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Wild-type herpes simplex virus 1 (HSV-1) multiplies, spreads, and rapidly destroys cells of the murine
central nervous system (CNS). In contrast, mutants lacking both copies of the g134.52 gene have been shown
to be virtually lacking in virulence even after direct inoculation of high-titered virus into the CNS of susceptible
mice (J. Chou, E. R. Kern, R. J. Whitley, and B. Roizman, Science 250:1262–1266, 1990). To investigate the host
range and distribution of infected cells in the CNS of mice, 4- to 5-week-old mice were inoculated stereotaxically
into the caudate/putamen with 3 3 105 PFU of the g134.52 virus R3616. Four-micrometer-thick sections of
mouse brains removed on day 3, 5, or 7 after infection were reacted with a polyclonal antibody directed
primarily to structural proteins of the virus and with antibodies specific for neurons, astrocytes, or oligoden-
drocytes. This report shows the following: (i) most of the tissue damage caused by R3616 was at the site of
injection, (ii) the virus spread by retrograde transport from the site of infection to neuronal cell nuclei at
distant sites and to ependymal cells by cerebrospinal fluid, (iii) the virus infected neurons, astrocytes,
oligodendrocytes, and ependymal cells and hence did not discriminate among CNS cells, (iv) viral replication
in some neurons could be deduced from the observation of infected astrocytes and oligodendrocytes at distant
sites, and (v) infected cells were being efficiently cleared from the nervous system by day 7 after infection. We
conclude that the g134.52 attenuation phenotype is reflected in a gross reduction in the ability of the virus to
replicate and spread from cell to cell and is not due to a restricted host range. The block in viral replication
appears to be a late event in viral replication.

The g134.5 gene maps in the inverted repeats flanking the
unique long sequence of the herpes simplex virus 1 (HSV-1)
genome and therefore is present in two copies per genome.
The gene encodes at least two functions. The first enables the
virus to replicate in a variety of tissues but especially in the
central nervous systems (CNS) of mice (13, 66). Thus, the
PFU/50% lethal dose (LD50) ratio of the mutant R3616 lack-
ing the inverted repeats is .106. This compares with PFU/
LD50 ratios of 2 3 102 to 4 3 102 obtained for virus HSV-
1(F)R, in which the deleted sequences had been repaired, and
for HSV-1(F), the wild-type parent virus, respectively (13).
Attempts to recover virus from the brains of infected animals
were either unsuccessful or yielded very small amounts of
infectious virus (13, 66). Similar results were obtained with a
mutant derived from a strain of HSV-2 and carrying deletions
in the same genome domain (61, 62). The entire g134.5 gene is
required for expression of the virulence phenotype inasmuch
as analyses showed that the virulence phenotypes of a series of
mutants carrying identical in-frame deletions across the g134.5
gene were attenuated (66a).

The second function expressed by the g134.5 gene became
apparent in in vitro studies of the g134.52 mutants. In human
cells infected with these mutants, protein synthesis was shut off
prematurely independent of the shutoff of protein encoded by
the UL41 open reading frame (15, 54). Thus, although the
double-stranded RNA-dependent protein kinase (PKR) is ac-
tivated in human cells infected with wild-type virus, only in

cells infected with g134.52 virus is the a subunit of the trans-
lation initiation factor eIF-2 totally phosphorylated, account-
ing for the total shutoff of protein synthesis (12). The shutoff of
protein synthesis was coincident with or subsequent to the
onset of viral DNA synthesis and resulted in viral yields 10- to
100-fold lower than those of wild-type virus (14, 15). This
function of the g134.5 gene was mapped to the 39 terminal 60
codons. It is of significance that this domain of the g134.5 gene
is homologous to the corresponding domain of a set of genes
known by the acronym GADD34 (growth arrest and DNA
damage). Indeed, substitution of the carboxyl terminus of
g134.5 with that of MyD116, the murine homolog of GADD34,
restores protein synthesis but not the virulence phenotype of
the g134.52 mutants (25, 66b). Recently, one puzzle related to
the g134.5 gene has been at least in part solved. Detailed
evidence reported elsewhere indicates that the g134.5 protein
binds protein phosphatase 1a and redirects its function to
dephosphorylate eIF-2a (26).

Less is known about the mechanism through which the vir-
ulence phenotype of the g134.5 gene is expressed. As the next
step in the evaluation of the potential mechanisms responsible
for the avirulent phenotype of the mutants with g134.5 deleted,
it was important to define the host range of the g134.52 mutant
in the CNS. Specifically, we were interested in the distribution
and identity of the CNS cells infected by a small volume of
g134.52 virus administered in a specific, highly reproducible
manner into the CNS of mice. In the series of experiments
reported here, the g134.52 mutant R3616 was stereotaxically
injected into the neostriatum of 4- to 5-week-old mice and
semiserial sections of paraffin-embedded brains harvested at 3,
5, or 7 days after infections were subjected to immunohisto-
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chemical analysis to determine both the location and identity
of infected cells.

