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Herpes simplex virus (HSV) establishes productive (lytic) infections in nonneuronal cells and nonproductive
(latent) infections in neurons. It has been proposed that HSV establishes latency because quiescent neurons
lack cellular factors required for productive infection. It has been further proposed that these putative factors
are induced following neuronal stress, as a requirement for HSV reactivation. To date, the identity of these
putative cellular factors remains unknown. We have demonstrated that cyclin-dependent kinase (cdk) 1, 2, or
7 is required for HSV replication in nonneuronal cells. Interestingly, cdks 1 and 2 are not expressed in
quiescent neurons but can be induced in stressed neurons. Thus, cdks may be among the cellular proteins
required for HSV reactivation whose neuronal expression is differentially regulated during stress. Herein, we
determined that neuronal expression of nuclear cdk2, cdk4, and cyclins E and D2 (which activate cdks 2 and
4, respectively) was induced following explant cultivation, a stressful stimulus that induces HSV reactivation.
In contrast, neuronal expression of cdk7 and cytoplasmic cdk4 decreased during explant cultivation, whereas
cdk3 was detected in the same small percentage of neurons before and after explant cultivation and cdks 1, 5,
and 6 were not detected in neuronal cell bodies. HSV-1 reactivated specifically in neurons expressing nuclear
cdk2 and cdk4, and an inhibitor specific for cdk2 inhibited HSV-1 reactivation. We conclude that neuronal
levels of cdk2 are among the factors that determine the outcome of HSV infections of neurons.

Herpes simplex virus type 1 (HSV-1) establishes both pro-
ductive (usually lytic) and nonproductive (latent) infections.
Infections of nonneuronal cells are productive, and infections
of neurons may be either latent or, more rarely, productive
(reviewed in reference 51). One of the models proposed to
explain the distinct outcomes of HSV-1 infections of neurons
and nonneuronal cells postulates that nonneuronal cells con-
stitutively express all the cellular factors that are required for
HSV-1 replication, whereas neurons express some of these
factors only under certain conditions (34).

Many cellular functions are differentially expressed in neu-
rons and nonneuronal cells. For example, neurons are termi-
nally differentiated and consequently do not express several of
the proteins that regulate progression into and through the cell
cycle. Thus, many cyclin-dependent kinases (cdks), including
cdks 1 and 2, are not expressed in terminally differentiated
neurons, whereas they are commonly expressed in cultured
nonneuronal cells (13, 45, 67). Interestingly, we have found
that pharmacological inhibition of cdks 1, 2, and 7, which
regulate progression into the cell cycle, inhibits replication of
HSV-1 in cultured nonneuronal cells (38, 58–60). Thus, we
propose that cdk 1, 2, or 7 may be among the proteins that are
required for productive HSV-1 replication and differentially

expressed in resting neurons versus stressed neurons and non-
neuronal cells.

Although they are generally nonpermissive for HSV repli-
cation, neurons can support productive HSV infection under
certain conditions. For example, physically and emotionally
stressful stimuli induce a subset of latently infected neurons to
become permissive for HSV reactivation (10, 11, 27). Interest-
ingly, expression of several cdks has been shown to be induced
in neurons subjected to stressful stimuli (4, 6, 13, 18, 21, 24, 29,
37, 40, 46–49, 56, 69). We therefore hypothesize that expres-
sion of cdks normally involved in cell cycle regulation is in-
duced in neurons by the same stressful stimuli that promote
HSV reactivation (and replication) in neurons and that expres-
sion of these cdks renders neurons permissive for HSV-1 rep-
lication and thus promotes HSV-1 reactivation.

The family of cdks currently includes nine proteins, most of
which are required for progression through the specific phases
of the cell cycle (39, 42, 70). cdks 4 and 6, activated by the
D-type cyclins, allow progression into late G1. cdk3 is required
for entry into late G1, but its specific function and activating
cyclins are unknown. cdk2 is required for progression into and
through S phase when it is activated by cyclins E and A,
respectively. cdk1 is activated by the B-type cyclins and allows
the cell to proceed into mitosis. cdk7, which associates with
cyclin H, has both cell cycle-associated and cell cycle-indepen-
dent functions in that it regulates the activities of other cdks
and of transcription proteins (12, 33, 61, 62). The remaining
cdks are not known to play major roles in regulating cell cycle
progression. cdks 8 and 9, which associate with cyclins C (cdk8)
and T and K (cdk9), phosphorylate transcription proteins (28,
50, 53), and cdk5, which associates with p25, is active only in
terminally differentiated neurons, where it phosphorylates pro-
teins of the neuroskeleton (20, 22, 31, 66, 67). The recently
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completed sequencing of the human genome sequence indi-
cates that only nine other proteins have any significant homol-
ogy to cdks. However, none of these nine proteins is activated
by the known cyclins, and only three previously unknown cyc-
lins were identified. Thus, it is likely that most, if not all, cdks
have been identified (42).

