
EAJM 2010; 42: 47-52Original Article

The Contribution of Chemoreceptor-Network Injury to the Development 

of Respiratory Arrest Following Subarachnoid Hemorrhage

Subaraknoid Kanamada Nöral Kemoreseptör Yol Hasarının Solunum Arresti Gelişimine 

Etkisi: Deneysel Çalışma

Mehmet Dumlu Aydin1, Atilla Eroglu2,  Atila Turkyilmaz2, Ali Fuat Erdem3, Hacı Ahmet Alıcı3, Nazan Aydin4, Sare Altas5, Bunyami Unal6

Department of Neurosurgery1, Thoracic Surgery2, Anesthesiology and Reanimation3, Psychiatry4 Pathology5 and Histology6, Medical Faculty, Ataturk University, Erzurum, Turkey

Correspondence to: Mehmet Dumlu Aydin, Department of Neurosurgery, Medical Faculty, Ataturk University, 25240 Erzurum, Turkey

Phone: +90 442 316 63 33-2420 Gsm: +90 532 322 83 89 e-mail: nmda11@hotmail.com 

doi:10.5152/eajm.2010.16

Abstract
Objective: Respiratory arrest following brainstem herniation has been attrib-

uted to injuries resulting from compression of the respiratory centers. While it 

is widely perceived that the chemoreceptor network, consisting of the glos-

sopharyngeal nerve and carotid body (GPN-CB), is essential for the modulation 

of respiration, its contribution to the development of respiratory arrest has not 

been investigated. Therefore, the aim of this study was to investigate whether 

injury to the GPN-CB occurs in animals with respiratory arrest caused by experi-

mentally-induced subarachnoid hemorrhage. 

Materials and Methods: Eighteen hybrid rabbits were used in this study. Four 

rabbits (n=4) were used to determine the normal structure of the GPN-CB. The 

remaining rabbits (n=14) received an autologous blood injection into the cis-

terna magna to produce a subarachnoid hemorrhage, after which they were 

observed for 20 days. The number of axons and the neuron density in the glos-

sopharyngeal nerve and carotid body, respectively, were counted by stereologi-

cal methods. The Mann-Whitney U test was used to analyze the results.

Results: Six of 14 rabbits died within the fi rst week, likely due to brain swelling 

and crushing injuries that were observed in the brain stem and related struc-

tures. In control rabbits, the average neuronal density of the carotid body was 

4250 ±1250/ mm3, while the axonal density in the glossopharyngeal nerve was 

18000±5100 mm2. Conversely, in the dead rabbits, the degenerated neuron 

density of the carotid body was 2100±500/ mm3, while the degenerated axon 

density in the glossopharyngeal nerve was 8500±2550 mm2. In addition, his-

topathological lesions were more severe in the dead rabbits in terms of their 

glossopharyngeal nerve and carotid body.

Conclusion: There is an important relationship between neurodegeneration 

in the GPN-CB and mortality rates following experimentally-induced hemor-

rhage. This relationship suggests that injury to the GPN-CB network disrupts 

the breathing refl ex and results in respiratory arrest following a subarachnoid 

hemorrhage (SAH).  
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Özet
Amaç: Beyin sapı herniasyonu sonucu gelişen solunum arresti, respiratu-

var merkezlerde olan nöronal injuriye bağlanmıştır. Kemoreseptör yolunu 

oluşturan glossofaringeal sinir ve karotid cisim (GPN-CB) sinir ağlarının so-

lunum düzenlenmesindeki hayati önemi kesin bilinmesine rağmen beyin 

sapı patolojilerinde oluşan solunum arrestindeki rolleri henüz araştırılma-

mıştır. Bu çalışmanın amacı, subaraknoid kanamalarda oluşması muhtemel 

GPN-CB nöral devrelerdeki hasarın solunum arresti gelişimindeki etkisini 

araştırmaktır. 

