Skeletal muscle regeneration has been induced by injection of the
myotoxic drug bupivacaine (Marcaine) into the rat tibialis anterior muscle.
Doses of 1.5 and 1.0% wt/vol produce significant levels of muscle regener-
ation, but these doses also produce large regions of ischemic muscle.
Doses of 0.75 and 0.5% bupivacaine are also effective in inducing regener-
ation and produce little or no ischemia. Regenerating muscle is sig-
nificantly more active in the incorporation of »S-methionine into protein
than is control muscle, and the activity increase is directly proportional to
the bupivacaine dose injected. Polyribosomes were isolated in grezter
yield from bupivacaine-treated muscles, as compared with control mus-
cles, 5 days postinjection, and were also more active in cell-free protein
synthesis than control polysomes. Again, the yield and activity of the mus-
cle polysomes was directly proportional to the bupivacaine concentration
used for injection. Polyacrylamide gel electrophoresis of polysomal cell-
free reaction mixtures demonstrated the synthesis of a number of
myofibrillar proteins.

MUSCLE & NERVE  5:281-290 1982

PROTEIN SYNTHESIS IN BUPIVACAINE
(MARCAINE)-TREATED, REGENERATING

SKELETAL MUSCLE

GEORGE H. JONES, PhD

Bupivacaine (Marcaine) is a myotoxic drug which
was introduced clinically for use as a local anes-
thetic.’® Since its introduction, bupivacaine has
been applied to the study of skeletal muscle regen-
eration. It has been shown by Hall-Craggs,® by
Carlson and Gutmann,®and others,?? that the injec-
tion of bupivacaine into an appropriate skeletal
muscle leads to a rapid and striking degeneration
of that muscle which is followed by an equally
dramatic regeneration phenomenon. The bupiva-
caine injection procedure is simple and quick,
does not involve extensive surgery, and induces
a regeneration process which is qualitatively sim-
ilar to that observed in other model systems.”
Previous studies from this laboratory have been
concerned with the direct effects of bupivacaine on
macromolecular synthesis in skeletal muscle. The
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Bupivacaine Effect on Protein Synthesis

drug has been shown to be a translational inhibitor
which acts primarily at the level of the aminoacyla-
tion of transfer RNA (tRNA).* This inhibitory ef-
fect appears to be specific for eukaryotic cells and,
in terms of mechanism, involves the competitive
inhibition of the acylation of tRNA with leucine
and certain other amino acids." While these obser-
vations may be related to the ability of the drug to
induce muscle breakdown, they provide no infor-
mation on the biochemical changes which ac-
company the regeneration process. Indeed, few
biochemical studies have been performed on re-
generating skeletal muscle. Several years ago, Wag-
ner et al.'” demonstrated that there are changes
in the specific activities of a number of enzymes in-
volved in energy metabolism during the process of
bupivacaine-induced skeletal muscle regeneration.
Essentially nothing is known about the changes in
macromolecular synthesis which occur during re-
generation.

Because of the paucity of available information
regarding the biochemical and molecular changes
which take place during skeletal muscle regenera-
tion, a thorough analysis of the translational ap-
paratus in regenerating muscle has been under-
taken. The present report examines the synthesis
of proteins by muscle fragments and by polyribo-
somes isolated from control and regenerating
muscle.
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MATERIALS AND METHODS

Materials. Bupivacaine-HCl (Marcaine) was gen-
erously supplied by Dr. A. E. Soria, Sterling-
Winthrop Research Institute, Rensselaer, NY.
38.methionine (760 to 1160 Ci/mmole) and *H-
phenylalanine (17 Ci/mmole) were from Amer-
sham (Arlington Heights, 1L), while polyuridylic
acid (poly U) was from Miles (Elkhart, IN).

