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Model of Traumatic Spinal Cord Injury for
Evaluating Pharmacologic Treatments in
Cynomolgus Macaques (Macaca fasicularis)

Nitin Seth,' Heather A Simmons,” Farah Masood,' William A Graham,? Douglas L Rosene,* Susan V Westmoreland,®
Sheila M Cummings,® Basia Gwardjan,® Ervin Sejdic,” Amber F Hoggatt,® Dane R Schalk,” Hussein A Abdullah,’
John B Sledge,’ and Shanker Nesathurai®>*'*"

Here we present the results of experiments involving cynomolgus macaques, in which a model of traumatic spinal cord
injury (TSCI) was created by using a balloon catheter inserted into the epidural space. Prior to the creation of the lesion, we
inserted an EMG recording device to facilitate measurement of tail movement and muscle activity before and after TSCI.
This model is unique in that the impairment is limited to the tail: the subjects do not experience limb weakness, bladder
impairment, or bowel dysfunction. In addition, 4 of the 6 subjects received a combination treatment comprising thyrotropin
releasing hormone, selenium, and vitamin E after induction of experimental TSCI. The subjects tolerated the implantation
of the recording device and did not experience adverse effects due the medications administered. The EMG data were trans-
formed into a metric of volitional tail moment, which appeared to be valid measure of initial impairment and subsequent
natural or treatment-related recovery. The histopathologic assessment demonstrated widespread axon loss at the site of injury
and areas cephalad and caudad. Histopathology revealed evidence of continuing inflammation, with macrophage activation.
The EMG data did not demonstrate evidence of a statistically significant treatment effect.

Abbreviations: Q, quantitative metric of volitional control; TRH, thyrotropin releasing hormone; TSCI, traumatic spinal cord injury

Traumatic spinal cord injury (TSCI) is a devastating clinical
condition.® The constellation of impairments includes limb
weakness, dysesthesias, and bowel, bladder, and sexual dys-
function. Medical and rehabilitation interventions have im-
proved quality of life and long-term survival. Nevertheless,
most people treated for TSCI continue to experience residual
clinical impairments.

Animal models are important in biomedical research. In the
field of TSCI, various species have been used, including mice,
rats, cats, dogs, rabbits, and NHP. In these models, the experi-
mental spinal cord injury has been created by diverse meth-
ods, some of which require surgical exposure of the spinal cord
and lesion induction by using a sharp instrument’*** or a de-
vice that provides static or dynamic compression.*** In other
models, the dura remains intact, and compression is applied
by using a circumferential clip.* These approaches are compli-
mentary. However, some pathophysiologic and clinical features
of TSCI differ substantially between humans and other species.
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For example, despite complete anatomic transection, dogs and
cats—unlike humans and NHP—may be able to walk.>"121¢ In
this context, NHP models have an important role in advanc-
ing the understanding of TSCI as well as identifying candidate
treatments.

Here we present the results of experiments involving NHP,
where the experimental lesions were created by using a balloon
catheter that was inserted into the epidural space. Prior to the
creation of the lesion, we inserted an EMG recording device to
facilitate measurement of tail movement and muscle activity
before and after TSCI. This animal model is unique in that the
impairment is limited to the tail: the subjects do not experience
limb weakness, bladder impairment, or bowel dysfunction. In
addition, 4 of the 6 subjects received a combination treatment of
thyrotropin releasing hormone (TRH), selenium, and vitamin E
after the induction of TSCI.

Two key items in this article are unique. First, we articulate
the method by which EMG data from the tail musculature can
be used to formulate a quantitative measure of impairment and
recovery from TSCI (the Q value). Quantitative measures of
impairment and recovery in animal models compliment the
subjective measures that focus on observation of limb function
or movement. Second, we report the TSCI-associated histo-
pathologic abnormalities present at 90 d after injury. This infor-
mation is particularly valuable, because few human anatomic
specimens at this time point are available, reflecting the epide-
miology of human TSCI. Most people with TSCI in developed
countries survive for years or decades.®
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During EMG, data regarding muscle activity are obtained
from electrodes placed on the surface of the skin or inserted
directly into the muscle groups of interest. In our experiments,
we obtained EMG data before and after TSCI by using wire elec-
trodes implanted in the musculature of the tail. Conceptually,
the magnitude of EMG signal is related to the amount of muscle
activation in the muscle groups. Any individual muscle has a
fixed number of motor units, the motor fibers controlled by a
single motor neuron, which are the key functional units. These
motor neurons are located in the spinal cord and are controlled
by neural networks in the spinal cord and brain. In TSCI, limb
impairment is attributed, in part, to impaired functioning of
these motor units.** In these experiments, the number of peaks
was obtained from each subject as a feature to develop a Q
score. Data collection encompassed the time periods before and
after experimental spinal cord injury. Conceptually, this process
permits an assessment of impairment and recovery from TSCI
and provides an opportunity to evaluate the effect of potential
treatments.'8?

