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Abstract

Objective: Spinal cord injury (SCI) often results in debilitating movement impairments and
neuropathic pain. Electrical stimulation of spinal neurons holds considerable promise both for
enhancing neural transmission in weakened motor pathways and for reducing neural transmission
in overactive nociceptive pathways. However, spinal stimulation paradigms currently under
development for individuals living with SCI continue overwhelmingly to be developed in the
context of motor rehabilitation alone. The objective of this study is to test the hypothesis that
motor-targeted spinal stimulation simultaneously modulates spinal nociceptive transmission.

Approach: We characterized the neuromodulatory actions of motor-targeted intraspinal
microstimulation (ISMS) on the firing dynamics of large populations of discrete nociceptive
specific and wide dynamic range neurons. Neurons were accessed via dense microelectrode arrays
implanted /n vivo into lumbar enlargement of rats. Nociceptive and non-nociceptive cutaneous
transmission was induced before, during, and after ISMS by mechanically probing the L5
dermatome.

Main results: Our primary findings are that (1) sub-motor threshold ISMS delivered to spinal
motor pools immediately modulates concurrent nociceptive transmission; (2) the magnitude of
anti-nociceptive effects increases with longer durations of ISMS, including robust carryover
effects; (3) the majority of all identified nociceptive-specific and wide dynamic range neurons
exhibit firing rate reductions after only 10 min of ISMS; and (4) ISMS does not increase spinal
responsiveness to hon-nociceptive cutaneous transmission. These results lead to the conclusion
that ISMS parameterized to enhance motor output results in an overall net decrease in spinal
nociceptive transmission.
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Significance: These results suggest that ISMS may hold translational potential for neuropathic
pain-related applications and that it may be uniquely suited to delivering multi-modal therapeutic
benefits for individuals living with SCI.
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Introduction

Electrical stimulation of spinal circuits below a spinal cord injury (SCI) is an emerging
approach to recruit damaged yet spared neurons to enhance voluntary motor output (1-7).
When combined with physical therapy, spinal stimulation holds considerable promise for
facilitating functionally meaningful therapeutic gains. However, motor impairments are far
from the only consequence of inappropriate SCl-related neural transmission for which
spinal stimulation may be particularly efficacious. For example, spinal responses to sensory
feedback often become pathologically increased below an SCI, contributing to neuropathic
pain (SCI-NP) in ~70% of individuals living with incomplete SCI (8).

Electrical stimulation of spinal circuits is also an emerging approach to manage enigmatic
chronic pain syndromes such as persistent spinal pain syndrome, complex regional pain
syndrome, neuropathic pain syndromes, and ischemic pain syndromes (9-12). The ability
of spinal stimulation to reduce pathologic neural transmission associated with SCI-NP has
only been preliminarily investigated (13). However, many of the therapeutic benefits of
spinal stimulation for SCI-related motor impairments derive from a neural mechanism that
is also presumed to underlie many of the benefits of paresthesia-based spinal stimulation for
neuropathic pain. Namely, recruitment of low-threshold, non-nociceptive sensory afferent
fibers and interneurons (14-19).

The putative mechanistic overlap between spinal stimulation parameterized to enhance
motor output and spinal stimulation parameterized to ameliorate neuropathic pain leads to
the hypothesis that spinal stimulation for motor rehabilitation will have simultaneous, albeit
off-target, effects on nociceptive transmission. If so, it also raises the intriguing possibility
that spinal stimulation paradigms could be developed specifically to provide multi-modal
therapeutic benefits (rather than the domain-specific parameterizations developed to date).
However, the potential effects of ‘motor-targeted” spinal stimulation on nociceptive
transmission have yet to be directly characterized.

Here, we test the hypothesis that motor-targeted spinal stimulation will simultaneously
modulate spinal nociceptive transmission. Specifically, we characterize the neuromodulatory
actions of motor-targeted intraspinal microstimulation (ISMS) /n vivoin rats using

dense microelectrode arrays implanted into the spinal cord. This approach allows us

to simultaneously record from large populations of discrete neurons spanning sensory

and motor regions of the lumbar gray matter. It also allows neurons to be functionally
classified as either nociceptive specific or wide dynamic range to infer the potential
behavioral implications of ISMS. We found immediate and in cases persistent modulation
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of nociceptive transmission by motor-targeted ISMS. Contrary to our expectation, ISMS did
not robustly modulate non-nociceptive cutaneous transmission. These observations reveal
the potential of ISMS to deliver contextually relevant multi-modal therapeutic benefits while
also underscoring the importance of considering off-target effects when developing new
spinal stimulation paradigms.

Materials and Methods

We characterized the impact of motor-targeted ISMS on nociceptive and non-nociceptive
transmission in nociceptive specific (NS) neurons and wide dynamic range (WDR) neurons
across 14 adult male Sprague-Dawley rats (~250-500 g). All procedures were approved by
the Institutional Animal Care and Usage Committees of Florida International University and
Washington University in St. Louis. The surgical, experimental, and analytical approaches
utilized here have been previously detailed (1, 20, 21); a brief account of each is provided
below.

Surgical Procedures

Anesthesia was induced using inhaled isoflurane (~3-4% in Oy, flow rate: ~0.9-1.6 L/min).
Urethane (1.2 g/Kg i.p.) was then administered for anesthetic maintenance, with boosts as
necessary (0.2 g/Kg i.p.). We selected urethane because it preserves the spinal excitability
required to activate spinal nociceptive pathways (20). After achieving a deep, surgical plane
of anesthesia, a ~5 cm midline skin incision was made over the vertebral column. The
exposed subcutaneous tissue and musculature were retracted and a T13-L2 laminectomy was
performed under magnification (Leica Microsystems, Inc). Body temperature, heart rate,
respiration rate, and SpO, were monitored continuously (Kent Scientific, Inc.). Temperature
was controlled by heating pads and lactated ringer solution was administered subcutaneously
every 2 hrs to prevent dehydration.

Animals were then transferred to an anti-vibration air table (Kinetic Systems, Inc.) enclosed
by a Faraday cage. Vertebrae rostral and caudal to the laminectomy were secured via locking
forceps to a custom, multi-degree-of-freedom fixation frame. The animal’s abdomen was
then elevated to attenuate upward and downward movements of the chest cavity or spinal
cord during respiratory cycles. The spinal meninges were incised rostro-caudally, reflected,
and the exposed spinal cord was bathed in homeothermic ringer solution.

