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subarachnoid hemorrhage: an experimental study

3 Abdulkadir Yektas 5

Abdurrahman Cetin® '™, Huseyin Ozevren ®?2 Remzi Arslan * and Mehmet Dumlu Aydin

© The Author(s), under exclusive licence to International Spinal Cord Society 2022

STUDY DESIGN: Animal proof of principle study.

OBJECTIVES: To investigate neurodegeneration in rabbit L4-dorsal root ganglion (DRG) cells by creating experimental spinal
subarachnoid hemorrhage (SAH), we aimed to show the neuronal pathway between L,-DRG and femoral artery.

SETTING: Ataturk University, Medical Faculty, Animal Laboratory, Erzurum, Turkey.

METHODS: This study was designed on 20 rabbits, which were randomly divided into three groups: Spinal SAH (n = 8), SHAM
(n=6), and control (n = 6) groups. Animals were followed for 20 days and then killed. Vasospasm index values of the femoral artery
and neuron density of L,-DRG were analyzed.

RESULTS: The number of degenerated neurons in DRG was higher in the spinal SAH than the control and SHAM groups (p < 0.001).
But, the difference between the control group and the SHAM group was not significant. Normal neuron densities were significantly
lower in the spine SAH group compared to the SHAM and the control groups. There was a statistically significant increase in
vasospasm index values of the spinal SAH group compared to the other two groups (p < 0.001).

CONCLUSIONS: Decreased volume of the femoral artery lumen was showed in animals with spinal SAH compared with control and
SHAM groups. Increased degeneration of the L, dorsal root ganglion in animals with spinal SAH was also demonstrated. Our
findings might shed light on the planning of future experimental studies and evaluating the clinical relevance of such studies.

Spinal Cord (2022) 60:404-407; https://doi.org/10.1038/s41393-022-00778-x

INTRODUCTION

Subarachnoid hemorrhage can occur either spontaneously or
due to trauma [1]. This is a destructive pathology [2]. Vasospasm
following SAH is still a major cause of mortality and morbidity
[3]. More than one-third of SAH patients develop clinically
significant vasospasm. Therefore, the mechanisms of vasospasm
remain important. The vasospasm of the Adamkiewicz artery
(AKA) due to spinal SAH has been reported to carry a risk of
developing ischemic spinal cord dysfunction in an animal model
[4]. According to, the histopathological changes in dorsal root
ganglion (DRG) after spinal SAH were reported by different
authors [4-6]. Onder et al. [6] demonstrated that bloody and
high-protein cerebrospinal fluid (CSF) led to neural degenera-
tion. Kanat et al. [7] reported that vasospasm of the anterior
spinal artery after spinal SAH affects the sensory pathways and
could cause degeneration in DRG neurons.

Kayaci et al. [8] showed that after spinal SAH, the relationship
between cervical sixth DRG degeneration and brachial artery
vasospasm. Xing et al. [9] reported that femoral artery occlusion is
created by the cell patch-clamp method, it has been shown that
degeneration of the afferent L,-DRG neurons and, following lower

extremity vascular insufficiency. These studies show us that a
change in DRGs cause femoral artery vasospasm or vice versa. It is
suggested that there is contact between Ls-neuron cells and
femoral arteries through a nerve pathway containing afferent and
efferent fibers or chemical mediators.

In this study, experimental spinal SAH was performed to induce
neurodegeneration in L4-DRG cells of rabbits. All sacral spinal cord
and sacral parasympathetics are affected. L, has the most active
role in the parasympathetic activity of the femoral arteries in the
rough sacral inner plexus. It focuses on the upper L4 root.

METHODS
This study was designed on 20 adult male New Zealand rabbits (3.6 + 0.5
kg) (Ataturk University, Erzurum, Turkey) that were haphazardly split into
three groups: control (n=6), SHAM (n =6), and spinal SAH (n = 8). The
animal protocols were approved (Date: 26.07.2018, Decision number: 163,
Meeting number: 8) by the Ethics Committee of Ataturk University, Medical
Faculty.

Animals were anesthetized by subcutaneous injection of a mixture of
ketamine hydrochloride (25 mg/kg), lidocaine hydrochloride (15 mg/kg),
and acepromazine (1 mg/kg). Computed tomography was used to define
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L,-Ls levels. After the surgical site was shaved and sterilized, a skin incision
was made, then the paravertebral muscles were dissected, and the L2
laminotomy was performed using a Midas Rex high-speed drill (Medtronic
Midas Rex, Fort Worth, Texas, USA). Autologous blood (0.5 mL) obtained
from the auricular artery was applied using a 22-Gauge needle into the
subarachnoid space at the L2-L3 level in the SAH group of rabbits over the
course of 1 min. In the SHAM group, 0.5 mL saline was administered to the
subarachnoid space at the L2-L3 level. This procedure was not applied to
the animals in the control group. All animals were followed for 20 days and
then killed.

