
JOURNAL OF VIROLOGY, Mar. 2006, p. 2823–2831 Vol. 80, No. 6
0022-538X/06/$08.00�0 doi:10.1128/JVI.80.6.2823–2831.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Hematogenous Vertical Transmission of Herpes Simplex Virus
Type 1 in Mice

Javier S. Burgos,*† Carlos Ramirez,† Fernando Guzman-Sanchez, Juan M. Alfaro,
Isabel Sastre, and Fernando Valdivieso*

Departamento de Biologı́a Molecular and Centro de Biologı́a Molecular Severo Ochoa (C.S.I.C.-U.A.M.),
Universidad Autónoma de Madrid, Madrid, Spain

Received 22 September 2005/Accepted 22 December 2005

Herpes simplex virus type 1 (HSV-1) is a neurotropic virus that causes severe disease and death in newborn
humans but, to date, it remains unclear how neonatal infection occurs. We show here that the vertical
transmission of HSV-1 in mice is mainly hematogenous and involves the colonization of the neonate central
nervous system (CNS). HSV-1 DNA was mainly detected in the blood and CNS of the offspring born to latently
infected mothers; no significant differences were seen between the viral DNA concentrations in the blood of
these mothers and their female progeny (either neonate or adult). The administration of acyclovir during
gestation reduced or eliminated both the maternal and the neonatal viral DNA in the blood. Embryo transfer
was performed to ensure (as far as possible) that only vertical hematogenous infection took place. Immuno-
histochemical analysis detected viral proteins in the encephalon of the offspring. Immunofluorescence studies
provided immunoreactive evidence of HSV-1 proteins in the neurons of the hippocampus and showed that these
viruses can molecularly reactivate after hyperthermia. Neonatal HSV-1 infection therefore appears to be
mainly caused by hematogenous vertical transmission, and the viruses that colonize the offspring CNS are
capable of molecular reactivation after a period of latency.

Neonatal infection with herpes simplex virus type 1 (HSV-1)
or HSV-2 causes severe disease; the mortality and morbidity
associated with such infections is high. The source of infection
in newborns, however, is often obscure, although it is thought
that neonatal HSV-2 infection occurs in the birth canal during
delivery. Vertical transmission implies the transmission of the
virus from the mother to the fetus, but this can occur via
several pathophysiological mechanisms, e.g., true in utero
transmission across the placenta, retrograde infection, infec-
tion during labor and delivery, or through breast feeding in the
immediate postnatal period. HSV infection in neonates can
have devastating consequences (14, 23, 43) and usually affects
the skin, the eyes, the mucous membranes (SEM disease), or
the central nervous system (CNS). In the United States, neo-
natal HSV-2 infection currently occurs around one in every
2,500 births, but rates are increasing (17, 39). HSV infection
during pregnancy may result in miscarriage, the death of the
fetus, congenital fetal infection, and malformations (16, 25, 27,
37, 38, 45).

The majority of studies related to vertical transmission of
herpesviruses are restricted to HSV-2, and all are based on
epidemiological observations that in no case analyze viral in-
fection further than contamination in the birth canal or in
neonates. It is accepted that HSV-2 can infect newborns, but
no experimental work has ever been performed to show that
HSV-1 infection actually occurs during birth. Most neonatal

infections are due to HSV-2, although 30% are caused by
HSV-1 (1). HSV-1 and HSV-2 infections behave differently
even when the CNS is involved. Children with HSV-1 infec-
tions tend to suffer a milder, meningitis-like course of disease
(46), whereas those infected with HSV-2 have a more serious
clinical condition involving encephalitis and convulsions. How-
ever, HSV-1 has been specifically implicated in the pathogen-
esis of a number of neurological diseases, and there is an
increasing body of evidence linking it to Alzheimer’s disease
(AD) (21). Thus, the colonization of a newborn’s neural tissues
may also be a risk factor for these HSV-1-associated diseases.

To date, neonatal HSV infection has been described as the
result of contact between the newborn and HSV-1 or HSV-2
present in the birth canal of an asymptomatic mother during
delivery (4, 30, 42). However, the possibility of vertical trans-
mission has not been analyzed. In the present study, several
approaches were attempted in order to detect and localize HSV-1
during several pre- and postnatal developmental stages in mice.
Special interest was given to detecting HSV-1 in the CNS, both at
the DNA and at the protein level. Viral DNA and protein detec-
tion among the offspring of latently infected mother mice was
demonstrated in fetuses, neonates, and adults. It was noted that
females were preferentially infected. The results indicate that
viral DNA in the blood is more common than previously believed
and that its presence is essential for neonatal infection to occur.
Acyclovir treatment of infected mothers during pregnancy re-
duced or eliminated maternal viral DNA in the blood, as well as
viral DNA concentrations in the offspring nervous system. The
present study is the first to clearly demonstrate vertical transmis-
sion from maternal blood to the offspring CNS. HSV-1 was im-
munodetected in the hippocampal neurons; viral antigen signals
increased after hyperthermic stress.
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MATERIALS AND METHODS

Inoculation and dissection. All experiments were performed in accordance
with the guidelines of the European Community Animals Act (Scientific Proce-
dures) of 1986. All animals underwent a period of quarantine. Strict precautions
were taken to prevent contamination during inoculation and dissection.

