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ABSTRACT. We used a cranial window preparation to 
observe the effects of direct application of group B strep- 
tococci to the surface of the brain in the adult rat. Contin- 
uous exposure to group B streptococci at concentrations of 
lo3 and lo5 organisms/mL caused progressive dilation of 
surface (pial) cerebral arterioles that became statistically 
significant (p < 0.05) after 2.5 h. These results were 
reproduced with heat-killed organisms at the same concen- 
tration, but not with a bacteria-free filtrate of the growth 
medium. In separate studies, we found that infusion of 
alkaline cerebrospinal fluid (pH = 7.8) into the window 
did not reverse vasodilation, suggesting that it was not due 
to progressive cerebrospinal fluid acidosis. A solution of 
nitroblue tetrazolium infused into the window at the end of 
a 3-h exposure to the organism was promptly reduced, 
suggesting the presence of oxygen free radicals. Treatment 
with i.v. polyethylene glycol-superoxide dismutase and pol- 
yethylene glycol-catalase in doses of 10 000 and 20 000 U/ 
kg, respectively, was itself without effect on pial arterioles, 
but treatment with these compounds before exposure to 
group B streptococci eliminated the vasodilation. These 
data support a role for oxygen free radicals in the patho- 
genesis of pial arteriolar dysfunction induced by exposure 
to group B streptococci. (Pediatr Res 31: 640-644, 1992) 

Abbreviations 

CSF, cerebrospinal fluid 
PEG, polyethylene glycol 
SOD, superoxide dismutase 

The late pathologic effects of meningitis are well documented 
(1,2), but much less is known about the early effects of bacterial 
contamination of the CSF. Preliminary data from our laboratory 
indicate that application of group B streptococci to the surface 
of the brain causes dilation of surface, or pial, arterioles (3). This 
is consistent with observations recently published by Pfister et 
ril. (4) showing hyperemia of the superficial cerebral cortex as 
early as 1 h after intracisternal injection of pneumococci. These 
observations are of particular interest because of the importance 
of increased blood flow in the development of vasogenic cerebral 
edema (5) and the importance of edema to the pathology of 
bacterial meningitis (6, 7). 

The present report represents an extension of preliminary 
observations of pial arteriolar dilation after topical application 
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of group B streptococci to the cerebral cortex of the rat (3). We 
have also tested the hypothesis that oxygen free radicals play an 
important role in the pathogenesis of this phenomenon. 

MATERIALS AND METHODS 

Animal studies were performed according to protocols ap- 
proved by the Animal Care and Use Committee of the Johns 
Hopkins University School of Medicine. Male Sprague-Dawley 
rats (200-250 g) (Charles River Laboratories, Inc., Wilmington, 
MA) were anesthetized with thiopental, 100 mg/kg, administered 
intraperitoneally. Rectal temperature was maintained at 38°C 
throughout the experiment with a servo-controlled heating pad. 
A tracheostomy was performed, and the left femoral artery and 
vein were cannulated to monitor blood pressure, obtain blood 
samples, and administer drugs. The animals were then paralyzed 
with i.v. gallamine, 25 mg/kg, and ventilated with a rodent 
ventilator (Harvard Apparatus Co., Inc., S. Natick, MA). The 
fractional inspired oxygen concentration, respiratory rate, and 
tidal volume were adjusted to obtain stable arterial blood gases. 

Cranial window. Cranial windows were constructed according 
to methods described by Morii et al. (8) with minor modifica- 
tions. Briefly, the cranium was secured in a stereotaxic frame 
and the skull was exposed by incising and reflecting the skin and 
periosteum overlying the sagittal suture. Polyethylene tubes 
(PE50) for superfusion of artificial CSF and measurement of 
intracranial pressure were secured to the skull within a ribbon of 
dental acrylic placed around a 5 x 7 mm rectangular area on the 
left parietal bone. Within the area enclosed by the acrylic, a 
craniotomy was performed with a power drill under an operative 
microscope. The bone flap was removed. and the dura was 
incised with microscissors and reflected. Bleeding from the dural 
edge was controlled by crushing individual vessels with micro- 
forceps. Artificial CSF (Na' 156.5 mmol/L, K+ 2.95 mmol/L, 
Ca2+ 2.50 mmol/L, Mg2+ 1.33 mmol/L, Cl- 138.7 mmol/L, 
HCO? 24.6 mmol/L, dextrose 66.5 mg/dL, urea 40.2 mg/dL) 
(8) was aerated with 5% CO;?, 7.5% 02, and 87.5% N2 at 38'C 
and superfused over the exposed brain surface. A glass coverslip 
(12 mm) was placed on the dental acrylic and the window was 
sealed with more dental acrylic. After a 0.5-h stabilization period, 
the intracranial pressure was set at 3 cm H20 by adjusting the 
height of the exit catheter. 

