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anesthetized rat model of spinal cord
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Abstract.

Background: Closed-loop neuromodulation systems have received increased attention in recent years as potential therapeutic
approaches for treating neurological injury and disease.

Objective: The purpose of this study was to assess the ability of intraspinal microstimulation (ISMS), triggered by action
potentials (spikes) recorded in motor cortex, to alter synaptic efficacy in descending motor pathways in an anesthetized rat
model of spinal cord injury (SCI).

Methods: Experiments were carried out in adult, male, Sprague Dawley rats with a moderate contusion injury at T8. For
activity-dependent stimulation (ADS) sessions, a recording microelectrode was used to detect neuronal spikes in motor
cortex that triggered ISMS in the spinal cord grey matter. SCI rats were randomly assigned to one of four experimental
groups differing by: a) cortical spike-ISMS stimulus delay (10 or 25 ms) and b) number of ISMS pulses (1 or 3). Four weeks
after SCI, ADS sessions were conducted in three consecutive 1-hour conditioning bouts for a total of 3 hours. At the end of
each conditioning bout, changes in synaptic efficacy were assessed using intracortical microstimulation (ICMS) to examine
the number of spikes evoked in spinal cord neurons during 5-minute test bouts. A multichannel microelectrode recording
array was used to record cortically-evoked spike activity from multiple layers of the spinal cord.

Results: The results showed that ADS resulted in an increase in cortically-evoked spikes in spinal cord neurons at specific
combinations of spike-ISMS delays and numbers of pulses. Efficacy in descending motor pathways was increased throughout
all dorsoventral depths of the hindlimb spinal cord.

Conclusions: These results show that after an SCI, ADS can increase synaptic efficacy in spared pathways between motor
cortex and spinal cord. This study provides further support for the potential of ADS therapy as an effective method for
enhancing descending motor control after SCI.
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1. Introduction

Closed-loop neuromodulation systems have
received increased attention in recent years as
potential therapeutic approaches for treating neu-
rological injury and disease. These systems utilize
various signal sources, such as EMG, to trigger
electrical stimulation of the spinal cord. For example,
intraspinal microstimulation (ISMS), triggered by
volitional muscle activity in the impaired forelimb
can result in improved behavioral performance of
the forelimb in a rat model of cervical spinal cord
injury (McPherson, Miller, & Perlmutter, 2015).
ISMS is synchronized with the arrival of motor
commands signaled by EMG activity, presumably
enhancing synaptic plasticity. In another variation
of activity-dependent stimulation (ADS), EMG-
triggered epidural electrical stimulation resulted in
improvement in motor control of locomotion in rat
models of complete spinal cord transection (Gad
et al., 2012; Wenger et al., 2016).

ADS paradigms using recorded spikes from motor
cortex to trigger spinal cord stimulation may allow
for much greater temporal precision and thus, may
result in more robust synaptic plasticity. Recently, it
was demonstrated that epidural spinal cord stimula-
tion triggered by neuronal spikes from the hindlimb
motor cortex could restore weight-bearing locomo-
tion of the paralyzed leg in non-human primates
with a unilateral spinal cord transection (Capogrosso
et al., 2016). However, the primary rationale for this
study was not to enhance synaptic plasticity in the
spinal cord, per se, but to provide direct control
over hindlimb muscle activity. More precise control
over the temporal coupling of motor command sig-
nals and depolarization of spinal cord motor neurons
may provide a means for enhancing synaptic plastic-
ity (Bi & Poo, 1998) and thus, for restoring motor
function.

ADS paradigms specifically based on the timing
of pre- and post-synaptic events are beginning to be
tested in injury models to determine their potential
clinical utility in strengthening remaining intact con-
nections. Replication of the natural timing of pre- and
post-synaptic events has been shown to potentiate, or
condition, neuronal connections in vivo, resulting in
functional plasticity of motor cortex outputs (Jack-
son, Mavoori, & Fetz, 2006). Spike-timing dependent
plasticity has been shown to result in long-term
changes in the strength of corticospinal connections
in non-human primates that can last for at least a few
days (Nishimura, Perlmutter, Eaton, & Fetz, 2013).

The purpose of the present study was to deter-
mine whether greater control over spike-stimulus
delays can increase synaptic efficacy in remain-
ing, intact descending motor pathways after a lower
thoracic spinal cord contusion injury. Spike-timing
dependence is a particularly important issue for SCI
applications of ADS, since motor cortex outputs
influence spinal cord neurons via various descending
pathways (e.g., corticospinal, cortico-reticulospinal
pathways) with different conduction velocities and
multiple synaptic connections. Our hypothesis is that
the synaptic efficacy of spared descending pathways
from motor cortex to the spinal cord can be strength-
ened by using ADS to replicate the natural timing
of pre- and post-synaptic events, resulting in an
increase in cortically-evoked activity in the hindlimb
spinal cord. These initial studies were performed in
an acute anesthetized rat model four weeks after a
lower thoracic contusion injury. We used spike activ-
ity recorded in motor cortex to precisely time ISMS
relative to motor cortex outputs. The effect of ADS
on synaptic efficacy below the level of the contu-
sion injury was measured by changes in neuronal
spikes recorded in the spinal cord that were evoked
by intracortical microstimulation. The anesthetized
preparation allowed us to record neuronal activity
throughout the depths of the spinal cord using linear
multielectrode arrays.

The results demonstrate that cortically driven
ISMS strengthens the synaptic efficacy of spared
descending pathways after lower thoracic contusion
injury, and that different populations of spinal cord
neurons are differentially strengthened by different
time delays. This application of ADS (i.e., cortical
spike-driven ISMS) in an animal model of thoracic
spinal cord contusion injury has not been previ-
ously studied. The results provide further support for
synaptic plasticity induced by the therapeutic use of
precisely-timed ADS after SCI.

