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OBJECTIVE The goal of this study was to assess the safety of mapping spinal cord locomotor networks using penetrat-
ing stimulation microelectrodes in Yucatan minipigs (YMPs) as a clinically translational animal model.

METHODS Eleven YMPs were trained to walk up and down a straight line. Motion capture was performed, and electro-
myographic (EMG) activity of hindlimb muscles was recorded during overground walking. The YMPs underwent a lami-
nectomy and durotomy to expose the lumbar spinal cord. Using an ultrasound-guided stereotaxic frame, microelectrodes
were inserted into the spinal cord in 8 animals. Pial cuts were made to prevent tissue dimpling before microelectrode
insertion. Different locations within the lumbar enlargement were electrically stimulated to map the locomotor networks.
The remaining 3 YMPs served as sham controls, receiving the laminectomy, durotomy, and pial cuts but not microelec-
trode insertion. The Porcine Thoracic Injury Behavioral Scale (PTIBS) and hindlimb reflex assessment results were
recorded for 4 weeks postoperatively. Overground gait kinematics and hindlimb EMG activity were recorded again at
weeks 3 and 4 postoperatively and compared with preoperative measures. The animals were euthanized at the end of
week 4, and the lumbar spinal cords were extracted and preserved for immunohistochemical analysis.

RESULTS All YMPs showed transient deficits in hindlimb function postoperatively. Except for 1 YMP in the experimental
group, all animals regained normal ambulation and balance (PTIBS score 10) at the end of weeks 3 and 4. One animal in
the experimental group showed gait and balance deficits by week 4 (PTIBS score 4). This animal was excluded from the
kinematics and EMG analyses. Overground gait kinematic measures and EMG activity showed no significant (p > 0.05)
differences between preoperative and postoperative values, and between the experimental and sham groups. Less than
5% of electrode tracks were visible in the tissue analysis of the animals in the experimental group. There was no statisti-
cally significant difference in damage caused by pial cuts between the experimental and sham groups. Tissue damage
due to the pial cuts was more frequently observed in immunohistochemical analyses than microelectrode tracks.

CONCLUSIONS These findings suggest that mapping spinal locomotor networks in porcine models can be performed
safely, without lasting damage to the spinal cord.
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cal condition that is sustained by 250,000-500,000
individuals worldwide each year.! Regaining the

ability to walk after SCI is consistently rated as one of
the highest priorities by individuals with SCI.2 It is well
established that in mammals, the neuronal networks that
produce motor synergies are in the spinal cord.® These
networks below the level of injury can be reactivated by
electrical stimulation.* The effectiveness of spinal cord
stimulation (SCS) for restoring standing and stepping af-
ter SCI has been demonstrated in both animal models®?
and humans.'*-12 Although clinical trials of epidural SCS
have shown promising results, the spatiotemporal activa-
tion patterns of locomotor networks continue to be guided
by indirect measures including approximate myotomal
maps or computational models.'*'>* Recruiting the most
effective locomotor circuity while limiting the activation
of less relevant neural networks requires optimization of
stimulation targets, electrode configuration, and stimula-
tion parameters. Understanding the functional organiza-
tion of motor networks located deep in the spinal cord is
essential for achieving specificity and optimal spinal neu-
romodulation. The topographical functional maps of the
motor networks are available for the rat,” cat,'s pig,”” and
rhesus monkey.'® However, the functional map and stimu-
lation amplitudes required for activating different loco-
motor circuits in the human spinal cord remain unknown.
Therefore, a safe method for intraspinal mapping of loco-
motor networks in the spinal cord of humans is needed for
obtaining the best outcomes with novel SCS techniques.

