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Herpes simplex virus 1 infection upregulates
stress protein expression in cultured retinal
neurons

Peter G E Kennedy, Masato Wakakura, Wallace S Foulds, Geoffrey B Clements

Abstract
The production of a 57K stress protein
(StrP) after herpes simplex virus type 1
(HSV-1) infection was examined in cul-
tured neonatal rat retinal cells. StrP
expression in individual cells was iden-
tified using a monoclonal antibody, TI56.
Indirect immunofluorescence of uninfec-
ted retinal cultures showed that approx-
imately 40% of cells expressed neuro-
filament (NF+) and 5% expressed a low
level of StrP. Following HSV infection the
proportion of NF+ cells decreased while
the proportion of StrP positive cells
became greater and the intensity ofstain-
ing increased. The number of cells label-
led with a polyclonal anti-HSV antibody
increased with time after infection.
Retinal neurons in culture can be infected
with HSV, after which StrP expression is
significantly upregulated.
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A number of heat shock or stress proteins
(StrP) are induced in cells following a variety
of noxious stimuli including elevated tem-
perature, viral infection and toxic agents.'2
StrP are ubiquitous, have been identified in a
wide range oforganisms and have been studied
extensively. Studies of StrP induction in the
nervous system34 and in the retina56 have,
however, been limited. Following herpes sim-
plex virus (HSV) infection of a variety of cell
types, including those of the central nervous
system, StrP expression is enhanced. It is
possible that cell-encoded proteins, including
StrP, may play a role in the regulation of both
lytic and latent virus infections. For example,
in primary cultures of human neurectodermal
cells a 57K StrP is induced in neurons and
astrocytes after HSV infection.4 In addition the
production of StrP defined by three mono-
clonal antibodies was recently demonstrated in
cultured Muller cells following HSV infection
but these cultures did not contain neurons.6 In
vivo studies in rabbits have shown that a 74K
StrP was transported from the retina into the
optic nerve.7 However, this does not neces-
sarily imply that the StrP was induced in retinal
ganglion cells, since StrP may be transferred
from glia to the axon.8 In view of the possible
involvement of StrP in the pathogenesis of
herpes virus induced retinal diseases such as
acute retinal necrosis9 and retinitis,2 10 it is
important to identify unequivocally the retinal
cell types in which StrP are constitutively
expressed and those in which they are up-
regulated during viral infection. We have util-

ised a method of obtaining retinal cell cultures
containing a high proportion of neurons and
report the upregulation of a 57K StrP in these
cells following infection with HSV-1, thus
extending significantly our previous studies.46

Methods
The culture of retinal neurons has been des-
cribed in detail elsewhere.'1-14 In brief, retinas
were obtained from ether anaesthetised neo-
natal rats (age 1-5 days), collected in 0 25%
trypsin in phosphate buffered saline (TPBS)
and incubated at 36-5°C for 5-10 mins. Single
cells were obtained by repetitive trituration and
the single cell suspension was pelleted by
centrifugation (1000 rpm for 5 mins). The
TPBS was replaced by Glasgow minimum
essential medium (GMEM) supplemented
with 10% fetal calf serum, 2mM L-glutamine
and 1% antibiotic-antimycotic solution
(10,000 unit penicillin, 10,000 mg strep-
tomycin and 25 mg fungizone, Gibco). Dis-
sociated cells were then dispersed onto either a
monolayer of rabbit Muller cells precultured
on 13 mm glass coverslips6 '5 or laminin (10 ug/
ml) precoated coverslips in each well of a
Linbro multiwell plate (Flow) and incubated in
5% CO2 in air at 36-5°C. Cells from one retina
were dispersed over 6-8 coverslips. The cul-
tures were used after 2-5 days of primary
culture in this study.
A monoclonal antibody (TI56)16 directed

