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Abstract

Background and Purpose: To investigate the effect of locally applied nimodipine prolonged-release microparticles on
angiographic vasospasm and secondary brain injury after experimental subarachnoid hemorrhage (SAH).

Methods: 70 male Wistar rats were categorized into three groups: 1) sham operated animals (control), 2) animals with SAH
only (control) and the 3) treatment group. SAH was induced using the double hemorrhage model. The treatment group
received different concentrations (20%, 30% or 40%) of nimodipine microparticles. Angiographic vasospasm was assessed 5
days later using digital subtraction angiography (DSA). Histological analysis of frozen sections was performed using H&E-
staining as well as Iba1 and MAP2 immunohistochemistry.

Results: DSA images were sufficient for assessment in 42 animals. Severe angiographic vasospasm was present in group 2
(SAH only), as compared to the sham operated group (p,0.001). Only animals within group 3 and the highest nimodipine
microparticles concentration (40%) as well as group 1 (sham) demonstrated the largest intracranial artery diameters.
Variation in vessel calibers, however, did not result in differences in Iba-1 or MAP2 expression, i.e. in histological findings for
secondary brain injury.

Conclusions: Local delivery of high-dose nimodipine prolonged-release microparticles at high concentration resulted in
significant reduction in angiographic vasospasm after experimental SAH and with no histological signs for matrix toxicity.
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Introduction

Angiographic vasospasm and delayed cerebral ischemia (DCI)

are major contributors for secondary morbidity and mortality

following aneurismal subarachnoid hemorrhage (SAH). [1,2]

Despite the current pharmaceutical treatment strategies perma-

nent disability and death following DCI are still estimated 10–

20%. [3] Therefore, more effective treatment regimens are still

required.

In addition to the only proven therapy, i.e. orally administered

nimodipine, surgically implanted nicardipine prolonged-release

pellets have also been suggested to be effective in experimental as

well as clinical studies to reduce DCI, cerebral infarction and to

improve clinical outcome in patients suffering from aneurismal

SAH. [4,5] However, a major limitation of the pellets is the

necessity for microsurgical application via a craniotomy, thus

restricting this beneficial treatment to surgically-treated patients.

[5] Additionally, pellets are prepared with dimethylchloride, a

neurotoxin that may not be optimal for human use. In view of this

limitation, a new and liquid nimodipine microparticles loaded

TisseelH matrix was developed and analyzed in vitro. A possible

administration in surgically as well as in endovascularly treated

patients, e.g. via an external ventricular drain was considered as

the major advantage, as compared to aforementioned nicardipine

pellets.

The purpose of this first experimental study on the nimodipine

prolonged-release microparticle matrix for experimental SAH was

to analyze its safety, feasibility and effectiveness for reduction of

angiographic vasospasm and incidence of secondary brain injury.
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Materials and Methods

Experimental Design
All animal experiments were performed in strict accordance

with the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

experimental study was reviewed and approved by the local

Committee for Animal Experimentation, Düsseldorf, Germany

(approval no. 8.87-50.10.34.08.246).

A total of 70 male Wistar rats weighing 250–350 g were used for

this study. The 70 animals were housed under a light/dark cycle

with free access to food and water and randomized (manual

randomization technique) into three groups: 1) Sham operated

group (baseline); n = 20, 2) SAH group; n = 20 and 3) SAH plus

nimodipine microparticles group; n = 30. In detail, the nimodipine

microparticles were applied using three different concentrations,

20% concentration group; n = 10, 30% concentration group;

n = 10 and 40% concentration group; n = 10 (see below). The

experimental SAH and the surgical implantation procedure were

performed on days 1 and 2. Neurological condition was assessed

daily according to a modified Bederson grading scale circling to

one side. [6] Cerebral catheter angiography was performed on day

5, followed by sacrifice of the animals and harvesting of brain

specimen.

The investigators performing surgeries and analysis of behav-

ioral, radiographic and histological endpoints were blinded to

treatment group allocation.

