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ABSTRACT
Loss of chelipeds in crustaceans results in severe atrophy of the major muscle
responsible for lifting the limb, the anterior levator. We decided to test if this loss of mechanical
load altered muscle phenotype as measured by SDS–PAGE analysis of levator total protein and
actomyosin fractions. Levator muscles of adult crayfish, Procambarus clarkii, with either functional regenerate limbs or lack of limb buds (papilla stage) were compared with those from normal
contralateral limbs and those from pristine animals. We find that there is no difference in protein
profiles among the three conditions. However, the total protein profile for the dually excited levator muscle is unique compared to those of fast or slow muscles of the abdomen (L and SEL, respectively), which receive only phasic or tonic excitatory innervation. The levator myosin heavy chain
profile is similar to that of slow phenotype muscles such as the SEL and opener. We conclude that
load does not influence levator phenotype. This is likely due either to the intact innervation and
continued activation of the levator during atrophy or to the maintenance of passive tension on the
muscle. J. Exp. Zool. 289:10–22, 2001. © 2001 Wiley-Liss, Inc.

Control of phenotype in striated muscle has been
shown to be dependent upon several factors. Innervation, hormones, muscle cell lineage, and load
may play a role in the expression of the major contractile proteins for a particular muscle (see reviews: Pette and Vrbová, ’85, ’92, ’99; Pette and
Staron, ’97). The interplay among factors is not constant for every muscle within an organism, much
less across species. However, the general framework of muscle phenotype control is relatively similar for evolutionarily disparate species, for example,
arthropods and vertebrates, although each factor
may be weighted in a different fashion.
The major controlling influences on arthropod
muscle phenotype have been examined primarily
in Drosophila (Cripps et al., ’99; Gunthorpe et
al., ’99; Jagla et al., ’99; White et al., ’99) and
crustaceans (Mykles, ’97; LaFramboise et al.,
2000). Investigations in Drosophila have revealed
regulating genomic factors, such as transcription
factors, including Drosophila MyoD (Michelson
et al., ’90), S59 (Dohrmann et al., ’90), and Dmef
and apterous (Bourgouin et al., ’92). However, little
is known about their function in determining individual muscle fiber identity. Recently, a muscle
segment homeobox (msh) gene, the homolog of
vertebrate Msxs, has been demonstrated to be required for the specification of the precursor cells
© 2001 WILEY-LISS, INC.