against a 57K StrP was used undiluted. Lytic
HSV infection of human embryonic fibro-
blasts, baby hamster kidney BHK21/C13
(BHK) cells and human neuronal cells4 results
in the accumulation of a 57K StrP identified
by TI56. A monoclonal antineurofilament
polypeptide antibody'7 was used at a dilution
of 1:100. Rabbit HSV antiserum (1:50) raised
against whole virus was used. A polyclonal
anti-glial fibrillary acidic protein (GFAP)
antibody (Dako) was used at a dilution of 1:60.
Antibody binding was visualised with fluores-
cein-conjugated anti-mouse (Miles-Yeda) or
rhodamine-conjugated anti-rabbit (Nordic) Ig,
both used at a dilution of 1:30.
The cells were infected with wild type (non-

syncytical plaque morphology, ts+ syn+) HSV-
1 Glasgow strain 17 at a multiplicity of infec-
tion (MOI) of usually 1 plaque forming unit
(pfu) per cell as described in detail pre-
viously.4 6 18 In a few experiments a MOI of 10
was used. Virus absorption was at 37°C for one
hour. The cells were then washed and refed
with GMEM and incubated at 37°C in 5 O CO2
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Figure 1
Immunofluorescence of
neonatal rat retinal
culture stainedfor anti-
neurofilament
polypeptides.
Magnification x 900.

in air. HSV-infected BHK cells were used as
positive controls as previously described.'8
At six, 24 and 48 hours after virus absorp-

tion, cells were fixed in acetone at - 20°C for 10
minutes and stained using an indirect immuno-
fluorescence procedure as reported pre-
viously.46 The stained cells were examined
with a Leitz Ortholux fluorescence micro-
scope. Double-labelling experiments in which
cells were incubated with both NF and HSV
antibodies simultaneously were also performed
as previously reported. 18 Double-labelling
experiments usingNF and TI56 antibody were
not performed since both were mouse anti-
bodies and both bound to intracellular struc-
tures, and therefore could not be distinguished
in a given cell preparation. In control ex-
periments, normal mouse ascitic fluid (un-
diluted) and normal rabbit serum (1:50) were
used instead of the primary antibody. Uninfec-
ted and infected BHK cells were also used in
further control experiments. In all experiments
at least 150 cells in five randomly selected fields
were counted per coverslip. A total of five
independent experiments was performed in
retinal cultures (laminin coated, with TI56
labelling in four and NF labelling in five) and a
total of three independent experiments was
carried out in co-cultures (with TI56 labelling
in three and NF labelling in two). For technical
reasons, for example, loss of cells or unsatisfac-
tory staining, the antibody staining results were
not given on each occasion for every time point.

Results
The cultured neuronal cell bodies were oval in
shape, uniform in size (diameter approximately
15-30 ,um) and possessed distinctive neurites.
They could be differentiated easily from glia
on the basis of their size, shape and staining
characteristics. Neurite outgrowth was
prominent by 24 hours after establishment of
the primary culture and in many cells the
neurite length reached was greater than 50 gm
by 96 hours. Preparations co-cultured with the
Muller cells had longer, thicker neurites and a
higher proportion of cells with neurites than
cultures on the laminin substrate. There were
55% NF+ (neurofilament positive) cells when
co-cultured with Muller cells but only about
24% in the cultures grown on the laminin
substrate (fig 1). Cells with neuronal mor-
phology and NF positive cells did not stain
positively for glial fibrillary acidic protein.
Approximately 500 of uninfected cells were

Table TI56 and neurofilament expression in retinal cell
culturesfollowing HSV-1 infection

Percentage' of cells labelling with:

TI56 Neurofilament

Retinal cultures
Uninfected 5* 24
Infected

6hr 11* 14
24 hr 33+ 10
48 hr 35+ 12

Co-cultures
Uninfected 1.5* 55
Infected

6 hr 11 * Not available
24 hr 32' 35
48 hr 55+ Not available

*Weak staining + strong staining.
'Figures show mean percentage of cells labelling based on five
independent experiments in retinal (laminin coated) cultures
and three independent experiments in co-cultures. In each case
at least 150 cells per coverslip were counted. Results were not
always obtained for every time point.

