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Abstract

The aim of this study was to evaluate possible neuroprotective effects of local hypothermia
on the functional state of the spinal motor centers of the calf muscles after a contusion injury of
the spinal cord (SCI) in rats. It was assumed that local hypothermia can decrease the secondary
damage of SCI and can be considered as a way to treat SCI. The experiments were carried out
on 49 adult Wistar rats with the weight of 250-300 g. All procedures were performed in accor-
dance with the bioethics rules. SCI was performed in the region of Th8-Th9 vertebrae.
The analysis of the motor functions assessed in the open field test and of the parameters of
the motor evoked potentials of hindlimb muscles induced by epidural stimulation of the spinal
cord was carried out during a month period after the injury. It was shown that the locomotor
ability of rats in the open field test did not differ between the group with SCI and the group
with local hypothermia. The amplitude of motor evoked potentials of the calf muscles signifi-
cantly decreased and the thresholds of inducing these potentials increased in the group with
hypothermia. Thus, the results suggest that local hypothermia after SCI can delay the devel-
opment of functional excitation of the neuro-motor pathways induced by SCI. The obtained
data can be useful for developing new therapeutic approaches, which are necessary to delay
the pathophysiological processes associated with the secondary damage, as well as to limit
the expression of neurological dysfunction induced by SCI.

Keywords: spinal cord injury, motor evoked potentials, epidural stimulation, locomotor
activity, local hypothermia

Introduction

Spinal cord injury is accompanied by compression, which leads to nervous tissue
damage and loss of motor functions below the injury site [1]. The experiments with
animal SCI models confirm that decompression surgery is most effective during the
first 1-3 h after the injury [2, 3]. In clinical conditions, decompression is performed in
10-24 h after the injury (including transportation, diagnosis, and preparation for sur-
gery) [4-6]. Secondary spinal cord damage is initiated by hemorrhage and expansion
of the edema. This, along with neuronal metabolism disruption and apoptosis, aggra-
vates the spinal cord damage and weakens the nerve signal transfer [7—10].

Therefore, there is high need for a therapy to prevent the neurological deterioration
of spinal cord before decompression surgery. One possible preventing treatment that
has shown an encouraging result over the past few years is therapeutic hypothermia.
Therapeutic hypothermia approaches can be either local or systemic. Systemic hypo-
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thermia results from whole-body temperature lowering, while local hypothermia is
associated with cooling only the area of injury or spinal cord. Both approaches pre-
sumably inhibit any secondary damage of SCI and delay subsequent inflammatory
and metabolic changes [11-15].

However, it has been shown that systemic hypothermia can be associated with
unwanted effects, such as bradycardia, impaired phagocytic function of leukocytes, and
violation of thermoregulation leading to pneumonia and uncontrolled tremors [16].
Thus, local hypothermia can be a safer alternative [17, 18]

The aim of the present work was to evaluate possible neuroprotective effects of
local hypothermia on the motor function and functional state of the spinal motor cen-
ters of the calf muscles in rats subjected to a contusion injury of the spinal cord.

Materials and Methods

The experiments were carried out on adult Wistar rats (weight 250-300 g; n = 49).
All procedures were performed in accordance with the bioethics rules: the keeping,
feeding, caring for animals and their elimination from the experiment were in line
with the requirements of the Order of the Ministry of High and Secondary Specialized
Education of the USSR no. 742 of November 13, 1984, which approved the “Rules
for using experimental animals” and is valid until the present time; the Directive of
the European Parliament and of the Council of September 22, 2010 on the protection
of animals used for scientific purposes (no. 2010/63/UE). The research protocol was
approved by the Ethics Committee of the Kazan Federal University.

Surgical procedures. All surgical procedures were performed under general an-
esthesia by intramuscular injection of 1 mg/kg of Zoletil 50 and 0.05-0.10 mL/kg of
Xylovet injection.

Electrode implantation. Partial laminectomy at the level of two vertebrae, L2
and L4, was performed under general anesthesia to implant the stimulating electrode.
The stainless-steel wire with a Teflon coating (793500 PFA-Coated Stainless Steel,
A-M Systems) was passed under the spinous process over the dura mater of the remai-
ning vertebrac between the laminectomized areas. When a small part (~ 1 mm) of
the Teflon coating was removed, the electrodes were aligned along the midline of the S1
segment of the spinal cord. The ground electrode was placed subcutaneously in the
shoulder region. Intramuscular EMG electrodes were sutured bilaterally to the middle
of the muscles [19]. Implantation of electrodes was carried out immediately before
electrophysiological testing.

