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Neonates are particularly susceptible to coxsackievi-
rus infections of the central nervous system (CNS),
which can cause meningitis, encephalitis, and long-
term neurological deficits. However, viral tropism
and mechanism of spread in the CNS have not been
examined. Here we investigate coxsackievirus B3
(CVB3) tropism and pathology in the CNS of neonatal
mice, using a recombinant virus expressing the en-
hanced green fluorescent protein (eGFP). Newborn
pups were extremely vulnerable to coxsackievirus
CNS infection, and this susceptibility decreased dra-
matically by 7 days of age. Twenty-four hours after
intracranial infection of newborn mice, viral
genomic RNA and viral protein expression were de-
tected in the choroid plexus, the olfactory bulb, and
in cells bordering the cerebral ventricles. Many of the
infected cells bore the anatomical characteristics of
type B stem cells, which can give rise to neurons and
astrocytes, and expressed the intermediate filament
protein nestin, a marker for progenitor cells. As the
infection progressed, viral protein was identified in
the brain parenchyma, first in cells expressing neu-
ron-specific class III �-tubulin, an early marker of
neuronal differentiation, and subsequently in cells
expressing NeuN, a marker of mature neurons. At
later time points, viral protein expression was re-
stricted to neurons in specific regions of the brain,
including the hippocampus, the entorhinal and tem-
poral cortex, and the olfactory bulb. Extensive neu-
ronal death was visible, and appeared to result from
virus-induced apoptosis. We propose that the in-
creased susceptibility of the neonatal CNS to CVB in-
fection may be explained by the virus’ targeting neo-
natal stem cells; and that CVB is carried into the brain
parenchyma by developing neurons, which continue
to migrate and differentiate despite the infection. On
full maturation, some or all of the infected neurons
undergo apoptosis, and the resulting neuronal loss
can explain the longer-term clinical picture. (Am J
Pathol 2003, 163:1379–1393)

Viral infection in the central nervous system (CNS) of
newborns is an under-appreciated problem with potential
long-term consequences that may include severe intel-
lectual disabilities and scholastic performance deficien-
cies in children.1 Enteroviruses, in particular, account for
many cases of aseptic meningitis and encephalitis in
newborn infants, who appear to be especially suscepti-
ble to these agents.2,3 Enterovirus infections can occur
not only in the immediate postpartum period, but also in
utero; such fetal and congenital infections can have se-
rious consequences,4,5 including neurodevelopmental
defects.6,7 In addition to the acute pathology induced by
neonatal CNS infection, there may be delayed effects; for
example, some evidence links childhood enterovirus in-
fection with adult-onset schizophrenia.8 The enterovirus
genus lies within the picornavirus family, and includes
polioviruses, coxsackieviruses, and unclassified entero-
viruses; since the advent of widespread poliovirus vac-
cination, coxsackievirus has emerged as the single most
common cause of enteroviral CNS infection in neonates.
Despite the frequency of coxsackievirus CNS infections,
and the profound neuropathologies which may result, our
understanding of coxsackievirus tropism in the neonatal
CNS is very limited; the present study was initiated to
partially redress this deficit.

Coxsackieviruses have been divided into subgroups A
and B based on their pathogenicity in suckling mice.9–11

Group A strains most commonly induce flaccid paralysis,
as a result of extensive infection of skeletal musculature,
while Group B strains are associated with spastic paral-
ysis, indicative of upper motor neuron dysfunction result-
ing from meningoencephalitis. This CNS tropism of group
B coxsackieviruses (CVB) is maintained in humans. CVB
antigens have been detected in formalin-fixed, paraffin-
embedded tissue sections from a patient with acute en-
cephalitis,12 infectious virus has been isolated from pa-
tients with meningo-encephalitis,13 and CVB infection
has resulted in encephalitis with widespread multi-focal
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areas of liquefactive necrosis in the cerebrum.14 CVB-
specific neutralizing antibodies have been identified in
the ventricular fluid of newborns with severe congenital
anatomical defects in the CNS,15 suggesting that cox-
sackievirus infection may be an underlying factor in such
diseases. Forebrain abnormalities, including hydranen-
cephaly, have been seen after infection of newborn hu-
man infants, as well as in experimental infections of neo-
natal mice.15,16 Coxsackievirus-induced encephalitis
may cause long-term damage to the CNS, including to
the basal ganglia, leading to Parkinson-like symptoms,
and memory and learning disorders suggestive of sub-
cortical dementia;17 indeed, CVB can cause a syndrome
very similar to encephalitis lethargica,18 a disease long
considered viral in origin.

To facilitate our investigation of CVB tropism in the
CNS, we have used a recombinant CVB which expresses
the enhanced green fluorescence protein (eGFP);19 this
virus (eGFP-CVB) was prepared using a method that we
recently described for generating recombinant CVB.20

eGFP was selected as the optimal marker protein be-
cause it is relatively small in size (enabling its incorpora-
tion into recombinant CVB), it can be used for live imag-
ing of infected cells,19 and the protein can be detected in
thin, high-resolution sections of formaldehyde-fixed, par-
affin-embedded tissue.21,22 Furthermore, it is relatively
resistant to photo-bleaching, and permits very straight-
forward studies to simultaneously compare viral protein
expression with various cellular markers, identified using
fluorescently tagged antibodies. Such dual-labeling stud-
ies, using eGFP as a surrogate marker for viral protein
expression, in combination with various cell-specific
markers in the CNS, have allowed us to identify the initial
sites of CVB infection in the neonatal CNS, and to track
the infection over a course of several days. We have
identified the CNS sites infected at each stage, and the
cellular tropism of the virus, which changes as the infec-
tion progresses. Our results reveal an enhanced suscep-
tibility and increased pathology in newborn pups, com-
pared to older mice, and suggest a possible mechanism
for coxsackievirus-induced pathogenesis.

Materials and Methods

Recombinant eGFP-CVB Virus

The construction of our recombinant CVB3 expressing
eGFP has been previously described.19 Viral stocks were
prepared on HeLa RW cells. Virus inoculations were done
with concentrated stocks diluted in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, Gaithersburg, MD).

