediated Modulation of Nav1.2
Channels. To further test this hypothesis, we performed recon-
stitution assays in HEK-293T cells using two of the human
a-subunits (hNav1.2 and hNav1.6) and three of the human
B-subunits (hf1, hp2, and hp4). We first determined the effects
of the PR, peptide on hNal.2 channels coexpressed with a
combination of either Discosoma red (DsRed)-linked hf1
(hp1:DsRed) and GFP-linked hp2 (hf2:GFP) or hp1:DsRed
and GFP-linked hp4 (hp4:GFP). We found that PR, did not
affect the channel activity of hNavl.2 a-subunits alone or the
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Fig. 4. Both Iy,p and hyperexcitability induced by PR,q are blocked by antibodies targeting Nav1.2, 1, and p4. (A) A percentage increase graph for changes
in Inap at —20 mV of cortical motor neurons by PRyo treatment (100 nM, 20 min) in the presence of the control IgG or Nav antibodies as indicated. Iy.p Was
evoked by a depolarizing voltage ramp (—60 to 0 mV, 60 mV/s). All data are mean + SEM. IgG: n = 5 and 2 mice. Nav1.2: n = 7 and 4 mice. Nav1.6: n =5 and
2 mice. B1: n =5 and 2 mice. p2: n = 3 and 2 mice. p4: n = 6 and 3 mice. Numbers of cells/mice analyzed are shown in parentheses. NS indicates not signifi-
cantly different. *P < 0.05 vs. cells with control IgG (Student’s t test); **P < 0.01 vs. cells with control IgG (Student’s t test). (B-G) Effects PRyo on AP firing in
IgG-injected (B; n = 7 and 2 mice), anti-Nav1.2 antibody-injected (C; n = 5 and 2 mice), anti-Nav1.6 antibody-injected (D; n = 6 and 2 mice), anti-p1
antibody-injected (£; n = 5 and 3 mice), anti-p2 antibody-injected (F; n = 4 and 2 mice), and anti-p4 antibody-injected (G; n = 7 and 3 mice) motor neurons.
(Left) Representative AP traces in response to 250-pA current injection (1-s duration) before (black) and after (red) PR,o treatment (100 nM, 20 min). (Right)
Averaged F-I curve (from +50 to +350 pA; 1-s, 50-pA increments) before (black) and after (red) PRy, treatment (100 nM, 20 min). All data are mean + SEM. *P
< 0.05 vs. before PRy treatment in the same group (paired Student's t test); **P < 0.01 vs. before PRy treatment in the same group (paired Student's
t test); ***P < 0.001 vs. before PR, treatment in the same group (paired Student's ¢ test).

hNal.2 in the presence of hfl:DsRed and hP2:GFP, as
observed in the I-V relationship and the steady-state activation
relationship (Fig. 54, Table 1, and S7 Appendix, Fig. S11 A-C).
When hf1:DsRed and hp4:GFP were present, however, PRy
administration significantly increased hNav1.2 channel activity
with a left shift in the activation curve (Fig. 5B, Table 1, and
SI Appendix, Fig. S11D). In contrast, PRy treatment did not
affect Navl.6 channel activity in the presence of either
B-subunit combination (Fig. 5 C and D, Table 1, and S/
Appendix, Fig. S11 E and F). These results were consistent with
the idea that the Nav1.2-f1-p4 complex mediates the effects of
PRyo. In further dissecting the role of p-subunits in mediating
PRy effects, each of the three f-subunits was coexpressed with

https://doi.org/10.1073/pnas.2113813119

hNavl.2, and the transfected cells were subjected to the
voltage-clamp recording upon PRy, application. As shown in
Fig. 5 E-G, coexpression of hpf4:GFP alone was enough for
hNavl1.2 to be aberrantly modulated by PR,4, while hNav1.2
channel activity was not increased by PR,y when coexpressed
with either the hPpI1:GFP or hp2:GFP subunit. The voltage
dependence of steady-state activation for each condition is ana-
lyzed in Table 1 and S7 Appendix, Fig. S11 G-I