Electrode implantation and electrophysiological recordings

We used therapeutic intraspinal microstimulation (ISMS) as our platform for characterizing
the potential impact of motor-targeted spinal stimulation on nociceptive transmission. ISMS
and extracellular neural recordings from the gray matter of the lumbar enlargement were
realized using 32-channel microelectrode arrays (NeuroNexus Inc.) custom electrodeposited
with activated platinum-iridium (Platinum Group Coatings, Inc.). The arrays had two shanks
that each contained 16 discrete, vertically aligned electrodes (electrode area: 177 um?; inter-
electrode spacing: 100 pm; impedance: 4-10 KQ). Prior to implantation, microelectrode
arrays were coated with 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate
(Sigma-Aldrich, Inc.) to aid post-mortem histological localization of the electrode tracks
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(Fig. 1a). Microelectrode arrays were mated via Omnetics nano connectors to a Ripple
Nano2+Stim headstage and Grapevine data acquisition/stimulation system (Ripple Neuro,
Inc.). The headstage was securely fastened to a four-axis motorized micromanipulator with
submicron resolution (Siskiyou Corp.).

For implantation into the spinal cord, the electrode array was oriented perpendicular to the
midline and positioned coarsely over the L5 dorsal root entry zone under high magnification.
Precise intraoperative localization of the L5 dorsal root entry zone was aided by monitoring
dorsal root potentials during mechanical stimulation of the glabrous skin of the plantar
surface of the hindpaw, as evidenced by real-time visualization of multiunit neural activity
and by patching the multiunit neural waveforms through a high-fidelity electrophysiology
audio amplifier (A-M Systems, Inc.). If clearly correlated dorsal root potentials were not
visible when probing the desired receptive field, the microelectrode array was moved to a
new location. When a site was identified such that dorsal root potentials were synchronous
with receptive field mapping, insertion of the microelectrode array commenced.

The microelectrode array was inserted slowly into the spinal cord, in increments of ~25

um, to minimize shear and planar stress on the neural tissue. When the deepest electrodes

of the array reached the dorsal-most border of the deep dorsal horn (~400-500 pm deep

to the surface of the spinal cold), we again mapped the L5 dermatome. If the receptive

field remained appropriate, we proceeded to fully implant the electrode (with the deepest
electrodes targeting motor pools of the ventral horn, ~1600-1800+ pm deep to the surface of
the spinal cord; Fig. 1a). Once fully implanted, the L5 dermatome was again mapped. If the
most sensitive areas of the receptive field had shifted substantially, for example to the hairy
skin bordering the foot, the microelectrode array was retracted and reimplanted. Electrodes
were otherwise not moved after full implantation.

We next determined resting motor threshold in each animal. Single pulses of charge-
balanced current (cathode leading, 200 ps/phase, 0 s inter-phase interval) were delivered

to electrodes located in the ventral horn with increasing current intensities until a muscle
twitch was detected in the L5 myotome (toe twitch on ipsilateral hindpaw). Next, the current
intensity was reduced in 1 pA steps until the twitch was undetectable. The lowest current

at which a twitch was observed, across the most ventral electrodes, was considered resting
motor threshold. That electrode was subsequently used to deliver ISMS.

Recording sessions consisted of a randomly ordered series of trials of the following general
sequence: (a) ~1 min of innocuous mechanical stimulation of the receptive field; (b) 2 min
of noxious mechanical stimulation of the receptive field without concurrent ISMS; (c) 2
min, 10 min, or 30 min of motor-targeted ISMS alone or 2 min, 10 min, or 30 min of
motor-targeted ISMS combined with phasic noxious mechanical stimulation of the receptive
field; (d) 2 min of noxious mechanical stimulation of the receptive field without concurrent
ISMS; and (e) 1 min of innocuous mechanical stimulation of the receptive field without
concurrent ISMS. (Note that trials of a given ISMS duration were conducted separately from
trials of other ISMS durations; i.e., 10 min ISMS trials were not merely extensions of the 2
min ISMS trials, and likewise, the 30 min ISMS trials were not merely extensions of the 10
min ISMS trials.)
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This trial structure enabled direct observation of the potential modulatory actions of

ISMS on transmission in spinal nociceptive and non-nociceptive cutaneous pathways. By
including epochs of non-nociceptive transmission as well as nociceptive transmission, it

was also possible to classify neurons as nociceptive specific (NS) or wide dynamic range
(WDR). Approximately 5-10 such trials were acquired per animal. Additionally, trials of
spontaneous neural activity (i.e., no induced sensory transmission or ISMS) were interleaved
with the sensory transmission trials. These trials averaged ~10 min each and were used

both as a rate-limiting step to prevent windup of WDR neurons and to gauge overall spinal
excitability and the stability of the neural recordings as the experiment progressed.

Electrical and mechanical stimulation parameters were as follows. Motor-targeted ISMS
was delivered as a series of discrete, cathode-leading pulses at 7 Hz, 200 ps/phase, 0 s
inter-phase interval, and 90% of resting motor threshold (range: 2-24 pA/phase), consistent
with previous work demonstrating functionally meaningful enhancements of spinal motor
output below a chronic SCI (1) and consistent with relative stimulation intensities frequently
used in studies of ESS parameterized for ameliorating pain (i.e., 80-90% of resting motor
threshold) (22, 23). Nociceptive transmission was induced by applying firm, ~1-2 sec
duration pinches of the most sensitive area of the receptive field with precision forceps every
~30 sec. Non-nociceptive sensory transmission was induced by gentle touches or brushes of
the dermatome with a cotton-tipped applicator.

Upon completion of electrophysiological recordings, animals were humanely euthanized and
unfixed spinal cords were immediately harvested and frozen. Subsequently, spinal cords
were cut into 20 um sections and viewed under a fluorescent microscope to identify the
electrode tracks (ThermoFisher Scientific; EVOS RFP light cube). Spinal cord sections were
then stained with cresyl violet and/or eriochrome cyanine R to determine the location on of
the electrodes relative to key morphological features of the gray matter (e.g., motor pools).

Spike train analysis and functional classification of neurons

Raw, multi-unit neural data were pre-processed off-line to remove non-physiological
features (e.g., electrical noise) (The MathWorks, Inc.). Using a wavelet-based spike sorting
algorithm (24), we then extracted and clustered single-unit spiking activity as described
previously (20, 21) (Fig. 1b). Additional cleaning of single-unit data was achieved manually
by assessing quantitative (e.g., predominance of interspike intervals < 2ms) and qualitative
(e.g., non-physiological shape of the action potential or inappropriate action potential
duration) criteria. Neurons that did not pass the manual verification were removed.

Sensory neurons were functionally classified as NS or WDR based on their instantaneous
firing rate during the aforementioned periods of mechanical stimulation of the dermatome
(20). Neurons that only responded to noxious mechanical stimulation of the dermatome were
classified as NS, whereas neurons that responded both to noxious and innocuous mechanical
stimuli were classified as WDR.

Statistical analyses

The primary outcome measure underpinning all statistical comparisons was instantaneous
firing rate. Because the distribution of firing rates was rarely normally distributed,
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descriptive statistics are presented in the text and figures as the median + 95% confidence
interval unless otherwise noted.

