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S. Four mid-lactation Holstein dairy cows (mean milk yield on day of
experiments 26±1 kg}d) were used in a series of experiments to establish the
contribution of non-insulin-mediated glucose uptake to total glucose uptake at basal
insulin concentrations. A secondary objective was to determine whether somato-
statin affects the action of infused insulin. In part I of the experiment a primed
continuous infusion of [6,6-#H]glucose (45±2 µg}kg per min) was begun at time 0 and
continued for 5 h. After 3 h of [6,6-#H]glucose infusion (basal period) a primed
continuous infusion of insulin (0±001 i.u.}kg per min) was administered for 2 h.
Coincident with the insulin infusion, normal glucose was also infused in order to
maintain the plasma glucose concentration at euglycaemia. Part II of the experiment
was the same as part I except that somatostatin was infused for 2 h (0±333 µg}kg per
min) instead of insulin. In part III of the experiment both insulin and somatostatin
were infused for the final 2 h. Plasma insulin levels were increased by insulin infusion
(to 0±1476 and 0±1290 i.u.}l for parts I and III respectively) and were reduced by
somatostatin infusion in part II (to 0±006 i.u.}l) relative to the basal periods (mean
0±021 i.u.}l). Glucose uptake during somatostatin infusion (2±50 mg}kg per min; part
II) was 92±0% of that observed in the respective basal period (2±72 mg}kg per min).
Circulating insulin levels were much lower than the dose of insulin that causes a half
maximal effect on glucose uptake (0±06–0±10 i.u.}l for ruminants) ; consequently
insulin-mediated glucose uptake was probably absent in part II. Secondly, glucose
uptake following insulin only infusion (4±05 mg}kg per min) was significantly lower
than that observed when insulin plus somatostatin was infused (4±69 mg}kg per min),
indicating that somatostatin either directly or indirectly enhanced the action of
insulin on glucose uptake.

Glucose uptake by tissues is controlled by both insulin-dependent and insulin-
independent pathways, in ruminants and non-ruminants. However, although
numerous studies have examined the relationship between insulin and glucose
utilization in ruminants (Weekes et al. 1983; Sano et al. 1993) relatively few have
determined non-insulin-mediated glucose (NIMG) uptake as a proportion of total
glucose utilization. Using regression analysis, Janes et al. (1985) extrapolated glucose
turnover to a zero insulin concentration from normal and elevated plasma insulin
concentrations in sheep, and determined that NIMG uptake is C 65% of total
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glucose turnover. However, this method of calculation makes the assumption that
the increase in glucose turnover with increasing insulin concentration is linear at low
plasma insulin concentrations, an assumption not necessarily true. As far as we are
aware there have been no attempts to determine NIMG uptake in lactating dairy
cows. However, as the ruminant mammary gland is insensitive to insulin (Laarveld
et al. 1981) but accounts for C 50–80% of whole body glucose turnover at peak
lactation (Annison, 1983) it is likely that NIMG uptake will represent an even greater
proportion of total glucose turnover. In studies in humans and other non-ruminants,
somatostatin has been infused which prevents insulin release from the pancreas,
reducing plasma insulin to below detectable levels (Baron et al. 1987b). Under such
conditions measurements of glucose turnover should be entirely non-insulin-
mediated. Using this technique it has been established that insulin-mediated glucose
(IMG) uptake represents C 40% of total post-absorptive glucose turnover in
humans, the remaining 60% being NIMG uptake (Baron et al. 1987a, b). Thus, the
primary aim of the present experiment was to determine the level of NIMG uptake
in lactating dairy cows by preventing insulin release by infusing somatostatin.

In dogs, the concomitant infusion of somatostatin and insulin has been shown to
increase glucose turnover to a level greater than that observed by infusing insulin
alone (Bergman et al. 1984). However, another group using humans have failed to
show any such enhanced response to insulin with somatostatin infusion (Baron et al.
1987b). Thus, a secondary objective of the present work was to establish whether
IMG turnover in dairy cows is enhanced by the infusion of somatostatin.