Model of spinal cord injury. Standard contusion spinal cord injury (SCI) was
performed by the modified Allen’s methods (1911) [20]. The weight of 10 g vertically
fell from the height of 2.5 cm on the spinal cord in the Th8-Th9 level of the opened
vertebrae. Reflex stretching of the hindlimbs was observed as an indicator of suc-
cessful contusion injury. The weight was immediately removed from the spinal cord
after the impact. The operated animals were subcutaneously injected with 5 mL of
a 0.9% solution of sodium chloride. During the first day, additional heating was pro-
vided. After all the procedures, the animals were placed in individual cells with free
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access to water and food. In the postoperative period, the bladders of the contusion
rats were expressed manually three times per day for the first two days after the sur-
gery. The maximum period of clinical observation of the animals was 30 days.

Local hypothermia procedure. Local hypothermia was applied immediately af-
ter SCL The prepared refrigerant was placed in the decompression window of the lam-
inectomized vertebra on the dura mater of the injured spinal cord for 20 min. All pro-
cedures were carried out according to R.F. Tumakaev’s methodology [21]. A solution
of 0.9% sodium chloride was used as a refrigerant.

Evaluation of locomotor activity. The locomotor ability of the experimental
animals was accessed by the open field test according to the Basso—Beattie—Breshnan
(BBB) scale [22]. The animals were placed in an open field area and their motor ability
was assessed during 4 min. The early stage (0—7) of BBB scores corresponded to com-
plete or partial paralysis of hindlimbs, intermediate stage (8—13) corresponded to par-
tial recovery of movement coordination, and late stage (14-21) corresponded to com-
plete recovery of fore-limb and hindlimb coordination. Open field testing was carried
out on days 1, 3, 7, 14, 21, and 30 after SCIL.

Electrophysiological registration. Motor evoked potentials of the rat calf mus-
cles induced by the stimulation of the S1 segment of spinal cord were registered using
the A-M Systems equipment and Datawave software. The intensity of stimulation
varied from 0, 1 to 10 V, the stimulus duration was 0.5 ms.

A single stimulus applied to the S1 spinal-cord segment induced a motor evoked
potential, consisted from the early component (ER), middle component (MR), and
late polysynaptic component (LR) [23]. The latency, threshold, and maximum ampli-
tude of the response components were determined. All electrophysiological records
from the muscles were analyzed in the interval of 14 ms from the stimulus and divided
into three windows by latency: 1.5-6.5 ms for ER, 6.5-10.5 ms for MR, and 10.5-
13.5 ms for LR. The peak amplitude from peak to peak of each response was calcu-
lated as the average of seven responses and is presented as a percentage of the refe-
rence value.

Experimental design. The experimental animals were divided into 2 groups: ani-
mals of the first group (SCI) did not receive any treatment after SCI (n = 20); ani-
mals of the second group (SCI + Hypothermia) were subjected to local hypothermia
during 20 min after SCI (n = 22).

The motor evoked potentials of m. soleus and m. tibialis anterior registered from
intact animals were control (n = 7).

The electrophysiological recordings were carried out on days 1, 3, 7, 14, 21, and
30 after SCI.

Statistical processing of experimental results. Statistical processing of the ex-
perimental results was made with the help of the SigmaPlot software. The results
were shown as mean + SEM. The one-way ANOVA was used for comparison of the
experimental groups. The statistical significance criterion was p < 0.05.
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Results

Evaluation of the effects of local hypothermia on the motor ability of rats in
the open field test after SCI. The obtained data show that before the injury animals
had normal locomotor ability (21 scores) (Fig. 1). The movement of hindlimbs in
both experimental groups drastically reduced in 24 h after SCI. Thus, the first
(n=17) and second (n = 16) groups had 2.7 £ 0.6 and 1.96 £ 0.6 scores on the BBB
scale, respectively. On the third day after the injury, there was an increase in the mo-
tor ability. The BBB score increased up to 8.6 = 1.6 in the first group of animals, as
compared with 3.9 £ 0.6 (p <0.05) in the second group of animals with local hypo-
thermia after the spinal cord injury.

