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Abstract

Intramedullary pressure increases after spinal cord injury, and this can be an important factor for secondary spinal cord injury. Until now
there have been no studies of the dynamic changes of intramedullary pressure after spinal cord injury. In this study, telemetry systems were
used to observe changes in intramedullary pressure in the 72 hours following spinal cord injury to explore its pathological mechanisms.
Spinal cord injury was induced using an aneurysm clip at T10 of the spinal cord of 30 Japanese white rabbits, while another 32 animals
were only subjected to laminectomy. The feasibility of this measurement was assessed. Intramedullary pressure was monitored in anesthe-
tized and conscious animals. The dynamic changes of intramedullary pressure after spinal cord injury were divided into three stages: stage I
(steep rise) 1-7 hours, stage II (steady rise) 8-38 hours, and stage III (descending) 39-72 hours. Blood-spinal barrier permeability, edema,
hemorrhage, and histological results in the 72 hours following spinal cord injury were evaluated according to intramedullary pressure
changes. We found that spinal cord hemorrhage was most severe at 1 hour post-spinal cord injury and then gradually decreased; albumin
and aquaporin 4 immunoreactivities first increased and then decreased, peaking at 38 hours. These results confirm that severe bleeding
in spinal cord tissue is the main cause of the sharp increase in intramedullary pressure in early spinal cord injury. Spinal cord edema and
blood-spinal barrier destruction are important factors influencing intramedullary pressure in stages II and III of spinal cord injury.
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Introduction

Spinal cord injury (SCI) is a serious central nervous sys-
tem disorder, and the global incidence of traumatic SCI is
approximately 23 per million (Lee et al., 2014). The high
disability rate of SCI seriously affects the quality of life of
patients (Chen et al., 2016; Kreinest et al., 2016; Yang et al.,
2017), and there is currently no effective cure. Spinal cord
hemorrhage and edema occur rapidly after SCI, and intra-
medullary pressure (IMP) increases significantly when the
dura mater is intact, then aggravating ischemia and hypoxia
of the spinal cord (Saadoun et al., 2008; Werndle et al., 2014;
Noussitou et al., 2015). These factors are strongly associat-
ed with the poor prognosis for neurological recovery after
SCI (Miyanji et al., 2007; Batchelor et al., 2011). Spinal cord
decompression after SCI can reduce IMP, thereby prevent-
ing secondary injury and improving prognosis (Yang et al.,
2013; Hu et al,, 2015). Thus, increased IMP may be an im-
portant pathophysiological mechanism of secondary injury
after SCI, causing the primary lesion areas to expand (Oy-
inbo, 2011; Borgens and Liu-Snyder, 2012). In-depth study
of the pathophysiology of SCI is an important pathway to
finding new treatment strategies.

The timing of decompression is one of the key factors
influencing the outcome of SCI (Liu et al., 2015; Furlan et
al., 2016; Dakson et al., 2017; Piazza and Schuster, 2017).
Understanding the physiological, biological, and functional
changes that occur after SCI through IMP may help deter-
mine the appropriate time for decompression. However, the
regulation of changes in IMP remains unclear, which is a
major obstacle to applying decompression of the spinal cord
in clinical settings.

Pressure measurement is the key to obtaining IMP regula-
tion. However, there is no standard method for monitoring
IMP after SCI. Most studies have measured IMP only in
anesthetized animals (Jones et al., 2012; Soubeyrand et al.,
2013; Leonard et al., 2015; Martirosyan et al., 2015; Dong et
al., 2016; Khaing et al., 2017). Anesthesia may affect blood
pressure in animals causing an indirect effect on IMP (Kwon
et al., 2009). Additionally, previous studies have provided
information at a single time point or during a specific peri-
od of time (only several hours). Therefore, the results from
studies to date do not sufficiently describe the dynamic
changes in IMP after SCI.

Wireless telemetry systems may enable studies that com-
pensate for the shortcomings or previous investigations
by allowing long-term real-time monitoring in conscious
animals. Physiological signals over extended periods of time
can be recorded in unstressed animals (i.e., unhindered by
anesthesia or restraint). This approach has now been used to
study cardiovascular function in rats (Hou et al., 2014), renal
tissue oxygen tension (Koeners et al., 2016), and intracranial
pressure (Guild et al., 2015).

