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ABSTRACT

AIM: To evaluate the effects of the combination of nimodipine and dexamethasone in subarachnoid hemorrhage (SAH).   
MATERIAL and METHODS: In this study, 35 female adult Wistar Albino rats were randomly assigned to four groups: Sham (n=8), 
SAH with no treatment (n=9), SAH with nimodipine (n=9, oral gavage, 12 mg/kg, BID) treatment, and SAH with combined therapy 
with nimodipine and dexamethasone (n=9, intraperitoneally, 1mg/kg, BID). The “cisterna magna double injection of autologous 
blood” model was used. The animals were euthanized 5 days after the first injection. 
RESULTS: Of the total, five rats died before euthanasia. The SAH+Nontreatment group showed the worst score in neurological 
examinations, and the most severe histopathological findings were noted in terms of vasospasm. The SAH+Nimodipine group showed 
the best neurological score and the closest histopathological results to those of the Sham group, whereas adding dexamethasone 
to nimodipine treatment (the SAH+Nimodipine+Dexamethasone group) worsened the neurological and histopathological outcomes.
CONCLUSION: We thus concluded that the therapeutic effects of nimodipine were impaired when combined with dexamethasone. 
We thus hypothesized that dexamethasone possibly induces the CYP3A4-enzyme that metabolizes nimodipine. However, it should 
be noted that our results are based on laboratory findings obtained on a small sample, therefore further studies with drug–drug 
interaction on a larger sample size through CYP3A4-enzyme and clinical confirmation are warranted.
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█   INTRODUCTION

Although significant progress has been made in diag-
nosis and treatment areas, subarachnoid hemorrhage 
(SAH) continues to be associated with high mortali-

ty and morbidity rates. More than 50% of the surviving pa-
tients develop deficits that required lifelong care, which keep 
them from returning to work and decrease their quality of life 
(5,28,33,60,70). Since SAH affects the younger population, 
unlike ischemic stroke (48), it has more significant social and 
economic impacts on the patients, their families, and the so-
ciety at large. The most feared complication of SAH is delayed 
cerebral ischemia (DCI), which occurs in ≈30% of the patients 
who survive the initial hemorrhage, making it the leading cause 
of prolonged intensive care admission, poor functional out-
come, and death (17,29,45,47). While the primary injury from 
the initial bleeding cannot be changed, the secondary damage 
due to DCI might be a target to improve the outcomes (24).

Recently, it was shown that the interaction of multiple patho-
logical pathways such as vasospasm, microvascular dysfunc-
tion, microthromboembolism, and cortical spreading depolar-
ization led to DCI (9,12,32,38,39,56,64,67). The current DCI 
rescue therapy protocols are mainly ineffective and expen-
sive (7). Therefore, the essential treatment for DCI is preven-
tion. Several pharmacological agents (such as magnesium, 
clazosentan, antiplatelet drugs, and statins) have been evalu-
ated and failed to prove any beneficial effect in DCI. Presently, 
nimodipine is the only drug shown to reduce the risk of poor 
neurological outcomes, which is generally recommended in 
the guidelines and approved by the Food and Drug Admin-
istration (FDA) for DCI prophylaxis (3,8,15,16,41,65,68,76). 
The rationale for using calcium antagonists to prevent sec-
ondary ischemia was initially based on blocking L-type calci-
um channels, thereby preventing calcium influx into vascular 
smooth muscle cells and reducing the incidence of cerebral 
vasospasm (5). However, unlike other drugs, nimodipine has 
been demonstrated to provide beneficial effects without any 
angiographic evidence of cerebral vasodilation (5). This has 
led scientists to theorize that nimodipine slightly attenuates 
vasospasm, inhibits cortical spreading depolarization, reduc-
es microthrombosis, and infers a neuroprotective effect that 
protects nerve cells from early morphological and functional 
damages (18,34,66,69).