  

Animals

A total of 12 experiments were performed on four lactating Holstein dairy cows.
The animals were 205³13 d post partum (values are means³) and had an average
milk yield of 26±1³2±2 kg}d on the day of the experiments. The weight of the cows
was 587±2³16±0 kg. The animals were housed in stanchions with constant access to
water and were allowed to exercise daily between 16.00 and 18.00. The cows were
milked daily at 09.00 and 18.00 and the milk yields recorded. Morning and evening
milk samples were retained once each week for the determination of milk components.
The animals were fed so as to maintain body weight and milk yield, using the
Japanese Feeding Standard (Anon. 1987). Hay comprised 40% of the diet and a
commercial compound concentrate 60%. The hay portion of the diet was given at
10.00 and 18.00 and the concentrate portion in 12 equal amounts using an automatic
feeder at 01.00, 03.00, 05.00, 07.00, 10.00, 12.00, 13.30, 15.30, 19.00, 20.30, 22.00 and
23.30. The cows were allowed to adjust to these conditions for at least 21 d before any
experiments were performed.

Experimental procedure

A minimum of 1 week elapsed between experiments on the same animal in order
for the stable isotope of glucose (used for turnover measurements) to clear from the
circulation. The experiments were performed in a randomized block design. At 24 h
prior to an experiment the jugular veins on both sides of the neck were catheterized
to permit the infusions and blood sampling. In part I of the experiment from time 0,
a primed (3±7 mg}kg) continuous infusion of [6,6-#H]glucose (45±2 µg}kg per min at
0±65 ml}min) was begun and continued for 5 h. Immediately before the isotope
infusion, a blood sample was taken in order to determine the background isotope
level. After 180 min, a primed infusion of insulin (0±001 i.u.}kg per min at 1±5 ml}min;
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Actrapid monocomponent porcine insulin; Novo Industri, DK-2880 Bagsværd,
Denmark) began and continued for 120 min (Rose et al. 1996b). Coincident with the
insulin infusion normal glucose was infused in order to maintain the plasma glucose
concentration at the level noted in the basal period. The plasma concentration of
glucose was rapidly determined from 1 ml blood samples taken every 10 min, using
a YSI-Glucose Analyzer (Yellow Springs Instruments, Yellow Springs, OH 45387,
USA) and this was used to adjust the normal glucose infusion rate. For the last
40 min of the basal period and the insulin infusion period the animals were assumed
to have reached a steady state with respect to glucose turnover and all measurements
were taken during these so-called ‘plateau periods’. During the plateau periods large
(15 ml) blood samples were taken into heparinized test tubes every 10 min;
additional large blood samples were taken at 20 min intervals between the plateau
periods. The blood samples were stored on ice until they were centrifuged and the
plasma stored at ®20 °C immediately after the experiment. The design of part II of
the experiment was the same as that of part I except that somatostatin was infused
for 2 h (0±333 µg}kg per min at 0±65 ml}min) from time 180 min instead of insulin.
Glucose was also infused in order to maintain the plasma glucose concentration
constant. In part III of the experiment both insulin and somatostatin were infused
at the same rates as for parts I and II. Infusion solutions were sterilized using sterile
0±2 µm polysulphone filters (Kanto Chemical Co. Inc., Tokyo 103, Japan).

In part I of the experiment only, as soon as insulin had been infused for 2 h, the
[6,6-#H]glucose infusion was stopped, but the insulin and variable glucose infusions
continued so that the plasma glucose concentration was kept at a constant level.
Blood samples were taken at 5, 10, 20, 30, 45 and 60 min after the end of the [6,6-
#H]glucose infusion in order to calculate the cows’ rapidly mixable glucose pool size
from the ‘washout’ of isotope.