The expression and functions of cdks in cycling (nonneuro-
nal) cells have been the focus of numerous studies since the
1980s. In contrast, expression of cdks and cyclins in neurons
has been examined only in the past few years. Briefly, the
expression and activities of cdks 1 and 2 wane in neuronal
progenitor cells as they withdraw from the cell cycle during
terminal differentiation (19, 41, 45, 67). These two kinases are
undetectable in mature, resting neurons (13). cdk5 activity is
detected exclusively in terminally differentiated neurons,
where cdk5 protein is excluded from the cell bodies and local-
izes to the axons (20, 31, 66, 67). cdks 4 and 6 have been
detected in neurons in some studies (13, 26) but not in others
(4, 18, 37, 40, 69, 74). Neuronal expression of cdks 1, 2, 4, and
6 and their cyclin partners has been reported to be induced
during apoptosis (4, 13, 18, 21, 37, 40, 47, 52, 56, 63, 69).
Inhibitors of cdks 1, 2, 4, and 6 prevent neuronal apoptosis in
vitro and also in a mouse model (14, 46, 48, 49). Finally,
neuronal expression of cdks 3, 7, 8, and 9 has not been exam-
ined.

Several pharmacological inhibitors specific for cdks have
been developed. Of these, the most specific and best charac-
terized are the 2,6,9-trisubstituted purine-derived drugs, such
as roscovitine (38). Roscovitine inhibits cdks 1, 2, 5, and 7 with
high potency and erks 1 and 2 at concentrations �50-fold
above the cdk inhibitory concentrations. Roscovitine does not
inhibit cdks 4, 6, and 8 or 36 other enzymes. All known cellular
effects of roscovitine can be accounted for by the inhibition of
its recognized cdk targets (15, 38). Depending on cell type, the
cellular effects of roscovitine are observed at concentrations
that range from 10 to 100 �M (2, 9, 23, 32, 36, 38), which is
consistent with the concentrations of roscovitine required to
inhibit cdk activities at physiological concentrations of ATP
(unpublished data). We have shown recently that roscovitine
inhibits HSV gene expression, DNA synthesis, and hence pro-
ductive replication in nonneuronal cells as a consequence of
inhibition of cell cycle-associated cdks (57–60). Thus, we con-
cluded that cdks play an important role in HSV replication in
nonneuronal cells. In the experiments presented in this paper,
we began to investigate the potential roles of cdks in HSV
replication in neuronal cells

In the experiments reported below, we used immunohisto-
chemistry to examine expression of cdks, cyclins, and HSV
antigen in neurons of trigeminal ganglia that had and had not
been stressed by explant cultivation. We found that most rest-
ing neurons from mock and latently infected trigeminal ganglia
express cytoplasmic cdk4 and nuclear and cytoplasmic cdk7 but
no detectable cdk1, 2, or 6. Expression of cdk2 and nuclear
translocation of cdk4 were induced in a significant number of
neurons during explant cultivation, whereas levels of cdk7 de-
clined significantly in most explant-cultivated neurons. More-
over, HSV reactivation from latency, as assessed by expression
of viral antigens, correlated with neuronal expression of cdk2
and translocation of cdk4 to neuronal nuclei. Lastly, roscovi-
tine, which specifically inhibits cdks 1, 2, 5, and 7 (but not cdks

4 and 6), completely inhibited HSV reactivation. Thus, we
propose that the level of cdk2 (and perhaps cdk4) in neurons
is a factor that determines whether neurons can support pro-
ductive HSV infection and that expression and relocalization
of cell cycle-associated cdks 2 and 4 can be induced in neurons
following the stress associated with explant cultivation.

MATERIALS AND METHODS

Animals. ICR mice (5 to 7 weeks old) were anesthetized, their corneas were
scarified with a 22.5-gauge needle, and 2.0 �l of inoculum containing 2.5 � 105

PFU of HSV-1 strain KOS or no virus (mock infections) was applied to each
cornea. At 35 days postinfection, mice were euthanized by CO2 inhalation, and
trigeminal ganglia were removed immediately (in less than 7 min) and either
fixed or explanted into 1.0 ml of minimal essential medium (MEM) supple-
mented with 10% fetal bovine serum, antibiotics, and, where indicated, 30 or 40
�M roscovitine. Explanted trigeminal ganglia were fixed at the indicated times
postexplant. All animal experiments were performed under protocols approved
by the local institutional animal care and use committee, which followed all
applicable local and federal regulations.

Immunohistochemistry. Trigeminal ganglia were fixed at 4°C by rocking in
10% buffered formalin, dehydrated, embedded in paraffin, and sectioned by
standard procedures. Sections were deparaffined in xylenes, rehydrated, and
incubated in 0.01 M citric acid (pH 6.0) at 95 to 102°C for 10 min. After cooling
to room temperature, sections were blocked (Power Block; BioGenex, San
Ramon, Calif.) for 10 min, incubated for 30 min with primary antibody, washed
for 10 min in phosphate-buffered saline–0.05% Tween 20, and incubated for 10
min with secondary antibody (Dako Corporation, Carpenteria, Calif.). Sections
were then washed, incubated for 45 min in avidin-biotin-alkaline phosphatase
conjugate, washed again, and developed with Vector Blue and Vector Red
(Vector Laboratories, Inc., Burlingame, Calif.), as indicated, in the presence of
levamisole (BioGenex). Sections were counterstained with methyl green unless
otherwise indicated. Sections from nonexplanted and explanted trigeminal gan-
glia from mock- and HSV-infected animals were processed in parallel, providing
internal controls for all experiments. The specificity of the technique was verified
further in control tests in which primary antibodies were omitted. A total of 200
to 400 neurons (in 6 to 12 sections) were counted per time point. Results are
presented as the percentage of antigen-positive neurons.