BBB, score

24 —a— SCI

- ® = SCl+Hypothermia

0

before SCI 1 3 7 14 21 30 Days

Fig. 1. Changes in the locomotor ability of the experimental group in open field test according
to the BBB scale. SCI — the first group of animals with SCI; SCI + Hypothermia — the second
group of animals with local hypothermia treatment. Vertical axis shows the values of locomo-
tor ability in scores of the BBB scale. Horizontal axis shows the days after SCI. ** — p < 0.05,
differences between the second and first experimental groups

Changes in the maximum amplitude of ER and MR components of the mo-
tor evoked potentials of m. soleus and m. tibialis anterior in a month after SCI.
The recordings of the motor evoked potentials of m. soleus in rats of the first group
showed that the amplitude of the early component (ER) significantly increased on
day 1 after SCI, by 149 £ 14% (p < 0.05, difference from the intact animals, n = 12),
and significantly decreased on day 7, by 67.9 + 16% (n = 8). In the second group of
animals, the maximum amplitude of ER from m. soleus significantly decreased on
day 1 after the injury, 47 = 9% (p < 0.05, n = 8), and this trend continued in the sub-
sequent seven days after SCI. On day 30 after SCI, the ER amplitude slightly de-
creased in the first group of animals and increased in the second group (Fig. 2A).
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Fig. 2. Changes in the maximum amplitude of ER of the motor evoked potentials of m. soleus
(A) and of m. tibialis anterior (B) in rats from both experimental groups. SCI — the first group
of animals with SCI; SCI + Hypothermia — the second group of animals with local
hypothermia treatment. Vertical axis shows the values of maximum ER amplitude in
percentage from the control value. Horizontal axis shows the days after SCI. * — p <0.05
differences between the control values and the values of the experimental groups, ** —
p <0.05, differences between the second and first experimental groups

The recordings of the motor evoked potentials of m. tibialis anterior showed an-
other dynamics of changes after the injury. The ER amplitude of m. tibialis anterior
in the first group significantly increased on day 1 after SCI, by 208 + 33% (p < 0.05,
n=10), and significantly decreased only on day 30 after the injury, by 36 £ 7%
(p <0.05, n = 8). In the second group of animals, the ER amplitude decreased during
the first week after SCI and reached 21 = 2% (p < 0.05) on day 7 after SCI. On day
30, the ER amplitude of m. tibialis anterior decreased by 26 + 4% (p < 0.05, n=06)
(Fig. 2B).
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Fig. 3. Changes in the maximum amplitude of MR of the motor evoked potentials of m.
soleus (A) and of m. tibialis anterior (B) in rats from both experimental groups. SCI — the first
group of animals with SCI; SCI + Hypothermia — the second group of animals with local
hypothermia treatment. Vertical axis shows the values of maximum MR amplitude in
percentage from the control value. Horizontal axis shows the days after SCI. * — p <0.05,
differences between the control values and the values of the experimental groups, ** —
p <0.05, differences between the second and first experimental groups

The analysis of the maximum amplitude of the MR of m. soleus showed that
the MR amplitude did not significantly change during the month in the first group of
animals. However, the MR amplitude of m. soleus in the second group decreased to
25.6 £ 6.5% (p < 0.05) on day 1 after SCI and was up to 33 = 5% (p < 0.05) on day 7
after SCI (Fig. 3A). The MR amplitude of m. tibialis anterior in the first group of ani-
mals did not significantly increase on day 1 and had no significant decrease on day
21 (Fig. 3B). In the second group, the MR amplitude decreased from day 1 after SCI,
39 + 4% (p < 0.05), to day 30, 31.9 + 9% (p < 0.05) (Fig. 3B).
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Fig. 4. Changes in the threshold of inducing of the ER component of the motor evoked poten-
tials of m. tibialis in rats from both experimental groups. SCI — the first group of animals with
SCI; SCI + Hypothermia — the second group of animals with local hypothermia treatment.
Vertical axis shows the absolute values of the threshold of inducing of the ER component of
the motor evoked potentials. Horizontal axis shows the days after SCI. * — p <0.05, differ-
ences between the control values and the values of the experimental groups

Changes in the thresholds of inducing of the motor evoked potentials of
m. soleus and m. tibialis anterior during a month after SCI. The threshold of indu-
cing of the ER of the motor evoked potentials of m. soleus did not change signifi-
cantly in either the first or second groups of animals. Nevertheless, the threshold of
the ER of the motor evoked potentials of m. tibialis anterior significantly increased in
the second group of animals, up to 2.2 + 1.04 V, on day 14 and up to 1.94 + 0.4 V on
day 21 after SCI, but did not significantly change in the first group of animals (Fig. 4).

