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Abstract

Introduction: Phrenic nerves have important roles on the management of res-
piration rhythm. Diaphragm paralysis is possible in phrenic nerve roots ischemia
in subarachnoid hemorrhage (SAH). We examined whether there is a relation-
ship between phrenic nerve root ischemia and respiratory disturbances in SAH.
Material and methods: This study was conducted on 5 healthy control and
14 rabbits with experimentally induced SAH by injecting autologous blood into
their cisterna magna. Animals were followed up via monitors for detecting the
heart and respiration rhythms for 20 days and then decapitaed by humanely.
Normal and degenerated neuron densities of phrenic nerve root at the level of
C4 dorsal root ganglia (C4DRG) were estimated by Stereological methods.
Between the mean numerical density of degenerated neurons of C4DRG and
respiratory rate/minute of groups were compared statistically.

Results: Phrenic nerve roots, artery and diaphragm muscles degeneration was
detected in respiratory arrest developed animals. The mean neuronal density
of C4DRG was 13272 +1201/mm3 with a mean respiration rate of 23 +4/min in
the control group. The mean degenerated neuron density was 2.240 +450/mm3
and respiration rhythm was 31 +6/min in survivors. But, the mean degenerat-
ed neuron density was 5850 +650/mm3 and mean respiration rhythm was 34
+7/min in respiratory arrest developed animals (n = 7). A linear relationship was
noticed between the degenerated neuron density of C4DRG and respiraton rate
(r = -0.758; p < 0.001).

Conclusions: Phrenic nerve root ischemia may be an important factor in respi-
ration rhythms deteriorations in SAH which has not been mentioned in the lit-
erature.

Key words: C4 dorsal root ganglia, phrenic nerve, respiration, subarachnoid hem-
orrhage.

Introduction

The management of patients with subarachnoid hemorrhage (SAH)
should achieve two major goals: (1) prevention of subsequent bleeding
and (2) prevention and treatment of cerebral vasospasm, which usually
develops between 4 and 14 days after SAH [1]. Cerebral vasospasm is
a common, formidable, and potentially devastating complication in patients
who have sustained SAH.
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Cisternal injection of autologous blood produces
spasm of basilar and anterior spinal arteries. This
model has been used successfully in cats and dogs
in an effort to understand the mechanism involved
in the development and maintenance of cerebral
vasospasm after SAH [1-5]. Although known for more
than five decades, cerebral vasospasm is one of the
most challenging complications following SAH. Cere-
bral vasospasm after SAH has been the subject of
substantial research interest, but the underlying
pathogenic mechanisms remain obscure. This seri-
ously aggravates the vital prognosis, with a 1.5- to 3-
fold increase in mortality in the first 2 weeks after
SAH. In survivors, it is the major cause of disability,
with a 25% decrease in excellent outcome [6-9].
Increasing SAH volumes were associated with greater
abnormalities in the respiratory pattern, consisting
of apnea and hyperventilation. These larger volumes
were also associated with hypoxemia [10]. In anoth-
er study, the authors showed that respiratory failure
is related to neurological outcome following SAH,
although it is not commonly the primary cause of
death from medical complications [11].

Vasospasm after SAH may cause ischemic neu-
rodegeneration in DRG of the phrenic nerve and
can lead to abnormalities in the respiratory pattern.
Therefore, we examined whether there is a rela-
tionship between the neuron density of phrenic
nerve C, dorsal root ganglia (C4prg) sSegments and
deterioration of respiration rhythms in SAH.

Material and methods

This study was performed in 19 anesthetized
adult male New Zealand rabbits (3.7 +0.4 kg). Exper-
iments were carried out according to the guidelines
set by the ethical committee of Atatiirk University.
Five of the animals were used as a control group.
The remaining 14 were left hungry for 6 h before
surgical intervention. A balanced injectable anes-
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Figure 1. Spinal subarachnoid hemorrhage (SAH);
right (VAR) and left (VAL) vertebral arteries are seen
in the background picture (LM, H + E, 40x). At the
right bottom corner, monitorization data are shown.
Respiration (A) and heart rhythm disturbances (B)
are seen on the monitor

thesia was used for reducing pain and mortality.
Before the operation, 3D computed tomography
was performed on the same animals and their cra-
nial base anatomy was evaluated. After inducing
anesthesia with isoflurane by a face mask, 0.2 ml/
kg of the anesthetic combination (ketamine HCL
150 mg/1.5 ml; xylazine HCL 30 mg/1.5 ml; and dis-
tilled water 1 ml) was subcutaneously injected
before surgery. Then, the posterior craniocervical
regions were saved and sterilized with iodine solu-
tions. During the operation, the cranium was posi-
tioned hyper anteflexion and 0.5 ml of autologous
blood was taken from the auricular artery and
injected into the cisterna magna via a 22-gauge
needle in about one minute.

