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SUMMARY

The evolution of novel motor behaviors requires modifications in the central pattern generators (CPGs) con-
trolling muscle activity. How such changes gradually lead to novel behaviors remains enigmatic due to the
long time course of evolution. Rattlesnakes provide a unique opportunity to investigate how a locomotor
CPG was evolutionarily modified to generate a novel behavior—in this case, acoustic signaling. We show
that motoneurons (MNs) in the body and tail spinal cord of rattlesnakes possess fundamentally different
physiological characteristics, which allow MNs in the tail to integrate and transmit CPG output for controlling
superfast muscles with high temporal precision. Using patch-clamp electrophysiology, we demonstrate that
these differences in locomotor and rattle MNs are mainly determined by KV7,,3; potassium channels. Howev-
er, although KV7,,3 exerted a significantly different influence on locomotor and rattle MN physiology, single-

cell RNA-seq unexpectedly did not reveal any differences in KV7,,3 channels’ expression.

INTRODUCTION

Vertebrate locomotor behavior is governed by neuronal net-
works located in the hindbrain and spinal cord, which control
the activation sequences of muscle contractions. These central
pattern generators (CPGs) elicit different types of behaviors,
such as swimming,'~ flying,%° or bi- and quadrupedal locomo-
tion.>®"" Across species, locomotor patterns show vastly
different frequency and precision regimes: while orcas use
fin movements around two hertz (Hz),'> Xenopus tadpoles
produce faster body undulation around 20 Hz.'® Such variable
motor control is also found in flying and terrestrial locomotion:
hummingbirds show wingbeat frequencies between 40 and
60 Hz,'*"'® whereas gulls beat their wings around 3 Hz,'” chee-
tahs run at stride speeds of 4 Hz,'® while sloths locomote at fre-
quencies of up to 0.75 Hz.'® Despite the variability of locomotor
patterns, the basic blueprint of spinal CPGs consists of
conserved building blocks.*?%?! These are formed by (1) groups
of interneurons that regulate ipsi- and contralateral activities and
(2) the motoneurons (MNs), which convey CPG output to the
muscles and can also contribute to rhythm generation.>*'~>*
How CPGs are tuned to different motion regimes, especially to
frequency and precision in different species, however, still re-
mains enigmatic.

Within a motor circuit, the intrinsic properties and connectivity of
interneurons determine the frequency and pattern(s) of muscle
activation.”*?° To transmit CPG activity to the muscles without

major deformation of timing and pattern, MNs need to fire in
the respective time domains. Consequentially, MN intrinsic
properties differ, depending on the behavior they are associated
with, as shown for different pools of premotor and MNs in
zebrafish.®?2%7% The underlying physiological basis of such dif-
ferences in spinal MNs, besides soma size,'* depends on differ-
ences in ion-channel composition and expression, but compara-
tive studies remain scarce. As precisely timed transmission of
CPG output becomes increasingly important with higher repetition
rates of a given motor behavior, fast locomotor rhythms rely heavily
onthe precise activation and deactivation of associated MN pools.

One major problem in comparing spinal CPGs across locomo-
tor behaviors is interspecies comparability: the small but many-
fold shifts in CPG architecture and physiology that occurred dur-
ing the evolution of different species mask essential adaptations
in network constituents that provided the initial basis for a
change in motor behavior. Rattlesnakes provide a unique oppor-
tunity to overcome this hurdle: they possess differently adapted
spinal CPGs that work in different frequency and precision re-
gimes: a slow CPG for locomotor behavior (e.g., undulation at
1-2 Hz), working in a similar frequency regime as those of other
snakes,** ¢ and a fast CPG for acoustic communication (rattling
around 100 HZz®"+8),

We investigated the adaptations that enable the vast differ-
ence in frequency and precision regimes of rattlesnake MN activ-
ity that controls locomotion and rattling. Due to the importance of
MNs in the execution of motor behaviors, we focused on the
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properties that allow MNs to perform as efficient senders of high-
frequency, precise, and ongoing network output. While the faster
rhythm of the rattle CPG is likely due to adaptations at the inter-
neuron level, we show that the precise transmission of CPG ac-
tivity to the rattle muscles depends on the intrinsic membrane
properties of spinal MNs. Pharmacologically modifying the activ-
ity of the non-inactivating KV7,,3 channel was sufficient to
impose locomotor-like activity onto rattle MNs and vice versa.
Interestingly, single-cell RNA-seq did not reveal any significant
differences in the channels’ expression profile between locomo-
tor and rattle MNs. Our data thus suggest that changes in post-
translational modifications contribute to the different effects of
KV7,,3 channels. We propose that such changes in MN physi-
ology contribute to the evolution of different motor behaviors
across vertebrates.

RESULTS

Neuromuscular activity of locomotor and rattling
behavior
Electromyography (EMG) recordings of muscles involved in
locomotion or rattling displayed distinct activity patterns
(Figure 1). In line with the different modes of rattlesnake loco-
motor behavior (undulatory, caterpillar, and concertina®*=%),
left-right alternating patterns, and rhythmic simultaneous acti-
vation of both cord sides occurred in the locomotor region. In-
dividual bouts of locomotor activity on each side of the animal
displayed activations of hundreds of milliseconds in duration
(Figure 1A). Envelopes of individual bouts (Figure 1A, blue)
displayed half-widths of 425 + 34.8 ms (Figure 1C, blue, n =
20 events). The length of muscle activity was therefore in
the same time domain as in EMGs previously recorded in
other snakes®*°® and vertebrates.***°

EMG activity in the rattle muscles showed distinct left-right
alternating activation patterns, as described in previous re-
ports.***® In contrast to locomotor EMG bouts, rattle activity
was characterized by very short activations (Figure 1B) with
half-widths of individual envelopes of 5.4 + 0.02 ms (Figure 1C,
red, n = 1,016 events). These individual peaks reflected the syn-
chronous activation of MNs and muscle fibers needed to reach
fast contraction frequencies. Thus, the two cord regions show
distinct profiles in left-right alternating activity and precision.
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Figure 1. EMG recordings of rattlesnake
torso (blue) and rattle (red) muscle

(A and B) Example EMG recordings (gray) and
root-mean-square envelopes (color) from loco-
motor (A) and rattle (B) muscles during free moving
behavior. Black boxes indicate zoom in regions
plotted on smaller time scales.

(C) The half-width of individual events was signifi-
cantly different between locomotion and rattling
(p = 1.76 x 10~"*, Mann-Whitney U test). In box-
plots, the central marker (line) indicates the median
value, and the bottom and top edges of the box
show the 25™ and 75™ percentiles, respectively.
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MNs in both cord regions thus need to work in vastly different
time regimes to efficiently integrate and transmit CPG network
activity to the muscles to control locomotion and rattling.

