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bstract

The TC-83 vaccine strain of Venezuelan equine encephalitis virus (VEEV) causes encephalitis and death in C3H/HeN mice infected by intranasal
i.n.) instillation. Since TC-83 is exempt as a select agent, this mouse model was used in the evaluation of antiviral therapies. Virus titers in the brains of
nfected mice peaked on 4 dpi and persisted at high levels until death at 9.4 ± 0.5 dpi. Mouse brains appeared histologically normal on 2 dpi, but devel-
ped meningoencephalitis, neuropil vacuolation, and gliosis by 8 dpi. Results from a protein cytokine array showed significant elevations over time in
nterleukin (IL)-1�, IL-1�, IL-6, IL-12, MCP-1, IFN�, TNF�, MIP-1�, and RANTES in homogenized brain samples of infected mice. Immunohisto-
hemical staining showed a colocalization of viral antigen with neuron markers. Treatment with interferon-� B/D or ampligen significantly improved

urvival, brain virus titer and cytokine levels, mean day-to-death, and weight change in infected mice. The time-course of infection and disease param-
ters of mice infected with TC-83 VEEV were similar in many ways to disease parameters in mice infected with other VEEV strains. Thus, infection
f C3H/HeN mice with TC-83 VEEV may serve as a suitable model for the evaluation of antiviral compounds for the treatment of this viral disease.

2008 Elsevier B.V. All rights reserved.
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. Background

Venezuelan equine encephalitis virus (VEEV) is an alpha-
irus that causes periodic outbreaks in horses and man. Infection
n man can cause severe acute disease that is followed by muscle
eakness (Weaver et al., 2004). Lethal infection is generally rare

nd is thought to occur in less than 1% of cases. Histopathology
n lethal human cases is observed in the brain, spleen, lymph
odes, gastrointestinal tract, liver, and lungs, which is similar to
hat seen in rodent models (de la Monte et al., 1985).

Disease in mice infected with wild-type strains of VEEV
s biphasic, including an early lymphoid phase that is usually

elf-limiting followed by a central nervous system (CNS) phase
hat can result in death (Aronson et al., 2000; Charles et al.,
001; Davis et al., 1994). The lymphoid phase is accompanied

∗ Corresponding author. Tel.: +1 435 797 7215; fax: +1 435 797 3959.
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y a prolonged viremia that persists until death, and virus is
ound in the liver, spleen, pancreas, and various lymphoid tis-
ues including the Peyer’s patches of the small intestine and the
hymus (Charles et al., 2001; Grieder et al., 1995; Jackson et al.,
991). CNS involvement occurs as early as 18 h with detection
f virus in olfactory neuroepithelium, which next moves to the
lfactory bulb, and then on to other areas of the brain coincid-
ng with clearance of the virus from the periphery (Charles et
l., 1995; Davis et al., 1994). Virus is also detected in the grey
atter of the spinal cord and may be associated with limb weak-

ess and paralysis (Jackson et al., 1991). Whole brain virus in
ice infected with wild-type VEEV strains reaches peak titers at

pproximately 5 days after peripheral virus challenge (Charles
t al., 2001; Schoneboom et al., 2000).

Aside from direct infection of various tissues, immunopatho-

enesis appears to play a significant role in disease and
ortality in VEEV infection. An increase in the induction of
any cytokines, including interferon-� (IFN-�), interleukin

IL)-6, IL-10, IL-12, and tumor necrosis factor-� (TNF-�),

mailto:jgjulander@cc.usu.edu
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s observed in brain and other tissues after infection with
ild-type strains of VEEV (Griffin et al., 1997; Muehlenbein

t al., 2006; Schoneboom et al., 2000). Similar cytokine induc-
ion, with upregulation of IL-1, IL-4, IL-6, IL-10, leukemia
nhibitory factor (LIF), and TGF-�, was observed in the
rains mice infected with Sindbis virus, a related alphavirus
Wesselingh et al., 1994). The induction of cytokines and other
mmunomodulatory genes likely contributes to the pathogenesis
f VEEV disease, and understanding of immunopathological
echanisms could lead to strategies for therapeutic intervention

Schoneboom et al., 2000).
TC-83 is an attenuated vaccine strain of VEEV derived from

he highly pathogenic Trinidad Donkey (TrD) strain, differing
rom the parental wild-type strain in 12 nucleotide positions
Berge et al., 1961; Johnson et al., 1986; Kinney et al., 1993).
wo mutations, one in the 5′-noncoding region and one in the E2
nvelope glycoprotein have been shown to be associated with the
ttenuated phenotype (Kinney et al., 1993). Further, the mutation
n the 5′-noncoding area is responsible for greater susceptibility
o the effects of endogenous interferon in an infected host (White
t al., 2001).

TC-83 and other attenuated strains will replicate to detectable
iters in the brain of many mouse strains, but this infection does
ot result in death of the host (Ludwig et al., 2001; Schoneboom
t al., 2000). However, intranasal instillation, aerosol exposure,
r direct intracranial (i.c.) injection of the virus in the C3H/HeN
ouse strain results in morbidity and mortality (Hart et al., 1997;
udwig et al., 2001). The i.n. route was selected for these stud-

es because it does not require the special machinery needed
or aerosol exposure or the highly invasive techniques of i.c.
elivery.