Bupivacaine Injection Procedure. The technique
used to induce muscle regeneration was similar to
that described by Hall-Craggs.® A solution of
bupivacaine (0.6 ml of 0.5, 0.75, 1.0, or 1.5% wt/vol
in 0.9% NaCl) was injected into the tibialis anterior
of one hind limb of a 250- to 350-gm male rat using
a 22-gauge needle and a 1-cc syringe. The animals
were held under mild ether anesthesia during in-
jection. The needle was inserted near the base of
the muscle and advanced through the belly to the
tibial plateau. The needle was slowly withdrawn
while 0.2 m! of the drug solution was injected. The
needle was reinserted at a slightly different posi-
tion along the distal portion of the tibialis and the
injection procedure repeated with 0.2 ml. The final
0.2-ml portion was injected after reinsertion of the
needle into a third position along the distal end of
the muscle. The tibialis anterior of the other hind
limb was injected with 0.6 ml of 0.9% NaCl using
the same procedure and served as a contralateral
control. Animals were killed and muscles excised 5
days following injection. The animals and the ap-
propriate muscles were weighed so that muscle wet
weight/body weight ratios could be calculated for
control and bupivacaine-injected muscles.

For the complete set of experiments, a total of
87 rats were used. Control muscles were obtained
from all 87 animals, whereas bupivacaine-injected
muscles were obtained from 28 (1.5% dose), 17
(1.0%), 19 (0.75%), and 23 rats (0.5%).

Measurement of Protein Synthesis Using Muscle
Fragments. Ireshly excised control or bupiv-
acaine-treated skeletal muscles were minced
finely with scissors and 0.5 to 1.0 gm of muscle was
placed in 125-ml Erlenmeyer flasks with 4.5 ml of
Krebs-Ringer bicarbonate buffer, pH 7.4, con-
taining 10 mM glucose and 0.5% bovine serum al-
bumin. To this preparation was added 0.5 ml of a
solution ot the 19 common amino acids (minus
methionine). The final amino acid concentrations
in the reaction mixture were equivalent to those
found in rat plasma.'™ Fifty microcuries of 3S-
methionine were then added and the fragments
were incubated with shaking for 60 minutes at
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37 C. At the end of this incubation period, the
fragments were washed twice by centrifugation in
10 ml of Hank’s solution, and were then treated
with 5 ml of 10% trichlorcacetic acid (TCA) con-
taining 3% wt/vol ot a casein hydrolysate (Cas-
amino acids, Difco Laboratories, Detroit, MI). The
fragment mixture was heated for 10 minutes
at 90 C to destroy aminoacyl-tRNA and the frag-
ments collected by low-speed centrifugation. They
were washed 3 times with TCA-casamino acids,
and 3 times with ethanol-ether (1:1 vol/vol). The
resulting protein precipitate was dissolved in 3 to 4
ml of 0.5 N NaOH by heating for 10 minutes
at 70 C. Aliquots of the protein solutions were
neutralized with 1 N acetic acid and examined
by liquid scintillation counting. The protein con-
centrations of the solutions were also determined,
and results of these experiments are expressed
below as cpm ?*S-methionine incorporated/mg
protein.

Preparation of Polyribosomes and Soluble Enzymes.
Freshly excised muscle was weighed, minced finely
with scissors, suspended in 5 volumes of Buffer 1
(50 mM TRIS-HCI, pH 7.6, 10 mM MgCl1,, 300
mM KCI, 5 mM 2-mercaptoethanol, 10% glycerol)
and homogenized in a Polytron tissue homogenizer
(Brinkman Instruments, Westbury, NY) at a rheo-
stat setting of 2. Homogenization was for 60 sec-
onds in two 30-second bursts. The homogenate
was centrifuged for 15 minutes at 20,000 g, and
the supernatant was brought to 1.5% (vol/vol) with
Nonidet P-40 (Shell Chemicals, Houston, TX).
The detergent-treated supernatant was allowed to
sit on ice for 10 minutes and was then placed
in a centrifuge tube above a 4-ml cushion of
1.5 M sucrose in Buffer 1 without glycerol. Centri-
fugation was for 5 hours at 200,000 g and 4 C.
The resulting polysome pellets were rinsed
quickly in cold distilled water and resuspended
with gentle stirring in Buffer 2 (50 mM TRIS-
HCI, pH 7.6, 10 mM MgCl,, 100 mM KCl, 5 mM
2-mercaptoethanol) to give final concentrations
of approximately 50 A, units/ml. Polysomes
were generally used immediately for protein syn-
thests.