Mice and Viral Inoculations

BALB/c mice obtained from the Scripps animal facilities
were bred, and pups were infected with varying amounts
eGFP-CVB intracranially (i.c.). All pups were infected
within 24 hours of birth, unless otherwise indicated. Intra-
cranial injections were carried out on pups anesthetized
by hypothermia.23 One pup at a time was placed in a

paper-lined plastic dish resting on a bed of dry ice. After
1 to 3 minutes, general limb movement ceased, and the
pup was removed and immediately inoculated i.c. with 25
�l of virus (viral dose indicated in the text) using a
sleeved 30-gauge needle. Pups recovered within min-
utes, and were returned to their mothers after their
breathing was regular, their limbs were moving normally,
and their skin color had returned to normal. Control pups
were mock infected by i.c. inoculation of 25 �l of DMEM.
All pups recovered from hypothermia, regardless of their
age. In control pups injected i.c. on the day of birth, a
very low background mortality was seen (2 of 16 mice) in
the days immediately following i.c. injection. This low
procedural mortality did not occur in older pups.

Virus Titration

Pups were euthanized by hypothermia, followed by im-
mediate decapitation. Organs were harvested, placed in
dry ice, weighed, and homogenized in 1 ml complete
DMEM for approximately 15 seconds using an Ultra-
Turrax T 25 basic homogenizing apparatus (Ika Works
Inc., Wilmington, NC). The samples were stored at
�70°C, for subsequent measurement of virus titers by
plaque assay, as described previously.19 Briefly, six-well
dishes were plated with 3.75 � 105 HeLa RW cells/well,
and grown for 48 hours before infection. Ten-fold serial
dilutions were prepared, and incubated with cell mono-
layers for 1 hour with rocking every 15 minutes. Cells
were overlaid with 4 ml of 1X complete DMEM in 0.6%
agar. After 40 to 48 hours incubation (37°C, 5% CO2),
cells were fixed with 2 ml/well of methanol:acetic acid
(3:1 v/v) for 10 minutes, after which the fixative and the
agar plugs were removed. Cells were stained with 1 ml of
crystal violet solution (0.5% crystal violet in 20% ethanol)
for 1 hour, rinsed in tap water, and plaques were
counted.

Detection of eGFP in Situ

Immediately following euthanasia, the brain was fixed by
immersion in 10% neutral-buffered formalin for �4 hours,
paraffin-embedded, and 3-�m sections were prepared.
Unstained sections were overlaid with phosphate-buff-
ered saline (PBS), and observed using either an Axiovert
200 inverted microscope (Carl Zeiss Light Microscopy,
Goettingen, Germany), or a Nikon Optiphot fluorescent
microscope. Images were acquired using a Spot RT
camera (Diagnostic Instruments Inc., Sterling Heights,
MI)) or an AxioCam HR digital camera (Axiovert).

Immunofluorescence Staining

Paraffin-embedded sections were deparaffinized with
three washes in xylene and serial washes in 100%, 90%,
70% ethanol, followed by a final wash in PBS. Detection
of activated caspase 3, nestin, and NeuN, required anti-
gen unmasking; for these studies, deparaffinized sec-
tions were heat-treated by boiling for 25 minutes in 0.01
mol/L citrate buffer (pH 6.0) in an 1100W microwave oven
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set at full power, then were allowed to cool at room
temperature for 30 minutes. All sections were blocked
with 10% normal goat serum for 30 minutes, incubated
overnight with primary antibody, and washed three times
with PBS. Most of the primary antibodies used were from
rabbit, including: rabbit anti-GFAP at 1:500, Sigma-Al-
drich, Inc., St. Louis, MO; rabbit anti-class III �-tubulin at
1:500, Covance Research Products Inc., Cumberland,
VA; and rabbit anti-human/mouse active caspase-3 at
1:100, R&D Systems, Inc., Minneapolis, MN. All antibody
dilutions were made in 2% normal goat serum. The sec-
ondary antibody (goat biotinylated anti-rabbit IgG (H�L)
at 1:500, Vector Laboratories Inc., Burlingame, CA) di-
luted in 2% normal goat serum was incubated on sec-
tions for 30 minutes. Two primary antibodies were de-
rived from mouse (anti-NeuN at 1:1000, Chemicon
International Inc., Temecula, CA; anti-nestin at 1:50,
Chemicon International Inc.). To minimize background
staining using these mouse antibodies on mouse tissues,
the Mouse on Mouse (MOM) kit was used as described
by the manufacturer (Vector Laboratories Inc.). Briefly,
before addition of the primary antibodies, sections were
blocked in MOM Mouse Ig Blocking Reagent for 1 hour,
and then washed twice in PBS for 2 minutes. Primary
mouse monoclonal antibodies in MOM diluent were
added to sections and incubated for 30 minutes at room
temperature, followed by two PBS washes for 2 minutes.
The secondary antibody consisted of MOM biotinylated
anti-mouse IgG reagent at 1:250 in MOM Diluent. After
staining with secondary antibodies, all sections were
washed twice with PBS, and incubated for 30 minutes
with a streptavidin-rhodamine red complex (Jackson Im-
munoResearch Laboratories Inc, West Grove, PA) diluted
1:500 in 2% normal goat serum. In sections stained to
detect nestin, viral protein expression was detected us-
ing rabbit anti-GFP at 1:20 (Molecular Probes, Inc., Eu-
gene, OR) incubated at room temperature for 1 hour,
followed by a 30-minute incubation with anti-rabbit-FITC
(Rockland Immunochemicals, Inc., Gilbertsville, PA) at
1:100. Specificity controls for immunostaining included
sections stained in the absence of primary antibody, or in
the presence of rabbit IgG control antibody at 0.1 �g/ml
(Vector Laboratories, Inc). For detection of DNA/nuclei
using DAPI (4�,6-diamidino-2-phenylindole), sections
were incubated for 2 minutes in a 300 nmol/L DAPI di-
lactate stock solution (Molecular Probes Inc.) diluted in
PBS, then washed once with PBS. Sections were ob-
served by laser scanning confocal microscopy (Bio-Rad
MRC1024) attached to a Zeiss Axiovert S100TV micro-
scope, or by fluorescence microscopy (Zeiss Axiovert
200 inverted microscope) for eGFP (green), the indicated
cellular marker (red), and DAPI nuclear staining (blue).
Green, red, and blue channel images were merged using
either Bio-Rad Confocal Assist software, or AxioVision
software.

ApopTag Staining

Detection of cells undergoing apoptosis was evaluated
using the ApopTag Red In Situ Apoptosis Detection Kit

(Intergen, Purchase, NY), as specified by the manufac-
turer. Briefly, paraffin-embedded sections were deparaf-
finized and pre-treated with proteinase K (20 �g/ml) for
15 minutes. Equilibration buffer was added directly onto
the specimen, after which terminal deoxynucleotidyl
transferase (TdT) enzyme in reaction buffer was added
for one hour at 37°C. Sections were washed in working
strength Stop/Wash buffer for 10 minutes. Pre-warmed
working strength anti-digoxigenin conjugate (rhodamine)
was added to the sections and incubated at room tem-
perature for 30 minutes. The samples were washed with
PBS and observed by fluorescence microscopy, as de-
scribed above.

