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Abstract

The influence of leukocytes and Haemophilus influenzae type
b (Hib) capsule on blood brain barrier permeability (BBBP) to
circulating 125I-albumin in normal and leukopenic rats was as-
sessed after intracisternal inoculation of encapsulated (Rd-/
b+/02) or unencapsulated (Rd-/b-/02) isogenic strains of Hib.
Both normal and leukopenic animals had increased BBBP18 h
after inoculation, with normal rats demonstrating significantly
increased BBBPafter challenge with the encapsulated strain.
Despite cerebrospinal fluid (CSF) pleocytosis in normal rats,
CSF bacterial concentrations were not lower. Normal rats
cleared unencapsulated Rd-/b-/02 more effectively than leu-
kopenic rats, with BBBPcorrelating with CSF bacterial den-
sity and not leukocyte concentrations. Challenge with heat-
killed Rd-/b+/02 resulted in increased BBBPin both normal
and leukopenic rats, with greater BBBP at higher bacterial
concentrations. The data suggest: (a) significant increases in
BBBPoccur in the near absence of CSF leukocytes; (b) CSF
leukocytes can augment changes in BBBP1, (c) type b capsule
inhibits host clearance mechanisms within the CSF; and (d)
BBBP appears to correlate with bacterial concentrations
within the CSF.

Introduction

Despite the introduction of newer antibiotics with greatly en-
hanced in vitro activity against the commonmeningeal path-
ogens, the mortality of bacterial meningitis has changed little
over the last 30 years (1, 2). Inadequate knowledge of central
nervous system (CNS) dynamics during bacterial meningitis
has contributed to this lack of progress. Although it is well
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recognized that the CNSis an area of impaired host resistance,
a clearer understanding of the pathophysiologic changes that
occur during meningitis is mandatory if improvements in out-
come from this infection are to occur.

One of the prominent pathophysiologic alterations in the
CNSduring bacterial meningitis is the development of a pro-
found leukocytosis in the cerebrospinal fluid (CSF).' Despite
its early historical recognition (3), the role of the CSF leuko-
cyte remains unclear. Conflicting data exist regarding the
function of the leukocytes in the CSFduring bacterial menin-
gitis. While CSF leukocytes may be beneficial in eradicating
microorganisms from the subarachnoid space, several studies
have suggested that the influx of leukocytes into the CNSmay
be accompanied by deleterious alterations of CSF hydrody-
namics, brain metabolism, and CNShomeostasis (4-1 1).

Although it is postulated that the CSF leukocytosis may
potentially injure the host, it is a widely held belief that the
influx of leukocytes into the CSF serves to limit the bacterial
replication of organisms within the CSF. The mechanism that
most readily accomplishes this function outside the CNS is
phagocytosis. However, in the peripheral circulation phagocy-
tosis is greatly aided by the presence of opsonizing antibodies
and complement, two components that are virtually absent
from normal CSF(12, 13).

The major meningeal pathogens, Haemophilus influenzae
type b, Streptococcus pneumoniae, and Neisseria meningitidis,
all possess cell surface polysaccharide capsules that impede
phagocytosis in the absence of opsonizing factors. Capsular
polysaccharides would therefore appear to limit further the
effectiveness of CSF leukocytes, but a direct experimental re-
lationship between capsular presence and bacterial clearance
in the CNShas not been established rigorously. Previous com-
parisons of encapsulated and unencapsulated bacteria con-
trasted the virulence of bacterial strains that differed not only
with respect to capsule but with regard to lipopolysaccharide,
outer membrane proteins, and other surface characteristics,
and could not specifically implicate capsular determinants in
the disease process. The recent availability of isogenic bacterial
strains of H. influenzae type b overcomes these difficulties and
has made it possible to investigate the interplay of leukocytes
and capsule in the pathophysiologic consequences of men-
ingitis.

Previous work from this laboratory has shown that menin-
gitis results in profound ultrastructural changes in the major
anatomical site of the blood brain barrier (BBB), the cerebral

1. Abbreviations used in this paper: BBB, blood brain barrier; BBBP,
blood brain barrier permeability; CSF, cerebrospinal fluid; Hib, Hae-
mophilus influenzae type b; LOS, lipooligosaccharide; WBC, white
blood cell.
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capillary endothelium (14). Increased pinocytotic vesicles and
separation of tight junctional complexes in cerebral capillary
endothelium were seen to increase temporally during meningi-
tis, and these ultrastructural changes correlated well with the
entry of circulating 251I-albumin into the CSF, a sensitive mea-
surement of functional BBB injury. This study (14) helped
define the changes in the BBB during meningitis but did not
address the role of the CSF leukocyte during the infection.

