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Primary sympathetic neuronal cultures were maintained for up to 5 weeks after inoculation with herpes
simplex virus (HSV) without evidence of viral infection. Upon deprivation of nerve growth factor, the cultures
produced infectious HSV, indicating that the cultures harbored latent HSV. This study demonstrates a function
of nerve growth factor in the maintenance of HSV latency.

Herpes simplex virus (HSV) resides in a latent state in
neurons (6, 12, 14) of sensory (1, 2, 18) and sympathetic
ganglia (20, 29). During latency, infectious virus is not
detectable; however, the latent virus can reactivate to pro-

duce recurrent lesions and transmissible virus. The mecha-
nisms involved in the establishment, maintenance, and re-

activation of latent HSV are not understood. The study of
the HSV infection in isolated neurons, the cells in which the
viral genome resides during latency, may provide critical
information for understanding HSV latency and reactiva-
tion. Price and Schmitz (22) suggested that the loss of trophic
support provided to the neuron by the peripheral target
results in the reactivation of latent HSV. The only
neurotrophic agent isolated to date is nerve growth factor
(NGF) (26). NGF is synthesized and released by the target
tissue, binds specifically to receptors on the nerve terminals,
and is retrogradely transported to the neuronal soma (9).
Sympathetic and neural crest-derived sensory neurons in
vivo and in vitro require NGF for maintaining normal
function and, depending on age and the cell type, for survival
(26).
Some of the stimuli reported to cause reactivation of latent

HSV appear unrelated, e.g., UV irradiation (3) and fever
(30). However, some reactivating stimuli, such as central
rhizotomy (5) and axotomy (22, 28), produce a reduction or
cessation in retrogradely transported neurotrophic support
from the neuronal targets (10, 15, 23). These observations,
combined with the fact that the neuronal cell types shown to
harbor latent HSV are NGF dependent, led us to develop
methods to establish latent HSV in neurons in vitro and to
determine whether NGF deprivation can influence the latent
state of HSV.
Previous attempts by others to establish an in vitro model

of HSV latency have been unsuccessful (7, 13, 17, 19, 21, 27,
31, 34). One in vitro approach consists ofHSV inoculation of
primary neuronal cultures (33) or nonneuronal cell lines (16,
32), followed by a combination of treatment with arabinosyl
cytosine, interferon, and elevated temperature (39.5 to
40.5°C). Lowering the temperature to 37°C results in the
expression of infectious virus. This model has been criti-
cized because the treatments used probably block replica-
tion of the virus rather than establish latency (19).

In this report, we demonstrate that, in cultures of primary
sympathetic neurons inoculated with HSV at low multiplic-
ities of infection, a significant percentage of neuronal cul-
tures survived and showed no evidence of viral infection.
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However, a percentage of these cultures harbored latent
HSV. NGF deprivation of these cultures resulted in the
reactivation of the latent HSV.

Sympathetic neuronal cultures were prepared from supe-
rior cervical ganglia from neonatal rats, as described previ-
ously (11). Briefly, the ganglia were incubated for 1 h at 37°C
with 1 mg of collagenase per ml (Cooper Biomedical, Inc.,
West Chester, Pa.), mechanically dissociated, and plated
onto rat-tail collagen-coated four-well culture dishes (Nunc,
Roskilde, Denmark). Approximately 0.7 ganglion was plated
per culture. The culture medium was Eagle minimal essential
medium (GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 1.4 mM glutamine-10% fetal calf serum-50 ng
of 2.5S mouse NGF per ml, prepared by the method of
Bocchini and Angeletti (4). The cultures were maintained at
36°C in an atmosphere of 5% CO2. For the first 10 to 12 days
after plating, the cultures were treated with 20 ,uM
fluorodeoxyuridine, which reduced the nonneuronal cell
population to less than 5% but did not affect the neurons
(11). Neuronal densities were approximately 5,000 to 8,000
per culture.
At 10 to 12 days after plating, the neuronal cultures were

rinsed with several changes of the medium during 24 h to
remove the antimitotic agent and were then infected with
HSV type 1 (F) (American Type Culture Collection,
Rockville, Md.), prepared and processed for determination
of titers on Vero cells (American Type Culture Collection) at
the multiplicity of infection as indicated. After a 2-h absorp-
tion period, the viral inoculum was removed and replaced
with either medium or medium containing 2% anti-HSV
antiserum (human antiserum, neutralizing antibody titer of
64,000 as determined by a plaque reduction assay). At 14
days after inoculation with HSV, surviving cultures treated
with anti-HSV antiserum were rinsed extensively to remove
anti-HSV antibodies.