2. Methods
2.1. Subjects

A total of twenty-four adult, male, Sprague Daw-
ley rats were used in this study. Body weights ranged
from 356-486g (411.1+:29.8¢g) and ages ranged
from 90-105 days old (96.0 4.0 days old) at the
time of the electrophysiological experiments. Using
G*Power statistical software, sample size was calcu-
lated on data from similar ADS studies (Guggenmos
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et al., 2013; McPherson et al., 2015) where ADS
therapy produced robust behavioral improvements
thus assuming neuronal plasticity (i.e., measured as
a change in cortically-evoked activity in this study)
could be detected. These studies found a large effect
size of 1.7 and 2.5, respectively, in the ability to
improve motor performance due to ADS. Using an
alpha level of 0.05 and Power =0.80, the estimated
sample size =6 rat per group was determined. Each
rat underwent a surgical procedure to induce a mid-
line spinal cord contusion injury at T8. Four weeks
later, rats underwent neurophysiological procedures
to examine the effects of two ADS stimulation param-
eters: 1) The time delay between recorded action
potentials (i.e., spikes) in the motor cortex hindlimb
area (HLA) and onset of intraspinal microstimula-
tion (ISMS) in the ventral horn of the lumbar spinal
cord (10 or 25ms) and 2) the number of biphasic
ISMS pulses (1 or 3). A total of thirty-four rats were
attempted where ten rats were removed from the
study due to adverse surgical complications. Thus,
24 rats were randomly assigned to one of four ADS
parameter groups and completed the study: 1) Group
10ms_1P (n="7): 10 ms time delay with 1 ISMS pulse;
2) Group 10ms_3P (n=5): 10ms time delay with
3 pulses; Group 25ms_IP (n=7) 25 ms time delay
with 1 pulse; and Group 25ms_3P (n=35): 25ms
time delay with 3 pulses. All procedures were per-
formed in accordance with the Guide for the Care and
Use of Laboratory Animals Eighth Edition (Institute
for Laboratory Animal Research, National Research
Council, Washington, DC: National Academy Press,
2011). The protocol was approved by the University
of Kansas Medical Center Institutional Animal Care
and Use Committee.

2.2. General surgical procedures

In each rat, two surgical procedures were per-
formed: 1) a recovery surgical procedure to induce
a contusion SCI and 2) a terminal procedure to a)
implant microelectrodes into hindlimb motor cor-
tex and spinal cord, b) implant EMG electrodes into
selected hindlimb muscles, and ¢) conduct ADS neu-
rophysiological sessions (Fig. 1). In both surgical
procedures, after a stable anesthetic state was reached
using isoflurane anesthesia, ketamine hydrochloride
(100mg kg~!; IP)/xylazine (Smg kg~'; IP) was
delivered. Anesthesia was maintained with subse-
quent doses of ketamine (0.1 mL; IP or IM) and
monitored via pinch and corneal responses. Addi-
tional doses of ketamine were administered if the rat

reacted to a pinch of the forepaw/hindpaw or blinked
after lightly touching the cornea. Aseptic conditions
were maintained for both procedures.

2.3. Spinal cord injury (SCI)

All animals underwent a T8 laminectomy and
moderate midline contusion injury using an Infinite
Horizon spinal cord impactor (Precision Systems
and Instrumentation, LLC, Fairfax Station, VA)
with an impactor tip diameter of 2.5mm and
175kDyn impact. Displacement distance reported
by the impactor software for each contusion was
recorded at the time of surgery and was used as
an initial quantitative marker for successful impact.
The average displacement value of the impactor
was 1000.4 £ 123.8 wm (mean &= SD) from the sur-
face of the spinal cord. At the conclusion of the
surgery, 0.25% bupivacaine HCI was applied locally
to the incision site. Buprenex (0.01 mg kg~'; SC)
was administered immediately after surgery and 1
day later. All animals were monitored daily until the
end of the experiment. On the day of surgery, and
for 1-week post-surgery, the rats received a daily SC
injection of 30,000 U of penicillin (Combi-Pen 48)
in 5mL of saline to prevent infections and dehydra-
tion. Rats’ bladders were expressed twice-daily until
animals recovered urinary function. From the sec-
ond week onward, animals were supplemented with
vitamin C pellets (BioServ, Frenchtown, NJ) to avert
urinary tract infection (Behrmann, Bresnahan, Beat-
tie, & Shah, 1992).

2.4. BBB Scoring

Locomotor performance was assessed using the
Basso, Beattie, and Bresnahan (BBB) scale (Basso,
Beattie, & Bresnahan, 1995). BBB scoring was per-
formed before SCI and once per week for up to
4 weeks post-SCI. Two investigators were always
present for BBB scoring as recommended by Basso,
et al. Four weeks was chosen because BBB scores
typically plateau by 4 weeks and behavior is rel-
atively stable (Krizsan-Agbas et al., 2014; Scheff,
Rabchevsky, Fugaccia, Main, & Lumpp, 2003). A
straight walkway was utilized for the testing. Rats
were habituated to the apparatus for 1 week prior to
BBB scoring. A BBB score of 1315 at 4 weeks post-
SCI was set as the inclusion criterion for this study;
however, no rats were removed from this study due
to this criterion.
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Fig. 1. Overview of Experimental Design. Baseline/Test Bout: ICMS was applied to hindlimb motor cortex (HLA) while evoked spikes were
recorded from spinal cord neurons below the level of a T8 contusion injury. ADS Bout: Spikes from HLA were recorded and used to trigger
ISMS in the ventral horn of the thoracic spinal cord below the level of the injury. ADS Timeline: ADS bouts were conducted in one-hour
sessions for a total of three hours. Test bouts were 5 min in duration, conducted at baseline and after each hour of ADS.

2.5. Neurophysiology procedures.

Experimental design. Neurophysiological sessions
utilizing timing parameters based on mecha-
nisms underlying spike-timing-dependent plasticity
(STDP) were conducted four weeks after SCI. Spike-
stimulus conditioning (i.e., ADS) was conducted in
three, 1-hour ADS conditioning bouts for a total of
3 hours of ADS. Changes in synaptic efficacy were
inferred by comparing spikes evoked by intracorti-
cal microstimulation (ICMS) during a 5 min baseline
period before ADS and three 5-min test periods fol-
lowing each ADS bout (Fig. 1).

