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The outcome of herpes simplex virus (HSV) infections manifesting as encephalitis in healthy or immuno-
compromised individuals is generally very poor with mortality rates of about 8 to 28% with treatment. The
long-term prognosis of survivors is often problematic, posing the need for alternative treatments that may
decrease the mortality and morbidity associated with herpes encephalitis. This study addresses one such
approach that includes a temporary permeabilization of the blood-brain barrier during treatment with
acyclovir (ACV). In these studies we utilized a synthetic bradykinin analog, Cereport (RMP-7), in conjunction
with ACV to treat HSV infection of the brain in a rat model. Cereport, infused intravenously via the jugular
vein, was shown to increase [14C]ACV uptake in both the HSV-1-infected and -uninfected rat brain by
approximately two- to threefold, correlating with enhanced efficacy of ACV in various brain compartments. In
another series of experiments to determine efficacy, various doses of unlabeled ACV were administered during
infusion with RMP-7. The decrease in viral titers in the temporal regions of the brain after 5 days of treatment
suggested that this approach enhanced the efficacy of ACV treatment. These data indicated that Cereport
infused with ACV enhances both the penetration and efficacy of this drug in the treatment of an experimental
HSV-1 infection of the rat brain.

Herpes simplex virus (HSV) infections in humans can man-
ifest as a life-threatening disease with high mortality and sig-
nificant morbidity in survivors. These infections can be caused
by either HSV-1 or HSV-2 (2, 46). In neonates, primary infec-
tion that occurs during or shortly after birth is usually symp-
tomatic within 1 month and is frequently lethal (42, 43, 46).
Although treatment with either vidarabine or acyclovir (ACV)
significantly reduces the mortality rate, up to 15% of those with
encephalitis still do not survive (28, 42, 43, 45). In older indi-
viduals, encephalitis caused by primary or recurrent HSV in-
fection results in a 70% mortality rate without treatment and
an 8 to 28% mortality rate with treatment depending on when
treatment is initiated (32, 45, 46). This disease is characterized
by acute necrotizing focal encephalopathy, inflammation and
swelling of the brain tissue, and petechiae or larger hemor-
rhages in the brain (9, 26, 39, 47). Although therapy with either
vidarabine or ACV (42, 44) has proven to be effective in re-
ducing mortality rates of HSV encephalitis, the long-term
prognosis of the survivors is less than optimal. A few survivors
suffer relapses, but many others have learning and memory
abnormalities and impairment of general orientation and per-
ceptive-motor skills (12, 14, 29). This current state of HSV
encephalitis-associated mortality and morbidity suggests that
alternative approaches to treatment need to be developed.

One possible reason for reduced efficacy in the central ner-
vous system (CNS) may be failure of the drug to penetrate the
blood-brain barrier (BBB) and enter the CNS tissues. Ineffi-
cient penetration of ACV across the BBB was demonstrated by

de Miranda et al. (13) where the concentration of [14C]ACV in
brain was 1/10 that of the plasma concentration 30 min after
administration. One approach to solving this problem would be
to use a drug that would enhance the penetration of ACV
across the BBB and further increase efficacy in brain tissue.

The BBB is a complex vascular structure composed of a
continuous layer of endothelial cells that maintain tight junc-
tions between themselves (10, 41). The properties of the BBB
suggest that a highly selective exchange system has evolved
between the blood and brain to provide a homeostatic envi-
ronment for the brain in the normal physiological state (41).
This controlled environment may be altered by an increase in
permeability under physiological conditions like hypertension
(1, 24, 35, 36) or by physical damage of the endothelial mem-
branes occurring with pathological conditions such as trauma,
ischemia, tumors, and allergic or inflammatory diseases (3, 30).
The inflammation and swelling of brain vasculature and tissue
during infection with viruses such as HSV-1 suggest that viral
infection of the CNS may also alter the permeability of the
BBB (39, 45). Lastly, an increase in permeability of the BBB
can be caused by a release of chemical mediators such as
bradykinins, serotonin, histamines, arachidonic acid, leukotri-
enes, and free radicals (41).