In these experiments, the candidate treatment comprised
TRH, selenium, and vitamin E. In part, the choice of these 3
agents was strategic, because all 3 agents are available for hu-
man use. TRH is a tripeptide produced in the hypothalamus;
selenium and vitamin E are antioxidants. Compelling evidence
in animals indicates that TRH, selenium, and vitamin E modu-
late recovery in TSCI,*!?¢4! and preliminary evidence in hu-
mans with TSCI supports the safety and efficacy of TRH.?**
Both selenium and vitamin E have been studied in clinical trials
involving other disease states and are well tolerated."”* How-
ever, no animal or human studies have been performed as yet to
demonstrate the safety and efficacy of the combination of these
3 agents for the treatment of TSCL

Materials and Methods

Subjects enrolled. The subjects were healthy, research-naive,
adult male cynomolgus macaques (Macaca fascicularis; n = 6;
weight, 6 to 13 kg), which were free of Macacine herpesvirus 1,
simian T-lymphotropic virus 1, simian retrovirus type D, and
SIV at the time of the study. The first 4 subjects received com-
bination pharmacologic treatment; the remaining 2 subjects did
not receive treatment.

Housing and husbandry. The subjects were pair-housed in
metal cages before surgery but individually housed in a room
with other cynomolgus macaques after surgery. The subjects
were fed twice daily (Primate Diet, ZuPreem, Shawnee, KS, or
Teklad 2050 20% Protein Diet, Envigo, East Millstone, NJ). The
housing area was on a 12:12-h light:dark cycle. All macaques
received an enrichment program.

Anesthesia and postsurgical pain management. All procedures
were completed under general anesthesia and with aseptic tech-
nique.

Anesthesia induction was achieved by using ketamine (10 to
20 mg/kg IM) and atropine (0.03 to 0.006 mg/kg IM). The hair
in the area of the incisions was shaved. The skin was cleansed
with alternating applications of surgical scrub and alcohol. An
intravenous catheter was inserted, and normal saline or lactated
Ringer solution was administered at a rate of 5 to 10 mL/h. Each
subject was endotracheally intubated and mechanically venti-
lated. Anesthesia was maintained with inhaled isoflurane at 1%
to 2% minimal alveolar concentration; ECG and oxygen were
monitored continuously. Heart rate, blood pressure, tempera-
ture, and respiratory rate were closely monitored by the veteri-
nary staff. The surgical sites were appropriately draped.
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To manage pain related to the surgical procedures, either bu-
prenorphine (0.005 to 0.03 mg/kg IM every 8 to 12 h) or sus-
tained-release (0.06 to 0.2 mg/kg SC daily) was administered.
Additional analgesia was achieved by using meloxicam (0.1 to
0.2 mg/kg PO or SC daily). The initial dose of analgesic medica-
tions was administered before surgery. In addition, the margins
of the surgical incisions were infiltrated with a 1:1 mixture of
lidocaine and marcaine.

Initial surgical procedure to facilitate the collection of EMG
data. On the lower back of each macaque, a midline incision
was placed superior to the proximal tail and a small pocket was
dissected between the underlying muscle and subcutaneous fat.
Additional small incisions were made on the left and right side
of the tail to expose the flexor cauda longus and brevis muscles;
these muscles are an agonist-antagonist pair. A small telemetry
device (Data Sciences International, Minneapolis, MN) was in-
serted into the pocket in the lower back. The telemetry device is
attached through a set of wire electrodes, which were implanted
into the left and right flexor cauda longus and brevis. The ex-
posed areas of the electrodes were 10 mm; the distance between
the active and reference electrodes was 5 mm. Figure 1 illus-
trates this experimental approach.

The tail of cynomolgus macaques can be considered a fifth
limb, which is involved in the performance of functional tasks
and balance.”*** The tail has well-developed sensory and
motor areas. EMG data were collected by radiofrequency link
to a computer for 30 d to determine baseline tail movements.
Data collection occurred Monday through Friday (excluding
holidays) for approximately 1 h daily. The EMG responses were
mathematically transformed into a quantitative metric for voli-
tional control of tail movement; we have termed this metric ‘Q.”
The method by which Q was calculated is described later.