Soluble enzymes for protein synthesis were pre-
pared from rat liver. Two grams of liver were sus-
pended in 10 ml of Buffer 2 and homogenized
with six strokes of a motor-driven Potter homoge-
nizer (Kontes Glass Co., Vineland, NJ). The homog-
enate was centrifuged for 15 minutes at 20,000 g
and the resulting supernatant for an additional
2 hours at 200,000 g. The 200,000 g supernatant
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was dialyzed overnight against two changes of
Buffer 2 containing 25% glycerol.

Conditions for Cell-Free Protein Synthesis. Reaction
mixtures for protein synthesis contained the fol-
lowing components: TRIS-HCI, pH 7.6 (50 mM);
19 amino acids, minus methionine (0.1 mM each);
ATP (5 mM); GTP (0.5 mM); phosphocreatine (10
mM); creatine kinase (0.2 mg/ml); KCI (75 mM);
MgCl; (10 mM); 2 mercaptoethanol (5 mM); sol-
uble enzymes (8 mg protein/ml); **S-methionine
(200 uCi/ml); and polysomes (0.4 to 20 A,g/ml).
Reaction volume was 50 ul and mixtures were in-
cubated for 30 minutes at 37 C. Reactions were
stopped by the addition of TCA-casamino acids.
Protein precipitates were heated in TCA-casamino
acids for 10 minutes at 90 C and were collected on
glass fiber filters. *S-methionine incorporation was
determined by liquid scintillation counting. Some
results are expressed as cpm *S-methionine in-
corporated/A,q, unit of polyribosomes present in
the reaction mixture.

In some incubations, polyuridylic acid (poly U)
was added to reaction mixtures as a synthetic mes-
senger RNA. In these incubations, ¥S-methionine
was replaced by *H-phenylalanine (200 wCi/ml)
and the 19 amino acids were omitted. Poly U was
present in these reactions at a concentration of 0.5
mg/ml.

Miscellaneous Methods. Polyacrylamide gel elec-
trophoresis of cell-free reaction mixtures was per-
formed according to the method of Laemmli®® es-
sentially as described previously,? except that 7 to
15% linear gradient separating gels were used.
Following electrophoresis, gels were treated as de-
scribed by Bonner and Laskey? for fluorography.
Myosin heavy-chain and actin standards were run
in parallel with the cell-free reaction mixtures.

Histological analysis of bupivacaine-injected
muscles involved hematoxylin and eosin staining of
sectioned tissue, generously performed in the lab-
oratory of Dr. Bruce Carlson. Sucrose gradient
analysis of polysomes was performed as previously
described.'® Protein concentrations were deter-
mined using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Richmond, CA).

RESULTS

Histological Analysis and Wet Weights of Bupiv-
acaine-Treated Muscle. Muscle injected with vary-
ing concentrations of bupivacaine as described
above was excised and examined 5 days following
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the injection procedure. This point was chosen be-
cause previous studies have indicated that the mus-
cle is actively regenerating and is free of phagocytic
cells by this time.5® To confirm this finding in the
present regeneration model, it seemed prudent to
first subject the injected muscle to histological
analysis. The results of such an analysis are shown
in Figure 1. Figure 1A shows a hematoxylin and
eosin-stained cross section of the tibialis anterior
injected with 1.5% bupivacaine. No surviving orig-
inal muscle fibers are seen in this cross section.
The dark areas are filled with late regenerating
myotubes. The light area (I) is a region of ischemic
muscle fibers. Figure 1B shows a cross section
through a tibialis anterior which was injected with
0.75% bupivacaine. Essentially, all of the muscle
fibers have been damaged by the drug. The dark
areas again show regenerating late myotubes and
several small ischemic regions (I) are also observed.
Figure 1C shows a cross section of control muscle
for comparison. In general, it was found that the
higher doses of bupivacaine (1.0 or 1.5%) pro-
duced significant regeneration and large regions of
ischemic muscle. The 0.75% dose level induced re-
generation almost as effectively as a 1.0 or 1.5%
dose, but did not produce high levels of ischemia.
Bupivacaine at 0.5% wt/vol produced essentially no
ischemic muscle, but was less effective in inducing
regeneration than the other doses which were
tested.