In this study, IMP after SCI was monitored in both con-
scious and anesthetized rabbits using telemetry systems, fo-
cusing on the dynamic changes in IMP in conscious rabbits
within the first 72 hours post-SCI. Moreover, permeability
of the blood spinal cord barrier, edema, hemorrhage, and

the tissue architecture of the spinal cord were investigated
to identify the factors influencing IMP and to facilitate the
development of new methods for the treatment of SCI.

Materials and Methods

Animals

Sixty-two healthy female Japanese white rabbits weighing
2.0 + 2.5 kg and aged 2.5 + 3.0 months were obtained from
Beijing Jinmuyang Experimental Animal Breeding Co., Ltd.
(Beijing, China; license No. SCXK [jing] 2015-0005). To
tulfill the inclusion criteria, animals had to have no clinical
signs of an underlying disorder of the spinal cord and all an-
imals had normal spinal cords as assessed by standard mag-
netic resonance imaging protocols under anesthesia (Liu et
al., 2018). The exclusion criteria were as follows: any suspi-
cion of a neurological disorder affecting the spinal cord, any
history of spinal cord disease, or any previous spinal cord
surgery. All animals were kept in a 12-hour day/night envi-
ronment and were allowed free access to food and water.

All the animal procedures were approved by the Exper-
imental Animal Welfare Committee of Capital Medical
University, China (approval number: AEEI-2018-008) on
January 8, 2018.

Telemetry system

Briefly, the main system components included an implant-
able telemeter fitted with a Millar solid state pressure sensor
(TRM5", Millar Instruments, Houston, TX, USA) at the end
of the catheter, allowing highly accurate measurement of
pressure signals in the tip location. The telemeter weighed
approximately 12.5 g and was encapsulated in biocompati-
ble silicon and placed subcutaneously in each rabbit’s back.
The telemeter sampled the current at 2000 Hz and transmit-
ted data wirelessly on a dedicated frequency in the 2.4 GHz
band to a remote receiving station. The system provided
continuous operation enabled by battery recharging through
inductive power transfer and the use of a pad placed under
the floor of the rat cage (SmartPad TR181, Millar Instru-
ments). The specific attachment procedures are described in
detail elsewhere (Koeners et al., 2016). The telemetry system
could provide two signals: pressure and temperature. Only
the pressure (IMP) was of interest in this study.

SCI modeling

All 62 healthy Japanese white rabbits underwent laminecto-
my, and 30 underwent clip compression SCI at T10 (Figure
1). Before the experiment, the rabbits had to fast for 12 hours.
Intravenous injection of pentobarbital (3%, 30 mg/kg, Sig-
ma-Aldrich, Shanghai, China) was administered as an anes-
thetic. Taking T11 as the center, a longitudinal incision was
made at approximately 3 cm to expose the T10-11 spinal
cord (Liu et al., 2018). An aneurysm clip (REBSTOCK, Diir-
bheim, Tuttlingen, Germany) was used to laterally clamp
T10 of the spinal cord, with an intensity of 90 g and a reten-
tion time of 1 minute (Fehlings and Tator, 1995). The spinal
cord swelled and circular congestion occurred immediately
after clamping (Figure 2).
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The criteria for the development of a successful model
were as follows: After the injury, bleeding and edema of the
spinal cord occurred and the rabbits showed a tail-wagging
reflex with retraction-like fluttering of the lower extremities
and body; and upon the return of consciousness after an-
esthesia, the animal had flaccid paralysis in both hind legs
(Renfu et al., 2014).

Measurement of IMP

Monitoring IMP in anesthesia group

Given that rabbits in the SCI group were fully awake 3-4
hours after surgery, rabbits in the anesthesia group (n = 6)
were continuously anesthetized for 5 hours. To identify the
effects caused by anesthesia, the IMPs at 5 hours were an-
alyzed to compare the differences between conscious (SCI
group) and anesthetized animals post-SCI.

Monitoring IMP in different probe angles

To assess any differences in IMP when the pressure probe
was inserted into the spinal cord at different angles using
a stereotaxic instrument (Huaibei Zhenghua Biologic Ap-
paratus Facilities Co., Ltd., Anhui, China), rabbits were as-
sessed for IMP stratified into 30° (n = 4), 45° (n = 4), and 90°
groups (n = 4) as previously described (Dong et al., 2016),
and the IMP recorded for 1 hour (Figure 3).

