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Abstract Feline caudofemoralis (CF) is a promising
preparation in which to study the properties of mammali-
an fast-twitch skeletal muscle, but little is known about its
muscle fiber properties, architecture, and motor innerva-
tion. We used histochemical techniques to confirm that
it contained predominantly type IIB fibers (95�2%, n=8,
with six of eight muscles composed exclusively of type
IIA and IIB fibers), but physiological experiments showed
less fatiguability than for the type IIB component of me-
dial gastrocnemius. This may be related to the surprising-
ly strong and regular recruitment of CF during repetitive
tasks such as walking and trotting, which we demonstrat-
ed electromyographically. We measured muscle length
over the anatomical range of motion for CF (�0.6±1.2
L0) and estimated working length during walking and trot-
ting (�0.95±1.15 L0). The specific tension was similar to
that of the exclusively slow-twitch soleus muscle
(31.2�4.7 N/cm2 compared with 31.8�4.1 N/cm2;
P>0.8). Single fiber dissections of CF revealed a series-
fibered architecture with a mean of 2.3 fibers, each
2.5 cm long, required to span the fascicle length. We iden-
tified two neuromuscular compartments in CF by cutting
one of the two nerve branches innervating CF and deplet-
ing the glycogen stores in the intact motor units. These
compartments were in parallel and extended the length
of the muscle; their electromyographic activity was simi-
lar during various natural behaviors. CF and gluteus
maximus motoneurons were labeled concurrently with a
combination of fluorescent, retrograde tracers including
Fluororuby, Fluorogold and Fast Blue. The CF motor nu-

cleus was located in L7-S1, overlapping and intermin-
gling extensively with the nucleus of the adjacent gluteus
maximus muscle. Distributions of CF motoneuron diame-
ter revealed one large peak around 50±55 �m, with rela-
tively few small-diameter (less than 35 �m) cells. Using
estimates of the total number of fibers in three muscles
and the estimated number of a-motoneurons for those
same muscles, we calculated a mean innervation ratio
of �270, which is at the low end of the innervation ratios
for type IIB motor units from other feline muscles and
more similar to type IIA motor units. In general, CF ap-
pears to be a useful preparation in which to study the
properties of fast-twitch muscle, but these properties
may vary somewhat from type IIB fibers from different
muscles.
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Introduction

Although skeletal muscle motor units are often classified
as being either slow-twitch or fast-twitch, it is well known
that there exists a wide spectrum of contractile properties
within these two classes (Burke 1981). Despite this fact, a
common approach to modeling skeletal muscle is to as-
sume that all slow-twitch motor units and all fast-twitch
motor units are homogeneous. The properties of the
whole muscle are then represented as a linear combina-
tion of a pure slow-twitch muscle in parallel with a pure
fast-twitch muscle (Zajac 1989; Brown et al. 1996b). This
approach is taken as a simple first-order approximation to
avoid the unduly complex models that would result if
each individual motor unit were modeled separately.

Data for such a model can be collected using either
whole-muscle preparations, single motor units within a
whole muscle, or single fibers. A drawback of both the
single motor unit and single-fiber approaches is that the
functional properties of a single motor unit or fiber are
not necessarily representative of the population as a
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whole. In contrast, a whole-muscle preparation composed
exclusively of either slow-twitch or fast-twitch motor
units can provide a representative combination of these
properties. The 100% slow-twitch feline soleus (SOL)
preparation (Ariano et al. 1973) has been used specifically
for this reason (Rack and Westbury 1969; Scott et al.
1996). A 100% fast-twitch preparation that could act as
a counterpart to SOL has not yet been developed.

The ideal whole-muscle preparation for studying the
functional properties of fast-twitch muscle must satisfy
two criteria. The muscle should be composed exclusively
of fast-twitch fibers and should possess a simple architec-
ture with relatively little in-series elasticity. The impor-
tance of having little in-series elasticity in a whole-muscle
preparation was made apparent by the work of Scott et al.
(1996) on SOL, which has a very large in-series elasticity.
Scott et al. demonstrated that the velocities and length
changes imposed on the whole muscle were significantly
different from the velocities and length changes observed
at the fascicle. These effects of a large, in-series elasticity
cannot be eliminated properly in postexperiment analysis,
thus limiting the interpretation of experimental data from
such muscles. We propose here that feline caudofemoralis
(CF), a hip extensor/abductor, could fill the role of an ide-
al preparation in which to study the contractile properties
of fast-twitch muscles, as it already has for the ultrastruc-
ture and biochemistry of fast-twitch fibers (Van Winkle
and Schwartz 1978; Van Winkle et al. 1978). CF is com-
posed exclusively of fast-twitch fibers (Ariano et al. 1973;
Van Winkle and Schwartz 1978), and preliminary inves-
tigations had shown that it could be prepared with only
minimal series elasticity.

The purpose of this study was to create an archive of
basic information about CF. In other muscles, systematic
studies of motor unit physiology have proceeded from a
knowledge base that includes information about motor
unit compartmentalization within the whole muscle (En-
glish and Weeks 1984; Weeks and English 1985; Arm-
strong et al. 1988; Thomson et al. 1991), morphometry
and physiological range of motion of the muscle (Goslow
et al. 1973; Brown et al. 1996a), electromyographic activ-
ity in awake, unanesthetized cats (Engberg and Lundberg
1969; Walmsley et al. 1978; Pratt et al. 1991), the loca-
tion of motoneuron somata in the spinal cord (Romanes
1951; Burke et al. 1977; Gordon et al. 1991; Hoover
and Durkovic 1991; Hörner and Kümmel 1993), the archi-
tecture and end-plate banding of the muscle (Loeb et al.
1987), and the mean innervation ratio (IR) of its motor
units (Burke and Tsairis 1973; Burke et al. 1974; McDo-
nagh et al. 1980; Dum et al. 1982). We undertook to gath-
er these data from CF so that future studies utilizing CF
would have access to this knowledge base.

Materials and methods

All experiments were carried out on adult cats of either sex, follow-
ing the guidelines of the Canadian Council on Animal Care, and
were approved by the Queen's University Animal Care Committee.

During surgery, animals were anesthetized with pentobarbital sodi-
um (initial dose of 35 mg/kg, supplementary doses of 5 mg/kg) at
levels sufficient to abolish the pedal withdrawal reflex. For acute ex-
periments, a tracheal tube was inserted. For chronic experiments, an
antibiotic (Penlong S, Rogan/ST; 0.5 ml i.m.) was administered 1
day prior to and on the day of surgery. Throughout all experiments,
core body temperatures were maintained at 36±38�C with a heating
blanket connected through a feedback circuit to a rectal probe. At
the end of an experiment, animals were killed with an overdose of
pentobarbital sodium administered intravenously. Where feasible,
animals were used for more than one type of experiment.

Range of motion and CF dissection

CF range of motion (ROM) was measured on the left legs of one
male (5.2 kg) and nine female (2.4±3.8 kg) cats. CF was exposed
minimally, exposing only the superficial surface of CF, as well as
the insertion tendon and aponeurosis. The extensor caudae lateralis
muscles from the first three caudal vertebrae (Ca1±Ca3) were re-
moved bilaterally, exposing the Ca2 transverse process from which
CF originates on the ventral surface. CF muscle-belly length was de-
termined by measuring the length of a suture laid on the superficial
surface of the muscle from the dorsal surface of the Ca2 transverse
process to the end of the most distal fiber. For very short muscle
lengths, the tendon was pulled to remove any slack.

Four leg positions were identified according to three joint angles
suggested by Goslow et al. (1973): ileofemoral angle, defined as the
angle between the anterior iliac crest, greater trochanter, and lateral
epicondyle (q in Fig. 6); ischeofemoral angle, defined as the angle
between the ischeal tuberosity, greater trochanter, and lateral epi-
condyle (not shown in Fig. 6); and knee angle, defined as the angle
between the greater trochanter, lateral epicondyle, and lateral malle-
olus (f in Fig. 6). Two leg positions were chosen to produce the
minimum and maximum in situ muscle lengths (Lmin and Lmax).
The third leg position was at an ischeofemoral angle of 80� and a
knee angle of 110� to produce the muscle length Lextend, whereas
the fourth leg position was at an ileofemoral angle of 95� and a knee
angle of 100� to produce the muscle length Lstand. These last two sets
of joint angles correspond approximately to the joint angles expect-
ed at the end of the extension phase for both walking and trotting
and during quiet stance, respectively (Goslow et al. 1973).