As has been reported in numerous studies, wild-type HSV-1
spreads rapidly and efficiently along neuroanatomically defined
pathways causing widespread infections throughout the CNS.
HSV-1 infection is not confined to neurons; the virus has been
reported to infect a variety of glial cells of the CNS (4, 10, 17,
30, 48, 52, 63, 65). Given the wealth of data on the behavior of
wild-type viruses in the CNS, our studies focused entirely on
R3616. Our results indicate that (i) R3616 caused limited tis-
sue damage and cell loss at the site of infection, (ii) R3616 was
capable of very limited spread within the CNS to distant sites,
presumably through axonal transport but also through the ce-
rebrospinal fluid (CSF) within the cerebral ventricles, (iii) the
virus did not appear to discriminate between neurons, astro-
cytes, oligodendrocytes, and ependymal cells, (iv) the presence
of infected oligodendrocytes and astrocytes at sites distal to the
site of infection suggested that R3616 was able to replicate in
neurons at very low levels, (v) the number of cells infected with
R3616 peaked near day 5, and (vi) cells infected by R3616 were
being efficiently cleared from the nervous system as evidenced
by the decrease in the number and distribution of infected cells
by day 7 after infection. The point to be stressed is that infec-
tion with the g134.52 mutant would be best described as le-
thargic.

MATERIALS AND METHODS

Viruses. HSV-1(F) is the prototype HSV-1 strain used in this laboratory (18).
The construction and relevant properties of the R3616 mutant generated by
1-kbp deletions from both copies of the g134.5 gene of HSV-1(F) were reported
elsewhere (13). For administration to the mouse CNS, an R3616 viral stock was
diluted 1:30 in sterile phosphate buffered saline [PBS(A)]. To measure the
amount of virus actually delivered to each mouse, four samples of 1 ml each were
collected from the needle assembly at intervals during the course of the exper-
iment and titers were determined. The inoculum size ranged from 2.1 3 105 to
4.3 3 105 PFU (average, 3.2 3 105 PFU).

CNS marker solution. A sterile solution of 2% methyl cellulose in PBS(A) and
India ink served two purposes. First, it permitted macroscopic verification that
the injections were centered in the caudate/putamen (neostriatum) prior to
extensive histological tissue processing. Second, sections through the caudate/
putamen of the mouse injected with the marker solution served as negative
controls for immunohistochemical analysis.

Intracranial inoculation of virus. Male 4- to 5-week-old CBA/J mice were
anesthetized with a mixture of ketamine and acepromazine (12 mg and 0.31 mg,
respectively, per 100 g of body weight) injected intraperitoneally. The skull
surrounding the bregma was exposed by a small incision through the skin, and a
hole through the skull over the neostriatum was made with a dental drill
equipped with a 0.75-mm-diameter burr. The head of the mouse was positioned
into a Kopf stereotaxic apparatus fitted with a mouse adapter. The pitch of the
bite bar remained set at 2 units, nose down from zero, for all mice. The needle
assembly used for injection of the virus or marker solution consisted of a 30-
gauge needle attached to a 50-ml Hamilton syringe (1705) advanced by a Ham-
ilton repeating dispenser. The needle assembly was zeroed, positioned over the
burr hole (0.4 to 1.0 mm anterior and 1.7 to 1.9 mm lateral to the bregma), and
lowered to a depth of 3 mm ventral to the surface of the skull. A 1-ml bolus of
virus or marker solution was injected and left undisturbed for at least 2 min
before the needle was retracted. The burr hole was then sealed with bone wax,
and the incision was closed with a wound clip. Mice were individually ear tagged,
maintained in an incubator, and monitored until mobile. These procedures were
approved by the University of Chicago Institutional Animal Care and Use Com-
mittee.

Fixation and sectioning. At 3, 5, or 7 days after infection, mice were given a
lethal dose of pentobarbital sodium (Nembutal) intraperitoneally (5 mg/mouse)
and, when areflexic, were quickly sacrificed by intracardiac perfusion of PBS(A)
wash followed by 10% formalin. Brains were postfixed in 10% formalin over-
night, sectioned grossly into four blocks in the transverse plane, dehydrated in an
ascending series of alcohol to 100%, cleared in xylene, and paraffin embedded.
Twenty 4-mm serial sections were collected at 320-mm intervals extending ros-
trally from the olfactory bulbs to the level of the locus coeruleus caudally. The
interval between sections in a specific treatment series was therefore 320 to 480
mm.

