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Abstract

Introduction—Cerebral vasospasm after subarachnoid hemorrhage (SAH) is a serious
complication resulting in delayed neurological deficit, increased morbidity, mortality, longer hospital
stays, and rehabilitation time. It afflicts approximately 35 per 100,000 Americans per year, and there
is currently no effective therapy. We present in vitro data suggesting that increasing intrinsic nitric
oxide relaxation pathways in vascular smooth muscle via dopaminergic agonism ameliorates cerebral
vasospasm after SAH.

Methods—Cerebrospinal fluid (CSF) from patients with cerebral vasospasm after SAH (CSFy)
was used to induce vasospasm in porcine carotid artery in vitro. Dopamine was added to test its ability
to reverse spasm, and specific dopamine receptor antagonists were used to determine which receptor
mediated the protection. Immunohistochemical techniques confirmed the presence of dopamine
receptor subtypes and the involvement of NOS in the mechanism of dopamine protection.

Results—Dopamine receptor 1, 2, and 3 subtypes are all present in porcine carotid artery. Dopamine
significantly reversed spasm in vitro (67% relaxation), and this relaxation was prevented by
Haloperidol, a DR antagonist (10% relaxation, P < 0.05), but not by D4 or D3-receptor antagonism.
Both eNOS and iNOS expression were increased significantly in response to CSFy, alone, and this
was significantly enhanced by addition of dopamine, and blocked by Haloperidol.
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Conclusion—Cerebral vasospasm is significantly reversed in a functional measure of vasospasm
in vitro by dopamine, via a DoR-mediated pathway. The increase in NOS protein seen in both the
endothelium and vascular smooth muscle in response to CSFy, is enhanced by dopamine, also in a
D,R-dependent mechanism.
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Introduction

Delayed cerebral vasospasm is a significant cause of morbidity and mortality in patients
surviving an aneurysmal subarachnoid hemorrhage (SAH). Cerebral vasospasm occurs in 30—
50% of all surviving SAH patients, leading to further stroke, poor recovery, neurological
deficit, and often death. Interestingly, there is a delay of 3—10 days between the SAH and the
onset of cerebral vasospasm [1]. Despite extensive research on the etiology of cerebral
vasospasm after SAH [2-5], the molecule(s) or mechanism(s) responsible for this essentially
irreversible constriction of cerebral vessels have not yet been definitively identified, and there
are currently no effective treatments available. Cerebral vasospasm is currently managed
pharmacologically using calcium antagonists such as Nimodipine® (Bayer) [6] with minimal
effects on vessel diameter. Another form of management is “Triple-H” therapy [7]. This is the
combined therapeutic approach of hypertension (achieved using phenylephrine HCI or some
other pressor), hypervolemia, and hemodilution (achieved using normal saline intravenously,
with or without a bolus of albumin to aid liquid retention). The aim of this aggressive
prophylactic therapy is to counteract the hemodynamic consequences of cerebral vasospasm
after SAH, which include decreased cerebral blood flow, and loss of brain vessel auto-
regulation. Although Triple-H therapy is widely used in the neurocritical care community and
is the best treatment available to date, there are significant complications and limitations to
this method including pulmonary edema, myocardial ischemia, hyponatremia, cerebral edema,
as well as the complications associated with indwelling catheters [7]. Cerebral vasospasm also
encompasses neurological deficit independent of vessel narrowing, and the etiology of this
aspect of the disease is not yet understood. In this study, we focus on the vascular aspect of
cerebral vasospasm, which is a major contributor to the syndrome.

One of the many therapies postulated for cerebral vasospasm involves nitric oxide (NO) [8].
NO produced by nitric oxide synthase (NOS) is a potent vasorelaxant [9], and disruption of
this endogenous relaxation pathway has been postulated as a cause for cerebral vasospasm after
SAH [10]. To this end, a number of animal studies have been conducted with limited success
in demonstrating lasting vasorelaxation in vivo [11,12]. The main limitation of infusions of
NO and NO-donors is that they are short-lived in the circulation such that they have to be
continuously infused into the cranial circulation, or even the subarachnoid space, to be
effective.

