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of rabbit muscle
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The present study assigns two as yet unidentified fast myosin cDNA clones to specific myosin heavy chain (MHC) isoforms and their mRNAs

in different fiber types of rabbit skeletal muscle. Specific oligonucleotide primers were used for reverse transcription and polymerase chain reaction

(PCR) to yield products of defined lengths. The method was sensitive enough to detect specific mRNA sequences in total RNA extracts from

mucrodissected, freeze-dried, single-fiber fragments down to 16 ng dry weight. The fibers were typed histochemically and biochemically by their

electrophoretically assessed MHC complement. The following results were obtained: clone pMHC20-40 was assigned to type 1IB fibers and clone
pMHC24-79 1o type IID fibers.

Fast myosin heavy chain isoform; Muscle fiber type; Myosin heavy chain mRNA 1soform; Reverse transcriptase/polymerase chain reaction; Single
fiber study

1. INTRODUCTION

The assignment of cDNA clones to myosin heavy
chain (MHC) isoforms is currently based on hybridiza-
tion assays using RNA preparations from muscles with
a predominance of different fiber types [1-4]. In the case
of fast MHC cDNA clones, this approach has left ques-
tions unanswered. Using a cRNA probe transcribed
from the pMHC24-79 cDNA of Maeda et al. [3], Dix
and Eisenberg observed in situ hybridization in fast
fibers of rabbit gastrocnemius muscle, tentatively desig-
nated as type IID/IIX fibers. However, cross-hybridiza-
tion with other fast MHC mRNA isoforms could not
be excluded [5].

The aim of the present study was to elaborate a better
method for assigning MHC ¢cDNA clones to specific
fiber types. For this purpose, total RNA was extracted
from single muscle fiber fragments. The MHC mRNA
was reverse-transcribed with the use of specific oligonu-
cleotide primers, followed by amplification in the
polymerase chain reaction (PCR), yielding DNA frag-
ments of defined length. Fiber typing was performed by
electrophoretic identification of the MHC isoform and
histochemical stainings. Three different cDNA clones
were investigated: the pMHCS174 [6], the pMHC20-40
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[3], and the pMHC24-79 (Maeda and Wittinghofer, un-
published). The pMHCS174 was previously identified
as specific to the f-cardiac MHC isoform [6], whereas
the exact fiber type assignment of the fast pMHC20-40
and pMHC24-79 ¢cDNA clones has not as yet been
possible.

2. MATERIALS AND METHODS

2.1. Ohligonucleotide primers

20mer oligonucleotides were used. The primers specific to
pMHCS174 were derived from the hypervariable sequence between
head and rod [6]. The non-coding oligonucleotide (CTT GCA TTG
AGG GCA TTC AQG) is specific to the sequence between positions 154
and 173 of pMHCS174 (nomenclature according to the authors [6]).
The upstream coding ohigonucleotide (GGA TCC CTG GAG CAG
GAG AA), corresponds to the sequence extending between positions
1 and 20 of pMHCB174. An additional oligonucleotide (AAG CAG
CAG CTG GAT GAG CG) specific to the sequence between positions
112 and 131 was labeled with digoxigenin 11-dUTP at the 3’-end and
served as a diagnostic probe 1n Southern blot hybrnidizations [7]. using
an antibody-linked detection assay (Boehringer-Mannheim).

The primers used for the two fast rabbit skeletal MHC clones were
derived from the published sequence of pMHC20-40 [3] and the un-
published sequence of pMHC24-79 (K. Maeda and A. Wittinghofer,
personal communication). The non-coding primers (pMHC20-40,
ACT TGA TGC ACA AGG TAG TG: pMHC24-79, TTA TCT CCC
AGA ATC ATA AG) were from the hypervariable untranslated 3’-
region. The coding primers (pMHC20-40, AGA GGC TGA GGA
ACA ATC CA; pMHC24-79, ACT GCA AGC CAA GGT GAA AT)
were derived from the translated C-terminal region. The same diag-
nostic oligonucleotide (CAG CAC GAG CTG GAG GAG GC) was
used for both sequences.

2.2. Whole muscle RNA extraction and preparation of cDNA
Total RNA was extracted using a modification [8] of the method
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of Chomczynskr and Sacchi [9] RNA concentration was assessed
spectrophotometrically. Aliquots were used for cDNA synthesis by
reverse transcription [10].

