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ABSTRACT
Differential expression of multiple myosin heavy chain (MyHC) genes largely determines the diversity of critical physiological, histochemical, and enzymatic properties characteristic of skeletal muscle. Hypotheses to explain myofiber diversity range from intrinsic control of
expression based on myoblast lineage to extrinsic control by innervation, hormones, and usage.
The unique innervation and specialized function of crayfish (Procambarus clarkii) appendicular
and abdominal musculature provide a model to test these hypotheses. The leg opener and superficial abdominal extensor muscles are innervated by tonic excitatory motoneurons. High resolution
SDS-PAGE revealed that these two muscles express the same MyHC profile. In contrast, the deep
abdominal extensor muscles, innervated by phasic motoneurons, express MyHC profiles different
from the tonic profiles. The claw closer muscles are dually innervated by tonic and phasic motoneurons and a mixed phenotype was observed, albeit biased toward the phasic profile seen in the
closer muscle. These results indicate that multiple MyHC isoforms are present in the crayfish and
that differential expression is associated with diversity of muscle type and function. J. Exp. Zool.
286:36–48, 2000. © 2000 Wiley-Liss, Inc.

Striated muscle exhibits an evolutionarily preserved sarcomeric architecture for the transduction of chemical energy into mechanical force. The
dominant molecule underlying this fundamental
contractile structure is the myosin heavy chain
(MyHC), a motor protein housing the myosin ATPase and nucleotide binding site, the actin binding site for cross-bridge formation, and a coiled-coil
alpha-helical region for self-association and thick
filament formation (Rayment et al., ’93). Within
the context of this highly conserved sarcomeric
and molecular organization, considerable heterogeneity has been described both within and across
muscle groups from a variety of morphological,
histochemical, enzymatic, biochemical and physiological assays (Burke, ’81). This diversity among
muscle fibers is recognized largely by the differential expression of members of the MyHC gene
family, molecules that play central roles in determining critical physiological (velocity of shortening and power output), histochemical (myosin
ATPase pH stability), and enzymatic (ATPase
rate) properties of muscle tissue (Moss et al., ’95).
Muscles have the potential to display a remark© 2000 WILEY-LISS, INC.

