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ABSTR ACT
The early fetal environment such as maternal nutrition plays an important role in the development of
skeletal muscle that is composed of both muscle and connective tissues. Hill ewes are adapted to
harsh environments and can cope better with poor nutrition compared to lowland ewes. The present
study investigated the effect of maternal undernutrition on primary fiber number of muscle as well as
the connective tissue content in fetal skeletal muscle of both hill and lowland breeds of sheep. Hill
(Welsh Mountain) and lowland (Dorset) ewes were used in 2 different experiments with one year
interval. Experimental design, nutritional treatments and methods were same in both experiments.
Ewes were mated and assigned as either control or undernourished group for each experiment. In
each experiment controls were fed 100% of their daily nutritional requirement throughout
experiment whereas undernourished ewes received 70 % of their daily nutritional requirement from
day 22 to day 65 of gestation. All fetuses were taken out on 65th day of gestation by overdose
injection of pentabarbitone. Fetal weight, fetal crown-rump length were measured. The
semitendinosus muscle was dissected and sections were stained for alkali ATPase and hematoxylin
eosin stain. Muscle cross sectional area, the percentage of muscle and connective tissue, the number
of primary fibers and nuclei were measured. In lowland breed, the fetal weight and fetal weight: fetal
crown-rump length ratio were significantly greater in undernourished group (P<0.05). Furthermore,
underfed fetal skeletal muscle of lowland breed had significantly larger cross sectional area and
higher percentage of connective tissue (P<0.05). It is concluded that maternal undernutrition seems
to increase the connective tissue content of fetal muscle of lowland but not that of hill breed of
sheep.

INTRODUCTION

Skeletal muscle is composed of muscle tissue and
connective tissue. Muscle tissue is made up of muscle
cells known as muscle fibers whereas connective tissue is
mainly made up of fibroblasts (which secrete collagen,
elastin, reticulum fibers and ground substance such as
glycoprotein and proteoglycans) and other cells including
adipocytes, plasma cells, lymphocytes, macrophages and
mast cells (Karunaratne et al., 2005).
The early fetal environment plays an important role
in development of skeletal muscle. Fetal skeletal muscle
development involves muscle tissue development and
connective tissue development. Muscle fiber hyperplasia
occurs during the fetal period and is completed by birth in
many agricultural animals including sheep (Ashmore et
al., 1972; Stickland and Goldspink, 1973; Russel and
Oteruella, 1981; Karunaratne et al., 2005; Demirtas and
Ozcan, 2012b). The fetal stage is crucial for skeletal
muscle development because there is no net increase in
muscle fiber numbers after birth (Sticland, 1978; Zhu et
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al., 2004; Du et al., 2010a). At the initial stage of muscle
fiber formation, primary muscle fibers form then
secondary muscle fibers form later around primary fibers.
Secondary muscle fibers account for the majority of total
skeletal muscle fibers (Du et al., 2010a). Connective
tissue of skeletal muscle that forms the endomysium,
perimysium and epimysium provides structural frame for
muscle tissue.
Muscle fiber number is affected by prenatal
conditions such as maternal nutrition, with
undernourished fetuses having significantly fewer
secondary muscle fibers (Ward and Stickland, 1991;
Dwyer et al., 1995; Zu et al., 2004; Du et al., 2010a;
Demirtas and Ozcan, 2012a). Primary myofibers are
more genetically determined, therefore less affected from
maternal environment (Maltin et al., 2001). However,
there is some evidence that primary fibers may also be
affected from prenatal conditions in pigs (Rehfeldt et al.,
2001).
Studies carried out in porcine skeletal muscle
indicate that the smallest littermate due to the low
nutrient situation in utero contains more connective tissue
elements (Chelland, 2001; Karunaratne et al., 2005).
There is some evidence that sheep fetuses possess more
perirenal adipocytes when maternal restricted diet is
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applied (Symonds et al., 2003; Bispham et al., 2005).
Meat animals are grown up for their skeletal muscle.
Connective tissue is an important parameter to the meat
industry as an increased amount of connective tissue may
affect meat toughness with lower meat quality whereas
increased muscle fiber number indicates better meat
quality (Karunette et al., 2005; Du et al., 2010a).
Hill sheep breeds managed extensively for many
generations result in better adaptation for harsh
environments and are superior in survival whereas
lowland sheep breeds managed intensively for greater
production of meat are inferior to survive in harsh
environments compared to the hill breeds (Dwyer et al.,
2005).
The objective of this study was to investigate the
effect of maternal undernutrition in early gestation on
skeletal muscle development, especially primary muscle
fiber and connective tissue content of 65 day old fetus in
both hill and lowland breeds of sheep.
MATERIALS AND METHODS
Animals and nutritional treatment
All procedures were conducted in Royal Veterinary
College with local ethics approval of the Royal
Veterinary College under the UK Animals Scientific
Procedures Act.
Welsh mountain (Hill breed, n=14) and Dorset
(Lowland breed, n=12) ewes were used respectively in 2
different experiments. Experimental design, nutritional
treatments, tissue collection and methods were the same
in both experiments. All procedures took place within the
normal breeding season of Welsh Mountain and Dorset
ewes with one year interval.
Ewes with the same body condition score (3.5,
moderate) were used in both experiments. This score was
obtained twelve weeks before mating according to the
criteria of the Meat and Livestock Commission (1993).
All ewes were housed in individual pens covered with
wheat straws. Ewes were allowed free access to water
and fed a complete pelleted diet providing 100% of their
daily nuritional requirements based on the criteria of the
Meat and Livestock Commission (1993). The complete
diet provided 10.8 MJ metabolizable energy (ME) and
149.8 g crude protein per kg dry matter.
After estrus synchronization with progestagen
impregnated sponges (60 mg medoxyprogesteroneacetate, Veramix; Upjohn Ltd) and a prostaglandin F2
analogue, Estrumate (0.5 ml i.m.; Schering Plough
Animal Health), ewes were presented to the ram 48 h
later. The day of mating constituted the first day of
gestation (day 0). Pregnancy was confirmed by
measuring plasma progesterone levels with ELISA on

