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Abstract

The effects of hydration status on cerebral blood flow (CBF)
and development of cerebrospinal fluid (CSF) lactic acidosis
were evaluated in rabbits with experimental pneumococcal men-
ingitis. As loss of cerebrovascular autoregulation has been pre-
viously demonstrated in this model, we reasoned that compro-
mise of intravascular volume might severely affect cerebral
perfusion. Furthermore, as acute exacerbation of the inflamma-
tory response in the subarachnoid space has been observed
after antibiotic therapy, animals were studied not only while
meningitis evolved, but also 4-6 h after treatment with antibi-
otics to determine whether there would also be an effect on
CBF. To produce different levels of hydration, animals were
given either 50 ml/kg per 24 h of normal saline ("low fluid") or
150 ml/kg 24 h ("high fluid"). After 16 h of infection, rabbits
that were given the lower fluid regimen had lower mean arterial
blood pressure (MABP), lower CBF, and higher CSF lactate
compared with animals that received the higher fluid regimen.
In the first 4-6 h after antibiotic administration, low fluid rab-
bits had a significant decrease in MABPand CBF compared
with, and a significantly greater increase in CSFlactate concen-
tration than, high fluid rabbits. This study suggests that intra-
vascular volume status may be a critical variable in determining
CBFand therefore the degree of cerebral ischemia in meningi-
tis. (J. Clin. Invest. 1992. 89:947-953.) Key words: cerebral
blood flow * cerebrospinal fluid lactate * experimental menin-
gitis

Introduction

It has been demonstrated in experimental (1, 2) and clinical
studies (3, 4) that cerebral blood flow (CBF)' is reduced in
bacterial meningitis, and the clinical studies have shown an
association between cerebral ischemia and poor neurological
outcome or death. CBF is influenced by a number of factors,
including tissue metabolic demand, blood oxygen and carbon
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dioxide concentrations, and cerebral perfusion pressure (CPP).
CPPis a critical variable because it may be affected by therapy
or systemic events that lead to changes in blood pressure and
intracranial pressure and because it is amenable to specific in-
terventions. Clinical data indicate that reduction of CPPbelow
a certain threshold is strongly associated with death or major
neurological sequelae in children with intracranial infections
(5, 6). Since autoregulation of CBF may be impaired during
meningitis, this provides a mechanism by which reduction in
mean arterial blood pressure (MABP) and thus reduction in
CPPcan have profound effects on CBF (7). It is currently rec-
ommended that children with bacterial meningitis receive less
than maintenance intravenous fluids until the syndrome of
inappropriate secretion of antidiuretic hormone has been ex-
cluded (8), although a recent clinical study has evaluated a
more liberal regimen of fluid administration (9). The present
study was designed to examine the role of volume status on the
cerebrovascular and cerebral metabolic events during meningi-
tis. Westudied two groups of animals, the volume statuses of
which were determined by different rates of fluid administra-
tion to produce either normal hydration status or relative hypo-
volemia. In addition, since we have recently shown in this
model that there maybe an acute exacerbation ofthe inflamma-
tory response in the subarachnoid space after antibiotic admin-
istration, leading to increased brain edema (10), we studied the
animals both during the developing infection and in the first
few hours after treatment with antibiotics to determine
whether there is also an acute effect on CBF.

Methods

Studies were conducted using NewZealand White rabbits (2.0-2.5 kg).
Meningitis was induced by a modification of the method of Dacey and
Sande (11). Rabbits were anesthetized with urethane (2.0 g/kg i.v.) for
all procedures and received supplemental doses in the first 12 h (0.5
g/kg i.v.) to maintain light general anesthesia. Arterial catheters (PE-
90) were inserted in the right femoral artery and left ventricle. MABP
was measured by a physiologic pressure transducer (Gould Statham
P-23 XL; Gould Inc., Santa Clara, CA) calibrated before each exper-
iment with a blood pressure manometer and was recorded on a multi-
channel polygraph (model 5/6H; Gilson Medical Electronics, Inc.,
Middleton, WI).

Meningitis was induced by direct intracisternal injection of -

X l05 colony-forming units of Streptococcus pneumoniae, type III, ob-
tained from a clinical isolate. Infection was confirmed by direct plating
of spinal fluid on blood agar plates incubated for 24 h at 37'C in room
air containing 5%CO2. Bacterial titer was determined by serial 10-fold
dilution of spinal fluid.