Tissue processing
Their lumbar DRGs at the left L, level was removed. Femoral artery (left
extremity), just proximal of the bifurcation of the deep and superficial,
and left Ly DRG were assessed histopathologically after staining with
hematoxylin-eosin (H&E) and tunel. Sections from the left femoral artery
and left DRG, which were cut into small blocks and placed in fresh
fixative, were stored in 10% formaldehyde at 4 °C for 7 days. The fixed
tissues were then passed through graded ethyl alcohol series to be
dehydrated and embedded in paraffin. Sections of 5 pm thickness were
taken with a rotary microtome and collected on glass slides for
histopathological and stereological analysis. The sections were analyzed
morphologically using H&E and tunel staining, via light microscopy.
Neuronal shrinkage, perinuclear halo formation, cytoplasmic condensa-
tion, cellular angulation, and neuronal loss were accepted as ganglionary
degeneration criteria.

Stereological analyses of histological findings were investigated accord-
ing to the principles of the study performed by Turkmenoglu et al. [4].

The vasospasm index calculations of Ozturk et al. were made taking into
account [5] (Fig. 1).

Stereological analysis

The physical disector method was applied to interpret the number of
neurons in a DRG. Data were obtained from pairs of dissectors made of
parallel cuttings taken at known times. The mean numerical density of
ganglia neurons (NVGN) per mm3 was determined using the formula.

NVGN ;> "QN/txA

where ZQN is the total number of counting neurons appearing only in the
reference sections; t is the section thickness; and A is the area of the
counting frame. The Cavalieri volume assessment procedure was followed
to determine the total number of neurons in each sample. The total
number of neurons was determined by multiplying the volume (mm3) and
the quantitative density of the neurons in each DRG calculated by
stereological methods. Wall surface/lumen surface ratios were considered
to calculate the vasospasm index (VSI) values of the femoral artery. The VSI
calculation method was made as follows: 2R is the outer diameter of the
femoral artery and 2r is the inner diameter. The VSI was calculated as
the ratio of the outer surface value to the lumen surface value: (TR* — rir?)/
= (R? — r)/r%

Fig. 1 Histological appearances of the femoral artery. A Normal in
the control group. B Moderately constructed in the SHAM group
and, (C) the severely constructed femoral artery with a convoluted
inner elastic membrane, degenerated muscles (DM), and endothelin
in the narrowed lumen (NL) in a SAH-created rabbit (LM, H&E, x4).
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The VSl was 1 to 1.5 in femoral arteries without vasospasm, 1.5 to 2 with
mild vasospasm, and >2 in arteries with severe vasospasm, as stated by
Kanat et al. [7].

Statistical methods
L4-DRG numerical densities and femoral artery VSls of all three groups were
evaluated by one-way (ANOVA) analysis and the post hoc Tukey HSD test
were used to determine the group making difference. P value < 0.05 was
considered significant.

RESULTS

Histological changes

Thin and smooth endothelium, unfolded internal elastic lamina
and concentric smooth muscle cells and femoral artery lumen
were clearly distinguished in the control group (Fig. 1A). The
endothelial cells of the SHAM group had less deterioration than
the vasospasm group. Regular internal elastic lamina was also
shown in the SHAM group (Fig. 1B). Desquamation and
proliferation of endothelial cells into the lumen were shown in
the vasospasm group. Internal elastic lamina irregularity was
noticed. Concentric smooth muscle cells were also found to be
irregular in the SAH group (Fig. 1C/Base).

Histological appearances of the femoral artery in the control
group (Fig. 2A). Slight apoptotic changes at the endothelial and
muscular cells are shown in the SHAM group (Fig. 2B). Vasospastic
inner elastic lamina of the femoral artery, heavy apoptotic changes
at the endothelial and muscular cells are seen in the SAH group
(Fig. 2C/Base). Histological appearances of DRG in the control
group (Fig. 3A), the slight degenerated appearance of the SHAM
group (Fig. 3B), the histopathological appearance of degenerated
DRG in the SAH group (Fig. 3C/Base).

Numerical results
We compared the density of the L4 DRG and VSl in all groups and
summarized them as mean and standard deviation.

There was no statistically significant difference in the DRG
values of the control and SHAM groups, and VSI values between
the control and SHAM groups (P> 0.05). However, statistical
analysis between of the DRG and VSI values in the control and
SAH group were significant (P < 0.001) (Fig. 4).