In Situ Hybridization

A 33P-labeled anti-sense RNA (421 bases) probe for the
5� untranslated region of CVB3 was generated using the
MAXIscript In vitro Transcription Kit (Ambion Inc., Austin,
TX), as described by the manufacturer. One microgram
of plasmid (pBKS2 CVB3) containing the probe se-
quence was linearized with Asp718. The transcription
reaction (20-�l final volume in nuclease-free water) con-
tained the linearized DNA template, 0.5 �mol/L of each
ribonucleotide, 1X Transcription buffer, T3 polymerase,
and labeled UTP. The reaction mixture was incubated for
10 minutes at 37°C to produce high specific activity
radiolabeling. The DNA template was degraded by ad-
dition of DNase I, and unincorporated nucleotides were
removed by applying the transcription reaction to a Nuc
Away Spin Column (Ambion Inc.). The efficiency of the
transcription reaction was determined by measuring
cpm/�l using a �-scintillation counter. In situ hybridization
procedures were carried out using the mRNAlocater In
Situ Hybridization Kit (Ambion Inc.), as described by the
manufacturer. Paraffin-embedded sections were depar-
affinized as described above, immersed in 1 �g/ml Pro-
teinase K for 10 minutes at room temperature with agita-
tion, and washed twice with nuclease-free water. Slides
were incubated with 2X SSC for 2 minutes, dehydrated
with increasing concentrations of ethanol, and dried un-
der a hair dryer for 1 hour. The radiolabeled probe (107

cpm) was added to 100 �l of hybridization buffer, dena-
tured by heating to 65°C for 5 minutes, and cooled on ice.
The probe solution was applied to the section, and the
sample was sealed in a humidified chamber and incu-
bated at 46°C for 18 hours. Slides were washed twice in
4X SSC for 10 minutes at room temperature, then a pre-
warmed solution of RNase A was added to the sections.
After incubation for 30 minutes at 37°C, slides were
washed in decreasing concentrations of SSC, dehy-
drated in graded ethanol solutions, and dried with a hair
dryer for 30 minutes. Slides were immersed in photo-
graphic emulsion, held at 4°C for 6 days, then developed.
Finally, slides were stained with hematoxylin (1 minute)
and eosin (1.5 minutes), and mounted with Cytoseal
(VWR, West Chester, PA).
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Results

Coxsackievirus CNS Infection of Newborn Pups
Leads to Dose-Related Mortality

The aim of this study was to establish the tropism of CVB
in the neonatal CNS and, to this end, we first evaluated
the outcomes of different routes of administration. eGFP-
CVB was administered by the intraperitoneal, intraoral,
intranasal, or intracranial routes, and only the latter route
routinely resulted in CNS infection and lethal disease
(data not shown). Therefore, for the remainder of this
study, the i.c. route was used. Intracranial administration
of a high dose (2 � 107 pfu) of eGFP-CVB was uniformly
lethal within 2 days of infection of newborn pups (Figure
1A, green circles), and as few as 105 pfu of eGFP-CVB
caused significant mortality (Figure 1A, red inverted tri-
angles). These results illustrate the high susceptibility of
neonatal mice to CVB3 infection with subsequent fatal
consequences. As noted in the Materials and Methods
section, a small number of mock-infected newborn pups
died following the intracranial injection.

Rapid, Age-Dependent Loss of Susceptibility to
Intracranial CVB Infection

Susceptibility to virus-induced mortality decreased sub-
stantially within days after birth (Figure 1B). Intracranial
challenge with 2 � 107 pfu of eGFP-CVB was lethal to
only �50% of pups inoculated at 3 days of age, and to
only �20% of pups inoculated when 4 days old. Pups
that were � 1 week old when inoculated almost invariably
survived (only 1 of 42 pups succumbed). In addition, no
viral protein expression or pathology was seen in the
brains of adult mice (8-week-old) that had been intracra-
nially infected with eGFP-CVB (data not shown).

Viral Titers Peak Early after Intracranial
Inoculation, and Infectious Virus Remains in the
CNS at 10 Days Post-Infection

One-day old pups were infected i.c. with eGFP-CVB (2 �
105 pfu) and sacrificed at different time points after in-
fection. Brain, heart, and pancreas were homogenized
and titered, as described in Material and Methods. Fol-
lowing i.c. infection, virus titers in the brain rose rapidly,
with maximum levels observed 24 hours post-infection,
and slowly dropped over the course of 10 days (Figure
1C). Somewhat delayed kinetics were observed for both
the pancreas and heart from i.c. infected pups, suggest-
ing that the CNS is the site of early infection, after which
virus disseminates to other susceptible organs. However,
the brain contained the highest titers of infectious virus at
every time point analyzed. Infectious virus could no
longer be detected in the brain by 30 days p.i., but viral
RNA remained detectable at this time point (data not
shown). Persistence of the viral RNA was also seen in the
pancreas and heart tissues following i.c. inoculation.
These results parallel numerous published reports which
demonstrate the ability of coxsackievirus RNA to persist
in tissues of adult mice, for many months after infection,
and when no infectious virus can be detected.24,25

CVB Infects Specific Regions of the
Neonatal CNS

eGFP can be detected in very thin (3 �m) sections of
formaldehyde-fixed, paraffin-embedded tissues,22 and
we have exploited this property to identify infected cells
at very high resolution in situ. We first evaluated viral
protein expression (using eGFP as a surrogate marker) at
1 day post-infection, and examination of several mice
showed that eGFP expression was consistently restricted
to specific areas of the neonatal brain. As indicated by
the representative sections shown in Figure 2, eGFP was
expressed at extremely high levels in the choroid plexus,
and also was readily detected in neighboring cells lining
the lateral ventricle (Figure 2A). Protein expression also
was found in cells lining the roof of the third ventricle
(Figure 2C), and in the granular cell layer of the olfactory
bulb (Figure 2E). No viral protein expression or pathology
was seen in the cerebellum of neonatal pups at any time

Figure 1. Outcome of eGFP-CVB CNS infection is dose-dependent, and
changes dramatically within days of birth. A: Newborn BALB/c pups were
inoculated i.c. with the indicated doses of eGFP-CVB, or with medium alone
(mock), and their survival over a 30-day period is shown. B: Mice of the
indicated ages were inoculated i.c. with eGFP-CVB (2 � 107 pfu) and
observed for survival over a 30-day period. C: Newborn pups were infected
with eGFP-CVB (2 � 105 pfu, i.c.) and, at the indicated time points post-
infection, mice were sacrificed, the brains, hearts, and pancreata were har-
vested, and viral titers were determined.
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point (data not shown), consistent with what has been
observed previously in newborn human infants. We have
been unable to detect eGFP expression within the CNS of
older mice (�14 days old), even after i.c. inoculation of
very high doses of recombinant virus (up to 2 � 107 pfu;
data not shown); these findings are consistent with our
observation (Figure 1B) that susceptibility to lethal infec-
tion dropped substantially within a few days after birth.
Thus, specific regions of the neonatal CNS are exquisitely
sensitive to CVB infection; and this susceptibility drops
very dramatically within days of birth.

