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Abstract. The patterns of Glutl and Glut3 glucose
transporter protein and mRNA expression were assessed
during embryogenesis of chicken brain and skeletal
muscle, Glut4 protein levels were also evaluated in skele-
tal muscle and heart, and Glutl was examined in the
developing heart and liver. Glutl protein expression was
detectable throughout brain ontogeny but was highest
during early development. Glutl mRNA levels in the
brain remained very high throughout development. Glut3
protein was highest very early and very late and mRNA
was highest during the last half of development. In em-
bryonic skeletal muscle, the levels of Glutland Glut3

proteins and mRNA were highest very early, and declined
severely by mid-development. Glutl protein and mRNA
in the heart also peaked early and then decreased steadily.
Although Glutl mRNA levels were consistently high in
the embryonic liver, Glut1 protein expression was not de-
tected. These results suggest that (1) Glutl is develop-
mentally regulated in chick brain, skeletal muscle, and
heart, (2) Glutl mRNA is present in liver but does not ap-
pear to be translated, (3) Glut3 in brain increases deve-
lopmentally but is virtually absent in muscle, and (4)
Glut4 protein and mRNA appear to be absent from chick
heart and skeletal muscle.
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A high metabolic demand for fuel energy is required for
the sustained growth, differentiation, and metabolism of
fetal tissues [1, 2]. During fetal development, the supply
of glucose to the embryo is relatively constant since it is
provided by the placenta in mammals or by the egg yolk
in birds. However, after birth or hatching, the glucose
supply is more variable and the primary energy source
may change [2] with the result that the organism must
successfully adapt the glucose transport system, if it is to
survive. This adjustment of the glucose transporter
system must begin during fetal development.

Facilitative glucose transport across the plasma mem-
brane of the cell is mediated by a family of membrane-
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bound protein isoforms which have a unique tissue-
specific distribution. This distribution may be related to
the differing requirements for glucose by the various
adult tissues [3]. Glucose transporter (Glutl), also called
erythrocyte/HepG2-type, is expressed at highest levels in
brain (primarily vascular endothelium and glial cells) and
placenta, is present in cultured cells and most tissues, and
may be at least partially responsible for constitutive
uptake [3—5]. Glut3 (neuronal) is insulin insensitive and
has highest levels in neurons and neural cells, kidney,
placenta, and testes [3, 5, 6]. Insulin-sensitive Glut4 ap-
pears later during mammalian development and is found
primarily in muscle and fat [3]. Other members of the
family are Glut2, found almost exclusively in the liver,
small intestine, kidney, and insulin-positive pancreatic
cells, and Glut5, a fructose transporter located in the
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small intestine [3]. A newly identified isoform, Glut8, is
found in various tissues including muscle, brain, liver,
kidney, and testes, with highest expression in the latter,
and appears to have a role in insulin-regulated glucose
uptake in murine blastocysts [7, 8].

Despite variations in the tissue expression of Glutl and
Glut3, the two transporters play important roles with
respect to the cell economy of glucose. Both transporters
have a high affinity (K,,) for glucose allowing them to
transport glucose efficiently even under low-glucose con-
ditions [3, 4]. Furthermore, this high affinity for glucose
means that the rate of glucose uptake is determined by the
number of transporter molecules in the plasma membrane
and not by the extracellular glucose concentration [4, 6].
In mammalian muscle and adipose tissue, insulin stimu-
lation increases V,,,, of glucose uptake primarily by caus-
ing translocation of pre-formed Glut4 transporter mole-
cules from an intracellular site to the surface of the
plasma membrane [6].

The developmental patterns of the facilitative glucose
transporters have been previously described during
rodent embryogenesis [1, 9, 10]. Although Glutl and
Glut3 are present in adult chickens [11-13] and in
chicken-derived cell lines [14, 15], glucose transporter
expression during chicken embryological development
has not been reported. The chicken embryo in ovo has
been widely used as a model to study the effect of various
growth factors [16, 17], and drugs including ethanol [11,
12, 18, 19], caffeine [20], nicotine [12, 21], and narcotics
[21, 22] on various organ systems. Additionally, the chick
model has been utilized to study neurogenesis [23],
angiogenesis [24], oncogenic transformation [14, 15] and
bacterial pathogenesis and toxicity [25—27]. Because
glucose is an essential component of embryonic develop-
ment and metabolism, the expression of glucose trans-
porters during embryogenesis may be relevant to studies
examining the effect of drugs, growth factors, or chemi-
cals on embryonic metabolism and/or structure. The aim
of the studies reported here was to describe the patterns
of facilitative glucose transporter expression in the
developing chicken embryo.

