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An animal model of neonatal cytomegalovirus infection
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Abstract

Cytomegalovirus (CMV) is the most common cause of congenital infection in the developed world and can lead to a life-threatening
disease. We therefore developed an animal model to evaluate candidate anti-CMV drugs and to further define the pathogenesis of CMV
infections. Newborn guinea pigs were infected by intraperitoneal administration of 106 pfu of a virulent salivary gland (SG) passaged
guinea pig CMV (gpCMV) within 48 h of birth. Inoculation of animals produced 50% overall mortality. A lack of weight gain was also a
hallmark of infection. By day 14 after inoculation the weight of gpCMV-infected animals was significantly less than controls (152.9±45 g
versus 254.7 ± 38.5 g, P < 0.0001). The most consistent isolation and highest titers of virus were found in the liver and spleen early
while lung titers were maximal at day 10. A quantitative competitive PCR (qcPCR) assay confirmed the presence of a high CMV viral
load in infected organs. Antiviral treatment with cyclic HPMPC (cHPMPC) for 7 days significantly reduced mortality (1/20 versus 14/20,
P < 0.001) and viral replication but did not improve weight gain. This model should be useful for further evaluations of the pathogenesis
of CMV infections and for evaluation of antiviral drugs and vaccines.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Guinea pig cytomegalovirus; cHPMPC; Animal model; Congenital CMV; Neonatal CMV

1. Introduction

Cytomegalovirus (CMV) is the most common congenital
infection in the developed world occurring in 1–2% of all
live births; nearly 40,000 cases occur annually in the USA
(Demmler, 1991; Gaytant et al., 2002). Approximately 10%
of congenitally infected infants are symptomatic at birth with
symptoms ranging from mild neurologic signs and transient
hepatitis to a devastating disease with microcephaly and se-
vere neurologic sequelae (Boppana et al., 1992; Bale et al.,
2002). Death occurs in up to 30% of symptomatic infants and
more than 90% of those who survive develop severe brain
damage and/or profound hearing or visual problems (Alford
and Britt, 1993). Further, even infants who are asymptomatic
at birth can experience long-term progressive hearing dete-
rioration (Hickson and Alcock, 1991; Dahle et al., 2000).

CMV infections of premature infants can also lead to
a disseminated and life-threatening disease (Yeager et al.,
1983; Ballard et al., 1979; de Cates et al., 1994; Vochem
et al., 1998). While improvements in screening of blood
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products have reduced the problem of blood transfusion ac-
quired CMV infection, transmission by breast milk remains
an important risk factor for premature infants (Vochem
et al., 1998; Hamprecht et al., 2001). Moreover, perina-
tally acquired CMV can be identified as the etiology in
up to 20% of young infants hospitalized with pneumonitis
(Stagno et al., 1980, 1981; Whitley et al., 1976; Hamprecht
et al., 2001). We therefore sought to develop a model that

would mimic perinatal and/or congenital CMV infection
and be useful for antiviral evaluations.

A variety of antiviral therapies are available for CMV
infection, although clinical experience with these agents is
largely limited to immunocompromised patients (Schleiss,
2002). Ganciclovir (GCV) has been utilized for newborns

with life-threatening CMV disease, with anecdotal reports
of efficacy. Although use of GCV under these circumstances
may be life-saving, it is less clear if antiviral therapy atten-
uates the neurodevelopmental sequelae of congenital CMV
infection. A recently completed trial evaluating 6 weeks
of intravenous GCV in congenitally infected symptomatic
infants with evidence of CNS involvement suggested that
antiviral therapy might prevent the development or progres-
sion of sensorineural hearing loss (SNHL) in some infants
(Kimberlin et al., 2000). However, the long-term benefits
of this therapy for SNHL, as well as the role of GCV in
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preventing or attenuating other forms of CNS injury, are
unclear. Clearly, further development of CMV antivirals is
needed.

