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Murine cytomegalovirus (MCMV) was found in reproductive tissues of newborn mice
acutely infected with this virus. Using 3H-labeled complementary RNA (cRNA) probe
made from MCMV DNA, viral genetic material clearly occupied ovarian stromal cells
surrounding the follicular region but not cells of the follicle or cells in the outer tunic lay-
ers. In the testes, squamous epithelial cells external to the tunica albuginea harbored
viral genetic material. The immaturity of germ line cells in testes of one-week-old mice
precluded identification of these cells or examination of their involvement. The presence
of viral DNA in reproductive tissue during acute infection raised the possibility that the
ovary and/or testes might act as a reservoir for latent virus later in life of adult mice. Hy-
bridization kinetics analysis ofDNA isolated from ovaries and testes of 5- and 6-month-old
mice latently infected with MCMV suggested that the viral genome was present in both
organs. (Am J Pathol 98:213-224, 1980)

NEONATAL INFECTION by cytomegalovirus (CMV) is respon-
sible for a substantial portion of developmental defects in humans."2 Peri-
natal acquisition of CMV occurs during the passage of the fetus through
the birth canal.3 However, there is evidence that CMV may be trans-
mitted transplacentally as well 4'5 and that CMV may be carried in or on
sperm carried in seminal vesical fluids.6'7'8'9 Further support for possible
vertical transmission are experiments showing that female mice infected
with murine cytomegalovirus (MCMV) prior to conception produced fe-
tuses containing the genetic information from the same virus,'0 other ex-
periments showing MCMV DNA in mature sperm obtained from adult
athymic mice,"1 and in vitro evidence that MCMV affects fertilization.'2
We have now studied whether MCMV can replicate in reproductive

tissues of mice inoculated with virus at birth and then examined whether
the virus remains latent within the reproductive organs of these mice dur-
ing adult life.

Materials and Methods
Mice

Pregnant 2-3-month-old C3H/St mice (major H-2 alleles:kk) were purchased from L. C.
Strong Research Foundation, Del Mar, California.
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Virus

MCMV was obtained and passaged as previously described.'3",4 Newborn mice became
acutely infected after intraperitoneal (IP) inoculation with 100 TCID5O of tissue culture
passaged MCMV within 24 hours of birth and were nursed by their own mothers. Survi-
vors of this acute infection were considered latently infected (by published criteria 14"15).
In this model both the route of inoculation (IP) and use of tissue-culture-passed virus are
necessary to achieve a latent state.'6"7 Latency was determined by the inability to detect
infectious virus on tissue explants alone or tissue explants cocultivated with syngeneic
mouse embryo cells.

Infectivity Titers

Reproductive organs were removed from 8-12 mice killed at the ages of 1, 2, 3, or 4
weeks. After one wash with phosphate-buffered saline, separate tissues were immediately
dounce homogenized in 2 ml of Dulbecco's minimal essential medium containing 10%
fetal calf serum (DMEM). This solution was clarified by low-speed centrifugation, and the
supernatant was removed, diluted in DMEM, and plated in duplicate at 1 ml/well on 75-
85% confluent secondary mouse embryo fibroblast monolayers grown in Linbro plates con-
taining 24 wells. The fluid in these wells was aspirated, and the cells were fed with 1.5 ml
DMEM the following morning. For the next 7 days, the cytopathic effects were evaluated
and the TCID;, calculated.

