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Persistent infection of C3H/St mice with lymphocytic choriomeningitis virus (LCMV) strain Armstrong leads
to disordered growth and hypoglycemia. Both host and viral determinants contribute to this growth hormone
(GH) deficiency syndrome (GHDS). Development of the GHDS correlates with the virus’s ability to replicate
in the GH-producing cells and cause reduced levels of GH synthesis. LCMV strain WE infects few GH-
producing cells and does not cause GHDS in C3H/St mice. We show here that clonal variants isolated from the
GHDS-nil WE population are able to replicate at high levels in GH-producing cells and cause GHDS in C3H/St
mice. These variants are stably maintained, but phenotypically silent, within the GHDS-nil WE population.

Viruses can establish persistent infections in the absence of
cytolysis and inflammation, the classic hallmarks of virus infec-
tion (1, 8). Such nonlytic persistent infections may interfere
with specialized cell functions, disturbing host homeostasis,
and cause disease (8, 15). We have documented that C3H/St
mice infected at birth with lymphocytic choriomeningitis virus
(LCMV) develop a persistent infection that is associated with
a growth hormone (GH) deficiency syndrome (GHDS) (18).
This syndrome is manifested as retarded growth and marked
hypoglycemia which is most often fatal (18). These symptoms
are associated with a high viral load in the GH-producing cells
of the anterior pituitary, but neither tissue nor cellular struc-
tural damage is observed even though GH mRNA and protein
levels are significantly diminished in pituitary glands of in-
fected mice (17, 18, 29). This virally induced reduction in GH
synthesis is due in part to altered activity of the GH transac-
tivator GHF1 (Pit-1) caused by LCMV infection of GH-pro-
ducing cells (7).
Both host genetics and viral determinants contribute to the

development of GHDS (16, 28). LCMV, the prototype of the
arenaviruses, has a bisegmented negative-strand RNA genome
(4). The large (L) RNA encodes the putative viral polymerase
and a small polypeptide (Z) of unknown function (22, 23),
while the small (S) RNA encodes the viral glycoprotein (GP)
and nucleoprotein (NP) (20, 26). Genetic studies using reas-
sortant viruses between strains of LCMV which do or do not
cause GHDS mapped the ability to cause this disorder to the S
RNA (19). However, the numerous amino acid substitutions
within the S RNA between LCMV strains differing in their
abilities to cause GHDS prevented more detailed analysis of
the viral determinants responsible for the disease (26).
The isolation and characterization of viral variants which are

genetically closely related but phenotypically distinguishable in
regard to the trait under study provide valuable information
about the relationship between sequence and function of the
viral determinants contributing to the viral phenotype under
study. Because of extremely high mutation frequencies per
genome site, even cloned populations of RNA viruses consist
not of a single genome species but rather of heterogeneous
mixtures of genetically closely related genomes (quasispecies)
(10–12). Thus, we reasoned that clonal analysis of the GHDS-
nil WE parental population, designated WE, might uncover
variants differing in their abilities to cause this disorder despite
having very similar genome sequences. Here, we describe the
isolation and biological characterization of clonal variants iso-
lated from within the same GHDS-nil WE parental population
which do or do not cause this disorder. WE clonal variants that
caused GHDS were able to replicate at high levels in the
GH-producing cells of the anterior pituitary, an ability which
was associated with decreased steady-state levels of GH
mRNA and protein.
To examine whether viral variants able to cause GHDS were

present within the GHDS-nil WE parental population of
LCMV, we isolated 61 virus clones from this population by
plaque purification. These clones were then tested for the
ability to cause GHDS upon inoculation into neonatal C3H/St
mice. Mice infected with WE parental population grew simi-
larly to mock-infected controls in terms of body weight and
body length and had an equivalent rate of survival (Fig. 1). The
majority of clones isolated from the WE parental population
(58 of 61) displayed a phenotype similar to that of WE clone 54
(WE c54) (19); they neither markedly impaired the develop-
ment of nor caused early death in infected C3H/St mice (Fig.
1). In contrast, 3 of the 61 clones, represented by WE c2.5,
caused marked growth retardation upon intracerebral inocu-
lation into C3H/St neonates compared with mock- and WE-
infected mice (Fig. 1). In addition, WE c2.5-infected animals
all died within 30 days postinfection, with the majority (70%)
dying by day 15 (Fig. 1). Therefore, variants with the ability to
cause marked growth retardation and rapid death, the hall-
marks of GHDS, were present at a proportion of approxi-
mately 1 in 20 (5%) within the GHDS-nil WE parental popu-
lation.
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Another characteristic of LCMV-induced GHDS is severe
hypoglycemia, which likely is responsible for the death of the
infected animals (18). We measured the blood glucose levels

