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ABSTRACT The semispinalis capitis and splenius mus-
cles of the horse were analyzed for gross morphology,
microarchitecture, fiber length, and fiber type. Although
these two muscles are similar in size and anatomical
position, they are very different from one another in struc-
tural design and histochemistry, implying diverse func-
tional roles in the animal’s behavior. The histochemical
staining profile was limited to two fiber types: slow oxida-
tive and fast glycolytic. The splenius muscle has simple
architecture, long fibers, and a 60/40 ratio of SO to FG
cross-sectional area. The semispinalis capitis has complex
architecture with short-fibered, concentric compartments
dorsal to its central tendon and longer-fibered compart-

ments ventrally. The entire dorsal region has an increas-
ing gradient of slow oxidative fiber percentage from caudal
to cranial (58–71% SO). In contrast, the ventral region has
a decreasing gradient of slow oxidative fibers from caudal
to cranial (48–67% FG). These patterns can be inter-
preted within the context of the cervical musculature dur-
ing locomotion and posture to indicate the functional ad-
vantages of this organization. J. Morphol. 251:182–194,
2002. © 2002 Wiley-Liss, Inc.
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The horse, Equus caballus, is one of the largest
(up to 600 kg), fastest (sustained speeds of over 48
km/h in thoroughbred racehorses) terrestrial mam-
mals. From a comparative biomechanical perspec-
tive, the extreme anatomical adaptations used by
horses can help elucidate the structure and function
of the cursorial locomotory system. The head and
neck of the horse, which represent 10% of the total
body mass (Buchner et al., 1997), are cantilevered
from the trunk of the body with a complex support
system that combines passive and active elements.
The combined head and neck segment appears to be
an essential element of equine gait mechanisms,
demonstrating different characteristic oscillations
at walk, trot, and gallop that are closely linked to
the movement patterns of the limbs.

Previous work (Gellman and Bertram, 2002a,b)
investigated the passive contribution of the nuchal
ligament to head movement during locomotion. The
elastic nuchal ligament, the semispinalis capitis
muscle (SS), and the splenius muscle (SP) are the
largest structures in the dorsal cervical region. As in
many ungulates, the primary and secondary cervical
curves of the spine are exaggerated and the dorsal
aspect of the neck region is filled in by these three
structures. All three anatomical elements have firm
attachments to the thoracic vertebrae, cervical ver-
tebrae, and the skull. The elastic nuchal ligament
provides both passive support for the head and neck

and contributes to locomotion by storing and return-
ing elastic strain energy during head/neck oscilla-
tions. Elastic strain energy can provide up to 60% of
the work required to raise the head and neck during
walking and around 32% of oscillatory work at the
trot and gallop. The remainder of work must be
supplied by muscular elements, such as the SS and
SP. This current study examines the functional
characteristics of the muscles that actively raise the
head and neck.

Relatively little is known about equine cervical
muscles, aside from gross anatomical description
(Getty, 1975; Dyce et al., 1996) and some EMG re-
cordings of the splenius (Tokuriki and Aoki, 1991).
However, neck muscles have been extensively stud-
ied in cats and characterized through architecture,
electrical activity, histochemistry, and neuromuscu-
lar compartmentalization (Richmond and Abra-
hams, 1975; Richmond et al., 1978, 1985, 1992; Rich-
mond and Bakker, 1982; Armstrong et al., 1988;
Richmond and Armstrong, 1988). Although horses
and cats are very different in size and behavior, they
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share certain features in common as vertebrates and
cursorial quadrupedal mammals.

Cervical epaxial muscles have been a topic of
great interest historically because of the complexity
of their neuromuscular organization and behavior.
Over 20 pairs of muscles control head movement in
mammals and many of these muscles have poten-
tially similar actions. It has been suggested that this
redundancy indicates that the neck is “functionally
over-complete” (Pellionisz and Peterson, 1988).
However, head positioning is critical to an enormous
range of behaviors—visual and auditory orientation,
feeding, vestibular function, grooming, predation,
defense. An interpretation of the design of the neck
in any mammal cannot be determined without thor-
ough investigation of the functional consequences of
internal organization and details of the architecture
and activity.

The feline biventer cervicis (fBC) muscle is similar
to the equine semispinalis capitis, although there
are some minor architectural differences in terms of
origins, insertions, and compartmentalization. From
studies of neural compartmentalization in the fBC it
has been suggested (Armstrong et al., 1988; Rich-
mond et al., 1992) that the cranial and caudal por-
tions of the muscle act independently during normal
head and neck movement. The feline BC is a pyra-
midal muscle with oblique, concentric compart-
ments (Fig. 2b). It has been found that each BC
compartment has a roughly equivalent functional
cross-sectional area, which implies the capacity to
generate equivalent amounts of force between com-
partments (Richmond and Armstrong, 1988). Rich-
mond and Abrahams’s (1975) morphological analy-
sis of the fBC suggests that the design strategy of
tendinous inscriptions allows long muscles to taper,
as toward the head, without compromising parallel
fiber architecture. They also found a wide variety of
fiber lengths coexisting within compartments, some
passing through the tendinous inscriptions and
some inserting upon them. It was thought that this
arrangement could offer the versatility of peak ten-
sion development at different head positions
through tensioning the short fibers within specific
compartments, while allowing the long perforating
fibers to transmit force through the entire muscle.
The feline splenius muscle also has a complex archi-
tecture, with several incomplete tendinous inser-
tions, whose functional role is unclear. There is a
wide variation of individual muscle fiber length be-
tween these implied compartments (Richmond and
Abrahams, 1975; Richmond et al., 1985).

