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Herpesvirus quiescence in neuronal cells IV*:
Virus activation induced by pituitary adenylate
cyclase-activating polypeptide (PACAP) involves the

protein kinase A pathway
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Pituitary adenylate cyclase-activating polypeptide (PACAP) is a naturally oc-
curring peptide found in the central nervous system that plays a role in so-
matosensory processing and activation of protein kinase A (PKA) and pro-
tein kinase C (PKC). Because activation of PKA or PKC results in reactivation
of HSV-1 from latently infected embryonic neuronal cells, PACAP was used
to evaluate HSV-1 activation from quiescently infected (QIF)-PC12 cells. Our
studies demonstrate that physiologically relevant concentrations of PACAP38
and PACAP27 induce HSV-1 activation from QIF-PC12 cell cultures in a
dose-dependent fashion. PACAP-induced activation of virus was significantly
impaired by the PKA-inhibitor, H-89 (20 ;:M), whereas treatment with the PKC-
inhibitor, GF109203X (1 ;2M), was without affect. Additionally, direct activa-
tion of PKA with cAMP analogs, 8-(4-chlorophenylthio)- and dibutyryl-cAMP,
only partially mimicked the effect of PACAP on virus activation. Taken to-
gether, PACAP induced HSV-1 activation from QIF-PC12 cellsinvolves the PKA
and possibly cAMP-independent pathways. This report is the first to demon-
strate that PACAP induces HSV-1 activation from a quiescent state and that
this in vitro cell model is useful for studying early inductive events that lead to
virus production from quiescence. Journal of NeuroVirology (2001) 7, 163—168.
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Introduction

Herpes simplex virus (HSV) reactivation is a neuronal
event that involves the switch from a latent state of
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infection to an active replicative form. The mecha-
nism that initiates HSV reactivation is unclear. Evi-
dence from in vivo (Sawtell and Thompson 1992), ex
vivo (Moriya et al, 1994; Halford et al, 1996), and
in vitro models of latency and reactivation (Smith
etal,1992; Danaher et al, 1999a; Danaher et al, 1999b)
suggest that inducible reactivation involves stress re-
sponse pathways. Although interactions of stress and
HSV-1 reactivation have been studied extensively in
animal and tissue culture models (reviewed in Miller
et al, 1998; Millhouse and Wigdahl, 2000; Preston,
2000), cell culture models provide certain advan-
tages over in vivo systems for answering questions
involving gene induction during the earliest phases
of reactivation. For these reasons, our laboratory de-
veloped a cell culture model for the study of HSV
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activation from quiescence (i.e., a latent-like state)
using neurally differentiated (ND) rat pheochromocy-
toma (PC12) cells (Danaher et al, 1999a). Quiescently
infected (QIF) PC12 cells allow activation of a cryp-
tic HSV genome following induction with forskolin
(Danaher et al, 1999a, 1999b, 2000). Forskolin is an
adenylate cyclase activator (Seamon and Daly, 1981;
Huang et al, 1982), suggesting that cAMP-dependent
processes may be important in HSV-1 activation.
Adenylate cyclase activation in neuronal tissue
can result from pituitary adenylate cyclase-activating
polypeptide (PACAP) activity. This peptide increases
adenylate cyclase activity in rat pituitary cells
(Miyata et al, 1989) and is expressed in human
trigeminal ganglionic neurons (Tajti et al, 1999) and
throughout the central nervous system (Arimura,
1992; Ghatei et al, 1993). PACAP exists in two al-
ternatively processed amidated forms, PACAP38 and
PACAP27, that share the same N-terminal 27 residues
(Miyata et al, 1989; Miyata et al, 1990). PACAPs have
neuroprotective, neurotrophic, mitogenic, hormone
regulatory, and neurotransmitter functions (Yada
et al, 1994; Dickinson and Fleetwood-Walker, 1999),
and participate in cellular differentiation (DiCicco-
Bloom et al, 2000). They are suspected to play a role
in somatosensory processing and may work in con-
cert with endogenous anti-inflammatory cytokines to
balance the overall severity of the inflammatory re-
sponse (Delgado et al, 1999). Following peripheral
nerve injury (e.g.,axotomy) and inflammation (Zhang
et al, 1998), the level of PACAP increases in a sub-
population of cell bodies of dorsal root (Zhang et al,
1995) and trigeminal ganglia (Larsen et al, 1997), and
sympathetic neurons of the superior cervical ganglia
(Moller et al, 1997). Based on its involvement in neu-
rogenic inflammatory responses and physiologic reg-
ulation, it was of interest to know whether PACAP
may be associated with reactivation of latent HSV.
PACAP induces HSV-1 activation from QIF-PC12
cells QIF-PC12 cell cultures described in this re-
port were established as previously described (Dana-
her et al, 1999b). Briefly, PC12 cells were plated in
12-well rat-tail collagen-coated dishes at 1.1-2.2 x
10° cells/well and maintained in RPMI 1640 media
supplemented with 50 ng/ml of 2.5S mouse nerve
growth factor (NGF), 0.1% bovine serum albumin,
100 units/ml penicillin, and 100 pg/ml streptomycin
(maintenance media). Cultures were infected with
HSV-1 strain 17" (MOI of 5 to 10) in the presence
of 100 uM acycloguanosine (ACV) on day 7 post-
plate. After ACV treatment for 8 to 10 days, cultures
were maintained in the absence of ACV for 7 days
(i.e., quiescent phase) prior to induction, with media
changes every 2 to 3 days. All induction treatments
were performed for 2 days followed by replace-
ment with maintenance media. Cultures were evalu-
ated for virus production throughout the study using
25% of the culture supernatants in plaque-forming
assays (Miller and Smith, 1991). was absorbed on
to Vero cells with agitation for 1 to 2 h at room