Evidence exists for communication between dopamine and neuronal NOS (nNOS) in neural
tissue [13-15], and in this study, we have seen that this also occurs with DR agonism and
vascular inducible NOS (iNOS) and endothelial NOS (eNOS) in vitro. Upregulation of an
intrinsic relaxation pathway via intravenous administration of dopamine could leads to
development of an effective therapeutic strategy for cerebral vasospasm after SAH.

Neurocrit Care. Author manuscript; available in PMC 2009 March 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pyne-Geithman et al.

Methods

Page 3

Physiological Saline Solution

Physiological saline solution (PSS) was used in the force measurement experiments, and as a
diluent for the drugs. It comprised the following (in mmol/l): 118 NaCl, 25 NaHCO3, 5.7 KClI,
1.2 MgCl,, 2.4 CaCls,, 0.75 NaH,PQy, and 11 glucose. KCI PSS (80 mmol/l KCI) was used in
the force measurement experiments to achieve maximal tension, where NaCl was replaced
isoosmotically with KCI [16].

Porcine Carotid Artery Isometric Force Measurements

Porcine carotid arteries (extra-dural) were obtained from Large White pigs (Stehlin’s Meat,
Cincinnati, OH 45251), which weighed between 80 and 100 kg at time of slaughter. Since the
excised tissue was brought in from outside, an IACUC protocol was not required. The carotid
artery was removed from the pig within 10 min of sacrifice and placed in ice-cold PSS. The
adventitia was carefully removed, and the tissue cut into rings of 5 mm in length. These rings
were mounted onto a pair of wire triangles, one of which was fixed, and the other was attached
by means of a non-compressible wire to a Harvard Instruments® force transducer. The tissues
were immersed in PSS in a water-jacketed organ bath (Radnoti Glass®, equilibrated at 37°C
and with 95%/5% O,/CO». Prior to addition of cerebrospinal fluid (CSF) or pharmacological
agents, the tissues were stretched manually to their optimum length, and the viability of the
tissues was ascertained by addition of PSS containing 80 mmol/l KCl, giving a maximal
physiological contraction.

In Vitro Model of Cerebral Vasospasm After SAH

Materials

Inthis laboratory, we use an in vitro model of cerebral vasospasm after SAH, which is described
fully in the literature [2,17]. Briefly, CSF from patients who have suffered a SAH was collected
and used to elicit contraction in porcine carotid smooth muscle. CSF is drained from these
patients as standard of care, and local IRB permission was obtained to collect store and analyze
this fluid. We have found that only CSF from patients with angiographically visible cerebral
vasospasm elicits a significant, sustained, increase in contraction in our model [18]. As such,
our model allows for the in vivo formation of vasospastic CSF (CSFy/) in human patients, thus
eliminating the discrepancy in mechanism of hemorrhage that may occur in animal models.
Porcine carotid arteries in vitro were bathed in undiluted CSFy, in order to model cerebral
vasospasm after SAH. Agents were added before or after addition of CSF in order to assess
their effectiveness at preventing/reversing cerebral vasospasm in vitro.

High-grade chemicals were obtained from Acros Organics (Morris Plains, NJ) unless otherwise
stated. Dopamine, L-stepholidine (LSPD, a D4-receptor antagonist), Haloperiodol (a D,-
receptor antagonist), and U991914A (a D3-receptor antagonist) were obtained from Alexis
Corporation San Diego, CA, and added to the tissue in the organ bath to a final concentration
of 10 umol/I for dopamine and 1 pmol/I for the antagonists.

