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To investigate the involvement of various cellular and humoral aspects of immunity in the clearance of rabies
virus from the central nervous system, (CNS), we studied the development of clinical signs and virus clearance
from the CNS in knockout mice lacking either B and T cells, CD81 cytotoxic T cells, B cells, alpha/beta inter-
feron (IFN-a/b) receptors, IFN-g receptors, or complement components C3 and C4. Following intranasal infec-
tion with the attenuated rabies virus CVS-F3, normal adult mice of different genetic backgrounds developed a
transient disease characterized by loss of body weight and appetite depression which peaked at 13 days post-
infection (p.i.). While these animals had completely recovered by day 21 p.i., mice lacking either B and T cells
or B cells alone developed a progressive disease and succumbed to infection. Mice lacking either CD81 T cells,
IFN receptors, or complement components C3 and C4 showed no significant differences in the development of
clinical signs by comparison with intact counterparts having the same genetic background. However, while
infectious virus and viral RNA could be detected in normal control mice only until day 8 p.i., in all of the gene
knockout mice studied except those lacking C3 and C4, virus infection persisted through day 21 p.i. Analysis
of rabies virus-specific antibody production together with histological assessment of brain inflammation in
infected animals revealed that clearance of CVS-F3 by 21 days p.i. correlated with both a strong inflammatory
response in the CNS early in the infection (day 8 p.i.), and the rapid (day 10 p.i.) production of significant levels
of virus-neutralizing antibody (VNA). These studies confirm that rabies VNA is an absolute requirement for
clearance of an established rabies virus infection. However, for the latter to occur in a timely fashion, collab-
oration between VNA and inflammatory mechanisms is necessary.

Immune defense against viral infections of the central ner-
vous system (CNS) is limited by the blood-brain barrier as well
as by constraints on the expression in the CNS of essential
elements of immunity. Nevertheless, viral infections of the
CNS are often contained, likely by the cooperative action of
diverse effectors of immunity including soluble factors, anti-
body, and cytotoxic T cells. Of the many soluble factors in-
volved in the generation and control of immune responses, the
type 1 interferons (IFNs) are important contributors to de-
fense against virus infection due to their direct antiviral activ-
ity. It is also evident that both type 1 and type 2 IFNs collab-
orate in the cell-mediated antiviral response, as demonstrated
by the fact that mice lacking IFN-a, -b, and -g receptors are
unable to mount a cytotoxic T-lymphocyte response to lym-
phocytic choriomeningitis virus (LCMV), which results in per-
sistence of the virus (22). An important role for IFN-g in
antiviral defense in the CNS has been confirmed in a variety of
other systems. For example, neutralization of IFN-g impairs
the clearance of measles virus from the CNS (8) and increases
demyelination in the spinal cord induced by Theiler’s virus
(16). A major influence of IFN-g is on cellular immunity. The
CD81 T effector cells of this arm of the immune response have
been shown to be effective in reducing virus titers in the brain
after experimental infection with coronavirus (19), Theiler’s
virus (13), and LCMV (7, 14).

While cellular immunity and IFNs may reduce virus load,
virus-specific antibody, and particularly virus-neutralizing an-
tibody (VNA), plays an essential role in the control of most, if
not all, virus infections of the CNS. For example, treatment of
LCMV-infected mice with a virus-neutralizing monoclonal an-
tibody (MAb) could suppress virus replication and protect
against infection (26). Furthermore, treatment of rabies virus-
infected rats with a virus-neutralizing MAb protected the an-
imals against a lethal infection and cleared the virus from the
CNS (3). Antibodies also contribute to the recovery from in-
fection with Theiler’s virus (16) and reduce the virus load in
SCID mice persistently infected with Sindbis virus (12). It is
clear that virus-specific antibodies are essential for the elimi-
nation of free virus. In addition, antibody may participate in
the removal of virus-infected cells through antibody-dependent
cell-mediated cytotoxicity or complement-dependent lysis (1).
In the case of the CNS, where cytolytic mechanisms would
likely have devastating effects on neural function, recent stud-
ies suggest that antibody may participate in the elimination of
virus from infected cells in the absence of significant cell de-
struction. Several mechanisms to explain how this may occur
have been proposed (2, 3, 12). Regardless of the mechanisms
involved in antibody-mediated virus clearance, enabling anti-
body and possibly other necessary effector cells and molecules
access to the CNS, as opposed to other sites, requires crossing
the blood-brain barrier. We speculate that the interaction of
several immune functions is therefore a prerequisite for virus
clearance from the CNS.