of C3H/St mice infected with the prototypic virus clones WE
c54 and WE c2.5. WE c54, which did not significantly affect the
development of infected mice (19) (Fig. 1), also did not cause
hypoglycemia, similar to infection with the WE parental strain
(Table 1). However, WE c2.5, which caused marked growth
retardation and death, induced a dramatic and significant (P,
0.0001, Student’s t test) decrease in blood glucose levels com-
pared with both WE- and mock-infected controls (Table 1).
Thus, WE c54 and WE c2.5 differ in the ability to cause hypo-
glycemia in neonatal C3H/St mice. This difference was unlikely

due to a difference in overall levels of infection, since serum
virus titers were similar in infected mice from all groups (Table
1).
We have shown that the ability of LCMV to induce GHDS

correlates with its ability to infect the GH-producing cells in
the anterior lobe of the pituitary (16, 19). To examine whether
this correlation occurred with the WE clones, pituitaries iso-
lated from infected C3H/St mice were analyzed by two-color
immunofluorescence for expression of viral antigens and GH.
WE clones that did not cause GHDS, like WE c54, replicated
poorly in the GH-producing cells in the pituitaries of infected
mice (Fig. 2), with less than 15% of GH-positive cells staining
positive for LCMV antigens. In contrast, a high viral load was
observed in pituitary glands isolated from WE c2.5-infected
mice. Greater than 95% of the GH-producing cells in these
pituitaries expressed LCMV antigens (Fig. 2). This level is
equivalent to that seen in LCMV Armstrong 53b-infected an-
imals that also develop GHDS (18).
LCMV replication in GH-producing cells produces de-

creases in the amounts of both steady-state mRNA and protein
synthesis of GH (13, 18, 29). Therefore, we analyzed the levels
of GH mRNA and protein in the pituitaries of mice infected
with the WE clones. We used an RNase protection assay
(RPA) to examine the levels of GH and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) RNAs in the pituitaries
of infected mice. GH RNA levels were similar among mock-,
WE-, and WE c54-infected mice (Fig. 3A, lanes 1 to 3). How-
ever, significantly lower levels of GH RNA were seen with
pituitary RNA prepared from WE c2.5-infected mice (Fig. 3A,
lane 4). Quantitation of the RPA showed that GH RNA levels
were approximately fivefold lower in WE c2.5-infected mice
than in mock-infected controls (Fig. 3B). In contrast, GAPDH
RNA levels were similar between mock-infected and mice in-
fected with the original WE parental population or WE c54
and WE c2.5 clones (Fig. 3B). The decrease in GH RNA in
WE c2.5-infected mice was reflected in the amount of GH
protein synthesized. Figure 3C shows Western blots (immuno-
blots) of pituitary extracts for GH and prolactin (PL). Again,
WE or WE c54 infection did not affect the amount of GH in
pituitary glands (Fig. 3C, lanes 2 and 3), while WE c2.5 infec-
tion markedly decreased GH protein levels in pituitary glands
(Fig. 3C, lane 4). This effect was specific for GH, since the
levels of PL were comparable between the different samples
(Fig. 3C). As with other strains of LCMV that cause GHDS
(17, 18), WE c2.5 did not infect PL cells in the pituitary glands
of C3H/St mice. Densitometric quantitation of the Western
blot revealed approximately a 2.5-fold decrease in the amount
of pituitary GH due to WE c2.5 infection compared with con-
trols. Quantitative determination by radioimmunoassay of the
amount of GH present in pituitaries of mock- and virus-in-
fected mice were consistent with Western blot results (Fig.
3D). Thus, the levels of GHmRNA and protein in the pituitary
are reduced significantly by infection of neonatal C3H/St mice
with WE c2.5, whereas infection with WE or WE c54 had little
effect on pituitary GH synthesis.
Several gene products synthesized by the liver and brain play