able range of MyHC expression. For example,
flight muscles of the little brown bat (Myotis
lucifugus) exhibit unusual homogeneity in that all
pectoralis myofibers are of the same phenotype,
expressing a single MyHC isoform, reflected by
uniform histochemical staining throughout the
muscle (Hermanson et al., ’91). At the other extreme, extraocular muscles of the blue marlin
(Makaira nigracans) exhibit an immunohistochemical MyHC heterogeneity consistent with the
presence of at least six distinct fiber types within
the superior rectus muscle alone. These divergent
phenotypes likely reflect adaptation to activation
pattern and usage (Tullis and Block, ’97). The molecular specialization of the bat pectoralis muscle
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ering the downstroke of chiropteran flight. In contrast, the extraocular muscles reflect the diverse
contractile demands ranging from high-velocity, ballistic movements to slow-tonic gaze fixation. In fact,
this heterogeneity may extend to single myofibers
as regional co-expression of multiple MyHC species
within rodent extraocular myofibers is thought to
reflect an intracellular adaptation to “dampen” the
impact of contractile forces from high velocity movements and to minimize fiber trauma (Porter and
Baker, ’96).
Several hypotheses exist to explain the basis for
myofiber diversity, including intrinsic control
based on myoblast lineage and extrinsic determination by a host of factors including innervation
pattern, hormonal influences, and physiological
use. The crayfish (Procambarus clarkii) provides
an interesting model for analysis of MyHC phenotype and physiological profile due to the unique
innervation and highly specialized function of its
appendicular and abdominal musculature (Wiens,
’89, ’93; Bradacs et al., ’97; Cooper et al., ’98). The
walking leg opener and superficial abdominal
muscles are innervated by tonic excitatory motor
neurons, in contrast to the deep abdominal extensor muscles, which are innervated by phasic
motor neurons. The claw closer and leg extensors
are notable for their dual innervation by both tonic
and phasic motor neurons. The present study was
undertaken to determine the impact of this specialized innervation on the physiological properties and myosin phenotype of these muscles.
MATERIALS AND METHODS
Animals and dissection
All experiments were performed using the crayfish Procambarus clarkii, measuring 6 to 10 cm
in body length (Atchafalaya Biological Supply Co.,
Raceland, LA). Animals were housed in an aquatic
facility and fed fish food.
The opener muscle of the first walking legs was
prepared via standard dissection (Dudel and
Kuffler, ’61; Cooper et al., ’95a). Only the ventral
aspect of this muscle was viewed for terminal
structure and physiological measures (Fig. 1A).
The central region of this muscle was removed
for myosin heavy chain analysis. The medial surface of the leg extensor muscle of the first pair of
walking legs was stained and viewed to measure
synaptic responses (Fig. 2A). The muscle was exposed by removing the cuticle on the lateral aspect of the meropodite along with the entire flexor
muscle and the main leg nerve. The motor nerve
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of the extensor muscle separates from the main
leg nerve as it enters the meropodite and is left
in place on the muscle after removal of the main
leg nerve (Bradacs et al., ’97). The entire muscle
was used for myosin heavy chain analysis. The
closer muscle was exposed by standard dissection
(Lnenicka and Atwood, ’85a,b) and the dorsal surface was used for protein extraction and morphological and physiological measurements (Fig 3A).
The ventral surface of the deep abdominal extensor muscles was exposed by removing the ventral
side of the abdomen after cutting along the length
of the abdomen at the midline on each side. The
dorsal half was pinned down and residual flexor
muscles were removed (Fig. 4A). This allows excellent visual identification of the deep extensor
muscles (L1, L2, and M) and the superficial lateral extensor muscle (SEL). The superficial medial extensor muscle (SEM) can be seen after
removal of the L1 and L2 musculature (Cooper et
al., ’98). The SEL and L muscles were used for
physiological studies and protein analysis.
To visualize living nerve terminals, freshly dissected muscles were incubated for 2 to 5 min in 2
to 5 µM 4-Di-2-ASP (4-[4-(diethylamino)styryl]-Nmethylpyridinium iodide; Molecular Probes, Eugene, OR) (Magrassi et al., ’87), followed by a wash
in saline. The tissues were positioned in a Sylgard
dish for viewing and photographing with a Nikon
Optiphot-2 epifluorescence microscope with a 40×
(0.55 NA) Nikon water-immersion objective. 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; 5, HEPES) at 14°C and adjusted to pH 7.4.
Excitatory postsynaptic potentials (EPSPs)
Intracellular recordings were performed with
30–60 MΩ resistance microelectrodes filled with
3 M KCl. Responses were recorded with a 1× LU
head stage and an Axoclamp 2A amplifier. Electrical signals were recorded on VHS tape (Vetter,
400), and on-line to a Power Mac 9500 via a
MacLab/4s interface. EPSPs were recorded at 10
kHz. To determine the facilitation index for the
train facilitation, the amplitude of the 10th EPSP
is divided by the amplitude of the 1st EPSP pulse
and the result is subtracted by one. The amplitudes of the EPSPs are obtained by the difference
in the peak value to the baseline preceding the
train of stimulation. All events were appropriately
scaled to known test pulses applied through the
electrode and directly measured on an oscilloscope.
The corrected scale was then adjusted with
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Fig. 1. Anatomy and physiological responses common to
a tonic neuromuscular preparation. The ventral view of the
opener muscle is shown with the general layout of the neural innervation (A). Note that there are two distinct regions
of the muscle based on muscle fiber dimensions. The proximal fibers are thin and long whereas the central fibers are
thicker and generally shorter. The opener excitor and opener
inhibitor motor neurons parallel each other across the preparation. This is evident at the terminals as well. In (B), traces
of terminals stained with 4-Di-2-Asp are shown for the two

regions of the muscle. The central region commonly has terminals that form long strings of varicosities while in the proximal fibers the terminals form shorter strings with clusters of
varicosities. The physiological responses also are varied between the two regions: intracellular recordings of EPSPs induced by a train of stimuli at 50 Hz show pronounced
differences (C). Note that the initial EPSP is smaller in the
central fibers than for proximal fibers. Scale bar = 10 µm for
both top and bottom panels of B.

MacLab Scope software (version 3.5.4). A Grass
S-88 stimulator and stimulus isolation unit
(Grass) with leads to a standard suction electrode
set-up (Cooper et al., ’95a) were used to stimulate the excitatory nerve.

Leg extensor and closer muscle

Opener muscle
Excitatory postsynaptic potentials (EPSPs) were
recorded simultaneously in the proximal and central fibers of the opener muscle to illustrate the
difference between the two distinct regions (Atwood et al., ’94; Cooper and Ruffner, ’98). Selective stimulation of the excitatory axon was carried
out as described by Dudel and Kuffler (’61). The
axon was stimulated with trains of ten stimuli at
30 Hz with a train interval of 10 sec. Averages of
10 to 20 trains were used for measurement.

