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There are significant gaps in the understanding related to the biochemical,
pathophysiological and radiological features of traumatic spinal cord injury in

the first hour post-injury. In this context, a validated experimental traumatic
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318. frame. The subject was a single cynomolgus macaque monkey. The lesion was
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spinal cord injury non-human primate model was utilized to evaluate serum
catecholamine levels and blood pressure response during this hyperacute time

created with an epidural balloon catheter. The serum dopamine, epinephrine,
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ter. The blood pressure, as measured from the aorta at the level of injury, de-
creased immediately after injury and remained below the baseline level. The his-
tological abnormalities included scattered angular neurons with mild to mod-
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erate multifocal vacuolization of the neuropil. This non-human primate model
can be utilized to further understand the pathophysiology of traumatic spinal
cord injury.
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1. Introduction

Worldwide, there are approximately 15 million people living with spinal cord in-
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jury [1]. Traumatic spinal cord injury (TSCI) has a profound short-term and long-
term impact on the person injured as well as their families and friends.

There are significant gaps in data concerning the biochemical, pathophysiolog-
ical and radiological features of TSCI in human beings during the first hour post-
injury (“hyperacute period”). This is related, in part, to the time that it takes to med-
ically stabilize and safely transport a patient from the scene of an accident to the
hospital. As such, investigations, including biochemical laboratory and advanced
radiological studies of TSCI, are typically completed later in the course of clinical
presentation. Due to these operational realities, the biochemical and physiological
response to injury is not well delineated. In this context, animal models of TSCI
can provide meaningful insights into advancing scientific knowledge during this
very early time frame.

This paper reports on how a validated NHP model of TSCI can be utilized to
further the understanding of TSCI. The experimental spinal cord injury is created
with an epidural balloon catheter. This method has mechanistic and pathological
features that are similar to human TSCI. From a mechanistic perspective, the bal-
loon was rapidly inflated, which is analogous to the rapid transfer of energy in human
TSCI. The balloon remained inflated for fixed period of time; this is analogous to
the residual displacement of spinal cord, such as disk material, bony fragments, or
hematoma. From a pathological perspective, the experimental lesions created by
this method do not compromise the dura mater, which is consistent with most hu-
man injuries [2]-[5]. In this experiment, serum catecholamine levels were assayed
before and after balloon catheter injury. Additionally, blood pressure was measured
from the aorta before and after the experimental TSCI; measurement from this lo-
cation may serve as surrogate of perfusion at the level of injury. Finally, the histo-

logical features at the level of experimental TSCI are described.

2. Materials and Methods

The subject was an adult female cynomolgus macaque (Macaca fascicularis). The
animal was 19.7 years old and weighed 5.36 kilograms when assigned. The exper-
imental protocol was approved by the University of Wisconsin at Madison Insti-
tutional Animal Use and Care Committee. Experimental procedures were completed
under general anesthesia with appropriate analgesia and sterile surgical technique.
The animal was sedated with a combination of ketamine (10 mg/kg) and midazo-
lam (0.2 mg/kg) administered intramuscularly. Intravenous access was established
by placing a 20-gauge catheter in the left cephalic vein. Anesthetic induction was
facilitated by use of intravenous propofol bolus (1 - 2 mg/kg). Topical lidocaine
spray was administered to the vocal folds prior to placement of a 4.0 mm endo-
tracheal tube. Anesthesia and analgesia were maintained with isoflurane inhalant
(0.75%) with continuous rate infusions of fentanyl (1 - 2 mcg/kg/hr) and ketamine
(5 - 10 mcg/kg/min). Fentanyl bolus (0.5 mcg/kg) was administered four times
during the procedure as indicated for analgesia. Isotonic fluids (1 - 3 mL/kg/hr)

were administered throughout the procedure and a single bolus (5 mL/kg) was used
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to address an episode of hypotension. A dose of heparin sodium (100 units) was
administered intravenously prior to the procedure. A dose of hydromorphone (0.1
mg/kg) was administered intravenously following completion of the procedure and
discontinuation of fentanyl. Gadobenate dimeglumine (150 mg/kg) was adminis-
tered intravenously prior to MR imaging.