The anatomical and physiological similarities between
humans and pigs have made the pig a practical model,
especially in spinal cord-related studies.” In addition,
comparative studies have demonstrated high similarities
between the gross anatomy of the spine and spinal cord
between pigs and humans.”® More importantly, unlike
most preclinical models, the pig spinal cord has a large
subarachnoid space that is similar to that in humans.?!->2
This makes the pig a relevant model for preclinical testing
of extra- and intradural interventions aimed at restoring
mobility after neural injury or disease. Adult miniature
pigs such as Yucatan minipigs (YMPs) have recently be-
come widely used for biomedical and neuromodulation
therapeutic studies especially related to SCI.22:%3

Understanding the potential sensorimotor deficits re-
sulting from direct spinal cord mapping using penetrating
electrodes is crucial for designing a safe mapping proce-
dure. In the current study, we evaluated the safety of map-
ping the locomotor networks in the spinal cord of YMPs
by comparing the gait parameters and electromyographic
(EMG) activity of YMPs before and after intraspinal
mapping and through postmortem immunohistochemical
analyses.

Methods

Surgical Procedure

A total of 11 YMPs were used in these experiments.
All animal procedures were approved by the Animal Care
and Use Committee at the University of Alberta. Prior to
the surgical mapping procedure, the pigs were trained us-

S PINAL cord injury (SCI) is a devastating neurologi-
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ing positive reinforcement to walk up and down a 3.5-m
straight walkway. Gait kinematics were captured using
a reflective marker—based motion capture system (150
frames/sec, Vicon Motion Systems Ltd.) (Fig. 1A and B),
and EMG data were recorded using a wireless surface
EMG system (3000 Hz; Noraxon).

On the mapping day, the pigs were sedated and asepti-
cally prepared for surgery. The total intravenous anesthe-
sia protocol described in our previous work®* was used to
maintain anesthesia and consisted of a constant infusion
of propofol (40-145 ug/kg/min), remifentanil (0.03-0.14
ug/kg/min), lidocaine (fixed dosage: 1.0 mg/kg/hr), and
dexmedetomidine (fixed dosage: 0.2 ug/kg/hr). Spinal
cord segments L4—6 (lumbar enlargement) were exposed,
and the dura mater was incised. An ultrasound-guided
stereotactic frame® was used to guide a platinum-iridium
(80%/20%) microelectrode (125 um, FHC Inc.) as it pen-
etrated the spinal cord to map the locomotor networks in
the intermediate and ventral gray matter (Fig. 1C).

To reduce the indentation of the spinal cord during mi-
croelectrode insertion, a small pial cut was made using
an arachnoid knife. In 8 experimental animals, up to 12
penetrations were made across the lumbar enlargement
with the microelectrode tips advancing 3.0-4.5 mm into
one side of the spinal cord. Trains of 1-second-long elec-
trical stimuli (200-usec biphasic charge-balanced pulses,
40 Hz, 5-100 nA) were delivered at each location, and
the evoked hindlimb movements were documented (Fig.
1D). In 3 sham control animals, 12 pial cuts were made
on one side of the spinal cord but no microelectrode pen-
etrations or stimulation occurred. The mapping procedure
was limited to 2 hours to mimic a realistic duration for an
intraoperative experimental procedure in humans. After
microelectrode removal, dura mater and surgical wounds
were sutured closed in layers and the animals recovered
from anesthesia.

Postsurgical Care and Data Collection

Injectable and oral analgesics and antibiotics were ad-
ministered for a minimum of 2 weeks postsurgery (see
Supplemental Material for drugs and doses). Animals
were frequently repositioned to reduce the risk of pres-
sure injuries. Each week for 4 weeks after the surgical
procedure, the Porcine Thoracic Injury Behavioral Scale
(PTIBS; a 10-point scale that describes the recovery pro-
cess of hindlimb function??) scores, as well as the pres-
ence and relative magnitude of the panniculus, perineal,
and withdrawal reflexes in the hindlimbs, were evaluated.
Kinematic and EMG data were recorded during the 3rd
and 4th weeks postoperatively.

