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Many viruses, including picornaviruses, have the po-
tential to infect the central nervous system (CNS) and
stimulate a neuroinflammatory immune response, es-
pecially in infants and young children. Cognitive def-
icits associated with CNS picornavirus infection result
from injury and death of neurons that may occur due
to direct viral infection or during the immune re-
sponses to virus in the brain. Previous studies have
concluded that apoptosis of hippocampal neurons
during picornavirus infection is a cell-autonomous
event triggered by direct neuronal infection. How-
ever, these studies assessed neuron death at time
points late in infection and during infections that lead
to either death of the host or persistent viral infec-
tion. In contrast, many neurovirulent picornavirus
infections are acute and transient, with rapid clear-
ance of virus from the host. We provide evidence of
hippocampal pathology in mice acutely infected with
the Theiler’s murine encephalomyelitis picornavirus.
We found that CA1 pyramidal neurons exhibited
several hallmarks of apoptotic death, including
caspase-3 activation, DNA fragmentation, and chro-
matin condensation within 72 hours of infection.
Critically, we also found that many of the CA1 pyra-
midal neurons undergoing apoptosis were not in-
fected with virus, indicating that neuronal cell death
during acute picornavirus infection of the CNS occurs
in a non–cell-autonomous manner. These observa-
tions suggest that therapeutic strategies other than
antiviral interventions may be useful for neuropro-
tection during acute CNS picornavirus infection. (Am
J Pathol 2009, 175:668–684; DOI: 10.2353/ajpath.2009.081126)

Many viruses maintain neurovirulent potential, even when
the vast majority of infections are silent or subclinical.1–5

For example, in the correct context, even the common
cold virus is neurovirulent.6,7 Picornaviruses are of par-
ticular concern due to ubiquitous distribution, widespread
exposure, ease of transmission, and a propensity for neu-
rovirulence.8 Non-polio picornaviruses, and especially
neurovirulent enteroviruses, are emerging or re-emerg-
ing pathogens with the potential for global socio-economic
impact.1,2,9–13 For example, enterovirus 71(EV71), first iso-
lated from a child with encephalitis in California in 1969, has
caused large epidemics with neurological consequences in
Eastern Europe and Southeast Asia.12 Of 130,000 people
infected in Taiwan in 1998, 405 required hospitalization for
severe central nervous system (CNS) disease.14 Because
EV71 infection results in clinical manifestations predomi-
nantly in infants and young children,12 the potential for
long-term cognitive consequences is significant. Indeed,
subsequent follow-up of those hospitalized patients that
survived acute infection in the 1998 Taiwan outbreak
revealed that many suffered long-term neurological
deficits,15 including attention-deficit/hyperactivity dis-
order.16 These cognitive deficits were most pronounced in
young children.15

The indispensable and largely irreplaceable nature of
neurons in the CNS requires that these cells maintain a
flawless apoptotic balance. Viral infection of the CNS is
known to alter this tightly regulated equilibrium, leading to
neuron death.8 For example, acute CNS infection by
members of the neurotropic picornavirus family, includ-
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ing Theiler’s murine encephalomyelitis virus (TMEV),17,18

the coxsackieviruses,19 and encephalomyocarditis vi-
rus,20,21 induces the death of hippocampal neurons in a
range of hosts.8 Case reports indicate that infection with
neurovirulent picornaviruses results in extensive hip-
pocampal lesions and cognitive impairment in hu-
mans.15,22,23 Likewise, in mice acutely infected with
TMEV, we have observed damage to the CA1 hippocam-
pal subfield and a consequent inability to form spatial
memories.17 A previous study concluded that hippocam-
pal neuronal apoptosis during TMEV infection was a cell-
autonomous event triggered by direct neuron infection,
and that cell death was a protective response that limited
viral replication before the development of a humoral or
cellular immune response.24 However, this previous
study only assessed neuron death at one time point (7
days postinfection [dpi]) and within a viral infection sys-
tem that either killed the host by overwhelming viral en-
cephalitis or led to persistent viral infection of the CNS. In
contrast to fatal or chronic viral models, many common
neurovirulent picornavirus infections are acute and tran-
sient, with clearance of virus from the host CNS and rapid
disease resolution.25 Based on this discrepancy, we
used the Daniel’s strain of TMEV and an infection para-
digm in mice of the H-2b major histocompatibility com-
plex haplotype that models an acute brain infection that is
cleared from the host CNS within 14 to 21 dpi.26 We
exploited this model to evaluate CNS pathology in mice
infected with a neurovirulent picornavirus and to eluci-
date the canonical mechanisms underlying neuronal ap-
optosis in the hippocampus of infected hosts.

Materials and Methods

Animals and Treatments

Male C57BL/6J mice (Jackson Laboratories; Bar Harbor,
ME) between 6 to 10 weeks of age were infected intracra-
nially with 2 � 105 plaque forming units of the DA strain of
TMEV in a volume of 10 �l DMEM (Cellgro; Herndon, VA).
Sham-infected animals were injected intracranially with
10 �l DMEM. All mice were group-housed in the Mayo
Clinic research vivarium with ad libitum access to food
and water. Handling of all animals conformed to the
National Institutes of Health and Mayo Clinic Institutional
Animal Care and Use Committee guidelines.

Magnetic Resonance Imaging and
Spectroscopy

Magnetic resonance imaging (MRI) was performed in a
Bruker Avance 300 MHz (7T) vertical bore NMR spec-
trometer (Bruker Biospin, Billercia, MA), equipped with
mini- and micro-imaging accessories. Body temperature
was maintained at 37°C via a thermocouple-based sys-
tem with continuous flow of conditioned air. During imag-
ing, mice were anesthetized with inhalational isoflurane
(1.5% to 2.5% in oxygen) delivered and maintained via a
nose cone. A T2-weighted spin-echo sequence was used
to image the brain (TR 4000 ms, TE 45 ms, NA 8, FOV 1.4

cm � 1.4 cm, matrix: 128 � 128; acquisition time: 68
minutes). Image analysis and slice selection were done in
the Bruker ParaVision software package (Bruker Biospin).
Magnetic resonance spectroscopy (MRS) was also per-
formed in the Bruker Avance 300 MHz (7T) vertical bore
NMR spectrometer. MRS data were obtained from a 27
mm3 voxel placed around the hippocampal area in each
animal. To maintain uniformity throughout the study, the
same investigator placed the voxel based on anatomical
landmarks. The Bruker VSEL sequence, an implementa-
tion of the standard PRESS sequence, was used for
voxel-based spectroscopy, with built-in water suppres-
sion pulses (TR 2000 ms, TE 100 ms, 2048 averages).
Following manual shimming, the spectra were processed
and analyzed with X-win NMR. Images and spectra were
postprocessed in Adobe Photoshop. All images were
subjected to the same histogram normalization routine.

