Journal of NeuroVirology (1996} 2, 279-288
© 1996 Stockton Press Al rights reserved 1355-0284/96 $12.00

Rescue of HSV-1 neurovirulence is associated with
induction of brain interleukin-1 expression,
prostaglandin synthesis and neuroendocrine

responses

Tamir Ben-Hur, Jutta Rosenthal, Anna Itzik and Joseph Weidenfeld

Department of Neurology, Hebrew University - Hadassah Medical School, Jerusalem, Israel

Several HSV-1 neurovirulence genes have been mapped but the mechanisms by
which they affect host-virus interactions are not known. We have previously
mapped HSV-1 neurovirulence to the U.53 gene region of the viral DNA by
transfer of this gene from the neurovirulent R-19 strain to the non-neurovirulent
R-15 strain in the generation of the p-71 recombinant, in which neurovirulence
was rescued. In the present study we inoculated these strains into the
paraventricular nucleus (PVN) of the hypothalamus of rats. We examined: (1)
Clinical course of encephalitis. (2) Hypothalamic-pituitary-adrenocortical
(HPA) axis function. (3) Brain cytokine gene mRNA expression and
prostaglandin E, (PGE,) production. (4) The relation of these parameters to
viral replication and to cellular inflammation. In R-15 infected rats no signs of
disease were observed. There was a temporary inflammatory reaction and IL-
1p transcription in the PVN area. The function of the HPA axis was similar to
control rats. Only slight increase in brain PGE, production was found. In R-19
and p-71 infected rats, overt clinical signs of encephalitis and cellular
inflammation in the PVN area were observed within 3 days post-infection
(p.i). All rats died between 4-7 days p.i. These strains induced IL-1f
transcription in the hypothalamus as well as in extra-hypothalamic brain
regions in which no cellular inflammation was found. Basal serum ACTH and
CS were markedly elevated and hypothalamic CRF-41 content was signifi-
cantly reduced as compared to R-15 infected rats. Both strains markedly
increased brain PGE, production. HSV-1 brain titers at 3 days p.i. were 100-fold
lower than the inoculum titer although clinical signs of encephalitis were
prominent. The results suggest that rescue of HSV-1 neurovirulence by the U,53
gene region of the viral genome is associated with enhancement of viral-
induced brain IL-18 gene expression, increased brain PGE. synthesis and
hypersecretion of HPA axis hormones. Viral-induced brain derived cytokines
. and prostaglandins may contribute to the clinical syndrome of acute herpetic
encephalitis in particular at early stages of the disease when virus load in the
brain is low and cellular infiltrates are not widespread. '
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Introduction

The pathogenesis of herpes simplex virus type 1
(HSV-1) infection is dependent on viral as well as
host factors. Several viral DNA sequences have
been shown to control HSV-1 virulence and disease
pattern (Field and Wildy, 1978; Thompson et al,
1983, 1985; Rosen et al, 1985; Becker et al, 1986;
Field and Coen, 1986; Ben-Hur et al, 1987, 1988;
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Day et al, 1988; Javier et al, 1988; Meignier et al,
1988; Chou et al, 1990; Izumi et al, 1990). We have
previously mapped HSV-1 neurovirulence to the
viral U.53 gene region (Ben-Hur et al, 1987). This
was done by co-transfection into cells of unit length
viral DNA of the non-neurovirulent R-15 strain
together with the U;53 gene that was cloned from
the closely related neurovirulent R-19 strain and
selection of new neurovirulent recombinants (the p-
71 strain) in the mouse brain (Figure 1). The U,53
gene encodes a cell fusion protein that affects
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plaque morphology and size in vitro (Ruyéchan et

al, 1979; Bond and Person, 1984; Pogue-Geile et al,
1984; Hutchinson et al, 1992). In the non-neuro-
virulent R-15 strain the U;53 mRNA is expressed
normally but it contains several point mutations
(Moyal et al, 1992). Its protein product may be less
active than in neurovirulent strains since R-15 has
very low cell fusion activity, as seen by the tiny
pinpoint plaques it produces in cell cultures.
Indeed, a larger plaque size was rescued by the R-
19 U,53 gene together with a neurovirulent
phenotype (Ben-Hur et al, 1987). There is no
information on how the neurovirulence function
mapped in the U.53 gene region affects virus-host
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Figure 1 Physical map of the HSV-1 DNA with the positions of
the DNA fragments BamHI-B, BamHI-L and its 2.0Kb Nrul-
BamHI subfragment that contains the Up53 gene. HSV-1 strain
HFEM contains a 3.55Kb deletion that resembles closely a Hpal
fragment that is within the BamHI-B fragment. The R-15 and R-
19 strains were generated by cotransfection of unit length HFEM
DNA with the BamHI fragment B cloned from HSV-1 strain F
(Rosen et al, 1985). In both recombinant strains, the BamHI-B
region was restored to its full length as in strain F. However, R-
15 was found to be completely avirulent when inoculated
directly into the brain, while R-19 retained neurovirulence. The
p-71 strain was generated by cotransfection of unit length R-15
DNA with the 2.0Kb Nrul-BamHI subfragment bordering the
BamHI-B region (Ben-Hur ef al, 1987). R-15 and R-19 are similar
in size and restriction enzyme mapping of the BamHI-L region,
but they differ in plaque size and in neurovirulence probably
due to point mutations found in R-15 U;53 gene. Uy, Us, TRy,
IRy, TRs and IRg indicate the unique long and short sequences
and their terminal and internal repeat sequences in the HSV-1
genome. B: BamHI site, H: Hpal, N: Nrul.

interactions and brain responses to infection in
vivo. It may be expected that transfer of neuroviru-
lence would be associated with viral replication to
higher titers (Roizman and Kaplan, 1992). In
addition, host brain responses to infection, which
by themselves can affect clinical signs, may be
altered by the viral neurovirulence function as well.

