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ABSTRACT. Glucose uptake in the mammary gland is a rate-limiting step in milk synthesis. To study glucose 
transporters in the bovine mammary gland, the erythrocyte-type glucose transporter (GLUT1) and the insulin- 
responsive glucose transporter (GLUT4) proteins were assessed by Western blotting and immunohistochemical 
staining, using polyclonal antibodies against the C-terminal peptide of GLUT1 and GLUT4. Our results demon- 
strated that the bovine mammary gland expressed a relatively high level of GLUT1 protein, whereas GLUT4 
protein was not detected in the mammary gland of either lactating or dry cows. The absence of GLUT4 may 
indicate that glucose transport is not regulated by insulin in the lactating and dry bovine mammary gland. The 
anti-GLUT1 antibody strongly stained the single layer of epithelial cells of mammary alveoli. The expression 
of GLUT1 mRNA was similar in the mammary gland of late lactation and non-lactating cows. However, a 
smaller molecular weight species (38 kDa) of GLUT1 protein was detected in the mammary gland of non- 
lactating cows where its abundance in crude membrane preparation was 80% higher than in lactating animals. 
There were no significant differences in GLUT1 mRNA in bovine mammary gland at 118 d and 181 d postpar- 
tum, however, GLUT1 protein expression tended to be greater at 118 d postpartum. COMP BIOCHEM PRYS~OL 
115B;1:127-134, 1996. 
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I N T R O D U C T I O N  

Lactose constitutes about 40% of total solids in bovine milk. 
As lactose maintains the osmolarity of milk, the rate of lac- 
tose synthesis serves as a major control of the volume of 
milk produced (32 ). Glucose is the main precursor of lactose 
synthesis in the epithelial cell of the mammary gland, how- 
ever, the mammary gland cannot synthesize glucose from 
other precursors due to the lack of glucose 6-phosphatase 
(37). Therefore, the mammary gland is dependent on the 
blood supply for its glucose needs and as a consequence, 
mammary glucose uptake is a rate-limiting factor for milk 
production (23). It has been estimated that in a lactating 
cow, 72 g of glucose is required to produce 1 kg of milk (23) 
and mammary uptake can account for as much as 60 to 85% 
of the total glucose entering the blood (2,11). 

The epithelial cells of the mammary gland take up glu- 
cose by a passive process of facilitated diffusion (14), which 
is mediated by a family of structurally related glucose trans- 
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porter proteins (17). To identify the relevant glucose trans- 
porter(s) in bovine mammary gland, Zhao et al. used five 
human glucose transporter cDNAs in Northern blotting 
analysis of bovine tissues and found that only GLUT1 
mRNA was present at high levels in the mammary gland of 
lactating cows (39). This finding is consistent with previous 
studies on lactating rat mammary gland which used quanti- 
tative Western blotting and cytochalasin B-binding and re- 
vealed that GLUT1 constitutes the major glucose trans- 
porter species in the plasma membranes of rat mammary 
gland epithelial cells (29). 

In this study we identified and localized GLUT1 isoform 
present in the bovine mammary gland and investigated its 
expression during different physiological states at the pro- 
tein and mRNA levels. We also measured the GLUT4 iso- 
form in order to investigate the possible role of insulin regu- 
lation on glucose transport in the mammary gland of the 
lactating cow. 

MATERIALS A N D  M ETHODS 
Animals  and Tissues 

Experiment I: Two late lactation and two nonlactating 
(dried-off for 3 and 10 weeks) Holstein cows, Bos taurus, 
were fed a late-lactation total mixed ration ad libitum for a 
minimum of 14 days prior to slaughter. Animals were non- 
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pregnant and were shipped to a slaughter house. Tissues of 
mammary gland, skeletal muscle (Masseter) and liver were 
collected immediately post-slaughter, frozen in liquid nitro- 
gen, and stored at -75°C  for future analysis. 