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.

A “cut down” was completed to identify the right femoral artery and vein. A
digital blood pressure transducer was inserted into the femoral artery and advanced
to the aorta. With fluoroscopic guidance, the transducer was placed at the same level
as the epidural balloon. A catheter was inserted into the femoral vein to obtain blood
samples.

The balloon was inflated rapidly; this corresponds to the initial traumatic forces
applied to the spinal cord. The balloon remained inflated for 45 minutes. The in-
itial rapid inflation corresponds to the initial mechanical injury with transmission
of forces to the spinal cord and related structures. The continued inflation of the
balloon corresponds to residual displacement of the spinal cord secondary to hem-
orrhage, bony fragments, and disk material. Additional details regarding the method
of experimental lesion creation are noted elsewhere [4] [5].

The balloon was then deflated. The catheter was removed, and the surgical inci-
sion was closed.

MRI imaging was completed with a GE 3 Tesla Discovery machine. Sagittal and
axial images of the spinal cord were obtained. The images were obtained with and
without intravenous contrast.

Serum catecholamines (Z.e., dopamine, norepinephrine, and epinephrine) levels
were obtained immediately prior to inflation of the balloon and immediately after
inflation. Serum catecholamines were also measured immediately after balloon
deflation. Catecholamine levels were also measured prior to euthanasia and nec-
ropsy; this blood draw included an additional test for normetaephrine and meta-
nephrine.

The subject was then humanely euthanized with the administration of sodium
pentobarbital (at least 50 mg/kg intravenously). A postmortem examination was
immediately conducted. The time from balloon inflation to necropsy was approx-
imately 4 hours and 45 minutes. For histopathology, spinal cord sections were col-
lected at the epicenter of the lesion with systematic sectioning of the entire cord at
approximately 1 cm intervals both caudal and cephalad. Tissue sections were fixed
in 10% neutral buffered formalin for a minimum of 7 days, routinely processed
and embedded in paraffin. 5 pm slices were stained with hematoxylin and eosin.
The tissues were stained with Luxol fast blue with Periodic Acid-Schiff counter-
stain (LFB/PAS) for a comparison of histologic changes. A subset of spinal cord
slides from this animal was collected, fixed, and trimmed. These slides were com-

pared to previously completed experiments that included: an uninjured control
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monkey, a monkey where the balloon was inflated for a period of 1 min, and a mon-

key where the balloon was inflated for a period of 60 min.

3. Results

The blood pressure values were obtained by averaging the traducer readings over
a one-minute period (Table 1). Three minutes post-deflation, in the context of the

low pressure, a bolus of approximately 25 mL of normal saline was administered.

Table 1. Blood pressure measured from the aorta.

Time Arterial BP Mean Arterial Heart Rate
Pressure

Prior to creation of lesion 106/53 70 130

1 min post-balloon inflation 109/60 76 152

3 min post-balloon inflation 99/56 70 149

5 min post-balloon inflation 108/63 78 149

20 min post-balloon inflation 94/46 62 154
30 min post-balloon inflation 90/43 59 156
45 min post balloon inflation 80/35 50 158
1 min post-balloon deflation 68/30 43 149

3 min post-balloon deflation 52/23 33 135

5 min post-balloon deflation 64/25 38 134

20 min post-balloon deflation 81/36 51 150
30 min post-balloon deflation 85/39 55 153

Serum catecholamine levels were obtained before and after inflation of the bal-
loon catheter (Table 2). Serum normetaphrine and metaphrine levels were also ob-
tained immediately prior to euthanasia. The values were 1.52 and 94 nmol/L respec-
tively.

There are no established normal values for dopamine, norepinephrine, epineph-

rine, normetaphrine, or metaephrine in non-human primates.

Table 2. Serum catecholamine levels in nmol/L.

