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The effect of insulin induced hypoglycemia was evaluated in a rat aortic occlusion model of ischemic
paraplegia. One hour before aortic occlusion, 200-250 g Sprague-Dawley rats received either 1 cc of
saline or 0.5 units regular insulin in 1 cc saline. Rats were then anesthetized, intubated, and ventilated
with halothane (1-1.5%). The aortic arch was exposed and snares were placed on the right and left
subclavian arteries and the aorta distal to the left subclavian. The three vessels were occluded for 10
min. Lower extremity neurologic deficit was evaluated at 1, 4, 18, and 24 hr postocclusion based on a
15-point scale (0 = normal, 15 = severe deficit). Lower extremity neurologic deficit was significantly
decreased in the insulin-treated group at 18 and 24 hr postocclusion (P = 0.005 and 0.006, respectively,
Student’s ¢ test). Blood glucose concentration was significantly lower at the time of occlusion in the
insulin-treated group when compared to the saline-treated group (P = 0.001). We conclude that in this
rat model of paraplegia, insulin induced hypoglycemia is associated with a reduction in lower extrem-
ity neurologic deficit produced by temporary aortic occlusion. © 1988 Academic Press, Inc.

INTRODUCTION

Our laboratory has recently demonstrated
that exogenous administration of glucose
greatly exacerbates neurologic damage fol-
lowing spinal cord ischemia induced by aor-
tic clamping in both the rabbit [15] and the
rat [11]. The adverse effect of hyperglycemia
has also been documented in several other
models involving CNS ischemia [5, 6, 16, 18,
19, 23]. The prospect that euglycemia or
mild hypoglycemia, whether spontaneous or
insulin induced, might be protective in spi-
nal cord ischemia has received less attention.
Theoretically, in anticipation of an intraop-
erative spinal cord ischemic stress, insulin
could be utilized to maintain blood glucose
in normal to low normal ranges, and thereby
afford protection against the risk of hypergly-
cemia exacerbated neurologic damage. Of
potential concern are the conflicting results
of some studies on the direct effects of insu-
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lin on brain glucose utilization. While some
authors demonstrate either an absence [10]
or a suppressing effect [7] of insulin on brain
glucose utilization which could be beneficial,
others have shown insulin stimulates glucose
uptake [3, 8] and utilization [4, 14] in neural
tissues which would be potentially damaging.
The goal of this study was to examine the
effects of insulin pretreatment on spinal cord
ischemic injury and paraplegia produced fol-
lowing aortic occlusion in the rat. This study
had three discrete objectives: (1) to define the
time course of blood glucose changes in nor-
mal rats following ip injection of 0.5 units of
insulin, (2) to document blood glucose con-
centrations in saline- and insulin-treated rats
undergoing aortic occlusion at preoperative
and preocclusion time points, and (3) to
monitor postischemic neurological deficit to
determine if preoperative insulin signifi-
cantly alters neurologic outcome.

MATERIALS AND METHODS

Male Sprague-Dawley rats, 2-3 months of
age, weighing 200-250 g were individually
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housed in metal cages with free access to
food and water. Animal care complied with
the Principles of Laboratory Animal Care
and the Guide for the Care and Use of Labo-
ratory Animals (NIH Publication No. 85-23,
1985). One hour before occlusion of the ves-
sels, rats received intraperitoneal injections
of either 1 cc of normal saline or 0.5 units of
regular insulin in | cc of normal saline.
Whole blood (0.3 cc) was immediately taken
from a tail snip for a control blood glucose
level. Forty-five min later rats were weighed
and then anesthetized by placing them in a
chamber containing 2% halothane. Tracheal
intubation with a 2.5-mm o.d. tube 8 c¢cm
long was assisted by a neonatal laryngoscope
reduced to a blade width of 7 mm. The rat
was then ventilated with an open circuit vol-
ume ventilator (Phipps and Bird) at 90-100
cycles per min with 1.0-1.5% halothane.
Temperature was continuously monitored
with a probe inserted 3.5 cm into the rectum
and maintained between 35 and 36°C with a
thermal pad.

