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The identification of viral determinants of virulence and host determinants of susceptibility to virus-induced
disease is essential for understanding the pathogenesis of infection. Obtaining this information requires
infecting large numbers of animals to assay amounts of virus in a variety of organs and to observe the onset
and progression of disease. As an alternative approach, we have used a murine model of viral encephalitis and
an in vivo imaging system that can detect light generated by luciferase to monitor over time the extent and
location of virus replication in intact, living mice. Sindbis virus causes encephalomyelitis in mice, and the
outcome of infection is determined both by the strain of virus used for infection and by the strain of mouse
infected. The mode of entry into the nervous system is not known. Virulent and avirulent strains of Sindbis
virus were engineered to express firefly luciferase, and the Xenogen IVIS system was used to monitor the
location and extent of virus replication in susceptible and resistant mice. The amount of light generated
directly reflected the amount of infectious virus in the brain. This system could distinguish virulent and
avirulent strains of virus and susceptible and resistant strains of mice and suggested that virus entry into the
nervous system could occur by retrograde axonal transport either from neurons innervating the initial site of
replication or from the olfactory epithelium after viremic spread.

Understanding the pathogenesis of a viral infection requires
a knowledge of the sites of viral replication and pathways of
spread throughout the body. Traditionally, this knowledge has
been obtained by infecting sufficient numbers of animals to be
able to evaluate several animals per time point and assaying
organs for infectious virus at many times after the initiation of
infection. This process requires large numbers of animals, and
free virus circulating in the blood can confound the interpre-
tation of data on the amounts of virus in a given organ. Fur-
thermore, important sites of virus replication may be missed
because appropriate samples were not taken. In vivo imaging
might provide an alternative method of assaying viral infection
that would eliminate these concerns.

In vivo imaging was first used to detect sites of bacterial
replication in intact, living animals in 1995 (3). Both green
fluorescent protein (26) and firefly luciferase (3) have been
used as reporters. Luciferase offers the advantages of produc-
ing an inherently low background in animals and not accumu-
lating (25). Luciferase can therefore be used to monitor real-
time activity in living animals (6). Significant technological
advances continue to be made in our ability to detect small
amounts of light, and luciferase imaging has been used suc-
cessfully to monitor tumors (4, 17, 21), bacterial infections (3,
19), herpes simplex virus expression (12), and viral gene ex-
pression (5, 25). However, its usefulness for studies of viral
pathogenesis, host susceptibility, and virus strain differences is
unclear.

Alphaviruses are an important cause of encephalitis in the
Americas, causing disease in horses, birds, and humans (20).

Sindbis virus (SV), a member of the alphavirus family causing
primarily rash and arthritis in humans (20), causes encephalitis
and paralysis in mice and therefore serves as an excellent
model for studying the pathogenesis of acute viral encephalitis.
Both viral and host factors play a role in determining the
outcome of SV infection. SV AR339 causes fatal encephalitis
in young mice but is avirulent in adult mice (10). Neuroad-
apted SV (NSV), which was derived by serial passage in mouse
brain, is lethal for adult mice (7) and replicates to titers higher
than those of AR339 (8). Both strains can spread from the
periphery into the central nervous system (CNS) in young
mice. Thach et al. have also shown that there are genetic
determinants of resistance to fatal encephalitis in certain
strains of mice (22). By comparing virulent and attenuated
strains of SV, as well as susceptible and resistant strains of
mice, we seek to identify the viral and host factors that lead to
viral encephalitis, paralysis, and death. Here we describe the
imaging of SV infections in mice and show that this imaging
can quantitatively substitute for traditional methods of assay-
ing virus replication and can reveal previously unsuspected
sites of virus replication and modes of virus spread.