Histology

Mice were perfused via intracardiac puncture with 50 ml
of 4% paraformaldehyde. The brain was postfixed in 4%
paraformaldehyde for 24 hours and then cuts through the
optic chiasm and the infundibulum were made using the
Atlas of the Mouse Brain and Spinal Cord (sections 220
and 350) as a guide.17 The resulting three brain sections
were embedded in one block of paraffin, sectioned at five
micron thickness, mounted on charged slides, rehy-
drated, and stained with H&E, Nissl, or thionin.

NeuN Staining and Virus Staining

The neuron-specific nuclear protein, NeuN, was detected
immunohistochemically by staining with an anti-NeuN an-
tibody (Chemicon) with diaminobenzidine metal en-
hancement on paraffin-embedded brain sections. TMEV
was detected with a rabbit anti-TMEV polyclonal antibody
(gift of Moses Rodriguez, Mayo Clinic). Tissue sections
were deparaffinized in xylene and hydrated through a
series of ethanol washes followed by extensive PBS
washing. For NeuN staining, antigen retrieval was per-
formed by microwaving the sample on full power using
citrate buffer (pH 6.0) for 15 minutes, followed by 10
minutes of microwaving at level 3 for two sessions. Slides
were then washed in PBS and blocked with 10% normal
donkey serum in PBS for 30 minutes. The sections were
incubated with anti-NeuN antibody (1:100) or anti-TMEV
(1:1000) in a humidified chamber at 4°C for 48 hours. To
detect the antigen, the sections were washed in PBS and
incubated with horseradish peroxidase-conjugated goat
anti-mouse IgG or goat anti-rabbit IgG for 60 minutes at
room temperature in a humidified chamber. After wash-
ing, the sections were incubated in PBS containing
diaminobenzidine substrate with nickel chloride-based
metal enhancement and 0.3% hydrogen peroxide. The
reaction was monitored under a dissecting microscope
and all sections were containing sodium azide stopped
simultaneously by extensive washing in PBS.
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Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling Staining

Tissue sections were microwave-treated in 0.1 M citrate
buffer, washed once with PBS, and blocked at room
temperature with 3% bovine serum albumin and 20%
fetal calf serum in Tris buffer for 1 hour. Slides were then
rinsed three times with PBS, labeled with terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
reaction mixture (Roche; Indianapolis, IN) at 37°C for one
hour, rinsed again with PBS, and mounted in hard-set
mounting media containing 4,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories, Burlingame, CA).

Immunohistochemistry

Tissue sections were microwave-treated in 0.1 M citrate
buffer for 1 minute, washed until cool with distilled water,
blocked with 3% bovine serum albumin for 30 minutes at
room temperature, and washed three times with PBS. The
anti-8-hydroxy-2�-deoxyguanosine (8-OHdG) antibody
(Chemicon; Temecula, CA) was used at 1:200 dilution in
1% bovine serum albumin for 1 hour at room temperature.
The activated caspase-3-specific antibody (Chemicon;
Temecula, CA) was used at 1:100 dilution in PBS over-
night at 4°C.

Quantitation of Apoptotic Cells

We developed a quantitation program using the Zeiss
Vision KS 400 software (Carl Zeiss; Gottingen, Germany).
Following manual tracing of the hippocampus at the
same stereotactic level in all mice, the number of positive
cells at least 10 �m in diameter were automatically
counted. All quantitation was performed blindly on coded
sections without knowledge of treatment groups.

Transmission Electron Microscopy

Briefly, tissue was fixed with Trump’s fixative for 48 hours,
washed twice with PBS, treated with 1% osmium tetroxide
(EMS; Fort Washington, PA) overnight, washed three
times with water, and treated with 1% uranyl acetate
(EMS), followed by a final wash with water. Dehydrated
blocks were embedded in araldite, cut, and mounted on
grids (EMS). Transmission electron microscopy was per-
formed on a Jeol ExII TEM (Jeol-USA; Peabody, MA).

Caspase-3 and Calpain-1 Biochemistry

A cell-free cleavage assay was used to assess the activ-
ity of caspase-3 and calpain-1 in the hippocampus. Iso-
lated hippocampi were lysed using CytoBuster lysis
buffer (Calbiochem; San Diego, CA) and standardized
protein concentrations were established. The lysate was
then incubated with the fluorogenic Suc-LY-AMC calpain
substrate for 45 minutes and fluorescence intensity was

measured at 360 nm excitation and 460 nm emission
using a SpectraMax plate reader. In parallel, the lysate
was incubated with the colorimetric Ac-DEVD-pNA
caspase-3 substrate for 45 minutes and absorbance was
measured at 405 nm. Experimental values were normal-
ized to background and standard curves were used to
establish rates of cleavage for each substrate.

In Situ Hybridization

We performed in situ hybridization and colabeling with
TUNEL as described.27,28

Morris Water Maze and Novel Object
Recognition Test

We used our previously published protocol.17 We found
no significant difference in latency, swim distance, or
swim speed during cue training. We also established a
scent-based novel object recognition test. In brief, a sin-
gle mouse was placed into a 30 cm � 30 cm ethanol-
cleaned, acrylic box containing fresh wood-chip bedding
for 5 minutes to allow habituation to the testing environ-
ment. Following habituation, the mouse was returned to a
separate holding box for a 1-minute rest period. Training
consisted of a 10 minutes exposure to two identical con-
trol objects of the same scent (apple-, berry-, or cherry-
scented tea candles) arranged in diametric quadrants of
the activity box. The scented candles were of consider-
able salience to the mice but were not treated as food.
Following training, the mouse was returned to a separate
holding box for 5 minutes. The novel object recognition
testing session consisted of a 10 minute exposure to one
control object (same object and scent from the training
session) and one novel scent object (randomly assigned
scent not present in the training session; quadrant loca-
tion for the novel object was also randomized between
trials but diametric positioning was maintained). All trials
were conducted in an isolated procedure room with a
darkened environment during the afternoon; mice were
housed on a normal light–dark schedule. The number of
investigations of each object was manually assessed by
a blinded observer viewing digital video footage of the
trials. Counts were gathered during the first 5 minutes of
training or testing sessions. The number of interrogations
of the novel object was divided by the number of inves-
tigations of the control object to generate a discrimination
index. Intact recognition memory produces a discrimina-
tion index of 1 for the training session and a discrimina-
tion index greater than 1 for the testing session, consis-
tent with greater interrogation of the novel object. We
routinely observed discrimination index values greater
than 2 for the testing session in normal mice.