(Nose et al., ’98). Similarly, little is known about
the molecular mechanisms that are responsible
for regulation of muscle numbers and their insertion sites, although there is evidence that mutation of the neurogenic genes, such as Notch (Bate
et al., ’93), and mutations of the Spitz class of
genes, such as rhomboid (Bier et al., ’90; Chiba et
al., ’93), both alter the muscle fiber number. Crustaceans, particularly crayfish, are well suited to
these studies because of the vast background
knowledge of their muscle innervation patterns
and even of output from specific neuromuscular
junctions. Muscles are easily distinguished and
removed for study.
Typically, crustacean muscles have been classified according to the type of innervation each
muscle receives. This leads to three broad categories of crustacean muscles: fast, slow, and mixed
(or dually innervated). As their names suggest,
fast and slow muscles receive only one type of excitatory input (phasic or tonic, respectively), although multiple motor neurons may innervate the
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same muscle. Mixed muscles receive both phasic
and tonic excitation.
As with vertebrates, crustacean skeletal muscle
fibers are biochemically defined on the basis of
histochemical analysis that relates to a muscle’s
activity profile and contraction velocity (Ogonowski and Lang, ’79; Mellon, ’91; Günzel et al.,
’93; and see Mykles (’97) for review). Fast muscles
primarily use glycolytic processes, whereas slow
muscles primarily use oxidative metabolism. Phenotypic profiles can readily be determined by the
proteins associated with particular enzymes and/
or their activity. Staining profiles of ATPases have
been shown to work well in crustacean muscles
(Günzel et al., ’93). Higher resolution of phenotypic differences in myofibrillar protein isoforms
by SDS–polyacrylamide gel electrophoresis has
also been successful in crustaceans (Costello and
Govind, ’84; Quigley and Mellon, ’84; Mykles,
’85a,b, ’88; Neil et al., ’93; Sakurai et al., ’96,
LaFramboise et al., 2000). One example of a particular marker for fast fibers is a 75-kDa regulatory protein (P75) (Mykles ’85a,b, ’88; Neil et al.,
’93). In addition, slow muscles have specific profiles of protein isoforms that have been used to
subgroup types of slow muscles. For example,
slow-tonic (S2) fibers contain a 55-kDa isoform of
troponin-T (TnT1) not present in slow-twitch (S1)
fibers (Mykles, ’85a,b, ’88; Ismail and Mykles, ’92;
Neil et al., ’93; Galler and Neil, ’94). It has been
shown that innervation pattern correlates with a
particular protein expression pattern even at the
level of myosin heavy chain (MyHC), the major
contractile protein (Cotton and Mykles, ’93; Galler
and Neil, ’94; Mykles, ’97; Cooper et al., ’98;
LaFramboise et al., 2000).
Along with specialized innervation, crustaceans
have the ability to regenerate whole limbs. This
loss of limb is usually in response to life-threatening encounters with predators or conspecifics.
By losing the limb, the crustacean increases its
chance of surviving the encounter. This presents
an ideal situation to study the effects of a “naturally” occurring event that significantly changes
the load on muscles associated with limb movement (Bliss, ’60).
In vertebrates, unloading of a muscle can cause
an abrupt change in phenotype in a short amount
of time (Talmadge et al., ’96; Stevens et al., ’99a,b).
Unloaded muscles typically respond to the loss of
load depending on their original phenotype: fast
muscles stay fast while slow muscles become
faster. Fibers that may once have expressed a
single myosin heavy chain produce two or more
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isoforms of the protein. Recently, this has even
been shown to produce fibers that defy the “next
neighbor” rule in which vertebrate muscles switch
myosin heavy chain isoforms by proceeding directly along a continuum: MyHCI > MyHC IIa >
MyHC IId/x > MyHC IIb (Stevens et al., ’99b).
Previous work has shown that crustacean
muscles proximal to the autotomy plane atrophy
after autotomy (Moffett, ’87; Schmiege et al., ’92).
One of these muscles, the anterior levator, is responsible for the actual autotomy itself (Moffett,
’75; Moffett et al., ’87). Under normal conditions,
the main function of the anterior levator is to lift
the limbs attached to the major claws, the chelae.
In the red swamp crayfish, Procambarus clarkii,
the chelae-associated anterior levators normally
have a comparatively large load during use compared to those of the walking legs, or chelipeds.
Because this crayfish has bilaterally symmetrical
claws, this load should be approximately equal on
both sides of the animal. So, after autotomy, the
anterior levator loses essentially all of its load and
then regains the load as the limb regenerates. We
test the question of the importance of load in determining the phenotype of the anterior levator.
We used qualitative assessment of the protein
isoforms separated during SDS–PAGE to identify
the presence or absence of a concomitant shift in
muscle phenotype with autotomy.
Parts of this study have been presented in abstract form (Griffis et al., 1999).
MATERIALS AND METHODS
Animals
Six adult (10–14 cm body length) red swamp
crayfish, P. clarkii (Atchafalaya Biological Supply
Co., Raceland, LA), including four with unilaterally autotomized chela and two with bilaterally
normal chela, were used to compare protein profiles of anterior levator muscles after autotomy of
one cheliped. Animals were housed in an aquatic
facility and fed dried fish food.
Live weights of the intact crayfish were measured, and, after dissection, the normal and regenerate limbs (from the autotomy plane forward)
were weighed. Two crayfish lacked full limb buds
(papilla stage), and so this was taken as negligible weight, whereas two crayfish had small,
functionally regenerate limbs (Fig. 1A,B). As another indicator of cheliped size, the length of the
dorsal propus, from the carpus–propus joint to the
hinge of the propus–dactylus joint, was measured
for each limb (see Table 1 and Fig. 1B).
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Fig. 1. Loss of the chela results in atrophy of the associated anterior levator muscle. A: Crayfish with a functionally
regenerate chela. Difference in limb size is obvious. B: View
of claws after removal. Bracket indicates the area measured

as the dorsal propus. C,D: Medial view of the anterior levator muscles from a crayfish with one normal claw (C) and a
papilla-stage regenerate (pre-limb bud, D). Arrows indicate
the anterior levator muscles. Scale bar: 2 mm.
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TABLE 1. Morphometrics and mass of the animals and their chelae
Animal

