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A B S T R A C T The effect of intracisternal inoculation
of bacteria on the choroid plexus system, which trans-
ports penicillin from cerebrospinal fluid (CSF) to blood,
was studied in vitro and in vivo. Meningeal and choroid
plexus inflammations as well as CSF pleocytosis were
induced in rabbits with intracisternal inoculations of
Hemophilus influenzae or Staphylococcus aureus. At
various times after bacterial inoculation, the choroid
plexuses of the inoculated rabbits were removed and in-
cubated in artificial CSF containing ["C] penicillin. The
ability of the choroid plexuses to accumulate pencillin in
vitro was measured and was found to be depressed as
compared with controls. This depression of choroid plexus
uptake reversed with resolution of the inflammatory proc-
ess. In vivo on the day after intracisternal inoculation of
Hemophilus influenzae, a decrease in the disappearance
of penicillin relative to inulin in the inoculated rabbits
(as compared to the controls) was observed when ["C]-
penicillin and ['H]inulin were injected intraventricularly
and cisternal CSF was sampled 2 h later. This decrease
could not be explained by penicillin binding to the CSF
exudate. However, the choroid plexus transport sys-
tem for penicillin was only partially depressed in those
inoculated rabbits with bacterially induced inflammation,
since in vitro the choroid plexuses could still accum-

ulate penicillin and in vivo CSF penicillin levels could
be further increased with probenecid pretreatment. These
results suggest that CSF penicillin levels are increased
in this model due to three factors: a depression of
active efflux of penicillin from the CSF, an increase in
permeability to penicillin of inflamed meninges, and,
less significantly, by CSF binding of penicillin.
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INTRODUCTION
In both human and experimental meningitis, an in-
creased permeability of molecules of various types from
blood to cerebrospinal fluid (CSF)' has been docu-
mented (1, 2). This permeability change has been
attributed to inflammatory changes in the membranes
that comprise the "blood-CSF" barrier (1, 2). This
nonspecific increase in the permeability of the blood-
CSF barrier in meningitis has been assumed to be
the cause of the increased CSF concentrations of cer-
tain drugs (like penicillin) (2-4). However, Harter
and Petersdorf (2) suggested that another factor, viz.,
an inhibition of efflux from CSF to blood in meningitis,
might affect drug distribution. Thlis perceptive insight
was based on an analysis of phenolsulphonphthalein
(PSP) transport from the CSF in meningitis in humans
(5). Subsequently, the active transport of PSP (6)
and other substances such as penicillin (7-9) from the
CSF was documented. If the hypothesis of Harter and
Petersdorf (2) is extended to include the hypothesis that
there is depression of active transport from the CSF
compartment in meningitis, a portion of the elevated
levels of drugs actively transported from the CSF
could be due to a depression of the efflux transport sys-
tems. There is evidence that carrier-mediated transport
(facilitated diffusion) of glucose from blood to CSF
is depressed in experimental meningitis (1).

The purpose of this study was to show (a) that,
after the intracisternal inoculation of bacteria, a portion
of the increase in CSF levels of penicillin is due to de-
pression of the efflux of penicillin from the CSF com-

partment (b) that this is due, in part, to depression of

'Abbreviations used in this paper: CSF, cerebrospinal
fluid; H. flu., Hemophilus influenzae; HSA, human serum
albumin; PBS, phosphate-buffered saline; PSP, phenol-
sulfonphthalein; T/M, tissue-to-medium ratio.
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the choroid plexus carrier mechanism (c) that, although
depressed, the choroid plexus is still able to transport
penicillin from CSF and (d) that this residual trans-
port capability can be further depressed by probenecid
with a resultant increase in CSF/plasma penicillin ratios.

To investigate these points, we employed two rabbit
models that involved direct inoculation of bacteria into
the CSF. Although pathogenetically unrelated to human
meningitis, these models yielded levels of CSF protein,
cellular exudate, and penicillin similar to those seen
in human meningitis. In one model, inoculation of
Hemophilus influenzae yielded a mild clinical illness
that resolved without antibiotic therapy. On the other
end of the spectrum, in the second model, inoculation
of a virulent strain of Staphylococcus aureus resulted
in a rapidly fatal meningitis with septicemia. These two
models allowed us to investigate penicillin passage into
and out of the CSF at both extremes of the clinical
spectrum.

METHODS

The following radiochemicals were employed: ['5Ilhuman
serum albumin (HSA; 1 ,uCi/mg) from Mallinckrodt
Chemical Works, St. Louis, Mo.; [(4Clbenzyl penicillin (38-
42 mCi/mM) from Amersham/Searle Corp., Arlington
Heights, Ill.; [(H] inulin (0.25 mCi/2.4 mg) and [3H] -
mannitol (3 Ci/mM) from New England Nuclear, Boston,
Mass.