2.3. Dussection and identification of single fibers

Fiber bundles from rabbit adductor magnus (ADM) and gastrocne-
mius (GAS) muscles were frozen in melting 1sopentane (—159°C). For
analyses of umidentified single fibers, 1-3 mm-long fibers were dis-
sected under a stereomicroscope from freeze-dried muscle fiber bun-
dies. The method for dissecting fiber fragments from freeze-dried
cross-sections was used for analysing histochemically identified fibers
[11]. Serial cross sections (four 12 um thick sections for histochemistry
and two 50-100 ym thick sections for dissection of fiber fragments)
were cut at —=25°C on a microtome 1n a cryostat One thin section was
stained for NADH-tetrazolium reductase [12]. Myofibrillar acto-
myosin ATPase (mATPase) was stained in the following three sections
after preincubations at pH 4.30 or pH 4 55. and after formaldehyde
fixation and preincubation at pH 9.60 [11.13]. Fragments of the iden-
tified fibers were 1solated from a consecutive thick section and analy-
sed electrophoretically for their MHC composition [14.15].

2.4, RNA extraction from single fibers and reverse transcription

Total RNA was extracted from single-fiber fragments using the oil
well technique [16). Fiber fragments in the range of 50-200 ng dry mass
were introduced mto 026 ul of a high-salt extraction solution [17]
under mineral o1l 50 mM Tris-HCIL. pH 9.0, 250 mM KCL. 10 mM
MgCl,, 10 mM DTT, 1 U/ul human placenta RNase inhibitor
(Boehringer-Mannheim). After 1 h incubation at +4°C, the assay was
diluted to yield optimum conditions for reverse transcription [10] by
adding 0 86 ul of the following solution: 50 mM Tris-HCl (pH 9.0).
10 mM MgCl,, 10 mM DTT, 1.3 mM dNTP. 1 uM oligonucleotides,
0.65 U/ul AMV reverse transcriptase (Boehringer-Mannheim) After
30 mun incubation at 42°C, the mixture was heated for 10 min at 65°C
1 order to inactivate possible DNase contamination.

2.5. Polymerase chain reaction

Reactions were performed 1n 0.5 ml polyethylene tubes, immersed
into three temperature-controlled glycerol baths (Robotherm PCR
machine; Biihler. Bodelshausen, Germany). The assay mixture (25 ul)
contained 67 mM Tris-HCI (pH 8.8 at 20°C), 10% DMSO. 160 ug/ml
BSA. 2 mM MgCl,, 50 mM NaCl, 7 mM 2-mercaptoethanol, 17 mM
(NH;).S0,. 0.1% Triton X-100. 0.2 mM dNTP, 0.15 M of the primer
pair, 1 ul of the cDNA, 0.8 U Tag DNA polymerase (Boehringer-
Mannheim). The first cycle was started by 5 min denaturation at 92°C.
In the following 24 cycles, the denaturation step lasted for only 1 min.
Primer annealing (1 mun at 54°C) was followed by the synthesis step
(30s at 74°C) In order to obtain only double-stranded DNA., the last
cycle was terminated by a 5 min synthesis step PCR was performed
I separate assays for each sequence.

2.5.1. PCR for single-fiber analysis

The reverse transcription assay was completely transferred into a
0.5 ml polyethylene tube containing 60 ul of the following solution
83.75 mM Tris-HCI (pH 8.65 at 20°C), 62.5 mM NaCl, 2.5 mM
MgCl.. 12.5% DMSO, 200 ug/ml BSA, 8.75 mM 2-mercaptoethanol,
20.75 mM (NH,),S0,, 0.125% Triton X-100, 0.25 mM dNTP. For
separate amplifications of the different sequences, 20 ul portions of
this mixture were transferred 1nto new tubes. After addition of 5 ul
starting reagent (0 75 uM of the two primers. 0 8 U Tuqg DNA polym-
erase), PCR was performed as above.

2.6. Electrophoretic product analysis

5 ul of the amplification assays were analysed electrophoretically on
a 6% polyacrylamuide gel in Tris-borate buffer (100 mM Tris-HCI, pH
8.3, 83 mM boric acid. | mM EDTA). The amplification products
were visualized by ethidium bromide or by hybridization with digoxi-
genin-labeled diagnostic ohgonucleotides [7].
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3. RESULTS

3.1. Three specific PCR products from whole muscle
RNA

In order to check the specificity of the three primer
pairs, total RNA extracted from 5 mg GAS was incu-
bated for reverse transcription in 25 ul assay mixture
containing the three non-coding primers. The cDNAs
were amplified in three separate assays with 1 ul cDNA.
Three products of expected lengths were obtained: 173
nt for pMHCS174, 236 nt for pMHC20-40, and 289 nt
for pMHC24-79. Control reactions without reverse
transcriptase yielded no products (Fig. 1).

