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Morphologic Alterations of the Blood-Brain Barrier

with Experimental Meningitis in the Rat
Temporal Sequence and Role of Encapsulation

Vincent J. Quagliarello, William J. Long, and W. Michael Scheld

Departments of Internal Medicine and Neurosurgery, University of Virginia School of Medicine, Charlottesville, Virginia 22908

Abstract

The cerebral capillary endothelium is unique and functions as
an effective blood-brain barrier (BBB) owing to its intercellular
tight junctions and rare pinocytotic vesicles. To assess how bac-
terial meningitis alters the BBB, rats were inoculated intracis-
ternally with three encapsulated meningeal pathogens (Esche-
richia coli K1+, Streptococcus pneumoniae type 111, Haemo-
philus influenzae type b) and an unencapsulated mutant strain
(H. influenzae Rd). After defined infection durations, the mor-
phologic alterations of the cerebral capillary endothelium were
quantitatively assessed by transmission electron microscopy.
Results revealed a significant increase in pinocytotic vesicle for-
mation (P < 0.001) early after meningitis induction (4 h) that
was sustained with longer infection durations (10 h, 18 h) for all
encapsulated strains tested. In addition, there was a progressive
increase in completely separated intercellular junctions with in-
creasing infection duration, (P < 0.05). 4 h after induction of
meningitis with H. influenzae Rd, cerebrospinal fluid (CSF)
bacterial concentrations, cerebral capillary morphologic changes,
and functional BBB permeability to circulating '>*I-albumin were
similar to those observed with H. influenzae type b. However,
prolonging the H. influenzae Rd infection to 18 h allowed for
CSF clearance of the organism, thereby precluding the significant
increase in separated junctions or progression of functional BBB
permeability seen with the encapsulated H. influenzae type b.
These data suggest a uniform morphologic explanation for altered
BBB permeability in meningitis with a reproducible temporal
sequence. Encapsulation does not appear essential for BBB in-
jury, but may facilitate its progression by allowing the organism
to evade host clearance.

Introduction

Bacterial meningitis remains a common disease with a high
morbidity and mortality despite effective bactericidal antibiotic
therapy (1). One hypothesis is that altered function of the blood-
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brain barrier (BBB)' secondary to infection in the subarachnoid
space facilitates irreversible neuronal injury prior to, and despite,
bacteriologic cure. Hence, defining the precise mechanism of
infection-induced BBB injury is crucial to a better understanding
of this disease.

Anatomically, investigations pioneered by Reese and Kar-
novsky (2) have localized the cerebral capillary endothelium as
the major site responsible for the BBB. This is attributed to its
unique characteristics as an endothelium compared with sys-
temic capillaries. Systemic capillaries (i.e., those of glands and
visceral mucosa) are fenestrated and allow intercellular passage
of macromolecules and intact circulating cells; pinocytotic ve-
sicular transport is common but mitochondria are rare. In con-
trast, cerebral capillaries exhibit rare pinocytosis, and the plasma
membranes of adjacent endothelial cells are fused together in
the form of continuous intact intercellular tight junctions, or
zonulae occludentes (2, 3). This imparts on it the characteristics
of a high-resistance endothelium (4, 5), and allows it to function
as an effective barrier to macromolecular transport and cell ex-
udation. Additionally, the high mitochondrial density of the ce-
rebral endothelium (6) facilitates selective energy-dependent ac-
tive transport of Na* and K* at the antiluminal membrane (7),
and maintains homeostasis of the perineuronal interstitial fluid.
Hence, only lipid-soluble substances or those transported by
carrier-mediated diffusion (e.g., glucose, essential amino acids)
traverse the BBB under normal circumstances (8-10).

Because the cerebrospinal fluid (CSF) is in direct continuity
with the extracellular space bathing the cerebral capillaries,
meningeal infection is a logical precipitant of BBB injury. This
injury may consist of disruption of energy-dependent active
transport systems, as well as barrier permeability arising from
increasing pinocytosis or separation of tight junctions.

Despite decades of investigation of the BBB and its alteration
with experimental injury, there remains a distinct paucity of
data regarding its response to infection. In this investigation, we
have developed a model of experimental meningitis in the rat
to identify the natural history of the morphologic alterations
induced in the BBB. Specifically our goals were: (a) to assess the
influence of experimental bacterial meningitis on pinocytotic
vesicle (PV) formation and intercellular junction integrity in the
cerebral capillary endothelium using transmission electron mi-
croscopy; (b) to compare the morphologic changes seen with
three encapsulated meningeal pathogens (Streptococcus pneu-
moniae type 111, Escherichia coli K1+, Haemophilus influenzae
type b)—all three possessing capsules of different composition;

1. Abbreviations used in this paper: BBB, blood-brain barrier; cfu, colony-
forming unit(s); CSF, cerebrospinal fluid; HRP, horseradish peroxidase;
PRP, polyribosephosphate; PV, pinocytotic vesicle(s); SJ, separated
junction(s); TJ, tight junction(s); WBC, white blood cell.



(¢) to identify the temporal sequence of these morphologic
changes by quantitating their appearance at infection durations
(4, 10, and 18 h) that span the natural history of the disease;
and (d) correlate the morphologic alterations in H. influenzae
type b meningitis with functional BBB permeability to circulating
125[_albumin, and contrast these changes with the morphologic
and functional alterations induced by an unencapsulated mutant,
H. influenzae Rd.