The threshold of inducing of the MR of the motor evoked potentials of m. soleus
did not significantly change in the first group of animals, but increased to 1.8 £ 0.2 V
on day 21 after SCI in the second group of animals (Fig 5A). The threshold of the
MR of the motor evoked potentials of m. tibialis anterior did not significantly change
in the first group of animals as well, and increased to 2 +£ 0.3 V on day 21 day after
SCI in the second group (Fig. 5B).

Discussion

SCI treatment has been limited to methylprednisolone, surgical interventions,
and rehabilitation. However, these clinical approaches are not sufficient to provide
recovery of the motor functions after SCI. Currently, new therapeutic approaches
have been developed to delay the pathophysiological processes associated with the
secondary damage, to limit the expression of neurological dysfunction induced by
SCI. One of these promising approaches is hypothermia [24].

However, the role of hypothermia in curing spinal cord injuries with neurologi-
cal deficit is still uncertain. Hypothermia can reduce the area of spinal cord injury,
limit the secondary damage of SCI, and improve the neurological recovery [25-27].
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Fig. 5. Changes in the threshold of inducing of the MR component of the motor evoked po-
tentials of m. soleus (A) and m. tibialis anterior (B) in rats from both experimental groups.
SCI — the first group of animals with SCI; SCI + Hypothermia — the second group of animals
with local hypothermia treatment. Vertical axis shows the absolute values of the threshold of
inducing of the MR component of the motor evoked potentials. Horizontal axis shows the
days after SCI. *— p < 0.05, differences between the control values and the values of the ex-
perimental groups

C.E. Casas et al. [28] reported that epidural hypothermia with physiological in-
fusion during the 3 h after the injury had no neuroprotective effect on the recovery of
rats after 6 weeks of estimating following the injury. The BBB score of locomotor
ability did not differ between the experimental groups. Moreover, the authors pointed
out that hypothermia can potentially intensify the secondary damage by decreasing
the blood flow to the damaged area of the spinal cord. In our investigation, we did
not found significantly differences in the functional testing between the first and
the second experimental groups. The main reason was probably that the methods of
hypothermia application were not optimal and need further improvement. We applied
hypothermia immediately after the injury during 20 min to prevent development of
the secondary damage. We also used intensive hypothermia on the epidural space
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with the refrigerant temperature from 0 °C to 4 °C and it was impossible to control
the temperature of the surrounding tissue.

The duration and depth of cooling, and the rate of rewarming to normothermia as
well, are the important factors influencing the results. It was reported that the longer
hypothermia was more efficient [29], but no optimal timing for hypothermia applica-
tion was defined. Probably, in our experiments higher intensity of temperature appli-
cation inhibited and aggravated the secondary damage that had a negative impact on
the results of the functional tests. On the other hand, R. Morochovic et al. [30] did
not find any functional improving after the hypothermia applied subcutaneously in
the model of compression injury in rats.

J.R. Dimar et al. [31] showed that the motor activity of injured rats in the open
field test significantly improved after applying the moderate injury, but did not im-
proved in case of heavy injury. It was shown that deep epidural hypothermia after
the use of the moderate model of injury, such as contusion injury, did not reproduce
the effects that are normally observed in the model of spinal cord ischemia.

The inhibition of the direct first response after SCI by hypothermia was reported
earlier in the clinical research on human patients with paraplegia [32] and in the ex-
periments on rats with SCI [33]. This adaptation can be explained by the reversible
changes of the axonal properties after the injury [34, 35], which correlated with
the inhibition of the M-wave in patients after SCI [32].

The increasing of monosynaptic reflexes (correspond to MR in our experiments)
after SCI was earlier described in the experiments on the rat SCI model [36, 37], on
the cats model [38], and in clinical research [39, 32]. The reflex facilitation after SCI
can be related with morphofunctional changes of motoneurons and/or changes at the
interneurons level, appearing as the results of disinhibition after the abolition of su-
praspinal control. The primary reason of the changes must have been the hyperactivi-
ty of a-motoneuros initiated by the changes in the intrinsic properties of motoneurons
[40]. The second reason can be the reduction of presynaptic inhibition [41, 42] or
decrease of the postactivation depression of Ia fibers [43].