The antibodies used in these studies were 17 (cdk1), C19 (cdk1), M2 (cdk2),
Y-20 (cdk3), C-22 (cdk4), C-8 (cdk5), H96 (cdk6), C-19 (cdk7), C-4 (cdk7), C-19
(cyclin A), GNS1 (cyclin B1), R-124 (cyclin D1), 34B1-3 (cyclin D2), C-16 (cyclin
D3), and M-20 (cyclin E), all from Santa Cruz Biotechnologies (Santa Cruz,
Calif.), and B0114 (HSV), from Dako Corporation. Except for Y-20 (1:50),
GNS1 (1:25), and 34B1-3 (1:25), all antibodies were diluted 1:100 in blocking
solution.

Reactivation studies. Latently and mock-infected mice were euthanized 35
days after infection. One trigeminal ganglia from each animal was explanted in
the absence of roscovitine, a specific inhibitor of cdks 1, 2, 5, 7, and likely 3, and
the other was explanted in the presence of 30 �M (two experiments) or 40 �M
(two experiments) roscovitine. These concentrations of roscovitine are nontoxic
for neurons and actually promote their survival (47). All trigeminal ganglia
removed after necropsy were explanted without feeder cells to minimize the
potential inhibitory effects of roscovitine on secondary replication of HSV in
nonneuronal cells. As an indication of the presence of reactivated virus, culture
supernatants were tested daily for the ability to produce cytopathic effects in
Vero cells as an indication of the presence of reactivated virus. Inocula were
removed from the indicator cells at 8 h postinfection. Importantly, roscovitine at
30 and 40 �M inhibits HSV replication in Vero cells inefficiently and in a manner
that is reversible within 24 h (58).

RESULTS

A subset of cell cycle-associated cdks are constitutively or
inducibly expressed in neurons of trigeminal ganglia. To de-
termine if terminally differentiated sensory neurons retain the
capacity to express cell cycle-associated cdks, we tested
whether these cdks are expressed in mock- or latently infected
neurons and in neurons stressed during explant cultivation. To
this end, expression of cdks 1 through 7 (all but cdk5 are
involved in cell cycle regulation) was examined in neurons of
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nonexplanted and explanted trigeminal ganglia. Specifically,
trigeminal ganglia of mock- and latently infected mice were
fixed immediately after necropsy (nonexplanted neurons) or
on days 1, 2, and 3 postexplant (explanted neurons). Expres-
sion of proteins rather than mRNAs was evaluated because
expression of cdks and cyclins is regulated at several posttran-
scriptional levels. Moreover, there is often no good correlation
between mRNA and protein levels in neurons (35). Thus,
mRNA levels may not be the best indicators of the actual levels
of cdks and cyclins in neurons.

cdks 1 and 2 have not been detected in resting neurons, and
cdk5 localizes only to axons (13, 67, 71). Consistent with these
findings, we did not detect these cdks in the cell bodies of
nonexplanted trigeminal ganglia neurons (Fig. 1, 2A, and 3).
Neuronal expression of cdks 3 and 7 has not been examined to
date. cdk3 immunoreactivity was detected in only �5% of
neuronal nuclei, whereas nearly all neurons exhibited strong
cdk7 immunoreactivity (Fig. 1, 2A, and 3). Notably, antibody
C-4 detected primarily nuclear cdk7 (Fig. 1), whereas antibody
C-19 recognized primarily cytoplasmic cdk7 (Fig. 3). These two
antibodies were raised against different cdk7 epitopes. Since
cdk7 forms complexes with different sets of cellular proteins, it
is not surprising that different epitopes of cdk7 are accessible
to antibodies in different cellular compartments.

Some investigators (13, 26, 71) but not others (18, 40, 56, 69)
have detected cdks 4 and 6 in resting neurons. In this study, a
small percentage of resting neurons (�5%) exhibited very
weak immunoreactivity with the cdk6 antibody. This immuno-
reactivity was difficult to capture photographically (Fig. 1) and
may well be nonspecific. In contrast, strong cdk4 immunore-
activity was detected in the cytoplasm but not in the nucleus of
nearly all nonexplanted neurons (Fig. 1 and 4).

The stress associated with explant cultivation of trigeminal
ganglia consistently induces reactivation of latent HSV, al-
though the cellular changes that convert latently infected neu-
rons from a nonpermissive to a permissive state have not been
identified. A slight increase in the level of some viral mRNAs
has been observed by reverse transcription (RT)-PCR, tenta-
tively at 2 h postexplant and more clearly after 4 to 6 h post-
explant (10, 64). Viral transcripts and proteins can be detected
by in situ techniques only 24 to 48 h postexplant (11, 27) (Fig.
5), and infectious (reactivated) virus is commonly detected 48
to 72 h postexplant. Given the kinetics of reactivation, we
analyzed changes in the percentage of neurons expressing in-
dividual cdks and cyclins during the first 72 h postexplant.