EPSPs were measured when stimulating selectively the phasic or tonic excitatory motor neurons at various frequencies. Selective stimulation
of the two excitatory axons was carried out by using a ‘macro-patch’ electrode with an inner diameter of 15 to 20 µm placed directly on the phasic
or tonic axon (Bradacs et al., ’97). The axon type
is easily identified after staining because 4-Di-2ASP stains the tonic axon more brightly, due to
the larger number of mitochondria within it
(Atwood and Nguyen, ’95).
Abdominal extensor muscles
The entire nerve root to the superficial and deep
extensor muscles was stimulated with a suction
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Fig. 2. The leg extensor neuromuscular preparation in
which each muscle fiber is innervated by both a phasic and a
tonic excitatory motor neuron. In (A), the medial view of the
extensor muscle is shown with the general layout of the innervation. Illustrations of 4-Di-2-ASP stained terminals show
the three types of terminal structure. In (B), the physiological responses measured by intracellular recording of EPSPs
within a single muscle fiber show the difference in the size of
the tonic and phasic responses. Note that the initial EPSP is
smaller for the tonic response and is really only measurable
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after facilitation. The preparation is innervated by a tonic
excitor, a phasic excitor, and an inhibitor motor neuron. The
terminals of the tonic excitor (Tex) and the inhibitor (Tin)
are both varicose in nature whereas the phasic terminals (Pex)
are thin and filiform (B). In (C), the phasic response will show
fatigue rapidly upon a 5 Hz continuous stimulation, which
results in the EPSP amplitude decreasing in size. There is
substantial variation among preparations and differences
among crayfish of different size (Bradacs et al., ’97). Scale
bar = 10 µm for panel B.

electrode. Because this approach can stimulate the
inhibitory motor neuron along with the excitatory
motor neurons, picrotoxin (1 mM) was used to
block activity of the inhibitory neuron (Atwood et
al., ’67; Mercier and Atwood, ’89). While stimulating the nerve root in segment 2, responses were
measured in the L1 and SLE muscles of the next
posterior segment (segment 3). By recording in
the adjacent posterior segment, responses from
one of the five excitatory neurons can be selectively measured (Atwood and Parnas, ’68; Mercier
and Atwood, ’89).

Fig. 3. The muscle fibers of the closer are innervated by
a phasic and tonic excitatory motor neuron. The dorsal view
of the closer muscle is shown with the general layout of the

innervation (A). Illustrated is the innervation by the tonic
and phasic excitor neurons. In (B), traces of terminals stained
with 4-Di-2-Asp are shown (scale bar = 10 µm). As with the
leg extensor motor nerve terminals, the tonic terminals are
varicose in nature whereas the phasic terminals are filiform
(B). The physiological responses measured by intracellular
recordings within a single muscle fiber of EPSPs show the
differences in the size of the tonic and phasic responses (C).
Note that the tonic initial EPSP is smaller than the phasic
but is much larger in closer muscle than in the leg extensor
(compare Fig. 3C and 2C).
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Fig. 4. Differences in terminal structure and function in
the phasic and tonic abdominal extensor neuromuscular
preparations. (A) Ventral view of the deep abdominal extensor muscles as traced from photographs of a dissected preparation; one half of the preparation is shown. The muscle
closest to the dorsal midline is the M muscle with its characteristic spiral fiber pattern. L1 and L2 are the first two laterals of the deep extensors. The most lateral bundle of fibers is
the superficial lateral extensor muscle (SEL). M, L1, and L2
are phasic and the SEL is a tonic neuromuscular prepara-

tion. In (B), traces made from photographs of stained terminals indicate the differences between phasic and tonic terminals: varicose terminals on the tonic SEL, filiform on the
phasic L1 muscles. In (C), the physiological responses of the
tonic and phasic terminals are shown to be similar to those
recorded in the leg extensor preparation, in that the phasic
gives a large response but fatigues quickly and the tonic terminals give rise to small responses which facilitate. Each segment (S1, S2, and S3) in the abdomen repeats this pattern of
muscle arrangement. Scale bar = 10 µm for panel B.

Myosin extraction and electrophoresis

nol, pH = 6.5) for 40 min. A minimum of 20 µl
buffer was used for small samples i.e., <0.1 mg
wet weight. Extracts were centrifuged at 12,000g
for 30 min, and the supernatants were recovered
for suspension in 9 volumes of low-salt buffer (1
mM EDTA, 0.1% β-mercaptoethanol). Myosin filament precipitation took place overnight at 4oC.
Filaments were visible the next morning in all
but the smallest samples which were subjected to
a second round of filament precipitation to increase myosin yield. After centrifugation (12,000g
for 30 min) the pellets were dissolved in myosin
sample buffer (0.5 mM NaCl, 10 mM NaH2PO4
pH = 7.0) and diluted 1:1 in sodium dodecyl sulfate sample buffer. Samples were boiled for 2 min
and then stored at –80°C.
Electrophoresis parameters were varied to obtain optimal separation of crayfish MyHC bands
while retaining separation of the four mouse
muscle MyHC isoforms. The reproducible rodent