Cultures were evaluated for the presence of HSV by
several methods. Plaque-forming assays were used to detect
infectious HSV. Cell-associated virus was assayed after the
disruption of the cells by several cycles of rapid freeze-
thawing. Virus released from cells was detected in assays of
the culture media. Sympathetic neurons productively in-
fected with HSV develop a characteristic cytopathic effect
(CPE) (21), which could be observed under phase-contrast
microscopy. Productive HSV infections were confirmed by
detection of virus-specific thymidine kinase activity (25).

Neutralizing antibodies to NGF were obtained by immu-
nizing guinea pigs with mouse NGF in complete Freund
adjuvant, as described previously (24). The antibody titer
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TABLE 1. Effects of varying the multiplicity of infection of HSV
and the addition of antibodies to HSV on the survival of

neuronal cultures and the frequency of HSV reactivation after
NGF deprivation

% Survival'

Multiplicity Anti-HSV (no: of % Reactivation' (no.
ofinfection antibodies surviving of HSV-positive

oPFU/cell) added cultures/no. of cultures'/no. of(PFU/cell) added inoculated cultures tested)

cultures)

0.03 - 53 (32/60) 6 (1/16)
- 54 (13/24) 14 (2/24)
- 48 (25/52) 16 (4/25)
+ 100 (120/120) 8 (5/60)
+ 100 (120/120) 10 (6/60)

0.10 - 0 (0/144)
+ 100 (52/52) 19 (5/26)

0.50 + 93 (119/128) 26 (15/54)
+ 94 (120/128) 24 (15/63)

1.00 + 63 (38/60) 53 (10/19)
a Survival of cultures was evaluated morphologically.
bReactivation was produced by the addition of antibodies to NGF to the

surviving cultures.
c Cultures were considered HSV positive when infectious virus was demon-

strated.

was 32,000, determined as the highest dilution of the anti-
body able to block NGF activity in the embryonic chicken
dorsal root ganglia bioassay (8). Nonimmune guinea pig
serum was used as a control. Anti-NGF serum or nonim-
mune serum was used at 1%.
The effects of varying the multiplicity of infection of HSV

on the survival of cultures after HSV inoculation are shown
in Table 1. Without the addition of antibodies to HSV after
virus inoculation, many cultures were destroyed by lytic
infection, the percentage of which increased with greater
multiplicities of infection. The addition of antibodies to
HSV, although not necessary to establish latency (see be-
low), greatly reduced the number of cultures destroyed by
lytic infections.
The time course and frequency of the lytic viral infection

were examined. After inoculation with 0.5 PFU of HSV per
cell followed by the addition of anti-HSV serum, cultures
were assayed daily for infectious virus by harvesting the
cells after rinsing extensively to remove anti-HSV antibod-
ies. Infectious virus was detected in a total of 6% of the
cultures (6 of 104) only between days 4 and 7 postinocula-
tion; thereafter, infectious virus was not detected (Table 2).
Cultures have been monitored for up to 5 weeks postinocula-
tion without any detectable cell-associated virus (0 of 60). In
similar experiments, cultures were monitored for viral thy-
midine kinase activity or CPE; again, evidence of productive
viral infection was observed only between days 4 and 7

TABLE 2. Time course of initial HSV infection after inoculation
of neuronal cultures

No. of HSV-positive
Day postinoculationacutrsoalcultures/total'

1-3. 0/32
4. 2/8
5. 1/8
6. 2/8
7. 1/8

8-14. 0/48
a Neuronal cultures were inoculated with 0.5 PFU of HSV per cell,

followed by the addition of anti-HSV serum.
b After being washed three times with standard medium, the cells were

lysed and assayed for infectious HSV.

postinoculation (data not shown). The appearance of CPE
always presaged eventual destruction of all of the neurons in
the culture. In cultures which had no evidence of CPE, there
was no apparent loss in cell numbers and no detectable
infectious virus was released into the medium at any time.
The longest time at which the cultures were assayed for
infectious virus was 5 weeks postinoculation (0 of 108).
To address the hypothesis that loss of trophic support

results in the reactivation of latent HSV, NGF deprivation
was produced by adding NGF antibodies 2 weeks
postinoculation to cultures which had had no evidence of
viral infection. Treatment with anti-NGF resulted in the
reactivation of HSV in 6 of 53% of the cultures, depending
on the conditions used to establish the latent infection (Table
1). The percentage of cultures harboring latent HSV which
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FIG. 1. Reactivation of latent HSV from superior cervical gan-