After functionally classifying neurons as either NS or WDR, we used Friedman’s test to
determine whether ISMS was associated with significant changes in the overall firing rate

of each pool during periods of induced nociceptive or non-nociceptive transmission. We
then stratified neurons by those that exhibited firing rate increases vs. decreases following
ISMS (relative to their pre-ISMS levels) to interrogate trends within these subgroups (also
utilizing Friedman’s test). Missing data were rare, but stemmed from two sources: (1) cases
where a neuron could not be reliably tracked during ISMS, and (2) trials in which induced
nociceptive transmission failed to recruit a neuron post-ISMS. In such cases, a neuron’s data
was excluded from analysis.

The independent variable for these analyses was timepoint relative to ISMS, which
contained levels of “pre-ISMS’, “during-ISMS” (which could have from 1-3 discrete
timepoints), and ‘post-ISMS’. The dependent variable was peak instantaneous firing rate
per neuron. Neurons were treated independently rather than grouped per rat, as we have
previously validated (20). Post-hoc analyses compared pre-ISMS firing rates during induced
nociceptive or non-nociceptive transmission to each subsequent timepoint, including post-
ISMS. Dunn’s test corrected for multiple comparisons.

Additional statistical tests included the following: Mann-Whitney tests to compare median
percent change in firing rate across trials of different durations (e.g., median percent
decrease during 2 min of ISMS vs. median percent decrease during 10 min of ISMS),

and, for trials containing 30 min of ISMS, nonlinear regression to determine whether a
relationship existed between the firing rate of a neuron pool (e.g., all WDR neurons) and
timepoint during ISMS. All statistical analyses used a family-wise a level of 0.05.

Two additional statistical considerations should be noted. First, it cannot be assumed

that each trial for a given animal included the same neurons. This is a byproduct of
discriminating multi-unit extracellular recordings into single neuron spike trains, which
precludes unequivocal verification and assignment of a given waveform to a specific neuron.
Second, some rats did not have trials of all ISMS durations (e.g., 2 min, 10 min, 30 min).
As a result, the specific population of rats/neurons in each time bin may vary slightly,
leading to different absolute median firing rates (e.g., the median pre-ISMS firing rates

for the 2 min trials may be slightly different than the median pre-ISMS firing rates for

the 10 min trials). Therefore, we analyze and present both raw firing rates and percent
change in firing rate. The validity of this dual approach relies on the assumption that the
population of neurons sampled in each rat (a) is sufficiently large to provide a robust
estimate of network behavior and (b) is similar across rats. The first of these factors is to
some degree unknowable because it is not possible to determine the total number of NS or
WDR neurons that were contained in the sampled spinal segments. This is a well-known
limitation of network and systems-level neuroscience. Regarding the second factor, we
found no systematic variation in firing rates across subgroups of rats or window durations
for computing firing rate statistics, which supports our conclusion that the populations are
comparable. This conclusion is further supported by previous work using similar techniques,
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in which cluster analyses revealed no systematic differences between populations of neurons
accessed from multiple rats (20).

Motor-targeted ISMS immediately modulates nociceptive transmission

We recorded an average of 76 (x2) well-isolated neurons (firing rate> 0.11 Hz) per trial,
including NS, WDR, and functionally unclassified neurons. We estimate that the total
number of neurons recorded, across all rats, ranged from ~1,060 (i.e., 76 neurons/animal per
14 animals, under the assumption that each trial for a given rat included the same population
of neurons) to ~5,800 (taking each neuron per trial per rat as independent). These neurons
were distributed throughout the dorsal (~3,640) and ventral (~2,160) horns. On average, we
identified 2 (£1) NS neurons and 10 (1) WDR neurons per trial in the dorsal horn, with 1
(£1) NS neuron and 3 (£1) WDR neurons located in the superficial dorsal horn (~100-300
um deep to the surface of the spinal cord) and the remainder in the deep dorsal horn (~400-
1000 pm deep to the surface of the spinal cord). We did not convincingly identify NS or
WDR neurons in the intermediate gray matter or ventral horns in these trials.

Many epidural electrical stimulation (EES) paradigms, whether parameterized to enhance
movement or to suppress pain, immediately modulate neural transmission in the dorsal horn.
The extent to which motor-targeted ISMS modulates neural transmission in the dorsal horn
remains incompletely understood, with reports of its impact on nociceptive transmission
being absent from the literature. As a first step towards understanding the impacts of ISMS
on neural firing dynamics, we began by characterizing the spatial extent to which sub-motor
threshold ISMS alone (i.e., without concurrently induced sensory transmission such as a
pinch) modulates ongoing spiking.

In Fig. 2a, we show peristimulus time histograms for 46 well isolated neurons discriminated
during sub-motor threshold ISMS delivered to the crural flexor motor pool (bottom and left-
most electrode of the array as shown; indicated in red). We found that many of the identified
neurons exhibited short-latency responses to ISMS, including neurons classified as NS or
WDR (colored plots on left) as well as other, functionally unclassified neurons (in black).
Longer-latency responses, indicative of highly polysynaptic interactions, were also observed.
That short-latency actions were prevalent in the dorsal horn was contradictory to our
expectations, given the low current intensity and relatively distant location of stimulation.
The presence of both short- and long-latency dorsal horn responses strongly suggested that
motor-targeted ISMS may indeed be capable of modulating sensory transmission.

We then investigated the effects of brief, 2 min epochs of ISMS on induced nociceptive
transmission. Pooling across all NS neurons and, separately, all WDR neurons, we found

no significant main effects of ISMS on firing rate during induced nociceptive transmission
(p=0.81and p=0.12, respectively). However, this seemingly null result masked robust
subgroup-level modulation in both neuron pools, with a portion of neurons potentiated by
ISMS and another portion depressed by ISMS. Representative examples of the depressive
actions of ISMS on nociceptive transmission in two WDR neurons are shown in Fig. 2b. In
total, the majority of NS neurons (60%) and 46.35% of WDR neurons exhibited lower firing
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rates during induced nociceptive transmission when ISMS was ongoing than before ISMS
began (Fig. 3a,b). The magnitude of change in firing rate (+ 95% CI) for each category is
depicted in Fig. 3c.

We next asked whether carryover effects were evident following 2 min of ISMS, despite the
short duration of stimulation. We found that the overall proportion of NS and WDR neurons
exhibiting depressed or potentiated firing rates during nociceptive transmission regressed
towards a more even distribution (NS: 47.5% depressed vs. 52.5 potentiated; WDR: 50.27%
depressed vs. 49.73 potentiated) (Fig. 3a,b). However, the magnitude of antinociceptive
effects grew significantly in the subgroup of NS neurons depressed following ISMS, to a
median percent decrease of 40.86% relative to during-ISMS levels (p = 0.03; Fig. 3c). The
magnitude of potentiation in NS neurons remained unchanged following 2 min of ISMS (p =
0.45). By comparison, neither the magnitude of depression nor the magnitude of potentiation
increased in WDR neurons (p = 0.40 for depression; p= 0.12 for potentiation).