Because CMV is species specific, preclinical evaluations
of candidate therapies most often require the use of animal’s
CMV species. Murine and rat cytomegalovirus (mCMV
and rCMV) models for the evaluation of antiviral agents
have been well described (Kern, 1991; Stals et al., 1990).
However, mCMV and rCMV do not cross the placenta, and
there is limited information about the pathogenesis of infec-
tion in neonatal animals. In contrast to the CMVs of most
small mammals, the guinea pig CMV (gpCMV) crosses the
placenta, infecting the pup in utero (Bernstein and Bourne,
1999). A guinea pig model of congenital CMV infection
has been used by us (Bourne et al., 2001; Bratcher et al.,
1995) and others (Chatterjee et al., 2001; Harrison et al.,
1995; Bia et al., 1984) to evaluate the effects of vaccines
and passive antibody. This model is, however, less amenable
to the evaluation of anti-CMV drugs because congenitally
infected pups are usually stillborn or die shortly after birth.
We therefore developed a guinea pig model using newborn
guinea pigs expecting that infection would lead to dis-
semination and severe disease because we had previously
shown that newborn guinea pigs are more susceptible to
herpes simplex virus infections than adult animals (Mani
et al., 1996). Previously,Griffith et al. (1985)used new-
born guinea pigs (3–13 days of age) inoculated with a
sublethal dose of gpCMV to assess the effect of maternally
derived immunity. In this manuscript, we describe a lethal
neonatal model of gpCMV infection and show its utility
for evaluating an antiviral drug, cyclic HPMPC (cHPMPC)
(Bischofberger et al., 1994; Bourne et al., 2000).

2. Material and methods

2.1. Virus

Guinea pig cytomegalovirus (gpCMV; strain-22122,
American Type Culture Collection, Rockville, MD) was
used to prepare a salivary gland (SG)-derived gpCMV stock
of high virulence by sequential in vivo passage in male
strain 2 guinea pigs as described previously (Harrison and
Myers, 1988). SG gpCMV homogenates were clarified by
centrifugation and stored frozen (−80◦C) in aliquots. A SG
passage 10 work pool was used for these experiments.

2.2. Guinea pigs

Male strain 2 guinea pigs (Cincinnati Children’s Hos-
pital Research Foundation, Cincinnati, OH) were used for
the production of the SG passaged virus used for challenge
(Harrison and Myers, 1988). Hartley guinea pigs (Harlan,
Indianapolis, IN) were obtained during the second/third
trimester of pregnancy and tested to confirm that they
were gpCMV seronegative as previously described (Bourne

et al., 2001). Animals were housed under AAALAC ap-
proved facilities and all procedures were approved by the
Institutional Animal Care and Use Committee.

2.3. Antiviral

Cyclic HPMPC (cHPMPC; 1-[((S)-2-hydroxy-2-oxo-
1,4,2,-dioxaphosphorinan-5-yl)methyl]cytosine dihydrate)
the cyclic congener of HPMPC (cidofovir), was supplied
by Gilead Sciences Inc. (Foster City, CA) and was prepared
for in vivo administration as described previously (Bravo
et al., 1993).

2.4. Experimental design

Hartley newborn guinea pigs were inoculated within 48 h
of birth with 0.5 ml of SG gpCMV or 0.5 ml of clarified
SG homogenate from uninfected animals by intraperitoneal
(i.p.) injection. For the initial evaluation of the model, ani-
mals were randomized by litters to receive virus or control
tissue culture.

In experiment 1, 17 animals received 106 pfu SG gpCMV,
8 animals received 105 pfu SG gpCMV, and 7 served as
controls. Animals were observed daily for signs of disease
and mortality and weight gain was measured every other day
for 20 days.

In experiment 2, 24 animal received 106 pfu SG gpCMV
and 7 served as controls. Half of the infected animals were
sacrificed on days 3 and 6 to evaluate virus replication in
selected organs and the remaining 12 were followed as de-
scribed above.