a central role in the regulation of GH synthesis and glycemia.
Moreover, the liver is the organ mainly responsible for pro-
duction of glucose. Therefore, differences in the ability to rep-
licate in these tissues could contribute to the phenotypic dif-
ferences between WE variants regarding the GHDS. Both WE
variants that caused and those that did not cause GHDS were
able to replicate at high levels in the brains of C3H/St mice, as
determined by Northern (RNA) blot hybridization (not
shown). Consistent with this finding, brains isolated from these
mice had similar amounts of infectious virus, as indicated by

TABLE 1. Serum glucose levels and virus titers in 15-day-old C3H/
St mice infected since birth with LCMV WE parental population

and variants WE c54 and WE c2.5a

Infection
Blood
glucose
(mg/dl)

Serum
viremia (PFU/
ml, 105)

Virus titer (PFU/g)

Brain Liver

Mock
WE 121 6 25 8.0 6 3.0 (7.0 6 2.0) 6 105 (4.0 6 2.0) 6 105

WE c54 134 6 19 7.5 6 4.0 (1.0 6 0.8) 6 106 (6.0 6 2.0) 6 103

WE c2.5 34 6 10 2.1 6 0.7 (8.0 6 3.0) 6 105 (7.5 6 2.5) 6 105

a Values of serum glucose levels represent averages 6 standard deviations for
eight infected mice. Virus titers in serum, brain, and liver correspond to aver-
ages 6 standard deviations obtained with five infected mice per group. Virus
titers were determined by plaque assay on Vero cells (16). Blood glucose levels
were determined by using Chem Strip bG (Boehringer Mannheim, Indianapolis,
Ind.) and read in an AccuChek II monitor (Boehringer Mannheim).

FIG. 1. Body weight, length, and survival of C3H/St mice persistently in-
fected with the LCMVWE parental population and WE c54 and WE c2.5 clonal
variants. Values correspond to the means and standard errors of 30, 25, 35, and
30 mice for mock-infected (MOCK INF), and WE-, WE c2.5-, and WE c54-
infected mice, respectively. Body weight and length measurements and blood
collection to determine glucose levels were taken at approximately the same hour
of the day (5:00 p.m.) to minimize differences due to circadian rhythms.
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the similar titers determined by plaque assay (Table 1). In
contrast, WE c54 was unable to replicate in the livers of
C3H/St mice to the same high levels as WE c2.5, and viral titers
in the livers of the WE c54-infected mice were also significantly
lower than titers in the livers of WE- or WE c2.5-infected
animals (Table 1). However, infection of C3H/St mice with the
WE parental population did not lead to the development of

GHDS despite high levels of viral replication in the livers of
infected mice (Table 1). This finding led us to investigate
whether variants like WE c2.5 were preferentially selected in
the livers of C3H/St mice infected with the WE parental pop-
ulation. For this purpose, we examined whether liver homoge-
nates from WE-infected C3H/St mice could induce GHDS.
C3H/St mice inoculated at birth with liver homogenate from
WE-infected C3H/St mice developed GHDS symptoms and
expressed high levels of viral antigen in the anterior pituitary
(Fig. 4A), which was associated with reduced levels of GH
mRNA synthesis (Fig. 4B). In contrast, C3H/St mice inocu-
lated at birth with brain homogenates of WE-infected C3H/St
mice, or with brain or liver homogenates prepared from mock-
infected C3H/St mice, did not develop GHDS.
Our data demonstrate that clonal isolates of the same pa-