Morphometry

At the beginning of the ROM experiments described above, thigh and
shank lengths were measured. Thigh length was measured as the dis-
tance between the femur's greater trochanter and lateral epicondyle;
shank length was measured as the distance between the femur's lateral
epicondyle and the fibula's lateral malleolus (knee joint held at 90�).
Following the ROM experiments, the animals were killed and allowed
to rigor for 6±12 h. The ipsilateral muscle was excised and the apo-
neurosis lengths were measured at the origin and insertion. Samples
were removed from at least three different regions of the muscle,
mounted in glycerol on glass slides, and examined using light micros-
copy to measure sarcomere lengths. At least 20 counts of the number
of sarcomeres in 58 �m were made. The highest and lowest counts
were discarded and a mean rigored sarcomere length calculated from
the remaining values. Sarcomere L0 was defined as the sarcomere
length at which maximal isometric tetanic force F0 would occur
as calculated from fascicle L0, rigored fascicle length, and mean ri-
gored sarcomere length. Because edema could have been produced
in the ipsilateral muscle by exposure and work (Murphy and Beard-
sley 1974), the contralateral muscle was excised and weighed.

Histochemistry

CF muscles from two males (3.5 kg and 5.4 kg) and six females
(2.1±3.8 kg) were excised immediately following death, cut into
10- to 20-mm-long blocks, and frozen in liquid nitrogen. To validate
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our staining procedure, we also removed medial gastrocnemius
(MG) muscles from two of the animals as controls. Cross sections
18 �m thick were cut on a cryostat at ±18�C and mounted on gela-
tin-coated slides. Slides from four CF muscles were stained only for
adenosine triphosphatase (ATPase) activity using an alkaline
(pH 10.4) preincubation (Guth and Samaha 1969). Adjacent sections
from the other four CF muscles were stained for ATPase activity and
for nicotinamide adenine dinucleotide (NADH) diaphorase activity
(following the method of Dubowitz and Brooke, 1973). To estimate
the fiber-type composition of each CF muscle, at least 500 fibers
were sampled randomly by type identifying all fibers in five to sev-
en rectangular fields (300�400 �m each) according to differences in
ATPase reactivity.

Preliminary results from sections stained for NADH activity sug-
gested that the oxidative staining properties of type IIB fibers de-
pended on the size of the fiber cross section. To quantify this obser-
vation, we digitized over 200 type-identified type IIB fibers from a
single region on one section in two different animals (using the
MCID M2 system by Imaging Resources). From these digital imag-
es, the mean single-fiber diameters were calculated and the relative
optical densities of the NADH reactivities were recorded. Correla-
tions between fiber diameter and optical density were computed in-
dependently for each animal.

Stimulation of CF

Because stimulation of CF was to be carried out through the ventral
roots, we first denervated most of the hindlimb. Using an inguinal
approach, the femoral nerve was ligated just distal to exiting iliopso-
as, proximal to where it trifurcates. The obturator nerve was ligated
on the deep, medial side of iliopsoas, just anterior to the femoral
nerve ligature. The sciatic nerve was ligated as it passed beneath
the deep surface of CF. The branch (or branches) of the inferior glu-
teal nerve innervating gluteus maximus (GMax) were cut.

CF was then dissected free from the surrounding tissue except on
the deep surface near its origin where the blood supply and innerva-
tion enter. The animal was secured to an adjustable frame with ver-
tebral clamps on L4 and S2 (as described previously by Scott et al.
1996). A third clamp was placed on Ca2 to stabilize the origin of the
muscle. The insertion tendon was cut and clamped to a force trans-
ducer (described previously by Scott et al. 1996) at the point where
the most distal muscle fascicles ended. A pool was made using flaps
of skin in which warmed paraffin oil was poured to cover the mus-
cle. The oil was kept warm at 36±38�C throughout the experiment
by a thermostatically controlled heater in the pool. Two stranded
stainless steel wires were inserted transversely through the muscle
approximately 5 mm apart to record electromyographic M-waves.

A laminectomy from L5 to S1 was carried out to permit ligation
and section of the L6, L7, and S1 dorsal and ventral roots as close to
their exit from the spinal cord as possible. A second pool filled with
paraffin oil was constructed to protect the exposed tissues and main-
tained at 35±39�C. The L6, L7, S1, and S2 ventral roots were stim-
ulated in turn while monitoring M-wave activity to identify the roots
that innervated CF. Each root was laid across bipolar platinum hook
electrodes and stimulated with constant voltage, 0.2-ms-duration
square pulses at �5 threshold.

Once the roots innervating CF were identified, whole-muscle te-
tanic isometric force was measured at six or seven different lengths
spaced 4 mm apart. Stimulus trains at 120 pps for 120 ms were cho-
sen on the basis of pilot experiments that showed that this protocol
reliably produced a maximal, stable force plateau with minimal fa-
tigue. Care was taken to ensure that the lengths bracketed L0 [opti-
mal length producing maximal isometric force (F0)]. Muscle length
was changed by a computer-controlled, motorized puller to which
the force transducer was attached in-series with the muscle (previ-
ously described by Scott et al. 1996). Previously constructed tem-
plates allowed the computer to control muscle length and stimula-
tion while simultaneously recording force and a rectified, bin-inte-
grated electromyogram (EMG; Bak and Loeb 1979) at 600 samples
per second. To avoid potentiation and fatigue, 5-min passive inter-
vals were inserted between tetanic trains.

Glycogen depletion and compartmentalization

Preliminary experiments were conducted to validate Burke's method
of glycogen depletion (Burke et al. 1973) for CF. Stimulation was
applied via a 6-mm bipolar nerve cuff (stranded stainless wires sep-
arated by 3 mm; described by Scott et al. 1996) to the inferior glu-
teal nerve proximal to branching into separate CF and GMax nerves.
To avoid reflex activation, a ligature was tied around the inferior
gluteal nerve proximal to the nerve cuff. We applied 40 pps trains
for 330 ms at 1-s intervals for 15 min (Burke et al. 1973; n=2). Sub-
sequent staining for glycogen using the method described below re-
vealed that <60% of the fibers were fully depleted in both muscles.
We then tested a modified depletion protocol on CF: 40-pps trains
for 330 ms at 3-s intervals for 45 min (same number of stimulus
trains as with Burke's method). Glycogen was observed to be deplet-
ed from all of the muscle fibers following this modified protocol
(n=2).

In one of the muscles from each of the above protocols, we re-
corded rectified, bin-integrated EMG using the methods described
above. To compare the effects of the two protocols, the level of
EMG activity at the end of a stimulus train was plotted against stim-
ulus train number in Fig. 1. We observed no change in the level of
EMG activity when stimulus trains were applied at 3-s intervals,
whereas we observed a large drop in EMG activity when stimulus
trains were applied at 1-s intervals. These preliminary findings
(n=1) suggest three possible mechanisms that might be responsible
for the failure of Burke's method of glycogen depletion with CF:
failure of the action potential to propagate along the motor axon,
transmission failure at the neuromuscular junction, or failure of
the action potential to propagate along the sarcolemma.

Preliminary examinations revealed that the CF nerve usually bi-
furcates just after entering CF. To evaluate the pattern of innervation
in two cats (6.5 kg male and 2.2 kg female), we cut one of the two
nerve branches and depleted the glycogen stores in the muscle fibers
innervated by the other branch using the modified depletion protocol
developed above. Immediately following the end of stimulation, the
muscles were excised, cut into three or four blocks, and frozen on
chucks in liquid nitrogen, recording the block orientation. Sections
were cut on a cryostat as described above every 8±10 mm. The tis-
sue was then stained using the periodic acid-Schiff's (PAS) proce-
dure for the demonstration of glycogen (Drury and Wallington
1980). Stained sections were magnified using a microfilm reader. Fi-
bers were identified as depleted if they showed a complete absence
of PAS reactivity. The percentage of fibers depleted in various re-
gions from each section was estimated by counting at least 200 ran-
domly sampled fibers in each region.