Materials and methods

Preparation of chicken embryos

Nonincubated fertilized chicken eggs (Arbor Acre/Ross)
obtained from Webber’s Hatchery, (Goldsboro, N.C.)
were incubated in a humidified hatchery (Humidaire
Incubator Company, New Madison, Ohio) maintained at
100 °F. On the day of harvest, embryos were removed and
the tissues were collected, weighed, snap frozen in liquid
nitrogen, and stored at —80 °C. Because chick embryonic
organ systems were not sufficiently differentiated prior to
developmental day 10 to permit the harvesting of distinct

Glucose transporter developmental expression

structures, the whole trunk and the head (minus the eyes)
were harvested separately from day 5 and day 7 embryos.
By day 10, distinct organ systems can be identified, by
day 12, the chick appears fully formed, and by day 14, the
developing chick has recognizable feathers. Brain,
skeletal muscle, heart, and liver tissue were collected
from 10-, 12-, 14-, 17-, and 19-day-old embryos (hatching
= day 21). For some experiments, adult male Arbor
Acre/Ross chickens and/or Sprague Dawley rats were
anesthetized with sodium pentobarbital, tissues harvested,
snap frozen, and processed in the same manner.

Preparation of total membranes

Total membrane proteins were prepared from frozen tis-
sue samples as described previously [11]. Briefly, the tis-
sue (200 mg/ml) was disrupted in cold detergent-free
Pilch’s homogenization buffer (25 mM Hepes, 4 mM
EDTA, 25 mM benzamidine, 57 pM phenylmethylsul-
fonyl fluoride, 1 pM leupeptin, and 0.15 pM aprotinin)
with a Polytron tissue homogenizer (Brinkman). Fol-
lowing centrifugation at 150,000 g for 1 h at 4°C, the
pellet was resuspended in Pilch’s and rehomogenized.
Sufficient Triton-X100 was added to yield a 1% (v/v)
solution and the membranes were left on ice for 1.5 h,
with frequent mixing. The samples were then centrifuged
again at 150,000 g for 1 h. The supernatant containing the
solubilized membrane proteins was harvested and the
amount of protein present was quantitated by the BCA as-
say (Pierce Chemical, Rockford, Ill.). The membranes
were aliquoted and stored at —80 °C.

Antibodies

Rabbit anti-rat Glutl antibody was obtained from Charles
River Pharmservices, Southbridge, Mass. (formerly East
Acres) and rabbit anti-chicken Glut3 antibody [15] was a
kind gift of Dr. Martyn White (Thomas Jefferson Univer-
sity, Philadelphia, PA.). The anti-rat Glut4 antibodies
were obtained from Chemicon International, Temecula,
Calif., and from Charles River Pharmservices. The rabbit
anti-human Glut4 antibodies were a kind gift of Dr. Lynis
Dohm, East Carolina University. The peroxidase-con-
jugated secondary antibodies were purchased from
Sigma (St. Louis, Mo.).

Immunoblot analyses

Western blot analyses were carried out as described
previously [11]. Briefly, unheated total membrane pro-
teins in reduced sample buffer (20 pg/lane) were sub-
jected to electrophoresis on 10% SDS-acrylamide gels
under reducing conditions. Proteins were transferred to
Immobilon membranes in Towbin’s transfer buffer and
blocked in 5% powdered milk in TBS (pH 7.2) overnight
at 4 °C. In some experiments, membrane proteins derived
from rat skeletal and heart muscle were included as posi-
tive controls. Blots were then incubated with rabbit anti-
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Glutl, anti-Glut3, or anti-Glut4 polyclonal antibody for
2 h at room temperature, washed and then labelled with
peroxidase-conjugated secondary antibody for 1 h at
room temperature. In control experiments, no primary
antibody was used. The blots were then washed and the
proteins were detected by enhanced chemiluminescence
using a luminol solution and exposure to X-ray film
(Kodak Biomax ML). The autoradiograms were subjec-
ted to densitometric scanning (Hewlett Packard Scanjet
II) in the linear-signal range and the bands were quanti-
tated by ImageQuant software (Molecular Dynamics).
The blots were stained with Coomassie blue and used to
correct for unequal loading.