After 4 weeks, the pigs were anesthetized with isoflu-
rane and the mapped region of the spinal cord was reex-
posed. Spinal cord segments (L.4—6) were identified based
on the location of dorsal rootlets. The pigs were eutha-
nized with Euthanyl (Bimeda-MTC; 100 mg/kg), and the
lumbar enlargement was removed and placed in 4% para-
formaldehyde in 0.1 M phosphate buffer (PB) for 48 hours
at 4°C, cryoprotected in increasing concentrations of su-
crose (10%—-30%) in 0.1M PB for 72 hours at 4°C, frozen
on isopentane, and stored at —80°C.
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FIG. 1. A: Schematic image of the motion capture set up showing the 3.5-m walkway and 8 Vicon cameras. B: The position of
different reflective markers and surface EMG (SEMG) electrodes on the joints and body. C: Stereotactic frame mounted on four
lumbar pedicle screws used for insertion of microelectrodes with micromanipulators. D: Reflective markers and EMG electrodes
attached to the skin over various joints and muscles to document movements during the mapping procedure. Hindlimbs were
hung freely to capture the kinematic and EMG activity of evoked movements. ANK = ankle; ELB = elbow; FTOE = foretoe; HIP =
hip; HTOE = hindtoe; KNE = knee; MCP = metacarpophalangeal; MIDC = midcervical; MIDT = midthoracic; PEL = pelvis; SCA =
scapula; SCRM = sacrum; SHO = shoulder; WRI = wrist. Figure is available in color online only.
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Kinematic and EMG Analysis

Motion capture and EMG data were processed using
a sequence of custom-developed MATLAB programs
(R2020b, The MathWorks, Inc.) as previously described.?
Briefly, strides and the associated gait kinematic parame-
ters (Supplemental Table 1) were sorted into 5 overground
walking speed ranges (0.4-0.59, 0.6—0.79, 0.8-0.99, 1.0—
1.19, and 1.2-1.4 m/sec). Each parameter at a speed range
was compared between the experimental and sham groups
before and after the operation. For intralimb coordination,
the area and regularity of the joint-joint cyclograms were
calculated to evaluate step repeatability.?’ Interlimb coor-
dination for each animal was analyzed by calculating the
overlap between the steps of the 4 limbs during a stride.?®

EMG data for the left and right biceps femoris (BF),
vastus lateralis (VL), and gluteus medius (GM) muscles
were bandpass filtered (10-450 Hz), full-wave rectified,
and low-pass filtered at 10 Hz. A common trigger was
captured by the EMG and kinematic recording systems
and was used to synchronize the data. EMG data for each
stride were sorted into one of the 5 stride speed ranges.
Outlier removal and inclusion criteria were chosen for ki-
nematics and EMG data as previously explained.?®

The mean EMG activity within the 0.8- to 0.99-m/sec
speed range was assessed further to determine EMG burst
onset and offset points within the gait cycle. An activation
threshold was defined based on a region of low muscle
activity (mean + 1.5 SD) for each YMP.26® The onset and
offset points of all pigs for each muscle were then aver-
aged and compared.

Histological and Immunohistochemical Analyses

The frozen spinal cord blocks were cryosectioned at 20
um, mounted on SuperFrost Plus slides (Fisher Scientific),
dried for 30 minutes at room temperature, and stored at
—80°C. Sections every 100 um were stained with Harris
H&E (Sigma-Aldrich Ltd.). Astrocytes were identified us-
ing a polyclonal primary GFAP antibody (anti-rabbit an-
tibody; DAKO, Agilent Technologies Inc.) and activated
microglia were identified using a polyclonal Ibal antibody
(anti—rabbit antibody, Abcam). Nuclei on all sections were
stained with DAPI (Invitrogen, Thermo Fisher Scientific).
For detailed staining protocol and list of antibodies used
and their dilutions, see Supplemental Material.

Statistical Analysis

The swing time, stance time, and stride length were sta-
tistically analyzed between preoperative and postoperative
conditions, and experimental and sham control groups for 5
speed ranges (speed factor) using three-way repeated-mea-
sures ANOVA (Prism version 9.3.1, GraphPad). A mixed-
effects model was fitted to the data to handle the missing
values for the joint angles; hoof and toe clearances; pelvic
vertical displacements; homolateral, homologous, and di-
agonal interlimb coupling; and the area and regularity of
the cyclograms for intralimb coordination. Mauchly’s sphe-
ricity test was performed for each dataset, and the Green-
house-Geisser correction was applied in case the sphericity
assumption was violated. Tukey’s honest significant differ-
ence post hoc test was used for multiple comparisons on all
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possible pairs of group means; p < 0.05 indicated a statisti-
cally significant difference. The Mann-Whitney rank-sum
test was run for immunohistochemical analysis to compare
the damaged tissue area between groups.