Experiment II: Six nonpregnant primiparous Holstein 
cows were used in a randomized block design with cows allo- 
cated by date of parturition into three blocks. Within each 
block, two cows were started on the experiment at 55 days 
and 118 days after parturition, respectively. These cows were 
a subset of animals from a larger study (5). Cows selected for 
this study were the control animals that were not subjected 
to growth hormone or growth hormone-releasing factor 
treatment. Cows were fed a total mixed ration ad libitum. 
After 9 weeks, two cows within a block were slaughtered. 
Mammary gland tissues were obtained immediately after 
slaughter, frozen in liquid nitrogen, and stored at -75°C.  
Rat brain and leg muscle (gastrocnemius) were taken from 
three adult Sprague-Dawley rats and used as controls. 

Preparation of Crude Membrane Fractions 

Membrane fractions were prepared by homogenization of 
the tissue in 10 volumes of ice-cold 0.25 M sucrose, 1 mM 
EDTA, 10 mM Tris-HC1 (pH 7.4), 1/ag/ml aprotinin, and 
i mM phenylmethylsulfonyl fluoride, using a Brinkman 
Polytron homogenizer. Homogenates were centrifuged at 
1000 g (3000 rpm in a Beckman J2-21 centrifuge using a 
JA-14 rotor) for 10 rain at 4°C, and the supematants were 
centrifuged at 13,000 g (9,500 rpm with the same rotor) for 
45 min at 4°C. The cytosols were then centrifuged at 
100,000 g (37,000 rpm with a Sorvall T647.5 rotor) for 90 
min at 4°C, and the membrane pellets were resuspended 
in the same buffer as above. Protein concentrations were 
measured by the Bradford dye-binding assay (7) using the 
Bio-Rad Protein Assay Kit (Bio-Rad, Richmond, CA, 
U.S.A.) and bovine serum albumin (BSA) as a standard. 

Primary Antibodies 

The primary antibodies were purchased from East Acres Bio- 
logicals (Southbridge, MA, U.S.A.). The anti-GLUT1 was 
raised in rabbit against a synthetic peptide corresponding to 
the 11 amino acids in the carboxyl terminus of the rat brain 
glucose transporter [the same 11 amino acid peptide sequence 
is also present in bovine GLUT1 (6)]. The anti-GLUT4 was 
also raised in rabbit against a synthetic peptide specific to 
an 11 amino acid sequence of the carboxyl terminus of rat 
GLUT4. Although GLUT4 has not been cloned from bovine 
tissues, the same peptide sequence is conserved in the GLUT4 
proteins reported for several different species (8). 

Western Blotting 

Membranes were resuspended in Laemmli sample buffer (26), 
and resolved on 10% or 12% (w/v) SDS-polyacrylamide gel 
using a Bio-Rad Mini-protein II Electrophoresis Cell. The 

proteins were electrophoretically transferred to nitrocellu- 
lose filters (BA 85, Schleicher and Schuell, Dassel, Ger- 
many). Protein markers (Rainbow markers, Amersham, Ar- 
lington Heights, IL, U.S.A.) were used as molecular mass 
standards and also to assess the efficiency of the transfer. The 
blots were blocked overnight at 4°C in TBS (20 mM Tris [pH 
7.4], 137 mM NaC1) containing 5% (w/v) nonfat dried milk 
(Carnation Ltd., ON, Canada), and incubated for 1.5 hr at 
room temperature in TBS, 0.5 % nonfat dry milk, containing 
a 1 : 200 dilution of either GLUT 1 antiserum or GLUT4 anti- 
serum. The filters were then washed twice at room tempera- 
ture for 15 min in TBS and incubated for 1 hr at room temper- 
ature in TBS, 0.5% nonfat dried milk, with a 1 : 2000 dilution 
of goat anti-rabbit IgG conjugated with horseradish peroxi- 
dase (Calbiochem, La Jolla, CA, U.S.A.). The immune com- 
plex was detected using the Amersham ECL Western blotting 
system (Amersham, Arlington Heights, IL, U.S.A.) follow- 
ing the manufacturer's instructions. The resulting images 
were quantified by scanning densitometry (Imaging Densi- 
tometer GS-670, Bio-Rad). 

