
© 2023 Brain Circulation | Published by Wolters Kluwer Health – Medknow 135

Parainfectious cerebral vasculopathy 
complicating bacterial meningitis: 
Acute‐short lived vasospasm followed 
by delayed‐long lasting vasculitis
Vivig Shantha Kumar

Abstract:
Bacterial meningitis is a serious, life‑threatening infection of the meninges. Several radiological 
studies highlight prominent structural alterations occurring in the cerebral vasculature, leading to 
significant cerebrovascular consequences during bacterial meningitis. Beginning with reflexive 
arterial vasospasm , cerebrovascular disease during bacterial meningitis proceeds through a orderly 
sequence of arterial vasculitis with inflammatory cell infiltration, medial smooth muscle migration and 
proliferation, medial necrosis, adventitial fibrosis and eventual intimal stenosis. As such, this review 
focuses on changes occurring within cerebral arteries during disease progression, highlighting the 
various structural modifications occurring in the arterial vessels that contribute to disturbances in 
cerebral hemodynamics and, ultimately, cerebrovascular consequences during bacterial meningitis.
Keywords:
Bacterial meningitis, cerebral infarction, cerebral ischemia, cerebrovascular disease, vasculitis, 
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Introduction

Cerebral blood flow alterations are a 
prevailing theme in bacterial meningitis. 

Several  studies have attempted to 
understand the alterations in cerebral blood 
flow that contribute to the development 
of ischemic cerebrovascular sequelae in 
bacterial meningitis. Although most studies 
can collectively agree that both vasospasm 
and vasculitis of cerebral arteries, as 
intertwined as they are in their individual 
contributions to flow alterations, disturb the 
normal cerebral hemodynamic profile, the 
structural changes that facilitate such blood 
flow alteration are minimally explored. 
Cerebrovascular complications are a dreaded 

consequence in bacterial meningitis and are 
associated with poor neurological recovery 
and prognosis.[1,2] In particular, ischemic 
cerebrovascular events occur secondary 
to parainfectious vasculopathy. Cerebral 
arteries and veins are equally affected by 
structural vascular changes resulting in 
vasculitis, vasculopathy, arterial thrombosis, 
intracranial aneurysm formation, and 
venous thrombosis.[3] Transcranial Doppler 
and cerebral angiographic studies commonly 
demonstrate cerebrovascular involvement 
and cerebral blood flow variations in 
acute bacterial meningitis.[4‑12] The net 
outcome of flow alterations and cerebral 
vasculopathy in acute bacterial meningitis 
is the occurrence of ischemic stroke. In 
fact, 15%–60% of patients with tuberculous 
meningitis develop stroke. Furthermore, 
Cerebrovascular complications in the form 
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of ischemic stroke occur reliably in Group B streptococci 
models of bacterial meningitis in approximately 30% of 
children.[13] Surprisingly, the burden of stroke secondary 
to parainfectious vasculopathy is influenced by the 
specific pathogen causing bacterial meningitis. Here, the 
incidence of stroke due to bacterial meningitis caused by 
Streptococcus pneumonia is 4 times higher compared to 
bacterial meningitis caused by Neisseria meningitidis.[14,15] 
Given the clear association between cerebrovascular 
disease and bacterial meningitis, the factors predisposing 
to cerebrovascular involvement in bacterial meningitis 
remain speculative.[13‑16]

Discussion

Parainfectious cerebral vasculopathy ‑ Arterial 
narrowing
Cerebral vasculopathy is a recognized event in bacterial 
meningitis. Several pathological studies dating back 
to the late 19th and early 20th centuries recognize 
pathological changes occurring in cerebral blood vessels 
and brain infarcts.[17] Vasculitis changes in cerebral blood 
vessels have been observed in a quarter of children 
with streptococcal meningitis.[8,18] On the corollary, up 
to a quarter of adults show similar vasculitic changes 
in their cerebral vessels in bacterial meningitis.[14] 
Although the occurrence of vascular wall changes in 
bacterial meningitis is clearly demonstrated, the exact 
structural modifications that initiate such vessel wall 
morphological alterations are largely unknown. Several 
pieces of cerebral angiographic evidence identify 
arterial narrowing as a critical initial point, contributing 
to ischemic consequences. First, Taft et al. identified a 
significant association between H. influenzae meningitis 
and the development of vascular complications in the 
pediatric population.[13] Interestingly, Adams et al., in 
a necropsy study of children with bacterial meningitis, 
observed pathological alterations of the vasculature in 
the brain parenchyma similar to those seen following a 
recent infarction.[19] Greitz also observed the narrowing 
of arteries in tubercular meningitis, particularly at the 
base of the brain.[20] As noted above, Lehrer confirmed 
earlier reports of arterial stenosis in bacterial meningitis 
by observing diffuse narrowing of the entire circle of 
willis and associated branches in tubercular meningitis.[21] 
In an attempt to delineate the cause of arterial narrowing 
in bacterial meningitis, Lyons and Leeds observed 
cerebral blood flow patterns during the acute phase of 
bacterial meningitis. In addition to documenting stenotic 
changes in the supraclinoid region of the internal carotid 
artery (ICA), Lyons and Leeds proposed vasospasm of the 
cerebral vasculature as a contributory factor leading to 
these changes.[22] As noted above, cerebral angiographic 
studies support a clear association of bacterial meningitis 
with the narrowing of particular cerebral arteries such as 
the supraclinoid portion of the ICA, middle cerebral, or 

anterior cerebral artery. However, the dilemma arises in 
assigning an organic cause to this structural narrowing 
vasospasm or vasculitis. Histological studies of cerebral 
vessels help narrow down a presumptive cause of arterial 
narrowing. Currently, it is agreed that arterial narrowing 
due to reflexive vasospasm in response to vascular wall 
encroachment by inflammatory exudate is characterized 
by minimal histopathological changes, whereas vasculitis 
is marked by significant inflammatory changes such 
as inflammatory cellular trafficking with attendant 
development of wall edema and intimal thickening.[23‑25]

