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— Measurements of metabolites, electrolytes, water, RNA and protein
concentrations, the activity of certain muscle enzymes (SDH and
PFK) and muscle fibre composition were made on hiopsy specimens
from the gluteus medius muscle of 68 standardbred horses, % to 8
years old. The muscle fibres were classified in 3 major categories,
slow twitch (ST), fast twitch and high oxidative (FTH) and fast
twitch (FT) fibres. The percentage of FTH fibres was higher after
the age of 4 years, averaging 54 %. ST fibres comprised 24 % and
this value remained unchanged.

Glycogen concentration increased with age and averaged 95 and
126 mmol X kg—! wet muscle in the youngest and oldest age groups,
respectively. Lactate and pyruvate concentrations were markedly g -
creased, whereas ATP, CP, G-6-P and glucose were unaffected with
age. Water content averaged 75 % in all age groups, whereas Na+ con-
centration increased, K+ concentration decreased and Mg2+ concentra-
tion remained unchanged with increasing age. SDH activity in %- and
8-year old horses increased from 6.1 to 13.6 pmol X (g Xmin.)-1. PFK
activity reached a peak at the age of 4 years after which it declined.

With the data presented as a background, measurements on muscle
biopsies may be a new aid in diagnosing diseases in horses and even
in evaluating treatment. Of special interest might be investigations of
muscle biopsy specimens as a base in the formation of more adequate
training methods in race-horses.

electrolytes; fibre types; glycogen storage; horse
skeletal muscle; phosphofructokinase; succinate
dehydrogenase.
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In humans, some mus¢ular disorders are due to derangement
of muscle metabolism (McArdle 1951, Miiller & Kugelberg 1959).
However, changes in muscle metabolism are also believed to be
the cause of muscular disorders in the horse (Carlstrom 1932).
In order to investigate muscular disorders in race-horses, a
thorough knowledge is required of normal muscle metabolism
and the normal biochemical and histochemical composition of
muscles under different training conditions. Since the race-horse
is a highly trained athlete, a comparison of horse muscle meta-
bolism with the metabolism of other species, especially man, is a
subject of great interest. Thus, the aim of the present investiga-
tion was to study the muscle content of different substrates and
metabolites in untrained and trained standardbred race-horses at
different ages. The study included an investigation of normal
values for electrolytes, enzymes and other constituents of skeletal
muscle and a histochemical study of muscle fibres.

MATERIAL

A total of 68 standardbred trotters (26 stallions, 24 mares
and 18 geldings) were studied. Their ages ranged from % to 8
years. The condition and physical ability of the horses varied
considerably, depending on the age and maturation of the horses.
The training of standardbred horses in Sweden starts at 2 years
of age, and most horses make their racing débuts as 3-year olds.
In general, horses are trained 6 days a week with maximal or
near-maximal speeds employed twice a week.

METHODS AND PROCEDURE

All samplings were made in the morning after the horses had
been fed. The horses were not sedated in connection with sam-
pling. Biopsies were taken mainly from the gluteus medius
muscle. This muscle is convenient for biopsies because of its size
and the fact that it contains large areas where samples can be
taken without injuring vessels or nerves. This muscle is suitable
for metabolic studies, as changes in muscle temperatures and
lactate concentration relate to work intensities (Lindholm 1973).

Sampling technique
Biopsies were obtained with a biopsy needle with an external
diameter of 5 mm, using a modified version of the technique
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described by Bergstrom (1962). After careful shaving and dis-
infection, a small area of the skin and subcutaneous tissue was
anaesthetized with 2—3 ml of 2 % Xylocaine (Astra, Sweden)
10 cm dorso-caudal to the trochanter major of the tuber coxae.
A small amount of Xylocaine was also injected beneath the fascia.
A 5 mm skin incision was made with a scalpel. The tightness of
the gluteal fascia covering this muscle made it necessary for the
incision to include the fascia. Muscle samples weighing 20—40
mg were obtained in 1 puncture by pushing the inner cylinder of
the needle back and forth 1—3 times in the deep part of the
muscle belly. As the needle was being withdrawn, 2 fingers were
pressed on the skin surface, 1 on either side of the needle, in
order to keep the skin in place and keep dust from being drawn
into the wound. A local infection might otherwise have developed.
Each biopsy sampling only lasted 1—3 sec. The muscle sample
was immediately frozen in liquid nitrogen. As many as 20 re-
peated biopsies were taken from a single horse on the same day
the horse was being trained in rapid intervals. A total of about
2000 biopsies were taken from various horses, and none of the
biopsied horses became lame or suffered any side-effects from
the biopsy procedure. No gait disturbance or fibrotic scar tissue
reaction was observed, even when up to 30 biopsies were taken
from the same muscle or 100 biopsies from the same horse. In
1 horse, however, a haematoma developed in the muscle following
a biopsy. The haematoma was absorbed and the horse fit again
after 5 days.

