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SUMMARY

The large-caliber primary afferents innervating the spindles of the jaw-closing muscles have their cell bodies
located centrally in the mesencephalic trigeminal nucleus (NVmes). We have shown, in an acid-induced jaw
muscle chronic myalgia model, that these afferents exhibit increased excitability and ectopic discharges that
emerge from subthreshold membrane oscillations (SMOs) supported by a persistent sodium current (/yap)
exquisitely sensitive to extracellular Ca?*-decreases. Here, we explore if the Ca®*-binding astrocytic protein,
S$1008, contributes to this hyperexcitability emergence and aim to localize the site where ectopic discharge
arises using whole-cell patch-clamp recordings on mice brain slices. We found that astrocytes, by lowering
[Ca®*], at focal points along the axons of NVmes neurons through S100B, enhance the amplitude of the
Nay1.6-dependent SMOs, leading to ectopic firing. These findings suggest a crucial role for astrocytes in
excitability regulation and raise questions about this neuron-astrocyte interaction as a key contributor to hy-

perexcitability in several pathologies.

INTRODUCTION

The primary afferents (PAs) innervating the spindles of the
jaw-closing muscles and the pressoreceptors of the periodontal
ligaments have their somata in the mesencephalic trigeminal
nucleus (NVmes), located centrally in the brainstem, where
they receive inputs from several structures in the forebrain,
mid-brain," and lower brainstem.®” These neurons exhibit
voltage-dependent rapid subthreshold membrane oscillations
(SMOs) that greatly influence cellular excitability since they often
lead to repetitive firing. Both the SMOs and repetitive firing prop-
erties of NVmes neurons rely on a persistent sodium current
(Inap)®'? and evidence of a strong contribution of Nay1.6 chan-
nels to Iyap and SMOs has been shown in these neurons.®
However, it is known that the Nay,1.6 channels distribution is
not uniform on the membrane of myelinated neurons: a higher
concentration is found at the axon initial segment (AIS) and the
nodes of Ranvier'®~'® where they contribute to the action poten-
tial initiation and propagation, respectively. This implies that in
NVmes neurons, both activities may arise from their axon mem-
brane electrical properties rather than the soma. Therefore, local
modulation of axonal Nay1.6 could have profound effect on
these neurons output.

Gheck for
Updates

Variation of extracellular calcium concentration ([Ca®*]e)
modulates voltage-gated sodium channels'® and /yap in partic-
ular is enhanced by the decrease of [Ca®*],. Our team has
shown that astrocytes can play a key role in this mechanism
through release of the Ca®*-binding protein S100p8, which by
decreasing [Ca®'], and enhancing /yap, changes the discharge
pattern of neurons in the trigeminal main sensory nucleus
(NVsnpr)®° and integration properties of layer 5 pyramidal neu-
rons in the visual cortex.”’ We postulate that this neuron-astro-
cyte interaction occurs at a precise neuronal compartment in
the NVmes where Nay 1.6 channels are enriched. We hypothe-
size that it could explain the reported excitability changes of the
large-diameter PAs in various pain models, such as the acid-
induced jaw muscle chronic myalgia model,>®> in which
increased amplitude of the SMOs and spontaneous ectopic
firing were observed, despite a hyperpolarizing shift in their
firing and SMOs threshold. Thus, using a combination of
whole-cell patch clamp recordings, local applications of Ca®*-
chelating agents, immunohistochemistry, and optogenetic acti-
vation of peri-axonal astrocytes, we tested whether manipula-
tion of astrocytes or local decreases of [Ca®*], along the axons
of NVmes neurons affect the SMOs and repetitive firing capa-
bility of these neurons through an S1008/Nay1.6-dependent
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Table 1. Electrophysiological characteristics of NVmes neurons

WT mice GFAP-ChR2-EYFP mice WT + GFAP-ChR2-EYFP mice Na,1.6 KO mice
Electrophysiological characteristics N =61 N =99 N =160 N=15
RMP (mV) —55 + 0.5% —54 +0.3% —54 +0.2 —56 + 0.9
Firing threshold (mV) —42 +0.7° —43 +0.4° —43 £ 0.4° —37+1.8°
Input resistance (MQ) 83 + 87 82 + 5° 82+4 70+ 8

Values are mean + SEM.

ChR2, channelrhodopsin 2; EYFP, enhanced yellow fluorescent protein; GFAP, glial fibrillary acidic protein; KO, knock-out; NVmes, mesencephalic
trigeminal nucleus; N, number of neurons; RMP, resting membrane potential; WT, wild type.
%p > 0.05 for comparisons of the 3 parameters between WT and GFAP-ChR2-EYFP mice, Kruskall-Wallis test.

bp = 0.03, Kruskall-Wallis test with Bonferroni correction.

mechanism. We found that locally chelating the calcium around
the axons of NVmes neurons increases the SMOs amplitude
and hyperpolarizes the SMOs and firing thresholds thereby
increasing the occurrence of repetitive firings in these neurons.
We also found that astrocytes are closely positioned next to
the Nay1.6 immunopositive axons of the NVmes neurons and
that their optogenetic activation enhances Nay1.6-dependent
SMOs leading to ectopic firing through the release of S1008
along the axons of NVmes neurons.

RESULTS

Electrophysiological properties of NVmes neurons

One hundred and sixty neurons recorded in the mesencephalic
trigeminal nucleus (NVmes) of 44 wild-type (WT) mice and 68
mice expressing the channel-rhodopsin 2 (ChR2) under the con-
trol of the glial fibrillary acidic protein (GFAP) promoter (GFAP-
ChR2 mice) fulfilled the inclusion criteria. The recorded neurons
were filled with Alexa Fluor (488 or 594), and all showed the
typical pseudo-unipolar morphology of primary sensory affer-
ents consisting of a spherical or ovoid cell body attached to a sin-
gle process. Their basic electrophysiological characteristics are
summarized in Table 1. There were no statistical differences in
the resting membrane potential (RMP), the input resistance,
and the firing threshold between neurons recorded from WT
and GFAP-ChR2 mice (Table 1, Kruskall-Wallis test, p > 0.05).
Therefore, all the data obtained from both mice lines were pooled
together. The pooled neurons had a RMP of —54 + 0.2 mV, a
firing threshold of —43 + 0.4 mV, and an input resistance of
82 + 4 MQ. All the recorded neurons showed a strong inward
rectification producing a prominent sag (Figure 1A, arrow)
upon membrane hyperpolarization, typical of these cells, while
96 (60%) of them fired a rebound action potential at the offset
of the hyperpolarizing pulses (Figure 1A, arrowhead). Accommo-
dation of firing upon membrane depolarization occurred in 120 of
the 160 (75%) neurons, with 68 (57 %) of them discharging only a
single action potential (Figure 1A), even with long-duration (up to
1,000 ms) pulses. The |-V curve shown in Figure 1A is typical of
the accommodating NVmes neurons and reveals an outward
rectification during depolarization and an inward rectification
during hyperpolarization, both emphasized by the linear fitting
(red straight line) of the non-rectifying portion of the I-V curve.
The 40 (25%) cells that did not show firing accommodation either
fired recurrent bursts (n = 30) as illustrated in Figure 1B or fired
without pause for the duration of the depolarizing pulses (n =
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10; Figure 1C). Thus, the recorded NVmes neurons in mice could
be classified into the same three subtypes reported by Yang
et al.”® in rats: the spike-adaptative, the burst-firing, and the to-
nic-firing neurons. All the burst-firing neurons exhibited voltage-
dependent subthreshold membrane potential oscillations
(SMOs, inset in Figure 1B, right) while only 32 (27%) out of the
120 adaptative neurons exhibited such activity. SMOs, most of
the time, could not be sampled in the tonic-firing neurons since
they tend to fire repetitively when depolarized. The mean fre-
quency of this oscillatory activity in 30 burst-firing and 32
spike-adaptative NVmes neurons was 82 + 3 Hz, their averaged
peak-to-peak amplitude was 1.5 + 0.1 mV and they appeared at
an average threshold membrane potential of —45 + 0.6 mV as
determined by a ramp current injection protocol. As already
shown in numerous studies in rats'®?* and mice,?® these
SMOs were suppressed by membrane hyperpolarization (Fig-
ure 1D, bottom trace), and increased in amplitude with mem-
brane depolarization until strong repetitive firing was elicited
(Figure 1D, top trace). When measured in bursting neurons in
which clear SMOs could be seen next to a burst (n = 25), the
SMOs frequency in each cell (black dots in graph in Figure 1D)
paralleled the intra-burst firing frequency (gray dots in graph in
Figure 1D) and were significantly correlated (linear regression,
r =0.96, p < 0.001), indicating that these SMOs are a key factor
that contributes to greater cellular excitability. The SMOs are
supported by Ingp, '*>*?° and we as others®® have hypothesized
that any factor that impacts Inap Will indirectly modulate the
excitability of these neurons.

Axonal applications of Ca2*-chelators cause firing in
NVmes neurons

Our previous work, using whole-cell recordings of NVsnpr and
cortical neurons, has demonstrated the ability to modulate /yzp
or Inap-dependant neuronal activity by producing local de-
creases of Ca®* with local applications of Ca%*-chelators such
as 1,2-bis(o-aminophenoxy)ethane-N,N,N',N’'-tetraacetic acid
(BAPTA) or S100B,%°*! a protein synthesized and released by as-
trocytes,”® that binds Ca®*. Using a similar approach here to test
the effect of Iyap modulation on the excitability of NVmes neu-
rons, BAPTA or S1008 were locally applied near the soma or
the stem axon of 40 neurons from 29 mice and 31 neurons
from 21 mice, respectively. To alleviate the text, all the numbers
related to the effects of these applications are reportedin Table 2.
The only observed effect of either BAPTA or S1008 applica-
tions near the soma was a long-lasting hyperpolarization that
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Figure 1. Diversity of NVmes neurons firing
profiles

F (A-C) Left, top traces: membrane responses of a
spike-adaptative (A), a burst-firing (B), and a tonic-
firing (C) NVmes neuron to injections of hyper-
polarizing and depolarizing current pulses (bottom
I-70 traces). The arrow and arrowhead point the sag
and the rebound action potential, respectively.
The vertical dotted line indicates the position of
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lecture for the |-V curve. (A) Right: |-V curve
showing the inward and outward membrane
rectification of a spike-adaptative neuron in
response to hyperpolarizing and depolarizing in-
jected current, respectively. The red line is the
linear fitting to the non-rectifying portion of the I-V
curve. (B and C) Right: isolated traces to distin-
guish bursting and tonic firing profiles. Inset in (B,
right) shows SMOs in a burst-firing NVmes neuron.
(D) Left: membrane voltage recordings showing
the effect of membrane potential on the SMOs.
They are abolished with membrane hyperpolar-
ization (bottom trace), and lead to firing with
membrane depolarization (top trace). (D) Right:
plot of the intra-burst firing frequency (gray dots)
and SMOs frequency (black dots) in 25 NVmes
neurons at the bursting threshold for each cell
showing how they parallel each other.

I-V, current-voltage; NVmes, mesencephalic tri-
geminal nucleus; RMP, resting membrane poten-
tial; SMOs, subthreshold membrane oscillations.
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responses and the different firing pat-
terns, respectively, observed in response
to BAPTA (blue bars) or S1008 (purple
bars) application near the soma or axonal
process of the recorded neurons.