RNA isolation and northern blotting

Total cellular RNA was isolated from chick embryonic tis-
sue (at several developmental ages) and from adult rat and
chicken tissues using Trizol reagent (GIBCO Life Techno-
logies). Northern blotting was performed as described
previously [11]. Briefly, chick RNA samples (20 pg) were
separated on 1% agarose-formaldehyde gels, transferred
to PVDF membrane (Hybond-N; Amersham, Arlington
Heights, I11.), hybridized at 48 °C with 3?P-labelled cDNA
probes, and washed at room temperature and at 50 °C. In
some experiments, 10 pg of rat muscle and liver RNA were
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included as positive and negative controls, respectively.
Low-stringency conditions (hybridization at 42°C and
only room temperature washes) were used for the Glut4 ex-
periments. The chicken cDNA probes were a kind gift of
Dr. Martyn White, Thomas Jefferson University: a 2.0-kb
EcoRI/BamHI fragment containing chicken Glutl cDNA
[15], a 1.7-kb fragment containing chicken Glut3 [28], and
a 1.1-kb Pstl fragment containing chicken glyceraldehyde-
3-phosphate dehydrogenase (pGAD3) which was used as a
loading control and to correct for unequal loading [15].
The 2.5-kb EcoR1 fragment containing mouse Glut4
cDNA was a kind gift of Dr. Lynis Dohm, East Carolina
University [29]. The membranes were then exposed to a
Phosphorlmager screen and the RNA bands quantitated by
ImageQuant software (Molecular Dynamics).

Results

Glutl and Glut3 expression in the brain during
embryological development

Western blotting methodology was used to estimate the
levels of Glutl and Glut3 proteins in total membrane
samples of tissue from embryonic chick head (days 5 and
7) and brain (days 10—19). Representative immunoblots
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Figure 1. Changes in Glutl and Glut3 expression during embryogenesis of chick brain. Illustrated are the changes in developmental ex-
pression of Glutland Glut3 protein (4) and mRNA (B) levels during brain embryogenesis. Total membranes and total RNA were prepared
from chick embryonic tissue (days 5 and 7 head, days 10—19 brain) as described in Materials and methods. Representative blots are shown
above the histograms. The proteins (20 pg/lane) were resolved by SDS-PAGE and analyzed by Western blotting. The histogram (4) sum-
marizes the quantitation of scanned immunoblots for the glucose transporter proteins. Northern blots (B) of Trizol-isolated chick RNA
samples (20 pg/lane) were hybridized with chick-specific cDNA probes as described in Materials and methods. Phosphoimaging was
used to quantitate the amount of label in each band. Data are expressed as mean arbitrary units + SE of six experiments.
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are presented above the bar charts in figure 1 A. As shown
in the Glutl immunoblot, a diffuse band in the 45 to
55-kDa range was detected and is consistent with the
reported range of molecular weights for the Glutl protein
in brain and is due to heterogeneous glycosylation [4, 10].
As shown in figure 1 A, Glutl protein (45—55 kDa) in the
developing brain was highest during the first half of
embryological development, and by day 19 had declined
to 25% of the day 5 level. Glut3 (45-kDa) protein levels
(fig. 1 A) steadily decreased after day 5, increasing again
on day 19.

Northern blotting methodology was used to estimate the
levels of Glutl and Glut3 mRNA (fig. 1 B). In contrast to
protein expression, Glutl mRNA levels remained high
throughout development. However, Glut3 mRNA ex-
perienced low levels early in development, then quickly
increased on day 12 and remained elevated through day
19 of development.

Glut and Glut3 expression in muscle during embryo-
logical development

The levels of Glutl and Glut3 proteins and mRNA were
quantitated in day 5 and 7 trunk and day 10—19 skeletal
muscle tissue. As shown in figure 2 A, the level of Glutl
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protein (45—55 kDa) was ten-fold higher on day 5 than at
any other developmental age examined. By day 10, the
level of Glutl in muscle had precipitously declined to a
low level that remained unchanged as development
progressed. The amount of Glut3 (45 kDa) was highest on
day 5, after which it precipitously decreased and became
nearly undetectable from day 12 onward.