In SAH patients who underwent microsurgical clipping, dexa-
methasone is widely used for various purposes, including 
postcraniotomy cerebral edema and severe headaches that 
are attributable to meningeal inflammation (chemical men-
ingitis) (10,22,24,42). However, there is no level 1 evidence, 
and the decision to use dexamethasone is at the discretion 
of the attending neurosurgeon or neurointensivist. Further-
more, there is a strong evidence that inflammation contributes 
to poor outcomes in SAH. Different inflammatory mediators, 
including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor alfa (TNF-α), correlate with or even cause va-
sospasm and DCI (14,24,51). These immune mediators have 
been discussed as potentially promising targets. Many of 
these immune mediators have been proven to be influenced 
by glucocorticoids. In line with these reports, inflammation 

has gained focus in the recent research efforts toward pre-
venting DCI, and studies have suggested a beneficial effect of 
dexamethasone in SAH (24).

To the best of our knowledge, the effect of the addition of 
dexamethasone in alters nimodipine’s effect on DCI has never 
been studied so far. Therefore, we evaluated the impact of 
adding dexamethasone to nimodipine therapy in a rat SAH 
model.

█   MATERIAL and METHODS
The study was conducted under the CAMARADES and AR-
RIVE guidelines (31,57), The experimental protocols were ap-
proved by the Local Ethics Committee on Animal Research of 
Dokuz Eylul University (Date: January 13, 2021; No: 01/2021). 
Healthy female adult Wistar Albino rats weighing 250–400 g 
were included in the study. The sample size was calculated 
as 32 for analysis of variance (ANOVA) testing using G*Power 
(version 3.1.9.7) and increased to 35 because the mortality rate 
of this model was 6%–8% in the literature (72). The animals 
were assigned to the following 4 groups: Sham, SAH+Non-
treatment, and SAH+Nimodipine, SAH+Nimodipine+Dexa-
methasone, which were created by blocked randomization 
(Figure 1 shows the experimental design). Ad libitum feeding, 
25°C temperature, and 12-h light/dark cycle, light intensity in 
the range of 130–300 lux, and a background noise of around 
50 dB were provided to the animals.

The Induction of SAH

Intraperitoneal administration of 50–60 mg/kg ketamine (Ke-
talar, Pfizer) and 5–10 mg/kg xylazine (Rompun, Bayer) was 
used for anesthesia. This combination had no gross effect on 
the cerebral blood flow (72). Thirty minutes before the surgical 
procedure, 40 mg/kg cefazolin (Cezol, Deva) was adminis-
tered intraperitoneally to the animals.

The nonheparinized arterial blood was collected through a 
percutaneous arterial puncture using a 26-G insulin syringe 
after ascertaining conditions for vasodilation of the tail ven-
tral artery. The operating table was an inclined plate that al-
lowed the animal’s head to be flexed without blocking their 
airway (Concorde-like position). Next, the neck muscles were 
dissected along the midline after a skin incision was created 
between the inion and C1. The caudal margin of the occipital 
bone and the atlantooccipital membrane were exposed se-
quentially to avoid any unnecessary dissection. Craniectomy 
was not performed. Under the operating microscope, the cis-
terna magna was punctured with a 26-G insulin injector at an 
angle of 60 degrees. The bevel tip was positioned through the 
ventral face of the occipital bone, and the needle was inserted 
into the cisterna magna only as far as its cut end. Clear CSF 
(0.15 mL) was slowly aspirated, and the same amount of non-
heparinized autologous blood was injected slowly (0.05 mL of 
blood every 30 s) to avoid acute intracranial hyper-pressure. 
The injector was retained inside the animal for 30 seconds to 
prevent the backflow of blood. Then, a thin gelatin sponge was 
placed on the membrane. The animals were then brought in 
a head-down position and retained as such for approximately 
20 min to ensure an optimal subarachnoid distribution of the 
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administered autologous blood. During this procedure and 
the postoperative recovery period, a heating pad was used to 
maintain the animals’ body temperature at about 37°C. 

Forty-eight hours after the first injection, the same procedure 
was repeated. However, considering that the intracranial pres-
sures of the animals may have increased, the process was 
performed with 0.1 mL CSF and blood. 

The same technique was used for the Sham group, except 
that saline was injected into the cisterna magna instead of 
blood. 