It is well known that infection of humans with the highly
neurotrophic rabies virus is lethal in the absence of postexpo-
sure prophylaxis which, to be efficacious, must consist of both
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the administration of rabies virus-specific VNA and active im-
munization against rabies virus. Based on the fact that rabies
virus quickly enters the CNS in animal models (20), it is very
likely that the virus also reaches the CNS in infected humans
prior to treatment which is often given some days after expo-
sure. We therefore consider that active immunization in rabies
postexposure prophylaxis provides an element of immunity,
distinct from VNA production, which is essential for the clear-
ance of rabies virus from the CNS. To test this hypothesis, we
have chosen a model system based on the infection of adult
mice with the attenuated rabies virus variant CVS-F3, as in-
fection of nonimmune mice with other laboratory or street
rabies virus strains is rapidly lethal and preimmunization evi-
dently prevents virus spread to the CNS. By comparison with
the highly neuropathogenic wild-type CVS-24 rabies virus,
which is virtually the same antigenically, the CVS-F3 variant
has a single mutation at amino acid 333 which is reflected in
reduced cell-cell spread in vitro and limited replication in the
CNS of immunocompetent mice (5). To delineate the immune
effector mechanisms involved in containing or clearing CVS-F3
infection from the CNS, we have compared the course of
CVS-F3 infection and the development of immunity in gene
knockout (k.o.) mice lacking either B and T cells, CD81 T
cells, B cells, IFN-a/b receptors (IFN-a/bR) IFN-gR, or com-
plement components C3 and C4 as well as their normal coun-
terparts. Intranasal instillation of virus was selected as the
means of infection, as this provides ready access to the CNS
while minimizing any contribution to immunity from local re-
sponses triggered by invasive inoculation procedures. In this
regard, it should be noted that aerosol transmission of rabies
virus to humans has been documented (24) and has not been
excluded as a route of infection in recent cases of cryptic rabies
in the United States.

MATERIALS AND METHODS

Mice. b2-Microglobulin (b2m) k.o. mice (C57BL/6J-B2m), which fail to ex-
press major histocompatibility complex (MHC) class I antigens and as a result
are deficient in CD42 CD81 T cells (11), as well as control C57BL/6J mice were
purchased from Jackson Laboratory (Bar Harbor, Maine). Rag-2 k.o. mice,
which are T- and B-cell deficient (129/SvEv Tac/BR-[KO] rag 2), and the cor-
responding congenic control 129/SvEv mice were purchased from Taconic (Ger-
mantown, N.Y.). Mice lacking IFN-a/bR (IFN-a/bR k.o.) or IFN-gR (IFN-gR
k.o.) were kindly provided by Michel Aguet (Swiss Institute for Experimental
Cancer Research, Lausanne, Switzerland). Both IFN-a/bR k.o. and IFN-gR k.o.
mice have a 129/SvEv genetic background. Antibody-deficient (JHD k.o.) mice
on a C57BL/6J background were provided by Randy Hardy (Fox Chase Cancer
Center, Philadelphia, Pa.). C3/C4 k.o. mice, which lack the complement compo-
nents C3 and C4 (genetic background C57BL/6J), were provided by Michael
Carroll (Harvard Medical School, Boston, Mass.). All mice were maintained
under pathogen-free conditions and used at 8 to 10 weeks of age.

Virus infection of mice. The rabies virus escape mutant CVS-F3, which has an
arginine-to-glutamine substitution at amino acid position 333 of the G protein
and is nonpathogenic for immunocompetent mice when administered via the
oral, intramuscular, or intracranial route (6), was propagated in BHK-21 cells.

Groups of 15 8- to 10-week-old normal control mice or gene k.o. mice were
infected intranasally (i.n.) under anesthesia with 10 ml of phosphate-buffered
saline (PBS) containing 105 focus-forming units (FFU) of CVS-F3. Following
infection, the mice were examined for appearance of clinical signs of disease, and
their weights were recorded on a daily basis.

Virus isolation and virus titration. At different times after i.n. infection, mice
were sacrificed, their brains were removed, and a 20% brain suspension in PBS
was prepared. To determine the virus yield, monolayers of mouse neuroblastoma
cells in 96-well plates were infected with 50 ml of brain suspension at serial
10-fold dilutions and incubated for 1 h at 37°C to allow for virus adsorption. The
virus inoculum was then removed, and the cultures were replenished with 100 ml
of culture medium, and incubated at 34°C. Forty-eight hours postinfection (p.i.),
the cells were fixed in 80% acetone and subjected to a fluorescent staining
technique with rabies N-protein-specific antibody (23). Foci were counted using
a fluorescence microscope. All titrations were carried out in triplicate.