Gereç ve Yöntem: Bu çalışmada 18 hibrit tavşan incelendi. 4 tavşan GPN ve 

CB’nin normal yapısını belirlemek için kullanıldı. Kalan tavşanların sisterna 

mangalarına otolog kan verilerek subaraknoid kanama oluşturuldu ve 20 

gün sonra tavşanlar incelendi. GPN’in akson sayısı ve CB’nin nöron sayısı 

stereolojik metotlarla hesaplandı. Sonuçlar Mann-Whitney U testi ile analiz 

edildi.

Bulgular: Ondört tavşanın 6’sı ilk hafta içinde öldü. Ölen hayvanların be-

yin sapı ve komşu yapılarında ödem ve ezilme gözlendi. Normal tavşan-

larda CB’nin ortalama nöronal yoğunluğu 4250±1250/mm3, GPN’in ak-

sonal yoğunluğu 18000±5100/mm2 olarak hesaplandı. Ölen tavşanlarda 

CB’nin dejenere nöron sayısı 2100±500/mm3, GPN’in dejenere akson sayısı 

8500±2550/mm2 olarak hesaplandı. GPN-CB nöral ağında oluşan hasar ölen 

tavşanlarda daha şiddetliydi.  

Sonuç: GPN ve CB’nin nörodejenerasyonu ve mortalite oranı arasında 

önemli bir ilişki vardır. Solunum regülasyonunda önemli bir nöral devre 

olan GPN-CP arkı subaraknoid kanamalarda iskemik ve mekanik hasarlara 

uğrayarak solunum arrestine neden olabilir.  

Anahtar Kelimeler: Glossofaringeal sinir, Karotid cisim, Solunum arresti, 

Subaraknoid kanama 
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Introduction

The generation and continuation of respiration is dependent 

on a central driving force that consists of inspiratory and expira-

tory pump muscles. Respiration is modulated by neural, chemical, 

behavioral, voluntary, and mechanical inputs. All respiratory inputs 

generated by baroreceptors, chemoreceptors, pulmonary receptors, 

mechanoreceptors, and respiratory centers are transmitted and inte-

grated by the somatic, sympathetic, and parasympathetic nerves [1]. 

Defects of the glossopharyngeal and vagus nerves can result in signifi-

cant impairments in speech, swallowing, and breathing [2]. One of the 

most important peripheral autonomic neural pathways for respiration 

consists of the carotid body (CB) and glossopharyngeal nerve (GPN) 

[3]. The CB contains chemoreceptors that can detect hypoxia, hyper-

carbia, and changes in blood pH. The primary afferent neurons of the 

GPN then transmit information from the CB to the solitary nucleus. 

Some chemoreceptor afferents help mediate respiration in response 

to hypercarbia and hypoxia through their synaptic connections with 



neurons in the central respiratory networks, autonomic centers, and 

the reticular formation [4]. Studies have shown that GPN injuries can 

cause severe airway obstructions and produce respiratory distur-

bances [5, 6]. Subarachnoid hemorrhage (SAH) can also cause respira-

tory arrest, which may result from severe brain edema and lesions to 

respiratory centers in the first days following the brain hemorrhage 

[7]. While injury to respiratory centers may result in respiratory arrest 

in SAH [8], the results from the current study indicate that SAH not 

only causes crushing injury to respiratory centers but also results in 

denervation of the CB due to radical injury to the GPN. 