The use of chemical mediators that increase the permeabil-
ity of BBB can be advantageous when employed to increase
drug delivery into the brain parenchyma. In experimental and
clinical applications, the synthetic nonapeptide and bradykinin
analog, Cereport, previously referred to as RMP-7, was found
to selectively increase drug delivery into brain tumors (4, 5, 6,
7, 8, 16, 19, 21, 25, 31, 33, 34, 37) and to increase the perme-
ability of the blood-ocular barrier to ganciclovir in guinea pigs
(17, 18). When administered by either intravenous or intraca-
rotid routes, Cereport selectively opens the BBB via stimula-
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tion of the b2 subclass of receptors on the brain endothelium.
This stimulation leads to a rapid, transient increase in free
intracellular Ca21, which in turn causes an increase in endo-
thelial pore size (15, 38). This effect is temporary (;20 min)
due to tachyphylaxis or desensitization of b2 receptor stimula-
tion (6, 21).

In the present study, we describe the effect of intravenous
administration of Cereport on the enhanced permeability and
efficacy of ACV in a rat model of HSV-1 encephalitis.

MATERIALS AND METHODS

Virus preparation and assay. Stock pools of HSV-1, strain E-377, were grown
in primary cultures of rabbit kidney cells as described previously (27).

To determine the amount of HSV viral replication in the brain at various time
periods, tissue was harvested, homogenized (10%, wt/vol), and assayed for HSV
using a plaque assay on rabbit kidney cells as described previously (27).

Mortality of rats infected with HSV-1, strain E-377. In order to obtain an
optimal inoculum of HSV-1, we initially determined the virus concentration that
would infect 100% of the animals. Groups of nine 2-month-old male Fisher rats
(180 to 200 g; Charles River Laboratories, Raleigh, N.C.) were weighed and
anesthetized by intraperitoneal injection of 0.1 to 0.15 ml of 100-mg/ml ketamine
and 15-mg/ml xylazine. Rats were inoculated intranasally with various concen-
trations of HSV-1, strain E-377, using an Eppendorf pipettor and tip to admin-
ister 20 ml into each nostril. Animals were examined daily for 21 days, and
mortality was recorded. Using these data, the mortality rate and the mean day of
death (MDD) were calculated for each group.

To validate the rat model, the effect of ACV treatment on the mortality of rats
infected with HSV-1 was determined. Five groups of 10 2-month-old male Fisher
rats (180 to 200 g) were weighed and anesthetized as described previously. Each
animal was then inoculated intranasally with 2.4 3 104 PFU of HSV-1. Twenty-
four hours after viral inoculation, intraperitoneal treatment with phosphate-
buffered saline (placebo) or 120, 100, 80, or 60 mg of ACV/kg of body weight was
initiated and continued twice daily for 5 days. Animals were monitored for
mortality for 21 days after viral inoculation. Toxicity of ACV was determined in
uninfected animals using the same treatment regime as described above. The
mortality and MDD were determined for all groups. Efficacy was determined
using the Fisher exact test for mortality and Mann-Whitney U rank sum test for
MDD. A P value of 0.05 was considered significant.

Pathogenesis of HSV-1 infection in rat brains. Groups of male Fisher rats
were inoculated intranasally with 2.4 3 104 PFU of HSV-1, as described above.
On each of days 1, 2, 3, 4, 5, 6, 7, and 10 three animals were sacrificed and the
olfactory lobes, cerebral cortex, cerebellum, diencephalon, and pons-medulla
sections of the brain were removed. The brain sections were then weighed and
10% (wt/vol) homogenates were prepared in minimal essential medium contain-
ing 10% fetal bovine serum. Samples were centrifuged at 4°C in a Beckman
refrigerated tabletop centrifuge at 1,500 rpm for 15 min. The supernatant was
removed, aliquoted, and frozen at 270°C until assayed for HSV.

Administration of Cereport and [14C]ACV. The uptake of [14C]ACV (Glaxo
SmithKline, Inc., Research Triangle Park, N.C.) into rat brains, either uninfected
or 6 days after infection with HSV-1, was determined after treatment with either
Cereport or saline by using catheters placed in the jugular and femoral veins. To
insert the catheters, rats were weighed and anesthetized as previously described.
The neck area and the lower left abdominal quadrant including the medial face
of the left thigh were shaved and sterilized with a betadine solution followed by
ethanol. For the jugular vein catheter, a midline incision was made from the
lower mandible to the suprasternal notch. The jugular vein was then exposed,
and the caudal portion was clamped. A nick was made in the vein with fine
scissors, and a PE-50 catheter was fed into the vein. The clamp was removed, and
the catheter was pushed further into the cranial vena cava. The vein was then
checked for patency and secured with Vet-Bond. For the femoral vein catheter,
an incision was made at the junction of the left hind leg and the trunk. The
internal femoral vein was exposed and nicked with fine scissors. A PE-50 catheter
was inserted and tied off with a proximal suture. Once the vein was assessed for
patency, the catheter was further secured with Vet-Bond.