In contrast to protein expression in skeletal muscle, the
quantity of both Glutl and Glut3 mRNA decreased pro-
gressively (fig. 2B), reaching the lowest level on day 19.

Glutl expression in heart and liver tissue

As shown in figure 3 A, Glutl (45-kDa) protein expression
in embryonic heart tissue was highest on day 10 (earliest
age tested) and showed a gradual 20-fold decrease which
reached a nadir on day 19. The quantity of Glutl mRNA in
the heart (fig. 3B) also peaked early in development and
then steadily declined to 50% of the peak value by day 19.
Glutl protein was undetectable in the chick liver by
Western blotting methodology at any of the embryonic
ages tested (representative blot in fig. 4A). A protein
sample from day 5 chick head was included as a positive
control. However, as shown in fig. 4B, Glutl mRNA was
detected at high levels in the embryonic liver.
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Figure 2. Changes in Glutl and Glut3 expression during chick muscle embryogenesis. Illustrated are the developmental expression of
Glutl and Glut3 protein (4) and mRNA (B) levels in embryonic skeletal muscle. Both total membranes and total RNA were prepared from
chick embryonic tissue (days 5 and 7 whole trunk, days 10—19 muscle) as described in Materials and methods. Representative blots are
presented above the histograms. The proteins (20 pg/lane) were resolved by SDS-PAGE and analyzed by Western blotting. The histogram
(4) summarizes the quantitation of scanned immunoblots for the glucose transporter proteins. Northern blots (B) of Trizol-isolated chick
RNA samples (20 pg/lane) were hybridized with chick-specific cDNA probes as described in Materials and methods. Phosphoimaging was
used to quantitate the amount of label in each band. Data are expressed as mean arbitrary units = SE of six experiments.
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Figure 3. Changes in Glutl expression during chick heart embryogenesis. Illustrated are the developmental expression of Glutl protein
(4) and mRNA (B) levels in embryological heart tissue. Hearts were harvested from day 10, 12, 14, 17, and 19 chick embryos and total
membrane proteins and total RNA were prepared as described in Materials and methods. The proteins (20 pg/lane) were resolved by SDS-
PAGE and analyzed by Western blotting. The histogram (4) summarizes the quantitation of densitometrically scanned immunoblots for the
glucose transporter proteins. Northern blots (B) of Trizol-isolated chick RNA samples (20 pg/lane) were hybridized with chick-specific
cDNA probes as described in Materials and methods. Phosphoimaging was used to quantitate the amount of label in each band. Data are

expressed as mean arbitrary units + SE of four experiments.

Glut4 expression in chick tissues

Although four different polyclonal anti-Glut4 antibodies
were tested, Glut4 protein was undetectable in chick
embryonic skeletal and heart muscle tissue. Total mem-
brane proteins derived from rat skeletal muscle and heart
were included as positive controls. A representative blot
is presented in figure 5 A.

Northern blotting methodology under low-stringency
conditions (hybridization at 42 °C with a mouse Glut4
c¢DNA probe for 18 h followed by two washes at room
temperature) was used to assay for chick Glut4 mRNA.
However, as shown in fig. 5B, Glut4 mRNA was not
detected in chick embryonic skeletal muscle or in
chick heart tissue (data not shown) at any of the develop-
mental ages tested. Adult rat muscle served as a positive
control.

Unlike mammals, Glut4 protein is possibly not expressed
in the embryo but appears after hatching and, therefore,
would be present in the adult chicken. To address this
question, the same assay system (Northern blotting and
low-stringency conditions) was used to search for Glut4
mRNA in various adult chicken tissues. As shown in
figure 5C, Glut4 mRNA was not detected in any of the
tissues tested (leg and breast muscle, liver, brain, heart,
and adipose tissue). Rat muscle and liver RNA samples
were included as positive and negative controls, respec-
tively.

Discussion

Glucose is an essential source of fuel energy in the em-
bryo [4, 10, 30]. As part of the developmental process, the
facilitative glucose transporter proteins undergo al-
terations in their expression and regulation that are es-
sential to the continued development, growth, and sur-
vival of the organism.