Dissected cuticle and attached muscles were
rinsed twice in cold 0.5 M NaCl and 5 mM sodium phosphate (pH = 7.4), quickly frozen in liquid nitrogen then stored on dry ice in microfuge
tubes until MyHC analysis. Muscle samples were
obtained for analysis from two crayfish for the
claw muscles and four animals in the case of the
deep extensors. Their small size led us to combine the SEL/SEM complex as well as the L1 and
L2 muscles from individual animals, but in subsequent samples the L1 was extracted separately.
Myosin was extracted and purified as previously
described except for minor adjustments for small
sample size (Butler-Browne and Whalen, ’84). Iridectomy scissors were used to mince samples on
ice in 4 volumes of high-salt buffer (300 mM NaCl,
100 mM NaH2PO4, 50 mM Na2HPO4, 12 mM
MgCl2, 10 mM EDTA, and 0.1% β-mercaptoetha-
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isoform separation pattern served as a quality control for the procedure. The mouse vastus intermedius, a red type muscle, was used since it
expresses four well known rodent MyHC isoforms:
I, 2B, 2X, and 2A. SDS-PAGE was performed in
separating gels using a range of acrylamide from
T = 4.8–7% and C = 2.8–5%. Highest resolution
was achieved with 4.8 and 5% separating gels
(C = 5%) containing 30% glycerol (v/v) but with
the addition of 0.1% b ME to the upper running buffer (LaFramboise et al., ’90). No glycerol
was added to the stacking gel. Electrophoresis
was performed for 22 hr at 15°C and constant
120 volts for 5% gels but the time was extended
to 24 hr for 4.8% gels. The separating gels were
silver-stained by ammonium hydroxide stabilization of silver diamine complexes according to
established procedures (Oakley et al., ’80).
Immunoblot analysis was performed after
overnight electrophoretic transfer (1 amp, 15°C)
of unstained gels to PVDF filters (Millipore,
Bedford MA). Membranes were blocked for 60
min to 24 hr with 5% dried milk in TBS (500
mM Tris, 20mM NaCl, pH: 7.4) via a “wet”
blocking technique. The filters were then incubated overnight (4°C) with primary antibodies
in TBS followed by a 1-hr incubation at 37°C.
An alternate hydrophobic “dry” technique was
also utilized whereby the immunotransfer was
air-dried for a minimum of 2 hr and then subjected to primary antibody incubation. Monoclonal antibodies specific for epitopes common
to the MyHC family including MF-20 (Bader et
al., ’82) and MY-32 for fast isoforms (Sigma, St.
Louis, MO) were utilized to define the presence
of various myosin isoforms in rodent and crayfish samples. Secondary antibodies were antimouse alkaline phosphatase conjugate (whole
molecule IgG) which were subsequently visualized with a Western Blue stabilized substrate
(Promega, WI).
Quantitative analysis of gels and immunoblots
involved acquisition of high resolution images on a
color three-chip CCD camera (DXC-950P, Sony
Corp.), image capture with a Matrox frame
grabber card and analysis with Optimas 6 software (Bothell, WA) utilizing a Micron Millenia
Pro2 PC (Micron, Nampa, ID). Custom macros
were written to calculate band intensity and
molecular size based on comparison with a myosin standard dilution curve and molecular
weight markers.
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RESULTS
Anatomy
Opener muscle

The opener muscle is composed of fast fibers
proximally and slow fibers centrally (Günzel et
al., ’93) and is innervated by a single tonic excitatory motor neuron and two inhibitory motor neurons (Wiens, ’89; Wiens and Wolf, ’93; Cooper et
al., ’96b). The specific inhibitory motor neuron parallels the excitatory motor neuron whereas the
common inhibitory motor neuron innervates only
the very proximal fast fibers; its terminals do not
follow the specific inhibitor or excitor terminals
in any obvious manner. The main axons of the
excitor and specific inhibitor branch about midway along the muscle to form a “Y,” each branch
of the Y innervating the most distal fiber bundles
of the muscle. The ventral surface of the opener
muscle is shown in Figure 1A: the branching of
the main axons and the regional divisions of the
muscle are depicted. Differences in secondary and
tertiary branching patterns of the opener excitatory motor nerve terminals are observed across
the muscle. These differences depend on the region of the muscle: the central, slow muscle fibers have terminals in the shape of long strings
with intermittent varicosities, and the proximal,
fast muscle fibers have more highly branched terminals (Cooper et al., ’95a, ’96b). The branching
differences in the proximal and central terminals
are shown in Figure 1B. The terminals were
traced from photographs taken at various focal
planes in order to make a composite of an entire
terminal in each muscle region.
Leg extensor muscle