EMG fine-wire electrode implantation. The
implantation and verification of fine-wire EMG
electrodes into hindlimb muscles was conducted
as previously described (Borrell, Frost, Peterson,
& Nudo, 2017). EMG electrodes were implanted
in four hindlimb muscles: the lateral gastrocne-
mius (LG), tibialis anterior (TG), vastus lateralis
(VL), and biceps femoris (BF). Each EMG elec-
trode consisted of a pair of insulated multi-stranded

stainless-steel wires exposed approximately 1 mm,
with the exposed, implanted end of the wire folded
back on itself (‘hook’ electrode). Implantation loca-
tions were determined by surface palpation of the
skin and underlying musculature. After the hindlimbs
were shaved, EMG wires were inserted into the belly
of each muscle with the aid of a 22-gauge hypoder-
mic needle. For each EMG electrode pair, wires were
positioned approximately 5 mm apart in each mus-
cle. An additional ground lead was placed into the
base of the tail. The external portion of the wires was
secured to the skin with surgical glue (3M Vetbond
Tissue Adhesive, St. Paul, MN) and adhesive tape.
To verify that the EMG electrodes were within the
belly of the muscle, an isolated stimulator (Stimu-
lus Isolator, BAK Electronics, Inc., Umatilla, FL)
was used to deliver a biphasic (cathodic-leading)
square-wave current pulse to the muscle through the
implanted EMG electrodes. The impedance between
the EMG electrodes was tested via an electrode
impedance tester (BAK Electronics, Inc., Umatilla,
FL). The EMG electrodes were determined to be
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inserted properly and within the desired muscle if the
electrode impedance was 7-8 k€2, the direct current
delivery to the muscle resulted in contraction of the
desired muscle and the movement threshold was<
SmA.

Identification of motor cortex HLA. The rats were
placed in a Kopf small-animal stereotaxic frame
(David Kopf Instruments®, Tujunga, CA) and the
incisor bar was adjusted until the heights of lambda
and bregma were equal (flat skull position). The cis-
terna magna was punctured at the base of the skull
to reduce edema during mapping. A craniectomy
was performed over the motor cortex. The general
location of the craniectomy was guided by previous
motor mapping studies in the rat (Frost et al., 2015;
Frost et al., 2013). The dura over the cranial opening
was incised and the opening was filled with warm,
medical grade, sterile, silicone oil (50% Medical Sil-
icone Fluid 12,500, 50% MDM Silicone Fluid 1000,
Applied Silicone Corp., Santa Paula, CA) to prevent
desiccation during the experiment.

A magnified digital color photograph of the
exposed cortex was taken through a surgical micro-
scope. The image was transferred to Canvas 3.5 where
a200-pm grid was superimposed, by calibration with
amillimeter ruler, to indicate intended sites for micro-
electrode penetration. ICMS was conducted in the
HLA of the primary motor cortex (M1) to verify the
topographic location (Fig. 2A). In rats with contu-
sion injuries as applied here, hindlimb movements
cannot be elicited with ICMS from HLA. Thus, an
indirect approach was taken to assure that the corti-
cal microelectrodes were located in HLLA. First, the
general location of the HLA can be predicted based on
stereotaxic coordinates from previous ICMS studies
in healthy rats (Frost et al., 2013). Further, hip move-
ments are consistently evoked immediately caudal to
the forelimb area (blue dots in Fig. 2A) and lateral to
the trunk area (light blue dots in Fig. 2A). In rats with
thoracic contusion injuries, ICMS can evoke forelimb
and trunk movements (Frost et al., 2015).

ICMS was delivered to the ventral-most site on
a single-shank Neuronexus probe (Neuronexus, Ann
Arbor, MI) positioned at regularly spaced locations
on the superimposed 200-wm grid. Each electrode
site used for stimulation was iridium-activated and
had an impedance in the range of ~50-70k<2 with a
surface area of 1250 p.m?. The maximum compliance
voltage of the system was 24 V. Electrode depth was
controlled using a Kopf hydraulic microdrive (Kopf
Instruments, Tujunga, CA) and reached ~1700 pm
(i.e., Layer V of the cortex). The stimuli consisted of

Fig. 2. Intracortical and intraspinal microstimulation mapping and
site pairing conducted in SCI rats. A) Hindlimb motor cortex with
superimposed grid for ICMS mapping. The large black dot is at
Bregma, the dark blue dots represent stimulation sites that resulted
in ICMS-evoked forelimb movements, the light blue dots represent
evoked trunk movements, and the small black dots represent sites of
no evoked movement. B) Hindlimb spinal cord with superimposed
grid for ISMS mapping. Each orange dot represents a stimulation
site that resulted in ISMS-evoked hindlimb movement. The orange
dot with the black outline represents the site of an ISMS-evoked
hip movement paired for ADS. R = Rostral, C = Caudal, M =
Medial, and L = Lateral.

thirteen, 200 s biphasic cathodal pulses delivered at
300 Hz repeated at 1/sec from an electrically isolated,
charge-balanced (capacitively coupled) stimulation
circuit. A maximum current of 100 wA was used dur-
ing ICMS mapping.

Identification of lumbar spinal cord. Following
ICMS mapping, a midline incision was made, expos-
ing the TI12-L2 vertebrate. A laminectomy was
performed on the T13-L1 vertebrae exposing the L2-
S1 segments of the spinal cord. The dura mater was
removed using fine forceps and small scissors to allow
electrode penetration. Animals were stabilized with a
custom rodent spinal fixation frame (Keck Center for
Collaborative Neuroscience Rutgers, The State Uni-
versity of New Jersey, USA) attached to the dorsal
processes of vertebrae T12 and L2.

Previously derived 3-dimensional ISMS-evoked
topographic maps were used in the guidance of stim-
ulation sites in the hindlimb spinal cord (Borrell et al.,
2017). A similar 200-pm grid was placed over a dig-
ital photomicrograph of the spinal opening for the
mapping of evoked movements (Fig. 2B). Stimula-
tion sites were located ~0.8 mm lateral to the central
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blood vessel (i.e., midline) on the right side of the
spinal cord and at a depth ~2.27 mm below the sur-
face of the spinal cord (i.e., in the ventral horn). ISMS
stimuli consisted of three 200 ws biphasic cathodal
pulses delivered at 300 Hz repeated at 1/sec. ISMS-
evoked movement threshold was measured during
ISMS mapping and recorded as the lowest current
level (i.e., increments of 1 wA) needed to evoke a
consistent, repetitive joint displacement.

Intracortical and intraspinal evoked movement site
matching. After ICMS was used to define forelimb
and trunk sites, as well as non-responsive sites, a puta-
tive hip site (black dot with white outline in Fig. 2A)
was located. For subsequent ADS and test bouts, this
site was paired with an ISMS-evoked hip site in the
lumbar spinal cord (orange dot with black outline in
Fig. 2B).