The models. 21 New Zealand white rabbits, weighing
approximately 2.0 kg, were anesthetized with intravenous
thiopental. Each animal, in this series of rabbits as well as
in the experiments described below, had approximately 0.2
ml CSF withdrawn atraumatically from the cisterna magna
unless otherwise noted. Subsequently, each rabbit was in-
jected intracisternally with 0.2 ml of phosphate-buffered
saline with 0.1% gelatin (PBS) and 5 X 107 Hemophiluts
influenzae type b (H. flu.) (n = 13), or approximately 108
Staphylococcus aureus (S. aureus) (n = 5), or no organ-
isms (n = 3) (10, 11). The rabbits awoke within 30 min.
Rabbits whose CSF was bloody to the unaided eye were not
used. The unaided eye can easily recognize a CSF hemato-
crit of 0.5. At 18 h or 3 days after the intracisternal inocu-
lation, the rabbits were reanesthetized with thiopental, and
sacrificed with a heart puncture, and 0.8 to 1.2 ml of CSF
was withdrawn (9). This technique allowed consistent with-
drawal of blood-free CSF, for a large portion of the blood
volume entered the chest. The few rabbits whose CSF was
bloody to the unaided eye were not used in this study. The
blood and CSF were cultured and gram-stained and white
blood cell counts and protein determinations (12) were per-
formed on the CSF. Choroid plexuses from four rabbits
inoculated with H. flu., two rabbits inoculated with S. au-
reus, two rabbits inoculated with PBS alone, and two
uninoculated rabbits from whom CSF was not withdrawn
were removed the day after inoculation, placed in 10%
buffered formaldehyde, and subsequently stained with hema-
toxylin and eosin.

Distribution studies on unanesthetizied rabbits. In this
series of studies to measure how mannitol and penicillin
distribute themselves between CSF and plasma, 24 rabbits
were employed. 11 were inoculated with PBS and 13 with

H. flu. as described under the section above. To show that
the H. flu. model yielded mannitol distributions in CSF and
plasma similar to those reported by others, percutaneous
intravenous lines were placed into both marginal ear veins
of unanesthetized rabbits which had been inoculated intra-
cisternmlly the previous day (18 h before) with 0.2 ml PBS
(n=6) or 5 X 107 H. flu. in 0.2 ml PBS (n5). 30 A.Ci
[3Hlmannitol was dissolved in 15 ml artificial CSF (9),
and 4 ml of this solution was infused i.v. over 10 min, and
the remainder over 3 h at a constant rate. At 1.5 h, plasma
was obtained from the noninfused ear vein of each rabbit.
At 3 h, 40 mg/kg pentobarbital was infused rapidly through
the noninfusion i.v. line to cause a respiratory arrest, 20 ml
of blood was obtained by cardiac puncture, the heart was
severed through the chest wall and 0.8-1.2 ml CSF was
immediately obtained. After CSF sampling, the brain was
removed as rapidly as possible and the choroidl plexuses
from the fourth and the two lateral ventricles were re-
moved, pooled, weighed, and homogenized in 0.5 ml H20.
The 'H activity in 0.2 ml CSF, choroid plexus homogenate,
and plasma was measured by scintillation counting (9).

A similar series of experiments was performed on four
H. flu.-inoculated and five control (PBS-injected) rabbits
the day after inoculation, except that 100 mg/kg sodium
penicillin G (E. R. Squibb & Sons, Princeton, N. J.) was
dissolved in 20 ml artificial CSF, and 3 ml was injected
initially i.v., and the rest over the remainder of the 3 h.
Four other H. flut.-inoculated rabbits were pretreated 30 min
before the i.v. infusion with 200 mg/kg i.p. probenecid
(Merck Sharp & Dohme, Merck Co., Inc., West Point,
Pa.). The nonpobenecid-treated H. flu.-inoculated animals
and controls received saline i.p. (9). The penicillin con-
centration in the CSF, plasma, and ultrafiltrate of plasma
was measured by the Sarcina lutea disk method (9, 13). A
separate standard curve was necessary for the plasma
determinations because plasma and penicillin yielded 17%
higher values than penicillin standards in artificial CSF
alone.