To examine the role of CSF leukocytes and H. influenzae
type b capsule during bacterial meningitis, we used a model of
leukopenia in the adult rat to assess the impact of leukocytes
on the integrity of the BBB to circulating 251I-albumin. Func-
tional integrity of the BBB in the presence of CSF leukocytes
was also examined through the use of isogenic strains of H.
influenzae type b to examine: (a) the relationship of leukocyte
function and capsular polysaccharide within both the CSFand
the bloodstream; (b) the role of the antiphagocytic properties
of type b capsular polysaccharide; and (c) the influence of the
interaction of leukocytes and capsule on the permeability of
the BBB to circulating albumin.

Methods

Bacteria. The isogenic strains of H. influenzae used in this study were
chosen to allow an unambiguous analysis of the role of type b capsule
in mediating changes in blood brain barrier permeability (BBBP) dur-
ing experimental meningitis in normal and leukopenic rats. Rd-/b'/02
was obtained by transformation of strain Rd using donor DNAfrom
strain Eagan (type b). Rd-/b-/02 is a spontaneous, one step, capsule-
deficient mutant derived from Rd-/b'/02. Rd-/b-/02 does not make
any polyribosyl-ribitol phosphate capsule (by immunofluorescence
[15] or ELISA, with a lower limit of dectability of 0.1 ng/ml [161)
because it has a mutation in a defined locus within the chromosomal
region required for type b capsular expression (17). Additional experi-
ments also utilized another H. influenzae type b (strain Eagan), which
has been shown to produce meningitis in experimental animals (espe-
cially infant rats) and is the classic strain used in those models.

The transformants (Rd-/b'/02 and Rd-/b-/02) possessed identical
lipooligosaccharide (LOS) patterns on SDS-PAGE. In addition, similar
outer membrane protein patterns are observed (data not shown).
Strain Eagan possessed a different LOSpattern than the one seen in the
transformants by SDS-PAGE. Transformation of the strain Rd with
Eagan DNAresults in altered LOS patterns from donor to recipient
(18). The LOS of Rd-/b'/02 and Eagan also differ antigenically as
assessed by identification with H. influenzae type b LOS-specific mu-
rine monoclonal antibodies (reactive with epitopes in the oligosaccha-
ride side chain) provided by Dr. Eric Hansen (Dallas, TX) (19, 20). The
Eagan strain is reactive with both monoclonal antibodies
(12D9+,4C4+) in a colony blot radioimmunoassay and is antigeni-
cally placed in group 3 of a recent classification scheme (20). Rd-/b+/
02 and Rd-/b-/02, both 12D9+,4C4-, are placed in group 1, and are
identical by monoclonal antibody analysis of LOS. Exhaustive struc-
tural analysis of the precise differences between Rd-/b'/02 and Eagan
is in progress.

The bacteria were grown in brain heart infusion broth (Gibco,
Grand Island, NY) with 5% Fildes supplement (Difco Laboratories,
Detroit, MI) to late log phase then frozen in skim milk at -70'C until
use. For each experiment, a vial was thawed and grown overnight in
brain heart infusion broth with 5% Fildes enrichment. To obtain the
final inoculum this overnight growth was inoculated (10 Ml) into 10
cm3 brain heart infusion broth with 5%Fildes and grown for 8 h, which
is when the organisms were in late log phase growth and expressing
maximal capsule. The broth was spun at 2,500 g for 15 min at 20C
and the pellet was washed with 10 ml of 0.9% sodium chloride solution
and centrifuged at 2,500 g twice. The pellet was then suspended in

saline to a concentration of - 108 CFU/ml as determined by plating of
100-fold serial dilutions of the organisms on chocolate agar (BBL,
Cockesville, MD). This concentration resulted in an inoculum of
101-6 CFU per animal. The centrifugation and washing procedures
removed r 5% of the capsule from the encapsulated organisms.

Heat-killed bacteria were obtained by heating the initial and final
dilution of organisms to 650C for 30 min in a heating block. Efficiency
of the procedure was confirmed by subculture of the inocula (demon-
strating complete sterility). Animals received either 106.5 or 105
CFU. Scanning electron micrographs revealed no discernible change in
the live versus heat-killed bacteria (data not shown).

Wesought to develop a model of sterile pleocytosis to better define
the relationship between BBBPand CSFpleocytosis without the con-
founding variable of bacterial products in the CSF. Multiple com-
pounds were injected intracisternally to achieve a nonbacterial model
of sterile pleocytosis without success. These included fMet-Leu-Phe
and its active esters, mucin, C5a, cobra venom factor, and alpha bun-
garotoxin. These substances either resulted in no CSF pleocytosis or
were too toxic for the host.