Materials and Methods

Eighteen hybrid rabbits that were approximately 2-years old and 

were 3.5 ± 0.03 kg were used in this experiment. Animal husbandry 

and the experimental protocol followed guidelines outlined by the 

National Institutes of Health, and the study design was approved by 

the Committee on Animal Research at Ataturk University, Erzurum, 

Turkey. All animals were closely monitored for electrocardiographic 

and respiratory irregularities. Four rabbits (n=4) were used as a con-

trol group for measuring normal cellular and axonal density in the 

GPN, CB and brain. The remaining rabbits (n=14) were food-deprived 

for 6 hours prior to surgery. Anesthesia was maintained throughout 

surgery to reduce pain and mortality. Anesthesia was first induced 

using isoflurane through a face mask, after which 0.2 mL/kg of the 

anesthetic combination of ketamine and xylazine (ketamine HCL, 

150 mg/1.5 mL; xylazine HCL, 30 mg/1.5 mL; and distilled water, 1 

mL) was subcutaneously injected. During the surgical procedure, 0.1 

mL/kg of this anesthetic combination was used to maintain anes-

thesia. In nine animals (n=9), 0.5 mL of autologous blood was taken 

from the auricular artery and injected into the cisterna magna over 

1 min using a 22-gauge needle. The other animals (n=5) were used 

as a control group (SHAM) and underwent the same procedure, but 

they received injections of isotonic saline. Animals were observed for 

20 days without any medical treatment prior to being sacrificed. The 

GPN and CB were removed from all brains bilaterally and stored in 10% 

formalin solution for 7 days. Tissue was sectioned at 1 μm and stained 

using hematoxylene and eosin so that the tissue could be examined 

using stereological methods. Cellular shrinkage, cellular angulation, 

cytoplasmic condensation, and volume reduction were accepted as 

the criterion for neuronal degeneration in the CB. Axonal thinning and 

break-down were accepted as signs of axonal injury to the GPN. 

To estimate the total number of axons in the GPN, the fraction-

ation technique was used after the total number of cross sections 

from the GPN was obtained. The number was evaluated by estimat-

ing the number of axons in the GPN using an unbiased counting 

frame. The microscope had two attachments, a camera that trans-

mitted information to a PC and two dial indicators with arms for 

mounting the microscope stage. The dial indicators (5 μm resolution) 

that were mounted on the microscope were capable of measuring 

the stage’s movement in the X and Y directions. Images of the GPN 

cross sections were obtained according to a basic sample procedure 

using systematic and random stereological principles as outlined 

by Gundersen (1988) and were recorded with the camera. Then two 

unbiased counting frames of known size were mounted and sent to 

the PC. To estimate the mean number of normal and degenerated 

axons in the GPN, the axial sections of the GPN were divided into 

eight equal angle slices, and the number of axons in each slice were 

added together.

The physical dissector method was used to evaluate the num-

ber of neurons in the CB. This method has several advantages in 

that it 1) easily estimates the number of particles, 2) is both readily 

performed and intuitive, 3) does not make assumptions about the 

particle shape, size and orientation, and 4) is unaffected by overpro-

tection and truncation. Two consecutive sections (dissector pairs) 

were obtained from tissue samples with named references and 

were mounted on each slide. Reference and look-up sections were 

reversed to double the number of dissector pairs without taking new 

sections. The mean numerical density of normal and degenerated 

neurons (per mm3) in the CB (NvGN) were estimated using the fol-

lowing formula, where SQ-N is the total number of counted neurons 

appearing only in the reference sections, t is the section thickness, 

and A is the area of the counting frame:

 NvGN = SQ-N/txA

The Cavalieri volume estimation method was used to obtain 

the total number of neurons in each specimen. The total number of 

neurons was calculated by multiplying the volume (mm3) and the 

numerical density of neurons in the CB. The number of living and 

degenerated neurons in the GPN and CB of all animals was counted. 

Data analysis was performed using the Mann-Whitney U test.

Results

Six animals in the experimental group (n=6) and two animals in 

the SHAM group (n=2) were dead within the first week after surgery. 

Neck stiffness, unconsciousness, convulsive attacks, fever, apnea, 

cardiac arrhythmia, and breathing disturbances were observed in all 

dead animals. 

In control animals, the heart rate was 260±25/min, the respiratory 

rate was 33±8/min and the blood oxygen concentration was 90±5%. 