In vitro studies. In this series of experiments, designed
to measure the penicillin uptake by the isolated choroid
plexus as well as the CSF binding of penicillin, 31 new
rabbits were utilized. 6 rabbits were used as uninjected con-
trols, 5 were inoculated with PBS. 5 with S. aureus, and
15 with H. flut. The CSF from 8 H. flu.-inoculated rabbits
in the distribution studies was also utili7ed. To see if the
isolated choroid plexuses from these rabbits retained the
ability to concentrate r14Clpenicillin. tissue-to-medium ratios
(T/M) were obtained for choroid plexuses removed from
the fourth (one) and from the lateral ventricles (two) of
each rabbit (9, 14). These rabbits bad been divided into
six groups. Groups I (n = 6) and IT (n = 5) were unin-
oculated and PBS-injected controls, respectively. Group
III (n = 5) were S. aureus-inoculated. The rabbits in
groups I and II were sacrificed at 18 h and those in group
III, 12 h after inoculation. Groups TV (n = 6), V (n - 3),
and VI (n =2) were H. flu. inoculated and sacrificed at
18 h, 3, and 5 days, respectively, after the intracisternal
inoculation. The rabbits were killed at these times after
inoculation with an i-v. bolus of pentobarbital, the heart
was punctured, and the brain was quickly removed. Three
choroid plexuses were removed from each animal and each
individual choroid plexus was placed in a flask containing 3
ml incubating medium (9), [14Clpenicillin (0.001 mM) and
['Hlinulin. The incubating medium was placed in a Dubnoff
metabolic shaker at 370C in an atmosphere of 95% 02 and
57o CO2 for at least 10 min before the choroid plexus was
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added, and remained there for the period of the incubation.
At the end of the incubation, the weight and radioactivity
content of the choroid plexuses were assayed (9, 14). T/M
were obtained by dividing the disintegrations per minute
per milliliter of intracellular water by the disintegrations
per minute per milliliter of incubating medium (9, 14). At
the end of the incubation in two experiments with H. flu.-
inoculated choroid plexuses, the medium was chromato-
graphed on silica gel G thin layer plates in two solvent
systems: 1: 19:: acetic acid: acetone and 7: 3:: isopropanol:
methanol as previously described (9, 15, 16). 92% (n = 2)
and 94% (n = 2) of the "C activity was associated with
the penicillin spot. When ["Clpenicillin from the manufac-
turer was dissolved in artificial CSF, spotted directly on
thin layer plates (silica gel), and run in these two solvent
systems, 95% (acetic acid: acetone) and 98% (isopropanol:
methanol) of the 14C was penicillin (9). In a previous
study, we had shown that more than 84% of the "C activity
in choroid plexus was associated with penicillin (9).

A second series of in vitro experiments was performed
to measure the binding of penicillin to the CSF exudate of
rabbits inoculated the previous day with H. flu. intracis-
ternally. These binding determinations were performed on
three sets of rabbits. The first set of three H. flu.-inocu-
lated rabbits received 200 mg/kg probenecid before 33 mg/
kg penicillin by constant infusion over 3 h. These rabbits
were referred to above under Distribution studies. At the
end of the infusion, the CSF from the inoculated rabbits
was removed and the penicillin concentration in the CSF
and ultrafiltrate of CSF was determined by the Sarcina ltea
technique described below. The second set of experiments
was identical to the first, except that the four rabbits
received no probenecid pretreatment and received 100 mg/kg
penicillin by constant infusion over 3 h and were the
same rabbits as described above under Distribution studies.
The third set of four H. flit.-inoculated rabbits received no
penicillin before the CSF was removed. To the 0.8-1.0 ml
of murulent CSF from each rabbit in each set, 0.4 ml of
artificial CSF was added. To the CSF of the third set of
rabbits. 2 u. [r"CITpenicillin was also added. In all three
sets, the CSF was then filtered through an ultrafilter (Milli-
pore Corp., Bedford, Mass.: 25.000 PSED (01310) in a
stirred 2.5-ml chamber at 37'C with 5% C02: 95% 02 at
5 lbs. pressure (9, 17). The first 0.2 ml of protein-free
ultrpfiltrate was discarded and the subsequent 0.2 ml was
collected for assay. In all three sets, both the ultrafiltrate
and parent solution were assayed in triplicate for penicillin
by the Sarcina lutea technique (9. 13). In the third set of
rabbits, the "4C activity in duplicate 0.05-ml aliquots of
parent solution and ultrafiltrate were assayed, and the
ultrafiltrate was chromatographed in the acetone: acetic
acid solvent system on thin layer chromatographic plates
as described above (9, 15. 16). The ultrafiltrate of CSF in
the third set contained 77±5% (n =4) 14C as penicillin,
whereas an ultrafiltrate of artificial CSF with 2 ig [14CI-
penicillin added to it and handled in an identical manner
contained 85±-2% (n = 6) "C as penicillin. Corrections
were made for the amount of 14C not recovered as penicillin,
as determined chromatographically, and for a 12% average
loss of recovery in the ultrafiltrate due to nonspecific bind-
ing by the filter (17). Because there was no significant dif-
ference obtained in the penicillin binding by CSF by the
radiochemical versus the microbiological technique nor be-
tween the three sets employing the microbiological tech-
ninue, the values were averaged. For example, in the four
CSF samples to which ["Clpenicillin was added, the con-

centration of penicillin in the ultrafiltrates was 1.24±0.15
(SEM) (microbiological) versus 1.41±0.09 (SEM) (radio-
chemical) ,tg/ml in the same samples. The percent of peni-
cillin unbound was 72+11 (SEM) and 73+4 (SEM), re-
spectively, in these four.