Methods

Challenge organisms. The encapsulated bacterial strains selected for study
were carefully chosen to represent relevant human meningeal pathogens
with different capsular compositions. The strain of S. pneumoniae type
111 used was derived from a clinical (CSF) isolate and has been previously
characterized in this laboratory (11). 8-h late log phase organisms grown
in trypticase soy broth (Difco Laboratories, Detroit, MI) supplemented
with 5% defibrinated sheep blood at 37°C were centrifuged (250 g for 5
min to sediment erythrocytes), the supernatant recentrifuged (2,500 g
for 15 min), the ensuing pellet washed in physiologic saline twice, and
resuspended in 10 ml of 0.9% NaCl. The E. coli K1+ isolate (strain C94,
kindly provided by Dr. G. McCracken, Dallas, TX) previously charac-
terized in this laboratory, was grown to 8-h log phase in trypticase soy
broth, centrifuged, washed, and resuspended as described above. The H.
influenzae type b (Eagan) strain as well as the unencapsulated H. influ-
enzae Rd mutant were obtained from the laboratory of E. Richard Moxon
(Oxford University). Both H. influenzae strains were grown in brain-
heart infusion broth, supplemented with 5% Fildes enrichment media
(BBL Microbiology Systems, Cockeysville, Md.) and after an 8-h sub-
culture of an overnight growth, were centrifuged, washed, and resus-
pended in phosphate-buffered saline. All final suspensions of challenge
organisms were designed to achieve an inoculum of 10%%%% colony-
forming units (cfu) in order to elicit a fatal meningitis. Log-phase or-
ganisms were used to facilitate maximal capsule expression in the chal-
lenge inocula.

Induction of meningitis. For the purpose of this investigation, it was
necessary to develop a new model of experimental meningitis in the rat.
Adult Wistar rats (150 g) were anesthetized with a combination of Ke-
tamine (Parke-Davis, Morris Plains, NJ)/Xylazine (Miles Laboratories,
Shawnee, KS) at a dose of 100 and 7 mg/kg, respectively, by the intra-
muscular route. 75 ul of CSF was removed via intracisternal puncture
using a micromanipulator fitted to a 25-gauge butterfly needle (Abbott
Inc., North Chicago, Ill.) calibrated for fluid increments of 25 ul. After
removal of CSF, 50 ul of the challenge organism (10%%* cfu) was injected
intracisternally into each experimental group, with 50 ul of saline (or
phosphate-buffered saline) injected into simultaneous matched controls.
Each experimental group consisted of at least three animals. After in-
oculation, meningitis was allowed to progress for defined durations (4,
10, and 18 h) and the CSF was resampled (75 ul) for determination of
quantitative culture and white blood cell counts (WBC). Simultaneous
blood samples were also obtained for quantitative cultures. 10-fold di-
lutions of CSF and blood were made in physiologic saline, and bacterial
concentrations were determined by surface colony growth on blood agar
(S. pneumoniae 111, E. coli K1+) and chocolate agar (H. influenzae type
b and Rd) plates. CSF WBC concentrations were determined with a
hemocytometer by standard methods.

Cerebral capillary isolation. Inmediately after confirmation of men-
ingitis for each challenge organism at each time point (i.e., 4, 10, 18 h),
the animals were killed by decapitation, and the intact brains were re-
moved rapidly and placed in cold M199 media (Hank’s salts, Gibco,
Grand Island, NY) containing 20 mM Hepes, 100 U/ml penicillin, and
10 pg/ml streptomycin at pH 7.4. The meninges were removed with
sterile paper tissue, and the brainstem, hindbrain, and choroid plexus
were discarded using sterile instruments. The cerebral cortices from each
experimental group were pooled in cold M199 media and minced with
three pairs of sterile scissors, followed by homogenization with 20 strokes

using a loose-fitting (0.25-mm clearance) homogenizer at 400 rpm after
methods developed by Betz and Goldstein (8). The homogenate was
diluted to 200 ml with M199 and centrifuged at 1,000 g for 10 min at
4°C. The supernatant was decanted, the pellets were resuspended by
shaking for 60 s with 175 ml of 15% dextran (mol wt 60,000-90,000,
Sigma Chemical Co., St. Louis, Mo.) in M199 media, and the suspension
centrifuged at 4,000 g for 10 min at 4°C. The supernatant containing
fat and dextran was discarded and the pellet containing cerebral capillaries
resuspended in 10 ml of M199. The cerebral capillaries were collected
on a 53-um nylon mesh, washed with 150 ml of M 199, and immediately
fixed with 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3.

Preparation for transmission electron microscopy. The fixed capillaries
were washed three times, (5 min per wash) in 0.066 M phosphate buffer,
pH 7.2, and centrifuged for 5 min at 4,000 g. Progressive dehydration
was performed by rinsing samples in 40%, 60%, 80%, and 100% ethanol
solutions, followed by further dehydration in a 1:1 solution of 100%
ethanol/propylene oxide for 10 min, 100% propylene oxide for 10 min,
and finally in a 1:1 solution of propylene oxide/epoxy resin (standard
Epon 812 mixture) overnight. Subsequently, the capillaries were placed
in 100% epoxy resin for 1 h, baked for 48-72 h in plastic capsules, and
sectioned on an ultramicrotome (MT-5000 DuPont-Sorvall, Wilmington,
DE). Multiple thin sections (~70 nm) were stained with 10% uranyl
acetate and examined by transmission electron microscopy.

Horseradish peroxidase (HRP) visualization. The method used was
a modification based on the procedure described by Graham and Kar-
novsky (12). To qualitatively assess HRP uptake into PV and penetration
through separated intercellular junctions, selected experimental groups
were injected 30 min prior to sacrifice with 60 mg type Il HRP (Sigma
Chemical Co.) intravenously, with the capillaries subsequently isolated
as above. After fixation, the tissue was rinsed for 3 h at 0°C in several
changes of 0.1 M phosphate buffer, pH 7.3, with 3.5% sucrose. The tissue
was then incubated for 30 min at 25°C in 0.05% diamino-benzidine,
tetra-HCl salt (Sigma Chemical Co.) in 0.1 M phosphate buffer, pH 6.0,
followed by a 45-min incubation at 25°C in 0.05% diamino-benzidine
in 0.1 M phosphate buffer, pH 6.0, with 0.01% H,0,. The capillaries
were then rinsed in 0.1 M phosphate buffer, pH 7.3, at 0°C for 5-10
min and processed for transmission electron microscopy as above.