After catheterization, animals were attached to a perfusion pump (Razel
Scientific Instruments, Inc., Stamford, Conn.) and infused with either saline or 6
mg of Cereport/kg in saline for 20 min at a rate of 50 ml/min. Five minutes into
the infusion 50 mCi of [14C]ACV (specific activity, 12,472 dpm/pmol) was added
as a 150-ml bolus. The [14C]ACV bolus was followed with 300 ml of saline to flush
the infusion line. At 10 and 20 min into the infusion, heparinized blood was taken

from the femoral vein. The samples were centrifuged to separate plasma from
the red blood cells. After collecting the 20-min blood sample, 100 ml of cerebral
spinal fluid (CSF) was obtained via cisternal puncture caudal to the occipital
protuberance. Following the infusion, the animal was sacrificed by decapitation
and the brain was carefully removed and blotted for determination of [14C]ACV
content.

Analysis of [14C]ACV in plasma, blood cells, CSF, and brain tissue. The
amount of [14C]ACV in plasma and CSF was determined by adding 100 ml of
plasma or CSF to 5 ml of liquid scintillation fluid and counting in a liquid
scintillation counter. To determine the amount of [14C]ACV in red blood cells,
50 ml of blood was added to 600 ml of NCSII solubilizer for liquid scintillation
counting (Amersham Corp., Arlington Heights, Ill.) and vortexed. This solution
was then heated at 50°C in a water bath for 20 to 30 min. After heating, 600 ml
of 20% benzoyl peroxide (wt/vol) in acetone and 18 ml of acetic acid were added
to each tube. The tubes were then heated at 50°C for an additional 20 to 30 min.
After cooling, the solution was added to 5 ml of liquid scintillation fluid for
counting.

The amount of [14C]ACV in brain tissue was determined by mincing the whole
brain in 2 to 3 ml of water so that the process of digestion would proceed more
rapidly. The minced sample was then separated into vials containing approxi-
mately 150 mg of tissue and reweighed. NCSII was added to each vial at the ratio
of 1 ml/100 mg of tissue. Vials were capped, vortexed, and heated at 50°C until
a homogeneous solution was obtained (1 to 16 h). Thirty microliters of glacial
acetic acid was added per ml of NCSII to maximize the efficiency of the reaction
and to minimize background. The solution was then cooled and added to 5 ml of
liquid scintillation fluid for counting.

To determine if [14C]ACV was preferentially taken up by certain tissues in the
infected rat brain, the distribution of [14C]ACV was determined in both unin-
fected and HSV-1-infected animals infused with either Cereport or saline. To
prepare the rat brain tissue for radioactivity determinations, brains were first
minced into pieces weighing no more than 150 mg each. For each brain, the
weight of each piece versus the radioactivity level obtained from each piece was
plotted and a linear regression analysis was performed.

Efficacy of ACV during infusion with Cereport. The efficacy of ACV admin-
istered during infusion with Cereport or saline was determined for HSV-1-
infected rats. Initially, rats were weighed, anesthetized, and inoculated intra-
nasally with HSV-1 as described previously. The next day rats were again
anesthetized and a jugular vein catheter was inserted, also as described above. To
prevent catheter removal by the animal, the catheter was threaded under the skin
and out the dorsal surface behind the neck of the rat. The incision was sutured,
and the area was wrapped with Vet Wrap both to protect the incision from
infection and to keep the catheter in place. The catheter was flushed with heparin
and capped at all times except during treatments. On day 2 following viral
inoculation, rats with patent catheters were divided into two treatment groups.
The first group of rats was infused with Cereport (6 mg/kg) via the jugular vein
catheter for 20 min at a rate of 50 ml/min. Five minutes into the infusion a bolus
of ACV (20, 40, or 80 mg/kg) was administered through the catheter followed by
300 ml of saline. In the second group of rats, saline instead of Cereport was
infused prior to the ACV bolus. After 5 days of treatments every 12 h, surviving
rats were sacrificed and brain sections were removed, homogenized, and assayed
for HSV-1 as described previously.