Clearance studies. In this series of studies designed to
measure penicillin efflux from the CSF, 20 new rabbits
were utilized; 9 were inoculated with PBS and 11 with
H. flu. as described above under Models. Penicillin clearance
from the CSF compartment was determined by two meth-
ods. In 10 rabbits, ventriculocisternal perfusions were per-
formed on 6 H. fli. and 4 control (PBS-injected) rabbits
(the day after intracisternal inoculation) by standard
methods (6, 9). It was recognized in advance that the per-
fusion technique would wash out the exudate in these rabbits
and that only irreversible changes would be measured. After
induction of anesthesia, needles were placed in the left
lateral ventricle and cisterna magna (6, 9, 18). The per-
fusate consisted of 0.3 uCi/100 ml ['u']HSA and 0.001 mM
["Cipenicillin in artificial CSF (9). The perfusate, after
equilibration with 5o C02, was infused at a constant rate
through the ventricular needle at 0.077 ml/min until three
successive 1-ml cisternal outflow aliquots showed constant
[''IIHSA activity, thus indicating steady state. "IC and "TI
activity were determined in duplicate aliquots of inflow and
outflow perfusate, and penicillin clearance and the rate of
CSF formation were also determined (18). It was noted
that the second and third 1-ml aliquots of perfusate from
the H. flu.-inoculated animals were cloudy, but the CSF
became clear subsequently. In two of the six ventriculocis-
ternal perfusion experiments on H. flu.-inoculated rabbits,
the CSF outflow during the steady state was chromato-
graphed in the two systems alluded to above to be certain
that the ["Clpenicillin was not being destroyed. More than
95%o of the "4C was associated with penicillin in both sys-
tems on these two determinations.

Since anesthesia has been documented to depress efflux
of ions and bases from the CSF during ventriculocisternal
perfusions (9), a modification of the Prockop and Fishman
technique was employed (1) to test whether inoculation of
H. flu. into the CSF depressed penicillin efflux. Briefly, 10
rabbits, which had been inoculated intracisternally the previ-
ous day with either H. flu. (n = 5) or PBS (n - 5), were
anesthetized with thiopental. A hole was made in the skill
over the left lateral ventricle with a dental drill. A solution
of 0.2 ml of artificial CSF with 4 jtg ["Clpenicillin and 6
,uCi [SHlinulin was injected into the left lateral ventricle
stereotactically. Immediately thereafter, the hole in the skull
was sealed with bone wax and the skin sutured. The rabbit
awoke within approximately 30 min. 2 h after the injection,
the conscious animal was reanesthetized and killed with a
cardiac puncture, and cisternal CSF (0.4-0.8 ml) was

sampled. Duplicate aliauots of the injected solution (0.1
ml) and the CSF (0.2-0.4 ml) were counted (9). The
ratio of the "C/SH radioactivity in the CSF was divided
by the ratio of the 'IC/'H radioactivity in the injected solu-
tion and multiplied by 100 in both the control and meningitic
rabbits. In two H. flu-inoculated and two control rabbits,
the CSF was spun down at 5,000 g for 10 min. The super-
nate was spotted on silica gel G plates and run in the iso-
propanol: methanol system noted above. In all four animals,
more than 90%o of the 14C was penicillin. Similarly, 5-Il
duplicates of CSF supernate of two H. flu.-inoculated and
two control rabbits were spotted on Whatman filter paper
and run 10 cm in n-butanol: ethanol: H20: * 52: 18: 30. The
paper was cut in 10 1-cm pieces and counted. Similarly,
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FIGURE 1 The fourth ventricular choroid plexus was obtained 20 h after the intracisternal
inoculation of 5 X 10- H. influienzae. The choroid plexus was significantly infiltrated with
inflammatory cells. Hematoxylin and eosin stain. X 230.

[3H]inulin (0.1 juCi) was spotted directly as purchased
from the company. In all cases more than 98% of the
'H activity was at the origin. (The chromatographic sys-
tem was obtained from New England Nuclear.)