Quantitative analysis of the morphology of cerebral capillary endo-
thelium. For each experimental and simultaneous control group, 30 ran-
dom intact capillary cross-sections were quantitated blindly as to the
number of PV, intact closed junctions, and separated junctions that were
visualized. Separated junctions were defined as areas where plasma
membranes of adjacent endothelial cells lining a capillary lumen were
completely separated. Closed junctions were defined as areas where these
adjacent membranes were continuously or partially joined. PV were de-
fined as intact intracytoplasmic membrane-bound vesicles (70-180 nm);
those incompletely forming at the luminal membrane or fusing with the
antiluminal membrane were not quantitated. Only capillary sections
<15 pm in diameter with intact luminal and antiluminal membranes
were subjected to quantitative analysis. Because each thin section con-
tained =50 capillary cross-sections, every effort was made to confine
quantitation to the same thin section in order to avoid counting the same
capillary section twice.

Quantitative functional assessment of BBB permeability to '*I-bovine
serum albumin (BSA). To correlate morphologic with functional alter-
ations of the BBB, rats were injected intravenously with 10-20 uCi (0.15
ml) of '»I-BSA (ICN Radiochemicals, Irvine, CA) ~30 min after intra-
cisternal inoculation with H. influenzae type b and H. influenzae Rd.
At the same time that CSF was sampled for quantitative culture, si-
multaneous blood and CSF samples were obtained, and radioactivity
was measured directly in a Gamma 300 counter (Beckman Instruments,
Inc., Irvine, CA). Only rats with clear CSF were used for measuring
radioactivity. The percent CSF penetration was obtained by the following
equation: counts per minute per milliliter of CSF/counts per minute per
milliliter of blood X 100. The cerebral capillaries from these identical
rats were then isolated and subjected to blinded quantitative analysis of
PV formation and tight junction (TJ) integrity, as above.
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Statistical analysis. The number of PV in experimental and control
groups were compared using the Student 7 test (two-tailed unpaired).
The proportion of junctions completely separated in experimental groups
were compared with controls using the Fisher exact test (two-tailed). The
mean percentage of '’I-BSA penetration in experimental and control
groups was compared using the Student ¢ test (two-tailed, unpaired).

Results

Qualitative effects of experimental meningitis in the rat
on the morphology of cerebral capillary endothelium:
PV formation and TJ integrity

Morphologic assessment of PV formation by the cerebral cap-
illary endothelium revealed a uniform host response to experi-
mental meningitis with the encapsulated pathogens tested (S.
pneumoniae type 111, E. coli K1, H. influenzae type b). Namely,
there was an increased cytoplasmic content of PV, visibly active
formation at the luminal membrane, and demonstrable fusion
of vesicles with the antiluminal membrane not seen in control
preparations inoculated with saline. Depicted in Fig. 1 are ex-
amples of PV formation in cerebral capillary endothelium after
4 h of E. coli K1+ meningitis compared with a control prepa-
ration.

When alterations in the integrity of the intercellular junctions
were assessed, a morphologic spectrum was recognized ranging
from completely closed to completely separated with infection.
Examples of typical intercellular junctional complexes visualized
are depicted in Fig. 2. Fig. 2 a and b depict examples of com-
pletely separated intercellular junctions in rat capillaries after
inoculation with H. influenzae Rd and E. coli K1+. Note that
despite complete discontinuity in the encasement of the lumen
by the endothelial cell layer, the luminal and antiluminal mem-
branes.are intact with little cytoplasmic rarefaction. A junctional
complex that appears to be in transition (i.e., partially separated)
is shown in Fig. 2 ¢, from a capillary cross section 18 h postin-
oculation with E. coli K1+. Evident is a junctional complex
between adjacent endothelial cell membranes that is almost, but
not completely, separated.

To qualitatively assess whether these morphologic changes
were functionally significant, selected groups were injected in-
travenously 30 min prior to being killed with 60 mg of HRP
(40,000 mol wt) to assess localization of a macromolecule the
approximate size of albumin. As depicted in Fig. 3, after 18 h
of experimental E. coli meningitis, one sees the presence of per-
oxidase activity within cytoplasmic vesicles as well as penetrating
through a separated intercellular junction.

Quantitative effects of meningitis on PV formation
and TJ integrity: temporal sequence

In order to compare quantitatively the degree of morphologic
alterations induced, 30 random endothelial cell sections (<15
um in diameter) were examined blindly in each experimental
(and its respective control) group. The number of intracyto-
plasmic PV and completely separated intercellular junction (SJ)
were assessed and quantitated by blinded analysis 4, 10, and
18 h after inoculation.

E. coli K1+ meningitis. As shown in Fig. 4 a, a statistically
significant increase in PV formation is noted as early as 4 h after
inoculation with E. coli K1+ compared with saline-matched
controls ([mean+SE] number of PV/100-nm capillary length,
5.57+0.57 vs. 2.76+0.37; P < 0.001). Although quantitatively
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greatest at 4 h, this increased PV formation remained significant
at 10 h (P < 0.02) and 18 h (P < 0.01) postinoculation.

In contrast, the percentage of junctional complexes com-
pletely separated (representing the number of separated junctions
per total number of junctions present in the same 30 capillary
sections) increased with increasing infection duration, and
reached statistical significance 10 h postinoculation. For example,
4 h postinoculation with E. coli, 9% of the junctional complexes
(4/44) were completely separated as opposed to 0% (0/48) of
controls (P > 0.05). However, when infection was allowed to
progress for 10 h, 12% of junctions were separated (6/50) and
were significantly increased (P = 0.022) when compared to con-
trols (0/53). By 18 h postinoculation, the junctional separation
with infection (10/54, 19%) reached greater significance (P
< 0.002) compared to controls (0/51) (Fig. 4 b).