Mzcroscope and video system. Pial vessels were visualized with 
an Olympus binocular microscope (model BHMJ; Olympus 
Corp., Lake Success, NY). Illumination was provided by a high- 
intensity illuminator equipped with a flexible fiberoptic light 
source (Fiber-Lite, series 180; Dolan-Jenner Industries, Inc., 
Woburn, MA). A video camera (Ikegami television camera 
model ITC-410, type T; Ikegami Tsushinki Co., Ltd., Tokyo, 
Japan) was attached to the microscope to provide a video image 
displayed on a high-resolution monitor (Panasonic color video 
data monitor CT-1400MG; Panasonic Industrial Co., Secaucus, 
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NJ) and recorded on a Panasonic video cassette recorder (model 
NV-8950). This system provided magnification of 145x, using 
2.5x and 1 0 ~  objective lenses. Fields of view on the video 
monitor were 1440 X 1920 pm and 500 x 670 pm, respectively. 
Measurements of selected pial vessels were made directly from 
the video monitor. 

Bacteria. Group B streptococci, type I11 (ATCC number 
3 1475) from an infant with meningitis were obtained from the 
American Type Culture Collection, Rockville, MD. The evening 
before an experiment, freeze-dried bacteria were placed in mod- 
ified Todd-Hewitt broth and grown overnight at 37°C. The next 
morning, the bacterial suspension was diluted with artificial CSF 
immediately before instillation under the cranial window. 

Protocol. The general protocol was the same in each experi- 
mental group. After a %-h stabilization period, artificial CSF or 
one of the test solutions was introduced under the window 
through a catheter and all catheters were clamped, creating a 
completely closed window. Rectal temperature, heart rate, and 
mean arterial blood pressure were measured every '12 h along 
with a 20-s video recording of the pial vessels. Arterioles selected 
for measurement ranged in size from 20 to 1 13 pm [52 + 23 pm 
(5 SD)]. In most animals, two vessels could be identified in the 
window; in some only one and in others three could be seen. In 
each case, measurements were averaged for each animal. Thus, 
each animal is represented by a single measurement. Arterial 
blood gases were measured at time 0 and regularly thereafter. 
The rats were given supplemental doses of thiopental and galla- 
mine as required to maintain anesthesia and paralysis; need for 
additional drugs was determined by corneal reflexes and varia- 
tions in blood pressure and heart rate. 

Bacterial concentration, bacterial viability, and bacteriafree 
growth medium. For these experiments, five animals were ex- 
posed to bacteria in a concentration of lo3 organisms/mL and 
nine were exposed to a concentration of lo5 organisms/mL. 
Bacterial concentrations were determined by quantitative cul- 
ture. The effects of heat-killed bacteria were studied in five 
animals and the effects of filtered growth media were studied in 
another five animals. For the experiments with filtered growth 
media, broth that had been inoculated the previous night was 
filtered through a 0.22-pm filter (Millex-GS 0.22-pm filter unit; 
Millipore Corp., Bedford, MA) to exclude bacteria. For experi- 
ments with heat-killed bacteria, a suspension of bacteria was 
killed by placing the vial in a boiling water bath for 5 min. 
Absence of viable bacteria in the filtrate and the heat-treated 
material was confirmed by culture. Heat-killed organisms at a 
concentration of 10' bacterial/mL were then infused. Control 
animals for these experiments consisted of nine animals in which 
artificial CSF alone was infused under the window. 