Fig. 1 Rectified, bin-integrated electromyogram (EMG) activity of
caudofemoralis muscle (CF) during glycogen depletion protocols.
EMG of the final pulse of a stimulus train (40 pps, 330 ms) was nor-
malized to the peak level and plotted against stimulus train number.
Stimulus trains were applied at either 3-s intervals (solid line; n=1)
or 1-s intervals (dashed line; n=1). No statistics are presented be-
cause of the small n-value
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Fatigue sensitivity

The fatigue sensitivity of CF was measured in two female cats
(3.2 kg and 5.3 kg) by recording contractile force over time while
a repetitive stimulus was applied to the CF nerve. A standard stim-
ulus protocol for testing fatigue sensitivity has been developed by
Burke et al. (1973) for MG (40 pps trains for 330 ms at 1-s inter-
vals). This protocol was found to be inappropriate for CF glycogen
depletion and so was also assumed to be inappropriate for testing CF
fatigue sensitivity. Instead, we applied the modified glycogen deple-
tion protocol described above for 1 or 2 h (40 pps trains for 330 ms
at 3-s intervals). CF was isolated and attached to a force transducer.
The incision was sutured shut leaving only a small hole through
which the clamp could be inserted. The length of the muscle was ad-
justed to set its passive tension to 1.0 N. Peak force of contraction
was recorded for every third contraction. The same experiment
was repeated on MG in both animals to provide a comparison (pas-
sive tension for MG set to 10 N).

Electromyography

In two animals (one male, 4.1 kg; one female, 2.2 kg), chronic im-
plants were used to record muscle activity during unanesthetized,
conscious behaviors using methods described elsewhere (Hoffer et
al. 1987). Briefly, bipolar, epimysial EMG ªpatchº electrodes con-
sisting of two stranded stainless steel wires (3- or 5-mm spacing, de-
pending on muscle size) were sutured onto the fascia surrounding a
variety of hindlimb muscles under aseptic conditions. In one animal,
two 3-mm patches were placed over different regions of CF (distal
superficial surface and deep proximal surface) to evaluate the possi-
bility that the neuromuscular compartments identified in the glyco-
gen depletion experiments might be recruited differentially. The
wires from each patch were passed subcutaneously and soldered
to a 40-pin saddle connector that was attached to the lumbar verte-
brae. Animals were trained to perform a variety of tasks including
walking and trotting on a treadmill, ear-scratching, and paw-shak-
ing. Signals from the EMG electrodes on CF and various other mus-
cles and a time code were stored on magnetic tape for postexperi-
ment synchronization with a videotape of the cat's behavior. EMG
signals were then rectified, bin-integrated, and digitized at a rate
of 150 samples/s.

Motor endplate staining

CF muscles from two female cats (2.6 kg and 3.0 kg) were excised
under deep anesthesia and placed in acetylcholinesterase incubating
medium (Lojda et al. 1979) for 8±12 h. The muscles were then
rinsed in tap water and placed in a differentiating solution of 5% am-
monium sulfide for 5 min. Following a second tap water rinse, the
muscles were fixed in 10% formalin for 8±24 h and then stored in
glycerol. Photographs of the muscles and their endplates were taken
within 1 week of staining, because the stain deteriorates with pro-
longed storage.

Single-fiber microdissections

Whole CF muscles from three female cats (2.4±3.3 kg) were excised
immediately prior to or following death and placed in 25% formic
acid. The methods of acid digestion used here were similar to those
used in previous studies (Loeb et al. 1987). Muscles were digested in
25% formic acid for 4±15 h, then stored in glycerol for between 2
weeks and 2.6 years. In all three cases the muscle tissue was still
too tough for fiber dissection, so the muscles were digested further
in 40% nitric acid for 1±2 h, and returned to more glycerol. The time
spent in nitric acid for each muscle was determined by teasing mus-
cle fibers every 10±20 min until fibers could be separated easily
from each other. Dissections were found to become easier with pro-
longed storage in glycerol. Two muscles were additionally impreg-
nated with gold chloride (1 h in 25% formic acid followed by 3±15 h

in 1% gold chloride) prior to acid digestion to improve the visibility
of individual fibers (Loeb and Gans 1986). Storage in glycerol in-
cluded fresh changes of glycerol for each of the first 3±4 days. Mus-
cles were rinsed briefly with distilled water between each of the
steps.

Bundles of fibers 1±2 mm thick that extended the entire length of
the muscle were dissected free and the bundle lengths were mea-
sured. Whole single fibers were then dissected carefully from these
bundles. With practice and good tissue, almost all fibers could be
dissected without breakage. The lengths of at least 50 complete fi-
bers from each muscle were measured and expressed as a percentage
of fascicle (bundle) length. During the dissection process (which
took many hours over many days) the muscles and muscle bundles
were stored in glycerol.

Retrograde labeling of motoneurons

Neuroanatomical experiments were carried out bilaterally on four
adult female cats (1.9±3.2 kg). The CF and GMax nerves were iso-
lated beneath the fascial plane separating the two muscles under
aseptic conditions. Nerve identity was confirmed by stimulating
the nerves and observing the location and extent of muscle contrac-
tion. Nerve branches were isolated for a length of at least 4±5 mm
and were sectioned distally. All exposed tissue was covered with a
layer of low-melting-point wax while gently holding the proximal
nerve tips so that they protruded up through the wax. Small reser-
voirs were carved in the wax around the nerve tips and built up so
that 1±3 mm of nerve tip could be exposed to solutions placed in
the reservoir (see Gordon and Richmond 1990; Gordon et al. 1991
for details).

Prior to applying the fluorescent tracers, the reservoirs were
filled with distilled water, left for 10 min and were then examined
to ensure that no leakage occurred. The water was replaced with a
drop of tracer solution and the reservoirs were sealed with wax.
The tracers and concentrations used in this study included 10% Flu-
ororuby (FR; dextran, tetramethylrhodamine, 3000 MW, anionic, ly-
sine fixable; Molecular Probes), 6.6% Fluorogold (FG; hydroxystil-
bamidine; Fluorochrome), 3.3% Fast Blue (FB; proprietary com-
pound; Sigma), and 10% fluoroscein-conjugated dextran (FD; Mole-
cular Probes). In all cases, tracers were dissolved in 0.9% saline to
which 2% dimethylsulfoxide was added (Huisman et al. 1982). After
2±3 h the wax overlying the pools was removed, tracer pools were
inspected for leakage, and the tracer solutions were carefully blotted.
The nerve tips were rinsed with saline and the rest of the wax was
removed. The incisions were sutured and the cats allowed to recover
for either 1 or 2 weeks.

At the end of the survival period, cats were reanesthetized deeply
with pentobarbital sodium. CF muscles were removed for subse-
quent analysis followed by whole-body perfusion. Two liters of sa-
line were perfused followed by 1.5 l of fixative (4% paraformalde-
hyde in 0.1 M acetate buffer, pH 6.5). The lumbosacral spinal cord
from L5 to S3 was removed and fiduciary marks were placed at seg-
mental boundaries. The spinal cord was transferred through a series
of graded sucrose concentrations (10%, 20%, and 30%) in the same
fixative over a 3-day period. The spinal cord was sectioned either
longitudinally or transversely into 68-�m-thick sections. Sections
were mounted onto gelatin-coated slides and coverslipped with
DPX mounting medium.