Subsequent surgical procedure to create experimental spinal
cord injury. At 30 d after implantation of the transmitter, the sub-
jects underwent a second surgery. The anesthesia and postsurgi-
cal pain management plan were the same as described earlier.

A small laminotomy was performed at the level of the fifth
lumbar vertebra. An epidural balloon catheter was inserted
and advanced approximately 10 cm cranial, to the level of the
lower thoracic spinal cord. The balloon was inflated rapidly
and remained inflated for 1 min. Conceptually, this procedure
corresponds to human SCI, in that there is a rapid transfer of
energy (that is, initial balloon inflation), followed by residual
displacement of tissues such as disk material, boney fragments,
or hematoma (that is, continued balloon inflation for 60 s). The
balloon was then deflated. The catheter was removed, and the
surgical incision was closed.

The radiographic image in Figure 2 highlights the location of
the experimental lesion in the low thoracic vertebra. The CT im-
age in Figure 3 demonstrates how the lesion is created and the
displacement of the thoracic spinal cord by the epidural cath-
eter. After the lesion was created, the subject remained anes-
thetized for 1 h. This time period is a typical duration between
injury and the availability of emergency medical treatment in
humans.

After 1 h, 4 macaques (treatment group) received an intrave-
nous bolus of TRH (dose, 0.2 mg/kg) followed by continuous
intravenous infusion for 1 h of selenium (60 mg, 0.2 mg/kg/h).
In addition, vitamin E (dose, 80 IU) was administered orally
once daily starting 1 d after surgery and continuing for 90 d.
In addition, 2 macaques (untreated control group) received an
infusion of normal saline for 1 h. These control subjects did not
receive any selenium or vitamin E. All the subjects experienced
a spinal cord lesion.
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Figure 1. The transmitter to collect EMG data is surgically implanted in the macaque’s lower back and connected to recording wire electrodes
in the flexor cauda longus and brevis of the tail. The EMG data are transmitted by a radiofrequency link to a computer. Adapted and modified

from reference?.

In 5 subjects (4 with treatment, and 1 without treatment),
EMG data were recorded from day 0 (day of creation of the se-
lective lesion) through day 90. In the remaining (untreated) sub-
ject, EMG data were obtained for 120 d after TSCL

Monitoring of subjects. The investigators and veterinary staff
closely monitored all subjects. The frequency of assessment was
at least twice daily and was more frequent during the immedi-
ate postsurgical periods. The macaques were assessed moni-
tored for clinical indicators of illness including limb weakness,

vomiting, diarrhea, jaundice, bleeding, and anorexia. Animals
were weighed at the time of a surgical procedure, and prior to
euthanasia. The subjects were monitored for wasting and ema-
ciation, as clinical indicators of weight loss.

Euthanasia and postmortem examination. On day 90, 5 of the
subjects were euthanized by sedation with ketamine (10 to 20
mg/kg IM) followed by sodium pentobarbital (>50 mg/kg IV);
the remaining subject (untreated control) was euthanized at
120 d after creation of the spinal cord lesion. The postmortem
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Figure 2. Standard radiograph of catheter inserted into the epidural
space via laminotomy in a cadaveric subject. The balloon is not in-
flated in this image.

examination was performed immediately after euthanasia. The
gross and microscopic examination included assessment of the
brain, spinal cord, heart, liver, spleen, kidneys, and bladder.
Venous blood was obtained immediately prior to euthanasia;
cerebrospinal fluid was obtained also.

The research involving the first 2 subjects was completed at
the New England Primate Research Center, where the animals
were cared for in accordance with the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals (8th edition)®
and the standards of the Harvard Medical School Standing
Committee on Animals. Research on the remaining 4 subjects
was completed at the Wisconsin National Primate Research
Center and was approved by the IACUC at the University of
Wisconsin at Madison. The macaques were under close supervi-
sion by the veterinary staff and were monitored for any adverse
effects.

Histopathologic assessment. For histopathology, tissue blocks
were dissected from the epicenter of the lesion and sites caudal
and cephalad. These blocks were fixed in 10% neutral buffered
formalin for 7 d, embedded in paraffin, and cut at 5 ym. Stan-
dard hematoxylin and eosin staining was done on sections from
all blocks. In addition, sample sections were stained with Luxol
fast blue to highlight myelin changes.

