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CHAPTER I
INTRODUCTION

The role that insulin plays in regulating nonruminant
mammary metabolism is not well established. Mammary tis-
sue requires insulin for survival in vitro (ll1). Further-
more, insulin, in combination with p:olactin'and adrenal
corticoid is necessary for maximal stimulation of milk
lipid (5, 32) and protein (34) synthesis. On the other
hand, insulin is not essential to lactose synthesis (4)
nor glucose uptake (24) by the mammary gland, Therefore,
insulin appears to act in a permissive rather than a reg-
ulatory capacity with respect to most mammary cell
functions.

Recently, Jones et al. (21) reported that infusion of
insulin at a dosage which led to a small physiological
rise in plasma insulin concentration without causing
marked hypoglycemia stimulated lipogenic rates in rat mam-
mary gland by 100%. They concluded that the lactating
mammary gland is a highly insulin-sensitive tissue., 1In
addition, Threadgold and Kuhn (35) demonstrated that

transport of 3-@-methylglucose by the mammary glands of

1l



starved rats can be restored toward normal by insulin.
These two studies indicate that insulin may be more impor-
tant ia regulating mammary metabolism than the majority of
evidence implies.

An in vitro insulin requirement for mammary secretory
cell maintenance (11l) suggests that insulin works directly
on the mammary cell. Moreover, the fact that only small
changes in insulin concentration are required to produce
large rate changes in mammary lipogenesis (21) implies
that plasma insulin concentration by itself is not respon-
sible for the high sensitivity of the gland to insulin.
Insulin receptors have been identified in murine mammary
cells (9, 17, 18, 27). Furthermore, insulin binding to
murine mammary cells is greater during lactation than
during pregnancy (9, 18, 27). Physiological regulation of
insulin binding to the mammary gland suggests that the
responsiveness of the gland can be altered, at least in
part, via the insulin receptor.

Since glucose metabolism is known to differ between
ruminants and nonruminants (22), the role that insulin
plays in regulating ruminant mammary metabolism is par-
ticularly unclear. Little glucose is absorbed from the
gut of the ruminant (22); hence, endogenous glucose pro-

duction must meet the animal's glucose needs.



Gluconeogenesis is permanently active in the ruminant
(22), occurring primarily in the liver (3). As a result,
blood glucose and insulin concentrations are lower in
ruminants (14) than in nbnruminants (38). 1In addition,
ruminants seem less sensitive to insulin than nonrumi-
nants, Blood glucose concentrations in diabetic sheep
respond slowly to insulin administration (4 4) (28), -but
the same response in the nonruminant occurs rapiqu (30
min) (12).

As in the nonruminant, insulin is required for
viability of ruminant mammary tissue in vitro (6) and
maintenance of secretory activity in vivo (26). Insulin
also does not appear to be required for lactose synthesis
(16) and glucose transport (15) in the mammary gland of
the ruminant. Conversely, ruminant mammary tissue seems
less responsive to insulin than nonruminant mammary tissue
with respect to lipogenesis since insulin added in vitro
to ruminant mammary tissue in the presence of acetate and
glucose has no stimulatory effect (2).

Vernon et al, (36) postulated that removal of adipose
tissue from the cow results in temporary refractoriness to
insulin stimulation. These workers found that bovine
adipocytes incubated for only 24 hr in vitro responded

only slightly to insulin stimulation of glucose uptake and



pyruvate kinase activity. On the other hand, adipocytes
incubated for 48 hr in vitro responded greatly to insulin
stimulation. Temporary refractoriness of bovine mammary
tissue in culture could account for the inability of pre-
vious investigators (2) to detect a stimulatory effect of
insulin on lipogenesis,

Although insulin is essential for normal mammary
function both in vitro (6) and in vivo (26) in the rumi-
nant, the insulin-insensitivity of the gland seems to rule
out a regulatory role for insulin, Nonetheless, nonrumi-
nant mammary tissue also appears refractory to insulin
stimulation with respect to lactose synthesis (4) and
glucose uptake (24); yet, certain physioclogical condi-
tions, such as lactation, result in upregulation of insu-
lin receptor numbers on the mammary cell (9, 18) implicat-
ing insulin in the regulation of mammary metabolism. With
this in mind, examination of insulin receptor regulation
in the mammary gland of the ruminant was indicated.