Expression of cell cycle-associated cdks was found to be
differentially regulated in neurons stressed by explant cultiva-
tion. The percentage of cdk2� neurons, for example, increased
from �1% on day 1 to �25% on day 3 postexplant (Fig. 2A).
The percentage of neurons expressing nuclear cdk4 also in-
creased from days 1 to 3 postexplant (Fig. 1 and 2A), whereas
the percentage of neurons expressing cytoplasmic cdk4 de-
creased from �95% of nonexplanted trigeminal ganglia neu-
rons to 5 to 10% by day 3 postexplant. In contrast to cdk2 and
nuclear cdk4, the percentage of cdk7� neurons declined rap-
idly after explant (Fig. 1, 2A, and 3). On day 1 postexplant,
cdk7 was detected in only 10 to 30% of trigeminal ganglia
neurons and on day 3 postexplant, cdk7 was detected in very
few neurons (Fig. 1, 2A, and 3). Similar results were obtained
with antibodies C-19 (which recognizes primarily nuclear cdk7)

and C-4 (which recognizes primarily cytoplasmic cdk7) (com-
pare Fig. 1 and 3).

The percentage of neurons expressing detectable levels of
cdks 1, 3, 5, and 6 did not change significantly during the 3-day
period postexplant (Fig. 1 and 2A). Thus, cdk1 and cdk6 were
not detected in trigeminal ganglia neurons on days 1 and 2
postexplant, although on day 3 postexplant, a small percentage
of neurons (�5%) expressed cdk1 but not cdk6. cdk5 was not
detected in neuronal cell bodies at any time postexplant, and
the small percentage of neurons showing cdk3 immunoreactiv-
ity did not change during explant cultivation.

Equivalent changes in the percentage of neurons expressing
different cdks were observed in neurons from mock- and la-
tently infected animals (Fig. 2 and 3). It appears that the levels
of expression of the different cdks were higher in neurons of
trigeminal ganglia explanted from latently infected animals,
but the intensity of the immunohistochemistry signal cannot be
quantitated reliably. Thus, we conclude that as a consequence
of the stress associated with explant cultivation, expression of
cdk2 in neurons is induced and that of cdk7 declines, whereas
cdk4 translocates from the cytoplasm to the nucleus.

A subset of cell cycle-associated cyclins is expressed consti-
tutively or inducibly in neurons of trigeminal ganglia. We next
examined the patterns of neuronal expression of the cyclins
that activate cdks 2 and 4: cyclins A, E, D1, D2, and D3.
Consistent with previous reports (13, 43, 44, 67), cyclin A was
not detected in nonexplanted trigeminal ganglia neurons or in
neurons of trigeminal ganglia explanted from mock-infected
animals (Fig. 1 and 2B). A homogeneous pinkish background
is observed in this figure because these sections were slightly
overdeveloped in an attempt to maximize the possibilities of
detecting neuronal cyclin A. This background is homogeneous
throughout the section and not always cell associated (data not
shown). Weak nuclear cyclin A immunoreactivity was detected,
however, on days 2 and 3 postexplant in neurons of trigeminal
ganglia explanted from latently infected mice, primarily in neu-
ronal nuclei (Fig. 1 and 2B).

Cyclin E has been detected in resting neurons in some mod-
els (41) but not in others (8, 43). We detected no cyclin E
immunoreactivity in nonexplanted trigeminal ganglia neurons,
but neuronal expression of cyclin E was detected when trigem-
inal ganglia from mock- and latently infected mice were ex-
planted (Fig. 1 and 2B). Thus, �10% of trigeminal ganglia
neurons exhibited strong cyclin E immunoreactivity on day 1
postexplant and �26% of neurons were cyclin E� on day 3
postexplant (Fig. 1 and 2B). Cyclin E immunoreactivity local-
ized to both the nucleus and cytoplasm.

Cyclin D1 is induced in sympathetic and central nervous
system neurons undergoing apoptosis in vitro and in vivo (3,
40, 47, 55, 56, 65), and mRNAs for cyclins D2 and D3 have
been detected by RT-PCR and by in situ hybridization in
resting sympathetic and central nervous system neurons that
have and have not been cultured (13, 54, 65). We detected
cyclins D1, D2, and D3 in approximately 60, 25, and 60% of
nonexplanted trigeminal ganglia neurons, respectively (Fig. 1
and 2C). Cyclins D1 and D2 were primarily cytoplasmic,
whereas cyclin D3 was primarily nuclear, and the signal was
weak (Fig. 1). Cyclin D1 was consistently detected in nonneu-
ronal cells as well as in neurons (Fig. 1). The percentage of
neurons expressing cyclins D1 and D3 decreased rapidly after

7726 SCHANG ET AL. J. VIROL.



F
IG

.
1.