The experimental animals were 478 wild-type C57BL/6 mice. HSV-1 was
propagated and titrated by plaque assay in confluent monolayers of Vero cells
(8). The HSV-1 KOS strain (kindly supplied by L. Carrasco) was used in all
experiments. Fifty-nine female mice were intraperitoneally inoculated with 106

PFU of virus suspension as previously described (8) (Fig. 1). At 37 days postin-
fection (i.e., at latent infection), these mice were mated with mock-infected
(uninfected) male mice. Mock-infected animals were used as controls (n � 10).
All of the female mice used as mothers remained without clinical disease and
survived until the end of the experiment. Their pups were sacrificed by decapi-
tation at different times around delivery—as fetuses (�1 day), neonates (1 to 3
days), or adults (14 weeks)—and their organs were carefully removed and frozen
at �70°C. The organs analyzed in the fetuses were the placentas, spinal cords,
and encephalons. Whole blood, the spinal cord, and the encephalon were ana-
lyzed in neonates, and whole blood, the adrenal glands, the gonads, the spinal
cord, the trigeminal ganglia, and the brain were studied in adults and mothers.
For more precise analyses, the brain samples were subdivided into four regions:
the midbrain (including the midbrain and nearby structures such as the pons, the
medulla, and the superior and inferior colliculus), the ventricles (including the
third and lateral ventricles, the thalamus, the hypothalamus, the preoptic area,
and the striatum), the cerebral cortex (including the cortex, the temporal, frontal,
parietal and occipital lobes, the hippocampus, the corpus callosum, and the
olfactory bulbs), and the cerebellum.

HSV-1 DNA quantification in tissue homogenates. DNA from homogenized
samples was extracted by using conventional methods (the High Pure PCR
template preparation kit [catalog no. 1 796 828]; Roche, Germany). The con-
centration of HSV-1 DNA in several organs was then quantified by using real-
time quantitative PCR as previously described (9). An appropriate concentration
range of purified HSV-1 DNA was used for the optimization of the standard

curve, and the viral DNA concentration was expressed in terms of viral copy
numbers. PCR calibration was performed by using the �-actin housekeeping
gene (results were expressed as nanograms of host DNA). Cross-contamination
of samples and false-positive PCR results were carefully avoided by frequent
changes of gloves, the exclusive use of pipettes, and strict spatial separation of
the three main PCR stages. Real-time PCR was performed by using a Light
Cycler rapid thermal cycler (Roche Diagnostics, Ltd., Lewes, United Kingdom)
and a LightCycler FastStart DNA Master SYBR Green I kit (catalog no. 3 003
230; Roche, Germany). �-Actin primers (5�-AAC CCT AAG GCC AAC CGT
GAA AAG ATG ACC-3� and 5�-CCA GGG AGG AAG AGG ATG CGG C-3�)
were used as a positive control for the reaction (379-bp PCR product). Specific
primers for a sequence in the viral DNA polymerase (Pol) gene (5�-GGT GAA
CGT CTT TTC GCA CT-3� and 5�-GTG TTG TGC CGC GGT CTC AC-3�;
120-bp amplicon) and the thymidine kinase (TK) gene (5�-CG ACG ATC TGC
GAC CT-3� and 5�-TTG CCG TCA TAG CGC GG-3�; 110-bp product) were
prepared. The reaction conditions were 95°C for 10 min, followed by 50 cycles at
95°C for 30 s, 55°C for 30 s (for �-actin) or 60°C for 5 s (for TK) or 60° for 30 s
(for Pol), and finally 72°C for 40 s. Each experiment was performed in triplicate.
Melting curve analyses, agarose and acrylamide gel electrophoresis, restriction
analysis, and nested-PCR for TK fragment amplification (primers 5�-CCG ACG
ATC TGC GAC CTG-3� and 5�-ATA GCG CGG GTT CCT TCC-3�; reaction
conditions, 95°C for 10 min, followed by 50 cycles of 95°C for 15 s, 60°C for 5 s,
and 72°C for 10 s; product, 96 bp) confirmed the specificity of the products. The
amplicons of the genes analyzed were cut with either the endonuclease AvaI (for
amplicon TK, producing two fragments of 35 and 75 bp) or with Nla IV (pro-
ducing 87- and 23-bp fragments). The �-actin amplicon was cut with RcaI
(producing 236- and 143-bp fragments).

Rederivation procedures. For rederivation experiments, 11 latently infected
C57BL/6 females were used as oocyte donors for in vitro fertilization. After
several washes with antibiotic, 45 two-cell-stage embryos from infected mothers
were collected and transferred to three pseudopregnant Swiss female mice ac-
cording to the protocol of Suzuki et al. (40). Briefly, 1-day-old embryos were
collected from the oviducts of superovulated latently infected donor female mice

FIG. 1. Infection and pregnancy, showing the main events in the life of the mouse, the temporal distribution of manipulations, and the number
of animals used in each category. The infection time course is shown at the top. A total of 59 14-week-old wild-type C57BL/6 female mice were
infected intraperitoneally with 106 PFU of HSV-1 (KOS strain) (on day 0). After latency was established (from day 28 onward), these females were
mated with mock-infected male mice (on day 37). Their pups were sacrificed and analyzed at different times around delivery, e.g., as fetuses (1 day
predelivery or at 18 days of gestation), neonates (1 to 3 days after delivery), or adults (14 weeks postdelivery). The perinatal time is shown at the
bottom, indicating the distribution of the experimentally used animals around delivery. At 1 day after mating, rederivation procedures were
performed, transferring two-cell embryos from eleven donor C57BL/6 female mice to three recipient Swiss females. Nineteen neonates were
obtained. The total numbers of mock-infected and infected mothers, fetuses, and neonates are given. Finally, for acyclovir therapies, nine infected
mothers were treated with the antiviral agent, and their viral DNA concentrations were compared to those of nontreated infected mothers. Their
offspring were also analyzed in the same way (72 treated compared to 53 nontreated infected neonates).
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kept with uninfected males to obtain fertilized embryos. The collected embryos
were incubated in prewarmed medium until their transfer to pseudopregnant
Swiss recipients (8 to 12 weeks old). These animals were anesthetized by an
intraperitoneal injection with 15 ml of a solution containing 2% Rompun (Bayer,
Germany) and 50 mg of ketolar (Parke-Davis, United States)/ml per kg, and the
oviduct and top of each uterus were carefully exposed. Pools of embryos were
then transferred into the oviduct of each recipient (seven to eight in each uterine
horn) by using a mouth pipette with a hand-pulled transfer needle. After trans-
fer, the body wall was sutured, and the skin was closed by using wound clips. The
offspring (nine females and ten males in all) and recipient mothers were sacri-
ficed at day 1 postdelivery, and their organs were analyzed for HSV-1 DNA by
using real-time PCR as previously described.