Data Analysis

The t-test was used for water maze analyses and MRS
comparison. Novel object recognition findings were an-
alyzed by Kruskal-Wallis one way analysis of variance
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with Dunn’s pairwise comparison. TUNEL-positive cell
counts were analyzed by the Mann-Whitney rank sum
non-parametric test. Biochemical assessment of caspase
and calpain activity and novel object recognition perfor-
mance were analyzed by one-way analysis of variance
with post hoc Student-Newman-Keuls pairwise compari-
son. The SigmaStat advisor was used to determine the
appropriate test for all analyses. In all cases, we used
� � 0.05 for significance. All values are presented as
mean � 95% confidence interval.

Results

MRI and MRS Reveal Focal Hippocampal
Lesions in Mice Acutely Infected with TMEV

We have previously described hippocampal pathology in
mice acutely infected with TMEV.17 To determine whether
the hippocampus was the primary site of pathology in
these mice, we used longitudinal MRI of acutely infected
animals. A T2-weighted MRI time course in two separate
TMEV-infected mice (Figure 1, A–F and 1, G–L) revealed
the development of hyperintensities specifically over the
hippocampus in both mice. Compared with the imaging
acquired in the mice before infection (Figure 1, A and G),
hippocampal hyperintensities were discernable by 1 dpi
(Figure 1, B and H) and were fully developed by 7 dpi
(Figure 1, F and L). We have confirmed these observa-
tions in more than 10 mice. Subsequent histopathological
analysis at 7 dpi revealed a correlation between the
spatial distribution of the T2-weighted hyperintensities
and the loss of CA1 pyramidal neurons.17 In one animal,
the entire extent of CA1 was damaged (Figure 1M) and
the entire hippocampus exhibited T2 hyperintensity (Fig-
ure 1N). In another animal, only 25% of CA1 was injured
(Figure 1O) and the hyperintensity by MRI was restricted
to the lateral aspect of the hippocampus (Figure 1P). We
further validated our observations of hippocampal damage
by using a rapid acquisition with relaxation enhancement
method to reduce T2 relaxation artifacts.29,30 Comparison
of the rapid acquisition with relaxation enhancement signal
at 1 dpi (Figure 1Q) to the signal at 7 dpi (Figure 1R)
indicates considerable evolution of pathology that is spa-
tially restricted to the hippocampus (arrowheads in 1, Q–R).

MRI lacks the spatial resolution necessary to discern
whether the hippocampal pathology we observed was
specifically due to neuron injury. To address this we used
MRS of a 27 �l voxel placed around the hippocampus
(Figure 2D). Longitudinal MRS revealed a reduction in the
ratio of N-acetylaspartate (NAA; a neuronal marker31) to
creatine from 1 dpi to 7 dpi (Figure 2A vs. 2B). Quantita-
tion in 3 mice showed a 36% � 9% reduction in the
NAA:creatine ratio (mean � 95% confidence interval [CI];
t(4) � 6.181, P � 0.003 by t-test) (Figure 2C). We con-
clude that acute infection with TMEV results in CNS pa-
thology that is largely restricted to the hippocampus and
involves substantial injury to hippocampal neurons.

Acute Infection with TMEV Results in Damage
Isolated to the CA1 Hippocampal Subfield

Histopathological analysis of the hippocampus at 7 dpi in
sham-infected (Figure 3A) or TMEV-infected mice (Figure
3B) confirmed that the hippocampal pathology was re-
stricted to the CA1 region (between the arrowheads in
Figure 3). CA3 and the dentate gyrus were spared. More-
over, the predominant feature in sagittal brain sections
from TMEV-infected mice was pathology in the hip-
pocampus (Figure 4A) restricted to the CA1 layer (Figure
4B). Serial analysis of sagittal sections throughout the
brain (Figure 5 and 6) revealed complete sparing of the
cerebellum (Figure 5A), midbrain (Figure 5B), brainstem
(Figure 5C), and cortex (Figure 6B). Serial analysis also
verified that CA1 was the exclusive hippocampal target
throughout the lateral extent of the hippocampus (from
�0.25 mm relative to the midline to �4 mm relative to
midline; Figure 6A). We have reproducibly observed
this pattern of pathology in brain sections from hun-
dreds of mice.

The Majority of CA1 Neurons Are Lost by 7 dpi

To quantify the extent of CA1 neuronal loss we stained
5 �m-thick paraffin-embedded hippocampal sections
(coronal sections collected at �1.7 mm from Bregma) for
the neuron-specific marker NeuN (Figure 7) and counted
the number of individual neurons per mm2 of layer CA1.
We found that the number of NeuN-positive neurons in
CA1 in uninfected mice was highly reproducible, at
3768 � 73 neurons per mm2 (n � 5 mice) (Figure 7A). In
contrast, we counted 299 � 138 neurons per mm2 (n � 5
mice) in CA1 in mice at 7 dpi (Figure 7, B and C). This
difference was significant at P � 0.001 by the Mann-
Whitney rank sum test, U(20,20) � 0.000, Figure 7D. We
corroborated these numbers and the loss of neurons
associated with acute TMEV infection by staining hip-
pocampal sections with thionin (data not shown). We
conclude that the damage to the hippocampus present at
7 dpi results in a �90% reduction in the number of
pyramidal neurons in layer CA1.