A longitudinal incision was made through
the skin in the sternal region. The chest wall
was incised from the apex of the manubrium
caudad along the left sternal border, through
the second rib, to the third rib carefully
avoiding the left internal thoracic artery. The
thymus was excised and the aortic arch was
isolated distal to the left subclavian artery. A
15-cm segment of catheter (PE 10) was
placed around the aorta, avoiding the left
vagus nerve and recurrent laryngeal nerve,
and the free ends were passed through a 4-cm
segment of tubing (PE 160) creating a snare.
The origins of the right and left subclavian
arteries were isolated and snares were placed
in a similar manner (Fig. 1). Body tempera-
ture was recorded and a 0.3 cc blood sample
was taken from a tail snip for a preocclusion
glucose level. The three snares were pulled
and secured with a clip thus occluding each
vessel, Occlusion of each vessel was verified
by inspection of the snare site and the vessel
distal to the snare. Ten centimeters of water
positive end expiratory pressure (PEEP) was
started and maintained through the 10-min
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occlusion period. The snares exited the inci-
sion cephalad to the manubrium and the
chest was closed in three layers up to the
snares with 4-O silk.

At the end of the occlusion period, the
snares were released and withdrawn and the
closure was completed. The anesthesia and
PEEP were discontinued and extubation was
performed when the rat demonstrated
whisker activity and maintained voluntary
ventilation when disconnected from the ven-
tilator. A neurologic deficit score was as-
signed at 1, 4, 18, and 24 hr postocclusion to
quantify hindlimb neurologic deficit (Ta-
ble 1).

Blood glucose analysis was done on a re-
flectance spectrometer (Ames seralyzer). Ad-
ditional studies on blood glucose changes
over time in saline control and insulin-
treated groups were done on rats not under-
going surgery.

Data analysis was performed using the
Michigan Interactive Data Analysis System
(MIDAS) on an IBM 3090-400 computer.
Neurologic deficit scores were compared be-
tween insulin-treated and saline-treated
groups of rats using the Student’s ¢ test and P
values are given. All average values are ex-
pressed as means = 1 SEM with »n denoting
sample size.

RESULTS
Neurologic Deficit

Neurologic deficit was scored at 1, 4, 18,
and 24 hr postocclusion. At 1 and 4 hr post-
occlusion there was no significant difference
detected between saline-treated and insulin-
treated rats (Fig. 2). Thereafter, insulin-
treated rats showed progressive improve-
ment in neurologic function, whereas
saline rats remained significantly impaired
such that at 18 and 24 hr postocclusion
the saline-treated rats had a significantly
greater neurologic deficit (P = 0.005 at 18
hr and P = 0.006 at 24 hr postocclusion,
respectively).
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Blood Glucose Changes

Nonoperated rats. Five rats receiving 1 cc
of saline and four receiving 0.5 units regular
insulin in 1 cc saline intraperitoneally had
blood glucose concentrations monitored
over a 5-hr period. Nonoperated saline-
treated rats demonstrated little change in
blood glucose over the 5-hr period (Fig. 3).
Nonoperated insulin-treated rats had similar
baseline blood glucose levels when compared
to the saline-treated group but following the
insulin injection blood glucose showed a pro-
gressive decline to a mean of 44 mg/dl at 1 hr
postinjection and then began to rise with two
of the four rats undergoing hyperglycemic
rebound.

Operative rats. Figure 4 demonstrates that
saline controls had a preoperative mean
blood glucose of 153 mg/dl, and with anes-
thetic and operative stress this significantly
increased to a preocclusion level of 218
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mg/dl (P = 0.002). Insulin-treated rats had a
preoperative mean blood glucose of 147
mg/dl which was similar to that of the sa-
line-treated control group (P = 0.55), and
despite similar operative stress this signifi-
cantly decreased to a preocclusion mean
level of 89 mg/dl (P = 0.002). Preocclusion
mean blood glucose was significantly lower
in insulin-treated rats than in saline-treated
rats (P = 0.0001).