Acyclovir therapy. To determine the effect of acyclovir (Zovirax; Glaxo Well-
come, Spain) on the vertical transmission of HSV-1, 16 latently infected mothers
(nine treated and seven nontreated mice) and their progenies were analyzed by
scoring the mortality and viral DNA concentrations (expressed as viral copy
numbers). Three groups of mothers were treated with acyclovir under different
regimens from the day they presented the vaginal plug until the day of birth.
These were compared to a control infected group that received no acyclovir. The
acyclovir was administered by adding it to the drinking water (250 mg/ml pro-
vided ad libitum) or by administering a fixed subcutaneous or oral dose of 30
mg/kg/day administered three times per day. Comparisons were made with the
usual doses used in the treatment of clinical neonatal HSV infection (41).

Histological procedures and immunodetection of viral antigens. Immunohisto-
chemical detection was used to assess HSV-1 infection in the offspring. Two
antibodies were used to demonstrate the immunoreactivity of the virus: one that
reacts with the tegument protein VP16 (a transcriptional activator of immediate-
early gene products (31) and another that recognizes all of the major glycopro-
teins present in the viral envelope (known as HSV-1). Spinal cords and brains
belonging to 15 fetuses and 30 neonates from latently infected mothers were
examined for immunoreactive evidence of HSV-1. Fetuses were obtained from
pregnant mice at 18 days of gestation; the neonates were obtained at 1 day
postdelivery. The organs were washed with 10 ml of phosphate-buffered saline
(PBS) and fixed in formaldehyde 10% in phosphate buffer, dehydrated, and
embedded in paraffin wax. Sections (7 �m thick) were then processed by using
the avidin-biotin-phosphatase complex (ABC-AP) method for VP16 and indirect
immunofluorescence for the HSV-1 antigen. To retrieve the antigen, sections
were deparaffinated, hydrated, and incubated with 0.1 M citrate buffer (pH 6) for
1 min in a conventional pressure cooker (28).

For the ABC-AP method, the sections were rinsed in Tris-buffered saline
(TBS) and incubated with 3% normal donkey serum (NDS) in TBS containing
0.05% Triton X-100 for 30 min to prevent nonspecific binding of the primary
antibody. The sections were then incubated overnight at 4°C with rabbit poly-
clonal anti-VP16 (BD Biosciences Clontech; 1:100 dilution) primary antibody
diluted in TBS containing 3% NDS and 0.05% Triton X-100. The sections were
then washed in TBS and incubated for 1 h with an anti-rabbit biotinylated
immunoglobulin (Amersham Biosciences, United Kingdom), diluted 1:500 in
TBS plus 0.3% NDS and 0.005% Triton X-100. After being washed in TBS, the
sections were incubated with avidin-biotin-phosphatase complex (Dako, Barce-
lona, Spain) for 45 min and developed by using the AP-red substrate kit (Zymed
Laboratories, Inc., San Francisco, CA). Counterstaining was performed with
hematoxylin to emphasize the absence of nonspecific immunostaining. All sec-
tions were mounted in Acuatex (Merck, Darmstadt, Germany).

In indirect immunofluorescence assays to detect the HSV-1 antigen, the sec-
tions were rinsed in PBS and then incubated with 3% NDS in PBS containing
0.05% Tween 20 (PBST) for 30 min to prevent nonspecific binding of the primary
antibody. This was followed by incubation for 1 h at 37°C with rabbit polyclonal
anti-HSV-1 (Dako, Denmark) diluted 1:100 in PBST. The sections were then
washed in PBST and incubated for 30 min at 37°C with Alexa 488 goat anti-rabbit
immunoglobulin G (Invitrogen, California) diluted 1:50 in PBST. All sections
were mounted in Vectashield HardSet mounting medium (Vector Laboratories,
California); this is very appropriate for immunofluorescence techniques, given its
antifade and antiphotobleaching properties.

For negative controls, contiguous sections of each sample were incubated as
described above but without the primary or secondary antibodies or using the
antibodies preabsorbed with an excess of purified antigens. The organs of off-
spring from mock-infected females were included in every experiment to monitor
the specificity of viral localization. At least six sections per organ were examined
to ensure sufficient observations were made.