At the time the experiments in this dissertation were
initiated, insulin receptors had not been identified in
bovine mammary tissue. Insulin receptors had been iden-

tified, however, in bovine liver microsomes (30). Since a



thorough characterization of insulin receptors is essen-
tial to future studies dealing with insulin receptor reg-
ulation in the mammary gland of the ruminant, insulin
receptors in bovine mammary microsomes were characterized.
Insulin receptors in bovine liver microsomes were also
studied for comparative purposes, as well as for technique
verification.

Posner et al. (29) reported significant tissue and
species differences in insulin b}qding. Such differences
could indicate differential insulin requi:gments, both
among species and among tissues within species. In view
of the differences between ruminants and nonruminants in
glucose metabolism and insulin regulation éhereof (20),
differences in insulin binding between these two animal
groups might be expected. Therefore, insulin binding by
liver and mammary microsomes of the pig and dairy cow, two
species not examined by Posner et al. (29), was examined
and compared.

In the aforementioned studies, a microsomal model was
chosen because microsomal preparation is economical and
convenient in that large quantities of tissue can be pre-
pared at one time and frozen for future use. Unfortunate-

ly, insulin binding to the microsomal fraction is not



necessarily representative of insulfn binding to the plas-
ma membrane, as microsomes are composed of rough endoplas-
mic reticulum,.smooth endoplasmic reticulum, and Golgi
membranes as well (8). Milk, however, contains an abun-
dance of membranes derived from the plasma membrane of the
mammary secretory cell,

when milk fat is secreted into the alveolar lumen,
the fat droplet is coated with a portion of the apical
plasma membrane of the mammary secretory cell (25). These
milk fat globule membranes, MFGM, are easily isolated from
milk in large quantities (7) and contain numerous proteins
(25, 37). Flint and West (10) reported the presence of
insulin receptors in MFGM isolated from murine and caprine
milk.

Since MFGM contain insulin receptors and are thought
to originate from the plasma membrane of the mammary
secretory cell, they may provide a more accurate model
than microsomes for assessing insulin binding ﬁo the mam-
mary gland. Furthermore, the model is advantageous in
that repeat sampling of animals is possible. For this
reason, insulinAblnding to bovine MFGM was assessed and
compared to binding by bovine mammary microsomes, In ad-
dition, the association between insulin binding to MFGM

and physiological and nutritional status was examined to



determine if MFGM could be used to monitor insulin recep-
tor changes in the mammary gland.

High fat diets have been shown to decrease insulin
binding by rat adipocytes (19) and liver plasma membranes
(33), primarily be decreasing the number of insulin recep-
tors available for binding. High fat diets have also been
associated with insulin resistance in the ruminant, Dairy
cattle fed a high fat diet exhibit impaired glucose
clearance and enhanced insulin secretion in response to a
glucose challenge (28). Interestingly, milk protein yleld
(1, 23, 31) and percentage (23, 31) are depressed in dairy
cattle fed a high fat diet. Based on the stiﬁulatory role
of insulin in protein synthesis (13), it is possible that
dietary fat inhibits milk protein synthesis by modulating
mammary insulin receptors. Therefore, the effect of fat
feeding on insulin binding to rat mammary and liver micro-
somes was examined. Although the primary emphasis of this
dissertation was insulin binding by bovine mammary memb-
ranes, rats were employed in this study for economical and
practical reasons, Liver, once again, was included for
comparative purposes.

In summary, the objectives of this dissertation were

as follows:



1. To characterize insulin binding to bovine mammary
microsomes and to determine if the specificity and
kinetics of this binding indicate the presence of insulin
receptors in bovine mammary gland;

2. To examine and compare insulin binding by liver
and mammary microsomes of the pig and dairy cow;

3. To examine insulin binding to bovine MFGM and to
evaluate this model's usefulness in assessing insulin
receptor regulation in the mammary gland; and

4. To examine the effect of dietary fat on insulin

binding by rat mammary and liver microsomes.
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CHAPTER 1II
Characterization of Insulin Binding to Bovine