Histochemical analyses

For fibre analyses, the muscle specimens were mounted in
O.C.T. embedding medium (Ames Tissue-Tek) onto specimen
holders and frozen in isopentane cooled in liquid nitrogen. Trans-
verse serial sections were cut in a cryostat at —20°C and mounted
on cover glasses for histochemical staining (Gollnick et al.
1972 a). The identification of muscle fibres was based on the
staining intensity of myofibrillar adenosine triphosphatase
(ATPase) (Padykula & Herman 1955) and reduced nicotinamide
adenine dinucleotide diaphorase (NADH-diaphorase) (Novikoff
et al. 1961). The myofibrillar ATPase staining reflects the con-
tractile characteristics of muscle fibres (Barnard et al. 1971),
and the NADH-diaphorase staining provides an approximation of
the oxidative capacity of the fibres (Barnard et al. 1970). On
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this basis, 3 fibre types were identified. They were slow twitch,
high oxidative (ST); fast twitch, high oxidative (FTH) and fast
twitch, low oxidative (FT) (Table 1). Glycogen distribution was
estimated using the periodic acid-Schiff reaction (PAS) (Pearse
1961). The intensity of PAS staining was subjectively rated under
the light microscope as dark, moderate, light or negative (Goll-
nick et al. 1972 b). The cross-section of the 3 fibre types was
determined by direct planimetry of photographs made of sections
stained for NADH-diaphorase.

Table 1. Staining intensity for myofibrillar ATPase, NADH-dia-
phorase and PAS in the different fibre types.

Fibres
~sT  FTH  FT

Myofibrillar ATPase (pH 9.4) — +++ +++
NADH-diaphorase + 4+ + 4 (+)
PAS ++ + 4+ (+) +++

+ ++ = All fibres highly stained; + 4+ (4) = Most fibres highly
stained but a few moderately stained; 4+ + = All fibres moderately
stained; (4) = Most fibres lightly stained; — = No fibres stained.

Total water, electrolytes and protein determinations

Total water content was determined by weighing frozen
muscle specimens on a Cahn Electro-balance at a temperature of
—35°C (Karlsson 1971). After 2 hrs. in a thermostate at 105—
110°C the samples were reweighed on a Cahn Electro-balance
at room temperature.

Sodium (Nat) and potassium (K*) were analyzed with a
flame photometer (Model 143, Instrumentation Lab. Inc., Lexing-
ton, Mass., USA). After drying and reweighing the muscle sam-
ples were kept overnight in 100 pl 2N-HNO, (nitric acid). After
centrifugation 1 ml of a 15 meq. Li solution was added to 5 pl of
the supernatant. Magnesium (Mg?*) was determined with a
Perkin Elmer atomic absorption spectrophotometer (Model 403)
using 5 pl of the supernatant after adding 1 ml of 0.5 % La
(NO,),. Total nitrogen content was determined by using the
semi-micro Kjeldal method (Jacobs 1965) with protein content
estimated from nitrogen employing a factor of 6.25.
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Biochemical analyses

Muscle samples obtained for biochemical analyses of meta-
bolites, i.e. glycogen, pyruvate, lactate, adenosine triphosphate
(ATP), creatine phosphate (CP), glucose and glucose-6-phos-
phate (G-6-P) were immediately frozen (within 3—5 sec.) and
stored at —80°C until subsequenly analyzed according to the
Lowry method as described by Karlsson et al. (1970). Metabolite
concentrations are expressed as wet weight values.

Enzyme activities

Muscle samples for enzyme assay were carefully inspected
and freed from visible connective tissue. The samples were then
weighed at different time intervals in order to obtain the wet
weight at zero time (Bergstrom). They were then frozen in liquid
nitrogen and always analyzed the same or the next day. The ac-
tivity of succinic acid dehydrogenase (SDH) and phosphofructo-
kinase (PFK) was determined according to Cooperstein et al.
(1950) and Shonk & Boxer (1964), respectively. Ribonucleic acid
(RNA) was determined according to a modified Schmidt-Thann-
hauser method described by Munro & Fleck (1966). Yeast RNA
was used as the standard.

Variation between muscles and sampling occasions

Biopsy specimens were obtained from muscles other than the
gluteus medius to ascertain whether or not there were any dif-
ferences in fibre population and enzyme activity in different
muscles. The muscles examined were the quadriceps femoris,
triceps brachii and infraspinatus.

Variations in glycogen and lactate contents in the gluteus
medius on 1 day and during 1 week were also analyzed. Biopsy
specimens were taken from 4 .horses on 4 occasions on a single
day, i.e. at 7 a.m., 10 a.m., 1 p.m. and 4 p.m. The horses were
not trained that day but were fed as usual. Six horses trained
daily were sampled each day for 1 week. The samples were taken
before the start of the daily workout.

Statistical methods

Conventional statistical methods were used (Bonnier & Tedin
1957, Snedecor & Cochran 1967). The levels of significance were
denoted:
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non-significant P > 0.05
almost significant 0.05 >P > 0.01
significant 0.01 >P > 0.001
highly significant 0.001> P

The error of the methods used for electrolyte, metabolite and
enzyme determinations has been calculated according to the
zd?

formula . where d is the difference between duplicate deter-

minations and n the number of duplicate determinations. The
coefficients of variations are given as per cent of mean values
(Tables 2 and 3).

Student’s t-test was used for statistical comparison between
mean values of age groups. Analyses of regression were made
using the method of least squares. The significance of the cor-
relation coefficients (r) was calculated by testing the hypothesis
r = 0. Most statistical calculations were performed on an Olivetti
P 101 desk computer.