The slides were examined using epifluorescent illumination.
Three Leica filter blocks were used to identify cells labeled with flu-
orescent tracers: the A filter for FB and FG (BP 340±380 nm, LP
430 nm), the I2/3 filter for FD (BP 450±490 nm, LP 515 nm), and
the N2.1 filter for FR (BP 515±560 nm, LP 580 nm). The positions
and soma outlines of labeled cells were mapped using a camera luc-
ida attachment on the microscope. Cells labeled with FR and FB
were counted only if a nucleus could be identified. Occasionally
the nuclei of FG-labeled cells were not easily distinguishable and
so the criteria for identifying an FG-labeled cell were relaxed to per-
mit inclusion in the counts if at least two dendrites could be identi-
fied. Traced soma outlines were later digitized and their areas calcu-
lated using specialized software (Optimas 4.01 by Bioscan).
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Calculation of innervation ratio

The IR for each muscle was defined as the mean number of single
muscle fibers per a-motoneuron and calculated by dividing the esti-
mated number of muscle fibers by the number of labeled a-moto-
neurons. The total number of fibers in a muscle was estimated as
the mean number of fibers per fascicle length (as determined from
the single-fiber dissections described above) multiplied by the mean
number of fibers per cross section. To estimate the number of fibers
per muscle cross section, we used CF muscles from the animals used
in the motoneuron-labeling study. CF muscles were excised and fro-
zen in isopentane cooled with liquid nitrogen. The muscles were
then removed from the isopentane, cut into three or four blocks,
mounted, and then refrozen in liquid nitrogen. Sections were cut
on a cryostat as described above and stained with hematoxylin
and eosin.

Estimates of the mean number of fibers per cross section were
made for six or seven cross sections evenly spaced along the length
of each muscle. Sections were magnified and traced using a micro-
film reader. The outlines were then digitized to calculate whole-
muscle cross sectional area (Optimas 4.01 software by Bioscan).
The estimated number of fibers per unit cross sectional area was cal-
culated by counting the number of fibers in five to seven 300�400-
mm regions from each section (minimum 500 fibers per section). The
estimated number of fibers per cross section was calculated by mul-
tiplying whole-muscle cross sectional area times the number of fi-
bers per unit cross sectional area.

Results

Histochemistry

The eight CF muscles that were examined histochemical-
ly were composed almost exclusively of type II fibers.

Two muscles (one from a male cat, the other from a fe-
male cat) contained a small proportion of type I fibers
(2 and 5%), whereas the other six muscles had none.
The mean (�SD) composition of type IIA and type IIB fi-
bers was 2�2% and 95�2%, respectively (n=8). Surpris-
ingly, cross sections of type IIB fibers with large diame-
ters stained more lightly for NADH than cross sections
with small diameters (Fig. 2). To examine this feature
more carefully, type IIB fibers identified by ATPase reac-
tivity were identified in adjacent NADH-stained sections
and quantified according to optical density and fiber di-
ameter. The scatter plot of these two variables for 200+
fibers (Fig. 3) shows a significant correlation between op-
tical density and fiber diameter (correlation calculated in-
dependently for each animal; in both cases r>0.88,
P<0.0001).

Fig. 2A Photomicrograph of CF cross section stained for ATPase
activity (preincubation at pH 10.4). This CF muscle was unusual be-
cause it contained a small proportion of type I fibers (I). Examples
of each fiber type are marked. B Photomicrograph of a predominant-
ly type IIB CF muscle stained for ATPase activity. C, D Photomi-
crographs of adjacent cross sections. The section shown in C was
stained for ATPase activity; the section shown in D was stained
for NADH diaphorase activity. Dashed arrows in each photomicro-
graph point to type IIA fibers; solid arrows point to examples of
type IIB fibers that stained darkly for NADH diaphorase activity
(note the small diameters of these darkly stained fibers). We believe
that the small profiles are the narrowing, tapered ends of typical fi-
bers (see Fig. 3). Scale bars 100 �m
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Fatigue sensitivity

When we applied our fatiguing protocol to MG, which is
�60% type IIB (Ariano et al. 1973; Burke and Tsairis
1973), we observed a large, rapid decline in force to a
baseline level of 25±30% (Fig. 4). When our fatiguing
protocol was applied to CF, which is �95% type IIB (Ar-
iano et al. 1973; Fig. 2), we observed a large, rapid de-
cline in force to a baseline level of �10% (Fig. 4). Sur-
prisingly, the initial rate of force decline for MG was fast-
er than for CF. A comparison of contractile force after 60
stimulus trains revealed that CF was producing signifi-
cantly greater relative force than MG (Student t-test,
P<0.01, n=2). Given that almost all of the early decline
in MG force can be attributed to type IIB fibers (Burke
et al. 1973), this early difference suggests that within
CF and MG the fatigue sensitivity of the type IIB fibers
may differ.

Electromyography

EMG activities recorded from one of the two cats are
shown in Fig. 5. This figure shows the rectified, bin-inte-
grated EMG from six different ipsilateral hindlimb mus-
cles recorded during a pacing walk (a common gait in
the treadmill; Blaszczyk and Loeb 1993). CF was active
consistently during the stance phase of gait. The shape
and timing of its EMG envelope was similar at the two
CF sites (which correspond approximately to the two
CF neuromuscular compartments described below) and
qualitatively similar to that of GMax. Similar once-per-
cycle activity patterns were observed for CF during nor-
mal walking, trotting, and paw-shaking behaviors (data
not shown), as noted previously by Pratt et al. (1991).
These patterns of recruitment were replicated in the sec-
ond animal. CF was not observed to be active during
ear scratching.

Morphometry

Various morphometric data for CF are summarized in Ta-
ble 1. Because the one male cat was much larger than the
female cats, his measurements are shown separately from
the females. Linear regressions of CF L0 and CF muscle
mass with cat weight produced nonsignificant r-values
of 0.45 and 0.50, respectively (n=9, P>0.05 for both), in-
dicating that cat weight only accounts for about 20±25%
of the variance in CF morphometry. Sarcomere L0 was
measured to be 2.5�0.2 �m in agreement with predictions
from the sliding filament theory using feline myofilament
lengths (Herzog et al. 1992). Physiological cross sectional
area (PCSA) was defined by dividing muscle mass by
muscle density (1.06 g/cm3; MØndez and Keys 1960)
and L0. Specific tension (tension per unit cross sectional
area) was calculated by dividing F0 by PCSA. When the
specific tensions of fast-twitch CF and slow-twitch SOL
(as measured by Scott et al. 1996) were compared, no sig-
nificant difference between them was found (31.2�4.7 N/
cm2 and 31.8�4.1 N/cm2, respectively, mean �SD; Stu-
dent t-test, P>0.8).

Range of motion

CF acts primarily across the hip joint as both an extensor
and abductor, but also has a small action at the knee as an

Fig. 3 Optical density plotted with respect to the diameter of indi-
vidual CF fibers from a single cross section stained for NADH di-
aphorase activity for each of two animals (muscles CDF54 and
CDF65; see Fig. 2 for example of staining pattern). Small fiber di-
ameters presumably represent the narrowing, tapered ends of typical
fibers. Optical density was measured on a linear scale in arbitrary
units scaled between the darkest and lightest fiber for each cat. Op-
tical density was linearly correlated with cross section diameter
(r>0.88, P<0.0001, n>200)

Fig. 4A, B Normalized peak force of contraction plotted against
stimulus number for both CF and medial gastrocnemius (MG) dur-
ing a modified version of Burke's fatigue test (40 pps, 330-ms-stim-
ulus train applied every 3 s; Burke et al. 1973). A Force records dur-
ing entire fatigue test. B Force records during the first 300 stimulus
trains. CF force at train number 60 was significantly higher than MG
force (Student t-test, P<0.01, n=2)
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extensor. CF originates from the ventral surface of the
Ca2 transverse process and inserts into the fascial com-
plex attached to and surrounding the patella and joint cap-
sule. The various joint angles and associated fascicle
lengths that we measured are shown in Fig. 6 (the single
male cat's measurements fell within the range observed
for the females and so was included in the calculation
of the means). The ischeofemoral angle was not reported,
because it was found to be directly related to the ileofem-
oral angle (ischealÐ+ilealÐ=210�5�). Muscle-belly
lengths were converted to muscle-fascicle lengths by sub-
tracting the mean aponeurosis length (one-half origin +
one-half insertion aponeurosis). Changes in aponeurosis
length due to compliance were ignored because of the rel-
atively short aponeuroses (about one-fifth the length of
the fascicles, Table 1). CF fascicle lengths were then nor-
malized to L0. The in situ ROM for CF was found to be

from �0.6 to 1.2 L0 (similar to the observation of Brown
et al. 1996a). Although not explicitly shown here, changes
in knee angle only affected fascicle length mildly, up to a
maximum of 0.1 L0 with extreme (140±150�) joint-angle
changes. The angles we observed for Lmax (ileofemoral
and knee, 70� and 35�) are similar to the angles expected
at the end of the flexion phase for both walking and trot-
ting (ileofemoral and knee, 80� and 60±75�, respectively;
Goslow et al. 1973). One can therefore estimate that the
ROM of CF during walking and trotting is from �0.95
to 1.15 L0.