All of the feline cervical muscles examined display
three fiber types: slow oxidative, fast fatigable (gly-
colytic), and fast fatigue-resistant (Richmond and
Abrahams, 1975). The fBC has half slow fibers, with
about one-quarter FOG and one-quarter FG fibers.
The fSP, in contrast, has more than half fast fatiga-
ble fibers and splits the rest between SO and FFR.
These profiles seemed consistent with primary EMG

activities measured: tonic support for fBC and pha-
sic activity for fSP (Richmond et al., 1992). There
are, however, some apparent contradictions between
measured neural patterning, recruitment, and ob-
served motor activity in the long dorsal muscles of
the cat neck. Muscles like the fSP were differentially
recruited according to activity and neck position,
together with arrays of synergistic muscles, which
differed for each activity. Clearly, these muscles are
not only multiarticular, spanning most of the cervi-
cal region, but also multifunctional. The feline elec-
tromyographic studies were limited to static pos-
tural positions and grooming behaviors and
voluntary head turning. Muscle activity was not
measured during locomotion.

High concentrations of Golgi tendon organs have
been found proximal to the tendinous inscriptions of
the BC in the cat (Richmond and Abrahams, 1975;
Richmond and Bakker, 1982). This level of sensory
feedback for the head/neck position is essential for
vestibular and visual function. There is no indica-
tion, however, of nerves that are selectively motor or
sensory in the feline cervical muscles. Innervating
branches of the dorsal cervical nerve roots contain
all functional nerve types.

In this study, we examine the gross morphology of
the semispinalis capitis and splenius muscles, the
architecture and compartmentalization within the
muscles, and their fiber type composition. These el-
ements can then be compared and contrasted with
analogous cervical muscle function in the cat. Fi-
nally, predictions can be made about the functional
capabilities of these structures.

MATERIALS AND METHODS
Subjects

All subjects were healthy adult horses euthanized
in the Cornell Department of Pathology’s Necropsy
Service for reasons other than musculoskeletal dys-
function. For histochemistry, samples were taken
from nine anatomical sites (eight semispinalis, one
splenius) in three animals (Table 1). After fresh
muscle samples were taken, the entire muscles were
removed for morphologic studies and fixed in 10%
formalin. An additional SS muscle from a 200-kg
male, castrated, aged, pony was used for morphology
only.

Morphology

Fixed specimens were used to identify function-
ally important compartments of the SS muscle by

TABLE 1. Experimental subjects

Subject Sex
Weight

(kg)
Age

(year) Breed

A Male castrate 529.5 2 Dutch warm blood
B Male castrate 497.7 15 Thoroughbred
C Male castrate 470.5 6 Thoroughbred
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isolating connective tissue divisions and innervation
from individual cervical nerves. Careful dissection
traced the branching of the dorsal rami from their
origin at the cervical intervertebral foramina, near
the muscle attachment on the articular facets. An
intact SS specimen was dissected along the connec-
tive tissue partitions to visualize the three-
dimensional relationship of the presumed compart-
ments. Eight sampling areas for histochemistry and
morphometry were chosen, four dorsal and four ven-
tral to the central tendon, based on the changing
morphology of the compartments from cranial to
caudal ends.

Morphometry

Muscle fiber bundles in the intact fixed muscle
specimens were measured using calipers (Table 2).
Then the intact muscles were subjected to a con-
trolled digestion in dilute nitric acid (5–15%) until
connective tissue attachments were compromised
and individual fiber bundles could be teased away
from the compartments. These fiber bundles were
separated and placed in a solution of 50% glycerol
until soft and pliable. They were then separated,
under a dissecting microscope, to individual muscle
fibers that were examined for continuity between
attachments and measured for length. An average of
30 fiber bundles was measured for each segment and
an average of 20 individual fibers was separated to
evaluate continuity through the length of the com-
partment.

Histochemistry

Samples were obtained from each of the functional
regions of the splenius and semispinalis muscles.
Muscle samples (1 cm3) were removed from the an-
imal within 60 min of euthanasia, mounted with 5%
gum tragacanth onto cork, snap-frozen in isopen-
tane cooled to about 2150°C in liquid nitrogen, and
stored at 285°C. Serial sections were cut on a cryo-
stat for comparative histochemical assay. A rat dia-
phragm standard was used as a control throughout.
Sections from each muscle, mounted on glass slides,
were stained for alpha-glycerophosphate dehydroge-