DISCUSSION

Qur laboratory and several others using
different animal models of CNS ischemia
have documented that elevated blood glu-
cose exacerbates ischemic neurologic deficits
and impairs outcome 5, 6, 11, 15, 16, 18, 19,
23). Several clinical studies done by a variety
of investigators [2, 13, 20, 22] have shown
that a CNS ischemic event occurring in the
presence of hyperglycemia has a significantly
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F1G. 1. Anatomic representation of the major blood vessels of the thorax. The aortic branches are the
major blood supply to the spinal cord. Snares (black bars) are placed to minimize aortic blood supply to
the spinal cord and collateral flow to the aorta from subclavian artery branches. The left vagus and
recurrent laryngeal nerves remain outside of the aortic snare. Blood supply to the spinal cord remains open
along the route through the carotid artery to the Circle of Willis and retrograde through the basilar artery

into the anterior spinal artery.
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TABLE 1

SpINAL CORD ISCHEMIA NEUROLOGIC DEFICIT SCORE

Deficit
Score

Walking with lower extremities (LE):
No evidence of deficit
Toes flat under body when walking but ataxia exists
Knuckle walks
Movement in LE but unable to knuckle walk
No movement, drags LE

Sw = O

Horizontal rope platform: (upper extremities placed on
platform edge)
Grasps rope and pulls up with LE
Raises LE and grasps rope without pulling
Raises LE but cannot grasp rope
Does not raise LE

W -

Rotating screen: (rat is placed on horizontal screen (0°) and
the screen is rotated down through the vertical position
(270°) to the inverted position (180°))

LE grasp screen to 180° > 5 sec

LE grasp screen to 180° < 5 sec

LE grasp screen past vertical but not to 180°

LE fall from screen past vertical (270-180° range)

WA= O

Direction of rotation

Wooden bar 1 in. in diameter at 45°: (best of 3 trials)
LE grasp bar > 10 sec
LE grasp bar > 5 sec
LE grasp bar < 5 sec
LE slide off bar without grasping

w N = O

Pain sensation:
0 Withdrawal to toe pinch
Reacts or squeal to toe pinch but does not withdraw
2 No reaction to toe pinch
2

15 Total

—

Note. Numerical score assigned to a degree of neurologic deficit. A score of zero (0) indicates no deficit detected,
with increasing numbers corresponding to increasing deficit.

worse outcome than nonhyperglycemic isch- cose above 120 mg/dl only 43% returned to
emia. In a study by Pulsinelli [20] nondia- work, while those with blood glucose below
betic stroke patients faired better than dia- 120 mg/dl, 76% returned to work.

betic stroke patients. In the same study when In the clinical setting hyperglycemia is
nondiabetic stroke patients had blood glu- commonplace. Diabetes as well as psycho-
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NEUROLOGIC DEFICIT
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FIG. 2. Total deficit score at 1, 4, 18, and 24 hr postocclusion for the saline-treated group and the 0.5 U
insulin-treated group. The insulin-treated group showed significant reduction in neurologic deficit over
the saline-treated group at 18 and 24 hr postocclusion. Statistical comparison was performed by Student’s ¢

test with P values indicated above the respective bars.

logical and operative stress tend to elevate
blood glucose. Control of blood glucose con-
centrations is usually approached in terms of
long-term chronic control and acute varia-
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Fi1G. 3. Blood glucose changes in nonoperated rats fol-
lowing saline (top) or 0.5 U insulin (bottom) injections.
Saline-treated rats showed no significant change in blood
glucose concentration while insulin-treated rats reached
an average minimum of 44 mg/dl at 1 hr with two of
four rats undergoing hyperglycemic rebound.

tions between 100 and 300 mg/dl are not
generally considered reasons for concern.
Blood glucose concentrations in the 200 to
300 mg/dl range are not uncommon in oper-
ative patients or in patients experiencing
stroke or trauma, and in the operative setting
control of blood glucose concentration has
historically not been of great concern unless

300 SALINE 1

INSULIN
_. 250
]
£
= 200
i
[
o
9 150 4
-
o
8 100 1
g |
[}
50 (n=8)
ol _L 1 1 1
PRE- PRE- _ PRE- PRE-
OPERATIVE OCCLUSION OPERATIVE OCCLUSION