CVB Infects Progenitor Cells in the
Neonatal CNS

The cerebroventricular system is lined by ependymal
cells. These cuboidal cells have lengthy cilia, which as-
sist in the circulation of cerebrospinal fluid, and such

ciliated cuboidal cells can be clearly seen lining the floor
of the third ventricle (Figure 2D) and in the lateral ventri-
cle (Figure 2H). It appears that most ependymal cells are
not infected by CVB; the infected cells are limited to the
roof of the third ventricle (Figure 2C), and to morpholog-
ically distinctive cells, the apical portions of which appear
to protrude through the ependymal layer of the lateral
ventricle (Figure 2G). Morphologically, these cells appear
to be “type B” stem cells,26 which can give rise both to
neurons and astrocytes.27 The existence of various types
of CNS stem cells is now well-established, and stem cells
have been identified in several anatomical areas, includ-
ing the subventricular zone (SVZ), the hippocampus and
the olfactory bulb.26 To our knowledge, no marker is
available that is unique to type B stem cells. However,
these cells, and other progenitor cells in the CNS, ex-
press nestin, an intermediate filament protein whose ex-
pression is closely associated with rapidly proliferating
progenitor cells during neurogenesis28 and myogen-
esis.29 Therefore, we evaluated nestin staining, and its
relationship to viral protein expression, in 1-day-old mice
that had been infected on the day of birth. As shown in
Figure 3A, nestin (red staining) is absent from cells in the
choroid plexus, but is expressed in cells adjacent to the
ventricle, where progenitor cells are located; a higher-
power photomicrograph of this region (Figure 3B) sug-
gests that the majority of virus-infected cells also are
nestin-positive. Co-localization of nestin and eGFP was
observed in additional mice from the same experimental
group (Figure 3, C and D). Furthermore, evaluation of the
subventricular region showed that nestin staining was
filamentous, as previously reported, and was absent from
the perinuclear areas in the cell bodies (Figure 3E, white
arrows show “empty” perinuclear areas) These regions
stained strongly for eGFP (Figure 3F), and the co-local-
ization is clearly visible in a merged image (Figure 3G).

Spread of Infection in the Brain Parenchyma,
Identified by in Situ Hybridization and eGFP
Expression

Next, we evaluated coxsackieviral spread in the CNS in
the early phase post-infection, by tracking both viral RNA
(detecting the viral genome by in situ hybridization) and
viral protein expression (eGFP). Whole-brain distribution
at days 1 and 2 p.i. are shown in Figure 4. At both time
points, there was an extremely high correlation between
the viral RNA signal and eGFP expression, confirming the
validity of using eGFP as an easily detected and accurate
surrogate marker of viral protein expression. At day 1 p.i.,
viral genome was detected in or near the lateral ventricles
(in both the anterior and posterior horns) and the olfactory
bulb (Figure 4A), and closely paralleled the distribution of
eGFP (Figure 4B). Higher-power photomicrographs of
the lateral ventricles and hippocampus show that eGFP
expression was restricted to cells lining the ventricles,
and to the choroid plexus (Figure 4, C and D) confirming
the findings shown in Figure 2. Twenty-four hours later,
the virus had begun to enter the brain parenchyma; viral
genome and eGFP expression were more dispersed

Figure 2. Viral protein expression within the neonatal CNS one day after
infection with eGFP-CVB. Newborn pups were infected i.c. with eGFP-CVB
(2 � 107 pfu) and sacrificed 1 day post-infection. Paraffin-embedded trans-
verse sections of brain tissue were hydrated with PBS and observed by
fluorescence microscopy. Fluorescent images are shown on the left; green
represents eGFP, and red (G) represents �-tubulin. The corresponding H&E
(B, D, H) or hematoxylin alone (F) images are shown on the right. Magni-
fication, �31 for images A, B, E and F; magnification, �62 for images C and
D. Magnification, �63 for original images G and H, with a further �2-fold
computer-generated magnification. CP, choroid plexus; LV, lateral ventricle;
3V, third ventricle; GCL, granular cell layer; EPL, external plexiform layer; GL,
glomerular layer; EP, ependymal cells.
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around the lateral ventricles, and could now be detected
in the hippocampus (Figure 4, E and F); and higher-
power fields show clearly that invasion of parenchymal
tissue has taken place (Figure 4, G and H).

In addition to identifying the distribution of viral mate-
rials, we sought also to determine the cell types involved
in parenchymal spread. The neonatal CNS is a site of
active neurogenesis and neuronal development, and
several markers are available which detect neurons at
various developmental stages. We first focused on class
III �-tubulin, an early marker of neuronal differentiation.30

Areas of active neurogenesis, which include the SVZ, are
low in �-tubulin expression31 but, as developing neurons
move toward their final destinations, they express this
marker protein. This developmental pattern is clearly
demonstrated in Figure 2G, in which cells immediately
adjacent to the lateral ventricle are negative for �-tubulin,
while more distant cells express high levels of this protein
(red). The distribution of this marker in the neonatal CNS
is shown in more detail in Figure 4 (panels B to D and F

to H). As expected for the neonatal brain, �-tubulin was
widespread, and formed discrete tracts; the striated ap-
pearance is characteristic of �-tubulin, and reflects
chains of migrating neurons.30 At 1 day p.i., essentially all
of the infected (eGFP�) cells were negative for �-tubulin
(Figure 2G, and Figure 4, C and D). However, by day 2
post-infection, apparent co-localization of eGFP and �-tu-
bulin could be found in the lateral septal nucleus and the
hippocampus (Figure 4, G and H).