Arterial blood gases were measured at baseline conditions and be-
fore CBF measurements, using a clinical blood gas laboratory (ABL
model 2; Radiometer Instruments, Copenhagen, Denmark).

Cerebrospinal fluid (CSF) lactic acid was measured before antibi-
otic administration and at the conclusion of the study after the last
blood flow measurement. Arterial lactate concentration was measured
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at baseline conditions and before CBFmeasurements. Lactate measure-
ments were performed in a two-channel autoanalyzer (YSI model 2300
G/L; Yellow Springs Instrument Co., Yellow Springs, OH).

CBFwas measured by the radionuclide-labeled microsphere tech-
nique as described by Heymann et al. (12). Microspheres, 15 jim in
diameter and labeled with ['53Gd], [G5Co], [Il4mIn], 5'Cr], ["3Sn], [85Sr],
[9"Nb], [-4Mn], and [`Zn] were used. Approximately 1.5 X I05 micro-
spheres were injected into the left ventricle over 15 s and flushed with
2.0 ml of saline. The reference blood sample was withdrawn with a
pump (Harvard Instruments, Cambridge, MA) from the femoral cath-
eter, beginning 15 s before the injection and continuing for a total of 1.5
min at a rate of 2.5 ml/min. After all blood flow and physiologic studies
were completed, rabbits were killed by injection of a lethal dose of
pentobarbital (150 mg/kg), and the brain was removed by dissection
from the cranial vault. The brain was dissected into right and left hemi-
spheres, and each tissue sample weighed in tared tubes.

Calculation of blood flow was determined by the formula: CBF
= RBFx CJ/,,C where RBFis the withdrawal rate of the reference
arterial blood sample, Cx is counts per 100 g of brain tissues, and C,
is total counts in the reference arterial blood sample.

Experimental studies. Rabbits were studied after two regimens of
fluid administration. Group 1 (low fluid) rabbits received 0.9% saline at
50 ml/kg per 24 h; Group 2 (high fluid) rabbits received 150 ml/kg per
24 h. For 24 h before the study, rabbits had free access to food and
water. On the day before measurements, rabbits had food and water
withdrawn; from that time until the conclusion of the study, all supple-
mental fluids were administered intravenously. Fluid was given
through a peripheral ear vein by continuous intravenous infusion
through a flow-regulating in-line device (Dial-a-flow, Abbott Laborato-
ries, Hospital Products Division, North Chicago, IL). The two fluid
regimens were chosen because they approximated fluid recommenda-
tions for infants in various clinical states and were comparable to two
fluid regimens utilized in a recent study of children with bacterial men-
ingitis (9). After 16 h of infection, initial MABP, CBF, arterial blood
gases, and arterial lactate concentrations were measured, then CSFwas
obtained for measurement of bacterial titer and lactate. Animals in
both fluid groups were then given either 75 mg/kg i.v. ceftriaxone
(treated) or an equivalent amount of vehicle (control), and repeat mea-
surements were made after 4-6 h.

Data are given as means±SDand were analyzed by paired Student's
t test for repeated measures in the same group and unpaired t test for
comparisons between groups. Values were considered significant when
P. 0.05.

Results

Initial bacterial titers were comparable in low (n = 30) and high
fluid (n = 22) rabbits after 16 h of infection (Table I). The rate
of bacterial killing was also comparable in the two groups after
antibiotic therapy, with bacterial titer reduction of -0.75±0.41
log10 CFU/ml per h for low fluid rabbits, compared with
-0.65±0.28 for high fluid rabbits (P=NS).

Table I. Bacteriologic Data in Low (Group I) and High Fluid
(Group II) Rabbits before and after Antibiotic Therapy

Group Initial bacterial titer Titer reduction

logO CFU/mi logO CFU/ml per h

I treated (n = 20) 7.5±1.0 -0.75±0.41
2 treated (n = 13) 7.2±0.6 -0.65±0.28

Table II. Arterial Blood Gases at 16 h of Infection in Group I
and Group 2 Rabbits

Group pH Paco2 Pao2 Base excess

mmHg mmHg mmol/liter

Group 1
(n = 24) 7.26±0.09* 31.9±11.1 88.6±18.9 - 11.9±4.1*

Group 2
(n = 18) 7.32±0.07* 31.1±6.9 85.1±13.6 -9.3±3.6*

* P < 0.05 (Student's t test).

