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Abstract
Delayed deterioration associated with vasospasm (DDAV) after subarachnoid hemorrhage (SAH),
often called vasospasm, continues to be both a difficult entity to treat and a leading cause of
morbidity in patients. Until recently, attention was focused at alleviating the vascular spasm.
Recent evidence shows that vascular spasm may not account for all the morbidity of DDAV.
There is renewed interest in looking for other potentially targets for therapy. Inflammation has
become a promising area of research for new treatments. In this review, we will explore the
evidence that inflammation is a driver of DDAV by asking three questions: 1) If inflammation is
important in the pathogenesis of the disease, what part or parts of the inflammatory response are
involved? 2) When does inflammation occur in the SAH? And 3) in what compartment of the
skull does the inflammation occur, the cerebrospinal fluid and meninges, the cerebral arteries or
the brain itself.
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Introduction
Delayed neurological deterioration after subarachnoid hemorrhage (SAH) was initially
described before the advent of cerebral angiography. After the development cerebral
angiography, the association with cerebral vasospasm became apparent prompting
researchers to focus on reversal of the vascular spasm. Results of trials using the calcium
channel blocker nicardipine and the endothelin-1 antagonist clazosentan revealed an
unexpected finding; the cerebral vasculature can be dilated without improvement in patient
outcomes(1, 2). Recently, there have been a number of investigators who have questioned
whether vascular constriction is associated with ALL the morbidity of the syndrome(3–6).
Over the last 15 years, there are a number of laboratories investigating the inflammatory
underpinnings of both vascular constriction and the brain damage associated with SAH.

The names associated with delayed neurological deterioration after SAH have been a source
of confusion. Over the years, the terms delayed cerebral vasospasm (DCV), delayed
ischemic neurological deficits (DIND), and delayed cerebral ischemia (DCI) have all been
employed to describe the syndrome. Unfortunately, all of these names assume that the cause
of damage is due to vasospasm or ischemia. The studies of nicardipine and clazosentan
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would suggest that other mechanisms might be at play(1, 2). The ideal name should both
appreciate the association with vasospasm and not making assumptions about the cause of
damage. I favor the name delayed deterioration associated with vasospasm (DDAV) as it
meets both criteria and keeps open the possibility that forces other than ischemia such as
inflammation may play a role. In this review, I will use DDAV to describe the syndrome of
delayed deterioration and vasospasm to denote specifically changes in vessel caliber.

In this review, we will ask a series of questions about the possible role of inflammation in
DDAV. We will describe the research to date that supports the answers to the specific
questions.

What type of inflammation is associated with DDAV?
The study of inflammation in SAH dates back more than 30 years with the finding that early
elevations in white blood cell (WBC) cell counts are associated with the later development
of vasospasm(7–10). A number of studies have investigated inflammation by examining
cytokine levels in blood and CSF in patients with SAH. In addition, there have been a
number of interesting animal studies that have suggested the involvement of the
inflammatory system in DDAV.

We must first define what inflammation is in the context of SAH. The term inflammation
very broadly describes a local response to tissue injury that is marked by a number of
specific events: increased capillary permeability and fluid extravasation into the tissue,
leukocyte infiltration, and the four cardinal signs described by Celsus over 2000 years ago of
tumor, calor, rubor, and dolor. Inflammation is the final common pathway of processes
directed by the immune system.

The immune system is a complex and tightly regulated system of effectors against external
pathogens AND endogenous tissue damage. It can be broadly divided into two component
parts, the innate immune system and the adaptive immune system. It is out of the scope of
this review to discuss the intricacies of the two systems but a good review this was
published in 2000(11). Although the immune system functions both to attack external
pathogens and mitigate internal cell malfunctions, the roll of immunity against external
pathogens has been better studied.

The innate immune system is the first line of defense against external pathogens that
includes processes from the skin (preventing entry of foreign pathogens) to marrow derived
innate immune cells that form the first responder corps against bacteria and viruses. In
infection, the innate cell response, which consists of mainly neutrophils (also macrophages,
natural killer cells and monocytes) enters an infected tissue and nonspecifically release
tissue-destroying enzymes and reactive oxygen species. The signals to which innate immune
cells respond were originally thought to be due to recognition of self versus non-self. This
theory has been largely replaced by a newer theory that is supported by evidence that
neutrophils respond to specific danger signals called pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) that can be either from
pathogens or from release of intracellular contents when a cell is damaged or cancerous(12).
When presented these signals, innate cells destroy the tissue and send signals to the adaptive
immune system to develop a more specific response.