Analytical methods

The plasma concentrations of insulin and growth hormone were determined using
radioimmunoassay procedures as described by Fuller et al. (1977) and Johke et al.
(1978) respectively. Plasma concentrations of non-esterified fatty acids were
determined using a commercially available kit (Wako Chemicals Co. Ltd, Osaka 541,
Japan). Plasma α-amino nitrogen concentrations were determined according to
Ibbot (1974). Samples for the measurement of the enrichment of [6,6-#H]glucose were
prepared using a method modified from Wiecko & Sherman (1976) as described by
Rose et al. (1996b). Milk concentrations of fat, protein and lactose were determined
using a Milkoscan 203B milk analyser (Foss Electric, DK-3400 Hillerød, Denmark).

Calculations and statistics

The rate of glucose infused to maintain euglycaemia during the insulin and
somatostatin infusions was calculated at 10 min intervals and expressed as mg}kg
per min. The glucose infusion rate represents the sum of the effects of the insulin and
somatostatin on glucose utilization in peripheral tissues and the suppression of
gluconeogenesis at the liver, and was thus a measure of the overall effect of insulin
and somatostatin on glucose metabolism.

The rapidly mixable pool of glucose was determined by fitting a double
exponential equation to the ‘washout’ of [6,6-#H]glucose (Katz et al. 1981). The non-
steady state equations of Steele et al. (1956) as modified by Cowan & Hetenyi (1971)
were applied to the results to assess the rate of glucose appearance (Ra) and rate of
glucose disappearance (Rd). The sliding fit of triplicates technique was used so that
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non-steady state measurements represented average changes over three consecutive
measurements of plasma glucose concentration and molar percent excess
(Cherrington & Vranic, 1973; Argoud et al. 1987). The rate of endogenous glucose
output was determined by subtracting the glucose infusion rate (required to
maintain a constant plasma glucose concentration) from Ra. The plasma glucose
metabolic clearance rate (MCR) was also determined by dividing Rd by the plasma
glucose concentration at a specific time.

All the results presented are average values for the plateau periods. Differences
in measures of glucose turnover and the plasma concentrations of hormones and
metabolites between the three parts of the experiment, as well as between the basal
and insulin and}or somatostatin infusion periods, were determined by paired
Student’s t tests.



Relatively constant plasma glucose concentrations were maintained during the
plateau periods of the present experiment. The average CV during the plateau
periods was 4±80³0±56% and in no case was it " 9%. The size of the rapidly mixable
glucose pool, calculated from the ‘washout’ of labelled glucose following the end of
the part I experiments, was 121±5³4±66 ml}kg body weight. Values are given
throughout as means³.

The average plateau plasma glucose concentrations were not significantly
different either between the stages of the experiment or between the basal and
infusion periods (Table 1). The glucose infusion rate required to maintain a constant
plasma glucose concentration during the insulin only infusion was significantly lower
than that required when both insulin and somatostatin were infused (Table 1). The
difference was C 20%. The amount of glucose required when insulin was infused
(parts I and III) was significantly greater than that required when just somatostatin
was infused. During the somatostatin only infusions, the normal glucose infusion rate
increased to C 0±8 mg}kg per min within C 30 min of the peptide being infused.
Thereafter, the amount of normal glucose required decreased to 0, usually within
C 80 min of the somatostatin infusion beginning. Following this, plasma glucose
concentrations remained stable in the absence of exogenous glucose infusion.

The values for Ra and Rd were very similar at each stage of the experiment,
indicating that good steady state conditions were maintained with respect to glucose
turnover. During the basal (control) periods, neither Ra nor Rd differed significantly
between parts I and II of the experiment (Table 1). However, in the basal period of
part III both Ra and Rd were higher than their respective values in part II.
Following the infusion of insulin (parts I and III), Ra increased significantly.
Infusion of somatostatin only had no significant effect on either Ra or Rd. During the
infusion of insulin only, Ra and Rd were significantly lower than the respective values
for the infusion of insulin and somatostatin together. During the somatostatin only
infusion, Rd represented NIMG uptake, which in the present experiment was
2±499 mg}min per kg. This was 92±0³2±94% of the Rd value noted in the basal
period.

