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Spatiotemporal Responses of Astrocytes, Ramified Microglia, and
Brain Macrophages to Central Neuronal Infection with
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We examined the responses of astrocytes, ramified micro-
glia, and brain macrophages to CNS neuronal infection with
virulent or attenuated strains of a swine alpha herpesvirus
(pseudorabies virus, PRV). After PRV inoculation of the rat
stomach or pancreas, the temporal course of viral replication
and induced pathology of infected neurons were assessed
inthe dorsal motor nucleus of the vagus (DMV) and amygdala
using an antiserum generated against PRV. Specific mono-
clonal antibodies against glial fibrillary acidic protein (GFAP),
0X42, and ED1 and morphological criteria were used to clas-
sify non-neuronal cells. Both PRV strains infected DMV and
motor neurons and then passed transneuronally to infect
brainstem neurons that innervate the DMV. However, the
onset of neuronal infection produced by the attenuated strain
occurred approximately 20 hr later than infection with the
virulent strain. Animals infected with the attenuated strain
also survived longer, permitting transneuronal passage of
virus into forebrain areas of the visceral neuraxis.

Neuronal infection with both PRV strains produced con-
sistent alterations in astrocytes, ramified microglia, and brain
macrophages that correlated spatially and temporally with
progressive stages of viral replication and neuronat pathol-
ogy. Early stages of infection were characterized by increas-
es in immunoreactivity for astrocytic GFAP and microglial
0OX42 that preceded overt signs of neuronal pathology. At
later stages, GFAP immunoreactivity decreased dramati-
cally in focal areas of neuronal infection while O0X42
immunoreactivity continued to increase. Subsequently,
ED1-immunoreactive brain macrophages infiltrated these in-
fected areas. Double immunocytochemical labeling dem-
onstrated that some astrocytes and brain macrophages were
immunopositive for viral antigens but ramified microglia were
not. The responses of glia and brain macrophages are con-
sistent with a proposed role in restricting extracellular spread
of virus by isolating or phagocytosing infected cells. These
phenomena may contribute to the specific transneuronal
transport exhibited by PRV.
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The use of live alpha herpesviruses for transneuronal tracing of
neural circuits has gained considerable attention in recent years
(reviewed by Kuypers and Ugolini, 1989). The utility of this
method is based upon the affinity of herpesviruses for neurons
(neurotropism), the assumption that interneuronal transfer of
virus in the brain occurs only through sites of synaptic contact,
and the fact that the continuous replication of virus within
infected neurons enables easy detection with immunocytochems-
ical methods. Support for the contention that herpesviruses pref-
erentially pass through synapses is evident in numerous inves-
tigations demonstrating unique, projection-specific patterns of
neuronal infection following injection of virus at different sites
(Kristensson et al. 1971, 1974, 1978, 1982; Cook and Stevens,
1973; Field and Hill, 1974; Bak et al., 1977; Martin and Dolivo,
1983; Rouiller et al., 1986, 1989; Margolis et al., 1987, 1989;
Stroop and Schaefer, 1987; Ugolini et al., 1987, 1989; McLean
et al., 1989; Norgren and Lehman, 1989; Strack et al., 1989a,b;
Card et al., 1990, 1991, 1992; Strack and Loewy, 1990; Stroop
et al., 1990; Blessing et al., 1991; Zemanick et al., 1991; Rotto-
Percelay et al., 1992; Yu-Wen et al., 1992). However, herpes-
viruses also induce pathological changes in infected neurons that
may lead to neuronal death (Stevens, 1991). In particular, the
demonstration of viral antigens within glia located adjacent to
chronically infected neurons and their processes (Ugolini et al.,
1987; Strack etal., 1989a,b; Card etal., 1990, 1991, 1992; Strack
and Loewy, 1990; Blessing et al., 1991) raises the possibility
that CNS transport of herpesvirus may proceed through non-
synaptic routes.

The extent and outcome of CNS herpesvirus infection depend
on a variety of factors including the virulence of the virus, the
quantity of infectious agent injected, and the site of inoculation.
Virulence is a complex phenotype that involves the ability of
the virus to infect and replicate in the CNS, as well as the extent
of the host’s response to the infection (reviewed by Stevens,
1991). Two herpesviruses commonly used for neuronal tract
tracing are the human herpesvirus, herpes simplex virus type 1
(HSV-1), and the swine herpesvirus, pseudorabies virus (PRV).
The extent of glial infection varies substantially among different
species and strains of herpesvirus, with the most virulent strains
producing robust neuronal infection accompanied by pro-
nounced glial infection (Ugolini et al., 1987; Norgren and Leh-
man, 1989; Card et al., 1990, 1992; Strack and Loewy, 1990;
Blessing et al., 1991). However, even very virulent strains of
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virus infect neurons in a circuit-specific fashion that is consistent
with transneuronal passage across synapses, even in the presence
of extensive glial infection (Card et al., 1990, 1991, 1992; Bless-
ing et al., 1991). In previous work we demonstrated that a vir-
ulent strain of PRV (PRV-Becker; Becker, 1967) injected into
the stomach wall infects parasympathetic neurons in the dorsal
motor nucleus of the vagus (DMV) and subsequently infects
other brainstem neurons known to innervate the DMV (Card
et al., 1990). Although the initial infection is confined to neu-
rons, at later stages of viral replication, non-neuronal cells lo-
cated in the immediate vicinity of the most severely infected
neurons and their processes become positive for viral antigens.
However, there is no evidence of subsequent viral passage from
these non-neuronal cells. More recently, we have examined the
transport of an attenuated strain of PRV (PRV-Bartha; Bartha,
1961) through vagal pathways (Miselis et al., 1991; Sternini et
al., 1991). Because of the less virulent nature of PRV-Bartha,
infected animals live longer, enabling us to follow the virus
through a multisynaptic circuit extending into the forebrain. In
addition, neuronal pathology is delayed and glial infection oc-
curs only at long postinjection intervals.

The anatomical precision of viral passage through defined
neural circuits continues to provide the best evidence for specific
transsynaptic transport of alpha herpesviruses. However, the
involvement of non-neuronal cells in CNS infection requires
further examination. The systematic, progressive viral replica-
tion and transneuronal transport that makes PRV valuable for
tract tracing also offers an excellent opportunity to study tem-
poral and spatial aspects of the non-neuronal response to in-
fection. As noted above, astrocytes have been implicated in
central PRV infection, but the involvement of other types of
glia and phagocytes in determining the outcome of central viral
transport is unclear. The present investigation uses specific an-
tibodies and morphological criteria to characterize the responses
of astrocytes, ramified microglia, and brain macrophages to pro-
gressive infection of multisynaptic pathways with PRV-Becker
(virulent) or PRV-Bartha (attenuated). The data reveal spatially
and temporally organized responses of these non-neuronal cells
that are strictly correlated with the degree of neuronal infection
produced by each PRV strain. The characteristics of this re-
sponse support the hypothesis that glia and macrophages isolate
the infection by restricting indiscriminate extracellular spread
of virus, thereby facilitating the specific transport of PRV ex-
clusively through synaptically linked neural circuits.