RESULTS

Mortality of rats infected with HSV-1, strain E-377. Intra-
nasal inoculation of rats with HSV-1, strain E-377, results in
the development of HSV encephalitis in a majority of the
animals and, depending on the quantity of viral inoculum, can
be lethal. To determine the virus inoculum needed to result in
an infection rate of 90 to 100%, rats were inoculated with
concentrations of HSV-1 ranging from 4.8 3 103 PFU to 6.0 3
105 PFU. Animals were monitored for 21 days following viral
inoculation, and mortality was recorded. The results (Table 1)
indicated that the highest titers resulted in 100% mortality
whereas a viral input of 2.4 3 104 PFU resulted in 88% mor-
tality and an inoculum of 4.8 3 103 PFU resulted in 67%
mortality. Based on these data, we chose an input of 2.4 3 104

PFU for all future experiments. This inoculum would insure
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significant infection rates without an overwhelming rate of
virus-induced mortality.

To determine the optimal ACV concentration for treatment,
we assessed the effect of ACV treatment on the mortality of
rats infected with 2.4 3 104 PFU of HSV-1. Beginning 24 h
after infection, animals were treated with phosphate-buffered
saline (placebo) or 60, 80, 100, or 120 mg of ACV/kg intra-
peritoneally twice daily for 5 days. Animals were monitored for
21 days, and mortality was recorded. The results (Table 2)
indicated that only the 120- or 100-mg/kg dose of ACV signif-
icantly reduced mortality. While the 120-mg/kg dose appeared
to be slightly toxic to the animals, the 100-mg/kg dose of ACV
resulted in no mortality in either infected or control animals.
ACV at 80 and 60 mg/kg did not significantly reduce mortality
rates but did increase the MDD.

Pathogenesis of HSV-1 infection in rat brain. To determine
the extent of viral replication in the brain, we investigated the
pathogenesis of HSV-1 infection after intranasal inoculation
with 2.4 3 104 PFU of HSV-1. On each of days 1, 2, 3, 4, 5, 6,
7, and 10, three animals were sacrificed and the olfactory lobes,
cerebral cortex, cerebellum, diencephalon, and pons-medulla
were removed and assayed for HSV. The results (Fig. 1) indi-
cated that viral replication increased over time in all regions of
the brain, reaching peak levels by day 7. In animals that sur-
vived greater than 7 days, viral titers declined. HSV-1 was first
detectable in the pons-medulla 2 days after infection. Three
days after infection, virus was detected in the olfactory lobes
and the cerebellum. Lastly, virus was detected in the cerebral
cortex and diencephalon 4 days after HSV-1 inoculation.

Uptake of [14C]ACV into rat brains. The pharmacokinetic
profile of ACV in rat brain administered during infusion with
and without Cereport was examined using 14C-labeled ACV.
Rats were catheterized, infused with Cereport or saline, given
a [14C]ACV bolus, and sampled as previously described in
Materials and Methods. The results are presented in Table 3.
In uninfected animals, Cereport increased the uptake of
[14C]ACV from 1.4 6 0.2 to 4.1 6 0.7 nmol/g of rat brain.
These values indicate an increase in [14C]ACV uptake in ani-
mals infused with Cereport of approximately threefold over
animals infused with saline. In HSV-1-infected animals, the
increase in uptake was approximately twofold, from 1.7 6 0.3
to 3.5 6 0.7 nmol of ACV/g of brain tissue. In both infected
and uninfected animals, the increase in [14C]ACV uptake in rat
brain was shown to be statistically significant in the analysis
of variance test (P 5 0.0001). The levels of radioactivity
in plasma, blood cells, and CSF were shown to be higher in
uninfected animals infused with Cereport than observed in
saline-infused animals. In HSV-1-infected animals, this situa-
tion was reversed. That is, radioactivities in plasma, blood, and

CSF were shown to be higher in the saline-infused group than
in the group infused with Cereport. Although this variability
cannot be easily explained, the expression of similar ratios of
the radioactivity found in plasma at 20 min to that found in the
CSF at 20 min suggests that [14C]ACV was distributed simi-
larly throughout the tissues in both Cereport- and saline-in-
fused animals.