RESULTS

The models. Rabbits injected with 5 X 107 H. flu.
appeared sluggish the day after inoculation but did not
have stiff necks. By 3 days, the rabbits appeared normal.
The CSF white cell count the day after injection was
25,155+5,878 mm' (SEM n =9) and the CSF protein
was 358±102 mg/100 ml (SEM; n = 10). By the third
day after injection, the CSF white cell count had fallen
to 8,700±+1,522 (SEM; n = 3). Although pleomorphic
gram-negative rods were visible on gram stain the day
after injection, all CSF (n = 10) and blood cultures
(n = 4) were negative. This H. flu. model we term a

model of resolving meningeal inflammation. Control
animals injected with PBS appeared normal the day
after injection and had a CSF white cell count of 183±
109 (SEM; n = 3) and a CSF protein of 53±3 (SEM;
n = 3). Figs. 1-3 are photomicrographs of the fourth
ventricular choroid plexuses of animals injected with
H. flu., PBS, or S. aureus and sacrificed the day after
inoculation.

The S. aureaus model contrasted sharply with the
H. flu. model. After a short period of appearing well,
five rabbits inoculated with S. aureus rapidly de-
teriorated and died within 20 h of the injection. CSF
and blood cultures in four of the four rabbits (which
were also used to measure choroid plexus uptake of
[14C]penicillin) were positive for S. aureus when ob-
tained 12 h after intracisternal inoculation.

Penicillin Transport from CSF after Bacterial Inoculation into CSF 319



.4

E. j 4

4
A99 ,.

9
9.

10N i

A*v.

') An

ai

of

'of
'&

< - ber

%.

#* I

0o
FIGURE 2 The fourth ventricular choroid plexus was obtained 20 h after the intracisternal
injection of PBS. The choroid plexus appeared normal. Hematoxylin and eosin stain. X 230.

In vivo studies. The levels of mannitol relative to

plasma in CSF and choroid plexus after a constant
3-h intravenous infusion are shown in Table I. The
level of mannitol in CSF of the H. flu.-inoculated
rabbits was significantly higher (P < 0.05) than con-

trols.
Penicillin concentrations within CSF and ultrafilter-

able plasma after a 3-h constant infusion are shown in
Table II. As noted by others, the CSF/plasma penicillin
ratio increased in the H. flu.-inoculated rabbits (2, 11,
19). Probenecid pretreatment caused a striking increase
in CSF penicillin even when only one-third the dose
of penicillin was given intravenously (to maintain com-

parable plasma levels).
In vitro studies. The 5-min T/M ratios of the cho-

roid plexuses for penicillin in the various groups of
control and inoculated animals are illustrated in Fig. 4.

These decreases in the 1-day T/M ratios cannot be
explained on the basis of different choroid plexus
weights. For example, the average weights of the
choroid plexuses in group II and group III (the two
groups with the greatest weight difference) are 6.54-
0.21 mg (SEM; n= 14) and 7.82±0.61 mg (SEM;
n = 16), respectively, with P> 0.05 (Student's t test).

The percent of penicillin unbound in the CSF of rab-
bits inoculated intracisternally the previous day with
5 X 107 H. flu. was 76+6% (SEM). This percentage is
the average of 11 microbiological and 4 radiochemical
determinations in the 3 sets of 11 rabbits total. These
findings differ from those of Ruedy (19), who suggested
that 90% of penicillin was unbound in meningitic CSF.
However, Ruedy did not directly measure this percent-
age.

Clearance studies. The results of the clearance
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studies are shown in Table III. With the ventriculo-
cisternal perfusion technique, no significant difference
was observed in the clearance of penicillin from the
CSF compartment or in the rate of CSF production.
However, in unanesthetized rabbits, there was a sig-
nificant difference (P < 0.05) in the removal of peni-
cillin compared to inulin in control versus H. flu.-ino-
culated rabbits. When ["4C]penicillin and [3H]inulin
were injected simultaneously into the ventricles and the
rabbit was allowed to awake before removal of CSF
from the cisterna magna, the ratio of penicillin to inulin
in CSF divided by the same ratio in the injectate and

multiplied by 100 was 8.9+2.1%o (SEM; n = 5) in
H. flu.-inoculated rabbits versus 4.1±0.2% (SEM; n =
5) in controls.

DISCUSSION
The model of resolving meningeal inflammation (in-
duced by CSF inoculation of H. flu.) used in our study
would not be a satisfactory experimental model of H. flu.
meningitis since the adult rabbits' nautral immunity pre-
vented invasion and multiplication of the bacteria (2,
10). However, although this model is pathogenetically
unrelated to nautrally acquired meningitis, penicillin dis-
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FIGURE 3 The fourth ventricular choroid plexus was obtained 9 h after the intracisternal
inoculation of approximately 108 S. aureus. The choroid plexus was significantly infiltrated
with inflammatory cells. Hematoxylin and eosin stain. X 230.