CVB Spread into the CNS Parenchyma Involves
Immature Neurons

To confirm that coxsackievirus infected immature neu-
rons, we carried out laser scanning confocal microscopy
(Figure 5A), which revealed a staining pattern similar to
that obtained by fluorescence microscopy (Figure 5B). A
high-power photomicrograph of the lateral septal nucleus
showed close apposition, but little overlap, of eGFP with

Figure 3. Progenitor cells in the CNS are infected by CVB. Newborn pups were infected i.c. with eGFP-CVB (2 � 107 pfu) and sacrificed 1 day post-infection.
Paraffin-embedded transverse sections of brain tissue were deparaffinized, antigen-unmasked (see Materials and Methods), and stained to detect nestin (red) and
eGFP (green). A: A low-power merged nestin/eGFP image of the lateral ventricle, and the cyan box shows the region represented at higher magnification in B.
C and D: Merged images from the ventricular regions of a different neonatal mouse. E–G: Further evidence of co-localization, showing respectively nestin, eGFP,
and merged images. The white arrows show examples of “empty” perinuclear areas in nestin� cells (see text).
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�-tubulin (Figure 5C), and analysis of �-tubulin alone
(Figure 5D) revealed a honeycomb staining pattern. This
appearance has been reported recently,31,32 and results
from the intracellular distribution of �-tubulin, which is
cytoplasmic, with a concentration in extended axons/
dendrites; the unstained areas represent the nucleus and
perinuclear cytoplasm. To more precisely delineate eGFP
expression relative to �-tubulin, sections were first coun-
terstained with the nuclear stain DAPI, which showed that
many of the nuclei were surrounded by a narrow corona
of �-tubulin-negative cytoplasm (Figure 5E); and co-visu-
alization of eGFP and DAPI showed that this perinuclear
region contained the great majority of the viral protein
(Figure 5F). These results confirm that coxsackievirus
infects immature neurons at day 2 post-infection. This
could have occurred by de novo infection of �-tubulin�

immature neurons, or by the expression of �-tubulin by
�-tubulin-negative cells which were infected on day 1.

As Infection Progresses, Viral Proteins Are
Expressed in Mature Neurons, and Astrocytes
Are Spared

A progressive increase in the number of infected cells
within the hippocampus was observed over time. By day
4 post-infection, cells expressing viral proteins were
found in the dentate gyrus and in Ammon’s horn, espe-
cially within the CA3 field of the hippocampus (Figure
6A), and cells in the latter region had eGFP� extended
axonal processes, characteristic of pyramidal neurons of
the hippocampus. At this time point, �-tubulin expression
was reduced in the dentate gyrus and hippocampus
(Figure 6, A to C), consistent with neuronal maturation. To
more directly assess the relationship between the ongo-
ing coxsackievirus infection, and neuronal maturation,
sections were stained for NeuN, a nuclear marker for

Figure 4. Distribution of infection over time within the CNS as determined by in situ hybridization for viral genome and by viral protein expression. Newborn
pups were infected i.c. with eGFP-CVB (2 � 107 pfu) and harvested either 1 day (A–D) or 2 days (E–H) post-infection. A and E show sections of whole brain,
probed by in situ hybridization to detect CVB genomic RNA, stained with H&E, then scanned using a Polaroid slide scanner. B and F: Identical fields of an adjacent
section were captured at �5 magnification using both the red channel (class III �-tubulin) and the green channel (eGFP); the two color channels were merged
into a single image, and images of overlapping fields were assembled into the composites shown. Boxed areas in B and F are presented at higher magnification
in C, D, G, and H. OB, olfactory bulb; LV, lateral ventricle; HIP, hippocampus; LSN, lateral septal nucleus; CP, choroid plexus.
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mature neurons.33 Intense NeuN staining was observed
in the dentate gyrus and hippocampus (Figure 6, D to F),
and eGFP� cells in these regions co-localized well with
NeuN. Individual infected neurons can be identified both
in the dentate gyrus (Figure 6E) and in the CA3 region of
the hippocampus (Figure 6F). Again, the ontogeny of the
infected cells is unclear: eGFP�, NeuN�, �-tubulin� cells
may have come from CVB-infected �-tubulin� immature
neuronal cells that, despite the infection, continued their
migration, and underwent differentiation into mature neu-
rons; or they may represent mature neurons which have
been recently infected by virus. A more detailed analysis
of BrdU-labeled pulsed cells followed over time in com-
bination with coxsackievirus infection (eGFP expression)
may help to clarify this issue. We also evaluated whether
or not CVB3 infection of the CNS involved astrocytes,
which can be identified by their expression of glial fibril-
lary acidic protein (GFAP). These cells, with their char-

acteristic branched morphology, could be detected in
the hippocampus of a 5-day-old mouse (Figure 6, G to I),
but we were unable to identify eGFP expression in any of
these cells. Thus, 4 days after infection, coxsackievirus is
located mostly in mature neurons.

Severe Pathology Observed in the Olfactory
Bulbs, Hippocampus, and Cortex Following
Intracranial Infection with eGFP-CVB

The pathological consequences of the infection correlate
strongly with the distribution of viral materials. By 5 days
post-infection, widespread neuronal cell loss was evident
in the granular cell layer of the olfactory bulb (Figure 7A)
and in the dentate gyrus and hippocampus (Figure 7, C
and E). In a few pups infected with high doses of virus,
areas of damage were also observed in the temporal and
entorhinal cortex (Figure 7C). Generally, the size of the
hippocampal region was substantially smaller in infected
pups 5 days post-infection, as compared to mock-in-
fected controls. In addition, closure and fusion of the
ependyma of the lateral ventricle34 sometimes failed to
occur and, in many cases, the lateral ventricle was dis-
tended. In a limited number of pups, areas of hemor-
rhage were observed in the olfactory bulb, the ventricles
and parts of the temporal cortex. In contrast, mock infec-
tions produced no apparent pathology in these regions
(Figure 7, B, D, and F).