CA1 Pyramidal Neurons Are Injured Early during
Acute TMEV Infection

Acute infection with TMEV triggered a time-dependent
loss of CA1 pyramidal neurons throughout the first 4 days
of infection (Figure 8, A–J). Vacuolization of CA1 neurons
in the pyramidal layer (arrow in Figure 8F) and loss of
large apical dendrites was evident by 2 dpi (compare
arrowhead in Figure 8B vs 8F). Neuronal injury was rou-
tinely observed at the CA1–CA3 border at early time
points (arrowhead in Figure 8E), proceeding medially at
later time points (arrowhead in Figure 8G). Vacuolization
and nuclear condensation proceeded from 2 to 4 dpi
(Figure 8, E–J) and occurred before gross disruption of
the hippocampal architecture (Figure 8, K–L). As de-
scribed above, the dentate gyrus showed no neuronal
injury and the CA3 region was largely preserved even
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Figure 1. Magnetic resonance imaging reveals time-dependent development of hippocampal damage during acute TMEV infection of the CNS. T2-weighted
imaging in two separate mice (A–F and G–L) at 0 (A,G), 1 (B,H), 2 (C,I), 3 (D,J), 4 (E,K), and 7 (F,L) days postinfection (dpi) revealed a time-dependent increase
in hyperintense abnormalities located predominantly in the hippocampus. M and O: Hippocampal pathology by H&E staining at 7 dpi associated with MRI
hyperintensity in the same mice in (N) and (P), respectively. The arrowheads delineate the regions of pathology (M,O) and hyperintensity (N,P) that are restricted
to the CA1 pyramidal neuron layer in the hippocampus. Note that the T2 hyperintensity distribution closely follows the extent of pathology. Q and R: Rapid
acquisition with relaxation enhancement imaging protocol that confirms the presence of hippocampal injury that increases from 1 dpi (Q) to 7 dpi (R).
Arrowheads in Q and R represent extent of CA1 region in the hippocampus.
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when the neighboring CA1 neurons were completely de-
stroyed (Figure 8K). Sham-infected animals at 7 dpi ex-
hibited none of these changes (Figure 8, A–B). The early
appearance of injury (by 2 dpi) and the completion of
CA1 neuronal loss by 4 dpi rules out a role for the adap-
tive immune response, which does not fully develop until
7 to 10 dpi.32 We conclude that the death of CA1 neurons
is triggered very early during CNS infection and must

depend on the innate immune response, circuit disrup-
tion, or direct virus-induced injury.

Virus Antigen Is Not Restricted to the
Hippocampus and Only a Minority of CA1
Neurons Are Infected

To determine whether direct virus infection was respon-
sible for the extensive loss of CA1 neurons, we immuno-
stained paraffin-embedded sections from mice at 2 dpi
with a rabbit anti-TMEV antibody (Figure 9). We made two
notable observations: First, TMEV antigen was widely
distributed in the cortex (Figure 9, A and B), thalamus
(Figure 9A), and brainstem (Figure 9C), in addition to the
hippocampus (Figure 9B). Second, within the hippocam-
pus, the distribution of TMEV antigen was variable (Figure
9D) and was observed in a minority of CA1 cells (Figure
9E). We counted 336 � 97 TMEV-positive cells per mm2

in CA1 (n � 8 mice), corresponding to approximately
10% of the total number of CA1 neurons counted above.
This suggests that CA1 neuron death is not caused di-
rectly by the virus.

Hippocampal Neurons Die Apoptotically during
Acute TMEV Infection

To further characterize the cell death within the CA1
pyramidal layer we performed electron microscopy.
Healthy CA1 pyramidal neurons at 4 dpi in a sham-
infected mouse are shown at several magnifications (Fig-

Figure 2. Magnetic resonance spectroscopy indicates hippocampal neuronal
injury during acute TMEV infection of the CNS. Spectroscopic analysis of
N-acetylaspartate (NAA) and creatine levels within a 27 �l voxel (D) con-
taining the dorsomedial aspect of the hippocampus at 1 dpi (A) and 7 dpi (B)
indicated a suppression of the NAA line relative to creatine. C: Quantitation
of the ratio of NAA to creatine showed a 36% reduction consistent with
neuronal injury in the hippocampus: t(4) � 6.181, P � 0.003 for 7 dpi vs 1 dpi
by t-test.

Figure 3. Acute infection with TMEV results in damage localized to the
hippocampus. Histological analysis by H&E staining indicated focal tissue
damage isolated to the pyramidal neurons in the CA1 subfield of the hip-
pocampus (B) at 7 dpi. Pathology was never observed in CA1 in sham-
infected mice (A). Arrowheads delineate CA1 in (A) and (B). Scale bar �
500 �m in (B) (also refers to A).

Figure 4. Acute infection with TMEV results in damage localized to the
hippocampus. A high resolution montage of the whole brain stained with
Nissl, collected in the sagittal plane at 1 mm lateral to the midline at 7 dpi (A).
Overt pathology is only observed in the hippocampus. B: Higher magnifica-
tion indicates that hippocampal pathology at 7 dpi was restricted to the CA1
layer. Scale bars: 1 mm (A); 250 �m (B).
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Figure 5. Acute infection with TMEV results in damage localized to the hippocampus. Serial, Nissl-stained sagittal sections collected from 0.3 mm lateral
to the midline through to 3.6 mm lateral to midline (D). We observed no pathology at any level in the cerebellum (A), midbrain (B), or brainstem (C). Scale
bars � 500 �m.
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Figure 6. Acute infection with TMEV results in damage localized to the hippocampus. Serial, Nissl-stained sagittal sections collected from 0.25 mm lateral to the
midline through to 4 mm lateral to midline show extensive damage to the entire medial extent of CA1 in the hippocampus (A) but no injury to cortex (B). Scale
bars � 500 �m.
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ure 10A, C, and E). In contrast to sham-infected animals,
CA1 neurons in TMEV-infected mice at 4 dpi (Figure 10,
B, D, and F) presented several morphological hallmarks
of apoptosis, including cell shrinkage (Figure 10D), chro-
matin condensation (arrowhead in Figure 10F), and mem-
brane blebbing (arrow in Figure 10F).

The vacuolization and nuclear condensation observed
in CA1 neurons during acute TMEV infection suggested
an apoptotic death mechanism. Apoptotic cells typically
experience DNA fragmentation33 elicited by caspase-
activated DNase.34 Therefore, we performed TUNEL
staining at 4 dpi in sham-infected (Figure 11, A–B) and
TMEV-infected mice (Figure 11, C–D). We found no or
few TUNEL-positive cells anywhere in the brain in sham-
infected mice (Figure 11, A–B). In contrast, we observed
a robust concentration of TUNEL-positive cells localized
to the hippocampus in TMEV-infected animals (Figure
11C). Higher magnification revealed that the majority of
TUNEL-positive cells were located in the CA1 pyramidal
layer (Figure 11D), consistent with our earlier observa-
tions. Analysis of additional time points showed that the
number of TUNEL-positive cells within the hippocampus
increased sharply between 1 and 3 dpi and that there
were significantly more TUNEL-positive cells in TMEV-
infected mice, as compared with sham-infected mice at
2, 3, and 4 dpi (Table 1).