Soon after inducing SAH, the heart rate decreased to 140±40/min, 

48                  Aydin et al. Respiratory Arrest in Subarachnoid Hemorrhage EAJM 2010; 42: 47-52

Figure 1. Basal view of a brain with massive SAH in a deceased animal. Note the 
incisura of the foramen magnum in the lower medulla.



the respiratory rate was 17±6/min, and the blood oxygen concentra-

tion was 75±10%. Considerable electrocardiographic changes were 

observed such as ST depression, ventricular extrasystoles, bigeminal 

pulses, QRS separation, and fibrillations. However, in the late phase of 

fatality-inducing SAH, the heart rate increased to 330±30/min. When 

analyzing respiratory parameters, both decreased respiration fre-

quency (bradipne) (17±6) and increased respiratory amplitudes (35%) 

were observed in the first hours following SAH. However, at longer 

intervals following SAH, increased respiration frequency (tachipne) 

and decreased respiration amplitude (32±8%) were observed, result-

ing in shortened inspiration, a longer expiration time, apne-tachypnea 

attacks, diaphragmatic breath and respiratory arrest (10±4).

An example of the gross pathologic appearance of brains from 

rabbits that died from massive SAH is given in Figure 1. These brains 

had swelling and compression of the foramen magnum in the 

lower medulla. The method for assessing axon numbers is shown in 

Figure 2, while the normal histological appearance of the GPN has 

been magnified in Figure 3. Axonal swelling, periaxonal thinning, 

axonal loss, and interaxonal vacuolizations were used as the criteria 

for determining axonal degeneration (Figure 4). The numerical den-

sity of normal axons in the GPN was 18000±5100 mm-2 in normal rab-

bits and 16200±1500 mm-2 in surviving animals. The number of live 

axons was 12500±3650 axon/mm2 in the surviving animals, but there 

were only 8500±2250 axon/mm2 live axons in the dead animals. 

Hence, the number of live axons in the GPN of surviving animals was 

significantly higher than those found in the dead animals (p<0.005). 

Similarly, there were significantly fewer degenerated axons in the 

surviving animals than in the dead animals (p<0.001). 

The mean total volume of the CB was calculated to be 0.8±0.2 

mm3. The histological appearance of normal neurons in the CB and 

the number of neurons in the CB (estimated using physical dissec-

tor pairs) are presented in Figure 5 A-B. Using histopathological 

examination, the criteria for neuronal degeneration in CB neurons in 

deceased animals was cytoplasmic condensation, nuclear shrinking, 

cellular angulations, and peri-cytoplasmic halo formation secondary 

to cytoplasmic regression (Figure 6). The mean neuronal numerical 

density in the CB was 4250±1250 mm-3. In the surviving animals, 

a majority of CB neurons were living (4000±750), and the numeri-

cal density of degenerated neurons was 250±50. However, in the 

dead animals, a large number of CB neurons were degenerated 

(2100±500), and the numerical density of living CB neurons was only 

2300±250. Hence, relative to the surviving animals, dead animals 

had significantly more degenerated neurons (p<0.0001) and signifi-

cantly fewer live neurons (p<0.001). Table 1 shows the mean number 

of live and degenerated neurons in the CB of both the surviving and 

dead animals.
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Table 1. The average live and degenerated neuron density (neuron 

numbers/mm3) in the CB of normal, surviving, and dead rabbits. The dif-

ference in the number of degenerated neurons between the dead and 

surviving animals was significant (p<0.0001) (CB: Carotid Body)

 Live Degenerated

Normal  4250±1250 10±3

Living animals 4000±150 250±50

Dead animals 2300±250 2300±450

Figure 2. Histopathological appearance of GPN axons in a normal rabbit. To 
estimate the mean number of GPN axons, an axial section of the GPN was divided 
into eight equal angle slices, and the number of axons in each slice was summed 
together (GPN, LM, H&E, x 40). 

Figure 4. Normal axons (NA) and degenerated 
axons (DA) in the GPN of animals that died following 
SAH, shown under magnification (LM, H&E, x100).

Figure 3. Normal axons (NA) in the GPN shown 
under magnification (LM, H&E, x100).

Figure 3 Figure 4



In addition, there were significant differences between groups 

in the number of degenerated axons in the GPN and the number of 

degenerated neurons in the CB (p<0.0001). Table 2 shows the mean 

number of live and degenerated axons in the GPN as well as the 

number of CB neurons in both the surviving and dead animals.