Surrounding purulent exudate and pro‑inflammatory 
cytokines trigger early reflexive vasospasm
Support for early reflexive vasospasm occurring in 
bacterial meningitis stems from several pieces of clinical 
and experimental evidence. Yamashima et al. analyzed 
ultrastructural changes occurring in cerebral vessels 
during bacterial meningitis and demonstrated two 
different origins of the narrowing of cerebral vessels. 
The first occurrence of cerebral narrowing was attributed 
to vasospasm and the second occurrence to vasculitis. 
Instead of suggesting vasospasm and vasculitis are 
two separate entities, it was suggested that the initial 
vasospasm damages the vascular endothelium leading 
to inflammatory changes that evolved into vasculitis. 
Yamashima et al. proposed that vasospasm initiated 
endothelial damage due to a reduction in caliber 
of the cerebral blood vessel leading to ischemia.[26] 
Likewise, in addition to documenting stenotic changes 
in the supraclinoid region of the ICA, Lyons and Leeds 
proposed vasospasm of the cerebral vasculature as a 
contributory factor leading to these changes.[22] Further, 
Ferris et al. similarly agreed that vasospasm leads to 
stenotic changes in purulent meningitis.[27] In an attempt 
to assign an organic cause for cerebral vasospasm, 
Wertham analyzed several pieces of necropsy data from 
children and adults with bacterial meningitis, observed 
the sparse frequency of cerebral lesions during purulent 
meningitis, and, coincidentally postulated that these 
benign‑appearing lesions are a consequence of vasoactive 
circulatory factors released during infection.[17] Similarly, 
Hassin observed similar changes to the cerebral 
vasculature and attributed these findings to the 
accumulation of inflammatory metabolic by‑products.[28] 
Crompton extended the pathological sequelae of cerebral 
vasospasm by providing the first histopathological 
evidence of cerebral vasospasm‑induced vasculopathy 
by demonstrating microscopic changes suggestive of 
myonecrosis in involved cerebral arteries.[29]

The precise etiology of vasospasm in bacterial meningitis 
remains to be fully elucidated, but inflammatory 
cytokines, cerebrospinal fluid (CSF) leukocytes, 
oxygen‑derived‑free radicals, and inflammatory exudate 
may be reasonable mediators.[30,31] Under normal 
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circumstances, the arterial wall is resistant to infection; 
with the development of an infectious foci occurring 
due to the spread of infection from an external, but an 
adjacent site in close proximity to the vasculature.[3,32] 
Histological studies suggest that early arterial vasospasm 
may be initiated due to increased pressure exerted on the 
cerebral vessels by the surrounding purulent exudate.[23,24] 
Furthermore, histopathological examinations of the 
cerebral vasculature demonstrate that the vascular 
adventitia is continuous with the surrounding purulent 
exudate in the CSF.[33] Initial involvement of the arterial 
adventitia is supported from observations that the 
adventitial layer is most severely affected in bacterial 
meningitis.[34‑39] Given that the inner arachnoid region 
of the meninges forms the outer adventitial layer of 
focal subarachnoid blood vessels, the early preferential 
involvement of the adventitial layer may represent a 
primary initial extension of infection. Additionally, the 
intracranial arteries demonstrate a significant deficiency 
of the external elastic lamina and instead have only 
a sparse adventitial layer, easily facilitating the early 
involvement of the adventitial layer by the infectious 
process in a nearby adjacent foci.[40] Anatomically, the 
predilection for the adventitia as the primary site of 
involvement stems from the course of the ICA through 
the subarachnoid spaces. Following the course of 
vertebral arteries and the ICA in the vertebral column 
and the neck respectively, these vessels pass through the 
meninges to enter the skull. On entering the skull, the 
dense purulent exudate in the subarachnoid space and 
basal cisterns wrap the traversing blood vessels, causing 
the particular segments to undergo vasospasm.[35,38,41‑44] 

Closer examination of these vessels reveals a marked 
sparsity of vessel wall infiltration, with evidence of 
vasospasm correlating strongly with the surrounding 
subarachnoid exudate in which these vessels coexist 
in.[37,38,42,43,45] Moreover, these vessels demonstrating 
a significant vasospastic process coincide with those 
located at the base of the brain as well as in the Sylvian 
fissures, a region of the brain characterized by a rich 
accumulation of purulent exudate derived from the 
meningitic process in the subarachnoid process.[35,38,41,42,44] 
The vasospasm observed in these blood vessels may be 
attributed to either pressure exerted by the surrounding 
subarachnoid exudate or due to the interaction of the 
cerebral vessels with vasoactive pro‑inflammatory 
cytokines released in the vicinity. From this viewpoint, 
given the proximity of the vascular adventitia to the 
subarachnoid space, identification of the adventitia as the 
initial site of inflammation leading to arterial vasospasm 
seems more than plausible.[46] Similarly, the common 
involvement of supraclinoid portions of the ICA, distal 
vertebral, and basilar arteries strengthens the argument 
for subarachnoid purulent exudates in initiating 
vasospasm in bacterial meningitis. Vessel narrowing, 
in this context, may represent a reflexive early transient 
reversible muscular contraction as a response to the 
surrounding infectious process, ultimately culminating 
in vasospasm.