This temporal sequence of morphologic changes (i.e., early
and sustained increase in PV formation, progressive increase in
junctional separation) with increasing infection duration was
associated with sustained CSF bacterial concentrations and WBC
pleocytoses (Table I).

S. pneumoniae type I1I meningitis. Similar morphologic al-
terations of the cerebral capillary endothelium were noted after
intracisternal inoculation with S. pneumoniae type I1l. As shown
in Fig. 5 a, a statistically significant increase in PV formation
as early as 4 h postinoculation with S. pneumoniae ((mean+SE]
number of PV/100-nm capillary length, 6.38+0.67 vs. 2.76+0.37
in controls; P < 0.001) is evident. Although the mean number
of PV per capillary section was quantitatively greatest at 4 h
postinoculation, PV formation remained significantly increased
when infection was allowed to progress for 10 h (P < 0.05) and
18 h (P < 0.01). Fig. 5 b, displaying the changes in intercellular
junction integrity, demonstrates a similar increase in completely
separated endothelial cell junctions that again reaches statistical
significance 10 h postinoculation. That is, 4 h postinoculation
with S. pneumoniae 111, 7% (3/43) of the junctional complexes
quantitated were completely separated as opposed to 0% (0/48)
of controls (P > 0.05). However, when infection was allowed to
progress for 10 h, 18% (10/56) of junctions were separated and
were statistically increased (P < 0.002) compared to controls
(0/53). Further progression of infection to 18 h showed that 17%
(9/43) junctions separated, a value that again was highly statis-
tically significant (P < 0.003) when compared to simultaneous
saline-injected controls (0/51).

These morphologic changes were also associated with similar
sustained CSF bacterial concentrations and WBC pleocytoses
with increasing infection durations (Table II).

Correction of morphologic and functional alterations of the
BBB in experimental H. influenzae meningitis. After confirming
this remarkably similar temporal sequence of morphologic
changes in the cerebral capillary endothelium with E. coli K1+
and S. pneumoniae type Il meningitis, we contrasted the mor-
phologic alterations induced by the encapsulated H. influenzae
type b and the spontaneous unencapsulated mutant H. influ-
enzae Rd.

As shown in Fig. 6, the sequence of morphologic changes
seen with the encapsulated H. influenzae type b was similar to
the other two encapsulated pathogens. Specifically, 4 h postin-
oculation with H. influenzae type b there was a statistically sig-
nificant increase in PV formation compared with controls
([mean=SE] number of PV/100-nm capillary length, 5.24+0.52
vs. 2.72+0.35; P < 0.001). This increased PV formation with



Figure 1. PV formation in cerebral capillary endothelium. (4) Control tion 4 h postinoculation with E. coli K1+ showing vesicle formation
capillary cross section 18 h after saline inoculation. Note the visibly at the luminal membrane (arrowheads) and within the cytoplasm (ar-
intact intercellular junction (white arrow) but the virtual absence of rows). E, intraluminal erythrocyte; N, nucleus. X 60,000.

vesicles. E, intraluminal erythrocyte. X 15,000. (B) Capillary cross sec-
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Figure 2. Morphologic alterations of intercellular junctions in cerebral
capillary endothelium. (Opposite) (A) Capillary cross section 18 h post-
inoculation with H. influenzae Rd. Note the complete separation be-
tween adjacent endothelial cell membranes (arrow), which are other-
wise continuously intact around the lumen (L). A visibly intact junc-
tion (arrowheads) is also present. Note the surrounding basement
membrane (bm), which appears damaged by the infection (X 20,000).
(B) Capillary cross section 4 h postinoculation with E. coli K1+. Note
the wide separation between intact cell membranes of two endothelial

Figure 3. HRP visualization. Capillary cross section after 18 h of E.
coli K1+ meningitis. Note the intracytoplasmic vesicles (150-180 nm)
filled with peroxidase, including one that appears to be fusing with the
antiluminal membrane (arrowheads). Moreover, note peroxidase

cells (black arrows) that are otherwise joined by an intact intercellular
junction (white arrow) at their other ends. Scattered cytoplasmic de-
bris is present within the intercellular space but the basement mem-
brane (arrowheads) is intact. E, erythrocyte (X 15,000.) (4bove) (C)
Capillary cross section 18 h postinoculation with E. coli K1+. Note
the junctional complex (arrow) with a widened intercellular cleft but
without complete separation; bm, basement membrane; L, lumen

(X 30,000).

product lining the endothelial lumen and penetrating through an in-

tercellular junction (arrow). E, erythrocyte; bm, basement membrane
(X 30,000).

Blood-Brain Barrier Alterations with Meningitis 1089



mean*SE 3}

No. of
ofPY 100 nm 2
capillary
length |
[0) 4 10 18
Time (h) post inoculation
b

20

%
separated 10|
junctions*

Time (h) post inoculation

Figure 4. Morphologic changes in cerebral capillary endothelium with
experimental E. coli K1+ meningitis. (@) PV formation vs. time after
induction of meningitis. (b) Percent (%) SJ vs. time after induction of
meningitis. () E. coli; (O) control; (time 0 0) morphology of cerebral
endothelium prior to inoculation. P < 0.05 compared to controls (see
text for actual P values). $ The number of SJ/total number of junc-
tions visualized in 30 random endothelial cell sections.