After 16 h of infection, arterial blood gases demonstrated a
pattern of hypocarbia, normoxemia, and metabolic acidosis.
Low fluid rabbits had significantly lower arterial pH
(7.26±0.09 vs. 7.32±0.07; P < 0.05) and greater base deficit
(-1 1.9±4.1 vs. -9.3±3.6 mmol/l; P < 0.05) than high fluid
rabbits. Arterial oxygen and carbon dioxide concentrations
were similar in the two groups (Table II). At the time of the
second measurement, 4-6 h after administration of antibiotics
or vehicle, there was progressive hyperventilation in all groups,
but only low fluid rabbits had a worsening of the metabolic
acidosis. After antibiotic treatment, low fluid animals had a
significantly greater base deficit than high fluid rabbits
(-15.3±5.0 vs. -10.8±2.8 mmol/l; P < 0.01). A similar trend
was observed in the difference in base deficit between low and
high fluid controls, but this did not reach statistical significance
(-13.6±3.8 vs. -10.9±3.2; P > 0.1; Table III).

Arterial lactate concentration was somewhat higher in the
low than in the high fluid group at 16 h, although this differ-
ence was not statistically significant (1.6±1.1 vs. 1.1±0.5
mmol/l; NS; Table IV). After treatment with antibiotics, arte-
rial lactate was significantly higher in the low than in the high
fluid group (2.9±1.6 vs. 1.5±0.7; P < 0.02), a finding that was
not seen in low versus high fluid controls (2.0±1.2 vs. 1.8±0.6;
NS; Table V).

MABPwas lower in low than in high fluid rabbits after 16 h
of infection (69.3±9.3 vs. 84.3±9.4 mmHg;P < 0.001; Table
IV). This difference persisted with the second measurement,

Table III. Arterial Blood Gases at 20-22 h of Infection, 4-6 h
after Antibiotic or Vehicle Treatment of Group I
and Group 2 Rabbits

Group pH Paco2 Pao2 Base excess

mmHg mmHg mmol/liter

Treated
(n = 16) 7.23±0.16 29.9±13.6 84.9±18.5 -15.3±5.0*

Control
(n = 8) 7.29±0.09 24.6±8.7 93.5±19.0 -13.6±3.8

2
Treated

(n = 11) 7.32±0.09 28.5±6.1 77.6±15.4 -10.8±2.8*
Control

(n = 7) 7.32±0.12 28.7±7.4 79.3±19.0 -10.9±3.2

* P < 0.01 (Student's t test).
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Initial bacterial titer is at 16 h of infection; titer reduction represents
the change per hour. 4-6 h after antibiotic treatment. P, NS.
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Table IV. Physiologic and Biochemical Measurements in Group I
and Group 2 Rabbits at 16 h of Infection

Arterial
Group MABP CBF CSF lactate lactate

mmHg ml/min per 100 g mmol/liter mmol/liter

1 69.3±9.3* 54.7±14.3t 6.9±2.8§ 1.6±1.1
n 17 30 30 21

2 84.3±9.4* 64.3±3.3* 5.3±2.7§ 1.1±0.5
n 19 22 22 19

* P < 0.01; " P < 0.05; all by unpaired Student's t test. MABP, mean
arterial blood pressure; CBF, cerebral blood flow; CSF, cerebrospinal
fluid.

obtained after antibiotic therapy; however, some interesting
differences were noted. Low fluid, antibiotic-treated rabbits
had the largest drop in MABP, with nearly a 20% reduction
compared with baseline, whereas low fluid control and high
fluid, antibiotic-treated animals had a reduction of 6-8%. As a
result, low fluid, antibiotic-treated rabbits had significantly
lower MABPthan low fluid controls (55.5±12.5 vs. 65.2±3.6;
P < 0.05) and high fluid, antibiotic-treated rabbits (55.5±12.5
vs. 77.9±1 1.0; P < 0.001). In the low fluid, antibiotic-treated
rabbits, the extent of MABPreduction correlated significantly
with the rate of bacterial killing (Fig. 1; r = 0.61, P < 0.05), a
finding that was not present in the high fluid, antibiotic-treated
rabbits.