day 16 of gestation.
At 22 day of gestation (dg) ewes were randomly
assigned to either control (C) or undernourished (U)
group. Control group received the 100 % of their daily
requirements according to the maternal body weight and
gestational stage as reported in the Meat and Livestock
(1993) guidelines. Undernourished group received the
70% of their daily requirements from 22 dg until 65 dg.
Tissue collection and analysing
All ewes were killed on day 65 of gestation by
overdose injection of sodium pentabarbitone (NVS, Stoke
on Trent) and fetuses are taken out. For all fetuses, the
semitendinosus muscle (ST) was dissected, weighed and
a complete mid belly transverse slice rapidly frozen in
liquid nitrogen. 10 µm sections were cut on a cryostat and
stained for alkali-stable ATPase after preincubation at pH
10.4 (Guth and Samaha, 1970) and hematoxylin-eosin
stain. Muscle cross sectional are was measured. The
number of primary fibers and nuclei were counted in
frame areas which were approximately 2% and 3% of
total cross sectional muscle areas, respectively. Although
the fibers did not show any differentiation with ATPase
staining at this stage, primary fibers were counted as
large and central fibers. The percentage of light and dark
parts of muscle area was measured using Kontron image
analysis. Light area represented connective tissue, dark
area represented muscle tissue. Nutritional groups were
compared using Student’s t test.
RESULTS
In the first experiment with a hill breed (Welsh
Mountain), 11 (C, n=5; U, n=6) had singleton
pregnancies. In the second experiment with a lowland
breed (Dorset), 11 (C, n=5; U, n=6) had singleton
pregnancies. To avoid any nutritional effects on fetal
number, only singleton fetuses were used. Twin-bearing
ewes from experiment 1 (C, n=2; U, n=1) and experiment
2 (C, n=1; U, n=0) were excluded from the study.
In the first experiment with a hill breed, there were
no significant differences in fetal weight, fetal weight:
fetal crown-rump length (CRL) ratio between C and U
groups (p>0.05, Table I). ST weight, ST length, primary
fiber number and nuclei number were not significantly
different between groups (p>0.05, Table I). A similar
trend was observed for total muscle cross sectional area,
the percentage of muscle tissue and the percentage of
connective tissue in fetal ST between C and U groups in
a hill breed (p>0.05, Fig. 1).
In experiment 2 with a lowland breed, fetal weight
and fetal weight: fetal CRL ratio were significantly
higher in U group (P<0.05, Table II). ST weight, ST
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Table I.-

Comparison of some parameters between
control and undernourished groups in a hill
breed of sheep (Welsh Mountain).