Drug Administration

The rat therapeutic dose for nimodipine is not established 
by the literature. Therefore, allometric scaling was used for 
nimodipine dose conversion between animals and humans 
(24,43). The experimental animal dose of nimodipine was de-
termined to be 24 mg/kg/day. The desired blood nimodipine 
concentration was such that the drug level did not fall below 
7 ng/mL (2). With reference to the time-concentration curves 
(36) in the rat pharmacokinetic and pharmacodynamic stud-
ies, nimodipine was administered at 12 mg/kg twice daily via 
oral gavage in the SAH+Nimodipine and SAH+Nimodipine+-
Dexamethasone groups. 

Dexamethasone dose in the rats is also not standardized in 
the literature. Therefore, the most commonly used amount 
with proven beneficial effects was selected in the cerebral 
edema experiments for the rats (62). In the SAH+Nimodip-
ine+Dexamethasone group, dexamethasone was adminis-
tered at 1 mg/kg dose, twice daily, intraperitoneally in addition 
to nimodipine.

Postoperative Follow-up and Neurological Scores

The follow-up of animals included daily weighing, behavioral 
observation, and neurological assessments. The animals de-
veloping unpredictable diseases (such as epilepsy) or show-
ing weight loss >15% were excluded from the experiment. 
Neurobehavioral assessment was evaluated based on the 
modified Garcia’s neurological score (mGNS) (59). This scale 
consists of six tests (i.e., spontaneous activity, spontaneous 
movement of all four limbs, foresaw outstretching, climbing, 
body proprioception and response to whisker stimulation, and 
cylinder test); each test is scored between 0 and 3. The max-
imum score is 18. The higher scores indicate better function-
ality. Motor functions were evaluated in detail with the cylinder 
test (55).

Euthanasia and SAH Grading

The animals were euthanized 5 days after the first injection. 
Perfusing and fixing the brain through the vascular system and 
removing the brain from the skull technique were performed 
(49). A 16-G cannula was inserted into the left ventricle toward 
the ascending aorta after thoracotomy. The descending aorta 
and inferior vena cava were clamped to prevent the infusion 
from reaching the lower half of the animal and to reduce the 
solution and time required for adequate perfusion. After an 
incision in the right atrium, the animals were perfused at phys-
iological pressure with phosphate-buffered saline followed by 
10% formalin administration. The perfusion process was con-
sidered to a complete success when clear fluid began to flow 
out from the cut in the right atrium and the rat eyes showed 
whitening.

Figure 1: The diagram 
illustrating the experimental 
design. a) SAH induction. 
After the caudal margin of 
the occipital bone and the 
atlantooccipital membrane 
were exposed, the cisterna 
magna was punctured 
with a 26-G injector under 
the operating microscope. 
Star: Occipital bone, Arrow: 
Atlantooccipital membrane. 
b) After the brains were 
removed, the brain base was 
photographed with a high-
resolution digital camera for 
SAH grading, before placing 
them in a formalin solution. 
c) Evaluation of 
histopathological changes 
and biochemical analysis. 
*combined therapy 
with nimodipine and 
dexamethasone.
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█   RESULTS 

Mortality and Complications

The mortality rate was 14.3% (n=5), and the group distribution 
is shown in Table I. One animal in the Sham group was euth-
anized 3 days after the first injection because of developing 
status epilepticus and showing a weight loss > 15% and was 
not included in the data analysis, but included in the mortality 
calculation. A ventral mesencephalon hematoma was identi-
fied in its postmortem study (Figure 2). One animal died imme-
diately after blood injection into the cisterna magna, and three 
animals died in the days following SAH induction. Severe SAH 
was detected in two animals and significant hydrocephalus in 
one (Figure 2). No significant difference was noted in the mor-
tality rates between the groups (Table I). One animal (dropout 
animal) showed signs of pain (such as the accumulation of 
porphyria around the eye) and two animals that completed the 
study (euthanized 5 days after the first injection) showed min-
imal necrosis in the distal tail. There was no difference in the 
preoperative mean weights between the groups. After opera-
tions, all animals showed drowsiness and decreased appetite, 
with significant weight loss in all groups (Table I). Preeuthana-
sia weights were different between the Sham group and the 
SAH+Nimodipine+Dexamethasone group (p=0.027), albeit no 
significant differences were identified in other post-hoc test 
comparisons.

