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Nimodipine is a widely used medication for treating delayed cerebral ischemia (DCI) a
er subarachnoid hemorrhage. When
administrated orally or intravenously, systemic hypotension is an undesirable side e�ect. Intracranial subarachnoid delivery of
nimodipine during aneurysm clipping may be more e�cient way of preventing vasospasm and DCI due to higher concentration of
nimodipine in cerebrospinal uid (CSF). 	e risk of systemic hypotension may also be decreased with intracranial delivery. We used
animal models to evaluate the feasibility of surgically implantinga silica-based nimodipine releasing implant into the subarachnoid
space through a frontotemporal craniotomy. Concentrations of released nimodipine were measured from plasma samples and CSF
samples. Implant degradation was followed using CT imaging. A
er completing the recovery period, full histological examination
was performed on the brain and meninges. 	ein vitro characteristics of the implant were determined. Our results show that the
biodegradable silica-based implant can be used for an intracranial drug delivery system and no major histopathological foreign body
reactions were observed. CT imaging is a feasible method for determining the degradation of silica implantsin vivo. 	e sustained
release pro�les of nimodipine in CSF were achieved. Compared to a traditional treatment, higher nimodipine CSF/plasma ratios
can be obtained with the implant.

1. Introduction

Delayed cerebral ischemia (DCI) is a serious complication
of subarachnoid hemorrhage (SAH). Nimodipine is one
of few e�ective treatments with clinical evidence for this
condition [�, � ]. Knowledge of the pathophysiology of the
DCI and the underlying vasospasm has evolved in recent
years to a complex entity of early brain injury, secondary
injuries, and cortical spreading ischemia, instead of being
pure intracranial vessel spasm [� � � ]. 	e consequence of a
diligent research for understanding the mechanism of SAH

has led to the development of new tentative therapies to treat
DCI, many showing promising preliminary results [� � �� ].
Recently, cilostazol was reported to improve outcome among
SAH patients when added to a conventional treatment [�� ].

	e severity of the complications caused by DCI and
relatively ine�ective current treatment strategies have led to
the search of new routes to administrate nimodipine for SAH
patients [�� ]. Intra-arterial, intrathecal, intraventricular, and
intracranial routes have been described [�� � �� ]. By obtaining
higher concentrations of nimodipine in the CSF, it may
be possible to reduce the risk of vasospasm [�� ]. Higher
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concentrations of nimodipine in the cerebrospinal uid
(CSF) can also increase other bene�cial e�ects of nimodipine,
for example, neuroprotection for delayed neuronal apop-
tosis and �brinolysis of microthrombosis [�� � �� ]. In an
experimental SAH rat model, nimodipine inhibited cortical
spreading ischemia (CSI) [�� ]. 	ese alternative adminis-
tration routes also help in achieving su�cient therapeutic
concentrations in subarachnoid space with lower systemic
nimodipine concentrations, thereby reducing the risk for
systemic hypotension, which may be detrimental for patients
with intracranial vasospasm.

Nimodipine in poly-D,L-lactide coglycolide (PLGA)
implants has been described in the literature [�� , �� ].
	e e�cacy of intracranial nimodipine therapy is under
research and the results of the studies have been encouraging
[�� , �� , �� ]. Other calcium channel blockers incorporated
into PLGA implants have been described and studied as
well, including mibefradil and nicardipine [�� � �� ]. At the
moment, nimodipine is the only calcium channel blocker
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T���� �: Allocation of treatment groups and schedule of the pig study.

Group Procedure Parenchyma implant Animals per group Animal IDs
Sham Sham operation No implant � ��A, ��B, and ��C
Placebo Placebo implant �� mg glucose× � Placebo implant � ��C, ��A, and ��F
Active Nimodipine implant � mg× � Placebo implant � ��B, ��D, and ��E
Samples Day � Day � Day �� Day �
Plasma (ear vein) x x
Plasma (vena jugularis) x x x x
Cerebrospinal uid x x
CT x x�

1Day � on animals ��A, ��B, and ��C.
2Only animals ��A and ��D underwent CT-imaging.