Rattle and locomotor MNs differ in biophysical
membrane properties

Next, we asked which physiological adaptations lead to the
differences in locomotor and rattle EMGs. As MNs govern this
activity by transmitting CPG-generated locomotor rhythms, we
performed whole-cell patch-clamp recordings from MNs in spi-
nal cord slices from the locomotor and rattle regions (Figure 2).
Despite their shared spinal origin, rattle (MN-R) and locomotor
(MN-L) MNs displayed significantly different basal membrane
properties (Figures 2A-2D), action potential (AP) parameters
(Figures 2E-2H), and rheobase currents (Figure 2I). Input resis-
tance (Figure 2B) and membrane time constant (Tau, Figure 2C)
were significantly larger in MN-L than in MN-R (R;,-L: 423.24 +
46.33 MQ, n = 12, Rj,-R: 119.83 = 11.39 MQ, n = 32, p =
2.536 x 1079 Tau-L: 36.46 + 3.13 ms, n = 12, Tau-R: 7.97 +
0.94 ms, n =32, p=1.833 x 107°). The resting membrane poten-
tial (RMP) was more negative in MN-R compared with MN-L
(Figure 2D, RMP-L: —64.34 = 0.9 mV, n = 22, RMP-R:
—67.56 = 0.8 mV, n = 32, p = 0.0226). As expected from
their membrane properties, the rheobase was significantly
higher in MN-R compared with MN-L (Figure 2I; Rheo-L:
31.96 = 4.7 pA, n = 22, Rheo-R: 180.03 + 15.9 pA, n = 32,
p = 5.333 x 107%. The full width at half-maximum of AP
and AHP (afterhyperpolarization) also displayed significant
differences, the amplitude of the APs was, however, not different
(Figures 2F-2H, APrwnm-L: 0.49 £ 0.016 ms, n = 22, APrywhm-R:
0.32 + 0.011 ms, n =32, p = 1.248 x 1073 AHPryum-L: 2.91 +
0.606 ms, n = 22, AHPgywum-R: 1.06 £ 0.156 ms, n = 32, p =
1.004 x 1077; APpmp-L: 97.3 = 5.63 mV, n = 22, APamp-S:
99.18 + 7.63 mV, n = 32, p = 0.142). When probing the current-
frequency curves (I-F curves) of MNs by stepwise incrementing
current amplitudes (Figures 2J and 2K), MN-R started firing at
higher currents and also displayed higher maximum frequencies
(Figures 2L and 2M; frax-L = 110.00 £ 4.89 Hz, n = 22, f,.x-R =
194.02 + 8.92 Hz, n = 32, p = 1.792 x 10~'). The AP voltage
threshold, however, was similar in both MN types (Figure 2N,
Vinres-L: —38.69 + 0.98 mV, n = 22, Viyes-R: —39.44 +
1.21 mV,n =232, p=0.7314).
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Figure 2. Basal membrane properties, action potential properties, and firing behavior of locomotor (MN-L) and rattle (MN-R) MNs

(A-D) Recordings of a MN-L (middle, blue) and MN-R (bottom, red) stimulated with current steps (top, black) (A). MN-L showed significantly higher input re-
sistances (B), Tau values (C), and resting membrane potentials (D).

(E-H) (E) Single action potentials (APs) recorded from MN-L (bottom, blue) and MN-R (bottom, red) stimulated with short ramp stimuli (top). MN-L displayed
significantly wider full width at half-maximum (FWHM) for AP (F) and after hyperpolarization (AHP) (G). AP height did not differ significantly (H).

(I) MN-L displayed significantly lower rheobase values. MN-L (J) and MN-R (K) stimulated with incrementally rising current steps. MN-L (blue) started firing at lower
input currents (L, plot shows mean frequencies + SD) and reached significantly lower maximum firing frequencies (M) than MN-R.

(N) MN-L and MN-R revealed similar firing thresholds. Statistics: Mann-Whitney U test. p values: *** < 0.001, * < 0.05; n.s., non-significant. In boxplots, the central
marker (line) indicates the median value, and the bottom and top edges of the box show the 25 and 75™ percentiles, respectively.

In vitro backfills of rattle and locomotor spinal nerves difference in soma size contributed to the different membrane
Cell size is a determining factor of membrane properties and  properties of MN-R and MN-L by backfilling MNs via ventral roots
neuronal activation.®'*? Therefore, we investigated whether a  (Figures 3A and 3B, white arrowheads). No significant difference
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Figure 3. Spinal nerve backfills in segments from torso (green, cyan) and tail (magenta) spinal cord

(A-D) Bilateral backfills of ventral roots (arrowheads) in locomotor spinal cord (A), and unilateral backfill in rattle spinal cord (B). Dorsal roots innervated the dorsal
part of the cord and the dendritic fields of MNs (white arrows). Magnified view of MN-L (C) and MN-R (D) stained in a different set of experiments.

(E and F) Histogram and cumulative distribution function (cdf) of individual MN soma areas from locomotor (E) and rattle (F) spinal cord.

(G) Differences between the areas of individual MN-L and MN-R were non-significant. Abbreviations are as follows: d, dorsal; v, ventral. Scale bars, 100 pm.
Statistics: Mann-Whitney U test. n.s., non-significant. In boxplots, the central marker (line) indicates the median value, and the bottom and top edges of the box
show the 25™ and 75™ percentiles, respectively. For an overview of ventral and dorsal root projections in rattlesnake spinal cord see Figure S1.

was observed inthe MN soma sizes between both parts of the cord
(Figures 3E-3G, MN-L: 260.90 = 8.11 umz, n = 128; MN-R:
251.18 + 6.38 um?, n = 179; p = 0.4305), thus ruling out size as a
determining factor for the differences in membrane properties.

Rattle MNs fire more precise than locomotor ones

Rattle MNs need to fire simultaneously to generate short and
precise motor events (see EMG results). We next tested their
spiking reliability at rheobase (Figure 4). MN-R displayed a fast,
sub-threshold rectification at stimulus onset (Figure 4B, inset),
absent in MN-L (Figure 4A, inset), which became evident in
sub-threshold events (Figures 4A and 4B bottom and 4E; onset
integral-L: —74.34 + 7.26 X 107%sV, n = 22, onset integral-R:
1553 +4.46 x 107 °sV, n=32, p = 5.35 x 10~ 9). The rectifying
component promoted strong onset properties (i.e., short first-AP
latencies, Figures 4B top and 4C red) and small standard
deviation (i.e., “jitter,” Figure 4D). MN-L did not show such a
rectification. Instead, they steadily approached their new equilib-
rium potential (Figure 4A, bottom). Accordingly, they revealed
much longer first AP (F-AP) latencies (Figures 4A top and 4C
blue; F-AP-latency-L: 512.77 + 29.95 ms, n = 22, F-AP-
latency-R: 123.23 + 22.73 ms, n = 32, p = 1.233 x 107%) with
larger standard deviation (i.e., broader jitter, Figure 4A top and
4D; Jitter-L: 168.42 + 12.86 ms, n = 22, Jitter-R: 47.24 +
12.88 ms, n =32, p=5.351 x 1079).

Due to the rectifying nature of the onset component in MN-R,
we hypothesized that differences in potassium channel expres-
sion could explain the electrophysiological properties of MN-L
and MN-R. To identify these potassium channels and their
contribution, we applied pharmacological treatment to manipu-
late potassium conductance (Figures 5, 7, S2-S4, and S7).

