
Abstract Mice develop a fatal encephalomyelitis after
infection with the Trinidad donkey strain of Venezuelan
equine encephalitis (VEE) virus. Adult mice were inocu-
lated intraperitoneally with VEE virus and the brains were
examined at different time points. Morphological changes
were assessed by histological staining. VEE virus antigen
was detected with immunoperoxidase staining, and DNA
fragmentation was evaluated in situ using the terminal 
deoxynucleotidyl transferase-mediated dUTP-digoxigenin
nick end labeling (TUNEL) method. VEE antigen was
found in many areas of the brain and it was prominent in
neurons. There were mild associated inflammatory changes.
DNA fragmentation was demonstrated in many of these
areas using TUNEL. In areas with TUNEL staining, mor-
phological neuronal changes ranged from nuclear chro-
matin condensations to nuclear and cellular fragmenta-
tion, which are characteristic of apoptosis. There is strong
morphological and biochemical evidence of apoptotic cell
death in this experimental model of VEE virus infection.
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Introduction

Venezuelan equine encephalitis (VEE) virus is an arthro-
pod-borne virus of the Togaviridae family. VEE virus in-
fection causes an acute systemic illness and encephalo-

myelitis in humans and horses in the Americas, and it rep-
resents an important public health problem [16, 17]. Ex-
perimental VEE virus infection of mice is an excellent
model for the central nervous system infection that occurs
in humans, and studies on this model may give important
insights into the pathogenesis of viral encephalitides caused
by arboviruses and other viruses.

Apoptosis is a process by which cells undergo physio-
logical cell death in response to diverse stimuli. It is a nor-
mal process in embryonic development, maturation of the
immune system, and in normal tissue turnover [2, 12, 14].
Recently, a large quantity of evidence has accumulated
showing that apoptosis plays an important role in the
pathogenesis of diverse diseases, including cancer, auto-
immune diseases, neurodegenerative disorders, and viral
infections [15]. Razvi and Welsh [13] recently reviewed
the importance of apoptosis in a variety of viral infec-
tions, including those caused by adenoviruses, Epstein-
Barr virus, human immunodeficiency virus, influenza virus,
and unconventional viruses. In addition, Griffin and co-
workers [6, 8] have demonstrated an important role of
apoptotic cell death in the age-dependent mortality and
neurovirulence of Sindbis virus, which is also a member
of the Togaviridae family.

To determine the role of apoptotic cell death in experi-
mental VEE virus infection in mice, histopathological
changes and the distribution of VEE virus antigen were
assessed in the brain at different time points. In addition,
evidence of oligonucleosomal DNA fragmentation, which
is a biochemical marker of apoptosis [1, 11], was sought
in neural cells of the brain.

Materials and methods

Virus, animals, and inoculations

The Trinidad donkey strain of VEE virus was used to inoculate 6-
to 8-week-old male C57BL/6 mice as previously described [7]. A
viral dose of 1.0 × 104 plaque-forming units (pfu) of plaque-puri-
fied virus, grown in BHK cells, was administered intraperi-
toneally. Uninfected control mice were inoculated with phosphate-
buffered saline (PBS).
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Preparation of tissue sections

Mice were anesthetized with methoxyflurane and perfused with
buffered 4% paraformaldehyde. The brains of three infected mice
were removed at daily intervals and immersion-fixed in the same
fixative for 18 h at 4°C. Tissue sections (6 µm) were prepared in
the coronal plane after dehydration and embedding in paraffin. Tis-
sues for histological examination were stained with cresyl violet.

Immunoperoxidase staining

Sections were stained for VEE virus antigen by the avidin-biotin-
peroxidase complex method, as previously described, using poly-
clonal rabbit anti-VEE virus serum (diluted 1:200) as primary an-
tibody [7]. Tissues from uninfected mice were used as controls.