Rat double SAH model and surgical implantation
technique

All invasive procedures were performed under general anaes-

thesia with intraperitoneal application of xylazine hydrochloride

(10 mg/kg body weight, Vetoquinol, Germany) and ketamine,

(100 mg/kg body weight, Pfizer, Germany) allowing spontaneous

breathing. The body temperature was kept at 37uC. Surgical

procedures were performed under sterile conditions. Cerebral

vasospasm was induced by double blood injection into the cisterna

magna. [7,8] After positioning and fixation of the animal, the

atlanto-occipital membrane was surgically exposed. The cisterna

magna was punctured under microsurgical view using a 27 G

needle, after which 0.2 ml cerebrospinal fluid was aspirated with

subsequent injection of 0.2 ml autologous blood. The animals

were then positioned head down for ten minutes to avoid leakage

of injected blood and the surgical wound was closed. The same

procedure was repeated on day 2. In animals belonging to the

sham-operated group, the atlanto-occipital membrane was solely

exposed, the animal was positioned head down for ten minutes

and the surgical wound was closed. This procedure was repeated

on day 2. The intracisternal application of the nimodipine

microparticle loaded TisseelH matrix was performed after finishing

the head down positioning sequence, following the second blood

injection.

Nimodipine microparticle loaded matrix
Poly-D,L-lactide-co-glycolide (PLGA, ResomersH RG502H)

were obtained from Boehringer Ingelheim (Ingelheim, Germany).

Nimodipine was purchased from Sigma-Aldrich (Steinheim,

Germany). The fibrin sealant TisseelH (Duo S 0.5 mL Immuno)

was acquired from Baxter (Unterschleissheim, Germany). All other

chemicals and solvents used were of analytical grade.

Preparation of in situ forming devices
First, all microparticle formulations were prepared using the

spray drying method and the Nano Spray Dryer B-90 (Büchi,

Flawil, Switzerland). [9,10] Different loadings of nimodipine

PLGA particles were manufactured: 300 mg solid containing

20%, 30% or 40% (w/w) nimodipine and PLGA were dissolved in

50 mL dichloromethane. The resulting spraying solutions were

cooled and spray-dried using the following conditions: 120 L/min

drying gas flow rate, 45uC inlet temperature, 50% relative spray

rate, 46 mbar pressure and 7.0 um spray mesh. During spraying

additional 10 mL dichloromethane were added to restock

evaporated solvent. Different concentrations of Nimodipine

loaded PLGA particles were then prepared (20%, 30%, 40% w/

w). Second, the formulations were suspended in TisseelH fibrin

sealant to create the liquid in situ forming device. Therefore, 24 mg

particles were mixed with 0.5 mL of sealer protein solution via

vortexing. To remove air bubbles, the suspension was sonicated.

After vortexing for a second time, the suspension was drawn up

into the empty sealer protein syringe and assembled in to the

duploject system of TisseelH, again. The preparation of the

microparticle loaded TisseelH matrix was done immediately before

application in rats (Figure 1).

Effectiveness of in situ forming devices
The preparation of in situ forming devices have demonstrated

incorporation of nimodipine loaded biodegradable polymer

microparticles into TisseelH fibrin sealant. Smooth and round-

shaped nimodipine PLGA microparticles with high encapsulation

efficiency were suspended in fibrin sealant. This system had built

an in situ forming device were the particles were homogeneously

arranged and immobilized in this second matrix system. Thermal

analysis revealed solubility of nimodipine in the PLGA matrix.

Angiographic assessment
The angiographic studies were also performed under intraper-

itoneal anaesthesia as aforementioned. After positioning the

animal supine, a cervical midline incision was made and the

common carotid artery was exposed. This artery was tapped using

a small needle attached to a microcatheter (27 G needle and

Prowler 14 microcatheter (Cordis)), and the angiography was

performed under manual pressure controlled injection of 0.1 ml

contrast agent (Ultravist 300, Schering, Germany) in our clinical

angiography suite (Integris Allura, Philips, Netherlands). Angiog-

raphy was repeated up to four times to achieve images free of

respiration artefacts. Artery segments in the DICOM data sets

were then measured using computerized quantification of grey

values, a method that was shown to correlate exactly with the

cross-sectional area of the vessel itself in vitro and in vivo models.

[11] The mean perimeters (cross-sectional area) of defined

segments of arteries were expressed as percentage of lumen

patency in comparison to the individual stapedial artery. The

animals were sacrificed after the angiography by intraperitoneal

injection of sodium pentobarbital (200 mg/kg body weight,

Sanofi-Aventis, Germany).