Liver and Mammary Microsomes

INTRODUCTION

The role of insulin in metabolism of the mammary gland
is uncertain, particularly in the ruminant where low blocd
glucose (Bergman et al, 1970) and low insulin concentra-
tions (Trenkle, 1972) prevail, Studies with lactating rats
(Martin and Baldwin, 1971) and goats (Hove, 1978) indicate
that insulin is not required for glucose uptake by the mam-
mary gland. Insulin is required, however, for maintenance
of lactation, even in ruminants, since all secretory ac-
tivity in alloxan-~diabetic goats is lost irreversibly after
several weeks (Nowak and Dzialoszynski, 1967). Insulin is
essential to the formation of alpha-lactalbumin, casein
(Nicholas and Topper, 1983), and casein mRNA (Bolander et
al, 1981; Kulski et al, 1983) in rodent mammary tissues.
Since these compounds are markers for the terminal dif-

ferentiation of the mammary gland (Rutter et al, 1973;

13



14

Topper and Freeman, 1980), insulin appears necessary for

overt maturation of the mammary epithelial cell.

Insulin interacts with a specific insulin receptor in
the plasma membrane of the cell prior to eliciting its in-
tracellular actions (Kahn, 1975); thus, both the receptor
and insulin concentrations contribute to insulin action.
Under certain physiplogical circumstances, insulin recep-
tors are regulated by changes in receptor numbers and/or
binding affinity (Olefsky and Ciaraldi, 198l), both of
which alter the effective receptor concentration of the
cell. Therefore, the stimulatory effect of insulin is a
function of the effective receptor concentration and the
plasma insulin concentration.

Receptor regulation may be of particular significance
in ruminant mammary function. Lower insulin concentrations
in plasma of ruminants would be inconsequential if receptor
concentration is the definitive factor in cellular
response. Insulin receptors have been characterized in
several ruminant tissues (Grizard, 1983; Peacock et al,
1982; Haskell et al, 1984), including liver (Rosen et al,
1979; Gill and Hart, 1980), and adipose tissue (Vernon et
al, 1985), but have not been identified in ruminant mammary
gland. However, insulin receptors which are subject to
regulation have been identified in murine mammary cells

(Inagaki and Kohmoto, 1982). The objectives of this study
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were: 1) to examine insulin binding to bovine liver and
mammary microsomes; and 2) to determine if the specificity
and kinetics of insulin binding indicate the presence of

ingsulin receptors in bovine mammary tissue.

MATERIALS AND METHODS

Materials. Bovine crystaliiﬁe insulin (26.6 U/mg),
proinsulin, and glucagon were gifts of Eli Lilly Co. (cour-

125 in @.1M NaOH (high

tésy of W. Fields). Carrier-free Na
concentration) was purchased from New England Nuclear,
Bovine serum albumin (BSA; fraction V) and gquinea pig anti-
bovine insulin serum (GPAIS) were obtained from Miles
Biochemical. Phospholipase A2(PL-A2) from bee venom (800

U/mg), phospholipase C (PL-C) (type 1) from Clostridium

perfringens (20 U/mg), and bacitracin (50,000 U/g) came

from Sigma Chemical Co,

Animals. Liver was obtained from three nonlactating
Holstein cows (Bos taurus), 5 yr of age, and from three
lactating cows (Bos taurus) (2 Holstein and 1 Jersey), 3 yr
of age. Mammary tissue was obtained from six lactating
Holstein cows, 3 - 9 yr of age. All animals were killed by

a captive-bholt humane killer and the tissues removed as
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soon as possible (average of 3¢ min postmortem). Upon
removal, tissues were packed and held in ice until

processing.

Preparation of Subcellular Fractions. Liver and mam-

mary microsomes were prepared according to a modification
of Pocius et al (1984). All steps were performed at 4%c.
Tissues were minced finely in a buffer of 25 mM Tris
(hydroxymethyl) aminomethane-HCl (Tris-HCl), 1 ﬁM
{ethylenedinitrilo)~-tetraacetic acid (EDTA), 1 mM
glutathione (reduced), and 250 mM sucrose, pH 7.5 at 4°c.
Minced tissues were homogenized (1 g tissue to 4 ml buffer)
using a Brinkman polytron, setting 7, with a Pr-20ST gener-
ator, two homogenizations per mince, approximately 280 sec
each. Since bovine mammary tissue contains substantial
amounts of connective tissue, some mammary minces required
a third homogenization for adequate liquification of the
tissue. Homogenates were filtered sequentially through
one, two, four, and eight layers of cheesecloth and then
centrifuged at 9150 x g for 15 min. The resultant pellet
(mitochondria, nuclei, and lysosomes) was discarded and the
supernatant filtered through eight layers of cheesecloth.
The filtrate was centrifuged again at 9150 x g_for 15 min.
The resultant supernatant was centrifuged at 106,000 x g

for 1 hr., Microsomes (pellet) were resuspended in 50 mM
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Tris~HCl, 10 mM CaCI2 buffer, pH 7.5, at 4°c and stored at
-20%%.