E
xpression

ofcdks
and

their
cyclin

partners
in

neurons
oftrigem

inalganglia
before

and
after

explant.Sections
oflatently

infected
trigem

inalganglia
fixed

im
m

ediately
after

necropsy
(PR

E
)

and
after

3
days

in
explant

culture
(3

dpe)
w

ere
processed

for
im

m
unohistochem

istry
and

stained
w

ith
antibodies

specific
for

the
indicated

cdks
and

cyclins.Sections
w

ere
developed

w
ith

a
red

substrate
and

counterstained
w

ith
m

ethyl
green.Solid

arrow
heads

pointing
to

the
left

indicate
representative

neurons
that

are
positive

for
the

indicated
antigen.W

hite
arrow

heads
pointing

to
the

right
indicate

neurons
that

are
negative

for
the

indicated
antigen.cdks

and
cyclins

are
labeled

roscovitine
(R

osco)
sensitive

and
roscovitine

insensitive
based

on
the

susceptibility
of

the
respective

cdk/cyclin
holoenzym

es
to

this
inhibitor.O

riginalm
agnification,

�
1,000.

VOL. 76, 2002 cdk EXPRESSION IN NEURONS DURING HSV REACTIVATION 7727



explant. Thus, on day 1 postexplant, only 5 to 10% of neurons
expressed detectable levels of these cyclins (Fig. 2C). In con-
trast, the percentage of neurons expressing cyclin D2 increased
after explant so that �50% of neurons expressed strong, nu-
clear cyclin D2 on day 3 postexplant (Fig. 1 and 2B). The same
patterns of expression of cyclins D1, D2, and D3 were observed
in neurons of trigeminal ganglia from mock- and latently in-
fected mice. Finally, cyclin B1, a partner of cdk1, was not
detected in neurons (Fig. 1 and 2B).

HSV-1 antigen expression correlates with expression of
cdk2 and nuclear cdk4 but not cdk7. If cdks expressed in
neurons are required for HSV reactivation, HSV proteins
should be detected only in neurons that express the required

cdks. To test this hypothesis, latently infected mice were eu-
thanized, their trigeminal ganglia were explanted, and the ex-
planted trigeminal ganglia were fixed at selected times post-
explant. Trigeminal ganglia sections were then subjected to
two-color immunohistochemistry. HSV antigen was developed
in red, and individual cdks were developed in blue (Fig. 4).
Because these sections were from trigeminal ganglia explanted
for several days and were not counterstained, neurons that are
double negative and trigeminal ganglia cells other than neu-
rons are difficult to identify. Therefore, we limited these anal-
yses to neurons, although nonneuronal cells positive for HSV
antigen and cdks were also detected.

HSV antigen immunoreactivity localized to the periplasm

FIG. 2. Percentage of trigeminal ganglia neurons expressing cdks and cyclins before and after explant. Sections from trigeminal ganglia fixed
immediately after necropsy and at 1, 2, and 3 days postexplant (four trigeminal ganglia per time point) were processed by immunohistochemistry.
At least 100 neurons in three sections of each of four trigeminal ganglia processed in at least two independent times were counted for each protein.
The percentage of neurons positive for each protein is presented. Striped and plain bars indicate the percentages of neurons that expressed each
protein in trigeminal ganglia from latently (L) and mock (M) HSV-infected mice, respectively. (A) cdks 1 through 7. Except for cdk4, the bars
indicate the percentage of neurons expressing the indicated cdk in any cellular compartment. For cdk4, light and dark blue bars indicate the
percentage of neurons expressing cytoplasmic (cyt) and nuclear (nuc) cdk4, respectively. (B) Cyclins that activate roscovitine-sensitive cdks. The
percentage of neurons expressing cyclins A, B, and E is indicated. The percentage of neurons expressing cdk2 (from panel A) is included for
comparison. The y axis has been truncated at 20% to facilitate comparisons among percentages of neurons expressing each protein. (C) Expression
of cyclins that activate roscovitine-insensitive cdks. The percentage of neurons expressing cyclins D1, D2, and D3 is indicated. The percentage of
neurons expressing nuclear cdk4 (from panel A) is included for comparison. The y axis scale has been truncated at 75% to facilitate comparisons
among percentages of neurons expressing each protein.
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and membranes of neuronal cell bodies, as clearly visible in
sections stained with anti-HSV antibody only (Fig. 4A). This
staining is characteristic of the antibody used. HSV antigen
was detected in less than one neuron per section when neurons
were explant cultivated for less than 4 days postexplant (Fig. 5).
The scarcity of HSV antigen-positive neurons and the techni-
cal complexities inherent in two-color immunohistochemistry
made it impossible to determine with certainty if HSV antigen
and cdk2 immunoreactivity colocalized to the same neurons at
these early times. Thus, we analyzed HSV antigen and cdk
immunoreactivity in trigeminal ganglia that had been ex-
planted 4 to 6 days previously. At these relatively late times
after infection, however, we could not ascertain whether the
HSV-1 antigen detected in a given neuron indicated primary
reactivation of the virus in this specific neuron or secondary
infection of the neuron by virus previously reactivated in other
cells.