A unique feature of this muscle, as compared
to vertebrate muscle, is that single fibers are innervated by both phasic and tonic motor neurons.
The general layout of the inner surface of the
muscle and the innervation pattern is illustrated
in Figure 2A. The centrally located motor nerve
is separated into two lateral branches supplying
the two sides of the distal end of the muscle, in a
manner similar to the opener muscle. Two types
of terminals are seen on the muscle: large-varicosity tonic terminals in which individual varicosities range substantially in size and thin,
non-varicose phasic terminals of relatively uniform size. When stained with 4-Di-2-ASP, the terminals of the tonic axon fluoresce more brightly
than those of the phasic axon, suggesting a higher
mitochondrial content for the tonic terminals.
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Figure 2B shows the pattern of terminals on
the medial surface of the muscle. No distinct regional differences in terminal type have been observed. Thin sections of phasic and tonic terminals
revealed that individual synapses are generally
similar in appearance among the two terminals
except for the number of active zones per synapse
(Bradacs et al., ’97). However, this muscle does
display differences of fiber type based on ATPase
staining along its length and lateral-medial orientation; there is a distinct region in the proximal wedge which is composed predominantly of
fast fibers (Bradacs et al., ’97).
Closer muscle

Like the leg extensor, individual fibers of the
closer muscle each receive both tonic and phasic
excitatory innervation. Upon entering the propus
segment, the main axon branches in numerous
directions to innervate this relatively large muscle.
Two axon branches run along the dorsal surface
sending out secondary branches as they proceed
to innervate the most distal fibers (Fig. 3A). The
structures of the phasic and tonic terminals are
the same as those of the leg extensor, with the
tonic containing more robust varicosities than the
phasic (Fig. 3B).
Abdominal extensor muscles

The purely phasic muscles L1, L2, and M of the
deep extensors display only thin, filiform, excitatory terminals characteristic of phasic motor neurons. The purely tonic SEM and SEL muscles show
varicose terminals. Figure 4B depicts the differences
in the terminals between the L1 and the SEL
muscles. The tonic terminals of the SEL are highly
branched with compact clusters of varicosities.
Physiological recordings
Opener muscle

Iravani (’65) showed differences in the postsynaptic response between central and proximal region fibers, and a number of subsequent reports
have elaborated on the differential response
(Bittner, ’68; Govind et al., ’94; Cooper et al., ’95b,
’96b,c). The amplitudes of the EPSPs of the most
proximal fibers are larger than the central fiber
EPSPs (Cooper et al., ’95a). This is illustrated by
responses in the train of responses in Figure 1C.
EPSP facilitation also differs between the two
regions. The response shown in the central recording of Figure 1C shows a facilitation value of 2.5
whereas the response of the proximal fiber has a

facilitation value of 14, indicating that under this
stimulation paradigm the neuromuscular junctions in the proximal region have a greater ability to facilitate. The tonic nerve can be repetitively
stimulated at 20 Hz for 30 min without fatigue or
depression of the EPSP amplitudes.
Leg extensor muscle

Low frequency stimulation of the tonic nerve
induces barely detectable EPSPs (Fig. 2B). Terminals must be stimulated at high frequencies to
facilitate an observable response. In contrast, repetitive 5 Hz stimulation of the phasic nerve innervating the same muscle fiber gives rise to large
EPSPs that become greatly depressed within a few
minutes. This type of depression is common in arthropod phasic neuromuscular junctions (Atwood
and Cooper, ’96b).
Closer muscle

Much like in the leg extensor, the phasic (fast
closer excitor; FCE) and tonic (slow closer excitor; SCE) motor nerves of the closer muscle give
rise to different postsynaptic responses (Wiens and
Atwood, ’78; Wiens, ’93). The EPSP differences between the tonic and the phasic axons are not as
striking as in the leg extensor, but the general
pattern is similar—that the responses from the
tonic axon show more pronounced facilitation, but
the facilitated EPSPs elicited by the tonic axon
are still smaller than facilitated EPSPs elicited
by the phasic axon (Fig. 3C). A difference between
closer and extensor muscles is that the tonic EPSP
amplitudes in the closer are much larger and can
usually be recruited with a single presynaptic
evoked event.
Abdominal extensor muscles

