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Marrow-Dependent Cells Depleted by 89Sr Mediate Genetic
Resistance to Herpes Simplex Virus Type 1 Infection in Mice
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Adult mice resistant to infection with 106 plaque-forming units of a virulent
strain of herpes simplex virus type 1 were treated with 89Sr to abrogate marrow-
dependent cell functions. Treated mice were found to be much more susceptible
to the herpes simplex virus type 1 infection than untreated mice. The virus
persisted in the visceral tissues of 'Sr-treated mice for 3 or more days postinfec-
tion but not in those of untreated mice. The virus also spread to the spinal cords
of treated but not untreated mice. A marrow-dependent cell appeared to mediate
resistance to herpes simplex virus type 1 by controlling the infection early after
inoculation and not allowing the infection to spread to the central nervous system.

The immunobiology and genetics of resistance
to infection with herpes simplex virus type 1
(HSV-1) and resistance to transplants of alloge-
neic or incompatible bone marrow have many
similar properties. These include the following:
(i) strain distribution of resistant and susceptible
mice (4, 5, 12); (ii) regulation of resistance by
two independent dominant genes not linked to
the major histocompatibility complex (4, 13);
(iii) genetic resistance, a property ofhemopoietic
cells as determined by marrow cell transfer ex-
periments (5, 13); (iv) maturation of resistance
at 3 weeks of age (5, 8); and (v) genetic resistance
impaired in each case by macrophage poisons
(13, 15, 21). In addition, studies by Bennett (1)
have shown that resistance to allogeneic marrow
is a marrow-dependent trait as the treatment of
mice with 89Sr abrogates this resistance. 89Sr
treatment of mice reduces a marrow-dependent
cell (M cell) function without impairing the ca-
pacity of the host to reject skin grafts or make
antibody in response to antigenic challenge (2).
We report here that the depletion of M cell
function by the treatment of adult, resistance
mice with 'Sr also abrogates genetic resistance
to HSV-1. The M cell appears to mediate resist-
ance by controlling HSV-1 infection during the
first 3 days postinfection and not allowing the
virus to reach the central nervous system.

MATERIALS AND METHODS
Mice. (C57BL/6 x DBA/2)Fi (BDF1) mice were

obtained from The Jackson Laboratories, Bar Harbor,
Maine. These mice were injected intravenously with
100 /Ci of 'MSr (Oak Ridge National Laboratory, Oak
Ridge, Tenn.) on each of two separate occasions 4
weeks apart and were used in these experiments 1 to
2 months after the last injection. BDF1 mice of the

same age (3 to 4 months) and sex served as controls.
Virus. HSV-1 strain 2931 (12) was used throughout

these studies. This virus was propagated on Vero cell
monolayers and quantitated on the same cells by the
plaque assay (12). HSV-1 (2931) was inoculated intra-
peritoneally. Various tissues (brain, spinal cord,
spleen, liver, and kidney) were harvested at various
times post-inoculation (PI) for histopathological ex-
amination and for quantitation of the virus. Tissues
were fixed in Bouin fixative and stained with hema-
toxylin and eosin. A portion of each tissue was used to
make a 10 or 20% (wt/vol) suspension in Dulbecco-
modified Eagle media. After grinding in a morter with
pestle and sterile sand, the suspensions were clarified
by centrifugation at 300 x g for 20 min and stored
frozen (-70°C) until quantitated. Monolayers of Vero
cells in small (35 x 10 mm) petri dishes were inoculated
to determine the number of plaque-forming units
(PFU) per gram of tissue. At least two and usually
three or four mice were harvested for each datum
point. The virus concentration was determined for
each tissue from each mouse. When the tissues from
more than one mouse in a group of two to four mice
contained HSV-1, the logs of the concentrations were
used to develop a mean virus concentration and stan-
dard deviation.
Immunofluorescence. Tissues, which were to be

evaluated for HSV-1 antigen by the immunofluores-
cence technique, were snap frozen in isopentane and
Dry Ice, embedded in 1% gelatin, and sectioned with
a cryostat. Sections were flooded for 30 min at 370C
with antisera with a high neutralizing antibody titer
(1:64) to HSV-1, after adsorption with either HSV-1-
infected cells or -uninfected Vero cells. After thorough
washing in two changes of cold phosphate-buffered
saline, the sections were flood with fluorescein isothi-
ocyanate-labeled anti-human gamma globulins (Hy-
land Laboratories, Inc., Costa Mesa, Calif.) for 30 min
at 37°C. After thorough washing, the slides were dried,
and the sections were covered with glycerol-phos-
phate-buffered saline and a cover slip. Sections were
viewed with a Leitz orthoplan microscope.
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RESULTS
89Sr-treated and untreated BDF1 mice were

inoculated with 106, 105, or 104 PFU of HSV-1
(2931) and observed for resistance over a 3-week
period. As expected (12), the untreated BDF1
mice were resistant to as much as 106 PFU of
this virulent strain of HSV-1. All 89Sr-treated
mice inoculated with as little as 103 PFU of
HSV-1 (2931) succumbed to the infection. More-
over, the 'Sr-treated mice died at 5 to 7 days PI
and at the same time PI that the genetically
most susceptible mice usually died. The 'Sr-
treated mice often died before signs of the infec-
tion were noted. Others, however, demonstrated
the typical hind leg paralysis and "humpback"
appearance before death (12, 20).
Three additional groups of 'Sr-treated and

