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Abstract. Infection by Trichinella spiralis causes a
variety of changes in skeletal muscle cells including
the hypertrophy of nuclei and decreased expression of
muscle specific proteins. Potential cellular processes
leading to these changes were investigated. In syn-
chronized muscle infections, [*H]thymidine was incor-
porated into infected cell nuclei from 2-5 days post
infection. Labeled nuclei were stably integrated into
the infected cell up to 60 days post infection and ap-
pear to originate from differentiated skeletal muscle
nuclei present at the time of infection. These nuclei
were further shown to contain a mean DNA content of
~4N, indicating that the [*H]thymidine uptake reflects

DNA synthesis and subsequent long-term suspension
of the infected cell in the cell cycle at G,/M. Associated
with these changes, muscle specific gene transcripts
were reduced to <1-<0.1% in the infected cell com-
pared to normal muscle. Transcript levels of the mus-
cle transcriptional regulatory factors myogenin, MyoD],
and Id were reduced to <10, <1, and increased ~250%,
respectively, in the infected cell compared to normal
muscle, indicating transcriptional inactivation of mus-
cle genes. DNA synthesis in the infected cell may rep-
resent the initiation event which leads to expression of
this infected cell phenotype.

RICHINELLA SPIRALIS is an intracellular nematode

l parasite of mammalian skeletal muscle cells. Invasion

of muscle by first stage larvae (new born larvae) ini-
tiates dramatic changes in these cells. With the exception of
its multinucleate nature, the infected cell has no morpholog-
ical similarity to that of the original muscle cell (10, 36). Ul-
timate changes to the infected cell and the parasite appear
to be achieved by 20 days post infection (dpi)' (10). After
that time, the host/parasite relationship can remain stable for
years.

Changes in the phenotype of the infected muscle cell have
been demonstrated at the morphological, ultrastructural and
biochemical levels (reviewed in 36). The best studied of
these include the development of a collagen capsule (38) and
a circulatory rete surrounding the infected cell (2), greatly
enlarged nuclei (13), increased activity of lysosomal acid
phosphatase (ACP) (24, 27) and decreased expression of
myofibrillar proteins (27, 28). Some of these characteristics
may be derived from the host inflammatory cells which are
persistently associated with infected cells. However, the
complete dissolution of myofibrillar organization (10), in-
creased ACP activity and increased size of infected cell
nuclei are clearly related to processes within the infected
muscle cell. Infection initiates the dissolution of myofibrils
beginning by about ~2 dpi and is essentially completed by

1. Abbreviations used in this paper: ACP, lysosomal acid phosphatase;
AChR-«, acetylcholine receptor subunit alpha; dpi, days post infection;
3HT, tritiated thymidine.
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10 dpi (10). Several myofibrillar proteins were undetectable
and reduced to <1% in isolated infected cells relative to nor-
mal muscle (28). Decreased abundance of myofibrillar pro-
teins was demonstrated in the infected cell by 10 dpi in situ
(27), although cellular processes responsible could have been
initiated earlier. The level at which these changes are regu-
lated is currently unknown and there are no characteristics
that provide a clear link between the infected cell and any
stage in the muscle cell lineage.

Host cellular processes involved in initiating expression of
the infected cell phenotype have not been identified, but
characteristics of infected cells may provide important in-
sights into these processes. Infected cells can contain over
100 nuclei (13) which are greatly enlarged (up to 15 um
diam) and have well developed nucleoli. Enlargement of
nuclei has been detected by 5 dpi which is temporally cor-
related with increased ACP activity. ACP activity is the earli-
est known biochemical marker for the infected cell pheno-
type and can be detected by 5 dpi (27). Thus, the
enlargement of infected cell nuclei may signify changes
which initiate expression of the infected cell phenotype. It
was also demonstrated that [*H]thymidine (3HT) could be
incorporated into infected cell nuclei during asynchronous
muscle cell infections (19). It was postulated that these nuclei
are acquired during a regeneration response induced by the
infection, which implies that they originate from satellite
cells (36). Alternatively, infected cell nuclei could be de-
rived from differentiated adult skeletal muscle nuclei present
at the time of infection. DNA synthesis can be induced in
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mammalian myotubes recently fused from myoblasts which
are infected with SV40, polyoma or Rous sarcoma viruses
(18, 20, 23, 40). Large T antigen is involved in inducing this
DNA synthesis (15, 22). Interestingly, virus infected cells
appear to be blocked in G,/M and these nuclei are similar
in size and morphology to T. spiralis infected cell nuclei.
Clarifying fundamental changes such as these that occur in
T spiralis infected cells could identify host cellular
processes involved in initiating expression of the infected cell
phenotype, and contribute to the identification of parasite
factors involved in inducing these processes.