Parameter

Ewe weight
(kg)
Fetal weight (g)
Fetal CRL (cm)
Fetal weight:
Fetal CRL (g
cm-¹)
Fetal ST weight
Fetal ST length
(in situ, mm)
Primary fiber
number
Nuclei number

Control
(n=5)

Undernourished
(n=6)

Pvalue

50.2±0.37

50.83±0.31

NS

94.77±6.2
15.6±0.13
6.09±0.4

100.06±5.07
15.85±0.11
6.3±0.3

NS
NS
NS

0.14±0.012
21±0.27

0.13±0.014
20.83±0.11

NS
NS

8202.4±971.9

9931.1±1857

NS

101123.3±
16803.4

84947.6±
11644.4

NS

Values are the mean ± SEM
NS: no significant difference (P>0.05)
CRL: crown-rump length
ST: semitendinosus muscle

Fig. 1. Total muscle cross sectional area,
muscle tissue % and connective tissue % of fetal
semetendinosus
muscle
in
control
and
undernourished hill breed of sheep (Welsh
Mountain ). For each parameter, the difference is
non-significant (ns, P>0.05).

length, primary fiber number and nuclei number were not
significantly altered between C and U groups (p>0.05,
Table II). However, total muscle cross sectional area and
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the percentage of representing connective tissue were
significantly higher whilst the percentage of representing
muscle tissue was decreased significantly in U group in a
lowland breed of sheep (P<0.05; Fig. 2).
Table II.-

Comparison of some parameters between
contol and undernourished groups in a
lowland breed of sheep (Dorset).

Parameter

Ewe weight (kg)
Fetal weight (g)
Fetal CRL (cm)
Fetal weight:
Fetal CRL (g
cm-¹)
Fetal ST weight
Fetal ST length
(in situ, mm)
Primary fiber
number
Nuclei number

Control
(n=5)

Under-nourished
(n=6)

P-value

63.78 ± 0.47
93.38 ± 2.5
15.4 ± 0.26
6.08 ± 0.2

64.18 ± 0.38
109.1 ± 3.12
15.6 ± 0.46
7.02 ± 0.04

NS
P<0.05
NS
P<0.05

0.12 ± 0.005
21 ± 0.4

0.15 ± 0.018
21.12 ± 0.32

NS
NS

9172.6
±1405.7
70827.8 ±
3901.2

10104.5±1213.4

NS

95174 ±12868

NS

Values are the mean ± SEM
NS: no significant difference (P>0.05)
CRL: crown-rump length
ST: semitendinosus muscle

Fig. 2. Total muscle cross sectional area,
muscle tissue % and connective tissue % of fetal
semetendinosus
muscle
in
control
and
undernourished lowland breed of sheep (Dorset).
For each parameter, the difference is significant
(*P<0.05).
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Figure 3 illustrates the higher amount of connective
tissue in cross section of fetal ST of the undernourished
lowland breed (Dorset) of sheep.

A

B
Fig. 3. Myosin ATPase staining (PH 10.4)
of fetal semitendinosus muscle at 65dg from control
(A) and undernourished (B) lowland breed
illustrating the higher amount of connective tissue
of fetal muscle in the undernourished ewe (20x
Objective).