Standard immunoperoxidase immunohistochemistry for
ionized calcium binding adapter molecule 1 (Ibal), a macro-
phage-e and microglia-specific marker, was performed also.
Sections of brain and spinal cord were deparaffinized, rehy-
drated, and blocked with 3% hydrogen peroxide in PBS. Ibal
pretreatment involved microwaving for 20 min in 0.01 M so-
dium citrate buffer, followed by 20 min of cooling. After pre-
treatment, avidin-biotin blocking (Invitrogen, Frederick, MD)
and protein blocking (10 min; Dako, Carpinteria, CA) were
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Figure 3. CT image of the inflated balloon in the epidural space of the
thoracic spine. The balloon is inflated with air, which appears black
in the spinal column (red arrow). Note that 60% of the column is oc-
cupied by the balloon, and the spinal cord is displaced. This image is
from a cadaveric subject.

conducted on all sections. A wash of Tris-buffered saline fol-
lowed each step.

Analysis of EMG data. Conceptually, the overriding goal was
to convert the raw unprocessed longitudinal EMG data into a
metric of volitional tail movement (that is, Q). The collection
and analysis of EMG data of this nature is novel. Specifically,
this data set contains longitudinal EMG data from the tail mus-
culature. Furthermore, the muscles are an agonist-antagonist
pair. The availability of prelesion and postlesion data is par-
ticularly valuable. In this context, no prescriptive or established
analysis paradigms are available.

The statistical power in these experiments in enhanced by
the collection of prelesion and postlesion EMG data. This inclu-
sion permits the normalization of the postlesion data for each
subject, and theoretically, decreases statistical variances. In addi-
tion, the prelesion and postlesion data were collected daily, and
each recording date serves as a unique data point. This feature
facilitates inferences related to the trajectory of recovery. In total,
the data set contains approximately 800 million distinct obser-
vations. Consequently, this experimental strategy decreases the
number of subjects required to ascertain a treatment effect.

Of note, the data from the first subject were used to formulate
a preliminary analysis paradigm.” This preliminary study fo-
cused on analyzing the number of turns and the area under the
EMG waveform. The determination of Q in the current study is
substantively different from the previously articulated analysis
strategy. In particular, here we calculated Q according to the
number of peaks in the EMG data, which is a different EMG
parameter that was used in the previous preliminary analysis.
In addition, the current EMG data were processed with signal
rectification, thresholding, and smoothing, as methods to em-
phasize times of high activity from nearby motor units, an as-
pect not used previously studied. Furthermore, the analysis is
based on the entire study population.

In calculating Q, the EMG data were processed based on the
following fundamental assumptions:

1. The lesion perturbs the EMG signal that was collected from
the tail musculature.
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2. The wire electrodes detect all electrical EMG activity from all
the motor units ‘close’ to the electrodes. Because motor units
contain motor fibers, the EMG activity also represents the
EMG activity of all the motor fibers as well.

3. Insertion of the wire into the muscle initially may disrupt
the tissue, causing associated inflammation that may affect
signal variability initially; this variability decreases as inflam-
mation subsides. Therefore, the wire—tissue interface ‘ma-
tures’ over time after initial implantation and produces more
reliable signals. Consequently, the EMG signal later in the
recording period is less likely to be affected by artifact related
to surgical implantation.

4. The number of peaks in the aggregate EMG signal acts as a
surrogate of motor unit (MU) activation. From a clinical per-
spective, this activation translates into greater tail movement.
The following steps summarize the signal processing strategy:

1. Filtering: Wavelet denoising is performed to eliminate ‘noise.”
The objective of filtering is to retain as much of the original
signal while attenuating noise.”*

2. Rectification: After filtering, the signals are rectified to con-
vert all the negative values to positive values. This process
resolves positive-negative signal cancellation.

3. Smoothing: A moving average is calculated for a continuous
segment containing 10,000 data points. This information is
used to mathematically ‘smooth’ the rectified EMG signals
and reduce the effect of artifacts.

4. Thresholding: The spikes with low amplitude are discarded.
This step ensures that data from the motor units close to the
electrode are imputed in the calculation of Q.

As a result of the signal processing strategy, the total number
of peaks per daily recording session were calculated. This value
was reduced by the average (arithmetic mean) number of peaks
for each prelesion day (that is, after insertion of transmitter but
before creation of the spinal cord lesion). Finally, this number
was divided by the standard deviation of the number of peaks
in the prelesion period. This approach ‘normalized’ raw data
relative to the activity in the prelesion period.