CSFpH. To determine effects of CSF pH, five control animals 
were exposed to artificial CSF for a 3-h period. The pial vessel 
diameters and vital signs were measured every % h, and arterial 
blood gases were measured at hourly intervals. After 3 h of 
observation, acidic CSF (pH = 7.1) was infused under the win- 
dow. Pial arteriolar diameter was measured again after 10 min. 
Acid CSF was then replaced with alkaline CSF (pH = 7.8), and 
the measurements were repeated after another 10 min. These 
measurements were compared with data from five experimental 
animals exposed to group B streptococci for 3 h. At the end of 
the 3-h period, alkaline CSF (pH = 7.8) was infused under the 
window and pial arteriolar diameter was measured after 10 min. 

Oxygen free radical scavengers. PEG-SOD (Sigma Chemical 
Co., St. Louis, MO) and PEG-catalase (Sigma Chemical Co.) 
were given i.v. immediately after placement of the femoral 
venous catheter, approximately I h before infusion of test solu- 
tions into the cranial window, to three experimental groups. To 
insure that PEG-SOD and PEG-catalase had no independent 
effect, six animals were treated with PEG-SOD (10 000 U/kg) 
and PEG-catalase (20 000 U/kg) and then observed for 3 h after 
infusion of artificial CSF under the window. Three additional 
groups were used to study the effects of PEG-SOD and PEG- 

catalase on vasodilation associated with group B streptococci. 
The first was a group of untreated subjects exposed to group B 
streptococci. We studied three animals concurrently with studies 
of free radical scavengers. Because these studies confirmed ob- 
servations in the six animals exposed to group B streptococci in 
the above investigations of CSF pH, no further experiments were 
performed; the nine untreated, bacteria-exposed animals were 
pooled for purposes of statistical analysis. A second group of four 
animals was pretreated with low doses of PEG-SOD (500 U/kg) 
and PEG-catalase (8 000 U/kg), and a third group of four animals 
was pretreated with high doses (10 000 and 20 000 U/kg, respec- 
tively). Doses were varied by dilution with saline. In each group, 
group B streptococci were infused under the window as described 
above, and physiologic measurements and measurements of 
vessel diameter were made over a 3-h period. 

Statistics. Mean values and SD were calculated for all data. 
Statistical comparisons within groups were made using t tests or 
repeated measures analysis of variance as appropriate. Multiple 
comparisons were analyzed with the Bonferroni correction or 
the Newman-Keuls test. Differences associated with p < 0.05 
were considered significant. 

RESULTS 

Initial experiments assessed the effects of group B streptococci 
over a 4-h period. We compared 14 experimental animals ex- 
posed to group B streptococci with nine control rats. Arterial 
 PO^, Pco~, and mean arterial blood pressure were not statistically 
different between the two groups and were stable throughout the 
experiment. In nine control animals, there was no change in the 
diameter of pial arterioles during 4 h of observation (Fig. 1). We 
studied the effects of live group B streptococci at two different 
concentrations, lo3 and lo5 bacteria/mL; actual concentrations 
were 1.43 x lo3 and 1.21 x lo5 at time 0 and 7.10 x lo3 and 
5.88 X lo5 at 4 h. The degree of vasodilation was not affected by 
the bacterial concentration over this range. After 4 h, arteriolar 
diameter had increased to 158 + 15 (SD)% of the baseline value 
in the five animals exposed to lo3 organisms/mL and to 16 1 + 
16% of the baseline value in the nine animals exposed to loS 
organisms/mL (Fig. I). Dilation was progressive over time (Fig. 
2) and was significantly different from control at 2.5 h. 

Effect of heat-treatment andjiltration. Pial arterioles in another 
five animals were exposed to heat-killed bacteria at a concentra- 
tion of 10' bacteria/mL. Vital signs and arterial blood gases were 
not significantly different from control. Vasodilation at 4 h was 
similar to that seen with live organisms (Fig. 3). 