Here, changes acquired by infected cell nuclei were inves-
tigated by determining both the origin of these nuclei in vivo
and their DNA content. The biochemical level at which mus-
cle gene expression is regulated in the infected cell was also
investigated by transcript analysis of muscle specific genes.
Expression of muscle transcriptional regulatory protein
genes, which comprise both positive (MyoD1 and myogenin)
and negative (Id) helix loop helix regulatory factors (3, 9,
14), was also investigated. It was shown that nuclei of the in-
fected cell are derived from differentiated skeletal muscle
nuclei extant at the time of infection, and that these nuclei
are induced to stably maintain an approximate 4N comple-
ment of DNA. Further, it was shown that transcripts for mus-
cle structural and positive regulatory genes are greatly re-
duced in the infected cell compared to normal muscle,
indicating that the decrease in muscle gene expression is
regulated at the level of transcription.

Materials and Methods
Synchronized Infections and [FHJthymidine Labeling

Synchronized 7. spiralis infections were initiated with new born larvae
released from adult female parasites in vitro (11). Approximately 50,000
new born larvae were injected into the thigh muscle of each mouse (6-8
wk old) on day 0. 3HT (2 uCi/gm/d) was injected intraperitoneally in three
equivalent doses given at 4 h intervals, for the days indicated. One exception
to this protocol was in short-term labeling experiments in which infected
mice recéived 2 uCi/gm-mouse dispersed in three equivalent injections at
0, 1, and 2 h after initiation of labeling. Tissues for these mice were obtained
1 h after the last injection. All tissues were fixed in 10% formalin, embed-
ded in wax and then cut in 5 um sections. Sections were overlaid with emul-
sion for autoradiography and exposed for 6-24 d before development. De-
veloped slides were counterstained with Mayer’s hematoxylin. Exposure
times were identical for all tissue sections in a given experiment and in
figures shown. Only infected cell nuclei, identified by their large size and
prominent nucleoli, within the infected cell were counted in these studies.
Care for animals used in all experiments was in accordance with institu-
tional guidelines.

Muscle Regeneration and Irradiation Experiments

To induce regenerating muscle, mice were first anesthetized with methoxy-
flurane. Surgical clamps were then externally applied to the gastrocnemius
muscle for 2 min to induce muscle trauma. Synchronized 7. spiralis infec-
tions were initiated as described above. For irradiation, the right rear leg
was x-irradiated (2 krads) immediately before infection or clamping of mus-
cle, which occurred on day 0. Mice then received the same form of trauma
(clamping or infection) to each of their rear gastrocnemius muscles. Mice
were labeled with 3HT as in synchronized infection experiments.

In Utero Labeling of Adult Skeletal Muscle Nuclei

To label differentiated skeletal muscle cell nuclei, young mice were labeled
with 3HT during in utero development and as neonates up to 5 d post-
parturition (34) as described for labeling infected cell nuclei. The labeled
nuclei of muscle precursor cells (satellite cells) were chased into myotubes
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during normal muscle growth over a 4-wk period. Muscles of mice were
then infected with newborn larvae or induced to undergo regeneration.
Nuclei counts were pooled from three mice comprising each group. Muscle
samples from contralateral legs of each mouse served as a control. Regener-
ating muscle was obtained 5 d post-trauma and infected muscle was ob-
tained at 10 and 20 dpi.

Quantitation of DNA Content in Infected Cell Nuclei

Infected cell nuclei were obtained by mechanically lysing infected cells, al-
lowing larvae to sediment and filtering out other debris through lens paper
(28). The filtrate containing infected cell nuclei and infiltrating cells was
pelleted at 300 g, resuspended in 0.5% non-idet P40, incubated on ice for
4 min, fixed in 10% buffered formalin and incubated in Hoechst 33258
DNA binding dye. Purified preparations of infiltrating cells were obtained
as described (28), and their nuclei prepared similarly. Nuclei were then ana-
lyzed by microfluorimetry using a Nikon-Diaphot-TMD inverted, fluores-
cence microscope equipped with an f-1 photometer. Infected cell nuclei
were differentiated from infiltrating cell nuclei by their large size (>10 um)
and well developed nucleoli. No nuclei with these characteristics were ever
observed in the purified preparations of infiltrating cells. As an additional
control, mouse astrocytes maintained in vitro were processed as described
for infected cell nuclei and analyzed similarly. Astrocyte cultures were ob-
tained from Timothy Baszler (Department of Veterinary Microbiology and
Pathology, Washington State University, Pullman, WA).