Table 1 shows the effects of the bupivacaine
dose on the muscle weight to body weight ratios for
control and injected muscle. It can be seen that
bupivacaine treatment leads to a significant de-
crease in the muscle wet weight 5 days following
injection. Table 1 also reveals that the decrease in
wet weight is dose dependent, the higher doses of
the drug producing the largest weight losses.
These results are similar to those which have pre-
viously been reported by Wagner et al.?” for muscle
soaked in bupivacaine.

Protein Synthesis by Fragments of Control and
Bupivacaine-Treated Muscle. To examine the ability
of intact control and regenerating muscle to syn-
thesize protein, the muscles were minced and in-
cubated with #S-methionine as described in Mate-
rials and Methods. Results of typical incubations
are shown in Figure 2 for control muscle and mus-
cles injected with 0.5, 0.75, 1.0, and 1.5% bupiv-
acaine. It can be seen from the figure that the level
of methionine incorporation is significantly higher
in the bupivacaine-treated muscle than in controls.
The results shown in Figure 2 are averages
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Figure 1. (A) Cross section through a rat tibialis anterior mus-
cle 5 days after the injection of 0.6 ml of 1.5% bupivacaine.
Hematoxylin-eosin staining. (B) Cross section through a tibialis
anterior muscle injected with 0.75% bupivacaine. Areas
marked | show regions of ischemic muscle. (C) Cross section
through a control saline-injected tibialis anterior muscle. In
each micrograph, the calibration bar represents 0.5 mm.

of those obtained in a number of experiments.
Figure 2 also shows clearly that the increase in
methionine incorporation was dependent on the
dose of bupivacaine used for the injection. In the
experiment shown, injection of 1.5% bupivacaine
produced a 10.8-fold increase in incorporation as

284 Bupivacaine Effect on Protein Synthesis

15

(=)
|

CPM/MG PROTEIN x 10~4
[#,]

.5 .0 1.5
% BUPIVACAINE (w/v)

Figure 2. 3S-methionine incorporation by fragments of controf
and bupivacaine-treated skeletal muscle. Incubation condi-
tions were as described in Materials and Methods. Values are
means of 4 experiments = SD. Values for injected muscie dif-
fered significantly from the control at P < 0.001 at all doses.
The control value is shown at zero bupivacaine concentration
on the vertical axis.

Table 1. Muscle Weight to Body Weight Ratios 5 Days after
Bupivacaine Treatment of Skeletal Muscle*

Percentage of Muscle Weight/
Bupivacaine (wt/vol) Body Weight (mg/gm)
Control 1.60 = 0.13

1.50 1.06 = 0.09

1.00 1.14 = 0.23

0.75 1.16 £ 0.22

0.50 1.22 = 0.13

*Ratios were calculated using muscles from 15 animals (control), 12
animals (1.5%), 7 animals (1.0%), and 8 animals (0.75 and 0.50%).
Values are mean * SD for the indicated number of animals. Ratios for
injected muscle differed from control ratios at P < 0.001 for all
bupivacaine doses.
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compared with control muscle, whereas a 0.5%
bupivacaine injection resulted in a 1.8-fold in-
crease. As compared with controls, increases in
methionine incorporation of 2- to 12-fold were
routinely observed, depending on the dose of
bupivacaine injected. These results suggest, not
surprisingly, that skeletal muscle regeneration is
accompanied by an increased synthesis of muscle
proteins.