Time Dopamine Norepinephrine  Epinephrine
Immediately prior to inflation <20 174 672
Immediately post-inflation 33 195 533
Immediately post-deflation 125 204 1086
Prior to necropsy 706 1763 1579
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Control

Histologic Evaluation

In this experiment, the balloon was inflated for a period of 45 minutes.

Hematoxylin and Fosin Stain

At the level of injury, cross-sections of the spinal cord had no detectable changes
(control and 1 min balloon inflation), scattered angular neurons with mild to mod-
erate multifocal vacuolization of the neuropil (45 min), and severe neuropil com-
pression with disruption of the central canal and cord architecture with multiple large
regions of hemorrhage (60 min.). Please see Figure 1.

Luxol Fast Blue with Periodic Acid-Schiff Counterstain

At the level of injury, sections of spinal cord stained with LFB/PAS had no de-
tectable changes (control), minimal scattered mildly dilated myelin sheaths (1 min
balloon inflation), multiple moderately dilated myelin sheaths with scattered swol-
len axons (45 min balloon inflation), and more numerous dilated myelin sheaths
with swollen axons (60 min balloon). Note: a longitudinal section of spinal cord at
the level of ballon inflation was not available after 60 minutes due to the degree of
tissue disruption. Please see Figure 2.

There were no discernable abnormalities on MRI imaging within this region of

the spinal cord after 45 minutes of balloon compression.

1 min 45 min 60 min

A2

182

A.

Legend: Photomicrographs of spinal cord stained with hematoxylin and eosin at 2x magnification (A) - (D) and 20x magnification
of grey matter regions (A2) - (D2) indicated by black boxes in (A) - (D). Cross-sections of thoracic spinal cord (A), (A2), (B), and
(B2) have no significant histologic changes. Section (C2) has moderate multifocal neuropil vacuolization, loss of cellular detail within

neurons, and a single perivascular mononuclear cuff in the upper left portion of the photomicrograph. Section (D) has marked lateral

compression of both the white and grey matter with disruption of cord architecture. Higher magnification (D2) has a discontinuous

line of ependymal cells (arrows) indicating rupture of the central canal, the disruption of neuropil architecture, and multiple foci of

hemorrhage (7).

Figure 1. HE stained cross-sections of spinal cord at the site of balloon inflation.
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Cross Section

Longitudinal Section

Control

1 min 45 min 60 min

A2

B2

Cc2 G &

Legend: Photomicrographs of spinal cord stained with LFB/PAS and one HE stained section at 20x magnification. Cross and longi-

tudinal sections of control spinal cord ((A) & (A2)) show consistently sized axons (arrows). The cross-section of the spinal cord after

one minute of balloon inflation (B) was unremarkable. The longitudinal section (B2) has rare scattered mildly dilated of myelin (*).

Both cross (C) and longitudinal (C2) sections of spinal cord after 45-minute balloon inflation have small numbers of dilated myelin

sheaths (*) and occasional swollen axons (arrows). The HE-stained longitudinal section also demonstrates swollen axons (arrows)

and dilated myelin sheaths (*). The cross-section of spinal cord at 60 minutes (D) has more numerous swollen axons in dilated myelin

sheaths (arrows). A longitudinal section of spinal cord from the 60-minute experiment was not available for comparison.

Figure 2. Cross-sections and longitudinal sections of thoracic spinal cord at the site of balloon inflation.

4. Discussion

At a general caveat, the inferences and generalizations made from an experiment
involving one subject require some level of circumspection. In animals, there is
variability in physiological responses to perturbations and/or treatments. Addi-
tional experiments that include more subjects are needed to allow for robust sta-
tistical evaluation. Nevertheless, to our knowledge, this is the only published data
on the serum catecholamine levels as well as blood pressure during the hyperacute
time period of non-human primate model of TSCI. We also believe that this is the
only published data that measures blood pressure from the aorta at the level of ex-
perimental traumatic spinal cord injury.