Production of leukopenia. Leukopenia was induced in 125-200-g
Wistar rats by the intraperitoneal injection of cyclophosphamide
(Adria Laboratories, Columbus, OH) at a dose of 100 mg/kg. The
animals were then studied 4 d later when the total peripheral leukocyte
concentration had fallen below 1,000 cells/mm3 (nadir).

Induction of meningitis. Weused our well-characterized model of
meningitis in the adult rat (14) with minor modifications as outlined
below. Briefly, 125-200-g Wistar rats (Hilltop Farms, Scottsdale, PA)
were anesthetized with ketamine (Parke-Davis, Morris Plain, NJ), 100
mg/kg, and xylazine (Miles Laboratories, Swanee, KA), 7 mg/kg, intra-
muscularly; repeated injections were given when necessary. The ani-
mals were shaved over the dorsal surface of the neck and occiput.
Before the inoculation of the challenge strains, all animals had periph-
eral blood white blood cell (WBC) concentrations and platelet con-
centrations evaluated via cardiac puncture using unipettes (BBL). Ad-
ditionally, 0.1 ml of blood was plated on chocolate agar in all leuko-
penic animals to ensure that the rats were not bacteremic before the
experiment.

The animals were then inoculated intracisternally via a percutane-
ous injection with a 25-gauge butterfly needle (Abbott Inc., North
Chicago, IL) fitted to a micromanipulator. After removal of 50-75 M1
of CSF, 50 Ml of the above described inoculum (- 106 CFU) was
injected directly into the cisterna magna. Control animals were given
an equal volume of pyrogen-free saline intracisternally instead of the
challenge strain. Only inoculations that were clear without any visible
blood contamination were used. Leukopenic animals had 25 Al of CSF
cultured to confirm a sterile CSF at the initiation of the experiment.
Quantitative CSF sampling was accomplished using 25-Al fixed vol-
ume micropipettes (Dade Scientific, Miami, FL). The animals were
allowed to progress with their infections until 18 hr postinoculation.
This time point results in a severe meningitis characterized by near
maximal CSF inflammation in this model (14). At this time the rats
were again anesthetized and CSF sampled via cisternal puncture.
Again, if any contamination with blood was seen the animals were
excluded from analysis. 25 Ml each of CSFwere used for culture, WBC
determination, and evaluation of BBBP(see below). Quantitative cul-
tures of CSFand blood were determined by serial dilution in saline and
culture on chocolate agar. Both blood and CSF WBCand platelet
concentrations were determined in a hemocytometer by standard pro-
tocol. Differential cell counts (polymorphonuclear vs. mononuclear)
were assessed on both CSFand blood from leukopenic rats; nonleuko-
penic CSF consistently contained 2 90% polymorphonuclear leuko-
cytes.

The experiments were performed in lots of 8 to 10 animals. The
values expressed are the averages for each respective group with n
determined as the total number of animals in the given group. Animals
were excluded from data analysis that had: (a) any blood contamina-
tion during CSFremoval; (b) death before 18 h postinoculation; or (c)
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peripheral leukocyte concentrations > 1,000 cells/mm3 in the leuko-
penic group before inoculation.

Assessment ofBBBP. 30 min after the intracisternal inoculation of
the challenge organism, each animal was given 15 MCi of 125I-labeled
bovine serum albumin (ICN, Irvine, CA) via intracardiac injection. At
18 h, when the CSF was sampled, 25 ul of CSF was collected in the
micropipette and placed into a 1 dram vial. 25 MAl of blood was also
placed in a pipette and the samples were counted in a Gamma300
counter (Beckman Instruments Inc., Irvine, CA) for 10 min. The per-
meability of the BBBwas assessed as the cpm CSF/cpm blood X 100
and expressed as a percentage.

Analysis. Statistical comparisons between groups were done by
Student's t test and P values of . 0.05 were considered significant.

Results

The cyclophosphamide-induced leukopenic rat model resulted
in a profound peripheral leukopenia. All leukopenic animals
had peripheral WBCconcentrations < 1,000 cells/mm3 with a
mean±SEMconcentration of 0.32±0.03 X 103/mm3. This is
in sharp contrast with the normal rats who demonstrated pe-
ripheral mean±SEMcell concentrations of 10.89±0.57
X 103/mm3.