Materials and Methods

Animals. Adult male (n = 35) and female (n = 7) Sprague-Dawley rats
(250-350 gm) were used. Rats were maintained in a standardized pho-
toperiod (12 hr light; light on at 0600) and had free access to food and
water. All experimental protocols were approved by the local Animal
Welfare Committee and conformed to regulations stipulated in the NIH
Guide for the Care and Use of Laboratory Animals, HHS publication
no. (NIH) 88-8395. Experimental procedures were conducted on rats
anesthetized with either Nembutal (30 mg/kg, i.p.) or a mixture of
ketamine and xylazine (60 mg/kg ketamine, 7 mg/kg xylazine, i.m.).
Rats were carefully monitored following virus injection, and the longest-
surviving animals were killed when they displayed adverse symptoms
of infection.

Virus and injection procedures. Two strains of PRV were used: PRV-
Becker, a virulent strain (Becker, 1967), and PRV-Bartha, an attenuated
vaccine strain (Bartha, 1961). The titer of PRV-Becker used was 6 x
108 pfu/ml, and the titer for PRV-Bartha was 5 x 10 pfu/ml. Infor-
mation on the preparation, characterization, genetics, and use of these
strains in the CNS has been published previously (Robbins et al., 1989;
Card et al., 1990, 1991, 1992). PRV-Becker produces robust neuronal

infection with extensive glial involvement at long survival times. Rats
injected with PRV-Becker generally exhibit oral-nasal excretions, an-
orexia, adipsia, and progressive hunched immobility within 55 hr of
injection, and most do not survive beyond 65 hr (Card et al., 1990,
1992). In contrast, rats injected with PRV-Bartha rarely show any overt
symptoms of infection before 100 hr postinjection. Depending on the
virus titer and the route of inoculation, some animals survive as long
as 6 d after PRV-Bartha injection (Strack et al., 1989a,b; Card et al.,
1992).

All experimental manipulations involving PRV were conducted in a
laboratory equipped for Biosafety Level 2 studies. Details regarding our
operation of this laboratory and precautions used in handling the virus
have been published previously (Card et al., 1990). Rats were injected
with virus (n = 8, PRV-Becker; n = 20, PRV-Bartha) or served as
uninjected controls for normal immunocytochemical analysis of non-
neuronal cells (n = 14). Each strain of virus was injected either into the
antral region of the ventral stomach wall (n = 9) or into the splenic lobe
of the pancreas (n = 19). In each case, laparotomy was performed on
anesthetized rats, the stomach and attached splenic pancreas were gently
pulled through the peritoneal incision and held in place with gauze
soaked in sterile saline, and a total volume of 2-5 ul of virus was injected
at three or four sites using a 10 pl Hamilton syringe. After swabbing
the injection sites with clean gauze, the viscera were returned to the
abdominal cavity, peritoneal and skin incisions were sutured in two
layers, and the animal was returned to its cage. Animals were isolated
in the Biosafety laboratory throughout the course of each experiment.

Tissue preparation. After survival times of 24-110 hr, anesthetized
rats were perfused transcardially with saline followed by 4% parafor-
maldehyde containing lysine and sodium meta-periodate (McLean and
Nakane, 1974). The brain was then removed, postfixed for 10-15 hr,
rinsed in several changes of 0.1 m phosphate buffer (pH 7.4) for 8-10
hr, and cryoprotected for at least 60 hr by immersion in 30% buffered
sucrose (all at 4°C). Coronal tissue sections were cut with a freezing
microtome (3540 um sections) for free-floating immunoperoxidase his-
tochemistry. In addition, some medullary tissue sections were cut with
a cryostat (10 um sections) for immunofluorescence localizations. Some
sections were stained with cresyl violet for cytoarchitectural analysis
using standard procedures.

Antisera. A rabbit polyclonal antiserum (R134, diluted 1:1000) gen-
erated against an acetone-inactivated form of PRV-Becker was used to
localize the virus in tissue sections. R134 recognizes major viral mem-
brane and capsid proteins (Card et al., 1990). Astrocytes were identified
with a monoclonal antibody (IgG1l; Chemicon International Inc., Te-
mecula, CA; diluted 1:10,000) raised against homogencous glial fibril-
lary acidic protein (GFAP) isolated from bovine spinal cord. GFAP is
the major protein constituent of cell-specific intermediate filaments in
normal and reactive astrocytes (Eng, 1980; Lazarides, 1982). To identify
microglia and brain macrophages, we used the morphological and im-
munocytochemical criteria recently defined by Milligan et al. (1991a,b;
see also Rinaman et al., 1991). Accordingly, the monoclonal antibodies
0X42 (1gG2a; Bioproducts for Science, Indianapolis, IN; diluted 1:1000)
and EDI1 (IgG1; Bioproducts for Science; diluted 1:150) were used.,
0X42, generated against rat peritoneal macrophages, recognizes an an-
tigen associated with the complement C3bi receptor. C3bi is expressed
by neutrophils, monocytes, macrophages, and ramified and amoeboid
microglia (Perry et al., 1985; Robinson et al., 1986). In the normal adult
rat CNS, OX42 labels the cell membranes of ramified microglia, amoe-
boid microglia (also known as resident brain macrophages) in the cir-
cumventricular organs, scattered flattened perivascular cells, and round
cells in the meninges and ventricular lining. The ED1 antibody recog-
nizes an unidentified cytoplasmic antigen that is unique to all phagocytic
cells of monocyte/macrophage origin (Dijkstra et al., 1985). In the nor-
mal adult rat CNS, ED1 recognizes all OX42-positive cells, with one
notable exception: ED1 does not label ramified microglia (Sminia et al.,
1987; Milligan et al., 1991a,b; Rinaman et al., 1991). Although some
types of CNS damage induce ED1 immunoreactivity within subsets of
activated ramified microglia, these cells are still recognized as microglia
because their morphology is maintained (Milligan et al., 1991b), even
when they are actively phagocytic (Rinaman et al., 1991).

Immunohistochemical methods. All antibodies were diluted in Blotto
(0.1 M phosphate-buffered saline, pH 7.4, containing 4% nonfat dry milk
and 0.3% Triton X-100). For immunoperoxidase labeling, floating sec-
tions were incubated in primary antiserum with gentle agitation over-
night at room temperature or for 24-48 hr at 4°C. Sections were then
rinsed in several changes of phosphate buffer and incubated in HRP-
tagged secondary antisera (FisherBiotech, Pittsburgh, PA; 1:100 dilu-



tion) for 2 hr at room temperature, rinsed thoroughly in several changes
of phosphate buffer, and enzymatically reacted in a solution of 0.5%
diaminobenzidine (DAB) containing 0.01% H,0,. In some cases the
peroxidase reaction product was intensified by adding 0.5% nickel am-
monium sulfate to the DAB reaction mixture (Adams, 1981), but qual-
itative comparisons of immunostaining patterns were always made be-
tween sections treated by the same peroxidase method. The peroxidase
reaction was terminated by several buffer rinses. Sections were then
mounted on gelatin-coated slides, dried overnight, dehydrated with eth-
anol, cleared in xylene, and coverslipped with Histomount (National
Diagnostics, Manville, NJ) for light microscopic examination.