Neurological Scores 

The neurological status of each group in the preoperative and 
preeuthanasia periods was compared within themselves; the 
Sham group and SAH+Nimodipine group displayed no neu-
rological deterioration, whereas, in the SAH+Nontreatment 
group and SAH+Nimodipine+Dexamethasone group, the neu-
rological status was significantly deteriorated. Table I shows 
the detailed results for all groups. 

When the preeuthanasia neurological examination findings of 
the groups were compared, the SAH+Nimodipine group was 
found to be indistinguishable from the Sham group. In con-
trast, the SAH+Nimodipine+Dexamethasone group was indif-
ferent to the SAH group that did not receive any treatment. 
On the other hand, there was a significant difference between 
the SAH+Nimodipine and SAH+Nimodipine+Dexamethasone 
groups in favor of the SAH+Nimodipine group. Table II shows 
the results for all groups.

SAH Grades

The median SAH grade was 10 (range: 4–14). There was no 
significant difference between the groups regarding SAH 
grading (Table I). 

Histological Evaluations of Basilar Artery and Brain Paren-
chyma

All histological examination parameters (diameters/ wall thick-
ness/ corrugation scores of basal laminae) were significantly 
different between the Sham group and both SAH+Nontreat-
ment and SAH+Nimodipine+Dexamethasone groups. In addi-
tion, there was a significant difference between the SAH+N-
imodipine group and both SAH+Nontreatment and SAH+N-

After the brains were removed, the brain base was photo-
graphed with a high-resolution digital camera before plac-
ing them in a formalin solution. The photographs were taken 
to include Willis’s polygon and the basilar artery. SAH in the 
basal cisterns was graded as described in the literature (50). 
The basal cisterns were divided into six sections in the photo-
graphs. Each section was assigned a score of 0–3 depending 
on the amount of subarachnoid blood clots. The scores ob-
tained from the 6 sections were then summed (range: 0–18 
points).

The Evaluation of Histopathological Changes

The brain was cut into approximately 3–4 mm coronal blocks 
and immersed in 10% formalin fixative solution at least 10–15 
times of the tissue volume at 4°C for 24 h. (49). For the his-
topathological examinations, routine sample preparation (de-
hydration ➞ transparency ➞ paraffinization) was performed, 
and 5-μ-thick sections were prepared. For diameter and wall 
thickness measurements, transverse sections of the basilar 
arteries were evaluated in hematoxylin- and eosin-stained 
preparations under light microscopy, as described by Sabri 
and Macdonald (52). Corrugation of the internal elastic lamina 
due to vasospasm was demonstrated by Verhoeff-van Gie-
son staining (11). We applied our scoring system to evaluate 
elastic lamina corrugation because there was no scaling sys-
tem used in the literature. The findings were categorized as 
“absent=0, mild=1–2, moderate=3, and severe=4 or more” 
according to the number of corrugations at a wall distance 
of 50 μm at x100 magnification. Morphological changes such 
as degenerated cells, neuronal shrinkage, vacuolization, and 
hyperchromatism was evaluated in Toluidine Blue and H&E-
stained preparations (52).

Biochemical Analysis

The serum IL-1β, IL-6, and TNF-α levels were measured by 
using ELISA kits (Sunredbio, China). In addition, the serum Na, 
K, and Ca levels were examined with the VETSCAN analyzer 
(Zoetis, US). The CSF samples were obtained from the cis-
terna magna before euthanasia, and the glutamate levels in 
CSF associated with neuronal damage were studied by using 
ELISA kits (Sunredbio, China).

Each group of evaluations (i.e., neurological–[SB, HKS, OS, 
DC]*, microscopic–[SB, AKA]*, and biochemical–[SB, ZSA]*, 
*the initials of the researchers’ names) was performed by sep-
arate investigators in the blinded fashion.

Statistical Analysis

All statistical analyses were performed using IBM SPSS Sta-
tistics (Version 29). Statistical differences between the groups 
were evaluated by ANOVA and Post-Hoc tests if the data were 
normally distributed and necessary, and with the Kruskal–Wal-
lis test if it did not fit the normal distribution or involved cat-
egorical data. For repeated measurements, each group was 
evaluated within itself using the Bonferroni correction method, 
Paired t-test, and Wilcoxon test. The results were considered 
to be significant at p<0.05.
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Degenerated neuronal cells were observed in some animals in 
the SAH+Nontreatment group (Figure 2). In addition, thrombo-
sis was detected in the posterior communicating artery of one 
animal in the SAH+Nontreatment group (Figure 2). 

imodipine+Dexamethasone groups. However, there was no 
difference between the SAH+Nimodipine group and the Sham 
group or between the SAH+Nimodipine+Dexamethasone 
group and the SAH+Nontreatment group in any of the histo-
logical examination parameters (Tables I and II).