DNA nick end labeling of tissue sections

DNA fragmentation was assessed in situ in tissue sections using
the terminal deoxynucleotidyl transferase-mediated dUTP-digoxi-
genin nick end labeling (TUNEL) method of MacManus et al. [9]
with modifications. Proteolytic digestion was performed in 0.016%
pepsin (Boehringer Mannheim, Mannheim, Germany) in 0.01 N
HCl at 37°C for 15 min. Following three washes in PBS, sections
were labeled using terminal transferase for 1 h at 37°C in a
buffered solution containing 0.1 M potassium cacodylate (pH 7.2),
2 mM cobalt chloride, 0.2 mM dithiothreitol, 1 µM digoxigenin-11-
dUTP (Boehringer Mannheim), 9 µM dATP, and 0.1 U/µl terminal
transferase (Gibco BRL, Burlington, Ontario).

Slides were blocked with blocking reagent (Boehringer Mann-
heim) for 30 min at room temperature and then incubated for 1 h
with a 1:5000 dilution of polyclonal sheep anti-digoxigenin Fab
fragments conjugated to alkaline phosphatase (Boehringer Mann-
heim) in 3% milk powder, 0.5% Tween 20, 50 mM TRIS-HCl, 200
mM NaCl (pH 7.4). Incubation with a substrate solution containing
nitroblue tetrazolium salt (NBT) and 5-bromo-4-chloro-3-indolyl
phosphate, toluidinium salt (X-phosphate) (Boehringer Mannheim)
was performed for 4 h, and the reaction was stopped with 10 mM
TRIS-HCl (pH 8.0) and 1 mM EDTA. Positive control sections
were prepared with enzymatic DNA fragmentation with 1 µg/ml
DNase I (Pharmacia Biotech, Baie d’Urfe, Quebec) for 10 min at
37°C. Terminal transferase was omitted during end labeling for
negative controls. Selected slides were double-labeled with the
above TUNEL method followed by immunostaining for VEE virus
antigen without counterstaining.

Results

The distribution of VEE virus antigen, TUNEL staining,
and morphological changes in VEE virus-infected mice
are illustrated in Figs. 1 and 2. VEE virus antigen was first
detected in a perinuclear distribution in neurons in the
cerebral isocortex and pyriform cortex 3 days after inocu-
lation. By the next day antigen was observed in the hip-
pocampus (greater involvement of the dentate gyrus than
pyramidal neurons), thalamus, basal ganglia, and Purkinje
cells of the cerebellum. Neurons were more prominently
infected than glial cells, and at this time antigen was ob-
served in perikarya and in processes. By day 5 post inoc-
ulation (p.i.) the distribution of antigen was widespread
and extensive (Fig. 1A, C, E). There was involvement of
the brain stem and cerebellum, which included Purkinje
cells, Bergmann astrocytes, and their processes in the
molecular layer (Fig. 1C) and multiple foci in the granular
cell layer. At later time points (days 6–8) antigen was ob-
served in a larger number of cells and it was more appar-
ent in glial and inflammatory cells.

Strong TUNEL staining was observed on tissue sec-
tions pretreated with DNase I (Fig. 1H) and uninfected
tissues did not demonstrate staining. TUNEL staining was
first detected in the brain at 5 days p.i. Staining was pre-
sent in large neural cells with morphological features of
neurons in the cerebral cortex, hippocampus (especially
the dentate gyrus, Fig. 1B), thalamus, basal ganglia (Fig.
2B), and brain stem. Staining was observed in the nucleus
and also in the cytoplasm of cells, possibly because leak-
age of fragmented DNA occurs across the nuclear mem-
brane [3]. There was also mild diffuse staining in the neu-
ropil around stained cells (Figs. 1G, 2B), which may be
explained by diffusion of fragmented DNA into neural
processes. Staining was prominent in neural cells by day 8
p.i. There was very good correlation between the brain re-
gions that demonstrated viral antigen and TUNEL stain-
ing (Fig. 1A, B). Neurons were observed that demon-
strated both TUNEL staining and viral antigen (Fig. 1F).
These findings suggest that VEE virus infection induces
apoptotic cell death in the brain and that a subpopulation
of infected neural cells undergo apoptosis. However,
TUNEL staining was not observed in the cerebellum (Fig.
1D) despite the presence of viral antigen in multiple cell
types (Fig. 2C, D).