Immunofluorescence analysis of hippocampal cells in culture. Hippocampal
cells were obtained from the fetuses of pregnant mice at 18 days of gestation as
previously described (18). Cells were plated in Neurobasal medium (Gibco)
containing 10% heat-inactivated horse serum and supplemented with N2 com-

ponents (Gibco) and 2 mM glutamine. Experiments were performed after 1 day
of growth in vitro. The following antibodies were used to detect HSV-1: rabbit
polyclonal anti-HSV-1 antibodies (Dako, Denmark) (these react mainly with the
major glycoproteins of the viral envelope); rabbit polyclonal anti-VP16 (BD
Biosciences Clontech, United States), which recognizes the VP16 transcriptional
activation domain; and mouse monoclonal anti-ICP4 immediate-early protein
antibodies (Abcam, United Kingdom). Rabbit anti-cow glial fibrillary acidic
protein (GFAP; Dako, Denmark) was used to identify glial cells. Neurons were
stained by using the monoclonal anti-MAP2 antibody (Sigma); this antibody
recognizes all forms of this major microtubule-associated protein of brain tissue.
The secondary antibodies used for immunostaining were horseradish peroxidase-
coupled goat anti-mouse antiserum (Vector, United States), fluorescein isothio-
cyanate-coupled goat anti-rabbit (BD Biosciences Clontech, United States), and
Texas red-coupled goat anti-rabbit immunoglobulin G (Amersham Biosciences,
United States). Cells were grown on coverslips, gradually fixed with increasing
concentrations of paraformaldehyde (2, 3, and 4%), and incubated with antibod-
ies. To visualize DNA, DAPI (4�,6�-diamidino-2-phenylindole) was added 10 min
before the end of the procedure. Cells were examined with a Bio-Rad confocal
microradiance microscope or Zeiss Axiovert 135 fluorescence microscope
equipped with a �100 oil immersion objective lens (Neofluor), and filters were
optimized for triple-label experiments (fluorescein isothiocyanate, Texas red,
and DAPI fluorescence). Pictures were taken with a digital camera Spot RT
slider (Diagnostic) using Metamorph imaging software. The images obtained
were processed with Adobe Photoshop 7.0.

Molecular reactivation of latent infection in offspring hippocampal neurons.
Hippocampal neuron cultures from fetuses of latently infected mothers were
prepared as described above. Cultures were heated in a constant-temperature
incubator capable of controlling the temperature to within �0.1°C (model 311;
Forma Scientific, United States; equipped with a digital readout). Cultures were
incubated for 1 h or 3 h at 43°C in 5% CO2. At 24 h posthyperthermia, immuno-
reactive evidence of HSV-1 was detected by using the immunofluorescence
protocol described above.

Statistical analysis. The Fisher exact test was used to compare viral DNA
concentrations. The Student two-tailed t test was used to compare litter survival
and size. Significance was set at P 	 0.05.

RESULTS

Survival of offspring born to latently infected mothers. The
offspring of mock (inoculated with saline solution) and latently

FIG. 2. Kaplan-Meier plot showing the percent survival postdeliv-
ery of mock-infected animal offspring (solid line) and of mothers
latently infected with HSV-1 (dotted line). A group of female mice
were infected intraperitoneally with 106 PFU of HSV-1 (KOS strain)
and mated at 37 days postinfection with mock-infected male mice, and
progeny survival was monitored until postdelivery day 100. Uninfected
control mothers received a saline solution, and the survival of their
progeny was recorded identically. (Inset) Infected females generated
significantly fewer offspring than did mock-infected females. ❋ , P 	
0.01 (Student two-tailed t test).
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infected mother mice were monitored daily from postdelivery
day 1 to 100. All offspring of mock-infected mothers survived
until the end of the experiments; those born to infected moth-
ers, however, suffered significantly higher mortality (Fig. 2).
The most critical moment was between days 1 and 2 postde-
livery; during this period the mortality was close to 30%. The
infected female progenitors, although always asymptomatic
(especially in genital analyses), experienced mating problems.
The fact that a vaginal plug forms in these mice does not
necessarily indicate they are pregnant. In addition, those that
do become pregnant may have a miscarriage or give birth to
malformed offspring. The sex ratio in descendants was close to
1 (50.1% females to 49.9% males). Infected females experi-
enced a sharp reduction in litter size, generating on average
7.7 � 1.9 offspring per female compared to 9.4 � 1.3 in their
mock-infected counterparts (P 	 0.01) (Fig. 2, inset).

Detection and quantification of HSV-1 DNA in the offspring
at different developmental stages. The detection and quantifi-
cation of HSV-1 DNA was performed in fetuses, newborns,
and adult offspring. A total of 110 of 116 fetuses (94.8%), 106
of 120 neonates (88.3%), and all of the 20 adults examined

(100%) showed detectable levels of HSV-1 DNA. This indi-
cates that the majority of offspring born to infected mothers
were also infected, independent of their developmental stage.
These results also suggest there may be an enrichment of
HSV-1 DNA with age. The encephalon consistently showed
the greatest infectivity, confirming the preferential tropism
of HSV-1 toward the CNS of the offspring in this route of
infection.

HSV-1 DNA was predominantly detected in the nervous
system of the fetuses (Fig. 3A), with the encephalon showing
the highest concentrations, followed by the spinal cord. In
neonates, viral DNA was mainly located in the blood, followed
by the encephalon and spinal cord. Interestingly, the HSV-1
DNA concentrations of the encephalon in fetuses and neo-
nates were not significantly different (P 
 0.05). In the adult
offspring, HSV-1 DNA showed a preference for the nervous
system (trigeminal ganglia, brain, and spinal cord), followed by
the blood. In the brain, HSV-1 DNA was mainly detected in
the cortex and cerebellum, followed by the midbrain and ven-
tricles. Every PCR product generated prominent bands of the
expected sizes in gel electrophoresis and restriction analyses

