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A pathogenetic hallmark of retroviral neurodegeneration is the affinity of neurovirulent retroviruses for
microglia cells, while degenerating neurons are excluded from retroviral infections. Microglia isolated ex vivo
from rats peripherally infected with a neurovirulent retrovirus released abundant mature type C virions;
however, infectivity associated with microglia was very low. In microglia, viral transcription was unaffected but
envelope proteins were insufficiently cleaved into mature viral proteins and were not detected on the microglia
cell surface. These microglia-specific defects in envelope protein translocation and processing not only may
have prevented formation of infectious virus particles but also may have caused further cellular defects in
microglia with the consequence of indirect neuronal damage. It is conceivable that similar events play a role
in neuro-AIDS.

A key observation for retrovirus-associated neurodegenera-
tion is the infection of microglia cells (3, 5, 7, 22), while de-
generating neurons do not express retroviral gene products (1,
3, 5–7, 17, 18, 22, 39). This finding has led to the hypothesis
that, as a consequence of microglia infection, toxic metabolites
or viral gene products released from the infected cells may play
an important pathogenic role in the development of central
nervous system (CNS) disease. Yet none of these hypotheses
have been unequivocally proven, and little is known about the
virus-microglia interaction in infected brain tissue. Microglia
cells are ubiquitous within the CNS parenchyma and comprise
5 to 20% of all glia cells (19). Under pathophysiological con-
ditions, microglia cells transform from a resting to an activated
state and might act as immune effectors, as phagocytes, and/or
as a source of potentially cytotoxic substances, like reactive
nitrogen and oxygen intermediates and tumor necrosis factor
alpha. Since microglia cells have been found to be activated in
retrovirally infected brains (30, 37), neurons might have been
damaged by toxic metabolites produced by infected microglia
cells. This hypothesis is supported by a number of in vivo (e.g.,
references 36 and 38) and in vitro (e.g., references 11 and 33)
studies.

Important viral determinants of neurovirulence have been
identified as residing within the retroviral envelope genes (12,
24, 27). Studies of chimeric neurovirulent murine leukemia
viruses (MuLVs) (reviewed in reference 26) revealed that re-
ceptor-binding domains within viral envelope proteins of
MuLV help direct neurovirulent retroviruses to certain sub-
populations of microglia cells. Moreover, it has been shown
previously that retroviral envelope proteins are toxic for brain

cells in vitro (8) and in vivo (16, 35, 42). Apparently, in vivo
toxicity of envelope proteins is observed only if the viral pro-
teins are processed by endogenous brain cells, and not if the
proteins are synthesized by cells transplanted into mouse
brains (23). These data suggest that interactions of retroviral
envelope proteins with cellular receptor molecules on brain
cells do not instantly induce neurodegenerative alterations.
Our working hypothesis rather advocates that a later step in
the retroviral replication cycle initiates disturbances of brain
functions. We addressed this question by investigating the rep-
lication cycle of the neurovirulent retrovirus NT40 within mi-
croglia cells isolated from rat brain tissue.

MATERIALS AND METHODS

Animal model and titration of infectivity. Neonatal intraperitoneal inoculation
of Fisher rats with 5 3 104 focus-forming units (FFU) of MuLV NT40 led to
neurological disease within 25 to 45 days postinfection (5). Infectivity of cells and
cell culture supernatants was determined by means of a focal immunoassay (4)
using monoclonal antibody 48 (29).

Isolation, flow cytometry, and immunoblot analyses of microglia and perito-
neal macrophages. Purification, subsequent immunostaining, immunoblotting,
and cytofluorometric analyses of microglia and of peritoneal macrophages were
performed as described in detail before (5, 14, 25). Briefly, brains were removed
from perfused animals, stripped of meninges, enzymatically digested, and sub-
jected to density gradient centrifugation. Microglia cells were collected from the
1.077/1.066-g/cm3 interface and analyzed further.