In experiment 3, 37 animals were inoculated with 106 pfu
SG gpCMV and 6 served as controls. Four animals were
sacrificed on days 6 and 12 were sacrificed on day 10 for
virus replication studies. The remaining 21 animals were
followed for death only.

For evaluation of cHPMPC, 40 newborn animals were
randomized individually within litters into two treatment
groups receiving either 5 mg/kg/day cHPMPC or placebo
(0.9N sterile saline solution) once daily for 7 days by i.p.
injection. This regimen has been shown to reduce the known
nephrotoxicity associated with HPMPC, and to a lesser
extent with cHPMPC (Bravo et al., 1993; Bourne et al.,
2000). Treatment was initiated 24 h after viral inoculation.
Animals were followed and weights and survival assessed
for 20 days. The effect of antiviral therapy on viral repli-
cation in tissues was assessed in 24 additional pups treated
with placebo or cHPMPC as detailed above. The spleen
and liver of infected animals were harvested from animals
on days 6 and 10 after viral inoculation and viral titers
determined by plaque assay as described below.

2.5. Viral cultures

Guinea pig lung fibroblast (GPL) monolayers (American
Type Culture Collection, cell line CCL-158, Rockville, MD)
were grown and maintained with F-12 media (Invitrogen
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Fig. 1. Mean body weights in newborn guinea pigs infected (n = 29) with gpCMV within 48 h of birth and controls (n = 14). Weights of animals that
survived (n = 15) in the gpCMV-infected group are also shown. Standard deviations are also shown.

Corporation, Grand Island, NY) supplemented with10%
fetal bovine serum (Hyclone, Logan, UT) and penicillin/
streptomycin 10,000 units/ml (Invitrogen Corporation). An-
imals were sacrificed on days 3, 6, or 10 post-inoculation
(PI) and specimens from the liver, spleen, lung, and brain
were homogenized (1:10 tissue/volume) using approxi-
mately 100 mg of tissue. Twelve-well plates with confluent
GPL monolayers were used to inoculate serial dilutions of
the clarified supernatant with 200�l/well. Virus was quan-
tified by counting plaques after staining with crystal violet.
Samples with no identified plaques were assigned a titer of
102 pfu for the comparison of geometric mean viral titers
in treated and untreated animals.
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Fig. 2. Survival of gpCMV-infected guinea pigs (N = 50). The overall the mortality rate was 50%.

2.6. DNA extraction, PCR analyses, and histopathology

Tissue homogenates from day 10 samples were extracted
using the Qiagen QIAamp DNA mini kit DNA extrac-
tion system according to the manufacturer’s specifications.
Eluted DNA (1% of sample) was subjected to quantita-
tive competitive PCR (qcPCR) analysis. Briefly, the primer
pair UL83F6 (5′-CGACGACGACGATGACGAAAAC-3′)
and UL83B11 (5′-TCCTCGGTCTCAACGAAGGGTC-3′)
amplifies a 248 base pair (bp) region, corresponding to
Asp400 through Arg482 of the UL83 protein (Schleiss
et al., 1999). This plasmid was modified by engineering
a 91 bp internal deletion. The resultant clone served as an
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internal standard (IS) for qcPCR. A standard curve was
generated by measuring the ratio of relative signal inten-
sity of amplification products on ethidium bromide-stained
gels for increasing amounts of full-length plasmid with
IS. The signal intensity of the experimental standard was
then compared to this standard curve to quantify the to-
tal copy number (gpCMV genome equivalents)/mg tissue
extracted.

Selected tissues harvested from day 10 samples were also
processed by fixation in 10% buffered formalin. Follow-
ing fixation, tissues were embedded in paraffin, sectioned,
stained with hematoxylin and eosin, and subjected to mi-
croscopy.