Methodological errors

Electrolytes and total water. The accuracy of the methods for
electrolyte determination (Na+, K+ and Mg?*), based on duplicate
determinations from 1 wet ashed biopsy specimen, is shown in
Table 2. The coefficient of variation was 3.1 % for Na*, 2.5 % for

Table 2. Error of the method for electrolyte determinations. A.

Error based on duplicate analyses of samples from 20 horses. B. Total

error based on determination made from duplicate biopsies from the
same muscle from 20 horses.

A B
range m. s coeff. of range m. s coeff. of
variation variation
%o %o

Na+
meq. X kg1 16.3—33.7 261 0.8 3.1 16.5—34.5 248 3.1 123
K+
meq. X kg1 76.4—95.2 86.6 25 25 82.7—1129 954 3.3 3.5
Mg?+
meq. X kg 16.4—26.7 201 1.0 5.0 16.8—24.1 194 1.2 6.2
H,0 — — —_ — 72.9—76.1 747 0.8 1.0

%o
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K+ and 5.0 % for Mg2+. The total variation, which depends on
the variation due to sampling, weighing, biological variations
and analytical errors, was calculated from results obtained from
duplicate biopsy specimens taken on the same occasion. The co-
efficient of variation with this procedure was 12.3 % for Nat,
3.5 % for K+ and 6.2 % for Mg2+. The coefficient of variation for
total water based on determinations made from duplicate biopsies,
was 1.0 %. The blood content of 3 repeated biopsy specimens was
calculated after keeping the specimens in 0.2 ml of physiological
saline (NaCl). The red blood cell content was determined in the
saline suspension in a Biirker chamber. Assuming capillary
haematocrit, the average blood content could be calculated to 3.8
(range 3.2—4.6) mlXkg™* wet weight.

Metabolites. The accuracy of the methods for metabolite
determinations is shown in Table 3a. Calculations were usually
based on duplicate determinations made from single biopsies.
The coefficient of variation for glycogen was 5.7 % at the lowest

Table 3a. The methodological error for determination of glycogen,
G-6-P, glucose, lactate, ATP and CP in 1 biopsy specimen based on
duplicate analyses.

n Range m. s Coeff. of
mmol X kg—1 variation
%

Glycogen 20 10—49 39 2,2 5.7
(glucose units) 25 50—89 72 2.5 3.4
25 90-—129 112 3.1 2.8
25 130—169 140 4.7 3.4
G-6-P 25 0.2—2.8 0.9 0.07 7.5
Glucose 25 0.4—4.7 1.6 0.10 6.3
Lactate 25 0—5 2.8 0.21 7.5
25 6—10 71 0.25 3.5
25 11—15 12.3 0.39 3.2
11 16—20 16.5 0.32 1.9
10 21-25 22.4 0.51 2.3
ATP 25 1.7—3.2 2.4 0.15 6.3
25 3.3—4.8 4.2 0.27 6.4
25 4.9—6.4 5.5 0.32 5.8
CP 25 3—12 9.4 0.54 5.7
25 13—22 18.0 1.04 5.8

20 23—32 25.7 2.08 8.1
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concentration and 3.4 % at the highest concentration. The glyco-
gen content of horse muscle is usually in the 90 to 129 mmolX
kg~ range where the coefficient of variation is the least (2.8 %).
The coefficient of variation was 7.5 % for G-6-P and 6.3 % for
glucose. Lactate had the highest coefficient of variation in the
lowest 0—5 mmol group (7.5 %-). The higher the lactate concen-
tration, the lower the coefficient of variation. ATP and CP had
about the same coefficient of variation in all ranges, except at
the highest CP concentration for which a value of 8.1 % was
obtained. The coefficient of variation was 5.4 % for glycogen and
10.0 % for lactate, including both sampling variation and errors
in chemical determination.

Enzymes. The methodological error for SDH and PFK was
calculated on the basis of duplicate determinations made from
single biopsies. The coefficient of variation was 2 % for SDH
and 2.4 % for PFK (Table 3 b).

Table 3b. The methodological error for SDH and PFK determi-
nations in 1 biopsy specimen from 25 horses.

Range m. s Coeff. of
pmol X (g X min)—! variation
%
SDH 2.5—12.6 6.0 0.12 2.0
PFK 14.5—42.3 24.8 0.59 2.4
RESULTS

Relative fibre composition and fibre area

Three major fibre types were identified, 1 possessing low
and the other 2 high myofibrillar ATPase staining intensity.
Since the ATPase staining reflects the contractile properties of
the fibre (Barnard et al. 1971), horse muscle must be composed
of fibres with slow twitch (ST) and fast twitch (FT) charac-
teristics. On the basis of NADH-diaphorase staining intensity,
which reflects the oxidative capacity of fibres (Novikoff et al.
1961), the ST fibre was found to be highly oxidative. Two types
of fast twitch fibres were identified, 1 possessing greater oxida-
tive capacity than the other. Thus, a fast twitch fibre with a high
oxidative capacity (FTH) and a fast twitch fibre with a low
oxidative capacity (FT) were identified. The NADH-diaphorase
staining pattern of the FTH fibre was not always as intense as



Figure 1. Photomicrographs of serial sections (X 85) of biopsy

specimens from the gluteus medius muscle of standardbred horses at

3 different ages. The ages are (from top to bottom) %, 2 and 6 years.

Left to right: serial sections stained for myosin ATPase, NADH-dia-
phorase and glycogen (PAS), respectively.