Isolation of Polyribosomes from Control and Re-
generating Muscle. While the results of Figure 2
argue for an increase in protein synthesis in re-
generating muscle, the data could also be ex-
plained by postulating a bupivacaine-induced
change in amino acid transport into the muscle
fibers or a change in amino acid pool size. To
eliminate these possibilities, translational compo-
nents have been isolated from control and re-
generating muscle. Polyribosomes were obtained
from the muscles as described in Materials and
Methods. Table 2 summarizes data regarding the
yields of polysomes from control and regenerating
muscle. It can be seen that significantly higher
quantities of polysomes were isolable from re-
generating as compared with control muscle and
that the polysome yields were dose dependent.
The higher the dose of bupivacaine used to inject
the tibialis, the higher the yield of polysomes ob-
tained 5 days following the injection. Previous
studies have indicated that skeletal muscle regen-
eration is accompanied by an increased synthesis of
ribosomes.* The increased polysome vyield ob-
served in the present study may well reflect the
mobilization of these newly synthesized ribosomes
for protein synthesis.

Polyribosomes were also analyzed by sucrose
gradient centrifugation on 10 to 40% linear gra-
dients. Profiles for polysomes from control and re-
generating muscles were essentially indistinguish-
able (data not shown) and were similar to gradient
profiles previously published for muscle polyribo-
somes analyzed in this laboratory.’> A,gy/Asg ratios
for the polyribosome preparations varied between
1.45 and 1.60.

Activity of Polyribosomes in Cell-Free Protein Syn-
thesis. Polysomes isolated from control and re-
generating muscle were tested for their activity as
described in Materials and Methods. 3*S-methi-
onine was used as the labeled amino acid. Results
of an experiment in which the concentration of
polysomes in the reaction mixtures was varied
are shown in Figure 3A. Polysomes from control
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Table 2. Yields of Polyribosomes from Control and
Bupivacaine-Treated Muscle 5 Days after Injection

Polysome Yield
{Aze/gm Muscle)*

Percentage of
Bupivacaine (wt/vol)

Control 68+ 1.3
1.50 3183+ 7.1
1.00 36.4 = 10.5
0.75 275+ 7.9
0.50 224+ 50

*Average values = SD from 5 separate experiments. Yields from injected
muscle differed from control values at P <0.001 for all bupivacaine
doses.

muscle and from muscle injected with 1.5%
bupivacaine are compared. The striking result of
this experiment is that, per Ay unit of polysomes
added to the mixture, polysomes from the re-
generating muscle are considerably more active
than those from control muscle.

Figure 3B reveals that this increase in activity of
the polysomes is also dependent on the dose of
bupivacaine used to inject the muscle. The data in
this figure are expressed as cpm *S-methionine in-
corporated into protein/A,g unit of polysomes
added to the reaction mixture. As can be seen, at
higher doses of bupivacaine, the activity of the
polysome preparations is increased.

Activity of Polysomes With Synthetic Messenger
RNA. If the data of Figure 3 reflect a real increase
in the activity of ribosomes from regenerating
muscle, this increase should be manifested when
those ribosomes are allowed to translate an exog-
enously added, synthetic messenger RNA. To test
this possibility, polysomes from a control mus-
cle and a muscle injected with 1.5% bupivacaine
were tested for activity with poly U as the mes-
senger RNA. The results of a series of experiments
are shown in Figure 4. Polysomes from the bupiv-
acaine-treated muscle were, indeed, more active
in supporting poly-U-directed polyphenylalanine
synthesis than polysomes from control muscle.
It should be noted that the data in this figure
represent cpm *H-phenylalanine incorporated
in the presence of poly U minus cpm incorpo-
rated in its absence. Thus, the data have been cor-
rected for endogenous phenylalanine incorpo-
ration. In the experiment depicted in Figure 4,
polysomes from bupivacaine-treated muscle were
about 1.5-fold more active in poly-U translation
than control polysomes. In the experiments of
Figure 3, polysomes from muscle injected with
1.5% bupivacaine were 1.7x more active than
controls. These results strongly suggest that the
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Figure 3. (A) Effects of varying polysome concentrations on the incorporation of 3S-methionine in a cell-free system. Incubation
conditions were as described in Materials and Methods and varying amounts of polysomes were added to individual reaction
mixtures. The solid line represents incorporation by polysomes from muscle injected with 1.5% bupivacaine, and the dashed line
represents incorporation by control polysomes. Results presented are from a single experiment. (B) Specific activity of polysomes
isolated from control muscle and muscles injected with varying doses of bupivacaine. Results are expressed as cpm 35S-methionine
incorporated/A,e Unit of polysomes added to the reaction mixtures. Mixtures contained equal quantities of polyribosomes (4 Aye/mi).
Values are means of 4 experiments = SD. Specific activities of polysomes from injected muscle differed from controls at P = 0.02
(0.5%), 0.01 (0.75%), and 0.001 (1.0 and 1.5%). The control value is shown at zero bupivacaine concentration on the vertical axis.