In addition to the profound leukopenia, cyclophospha-
mide also produced a marked alteration in platelet concentra-
tions. The mean±SEMplatelet concentration for all normal
animals before infection was 935±36 X 103/mm3, while leu-
kopenic rats had a significantly lower mean±SEMplatelet
concentration of 361±19 X 103/mm3 (P < 0.001). At 18 h after
infection normal animals had a mean±SEMplatelet concen-
tration of 806±16 X 103/mm3 compared with leukopenic ani-
mals which had a mean±SEMplatelet concentration of
126±17 X 103/mm3 (P < 0.001). No leukopenic rat ever had

3< 20,000 platelets/mm .

The profound peripheral leukopenia also resulted in a
marked decrease in CSF leukocytosis in all leukopenic rats
studied. Table I shows the CSF cell concentrations of both
normal and leukopenic animals. No rat in the leukopenic
group ever had > 350 cells/mm3 of CSF(the average polymor-
phonuclear cell count was only 11% in the CSF from leuko-
penic rats) while the normal groups developed mean CSF
WBCconcentrations > 6,800 cells/mm3. The CSFpleocytosis
was almost 16,000 cells/mm3 after challenge with Rd-/b-/02
(more than twofold greater than after inoculation with
Rd-/b'/02), yet leukopenic rats given the same organism dem-
onstrated a mean CSFpleocytosis of only 90 cells/mm3.

Blood bacterial concentrations were approximately 106
CFU/ml in the Rd-/b'/02 group, with no difference seen be-
tween the leukopenic and normal animals (Table II). All ani-
mals inoculated with the encapsulated organisms were bacter-
emic. The unencapsulated organism was never present in the

Table L CSFLeukocyte Concentrations 18 h after
Intracisternal Inoculation

Inoculated strain Normal rats* (n) Leukopenic rats* (n)

Rd-b+/02 6.8+1.6 (12) 0.14±0.03 (13)
Rd-j-/02 15.9±2.6 (11) 0.09±0.02 (12)

* Mean±SEMleukocytes X 103/mm3.

Table I. Blood Bacterial Concentrations 18 h after
Intracisternal Inoculation

Inoculated strain Normal rats* (n) Leukopenic rats (n)

Rd-/b+/02 6.43±0.37 (12) 6.02±0.21 (13)
Rd-/b-/02 0 (11) 2.32±0.41 (6/12)t

* Mean±SEMlogl0 CFU/ml blood.
Only 6/12 animals were bacteremic. Value given is the mean±SEM

of the six bacteremic rats.

blood of the normal animals but was detected in 6/12 leuko-
penic rats inoculated with this organism.

Despite the marked differences in the peripheral and CSF
leukocyte concentrations between normal and leukopenic rats,
the bacterial concentrations in the CSFof animals inoculated
with the encapsulated organisms were similar (Table III). In
fact, CSFconcentrations of bacteria were higher in the normal
rats inoculated with Rd-/b'/02 when compared with the leu-
kopenic rats (P = 0.005).

CSFbacterial concentrations of the unencapsulated strain
Rd-/b-/02 were markedly different in the normal and leuko-
penic groups (Table III). In the presence of normal numbers of
circulating leukocytes, infection with the unencapsulated or-
ganism resulted in a three loglo decrease in bacterial concen-
trations within the CSF over the 18-h experimental time pe-
riod when compared with the inoculum concentration of

106.5 CFU. The leukopenic animals, however, were unable
to clear the CSF of this unencapsulated strain (mean final
concentration after 18 h, log1o = 6.67 CFU/ml) and the CSF
bacterial concentrations were significantly higher than the
normal animals given Rd-/b-/02.

The results of BBBPto circulating '25I-albumin in the dif-
ferent experimental groups is shown in Fig. 1. All infected
animals had significantly increased BBBP when compared
with their respective controls (P < 0.001) 18 h postinoculation.
Control animals had uniformly low BBBP (< 1.0%) with no
significant differences seen between the normal and the leuko-
penic rats. Animals given the encapsulated organisms showed
significant increases in BBBPin the normal animals compared
with their leukopenic counterparts (7.50±1.26 vs.
4.75±0.37%; P = 0.04). BBBP in the normal animals chal-
lenged with the unencapsulated isogenic variant was uni-
formly low, with an average percent 1251-albumin concentra-
tion in the CSFof only 2.22±0.17%. This low concentration of