Monitoring in conscious rabbits

Ultra-early treatment of SCI has received much attention,
especially within 72 hours after SCI (Phang et al., 2016;
Matsushita et al., 2017; Chen et al.,, 2018). So to investigate
the change in IMP after SCI, rabbits were assessed for IMP
within 72 hours after SCI (SCI group, n = 8) or laminectomy
(sham group, n = 8) using the Millar telemetry systems. Af-
ter T10 SCI, the T11 dura was gently lifted with microscopic
tweezers. A small hole was punctured with a needle. The
probe was carefully inserted through the hole into spinal
cord and moved to the epicenter of the injury in the SCI
group, or moved to the T10 level in the sham group. Tissue
glue (B. Braun Surgical, SA, Rubi, Spain) was used to fix it
to avoid movement of the probe and leakage of the cerebro-
spinal fluid. The IMPs were monitored and recorded using
Power Lab (AD Instruments, Sydney, Australia).

Neurologic assessment

Neurologic function was only assessed after IMP monitor-
ing, and independently graded by two investigators without
knowledge of the treatment. The motor function of the hind
limbs was graded using the modified Tarlov scale (Baba et
al., 2010) (5 = normal hop, 4 = weak hop, 3 = sits alone, 2 =
sits with assistance, 1 = slight movement, 0 = no movement).

Water content of the spinal cord

To assess the safety of this method, rabbits without SCI
were assessed for edema at 1 hour (n = 4) and 10 hours (n =
4) after probe insertion and compared with intact animals
(without insertion, n = 4) using the wet weight/dry weight
method as previously described (Vink et al., 2003). The rab-
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bits were sacrificed by over-anesthesia with pentobarbital
sodium (3%, 100 mg/kg). One-centimeter sections were
dissected and weighed to obtain the wet weight. The spinal
cord sections were then dried at 100°C for 48 hours and
reweighed to obtain the dry weight. The percentage of the
water content in the spinal cord was calculated using the
following formula: % water =(wet weight — dry weight)/wet
weight x 100.

Histological analysis and immunohistochemistry

To explore the factors affecting IMP, histological exam-
ination was carried out during IMP changes. Rabbits were
deeply anesthetized (3%, 100 mg/kg) using pentobarbital
sodium at 1 hour (n = 4), 7 hours (n = 4), 38 hours (n = 4),
or 72 hours (n = 4) post-SCI. Spinal cord tissue was then
processed, cut, and stained with hematoxylin and eosin for
histopathological and morphological observation. Immuno-
histochemical analysis of spinal cord lesions was conducted
by incubating sections overnight at 4°C with primary anti-
bodies against anti-albumin (dilution 1:1000; rabbit albumin
antibody, A120-104F; BETHLY, Montgomery, TX, USA)
and anti-aquaporin 4 (AQP4) (1:100; Ab9512; Abcam, Cam-
bridge, MA, USA). The sections were immerged in sodium
citrate and heated to boiling in a microwave before incuba-
tion. After three washes with phosphate-buffered saline 0.2%
(each for 5 minutes), the sections were incubated with con-
jugated goat anti-rabbit IgG (074-1506, KLP; Beijing XM]
Scientific Co., Ltd., Beijing, China) and goat anti-mouse IgG
(074-1806; KLP, Beijing XM]J Scientific Co., Ltd.) for 1 hour
at room temperature, immediately followed by administra-
tion of one to two drops of permanent mounting medium,
and covering with a glass coverslip. All sections were digi-
tally scanned at high resolution using HistoFAXS 3.0 (Tis-
sueGnostics, Vienna, Austria). The acquired images were
viewed using the associated proprietary viewing software
(FAXS viewer, TissueGnostics, Vienna, Austria). Photoshop
CC (Adobe, San Jose, CA, USA) and Image] (National Insti-
tutes of Health, Bethesda, MD, USA) softwares were used to
process and analyze images.

To determine blood volume, 5 um serial sections were
cut 500 um apart and stained with hematoxylin and eosin.
These were similarly digitally scanned and viewed using
HistoFAXS, with the hemorrhagic regions calculated using
the Cavalieri method defined as volume = YA-ISF -f, where A
is the area, ISF is the inverse of the sampling fraction, and ¢
is the section thickness (Leonard et al., 2015). Densitometry
was used to assess the intensity of AQP4 staining. Whole
cross-sections were exported and albumin immunoreac-
tivity was assessed using a color deconvolution method as
previously described (Leonard et al., 2013; Varghese et al.,
2014). DABwt% values obtained represent an estimate of the
amount of 3,3' diaminobenzidine (DAB and thus antigen)
on the original tissue section. DABwt% was calculated with
the following equation.