Membrane protein was usually determined using the
Schacterle and Pollack modification (1973) of the Lowry
protein asséy (Lowry et al, 1951). However, in some cases,
the method of Bradford (1976), was used. BSA was a stan-
dard for both procedures. Specific 1251-1nsu11n binding
was directly proportional to microsomal protein concentra-
tion (data not shown). The protein concentration in all
binding studies was 500 ug Lowry protein/ml unless other-
wise specified.

Microsomes were assayed for insulin binding within §

mon of storage.’

Iodination of Insulin. Insulin was iodinated to a

specific activity of 80 - 150 ucCi/ug using chloramine 7
(Freychet et al, 1971). Ten ug (1 mg/ml) of bovine crys-
talline insulin were reacted with 2mci Nal29p (350-600
mCi/ml) and 10 ug chloramine T (1 mg/ml) for 15 - 2@ sec.
The reaction wﬁé terminated by diluting the mixture with
400 ul of 8.3 M sodium phosphate buffer containing 2.5%
BSA, pH 7.4. The diluted mixture was transferred im-
mediately to a 0.64 x 6.40 cm cellulose column (Whatman
Cellulose Powder, CFll) and eluted with phosphate buffer

125

without and with 12% BSA added to separate free I from
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protéfn-bound 1251. all 1251 eluting with the 12% BSA
buffer was considered to be protein bound and is referred

1251-1nsu1£n pieparation. Prior to use in

to as the crude
a radioreceptor assay, thia'c:ude preparation was purified
on a Sephadex G-50 fine column (1.0 X 25.0 cm) eluted with
56 mM Tris-HCl1l buffer, pH 7.5. Integrity of the purified,
labeled insulin was determined by precipitation with 10%

trichloracetic acid (TCa) and GPAIS immunoprecipitation.

Only 12SI-insulln which was at least 95% TCA precipitable

and 93% immunoprecipitable was employed in these studies,

Standard Binding Assay for Liver Microsomes. Liver

microsomes (560ug bowry protein) were incubated witﬁ g.1

lzsl-insulin in the absence or presence of

pmole (@.6ng)
8.3 nmole (50ug) unlabeled insulin in 56 mM Tris-HCl, 0.1%
BSA, PH 7.8 at 4°c. 1Incubations (1 ml £inal volume) were
in polystyrene tubes (1l x 75 mm) at 4%, in triplicate,
with intermittent handmixing (ca every 8 hr). After 48 hr,
the binding reaction was terminated by addition of 2 ml
iced Tris-BSA buffer to each tube. Separation of bound vs
free radioactivity was accomplished by a f£inal centrifuga-
tion (4,080 x g) for 30 min at 4%c. Supernatant was
decanted, the tubes were drained, and the inside walls

above the pellet blotted with absorbent paper.

Radjiocactivity in membrane pellets was counted for 10 min in
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a gamma counter (The Nuclear Chicago 1185 Series, Automatic
Gamma Counting System) at an average efficiency of 75%.

1251-insulin binding was determined as the dif-

Specific
ference between radioactivity bound in the absence (total
binding) and the presence (nonspecific binding) of excess
(50 ug/ml) unlabeled insulin. This amount was expressed

routinely as a percentage of the total radiocactivity added
to each tube. Nonspecific binding by membranes averaged

approximately 0.5% of the total radiocactivity per incuba-

tion after accounting for radioactivity bound nonspecifi-

cally to the tube.

stgndard Binding Assay for Mammary Microsomes. The

standard mammary binding assay was similar to ﬁhe standard
liver binding assay with the following exceptions:
Incubation buffer consisted of 56 mM Tris-HCl, 0.1% BSA, 1
mM bacitracin, pH 8.0 at 20°. Incubations were at 28°c
for 4.5 hr in polypropylene tubes (12 x 75 mm). Reactions

were terminated by centrifugation at 19,600 x g for 30 min.