Light Microscopy Immunolabelling 

Tissues were removed from a lactating cow immediately 
after slaughter. Tissue samples were fixed in 4% (w/v) para- 
formaldehyde in PBS for 4 hr at 4°C, washed in PBS, and 
immersed in 0.5 M sucrose in PBS overnight. Tissue blocks 
were mounted on specimen holders and frozen in liquid ni- 
trogen. Sections (10/am) were cut and thaw-mounted on 
the surface of gelatin-coated slides. Immunocytochemical 
staining was performed according to the peroxidase-antiper- 
oxidase procedure of Sternberger (35), with 3',3-diamino- 
benzidine (DAB) as cosubstrate. In brief, the endogenous 
peroxidase activity of samples was blocked at 22°C for 30 
min in 0.25% hydrogen peroxidase in PBS. Tissue sections 
were then washed and incubated at 22°C for 1 hr with a 
1:500 dilution (in 1% BSA in PBS) either with the anti- 
GLUT1 antibody or with the anti-GLUT4 antibody. After 
three washes with PBS, samples were incubated for 1 hr at 
22°C with a 1:50 dilution (in 1% BSA in PBS) of goat 
anti-rabbit IgG secondary bridging antibody (Calbiochem). 
After several washes with PBS, samples were incubated at 
22°C for 1 h with 1:200 dilution (in 1% BSA in PBS) of 
horseradish peroxidase-anti-peroxidase complex (Calbio- 
chem). The sections were finally washed three times for 5 
rain in PBS, developed 2 to 5 min in DAB (Sigma, St Louis, 
MO, U.S.A.) substrate solution and rinsed in water. Some 
of the sections were counterstained with hematoxylin for 
30 sec and all sections were mounted in Crystal/Mount 
(Fisher, Pittsburgh, PA, U.S.A.). Sections were visualized 
using a Leitz Dialux 20 (Midland, ON, Canada) and photo- 
graphed with Kodak Ektachrome 400 film. 

Northern Blotting 

Total RNA was isolated from different tissues by a guanidi- 
nium thiocyanate-CsCl procedure (12). 30/ag of total RNA 
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were electrophoresed on denaturing 1% agarose/0.66 M 
formaldehyde gels and transferred to nylon membranes 
(Bio-Rad) by capillary diffusion. The integrity and relative 
amounts of RNA were assessed by UV-light visualization of 
ethidium bromide-stained RNA. Membranes were prehy- 
bridized for 2 hr at 50°C in a medium containing 60% (v/ 
v) formamide, 1 × SSPE (0.18 M NaC1, 0.01 M sodium 
phosphate at pH 7.4, 1 mM EDTA), 0.5% (w/v) nonfat 
dried milk, 10% (w/v) dextran sulfate, 1% (w/v) sodium 
dodecyl sulfate, 500/ag/ml salmon testes DNA and 200/2g/ 
ml yeast tRNA. Following prehybridization, hybridization 
was carried out for 16 to 18 hr at 50°C in fresh buffer con- 
taining ~2P-labelled antisense RNA probes (106 cpm/ml) 
generated as previously described (39). Membranes were 
then rinsed briefly in 2 × SSC (1 × SSC is 0.15 M NaC1, 
0.015 M sodium citrate at pH 7.0), washed for 15 min at 
22°C in 2 × SSC containing 0.1% sodium dodecyl sulfate, 
washed at 70°C in 0.2 × SSC containing 1% sodium dode- 
cyl sulfate, and rinsed briefly in 0.2 × SSC. Autoradiogra- 
phy was performed at - 70°C  with an intensifying screen 
and quantified by scanning densitometry (Imaging Densi- 
tometer GS-670, Bio-Rad). 

Statistical Analysis 

The significance of differences between mean values for pa- 
rameters measured in Experiment II were assessed using 
ANOVA. 