Penicillin Transport from CSF after Bacterial Inoculation into CSF 321



TABLE I
Penetration of Mannitol into CSFand Choroid

Plexus of Unanesthetized Rabbits*

Status of
is rabbits CSFJ Clioroid plexus+

6 Control 0.17±i0.01§ 0.57 ±0.05
5 H. flu.t (.48±0.071 0.45+40.06

* Rabbits, inoculated intracisternally with either H. flu. or
PBS (control) the previous day, were infused with 30 MCi
[EH]mannitol i.v. over 3 h. At that time, samples of plasma
and choroid plexus were obtained and analyzed for [3H]-
mannitol.
$ Values given are ratios of tissue to plasma mannitol at 3 h.
§ Values are means ±SEM; n = number of animals.
11 Value designated by 11 is statistically different from controls
with P < 0.01 (Student's t test as modified by Chochran for
comparisons of means with unequal variances (30).
¶ Plasma mannitol levels were 1.02 ±0.21 X 105 dpm/ml
(SEM; n = 5) and 1.09 ±0.09 X 105 dpm/ml (SEM; n = 6)
in the H. flu. and control rabbits, respectively.

tributions comparable to those seen in naturally acquired
human meningitis were observed. Thus, this model was
useful for the purpose intended (Table II) (20, 21).
Similar results have been noted by others in other
models of experimental meningitis (2-4, 19, 22). More-
over, the increased penetration of mannitol into the
CSF compartment in this model (Table I) was similar
to that seen in experimental pneumococcal meningitis in
dogs (1). This altered distribution is consistent with
inflammatory changes in the membranes that comprise

the blood-CSF barrier (1, 2) as illustrated in Figs. 1
and 2.

However, penicillin, unlike mannitol, is actively trans-
ported from the CSF compartment (7-9). The ratio
of the efflux and influx of penicillin from and into the
CSF compartment determines CSF/plasma penicillin
ratios (6, 9, 18). It should be noted that the efflux of
penicillin is more than 10 times the influx (9). In vivo
in normal rabbits and dogs, it is possible to block this
efflux mechanism with probenecid (7, 9). The locus of
the efflux process resides, in part, in the choroid plexus
(9, 23). In this study, we have shown that the inflamed
choroid plexuses in both the rapidly fatal (S. aureus)
and resolving (H. flu.) model were unable to concen-
trate penicillin as effectively as choroid plexuses from
controls. This depression was observed even though the
choroid plexuses were placed in 3 ml of incubation
medium that could have washed out or diluted possible
toxic factors. However, the choroid plexuses isolated
from rabbits 5 days after intracisternal inoculation of
H. flu. showed total recovery of ability to concentrate
penicillin. Moreover, even in the moribund, bacteremic
rabbits with S. aureus meningitis, the choroid plexuses
still retained a significant ability to take up penicillin
and presumably still actively transport penicillin from
CSF to blood. Evidence that active transport of peni-
cillin still exists in vivo in rabbits with S. aureus
meningitis can be inferred from data by Lithander and
Lithander, and Ruedy (11, 19).

In the clearance studies employing ventriculocisternal
perfusions, no significant difference was found in the
clearance of penicillin from the perfused CSF compart-

TABLE II
Penetration of Penicillin into CSF of H. flu.-Inoculated Rabbits with and without Probenecid Pretreatment*

Unbound Unbound
plasma Total plasma plasma Total CSF Total CSFpenicillin X too

Group )I Status of rabbits penicillin penicillin penicillin penicillin Unbound plasma penicillin

/Ag/'?nl iglinl 'S0 ,ugIm If,~
1 5 Control 8.0±1.1§ - 0.194±0.04 2.6i0.7
II 4 H. flu. 5.6±1.2 15.1±2.8 38.0±6.0 0.58±40.1211 11.0±2.511
III 4 H.flu. probenecidt 6.6±1.4 14.9±42.8 45.8±5.1 2.21±0.27 35.4±4.6

* On the day before the experiment, rabbits were inoctlated intracisternally with H. flu. or PBS (controls). After saline pre
treatment in group I and II or probenecid pretreatment (200 mg/kg i.p.) in group III, rabbits were infused with 100 mg/kg
penicillin i.v. over 3 h. At that time, samples of CSF, plasma, and ultrafiltrate of plasma were obtained and analyzed for penicillin.
$ Probenecid pretreated rabbits were infused with 33 mg/'kg penicillin over 3 h.
§ Values are means±SEM. n = number of animals.