Figure 2: The diagram illustrating the experimental results. Part I: Examples of major complications causing mortality: A) mesencephalon 
hematoma, B) severe SAH, and C) significant hydrocephalus. Part II: Histological Evaluations of the Basilar Artery and Brain Parenchy-
ma. D) Thrombosis was observed in the posterior communicating artery of one animal, which was noticeable at a high magnification 
of the brain base photograph obtained with a high-resolution camera. E) Tortuosity of the basilar artery. F, G) Preparations of the SAH 
group. Internal elastic lamina corrugation of the basilar artery. H, I) Preparations of the Sham group. J) Neuronal degeneration findings. 
Arrows indicate basophilic necrotic cells. Arrowhead indicates chromatolysis. K) The clot fills the cisterna magna.
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our study probably reflects the advantages of using this mod-
el. The first aspect was to ensure that the stay of blood in 
the subarachnoid space was more extended with the double 
injection. Because the blood in the subarachnoid space is 
cleared faster in rats than in humans as the CSF turnover is 
approximately three times in the former (13,23). In addition, 
blood leakage from a large puncture region is a common issue 
in injection models for SAH induction. In this model, craniec-
tomy or complete exposure of the atlantooccipital membrane 
is avoided, and only a tiny region is exposed to identify the 
boundary of the occipital bone and the atlantooccipital mem-
brane, which helps to prevent leaks and retains the blood lon-
ger in the desired area for SAH induction. This step has been 
shown to significantly reduce the physical and psychological 
burden of surgery on the animal, resulting in less tissue de-
struction and minimizing the trauma. The second aspect is 
that, not giving a large amount of blood at a time did not cause 
brain stem compression or death (72). The overall mortality 
rate in previous double-injection models has been as high as 
nearly 50% (25-27,63). Although it is not as low as in the study 
of Yang et al., who described the new modified model that we 
used, our mortality rate of 14% is quite low when compared 
to that in the past series. The difference in the mortality rate 
between ours and Yang’s series may be attributed to differ-
ence in the laboratory conditions and the surgeons hand ex-
perience. In some studies, the mortality rate was not specified 

Biochemical Analysis

The serum TNF-α levels were significantly higher in the 
SAH+Nontreatment and SAH+Nimodipine+Dexamethasone 
groups, but not in the SAH+Nimodipine group when compared 
with the Sham group. The serum IL-1β levels were higher in 
all SAH groups when compared to that in the Sham group. In 
addition, it was significantly higher in the nontreatment group 
than in the SAH+Nimodipine group. No statistically signifi-
cant difference was detected on comparing the SAH+Non-
treatment group with the SAH+Nimodipine+Dexamethasone 
group. The CSF glutamate levels were significantly lower 
in the Sham group than in all SAH groups. In the SAH+Ni-
modipine group, glutamate was significantly lower than in the 
SAH+Nontreatment and SAH+Combination therapy groups. 
No statistically significant difference was detected on com-
paring the SAH+Nontreatment group with the SAH+Nimodip-
ine+Dexamethasone groups. No difference was detected be-
tween the groups in terms of their IL-6, Na, K, and Ca values in 
the serum biochemical tests. Detailed results of all biochemi-
cal analysis are shown in Tables I and II.