To test for possible changes of infectivity due to the purification procedure,
e.g., shear forces, we subjected peritoneal macrophages from infected rats to the
microglia isolation scheme, both with and without prior digestion with collage-
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TABLE 1. Retroviral infectivity associated with microglia and
macrophages isolated ex vivo

Type of value Macrophagesa Microgliaa Microglia-SNb

Infectivity titer 4.6 6 0.2 1.7 6 0.3 1.7 6 0.3
No. of rats 23 8 16

a Titers are expressed as log FFU per 106 cells 6 SE. Macrophages and
microglia cells were isolated from neonatally infected adult rats.

b Titers are expressed as log FFU per milliliter of supernatant (SN) 6 SE from
106 microglia cells cultured for 24 to 48 h.
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nase and DNase. Productive infection of macrophages was determined by an
infectious center assay. To examine whether factors possibly secreted by micro-
glia might have reduced infectivity associated with these cells, we added 100 ml
of NT40 virus stock containing log 4.7 FFU to 105 microglia cells isolated from
uninfected and infected rats, respectively, and incubated the cells at 37°C for 45
min. Supernatants were titrated for infectivity.

Electron microscopy. After purification, cells were washed with phosphate-
buffered saline, fixed in 2.5% glutaraldehyde–phosphate-buffered saline, and
gently collected after low-speed centrifugation. After staining with 2% osmium
tetroxide, cells were embedded in Epon 812 resin, sectioned ultrathinly, and
impregnated with 0.6% uranyl acetate–0.5% lead citrate.

Analyses of viral transcripts. mRNA was isolated from cells and tissues,
employing oligo(dT)25 Dynabeads following the recommendations of the man-
ufacturer (Dynal). After Northern blotting, blots were probed with a viral enve-
lope-specific 32P-labeled probe (14) as well as with a 32P-labeled probe for a
housekeeping gene, rat glyceraldehyde-3-phosphate dehydrogenase.

RESULTS

Abundant defective viral particles budding from microglia.
Like other neurovirulent retroviruses (1, 3, 7) MuLV-NT40
infects microglia cells in vivo (5). However, previous (5) and
current (Table 1) results demonstrate that there is only very
limited infectivity associated with microglia cells isolated ex
vivo from clinically ill rats (MGexvi), both in the supernatants of
cultivated MGexvi and in MGexvi directly seeded as infectious
centers (Table 1; see also reference 5). This is in contrast to the
relatively high numbers of microglia cells expressing viral pro-
teins and RNA. In an attempt to resolve this discrepancy, we
examined on the ultrastructural level whether retroviral parti-
cles were assembled at all in MGexvi. By means of thin-section
electron microscopy, both virus assembly and abundant cell-
released virus particles could easily be detected in association
with MGexvi (Fig. 1B to D). We roughly estimated that—de-
pending on the particular preparation—5 to 25% of MGexvi
produced particles. Budding (Fig. 1C) and cell-released (Fig.
1D) particles were often found concentrated in certain regions
of the cell, occasionally in a polar fashion. Cell-released par-
ticles were often present in similar amounts both extracellu-
larly and in cytoplasmic vacuoles of the same cell. The free
virus particles were enveloped and revealed round to ovoid,
occasionally also slightly angular, shapes with diameters rang-
ing between 100 and 140 nm. The appearance of viral cores
differed. While most viruses contained a centrally located po-
lygonal core, typical of mature type C particles, another frac-
tion of particles showed electron-lucent centers surrounded by
the ribonucleoprotein shell typical of immature virions (9, 10).
The presence of the ribonucleoprotein shell in released parti-

cles points to an immature state of the virion and can be
explained by a slow or ineffective maturation process (15, 41).
Taken together, all the viral structures observed are consistent
with the presence of typical type C mammalian retroviruses.
All preparations from noninfected rats were devoid of retro-
viral particles, both MGexvi (Fig. 1A) and cells from other
organs.

Low levels of infectivity associated with microglia. To test
whether infectivity of retroviruses produced by MGexvi might
have been destroyed by the purification procedure used to
isolate MGexvi, e.g., by shear forces (40), infected peritoneal
macrophages (Table 1; see also reference 5) were subjected to
the purification scheme. In contrast to infected microglia cells,
infected peritoneal macrophages isolated ex vivo do release
high amounts of infectivity into culture supernatants and score
positive for productive infection in infectious center assays (5).
No loss of infectivity was observed when infected macrophages
were subjected to the method used to purify MGexvi (Table 2).
From these results, we assume that this procedure would nei-
ther be harmful for any infectivity produced by MGexvi too,
excluding the possibility of artificial reduction of any infectivity
associated with MGexvi.