A subpopulation of cdk2� and no cdk2� neurons were also
HSV antigen positive at any time postexplant (Fig. 4B). Thus,
when the nucleus of an HSV antigen-positive neuron was vis-
ible, cdk2 was detected in the same cell. Because these sections

had been explant cultivated for 4 and more days and were not
counterstained, it was not possible in many instances to ascer-
tain whether the HSV antigen immunoreactivity localized to
the periphery of a neuron or to the satellite cells adjacent to it
(for examples, see the two top left panels in Fig. 4B). In several
neurons, however, HSV antigen immunoreactivity clearly lo-
calized to the periphery of cdk2� neurons (for examples, see
the two bottom left panels in Fig. 4B). Many cdk2� neurons
did not express HSV antigen (Fig. 4B). We did not attempt to
identify whether these neurons were not infected or contained
latent HSV-1 which failed to reactivate in the presence of cdk2
expression.

In cells in which it was possible to evaluate colocalization,
the vast majority of HSV antigen-positive neurons also exhib-
ited nuclear cdk4 staining (Fig. 4C). As with cdk2, in many
cases it was difficult to ascertain whether HSV antigen immu-
noreactivity localized to the periphery of a neuron or to the
satellite cells adjacent to it. In contrast to cdk2 and nuclear
cdk4, however, HSV antigen seldom localized to cdk7� neu-
rons (Fig. 4D). Moreover, HSV antigen and cdk7 were more
likely to colocalize to the same neurons at earlier times (when

FIG. 3. Changes in expression of cdks 2 and 7 in trigeminal ganglia neurons on day 3 postexplant are independent of HSV infection. Trigeminal
ganglia from mock-infected (Mock) and latently infected (HSV) mice were fixed immediately after necropsy (PRE) and 3 days after explant (3
dpe). Black arrowheads pointing to the left indicate representative neurons that are positive for a specific cdk. White arrowheads pointing to the
right indicate representative neurons that are negative for a specific cdk. Original magnification, �1,000.
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many cells expressed detectable cdk7) than at later times post-
explant (when few cells expressed detectable cdk7). Thus, co-
localization of HSV antigen and cdk7 appears to be based on
probability.

The results from these experiments suggest that induction of
expression of cdk2, nuclear translocation of cdk4, or reduced
expression of cdk7 permits expression of HSV proteins in neu-
rons.

Roscovitine, an inhibitor specific for cdks 1, 2, 5, and 7,
inhibits HSV-1 reactivation. Expression of HSV proteins in
neurons correlated closely with expression of cdk2 and nuclear
cdk4, and expression of HSV proteins in other cell types re-
quires cdk activity (57, 58, 60). However, neuronal expression
of HSV antigen also correlated with decreased levels of ex-
pression of cdk7. If expression of a roscovitine-sensitive cdk,
such as cdk2, were required for HSV-1 reactivation, then
roscovitine should inhibit HSV-1 reactivation in neurons. In
contrast, if decreased levels of a roscovitine-sensitive cdk, such
as cdk7, were required for HSV reactivation, then roscovitine
should not inhibit and might even promote HSV-1 reactivation
in neurons.

To discriminate between these alternatives, latently infected
trigeminal ganglia were explanted in the presence of 30 and 40
�M roscovitine, which inhibits the activity of cdks 2 and 7 but
not cdk4, and trigeminal ganglia supernatants were tested for
the presence of infectious virus. We have shown previously that
in nonneuronal cells, roscovitine inhibits HSV transcription
and replication, most likely via inhibition of cell cycle cdks (58,
60). Roscovitine inhibited HSV reactivation efficiently in four
independent experiments, suggesting that active cdks are ex-
pressed in neurons and that their activities are required for
HSV reactivation (Table 1).

Roscovitine could inhibit reactivation per se, indicating that
cdk activity in neurons is required for HSV reactivation or
secondary replication of reactivated virus in other trigeminal
ganglia cells. To differentiate between these alternatives, tri-
geminal ganglia were explant cultivated in the presence of
roscovitine and fixed 1, 2, and 3 days postexplant. Reactivation
per se (defined as the production of infectious virus in a pre-
viously latently infected neuron in the absence of superinfec-
tion with extracellular virus) was then evaluated by examining

expression of HSV proteins in neurons. If roscovitine inhibited
secondary amplification of reactivated virus, only the neurons
in which HSV reactivated from latency should express HSV
antigen. If roscovitine inhibited primary reactivation of HSV in
a given neuron, no HSV antigen should be detected in any
neuron.

No HSV antigen-positive neurons were detected at any time
in the presence of roscovitine. In contrast, a small number of
HSV antigen-positive neurons were detected in trigeminal
ganglia cultivated for 2 and 3 days postexplant in the absence
of drug (Fig. 5). In two additional experiments, we fixed tri-
geminal ganglia cultivated for 6 and 14 days in the presence
and absence of drug. No HSV antigen-positive cells were ob-
served in trigeminal ganglia cultivated in the presence of rosco-
vitine, even though large HSV foci were readily detected in
cells of trigeminal ganglia at 6 and 14 days postexplant in the
absence of drug, and infection had even spread to nonneuronal
cells at these late times (Fig. 5). Collectively, these results thus
suggest that a subpopulation of explant-cultivated neurons ex-
press roscovitine-sensitive cdk activity and that this activity
mediates primary reactivation of HSV-1. These studies, how-
ever, did not attempt to address at what specific stage reacti-
vation was inhibited in latently infected cells.