The glucose MCR was not significantly different between the different stages of
the experiment in the basal periods (Table 1). Glucose MCR over the course of the
experiment is shown in Fig. 1. Following an initial small dip immediately after the
start of the insulin infusions MCR increased rapidly, the rate of increase being
significantly greater for the insulin and somatostatin infusion than when insulin was
infused alone. Relatively stable conditions were maintained in the final 40 min of the
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Fig. 1. Glucose metabolic clearance rate in dairy cows during the basal plateau period and during the
infusion of D, insulin; E, somatostatin or ^, insulin plus somatostatin. Values are means for n¯ 4
with  indicated by vertical bars. , Infusion plateau period.
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Fig. 2. Relationships between plasma insulin concentration and glucose metabolic clearance rate in
dairy cows during E, the basal period and infusion of ^, somatostatin; +, insulin or *, insulin plus
somatostatin. Values are means for n¯ 4 with  indicated by vertical bars. Regression equation A
(utilizing the basal and insulin only values) : y¯ 31x3±520 (r#¯ 0±982). Regression equation B
(utilizing the basal and insulin plus somatostatin values) : y¯ 16x3±821 (r#¯ 0±993).
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with  indicated by vertical bars. , Infusion plateau period.

experiments. When somatostatin was infused alone MCR decreased by C 20% and
then slightly increased, but was still significantly lower at the end of the experiment
than in the basal period. The MCR noted during part II of the experiment represented
NIMG clearance, which was 3±805 mg}min per kg. This was 92±8³2±28% of the MCR
value noted in the basal period. Consequently, we estimated that at basal (i.e.
normal) plasma insulin concentrations, in the cows in the present experiment IMG
turnover represented 7±2% of total glucose clearance. The value for NIMG clearance
(3±805 mg}min per kg) from part II of the experiment was used to calculate IMG
clearance when plasma insulin concentrations were increased to 0±130–0±150 i.u.}l.
The values obtained were 38±3³3±75% of total glucose clearance during the insulin
only infusion and 49±0³3±87% when insulin and somatostatin were infused together.
These latter two values, which were significantly different (P! 0±05,  3±37), were
calculated assuming that all the extra glucose infused was utilized by insulin-
mediated pathways. The relationship between glucose MCR and plasma insulin
concentration in the different parts of the present experiment is shown in Fig. 2.
When the linear regressions of Fig. 2 were used to extrapolate to a zero insulin
concentration, then NIMG clearance as a proportion of the respective glucose
clearances at basal insulin concentrations became 91±07³1±39 and 86±44³2±23% for
parts I and III of the experiment respectively. These values were not significantly
different (P" 0±1,  2±099); determined by extrapolation, they were also not
significantly different from the NIMG clearance determined from part II of the
experiment (P" 0±1,  1±328 and P" 0±05,  2±527 for the values determined
from parts I and III respectively).

The rate of endogenous glucose output during the experiments is shown in
Fig. 3. At the start of the infusions, glucose output greatly decreased (relative to the
Ra observed during the basal period) and subsequently increased, but was still
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C 35–40% lower (in the case of parts I and III) and C 15% lower (in the case of part
II) at the end of the experiment than the Ra observed in the basal period. There were
no differences between the infusions in the rate of hepatic glucose production in the
plateau periods at the end of the experiment.

