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Abstract 
Background: Subarachnoid hemorrhage (SAH) is associated with severe vaso-
spasm caused by a variety of neurochemical mechanisms. The anterior choroid 
arteries (AChAs) are innervated by vasodilated fibers of the trigeminal ganglion 
(TGG). The goal of this study was to determine whether there is a relationship 
between the neuron density of the TGG and the severity of AChAs vasospasm 
with SAH.
Methods: Thirty-two rabbits were used for the study; eight served as the baseline 
control group, seven as a SHAM group, with injections of 1 cc of isotonic saline 
solution, and 17 rabbits were included in the experimental SAH group, with injection 
of homologous blood into the cisterna magna. After 10 days, the histopathology 
of the AChAs and TGGs were examined. The AChAs vasospasm index (VSI) of 
the external/internal diameter and the neuron density of the ophthalmic root of the 
TGGs were evaluated stereologically. The AChAs VSI was preferred -- a measure of 
the degree of vasospasm. As the VSI increased, the degree of arterial vasospasm 
increased. The results were statistically analyzed.
Results: The mean AChAs VSI was significantly higher and the mean neuronal 
density of the ophthalmic root of the TGG was significantly lower in the group with 
severe vasospasm associated with SAH compared to the controls, SHAM, and the 
group with mild vasospasm associated with SAH (P< 0.05). The ophthalmic root 
of the TGG neuron density in the 7 rabbits that developed severe vasospasm was 
statistically less than that observed in the 10 rabbits with mild vasospasm. There 
was a linear relationship between the low neuronal density in the ophthalmic root 
of the TGG and the severity of the AChA vasospasm.
Conclusions: The trigeminal ganglion neuron density may be an important factor 
in the regulation of AChAs diameter and cerebral blood flow. Low neuron density 
of the ophthalmic root of the TGG may play a role in the pathogenesis of AChAs 
vasospasm associated with SAH.
Key Words: Anterior choroid artery, neuron density, subarachnoid hemorrhage, 
trigeminal ganglion, vasospasm, vasospasm index 
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INTRODUCTION

Cerebral vasospasm is a serious complication of 
subarachnoid hemorrhage (SAH); delayed narrowing 
of the large capacity arteries and cerebral vasospasm 
are associated with significant morbidity and mortality 
following a SAH.[6] The anterior choroid artery (AChA) is 
the most important branch of the supraclinoid segment 
of the ICA. It supplies the optic tract, uncus, lateral 
part of the geniculate body, posterior two-thirds of the 
posterior limbs of the internal capsule, optic radiation, 
and choroid plexus of the lateral ventricles. The classical 
features of AChA occlusion include contralateral 
hemiplegia, hemianesthesia and hemianopsia. Vasospasm 
of the choroid arteries may be severe when a SAH causes 
damage to the choroid plexus. This can affect structures 
that play an important role in immune, endocrine, 
detoxifying, thermoregulatory, and secretory functions of 
the brain; such abnormalities are associated with a poor 
prognosis.[10,23,25,30,31] The response of AChAs, in a rabbit 
model of SAH, was evaluated in this study.

The cerebral arteries are innervated by several systems 
that contribute to the autonomic control of cerebral 
blood flow. Parasympathetic fibers affect vasodilation 
and sympathetic fibers cause vasospasm of the cerebral 
arteries.[16] Cerebrovascular sensory nerves originate 
mainly from the first division of ipsilateral trigeminal 
ganglion (TGG), known as the trigemino-cerebrovascular 
system.[2,19,32] Trigeminal sensory nerves project to the 
ipsilateral ICA, MCA, ACA, the rostral part of the basilar 
artery, the PCA, and the AChA.[1] 

Neuro-humoral mechanisms have been suggested as 
important factors associated with the cerebral artery 
vasospasm after a subarachnoid hemorrhage.[5,6,22,29] The 
goal of this study was to determine the relationship 
between the number of neurons in the ophthalmic root 
of the TGG and changes in the diameter of the AChA, 
associated with SAH-induced vasospasm.