Transcript Analysis

RNA was obtained from all tissues and cells using an acid guanidinium thio-
cyanate method (6). Intact infected cells from 4-6 mo-old infections were
isolated as described (27) and lysed immediately in the guanidinium thiocy-
anate solution, muscle larvae released during this procedure were immedi-
ately pelleted at 2,900 g. The larval pellet was discarded and the superna-
tant used in the extraction procedure. RNA obtained from isolated
infiltrating cells associated with infected cells, mouse thigh muscle and
mouse liver was extracted using a similar protocol as for infected cells.

For dot blots, RNA from muscle and infected cells, isolated in the pres-
ence or absence of 350 uM cycloheximide, was dotted onto nylon filters
(Gene Screen II plus) in 10-fold dilutions. Membranes were then vacuum
dried. Filters were prehybridized in 6x SSPE (1x SSPE: 150 mM NaCl,
10 mM NaHPOs, 1 mM EDTA, pH 7.4), 1% SDS, 200 ug ml™! salmon
testis DNA and 50% formamide for 30 min at room temperature. Filters,
rinsed in hybridization solution (prehybridization solution without salmon
testis DNA), were then hybridized with 2 X 10° cpm ml™' gamma-32p-
dATP labeled oligonucleotide probes (labeled with T4 nucleotide kinase as
described [17]) for various gene sequences (Table I) at room temperature
for 16 h. Filters were then washed twice in 2X SSPE, 1% SDS at room tem-
perature, followed by two washes at 60°C for 20 min. Dried filters were
then autoradiographed.

For northern blots, 20 ug of RNA were separated on 1.2-1.5% agarose
formaldehyde gels and transferred to nylon filters which were vacuum dried,
as described (26). Filters were prehybridized and hybridized as with dot
blots except that hybridizations were done at 42°C in the presence of salmon
testis DNA and final washes were done at 65°C in 0.2x SSPE and 0.1%
SDS. Probes used in northern blots were inserts derived from plasmids con-
taining cDNAs for Id [pE:Id(S) (3)] and acetylcholine receptor subunit-o
(AChR-a) (pPAChRA [25]). Digests of plasmids with Smal and EcoRI were
used to excise inserts from pE:1d(S) and pAChRA, respectively. Inserts
were electroeluted from gels and labeled with o’?P-dATP by a random
priming kit (Boehringer-Mannheim Corp., Indianapolis, IN) and used at
2 X 10° cpm ml™'. Transcript sizes were estimated from RNA markers
(GIBCO, BRL, Gaithersburg, MD) of 1.77, 1.62, 1.28, 0.78, 0.53, 0.4, 0.28,
and 0.16 kb.

For PCR analysis, specific primers were made for 8-actin, a-actin, myo-
sin heavy chain, MyoD1 and myogenin (Table I). RNA used in reactions
was from muscle at 1 ug alone or 0.1, 001, and 0.001 ug mixed with 1 ug
of liver RNA, from infected cells at 1 or 0.1 ug (adjusted to 1 ug with liver
RNA) and from liver at 1 ug. Samples containing RNA were first reverse
transcribed in 20 ul [50 mM KCl, 20 mM Tris-Cl1 (pH 84), 2.5 mM
MgCl, 0.1 mg mi™! nuclease free BSA (GIBCO-BRL), 20 units RNasin
(Promega Corp., Madison, WI), 200 U MLV reverse transcriptase (GIBCO-
BRL), 0.1 ug oligo-dT and 1 mM each dNTPs] at 42°C. After cDNA syn-
thesis reaction mixes were heated to 65°C and adjusted to 100 ul (50 mM
KCl, 20 mM Tris-Cl [pH 8.4]. 0.1 mg ml™! nuclease-free BSA, 50 pM for-
ward and reverse primers and 2.5 U Taq DNA polymerase [Perkin Elmer
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Table I. Summary of Oligonucleotide Probes and PCR Primers