Morphological features of apoptotic cell death were
observed in many regions of the brain in which TUNEL
staining was demonstrated, including the cerebral cortex,
hippocampus, basal ganglia, and diencephalon. However,
these changes were less marked in the cerebellum, which
demonstrated negative TUNEL staining, and changes were
not observed in Purkinje cells. Typically, many cells ex-
hibited multiple nuclear chromatin condensations and cy-
toplasmic shrinkage in affected areas (Figs. 1E; 2C, D).
At later time points, mild multifocal neuronal cell loss was
observed in areas with TUNEL staining. No Purkinje cell
loss was observed. There were mild mononuclear inflam-
matory infiltrates in the parenchyma and leptomeninges.
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Fig. 1A, B Venezuelan equine encephalitis (VEE) virus antigen
(A) and terminal deoxynucleotidyl transferase-mediated dUTP-
digoxigenin nick end labeling (TUNEL) staining (B) in the dentate
gyrus of the hippocampus of a mouse 5 days after intraperitoneal
inoculation of VEE virus. The distribution of stained cells using
these methods is very similar. C, D In contrast, in the cerebellum
viral antigen is present in Purkinje cells and their dendritic
processes in the molecular layer and in Bergmann astrocytes (C)
and TUNEL staining is absent (D) at 5 days post inoculation (p.i).
E Viral antigen is present in the cytoplasm of neurons in the den-
tate gyrus of the hippocampus and a neuron demonstrating multi-
ple nuclear chromatin condensations and cytoplasmic shrinkage
(arrowhead). F A thalamic neuron (left) demonstrates both TUNEL
staining and VEE virus antigen 7 days p.i. G Prominent TUNEL
staining is seen in the cerebral cortex of a VEE-infected mouse 7
days p.i. H TUNEL-stained section of uninfected hippocampus
that was pretreated with DNase I (positive control), demonstrating
strong nuclear staining. A, C, E Immunoperoxidase-hematoxylin;
D Nomarski optics, F Immunoperoxidase and TUNEL staining, 
G, H TUNEL staining. A, B × 120; C, D × 510; E × 1900; F × 2200;
G × 240; H × 40
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Areas with apoptotic changes were observed both with
and without inflammatory infiltrates.

Discussion

These studies provide strong evidence that there is exten-
sive apoptotic cell death in the brain in experimental VEE
virus infection in mice. Gold et al. [4, 5] have reported
that the TUNEL method is superior to the in situ end la-
beling method using DNA polymerase I for the detection
of DNA fragmentation in apoptosis. TUNEL staining may
occur in very late stages of necrosis, although labeling is
probably less marked in this setting [4, 10]. In the present
study, TUNEL staining was demonstrated in neural cells
in topographic regions that showed prominent infection
on the basis of viral antigen distribution. In addition, there
were typical morphological features of apoptotic cell death
in neural cells in these regions. The combination of both
typical morphological and biochemical features of apop-
tosis is important in establishing a pathogenetic role for
apoptotic cell death in this model. The presence of TUNEL

staining and viral antigen in the same neurons indicates
that at least a subset of the infected cells undergo apop-
totic cell death. However, apoptosis in this model may be
mediated, in part, by indirect mechanisms that do not re-
quire infection of the cells undergoing apoptotic cell death.
It is possible that Purkinje cells, which did not demon-
strate morphological features or biochemical markers of
apoptotic cell death, synthesize one or more inhibitors of
apoptosis. It is uncertain whether apoptosis also occurs in
glial cells or uninfected neurons in this model.