Because the three amplified sequences should contain
Alul-specific restriction sites, the PCR products were
digested with this endonuclease. Digestion yielded frag-
ments of the expected lengths for each of the three se-
quences (data not shown). Southern blot hybridizations
of the products with diagnostic oligonucleotides un-
ambiguously proved the specificity of the three se-
quences (Fig. 2).

3.2. Detection of three MHC mRNA isoforms in whole
muscle RNA preparations

10 ng total RNA from different muscles were reverse-
transcribed, followed by separate PCR for each se-
quence. For electrophoretic analysis, the products were
combined. Cardiac ventricle displayed only the 173 nt
product specificto pMHCS174, whereas skeletal mus-
cles yielded signals for all three sequences (Fig 3). Signal
intensities did not provide information on relative

-—289nt
-—236nt

-—173nt

Fig. 1. Electrophoretically separated reaction products from reverse
transcription-polymerase chain reactions with primers specific to three
MHC cDNAs. Total RNA extracted from 5 mg rabbit gastrocnemius
muscle was incubated 1n separate assays for reverse transcription.
Subsequently. the cDNAs were separately amplified using specific
primer pairs Lane 1, 173 nt product of the pMHCS174 sequence: lane
3. 236 nt product of the pMHC20-40 sequence, lane 5, 289 nt product
of the pMHC24-79 sequence; lanes 2, 4, and 6 are control reactions
without reverse transcriptase. M, marker (DNA molecular weight
marker V, Boehringer-Mannheim).
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Fig. 2. Southern blot of PCR products with 3’-digoxigenin-labeled

diagnostic oligonucleotides. Lanes 1-3, reaction products of

pMHCS174, pMHC20-40, and pMHC24-79, respectively. M, marker

(digoxigenin-labeled molecular weight marker VI; Boehringer-

Mannheim). The signals in the range of > 600 nt are non-specific,
most likely resulting from excessive cycling [20].

amounts of the three mRNA isoforms in a given muscle
because PCR was run to saturation. However, varying
intensities of a given signal in different muscles indi-
cated different amounts of the respective mRNA.
ADM, GAS, and vastus lateralis muscles showed high-
est intensities of the pMHC20-40 signal. The band, spe-
cific to pMHC24-79, was dominant in GAS and plan-
taris muscles (Fig. 3).

3.3. PCR studies on single fibers

Analysis of single-fiber fragments precluded isolation
of total RNA. However, incubation of the fragments in
extraction medium proved to be sufficient for the assess-
ment of specific mRNA isoforms. Fig. 4 documents the
reliability of RNA extraction from a freeze-dried fiber
bundle (lanes 1,4,7) and three different fibers (lanes
2,5.8). Because the fiber bundle contained different fiber
types, signals specific to all three cDNAs were obtained.
This experiment also showed that signals were not ob-
served in the absence of reverse transcriptase (Fig. 4,

Table I

Reproducibility of results from multiple analyses performed on single-
fiber fragments

Muscle cDNA Number of Number of Positive
fiber pieces fiber pieces (%)
examined yielding
signals
Soleus pMHCg174 41 39 95
Adductor
magnus pMHC20-40 76 74 97
Gastrocnemius  pMHC24-79 95 93 97

Single fibers of up to 3 mm in length were dissected from fiber bundles

of various muscles. Small pieces were cut from each fiber and sub-

jected to separate analyses for sequences specific to three MHC

mRNA isoforms. Sample weights measured on a quartz fiber balance
were in the range of 16-300 ng dry weight.
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Fig. 3. Analyses for three MHC mRNA isoforms in various rabbit
muscles. Equal amounts of total RNA (10 ng) extracted from 50 mg
muscle were reverse-transcribed in the presence of the three MHC
c¢DNA-derived primers. Aliquots of these incubations were subjected
in separate assays to PCR 1n the presence of specific primer pairs. The
products of the three reactions were combined and electrophoretically
separated. Lane 1, adductor magnus; lane 2, gastrocnemius; lane 3,
plantaris; lane 4, soleus; lane 5, vastus lateralis (deep portion); lane 6.
vastus lateralis (superficial portion); lane 7, cardiac ventricle. M,
marker (see Fig. 1).

lanes 3,6.9), thus proving that only mRNA was a tem-
plate for PCR and that genomic DNA was not ampli-
fied with the primers used.