█   DISCUSSION
We applied the model described by Yang et al. that includes 
slow injection and reducing the amount in the second injec-
tion (72). The desired SAH grades and low mortality rates in 

Table II: The p Values When the Neurological, Histological and Biochemical Parameters of the Groups were Compared Using Post 
Hoc Tests

Neurological Scores (Garcia Neurological Score / Cylinder Test)

Sham SAH + Nontreatment SAH + Nimodipine SAH +
Combination Therapy*

Sham NA 0.001/0.000 0.273/0.792 0.022/0.023

SAH + Nontreatment 0.001/0.000 NA 0.031/0.001 0.998/0.929

SAH + Nimodipine 0.273/0.792 0.031/0.001 NA 0.049/0.033

SAH + Combination Therapy* 0.022/0.023 0.998/0.929 0.049/0.033 NA

Histological Evaluations (diameters / wall thickness / corrugation of basal lamina of 
basilar arteries)

Sham NA 0.005/0.000/0.002 0.999/1.000/1.000 0.031/0.006/0.046

SAH + Nontreatment 0.005/0.000/0.002 NA 0.001/0.001/0.003 0.730/1.000/1.000

SAH + Nimodipine 0.999/1.000/1.000 0.001/0.001/0.003 NA 0.040/0.003/0.019

SAH + Combination Therapy* 0.031/0.006/0.046 0.730/1.000/1.000 0.040/0.003/0.019 NA

Biochemical Analyzes (TNF-α / serum IL-1β / CSF Glutamat)

Sham NA 0.010/0.000/0.001 0.432/0.032/0.008 0.001/0.039/0.001

SAH + Nontreatment 0.010/0.000/0.001 NA 0.152/0.000/0.020 0.006/0.37/0.927

SAH + Nimodipine 0.432/0.032/0.008 0.152/0.000/0.020 NA 0.001/0.721/0.007

SAH + Combination Therapy* 0.001/0.039/0.001 0.006/0.37/0.927 0.001/0.721/0.007 NA
*Combination therapy includes nimopidine and dexamethason treatments as mentioned in the text. Purple: NA; Green: All p values <0.05; Red: 
All p values >0.05; Yellow: p value either <0.05 or >0.05. NA: Not Applicable, SAH: Subarachnoid hemorrhage.
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that glutamate elevation in the cerebral interstitial fluid predicts 
ischemia (54). Consistent with the literature reports, the CSF 
glutamate levels were significantly higher in all SAH groups in 
the present study. In addition, the CSF glutamate levels were 
significantly higher in the SAH+Nontreatment (p=0.008) and 
SAH+Nimodipine+Dexamethasone (p=0.001) groups, but not 
in the SAH+Nimodipine group (p=0.927) when compared to 
the Sham group. 

It has been shown that IL-1β was induced during the early 
brain injury period of SAH, resulting in the formation of tight 
junctions of the blood–brain barrier to open, and it has been 
argued that IL-1β may be a therapeutic target in this treatment 
approach (4,21). In our study, the serum IL-1β levels con-
formed to those reported by Sozen et al. (58). 

TNF-α is a critical cytokine involved in initiating inflammatory 
responses and is thought to play the central role in the gen-
eration of oxidative stress and in the apoptosis of endothelial 
cells commonly observed in SAH (71). In our study, consis-
tent with the literature, a significant increase was observed in 
the nontreatment SAH group when compared with the Sham 
group. However, the combination group showed the highest 
TNF-α level unexpectedly (p<0.05), which can be possibly 
explained by Zeng et al.’s report who examined the relation-
ship between dexamethasone and TNF-α on alveolar macro-
phages and noted that a high dexamethasone level may be an 
inducer for TNF-α (75).

The current rescue therapy protocols for DCI in the guidelines 
aim to prevent vasospasm and ischemia secondary to vaso-
spasm. It is based on the principle of avoiding hypotension, 
hypovolemia, and anemia. These treatments include intrave-
nous crystalloid and colloid fluid administration, inotropic sup-
port, blood transfusions, electrolyte replacements, intensive 
care follow-up, mechanical ventilation, brain-protecting se-
dation, intraarterial drug administration, balloon angioplasty, 
and decompressive craniectomy. However, these treatments 
have only a slight effect on DCI and are quite expensive. Chou 
reported that the cost of these treatments is an average of 
40,000$ per patient (7). Although the goal of therapeutic strat-
egies in SAH patients is to prevent DCI and improve the clini-
cal outcomes, past studies have, until recently, been designed 
to treat vasospasm with ET-1 receptor antagonists. However, 
nimodipine has shown additional neuroprotective properties 
after its introduction into clinical practice. Therefore, nimodip-
ine could also have abrogated these pathological processes 
besides the vasodilator effect (15). In our study, the positive 
impact of nimodipine was demonstrated not only on vaso-
spasm in the basilar artery but also on the clinical outcomes.