Limb

1

Left
Right
Left
Right
Normal
Regenerate
Normal
Regenerate
Normal
Papilla
Normal
Papilla

2
3
4
5
6

Body weight
(g)

Claw weight
(g)

Body weight
%

Propus length
(mm)

Levator weight
(g)

46.4

30.1

8.0
8.0
4.9
4.9
4.4
0.9
1.6
0.6
6.0

17.3
17.3
15.8
15.8
15.2
3.1
8.7
3.5
19.9

21
21
17
17
18
12
10
7
19

38.4

5.4

13.9

19

0.094
0.108
0.060
0.073
0.025
0.028
0.057
0.038
0.043
0.012
0.068
0.028

31.1
29.0
17.9

To dissect out the anterior levator muscles, the
abdomen, the gill chamber, and the walking legs
were removed. The remainder of the cephalothorax was then cut in half down the ventral midline.
This allowed visualization of the musculature. To
be sure that the correct muscles were taken,
muscle action and limb movement were correlated.
Dissected preparations were maintained in crayfish saline, a modified Van Harreveld’s solution
(in mM: 205 NaCl; 5.3 KCl; 13.5 CaCl2·2H2O; 2.45
MgCl2·6H2O; 10 mM glucose; 0.5 HEPES adjusted
to pH 7.4). Muscles were removed from the cuticle, with as much of the apodeme attached as
possible. Muscle wet weights were recorded, and
some muscles were photographed for a visual comparison of atrophy. Each muscle was cross-cut into
two pieces at the muscle mid-belly: one piece used
for total protein analysis, and the other was used
for myosin heavy chain analysis.
Total protein analysis
The total protein fractions were immediately
placed in glycerination buffer (20 mM Tris-acetate,
pH 7.5, 50% glycerol, 0.1 M KCl, 1 mM EDTA,
0.1% Triton X–100) for 30 min at room temperature. Afterward, the muscles were gently pelleted
by centrifugation to allow removal of the glycerination buffer and placed into 500 µl of Reagent
A (0.34 g NaH2PO4, 1.0 g Na2HPO4, 1.0 ml βmercaptoethanol, 1.0 g SDS, 0.015 g bromophenol blue, and 36.0 g urea, solution volume made
up to 80 ml with ultrapure water, pH 7.0) overnight (Cooper et al., ’98). Total protein samples
were then analyzed by SDS–PAGE using 10%
acrylamide separating gels with a 30:0.8 acrylamide/bis-acrylamide ratio, as previously described (Cooper et al., ’98). One exception was that
the gels were run using the Mini-PROTEAN II
system (Bio-Rad, Richmond, CA) at 15 mA con-