DABWI% = (E[(ZSS — histogram value) X histogram value count]) % 100

Y. (histogram value counts) x 255
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Figure 1 Experimental groups.
SCI: Spinal cord injury; h: hour(s).

Figure 2 Illustration of surgical procedure.

(A) Rabbits undergo laminectomy. After removing the T10-11 spinous
process and lamina, the spinal cord was exposed. (B) Using an aneu-
rysm clip to laterally clamp the T10 segment of the spinal cord, which
resulted in spinal cord injury at T10 segment. (C) Spinal cord swelling
and circular congestion (arrow) occurred immediately after the clamp-
ing. (D) The pressure probe was inserted into the spinal cord.

Statistical analysis

All data, expressed as the mean * standard deviation, were
analyzed using GraphPad Prism 7.0 (GraphPad Software
Inc., San Diego, CA, USA). IMP in three probe angles, wa-
ter content, blood volume, albumin immunoreactivity, and
AQP4 were analyzed using a one-way analysis of variance
followed by Tukey’s post hoc tests. Unpaired t-tests were
used to compare IMP at 5 hours between conscious and
anesthetized rabbits. The IMP between sham and SCI groups
were analyzed using two-way repeated measures analysis of
variance followed by Sidak’s multiple comparisons test (Ba-
zett-Jones et al., 2017). The relationship between time and
IMP in the SCI group was analyzed using linear regression

20Gir Millar telemeter catheter

catheter

l }

Spinal dural

Injury area Pressure sensor

Figure 3 The pressure probe is inserted into the spinal cord at three
different angles.

The spinal cord has a diameter of 5 mm. A 20 G intravenous catheter
was used to penetrate the dura with a hole and avoid damaging the
blood vessels of the spinal cord. The trocar was then withdrawn, and
the pressure probe was inserted along the cannula to the center of the
spinal cord. The length of the pressure catheter inside of the spinal dura
was 5 mm. The angle of the probe shown to the spinal cord is 30°. Dot-
ted lines indicate angles of 45° and 90°.

analysis. A value of P < 0.05 was considered statistically sig-
nificant.

Results

IMP in anesthesia group

IMP was recorded using real-time monitoring, and the av-
erage IMP per hour calculated, representing the IMP at each
time point (hours). The IMP at 5 hours in anesthesia and
SCI groups were 3.43 + 1.33 mmHg and 5.76 + 1.80 mmHg,
respectively. There was a significant difference between these
two groups (P < 0.05).

IMP in different probe insertion angles

The IMP at the three angles measured (30°, 45°, and 90°)
was 3.79 £ 0.58 mmHg, 3.23 + 0.95 mmHg, and 3.32 + 0.32
mmHg, respectively. There was no significant difference be-
tween the three angles (P > 0.05). The average IMP was 3.45
+ 0.66 mmHg in normal anesthetized rabbits.

IMP in conscious rabbits

IMP in the sham group and SCI group were 5.93 + 1.28
mmHg and 7.96 + 2.01, respectively. There was a significant
difference in IMP between the SCI and sham groups (P <
0.05, F = 7.18, df = 1). Additionally, there was a significant
difference between different time points in the IMP group
(P <0.05, F = 10.56, df = 18). There was no significant inter-
action between group and time point (P > 0.05, F = 1.19, df
= 18). Sidak’s multiple comparisons test results showed that
the difference between sham and SCI group was statistically
significant at 42 hours (P < 0.05; Figure 4A).

IMP rapidly increased during the first 7 hours and then
steadily increased during hours 8-38. Although IMP fluc-
tuated during hours 39-72, overall it exhibited a downward
trend. Three stages: I (steep rise), II (steady rise), and III
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(descending) were divided according to the changes in IMP
in the SCI group (Figure 4B). The trends of each stage were
described by linear regression analysis (Table 1), and there
was a significant difference in slopes between stages (P < 0.05,
F =32.40, df = 2; Figure 4C).