The reliability of mRNA detection at the single fiber
level was checked by analysing multiple fragments ob-
tained from same fibers. The fragments weighed 16-300
ng dry weight. The reproducibility amounted to 96%
(Table I).

3.4. MHC mRNA isoforms in single fibers

Because of its dominance in ADM (Fig. 3), we exam-
ined the mRNA specific to pMHC20-40 in single fibers
of this muscle. Rabbit ADM muscle is composed mainly
of type 1IB and type IID fibers [13,18]. Analyses re-
vealed the presence of the pMHC20-40 isoform in fibers
identified as type IIB (Fig. 5). Type IID fibers and the
few type IIA fibers examined did not yield the 236 nt

pMHC24-79

MHCB pMHC20-40
M 1 2 3 4 5 6 7 8 9

289 nt

236 nt

173 mt

Fig. 4. PCR after reverse transcription of unpurified RNA from
freeze-dried muscle fibers. Total RNA was extracted from a gastrocne-
mius fiber bundle (lanes 1,4,7) weighing approximately 100 yg and
three different single fibers (lanes 2,5.8) by mcubation in high-salt
extraction solution. Control reactions with RNA from the fiber bundle
1n the absence of reverse transcriptase are shown in lanes 3,6,9. Lanes
1 and 2 show the 173 nt product specific to pMHCf174, lanes 4 and
5 the 236 nt product specific to pMHC20-40, and lanes 7 and 8 the
289 nt product for pMHC24-79. M, marker (see Fig. 1).
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Fig 5. Representative single-fiber analyses for specific MHC mRNA isoforms in rabbit adductor magnus muscle. (A) Histochemical classification

of fiber types in serial cross sections by mATPase staining after preincubations at pH 4.30 (a), pH 4.55 (b), pH 9.60 (c). and by staining for

NADH-tetrazolium reductase (d). Bar, 50 um (B) Electrophoretic analyses for MHC 1soforms in the fibers labeled in A. (C) mRNA analyses of

the same fibers. Products of reverse transcription and PCR were visualized by hybridization with a digoxigenin-labeled diagnostic oligonucleotide.

The 236 nt signal specific to pMHC20-40 is seen only in type I1B fibers, but not in type IID fiber. Arrows mark two fragments in lane M of 234

nt and 298 nt length. ADM, whole muscle extract from adductor magnus; B,D, fiber types IIB and I1D: 1, fiber type I, M, digoxigenin-labeled
DNA molecular weight marker VI; MHCIIb,MHCIId, myosin heavy chain 1soforms.

signal specific to pMHC20-40. Type IID fibers, pre-
dominant in GAS [13,18)}, yielded the 289 nt signal spe-
cific to the pMHC24-79 clone (Fig. 6). However, this
signal was not found in some fibers unambiguously
defined as type IID. The investigated type I fibers dis-
played the signal specific to pMHCS174. None of the
oligonucleotide pairs under study yielded a positive sig-
nal with type I1A fibers.

4. DISCUSSION

To our knowledge, the present study is the first ap-
proach for characterizing cDNA clones by the analysis
of single fibers identified by their MHC complement
and histochemical profile. The reliability of this ap-
proach depends on the specificity of the methods for
defining different fiber types, as well as on the specificity
and sensitivity of the method for specific detection of
mRNA isoforms.

Three fast fiber types (IIA, IIB and IID), defined
histochemically and by their MHC complement, exist in
rabbit skeletal muscles [13,18]. Consequently, both
methods of fiber typing were used in the present study.
The specificity and sensitivity of the method for moni-
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toring MHC mRNA isoforms in single-fiber fragments
result from the use of sequence-derived, specific primers
in reverse transcription and PCRs. Restriction analysis
and Southern blot hybridization with diagnostic ol-
igonucleotides [7] independently prove the identity of
the amplified products.

Our results demonstrate the possibility of reverse-
transcribing and amplifying mRNA extracted from
fiber fragments down to sample weights of 16 ng. The
method is highly reproducible (Table I). Its sensitivity
could be further improved by chemiluminescence for
PCR product detection [19].