DISCUSSION

In the experiments presented herein, we have shown that
neurons do not express cdk2, nuclear cdk4, or their cyclin
partners in conditions under which neurons support latent but
not productive HSV infection. In contrast, neurons express
nuclear cdks 2 and 4 and their cyclin partners in conditions
under which neurons support productive HSV replication.
Furthermore, expression of HSV-1 proteins (antigen) during
reactivation was restricted to neurons expressing cdk2 and
nuclear cdk4, and roscovitine, which inhibits cdk2 (and other
kinases), inhibited HSV-1 reactivation in neurons. Thus, neu-
ronal cdk2 activity appears to be required for HSV-1 reactiva-
tion.

In the course of these experiments, we also found that ter-
minally differentiated sensory neurons can express cdks whose
primary function in nonneuronal cell types is to regulate cell

TABLE 1. HSV-1 reactivation in the presence and absence of roscovitinea

Expt no. Roscovitine concn (�M)
in treated group Group

No. of trigeminal ganglia
yielding infectious

(reactivated) virus/no. in group

% of trigeminal ganglia
yielding reactivated virus

1 30 Control 8/12 66.7
Treated 1/12 8.3

2 40 Control 19/20 95.0
Treated 0/20 0.0

3 40 Control 16/16 100.0
Treated 0/16 0.0

4 30 Control 6/6 100.0
Treated 1/22 4.5

a In experiments 1 and 2, all trigeminal ganglia were explanted for at least 4 additional days after the control (untreated) explants had reached maximum reactivation.
In experiments 3 and 4, all trigeminal ganglia were explanted for at least 10 additional days after the control explants had reached 100% reactivation. The specific times
in explant were 10, 7, 21, and 15 days for experiments 1 to 4, respectively.
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cycle progression. Thus, the great majority of nonexplanted
trigeminal ganglia neurons expressed cdk7 and cytoplasmic
cdk4, whereas a subpopulation of explant-stressed trigeminal
ganglia neurons from both mock- and latently infected mice
expressed cdk2 and nuclear cdk4. Moreover, expression of a
subset of the cyclin partners of cdks2 and 4, cyclins E and D2,
was induced in parallel with their respective cdks in neurons of
both mock- and latently infected mice. In contrast, cyclin A was
detected only in neurons that were explant cultivated from
latently infected animals. Although it may be tempting to spec-
ulate that cyclin A expression determines the ability of neurons
to support productive HSV-1 replication, this hypothesis has
yet to be tested.

Interestingly, expression of cyclins A and E has also been
observed in neurons of trigeminal ganglia of calves acutely
infected with bovine herpesvirus 1, a virus that is closely re-
lated to HSV-1 (72). Consistent with our results, Winkler and
colleagues observed that cyclin A was primarily nuclear,
whereas cyclin E was both nuclear and cytoplasmic. Although
Winkler and colleagues did not observe induction of cyclin D2
expression, they did observe induction of cyclin D1 expression.
It is possible that the functions of these cyclins during viral
replication in neurons overlap, at least partially, to the point
that expression of either cyclin D1 or D2 can provide the
functions required for viral replication in neurons.

In sum, expression of cyclins A and E has now been observed
in two distinct models of alphaherpesvirus replication in neu-
rons. Thus, it is probable that these proteins are involved in, if
not required for, replication of alphaherpesviruses in neurons.
Because we also detected expression of cdk2 in the neurons
where HSV reactivates from latency, it is logical to hypothesize
that one function of cyclins A and E during HSV reactivation
is to activate cdk2. We have found previously that pharmaco-
logical inhibition of cdks 1, 2, and 7 in nonneuronal cells results
in inhibition of HSV-1 transcription and DNA replication (25,
57–60). Thus, cdk 1, 2, or 7 is required for HSV transcription
(and DNA replication) in nonneuronal cells. In explanted neu-
rons, we now found that HSV-1 proteins (antigen) are ex-
pressed only in neurons that express cdk2 and that roscovitine
inhibits expression of HSV-1 proteins in neurons (Fig. 4 and
5). Thus, cdk2 appears to be required for HSV-1 gene expres-
sion in all cell types. The mechanisms by which cdks activate
HSV-1 gene expression, however, remain to be elucidated and
may or may not be the same in neuronal and nonneuronal
cells.

A roscovitine-sensitive cdk is required for posttranslational
modifications of ICP0 and ICP4 (1, 7), and ICP0 does not
activate HSV-1 promoters in the presence of roscovitine (7,
60). These results may indicate that cdk2-induced modifica-
tions of ICP0 are required to activate the transactivating func-
tion of ICP0. Interestingly, ICP0 plays an important role in
HSV reactivation (16, 17, 30). Thus, if ICP0 were expressed in
neurons in the absence of cdk2 activity, it could be incapable of
activating expression of other HSV genes and consequently of
activating HSV reactivation. In this model, HSV-1 reactivation
would be triggered when cdk2 activity is induced in neurons
that are expressing ICP0. Then, cdk2 would activate ICP0,
which would trigger reactivation. Alternatively, cdk2 activity
may be required to phosphorylate some as yet unidentified
cellular proteins that are required to initiate the process of

HSV reactivation. Future experiments are aimed at addressing
these issues.