nase (GPD) to assess glycolytic potential (Watten-
berg and Leong, 1960) and for nicotinamide adenine
dinucleotide tetrazolium reductase (NADH-TR) to
assess oxidative capacity (Novikoff et al., 1961). Tis-
sues stained for GPD were incubated in 0.20 M
phosphate buffer containing 9.3 mM GPD, 1.2 mM
Nitro blue tetrazolium, and 2.3 mM menadione for
45 min at 37°C. Tissues stained for NADH-TR were
incubated in Trizma buffer (Sigma Chemical Co., St.
Louis, MO; pH 7.4, 0.20 mM) containing 1.4 mM
NADH and 2.5 mM Nitro blue tetrazolium for 30
min at 37°C. All sections were rinsed in deionized
water, dehydrated in acetone, and mounted with
glycerogel. For myosin-ATPase staining, the proto-
cols were modified from Brooke and Kaiser (1970).
Sections on slides were preincubated for 5 min in a
0.2 mM barbital acetate buffer (pH 4.3, 4.4, 4.5) or
preincubated for 10 min in a glycine buffer solution
(20 mM glycine, 74 mM NaCl, 38 mM CaCl), pH
10.3, at 37°. These samples were then further incu-
bated for 30 min at 37° in sodium barbitol buffer
solution (1.4 mM ATP, 18 mM CaCl2, pH 9.4). They
were then processed sequentially with solutions of
1% CaCl2, 2% CoCl2, and 1% ammonium sulfide
before dehydration in 70%, 80%, 95%, and 100%
ethanol, then cleared with xylenes. Coverslips for
slides were mounted with Permount (Fisher Scien-
tific, Fair Lawn, NJ) or GVA mounting medium
(Zymed, San Francisco, CA). The GVA provided bet-
ter preservation of ATPase stain results.

Images magnified (3150) with an Olympus pho-
tomicroscope were viewed and captured with a dig-
ital video processor. For each muscle compartment
of each specimen, 750–1,200 fibers were counted
and classified as type I or type IIa, using mATPase
sections with 4.4 pH acid preincubation (Brooke and
Kaiser, 1970), based on comparison with alkaline
phosphatase preincubation results and serial
NADH-TR and a-GPD reacted samples.

Using a digital imaging program (NIH Image, v.
1.61), the average cross-sectional area of each fiber
type in each segment was determined by measuring
60 fibers of each. Cross sectional area between FG
and SO fibers within segments was compared using
a two-sample Student’s t-test, with P 5 0.05 consid-
ered significant (Table 3). Fiber cross sectional areas
were compared between the compartments of the
semispinalis muscle using a two-way ANOVA and
Tukey’s (HSD) multiple range test (Table 4) (Statis-
tix for Windows, Analytical Software, Tallahassee,
FL, 1996).

Fiber type in muscles and identified compart-
ments within muscles were profiled in two ways.
First, the percentage of type I (slow oxidative) and
type II (fast glycolytic) fibers was calculated based
on the fiber count for each segment. Second, to de-
termine a functional cross-sectional profile the fiber
count was multiplied by the mean cross-sectional
area for each fiber type. The mean values from the
three animals and standard deviations are pre-

TABLE 2. Comparative fiber lengths of SS segments1 and SP2

Fiber length: mean (SD) mm, n 5 2

S-1 20.0 (7.1) 90.0 (0) S-2
S-3 42.5 (3.5) 107.5 (17.7) S-4
S-5 65.0 (7.5) 135.0 (7.1) S-6
S-7 112.0 (17.7) 160.0 (0) S-8
sp 215.0 (7.1)

1Segments S-1 through S-8 are the compartments of the semispi-
nalis capitis (SS) muscle, as illustrated in Figure 2a.
2The splenius muscle is not compartmentalized in the horse.
Segments S-1, S-3, S-5, and S-7 are listed at the left, S-2, S-4, S-6,
and S-8 at the right.
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sented in Tables 4 and 5. Statistical comparisons of
fiber percentages between segments were not made
because the sample size (three specimens) was too
small to determine whether the distribution of val-
ues was normal (Gaussian).

RESULTS
Muscle Morphology and Architecture

The principal anatomical components of the dor-
sal neck in the horse are shown in Figure 1. The
nuchal ligament originates from the first four tho-
racic dorsal spinous processes, runs cranioventrally,
and inserts on the skull and cervical vertebrae. The
SS muscle is oriented in the craniodorsal direction,
originating on the cervical and cranial thoracic ver-
tebrae and inserting on the nuchal crest of the skull
(Fig. 1a). The SS is a complexly structured muscle,
with multiple innervation and numerous connective
tissue insertions. The muscle is pyramidal in shape,
with the compartments narrowing toward the inser-
tion on the skull. Cranially, there is a strong, focal
tendon that spreads into a wide aponeurosis insert-
ing on the skull. This tendon extends two-thirds the
length of the muscle. The dorsal region consists of
oblique bands, arranged concentrically (Fig. 2a),
with relatively short fibers oriented parallel to the
dorsum of the neck. Each of the dorsal compart-
ments sends tendinous slips along the dorsal border
to the insertion on the skull. The ventral region has
longer fibers that pass from the central tendon to the
articular processes of the cervical and thoracic ver-
tebrae (C2–T4). Ventral and caudal to the tendon,
fiber bundles are oriented between their cervical

attachments and the central tendon, at angles be-
coming more acute cranially, giving an indirect line
of action between the cervical vertebrae and the
skull.