3 §

FTH

FT

<7 > 2
Years

Figure 2. Relative area occupied by each of the 3 major fibre types
found in the gluteus medius muscle of standardbred horses below and
above the age af 2 years.
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that of the ST fibre, showing that some ST fibres have a greater
oxidative capacity than FTH fibres (Table 1, Fig. 1).

In the youngest horses (%2 year), which were still untrained,
the average fibre distribution in the gluteus medius
muscle was 24 (range 13—38) % ST, 49 (range 34—57) % FTH
and 27 (range 25—30) % FT fibres. The relative percentage of
the total fibre population consisting of ST fibres was the same at
different ages, but FTH fibres increased by 5 % and FT fibres
decreased by 6 % when the youngest (% year) and oldest (4—8
years) horse groups were compared. A statistical comparison
(Student’s t-test) between mean differences of FTH and FT fibre
percentages of untrained and trained horses revealed an almost
significant (0.05 > P > 0.01) difference. In the oldest and, con-
sequently, the best-trained horses, the fibre distribution was 24
(range 16—33) % ST, 54 (range 35—64) % FTH and 22 (range
7—37) % FT fibres (Table 4).

Therelative area of the 3 fibre types was quite different
and did not change with age. The mean fibre population at all
ages was 23.4 % of the area for ST, 25.3 % for FTH and 51.3 %
for FT fibres.

The cross-sectional fibre area in the whole group
of untrained horses (% —2 years) was 2410 pm? for ST, 2880 pm?
for FTH and 5170 pm? for FT fibres. With age and training, the
area of fibres increased by 15 % for ST and FTH and by 25 %
for FT (Table 4). Even though the area of FT fibres was larger
than the area of both FTH and ST fibres, the highest relative
percentage of the 3 fibre types consisted of FTH fibres. Con-
sequently the high percentage of FTH fibres need not necessarily
indicate that the muscle’s total cross-sectional fibre area is main-
ly composed of FTH fibres. In the untrained horses (%—2
years), 16.7 % of the total cross-sectional area consisted of ST
fibres, 39.6 % of FTH and 43.7 % of FT fibres. However, the
total cross-sectional area of ST fibres in the trained horses (2—8-
year olds) decreased to 14.6 %, FT fibres to 42.8 % and the FTH
fibres increased to 42.6 % (Fig. 2).

PASstainingintensity, reflecting glycogen distribu-
tion, displayed differences between fibres. In trained horses
(4—8-year olds), 100 % of the FT fibres were rated as dark while
78 % of the FTH fibres displayed dark and 22 % moderate stain-
ing; 25 % of the ST fibres displayed dark, 71 % moderate and
4 % light staining.



Table 4. Mean value, s and range for muscle enzyme activity, muscle
fibre composition and muscle area of the gluteus medius muscle in
untrained and trained standardbred horses of different ages.

Untrained Trained
1 1—2 24 4—8
year years years years
SDH m. 6.1 7.3 10.7 13.6
pmol X (g X min)-! s 1.08 1.99 3.02 2.80
range 4.6—-7.6 5.2—12.7 6.5—16.5 10.0—18.3
n 5 8 11 7
PFK m. 47.1 62.6 70.3 59.8
pmol X (g X min)-1 s 12.88 7.46 8.79 6.73
range 38.9—70.0 51.8—76.5 53.0—85.3 51.4—66.4
n b) 8 11 7
Fibre composilion m. 24 24 24 24
ST S 9.4 3.6 4.9 5.8
Yo range 13— 38 20—30 15—31 16—33
n 4 8 17 12
FTH m. 49 49 52 54
% s 8.1 3.1 7.0 9.1
range 34—57 46—55 38—64 35—64
n 4 8 17 12
FT m. 27 27 24 22
%o s 2.1 3.3 6.3 8.6
range 25—30 24—34 15—39 7—37
n 4 8 17 12
Rel. fibre area m. 24.7 23.0 23.5 22.3
ST s 3.61 2.54 — 2.08
%o range 22—29 19—26 2225 20—24
n 3 5 2 3
FTH m. 26.1 25.4 23.0 26.7
Yo s 5.00 1.82 — 4.04
range 22—32 23—28 22—24 23—31
n 3 5 2 3
FT m. 49.2 51.6 53.5 51.0
V4 s 8.50 3.20 — 6.00
range 39—56 48—56 53—54 45—57
n 3 5 2 3
Fibre area m. 2539 2391 2646 2940
ST s 535.5 383.3 — 339.5
pms? range 2058—3116 1862—2940 2450—2842 2744—3332
n 3 5 2 3
FTH m. 2689 2664 2597 3462
pms2 s 692.4 306.0 — 299.4
range 2058—3430 2352—3038 2548—2646 3136—3724
n 3 5 2 3
FT m. 4791 5272 6027 6762
pm? s 640.4 223.5 — 1508.7
range 4116—5390 49985488 5880—6174 5096—8036
n 3 5 2 3
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Differences in fibre composition between various muscles

Minor variations were observed in the percentage of ST fibres
in different muscles (Table 7). The quadriceps femoris muscle
displayed a small proportion of FTH fibres (34 %), whereas the
other muscles examined displayed differences as compared to the
gluteus medius. Thus, the proportion of FT fibres was larger in
the quadriceps femoris muscle than in the other muscles.