Table III. CSFBacterial Concentrations 18 h after
Intracisternal Inoculation

Inoculated strain Normal rats* Leukopenic rats* P value*

Rd-/b+/02 9.19±0.14§ 8.50±0.17" 0.005
Rd-/b-/02 3.82±0.33§ 6.67±0.25" <0.001

* Mean±SEMloglo CFU/ml CSF.
Student's t test comparing normal rats with leukopenic rats chal-

lenged with either Rd-/b+/02 or Rd-/b-/02.
§ P < 0.001, normal rats challenged with Rd-/b'/02 vs. Rd-/b-/02.
11 P < 0.001, leukopenic rats challenged with Rd-/b'/02 vs. Rd-/b-/02.
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'25I-albumin (i.e., BBBP only 2% after challenge with

Rd-b/02) was present despite the profound CSFpleocytosis
(nearly 16,000 cells/mm3) as shown in Table I. Depletion of
circulating and CSF leukocytes resulted in increased BBBP
(5.23±0.44%; P < 0.001 compared with the normal animals
given the unencapsulated strain), approximating the BBBP
values seen in the leukopenic animals challenged with the en-

capsulated organisms (4.75±0.37 vs. 5.23±0.44%; P = 0.41).
To assess the impact of organisms in the absence of replica-

tion, heat-killed Rd-/b'/02 organisms were injected into the
CSF in two concentrations. The low dose contained the stan-
dard inoculum of organisms (a 1065 CFU) and achieved a

final CSF concentration of 1075 CFU/ml, assuming CSF

volume to be 100- 1 soM'l/rat. In an attempt to simulate the

final 18-h concentration of the live Rd-/b'/02 organism, 1.3
X 108 CFU heat-killed Rd-/b'/02 was injected to achieve a

final concentration of 109 CFU/ml CSF. As shown in Table

IV, intracisternal inoculation of low doses of dead Rd-/b'/02
caused a massive CSFpleocytosis but resulted in little increase
in BBBP. Leukopenia did not influence the degree of BBBP
with this inoculum despite few leukocytes being present in the
CSF. The use of higher concentrations of dead Rd-/b'/02
resulted in a similar CSF concentration of leukocytes com-

pared with the lower doses of dead organisms, but a signifi-
cantly higher degree of BBBPwas seen when compared with
animals given the lower dose (4.88+0.53 vs. 1.79±0.25%, P
< 0.00i for the normal rats, and 3.53±0.30 vs. 2.08±0.25%, P
= 0.002, for the leukopenic rats). As seen in the experiments
with live organisms (Fig. 1), normal animals had significantly
greater BBBP than leukopenic rats challenged with the high
dose of heat-killed Rd-/b'/02 (P = 0.05).

The results of the experiments with live Rd-/b'/02 were
compared to a pathologic isolate of H. influenzae type b fre-
quently used in other models of experimental meningitis,
strain Eagan (which was also the donor strain for the recombi-
nants [see Methods]). The same trends were seen in rats inocu-

Figure 1. BBBPto circulating
1251-albumin 18 h after intracis-

ternal challenge with encapsu-
lated (Rd-/b'/02) or unencapsu-

lated (Rd-/b-/02) isogenic mu-

tants of H. influenzae or saline
(control). Percent BBBPcalcu-
lated as [cpm '25I-CSF/cpm 125I-
blood] X 100. Values represent
mean±SEMfor normal and leu-
kopenic animals. *P = 0.04; **P
< 0.001; and §P = NS (Student's
t test, unpaired).

lated with the Eagan strain as were seen with Rd-/b'/02 and
were similar to our results reported previously (14). Experi-
mental meningitis induced with the Eagan strain produced
lower bacterial concentrations in CSF and blood and corre-
spondingly smaller increases in BBBPwhen compared with
Rd-/b'/02. For example, the mean±SEMbacterial concen-
trations (logio CFU/ml) in blood and CSFwere 4.90±0.15 and
8.41±0.12 vs. 6.43±0.37 and 9.19±0.14 after challenge with
strain Eagan and Rd-/b'/02, respectively. The mean±SEM
BBBPto circulating albumin in normal rats was 6.49±0.74 vs.
7.50±1.26% after inoculation of Eagan and Rd-/b'/02. Signif-
icantly decreased BBBP (P = 0.05) was again seen in leuko-
penic rats compared with normal rats inoculated with the
Eagan strain. Additionally, CSF bacterial concentrations
tended to be higher in the normal group compared with the
leukopenic group (mirroring the differences seen with
Rd-/b'/02) but did not attain statistical significance (P = 0.18)
(data not shown).