To determine if the effects were due to a filterable substance, 
we passed cultures of group B streptococci (lo5 organisms/mL) 
through 0.22-pm filters to exclude bacteria. Bacterial exclusion 
was confirmed by culture. We then infused the filtrate under the 

I I *  r n CONTROL (n=9) 

VESSEL 
DIAMETER 

(% control) 

50 

MEAN 2 SD 

* P ( 0.05 

Fig. 1. Effect of concentration of group B streptococci on diameter 
of pial arterioles. Experimental animals were exposed to 1.43 x lo3 and 
1.21 X lo5 bacterialml, respectively. Control animals were exposed to 
artificial CSF. Pial artery diameters are compared at 4 h. Asterisks 
identify measurements significantly different from values in control 
subjects under the same conditions. Differences were identified using 
unpaired t tests with the Bonferroni correction for multiple comparisons. 
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Fig. 2. Effect of group B streptococci on diameter of pial arterioles. 
Pial vessels in control animals were exposed to artificial CSF only. 
whereas vessels in experimental animals were exposed to live group B 
streptococci ( 1.2 1 x lo5 bacteria/mL). Differences were identified with 
repeated nleasures analysis of variance and the Newman-Keuls test. 
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Fig. 3. Effect of heat-killed group B streptococci and filtrate of growth 
medium on diameter of pial arterioles. Data from original control and 
group B streptococci (10' organism/mL) groups are compared with 
subjects exposed to the same concentration of heat-killed bacteria and 
with subjects exposed to bacteria-free filtrate of growth media (obtained 
by passing a suspension of lo5 organisms/mL of group B streptococci 
through a 0.22-pm filter). Statistical analysis as in Figure 1. 

window according to the above protocol. The filtrate had no 
effect on pial arteriolar diameter (Fig. 3). 

CSF pH. To determine if the effects were due to changes in 
CSF pH, we exposed pial vessels in five control and six group B 
streptococci-exposed animals to alkaline (pH = 7.8) CSF. In 
control animals, infusion of acidic CSF (pH = 7.1) into the 
cranial window at the end of a 3-h observation period was 
associated with significant pial arteriolar dilation (to 135 & 23% 
of control; p < 0.05); this was promptly reversed (to 101 f 10% 
of control) by infusion of alkaline CSF. Exposure of pial arterioles 
in five experimental animals to live group B streptococci for 3 h 
produced similar dilation (to 148 + 6% of control; p < 0.05). 
However, there was no change in diameter after infusion of 
alkaline CSF. 

Oxygen free radical scavengers. In preliminary studies, we 
infused a solution of nitroblue tetrazolium into the window at 
the end of a 3-h exposure to group B streptococci. The solution 
promptly took on the dark blue color characteristic of reduction, 
implying the presence of superoxide radicals (data not shown). 
We therefore studied three groups of animals pretreated with 
PEG-SOD and PEG-catalase. 

Data for these studies are summarized in Figure 4. A group of 
six animals was pretreated with 10 000 U/kg of PEG-SOD and 
20 000 U/kg of PEG-catalase followed by infusion of artificial 
CSF only into the window. No significant change in arteriolar 
diameter was found during 3 h of observation. Arterioles in four 
animals pretreated with PEG-SOD at a dose of 500 U/kg and 
PEG-catalase at a dose of 8 000 U/kg followed by bacteria 
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Fig. 4. Effect of pretreatment with PEG-SOD and PEG-catalase. e, 
Intravenous administration of PEG-SOD (10 000 U/kg) and PEG-cata- 
lase (20 000 U/kg) approximately 1 h before infusion of artificial CSF 
under the cranial window. A, Pretreatment with PEG-SOD (500 U/kg) 
and PEG-catalase (8 000 U/kg) followed by infusion of group B strep- 
tococci under the cranial window. 0, Pretreatment with PEG-SOD 
(I0 000 U/kg) and PEG-catalase (20 000 U/kg) followed by infusion of 
group B streptococci. A. Infusion of group B streptococci alone, without 
pretreatment with oxygen free radical scavengers. Data analysis as for 
Figure 2. *, Different from time 0 (p  < 0.05). **, Different from group 
exposed to group B streptococci but not pretreated with SOD and 
catalase. 

prepared and infused according to the above protocol showed 
progressive dilation to 133 * 12% of control at 3 h; dilation was 
significant after 2 h. This was accompanied by less nitroblue 
tetrazolium reduction, assessed subjectively. In contrast, arteri- 
oles in four animals pretreated with PEG-SOD at a dose of 
10 000 U/kg and PEG-catalase at a dose of 20 000 U/kg showed 
no dilation; indeed, slight but significant constriction (96 + 4% 
of control) was seen at 1 h. Still less nitroblue tetrazolium 
reduction was noted at 3 h. These data were compared with a 
group of nine animals exposed to group B streptococci but not 
pretreated with PEG-SOD or PEG-catalase. This group consisted 
of the six animals reported above as part of the study of the effect 
of CSF pH together with an additional three animals done 
concurrently with studies of radical scavengers. Pooled data on 
this untreated group showed progressive dilation to 142 + 28% 
of control at 3 h. These data are similar to those in the nine 
animals studied over 4 h (Fig. 2). 