Neuronal expression of cdks has been reported previously to
be deregulated in certain pathologies. For example, cdks 1, 2,
4, and 6 have been detected in neurons of patients with Alz-
heimer’s disease, Parkinson’s disease, and cerebral ischemia
(4, 18, 37, 40, 56, 69). However, whether cdk expression is a
cause, a consequence, or simply a correlate of these patholo-
gies is unclear (18, 69). Expression of cdks 1, 2, 4, and 6 and
their cyclin partners has also been observed in neurons during
apoptosis in vitro (13, 47). Moreover, neuronal apoptosis in
vitro is repressed by cdk inhibitors, including olomoucine, a
drug very closely related to roscovitine (47–49), indicating that
cdk activities are required for neuronal apoptosis. cdk4, cyclin
A, and the D-type cyclins have also been detected in central
nervous system neurons programmed to die by apoptosis in
several animal models (4, 6, 21, 24, 29, 40, 46). Thus, functional
expression of cdks in neurons had been documented previ-
ously, yet this is the first report of a function for cdks in
neurons other than apoptosis (i.e., viral replication).

Expression of cdks 1 and 6 and cyclin B1 was not detected in
explanted and nonexplanted neurons in our studies. The anti-
bodies used to detect these proteins recognized their cognate
proteins by immunohistochemistry in nonneuronal cells and
even in a low percentage (i.e., 1 to 5%) of heat-stressed neu-
rons (data not shown). It should be noted, however, that these
antibodies may not be sufficiently sensitive to detect very low
levels of their cognate proteins in neurons, or alternatively,
they may be directed against epitopes that are modified differ-
entially in non-heat-stressed neurons versus heat-stressed neu-
rons and other cell types. Similarly, the levels of expression of
cdk7, cytoplasmic cdk4, and cyclins D1 and D3 in neurons fell
below the limit of detection of our technique during explant
culture, but these proteins may still be expressed in these cells
to very low levels. With respect to cdk1, however, we obtained
these negative results with two different antibodies (Fig. 1 and
2 and data not shown).

The low percentage of neurons expressing cdk3 immunore-
activity detected did not change under any of the conditions
tested, suggesting that cdk3 does not play a major role in
HSV-1 reactivation. This hypothesis is further supported by
the recent finding that the cdk3 gene in several strains of the
“Castle” group of mice, such as BALB/c, contains a stop codon
before the kinase domain (73). Thus, cdk3 in these mice is not
likely to possess kinase activity. Because HSV-1 replicates in
neurons (and other cells) of BALB/c mice, these results sup-
port the conclusion that neuronal cdk3 likely has no major
relevance for HSV-1 reactivation. The mice used in our exper-
iments, ICR, are distantly related to the Castle group, and it is
unknown whether the cdk3 gene of ICR mice contains a stop
codon before the kinase domain.

During the preparation of this paper, Berger and colleagues
reported that several genes that regulate the cell cycle are
expressed in explanted trigeminal ganglia, but not in nonex-
planted trigeminal ganglia. These genes included cyclin F and
a gene that has significant homology to those for cdks 1 and 2
(68). These investigators reached these conclusions following
large-scale gene expression analysis of RNA extracted from
whole trigeminal ganglia, which contain a variety of cell types.
Because they focused their efforts on the analyses of other
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cellular genes, Berger and colleagues did not determine
whether cyclin F and the cdk-homologous protein were ex-
pressed in neurons or in other trigeminal ganglia cell types.
The fact that these investigators did not detect induction of
cdk2 or cyclin E is hardly surprising, as only a minority of
neurons (which themselves are only a small minority of cells in
trigeminal ganglia) express cdk2 and cyclin E in explant-cul-
tured trigeminal ganglia (Fig. 1, 2, 3, and 4). Therefore, ex-
pression of these genes would be difficult to detect by analysis
of gene expression in mixed cell populations. In contrast, ex-
pression of these genes may be detectable by analyzing gene
expression of purified neurons. For example, by performing
gene array analysis of gene expression in cultures of purified
neurons, Chiang and colleagues recently detected induction of
cyclin A expression in neurons by several apoptotic and non-
apoptotic stimuli (5).

In sum, we have shown that during explant-induced reacti-
vation, expression of cdk2 and nuclear cdk4 (but not cdks 1, 3,
5, or 7) in trigeminal ganglia neurons correlates with induction
of HSV-1 antigen expression and viral reactivation and that an
inhibitor specific for cdks 1, 2, 5, and 7 (but not cdks 4 or 6)
blocked both expression of HSV-1 proteins in neurons and
viral reactivation. We infer, therefore, that cdk2 is likely re-
quired for ex vivo explant-induced HSV-1 reactivation.
Whether cdk2 is also required for HSV-1 reactivation in vivo
remains to be determined.
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