A previous study has shown that substitution of the cysteine
58 of hp4, which is required for forming a disulfide bond with
CI10 in the Navl.2 channel, to alanine (C58A) disrupts the
pharmacological properties of Navl.2 without affecting the
folding or membrane trafficking of the protein (40). Thus, to
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Fig. 5. B4 is critical for the PRyo-mediated modulation of Nav1.2 channels. (A-/) Effects of PRy, peptide on I-V relationships of the hNav1.2 channel coex-
pressed with 1 and p2 (A), the hNav1.2 channel coexpressed with g1 and p4 (B), the hNav1.6 channel coexpressed with 1 and p2 (C), the hNav1.6 channel
coexpressed with p1 and p4 (D), the hNav1.2 channel coexpressed with p1 (E), the hNav1.2 channel coexpressed with p2 (F), the hNav1.2 channel coex-
pressed with p4 (G), the hNav1.2 channel coexpressed with the p4 C58A mutant (H), the hNav1.2 channel coexpressed with the p1 and p4 C58A mutant (/),
and the hNav1.5 channel coexpressed with p4 (/) in HEK-293T cells. Currents were elicited from a Vi, of —120 mV to test potentials ranging from —60 to +20
mV in 5-mV increments. Black circles indicate control; red circles indicate 150 s after PRyo application. All data are mean + SEM. *P < 0.05 vs. control in the
same group (Student’s t test); **P < 0.01 vs. control in the same group (Student's t test). (K) Western blotting images showing the expression profiles of
Nav1.2, 1, 2, and g4 in V1, M1, or hippocampus. Quantification of the band intensity was performed using ImageJ (NIH). One-way ANOVA was used to eval-
uate statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001. (L) Interactions between bath-applied GFP-linked PR, with a C-terminal HA tag (GFP:PRyo-
HA) and Nav subunits (Nav1.2, p1, p2, and p4) in visual or motor cortices were assessed by pull-down assay using HA magnetic beads. Hippo, hippocampus;
MC, M1; VC, V1; HA, hemagglutinin; IP; immunoprecipitation; pA, pico ampere; pF, picofarad.

assess whether the coupling of hp4 to hNavl.2 is critical for
Navl.2 sensitivity to PRyo, we analyzed the effect of PR, on
hNavl.2 in the presence of hp4-C58A linked to GFP (hp4-
C58A:GFP). As shown in Fig. 5 H and I, PRy, failed to
increase the activity of the hNav1.2 channel coexpressed with
hp4-C58A:GFP alone (Fig. 5H) or hp4-C58A:GFP together
with hf1:DsRed (Fig. 51), suggesting that the f4-subunit plays
a key role in the PRyg-mediated modulation of Navl.2. The
voltage dependence of steady-state activation for each condition
is analyzed in Table 1 and S/ Appendix, Fig. S11 Jand K. The
p4-subunit is also highly expressed in the heart where Nav1.5 is
the major a-subunit (34). However, the activity of hNavl.5
coexpressed with hp4:GFP in HEK-293T cells was not modu-
lated by PR, application (Fig. 5/, Table 1, and SI Appendix,

PNAS 2022 Vol.119 No.11 2113813119

Fig. S1171). Even though the motor neuron excitability was
assessed in the presence of the synaptic blockers to prevent the
input from other cells, including the interneurons, we further
examined the effects of PR peptide on Navl.1, a major sodium
channel in interneurons (41). As shown in S/ Appendix, Fig.
S12, the activity of hNavl.1 coexpressed with or without hp4:
GFP in HEK-293T cells was unaffected by PRy application.
Together, these data suggest that the effect of PRy is specific to
neuronal subtype, Nav1.2 in combination with p4.

Supporting these observations, western blotting analysis
across brain regions revealed that P4 exhibited a more than
threefold higher expression profile in M1 than in V1 or hippo-
campus (Fig. 5K). Navl.2 expression was slightly lower in M1
and hippocampus than in V1. Expression levels of p1 and p2
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Table 1. Parameters obtained from steady-state activation curve fittings with Boltzmann function

Control

Vi (MV)

Nav1.2 + p1+ p2
Nav1.2 + B1+ p4
Nav1.6 + p1+ p2
Nav1.6 + p1+ p4

—-226+3.4(n=05)
—-17.8 £ 3.2 (n=4)
-11.3+£07((n=05)
-199+20((n=5)

Nav1.2 + B1 -21.7+34(n=06)
Nav1.2 + p2
Nav1.2 + p4 —-275+03(n=26)

Nav1.2 + p4 C58A
Nav1.2 + p1 + p4 C58A

—258+22(nh=75)

(

(

(

(

(

214+ 33 (n=4)