Antibodies. Rabbit polyclonal antibody to HSV (PU086-UP; Biogenex, San
Ramon, Calif.) was used at a dilution of 1:80. The manufacturer reported that
the serum reacts with viral proteins and glycoproteins and does not discriminate
between HSV-1 and HSV-2 antigens. Neurons were identified by their reactivity

with mouse monoclonal antibody A60 generated against the neuron-specific
nuclear protein Neu-N (51), a kind gift from Richard J. Mullen. Astrocytes were
identified by reacting the brain sections with a rabbit polyclonal antibody gen-
erated against GFAP (Z0334; Dako Laboratories, Carpinteria, Calif.), whereas
oligodendrocytes were identified with a rabbit polyclonal antibody generated
against S-100 (Z0311; Dako Laboratories). The monoclonal antibodies CL28 to
US11 and H114 to a4 (Goodwin Institute, Plantation, Fla.) were described
elsewhere (1, 57). The monoclonal antibody to gC was obtained from the Good-
win Institute.

Immunohistochemistry. Mounted sections were baked, cleared in xylene, and
hydrated through a descending alcohol series to distilled water. After microwave
antigen retrieval, endogenous peroxidase activity was blocked by treating the
sections with 3% hydrogen peroxide in methanol for 20 min. Two tissue sections
at each level were then reacted overnight at 4°C with PU086-UP antibody. One
slide from each sample was reacted in a similar fashion with normal rabbit serum
immunoglobulin (Ventana Medical Systems, Tucson, Ariz.). The immunohisto-
chemical staining was done on a GenII system (Ventana Medical Systems) which
utilizes an indirect strepavidin biotin conjugated with horseradish peroxidase for
detecting the immunocomplex and diaminobenzidine as the substrate for local-
ization. For single-label analyses, sections reacted with PU086-UP antibody only
were counterstained with hematoxylin, dehydrated though an ascending alcohol
series, cleared, and mounted. A positive reaction to viral antigens was readily
detected by the accumulation of a brown reaction product mainly within the
nucleus of the cell.

To identify the infected cell type, sections neighboring those containing cells
with viral antigens were then subjected to a double-labeling procedure which was
identical to that used for PU086-UP staining alone but which had the following
additional steps. Sections were washed briefly in APK wash solution (Ventana
Medical Systems) and reacted overnight with the second antibody (1:200 dilution
of A60, 1:800 dilution of anti-GFAP, or 1:800 dilution of anti-S-100). The
immunohisochemical staining done on the Ventana GenII system used an
indirect strepavidin biotin system conjugated with alkaline phosphatase for
detecting the cell-type-specific immunocomplex and a fast red substrate for
localization. Immunostained sections were then counterstained with hema-
toxylin, dehydrated though an ascending alcohol series, cleared, and
mounted. Thus, for sections which were double labeled, the HSV-infected
cells were identified by the accumulation of a brown reaction product mainly
within the nucleus. All antibodies to cell-specific antigens stained the nucleus
(neurons) or cytoplasm (astrocytes and oligodendrocytes) red.

Microscopy. All sections were viewed and photographed with Zeiss micro-
scopes. Cells were judged to be double labeled if the section also contained
uninfected cells labeled only with the cell-specific marker. The neuroanatomical
nomenclature used is in accordance with Franklin and Paxinos (23).

RESULTS

The reactivity of the anti-HSV polyclonal antibody. We have
selected the commercial anti-HSV antibody PU086-UP be-
cause of its widespread use for the identification of viral anti-
gens in histological sections. To verify the manufacturer’s
claims and to ascertain the range of antigens reacting with this
rabbit polyclonal antibody, confluent rabbit skin cells were
either mock infected or exposed to 10 PFU of HSV-1(F) per
cell. The cells were harvested at 26 h after infection, solubi-
lized, and subjected to electrophoresis in a denaturing 12%
polyacrylamide gel, and then they were transferred to nitrocel-
lulose, blocked, and reacted with polyclonal rabbit antibody
PU086-UP or with monoclonal antibodies to US11, a4, and gC
and the appropriate secondary antibody. The protein bands were
visualized by using nitroblue tetrazolium and 5-bromo-4-chloro-
3-indolylphosphate as chromogens. The results (Fig. 1) show that
antibody PU086-UP reacted with a wide range of viral antigens.
These included a proteins exemplified by the product of the a4
gene and g2 virion structural proteins exemplified by the comi-
gration of bands reactive with gC and US11 protein with bands
reactive with PU086-UP (Fig. 1, lanes 2 and 4). Polyclonal rabbit
antibody PU086-UP appears to exhibit a high level of specificity
consistent with its failure to react with histologic sections from
uninoculated mouse brain tissues, as described below.

Location and effect of injection. For the purpose of orien-
tation, a composite photograph of Zeiss LSM microscopic im-
ages of HSV-1-immunostained sections at 320- to 480-mm in-
tervals are shown in Fig. 2. The injection site of virus or the
marker solution was in a relatively large nucleus, the caudate/
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putamen, in the forebrain of the mouse. The caudate/putamen,
or neostriatum, extends hundreds of micrometers along the
rostrocaudal axis and is visible in sections 4 to 7 of Fig. 2. The
site of the injection is indicated in section 6. In order to dif-
ferentiate the cytotoxic effects of the pressure of injection from
those caused by virus on the tissue surrounding the injection
site, we examined the appropriate sections from brains injected
with either virus or marker suspensions. In sections from a
mouse which received an injection of the marker suspension, at
three days after injection there was minimal tissue disruption,
low levels of cellular infiltration, and an expected increase in
GFAP staining characteristic of the astrocytic reaction to a
3-day-old stab wound (Fig. 3a). The histologic sections showed
no indications of significant cell loss or, as expected, of immu-
nostaining with the PU086-UP antibody.