Pyramidal Neuron Death Does Not Depend on
Direct Infection with the Virus

To further evaluate the relationship between virus infec-
tion and neuron apoptosis, and to determine whether the
death of pyramidal neurons was non–cell-autonomous,
as suggested above, we immunostained hippocampal
sections at 4 dpi for the presence of TMEV antigen (Fig-
ure 12B) and TUNEL reactivity (Figure 12A). Colocaliza-
tion of these markers revealed that a large number of CA1
pyramidal neurons were TUNEL-positive but TMEV anti-
gen-negative (Figure 12C), implicating a non–cell-auton-
omous bystander mechanism of cell death. To refine this
finding we used the more sensitive analysis of in situ
hybridization for the presence of the TMEV genome within
CA1 pyramidal neurons (Figure 12E). Immunohistochem-
ical analysis of TUNEL on the same hippocampal sec-
tions (Figure 12D) indicated the presence of many CA1

neurons that were not infected with TMEV (Figure 12F),
confirming our previous observations with anti-TMEV
immunostaining (Figure 9). Quantitation showed that
greater than 10 times more cells were TUNEL-positive but
TMEV-negative than were double-positive (Table 2). On
the basis of these findings we conclude that neurons in
CA1 experience a lethal insult that does not depend on
direct viral infection but which does depend on an apo-
ptotic cascade. This non–cell-autonomous death sug-
gests that CA1 neurons are dying as the result of by-
stander injury.

Hippocampal Neuron Apoptosis Involves
Oxidative Injury and Calpain and Caspase-3
Activation

Apoptosis is typically associated with oxidative damage
to cells in the form of DNA base lesions and oxidation of
cellular RNA.35 Such damage results from the production
of reactive oxygen species and can be detected by the
presence of 8-OHdG within apoptotic cells.36 We found
that CA1 pyramidal neurons were positive for 8-OHdG by
2 dpi (Figure 13G) and this damage persisted through 7
dpi (Figure 13, J, M, and P). 8-OHdG was not detected in
sham-infected mice at 7 dpi (Figure 13, A and D).

While apoptosis can occur through either caspase-
dependent or caspase-independent mechanisms,37

caspase activation is generally considered a reliable
marker of apoptosis. Since caspase-3 is the principal
effector caspase, particularly in neurons,38 we examined
sham- and TMEV-infected animals for the presence of
activated caspase-3 in the pyramidal layer of the hip-
pocampus (Figure 13, B, E, H, K, N, Q). Acute TMEV
infection resulted in activated caspase-3 immunoreactiv-
ity within cells in the pyramidal layer at 2 and 3 dpi (Figure
13H). No activated caspase-3-positive cells were ever
observed in the hippocampus of sham-infected mice
(Figure 13B).

The peak in TUNEL-positivity in CA1 (Figure 13, C, F, I,
L, O, R) occurred at 4 dpi (Figure 13O), after the peak of
caspase-3 activation (3 dpi; Figure 13K) and the onset of
oxidative injury (2 dpi; Figure 13G). These observations
suggest that CA1 neurons undergo caspase-associated
apoptosis triggered by oxidative damage and that this
injury process starts as early as 1 to 2 dpi.

Figure 7. The majority of CA1 pyramidal neu-
rons are lost by 7 dpi. Hippocampal sections at
�1.7 mm from Bregma were collected from un-
infected mice (A) and mice at 7 dpi (B and C)
and stained for the neuron-specific marker
NeuN. Montages of images collected at �60
reveal that the high density of CA1 neurons
present in uninfected controls (A) is attenuated
following infection (B and C). D: Individual
fields were subjected to an automated thresh-
olding and counting routine to determine the
number of NeuN-positive cells in CA1. While
greater than 90 NeuN-positive cells were found
per field in uninfected mice (n � 20 fields from
5 mice), fewer than 20 NeuN-positive cells were
observed per field in mice at 7 dpi (n � 20 fields
from 5 mice), and many animals had CA1 fields
devoid of NeuN-positive structures. Scale bar in
(C) � 100 �m; refers to A–C.
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Figure 8. TMEV infection triggers a time-dependent injury to the pyramidal
layer (stratum pyramidale) of the CA1 region of the hippocampus. A, C, E, G,
I, K: Low magnification H&E image of the hippocampus. B, D, F, H, J, L:
Higher magnification image collected within a portion of CA1 chosen to
highlight representative pathology. A and B: Sham-infected animals exhibit
normal hippocampal morphology 7 days after infection. The CA1 pyramidal
layer is indicated by arrowheads in (A). The CA3 pyramidal layer is indi-
cated by arrows in (A). DG: dentate gyrus. Normal CA1 pyramidal neuron
apical dendrites are marked by an arrowhead in (B). C and D: No damage
was evident at 1 dpi. E and F: By 2 dpi, pyramidal neuron damage near the
CA1 and CA3 junction was detectable (arrowhead in E). Higher magnifica-
tion of the damaged area revealed condensed neurons, vacuolization in the
pyramidal layer architecture (arrow in F), and complete loss of the large
apical dendrites (arrowhead in F). G and H: This process continued at 3 dpi,
with the injury spreading medially along CA1 (arrowhead in G). I and J: By
4 dpi the majority of neurons in CA1 were injured or absent. K and L: By 7
dpi there was frank destruction of the hippocampal architecture surrounding
CA1 but remarkable preservation of CA3 (delineated by arrowheads in K)
and the dentate gyrus. Scale bar in (K) � 500 �m; refers to A, C, E, G, I, and
K. Scale bar in (L) � 50 �m; refers to B, D, F, H, J, and L. These results are
representative of at least 10 mice in each of three separate experiments.

Figure 9. Virus antigen is not restricted to the hippocampus and only a
minority of CA1 neurons are infected. The distribution of TMEV at 2 dpi was
determined by immunohistochemistry using a rabbit anti-TMEV polyclonal
antibody. Scattered populations of infected cells were detected in the cortex
(black arrows in A and B), thalamus (arrowheads in A and B), fimbria-
fornix (gray arrows in A), hippocampus (gray arrows in B), and brainstem
(arrows in C). Within the hippocampus, the distribution was highly variable,
with concentrations of cells at the CA1:CA3 border (D). Higher magnification
analysis of the hippocampus from a different mouse revealed that the
majority of CA1 neurons were uninfected (E). Images are representative
of at least five animals. Scale bars: 2 mm (C; refers to A–C); 500 �m (D);
100 �m (E).
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To further investigate the mechanism of apoptosis in
hippocampal neurons during TMEV infection of the CNS,
we measured the activity of apoptosis-related proteases
in the isolated hippocampus (Figure 14). Quantitative
biochemical analysis of hippocampal homogenates from
0 to 4 dpi indicated that peak caspase-3 activity occurred
at 3 dpi (Figure 14A), F(4,10) � 42.750, P � 0.001 by
one-way analysis of variance; P � 0.001 for 3 dpi vs 0 dpi
by Student-Newman-Keuls pairwise analysis; P � 0.001
for 4 dpi vs 0 dpi; P � 0.03 for 2 dpi vs 0 dpi; P � 0.538

for 1 dpi vs 0 dpi. The presence of activated caspase-3 in
the hippocampus was additionally confirmed by Western
blot (Figure 14C).