temperature, after which minimum essential media
containing 0.2% human immune serum globulin was
added. Following incubation at 37°C for 3 days,
viral plaques were observed by examining cell sheets
stained with 0.1% crystal violet.

In the first experiment, the quiescent phase fol-
lowing ACV withdrawal was marked by infrequent
detection of virus in (4.6%, 5/108) cultures. Treat-
ment of nonproductive cultures on day 15 postinfec-
tion (p.i.) with PACAP38 at the concentrations indi-
cated in Figure 1 (panel A) resulted in the production
of virus in a dose-dependent manner. Maximum in-
duction (71% of cultures) was observed with 4 and
20nM PACAP38, whereas only a minority of cultures
produced HSV-1 at 0.8 nM and below. Spontaneous
virus production was detected in 8.3% of mock-
induced cultures by the end of the experimental
period.

PACAP is a member of the VIP/glucagon/secre-
tin family of peptides that exerts its action through
at least three receptors: PAC;, VPAC;, and VPAC,
(Harmar et al, 1998). All three receptors are coupled
to an adenylate cyclase-activating G protein resulting
in the elevation of cAMP (Pisegna and Wank, 1993).
The PAC; receptor also stimulates phospholipase
C (Spengler et al, 1993; Dickinson and Fleetwood-
Walker, 1999), resulting in the production of di-
acylglycerol and inositol 1,4,5-triphosphate with the
subsequent influx of Ca** from intracellular stores.
In PC12 cells, PACAP38 is a more potent stimula-
tor of adenylate cyclase and phospholipase C than
PACAP27 (Deutsch and Sun 1992; Cavallaro et al,
1995). To determine if PACAP27 induced HSV-1 ac-
tivation as efficiently as PACAP38, QIF-PC12 cell
cultures were established and treated as described
before. Spontaneous activation of virus occurred in
2.5% of cultures during the quiescent phase of in-
fection following ACV withdrawal (data not shown).
Nonproductive cultures were subjected to PACAP27
or PACAP38 at 0.8 and 4 nM, or media alone on day
17 p.i. As shown in Figure 1 (panel B) PACAP38
induced virus activation more effectively. The dif-
ference in efficacy was most pronounced at the 0.8
nM dose, in that virus was detected in 35% (8/23)
and 54% (13/24) of cultures treated with PACAP27
and PACAP38, respectively. In contrast, virus acti-
vation in mock-induced QIF-PC12 cell cultures was
0% (0/24) by day 8 postinduction. These findings are
consistent with the relative efficiencies of PACAP38
and PACAP27 induced cAMP accumulation in su-
perior cervical ganglionic neurons (Braas and May,
1999). These data indicate that the 1-27 amino acid
residues of PACAP are sufficient to induce HSV-1
activation from QIF-PC12 cell cultures and that the
additional 11 amino acids of PACAP38 make the
peptide a more efficient inducer. In addition, the re-
sponse to both is concentration-dependent.