Four different firing patterns were eli-
cited by these axonal applications:

1mV 20
59 MV -vammasmm a2, -0.1 NA

outlasted the duration of the applications by about 13 and 7s
respectively (Table 2; Figure 2A). Axonal applications of either
BAPTA or S1008 elicited similar hyperpolarizations only in 13%
of cases (Figure 2B, top two traces), a depolarization in a single
case with each and no effects in a few cases (Table 2). The most
prevalent effect was induction of firing (Table 2; Figure 2B, third
to fifth traces) that often overrode a depolarizing plateau (of 1.9 +
0.1 mV in 36 BAPTA applications, and 1.3 + 0.1 mV in 17 S1008
applications; Figure 2B, third traces) or that was preceded or
concomitant with a membrane potential hyperpolarization (of
1.1 £ 0.7 mV in 7 BAPTA applications and 2.8 + 0.6 mV in 10
S100B applications, Figure 2B, fourth traces). In the remaining
10 and 6 applications of BAPTA or S1008, respectively, firing
emerged directly from the resting potential without prior mem-
brane potential change (Figure 2B, bottom traces). The vertical
bar charts in Figure 2C illustrate the percentage of the different

1234567 89 10111213 141516 1718 192021 2223 24 25
Cell number

high-frequency trains (60 + 7 Hz, n =
16, and 52 + 10 Hz, n = 5 for BAPTA
and S100B, respectively; Figure 2D, top
trace); recurrent bursting (inter-burst fre-
quency: 5.5 + 0.6 Hz, intra-burst fre-
quency: 72 + 6 Hz, n = 11, and interburst frequency: 7.2 +
1.4 Hz and an intra-burst frequency: 68 + 6 Hz, n = 9 for
BAPTA and S1008, respectively; Figure 2B, fourth right
trace; Figure 2D, second trace); low-frequency trains (12 =
4 Hz, n =7 and 3.8 + 1.4 Hz, n = 8 for BAPTA and S1008,
respectively; Figure 2D, third trace), and a mix of bursting
and high- or low-frequency trains (n = 12 and 7, respectively,
and n = 6 and 3 for BAPTA and S1008, respectively; Figure 2D,
fourth and fifth traces, respectively). BAPTA applications
induced more high-frequency trains while S1008 triggered
more bursting responses, although firing responses were
distributed in all firing categories for both Ca®* chelators and
only S100B produced singlet firing (Figure 2E). As summarized
in Figure 2F, bursting and high-frequency trains were observed
in a majority of spike-adaptative neurons, but responses were
distributed among the 3 types of recorded NVmes neurons.

iScience 28, 112006, March 21, 2025 3
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Table 2. Effects of BAPTA and S100p applications on NVmes neurons

Hyperpolarization Firing

Latency Amplitude Duration Latency Threshold Duration No

(s) (mV) (s) (s) (mV) (s) Depolarization effect
Somatic 0.4 +0.1 39+04 24+3 _ _ _ _ _
BAPTA (n=23) application
n=23 N =23 11 +£1
N=23
Somatic 0.4+0.1 28+03 18+2 _ _ _ _ _
S1008 (n=25) application
n=25 N=25 11 +1
N=25
Axonal 0.3 +0.03 5+09 22+4 1.2+£0.2(n=593) —53+1 45+1.2 n=1) (n=6)
BAPTA (n=9) application N =31 application N=1 N=3
n =69 N=5 9+1 29+03
N=34
Axonal 1+£04 23+05 32+5 2.6+ 0.6 (n=33) -52+0.9 27+04 n=1) (n=6)
S1008 (n=6) application N=19 application N=1 N=4
n =46 N=4 214 5+1
N=19

Values are mean + SEM.

Some neurons were tested at the soma and multiples sites along the axons.
n, number of applications; N, number of neurons; (n), number of responses; NVmes, mesencephalic trigeminal nucleus.

Axonal applications of BAPTA or S100f increase NVmes
neurons’ excitability by increasing SMOs and

decreasing oscillation and firing threshold

Studies in biophysics have shown that extracellular Ca®* ions
exert a voltage-dependent partial block of Na* channels and
that removal of this block not only increases the amplitude of
the current in single-channel measurements,® but also shifts
the activation gating range toward more hyperpolarized poten-
tials.”” Thus, we first examined whether BAPTA and S1008
altered the voltage-dependent firing and SMOs characteristics
of NVmes neurons since both depend on Na* channels. Given
their similarity, BAPTA- and S100B-elicited firing responses
were pooled together in this section for a total of 86 responses
from 50 neurons. Those responses were elicited at an average
RMP of —56 + 1 mV and their threshold for firing was —52 +
1 mV (Table 3). SMOs could be seen in 35 of the 86 firing re-
sponses from 28 neurons, 18 of which exhibited no SMOs
before. In those responses, the SMOs were measured at an
average RMP of —54 + 1 mV, had an amplitude of 2.3 mV =
0.1 mV, and a frequency of 71 + 3 Hz (Table 3). A single response
per neuron was considered for comparisons between controls
and BAPTA or S100B induced effects (n = 50). BAPTA and
S1008 triggered firing at more hyperpolarized potentials than
did standard step current injections (Figures 3A and 3B; Table 3,
empty and solid black bars, Wilcoxon Signed-rank test, p <
0.001, n = 50). The shift of firing threshold toward hyperpolarized
potentials was also seen when using a ramp current injection
protocol (Figure 3C, red arrows; Table 3; Figure 3B, empty and
solid gray bars, Student paired t test, p < 0.001, n = 7).

Similar observations were made when comparing SMOs that
appear intermingled with the firing during step current injection
(n =10) or ramp current injection protocols (n = 5) to those elicited
during BAPTA and S1008-induced firings. The latter appeared,

4 iScience 28, 112006, March 21, 2025

during ramp current injection, at potentials 10—16 mV more hyper-
polarized than the former (Figure 3C, black arrows; Table 3; Fig-
ure 3E, left vertical bars chart, Student paired t test, p < 0.001,
n = 5). They also had a larger amplitude (Figures 3D and 3E; Ta-
ble 3, middle vertical bars chart, Wilcoxon Signed-rank test, p =
0.02, n = 10) and a lower frequency (Table 3; Figure 3E, right ver-
tical bars chart, Student paired t test, p < 0.001, n = 10) than the
SMOs induced by depolarizing steps current injection. When
measured in the bursting responses (n = 15/20 bursting re-
sponses) of 15 neurons, the SMOs frequency (black dots in the
graph in Figure 3F) in each cell paralleled the intra-burst firing fre-
quency (gray dots in the graph in Figure 3F) and both were signif-
icantly correlated (Figure 3G, linear regression, r = 0.97, p < 0.001).

Inap is responsible for BAPTA- or S1003-induced firing

SMOs and bursting in NVmes neurons rely on lNap,12 which in
these neurons is associated partly with the Nay1.6 isoform since
it is significantly reduced, but not completely abolished in Nay1.6
null mice.?® To ascertain the involvement of Inap @and Nay 1.6 con-
taining channels in the firing-inducing action of BAPTA and
S100B, we tested the effects of riluzole (a blocker of /yap) and
4,9-anhydro-tetrodotoxin (4,9-anhydro-TTX) (a blocker of so-
dium channels containing the Nay1.6 o subunit®®). The BAPTA-
induced firing was abolished by bath-application of either
riluzole (20 uM; not shown, n = 2/2) or 4,9-anhydro-TTX
(0.1 uM; Figure 4A, n =7/7). In two additional cells, the S100B-in-
duced firing was also abolished by bath applications of 4,9-an-
hydro-TTX. However, the SMOs accompanying 7 of these firing
responses were blocked in 3 cases and only slightly reduced in
amplitude in the 4 remaining cases (2.2 + 0.6 mVvs. 1.5+ 0.6 mV,;
p = 0.109, Wilcoxon Signed-rank test). The input resistance and
firing threshold of the recorded neurons were unchanged by 4,9-
anhydro-TTX. However, the RMP was slightly but significantly
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Figure 2. Chelation of extracellular calcium exerts a variety of effects on NVmes neurons
(A) Somatic applications of Ca2* chelators BAPTA (top trace) and S100B (bottom trace) induce a slight and reversible hyperpolarization of NVmes neurons’
membrane potential.

(legend continued on next page)

iScience 28, 112006, March 21, 2025 5



¢? CellPress

OPEN ACCESS

iScience

Table 3. Effects of BAPTA and S100p axonal applications on firing threshold and subthreshold membranes oscillations characteristics

FIRINGS SMOs
Vm Threshold Vm Threshold Amplitude Frequency
(mV) (mV) (mV) (mV) (mv) (Hz)
BAPTA and S1008 —56 + 1 (n = 86) —52+1 —54 + 1 (n = 35/86) 23+01 71+3
applications N =50 N =28/50
(n = 86)/N =50
Step current injections _ —43+1? —43 £1° _ 1.5 £ 0.2° 92 + 6
N =50 N =50 N =10/50
BAPTA and S1008 _ —52 +1? —52 +1° _ 2.3+0.2° 64 + 4°
applications N =50 N =10/50
(n =50)/N = 50
Ramp current injection _ -37+2 _ —43+2 _ _
N=7 N=7 N=5
Ramp current injection _ —54 +2 _ —60 + 2 _ _
+ S1008 application N=7 N=5
N=7

Values are mean + SEM.

N, number of neurons; (n), number of responses; SMOs, subthreshold membrane oscillations.

% < 0.001, Wilcoxon Signed-rank test.
®p < 0.01, Student paired t test.

°p < 0.05, Wilcoxon Signed-rank test.
9p < 0.001, Student paired t test.

more hyperpolarized upon 4,9-anhydro-TTX application (—56 +
3mVvs. —58 + 4 mV, p =0.016, Student paired t test), suggest-
ing that /yap may contribute to the RMP in these cells.

To ensure that the firing induced in NVmes neurons by axonal
application of BAPTA or S1008 did not involve some indirect
activation of synaptic transmission, which may have been
masked by the potent effect of the Iy.p blockers, we tested the
effect of a cocktail of antagonists for the AMPA/kainate
(CNQX, 10 um), NMDA (AP5, 26 um), and GABA, (gabazine,
20 pm) receptors. Bath application of the synaptic blockers
cocktail did not abolish the firing triggered by local application
of BAPTA (Figure 4B, middle trace) or S1008 along the axonal
process of 7 tested neurons (BAPTA, n = 4, S1008, n = 3).

To further ascertain the requirement of Nay1.6 channels
involvement in BAPTA or S1008-induced firing, both drugs
were applied in the vicinity of NVmes neurons in Nay 1.6 knockout
mice. These mice express a mutation identified as a small long
interspersed nuclear element insertion into exon 2 of the Scn8a
gene, which as aresult encodes for a very short inactive protein.®
The 15 neurons recorded from 5 Nay1.6 knockout mice differed
from those of WT/GFAP-ChR2 mice only for their firing threshold

(—37 + 2 mV; Kruskall Wallis test with Bonferroni correction, p =
0.03; Table 1). All showed an outward rectification during depo-
larization and an inward rectification during hyperpolarization
(Figure 5A, right and left, red straight line: linear fitting to the
non-rectifying portion of the |-V curve) producing a prominent
sag upon membrane hyperpolarization (Figure 5A, arrow). All
but one (14/15) showed, as the spike-adaptative subtype neu-
rons, accommodation of firing upon membrane depolarization,
with 12 of them discharging only a single action potential, even
with long-duration pulses (up to 1,000 ms). Local applications
of BAPTA were tested in 10 NVmes neurons with 5 somatic appli-
cationsin 5 cells and 11 axonal applications in 7 cells. Only two of
the somatic applications produced an effect that was a mem-
brane hyperpolarization (of 0.7 and 1.2 mV at a latency of 0.4
and 0.6 s; Figure 5B, top trace), while axonal applications caused
membrane hyperpolarization (—1.3 mV) once, depolarization in 3
cases (1.1 + 0.2 mV), firing once (in one of the spike-adaptative
neurons), and no response in the 6 remaining cases (Figure 5B,
bottom trace).