For immunofluorescence, slide-mounted cryostat sections were ringed
with rubber cement, covered with primary antibody, and incubated
overnight at room temperature in a sealed humidified box. In most
cases, two of the primary antibodies were combined in a single incu-
bation for double antigen detection in the same tissue section. After
primary antibody incubation, slides were rinsed in several changes of
buffer and then incubated for 2 hr at room temperature in goat anti-
rabbit or goat anti-mouse isotype-specific secondary antisera
(FisherBiotech; 1:50 dilution) tagged with fluorescein isothiocyanate or
tetramethylrhodamine isothiocyanate. For double labeling, two isotype-
specific, secondary antibodies tagged with different fluorophors were
combined in a single incubation. Slides were then rinsed in several
changes of buffer and coverslipped with Gelmount (Biomeda, Foster
City, CA) for fluorescence microscopic examination.

The specificity of peroxidase and fluorescent immunolabeling was
verified by incubation of tissue sections in each primary antibody fol-
lowed by incubation with inappropriate isotype-specific secondary an-
tibodies. In no case did this result in cell labeling.

Results

Injection of either PRV-Becker or PRV-Bartha into the stomach
wall or pancreas always resulted in uptake, retrograde transport,
and subsequent viral replication in DMV motor neurons, fol-
lowed by specific transneuronal viral passage within defined
central neural circuits. Virus was also transported by sensory
neurons in the nodose and dorsal root ganglia and through sym-
pathetic spinal cord circuits (see Miselis et al., 1991; Sternini et
al., 1991), but the present article focuses on central infection in
the vagal motor and sensory nuclei (Fig. 14) and the central
nucleus of the amygdala (CeA; Fig. 1B).

Postsynaptic enteric neurons in the ventral stomach wall are
innervated primarily by motor neurons in the left DMV (Sha-
piro and Miselis, 1985), while neurons in the splenic portion of
the pancreas are innervated primarily by motor neurons in the
right DMV (Rinaman and Miselis, 1987). The initial distribu-
tion of infected DMV motor neurons seen in this study was
entirely consistent with this organization. Subsequent infection
of motor neurons in the opposite DMV also occurred following
both injection paradigms, an observation that may be attributed
to transneuronal transport within local circuits of the DMV and
nucleus of the solitary tract (NST), or to viral replication and
transport within peripheral enteric neurons and subsequently to
additional DMV neurons (Sternini et al., 1991). No differences
in the temporal onset, extent of neuronal infection, or the re-
action of non-neuronal cells were observed between stomach-
injected or pancreas-injected rats. The present results, therefore,
are described without reference to which organ was injected.
However, this information is included in the figure captions.

Temporal aspects of viral replication and

pathogenesis in neurons

PRV-Becker

The time course and extent of central neuronal infection fol-
lowing stomach injection with PRV-Becker have been described
in detail (Card et al., 1990), and the present results are similar.
We defined three stages of infection of DMV neurons. Rb134
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Figure 1. The schematic diagrams are of coronal sections through the

brainstem at the level of the DMV/NST (4) and through an intermediate
level of the amygdaloid complex (B). In both figures, the stippled box
designates the area illustrated in subsequent photomicrographs. Aster-
isks represent the location of neurons in the DMV (4) and amygdala
(B) that were infected by peripheral injection and transneuronal trans-
port of PRV. AMY, amygdala nuclei; AP, area postrema; cc, central
canal; CeA, central nucleus of the amygdala (M, medial; L, lateral CeA);
CP, caudate putamen; cu, cuneate fasciculus; DM, dorsomedial nucleus
of the hypothalamus; DMV, dorsal motor nucleus of the vagas; GP,
globus pallidus; gr, gracile fasciculus, HYP, hypoglossal nucleus; IC,
internal capsule; LH, lateral hypothalamic area; ME, median eminence;
NA, nucleus ambiguus; NRO, nucleus raphe obscurus; NS7, nucleus of
solitary tract; OT, optic tract; PR, perirhinal cortex; py, pyramidal tract;
tr, tractus solitarius; VMH, ventromedial hypothalamus; Z/, zona in-
certa; 3, third ventricle; 5, trigeminal tract. Scale bars, 500 um. Both
figures were adapted from Paxinos and Watson, 1986.

(viral antigens) immunoreactivity was first observed in DMV
motor neurons approximately 30 hr following visceral inocu-
lation (early stage of infection). Between 50 and 60 hr postin-
jection (intermediate stage of infection), the number of virus-
positive DMV motor neurons was much increased, but their
distribution was still essentially unilateral (Fig. 24). Infected
second-order neurons were also apparent in the medial NST
(Fig. 2A4). At survival times extending from 60 to 75 hr (late
stage of infection), PRV-Becker—infected neurons became ap-
parent in the area postrema (AP) and other caudal medullary
nuclei known to innervate the dorsal vagal complex (i.e., raphe
obscurus, raphe pallidus, paratrigeminal nucleus). However, we
never observed any immunoreactive neurons in either the mid-
brain or forebrain, or in medullary areas lacking a known pro-
jection to the vagal nuclei. This is best illustrated by the com-
plete absence of infected cells within the directly adjacent
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Figure 2. Photomicrographs of adjacent sections through the caudal brainstem of an animal killed 53 hr after injection of PRV-Becker into the
ventral wall of the stomach. Left and right are as they appear. A illustrates the distribution of neurons in the DMV and NST exhibiting R134 (viral)
immunoreactivity (the nickel intensification procedure produced some background staining that is apparent in the hypoglossal nucleus and other
areas in this particular photograph, but these cells are not infected). The distribution of GFAP-immunoreactive astrocytes, OX42-immunoreactive
microglia, and EDl-immunoreactive brain macrophages is shown in B, C, and D, respectively. The boxed areas in A-D are shown at higher

magnification in a—d. Arrows in ¢ and d point out individual microganglia and macrophages, respectively. Scale bar, 500 gm for A-D. a—d are 4.5 x
the magnification of 4-D.



hypoglossal nuclei and the gracile/cuneate area, even at the lon-
gest postinjection survival times (Fig. 24,a).

Viral immunoreactivity in PRV-Becker—infected neurons was
present in both the nuclei and cytoplasm. At early stages of viral
replication, immunoreactivity was most dense in the nucleus,
and was either absent or light in the cytoplasm. With advancing
postinjection survival times and continued viral replication,
viral immunoreactivity became dense throughout the perikarya
and sometimes extended into primary dendrites. This is con-
sistent with the fact that our polyclonal R134 antiserum rec-
ognizes viral epitopes specific to both the viral capsid, which is
assembled in the cell nucleus, and the viral envelope, which is
applied to the capsid in the cytoplasm (see Whealy et al., 1991,
for a description of PRYV replication and assembly). Neurons in
early stages of viral replication (=50 hr postinjection) did not
appear compromised. Their cell nuclei remained oval and their
perikarya and proximal dendrites appeared normal. At survival
times greater than 50 hr, the conformation of the nuclei and
perikarya of many chronically infected cells was irregular (Fig.
2a). At the longest survival times (up to 75 hr) the membrane
integrity of some severely infected neurons appeared to be lost,
but there was no indication of virus diffusion from the imme-
diate vicinity of infected neurons.