The reason for a difference in morbidity and mortality of
3H/HeN mice after infection with various pathogens as com-
ared with relative resistance in other mouse strains has been
ddressed, although no comprehensive studies have been con-
ucted to provide any specific mechanisms. A decrease in the
ate of clearance of TC-83 from the brains of C3H/HeN mice as
ompared with BALB/c mice has been observed, which has been
uggested to be a result of a reduced cellular immune response
Steele et al., 1998). A decrease in the induction of mucosal
gA response correlated with increased sensitivity to an aerosol
hallenge with TrD VEEV in TC-83-vaccinated C3H/HeN mice,
lthough there was no difference between IgG (Hart et al., 1997).
his lack of mucosal IgA in C3H/HeN mice may at least partially
xplain the susceptibility of this mouse strain to i.n. challenge
ith TC-83, despite resistance to peripheral inoculation.
One objective of this study was to further characterize the

3H/HeN mouse model of TC-83 VEEV disease for use in
ntiviral experiments. TC-83 infection of out bred mouse strains
as been used as an indirect model for the evaluation of antivi-
al compounds (Kuehne et al., 1977). Exogenous interferon
as been used in the prevention or treatment of disease in
ice infected with wild-type VEEV strains (Lukaszewski and

rooks, 2000). It appears that many VEEV strains are relatively

esistant to the effects of interferon in vitro, and the sensitivity
r resistance to exogenous interferon-�/� treatment correlated
ith virulence determinants in different strains of VEEV (Spotts

2

i

search 78 (2008) 230–241 231

t al., 1998). Ampligen is a single-stranded RNA that induces
n antiviral state in the cells of treated animals via interferon
roduction, and prophylactic treatment is protective in many dif-
erent animal models of virus infection (Anon., 2004; Julander
t al., 2007; Leyssen et al., 2003; Niu et al., 1993; Pinto et
l., 1988; Smee et al., 1993). If active, one or both of these
gents may serve as positive control compounds in future antivi-
al experiments with agents of unknown activity. The utility of
.n.-infected C3H/HeN mice with the TC-83 vaccine strain of
EEV for use in antiviral studies will be evaluated to determine
ossible benefits of a lower Biosafety level model of VEEV
isease.

. Materials and methods

.1. Animals

Female C3H/HeN mice were obtained from Charles River
aboratories (Wilmington, MA) between 16 and 18 g. Animals
ere randomly assigned to cages and individually marked with

ar tags. Mice were fed standard mouse chow and tap water ad
ibitum.

.2. Facilities

Experiments were conducted in the BSL-3 animal suite
t Utah State University Laboratory Animal Research Center
LARC). All personnel continue to receive special training on
lood-borne pathogen handling by this university’s Environ-
ental Health and Safety Office. Standard operating procedures

or BSL-3 were used.

.3. Test articles

Interferon-alpha B/D (IFN-� B/D) was obtained from David
angemi (Clemson University, Clemson, SC). The compound
as diluted in physiological saline and stored at 4 ◦C until use.
mpligen was obtained as a viscous solution from Hemispherx
iopharma (Philadelphia, PA) and was used undiluted at
2 mg/(kg d). Compound was stored at −20 ◦C and was thawed
nd heated up to 50 ◦C prior to use to ensure a homogenous
ixture.

.4. Venezuelan equine encephalitis virus

The TC-83 vaccine strain of VEE was obtained from
SAMRIID (Fort Detrick, MD) and was passaged in Vero

ells before use. Virus was prepared in MEM containing no
BS for mouse inoculations. Animals were anesthetized with
etamine + xylazine (100 and 10 mg/kg, respectively) and chal-
enged by intranasal instillation with 0.05 ml of the diluted virus.
irus was previously titrated in mice to determine an optimal

nfectious dose.
.5. Infectious cell culture assay

The virus titers in tissues or plasma were assayed using an
nfectious cell culture assay where a specific volume of either
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issue homogenate or plasma was added to the first tube of a
eries of dilution tubes. Serial dilutions were made and added to
ero 76 cells. Three days later cytopathic effect (CPE) was used

o identify the end-point of infection (Reed and Muench, 1938).
our replicates were used to calculate the infectious doses per
illiliter of plasma or gram of tissue.