Vasospasm occurring due to exposure of humoral 
factors released locally in the CSF or the blood 
vessel wall corroborate observations of the tunica 
adventitia as the initial site of vasculopathy in bacterial 

Figure 1: ET-1, elaborated in the CSF, diffuses into the tunica media through adventitial defects, where it comes in contact with smooth muscle cells to elicit contraction, 
resulting in vasoconstriction through the activation of downstream pathways such as rho-kinase[121]
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meningitis. Such an interaction is permitted due to 
ultrastructural modifications of the cerebral vasculature. 
In contrast to other arteries elsewhere in the body, the 
cerebral vasculature is unique in that it is not heavily 
surrounded and wrapped by a dense layer of collagen 
or fibroblasts, but rather is devoid of such a constrictive 
environment, allowing for direct contact with the 
CSF.[47] This ultrastructural modification of the cerebral 
vasculature allows humoral factors such as vasoactive 
mediators and pro‑inflammatory cytokines to directly 
modulate vascular tone either through direct actions 
or by indirect actions such as inducing the synthesis of 
endothelin‑1 (ET‑1) by the vascular endothelium.[48,49] In 
line with this suggestion, given the greatest exposure of 
the cerebral vasculature to the surrounding inflammatory 
noxious microenvironment occurs in the outermost layer, 
the tunica adventitia, it is reasonable to speculate that 
if locally released humoral factors were causative in the 
initiation of cerebral vasospasm in bacterial meningitis, 
the adventitia would be most severely affected.[50] 
Moreover, given that the predominant inflammatory 
process of bacterial meningitis occurs in the region of 
the large intracranial blood vessels, vasospasm caused 
by pro‑inflammatory cytokines seems plausible given the 
focal involvement of nearby blood vessels. Additionally, 
the sparsity of inflammatory cell infiltration into 
the vessel wall with a greater predominance of CSF 
leukocytosis in the surrounding CSF, strengthens the 
argument for a role of humoral factors released within 
the CSF or the blood vessel wall as the inciting agent.[51]

Vasospasm attributed to humoral factors begins with 
a perturbation of normal endothelial cell function 
following bacterial meningitis. Injury to the vessel 
endothelium plays a vital role in the development of 
vasospasm through the modulation of synthesis of 
humoral mediators capable of influencing smooth muscle 
cell activity. In particular, a loss of endothelial‑derived 
nitric oxide synthesis, a vasodilator, or upregulation 
of endothelin, a vasoconstrictor, is implicated in 
the establishment of vasospasm.[52] Consequently, 
in bacterial meningitis, the decreased availability of 
NO and unopposed activation and action of ET‑1 is 
overwhelmingly implicated in the mediation of cerebral 
vascular responses leading to vasospasm.[53] ET‑1, a 
potent vasoconstrictor, is synthesized by leukocytes 
following exposure to bacterial lipopolysaccharides and 
pro‑inflammatory cytokines released during cerebral 
inflammation.[7,48,49,54] Consistent with this suggestion, 
patients with bacterial meningitis have a markedly 
elevated CSF level of ET‑1, coinciding with cerebral blood 
flow disturbances.[30] Surprisingly, increased CSF levels of 
pro‑inflammatory cytokines (tumor necrosis factor [TNF], 
Interleukin‑1 [IL‑1]) positively correlate with cerebral 
blood flow alterations in bacterial meningitis.[31] Here, 
patients displaying increased cerebral blood flow 

velocities were observed to show a coincident increase 
in CSF concentrations of IL‑1 and IL‑6.[33] These studies 
suggest that pro‑inflammatory cytokines released in 
response to an infectious foci in the CSF influence cerebral 
blood flow patterns by activating the synthesis of ET‑1 
by the cerebral vascular endothelium.[47‑49] Upon release 
into the subarachnoid space, ET‑1, a vasoconstrictor of 
molecular size 2.5 kDA, may appear to gain access into 
the nearby vascular wall from the adventitial side, where 
it may come into contact with vascular smooth muscle 
cells (VSMCs), triggering contraction of smooth muscle 
contraction (SMCs) and the advent of cerebral vasospasm 
[Figure 1].[47] Such an interaction between humoral factors 
released into the CSF and constituents of the vascular 
wall is permitted due to structural modifications of the 
pial cerebral arteries, wherein the outer adventitial layer 
of these vessels is in direct contact with the surrounding 
subarachnoid space, not hindered by extracellular 
matrix (ECM) cellular components such as collagen or 
fibroblasts, allowing for easy diffusion of vasoactive 
factors into the vessel wall to mediate vasoactive vascular 
wall alterations.[47] Consistent with this suggestion is the 
demonstration of ET‑1 acting from the adventitial side of 
the blood vessel, rather than the luminal side of the blood 
vessel, thereby providing a link between ET‑1 release by 
leukocytes and other central nervous system cells in the 
subarachnoid space and vasospasm of adjacent cerebral 
blood vessels.[47,50]