FIG. 3. (A) Quantification of HSV-1 DNA concentrations in fetuses, neonates, and adults by gender. A group of female mice were infected
intraperitoneally with 106 PFU of HSV-1 (KOS strain) and mated at 37 days postinfection with mock-infected male mice, and several organs from
the descendants (116 fetuses [�1 day], 120 neonates [1 to 3 days postdelivery], and 20 adults [14 weeks of age]) were analyzed. The bar graph
represents the viral copy number detected in each organ expressed on a logarithmic scale. The inset shows dissected areas of the brain in adults
analyzed by gender. Values are the means � the standard errors of the mean (SEM) of the quantity of viral DNA (expressed as viral genomes
and normalized with respect to the quantity of mouse genomes in 100 ng of host DNA by amplifying the �-actin housekeeping gene). The Fisher
exact test was used to compare the values for the two genders (❋ , P 	 0.01). (B) Confirmation of PCR amplification specificities of TK and �-actin.
Melting peaks were examined for the TK and �-actin with quantitative standard samples (solid lines) and a total DNA sample (dashed line). Gel
electrophoresis of the PCR products was performed on an 8% acrylamide gel. The melting temperatures and sizes were, respectively, 87.2 � 0.2°C
and 110 bp for the TK amplicon and 88.7 � 0.2 and 379 bp for the �-actin amplicon. The identity of the amplified products was further confirmed
by restriction analysis (TK was cut with the NlaIV endonuclease [producing two fragments of 87 and 23 bp] or with AvaI [fragments of 35 and
75 bp]). The �-actin amplicon was cut with RcaI, producing two fragments of 236 and 143 bp (MM; DNA Molecular Weight Marker V; Roche,
Germany).
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(Fig. 3B). Moreover, the amplicons showed the same specific
melting temperatures as the standards used.

To examine the influence of gender on vertical HSV-1 trans-
mission, the concentrations of viral DNA of the two sexes were
studied in neonates and adults (Fig. 3A). No differences were
seen between the sexes in the blood and spinal cord viral DNA
concentrations of newborns, while the sex ratio was close to 1
(48.1% male and 51.9% female mice). However, the brains of
female neonates showed significantly higher viral DNA con-
centrations than did those of male mice (P 	 0.01). In adults,
gender-based differences were more evident due to the enrich-
ment of virus levels with aging; significantly higher viral DNA
levels were found in the blood, gonads, and nervous systems of
females than males (P 	 0.01). The adrenal glands of both
sexes showed similar viral DNA concentrations (P 
 0.05). In
the dissected brain, the order of viral DNA concentrations in
female mice was cerebellum, cortex, midbrain, and ventricles;
significantly greater viral DNA levels were seen in the females
in every region, except in the midbrain. With respect to viral
copy numbers in blood in the offspring, higher HSV-1 DNA
concentrations were consistently related to female gender; the
levels of viral DNA of the mothers, female newborns, and
female adult offspring were not significantly different (Fig. 4).

Viral screening in embryo transfer experiments. Two-cell-
stage embryos from latently infected females were transferred
to recipient mothers, and the offspring were analyzed at 1 day
postdelivery. Viral DNA was screened and quantified in the
donors, recipient females, and offspring. All donor females
were found to harbor HSV-1 DNA and showed organ viral
DNA concentrations similar to those of the latently infected
females (J. S. Burgos, C. Ramirez, A. Brachet, J. M. Alfaro, I.
Sastre, and F. Valdivieso, unpublished data). No viral DNA
was detected in the recipients or offspring. The apparent lack
of the virus in the recipient mothers and their offspring shows
that viral transmission does not occur via the oocyte and that
no viral contamination of the recipient mothers occurred
through experimental manipulation.

Effect of maternal acyclovir treatment on vertical transmis-
sion. To determine the effects of prenatal acyclovir therapy on
the offspring of latently infected mothers, the mortality and
viral DNA concentrations of these progeny were determined in
four groups of differently treated mother mice: (i) controls (no
acyclovir treatment), (ii) mice that received acyclovir in their
drinking water (250 mg/ml ad libitum), (iii) mice that received
the agent via a subcutaneous injection (30 mg/kg/day), and (iv)
mice that received acyclovir orally (30 mg/kg/day). A total of
125 newborns from the four categories were examined. The sex
ratio was close to 1 (50.8% male and 49.2% female mice).

Analysis of the mothers consistently showed the most effec-
tive treatment to be oral administration, followed by subcuta-
neous injection and finally administration via the drinking wa-
ter (Fig. 5). With the drinking water protocol, no significant
differences in viral DNA concentration were seen for any
tested organ with respect to the control group. Subcutaneous

FIG. 4. Determination of HSV-1 DNA concentration in the blood
of several groups of animals by gender. Fifty-nine female mice were
infected intraperitoneally with 106 PFU of HSV-1 (KOS strain) and
mated at 37 days postinfection with mock-infected male mice, and the
viral copy numbers in the blood of the mothers and neonates were
determined at 1 day postdelivery. The viral copy numbers in the blood
of 20 adult descendants (14 weeks of age) were also analyzed. The bar
graph represents the viral copy number expressed on a logarithmic
scale. Values are the means � the SEM of the quantity of viral DNA
(expressed as viral genomes and normalized with respect to the quan-
tity of mouse genomes in 100 ng of host DNA by amplifying the �-actin
housekeeping gene). The Fisher exact test was used to compare the
values for the two genders (❋ , P 	 0.001).