Lastly, there were significant differences between groups when 

comparing the number of degenerated axons in the GPN, the num-

ber of degenerated CB neurons, and the frequency of respiratory 

rhythm irregularities (p<0.0001) (Table 3).

Discussion

The generation and modulation of respiration is dependent on 

a central driving force consisting of inspiratory and expiratory pump 

muscles. Importantly, respiration can be modulated by many chemi-

cal, mechanical, and neural inputs. Autonomic control of respiration 

depends on peripheral sensors, including arterial baroreceptors and 

chemoreceptors, pulmonary and muscular mechanoreceptors, and 

afferent and efferent autonomic pathways. Respiratory functions 

can also be affected by the endocrine system, behavioral and vol-

untary states, and various molecular factors [9]. The neural network 

responsible for chemoreception consists of the GPN and CB. The 

GPN and vagal nerves are responsible for carrying all of the sensory 

afferent fibers, including those from baroreceptors, chemoreceptors, 

and pulmonary receptors. Respiratory afferents first interact in the 

solitary nucleus before subsequently interacting in the respiratory 

nucleus of the brainstem. The efferent inputs that are necessary to 

maintain continuous functioning of the respiratory system include 

the GPN, vagal nerve, sympathetic nerves, somatosensitive nerves, 

and somatomotor nerves. The viscerosensitive nerve endings of the 

GPN and vagal nerves are important for initiating breathing reflexes 

and regulating autonomic control over respiration [1]. The basic 

neural circuitry of the CB consists of relays between itself, the GPN, 

and the respiratory center complex, the latter of which consists of 

the pneumotaxic, apneustic, inspiratory, and expiratory nucleus of 
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Figure 5 (A-B). NPhysical dissector pairs of carotid bodies 
seen in rabbits. In the application of the physical dissector 
method, micrographs in the same fields of view (a,b) are 
taken from two parallel, adjacent thin sections separated 
by a distance of 5 mm. The upper and right lines of an unbi-
ased counting frame represent the inclusion lines, while the 
lower and left lines (including the extensions) represent the 
exclusion lines. Any neuron nucleolus hitting the inclusion 
lines is excluded, while nucleolus profiles that hit the inclu-
sion lines and are located inside the frame are counted 
as dissector particles unless their profile extends into the 
look-up section. The neurons from the two dissectors have 
a volume calculated by taking the product of the counting 
frame and the distance between the sections. The numeri-
cal neuron density is calculated by the equation, NvGN = 
ΣQ–GN/txA. In this application, the nucleoli marked with 
‘1,4’ are dissector particles. In contrast, nucleoli marked 
with ‘2,3’ are not dissector particles in section A because 
they disappeared in section B (H&E, 200, LM).

Table 2. The estimated numerical density of GPN axons (axon density/

mm2) in each group. There were significant differences in the number 

of degenerated axons between the living and dead animals (P<0.001)

 Live Degenerated

Normal (Axon density mm-2) 18000±5100 10±2

Living animals 16200±1500 1650±750

Dead animals 9500±3650 8500±2550

Figure 6. A magnified histopathological image of the CB from a dead animal. 
Cytoplasmic condensation, nuclear shrinking, angulation, and peristoplasmic halo 
formation were all observed in this tissue (NN, Normal Neuron; DN, Degenerated 
neuron), (LM, H & E, x 100, LM).