Total water, electrolytes and protein content in the gluteus
medius muscle

Total water content was 74.9 % for all groups of horses
(Table 5), and no significant difference was seen with increasing
age. Na+ content was found to be the same up to 4 years with a
mean value of 21.3 (range 21.2—21.4) meq.Xkg™. The Na+* con-
tent increased after 4 years of age and was 21 % higher in the
4—8-year old group than in the 0—4-year old horses. The cor-
relation between age and muscular Na* was statistically almost

Table 5. Muscle water content and some muscle electrolytes in the
gluteus medius muscle of standardbred horses of different ages. Mean

value, s, range and number of examined horses are given.

Muscle
constituents Age (years)
per kg of
wet muscle 0—1 1—2 2—3 3—14 4—8 Total group
H,0 m. 75.0 74.9 74.9 74.6 74.8 74.9
%o s 1.22 0.62 0.13 1.19 1.14 1.07
range 73.7—76.6 74.4—76.0 74.7—75.0 74.3—75.0 74.2—75.7 73.7—76.6
n 5 6 4 4 7 26
Na+ m. 21.4 21.2 21.4 21.2 25.8 23.1
meq. s 4.01 1.74 4.53 4.46 4.72 4.49
range 17.8—27.3 18.7—23.4 17.4—26.2 17.4—26.2 18.4—31.6 17.4—31.6
n 5 6 4 4 12 31
K+ m. 100.4 96.0 91.5 90.4 86.6 91.6
meq. S 10.65 7.35 2.84 5.02 5.11 7.97
range 88.2—116.2 86.3—106.0 85.6—95.2 85.6—95.2 76.2—94.0 76.2—116.2
n 5 6 4 4 12 31
Mg2+ m. 18.7 19.1 17.9 20.5 18.4 18.9
meq. s 1.66 1.15 1.10 2.60 1.37 1.69
range 17.3—21.0 17.6—20.5 16.9—224 16.9—22.4 17.4—21.0 16.8—22.4
n 4 5 3 4 6 22
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significant (0.05 > P > 0.01, r = 0.31). In the 4—8-year old
group the mean value was 25.8 meq.)X kg~ (Table 5).

K+ content decreased by 14 % with age from a mean value of
100.4 meq. X kg in the age group 0—1 year to 86.6 (range 86.2—
94.0) meq.xX kg™ in the oldest group. The correlation coefficient
(r) was 0.62 and highly significant (P < 0.001).

The Mg?+ content showed no significant change with increas-
ing age, and was 18.9 (range 16.8—22.4) meq.X kg~ wet muscle
calculated for all groups. Protein content amounted to 219 (range
199—239) g kg and was not found to vary among horses of
different ages.

Muscle metabolites

The glycogen content of the gluteus medius muscle in
V5-year old horses (Table 6) averaged 95 (range 83—105) mmol
of glucose units)Xkg=! of wet muscle. In 5—8-year old horses
glycogen averaged 126 (range 78—154) mmol of glucose units
X kg of wet muscle, representing a 33 % higher value in the
oldest age group. The increase with age was highly significant
(P <0.001, r = 0.57). The G-6-P concentration ranged from
1.2 to 0.4 mmol X kg of wet muscle in all groups (Table 6). The
glucose concentration was the same at all ages with a mean
value of 0.6 (range 0.5—0.8) mmol}kg=" of wet muscle calcu-
lated for the whole material (Table 6). The muscle concentration
of pyruvate decreased with age from 0.49 mmol kg of wet
muscle in the youngest age group to 0.03 mmolXkg" of wet
muscle in the oldest group. The decrease with age was highly
significant (P < 0.001, r = 0.92). There was also a decrease in
muscle lactate concentration due to age and training. The
decrease amounted to 47 %, i.e. from 5.5 (range 4.1—8.2) to 2.9
(range 1.5—5.5) mmol X kg of wet muscle between the %2 and
5—38-year olds. A correlation coefficient of 0.62 was calculated
which proved to be highly significant (P < 0.001).

Variation in glycogen and lactate during 1 day and 1 week
When biopsies were taken at 3-hr. intervals during the day
and analyzed, mean glycogen values for 4 horses ranged from
101 to 104 mmol Xkg! of wet muscle. No significant differences
were observed between the different sampling occasions. In
biopsy specimens taken each day in a week in which the horses
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carried out their daily training routines (Fig. 3) a highly signif-
icant decrease in glycogen content (P < 0.001), from 124 to 95
mmolXkg? wet muscle, was seen the day after the horse had
performed maximal trotting. Forty-eight hrs. after maximal
trotting, glycogen stores had been refilled, displaying a mean

Table 6. Muscle metabolites of gluteus medius muscle in standard-
bred horses of different ages. Mean value, s, range and number of

horses are given.