Hybridization Kinetics Analysis

The methods used to prepare, purify, and label 3H-thymidine MCMV DNA have been
published.'3 5 DNA was extracted from pools of each type of organ taken from groups of
ten MCMV-infected mice sacrificed at appropriate ages. Pilot experiments indicated diffi-
culty in consistently recovering enough DNA from 1-2-week-old individual mice for all
assays. Hence, all studies were done on tissues harvested from groups. As controls, DNA
was obtained from the pooled organs of 2-month-old uninfected C3H/St mice containing
no antibodies to MCMV, which was determined by either complement fixation or immu-
nofluorescence assays. Cellular DNAs were extracted, sonicated, and hybridized in solu-
tion (0.48 M phosphate buffer at 65 C) at a concentration of 5 mg/ml with a trace amount
of 3H-thymidine-labeled MCMV DNA as described by Brautigam et al.'3 3H-labeled
MCMV DNA had a specific activity of 5 X 106 cpm/,ug and was present at a ratio of 1
viral genome/12 cellular haploid genome equivalents. Reactions were carried to a Cot of
30,000 mole-sec/l, or if not, to at least half of completion, and the reaction rate was ana-
lyzed at intervals by hydroxyapatite column chromatography.

In Situ Hybridization

Methods involved in transcription of complementary RNA (cRNA) with purified
MCMV DNA as a template and use of this cRNA for cytohybridization reactions have
been published.3"8"'9 Reactions were performed on 8-it-thick cryostat-cut sections of ova-
ries and testes taken at 1 week from mice infected with MCMV at birth. A single reaction
was performed on each of sequentially cut sections placed side by side on the same slide.
Controls run concurrently consisted of reactions performed on sectioned tissues from unin-
fected ovaries and testes and from uninfected and MCMV-infected secondary mouse em-
bryo fibroblast cells.

Stimulation of Follicular Development With Pregnant Mare Serum Gonadotropin (PMSG)
Fifteen female mice infected with MCMV at birth were inoculated intraperitoneally

with 5 IU PMSG as follows: 2 mice were inoculated on the fifth day after birth and killed 4
days later, 4 mice were inoculated on the sixth day after birth and killed 4 days later, 7
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TEXT-FIGURE 1-Quantitation by
MCMV DNA: murine DNA hybridiza-
tion kinetics. The average number of
viral DNA copies per cellular DNA
equivalent in DNA extracted weekly
from organs of mice infected at birth
with MCMV is shown. Curves for
spleen, kidney, and brain were similar
to that for the thymus and are not
shown.
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mice were inoculated on the seventh day after birth and killed 2 days later, and 2 mice were
inoculated on the 13th day after birth and killed 2 days later. Additionally, 3 mice were
inoculated with 10 IU PMSG on the fifth day after birth and killed 3 days later. (PMSG
was provided by Dr. B. Lasley, of the San Diego Zoo Research Division, San Diego, Cali-
fornia.)

Results

Viral DNA Levels in Neonatal Organs After Acute MCMV Infection

At increasing time periods after birth, the relative amounts of MCMV
DNA in different tissues harvested from mice infected at birth with
MCMV were studied by hybridization kinetics analysis. To obtain enough
tissue DNA for analysis, tissues from 10 mice were pooled. Examination of
the levels of MCMV DNA per cell in a variety of tissues from 1-week-old
mice showed that ovaries and testes harbored significantly more MCMV
DNA than did hearts, salivary glands, thymuses, livers (Text-figure 1),
brains, kidneys, and spleens (not shown). In repeated experiments with tis-
sues from 1-week-old mice, the ovaries harbored more than 27 viral DNA
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TEXT-FIGURE 2-Hybridization kinet-
ics analysis of the rate of reassociation
of 3H-labeled MCMV DNA in the
presence of DNA extracted from
pooled ovaries or testes from 1-week-
old MCMV-infected mice. Numbers of
genome copies per cell were calculated
from the half-Cot by comparison with
an assumed half-Cot of 3000 for the
mouse unique-sequence DNA, and
were corrected for the reassociation in
the presence of uninfected (negative
control) mouse DNA.
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genomes per cell, the testes 5-8 viral genomes per cell; but the other tis-
sues had no more than 1 viral DNA copy per cell. In tissue harvested from
3-week-old mice, the number of genomes of MCMV DNA found per ovar-

ian or testicular cell had decreased markedly. At this time the number of
MCMV DNA copies per reproductive cell was equivalent to amounts
found per cell in the spleen, liver, and kidney but less than that in the sali-
vary gland and heart and slightly more than that in the thymus (Text-fig-
ure 1). Text-figure 2 shows the raw data for Cot analysis on reproductive
tissues from 1-week-old MCMV-infected mice. Data from this and similar
experiments were used to plot Text-figure 1.