Regional Co-Localization of eGFP Expression
and Apoptotic Staining Were Observed at Sites
of CNS Damage

Next, we investigated the mechanism of neuronal cell
death. Virus-induced apoptosis has been shown to play a
role in myocarditis and pancreatitis in CVB3 infected
adult mice,35–37 and has recently been identified in rat
cortical cultures following infection with CVB4.38 There-
fore, we used the TUNEL assay to detect fragmented
DNA, indicative of cells undergoing apoptosis. Early after
infection (day 1 post-infection), viral protein expression
was observed in the absence of apoptosis (data not
shown). Apoptosis was first observed by 2 days p.i. (not
shown) and, by days 3 and 4 p.i. (Figure 8,A and D,
respectively) was extensive near areas of infection in the
hippocampus and dentate gyrus. Apoptosis also was
detected in the temporal and entorhinal cortex, and in
areas near the lateral ventricles (not shown). Higher mag-
nification of the hippocampus demonstrated regional co-
localization of infection and apoptosis (Figure 8, B, C, E,
and F); and the morphological criteria of apoptosis (eg,
nuclear condensation) were observed in sections stained
with hematoxylin (Figure 8G). Negative controls, in which
adjacent tissue sections were incubated in the absence
of terminal deoxytransferase, confirmed the specificity of
the apoptotic signal (Figure 8H) and, as expected, mock-
infected pups showed few signs of CNS apoptosis or
pathology (Figure 8I). eGFP signal, and TUNEL signal,
were occasionally found to be immediately adjacent to

Figure 5. Immature neuronal cells within the lateral septal nucleus express
viral protein by day 2 post-infection. Pups were infected i.c. with eGFP-CVB
(2 � 107 pfu) and harvested 2 days post-infection. Paraffin-embedded sec-
tions were immunostained to detect neuron-specific class III �-tubulin (red),
counterstained with DAPI (nuclear stain; blue), and observed by confocal or
fluorescence microscopy. A: Confocal microscopy (Bio-Rad MRC1024, mag-
nification, �40) showing co-localization of neuron-specific class III �-tubulin
expression with infected (eGFP�) cells in the lateral septal nucleus (LSN). B:
Fluorescence microscopy (Axiovert 200 inverted microscope) of a parallel
section (3-�m thickness, magnification, �20) confirming co-localization of
�-tubulin expression with infected cells. The boxed area in B indicates the
�63 magnified region depicted in C through F. C: Higher magnification
shows little direct overlap between eGFP and �-tubulin, and the latter
staining shows a honeycomb effect, seen even more clearly in D, in which
�-tubulin appears to enclose empty spaces. Counterstaining with DAPI (E)
shows that most of the honeycomb effect is attributable to the cytoplasmic
distribution of �-tubulin, which leaves the large neuronal nuclei devoid of
signal; however, some perinuclear regions in E are positive for neither
�-tubulin nor DAPI, and it is mainly in those perinuclear areas that viral
protein expression (eGFP) is seen, in a panel showing DAPI and eGFP (F).
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one another (Figure 8C, arrowed); they did not directly
overlap (which would have produced a yellow signal in
the merged image), but this is not surprising, because
eGFP is cytoplasmic, while the TUNEL signal is nuclear.
However, it is clear that, in the majority of cases, the
signals were in neighboring but separate cells (Figure
8F); many eGFP� cells were negative by TUNEL assay,
and vice versa. How might this disparity be explained? It
is possible that coxsackievirus infection of neurons may
lead to apoptosis of adjacent, uninfected cells, and such
“bystander apoptosis” has been reported in other viral
infections.39,40 However, we favor an alternative explana-
tion: that cells can remain eGFP� for some time, before
entering apoptosis (explaining the eGFP�, TUNEL�
cells); and that eGFP is very rapidly degraded in cells as
they enter apoptosis (explaining eGFP�, TUNEL� cells).
To investigate this, we next attempted to identify cells that
were at an earlier stage of apoptosis, in the hope that
such cells might contain residual eGFP.

CVB Infection of Mature Neurons Can Lead to
Their Apoptosis

To this end, we evaluated the expression of caspase-3, a
cytosolic protein that is a key regulator of apoptosis. This
protein is expressed as a proenzyme, and triggering of
apoptosis is accompanied by cleavage of this precursor
into the active enzyme,41 for which a specific antibody is
available. Activated caspase-3 was detected in all areas
in which TUNEL signal was present, including the hip-
pocampus. By day 3 p.i., direct co-localization of active
caspase-3 expression (red) and viral protein expression
(green) in the cytoplasm could be demonstrated by
merged immunofluorescence images (yellow signal, Fig-
ure 9A). No staining was seen in the hippocampus of a
mock-infected mouse (Figure 9B). Higher-power magni-
fication of the boxed area of Figure 9A shows extensive
eGFP signal (Figure 9C), and somewhat more restricted
active caspase-3 signal (Figure 9D), and it is clear that

Figure 6. Mature hippocampal neurons express viral proteins by day 4 post-infection. Pups were infected i.c. with eGFP-CVB (2 � 106 pfu), and harvested 4 days
post-infection. Paraffin-embedded sections were immunostained for neuron-specific class III �-tubulin (A–C), NeuN (mature neuronal marker, D–F), or GFAP
(astrocytic marker, G–I), and observed by fluorescence microscopy. All pictures represent merged images for eGFP and the corresponding cell-type specific
marker (red). Boxed areas in A, D, and G identify sites of magnification for images B and C; E and F; and H and I, respectively. A–C: Infected cells in the
hippocampus express little, if any, �-tubulin. D–F: Mature hippocampal neurons expressing NeuN (red) co-localize with cells expressing high levels of viral
protein (eGFP) within the hippocampus. G–I: Astrocytes (red) show a characteristic branched morphology, and are found in regions that are anatomically distinct
from cells expressing viral protein (eGFP). Magnification, �31 for images A, D, and G. All other images: magnification, �62. DG, dentate gyrus; CA3, field CA3
of Ammon’s horn.
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Figure 7. Coxsackievirus-induced damage observed in the olfactory bulb, hippocampus, and cortex after infection. One-day-old pups were infected intracranially
with eGFP-CVB (2 � 106 pfu; A and C, �8 E, �20) or mock-infected (B and D, �5; F, �10) and sacrificed 5 days later. Brains were fixed in 10% neutral-buffered
formalin, and paraffin-embedded transverse sections were stained by H&E. Extensive cellular damage was observed within the olfactory bulb (A), the temporal
and entorhinal cortex (C), and the hippocampus (E) of infected mice. Arrows point to sites of cellular damage and condensed nuclei. Mock-infected pups
revealed the normal morphology of the neonatal olfactory bulb, and hippocampus/cortex regions. Boxed regions in C and D are shown at higher magnification
in E and F, respectively. Condensed chromatin was seen within cells in the hippocampus (E, �20), but not in mock-infected controls (F, �10). GCL, granular
cell layer; EPL, external plexiform layer; GL, glomerular layer; DG, dentate gyrus; CA1, CA2, CA3, fields of Ammon’s horn; LV, lateral ventricle.
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almost all of the caspase signal overlaps with eGFP sig-
nal (Figure 9E). H&E staining of the same section showed
that the eGFP�, activated capsase-3�, cells had con-
densed nuclei (arrowed, Figure 9F). Thus, coxsackievirus
infection of mature neurons can result in their apoptosis.