We first tested the low voltage-activated potassium channel
KV1,.%%9 Blocking KV1; current by application of 100 nM
a-dendrotoxin partially reduced the fast-rectifying component

4 Current Biology 34, 1-12, January 22, 2024

of sub-threshold current in MN-R (Figure S2; onset integral-R:
2416 + 3.68 x 107° s V, onset integral-Rpr,: 7.81 + 2.71 x
10° sV, n = 6, p = 0.031) but did not affect the onset firing
pattern (Figure S2). This indicated that KV1,, although present,
plays only a minor role in the precise and phasic firing of
MN-R. Despite a small and expected shift toward lower rheo-
base values, accompanied by a lower AP-firing threshold, we
also did not find any other effect on active or basal membrane
properties (Figure S3).

Next, we investigated the contribution of the non-inactivating
KV7,,3 channels, which are known to modulate MN excitability
in the spinal cord.’®? Application of the KV7,,; blocker
XE991, completely abolished the phasic properties of MN-R
(Figures 5A and 5B). This was accompanied by a significant in-
crease in their input resistance (Figure S4B, Ri,-R: 120.96 =
13.76 MQ, n = 8, Ri,- Rxgog1: 158.19 + 19.33 MQ, n =8, p =
0.0078). After XE991 treatment, MN-R displayed significantly
longer first spike latencies (Figure 5C, F-AP-latency-R: 98.22 +
9.93 ms, F-AP-latency-Rxgggq: 332.93 + 39.85 ms, n =8, p =
0.008), jitter (Figure 5D, jitter-R: 25.40 + 3.95 ms, jitter-Ryggo1:
157.68 + 28.98 ms, n = 8, p = 0.008), and a reduction in the onset
repolarizing component (Figure 5A, 5B bottom, 5E, onset inte-
gral-R: 8.5 + 5.94 x 107% s V, onset integral-Rxggg1: —33.84 +
7.56 x 107° sV, n = 8, p = 0.008). While showing a strong trend
toward lower values, rheobase of MN-R was not significantly
lowered by XE991 application (Figure S4l, Rheo-R: 123.25 +
22.05 pA, Rheo-Rxggoi: 95.75 + 22.92 pA, n = 8, p = 0.0547)
and remained above rheobase values of MN-L (see Figure 2I,
blue, p = 6.65 X% 10*4), indicating that their higher leakiness
involved additional ion channels.

lon-channel expression of locomotor and rattle MNs
We next evaluated the amount of differential expression of
KCNQ2 (KV7,), KCNQ3 (KV73), and genes coding for other
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Figure 4. AP latency and jitter of MN-L and MN-R firing

(A and B) Recordings of MN-L (A) and MN-R (B) upon stimulation rheobase
current. Recordings grouped into firing (top) and non-firing (bottom) repeti-
tions. MN-R but not MN-L showed a strong, fast repolarizing current after
stimulus onset (A, B, bottom traces and insets).

(C) First AP occurrences upon stimulation of MN-L (blue) and MN-R (red). First
APs (* in A and B) occurred over a broad range during stimulation in MN-L,
while MN-R APs occurred at stimulus onset.

(D and E) The repolarizing onset current mediated smaller jitter (D, measured
as SD of first spike occurrences) and stronger onset properties (E) to MN-R
firing. Statistics: Mann-Whitney-U-test. p values: *** < 0.001. In boxplots, the
central marker (line) indicates the median value, and the bottom and top edges
of the box show the 25™ and 75™ percentiles, respectively.

potassium channels and their auxiliary subunits, which might un-
derlie the different biophysical properties of MN-L and MN-R. We
initially performed bulk RNA-seq of locomotor and rattle spinal
segments of three rattlesnakes (Figures S5A and S5B). Although
differential expression was present in a subset of transcripts,
including the well-known developmental genes HOXA711 and
HOXB13 (Table S1), bulk sequencing did not reveal significant dif-
ferences in the expression of any potassium channels or auxiliary
subunits to which the different electrophysiological properties of
MN-L and MN-R could be attributed (Table S1; Figures S5C-S5E).

We therefore reexamined a set of genes associated with
KV channels, using more sensitive reverse-transcription quanti-
tative PCR (RT-gPCR; Figure S6; Tables S2-S4). RNA was ex-
tracted from the whole lysate of locomotor and rattle spinal
segments (n = 8). Of the investigated KV channels, only
KCNQ3 (KV73) showed a significantly higher expression (Fig-
ure S6A; Table S2#05, p = 0.017) in the rattle spinal cord. All other
KV channel transcripts, including KCNC1 (KV3;), KCNQ2 (KV75),
and KCNAT (KV1,4) displayed similar expression in locomotor
and rattle spinal cord segments (Figures S6B-S6D; Table S2).
We also found that the developmental gene HOXD9 is signifi-
cantly more strongly expressed in the tissue of the adult rattle
spinal cord (Table S2#6, p < 0.001), confirming the caudal origin
of the investigated rattle tissue.
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Single-cell sequencing

The bulk-sequencing approach of entire cord regions can mask
differences in expression atthe MN level, due to the tissue included
thatis not of MN origin. To specify mRNA origin, we performed sin-
gle-cell sequencing (Figure 6) on 34 locomotor and 41 rattle MNs.
As expected from their common motoneuronal origin, MNs from
both cord regions showed overlapping RNA expression profiles
(Figure 6A). The differential expression analysis revealed 26 differ-
entially expressed (DE) genes of which 23 were identifiable against
the tiger rattlesnake genome (Table S5). The choline acetyltrans-
ferase (CHAT) gene was used as a control for the MN origin of
the data and showed equally high expression in both datasets (Fig-
ure 6B). HOXD9 showed significantly higher expression in MN-R
(Figure 6C). None of the DE genes were associated with a
family of KV channels (Table S5). In particular, KCNQ2 and
KCNQ3 showed no significant differences between MN-L and
MN-R (Figures 6D and 6E). However, transcripts coding for the
ABCC9 (ATP-binding cassette subfamily C member 9, Figure 6F;
Table S5#11) protein, a subunit of Katp channels also referred to
as SUR2, showed higher expression in MN-R. Other potentially
relevant protein transcripts that showed a significantly higher
expression in MN-L included PDE7A (phosphodiesterase 7A, Fig-
ure 6G; Table S5#02), LPARG6 (lysophosphatidic acid receptor 6,
Table S5#03), and PTPRM (protein tyrosine phosphatase receptor
type M, Table S5#14), which all have been described as important
components of second-messenger pathways controlling intracel-
lular cAMP levels and protein phosphorylation. Interestingly, we
also found the voltage-gated sodium leak channel NALCN to be
higher expressed in MN-L (Figure 6H; Table S5#18).