Infectivity Titers in Reproductive Tissues Closely Paralleled the Results Obtained From MCMV

DNA: Mouse DNA Hybridization Assays

Measuring infectivity in gonads from individual mice, we found the
highest viral titers in 1-week-old mice and a rapid decline thereafter.
Thus, the geometric mean infectivity titer of 1-week-old mice was 107
TCID,m per gram of tissue in ovaries and 106,2 in testes. In contrast, in ova-

ries and testes harvested from 3-week-old mice, no infectious virus was de-
tectable (<10 TCID5m).
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Localization of MCMV Replication to Specific Cell Types in Reproductive Tissues Harvested From
the Neonatal Mouse During Acute Infection

The finding of approximately 27 copies of MCMV DNA per ovarian
cell and 8 copies of MCMV DNA per testicular cell (Text-figure 1) by
DNA: DNA hybridization indicated the possibility of utilizing in situ hy-
bridization to localize the specific cells harboring MCMV DNA, although
viral inclusions were not observed in cells by histologic assay. With 3H-la-
beled cRNA transcribed from purified MCMV DNA, in situ cyto-
hybridization was performed on ovarian sections from 45 1-week-old mice
and testes from 5 1-week-old mice infected at birth with MCMV.

Examination of ovarian sections from infected mice consistently re-
vealed numerous grains over individual stromal cells and small groups of
such cells in the interstitial perifollicular region of the ovary, beneath the
tunica albuginea. These labeled cells were located just outside the central
follicular region composed of the oocyte-containing follicles (Figure 1).
When serial cryostat sections from each of a number of individual ovaries
were examined, we observed that labeled cells repeatedly appeared in the
same location from section to adjacent section (Figure 2), thus certifying
that the clustering of grains was not a matter of mere chance. Further,
grains were not detected over uninfected ovaries or uninfected mouse em-
bryo fibroblast cells but did occur over mouse embryo fibroblasts infected
with MCMV. The ovarian cells containing MCMV DNA were located in
the interstitial cell area of the ovary. Neither granulosa cells of the follicle
nor oocytes were labeled with the cRNA probe.
We then attempted to stimulate follicular development by adminis-

tering high doses of gonadotropin (PMSG). Even after several courses of
PMSG injections, we found no cRNA MCMV grains over developing fol-
licles or oocytes.

Cells in testes from 1-week-old mice were not differentiated sufficiently
to allow definitive identification of germ line cells among the other sup-
porting cells. Consequently only a small number of testes were examined
by in situ hybridization. We were able to find grains over epithelioid-like
cells external to the tunica albuginea (Figure 3).

Detection of MCMV Genome in Reproductive Tissues of Adult Mice Latently Infected With MCMV

The finding that MCMV replicated in cells of the ovaries and testes of
young mice suggested that the virus might possibly remain latent for pro-
longed periods in these tissues. To examine this possibility, we removed
ovaries and testes from 5-6-month-old C3H/St mice that had been in-
fected with MCMV since birth. These mice were latently infected and not
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shedding detectable MCMV as determined by criteria of Olding et al.4",5
Hybridization kinetic analysis was performed with a 3H-thymidine-labeled
MCMV DNA probe, and DNA was isolated from pools of 10 ovaries or 10
testes. In all three experiments done the MCMV genome was found above
reassociation background levels and detected at 2-5 viral genome equiva-
lents per 100 gonadal cells from infected mice. Hybridization to DNA
from infected ovarian and testicular tissues was 15% above background
controls. These levels of DNA approximate the levels previously observed
in lymphoid tissues 15 that harbor virus in a latent state. In contrast, the
viral genome was not detected in DNA obtained from ovaries or testes
from uninfected mice or DNA obtained from brain or thymus from
MCMV-infected mice.