RNA extraction, RT-PCR, and Southern blot analysis. Total RNA was iso-
lated from CVS-F3-infected mouse brains according to the manufacturer’s man-
ual for the RNAzol B method (Biotecx Laboratories, Inc., Houston, Tex.).
Reverse transcription (RT) reactions were performed at 42°C for 1 h, using avian

myeloblastosis virus reverse transcriptase (Promega, Madison, Wis.) as previ-
ously described (21). To examine for the presence of rabies virus genomic RNA,
total mouse brain RNA (3 mg) and 1 mM rabies virus-specific primer C5-a
(5-CTTCACTCAAGGGTCTTC-3) were used in the RT reaction. A portion of
the RT product was subjected to PCR amplification using primers C5-a and C3-a
(5-TTGTTGAAGTTCACCTCC-3). Amplification was carried out for 35 cycles
(denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and polymerization
at 72°C for 1 min), with Taq DNA polymerase (Fisher Scientific, Pittsburgh, Pa.),
as described previously (21). As an internal control of RNA preparations,
a 348-bp segment of glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
mRNA was also amplified by using antisense primer 5-GGCCATGAGGTCCA
CCACCCTGTT-3 and sense primer 5-TGCCAAGGCTGTGGGCAAGGTCA
T-3. The PCR products were electrophoresed on 1% agarose gel (Sigma, St.
Louis, Mo.). G3PDH-specific PCR products were detected by ethidium bromide
staining. Rabies virus-specific PCR products were blotted onto GeneScreen Plus
membrane (DuPont, Boston, Mass.), hybridized with 32P-labeled internal oligo-
nucleotide probe C5-c (5-TCCATCATGACCACCAAGTC-3), and exposed to
autoradiography film. Oligonucleotide probes were labeled with [g-32P]ATP
(specific activity, 4,500 Ci/mmol; ICN Pharmaceuticals, Inc., Irvine, Calif.), using
T4 polynucleotide kinase (Promega).

Determination of VNA and rabies-specific antibody isotypes. Ten and 20 days
p.i. blood was collected from five animals of each experimental group. The
mouse sera were heat inactivated at 56°C for 30 min, and neutralizing activity was
determined as described previously (25). The isotypes of rabies virus-specific
antibodies made by the various mouse strains were assessed in direct enzyme-
linked immunosorbent assay (ELISA) using b-propriolactone-inactivated ERA
rabies virus as the trapping antigen as previously described (27). Isotype-specific
antibodies were either alkaline phosphatase conjugated (immunoglobulin G
[IgG; Cappel], IgG1 [Pharmingen], IgG2a [Cappel], IgG2b [Cappel], and IgG3
[Cappel]) or horseradish peroxidase-conjugated (IgM [Sigma]). p-Nitrophenyl
phosphate substrate (Sigma) was used for color development of alkaline phos-
phatase-conjugated antibodies, and activity was read spectrophotometrically at

FIG. 1. Effect of i.n. infection with CVS-F3 on body weight of mice with
different gene defects. Normal 129/SvEv (A, E, and F) and C57BL/6J (B to D)
mice (}) and the gene k.o. mice (E), rag-2 k.o. (A), b2m k.o. (B), JHD k.o. (C)
C3/C4 k.o. (D), IFN-a/bR k.o. (E), and IFN-gR k.o. (F), were infected i.n. with
CVS-F3 as described in Materials and Methods. Mice were weighed on a daily
basis. Individual body weights were transformed into percentages, taking the
weight at day 5 p.i. as 100%. The results are expressed as mean plus standard
error of the mean percent body weight of 15 mice per group.
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405 nm. 3,39,5,59-Tetramethylbenzidine dihydrochloride substrate (Sigma) was
used for color development of the peroxidase-conjugated antibody, and activity
was read spectrophotometrically at 450 nm.

Immunohistochemical and histological analysis. At different times after in-
fection, mice were anesthetized and perfused transcardially with PBS containing
procain-HCl (5 g/liter) and heparin (20,000 IU/liter) followed by Bouin-Hollande
fixation solution (28). Brains were removed and postfixed for 24 h in the same
fixative. After dehydration in a graded series of 2-propanal, tissues were embed-
ded in Paraplast Plus (Merck, Darmstadt, Germany) and cut into 7-mm-thick
coronal sections. Histological analysis was performed on coronal sections
through the hippocampus. For immunohistochemical analysis, the sections were
incubated with a monospecific rabbit antibody which recognizes rabies virus
ribonucleoprotein. Reactions were visualized with biotinylated sheep anti-rabbit
IgG and streptavidin-peroxidase (Amersham), using the nickel-enhanced diami-
nobenzidine reaction described previously (28). For histology and examination,
sections were stained with hematoxylin-eosin.