MATERIALS AND METHODS

Thirty-two anesthetized, adult male New Zealand rabbits 
were used for this study. The Ethics Committee of 
Atatürk University, Medical Faculty, approved the animal 
protocols. Animal care and experimental protocols were 
conducted according to the guidelines set forth by the 
same ethics committee. The animals were randomly 
divided into three groups: SAH (n=17), isotonic saline 
solution (SHAM; n=7), and control (n=8) groups. A 
balanced, injectable anesthetic was used to reduce pain 
and mortality. Anesthesia was induced with isoflurane, 
given by a facemask, and 0.2 mL/kg of the anesthetic 
combination of Ketamine HCL, 150 mg/1.5 mL; Xylazine 
HCL, 30 mg/1.5 mL; and distilled water, 1 mL, was 
subcutaneously injected prior to the surgery. All animals 

were monitored for changes in the electrocardiogram, 
respiration patterns, and blood oxygen concentration 
during the experiment. All parameters were recorded by 
a camera and analyzed by physicians that did not know 
to which experimental group the individual animals 
belonged. During the procedure, a dose of 0.1 mL/kg of 
the anesthetic combination was used when required. In 
17 (n=17) of the animals, autologous blood (0.5 mL) was 
taken from the auricular artery. While the head of the 
animal was held in a hyperflexed position, the posterior 
notch of the foramen magnum was identified, and the 
cisterna magna was entered; CSF was then aspirated. 
When the identification of the cisterna magna was 
confirmed, blood was injected using a 22-gauge needle, 
over about 1 minute, in the SAH group; 1 mL of isotonic 
saline solution was injected in the same way in the seven 
(n=7) animals of the SHAM group. The remaining 
eight (n=8) animals not subjected to this procedure 
were considered the control group. The animals were 
followed for 10 days without any medical treatment 
and then killed. The time was selected based on relief 
of the vasospasm. The number of ganglion neurons is 
thought to be associated with vasospasm. The effects of 
SAH on vasospasm were studied by the removal of all 
AChAs and trigeminal ganglia, bilaterally, for histological 
examination. Specimens were stored in a 10% formalin 
solution for 7 days, after which 5 µm tissue sections were 
cut and stained with hematoxylin and eosin. 

To estimate the neuron density of the ophthalmic division 
of the trigeminal nerve, all trigeminal roots, together 
with their ganglions, were extracted bilaterally. The 
specimens were then horizontally embedded in paraffin 
blocks to evaluate all roots during the histopathological 
examination. The physical dissector method[27] was used 
to evaluate the number of neurons in the TGG. The 
advantages of this method are that it easily estimates 
particle number; can be readily performed; is intuitively 
simple; is free from assumptions about particle shape, 
size, and orientation; and is unaffected by overprotection 
and truncation. Two consecutive sections (dissector 
pairs) obtained from tissue samples with named 
references were mounted on each slide. The reference 
and look-up sections were reversed to double the 
number of dissector pairs; this eliminated the need for 
obtaining new sections. The mean neuronal density of 
the ophthalmic root of the TGG (NvGN) per mm3 was 
estimated using the following formula: NvGN = ΣQ − 
N/t × A, where ΣQ − N is the total number of counted 
neurons appearing only in the reference sections, t is 
the section thickness, and A and B are the areas of the 
counting frames [Figure 1a, b]. The Cavalieri volume 
estimation method was used to obtain the total number 
of neurons in each specimen.[8,12,27] The total number 
of neurons was calculated by multiplying the volume 
(mm3) and the numerical density of neurons in each 
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TGG. In addition, the mean number of neurons in the 
ophthalmic division of the TGG was counted bilaterally 
in every animal [Table 1].