Production and/or scoring of infectious virus might have
been hampered by cytotoxic factors (32, 34) potentially se-
creted by MGexvi. To control these possibilities, we added and
incubated (37°C, 45 min) 5 3 104 FFU of NT40 virus with
purified microglia and macrophages, respectively. We did not
find any reduction of exogenously added infectivity, nor did we
observe cytotoxic effects on the indicator cells, 3T3, after de-
termining infectivity (Table 3). These results indicate that
there is no mechanism(s) initiated by MGexvi and/or factors
secreted from these cells that would reduce retroviral infectiv-
ity.

To investigate whether intracellular budding of retroviral
virions (21) may have resulted in substantial amounts of infec-
tious viral particles trapped inside MGexvi, we snap-froze (on
dry ice) and thawed MGexvi. Infectivity (log 1.6 6 0.6 [standard
error (SE)] FFU/106 MGexvi; n 5 4) did not increase after
freezing-thawing (log 0.6 6 0.3 [SE] FFU/106 MGexvi; n 5 4),
indicating that there were at least no functional viral particles
inside MGexvi. Altogether, our data clearly point to defective
retroviral replication in microglia, rather than to a mecha-
nism(s) reducing any infectivity associated with MGexvi.

TABLE 2. Influence of the purification procedure used to isolate
microglia cells on retroviral infectivity

Type of value Macrophages
Macrophages with

gradient
centrifugationa

Macrophages with
enzymatic digestion

and gradient
centrifugationb

Infectivity titerc 4.6 6 0.2 4.5 6 0.1 4.3 6 0.1
No. of rats 6 6 3

a Peritoneal macrophages were subjected to the microglia cell purification
scheme without prior enzymatic digestion.

b Peritoneal macrophages were subjected to the microglia cell purification
scheme with prior enzymatic digestion.

c Titers are expressed as log FFU per 106 cells 6 SE.

TABLE 3. Influence of cytotoxic factors on retroviral infectivity
produced by microglia cells

Type of value NT40a Microglia
plus NT40b

NT40/microglia
plus NT40c Microgliad

Infectivity titere 3.9 6 0.4 3.9 6 0.7 3.8 6 0.6 1.2 6 0.5
No. of rats 2 2 2 2

a NT40 virus stock (100 ml) containing log 4.7 FFU was subjected to incubation
at 37°C for 45 min, and titers were determined.

b Microglia cells (105) isolated from uninfected rats were incubated with 100 ml
of NT40 virus stock containing log 4.7 FFU and kept at 37°C for 45 min.

c Microglia cells (105) isolated from NT40-infected rats were incubated with
100 ml of NT40 virus stock containing log 4.7 FFU and kept at 37°C for 45 min.

d Microglia cells (105) isolated from NT40-infected rats were incubated at 37°C
for 45 min.

e Titers of supernatants are expressed as log FFU per milliliter 6 SE.

FIG. 1. Ultrastructural analyses of microglia and macrophages isolated ex vivo. Viral particles were never found in or around microglia cells isolated from
noninfected rats (A) (bar 5 1.1 mm). Abundant retroviral virions were associated with microglia cells (B to D) (bars 5 0.6, 0.25, and 0.4 mm, respectively) and—although
fewer in numbers—with peritoneal macrophages (E and F) (bars 5 0.6 and 0.4 mm, respectively) from infected rats. Budding of retroviruses from the cell membrane
of microglia could be detected frequently (C), while intracellular particles were rarely found in microglia (D) and peritoneal macrophages (F).
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No defect of viral transcription in microglia. Initial defects
of the retroviral replication cycle could have occurred during
transcription of the retroviral genome (20). Therefore, mRNA
from MGexvi was subjected to Northern blotting. In compari-
son to the viral mRNA patterns of total brains from rats and
3T3 cells infected with NT40, viral transcripts isolated from
MGexvi exhibited similar molecular weights, representing viral
full-length genomic and spliced RNAs (Fig. 2). Thus, consid-
ering the molecular weight and number of viral mRNA species,
viral transcription appeared not to be altered in rat microglia.