ICMS-evoked spike recordings (Baseline and Test
Bouts). Using the paired sites of the HLA and
hindlimb spinal cord, a stimulating electrode was
inserted into the HLA and a recording microelec-
trode was simultaneously inserted in the hindlimb
spinal cord site. The recording microelectrode was
a single-shank, 16-channel Michigan-style linear
microelectrode (Neuronexus, Ann Arbor, MI). Each
of the 16 sites had a site area of 703 um?, sepa-
ration of 150 wm, thickness of 15 wm in diameter,
and impedance of ~0.3 M. The tip of the elec-
trode was lowered to a depth of ~2270 pum below
the spinal cord surface. ICMS was used to test cor-
ticospinal coupling by delivering a test stimulus in
HLA, and ICMS-evoked spikes were recorded from
the spinal cord and EMG from the hindlimb mus-
cles. For baseline and test bouts, the ICMS stimulus
consisted of three, 200 ws biphasic cathodal pulses
delivered at 300 Hz repeated at 1/sec, and an ICMS
intensity of 100 wA was used for all baseline and test
bouts. During each baseline and test bout, neural and
EMG activity were recorded and digitized for ~5 min
from each of the 16 active recording sites and four
fine-wire pairs, respectively, using neurophysiologi-
cal recording and analysis equipment (Tucker Davis
Technologies, Alachua, FL).

Activity-dependent-stimulation (ADS) paradigm.
Using the paired HLA and spinal cord hip sites,
the same recording microelectrode was inserted into
the HLA site and the same stimulating microelec-
trode was inserted into the hindlimb spinal cord site.
The stimulating microelectrode was positioned at
~2.27 mm below the surface of the spinal cord (i.e., in
lamina VIII/IX in the ventral horn), as the long-range
therapeutic goal is to enhance cortical modulation of

spinal motor neurons. It is assumed that the stim-
ulating electrode was either near spinal cord motor
neuron cell bodies, the dendrites of motor neurons,
or interneurons.

Using principal component analysis (Lewicki,
1998), spikes were recorded and sorted in real-time
from a single channel in HLA (i.e., ~1700 pwm below
the surface in Layer V of the cortex) and used to
trigger stimulation in the paired site in the hindlimb
spinal cord. The triggered ISMS stimulus consisted
of one or three, 200 ws biphasic cathodal pulses
delivered at 300 Hz repeated at 1/sec. The stimulus
intensity for ADS was set at 50% of the ISMS move-
ment threshold in each rat to reduce the possibility
of evoked movements during ADS therapy and to
eliminate the possibility of fatigue on the muscle.

The ADS parameters of interest were time delay
between recorded cortical spike and spinal cord stim-
ulation and the number of ISMS pulses. Delays of
10 and 25ms between recorded HLA spike and
triggered stimulus pulse(s) were chosen based on
natural response times observed in previous exper-
iments (Borrell, Krizsan-Agbas, Nudo, & Frost,
2020). Briefly, ICMS-evoked spiking activity in the
hindlimb spinal cord was consistently observed with
a 10-ms latency in healthy rats, hence a 10-ms time
delay was chosen. A 25-ms time delay was cho-
sen because it matched the latency of ICMS-evoked
hindlimb EMG activity in healthy rats. Both time
delays are known to fall within the window of long-
term potentiation (Bi & Poo, 2001) and fall within the
window for altered cortical output responses when
spike-triggered stimulation was used in motor cortex
of non-human primates (Jackson et al., 2006).

Three-pulse trains are typically used to evoke
EMG activity and joint movements elicited by ISMS
(Moritz, Lucas, Perlmutter, & Fetz, 2007). However,
to document ISMS-evoked EMG activity more pre-
cisely, and to minimize polysynaptic effects, ADS
effects were also tested using only one pulse as the
ISMS stimulus.

2.6. Neurophysiological data analysis

Spike sorting during baseline and test bouts. Neural
spikes were recorded extracellularly from a presumed
population of neurons and discriminated offline with
OpenSorter software (Tucker Davis Technologies,
Alachua, FL) using principal component analysis
(Lewicki, 1998). ICMS-evoked activity recorded dur-
ing the baseline and test bouts from each channel
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Fig. 3. Cross-sectional schematic diagram of hindlimb spinal cord with placement of the recording electrode during the baseline and test
bouts. The channel numbers of the recording sites in each of the four dorso-ventral sectors are shown at the left. Previous topographical
studies indicate the rostral sector of vertebrae T13 of the Sprague Dawley rat is located at spinal cord segmental level L2-L3 (Gilerovich
etal., 2008). Thus, the recording electrode was located in segmental level L2-L.3. Based on cytoarchitectonic organization in the rat, electrode
sites were in or near all laminae except for laminae VI (seen only in L3-S1 segments of the rat) and laminae X (found medially around the

central canal; CC) (Molander, Xu, & Grant, 1984).

in the hindlimb spinal cord was represented in
post-stimulus spike histograms for 200 ms around the
onset of each ICMS stimuli (ICMS begins at 0 ms;
histogram extends —100ms before and+ 100 ms
after onset ICMS) using custom software (Matlab;
The Mathworks, Inc., Natick, MA). Spiking activity
was averaged into 1 ms bins over the ~5 min record-
ing (i.e., averaged over ~300 ICMS trains). Spike
activity could not be discriminated during the first
7ms after the onset of the ICMS train due to the
stimulus artifact.

For analysis of spiking responses during the base-
line and test bouts, the 16 recording channels in
the hindlimb spinal cord were divided into four
dorsoventral sectors based on depth below the sur-
face of the spinal cord. The dorsoventral sectors
(Fig. 3) were: Dorsal Sector (720—1020 pm; dorsal

horn), Upper Intermediate Sector (1120—1420 pm,;
intermediate layer), Lower Intermediate Sector
(1520—1820 pm; intermediate layer), and Ventral
Sector (1920—2220 wm; ventral horn).