activity increase depicted in Figure 3 reflects a re- with each bupivacaine concentration as compared
sponse io the regeneration process. with controls. Thus, muscle fragments froma 1.5%

injection were 10.8X more active than fragments
Combined Effects of Polysome Yield and Activity on from the contralateral control. The third column
Muscle Protein Synthesis. The data presented thus presents the relative increases in polysome yield at
far indicate that regenerating muscle may increase each bupivacaine concentration (a 1.5% injection
its capacity for protein synthesis by increasing the produces a 4.6-fold increase in yield as compared
yield and activity of the polyribosomes involved in with controls), and the fourth column shows the
protein synthesis. It is of interest to determine, relative increase in activity in the cell-free system (a
therefore, whether the observed in.reases in poly- 1.5% injection leads to a 1.7-fold increase in activ-
some yield and activity can account for the in- ity as compared with controls). The last column
creased protein synthesis observed with muscle represents the products of the values in columns 3
fragments (Fig. 2). To this end, the effects of the and 4, the combined effect of the increase in poly-
yield and activity increases have been combined to some yield and activity. If these two changes are
produce the estimates presented in Table 3. It sufficient to account for the increase in protein
should be noted that the raw data used to produce synthesis observed with muscle fragments, the
the values in Table 3 were averaged results of sev- numbers in the second and fifth columns should be
eral experiments. The second column in Table 3 identical. There is certainly some contribution to
represents the relative increase in protein synthesis the values in column 5, due to the experimental er-
in the fragment incubations for muscles injected rors inherent in the polysome activity and yield
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Figure 4. Effects of varying polysome concentrations on the
incorporation of 3H-phenylalanine in a poly-U-directed cell-free
system. The data in the figure represent the cpm incorporated
in the presence of poly U minus the cpm incorporated at the
same polysome concentration in the absence of poly U, and
are averages of three experiments. The arrows indicate points
at which the activity of the polysomes from injected muscle
differs from the control at P < 0.05. The solid line shows incor-
poration by polysomes from muscle injected with 1.5%
bupivacaine, and the dashed line shows incorporation by con-
trol polysomes. Incubation conditions were as described in
Materials and Methods.

measurements, and it must be emphasized that
the values in the fifth column are only estimates.
Nevertheless, a comparison of columns 2 and 5
strongly suggests that the increases in polysome
yield and activity in regenerating muscle can ex-

plain the increase in protein synthesis observed
when fragments of that muscle are incubated with
radioactive amino acid.

Spectrum of Proteins Synthesized by Control and Re-
generating Muscle. Although the data presented
above indicate that changes in the translational ap-
paratus accompany the regeneration process in
skeletal muscle, the experiments presented pro-
vide no information on the kinds of proteins which
are synthesized by regenerates. To determine
whether the spectrum of newly synthesized pro-
teins was similar in control and regenerating mus-
cle, aliquots of cell-free reaction mixtures contain-
ing muscle polysomes were analyzed by sodium
dodecyl sulfate gel electrophoresis on 7 to 15%
linear gradient gels. Results of a typical experiment
are shown in the fluorogram of Figure 5. It can be
seen that a number of proteins are synthesized in
the polysomal cell-free reaction systems, including
proteins which migrate with the myosin heavy-
chain and actin standards. Specific quantitation of
the relative levels of myosin heavy-chain and actin
synthesis is currently in progress in this laboratory
using this technique of two-dimensional gel elec-
trophoresis.