Local applications of S100p were tested on 4 NVmes neu-
rons from 2 Nay1.6 knockout mice, with 2 somatic and 11

(B) Applications of Ca?* chelators BAPTA or S1008 along the axonal process of NVmes neurons induce cell hyperpolarization (top two traces) or firing, which
could be preceded by membrane depolarization (second trace), hyperpolarization (third trace), or no change in membrane potential (bottom trace). Middle insets:
cartoons illustrating the experimental set-ups. Left insets: zooms on the initial part of the firing responses.

(C) All somatic applications resulted in cell hyperpolarization, while most axonal applications triggered cell firing.

(D) This firing was observed in different patterns. Trains of high-frequency repetitive firing (top trace) were prominent in a majority of NVmes neurons. In some
neurons, BAPTA triggered recurrent bursts (second trace), a train of low-frequency single action potentials (third trace), or a mix of neuronal bursting and train of
high- or low-frequency action potentials (fourth and fifth traces, respectively) for the duration of BAPTA application.

(E) Bar chart quantifying the response profiles of NVmes neurons to somatic or axonal applications of BAPTA (blue), or S1008 (purple) in WT/GFAP-ChR2 mice.
(F) Bar chart of the relative distribution of the neuronal firing responses elicited after axonal applications of BAPTA and S1008 in the spike-adaptative (black bars),
tonic-firing (gray bars), and burst-firing (empty bars) NVmes neurons.

ChR2, channelrhodopsin 2; GFAP, glial fibrillary acidic protein; HF, high-frequency; LF, low-frequency; NVmes, mesencephalic trigeminal nucleus; NVmt, tri-
geminal motor nucleus; NVsnpr, trigeminal main sensory nucleus.
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Figure 3. Lowering of SMOs and firing voltage thresholds of NVmes neurons by chelation of extracellular Ca?* around their axonal processes
(A) Membrane voltage recordings of a NVmes neuron firing induced with depolarizing step current injection (left trace) or axonal application of S1008 (right trace,
setup illustrated in C) showing that S100p lowers the firing threshold.
(B) Bar chart comparing firing voltage threshold of 50 NVmes neurons with step current injections (empty black bar, as illustrated in A, left trace) and with BAPTA
and S100p axonal applications (solid black bar, as illustrated in A, right trace). The gray bars show the firing voltage threshold of 7 NVmes neurons with ramp
current injection (as illustrated in C) in control condition (empty gray bar) and during BAPTA and S100p applications near the axonal process (solid gray bar) of the

recorded neurons.

(legend continued on next page)
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Figure 4. Axonal BAPTA- and S100-in-
duced firing in NVmes neuron persists in
presence of synaptic blockers and appears
to depend solely on Iy.p and the activity of
Nay1.6 channels

(A) Sustained firing recorded in a NVmes neuron
following local application of BAPTA on its axonal
process (top) is abolished in presence of 4,9-an-
hydro-TTX, a highly specific Nay1.6 blocker

|

» Whole cell
recording

BAPTAN, NVimes 50ms (middle) and recovered after 40 min of washout of
the 4,9-anhydro-TTX (bottom). The experimental
Bi‘gg‘%@'fd -232320me Vv- Tomv setup is illustrated in the left inset, while the right
snpr NVt P I—SotgnmS inset shows that the neuron is still capable of firing
with membrane depolarization by current injection

B L in presence of 4,9-anhydro-TTX.

4,9 anhydro-TTX (B) Repetitive bursting recorded in a NVmes
neuron following local application of BAPTA on its
axonal process (top) persists after 30 min of bath
application of glutamatergic and GABAergic

20mV blockers (respectively CNQX, APV and gabazine;
500ms bottom).
-58mV -- UMMM AAAAAAAAAAAALL i P oo L NVmes, mesencephalic trigeminal nucleus; NVmt,
S _BAPA trigeminal motor nucleus; NVsnpr, trigeminal main
sensory nucleus.
B
20mV
500ms of 1.4 + 0.1 mV at a latency of 0.5 + 0.3
57 mV - 1T r s. Figure 5C illustrates the relative distri-
- _BAPTA bution of the responses elicited by som-

atic and axonal applications of BAPTA or
S100B8 (blue and purple bars, respec-
tively) on NVmes neurons from Nay1.6
knockout mice.

4 Whole cell
B recording

A precise axonal subregion is
involved in the Na,1.6-dependent
firing

Knowing that the BAPTA and S100B-in-
duced firing is Iyap-dependent and that
the Nay1.6 channels that support /yap are enriched in the AIS

CNQX, APV, gabazine (applied for 30 minutes before recording

axonal applications. On the 2 somatic applications, only one

produced a hyperpolarization (2.5 mV at a latency of 0.1 s),
while the other had no effect. Seven of the axonal applications
had no effect as well, while 4 caused a small hyperpolarization

and the nodes of Ranvier, we tried to narrow down the precise
locations at which local decrease of [Ca%*], were more potent
to elicit firing. Given the simple morphology of these neurons,

(C) lllustration of the experimental set-up (left), and recording (right) of a NVmes neuron while applying a ramp current injection (—1 to 1nA, the hyperpolarizing part
is truncated) in control condition or during an axonal application of S1008 (black and purple traces, respectively). S100p triggered neuronal repetitive firing by
lowering the SMOs (black arrows, control: —39 mV vs. S1008: —59 mV) and firing (red arrows, control: —34 mV vs. S1008: —57 mV) voltage thresholds.

(D) Membrane voltage recordings of a NVmes neuron SMOs induced with depolarizing step current injection (left trace) or axonal application of S1008 (right trace,
as illustrated in B) showing that S100p increases SMOs amplitude in this neuron.

(E) Left: bar chart of SMOs voltage threshold of 5 NVmes neurons with ramp current injection in control condition (empty gray bar) and during S100p applications
near their axonal process (solid gray bar). Middle: bar chart of the amplitude of the SMOs induced with depolarizing step current injection (empty black bar, as
shown in D, left) or axonal application of BAPTA or S1008 (solid black bar, as shown in D, right) in 10 NVmes neurons. Right: bar chart of the frequency of the SMOs
induced with depolarizing step current injection (empty black bar, as shown in D, left) or axonal application of BAPTA or S1008 (solid black bar, as shown in D,
right) in 10 NVmes neurons.

(F) Plot of intra-burst firing frequency (gray dots) and SMOs frequency (black dots) in 14 neurons showing a parallel increase with both S100p and BAPTA.

(G) Scatterplot of intra-burst firing frequency and SMOs frequency in the BAPTA- or S100B-induced burst-firing responses showing a positive relationship
between both variables. A linear regression (dotted line) between both variables shows that they are significantly correlated (r = 0.97, p < 0.001).

Data in (B) and (E) are represented as mean + SEM. *p < 0.05, Wilcoxon Signed rank test. ***p < 0.001, Wilcoxon Signed rank test. ***p < 0.001, Student paired
t test.

NVmes, mesencephalic trigeminal nucleus; NVmt, trigeminal motor nucleus; NVsnpr, trigeminal main sensory nucleus; SMOs, subthreshold membrane oscil-
lations.
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Figure 5. Nav1.6 KO NVmes neurons do not
respond to axonal applications of BAPTA
and S1008

(A) Left: membrane responses of a Nay1.6-KO
NVmes neuron (top traces) to injections of hyper-
polarizing and depolarizing current pulses (bottom
traces). The arrow points to the sag. The vertical
dotted line indicates the position of the membrane
voltage and the current injection lecture for the |-V
curve. Right: I-V curve showing the inward and
outward membrane rectification of a spike-adap-
tative Nay1.6-KO NVmes neuron in response to

T T T T T
AD 0% o0 ok ol

0 nA

. BAPTA
C Responses to BAPTA and S1008
applications in Na, 1.6 KO mice
120 4
80
g 4

w1 I
o_j | l |

Current (nA)

oF o& 0® o® A0 12

hyperpolarizing and depolarizing injected current,
respectively. The red line is the linear fitting to the
non-rectifying portion of the I-V curve.

(B) Left: photomicrography of a Nay1.6-KO
NVmes neuron filled with intrapipette Alexa 594
with the BAPTA containing micropipette drawn to
indicate the positions of the local applications.
Right: membrane responses of the recorded
neuron to somatic (top trace) and axonal appli-
cations (bottom trace).

(C) Bar chart quantifying the response profiles of
NVmes neurons to somatic or axonal applications
of BAPTA (blue), or of S1008 (purple) in Nay1.6-KO
mice. Scale bar: 20 um.

I-V, current-voltage; KO, knock-out;
mesencephalic trigeminal nucleus.

NVmes,

axon had no effects (Figure 6A, bottom

BAPTA traces). A total of 86 applications of
Il soman=5/

axon n=11 BAPTA and S1008 were made along

$1008 the axons of the 34 recorded neurons.

soma n=2/ The vertical bar chart in Figure 6B illus-

axon n=11

trates the distribution of responses
evoked in relation to the location of
the application. Hyperpolarizing re-
sponses (gray bars) were mostly eli-
cited by applications less than 40 um

Hyperpo No Hyperpo Depo Firing
larization ' response | larization ' larization
SOMA AXON

this was assessed by making very small and controlled appli-
cations of BAPTA or S1008 at several locations (1-9) along the
length of the axonal process of 34 neurons that were filled
with Alexa Fluor 594 or 488 through the patch pipette (as
shown in Figure 6A). Great care was taken so that the
BAPTA or S1008 applied along the single process
emerging from the cell body (length 173 + 34 um) flew away
and not toward the soma. For each of these cases, the exact
pipettes position was recorded in bright-field images and
drawn offline over the course of the axon (as shown in Fig-
ure 6A). In this example, the first application of BAPTA, target-
ing the soma, produced a hyperpolarizing response (Figure 6A,
top trace) while positions 2 and 3 (at 57 and 106 um from
the soma, respectively) produced sustained firing (Figure 6A,
2" and 3™ traces). BAPTA applications further along the

response

No from the soma while firing responses
(black bars) were predominantly pro-
duced by applications positioned be-
tween 40 and 100 pm from the soma.
Among the firing responses, those that
occurred concomitantly with a mem-
brane potential hyperpolarization (Figure 6C, gray bars) were
triggered by more proximal applications, while those accom-
panied by a depolarizing plateau (Figure 6C, black bars)
were elicited by applications at any level of the axon.