Firing rate (FR) calculation. The ICMS-evoked fir-
ing rate (FR) (i.e., total number of recorded spikes per
1 ms bin/total time of recording) was calculated for
each time bin of the post-stimulus spike histograms
using custom software (Matlab; The Mathworks, Inc.,
Natick, MA). The FR was only considered for anal-
ysis if the FR for the respective time bin was greater
than 2x standard deviation (horizontal, dashed, red
line of Fig. 6) above the average FR pre-ICMS (hor-
izontal, solid, red line of Fig. 6). Pre-ICMS FR was
derived by averaging the FR of each time bin 10 ms
before the onset of ICMS (i.e., from -10 to O ms in
the post-stimulus spike histogram).
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To narrow the range of potential cortical spike-
ISMS delays, we utilized data from a previous
study wherein we determined the latencies of ICMS-
evoked action potentials in lower thoracic spinal
cord neurons in healthy and SCI rats (Borrell et al.,
2020). In healthy rats, ICMS-evoked spikes in the
lower thoracic spinal cord occurred during a nar-
row, short-latency period (10-12ms) as well as
at longer latencies that formed a broader distribu-
tion (~20-40ms). ICMS-evoked EMG activity was
observed at ~25-28 ms post-ICMS. In SCI rats,
ICMS-evoked spikes below the level of the SCI were
found consistently at short latency (~10-12ms).
However, at the longer latencies, FR was substan-
tially lower after the SCI, and only a few bins
displayed FR significantly above baseline. Based on
these previous results, the maximum FR was defined
for the short-latency period (10-12 ms post-onset
ICMS) and the long-latency period (24—36 ms). Then,
the mean FR and standard error for the short- and
long-latency periods were calculated for each base-
line/test bout in each rat, and in each dorsoventral
sector.

Stimulus-triggered average (StTA) of EMG. Using
custom software (Matlab; The Mathworks, Inc., Nat-
ick, MA), StTAs of rectified EMG from leg muscles
were plotted to determine muscle activation (Bor-
rell et al.,, 2017; Hudson, Griffin, Belhaj-Saif, &
Cheney, 2015). For each of the implanted muscles,
EMG data were recorded for at least 10 stimulus
trains during ICMS and ISMS procedures at move-
ment threshold or a maximum current of 100 pA
and averaged over a time window of 220 ms. StTAs
were aligned to the time of the first stimulus (i.e., 0
ms) and included data from —20.2 to + 199.9 ms rel-
ative to the time of the first stimulus. A muscle was
considered active when the average rectified EMG
reached a peak >2.25 SD above baseline values in
the interval from —20.2 to O ms and had a total dura-
tion of >3 ms. The stimulus artifact was minimal
to absent in EMG recordings with no muscle acti-
vation. If an artifact was observed, the amplitude
of the artifact was minimal compared to the ampli-
tude of the evoked EMG; however, the averaging of
the StTAs of EMG recordings largely eliminated the
stimulus artifact. As a result, the stimulus artifact
was determined to have minimal to no effect on the
recordings. EMG potentials were high- and low-pass
filtered (30 Hz-2.5kHz), amplified 200-1000 fold,
digitized at 5 kHz, rectified and recorded on an RX-8
multi-channel processor (Tucker-Davis Technology,
Alachua, FL).

2.7. Statistical analyses

Statistical analyses were performed using JMP 11
software (SAS Institute Inc., Cary, NC). The nonpara-
metric, Mann-Whitney U test was used to compare
ordinal-scaled BBB scores. Bonferroni correction for
multiple comparisons was used to control for multiple
comparisons. ICMS-evoked spiking activity analyses
followed the rationale of a comparable study (Averna
etal., 2020). The current study was designed to assess
the effect and interactions of various ADS parameters
in separate dorsoventral sectors over time on neuronal
activity. Since the independence of individual neu-
ron firing rates cannot be assumed within a particular
rat and because the distribution of firing rates tends
to have a Poisson distribution with a long tail (and
thus, not normally distributed), a generalized linear
mixed model (GLMM) for repeated measures was
used. Specifically, a GLMM using within-subject fac-
tors will be used to analyze the data. Separate models
[2 x 4; time (baseline versus week of study) x group
(10ms_1p and 10ms_3p and 25ms_1P and 25ms_3P)]
will be used to analyze the firing rates of ICMS-
evoked spikes. Thus, data are presented as average
=+ standard error of the mean unless otherwise stated,
and p-values < 0.05 were considered significant.

2.8. Histology

At the end of each experiment, animals were euth-
anized with an intraperitoneal injection of sodium
pentobarbital (Beuthanasia-D; 100mgkg™') and
transcardially perfused with 4% paraformaldehyde in
0.1 M PBS. The spinal cord was sectioned at 30 um
on a cryostat in the coronal plane. Histology was per-
formed on selected sections with cresyl violet stain
for Nissl bodies to verify the injury.

3. Results
3.1. BBB Scores

Each rat scored 21 on the BBB scale (normal)
before SCI. At 1-week post-SCI, BBB scores were
significantly lower relative to baseline (Table 1;
p<0.0001). BBB scores improved over subsequent
weeks but remained significantly lower relative to
baseline at 4 weeks post-SCI (Table 1; p <0.0001).
There was no statistical difference in BBB scores
between groups for any week (p>0.05). At 4-
weeks post-SCI, BBB scores confirmed that rats
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Table 1

Behavioral Scores

Group Displacement BBB Scores (Mean =+ SD)
at SCI (pm)

Baseline Week 1 Week 2 Week 3 Week 4
10ms_3P 1057.8 £94.5 21.0£0.0 10.8 +1.3* 120+ 1.4* 13.0+ 1.6 13.44+0.9*
25ms_3P 937.8+£251.2 21.0£0.0 11.0+£3.4* 13.2+4.4* 14.0+3.5% 14.8 +1.5*
10ms_1P 997.3+47.7 21.0£0.0 10.1 £2.3* 11.9£2.5% 13.7+£2.4* 14.1+£1.7*
25ms_1P 1007.3 +£49.1 21.0£0.0 12.4+2.4* 143+ 1.6* 144+2.1% 149+ 1.7*
Overall 1000.4 +123.8 21.0£0.0 11.1 £2.5% 129 £2.7* 13.8£2.4* 143+ 1.5*

Mean BBB score at baseline and at weeks 1-4 post-SCI and displacement of impactor at time of SCI for each rat group and all rats combined
(+/— S.D.). There was no statistical difference in impactor displacement at SCI nor in BBB scores between groups at any of the four weeks
(p>0.05). * = Significant difference of BBB score when compared to baseline (within-group comparison; p <0.0001).

had consistent weight-supported plantar steps, no or
occasional toe clearance (i.e., scraping of the digits
on the ground) during forward limb advancement,
consistent forelimb-hindlimb coordination, and pre-
dominant paw position during locomotion that was
always rotated externally just before it lifted off at the
end of stance and either externally rotated or parallel
to the body at initial contact with the surface.