Insulin Degradation. 1Insulin integrity as a function

of incubation time was evaluated at 2a°c and 4°C in both
liver and mammary microsomes. After the terminating

centrifugation, the supernatants (1 ml) were precipitated
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by addition of iced 10% TCA (1 ml). The TCA-insoluble
fraction was pelleted by centrifugation at 1465 x g for 18
min at 4°c. Radioactivity in the pellets and corresponding
supernatants was measured in the gamma counter. Intact
radiolabeled protein was expressed as the percent

TCA-precipitable radiolabeled material present.

Membrane Perturbation Studies. Cuatrecasas (1971la)

and Cuatrecasas et al (1971) demonstrated increased insulin
binding to adipose and liver plasma membranes, respective-
ly, of rats by pretreating the membranes with various
agents known to disrupt membrane phospholipid structure.
They proposed that some of the receptors were normally
buried in the membrane (cryptic), but that upon membrane
perturbation, these sites were exposed and binding was
thereby enhanced.

In this study, the presence of cryptic insulin recep-
tors in bovine mammary microsomes was tested using PL-Az,
PL-C, and NaCl as membrane perturbents. Phospholipases
catalyze the hydrolysis of membrane phospholipids; PL—Az
specifically hydrolyzes the sn-2 ester linkage of the phos-
pholipid, while PL-C splits the ester bond in sn-3, remov-
ing the phosphoryl base. The overall effect of both en-
zymes is to change the organization of membrane components.

Likewise, addition of NaCl in high concentrations to the
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incubation medium has been shown to perturb membrane
organization (Cuatrecasas, 1971la).

The protocol used for the membrane perturbation ex-
periment was that of Cuatrecasas et al (1971). Rat liver
microsomes were also employed for comparison as well as for
technique verification. Microsomes were prepared from
livers of male Sprague Dawley rats as described above. Rat
liver microsomes and bovine mammary microsomes (500 ug
Lowry protein/ml) were incubated for 4¢ min at 37°% in
Krebs Ringer Bicarbonate (KRB) buffer with 1% BSA in the
absence (37° ¢ Control) and presence of PL-C (56 ug/ml) or
PL-A2 (20 ug/ml). Microsomes were pelleted by centrifuga-
tion at 100,000 x g for 1 hr at 4°C and resuspended in KRB,
1% BSA at room temperature. Microsomes not incubated
previously at 37% also were suspended in KRB, 1% BSA with
or without (20° C Control) 2 M NaCl at room temperature.
All microsomal treatments were assayed for total insulin
binding in the presence of 0.66 ng/ml 1251-1nsu11n for 4¢
min at 20°c. Nonspecific insulin binding was determined in
parallel incubations containing 50 ug/ml unlabeled insulin.
All incubations were performed in quintuplicate and ter-
minated as in the standard binding assay for bovine mammary

microsomes.
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Analysis of Receptor Concentration and Binding

Affinity. The binding parameters (binding affinities and
receptor numbers} for insulin in bovine liver and mammary
microsomes were determined by Scatchard analysis (1949).
The Scatchard equation was fitted using the NONLIN program

of Metzler et al (1974) for two classes of binding sites.

RESULTS AND DISCUSSION

Specific 125

I-insulin binding to both liver and mam-
mary microsomes was time and temperature dependent (Figures
1l and 2, respectively). Equilibrium binding to liver mic-
rogsomes was established by 48 hr at 4°c and remained stable
for 72 hr (Figure 1l). Equilibrium binding at 20°c was at-
tained by 3 hr and was maintained until 16 hr; thereafter,
binding decreased steadily to a minimum at 72 hr,

t 12SI-insulin degrada-

Freychet et al (1972) found tha
tion by rat liver plasma membranes was significantly
greater when incubated at 38°C than at 1°. Therefore, the
decrease in insulin binding post-16 hr at 20° C may be the
result of increased insulin degradation at the higher 1n;
cubation temperature. This is supported by the observation

that decreased TCA precipitability of the supernatant
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Figqure 1. Time course of specific 1251-insulin
binding to bovine liver microsomes. Each point
represents the mean of triplicate determinations
for six animals. Bars represent the SEM.
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Figure 2. Time course of specific 1251-insulin
binding to bovine mammary microsomes. All incu-
bations contained 500 ug Bradford membrane pro-
tein per ml. Each point represents the mean of
triplicate determinations for six animals. Bars
represent the SEM.
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closely parallelled decreased binding at 20°¢ (Figure 3,
panel B).