As such, for every day of EMG recording, a value of Q was
calculated. The values of Q were calculated separately for mus-
cles of the left and right sides of the tail. To determine whether
tail movement before the lesion differed from that afterward
and to ascertain whether combination therapy had an effect, a
linear regression model was used.

The first effect tested by using the model relates to the EMG
consequences of the lesion. Stated more explicitly, did the le-
sion cause a change in Q? The second effect tested relates to
whether combination treatment resulted in improved Q scores
when compared with the absence of treatment. In other words,
was combination treatment effective?

Due to the longitudinal nature of the study, the rates of each
effect were tested. When the effects were not significant (P >
0.05), they were subsequently removed from the model. Data
from the right and left tail muscles were tested separately. The
analyses were conducted by using SAS 9.1 (SAS Institute, Cary,
NC) and MatLab (Mathworks, Natick, MA).

Results

Animal welfare related to experimental protocol and admin-
istration of combination treatment. The macaques were closely
monitored by the investigators, veterinarians, and animal re-
search technicians for indicators of illness including limb weak-
ness, vomiting, diarrhea, jaundice, bleeding, and anorexia. All
6 subjects tolerated implantation of the telemetry device and
did not explant the device. None of the subjects required pain

NHP model of TSCI

medications beyond the immediate 72-h time postsurgical time
frame. The macaques did not traumatize their tails or engage in
behaviors indicative with pain. Consistent with the experimen-
tal goals, there was no evidence of limb weakness or bowel or
bladder dysfunction. The subjects were monitored for weight
loss, and there were no abnormalities.

The infusion of TRH is potentially associated with cardiac
arrhythmias. In this protocol, the medication was administered
while the subject was under anesthesia and had continuous
ECG monitoring. No arrhythmias were identified in the treated
or untreated subjects.

Blood samples were obtained immediately prior to euthana-
sia, with necropsy examinations performed immediately there-
after. Gross and microscopic examinations included assessment
of all major organs. The postmortem examination was focused
on evaluation of the brain, spinal cord, and potential systemic
complications related to TSCI. For example, subjects with spi-
nal cord injury can experience autonomic dysreflexia, which
could result in hypertension, which may result in stroke and
cardiac hypertrophy.? Alternatively, TSCI can result in detrusor
sphincter dyssnergia, which can be associated with postmortem
features of hydronephrosis and bladder hypertrophy.*” None of
the subjects demonstrated evidence of pathology beyond the
spinal cord. Furthermore, laboratory indices, including CBC,
liver function tests, and prothrombin times, did not demon-
strate abnormalities that could be potentially attributed to tox-
icity of selenium or vitamin E. These finding provides further
reassurance regarding animal welfare issues.

Histopathologic features. On gross examination, no significant
abnormalities were noted, particularly of the vertebrae, dura,
and substance of the spinal cord. The site of laminectomy was
healed and showed both osseous and periosteal regeneration.

Microscopic evaluation of fixed tissues specimens was similar in
all subjects. Dilated myelin sheaths (diameter, <75 ym) were pres-
ent multifocally within the white matter funiculi. The axons were
either swollen (spheroids) or had been replaced by phagocytic mi-
croglia (Wallerian degeneration). Areas of vacuolization (spongio-
sis) and collections of microglial cells (glial nodules) were present
in both the gray and white matter. These findings were noted at the
epicenter of the lesion as well as cephalad and caudal to the lesion.

At the site of injury, neurons in gray matter were often sur-
rounded by more than 4 glial cells (satellitosis). Many neurons were
swollen, with a loss of Nissl substance and cellular detail (chroma-
tolysis). The nuclei were often faded with dispersed chromatin
(degeneration). Representative microscopic images are shown in
Figures 4 through 8 . Qualitative histopathologic features were sim-
ilar in all 6 subjects. The descriptions of the histopathologic features
represent the consensus of 3 veterinary pathologists.

EMG features. Although data were collected from all 6 ma-
caque, information from one side of one macaque was not
stored. As such, the analysis of the EMG data represents the
experience of 3 subjects who received combination treatment
and 2 subjects who did not (untreated controls).