Results
Assessment of Behavioral Recovery and Reflexes

One animal in the sham group showed mild hindlimb
deficits (PTIBS score 4), and 2 other animals showed
plantar hoof placement with trunk imbalance while walk-
ing (PTIBS score 9) 1 week after surgery (Fig. 2A). All
3 animals in the sham group showed normal hindlimb
walking from the 2nd week onward. Generally, animals
in the sham group recovered 1 week sooner than animals
in the experimental group. All animals in the experimen-
tal group showed normal hindlimb function by the end of
week 4, except for 1 animal that did not score higher than
4 on the PTIBS scale (Fig. 2A). This animal was not able
to walk without support and therefore was excluded from
the subsequent kinematic analyses.

The presence or absence of 3 different reflexes was used
to assess the integrity of sensorimotor pathways in the spi-
nal cord. The perineal reflex was present with no changes
in both the experimental and sham control groups through-
out the 4-week postoperative testing. The panniculus reflex
was reduced during the 1st week postoperatively for all
animals but returned to normal magnitude thereafter. The
withdrawal reflex was reduced for 2 weeks and 3 weeks
postoperatively for the sham and experimental groups, re-
spectively, and then recovered to normal (Fig. 2B).

Effect of the Mapping Procedure on Overground
Walking Kinematics

Representative examples of the left and right hip, knee,
and ankle joint angles for 1 experimental animal and 1
sham group animal before and after surgery are shown in
Fig. 3A for all strides within the 0.60- to 0.79-m/sec speed
range. These examples show that the general shape of the
joint angles and ranges of motion (ROMs) were similar
preoperatively and postoperatively. The mean and stan-
dard error of the joint angle ROMs at 5 different over-
ground walking speed ranges are shown in Fig. 3B. Sig-
nificant differences were found between preoperative and
postoperative hip minimum and maximum angles as well
as the ankle maximum angle (p =0.009, p =0.008,and p =
0.027, respectively) (Supplemental Table 1). No other sig-
nificant differences were found between preoperative and
postoperative or experimental and sham groups for any
of the other evaluated parameters (maximum, minimum,
ROM, time of maximum, and time of minimum joint an-
gles) for the hip, knee, and ankle joint angles (p = 0.124).
Post hoc comparisons showed no statistically significant
differences (p > 0.163) within each range of walking speed
(Supplemental Fig. 1).

Examples of pre- and postoperative vertical displace-
ments of the pelvis, hindtoe, and metatarsophalangeal
(MTP) markers above the ground in a gait cycle at 0.6- to
0.79-m/sec for 1 experimental animal and 1 sham group
animal before and after surgery are shown in Fig. 4A. The
mean and standard error of the vertical displacement for


https://thejns.org/doi/suppl/10.3171/2024.2.SPINE23757
https://thejns.org/doi/suppl/10.3171/2024.2.SPINE23757
https://thejns.org/doi/suppl/10.3171/2024.2.SPINE23757
https://thejns.org/doi/suppl/10.3171/2024.2.SPINE23757

Mirkiani et al.

>

O —=NWhkh O oO~~NOY O
T S SR TR N SR T T

;

AtrA AfrA AfrA

PTIBS SCORE

A

Faviy
A
Experimental
Jaray

Sham
| | | | | | | | | |
& 4 4 4 4 & 4 4 4 4
R B B, B, B £ e, 8, &, &
Q%? Qf Qf Qf Qf ééz, Qf Qﬁ Qﬁ Qﬁ
0@ 7 L @ 4 0@ 7 < F ¥
Reflex Panniculus Withdrawal Perineal
oo EEIECIEIES
EEEEEN "
Baseline
Reduced
Week 1 -- I Absent
~ I
Week 3 -