The adaptive immune system is a well-regulated set of processes that has as its end product
a very specific response to a specific organism (or tissue). T cells and B cells are able to
develop a specific response to cellular elements of an external pathogen by selection and
clonal expansion. This response takes longer to develop than the innate system but has long
lasting effect including immunity against pathogens years after initial exposure. The process
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of regulation of adaptive immunity is based on communication between antigen-presenting
cells in the lymph nodes and naïve lymphocytes with signaling from numerous cytokines.

Given the time that it takes DDAV to develop, one would suspect that the actor in
inflammation would be the adaptive immune system. Interestingly, there is mounting
evidence in other critical illness associated injuries that suggests that in a non-infected
environment, the innate immune system can have actions that are longer lasting than in
infection(13, 14). Research from our laboratory suggests that neutrophils are associated with
vasospasm in patients with SAH(15). This is consistent with studies done in animal models
that suggest that interfering with the mechanism of neutrophil signaling or availability
ameliorates vasospasm. Studies from the laboratory of Tamargo and colleagues have shown
that blocking CD11b/CD18 complex (the cell surface ligand for on myeloid cells that pairs
with ICAM-1 for trafficking out of the blood stream) prevents vasospasm(16). Ma and
colleagues have shown that there is evidence of signaling of the largely neutrophil-
associated TLR4 in the brain after subarachnoid hemorrhage(17). Minami and colleagues
also found evidence of neutrophil interaction with basilar artery interstitium after SAH
associated with vasospasm(18). The laboratory of Zhang and colleagues has been
investigating early inflammation after SAH and its implications for vasospasm. They have
found that administration of L-arginine decreases early inflammation after SAH (19). L-
arginine is the substrate for NADPH oxidase, a neutrophil enzyme. This is evidence that
innate mechanisms are active early after SAH.

There is little evidence from sampled CSF in patients with SAH that adaptive immune
system cells (T-cells and B-cells) are associated with DDAV although definitive
investigation of this is lacking (Provencio, JJ, data not published). There is some conflicting
data in the field that decreases our certainty that innate immunity has a definite role. A study
from patients with SAH who had surgical clipping showed that levels of IL-1β but not TNF-
α were increased and correlated with the later development of vasospasm(20). If the innate
immune system were the driver, one would expect that both IL-1β and TNF-α would
correlate to vasospasm. A study by Oruckaptan and colleagues in Turkey found no role for
neutrophils or myeloperoxidase (MPO, a neutrophil-derived effector enzyme(21). Although
there were methodological issues that call into question the results of this study, replication
of this study has not been published to my knowledge. These few contradictory studies do
not dissuade my enthusiasm for inflammation as a reasonable area of research in SAH.

When does inflammation occur that leads to delayed deterioration
associated with vasospasm?

One of the most tantalizing prospects for treatment of DDAV is its occurrence often a week
after the onset of SAH. With so much time between ictus and onset of symptoms, it is hoped
that treatments can be implemented in this window. The important question that arises is
whether the processes that lead to DDAV and cerebral vasospasm develop at the time of
clinical presentation or are the end product of a process that begins at the time of SAH and
takes time to develop clinically.

Evidence from studies of early inflammation after SAH suggests that inflammatory
processes begin early. Zhang and colleagues have shown that vascular endothelial growth
factor (VEGF) and mitogen-activation protein kinase (MAPK) are up-regulated early after
experimental SAH(22). Both are associated with innate inflammatory responses. Likewise,
McGirt, Laskowitz and colleagues found that in patients with SAH, early, elevated levels of
matrix-metalloproteinase-9 (MMP-9) and VEGF were associated with vasospasm(23). An
interesting study by Clatterbuck and colleagues showed that inhibition of lymphocyte
function-associated antigen-1 (LFA-1) within 3 hours of the hemorrhage prevents
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vasospasm of isolated femoral arteries suggesting that the process of inflammation occurs
very early in the course of SAH(24). In our laboratory, we have found that neutrophils are
elevated in the first three days after SAH; days before the onset of clinical symptoms or
evidence of vasospasm(15). In a mouse model of vasospasm, depletion of myeloid cells
(neutrophils, monocytes, and macrophages) prior to SAH prevents both the vascular
manfestions of DDAV but also the behavioral deficits(25).