Defective processing of retroviral envelope proteins in mi-
croglia. According to previous reports, processing of retroviral
envelope proteins of molecular descendants of neurovirulent
ecotropic viruses is sometimes altered (6, 21, 31). In MGexvi as
well as in other cells (Fig. 3), we found envelope surface pro-
tein gp70 and its uncleaved precursor, Pr85. However, in
MGexvi the uncleaved precursor protein, Pr85, persisted in high
amounts throughout the early course of infection and cleavage
of the envelope precursor protein, Pr85, into gp70 and p15E
was not performed to completion (Fig. 3). This observation
contrasted with the fate of Pr85 in other cells, e.g., peritoneal
macrophages, in which the relative amounts of gp70 were
greater than those of Pr85 (Fig. 3). Our results show that
transcription and translation of the retroviral genome ap-
peared to be normal in MGexvi; however, processing of the

envelope precursor protein, Pr85, was not completed in
MGexvi, compared to other cells.

Envelope proteins are expressed intracellularly but not on
the surface of microglia. We previously demonstrated by flow
cytometry that 10 to 20% of MGexvi expressed viral envelope
proteins (5). While the proportion of MGexvi expressing viral
envelope proteins—as determined by fluorescence-activated
cell sorting analyses (5)—coincides with the number of MGexvi
that produce viral particles shown here, it was surprising that in
the face of abundant viral particles on many MGexvi, cell sur-
face staining of envelope proteins was not successful and in-
tracellular immunostaining had to be applied (5). We repeated
the cell surface staining of viral envelope proteins using bio-
tinylated monoclonal antibody 48 (29), recognizing NT40 en-
velope proteins. While surface staining of viral envelope pro-
teins could be demonstrated on cells from the peritoneal
cavity, i.e., macrophages, MGexvi was negative for viral enve-
lope staining (Fig. 4). This indicates that transport of envelope
proteins to the cell surface of microglia is altered in vivo.

DISCUSSION

The two major findings of this paper are (i) that microglia
isolated ex vivo from rats neonatally inoculated with neuro-
virulent MuLV-NT40 released abundant retroviral particles
and (ii) that the vast majority of these virions, however, were
not infectious. Furthermore, we demonstrated that the defect
in the retroviral replication cycle in microglia was associated
with altered processing of the viral envelope proteins.

The pathogeneses of various retroviral encephalopathies—
including those caused by human immunodeficiency virus and
simian immunodeficiency virus—depend on retroviral infec-
tion of microglia cells. While several in vitro studies of inter-
actions of neurovirulent retroviruses with monocytic cells like
fetal or neonatal microglia exist, investigations of microglia
isolated from juvenile or adult individuals are rare (14, 33).
Here, we present electron microscopic evidence that microglia
cells isolated from neonatally infected, adult rats are a frequent
target for neurovirulent MuLV-NT40 in vivo and that infected
microglia gave rise to high numbers of progeny virions. This
result was not anticipated, since retroviral infectivity associated
with infected microglia is known to be very low (5, 21). Our
finding was also surprising in the face of ultrastructural results
for neonatal microglia cells infected in vitro with neurovirulent
MuLV-FrCasE (21) as well as for astrocytes infected in vitro
with neurovirulent MuLV-TS-1Mo (31): in both in vitro stud-
ies, retroviral particles were detected only occasionally and

FIG. 3. Expression of viral envelope proteins. Proteins from microglia, total CNS, bone marrow, peritoneal macrophages, and spleen from rats and 3T3 cells,
respectively, were subjected to immunoblotting and probed with a virus-specific anti-envelope antibody. In microglia, higher amounts of the uncleaved precursor
protein, Pr85, than of the cleaved outer membrane portion, gp70, of the viral envelope protein were found. In control cells (3T3) and in total rat brain as well as in
all other rat organs, mainly gp70 was found.