FIG. 4. Blood glucose changes in operative rats. Sa-
line-treated rats showed a significant increase while 0.5
U insulin-treated rats showed a significant decrease in
mean blood glucose concentration (P = 0.002 in both
cases, paired Student’s ¢ test). Preocclusion mean blood
glucose was significantly lower in insulin-treated rats
than in saline-treated rats (# = 0.0001, unpaired Stu-
dent’s 7 test).
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grossly abnormal concentrations are reached
(i.e., greater than 300 mg/dl). However, in-
ferences drawn from normoxic, nonischemic
patients should not be generalized to other
clinical settings involving regional or global
ischemic stress. Settings where such varia-
tions would almost certainly be damaging
would include cardiac arrest, evolving stroke
patients, and patients undergoing surgical
procedures associated with temporary CNS
ischemia.

Of the factors which may play a role in
ischemic-hypoxic neurologic injury, ele-
vated tissue lactate resulting from glucose
metabolism has been implicated as the major
metabolic event that is associated with glu-
cose exacerbation of ischemic neurologic in-
jury. [17, 21, 24] A possible means of reduc-
ing the amount of glucose available for con-
version to lactate during ischemia would be
to utilize insulin. Traditionally the CNS had
been considered to be independent of insulin
effects on glucose uptake and metabolism
but this view has been challenged. [1] Insulin
has been reported to either have no effect
[10] or a suppressing effect [7] on brain glu-
cose utilization, which could explain its pro-
tective effects in our model. Others have
found that insulin stimulates glucose uptake
[3, 8] and utilization [4, 14] in neural tissue
including whole rat brain or cultured rat glial
cells. If this were the case, then under isch-
emic conditions one might anticipate an ad-
verse effect of insulin due to local CNS tissue
lactate accumulation in response to in-
creased glucose uptake. At the present time
the direct effect of insulin on nervous tissue
remains controversial. There are regional
differences in the brain’s response to insulin.
Further, the effect of insulin on glucose utili-
zation by the spinal cord has not been specif-
1cally examined.

There are several mechanisms by which
insulin could be protective in spinal cord
ischemia. Insulin decreases hepatic glycoge-
nolysis and gluconeogenesis, lowers blood
glucose by preferentially increasing uptake
into muscle and fat, and may reduce the glu-
cose available for spinal cord metabolism.
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We cannot exclude the possibility that insu-
lin could suppress the utilization of glucose
by the spinal cord. Alternatively, insulin may
have an effect on the spinal cord that is pro-
tective during ischemia which does not in-
volve alterations in glucose supply or utiliza-
tion. This study does not specifically identify
any one or a combination of the above ef-
fects as the mechanism of protection.

Multiple interventions have been utilized
to reduce the severity of deficit following
ischemic-hypoxic neurologic injury. [9]
However, rigorous maintenance of normo-
glycemia or mild hypoglycemia utilizing in-
sulin as a primary intervention in a spinal
cord ischemic model has not been evaluated
for its protective effect. Theoretically, the re-
duced availability of glucose as an energy
substrate would reduce the formation and
accumulation of lactate that normally occurs
under ischemic conditions. In a complimen-
tary study, our laboratory has demonstrated
a protective effect of insulin-induced mild
hypoglycemia in a rat model of cerebral isch-
emia. [12] The protection demonstrated in
the cerebral ischemia model was dependent
on the severity of hypoglycemia, and a lower
critical level of approximately 65 mg/dl was
determined as the level below which protec-
tion was reversed. Although not specifically
tested in this study we would anticipate that
severe hypoglycemia would also be detri-
mental in the setting of spinal cord ischemia.

In this rat model of ischemic paraplegia,
insulin-induced mild hypoglycemia affords a
substantial degree of protection. Therefore,
carefully monitored insulin administration
offers a potential therapeutic approach to re-
ducing ischemic spinal cord injury by induc-
ing mild hypoglycemia-euglycemia or by
preventing hyperglycemia.
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