Table 3. The average degenerated axon density (DA/mm3) in the GPN 

and the respiratory frequency (f/minute) in normal, surviving, and dead 

rabbits. The differences in the number of degenerated axons in GPN as 

well as the respiratory frequency were significantly different in dead 

animals relative to surviving animals (p<0.0001)

 DA/mm3 f/minute

Normal  10±2 33±8

Living animals 1650±750 28±7

Dead animals 8500±3650 10±4



the brain stem [5]. Peripheral chemoreceptors in the CB detect minor 

changes in oxygen and carbon dioxide-hydrogen levels in the blood-

stream. In the GPN, the primary afferent nerve terminals extend from 

the petrosal ganglia to transmit information to the solitary nucleus 

of the brain stem. The primary chemoreceptor afferents from the 

petrosal ganglia synapse with parasympathetic and presympathetic 

neurons in the brain stem and, as a result, can mediate cardiovas-

cular responses to hypercarbia and hypoxia. Ischemia in the lower 

brain stem produces concomitant changes in tissue oxygen, carbon 

dioxide partial pressures, and acidosis, thereby causing intense vaso-

constriction and increased ventilation [4]. Chemoreceptors located 

close to the ventral surface of the medulla respond to changes in 

CO2 and pH levels of the cerebrospinal fluid. Chemical information 

coming from the surface areas of the medulla are integrated with 

information from the CB at respiratory centers [9]. In this situation, 

the sensitivity of the chemoreceptors can change, producing a cha-

otic state at centers that regulate pH of the body. 

SAH is defined as blood leakage in the subarachnoid space, 

cisterns, and sometimes in the brain ventricles. SAH can be exper-

imentally-induced by injecting autologous blood into the cisterna 

manga, which creates pathological processes highly similar to those 

of spontaneous SAH. Vasospasm and disrupted cerebral autoregula-

tion are the most serious problems during the progression of SAH. 

Severe SAH can produce loss of cerebral autoregulation, while 

microvascular aggregation of red blood cells may also cause acute 

ischemic damage [10, 11]. As SAH progresses, ischemia may be 

worsened by the swelling of the perivascular astrocytes and neurons, 

endothelin-induced ischemic insult, and increased cerebrovascular 

resistance [12]. High blood pressure may create an even more severe 

outcomes following SAH [13]. The mortality rate following SAH is 

about 25% within 24 hours and 45% within 30 days due to lower 

brain herniation [14]. A profound elevation in intracranial pressure 

is an important factor in the development of brain herniation [15]. 

While decreases in cerebral blood flow and cerebral perfusion pres-

sure are significant factors contributing to early mortality [15], injury 

to the CB peripheral network is also an important concern. 

The CB contains the main arterial chemoreceptors, which are 

characterized by having high blood flow, an elevated metabolism, 

and oxygen-sensing functions and being susceptible to damage 

following changes in arterial blood pH. They also have a vital role 

in mediating cerebrovascular and respiratory autoregulation. As a 

result, vasoactive molecules produced by the CB may modulate che-

mosensory processes by controlling CB blood flow and tissue PO2. 

Chemosensitive units in the CB are glomoid structures comprised 

of glomus cells clustered around the capillaries. Glomus cells are 

synaptically connected to nerve terminals of the petrosal ganglion 

neurons via the GPN [16]. Glomus cells respond to hypoxia, hyper-

capnia, and acidosis by releasing appropriate transmitters and creat-

ing a chemosensory discharge that stimulates the sensory petrosal 

ganglion neurons [17].