untreated BDF1 mice were inoculated with
HSV-1 (2931) for a histopathological study, for
a study of the distribution of the virus in the
tissues of these mice, and for an immunofluores-
cent study of virus antigen in spinal cord tissue.
Histopathological studies. Spleens, livers,

brains, spinal cords, and kidneys of 89Sr-treated
and untreated BDF1 mice inoculated with 105
PFU of HSV-1 (2931) were harvested at 3 to 5
days PI. When compared with tissues from un-
treated mice either inoculated with HSV-1 or
not, the tissues of the 89Sr-treated, HSV-1-in-
oculated mice were indistinguishable. Specifi-
cally, cytological evidence of damage to liver,
spinal cord, or brain tissues of 89Sr-treated, HSV-
1-infected mice was minimal or undetectable.
Pathogenesis studies. 89Sr-treated and un-

treated mice were inoculated with either 105 or
103 PFU of HSV-1 (2931) and were sacrificed at
1, 3, or 5 days PI. Spleen, liver, kidney, spinal
cord, and brain tissues were harvested for quan-
titation of the virus in each tissue (Table 1). In
mice inoculated with 105 PFU, HSV-1 persisted
on days 3 and 5 PI in the spleen and liver tissues
only of the 'Sr-treated mice, whereas the virus
persisted in the kidney tissues of treated and
untreated mice. Similarly, in mice inoculated
with 103 PFU of HSV-1 (2931), the virus per-
sisted in the spleen, liver, and kidney tissues on
day 5 PI but did not persist in the tissues of
untreated mice. In addition, HSV-1 was isolated
from the spinal cord tissues of 4 out of 5 and
from the brain tissues of 2 out of 5 89Sr-treated
mice but not from spinal cord tissues of un-
treated mice (Table 1). One plaque, typical of
HSV-1, was found in the brain tissue of one
untreated, HSV-1-infected mouse. It was of in-
terest to us that HSV-1 could be isolated from
the spinal cord tissues of 89Sr-treated, HSV-1-
infected mice, whereas the same tissues demon-
strated minimal histopathological evidence of

infection. An additional experiment was carried
out with the indirect immunofluorescence test
to localize virus antigen in spinal cord tissues.
Immunofluorescence. The spinal cords

were harvested from two 'Sr-treated and two
untreated BDF1 mice at 6 days PI with 106 PFU
of HSV-1 (2931). Sections were stained with an
antiserum with a high neutralizing antibody titer
to HSV-1 after adsorption with either HSV-1-
infected cells or uninfected Vero cells. Only the
spinal cord tissues from the two 89Sr-treated
mice demonstrated fluorescense with the Vero
cell-adsorbed antisera but not (or very little)
with the HSV-1-adsorbed antisera (Fig. 1).
Spinal cord tissues from untreated mice were
uniformly negative. The immunofluorescence
was found either as brightly fluorescing, large
individual cells scattered throughout the tissue
or as patches of fluorescing cells (Fig. 1). Since
little histopathological evidence of infection had
been seen earlier, sections demonstrating fluo-
rescence were subsequently fixed for staining
with hematoxylin and eosin. Although the qual-
ity of the preparation was compromised by the
preparation procedures, there was clearly little
evidence of the characteristic myelitis usually
found in HSV-1-infected mice (20).

DISCUSSION
These data support the hypothesis that M

cells function in an important way to prevent
fatal HSV-1 infections of mice. Treatment of
mice with the bone-seeking isotope, 'Sr, chron-
ically irradiates the bone marrow with high-en-
ergy beta particles and causes aplasia. The
spleen takes over stem cell functions of the body
and provides B cells, T cells, and accessory (mac-
rophage) cells necessary for antibody responses
and cell-mediated immune responses (2). How-
ever, mice treated with 'Sr lose genetic resist-
ance to bone marrow allografts (1, 2), genetic
resistance to the leukemogenic and immunosup-
pressive effects of Friend erythroleukemia virus
(2, 11), and resistance to early stages of infection
with the facultative intracellular bacterium, Lis-
teria monocytogenes (2). On the other hand, M
cells do not function to resist the extracellular
organism Yersina pestis (2). In addition, 89Sr
treatment decreases natural killer cell function
(7), and M cells appear to restrict the function
or numbers of suppressor cells or both (11, 17).
It thus appears that the M cell system plays a
central role in the defense of the host against
various microorganisms.
Our study of the pathogenesis of HSV-1 (2931)

infection of 'Sr-treated mice indicates that the
virus persists in spleen and liver tissues of 89Sr-
treated but not untreated mice. In addition, the
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TABLE 1. Isolation ofHSV-1 from tissues of "9Sr-treated and untreated mice inoculated with 103 or 105
PFU ofHSV- 1 (2931)"