Dexamethasone is a steroidal anti-inflammatory agent widely 
used to treat different conditions, particularly in patients un-
dergoing craniotomy (5), including the management of post-
craniotomy cerebral edema and the treatment of severe head-
aches attributable to meningeal inflammation (22). However, 
there is an ongoing debate about its clinical significance in 
SAH. Despite strong evidence that inflammation contributes 
to poor outcomes, making it a potentially promising target, our 
study does not suggest a beneficial effect of the addition of 
dexamethasone in SAH. Our study, in fact, showed that when 

(36,53), while, in others, it was reported as having no mortality.
(19) This result is inconsistent with the ordinary course of SAH, 
which has a well-known mortality rate. Apart from the sudden 
death and severe SAH considered as the cause of death, we 
described two fatal complications (1 ventral mesencephalon 
hematoma + status epilepticus and one hydrocephalus) that 
have never been mentioned in the literature so far to the best 
of our knowledge (61).

Another distinguishing feature of our study is the detailed neu-
rological follow-up in addition to the histopathological evalua-
tions. Other than vasospasm, pathways involved in the patho-
physiology of DCI are ignored in most studies performed with 
histopathological evaluation alone (6,53,73). In contrast, the 
literature suggests that DCI can develop even without vaso-
spasm. Therefore, the crucial role of angiographic vasospasm 
is being questioned now. Furthermore, it has been shown 
that DCI, the primary prognostic determinant in surviving pa-
tients, is a multifactorial process (9,12,32,38-40,45,56,64,67). 
The neurological status is DCI’s primary indicator and criti-
cal in the SAH follow-up. Unfortunately, most studies exclud-
ed neurological follow-up after SAH induction (6,53,73). In a 
few studies, neurological follow-up has been mentioned, but 
no reproducible scoring system was used (23). In our study, 
the neurologic score of the SAH+Nimodipine group did not 
worsen after the operation. As expected, nimodipine treat-
ment significantly prevented poor neurological outcomes. 
However, in the SAH+Nimodipine+Dexamethasone group, the 
outcomes did not improve with the addition of dexametha-
sone’s anti-inflammatory effect to the treatment; surprisingly, 
worse results were observed when compared to those for the 
SAH+Nimodipine group (Table I). No significant difference was 
detected between the results for the SAH+Nontreatment and 
SAH+Nimodipine+Dexamethasone groups (Table II). 

The wall thickness and diameter of the basilar artery in the 
Sham and nontreatment SAH groups were compatible with 
most literature reports (20,23,37). Our histopathological re-
sults also supported neurological findings. While significant 
signs of vasospasm were observed in the untreated group, no 
statistically significant difference was recorded between the 
results of the SAH+Nimodipine group and the Sham group. 
The corrugation of the elastic lamina is one of the vasospasms 
most important histopathological features. Most studies have 
not evaluated corrugation or evaluated it without any repro-
ducible objective criteria (73). We performed Verhoeff-van 
Gieson staining to evaluate elastic lamina corrugation for the 
first time, to the best of our knowledge, in this context. We 
also used our developed reproducible scoring system. The 
corrugation results were correlated with the diameter and wall 
thickness measurements. Significantly less corrugation of the 
elastic lamina was observed in the SAH+Nimodipine group 
than in the other SAH groups. Similar to the neurological 
evaluation results, no significant histopathological difference 
was recorded between the SAH+Nontreatment and SAH+Ni-
modipine+Dexamethasone groups.

Excess glutamate overactivated receptors, causing intracellu-
lar Ca2+ overload and leading to excitotoxicity associated with 
ischemic injury. In experimental studies, it has been shown 
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Unfortunately, we could not measure the nimodipine serum 
levels and CYP metabolism to prove this point. 

The lack of the inclusion of a group with dexamethasone but 
without nimodipine limits some of our findings. As there is no 
nimodipine-free application in the SAH treatment routine gen-
erally, we did not consider it necessary to add a dexametha-
sone group without nimodipine to the present experimental 
design. 

Thirty-two animals were needed based on their power calcu-
lation, but the study ended up with 30 due to dropouts and 
mortality. Also, three of the rats (3/9) in the combined treat-
ment group died. We may have added more rats, but could 
not.