Single fiber lengths

In total, 158 single fibers from three different muscles
were dissected in this study. All fiber endings that ended
intrafascicularly were observed to be tapered (see Loeb et
al. 1987). A summary of fiber lengths, expressed as a per-
centage of muscle fascicle length, is presented as a histo-
gram in Fig. 7 and also in Table 2. The histogram indi-
cates a bimodal distribution with peaks at fiber length/fas-
cicle length ratios of �0.33 and 0.45. Although the distri-
bution was not Gaussian in nature, we performed an anal-
ysis of variance to compare the aggregate fiber lengths
from the three muscles. The statistical results support ac-
ceptance of the null hypothesis that the three distributions
came from the same population (F=0.56, P>0.55), sug-
gesting that the distribution of CF fiber lengths (expressed
as a percentage of fascicle length) is constant amongst fe-
male cats. The number of fibers per CF fascicle length
was calculated from this aggregate population to be
2.26�0.05 (mean �SE).

The scale for absolute fiber length included in Fig. 7
was calculated by assuming a fascicle L0 of 5.6 cm (Table
1). Actual fiber lengths were not used because nitric acid
digestion shrinks tissue substantially; in this study the
shrinkage in muscle length was estimated at 30±50%. Us-

Fig. 5 Rectified, bin-integrated
electromyogram activities of a
variety of ipsilateral hindlimb
muscles during pacing. The top
line indicates duration of ipsi-
lateral stance phase (CFds ca-
udofemoralis, distal and super-
ficial surface, CFpd caudofe-
moralis, proximal and deep sur-
face, GMax gluteus maximus,
BA biceps femoris anterior, LG
lateral gastrocnemius, TA tibia-
lis anterior, EDL extensor digi-
torum longus)

Table 1 Anatomical and physiological properties of feline caudofe-
moralis. Data are mean�standard deviation. These ten animals were
also used for the range of motion data plotted in Fig. 6 (F0 maximal,
isometric, tetanic force, L0 length at which F0 occurs, PCSA physi-
ological cross-sectional area)

Cats 9 females 1 male

Weight (kg) 3.3 �0.4 5.2
Thigh length (cm) 9.7 �0.3 11.2
Shank length (cm) 11.2 �0.6 11.7
Muscle fascicle L0 (cm) 5.6 �0.6 5.7
Sarcomere L0 (mm) 2.54�0.19 2.67
F0 (N) 15.4 �3.8 22.3
Muscle mass (g) 2.88�0.46 5.81
Origin aponeurosis (mm) 7.1 �0.9 11.0
Insertion aponeurosis (mm) 17.2 �3.2 20.0
PCSA (cm2) 0.49�0.08 0.96
Specific tension (N/cm2) 31.2 �4.7 23.2

Correlations between cat weight and fascicle L0 (r=0.45) and cat
weight and muscle mass (r=0.50) were nonsignificant (n=9,
P>0.05)
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ing a fascicle L0 of 5.6 cm, the estimated minimum, mean,
and maximum single-fiber lengths in CF are 1.1, 2.5, and
4.4 cm, respectively.

Motor endplate staining

CF muscles from two different animals were stained for
acetylcholinesterase activity with similar results. The
banding pattern of both muscles was similar and presum-
ably corresponds to multiple endplate zones. Approxi-
mately four to six bands appear to cross any given fascicle
extending the length of the muscle (see Fig. 8).

Compartmentalization

The CF nerve normally bifurcates just distal (2±5 mm) to
its entry into the deep surface of CF. Rarely, however, this
branching was observed to occur prior to nerve entry as
shown in Fig. 9B. Figure 9A shows a reconstruction of
one muscle in which the posterior nerve branch to CF

Fig. 6 CF fascicle lengths for
four different leg positions
(mean �SD). q and f represent
the ileofemoral and knee angles
as defined by Goslow et al.
(1973). SDs of all joint angles
were 7� or less (n=5 for Lextend
data, while n=10 for all others)

Fig. 7 Histogram of CF single-fiber lengths as a percentage of fas-
cicle length. A second axis of ªestimated fiber lengthº was obtained
by using a muscle fascicle L0 of 5.6 cm (Table 1). Single fibers were
obtained through careful dissection of three CF muscles following
acid digestion. The three distributions were not significantly differ-
ent from each other (ANOVA, F=0.56, P>0.55)

Table 2 Single-fiber lengths in
caudofemoralis Muscle

CDF52 CDFH4 CDF55 Totals

Total fibers (n) 53 51 54 158
Double-tapered fibers (n) 9 11 16 36
Mean (�SD) ratio of
fiber/fascicle length

0.44�0.13 0.46�0.11 0.43�0.12 0.44�0.12

Fig. 8A, B Acetylcholinesterase stain of a single muscle viewed
from both the deep and superficial surfaces. A Original photos of
the muscle after staining. B Drawings of each surface with the end-
plates clearly marked
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was cut and the remaining branch stimulated to deplete
the glycogen in the innervated motor units. Three distinct
regions extending the length of the muscle were observed
according to variations in the percentage of depleted fi-
bers. Regions of less than 15% depletion, 50±75% deple-
tion, and more than 90% were all observed. The distinc-
tive nature of these long, strip-like sub-volumes is demon-
strated in a photomicrograph (Fig. 9C) which shows a
portion of the most proximal cross section from this mus-
cle. Similar qualitative data was obtained in a second
muscle, also consistent with motor-unit regionalization.

Ventral root innervation

Results obtained from a prior series of experiments
(Brown and Loeb 1998) using identical methods to those
described here were grouped with the results of this study
so that the ventral roots innervating CF could be identi-
fied in a total of 21 animals. In 2 animals, only the L7 root
innervated CF, in 1 animal only the S1 root innervated
CF, whereas in the remaining 18 animals (including the
lone male) both the L7 and S1 ventral roots innervated
CF.

Motoneuron organization and size

Motoneurons supplying CF and GMax were labeled in
four animals. Typical examples of FG-, FB-, and FR-la-
beled cells are shown in Fig. 10. The staining characteris-
tics of these tracers were essentially identical to those de-
scribed previously (Liinamaa et al. 1997). Counts of la-
beled motoneurons are summarized in Table 3. In five

of the eight CF motor nuclei, more than 100 labeled moto-
neurons were observed, four of which contained between
100 and 115 cells. In the other three CF motor nuclei,
fewer then 90 labeled cells were observed; two of these
three motor nuclei were from one cat. The counts of
GMax-labeled motoneurons were highly variable, in part
reflecting the use of FB as a tracer for this muscle. Fewer
than five cells were labeled in either of the first two cats
(1-week survival; Table 3), presumably because the trans-
port times of 1 week were too short for this slow-moving
tracer (Bentivoglio et al. 1980). Motor nuclei contained
80±95 cells in three of four GMax nuclei in the second
two cats (2-week survival; Table 3).