.6. Quantitative (real-time) RT-PCR

Primer-pairs (forward TCTGACAAGACGTTCCCAATCA,
everse GAATAACTTCCCTCCGACCACA) and Taq-
an probe (5′6-carboxyfluorescein-TGTTGGAAGGGAAGA-

AAACGGCTACGC-6-carboxy-N,N,N′,N′-tetramethylrhoda-
ine-3′) specific for nucleotides 7931–8005 of the TC-83
EEV strain (L01443) were used (Qiagen, Valencia, CA).
he one-step Brilliant QRT-PCR master mix one-step kit

Stratagene, La Jolla, CA) was used for RT and amplification of
EEV RNA with primers and probe at 0.2 �M. One microliter
f total cellular RNA (from a total of 100 �l), extracted from
nfected or control tissues using Tri Reagent (Sigma Chemical
ompany, St. Louis, MO), was used. Samples were run on a
NA Engine Opticon 2 (MJ Research Inc., Waltham, MA).
everse transcription of cellular RNA was performed for
0 min at 50 ◦C followed by PCR, which consisted of 40 cycles
f 15 s at 95 ◦C and 60 s at 61 ◦C. Results were given in terms
f relative equivalents (res), reflecting the amount of VEEV
resent in the sample as extrapolated from a standard curve
btained from amplification of serial dilutions of total RNA
btained 2 dpi from Vero cells infected with VEEV.

.7. Cytokine and chemokine multiplex profiling

Brain expression of 16 cytokines and chemokines (IL-1�,
L-1�, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, MCP-
, IFN-�, TNF-�, MIP-1�, GM-CSF, and RANTES) was
etermined using Q-plex mouse cytokine array (Quansys Bio-
ciences, Logan, UT). Brain homogenates from mice infected
, 4, 5, 6, 7, and 8 days post-virus instillation (dpi) were ana-
yzed per manufactures instructions. Cytokine levels obtained
rom infected mouse brains were compared with a 50% effec-
ive dose (ED50) generated in vitro by the supplier (R&D
ystems Inc., Minneapolis, MN) using recombinant mouse
ytokines/chemokines, which served as an indication of possible
iological significance.

.8. Plaque assays

A plaque assay was used for comparison of plaque size
etween stock TC-83 and virus recovered 6 dpi from the brains
f C3H/HeN mice infected i.n. Briefly, stock virus or tissue
omogenates taken from infected animals were serially diluted
nd plated on Vero cells. An agarose overlay was added to each
ell and plates were incubated for 3 days, after which the cells

ere stained with neutral red to allow measurement of plaque

ize. Plaques isolated from mouse brain homogenates were mea-
ured and compared with plaques obtained from a serial dilution
f stock virus.

t
w
p
B
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.9. Immunohistochemistry

At the time of necropsy, infected and uninfected animals
ere perfused directly with PBS and 4% paraformaldehyde
uring cardiac puncture. Slides made from paraffin embedded
amples were subjected to immunohistochemical protocols for
taining. Tissue sections were deparafinized and rehydrated with
ylene and alcohol series. Sections were immersed in diluted
1:10) DakoCytomation target retrieval solution (DakoCytoma-
ion Inc., Carpinteria, CA) in distilled water and boiled in a

icrowave for four cycles of 1 min or boiled at 125 ◦C for 4 min
n a decloaking chamber (Bio-care Medical, Walnut Creek,
A). Sections were permeabilized with 0.5% Triton X 100

n PBS for 5 min, and blocked using 10% normal goat serum
n 0.2% Triton X 100 in PBS blocking solution. Slides were
imultaneously incubated with mouse anti-VEEV (MAB8767),
olyclonal anti-neuron-specific enolase (NSE, AB951), and
olyclonal anti-glial fibrillary acidic protein (GFAP, G9269)
Chemicon, Temecula, CA) primary antibodies diluted in 5%
ormal goat serum and 0.2% Triton X 100 in PBS for 2 h.
fter washing with PBS, slides were incubated with diluted
lexa-fluor® 568 goat anti-mouse IgG and Alexa-fluor® 488
oat anti-rabbit IgG secondary antibodies (Molecular Probes,
ugene, OR) (1:200). The slides were washed and mounted
ith VECTASHIELD® mounting medium (Vector Laborato-

ies, Burlingame, CA). Stained slides were visualized using
Nikon Eclipse TE300 microscope (Nikon) attached with

ambda DG4 (Sutter Instrument Company, Novato, CA) and a
io-Rad MRC 1024 confocal microscope (Bio-Rad, Hercules,
A). Control and experimental images were collected and pro-
essed using the same instrument settings. Sections stained with
ematoxylin and eosin were observed to determine if morphol-
gy of infected animals was altered.

.10. Experimental design

Initial titration experiments were conducted to determine the
D100 for C3H/HeN mice receiving i.n. instillation of TC-83
EEV. Five mice per group were lightly anesthetized, and sub-

ected to i.n. instillation of 50 �l of 10-fold dilutions of virus
tock (109.1–104.1 CCID50/ml). Mortality was monitored daily
or 21 days and weight change was recorded on 0, 3, 5, and 7 dpi.

reversion experiment was conducted to determine if a more
irulent revertant was generated after a single passage of TC-83
n Vero cells. A group of 5 C57BL/6 or C3H/HeN mice were
nfected in parallel with 107.1 CCID50 TC-83 and mortality was
bserved over several weeks.