Table 1 Results of linear regression analysis in the SCI group

Linear regression Slope
Stage equation r (mmHg/h) P
I Y=0.760 x X +2.288 0977 0.76+0.12  <0.05
(1-7 h after SCI)
1I Y=0.067x X +6.875 0.640 0.067 +0.018 <0.05
(8-38 h after SCI)
III Y =-0.058 x X +12.720 —-0.610 —0.058 + 0.021 < 0.05

(39-72 h after SCI)

SCI: Spinal cord injury; h: hour(s).

Effect of SCI on neurologic outcome

The rabbits in the sham group showed no neurologic defi-
cits, and their neurologic scores were 5.0 + 0 after IMP mon-
itoring. The Tarlov scores were 0 in the SCI group.

Effect of probe insertion on water content of the spinal
cord

The spinal cord water content at 1 and 10 hours after probe
insertion was 66.35 + 1.07% and 67.07 + 1.38%, respectively,
and 68.13 + 3.01% for intact animals. There was no signifi-
cant difference among the three groups (P > 0.05).

Effect of SCI on blood volume of the spinal cord

At 1 hour post-SCI, blood volume was 507.30 + 140.90 mm®
(Figure 4). Severe hemorrhage was present within the injury
epicenter only, predominantly within the gray matter, with
substantial tissue disruption apparent. By 7 hours post-SCI,
the injury area was enlarged, with a blood volume of 363.6
+ 54.93 mm”®. By 38 hours post-SCI, diffuse hemorrhage
(246.60 + 107.00) was still apparent within the injury epi-
center but was more reduced than at 1 hour (P < 0.05). The
loss of tissue architecture was pronounced. By 72 hours
post-SCI, diffuse hemorrhage (217.10 + 100.50) had reduced
within the injury epicenter compared with that at 1 hour (P <
0.05), while the loss of tissue architecture peaked. During the
72 hours post-SCI, spinal cord hemorrhage was most severe
at 1 hour and then the blood volume gradually decreased. The
blood volume in the sham group was 2.75 + 0.40 mm’.

Effect of SCI on AQP4 immunoreactivity in the spinal
cord

Sham sections of spinal cord showed faint AQP4 immuno-
reactivity in the ependymal cells of the central canal with the
mean optical density of 0.23 + 0.004 (Figure 5). Following
injury, a slight increase was observed at 1 hour (0.25 + 0.01).
AQP4 immunoreactivity was significantly higher than sham
at 7 hours (0.26 £ 0.01, P < 0.05) and peaked at 38 hours (0.30
+ 0.02, P < 0.05). By 72 hours, AQP4 immunoreactivity was
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slightly decreased (0.28 + 0.01) but still higher than sham
(0.23 +0.01, P < 0.05).

Effect of SCI on albumin immunoreactivity in the spinal
cord

Sham sections showed minimal albumin immunoreactivity
with a DABwt% by color deconvolution of 4.41 + 0.76 (Fig-
ure 6). At 1 and 72 hours post-SCI, albumin immunoreac-
tivity was 5.37 + 0.92 and 5.74 + 0.60, respectively. There was
no significant difference, although the albumin immunore-
activity was higher than that of the sham group (P = 0.59, P
= 0.21, respectively). Albumin immunoreactivity at both 7
and 38 hours post-SCI was significantly higher than sham (7
hours: DABwt% = 6.13 + 0.65, P < 0.05; 38 hours: DABwt%
=8.79 £ 0.72, P < 0.05). Within 72 hours post-SCI, albumin
immunoreactivity first increased and then decreased, peak-
ing at 38 hours (Figure 7).

Discussion

Preventing or reducing secondary injury has always been
an important strategy for the treatment of SCI (Zhang et
al., 2018). Increased IMP after SCI may cause more severe
tissue damage and dysfunction (Batchelor et al., 2011).
Thus, monitoring IMP has important clinical significance.
Currently, there are few studies of IMP after SCI, and there
was an urgent need to explore the dynamic changes of IMP
after SCI. In this study, IMP was monitored in real-time for
72 hours in conscious rabbits using telemetry systems. Our
results found that the dynamic changes were divided into
three stages: IMP rapidly increased before 7 hours post-SCI,
then went on to rise slowly during 8-38 hours, and then
decreased during 39-72 hours. Spinal cord decompression
during a steep rise may be more effective than after that
stage in protecting surviving nerves after SCL

Safety and advantages of telemetry for IMP measurement
An important feature of the telemetry system is the record-
ing of physiological signals, such as arterial blood pressure
and IMP, over extended periods of time in unstressed ani-
mals (i.e., unhindered by anesthesia or restraint). The bat-
teries that power the telemeter are recharged noninvasively
in vivo, using inductive power transfer. Consequently, the
duration of experimental protocols is not limited by battery
life. This new technology provides absolute values and the
opportunity to examine the physiological signal changes in
the progression of disease.