(

(

~135+ 1.8 (n = 4)
(

Nav1.5 + p4 —-36.3+ 1.9 (n=4)
Nav1.2 -13.4+£ 0.5
Nav1.1 -11.3+0.5
Nav1.1+ p4 -19.1+04

PR2o
k V1/2 (mV) k
5.4+ 05 —232+24 6.6 + 0.5
6.0+14 —28.0 + 2.1* 46 + 0.6
50+ 04 —-13.6 +2.6 54+ 0.7
6.0 + 0.9 -211+24 6.1+ 1.3
35+0.6 —23.6 +2.8 3.2+ 04
43 + 0.9 —-23.4+ 4.0 3.6+1.0
26+04 —34.2 + 1.1*%* 2.7 £ 0.6
3.7+05 -276+1.5 3.4 +0.7
6.3+15 -16.5+ 1.8 6.4+ 1.5
6.2 + 0.5 —-378 +2.7 49+ 0.3
6.1+04 —-15.4 + 0.6 7.7 £ 0.5
73+05 -13.9+04 72 +05
55+0.3 -21.9+04 55+ 04

Asterisks indicate values derived from fitting the Boltzmann function that differ from the corresponding values in control condition. *P < 0.05, paired Student’s t test; **P < 0.01, paired

Student's t test.

were lower in hippocampus compared with visual and motor
cortices. Moreover, in a pull-down assay using GFP:PR,,, the
interaction between Navl.2 and GFP:PRy, was stronger in the
M1 where p4 expression is higher than in the V1 (Fig. 5I).
The B1-subunit, which is evenly expressed in visual and motor
cortices, also coprecipitated with GFP:PRyy more strongly in
the M1 (Fig. 5L). The B2- or f4-subunits exhibited coprecipi-
tation profiles proportional to their expression levels in two
brain regions (Fig. 57). Thus, these data suggest the possibility
that B4 plays a pivotal role in PR,y poly-dipeptide—induced
Inap via an Navl.2 channel complex, resulting in selective
hyperexcitability in cortical motor neurons.

Discussion

In this study, we present evidence that PR poly-dipeptides
resulting from RAN translation of C9orf/2-associated repeat
expansions cause hyperexcitability in cortical motor neurons.
By recording the functions of various types of neurons in the
mouse brain, we showed that treatment with PR,y peptides
dose dependently increased the intrinsic excitability of motor
neurons in the M1 but not that of principal neurons in the V1,
S1, or hippocampus (Fig. 1). Electrophysiological analysis of
brain slices using ion channel-specific inhibitors revealed that
PRy¢-induced motor neuron hyperexcitability was principally
mediated by an aberrant increase in In,p (Figs. 2 and 3). Using
isoform-specific Nav antibodies, we showed that both Iy,p and
hyperexcitability induced by PRy could be blocked by anti-
bodies targeting Nav1.2, B1, and P4, implying that an Nav1.2-
B1-p4 complex might mediate the PRyp-induced In,p in motor
neurons (Fig. 4). Through heterologous expression of neuronal
sodium channels in HEK-293T cells, combined with muta-
tional analysis, we established that PRy regulated the Nav1.2-
B1-p4 complex and that the auxiliary P4-subunit was critical
for the PRyp-mediated modulatory effect (Fig. 5). Additionally,
we found that B4 expression was higher in the M1 than in the
V1 or the hippocampus, which is an intriguing finding given
that distinct P-subunit expression patterns might underly
tissue-dependent variations in Nav-channel pharmacological
properties (40). Indeed, we observed that PRyy more avidly
bound Nav1.2 in the M1 than the V1 (Fig. 5). Together, these
data suggested that PR poly-dipeptides increase In,p possibly
through the modulation of an Navl.2-f1-f4 complex, which
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in turn, facilitates AP initation and increases neuronal excit-
ability in cortical motor neurons.