Immunohistochemistry of cerebral specimen
Morphological analysis was performed on brains from 22 rats

(sham n = 3; SAH vehicle n = 4; SAH 20% n = 5; SAH 30% n = 6;

SAH 40% n = 4). Brain specimen were serially cut on a cryostat at

220uC into 20 mm thick horizontal sections (stereotaxic coordi-

nates interaural 4.68; Bregma 25.32) and stained with hematox-

ilin and eosin according to standard protocols. [12] One section

per brain was processesed for Iba-1 and MAP2 immunohisto-

chemistry as follows: After fixation with 4% paraformaldeyhde for

1 h (Iba1) or 10 min (MAP2), the sections were washed once for

10 min with PBST. To block endogenous peroxidase, sections

were then incubated for 30 min with normal goat serum followed

Nimodipine Microparticles for Experimental SAH
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by incubation with an anti-Iba-1 serum (polyclonal, rabbit, 1:1000,

No. 019-19741, Wako) or with an anti-MAP2-antibody (polyclon-

al, rabbit, 1:200; No. 188 002, Synaptic Systems) over night. After

washing with PBST, sections were incubated with biotinylated

anti-rabbit antiobody. Immunoreactivity was visualized by the

avidin-biotin complex method. Sections were developed in

daiminobenzidine (Sigma, St. Louis, USA). Negative controls

were obtained by omitting the primary antibody.

To check for subtle ischemic damage, MAP2-immunostained

sections were semiquantitatively analyzed. [13] Briefly, sections

were scanned under equal lighting conditions at a magnification of

61.6 with a Leica microscope (Leica, Germany), digitized with the

MCID image analysis system (Imaging Research Inc, St.

Catharines, Ontario, Canada) and transferred to a computer

screen. Analysis of immunoreactivity (IR) for MAP2 was

performed in the posterior cortex. The region of interest (ROI)

was identified and marked on the monitor, the gray values were

automatically assessed by the imaging software (MCID image

analysis system; Imaging Research Inc., St. Catharines, Ontario,

Canada). The optical density (OD) of the corpus callosum control

was used as reference value for background staining (ODUSP) and

subtracted from total OD in the respective ROI (ODTOT),

resulting in specific OD (ODSP) as recently described [26]. OD

values were expressed as mean IR 6 SD. Analyses were

performed by an independent researcher (K.F) blinded to the

experimental groups. Values are means of IR 6 SD presented as

% of sham rats.

Statistical analysis
To determine statistical significance, MAP2-immunoreactivuity

was compared between the different treatment groups using

Kruskal-Wallis test. Statistical analysis was done using SPSS for

Windows version 15.0.1 (�SPSS Inc. 2006). For statistical analysis

of angiographical results tests were chosen according to scale level

of variables with t-test to determine difference of the mean in

metric or continuous variables and nonparametric tests for ordinal

variables. Statistical significance was assumed at p,0.05.

Results

Clinical evaluation and angiographic analysis
18 animals died immediately after the double hemorrhage

injection or during the course of the experiment (sham-group

n = 1, SAH-group n = 8, treatment-group n = 9). The clinical

evaluation revealed no delayed neurological deficit over the

observation period of 5 days. All animals were killed on day five

after the index bleeding.

Overall, 93 angiographic examinations were performed in 42

animals according to the 3 experimental groups (sham-group

n = 14, SAH-group n = 13, treatment-group n = 15). Angiographic

evaluation was not possible in 10 animals due to technical

problems or mortality due to the angiography itself. Out of these

the most prominent angiogram of each animal was chosen for

further evaluation by an observer blinded to the treatment groups

(Figure 2).

Statistically significant reduction of arterial diameter was

induced with the double hemorrhage model (SAH only Group,

p = 0.004, Kruskal-Walis-test; Figure 3).

There was a significant difference in relative intracranial filling

intensity among the groups (p = 0.005, Kruskal-Wallis test). The

treatment group receiving 40% of nimodipine microparticles

demonstrated the highest filling intensity, with a statistically

significant difference to the treatment group receiving 20% and

30% of nimodipine microparticles (p = 0.014, Mann-Whitney test).

There was no difference in filling intensity between the groups

treated with 20% and 30% of nimodipine microparticles, as

compared to the sham-operated and SAH only group (Figure 4).