The AChAs were obtained from the coronal brain 
sections at the level of the AChAs entering into the 
lateral ventricles. They were also stained with H&E. 
For the calculation of the vasospasm index of the 
AChAs, all AChAs were accepted as a cylinder, in view 
of their morphological characteristics; simple geometric 
formulas were used to estimate their wall ring values. 
As a measure of the degree of vasospasm, the use of 
the AChAs vasospasm index was preferred to use of 
only measurements of the lumen radius; it can be 
readily performed, is intuitively simple, more reliable, 
free from assumptions about vessel diameter of various 
segments and is unaffected b y  overestimation errors of 
the radius of the AChAs. The AChAs of all animals were 
cut 20 segments away from the point where the internal 
carotid arteries entered the choroid plexus. Then, 20 
histopathology sections, 5 µm apart, were obtained, 
using a microtome, for each designation, and are 
represented by the lines 1, 2, 3,… and 20. The average of 
10 diameters, of 10 cross-sectional areas, was recorded as 
the mean diameter. A single line in the figures represents 
one of them. The mean external and internal (luminal) 
diameters of each section was measured; the external 
radius is represented by R1 and the internal radius is 
represented by r1. The mean external radius of the 
anterior choroid arteries was calculated as R1 = R1 + R2 
+ R3 +….R20/20; the lumen radius was calculated as r1 
= r1 + r2 + r3 +….r20/20 [Figure 2]. The wall ring surface 
values were calculated using the following formula: S1 = 
πR1

2 – πr1
2. The lumen surface area was calculated using 

the same method. Therefore, the lumen surface value (S2) 
= πr1

2. The vasospasm index (VI) was calculated as the 

proportion of S1/S2. The vasospasm index (VI) =S1/S2 = 
πR1

2 – πr1
2/ πr1

2 = π(R1
2 – r1

2)/ πr1
2 = R1

2 – r1
2/ r1

2. 

In summary, VI= (R1
2 – r1

2)/ r1
2. In addition, the vasospasm 

index of AChAs in the rabbits with SAH was calculated 
as the same manner; VI= (R2

2 – r2
2)/ r2

2. As the VSI 
increases, the degree of arterial vasospasm also increases. 
Vasospasm was defined as mild with a reduction of 25% 
of the normal diameter of any arterial segment of AChA 
and as severe vasospasm with a decrease of 40%.[13,14] 

The differences between the VSI of AChAs and neuron 
density of the ophthalmic root of the TGG were 
compared statistically. For the statistical analysis, SPSS 
ver. 15.0 was used. The mean ± standard deviation of 
the variables is reported. Since the data showed a normal 
distribution, intergroup differences were assessed using a 
one-way ANOVA. The presence of homogeneous variance 
necessitated the use of the Tukey test for comparisons 
between two groups. A P<0.05 was accepted as 
statistically significant. 

RESULTS

Two of the animals (n=2) died within the first week 
and the remaining animals (n=30) were followed for 
10 days and then killed. The following clinical findings 
were frequently observed during the premortem period 
of the dead animals and the five living animals: signs of 
meningeal irritation, consciousness, seizures, fever, apnea, 
cardiac arrhythmia, and breathing disturbances.

TGGs were identified from the trigeminal impressions 
located on the upper surface of the petrous bones. They 
were fusiform shaped, and the volumes were estimated 
to be 2 × 1.5 × 2 mm3. All trigeminal nerves have 
three main branches: the ophthalmic, mandibular, and 

Figure 1: (a, b) Stereologic cell counts of the ophthalmic division of the TGG in a rabbit. Use of the physical dissector method where 
the micrographs of the same fields of view (a, b) were taken from two parallel, adjacent thin sections separated by 5 μm. The numerical 
density of the neurons was calculated as NvGN= ΣQ – N/t × A. In this application, the nucleoli marked as ‘2,3,4,8’ are dissector particles in 
A. Section B shows them as they disappeared. The nucleoli marked as ‘1,5,6,7’ do not represent dissector particles in A. Section B shows 
‘1 and 8’ as they disappeared (H and E, 100, LM)

a b
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Figure 3: The histopathological appearance of the right AChA at 
the postorigin level in a SAH rabbit model (LM, H and E, ×100). On 
the left side, minimal forms of CP are observed (LM, H and E, ×20) 
(mild vasospasm associated SAH group)