3.2. SCI Verification

A representative image of a histological section
through the injury epicenter is shown in Fig. 4.
Briefly, the injury spared an outer rim of white mat-
ter that surrounded a central core lesion. Remnants of
the gray matter were rarely seen at the lesion center.

3.3. Spike frequency in HLA during ADS

The profiles of spikes recorded in HLA and used
to trigger stimulation during each hour of ADS
remained consistent over the 3-hours of ADS. Addi-
tionally, there were no significant changes in the HLA
spike frequency in any group after 3 hours of ADS
relative to the 1st hour of ADS (Fig. 5, Right). While
there were minor within-group changes in average
spike frequency during the second and third hour of
ADS in some groups relative to the first hour of ADS,
these changes were not significant.

3.4. ISMS and ICMS current intensity

The average ISMS movement thresholds and
ADS stimulus intensities for each group are shown
in Table 2. The average ISMS stimulus intensity
required to evoke a hindlimb movement (move-
ment threshold) during spinal cord mapping was
9.00 £ 5.90 nA. The average ISMS intensity used for
ADS bouts was 4.50 £ 2.95 pA (i.e., ADS intensity).

RtST

Fig. 4. Representative image of the spinal cord injury epicenter
4 weeks after injury. A: Transverse section stained with a cresyl
violet acetate solution. B: Schematic diagram showing the location
of descending motor tracts (Lemon, 2008): the corticospinal tract
(CST; green), rubrospinal tract (RbST; red), and reticulospinal tract
(RtST; blue).

There was no statistical difference in either ISMS
movement threshold intensities nor ISMS intensity
used during ADS bouts between groups (Table 2;
p>0.05). Since movement could not be evoked dur-
ing ICMS mapping in SCI rats, a fixed intensity of
100 A was used for ICMS during the 5-minute base-
line and test bouts.

3.5. EMG activity

ICMS-evoked EMG activity was never observed
before or after ADS (i.e., during baseline and test
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Table 2
Stimulation Movement Thresholds and Intensities Used

Group ISMS Threshold ADS Intensity ICMS Intensity

(nA) (nA) (nA)
10ms_1P 7.14+2.27 357£1.13 100.00 £ 0.00
25ms_1P 8.86 £5.98 4.434+2.99 100.00 £ 0.00
10ms_3P 10.80£8.79 5.40£4.39 100.00 £0.00
25ms_3P 10.00 £ 7.07 5.00£3.54 100.00 £ 0.00
Combined 9.00 £5.90 4.50+2.95 100.00 £ 0.00

Mean and standard deviations at four weeks post-SCI during the
ADS procedure. ISMS threshold was recorded during ISMS map-
ping at movement threshold. ADS intensity was 50% of ISMS
threshold. ICMS intensity was set at 100 wA and used during the
5-minute baseline and test bouts.

bouts, no EMG potentials were greater than two stan-
dard deviations above the baseline EMG activity).
During ADS, ongoing EMG amplitude fluctuated
periodically, but no consistent changes were evi-
dent. The following qualitative observations (and
their incidence) are of note: 1) EMG activity was
present in each hindlimb muscle and EMG amplitude
increased over the 3 hours of ADS (n =6 instances),
2) EMG activity was present during the 1% hour of
ADS but was not present after the 24 or 3™ hour
of ADS (n=3 instances), 3) EMG activity was never
present over the 3 hours of ADS (n= 10 instances),
and 4) EMG activity increased during the 2" hour of
ADS but was not present after the 3’4 hour of ADS
(n=11instance). These observations did not occur sys-
tematically (i.e., instances = number of rats but not
necessarily in the same group) and thus the data were
not analyzed further.

3.6. Post-stimulus spike histograms

The ICMS-evoked spiking activity was recorded
for each channel and analyzed over four dorsoven-
tral sectors delineated by depth below the surface
of the spinal cord. Exemplar ICMS-evoked spikes
are displayed in Fig. 5 Left. These ICMS-evoked
spikes were then displayed in post-stimulus spike
histograms over four dorsoventral sectors for each
rat group. An exemplar spike-stimulus histogram
displaying an increased ICMS-evoked spiking activ-
ity before and after 3 hours of ADS is shown in
Fig. 6. For this example, after 3 hours of ADS, post-
stimulus spike histograms from the 10ms_1P group
(Fig. 6) showed qualitatively that ICMS-evoked spik-
ing activity increased at a latency of ~10ms from
onset of ICMS (i.e. 0 ms), especially within the ven-
tral sector.

3.7. ICMS-Evoked maximum firing rate at short
latency

Within each group, maximum firing rate was
examined at the end of each of the one-hour
ADS sessions for each of the four dorsoventral
quadrants. Maximum FR during the short-latency
period typically occurred at 10ms (all test bouts;
mean £ SE=10.34 £0.07ms; median=10.00 ms)
relative to ICMS, but occasionally at 11 and 12 ms.

In each of the four groups, FR increased in one
or more dorsoventral sectors of the cord after ADS
compared with baseline FR (Fig. 7). When significant
increases in FR occurred, the FR usually remained
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Fig. 6. Post-stimulus spike histograms for the 10ms_1P group before and after 3 hours of ADS. Post-ICMS spikes occurred during a short
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(p<0.05).

significantly increased from baseline. For example,
if an increase in FR occurred 2 hours after ADS, FR
usually remained significantly increased after 3 hours
of ADS.

While systematic differences between groups with
different spike-stimulus latencies or number of pulses
was not observed, some trends are worth noting. With
a 10ms time delay protocol, increased short latency
FR was more prevalent in the ventral horn; with a
25ms delay, FR increases were less specific. Also,
while a single pulse protocol most often resulted
in FR increases in the upper intermediate and ven-
tral sectors, a 3-pulse protocol resulted in ventral
FR increases with a short delay and more dorsal FR
increases with the longer delay.

3.8. ICMS-Evoked maximum firing rate at long
latency

Within each group, maximum firing rate was
examined at the end of each of the one-hour ADS
sessions for each of the four dorsoventral quad-
rants. Maximum FR during the long-latency period

occurred at about 25 ms (all test bouts; mean 4= SE =
24.88 £+ 0.65 ms; median =25.00 ms).