Statistical comparison of the four groups (the three SOD and 
catalase-treated groups and the untreated group) showed that the 
group pretreated with the higher doses of SOD and catalase was 
significantly different from the untreated group at 90 min and 
from the low-dose group at 2 h. The group pretreated with lower 
doses was not significantly different from the untreated group. 

DISCUSSION 

The major findings of this study are as follows: I )  Exposure 
to either live group B streptococci at concentrations of 10'-lo5 
organisms/mL or killed organisms at lo5 organisms/mL, the 
range of concentrations encountered in meningitis (9), produces 
progressive dilation of pial arterioles. A bacteria-free filtrate was 
without effect. 2) Vasodilation was not reversed by infusion of 
alkaline CSF. 3) Vasodilation was eliminated by pretreatment 
with i.v. PEG-SOD and PEG-catalase in doses of 10 000 and 
30 000 U/kg, respectively. 

The group B streptococcus is the most common cause of 
neonatal meningitis and a significant contributor to neonatal 
morbidity and mortality (10). Despite prompt antimicrobial 
therapy and supportive care, infection is fatal up to 60% of the 
time ( 1  1). As many as one half of survivors have complications 
ranging from language delays (1 2) to mental retardation, seizures, 
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cortical blindness, and quadriparesis (1 2, 13). Despite the high 
morbidity, little is known about the pathogenesis of neurologic 
injury in group B streptococcal meningitis. 

The present study, although performed in adult rather than 
newborn animals, represents an initial attempt to identify effects 
of group B streptococcus on cerebral arteries. Except for large 
extracranial arteries, the arterial bed is often surrounded by 
inflammation (I, 2). Together, the large intracranial arteries and 
the surface, or pial, arterioles account for approximately 70% of 
the brain's vascular resistance (see 14 for references). Pial arteri- 
oles alone constitute approximately 20% of the resistance, and 
because 30% of cerebral vascular resistance resides in passive 
capillaries and veins, pial arterioles constitute approximately 
30% of the changeable vascular resistance. Dilation similar to 
that reported here, even if confined to pial arterioles, would be 
expected, because of the 4th power relationship between vascular 
resistance and vessel diameter (14), to produce a 30% increase 
in cerebral blood flow. 

The state of pial arterioles in meningitis has not been specifi- 
cally studied, but the postmortem surface of the brain is often 
intensely hyperemic (I ,  2, 15). This impression is supported by 
recent in vivo data documenting an early increase in cortical 
blood flow in experimental meningitis (4) and by the present 
study. It would seem to be contradicted by data showing normal 
or low cerebral blood flow in humans and subhuman primates 
with meningitis. Paulson et al. (16) found that cerebral blood 
flow was normal in meningococcal meningitis and low in pneu- 
mococcal meningitis, and Smith et al. (15) reported decreased 
flow to forebrain in infant monkeys with Haemophilus influenzae 
meningitis. In addition, Tureen et al. (17) found no change in 
cerebral blood flow 16-20 h after intracisternal injection of 
Streptococcus pneumoniae. 

There are several possible explanations for these discrepancies. 
The latter studies were done 16 h to several days into the course 
of the disease, when intracranial pressure is likely to have been 
increased by cerebral edema. Increased intracranial pressure may 
have been moderate, but even moderate increases in intracranial 
pressure will decrease cerebral blood flow if cerebral autoregula- 
tion is impaired in meningitis (17; Berkowitz ID, Hayden WR, 
Traystman RJ, Jones Jr MD, unpublished manuscript). On the 
other hand, it is possible that cortical blood flow was indeed 
increased (4) but that the techniques for measurement of blood 
flow in whole brain used in the latter studies may not have been 
sufficiently sensitive to detect increases in blood flow localized 
to cerebral cortex. 