Figure 2: The histopathological appearance of the right AChA at 
the entrance level in a normal rabbit (LM, H and E, ×100). On the 
left side, minimal forms of CP are observed (LM, H and E, ×20) 

Table 1: Vasospasm index of the AChAs and the neuronal density of the ophthalmic root of the trigeminal ganglion

Group AChA diameter (μm) external 
diameter/internal diameter

Vasospasm index (VSI) of AChA Neuron density in the trigeminal 
ganglion (neuron numbers/ mm3)

Control group (n=8) 140±30 µm/120±30 µm 0.36±0.03a 8368±1289/mm3b

SHAM group (n=7) 130±20 µm/110±20 µm 0.39±0.02a 8564±1250/mm3b

SAH group (Total) (n=17) 100±15 µm/80±15 µm 0.80±0.38 8358±1821/mm3

Mild vasospastic
SAH group (n=10)

110±20 µm/90±15 µm 0.49±0.02b 9800±483/mm3c

Severe vasospastic SAH 
group (n=7)

90±15 µm/60±10 µm 1.25±0.03c 6300±304/mm3a 

Total (n=32) 115±20 µm/95±20 µm 0.60±0.35 8406±1448/mm3

No difference between the vasospasm index (VSI) of the AChA and neuron density of the trigeminal ganglion (number of neurons/mm3) was observed in the controls and the 
SHAM rabbits (P>0,05). However, the other parameters showed a difference (P<0.05). There was a difference noted between the groups with different letters, while the groups 
represented by the same letter showed no significant differences

maxillary. The neuron density of only the ophthalmic 
root division of the TGGs was examined [Figure 1a, b]. 

Morphological examinations of the brains showed the 
AChAs at the cisternal segment, extending from its origin 
to the choroid fissure, and the plexus segment, extending 
from the choroid fissure to the area where it enters into 
the choroid plexus of the lateral ventricles. The mean 
diameter of the AChA examined was 0.35±0.10 mm. The 
AChA convolutions were more prominent in the animals 
with severe vasospasm associated with SAH compared to 
the SHAM, control, and mild vasospasm associated with 
SAH groups.

To estimate the AChA volume, square-lined glass 
plates were used and photographs were taken under 
the microscope during histopathological examinations. 
The inner elastic membrane (IEM) was less convoluted 
and the luminal surface area was greater in the SHAM, 
control [Figure 2], and mild vasospasm associated SAH 
groups [Figure 3]. The following features were observed 

specifically in the severe vasospasm associated SAH 
group: arachnoiditis, pia-arachnoid adhesions, AChA 
narrowing, IEM convolutions, intimal edema formation 
and endothelial cell shrinkage, desquamation, and loss 
[Figure 4].