R E S U L T S  
Characterization of the Antibodies 
and Distribution of GLUT1 and GLUT4 

Immunoblotting analysis using 10% polyacrylamide gels 
showed that the anti-GLUT1 antibody and the anti- 
GLUT4 antibody detected a 42 kDa protein and a 43 kDa 
protein, respectively, in both bovine and rat tissues (Fig. 
1A and Fig. 2A). These observations are in good agreement 
with the observed M, of GLUT1 (9) and GLUT4 (2) and 
indicate that both primary antibodies used can specifically 
recognize GLUT1 or GLUT4 in bovine tissues. However, 
when 12% polyacrylamide gels were used and the gels were 
run for longer times, we could resolve both the 42 kDa band 
of GLUT1 and the 43 kDa band of GLUT4 as two separate 
bands: 45 kDa and 42 kDa for GLUT1, 43 kDa and 41 kDa 
for GLUT 4, respectively. The 42 kDa band of GLUT1 is 
2.6-fold stronger than the 45 kDa band in the bovine mam- 
mary gland while both bands of GLUT4 have almost the 
same intensity in the bovine muscle (Fig. 1B and Fig. 2]3). 
To date, it is not clear whether these different bands result 
from differential glycosylation of the proteins or other post- 
translational protein processing. 

The anti-GLUT1 antiserum detected strong bands in rat 
brain and bovine mammary gland and weak bands in rat 
skeletal muscle with slightly different sizes (Fig. 1). The 
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FIG. 1. Immunoblotting of rat and bovine tissues with an an- 
tibody to GLUT1. A: Membrane proteins (50/zg)  of rat brain 
(1), 118 day lactating bovine mammary gland (2) and bo. 
vine liver (3) were resolved in 10% (w/v)  SDS-polyacryl- 
amide gel at 150 V for 1 hr. B: Membrane proteins (50 #g  
for bovine tissues and rat skeletal muscle and 25/~g for rat 
brain) of the mammary gland (2), liver (3), skeletal muscle 
(Masseter, 4), and omental  fat (5) from a late lactating bo- 
vine, rat brain (1) and rat skeletal muscle (6) were resolved 
on 12% (w/v)  SDS-polyacrylamide gel at 100 V for 2 hr. 
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FIG. 2. Immunoblotting of rat and bovine tissues with an an- 
tibody to GLUT4. A: Membrane proteins (50 #g for bovine 
tissues and 25/xg for rat skeletal muscle)  of the skeletal mus- 
cle (Masseter, 2), omental  fat (3), mammary gland (4), and 
liver (5) from a nonlactating bovine and rat skeletal muscle 
(1), were resolved on 10% (w/v) SDS.polyacrylamide gel at 
100 V for 2 hr. B: Membrane proteins (50/.~g) of the bovine 
skeletal muscle (Masseter) were resolved on 12% (w/v) SDS. 
polyacrylamide gel at 150 V for 1.5 hr. 
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GLUT1 protein level detectable in the crude membrane of 
lactating bovine mammary gland was 1.5-fold less than in 
rat brain, unlike the situation in lactating rat mammary 
gland that expresses more GLUT1 than rat brain (9,10). 
GLUT1 protein was essentially undetectable in the liver, 
skeletal muscle and omental fat of lactating cow (Fig. 1). 
The anti-GLUT4 antiserum detected strong bands in both 
rat and bovine skeletal muscle and a weak band with a 
slightly different size in bovine omental fat (Fig. 2). The 
GLUT4 level in the crude membrane of bovine skeletal 
muscle was 1.7-fold less than in rat skeletal muscle and 1.2- 
fold higher than in bovine omental fat. GLUT4 protein was 
undetectable in the mammary gland and liver in dry animals 
(Fig. 2A) and lactating animals (data not shown). Although 
the different signal intensity could reflect different affinities 
of the antisera for these tissues, it is more likely to indicate 
the relative abundance of glucose transporters in these tis- 
sues. 