stant current until the dye front reached the separating gel and then at 20 mA until the dye front
reached the bottom of the gel; the total run time
was about 2 hr. This increased the resolution of
the band separation and shortened the run time
significantly (~4 hr).
Myosin heavy chain analysis
Muscle pieces for myosin extraction were placed
in a –80°C freezer until the extraction procedure.
Myosin heavy chain electrophoresis was performed
essentially as previously described (LaFramboise
et al., ’90, 2000). In short, muscle was minced in 4
volumes of high-salt buffer (300 mM NaCl, 100 mM
NaH2PO4, 50 mM Na2HPO4, 1 mM MgCl2, 10 mM
Na4P2O7, and 10 mM EDTA; pH 6.5) and kept on
ice for 30 min with frequent vortexing (ButlerBrowne and Whalen, ’84). The tissue was then centrifuged at 12,000g for 30 min at 4°C, and the
supernatant was placed in 9 volumes of low-salt
buffer (1 mM EDTA, 0.1% β-mercaptoethanol) overnight at 4°C. The next day, actomyosin filaments
were pelleted by centrifuging for 30 min as before.
The supernatant was removed, and the filaments
were resuspended in myosin sample buffer (0.5 M
NaCl, 10 mM NaH2PO4; pH 7.0) overnight at 4°C.
On the third day of the extraction, the resuspended myosin was diluted with an equal volume
of SDS buffer (62.5 mM Tris, 2% SDS, 10% (v/v)
glycerol, 0.001% bromophenol blue, 5% β-mercaptoethanol; pH 6.8; Laemmli, ’70), boiled for 2
min, and stored in a –80°C freezer. SDS–PAGE
to separate myosin isoforms was performed using
5% acrylamide separating gels (28.5:1.5 acrylamide/bis-acrylamide ratio) containing 30% (v/v)
glycerol. Stacking gels contained 3% acrylamide,
no glycerol, and were 4.5 cm tall. Gel mixtures
were completely degassed. Myosin gels were run
in an SE 600 slab gel electrophoresis unit (Hoefer
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Scientific Instruments) for 22 hr at 15°C. Gels
were started at 120 V constant and then switched
to 115 V constant when the starting amperage had
decreased by ~45%. This prevented the protein
bands from forming a smile across the gel.
For both gel systems, Laemmli (’70) running
buffer was prepared from 10× stock just before
use, with the exception that 0.1% β-mercaptoethanol was added to the upper buffer for myosin
gels, as described in LaFramboise et al. (2000).
Before electrophoresis, samples were boiled and
diluted appropriately to ensure good separation
of protein bands and to maintain good staining
characteristics.
Staining and image capture
Gels were stained with Coomassie Blue R-250
in 45% methanol/10% glacial acetic acid, destained, and silver stained by the method of Wray
et al. (’81) with the following modification to increase signal to noise ratio: gels were washed in
50% methanol overnight before silver staining.
Stained gels were scanned with a Umax Astra
2400S scanner using Adobe Photoshop 5.0 software on a Macintosh PowerPC. After being soaked
a minimum of 2 hr in 10% ethanol/7%glycerol, gels
were then dried and stored with a record of run
conditions.
Nerve terminal visualization
To determine the innervation pattern across the
levator muscle, the dissected preparation was
stained with methylene blue and photographed
through a Wild dissecting microscope. This provided an initial look at the nerve terminals running across the muscle.
To identify the living nerve terminal phenotype
(filiform and wispy for phasic neurons; varicosities connected by bottlenecks for tonic neurons),
freshly dissected muscles were incubated for 2–5
min in 2–5 µM 4-Di-2-ASP (4-[4-(diethylamino)styryl]-N-methylpyridinium iodide; Molecular
Probes, Eugene, OR) in crayfish saline (Magrassi
et al., ’87). Following a wash with fresh saline,
nerve terminals were visualized and photographed
with a Nikon epifluorescence microscope using a
40× water immersion lens.
Immunofluorescence
Whole-mount preparations were pinned to a
Sylgard-lined dish with the muscle in a stretched
position. They were fixed with 2.5% (v/v) glutaraldehyde, 0.5% (v/v) formaldehyde dissolved in a
PBS buffer (9.5 ml of 0.2 M NaH2PO4·2H2O, 40.5