Co-localization of Na, 1.6 channels and S1003-positive
cells and processes around NVmes neurons fibers and
somata

The aforementioned data reveal that BAPTA and S1008 induce
firing in a specific subregion of the axon of NVmes neurons, sug-
gesting that there may be specific sites along the axons of these
neurons that are more sensitive to extracellular calcium deple-
tion. Thus, we hypothesized that Nay1.6 and the endogenous
calcium chelator S1008 may colocalize at these sensitive axonal
locations. We used immunohistochemistry to examine the
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Figure 6. Chelation of extracellular Ca®*

1 s 2 2 2 2 2 of BAPTA and S1008

1 -58mvV-

2 -59mv-

0- | 20-
19 39

40-
59

60-
79

-59mV-

5 -59mV-

6 -59mv-

20-
39

40-
59

60-

7 -59mv- 79

distribution of S1008-immunoreactive fibers along NVmes neu-
rons’ cell bodies and axonal fibers. As many large diameter
PAs, NVmes neurons are unipolar and can be positively identi-
fied using parvalbumin as in Figure 7A (n = 6) that shows them
to be surrounded by S1008-immunoreactive cell bodies (arrows)
and fibers (arrowheads). Further, combined immunocytochem-
istry against Nay1.6 channels and S100p3 showed close apposi-
tion of S100B positive processes along Nay1.6 immunoreactive
cell bodies and axons of the NVmes neurons in the WT mice
(n = 6; Figure 7B). Only cell bodies were marked by immunocy-
tochemistry against Nay1.6 in the Nay1.6 null mice (n = 2), sug-
gesting that if part of the mutated channel could still be targeted
by the antibody, the mutation prevents its successful trafficking
to its final position along the axonal process (Figure 7C). Interest-
ingly, NVmes somata are also S1008-immunoreactive. Similar
observation was reported in the rat NVmes.*° A study using sin-
gle ribonucleic acid (RNA) sequencing revealed that NVmes neu-
rons express S100B,%' leading us to believe that the labeling
observed in the cell bodies of these neurons is not artifactual.

Activation of astrocytes near NVmes neurons axons
causes firing

Given that S1008 is present in the vicinity of axonal Nay1.6 and
because astrocyte activation/depolarization has been linked to
astrocyte release of S100B,°"** we used mice expressing
ChR2 under the astrocytic GFAP promoter to examine the ef-
fects of stimulating surrounding astrocytes on NVmes neurons.
The recorded neurons were filled with Alexa Fluor 594 through
the patch pipette to visualize their cell body and axon and to

10  iScience 28, 112006, March 21, 2025

Distance from soma (pm)

Firing responses

around specific axonal subregions initiate
NVmes neuronal bursting

(A) Top: reconstructed image of the tested NVmes
neuron filled with intrapipette Alexa 488, indicating
all positions of BAPTA applications along the axon
for the recorded membrane responses below.
Bottom 1-7: electrophysiological responses eli-
cited by local BAPTA applications at the top-
illustrated corresponding positions. Somatic
application (position 1) of BAPTA induced a hy-
perpolarization, while bursting was initiated for the
2 and 3 micropipette positions, corresponding
respectively to a 57 and 107 um distance from the
soma. Position 4 induced only a slight depolari-
zation associated with membrane potential oscil-
lations, and all further BAPTA applications had no
effect. Initial membrane potentials and scale bars
are indicated next to each trace.

(B) Bar chart of the distribution of all neuronal re-
sponses to the axonal applications of BAPTA and
S1008 relatively to the distance from the soma of
the local application.

(C) Most firing responses were observed following
a neuronal depolarization (black bars, n = 41), but
some neurons displayed firing following a hyper-
polarization episode (gray bars, n = 10). Scale bar:
150 pm.

NVmes, mesencephalic trigeminal nucleus.
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allow manual delimitation of defined zones for optogenetic stim-
ulation of neighboring astrocytes. Ninety neurons showing a
round or ovoid cell body were recorded in the NVmes of 63
GFAP-ChR2 mice. A single process emerging from the cell
body could be visualized in 73 of them (length 133 + 9 um). Re-
gions of interest (ROls) were drawn to stimulate the astrocytes
around the soma only in 26 neurons (Figure 8A), around the
soma and the axonal process in 10 neurons (Figure 8B), and
around the axonal process only in 67 neurons (Figure 8C),
respectively. The parameters of the photostimulated areas
were measured offline for the cases where images were re-
corded (Table 4). In some cells, more than one neuronal
compartment was tested. The recorded neurons showed similar
electrophysiological properties to the neurons recorded in WT
mice (see Table 1).

Activation of the peri-somatic astrocytes

Optogenetic stimulation of astrocytes in areas encompassing
the soma but excluding the axon of the recorded neuron gener-
ally led to a small depolarization (Table 5; Figure 8A, top trace;
n = 15) or no effect (n = 7). Other responses observed included
biphasic responses consisting of a small long-lasting depolariza-
tion followed by a hyperpolarization (Figure 8A, second trace; n =
2), or an increase in firing frequency in a cell that was spontane-
ously firing (not shown). Different stimulation durations were
tested (from 10 to 40 s) to see if firing could be elicited, but
even though the observed depolarizations outlasted the stimula-
tion period, firing could not be elicited except for the cell that was
spontaneously active, and one other cell where a single spike
was produced. The size of the stimulated area was measured
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offline in 20 of the 26 cases where images were recorded
(Table 4).

Activation of the astrocytes surrounding the cell body
and the axonal process

In 10 cells, stimulation of larger areas that included the soma and
the proximal part of the axon also produced long-lasting depo-
larizations in 8 cases (Table 5; Figure 8B). A volley of 14 action
potentials (not shown) was elicited in one case, while no detect-
able response could be seen in the last tested case. The size of
the photostimulated area and the length of exposed axon were
measured offline in 6 of the 10 cases where images were re-
corded (Table 4). The vertical bars chart in Figure 8D illustrates
the relative distribution of the different responses elicited by
the optogenetic stimulation of the astrocytes surrounding the
cell body and the proximal axon (gray bars) of the patched
neurons.

Activation of the peri-axonal astrocytes

In 67 of the 90 patched neurons, a ROl drawn for photostimulat-
ing the astrocytes excluded the cell body and was restricted to
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Figure 7. Close relationship between astro-
cytes and Nay1.6 immuno-positive NVmes
neurons

(A) Top: parvalbumin-positive NVmes neurons
(cyan, left) cell bodies are surrounded by astro-
cytes (arrows) (S1008 staining, second, green) that
also contact NVmes axons (arrowheads). Bottom:
higher resolution images of parvalbumin-positive
NVmes neurons (cyan, left) and S100p immuno-
staining (green, middle) that show that NVmes
neurons are clearly S1008 immuno-positive but
that the intensity of the labeling seen in top (mid-
dle) is due in part to enwrapping of NVmes neu-
rons somata by astrocytic processes.

(B and C) Immunofluorescence staining of Nav1.6
(left panels, red), S1008 (second, green) and su-
perposition of Nav1.6 and S1008 (right, yellow) in
WT (B) and Nav1.6 KO (C) mice. Axonal colocali-
zation of Nav1.6 and S1008 indicating axonal
apposition of astrocytic processes over Nav1.6
channels (arrowheads) is observed in WT, but not
Nav1.6 KO mice.

Scale bars are 10 um for the zoomed images
(fourth images in A [top], B, and C) and 50 pum for
the other images. KO, knock-out; NVmes,
mesencephalic trigeminal nucleus; WT, wild type.

part of the axonal process and the sur-
rounding astrocytes. In some cells,
more than one site was tested along the
length of the axon and some sites were
counted more than once because they
were tested with different durations and/
or with/without current injection for a total
of 111 sites of stimulation (Table 5). The
size of the photostimulated area, its dis-
tance from the soma, and the length of
the exposed axon were measured offline
in 93 of the 111 cases where images were
recorded (Table 4). As with peri-somatic
stimulation, when tested at the RMP, peri-axonal astrocytic op-
togenetic stimulation produced a long-lasting depolarization
(Table 5; Figure 8C, top trace) that outlasted the optogenetic
pulse duration for 67 stimulation sites.

Biphasic responses were elicited by stimulating 2 other sites
(Table 5, not shown), and firing overriding long-lasting plateaux
(Figure 8C, bottom trace) were seen in 11 other neurons (2 of
which were spontaneously firing). In the 9 remaining cases, the
optogenetic stimulation caused no detectable response.

To facilitate propagation of the stimulation-evoked action
potentials into the cell body of the recorded neuron, we tried
pairing the optogenetic stimulation of the astrocytes surrounding
the axon to membrane depolarization, using current injection, in
22 neurons; 18 of which had been tested at their RMP (—53 + 1).
One neuron did not respond to the optogenetic stimulation while
the 17 remaining ones responded with a subthreshold long-last-
ing depolarization. Injection of depolarizing current (140 + 16 pA,
n =22) brought the membrane potential to —44 + 1 mV (1 =22). In
4 of these, prior depolarization did not change significantly the
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D Responses of NVmes neurons to optogenetic stimulation

of surrounding astrocytes

Depolarization Biphasic Firing

amplitude (paired t test, p = 0.281), the latency (paired t test, p =
0.422), or the duration (paired t test, p = 0.901) of the depolariza-
tion induced by astrocytic stimulation (Table 5). The non-re-
sponding neuron still failed to respond with prior depolarization.
For 17 neurons, the pairing of the optogenetic stimulation of
peri-axonal astrocytes with depolarizing current injection (which
caused some firing by itself in 2/17 cases) triggered sustained
firing overriding the long-lasting depolarizing plateau (as in Fig-
ure 8C, bottom trace). The vertical bars chart in Figure 8D illus-
trates the relative distribution of the different responses elicited
by the optogenetic stimulation of the astrocytes surrounding
the axon (black bars) of the patched neurons.

In summary, the optogenetic stimulation of peri-axonal astro-
cytes (tested in a total of 111 peri-axonal sites in 67 NVmes neu-
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Figure 8. Optogenetic stimulation of peri-
neuronal astrocytes in GFAP-ChR2-EYFP
mice elicits a diversity of effects

(A-C) Photomicrographs of the area of optogenetic
stimulation (blue circle) of peri-somatic astrocytes
(A), or both peri-somatic and peri-axonal astrocytes
(B) or only peri-axonal astrocytes (C) (green astro-
cytes, red through intrapipette Alexa 594 recorded
NVmes neuron). (A) Example of a long-lasting
depolarization response (top trace) and of a
biphasic response consisting of a depolarization
followed by a hyperpolarization (bottom trace)
induced by the optogenetic stimulation of peri-so-
matic astrocytes. (B) Example of a long-lasting
depolarization response induced by the opto-
genetic stimulation of both peri-somatic and peri-
axonal astrocytes. (C) Example of a long-lasting
depolarization response (top trace) and of repetitive
firing (bottom trace) induced by the optogenetic
stimulation of peri-axonal astrocytes.