KV7 channels in locomotor MNs

Although we found no differences in the expression of KV7,,3 be-
tween the two cord regions at the single MN level, our XE991 phar-
macology (Figure 5) clearly demonstrated a determining role of
these channels in the physiological differences of MN-L and
MN-R. We therefore tested whether functional KV7,,53 channels
were present in MN-L. We bath-applied the specific KV75/3
channel enhancer retigabine while recording from MN-L. After
washing in 10 uM retigabine to enhance KV7,,3 conductance (Fig-
ure 7), MN-L displayed significantly less jitter (Figure 7D, jitter-L:
195.06 + 23.17 ms, jitter-Letigabine: 62.11 + 17.52 ms, n =8, p =
0.008), shorter onset latencies (Figure 7C, F-AP-latency-L:
528.35 + 47.04 ms F-AP-latency-Lretigabine: 200.27 + 44.92 ms,
n = 8, p = 0.008), and higher rheobase values (Figure S71, Rheo-
L: 21.5 + 1.88 pA, Rheo-Lgetigapine: 63.88 = 11.93 pA, n =8, p =
0.008), all of which led to phasic firing. Interestingly, MN-L also
showed a repolarizing component upon stimulus onset, similar
to MN-R under untreated conditions (Figures 7A and 7B bottom,
7E; onset integral-L: —76.71 + 11.64 X 107% s V, onset integral-
LRetigabine: 0.56 = 10.04 x 107%sV, n = 8, p = 0.008). Given that
retigabine exerts its impact on the “M-current” by left-shifting its
I-V relationship,>® these changes further emphasize the role of
KV7,,3 channels in decreased tonic excitability and increased
spiking precision. Retigabine also affected the input resistance
(Figure S7B) and the time constant (Figure S7C), which caused
a strong increase in the rheobase of MN-L (Figure S7I), tuning
them toward a rattle-like physiology (Figures 7 and S7). Retigabine
had no effect on single AP properties (Figures STE-S7H). Thus,
MN-L possesses KV7,,3 channels, which can impose MN-R
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Figure 5. KV7,,3 channels mediate the onset properties of rattle mo-
toneurons

(A and B) Traces of an MN-R upon stimulation at rheobase current grouped
into firing (top) and non-firing (bottom) repetitions before (A) and after
(B) application of XE991. Note the differences in the course of onset voltages
(bottom traces and insets). Under XE991 treatment, first APs (* in A and B)
occurred in a much broader time window during stimulation with rheobase
current.

(C-E) Under XE991 treatment, MN-R onset latency (C) and first AP jitter
(D) were significantly increased. Integrals between recording traces and
equilibrium potentials after stimulus onset (dashed horizontal line in
insets) significantly decreased (E). Statistics: Wilcoxon signed-rank test. p
values: ** < 0.01. In boxplots, the central marker (line) indicates the median
value, and the bottom and top edges of the box show the 25" and 75" per-
centiles, respectively. For additional data on XE991 modulation of MN mem-
brane properties and effects of DTx, see Figures S2-S4.

characteristics on them when their voltage activation is shifted to
more negative membrane potentials, resulting in a rattle-like
pattern for MN-L firing.

DISCUSSION

Neural circuits are sets of neurons defined by their intrinsic mem-
brane properties and their functional connectivity. To generate
different behaviors, these circuits need to be adapted. Our
anatomical data do not indicate major changes in the organiza-
tion of MNs controlling locomotion and rattling, respectively.
This is not surprising, given that the difference in MN activation
frequency for locomotion and rattling likely results from yet unin-
vestigated adaptations at the interneuron level.

Irrespective of network modifications, MNs need to be physi-
ologically adapted to follow the interneuron activation patterns
and, in the case of MN-Rs, sustain high frequency and precise
firing for extended periods of time. We show that the intrinsic
membrane properties of spinal MNs in the rattlesnake are differ-
ently adapted to their tasks. MNs in the locomotor region inte-
grate inputs over time and thus allow for long-lasting muscle
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contractions, whereas MNs in the rattle region are tuned toward
short-latency and precision firing, which benefit the transmission
of fast and precise CPG activity to the rattlesnakes’ specialized
muscles.>*>°

KV75,3 channels determine differences in MN

physiology

Although their voltage threshold for AP firing is similar, MNs that
control the muscles for locomotion and rattling display funda-
mentally different physiological features, one being the highly
phasic activity of MN-R. Our pharmacological treatments show
that this difference is mainly based on KV7,,3 channels. These
channels mediate a slowly activating, non-inactivating potas-
sium current, called the M-current.’®°” M-currents are of
major importance to regulate neural activity by increasing or
decreasing the excitability of neurons within networks such as
the hippocampus®®°° or the spinal cord, where they influence
gait frequency control.”" Although our data show that KV7,,5 me-
diates the differences in firing behavior reported here, the pres-
ence of equal amounts of KV7, and KV73 channel transcripts in
single-cell sequencing of MN-L and MN-R raises the question
how KV7,,3 channels, or their functionality, are altered between
the two cord regions.

Several factors are known to modify KV7,,3 channels, which
could explain the observed differences: KV7,,3 channels are
formed by tetramers that assemble in variable stoichiometry.®"
The stoichiometry has a major impact on the currents that
can be recorded.®>®® It is however still debated whether such
differences are based on membrane trafficking or the function-
ality of membrane-incorporated channels of different stoichiom-
etries.®>®*5¢ Our MN single-cell sequencing did not show differ-
ences in the expression of KV7, and KV73 subunits, making a
difference in stoichiometry unlikely. The slightly higher abun-
dance of KCNQS3-RNA in rattle spinal cord found in our bulk
gPCR, thus likely resulted from a differential expression in other
cell types.

Phosphorylation of KV7,,3 channels greatly affects cellular
M-currents by increasing or decreasing KV7,,3 channel activ-
ity.”~"® One factor that increases KV7,,5 currents is an elevated
intracellular cAMP level. cAMP influence on KV7,,3 channels is
due to cAMP-PKA-mediated phosphorylation.®” % An enhancing
effect of [CAMP]; might thus play a role in the increased KV7,,5 cur-
rents in MN-R. In our single-cell sequencing, MN-L shows much
higher expression levels of RNA coding for phosphodiesterase
7A (PDE7A). PDE7A is a cAMP-specific enzyme that binds with
very high affinity and hydrolyzes cAMP.”* It can therefore prevent
cAMP-PKA-mediated phosphorylation of KV7,,; channels in
MN-L. Given the low expression of PDE7A-RNA in MN-R and the
presumably also lower abundance of the associated protein,
cAMP hydrolysis might be reduced in MN-R, therefore allowing
cAMP-PKA-mediated phosphorylation of KV7,,3 channels to in-
crease the M-current in these neurons. Thus, differential expres-
sion of PDE7A could contribute to the different physiology of
MN-L and MN-R.

Potential sub-threshold interplay of NALCN sodium with
KV75,3 and K,1p potassium currents

Besides modulations of KV75,3 channel activation and kinetics
by posttranslational phosphorylation, its interplay with other
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Figure 6. Single-cell RNA-seq of rattlesnake locomotor and rattle
MNs

(A) A principal component analysis of the UMI-counts from MN-L and MN-R.
As expected, due to their MN origin, data occupy a similar feature space.

(B) CHAT was used as a control gene to verify MN origin of the data and was
equally high expressed in the MN-L and MN-R datasets.

(C) HOXD9 was significantly higher expressed in MN-R.

(D and E) KCNQ2 (KV7,) and KCNQ3 (KV73) did not show differential
expression between MN-L and MN-R.

(F) The Katp subunit ABCC9 was significantly higher expressed in MN-R.