Discussion

Newborn infants are especially susceptible to coxsack-
ievirus-induced diseases, including myocarditis, menin-
gitis, and pancreatitis. Neonatal CVB infections have
been associated with choriomeningitis and encephali-
tis,42–44 and it has been suggested that CVB may play a
role in sudden infant death syndrome.45,46 In this study,

we show (Figure 1) that newborn pups are inherently
much more susceptible to coxsackievirus CNS infection
than are older mice. This susceptibility dropped dramat-
ically with age, and 7-day-old mice survived challenge
with very high doses of CVB. Others have attributed the
enhanced susceptibility of neonates to the immature sta-
tus of the neonatal immune system, but few studies have
investigated this claim; furthermore, recent findings, in-
cluding some from our laboratory, have indicated that the
neonatal immune system may be more competent than
commonly assumed.47–58 An alternative explanation for
the enhanced susceptibility of neonates is that some
feature of the neonatal CNS renders its cells more capa-
ble of supporting CVB infection. We have shown that the

Figure 8. Viral protein expression co-localizes with ApopTag staining within the hippocampus. Newborn pups were infected with eGFP-CVB and 3 (A–C) or 4
(D–H) days later, brains were harvested, and transverse brain sections were examined for apoptotic cells using ApopTag staining as described in Materials and
Methods. Merged �31 images (eGFP-viral protein expression; red-ApopTag) in A and D demonstrate that apoptotic areas in the hippocampus regionally localized
with areas in which viral proteins were expressed. The boxed regions in A are presented at higher magnification �62 in B and C. Nuclei which appear positive
for ApopTag, and may be related to eGFP� cells, are arrowed. Increasing magnifications of the hippocampus at 4 days p.i. (D) are shown in E �62 and F (�100);
magnified regions are boxed in the preceding panel. Cells undergoing apoptosis are circled (F), and these cells showed nuclear condensation by hematoxylin
staining (G). A control section was included (H), in which the TdT enzyme was omitted during staining, thus demonstrating that the red signal is specific for
apoptotic cells; and a mock-infected control brain harvested at day 4 post-injection (I) showed staining for neither eGFP, nor for apoptosis. DG, dentate gyrus;
CA1, CA2, CA3, fields of Ammon’s horn.
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cell cycle status can play a role in determining cellular
susceptibility to CVB infection in tissue culture,19,59 and
we hypothesize that the neonatal CNS may be better able
to support CVB infection because many more cells are
undergoing active division, migration, and differentiation.
As a first step toward testing this hypothesis, we have
chosen to carefully map the anatomical and cellular tro-
pisms of CVB in the neonatal CNS.

We examined the tropism of eGFP-CVB over time
within the CNS by co-localizing viral protein expression
(eGFP) with neuronal and astrocytic markers. At early
time points following infection, high levels of viral protein
were identified in the choroid plexus, in cells lining the
ventricles, and in the olfactory bulb. These locations re-
flect the anatomical regions in which CNS stem cells are
found; primarily in the SVZ and in the olfactory bulb.60

Intriguingly, one strain of the parvovirus minute virus of
mice, known to target proliferative areas in vivo, also
infects the SVZ, the olfactory bulb, and the dentate gy-
rus,61 and infection of neonatal rats with LCMV also tar-
gets these regions of the CNS.62 Although the anatomical
locations of CNS stem cells are well-established, their

precise cellular nature is somewhat controversial63–65

and, as a result, we cannot confidently identify infected
stem cells by immunostaining. However, as shown in
Figure 2G, it appears that the infected cells in the SVZ are
not ependymal cells, and may instead be type B stem
cells, which have a stretched morphology and protrude
through the ependymal cell layer. These intercalating
type B stem cells can give rise to both astrocytes and
neurons,26,63 and we hypothesize that their particular
metabolic status may render them susceptible to CVB
infection. Nestin staining confirmed that CVB infection, at
this early time point, was largely confined to CNS pro-
genitor cells. Consistent with neuronal precursor cells
being a major target for coxsackievirus infection within
the CNS, by day 2 post-infection, high levels of viral
protein were found in immature (�-tubulin�) neurons and,
later in infection, the bulk of viral protein was found in
cells expressing NeuN, a marker of mature neurons. This
gradual spread of the infection into the CNS parenchyma,
and its association with maturing neurons, raises an in-
triguing possibility. In the CNS of newborn rodents, there
is very extensive neurogenesis;66–68 indeed, the first
week of birth represents the period of peak production of
olfactory bulb interneurons in the neonatal rat.69 During
neurogenesis, stem cells give rise to immature neurons,
which migrate to many areas of the brain, including the
olfactory bulb and the cortex. It is tempting to speculate
that the early infection of type B stem cells allows CVB to
“hitchhike” in these migrating cells, which initially show
the phenotype of immature neuronal cells, and subse-
quently express markers of neuronal maturation. We have
previously shown that B lymphocytes can acts as “Trojan
horses” to disseminate CVB in the blood;70 perhaps type
B cells, and their neuronal progeny, play a similar role in
the CNS. If so, then the virus appears very selective in the
progenitor cell in which it books passage; we found no
sign of eGFP expression in astrocytes, which also can be
derived from type B stem cells.

The sites of cell death closely paralleled those areas in
which CVB was identified, either by in situ hybridization,
or by viral protein expression. Cell death was observed in
Ammon’s horn of the hippocampus, the dentate gyrus,
the olfactory bulbs, and regions of the cortex, and many
infected neurons contained condensed nuclei, charac-
teristic of apoptotic cells. Coxsackievirus infection has
been previously shown to induce apoptosis in mice, in
pancreatic acinar cells and in myocardiocytes,35,37,71

and CVB4 has recently been shown to induce apoptosis
in rat cortical neuronal cultures.38 Therefore, we investi-
gated the role of apoptosis in neuronal death in vivo. The
TUNEL assay confirmed the induction of apoptosis in
infected hippocampal neurons as early as 3 days post-
infection. Areas of apoptotic activity invariably co-local-
ized with areas of infection, but the TUNEL assay rarely
identified cells that scored positive for eGFP expression.
We thought that this might result from the rapid disap-
pearance of eGFP when a cell entered apoptosis, and
therefore repeated the analysis, this time using an earlier
marker of programmed cell death, activated caspase 3.
As shown in Figure 9E, double-positive (yellow) cells
were more readily detected, consistent with both of these