Immunohistochemistry

Porcine carotid arteries were exposed to agents while mounted on the force measurement
apparatus and fixed in situ with 4% paraformaldehyde. Tissues were exposed to CSF for 1 h,
and the agent of choice for 30 min. Where a combination of agonist/antagonist is added, the
additions are made simultaneously. The fixed tissues are mounted on a freezing microtome
with the lumen parallel to the blade angle. Transverse 50-um sections were cut and collected
into PBS. The sections were incubated with antibodies to iNOS, eNOS, DR, D,R, or D3R
(US Biologicals, Swampscott, MA). After incubation with secondary antibodies conjugated to
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horseradish peroxidase, the Vectastain HRP development system (Burlingame, CA) was used
to visualize specific binding of the primary antibodies. The stained sections were mounted onto
slides for analysis with a Zeiss (Hallbergmoos, Germany) Axio-Cam system. Staining intensity
was quantified using ImageQuant (Sunnyvale, CA) software.

For comparison between groups and their controls, unpaired t-tests were used. Significance
for multiple groups was determined using ANOVA. A significant difference was determined
when P < 0.05. Errors are reported as standard deviation. Minitab Statistical Analysis software
(State College, PA) was used for these analyses.

We first sought to show that the three most common receptor subtypes, the D1-like receptor,
DR, and the D,-like receptors, DoR and D3R, are present in vascular smooth muscle. Figure
1 shows that the porcine carotid artery does indeed contain all three receptor types, in both the
endothelium and vascular layers.

Figure 2a shows the protective effect of dopamine against cerebral vasospasm in our in vitro
model (n = 6 different pig tissues). Dopamine alone did not cause significant contraction,
whereas CSFy, alone elicited a pathological contraction more than twice that of the
physiological maximum (70 mmol/l KCI). This CSFy-induced contraction was significantly
lessened with 10 umol/l dopamine (P < 0.05, t-test), and this protection was afforded whether
the dopamine is added before or after the CSFy,. In fact, relaxation is greater when dopamine
is added following the CSFy,. In order to determine which receptor the dopamine might be
acting through, we utilized inhibitors. L-SPD (I-stepholidine) was used to inhibit D1R,
Haloperidol for D,R and U99194A inhibits D3R. Figure 2b shows that only D,R antagonism
prevented the protection afforded by dopamine (n = 4 different pig tissues). This strongly
suggests that dopamine-mediated protection against cerebral vasospasm after SAH in vitro is
D,R-mediated. Significance was determined using the t-test between tissues with and without
dopamine for each antagonist and CSFy,.

Figure 3a shows quantification of endothelial eNOS by immunohistochemistry. There is
significant increase in eNOS elicited by CSFy, alone, but this is, again significantly, enhanced
by the presence of 10 umol/l dopamine (P < 0.01). Taking the data in Fig. 2 implicating the
involvement of D,R into consideration, we used the DoR antagonist, Haloperidol, to show that
blocking D,R prevents increased eNOS expression in dopamine-treated vasospastic vessels in
vitro. Haloperidol significantly reduced staining for both eNOS and iNOS compared to
dopamine + CSFy,.. From each of 5 different pieces of tissue (from 5 different pigs), 6 tissue
sections were analyzed and all the data averaged. Haloperidol also prevented dopamine-
dependent increase in iINOS and eNOS staining in the absence of CSFy, (data not shown).

A similar pattern is seen in Fig. 3b, which illustrates INOS expression in the vascular smooth
muscle. There was a significant increase with CSFy, alone, which was enhanced by dopamine.
This increase due to dopamine was ablated by Haloperidol (P < 0.01). From each of 5 different
pieces of tissue (from 5 different pigs), 6 tissue sections were analyzed and all the data averaged.

Discussion

Nitric oxide can lead to relaxation of smooth muscle by reducing the intracellular calcium

concentration in several ways (see Fig. 4). However, the widespread use of a calcium channel
blocker Nimodipine® (Bayer) in SAH patients to prevent cerebral vasospasm is based on this
premise also and no vasodilatation is seen in the spastic vessels; rather, improved neurological
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outcome associated with use of Nimodipine is likely due to prevention of calcium overload in
the damaged neurons [6,19-21]. So, perhaps the reduction in intracellular calcium in the
vascular smooth muscle is not enough to reverse vasospasm [22]. Protein kinase G (cGMP-
dependent protein kinase), which is activated as a result of NO pathway activation, is also
known to phosphorylate and activate myosin light chain phosphatase. This, in turn,
dephosphorylates smooth muscle myosin light chains and leads to smooth muscle relaxation.
Figure 4 illustrates the multiple ways in which NO can lead to vasodilatation.