Angiographic evidence of the cerebral vasculature 
during bacterial meningitis further strengthens the 
argument for vasospasm occurring in the acute phase 
of infection by suggesting an early short‑lived alteration 
of cerebral blood flow not sustained during the later 
stages of infection. C.H. LU used magnetic resonance 
angiography to demonstrate arterial vascular changes 
occurring in acute bacterial meningitis, measuring 
cerebral blood flow in the basilar, posterior, middle, 
and anterior cerebral arteries across various days over 
a 21‑day period. It was noted that cerebral blood flow 
velocity sequentially increased over the course of days 
1–4 before reaching a peak on day 4, and gradually 
returning to the normal baseline value over the 
remainder of 21 days.[55] Similarly, in a study performed 
by Müller et al., using a transcranial Doppler to measure 
the blood flow velocity in 4 cerebral vessels, during the 
acute phase of bacterial meningitis, cerebral blood flow 
velocity maximally increased between days 1 and 3 
before gradually returning to the normal baseline value 
after 21 days.[56] In addition, as observed by Hans‑Peter 
Haring, the cerebral blood flow velocity gradually 
increased from day 1 to day 5, before reaching a peak 
flow velocity on the 5th day. Subsequently, the cerebral 
blood flow velocity decreased gradually after the 5th day 
until the 21st day, where it resembled normal baseline 
values. In an attempt to more closely elucidate the precise 



Kumar: Bacterial meningitis & cerebral vasculopathy

Brain Circulation ‑ Volume 9, Issue 3, July‑September 2023 139

vascular response characteristic of the acute phase 
of bacterial meningitis, Hans‑Peter Haring proposed 
that in the acute setting of bacterial meningitis with an 
attendant infective foci in the cerebral vasculature, the 
accompanying inflammatory response will damage 
the vascular endothelium. The vascular endothelium 
will respond with a reflexive transient vasospasm, 
leading to narrowing and obstruction of the affected 
vessel which by virtue of creating a turbulent blood 
flow within the vessel contributes to an increased blood 
flow velocity. Moreover, he postulated that the increase 
in cerebral blood flow commonly observed during the 
acute stages of infection that was not corroborated by 
an equally elevated cerebral blood flow pattern over 
the later periods of the disease may very well represent 
a resolution of the inflammatory process with restoring 
of the normal cerebral vascular architecture by reduction 
of the vasospasm and reversal of narrowing and 
obstruction of the affected vessel.[25] According to this 
viewpoint, as vasospasm of cerebral arteries in bacterial 
meningitis is primarily mediated by either a surrounding 
purulent exudate or soluble vasoactive humoral factors 
in the CSF, both of which represent components of the 
acute inflammatory response in bacterial meningitis, 
resolution of the inflammatory process by host defenses 
may explain the normalization of the cerebral blood flow 
over the later stages of bacterial meningitis. Ultimately, 
these angiographic studies corroborate the critical 
influence of reversible vasospasm during the acute 
phase of bacterial meningitis. Conclusively, cerebral 
vasospasm in bacterial meningitis may be attributed to 
either a reflexive reversible contraction in response to 
surrounding purulent inflammatory exudate in the CSF 
or due to pro‑inflammatory cytokines.

Upregulation of vascular cell adhesion molecule 
and intercellular adhesion molecule‑1 and 
leukocyte trafficking initiate myonecrosis and 
vasodilation
In addition to vasospasm, cerebral arteries frequently 
demonstrate the occurrence of vasodilation. In search of 
histopathological changes providing further insight into 
cerebral vasculopathy occurring in bacterial meningitis, 
Davis et al. described angiographic evidence of 
significant vasodilation occurring in purulent meningitis. 
However, much to the contrary, angiographically 
demonstrated vasodilation was not accompanied 
with similar histopathological changes.[57] Crompton 
provided the first histopathological evidence of cerebral 
vasospasm‑induced vasculopathy by demonstrating 
microscopic changes suggestive of myonecrosis in 
involved cerebral arteries.[29] Oberc and Engel provided 
a plausible sequence of events leading to the formation 
of myonecrosis following the initiation of vasospasm in 
cerebral arteries. Initial vasospasm interferes with the 
smooth muscle cell plasmalemma, allowing the massive 
entry of intracellular calcium. Accumulation of calcium 
in intracellular organelles such as the mitochondria 
and sarcoplasmic reticulum leads to calcium overload. 
Cytoplasmic increases in calcium allow sustained 
repeated aberrant contractions of myofilaments, 
resulting in myofilament breakdown and mechanical 
destruction. Further, increases in intracellular calcium 
enhance the breakdown of myofilaments into smaller 
nonfunctional thin granular or filamentous material. 
On the other hand, increases in mitochondrial and 
sarcoplasmic reticulum calcium sequestration leads 
to adenosine triphosphate (ATP) wastage by active 
calcium transport processes. In addition, the sustained 

Figure 2: Upregulation of leukocyte specific adhesion molecules during the acute phase of meningitis promotes neutrophil/monocyte migration, adherence and invasion of 
the endothelium, following which meningococci may be able to enter the intima through endothelial gaps.[121]
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myofilament contractions, in response to high calcium 
levels, further consume ATP. The net outcome of these 
effects is a depletion of intracellular ATP, leading to 
further disruption of the plasmalemmal barrier and an 
eventual depletion of intracellular glycogen reserves to 
replenish ATP through anaerobic glycolysis, ultimately 
culminating in myonecrosis and a weakly sustained 
muscle contraction leading to vasodilation.[58]