Heart and respiratory rhythms were followed up
and detected via monitors for 20 days without any
medical treatment and then all animals were sac-
rificed. Diaphragm paralysis was defined via a mon-
itor and clinical observations. Recurrent bleeding
foci were detected in the animals with respiratory
disturbances or dead ones (Figure 1). All C4prg
and C4 roots together with their ganglions were
removed bilaterally for histological examination.
They were kept in 10% formalin solution for 7 days;
then, 1-um tissue sections were taken and stained
with hematoxylin and eosin. Cellular angulations,
nuclear shrinkage, cytoplasmic condensations, and
height loss were the accepted injury criteria for
phrenic nerve root ganglions (NC4pgg). Stereologi-
cal methods should be used to estimate cell den-
sity in all studies of histological specimens [12-14].
For the estimation of neuron density of C4prg, C4
roots together with their ganglions were extracted
bilaterally. Then, they were embedded in paraffin
blocks in a horizontal position to observe all roots
during the histopathological examination. The phys-
ical dissector method was used to evaluate the
numbers of neurons of C4prg. This method can eas-
ily estimate the particle number, be readily per-
formed, is intuitively simple, is free from assump-
tions about particle shape, size and orientation, and
is not affected by overprotection and truncation.
Two consecutive sections (dissector pairs) obtained
from tissue samples with a named reference were
mounted on each slide. Reference and look-up sec-
tions were reversed in order to double the number
of dissector pairs without taking new sections. The
mean numerical density of neurons of NCyprg per
mm?3 was estimated using the following formula:
the mean numerical density of normal neurons (NN)
and degenerated neurons (DN) in the Cyprg
(NNp, (number)/DNn) per cubic millimeter was esti-
mated using the following formula [12-14]:
NN,/DN, = ZQ/ZA x d, where: ZQ-N is the total
number of counted neurons appearing only in the
reference sections, d is the section thickness, and
A is the area of the counting frame. The most effec-
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Figure 2. Stereological histopathological demonstration of the phrenic nerve at C4 level dorsal root ganglia (C4prg)-
Stereological cell counting method of C4pRrg is seen in a rabbit. Application of the physical dissector method in which
micrographs in the same fields of view (AB) are taken from two parallel adjacent thin sections separated by a distance
of 5 pm. Upper and right lines of unbiased counting frames represent the inclusion lines and the lower and left lines
including the extensions are exclusion lines. Any neuron nucleolus hitting the inclusion lines is excluded and nucleolus
profiles hitting the inclusion lines and located inside the frame are counted as dissector particles unless their profile
extends up to the look-up section. The number of neurons from the two dissectors occurs in a volume given by the
product of the counting frame area and distance between the sections. The mean numerical density of neurons of
phrenic nerve root ganglions (NC4pgg) per mm3 was estimated using the following formula: NC4prg = ZQ-N/txA, where
2Q-N is the total number of counted neurons appearing only in the reference sections, t is the section thickness, A and
B are the area of the counting frame (Figures 1 A and B). In this application, the nucleoli of normal neurons marked
with ‘3, 4" are dissector particles on section A as it disappeared in section B. Gross anatomical representation of C4prg

e

is seen in the background of the pictures
NR — nerve root, SC — spinal cord, Rx — radix

tive way of estimating XA for the set of dissectors
is using ZA = XPa, where 2P is the total number of
counting set frame points and a is a constant area
associated with the set point (Figures 2 A and B).
The Cavalieri volume estimation method was used
to obtain the total number of neurons in each spec-
imen [12-14]. The total number of neurons was cal-
culated by multiplication of the volume (mm3) and
numerical density of neurons in each phrenic nerve
Cy4pre- The number of normal and degenerated neu-
rons of C4pgrg Of all animals was counted.

Statistical analysis

Mean density of remaining normal neurons and
respiratory rate/min between the groups were com-
pared statistically. We also checked for a correla-
tion between neuron density and respiratory rate.
Analysis of variance (ANOVA) and Pearson correla-
tion were used during statistical analysis.