Table IV. BBBPand CSFLeukocyte Response to Challenge
with Heat-killed Rd-/b /02

CSFWBCconcentration* BBBP*

Nonnal Leukopenic Normal Leukopenic
Inocula rats rats rats rats

Low 1065 CFU 29.9±9.7 0.06±0.02 1.79±0.251 2.08±0.25§
(n= 8) (n = 14) (n= 8) (n= 14)

High m1085 CFU 20.7±3.2 0.03±0.01 4.88±0.5311 3.53±0.30"
(n= 8) (n= 7) (n= 8) (n= 7)

* Mean±SEMleukocytes X 103/mm3 CSF.
tMean±SEM cpm CSF/cpm blood X 100, expressed as percent.
P= NS.
P = 0.05.
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Figure 2. Relationship between CSFconcentrations of H. influenzae
and BBBPduring experimental meningitis. Bacterial concentrations
represent data from all animals given Rd-/b+/02 (0), Rd-/b-/02 (X),
Eagan (i), and saline (control) (A) (n = 98), and are plotted as a loglo
CFU/ml CSFwith control animals assigned a concentration of zero.
BBBPwas calculated as in Fig. I and expressed as the log10 %BBBP.
The line represents a best-fit simple regression analysis with r = 0.89,
P<0.001.

Because the alterations in BBBP appeared to parallel the
changes in CSF concentrations of bacteria, the relationship
between live CSF bacterial concentrations (Rd-/b'/02,
Rd-/b-/02, and Eagan) and the percent albumin in the CSF
was examined (Fig. 2). The percent penetration of '25I-albu-
min expressed as a log to the base 10 was plotted versus bacte-
rial concentrations so that the correlation would be linear
rather than exponential, and control animals were assigned a
value of zero for bacterial concentration. The correlation (r
= 0.89; n = 98; P < 0.001) suggests that BBBPwas markedly
influenced by bacterial concentrations within the CSF.

Discussion

Utilizing a model of meningitis in the leukopenic rat that al-
lowed quantitative assessment of BBB injury, we have shown
that CSF leukocytes can augment changes in BBBP. CSF leu-
kocytes (and peripheral blood leukocytes) were incapable of
controlling the replication of the type b encapsulated strain of
H. influenzae. The bacterial surface structure that governed
this resistance to host clearance appeared to be the type b
capsular polysaccharide. Unencapsulated bacteria were
cleared by CSF leukocytes in normal rats but were not cleared
in the absence of CSFleukocytes, suggesting that phagocytosis
is the major function of these leukocytes, but the presence of
capsule effectively inhibits this role. Heat-killed Rd-/b'/02
resulted in a massive rise in CSF leukocytes but alterations in
BBBPwere primarily dependent on bacterial concentrations.
Although no clear correlation between CSF pleocytosis and
BBBP was observed, the present data suggest that the BBB
injury induced by the CSF leukocytes is one of augmentation
of permeability (at least after challenge with Rd-/b'/02 and
Eagan) and that a major determinant of BBBP 18 h after in-
tracisternal inoculation is CSFbacterial concentrations.

Measurement of injury to the CNSduring bacterial menin-
gitis is difficult to quantitate. While several markers of injury
exist (CSF leukocytes, decreased glucose concentration, lactic

acid production, brain edema, and the physiologic parameters
of temperature, hemodynamics, and death), few deal with a
quantitative assessment of the physiologic dynamics within
the CNS. Normal integrity of this immunologically impaired
compartment. is maintained by the BBBwhich mainly resides
in the unique physiology of the cerebral capillary endothelium.
These capillaries differ from systemic capillaries in their
marked reduction of pinocytotic vesicles, absence of fenestra-
tions, and the presence of tight junctional complexes joining
adjacent endothelial cells (21, 22). Previous work from our
laboratory (14) has recently shown that morphologic changes
occur temporally during experimental bacterial meningitis
with an increase in pinocytQtic vesicle formation and separa-
tion of tight junctional complexes as the disease progressed.
These morphologic changes were paralleled by increasing con-
centrations of circulating '251.labeled albumin in the CSFafter
intravenous administration. The use of a labeled protein
allows an accurate measurement of increased BBBP (a func-
tional parameter of BBB injury) and correlated well with the
observed morphologic changes in the cerebral microvascular
endothelium. Injury to this crucial component of CNShomeo-
stasis is therefore more easily and accurately measured by this
physiologic technique and provides a useful tool in assessing
the role of both meningeal pathogens and host factors in the
development and progression of bacterial meningitis, and the
pathophysiologic consequences of the experimental infection.