In addition to caspase-mediated effector mechanisms,
hippocampal neurons are also sensitive to the activity of
the calcium-dependent cysteine protease calpain-1.39

Biochemical analysis of calpain-1 activity in hippocampal
lysates revealed a peak in the activity of this protease that
coincided with the peak of caspase activity at 3 dpi
(Figure 14A); F(4,10) � 43.600, P � 0.001 by one-way

Figure 10. EM evidence that hippocampal py-
ramidal neurons undergo apoptosis during
acute TMEV infection. Electron microscopy was
used to examine cellular morphology in the CA1
layer of the hippocampus. Hippocampal thick
sections were collected at 4 dpi from sham-
infected (A,C,E) and TMEV-infected (B,D,F)
mice and stained with Toluidine Blue O to iden-
tify the CA1 region. Thin sections of CA1 were
then prepared for EM analysis. Note the consider-
able difference in pyramidal cell layer architecture
and the apoptotic morphology of pyramidal neu-
rons between sham- (A) and TMEV-infected (B)
animals at low magnification. Higher magnifica-
tion showed the morphology of normal pyramidal
neurons in sham-infected mice (C,E). In sections
from TMEV-infected mice (D,F) the majority of
CA1 neurons showed a shrunken morphology,
cellular blebbing (arrow in F), and chromatin
condensation along the nuclear membrane (ar-
rowhead in F), consistent with apoptosis. In ad-
dition, vacuolization of the area surrounding the
dying neuron (D,F) was consistent with the vac-
uolization seen by histological analysis and
light microscopy. Scale bars: 20 �m (in B and
applies to A); 5 �m (D and applies to C); 2.5
�m (E); 2.5 �m (F).

Figure 11. Acute TMEV infection induces DNA
fragmentation specifically within the CA1 pyra-
midal layer of the hippocampus. TUNEL staining
revealed considerable DNA fragmentation
within cells localized almost exclusively to the
CA1 region of the hippocampus at 4 dpi (blue �
DAPI; green � TUNEL). Sham-infected animals
exhibited essentially no TUNEL-positive cells
anywhere in the brain (A and B), while mice
infected with TMEV showed a large number of
cells with DNA fragmentation localized to the
CA1 region of the hippocampus at 4 dpi (C and
D). Quantitation of the number of TUNEL-pos-
itive cells in the hippocampus revealed a signif-
icant difference (P � 0.002 by the Mann-Whitney
rank sum test) between sham-infected (22 � 8
TUNEL-positive cells per hippocampal section;
n � 6) and TMEV-infected (530 � 142 TUNEL-
positive cells per hippocampal section; n � 6)
animals. The size of the hippocampal area ana-
lyzed did not differ between the groups. Scale
bars: 500 �m (C and applies to A); 500 �m (in D
and also applies to B).
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analysis of variance; P � 0.001 for 3 dpi vs 0 dpi by
Student-Newman-Keuls pairwise analysis; P � 0.001 for
4 dpi vs 0 dpi; P � 0.011 for 2 dpi vs 0 dpi; P � 0.218 for
1 dpi vs 0 dpi. Calpain-1 activity was confirmed by West-
ern blot analysis of the accumulation of �-spectrin
cleavage products in the isolated hippocampus (Figure
14B).40 The increase in �-spectrin cleavage product ob-
served at 2 dpi (before the onset of detectable cleaved
caspase-3 by Western blot) suggests that calpain activity
may precede or predict caspase-3 activation, consistent
with an early calcium-dependent insult. Further work is
necessary to test this hypothesis.

Cognitive Behavior Is Disrupted Following Acute
Infection with TMEV

We have previously reported that acutely infected mice
lack the ability to form a spatial memory in the Morris
water maze.17 Assessment of cognitive strategy in the
water maze is a sensitive measure of spatial memory
disruption.41 We tested sham-infected and TMEV-in-
fected mice 2 weeks after infection to determine the
after-effects of hippocampal damage. Mice were trained
to locate a hidden platform, as previously described,17

and then subjected to a competition test in which the
hidden platform was removed from the training quadrant

and a visible platform was placed in the diametric quad-
rant.41,42 Mice that employ a “cue” strategy swim directly
to the visible platform, despite previous training. Mice
that employ a “place” strategy ignore the visible platform
and swim to the training quadrant. “Place” strategy mice
will briefly perseverate in the training quadrant before
escaping via the visible platform. Latency to escape and
percent time spent in the training quadrant are therefore
sensitive measures of cognitive strategy, with “place”
strategists taking longer to escape and spending more
time in the training quadrant than “cue” strategists. We
found that sham-infected mice took 3.4 � 1.3-fold longer
to escape than TMEV-infected mice, mean � 95% CI;
t(16) � 3.640, P � 0.002 by t-test, consistent with more
time spent searching the empty training quadrant (Fig-
ure 15, A and C). Likewise, sham-infected mice spent
47.4% � 12.4% of the total swim time in the empty
training quadrant, while TMEV-infected mice only spent
5.9% � 4.1% of the total time in this quadrant, mean �
95% CI; t(16) � 6.195, P � 0.001 by t-test (Figure 15,
B and C). We conclude that neuronal apoptosis in the
hippocampus disrupts spatial memory processing and
switches the cognitive strategy from place response to
cue response.

Finally, we used a scent-based novel object recogni-
tion test to verify that the cognitive impairment was not
restricted to one modality. In this test the mouse is habit-
uated to the environment and then exposed for 10 min-
utes to two identical objects (Figure 15D). For our exper-
iments we used apple-, cherry-, or berry-scented tea
candles (we determined that these candles had consid-

Figure 12. Death of CA1 pyramidal neurons is
independent of direct infection with the TMEV
virus. Colocalization of TUNEL immunostaining
(A; green in C) and TMEV antigen immunostain-
ing (B; red in C) revealed the presence of many
dying neurons that were not infected with the
virus (green-only cells in C) at 4 dpi. This ob-
servation was confirmed by the extensive ab-
sence of colocalization between TUNEL immu-
nohistochemistry (D; pseudocolored green in F)
and in situ hybridization for viral RNA (grains in
E; pseudocolored red in F) at 4 dpi. While sev-
eral cells are both infected and dying (yellow in
F), the majority of dying neurons are not in-
fected (green-only in F). DAPI is shown in blue
in (C). Scale bar: 50 �m (C and refers to A–C);
50 �m in (F and refers to D–F).