Cortical hyperexcitability can be caused by altered synaptic
properties as well as enhanced intrinsic excitability (20). Evi-
dence supporting the role of synaptic properties in cortical
hyperexcitability has been provided in the previous studies
where rodents harboring mutations in two ALS-associated
genes, SODI and TDP-43, exhibit hypoactivity in inhibitory
interneurons (42—45). Changes in intrinsic excitability relate to
alterations in the functional properties of dendritic and somatic
voltage- and Ca’*-gated ion channels (46). Surprisingly, we
found that the PR poly-dipeptides specifically regulate In,p in
cortical motor neurons, establishing a causal link between
C90rf72 repeat expansion and the intrinsic excitability of corti-
cal motor neurons in C90rf72 ALS. Consequently, our findings
indicate that diverse pathways may be involved in inducing cor-
tical hyperexcitability. Although PR,q peptide did not modu-
late the channel activity of Navl.l coexpressed with (4
in HEK-293T cells, it is stll possible that C90rf72 poly-
dipeptides can act on inhibitory interneurons or astrocytes to
further exacerbate motor neuron hyperexcitability. This possi-
bility should be examined in future studies.

The B-subunits are known to play a key role in shaping the
overall pharmacological sensitivities of the Nav channel signal-
ing complex (40). Several potential principles underlying
B-subunit modulation of Navl.2 channel pharmacology have
been proposed. First, ligands may directly bind to B-subunits
(47), an intriguing concept that has also been observed with
the voltage-gated Ca>" channel inhibitor gabapentin, which
acts through the transmembrane o28-subunit (48). Alterna-
tively, toxic proteins may only bind to Navl.2 in a particular
conformational state that is induced by p-subunits. This
hypothesis was suggested by the previous studies that disrupting
p4-interaction with Navl.2 by introducing a p4-C58A muta-
tion changes a conformation of the Navl.2-f4 complex, in
turn altering its toxin sensitivity (40, 49). Our results showed
that 4 coexpression confers PRy sensitivity to Navl.2 but not
to Navl.5 or Navl.6 a-subunits, and a sensitivity of Navl.2 to
PR,y is lost when wild-type p4 was replaced with the C58A
mutant. Thus, it is plausible that f4 might determine a particu-
lar conformation of Navl.2 and thereby, expose binding sites
for PRyg. We also observed that antibodies preventing PRy,
induced In,p in motor neuron targets Navl.2, f1, and B4,

pnas.org



which are the same Nav complex subunits required for the
reconstitution of PRy sensitivity in HEK-293T cells (Figs. 4
and 5). These observations suggest the possibility that these
antibodies may interfere with PR,y-mediated modulation of
Navl.2 by changing conformation of the Navl.2-f1-f4 com-
plex rather than sequestering the PRy, peptide.

In the central nervous system, heteromeric KCNQ2/3 potas-
sium channels generate the Iys, a subthreshold potassium cur-
rent (50, 51). Due to slow gating kinetics, the Iys effectively
counters sustained membrane depolarization and repetitive AP
firing (52). Thus, KCNQ/M channel impairment through loss
of function mutations or pharmacological inhibition leads to
neuronal hyperexcitability (50, 53). Here, we showed that the
Ip blocker XE991 prevented PR-induced increases in Ry,.
However, the PR-mediated modulation of the Iy appeared to
be exerted indirectly through In,p enhancement (S7 Appendix,
Fig. S7). The interrelatedness of In,p and K* channels repre-
sents a well-known means through which neurons can tune
their excitability (29, 54). In rat mitral cells of the olfactory
bulb, gamma-Aminobutyric acid-B (GABA-B) receptor activa-
tion modulates the In,p, and In,p, in turn, inhibits the sodium-
activated potassium current that is coupled to it. Similarly, in
interneurons of the locomotor central pattern generator region,
Ip modulation adjusts In,p amplitude (30). Our data add sup-
port to the notion of the interplay between these two currents.

PR,y and GRy showed minimal effects on principal neurons
of the visual and somatosensory cortices but decreased the intrinsic
excitability of hippocampal dentate gyrus GCs (Fig. 1 and S/
Appendix, Fig. S5). This is consistent with observations that the
visual and somatosensory cortices are only minimally affected in
ALS patients, while up to 50% of ALS patients have some degree
of cognitive or behavioral impairment (55, 56). Frontotemporal
dementia (FTD) is a now well-established component of ALS
(57), underscoring that this disorder forms part of a spectrum of
central neurodegenerative processes. Indeed, the hexanucleotide
repeat expansion in C97f72 is the most common cause of both
FID and ALS, supporting their shared origins (58). We also
found that reduced excitability in PR,y-treated hippocampal neu-
rons is accompanied by a decrease in fAHP (S7 Appendix, Fig.
S3). Since fAHP is mediated by several voltage-gated K* channels
(59, 60), our observations imply that PRy might decrease neuro-
nal excitability via K* channels in hippocampal neurons. Further
studies are needed to identify the detailed mechanisms.