The mean external diameter/internal diameter of the 
AChAs using the segmental model was estimated as 
115±20 µm/95±20 µm; the mean vasospasm index 
of the AChAs was 0.46; the mean neuronal density 
of the ophthalmic root of the TGGs was 8290±1480 
neurons/mm3 for all animals (n=32). The mean 
external diameter/internal diameter of the AChAs was 
estimated as 140±30 µm/120±30 µm, and the mean 
vasospasm index of the AChAs was 0.36. The mean 
neuronal density of the ophthalmic root of the TGGs 
was 8350±390 neurons/mm3 in the control group (n=8). 
The mean external diameter/internal diameter of the 
AChAs was estimated as 130±20 µm/110±20 µm, and 
the mean vasospasm index of the AChAs was 0.39. The 
mean neuronal density of the ophthalmic root of the 
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TGGs was 8550±650 neurons/mm3 in the SHAM group 
(n=7). The mean external diameter/internal diameter 
of the AChAs was estimated as 100±15 µm/80±15 µm, 
and the mean vasospasm index of the AChAs was 0.56. 
The mean neuronal density of the ophthalmic root 
of the TGGs was 8200±600 neurons/mm3 in the SAH 
group (n=17). Severe vasospasms were observed in seven 
rabbits with SAH, and mild vasospasms were observed in 
the remaining 10 rabbits with SAH. The mean external 
diameter/internal diameter of the AChAs was estimated 
as 110±20 µm/90±15 µm, and the mean vasospasm 
index of the AChAs was 0.49. The mean neuronal density 
of the ophthalmic root of the TGGs was 9800±724 
neurons/mm3 for the mild vasospasm with the SAH 
group (n=10). However, the mean external diameter/
internal diameter of the AChAs was estimated as 90±15 
µm/60±10 µm, and the mean vasospasm index of the 
AChAs was 1.25. The mean neuronal density of the 
ophthalmic root of the TGGs was 6342±557 neurons/
mm3 in the severe vasospasm with the SAH group (n=7),

The estimated mean AChAs VSI was significantly higher 
and the mean neuronal density of the ophthalmic root of 
the TGG was significantly lower in the severe vasospasm 
associated with the SAH group when compared to the 
control, SHAM, and mild vasospasm associated with SAH 
groups (P< 0.05) [Table 1]. The ophthalmic root of the 
TGG neuron density in the seven rabbits that developed 
severe vasospasm was significantly less  than observed in 
the 10 rabbits with mild vasospasm. The results showed 
an invers  relationship between low neuron density in the 
ophthalmic root of the TGG and severity of the AChA 
vasospasm [Figure 5].

DISCUSSION

Vasospasm is pathophysiologically characterized by 

narrowing of the vascular lumen; this may develop 
following a SAH. Vasospasm after a SAH is associated 
with significant morbidity and mortality.[7,16,17] It is widely 
believed that blood, or its degradation products, causes 
vasospasm by directly affecting the walls of the cerebral 
arteries.[29] The pathogenesis of the arterial narrowing 
that occurs following a SAH is not fully understood. 

Numerous neuronal, humoral, and chemical factors are 
involved in cerebrovascular innervations. Parasympathetic 
fibers have vasodilation effects, and sympathetic fibers 
have vasospastic effects on cerebral arteries. A variety 
of autonomic nerve fibers provide neural innervation to 
cerebral vascular structures. The postganglionic fibers, 
of the ciliary ganglion, of the third cranial nerve, the 
sphenopalatine ganglion of the seventh cranial nerve, 
the otic ganglion of the ninth cranial nerve, and the 
ganglion of the fifth cranial nerve, are involved in the 
parasympathetic outflow, which causes vasodilation of the 
cerebral arteries.[16,20] The sympathetic innervations, from 
the postganglionic fibers of the superior sympathetic 
ganglion, which contribute to the carotid plexus, cause 
vasospasm of the cerebral vessels.[14] 

The extracerebral and intracerebral cranial circulations 
are innervated by trigeminal nerve fibers. The branches 
of the ophthalmic division of the trigeminal nerve 
provide the primary innervations of the large cerebral 
arteries. The trigeminal nerve fibers release transmitters 
that cause vasodilation of the cerebral arteries. Direct 
stimulation of the trigeminal nerve results in ipsilateral 
cerebral vasodilation after a SAH.[9,11,28] Unilateral 
postganglionic trigeminal lesions result in ipsilateral 
constriction of the cerebral arteries and consequent 
decrease of the CBF; however, pre-ganglionic lesions do 
not affect the baseline diameter of cerebral arteries.[26,29]

Figure 4: The histopathological appearance of the right AChA at 
the postorigin level in a SAH rabbit model (LM, H and E, ×100). On 
the left side, minimal forms of CP are observed (LM, H and E, ×20) 
(severe vasospasm associated SAH group)