Where does the inflammation occur?
There are three possible sites of inflammation after SAH as it pertains to DDAV: the
meninges and CSF space, the brain, and the cerebral arteries. It is possible that more than
one compartment is affected in the process. Studies investigating the different compartments
are lacking. One of the strongest criticisms of inflammation as a driver for vasospasm and
DDAV is that there is not as robust a meningeal reaction to spilled blood in the CSF space
as in bacterial meningitis, which is less associated with this syndrome. It is important to
reiterate the caution that innate inflammatory responses in infected tissues appear to differ
from those responses in sterile environments.

Work in our laboratory and others have suggested that inflammation does occur in the CSF
of patients with SAH although not to the extent seen in meningitis(15, 26–31). Whether the
inflammatory cells cause permanent cerebral damage is still unclear.

Damage to the blood vessels is the most studied of the inflammatory pathways. There is
evidence of inflammation in blood vessels after SAH associated with vasospasm (32–35).
Inflammatory cell infiltration of vascular intima has been described(36–38). Tamargo and
colleagues described inflammation in blood vessels in conceptual terms as the “leukocyte-
endothelial cell interaction”(39). This is supported by a number of studies that report
endothelial dysfunction in animals models of vasospasm(40–42).

Inflammation of the brain directly causing both the vascular syndrome of vasospasm and the
clinical syndrome of delayed deterioration is possibe based on the data but a sobering
finding because the process seems to occur extremely early after SAH obliterating the
window of treatment theory that is integral to our optimism for a cure (Sehba, Pluta and
Zhang for an informative review(43)). A number of studies suggest that early inflammation
leads to poor outcome after SAH(44–46). The innate brain inflammatory cell most likely to
participate in early brain inflammation is the microglial cell. Results from our laboratory
show that microglial activation in the first day of SAH in a murine model histologically
correlates well with the presence of later vasospasm and behavioral deficits(25, 47). It is still
unclear if microglia direct the inflammation from the brain or respond to outside influences.
In brain trauma, microglia seem to play an important and direct role in the inflammation
(48–50).

What are the drivers of inflammation?
It is well recognized that where there is cerebral ischemia, there is brain inflammation. The
question at the root of DDAV is whether inflammation is the mechanism of cell injury in
SAH, or whether other factors directly or indirectly (through vasoconstriction and stroke)
lead to poor outcomes in patients. There are a number of putative agents that have been
proposed to cause vasospasm and (by assumption) DDAV because most studies have not
looked out long-term outcome from DDAV. The studies of clazosentan and nicardipine
warn that the assumption that vasospasm and outcome are tightly linked may be falty(1, 2).

Early studies of vasospasm focused on hemoglobin and oxyhemoglobin as the causative
agents(51–53). Two correlates of this theory are that blood breakdown produces either: 1)

Provencio Page 4

Acta Neurochir Suppl. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bilirubin oxidation products (BOX's) that lead to damage or 2) free hemoglobin which is a
sump for nitric oxide, which leads to spasm based on relative over-expression of
endothelin-1(54–60). There are number of genetic allele variants that seem to be important
in the risk for the development of vasospasm in humans. They include the ApoE4 and the
Haptoglobin α2/α2 genotype and are thought to code for products that alter the risk of
vasopasm(61–64). Finally, other blood cell components such as platelets have been
postulated to lead to direct damage to blood vessels and the cause of vasospasm(65, 66).

It is possible that all of these mediators are actually early triggers for inflammation either in
the brain, the blood vessels or the meninges. It has been postulated for a number of the
above-mentioned entities that inflammation may be the mechanism of injury.

Conclusion
A great deal of work is left to resolve whether inflammation is a driver of DDAV or a
consequence of the ischemia that results from vasospasm. The failure of vasodilators to
improve patient outcome despite improving vascular constriction, suggests that investigating
other possible entities is warranted. Inflammation seems the most probable non-vascular
research avenue to pursue. In the next few years, I look forward to new studies and
mechanistic evaluations of inflammation in SAH based on the three questions we discussed
here. When we know what cells, when and in what compartment of the cranium
inflammation acts, we will hopefully be able to develop rational treatment strategies.
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Figure 1.
Depiction of possible instigators, actors and effectors of inflammation that could contribute
to both vascular changes and poor outcomes in patients with delayed deterioration
associated with vasospasm (DDAV) after aneurismal SAH.
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