The phasic response of the L1 and the tonic response of the SEL are typical of phasic and tonic
arthropod neuromuscular junctions. The L1 gives
rise to a large EPSP which fatigues within a few
minutes of repetitive stimulation (Fig. 4C), and
the SEL shows a small initial response which can
facilitate with short trains of stimulation (Fig. 4D).
Myosin heavy chain analysis
Initial analytic studies utilized high resolution
5% SDS-PAGE to compare crayfish myosin heavy
chains to a mixed phenotype rodent appendicular
muscle (red vastus intermedius) containing four
well characterized myosin isoforms based on electrophoretic mobility (MyHC: β/slow > 2B > 2X >
2A). This technique afforded maximum separation
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of mammalian myosins based on molecular weight
and provided sufficient resolution of the crayfish
myosins to reveal a diversity of phenotypes. At
this level of resolution, the phasic M, L1, and L2
(not shown) muscles consistently displayed a common phenotype of two bands while the tonic SEL/
SEM complex contained three distinct bands. The
exact number of MyHC bands comprising the phenotypes of the claw muscles was difficult to confirm since (1), the individual myosins were
restricted to a limited molecular weight range extending from rodent MyHC 2B to the level of
MyHCβ/slow (Fig. 5A), and (2), some muscles exhibited bands in only trace amounts.
In order to resolve MyHC composition of claw
muscles, it was necessary to reduce the acrylamide
concentration to T = 4.8% and extend the electrophoresis running time to 24 hr. This procedure
results in the bands migrating an additional 2 centimeters into the gel compared with the 5% SDSPAGE in which the MyHC bands migrated 4.5 to
5.5 centimeters into the separating gel. The 4.8%
SDS-PAGE technique increases separation among
the bands but at the cost of obtaining less focused
bands. However, it is possible to compensate for
this effect by increasing the loading volume which
allows detection of bands present at less than 5%
of the total myosin (LaFramboise et al., ’90).
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Distinct MyHC phenotypes were identified by juxtaposing individual sample profiles with coelectrophoresis studies in which samples were pooled
from different muscles and run in the same lane
(data not shown). Based on these comparisons, it
was possible to delineate four distinct crayfish
MyHC bands with distinct electrophoretic properties present in various combinations among the
array of crayfish muscles (Fig. 5B). These four
bands are given preliminary assignment based on
gel mobility as C1 > C2 > C3 > C4. Only the fastest migrating band, C1, shared electrophoretic
properties with a previously identified rodent
isoform, MyHCβ/slow in that these two bands demonstrated comparable electrophoretic mobility in
adjacent lanes and were indistinguishable in
coelectrophoresis studies of rodent vastus and SEL/
SEM samples.
There were three general myosin phenotypes
distributed among the crayfish muscles based on
4.8% SDS-PAGE. The three bands present in the
superficial abdominal extensor complex (SEL/
SEM) were identified by coelectrophoresis studies as C1, C3, and C4 and were also typical of the
central region of both of the opener muscle specimens (Fig. 5B). This distribution of myosin heavy
chains appeared to correlate with the presence of
tonic muscles. Densitometric analysis of the SEL/

A

B

Fig. 5. SDS-PAGE of crayfish MyHCs. A representative
5% gel is displayed in (A). Vastus intermedius muscle of the
mouse contains the standard rodent MyHCs run as a reference for vertebrate isoforms including three fast isoforms (2A,
2X, and 2B) and the slow isoform which is also referred to as
the β/ventricular slow MyHC. The superfical extensor muscles
are presented together in A, as the tonic superficial lateral
extensor (SEL), the phasic lateral deep extensor (L1) muscle,

and the phasic midline (M) abdominal extensor. The results
in (B) are from a 4.8% gel with increased protein loads in
order to detect bands present in small amounts. This allows
resolution of bands at trace levels such as the C4 band in the
opener muscle, but companion bands in large amounts tend
to collapse together as occurred for the C2 and C3 bands of
the L1 and M samples.

44

W.A. LAFRAMBOISE ET AL.

SEM indicated that these three bands were distributed in different proportions with a predominance of C3 (43% of total MyHC in gel depicted
in Fig. 5B) but large amounts of C1 (33%) and C4
(24%). The central opener muscle contained the
same three bands but was comprised mostly of
C1 (56%) and C3 (37%) with a small representation of the C4 (7%) isoform.
The second phenotype was typical of the phasic
deep abdominal extensors, including the single
medial and two lateral muscles which were independently characterized as M, L1, and L2. Each
of these muscles contained a band C2, not present
in the opener or SEL, which comprised approximately 50% of the total MyHC of each muscle.
The remaining MyHC was distributed primarily
in band C3, but a trace amount of the C1 isoform
(<5%) was detected in some, but not all, of the
samples by increasing the volume load. The C2
isoform was also present in the leg extensor
muscle, which contains nearly equal amounts of
the C2 and C3 bands. Thus, although C1 and C3
were common among all muscles tested, two general phenotypes were defined by the exclusive expression of band C2 in phasic muscles or band
C4 in tonic muscles.
The claw closer muscle displayed a third phenotype inasmuch as it exhibited properties of both
of the previously described types. This muscle contained the C2 isoform typical of the phasic deep
abdominal extensors, albeit in an uncharacteristically low amount (16%) compared with L and M
muscles, which contained >50% of the C2 isoform.
However, unlike these extensors which expressed
barely detectable, if any, C1, the closer muscle contained a preponderance of band C1 (66%), typical
of muscles of the tonic phenotype such as the superficial abdominal extensors and the claw opener.
Thus, the claw closer muscle represents a heterogenous mix of both phasic and tonic MyHC phenotypes typical of crayfish muscles.
Western blots with MF-20 did not indicate antibody binding to the crayfish isoforms utilizing
the “wet” blocking technique or the “dry” hydrophobic technique at primary antibody concentrations that stained each vastus band. The results
with MY-32 were less definitive. At a dilution of
1:400 this antibody stained the crayfish bands
with low intensity compared to the rodent control
sample while meeting the criterion of a fast-specific myosin antibody (i.e., staining the rodent fast
2B, 2A, and 2X isoforms). Increased concentrations of MY-32 enhanced staining of the crayfish
myosin but engendered non-specific activity