One of the pathogenic manifestations of HSV encephalitis
in humans is acute necrosis of certain brain structures such as
the temporal lobe. As this may cause damage to the BBB and
alter the absorption of [14C]ACV, the distribution of labeled
ACV in both uninfected and HSV-1-infected brain and in
Cereport- and saline-infused brain was determined. An anal-
ysis of variance test on the coefficients of determination from
each linear regression of brain piece weight versus radioactive
content indicated that there was no statistical difference in the
distribution of [14C]ACV in HSV-1-infected versus -uninfected
rat brains (P 5 0.211) or in that of brains from Cereport-
versus saline-infused animals (P 5 0.880).

Efficacy of ACV in Cereport-infused, HSV-1-infected rats.
HSV-1-infected rats catheterized in the jugular vein were used
to determine the efficacy of ACV administered during infusion
with Cereport. Since HSV titers in the various brain structures
were shown to peak at day 7, viral determinations of HSV-1
titers in various sections of the brain were determined 7 days
after intranasal inoculation with HSV-1. The results in Fig. 2 to
4 suggested that ACV administered during Cereport infusion
was more effective in the olfactory lobes and cerebral cortex.
Viral replication was unaffected in the pons-medulla, dien-
cephalon, and cerebellum at all doses administered with or
without Cereport infusion. The most dramatic effect was seen
in the olfactory lobes, where ACV was shown to reduce the
amount of virus in animals given Cereport in a dose-dependent
manner. This reduction ranged from 1.7 log10 PFU/g of tissue
in animals treated with 20 mg of ACV/kg to .3.6 log10 PFU/g
in animals treated with 40 mg of ACV/kg. At the highest dose
of ACV used in these experiments (80 mg/kg), there appeared
to be an increase in efficacy of the drug in various brain tissues
in animals infused only with saline. Thus, in Cereport-infused
animals, ACV was effective at much lower doses than was
required in saline-infused rats. As an antiviral effect was ap-

TABLE 1. Mortality of rats inoculated intranasally with HSV-1

Virus inoculum
(PFU)a

Mortality
MDD

No. %

6.0 3 105 9/9 100 6.2
1.2 3 105 9/9 100 6.0
2.4 3 104 7/8 88 8.0
4.8 3 103 6/9 67 7.3

a Animals were inoculated intranasally with 0.04 ml of the indicated concen-
trations of HSV-1, strain E-377.

TABLE 2. Effect of treatment with acyclovir on the mortality
of rats inoculated with HSV-1

Treatmenta
Mortality

MDD P
No. % P

Placebo (PBS) 9/10 90 7.3
ACV (mg/kg)

120 3/10 30 ,0.05 7.7 NS
120b 1/6 17 5.0
100 0/10 0 ,0.0001
100b 0/6 0
80 4/10 40 NSc 14.8 ,0.0001
80b 0/6 0
60 4/10 40 NS 11.3 ,0.01
60b 1/6 17 4.0

a Treatment was initiated 24 h after infection and continued twice daily for 5
days.

b Uninfected animals; toxicity.
c NS, not significant.
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parent in the saline-infused group treated only with 80 mg of
ACV/kg, higher doses of ACV would not be expected to fur-
ther improve efficacy in animals infused with Cereport.

DISCUSSION

In the present study, intravenous infusion of Cereport sig-
nificantly increased the uptake of [14C]ACV in both uninfected
and HSV-1-infected rat brain by two- to threefold. In addition,
these studies have indicated that the increase in ACV uptake
results in an improvement in drug efficacy in specific parts of
the brain such as the temporal and olfactory lobes, as shown by
decreased HSV titers after 5 days of treatment. It has been
previously reported that Cereport increases the uptake of
various-sized hydrophilic compounds, including a-aminoisobu-
tyric acid (Mr, 103), boronophenylalanine (Mr, 208), ganci-