FIG. 2. A: PTIBS scores documented for animals in the sham and experimental groups. A score of 10 represents grossly normal
ambulation with normal balance. A score of 9 describes an animal that can take more than 6 steps with fully extended knees,
plantar hoof placement, and trunk imbalance. A score of 8 describes an animal that can take more than 6 steps with knees fully
extended, plantar or dorsal hoof placement, and impaired balance during walking. A score of 4 represents active rhythmic hindlimb
crawling with at least 3 reciprocating gait cycles; rump off the ground with transient weight-bearing extensions. B: Present,
reduced, or absent reflexes recorded preoperative and weekly for 4 weeks postoperative for animals in the sham and experimental

(exp) groups. Figure is available in color online only.

the pelvis, toe, and MTP joints in a gait cycle are shown in
Fig. 4B for experimental and sham animals before and af-
ter surgery for 5 speed ranges. There were no differences
between the groups for pelvic height and MTP clearance
(p > 0.05) (Fig. 4). The toe markers fell off frequently and
resulted in small sample sizes; therefore, no statistical test
was performed for hindtoe clearance.

Except for the time of maximum hip angle, significant
differences were seen for all joint angle parameters and
pelvic height with increasing walking speeds within each
group as previously observed?® (Supplemental Table 1).

Interlimb coordination for 5 speed ranges are shown in
Fig. 5A as polar plots for left forelimb versus right hindlimb
(diagonal), left forelimb versus left hindlimb (homolater-
al), and left forelimb versus right forelimb (homologous).
No statistically significant differences were found between
preoperative versus postoperative and experimental ver-
sus sham groups. Changes in overground walking speed
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showed significant differences in the diagonal and homo-
lateral couplings within each group (p < 0.05) (Supplemen-
tal Table 1). A transition in the gait pattern form lateral to
diagonal stepping sequence was observed at around 1 m/
sec in all 4 groups (Fig. 5, Supplemental Table 1).

The variations in swing time, stance time, and stride
length across the experimental and sham groups pre- and
postoperatively for the averaged data within 5 speed ranges
and for all recorded strides are shown in Fig. 6A and Fig.
6B, respectively. There were no significant differences be-
tween the groups in the swing time, stance time, and stride
length within each speed range (Fig. 6A). However, the
swing and stance time decreased, and the stride length in-
creased significantly with increasing walking speed within
each group as expected? (p < 0.05) (Supplemental Table 1).

Second-order polynomial and exponential growth
curves were fitted to the swing and stance time, respective-
ly (Fig. 6B). In the experimental group, the fitted curves
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FIG. 3. A: Example of left and right hip, knee, and ankle joint angles calculated in a gait cycle for different animal groups (pre-

operative experimental [ex], postoperative experimental, preoperative sham, and postoperative sham) at an overground walking
speed of 0.6 to 0.79 m/sec. B: Means (solid line) and standard errors (shaded area) of left and right joint angle ROM are shown for
preoperative (all animals) and postoperative for animals in the experimental (n = 7) and sham control (n = 3) groups at 5 different
overground walking speed ranges. C: Means and standard errors of hip, knee, and ankle ROMs at various overground walking
speed ranges for all animal groups (preoperative experimental, postoperative experimental, preoperative sham, postoperative
sham). ns = not significant. Figure is available in color online only.

for stance time were identical pre- and postoperatively,
while in the sham group, they were closely matched. For
swing time, fitted curves in both sham and experimental
groups were highly similar pre- and postoperative, though
not entirely identical.

The average cyclograms are demonstrated in Supple-
mental Fig. 2 for experimental and shame groups pre- and
postoperatively at 5 speed ranges. No statistically signifi-
cant differences were found between the groups for the
area and regularity of the cyclograms at each speed range
(Supplemental Fig. 3, Supplemental Table 1).