Glutl is the isoform expressed in most fetal tissues [6,
31]. Because the Glutl protein is present in varying
amounts in so many tissues, it may be responsible, at least
in part, for constitutive, insulin-insensitive glucose
uptake [6]. In the rodent brain, Glutl protein and mRNA
levels have been shown by several investigators to be high
in the fetus, transiently decreased in the neonate, and
increased again as the animal matures, reaching highest
levels in the adult [9, 32, 33]. In the findings reported
here, the level of Glutl protein is highest early in chick
brain embryogenesis, decreases during mid development,
and increases in late development, mirroring the pattern
in the rat.

Due to the lack of sufficient organ differentiation prior to
day 10, chick trunks and heads were harvested on
developmental days 5 and 7. By day 10, distinct organ
systems (muscle, brain, liver, and heart) had formed, were
harvested and assayed. Therefore, the changes in trans-
porter protein and mRNA levels observed in the early
developmental period (prior to day 10) versus changes
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Figure 4. Changes in Glutl mRNA expression during chick liver
embryogenesis. Illustrated is the developmental expression of
Glutl in chick liver. Livers were harvested from day 10, 12, 14, 17,
and 19 chick embryos. Total membrane proteins and total RNA
were prepared as described in Materials and methods. (4) Proteins
(20 pg/lane) were resolved by SDS-PAGE and analyzed by Western
blotting. A representative immunoblot is presented. Brain-derived
total membrane proteins (day 5 chick embryo) served as a positive
control. (B) Northern blots of Trizol-isolated chick RNA samples
(20 pg/lane) were hybridized with chick-specific cDNA probes as
described in Materials and methods. Phosphoimaging was used to
quantitate the amount of label in each band. A representative blot
and the resulting histogram are presented. The data are expressed as
mean arbitrary units + SE of four experiments.

occurring later may reflect the relative impurity or purity
of the tissue that was analyzed.

In the study presented here, Glutl protein expression
decreased and Glut3 protein levels increased as brain
development proceeded. In contrast, the levels of Glutl
mRNA remained high throughout chick brain develop-
ment with only a slight decrease during the mid-develop-
mental period. The high levels of Glutl mRNA and
relatively low levels of protein may suggest that the cell
content of Glutl protein is regulated at the level of trans-
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Figure 5. Absence of Glut4 protein and mRNA in chick skeletal
muscle and heart. Tissues were harvested and total membrane
proteins and total RNA were prepared as described in Materials and
methods. (4) Chick embryonic skeletal (leg) muscle was harvested
onday 10, 12, 14, 17, and 19, and whole-trunk tissue was harvested
from day 5 and day 7 embryos. Total membrane samples from adult
rat heart and skeletal muscle were included as positive controls. The
proteins were resolved by SDS-PAGE and analyzed by Western
blotting. A representative immunoblot is presented. (B) Northern
blots of Trizol-isolated embryonic chick trunk/muscle-derived
RNA samples (20 pg/lane) were hybridized with a mouse Glut4
cDNA probe using low-stringency conditions as described in
Materials and methods. RNA derived from adult rat muscle (10 pg/
lane) was included as a positive control. (C) Northern blots of adult
chicken RNA samples (20 pg/lane) of leg muscle (lane 3); breast
muscle (lane 4), brain (lane 5), liver (lane 6), heart (lane 7) and
adipose (lane 8) were hybridized, under low-stringency conditions,
with a mouse Glut4 cDNA probe. Adult rat heart (lane 1) and liver
(lane 2) RNA samples were included as positive and negative con-
trols, respectively.

lation. Alternatively, the relatively low levels may be due
to a higher turnover or degradation rate of the Glutl
protein. In the chicken, Glutl appears to be the primary
glucose transporter early in brain development and Glut3
appears to become important later in development as
neurons mature. Glut3 protein and mRNA levels are
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lowest in the rodent embryonic brain but increase drama-
tically 1 day after birth [2, 33, 34].

Glutl and Glut3 proteins and mRNA levels during chick
skeletal muscle ontogeny peaked on day 5 and decreased
to very low levels by day 12. Glut3 mRNA has also been
found at low levels in human fetal muscle and has a low
level of ubiquitous distribution in many adult human tis-
sues [34]. Although Diamond and Carruthers [35] were
unable to detect the Glut3 isoform in adult pigeon brain
using an anti-human antibody, they did find the protein in
leg muscle.