In contrast, sections through the site of R3616 injection
showed increased tissue disruption and cellular infiltration,
marked cell loss, and perivascular cuffing (Fig. 3b and c; Fig. 4h
to j). Immunostaining with the PU086-UP antibody revealed
the presence of diffuse viral antigen and a large number of
infected cells distributed at varying distances within the neo-
striatum. In some levels of the brain, ependymal cells lining the
cerebral ventricles (Fig. 3d and e) were also immunostained,

suggesting that some of the virus may have escaped the neo-
striatum and entered the cerebral ventricles.

Distal distribution of infected cells. In the brains of mice
injected with R3616, HSV-infected cells were detected in large
numbers at the site of infection and in smaller numbers in
many nuclei distal to the injection site (Table 1). The majority
of infected cells were found in the amygdalopiriform transition
area, the cingulate and adjacent motor cortices, the internal
capsule, and the amygdala (Fig. 3i, j, k, and l; Fig. 4g and k to
m; Table 1). A smaller number of infected cells were found in
the lateral septal nuclei, locus coeruleus, dorsal raphe, and
substantia nigra (Fig. 3f and g; Fig. 4a to f) and in the anterior
olfactory cortex and fimbria (data not shown). The majority of
these regions—motor and cingulate cortices (Fig. 3k), nuclei of
the amygdala (Fig. 3i, j, and l; Fig. 4g and k to m), substantia
nigra (Fig. 4e and f), and dorsal raphe (Fig. 4c and d)—contain
neurons which extend their axons into the neostriatum (3, 19,
24, 27, 28, 32, 39–41, 44, 55, 60). The ability of HSV to infect
and to be transported retrograde through the axons to the
neuronal nucleus has made it an effective agent for tracing the
connections of neurons within the brain (7, 8, 17, 29, 34, 35, 53,
64). Thus, with respect to the results of these studies, it is
reasonable to propose that the axons or axon terminals were
infected in the neostriatum and thus their nuclei, located in
distant regions of the brain, were identified on the basis of the
presence of viral antigens.

Temporal differences in the distribution and number of
infected cells. Table 1 summarizes the number and distribution
of immunolabeled cells found in diverse regions throughout
the brains of mice injected with R3616 and sacrificed on day 3,
5, or 7 after injection. A comparison of the relative numbers of
infected cells found in specific regions in each brain revealed
the following. (i) The number of infected cells at the injection
site and elsewhere in the neostriatum was lower in the mouse
brain harvested on day 7 than in that harvested on day 3 or 5.
Inasmuch as at this time there was also an associated increase
in tissue damage and cell loss in this region of the brain (Fig.
3g and h), it is reasonable to conclude that the decrease in the
number of labeled cells was due to the death of infected cells
and their subsequent removal by the immune system. (ii) The
number of infected cells found in distal regions such as the
amygdala, amygdalopiriform transition area, and cortical re-
gions increased between days 3 and 5. However, on day 7 after
infection, no infected cells were detected in the amygdalopiri-
form transition area or cortical regions, while infected cells in
the amygdala appeared to lack discrete boundaries and vacu-
oles were observed in the surrounding tissue (data not shown).
Thus, the absence or decrease of infected cells may be ex-
plained by immune clearance by day 7, as was observed at the
site of injection. Due to the inherent difficulty of delivering an
injection to precisely the same location in the brain of a mouse,
we cannot rule out the possibility that small shifts in the loca-
tion of the injection could account for these differences in
infected cell number and location. However, it should be
stressed that the stereotaxic coordinates for the injection sites
for these mice varied little, i.e., 60.1 mm along the anterior-
posterior plane and 60.05 mm along the medial-lateral axis.
(iii) Infected ventricular ependymal cells were present in the
brains of mice sacrificed on days 3 and 5 (Fig. 3d and e).
However, 7 days after infection, ependymal cells were largely
absent from the lateral ventricles (Fig. 3f and g) (49). The
absence of this ependymal cell layer suggests that by day 7 the
majority of these cells had been infected, while far fewer
ependymal cells had been infected by days 3 or 5. This increase
in the proportion of infected ependymal cells implies that
either a larger fraction of the inoculum initially gained access