Increased insulin receptor degradation also may con-
tribute to decreased insulin binding post-16 hr. Kahn et
al (1974) demonstrated increased insulin receptor degrada-
tion at higher incubation temperatures. This would explain
decreased insulin binding observed between 16 and 24 hr of
incubation (17%) despite the maintenance of hormone in-
tegrity between these two times (93% TCA precipitability at
16 hr vs 92% TCA precipitability at 24 hr).

In contrast to liver microsomes (Figure 1), binding to
mammary microsomes increased steadily over time at both 4°
c and 28° C (Figure 2). For mammary microsomes of Figure
2, no insulin-degradation was detected. at either tempera-
ture over the time course of the study (Figure 3, panel A).

Less insulin bound to both liver and mammary prepara-
tions at the higher temperature. The specific binding of
125I-insulin to liver microsomal membranes (500¢ ug Lowry
protein/ml) at equilibrium was approximately 6.0% at 4°C,
but only 3.7% at 20°C. Specific binding of 2%r-insulin to
mammary microsomal membranes (500 ug Bradford protein/ml)
at 24 hr of incubation was approximately 3.8% at 4°c and
1.5% at 20°c. similar temperature effects on insulin bind-

ing have been demonstrated in erythrocytes (McElduff and

Fastman, 198l) and lymphocytes (Gavin et al, 1973).
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Figure 3. Time dependence of 1251-insulin degrada-
tion by bovine liver (Panel B) and mammary (Panel
A) microsomes., Data are the mean of six animals,
except for 0.5, 1.5, and 3.0 hr data points at
20°C for bovine mammary microsomes (mean of four
animals). Points on the Y axis represent TCA
precipitability (PPT) of 125I-insulin prior to
incubation with microsomes. The average SE for
the curves are as follows: 1iver, 4°9C = 0.2;
liver, 20°C = 2.1; mammary, 49C = 0.1l; and mammary,
20°C = o0.2.
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Although decreased insulin binding at higher temperatures
can be attributed partly to increased insulin and/or
receptor degradation, a decrease in receptor binding af-
finity may also play an important role (Kahn et al, 1974).
Olefsky and Ciaraldi (1981) suggested that in most receptor
systems, dissociation rate is accelerated as a function of
temperature to a greater degree than association rate,
leading to an overall decrease in receptor affinity at
higher temperatures.

Statistically, insulin binding to bovine mammary mic-
rogsomes reached equilibrium by 3 hr of incubation at 4°c
and 0.5 hr of incubation at 20°c (Figure 2). A comparison
of insulin binding in bovine liver and‘mammary microsomes
under similar incubation conditions (4° C, 48 hr) showed
more variability among animals for binding to mammary mic-

1251—1nsu11n

rosomes than for liver microsomes. Specific
binding to liver ranged from 5.61% - 9,.96% with an average
binding of 7.47% + 0.68% (n=6 animals). Specific binding
to mammary microsomes ranged from @.1l% - 2.44% with an
average binding of 0.92% + #.34% (n=6 animals). The higher
variation among animals of mammary microsemal insulin bind-
ing, as seen in Figure 2, may indicate a lack of equi-
librium at either temperature. The binding profiles for

mammary microsomes of individual cows showed abnormal

patterns for several animals. Figure 4 is representative
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Figure 4. Time course of specific 1251 ynsulin
binding to Cow 2699 mammary microsomes. Each point
represents the mean of triplicate determinations.
Bars represent the standard deviation.
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of the deviant binding behavior exhibited in these tissue
preparations. 1Insulin binding appeared to reach steady
state early in the incubation (in this case, 3 hr);
however, continued sampling showed a further increase in
binding at later times. This biphasic binding pattern sug-
gested a dual population of insulin receptors in mammary
microsomes; one population of receptors initially exposed
to the incubation medium and another population of recep-
tors exposed to the incubation medium at a later time.