clovir (Mr, 255), sucrose (Mr, 342), carboplatin (Mr, 373),
methotrexate (Mr, 455), inulin (Mr, 5,000), cytokines (Mr,
10,000 to 20,000), and dextran (Mr, 70,000), into brain tumors
of both rat and humans (5, 7, 11, 16, 21, 23, 25, 31, 33, 34, 37).
In these studies, Cereport infusion selectively increased the
permeability of these compounds ranging in molecular weight
from 100 to 70,000 from 2- to 3-fold for the smallest com-
pounds to 6-fold for the intermediate-sized cytokines and 12-
fold for dextran. Thus, a 2- to 3-fold increase in ACV (Mr, 225)
uptake in rat brain observed in our studies is in agreement with
previously reported data. In addition, the infusion of Cereport
with carboplatin (8, 11, 33), loperamide (20), boronophenyl-
alanine (5), and ganciclovir (31) significantly improved the
efficacy of the drug in tumoricidal or analgesic therapy.

Although Cereport was primarily designed to increase per-
meability across the BBB in tumors, it has also been shown to

FIG. 1. Replication of HSV-1, E-377, in brains of rats inoculated intranasally. The pathogenesis of HSV-1 infection in rat brain was determined
after intranasal inoculation of 2.4 3 104 PFU of HSV-1. Following inoculation, animals were sacrificed on days 1, 2, 3, 4, 5, 6, 7, and 10. Olfactory
lobes, cerebral cortex, cerebellum, diencephalon, and pons-medulla were removed, homogenized, and assayed for HSV-1. HSV-1 titers are
expressed as log10 PFU/gram of tissue. A value of 1 log10 PFU/g of tissue is the lowest detectable limit.

TABLE 3. Uptake of [14C] ACV in uninfected and HSV-1-infected rats infused with Cereport

Organ or fluid (min)

Uptakea of [14C]ACV in rats

Uninfected HSV-1 infected

Saline Cereport Saline Cereport

Brain 1.4 6 0.2 4.1 6 0.7 1.7 6 0.3 3.5 6 0.7
Plasma (10) 43.0 6 4.6 107.7 6 23.1 103.7 6 24.5 73.6 6 17.3
Plasma (20) 20.7 6 3.5 84.1 6 19.0 74.2 6 14.3 29.5 6 5.0
Blood cells (10) 6.8 6 3.4 8.4 6 5.4 6.3 6 1.3 7.1 6 4.1
Blood cells (20) 3.3 6 1.2 6.2 6 3.7 5.7 6 2.3 2.9 6 1.4
CSF 1.2 6 0.2 4.9 6 3.8 7.9 6 3.0 4.6 6 2.9

Plasma/CSF ratio (20) 17.3 6 4.2 22.5 6 10.2 10.0 6 2.8 9.4 6 7.3

a Values are micromolar, except for those of brain, which are expressed in nanomoles per gram.
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enhance the permeability of the blood-ocular barrier to com-
pounds such as sucrose and ganciclovir (17, 18), as well as the
BBB of normal brain to loperamide (20). In those studies there
was a 2-fold increase in the permeability to ganciclovir, a 4.5-
fold increase in the uptake of sucrose, and a 2-fold increase in

the response time to the analgesic loperamide (Mr, 514) after
infusion with Cereport. In comparison, our studies showed a
3-fold increase in [14C]ACV uptake in uninfected rat brain.
These effects of increased permeability in the normal BBB, the
blood-brain tumor barrier, and the blood-ocular barrier can be

FIG. 2. Effect of 20 mg of ACV/kg on the replication of HSV-1 in rat brain. The efficacy of 20 mg of ACV/kg administered during infusion with
6 mg of Cereport/ml was determined 7 days after infection in various portions of the rat brain. HSV-1 titers are expressed as the mean log10
PFU/gram of tissue 6 the standard deviation. Means reflect values obtained from four animals that survived out of five in each group. A value
of 1 log10 PFU/g of tissue is the lowest detectable limit.