Anti-nociceptive potency increases with ISMS duration

We then asked whether longer durations of ISMS would lead to additional modulation of
nociceptive transmission. We began by characterizing the effects of 10 min of ISMS on
neural firing dynamics. This duration parallels the timecourse over which the modulatory
actions of paresthesia-based EES parameterized for pain amelioration become evident in
WDR and NS neurons (25). It is also predicted to be adequate for observing sensitization
or habituation in the modulated spinal networks based on the seminal studies documenting
these phenomena in spinal flexion reflexes (26).

We found a significant main effect of ISMS on firing rate when pooling across all NS
neurons and, separately, all WDR neurons (p=0.01 and p < 0.0001, respectively). For NS
neurons, this effect was driven by lower post-ISMS firing rates than during-ISMS firing rates
across the entire pool (p=0.01; pre-ISMS rate was not different than during ISMS rate, p
=0.48). For WDR neurons, the significant main effect was driven by lower firing rates across
the entire pool both during and after ISMS relative to pre-ISMS levels (both comparisons:
p<0.0001). Parsing the NS and WDR neuron pools into subgroups exhibiting increased or
decreased firing rates, we found that 43.08% of NS neurons and 52.82% of WDR neurons
exhibited firing rate depression during 10 min of ISMS (Fig. 4a,b). The magnitude of change
in firing rate (£ 95% CI) for each category is depicted in Fig. 4c.

The proportions of NS and WDR neurons exhibiting firing rate depression both /increased
after ISMS was discontinued (Fig. 4a,b). Indeed, the majority of both types of neurons
exhibited lower firing rates during induced nociception following 10 min of ISMS compared
to pre- or during ISMS (57.58% of NS and 59.94% of WDR neurons). For NS neurons,

the median percent decrease in firing rate following ISMS was significantly larger than the
median percent decrease observed during ISMS (p = 0.01), whereas the percent increase
was indistinguishable from its during-ISMS level (o = 0.46; Fig. 4c). WDR neurons were
stratified either by a 26.68% reduction in firing rate or a 25.19% increase in firing rate
post-ISMS, both of which were significantly larger than those observed during ISMS (p <
0.0001 for depression; p= 0.01 for potentiation; Fig. 4c).
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Compared to 2 min of ISMS, a slightly lower proportion of NS neurons was depressed
during 10 min stimulation epochs, but a greater proportion was depressed foflowing 10 min
stimulation epochs. Consistent with the lower proportion of NS neurons depressed during
10 min ISMS trials, their median percent increase was larger during 10 min of ISMS than
that observed during 2 min of ISMS (p = 0.03; Fig. 5, first two columns). By comparison,
the median percent decrease in firing rate during 10 min trials of ISMS was statistically
indistinguishable from that observed during 2 min trials of ISMS (Fig. 5, second two
columns). Neither the magnitude of firing rate increases nor the magnitude of firing rate
decreases changed for NS neurons when increasing ISMS duration from 2 to 10 min (Fig. 5,
columns 5-8).

In contrast to NS neurons, a greater proportion of WDR neurons was depressed during

10 min ISMS epochs than during 2 min ISMS epochs. Despite the increased number of
depressed WDR neurons, the magnitude of firing rate depression was modestly lower during
10 min of ISMS than 2 min of ISMS (p = 0.04; Fig. 5, columns 11-12). The magnitude of
firing rate increases remained unchanged during trials of 2 min and 10 min of ISMS (p=
0.08; Fig. 5). Following cessation of ISMS, a greater proportion of WDR neurons remained
depressed following 10 min stimulation epochs compared to 2 min stimulation epochs. This
was accompanied by a greater magnitude of firing rate depression in 10 min ISMS trials
compared to 2 min ISMS trials, as well (p=0.02; Fig. 5, last two columns).

Given that periods of spinal stimulation for pain management are longer than 10 min — often
lasting from ~30 min — 2 hrs or more at a time — it was important to understand whether

the overall anti-nociceptive effects observed following 10 min of ISMS would persist with
increasing ISMS durations. Thus, we next investigated the effects of 30 min of ISMS on
nociceptive transmission.

We found significant inverse linear relationships between firing rate and ISMS duration
across the entire pool of NS neurons (r2 = 0.89; p= 0.02; Fig. 6a) and, separately, the entire
pool of WDR neurons (r2 = 0.94; p= 0.01; Fig. 6b). To understand whether these trends
were likely to reflect an overall state of reduced spinal nociceptive transmission or if they
were driven by a minority of neurons in each pool with extreme changes in firing rate, we
again stratified the pools by neurons that ultimately exhibited firing rate potentiation after 30
min of ISMS vs. those that exhibited firing rate depression (Figs. 7, 8). We found that the
majority of all NS and WDR neurons (respectively) exhibited firing rate depression after the
first 5 min of ISMS (Figs. 7a, 8a), suggesting that the effects of ISMS were indeed robust.

Three additional findings also emerged from these analyses: (1) for the subgroups of NS
and WDR neurons that exhibited firing rate /ncreases after ISMS, at no point during or after
ISMS did the subgroup’s firing rate statistically exceed its pre-ISMS firing rate (Figs. 7b,
8b); (2) for WDR neurons that exhibited firing rate decreases after ISMS, the subgroup’s
mean firing rate was significantly lower at each timepoint during and following ISMS than
its pre-1ISMS level (p=0.01, p<0.01, p< 0.0001, and p < 0.0001, respectively; Fig. 8b);
and (3) the magnitude of the largest percent increase in firing rate for each subgroup was
not significantly different than the magnitude of the percent decrease at the same timepoint
(Figs. 7c, 8c).
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However, it should be noted that we did observe two instances across the 2 min and 10

min ISMS trials where the percent increase in firing rate was greater than the corresponding
percent decrease. These cases were WDR neurons during 2 min ISMS (28.74% vs. 20.34%,
p=0.02; Fig. 3c) and NS neurons during 10 min of ISMS (56.41% vs. 24.89%, p

< 0.01; Fig. 4c). These observations raised the question of whether ISMS could have
induced a transient state of increased nociceptive transmission that habituated with longer
durations of stimulation (e.g., =30 min). To address this issue, we determined whether

the pre-ISMS firing rates (during induced nociceptive transmission) of neurons that were
ultimately depressed by ISMS differed from the during-1SMS firing rates of neurons that
were potentiated by ISMS (also during induced nociceptive transmission). In both cases,
we found no significant differences (for WDR neurons and 2 min ISMS, p= 0.28; for NS
neurons and 10 min ISMS, p =0.13).

As an example, take NS neurons that increased their firing rate during 10 min of ISMS.