RESULTS

Development of clinical signs in normal and gene k.o. mice
infected with CVS-F3. Intramuscular and intracranial infection
of normal adult mice with CVS-F3 elicits the rapid production
of high VNA titers in the absence of any overt signs of disease
(data not shown). In contrast, i.n. inoculation of normal adult
mice of different genetic backgrounds with CVS-F3 causes a
transient disease characterized by appetite depression and
body weight loss (Fig. 1). In the experiment shown in Fig. 1,
normal adult 129/SvEv (Fig. 1A, E, and F) and C57BL/6J (Fig.
1B to D) mice exhibited weight loss which peaked 11 to 12 days
following i.n. infection with CVS-F3 (105 FFU). While these
animals recovered and almost completely regained their orig-
inal body weight by day 21 p.i., mice lacking B and T lympho-
cytes (rag-2 k.o. [Fig. 1A]) and mice lacking B lymphocytes
(JHD k.o. [Fig. 1C]) developed a progressive disease and suc-
cumbed to infection between 21 and 24 days p.i. On the other
hand, mice lacking either CD81 T lymphocytes (b2m k.o. [Fig.
1B]), the complement components C3 and C4 (C3/C4 k.o. [Fig.
1D]), IFN-a/bR (IFN-a/bR k.o. [Fig. 1E), or IFN-gR (IFN-gR
k.o. [Fig. 1F]) showed no significant differences in the course of
clinical disease by comparison with immunologically intact
mice having the same genetic background.

Clearance of infectious virus from the brain. To examine the
fate of CVS-F3 virus in the brain after i.n. infection, brain
suspensions were prepared 8, 13, and 21 days p.i. from two
mice at each time point and tested for the presence of infec-
tious virus. Table 1 shows that at day 8 p.i., infectious virus was
present in the brains of all normal as well as all gene k.o. mice.
However, by days 13 and 21 p.i., infectious virus remained
detectable only in the brains of rag-2 k.o. and JHD k.o. mice.
Nevertheless, while virus titers in rag-2 k.o. mice increased
approximately 10-fold between days 13 and 21 days p.i., virus
titers in the brains of the JHD k.o. mice remained constant over

the entire time period examined. All mice lacking the capacity
to make antibody died between days 21 and 24 p.i.

Clearance of viral RNA and viral antigen from the brain. It
is conceivable that the development of a neutralizing antibody
response approximately 1 week after infection may interfere
with the subsequent isolation of infectious virus from brain
tissue, thereby leading to the false perception that virus had
been completely eliminated. To control against this possibility,
brain tissue was analyzed for the presence of viral RNA or viral
antigens by using RT-PCR analysis and immunohistochemis-
try. As is evident from the results of RT-PCR analysis shown in
Fig. 2, genomic rabies virus RNA, like infectious virus, was
present in the brains of all normal and gene k.o. mice 8 days
p.i. By day 13 p.i., viral RNA had been cleared from the brains

FIG. 2. RT-PCR analysis of rabies virus genomic RNA in brain tissue from
mice infected i.n. with CVS-F3. Brains from two mice of each of the indicated
strains were collected at 8, 13, 21, and 37 days after i.n. infection with CVS-F3,
and RNA was extracted and subjected to RT-PCR analysis for rabies virus
genomic RNA (RV) as described in Materials and Methods. Amplification of
G3PDH mRNA served as an internal control.

TABLE 1. Virus titers in mouse brains following i.n. infection with CVS-F3

Mouse
strain

Virus titer (FFU/g of brain)a at indicated days p.i.

8 13 21

1 2 1 2 1 2

Rag-2 k.o. 5.0 3 105 1.0 3 105 2.0 3 105 2.5 3 105 1.0 3 106 5.0 3 106

b2m k.o. 7.5 3 103 1.8 3 104 ,10 ,10 ,10 ,10
JHD k.o. 2.0 3 104 5.0 3 104 1.5 3 104 5.0 3 104 5.0 3 104 5.0 3 103

C3/C4 k.o. 1.5 3 104 1.0 3 105 ,10 ,10 ,10 ,10
IFN-a/bR k.o. 2.5 3 105 2.5 3 105 ,10 ,10 ,10 ,10
IFN-gR k.o. 4.0 3 105 5.0 3 104 ,10 ,10 ,10 ,10
C57BL/6J 1.0 3 105 1.5 3 105 ,10 ,10 ,10 ,10
129/SvEv 7.5 3 103 2.6 3 103 ,10 ,10 ,10 ,10