(D) Bar chart of the responses of NVmes neurons to
optogenetic stimulation of peri-somatic (white),
peri-somatic and peri-axonal (gray) and only peri-
axonal (black) astrocytes. Scale bars: 50 um.
ChR2, channelrhodopsin 2; EYFP, enhanced yellow
fluorescent protein; GFAP, glial fibrillary acidic
protein; NVmes, mesencephalic trigeminal nucleus.

rons) caused (n = 24) or increased (n = 4;
Student paired t test, p = 0.03) firing in 28
cases. As with the local applications of
BAPTA and S1008, different firing pat-
terns were observed in response to the
stimulation of the peri-axonal astrocytes.
The most prevalent pattern seen in 11
cases was bursting with the emission of
a single burst 9 and 13 s after the start
of the stimulation in 2 cases and repeti-
tive bursting in the other 9 cases (Fig-
ure 9A, top trace; latency of 6 + 1; dura-
tion of 16 + 3 s; interburst frequency:
1 £ 0.3 Hz; intra-burst frequency: 65 +
4 Hz). In one case, a single spike was eli-
cited at a latency of 9.2 s while in 7 cases,
low-frequency train of singlets was in-
duced (Figure 9A, second trace; frequency 0.8 + 0.2 Hz; latency:
6.4 + 1 s; duration: 30 + 14 s). High frequency (89 Hz) train inter-
mingled with bursting (Figure 9A, third trace) was seen in a single
cell, while 8 stimulations gave rise to a mix of low-frequency train
of singlets and bursts (latency: 3 + 0.3 s; duration: 17 = 5 s) (Fig-
ure 9A, bottom trace). The vertical bars chart in Figure 9B illus-
trates the relative distribution of the different firing patterns
observed in response to the optogenetic stimulation of the
peri-axonal astrocytes while Figure 9C illustrates the distribution
of these 28 firing responses among the 3 types of recorded
NVmes neurons.

Interestingly, in 19 cases, optogenetic stimulation of peri-
axonal astrocytes caused an increase of the amplitude (1.7 +
0.1 mV vs. 2.4 + 0.2 mV, Wilcoxon Signed-rank test, p < 0.001)

No response
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Table 4. Stimulated areas

Surface Distance from the soma Length along the axon
(nm2) (um) (um)

Peri-somatic 8,240 + 2,227 n = 20 Soma included 0

Peri-somatic + axonal 23,439 +6,940n =6 Soma included 89 + 21

Peri-axonal 8,589 + 585 n = 93 52+ 4 65+ 4

Values are mean + SEM.
n = number of images analyzed.

and a decrease of the frequency (74 + 6 Hz vs. 61 + 4 Hz, paired t
test, p = 0.041) of the SMOs. The optogenetic stimulation of peri-
axonal astrocytes also triggered firing at slightly more hyperpo-
larized potentials than did standard step current injections
(—45 £ 1 mV vs. —47 + 1 mV, paired t test, p = 0.002, n = 10) in
10 of the 11 neurons in which spikes were elicited at RMP.

A precise axonal subregion is involved in the astrocytes-
induced firing

We then sought to examine, using the images recorded for
offline analysis, if, as with axonal applications of BAPTA and
S100B, a specific subregion could be identified along the
axonal process of the recorded neurons for the successful
triggering of firing with optogenetic stimulation of peri-axonal as-
trocytes. We drew horizontal lines (blue, cyan, black, and gray
lines in Figures 10A-10D) along the axon of a schematic illustra-
tion of an NVmes sensory neuron (red pseudo-unipolar cells in
Figures 10A-10D) representing the length and distance from
the soma of the portion of illuminated axon for each trial of opto-
genetic stimulation of peri-axonal astrocytes for 3 categories of
evoked responses and for the cases where no responses could
be detected. It appears that, without the aid of imposed depolar-

ization, the firing responses (n = 11, Figure 10A) were predomi-
nantly evoked by stimulation zones that cover the portion of
the axon comprised between 25 and 80 pum from the soma.
Membrane depolarization extends the length of the responsive
axon proximally relatively to the soma (n = 14, Figure 10B).
Long-lasting depolarizations could be elicited at all levels of
the axon length (n = 58, Figure 10C) while the cases of failures
to respond are evenly distributed along the axonal length (n =
10, Figure 10D). Those observations are summarized in the bar
chart in Figure 10E, which represents the responses evoked by
the optogenetic stimulation of peri-axonal astrocytes in relation
to the position of the proximal extremity of the covered area of
stimulation.

The astrocytes-induced firing depends on S1003 and
Na, 1.6 channels

To elucidate whether release of endogenous S1008 in the
extracellular space was involved in the observed effects, we
tested whether local applications of an anti-S1008 antibody
(40-80 pg/mL) affected firing induced by optogenetic stimula-
tion of neighboring astrocytes. Figure 11A (top trace) illus-
trates the response evoked in the patched neuron shown in

Table 5. Effects of optogenetic stimulation of astrocytes on NVmes neurons

Depolarization Firing
Latency Amplitude Duration Latency Duration
(s) (mV) (s) (s) (s) Biphasic No effect
Peri-somatic At RMP 0.4 +0.1 2+0.2 17-77 17 and 2.2 0.03 and 28 n=2) n=7
(1040 s) (n=15) n=2) N=2 N=7
n=26/N = 26 N=15 N=2 Lat.3.2
and 0.9 s
Peri-somatic + At RMP 0.6 + 0.1 1.7+04 50+7 14 (n=1) 14 _ n=1
peri-axonal (30 s) (n=28) N=1 N=1
n=10/N=10 N=8
Peri-axonal (5-30s) At RMP 0.5+0.1 1.7 £ 0.1 14-114 6.5+ 1.1 0.03-112 (n=2) n=9
n=111/N =67 n=89/N = 64 (n=67) (n="11) N=2 L
N =51 N=10 Lat. 0.3
and 0.7 s
With depolarizing 0.7+04% 25+1° 21-73° 51+0.5 47 £ 11 _ n=1
current n = 22/N = 22 (n=4) (n=17) N=1
N=4 N=17

Values are mean + SEM for data that can be averaged; exact values for n < 3; or intervals for duration data acquired with different stimulation durations.
Lat., latency; n, number of stimulation sites; N, number of neurons; (n), number of responses; NVmes, mesencephalic trigeminal nucleus; RMP, resting

membrane potential.

2Value not different from control for the 4 depolarizations tested at RMP; control latency, 0.5 + 0.2 s, paired t test, p = 0.422.
®Value not different from control for the 4 depolarizations tested at RMP; control amplitude, 2.8 + 1.9 mV, paired t test, p = 0.281.
°Value not different from control for the 4 depolarizations tested at RMP: control duration, 46 + 19 s, paired t test, p = 0.91.

iScience 28, 112006, March 21, 2025 13




¢ CellPress

OPEN ACCESS

iScience

A B
/fj NVmes %@%‘%ﬁfg" 1omVv Firing responses to optogenetic
e 20\—0m5 stimulation of peri-axonal astrocytes
50 1
n=11
NVsnpr  NVmt 40
10mV
10s 30 -
45mV:- T - n=7
220 pA 2 20
H0mv 10 5 5 5 5 5
200ms 1 1 H H H
0 I I I 0 0
.1 Bursting ! Bursting 1 LF- !
Bursting +HF-train | +LF-train | train ! Singlet !
10mV
-60 mV-- 102 -
Cc Distribution of firing responses
in NVmes neurons
10mV 101 . Spike-adaptative neurons (n=13)
10s Tonic-firing neurons (n=3)
_247%?2\/- - 81 D Burst-firing neurons (n=12)
Laser ON
6
LmV c

L_10mv__

0
200ms 44
et 2
103
47 mV-- I T

12.8 pA Laser ON

E Bursting E Bursting E LF-

Bursting ' +HF-train | +LF-train ! train

Figure 9. NVmes neurons firing responses to the optogenetic stimulation of peri-axonal astrocytes in GFAP-ChR2-EYFP mice

(A) The optogenetic stimulation (blue light, combination of 440 and 488 nm lasers, 15% laser power) of peri-axonal astrocytes (as illustrated by the cartoon)
triggered diverse firing patterns in the recorded NVmes neurons including bursting (top trace), low-frequency train of action potentials (second trace), bursting
associated with high- and low-frequency train of action potentials (third and bottom traces, respectively).

(B) Bar chart of the relative distribution of the firing responses (shown in A) elicited by peri-axonal astrocytes stimulations.

(C) Bar chart of the relative distribution of the neuronal firing responses elicited by peri-axonal astrocytes stimulations in the spike-adaptative (black bars), tonic-

firing (gray bars), and burst-firing (empty bars) NVmes neurons.

ChR2, channelrhodopsin 2; EYFP, enhanced yellow fluorescent protein; GFAP, glial fibrillary acidic protein; HF, high-frequency; LF, low-frequency; NVmes,
mesencephalic trigeminal nucleus; NVmt, trigeminal motor nucleus; NVsnpr, trigeminal main sensory nucleus.

the image by the optogenetic stimulation of the astrocytes (ar-
rowheads) enclosed in the delineated zone (blue circle) around
its axon. Local application of the S100B-subunit monoclonal
antibody completely abolished the firing (Figure 11A, middle
trace; n = 5 neurons, from 5 slices, from 5 animals) induced
by the optogenetic stimulation that gradually recovered (Fig-
ure 11A, bottom trace) after washout of the antibody. Howev-
er, the small-amplitude underlying depolarizations remained in
the presence of the anti-S1008 antibody in the 5 tested cases
(Figure 11A middle, top trace above the dotted baseline in
inset).

To further determine if the effect of endogenous S1008 also
involved Nay1.6 channels, we tested the effect of bath-applica-
tions of 4,9-anhydro-TTX on the astrocytes-induced firing in 2
neurons (from 2 slices, from 2 animals). Figure 11B (top trace) il-
lustrates the response evoked in one of these neurons by the op-
togenetic stimulation of the astrocytes surrounding its axon.

14 iScience 28, 112006, March 21, 2025

Bath-application of 4,9-anhydro-TTX completely abolished the
firing (Figure 11B, middle trace) induced by the optogenetic stim-
ulation that recovered (Figure 11B, bottom trace) after the
washout of the drug. Again, the small-amplitude underlying de-
polarizations remained in the presence of the 4,9-anhydro-TTX
in the 2 tested cases (Figure 11B, middle, top trace above the
dotted baseline in inset).

DISCUSSION

The presented results provide evidence that astrocytes may
regulate the excitability and firing patterns of PA neurons in the
trigeminal mesencephalic nucleus (NVmes). This regulation is
mediated by a local astrocytic release of S100p along a specific
axonal domain of NVmes neurons and the subsequent decrease
of the extracellular calcium concentration ([Ca®*],), causing /nap
potentiation and repetitive firing.
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A
Firing at the RMP

Figure 10. NVmes neuronal firing is initiated
by optogenetic stimulation of peri-axonal
astrocytes in GFAP-ChR2-EYFP mice sur-
rounding specific axonal subregions

(A-D) Graphic summary of recorded responses
following optogenetic stimulations of astrocytes
surrounding NVmes axonal subregions in GFAP-

ChR2-EYFP mice in relation to the position of the
proximal extremity of the covered area of stimu-
lation from 0 to 300 um of distance from the soma
(top grid lines) for 93 of the 111 stimulation sites
where images were recorded for offline analysis.

(E) All responses with the nominal distances of the
proximal extremity of the covered area from the

soma are plotted.

Following these optogenetic stimulations, we
observed firing at the resting membrane potential
for 11 stimulation sites (A; E purple bars) and firing
following an imposed depolarization for 14 stim-
ulation sites (B; E blue bars). The most common
response was a long-lasting depolarization eli-
cited by 58 stimulation sites (C; E black bars), with

B | | |
Firing with imposed depolarization } }
Cc 1 1 | |
Long-lasting depolarisation ! ! ! !

10 sites producing no response (D; E gray bars).
ChR2, channelrhodopsin 2; EYFP, enhanced yel-

low fluorescent protein; GFAP, glial fibrillary acidic

D
No response

protein; NVmes, mesencephalic trigeminal nu-
cleus; RMP, resting membrane potential.