As observed in the short latency period, in each
of the four groups FR increased in one or more
dorsoventral sectors of the cord after ADS compared
with baseline FR (Fig. 8). Again, when signif-
icant increases in FR occurred, the FR usually
remained significantly increased from baseline. How-
ever, increases in long latency FR occurred more
commonly after 2 hours of ADS and as early as 1
hour of ADS.

In general, with a 10 ms delay protocol, long
latency FR increased in all sectors using a single
pulse, but only increased in the ventral sector using
a 3-pulse stimulus. With a 25 ms delay protocol FR
increased predominantly in the more ventral sectors
using a single pulse and increased in more dorsal
sectors with three pulses

4. Discussion

The primary goal of this study was to determine
whether activity dependent stimulation (ADS) using
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different spike-stimulus delays and number of ISMS
pulses alters synaptic efficacy in remaining intact cor-
tical descending motor pathways in an anesthetized
rat model of SCI. By pairing sites of similar func-
tional topography in the hindlimb motor cortex and
hindlimb spinal cord and synchronizing the delivery
of ISMS in the ventral horn with spontaneous neu-
ral activity in motor cortex, the synaptic efficacy of
descending motor pathways increased, as evidenced
by an increase in cortically-evoked spikes in spinal
cord neurons at specific post-ICMS latencies. For
the first time, cortically-evoked spikes were recorded
from multiple dorsoventral sectors in an acute ADS
paradigm. Importantly, efficacy in descending motor
pathways was increased throughout four dorsoven-
tral sectors of the hindlimb spinal cord, depending
on the combination of time delay and pulse number
used. Any increase in firing rate (FR) in the Ventral
sector is considered important for functional recov-
ery since it may indicate increased synaptic efficacy
in pathways that directly influence motor neurons.
The observed increase of FR at short latencies in the
Ventral sector was significant after several post-ADS
test bouts whether a 10 ms or 25 ms delay was used.
Here we discuss the likely motor pathways affected
by ADS and the functional impact these synaptic
efficacy changes could have in motor control.

4.1. Spike-Stimulus Delays during ADS are
Consistent with STDP-Based Strengthening

In spike timing-dependent plasticity (STDP), the
timing between recorded action potentials and trig-
gered stimulation (i.e., ADS) has been shown to
determine the polarity and magnitude (i.e., potenti-
ation or depression) of any change in post-synaptic
potentials (Bi & Poo, 1998; Fung, Law, & Leung,
2016; Markram, Lubke, Frotscher, & Sakmann,
1997). McPherson et al. demonstrated that ADS can
induce neural plasticity, with a time delay of ~10 ms,
that improves behavioral recovery after SCI by syn-
chronizing ISMS below the injury with the arrival
of functionally related volitional motor commands
signaled by muscle activity in the impaired fore-
limb (McPherson et al., 2015). The time delays used
during ADS in this study fell within the range of neu-
rophysiologically relevant latencies (i.e., ~25 ms or
less), where robust enhancement of synaptic strength
was determined in vitro (Feldman, 2012) and in vivo
(Nishimura et al., 2013) studies.

Although a 3-pulse ISMS train (typical proto-
col for activity-triggered ISMS) is problematic for

a simple model of spike-timing relationships, we still
observed significant increases in FR when the pulse
train spanned approximately 10-20 ms after the cor-
tical spike. With long delays and multiple pulses, the
synaptic conditioning effects may be compromised
since the later pulses fall outside of the optimal win-
dow for long-term potentiation.

4.2. Short-Latency neuronal spikes after acute
ADS

We showed in a previous study that short-latency
(10-12 ms) spikes were still evoked from cortex after
amoderate spinal cord contusion identical to that used
here (Borrell et al., 2020). These post-injury spikes
were most likely evoked via cortico-reticulospinal
fibers, based on the fast conduction velocities mea-
sured and the observation that the ventrolateral
funiculus, where reticulospinal fibers descend, was
spared. It is likely that these fibers contribute to the
increase in short latency cortically evoked activity
after application of ADS.

Reticulospinal Tract: The RtStis strongly involved
in locomotor coordination in healthy animals
(Mitchell, McCallum, Dewar, & Maxwell, 2016)
and plays an important role in locomotion after
SCI (Schucht, Raineteau, Schwab, & Fouad, 2002).
Spared reticulospinal fibers are known to sprout
below an experimental SCI (Ballermann & Fouad,
2006). The reticulospinal tract terminates mainly in
the grey matter of lamina VII and VIII in the hindlimb
spinal cord of the rat (Matsuyama, Mori, Kuze, &
Mori, 1999; Mitchell et al., 2016), which corresponds
to the Lower Intermediate sector and part of the Ven-
tral sector of the spinal cord described in the present
study. Thus, it is likely that the RtSt, activated via the
spiking neurons in cortex, participated in the ADS-
induced increase in FR.

Propriospinal Fibers: The increase in short-
latency FR in the Ventral sector (and occasionally
in the Lower Intermediate sector) after ADS could
be mediated by propriospinal fibers activated by the
reticulospinal tract fibers that terminate onto long
descending propriospinal neurons involved in the
coordination between forelimb-hindlimb and left-
right limbs (Frigon, 2017). Polysynaptic connections
onto long descending propriospinal pathways (Skin-
ner, Coulter, Adams, & Remmel, 1979) could have
been activated in chorus with cortico-reticulospinal
pathways at the short-latency period. The increased
FR at short-latency seen in the Dorsal and Upper
Intermediate sectors after ADS may suggest a
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strengthening of the cortico-reticulospinal synapses
onto these intact long descending propriospinal path-
ways. Any increase in FR in the Dorsal and Upper
Intermediate sectors may indicate increased synap-
tic efficacy in interneurons that influence the overall
neural circuit that influences motor neurons.

4.3. Long-Latency neuronal spikes & EMG
activity after acute ADS

In a previous study, it was shown that the ICMS-
evoked long-latency spinal cord spike activity in a
healthy, uninjured rat was represented in a broad
distribution beginning ~20ms after ICMS onset,
then overlapping with the onset of EMG activity at
~25 ms, and peaking around ~30 ms (median of peak
long-latency response, or Lp) (Borrell et al., 2020).
After injury, this spiking pattern was disrupted, as the
FR at long latencies was reduced substantially, and
EMG activity could not be evoked. While FR occa-
sionally rose above baseline, significant spiking was
restricted to only one or two millisecond bins within
this broad time period. This result was replicated
after SCI in the present study, as the FR of long-
latency neuronal spikes rose above baseline for only
a few time bins within the broad range of 24-36 ms.
It was argued that the evoked spikes with long laten-
cies were most likely from neurons activated by the
corticospinal and (cortico-) rubrospinal tracts due to
the known conduction velocities of these tracts.