Light Microscopy Immunohistochemical 
Localization of GLUT1 and GLUT4 
Based on the high expression of GLUT1 substantiated in 
bovine mammary gland during lactation, the histochemical 
localization of GLUT1 in bovine mammary gland was stud- 
ied in tissue sections using an antibody directed against the 
COOH-terminus of this protein. A strong anti-GLUT1 
staining, and no anti-GLUT4 staining, were observed in the 
lactating bovine mammary gland (Fig. 3). The strong anti- 
GLUT1 staining was found mainly in the single layer of 
epithelial cells of alveoli, the functional unit of the mam- 
mary gland. Staining of GLUT1 was hardly seen in connec- 
tive tissue. In fact, epithelial cells accounted for the major- 
ity of cells visualized in the mammary gland sections from 
the lactating bovine (Fig. 3). In histochemical controls, 
when the primary antibodies were omitted, there was no 
staining in the mammary gland. The anti-GLUT1 staining 
in bovine liver was only found on the cells surrounding the 
hepatic vein as reported previously (36) and the sinusoidal 
membrane of hepatocytes. 

Expression of GLUT1 mRNA 
and Protein during Different Lactation Stages 

In Experiment I, the expression of GLUT1 mRNA and pro- 
tein was assessed in bovine mammary gland at different 
stages of lactation. To this end, total RNA and membrane 
fractions were isolated from lactating and nonlactating bo- 
vine mammary gland. Northern blotting analysis showed 
that the expression of GLUT1 mRNA was similar in the 
mammary gland of late lactation and nonlactating bovine 
(Fig. 4A). However, Western blotting analysis demon- 
strated that anti-GLUT1 detected a smaller molecular 
weight band (38 kDa) in the mammary gland of dry cows 
and the protein level was 80% higher than that in the lac- 

tating cow (Fig. 4B). Although differences were detected in 
the yield of membrane proteins per g tissue in the dry (2.6 
-+ 0.2 mg protein/g tissue) and lactating (3.8 + 0.8 mg 
protein/g tissue) animals, the content of GLUT1 protein 
in the mammary gland of the dry cow, expressed as arbitrary 
densitometric units per g tissue, was still higher (385) than 
that in the lactating cow (312). 

In Experiment II, the expression of GLUT1 mRNA and 
protein in bovine mammary gland was examined during dif- 
ferent lactation periods. Total RNA and membrane frac- 
tions were isolated from the bovine mammary gland at 118 
days and 181 days postpartum and mRNA and protein lev- 
els measured. No difference in the tissue content of GLUT1 
mRNA was detected between the two groups (Fig. 5A). Al- 
though the average value of GLUT1 protein level in the 
118 day postpartum mammary gland was 73% higher than 
that in the 181 day postpartum mammary gland, there was 
no statistically significant differences ( P = 0.17) between 
the two groups due to the large individual difference ob- 
served within the 118 day group (Fig. 5B). 

DISCUSSION 

Intracellular glucose concentration may be a critical factor 
determining the rate of lactose synthesis and milk secretion 
in the mammary gland. The exposure of Golgi membrane 
vesicles to varying concentrations of glucose showed that 
apart from inhibition at high concentration, the rates of 
lactose synthesis follow classical Michaelis-Menten kinetics 
with a Km of 1.5 mM (24), which exceeds the glucose con- 
centration within the cell. Since a steep concentration gra- 
dient of glucose occurs across the plasma membrane, from 
3.0 to 3.5 mM in plasma to 0.1 to 0.3 mM in the cell (15), 
the transport of glucose across the plasma membrane may 
be the rate-limiting step. Tracer studies have shown a linear 
relationship between the rate of glucose transport and milk 
yield in cows (23). The epithelial cells of the mammary 
gland take up glucose by a passive process of facilitated diffu- 
sion (14). In the present study, our Western blotting and 
immunostaining data showed that bovine mammary gland 
expresses a relatively high level of GLUT1. As only GLUT1 
mRNA was detected with a high abundance in the mam- 
mary gland of lactating cows (39) and GLUT1 constitutes 
the major glucose transporter species in the plasma mem- 
branes of mammary gland epithelial cells of lactating rats 
(29), GLUT1 may also represent the major glucose trans- 
porter species in the lactating bovine mammary gland. 
However, considering the substantial requirement for glu- 
cose transport in the bovine mammary gland, the presence 
of other glucose transporters cannot be ruled out. 