DISCUSSION
In this study, it was found that maternal
undernutrition increased the fetal weight, fetal weight:
fetal CRL ratio, total muscle cross sectional area and the
connective tissue content in fetal ST of lowland (Dorset)
but had no any significant effect on fetal weight or fetal
ST parameters of hill breed (Welsh Mountain) of sheep.
In the first experiment with a hill breed there was no
significant difference in fetal parameters between C and
U groups. Dwyer et al. (2005) reported that hill ewes had
larger caruncles in uterus as a result of breed adaptation
to cope with poor nutrition during pregnancy thereby
increasing the efficiency with which nutrients are
transferred to the fetus. Mild and severe maternal
undernutrition didnot have any effect on fetal parameters
such as fetal body weight and fetal CRL in Welsh
mountain ewes (Demirtas and Ozcan, 2012a). Rooke et
al. (2010) also reported that undernutrition in early to mid

gestation didnot have any effect on birth weight of
Blackface lamb, also known as a hill breed. Therefore,
the lack of effect of undernutrition on fetal parameters in
our first experiment with Welsh Mountain was consistent
with these previous studies. Fetuses of hill breed are
better adapted to harsh prenatal environment for survival.
In experiment 2 with lowland ewes, fetal weight and fetal
weight: fetal CRL ratio were significantly higher in U
group than C group. Fetal weight of near term lowland
fetuses at 125 dg was not affected by maternal nutrition
(Asworth et al., 2011). Rooke et al. (2010) reported that
birth weights of lowland lambs from undernourished
mothers were lighter. Our study was conducted from
fetuses at 65dg where placental hyperplasia was very
high in contrast to the previous studies. Steyn et al.
(2001) reported that undernutrition increased the growth
of fetal side of placenta in undernourished lowland ewes.
The increase in fetal weight of U group in this study with
lowland breed might be result of short term compensation
for fetus to survive. These fetuses from U group may lose
weight in the later stages of gestation after placental
hyperplasia terms at 80 dg weight.
In experiment 1 with a hill breed sheep, there was
no significantly difference in total muscle cross sectional
area and the percentage of connective tissue content
between C and U groups. However, in experiment 2 with
Dorset, a low land breed, there was a significant increase
in total muscle cross sectional area and the percentage of
connective tissue content in fetal muscle in U group.
Undernutrition seemed to cause higher connective tissue
content in place of muscle content. The increased
connective tissue content was also observed in
nutritionally disadvantaged smallest porcine fetal muscle
(Clelland, 2001; Karunaratne et al., 2005). Muscle cells
and connective tissue cells are derived from a common
mesencymal stem cells (Sordella et al., 2003), which can
be committed to a myogenic lineage or connective tissue
cell types such as fibroblasts and adipocytes. Clase et al.
(2000) reported that connective tissue fibroblasts in the
limb define the regions in which muscle fibers do not
differentiate. Switching the committed stem cells from
myogenesis to fibrogenesis or adipogenesis are
competitive process and reduce muscle fiber number
while increasing fat and connective tissue in muscle (Yan
et al., 2013; Du et al., 2010b; Tong et al., 2009). In our
study at 65 dg primary fiber number is not affected in U
group. This is consistent with primary fibers being more
genetically determined and are not affected by maternal
undernutrition (Stickland et al., 2000). Primary fibers
form till 50 dg, whereas secondary fibers begin to form
around 60 dg at first rapidly then slower up to 140 days
of gestation (Ashmore et al., 1972). Therefore secondary
muscle fiber formation thus total muscle fiber formation
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is not completed at 65 dg. The higher connective tissue
content might be the result of downregulation of
myogenesis (i.e. secondary muscle fiber development)
while upregulation of fibrogenesis and adipogenesis. Fat
and connective tissue components have also been
suggested as a default pathway when muscle is unable to
form (Kablar et al., 2003).
In summary, nutrient restriction in early gestation
has increased the fetal weight and total muscle crosssectional area by increasing connective tissue content of
fetal muscle in a lowland breed but does not have any
significant effect on fetal growth or fetal muscle
parameters in a hill breed at 65 days of gestation. This
increase in connective tissue of muscle may continue till
the birth where secondary muscle fibers are completed to
form. This study has focused on the fetal skeletal muscle
at 65 dg but further investigation should be carried out in
the skeletal muscles of near term fetuses and newly born
lambs of both breeds of sheep.
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