CBFwas also lower in low than in high fluid rabbits after 16
h (54.7±14.3 vs. 64.3±13.3 ml/min per 100 g; P < 0.05; Table
IV). In parallel with the reduction in MABP, there was a
marked reduction in CBF in the low fluid, antibiotic-treated
rabbits 4-6 h after antibiotics were given, which did not occur
in the high fluid, antibiotic-treated rabbits. Control rabbits in
both low and high fluid groups did not have significant reduc-
tion of CBFat the time of the second measurement (Table V).
Low fluid, antibiotic-treated rabbits demonstrated a reduction
in CBFof 33% at the posttreatment measurement, which was

Table V. Physiologic and Biochemical Measurements in Group I
and Group 2 Rabbits at 20-22 h of Infection, 4-6 h
after Antibiotic or Vehicle Treatment

Arterial
Group MABP CBF CSFlactate lactate

mmHg ml/min per 100 g mmol/liter mmol/liter

Treated 55.5±12.5*1 36.5±25.1 *11 12.6±4.4§ 2.9±1.611
n 11 20 20 14

Control 65.2±3.6*1 54.0±12.511 10.9±3.6 2.0±1.2
n 6 10 10 7

2
Treated 77.9±11.0* 63.6±10.3* 9.6±2.5§ 1.5±0.711

n 12 13 13 12
Control 77.6±7.1* 62.4±24.3 9.8±4.5 1.8±0.6

n 7 9 9 7

significantly lower than the baseline determination (P < 0.001,
paired t test); than low fluid controls (P < 0.02, unpaired t test);
and than high fluid, antibiotic-treated rabbits (P < 0.00 1, un-
paired t test) (Table V). In low fluid rabbits, reduction of CBF
appeared to occur through the effects of both reduction of
MABP(Fig. 2, r = 0.62, P = 0.04) and rapid bacterial lysis (Fig.
3, r = 0.44, P = 0.02).

Finally, low fluid rabbits had higher CSFlactic acid concen-
tration than high fluid rabbits after 16 h (6.9±2.8 vs. 5.3±2.7
mmol/l; P < 0.05; Table IV). Although all groups had an in-
crease in CSFlactate concentration in the 4-6 h after therapy,
the highest CSF lactate was seen in the low fluid, antibiotic-
treated rabbits, where the level was significantly higher than in
high fluid, antibiotic-treated rabbits (12.6±4.4 vs. 9.6±2.5; P
< 0.01). Furthermore, CSFlactate concentration was inversely
correlated with CBF in the low fluid, antibiotic-treated rabbits
(Fig. 4, r = 0.63; P < 0.005) but not in the other groups.

Discussion

The factors leading to death or sequelae in bacterial meningitis
are still incompletely understood. Pathophysiologic abnormali-
ties in animal models of meningitis have been linked with host-
derived factors, including cytokines ( 13), white blood cells ( 14),
bacterial products (10, 15, 16), and systemic variables (7). Clin-
ical studies have reinforced the importance of some of these
observations, with CSF IL- 18 and tumor necrosis factor (17),
CSFbacterial titer or bacterial antigen concentration (18), and
reduced CPP(5, 6) or shock (19) identified as factors that are
associated with death or neurologic sequelae.

The present study evaluated the relationship among
MABP,CBF, and CSFlactic acidosis in rabbits with experimen-
tal meningitis. Experimental conditions were varied by control-
ling the amount of fluid administration and by instituting anti-
biotic therapy. The rates of fluid administration were based on
guidelines for fluid supplementation to infants and children
with meningitis (20) and were comparable to those in a recent
clinical study (9). The low fluid rabbits were given fluid supple-
mentation, which resulted in intravascular volume depletion as
judged by a decrease in MABP, whereas high fluid rabbits were
supplemented at a rate that maintained normal MABP.