Muscle
constituents Age (years)
mmol X kg—1! JE— [
wet muscle 0—1 1—2 2—3 3—4 4—5 5—8
Glycogen m. 95 98 107 110 122 126
(glucose units) s 9.7 19.6 11.2 16.5 22.0 16.0
range 83—105 68—134 89—118 87—141 87—175 78—154
n 6 13 7 9 15 12
G-6-P m. 1.1 1.2 0.8 0.7 0.4 0.8
s 1.21 0.51 0.15 0.46 0.31 0.49
range 0.2—3.1 0.3—1.7 0.4—1.3 0.2—1.2 0.1—1.0 0.2—1.4
n 5 9 7 4 7 5
Glucose m. 0.7 0.6 0.7 0.5 0.8 0.5
S 0.10 0.25 0.17 —_ 0.26 —
range 0.6—0.8 0.3—1.1 0.6—0.9 0.4—0.6 0.4—1.2 —
n b} 8 4 3 6 3
Pyruvate m. 0.49 0.27 0.21 0.13 — 0.03
s — 0.015 — — — —
range —_ 0.25—0.28 — 0.08—0.18 — 0.02—0.04
n 1 3 1 2 — 3
Lactate m. 5.5 4.7 3.8 3.4 2.9 2.9
s 1.40 1.02 0.33 0.96 1.22 1.18
range 4.1—8.2 3.0—7.4 3.4—4.3 2.1—-5.2 1.5—6.2 1.5—5.5
n 6 13 7 9 15 12
ATP m. 4.6 4.7 4.9 5.1 4.8 5.1
s 0.61 0.56 0.64 0.81 0.58 0.59
range 3.7—5.1 3.6—5.3 3.7—5.5 3.6—6.6 3.8—5.8 3.9—5.9
n 5 9 7 9 12 11
CpP m. 16.7 171 18.7 15.5 171 16.9
s 3.47 2.00 415 2.32 3.27 3.47
range 12.2—21.5 14.5—19.7 13.5—25.1 12.2—17.6 11.5—19.8 12.3—23.4
n 5 9 7 4 8 10
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Figure 3. Glycogen and lactate concentrations in the gluteus

medius muscle of 6 standardbred horses trained daily at maximal

(1 min. 24 sec. X km—1), fast (2 min. X km—1) or slow (3 min. 20 sec.
X km—1) trotting.

value of 120 mmol X kg of wet muscle. This mean value did not
change significantly during the rest of the week when the horse
only performed very light exercise.

Enzyme activity at different ages and in various muscle groups

SDH activity in the gluteus medius muscle was lowest in the
untrained v%-year old horses, displaying a mean value of 6.1
(range 4.6—7.6) pmolX (gXmin)~. In highly trained, 4—8-year
old horses, the mean value ranged from 10.0 to 18.3 pmolX (gX
min)~1. The correlation between age and SDH activity was
statistically highly significant (P < 0.001, r = 0.65). There was
also a difference in SDH activity between different muscles. The
quadriceps femoris muscle (vastus lateralis) displayed about
50 % less activity than the gluteus medius and the triceps brachii
muscles, which had 12.2 and 11.3 pmol X (gX min)~?, respectively.
The infraspinatus muscle displayed activity of 8.5 pmolX (gX
min)—!, which was 28 % less than in the gluteus medius muscle
(Table 7).

PFK activity amounted to 47 (range 38.9—70.0) pmolX (gX
min)~! in the youngest age group. Age and/or training produced
an increase in the PFK activity to 70.3 (range 53.0—85.3) pmol
X (gXmin)~! in the 2—4-year old group. PFK activity then
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Table 7. Muscle fibre composition, muscle enzyme activities and
ribonucleic acid (RNA) in different muscles of standardbred horses.
Mean value, s, range and number of examined horses are given.

Fibre composition

o SDH PFK RNA
uscle ST FTH FT gmol X mg X g
% % % (g X min)—~!
Gluteus medius m. 26 45 29 12.2 46.3 1.2
s 2.2 31 3.4 1.95 13.74 0.14
range 23—28 42—49 2431 9.3—14.5 27.0—60.2 0.9—1.6
n 4 4 4 5 5 5
Vastus lateralis m. 27 34 39 5.9 40.9 1.0
s 5.7 7.3 8.9 2.82 10.91 0.15
range 23—35 27—44 30—50 2.8—9.8 244544 0.9—1.2
n 4 4 4 5 5 3
Triceps brachii m. 24 49 27 11.3 40.0 1.0
S 4.7 10.0 9.5 3.21 9.73 0.25
range 17—28 40—63 13—33 6.0—14.1 23.8-—48.8 0.8—1.3
n 4 4 4 5 5 3
Infraspinatus m. 23 46 31 8.5 21.2 1.1

S _ pR— —_— J—

range 17—28 40—53 30—32 6.8—10.1 14.5—27.8 1.0—1.2
n 2 2 2 2 2 2

declined to an average of 59.8 (range 51.4—66.4) pmol X
(g>Xmin)~! in the trained 4—8-year old group. The greatest PFK
activity was found in the gluteus medius and the least activity
in the infraspinatus muscle.

RNA displayed about the same mean value 1.1 (range 1.0—
1.2) mgX g in all age groups and muscles (Table 7).