More closely, following cerebral vasospasm, the initiation 
of hypoxic injury to the cerebral vasculature triggers 
endothelial cell injury and endothelial dysfunction, 
characterized by dysfunctional properties of the vascular 
endothelium. Vascular damage and dysfunction are 
responsible for many of the pathophysiological features of 
severe meningococcal disease, beginning with increased 
adhesiveness of leukocytes to the vascular endothelium 
[Figure 2]. Initially, Tuomanen et al. proposed an 
alteration of normal endothelial cell phenotype by 
suggesting that early in the course of bacterial meningitis, 
increased leukocyte‑endothelial cell interaction was 
observed.[59] Similarly, meningococci‑derived cutaneous 
vasculitic lesions when cultured in vivo have been 
demonstrated to adhere to and subsequently invade the 
vascular endothelium.[60] In the same study, increased 
meningococci adherence to the vascular endothelium 
was associated with an increased prevalence of 
infiltrating neutrophils, lending support to the idea 
that meningococci facilitate leukocyte attachment 
to the vascular endothelium.[60] Further, histological 
specimens of cutaneous lesions caused by meningococci 
demonstrate an increased number of meningococci 
adherent to the vascular endothelium.[61] Meningococci 
are able to adhere to and invade the vascular endothelium 
through interactions with specific receptor ligands on the 
endothelial cell surface.[62‑65] Subsequently, meningococci, 
alone or in combination with neutrophils, may lead to 
endothelial injury.[63,65] Meningococci adherent to the 
vascular endothelium may initiate endothelial damage by 
stimulating the margination and adherence of neutrophils 
from the circulating blood.[64] At this point, leukocytes 
initially mediate tissue injury and initiate vessel wall 
remodeling through the infiltration of the vessel wall 
with pro‑inflammatory cytokines, polymorphonuclear 
neutrophils, and degradative enzymes. In particular, 
during bacterial meningitis, granulocytes trigger 
destructive vessel wall changes by releasing cytotoxic 
cellular proteases, reactive oxygen‑derived species, nitric 
oxide, and polyunsaturated fatty acids.[66] These cytotoxic 
molecules exert different pathologic effects on the vessel 
wall resulting in the destruction of the layers of the vessel 
wall with the eventual weakening of the mechanical 
properties of the cerebral vasculature ultimately turning 
into a friable, matrix‑devoid vascular wall.

The early pathological cascade of destructive vascular 
remodeling following leukocyte tissue influx proceeds 
with macrophage tissue trafficking and predominance 
as the dominant inflammatory cell type. Localization 
and trafficking of macrophages within the vascular 
wall sets into motion the sequential process of vessel 
wall weakening through the production of cytokines, 
proteases, and soluble protein mediators capable 
of regulating a number of processes related to cell 
survival and production of ECM. Of note, the prime 
target of macrophages following states of vascular 
wall inflammation is the smooth muscle cell.[67,68] Due 
to the fact that VSMCs maintain the integrity of the 
vascular wall through the synthesis of collagen and 
elastin, damage to these cells by macrophages leads 
to a marked weakening of the mechanical integrity of 
the arterial wall. The primary mechanism by which 
macrophages initiate smooth muscle cell damage is 
by triggering apoptosis of these cells.[69,70] Apoptosis of 
vascular smooth muscles, in response to vascular injury, 
is mediated by several different mechanisms including 
activation of proapoptotic Fas signaling pathways and 
release of cytotoxic pro‑apoptotic signals such as nitric 
oxide and TNF‑alpha.[68,71] In addition to facilitating 
the destruction of these cells, macrophages also reduce 
collagen synthesis by the remaining surrounding smooth 
muscle cells through the secretion of transforming 
growth factor‑beta, effectively rendering the functional 
VSMCs unable to synthesize collagen leading to 
significant impairments in the structural integrity of the 
vascular wall.[72,73] Apart from indirectly modifying the 
composition of the ECM by influencing the synthetic 
properties of VSMCs, macrophages also directly influence 
the course of ECM remodeling through the release of 
matrix metalloproteinases (MMPs).[74] MMP release from 
infiltrating macrophages plays an ever‑so‑important 
role in vascular wall remodeling during bacterial 
meningitis. In line with this suggestion, several 
experimental studies highlight a critical inductive 
influence of matrix‑metalloproteinases in the vascular 
wall remodeling process of bacterial meningitis.[75‑80] 
MMPs, zinc‑containing peptidases intracellularly located 
as inactive zymogens within leukocytes and brain cells, 
are responsible for the degradation of the ECM.[81‑83] Within 
the cerebral vasculature, MPPS initiate a pathological 
cascade of destructive vascular remodeling through a 
series of sequential steps culminating in the eventual 
increase in leukocyte migration across the endothelial 
cell barrier. Upon activation, zymogens release MMPs 
leading to the degradation of the subendothelial basement 
membrane, a critical barrier to leukocyte transcellular 
migration into the tissue, in the cerebral vasculature by 
the degrading ECM proteins‑collagen IV and V, the main 
constituents of the subendothelial basal lamina situated 
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around the cerebral capillaries. Increased leukocyte and 
subsequent macrophage tissue trafficking propagate a 
cycle of continuous inflammatory cell trafficking, release 
of cytotoxic proteases further enhancing the already 
present inflammatory infiltrate, eventually leading to 
vessel wall necrosis and a weakening of the mechanical 
properties of the cerebral vasculature, inching towards 
the development of vasodilation from a loss of muscular 
integrity.