FIG. 5. Quantification of HSV-1 DNA concentrations in infected
mothers and newborns treated under different acyclovir regimens. A
group of 16 female mice were infected intraperitoneally with 106 PFU
of HSV-1 (KOS strain) and mated at 37 days postinfection with mock-
infected male mice, and the viral copy numbers of several organs from
infected mothers and neonates were determined at 1 day postdelivery.
Mothers were separated into four acyclovir treatments groups: control
(saline solution), drinking water administration (acyclovir diluted 250
mg/ml in the drinking water; supplied ad libitum), subcutaneous injec-
tion (30 mg/kg/day in three injections), and oral administration (30
mg/kg/day in three oral administrations per day). Therapy started on
the first day that the mothers showed the vaginal plug and lasted until
the day of birth. The results were compared to those obtained in a
control infected group that received no acyclovir. The viral copy num-
bers of the organs of 125 newborns (total) from the four categories
were determined. The bar graph shows the viral copy number ex-
pressed on a logarithmic scale. Values are the means � the SEM of the
quantity of viral DNA (expressed as viral genomes and normalized
with respect to the quantity of mouse genomes in 100 ng of host DNA
by amplifying the �-actin housekeeping gene). The Fisher exact test
was used to compare the results obtained with the different treatments
(❋ , P 	 0.001).
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therapy reduced the HSV-1 DNA concentration in every organ
assessed, although this was only significant in the trigeminal
ganglia (P 	 0.001). The oral treatment significantly reduced
virus levels in the trigeminal ganglia and blood (P 	 0.001).
However, no significant reductions were seen in the brain or
spinal cord compared to the controls.

The percent mortality of the offspring at day 1 postdelivery
depended on the treatment received by the mother. The drink-
ing water regimen led to lethality levels not significantly dif-
ferent from those observed when no treatment was received at
all (23.3% compared to 23.5%; P 
 0.5). The subcutaneous
and oral administration routes were more effective at prevent-
ing mortality: the subcutaneous regimen led to an offspring
mortality rate of ca. 4.0% (P 	 0.05), and no newborns died
when their mothers received acyclovir orally.

With respect to offspring HSV-1 DNA concentrations, the
most effective treatment was again oral administration; with
this regimen, no virus was detected in any of the tested organs
(blood, spinal cord, and brain) (P 	 0.001). The ad libitum
regimen led to virus levels not significantly different to those
seen in control mice. The subcutaneous injection of acyclovir
led to a significant reduction in HSV-1 DNA concentrations in
all of the studied organs but was less effective than the oral
protocol. Interestingly, the viral DNA levels detected in off-
spring encephalons were directly proportional to the viral
DNA concentrations in blood in their mothers after acyclovir
treatment. This confirms the hematogenous connection be-
tween HSV-1 infection in mothers and their newborns.

Immunohistochemical detection of HSV-1 proteins in the
nervous systems of fetuses and neonates. To rule out nonspe-
cific staining, several negative controls were performed. First,
the fetal encephalon samples from mock-infected mothers
showed no positive VP16 or HSV-1 signal (Fig. 6A and B).
Neither were any such signals observed in neonate brains from
mock mothers (data not shown). Further, no reaction was
observed in negative controls incubated with preimmune se-
rum samples or when we used preabsorbed antibodies with an
excess of purified antigens in samples of fetal and neonatal
brains from infected female mice (data not shown).

VP16 and HSV-1 were detected, however, in the encepha-
lons of fetuses and in the CNS of neonates from infected
mothers. In fetuses, viral antigens were seen in the cortical
neurons, where they showed a cytoplasmic staining pattern
(Fig. 6C and D). In neonates, VP16 and HSV-1 were immuno-
detected in neurons of the midbrain in both females (Fig. 6E
and F) and males (Fig. 6G and H). Antigens were also revealed
in the gray matter of the spinal cord in both sexes (data not
shown).

Anti-HSV-1 signals were detected in more neurons than
were anti-VP16 signals. However, independent of the antibody
used, the staining intensity and the number of infected neurons
was greater in female brains than in male neonate brains (com-
pare Fig. 6E and F to Fig. 6G and H). The location of the viral
antigens was always cytoplasmic.

HSV-1 immunodetection in fetal hippocampal primary cul-
tures. The detection of viral antigens in primary hippocampal
neuron cultures showed HSV-1 antigens to be present in fetal
cells. Staining for ICP4 revealed single or multiple discrete
dots within cell nuclei (Fig. 7). VP16 showed perinuclear sig-
nals while immunodetection with the anti-HSV-1 antibody was

FIG. 6. Immunohistochemical detection of HSV-1 antigens in the
encephalon of fetuses and neonates. A group of seven female mice
were infected intraperitoneally with 106 PFU of HSV-1 (KOS strain)
and mated at 37 days postinfection with mock-infected male mice.
From these, 15 fetuses were obtained for analysis on day 18 of gesta-
tion, plus another 30 neonates which were analyzed at 1 day postde-
livery. Their organs were embedded in paraffin wax and serially sec-
tioned. Immunodetection was performed by using two specific
antibodies: anti-VP16 (against the tegument viral protein, revealed by
a red chromogenic substrate) and anti-HSV-1 (which recognizes viral
glycoproteins, detected by indirect immunofluorescence) as described
in Materials and Methods. To rule out nonspecific viral staining, sev-
eral controls were performed. The sections of fetal encephalon ob-
tained from mock-infected female mothers showed no reaction to
VP16 (A) or HSV-1 (B) antigens. (C) VP16 specific staining was
observed, however, in some neurons of the cortex of fetal encephalons
obtained from infected female mice. (D) Similarly, HSV-1 glycopro-
tein signals were detected by immunofluorescence in several neurons
of the fetal encephalon from infected mothers at a similar location as
described above, although more infected cells were visible. (E and F)
Coronal sections of female neonate brains from infected mothers
showed specific VP16 staining in a few neurons of the midbrain region
(E), while HSV-1 glycoprotein signals were detected in a higher num-
ber of neurons (F). (G and H) Sections of male neonate encephalons
from infected mothers showed specific immunoreactions with VP16 in
the cytoplasm of neurons from the midbrain region (G), while HSV-1
immunoexpression was detected more strongly in mesencephalic neu-
rons (more weakly in male mice) (H). Bar, 20 �m.
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restricted to the cytoplasm. Cell identification was based on
morphology and on differential immunostainings for neurons
(anti-MAP2 detection) and glial cells (anti-GFAP staining).
HSV-1 antigens were detected only in neurons (positive for
MAP2 and negative for GFAP); glial cells were consistently
negative with every viral antibody tested (Fig. 8A). These re-
sults show that HSV-1 is located in the hippocampal neurons
of fetuses but not in glial cells.