Effect of protein kinase inhibitors on PACAP38 in-
duced HSV-1 activation from QIF-PC12 cells Our
observation that PACAP induces HSV-1 activation
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Figure 1 PACAP induced HSV-1 activation from QIF-PC12 cell
cultures. QIF-PC12 cell cultures were established as described in
the text. Cultures that were nonproductive for virus were subjected
to RPMI maintenance media containing PACAP38 on day 15 p.i.
(panel A), or PACAP38 or PACAP27 on day 17 p.i. (panel B). Val-
ues are cumulative percentage of cultures producing virus by day
8 postinduction from 21 to 24 culture wells in the PACAP treat-
ment group, and 12 (panel A) and 24 (panel B) wells in the mock
treatment group as determined from culture supernatants using a
direct plaque assay.
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Figure 2 Effect of protein kinase inhibitors on PACAP38 in-
duced HSV-1 activation from QIF-PC12 cell cultures. QIF-PC12
cell cultures that were nonproductive for virus were induced
with PACAP38 (20 nM) on day 17 p.i. The PKA inhibitor, H-89
(20 uM), and the PKC inhibitor, GF109203X (GF; 1 uM) were
added to the culture media 1 h prior to PACAP38 induction and
were maintained during 2-day PACAP38 treatment. Virus produc-
tion was determined from duplicate 12-well plates as described in
Figure 1.

from QIF-PC12 cells led us to initiate studies that
address the signaling pathway involved. Highly se-
lective cell-permeable protein kinase inhibitors were
used to examine the roles of PKA and PKC in PACAP-
induced virus activation, in that pathways involving
PKA and PKC have associations with HSV reactiva-
tion in tissue culture (Smith et al, 1992) and both are
activated by PACAP. QIF-PC12 cell cultures were es-
tablished as described previously. The maintenance
phase of quiescence was marked by infrequent de-
tection of virus in (4.2%, 4/96) cultures. Induction of
virus activation was performed on day 17 p.i. with
PACAP38 (20 nM) following a 60-min pretreatment
with the PKA- and PKC-specific inhibitors, 20 uM
H-89 (Chijiwa et al, 1990), and 1 uM GF109203X
(Toullec et al, 1991), respectively.

Inhibitors were maintained throughout the 2-day
treatment. Figure 2 shows that the PKC inhibitor had
no effect on PACAP38 induction, as the proportion
and rate of cultures producing virus (65%, 15/23) was
similar to the PACAP-induced cultures (70%, 16/23)
compared with only 9.1% (2/22) mock-induced cul-
tures. Although GF109203X does not inhibit all PKC
isozymes (Way et al, 2000), this concentration in-
hibits the isoform(s) involved in PACAP-mediated
neurite formation in PC12 cells (Lazarovici et al,
1998). This suggests that GF109203X-sensitive PKC
isozymes are not involved in HSV-1 activation.
In contrast, the addition of the PKA inhibitor,
H-89 (20 wuM), significantly inhibited PACAP-
induced virus production. The proportion of H-89
treated cultures yielding virus was delayed and re-
mained 70% below uninhibited cultures by day 8
following PACAP-induction (21%, 5/24). This in-
hibitory effect was reversible, as a majority of the
nonproductive H-89 treated cultures (53%, 10/19)
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supported virus activation within 3 days of heat stress
(Danaher et al, 1999b) performed on day 6 (i.e. day
25 p.i.) following the withdrawal of H-89.