This subgroup exhibited the most extreme percent increase of all groups, 56.41%. However,
its median discharge rate when nociceptive transmission was induced during ISMS, 21.65
(13.11-32.52) Hz, was statistically indistinguishable from the pre-ISMS firing rate (14.49
Hz) of NS neurons that were ultimately depressedby ISMS. That is, while some NS neurons
were indeed potentiated by ISMS, the level of potentiation merely brought them to the
baseline level of the remainder of the population. This finding was mirrored by WDR
neurons that increased their firing rate during and after 2 min of ISMS.

Considering that most NS and WDR neurons were depressed by 10 and 30 min of ISMS,
and that the overall pools of NS and WDR neurons exhibited progressive firing rate
reductions with increasing ISMS duration, these findings support the conclusion that the
observed firing rate increases were unlikely to have caused a net increase in nociceptive
transmission. Rather, the opposite conclusion appears more plausible: ISMS reduced overall
nociceptive transmission.

Motor-targeted ISMS does not potentiate non-nociceptive cutaneous transmission

Spinal stimulation paradigms parameterized to enhance motor output post-SCI, whether ESS
or ISMS, are generally hypothesized to act in part by engaging non-nociceptive sensory
afferent pathways that provide excitatory synaptic drive to motoneuron pools (1, 14, 27).
Many ESS paradigms for pain relief presumably modulate an overlapping set of pathways
(14, 15, 19), which have direct and indirect connections with WDR neurons. However,

for ISMS, it is not known whether those modulatory actions augment WDR firing rates
during periods of induced non-nociceptive transmission. Thus, we characterized WDR firing
rates while lightly touching/brushing the plantar surface of the hindpaw (i.e., the same paw/
dermatome used to characterize nociceptive transmission). We found a significant decrease
in WDR firing rates during non-nociceptive sensory transmission within the first 2 min of
ISMS (p<0.0001, Fig. 9, left). This effect habituated over the course of 10 min of ISMS,
with WDR firing rates recovering to but not exceeding their pre-ISMS baseline levels (Fig.
9, right).
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Discussion

Our primary finding is that motor-targeted ISMS immediately and persistently modulates
concurrent nociceptive transmission, decreasing the prevalence and magnitude of spinal
responses to noxious peripheral stimuli. These results highlight a potential new approach
for managing the debilitating sensorimotor consequences of SCI and suggest that it may
be possible to use ISMS to develop additional therapies specifically intended to provide
multi-modal rehabilitation.

Motor-targeted ISMS results in depression of spinal responses to painful peripheral stimuli

To some extent, off-target effects of ISMS on sensory transmission were expected, even

at sub-motor threshold intensities. Indeed, ISMS delivered to spinal motor pools activates
sensory afferents, premotor and other intercalated interneurons, and ascending/descending
fibers of passage at lower electrical current intensities than motoneuron cell bodies or
motor axons (27, 28). As a result, the spatiotemporal profile of neuromodulation that results
from ISMS far exceeds that which would be expected from direct current spread alone.
However, it was not clear a priori whether ISMS would modulate high-threshold nociceptive
transmission at all, let alone drive robust potentiation or depression of neurons in these
networks. Yet, we found that the anti-nociceptive effects of motor-targeted ISMS began
almost immediately (<2 min), with the majority of all identified NS and WDR neurons
exhibiting depressed responses to induced nociceptive transmission within the first 10 min
of stimulation. And while the average proportion of NS neurons (67%) and WDR neurons
(68%) exhibiting depressed nociceptive responses remained effectively constant for the
duration of ISMS (Figs. 7, 8), the magnitude of depression increased over this span (Figs.
6-8).

At a more granular level, two additional observations bear reiterating. First, the proportion
of neurons exhibiting depressed responses to induced nociceptive transmission and the
magnitude of depression per neuron both appeared to increase after ISMS was discontinued.
It is not clear whether these effects are unique to ISMS, as similar effects may occur with
ESS but remain masked by electrical stimulation artifacts. Another particularly intriguing
finding was that motor-targeted ISMS caused an immediate decrease in WDR responses

to non-nociceptive transmission that habituated over 10 minutes of stimulation. This effect
was contrary to our prediction because ISMS delivered to motor pools has been reported to
antidromically activate Ap afferents (27), which provide excitatory synaptic drive to WDR
neurons. This observation also revealed an unexpected degree of modal specificity in the
modulatory actions of ISMS, given that decreased nociceptive responses in the same neurons
did not habituate over 10 min of ISMS.

Diverse mechanisms may underlie the anti-nociceptive effects of ISMS

Below, we describe possible mechanisms contributing to our observations. However, it
should first be reiterated that ISMS almost assuredly resulted in an unnatural spatiotemporal
mixture of synaptic inputs to NS and WDR neurons. This is both because we delivered
ISMS to spinal motor pools in the ventral horn, effectively bypassing orthodromic activation
of terminal branches of axons presynaptically coupled to NS and WDR neurons in the dorsal
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horn, and because we delivered ISMS at sub-motor threshold electrical current intensities,
which likely precluded direct activation of many NS, WDR, and interneuron cell bodies in
the dorsal horn.

The near immediate anti-nociceptive effects of motor-targeted ISMS and the relatively
constant proportion of neurons exhibiting depressed firing rates during stimulation
presumably reflects the presence of active inhibition. A role for disfacilitation cannot be
excluded, although it would seem to be less likely given the continued injection of current
via ISMS. Under the nominal assumption that the interneurons and axons modulated by
ISMS act on WDR and NS neurons in accordance with the gate control theory, reduced
firing rates via active inhibition would be expected. And indeed, there is some empirical
evidence that paresthesia-based EES for neuropathic pain acts in at least partial accordance
with this mechanism (29). But the view that EES acts exclusively through this mechanism
is overly reductionist (15, 22, 23), and moreover, ISMS and EES presumably modulate
different, if somewhat overlapping, mixtures of spinal neurons and axons.

That we observed progressive increases in the magnitude of firing rate depression with
increasing ISMS duration (Fig. 6) could suggest that ISMS promoted induction of long-term
depression (LTD) in the modulated neurons. Induction of LTD could also explain why the
anti-nociceptive effects of ISMS persisted beyond the duration of stimulation. And together,
these observations further support the notion that a gating-like mechanism is insufficient

to fully explain the actions of ISMS: as classically understood, such a mechanism would
require ongoing convergence of nociceptive and non-nociceptive cutaneous transmission (the
latter of which was mediated via ISMS) and would be predicted to result in a relatively
constant magnitude of firing rate depression.

What could underlie the observation of increased nociceptive depression post-ISMS? One
possibility is that it is paradoxically related to the facilitatory effects of ISMS. At the level
of the neuron pool, ISMS was associated with increased firing rates in a subset of NS

and WDR neurons. Presumably, the facilitatory actions of ISMS were sufficient in those
neurons to potentiate their responses to nociceptive transmission, whether through direct
excitation, disinhibition, or both. This potentiation could have occurred through relatively
specific and repeatable (albeit unknown) pathways or through variable combinations of
synaptic inputs possibly via a stochastic resonance-like effect (30, 31). Regardless, it is
reasonable to think that when ISMS was discontinued, sensory afferent transmission alone
was either insufficient to drive spiking in that subset of NS and WDR neurons or that it was
only sufficient to drive them at a lower firing rate. However, this explanation relies on the
assumption that the subset of NS and WDR neurons facilitated by ISMS had preferentially
higher firing rates during nociceptive transmission than the remainder of their respective
pools, and such an observation was not borne out by the experimental data.