DISCUSSION

A number of different systems for classifying mammalian
skeletal muscle fibres have been reported in the past 10 years
(Table 8). Recent investigations have shown that most mam-
malian muscles are composed of 3 major types of fibres when
classified on the basis of contractile characteristics (myofibrillar
ATPase staining), the oxidative capacity (SDH or NADH-dia-
phorase), myoglobin content and ultrastructure (Close 1972,
Peter et al. 1972). The nomenclature for the different fibres
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Table 8. Nomenclature used by various authors in classifying
mammalian skeletal muscle fibres. The nomenclature suggested in
the present study, i.e. fast twitch (FT), fast twitch, high oxidative
(FTH) and slow twitch (ST) fibres, has been used as the basis for

comparisons.
Type of fibre
FT FTH o ST B

Stein & Padykula (1962) A C B
Romanul (1964) I 1I III
Henneman & Olson (1965) A B C
Padykula & Gauthier (1967) white red intermediate
Kugelberg & Edstrom (1968) A B C
Engel (1970) II 1I I
Brooke & Kaiser (1970) IIB IIA 1
Yellin & Guth (1970) A o CafB B, 8
Ashmore & Doerr (1971) white red intermediate
Barnard et al. (1971) FT white FT red ST intermediate
Peter et al. (1972) FT glycolytic FT oxidative- ST oxidative

glycolytic

varies considerably and is therefore somewhat -confusing
(Table 8).

Peter et al. classified rat skeletal muscle fibres into 3 cate-
gories on the basis of: 1. contraction time, 2. oxidative capacity
and 3. glycolytic capacity. On this basis, the fibres were termed
fast twitch glycolytic, fast twitch oxidative-glycolytic and slow
twitch oxidative. In the present investigation, a somewhat similar
system was used and we designated the 3 fibres in horse skeletal
muscle as slow twitch (ST), fast twitch, high oxidative (FTH)
and fast twitch (FT) fibres (Table 1).

The relative percentage of the 3 fibre types differed in the
various muscles (Table 7), as is also the case in other species.
Exceptions are the rat and guinea-pig, in which the soleus muscle
is predominantly composed of intermediate fibres (ST) (Edger-
ton & Simpson 1969, Barnard et al. 1971). Three fibre types with
compositions differing in the various muscles of the horse have
been reported by Shubber (1971/72) and Gunn (1973). In the
present investigation, trained horses (2—8-year olds) were found
to have about 76 % FT plus FTH fibres and 24 % ST fibres in
the deep part of the gluteus medius muscle. The horse also has
77 % high oxidative fibres (ST plus FTH), which means that
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horse skeletal muscle is designed for both rapid speed of con-
traction and great endurance, as called for in trotting, for ex-
ample.

The staining intensity of NADH-diaphorase reflects the fibre’s
oxidative capacity (Barnard et al. 1970). Due to the fact that
the number and size of mitochondria increase with training, the
staining intensity of NADH-diaphorase also increases with train-
ing (Holloszy 1967, Gollnick et al. 1973).

In the present study, ST fibres were darkest when stained for
NADH-diaphorase and, thus, ST fibres in the horse appear to
possess the highest oxidative capacity. In other species, either
the ST or FTH fibres possess the highest oxidative capacity
(Ashmore & Doerr 1971). In horses it was found that the per-
centage of FTH fibres increased with age. This is probably the
result of more intensive training in older horses as compared to
younger horses, since it has been shown that rats, guinea-pigs
and monkeys (Galago senegalensis) possess a greater proportion
of FTH fibres at the expense of FT fibres after endurance train-
ing (Barnard et al. 1970, Baldwin et al. 1972, Edgerton et al.
1972). This suggests that it is possible to obtain greater oxidative
capacity in the muscle of horses after endurance training.

The increase found in the percentage of FTH fibres with
training is thus probably due to an increased oxidative capacity,
estimated on the basis of NADH-diaphorase staining intensity.
Since some FTH fibres may have had a low oxidative capacity
before training, thereby being classified as FT, the increased per-
centage of FTH fibres must be due to an enhanced oxidative
capacity for these fibres (Baldwin et al.).

Fibre size (pm?) increased with training for all 3 fibre
types (Table 4, Fig. 2), but FT produced the greatest increase
(25 % ). It has been shown in both rat (Armstrong et al. 1973)
and horse (Lindholm et al. 1974) that FT fibres are mainly
utilized during maximal exertion. Since the horse is regularly
trained at maximal or near-maximal exercise levels, it is obvious
that the training effect in maximal training mainly involves FT
fibres. The relative percentage of fibres and the percentage of
total cross-sectional area are not the same. In the present in-
vestigation, the percentage of ST fibres amounted to 24 % for
all horses, but the total cross-sectional area only amounted to
16.7 % in the untrained horses (Y%2—2 years) and 14.6 % in the
trained (2—8-year olds) group of horses (Fig. 2). FTH fibres
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comprised 51 % of the total fibre number for all horses, but only
39.6 % of the cross-sectional area in the untrained horses and
42.6 % in the trained horses constituted FTH area. The FT fibres
comprised 25 % of the total fibre number, but 43.7 % of the total
cross-sectional area in the untrained horses and 42.8 % in the
trained horses comprised FT area. Thus, the total cross-sectional
area of FTH fibres increased by 3 %, whereas FT and ST area
decreased by 0.9 and 2.1 %, respectively (Fig. 2).