FIG. 2. Expression of viral transcripts in microglia isolated ex vivo. mRNA
was isolated from microglia and total CNS from rats and 3T3 cells, respectively,
subjected to Northern blotting, and probed with a virus-specific envelope and a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe. Note that no ob-
vious differences in the viral transcriptional patterns were detectable.
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located primarily intracellularly. The remarkable differences in
the locations and in the numbers of retroviral particles associ-
ated with glial cells are probably due to the experimental pro-
cedure, i.e., whether glial cells were infected in vitro or in vivo.

We found the morphology of the retroviral virions associ-
ated with microglia to be that of typical type C particles (9, 10).
Some of those virions had an electron-dense center, indicating
that cleavage of Gag polyprotein and rearrangement of the
cleavage products had occurred during assembly. This step is
performed by the viral protease, and it shows that not only Gag
but also Pol-Pro polyprotein, the latter in a functional confor-
mation, was incorporated into virus particles.

Fluorescence-activated cell sorting analysis revealed that
retroviral envelope proteins were not expressed on the surface
of microglia cells, in contrast to other cells like peritoneal
macrophages. As incorporation of MuLV envelope proteins
into viral particles does not occur in the absence of cell surface
expression of retroviral envelope proteins, retroviral particles
released from rat microglia were probably devoid of envelope
proteins and thus not capable of initiating the retroviral rep-
lication cycle by binding to their cellular receptor. Similarly,
virions released from microglia infected in vitro with neuro-
virulent MuLV did not contain envelope proteins in sufficient
amounts and were not infectious (21).

According to our data and those of others (21, 31), the
reason for the defect in the packaging of envelope proteins
into retroviral particles appears to be a failure to cleave the
envelope precursor protein into outer surface and transmem-
brane proteins. Whether the processing defect is based on the
functional absence of the cellular protease, a furin-type pro-
protein convertase (2), or is rather due to an abnormal trans-
location of envelope precursor protein (31), or both, remains
to be resolved. Comparison with other cells and tissues (e.g.,
bone marrow and spleen [Fig. 3]) revealed that the (relative)
inability to cleave envelope precursor proteins was restricted to
microglia cells. It is noteworthy that persistence of Borna dis-
ease virus in the CNS might result from insufficient proteolytic
cleavage of envelope proteins usually performed by a furin-like
protease (28). This indicates that this type of protease might
functionally be on a low level within the CNS. In favor of an
aberrant intracellular translocation of the envelope precursor
protein and thus a deprivation of proteolytic processing is the
observation that the envelope precursor protein accumulates
around the nucleus rather than being exported to Golgi vesi-
cles in astrocytes infected with neurovirulent MuLV in vitro
(31). The principle of aberrant protein translocation might be

of a more general relevance for the pathogenesis of infectious
neurodegenerative diseases, since the process of protein trans-
location appears to be significant for the induction of neuro-
degeneration found after scrapie-like disease as well (13).

Experiments employing genetically modified neural trans-
plants, i.e., cells secreting retroviral envelope proteins (23), as
well as transgenic mouse models (16, 35, 42) revealed that the
presence of envelope proteins within brain tissue is not suffi-
cient (alone) to induce spongiform neurodegeneration.
Rather, these studies indicated that retroviral envelope pro-
teins need to be synthesized by endogenous brain cells in order
to initiate brain damage. Lynch et al. presented evidence that,
for all brain cells infection of microglia alone is sufficient to
induce neurodegeneration (23). Our results demonstrate that
while substantial amounts of all primary viral gene products
were synthesized within microglia in vivo, processing of enve-
lope proteins was defective. As a consequence, microglia ac-
cumulated retroviral envelope proteins intracellularly and shed
vast numbers of viral particles that were mostly devoid of
retroviral envelope proteins. Which of these pathways—aber-
rant accumulation of retroviral envelope proteins within mi-
croglia or neuronal and glial overflow with envelope-defective
retroviral particles—finally leads to neuronal degeneration de-
mands further investigation. It will also be important to find
out whether these observations can be made for other retro-
viral infections of the CNS, including neuro-AIDS.
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