The expression of GLUT1 in the epithelial cells of mam- 
mary gland is consistent with the physiological behaviour 
of glucose metabolism in the bovine mammary gland. 
GLUT1 has a high affinity for glucose and its Km has been 
reported to be from 2 to 20 mM (22). Bovine GLUT1 may 
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FIG. 3. Light microscopy immunohistochemical localization of GLUT1 and GLUT4 in bovine mammary gland and liver sec- 
tions. Immunolocalization on cryosections from fixed bovine tissues was performed as described in the Experimental section. 
A-C: Photomicrographs of GLUT 1-positive staining of the mammary sections from a lactating bovine. The strong anti-GLUT 1 
staining was found mainly in the single layer of epithelial cells (EP) of alveoli (AV). Positive staining for GLUT1 was hardly 
seen in connective tissue (CN). B: Section counterstained with hematoxylin. D: Photomicrograph of GLUT4-negative staining 
of the mammary section from the lactating bovine. E: A control section from the bovine mammary gland incubated without 
the first antibodies. F: A control section from the bovine liver incubated with anti-GLUT1. The anti-GLUT1 staining was 
only found on the cells surrounding the hepatic vein (V) and the sinusoidal membrane of hepatocytes (S: sinusoid). Scale 
bnes, 48/~m. 
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periods. This result differs from previous studies in the 
weaned nonlactating rat mammary gland, which failed to 
show smaller molecular weight species of GLUT1 (10). As 
our Northern blotting analysis of GLUT1 mRNA in the 
mammary gland of lactating cow and dry cow showed that 
a similar size mRNA is expressed in both mammary tissues, 
the difference in the apparent molecular masses of the trans- 
porter protein present in both mammary tissues probably 
results from posttranslational modifications. We do not 
know whether differences in the single N-linked oligosac- 
charide side chain could account for this observation or 
whether proteolysis is involved. Proteolysis occurring during 
the homogenization of the tissues was unlikely in the pres- 
ence of the cocktail of proteinase inhibitors used. However, 
as we detected the transporters with an antisera specific for 
the COOH-terminus, any proteolytic cleavage must be re- 
stricted to the NH2-terminus. Further studies should be car- 
ried out using the antibody specific for the NH2-terminus 
and assessing the molecular mass of the transporter polypep- 
tide itself by removing quantitatively the single N-linked 
oligosaccharide from the transporter. 

The abundance of GLUT1 protein in the crude mem- 
brane preparation from the mammary gland of dry cows was 
surprisingly higher than in the lactating mammary gland. 
This result is also not consistent with the previous studies 
on the rat mammary gland in which there is a large reduc- 
tion in the content of GLUT1 glucose transporter found 
after weaning (10). Explanations for our result are un- 

FIG. 4. Northern blotting analysis of GLUT1 mRNA (A) a n d  
Western blotting analysis of GLUT1 protein (B) in the mam- 
mary g l a n d  f r o m  t w o  dry  (1) and two late lactating (2) bo- 
v ines .  50 #g crude membrane fractions were used in each 
lane in Western blotting analysis. 
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have a low Km value for glucose and is probably nearly satu- 
rated by physiological plasma concentrations of glucose, 
since the physiological plasma glucose concentrations seem 
not to be limiting for glucose utilization in the mammary 
gland of the lactating cow (16). Uptake of glucose is not 
influenced by its arterial concentration of 2.2 to 4.7 mM 
(31). In accordance with this observation, Rook and Hop- 
wood showed a direct relation between plasma glucose con- 
centration and lactose synthesis at concentrations up to 2.2 
mM (34). However, there is little further increase in lactose 
synthesis at higher concentrations. A value of 2.2 mM is at 
the lower limit of the normal range for lactating cows. Kron- 
feld et al.  found that the relationship between milk produc- 
tion and plasma glucose concentration was linear below a 
plasma glucose concentration of about 3.0 mM. Raising the 
plasma glucose concentration above this did not increase 
milk production (23). 