PRV-Bartha

Infection of DMV motor neurons following injection of the
attenuated strain of PRV was delayed compared to that pro-
duced by injection of PRV-Becker. Once again, three stages of
PRV infection (early, intermediate, and late) were defined based
on the appearance of viral immunoreactivity and the mor-
phology of infected neurons. The first appearance of virus im-
munoreactivity occurred in scattered DMV motor neurons 50—
60 hr after PRV-Bartha inoculation (early stage of infection),
but the number of infected neurons was substantially fewer than
the number of PRV-Becker infected neurons at the same sur-
vival time. By 70 hr (intermediate stage of infection), the dis-
tribution of infected neurons was similar to that seen in the
latest stage of PRV-Becker infection; that is, large numbers of
infected neurons were present in the DMV, and second-order
infected neurons were present in the NST, AP, and other med-
ullary nuclei that innervate the vagal nuclei. At 90 hr and longer
postinjection (late stage of infection), the density of infected
medullary neurons was increased and some of the chronically
infected cells exhibited advanced pathology (Figs. 34, 44).
With postinjection survival times of 80 hr and longer, infected
neurons were also present in more rostral regions of the visceral
neuraxis that are known to project to the dorsal vagal complex
(i.e., amygdala, hypothalamus, insular cortex). Two studies pro-
viding complete descriptions of the pattern of infectivity re-
sulting from injection of PRV-Bartha into the stomach or pan-
creas are in preparation and have been published in abstract
form (Miselis et al., 1991; Sternini et al., 1991). For the present
article, the CeA was selected as a representative nucleus to cor-
relate transneuronal viral labeling with the response of non-
neuronal cells (Fig. 5). The medial division of the CeA has
monosynaptic descending projections to the dorsal vagal com-
plex (Schwaber et al., 1982; Gray, 1983; Higgins and Schwaber,
1983). At 85 hr after PRV-Bartha injection, a few scattered
infected neurons were observed in the medial CeA ipsilateral
to the initially infected DMV. The number of immunoreactive
neurons in the medial CeA increased progressively through 100
hr survival, at which time infected neurons first became ap-
parent in the lateral subdivision of the CeA. By 110 hr survival
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(the longest time examined), substantial numbers of infected
neurons, some of which exhibited pathological vacuolizations,
were present in both subdivisions (Fig. 54,a).

Neurons infected with PRV-Bartha displayed the same se-
quential intracellular appearance of viral immunoreactivity ob-
served for PRV-Becker, in that nuclear labeling was observed
first, followed by increased cytoplasmic labeling. However, the
pathological consequences of PRV-Bartha infection were less
severe and occurred over a more protracted time course. DMV
motor neurons infected with PRV-Bartha appeared normal
through 80 hr postinjection, although some appeared compro-
mised by 90 hr or longer (Figs. 3a, 4a). Neurons at earlier stages
of PRV-Bartha infection often contained viral immunoreactiv-
ity extending through their proximal, secondary, and even ter-
tiary dendrites. In contrast, neurons infected with PRV-Becker
did not display such extensive dendritic labeling.

Non-neuronal response to PRV neuronal infection

For each viral strain, the temporally separated onset of neuronal
infection in the DMV/NST and in the two CeA subdivisions
provided an excellent model for relating the response of glia
and macrophages to different stages of neuronal infectivity. It
is important to note that following injection of either PRV strain,
the progressive changes in astrocytes, microglia, and brain mac-
rophages observed in the DMV and amygdala occurred when
infected neurons in these nuclei reached approximately the same
points of viral replication. In addition, the initial glial responses
preceded any changes in neuronal morphology that could be
defined as pathological.

GFAP-immunoreactive astrocytes

Normal distribution. In normal, uninfected rats, the distribution
and staining intensity of GFAP-immunoreactive astrocytes were
higher in the DMV and NST than in adjacent areas of the
medulla (Fig. 6A4). Particularly dense concentrations of GFAP-
immunoreactive processes were noted along the midline be-
tween the left and right DMV, and along the medial border of
the NST with the AP. However, the AP contained substantially
fewer GFAP-positive profiles than either the DMV or NST. The
high density of GFAP staining in the DMV and NST was pri-
marily due to the larger size and more extended process network
of individual astrocytes in these nuclei as compared to adjacent
medullary areas (Fig. 6a). The large, irregular perikarya of as-
trocytes in the DMV and NST gave rise to numerous ramifying
processes that were particularly dense adjacent to blood vessels.

Astrocytic response to neuronal infection. GFAP-immuno-
reactive astrocytes exhibited a dramatic response to neurons
infected with either strain of PRV. Following PRV-Becker in-
jection, the early stage of viral replication in DMV motor neu-
rons (30-50 hr postinjection, n = 4) was accompanied by a
marked bilateral increase in GFAP immunoreactivity, implying
hypertrophy and/or hyperplasia of resident astrocytes (compare
DMYV/NST in Fig. 2B with Fig. 64). An equivalent astrocytic
response took longer than 50 hr after injection of PRV-Bartha
(n = 7), a difference that correlated with the delayed infectivity
of DMV neurons. The initial bilateral increase in GFAP im-
munoreactivity following injection of both PRV strains included
areas of the DMV/NST in which viral immunoreactivity was
not yet present (see Discussion).

Despite the initial bilateral hypertrophy of GFAP-immuno-
reactive astrocytes, a dramatic and very focal decrease in GFAP
staining subsequently occurred in areas containing severely in-
fected neurons in both PRV-Becker (n = 4) and PRV-Bartha (n
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Figure 3. Photomicrographs of adjacent sections through the caudal brainstem of an animal killed 90 hr after injection of PRV-Bartha into the
splenic pancreas. Left and right are as they appear. A4 illustrates the distribution of neurons in the DMV, NST, and AP exhibiting R134 (viral)
immunoreactivity. The arrow in a points to an infected neuron that appears morphologically compromised. The distribution of GFAP-immuno-
reactive astrocytes, OX42-immunoreactive microglia, and ED1-immunoreactive brain macrophages is shown in B, C, and D, respectively. In
addition to microglia, round macrophages positive for OX42 (c¢) and ED1 (d) appear, primarily concentrated around blood vessels (arrows in c).
In A-D, the same blood vessel is indicated by an asterisk. The boxed areas in A-D are shown at higher magnification in a—d. Scale bar, 500 gm
for A-D. a-d are 4.5 x the magnification of A-D.




Figure 4. Photomicrographs of adjacent sections through the caudal brainstem of an animal killed 110 hr afier injection of PRV-Bartha into the
splenic pancreas. Left and right are as they appear. A illustrates the distribution of neurons in the DMV, NST, and AP exhibiting R134 (viral)
immunoreactivity. The arrows in a point to infected neurons that appear morphologically compromised. The distribution of GFAP-immunoreactive
astrocytes, OX42-immunoreactive microglia, and ED1-immunoreactive brain macrophages is shown in B, C, and D, respectively. Massive infiltration
of round macrophages positive for 0X42 (arrows in ¢) and EDI (d) is apparent. In A-D and d, the same blood vessel is indicated by an asterisk.
Arrows in D indicate large blood vessels encircled by ED1-positive macrophages. The boxed areas in A-D are shown at higher magnification in a-
d. Scale bar, 500 um for 4-D. a—d are 4.5 x the magnification of A-D.
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Figure 5. The distribution of R134 (virus-infected) neurons (4), GFAP-positive astrocytes (B), OX42-positive microglia (C), and ED1-positive
brain macrophages (D) in the CeA 110 hr after injection of PRV-Bartha into the splenic pancreas. Some of the infected neurons in the medial CeA
appear pathological (large arrows in a), but later-infected neurons in the lateral CeA do not (small arrows in a). Arrows in D point out blood vessels
ringed by ED1-positive macrophages. Asterisks in ¢ and d indicate blood vessels. Photographs on the right (a—d) correspond to the indicated boxed
areas in A-D. Scale bar, 500 um for A-D. a—d are 4.5 x the magnification of 4-D.
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Figure 6. The normal distribution of GFAP-immunoreactive astrocytes (4), OX42-immunoreactive microglia (B), and ED1-immunoreactive
brain macrophages (C) in the dorsal medulla are illustrated. The boxed areas in A-C are shown at higher magnification in a—c. GFAP-immunoreactive
astrocytes and microglia are normally denser in the DMV and NST than in adjacent areas of the brainstem. ED1 immunoreactivity is confined to
a sparse population of amoeboid microglia in the AP, flattened perivascular cells in the brainstem (long arrows in ¢), and other scattered small
cells (short arrows in ¢). Scale bar, 500 um for A-C. a—c are 4.5 x the magnification of A-C.