For model characterization, tissue samples from 10 mice were
ollected after weight was recorded each day after virus instil-
ation, beginning 2 dpi. Virus titer in brain, liver, spleen, kidney,
nd serum was determined. Weight was recorded daily from 4
o 8 dpi, and weight change was calculated by comparing daily
eights with initial weight on 4 dpi. For pathogenic charac-
erization, two mice were anesthetized and the whole mouse
as fixed by transcardial perfusion with freshly prepared 4%
araformaldehyde on 2, 4, 6, and 8 dpi for overall pathology.
rain, intestine, stomach, pancreas, adrenal gland, lung, liver,
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pleen, kidney, thymus, esophagus, lymph node, heart, uterus,
vary, urinary bladder, skeletal muscle, bone marrow, and bone
ere observed for any pathologic changes due to viral infec-

ion. RNA was obtained from brain and spleen samples from
ve additional mice for virus titration by QRT-PCR.

Mice were challenged i.n. with an LD90 dose of VEE virus,
nd groups were treated by intraperitoneal (i.p.) injection of
FN-� B/D at a dose of 107, 106.5, or 106 IU/kg qd for 8 days,
eginning 24 h prior to virus challenge or with ampligen at a
ose of 12 mg/treatment administered −4 h and 2 dpi. Placebo
ontrol mice were treated with saline on the same schedule as
nterferon treatment. Mortality was checked daily for 21 days.

ice were weighed daily starting on the day of virus challenge
hrough 9 dpi. Toxicity controls (uninfected mice) were treated
n parallel and weight changes were noted. Brain samples were
aken 6 dpi to determine the effect of IFN and ampligen treatment

n virus load and cytokine levels in the brains of treated animals
s compared with placebo-treated controls. Surviving mice were
e-challenged with TC-83 VEEV by i.n. instillation to determine
heir immunological status.

1
a
e
t

ig. 1. Time-course of TC-83 VEEV titer in brain (A), spleen (C), liver (D), kidney
hallenge and titrated by infectious cell culture assay. Titers were also determined by
search 78 (2008) 230–241 233

.11. Statistical analysis

Survival data were analyzed using the Wilcoxon log-rank
urvival analysis (JMPTM software, the Statistical Discovery
oftware, SAS Institute Inc.). All other statistical analysis was
one using one-way Student’s t-test.

. Results

.1. Model characterization

C3H/HeN mice were infected with 10-fold dilutions of stock
irus to determine an optimal infectious dose for use in sub-
equent experiments. Infection of C3H/HeN mice through i.n.
nstillation with the TC-83 vaccine strain of VEEV resulted in
00% morbidity and mortality at virus concentrations between

09.1 and 107.1 CCID50 by 10 dpi. A dose of 106.1 CCID50 gave
mortality rate between 90 and 100% in two separate titration

xperiments, but further 10-fold dilutions caused very little mor-
ality (data not shown). A virus concentration of 107.1 CCID50

(E), and serum (F) taken from infected mice on various days after i.n. viral
QRT-PCR in brains (B) of mice infected 2, 4, 6, and 8 dpi.
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as chosen for characterization of the model and for use in
ntiviral experiments. Of mice infected with this dose, the mean
ay-to-death was 9.4 ± 0.5 days. Infection of C57BL/6 mice
ith 107.1 CCID50 TC-83 by intranasal instillation did not result

n any observed morbidity or mortality (data not shown), while
0% of C3H/HeN mice infected in parallel died.

To characterize the C3H/HeN mouse model, 10 animals were
ncluded in each group, and one group was necropsied each
ay after virus challenge beginning 2 days post-virus instilla-
ion. Virus was detectable by infectious cell culture assay in
rain homogenates at the earliest tested time-point of 2 dpi, and
irus titer peaked on 4 dpi (Fig. 1A). Brain virus titers were
ersistently high until death with a slight drop on 8 dpi. Virus
ime-course in the brain on 2, 4, 6, and 8 dpi was also determined
y QRT-PCR, and showed a similar trend as those data gener-
ted by infectious cell culture assay (Fig. 1B). Spleens also had
levated titers observed between 2 and 6 dpi (Fig. 1C). Virus
iter in liver, kidney, and serum samples was slightly elevated
t different times after virus challenge, but generally only half
f the samples were virus positive on days where significant
levation was observed (Fig. 1D–F). Weights of infected mice
egan to decline on 6 dpi, and a significant difference in weight
hange, as compared with uninfected controls, was observed on
dpi (Fig. 2).
A pathological time-course showed a progression of disease

n the brains of mice infected with VEEV. A general progression
rom normal brain on 2 dpi to meningoencephalitis with multi-
ocal neuropil vacuolation and gliosis on 8 dpi was observed in
ematoxylin and eosin stained, coronal sections of mouse brains
arvested 2, 4, 6, or 8 dpi (Table 1). During later time-points of
nfection, spleens were severely depleted of lymphocytes and the
eripheral lymph nodes had severe diffuse depletion of follicular
antle zones. Other tissues of infected mice were histologically

ormal and were comparable to sham-infected control tissues.
Cytokine profiles of brain samples were determined using