In human beings, there is typically a drop in blood pressure during the early phase
of TSCI. The blood pressure is usually measured by a blood pressure cuff on the
arm. It is assumed that the blood pressure reading from the limb is a proxy for ar-
terial blood supply to the spinal cord. However, based on a review of the literature,
this construct has not been established.

In this single subject, the experimental spinal cord injury resulted in decrease
in systolic and diastolic blood pressure, as measured at the aorta. The pressure

recording device was positioned at the same anatomical level as the experimental
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TSCI.

It is reasonable to infer that blood pressure readings at the aorta may be a proxy
of the perfusion pressure within the radicular arteries that supply the spinal cord.
However, occlusion and/or spasm to vessels distal to the point of measurement
can affect the blood pressure at the microcirculatory level of the injured spinal
cord.

During the post-deflation period, the blood pressure dropped to 52/23. At this
point, a bolus of 25 cc of normal saline was administered. The blood pressure par-
tially recovered when the balloon in the epidural space was deflated but remained
below the pre-lesion level until the time of euthanasia.

It has been postulated that vascular mechanisms contribute to hemorrhagic ne-
crosis of the spinal cord, subsequent to traumatic injury [6]. The decrease in blood
pressure at the aorta, which was measured at the level of injury, is consistent with
this hypothesis.

The experimental spinal cord lesion also resulted in an increase in serum dopa-
mine and norepinephrine levels at the post-deflation time point, when compared
to pre-lesion values. The dopamine, norepinephrine and epinephrine continued
to increase up to the time of euthanasia (approximately four and half hours post
balloon inflation). The metanephrine and normetaphrine levels were also obtained
from the blood obtained at a single time point immediately prior to euthanasia;
these are metabolites of epinephrine and norepinephrine, respectively. In the con-
text of the pre- and post-lesion data, it is reasonable to infer that the post-lesion in-
crease in dopamine, norepinephrine and epinephrine is related to the experimental
TSCI. Of note, there are no published normative serum dopamine, norepineph-
rine, epinephrine, metaphrine or normetaphrine levels in NHP. Nevertheless, a
component of the increase in catecholamine levels could be the result of the ongoing
manipulation of the subject during the experimental procedure.

In this experiment, the balloon was inflated for a period of 45 minutes. The his-
tologic findings at the level of injury demonstrated in this experiment demonstrated
mild to moderate vacuolization of the neuropil, moderately dilated myelin sheaths,
and scattered swollen axons. In a previous experiment, where the balloon was in-
flated for one hour, there was disruption of the spinal cord architecture. At this
one-hour time point, there were multiple regions of hemorrhage and more numer-
ous dilated myelin sheaths as well as a greater number of swollen axons.

The role of catecholamines in modulating TCSI has been a subject of historical
debate. In the 1970s, TSCI studies in cats reported increased norepinephrine
in the spinal cord tissue [7]-[9]. Osterholm et al argued that surge in norepineph-
rine contributed to spinal cord compromise during the hyperacute period. They
coined the term “hemorrhagic necrosis” to characterize the histopathological ap-
pearance of the injured spinal cord (hemorrhage, cellular pallor, and gross disrup-
tion of the cytoarchitecture). These pathological findings were noted as early as 1-
hour post-experimental TSCI in cats [7] [8]. In this subject, there was disruption

of the histologic architecture of the spinal cord. In a previously published paper,
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where the balloon was inflated for one hour, there were even more striking histo-
logic abnormalities [10] [11].

Of note, the finding that norepinephrine was elevated in cats with experimental
TSCl is subject to some disagreement [12]. Other laboratories have not been able
to confirm an elevation in this norepinephrine in cats [13] [14] or dogs [14]. There
have been reports of dopamine levels, a precursor of norepinephrine, being increased
in TSCI in cats [15] and dogs [14].