Although the use of exogenous NO or NO donors as a relaxant to treat cerebral vasospasm
after SAH has been investigated before [23], here we show that dopamine applied to the
vasculature can raise expression of both iNOS and eNOS. Cross-talk between dopamine and
NOS has been sparsely reported. von Essen et al. [24] showed that dopamine induces increased
cerebral blood flow in dogs, and that this increase is blocked by haloperidol. In a subsequent
publication [25], the same authors showed that this dopamine-induced increase in CBF is
increased when a NO donor (nitroglycerine) was infused simultaneously. However, the authors
do not postulate any relationship between dopamine and NOS. In patients with cerebral
vasospasm after SAH, combinatorial therapy with aminophylline, nitroprusside (an NO donor),
and dopamine seemed to act synergistically and improve patient outcome, but this was a series
of case studies, and no published clinical trial data are available. In renal arteries, dopamine
led to induction of iNOS in the vascular tissue, and this was blocked with haloperidol [26].
Another isoenzyme of NOS that we did not investigate here, mitochondrial NOS (mtNOS)
[27], may also be upregulated by DR agonism. Czerniczyniac et al. found that dopamine at 1
and 15 mM significantly increased NO production in isolated mouse sub-mitochondrial
synaptosome-free membrane preparations, and that this NO production was abolished by L-
NNA or L-NAME [28]. Dopamine also affected other mitochondrial functional parameters
thought to be regulated in part by mtNOS [29]. The concentrations of dopamine seen to have
an effect in this study are supra-physiological, but could be seen locally as a result of pathology
in dopaminergic regions. The authors suggest that this response to dopamine could be related
to that of the response of nNOS to dopamine [15,30], because mtNOS is an isoenzyme of nNOS
[29].

So how does binding of dopamine to a D,R lead to increased NOS expression? There is very
little reported work in this area. Butt et al. postulated that NOS activation may be via CAMP
signaling. NOS can be phosphorylated (and consequently, activated) by protein kinase A and
protein kinase GII. When phosphorylated, the enzyme becomes Ca?*-independent [31].
Dopamine can increase CAMP levels via DR [32], so this is a possible mechanism. It is worth
mentioning again that this study focused on the vascular aspects of cerebral vasospasm, and
we cannot address the nonvascular-related neuro-worsening seen in some patients after SAH
with our in vitro model. While we have used dopamine for these in vitro studies, the pressor
effects of dopamine in patients have undesirable side-effects. Many neurocritical care units
have switched to norepinephrine or phenylephrine as pressor of choice in triple-H therapy
[33]. Bromocriptine is used in the Neurointensive care setting to arouse patients, usually those
with traumatic brain injury. This is a Dy/3R dopaminergic and does not have pressor effects
[34]. This may be a viable option for moving these studies into an in vivo model.

Conclusion

We have shown that there is a D,R-mediated relationship between dopamine and eNOS and
iNOS upregulation in vascular smooth muscle and endothelium (further investigations are
required to assess the involvement of mtNOS) which leads to relaxation of vessels in a
pathological state of constriction in vitro. Medications such as amantadine (MAO-A inhibitor),
bromocriptine (DR agonist), or other dopamine agonists, Sinemet® (combination of levodopa
and carbidopa, both converted to dopamine in the brain), and Modafinil ([2-[(diphenylmethyl)
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sulfinyl]acetamide], an atypical wake-promoting mixed agonist dopaminergic), have been
reported to improve alertness and cognition after TBI and SAH [35-39] and are often used to
promote arousal in comatose recovering traumatic brain injury patients in the neurocritical care
setting. That these dopaminergic agonists currently are used safely in this patient population
isencouraging and may provide an avenue for pharmacologic therapy to prevent or even reverse
vasospasm in the SAH patient.
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Fig. 1.