amongst the rodent isoforms. Extensive blocking
improved the specificity of MY-32 to the rodent
fast forms but reduced the relative staining of all
of the myosin isoforms. These findings suggest
that the mammalian derived MyHC monoclonal
antibody, MY-32, may bind to an epitope common
to crayfish myosin heavy chains but with a much
lower avidity compared to the control rodent
vastus muscle. Likewise, immunocytochemistry
on frozen sections of abdominal M, L1, and L2
muscles showed MY-32 positive immunoreactivity, although with high background.
DISCUSSION
This study is a survey of crayfish muscle types
having diverse physiological and anatomical functions. The opener muscle of the crayfish leg and
the abdominal SEL/SEM muscles are innervated
by purely tonic motor neurons while the abdominal
M, L1, and L2 muscles are innervated by purely
phasic motor neurons. In contrast to these singly
innervated muscles, tonic and phasic motoneurons
co-innervate the leg closer and extensor muscles.
These three types of preparations (pure tonic, pure
phasic, and mixed) provide experimental models to
explore questions about the development, maintenance, and plasticity of muscle and nerve phenotypes. The correlative analysis of the myosin
heavy chain composition among these muscles
suggests that a relationship exists between the
types of neurons innervating crayfish muscles and
the muscle myosin heavy chain composition.
There are prominent differences in nerve terminal morphology between tonic and phasic motor neurons. Tonic terminals have varicosities
connected by narrow “bottleneck” regions along
their lengths; the majority of synaptic sites are
found within the varicosities (Florey and Cahill,
’82; Cooper et al., ’95a, ’96b), and synaptic output
is low. Additionally, there is intraterminal variation of synaptic efficacy in tonic terminals (Cooper et al., ’95a, ’96b,c; Cooper and Ruffner, ’98) as
measured by focal, macro-patch recordings over
terminals, and interterminal variation among
tonic and phasic terminals (King et al., ’96;
Bradacs et al., ’97; Msghina et al., ’98;). Phasic
terminals contain only slight swellings along their
lengths; synaptic sites are located all along the
terminal, and synaptic output is high. There are
ultrastructural differences that can account, at
least in part, for differing degrees of synaptic efficacy between tonic and phasic terminals. Direct
correlations of synaptic ultrastructure and electrophysiological parameters measured at defined
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regions of terminals revealed that the higher the
synaptic output, the more prevalent were synapses
containing multiple active zones and less prevalent were blank, inactive synapses (Cooper et al.,
’95a, ’96a,b,c; King et al., ’96; Msghina et al., ’98).
These structure-function relationships arose from
work with the leg opener, closer, and extensor
muscles of crayfish (see review Atwood and Cooper, ’96a,b) and other crustacean species (Atwood,
’67, ’73b; Atwood and Marin, ’83) as well as from
various Drosophila NMJs (Atwood and Cooper ’95;
Stewart ’96; Stewart et al., ’96; Ruffner et al., ’99).
Detailed structural analysis of L1 and SEL
muscles has not been completed.
Exceptions to the general rule of phasic and
tonic terminal morphology occur when the terminals are undergoing a phenotype transformation
induced by altered electrical activity of the neurons (Lnenicka and Atwood, ’85a; Nguyen and
Atwood, ’90a). Tonic activity can induce phasic
motor neurons to convert to a tonic-like state in
both terminal morphology and physiology. These
presynaptic adaptations depend upon protein synthesis and axonal transport (Nguyen and Atwood,
’90a,b) and can persist for hours or days (Lnenicka
and Atwood, ’85a). This type of phasic terminal
transformation was shown to occur in the claw
closer and the abdominal extensor muscles (Lnenicka and Atwood, ’85a; Mercier and Atwood, ’89).
Muscles innervated by transformed phasic neurons are characterized by reduced initial EPSP
amplitude and lower fatigue resistance (Lnenicka
and Atwood, ’85a,b, ’89; Mercier and Atwood, ’89;
Atwood and Nguyen, ’95). The terminal transformation from thin-phasic to varicose-tonic is
accompanied by increased mitochondrial cross-sectional area and branching (Lnenicka et al., ’86;
Lnenicka and Zhao, ’91). A previous investigation
has shown that the postsynaptic target muscle
does not show evidence of a phenotype switch until three weeks of electrical conditioning. At that
time a number of phenotype-specific muscle proteins began to be replaced by their tonic-muscle
counterpart isoforms (Cooper et al., ’98). These
findings are consistent with studies in mammalian muscles which commonly show biochemical
and structural changes consequent to alteration
of synaptic activity (Burke, ’81; Kirschbaum et al.,
’90; Pette and Vrbova, ’92; Jarvis et al., ’96).
An evolutionary strategy among avian and
mammalian organisms is the generation of multiple sarcomeric myosin heavy chain (MyHC)
isoforms which exist independently or collectively