ml of 0.2 M stock Na2HPO4·7H2O, 4 g sucrose,
brought to 100 ml with H2O) for 1 hr with two
changes of solution at room temperature. The
preparation was then placed into vials and washed
in PBS buffer containing 0.2% (v/v) Triton X-100
and 1% (v/v) normal goat serum (Gibco/BRL,
Grand Island, NY) for 1 hr with three changes of
solution at room temperature. The tissue was then
incubated with primary antibody to GABA (Sigma,
1:1,000 in PBS buffer) on a shaker at 4°C for 12
hr. Following three washes in PBS, the tissue was
incubated with secondary antibody (goat, anti-rabbit IgG conjugated with Texas Red, Sigma), diluted 1:200 in PBS, at room temperature for 2 hr
and washed twice with PBS. The synaptic locations were observed by immunocytochemistry as
previously shown in nerve terminals (Cooper et
al., ’96; Cooper, ’98). Fluorescent images of the
nerve terminals were viewed with a Leica DM
IRBE inverted fluorescent microscope using a 63×
(1.2 NA) water immersion objective with appropriate illumination. The composite images of Zseries were collected with a Leica TCS NT confocal
microscope for illustration.
Axon counts
The base of the nerve before reaching the levator muscle was removed in order to obtain a crosssection for observation with light and transmission
electron microscopy (TEM). After the segment of
nerve was cut and held in place in a Sylgard dish,
the preparation was fixed in a solution containing 2.5% (v/v) glutaraldehyde and 0.5% (v/v)
formaldehyde dissolved in buffer (0.1 M sodium
cacodylate, 0.022% (w/v) CaCl2, 4% (w/v) sucrose,
adjusted to pH 7.4) for 1 hr with two changes of
solution. The tissue was subsequently processed
for TEM (Jahromi and Atwood, ’74; Cooper, ’98).
The tissues for TEM were further processed after
fixation by washing in PBS buffer for 2 hr, changing solution twice. Post-fixation was performed for
1 hr in 2% osmium tetroxide in buffer, followed
by three rinses in PBS. The tissue was then dehydrated using a graded ethanol series (50%, 70%,
80%, 90%, 95%, 100%—3 times) and embedded
in an Araldite/Epon Resin. The area of interest
was sectioned and then viewed using a Hitachi
H7000 electron microscope.
In order to obtain axonal measurements, thin
sections of the nerve bundles were photographed
at 1,500× and printed at 2.5× to form montages.
The number of axons was counted, and minimum
and maximum diameters of each axon were measured with a cartographer’s tool. The square root
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of the product of the maximum and minimum perpendicular diameters provided one measure of the
mean diameter of the axon. The other was calculated from the measured perimeter of the axon.
RESULTS
Levator weight relative to limb weight
The gross morphology and location of the anterior levator muscle is shown in Fig. 1C and D. In
Fig. 1D, the ability of the muscle to undergo extreme atrophy is shown. Table 1 provides the wet
weights of anterior levator muscles for animals
with normal chelae and for those that had undergone autotomy. Two animals had the presence of
limb buds at the stage in which the individual
leg segments could be discerned and the two other
animals only had a papilla, an early stage of limb
regeneration (Cooper, ’98). In one of the regenerative cases, the cheliped from the autotomized
side was in an advanced stage of regeneration and
had likely experienced two full molt cycles. The
levator for this advanced stage regenerate had
nearly undergone a full recovery in mass, as compared to the contralateral control side. As indicated in Table 1, larger animals had larger chelae
and also larger levator muscles. The animals with
one cheliped missing for at least a month, as determined by the presence of the small papilla (Cooper, ’98), experienced a massive reduction in mass.
In contrast, the one with a substantially regenerated limb had regained most of its muscle mass.
Anatomy
Methylene blue staining of the anterior levator
is shown in Fig. 2A, with the anatomy more clearly
defined in the accompanying drawing (Fig. 2B). The
staining revealed that the nerve to the levator
muscle arrives at the base and travels dorsally
along the medial half of the muscle. A branch of
the nerve, close to the point of arrival on the leva-
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tor, takes a route through the levator fibers to arise
on the other surface (lateral) of the levator between
the levator and the more lateral remoter muscle.
This is illustrated by the small line in Fig. 2B. This
branch continues along to a more caudal aspect of
the levator and additional branching occurs on the
caudal, dorsal region of the levator.
The fine terminals of the neurons are easily seen
with the 4— Di— 2–ASP staining (Fig. 2D,E).
There are multiple terminals with varicosities
found on all regions sampled on the medial surface of the muscle. We sampled along the base,
middle, and dorsal groups of fibers. The presence
of varicose terminals indicates that they are tonic
in nature. We also observed fine filiform terminals indicative of phasic motor neurons.
Immunohistochemistry with an antibody against
GABA (γ-aminobutyric acid) revealed immunoreactivity in some of the varicosities, indicating that
the inhibitory innervation to this muscle is also
tonic in nature (Fig. 2C). This inhibitory innervation correlates with that seen to the anterior levator of crabs (Moffett and Yox, ’86).
Axon counts
The cross-section of the nerve bundle located at
the base of the anterior levator revealed a range
of axon diameters (Fig. 3). Axons diameters are
given in Table 2. Some axons, indicated by the
bracket, could not be measured. From the measurements that were made, at least eleven separate motor neurons innervate the anterior levator
muscle in these crayfish. This is probably an underestimation; however, we have chosen to be conservative since the smaller nerve bundle could be
a branch of the larger. As can be seen in Table 2,
the measured axonal diameter depends upon the
method of measurement. The two methods, square
root and perimeter, only give measurements in
close agreement for a few axons. These variances