Here, we identify the PR poly-dipeptides—mediated enhance-
ment of Inyp as a key mechanism for the hyperactivity of motor
neurons in C90rf72 ALS. In terms of disease progression for ALS
patients carrying C907f72 repeat expansion, M1 hyperexcitability
begins long before the onset of motor symptoms (16, 20). Effects
of poly-dipeptides on cellular function and cell viability have nor-
mally been driven by exposing cells to high extracellular levels of
poly-dipeptides (5, 61), which may be more relevant to late stages
of ALS. In contrast, we characterized the rapid effects of PRy
poly-dipeptides on the activity of cortical motor neurons at nano-
molar concentrations, substantially lower than those used in previ-
ous studies. We also showed that the neuronal activity of L3 PCs
in M1 was not affected by 100 nM PRy peptide, reminiscent of
the clinical observations that L3 PCs are spared in the early stages
of ALS with their loss seen in more advanced stages (62). Thus,
we speculate that RAN translation of the hexanucleotide repeats
may take place at very low levels in presymptomatic decades,
which are enough to hyperactivate cortical motor neurons but not
sufficient to impair other cellular functions, such as RNA biogene-
sis or nudleolar dysfunction. As C907f72 repeats can go on to pro-
duce poly-dipeptides, the expression of PR poly-dipeptides is
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finally sufficient to begin to impede splicing of the EAAT2 tran-
scripts in astrocytes. This impediment might decrease the reuptake
of excess glutamate released by hyperactivated motor neurons,
favoring accumulation of glutamate in the synaptic cleft, which in
turn, leads to glutamate excitotoxicity and eventually, to the selec-
tive neurodegeneration of lower motor neurons in C907f72 ALS.
By elucidating the molecular mechanisms of cortical hyperexcit-
ability in the early stages, our study improves our understanding
of C9orf72 ALS and provides a basis for presymptomatic interven-
tion that may alter the course of disease.

Materials and Methods

Synthesis of PRy, and GR;, Peptides. Peptides containing 20 repeats of PR
or GR with an HA tag at its C terminus were synthesized from the Protein Chem-
istry Core at the University of Texas Southwestern Medical Center. Peptides were
synthesized on an Applied Biosystems 433 automated peptide synthesizer using
optimized fluorenylmethoxycarbonyl (Fmoc) chemistry as described elsewhere
(63). Crude peptides were purified on a Waters 600 high-performance liquid
chromatography (HPLC) system using a Vydac C18 semipreparative column (25
x 10 mm) at 3 mL/min and 0 to 100% B in 120 min, where A is water/0.045%
trifluoroacetic acid (TFA) and B is acetonitrile/0.036% TFA. The purified peptides
were characterized using electrospray ionization mass spectroscopy (ESI-MS).

Preparation of Acute Brain Slices. Brain slices were prepared from 8-wk-old
male mice (C57BL/6N). Animals were housed three to five mice per cage and
maintained with food and water freely available. Mice were euthanized with
rapid decapitation after carbon dioxide exposure. The brain was immediately
removed from the skull and immersed in ice-cold oxygenated slicing solution
(220 mM sucrose, 26 mM NaHCO3;, 2.5 mM KCl, T mM NaH,PO4; 5 mM
MgCl,, 1 mM CaCl,, 10 mM p-glucose, pH 7.35 to 7.4) saturated with 95% O,/
5% CO,. The brain tissue blocks were transected transversely to produce coronal
slices using a vibratome (VT1200S; Leica) with a thickness of 100 pm for immu-
nohistochemistry, 200 um for immunoprecipitation, or 320 pm for whole-cell
patch-clamp recordings. Slices were then transferred to a homemade holding
chamber and incubated at 34 °C for 30 min, and they were thereafter main-
tained at room temperature until in situ slice patch-clamp recordings.