The corticospinal tract (CST) terminates mainly
in the Dorsal and Upper Intermediate sectors in the
hindlimb spinal cord of the rat, with a few fibers
terminating in all dorsoventral sectors (Akintunde
& Buxton, 1992; Casale, Light, & Rustioni, 1988;
Mitchell et al., 2016). Direct corticomotoneuronal
connections are unsupported in rats (Lemon, 2008;
Yang & Lemon, 2003). The rubrospinal tract (RbST)
primarily terminates in the intermediate grey matter
corresponding to Upper and Lower Intermediate sec-
tors (Brown, 1974). The influence of CST and RbST
on spiking in the Ventral sector is likely exerted via
interneurons in dorsal and intermediate laminae. In
the present study, it is assumed that the CST, descend-
ing primarily in the dorsomedial funiculus in the
rat, was heavily damaged after the SCI. Thus, any
ICMS-driven spikes in the Ventral sector at baseline,
and any increases in FR after ADS bouts could have
been mediated by polysynaptic activation via spared
fiber tracts, including RbST, dorsolateral CST, ventral
CST, reticulospinal tract, and vestibulospinal tract.

4.4. Impact of acute plasticity on recovery

The increased FR of spinal cord neurons in some
conditions as early as 1 hour after ADS is a novel
and significant finding that may have clinical rel-
evance. These results may drive future electrical
stimulation-based therapies. Currently, most electri-
cal stimulation-based therapies are contingent on the
maintained delivery of stimulation. The results seen
here show that enhancement of descending motor
pathways can occur after an acute application of
ADS therapy; however, none of the ADS param-
eters used in this study were able to strengthen
pathways to hindlimb muscles that would induce
ICMS-evoked EMG activity or hindlimb movements
in this acute timeframe. Future studies will have
to determine if enhanced synaptic efficacy is main-
tained post-therapy, the functional significance of
this plasticity, its effect on functional motor recov-
ery in the chronic condition, and the potential for
behavioral improvement compared to that found after
less-invasive electrical stimulation-based therapies.

4.5. Limitations of study

It is important to note the limitations in the present
study. The main technical limitation was the necessity
to remove and reinsert the microelectrodes between
the 1-hour ADS sessions and the 5-minute test bouts.
When removing and reinserting the electrodes, there
was a possibility that the microelectrodes were not
reinserted into the exact position as before. In addi-
tion, there could be neuronal damage with each
reinsertion of the electrode. The ICMS and ISMS
mapping did reduce the amount of variation in site
location between each ADS session and test bout.
The use of two micromanipulators (one for each elec-
trode) also aided with the consistency of electrode
insertion and placement on a micron scale. The con-
sistency in recorded HLA spiking profiles over the
ADS sessions also indicates that the recording micro-
electrode inserted in HLA was consistently in the
same site each time. A reliable switchable headstage
that can automatically switch between recording and
stimulation would allow for the microelectrodes to
remain in their original sites. These were not available
at the time of this study.

There was an absence or decrease in spiking activ-
ity at various time points as seen in Fig. 7A, 7C,
and 8D. This decrease in FR could be a physiolog-
ical significance such as suppression; however, our
assumption is that the spike-to-noise ratio was so low
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that no spikes could be registered via our current spike
sorting methods. This would be caused by any signif-
icant noise in the signal during recording. Thus, due
to this uncertainty, comparisons were not conducted
with these time points.

Similarly, there was a difference in baseline FR
between groups at some dorsoventral sectors. This
could indicate that the spinal neuronal population
recorded and analyzed was undersampled. For this
reason, between-group comparisons were not con-
ducted. However, within-group comparisons were
conducted since similar neuronal populations could
be compared, which increases the likelihood of
detecting significant differences in FR over time.
Future experiments will strive to better identify the
sub-population of neurons contributing to spikes
recorded in each dorsoventral sector. In addition,
increasing the number of subjects and number of
test bouts will help reduce the variability of recorded
spikes between-groups. As this study included all
evoked spikes from any intact descending pathways,
future studies are planned to examine the contribution
of specific pathways. This too will reduce any vari-
ability in the sub-populations recorded from different
dorsoventral sectors.

It is possible that different ICMS parameters dur-
ing the test bouts may be more effective for assessing
EMG activity and evoked hindlimb movement after
ADS therapy. Trains consisting of 13 stimulation
pulses are most commonly used for evoking move-
ment during motor cortex mapping procedures (Frost
etal., 2015; Frost et al., 2013) and only 3 stimulation
pulses were used during ICMS test bouts in this study.
As a result, the shorter ICMS pulse train may not
have allowed adequate temporal summation to acti-
vate the motor neurons (i.e., reach motor movement
threshold) in the hindlimb spinal cord. Additionally,
amore chronic application of ADS may be needed for
the plasticity to result in functional motor recovery.

Finally, the present results were based on the
topographic location of the electrodes through the
dorsoventral depths of the spinal cord grey matter.
The extracellular spike recordings were derived from
a heterogeneous group of spinal cord neurons that
were not specifically characterized. Likewise, the
evoked spikes were the result of several polysynap-
tic pathways from hindlimb motor cortex, including
ventral corticospinal, rubrospinal, reticulospinal and
vestibulospinal tracts. The contribution of each of
these spared pathways on the ability to drive post-
SCI plasticity with ADS will need to be addressed,
potentially using selective tract lesions in a similar

neurophysiological preparation as well as anti-
dromic ISMS-evoked cortical responses to document
the potential changes in each descending tract.

5. Conclusion

The significant increase in cortically-evoked firing
of spinal cord neurons after acute ADS indicates a
strengthening of the remaining descending pathways.
ADS resulted in greater responsiveness in neurons
throughout the dorsoventral depths of the spinal cord,
and under a wide range of timing parameters. These
results may suggest appropriate parameters and loca-
tions for chronic administration of cortically-driven
ADS that can be tested with direct measurement
of behavioral outcomes. This may provide further
guidance for future neurorehabilitation and neuro-
modulatory interventions that may better contribute
to enhanced recovery of motor function after moder-
ate spinal cord injuries.
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