TABLE 2. Axon profiles of the innervating nerve
Large
bundle axon
1
2
3
4
5
6
7
8
9
10
11

Square root method
(µm)

Perimeter method
(µm)

Small bundle
axon

Square root method
(µm)

Perimeter method
(µm)

98.29
41.18
9.48
6.40
23.18
32.48
68.04
30.43
16.06
51.98
24.72

89.54
46.22
10.84
6.49
24.54
35.39
73.61
29.62
14.79
49.08
25.26

1
2
3
4
5
6
7
8
9
10

9.62
13.56
7.85
5.53
18.28
4.54
6.80
3.95
9.07
4.54

6.85
9.75
5.76
4.31
18.78
3.27
3.63
2.90
7.57
2.90
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Figure 2.
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Fig. 3. Cross-section of the anterior levator associated
nerve bundle. Section taken before the bifurcation along the
ventral portion of the muscle. Arrows and triangles indicate
individual axons. The bracket indicates a region of very small

axon branches. The sizes of the axonal diameters measured
by perimeter and perpendicular diameters square root methods are shown in Table 2.

are likely due to the invaginations of some of the
membranes as well as the angle of the cross-section, i.e., the cross-sections were not perfectly perpendicular to the axon.

top of the gels are myosin heavy chains. The next
smaller bands, between 100 and 140 kDa, are various paramyosin isoforms, as reported in lobster
fast and slow muscles by Mykles (’85) and in crayfish muscles (Cooper et al., ’98). Previous identification of the other bands in the profiles is
provided in Cooper et al. (’98) with the exception
that the P75 band was previously mislabeled as
85 kDa for L1 muscle.
The anterior levator from control and autotomized sides of the animal did not show any differences in banding pattern (Fig. 4B). They did
exhibit bands not present in either of the two control abdominal muscles, again reinforcing the idea
that the anterior levator is a mixed-phenotype
muscle.
The myosin expression in the levator is similar
to that seen for slow muscles (Fig. 5), with the
same three bands present but in different proportions compared with slow SEL muscle. We detected no myosin isoform alterations in muscles
with extreme atrophy or rebuilding associated
with autotomy. The three myosin bands present
have been previously identified as C1, C3, and C4
(LaFramboise et al., 2000). The large amount of
the fastest migrating band, C1, compared with the
slow SEL indicates that while the anterior levator exhibits a slow myosin phenotype, it is more

Myofibrillar proteins
The protein banding pattern revealed by 10%
SDS–polyacrylamide gels consistently shows
unique profiles for the levator as compared to control tonic and phasic muscles. As seen in Fig. 4A,
the two control muscles, L1 (fast) and SEL (slow),
extensor muscles from the dorsal abdomen of
these crayfish, have distinct protein-banding profiles. Likewise, the anterior levator muscle profiles, from control and atrophied muscles, are
distinctly different from the L1 and SEL controls
(Fig. 4B). The protein bands that appear at the
Fig. 2. Innervation pattern and anatomy of the anterior
levator muscle associated with the chela. A: Methylene blue
stained anterior levator muscle. Triangles point to the blood
vessel associated with the nerve bundle (arrows). B: Tracing
of the stained levator in A to more clearly depict the innervation. The most ventral portion of the levator is innervated by
a branch of the nerve that bifurcates near the base of the
muscle. C: Anti-GABA staining demonstrated the innervation of the levator by a GABAergic neuron that has varicose
terminals. D,E: Staining of the nerve terminals with 4-Di-2ASP revealed both phasic (P, filiform) and tonic (T, varicose)
terminals. Scale bar: A/B, 0.6 mm.
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Fig. 4. SDS–PAGE of total protein fractions reveals a
unique phenotype for the anterior levator. A: Purely phasic L
muscle (left band) and purely tonic SEL muscle (right band)

with unique protein bands indicated. B: Control (left band)
and atrophied (right band) levator show no differences. Possible unique protein bands are indicated.