Horse skeletal muscle is rich in glycogen, as illustrated
by the intensity of PAS glycogen staining. This staining was more
intense in all horse muscle fibres than the PAS glycogen staining
of muscle fibres from most other species. In the 3-——4-year old
horses 100 % of the FT fibres were rated as dark, 78 % of the
FTH fibres were rated as dark and 22 % as moderate; 25 % of
the ST fibres were dark, 71 % were moderate and 4 % were light.
Armstrong et al. rated the staining of almost 100 % of rat FG
(FT) fibres as dark, FOG (FTH) fibres were rated as 1 % dark,
44 % moderate and 55 % light, while SO (ST) fibres were only
25 % moderate, 72 % light and 3 % negative. Thus, the glycogen
content of the different fibre types in different species varies
considerably. In the present study, the glycogen content increased
significantly with age and training (Table 6). In human athletes
glycogen content is believed to increase after training (Gollnick
et al. 1973, Piehl et al. 1974). The glycogen values for horse
skeletal muscle were greater than those described for most other
species (Peter et al., Armstrong et al.). However, pyruvate
and lactate concentrations were very high in the
V5~year old horses but then declined sharply with age and train-
ing. There is no apparent explanation for this phenomenon.

ATP, CP, glucose and G-6-P concentrations
did not change significantly with age and training. Nor didtotal
muscle water change with age and training. This is in agree-
ment with studies by Procter & Best (1932), who found that a
period of training failed to produce any significant change in the
water content of dog muscles.

An increase in SDH activity, indicating increased oxida-
tive capacity after training, has been noted in humans (Gollnick
et al. 1973, Eriksson et al. 1973) and in rats (Holloszy 1970). In
the present study, the increase in SDH activity observed in horses
with age may therefore also be assumed to be an effect of train-

ing.
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PFK activity is indicative of glycolytic activity. In the
horse, glycolytic activity increased with training but declined
after 4 years of age. An increased PFK activity has also been
demonstrated in humans as an effect of training by Gollnick et al.
(1973) and Eriksson et al. and in the rat by Baldwin et al. 1973.
A difference was observed in SDH and PFK activity in different
horse muscles. The low level of SDH activity in the vastus lateralis
appears to be correlated with a low percentage of FTH fibres
(Table 4).

Data from the present investigation indicate that the com-
position of horse skeletal muscle is similar in many respects to
skeletal muscle composition of various species, as described in
previous reports. Since the physiological, biochemical and histo-
chemical response to exercise appeared to change, parameters
such as fibre composition, glycogen content, lactate levels, pyru-
vate levels and enzyme activity (SDH, PFK) must have been
changed by age and/or training. The present study is to be used
as the basis for further investigation into the physiological and
biochemical response of the trotting race-horse to different types
of training. Since some horse skeletal muscle disorders are
thought to be caused by metabolic changes, data in the present
study may be useful for a better understanding of certain mus-
cular diseases in horses.
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SAMMANFATTNING

Fibersammansdttning, enzymaktivitet och koncentrationen av mela-
boliter och elektrolyter i muskulaturen hos travhdstar.

Muskelbiopsier fran gluteus medius, vastus lateralis, triceps bra-
chii och infraspinatus har tagits pa4 68 travhistar i 4ldern %—8 Aar.
Muskelbitarna har undersékts p& innehdll av glykogen, olika meta-
boliter, elektrolyter, vatten, RNA, protein, enzymaktivitet (SDH och
PFK) samt fibersammansittning. Muskelfibrerna klassificerades i tre
huvudgrupper: Langsamma (ST), snabba-hégoxidativa (FTH) och
snabba-lagoxidativa (FT) fibrer.

Antalet FTH fibrer 6kade med &lder och var i medeltal 54 % vid
4—8 ars alder. ST fibrerna utgjorde 24 % vilket ej dndrade sig med
4lder. Ytorna av de enskilda fibrerna var stérre hos histar dldre én
2 4r i jamforelse med yngre héstar. Okningen uppgick till 25 % for FT
fibrer och till 15 % for ST och FTH fibrer. Fiberytan av FT omfattade
den storsta delen av totala tvirsnittsytan (43 %).

Glykogenkoncentration i vila var 95 mmoler glukosenheter
X kg—1 vat muskel hos fol (%% &r) och okade med alder samt var hos
5—8 ar gamla hiéstar 126 mmoler X kg—!. Laktat- och pyruvatvirden
pa fol var i genomsnitt 5,5 respektive 0,49 mmoler X kg—! vt muskel.
Vid 8 Aars alder hade dessa virden sjunkit till 2,9 respektive 0,03
mmoler X kg-1. Ovriga unders6kta metaboliter (ATP, CP, G-6-P, glu-
kos) dndrades inte med héastens alder.

Vatteninnehéllet i muskulaturen var i genomsnitt 75 % hos samt-
liga hiéstar. Koncentrationen av Nat var hdogre och av K+ ldgre i den
dldsta gruppen histar jamfort med fol. Mg2+-koncentrationen &ndra-
des inte med alder. Aktiviteten av SDH var hos 61 6,1 pmoler X (g
X min)—1, steg hos dldre histar och nadde 13,6 pmoler X (g X min)—!
hos 8 ar gamla hiastar. Aktiviteten av PFK steg till 4 rs dlder varefter
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den iter minskade. Koncentrationen av RNA och protein dndrades inte
med &lder. Inga signifikanta skillnader betriffande de undersdkta
parametrarna noterades i de fyra olika muskler som undersokts.

Mot bakgrunden av erhillna resultat konkluderas att undersok-
ningar baserade pa muskelbiopsier bor vara av virde vid diagnostise-
ring av muskelsjukdomar hos hist och vid utvidrdering av olika be-
handlingsformer. Av speciellt virde kan sidan unders6kning visa sig
vara i samband med framtagande av mer dndamélsenliga tridnings-
metoder for sporthéstar.
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