The different compartments of the SS, as defined
by their tendinous inscriptions, appear to be inner-
vated by the dorsal branches of their most proximal
spinal nerves (Fig. 3). The same nerves, crossing the
central tendon, innervate both the dorsal and ven-
tral regions of the semispinalis muscle. One branch,
composed of elements from spinal nerves C5 and T2,
travels cranially along the deep surface of the mus-
cle, parallel to the central tendon, toward the head,
before arborizing in the dorsalmost parts of the mus-
cle at the level of the fourth and fifth cervical verte-
brae. The splenius muscle is innervated primarily
by branches from spinal nerves C6, C7, and T2.
These perforate through the semispinalis discretely
at the cranial tendinous border of segment S-5, to
the deep (medial) aspect of the splenius. A branch of
C3 may be continuing on to innervate the cranial
aspect of the rhomboideus cervicis muscle.

The equine splenius, lying lateral to the semispi-
nalis capitis, is a simple muscle, with no tendinous
inscriptions (Fig. 1b). Its caudal aponeurosis inserts,
with that of the rhomboideus cervicis, onto the tho-
racodorsal fascia on the dorsal midline at the level of
T3–T5, while its cranial aponeurosis joins with that
of the longissimus capitis muscle (not shown) and
inserts lateral to the nuchal crest. The fibers appear
to span the entire length of the muscle and were
found to be approximately 220 mm long in the ani-
mals studied. In contrast, the fibers seen in the SS
are shorter and vary between compartments (Table
2). When SS fiber bundles were separated into indi-
vidual muscle fibers, approximately 10% of muscle
fibers were found to have tapered ends shorter thanTABLE 4. Fiber cross-sectional area of SS, comparison of all

fibers within compartments

Cross-sectional fiber area: mean (SD) mm2, n 5 3

S-1 3,706 (1,198)a 3,005 (1,263)b S-2
S-3 2,609 (1,017)c,d 2,940 (1,281)b S-4
S-5 3,298 (1,195)e 2,779 (1,039)b,c,d S-6
S-7 2,516 (951)d 2,886 (1,047)b,c S-8

a, b, c, d, and e represent groups in which the means are not
significantly different from one another. Rejection level 5 0.05.
Segments S-1, S-3, S-5, and S-7 are listed at the left, S-2, S-4, S-6,
and S-8 at the right.

TABLE 5. Fiber type % of SS and SP: fiber count only

Percentage by count: mean (SD), n 5 3

SO FG SO FG
S-1 73.1 (17) 26.9 31.5 (14.5) 68.5 S-2
S-3 63.9 (10.7) 36.1 37.7 (7.4) 62.3 S-4
S-5 60.6 (5.5) 39.4 44.5 (13.8) 55.5 S-6
S-7 60.1 (5.9) 39.9 49.6 (5.8) 50.4 S-8
sp 61.7 (5.1) 38.3

TABLE 3. Fiber cross-sectional area of SS and SP

Cross-sectional fiber area: mean (SD) mm2, n 5 3

SO1 FG2 SO FG
S-1 3,511 (1,328) 3,901 (1,020)* 3,081 (1,419) 2,924 (1,070) S-2
S-3 2,420 (1,009) 2,810 (991)* 2,780 (1,193) 3,100 (1,349)* S-4
S-5 3,296 (1,252) 3,300 (1,140) 2,786 (1,159) 2,772 (907) S-6
S-7 2,582 (1,054) 2,450 (832) 2,825 (1,152) 2,954 (914) S-8
sp 2,773 (1,253) 2,890 (896)

1,2SO and FG are slow oxidative and fast glycolytic, respectively. Segments S-1, S-3, S-5, and S-7 are listed at the left, S-2, S-4, S-6,
and S-8 at the right.
*Significant (P 5 0.05) difference between mean area of slow and fast fibers within compartment.
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Fig. 1. Head and neck anatomy. a: Structures of the dorsal neck in an alert head position in Equus caballus: cranial thoracic and
cervical vertebrae (solid lines), nuchal ligament, both funicular and lamellar (light gray shading), semispinalis capitis muscle (darker
gray shading). Note central tendon and elaborate compartmentalization of semispinalis muscle. Muscle fiber direction in solid lines.
ct, central tendon of semispinalis muscle; c1–c7, cervical vertebrae; fnl, funicular nuchal ligament; lnl, lamellar nuchal ligament; r, rib;
sc, scapula; sk, skull; t1–t9, thoracic vertebrae. b: Splenius muscle overlay: note simple fiber architecture, more ventral and lateral
vertebral attachments, and relationship to nuchal ligament and semispinalis muscle. Cranial and caudal attachments are by
aponeurosis to lateral occipital crest and dorsal midline fascia respectively.



the fiber bundles. All tapered ends were located
halfway between their segment’s tendinous inser-
tions, although the fiber bundles were different
lengths between segments.

Muscle Histochemistry

The SS and SP in the adult horse are composed of
only two muscle fiber types (Fig. 4). Type SO fibers
stained positively after acidic preincubation and
mATPase reactions but negatively after alkaline
preincubation and mATPase reactions. The type SO
fibers reacted strongly for NADH-TR but not for
a-GPD. In contrast, type FG fibers reacted strongly
after alkaline preincubation and mATPase reactions
and after reaction for a-GPD. These FG fibers were
nonreactive after acidic preincubation and mAT-

Pase reactions and were weakly stained following
the NADH-TR reactions. All classifications were in
agreement with our results for rat diaphragm fibers
(which include type SO and FOG fibers) as well as
other equine muscles studied. Some of the longer-
fibered segments in the SS (S-4, S-6) show a few
intermediate (IIa/FOG) fiber types, but the number
of these cells was not statistically significant, repre-
senting less than 1% of all fibers observed.