Whole-Cell Patch-Clamp Recording. Cells in slices were visually identified
based on their size, shape, and location using an upright microscope equipped
with differential interference contrast optics (BX5TWI; Olympus). Whole-cell
recordings were obtained with a Multiclamp 7008 amplifier (Molecular Devices)
and pClamp 10.6 software (Axon Instruments, Inc.). The patch pipettes were
pulled from borosilicate capillaries (Hilgenberg GmbH) using a Narishige puller
(PC-10; Narishige). The patch pipettes had a resistance of 3 to 5 MCQ when filled
with pipette solution (130 mM K-gluconate, 10 mM KCI, 10 mM Hepes (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 4 mM MgATP (adenosine tri-
phosphate magnesium salt), 0.3 mM NaGTP (guanosine triphosphate sodium
salt), 10 mM Na,-Phosphocreatine, pH 7.3). The bath solution (126 mM Nadl,
26 mM NaHCOs, 2.8 mM KCl, 1.25 mM NaH,P04, 2.5 mM CaCly, 1.2 mM
MgSQ4, 20 mM glucose, pH 7.4) was saturated with carbogen (95% 0O, and 5%
CO,). The perfusion rate of the bathing solution and the volume of the recording
chamber for the slices were 1.7 ml/min and 2 to 2.3 ml, respectively. The Rs after
establishing the whole-cell configuration was between 10 and 15MQ. The
experiments were performed at 32 °C + 1°C.

For current-clamp experiments to analyze neuronal excitability, D-2-amino-5-
phosphonopentanoate (D-AP5, 50 uM), 6-cyano-2,3-dihydroxy-7-nitro-quinoxa-
line (CNQX, 10 uM), and SR-95531 (gabazine, 20 uM) were included in bath
solutions to block all excitatory (a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors) and inhibitory
(gamma-Aminobutyric acid-A (GABA-A) receptors) synaptic inputs. APs were
evoked by increasing current injections (from +50 to +350 pA; 1-s, 50-pA incre-
ments). The following parameters were measured: 1) the RMP, 2) the AP rheo-
base (current threshold for single AP generation, 30-ms duration), 3) the AP
threshold potential, 4) R;, (membrane potential changes [V] for a given hyperpo-
larizing current [50-pA, 500-ms] input), and 5) the F-l curve (firing frequencies
against the amplitude of the injected currents; from +50 to +350 pA). To
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compensate for the ZD 7288-induced hyperpolarization, the membrane poten-
tial was held at —74 mV by continuous adjustment of the holding current. In
primary M1, we identified interneurons with distinct electrophysiological and
morphological characteristics (64).

For voltage-clamp experiments to analyze Iy, CdCl, (0.2 mM) and
4-Aminopyridine (4-AP; 5 mM) were additionally applied to block Ca®* and out-
ward K* currents, respectively. Iy,p was recorded in the same bath solution as
current-clamp recording and a pipette solution (130 mM Cs-Methanesulfornate,
10 mM CsCl, 10 mM Hepes, 4 mM MgATP, 0.3 mM NaGTP, 5 mM Nay-Phos-
phocreatine, 5 mM ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N"-tetraace-
tic acid (EGTA), 10 mM Tetraethylammonium chloride (TEA-CI), pH 7.3). Under
these conditions and using a ramp stimulus protocol (—60 to +0 mV, 60 mV/s)
from a holding potential of —70 mV to evoked ly,p, we could record Iy,p without
any AP currents out of voltage-clamp control. After recording currents in the con-
trol condition, we added TTX (1 pM) sequentially for pharmacological dissection
of voltage-gated Na™ current. In the presence of TTX, the ramp protocols evoked
only a small outward current, which activated at more positive membrane poten-
tials than Iy.p (Fig. 3 A, Left). The difference currents between inward Na* cur-
rents in control and in TTX were regarded as TTX-sensitive currents. I-V curves for
Inap Were constructed from the ramp-evoked Iy,p (mean current value over
0.01-mV intervals from averages of four to five trials for each cell to approximate
quasisteady-state current). In order to confirm the PRyq effects on Iyzp in motor
neurons, we also evoked Iy, by the 500-ms voltage steps from —70 to 0 mV
from a holding potential of —70 mV. Iy,p was measured as the preserved currents
from 480 to 500 ms after stimulus. lysp was corrected for each individual trace by
subtracting the current recorded in the presence of TIX (1 uM). To reduce voltage
errors, Rs was compensated by ~70 to 90% when recording sodium currents. Cur-
rents were normalized to corresponding cell capacitance for better comparison.
Steady-state activation data were fitted by Boltzmann function. Recordings of Iy in
motor neurons were performed in the presence of Na™ blocker (0.5 pM TTX) and
synaptic blockers (50 uM D-AP5, 10 uM CNQX, and 20 pM SR-95531). Neurons
were held at —20 mV to activate the Iy before a deactivation step at —40 mV for
1 s for the current relaxation to record the native Iy.