Activity of Hindlimb Muscles

The representative example of pre- and postoperative
EMG activity from 1 YMP with stride speeds between 0.8
and 0.99 m/sec in Fig. 7A demonstrates how bursts of ac-
tivity were detected. For the BF, VL, and GM muscles, pri-
mary peaks were typically centered around 15% and 65%
of the gait cycle for the left and right legs, respectively. In
some cases, 2 or 3 distinct bursts were detected, such as for
the left BF and right GM muscles (Fig. 7B). Secondary or
tertiary bursts did not occur consistently at the same points
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during the gait cycle; therefore, only primary bursts were
characterized. Because of insufficient data for some ani-
mals, muscle activation patterns were calculated based on
fewer animals. The average EMG onset and offset points
for all muscles of the animals in the 4 groups are shown
in Fig. 7C. Overall, there were no significant differences
between any groups for the muscle onset and offset points.
On average, the BF muscle exhibited activity between 3%
and 25% and between 45% and 72% of the gait cycle for
the left and right legs, respectively. Similarly, the VL dis-
played activity between 3% and 23% and between 48%
and 71% of the gait cycle for the left and right legs, re-
spectively. Lastly, the left GM muscle exhibited a burst of
activity between 5% and 22% and between 51% and 73%
of the gait cycle for the left and right legs, respectively.

Histological and Immunohistochemical Analyses

Histochemical analyses revealed that of the 8—12 micro-
electrode insertions in each of the 8 experimental pigs, only
3 electrode tracks were visible in the serial cross-sections.
There was no significant difference in the volume of tissue
damaged by pial cuts between sham control and experi-
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FIG. 4. A: Examples of left and right pelvis, MTP, and hindtoe vertical displacement for 1 animal in the experimental and 1 in the
sham group pre- and postsurgery at 0.6—-0.79 m/sec. B: Means (solid line) and standard errors (shaded area) of left and right
pelvis, MTP, and hindtoe vertical displacement are shown preoperatively (all animals) and postoperatively for animals in the experi-
mental (n = 5) and sham control (n = 3) groups at 5 different overground walking-speed ranges. C: Comparisons of vertical ROMs
of pelvis, MTP, and hind toe joints between the 4 groups (preoperative experimental, postoperative experimental, preoperative
sham, and postoperative sham) at 5 speed ranges. Individual points show mean values obtained from each animal. Because of the
small sample sizes for hindtoe, statistical comparisons were not performed. Figure is available in color online only.

mental groups (p = 0.467). The average volume of damage
measured across the microelectrode tracks and pial cuts in
the experimental group and of pial cuts in the sham control
group were 0.79 + 0.48 mm? (0.48% of the L4 spinal cord
segment and 0.21% of LS5 spinal cord segment volumes),
098 = 0.22 mm? (0.49% of the L4 spinal cord segment,
2.32% of the L5 spinal cord segment, and 0.77% of the
L6 spinal cord segment volumes), and 0.40 = 0.07 mm?
(0.08% of the L4 spinal cord segment, 0.68% of the L5 spi-
nal cord segment, and 0.31% of the L6 spinal cord segment
volumes), respectively (Fig. 8Q). Immunohistochemical
data showed astrocytes encapsulating the area of damage
from the microelectrode tracks (Fig. 8A—H) and the pial
cuts (Fig. 8I-P). Activated microglia were also visible in
the damaged area that was encapsulated by astrocytes.

Discussion

Neural circuits in the spinal cord integrate descending
commands and sensory inputs to generate complex motor
outputs.’ Electrical stimulation of intraspinal networks in
animal models using penetrating electrodes generates co-
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ordinated motor synergies with higher selectivity and less
electrical current compared with epidural stimulation.®3!-32
Mapping these networks in humans provides valuable in-
formation about the functional organization of neuronal
circuits that generate coordinated muscle synergies using
electrical neuromodulation. This knowledge can guide the
design of devices aiming to restore locomotion after se-
vere SCI in humans.