multiplex protein array. Significant elevations were seen with
L-1�, IL-1�, IL-6, IL-12, MCP-1, IFN-�, TNF-�, MIP-1�, and
ANTES (Fig. 3). Most of the peak elevations in these cytokine

evels occurred at 6 or 7 dpi, with a reduction on subsequent days,
lthough IFN-� had peak levels on 8 dpi. In general, a decrease
n cytokine levels would usually be associated with a recovery

rom viral infection, but in this model, a reduction in cytokine
evels occurred shortly before death. Significant elevations were
een in levels of IL-2, IL-3, IL-4, IL-5, and IL-10 (Fig. 4), but
hese increases were below a 50% effective dose (ED50) required

o
n
(
o

able 1
ime-course of pathology in the brains of mice infected i.n. with 106.1 CCID50 of TC

pi Normal tissues Perivascular cuffinga Meningitisa Enceph

X
X X
X X X
X X X

c X

a Observed in the brain.
b Observed in spleen and lymph nodes.
c Sham-infected control mice.
ig. 2. Mean weight change of C3H/HeN mice challenged i.n. with TC-83
EEV (**P < 0.01, as compared with uninfected controls).

o achieve a physiologic response in vitro, suggesting that these
levations may not be biologically important. IL-9 levels were
bove the ED50 value, but were not significantly different than
evels in uninfected mice (Fig. 4). There was no elevation in
M-CSF (data not shown).
Confocal microscopic double-staining with antibodies to

EE and neurospecific enolase (NSE) (Fig. 5D–F) revealed
hat TC-83 VEE had infected neurons. However, considerable
umbers of VEE-stained cells were not colocalized with NSE
taining. Some VEE stained cells colocalized with glial fibrillary
cid protein (GFAP) in the brains of infected mice (Fig. 5J–L,
rrows), but the colocalized staining was not as strong as was

bserved for VEE and neuron-specific staining with NSE. Many
euron-like cells were stained only with VEE and not with GFAP
Fig. 5L, arrowheads). No VEEV staining was observed in brains
f uninfected control mice (Fig. 5A and I).

-83 VEEV

alitisa Lymphoid depletionb Neuropil degenerationa Gliosisa

X
X X X
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ig. 3. Significantly elevated cytokine levels measured from brain homogenate
multiplex protein array was used dashed line represents a 50% cell culture ef

ompared with sham infection).
Reversion of TC-83 to a more virulent phenotype may be
ccurring during replication in mice. This was monitored by
etermining plaque size of input (stock) virus and output virus
btained from brains of infected mice, based upon the report

t
T
i
y

ig. 4. Levels of IL-2, -3, -4, -5, and -10 measured from brain homogenates taken
ignificantly elevated as compared with levels from sham-infected animals, but we
ecessary to elicit a physiologic response in vitro. IL-9 levels were above the ED50,
ham-infected controls. Dashed line represents a 50% cell culture effective dose of ea
n from C3H/HeN mice on 3–8 days post-virus instillation with TC-83 VEEV.
e dose of each cytokine or chemokine (***P < 0.001, **P < 0.01, *P < 0.05, as
hat virulent viruses produce much larger plaques than does the
C-83 virus (Kinney et al., 1993). Approximately 100 plaques

solated from brain samples of infected mice were measured,
ielding an average diameter of 2.7 ± 0.4 mm, which was not

from C3H/HeN mice on 3–8 dpi with TC-83 VEEV. These cytokines were
re not higher than an average cell culture 50% effective dose (ED50) that is
but were generally not significantly higher than corresponding amounts from
ch cytokine.
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Fig. 5. Confocal immunofluorescent staining of C3H/HeN mouse brain sections for VEEV and different cell marker proteins. Brain sections from uninfected (A–C
and G–I) or infected (D–F and J–L) mice were double-stained for VEEV (A, D, G, and J) and for either neuron-specific enolase (NSE) (B and E), a cell marker
present on neurons, or with glial fibrillary acidic protein (GFAP) (H and K), a marker present on astrocytes. Double-staining of NSE with VEEV in uninfected (C)
and infected (F) mouse brains is shown. Double-staining of GFAP and VEEV in uninfected (I) or infected (L) mouse brains is also shown. Double-staining of the
cortex of infected mouse brains shows a colocalization of VEEV and NSE (F, arrows). A midbrain section of another infected mouse brain revealed colocalization
of VEEV and GFAP (L, arrows) as well as further VEEV antigen staining of cells that appear to be neurons (L, arrowheads). Scale bar = 20 �M.
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ignificantly different from the average diameter of 2.7 ± 0.3 of
laques from stock virus. Plaque diameter ranged from 2.0 to
.5 mm in plaques isolated from both brain samples and virus
tock. Based on the work of Kinney et al. (1993) we would
ave expected a mean plaque size of at least 3.4 ± 0.5 mm to be
ndicative of virulent virus.