Plasmids and Cloning. Plasmid DNA for human SCN2A (hNav1.2) expression
(pcDNA3.1-DYK-Nav1.2) was purchased from GenScript. Plasmid DNA for human
SCN8A (hNav1.6) expression (pCMV6-AC-Myc-DDK) was purchased from ORI-
GENE. Plasmid DNA for human SCN1TA (hNav1.1) was purchased from Geneco-
poeia. To generate expression constructs for Nav B, DNA fragments encoding
SCN1B (B1), SCN2B (B2), and SCN4B (B4) were amplified by PCR using Human
Brain, Cerebral Cortex QUICK-Clone ¢DNA (Clontech) as a template. The ampli-
fied fragments were then subcloned into GFP-NT or DsRed-N1 vectors (Clontech)
to generate GFP- or DsRed-linked fusion gene constructs for B-subunits. The
SCN5A plasmid was provided by Gordon F. Tomaselli.

The plasmids for Nav1.2 and Nav1.6 were prepared as described earlier (65).
Briefly, 20 ng of plasmid DNA was transformed into 50 pL of Stbl3 competent cells
and kept on ice for 25 min. The cells were then heat shocked at 42 °C for 40 s
and incubated for 2 min on ice. Upon addition of 450 ulL Super Optimal broth
with Catabolite repression (SOC) medium, cells were incubated at 30°C for
90 min. Then, 50 pL of the cells were plated onto an Luria-Bertani*™+ (L")
agar plate and incubate at 30 °C for 3 to 5 d until two distinct populations (large
fast-growth colonies and small slow-growth colonies) appeared. Several small colo-
nies were inoculated into LB*™ broth and grown for 2 to 3 d at 30 °C. The plas-
mids were prepared using the PureYield Plasmid Midiprep System (Promega).

Cell Culture, Transfection, and Recording. HEK-293T cells (ATCC CRL-11268)
were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo
Fisher Scientific). Cells were maintained at 37 °C and supplemented with 5% CO,.
For transient transfections, Effectene (Qiagen) was used according to the manufac-
turer's protocol. To assess the activity of the Nav a-subunit alone, cells were trans-
fected with the indicated Nav o-plasmid along with GFP vector as a cotransfection
marker. Expression of the Nav oi-subunit was validated by measuring a TTX-sensitive
Na™ current. Expression of cotransfected GFP- or DsRed-tagged B-subunits was vali-
dated by fluorescence microscopy prior to performing electrophysiological analysis.
The current density before PR,o application was measured in each assay and used
as the control for the current density after PRyg treatment.
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Voltage clamping was performed using an EPC-10 amplifier (HEKA Instru-
ments) at a sampling rate of 10 kHz filtered at 1 kHz. Data were acquired using
an IBM-compatible computer running Patchmaster software (HEKA Instruments).
The patch pipettes had a resistance of 2 to 3 MQ when filled with the same
pipette solution as in the Iy,p recording. The normal external solution (145 mM
NaCl, 5> mM KClI, 10 mM Hepes, 1.25 mM NaH,PO4, 10 mM glucose, 1.2 mM
MgSQ4, 1.8 mM CaCl,, pH 7.3) was used for voltage-clamp recording. Current
densities (pA/pF) were obtained after normalization to the cell surface area calcu-
lated by Patch master. Peak Na™ channel currents were obtained by depolarizing
pulses of 50 ms from —60 to +20 mV in 5-mV increments after a strong hyper-
polarizing prepulse (—120 mV, 500 ms) for a full availability of Na* channels.
Steady-state activation curves were obtained by transforming current data to con-
ductance (G), which was calculated from the equation Gy, = IV — Ei,), where |
is the peak Na™ current density elicited by the depolarizing test potential, V is
the test potential, and E,, is the calculated Na™ reversal potential. Steady-state
activation data were fitted by Boltzmann function.