Looking instead at the level of an individual neuron, the observation of increased nociceptive
depression post-ISMS could reflect synaptic modification consistent with the dual-process
theory of plasticity (32, 33). ISMS delivered at a given electrical current intensity will
indiscriminately modulate cell bodies and axons within a range of input resistances/
conductances and distances from the stimulating electrode. Consequently, ISMS would have
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presumably coactivated excitatory, inhibitory, and endogenous neuromodulatory inputs to
NS and WDR neurons during stimulation. These inputs would have effectively competed
across spatiotemporal scales to drive net depression, habituation, or facilitation of the
post-synaptic neurons. If sufficiently reinforced (by ongoing ISMS), these depressive or
facilitatory actions could have led to enduring modifications of synaptic function via long-
term depression or potentiation.

ISMS-driven facilitation would be expected to counter the potency of concurrent ISMS-
driven inhibition, tempering the magnitude of firing rate depression observed during ISMS.
Yet, if the net effect of ISMS was still to depress a neuron’s response to nociceptive
transmission leading to LTD, then we would predict that the firing rate of that neuron

would be lower after ISMS than its rate during ISMS due to the absence of concurrent
stimulation-induced facilitation. Our results support this general mechanism. However, our
results cannot identify the precise mixture of synapses or transmitter networks that led to the
changes in synaptic efficacy or whether these changes are homosynaptic, heterosynaptic, or
both.

Another potential mechanism that could have contributed to our observations is ISMS-
promoted release of endogenous neuromodulators from terminal branches of bulbospinal
axons. The monoamines serotonin and norepinephrine are one example. Monoaminergic
axons and receptors are interposed throughout sensory and motor-dominant regions

of the spinal gray matter, where they directly and indirectly modify the input-output
function NS neurons, WDR neurons, and motoneurons (34-38). Interestingly, serotonin and
norepinephrine differentially impact the overall excitability of spinal motor and nociceptive
networks. They are potently excitatory to motoneurons, amplifying their responses to
excitatory synaptic inputs by 5x or more by activating persistent inward currents in
motoneuron dendrites (39, 40). In contrast, they are generally inhibitory in nociceptive
networks (particularly norepinephrine) (36, 37, 41). Given these opposing effects, a
contribution from monoamines would be phenomenologically consistent with many of our
observations (i.e., decreased spinal responses to nociceptive transmission with concomitant
increases in spinal motor output). And indeed, there is evidence that a portion of the
antinociceptive effects of EES are mediated by enhanced serotonergic signaling (23).

However, the extent to which motor-targeted ISMS can engage monoaminergic axons
innervating the dorsal horn is unclear. Indeed, monoaminergic fibers that terminate in

the ventral horn are anatomically discrete from those terminating in the dorsal horn. For
example, projections from the raphe pallidus and obscurus descend in the lateral and ventral
funiculi before terminating in the ventral horn and intermediate zone, whereas projections
from the raphe magnus descend in the dorsolateral funiculus before terminating in the dorsal
horn (35, 37, 42). Thus, a single point-source of sub-motor threshold current in the ventral
horn is not optimally juxtaposed to modulate the dorsally projecting fibers. Nevertheless, the
surprisingly wide spatial extent of ISMS-driven neuromodulation suggests that it may have
been possible to recruit both tracts simultaneously.

Finally, we return to the response habituation of WDR neurons during non-nociceptive
sensory transmission. As aforementioned, response habituation was not observed in the
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same neurons during nociceptive transmission. We do not expect that this differential
response was a direct effect of ISMS, because the ISMS parameters remained constant
between periods of nociceptive and non-nociceptive transmission. Rather, we speculate
that it was due to afferent-driven engagement of different interneuron networks during
nociceptive vs. non-nociceptive transmission leading to a different evolution of the dual-
process theory. However, we cannot rule out the possibility that ISMS-induced antidromic
spikes collided with afferent-driven orthodromic spikes and reduced the net firing rate of
a given neuron or that ISMS-induced antidromic spiking itself differentially modulated
plasticity across synapses mediating nociceptive vs. non-nociceptive transmission onto
WDRs.

Translational potential: depression of spinal responses to painful peripheral stimuli

Absent direct behavioral evidence, it is difficult to connect the observed anti-nociceptive
effects of ISMS with the behavioral experience of pain. Further complicating behavioral
contextualization of our findings is lack of knowledge of what proportion of the sampled
NS and WDR neurons were output neurons of the spinothalamic tract vs. what proportion
remained in segmental networks. However, given that the majority of NS and WDR neurons
exhibited depressed responses to nociceptive transmission during and following ISMS and
the fact that we accessed these neurons in spinal regions known to contain output neurons,
we speculate that transmission in the spinothalamic tract was reduced to some extent.

It should also be reiterated that this study was not an efficacy trial of ISMS for management
of neuropathic pain. Rather, it was intended to explore the potential effects of motor-targeted
ISMS on nociceptive transmission. As such, the specific stimulation parameters utilized here
are not likely to be optimally efficacious for pain management. It is also not clear if these
multimodal effects are unique to ISMS or if they would generalize to EES; future work in
this area is clearly warranted. Nevertheless, several of our observations suggest that ISMS
holds translational potential for neuropathic pain applications.

First, the timecourse over which the majority of anti-nociceptive effects were realized

and the magnitude of firing rate depression both tracked closely with EES paradigms
intended specifically to treat pain (25, 29). For example, across a range of paresthesia-based
and paresthesia-free EES parameterizations, ~40-80% of NS and WDR neurons exhibited
depressed responses to induced nociceptive transmission following 5 min of stimulation
(25). Our findings are consistent with these results. Likewise, for the neurons that were
depressed by ISMS, the magnitude of depression appears to be at least as great (on average)
as that reported with EES (25). One difference between our observations with ISMS and the
EES literature is that ISMS robustly decreased nociceptive transmission in neurologically
intact rats, whereas EES appears to be effective primarily when a state of dorsal horn
hyperexcitability or chronic neuropathic pain is preexisting (43, 44).

Second, we found no evidence of response habituation in the anti-nociceptive effects of
ISMS during or following 30 min of stimulation. On the contrary, the magnitude of
depression increased monotonically over this span for both the NS and WDR populations.
The extent to which this trend would continue over longer durations (days, weeks, etc.)

is unknown. But the initial finding is encouraging considering that nocifensive flexion
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reflex responses habituate on much shorter timescales during innocuous peripheral nerve
stimulation (26).