similar to the opener muscle than to the SEL
(LaFramboise et al., 2000).

growth associated with limb loss and regeneration, the anterior levator muscle does not alter
its biochemical phenotype. These findings illustrate that a mixed-phenotype muscle does not alter its ratio of phasic to tonic expression of
proteins during large changes in the muscle’s load
and mass.
This result is in contrast to the changes reported
for vertebrate muscles. Vertebrate muscle studies show that unloading of slow muscles results
in transformation to a faster muscle phenotype
[see review by Pette and Staron, ’97]. Like the
anterior levator of the crayfish, the soleus muscle
of vertebrates is of mixed phenotype, containing
both slow and fast fibers, although individual
muscle fibers in vertebrates receive only tonic or
phasic innervation. Similar questions of muscle
phenotype control are being addressed using the
soleus. Unloading of the soleus revealed that
there is substantial switching of slow fibers to
fast fibers. A more detailed study of motor units
(Leterme and Falempin, ’96) concluded that the
newly appearing fast fibers arose from slow–intermediate fibers. Intriguing studies in which rats
have been exposed to weightlessness (space flight)
demonstrated that slow muscles show a transformation to a faster phenotype, in both their myosin heavy chain composition and reduction of

DISCUSSION
We have shown in this study that the anterior
levator of the chela-associated limb in the red
swamp crayfish consists of a mixed biochemical
phenotype. The myofibers contain proteins that
are common to both slow and fast fibers. This fits
with the fact that both tonic and phasic motor
nerve innervation is anatomically observed. In
addition, the results demonstrate that this muscle
undergoes a substantial reduction in mass following autotomy. As the limb regenerates, the muscle
regains its mass. Despite the atrophy and re-