The location and extent of the motor nuclei were con-
sistent from one side of the spinal cord to the other within
each cat, but varied between animals in a manner predict-
ed by patterns of ventral root innervation. CF motor nu-
clei ranged from 0.75 to just over 1 spinal segment in
rostrocaudal length. Their rostral edges varied in location
from rostral L7 to mid-L7. GMax motor nuclei ranged in
rostrocaudal extent from 1 to 1.5 spinal segments, with a
consistent rostral edge in mid-L6. A comparison between
the relative locations of the CF and GMax motor nuclei
within a given animal revealed extensive overlap. The
rostrocaudal overlap was 1 full spinal segment in one an-
imal (Fig. 10E) and 0.5 of a spinal segment in another an-
imal (Fig. 11). In the transverse plane, the motor nuclei
intermingled so extensively in both animals that they ap-
peared to form a single column in the gray matter
(Fig. 10D,E).

Two peaks were observed in the distribution of CF mo-
toneuron diameters from the three motor nuclei contain-
ing the most labeled cells (Fig. 12). The smaller peak at
25±30 �m was assumed to represent g-motoneurons,

Fig. 9A Pattern of glycogen
depletion (left CF muscle) after
sectioning one of two nerve
branches (anterior branch in-
tact). Frozen cross sections were
taken from six different regions
and stained for glycogen (sam-
ple picture is shown C). All fi-
bers were either fully depleted
or clearly undepleted. Percent-
ages refer to the percentage of
fibers within a given region that
were fully depleted. B Example
of CF nerve bifurcating prior to
muscle entry (left muscle, deep
surface). C Photomicrograph of
a section stained for glycogen
content (PAS stain) from the
most proximal section in A.
Light fibers are glycogen-free,
whereas dark fibers contain
glycogen
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whereas the second, much larger peak at 50±55 �m was
assumed to represent a-motoneurons. The minima be-
tween the two peaks (35 �m) was chosen as the cutoff di-
ameter separating the g-motoneurons from the a-moto-
neurons. Mean diameters of the CF g- and a-motoneurons
were 28�4 and 52�7 �m, respectively, (Table 4).

Mean innervation ratio

The IR was calculated for three CF muscles. Each muscle
was from a different animal; in each case the muscle with

the greater number of labeled motoneurons was chosen.
The estimated number of fibers per cross section for these
three muscles ranged from 10 600 to 16 100 (Table 4).
These numbers were then multiplied by the previously
calculated 2.26 fibers per fascicle length to estimate the
total number of fibers in each of these muscles. These
numbers (plus the number of a-motoneurons listed in Ta-
ble 4) were then used to calculate the IR for each muscle
(Table 4). The mean of the IRs for the three CF muscles
was �270 and ranged from 253 to 309. In an attempt to
quantify the accuracy of our calculations, we used 2% er-
ror in the number of fibers per fascicle length, estimated

Fig. 10A±D Photomicrographs
of motoneurons labeled with
fluorescent tracers. A Fluoro-
gold-labeled CF motoneurons
(longitudinal section from ani-
mal CMN2). B Fluororuby-
labeled CF motoneurons (longi-
tudinal section from animal
CMN2). C Fast blue-labeled
GMax motoneurons (cross sec-
tion through mid-L7 from ani-
mal CMN3). D Double exposure
of Fluororuby-labeled CF
motoneurons and fast blue-
labeled GMax motoneurons
(cross section through mid-L7
from animal CMN3). E Trans-
verse reconstructions of the
ventral horn showing the distri-
butions of labeled CF and GMax
motoneurons (right side of spi-
nal cord from animal CMN3).
Each reconstruction represents
1 mm of tissue. The two recon-
structions represent the rostral
and caudal borders of the region
where the CF and GMax motor
nuclei overlap, corresponding
approximately to rostral L7 and
rostral S1. Scale bar 100 �m
A±D

Table 3 Labeled motoneuron
counts (FG Fluorogold,
FR Fluororuby, FB Fast Blue,
FD fluoroscein-conjugated
dextran)

Animal Survival time
(weeks)

Labeled CF motoneurons Labeled GMax motoneurons

Left side Right side Left side Right side

CMN1 1 85 (FG) 25 (FR) 0 (FB) No dip
CMN2 1 108 (FG) 112 (FR) No Dip 5 (FB & FD)
CMN3 2 88 (FR) 113 (FG) 91 (FB) 83 (FR)
CMN4 2 167 (FR) 102 (FG) 14 (FB) 83 (FR)
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5% error from our fibers per cross section counts, and es-
timated 10% error in our motoneuron counts. Using stan-
dard error propagation techniques (for independent sourc-
es of error), we estimate the total error in our IR calcula-
tion for each of the animals to be �11%.

Discussion

Muscle fiber properties

Within a given motor pool, the order of motor-unit re-
cruitment tends to proceed according to fiber-type from
slow-twitch, nonfatiguable units to fast-twitch, fatigue-re-
sistant units, and finally to fast-twitch, fatiguable units
(Burke 1981; Hoffer et al. 1987; Cope and Clark 1991;
Tansey and Botterman 1996). Most muscles in the feline
hindlimb are heterogeneous in fiber-type composition

(Ariano et al. 1973). According to the recruitment-order
hypothesis, most of these muscles will not recruit fast-
twitch, fatiguable motor units during a low-intensity task
such as walking (Engberg and Lundberg 1969; Walmsley
et al. 1978; Pratt et al. 1991). In contrast, it appears that
CF, composed almost exclusively of type IIB fibers, must
recruit these fibers during walking; the absolute ampli-
tudes of CF EMG were comparable with those of other lo-
comotor muscles with mixed fiber types (Fig. 5; the bin
integration analysis used in this study produces voltage
calibrations approximately one-tenth of the peak-to-peak
voltages of the raw EMG recordings; Bak and Loeb
1979). Regular use during locomotion probably explains
why the type IIB fibers from CF appear to demonstrate
a higher resistance to fatigue than the type IIB fibers from
MG (Fig. 4). However, this raises the teleological ques-
tion of why a muscle that is recruited in this manner
would not have developed a greater proportion of type I
and type IIA fibers. We suggest that some other property
that is unique to type IIB fibers (e.g., very fast rise and
fall times) may provide the answer to this question.

Another property that has been hypothesized to be fi-
ber-type dependent is the relative force-producing capa-
bilities of fast compared with slow-twitch muscle fibers
(for an early review, see Close 1972). Most recent studies
in cat have concluded that fast-twitch fibers develop sig-
nificantly higher specific tensions (force per unit cross
sectional area) than do slow-twitch fibers (Burke and Tsa-
iris 1973; McDonagh et al. 1980; Dum et al. 1982; Bodine
et al. 1987). In contrast, direct measurements by Lucas et
al. (1987) on chemically skinned single fibers suggested
that there was no significant difference between the spe-
cific tensions of different fiber types. In agreement with
the findings of Lucas et al. we found no significant differ-
ence in the specific tensions produced by whole-muscle
CF (exclusively fast-twitch) and whole-muscle SOL (ex-
clusively slow-twitch; Scott et al. 1996). We suggest
two possible reasons to explain these discrepancies. First,
all but one of the previous studies (Bodine et al. 1987)
used indirect measurements of specific tension, which
we feel are likely to be less reliable than the direct mea-
surements. Second, Bodine et al. (1987) based their study
upon direct measurements of specific tension using single
motor units within a whole muscle. Unfortunately, this
technique has been shown recently to be problematic be-
cause of an artifact described by Heckman et al. (1992).
Heckman et al. a depression in the isometric force of
small motor units (i.e., slow-twitch) when a muscle was
allowed to remain both isometric and quiescent for longer

Fig. 11 Longitudinal recon-
struction of the spinal gray
matter showing the distributions
of all labeled CF and GMax
motoneurons (right side of spi-
nal cord from animal CMN4)

Fig. 12 Histogram of CF motoneuron soma diameters for three mo-
tor nuclei. Motoneuron somas were from longitudinal sections (an-
imals CMN2, CMN4) or cross sections (animal CMN3). The mini-
ma between the two peaks (35 �m) was used as a cutoff diameter
between a- and g-motoneurons. No attempt was made to correct
for possible tissue shrinkage (FR Fluororuby, FG Fluorogold)

Table 4 Motor innervation ratio. Cutoff diameter between g- and a-
motoneurons was estimated as 35 mm (see Fig. 12). Motor innerva-
tion ratio is defined as the mean number of fibers per a-motoneuron

Cat

CMN2 CMN3 CMN4

g-Motoneurons 20 10 23
Mean (�SD) diameter) (mm) 28�3 31�4 26�4

a-Motoneurons 92 103 144
Mean (�SD) diameter (mm) 50�6 51�8 54�7

Fibers per muscle cross section 10600 14100 16100
Mean motor innervation ratio 261 309 253
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than a few seconds. As a result, Bodine et al. (1987) may
have underestimated the specific tensions for the small,
slow-twitch motor units.