FIG. 1. Photograph of immunoblots of electrophoretically separated lysates
of rabbit skin cells harvested at 26 h after infection or mock infection and probed
with the PU086-UP polyclonal rabbit antibody (1:80; lanes 1 and 2) or sequen-
tially with monoclonal antibodies to a4 (1:300), gC (1:500), and US11 (1:500;
lanes 3 and 4).
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FIG. 2. Photograph of low-power-laser-scanned microscopic images of transverse sections through the brain of a mouse (52) harvested 5 days after injection of
R3616 and processed as described in Materials and Methods. Sections 1 to 16 illustrate, in a rostral-to-caudal progression, representative sections from the levels of
the brain subjected to HSV immunohistochemical analysis and counterstained with hematoxylin. Sections are separated by approximately 400 mm (range: 320 to 480
mm). The arrows and squares identify the locations of HSV-infected cells. Color photomicrographs of regions indicated by the arrows are shown at higher magnifications
in Fig. 3 and 4. The center of the injection site is indicated by the arrow in the right caudate/putamen (CPu) in section 6 (see also Fig. 3b and c), whereas associated
damage extends within the rostral caudate/putamen into sections 4 and 5 as indicated by the rightmost square in each section. These regions appear to be part of the
needle track which is not in the plane of the section. In sections 3 to 6, ependymal cells (Ep) of the right lateral ventricle (LV) were also infected (ventral region, left
squares). Outside the caudate/putamen, the majority of infected cells were found ipsilaterally in sections 4 and 5 in the motor and cingulate cortices, respectively (Ctx;
top squares and arrows; see also Fig. 3k), in sections 7 and 8 in the amygdala (Amy; bottom arrow and square; see also Fig. 3l and 4g and k to m), and in section 10
in the amygdalopiriform transition area (APir; arrow; see also Fig. 3i and j). Fewer infected cells were located in the anterior olfactory nucleus (AON; section 1), in
the contralateral motor cortex (Ctx; leftmost square in section 4), internal capsule (ic; top arrow in section 7; see also Fig. 3l), substantia nigra (SN; arrow in section
11; see also Fig. 4e and f), and locus coeruleus (LC; arrow in section 15; see also Fig. 4a and b). The arrow in section 14 indicates the location of the dorsal raphe (DR),
which contains HSV-immunolabeled cells, in the brains of mice harvested on days 3 and 7 (see Fig. 4c and d).
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FIG. 3. Photomicrographs of representative fields of transverse sections through the brains of mice injected with a marking suspension (a) or R3616 recombinant
virus (b to l). All panels show regions ipsilateral to the injection site (right side). Sections shown were immunolabeled with antibody to HSV alone (h) or with antibody
to HSV and antibodies to astrocytes (anti-GFAP; panels a, f, and g) or neurons (A60; panels b to e and i to l). Viral antigens reacting with the antibody were colored

5564 MARKOVITZ ET AL. J. VIROL.



to the ventricles in the day 7 mouse or that R3616 replicated in
the ependymal cells and progeny virus released into the CSF
infected other cells. The latter argument is supported by the
increase in the number of infected cells found in regions ad-
jacent to the ventricles. Thus, the number of infected cells in
the lateral septal nuclei (Fig. 3f; Table 1) and fimbria (bilater-
ally; data not shown and Table 1) at 7 days after infection was
much higher than that found in these regions in the brains
harvested on day 3 or 5 after infection. The small number of
infected cells found in the dorsal raphe, locus coeruleus, sub-
stantia nigra, and contralateral motor cortex, etc., could be due
to a combination of factors, including a small variation in
injection site location.

Identity of infected cells. The types of cells infected both at
the site of injection and at a more distant site were determined
by a double-labeling technique in which sections were labeled
successively with two antibodies, that is, anti-HSV and anti-
proteins specific for neurons, astrocytes, or oligodendrocytes
(Fig. 4h to m), as described in Materials and Methods.

Microscopic studies of the sections containing infected cells
led to two conclusions: (i) Infection and expression of viral
antigens do not appear to be cell type specific inasmuch as cells
immunopositive for HSV antigens were also found to be im-
munopositive for neuron-, astrocyte-, or oligodendrocyte-spe-
cific antibodies. Photomicrographs of double-immunostained
sections taken near the injection site (Fig. 4h to j) or through
the amygdala (Fig. 4k to m) from the brain of the day 5 mouse
illustrate that infected neurons (Fig. 4h and k), astrocytes (Fig.
4i and l), and oligodendrocytes (Fig. 4j and m) were present in
sites adjacent to the injection and at more distal sites. (ii)
R3616 may be capable of limited, low-level replication in neu-
rons in the mouse CNS. This conclusion rests on the observa-
tions that astrocytes and oligodendrocytes (Fig. 4l and m), in
addition to neurons (Fig. 4k), were infected at sites distant to
the site of infection. The rationale for this conclusion is that
while it is reasonable to presume that neurons in distant nuclei
could have become infected through their projections to or
through the site of injection, as discussed earlier, such a mech-
anism cannot explain the infection of astrocytes or oligoden-
drocytes in these nuclei since these cell types do not have
processes which project far from their cell bodies. One reason-

able hypothesis to explain the infection of these glial cells is to
propose that R3616 replicates in the nuclei of neurons which
project to, but are distant from, the injection site. Progeny virus
released from infected neurons in this distant site could then
infect neighboring cells, neurons, or glial cells and thus could
be responsible for the infection of astrocytes and oligodendro-
cytes in regions distal to the injection site.