Under physiological conditions, subarachnoid pressure
is similar to brain parenchymal pressure, and this measure-
ment is routinely used to estimate intracranial pressure.
The under-estimation of IMP using subarachnoid pressure
recordings is a well-recognized phenomenon, especially
during episodes of high intracranial pressure (Ostrup et al.,
1987). The pressure in the subdural space is normal in 22.2%
of SCI patients (Werndle et al., 2014). SCI leads to the acute
rise of IMP before the spinal cord is constrained by the dural
lining. (Khaing et al., 2017). Jones et al. (2012) observed the
obliteration of the subarachnoid space in pigs with severe
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traumatic SCI within 10 minutes to 5 hours, whereas the
obliteration of the subarachnoid space was seen in only 50%
of the moderately injured animals. Only when the spinal
cord is swollen, as caused by severe contusion and filling
of the subarachnoid space, does the subarachnoid pressure
approximate the parenchymal pressure of the spinal cord.
Thus, the pressure in the subarachnoid space cannot reflect
the real IMP. In this study, a pressure probe was inserted
along the median dorsal aspect of the spinal cord (posterior
mid-canal with fewer fiber bundles) to minimize the blunt
trauma during implantation and to measure IMP, which can
be a more accurate method. No functional abnormalities
were observed between normal animals (probe implantation
without SCI) and intact animals (without implantation and
SCI) placed in same cage.

Leonard et al. (2013) found the intrathecal pressure of
sham-operated rats immediately after the deflation of a bal-
loon was lower (0.65 + 1.61 mmHg). The pressure slightly
increased and then stabilized during the 5-hour monitoring
period, reaching 3.75 + 1.26 mmHg at the conclusion of the
study. A similar phenomenon was observed in our sham
group: IMP continued to rise during the first 10 hours,
reaching steady-state after 11 hours, with little change until
the end of the study.

The probe insertion in this study was an invasive pro-
cedure and may increase the chance of hemorrhage, as
suggested by the small drop in blood volume seen in the
sham group. To detect whether the first increase in IMP
was caused by implantation of the probe, the water content
of the spinal cord was measured 1 and 10 hours after probe
implantation in intact rabbits. The results showed no signif-
icant differences between these three groups, indicating that
probe implantation may not be the dominant factor contrib-
uting to the increase in the first 10 hours.

There are different fine structures in the spinal cord pa-
renchymal tissue, such as H-shaped (butterfly-type) gray
matter with arranged nerve cell bodies within the internal
area of the cord and peripheral white matter containing sen-
sory and motor axons. Probe insertion from different angles
may influence different cord structure, and it is not clear
whether different tissue structures affect IMP. The probe an-
gle can be fixed under animal anesthesia but cannot be easily
controlled in awake animals. To observe whether it may
interfere with IMP and to exclude this interference factor,
three angles were set and the IMP monitored for 1 hour in
anesthetized rabbits. The results showed that the angles had
little effect on the IMP, which indicates that although the
fine structures in spinal cord are different, IMP is similar in
the same segment. The angle of probe cannot control when
the IMP monitoring in conscious animal, but we can ignore
this factor.

It has been reported that a normal IMP is 2.7 + 0.5 mmHg
(Khaing et al., 2017) or 6.88 + 1.67 mmHg (Dong et al,,
2016) in rats, 2.59 + 1.01 mmHg in rabbits (Leonard et al.,
2015), 8 + 3 mmHg in mice (Saadoun et al., 2008), and 30
+ 12 mmHg in dogs (Iida and Tachibana, 1995). Most of
the previous studies on IMP have only investigated anes-

thetized animals and provided information at only a single
time point or a single time window (hours or minutes).
In the current study, normal IMP in anesthetized rabbits
(three angles) was similar to previous studies, and the differ-
ences could be attributed to different species and different
measurement methods. However, normal IMP measured
in conscious rabbits (sham group) was higher than anes-
thetized rabbits and also at 5 hours post-SCI. This may be
because puncturing the dural sac during the probe implan-
tation reduced the restraining effect on the spinal cord, and
a small amount of cerebrospinal fluid outflowed, resulting in
decompression. The effects caused by surgery were present
in both anesthetized and conscious rabbits, but the latter
had a longer recovery time of several hours, over which IMP
reached a stable state.