Figure 5: There was an inverse correlation between low neuron 
density in the TGG and the severity of the AChA vasospasm 
(r=–0.55, <0.05, Pearson correlation analysis)
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Vasoactive neurotransmitters, neuromodulators, and 
neurochemicals are released from trigeminal nerve 
terminals; these compounds affect large intracranial and 
extracranial blood vessels.[20] Aydin et al.[3] reported that 
decreased neuron density in the petrosal ganglion was 
an etiologic factor associated with high blood pressure. 
Onder et al.[22] reported that decreased neuron density 
of the TGG was associated with a lower basilar artery 
volume and that a decreased number of neurons in the 
TGG resulted in a poorer prognosis of rabbits with a 
SAH. In their study, the animals that died in the SAH 
group had the lowest number of neurons in the TGG. 
In this study, two animals in the group with severe 
vasospasm associated with a SAH died, and the number 
of neurons in their TGG was significantly lower than 
in the controls, SHAM, and mild vasospasm associated 
SAH groups. In addition, Kanat et al.[15] reported that the 
neuron density of the C3 dorsal root ganglia (C3DRG) 
might be an important factor in the regulation of the 
anterior spinal artery (ASA) volume and spinal cord 
blood flow. The low neuron density of C3DRG was 
suggested to be an important factor associated with the 
pathogenesis of severe ASA vasospasm associated with a 
SAH.

The goal of this study was to investigate the potential 
relationship between the neuron density of the 
ophthalmic root of the TGG and the severity of AChA 
vasospasm in rabbits, following a SAH. The two major 
findings of this investigation were (i) a correlation 
between the neuron density of the ophthalmic root of 
the TGG and ACA volume, and (ii) the association of a 
low neuron density, of the TGG, with the pathogenesis 
of ACA vasospasm after a SAH. In order to evaluate the 
severity of AChA vasospasm associated with a SAH, the 
vasospasm index of the AChA was used as the preferred 
parameter for assessment rather than the radius of the 
vessel lumen. As the VSI increased, the degree of arterial 
vasospasm also increased. 

The results of this study showed that the mean AChA 
VSI was higher in animals with lower neuron density in 
the trigeminal ganglia. A correlation was found between 
the neuron density of the ophthalmic division of the 
trigeminal ganglion and the degree of AChA vasospasm 
(P<0.05). In particular, the ophthalmic root of the TGG 
neuron density of the seven rabbits that developed severe 
vasospasm was significantly lower  than in the 10 rabbits 
that had mild vasospasm. Therefore, a lower neuron 
density in the TGG might be associated with reduced 
vasodilation of the AChAs. Compounds associated 
with vasodilation are synthesized by TGG neurons and 
secreted from the nerve terminals that end in the cerebral 
arteries. A reduced number of neurons may result in 
deficient quantities of vasodilator molecules in the 
trigeminal ganglia and/or cerebrovascular sensory nerves, 
which affects the trigemino-cerebrovascular system and 

the AChAs, and might subsequently increase the severity 
of vasospasm in the AChAs after a SAH. Therefore, novel 
approaches to improve cerebral blood flow, under these 
conditions, are being investigated.

CONCLUSION

The number of neurons in the ophthalmic root of the 
TGG may play an important role in the regulation of 
cerebral artery vasospasm (AChAs as well) and, therefore, 
in the regulation of the cerebral circulation. In rabbits, 
a significant reduction of the number of the ophthalmic 
root of the TGG neurons, after a SAH, impaired the 
sensory innervation of cerebral arteries and the AChAs, 
and might play an important role in the development 
of cerebral vasospasm. The results of this study showed 
that the pathological processes involved in vasospasm, 
associated with a SAH, significantly affected the choroid 
arteries. In addition, neurological deficits, resulting in 
ischemic injury and apoptosis of the choroid plexus, were 
observed. 
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