During the early phase of the inflammatory process 
affecting the vascular media, a dominant inflammatory 
cell constituency is established. Following the creation of a 
dense inflammatory zone, infiltrating acute inflammatory 
cells are gradually replaced by chronic inflammatory 
cells, which degrade the structural components of the 
vascular wall. Ultimately, a decellularized media persists 
characterized by a replacement of VSMCs by fibrotic 
elements [Figure 3].

The vasculopathic effects of MMPs are corroborated with 
histological evidence of vessel wall necrosis, particularly 
in small‑ and medium‑sized blood vessel walls. In lieu of 
the suggestion that inflammatory cells and inflammatory 
cell products mediate destructive vessel wall changes 
in bacterial meningitis, vessel wall necrosis may be 
a consequence of vessel wall infiltration.[35,42,84,85] In 
studies of tuberculous bacterial meningitis, following the 
occurrence of vasospasm, the smooth muscle cells of the 
tunica media commonly demonstrate signs of cytoplasmic 
vacuolization, a early sign of VSMC apoptosis.[86] 
Similarly, in a separate study, the tunica media of cerebral 
arteries was observed to be deficient in VSMCs and 
accompanied by a corresponding increase in VSMC 
devoid amorphous regions in the tunica media. These 
amorphous areas, characterized by a loss of VSMCs, were 
replaced by dense fibrotic tissue similar in appearance to 
the adjacent adventitia.[87] Moreover, fragmentation and 
dissolution of the internal elastic lamina in the tunica 

intima and smooth muscle cell atrophy in the tunica 
media were observed before the onset of late‑stage tunica 
intimal thickening.[87] This disruption of the internal 
elastic lamina and VSMCs emphasizes the occurrence 
of vessel wall necrosis in bacterial meningitis, forming 
the basis for myonecrosis and subsequent vasodilation 
that is commonly observed. Ultimately, initial necrotic 
inflammatory lesions affecting the tunica adventitia and 
media of the cerebrovasculature progress to the intimal 
layer, where they evolve into stenotic, occlusive lesions 
as a result of proliferative vessel wall changes coinciding 
with the thickening and organization of the surrounding 
purulent inflammatory exudate.[34,42,44]

Late intimal thickening and luminal stenosis
Vasodilation and myonecrosis of the cerebral arteries 
are subsequently followed up by an increase in intimal 
thickening and luminal narrowing of the cerebral 
vasculature in bacterial meningitis. Initial vasospasm, 
occurring due to either purulent exudate‑induced 
pressure effects or vasoconstrictive actions of 
pro‑inflammatory cytokines, damages the intima as 
a consequence of arterial narrowing‑reduced blood 
flow leading to anoxic injury of the intima. In response 
to ischemic injury, the intima undergoes intimal 
proliferation and thickening resulting in myointimal 
hyperplasia and sequential ischemic cerebrovascular 
sequelae. For example, secondary intimal proliferation 
is most commonly observed in cerebral arteries affected 
by the greatest degree of vasospasm, highlighting 
a role of vasospasm in ischemia‑induced intimal 
remodeling.[88] Histopathological studies more closely 
elucidate this transformation emphasizing that 
following hypoxic endothelial injury, breakdown of the 
endothelial cell barrier and leakage of intravascular fluid 
into the subendothelial space leads to the development 
of subendothelial edema. With the progression of 
bacterial meningitis, subsequently, breakdown of 
the internal elastic lamina and subsequent migration 

Figure 3: Soon after the onset of arterial inflammation, the tunica media is overloaded with an abundance of macrophages (native) that initially contribute to the remodeling of 
the media through the release of degradative proteases. Subsequently, macrophages and smooth muscle cells progressively under apoptosis, leading to a gradual resolution 
of acute inflammation and adaptation of a synthetic phenotype (part-decellularized). Ultimately, smooth muscle cells are replaced by a synthetic fibrotic matrix characterized 

by increased collagen deposition (decellularized)[121]
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of smooth muscle cells to the intima results in 
vascular reorganization of the subendothelial edema 
and eventual intimal thickening.[26] Lehrer, using a 
tuberculous model of meningitis, observed luminal 
narrowing of arteries at the base of the brain, and 
attributed vasculo‑occlusive changes in the small‑ and 
medium‑sized vessels as a plausible factor.[21] Likewise, 
Abraham, Mathew, and Chandy observed stenotic 
lesions principally affecting the supraclinoid portion of 
the ICA in the vicinity of the carotid siphon and in the 
proximal portions of the middle and anterior cerebral 
arteries. These stenotic lesions in the form of either 
distinct beadlike or completely occluded segments 
may very well represent an adverse consequence 
of early vasospasm, but histological evidence more 
closely points to an inflammatory process mediated 
vessel wall remodeling due to the presence of arteritic 
lesional changes suggestive of stenosis.[89] In tubercular 
bacterial meningitis, stenotic changes of the cerebral 
vasculature in the form of occlusive intimal thickening 
represent a deleterious late‑occurring cerebrovascular 
complication.[36,42,85,90,91] In fact, occlusive cerebral 
vasculopathy in bacterial meningitis appears to 
occur either in the setting of vessel wall infiltration 
by inflammatory cells or following inflammatory 
cell‑induced vascular remodeling.[42,87,91] Before the 
advent of intimal thickening, histological studies 
highlight the presence of adventitial fibrosis, medial 
atrophy, and internal elastic lamina fragmentation as 
important precursors.[87] The progression of histological 
changes from early adventitial fibrosis to subsequent 
medial atrophy and eventual internal elastic lamina 
breakdown emphasizes the inward migration of the 
vasculopathic inflammatory process from the adventitia 
towards the intima. The end result of the inflammatory 
process centered on the cerebral vessel intima is a 
segmental, concentric or crescentic appearance of the 
cerebral vasculature,[34,36,38,42] coinciding with intimal 
proliferation and myointimal hyperplasia.