infection remained significant when infection was allowed to
progress for 10 h (P < 0.001) and 18 h (P < 0.01). When ex-
amining intercellular junction integrity, the percentage of junc-
tional complexes completely separated increased with longer in-
fection durations, and again reached statistical significance after
10 h of meningitis. That is, 4 h postinoculation with H. influenzae
type b, 4% of the junctional complexes (2/50) were completely
separated as opposed to 0% (0/45) of controls (P > 0.05). How-
ever, when infection progressed for 10 h, 12% of junctions
(7/58) were separated and were significantly increased (P < 0.02)
when compared to controls (0/52). After 18 h of infection, 15%

Table I. Characteristics of Experimental
E. coli K1+ Meningitis in Rats

»H
T

mean+SE 3k

No. of PV,
/IOO nm 2F

capillary
length ik
4 . 10 18
Time (h) post inoculation
b 20|
%
separated | |
junctions*

o 4 10 18
Time (h) post inoculation

Figure 5. Morphologic changes in cerebral capillary endothelium with
experimental S. pneumoniae type III meningitis. (a) PV formation vs.
time after induction of meningitis. (b) Percent (%) SJ vs. time after in-
duction of meningitis. (w) S. pneumoniae; (0) control; (time 0 O) mor-
phology of cerebral endothelium prior to inoculation. P < 0.05 com-
pared (see text for actual P values).  The number of SJ/total number
of junctions visualized in 30 random endothelial cell sections.

of junctions were separated (8/52) a difference which remained
significant (P < 0.05) when compared with controls (1/46). These
morphologic changes were associated with a statistically signif-
icant increase in CSF bacterial concentrations comparing the
4-h ([mean=SE] log;o cfu/ml of CSF, 6.26+0.34), with 18-h
([mean=+SE] log,o cfu/ml, 8.06:0.35) infection (P < 0.05) (Table
III). In addition, unlike the other two encapsulated pathogens,
100% of the animals were concomitantly bacteremic at all time

Table II. Characteristics of Experimental
S. pneumoniae Type III Meningitis in Rats

Duration

Duration

of CSF bacterial WBC/ml of CSF bacterial WBC/ml

infection Inoculum concentration* of CSF infection Inoculum concentration* of CSF

h n log,o cfu/ml X 10 h n logse cfu/ml X 10°

4 E. coli K1+ (3) 6.84+0.55 5.07+3.76 4 S. pneumoniae (4) 6.28+0.18 3.11+2.39

Saline (3) 0 0.05+0.03 Saline (3) 0 0.05+0.03

10 E. coli K1+ (4) 5.45+0.68 2.38+1.03 10 S. pneumoniae 5.91+0.97 1.88+0.43
Saline (3) 0 0 Saline (3) 0 0

18 E. coli K1+ (6) 5.19+1.06 9.33+1.99 18 S. pneumoniae (4) 6.50+0.28 2.63+1.33
Saline (6) 0 0.33+0.25 Saline (6) 0 0.33+0.25

Values given as

mean+SE.

* P> 0.05 comparing 4-, 10-, and 18-h CSF bacterial concentrations.
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Values given as mean+SE.
* P> 0.05 comparing 4-, 10-, and 18-h CSF bacterial concentrations.
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Figure 6. Morphologic changes in cerebral capillary endothelium with
experimental H. influenzae type b and H. influenzae Rd meningitis.
(a) PV formation vs. time after induction of meningitis (b) Percent (%)
SJ vs. time after induction of meningitis. (w) H. influenzae type b; (B)
H. influenzae Rd; (O) control; (time 0 0O) morphology of cerebral endo-
thelium prior to inoculation. P < 0.05 compared to controls (see text
for actual P values). $ The number of SJ/total number of junctions
visualized in 30 random endothelial cell sections.

points with high bacterial concentrations (mean log,o cfu/ml
blood > 4.0) (Table 1V).

Functional correlation with the observed morphologic
changes was obtained by assaying CSF penetration of '*’I-BSA

Table II1. Characteristics of Experimental H. influenzae
Type b vs. H. influenzae Rd Meningitis in Rats

Duration

of CSF bacterial WBC/ml

infection Inoculum concentration of CSF

h n logio cfu/ml X 10°

4 H. influenzae type b (4) 6.26+0.34 2.20+1.07

H. influenzae Rd (3) 5.25+0.35* 4.02+1.69
Saline (4) 0 0.01+0.01

10 H. influenzae type b (4) 7.88+0.39 0.63+0.63
Saline (3) 0 0

18 H. influenzae type b (4) 8.0610.35 2.56+0.51
H. influenzae Rd (4) 3.32+0.321§ 7.98+2.46
Saline (3) 0 0.02+0.02

Values given as mean+SE.

* P> 0.05 compared with 4-h CSF H. influenzae type b concentra-
tion.

1 P < 0.01 compared with 18-h CSF H. influenzae type b concentra-
tion.

§ P < 0.05 compared with 4-h CSF H. influenzae Rd concentration.

Table IV. Incidence and Magnitude of Bacteremia
with Experimental Meningitis in the Rat

Duration Proportion Blood
of of animals bacterial
Challenge organism infection bac i cC ion
h % logio cfu/ml
E. coli K1+ 4 2/3 (66) 1.25+0.74*
10 1/4 (25) 0.43+0.42
18 1/6 (17) 0.71+£0.71
S. pneumoniae 111 4 4/4 (100) 2.00+0.25
10 4/4 (100) - 1.33%0.12
18 2/4 (50) 0.90+0.52
H. influenzae type b 4 4/4 (100) 4.77+0.08
10 4/4 (100) 5.12+0.11
18 4/4 (100) 4.53+0.35
H. influenzae Rd 4 0/3 (0) 0
18 0/4 (0) 0

* Values given as mean+SEM.

at 4 and 18 h postinoculation. As shown in Table V, 4 h post-
inoculation with H. influenzae type b, there was a significant
increase in '®I-BSA penetration into CSF ([mean+SE] % '’I-
BSA penetration, 3.80+0.75) compared to controls (0.26+0.08;
P < 0.01) that correlated with the observed increased PV for-
mation. When infection progressed to 18 h there was a functional
progression of '>I-BSA permeability ({[mean+SE] % '**I-BSA
penetration, 8.10+1.20) that was significantly greater than both
the control group ([mean+SE] % 'PI-BSA penetration,
1.25+0.27; P < 0.01) as well as the 4-h H. influenzae type b
infection (P < 0.05). This functional progression of albumin
permeability correlated with the morphologic presence of both
increased PV formation and the development of a statistically
significant increase in SJ (Table V).