Although we have discussed motor unit recruitment or-
der and specific tension in a manner that implies that fi-
bers classified as one particular fiber-type are homogene-
ous, Burke (Burke et al. 1973; Burke 1981) has repeatedly
stressed the importance of using fiber-type classifications
as only a crude guide to motor unit properties, rather than
as a rigid classification scheme. In this study we have ob-
served three unexpected differences in the properties of
type IIB fibers from CF as compared to type IIB fibers
from MG. First, the glycogen depletion protocol devel-
oped by Burke et al. (1973) for MG does not successfully
deplete CF (Fig. 1), presumably because some other part
of the excitation-contraction process is failing first. Sec-
ond, CF type IIB fibers appear to be less susceptible to fa-
tigue than the MG type IIB fibers (Fig. 4). Third, we have
observed a heterogeneity in the NADH staining intensity
that depends upon fiber diameter (Figs. 2, 3). CF is com-
posed of fibers that do not extend from one aponeurosis to
the other; instead the fibers taper intrafascicularly. The
darkly stained small diameters observed here appear to re-
present the narrowing, tapered ends of otherwise typically
stained fibers. If true, then the differential NADH staining
pattern we observed implies a nonuniform concentration
of mitochondria over the length of a single fiber. Al-
though we believe this staining pattern has not been re-
ported before, it is not unique to CF; it can be seen also
in feline sartorius muscle (SART; see Fig. 2 of Smits et
al. 1994). The role, if any, of such a mitochondrial distri-
bution is unknown. However, it may be related to other
differences that exist in the tapered ends of fibers (e.g.,
myosin heavy-chain expression, presence of acetylcholin-
esterase) that in turn have been postulated to be important
for longitudinal fiber growth (Rosser et al. 1995).

Series-fibered architecture

The pattern of tapered, intrafascicular fiber endings that
we observed in CF is common for many feline hindlimb
muscles whose fascicle lengths are greater than 3±4 cm
(e.g., SART, tenuissimus, and semitendinosus; Loeb et
al. 1987). A comparison of mean fiber length from the rel-
atively short CF (L0=5.6 cm, Table 1) to the relatively
long SART or tenuissimus (L0=9.2 cm and 14.5 cm, re-
spectively; Brown et al. 1996a) revealed that the mean fi-
ber length for all three muscles is approximately 2.5 cm
(Loeb et al. 1987). It is not apparent why this similarity
should exist in hindlimb muscles with varying architec-
tures, when fibers from other feline muscles often have
shorter mean fiber lengths (less than 2.0 cm, Richmond
et al. 1985; Richmond and Armstrong 1988) and human
leg muscles tend to have much longer mean fiber lengths
(more than 10 cm, Heron and Richmond 1993).

A comparison of CF fiber length, expressed as a per-
centage of fascicle length, revealed a remarkable consis-
tency between different specimens (Fig. 7, Table 2).

The previously described relationship between the estab-
lishment of endplate bands and the growth of muscle fi-
bers during development could explain this finding (Dux-
son et al. 1989; Duxson and Sheard 1995). The innerva-
tion zones of primary myotubes appear to be determined
early in development. Secondary myotubes, which devel-
op later into single fibers, grow around the innervation
zones of primary myotubes in the developing animal.
The arrangement of single fibers relative to the fascicle
is thus predetermined during development by the innerva-
tion zones of the primary myotube, well before the final
muscle size is determined.

Motor innervation

Retrograde tracers have provided a useful method by
which to identify specific motor nuclei, but they do not
always label cell populations with 100% effectiveness.
The merits and problems associated with using the cut ax-
on method have been discussed elsewhere (Haase and
Hrycyshyn 1986; Richmond et al. 1994) and are not re-
peated here. To minimize the effects of any methodolog-
ical problems, we applied different tracers on both sides
of each animal. The tracers that we used to label CF
motoneurons, FR and FG, were chosen because they are
thought to be capable of labeling motor nuclei with
100% effectiveness under optimal conditions (Gordon
and Richmond 1990; Kitamura and Richmond 1994).
We also used FB in our study (only with GMax), because
it has been shown previously to be effective at labeling a-
and g-motoneurons nonpreferentially, albeit with less
overall efficacy (Gordon et al. 1991; Richmond et al.
1994). However, when an adequately long transport time
was used for FB, we observed no consistent difference at-
tributable to tracer type in the distributions, sizes, or num-
bers of labeled motoneurons.

It is unclear why we observed such a large range in CF
motoneuron counts between animals (Table 3). Both FR
and FB produced a similar distribution and number of la-
beled motoneurons to an HRP-labeled GMax motor nu-
cleus labeled previously by Gordon et al. (1991), suggest-
ing that our methods are technically sound. Interestingly,
the wide variation in motoneuron number does not corre-
late with similar large variations in IR (Table 4). Further-
more, cat size (mass) did not account for much of the vari-
ability in CF morphometry such as muscle mass and fas-
cicle L0. We can only speculate that the mongrel cats used
in our studies may have significant, quantitative interani-
mal variability of many neuromuscular elements related
to genetic as well as behavioral idiosyncrastes. Fortunate-
ly, the qualitative architectural organization and physio-
logical properties appear to be consistent across cats.

One of the benefits of the multitracer technique em-
ployed in the present study is that the locations of differ-
ent motor nuclei can be compared directly. In correspon-
dence to the anatomical locations of GMax and CF, the
GMax motor nucleus was found rostral to the CF motor
nucleus in the ventrolateral portion of the ventral horn
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(Fig. 10). Furthermore, the observed location of the CF
motor nuclei was consistent with the ventral root innerva-
tion patterns observed here. Rather than forming separate
columns, however, the GMax and CF motor nuclei were
found to intermingle extensively, and appeared to form
part of a single column in the ventrolateral portion of
the ventral horn; the location of this coextensive column
was the same as that described by Romanes (1951) using
degeneration techniques following section of the inferior
gluteal nerve.

The substantial overlap of the CF and GMax motor nu-
clei is apparently an uncommon pattern. Almost all motor
nuclei of muscles innervating the neck and shoulder re-
gion are anatomically separate (Hörner and Kümmel
1993; Kitamura and Richmond 1994; Liinamaa et al.
1997), as are many that innervate the hindlimb (Gordon
et al. 1991; Hoover and Durkovic 1991). Overlap of
MG and SOL motor nuclei (Burke et al. 1977) is one ex-
ample that appears similar to the results observed here for
CF and GMax. It is tempting to assign some measure of
importance to this overlap, particularly in light of the sim-
ilar patterns of activation for CF and GMax (Fig. 5). How-
ever, arguments that such arrangements may reflect a
common embryological origin rather than a functional re-
lationship between the two muscles have been presented
previously (Hoover and Durkovic 1991; Hörner and Küm-
mel 1993; Liinamaa et al. 1997). If such is the case, the
extensive overlap of the two motor nuclei might suggest
that CF is a differentiated head of the gluteus muscle
complex. Further work on developing animals is required
before an adequate conclusion regarding this hypothesis
can be made.