The main result of our study is the assignment of
three MHC mRNA isoforms to three fiber types.
mRNA specific to the pMHCS174 clone is present in
type I fibers. This sequence, previously assigned to the
p-cardiac MHC [6], served as a model for ascertaining
the feasibility and specificity of our method. The
pMHC20-40 sequence can be assigned to a MHC
mRNA present in type IIB fibers. We suggest that this
clone is specific to MHCIIb. The pMHC24-79 sequence
1s specific to a MHC mR NA isoform present in type 11D
fibers. However, it is possible that this mRNA isoform
is not expressed in all type IID fibers.
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Fig. 6. Representative single fiber analyses for specific MHC mRNA isoforms in rabbit gastrocnemius. (Upper panel) Histochemical classification

of fiber types in serial cross-sections by mATPase staining after preincubations at pH 4.30 (left), pH 4.55 (middle), pH 9.60 (right). (Lower panel)

MHC mRNA analyses performed on fragments of the same fibers shown in the upper panel. Reaction products were visualized by hybridization

with digoxigenin-labeled diagnostic oligonucleotides. The 289 nt signal specific to pMHC24-79 is seen in type 11D fibers, but not in type IIA fibers.

The type I fiber displays the 173 nt signal specific to pMHCS174. A,D, fiber types I1A and IID, respectively; I, fiber type I; M, digoxigenin-labeled
DNA molecular weight VI marker (Boehringer-Mannheim).

Acknowledgements: This study was supported by the Deutsche
Forschungsgemeinschaft, SFB 156. We thank Dr. H.-P. Vosberg for
support, as well as Drs. K. Maeda and A. Wittinghofer for supplying
the pMHC24-79 sequence. We acknowledge the technical assistance
of Mrs. Barbel Gohlsch, and thank Heidemarie Peuker for helpful
discussions.

REFERENCES

{1} Izumo, S., Nadal-Ginard, B. and Mahdavi, V. (1986) Science 231,
597-600.

{21 Mahdavi, V., Strehler, E.E., Periasamy, M., Wieczorek, D.F..
Izumo, S. and Nadal-Ginard, B. (1986) Med. Sci. Sports Exerc.
18, 299-308.

[3] Maeda, K., Sczakiel, G. and Wittinghofer, A. (1987) Eur. J.
Biochem. 167, 97-102.

[4] Parker-Thornburg, J., Bauer, B., Palermo, J. and Robbins, J.
(1992) Dev. Biol. 150, 99-107.

[5] Dix, D.J. and Russell-Eisenberg, B. (1991) Anat. Rec. 230, 52-56.

[6] Sinha, A.M., Umeda, P.K., Kavinsky, C.J., Rajamanickam, C.,
Hsu, H.-J., Jakovcic, S. and Rabinowitz, M. (1982) Proc. Natl.
Acad. Sci. USA 79, 5847-5851.

[7] Harbarth, P. and Vosberg, H.-P. (1988) DNA 7, 297-306.

[8] Hood, D.A. and Simoneau, J -A. (1989) Am. J. Physiol. 256,
C1092-C1096.

[9]) Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156-
159.

[10] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) Molecular
Cloning, Cold Spring Harbor Laboratory, NY.

[11] Staron, R.S. and Pette, D. (1986) Histochemistry 86, 19-23.

[12] Farber, E., Sternberg, W.H. and Dunlap, C.E. (1956) J. Histo-
chem Cytochem. 4, 254-266.

[13] Hamaldinen, N. and Pette, D. (1993) J. Histochem. Cytochem.
41, 733-743.

[14] Termin, A., Staron, R.S. and Pette, D. (1989) Histochemistry 92,
453-457.

[15] Termin, A., Staron, R.S. and Pette, D. (1989) Eur. J. Biochem.
186, 749-754.

[16) Matschinsky, F M., Passonneau, J.V. and Lowry, O.H. (1968) J.
Histochem. Cytochem. 16, 29-39.

[17]1 Heywood, S.M., Dowben, R.M. and Rich, A. (1968) Biochemis-
try 7. 3289-3296.

[18] Aigner, S., Gohlsch, B., Hamildinen, N., Staron, R.S., Uber, A.,
Wehrle, U. and Pette, D. (1993) Eur. J. Biochem. 211, 367-372.

[19] Peuker, H. and Pette, D. (1993) FEBS Lett. 318, 253-258.

[20] Begum, N., Leitner, W., Reusch, J.E.B., Sussman, K.E. and
Draznn, B. (1993) J. Biol. Chem. 268, 3352-3356.

197