.2. Treatment of VEEV disease

Mice were treated with 107, 106.5, or 106 IU/(kg d) of IFN-�
/D, given i.p. for 8 days, beginning 4 h prior to virus challenge.
dose-response was observed with IFN-� B/D treatment (Fig. 6

nd Table 2). All but one of the mice treated with 107 IU/(kg d)
f IFN-� B/D survived through 21 dpi, and all but one mouse
reated with placebo died, with a mean day-to-death of 9.6 ± 0.5.
urvival was also significantly improved in mice treated with
06.5 IU/(kg d) of IFN-� B/D, although 40% of mice in this
roup died. Weight change in infected animals was signifi-
antly improved in animals treated with 107 or 106.5 IU/(kg d)
FN-� B/D as compared with weight change in placebo-treated
ontrols (Table 2). Treatment with 106 IU/(kg d) did not signifi-
antly improve survival or weight change, although a slight trend
owards improvement of weight change was observed.

Brain virus titers on 6 dpi were significantly (P < 0.01)
educed by approximately 5.5 log10 after treatment with
07 IU/(kg d) of IFN-� B/D. Titers were also reduced around
log10 with 106.5 IU/(kg d), which was also significant com-

ared with placebo (P < 0.05), but a further dilution of IFN-�
/D did not reduce viral titer in the brain (Table 2).

Cytokine levels in the brains of infected mice were quantified
dpi, after completion of the IFN-� B/D treatment regimen. All

he cytokines found previously to be significantly upregulated in
he brains of infected mice were reduced to background levels
fter treatment with IFN-� B/D at doses of 107 or 106.5 IU/(kg d)
Table 3). Treatment with 106 IU/(kg d) did result in a decrease in
ytokine levels, but this decrease was only significant (P < 0.05)
n the case of IFN-1� (data not shown).
Ampligen, an interferon inducer, was also effective in the
reatment of VEEV when given i.p. at a dose of 12 mg/treatment
t −4 h and 2 dpi. Survival was significantly improved in mice
reated with ampligen as compared with placebo (Table 2).

�
d
s
d

able 2
ffect of interferon-� B/D or ampligen treatment on C3H/HeN mice infected with Ve

reatment Dosage Treatment schedule Toxicity controls

Alive/total Mean wt. c
(g) ± S.D.

nterferon-� B/D 107 IU/(kg d) qd × 7 d beg. − 1 3/3 2.0 ± 0.2
nterferon-� B/D 106.5 IU/(kg d) qd × 7 d beg. − 1 – –
nterferon-� B/D 106 IU/(kg d) qd × 7 d beg. − 1 – –
mpligen 12 mg −4 h and 2 dpi – –
lacebo – qd × 7 d beg. − 1 – –
ormal controls – – 2/2 2.7 ± 0.4

**P ≤ 0.001, **P ≤ 0.01, *P < 0.05, as compared with saline-treated controls.
a TC-83 vaccine strain: 107.4 CCID50, administered via intranasal installation.
b Difference between weight on 0 and 7 days post-virus injection (dpi).
c Mean day-to-death of mice dying prior to 21 dpi.
d Mean VEEV titer determined by infectious cell culture assay (±S.D.).
ig. 6. Survival of C3H/HeN mice infected with TC-83 VEEV and treated
4 h to 7 dpi with various concentrations of interferon alpha B/D or ampligen

***P < 0.001, **P < 0.01, as compared with saline treatment).

eight change was also significantly improved in ampligen-
reated mice. Ampligen treatment also significantly reduced
iral titer and cytokine levels in the brains of mice infected with
EEV and harvested 6 dpi (Table 2).
Surviving mice from all treatment groups were re-challenged

1 dpi to determine if protective immunity was acquired after
C-83 infection. Mice that survived VEEV infection after IFN-

B/D or ampligen treatment were challenged i.n. with the same

ose of virus given initially. Mice were not immune to this
econdary challenge with 11 of 23 mice dying with a mean
ay-to-death of 8.6 ± 2.2 d after re-challenge. All naı̈ve mice

nezuelan equine encephalitis virusa

Infected, treated

hangeb Alive/total MDDc ± S.D. Brain virus
titerd (CCID50)

Mean wt. changeb

(g) ± S.D.

9/10*** 13.0 ± 0.0 3.9 ± 0.4** 1.2 ± 0.5***
6/10** 10.0 ± 0.6 5.4 ± 2.4* 0.3 ± 1.6***
1/10 9.7 ± 0.5 9.9 ± 0.9 −2.2 ± 1.4
6/10** 13.3 ± 3.8 5.0 ± 1.2** 1.3 ± 1.9***
1/10 9.6 ± 0.5 9.5 ± 1.6 −3.1 ± 1.5
– – – –
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nfected i.n. with the same inoculum died with a mean day-to-
eath of 10.3 ± 1.2 d after challenge, which was significantly
P < 0.05) higher than the mean day-to-death in mice that sur-
ived previous VEEV infection. Although there was a 100%
ortality rate observed in naı̈ve mice, while mice that survived

he previous infection had a 52% mortality rate, this difference
n survival was not statistically significant.