very weakly labelled with TI56. The fluores-
cence was perinuclear and cytoplasmic in dis-
tribution showing occasionally a granular pat-
tern. There was no positive staining with
normal rabbit serum or mouse ascitic fluid.
Approximately 20% of uninfected exponen-
tially growing BHK cells were TI56+ confirm-
ing our previous studies.46 The results are
summarised in the table.
By six hours after infection with HSV, a

cytopathic effect (cpe) was present in
approximately 15-200% of cells. The cpe was
less extensive in the co-cultures with Muller
cells than in those on the laminin substrate.
Low levels of HSV antigens were present in
30% of cells on the basis of immunofluorescent
staining. The proportion ofNF+ cells in retinal
cultures on the laminin substrate was reduced
by 400o. TI56 was weakly expressed in about
11% of cells, many of which had preserved
neuronal morphology (fig 2). The distribution
of fluorescence was diffuse cytoplasmic, peri-
nuclear and also located on the plasma mem-
brane. No positive staining with control sera
could be seen in the infected cultures. In BHK
cells, the timing and extent of the cpe and TI56
expression of infected cells were consistent
with the results described previously.46
At 24 hours after infection a cpe was promin-

ent in approximately 400°O of cells but was again
less marked in the preparations co-cultured

Figure 2 Immunofluorescence six hours after HSV
infection stained with TI56 antibody. Weak labelling is
seen in the plasma membrane and neurite (arrow) and
cytoplasmic staining is seen in a cell at the bottom left of
the field. Magnification x 1000.
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Figure 3
Immunofluorescence 24
hours after HSV infection
stained with TI56
antibody. A surface and
cytoplasmic pattern of
staining is seen, and a
cytopathic effect is
evidence as rounding up
and clumping of cells.
Magnification x 500.

with Muller cells. Approximately 50% of cells
were HSV+ as determined by immunofluores-
cent staining. The neurites were also labelled
with anti-HSV (fig 4). In the cultures infected
at a MOI of 10 pfu/cell some cells had detached
from the coverslips. The expression ofNF was

seen in only 10% of cells in laminin precoated
cultures, but in the co-cultures 35% of cells
were positive. The cells with neuronal mor-

phology appeared to be greater in number than
NF+ cells. In double-labelling experiments,
approximately 25% of NF+ cells were also
HSV+. There was strong labelling in ap-
proximately 35% of cells with TI56 antibody,
there being cytoplasmic, perinuclear, nuclear
and plasma membrane staining. The staining
pattern with TI56 occasionally showed a

characteristic honeycomb appearance (fig 3).
Approximately 20% of the cells with neuronal
processes were labelled with TI56. No positive
staining was seen with mouse ascitic fluid or

rabbit serum.

By 48 hours after the infection 80-90% of
cells in neuronal cultures exhibited a cpe al-
though some areas of co-cultured cells showed
markedly less cpe (45%). There was also a
considerable loss of cells from some coverslips
secondary to the extensive cpe. Approximately
12%,' of cells were labelled with antibody to NF.
The co-cultured cells preserved relatively long
neuronal processes while the cells on the
laminin substrate possessed only short proces-
ses. Double-labelling experiments showed that
approximately 70% of NF+ cells were also
HSV+, and 10-15% of HSV+ cells were also
NF+. TI56 was strongly detected in 35% of
cells, but only a few TI56 positive cells had
neuronal morphology. No staining was seen
with control mouse ascitic fluid and rabbit
serum.

Figure 4 HSV-specific
immunofluorescence 24
hours after HSV infection.
Note the neurites are also
labelled. Magnification
x 850.