glion neurons in culture after treatment with anti-NGF. Neuronal
cultures were inoculated with 0.5 PFU of HSV per cell and treated
with 2% anti-HSV serum. The cultures which had no evidence of
virus infection 14 days after inoculation with HSV were rinsed with
medium to remove antibodies to HSV and were treated with
anti-NGF. (A) At the times indicated after treatment with anti-NGF
or normal serum, cultures were observed for HSV-induced CPE and
culture supernatants were assayed for infectious HSV released into
the media. The percentage of cultures which had CPE (A, A) or
infectious virus (0, 0) was determined after treatment with 1%
anti-NGF serum (closed symbols) or 1% normal serum (open
symbols). For each treatment, 60 cultures were monitored. (B)
Cultures prepared as described above were assayed for cell-
associated virus on the days indicated after initiation of treatment
with anti-NGF. Infectious virus was measured in plaque-forming
assays (0), or viral thymidine kinase (TK) activity (A) was mea-
sured. Values shown represent the mean of either two or three
samples; values were within 10% of the mean.
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FIG. 2. Phase-contrast micrographs of HSV-infected and mock-infected neuronal cultures after treatment with nonimmune serum or
anti-NGF serum. Neuronal cultures, 14 days after inoculation with 0.5 PFU of HSV per cell and treatment with 2% anti-HSV serum or mock
infection, were treated for 9 days either with 1% nonimmune serum or with 1% anti-NGF serum. (A) Mock-infected neurons treated with
nonimmune serum. (B) HSV-inoculated culture treated with nonimmune serum. (C) Mock-infected neurons treated with anti-NGF. (D)
HSV-inoculated neurons treated with anti-NGF, showing HSV-induced CPE.

reactivated after anti-NGF treatment was related to the
multiplicity of infection of HSV. With increased PFU of
HSV per cell, greater losses of the cultures occurred within
week 1 postinoculation, but the percentage of surviving
cultures which had latent HSV was also increased (Table 1).
Viral latency was stable; inoculation with 0.5 PFU of HSV
per cell followed by the addition of anti-HSV serum 5 weeks

before anti-NGF treatment resulted in reactivation in 25% of
the cultures, a frequency indistinguishable from that of virus
which reactivates after anti-NGF treatment 2 weeks after
HSV inoculation.

Figure 1A shows the time course of infectious HSV
released into the culture media and the appearance of CPE
from latent cultures after anti-NGF treatment. Infectious
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virus was initially detected in the media when CPE was first
observed (day 6 after the addition of anti-NGF). HSV-
induced CPE spread throughout the cultures as viral titers
increased (Fig. 1A and 2D). Viral titers subsequently de-
creased as the cells were lysed. Additionally, the reactiva-
tion time course was confirmed in assays for cell-associated
virus and viral thymidine kinase activity on the days indi-
cated after anti-NGF treatment (Fig. 1B).

Reactivation was also achieved by using medium lacking
NGF. The time course of reactivation was delayed slightly,
but the frequency was the same as that observed with the use

of anti-NGF antibodies (data not shown). The delay was

probably caused by residual NGF in the cultures. NGF is an
inherently "sticky" molecule, which is the reason anti-NGF
antibodies have traditionally been used to eliminate available
NGF (26).

Cultures with latent virus treated with nonimmune serum

never produced infectious virus, CPE (Fig. 1A and 2B), or

viral thymidine kinase activity. Upon completion of reacti-
vation experiments, latent control cultures were shown to
harbor latent virus, since treatment of the cultures with
anti-NGF resulted in reactivation with the expected fre-
quency and time course (data not shown).

Mock-infected cultures produced neither virus nor thymi-
dine kinase activity but did respond to NGF deprivation.
After the addition of anti-NGF, the nuclei became eccentric
and the cell size was significantly reduced (Fig. 2C). The
neurons remained phase bright during the 10-day anti-NGF
treatment period, indicating that the protocol did not cause

significant cell death.
In summary, NGF deprivation resulted in the reactivation

of latent HSV in sympathetic neuronal cultures. Although
approximately 5% of the cell population in the cultures was

nonneuronal cells, the cell type that harbored the latent virus
was almost certainly the neuron. The stimulus which pro-

duced reactivation, antiserum to NGF, is a perturbation
which would affect only the neurons in the cultures. The
nonneuronal cells, fibroblasts and Schwann cells, are neither
NGF dependent nor NGF responsive. The data suggest that
NGF may be important in vivo in regulating, directly or

indirectly, the latent state of the virus. While other pertur-
bations which result in the reactivation of latent HSV may

act through other mechanisms, perturbations that damage
either the nerve terminal or the terminal field of the neuron

may cause reactivation by producing a reduction or cessa-

tion in NGF normally retrogradely transported to the
neuronal cell body. This in vitro model, which satisfies the
operational definition of HSV latency (19) should be useful
for examining factors involved in the establishment and
reactivation of latent HSV and may provide a system in
which to study latency at the molecular level.

This work was supported by Public Health Service grants NS
18071 and 5-T32-HL07275 from the National Institutes of Health and

by a grant from the March of Dimes Birth Defects Foundation.
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