While the results of our experiments suggest that leuko-
cytes can augment damage to the BBBduring meningitis, the
data indicate that bacterial concentrations in the CSF play a
major role. Several studies have shown that the clinical out-
comes (morbidity and mortality) of meningitis are influenced
by the CSFconcentration of bacteria (23, 24). This appears to
be the first experimental observation that correlates the degree
of injury to the BBB with the number of bacteria present
within the CSF. Although leukocytes may alter BBBP, the
major factor appeared to be the bacterial concentrations
within the CSF. Whether these changes are due to the presence
of the entire bacteria or are closely related to one or more
bacterial components (as is the case with pneumococci and
pneumococcal cell wall [25]) is actively under investigation at
this time. Preliminary work from Syrogiannopoulos and
others (26) has shown that the LOSof H. influenzae type b is
extraordinarily potent in inducing a CSFpleocytosis at nano-
gram concentrations and may be one of the active components
in the altered BBBPobserved in our model. Indeed, alterations
in the LOScontent between Eagan and the transformed strains
may explain part of the differences in the degree of BBBPseen
between those groups. The results of our experiments with
inactivated Rd-/b'/02 suggest that the CSFconcentration of
the bacteria (or their subcomponents) can lead to marked BBB
alterations on a concentration dependent basis.

Several other important observations regarding the host
parasite interaction during bacterial meningitis were noted in
this study. First, it was shown that BBBPcan be significantly
altered in the near absence of CSF leukocytes. Early work by
Harter and Petersdorf had suggested that significant ".
changes in the permeability of the blood-cerebrospinal fluid
barrier in this situation [leukopenic dogs with experimental
pneumococcal meningitis] are probably of minor consequence
(3)." The ability to quantitate the degree of injury and deter-
mine whether or not leukocytes played a role, however, was
not addressed in that review. Ernst and colleagues found, to

106 A. J. Lesse, E. R. Moxon, A. Zwahlen, and WM. Scheld



the contrary, that CSFprotein increased markedly in the leu-
kopenic lapine model of pneumococcal meningitis but could
not comment on the effect of leukocytes because of the large
variation (tenfold) in CSF protein concentrations (27). This
may reflect the fact that total CSFprotein does not result solely
from the transudation of serum proteins across the damaged
BBB; proteins generated within the CSFduring the injury also
contribute to total protein concentration. Our study has shown
that the BBB is, in fact, significantly altered during meningitis
in the near absence of CSF leukocytes.

While the appearance of a totally serum-derived marker in
the CSFof leukopenic animals suggests that breakdown of the
barrier does not depend on leukocytes, other explanations for
our results are also possible. Kitchens has demonstrated that
endothelium can undergo changes associated with thrombo-
cytopenia (28) although those changes probably do not ac-
count for the findings in our present experiments. Thrombo-
cytopenia, in that work (28), induced alterations in the periph-
eral venules of the tongue (vasculature that is quite different
from the cerebral capillary endothelium) and only occurred at
platelet concentrations below 5,000/mm3, far lower concen-
trations than were seen with our experiments. Additionally,
while secondary influences of cyclophosphamide treatment
may have directly altered BBB function, the more likely con-
clusion (especially with similar control groups) suggests that
leukocytes were not essential to produce damage to the BBB
over the time course of the experiments, but (a) were able to
enhance the degree of BBB injury from the infectious process
itself, and (b) were potentially deleterious to the host.

Similar conclusions were drawn from Petersdorf's earlier
work (1 1), which suggested that leukopenic animals with ex-
perimental pneumococcal meningitis had slightly increased
survival times when compared with their normal counterparts.
Scheld et al. determined that methylprednisolone given to
rabbits with pneumococcal meningitis decreased CSFoutflow
resistance during meningitis; one presumed mechanism for
this decreased resistance could be attributed to the antiinflam-
matory effects of the corticosteroids (7). Tauber and colleagues
(8) found that administration of dexamethasone alone de-
creased brain water content, CSFpressure, and lactate produc-
tion in rabbits with experimental pneumococcal meningitis
compared with rabbits given no treatment. Ampicillin therapy
was able to reverse CSF pressure and brain water alterations
associated with this model of experimental meningitis but was
unable to reverse CSF lactate levels. Those observations have
been applied to human trials and have preliminarily shown
that the use of dexamethasone with antibiotic therapy of bacte-
rial meningitis in infants and children has decreased the inci-
dence of associated deafness while not affecting mortality (29).
If the primary role of these interventions (steroids [7, 8, 29])
were related primarily to alterations in leukocyte function,
then manipulation of leukocyte function may have far reach-
ing effects on the concurrent therapy of bacterial meningitis.
This model would provide a means of studying the influence
of leukocytes (and leukocyte mediators) on BBB function and
should be useful in establishing potential therapeutic adjuncts.