Morphological examination
After sacrifice and preparation of the animals, the matrix was

localized within the region of the cisterna magna. Neuropatho-

logcial evaluation of the H&E stained sections revealed subarach-

noidal blood around the hippocampi in one rat from the SAH

20% and in one rat of the SAH 30% group, while no obvious SAH

was visible in the other animal. One rat of the untreated SAH

group showed two cortical lesions with dense mononuclear

infiltrates (Figure 5). Inflammatory infiltrates were not detectabel

in the subarchnoid space. Analysis of the Iba-1 immunohisto-

Figure 1. Preparation of in situ forming nimodipine depot system.
doi:10.1371/journal.pone.0042597.g001

Nimodipine Microparticles for Experimental SAH
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chemistry confirmed the two lesions seen in H&E plus an

additional focus with accumulation of Iba-1 positive microglia,

thus resembling small cortical infarcts. Iba-1 positive microglia was

evenly distributed with no further lesions in the cerebral sections of

all other rats from the various experimental groups. Iba-1 positive

microglia was evenly distributed and no lesions were detectable.

Semiquantitative analysis of MAP2 protein expression as a

sensitive marker for ischemic damage revealed not significantly

different levels of optical density among the various experimental

groups (Sham, 132633%; SAH 20%, 107623%; SAH 30%,

112630%; SAH 40%, 118622%) compared to sham rats

(100623%) (Kruskal-Wallis test, p = 0.198) (Figure 6). Further-

more there was no inflammatory response within the subarach-

noid space neither due to preparation or the nimodipine matrix

system.

Discussion

The purpose of the present experimental study was to analyze

the safety, feasibility and effectiveness of a newly developed

Figure 2. Representative digital subtraction angiographies of A: Scham-operated group, B: SAH group and C: Treatment-group
(40%) demonstrating the internal carotid artery (ICA) to external carotid artery (ECA).
doi:10.1371/journal.pone.0042597.g002

Figure 3. Angiographic comparison of the sham-operated and the subarachnoid hemorrhage (SAH)-only group, the angiographic
comparison of the sham-operated group and the subarachnoid hemorrhage (SAH)-only group revealed a significant difference of
arterial filling (p = 0.004, Kruskal-Walis-test).
doi:10.1371/journal.pone.0042597.g003

Nimodipine Microparticles for Experimental SAH
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nimodipine prolonged-release microparticles matrix after experi-

mental SAH in rats. Pharmacological integrity of our nimodipine

prolonged-release microparticles matrix has been previously

demonstrated in vitro. Our experimental treatment, i.e. the local

delivery of the high-dose nimodipine prolonged-release micropar-

ticles, resulted in significant reduction in angiographic vasospasm

after experimental SAH. Further, the histological analysis revealed

no signs of toxicity of the experimental treatment. The possible

administration in surgically as well as in endovascularly treated

patients via an external ventricular drain was considered as the

major advantage, as compared to aforementioned nicardipine

pellets.

Several studies previously investigated experimental SAH in the

rat. [14] For the present experimental study, we chose the model

of direct injection of autologous blood into the cisterna magna

because of the possibility of combined SAH induction and

subsequent nimodipine microparticles application during one

surgery. Moreover, we decided to use the ‘‘double hemorrhage’’

model due to its increased vasospastic impact. [14] Using this

model, experimental vasospasm can be reliably induced and it has

been described that the degree of vasospasm in this model relates

to the amount of injected blood. [14,15,16] For the ‘‘double

hemorrhage’’ model, peak angiographic vasospasm and perfusion

deficits in this model have been demonstrated to occur on day 5

after induction of SAH. [17] [18] Furthermore the mortality rate

in the present study was 26%, which is in line with previous

published studies using this hemorrhage model. [17,19,20]

The effectiveness of intrathecally-administered nimodipine has

been reported in experimental models of SAH in canines, rabbits,

monkeys, dogs and rats. One study demonstrated in a group of 8

dogs that a single shot intraventricular application of 100 mg of

nimodipine could significantly reduce angiographic vasospasm in

the basilar artery. [21] In similar experiments, the results

illustrated that single-shot, intrathecal application of nimodipine

promptly reversed vasospasm in the canine SAH model. [22,23]

Conversely, one experiment concluded that intracisternal nimo-

dipine (1 ml/0.2 mg) delivered through an Ommaya reservoir in

the monkey SAH model did not result in any significant relaxation

of cerebral arteries. [24] Only one experimental trial investigated a

prophylactic continuous intrathecal application of nimodipine via

miniosmotic pumps in the rabbit SAH model. [25] This study

demonstrated that prophylactic continuous intrathecal adminis-

tration of either glyceroltrinitrate or nimodipine (dose of 0.2 mg/

ml with a flow rate of 10 ml/h) prevents SAH induced vasospasm.