The plasma concentration of insulin was greatly increased by the insulin infusions
(parts I and III), though there was no significant difference in insulin concentration
between the insulin and insulin plus somatostatin infusions (Table 2). Following the
infusion of somatostatin there was a significant reduction in the plasma concentration
of insulin, until relatively stable levels (C 0±006 i.u.}l) were observed. The plasma
concentrations of glucagon were also significantly lower following the infusion of
somatostatin (in parts II and III), though no effect was observed when insulin alone
was infused (Table 2). The plasma concentration of growth hormone was not
significantly affected by the insulin or somatostatin infusions, though the values
were numerically reduced during the infusions when compared with the values in the
basal periods (Table 2). The plasma concentrations of growth hormone were not
significantly different between the different infusion experiments, in either the basal
or infusion plateau periods. The plasma concentration of cortisol was not significantly
affected by any of the infusions in the present experiment, though the value in the
basal period of part III was significantly lower than that in the other experiments
(Table 2). The plasma concentration of non-esterified fatty acids was significantly
reduced by the somatostatin plus insulin and insulin alone infusions, though there
was no significant effect of somatostatin alone (Table 2). The plateau non-esterified
fatty acids value in part III of the experiment was significantly lower than that
found in part I.

The mean concentrations of fat, protein and lactose in the milk samples over the
3 weeks of experimentation were 39±3³3±8, 32±7³1±3 and 42±9³1±3 g}kg respectively.



The present experiment has demonstrated that the proportion of basal glucose
uptake that is mediated by insulin in fed mid-lactation dairy cows is relatively small,
at C 8% of basal glucose utilization. This value compares with 18% for fed non-
pregnant, non-lactating sheep in the study of Janes et al. (1985), in which glucose
uptake was extrapolated to a zero plasma insulin concentration from basal and
elevated insulin levels. Rates of IMG uptake as a proportion of total glucose
utilization in normal humans, determined using methods similar to those in the
present study, as well as methods using linear regression analysis, at postprandial
basal insulin levels have been in the range 15–30% (Gottesman et al. 1983; Baron et
al. 1988). In the present experiment, IMG uptake increased to 38±5% when insulin
concentrations were increased to C 6-fold those of basal levels.

In the present experiment, the values of NIMG clearance obtained following
severe hypoinsulinaemia induced by somatostatin and by extrapolation from
elevated insulin concentrations were largely similar, indicating a similar applicability
for both techniques. Estimates of NIMG clearance achieved following extrapolation
from values of glucose clearance obtained from concomitant infusion of insulin and
somatostatin are, however, possibly less reliable, even if in the present experiment
the value from part III was not quite statistically significantly different from the
value obtained by insulin only infusions. Ideally, a number of insulin infusion rates
should have been used in the present experiment to ensure that glucose clearance
varied linearly with insulin concentration. However, several studies have found that

https://doi.org/10.1017/S0022029997002215 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029997002215


350 M. T. R  

this relationship is linear over this range of plasma insulin concentrations in cows and
sheep (Janes et al. 1985; Rose & Obara, 1996; Rose et al. 1996b).

The mammary gland has been shown to account for some 50–80% of the total
glucose entry rate into the body in lactating cows, depending upon milk yield
(Annison, 1983), and as it is widely accepted that the ruminant mammary gland is
insensitive to insulin (Laarveld et al. 1981) milk production probably accounts for a
very large proportion of NIMG uptake in lactating animals. Indeed, it has been
calculated that 1 l of milk requires a mammary glucose uptake of C 72 g (Kronfeld,
1982). If this figure is applied to the milk yield observed on the experimental days
of the present study then it can be calculated that C 88% of total NIMG uptake (or
C 82% of total glucose turnover at normal insulin concentrations) can be accounted
for by the mammary gland.

In the basal periods, glucose turnover was greater in part III than in part II only
when expressed as Ra and Rd, but not when expressed as MCR. MCR is the preferred
measure of glucose turnover when there are small variations in the plasma glucose
concentration because expressing turnover rate as MCR removes the effect that
plasma glucose concentration has on the rate of its own disposal, provided changes
in glucose concentration are relatively modest.