Comparison observations made after meningitis induced by
H. influenzae Rd are depicted in Fig. 6 and Tables III and V.
As shown, after receiving virtually identical inocula, there was
no significant difference in CSF bacterial concentration (P

Table V. Correlation of Morphologic and Functional
Alterations of the BBB in H. influenzae Meningitis

CSF Change in
CSF bacterial ~ penetration of BBB
Inoculum [ i 5] albumi morphology
n logio cfu/ml %
4h  Saline (3) 0 0.26+0.08 —
H. influenzae Rd (3) 5.25+0.35 4.12+1.25* TPV
H. influenzae type b (4)  6.26+0.34 3.80+0.75* TPV
18 h  Saline (4) 0 1.251+0.27 —
H. influenzae Rd (4) 3.32+0.32§ 4.64+0.80* TPV
H. influenzae type b (4)  8.06+0.35% 8.10+1.20*¢ TPV+1S)

Values given as mean+SE.

* P < 0.05 compared to control.

} P < 0.05 compared to H. influenzae type b at 4 h and H. influenzae Rd at 18
h.

§ P < 0.05 compared to H. influenzae Rd at 4 h.
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> 0.05), leukocyte count (P > 0.05), cerebral capillary mor-
phology, or functional BBB penetration of '>’I-BSA when com-
pared with H. influenzae type b 4 h postinfection. That is, there
was a significant increase in PV formation ([mean+SE] number
of PV/100-nm capillary length, 5.40+0.81 vs. 2.72+0.35; P
< 0.01); but the percentage of SJ (0/46, 0%) was no different
than controls (0/46). This correlated with a mean CSF '2I-BSA
penetration (4.21+1.26%) that was significantly greater than
controls (P < 0.05) but no different than the functional pene-
tration seen with H. influenzae type b at 4 h (3.80+0.75%).
However, none of the animals with H. influenzae Rd meningitis
were bacteremic at 4 h (Table IV), contrasting with 100% of
those with H. influenzae type b meningitis.

When infection was allowed to progress for 18 h with H.
influenzae Rd (Fig. 6), one sees a sustained increase in PV for-
mation when compared with controls (P < 0.01) but, in contrast
to H. influenzae type b, the percentage of SJ (2/47, 4%) did not
quantitatively progress to reach statistical significance (P > 0.05)
compared to controls (1/48, 2%). Similarly, functional penetra-
tion of '>I-BSA was not significantly different 18 h postinocu-
lation ([mean+SE] % '%I penetration, 4.64+0.80) than it was 4
h postinfection (P> 0.05)—see Table V. This morphologic and
physiologic distinction of H. influenzae Rd meningitis (when
compared to H. influenzae type b) 18 h postinoculation, was
associated with a significantly lower CSF bacterial concentration
(mean log;o cfu/ml, 3.32) when compared with H. influenzae
type b (mean log,, cfu/ml, 8.06; P < 0.01) despite identical in-
ocula (Table III). The CSF WBC concentrations were not sig-
nificantly different from H. influenzae type b; however, the ab-
sence of bacteremia with H. influenzae Rd was again distinctly
different from the 100% incidence of high grade bacteremia noted
- with H. influenzae type b.

Discussion

In this investigation, we observed a uniform host response to
experimental meningitis at the level of the cerebral capillary
endothelium. Specifically, there was an early and sustained in-
crease in PV formation as well as a progressive increase in sep-
aration of intercellular junctions observed during the natural
history of the infection. Both morphologic changes appear to
contribute to functional penetration of albumin across the BBB.
In the preantibiotic era, bacterial meningitis was a disease
with devastating mortality claiming the lives of virtually all those
afflicted (1). However, despite the advent of effective antimicro-
bial agents there remains a finite case fatality rate (e.g., 28% in
S. pneumoniae meningitis) (13), with permanent neurologic se-
quelae affecting many survivors (14-16). One potential expla-
nation is that the pathologic consequences of the disease beyond
the leptomeninges, but within the central nervous system, prog-
ress despite bacteriologic cure (17). The BBB, the major portion
of which is anatomically localized to the cerebral capillary en-
dothelium, represents a critical extrameningeal site known to
be functionally altered in meningitis (18-20). Although many
critical functions of this unique endothelium (e.g., abluminal
transport of Na* and K*, carrier-mediated diffusion of hexoses
and amino acids) are subject to injury, we sought to investigate
the morphologic alterations rendering it more permeable during
infection. Hence, we quantitatively assessed by transmission
electron microscopy the morphologic changes in PV formation
and intercellular junction integrity of the cerebral capillary en-
dothelium using an experimental rat model of meningitis.

1092 V. J. Quagliarello, W. J. Long, and W. M. Scheld

An in vivo model was developed for this investigation because
morphologic and physiologic investigations suggest that per-
meability of the cerebral microvasculature is responsive to both
neural (21, 22) and hormonal influence (23). Hence, any resul-
tant change in its morphology and functional permeability might
depend on a critical interaction between the inciting injury (e.g.,
infection), the inflammatory host response (e.g., PMN exuda-
tion), and humoral regulatory processes (e.g., adrenal cortical
function, circulating catecholamines). Thus, an in vivo model
possesses distinct advantages over in vitro techniques in facili-
tating this dynamic interplay. The cerebral microvasculature was
chosen for morphologic assessment in this study because it rep-
resents the dominant site of the BBB. The circumventricular
organs (e.g., choroid plexus, area postrema) theoretically con-
tribute to the BBB despite fenestrations in their capillary supply
because of the presence of epithelial tight junctions. However,
the surface area of the cerebral microvasculature is 5,000-fold
greater than the surface area of capillaries supplying the circum-
ventricular organs (24, 25), rendering the former more pertinent
for this investigation.