The two peaks that we observed in the distribution of
CF soma size possibly reflect the presence of two separate
populations of motoneurons: small-diameter g-motoneu-
rons and large-diameter a-motoneurons (Fig. 12). Assum-
ing a cutoff diameter of 35 �m, g-motoneurons comprise
approximately 15% of the total population in CF. This
percentage is significantly less than the 25±40% propor-
tion of g-motoneurons reported for other hindlimb mus-
cles such as MG, flexor digitorum longus, lateral gastroc-
nemius, SART, SOL, and peroneus brevis (Burke et al.
1977; Dum et al. 1982; Weeks and English 1985, 1987;
Gordon et al. 1991; Destombes et al. 1992). We have ob-
served (I.E. Brown, T. Satoda, F.J.R. Richmond, G.E.
Loeb, unpublished observations) that muscle spindles
are distributed very sparsely in CF, as might be expected
from the low proportion of g-motoneurons. Previous stud-
ies have found that, in heterogeneous muscles, spindle
densities tend to be lower in the fast-twitch regions than
the slow-twitch regions (e.g. Richmond and Stuart 1985;
Scott and Young 1987). If one considers CF to be a differ-
entiated ªheadº of the gluteus complex, then the dearth of
spindles in the fast-twitch CF would parallel the previous
findings in single muscles with nonuniform distributions
of fiber types.

By separating the g- and a-motoneurons, we were able
to calculate IR for CF. IR is often calculated by identify-
ing all fibers belonging to a single motor unit and averag-

ing the results from only a few motor units. In compari-
son, we indirectly estimated the IR for CF by dividing
the total number of fibers for a single muscle by the total
number of a-motoneurons belonging to that same muscle.
The advantages of this second method include its simplic-
ity, a true estimate of the mean (by including all motoneu-
rons as opposed to a small sample), and the absence of
sampling bias. Potential disadvantages of our method in-
clude no possible differentiation of IR for different fiber
types within a single muscle, no indication of the range
of innervation ratios for single motor units, and estima-
tions (as opposed to direct counts) of both numbers used
in the IR calculation (number of a-motoneurons and num-
ber of fibers). To minimize potential errors, we used large
n-values in our fiber counts and chose the ªbestº labeled
side from each animal for our motoneuron counts. The to-
tal random error in our calculations for each animal was
estimated at �11%. Systematic undercounting of poorly
labeled motoneurons would cause the true IR to be even
lower than that reported here.

CF is composed almost exclusively of type IIB fibers.
Assuming that type IIA and type I motor units in CF have
smaller IRs than type IIB motor units (see Table 5), we
can estimate the IR for type IIB fibers in CF to be slightly
greater than the whole-muscle IR of �270 (Table 4). We
have compared estimates of IR for a number of other fe-
line muscles with CF in Table 5. All but tibialis anterior
have IRs for type IIB motor units larger than CF. The
IR for CF seems more typical of the estimates of IR for
type IIA motor units (�130±500, Table 5). The natural re-
cruitment pattern of CF includes recruitment during repet-
itive behaviors such as walking and trotting (Fig. 5), pat-
terns that are atypical of fast-twitch, fatiguable muscle,
resembling more the patterns that are generally associated
with type IIA or even type I motor units (Walmsley et al.
1978; Hoffer et al. 1987). The small IR for CF may be re-
lated to unusually frequent recruitment of its type IIB mo-
tor units, but it is not clear whether there is any causal link

Table 5 Comparison of feline mean motor innervation ratios by fi-
ber type. For studies that did not identify motor-unit types histo-
chemically, the following equivalent motor-unit types were used
(based upon Burke et al. 1973): slow nonfatiguable, type 1; fast fa-
tigue-resistant, type IIA; fast fatiguable, type IIB

Muscle Fiber type

Type I Type IIA Type IIB

Soleusa 229 n.a. �n.a.
Medial gastrocnemiusb, c 534, 611 440, 554 �758, 674
Tibialis posteriorc 393 363 �491
Sartoriusd 190 179 �506
Biventer cervicuse n.a. 408 �408
Lateral gastrocnemiusf n.a. n.a. �400
Flexor digitorum longusc, g 213, 180 125, 132 �426, 328
Tibialis anteriorh 93 197 �255
Caudofemoralis n.a. n.a. �270

a Burke et al. (1974); b Burke and Tsairis (1973); c McDonagh et al.
(1980); d Smits et al. (1994); e No differentiation between type IIA
and type IIB fibers; Armstrong et al. (1988); f English and Weeks
(1984); g Dum et al. (1982); h Bodine et al. (1987)
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between these properties or whether these results simply
indicate a natural variation between different muscles.

Why study CF ?

Probably the most interesting feature of feline CF is that it
is most often composed exclusively of fast-twitch fibers,
which are almost exclusively type IIB (in agreement with
the observations of Ariano et al. 1973 and Van Winkle
and Schwartz 1978). Muscles such as CF have the advan-
tage that they can be used as whole muscles to study prop-
erties unique to a particular fiber-type population. Exam-
ples of properties that are thought to be related to fiber
type include recruitment via somatosensory reflexes (re-
viewed by Burke 1981), ultrastructure (Van Winkle and
Schwartz 1978), specific tension, natural patterns of re-
cruitment, mean innervation ratio, and posttetanic poten-
tiation (Standaert 1964; Brown and Loeb 1998).

The methods used to examine CF in this study revealed
a number of surprising observations that need further
work to clarify and understand:

1. CF was surprisingly resistant to fatigue for a muscle
composed primarily of type IIB fibers (Fig. 4).

2. The pattern of recruitment of CF during repetitive tasks
such as walking was unexpected (Fig. 5).

3. The IR for type IIB fibers was low compared with that
observed in most other feline hindlimb muscles (Table
5).

4. The small, tapering ends of type IIB single fibers
stained more strongly for NADH diaphorase than the
larger-diameter middle portions of type IIB fibers
(Figs. 2, 3), possibly reflecting a differential mitochon-
drial density along the length of the fiber.

5. Burke's method of glycogen depletion failed to work
on CF, with preliminary results suggesting that failure
at the neuromuscular junction might be the cause
(Fig. 1).

6. The overlap of the CF and GMax motor nuclei
(Figs. 10, 11) and small number of g-motoneurons in
CF (Fig. 12, Table 4) are consistent with CF perhaps
being a differentiated head of GMax.

It remains to be seen how many of these unexpected
findings are interrelated, and it would be of particular in-
terest to compare these findings to other feline muscles
that are known to be nearly or completely 100% fast-
twitch, including tensor fascia latae, sternomastoideus,
and clavotrapezius (Ariano et al. 1973; Richmond and Vi-
dal 1988).

For the purposes of recording the contractile character-
istics of fast-twitch muscle, CF has a number of advanta-
ges over these other exclusively fast-twitch muscles. CF
has a much simpler architecture, is parallel-fibered (non-
pinnate), possesses two very short aponeuroses (Table 1),
and has virtually no tendon at its origin. Thus an isometric
contraction of CF prepared in the manner described in the
present study is essentially isometric because the fascicle
length remains constant during activation. This effect can

be contrasted to a whole-muscle isometric contraction in
SOL, which has significant shortening of the fascicles at
the expense of the connective tissue [�2:1 ratio of con-
nective tissue to fascicle length (Scott et al. 1996) as com-
pared to �0.2:1 ratio for CF (Table 1)].

In addition to its simple architecture, the gross innerva-
tion of CF suggests that its motor units work in parallel
rather than in series (Fig. 9). This finding was consistent
with the findings that different regions within CF had es-
sentially identical patterns of activation during various
behaviors (Fig. 5). Single fibers in CF do not run from
end to end, but rather taper intrafascicularly (Table 2,
Fig. 7). Thus, it is likely that a relatively even pattern
of activation depends upon a more-or-less even distribu-
tion of single motor-unit fibers over the length of the mus-
cle. Some other muscles organize their motor units both in
parallel and in series (e.g., feline SART; Thomson et al.
1991). Activation of motor-unit populations that are ar-
ranged in series can result in a nonlinear summation of
the forces from each of the populations (Scott et al.
1992). This problem is avoided when the motor-unit pop-
ulations are arranged exclusively in parallel. The in-paral-
lel organization of CF therefore permits us to conduct
studies requiring asynchronous stimulation of split ventral
roots to replicate physiological patterns of activation (as
was done with SOL by Rack and Westbury, 1969). The
combination of all of these properties in one muscle
makes feline CF an ideal muscle in which to study the
contractile characteristics of fast-twitch muscle.
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