a Determined in two mice (1 and 2) for each time point and mouse strain.
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FIG. 3. Immunohistochemical analysis for rabies virus N protein in coronal sections through the hippocampus of rag-2 k.o. (A to C), b2m k.o. (D to F), JHD k.o.
(G to I), IFN-gR k.o. (K to M), C57BL/6J (N to P), and 129/SvEv (R and S) mice infected with CVS-F3. Also shown is a section from a noninfected 129/SvEv mouse
(Q). Mice were sacrificed at 8 (A, D, G, K, and N), 13 (B, E, H, L, O, and R), and 21 (C, F, I, M, P, and S) days p.i., and brain sections were prepared and stained
with antibodies specific for rabies virus N protein as described in Materials and Methods. Arrows indicate N-protein-positive cells. Areas shown at higher magnification
in Fig. 4 are marked by asterisks. Bar 5 500 mm.
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of C57BL/6J, 129/SvEv, and C3/C4 k.o. mice but could still be
detected until day 21 p.i. in the brains of rag-2 k.o., JHD k.o.,
b2m k.o., IFN-a/b R k.o., and IFN-g R k.o. mice. However,
viral RNA could no longer be detected in the brains of all

surviving mice 37 days p.i. These differences in the rate of
clearance of all evidence of rabies virus infection from the
brain are supported by the results of immunohistochemical
analysis for rabies virus N protein in the brain. N protein could

FIG. 4. Immunohistochemical analysis for rabies virus N protein in coronal sections through the hippocampus of rag-2 k.o. (A), b2m k.o. (B), JHD k.o. (C), IFN-g
R k.o. (D), C57BL/6J (E), and 129/SvEv (F) mice 21 days following infection with CVS-F3. Areas from sections marked by asterisks in Fig. 3 are shown at higher
magnification (bar 5 25 mm).
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be detected in brain sections from all normal and gene k.o.
mice at 8 and 13 days p.i. (Fig. 3) but by day 21 p.i. was
completely absent from the brains of normal C57BL/6J (Fig.
3P), 129/SvEv (Fig. 3S), and C3/C4 k.o. (data not shown) mice.
Like viral RNA, rabies virus N protein could be readily de-
tected at low magnification at day 21 in brain sections prepared
from rag-2 k.o. (Fig. 3C) and at a lower level in sections from
JHD k.o. (Fig. 3I), b2m k.o. (Fig. 3F), and IFN-gR k.o. (Fig.
3M) mice. Analysis of the sections shown in Fig. 3C, F, I, M, P,
and S at high magnification (Fig. 4) confirms this pattern,
clearly demonstrating the presence of rabies antigen-positive
neurons at 21 days p.i. in rag-2 k.o. (Fig. 4A), b2m k.o. (Fig.
4B), JHD k.o. (Fig. 4C), and IFN-gR k.o. (Fig. 4D) mice but
not in sections from C57BL/6J (Fig. 4E) or 129/SvEv (Fig. 4F)
mice.

Production of virus-specific antibodies after infection with
CVS-F3. Clearance of rabies virus from the brain is well known
to be dependent on the presence of VNA. It is therefore not
surprising that rag-2 and JHD k.o. mice, which cannot make
VNA (Table 2), do not clear CVS-F3 and eventually succumb
to the infection. With the exception of rag-2 and JHD k.o. mice,
all mouse strains tested developed high VNA titers by day
21 p.i. (Table 2). However, the development of the VNA re-
sponse was apparently delayed in IFN-a/bR k.o. and IFN-gR
k.o. mice, since at day 10 p.i., VNA titers in these animals were
approximately 10 times lower than in fully immunocompetent
controls. Surprisingly, despite failing to clear the virus infection
by day 13, b2m k.o. mice developed titers of neutralizing an-
tibodies which were by 10 days p.i. higher than those seen in
the controls. Thus, in addition to the quantity of VNA pro-
duced another factor, conceivably the quality of the antibodies,
evidently plays a major role in virus clearance. As antibodies
with different isotypes differ functionally, it may be that the
ability of VNA to clear rabies virus from the CNS is highly

dependent on their isotype. Since the pattern of T-cell cyto-
kines made in response to infection dictates the classes of
antibodies produced, it is likely that several of the gene k.o.
mouse strains studied in this investigation differ from intact
animals in the array of rabies virus-specific antibodies pro-
duced in response to infection. This may culminate in differ-
ences in the ability to clear the virus from the brain. Significant
differences were seen between the strains in the overall mag-
nitude of their rabies virus-specific antibody response as well as
in the profile of rabies virus-specific antibody isotypes pro-
duced during infection with CVS-F3 (Table 3). Genetic back-
ground evidently contributes to the antibody response to rabies
CVS-F3 infection, as 129/SvEv mice made low levels of IgM
rabies virus-specific antibodies but very high levels of antibod-
ies of the IgG2a, IgG2b, and IgA isotypes, while C57/BL6 mice
made high levels of IgM, low to moderate levels of IgG2b, and
little IgG2a or IgA (Table 3). The patterns of rabies virus-
specific antibody isotypes produced by IFN-a/bR and IFN-gR
k.o. mice were similar in having elevated levels of IgM and
IgG1 but lower levels of IgG2a, IgG2b, and IgA by comparison
with the background 129/SvEv strain. While both C57BL/6J
and congenic b2m k.o. mice produced predominantly IgM
antibodies in response to infection with CVS-F3, the low to
moderate levels of rabies virus-specific IgG2a, IgG2b, and IgA
antibodies seen in C57BL/6J mice were virtually absent from
the b2m k.o. mice.