As stated earlier, luminal stenosis in the late 
stages of bacterial meningitis is a consequence of 
intimal proliferation and hyperplasia leading to 
vasculitis.[26] Vasculitis, the pathogenic manifestation 
of intimal hyperplasia, is accompanied by neither a 
breakdown of the endothelial cell layer nor intravascular 
thrombi formation leading to stenotic narrowing, 
accounting for vasculitic tissue ischemia.[3] Instead, 
stenotic narrowing, in the context of bacterial meningitis, 
revolves around the role of VSMCs in the tunica media 
following injury to the arterial wall. A standard response 
of the arterial vasculature to injury is the migration of 
VSMCs from the tunica media into the intima, followed 
by hyperproliferation in response to soluble mediators.[88] 
Possible mediators affecting migratory and proliferative 
capabilities of the VSMC include MMPs, vascular 

endothelial growth factor (VEGF), and platelet‑derived 
growth factor (PDGF).[92] First, VSMC migration requires 
the mechanical disruption of the endothelial cell basement 
membrane.[93] MMPs, proteolytic enzymes derived 
from macrophages, initiate endothelial cell basement 
membrane proteolysis, thereby decreasing endothelial 
cell‑basement membrane adhesive interactions through 
the removal of adhesion sites or upregulation of VSMC 
binding sites, both of which facilitate VSMC intimal 
migration. Simultaneously, endothelial cell and VSMC 
adhesion junctions composed of VE‑cadherin and 
N‑cadherin, respectively, are proteolytically degraded 
by MMPs, promoting disintegration of these cells 
from their cellular attachment and preparing VSMC 
for migration.[94,95] In addition, MMPS trigger the 
fragmentation and dissolution of type 1 collagen, 
procuring the formation of new integrin binding 
sites.[96,97] The disruption of the endothelial basement 
membrane with decreased endothelial and VSMC cell‑cell 
adherence, along with the upregulation of new integrin 
binding sites, increases cellular interactions between 
integrins and ECM components, leading to heightened 
activation of molecular pathways responsible for VSMC 
migration. Although several MMPS are responsible 
for mediating different components of vasculopathic 
derangement in bacterial meningitis following vascular 
injury, MMP‑2 and MMP‑9 have been most prominently 
observed to mediate VSMC migration.[98,99]

Upon migration into the intimal layer, VSMCs proliferate 
under the influence of diverse proliferative stimuli, 
including growth factors and pro‑inflammatory cytokines. 
As such, two notable growth factors capable of modulating 
VSMC behavior in response to vascular injury are 
vascular endothelial‑derived growth factor and PDGF. 
Vascular endothelial‑derived growth factor, a soluble 
growth factor, initiates increases in vascular endothelial 
cell permeability, angiogenesis, and most importantly, 
migratory capabilities of the VSMC [Figure 4]. A putative 
role of VEGF in mediating stenotic changes of the arterial 
intima arises from the observation of increased levels of 
VEGF in the serum and CSF of patients with tuberculous 
meningitis.[100] Further, indirect evidence for the role 
of VEGF in initiating vasculitic changes in bacterial 
meningitis arises secondary to the pro‑inflammatory 
properties of TNF‑alpha. In a rabbit model of tuberculous 
bacterial meningitis, the occurrence of cerebral vasculitis 
coincides with CSF levels of TNF, suggesting that the 
production of TNF‑alpha by the inflammatory process 
induces synthesis of VEGF.[101] VEGF, a soluble growth 
factor, is normally expressed by the VSMC but is rapidly 
upregulated during states of vascular injury leading to 
VEGF overexpression.[92,102] VEGF overexpression by 
VSMCs has been observed to occur during the presence 
of several noxious stimuli, including mechanical injury, 
ischemia, reactive oxygen species, and pro‑inflammatory 
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cytokines (IL‑1) and growth factors (basic fibroblast growth 
factor and PDGF).[103,104] Once induced, VEGF promotes 
migration of SMCs, thereby underling chemotactic stimuli 
of VEGF on VSMCs.[102] In addition, VEGF indirectly 
stimulates VSMC migration and subsequent intimal 
thickening by participating in the vascular response to 
injury through the production of MMPs by VSMCs.[105] 
Based on these studies, it is reasonable to speculate that 
during bacterial meningitis, hypoxia‑induced endothelial 
injury contributes to intimal thickening and luminal 
stenosis through the upregulation of VEGF, which may act 
in a autocrine manner to facilitate the migration of VSMCs 
from the tunica media into the tunica intima, setting 
the stage for subsequent interactions with proliferative 
mediators such as PDGF.