T���� �: Allocation of treatment groups and schedule of the dog study.

Group Procedure Parenchyma implant Animals per group Animal IDs
Active � Nimodipine implant �.� mg × � (total ��.� mg) NA � �, �, �
Active � Nimodipine implant �.� mg × � NA � �, �, �
Sham Sham operation NA � �, �, �
Samples Day � Day � Day � Day �� Day ��
Plasma (vena jugularis) � h, �.� h, �.� h, � h, � h, and �� h (on day �) x x x x
Cerebrospinal uid � h x x x
CT x x x
NA = not applicable.

the implants in all surgeries. Five implants were determined
to be the number of implants for testing toxicity of the
nimodipine silica implant (Active �). 	e group receiving
one implant was considered as a regular treatment group at
expected pharmacological dose and any adverse e�ects were
not expected (Active �). Schedule of the study and allocation
to treatment groups are presented inTable �for the pigs and
Table � for the dogs. Day � indicates the operation day.

�.�. Anesthesia and Analgesia.At day �, pigs and dogs
were sedated, anesthetized, intubated, and connected to a
ventilator for surgery. Pigs were sedated with midazolam
� mg/kg i.m. and xylazine � mg/kg i.m. and anesthesia was
maintained with propofol infusion �� mg/kg/h i.v. Dogs were
sedated using dexmedetomidine ��� g/kg i.v. and anesthesia
was induced with slow propofol bolus � mg/kg i.v. and main-
tained with a propofol infusion � mg/kg/h i.v. Heart rate,
oxygen saturation, and rectal temperature were observed
and recorded throughout the procedure. As a prophylactic
antibiotic, cefuroxime was administered before operation,
��� mg i.v. for dogs and ��� mg i.v. for pigs. For analge-
sia, Fentanyl was administered to pigs intraoperatively ��
�� � g/kg i.v. and ��� days postoperatively using a ��� g/h
transdermal patch. For dogs, fentanyl was administered
intraoperatively �� g/kg i.v. and � days postoperatively using
a �� � g/h transdermal patch.

Pigs were sedated for blood and CSF sampling with mida-
zolam � mg/kg i.m. and xylazine � mg/kg i.m. For CSF, sam-
pling anesthesia was induced with propofol bolus � mg/kg i.v.
for pigs. Sedation of dogs for CSF sampling was done using
dexmedetomidine ��� g/kg i.v. and a slow propofol bolus

� mg/kg i.v. Sedation or anesthesia was not required for dogs
when only venous blood samples were collected.

Pigs were sedated for CT imaging procedures with
midazolam �-� mg/kg i.m. and xylazine �� � mg/kg i.m. and
anesthesia was maintained with propofol �� �� mg/kg/h i.v.
infusion. For the dogs, dexmedetomidine ��� g/kg i.v. was
used for the sedation and anesthesia was induced with slow
propofol bolus �� � mg/kg i.v. and maintained as needed with
propofol boluses during CT imaging.

�.�. Surgery. During the surgical procedures, the heart rate,
the rectal temperature, and the oxygen saturation were
recorded in every �
een minutes. Similar surgical approach
was used for both species. 	e animals were positioned in a
lateral prone gesture, and a longitudinal incision was made
between the le
 eye and ipsilateral ear. 	e scalp was retracted
away from the zygomatic arch. 	e temporal muscle was cut
vertically and retracted to expose the lateral frontotemporal
bone at the level of the anteromedial skull base. A lateral
frontotemporal craniotomy, approximately � cm in diameter,
was made using a trephine and a craniotome in order to reach
the anterior and middle skull base (Figure �).

	e dura was opened and basal cisterns were exposed
under the operating microscope. In the pigs, one placebo
implant, which contained �� mg glucose, or one nimodip-
ine implant, which contained � mg nimodipine, was placed
towards the scull base in the basal cisterns. One placebo
implant with glucose was placed into the brain parenchyma
in the temporal lobe in the Placebo and active groups. Among
the dogs, group Active � was treated with �ve implants
containing �.� mg of nimodipine and group Active � with


