Discussion

This study demonstrates that MCMV replicates at significantly higher
levels in the reproductive tissues of newborn C3H/St mice after acute in-
fection than in cells harvested from hearts, salivary glands, livers, thy-
muses, brains, spleens, or kidneys. Thus, 1 week after infection, approxi-
mately 27-fold more viral DNA copies were found in ovarian cells and 8-
fold more viral DNA copies in testicular cells than in cells harvested from
the other organs. The amount of virus carried in reproductive tissues
sharply declined thereafter, so that by 4 weeks after infection fewer DNA
viral copies per cell were found in reproductive tissues than in salivary
gland, heart, or liver tissues. Further, ovaries and testes harvested from
adult mice that had survived the acute infection apparently harbored low
levels of MCMV genome. The amount of viral genome carried per ovarian
and testicular cell varied from 2-5 MCMV gene equivalents per 100 cells
in these adults. This amount was 15% above background control levels
and was found in three separate experiments.

Next, to determine whether germ line cells found within the reproduc-
tive tissues contained MCMV DNA, we used in situ hybridization with a
MCMV cRNA probe. In ovaries of 1-week-old infected mice, we found
MCMV DNA localized within investing stromal cells at a distinct zone
peripheral to the central region containing the follicles but interior to the
tunica albuginea. In multiple sections studied from numerous ovaries, we
were unable to detect viral DNA in oocytes. Even after gonadotropin was
injected to induce follicular development, no evidence of the viral gen-
ome was apparent in female germ line cells. With our present technology
we are unable to determine whether some cells that did not become la-
beled contained MCMV DNA at amounts below the limit of detection.
Owing to the immaturity of the testicular cells in 1-week-old mice, we



Vol. 98, No. 1 MURINE CYTOMEGALOVIRUS REPLICATION 219
January 1980

were unable to determine whether MCMV replicated in male germ line
cells.

Recently Dutko and Oldstone " used in situ hybridization assays on tes-
ticular sections and solution hybridization of purified sperm from testes of
adult nude athymic CBA mice and found evidence of MCMV replication
in male germ line cells. This finding, in association with our data that
MCMV viral DNA lingers in reproductive organs, marks these tissues, as
well as splenic B lymphocytes,'4 peritoneal macrophages,13 and salivary
glands,20 as another potential area for the harboring of latent virus. Fur-
ther, the MCMV in germ line cells of the male reproductive system 11

could account for the possible maintenance or spread of virus by vertical
transmission, although there is no information yet as to whether such
sperm are lytically infected.

References
1. Reynolds DW, Stagno S, Stubbs KG, Dahle AJ, Livingston MM, Saxon SS, Alford

CA: Inapparent congenital cytomegalovirus infection with elevated cord IgM lev-
els: Causal relation with auditory and mental deficiency. N Engl J Med 290:291-296,
1974

2. Weller TH: The cytomegaloviruses: Ubiquitous agents with protean clinical mani-
festations (Part 1). N Engl J Med 285:203-214, 1971

3. Weller TH: The cytomegaloviruses: Ubiquitous agents with protean clinical mani-
festations (Part 2). N Engl J Med 285:267-274, 1971

4. Davis LE, Tweed GV, Stewart JA, Bernstein MT, Miller GL, Gravelle CR, Chin
TDY: Cytomegalovirus mononucleosis in a first trimester pregnant female with
transmission to the fetus. Pediatrics 48:200-206, 1971

5. Diosi P, Babusceac L, David C: Cytomegalovirus type cytopathic changes in spon-
taneously degenerating human embryonic cell cultures. Nature (London) 214:419-
420, 1967

6. Lang DJ, Kummer JF: Demonstration of cytomegalovirus in semen. New Engl J
Med 287:756-758, 1972

7. Lang DJ, Kummer JF: Cytomegalovirus in semen: Observations in selected popu-
lations. J Inf Dis 132:472-473, 1975

8. Pagano JS: Diseases and mechanisms of persistent DNA virus infection: Latency
and cellular transformation. J Inf Dis 132:209-223, 1975