CSF could not be obtained from five animals before eutha-
nasia. However, the postmortem studies of these animals re-
vealed that the blood clot partly occupied the cisterna mag-
na (Figure 2). The distribution of these 5 animals among the 
groups is shown in Table I. 

█   CONCLUSION
Unlike all other treatment trials for DCI, nimodipine exhibits 
neuroprotective effects and is effective against vasospasm. 
Consequently, it is the only treatment option that improves 
clinical outcomes after SAH. Our findings suggest that add-
ing dexamethasone, which potentially targets inflammation, 
reduces the effects of nimodipine on DCI. Thus, it seems that 
dexamethasone possibly induces the CYP3A4 enzyme that 
metabolizes nimodipine. Therefore, dexamethasone should 
not be preferred for patients receiving nimodipine therapy 
for SAH. However, if dexamethasone treatment is necessary, 
these patients should be monitored more closely regarding 
the efficacy, and the nimodipine dose should be increased. 
However, please note that our results are based on laboratory 
findings from a small series that required drug–drug interac-
tion studies through CYP3A4 enzyme metabolism and clinical 
confirmation.
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dexamethasone is added to nimodipine, worse results are ob-
tained compared to that than when nimodipine is used alone. 
We believe that the mechanism behind this result may involve 
a drug–drug interaction via the CYP3A4 enzyme considering 
an ongoing debate about dexamethasone’s potential as an in-
ducer of CYP3A4 (1). CYP3A subfamily enzymes metabolizes 
~30% of almost all clinically used drugs (74). On the other 
hand, nimodipine undergoes extensive presystemic elimina-
tion, wherein the CYP3A4 (cytochrome-P450-3A4) enzyme 
plays a primary role (36,77). Unfortunately, to overcome pre-
systemic elimination, the IV-form usage of nimodipine is not 
preferred in DCI prophylaxis because it causes severe hypo-
tension. The plasma concentration and efficacy of nimodipine 
were significantly reduced when coadministered with strong 
CYP3A4 inducers. Therefore, some inserts for nimodipine 
(e.g., Bayer, Canada, 2011 version) mention that the concomi-
tant use of strong inducers of CYP3A4 (e.g., phenytoin) is con-
traindicated. However, moderate or weak inducers of CYP3A4 
can reduce the efficacy of nimodipine. Therefore, it is recom-
mended that patients using the medium or weak inducers of 
CYP3A4 be closely monitored for the lack of effectiveness. 
The dose of nimodipine should be increased if deemed nec-
essary. However, there are no specific warnings for the usage 
of dexamethasone in inserts for nimodipine. 

The inability to provide clinical translation of experimental 
SAH studies has kept clinical needs unmet (46). One of the 
most likely reasons for this situation is the lack of standardiza-
tion in experimental studies (40). To ensure strict standardiza-
tion, each parameter was selected for a specific reason in the 
present study design, as specified below: 

� Adult age: The adult age group was selected because 
young rats are prone to asymptomatic vasospasm, which 
is quickly reversible, (44) while older ones have less re-
sponse to treatment (35,44). In fact, this situation is the 
same for humans. A study by Lanzino et al. in 1996 re-
ported that although the incidence of asymptomatic va-
sospasm is lower in the elderly than in younger patients, 
symptomatic vasospasm increases with age (35). 

� Female rat: Some compounds metabolized by CYP3A en-
zymes in humans can be metabolized by CYP2C enzymes 
in male rats (30). Therefore, male rats may not be suitable 
for studying drugs based on CYP3A enzyme metabolism. 
It has also been shown that the CYP3A content in liver 
microsomes of the dexamethasone-treated female rats 
increases similar to that in human liver microsomes (30). 
Since the drugs used in our study are affected by CYP3A4 
metabolism, only female rats were used.

Limitations

While SAH was not graded differently between the groups 
in our animal model, the neurological functions and histo-
logical findings for the SAH+Nimodipine group were close 
to those of the Sham group. However, they deteriorated in 
the SAH+Nimodipine+Dexamethasone group, similar to that 
in the SAH+Nontreatment group. Our hypothesis to explain 
these results is that CYP3A4 is induced by dexamethasone. 
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