Additionally, the effect of anesthesia on blood pressure
cannot be ignored. Hypotension is one of the most common
events in surgery (Soo et al., 2011; McCann and Schouten,
2014; Vachon et al., 2014). During anesthesia, sympathetic
nerve activity is reduced, cardiac autonomic regulation is
attenuated (Dorantes-Mendez et al., 2012), and hemody-
namic changes occur. Anesthesia may have an indirect effect
on IMP by affecting blood pressure in animals (spinal cord
perfusion pressure = mean arterial pressure — IMP) (Kwon
et al.,, 2009), which means the results from telemetry systems
could be more accurate and reliable.

Dynamic changes in IMP in rabbits after SCI

Stage I (steep rise): IMP sharply increased during the 7
hours post-SCI. Several studies (Soubeyrand et al., 2012;
Dong et al., 2016) have shown that intramedullary hemor-
rhage after SCI reaches its peak within hours, and in this
study, blood volume at 1 and 7 hours post-SCI was greater
than that at other time points. Therefore, intramedullary
hemorrhage could be one of major causes of increased IMP
during early SCI. Meanwhile, the cerebrospinal fluid com-
pensatory mechanism may contribute to the maintenance
of normal IMP (Chen et al,, 2017), and surgical intervention
such as that of the sham group may also play a role. With
the worsening of a spinal cord hemorrhage and failure of the
cerebrospinal fluid compensation mechanism, IMP sharply
increased within 7 hours post-SCIL.

Stage II (steady rise): At 7 hours post-SCI, IMP steadily
increased until approximately 38 hours. Very-high-resolu-
tion ultrasound imaging showed that a hyperechoic lesion
appeared immediately after SCI in the parenchyma and ex-
tended during the next 24 hours (Soubeyrand et al., 2014).
Blood spinal cord barrier permeability peaked at 24 hours in
mice with SCI (Badner et al., 2016) and lasted for a month in
rats with SCI (Figley et al., 2014). Albumin is a plasma pro-
tein that is usually contained within the vasculature. When
the blood-spinal cord barrier is broken, albumin enters spi-
nal cord tissue, indicating that the blood spinal cord barrier
is disrupted (Leonard and Vink, 2013). According to our
results, albumin and AQP4 immunoreactivity were high at
38 hours post-SCI, revealing that the blood spinal cord bar-
rier was destroyed by mechanical damage in this stage. This
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(A) Comparison of IMP between the sham (n = 8) and SCI groups (n = 8) by two-
—_— way repeated measures analysis of variance. The white circle represents the sham
1.01 group, and the black square represents the SCI group. The IMP was always higher
in the SCI group than in the sham group. The difference between the sham and SCI
groups was statistically significant at 42 hours (P < 0.05). (B) Comparison of IMP
at different stages after SCI by linear regression analysis. The blue regression line in-
dicates the IMP trend at stage I (P < 0.05), the red indicates the IMP trend at stage II
(P < 0.05), and the orange indicates the IMP trend at stage III (P < 0.05). (C) Com-
parison of slopes (mmHg/h) between different stages. *P < 0.05 (mean + SD, n = 8,
one-way analysis of variance followed by Tukey’s post hoc test). IMP: Intramedullary
pressure; SCI: spinal cord injury; h: hour(s).
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Figure 5 Hematoxylin and eosin staining of blood volume (mm®) and morphological changes at different time points post-SCI.

(A) Comparison of blood volume (mm?) between the different groups. *P < 0.05 (mean + SD, n =4, one-way analysis of variance followed by
Tukey’s post hoc test). (B) Stained sections scanned by HistoFAXS 3.0 demonstrated severe hemorrhage in stage I. Higher magnification images
clearly demonstrate the difference between time points. Scale bars: 1 mm (upper); 100 pm (lower). SCI: Spinal cord injury.
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Figure 6 Comparison of AQP4 immunoreactivity at different time points after SCI.

(A) Comparison of the mean OD of AQP4 staining within the central canal region of the spinal cord between different groups. *P < 0.05 (mean +
SD, n =4, one-way analysis of variance followed by Tukey’s post hoc test). (B) Anti-AQP4 immunohistochemistry sections at different time points
scanned by HistoFAXS 3.0 demonstrated high AQP4 immunoreactivity at 38 hours post-SCI. Scale bar: 20 um. SCI: Spinal cord injury; AQP4:
aquaporin 4; OD: optical density.
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Figure 7 Comparison of albumin immunoreactivity at different time points after SCI.