Fig. 3. (A) Geometric mean viral titers (log10) in organs harvested from infected newborn guinea pigs on day 3 (n = 6), day 6 (n = 10), and day 10
(n = 12) post-inoculation. Specimens of spleen, liver, lung, and brain were homogenized and plated on guinea pig lung monolayers and plaques counted
to determine the titer per gram of tissue. (B) Mean viral load assessment by qcPCR (genome equivalents/mg) in tissues harvested from infected animals
(n = 10), 10 days PI. Viral load is similarly distributed in liver, lung, and spleen but is lower in brain.

2.7. Statistics

Weights are shown as mean± S.D. and compared by
Student’st test. Mortality was compared by Fisher’s exact
test. All comparisons were two-tailed.

3. Results

3.1. Description of the model

Intraperitoneal (i.p.) administration of the virus was se-
lected based on reports that challenge by this route produced
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a more disseminated mCMV infection in mice (Shanley
et al., 1993) and because preliminary evaluation of intranasal
challenge showed that it did not produce a consistent infec-
tion (data not shown). The initial experiment indicated that
106 pfu of gpCMV was required to produce mortality of ap-
proximately 50% in newborn guinea pigs (Table 1).

Lack of weight gain was an important characteristic of the
model. By day 6 PI, the difference in weights (Fig. 1) was
significant comparing infected (111.5 ± 26.5) and control
animals (163.0±29.3 g,P < 0.0001). By day 14 differences
were maximal for infected animals (152.9 ± 45.7) versus
control animals (254.7 ± 38.5, P < 0.0001). Even animals
that survived the infection had significantly delayed weight
gain (Fig. 1). Thus, weight gain was an independent and
more sensitive indicator of disease. Death occurred between
days 3 and 16. The peak rate of mortality was seen between
days 8 and 10, with a mean day of death of 9.8 days (Table 1
andFig. 2). Mortality in the three natural history of infection
studies was consistent, ranging from 42 to 53%.

3.2. Virology and histology

Virus was isolated from all of the tissues examined by cul-
ture (Fig. 3A). The most consistent recovery and the highest
overall yield were obtained from the spleen and liver. Lung
cultures were negative on day 3 PI. Virus was not recovered
from brain cultures until day 10 PI.

Analyses of viral load by qcPCR assay in tissues extracted
at day 10 PI confirmed that spleen and liver were targets
for significant viral replication. The mean viral load by PCR
was highest in spleen, although high quantities of viral DNA
were observed in other organs, including brain (Fig. 3B).

Histopathological analyses indicated that gpCMV in-
duced widespread inflammatory changes. In lung tissue,
evidence for interstitial pneumonitis was present, including
thickened alveolar septae, inflammatory infiltrates, and viral

Table 1
Mortality following SG gpCMV infection of newborn guinea pigs

Number Dead (%) Mean day of death

Experiment 1
SG gpCMVa 17 9 (53) 11.0
SG 1:10 8 1 (12.5)
Control 7 0

Experiment 2
SG gpCMV 12 5 (42) 11.2
Control 7 0

Experiment 3
SG gpCMV 21 11 (52) 8.3
Control 6 0

Combined
SG gpCMV 50 25 (50) 9.8
Control 20 0

a Animals received either 106 pfu of SG gpCMV or a 1:10 dilution,
105 pfu SG gpCMV by intraperitoneal injection.

Fig. 4. Histopathology of disseminated gpCMV infection in newborn
guinea pigs. (A) Photomicrograph of lung from animals sacrificed 10 days
PI. Interstitial pneumonitis is present, with inflammatory cell infiltrate
and viral inclusions (arrow) noted. (B) Spleen from day 10 animal.
Follicular hyperplasia and inflammatory infiltrate noted. Also, noted is
pathognomonic viral inclusion body (arrow).

inclusions (Fig. 4A). Evidence of end-organ CMV disease
was also noted in liver, spleen (Fig. 4B), and brain.