Gene (reference) Forward/Reverse primer

Probe

Dot blots

actin* (1) N/A%

a-actin (1) N/A

MHC$ (39) N/A

MCKI @) N/A

PCR

«-actin (1) GTCGACATCAGGAAGGACCT
GAGAGAGCGCGAACGCAGAC

B-actin (1) TTGGGTATGGAATCCTGTGG
GGTGTAAAACGCAGCTCAGT

MHC (39) TTGGTGGACAAACTACAGAC
TTCTTCGCTTATGACTTTAG

MyoD1 (9) CCTGTCCAGCATAGTGGAGC
AATCGCATTGGGGTTTGAGC

Myogenin (14) GGCTATGAGCGGACTGAGCT
GAGCAAGGCCTGTAGGCGCT

GAAGGTGTGGTGCCAGATCTTCTCCATGTCGTCCCA
GTCGTCCTGAGGAGAGAGAGCGCGAACGCAGACGCG
CCGTTCGATGTTGCGCTTCTGTTCATTTTCCACCTC
GCCAGAACCCAGAGGACAGAGCCCAATGATTGGACT

AACGTCATGTCAGGGGGCACCACCATGTACCCTGGT
GAAACTACATTCAATTCCATCATGAAGTGTGACGTT
AAAGTGAAAGCCTACAAGAGACAGGCTGAGGAGGCT
GTCGCTTAGGGATGCCCCCTCTGGCGGACCCGGAGG
CTGCCGTGGGCATGTAAGGTGTGTAAGAGGAAGTCT

* Cytotoplasmic and a-actin.

 Not applicable.

§ Adult skeletal muscle myosin heavy chain.
Il Muscle creatine kinase.

Cetus Corp., Norwalk, CT]). Reactions cycled among the following tem-
peratures: 94°C (1 min), 55°C (2 min) and 72°C (3 min). Sequences were
amplified in 20-30 cycles depending on the sequence of interest. In control
experiments 1 ug each of muscle and infected cell RNA were mixed and
amplified. In no case was amplification of muscle specific transcript se-
quences inhibited by infected cell RNA. PCR products were analyzed on
6% polyacrylamide gels that were electroblotted (Novablot, Pharmacia
LKB Biotechnology, Inc., Piscataway, NJ) to nylon filters. Filters were hy-
bridized to 36-nucleotide gene probes (Table I) which were labeled and hy-
bridized under conditions used for dot blots. In control experiments, pre-
treatment of RNA with RNAse (500 ug mi™!) eliminated the generation of
PCR products for each gene investigated, indicating RNA dependent ampli-
fication,

Results

During regeneration, satellite cells are induced to replicate
and they then fuse with the damaged muscle cell, donating
their nuclei (5, 34, 35). To investigate the origin of infected
cell nuclei, groups of mice harboring synchronized muscle
infections were labeled with 3HT for 4-d periods beginning
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at several different times post-infection. Infected tissue was
harvested at maturity (20 dpi) and autoradiographed. About
85% of infected cell nuclei could be labeled in these experi-
ments, and labeling occurred over a well defined period of
time (2-5 dpi) (Figs. 1 and 2). No labeling of nuclei was de-
tected when chronically infected mice (harboring infections
>40 d old) were injected with 3HT over a 3-d period (not
shown).

To determine if labeled nuclei are stably integrated into
the host cell, infected cell nuclei were labeled from 2-5 dpi
and tissues harvested at 20, 40, or 60 dpi. Regardless of the
time obtained post-infection, ~85% of nuclei were labeled
for all infected tissues (Fig. 2), indicating stable integration
into the infected cell without perceptible turnover.

The origin of 3HT labeled nuclei was investigated by com-
paring nuclei labeling and acquisition in regenerating (in-
duced by clamping) or infected muscles which were irradi-
ated (2 krads) immediately before inducing either form of
trauma. In sections of clamped nonirradiated muscle, numer-

Figure 1. 3HT labeling of in-
fected cell nuclei. Mice har-
boring synchronized infections
of T spiralis muscle larvae
were injected three times daily
with 3HT for 4-d intervals
beginning at various dpi, tis-
sue was harvested at 20 dpi
and autoradiographed. Sec-
tions from infections labeled
between 2-6 dpi (4) and 6-10
dpi (B) are shown. Results are
representative of two similar
experiments in which two mice
per time interval were used
and several other experiments

. - L3 < with different designs.  Com-
plete results are summarized
- .. - in Fig. 2 4. Bar, 75 pym.
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Figure 2. Timing of 3HT uptake by infected cell nuclei. (4) Graphic representation of experiments from Fig. 1. 100 nuclei from infected
cells were counted for each of two mice labeled during the intervals shown. (B) Synchronized infections were initiated and mice labeled
from 2-6 dpi, as in Fig. 1. Infected tissues were harvested at 20, 40, and 60 dpi and percentage of labeled nuclei determined for 100 infected
cell nuclei from each of two mice at each time point. Results in B are from a single experiment.