. Discussion

The main purpose of this study was to determine the util-
ty of the C3H/HeN mouse model of TC-83 VEEV infection
or antiviral and basic virological experiments. This model, as
hown here and in previously published literature (Hart et al.,
997; Ludwig et al., 2001; Steele et al., 1998), is similar in
any regards to the model of TrD strain infection in mice. Such

imilarities include high brain virus titer early in the course of
isease continuing until death (Davis et al., 1994; Jackson et al.,
991; Jordan, 1973), cytokine induction (Grieder et al., 1997;
choneboom et al., 2000), relative resistance (treatment was
ffective only at concentrations of 106.5 IU/(kg d) and above) to
nterferon treatment (Lukaszewski and Brooks, 2000), and sim-
lar disease parameters including mean day-to-death (Grieder et
l., 1997; Lukaszewski and Brooks, 2000), hunching (Jackson
t al., 1991), weight loss, ruffled fur, and non-responsiveness
Ludwig et al., 2001). Immunohistochemical staining of brain
amples showed co-localization of VEEV antigen with NSE and
FAP, indicating infection of neurons and astrocytes, which
as similar to previously reported data (Jackson et al., 1991;
choneboom et al., 2000; Weaver et al., 2004). Some differences
bserved in this study compared to those using other VEEV
odels include a reduced duration of viremia, lower frequency

f tissue infection outside the CNS, and lack of susceptibility to
eripheral inoculation (Ludwig et al., 2001). One shortcoming
f the model is the fact that intranasal installation of virus does
ot properly replicate the natural course of infection in humans,
hich is generally through peripheral exposure after the bite of a
osquito carrying the virus. As mentioned previously, however,

he time-course and disease progression is similar to natural dis-
ase in many ways, thus providing a potentially useful model
or the evaluation of antiviral compounds despite the difference
n route of infection.

The course of VEEV infection in different animal hosts is
iphasic, with an initial lymphocytic phase and viremia followed
y a secondary phase of CNS infection (Gleiser et al., 1962).
he infection with TC-83 in C3H/HeN mice seems to have a

ess pronounced initial lymphocytic phase, and viremia was low,
imilar to previously reported data (Ludwig et al., 2001). How-
ver, virus titer was detected by infectious cell culture assay in
he spleens of infected mice, which was similar to spleen titers in

ice infected with TrD (Lukaszewski and Brooks, 2000). Brain
athology included meningoencephalitis, gliosis, and multifocal
europil vacuolation, which was similar to brain pathology seen

n mouse infection with other VEEV strains (Charles et al., 2001;
ackson et al., 1991; Schoneboom et al., 2000). Compared with
rD infection in mice, infection with TC-83 results in a reduced
iremia, both in terms of amount of circulating virus, as well
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s in duration (Ludwig et al., 2001). An important considera-
ion in the development of antiviral agents for the treatment of
EEV is if the agent can inhibit virus after establishment of viral

eplication and disease in the brain, as clinical VEEV disease
s usually diagnosed after the onset of neurological symptoms.
he infection of C3H/HeN mice would allow for the testing of
gents against VEEV CNS disease.

Intranasal instillation with TC-83 resulted in high morbidity
nd mortality when given at high dose (107.1 CCID50). The high
irus inoculum was likely necessary because of the attenuated
ature of this vaccine strain. Mortality is seen after inoculation
ith lower titers, but the rate is variable, making the detection
f statistical significance more difficult. High titers of TC-83 are
asily produced after one passage in Vero cells, so no concentra-
ion of virus was necessary to generate the large virus inoculum.

lower virus inoculum of TC-83 has been shown to cause lethal
nfection when injected intracranially into C3H/HeN (Ludwig
t al., 2001). The large difference in virus stock needed for
ethality between the present study and those data presented
y Ludwig et al. could be due to differences in stock prepara-
ion, method of stock quantification, or lower efficiency of i.n.
nfection.

Virus was detected in the brains of infected mice with peak
iters 4 dpi, which continued at high levels until death. This
s similar to the time-course of brain infection in mice inocu-
ated through foot-pad injection with TrD strain VEEV (Davis
t al., 1994). High virus titers in the brain have previously
een observed for many different strains of VEEV, and brain
iter is not dependent on the phenotype of the infecting strain.

any attenuated strains cause low or no mortality, but repli-
ate efficiently in the brain (Jordan, 1973; Ludwig et al., 2001;
choneboom et al., 2000). A comparison of TrD and TC-83
erosol exposure in C3H/HeN mice showed a slightly reduced
istribution of TC-83 in the brain as compared with the wild-type
rD (Steele et al., 1998). Death does not seem to correlate with
eak brain virus titer in this model or in models of TrD infec-
ion, and is likely influenced by other factors, including the host
mmune response, rapidity of viral spread, or other unknown
easons (Charles et al., 2001; Jackson et al., 1991).