Following the migration of VSMCs into the intima, 
PDGF is a signaling mediator involved in mediating 
subsequent smooth muscle cell responses to endothelial 
cell injury. Although the action of different subtypes 
of PDGF on VSMCs is multifarious, the PDGF‑BB 
subtype has been consistently demonstrated to initiate 
VSMC migration in response to arterial injury.[106‑109] 
PDGF‑BB expression, in bacterial meningitis, contributes 
to ischemic stroke through a perturbation in normal 
endothelial cell barrier function.[110] Further, in E. coli 
models of bacterial meningitis, PDGF expression is 
upregulated by the vascular endothelium. Following 

insults to the vascular wall, PDGF is derived from both 
platelets adherent to the denuded endothelium as well 
as infiltrating macrophages in the vascular wall. Since 
inflammation of the cerebral vasculature in bacterial 
meningitis begins from the adventitia and spreads 
inward towards the intima, infiltrating macrophages 
may be a dominant source of PDGF release into the 
vascular wall. Consistent with this suggestion, recent 
studies have identified infiltrating macrophages as a 
cellular source of PDGF release, a mitogen capable of 
directly influencing smooth muscle cell proliferation in 
the intima leading to growth of a stenotic lesion.[111,112] 
In atherosclerotic models, macrophages have been 
demonstrated as an initial source of PDGF serving to bind 
to Platelet‑derived growth factor receptor‑expressing 
smooth muscle cells in the vascular media to promote 
the development of a neointimal stenotic lesion.[53,113] All 
in all, these studies suggest that heightened activation of 
PDGF expression during bacterial meningitis mediates 
intimal migration, proliferation, and secretion of ECM 
leading to the formation of a hyperplastic intima‑the 
pathophysiological mechanism for luminal stenosis 
during the late stages of bacterial meningitis. Given the 
role of PDGF in promoting vascular remodeling through 
migratory and proliferative properties on quiescent 
VSMCs, high levels of PDGF level strongly correlate 
with significant impairments of the functionality of 
the vascular endothelium and are predictive of a poor 
overall prognosis.[114‑116] In support of this viewpoint, 
deleterious neurologic sequelae persisted in many 
patients with increases in VEGF/PDGF, and a positive 
correlation was noted between CSF VEGF and PDGF 
and patients with bacterial meningitis, which may serve 
as a useful index to evaluate the prognosis of bacterial 
meningitis.[117] Ultimately, given the roles of VEGF and 
PDGF in inating a structural vasculopathy of the cerebral 
vasculature, the CSF levels of these mediators serve as 
reliable predictors of cerebrovascular sequelae in patients 
with bacterial meningitis. Eventually, VSMC migration 
and proliferation in the intimal layer, elicits a fibrotic 
reaction leading to a dense collagen fibril network in 
the ECM [Figure 5].

The cerebral arteriopathy coinciding with the recovery 
phase of bacterial meningitis is responsible for the 
late‑occurring severe clinical outcome and fatal 
complications.[117,118] In line with this, Kerr and Filloux 
observed the occurrence of cerebral infarction in a 
child nearly 6 years following Haemophilus influenzae 
meningitis.[119] Upon cerebral arteriography, the anterior 
cerebral artery and proximal portion of the middle 
cerebral artery were found to have stenotic changes. 
Although the sequential evolution of vasculopathy 
here is not available, it is reasonable to assume that the 
stenotic changes noted were a consequence of permanent 
long‑standing progressive vasculitis evolving over time 

Figure 4: Focal increases in VEGF concentration within the tunica media interact 
with cell surface receptors on smooth muscle cells to stimulate transcription of 

genes responsible for matrix metalloproteinase, cathepsin B and tissue/urokinase 
plasminogen activator production. Initially, matrix metalloproteinase and cathepsin 
B degrade the subendothelial basement membrane and intervening extracellular 

matrix proteins such as collagen and fibrinogen to facilitate smooth muscle 
migration. Subsequently, urokinase plasminogen activator promotes smooth muscle 

cell migration from the media to the intima as well as stimulates smooth muscle 
cell proliferation to eventually contribute to the development of a stenotic intimal 

lesion[121]
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from vasospasm. Similarly, Bullock and Welchman 
documented a significant deterioration in general health 
approximately 10 days after the onset of tuberculous 
meningitis.[120] In the same study, deterioration was 
linked to basal regions of low‑density intensity on 
computed tomography scan performed 2 weeks after 
the onset of infection. Ultimately, with the development 
of intimal stenosis during the late/recovery stages of 
cererbal arteriopathy, ischemic deficits may complicate 
bacterial meningitis leading to a poor neurological 
recovery and disability.

Conclusion

Cerebrovascular complications are a dreaded sequelae 
of bacterial meningitis. Bacterial meningitis results in a 
structural narrowing of the cerebral vasculature accounting 
for the increased occurrence of ischemic events, including 
stroke. Although the development of cerebrovascular 
sequelae in bacterial meningitis is commonly described, 
the structural vascular wall modifications that take 
place are less clearly elucidated. From this review, it 
is clear that initial response of the cerebral vasculature 
in bacterial meningitis is a reversible narrowing of the 
vessel, representing either a reflexive vasospasm in 
response to the surrounding purulent exudate or the 
vasoconstrictive actions of pro‑inflammatory cytokines 
and vasoactive mediators such as ET‑1. Subsequently, 
cerebral vasospasm is closely followed by a hypoxic injury 
with the development of a dysfunctional endothelium 
characterized by a  pro‑inflammatory and proatherogenic 
phenotype, leading to inflammatory cell infiltration into 
the vessel wall, destruction of the media and intimal 
smooth muscle cell migration and proliferation setting into 
motion a pathological cascade of vessel wall remodeling 
that culminates in intimal fibrosis and organic stenosis.
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