MATERIALS AND METHODS

Construction of recombinant viruses. Determinants of SV virulence are
present in both the structural and nonstructural regions of the genome. Figure 1
shows the construction of the recombinant viruses used in this study and the
virulence of each in 4-week-old albino C57BL/6-Tyrc-2J mice and BALB/
cAnNCrlBR mice (hereinafter referred to as albino B6 and BALB/c mice, re-
spectively). TRNSV was constructed from pTRSB (14), in which the StuI/XhoI
fragment (nucleotides [nt] 8572 to 11750) was replaced with that of TE12 (13),
yielding a virus with the NSV glycoproteins on an AR339 consensus background.
NSV7 was constructed by replacing the SacI/BglII fragment (nt 8 to 2288) and
the StuI/BstEII fragment (nt 8572 to 11379) of Toto1101 with cDNA generated
from NSV-infected BHK cells and by replacing the ClaI/AvrII fragment (nt 2713
to 4280) with that of pTRSB. Subsequently, the two sources of NSV structural
region genes (TE12 and NSV cDNA) were found to differ at E2 glycoprotein
amino acid positions 79 (threonine to glycine) and 200 (phenylalanine to serine).
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These constructs contain both histidine at E2 amino acid 55 and guanine at nt 5,
both of which are known virulence determinants (14, 24).

To construct viruses expressing luciferase as a reporter gene, we used viruses
engineered to contain a second subgenomic promoter. TRNSV-Luc was con-
structed by removing the BsiWI/SacI fragment (nt 10381 to 13658) from an SV
containing a second subgenomic promoter (11) and using it to replace the
BsiWI/SacI fragment of TRNSV to create a double-subgenomic-promoter
TRNSV. The luciferase gene from the pGL3 Basic vector (Promega) was am-
plified by PCR (primer 1, 5�GATCGGTCACCATGGAAGACG3�; primer 2,
5�GATAGGTCACCACACGGCGAT3�) and then inserted into the BstEII site
downstream of the second subgenomic promoter. NSV7-Luc was constructed
similarly, but the BsiWI/SacI fragment containing the subgenomic promoter was
placed into the NSV7 construct. The cDNA copy was then linearized with XhoI
and in vitro transcribed by using an SP6 promoter, and the resulting RNA was
transfected into BHK cells with Lipofectin (Invitrogen). Approximately 24 h
later, supernatant fluid containing recombinant virus was collected. Luciferase-
expressing viruses were less virulent than the parent viruses (Fig. 1).

In vivo experiments. Albino B6 (Jackson Laboratories, Bar Harbor, Maine) or
BALB/c (Charles River Laboratories, Wilmington, Mass.) mice were used for all
of the imaging experiments and mortality studies. All mice were inoculated
intracerebrally (i.c.) or subcutaneously in the right hind foot with 103 PFU of
virus. Mortality was determined in 4-week-old mice infected i.c. and monitored
daily for 21 days. Prior to imaging, mice were injected intraperitoneally with 150
mg of luciferin (Xenogen Corp., Alameda, Calif.) per kg of body weight and 17
�l of a 2.5% solution of Avertin (Sigma Corp.) per g as an anesthetic. In vivo
images were acquired with the IVIS charge-coupled-device camera system
(Xenogen Corp.) and analyzed with the LivingImage 2.11 software package
(Xenogen Corp.). For the correlation study, brains were taken from animals
immediately after they were subjected to imaging for virus plaque assays and
luciferase assays. For the time course study, animals were inoculated i.c. with 103

PFU of NSV7-Luc or TRNSV-Luc and subjected to imaging on the days indi-
cated in Results. Plotted values are numbers of pixels per second as measured by
the LivingImage 2.11 software. The calculated number of PFU per brain was
determined from the correlation curves for either TRNSV-Luc or NSV7-Luc.

In vitro experiments. Whole brains from infected mice were homogenized in
2 ml of Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand Island, N.Y.).
Twenty microliters of the homogenate was used in a luciferase expression assay
(Promega, Madison, Wis.), and serial dilutions were made for standard plaque
assays on BHK cells. Recombinant firefly luciferase (Promega) was used to
generate a standard curve for converting relative light units from the luciferase
assay to micrograms of luciferase.

Statistical analysis. The significance of differences in rates of survival was
determined by Kaplan-Meier analysis with StatView 5.0.1 (SAS Institute Inc.,
Cary, N.C.). Differences in levels of virus replication were determined by com-
paring calculated log numbers of PFU between groups by Student’s t test.