Using the SS central tendon to delineate six ven-
tral and seven dorsal divisions, eight functional re-
gions were chosen to represent the muscle for fiber
typing (Fig. 2a). The most cranial segments, S-1
(dorsal) and S-2 (ventral), are located immediately
caudal to the attachment on the skull. S-7 (dorsal)
and S-8 (ventral), are from the most caudal muscle
compartments, near T-2 and the cervical–thoracic

Fig. 2. Architecture of equine semispinalis capitis and feline biventer cervicis. a: Exploded view of right semispinalis capitis in
Equus caballus. Individual compartments (segments), as defined by tendinous inscriptions, are separated in this view, to show fiber
direction and obliquity. Compartments (S-1–S-8) are labeled as per histochemical sampling. Position is as seen in situ, in an alert head
position, with the head on the right. Note the concentric dorsal compartments, with concavity toward the head. b: Exploded view of
right biventer cervicis in Felis cattus (not to same scale as equine muscle). This muscle is analogous in cat to semispinalis capitis
muscle in horse. Note multiple compartmentalization, pyramidal overall shape, and oblique compartment orientation. Dorsal region
has concentric compartments, but concavity is away from the head. Ventral compartments (3L, 4L, 5) have longer fibers and are
oriented toward vertebral attachments at cervicothoracic junction. (From Richmond and Armstrong, 1988.)
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junction, respectively. The intermediate pairs of
compartments are spaced relatively equidistant
along the length of the muscle. Splenius samples
were taken primarily from the center of the muscle
belly, but several additional samples were taken
from the caudal and cranial and the superficial and
deep extremes to evaluate whether there were re-
gional differences in fiber type composition, as seen
in the feline splenius (Richmond and Abrahams,
1975). No apparent differences in fiber type percent-

ages were observed between the different parts of
the splenius muscle. Table 3 gives the average cross-
sectional areas for each muscle type in each SS
segment and the splenius. Differences in fiber areas
between fast and slow fibers are seen only in com-
partments 1, 3, and 4. Table 4 compares the mean
cross-sectional areas (combining FG and SO fiber
areas) between compartments. No meaningful pat-
tern in the grouping of the means was observed.
This may be due, in part, to the small number of

Fig. 3. Schematic view of semispinalis capitis innervation. Medial view of right semispinalis capitis muscle in Equus caballus,
showing pathways of cervical spinal nerves arborizing through the muscle compartments. Position is ex vivo, and so more contracted
than for in situ view. Most regions are innervated by their most proximal spinal nerve, labeled (in bold) as C2 through T2. Branches
from C3 and T2 exit the muscle dorsally, presumably to innervate the rhomboideus cervicis muscle. A conjoined branch from C6, C7,
and T2 emerges on the lateral surface to innervate the splenius muscle. In this specimen, spinal nerve C4 was not observed.

Fig. 4. Comparative histochemistry (GPD,
NADH, acid mATPase, basic mATPase). Serial
sections cut from semispinalis compartment S-5
in Equus caballus, with differing histochemical
treatments as labeled. Note only two fiber types:
slow oxidative and fast glycolytic. Slow fibers are
darker in GPD (a) and myosin (b) ATPase pH
10.3, lighter in NADH (c) and myosin (d) ATPase
pH 4.5. Scale bar in GPD 5 100 mm.
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animals and large standard deviation found in the
mean cell area for each compartment. Tables 5 and
6 show the fiber type distribution of the eight SS
regions and the SP as percentages of the total
counted fibers and as percentages of the functional
cross-sectional area of the muscles, respectively. It
can be seen that the percentage of SO fibers in-
creases cranially in the dorsal region and decreases

cranially in the ventral region (Fig. 5). This creates
two opposing gradients of fiber types between the
dorsal and ventral region. Although statistical com-
parisons of fiber type distribution between segments
would be inappropriate with a sample size of three,
all of the animals examined (including several not
reported here because of incomplete regional sam-
pling) showed a clear difference between fiber type
profiles in the dorsal and ventral regions of the SS
muscle, and all showed the trend to increase SO
fibers in the dorsal cranial part of the muscle and
decrease SO in the ventral cranial region.