= 14) injected animals. This decrease was first noticeable ap-
proximately 25 hr after the onset of viral replication in the
initially infected DMV, and was subsequently observed in other
regions of the DMV and NST that contained severely infected
neurons. In the same tissue sections, GFAP remained elevated
above normal levels in areas containing infected neurons at
earlier stages of viral rcplication. This is clearly illustrated by
comparing the distribution of infected neurons and the intensity
of GFAP staining in the left and right DMV and NST at inter-
mediate to advanced stages of viral infectivity (Figs. 24,B; 34, B,

44,B). As noted above, injection of either the ventral stomach
or splenic pancreas led first to infection of many neurons in
either the left or the right DMV (depending on the site of in-
jection), with subsequent bilateral infection of the NST and
scattered infected neurons in the contralateral DMV. Thus, neu-
rons at various stages of viral replication were evident in the
same tissue section. Comparison of the intensity of GFAP stain-
ing in these preparations revealed that regions containing only
scattered infected neurons in an early stage of replication ex-
hibited a pronounced increase in the intensity of GFAP staining
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Figure 7. The normal distribution of astrocytes (GFAP), microglia (OX42), and brain macrophages (ED1) in the amygdala is shown in 4-C,
respectively. Staining densities for GFAP and ED1 are quite similar to those of the normal dorsal medulla (see Fig. 6), but OX42 staining is
somewhat more intense. Asterisk in ¢ indicates a blood vessel surrounded by a few ED1-positive cells. Photographs on the right (a—) correspond

to the indicated boxed areas in A-C. OT, optic tract. Scale bar, 500 um for A-C. g—c are 4.5x the magnification of A-C.

compared to controls (e.g., compare GFAP immunoreactivity
in the right DMV and in both NSTs in Fig. 2B with the normal
tissue shown in Fig. 64). In contrast, areas containing large
numbers of chronically infected neurons were distinguished by
a substantial reduction in GFAP immunoreactivity to levels
lower than seen in controls (e.g., compare the right DMV and
NST in Fig. 3B with the normal tissue in Fig. 6.4). The same
temporal changes in the intensity of GFAP immunoreactivity
were apparent in the CeA at advanced postinoculation survival
intervals in PRV-Bartha-infected animals. At 110 hr postin-
oculation, GFAP immunoreactivity was substantially reduced
in the heavily infected medial subdivision of this nucleus (Fig.

54,B), but was increased relative to controls in the lightly in-
fected subdivision (compare with the normal tissue in Fig. 74).

Examination of cryostat sections processed for double-label
immunofluorescence indicated that some of the GFAP-positive
astrocytes in the dorsal vagal complex and along the medullary
path of the vagal motor axons (see Fig. 14) also contained viral
antigens (Fig. 8). These double-labeled astrocytes apparently
accounted for a very small percentage of the total viral labeling,
although this was not quantified. Virus-positive astrocytes were
not observed prior to 50 hr postinjection with PRV-Becker,
corresponding to approximately 20 hr of viral replication in
DMV motor neurons. After PRV-Bartha injection, a smaller
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Figure 8. Double-labeling immuno-
fluorescence in the same cryostat sec-
tions showing virus (R134) within
GFAP-positive astrocytes in the DMV
(arrows in 4, A') and along the vagal
motor neuron axon path (arrows in B,
B’) 70 hr after injection of PRV-Becker
into the ventral stomach wall. Not all
of the infected cells seen along the axon
path are GFAP positive (circled). These
cells may be oligodendrocytes (see last
section of Discussion). All panels are
150%.

number of GFAP-positive astrocytes containing viral antigens ) i . .

were observed after a similar period of DMV viral replication, =~ OX42 and EDI labeling: microglia and brain macrophages
and none were identified along the DMV axon path ateven the  Normal distribution. Our observations on the distribution of
longest postinjection survival times. The CeA was notexamined  OX42- and ED1-immunoreactive cells in the normal adult rat
for double-labeled astrocytes. are consistent with a recent report (Milligan et al., 1991a). In
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the dorsal medulla, the OX42 monoclonal antibody lightly la-
beled resting ramified microglia distributed throughout the gray
and white matter, and also labeled amoeboid microglia (resident
brain macrophages) in the AP (Fig. 6B). Microglia were evenly
distributed and relatively uniform in size, with small cell bodies
and branching, crenelated processes (Fig. 6b), as originally de-
scribed by Del Rio-Hortega (1932). The staining intensity of
individual cells was somewhat higher in the DMV and NST
relative to adjacent nuclei, in a manner similar to the denser
GFAP immunoreactivity in these nuclei.

In normal material, ramified microglia were not labeled with
the ED1 antibody. In contrast, the OX42-positive amoeboid
microglia in the AP were always EDI1 positive (Fig. 6C), as
confirmed by double-label immunofluorescence (not shown).
The dual OX42/ED1 staining of these cells is consistent with
dual OX42/ED1 staining of amoeboid microglia in other cir-
cumventricular organs in the normal adult rat brain (C. E. Mil-
ligan, personal communication). Amoeboid microglia were in-
tensely stained with both antibodies and were typically more
elongated than ramified microglia.

Two additional morphological classes of cells positive for both
0X42 and ED1 were observed in normal material. These were
scattered flat perivascular cells (Fig. 6¢), and occasional round
cells that were confined to the meninges and ventricular lining.
In the amygdala of normal rats, OX42 identified resting ramified
microglia that were stained more intensely than microglia in the
medulla (Fig. 7B), and both ED1 and OX42 identified a few
perivascular cells (Fig. 7¢).

Microglial and brain macrophage response to neuronal virus
infection. Simultaneous with the first immunocytochemical ev-
idence of viral replication in DMV motor neurons, a generalized
hypertrophy of OX42-immunoreactive ramified microglia was
evident in the dorsal vagal complex in a manner analogous to
the hypertrophy of astrocytes noted above (compare Fig. 2C
with the normal material in Fig. 6B). In accordance with pre-
vious work examining the response of OX42-positive microglia
to axotomy-induced neural degeneration (Milligan et al., 1991b;
Rinaman et al., 1991), some of the OX42-positive ramified
microglia responding to late stages of central PRV infection also
expressed ED1 immunoreactivity (not shown). As neuronal in-
fection progressed, the staining intensity and size of OX42-
positive microglia continued to increase, implying both an up-
regulation of C3bi complement receptor on individual cells as
well as cellular hypertrophy (Figs. 2¢, 3¢, 4c). Heightened stain-
ing intensity of OX42-positive microglia was also increasingly
evident in medullary areas adjacent to the vagal complex that
lacked viral immunoreactivity (Figs. 2C, 3C, 4C). Nevertheless,
the most striking concentration of 0X42 immunoreactivity cor-
responded to focal areas of pronounced viral infection that were
also characterized by the reduced GFAP immunoreactivity de-
scribed above (Figs. 24-C; 34-C; 44-C). Analysis of cryostat
sections processed for double-fluorescent localization of virus
and OX42, however, failed to reveal viral antigens within OX42-
positive cells that were morphologically identifiable as ramified
microglia (Fig. 9B,B’).