ous tubular cells were observed with classic characteristics
of regenerating muscle including centralized nuclei which
were labeled with 3HT (Fig. 3). In many cases, the cytoplasm
of these cells was continuous with other cytoplasmic regions
in which changes were less pronounced and striations were
evident. In contrast, prior irradiation of the traumatized con-
tralateral muscle completely prevented regeneration (Fig.
3). Damaged, irradiated muscle was identified by its loss of
myofibrillar structure, decreased level of staining, occurrence
of associated infiltrating cells, and its degenerative appear-
ance. For the irradiated limb, no labeled nuclei were detected
in damaged muscle cells, nor was there any evidence of a re-
generation response detected for cells in any tissue sections
from these muscles. The results are in close agreement with
those obtained by others using irradiated rat muscle damaged
by cold (32, 33). In contrast, infected cell nuclei of pre-irradi-
ated muscles were both present and labeled in infected mus-
cle cells at 5 dpi (Fig. 3). Beyond the fact that T. spiralis only
infects muscle cells, that these cells are infected muscle cells
is indicated by the following: (a) only cells containing para-
sites were considered, (b) myofibrillar proteins can be de-
tected in all infected cells at 5 dpi (27), and (c) regions of
infected cell cytoplasm lacking striations were often contin-
uous with regions which were less affected, but in which stri-
ations were present (not shown).

Because of the extensive tissue damage and inflammatory
response it was not possible to quantitatively compare la-
beled nuclei in nonirradiated and irradiated infected muscle
at 5 dpi. However, the percentage of nuclei labeled between
2-5 dpi and present at 20 dpi in nonirradiated (86 %) and ir-
radiated muscle cells (92%) was not statistically different
(Chi square, p > 0.05). It was concluded from these experi-
ments that infected cell nuclei are not derived from satellite
cells during a normal regeneration response.

To further assess the origin of infected cell nuclei, satellite
cells of baby mice were labeled with 3HT in utero and during
5 d after birth as described in Materials and Methods. La-
beled muscle satellite cells were chased into myotubes dur-
ing a 4-wk period in which mice received no 3HT. If muscle
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is then induced to regenerate, labeled adult skeletal muscle
nuclei are replaced by unlabeled satellite cells (34). Prelimi-
nary experiments demonstrated that nuclei labeled in this
way remained after infection (data not shown). The experi-
ment was repeated, including regenerating muscle as a con-
trol. As shown in Table II, <1% of nuclei in regenerating
muscle were detectably labeled, indicating (a) that the label
was effectively chased from the muscle precursor cell popu-
lation, and (b) that reutilization of label by muscle precursor
cells (21) is not an issue here. In contrast, labeled nuclei per-
sisted in infected muscle cells at a similar level as that found
in normal muscle.

It was also shown that nuclei within infected muscle cells
could be labeled on day 5 pi in a 3-h period (Fig. 3). Al-
though not all infected cell nuclei were labeled detectably,
results demonstrate that many can be during the short time
employed. Furthermore, these nuclei were located away
from the membrane and well within the muscle cell
cytoplasm. Little 3HT labeling was detected in nuclei of
other cells in these sections. Hence, the results indicate that

Table II. Retention of Differentiated
Skeletal Muscle Nuclei by Muscle Cells Infected
with Trichinella spiralis

Number Number Percentage
Cell type unlabeled labeled labeled
Regenerating muscle 1,061 3 0.3
Control* 1,128 106 8.6
Infected muscle (10 dpi?) 940 168 15.1
Control 1,071 206 16.1
Infected muscle (20 dpi) 969 116 10.7
Control 1,046 92 8.1

* Normal muscle cell nuclei counted from contralateral legs served as con-
trols, ¥ days post-infection. Muscle from mice labeled with tritiated thymidine
in utero and 3 and 5 d post-parturition was infected with 50,000 T. spiralis
newborn larvae or induced to regenerate. Regenerating muscle was obtained
at 5 d post-trauma. All tissues were exposed in autoradiography for 40 d.
Counts were pooled from three mice in each treatment group.
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3HT uptake by infected cell nuclei occurs within the infected
cell.