The CB undergoes significant morphological and functional 

changes following alterations in oxygen concentration [18] as well 

as hypoxia-induced glomus cell secretion. However, its ability to 

respond to such changes decreases with age [19]. The expanded vas-

culature in a chronically-hypoxic CB returns to the normoxic control 

state in early-ending hypoxia approximately 8 weeks after the ter-

mination of hypoxia [20, 21]. Chronic hypoxia causes enlargement, 

hyperplasia, and neo-vascularization of the CB [3]. In addition, high 

altitudes and decreased oxygen pressure can also cause the CB to 

exhibit increased activation of the afferent nerves [22]. CB dysfunc-

tion can also result in failure or arrest of cerebrovascular and respira-

tory autoregulation [7]. The baroreflex failure syndrome occurs after 

the bilateral excision of the CB [23]. Baroreceptor denervation results 

in temporary or permanent increases in blood pressure [24]. CB 

tumor resection and neck irradiation result in severe hypertension 

and tachycardia attacks [25]. Recovery from neuronal damage to the 

CB following ischemia may be facilitated via early revascularization 

of the CB by posterior cerebral circulation [26]. It has been postulated 

that neuronal deterioration or functional deficiencies of the CB can 

actually worsen a patient’s prognosis following SAH. Brief periods 

of fetal hypoxia have been shown to produce neuronal death in 

the cerebellum, hippocampus, and cerebral cortex and can actually 

cause death stemming from tonsillar herniation [27]. Over time, CB 

degeneration occurs and chemoreflex mechanisms are destroyed 

[28]. Cholinergic inputs from both the hypothalamus and CB to the 

GPN are activated by hypotension [29].

Foramen magnum lesions are an important cause of acute respi-

ratory insufficiency. Both cerebellar ectopia and syringomyelia may 

have symptoms including progressive nocturnal hypoventilation, 

obstructive sleep apnea, and sometimes sudden respiratory arrest 

[30]. In Chiary Type I, compression of the GPN by the cerebellar 

tonsils may cause cardiac syncope given that symptoms disappear 

after surgical treatment [31]. Ultrastructural and histopathological 

changes have been reported in denervated CB neurons [32]. The 

carotid branch of the GPN transsection can lead to severe CB degen-

eration [33]. Despite the hypothalamus’ important role in modulat-

ing cardio-respiratory reflexes, it fails to affect the CB in animals with 

denervated neurons [5]. GPN injuries can cause severe obstruction 

of the airways due to pharyngeal muscle paralysis, hypertension, 

and respiration disorders [6]. Evidence has suggested that the her-

niated brain may cause compression of the GPN rootlets and vasa 

nervorum, thereby leading to GPN damage. GPN injury may result 

in CB denervation and atrophy such that respiratory reflexes are 

subsequently disrupted. 

The present study principally assessed the relationship between 

degenerated GPN axons and CB neurons in animals that either sur-

vived or died following SAH. The methods used to estimate the num-

ber of live and degenerated GPN axons and CB neurons were of an 

important consideration. Because previous counting methods have 

been shown to be biased, we chose to use stereological methods for 

these calculations. Stereology is a superior mathematical method for 

abstracting three-dimensional measurements from two-dimension-

al structures and for dealing with quantitative factors such as shape, 

size, number, and orientation in space [8, 34, 35].

According to our stereological analyses, neurodegenerative 

changes in the GPN and CB were more evident in cases where the 

SAH treatment was fatal. The differences between the number of 

broken axons in the GPN and the number of degenerated neurons 

in the CB were less robust in the surviving animals (p<0.005) than in 

animals that had fatalities (p< 0.0001).

Brain-stem herniation is known to be one of the most important 

factors in both the etiology of respiratory disturbances and sudden 

death in neurosurgical practices. According to current research, neu-

rochemical pathways including the GPN and CB have an important 

role in regulation of respiratory rhythm, maintenance of blood flow, 

and cerebral autoregulation. Even though damaged respiratory 
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centers can cause respiratory arrest during brain-stem herniation, 

the histopathological changes that occur in the GPN and CB have 

not previously been investigated. The present experimental results 

indicate that brain-stem herniation can crush the GPN and blood 

vessels, resulting in injury to the GPN and CB. Therefore, crushing 

injuries of the GPN and CB may be a likely cause of respiratory arrest 

in fatal SAH.

In summary, a herniated brain stem may compress the GPN and 

related vascular units, thereby causing GPN damage and dener-

vation atrophy of CB neurons. As a result, mechanical, chemical, 

sensitive, and autonomic impulses that are critical for stimulating 

respiration cannot be transmitted to respiratory regulating centers. 

Because normal respiration is impossible in brain stem pathologies 

due to upper respiratory muscles paralysis, respiratory arrest may 

be inevitable as SAH progresses. GPN-CB network injury should be 

taken into consideration as a cause of respiratory arrest, and new 

treatments should be investigated to prevent injury to the GPN-CB 

in these situations. 
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