A large amount of evidence is accumulating that apop-
tosis is a common mechanism by which viruses cause
death of host cells, although studies on in vivo models of
central nervous system infections are very limited [6, 8,
13]. The widespread occurrence of apoptotic cell death in
the brain may explain the neurological disease of VEE
virus infection and its fatal outcome. A better understand-
ing of the cellular mechanisms of apoptosis in viral infec-
tions may lead to effective new therapies for these infec-
tions.
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(7 and 5 days p.i., respectively). C, D Morphological features of
apoptotic cell death, including nuclear chromatin condensations
and cytoplasmic shrinkage (arrowheads), can be seen in the den-
tate gyrus of the hippocampus (C) and globus pallidus (D) 5 days
p.i. A, B TUNEL staining; C, D cresyl violet. A × 160, B × 220,
and C × 2200, D × 2800



2. Buja LM, Eigenbrodt ML, Eigenbrodt EH (1993) Apoptosis
and necrosis: basic types and mechanisms of cell death. Arch
Pathol Lab Med 117: 1208–1214

3. Garcia-Valenzuela E, Gorczyca W, Darzynkiewicz Z, Sharma
SC (1994) Apoptosis in adult retinal ganglion cells after axo-
tomy. J Neurobiol 25: 431–438

4. Gold R, Schmied M, Giegerich G, Breitschopf H, Hartung HP,
Toyka KV, Lassmann H (1994) Differentiation between cellu-
lar apoptosis and necrosis by the combined use of in situ tailing
and nick translation techniques. Lab Invest 71: 219–225

5. Gold R, Schmied M, Giegerich G, Breitschopf H, Hartung HP,
Toyka KV, Lassmann H (1995) The two in situ techniques do
not differentiate between apoptosis and necrosis but rather re-
veal distinct patterns of DNA fragmentation in apoptosis – Re-
ply (Letter). Lab Invest 72: 612–613

6. Griffin DE, Levine B, Ubol S, Hardwick JM (1994) The effects
of alphavirus infection on neurons. Ann Neurol 35: S23–S27

7. Jackson AC, SenGupta SK, Smith JF (1991) Pathogenesis of
Venezuelan equine encephalitis virus infection in mice and
hamsters. Vet Pathol 28: 410–418

8. Lewis J, Wesselingh SL, Griffin DE, Hardwick JM (1996) Al-
phavirus-induced apoptosis in mouse brains correlates with
neurovirulence. J Virol 70: 1828–1835

9. MacManus JP, Hill IE, Huang ZG, Rasquinha I, Xue D,
Buchan AM (1994) DNA damage consistent with apoptosis in
transient focal ischaemic neocortex. NeuroReport 4: 493–496

10.Mundle SD (1995) The two in situ techniques do not differen-
tiate between apoptosis and necrosis but rather reveal distinct
patterns of DNA fragmentation in apoptosis (Letter). Lab In-
vest 72: 611–612

11.Peitsch MC, Polzar B, Stephan H, Crompton T, MacDonald
HR, Mannherz HG, Tschopp J (1993) Characterization of the
endogenous deoxyribonuclease involved in nuclear DNA degra-
dation during apoptosis (programmed cell death). EMBO J 12:
371–377

12.Raff MC (1992) Social controls on cell survival and cell death.
Nature 356: 397–400

13.Razvi ES, Welsh RM (1995) Apoptosis in viral infections. Adv
Virus Res 45: 1–60

14.Schwartz LM, Osborne BA (1993) Programmed cell death,
apoptosis and killer genes. Immunol Today 14: 582–590

15.Thompson CB (1995) Apoptosis in the pathogenesis and treat-
ment of disease. Science 267: 1456–1462

16.Walton TE, Grayson MA (1989) Venezuelan equine ence-
phalomyelitis. In: Monath TP (ed) The arboviruses: epidemiol-
ogy and ecology, vol 4. CRC Press, Boca Raton, pp 203–231

17. Workshop-Symposium on Venezuelan Encephalitis Virus (1972)
Venezuelan encephalitis; proceedings of the Workshop-Sym-
posium on Venezuelan Encephalitis Virus, Washington, D.C.,
14–17 September 1971. Pan American Health Organization,
Washington, D.C.

353