RESULTS

Visualization and quantitation of virus. The first step in
developing the in vivo imaging system for SV was to determine
whether luciferase-expressing SV could be detected in the
brains and spinal cords of infected mice. Four-week-old albino
B6 mice were inoculated i.c. with 103 PFU of NSV7-Luc and
imaged 3 days postinfection (Fig. 2). Significant signal was
detected in both the brain and the spinal cord. To determine
whether there was a direct correlation between the light de-
tected by the camera and the amount of virus replicating in
tissue, 4-week-old albino B6 mice 1, 2, or 3 days postinfection
were subjected to imaging and their tissues were harvested.
The amounts of infectious virus in their brains were assayed in
vitro by plaque assay, and results were compared to the
amount of light quantitated in vivo by the camera (Fig. 3). The
amount of infectious virus measured in vitro directly correlated
with the amount of light emitted in vivo. Extrapolation of the
curve in Fig. 3A showed that the limit of detection was ap-
proximately 10 PFU per g of brain. The actual limit of detec-
tion for infectious TRNSV-Luc was determined by subjecting
4-week-old albino B6 mice to imaging early after infection
around the time that a signal was first apparent and then
harvesting tissues for virus titration. For three mice with un-
detectable signal, the log10 numbers of PFU of infectious virus
per gram of brain were 1.67, 3.42, and 5.44. However, the virus
isolated from the brain of the animal with 5.44 log10 PFU/g was
determined by IVIS imaging and plaque assay to have lost
luciferase expression. Loss of luciferase expression was infre-
quent. Expression of luciferase by virus recovered from brains
of mice sacrificed 1 to 3 days postinfection was confirmed by
imaging, followed by traditional staining of the plaques. In all
instances, the viruses remained luciferase positive (data not
shown). Since during determination of the standard curve light
was detected from animals with 3.5 and 4.4 log10 PFU/g (Fig.
3), the limit of detection is approximately 3.5 log10 PFU/g.

Comparison of virulent and avirulent strains of virus. Vir-
ulence is usually associated with high levels of virus replication
in the CNS (8, 18). To determine if in vivo imaging could be

FIG. 1. Schematic representations of recombinant viruses used. The arrows indicate the subgenomic promoter. ns, nonstructural; GOI, gene
of interest. Percentages of mortality of 4-week-old female albino B6 or BALB/c mice inoculated intracerebrally with 103 PFU of recombinant
viruses are shown. a, P was 0.0096 when values with NSV7-Luc were compared to those with TRNSV-Luc; b, P was 0.0054 when values for albino
B6 mice were compared to those for BALB/c mice (Kaplan-Meier analysis).
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used to phenotype different strains of SV, virulent (TRNSV-
Luc) and less virulent (NSV7-Luc) viruses were inoculated i.c.
into 4-week-old BALB/c mice. Four animals were subjected to
imaging for each virus on days 1, 3, and 5 postinfection, and the
numbers of PFU per brain were calculated from the appropri-
ate correlation curves plotting the amount of light to the num-
ber of PFU. The amount of virus in the brains of mice infected
with the more virulent TRNSV-Luc, estimated by the amount
of light emitted, was consistently higher than the amount in
brains of mice infected with the less virulent NSV7-Luc (Fig.
4).

Comparison of susceptible and resistant strains of mice.

Strains of mice vary in their susceptibilities to fatal encephali-
tis, and this correlates with the efficiency of virus replication in
the CNS (22). To determine whether this in vivo imaging
system could also be used for phenotyping the susceptibilities
of different mouse strains, TRNSV-Luc was inoculated into
susceptible (albino B6) and resistant (BALB/c) strains of mice
(Fig. 5A). The amount of light detected by the in vivo imaging
of the brains of susceptible mice was consistently higher than
the amount of light detected from the brains of resistant mice.
To corroborate the ability of the luciferase imaging system to
differentiate between susceptible and resistant mouse strains,
we infected the same two strains of mice with the less virulent
NSV7-Luc recombinant SV (Fig. 5B). Again, the amount of
light emitted from the infected mice tended to be greater in
albino B6 mice.