There was a very clear effect in the present experiment for the somatostatin
infusion to increase the turnover of glucose during concomitant insulin infusion. It
has previously been noted that when insulin and somatostatin (at 48±2 µg}kg per h)
were infused into dogs, there was a similar, though more striking (65%), increase in
the clearance of glucose from plasma than when insulin alone was infused at the same
rate (Bergman et al. 1984). However, conflicting results have been obtained from
another study in humans, in which somatostatin had no effect on glucose clearance
during insulin infusion (Baron et al. 1987b). The latter authors suggested that the
conflicting results may be due to the dose of somatostatin used; Baron et al. (1987b)
used a lower rate of somatostatin infusion than either the present study or that of
Bergman et al. (1984). The mechanism by which somatostatin increases insulin action
is unclear. The largely similar rates of endogenous glucose output in the plateau
periods of parts I and III indicate that the effect of the somatostatin was peripheral
rather than on the liver. Somatostatin also failed to evoke an increase in glucose
turnover when infused alone into the arms of humans (Capaldo et al. 1986), and thus
the result in the present experiment was unlikely to be due to somatostatin directly
causing an increase in glucose uptake. Consequently, somatostatin possibly either
directly increased the sensitivity of the tissues to insulin, or some secondary effect of
somatostatin subsequently increased insulin sensitivity. A direct effect of somato-
statin on insulin action would require that there were somatostatin receptors on
insulin-sensitive tissues. While we are not aware of any reports demonstrating the
existence of somatostatin receptors on insulin-sensitive tissues in the ruminant,
somatostatin receptors have been demonstrated in vitro in adipose tissue and cardiac
muscle in the rat (Simon et al. 1988; Patel et al. 1995). It is possible that a reduction
in growth hormone concentration may mediate the effect of somatostatin. However,
the non-significant, short-term growth hormone reduction noted in the present
experiment is unlikely to have such a large and immediate effect on insulin action;
certainly no such effect has been noted for humans or dogs (MacGoreman et al. 1981;
Bergman et al. 1984). Additionally, a short-term reduction in glucagon levels is also
unlikely to have a large effect on peripheral glucose utilization in ruminants
(Brockman, 1986). It is not possible from the present experiments to determine what
mechanism is responsible for the effect noted.
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The plasma concentration of insulin was not completely suppressed by the
somatostatin infusion, averaging 0±006 i.u.}l during the part II plateau period. In the
report of Rose et al. (1996a) it was shown that complete suppression of
immunoreactive insulin concentrations was not possible in sheep using somatostatin,
the minimum concentration achieved being C 0±005 i.u.}l. To measure rates of
NIMG uptake it is necessary to induce a severe condition of insulin deficiency. In the
present experiment plasma insulin concentrations fell immediately following the
somatostatin infusion and remained close to or below the minimum detectable dose
for the length of the study; it is therefore possible that there was a low level of IMG
uptake. However, given that the sensitivity (i.e. the dose causing half maximal
response) of sheep to insulin is between 0±06 and 0±10 i.u.}l (Weekes et al. 1983; Janes
et al. 1985) such very low circulating levels are unlikely to have caused a measurable
effect on glucose utilization. It is also possible that other blood components or
artifacts cross reacted with the insulin antibody used in the assay, apparently
increasing the level of immunoreactive insulin present.

Following the onset of the somatostatin and insulin infusions there was a decrease
in the rate of hepatic glucose production in all three parts of the experiment. In the
case of somatostatin infusion alone (part II) an initial decline in glucose production
exceeded utilization. The natural result of such an imbalance is hypoglycaemia which
was prevented by the exogenous infusion of glucose. This sequence of events may be
the result of a faster onset of the deactivation of the effect of glucagon on the liver
relative to that of insulin (Gray et al. 1982), leading to the unopposed inhibitory
action of insulin on hepatic glucose production (Lavelle-Jones et al. 1987).
Consequently, the decline in hepatic glucose output would leave insufficient glucose
for requirements in the periphery. Later, insulin would also clear from the
circulation, removing the inhibition on gluconeogenesis, therefore reducing the
external glucose infusion rate required for euglycaemia to zero. The infusion of
insulin (parts I and III) caused the well established partial inhibitory effect of insulin
on hepatic glucose production (Weekes et al. 1983), though the concomitant
infusion of somatostatin apparently had no additional significant effect on hepatic
glucose output.