DISCUSSION

The histochemistry and morphology of the equine
cervical epaxial muscles are unusual. Most adult
mammalian skeletal muscle is composed of at least
three fiber types: slow-twitch, oxidative (SO); fast-

TABLE 6. Fiber type % of SS and SP: fiber
count 3 cross-sectional area

Percentage by area: mean (SD), n 5 3

SO FG SO FG
S-1 70.8 (16.4) 29.2 33.0 (17.7) 67.0 S-2
S-3 60.8 (9.6) 39.2 34.6 (9.3) 65.4 S-4
S-5 60.1 (0.5) 39.9 44.1 (13.1) 55.9 S-6
S-7 57.8 (7.9) 42.2 52.1 (5.4) 47.9 S-8
sp 59.4 (2.9) 40.6

Fig. 5. Semispinalis schematic histochemistry. Graphical representation of semispinalis capitis histochemistry in Equus caballus.
All sections are mATPase, acid preincubation at pH 4.5. Note dorsal compartments (1, 3, 5, 7) demonstrate an increasing gradient of
slow fibers (dark) toward the head (right), and ventral compartments (2, 4, 6, 8) show an increasing gradient of fast (light) fibers toward
the head. See Tables 5 and 6 for percentages of fast and slow fibers by compartment. Scale bar 5 100 mm.
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twitch oxidative/glycolytic (FOG); and fast-twitch
glycolytic (FG). In most locomotory muscles, a vari-
ety of fiber types allows flexibility of function, in
terms of velocity and force production. This would
allow the animal to optimize either for speed or
economical usage, depending on the situation (Rome
et al., 1988). Myofibers are found in differing propor-
tions depending, presumably, on the function of the
individual muscle. Other constraints, such as ontog-
eny, evolution, or neural patterning may also play
an important role in determining the relationship
between the motor unit and a muscle’s fiber type
composition (Burke and Edgerton, 1975; Burke,
1981). The existence of these unusual two-fiber type
muscles in the horse may be an extreme adaptation
to their comparatively large size and speed. How-
ever, contraction activity in vivo can be modified by
other means than the physiologic capabilities of fi-
ber type (Herzog, 2000). It may be that neural re-
cruitment and compartmentalization play a larger
role than previously assumed in determining func-
tional capability for these equine muscles.

The morphology of these muscles is clearly rele-
vant to their function as well. The traditional inter-
pretation of muscle function, as seen in single plane
rotation (hinge-type) joints, has been that the con-
tracting muscle pulls a tendon attached to the far
side of a joint, applying a moment to the joint and
causing a rotation in its position, often changing the
orientation of the distal segment. Several criteria
are necessary for this functionality: the muscle must
contract quickly enough to move the joint within the
required time frame for limb advancement, it must
be able to achieve a length change greater than the
tendon’s length change (i.e., uncrimping of collagen
fibers plus strain), and the tendon attaching the
muscle to the distal bone must be stiff enough to
transmit the tensile force generated by the muscle
(Biewener, 1998). This ultimately generates power
for locomotion. However, many muscle–tendon com-
plexes do not fit this power transmission paradigm.
Although all vertebrate tendons are made of similar
collagenous material, their behavior in vivo is de-
fined by both material and structural properties to-
gether: long thin tendons are more compliant than
short thick ones (Wainwright et al., 1982; Proske
and Morgan, 1987; Bertram and Marsh, 1998). Some
multipinnate muscles, such as the forelimb superfi-
cial digital flexor muscle in the horse, have ex-
tremely short, slow fibers and long, compliant ten-
dons. The contraction distance of these short fibers,
sometimes less than 5 mm long, is less than the
uncrimping of the long tendon under load, and much
less than the 5–10% strain of the fully loaded ten-
don. This muscle design might be ineffective for
moving a joint, but could economically produce force
to resist and modulate the stretch of its associated
tendon, storing elastic strain energy to be released
in a later part of the gait cycle (Cavagna et al., 1977;
Alexander and Bennet-Clarke, 1977; Dimery et al.,

1986; Alexander, 1988; Wilson et al., 1991; Biewener
and Baudinette, 1995; Bertram and Marsh, 1998).

Unlike humans, whose heads are on top of a spinal
column, quadrupeds have a horizontal spinal orien-
tation from which the head and neck extend, like a
cantilevered beam. The bending of the spinal beam
under gravitational forces creates an opportunity to
store elastic strain energy in the soft and bony tis-
sues of the spine (Alexander et al., 1980). The struc-
tural anatomy of the cervical region is dominated by
three types of tissues: bony elements (vertebrae and
skull), connective tissue (the elastic nuchal liga-
ment), and muscle (the dorsal cervical musculature).
While the rigid bony elements and the elastic nuchal
ligament offer passive support for the weight of the
head and neck, it has been shown that passive sup-
port alone can not account for the range of head
movement observed during locomotion (Dimery et
al., 1985; Gellman and Bertram, 2002b). The ana-
tomic position of both the semispinalis and splenius
muscles is suitable for raising or resisting lowering
the head.

In the horse, despite parallel, redundant orienta-
tion and complex architecture, the histochemical
profile of the SS and SP muscles suggests that they
are not easily categorized as force-producing and
power-generating muscles, respectively. The sple-
nius, with its simple, strap-like architecture and
long fibers seems morphologically designed to be a
power-producing muscle, functioning to raise the
head during locomotory oscillations. However, we
find that it is predominantly composed of slow oxi-
dative fibers (59%), implying that postural support
is also a large part of its function. Its lateral posi-
tion, as well as its more lateral attachment on the
skull, may increase its effectiveness for unilateral
head maneuvers, as seen in the cat (Richmond et al.,
1992).