Figure 9. Viral protein expression co-localizes with activated caspase-3
staining in the hippocampus. Transverse brain sections from infected pups
(2 � 106 pfu eGFP-CVB) harvested 4 days post-infection were examined for
apoptotic activity by staining with an antibody against active caspase-3 (red
signal). Magnification, �40 for images A and B, magnification, �63 for other
images. A: Merged image demonstrating direct co-localization (yellow) of
eGFP and active caspase 3 in infected hippocampal neurons in field CA3. No
signal is detected in the hippocampus of a mock-infected mouse (B). The
boxed region in A corresponds to higher magnification (�63) images
shown in C to F. C: Single channel image representing infected neuronal
cells (eGFP) within the hippocampus. D: Single channel image demonstrat-
ing active caspase-3 staining (red) within the hippocampus. E: Merged image
of C and D, revealing direct co-localization of infected neurons expressing
active caspase-3. The corresponding H&E section (F) showed condensed
nuclei (arrowed) in the same cells in which active caspase-3 was detected.
CA2, field CA2 of Ammon’s horn.
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markers being cytoplasmic. Nevertheless, even using
this enzyme as an indicator of early apoptosis, a few
active caspase-3� cells showed no eGFP signal, per-
haps because the enzyme’s protease activity targets
many other cellular proteins, including eGFP, for cleav-
age in addition to its downstream target.72 In addition,
many eGFP� cells failed to express detectable active
caspase-3; it remains to be determined if all infected cells
will eventually undergo apoptosis, or whether a popula-
tion of infected cells remains protected from this fate.
Such a scenario may explain how coxsackievirus is able
to persist in vivo. Few inflammatory cells were observed
during acute infection of the neonatal CNS, suggesting
that the neuronal cell death and the pathology observed
after acute infection are not significantly influenced by an
adaptive immune response. This conclusion is strength-
ened by our evaluation of coxsackievirus CNS infection in
RAG knockout pups, which exhibit pathologies identical
to those seen in immunocompetent BALB/c pups (data
not shown). The finding that coxsackievirus-induced neu-
ronal cell death is apoptotic in origin opens the possibility
of limiting CVB-induced CNS pathology by treating new-
born infants with drugs designed to inhibit the apoptotic
pathway.73

Thus, we suggest that a major determinant of suscep-
tibility in the neonatal CNS is the ability of specific cells,
including type B stem cells, to support CVB infection; and
we propose that the infection is disseminated through the
CNS by neurons which continue their migration and mat-
uration despite the infection. On full maturation, the in-
fected neurons are triggered to initiate programmed cell
death that may, perhaps, assist in the release of infec-
tious virions. Although we find these hypotheses attrac-
tive, alternative explanations cannot be ignored. For ex-
ample, the age-dependent susceptibility to infection
could be related to the cellular distribution of the murine
coxsackievirus and adenovirus receptor protein (mCAR).
This molecule appears to be a major receptor for
CVB3,74,75 and we have shown that its expression in the
adult pancreas correlates with the viral distribution.36

mCAR mRNA expression in the developing murine CNS
begins at �day E14, is maximal in the perinatal period,76

and decreases rapidly after birth.77 Expression has been
observed in primary neurons, including the growth cones
of the hippocampi, and it is thought that mCAR may
function as an adhesion molecule that may be involved in
neural-network formation in the developing nervous sys-
tem.77 Thus, it is possible that mCAR expression deter-
mines the distribution of CVB in the neonatal CNS; we are
currently investigating this question. Furthermore, spread
into the brain parenchyma, in the days following infection,
could result from the release of infectious virus, and
subsequent infection of susceptible cells; this may con-
tribute to the extensive cell death seen by 5 days post-
infection. However, this interpretation is rendered less
likely by our observation that susceptibility to i.c. infection
decreases markedly within 3 days of birth (Figure 1B).
We suggest that, as an infected newborn mouse ages, its
cells rapidly become less susceptible to infection; as a
result, any virus released from infected cells after the
mouse has reached �3 days of age will encounter an

inhospitable population of uninfected cells. Experi-
ments also are underway to address this issue. Finally,
it is possible that some infected cells do not undergo
apoptosis, and instead survive, perhaps retaining viral
RNA for months or years after the infection has appar-
ently been eradicated. The ability of CVB RNA to per-
sist for months or years following the initial infection is
well-established both in humans,78 and in experimental
models,79,80 and we have shown that viral RNA can
persist in tissue culture, in the absence of infectious
virus.19

The possibility of CVB RNA persistence suggests a
mechanism for chronic or delayed neuropathology and,
although most enteroviral diseases are acute in nature,
some symptoms can emerge many years after the origi-
nal infection; for example, coxsackievirus infections also
have been associated with the development of delayed
neuropathologies, including amyotrophic lateral sclero-
sis,81 schizophrenia,8 and encephalitis lethargica (EL).
The latter disease, named by the Austrian physician Con-
stantin von Economo (and sometimes referred to as von
Economo’s disease), was first identified in 1915 in Roma-
nia, and rapidly reached epidemic proportions, affecting
at least 250,000 individuals, and eventually subsiding in
the 1930s. It was usually biphasic; in the acute phase,
patients developed symptoms consistent with infectious
encephalitis; headache, fever, and diplopia, sometimes
progressing to delirium. Some cases were fatal, but many
of those who recovered subsequently, sometimes years
later, developed chronic disease, characterized by leth-
argy, near-catatonia, and Parkinson-like symptoms. The
cause of this epidemic has never been satisfactorily re-
solved. It is generally assumed that the disease had an
infectious origin, and its temporal coincidence to the
1918–1919 worldwide pandemic of “Spanish flu” has
often been cited to support the popular notion that influ-
enza virus was the primary cause of EL. However, this
hypothesis has been challenged, and recent PCR anal-
yses of archived clinical samples from both acute and
chronic EL patients failed to detect influenza virus RNA.82

Although EL is often considered a disease of the past,
cases are still reported,18,83,84 sometimes in children,85

and the biochemical changes in the cerebrospinal fluid,
which include the identification of oligoclonal immuno-
globulin banding, are consistent with a viral etiology.83,84

Attempts at viral isolation are not always successful84

but, in some cases, it is clear that the clinical syndrome
can be caused by CVB.18 Therefore, given that influenza
virus is unlikely to have caused this epidemic, enterovi-
ruses, which very commonly infect the CNS, should be
considered as candidates in EL. The delayed symptoms
might reflect a gradual deterioration in neuronal function,
but also could be explained by the pathogenic conse-
quences of persistent viral materials. In our own studies,
a number of pups have demonstrated instances of pa-
ralysis and hydrocephalus at later time points during
development (data not shown). Therefore, we are cur-
rently evaluating the ability of coxsackievirus to induce
chronic diseases of the CNS.
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