(G and H) Phosphodiesterase 7A (G) and the sodium leak channel NALCN (H)
showed significantly higher expression in MN-L. p values: *** < 0.001, * < 0.05;
n.s., non-significant. In boxplots, the central marker (line) indicates the median
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ion channels can also contribute to the differences in MN phys-
iology. The low activation voltages of KV7,/5 channels®®>7¢%75
play an increasingly important role in determining the input-
output function of MN-R, the closer their membrane voltage is
driven toward the AP threshold. Accordingly, we hypothesize
that as the fraction of recruited KV7,,3 conductivity becomes
larger, the closer depolarization drives MN-R toward their firing
threshold. However, rheobase currents were not significantly
lowered after blocking KV7,,3 channels, indicating that the higher
leakiness of MN-R involves additional ion channels. A candidate
to underly this leakiness is the ATP-sensitive potassium channel
Katp. The significantly increased expression of ABCC9 transcript
in MN-R might facilitate membrane-availability of Katp channels:
proteins coded by ABCC9 and ABCCS8 are regulatory subunits
that form functional Katp channels in association with Kir6 pro-
teins,”®"® modulate Karp sensitivity to ATP, and are mandatory
for membrane trafficking of the channel.”®°

Single-cell sequencing also revealed a higher expression of
RNA coding for the partially voltage-sensitive®'**> sodium leak
channel NALCN in MN-L. As NALCN determines neuron excit-
ability and increases the excitability of neural networks,®*° an
increased availability of voltage-dependent NALCN sodium
flow that masks charges lost by Katp and depolarization-trig-
gered M-type potassium outflow could diminish the influence
of KV75,3 and Karp on shaping the MN-L sub-threshold input-
output function. Interestingly and as expected by the existence
of an additional sodium leak current, the mean RMP of MN-L
was significantly higher than that of MN-R, indicating that
NALCN abundance in the membrane of MN-L might indeed be
higher than that in MN-R. Therefore, a combination of increased
potassium outflow through functionally modified KV7,,3 and
Katp channels and the loss of NALCN sodium inward currents
in MN-R might be the fundament of the physiological differences
between MN-R and MN-L.

Besides KV7,,3 and KV14, other channels likely contribute
to the physiological differences between MN-L and MN-R.
As our data demonstrate, differences exist not only in basal
membrane properties and rheobase between MN-L and
MN-R but also in their action potential properties and
maximum firing frequency. High voltage-activated potassium
channels such as KV3, are likely candidates to underlie
such differences. Although our single-cell sequencing did
not provide evidence for differential expression of any such
high voltage-gated KV channels, their functionality might still
be modulated by other mechanisms, such as alternative
splicing or posttranslational modification.

Determination of MN transcriptional landscape in
different parts of the rattlesnake spinal cord

Our single-cell sequencing revealed differential expression of
RNA coding for NALCN channels and ABCC9 subunits, two can-
didates that might play into the different physiological features of
MN activity. However, our patch-clamp results also demonstrate

value, and the bottom and top edges of the box show the 25™ and 75" per-
centiles, respectively. For analysis, see STAR Methods. For bulk sequencing
and gPCR of locomotor and rattle spinal cord, see Figures S5 and S6 and
Tables S1-S4. For summary of all differentially expressed genes identified in
single cell-sequencing, see Table S5.
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Figure 7. KV7,,3 channel enhancement superimposes rattle MN
characteristics on locomotor MNs

(A and B) Traces recorded from a MN-L stimulated at rheobase current
grouped into firing (top) and non-firing (bottom) repetitions. Note the differ-
ences in the course of onset voltages (bottom traces and insets) before (A) and
after (B) application of retigabine. Under retigabine, first APs (* in A and B)
shifted toward the stimulus onset.

(C-E) Under retigabine treatment, MN-L onset latency (C) and first AP jitter
(D) were significantly reduced. Integrals between recording traces and equi-
librium potentials after stimulus onset significantly increased (E). Statistics:
Wilcoxon signed-rank test. p values: ** < 0.01. In boxplots, the central marker
(line) indicates the median value, and the bottom and top edges of the box
show the 25™ and 75" percentiles, respectively. For additional data on XE991
modulation of MN membrane properties, see Figure S7.

that significant changes in MN physiology in the tail and body
spinal cord of rattlesnakes heavily rely on KV7,,3. However,
these differences occur without major changes in the expression
profile of KV75,3 channels. Instead, we found several other effec-
tors differentially expressed that can impact (KV7,/3-) channel
physiology, e.g., based on posttranslational phosphorylation.
What could be the basis of this differential expression? One
possible underlying regulator is the maintained elevated expres-
sion of HOXD9 in MN-R, when compared with MN-L. Hox genes
and associated transcription factors have important roles in
orchestrating the development of neural tissues and muscle
innervation along animals’ rostro-caudal body axis.®*°° Howev-
er, evidence accumulated that Hox genes continue to be ex-
pressed in post-embryonic stages®'°° and that they may play
an important role to determine the transcriptional landscape of
neurons that is needed for terminal differentiation after develop-
ment.®*~°¢ The role of such transcription regulators in assigning
sustained molecular identity of MNs in different parts of the spi-
nal cord during adulthood remains to be fully understood. It ap-
pears likely that both mechanisms, the up- and down-regulation
of expression of (ion-channel) proteins as well as their posttrans-
lational modification, are important to adapt MN physiology for
different behaviors.
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Potential off-target effects of XE991 and retigabine
XE991 is a M-current blocker®”-°°71%° that has limited effects on
other ion channels such as KV43, KV104 (eag1), and KV2;. How-
ever, these side effects require higher drug concentrations and
stronger depolarization than needed to activate the M-cur-
rent.°”%9 |t is therefore unlikely that such off-target effects
impacted our recordings. Retigabine enhances M-currents
by increasing the opening probability of KV7,,3 channels.®® Its
off-target effects also unlikely affect our recordings, as concen-
trations effective in blocking other KV channels are several mag-
nitudes higher (30-300 pM) than those required for KV7,/3
enhancement (1-10 pM).' Only KV2, channels are partially
blocked by retigabine at concentrations in the range used in
our study. However, their high voltage activation makes it un-
likely that they modified the onset properties of the MN-Ls under
retigabine treatment.

Can MN adaptation provide a driving force for the
evolution of novel motor behaviors?

Changes in network connectivity, interneuron composition, and
neuron physiology all contribute to CPG differences and thus to
different behaviors. Our results suggest that the influence of
potassium currents on MN activity can be varied through a
combination of different mechanisms that do not necessarily
involve major changes in expression profiles, as none of the
voltage-gated potassium channel transcripts showed signifi-
cant differences in expression. Nonetheless, KV7,,3 still heavily
affected MN physiology. A shift in the transcriptional landscape
that enhances KV7,,3 influence by posttranslational phosphor-
ylation and also elevates the expression of NALCN and specific
Katp subunits could thus be partially responsible for changing
MN excitability and facilitate the integration of interneuron input
as well as sustained ongoing AP firing in the respective behav-
ioral time domains. The interplay of these changes applies a fil-
ter for the precision and timing of CPG motor output at the MN
level (phasic vs. tonic firing). Such changes cannot only serve
to evolve completely novel motor behaviors, as in the case of
rattlesnakes, but presumably also help specialize the specific
sub-divisions of spinal CPGs to control locomotion in different
frequency ranges in general, as has been shown in zebra-
fish.®2"197 Although the evolution of CPGs that control the
shakes’ rattling muscles also requires adaptations at the inter-
neuron network level, MNs, due to their function in transmitting
CPG output to the muscles, need to feature suitable filter char-
acteristics and physiological properties to allow the execution
of adequate motor commands. Thus, even small physiological
changes at the MN level might provide an important factor for
the evolution of novel behaviors by altering CPG output suffi-
ciently to impact the phenotype of locomotor behaviors.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