Increase in immunofluorescence over time after hyperther-
mic treatment of fetal hippocampal primary cultures. To mo-
lecularly reactivate HSV-1 harbored in offspring neurons, hip-
pocampal primary cultures were exposed to conditions of
hyperthermia for 0, 1, and 3 h, and observed 24 h later. VP16
immunofluorescence analysis was used to test for viral amplifica-
tion. The hyperthermia treatment increased the VP16 signals.
Immunostaining was strong in the perinuclear region after 1 h of
exposure, but at 3 h the entire cytoplasm was filled with viral
antigens. The main neuron prolongations also showed signals
after 3 h of treatment (Fig. 8B). These results indicate that the
molecular reactivation of the HSV-1 in the hippocampus of the
offspring can occur under stress conditions.

DISCUSSION

HSV-2 is one of the most commonly encountered perinatal
pathogens; infection can cause considerable sequelae including
long-term neurodevelopmental damage. Even infection ac-
quired near the time of labor can cause neonatal herpes and

perinatal morbidity (14, 23, 43). To date, the contraction of
neonatal herpes has only been described in studies based on
genital contamination, and the information available is restricted
to HSV-2. The present results show that intrauterine infection
with HSV-1 is likely to be more common than previously thought.
However, it may often go unnoticed because of the low viral loads
in the blood and CNS of offspring. The results also suggest, for the
first time, that a truly hematogenous route of in utero infection is
possible and may even be common when HSV-1 is latent in the
mother. Once the fetus is infected, the viruses colonize the
brain in general and the hippocampus in particular, from
where they might be reactivated by a number of stimuli, in-
cluding delivery. Since viral infection cannot be readily studied
in humans, animal models are required, although they can be
extremely hard to evaluate. An animal model that can monitor
the vertical transmission of HSV-1 from the early stages of
infection is highly desirable, although clearly there are many
differences between the course of HSV-1 infection in humans
and rodents. The present results suggest, however, that mice
provide an appropriate model for the study of the hematoge-
nous vertical route of infection and for work on treatment
protocols, antiviral agents, and vaccines.

HSV-1 has been related to several neurological diseases,
especially AD (20, 21, 26); indeed, a physical association be-
tween HSV-1 antigens and the amyloid precursor protein has
been recently reported (2, 33). The present results show that
enrichment of the virus occurs with aging and that infection is
more strongly associated with female gender—also a risk fac-
tor for AD (15). Daw et al. (11) indicate that between 30 and
70% of the total variance in AD might be explained by the

FIG. 7. HSV-1 immunolocation in mouse fetal hippocampal cells
from latently infected mothers. Female mice were infected intraperi-
toneally with 106 PFU of HSV-1 (KOS strain) and mated at 37 days
postinfection with mock-infected male mice. Hippocampal cells were
then obtained from fetuses at 18 days of gestation, plated, and after 1
day in vitro were analyzed by using several antibodies. Immunofluo-
rescence analysis shows discrete dots marked with the anti-ICP4 anti-
body (middle top; red) and perinuclear signals stained with anti-VP16
(middle center; green). Cytoplasmic immunodetection was demon-
strated by using an anti-HSV-1 marker (middle bottom; green). DAPI
images of chromatin staining are shown on the left, and merge images
are shown on the right.

FIG. 8. Characterization and molecular reactivation of HSV-1 in
mouse fetal hippocampal cells from latently infected mothers. Female
mice were infected intraperitoneally with 106 PFU of HSV-1 (KOS
strain) and mated at 37 days postinfection with mock-infected male
mice. Hippocampal cells were obtained from fetuses at 18 days of
gestation and plated and analyzed after 1 day in vitro. (A) Culture
characterized to identify the cell type where the viral signal was de-
tected. For this purpose, immunofluorescence analysis was performed
by using anti-ICP4 (red) viral and anti-GFAP (top left; green) glial or
anti-MAP2 neuronal (top right; green) antibodies. The viral antigens
were found only in the hippocampal neurons and not the glia. (B) Im-
munofluorescent image showing molecular reactivation after hyper-
thermia. After plating, cultures were subjected to 0, 1, or 3 h at 43°C
in 5% CO2; after 24 h, VP16 (green) viral protein was detected with a
clear increase in signal strength over treatment time. DAPI staining
was used to mark the nuclei of the cells.
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influence of an unidentified single gene (which should be fairly
easy to identify after the human genome has been entirely
deciphered) (11). Moreover, these authors suggest that “trans-
missible environmental effects could potentially mimic genes”;
the results presented here indicate that HSV-1 may act in this
way. We have also reported that HSV-1 infection may be a
risk factor for AD, acting with apolipoprotein E (ApoE) and
dependent upon ApoE dosage (8), ApoE4 isoform efficiency
(7), the brain region involved, and female gender (6). More-
over, the APOE genotype of the latently infected mother
affects the vertical transmission of HSV-1, where the en-
cephalons of the offspring of APOE4 mothers present sig-
nificantly more viral load than those of the APOE3 mothers
(manuscript in preparation).