Being the most superficial of the dorsal cervical
muscles, the equine splenius has been studied in
vivo with transcutaneous and surface electromyo-
graphy (Tokuriki and Aoki, 1991; Robert et al.,
1998). These studies suggest several functional
characteristics. First, a focal motor point is de-
scribed (Robert et al., 1998), where a single strong
signal was found by back stimulation for surface
placement of their electrodes on the splenius muscle.
This suggests that, consistent with its simple archi-
tecture, splenius activation is simultaneous for the
entire muscle. Second, it was found (Tokuriki and
Aoki, 1991) that the splenius has tonic bilateral
activity in the standing animal, confirming its pos-
tural support role, presumably dominated by slow
oxidative muscle fiber activity.

During locomotion, it was found that the splenius
exhibits bilateral activity during each forelimb
stance (Tokuriki and Aoki, 1991; Robert et al., 1998).
Kinematic data for walking and trotting standard-
breds (Gellman and Bertram, 2002b) show that the
head and neck are at their lowest position in the
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oscillation cycle at mid-stance for each forelimb
placement. Splenius activation, at the walk, typi-
cally begins before the head oscillation minima, and
continues until after the head has begun rising. At
the trot, the signal begins at the instant of foot
contact and stops at mid-stance (Tokuriki and Aoki,
1991). On this basis, it seems likely that the muscle
is acting to decelerate the head/neck complex, which
is falling passively from gravity and the inertia of
the vertical motion as the direction of travel changes
during the foot contact oscillation.

For this deceleration, it might be possible to uti-
lize an isometric, holding contraction, since this
could maximize the muscular force available for de-
celerating the head/neck complex, according to the
muscle force–velocity curve (Hill, 1922). Since in
this circumstance the muscle simply resists applied
load and does not need to shorten, velocity of con-
traction would be irrelevant and slow twitch muscle
fibers could be used. This would be an economical
strategy, since myosin cross-bridges do not have to
be broken and reformed in isometric contraction.
Once the head and neck are decelerated, the strain
energy stored in the nuchal ligament (and perhaps
the semispinalis muscle as well) helps to re-elevate
the system in the second half of the oscillation. Anal-
ysis of the mechanical work done at the cervicotho-
racic joint during head/neck oscillations indicates
that the transition between downward and upward
motion requires the greatest power input (Gellman
and Bertram, 2002b).

The splenius may also be stiffening and stabiliz-
ing the neck from the impact of the ground reaction
forces. Changing the stiffness of the neck may be
especially important at the trot, since the bouncing
oscillation frequency of the body may exceed the
natural frequency of the head and neck system in its
normal configuration, causing an interference har-
monic. The role of natural frequency and resonance
in locomotion will be discussed further with regard
to the function of the semispinalis.

Less detailed information is available in the liter-
ature regarding splenius activity at the gallop. It
appears that the activity is asymmetrical in dura-
tion between sides, consistent with the asymmetric
nature of the limb activity at the gallop (Tokuriki
and Aoki, 1991). The splenius is active during the
entire stance phase and portions of swing on the side
of the trailing forelimb, but only fires from mid-
swing to mid-stance on the side of the leading fore-
limb. The transition between the lowering and the
raising phase of the head/neck oscillation cycle takes
place within both these periods, so it is possible that
the splenius is decelerating the head/neck complex
at the gallop also.

The morphology and histochemistry of the equine
semispinalis capitis imply differential function be-
tween its dorsal and ventral regions, and possibly
between its caudal and cranial regions as well. This
would be consistent with functional studies of the

feline biventer cervicis and anterior sartorius, where
a single muscle activation can result in shortened
fibers cranially and lengthened fibers caudally
(Armstrong et al., 1988; Scott et al., 1992). In ca-
daver horses, ex vivo, a large length change can be
observed in the SS central tendon as the neck is
manipulated to a lowered position. As seen in Figure
5, the muscle fibers closest to the skull attachment
have the highest percentage of slow oxidative fibers.
Segment S-1, which is located within the curve of
the tendon itself, had 92% slow fibers in one speci-
men. The fiber length also becomes shorter in the
dorsal regions closer to the skull. This combination
of long, narrow tendon, slow contractile activity, and
short fiber length suggests a muscle designed to
facilitate energy storage in the tendon, rather than
to generate power: the short fibers cannot contract
sufficiently to transmit tension along the tendon to
power joint movement. In this way, the dorsal aspect
of the SS could contribute to elastic strain energy
storage, similar to the passive nuchal ligament that
is stretched when the head is lowered and returns
strain energy to help raise the head.

There has been a great deal of interest generated
in recent years by muscles with in-series architec-
ture, whether the fibers taper interfascicularly or
are separated by horizontal septae (Bodine et al.,
1982; English and Weeks, 1987; Loeb et al., 1987;
Trotter, 1990; Gaunt and Gans, 1992; Heron and
Richmond, 1993; Westneat et al., 1993; Roy et al.,
1995). The lack of single contractile units spanning
from origin to insertion raises the question of how
force is transmitted across the muscle. For muscles
whose in-series fibers terminate interfascicularly,
such as the human sartorius or gracilis, it is suggested
that shear forces across the endomesial connective tis-
sue of the tapered ends play an important role. How-
ever, examples of connective tissue septae oriented
horizontally or obliquely to the origin/insertion line
are found in many muscles as well: the feline sple-
nius and biventer cervicis, the equine SS, and the
rectus abdominus of many species. It is also a per-
vasive morphological feature of fish myomeres. Con-
nective tissue divisions can facilitate neuromuscular
compartmentalization for differential function along
a long muscle, such as the cranial and caudal re-
gions of the long neck muscles. Or, in the fish loco-
motion model, in-series compartments can be an
integral part of the undulatory locomotion cycle. Al-
ternatively, interfascicular terminations in a long
muscle might allow for faster synchronous activa-
tion along the long axis of the muscle by splitting it
into smaller conduction units (Armstrong et al.,
1988; Heron and Richmond, 1993).