This study aimed to investigate the safety of using pen-
etrating stimulation electrodes for mapping the functional
organization of motor synergies within the lumbar spinal
cord in a clinically translational animal model, YMPs. A
range of measures including behavioral assessments, kine-
matics, muscle activity, and immunohistochemical analy-
sis were used in this evaluation. All animals successfully
recovered from the mapping operation without encoun-
tering infection, dural defects, or subdural/subcutaneous
hematoma or seroma, although these complications have
been relatively infrequent.?*3* PTIBS scores showed tran-
sient, early deficits except for 1 animal in the experimental
group that showed gait and balance problems. This animal
was unable to walk without balance support up to 4 weeks
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FIG. 5. A: Diagonal, lateral, and homologous coupling values shown in polar plots for different animal groups (preoperative experi-
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coupling: left forelimb versus right hindlimb; homolateral coupling: left forelimb versus left hindlimb; homologous coupling: left
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and statistical comparisons between the 4 groups (preoperative experimental, postoperative experimental, preoperative sham, and
postoperative sham) at 5 overground walking-speed ranges. No statistically significant differences were seen between any of the
coupling values at each speed range. Figure is available in color online only.

postoperatively. The postmortem analysis of spinal cord
tissue for this animal did not reveal any abnormal tissue
damage (Supplemental Fig. 4), and as such the cause of
these differences remains unknown. It is possible that the
postoperative analgesics caused this animal to experience
nausea that compromised its ability to balance, a known
side effect of the same analgesics in humans. Otherwise,
the deficits observed in this animal may be associated with
other unidentified nonneurological or spinal cord surgery—
related changes.

For all other experimental animals, only 3 of 36 evalu-
ated kinematic measures showed statistically significant
differences between preoperative and postoperative condi-
tions, but none between the experimental and sham control
groups. The hip maximum and minimum angles showed
significant increases after surgery (Supplemental Table 1);
however, the hip ROM remained unchanged, suggesting
that the changes in the hip minimum and maximum angles
might be caused by an inconsistency in the placement of
reflective markers pre- and postoperatively. Collectively,
these results together with the PTIBS scores and reflex as-
sessments show the integrity of sensorimotor networks in
the spinal cord following the acute insertion and stimula-
tion through penetrating microelectrodes intraoperatively.
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In a recent study, 6 juvenile pigs recovered successfully
after implantation of intradural spinal cord stimulating de-
vices through a 1-level laminectomy.* In the current study,
a2-to 3-level laminectomy was performed. It has been sug-
gested that spinal fixation after multiple-level interlaminar
decompression surgery and durotomy in porcine models
can prevent postoperative SCI and neurological deficits.*
Nonetheless, spinal fixation did not appear to be a neces-
sary adjunct to the mapping procedure used in this study.

Microelectrode insertion in the neural tissue can dam-
age neurons and glia, disrupt the neurovasculature, and
increase blood-brain barrier permeability. This causes
infiltration of neutrophils and upregulation of proinflam-
matory cytokines such as interlukin-1p and interleukin-6,
which can activated resident microglia.’”*® Proinflamma-
tory microglia extend their processes toward an implanted
device within 45 minutes postimplantation.®® In vivo imag-
ing studies have demonstrated that acute insertion of neu-
ral probes in the visual cortex in mice causes mechanical
deformation of cells leading to altered morphology of the
subcellular compartments.*® Also, higher calcium levels in
neuronal soma and neurites were observed within 150 um
in the vicinity of microelectrodes following implantation,
but returned to normal after 28 days postinsertion.*¥
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ferent from each other. Figure is available in color online only.

Cats implanted with microelectrodes in their spinal cord
for 6 months showed either no neurological deficits or tran-
sient paresis recovering within two weeks.** A study in rats
did not find a decrease in neuronal cell bodies around pen-
etrating microelectrodes after stimulating the tissue for 4
hours/day for 30 days.* An increase in density of immuno-
reactive astrocytes and microglia (confined to 200 pm) was
seen around both the stimulating and nonstimulating im-
planted microelectrodes.* Notably, in those studies,**# the
microelectrodes were chronically implanted in the tissue. In
the present study, the microelectrodes were acutely inserted
in the spinal cord for 2 hours to electrically stimulate the
cord before removal from the tissue. Biran et al.,*> observed
an increase in microglia and astrocytes and a decline in
neuronal density and neurofilament in the vicinity of im-
planted silicon electrodes in the rat cortex after 4 weeks. In
contrast, brain tissue subjected to stab wounds created by
the same electrodes showed no reduction in neurofilament
immunoreactivity and neuronal density, and significant re-
duction in EDI* and GFAP immunoreactivity by 4 weeks,
making it difficult to locate the wounds in the tissue.**