These data could be interpreted to mean that
H-89 inhibits virus replication subsequent to acti-
vation, as virus replication is impaired in PKA de-
ficient PC12 cells (Xia et al, 1996). Alternatively,
H-89 may block induction from virus activation, in
that Jordan et al (1998) have shown that an inhibitor
of PKA does not block HSV-1 growth in PC12 cells.
Because the concentration of inhibitor used in our
study was considerably higher than that used by Jor-
dan et al (1998) we cannot directly compare their
observation to ours. Nevertheless, taken together the
results indicate that PACAP induced activation of
HSV-1 from QIF-PC12 cells requires PKA and does
not require the GF-sensitive PKC isozymes «, 81, 11,
y, 8, and ¢ (Toullec et al, 1991; Way et al, 2000), but
may involve other PKC isozymes.

Direct stimulation of the PKA pathway with cAMP
analogs results in limited activation from QIF-
PC12 cell cultures To determine if activation of
PKA was sufficient to induce virus activation, QIF-
PC12 cell cultures were induced with cell mem-
brane permeable cAMP analogs at concentrations
shown to activate cAMP-dependent processes in neu-
rons (Rydel and Greene, 1988). The cAMP analog,
8-(4-chlorophenylthio)-cAMP (CPT-cAMP) was se-
lected because it induces PKA in PC12 cells (Erhardt
et al, 1995; Nakayama et al, 2000) and reactivation of
HSV in latently infected embryonic neuronal cultures
in vitro (Smith et al, 1992). QIF-PC12 cell cultures
were established as described before, and induced on
day 17 p.i. Induction of the nonproductive cultures
with 0.1 and 1 mM CPT-cAMP for 2 days resulted
in the detection of virus from 38% (9/24) and 43%
(10/23) of cultures by day 8 postinduction, respec-
tively. In comparison, 0% (0/24) of the mock-induced
cultures produced virus by day 8 postinduction.
Attempts to induce HSV-1 activation with another
cAMP analog, dibutyryl-cAMP, over a broad range
of concentrations resulted in significantly lower in-
duced activation of HSV-1 than that of CPT-cAMP
(data not shown). The inability of cAMP analogs to
induce virus activation as efficiently as PACAP in-
dicates that PACAP induced activation of virus may
involve cAMP-independent regulatory pathways in
addition to PKA, or that PACAP is more efficient at
inducing the PKA pathway.

The findings presented here are the first to demon-
strate that physiological relevant concentrations of
PACAP (Cai et al, 1997; Tanaka et al, 1997), a natu-
rally occurring peptide abundant in the central ner-
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activation. PACAP’s neuroprotective, neurotrophic,
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HSV-1 from 75% (18/24) of QIF-PC12 cell cultures.

Although our use of GF109203X demonstrated that
the PKC isozymes «, B, y, &, and ¢ (Toullec et al,
1991; Way, 2000) are not required for HSV activation
in this model, the role of other PKC isozymes remains
to be determined. Parenthetically, attempts to induce
the PKC pathway using phorbol-12-myristate-13-
acetate have failed to activate HSV-1 from QIF-PC12
cell cultures in our laboratory (personal communica-
tion, Stephen Hambly, August, 1998). This suggests
that induction of PKC alone may be insufficient to
reactivate HSV in this model. However, the observa-
tion that CPT-cAMP and dibutyryl-cAMP treatment
resulted in lower efficiency of HSV-1 activation than
PACAP suggests that PACAP is more efficient in PKA
activation or PKA-independent pathways contribute
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