Development of CNS inflammation in CVS-F3-infected mice.
While differences in the ability to clear CVS-F3 from the brain
may be the consequence of variability in VNA production, it is
also conceivable that differences in a local cellular response,
reflected by the level of cell infiltration into the CNS, are in-
volved. To investigate this possibility, we examined coronal
sections through the hippocampus for the presence of cellular
infiltrates which are usually highest in the hippocampal fissure.
Examination of brain sections from C57BL/6J mice (Fig. 5N
and O) as well as from 129/SvEv mice (Fig. 5R) revealed mas-
sive cell infiltration in the hippocampal fissure between days 10
and 13 p.i. At day 21 p.i., when viral RNA could no longer be
detected (Fig. 2), inflammation was also nearly completely re-
solved (Fig. 5P and S), with histological sections resembling
those of uninfected controls (Fig. 5Q). In b2m k.o. mice, a
significant inflammatory reaction developed in this area (Fig.
5D to F), but its appearance was delayed with respect to that
seen in control C57BL/6J mice. In contrast, examination of
matching areas in brain sections from rag-2 k.o. (Fig. 5A to C),
JHD k.o. (Fig. 5G to I), and IFN-gR k.o. (Fig. 5K to M) mice
revealed no inflammatory processes at day 8 p.i. and either
little or no inflammation at days 13 and 21.

TABLE 2. Titers of VNA from mice infected i.n. with CVS-F3

Mouse strain
VNA geometric mean titera (range)

10 days p.i. 20 days p.i.

Rag-2 k.o. 0 0
b2m k.o. 1,265 (810–2430) 3,028 (1,800–8,100)
JHD k.o. 0 0
IFN-a/bR k.o. 44 (30–90) 4,446 (1,800–16,200)
IFN-gR k.o. 68 (30–270) 6,005 (2,700–8,100)
C57BL/6J 581 (135–2,430) 1466 (600–1,800)
129/SvEv 455 (270–810) 16236 (5,460–48,600)

a Geometric mean of the reciprocal titer (reciprocal of the highest serum
dilution yielding a 50% reduction in test virus, as determined by the fluorescent-
focus inhibition assay) of five mice.

TABLE 3. Distribution of isotypes of rabies virus-specific antibody elicited by infection with CVS-F3

Isotype
Geometric mean rabies virus-specific antibody titera in indicated mouse strain

129/SvEv IFN-a/bR k.o. IFN-gR k.o. C57BL/6J b2m k.o.

IgM 5,649 (2,440–9,760) 34,995 (17,920–71,680) 37,670 (40,960–110,080) 29,512 (25,320–32,805) 21,135 (5,603–38,641)
IgG1 724 (0–40,960) 40,551 (21,760–117,760) 16,143 (3,520–125,440) 29 (0–640) 3 (0–130)
IgG2a 444,631 (102,400–1,392,640) 11,272 (9,122–24,762) 45,920 (23,680–140,760) 1,148 (586–1,813) 92 (55–340)
IgG2b 95,499 (27,520–547,840) 40,738 (9,880–94,720) 62,517 (29,440–209,920) 7,244 (2,141–29,789) 772 (480–2,382)
IgG3 0 (0–40) 2 (0–110) 0 1 (0–568) 0
IgA 171,396 (38,560–7,536,640) 17,219 (6,880–33,280) 26,546 (3,040–79,360) 876 (370–2,320) 99 (0–5,920)

a Determined 20 days p.i. as the inverse of the last dilution of serum in ELISA which gave an optical density greater than twice the background optical density of
wells with secondary isotype-specific antibody but without serum. Groups consisted of five mice each. Numbers in parentheses represent the range of antibody titers
found within each group of animals. IFN-a/bR and IFN-gR k.o. mice are on a 129SvEv background, while b2m k.o. mice are on a C57/BL6 background.
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FIG. 5. Histological analysis of coronal sections through the hippocampus of rag-2 k.o. (A to C), b2m k.o. (D to F), JHD k.o. (G to I), IFN-gR k.o. (K to M),
C57BL/6J (N to P), and 129/SvEv (R and S) mice infected with CVS-F3. Also shown is a section from a noninfected 129/SvEv mouse (Q). Mice were sacrificed at 8
(A, D, G, K, and N), 13 (B, E, H, L, O, and R), and 21 (C, F, I, M, P, and S) days p.i., and brain sections were prepared and stained with hematoxylin-eosin as described
in Materials and Methods. Panels show matching areas of the hippocampal fissure of different mice, magnified approximately 40-fold. Bar 5 25 mm.
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DISCUSSION