The elevated catecholamine levels may be due to the release by neurons within
the central nervous system and/or alternatively from the adrenal medulla. In health,
adrenal medulla produces approximately 10 percent of the serum norepinephrine
[16]. However, there is evidence from experiments in adrenalectomized cats that
the source is primarily the adrenal medulla [9]. In the context of the limited ani-
mal data, the predominate source of serum catecholamines in TSCI warrants fur-
ther research.

We have not been able to identify NHP studies that evaluated serum catechol-
amines during the hyperacute phase of TSCI. However, in 1975, Bingham et al
evaluated the level of norepinephrine levels in TSCI spinal cord tissues of rhesus
monkeys after experimental TSCI [17]. The experimental lesions were created in
the mid-thoracic spinal cord with Allen’s method. Tissue norepinephrine and do-
pamine levels in the spinal cord were determined spectrophotofluorometrically
on pulverized tissues as described by Shellenberger and Gordon. Norepineph-
rine and Dopamine levels were not increased. Epinephrine levels were not eval-
uated.

Animal studies have suggested that medications that deplete catecholamines,
such as reserpine, may decrease the histopathological abnormalities associated with
TSCI. Alpha blockers and dopamine blockers have been reported to decrease his-
topathological abnormalities [7].

The lack of MRI abnormalities noted in this subject after balloon inflation for
45 minutes is consistent with previous experiments [10] [11]. Specifically, MRI
abnormalities were not present when the balloon was inflated for periods of 1 mi-
nute, 5 minutes, or 20 minutes in previous experiments [11]. MRI abnormalities
have been noted when the balloon remains inflated for 60 minutes [10].

We have not been able to identify any published studies on serum catecholamine
levels in human TSCI during the hyperacute period. There is evidence that serum
catecholamine levels are altered in chronic spinal cord injury [18] [19]. Patients
with spinal cord injury have manifestations of dysautonomia with features of piko-
thermia, piloerection, priapism and sweating abnormalities. Some patients expe-
rience autonomic dysreflexia, which is a medical emergency [20].

Blood pressure in human TSCI may be profoundly decreased in the hyperacute
period. The “Best Practice Guidelines”, which are promulgated by the American
College of Surgeons, recommend intravenous fluids to treat hypotension. The next
line of treatment is “...vasopressors as needed”. The guidelines state an “alpha- and

beta-adrenergic activity is recommended” [21]. In this context of the data presented
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here, additional research into this approach may be helpful.

One unanswered paradox relates to the apparent decrease in blood pressure, not-
withstanding the elevated levels of serum catecholamines. In human beings with
TSCI, the decrease in blood pressure is attributed to “spinal shock”. Mechanistically,
this is attributed to the traumatic disruption to the autonomic nerve fiber tracts that
result in impaired the facilitation of the blood pressure response. Spinal shock is
one manifestation of the dysautomonia associated with TSCI [22].

In this subject, there was flocculent debris in the central canal. In another ex-
periment, where the balloon was inflated for 1 hour, debris was also noted in the
central canal [11]. Speculatively, this debris may be composed of cellular and/or
blood products. We speculate that this debris in the central canal may induce a
metabolic response that modulates blood pressure control centers within the brain-
stem. Alternatively, the experimental spinal cord injury impairs ascending and/or
descending sympathetic tracts, which results in impaired blood pressure response.

In cats with experimental spinal cord injury, it has been demonstrated that hem-
orrhagic necrosis can be minimized by lesioning of spinal cord fibers above the
level of injury. It has also been demonstrated that lesioning the dorsal root ganglia
at the level of injury, prior to experimental TSCI, can also minimize hemorrhagic
necrosis [7]. The lesioning procedures are likely to reduce the amount of catechol-
amines at the site of injury. This observation supports the construct that descend-
ing modulation contributes to the histopathological changes in TSCI.

The data from this preliminary experiment suggest that catecholamine levels are
increased, and blood pressure is decreased during the hyperacute period of TSCI.
Conceptually, elevated catecholamines would lead to an increase in blood pressure.
A clinjcal paradox is worthy of further investigation. A paradox where animal mod-

els may incrementally advance our understanding of human TSCI.
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