The present study has demonstrated that IMG clearance in dairy cows is
relatively small at C 7±2%. The small value, relative to values for other species, is
due to the large NIMG requirement by the mammary gland. When plasma insulin
levels were increased to C 0±150 i.u.}l, IMG clearance increased to 38±3% of total
glucose turnover. Additionally, somatostatin apparently either directly or indirectly
increased the action of insulin on whole body glucose turnover, possibly by making
tissues more sensitive to insulin.

The authors thank Ms C. Kasugai for her help with the experimental work. We
are also indebted to Dr K. Hodate for preparing the growth hormone assay and to
Dr T. E. C. Weekes, University of Newcastle upon Tyne, UK, for his helpful
comments on the original manuscript. This work was supported by a Biomedia
Programme Grant in Aid award (BMP 96-V-2-2-11) from the Japanese Ministry of
Agriculture, Forestry and Fisheries.



A, E. F. 1983 Metabolite utilization by the ruminant mammary gland. In Biochemistry of Lactation,
pp. 399–436 (Ed. T. B. Mepham). Amsterdam: Elsevier

https://doi.org/10.1017/S0022029997002215 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029997002215


352 M. T. R  

A. 1987 [Japanese Feeding Standard for Dairy Cattle.] Tokyo: Japanese Agriculture, Forestry & Fisheries
Research Council Secretariat

A, G. M., S, D. S. & E, R. P. 1987 Underestimation of hepatic glucose production by
radioactive and stable isotopes. American Journal of Physiology 252 E606–E615

B, A. D., B, G., W, P. & E, S. V. 1988 Rates and tissue sites of non-insulin- and
insulin-mediated glucose uptake in humans. American Journal of Physiology 255 E769–E774

B, A. D., W, P. & B, G. 1987a In vivo regulation of non-insulin-mediated and insulin-
mediated glucose uptake by cortisol. Diabetes 36 1230–1237

B, A. D., W, P. & O, J. M. 1987b In vivo regulation of non-insulin-mediated and insulin-
mediated glucose uptake by epinephrine. Journal of Clinical Endocrinology and Metabolism 64 889–895

B, R. N., A, M., F, D. T. & P, G. 1984 Extrapancreatic effect of somatostatin
infusion to increase glucose clearance. American Journal of Physiology 247 E370–E379

B, R. P. 1986 Pancreatic and adrenal hormonal regulation of metabolism. In Control of Digestion and
Metabolism in Ruminants, pp. 405–419 (Eds L. P. Milligan, W. L. Grovum and A. Dobson). Englewood Cliffs,
NJ: Prentice Hall (International Symposium on Ruminant Physiology 6, Banff, 1984)

C, B., S, D., R, G., P, N. & S, L. 1986 Direct evidence for a stimulatory
effect of hyperglycemia per se on peripheral glucose disposal in type II diabetes. Journal of Clinical
Investigation 77 1285–1290

C, A. D. & V, M. 1973 Effect of arginine on glucose turnover and plasma free fatty acids in
normal dogs. Diabetes 22 537–543

C, J. S. & H, G. 1971 Glucoregulatory responses in normal and diabetic dogs recorded by a new
tracer method. Metabolism 20 360–372

F, M. F., W, T. E. C., C, A. & B, J. B. 1977 The protein sparing effect of
carbohydrate. 2. The role of insulin. British Journal of Nutrition 38 489–496