Initial changes in ED]l-immunoreactive brain macrophages
lagged approximately 24 hr behind the first changes in astrocytes
and microglia described above. Approximately 50 hr after PRV-
Becker injection, and 70 hr after PRV-Bartha injection, an in-
creased number and staining intensity of perivascular ED1-pos-
itive cells was noted, and amoeboid microglia in the AP also
demonstrated increased ED1 immunoreactivity (Fig. 2D). At

the latest stages of viral replication in the DMV, corresponding
to the longest survival times after virus injection, a new mor-
phological class of cells positive for both OX42 and EDI1 was
recognized that was not observed in normal rats (see Figs. 3¢,d,
4c¢,d). These brain macrophages were large and generally round,
had few or no labeled cytoplasmic processes, and were promi-
nent in the most infected areas. The majority were located in
the immediate vicinity of large blood vessels (Fig. 3¢), but many
were also apparent within the neuropil (Fig. 4¢). When these
brain macrophages appeared, ED1-positive cells with the mor-
phology of amoeboid microglia were reduced or were no longer
identifiable in the AP (Figs. 3D, 4D). However, many round
macrophages were present in the AP at these stages (Fig. 4D)
and there was also an increased number of round macrophages
in the meninges. At the longest postinjection survival times,
round brain macrophages were also apparent within adjacent
uninfected areas, but their density decreased with increasing
distance from the infected nuclei. For example, many macro-
phages were located around blood vessels within the hypoglossal
nuclei and gracile/cuneate areas, despite the lack of viral antigen
there (Fig. 4D). Dual labeling immunofluorescence revealed that
a subset of the round OX42/ED1-positive brain macrophages
in the DMV and NST also contained viral antigen (Fig. 94,4’).
These virus-immunoreactive macrophages were observed only
at times corresponding to late stages of viral replication, and
were (qualitatively) more prevalent following PRV-Becker in-
fection than following PRV-Bartha infection.

At the longest survival time examined after PRV-Bartha in-
jection (110 hr), viral infection in amygdala neurons was ac-
companied by a pronounced hypertrophy of OX42-immuno-
reactive microglia that was evident both within and surrounding
the area of neuronal infection (compare Fig. 5C with the normal
tissue in Fig. 7B). A slight increase in the number of EDI-
positive perivascular cells was observed relative to control an-
imals (compare Fig. 5D to Fig. 7C), similar to that seen in the
dorsal medulla at intermediate stages of viral replication. How-
ever, this period of viral replication in CeA neurons was ap-
parently insufficient to recruit significant numbers of ED1-pos-
itive brain macrophages.

Discussion

These data demonstrate a directed, temporally organized re-
sponse of astrocytes, microglia, and brain macrophages to in-
fection of neurons with virulent or attenuated strains of PRV.
The progressive involvement and phenotypic alterations of these
cells at sites of neuronal infectivity strictly correlate with the
stage of viral replication and pathology of the infected neurons.
Furthermore, the immunocytochemical double-labeling analy-
sis suggests that astrocytes and macrophages permit viral inva-
sion and possible replication, whereas ramified microglia do
not. Nevertheless, spread of virus to other areas of the neuraxis
always occurs in a manner consistent with transport exclusively
through multisynaptic neuronal circuits rather than through in-
discriminate spread. Considered together with previous reports
of the temporally predictable transport of PRV through func-
tionally related populations of neurons (Martin and Dolivo,
1983; Rouiller et al., 1986, 1989; Strack et al., 1989a,b; Card
etal., 1990, 1991, 1992; Strack and Loewy, 1990; Miselis et al.,
1991; Sternini et al., 1991), our observations suggest that the
non-neuronal cellular response to PRV infection effectively iso-
lates the virus and restricts it from traveling extracellularly.
Thus, rather than reflecting nonspecific spread, the involvement



of glia and macrophages may facilitate the specific transneuronal
passage of PRV.

Neuropathology following viral infection

The cytopathic effect of PRV replication in neurons is an im-
portant consideration in evaluating the non-neuronal response
to infection and the subsequent spread of virus to other areas
of the CNS. PRV may kill neurons by a direct cytotoxic effect,
by inducing a complement receptor-mediated immune attack
directed at infected neurons, or by a combination of both.
Whereas the genotype of the virus clearly influences the extent
and degree of both neuronal and non-neuronal infection and
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Figure 9. A and A', Double-labeling immunofluorescence in the same cryostat section showing virus (R134) within ED1 brain macrophages in
the DMV (arrows), 70 hours after injection of PRV-Becker into the ventral stomach wall. B and B’, ninety-six hr after injection of PRV-Bartha
into the ventral stomach wall, double-labeling immunofluorescence in the same cryostat section shows the close approximation of OX42-positive
microglia with virus-infected (R134) neurons, but no examples of double-labeled microglia are seen. Arrows provide points of reference. All panels
are 220 x,

virulence (Kimman etal., 1992; Zsak et al., 1992), little is known
regarding the existence of PRV genes specifically involved in
neuronal killing. For example, it is not known if PRV encodes
the novel v, 34.5 neurovirulence gene recently identified in
HSV-1 by Chou et al. (1990). However, several nonessential
PRV membrane glycoproteins have been implicated in viru-
lence (Ben-Porat and Kaplan, 1985; Wittmann and Rzhia, 1989;
Kimman et al., 1992; Zsak et al., 1992). We previously dem-
onstrated that genes mapping to the unique short region of the
PRYV genome (specifically gl and gp63) influence target cell rec-
ognition and virulence in rats (Card et al., 1991, 1992), and this
finding has been confirmed in pigs (Kimman et al., 1992). In
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addition, a PRV-Becker strain defective only in glycoprotein
genes encoding gl and glII produces reduced virulence in rats
similar to that produced by PRV-Bartha, which is also defective
in these genes (Card et al., 1992). This may be significant in the
delayed pathology displayed by neurons infected with PRV-
Bartha, as the glII glycoprotein is a major target for cytotoxic
T lymphocytes (Zuckermann et al., 1990). Cytotoxic T cells
enter the CNS under both normal and pathological circumstanc-
es (Booss et al., 1983; Wekerle et al., 1986; Salamat et al., 1988;
Hickey et al., 1989), and a number of other studies have also
demonstrated that some recognize herpesvirus glycoproteins
(Glorioso et al., 1985; Zarling et al., 1986, 1988; Martin et al.,
1987, 1988, 1989, 1990; Johnson et al., 1990; Tigges et al.,
1992). Collectively, these data suggest that certain PRV gene
products may elicit the neuronal, as well as the non-neuronal,
response to viral infection.