Results

The mean neuronal density of C4pgg in the con-
trol group was 13 272 +1201/mm?3 in normal sur-
vivors with a mean respiration rate of 23 +4/min
(Figure 3); the mean normal neuron density of C4prg
was estimated as 11.412 +670/mm? in survivors
with respiratory disturbance, the mean degenerat-
ed neuron density was estimated as 2.240
+450/mm? and mean respiration rhythm was 31
+6/min; the mean normal neuron density of C4pgg
was estimated as 7230 +967/mm?3 in animals with
respiratory arrest, the mean degenerated neuron

density was 5850 +650/mm3, and mean respiration
rhythm was detected as 34 +7/min before arrest
(Figure 4). Results are summarized in Table I. There
was a significant difference in the mean neuron
density of C4prg between all groups (p < 0.01). Res-
piratory rate before death was significantly differ-
ent between the control group and the respiratory
arrest group (p = 0.04). Paralyzed diaphragm was
seen in respiratory arrest developed animals after
SAH (Figure 5). A linear relationship was noted
between the neuronal density in the C4prg and res-
piratory rate (r = -0.758; p < 0.001) (Figure 6).

Discussion

Cerebral arteries, which are innervated by sev-
eral systems, contribute to the autonomic control

Figure 3. Normal diaphragm (M), supplying arteries
(A) and nerves are seen (LM, H + E, 40x)
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Table I. Mean values of some parameters in the subarachnoid hemorrhage groups and the control group

Parameter Control group normal survivors Subarachnoid hemorrhage groups

with respiratory disturbance with respiratory arrest
Normal neuron density 13272 #1202/mm3 11.412 #670/mm3 7230 £967/mm3
Degenerated neuron density - 2.240 +450/mm3 5850 +650/mm3
Respiration rhythm 23 +4/min 31 +6/min 34 £7/min

of cerebral blood flow. Parasympathetic fibers have
vasodilatory effects and sympathetic fibers are
vasospastic on cerebral arteries [15]. Cerebrovas-
cular sensory nerves mainly originating from the
first division of the ipsilateral trigeminal ganglion
are known as the trigemino-cerebrovascular sys-
tem [16]. Trigeminal sensory nerves project to the
ipsilateral cerebral vasculature systems [17]. The
cerebral vasculature, in particular the pial vessels,
are densely supplied with noradrenergic sympa-
thetic nerve fibers mainly originating in the supe-
rior cervical ganglion, accompanying the carotid
artery, and projecting into the ipsilateral hemi-
sphere [18-20]. Because upper cervical ganglions
innervate the anterior spinal arteries (ASA) [21],
ischemic injuries of these structures secondary to
SAH may cause vasospasm of ASA. Because ASA

Figure 4. Degenerated C4pRg is seen of a respiration
arrest developed animal (NN — normal neuron, DN
— degenerated neuron; LM, H + E, 40x)

Figure 5. Paralyzed diaphragm (M), supplying arter-
ies (A) and nerves are seen in a dead animal (LM,

H + E, 40)

also supplies the phrenic nerve roots, ASA vaso-
spasm triggers phrenic nerve ischemia and respi-
ration disorder. Yasargil performed surgical ablation
of the peri-adventitial sympathetic plexus from the
arterial wall during craniotomy for intracranial
aneurysmal clipping, thereby producing chronic den-
ervation, and observed a low incidence of postop-
erative vasospasm [22, 23]. Intracerebral vessels
constrict in response to cervical sympathetic stim-
ulation and dilate when these fibers are interrupt-
ed. Efflux and reuptake of the neurotransmitter
may be prevented by sympathectomy. Retrograde
neuronal death is well established in dorsal root
ganglia (DRG) after peripheral nerve injury or severe
spinal cord trauma [24, 25]. Neuronal death begins
within the first day of peripheral axotomy and is
limited up to 6 months [26]. Physical distance of
the lesion to the cell body is the most important
factor in neuronal death. Neurodegenerative
changes have also been detected in DRG up to
12 weeks following transection of the sciatic nerve or
lumbar spinal nerve roots in adult rats [27]. Not only
motor neurons and DRG cells but also small neurons,
presumably interneurons in the spinal cord, may
undergo neuronal death as a result of neonatal
peripheral nerve transection [28]. The neurodegener-
ation in DRG may result from the migration of
mononuclear cells or apoptosis [29]. After serious
craniocervical trauma, severely damaged DRG neu-
rons were observed [25].

Although Shi et al. have shown that upper cer-
vical ganglions innervate the ASA [21], ischemic
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Figure 6. Scatter diagram showing correlations be-
tween normal neuron density and respiratory rate
in all animals
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injuries of these structures secondary to SAH may
cause vasospasm at the ASA. It is possible that SAH
may cause vasospasm in the arteries supplying DRG
and thus lead to ischemic degeneration in the DRG.
The effects of vasospasm after SAH on DRG neu-
rons are not well known. In the light of these stud-
ies, we propose that vasospasm after SAH can lead
to damage of the third and the second sensorial
neurons of the spino-cortical sensory pathways
and result in neurodegeneration of DRG as seen
after proximal axotomy, and vasospasm after SAH
affecting upper sensory pathways may lead to neu-
rodegeneration in C4pgrg [30]. That is why we inves-
tigated the numbers of normal neurons and degen-
erated neurons in C4prg in vasospasm after SAH.
An estimate of the number of live or degenerated
neurons in C4prg Was the basis of our results.
Because previous counting methods have been
open to bias, we used stereological methods to esti-
mate the number of neurons. Stereology is
a method to relate three-dimensional parameters
of a structure from two-dimensional measurements
obtained in the sections [31-36]. A detailed descrip-
tion of our dissector method was made [12-14, 29].