Our results clearly demonstrate that i.n. infection of mice
with the attenuated rabies virus CVS-F3 leads to replication of
the virus in the CNS which is accompanied by signs of mild
disease even in fully immunocompetent mice. While infectious
virus, viral antigen, and viral RNA could be readily demon-
strated in the CNS of all of the mouse strains tested 8 days
after i.n. infection, no evidence of rabies infection remained
detectable in immunocompetent C57BL/6 and 129/SvEv mice
by 13 days p.i. As expected, a rabies virus-specific antibody re-
sponse is an absolute requirement for recovery from disease
caused by CVS-F3, as mice lacking B cells do not clear the
virus and succumb to the infection. However, the production of
VNA alone, regardless of isotype of the antibodies, was not
sufficient for the rapid elimination of virus from the CNS. b2m
k.o. mice produced higher levels of VNA than fully immuno-
competent congenic C57/BL6 mice yet cleared the virus in a
considerably delayed fashion, as shown by immunohistochem-
istry. Unlike C57/BL6 mice, b2m k.o. mice failed to produce
significant titers of IgG2a, IgG2b, and IgA rabies virus-specific
antibodies. On the other hand, in response to CVS-F3 infec-
tion IFN-a/bR k.o. and IFN-gR k.o. mice were slow to pro-
duce VNA but eventually made much higher levels of IgG1,
IgG2a, IgG2b, as well as IgA isotype antibodies, than C57/BL6
mice. With respect to their 129/SvEv congenic control mice,
IFN-a/bR k.o. and IFN-gR k.o. mice produced substantially
lower levels of IgG2a and IgA but higher levels of IgM, and
IgG1 in response to CVS-F3 infection. Only relatively minor
differences were observed in the levels of rabies virus-specific
IgG2b produced by these mice. These findings do not provide
any clear basis to consider that elimination of rabies virus from
the CNS is solely due to the production of rabies virus-specific
antibody of any particular isotype. Another element of im-
mune responsiveness to rabies virus must collaborate with an-
tibody in virus clearance and be responsible for the observed
differences between the strains studied. This is unlikely to in-
volve either the classical or alternative complement cascades,
as mice unable to express the central complement components,
C3 and C4, recovered from disease and cleared the virus like
normal controls. Together with the observation that depletion
of C3 with cobra venom factor had no effect on the clearance
of Sindbis virus from infected mouse brain (12), these findings
are consistent with the hypothesis that antibody-mediated
clearance of virus from the CNS is not dependent on the
participation of the better-known complement cascades. This
does not exclude the possibility of a contribution from com-
plement component C1, which is strongly upregulated in mi-
croglia during virus-induced CNS inflammation (4).

The finding that the infectious virus load increases between
days 13 and 21 p.i. in mice lacking both T cells and antibody
(rag-2 k.o.), but remains constant from day 8 p.i. until the
animals’ death in at least some mice lacking antibody alone
(JHD k.o.), argues that there is a contribution to the antiviral
response from T cells in addition to their important role in
helping antibody production. In this regard, it is noteworthy
that mice lacking b2m and, consequently functional CD81 T
cells, were also slow to clear CVS-F3 from their CNS, with
evidence of infection remaining detectable 21 days p.i. despite
the presence of high levels of VNA in these animals from at
least 10 days p.i. Nevertheless, the fact that the virus is cleared
from the CNS in the absence of functional CD81 cells indi-
cates that these cells are not necessary for the clearance of
CVS-F3. However, the presence of CD81 cells clearly accel-
erates the elimination of virus, possibly through the production
of soluble factors, as has been previously suggested for LCMV

(14). It is conceivable that due to the low levels of MHC class
II antigens expressed in the brain, MHC class I-restricted
CD81 T cells are required for the early production of cytokines
at the site of infection where relatively high levels of antigen
are available to stimulate the immune response. This possibil-
ity is supported by the finding that the absence of functional
CD81 T cells during infection with rabies CVS-F3 is reflected
in the failure to produce significant titers of rabies virus-spe-
cific antibodies of the IgG2a and IgG2b isotypes. Because of
the known role of IFN-g in isotype switching to IgG2a (22),
low levels of this class of antibody likely are the result of
inadequate production of IFN-g. Further evidence that IFN-g
production may be limited in b2m k.o. mice comes from the
observation that CNS inflammation in response to CVS-F3
infection is delayed in these animals. A strong CNS inflamma-
tory response, which is well known to be dependent on IFN-g,
was first seen in b2m k.o. mice some 5 days after its appearance
in congenic C57BL/6J mice. Based on these results and the
absence of a clear correlation between rabies virus clearance
and the presence of antibodies of any particular isotype, we
conclude that CD81 T cells likely contribute to the antibody-
mediated clearance of rabies virus from the CNS by enhanc-
ing IFN-g production and the CNS inflammatory response.
Whether cytolytic destruction of infected neurons by CD81 T
cells plays any role remains to be discerned.