Astrocytic response to neuronal infection

A number of studies have demonstrated that alpha herpesvirus
infection of neurons ultimately leads to infection of glia in the
immediate vicinity of the most chronically afflicted cells. In-
fection of glia is not surprising because astrocytic membranes
exhibit a high affinity for HSV (Vahlne et al., 1978, 1980) and
astrocytes are generally permissive for alpha herpesvirus rep-
lication (Dow and McFerran, 1962; Kristensson et al., 1974,
1982; Bak et al., 1977). However, viral replication in astrocytes
does not necessarily reflect production of infectious virions. In
an early study of the neuropathogenesis induced by inoculation
of PRV into the footpad of mice, Field and Hill (1974) reported
that infection of neurons in the dorsal root ganglia is accom-
panied by infection of adjacent satellite glial cells. However,
their electron microscopic analysis demonstrated that the glial
infection is abortive due to a defect in assembly that prevents
envelopment of newly replicated capsids. On this basis, they
concluded that spread of virus occurs only through neurons, as
the glia are apparently incapable of producing the mature en-
veloped form of virus that is necessary for viral egress. A sub-
sequent analysis by Bak et al. (1977) indicated that a similar
defect in viral replication may also be present in CNS astrocytes,
and we have noted an absence of mature enveloped virions in
the cytoplasm of PRV-infected astrocytes (J. P. Card, unpub-
lished observations). Our present light microscopic findings also
argue against spread of virus from infected astrocytes. In par-
ticular, we observed very focal astroglial responses that always
followed neuronal infection and were strictly associated with
the most chronically infected neurons. In no instance did we
observe the widespread necrotizing patterns of infection that
one would expect if astrocytes released mature infectious virus
into the extracellular space or if virus spread by nonspecific cell-
cell fusion (syncytia formation). Collectively, these data argue
against a role for astroglia in dissemination of these strains of
PRV in the CNS.

By examining astrocytic GFAP immunoreactivity in areas of
PRYV neuronal infection, a strict correlation between the extent
of neuronal viral replication and GFAP expression was appar-
ent. A general increase in GFAP occurred in the vagal nuclei
and in the CeA well before infected neurons appeared morpho-
logically compromised. In particular, GFAP increased bilater-
ally in the DMV and NST concomitant with the first signs of
viral infection in scattered DMV neurons on only one side. The
bilateral GFAP response in the DMV/NST may reflect an as-

trocytic sensitivity to disruption of normal metabolism and ac-
tivity within these highly interconnected nuclei. Alternatively,
astrocytes may respond to very early infection of neurons that
is below the level of immunocytochemical detection. Another
possibility is that the bilateral astrocytic reaction reflects the
widespread distribution of DMV motor neuron dendrites that
extend throughout the ipsilateral and contralateral DMV and
NST (Shapiro and Miselis, 1985). These hypotheses require
further examination.

As viral replication progressed, a pronounced reduction of
GFAP occurred in focal areas containing severely infected neu-
rons while less infected areas continued to display heightened
GFAP. The eventual reduction of GFAP in areas of chronic
PRV infection contrasts with the persistent increase in GFAP
that accompanies axotomy-induced neural degeneration in the
DMYV and other motor nuclei (Graeber and Kreutzberg, 1986;
Murray et al., 1990; Rinaman et al., 1991). However, progres-
sive disappearance of GFAP staining has been noted following
certain excitotoxic lesions, and is correlated with cytoskeletal
changes in affected astrocytes that reduce immunoreactive glial
filaments (Dusart et al., 1991). It is probable that the decreased
GFAP immunoreactivity observed in the present work results
from astrocytic viral infection, even if this infection leads only
to abortive viral replication. Astrocytes express class I major
histocompatibility complex (MHC) in response to exposure to
y-interferon or murine hepatitis virus (Hirsch et al., 1983; Wong
et al., 1984; Massa et al., 1986), and MHC antigen expression
renders infected cells susceptible to lysis by cytotoxic T lym-
phocytes (Booss et al., 1983; Wekerle et al., 1986; Salamat et
al., 1988; Hickey et al., 1989; Plata-Salaman, 1990). Therefore,
it is possible that astrocytes infected with PRV express MHC
antigens and become cytotoxic targets. In contrast with this
theory, Weinstein et al. (1990) reported that astrocytes infected
with HSV-1 did not express MHC antigens. Consequently, the
reduction in GFAP immunoreactivity observed in our analysis
may reflect differences in the abilities of HSV-1 and PRV to
induce MHC expression by astrocytes. Alternatively, the ob-
served reduction of GFAP may be a direct pathological con-
sequence of PRV infection of astrocytes. Neither of these pos-
sibilities can be excluded at the present time.

Microglial and brain macrophage response to
neuronal infection

It is clear that alpha herpesvirus infection of the CNS produces
a complex cascade of cellular responses that is not limited to
neurons and astrocytes. In our analysis, OX42-immunoreactive
microglia and ED1-immunoreactive brain macrophages also
exhibited profound responses to PRV neuronal infection that
were unique to each cell type. Hypertrophy and heightened OX42
immunoreactivity in ramified microglia was evident shortly af-
ter the onset of viral replication in neurons, and continued to
increase throughout the course of viral infection. A dramatic
increase in the staining intensity of OX42-immunoreactive mi-
croglia also occurs following axotomy-induced neuronal degen-
eration in adult rats (Milligan et al., 1991b; Rinaman et al.,
1991) or excitotoxic lesions of the CNS (Marty et al., 1991).
The increased density of OX42 staining in individual microglia
implies upregulation of the C3bi complement receptor, sug-
gesting a role for these cells in an immune response to the
infection. Although quantitative measures were not applied in
the present work, our observations suggest an increased density



of microglia in infected areas, perhaps reflecting local prolifer-
ation and/or mobilization from adjacent areas, perhaps in re-
sponse to chemotactic signals (see Milligan et al., 1991b). Giu-
lian et al. (1991) recently identified a microglial mitogen that is
secreted by astrocytes during development and after traumatic
injury of the brain. It will be important to determine whether
this factor or others are induced by central viral infection. In-
terestingly, the hypertrophy and potential proliferation of mi-
croglia may also serve to enhance astrogliosis at the site of
infection. For example, the cytokine interleukin-1 is secreted
by microglia (Giulian et al., 1986) and stimulates astrogliosis at
sites of neuronal injury (Giulian et al., 1988).

The third type of non-ncuronal cell examined in the present
work was EDl-positive brain macrophages. Phagocytes are
known to respond to both infection and neural degeneration in
the CNS (Graeber et al., 1988, 1990; Ling and Leong, 1988;
Streit et al., 1988; Coffey et al., 1990; Weinstein et al., 1990;
Marty et al., 1991; Milligan et al., 1991b; Rinaman et al., 1991).
Similarly, brain macrophages are increasingly recognized as im-
portant to host defense against CNS viral infection, but the
mechanisms by which they are enlisted are incompletely un-
derstood (Morahan et al., 1985; Lipkin et al., 1988). In the
present work, the temporal appearance and distribution of ED1-
immunoreactive brain macrophages were tightly correlated with
the late stages of viral infection. This was clearly evident in
examining the temporal appearance of brain macrophages in
the DMV and CeA following injection of PRV-Bartha. Infected
neurons and an accompanying increase in GFAP and OX42
immunoreactivity were apparent in the DMV within 50-60 hr
postinjection, but substantial numbers of brain macrophages
did not appear until about 2 d later, at 100-110 hr postinjection.
Similarly, the CeA contained PRV-infected neurons by 85 hr
after inoculation, and substantial numbers of infected cells were
present at 110 hr. However, while this 25 hr period of viral
replication in amygdala neurons was sufficient to elicit a prom-
inent response in astrocytes and microglia, it was insufficient to
mobilize more than a few ED1-immunoreactive macrophages
to the site of infection. These results clearly demonstrate that
infiltration of these cells at the site of viral infection depends
on the severity of neuronal infection, and suggest that this in-
filtration occurs in response to specific signals arising from de-
generating neurons or glia.