Third, we found that the anti-nociceptive effects of ISMS persisted after stimulation was
discontinued. Although this study only investigated relatively short periods of ISMS and
was not intended to systematically characterize their washout timecourse, previous work
indicates that functionally relevant changes in spinal motor output can be observed weeks
after discontinuation of ISMS when delivered as part of a targeted rehabilitation program
(1). Realization of similarly enduring therapeutic benefits for pain amelioration would be of
considerable translational significance, as a central challenge in the neuromodulation field
continues to be development of paradigms whose therapeutic benefits meaningfully outlast
the duration of stimulation.

And lastly, together with the previously documented ability of ISMS to enhance spinal
motor output (1, 5, 45-47), our findings suggest that ISMS may be particularly well suited
for individuals living with SCI. Indeed, depression of NS and WDR neurons would be
predicted to reduce hyperalgesia and allodynia, two of the most common manifestations
of below-level SCI-NP (8). And by not enhancing WDR responses to non-nociceptive
cutaneous transmission, ISMS-based therapies may avoid exacerbating the debilitating
spasms and spasticity experienced by many individuals living with SCI.

Translational potential: practical considerations

Our use of ISMS was motivated by the following factors. First, ISMS confers an added
degree of specificity over EES because ISMS enables delivery of electrical current directly
to spinal motor pools. Second, use of ISMS allowed us to reconcile differences in electrical
current intensities used in EES paradigms parameterized to enhance motor output vs. those
parameterized to ameliorate neuropathic pain. Specifically, motor-targeted EES is typically
delivered at suprathreshold intensity for evoking muscle contractions (2—4), whereas EES
for pain is delivered at sub-motor threshold intensities (22, 23); preclinical evidence has
demonstrated that ISMS can meaningfully enhance voluntary motor output below an SCI
even when delivered at sub-motor threshold intensities (1). And lastly, we and others have
demonstrated the potential therapeutic value of ISMS for a range of SCl-related impairments
including motor rehabilitation (1, 5, 45-47), urinary function (48-50), and respiration (51,
52), and we have shown that it is particularly effective at driving enduring, functionally
relevant neural plasticity following SCI (1).

Several lines of scientific and technical research will be required to advance ISMS-based
approaches for neuropathic pain (nominally) and/or sensorimotor impairments (more
broadly) along a path towards potential clinical realization. Many of these lines can evolve
in parallel. For example, ISMS parameter optimization studies (53), including computational
modeling, comparative neuroanatomical studies (54), and longitudinal electrophysiological
studies in animal models, can occur alongside biocompatibility studies (55-57). Likewise,
pre-clinical efficacy studies can be conducted in parallel with mechanical design work on the
implants themselves.
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The following specific areas of research will be essential for successful translation of
ISMS-based therapies to the clinic. First, it will be necessary to determine the optimal
location(s) in the gray matter to deliver ISMS both for pain-specific applications and

for sensorimotor/multi-modal applications. Particularly for heterogeneous conditions like
SCI, optimization may require tailoring the implant location and stimulation parameters
to the individual patient. The potential utility of patient-level modeling has recently been
demonstrated for EES (58). Second, a deeper understanding of the neural mechanisms
underlying ISMS-driven effects on nociceptive transmission is required. Findings in this area
are expected both to facilitate selection of stimulation parameters and to reveal possible
opportunities for enhancing the efficacy of ISMS through the addition of adjuvants (e.g.,
ISMS combined with targeted neuropharmacology).

Another open question for translational applications of ISMS is determining to what extent
ISMS directly blocks axonal transmission, whether in segmental or ascending fibers. Indeed,
an emerging body of work is focusing on whether the reportedly increased pain relief and
comparatively few paresthesias associated with kilohertz frequency EES are related to this
mechanism (59-62). And finally, from a mechanical design standpoint, a pressing area of
research will continue to be determining how and where to secure the ISMS implant such
that the microwires and stimulator package do not damage the spinal cord, particularly as it
glides in the spinal canal. Work in this area is ongoing (63-66).

Given the translational work remaining to determine if ISMS will be a viable clinical
alternative to EES, it is also instructive to consider the potential for EES to be used

in a multi-modal rehabilitation context. Indeed, EES will likely continue to serve as the
only implantable neuromodulatory option in the interim. Although EES has traditionally
been parameterized in a domain-specific manner (e.g., for chronic pain orlocomotor
rehabilitation, not both), there is reason to posit that it may also be capable of providing
multi-modal therapeutic benefits. Most simply, this potential is evinced by the well
documented ability of EES to (separately) alleviate pain as well as to enhance voluntary
motor output. Beneficial off-target effects of EES have also been anecdotally reported
(e.g., on autonomic functions), but neither the incidence of such effects nor their clinical
significance has been systematically investigated.

The putative mechanism(s) of action of EES, as well as its ability to modify both nociplastic
and neuropathic pain syndromes, also point towards an ability to simultaneously modulate
sensory and motor-related neural transmission. However, from a clinical standpoint it

is less clear whether such multi-modal effects could realistically be achieved. For

example, traditional EES parameterized for pain amelioration utilizes stimulation intensities
subthreshold for enhancing voluntary motor output. Nevertheless, assessing the ability of
EES to simultaneously modulate sensory and motor function would be straightforward,

as persons living with myriad such deficits are already implanted with EES systems and
many relevant outcome measures could be efficiently captured by validated clinical scales
during clinic or lab visits. Ultimately, EES and ISMS may have unique clinical benefits

and be indicated in different circumstances. But without a robust picture of their intended
and off-target effects, these benefits may prove difficult to ascertain. The neuromodulation
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and rehabilitation fields would benefit greatly from routine collection and dissemination of
EES-associated multi-modal outcome measures.

Conclusions

These results demonstrate that ISMS parameterized to enhance motor output immediately
and persistently modulates transmission in spinal nociceptive pathways, resulting in an
overall net decrease in nociceptive transmission. While a more granular understanding

of the underlying mechanisms will enable simultaneous optimization of ISMS for motor
rehabilitation and SCI-NP, these results highlight the potential for spinal stimulation
paradigms to deliver true multi-modal therapeutic benefits.
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Figurel.