Another possibility is that the dorsal muscle re-
gion of the SS could be morphologically analogous to
the concentrically arranged compartments of fish
myomeres. Recent studies have suggested that the
myomeres play an important role in swimming loco-
motion by modulating the stiffness of the fish’s body,
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matching the natural frequency of the body axis
oscillations to the desired swimming velocity
(McHenry et al., 1995; Long and Nipper, 1996; Long,
1998). This allows the fish to exploit its body mor-
phology and environment while using metabolic re-
sources economically. Although the head/neck oscil-
lations of the horse represent a very different type of
mechanical system, the overall harmonics of the an-
imal’s body and its interaction with the ground dur-
ing locomotion are still an essential factor in mus-
culoskeletal design. Different gaits will require
oscillations of varying frequencies, and it is likely to
be biomechanically advantageous to “tune” the stiff-
ness of the system to the optimal frequency. Recent
work on limb muscle mechanics has suggested that
the interaction of muscle harmonics with ground
reaction forces may play a larger role in locomotion
than previously thought (Nigg-Benno and Liu-Wen,
1999; Wilson et al., 1991; Blickhan et al., 2000;
Wilson and McGuigan, 2000).

The ventral compartments of the SS appear to
have a different function. The long fibers and pre-
dominantly fast twitch fiber type of the cranial re-
gion are consistent with our expectations of a power
generating muscle. The line of force, however, is
puzzling. Each compartment attaches on the central
tendon and inserts on the articular processes of se-
quential cervical vertebrae. With the neck in an
upright position, there does not seem to be any point
to shortening these muscle fibers, since the body of
the neck cannot compress. However, if the neck is
lowered, as for feeding from the ground, the central
tendon will be maximally stretched. In this configu-
ration, the ventral muscle segments align with the
central tendon and the cervical spine, and active
shortening would help raise the neck and head.

Functional in vivo studies are needed to verify
these suggested functions during locomotion and
other head movement. Although the SS is deep to
the splenius, the simple architecture of the SP, and
the discrete tendinous bands of the SS, make it
possible to locate different semispinalis compart-
ments for insertion of EMG electrodes and sonomi-
crometer crystals using diagnostic ultrasound.

The importance of an individual muscle’s architec-
ture to its functional activity is a subject of great
interest to muscle biologists (Gans and Bock, 1965;
Gans and Gaunt, 1991; Richmond, 1998). Many
highly pinnate muscles have been previously classi-
fied “postural” muscles, because their predomi-
nantly SO fibers were not thought capable of the fast
repetitive motions required by gait activity. Recent
work indicates that the contractile properties of
muscle fibers in dynamic circumstances may differ
substantially from the assumed properties based on
observation of the static muscle (Herzog, 2000). This
can extend even to the case where the dynamic
activity at the fiber level can be paradoxical to the
whole muscle behavior. These “postural” muscles
have the capacity to play an important role in loco-

motion through interactions with passive musculo-
skeletal elements. It is critically important for the
horse to limit its investment of metabolic energy in
locomotion because the mass-specific metabolic rate
is less for large animals than small ones (Kleiber,
1932). This limitation makes it difficult for larger
animals to deliver adequate metabolic energy to
their limbs to directly power locomotion. It has been
shown that for large, fast animals, aerobic muscle
power can only account for a small fraction of the
mechanical work performed at higher velocities (Mc-
Mahon, 1984; Taylor, 1994; Minetti et al., 1999). It
must be assumed that other energy-saving mecha-
nisms, such as elastic strain energy storage and
release from associated structures, are contributing
the remainder, allowing these animals to travel rap-
idly over long distances.

The phenomena of parallel and seemingly redun-
dant muscle systems is not uncommon in biological
design. We believe it represents both a safety factor
(in case of injury) and an optimization for economi-
cal usage of energy resources, which is a critical
factor for large, cursorial animals. Grouping these
muscle tendon complexes together can provide
greatly enhanced functional versatility overall,
while streamlining individual muscle design.

We have found that the equine dorsal cervical
musculature appears to have multiple functional
capabilities, contributing to postural support, loco-
motory oscillations, and head positioning. The sple-
nius, in addition to providing static postural support
and turning the head, functions during locomotion
to resist lowering of the head/neck complex. The
multiple neuromuscular compartmentalization of
the semispinalis capitis allows for differential func-
tion between its dorsal and ventral regions. The
semispinalis exhibits a unique gradient of fiber
types, where SO fibers become more concentrated
cranially in the dorsal regions and less concentrated
cranially in the ventral ones. We interpret this as
indicating that the dorsal region of the semispinalis
capitis provides passive support, stiffening, and
modulation of the central tendon’s spring-like qual-
ities, while the ventral region is capable of generat-
ing muscular power to raise the head from a lowered
position.
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