G, I., M, L. & G, J. 1983 Estimation and kinetic analysis of insulin independent
glucose uptake in human subjects. American Journal of Physiology 244 E632–E635

G, R. S., S, J. A., G, J., O, J. M. & K, O. G. 1982 In vivo deactivation of
peripheral, hepatic, and pancreatic insulin action in man. Diabetes 31 929–936

I, F. A. 1974 Amino acids and their metabolites. In Clinical Chemistry: Principles and Technics,
pp. 565–638 (Eds R. J. Henry, D. C. Cannon and J. W. Windleman). Hagerstown, MD: Harper & Row

J, A. N., W, T. E. C. & A, D. G. 1985 Insulin action and glucose metabolism in sheep fed
on dried-grass or ground, maize-based diets. British Journal of Nutrition 54 459–471

J, T. 1978 Effects of TRH on circulating growth hormone, prolactin and triiodothyronine levels in the
bovine. Endocrinologia Japonica 25 19–26

K, J., O, F., C, M. & D, A. 1981 The determination of lactate turnover in vivo with
$H- and "%C-labelled lactate. The significance of sites of tracer administration and sampling. Biochemical
Journal 194 513–524

K, D. S. 1982 Major metabolic determinants of milk volume, mammary efficiency, and spontaneous
ketosis in dairy cows. Journal of Dairy Science 65 2204–2212

L, B., C, D. A. & B, R. P. 1981 The effect of insulin on net metabolism of
glucose and amino acids by the bovine mammary gland. Endocrinology 108 2217–2221

L-J, M., S, M. H., K, O., M, A. R. & O, J. M. 1987 Non-insulin-
mediated glucose uptake predominates in postabsorbtive dogs. American Journal of Physiology 252

E660–E666
MG, L. R., R, R. A. & G, J. E. 1981 Physiological concentrations of growth hormone

exert insulin like and insulin antagonistic effects on both hepatic and extrahepatic tissues in man. Journal
of Clinical Endocrinology and Metabolism 53 556–559

P, Y. C., G, M. T., P, R., D, L., N, H. & S, C. B. 1995 The
somatostatin receptor family. Life Sciences 57 1249–1265

R, M. T. & O, Y. 1996 Effect of growth hormone on the response to insulin and glucose turnover in
sheep. Journal of Agricultural Science 126 107–115

R, M. T., O, Y., F, H. & H, K. 1996a The effects of somatostatin infusion on the plasma
profile of growth hormone, insulin and cortisol in sheep. Asian and Australasian Journal of Animal Science
9 57–61

R, M. T., O, Y., F, H., I, F., O, A., T, Y., H, K. & O, S. 1996b
Effect of growth hormone-releasing factor on the response to insulin of cows during early and late lactation.
Journal of Dairy Science 79 1734–1745

S, H., N, S., K, T., T, A. & T, Y. 1993 Insulin responsiveness to glucose
and tissue responsiveness to insulin during lactation in dairy cows. Domestic Animal Endocrinology 10

191–197
S, M. A., R, B. & C, C. 1988 Characterization of somatostatin binding sites in isolated rat

adipocytes. Regulatory Peptides 23 261–270
S, R., W, J. S.,  B, R. C. & A, N. 1956 Measurement of size and turnover rate of body

glucose pool by the isotope dilution method. American Journal of Physiology 187 15–24

https://doi.org/10.1017/S0022029997002215 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029997002215


Glucose uptake in dairy cows 353

W, T. E. C., S, Y. & T, T. 1983 Enhanced responsiveness to insulin in sheep exposed to cold.
American Journal of Physiology 244 E335–E345

W, J. & S, W. R. 1976 Boro-acetylation of carbohydrates. Correlations between structure and
mass spectral behavior in monoacetyhexose cyclic boronic esters. Journal of the American Chemical Society
98 7631–7637

https://doi.org/10.1017/S0022029997002215 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029997002215