within individual muscles and myofibers to meet
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their unique biochemical and physiological demands (Schiaffino et al., ’89; Weiss and Leinwand,
’96). Crustacea are no different in this regard.
Their striated muscles exhibit three main types
of fibers based on sarcomere length (SL): long-SL,
intermediate-SL, and short-SL fibers (>8 µm, 6–8
µm, and 4–6 µm, respectively) (Atwood, ’73a,b;
Crabtree and Sherman, ’81). In adult lobsters, the
slow, crusher-claw muscle is composed almost entirely of long-sarcomere fibers whereas the fast,
cutter-claw muscle contains a small majority of
short sarcomere fibers, the rest being intermediate- and long-SL fibers (Goudey and Lang, ’74).
The long-SL and intermediate-SL fibers may represent, respectively, fibers with slow-twitch and
tonic contractile properties (Mykles, ’85, ’88, ’90).
In addition, it is clear that fibers within the superficial and deep abdominal extensor muscles,
which are homogeneous in phenotype (Cooper et
al., ’98), show a good correlation with sarcomere
length and contraction velocities (Jahromi and
Atwood, ’69). Likewise the correlation of sarcomere lengths and ATPase activity with speed of contraction has been shown for the claw closer muscle
(Ogonowski et al., ’79). The differences in MyHC
composition among whole crayfish muscles reported in the present study may reflect fiber typespecific diversity at the level of the individual
myofiber as has been established in mammalian
and avian muscles. However, physiological and biochemical properties obtained from single myofibers
classified according to sarcomere length will be necessary to determine if these structural differences
correlate with distinct contractile properties and expression of a specific MyHC composition.
There is scant information on the number of
myosin heavy chain protein isoforms or genes
among the crustaceans. Mykles has identified two
distinct gene sequences in lobster (Homarus
americanus) by their reactivity with myosin heavy
chain nucleic acid probes derived from lobster fast
and slow muscle libraries (Cotton and Mykles, ’93;
Mykles, ’97). The present study utilizing high-resolution SDS-PAGE suggests the presence of distinct profiles of phasic, mixed, and tonic crayfish
muscle myosin phenotypes derived from variations
in expression of at least four separate isoforms.
Further studies at the molecular level will be necessary to determine if these isoforms correspond
to either of the MyHCs identified by Mykles’
probes or to isoforms peculiar to particular sarcomere-length fibers. In many species studied to
date, including arthropods and nematodes, fish,
amphibians, birds, and mammals, multiple MyHC
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genes and proteins have been identified. Four sarcomeric MyHC isoform genes have been identified in the nematode C. elegans (Emerson and
Bernstein, ’87). In some species, single genes may
give rise to multiple MyHC isoforms as in the scallop, A. irradians, and the fruit fly; in Drosophila,
all the sarcomeric myosin isoforms are produced
by alternative splicing (Nyitray et al., ’94; Morgan, ’95). It is not known whether the multiple
isoforms of crayfish MyHC arise from discrete
genes or from some degree of alternative splicing.
Varied fiber types of muscle and concomitant
muscle dynamics serve the crayfish well in its
natural environment. The tonic, walking leg
opener muscle is used for feeding, grooming, and
static behavioral posturing, but only sparingly
during locomotion. Likewise, the tonic SEL muscle
appears to be used continually during abdominal
posturing with possibly a higher intrinsic activity. The intrinsic activity may also be the explanation for the very small, highly facilitating
postsynaptic potentials observed in the opener in
comparison to the SEL (see Figs. 1 and 4). The
mixed leg extensor muscle is used for walking and
claw closing during display behavior and feeding,
whereas the purely phasic, L1 muscle is used in
rapid abdominal extensions. Investigation of the
physiological status of these muscles in salinesuperfused, semi-intact preparations provides only
a partial understanding of the dynamics that take
place during short- and long-term influences occurring within the animal. This is at least partly
because such influences are based on behavior and
developmental stage, factors which are peculiar
to the individual history of each animal (Atwood
’76, ’92; Cooper, ’98; Neckameyer and Cooper, ’98;
Cooper and Neckameyer, ’99; Ruffner et al., ’99;
see review by Pette and Staron, ’97). For example,
a neuromodulator that is elevated for a long time
in an individual could grossly offset the normal
activity pattern for particular muscles and potentially alter muscle phenotype (Cooper et al., ’98;
Cooper and Ruffner, ’98; Ruffner et al., ’99). These
peculiarities in levels of activity, developmental
stage, and influence of neuromodulators set the
stage for future investigations in the model neuromuscular systems presented in this study.
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