E s - .
60 Responses to optogenetic stimulation of peri-axonal astrocytes
M Firing / n=11
404 M Firing with imposed depolarisation / n=14
Il Long-lasting depolarisation / n=58
—
X I No response / n=10
=

magnitude of the D-type K* current.*®

Interestingly, S100B has recently been re-
ported to inhibit A-type voltage-gated
and EAG1 K* channels.®>” Inhibition of
these channels could contribute to the
observed increase in firing, but this is un-
likely the case here because these
firings were not seen in the Nav1.6 KO
and were abolished by 4,9-TTX. In addi-
tion, according to Saito et al.,*® the
4-AP- K* channels are located exclu-
sively on the somata of NVmes neurons,
where Ca?* chelation caused a hyperpo-
larization rather than an increase in firing.
This hyperpolarization may reflect the ef-
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lonic conductances contributing to NVmes neurons
properties and firing and their modulation by Ca%*-
chelating agents

The recorded neurons exhibited the distinctive electrophysiolog-
ical properties and unipolar morphology of PAs®® previously
described in the rat or mouse NVmes (for review, see study by
Xing et al.®%). The vast majority (75%) of them showed firing ac-
commodation upon membrane depolarization. This property,
which relies on a 4-aminopyridine-sensitive (4-AP-sensitive) out-
ward potassic current,*® has been shown to be more prevalent in
mouse than in rat NVmes neurons due to a significantly higher

140-
159

160-

180 fect of Ca?* decrease on a variety of

channels, sensors, exchangers, and re-

ceptors, but may also result from the

fact that lower Ca®* may activates astro-

cytes and lead to release of adenosine

triphosphate and/or a transient decrease in the extracellular K*
concentration.*®

In the remaining 25% of neurons reported here, repetitive firing

and SMOs were observed upon membrane depolarization. Such

SMOs and firing were also obtained in more than half of the

spike-adaptative neurons with local applications of BAPTA or

S1008, at some point along their axonal process. SMOs and re-

petitive firing depend on a /y.p° %2 conveyed in NVmes neu-

rons by the Nay1.6 channel isoform®® that is highly sensitive to

[Ca®*].. By entering and clogging the pore of the channel, Ca?*

reduces the current by interfering with the flow of Na* ions,

>180
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Figure 11. Firing triggered in NVmes neu-

rons by optogenetic stimulation of peri-

axonal astrocytes in GFAP-ChR2-EYFP
10mv mice is reversibly suppressed by the appli-
200ms cation of an S1008 antibody and a Nay1.6
channel blocker
(A) Transient bursting (top trace; left inset em-
phasizes the slight depolarization underlying the
firing) induced in an NVmes neuron by a 10 s op-
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togenetic stimulation of its peri-axonal astrocytes
(arrowheads in blue circle in photomicrograph) is
abolished following local application of the anti-
S100B antibody (middle; left inset emphasizes the
remaining slight depolarization, right inset illus-
trates the experimental setup) and recovered after
a 35-min wash (bottom).

(B) Doublets and singlets (top trace; left inset
emphasizes the slight depolarization underlying
the firing) induced in an NVmes neuron by a 10 s
optogenetic stimulation of its peri-axonal astro-
cytes are abolished following the addition of 4.9-
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and modifies the voltage-sensitivity and gating kinetics of the
channel.’® As a consequence, calcium-chelating agents, such
as BAPTA and S100, augment the amplitude and duration of
Inap, thereby increasing the occurrence of SMOs and repetitive
firing. Indeed, our previous work showed, using voltage-clamp
recordings in NVsnpr neurons, that both substances increase
the peak amplitude of the pharmacologically isolated /y,p and
shift its activation and half-activation voltage toward more hy-
perpolarized potentials.’® The transition from adaptative to
bursting-firing neurons with BAPTA and S1008 is in agreement
with Yang et al.>®> who showed that NVmes neurons excitability
could be transformed from one class to another by manipulating
the magnitude of /4.ap and/or Iyap. This is also supported by the
observation that NVmes neurons in our Nay1.6 knockout mice
were less excitable than the ones from the WT mice since almost
all (93%) of them showed firing accommodation and a depolar-
ized firing threshold (relatively to WT NVmes neurons), as re-
ported by others. 254041

[Ca%*]. chelation along a precise segment of NVmes
neurons axonal processes elicits repetitive firing

As in the study of Chung et al.,*? our immunohistochemical data
showed immunoreactivity against Nay1.6 channels in NVmes
neurons somata and along their axon. However, the somatic la-
beling, which was weak, could be detected only in the cytoplasm
but not at the membrane, suggesting absence of these channels

16  iScience 28, 112006, March 21, 2025

- "
4,9 anhydro-TTX

el

anhydro-TTX, a selective Nav1.6 antagonist, to
the perfusion bath (middle; left inset emphasizes
the remaining slight depolarization, right inset il-
lustrates the experimental setup). Bottom: a
bursting response was recovered after a pro-
longed wash. Scale bar: 50 pm.

ChR2, channelrhodopsin 2; EYFP, enhanced yel-
low fluorescent protein; GFAP, glial fibrillary acidic
protein; NVmes, mesencephalic trigeminal nu-
cleus; NVmt, trigeminal motor nucleus; NVsnpr,
trigeminal main sensory nucleus.

[10mv.

200ms

on the soma membrane. This is in agreement with the findings of
Kang et al.*® who, on the basis of dual patch recordings from the
soma and axon hillock of NVmes neurons, concluded using
pharmacological tools that the two compartments express
different Na* channels and that /\.p is likely present solely in
the stem axon. This could explain why there was no increase
in excitability in the recorded neurons, in our study, when
BAPTA and S100p were applied near their soma, while their ap-
plications near the axonal process elicited firing in 80% of cells
which were mostly quiescent priorly. The elicited firing showed
a significantly more hyperpolarized threshold potential than the
firing evoked by standard step current injection that activates
voltage-gated Na™ transient channels, suggesting that it is likely
generated via Nay1.6 channels in which voltage-dependence
activation occurs at more hyperpolarized potentials than other
neuronal Nays channels***® (reviewed in a study by Zybura
et al.*%). Accordingly, these firings were prevented with the se-
lective blockade of Nay1.6 channels with 4,9-TTX and could
not be elicited in Nay1.6 null mice (except in 1 out of 22 applica-
tions) where our immunohistochemical data confirmed absence
of Nay1.6 channels on the axons. The immunopositivity to
Nay1.6 in NVmes neurons somata of Nay1.6 knock-out mice
can be explained by the antibody targeting an intracellular loop
(between domains Il and Ill) of the sodium channel o subunit un-
altered by the med mutation, which truncates the protein within
the first transmembrane domain.?® Our immunohistochemical
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results in the Nay 1.6 null mice suggest that the channel encoded
by the mutated gene is not transported to the axon, as it has
been reported by others.*’

In neurons, Nay1.6 channels localize mostly in the distal end of
the AIS'” and are presumed to be responsible for the action po-
tential initiation.*®*° The AIS as defined by marking of ankyrin G
(AnkG) that anchors Na* in the spike initiation zone is usually
located close to the soma of central neurons,”® but PAs may
also have spike initiation zones in their peripheral branches
near their receptor in the periphery. For instance, Espino
et al.®' found that muscle spindles possess several action poten-
tial initiation zones co-expressing Nay1.6-expressing and AnkG
with some being close to the spindle capsule. Nascimento
et al.®? reported that in the dorsal root ganglia (DRG) TrkC-pos-
itive proprioceptive neurons, which are equivalent to NVmes
neurons, a 50-60 um long initial segment, starting at 12 um
from the soma, could be observed in 25%-30% of neurons.
Considering this and the fact that the Nay1.6 channels are ab-
sent in the more proximal part of the AIS,"” it is interesting that
firing responses elicited with axonal applications of the Ca®*-
chelating agents that did not require facilitating depolarization
were elicited with applications distanced 20-80 pum from
the soma.

Chung et al.”* reported co-localization of mGIuR-I receptors
with Nay1.6 channels on the stem axon of NVmes neurons, sug-
gesting that glutamatergic synaptic action at this location upre-
gulates Inap to trigger bursts, providing a complementary firing
mechanism. However, as no synaptic stimulation was applied
in our study and no spontaneous firing was observed, the evoked
firings likely resulted from a direct effect of punctual decreases of
extracellular calcium on /y,p along NVmes neurons axons.
mGIuR-I receptors may still explain the small depolarization
persisting after blockade of induced firing with 4,9-TTX and/or
anti-S100p8 antibody, and could also underlie the increased
SMOs and firings reported by Verdier et al.>® after stimulating
surrounding trigeminal areas.

|.42

Activation of astrocytes closely apposed to NVmes
axonal processes leads to ectopic firing through the
release of S100

In the periphery, satellite glial cells, which are the equivalent
counterparts to the astrocytic glial cells of the central nervous
system, closely envelop the cell bodies of the sensory neurons
located within the DRG and trigeminal ganglia (TG), utterly
isolating them from each other (reviewed in studies by Hanani
and Spray®* and Zheng et al.>®). It was speculated that this
peculiar organization allows for close interactions between sat-
ellite glial cells (SGCs) and neurons®® and emphasizes the ab-
solute control these glial cells can exert over the extracellular
milieu that surrounds these sensory neurons. Our immunohisto-
chemical data reveal that although NVmes PAs are not as
tightly enveloped by S100B-positive glial processes as DRG
neurons, they are still well surrounded. S100B-positive glial
cell bodies and processes are seen closely surrounding the
somata and axons of these cells. However, the morphological
relationship between astrocytes and NVmes neurons somata
may be underestimated in our study because of our choice of
astrocytic marker, since S1008 mostly labels astrocytic cell
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bodies and proximal astrocytic processes. Using anti-GFAP
antibodies in a study conducted on rats, Copray et al.”’ re-
ported that each NVmes neuron was almost entirely sheathed
with astrocytic processes radiating out from two or more astro-
cytes. Such anatomical organization places astrocytes in a
strategic position to tightly regulate the excitability of the
NVmes sensory neurons in the same way as the SGCs of the
DRG and TG.

Within the ganglia, the gap of extracellular space between the
SGC sheath and the wrapped neuronal surface has a very con-
stant distance of about 20 nm, comparable to the distance found
in a synaptic cleft (reviewed in the study by Zheng et al.®®). Given
how narrow that space is, a change of just a few ions will cause
significant variation in its concentration and have a major effect
on phenomena that depend on it,*®°° as previously suggested
and modeled by Smith SJ.*° If such a small distance is found
between astrocytic processes and NVmes neurons axonal mem-
brane, as suggested by their close apposition in our immunohis-
tochemical data, then the release of even a minute amount of
S1008 in such a confined space would produce a significant
decrease of [Ca®*], and powerfully activate Nay1.6 channels
leading to facilitation of firing and its propagation. This could
even be responsible for ectopic discharges that are sometimes
seen in pathological pain states.®° 2

Optogenetic activation of astrocytes via the expression of
channelrhodopsin has been used by many and was shown to
elicit intracellular calcium rises and to lead to the release of
several gliotransmitters.”"**~"" The specificity of the channelr-
hodopsin expression and the efficacity of the optogenetic stim-
ulation on the illuminated astrocytes in the GFAP-ChR2 mice
used in the present study have already been established in our
more recently published work.?" Here, using this mouse line,
we found that photostimulation of astrocytes surrounding the
axon of NVmes neurons elicited firing that, as those evoked by
local applications of BAPTA or S1008, relied on the activation
of Inap @and showed a significantly more hyperpolarized threshold
potential than the firing evoked by current injection, suggesting
that they may result from the release of S1008. Indeed, these fir-
ings could be reversibly blocked by application of an anti-S1008
antibody. We did not test the effect of astrocytic photostimula-
tion on [Ca®*],, but according to Ryzcko et al.,”' such stimulation
in the layer 5 of the visual cortex was associated with a drop of
0.13 mM. That a detectable drop could be recorded in a sub-
merged preparation, continuously perfused with a calcium-
loaded artificial cerebrospinal fluid (aCSF), is somewhat remark-
able and we would presume that the calcium drop was likely
greatly underestimated particularly in the extracellular space in
area of close apposition between glial processes and neuronal
membrane.