Sites of peripheral replication and CNS invasion. To deter-
mine whether invasion of the CNS from peripheral sites of
replication could be visualized, 10 11-day-old albino B6 mice
were inoculated subcutaneously in the right rear foot with
TRNSV-Luc and subjected to imaging daily for 6 days to mon-
itor the spread of virus from the periphery to the CNS. All

FIG. 2. Imaging of 4-week-old albino B6 mice after i.c. inoculation
of NSV7-Luc. Virus is detectable in the brain (A) and spinal cord (B).
Animals were subjected to imaging for 3 (A) or 5 (B) min. The animal
in panel B had its head covered to prevent camera saturation by the
stronger signal from the brain.

FIG. 3. Correlation between light detected by the camera and in
vitro plaque assays. Light was correlated with infectious virus as mea-
sured by plaque assay. Each point represents data from a single
4-week-old albino B6 mouse studied 1 to 3 days after infection with
TRNSV-Luc (A) or NSV7-Luc (B).
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mice had detectable virus in the right foot at 8 h postinocula-
tion (Fig. 6A). We detected virus in the noses of 6 of 10 mice
at 1 day postinfection (Fig. 6B). Four of 10 mice had detectable
virus in their lower spinal cords at day 3 (Fig. 6C). The source
of this light was confirmed to be the spinal cord by postmortem
dissection and imaging (data not shown). Three of six of the
mice with nasal replication had detectable virus in the brain 1
to 2 days later (Fig. 6D), while only one of four of the mice with
spinal cord replication had detectable virus in their brains at
later time points. All animals were subjected to imaging until
death, 5 or 6 days postinfection.

DISCUSSION

Traditionally, the study of viral pathogenesis has involved
infecting large numbers of animals and sacrificing several an-
imals per time point to determine viral titers in different or-
gans. Separate groups of animals need to be infected and
observed to acquire morbidity and mortality data. Indirect
correlations can then be drawn between the amount of virus in
a particular tissue and manifestations of disease. However, to
phenotype mouse strains and characterize recombinant strains
of virus, it would be advantageous to be able to draw direct
correlations between viral load and outcome of infection.
These studies have shown that the IVIS camera system, com-
bined with viruses engineered to express luciferase, can be
used to quantitatively visualize viral infections in living mice.
Not only does this allow the viral infection to be monitored
over time in a single animal, it also allows disease progression
to be directly linked to virus replication. Additionally, experi-
ments can now be carried out with fewer animals because
interanimal variation is reduced due to the availability of lon-
gitudinal data for a single animal and both viral replication in
multiple organs at many times and mortality can be deter-

mined for the same animal. Data acquisition is also more rapid
because assaying organs for infectious virus by traditional
methods requires a minimum of 2 days to read the assay results
whereas images can be quantitated within minutes.

The limit of detection determined in these experiments is
approximately 103 PFU/g, which is higher than the limit of
detection of virus in tissue for the standard plaque assay, ap-
proximately 102 PFU/g, but lower than that determined for
luciferase-expressing adenovirus in muscle gene transfer ex-

FIG. 4. Detection of differences in levels of virus virulence associ-
ated with the ability of virus to replicate in the CNS. Four-week-old
BALB/c mice were infected i.c. with 103 PFU TRNSV-Luc (closed
symbols) or NSV7-Luc (open symbols) and subjected to imaging with
the IVIS camera system on days 1, 3, and 5 after infection. The
calculated number of PFU per brain was determined for each mouse
at each time point from the appropriate correlation curve in Fig. 3.

FIG. 5. Detection of differences in levels of virus replication in
susceptible and resistant strains of mice. Four-week-old susceptible
albino B6 or resistant BALB/c mice were infected with TRNSV-Luc
(A) or NSV7-Luc (B) and subjected to imaging with the IVIS system.
Values plotted are averages of results for four mice, and error bars are
� standard errors. *, P � 0.10; **, P � 0.05 (Student’s t test).