3.3. Evaluation of cHPMPC

cHPMPC therapy protected neonatal guinea pigs from
death (1/20 versus 14/20 for controls,P < 0.001,Fig. 5A)
but it did not appear to have an effect on weight gain
(Fig. 5B). To further study the effect of cHPMPC treatment
in this model, viral replication was evaluated in the spleen
and liver of treated and control animals (Table 2). Signifi-
cant differences were found in the viral replication in the
liver on day 6 and in both the liver and spleen on day 10
further documenting the effectiveness of this therapy.

Because significant delays in weight gain were seen in
each of the previous experiments and because both the
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Fig. 5. Results of treatment of gpCMV-infected newborn guinea pigs with cHPMPC or saline solution begun 24 h after inoculation and continued for
7 days. (A) Percent survival of newborn pups. Although no significant differences were observed in weights among surviving pups, highly significant
differences were noted in pup mortality (P < 0.001). (B) Mean body weight with standard deviation. The untreated uninfected control group fromFig. 1
is shown for comparison purposes only.

Table 2
Effect of cHPMPC therapy on viral replication in the spleen and liver

Group Day Number Organ Culture
positive

Viral titer
(S.D.)

Placebo 6 6 Spleen 4/6 3.4 (1.2)
Liver 5/6 3.8 (0.9)∗

cHPMPC 6 6 Spleen 2/6 2.6 (0.9)
Liver 1/6 2.1 (0.2)∗

Placebo 10 6 Spleen 5/6 4.2 (0.9)∗
Liver 6/6∗ 4.5 (1.2)

cHPMPC 10 6 Spleen 2/6 3.5 (0.1)∗
Liver 0/6∗

∗ P < 0.05 comparing placebo to cHPMPC.

treated and the untreated groups in the previous experiment
had delayed weight gains compared to the uninfected groups
in the previous experiments, we also examined whether
cHPMPC therapy alone would interfere with weight gain.
Ten uninfected newborn guinea pigs were divided into
two groups to receive either cHPMPC at the same dose
and schedule as the infected animals described above or
placebo. As is seen inFig. 6, cHPMPC therapy produced a
delayed weight gain that was seen only after the drug had
been discontinued. Thus, on day 14 and continuing until
day 20 the weight of drug-treated animals was significantly
lower (P < 0.05) than placebo controls.
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Fig. 6. Mean body weights of uninfected newborn guinea pigs treated with cHPMPC or saline solution for 7 days. The untreated uninfected control from
Fig. 1 studies is shown for comparison purposes only. At day 20 PI, the weight in treated animals was significantly less than placebo-treated animals.

4. Discussion

As the leading infectious cause of mental retardation and
deafness, the morbidity associated with congenital CMV
infection is significant. The public health impact of congen-
ital CMV is further emphasized by the fact that the devel-
opment of effective vaccines and vaccination strategies are
considered in the highest priority category by the Institute
of Medicine (Stratton et al., 2001). While control of this
disease may ultimately be achieved by immunization, this is
unlikely to be accomplished in the near future. Therefore, the
continued development of safe, effective anti-CMV drugs is
of importance. Although most infants with congenital CMV
infection are asymptomatic and may not be identified, an-
tiviral treatment may be important in improving the outcome
of severely infected and premature babies. To date, there are
only a few reports on the use of antiviral in these infants.

Most recently the results of a study evaluating intra-
venous GCV indicated that antiviral therapy could improve
the outcome of infants that were symptomatic at birth and
had evidence of CNS involvement. In this trial, a 6-week
course of intravenous GCV produced a reduction of CMV
in the urine and stabilization or improvement of the hearing
loss (Kimberlin et al., 2000; Whitley et al., 1997). The po-
tential benefits of GCV, however, must be balanced against
the toxicity of GCV. Ganciclovir is myelosuppressive, pro-
ducing neutropenia and thrombocytopenia, potentially dose-
limiting side-effects associated with long-term use in infants
(Whitley et al., 1997). Further, administration of GCV in
neonates requires long-term i.v. access. Thus, the develop-
ment of effective antivirals that are orally bioavailable and
that exhibit lower toxicity than GCV appears necessary in
order for this strategy to be employed more widely. Because

it is not possible to use the guinea pig model of congenital
infection for the evaluation of new antivirals, we sought to
develop a model that might mimic congenital infection but
be better suited to antiviral evaluations.