Interestingly, bovine mammary gland expresses two dif- 
ferent species of GLUT1 protein during dry and lactation 

2.8kb----~ 

B 1 2 

FIG. 5. Northern blotting analysis of GLUT1 mRNA (A) a n d  
Western blotting analysis of GLUT1 protein (B) in the m a m .  
m a r y  gland from three cows at 118 days of lactation ( 1 ) a n d  
three cows at 181 days of lactation (2). 50/*g crude mem- 
brane fractions were used in each lane in Western blotting 
analysis. 
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known. Linked with the observation is the question of the 
physiological significance of the high expression of GLUT1 
protein in the dry bovine mammary gland. We speculate 
that our result may be due to different enrichment of plasma 
membrane fraction resulted from our crude membrane prep- 
aration procedures applied to lactating and nonlactating 
cows. Alternatively, the smaller molecular weight species 
of GLUT1 expressed during this period may have different 
kinetic properties. Since the expression of GLUT1 mRNA 
was similar in the mammary gland of late lactation and dry 
cows, any enhanced expression of GLUT1 protein in the 
bovine mammary gland during the dry period is due to ei- 
ther translational or posttranslational steps. 

Generally, milk production declines from 118 days to 181 
days of lactation. GLUT1 protein levels detected in the 
mammary gland of 118 day lactating cows was not statisti- 
cally different from that observed for cows at 181 days of 
lactation. This lack of significance is mainly due to the large 
individual variation in GLUT1 protein within the 118 d 
group. Even so, our data show a trend of higher GLUT1 
protein in earlier lactation cows. Higher glucose transporter 
level in the mammary gland is not necessarily a prerequisite 
for higher milk production. Administration of bovine 
growth hormone (bGH) or bGH-releasing factor (bGHRF) 
to lactating cows for 63 days increases milk yield, but does 
not change GLUT1 protein levels in the mammary gland 
(40). The primary action of bGH and bGHRF in increasing 
mammary glucose availability may result from increased 
blood flow rate to the mammary gland (13,28) and de- 
creased glucose utilization in providing NADPH or a-glyc- 
erol-phosphate for triacylglycerol esterification (4). 

In the present study we were unable to detect any 
GLUT4 in the lactating bovine mammary gland. GLUT4 
is known to be the transporter isoform primarily responsible 
for insulin-stimulated glucose transport (21). The result in- 
dicates that glucose transport is not regulated by insulin in 
the mammary gland of the lactating cow. As in nonrumi- 
nants, insulin is the major hormone controlling glucose uti- 
lization by extrahepatic tissues, such as skeletal muscle and 
adipose tissue in ruminants (38). However, in the lactating 
bovine mammary gland there is little evidence to suggest 
that insulin controls the entry of glucose into the mammary 
epithelial cells (19,20,25). The non-insulin-sensitive char- 
acter of mammary glucose uptake may play an important 
role in lactation. During fasting, lactation or pregnancy, 
when plasma insulin concentrations are low (3,27) and less 
glucose is taken up by adipose tissue and muscle (30,33), a 
greater proportion of glucose is available for the non-insu- 
lin-responsive mammary tissues. 

Surprisingly, we also did not detect any GLUT4 signals 
in the mammary gland of dry cows. During the dry period, 
involution of mammary secretory cells accelerates when 
milk removal is stopped, the space previously occupied by 
the degenerating alveoli is replaced with adipose ceils. 
GLUT4 is a major glucose transporter isoform in adipose 

tissues. A possible explanation for our results is that GLUT4 
content in ruminant adipose tissues is much lower than ob- 
served in nonruminant animals. It has been reported that 
GLUT4 protein content in cattle adipose tissue is only 14 
to 22% of rat (1,18). In our Northern blotting (39) and 
Western blotting analysis, GLUT4 mRNA and protein are 
only barely detectable in omental fat using 30/~g total RNA 
and 50 ~g crude membrane protein, respectively. 

In conclusion, GLUT1 appears to be the major glucose 
transporter isoform in bovine mammary gland. We could 
not detect any GLUT4 in the mammary gland of both lac- 
tating and dry cows, which would suggest that glucose up- 
take is not regulated by insulin in the bovine mammary 
gland during dry and lactation periods. 
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