9. Pagano JS, Hluang E-S: The application of RNA-DNA cytohybridization to viral di-
agnostics, Viral Immunodiagnosis. Edited by E Kurstak, R Morisset. New York, Aca-
demic Press, 1974, pp 279-299

10. Chantler JK, Misra V, Hudson JB: Vertical transmission of murine cytomegalovirus.
J Gen Virol 42:621-625, 1979

11. Dutko FJ, Oldstone MBA: Murine cytomegalovirus infects spermatogenic cells.
Proc Natl Acad Sci (USA) 76:2988-2991, 1979

12. Neighbor PA, Fraser LR: Murine cytomegalovirus and fertility: Potential of sexual
transmission and the effect of this virus on fertilization in vitro. Fertil Steril
30(2):216-222, 1978

13. Brautigam AR, Olding LB, Dutko FJ, Oldstone MBA: Pathogenesis of murine cyto-
megalovirus infection: The macrophage as a permissive cell for cytomegalovirus in-
fection, replication and latency. J Gen Virol 44:349-359, 1979



220 BRAUTIGAM AND OLDSTONE American Journal
of Pathology

14. Olding LB, Jensen FC, Oldstone MBA: Pathogenesis of cytomegalovirus infection:
I. Activation of virus from bone marrow derived lymphocytes by in vitro allogenic
reaction. J Exp Med 141:561-572, 1975

15. Olding LB, Kingsbury DT, Oldstone MBA: Pathogenesis of cytomegalovirus infec-
tion: Distribution of viral products, immune complexes and autoimmunity during la-
tent murine infection. J Gen Virol 33:267-280, 1976

16. Dutko F, Oldstone MBA: Unpublished observations
17. Jordan C: Unpublished observations
18. Huang E-S, Chen S, Pagano JS: Human cytomegalovirus: I. Purification and

characterization of viral DNA. J Virol 12:1473-1481, 1973
19. Huang E-S, Kilpatrick BA, Huang Y-T, Pagano JS: Detection of human cyto-

megalovirus and analysis of strain variation. Yale J Biol Med 49:29-43, 1976
20. Jordan MC: Murine models of cytomegalovirus latency, ICN-UCLA Symposia on

Molecular and Cellular Biology. Vol 11, Persistent Viruses. Edited by JG Stevens, GJ
Todaro, CF Fox. New York, Academic Press, 1978, pp 805-810

Acknowledgments
The authors thank Kurt Benirschke, Clark Huang, and David T. Kingsbury for their interest and

support and Laura Taxel for secretarial help.



4.

e.

Of

Figure 1- In situ hybridization of sections from ovaries of 2 1 -week-old MCMV-infected
mice. Grains appear over cells in the layer peripheral to the follicular region but inside the
tunica albuginea. A-Single large follicle seen at left. The tunica albuginea is the light col-
ored band of cells at right, clearly demarcated from the investing cell layer. No grains are
noted over follicular area. B-Portions of several follicles are seen at far left; external to
these is the zone of investing stromal cells (center) that surrounds the follicular region.
The tunica albuginea is seen at the right and has separated from the investing cell layer in
one area. The white region in the lower right corner is external to the ovary. Again, no
grains are noted over follicular cells. (x566)
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Figure 2-Two serial sections from the ovary of a 1 -week-old MCMV-infected mouse
were placed side by side on a slide and hybridized in situ. Both photos show the same
region. At left, follicle. Center, investing cell layer with 3H-thymidine label over cells.
Right, tunica albuginea. (x893)
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Figure 3-Adjacent serial sections from a testis of a 1-week-old MCMV-infected mouse. A
single in situ hybridization reaction was performed on both sections. The same region is
shown in both photos and grains are seen over corresponding cells at the right of center
in both. Left, immature testicular cells. Center, tunica albuginea. Right, germinal epithe-
lium. Clear area at far right, external to the testis. (x893)
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