DISCUSSION

The mouse is a useful model of human CNS infection with
HSV, and studies on the replication and spread of wild-type
HSV-1 strains in murine CNS abound (4, 16, 17, 30, 33, 34, 36,
38, 42, 43, 50, 52, 59, 63, 65). The fundamental observations are
that wild-type strains of HSV rapidly spread from the site of
infection to distant regions of the CNS and that the quantities
of virus which can be recovered from the brain of a moribund
mouse are vastly greater than the minimal lethal dose of the
virus. The key features of wild-type virus infection are there-
fore the capacity to replicate at the site of injection, spread
rapidly throughout the brain, and destroy the CNS.

HSV-1 contains at least 84 different genes of which as many
as 45 are dispensable for replication in at least some cells in
culture (56). Mutants with a deletion in one or more of many
of these dispensable genes frequently exhibit excellent growth
in some cell lines in vitro and a decrease in at least one if not
both markers of virulence: capacity to invade the CNS from
peripheral sites and capacity to multiply in the CNS after direct
inoculation (6, 9, 13, 16, 20, 21, 37, 46, 47, 58, 66, 67). Mea-
sured on the basis of the minimal amounts of virus required for
lethal infection of mice by the intracerebral route, the g134.52

recombinants are among the least virulent, replication-compe-
tent mutants known. The central question, therefore, was
whether the virus infected and destroyed CNS cells and
whether the attenuation phenotype of the virus could be due to
an altered host range. The emphasis of the experimental de-
sign of this study was to map as precisely as current method-
ology permits the distribution of infected cells in the CNS and
the identity of the infected cells.

Our studies indicate the following: (i) The g134.52 mutant
R3616 infected and caused the destruction of cells predomi-