The 3HT incorporation could reflect DNA repair or repli-
cation. If replication occurs, then it is anticipated that these
nuclei would contain a >2N complement of DNA because
karyokinesis has never been observed in the infected cell.
This possibility was tested by quantitating staining of in-
fected cell nuclei with the DNA binding dye Hoechst 33258.
Infected cell nuclei preparations were contaminated by
infiltrating cell nuclei, but could be distinguished from the
latter by their large size and prominent nucleoli. Mean
fluorescence intensity of infected cell nuclei was approxi-
mately twice that of infiltrating cell nuclei (Table III). The
mean fluorescence of nuclei from in vitro grown-mouse as-
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Figure 3. Comparison of 3HT
nuclei labeling in regeneration-
inhibited and 7. spiralis in-
fected skeletal muscle. (A4)
Nonirradiated, crushed mus-
cle, 5 d post-trauma, labeled
from days 0-4. Note central-
ized, labeled nuclei in cells
running on the central diagonal
from lower right to upper left.
(B) Eosin and hemotoxylin
histological sections of pre-
irradiated (2 krad) damaged
muscle at 5 d post-trauma
(crushing). Note absence of
enlarged, centralized nuclei. (C
and D) Nonirradiated and pre-
irradiated, respectively, T. spi-
ralis infected muscle cells,
5 dpi, labeled from 0-4 dpi.
(E and F) Nonirradiated and
pre-irradiated infected muscle
cells, 20 dpi, labeled from 2-5
dpi. (G) Nonirradiated infected
muscle cells, 5 dpi, labeled
over a 3 h period on day 5 pi,
as described in the methods.
(Arrowheads) Examples of in-
fected cell nuclei; (asterisks)
examples of infiltrating cells;
(P) parasite. The bar repre-
sents 75 pm for B-G and 50
um for A. A-D, and G were
derived from mice within the
same experiment, similar re-
sults were obtained in two ex-
periments for A-D. (E and F)
Results are representative of
three independent experiments.
(G) Similar results were ob-
tained in two additional exper-
iments, except that an 8 h la-
beling period was used for
these. Three mice were in-
cluded for each treatment in
all experiments represented
here.

Table IIl. Mean Fluorescence Intensity of Nuclei Stained
with the DNA Binding Dye Hoechst 33258

Cell source Mean

of nuclei Experiment N fluorescence (£ SD) P*
Infected 1 46 206 (4.3) <0.00001
Infiltrating 1 46 11.5 (3.5)

Infected 2 39 50.1 (10.5) <0.00001
Infiltrating 2 36 26.9 (9.4)

Infected 3 40 302 4.9 <0.00001
Infiltrating 3 40 16.6 (2.3)

Astrocyte 3 40 19.9 (6.4)

* Statistical probability level for differences between means of infected cell
nuclei and nuclei from infiltrating and astrocyte cells.
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trocytes (range 14-35) was slightly higher than that for
infiltrating cells, which is expected for an actively growing
population of cells. Using experiment 3 as an example,
fluorescence intensity for infected cell nuclei were unimo-
dal, and 63 % of nuclei had values in fluorescence units be-
tween 26 and 34. Fluorescence intensity for astrocyte nuclei
extended over an approximate twofold range, the maximum
of which was very near the mean for infected cell nuclei.
These results indicate that infected cell nuclei have ~4N
complement of DNA.

To investigate muscle gene expression in the infected cell,
quantitative dot blots were conducted on RNA from the in-
fected cell using muscle gene probes (Fig. 4). Transcripts for
myosin heavy chain and muscle creatine kinase were not de-
tectable, while very weak signal for «-actin transcripts was
observed and the signal using the generic actin probe was
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Figure 4. Muscle gene RNA
transcripts are decreased in
the infected cell. Oligonucleo-
tide probes, Ac (cytoplasmic
and o-actin), adc, (c-actin)
MCK (muscle creatine kinase),
and MHC (adult skeletal myo-
sin heavy chain), were hybrid-
ized to RNA from muscle (M),
infected cells (), infected
cells isolated in the presence
of cycloheximide (Icy), and
liver. Numbers at the top indi-
cated micrograms of total
RNA.

MHC

comparable in muscle and the infected cell. The level of
muscle specific transcripts investigated were reduced to <1%
in isolated infected cells compared to normal muscle. Addi-
tion of cycloheximide during the isolation of infected cells
had no effect on the outcome of these experiments.

Results of PCR assays of myofibrillar transcripts, similar
to experiments shown in Fig. 5, were consistent with those
obtained for dot blots (not shown). In this case, a-actin and
myosin heavy chain transcripts were detected in RNA prepa-
rations from the infected cell but at levels between 1% and
0.1%, respectively, compared to normal muscle. The possi-
bility that the assay detected contaminating transcripts from
normal muscle cannot be excluded.