Photostimulation of NVmes astrocytes contributes to aug-
mented neuronal excitability by amplifying SMOs and generation
of ectopic repetitive firing that both rely on Iyap. The unique pseu-
dounipolar morphology of these centrally located neurons points
to this regulatory effect of astrocytes taking place along
the axonal process and adds to the accumulating evidence
that these glial cells interfere with signal processing at all
levels of the input-output computation within neuronal circuits.
Involvement of Iygp in distal axon excitability has already been
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demonstrated in CA1 pyramidal neurons,’? but the present study
extends this demonstration by revealing that astrocytes, through
the release of S1008 along axonal process, act as key regulators
of Inap-

Functional considerations

Synchronization and signal amplification

NVmes neurons are known to be electrically coupled through
connexin 36 (Cx36) gap junctions,®*">~"> but coupling is mostly
restricted to pairs or small clusters.”* Curti et al.”* found this
coupling to strongly promote robust spike synchrony among
pairs of afferent neurons through a synergistic interaction with
active membrane properties but attributed its strength to only
a small fraction of the Cx36 channels. Based on the lack of
tracer-coupling (estimated with neurobiotin injections and
Cx36 labeling), they suggested that most channels are closed
and must be strongly regulated. Indeed, coupling between cells
is dynamic and can be up or downregulated. [Ca®*], is one of the
factors that can greatly influence gap-junction coupling.”® There-
fore, even if NVmes neurons cell bodies lack Iyazp, S1008
released by surrounding astrocytes may contribute to an
increased excitability and synchronized firing by allowing the
transfer of antidromic action potentials along the axon to
numerous cells through upregulation of gap-junction coupling.
This astrocytic control of coupling is of particular interest in a nu-
cleus where the cells are majorly refractory to discharge, since it
may allow to bypass these neurons refractory nature by coupling
more excitable cells to the refractory ones. In our study, 43% of
the recorded neurons fired a single action potential in response
to 1 s long depolarizing pulses current injection probably due
to a high expression of a 4-AP-sensitive outward K* as previ-
ously reported.®® However, action potentials ectopically gener-
ated in the axon are likely to invade the soma and release the
strong inhibitory control exerted by this conductance. Davoine
and Curti’” proposed that the reciprocal interaction between
active electrical properties and electrical coupling endows
circuits of coupled neurons with the capability to act as coinci-
dence detectors and since astrocytes act on both parameters,
we propose that they may play an important role in this neuronal
function as well.

Lastly, independently of the coupling between NVmes neu-
rons, it is known that a single astrocyte, because of its highly
ramified morphology, contacts several cells simultaneously.
Thus, a concerted action of a single astrocyte on adjacent axons
may suffice to elicit a synchronized activity between many neigh-
boring cells. Debanne and Rama’® postulated that since a single
astrocyte covers a spherical volume with a diameter of ~40 pum,
the activity of an astrocyte may affect a large population of
axons, creating volumes of enhanced synaptic transmission.
Adding that several astrocytes can couple together’® elevates
their influence to another level, and gives a glimpse of the power-
ful control they may exert on the coordination of firing across
neuronal networks.

Neuronal compartmentalization

Our much earlier in vivo work in the rabbit® suggested that
propagation of action potentials is compartmentalized in NVmes
neurons during fictive mastication, because antidromic action
potentials generated in their central axons during the jaw-closing

t80
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phase of the masticatory cycle could not be detected in the soma
and stem axon area. We postulated then that this allowed some
branches of the central axon to act as premotor interneuron,
functionally disconnected from the stem axon and soma. At
the time, the antidromic action potentials were imputed to strong
GABA-mediated PAs depolarizations and regulation of their
propagation was thought to rely on activation of GABAergic re-
ceptors at strategic locations along the axonal tree.®'*> While
this may be true, contribution of astrocytes, through release of
S100B8 or GABA as previously described®® also needs to be
considered.

Pathologies

Increasing evidence suggest that the SGCs in DRG are activated
in chronic pain conditions (reviewed in the study by Zheng
et al.>®) and our own previous work has shown that NVmes astro-
cytes become reactive in the acidic saline masseteric myalgia
model,®* in which NVmes neurons showed increased excit-
ability.?? Reactive astrocytes are known to release increased
amounts of gliotransmitters.®> With regard to S1008, it has
been shown that its mMRNA and protein levels increase in the spi-
nal cord after peripheral inflammation and nerve injury,®® and in
serum in diverse chronic pain conditions.®”®° It is therefore
possible that reactive astrocytes contribute to the increased
excitability of NVmes neurons in the chronic myalgia model by
releasing excessive amounts of S1008. This mechanism may
be at play in any pathology where neuronal hyperexcitability or
hypersynchrony is reported.

Concluding remarks

Others have reported regulation of axonal excitability by astro-
cytes directly, through purinergic®® and glutamatergic®’
signaling, or indirectly, by acting on the myelin.” It therefore ap-
pears that astrocytes have a variety of mechanisms at their
disposal to impact the electrical properties of axons. In this
study, we showed how astrocytes, by releasing S1008 in the
vicinity of a specific segment of the axonal process of NVmes
neurons, modulate their excitability by acting on /yzp. These
very peculiar sensory neurons have classically been associated
with chewing, an essential rhythmic behavior sustained by an
extensive brain circuit (reviewed in a study by Falardeau
et al.®®). However, there is accumulating evidence that their
functions go beyond the relaying of jaw proprioceptive inputs
for oro-sensory-motor control. Indeed, those cells are involved
in numerous other brain functions, such as whisker pad proprio-
ception,?*® food intake regulation,”® stress-induced masseter
hyperactivity,”” and sleep physiology,”® to name a few. This im-
plies that understanding the factors that regulate their excitability
is paramount. The present study underlines the importance in
considering the contribution of astrocytes to the basic neuronal
computations in this and presumably other circuits.

Limitations of the study
(1) Unspecific effects of local applications of BAPTA, S1008
or the anti-S100p antibody. To rule out effects that could
result from mechanical disturbance, we tested local appli-
cations of aCSF along the axon of five NVmes neurons
and found no effects on the recorded cells. In one of these
cases, puffing of aCSF at several positions along the axon
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of the recorded neuron had no effect; puffing of BAPTA at
the same positions elicited firing (Figure S1). We also
analyzed the effects of the anti-S1008 antibody on the
basic electrophysiological properties of NVmes neurons
and found no differences before and after its application
(Table S1).

Issues related to the use of optogenetic stimulation
include: (i) potential expression of ChR2 in NVmes neu-
rons themselves; (i) the effects of ChR2 on pH and extra-
cellular K*%; and (jii) the effects of blue light (high energy)
on the tissue.'®

S

Regarding the first issue, we first confirmed using immunohis-
tochemistry against the green fluorescent protein and Parvalbu-
min in GFAP-ChR2-EYFP mice (Figure S2, bottom, n = 3), that
there was no overlap in labeling in the cell bodies of NVmes neu-
rons. Secondly, we tested direct activation of NVmes neurons
with optogenetic stimulation in Parvalbumin-ChR2 mice (Fig-
ure S3, n = 8) and found the main effect to be only depolarizations
or firing of one or two spike(s) (Figure S3C), even with prolonged
stimulation. In 2 of the 8 cells where such a stimulation failed to
induce prolonged firing, further application of S1008 induced
prolonged firing.

As for the 2"% issue, we reasoned that the firing elicited by op-
togenetic stimulation of astrocytes is unlikely to result from the
release of other factors (due to acidification leading to vesicle
fusion) because it is abolished by prior application of the anti-
S100B antibody. However, the depolarization that persists in
this condition may well reflect effects on extracellular K*.

The 3™ issue was addressed in two series of control exper-
iments. First, in GFAP-ChR2-EYFP mice, no effects were eli-
cited in NVmes neurons upon optogenetic stimulation in cases
where there were no labeled astrocytes in the vicinity of the re-
corded cell (Figure S4A, n = 5). In the second series of exper-
iments, conducted on brainstem slices from GFAP-cre mice,
astrocytes (not expressing ChR2) were first marked with Sulfo-
rhodamine-101 (Figure S4B, in red) to identify their presence
and stimulated with blue light with the same laser intensity
used in the experiments conducted on brainstem slices from
GFAP-ChR2-EYFP mice. No effects were observed on the re-
corded NVmes neuron (Figure S4B, n = 7), while BAPTA appli-
cation induced firing (Figure S4C).

(3) Presence of S1008 in large PAs has previously been
described, but it is unclear whether it results from expres-
sion of the protein in the afferents or its uptake from the
extracellular space.'%'"'% This makes it difficult to ascer-
tain that the observed effects result from its astrocytic
release. However, it is unlikely to result from its neuronal
release since direct optogenetic stimulation of NVmes
neurons in Parvalbumin-ChR2 mice did not elicit sus-
tained firing.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Arlette Kolta (arlette.
kolta@umontreal.ca).
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Materials availability
This study did not generate any new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon
request.
e This paper does not report original code.
o Any additional information required to reanalyze the data reported in this
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Cre_segF1: TCGACCAGGTTCGTTCACTC Alpha ADN, S.E.N.C. #678698

Cre_seqR2: Alpha ADN, S.E.N.C. #678699

CTGACCCGGCAAAACAGGTA

Chim_F: AGGGCTTTCCTTGCTGTGTC Alpha ADN, S.E.N.C. #678700

Chim_R : TAGGTCCCTTCTCATGAACC Alpha ADN, S.E.N.C. #678701

Software and algorithms

Fluoview 2 Olympus #F10SWARS2

pClamp 8 Molecular Devices #6190-013

Clampfit 10 Molecular Devices https://www.moleculardevices.com/
products

MultiClamp Molecular Devices https://www.moleculardevices.com/
products

SPSS 26-29 IBM IBM SPSS Statistic

ImageJ National Institute of Health https://imagej.net/ij/index.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were conducted according to the Canadian Institutes of Health Research rules and were approved by the Animal
Care and Use Committee of Université de Montréal.