Values in group II designated by 11 are statistically different from comparable values in groups I and III with P < 0.05
(Student's t Test as modified by Cochran for comparison of means with unequal variances (30). If a log-normal distribution
for CSF penicillin as suggested by Lithander and Lithander (11) rather than a normal distribution is assumed, the variances
for the logarithms of the CSF penicillin become approximately equal. This assumption of a log-normal distribution allows
Scheffe's method for multiple comparisons in the Gaussian analysis of variance to be applied to the logarithms of the CSF
penicillin values, since the logarithms of the observations would be normally distributed (31). By Scheffe's analysis, the CSF
penicillin values in any group differ from those in any other group with P < 0.05.
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FI1GURE 4 5-min in vitro uptakes of [t4C]penicillin, ex-

l)ressed as a T/M ratio, by the choroid plexuses of six
groups of rabbits. Group I rabbits were uninjected controls.
Group II rabbits were injected intracisternally with PBS;
group III rabbits were inoculated intracisternally with
approximately 108 S. aureurs; group IV, V, and VI rabbits
were injected intracisternally with 5 X 107 H. flu. On the
day after CSF withdrawal and/or intracisternal inoculation,
the 5-min in vitro T/M ratio for ['4C] penicillin was ob-
tained for the choroid plexuses of rabbits in groups I, II,

and IV. Group III rabbits were sacrificed 12 h after inocu-
lation. The 5-min T/M ratios for the choroid plexuses of
rabbits in groups V and VI were obtained 3 and 5 days
after the intracisternal inoculation, respectively. The con-
centration of penicillin in the medium was 0.001 mIM.
Values are means±SEM with the number of choroid plex-
uses in parentheses. The means obtained for the rabbits in
groups III and IV are statistically different from the means

in groups I and VI with P < 0.05 by Scheffe's method for
multiple comparisons in the Gaussian analysis of variance
(29). Without the assumption of a normal distribution, the
medians of the six groups differ significantly by the non-

parametric Kruskel-XWallis one-way analysis of variance
with H= 25.8 and P < 0.005 (29).

ment or in the rate of CSF formation. These findings
could be accounted for if there were indeed no differ-
ences, or, if the differences were reversed or obscured
during the perfusion before the steady state clearances
and CSF formation rates were obtained. Anesthesia is
known to depress clearance from the CSF (24, 25) and
could have obscured a significant difference. Secondly,
it is possible that the washout and dilution of the puru-
lent CSF by the perfusate from the CSF compartment

nmav have partially reversed the depression of the
choroid plexus transport system. Webelieve that either
anesthesia or washout, or both, could explain the re-

sults of the ventriculocisternal perfusions. This hvpo-

thesis was supported by the finding that when the dis-
appearance of penicillin was measured by perturbing
the CSF compartment less (viz., by injecting the
[t4C]penicillin into the left lateral ventricle and then
allowing the animal to become conscious before a cister-
nal sample was obtained), the disappearance of penicillin
relative to inulin in the H. flu.-inoculated animals was
significantly less than in controls (Table III). This dif-
ference could not be explained by penicillin binding in

the CSF alone. Moreover, since penicillin is a con-
siderably smaller molecule than inulin (mol wt = 374
versus mol wt = 5,000), it is probable, on the basis of
size alone, that penicillin would diffuse more rapidly
than inulin through inflamed meninges (26). Prockop
and Fishman (1) showed that inulin, after cisternal
injection of pneumococci, left the CSF 40% faster
(P <0.05) in meningitic as compared to control dogs
(data combined from Tables III and VII, in ref. 1).
Mfannitol was cleared at a 90% faster rate (P <0.05)
in meningitic dogs (1). Quantitative conclusions could
not be drawn because CSF formation and bulk flow
were not measured. However, it was possible to con-
clude that the disappearance of mannitol, which nor-
mally leaves the CSF compartment faster than inulin,
was disproportionately increased in meningitic dogs (1).

Cooper, Beaty, Oppenheimer, Goodner. and Peters-
dorf (27) attempted to measure CSF formation in dogs
with experimental pneumococcal meningitis. They con-
cluded, with reservations, that CSF formation was not

TABLE I I I
C/lera ne ot Fess ifcill`in from the CSF in Control and

II. Flu. Inoculated Rabbits*

Status of (SF Penicillin
N rabbits formation clearance

Series one. Ventriculocisternal perfuLsiolns
4 Control 0.007 +40.001 + 0.014+0.002
6 H. flu. 0.006+0.002 0.011+-0.003

Residual
Status of cisternal Inulin in

N rabbits penicillin!, cisterna magna

/ck dpwn/lml X 10-6

Series two. Cisternal sampling after ventrictlar injection
5 Control 4.140.2 0.86-+0.19
5 H. flui. 8.9i2.1§ 0.81±0.14

* The clearance of [E4C]penicillin from the CSF was measured
by two techniques in rabbits inoculated intracisternally with
H. flu. or PBS (controls) the previous day. In series one, the
rabbits were subjected to ventriculocisternal perfusions to
obtain the CSF formation rate as well as the penicillin clear-
ance from the CSF. In series two, [14C]penicillin and [3H]-
inulin were injected into the lateral ventricle. After 2 h, the
rabbits were reanesthetized with thiopental and CSF was re-

moved from the cisterna magna. The penicillin and inulin
concentrations in the CSF were determined.
T Values are means+ESEM\. n = number of animals.
§ Value designated by § is statistically different from controls
with P < 0.05 by Student's t test as modified by Cochran for
comparison of means with unequal variances (30).