Table 1 summarizes the Q values at key time points, and Figure
9 represents a fitted linear regression model for the aggregate data
of Q before and after creation of the lesion. Consistent with matu-
ration of the wire-muscle interface, the value of Q for both the left
and right side of the tail increased during the prelesion period. Im-
mediately after lesion, the value of Q decreased on both the left and
right side in both the treatment and control groups. The Q scores
before and after creation of the spinal cord lesion are statistically
significant (left side, P = 0.021; right side, P = 0.01). This finding
suggests that the lesion led to decreased EMG activity, resulting in
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Figure 4. (A) Photomicrograph of the spinal cord at the epicenter of
the lesion. The gray and white parenchyma are disrupted by dilated
myelin sheaths (spongiosis; arrows), which are widespread. These
findings are noted caudal and cephalad to the lesion, in both treated
and untreated subjects. Hematoxylin and eosin stain; magnification,
40x. (B) Photomicrograph of the spinal cord (white matter funiculi)
at epicenter of experimental injury. There are many dilated myelin
sheaths (spongiosis; black arrows), some of which contain degenerat-
ing or swollen axons (red arrows). These findings are noted caudal
and cephalad to the lesion, in both treated and untreated subjects.
Haematoxylin and eosin stain; magnification, 400x.

decreased tail movement, and supports the construct that Q can be
used as a measure of impairment after experimental TSCIL.

On the left side, the treatment group was associated with a
trend toward higher Q-values, when compared with the un-
treated control group (P = 0.075); this effect was not noted on the
right side (P = 0.519). Fitted Q values (Table 1) increased with
time in both groups, although the absolute values on both sides
were higher after treatment. Overall, the EMG data are insuf-
ficient to impute an effect of treatment.
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Figure 5. Photomicrograph of the s
the spinal cord lesion. Dilated myelin sheaths (black arrows) and
swollen axons (spheroids; red arrows) are present. Luxol fast blue

stain; magnification, 400x.

Discussion

In these experiments, spinal cord injury was created by using
a balloon catheter placed in the epidural space of cynomolgus
macaques. The initial inflation of the balloon in the macaque
model corresponds to the initial transmission of energy in hu-
man TSCI. Maintaining the balloon inflated corresponds to pres-
sure on the spinal cord from structures such as disk material,
bone fragments, and hematoma in humans. The lesions in the
macaques were created without compromising the dura, consis-
tent with most human TSCI. Specifically, the model has no tear-
ing or laceration of the dura, with no leakage of cerebral spinal
fluid.* As previously reported, lesions created by this method
have the same histopathologic features of human spinal cord
injury during the acute phase (that is, 1 h after injury)."®

There are few histopathologic studies of human TSCI at 3 mo
after injury, reflecting the epidemiology of the disease. In partic-
ular, most people with TSCI in developed countries survive for
years or decades. Consequently, anatomic tissues from patients
who died within 3 mo of TSCI are sparse. In this context, the
data from our NHP subjects are particularly valuable.

In addition, the histopathologic features associated with the
lesions created by this method are similar to human TSCI dur-
ing the subacute phase (that is, at 90 d after injury).?® Human
TSCI, at this time point, is characterized by axonal loss, demye-
lination, and microglial activation, consistent with experimental
results in NHP.*'> Conceptually, this model is most relevant to
TSCI at the thoracic level rather than cervical TSCL

From a histopathologic perspective, TSCI can be classified as
concussions, contusions, lacerations, and solid cord injuries.®*
Concussions are typically associated with transient neurologic
complaint, with no identifiable pathologic challenges. Lacera-
tions are the result of penetrating injuries, such as those caused
by knife or bullet wounds. Contusions are associated with vio-
lent nonpenetrating injuries, with substantive disruption of spi-
nal cord architecture. Solid-core lesions are associated without
gross disruption of the spinal cord architecture. The lesions cre-
ated in the current experiments are most consistent with solid-
core lesions.

In severe human TSCI, there is an epicenter of substantive
disruption, with a characteristic perimeter of less-injured spinal
cord structures.”> Our NHP model may be particularly relevant
to understanding these less-injured structures, which might be
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Figure 6. (A) Photomicrograph of the spinal cord at the epicenter of experimental lesion. Reactivity to Ibal is present within the white matter
adjacent to the gray matter with spongiosis of the parenchyma; magnification, 40x. (B) Increased magnification of region denoted by the box in
A. These findings suggest that substantial inflammation continues at the 90-d time point. Ibal immunohistochemistry with DAB staining and
counterstained with hematoxylin; 400x magnification.
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Figure 7. Photomicrograph of the spinal cord gray matter at the epicenter
of experimental lesion. This figure shows Ibal-positive cells at the level of
the lesion. These microglia show the hypertrophic phenotype typical of
activated microglia Ibal immunohistochemistry with DAB staining and
counterstained with hematoxylin. Magnification, 400x.