A total of 137 mice were used, including 5 GFAP-cre mice (B6.Cg-Tg(Gfap-cre)73.12Mvs/J, stock 12886, JAX), 51 wild-type mice
(C57BL/6J, Stock 000664, JAX), 7 Nav1.6 null mice, 71 mice expressing the channelrhodopsin 2 (ChR2) under the control of the
GFAP promoter (GFAP-ChR2-EYFP mice) and 3 mice expressing the channelrhodopsin 2 (ChR2) under the control of the Parvalbu-
min promoter (Pvalb-TdTomato-ChR2-EYFP mice). Nav1.6 null mice were obtained by crossing heterozygous Scn8amed mice
(C3Fe.Cg-Scn8amed/J, stock 003798, JAX;?* %% and selecting the homozygous offsprings. GFAP-ChR2-EYFP mice were pro-
duced by crossing GFAP-Cre (B6.Cg-Tg(Gfap-cre)73.12Mvs/J, stock 12886, JAX;'%®) and ChR2-lox mice (B6.Cg-Gt(ROSA)
26S0rtm32(CAG COP4*H134R/EYFP)Hze/J, stock 24109, JAX;'%%). Pvalb-TdTomato-ChR2-EYFP mice were produced by crossing
Pvalb-cre-tdTomato mice (graciously supplied by Reza Sharif-Naeini, but originally generated by crossing commercially available
PVcre mice (JAX, stock #017320) with Ai14 tdTomato reporter (JAX, stock#007914) and ChR2-lox mice (B6.Cg-Gt(ROSA)
26Sortm32(CAG COP4*H134R/EYFP)Hze/J, stock 24109, JAX).

METHOD DETAILS

Brainstem slice preparation

Coronal brainstem slices (325-350 um) were prepared from mice aged from 14 to 21 days. The mice were anesthetized by inhalation
of isoflurane (Pharmaceutical Partners of Canada Inc., Richmond Hill, ON, Canada) prior to decapitation. Their brain was quickly ex-
tracted from the cranium and sectioned in an ice-cold modified artificial cerebrospinal fluid (CSF, in mM: 3 KClI, 1.25 KH2POy,,
4 MgSQy, 26 NaHCO3, 10 Dextrose, 0.2 CaCl,, 219 Sucrose, pH 7.3-7.4, 300-320 mOsmol/kg) saturated with a mix of 95% O,
and 5% CO, using a VT1000S vibratome (Leica). Slices were transferred to a submerged chamber and continuously perfused
with artificial CSF (in mM: 124 NaCl, 3 KCl, 1.25 KH,PQOy, 1.3 MgSQ,, 26 NaHCO3, 10 Dextrose, and 1.6 CaCl,, pH 7.3-7.4, 294-
300 mOsmol/kg) bubbled with 95% O, and 5% CO, at room temperature. Slices were allowed to rest for a minimum of one hour
before recording. In some experiments, after sectioning, the brainstem slices were incubated for 20 min at 34°C in a chamber filled
with aCSF containing 1 uM Sulforhodamine-101 to label astrocytes following the procedure of Kafitz et al.’®” The slices were then
transferred to a second chamber to rinse out excess SR-101 from the tissue. They were kept at room temperature until needed.

iScience 28, 112006, March 21, 2025  e2



https://www.moleculardevices.com/products
https://www.moleculardevices.com/products
https://www.moleculardevices.com/products
https://www.moleculardevices.com/products
https://imagej.net/ij/index.html

¢ CellPress iScience
OPEN ACCESS

Electrophysiology and analysis

Recordings were carried out at room temperature in a submerged chamber continually perfused with artificial CSF bubbled with 95%
0, and 5% CO.. Patch microelectrodes were pulled from borosilicate glass capillaries (1.5 mm outside diameter, 1.12 mm inside
diameter, World Precision Instruments) using a P-97 puller (Sutter Instruments). For neuronal recordings, pipettes (resistance
6-10 MQ) were filled with an internal solution containing (in mM): 140 K-gluconate, 5 NaCl, 2 MgCl,, 10 HEPES, 0.5 EGTA, 2 Tris
ATP salt, 0.4 Tris GTP salt, pH 7.2-7.3, 280-300mOsmol/kg. 0.05 Alexa Fluor 488 or 594 was added to the internal solution to visualize
neuronal and axonal morphologies during the experiment. Confocal imaging was performed using an Olympus Fluoview FV 1000
confocal microscope equipped with a 40x (N.A. 0.80) water immersion objective. All recordings were performed using a Multiclamp
700A ampilifier, Digidata 1322A interface coupled to a computer equipped with pClamp 8 software (Molecular Devices, San Jose,
CA). After the establishment of a gigaseal, the membrane potential was held at -60 mV, and the membrane patch was suctioned.
The pipette resistance and capacitance were compensated electronically. Neurons were discarded when action potentials did
not overshoot 0 mV or when the resting membrane potential was depolarized (>-45 mV). Recordings were analyzed using standard
scripts in Clampfit. The neuronal passive properties included the resting membrane potential (in mV), the input resistance (in MQ), and
the firing threshold. The resting membrane potential was measured when no current was injected into the recorded neuron in current-
clamp mode. The input resistance was determined as the voltage change induced by a small hyperpolarizing current (—20 to—40 pA)
of 1 s duration applied from resting membrane potential divided by the amount of injected current. Firing patterns and membrane
rectification were described from the current-voltage (I-V) curve obtained in the current-clamp mode.

Optogenetic stimulation

Astrocytes or neurons were optogenetically stimulated with two lasers (440 and 488 nm) used simultaneously in the SIM lightpath of
an FV1000 microscope (Olympus) in mice expressing the channelrhodopsin (ChR2) under the control of the GFAP promoter (GFAP-
Cre/ChR2-lox). The SIM scanner was used in the ‘tornado’ scanning mode (a spiraling scan mode) to photoactivate manually
delineated small areas surrounding the recorded neuron. Optogenetic stimulations were applied using 5-30 s pulses (10-20% laser
power/8.6-14.9 uW for laser 440 nm/8.7-15.9 uW for laser 488 nm). To assess the specificity of wavelength in activating astrocytes,
559 nm laser pulses (10-20% laser power/120-200 uW) were applied in control experiments.

Drug application

Chemicals used in this study were purchased from Sigma-Aldrich (Oakville, Ontario, Canada), Tocris Biosciences (Ellisville, Missouri,
USA), Abcam (Cambridge, UK), and Inixium (Laval, Quebec, Canada). The following drugs were bath-applied using a syringe pump:
4,9-anhydro-tetrodotoxin (4,9-anhydro-TTX, 100 nM), CNQX (10 uM), D,L-2amino-5 phosphonovaleric acid (APV, 75 uM), SR 95531
hydrobromide (Gabazine, 20 M). In some experiments, aCSF or the Ca?*-binding proteins S100p (129 uM) or 1,2-bis(o-aminophe-
noxy)ethane-N,N,N’,N’-tetraacetic acid tetrasodium salt (BAPTA, 5 mM) were locally applied with glass micropipettes (tip diameter
around 1 pum) with 2-20 psi pressure pulses of variable duration (1-30 s; Picospritzer lll, Parker Instrumentation, Fairfield NJ USA).
Monoclonal anti-S100p antibodies (mouse anti-S1008, Sigma Aldrich #S2532 or rabbit anti-S1008, Abcam ab56642) were applied
locally with large-tip (10-20 um) glass micropipettes carefully lowered near the recorded neuron with 0.1-2 psi pressure pulses lasting
from 5 to 20 minutes. All bath-applied chemicals were diluted in water at 100X their final concentrations and further diluted through
the perfusing aCSF at their final concentrations. Except for S1008, all locally applied chemicals were diluted at their final concentra-
tions in aCSF. S1008 was diluted in a 20 mM HEPES buffer containing 140 mM of NaCl but no Ca%*, at pH 7.4.

Immunohistochemistry

For the immunohistochemistry against S1008 and Nav1.6, coronal brainstem slices (500 um) were prepared from 14 to 21-day-old
wild-type (N=6) or Na, 1.6-null mice (N=2) using a vibratome VT 1000S (Leica), immediately immersed in a solution of 4% (wt/vol) para-
formaldehyde in PBS and kept overnight at 4°C. For cryoprotection, the slices were then immersed in a solution of 20% sucrose in
PBS for two hours at 4°C. Using a sliding microtome (Leica SM20000R), 40 um thick sections of the brainstem were made. The sec-
tions were rinsed 3 times for 10 minutes in PBS and incubated in a blocking solution containing 0.3% Triton X-100 and 10% Normal
Donkey Serum (Jackson ImmunoResearch #017-000-121) in PBS for two hours at room temperature. The sections were then rinsed
3 times for 10 minutes in PBS and incubated overnight at 4°C in a mix of the primary antibodies (mouse anti-S1008, Sigma Aldrich
#52532, dilution 1:400; rabbit anti-Nav1.6, Alomone lab #ASC-009, dilution 1:400). The following day, the slices were rinsed 3 times
for 5 minutes in PBS and incubated in the relevant secondary antibodies mix (donkey anti-rabbit-Alexa Fluor 488, Jackson Immunor-
esearch #711-545-152, dilution 1:500; donkey anti-mouse Alexa Fluor 488, Jackson Immunoresearch #715-545-151, dilution 1:500;
donkey anti-rabbit Alexa Fluor 555, Invitrogen #A31572, dilution 1:500; donkey anti-mouse-Alexa Fluor 594, Jackson Immunore-
search #715-585-150, dilution 1:500) diluted in the blocking solution for 60 minutes in a dark chamber at room temperature. For
the immunohistochemistry against Parvalbumin and S1008 or the immunohistochemistry against Parvalbumin, S1008 and GFP, cor-
onal brainstem slices (350 um) were prepared from 14 to 21-day-old wild-type (N=1), GFAP-cre (N=2) and GFAP-ChR2-EYFP (N=3)
mice using a vibratome VT 1000S (Leica), immediately immersed in a solution of 4% (wt/vol) paraformaldehyde in PBS and kept over-
night at 4°C. The slices were not re-sectioned. The primary antibodies used were mouse anti-S1008 (Sigma Aldrich #52532, dilution
1:400), chicken anti-GFP (Abcam #ab13970, dilution 1:1000), sheep anti-Parvalbumin (ThermoFisher, PA47693, dilution 1:40) and
guinea-pig anti-Parvalbumin (Synaptic Systems, #195-004, dilution 1:400). The secondary antibodies used were donkey anti-mouse
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Alexa Fluor 647 (Abcam #ab150107, dilution 1:500), donkey anti-chicken Alexa Fluor 488 (Jackson Immunoresearch #703-545-155,
dilution 1:500), donkey anti-sheep Alexa Fluor 405 (Jackson Immunoresearch #713-475-003, dilution 1:500) and donkey anti-guinea
pig Alexa Fluor 594 (Jackson Immunoresearch, #706-585-148, dilution 1:500). The incubation period with the secondary antibodies
was 120 minutes. The sections were then rinsed 3 times for 5 minutes in PBS and mounted on ColorFrost Plus slides (Fisher Scientific,
Ottawa, Ontario, Canada) using Fluoromount-G (Southern Biotech, Birmingham, Alabama, USA). Slides imaging was done using
either an E600 epifluorescence microscope equipped with aDXM1200 digital camera (Nikon), an FV1000 confocal microscope
(Olympus), or a TCS SP8 STED nanoscope (Leica). In all cases, a negative control was performed by removing the primary antibody
and the absence of specific labeling on brainstem sections was confirmed. Images were treated with Imaged (NIH) software to
combine pictures and adjust the levels so that all fluorophores were clearly visible simultaneously.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + standard error to the mean (SEM) and as proportions (%). Our sample sizes are comparable to those
employed in the field and were not predetermined by any statistical methods. Our experimental paradigms necessitated no blinding
or randomization procedures. For pairwise comparisons of normally distributed data, paired t-tests or independent t-tests were
used. For pairwise comparisons of non-normally distributed data, the Wilcoxon Signed-Rank, or the Kruskall Wallis tests were
used. Statistical significance was defined as P < 0.05. Data analysis was performed using SPSS.
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