Overview of experimental setup. (a) Dual-shank, 32 channel microelectrode arrays were
implanted into the lumbar enlargement perpendicular to the midline. Electrode coverage
area spanned both sensory and motor-dominant regions of the gray matter. Colored portions
of the spinal cord schematic illustrate specific regions of the gray matter. From top to
bottom: superficial dorsal horn, deep dorsal horn, intermediate gray, and ventral horn.
Sub-motor threshold ISMS was delivered on a single channel (circled in red) located in

the motor pools before, during, and after mechanical stimulation of the plantar surface

of the ipsilateral hindpaw. Right: composite histological image revealing the fluorescent-
labeled microelectrode tracks overlayed on the corresponding spinal section (counterstained
for myelin and neuron cell bodies). (b) Raster plot illustrating single neuron spike trains
discriminated from multi-unit neural data during a trial with painful pinches of the ipsilateral
hindpaw (arrowheads) and ISMS (pink shaded region). Note also the high degree of
spontaneous neural transmission between pinches.
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Figure2.
Sub-motor-threshold ISMS results in widespread modulation of sensorimotor neural

transmission. (a) Peristimulus time histograms (PSTH) of single neuron spike trains during
10 min of ISMS (delivered to the red electrode). Vertical red lines depict ISMS pulse
onset. All plots depict 50 msec before ISMS and 100 msec after each ISMS pulse. Short-
latency actions of ISMS are evident even in superficial regions of the dorsal horn. Colored
PSTH plots (left) are neurons determined to be nociceptive specific (NS) or wide dynamic
range (WDR). Light blue: NS neuron that exhibited a firing rate increase during painful
pinches after ISMS relative to pre-ISMS; light pink: WDR neurons that exhibited firing
rate increases during painful pinch after ISMS relative to pre-ISMS; dark magenta: WDR
neurons that exhibited firing rate decreases during painful pinch after ISMS relative to
pre-ISMS. (b) Representative examples of the depressive effects of ISMS on two WDR
neurons during painful pinch. For both subplots: top row, multi-unit neural data from a
given electrode; second row, raster plot of spike times for an individual WDR neuron
discriminated from the corresponding multi-unit data above; third row, instantaneous firing
frequency of the WDR neuron; fourth row, TTL signal indicates periods of ISMS and arrows
indicate time of pinches. Note that while ISMS reduces the responsiveness of both neurons
to nociceptive transmission, the response patterns themselves are distinct.
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Figure 3.
Changes in firing dynamics associated with 2 min of ISMS. (a) Nociceptive specific (NS)

neurons; (b) wide dynamic range (WDR) neurons; (c) magnitude of percent change in firing
rate for NS and WDR neurons. Note that darker colors correspond to percent decrease, but
are depicted as absolute values to aid comparisons with lighter colors depicting percent
increases. (a, b) Donut plots indicate the proportion of neurons exhibiting firing rate
increases (lighter color; FR+) or decreases (darker color; FR-) during painful pinches of
the ipsilateral hindpaw after 2min of ISMS relative to before ISMS. (a-c) all bar plots depict
median £ 95% confidence interval. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure4.
Changes in firing dynamics associated with 10 min of ISMS. (a) Nociceptive specific (NS)

neurons; (b) wide dynamic range (WDR) neurons; (c) magnitude of percent change in firing
rate for NS and WDR neurons. Note that darker colors correspond to percent decrease, but
are depicted as absolute values to aid comparisons with lighter colors and corresponding
percent increases. (a, b) Donut plots indicate the proportion of neurons exhibiting firing rate
increases (lighter color; FR+) or decreases (darker color; FR-) during painful pinches of the
ipsilateral hindpaw after 2min of ISMS relative to before ISMS. (a-c) all bar plots depict
median £ 95% confidence interval. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Comparison of responses to trials of 2 min and trials of 10 min ISMS. Blue colors:

Page 25

Solid color: 2 min trials
Crosshatch: 10 min trials

During ISMS
Post-ISMS

NS
WDR

Nociceptive specific (NS) neurons; Pink/burgundy colors: wide dynamic range (WDR)
neurons. Solid bars: 2 min trials; crosshatched bars: 10 min trials. Darker gray background:
comparisons of responses during ISMS of each duration; lighter gray background:
comparisons of responses after ISMS. FR+: populations of neurons exhibiting increased
firing rates after ISMS compared to before ISMS; FR-: population of neurons exhibiting
decreased firing rates after ISMS compared to before ISMS. All bar plots depict median +

95% confidence interval. *p<0.05.
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Figure 6.
Firing rate of NS and WDR neurons during induced nociceptive transmission progressively

decreases with increasing ISMS duration. (a) NS neurons; (b) WDR neurons; (a, b) y-axis:
peak firing rate during painful pinch of the ipsilateral hindpaw; x-axis: timepoint relative to
ISMS. ‘During 01’: mean firing rate during the first 5 min of ISMS; ‘during 02’: mean firing
rate from 12.5-17.5 min of ISMS; “during 03’: mean firing rate from 25-30 min of ISMS.
Linear regression fits are shown with 95% confidence bounds. Note that all NS and WDR
neurons in their respective pools are included the regression models; i.e., neurons were not
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stratified by those that ultimately exhibited firing rate increases vs. decreases post-ISMS.
*p<0.05; **p<0.01.
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Figure 7.
Changes in NS firing dynamics associated with 30 min of ISMS. (a-c) NS neurons

exhibiting firing rate increases (lighter color; FR+) or decreases (darker color; FR-) during
painful pinches of the ipsilateral hindpaw after 30 min of ISMS relative to before ISMS.
‘During 01’: mean firing rate during the first 5 min of ISMS; ‘during 02’: mean firing rate
from 12.5-17.5 min of ISMS; “during 03”: mean firing rate from 25-30 min of ISMS. (a)
Donut plots indicate the proportion of NS neurons with increased or decreased firing rates
at a given timepoint; (b) peak firing rate of NS neurons at each timepoint during painful
pinches of the ipsilateral hindpaw; (c) percent change in firing rate from timepoint indicated
to pre-ISMS firing rate during painful pinches of the ipsilateral hindpaw; (b,c) error bars
depict 95% confidence interval. *p<0.05; n.s., non-significant.
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Changes in WDR firing dynamics associated with 30 min of ISMS. (a-c) WDR neurons
exhibiting firing rate increases (lighter color; FR+) or decreases (darker color; FR-) during
painful pinches of the ipsilateral hindpaw after 30 min of ISMS relative to before ISMS.
‘During 01’: mean firing rate during the first 5 min of ISMS; “during 02’: mean firing rate
from 12.5-17.5 min of ISMS; “during 03”: mean firing rate from 25-30 min of ISMS. (a)
Donut plots indicate the proportion of WDR neurons with increased or decreased firing
rates at a given timepoint; (b) peak firing rate of WDR neurons at each timepoint during
painful pinches of the ipsilateral hindpaw; (c) percent change in firing rate from timepoint
indicated to pre-ISMS firing rate during painful pinches of the ipsilateral hindpaw; (b,c)
error bars depict 95% confidence interval. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001;
n.s., non-significant.
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Figure9.
ISMS-induced effects on WDR responses to non-nociceptive cutaneous feedback. Bar height

reflects the median precent change in firing rate of the pool of all identified WDR neurons
during light touches of the L5 dermatome after a given duration of motor-targeted ISMS.
Solid bar: change in firing rate during light touch at the conclusion of 2 min of ISMS
(relative to pre-ISMS); crosshatched bar: percent change in firing rate during light touch at
the conclusion of 10 min of ISMS. *p<0.05
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