Porcine carotid artery sections subjected to immunohistochemical staining using antibodies
specific for dopamine receptors (DR). D4R (al and a2), D2R (panel b) and D3R (c). Two
different magnifications of the same section are shown for each (1 =2X, 2 = 80X). From these
representative images, it can be seen that Dy (2), D (b), and D3 (c) receptors are all expressed
in porcine carotid arteries. D3R are the least abundant, and D,R are the most abundant, which
supports our hypothesis that up-regulation of NOS in this vessel is mediated by DoR. Images
are representative of 5 vessels (from different pigs) for each receptor staining. Structures: A,
adventitia; E, endothelium; I/M, intima/media; L, lumen
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Haloperidol

U99194A

(a) Porcine carotid artery contracts to CSF from patients with vasospasm (CSFy,) to greater
than that of 70 mM potassium chloride, the physiological maximum Ca2*-dependent
contraction. Dopamine (DA) alone had little effect, but in combination with CSFy,, DA
prevented the majority of the contraction. n =6, errors are SD. (b) In the porcine carotid artery
in vitro, the DA protection is abolished by the specific D,R antagonist Haloperidol, but not by
LSPD (L-stepholidine, D1R antagonist) or U99194A (D3R antagonist). This suggests the
protection is mediated through DoR. n = 4, errors are SD. * Significant differences determined

by ANOVA, P < 0.05
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Fig. 3.

(a) Quantification of endothelial nitric oxide synthase in the endothelium. ImageQuant® was
used to determine the pixel count/area for the endothelium. Control was set at 100% and values
are expressed as percent increase from control (untreated tissue). (b) Similar quantification of
inducible nitric oxide synthase in the vascular smooth muscle layers. n = 5, errors are SD
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Fig. 4.

An illustration of the pathways proposed to be involved in DA activation of NOS and the
subsequent mechanisms by which NOS effects vasodilatation [12]. DA (dopamine) binds to
the D2R (D5-dopamine receptor) at the plasma membrane, thus activating AC (adenylate
cyclase). This leads to cAMP (3'-5’ cyclic adenosine monophosphate) production which is a
second messenger that activates PKA (cyclic AMP-dependent protein kinase). PKA
phosphorylates and activates NOS (nitric oxide synthase), resulting in a positive feedback loop
and increased expression of both iINOS and eNOS. NO is produced which then activates sGC
(soluble Guanylyl cyclase) which converts guanosine triphosphate (GTP) into 3'-5’ cyclic
guanosine monophosphate (cGMP). cGMP acts as a second messenger and activates cGMP-
dependent protein kinase (PKG’). This kinase acts on multiple target proteins to the same end:
vasodilatation. (i) Phosphorylation of membrane ion channels leads to influx of potassium and
prevention of calcium influx. Hyperpolarization ensues and calcium entry is further retarded.
(i) Phosphorylation of 1P3 receptor-associated cGMP kinase substrate (IRAG) prevents
release of calcium from intracellular stores. (iii) Phosphorylation of phospholamban and
consequent relief of its inhibition of sarco-endoplasmic reticulum Ca2* ATPase (SERCA)
results in increased sequestration of cytosolic calcium into the sarcoplasmic reticulum.
Pathways (i)—(iii) result in decreased intracellular calcium concentrations and therefore less
smooth muscle contraction. (iv) PKG phosphorylates and activates myosin light chain
phosphatase (MLCP). This dephosphorylates the myosin light chains, allowing dissociation of

Neurocrit Care. Author manuscript; available in PMC 2009 March 4.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pyne-Geithman et al.

Page 13

actomyosin, and relaxation. (v) This whole process can be blocked with Haloperidol, a D,R
antagonist
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