Using PCR analysis, it was further determined that
MyoDl transcripts were reduced to <0.1%, and myogenin
transcripts were reduced to <10% (Fig. 5) compared to lev-

Mg
123456

Figure 5. MyoD1 and myogenin
transcript levels are decreased
in the infected cell. Gene spe-
cific primers (Table I) for
B-actin (8Ac), MyoD1 (Md)
or myogeninin (Mg) were used
to amplify RNA sequences
from muscle (M), infected
cells (I) or liver (L). Gene-
specific probes were then hy-
bridized to Southern blots of
the PCR products. Micrograms
of tissue specific RNA used in
each lane is as follows: §-Ac,
1 pug each lane; Md, 1 pg
(lanes 1, 4, and 5), 0.1 and
001 pg (lanes 2 and 3, respec-
tively); Mg, 1 pg (lanes 1, 4,
and 6), 0.1 ug (lanes 2 and 5),
001 ug (lane 3). Reactions
with <1 pug of tissue specific
RNA (total RNA) were ad-
justed to 1 ug with RNA from
liver. Dominant PCR products
indicated by a hashmark oc-
cur at expected sizes of 360

(B-actin), 192 (MyoD1) and
M I I. 309 bp (myogenin).
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els in muscle. The low level detection of MyoD] transcripts
in liver cells (lane 5) does not appear to be from contamina-
tion, because this result was repeatable and specific for
MyoD1 as compared to myogenin and other muscle specific
transcripts. In contrast, transcript levels for a negative tran-
scriptional regulatory protein (Id) were ~2.5 times higher
in isolated infected cells compared to normal muscle, and
equivalent transcript levels were detected in RNA from
infiltrating cells associated with the infected cell (Fig. 6).

It was shown previously (29) that expression of AChR-a
transcripts is independent of that for other muscle gene tran-
scripts which are induced by MyoD1 or myogenin. In con-
trast to other muscle specific genes, transcripts for AChR-«
were detected in the infected cell at levels similar to that in
normal skeletal muscle (Fig. 6), but not detected in RNA
from the infiltrating cell control. This result indicates that
the integrity of infected cell RNA is maintained during isola-
tion procedures and supports the findings that the decreased
levels of other muscle transcripts are real. Using the PCR,
transcripts for mouse myogenin, Id and AChR-« have not

IMIL 1ML
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ID AchR

Figure 6. Id and acetylcholine receptor-« transcripts expression in
the infected cell. Total RNA (20 ug) from muscle (M), infected cell
(), or infiltrating cells associated with the infected cell (/L), was
hybridized in Northern blots to probes specific for Id or acetylcho-
line receptor-a (AChR). Numbers on the sides refer to transcript
sizes in nucleotides.
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been detected in RNA from 7. spiralis (not shown). In addi-
tion, based on RNA yields from isolated infiltrating cells and
cell counts in infected cell preparations, it was estimated that
the maximum contamination by infiltrating cells was 10% in
infected cell RNA preparations. Thus, contamination by
infiltrating cell RNA cannot account for transcripts detected
in infected cell RNA.

Discussion

Results presented here provide strong evidence that nuclei of
the infected cell are derived from adult skeletal muscle
nuclei present at the time of infection. Prior irradiation of
muscle completely inhibited regeneration in traumatized,
uninfected muscle, but did not block 3HT labeling of in-
fected cell nuclei or normal morphological development of
T spiralis infected muscle cells. 3HT incorporation by
nuclei within the infected cell further indicates that infected
cell nuclei are not derived from satellite cells. In addition,
differentiated muscle cell nuclei labeled before infection
were retained after infection. An alternative origin of in-
fected cell nuclei is infiltrating cells which fuse with the in-
fected muscle during the first 5 dpi. However, this scenario
would require a process which resulted coincidentally in
similar levels of prelabeled nuclei in infected and unin-
fected muscle cells, a possibility which seems very unlikely.
The data most strongly support differentiated muscle cell
nuclei as the source of infected cell nuclei.

Nuclei of infected cells were induced to incorporate 3HT
predominately between 2-5 dpi. These nuclei were stably in-
tegrated into the infected cell for at least 60 dpi and presum-
ably for the life of the cell. Thus, nuclei obtained from
chronically infected cells represent those present at the time
of infection. Because nuclei from chronically infected cells
possess an approximate 4N complement of DNA, it follows
that 3HT uptake represents DNA synthesis by infected mus-
cle cells which are subsequently blocked in G,/M. Further-
more, because 3HT incorporation was essentially completed
by 5 dpi, suspension in the cell cycle appears to be a feature
of these cells throughout the course of infection, which can
last for years.