brown, whereas those reacting with cellular markers stained red. Sections in all panels were counterstained with hematoxylin. (a) Site of injection into neostriatum with
a marking suspension on day 3 after injection. Arrowheads point to a few of the many astrocytes expressing GFAP in tissue surrounding the site of injection. Cells on
the contralateral side did not react with this antibody (data not shown). The HSV antibody did not react with cells in these sections. (b and c) Site of R3616 injection
into the neostriatum on day 5 after infection. The region indicated by the bracket in panel b is shown at higher magnification in panel c. The brown-staining cells in
panel b (a few identified by arrows) and the diffuse matter surrounding these cells contain R3616 antigens. HSV-infected cells were present in intact regions of the
neostriatum (b) at various distances (arrows) from the injection site. Closer to the injection site, the morphology of infected cells was difficult to determine. Visible at
higher magnification (c) were the infected cells (two identified by an arrow) and the onset of perivascular cuffing—hematoxylin-stained cells surrounding the lumina
of capillaries (arrowheads). (d and e) Right lateral ventricle (LV) at the level of the injection site illustrating the infected ependymal cell layer of the LV (a few identified
by arrows). Panel d shows prominent HSV immunolabeling of regions of the multicellular ependymal layer (arrows). The medial ventricular ependymal cell layer within
the bracket is shown at higher magnification in panel e. Panel e shows uninfected hematoxylin-stained ependymal cells lining the ventricles (lower arrowhead) that were
in the same layer as comparably sized HSV-infected cells (arrows). The beginning of a separation of the infected ependymal layer from the adjacent brain tissue (top
arrowhead) portended the disappearance of the ependymal layer in mice sacrificed on day 7 (panels f and g). (f) Photomicrograph of the medial border of the LV in
the mouse sacrificed on day 7. The absence of an intact ependymal cell layer (arrowhead) was striking in comparison to that shown in panel e. Further from the surface
of the LV, infected cells of the lateral septal nuclei (two identified by arrows) are visible. (g) Photomicrograph of the LV and injection site of the mouse sacrificed on
day 7. The area shown in panel f is indicated by the left bracket, whereas the right bracket indicates the ventral region of the injection site shown in panel h. (h) The
injection site 7 days after inoculation. Comparatively few HSV-immunostained cells were visible (arrows), the cell loss (indicated by an increased number of vacuoles)
was greater, and HSV-immunostained cells were not visible at various distances from the injection site (as in panels b and c). (i) R3616-infected cells within the
amygdalopiriform transition area in the temporal lobe of the cortex. This region is oriented here from top left to lower right. The portion of this region indicated by
the bracket is shown at higher magnification in panel j. The arrowhead indicates the ventrolateral surface of the brain. (j) The neuronal morphology of many infected
cells in the amygdalopiriform transition area was evident at a higher magnification. (k) A few of the many HSV-infected cells in this section, colored brown, of the
cingulate cortex are identified by arrows. (l) Low-power magnification of the medial portion of a section through the level of the thalamus and the caudal portion of
the neostriatum. Indicated by the arrow is a region of HSV-immunostained cells in the internal capsule, a fiber tract composed of axonal projections to and from cortical
cells which pass through the caudate/putamen. The infected region shown abutted, but did not seem to include, the reticular thalamic nucleus just to the left. No infected
cells were observed in other regions of the thalamus. The region indicated by the lower right bracket contained infected cells of the amygdala, shown at higher
magnifications in Fig. 4, panel g and panels k to m. Although this region of the amygdala borders the ventrocaudal region of the neostriatum, the infected cells in this
region were confined to this nucleus and were not observed elsewhere (e.g., the ventral region of the neostriatum). Abbreviations: CPU, caudate/putamen; APir,
amygdalopiriform transition area; Cg, cingulate cortex; Th, thalamus; ic, internal capsule; fi, fimbria.
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FIG. 4. Photomicrographs of representative fields of transverse sections through the brains of mice injected with R3616 virus. All panels show regions ipsilateral
to the injection site (right side) with the exception of panels c and d, which show the midline. Sections shown were immunolabeled with antibody to HSV and with
antibody to either neurons (A60; panels a to h and k), astrocytes (anti-GFAP; panels i and l), or oligodendrocytes (anti-S100; panels j and m). Viral antigens reacting
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nantly at the site of injection. Given the small volume of the
inoculum (1 ml), the concentration of virus was the highest at
this site, and hence it is conceivable that some of the effects
observed at this site represent the results of a high multiplicity
of infection. (ii) Virus spread from the site of infection within
the CNS to distant sites predominantly through axonal trans-
port and in part through the CSF within the cerebral ventricles.
As reported, following wild-type HSV-1 injection into lateral
ventricles, infected cells are detected bilaterally in the piriform
cortex, raphe nuclei, locus coeruleus, cerebral cortex, and sep-
tal nuclei (45). In our studies, with the exception of cells in the
lateral septal nuclei and fimbria (addressed in Results) and a
few cells in the contralateral motor cortex (consistent with
spread through axonal transport), HSV-immunostained cells
were confined to the ipsilateral hemisphere. This distribution
of infected cells is consistent with retrograde spread of the
virus along axons projecting to the neostriatum (40, 41, 44).
(iii) R3616 did not discriminate against neurons, astrocytes,
oligodendrocytes, or ependymal cells with respect to the ca-
pacity of these cells to become infected or, as far as we can
assess, to synthesize and accumulate viral proteins. At the
same time, infected cells were not detected in other regions of
the CNS known to project to the caudate/putamen (e.g., sev-
eral thalamic nuclei, other cortical regions, and the entope-
duncular nucleus) (22, 27, 31). The absence of infected cells in
these regions is due either to the lack of direct connections
from these regions to the specific portion of the caudate/puta-
men inoculated or to the lack of susceptibility to infection with
this mutant. In addition, while some regions containing HSV-
immunolabeled cells both receive projections from and send
projections to the caudate/putamen, the globus pallidus and
the reticular nucleus of the substantia nigra only receive pro-
jections from cells of the caudate/putamen. Inasmuch as no
infected cells were observed in this region of the forebrain and
only one infected cell was observed in the reticular nucleus of
the substantia nigra, the overwhelming absence of infected
cells in these regions suggests that R3616 is transported in the
retrograde direction. (iv) The recombinant R3616 may have
replicated to a low level sufficient to spread to a small number
of astrocytes and oligodendrocytes from neurons originally in-
fected through projections to the site of inoculation. (v) Infec-
tion had run its course between day 5 and day 7 after infection.
This conclusion is based on the observation that the number of
cells infected with R3616 peaked near day 5 and that infected
cells were being efficiently cleared from the CNS by day 7.

From these studies it is apparent that R3616 recombinant
virus shares with wild-type viruses three properties, that is,

ability to infect a variety of cells, retrograde transport in CNS
neurons, and destruction of the infected cells. R3616, the
g134.52 virus, differs from wild-type virus in having reduced
capacity to replicate in the CNS, as reflected both in the very
small amounts of virus recovered from the brain (13) and in
the inability to spread effectively from cell to cell.

CNS cells are generally highly susceptible to HSV-1 infec-
tion. The basis for the failure of the g134.52 virus to multiply
efficiently in the CNS is not clear. The immunoreactivity of the
infected cells with the polyclonal antibodies to HSV suggests
that infected cells make viral structural proteins, and hence the
lack of infectious progeny portends a blocked event late in
infection.