more amenable to pharmacologic treatment than the injured
tissue at the epicenter. Furthermore, our macaque subjects had
histopathologically substantive, widespread axonal loss, de-
spite a relatively focused lesion in the thoracic spinal cord. We

NHP model of TSCI
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Figure 8. Photomicrograph of the spinal cord cephalad to epicenter of
spinal cord lesion. Immunohistochemistry using Ibal antibody high-
lights microglial cells. Microglial cells (black arrows) demonstrate an
activated phenotype (that is, thickened processes, enlarged cell body).
Ibal immunohistochemistry with DAB staining and counterstained
with hematoxylin. Magnification, 200x.

speculate that proinflammatory chemical mediators might be
generated at the epicenter of the lesion and subsequently be
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Table 1. Standardized Q scores

Subject Day of implantation ~ Prelesion, midpoint Postlesion, day 1 Postlesion, midpoint Study end
Right side 1 0.548 0.693 0.016 0.322 0.645
2 0.553 0.696 0.016 0.320 0.639
3 0.552 0.696 0.016 0.320 0.641
4 0.604 0.731 0.014 0.283 0.566
5 0.585 0.719 0.015 0.296 0.591
Left side
1 0.855 0.902 0.005 0.103 0.207
2 0.695 0.793 0.011 0.217 0.435
3 0.798 0.863 0.007 0.144 0.288
4 0.836 0.888 0.006 0.117 0.235
5 0.948 0.965 0.002 0.037 0.073

Q scores for each subject increase after the time of insertion and reach a plateau during the prelesion period. This pattern reflects maturation of
the wire-muscle interface. The Q score decreases immediately after creation of the lesion and gradually increases (improves) over time. The

values of Q relative to time are nonlinear.

disseminated to other parts of the spinal cord due to its rich and
redundant vascular supply.

Of note, despite the extensive histopathologic findings, our
subjects did not have any clinical impairment such as limb
weakness, bowel impairment, or bladder dysfunction. This clin-
ical picture is in the context of clear neurophysiologic evidence
of impairment in the tail musculature, thus suggesting that
the resiliency or redundancy of the spinal cord may be greater
than has previously been appreciated. Alternatively, the lack of
clinical impairment, despite substantive histopathologic abnor-
malities, may imply the importance of residual displacement
or compression of the spinal cord (that is, because of herniated
disk material, disruption of the architecture of the spinal column
due to fracture or dislocation, and so forth) in continued clinical
impairment. Limb weakness might have been induced in our
macaques by using a larger balloon or increasing the time that
the balloon remained inflated (or both). However, that approach
would have been adverse to animal welfare and might preclude
long-term survival of the subjects.

Demonstrating the efficacy of animal models of TSCI is more
challenging than determining their safety. Safety can be ascer-
tained readily through close surveillance of clinical abnormali-
ties and detailed review of laboratory and necropsy findings.
Inferences related to efficacy in humans require the identifica-
tion of animal behaviors that correspond to human function.
In human TSCI, the primary goal of treatment is to improve
limb control for performing functional tasks (that is, walking,
dressing, feeding, bathing, and so forth). As evidenced by EMG
data, functioning motor units are essential to limb movement,
which is essential to attaining greater independence in func-
tional tasks.?* In this context, the EMG endpoint in our model
is a meaningful measure of impairment and recovery. Further-
more, different levels of neurologic recovery are required for dif-
ferent functional tasks. In humans with TSCI, we consider that
weight-bearing in the lower extremities and walking requires a
lower level of recovery of motor control than that required for
manipulating objects by using the upper extremity.

NHP models can be appropriately used to evaluate the safety
of a candidate treatment. In these experiments, combination
treatment with TRH, selenium, and Vitamin E did not result in
any adverse side effects. In addition, the post mortem examina-
tions did not demonstrate any evidence of toxicity. As a general
construct, demonstrating safety in an NHP model is reassuring,
when proposing to administer a candidate treatment in human

70

beings. In this context, combination treatment is probably safe
to offer in human clinical trials.

In human clinical practice, CNS lesions can affect the domi-
nant and nondominant limbs asymmetrically. In addition, this
clinical observation of limb preference is recognized in NHP.>*
As such, the physiologic and functional consequences of a CNS
lesion may have disparate effects on the dominant and non-
dominant sides of the body.