Although myoblasts withdraw from the cell cycle before
fusion, there is precedence for induced DNA synthesis in
nuclei of skeletal muscle cells and subsequent suspension in
G2/M. SV40, polyoma and Rous sarcoma viruses induce
DNA replication in in vitro cultured skeletal muscle cells
(18, 20, 23, 40). It has also been shown that large T antigen
induces these changes (15, 22), which may occur via interac-
tions with the retinoblastoma protein (16). While no data
currently exist regarding factors involved, T. spiralis may be
able to induce DNA synthesis in differentiated muscle cells
via similar mechanisms. Once replication occurs, both virus
and parasite infected cells apparently become suspended in
G./M of the cell cycle (15, 18, 20, 40). The apparent sus-
pension in G/M in both virus and parasite muscle infec-
tions could reflect either an inhibitory effect by each of these
agents, or a characteristic of the host cell. For instance, cen-
trioles tend to be lost from fused muscle cells (7, 37), and
centrioles are required for progression through M phase in
at least one mammalian cell system (31). It is possible that
in the absence of centrioles, fused skeletal muscle cells once
stimulated to enter S phase will inevitably become sus-
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pended in the cell cycle before completing mitosis. Because
mitotic figures were evident in the virus infected and large
T antigen transformed cells, centrioles could be more persis-
tent in the in vitro cultured cells, providing for occasional
passage into M phase.

Changes in T. spiralis infected cell nuclei are associated
with decreased muscle gene expression which appears to be
regulated transcriptionally. This parasite effect on muscle
gene expression appears to be unique because similar
changes were not observed in SV40 virus infected muscle
cells (22). These changes in muscle gene expression may
represent dedifferentiation of skeletal muscle cells, since
myogenin and AChR-« gene products are also expressed in
myoblasts/satellite cells (8, 21). This similarity with prolifer-
ating muscle precursor cells could reflect identity, and analy-
sis of other cellular products differentially expressed during
myogenesis should help resolve this issue. Our results indi-
cate that the altered expression of muscle transcriptional
regulatory factors proximally regulate decreased muscle
gene expression in the T. spiralis infected cell. In addition,
other regulatory factors are likely to be involved. Both Fos
and Jun have been implicated in inhibiting muscle gene ex-
pression (29, 30), and preliminary evidence indicates that
Jfos, c-jun, and jun B gene expression are increased in the in-
fected cell (unpublished data). Furthermore, the status of
transcripts for myogenin and AChR-« is reminiscent of that
for C2C12 myoblasts transfected with activated ras oncogene
and grown in differentiation medium (29). Therefore, other
regulatory factors may act distally on muscle gene expres-
sion in this infected cell. The order in which genes for these
regulatory factors are expressed during development of the
infected cell is not clear but will be important for elucidating
cellular pathways leading to expression of the infected cell
phenotype.

The results show that normal host cellular mechanisms
might account for altered muscle gene expression in the in-
fected cell. Therefore, muscle genes and other infected cell
characteristics could be indirectly influenced by the parasite.
The timing of 3HT uptake is temporally correlated with the
occurrence of increased ACP activity in the infected cell
(which can be detected by 5 dpi [27]). Thus, 3HT uptake
may represent “the” host cellular event which initiates ex-
pression of some or all characteristics of the infected cell
phenotype. Because withdrawal from the cell cycle is natu-
rally concomitant with expression of the myogenic program,
an inability to proceed through M phase could preclude the
infected cell from expressing the myogenic program. If true,
parasite factors affecting muscle gene expression may do so
by inducing infected muscle cells to enter into S phase rather
than by direct interaction with muscle structural genes or
transcriptional regulatory factors. Detection of muscle gene
transcripts in large T antigen expressing myotubes blocked
in Gy/M (22) does not invalidate this proposal, because
these cells are short-lived and muscle gene transcripts may
be lost with additional time. In addition, since large T anti-
gen is known to bind several different cellular proteins (16),
it may interfere with the function of negative muscle regula-
tory factors in these cells. Because of the T. spiralis/muscle
cell system is long-lived, it provides an important model to
investigate these questions.

Finally, it is worth noting that parasite antigens have been
identified in the nucleus of the infected cell (12). However,
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they have not been detected before 7 dpi, and by this time
host nuclei no longer incorporate 3HT. While the low level
presence of these antigens earlier than 7 dpi cannot be ex-
cluded, other factors of host and/or parasite origin may in-
duce the DNA synthesis, nuclear hypertrophy and in-
creased ACP activity of the infected cell, which all occur at
or before S dpi.
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