5336 COOK AND GRIFFIN J. VIROL.



periments (106 PFU) (25). The ability to monitor animals lon-
gitudinally compensates for the loss in sensitivity compared to
that of the plaque assay. The limit of detection will vary be-
tween different strains of luciferase-expressing viruses due to
the varying strength of the promoter used to drive luciferase
expression and the amount of mRNA produced (compare Fig.
3A and B). For this reason, separate correlation curves must be
generated for each virus studied.

For alphaviruses, as well as other viruses found in plasma,

the spread of virus from the periphery to the CNS has been
difficult to study due to the confounding effects of free virus in
the blood. Even if the animal is perfused, some blood will
remain in the organs and precise determinations of the amount
of virus in organs is not possible. Documentation of replication
in a specific tissue requires identification of infected cells by
immunohistochemistry or in situ hybridization. Because lucif-
erase requires ATP for generating light from luciferin, the
IVIS system measures only virus actively replicating in cells;
plasma viremia is not measured, and any signal acquired is
from the organ, not the blood. This method can be combined
with nonlethal methods of determining plasma viremia (e.g.,
retro-orbital bleeding) to provide an even more complete pic-
ture of viral replication in the whole animal.

Early studies suggested that SV enters the brain by replicat-
ing in cerebral capillary endothelial cells (9), but in subsequent
studies these cells have not been observed to be infected (8).
Other viruses that cause encephalitis can enter the CNS by
retrograde axonal transport from the olfactory epithelium (15)
or peripheral sites of replication (2, 15). For SV, the question
has been difficult to answer because of the confounding prob-
lem of the simultaneous presence of a high titer of virus in
blood at the time of CNS entry. By imaging after peripheral
inoculation, significant replication was seen in the lower spinal
cords, noses, and brains of different animals. In all cases, rep-
lication in either the nose or the lower spinal cord preceded
detection of virus replication in the brain. We also detected
diffuse light from the abdominal region in some animals (data
not shown), consistent with previously observed limited repli-
cation in a variety of peripheral sites (23). Our data support the
hypothesis that virus entered the CNS by replicating first in the
nasal neuroepithelium, as has previously been described for St.
Louis encephalitis virus (15) and Venezuelan equine enceph-
alitis virus, an alphavirus known to be infectious by the respi-
ratory route (1). This route of entry requires spread through
the blood to the olfactory epithelium prior to retrograde trans-
port to the brain. Strains of SV differ in their abilities to
produce a sustained viremia, and this presumably affects effi-
cient entry by this route. In some animals SV appears to have
entered the CNS by retrograde axonal transport from a pe-
ripheral site of replication by direct transport to the spinal cord
as has been demonstrated for rabies virus (2) and polio virus
(16). This variability among animals in mode of entry was not
recognized in previous studies and may account for some of the
difficulty in determining how SV entered the CNS from the
periphery.

Limitations of this system include the light-absorbing prop-
erties of dark hair and skin pigment. The albino B6 mice used
in this study maintain the genetic background of the commonly
studied B6 mouse without the loss of signal due to dark hair
and skin. The stability of luciferase gene expression is also
essential. During the generation of the correlation curves, the
determination of the limit of detection, and the monitoring of
the course of infection longitudinally, we encountered only 1
animal out of over 40 evaluated in which the replicating virus
had lost luciferase expression. Addition of the luciferase gene
also attenuates SV (Fig. 1), but it attenuates all strains to
similar degrees in susceptible strains of mice; therefore, useful
comparisons between strains can still be made. It is also likely
that the correlation curves between light emitted and infec-

FIG. 6. Tracking the spread of virus from the periphery to the CNS
in 11-day-old albino B6 mice inoculated s.c. with 103 PFU of TRNSV-
Luc in the right hind footpad. Representative images of viral replica-
tion at the site of inoculation 8 h postinfection (A), the nose on day 1
(B), the lower spinal cord on day 3 (C), and the brain on day 4 (D). All
animals were subjected to imaging for 5 min.
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tious virus will be different early and late in the infection, since
the relative levels of viral RNA and the ability to detect infec-
tious virus are altered late in infection by the appearance of the
immune response, particularly neutralizing antibody. However,
at any given point in time, more light equates to more repli-
cating virus, and the use of this technique will be applicable to
in vivo study of any virus that can be engineered to express
luciferase.
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