Qualitatively, our results revealed two distinct morphologic
changes in the cerebral capillary endothelium resulting from
meningeal infection. Namely, there was an increase in PV for-
mation and complete separation of intercellular junctions that
allowed for functional penetration of horseradish peroxidase to
the abluminal side of the endothelium (Figs. 1-3). When these
morphologic changes were quantitatively assessed by blinded
analysis, a remarkably consistent temporal sequence was ob-
served in meningitis induced by the encapsulated pathogens.
For example, after intracisternal inoculation with E. coli K1+,
there was a statistically significant increase in PV formation (P
< 0.001) as early as 4 h later that was sustained when infection
was allowed to progress for 10 h (P < 0.02) and 18 h (P < 0.01).
Similar statistically significant increases in PV formation were
observed soon after inoculation (i.e., 4 h) with the encapsulated
S. pneumoniae type 1l as well as H. influenzae type b; these
increases were likewise sustained when infection progressed for
10-18 h (Figs. 4-6). Hence, despite different capsule composition
the morphologic alterations of PV formation were similar for
all three encapsulated pathogens and correlated with sustained
CSF bacterial concentrations and WBC pleocytosis (Tables
I-1II).

Transendothelial vesicular transport has been postulated as
a potential mechanism of altered permeability of the BBB, al-
though its significance remains conjectural. As previously noted,
the cerebral capillary endothelium contains rare PV as opposed
to systemic capillaries (e.g., muscle) in which they are abundant.
In muscle capillaries, these vesicles have been shown to func-
tionally endocytose and exocytose microperoxidase. The precise
mechanism of transcellular vesicular transport is unknown but
hypothesized to be either by Brownian motion of vesicles freely
mobile in the cytoplasm, or via transcellular channels forming
from transiently fused vesicles across the capillary wall (26).
Hence, the unique paucity of vesicles within cerebral endothe-
lium has been proposed as a potential contribution to its function
as a barrier to macromolecular transport. Interestingly, other
investigations have demonstrated qualitative increases in pi-
nocytosis in brain endothelium after hypertensive (27), ischemic
(28), and convulsive injury (29), but it remains unclear whether
these are true quantitative and statistically significant increases.
In our model of study, we are able to describe the precise onset
of the insult (i.e., intracisternal inoculation of bacteria), the tem-



poral sequence of morphologic changes, and their quantitative
functional significance regarding BBB permeability to various
molecular weight proteins.

Morphologically, our data regarding increased cytoplasmic
vesicular content during experimental meningitis could be in-
terpreted in two ways. First, although luminal endocytosis is
increased and cytoplasmic vesicular content increased, abluminal
exocytosis may be nonexistent and hence functional transcellular
transport insignificant. Indeed, investigations in a mouse model
suggest that under normal conditions pinocytosed macromol-
ecules by the cerebral capillary endothelium are destined for
lysozomal fusion and degradation rather than abluminal exo-
cytosis (30). Furthermore, these two critical processes necessary
for vesicular transport (i.e., endocytosis and exocytosis) may be
independently regulated (31); hence, the same injury to the en-
dothelium may affect one without the other. However, one could
also suggest that there could be greater luminal endocytosis than
abluminal exocytosis resulting in a greater cytoplasmic vesicle
content morphologically as well as functional transcellular pro-
tein transport. This interpretation is supported by the experi-
ments with H. influenzae meningitis correlating the observed
BBB morphologic changes with functional permeability to cir-
culating '>I-BSA. As shown (Fig. 6, Table V), 4 h postinoculation
with H. influenzae type b and H. influenzae Rd when only cy-
toplasmic vesicular content was significantly increased, there
was a significant increase in CSF penetration of '*’I-BSA (P
< 0.01) compared with controls. Similarly, 18 h postinoculation
with H. influenzae Rd when increased PV formation remained
prominent (but junctional separation still insignificant) there
was a similar quantitative CSF penetration of '*I-BSA
(Imean+SE} 4.64+0.80%) that remained significant (P < 0.05)
compared with controls. Hence the morphologic appearance of
increased PV formation appears to correlate with functional
permeability of the BBB to circulating albumin suggesting that
pinocytosis may be an independent mechanism of macromo-
lecular transport in meningitis.

The temporal sequence of intercellular junction separation
with experimental meningitis was distinctly different than that
for PV formation, but was likewise reproducible regardless of
the encapsulated pathogen tested. That is, a longer infection
duration (10 h) of experimental meningitis was required for each
encapsulated strain before the percentage of separated junctions

reached statistical significance when compared to saline-matched -

controls. Furthermore, the percentage of separated junctions
progressively increased with longer infection durations reaching
a value of 17-19% at 18 h postinoculation (Figs. 4-6). Interest-
ingly, however, is that despite the animals being clinically mor-
ibund 18 h after inoculation, the majority of the intercellular
Jjunctions visualized remained closed (i.e., <20% were separated).
One explanation for this observation is that each junctional
complex may vary in its degree of membrane fusion between
adjacent endothelial cells. Hence, some junctions may be in-
herently “less tight” than others and thus more susceptible to
separation upon infectious injury. This hypothesis is supported
by freeze-fracture studies of epithelial tissue in which the TJ
region was found to consist of a complex network of anasta-
mosing linear strands appearing as ridges or grooves in the com-
plementary fracture faces (32). The number and continuity of
the anastomosing strands appeared to correlate with the tran-
sepithelial resistance (i.e., “tightness”) of the tissue. For example,
mammalian proximal convoluted renal tubule representing a
weak barrier with a low electrical resistance (6 ohm-cm?), had

few or discontinuous anastomosing strands. In contrast, toad
bladder epithelium, inherently tight physiologically (transepi-
thelial resistance of 1,000-2,000 ohm-cm?) had numerous an-
astamosing strands that were continuous. Hence, one could pos-
tulate that within the same capillary tissue preparation, although
the resistance of junctional complexes are comparatively high
(5), there may be variability among different capillaries as well
as within the same capillary. Thus, given the same degree of
injury, some junctions may completely separate while others
may remain partially or completely intact.