In contrast to the events occurring in normal mouse brain,
R3616 does replicate well in malignant glioma cells (2) and is
effective in destroying these cells when administered at the
same time or 5 days after implantation of the glioma cells into
the CNS of mice (5, 11). These observations suggest the pos-
sibility that the ability of g134.52 virus to replicate hinges on
the availability of factors associated with cell division rather
than on cell origin.

The studies described in this report raise the question of the
meaning of the term “neurovirulent” and, conversely, of the
absolute meaning of the term “nonneurovirulent”. In principle,
the term neurovirulent describes an agent in gross biological
terms and means that it causes disease by invading and multi-
plying in the brain. In more recent years, the term neuroviru-
lent has also been applied inappropriately to agents which lack
neuroinvasiveness but which will, if forced into the brain, mul-
tiply and cause disease. Hence, in the strictest sense, a neuro-
virulent virus is one which possesses the attributes of neuroin-
vasiveness and neurogrowth. The issues at the cellular level are
quite different since viruses may prefer to replicate and destroy
a specific type of cell in preference to another. If the end result,
however, is disease and death, cell preferences qualify, but do
not alter the basic neurovirulent properties of the virus.

It is the nonneurovirulent phenotype that is the most trou-
blesome to define since it has no defined point compared to
neurovirulence, which may be deduced from symptoms of mor-
bidity and confirmed by immunohistochemical analysis. g134.5
mutants lack the attributes of neuroinvasiveness and neuro-
growth. They do not lack the property of being destructive to
the cells under conditions that have not been defined but that
are presumed to include exposure of high numbers of virus
particles per cell. It seems intuitively clear that the death of 106

cells in properly selected domains of a mouse brain is not likely
to result in morbidity but that the death of a thousand times

with the antibody were colored brown, whereas those reacting with cellular markers were colored red. Sections in all panels were counterstained with hematoxylin. (a
and b) HSV-infected cells in the locus coeruleus. The region indicated by the bracket in panel a is shown at a higher magnification in panel b. In panel b, the intact
morphology of one infected neuronal cell is evident (lower arrow), whereas the integrity and nature of other immunostained cells (upper arrow) or cell debris in this
region were unclear. (c and d) Immunostained cells (arrows) and fibers (arrowhead) in the dorsal raphe of the mouse sacrificed on day 3. The bracketed region of the
dorsal raphe in panel c and the cell identified by the arrow are shown at a higher magnification in panel d. (e) HSV-infected cells of the substantia nigra (SN) in several
regions of the compact nucleus (arrows), as well as one HSV-labeled cell in the reticular nucleus (arrowhead). Panel f shows a higher magnification of the SN indicated
by the bracket in panel e. The immunostained fibers (arrowhead) and neuronal morphology of one of several infected cells (arrow) were evident. (g) A few of the many
infected cells of the amygdala are indicated here by arrows. Sections adjacent to this one were reacted with both the anti-HSV antibody and one of the antibodies specific
for cell type and are shown at a higher magnification in panels k to m below. (h to m) Photomicrographs of sections adjacent to the injection site (panels h to j) and
through the amygdala (panels k to m) of an R3616-infected mouse. In all panels, cells double labeled with HSV and cell-type-specific antibody are indicated by a broad
arrow. Cells immunopositive for HSV antigens are indicated by normal arrows, while cells immunostained by the cell-type-specific marker only are indicated by
arrowheads. (h to j) Near the injection site, cells immunopositive for cell-type-specific antibodies were often difficult to identify against the dark background of diffuse
viral protein or heavily HSV-immunolabeled cells. Shown are regions at the injection site (panel h) or along the border of the injection site (panels i and j). (k to m)
In the amygdala, double-labeled cells were more amenable to identification. In panel k, the red nuclear staining of the A60 (neuronal) antibody was readily
demonstrable beneath the largely nuclear staining of the HSV antibody. The neuronal morphology of one double-labeled neuron (upper broad arrow) was revealed
by the immunostaining of part of the neuronal process. In panel l, cytoplasmic immunostaining with anti-GFAP antibody revealed the typical morphology of astrocytic
processes while leaving the nuclei in the plane of the section unstained (arrowhead). The double labeling of infected astrocytes (broad arrows) was often easy to detect.
Panel m shows that, while largely a cytoplasmic stain, the S-100 antibody revealed the soma of an S-100-labeled cell (arrowhead) and of S-100 and HSV double-
immunolabeled cells (arrows). Elsewhere in the panel, S-100 antibody revealed the myelin sheath of axonal fibers formed by oligodendrocytes. Abbreviations: LC, locus
coeruleus; DR, dorsal raphe nucleus; 4V, fourth ventricle.
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that number may be lethal. Given these problems, lack of
neurovirulence is seen to be a relative term which can be
measured by determining the virus dose which causes morbid-
ity assuming that the virus was delivered initially to a nonlethal
CNS site, or by defining virus spread, the spectrum of infected
cells exhibiting morbidity, and the viral products made in CNS
cells. In critical situations in which virulence must be defined in
operational terms, the latter procedure is both preferable and
necessary.
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