The present results show that HSV-1 can be detected at the
DNA and protein level in the majority of fetuses and neonates
(ca. 90%) born to latently infected mothers and that viral
shedding increases with development and aging; all adults
originally born to such females had detectable HSV-1 DNA.
The presence of HSV-1 in fetuses (detected by real-time PCR
and immunodetection), especially in the CNS, indicates that
mother-to-infant transmission does not occur solely in the birth
canal. The percentage of infected fetuses suggests that the risk
of acquisition is relatively uniform throughout pregnancy and
that at delivery HSV-1 is already lodged in the offspring CNS.
The offspring encephalon was consistently the organ with the
greatest viral copy number, indicating the neurotropic charac-
ter of the virus in this infection pathway. The mortality levels
detected here are in agreement with the fetal mortality re-
ported in clinical studies (5, 10). The authors of the latter study
report that HSV infection of the newborn occurs within a short
time after birth, suggesting the possibility of intrauterine in-
fection. In the present study we detected perinatal mortality
among the offspring born to virus carrying females but which
showed no sign of disease. Transmitting mothers shed virus at
delivery but have subclinical HSV-1 infection (4); when com-
bined with the sometimes subtle symptoms of infection in the
infant, a diagnosis may not be made until the development of
serious disease.

In the present study, several direct and indirect pieces of
evidence demonstrate the hematogenous vertical transmission
of HSV-1: (i) in the fetuses the placenta and the nervous
system consistently show detectable viral DNA levels; (ii) the
blood was the organ with the greatest viral DNA concentration
in neonates, followed by the brain; (iii) the blood and nervous
system were the organs with the highest viral DNA level in
adult offspring; (iv) the number of viral genomes in the blood
of the mothers, newborns, and adults were not significantly
different; (v) reducing the maternal viral DNA concentration
in the bloodstream with acyclovir caused newborn HSV-1
DNA levels to become reduced or even disappear; and (vi) the
embryo transfer experiments clearly demonstrate that virus is
not harbored in the oocyte; this confirms our previous finding
that HSV-1 cannot be immunodetected in oocytes (6). Further,
PCR techniques have confirmed that viremia is common in
neonatal HSV infection (12, 22, 24). These results indicate that
the virus passes through the placenta, with viral shedding oc-
curring from the maternal bloodstream and infecting the fetus.
The detection of HSV-1 DNA in the bloodstream during la-
tency does not indicate that there is latent virus in the blood.

The virus is present in blood only when the trigeminal ganglia
are infected, suggesting that the latter play an important role as
a viral reservoir in latently infected mice, supplying significant
quantities of virus to the blood (6). This is the first report of a
natural, hematogenous mechanism of HSV-1 infection leading
to viral colonization of fetal nervous tissue. The results also
explain the viremia commonly detected in neonates.

Gender-dependent infection was observed both in neonates
and adults, with females showing significantly higher levels of
viral DNA and proteins in the encephalon. This confirms our
previous findings (6). The immunohistochemical tests detected
HSV-1 antigens in the encephalic cortical neurons of fetuses
and in the mesencephalic region of neonate brains, with more
foci in female than male neonates. The immunofluorescence
assays using primary cultures detected HSV-1 antigens in fetal
neurons, where the viruses were molecularly reactivated after
hyperthermia. It has long been known that artificial pyrexia is
a very efficient inducer of HSV reactivation in humans (3, 32)
and in cultures (34). Detectable VP16 signals increased after
hyperthermia, with intense immunofluorescence 3 h into the
treatment. This is a new approach for inducing HSV-1 molec-
ular reactivation, which is notoriously difficult to achieve in
experimental animals (19, 29, 36), especially for the KOS strain
(34); the present study describes the earliest molecular reacti-
vation ever recorded in the developing nervous system. It also
provides the first definitive demonstration in a purely in vivo
model that neurons are the site of HSV-1 molecular reactiva-
tion; this could be important with respect to the onset of
neurological disease since reactivating neurons show degener-
ative changes eventually leading to their death (34).

Nucleoside analogues such as acyclovir that specifically in-
hibit herpesvirus DNA synthesis and replication (13, 35) can
significantly shorten and ameliorate the severity of HSV infec-
tions (35, 44). This therapy has been of particular use in the
treatment of neonatal infection (41). In the present study, the
treatment of the mothers with this antiviral agent provided
direct protection against the development of neonatal herpes
in their offspring, with the oral administration route being the
most effective.

The present results suggest that efforts to reduce the mor-
bidity associated with neonatal HSV-1 infection should con-
centrate on preventing maternal acquisition of HSV-1 infec-
tion during pregnancy and attempting to block the vertical
transmission of the virus to infants from seropositive mothers.
The latter will commonly be asymptomatic but should have
clinical histories showing incidences of herpes-related disease.

To our knowledge, this is the first report to demonstrate
hematogenous vertical transmission of HSV-1. The results
show that infection of the offspring occurs via the bloodstream,
with the invading virus colonizing the fetal CNS. They also
suggest that disseminated disease and mortality in neonatal
HSV-1 infection is caused by viremia. HSV-1 DNA is present
in the blood and CNS of fetuses, neonates, and adults born to
infected mothers, indicating that infection occurs before birth.
HSV-1 DNA concentrations then increase with age. In addi-
tion, HSV-1 was located in the brain of the offspring at both
the DNA and the protein levels, especially in the hippocampal
neurons where the virus can increase after hyperthermia.

Prenatal antiviral therapy was shown to be of benefit in
preventing the vertical transmission of HSV-1. The present
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study provides insight into the pathobiology of HSV-1 and the
treatment of its associated diseases. It may also throw light on
the use of vectors based on herpesviruses to locate genetic
constructs in the nervous system without the need for genetic,
cellular, or surgical interventions.
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