In the current study, immunohistochemical analysis of
extracted spinal cords showed electrode tracks containing
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astrocytes and glial cells in less than 5% of the electrode
insertion sites. This implies that the tissue damage caused
by acute microelectrode implantation and charge delivery
during electrical stimulation was not enough to stimulate
gliosis and scar formation in most cases. Furthermore, no
proinflammatory macrophages were observed in the im-
munohistochemical images, indicating that any invasion
across the blood-brain barrier was no longer present by
week 4 postsurgery.

Although no significant differences were found in the
volume of the scar tissue formed by pial cuts and micro-
electrode insertions, higher instances of pial cut-associated
damage were found in the spinal cord tissue. Pial cuts were
made to reduce spinal cord compression during electrode
insertion. The diameter of the microelectrode significantly
affects the tissue compression formed before pial rupture,
the initial insertion force, and the force required for fur-
ther insertion of the electrode in the neural tissue.** Using
smaller diameter microelectrodes reduces both the inser-
tion force and potential damage caused by mechanical
strain of neural tissue during penetration. Previous ex-
periments performed on domestic pigs in our group have
shown successful insertion of 50-um microelectrodes with
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J Neurosurg Spine May 10, 2024 1

Brought to you by Eccles Health Science Library | Unauthenticated | Downloaded 05/11/24 05:25 PM UTC



Mirkiani et al.

FIG. 8. 1and J: An example of pial cut damage in a spinal cord tissue stained with H&E. K-P: Immunohistochemical images of the same pial cut dam-
aged area stained with DAPI, GFAP, and Iba1 for labeling all cell nuclei, astrocytes, and microglial cells, respectively. Q: The mean and standard error
of the volume of damaged tissue measured for pial cuts in the postoperative experimental and sham groups and electrode tracks in the postoperative

experimental group. Figure is available in color online only.

beveled tips in the spinal cord without pial cuts, and with-
out appreciable compression of the cord during insertion.?*
Moreover, pulsed laser ablation has been successfully
tested to reduce the thickness of the pia mater and associ-
ated insertion force of electrodes in the sheep cortex.** In
another study, ultrasonic microvibration was used to facili-
tate electrode insertion in the domestic pig cortex with an
intact pia mater.* These methods can be implemented in
the future to reduce the damage caused by pial cuts dur-
ing electrode insertion in the spinal cord during functional
mapping procedures using classic microelectrodes.

Limitations

Minor limitations were identified in the current study.
We were constrained to using 125-um microelectrodes
with conical tips because of our preference for using com-
mercially available, FDA-approved microelectrodes for
the mapping procedure. Microelectrodes with smaller
diameters and beveled tips would reduce tissue damage,
especially by eliminating the need for pial cuts.>* The
recording of muscle activity was limited to muscles that
can be reached via surface EMG recordings. Furthermore,
force plates that provide quantified information about
weight-bearing were not used in this study.

Conclusions

The findings suggest that despite transient deficits,
function was nearly fully recovered in 7 of 8 experimental
animals and all sham animals after 4 weeks. This suggests
that negligible damage is caused by electrode insertion
and stimulation; however, a less disruptive technique is
needed for placing the pial cuts when using classic mi-
croelectrodes. These findings suggest that this approach
is potentially a safe procedure to be used clinically for
mapping the locomotor networks in humans. The intended
clinical application involves conducting the mapping pro-
cedure concurrently with spinal cord surgery for individu-
als with severe SCI. The objective is to collect information
regarding the location and organization of locomotor-re-
lated neural networks, thereby enhancing the precision of
targeting locations for SCS and refining the interventions
used for recovery of function after severe SCI.
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