Activation of the HPA axis is one of the major
responses to stressful stimuli, including infectious
diseases. This axis consists of neurons containing
corticotrophin releasing factor-41 (CRF-41) in the
paraventricular nucleus (PVN) of the hypothalamus.
These neurons send axons to the median eminence
(ME), where CRF-41, the major secretagogue of
ACTH, is released (Antoni, 1986; Whitnall, 1993).
HPA axis responses to various stimuli are dependent
on neural inputs mediated by central neurotrans-
mitters, mainly by noradrenergic and serotonergic
pathways (Plotsky et al, 1989; Fuller, 1992) and by
the negative feedback exerted by glucocorticoids
(Dallman et al, 1987; Weidenfeld and Feldman,
1993; Whitnall, 1993). Recently, we found (Ben-Hur
et al, 1995) that corneal inoculation with HSV-1 led
to an acute infection of the brainstem that caused
significant changes in the function of the HPA axis in
rats. Basal ACTH and corticosterone (CS) levels were
markedly elevated and neural stressful stimulation
failed to further increase the levels of these
hormones. These effects were found without detect-
able viral replication in the hypothalamus.

Various stimuli such as ischemia, trauma and
infection have been shown to induce cytokine gene
expression and synthesis in the brain, and espe-
cially interleukin-1 (IL-1) (Waage et al, 1989; Ban et
al, 1992; Yan et al, 1992). Cytokines are not only
produced by activated immune cells that penetrate
the injured brain, but are produced by brain cells as
well (Liebermann et al, 1989; Giulian and Corpuz,
1993; Hopkins and Rothwell, 1995). There is
emerging evidence that cytokines do not serve
solely as messengers of the immune system
(Schobitz et al, 1994; Hopkins and Rothwell, 1995;
Rothwell and Hopkins, 1995). They also have
important behavioral effects and cause pathological
changes in the brain.

In the present study we examined several brain
responses to HSV-1 intracerebral inoculation. We

Table 1 Clinical and virological follow-up after HSV-1 innoculation into the PVN

Virus Clinical state Isolation of virus from brain tissues*

strain (3 days p.i.) Survival Hyp Pons Hipp - F Cx

R-15 asymptomatic 6/6 2/4 0/4 0/4 0/4

(100%) (1x10%)

R-19 sick 0/6 4/4 1/4 2/4 2/4
(0%) (1.5 x 10%) (1x10%) (1x10%) (1x10%)

p-71 sick 0/6 3/4 4/4 1/4 2/4
(0%) (1x10%) (3x10%) (2x10%) {1x10?%)

*number of positive tissues/rats (titer in mean pfu/tissue). Hyp: hypothalamus; Hipp: hippocampus; F Cx: frontal cortex



chose the hypothalamic paraventricular nucleus

(PVN) as the site of inoculation because the PVN is

part of the limbic system, and HSV-1 is neurotropic

with a predilection to this system. In addition, this
specific site of infection enabled us to study the
direct effects of HSV-1 on secretory neurons
responsible for the activation of pituitary-adreno-
cortical function.

We examined the following brain responses to
infection:

1 Adrenocortical axis responses to HSV-1 infec-
tion were examined and under basal conditions
and in response to stressful stimuli. The
sensitivity of HPA axis responses to the negative
feedback effect of exogenous GC was also
investigated.

2 The effect of viral infection on cytokine gene
expression was determined by hybridization of
cytokine cDNA probes to mRNA isolated from
various brain regions.

3 In addition, prostaglandin production in differ-
ent brain regions was tested.

We compared the effects of the three closely related

recombinant HSV-1 strains R-15, R-19 and p-71

(Figure 1) to determine the association of their

clinical neurovirulent properties with the various

tested brain responses and with the degree of viral
replication in the brain.

Results

Rats were injected stereotaxically with 5x10* pfu/
rat of various HSV-1 strains into the PVN and then
followed clinically for at least a week (Table 1).
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This dose caused a reproducible disease in the
time span of 1 week. All rats that were infected
with the apathogenic strain R-15 survived the
infection without any clinical signs of disease.
All rats that were infected with the pathogenic
strains R-19 and p-71 developed signs of encepha-
litis and died by the end of the first week
postinfection (p.i.). By the third day p.i., all R-19
and p-71 infected animals showed severe irrit-
ability and cachexia. The rats lost 30% of their
pre-infection body weight. Later, they developed

continuous seizure like activity and died. The |

infectious virus was isolated from the rat brains at
3 days p.i. (Table 1). Strain R-15 was found in the
hypothalamus of some rats in low titers (10* pfu/
tissue), but not in other brain regions. The
pathogenic R-19 and p-71 were not restricted to
the injection site, and spread to other brain
regions, such as the frontal cortex, pons and
hippocampus. Their brain titers were 4-7 x 10
pfu/brain, which is a little higher than R-15 titer,
but still very low and a hundred-fold lower than
the inoculum titer.

At 3 days p.i., all HSV-1 strains (including the
apathogenic strain R-15) induced a significant
perivascular inflammatory response in the hypotha-
lamus and particularly in the PVN area, as shown by
hematoxylin-eosin stained sections (Figure 2A —C).
However, within 7 days, p.., the hypothalamic
inflammation which was seen in R-15 infected
brains decreased and normal cytoarchitecture was
restored in the PVN (Figure 2D). More edema and
necrosis at 3 days p.i. was seen in R-19 and p-71
infected brains as compared to R-15. However,
brain areas distant from the inoculation site (frontal
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