XE991 dihydrochloride Alomone Labs Cat#X-101

Retigabine dihydrochloride Alomone Labs Cat#R-101

a-Dendrotoxin Alomone Labs Cat#D-350

Critical commercial assays

Qiagen RNeasy Mini Kit Qiagen Cat#74104

ROTIPrep RNA Mini Kit Carlroth GmbH + Co. KG Cat#8485.2

iScript cDNA Synthesis Kit Bio-Rad Laboratories Inc. Cat#1708890

iQ Multiplex Powermix Bio-Rad Laboratories Inc. Cat#1725848

KAPA lllumina Library quantification kit Roche Holding AG Cat#07960140001

TruSeq stranded mRNA Library preparation kit lllumina Cat#20020594

Deposited data

RNA sequencing data This paper NCBI Bioproject: https://www.ncbi.nim.nih.gov/
bioproject/?term=PRJNA996101

Electrophysiology data This paper Zenodo: https://doi.org/10.5281/zenodo.
10137298

EMG data This Paper Zenodo: https://doi.org/10.5281/zenodo.
10137298

Experimental models: Organisms/strains

Western Diamondback Rattlesnake (Crotalus In-house breeding facility N/A

atrox)

Oligonucleotides

Oligo-dt primers for single cell sequencing
Primers for gPCR: See Table S4

Bagnoli et al."®®
This paper

https://doi.org/10.1038/s41467-018-05347-6
N/A

Software and algorithms

MATLAB, Ver. R2017b
Image J, FIJI distribution

CorelDRAW Graphics Suite 2021
NIS-Elements Br
sigTOOL

Matlab-Patchmaster toolbox

The MathWorks, Inc.
Schindelin et al.'®

Cascade Parent Limited
Nikon Corporation
Lidierth et al.""°

Stanford Wormsenselab

RRID:SCR_001622

RRID:SCR_002285
https://doi.org/10.1038/nmeth.2019

RRID:SCR_014235

RRID:SCR_014329
https://sigtool.sourceforge.net/sigtool.html;
https://doi.org/10.1016/j.jneumeth.2008.11.004

https://github.com/wormsenselLab/
Matlab-PatchMaster

Other

Code

This paper

(https://doi.org/10.5281/zenodo.10137298)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maximilian

Bothe (maximilian.bothe@uni-graz.at).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
RNAseq reads are deposited in the NCBI SRA database. The accession number is listed in the key resources table. Information on
primers used for gqPCR are provided in Table S4 in the supplemental information. Raw data of patch clamp recordings and param-
eters of applied stimuli are deposited at the Zenodo open repository. Raw EMG data are deposited at the Zenodo open repository.
The DOI for accession is listed in the key resources table.

All code that was used for the analysis of sequencing and electrophysiological data is deposited at the Zenodo open repository.
The DOI for accession is listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experiments were performed on 47 juvenile (age: 1- and 2-years old) western diamondback rattlesnakes, Crotalus atrox, of either sex
that were group-housed (two to three snakes per terrarium) and kept on a 12:12-hour day:night cycle at a temperature of 25-31°C
with water ad libitum. Animals were fed weekly with dead mice. All experimental animals were bred and kept at the Chair of
Zoology of the Technical University of Munich, following the established guidelines for care and maintenance of venomous snakes." "’
Permission for animal experiments was granted by the respective governmental institution at the Regierung von Oberbayern (Gz:
ROB-55.1-2532.Vet_02-19-115).

METHOD DETAILS

EMG recordings

Seven rattlesnakes (Crotalus atrox) of bodyweights between 82 and 445 g and snout to vent lengths between 44 and 112 cm were
initially anaesthetized in an air-tight chamber by application of 0.1 ml isoflurane. To ensure a deep anesthesia throughout the entire
implantation process, snakes were intubated with a cat catheter (diameter: 1.2 mm) and isoflurane was provided at a concentration of
2.0-2.5 % by an isoflurane vaporizer (Isotec-3, Vélker GmbH Kaltenkirchen, Germany). For additional analgesic treatment, Carpro-
fen (Caprosol, cp-pharma, Burgdorf, Germany) was administered (2 mg/kg body weight, i.m.) 1 h before the implantation process and
the following day of EMG recording. After cessation of the tail pinch reflex, bilateral implantation of a total of 4 bipolar EMG-electrodes
was performed. Electrodes were made from Omnetics 9 pin, pre-wired polarized COT connectors (NSD-09-WD-18.0-C-GS, Om-
netics Connector Corporation, Minneapolis, USA), with a wire- length of 45 cm. 1-2 mm of insulation was removed from wires
used for implantation and blank ends were implanted on locomotor and rattle muscles, respectively. Electrodes were positioned
dorso-laterally, to lie subcutaneously within a visible groove between the musculus longissimus dorsi and the musculus iliocosta-
lis."'? To prevent entangling in or pulling out the cables when the animal woke up and during the actual EMG recordings, implanted
wires were additionally fixed by surgical suture (Daclon Nylon, Monofilament Non-absorbable, USP 2/0, SMI AG, St. Vith, Belgium).
After implantation, animals were kept in individual terraria and allowed to recover completely from surgery before EMG recordings
started. For recordings, animals were fixed by their head by means of a snake hook and electrode cables were connected to an intan
technologies RHD USB Interface board (RHD USB Interface board, intan Technologies, Los Angeles, USA), using a RHD 16-channel
Recording headstage for preamplification (RHD 16-Channel Bipolar-Input Recording Headstage, intan Technologies, Los Angeles,
USA). To allow for more moving space, electrode cables were daisy-chained with another set of cables (NPS-09-WD-18.0-C-GS,
Omnetics Connector Corporation, Minneapolis, USA). For EMG recordings, animals were put into an arena (100 cm X 100 cm)
and were either allowed to move freely or between two barriers, to enforce rectilinear locomotion. Rattling was triggered by present-
ing the animals with a circular (@ = 8.9 mm) 1.3 W IR emitter (Steady State IR Source, Model EK-5270, Laser Components GmbH,
Olching, Germany, max. radiation density at 2.5 mm), mounted to a wooden bar of 1.5 m length. Data was recorded using the freely
available USB interface board software (USB Interface Board software v 1.5.4, intan Technologies, Los Angeles, USA), subsequently
imported (MATLAB RHD file reader, intan Technologies, Los Angeles, USA) to MATLAB (Matlab2017b, The MathWorks, Massachu-
setts, USA) and analyzed using custom written scripts. Twenty low-noise representations of individual locomotor events were
extracted from EMG recordings of locomotor muscles. For the analysis of shaker EMG activity, three times two seconds of EMG ac-
tivity were extracted from each respective experimental animal.