Table 1. Quantitation of TUNEL(�) Cells in the
Hippocampus of TMEV- or Sham-Infected Mice at
1, 2, 3, and 4 Days Postinfection

Days* Infection
TUNEL(�)

Cells† No. of Mice Significance

1 TMEV 46 � 15 5 P � 0.126‡

Sham 28 � 7 6 P � 0.537§

2 TMEV 202 � 62 6 P � 0.015
Sham 32 � 14 6 P � 0.240

3 TMEV 373 � 103 6 P � 0.002
Sham 19 � 6 6 P � 0.180

4 TMEV 353 � 95 6 P � 0.002
Sham 14 � 5 6 P � 1.000

*Days postinfection. †Per mm2 of whole hippocampal section.
‡TMEV versus Sham for TUNEL(�) cells. §TMEV versus sham for total
hippocampal area analyzed.

Values are shown as mean � 95% CI. Statistical significance assessed
by Mann-Whitney rank sum test.

Table 2. Quantitation of Uninfected but TUNEL-Positive
Neurons in CA1 in the Hippocampus at 4 dpi

TUNEL versus
Infected

Number of Cells
per Hippocampal

Section Significance

TMEV� TUNEL� 527 � 44 P � 0.001 vs. T�T�
P � 0.001 vs. T�T�

TMEV� TUNEL� 45 � 7 P � 0.169 vs. T�T�
TMEV� TUNEL� 18 � 3

Values are shown as mean � 95% CI for 10 mice. Statistical
significance assessed by one-way analysis of variance with Student-
Newman-Keuls pairwise comparison.
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Figure 13. Hippocampal injury during acute TMEV infection is associated with apoptotic markers. Higher magnification images of the same areas of CA1
analyzed in Figure 8. A, D, G, J, M, P: Oxidative damage assessed by anti-8-OHdG immunostaining (red). B, E, H, K, N, Q: Activated caspase-3
immunoreactivity (red). C, F, I, L, O, R: TUNEL staining to show DNA cleavage (green). A–C: The CA1 region of sham-infected animals shows no evidence
of oxidative damage (A), activated caspase-3 (B), or TUNEL positivity (C) at 7 dpi. D–R: In contrast, mice infected with TMEV show a time-dependent
increase in oxidized nucleotides, activated caspase-3, and DNA cleavage. The arrow in (M) indicates a typical anti-8-OHdG-positive pyramidal neuron.
The arrowhead in (K) indicates a typical activated caspase-3-positive pyramidal neuron. The hand in (O) indicates a typical TUNEL-positive pyramidal
neuron. The day of maximum caspase-3 activation (H or K) precedes the onset of maximum DNA cleavage (O and R), while the onset of oxidative damage
(G) is contiguous with caspase-3 activation. Scale bar � 50 �m (in R and applies to all panels). These results are representative of at least five mice in each
of three separate experiments. DAPI-labeled nuclei are blue in all panels.
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erable salience for the mice but were not treated as food).
Thus, during training the mice were exposed to either two
apple-scented candles, two cherry-scented candles, or
two berry-scented candles. After the training session the
mice were returned to a holding cage for 5 minutes and
then reintroduced into the testing environment in which
one of the candles (randomized) was replaced with the
alternate scent. Thus, during testing the mice were ex-
posed, for example, to one apple-scented and one berry-
scented candle. The number of interrogations of each
object was manually assessed by a blinded observer
analyzing video recordings of the training and testing
sessions. To normalize across experiments and between
mice we calculated a discrimination index, taken as the
ratio of interrogations of object #1 to the number of
interrogations of object #2 (future novel object/future
common object for the training session and novel ob-
ject/common object for the testing session). A discrim-
ination index of 1 shows equal time spent interrogating
both objects. In normal, uninfected controls (n � 13
mice) we found that the discrimination index increased
from 1.1 � 0.2 during training (equal interrogations) to
2.1 � 0.6 during testing with the novel object (twice as
much time spent with the novel object as with the
trained object) (Figure 15E). This difference was sta-
tistically significant: H(13,13,4,4,12,12) � 27.758, P �
0.001 by Kruskal-Wallis one way analysis of variance;

Figure 15. Mice exhibit memory defects following acute infection with
TMEV. Two weeks after infection, mice were tested in the Morris water maze
using a competition test strategy to determine whether reference memory
was disrupted. In this test, after 1 week of training and acquisition testing, the
submerged training platform (small dark gray circles in C) is removed and a
visible competition platform is placed in the tank in the opposite quadrant
(light gray circles in C). If mice have developed a spatial map of the maze
they ignore the visible platform and search in the training quadrant. In
contrast, the absence of a spatial memory map results in direct escape to the
visible platform. Sham-infected mice (n � 8) exhibited clear evidence of
spatial memory formation, with significantly longer escape latency (A) and
significantly more time spent in the empty training quadrant (B) than TMEV-
infected mice (n � 8). As visual confirmation of this difference, swim paths
are shown for three mice in each group (C). The sham-infected animals
search the training quadrant before escaping via the visible platform. The
TMEV-infected mice swim directly to the visible platform. Likewise, mice
were tested at 7 dpi after infection in a scent-based novel object recognition
test (D and E). In this test, mice are individually habituated to an environment
consisting of a 30 cm � 30 cm acrylic box lined with wood shavings
(changed between each mouse to eliminate spurious olfactory cues). After 5
minutes, the mice are briefly removed to a holding cage, and then reintro-
duced to the testing environment containing two identical scent objects.
Testing of numerous objects revealed that apple-, berry-, and cherry-scented
tea candles induced considerable interrogation but did not stimulate feeding
behavior. During the 10-minute training session mice were exposed to 2
berry-, 2 apple-, or 2 cherry-scented candles (white circles in D), then
removed to the holding cage for 5 minutes. The testing phase consisted of
reintroducing the mice to the environment containing one candle from the
training session and one new candle of a different scent (the black circle in
D), randomly assigned. Mice were video taped and the number of interro-
gations of each object was determined manually during the training and
testing sessions. The ratio of interrogations of the novel object to the number
of interrogations of the familiar object was taken as a discrimination index.
During training, all groups exhibited a discrimination index of 1 (dashed line
in E). During testing, uninfected controls (n � 13 mice) exhibited an increase
in the discrimination index consistent with interrogating the novel object two
times more than the familiar object. In contrast, mice lesioned with kainic
acid (n � 4 mice) or mice at 7 dpi (n � 12 mice) exhibited a discrimination
index of 1, consistent with an inability to recall the familiar object.