FIG. 3. Effect of 40 mg of ACV/kg on the replication of HSV-1 in rat brain. The efficacy of 40 mg of ACV/kg administered during infusion with
6 mg of Cereport/ml was determined 7 days after infection in various portions of the rat brain. HSV-1 titers are expressed as the mean log10
PFU/gram of tissue 6 the standard deviation. Means reflect values obtained from three animals that survived out of five in each group. A value
of 1 log10 PFU/g of tissue is the lowest detectable limit.
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explained by the highly preferential binding of the bradykinin
analog, Cereport, to constitutively expressed b2 receptors on
vascular endothelial cells in the CNS (6). Upon binding to
these receptors, the b2 receptor agonist causes an increase in
intracellular calcium (15) that is mediated by the nitric oxide-
cyclic GMP second messenger system (40), leading to an in-
crease in the intercellular spaces of tight junctions between
endothelial cells (38).

Although many pharmacokinetic and physiological charac-
teristics of Cereport have been elucidated, it is unclear why
Cereport can be administered to selectively affect tumor tissue
without affecting distant nontumor brain tissue. In one report,
Elliott et al. (19) suggested that this selectivity in tumor tissue
was due to a “leaky” tumor barrier permitting Cereport to
diffuse to the b2 receptors on the abluminal side of the endo-
thelial cells, thus eliciting a larger response. In another study,
Cereport selectively increased permeability in vasculature of
focal irradiated brain lesions induced in canine brains (22).
These experiments suggest that Cereport can selectively en-
hance the permeability of damaged vasculature of the brain
without affecting distant undamaged blood vessels. In contrast,
our results indicated that the effect of Cereport on the uptake
of acyclovir in HSV-1-infected rat brain did not significantly
differ from the effect observed in uninfected brain. Although
there is damage to blood vasculature within focal encephalop-
athies and large hemorrhages in HSV encephalitis, there was
no statistical difference between the distribution of [14C]ACV
in HSV-1-infected rat brain and that in uninfected brain.

One concern in the usage of Cereport is the route of admin-
istration and the optimal timing of target drug addition. Intra-
carotid administration of Cereport is advantageous for a direct
and rapid response in the CNS whereas the intravenous route

is the preferred one for many therapeutic protocols. In some
reports, intracarotid infusion of Cereport was used to allow for
better control over timing of the drug to target sites as well as
to maintain constant drug levels over specific time intervals (6).
Comparisons between intracarotid and intravenous adminis-
tration of Cereport showed that both routes resulted in an
equally significant and selective increase in uptake of com-
pounds like carboplatin (19) and ganciclovir (17, 18). Other
studies suggested that a greater concentration of Cereport was
necessary to elicit the optimal response with intravenous infu-
sions (21). In those experiments, which were done to optimize
the clinical utility of Cereport by refining intravenous admin-
istration protocols, the maximum permeation of carboplatin
into rat tumors was noted when carboplatin was given as a
bolus 5 min into the Cereport infusion. Comparably, in our
studies, the optimum protocol was to add ACV as a bolus 5
min into a 20-min Cereport infusion. These studies indicate
that by refining each of the administration protocols, both
intracarotid and intravenous infusions of Cereport can result in
a physiological and clinically effective response in modulating
the BBBs to increase delivery of hydrophilic drugs to the brain.

In summary, the results presented in this report demonstrate
that intravenous infusion of Cereport significantly increased
uptake of ACV into HSV-1-infected as well as -uninfected rat
brains. The increase in ACV uptake was in agreement with
previously reported studies on the effect of Cereport and cor-
related with an inhibition of HSV-1 replication in specific re-
gions of the HSV-1-infected rat brain. Although the increase in
efficacy was limited to the frontal and temporal portions of the
brain, a dramatic decrease in HSV-1 replication was demon-
strated in these areas. Although additional experimental stud-
ies are needed, these data indicate that infusing Cereport with

FIG. 4. Effect of 80 mg of ACV/kg on the replication of HSV-1 in rat brain. The efficacy of 80 mg of ACV/kg administered during infusion with
6 mg of Cereport/ml was determined 7 days after infection in various portions of the rat brain. HSV-1 titers are expressed as the mean log10
PFU/gram of tissue 6 the standard deviation. Means reflect values obtained from six animals infused with Cereport and seven animals infused with
saline (100% survival). A value of 1 log10 PFU/g of tissue is the lowest detectable limit.
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ACV can enhance the penetration of the drug into the brain
parenchyma and improve efficacy in the treatment of experi-
mental HSV infections. The results of these studies further
suggest that approaches of this type to better facilitate the
penetration of an active drug into CNS tissue may have poten-
tial for treatment of these infections in humans.
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