Spinal cord preparation

25 Rattlesnakes (Crotalus atrox) of bodyweights between 20 and 56 g and snout to vent lengths between 33.5 and 49.5 cm were
anaesthetized (see above) and after cessation of the tail pinch reflex decapitated and subsequently perfused transcardially with
ice-cold, oxygenated snake Ringer solution (in mM I"": 96.5 NaCl, 31.5 NaHCO3;, 2 CaCl,, 2.6 KCL, 2 MgCl, and 20 D-glucose,
pH 7.4). As soon as the blood was completely replaced by ringer solution, ~2 cm long segments of thoracic and tail spinal
cord were dissected for probing locomotor and rattle spinal networks, respectively. To access the spinal cord, muscle tissue
was removed from the spinal column before the bone was opened from the dorsal side to allow ringer diffusion. In this state,
the tissue was stored free-floating for up to 4 days in oxygenated snake ringer solution at 4°C. Before recordings, bone surround-
ing the spinal segments was completely removed to use either whole spinal cord preparations for ventral root backfills or enable
tissue slicing.
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Spinal root backfills

To visualize motoneurons (MNs) in locomotor and rattle spinal cord, we applied fluorophore coupled dextran (Dextran, Alexa Fluor
488, 546; 3000 MW, Thermo Fisher Scientific, Invitrogen) to spinal root nerves of whole spinal cord preparations from seven an-
imals. Spinal cord segments were taken from animals that were also used for patch clamp electrophysiology. Three to four seg-
ments of spinal cord were dissected out of the vertebral column and care was taken to preserve as much of the ventral roots as
possible. The nerves were surrounded by petroleum jelly (Vaseline weiB, Bombastus-Werke, 01705 Freital, Germany) and Ringer
solution was removed from the inside of the formed well. Crystals of the dextran dyes were then applied to the blunt nerve ends.
After 15 minutes of incubation time, excess dye was sucked off with a tissue wipe and the nerves were washed with Ringer so-
lution. Preparations were then incubated in Ringer solution for 24-48 hours at 7°C. After incubation, tissue was fixed in 4% para-
formaldehyde overnight and subsequently cut to 60 or 100 um slices with a vibratome (Ci 7000 SMZ 2, Campden Instruments,
Loughborough, England). Slices were imaged using a fluorescence stereomicroscope (Nikon SMZ 25, Nikon Europe B.V. 1120
Wien, Austria) equipped with a monochrome camera (DMK33UX174, The Imaging Source GmbH, 28217 Bremen, Germany)
and the NIS Elements Br software (NIS Elements Br, Nikon Europe B.V. 1120 Wien, Austria). Analysis was done using ImageJ
(FIJI distribution®).

In vitro slice physiology

Slice preparation

To allow for a visual approach of individual motoneurons, 200 pm spinal cord slices were cut from whole spinal cord preparations
(see above). Spinal cord segments were embedded in 2 % low melting point agar (Agarose Low-Melt, Carl Roth GmbH + Co. KG,
76185 Karlsruhe, Germany) and rapidly cooled down. The agar-embedded tissue was cut in ice-cold slice solution (in mM: Sucrose:
50, NaCl: 25, NaHCOa3: 27, KCI: 2.5, MgCl,: 3, CaCl,: 0.1, glucose: 25, ascorbic acid: 0.4, Myoinositol: 3, Na-pyruvate: 2) using a
vibratome (Ci 7000 SMZ 2, Campden Instruments, Loughborough, England). After cutting, each slice was directly transferred to
an incubation chamber filled with oxygenated recording solution (in mM: same as slice solution but adding 125 mM NaCl, 2 mM
CaCl,, TmM MgCl, and no sucrose). To allow for tissue recovery, slices were kept at room temperature for 30 minutes before
recordings started.

Recording setup and electrodes

For patch clamp electrophysiology, slices were transferred to a recording chamber and continuously superfused with patch
clamp recording solution (see above) at room temperature. Motoneurons were visualized through a microscope (Zeiss
Examiner.A1, Carl Zeiss Microscopy Deutschland, 73446 Oberkochen, Germany) with Dodt contrast and a 1.0 NA objective (Zeiss
40x/1.0 DIC VIS-IR, Carl Zeiss Microscopy Deutschland, 73446 Oberkochen, Germany). Slices were visualized for patching with a
digital CMOS camera (Orca flash 4.0 LT, C11440, Hamamatsu Photonics K.K., Hamamatsu, Japan). Recorded signals were amplified
and digitized with a patch clamp amplifier (HEKA EPC 10 USB, HEKA Elektronik GmbH, 72770 Reutlingen, Germany) at 100 kHz sam-
pling rate and visualized in the Patchmaster Software (HEKA Patchmaster, HEKA Elektronik GmbH, 72770 Reutlingen, Germany).
Analysis of the recordings was performed in Matlab (MATLAB, R2017b, The MathWorks, Natick Massachusetts, USA). All neurons
that did not require a holding current (before applying blockers/enhancers) and that stayed stable over the course of an experiment,
were used for analysis. To load Patchmaster files into Matlab the “sigTool''*” and “Matlab-patchmaster” toolboxes (see key
resources table) were used.

Patch electrodes were pulled with a micropipette puller (DMZ-Universal-Electrode-Puller, Zeitz Instrumente Vertriebs GmbH,
Bavaria, Germany or P-87 Micropipette Puller, Sutter Instrument, California, USA) and filled with patch solution (in mM:
K-gluconate 145, KCI 4.5, HEPES 15, Mg-ATP 2, K,-ATP dihydrate 2, Na,-GTP 0.3, Nas-Phosphocreatine 7.5) to reach a final
resistance of 4-9 MQ. The liquid junction potential was not corrected.

Stimulus protocols

Basal membrane properties

To measure basal membrane properties, 40 repetitions of a 200 ms current pulse of -5 pA were applied to patched neurons at resting
membrane potential (RMP) with no holding current. The mean resulting potential drop was used to calculate input resistance (R;,),
membrane capacitance (C) and the time constant tau (1). Only cells which reached a stable equilibrium potential within the 200ms
stimulus were used for calculations.

Rheobase and current-frequency curves

To compare maximum firing frequencies of rattle and locomotor neurons and to measure rheobase currents, square current pulses of
1000 ms length and consecutively increasing amplitude were applied. To record current-frequency (I-F) curves, the amplitude
of applied current-steps was increased in 25 pA steps, starting with a -50 pA stimulus current. For rheobase estimation, the same
protocol was used. However, current amplitude was increased by 1 pA between individual current steps, starting with a stimulus
amplitude estimated to lie slightly below rheobase.

Action potential properties

To measure the properties of individually elicited action potentials (APs), ramp stimuli with a rise time of 180 ps and a decay time of
1 ms were applied to mimic excitatory postsynaptic currents (EPSCs). The amplitude of the applied stimulus was increased in 100 pA
steps. AP-analysis was performed after subtracting the last sub-threshold recording from the first supra-threshold recording, to
adjust for sub-threshold potential-changes and allow for a direct measurement of only the AP defining parameters. Measurements
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included the amplitude of the AP and the after-hyperpolarization (AHP), as well as the full width at half maximum (FWHM) of AP
and AHP.