DISCUSSION
SAH, which causes vasospasm in both cerebral arteries and extra
cerebral arteries, is an important complication. The spinal cord
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Fig.2 Histological appearances of the femoral artery. A Normal in
the control group. B Moderately constructed in the SHAM and (C)
the severely constructed femoral artery with a convoluted inner
elastic membrane, degenerated muscles (DM), and apoptotic
endothelin in narrowed lumen (NL) in a SAH-created rabbit (LM,
Tunel, x4).
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affected by spinal SAH is very rare, and can have devastating
consequences [4]. Turkmenoglu et al. [4] and Ozturk et al. [5]
showed that vasospasm of the AKA following spinal SAH causes
spinal ischemia. Therefore, neurodegeneration of the DRG occurs
following AKA vasospasm. Acute hypoperfusion of the AKA can
give into disastrous ischemic problems, resulting in paraparesis or
paraplegia with urinary bladder dysfunction [10]. In addition to,
Onder et al. [6] reported that SAH results in bloody CSF, blood
or high-protein, can cause neural degeneration. Spinal SAH can
also cause vasoconstriction in other extra-spinal arteries. DRG
degeneration caused by spinal SAH can lead femoral artery
vasospasm [9, 11].

Kanat et al. showed that SAH may cause anterior spinal artery
spasm-related spinal cord ischemia [7]. The same mechanism may
be responsible for femoral artery spasm.

Onuf's nucleus sends afferent parasympathetic fibers to the
femoral arteries. Karadeniz et al. showed that Onuf's nucleus
ischemia due to sacral parasympathetic ischemia after spinal SAH
may be responsible for femoral artery spasm due to parasympa-
thetic insufficiency triggered sympathetic overactivity [12].

In another study, the relationship between Onuf's parasympa-
thetic nucleus degeneration and sperm count after spinal
subarachnoid hemorrhage (SAH) was investigated, and it was
shown that Onuf's nucleus changes may play a role in low sperm
count [13].

The DRG is defined between the dorsal root and the spinal
nerve [4, 14]. We created the SAH group by applying autologous
blood into the L,_3 subarachnoid space, and SHAM group that was
injected with saline and compared findings with the control
group, that had nothing applied. We found significantly increasing

Fig. 3 Histological appearances of the dorsal root ganglion. A
Normal in the control group. B SHAM group with moderate
neurodegeneration and, (C) severe neurodegeneration (ND) in
rabbits induced SAH (LM, H&E, x4).

in the degenerated neuron density of DRG in the SAH group,
compared with the control and SHAM groups.

Having broad information about anatomy is obligatory for
experiencing neurosurgery. Some anatomical structures require
detailed study due to their functional importance [4, 15, 16]. One
of these structures is the DRG. Some authors have analyzed
ganglion and neuronal cell alterations after SAH [5, 6]. DRG are
sensitive to ischemia [4, 5]. Kayaci et al. [8] showed that after
spinal SAH, the relationship between cervical 6 DRG degeneration
and brachial artery vasospasm. Xing et al. [9] reported that femoral
artery occlusion is created by the cell patch-clamp method, it has
been shown that degeneration of the afferent L,-DRG neurons
and, following lower extremity vascular insufficiency.

In our study, we observed severe vasospasm in the femoral
artery of rabbits in the SAH group, but not in the SHAM and
control groups.

These results suggest that there is a pathway that provides
neuronal communication between the DRG and the femoral
artery. We think that femoral artery vasospasm caused by DRG
degeneration, formed after spinal SAH, might become more
destructive, especially in patients with peripheral arterial disease.

Limitations

Animals with small bodily proportions, such as mice and rats,
technically, have disadvantages in such experimental studies,
however, animals such as rabbits have been shown to be more
suitable in spinal SAH studies [16]. Although the relationship
between femoral artery vasospasm and DRG degeneration has
been demonstrated, motor function testing, somatosensory and
motor potentials, hindlimb motility, and long-term follow-up were
not performed. We believe this work would inspire pioneer
groups.

CONCLUSIONS

The development of neurodegeneration after L4 SAH has been
demonstrated in this study. SAH induces neurodegeneration by
causing vasospasm of the arteries supplying the L, DRG.
Vasospasm of DRG arteries exposed to subarachnoid blood
might lead to ischemic neurodegeneration, and a decrease in
normal neuron density of DRG may be an important factor in the
regulation of the femoral artery accordingly. We have shown the
vasospasm and histopathological changes in the femoral artery,
and DRG degeneration by forming spinal SAH. With these
results, we believe that L, DRG degeneration caused by spinal
SAH might increase femoral arterial insufficiency. In patients
with lumbar trauma, the presence of edema and neurogenic
claudication in the lower extremities, weakness in the calf
muscles, chills, and discoloration of the feet may suggest
femoral artery stenosis.
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Fig. 4 Statistical data analysis. A Normal neuron density. B Degenerated neuron density. C Vasospasm index of the femoral artery. Spinal
SAH induced DRG degeneration and vasospasm of the femoral artery. The results were evaluated by one-way ANOVA analysis and Tukey test
post hoc tests. DRG dorsal root ganglion, SAH subarachnoid hemorrhage. *P < 0.05 was considered statistically significant for all results. **p <

0.01; ***p < 0.001.
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