DISCUSSION

Bupivacaine has been shown to be a valuable tool
in the study of skeletal muscle regeneration. Benoit
and Belt,? Jirmanova and Thesleff® and Hall-
Craggs® have all shown that injection of appro-
priate concentrations of the drug into skeletal
muscle leads to rapid degeneration and regenera-
tion of the muscle tissue. One hundred percent

Table 3. Experimental and Calculated Protein Synthesis Levels in Control and Bupivacaine-Treated
Skeletal Muscle

Percentage of Protein Synthesis Polysome Polysome Calculated Pro-
Bupivacaine Ratio from Frag- Yield Activity tein Synthesis
(wt/vol) ment Incubations* Ratiot Ratiot Ratio§
Control 1.0 1.0 1.0 1.0

1.50 10.8 46 17 8.0

1.060 6.2 53 1.4 7.6

Q.75 3.9 4.0 1.3 51

0.50 1.8 3.3 1.1 35

*Calculated by dividing the com/mg protein from the fragment incubations at each bupivacaine concentration by

the control value. Data were taken from Figure 2.

tCalculated by dividing the polysome yields (Ay/gm muscle from Table 2) at each bupivacaine concentration by

the control value.

1Calculated by dividing the cpm/A,g, from the polysome incubations at each bupivacaine concentration by the

control value. Data were obtained from Figure 3B.

§Calculated by multiplying the yield ratio by the activity ratio. Standard deviations and P values for the raw data
used to produce columns 2 to 4 are provided in Figures 2 and 3 and Table 2.

Bupivacaine Effect on Protein Synthesis
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regeneration was generally not observed when
bupivacaine alone was injected. Carlson and Gut-
mann’ and Wagner et al.’” were able to obtain com-
plete destruction of existing muscle fibers, and
thus, complete regeneration, by surgical removal
of the muscle followed by soaking in bupivacaine
solution and reimplantation in the original limb
bed. These studies™®'” have also led to the conclu-
sion that bupivacaine treatment produces a
homogenous population of muscle fibers which
differentiate synchronously to produce new mus-
cle. Bupivacaine has been exploited as a stimulus
for skeletal muscle regeneration in the present
study, and it has been shown that an appropriate
injection technique can, indeed, lead to essentially
complete destruction of existing muscle fibers in
the rat tibialis anterior muscle. Thus, the value of
this drug in regeneration studies is well estab-
lished.

The present experiments have also shown that
muscle regeneration is accompanied by dramatic
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Figure 5. Gel electrophoresis of proteins syn-
thesized in polysomal cell-free systems.
Reaction conditions were as specified in Ma-
terials and Methods and samples were elec-
trophoresed on 7 to 15% linear gradient gels.
Gels were then subjected to fluorography.’
Approximately 20,000 cpm were applied to
each lane. MHC = myosin heavy chain, A =
actin. Numbers at the bottom of each lane in-

dicate the bupivacaine dose used for injec-
0.5 tion.

changes in the capacity of the muscle for protein
synthesis. Fragments of regenerating muscle are
much more active than control muscle fragments
in incorporating amino acids into protein. Al-
though the fragment incubation may not provide
an ideal measure of the protein synthetic capacity
of the muscle system, the magnitude of the
changes shown in Figure 2 suggest real differences
between control and regenerating muscle in terms
of that synthetic activity. The increased activity
seems to reflect, in part, an increase in the concen-
tration of polyribosomes in the regenerating fibers.
The increased polysome concentration presumably
results from the increased synthesis of ribosomes,
which has been previously reported for re-
generating muscle,"* and may also indicate the
synthesis of increased quantities of messenger
RNA in regenerates. Preliminary data from this
laboratory suggest that there is an increase in the
amount of polyadenylated RNA, which is present
in bupivacaine-treated, regenerating muscle as
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compared to controls. This result suggests the pos-
sibility of transcriptional regulation of protein
synthesis during regeneration.