Action potential firing precision

To measure the precision of motoneuron firing in the locomotor and rattle spinal cord regions, we applied ten or twenty repetitions of
1000 ms current pulses at rheobase. The mean and standard deviation of spike occurrence/latency was calculated as a measure for
the “jitter” in a neuron’s response. To quantify and visualize differences in the sub-threshold voltage responses of MNs, the integral
between recording traces and a fictive horizontal line at the height of the new equilibrium potential was calculated for non-spiking
repetitions

Pharmacology

To electrophysiologically evaluate the contribution of potassium channels on MN activity, a-dendrotoxin (100 nM), retigabine
(10 uM) and XE991 (15-20 uM) were applied to the recording solution. Recordings were started 20 minutes after application of the
respective drug. Shifts in resting membrane potential were compensated to pre-drug levels via current injection. During pharmaco-
logical treatment, we additionally applied synaptic blockers to reduce spontaneous synaptic input to the patched MNs (in uM: DNQX:
20, strychnine: 0.5, D-AP5: 50, gabazine: 10).

Single cell RNA sequencing

51 locomotor MNs and 62 rattle MNs were individually collected from spinal cord slices of 6 rattlesnakes, transferred into 96 well
plates containing lysis buffer and barcoded oligo-dt primers and stored at -80 until library preparation. Single-cell RNAseq libraries
were prepared following the mcSCRB-seq protocol v 1.1."%% {7 index N714 was used for the locomotor cell plate, i7 index N715 was
used for the rattle cell plate. Resultant libraries were then pooled and run on 0.5 lanes of a v4 high output flowcell, using an lllumina
HiSeq 4000 sequencing instrument.

Bulk RNA sequencing

Tissues were dissected from rostral (RSC), medial (MSC) (i.e. locomotor), and caudal (CSC, i.e. rattle) spinal cord from three individual
Crotalus atrox. RNA was isolated from tissues using a Qiagen RNEasy Mini Kit following manufactuer’s instructions. Isolated total RNA
was submitted to MSU RTSF Genomics Core, where sequencing libraries were prepared using lllumina TruSeq Stranded mRNA Library
Preparation Kit. Libraries were quality controlled and quantitated using a combination of Qubit dsDNA assay, Caliper LabChipGX and
Kapa lllumina Library Quantification gPCR kits. The libraries within each project were pooled for multiplexed sequencing. Each pool was
loaded on one lane of an lllumina HiSeq 2500 Rapid Run (v2) flow cell to target ~ 15million paired reads per sample. To reach this target,
additional sequencing was performed on a MiSeq using the same read format, and results were pooled.

Whole cord qPCR

RNA was isolated from snake spinal cord tissue using a spin-column system (ROTI®Prep RNA MINI kit, Carlroth GmbH + Co. KG,
76185 Karlsruhe, Germany) and followed the standard protocol supplied with the kit. In brief, segments from locomotor (n=8 spec-
imens from N=6 animals) and rattle spinal cord (n=8 specimen from N=6 animals), weighting between 5 and 19 mg were dissected on
ice and immediately transferred to lysis buffer. The tissue was homogenized (Qiagen Tissue Lyser ) and unlysed material was precip-
itated by centrifugation. In a next step, DNA was removed by centrifugation through a DNA-binding spin-column. Afterwards, RNA
was bound by another centrifugation step through a RNA binding spin column. After several washing steps, RNA was eluted in RNase
free water and the total RNA concentration in the eluate was quantified (NanoDrop One Microvolume UV-Vis Spectrometer, Thermo
Scientific, Waltham, MA02451, United States). Samples were stored at -80°C until further use.

For gPCR, 100 ng of total RNA were used for cDNA synthesis and subsequent multiplex PCR assays. cDNA synthesis and gPCR
were performed using a real-time PCR detection system (CFX 96 Touch, Biorad, Hercules, California, United States) and followed
standard protocols provided by the supplier (Biorad, iScript™ cDNA Synthesis Kit and PrimePCR Assay using the iQ™ Multiplex
Powermix). In brief, after cDNA synthesis in a thermal cycler (20min at 46°C, 1min at 95°C, hold at 4°C), multiplex gPCR was per-
formed. A mastermix was prepared that included fluorophore-tagged primers specific for the target DNA (Table S4) and the neces-
sary reaction mix. Equal amounts of cDNA were added from each spinal cord RNA sample and real-time gPCR of individual samples
(loco, n=8; rattle, n=8) was performed in a thermal cycler (2 min at 95°C, 40 cycles of 95°C for 10 s and 60°C for 45 s, hold at 4°C).
Expression in locomotor specimen was used as the control against which differential expression in rattle specimen was tested, using
AACq analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, all values are given as mean + S.E.M. In boxplots, the central marker (line) indicates the median value and the
bottom and top edges of the box show the 25" and 75" percentiles, respectively.

In-vitro slice physiology
For patch clamp experiments, significance of differences was tested using either the non-parametric Wilcoxon signed-rank test for
paired data (pharmacology), or the non-parametric Mann-Whitney-U test for unpaired data. In boxplots, the central marker (line)
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indicates the median value and the bottom and top edges of the box show the 25" and 75" percentiles, respectively. Exact numbers
of cells analyzed in each experiment are given in the respective sections of the main text.

Single cell RNA sequencing

Raw single cell sequencing data was processed using the zUMIs pipeline,''® which filters reads with low-quality barcodes and UMIs,
and then uses the STAR aligner v2.7.3a"'* to align reads to the Crotalus tigris genome (NCBI RefSeq GCF_016545835.1)."'° zUMIs
then predicts cell barcodes and collapses UMlIs to create a read count table for downstream analysis. We retained barcodes (putative
cells) that had between 10,000 and 125,000 mapped reads and then 3000 uniquely mapped features (genes), leaving a final analysis
set of n=41 rattle MNs and n=34 locomotor neurons. Next, we generated read count tables and analyzed them using the Seurat R
package.''® We used the Seurat “FindMarkers” function to conduct a Wilcoxon Rank Sum test to determine differentially expressed
genes between the locomotor and rattle MN pools. All code for data analysis can be found at zenodo (see key resources table).

Bulk RNA sequencing

Raw bulk sequencing data was trimmed for adapter sequences and low-quality sequences using Trimmomatic v0.38""" with
the following parameters LEADING: 5 TRAILING: 5 SLIDINGWINDOW: 4:5 MINLEN: 25. Next, RSEM v1.3.3"'® was used with
the STAR aligner v2.7.3a''* to align reads to predicted transcripts from the Crotalus tigris genome (NCBI RefSeq
GCF_016545835.1)."'® Uniquely mapped reads from our samples ranged from 75-79%. RSEM counts were then imported into R using
tximport v.1.26.0"'° and differential expression was analyzed using DESeq2 v1.38.1."2° Differential expression analysis was performed
by comparing expression in the caudal spinal cord (“CSC”, i.e. rattle) to the combined rostral and medial spinal cord (“RSC+MSC”, i.e.
locomotor) samples using a log-ratio test (LRT). P-values were adjusted for multiple comparisons using the Benjamini and Hochberg
method, '?" with a false discovery rate (FDR) threshold of 0.1. All code for data analysis can be found at zenodo (see key resources table).

Whole cord qPCR

Significance of expression differences in qPCR experiments was tested using analysis of variance (ANOVA), applied by commercially
available software (CFX Maestro, Biorad, Hercules, California, United States).
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