Discussion
Cultures ofmammalian retinal neurons ofhigh
purity have not previously been obtained.
Substrate-attached laminin stimulates neurite
outgrowth in retinal cultures'2 2022 and recently
mammalian retinal neurons have been success-
fully co-cultured with retinal glial cells.23 24 We
have recently reported laminin expression in
cultured Muller cells and have conducted a
quantitative comparative study of neonatal rat
retinal neurons cultured on laminin-precoated
coverslips and co-cultured with Muller cells
from adult rabbits."'4 Both the high propor-
tion ofNF+ cells in the retinal cultures and the
morphological appearance provide clear
evidence that a substantial proportion of cells
in these cultures were retinal neurons.
The 57K StrP was expressed at low levels in

a small proportion of uninfected cells in these
cultures. A similar observation has also been
noted previously in other cell types.46 8 This
StrP is a cell-encoded protein which is consti-
tutively expressed at low levels and up-
regulated after HSV infection.
The proportion ofHSV+ cells and cells with

a cpe increased with time after infection. This
implies that retinal neurons are capable of
being infected with HSV-1, a result that was
confirmed unambiguously by double-labelling
using antibodies to HSV and NF. Neuronal
cells are relatively resistant to acute infection
by HSV-1.18 Judging by the timing of viral
antigen expression, retinal neurons are similar
in this respect to neurons from dorsal root
ganglia (DRG),'8 but the frequency of cpe in
retinal neurons is no different from that in
Muller cells.6 However, it should be pointed
out that the neonatal DRG cells used in these
previous studies were more mature than the
retinal cells obtained from newborn animals,
and are also surrounded by satellite cells so that
a variety of factors may determine the observed
differences between the two culture systems.

Interestingly, the events following HSV
infection appeared to slow down in those
cultures in which neurons were co-cultured
with Muller cells, suggesting the neuronal-glial
interaction may alter the susceptibility of
retinal cells to HSV infection.
A 56K StrP was considerably upregulated

with time after HSV infection. These findings
were essentially consistent with previous
studies using other cultured cells.46 16 The
staining pattern including nuclear localisation
was also comparable to that seen in BHK
cells,'6 human dorsal root ganglia neurons4 and
rabbit Muller cells.6 By contrast, the propor-
tion of cells expressing NF decreased with
time. There are several factors which should be
taken into account in the interpretation of these
phenomena. At 24 and 48 hours after infection,
some cells became detached from the coverslips
presumably secondary to the extensive cpe.
These cells may have expressed NF. Further,
NF expression may be downregulated as a
consequence of viral infection. The combina-
tion of StrP induction and inhibition ofnormal
protein synthesis appears to be a characteristic
and common cellular response after heat shock,
viral infection and treatment with toxic
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agents. 1 2
Although the actual role of StrP is not

known, it is generally believed that they are
involved in cellular homeostasis.' 2 Kennedy et
al4 suggested that StrP may provide an avenue
by which host cell control may be exerted
during HSV infection. The temperature eleva-
tion which produces StrP has been used to
induce viral latency in cultured rabbit corneal
cells in vitro.25 Thus, StrP could contribute to
the regulation of HSV latency. Openshaw,
using mice, provided evidence for HSV latency
within retinal explants three months or more
after corneal inoculation of the virus.26 Both a
clinical case of HSV- 1 retinitis'9 and an
experimental model of HSV-1 inoculation to
the anterior chamber ofthe mouse eye27 sugges-
ted that the virus could be transported via
neural pathways involving the optic nerve to
the central nervous system. Axonal transport of
a 74K StrP has been demonstrated7 and in the
present study a 57K StrP was also localised in
neural processes. If StrP play a role in the
regulation of both lytic and latent infections
caused by HSV, this characteristic cellular
response which has now been demonstrated in
retinal neurons might make an important con-
tribution to the pathogenesis of retinal diseases
induced by the virus. It is clearly now tech-
nically possible to use cultured retinal neurons
to investigate the molecular basis of viral
pathogenesis in vitro.
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