C4
C3
C1
Fig. 5. SDS–PAGE of myosin heavy chain indicates anterior levator contains three myosin isoforms. The isoforms are
the same as in the purely tonic SEL muscle but are in different proportions. Again, no differences were observed between
control or atrophied levator.
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myonuclei of slow fibers (Allen et al., ’96; Talmadge et al., ’96). However, fast muscle fibers did
not show phenotype switching with unloading
(Allen et al., ’96; Talmadge et al., ’96). Hence, the
direction of transformation with unloading appears to work only in the slow to fast direction.
Another approach used to decrease muscle
activity has been to transect the motor nerve. Following denervation, vertebrate motor nerve terminals degrade and are removed. There is a large
body of research in vertebrates using denervation
to alter phenotype (see review by Pette and
Staron, ’97). In short, muscle phenotype transformation appears to be muscle-type and organism
dependent. The rabbit gastrocnemius became
more slow-like following denervation (d’Albis et
al., ’95). In rats, transformation is region specific
within the slow soleus and fast plantaris muscles
in which individual fibers show transformation
from a fast type to a slow type with denervation
(Sakuma et al., ’97). As with unloading paradigms,
the results of phenotype switching vary depending on the muscle, although the general theme is
that slow muscles become faster with unloading
but fast muscles do not change phenotype while
denervated muscles generally shift in the opposite direction from their starting point—from fast
to slow or vice versa. However, in crustaceans, the
intact nerve terminals are viable up to a year and
can still convey signals through spontaneous release of substances and/or through direct membrane contact which may influence the muscle
state (Atwood et al., ’89; Parnas et al., ’91).
Most studies of muscle phenotype transformation have focused on specific proteins that regulate the speed of contraction. By examination of
the distribution of the various myosin isoforms
(Hämäläinen and Pette, ’96; Jürimäe et al., ’96;
Okumoto et al., ’96) or other proteins, such as the
sarcoplasmic reticulum Ca2+ ATPase (Nozais et al.,
’96), factors controlling the functional phenotype
have been elucidated for many muscles. In human quadriceps muscle, removal of load does not
cause any alteration in myosin heavy chain
isoforms but does induce changes in the myosin
light chain expression (Larsson et al., ’96).
In contrast to manipulating loss of function by
unloading and denervation, stimulation of nerves
reveals the capacity of muscle to respond to different patterns of activity. Chronic low-frequency
stimulation can result in a fast-to-slow phenotype
transformation of mammalian skeletal muscles
[Delp and Pette, ’94; see review by Pette and
Vrbová, ’92; Pette and Vrbová, ’99]. This alteration
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of phenotype can also be accomplished in the other
direction (Hämäläinen and Pette, ’96). Activity is
likely the main mechanism responsible for transformation during development, although factors
like hormones certainly play a role. This has been
shown in crustaceans as well, with the control of
the dimorphism of the claws of the snapping
shrimp and the American lobster (Lang et al., ’77;
Govind, ’84; Quigley and Mellon, ’84).
Muscle phenotyping in crustaceans has largely
been descriptive, allowing comparisons with vertebrate homologs (Mykles, ’85b; Govind et al., ’87;
LaFramboise et al., 2000). Developmental changes
in muscle phenotype associated with particular
functions are well described in the cutter and
crusher chelae of lobsters and the pincer and snapper chelae of snapping shrimp (Govind et al., ’87).
This is also recapitulated during limb regeneration in which the muscle follows its ontogenetic
program (Govind, ’84). Chronic stimulation of
crustacean motor nerves has shown that the nerve
terminals of phasic neurons are transformed to a
tonic-like state (Lnenicka and Atwood, ’85; Mercier
and Atwood, ’89; Bradacs et al., ’90; Cooper et al.,
’98) and that, like vertebrate models, the fast
muscles transform to a slow-like phenotype (Cooper et al., ’98). The muscle transformation takes
considerably longer than that of the nerve, and
the exact protein isoforms that do transform remain to be determined.
As far as we are aware, unloading of crustacean muscles has not been used to examine
muscle phenotype transformation. Because it was
previously shown that some muscles proximal to
the autotomy plane undergo massive atrophy with
the loss of their associated limb (Moffett, ’87), we
chose to examine whether a phenotype transformation might be associated with the atrophy and
rebuilding of the anterior levator muscle as its
associated limb regenerated. The results of this
study indicate for the anterior levator that no phenotype transformation occurs, whereas muscles
in vertebrates that show disuse atrophy alter
their phenotype (Jakubiec-Puka, ’92, ’99; Eller,
’99). This lack of phenotype switch may reflect
the lack of a load-regulated capacity to alter phenotype. The fact that these crayfish have bilaterally symmetrical claws means that any alteration
would be likely short-lived as the chelipeds will
eventually be of similar size. Therefore, this lack
of switching may indicate that it is less energetically costly for the anterior levator muscle in crustaceans to not undergo a phenotype change during
the unloaded period than to do so and change
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back to its original state after the ontogenetic program has regenerated the limb. This is, of course,
speculation because other muscles within crustaceans have not been examined during natural
or experimentally induced unloading and reloading. Physical characteristics that may prevent
phenotype switching in the unloaded anterior
levator are the maintained presence of the motor
nerve terminals or passive tension maintained by
the cuticular attachments. These two characteristics have been shown to prevent switching of
myosin isoforms in rats but not to prevent the atrophy due to lack of load (Leterme and Falempin,
’94; Leterme et al., ’94).
The act of molting in crustaceans also results
in atrophy and post-molt rebuilding of some
muscles, in particular those that are in the chelae
(Mykles and Skinner, ’81, ’82a,b). The atrophy has
been shown to be regulated by Ca2+-dependent proteinases which degrade myofibrillar proteins, such
as actin, troponin, tropomyosin, and myosin
(Mykles and Skinner, ’82b; Beyette and Mykles,
’92). In these cases, widespread phenotype transformation does not appear to take place, probably
for the same reasons as for the anterior levator
in that during the post-molt rebuilding phase the
myofibrillar apparatus needs to quickly assemble
and each muscle still maintains its original function. However, in the developing claws of lobsters,
new fast or new slow fibers appear, likely due to
phenotype switching of existing “intermediate” fibers (Govind, ’84).
The experimental manipulations described in
this study will allow further investigation of plasticity among muscles under controlled laboratory
conditions that are related to the animal’s natural environment. Further studies may allow the
similarities and differences in the control of
muscle phenotype between vertebrate and invertebrate species to be more precisely defined.
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