The present study provides evidence that vasodilation of pial 
arterioles begins soon after application of group B streptococci 
to the surface of the brain in concentrations of lo3-lo5 orga- 
nisrns/mL. Dilation was progressive and could not be attributed 
to CSF acidosis (18, 19). It is unlikely that the alkaline CSF used 
in our experiments was insufficient to change perivascular pH. 
We infused several mL of fluid, and a similar procedure in vessels 
experimentally dilated with acid CSF caused prompt constric- 
tion. 

Failure of arterioles to constrict with exposure to alkaline CSF 
implies not only that vasodilation was not due to acidosis, but 
also that the vessels were dysfunctional. Responsivity to changes 
in pH is a fundamental property of cerebral arterioles and 
underlies their response to CO? (19). Further support for the 
hypothesis that the arterioles are dysfunctional is found in data 
from our laboratory as well as data recently published by Tureen 
et al. (1 7 ) .  The experiments from our laboratory (Berkowitz ID, 
Hayden WR, Traystman RJ, Jones Jr MD, unpublished manu- 
script) used H. influenzae in a model otherwise identical to that 
in the present report. We found that pial arterioles exposed to 
H. influenzae for 4 h failed to dilate appropriately to hemorrhagic 
hypotension. Tureen et al. (17) found that meningitis induced 
by intracisternal injection of pneumococci in a rabbit model was 
associated with failure of cerebral autoregulation. i.e. failure of 
cerebral vessels to respond to alterations in systemic blood pres- 

sure with appropriate reciprocal changes in cerebrovascular re- 
sistance. 

Similar patterns of cerebral arteriolar dysfunction (sustained 
dilation and abnormal vasoreactivity) have been seen after acute 
hypertension and concussive head injury (20, 21). Kontos and 
coworkers (20-23) have implicated oxygen free radicals in this 
lesion. Furthermore, our studies showing vasodilation after in- 
fusion of heat-killed bacteria but no effect after infusion of a 
filtrate of the growth medium suggested that vasodilation was 
not the result of active elaboration of a soluble toxin. We 
therefore investigated the possibility that vascular injury was the 
result of oxygen free radicals associated with the inflammatory 
process. 

In preliminary studies, we used nitroblue tetrazolium to indi- 
cate the presence of oxygen free radicals (22). In contrast to 
results in control animals, the nitroblue tetrazolium solution 
infused under the cranial window in animals exposed to group 
B streptococci showed prompt reduction. Oxygen free radicals 
were further implicated by the demonstration that pretreatment 
with adequate doses of PEG-SOD and PEG-catalase prevented 
arteriolar dilation. Our results are consistent with data recently 
published by Pfister et 01. (4) showing that hyperemia in the 
cerebral cortex in experimental meningitis is eliminated by pre- 
treatment with SOD. 

Although these studies do not point to a source for oxygen 
free radicals, leukocytes are obvious candidates. The proposal 
that leukocyte infiltration may be deleterious in meningitis is not 
a new one (6, 7). Petersdorf and Luttrell (23) reported that 
irradiation improved survival by almost 50% with experimental 
pneumococcal meningitis. Pathologic examination of brains 
from irradiated animals showed less meningeal inflammation 
than controls. Subsequent investigations have supported the 
suggestion that less meningeal inflammation is associated with 
improved survival (24). It also appears that neutropenia may 
protect against brain edema in both bacterial and chemical 
meningitis (25). 

Release of oxygen free radicals is not the only way in which 
leukocytes might damage the cerebral vasculature (6, 7, 26). 
Although we cannot rule out an independent role for other 
compounds (6, 7, 26, 27), our data support the proposition that 
vasodilation either resulted directly from oxygen free radicals or 
was the result of a sequence of events in which oxygen free 
radicals played an important intermediate role. 

If the inflammatory process is the critical element in producing 
vascular damage in our model, it is interesting that killed bacteria 
were just as deleterious as live organisms. Tuomanen et al. (28) 
found that heat-killed, unencapsulated S. pneumonlae or purified 
cell wall from the same organisms produced inflammation equiv- 
alent to that of live organisms. Our data support the hypothesis 
that a heat-stable component, perhaps the cell wall, is important 
to production of inflammation by the group B streptococcus as 
well. 
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