A dose-related efficacy of a continuous intracisternal nimodipine

treatment using miniosmotic pumps on cerebral vasospasm in the

rat double SAH model has been previously described. [18] Based

on our angiographic analysis, a strong dose-dependant effect of

our experimental treatment on cerebral vessel diameter was

detected. For the groups treated with 20% (0.96 mg) and 30%

(1.44 mg) of nimodipine prolonged-release microparticles, the

Figure 4. Graph showing mean value of the total brain cross-sectional vessel area (grey bars) with confidence interval (black lines)
in all groups, the treatment group receiving 40% of nimodipine microparticles demonstrated the highest filling intensity, with a
statistically significant difference to the treatment group receiving 20% and 30% of nimodipine microparticles (p = 0.014, Mann-
Whitney test).
doi:10.1371/journal.pone.0042597.g004
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vessel size as documented by DSA did not show a significant

difference, as compared to animals belonging to the SAH group.

Interestingly, for animals treated with 40% (1.92 mg) of nimodi-

pine prolonged-release microparticles, vessel size analysis revealed

a complete reversal of the induced vasospasm. This is in line with

previous published experimental and clinical trials supporting the

potential efficacy of continuous, intrathecal application of nimo-

dipine to prevent cerebral vasospasm after SAH. [21,22,23,26,27]

One limitation in the majority of SAH animal models is the lack

of morphological ischemic damage, despite effective induction of

angiographic vasospasm due to abundant collateral blood flow. [8]

However, in our present study, one rat with untreated SAH had

developed small cortical infarcts, which was verified after Iba-1

immunohistochemistry. [28] However, microglia were evenly

distributed in all other brains investigated and no differences

between the various experimental groups were detectable.

Additionally, there were no indirect signs of tissue damage due

to nimodipine prolonged-release microparticles treatment when

using MAP2 immunhistochemistry (Figure 6). Further, angio-

graphic evaluation of small vessels remains difficult, despite various

Figure 5. Cortical microinfarct in a control animal. In the H&E stained section, a small infarct in the deeper cortical layers is visible (a). At higher
magnification, a mononuclear infiltrate can be distinguished (b, arrows; inset from a), indicating ongoing resorption. Iba1 immunohistochemistry (c; d
inset from c) reveals activated microglia in and around the lesion (d, arrows). Scale bar corresponds to 1000 mm (a,c) and 200 mm (b,d), respectively.
doi:10.1371/journal.pone.0042597.g005

Figure 6. Semiquantitative analysis of MAP2 immunohistochemistry as a marker for subtle ischemic damage reveals no diffrences
between the various treatment groups (Kruskal-Wallis test; p,0.05 was considered significant. Values are means of optical density 6 SD
presented as % of sham rats).
doi:10.1371/journal.pone.0042597.g006
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propagated techniques. [15,29,30,31] In this study, we used our

validated software-based, measurement tool for analysis of small

cerebral vessels and were able to reliably document the

aforementioned angiographic diameter difference, in relation to

the dose of our study drug. [11] Additionally, the sample size in

our study might have been too small to illustrate significant

differences in angiographic vasospasm between the different doses

of our experimental treatment. Lastly, a vehicle group was not

used in the present experiment and further experimental trials will

require pharmacokinetic analysis of CSF and plasma concentra-

tion for nimodipine.

In summary, the local delivery of high dose nimodipine

prolonged-release microparticles after successful induction of

experimental SAH resulted in significant reduction of angiograph-

ic vasospasm. Based on these results, a dose-dependant effect of

our experimental drug must be assumed. Despite the absence of

morphological evidence against ischemic events in this model, our

data affirms the beneficial effect of locally applied nimodipine on

cerebral vasospasm. Moreover, the continuous and prolonged

release of nimodipine using microparticles might be a very

promising treatment to overcome secondary cerebral injury in

patients suffering from SAH.

Conclusion

Local delivery of high-dose nimodipine prolonged-release

microparticles resulted in significant reduction in angiographic

vasospasm after experimental SAH. Additionally, the histological

analysis revealed no signs of toxicity of the matrix system. This

data underlines the necessity for the introduction of clinical trials

on nimodipine prolonged-release microparticles in patients with

endovascular or surgical treatment for aneurysmal SAH.
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