Intuitively, it would be expected that interference with leu-
kocyte function during meningitis might be detrimental. Dur-
ing infection in this area of altered host resistance one would
presume that a fully functional leukocyte would be essential in
controlling this closed-space infection. This and other experi-
ments, however, reveal that the leukocyte cannot properly

control H. influenzae type b. Rubin et al. have previously
shown that H. influenzae type b is capable of intravascular
replication in the normal rat (30). Since this organism can
grow even in the presence of a full complement of host de-
fenses in the peripheral circulation it is not surprising that the
influx of leukocytes into the CSFwould be ineffective in halt-
ing bacterial replication. Our experiments confirmed these ob-
servations as normal animals had similar, if not higher, con-
centrations of the encapsulated organism in the CSFand blood
when compared with leukopenic rats. Hence, the contribution
of leukocytes may not be entirely advantageous during menin-
gitis with encapsulated H. influenzae type b.

Leukocytes do, however, appear to play a major role in the
CSFwhen challenged with organisms that cannot easily evade
host clearance mechanisms. In work by Chowet al. (31), Can-
dida albicans was readily cleared from the CSFof normal dogs
after intracisternal challenge. Leukopenic dogs given the same
organism were unable to control the fungus and died. In our
study, Rdbj/02 was rapidly cleared and resulted in lower
bacterial concentrations in the CSFand blood in normal rats
when compared with its isogenic encapsulated counterpart.
Decreasing the number of leukocytes resulted in the increased
CSF concentrations of the unencapsulated strain with occa-
sional bacteremia. Indeed, when the organisms were not
cleared from the CSF of the leukopenic rats, the degree of
altered BBBPwas similar to that observed in leukopenic ani-
mals challenged with the encapsulated strain. Leukocytes
therefore are effective in the clearance of some types of organ-
isms from the CSF.

Whether the suppression of leukocyte function will be ad-
vantageous in all forms of bacterial meningitis caused by en-
capsulated organisms is not addressed in this study. While
leukocytes are not effective in the clearance of H. influenzae
type b from the CSFand bloodstream, their role in the control
of other encapsulated organisms is not well defined. A pre-
vious study showed that while H. influenzae type b can escape
host clearance and replicate within the vascular space, S.
pneumoniae, a commonmeningeal pathogen, could not repli-
cate within the intravascular space and required extravascular
sites for the development of sustained bacteremia (30). Ernst
has shown in leukopenic rabbits with pneumococcal meningi-
tis that the CSF concentration of bacteria was unaffected by
the leukopenic state, but that the blood concentrations were
-100-fold higher (27). Although the numbers were small and

differ from Petersdorf's original observations (11), it raises
questions concerning the applicability of leukocyte alteration
to all forms of bacterial meningitis. Future studies on the role
of therapeutic adjuncts should be stratified to include this pos-
sibility.

Multiple attempts at a nonbacterial model of sterile pleo-
cytosis (mucin [6], C5a, f-Met-Leu-Phe [32], and alpha bun-
garotoxin [33]) to address the impact of leukocytes alone were
all unsuccessful in this model. It is evident, however, that leu-
kocytes, even in massive CSF concentrations, did not appear
to correlate with the observed changes in BBBP at the time
point assessed, as shown in the experiments employing dead
organisms.

These and other experiments do not address the observa-
tions that bacterial meningitis is an unusual disease in the
leukopenic patient [34]. The exact pathogenic mechanisms for
the initiation of bacterial meningitis are not known, but it can
be concluded from clinical observations that the mere absence
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of leukocytes is not the major pathogenic mechanism in bacte-
rial meningitis. This work and the work of others using leuko-
penic animal models does suggest that "nonpathogenic" bacte-
ria and fungi can cause meningitis in the near absence of CSF
leukocytes after intracisternal challenge. The absence of leu-
kocytes however, probably does not alter the access of organ-
isms to the CSF, resulting in no increased incidence of bacte-
rial meningitis during profound leukopenia secondary to im-
munosuppressive therapy in humans.

In conclusion, these experiments have quantitated the al-
terations in BBBPduring experimental H. influenzae meningi-
tis after challenge with isogenic strains. The degree of the alter-
ations in BBBP 18 h after intracisternal inoculation are more
dependent on the CSF concentration of bacteria than on the
CSF leukocyte concentrations. Leukocytes can augment the
changes in BBBPafter challenge with encapsulated H. influen-
zae but are not necessary to cause damage. Whether whole
bacteria or their subcellular components mediate the changes
seen are not known at the present time. Since increasing BBBP
was seen with increasing concentrations of heat-killed bacteria
in the CSF, it is apparent that the organisms can induce
changes without being capable of replication. Future work to
investigate which bacterial components mediate these changes
and the mechanisms of BBB injury are currently under way in
our laboratory.
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