Residual cisternal penicillin was defined as the ratio of
'IC/3H in the cisternal CSF sample divided by the ratio
'4C/3-L in the solution injected into the ventricle times 100.
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depressed in their model of meningitis. In this study, we
also found no significant irreversible change in CSF
formation rates in H. flt.-inoculated versus control rab-
bits using the standard ventriculocisternal perfusion
technique.

The depression of carrier-mediated penicillin trans-
port reported in this study is similar to the depression
of carrier-mediated glucose transport previously ob-
served in experimental meningitis (1, 25). Our results
differ in that glucose is transported by carrier-mediated
facilitated diffusion (1, 27), whereas penicillin is
actively transported against a gradient (7-9). More-
over, this depression of carrier-mediated glucose trans-
port into CSF was exceeded by an increase in non-
specific permeability to glucose (1). In the case of
penicillin, the effects of a presumed increase in non-
specific permeability of the blood-CSF barrier to peni-
cillin, combined with the depression of active transport
out of CSF, jointly increase CSF penicillin levels. With
resolution of the meningitis, presumably the depression
of the choroid plexus efflux transport system decreases
(Fig. 4), and a decrease in the permeability of the
blood-CSF membranes also occurs with a resultant
decrease in CSF penicillin levels toward those seen in
normal animals.

The exact factor(s) that depress the carrier-mediated
transport systems in the choroid plexus are not known.
Possibilities include CSF acidosis, bacterial toxins, in-
flammatory cell products, and increased CSF lactate. It
is worth noting that the changes in the H. flu. model
employed in this study, as well as in human meningitis,
are not irreversible (20). Moreover, in this model of
meningeal inflammation, the penicillin transport system
from CSF to blood was only partially depressed at 18 h
after inoculation and could be further depressed with
probenecid (Table II).

The implications for human disease of this study are

several. Implicit in these speculations are the assump-
tions that penicillin distributions in naturally acquired
human meningitis are similar to those observed in the
models presented in this study (20, 21) and, secondly,
that the pathophysiologic mechanisms are comparable.
If these assumptions are correct, then:

(a) In human meningitis with a large amount of pro-
tein exudation, significant amounts of penicillin binding
by the CSF may occur. Presumably, bound penicillin
is not active (28), and CSF penicillin levels might
therefore be misleading. It has been suggested that cer-

tain penicillins, like ampicillin, which tend to be less
bound (11, 31), might therefore have significant ad-
vantages in human meningitis. This would be true only
if the less bound penicillins were as potent as penicillin
G, and achieved the same concentrations in the vicinity
of the organisms.

(b) The depression in the choroid plexus transport
systems may not always be related to the severity of
the clinical state, as shown in our S. aureus experimental
model. Other factors (as bacteremia) may contribute to
the clinical state and ultimate outcome. Moreover, in
humans, fatal meningitis may not necessarily be asso-
ciated with high CSF levels of penicillins (20).

(c) Finally, it may be possible, in human meningitis,
to depress further the choroid plexus' penicillin trans-
port system with probenecid and thereby increase sig-
nificantly CSF penicillin levels during the acute as well
as the resolving phase of meningitis (9). Several reser-
vations to this mode of therapy have been previously
discussed (9).

One further reservation would be the effects of pro-
benecid on the concentration of penicillin in brain and
choroid plexus. These concentrations were not measured
in this study. In another study, Fishman (7) showed
that probenecid increased ['4C]penicillin levels in rat
brain in both low and high dose penicillin experiments.
However, the increase in penicillin levels in brain was
not proportional to the increase in '4C levels in plasma.
Fishman postulated that high dose (250 mg/kg) pro-
benecid might depress penicillin entry into brain. How-
ever, Lithander and Lithander (11) showed that in-
creasing the plasma levels of penicillin alone depressed
the ratio of brain to plasma penicillin. This was also
suggested by Fishman (Table VII, ref. 7). Whether
these possible effects on brain penicillin levels might
militate against increasing CSF levels of penicillin in
meningitis with probenecid remains to be established.
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