Newborn guinea pigs have immature immune systems
and are, therefore, more susceptible to other herpesvirus in-
fections. For example, following intranasal inoculation of
guinea pigs with herpes simplex virus type 2, virus dissemi-
nates more frequently and mortality is higher if animals are
inoculated within 48 h of birth compared to 1 week of age
while dissemination and death are only rare events in adult
animals (Mani et al., 1996). If dissemination, morbidity, and
mortality were also increased following CMV infection, a
neonatal guinea pig model could prove useful in the study of
the pathogenesis of congenital infection and as a model for
intervention strategies. In addition, it would serve as a model
for the severe outcome that can be seen following CMV in-
fections of premature (Yeager et al., 1983) and healthy term
infants (Kumar et al., 1984).

Our results indicate that infection of newborn guinea pigs
with gpCMV leads to rapid dissemination of the infection
to the liver and spleen with a later infection of the lungs.
The finding of severe interstitial pneumonitis is similar to
that reported in experimentally infected strain 2 guinea
pigs (Bia et al., 1982), and is analogous to the pneumonitis
observed in newborns with perinatally acquired HCMV dis-
ease (Ballard et al., 1979; Kumar et al., 1984), underscoring
the relevance of this model to disease in infants. It is of
additional relevance that the brain was an important target
organ for infection in our model, with significant recovery
of gpCMV by culture, and high viral load by qcPCR.

In the studies reported here, the mortality averaged 50%
over three experiments with a mean day of death of about
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10 days. The weight gain of animals was also significantly
delayed providing another useful endpoint for antiviral
evaluations as was previously seen by other investigators
following gpCMV inoculation of young animals (Zheng
et al., 1987). Our evaluations also showed that the anti-

CMV drug cHPMPC was effective in reducing mortality
and viral replication in this model. This finding substanti-
ates the previous finding that cHPMPC had activity in an
immunocompromised model of CMV infections (Bourne
et al., 2000). Although therapy improved survival, it did not
improve weight gain when compared to untreated animals.

One possible explanation for the lack of weight gain in
cHPMPC-treated newborn animals is that treatment may be
effective in preventing the most severe outcome of infection,
death, but not more subtle outcomes, such as weight gain.
Such an outcome may indicate that a drug is only marginally
effective against CMV. Another explanation may be that the
failure of cHPMPC to improve weight gain is due, at least
in part, to drug toxicity. The evaluation of weight gain in
treated but uninfected animals revealed that cHPMPC pro-
duced a significant decrease in weight gain but one that was
more modest than that seen following cHPMPC treatment
of CMV infection in newborn animals. This would suggest
that the poor weight gain in CMV-infected and -treated an-
imals was due to both a mild toxicity and less than optimal
efficacy of the drug.

In summary, we have developed a model of neonatal
gpCMV infection, and applied it to the study of antiviral
therapies. Experimentally infected pups exhibit weight loss,
extensive end-organ (including CNS) gpCMV infection,
high viral loads, and mortality. These features of the model
make this a uniquely valuable system for the study of an-
tiviral therapies for neonatal CMV infections. The gpCMV
neonatal infection model shares strong similarities to dis-
seminated HCMV disease in human infants, including pneu-
monitis, hepatitis, and CNS injury. This system should prove
useful for the evaluation of new anti-CMV antivirals, and
may provide further insight into the pathogenesis and CNS
manifestations of congenital and perinatal CMV infections.
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