Figure 14. Cell death in the hippocampus involves activated caspase-3 and
activated calpain. A: Hippocampi were freshly isolated from mice (n � 3 at
each time point) at the indicated days postinfection and caspase-3 and
calpain-1 activity was measured using a cell-free substrate cleavage assay (A).
Both caspase-3 and calpain-1 exhibited a peak in activity at 3 dpi. B:
Immunoblots of total (top band) and cleaved (lower band) � spectrin indi-
cate an accumulation of this calpain-1 cleavage product during the course of
infection, indicative of calpain-1 activation. C: Immunoblots of activated
caspase-3 confirm the substrate cleavage data. The immunoblot analyses are
representative of two separate experiments.
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Q(13,13) � 4.7, P � 0.05 by Dunn’s pairwise comparison
for uninfected training versus testing. As a positive con-
trol for hippocampal lesioning we treated mice with kainic
acid to induce seizures (n � 4 mice). One week later we
tested these animals in the novel object recognition test.
We found that there was no difference in discrimination
index between training and testing, consistent with the
inability of these mice to remember the training object.
Finally, we tested TMEV-infected mice at 7 dpi (n � 12
mice). We found that these animals also had no differ-
ence in discrimination index between the training and
testing trials. We conclude that hippocampal injury asso-
ciated with acute picornavirus infection of the CNS ren-
ders mice unable to form spatial or object recognition
memories.

Discussion

A number of picornaviruses are associated with enceph-
alitis in humans, including EV71,14 Coxsackie A43,44 and
B variants,22,45–47 hepatitis A,48–50 encephalomyocarditis
virus,51,52 echovirus,53–55 and other enteroviruses.56–59

These findings suggest that encephalitis and subsequent
CNS injury may be a low-frequency aspect of picornaviral
infection that is common to many members of the family.
The relatedness of picornaviruses,60 the similarity in neuro-
virulent potential across the family,1 and the recent identifi-
cation of human TMEV-like cardioviruses,61 support our use
of the TMEV model as an analog for studying the neuro-
pathogenic consequences of acute CNS infection.8

Our findings in the CNS of acutely infected mice are in
agreement with those of Fujinami and colleagues, who
observed TUNEL-immunoreactive cells in the hippocam-
pus of SJL/J mice infected for 1 week with TMEV24 and
extensive hippocampal damage in C57BL/6 mice.18

These authors proposed that apoptosis of hippocampal
neurons is a protective mechanism that serves to initiate
viral clearance before the generation of an adaptive im-
mune response.24 In support of this hypothesis, we found
that hippocampal pyramidal neurons in C57BL/6J mice
had already progressed to the end stage of the apoptotic
cascade by 4 dpi, a time point that precedes both the
appearance of virus-specific cytotoxic T cells in the
CNS62,63 and the generation of virus-specific antibody
titer.64 Moreover, the 4-day time point represents a stage
in the infection when viral load has already started to
wane in the brain,65,66 suggesting that a mechanism for
limiting the spread of infection has already been en-
gaged. Indeed, our observation that CA1 hippocampal
neurons exhibit structural damage and signaling asso-
ciated with apoptosis by 2 dpi suggests that the apo-
ptotic trigger is a very early event in the host response
to infection.

On the other hand, our observation that the majority of
dying hippocampal neurons are not infected with TMEV
indicates that the cause of neuron apoptosis is predom-
inantly non–cell-autonomous. Rather than a suicide pro-
gram sparked by direct infection with the virus,8 our
results suggest that many CA1 pyramidal neurons die as
bystanders. Such bystander pathology may result from

disruption of hippocampal circuits caused by viral infec-
tion of a subset of neurons or may occur in response to an
innate immune response. For example, hippocampal
neurons are protected in mice infected with neuroad-
apted Sindbis virus by treatment with glutamate receptor
antagonists, implicating circuit dysregulation in this
model of viral encephalitis.67 Likewise, neutrophil or mac-
rophage responses to CNS infection with mouse hepatitis
virus,68–70 herpes simplex virus type 1,71 or Murray Valley
encephalitis virus72 trigger neuronal immunopathology.
Our preliminary findings indicate that apoptosis of CA1
pyramidal neurons during acute TMEV infection involves
both an �-amino-3-hydroxyl-5-methyl-4-isoxazole-propi-
onate (AMPA) receptor-dependent excitotoxicity and a
neutrophil-mediated bystander immunopathology (E.J.
Buenz and C.L. Howe, unpublished observations). Our
ongoing experiments seek to determine whether the loss
of memory function we observe is associated with circuit
disruption, whether neuronal injury precedes or follows
such disruption, and whether manipulation of electrical
activity or the innate immune response modifies this
disruption.

Therapeutically, a non–cell-autonomous model of hip-
pocampal neuron death offers several potential avenues
for neuroprotection distinct from antiviral treatment. Picor-
naviruses, in particular, present a considerable challenge
for antiviral prevention and control strategies due to a
profound genetic flexibility and rapid adaptability to en-
vironmental and host factors.8,73–75 With more than 1
billion picornavirus infections in humans each year,76 the
potential for the development of neuropathogenic mu-
tants is significant.77 Such adaptability may readily un-
dermine the development and deployment of picornavi-
rus-specific antiviral treatments. However, if a substantial
fraction of neuronal apoptosis during acute picornavirus
infection is induced by excitotoxicity or innate immune
effectors, then treatment with anti-apoptotic drugs, gluta-
mate receptor antagonists, anti-epileptics, or innate im-
munomodulators may allow substantial neuroprotection.

In conclusion, while TMEV is a mouse pathogen intro-
duced into the CNS under artificial and constrained con-
ditions, we think that this system is a reproducible and
robust model that will permit the dissection of molecular
and cellular events involved in the induction of neuropa-
thology in humans acutely infected with neurotropic pi-
cornaviruses. Having characterized the non–cell-auton-
omous activation of caspase and calpain in hippocampal
neurons in the acute TMEV model, we intend to exploit
this system to identify novel therapeutic strategies for
protecting neurons and cognitive function. Our ultimate
goal is to translate such therapies into the clinic to protect
children from the long-term consequences of neuron loss
during acute picornavirus infections of the CNS.
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