After 16 h of infection and after antibiotic therapy, we ob-
served differences between low and high fluid-treated rabbits
in two parameters that can potentially affect CBF: changes in
blood carbon dioxide concentration and MABP. In the low
fluid, antibiotic-treated group, Paco2 was slightly lower than
baseline; however, the high-fluid group hyperventilated to a
similar degree, without a drop in CBF. Furthermore, the reduc-
tion of 2.0 Torr in Paco2 in the low fluid, antibiotic-treated
group is not sufficient to explain the 33% reduction in CBF.
Other models of cerebral vasoreactivity have demonstrated
- 2% decrease in CBF for every L.0-Torr decrease in Paco2
(21), and the reduction in CBFwe observed was in excess of
what would have been caused by hyperventilation. The low
fluid group also had a marked reduction in MABPrelative to
the high fluid group. Since previous studies in the same model
have documented a loss of cerebrovascular autoregulation (7)
that makes CBF pressure passive to MABP, the reduction in
CBF was not unexpected. However, it extends the previous
observation from a situation in which CBF changed in re-
sponse to an acute manipulation of MABPto one that may
occur in the clinical setting.

Effect of Hydration on Cerebral Blood Flow in Experimental Meningitis 949
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The consequences of bacterial lysis on CBFwere more diffi-
cult to anticipate. Vasodilatation of the systemic vasculature is
well known to occur in animal models of sepsis after release of
endotoxin by antibiotic therapy (22). That this may also occur
in the central nervous system in pneumococcal meningitis is
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Figure 1. Change in MABPas a function of
2.0 change in CSFbacterial titer 4-6 h after antibiotic

administration in low fluid rabbits. MABPreduc-
tion was significantly associated with rate of bac-
terial titer reduction. (y = -1.75 - 15.4x, r = 0.6 1,
P < 0.05).

suggested by a recent study by Pfister et al. (23), which docu-
mented an increase in CBFoccurring within the first few hours
of intracisternal inoculation of either live pneumococci or
pneumococcal cell wall fragments in the rat. While some of our
high fluid rabbits showed a mild increase of CBFafter antibi-
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Figure 2. Relationship between CBF and MABP
4-6 h after antibiotic treatment of low fluid rab-
bits. CBFshows a direct relationship to MABP. (y
= -45.3 + 1.36x, r = 0.62, P = 0.04).
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otic therapy, the most dramatic and consistent changes oc-
curred in low fluid animals given antibiotics, in which MABP
and CBFdecreased sharply. The further reduction of CBF in
response to antibiotic-induced hypotension lends additional
support to the effect of systemic factors on CBFin this disease.
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2.0 Figure 3. Relationship between CBFand rate of
bacterial titer reduction 4-6 h after antibiotic
treatment of low fluid rabbits. CBFshows a sig-
nificant inverse relationship to the rate of bacterial
killing. (y = 56.1 - 26.3x, r = 0.44, P = 0.02).

A number of studies of children with meningitis have iden-
tified CSFbacterial titer (18) or CSFbacterial antigen concen-
tration (24) as factors that have been associated with poor out-
come, although the mechanism by which this occurs is not
known. In the present study, the initial titers and the rate of

l

0 100
Figure 4. Relationship between CSF lactate and
CBFafter 20-22 h of infection, 4-6 h after antibi-
otic treatment of low fluid rabbits. There is a sig-
nificant inverse correlation of lactate to CBF. (y
= 16.85 - 0.1 lx, r = 0.63, P < 0.005).
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titer reduction were comparable among the groups. However,
in the low fluid, antibiotic-treated rabbits there was a marked
reduction in MABPand CBF after antibiotic administration,
and there were significant correlations between the rate of bac-
terial killing and changes in both MABPand CBF. It seems
likely that these rabbits were more sensitive to the systemic
consequences of bacterial lysis because of compromised vol-
ume status.