(A) Color deconvolution for the albumin immunoreactivity. DABwt% values obtained represent an estimate of the amount of 3,3'-diaminobenzidine
(DAB and thus antigen) on the original tissue section. Albumin immunoreactivity at 38 hours post-SCI was significantly higher than at other time
points. *P < 0.05 (mean * SD, n =4, one-way analysis of variance followed by Tukey’s post hoc test). (B) Anti-albumin immunohistochemistry sec-
tions at different time points scanned by HistoFAXS 3.0 demonstrated high albumin immunoreactivity at 38 hours post-SCI. Scale bar: 1 mm. SCI:

Spinal cord injury.

leads to inflammation, disruption of the microenvironment,
and permeability changes in the vascular system. Edema,
hemorrhage, and other factors after SCI lead to IMP that is
higher than sham and that rises steadily. Surgical decom-
pression within 7 hours post-injury (before stage II) could
be the most efficacious.

Stage III (descending): At 38 hours post-SCI, although
IMP fluctuated, it had an overall downward trend and on
average was higher than during Stage II. Pan et al. (1999)
found that blood spinal cord barrier permeability continued
to increase within 48 hours post-SCI, reaching the first peak
at 48 hours. Edema of the spinal cord occurs in early SCI
and is severe at 2-3 days after SCI (Chavanne et al., 2011;
Leonard et al., 2013). This is an important factor affecting
IMP, especially in Stages II and III. Our results showed that
blood volume, albumin, and AQP4 immunoreactivity were
reduced during this period. This indicates that hemorrhage
and edema of the spinal cord can gradually be absorbed and
the IMP decreased.

At present, the effects of IMP on secondary injury after
SCI are controversial. Increased IMP could cause more se-
vere tissue damage and dysfunction after SCI (Saadoun et
al., 2008), and tissue damage is significantly reduced when
IMP decreases (Horn et al., 2008). However, we are not sure
that IMP is the main factor, and other various unknown
factors could be involved. Monitoring IMP has important
significance in clinical settings, such as ensuring adequate
blood perfusion of the spinal cord and guiding the timing
and effect of surgical decompression after SCI. Because
of delays caused by the delivery of patients to hospitals,
various examinations, diagnosis and other factors, spinal
cord decompression (such as surgical decompression and
medication) cannot be performed immediately after SCI. It
is of urgency to explore the time window of spinal cord de-
compression to achieve decompression within the optimal
time to obtain the best effects. This study shows that IMP
rises rapidly within the first 7 hours post-SCI, which may
aggravate the secondary injury. Therefore, applying decom-
pression before 7 hours post-SCI may effectively protect

the spared nerve tissue and reduce the degree of secondary
damage as much as possible, but this hypothesis needs the
support of a large number of studies. The changes in IMP
described in this study will support further exploration of
the pathophysiological changes of SCI and provide guidance
for other decompression methods following SCI.

Study limitations

Direct insertion of a pressure probe into the spinal cord
may cause slight injury. Further research is needed to devel-
op non-invasive methods in the future. IMP changes were
measured only in the injury epicenter in this study, which
does not involve the surrounding segments; including the
surrounding segments could be an important future re-
search direction. IMP was monitored here for only for 72
hours, and ideally this needs to be observed for 1 week or a
longer after SCI. The pathological factors affecting IMP were
the main focus here, while the influence of IMP on various
pathological processes after SCI still needs further explora-
tion. Additionally, IMP data in this study were drawn from
the clip compression SCI model with only one injury level.
In the future, the IMP should be investigated in SCI models
with different injury mechanisms and severity.

Conclusions

IMP was measured in anesthetized and conscious rabbits
using telemetry systems. The IMP after SCI was always
higher than that of the sham group over 72 hours, and its
dynamic changes were divided into three stages: I, steep
rise (1-7 hours); I, steady rise (8-38 hours); and III, de-
scending (39-72 hours). Severe spinal cord hemorrhage is
the main reason for the sharp increase in IMP in early SCI,
while edema and disruption of the blood spinal cord barrier
are important factors in stages II and III. The current study
may be used to guide the decompression of spinal cord in
SCI patients.
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