The studies described in this report also indi-
cate that polyribosomes from regenerating muscle
are more active in protein synthesis than those
from control muscle. Although it is possible that
bupivacaine injection affects amino acid transport
or pool size in the muscle fiber, the data of
Figure 3 argue strongly against the notion that
such changes are responsible for the increase in
protein synthesis observed with fragments of re-
generating muscle (Fig. 2). It should also be noted
that the combined effects of the increases in poly-
some yield and activity are sufficient to explain the
increased amino acid incorporation observed with
fragments of regenerating muscle. The increase in
activity must be due to an effect at the level of the
polysomes themselves, since the soluble enzyme
fraction used in the cell-free incubations was from
a heterologous source (rat liver) and was the same in
all experiments. The experiments with synthetic
messenger RNA support this contention. In addi-
tion, it has been shown that the difference in the
activity of polysomes from control and bupiv-
acaine-treated muscles cannot be attributed to
the presence of translational inhibitors or ribonu-
clease in control preparations. Protein synthesis
levels were additive when appropriate concen-
trations of polysomes from control and bupiva-
caine-injected muscle were mixed, and the addi-
tion of human placental ribonuclease inhibitor to
polysomal cell-free reaction mixtures had no ef-
fect on amino acid incorporation (data not shown).
Taken together, these results suggest that the re-
sponse of the translational apparatus during re-
generation may also involve a translational control
mechanism. Experiments are in progress to de-
termine whether changes in the ribosomes from
regenerating muscle can explain the observations
of Figure 3.

As shown in Figure 5, muscle polysomes syn-
thesized a spectrum of proteins, including species
with the electrophoretic mobilities of myosin heavy
chain and actin. Figure 5 also suggests that the
dose of bupivacaine injected can influence the rel-
ative amounts of proteins synthesized by muscle
polysomes 5 days following injection. The quan-
titative differences suggested by Figure 5 are not
likely to be due to proteolytic artifacts, since the
addition of leupeptin and phenylmethylsulfonyl-
fluoride to cell-free reaction mixtures affected
neither the activity of the polysomes, nor the elec-
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trophoretic pattern of the newly synthesized pro-
teins (data not shown).

It is noteworthy, and perhaps a bit surprising,
that the magnitude of the response of the transla-
tional machinery is proportional to the bupivacaine
dose used to induce regeneration. This propor-
tionality was observed with muscle fragments and
with polysomes isolated from those fragments
(Figs. 2 and 3). It seems unlikely that this dose-
response phenomenon represents a direct effect of
the drug on the protein synthetic apparatus, since
the response is manifested as late as 5 days follow-
ing the bupivacaine injection. In addition, earlier
experiments suggest that bupivacaine exerts an
inhibitory rather than a stimulatory effect on pro-
tein synthesis.'®!! The dose-response phenomenon
more likely reflects the ability of increasing doses
of bupivacaine to mobilize increasing proportions
of the treated muscle for the regeneration process.
If this hypothesis is correct, it could be argued that
1.0 and 1.5% wt/vol bupivacaine should be the
doses of choice for the induction of regeneration in
the injection model. However, the results shown in
Figure 1 indicate that the 1.5% bupivacaine in-
jection produces a significant level of muscle
ischemia. Similar observations were made when
1.0% bupivacaine was injected (data not shown).
Although the extent to which ischemic muscle may
participate in regeneration is not known, it seems
possible, at the very least, that the presence of large
regions of ischemic muscle may destroy the syn-
chrony of regeneration. Since synchronous regen-
eration is essential to the performance of definitive
biochemical studies, the bupivacaine concentration
of choice for subsequent studies is 0.75%. At this
dose, muscle regeneration is extensive, but little or
no muscle ischemia is generally observed.

Experiments are in progress to examine the
time course of regeneration in muscles injected
with 0.75% bupivacaine in terms of the effects
exerted on the yield and activities of polysomes
and the total and polyadenylated RNA.
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