A second possibility is that junctional separation may require
a complex injury pattern and demand both luminal and antilu-
minal stress for completion. Hence, junctions found to separate
in our studies may require not only antiluminal injury from
bacterial surface ligands or extracellular toxins resultant from
the meningitis. Simultaneous luminal injury from a sustained
bacteremia or anoxic injury (perhaps from localized vasospasm)
may be necessary contributing factors, and may be more severe
in focal areas of the cerebral vasculature.

Supporting the hypothesis that junctional separation might
require a complex injury pattern are our studies comparing
morphologic and functional BBB alterations in H. influenzae
type b vs. H. influenzae Rd meningitis (Tables IV and V; Fig.
6). The Rd strain was selected for comparison because it elab-
orates no detectable polyribosyl phosphate (PRP) capsule either
by enzyme-linked immunosorbent assay (ELISA) or immuno-
fluorescent techniques. Other spontaneous capsule-deficient
mutants exist (e.g., S2 strain; Sec | strain) but both elaborate a
finite, albeit small amount of PRP (4-45 ng/10° cells) (33).
Hence, to assess whether BBB injury could occur despite absence
of detectable capsule, the Rd strain was used for comparison.
Ideally, one would desire a strain for comparison that possessed
identical subcapsular surface components (e.g., outer membrane
protein, lipopolysaccharide) to the encapsulated strain and dif-
fered only in its lack of encapsulation. Unfortunately, even ge-
netically transformed strains (e.g., transformation of Rd strain
with H. influenzae type b DNA) possess heterogeneous lipo-
polysaccharide patterns on sodium dodecyl sulfate-polyacrilam-
ide gel electrophoresis that differ from the recipient (e.g., Rd)
strain (34), precluding such a comparison at present.

As previously noted, when meningitis was induced with the
Rd strain, identical morphologic changes of the cerebral capillary
endothelium were noted (Fig. 6) when compared to H. influenzae
type b 4 h after inoculation. Namely, there was an increased PV
formation but no significant junctional separation. These changes
correlated with significant CSF penetration of '?°I-albumin (Ta-
ble V) and were present despite absence of detectable bacteremia
with the Rd strain compared with the 100% incidence and high-
grade bacteremia (mean+SE log,o cfu/ml, 4.77+0.08) seen 4 h
postinoculation with H. influenzae type b (Table IV). These data
suggest that increased vesicular transport as a host response to
H. influenzae infection does not require the presence of either
PRP capsule or bacteremia.

When meningitis was allowed to progress for 18 h with the
Rd strain, the morphologic changes of the cerebral capillary en-
dothelium remained the same (i.e., an increased PV formation
but only 4% separated junctions; P > 0.05) and functional BBB
permeability was unchanged (4.64% '25I-BSA penetration) com-
pared to the 4-h infection (4.12% '%’I-BSA penetration; P> 0.05).
Again there was no detectable bacteremia and the CSF bacterial
concentrations significantly decreased (compared to 4 h postin-
oculation) suggesting spontaneous host clearance of the unen-
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capsulated strain. However, 18 h after inoculation with the en-
capsulated H. influenzae type b there was a significant increase
in separated junctions (8/52, 15%) as well as sustained PV for-
mation (Fig. 6); a phenomenon previously noted in the encap-
sulated E. coli K1+ and S. pneumoniae type 11l meningitis ex-
periments. This development of a significant increase in sepa-
rated junctions 18 h postinoculation was associated with a
progression of BBB permeability to '*I-BSA ([mean+SE]
8.1+1.2%) that was significantly greater than the permeability
change induced by H. influenzae Rd at 18 h (P < 0.05) as well
as H. influenzae type b at 4 h (P < 0.05)—see Table V. This
morphologic progression (i.e., significant junctional separation)
and increased functional BBB permeability were associated with
a significant increase in the CSF bacterial concentration (com-
pared with the 4-h CSF concentration) as well as the presence
of a high-grade bacteremia (mean=SE log,, cfu, 4.53+0.35) in
100% of the animals. These observations suggest a role for the
PRP capsule either as an independent effector of TJ injury or a
factor facilitating high CSF and blood bacterial concentrations
necessary for junctional separation. Different surface compo-
nents (e.g., capsule, lipopolysaccharide, outer membrane pro-
teins) may contribute independently or synergistically to the en-
dothelial cell injury observed. '

In summary, experimental meningitis in this model appears
to elicit uniform morphologic alterations of the BBB with a re-
producible temporal sequence. PV formation appears to be an
early host response to infection in the subarachnoid space, fol-
lowed by a progressive increase in complete separation of inter-
cellular junctions as the infection progresses. Both morphologic
host responses appear to contribute to functional alterations in
BBB permeability to circulating macromolecules. Encapsulation
as a neurovirulence factor for H. influenzae does not appear
essential for morphologic or functional BBB injury but may
facilitate their progression by allowing the organism to evade
host clearance. Future investigation with this model will allow
elucidation of the precise role of various bacterial surface com-
ponents, the inflammatory host response, and intraluminal fac-
tors (e.g., local hypoxia, hormonal influences) in precipitating
this injury.
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