Diaphragmatic regions are recruited in a spe-
cialized manner either as part of a central motor
unit during non-respiratory maneuvers, or vomit-
ing and esophageal distension, mechanical loading,
lung volume and postural changes [37]. The phrenic
nerve divides into three to four branches when
entering the diaphragm. These branches are clas-
sified as sternal, anterolateral, posterolateral, and
crural [38]. D'Angelo et al. have shown that in
response to respiratory stimuli the rabbit diaphragm
behaves as a single unit under the command of the
central respiratory control system [37]. Increasing
SAH volumes were associated with greater abnor-
malities in the respiratory pattern, consisting of
apnea and hyperventilation. These larger volumes
were also associated with hypoxemia. Morbidity
and mortality increased with increasing volumes of
SAH, and are believed to be the result of a combi-
nation of decreased cerebral and spinal cord blood
flow, respiratory disturbances, and pulmonary dif-
fusion defect [10]. Spinal cord hemisection at the
C2 level interrupts these descending respiratory
pathways to the ipsilateral phrenic motoneurons,
subsequently leading to paralysis of the ipsilateral
hemidiaphragm, dyspnea, and rapid shallow tachyp-
nea. However, breathing function distorted due to
the previously paralyzed hemidiaphragm can be
restored by increasing respiratory drive. Kajana and
Goshgarian suggest that compounds capable of reg-
ulating cAMP levels may be therapeutically useful
in promoting functional recovery following spinal
cord injury [39]. In another study, the authors found
that respiratory failure is related to neurological
outcome following SAH, although it is not com-

monly the primary cause of death from medical com-
plications [11]. Lleva et al. studied electrocardio-
graphic abnormalities after ischemic stroke and
intracerebral hemorrhages and subarachnoid hem-
orrhage. However, they did not also mention
phrenic nerve ischemic insults in their studies. We
observed that phrenic nerve ischemia can result in
important electrocardiographic abnormalities after
SAH [40]. Because the phrenic nerve supplies
somatosensory innervation of cardiorespiratory
trees, phrenic nerve root injuries should be con-
sidered as an important factor in the development
of cardiorespiratory disturbances after SAH, menin-
gitis, craniocerebral tumors and traumas. Although
many authors have declared that the cause of car-
diorespiratory disturbances is related to trigeminal
nerve networks [41-43], we found that ischemic
lesions of phrenic nerve roots after SAH may be
considered an important etiological agent in such
pathologies, which has not been mentioned in the
literature. In the present study we examined the
neuron density of C4pgrg from rabbits with experi-
mental SAH using a cisternal blood injection mod-
el. This model is widely used to study the process-
es involved in the development and maintenance
of cerebral vasospasm. We found low normal neu-
ron density and high degenerated neuron density
of C4prg in experimental SAH with respiratory dis-
turbances and an inverse relationship between the
degenerated neuronal density in the C4prg and res-
piratory rate. Paralyzed diaphragms were seen in
animals with respiratory arrest due to SAH. Kanat
et al. showed that the neuron density of C3 dorsal
root ganglia may be an important factor in the reg-
ulation of ASA volume values and the continuation
of spinal cord blood flow in SAH [44]. We think that
vasospasm after SAH affecting upper sensory path-
ways may lead to neurodegeneration in C4prg and
can cause abnormalities in the respiratory pattern.
Also it may be postulated that the neuron density
of C4prg May be an important factor in the regula-
tion of respiratory and non-respiratory maneuvers
of the diaphragm, vomiting, esophageal distension,
mechanical loading, lung volume, and postural
changes. The low neuron density of C4prg due to
vasospasm in SAH may cause dysfunction of the
phrenic nerve and can be considered as an impor-
tant factor affecting morbidity and mortality
because of disturbed control of respiratory and non-
respiratory maneuvers of the diaphragm.

In conclusion, in this study, it was found that
SAH resulted in neurodegeneration in DRG and neu-
ron density of C4prg Mmay be an important factor in
the regulation and continuation of respiration. Low
neuron density of C4prg may be considered as an
important factor in the pathogenesis of severe res-
piratory disturbances in SAH.
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