The possibility that T-cell-mediated, IFN-g-dependent CNS
inflammation contributes to the clearance of rabies virus from
the CNS is supported by the fact that mice with a targeted
defect in the expression of receptors for IFN-g showed no
marked CNS inflammation at either 8, 13, or 21 days p.i. and
failed to clear the virus within 21 days p.i. Thus, the response
to the proinflammatory cytokine IFN-g is essential to generate
a CNS inflammatory response to rabies virus. Nevertheless, the
IFN-gR k.o. mice exhibit high levels of VNA by day 21 p.i.,
recover from the disease, and eventually clear the virus. In this
case, it may be argued that the absence of the IFN-g-depen-
dent inflammatory response is manifested in a delay in the
production of VNA as well as major changes in the ratios of
the various antibody isotypes produced but culminates in only
a slowed clearance of rabies virus from the CNS rather than a
lethal outcome. IFN-a and -b appear to play an important role
in the IFN-g-dependent response pathway to rabies CVS-F3
virus infection. The perturbations in antibody production, both
the delay in the appearance of VNA and in the display of an
aberrant isotype pattern, are shared by IFN-a/bR and IFN-gR
k.o. mice, as is the late clearance of CVS-F3 from the CNS.
While we do not know the effect of targeted disruption of
IFN-a/bR on CNS inflammation after infection with rabies
CVS-F3, it is notable that cooperation between IFN-a/b and
IFN-g has been observed in the activation of mouse macro-
phages to produce NO, an important inflammatory mediator
(10). We therefore speculate that the absence of a response to
IFN-a/b results in a reduction in the aspect of the IFN-g
response to rabies virus infection that is responsible for rapid
clearance of the virus.

We conclude from the results presented above that a cell-
mediated inflammatory response may contribute to the rapid
clearance of rabies virus from the CNS as has been inferred in
Borna disease virus infection (17). A strong local CNS inflam-
matory response may promote contact between immune effec-
tors and infected cells or enhance antibody production more
directly through factor production. While our evidence is in
general agreement with the concept that antibody is the pri-
mary immune effector of rabies virus clearance, it is evident
that mice lacking B cells retain some ability to limit virus
replication which appears to be T-cell dependent. Moreover, a
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contribution to CNS inflammation from antibody or B cells is
supported by the observation that JHD k.o. mice fail to make
a significant inflammatory response to CVS-F3 infection. Al-
ternatively, there may be a T-cell developmental, maturation,
or functional defect, resulting from the absence of B cells (9),
in the JHD k.o. mice which is reflected in the inability to mount
a CNS inflammatory response to rabies CVS-F3 infection. The
observation that IFN-g production by T cells is enhanced and
the ratio of IgG2a to IgG1 antibodies increased when activated
antigen-specific B cells are present during the induction of an
immune response (15) supports the possibility that antigen-
specific inflammatory responses in JHD k.o. mice are compro-
mised due to a deficit in IFN-g production by T cells.

Our studies confirm that rabies virus-specific antibodies are
essential for clearance of an established rabies virus infection
from the CNS, as likely occurs in human postexposure treat-
ment situations. For the latter to occur in a timely fashion, an
intact IFN-a/b- and IFN-g-dependent inflammatory pathway
appears to be necessary. The cooperation of different immune
mechanisms in the clearance of rabies CVS-F3 from the CNS
could explain why immunocompetent mice with different back-
grounds rapidly clear the virus despite very large differences in
the levels and qualities of rabies virus-specific antibodies that
they make. Furthermore, CVS-F3-infected mice with different
immunological deficits produced rabies-specific antibodies
with widely disparate isotype profiles yet eventually cleared the
virus. These findings indicate that clearance of rabies virus
from the CNS is not dependent on the production of any
particular antibody isotype, as previously reported for rabies
and other viruses (3, 12, 26). The antibody isotype profiles
made by the different animals are likely due to differences in
the balance of Th1 plus CD8 versus Th2 factor production and
therefore a reflection of whether there is a concomitant IFN-
g-dependent inflammatory response. These results support the
notion that some mechanism associated with the inflammatory
response facilitates rabies virus clearance from the CNS. In the
early stage of infection, inflammatory processes in the CNS
contribute to the response which rapidly clears rabies virus,
indicating that any use of anti-inflammatory agents concomi-
tant with rabies postexposure prophylaxis may lead to delay in
the clearance of rabies virus and ultimately to the failure of
rabies postexposure treatment.
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