rental clonal virus population can differ markedly in their phe-
notypes in vivo. Because of the high mutation rates operating
during RNA virus genome replication (10–12), variants are
generated continuously during LCMV persistent infection in
C3H/St mice. It might therefore seem paradoxical that a het-
erogeneous population such as the LCMV WE parental pop-
ulation can maintain a stable GHDS-nil phenotype during its
replication in C3H/St mice. We need to consider that specific
tissue and cell host factors may favor virus population stability,
as well as selection of particular variants within the population
(2, 12). In C3H/St mice infected with the WE parental popu-
lation, most of the infected tissues may provide a rather con-
stant environment where selection for fit sequences prevents
dominance and phenotypic expression of WE c2.5-like se-
quences already present within the original WE parental pop-
ulation (10–12). A selective advantage for replication in liver
may favor a preferential accumulation of variants like WE c2.5
in this tissue in WE-infected mice. However, this selection did
not lead to GHDS, a finding consistent with the requirement of
virus replication in GH-producing cells of the anterior pituitary
for the development of GHDS (17, 18).
The molecular bases underlying WE c54 limited replication

in the liver of C3H/St mice remain to be determined. Because
of the complex dynamics of interactions among RNA species
replicating within a viral quasispecies, the relative levels at
which variants are present within the population may deter-
mine their fate in the infected host. Thus, variants of vastly
superior fitness could not rise to dominate its diverse quasi-

FIG. 2. Immunofluorescence analysis of pituitary glands from infected mice. Photomicrographs show representative fields of pituitaries stained for viral antigen by
using a guinea pig antiserum to LCMV followed by a fluorescein-coupled secondary antibody. Double labeling was performed with an anti-GH antibody followed by
a Texas red-coupled secondary to determine the percentage of GH-producing cells infected by LCMV. MOCK INF, mock infected.

FIG. 3. Pituitary steady-state levels of GH mRNA and protein in infected
mice. (A) Steady-state levels of GH mRNA. Total RNA (5) isolated from
pituitaries of mock-, WE-, WE c54-, and WE c2.5-infected C3H/St mice was
analyzed by RPA using specific antisense 32P-RNA probes for GH and GAPDH.
The RPA was conducted as described previously (27). Protected 32P-RNA sam-
ples were analyzed by electrophoresis in denaturing polyacrylamide gels. (B)
Quantitation of RNA levels from panel A. Levels of protected 32P-RNA samples
were directly quantitated on dried gels by using a PhosphorImager (Molecular
Dynamics, Sunnyvale, Calif.). Values were normalized to those for mock-in-
fected C3H/St mice (lane 1). (C) Western blot of pituitary whole protein extracts
from mock- and virus-infected mice. Pituitaries were collected and whole protein
extracts were prepared as described above. Equivalent amounts of protein sam-
ples were separated by SDS-PAGE (14) and analyzed by Western blotting using
specific antibodies for GH and PL. (D) Quantitation of GH levels. Pituitary (Pit)
GH levels in mock- and virus-infected C3H/St mice were determined by radio-
immunoassay as described previously (24).
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species progenitor population of lower mean fitness unless
they reached a critical threshold level (6). WE and WE c54
quasispecies may represent two very different distributions of
RNA species. WE c2.5-like sequences could be present within
the WE c54 quasispecies at a frequency significantly lower than
that in the original WE parental population, i.e., below the
critical threshold level required for its selection in the liver of
WE c54-infected C3H/St mice.
Given the quasispecies structure of RNA virus populations,

all possible single and double genome site mutations are likely
present within an infected host (11). Recently, we have ob-
tained evidence that the ability of WE c2.5 to cause GHDS
correlates with a single amino acid change in the viral glyco-
protein (27). This finding, together with other well-docu-
mented examples (3, 9, 21, 25), illustrates that drastic pheno-
typic changes are frequently due to one or only a few
substitutions in the viral genome. Therefore, a plethora of
variants with the potential for causing different pathologies are
likely to coexist within the same infected host. Specific tissue
and cell type factors can contribute to the selection of these
variants. Study of the mechanisms whereby these variants are
maintained phenotypically silent within the population, and

how under certain conditions they emerge to dominate, gen-
erating a new quasispecies with novel biological properties, will
contribute to understand the pathogenesis of RNA viruses.
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