Glutl protein is recognized as being heterogeneously
glycosylated and the degree of glycosylation may be
associated with the tissue type. In both the adult and
developing rat brain, the 45- and 55-kDa forms are
predominantly associated with different structures: glial
cells and endothelial cells, respectively [5, 10]. The
lower-molecular-weight form is most prevalent in whole-
brain preparations [10]. In rat skeletal muscle and heart,
Glutl appears to be more heterogeneous in the former
than the latter [1, 36]. We also observed a diffuse or
heterogeneous Glutl protein band in brain and skeletal
muscle tissues at all developmental ages but only a single
relatively sharp band in heart muscle tissue. The rele-
vance of these findings is unclear.

Although Glutl protein was undetectable in chick em-
bryonic liver, Glutl mRNA was present at high levels on
day 10 and declined as development proceeded. Glutl
mRNA levels are highest in fetal rat tissues, decreased in
the neonate and are absent in adult rodent liver [1, 6, 37].
The presence of Glutl mRNA in the developing chick li-
ver and the apparent absence of the protein are puzzling.
Our findings might suggest that Glutl liver mRNA is not
translated. However, Glutl protein is expressed in adult
hepatocytes immediately surrounding terminal hepatic
venules [38]. Therefore, the most likely explanations for
our negative findings are (i) a level too low for Western
blotting detection or (ii) that the liver Glutl isoform dif-
fers from that found in other chicken tissues.

In rat heart, skeletal muscle, and brown adipose tissue,
Glutl is the predominant isoform expressed during fetal
and early neonatal life but is gradually replaced with in-
sulin-regulatable Glut4 [36, 39]. There are contradictory
reports of Glut4 expression in avian tissues. Diamond and
Carruthers [35] reported small amounts of Glut4 in adult
pigeon leg muscle when large amounts of membrane
protein were loaded in the gel. Thomas-Delloye et al. [40]
identified Glut4 protein by Western blotting and func-
tional studies in skeletal muscle of 5-week-old ducklings.
However, Duclos et al. [13] used tissue from 5-week-old
chicks and failed to find Glut4 protein in any tissue
tested, including adipose and muscle, despite using two
distinct anti-Glut4 antibodies. We were also unable to
detect Glut4 protein in embryonic chick muscle or heart
tissue. The structure of chicken Glut4 protein may be suf-
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ficiently different from that of rodents, humans and other
avian species, and, depending on the specificity of the
antibody used, chick Glut4 may elude detection by Wes-
tern blotting.

Alternatively, if Glut4 protein is expressed develop-
mentally late in the chicken, perhaps during the first
few weeks post-hatching, then nontranslated Glut4
mRNA might be present in the embryo. Using low-
stringency conditions and a mouse Glut4 cDNA, we
were unable to detect Glut4 mRNA in chick embryonic
heart or trunk/skeletal muscle. Furthermore, Glut4
mRNA could not be found in any of the adult chicken tis-
sues examined (including muscle, adipose, and heart).
Although not conclusive, these findings supply further
evidence that Glut4 is not present in chickens. Glut4
mRNA sequences for humans and many mammalian
species including dogs, pigs, goats, rodents, cows, and
sheep are listed in the NCBI GenBank. However, there is
currently no listing of an avian Glut4 cDNA or expressed
sequence tag.

If Glut4 is absent from chickens, Glutl might function as
the primary heart and skeletal muscle glucose transporter.
Recently, a new transporter, Glut8, has been described
which appears to be insulin regulatable in rodent blasto-
cysts [8]. If present in chickens, this protein and/or
another unidentified Glut-X may be responsible for in-
sulin-regulated glucose transport in chick tissues.

In summary, Glutl appears to play an important role as
the primary transporter in chick brain, skeletal muscle,
and heart early in embryological development. Although
Glut3 becomes a predominant glucose carrier in the
mature brain, its importance, if any, in mature muscle is
unclear. The role of Glutl mRNA in the fetal liver is
unknown. Glut4 protein and mRNA appear to be either
absent from chick skeletal muscle and heart tissue, are
below detection levels, or are sufficiently different
structurally from the mammalian transporter as to elude
detection. Therefore, the identity of the primary glucose
transporter and/or the insulin-sensitive transporter in
maturing chick muscle and heart remains an unresolved
issue.
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