In addition to the reduction in CBF, we also observed a
significant increase in CSFlactate concentration, a marker for
anaerobic metabolism (25). The source ofCSF lactate in menin-
gitis is still unknown and has been variously ascribed to anaero-
bic glucose metabolism by bacteria, by phagocytosis of bacteria
by white blood cells (26, 27), or by ischemic brain (28). The
present study supports the concepts that cerebral ischemia
plays a part in the development of elevated CSFlactate in men-
ingitis and that there may be other stimuli that induce anaero-
bic cerebral metabolism as well. After 16 h of infection, CSF
lactate was higher in the low fluid group; this pattern intensi-
fied after antibiotic treatment, which further lowered CBF. The
link between ischemia and elevated CSF lactate is further sup-
ported by the strong correlation between the magnitude of CBF
reduction and elevation of CSFlactate in the low fluid, antibi-
otic-treated group. However, it is also clear that reduction in
total brain blood flow alone is not sufficient to completely ex-
plain CSFlactic acidosis in this disease. The control groups and
the high fluid, antibiotic-treated group had increased CSFlac-
tate at 16 h, which increased progressively after 4-6 h in spite of
CBFthat did not change significantly over the period of obser-
vation. Possible explanations for this would include focal areas
of ischemia that have been documented to occur in meningitis
(29) but that would not be detected by measurement of total
organ blood flow or humoral factors that would work in con-
cert with ischemia to induce anaerobic metabolism. In other
tissues, anaerobic glycolysis has been shown to be accelerated
by humoral factors, including cytokines, resulting in increased
glucose utilization and lactate production (30). This may be
particularly relevant to the central nervous system in meningi-
tis, where elevated cytokine levels have been measured in CSF
and been found to be associated with poor outcome (13, 17).

The present data reinforce the clinical observations regard-
ing potential contribution of systemic factors to central ner-
vous system compromise in meningitis. Goitein and Tamir (5)
described the consequences of reduced CPP in children with
intracranial infections and reported that CPPbelow 30 mmHg
was uniformly associated with death or poor neurologic func-
tion in survivors. In that study, the degree of intracranial hy-
pertension alone was not a negative prognostic factor if it was
associated with a corresponding elevation in systemic MABP
to maintain CPP. Other retrospective data have identified
shock at the time of admission as a factor associated with poor
outcome (19). More recently, Odio et al. (6), in a carefully done
prospective study, reported that CPP< 40 mmHgwas almost
uniformly associated with long-term neurologic residua.

Additional evidence pointing to the importance of systemic
factors comes from studies that have documented elevated
serum arginine vasopressin (AVP) concentration in patients
with meningitis (31). First described in 1964 in a child with
chronic ventriculitis and basilar meningitis due to Staphylocco-
cus aureus (32), elevated serum AVPwas identified in prospec-
tive studies of children with meningitis as a factor associated

with poor neurologic outcome (24). Because of the concern
that elevated serum AVPis due to the syndrome of inappropri-
ate secretion of antidiuretic hormone (SIADH), it is recom-
mended that these patients be fluid restricted until serum elec-
trolytes have normalized (8). However, it is possible that ele-
vated serum AVP may also be an appropriate physiologic
response to intravascular volume depletion in some children
with meningitis. A recent study by Powell et al. (9) has ad-
dressed this point. Serum AVP was measured on admission
and after 24 h of therapy in 13 children with meningitis. The
patients were prospectively randomized to one of two regimens
of fluid administration: one treated with conventional fluid
restriction (60 ml/kg per 24 h), the other with maintenance
plus deficit replacement (150 ml/kg per 24 h). Serum AVPwas
elevated in both groups on admission, but at 24 h remained
significantly higher in the group treated with fluid restriction
than in the group given liberalized fluids, suggesting that the
elevated serum AVPwas an indicator of intravascular volume
depletion rather than a manifestation of SIADH.

The present study may have important clinical implica-
tions in light of these findings. The poor outcome of patients
with increased serum AVP is generally assumed to be due to
more generalized brain injury or dysfunction, as evidenced by
the presence of SIADH, or to the complications of cerebral
edema. However, if elevated serum AVP concentration in
some patients is an appropriate response to intravascular vol-
umedepletion rather than the result of hypothalamic-pituitary
axis dysfunction, then ongoing fluid restriction may be harm-
ful. It is important to note that the most dramatic changes in
blood pressure, CBF, and CSF lactic acidosis occurred in the
low fluid group after administration of antibiotics and that in
the high fluid group these changes did not occur or were some-
what attenuated. In our study, the low fluid group may be
considered analogous to the patient who presents with moder-
ate intravascular depletion and is maintained on restricted
fluids. In this situation, moderate dehydration and continued
fluid restriction can substantially contribute to systemic hypo-
tension after administration of antibiotics, which, in turn, may
lead to decreased cerebral perfusion and progressive cerebral
anaerobic metabolism. Weconclude that systemic factors may
contribute to abnormalities in the central nervous system dur-
ing meningitis and that ongoing fluid restriction may lead to
cerebral ischemia, particularly after institution of antibiotic
therapy.
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