HSV-lh isolated at days PI
Tissue

1 3 5

105 PFU inoculum
Spleen

Untreated
'9Sr-treated

Liver
Untreated
59Sr-treated

Kidney
Untreated
"9Sr-treated

103 PFU inoculum
Spleen
Untreated
'9Sr-treated

Liver
Untreated
"9Sr-treated

2/3 (3.75 ± 1.6)
3/3 (2.96 ± 2.1)

3/3 (3.55 + 1.11)
3/3 (2.88 ± 2.08)

ND'
ND

ND
ND

ND
ND

0/3
1/3 (2.3)

0/3
1/3 (2.48)

1/3 (3.48)
2/3 (2.02 ± 0.03)

ND
4/4 (2.92 ± 0.53)

ND
3/4 (2.0 ± 0.61)

0/2
2/2 (2.37 ± 0.76)

0/2
2/2 (2.2 ± 1.01)

1/2 (2.85)
2/2 (3.12 ± 0.49)

0/2
4/5 (2.7 ± 0.53)

0/2
3/5 (2.8 ± 1.2)

ND
3/4 (3.14 ± 0.24)

ND
0/4

ND
0/4

0/2
4/5 (>>4.0)

0/2
4/5 (2.48 ± 1.3)

1/2 (0.84)d
2/5 (1.73 ± 0.37)

" Tissues were harvested at 1, 3, or 5 days PI.
' Number of tissues positive out of total tested. Numbers in parentheses represent the mean log of virus

concentration per gram of tissue ± the standard deviation.
'ND, Not done.
d 1 PFU found.

virus was detected in the spinal cords of 89Sr-
treated mice (6 out of 7; 4 out of 5 by virus
isolation and 2 out of 2 by immunofluorescence)
but not in the spinal cords of untreated mice (O
out of 4; 2 by virus isolation and 2 by immuno-
fluorescence). Lastly, HSV-1 was isolated from
2 out of 5 brain tissues of '9Sr-treated mice,
whereas only 1 PFU was found in brain tissues
of two untreated mice. These studies thus indi-
cate that the result of the abrogation of M cell
function in HSV-1-infected mice is that the viral
infection persists in the visceral tissues and trav-
els to the spinal cord. The latter is probably
accomplished via the nervous system rather
than hematogenously as much less virus was

found in brain tissue. The M cell system is
therefore apparently responsible for clearing the

viral infection during the early stages of infection
and not allowing it to spread into or through the
nervous system. In this regard, it is interesting
to note that Minato et al. (18) have recently
found that natural killer cells, also thought to be
related to the M cells (10), play an important
role in resistance to persistent virus infections.
Further support for this conclusion is our recent
finding of low natural killer cell function in pa-
tients with severe, recurrent herpesvirus infec-
tions (3).
There are similarities between the M cell and

the macrophage which suggest that they may be
the same or closely related cells. For example,
the functions of both of these cells are dimin-
ished after in vivo treatment with silica particles
(15) and carrageenan (6), both are relatively

ND
ND

Kidney
Untreated
"9Sr-treated

Spinal cord
Untreated
"5Sr-treated

Brain
Untreated
"9Sr-treated

ND
ND

ND
ND
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FIG. 1. HSV-1-specific fluorescence demonstrated
in frozen section of spinal cord tissue of 'sSr-treated,
HSV-1-infected mouse. Spinal cord tissue was har-
vested from 89Sr-treated mouse at 6 days PI with l(P
PFU of HSV-1. The tissue was snap frozen and
sectioned with a cryostat, and the sections were fixed
in cold acetone. Specificity was determined by ab-
sorption of the activity with HSV-1-infected cells but
not with uninfected Vero cells.

resistant to gamma irradiation (5), and both
have been associated with resistance to L. mon-
ocytogenes (2, 16) and HSV-1 (8, 9, 21) infec-
tions. There are, on the other hand, arguments
against their being the same cell as follows, (i)
'9Sr treatment of mice abrogates resistance to L.
monocytogenes and HSV-1 without affecting the
humoral or cell-mediated immune capacities (2)
and, therefore, without severely diminishing the
accessory cell function of the macrophage; (ii)
"9Sr treatment of mice abrogates resistance but
does not result in necrotizing hepatitis after in-
fection with HSV-1, whereas even small doses of
silica (3 mg), a macrophage poison, result in liver
lesions after infection with HSV-1 (19); and (iii)
although the capacity of macrophages to restrict
HSV-1 replication has been shown to play a

major role in the defense against infection in the

adult versus the newborn mouse (9), comparable
studies of genetically resistant versus susceptible
mice indicate that this macrophage function
does not segregate with resistance and cannot
account for such defense (14). These studies, in
summary, suggest that, although the M cell and
the macrophage are probably not the same cell,
they may be related or interact with each other
in natural resistance systems.
The relative lack of the classical histopatho-

logical finding of myelitis in the spinal cord
tissues of '9Sr-treated, HSV-1-infected mice was
unexpected. It is possible that such a response
might require more time to develop than was
allowed in this study. It is also possible that
abrogation ofM cell function might have dimin-
ished the inflammatory response often found
with the viral infection.
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