Reversion of TC-83 has been shown previously to occur after
.c. challenge with virus obtained after five brain passages in
dult BALB/c mice (Ludwig et al., 2001). While it is possible
hat morbidity and mortality of C3H/Hen mice challenged i.n.
ith TC-83 VEEV was due to revertant viruses present in the

noculum, reversion to wild-type phenotype would likely involve
t least two separate site-specific changes to restore wild-type
irulence. Intranasal inoculation of C57BL/6 mice with TC-83
tock generated after one passage in Vero cells resulted in no
bservable morbidity or mortality while 80% of C3H/HeN mice
nfected in parallel exhibited disease signs and died. This indi-
ates that stock virus is similar to TC-83 that has been used in
revious studies (Hart et al., 1997; Ludwig et al., 2001; Steele
t al., 1998). One indication of reversion to wild-type TrD phe-

otype may be plaque size of virus isolated from infected mice.
n increase in plaque size was observed as various pathogenic

lements of TrD VEEV were incorporated into a full-length
olecular cDNA clone of TC-83, which also correlated with

m
s
m
a

search 78 (2008) 230–241 239

ncreased mortality in mice (Kinney et al., 1993). No mortality
as observed in Swiss ICR mice after i.p. challenge with virus

onstructs that had average plaque sizes smaller than 3.4 mm
Kinney et al., 1993). Average plaque sizes of virus isolates we
btained from infected mouse brains taken 6 dpi and from stock
C-83 VEEV were identical to TC-83 plaque size previously

eported (Kinney et al., 1993), suggesting that virus had under-
one little if any adaptive mutations during replication cycles in
he mice.

Death in C3H/HeN mice infected with TC-83 VEEV
ccurred around 8–10 dpi, which coincided with meningitis and
ncephalitis. This is similar to what has been seen in other mod-
ls of VEEV infection (Grieder et al., 1997; Schoneboom et
l., 2000). Cytokines that were significantly elevated generally
eaked at 6 or 7 dpi with a decline on 8 dpi just prior to death,
hich gave the appearance of recovery from disease. Death did

orrelate with a rise in interferon-�, which may indicate that this
ytokine is important in mortality. Understanding the effects of
he cytokine cascade in the brains of infected mice may be key in
urther options for therapeutic intervention. Weight change was
lso significantly reduced in infected animals and was indicative
f disease severity, thus, can be used as a parameter when eval-
ating antiviral treatments. Very few mice survived past 8 dpi
n this model (∼10%). We had desired to obtain cytokine levels
nd other virological parameters at time-points beyond 8 dpi,
ut to do so would have required the infection of a prohibitive
umber of mice to obtain these data.

Treatment with IFN-alpha B/D improved disease parame-
ers in a dose-responsive manner. Treatment with 107 IU/(kg d)
esulted in significant improvement in survival and weight
hange, while treatment with 106.5 IU/(kg d) resulted in some
ortality, although survival and weight change were signifi-

antly improved as compared with placebo treatment. Treatment
ith these concentrations also significantly reduced virus titer

nd levels of significantly elevated cytokines in the brains of
nfected mice 6 dpi. Cytokine levels were reduced somewhat
ith 106 IU/(kg d) IFN-� B/D treatment, but these reductions
ere only significant in the case of IL-1�. Treatment with
06 IU/(kg d) did not improve any of the other disease parameters
nalyzed, which is consistent with results seen in previous exper-
ments with TrD strain of VEEV where treatment with 106 U/ml
f IFN-� B/D did not improve disease in BALB/c mice infected
ith TrD VEEV (Lukaszewski and Brooks, 2000). The mutation

n the 5′ UTR of TC-83 has been shown to be associated with
ncreased sensitivity to interferon regulation in mice (White et
l., 2001); however, in this study, treatment with 106 IU/(kg d) of
FN-� B/D resulted in no increased survival, which was similar
o previous results in the treatment of TrD VEEV (Lukaszewski
nd Brooks, 2000).

An interferon inducer, ampligen, was also effective in
mproving disease parameters. Early induction of the interferon
esponse and other innate antiviral pathways is likely responsible
or efficacy of ampligen pre-treatment in this model. Knockout

ice lacking key components in the interferon response are more

usceptible to VEEV-induced mortality, and infection of these
ouse strains with attenuated strains results in high mortality

nd a reduced mean day-to-death (White et al., 2001).
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Morbidity and mortality was observed after re-challenge of
ice that survived initial infection with VEEV. This suggests

hat the initial significant increase in survival of infected mice
as due to successful treatment with IFN-� B/D or ampligen.
his may also suggest that infected mice treated with these
ompounds were not immunized after initial infection. How-
ver, infection of C3H/HeN mice with TC-83 has been shown
o elicit a lower level of protection against aerosol challenge
ith TrD VEEV, despite a normal protection against peripheral

noculation with TrD, which was attributed to a suboptimal IgA
esponse in the respiratory (including nasal) mucosa (Hart et al.,
997).

The C3H/HeN mouse model of TC-83 VEEV infection may
e a useful model for the evaluation of antiviral compounds.
imilarities between the CNS disease in this model as compared
ith other models of VEEV infection suggest that this model
ay be predictive for efficacy of an antiviral compound in the

reatment of natural infection in humans. Studies are underway
o compare the antiviral efficacy of other compounds in this

odel with the TrD model of VEEV disease.
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