Purification of Recombinant Proteins. Recombinant protein of GFP:PRyq
was purified as described previously (66). Briefly, bacterial expression plasmid
for GFP:PR,o was transformed into Escherichia coli BL21 (DE3). The bacterial cells
were grown in LB medium, and the expression of protein was induced by
incubation with 0.5 mM Isopropyl B- d-1-thiogalactopyranoside (IPTG) at 16 °C
overnight. For purification, cells were lysed in lysis buffer (50 mM tris(hydroxy-
methyl)aminomethane-hydrogen chloride (Tris-HCl), pH 7.5, 500 mM NaCl,
20 mM B-mercaptoethanol [BME], 1% Triton X-100, protease inhibitor mixture,
0.4 mg/mL lysozyme) by sonication at 60% power for 3 min. After centrifugation
at 20,000 rpm for 90 min at 4 °C, the supernatants were mixed with nickel-nitri-
lotriacetic acid (Ni-NTA) resin (Qiagen) by gentle rocking at 4 °C for 30 min. The
Ni-NTA resin was packed in a glass column (Bio-Rad) and then washed with
300 mL of wash buffer (20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 20 mM imidaz-
ole, 20 mM BME, 0.1 mM Phenylmethylsulfonyl fluoride [PMSF]). The bound
proteins were eluted from the resin using elution buffer (20 mM Tris-HCI, pH
7.5, 500 mM NaCl, 200 mM imidazole, 20 mM BME, 0.1 mM PMSF). Purified
recombinant proteins were kept at —80 °C until use.

Immunoprecipitation and Western Blotting. For immunoprecipitation
using brain slices, at first, V1 or M1 was incubated with 10 uM GFP:PRyq for
60 min. The samples were homogenized in 500 pL of IP buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1% Triton X-100, protease inhibitor mixture). After centri-
fugation at 4 °C for 20 min at maximum speed, the supematants were collected
and incubated with HA magnetic beads (Thermo Fisher Scientific) overnight at
4°C. Upon three washes with ice-cold phosphate buffered saline (PBS), the
immune complexes were eluted with 2x sodium dodecyl sulfate sample buffer
and analyzed by western blotting. For western blotting, the eluted samples were
separated using 4 to 12% NuPAGE Bis-Tris protein gels (Thermo Fisher Scientific),
and the separated proteins were transferred onto nitrocellulose membrane and
detected using indicated antibodies.

Immunohistochemistry. Brain slices were incubated with 100 nM GFP:PRy
in aCSF for 20 min at 32 °C and fixed with 4% paraformaldehyde in phosphate-
buffered saline at room temperature overnight. After wash in PBS, the tissues
were permeabilized using 0.5% Triton X-100 in PBS (PBS-T) for 30 min and incu-
bated overnight at room temperature with anti-Nav1.2 (75-024; NeuroMab) or
anti-Ankyrin G (sc-12719; Santa Cruz) antibodies. After a wash in 0.1% PBS-T,
the tissues were incubated with Alexa Fluor 594-conjugated secondary antibody
for 1 h and mounted with Vectashield Antifade Mounting Medium (Vector Labs).

Chemicals and Reagents. Reagents were obtained as follows: XE997,
ZD7288, apamin, riluzole, D-AP5, SR-95531, CNQX, and TIX (Tocris); 4-AP
(Sigma-Aldrich); and Effectene transfection reagent (Quiagen). Antibodies used
and sources were as follows: anti-Nav1.2 antibody (ASC-002; Alomone);
anti-Nav1.6 antibody (ASC-009; Alomone); anti-Nav B1-antibody (13950;
Cell Signaling Technology); anti-Nav p2-antibody (ASC-007; Alomone); anti-Nav
B4-antibody (Ab80539; Abcam); anti-B-Actin antibody (A5441; Sigma-Aldrich);
anti-B-Tubulin antibody (2146; Cell Signaling Technology); HA (SC-7392; Santa
Cruz); and HA magnetic beads (88837; Thermo Fisher). Anti-Nav1.2 antibodies
specifically target short segments between domains | and II. Anti-Nav1.6 anti-
body specifically targets short segments between domains Il and lIl. Anti-Nav
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B1-antibody, anti-Nav B2-antibody, or anti-Nav p4-antibody specifically targets
intracellular segments of each isoform.

statistics. Data were analyzed with Igor Pro (Version 6.0; WaveMetrics) and Ori-
gin (Version 2020b; OriginLab). All results are presented as the mean + SEM
with the number of cells (n) used in each experiment. Statistical significance was
evaluated using the Student's ¢ test, and the level of significance was indicated
by the number of marks. P > 0.05 was regarded as not significantly different.
Comparisons between multifactorial statistical data were made using the two-
way ANOVA. Normality was verified using the Shapiro-Wilk normality test and
the Kolmogorov-Smirnov test.
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