The statistical power in these experiments in enhanced by
the collection of EMG data prior to the creation of a lesion. This
practice permits normalization of the postlesion data for each
subject, theoretically decreasing statistical variances. In addi-
tion, the prelesion and postlesion data were collected daily ba-
sis, such that each recording date serves as a unique data point,
thus permitting inferences regarding the trajectory of recovery.
Therefore, our current experimental strategy decreases the num-
ber of subjects required to ascertain a treatment effect.

Given the EMG data from these experiments, Q can be used
to evaluate impairment after TSCI. Specifically, Q is decreased
immediately after experimental TSCI and increases over time.
However, evidence is insufficient to ascribe a treatment-associ-
ated effect. Regardless, the results from these experiments have
provided insights into statistical variances of Q and will serve as
a guide for future experiments.

The rationale for the combination therapy in TSCI in general
and regarding the TRH-selenium~-vitamin E combination spe-
cifically is published elsewhere.* One of the goals of the current
experiments was to gain a preliminary understanding of the
safety and efficacy of the combination of these 3 agents, which
had not previously been evaluated in animal models or hu-
man studies. In a clinical trial involving human patients who
experienced TSCI, TRH was administered as a 0.2-mg/kg bolus
followed by infusion of 0.2 mg/kg/h for 6 h.** For the current
study, a similar weight-based dosing paradigm was used: ma-
caques in the treatment group received a bolus of 0.2 mg/kg
with continued infusion of 0.2 mg/kg/h for 1 h while anesthe-
tized. Although the infusion could have been maintained for a
longer period of time, doing so might have increased the risk
of adverse effects related to anesthesia. In addition, selenium
and vitamin E are antioxidants and thus might mitigate the
pathophysiology of TSCI.>*! In selecting the doses for these
initial experiments, we considered the human clinical experi-
ence. In the context of the weight of the macaques, we reduced
the selenium and vitamin E doses to 20% of reasonable doses
in humans. For example, patients in the SELECT trial received
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Figure 9. The aggregate fitted Q-values, representing tail movement, are plotted over 90 d for the left (top) and right (bottom) sides. Values are
normalized to range between 0 to 1, with higher values indicating greater muscle activity. Of note, in both the left and right side, Q values are
decreased immediately after creation of the lesion. On the left side, the effect of the lesion in the treatment group (orange) was attenuated, com-
pared with the nontreatment group (grey). On both the left and right sides, Q scores improved over time.

200 mg of selenium and 400 IU of vitamin E.* However, the US
Office of Dietary Supplements has stated that a selenium dose
of 400 mg daily is safe.”® As a compromise, for the current study,
we chose a selenium dose target of 300 mg; dividing the target
doses by 5 results in administered doses of 60 mg of selenium
and 80 IU of vitamin E.

The histopathologic data revealing the presence of macro-
phages and microglia suggest that the inflammatory process
continues at 90 d after creation of the TSCI lesion. Furthermore
inflammation was present at the site of injury and both rostrally
and caudally. We speculative that this continued inflammatory
cascade might be modulated by biologic agents such as natali-
zumab, alemtuzumab, mitoxantrone, and ocrelizumab, which

are currently used to treat neuroinflammation in patients with
multiple sclerosis.'*4

A single animal model cannot entirely recapitulate the human
experience. Although the histopathologic findings from our ma-
caque model are similar to those in human TSCI, our model is
particularly relevant to injuries associated with solid-core le-
sions. In addition, we qualitatively evaluated the spinal cord
specimens. In the future, qualitative approaches might provide
additional inferences.

Several potential alternative approaches to analyzing the
EMG data are available. The EMG analysis paradigm that we
used in the current study focused on the number of peaks in
the EMG continuous signal. An alternative approach is to eval-
uate the data with the assumption that greater EMG activity
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translates to greater recruitment of motor units. Operationally,
the aggregate EMG signal could be ‘decomposed’ into single
or groups of motor units. Another approach is to consider the
nature of the EMG signal at the point of change in movement
of the tail. This method would involve evaluating the periods
of cocontractions between the agonist and antagonist muscles;
some evidence indicates that cocontraction is a clinical phenom-
enon in human TSCI. In addition, video images of tail move-
ment might be obtained concurrently with the EMG data, and
this information might be incorporated into the analysis para-
digm. Despite the technical challenges, this area merits further
refinement and potential research.

In conclusion, the EMG and histopathologic data from this
study advances our understanding of TSCI. The additional re-
search required may translate into novel treatments for people
and animals with spinal cord injury.
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