Our data do not specifically address the source of infiltrating
EDI1-immunoreactive brain macrophages. In addition to a pos-
sible contribution by resident CNS brain macrophages (amoe-
boid microglia in the circumventricular organs, perivascular
cells, and cells in the meninges and ventricular lining), peripheral
monocytes probably provide a separate direct source of brain
macrophages. A peripheral source would be consistent with lit-
erature suggesting that phagocytic monocytes invade the adult
CNS from the vasculature under certain pathological conditions
(Ling and Leong, 1988; Weinstein et al., 1990; for review, see
Milligan et al., 1991b). In the present work, round EDI-im-
munoreactive macrophages were preferentially associated with
blood vessels located either within or close to the afflicted region;
these cells were never observed in normal animals or in animals
at earlier stages of infection. Examination of the distribution of
these cells at the longest survival intervals after PRV injection
demonstrated a clear density gradient, with most brain mac-
rophages located around blood vessels in areas adjacent to
chronically infected neurons. While these observations suggest
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that a subpopulation of the ED1-immunoreactive cells observed
in the present study are blood-borne phagocytes, they do not
exclude the possibility that some may be derived from the res-
ident brain macrophage population.

Status of blood-brain barrier following central PRV infection

The possibility that peripheral monocytes gain access to the CNS
through the vasculature raises important questions regarding
the integrity of the blood-brain barrier (BBB) during the course
of viral infection, and the role that blood-borne cellular elements
play in the response to central viral infection. As noted above,
substantial numbers of macrophages appeared to gain access to
the brainstem via the area postrema, which contains fenestrated
capillaries and therefore lacks a BBB. Nevertheless, large num-
bers of ED1-immunoreactive cells were also associated with
blood vessels in the DMV and overlying NST, areas in which
the BBB is normally intact. Weinstein et al. (1990) reported that
granulocytes, monocytes, and T lymphocytes accumulate in ar-
eas of the CNS in which neurons have been infected by periph-
eral inoculation of HSV-1. It is thus clear that blood-borne
cellular elements have access to the infected CNS, but it is not
known whether this access is limited to areas in which the BBB
is normally or pathologically absent.

Stroop et al. (1990) have recently reported focal breakdowns
of the BBB in response to HSV-1 infection of the olfactory and
entorhinal cortices. In preliminary studies we have also noted
that advanced PRV infection of the DMV leads to some loss of
BBB integrity, which may be correlated with the ability of pe-
ripheral monocytes to enter (L. Rinaman, J. P. Card, and L. W.
Enquist, unpublished observations). Massive infiltration of brain
macrophages also follows axotomy-induced degeneration in the
thalamus and in the DMYV in neonatal rats, prior to formation
of the BBB, whereas the same lesions performed in adult rats
elicit far less macrophage infiltration (Milligan et al., 1991b;
Rinaman et al., 1991). The macrophage response observed late
in PRV infection is thus quite similar to what occurs following
neuronal degeneration in neonatal rats, suggesting that an in-
complete BBB may facilitate peripheral macrophage infiltration
given the appropriate signals for their recruitment. Additionally
or alternatively, some requisite concentration of chemotactic
factor(s) may be required for macrophage infiltration that is
achieved only under certain circumstances. For example, the
synchronous cell death that occurs following neonatal (but not
adult) axotomy may provide the appropriate signal for mac-
rophage recruitment (for discussion, see Milligan et al., 1991a,b).
This theory may apply to the present work, for viral infection
ultimately produces relatively synchronized neuronal death
within neurons occupying discrete nuclei.

Differential uptake and replication of PRV by
non-neuronal cells

We observed an apparent variability in PRV uptake and rep-
lication by different types of non-neuronal cells, consistent with
recent work using HSV-1. Several laboratories have reported
HSV-1 infection of astrocytes similar to our observations with
PRV (Bak et al., 1977; Kristensson et al., 1978, 1982). Recent
studies have also reported that oligodendrocytes and macro-
phages exhibit variable resistance to infection by HSV-1 (Dan-
iels et al., 1978; Morahan, 1983; Morahan et al., 1985; Sar-
miento, 1988; Sarmiento and Kleinerman, 1990; Thomas et al.,
1991). We did not examine the infectivity of oligodendrocytes,
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but they may comprise the population of PRV-immunoreactive
cells that we observed adjacent to DMV efferent axons that
course through the brainstem tegmentum. Many of these cells
did not exhibit GFAP immunoreactivity, and their morphology
was similar to that of oligodendrocytes. Alternatively, these cells
could be astrocytes in which GFAP immunoreactivity had dis-
appeared with prolonged replication of the virus.

Subpopulations of astrocytes and macrophages were infected
by PRV, and the extent of infection of these cell types was lower
in animals infected with the attenuated strain of virus. This may
simply reflect the delayed neuronal pathology produced by PRV-
Bartha infection, the deletions and mutations present in the
PRV-Bartha genome, or differences in host cellular factors es-
sential for viral replication. For example, attenuated strains of
PRV do not replicate as efficiently in alveolar macrophages as
virulent strains (Inglesias et al., 1989).

In contrast to astrocytes and brain macrophages, ramified
microglia contained no detectable viral antigen at any postin-
jection survival time. A lack of viral antigen in ramified mi-
croglia was also reported following central HSV-1 infection,
despite a pronounced microglial response to infection (Wein-
stein et al., 1990). Based on these results, we suggest that, though
ramified microglia respond to viral infection, they are them-
selves nonpermissive. While we cannot exclude the unique pos-
sibility that viral infection may occur in ramified microglia and
subsequently alter their OX42 phenotype, previous work has
shown that actively phagocytic ramified microglia maintain their
characteristic appearance and OX42 staining following axoto-
my-induced neural degeneration (Rinaman et al., 1991).

Summary

These findings demonstrate that infection of neurons in the CNS
with virulent and attenuated strains of pseudorabies virus pro-
duces significant alterations in the phenotype and distribution
of astrocytes, microglia, and brain macrophages in the region
of infection. The progressive, virally induced changes in glial
morphology and the recruitment of brain macrophages were
strictly correlated with the pathological state of the infected
neurons, which in turn depended on the virulence of the in-
fecting strain. Furthermore, we noted that some astrocytes and
macrophages were susceptible to PRV uptake and possible rep-
lication, but that ramified microglia showed no signs of viral
infection. The non-neuronal response appeared to restrict non-
specific spread of virus by isolating the most severely afflicted
cells. Spread of virus to other areas of the neuraxis always oc-
curred in a manner that was consistent with viral transport
through multisynaptic neuronal circuits rather than indiscrim-
inate spread of virus through the extracellular space or via glial
elements. Collectively, these observations suggest that the spa-
tiotemporal responses of glia and macrophages at sites of neu-
ronal infection act to contain the viral infection, and this spatial
containment is defeated only by the transneuronal passage of
virus through synaptically linked populations of neurons.
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