In addition, SCI can induce changes in the relationship between motoneurons and
the surrounding glial cells or in the ionic balance inside the intercellular space, thereby
affecting the biochemical and biophysical properties of motoneurons. At the second
stage of SCI, the absence of inhibitory inputs from the destroyed descending pathways
can lead to an uncontrolled change in the properties of motoneurons, causing hyperre-
flexia and increasing the muscle tone.

The use of local hypothermia in our study led to opposite changes in the parame-
ters of the motor-evoked muscle responses. The mechanisms underlying this inhibitory
effect included a decrease in the release of excitatory amino acids, inhibition of calcium
influx, inhibition of the inflammatory response, suppression of edema formation, and
decrease in the rate of oxygen metabolism and anesthesia [44—45].

The hemodynamic consequences of cooling the spinal cord also have a bad effect
on the recovery process, because lowering the rate of blood flow to critical levels dis-
rupt tissue retention and, therefore, changes the functional outcome [46-48]. The activity
of neurotransmitters depends on temperature, but inhibiting this activity, in contrast to
the consequences of the secondary activation, can play a less important role in the re-
covery process [49, 50].
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Thus, the results of our study suggested that local hypothermia after contusion

spinal cord injury can delay the development of functional excitation of neuro-motor
pathways induced by the spinal cord injury in the short-time period after the application.
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I ¢exThI JT0KAIBHOI THIOTEPMHH
NpU TPaBMe CIIHHHOI'0 MO3ra y KpbIC
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AHHOTALUA

B craThe aHAIM3UPYIOTCS BO3MOXKHBIE HEHPONPOTEKTOPHBIE 3 (HEKThI JOKAIFHOW THIIOTEPMHHU HA
JIBUTATENbHYIO (QYHKIHIO U (yHKIMOHAIBHOE COCTOSHUE CIIMHAIBHBIX JBUTATEIBHBIX LEHTPOB MBILII]
TOJICHH KPBICHI IIOCJIC KOHTY3HOHHOH TpaBMbl CHMHHOTO Mo3ra. Mel obcnenoBanu 49 monoBO3pelbx
kpbic smHUE Wistar o6oero mona ¢ Maccoit Tena 250-300 r. Bee skcriepuMeHTHI OBLUTH BBITIOJIHEHBI C
COOJIIOJICHNEM JISHCTBYIONIMX OMOITHYECKMX HOPM. B Xozme sKCIepMMEHTOB BOCIPOM3BOAWIN CTaH-
JapTHYIO MOJENb KOHTY3MOHHOW TpaBMbI CIIMHHOTO MO3ra cpefiHel cTeneHu TsokecTH. OLeHKy IBHra-
TENILHOW aKTHBHOCTU B TECTE «OTKPHITOE MOJIE» W MapaMeTPOB BBI3BAHHBIX MOTOPHBIX ITOTEHIHATIOB
MBIIII] 33IHUX KOHEYHOCTEH KPBICHI IIPU SMUAYPAIBHON CTUMYJIALMU CIIMHHOTO MO3Ta HPOM3BOIMIIH 10
30 cyr nocne TpaBMbIL. ITonydeHHBIC Pe3yIbTaThl HE BBISIBUIIM CYLIECTBEHHON PA3HUIIBI MEXKIY JKHBOT-
HBIMH JIByX TPYII B (YHKIMOHAJBHBIX TECTaX. AMIUIUTY/a BBI3BAHHBIX OTBETOB MBIIII OJICHH IPH
SMUYPATIBHOIN CTUMYJISALMU B TPYNIIE C JOKAIbHOW THIIOTEPMHEH CHIKaIach, IIOPOTH yBEIMYUBAIIHC.
Takum 006pa3oM, MBI MOXKEM CHIeNIaTh BBIBOJI, YTO JIOKAIbHASI TUIIOTEPMHUS ITOCIIe KOHTY3HOHHOH TPaBMEI
CIIMHHOTO MO3ra MOXET 33/Iep)KUBATh pPa3BUTHE (DYHKIMOHAIBHOTO BO30YXICHUS HEHPOMOTOPHOTO
anmapara y KpbIC HEIOCPECTBEHHO NPH BO3ACHCTBUU THIIOTEPMUH.
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