One criterion of a hormone receptor is that the recep-
tor must bind the hormone both rapidly and reversibly
(Kahn, 1975). Mammary microsomal preparations in this
study apparently failed to attain equilibrium at either
temperature during the time course tested. Therefore, it
is questionable whether the observed binding to bovine mam-
mary microsomes meets the full criteria for a receptor.

The presence of cryptic receptors in bovine membranes
could, however, explain the unusual binding behavior obser-
ved in mammary microsomal preparations in this study.
Membrane alteration during the course of incubation could
expose embedded receptors. The newly gxposed receptors
would require the same finite time to achieve equilibrium
binding as the initially exposed receptors; however, they
would attain equilibrium binding at a much later time

during the binding assay than the initially exposed
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population. If exposure of cryptic receptors occurred
simultaneously, the binding curve should be characterized
by two binding plateaus. The binding over time shown in
Figure 4 for mammary microsomes suggests the presence of
cryptic receptors which are exposed more or less simul-
taneously at a later time in the incubation,

The possibility of cryptic insulin receptors in bovine
mammary microsomes was explored further with membrane per-
turbation studies. The results are in Figure 5. Inclusion
of 2M NaCl in the radioreceptor assay buffer doubled in-
sulin binding to rat liver microsomes (102% increase), but
had relatively little effect on insulin binding to cow mam-
mary microsomes‘(lﬂt'increase)., Bofh enzymatic treatments
of the membranes resulted in increased insulin binding teo
both rat liver and cow mammary microsomes. Phospholipase
A, was more effective than was PL-C. 1Insulin binding in-

2
creased 106% after PL-C digestion and 208% after PL-A

2
digestion in rat liver microsomes compared to increases of
43% and 123%, respectively, in bovine mammary microsomes.
In general, all treatments were more effective in exposing
binding sites in rat liver. Finally, the 37°C control tis-
sues bound less insulin than the corresponding 20°¢ control

microsomes indicating receptor degradation at the higher

temperature.
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Figure 5. The effect of membrane perturbation on
insulin binding to rat liver and cow mammary micro-
somes. All treatments are expressed as % specific
binding per mg Lowry protein. NaCl Control = 20°C.
Phospholipase Control = 37°C,



The results suggest the presence of cryptic receptors
in rat liver and bovine mammary microsomes. Also, the dif-

ferent binding responses seen in these two tissues as a

result of enzymatic and salt treatment show species dif
ferences in membrane organization and/or receptor exposure.

Since cryptic insulin binding sites appear to be
present in bovine mammary microsomes, it is possible that
spontaneous membrane restructuring and cryptic site ex-
posure could occur upon prolonged in vitro incubation. |If

80, the bovine mammary insulin receptor would still attain

equilibrium binding; however, the equilibrium as measured
in this assay would be obscured by membrane changes during
incubation, leading to continued exposure of new receptors
not yet at equilibrium. To circumvent this difficulty, the
time course of insulin binding to bovine mammary microsomes
was examined post-PL-C digestion of the membranes. In this
way, cryptic receptors would play a minimal role, most
having been exposed at the start of the experiment,

Steady state binding in PL-C digested membranes wa
established by 3 hr of incubation at 20°C and maintaine up
to 12 hr of incubation (Figure 6). At 4°c,'equilibr1um was
established statistically by 3 hr of incubation. As
before, the large standard errors in the 4°c study reflect
differences in binding among animals. Individual binding

profiles showed that one of the animals examined at 4°C
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Figure 6. Time course of specific 1251-insulin
binding to bovine mammary microsomes post-PL-C
digestion. Each point represents the mean of
triplicate determinations for three animals. Bars
represent SEM.
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continued to exhibit a double plateau, in this case PL-C
digestion failed to expose all cryptic receptors. The
binding profiles (4°c) from other animals in this study
showed that steady state binding was attained by 12 hr at
4°c. The binding stability between 3 and 12 hr at 20% in
all tissue preparations suggested that equilibrium had been
attained within those times. Therefore, an assay time of
4.5 hr at 20°C was adopted for the remainder of the mammary
studies since equilibrium would be firmly established by
this time, yet the chance of cryptic receptors being ex-
posed would be negligible.

Figure 7 shows the effect of buffer pH on specific
lzsr-insulin binding. Both bovine liver and mammarf micro-
gsomes exhibited sharp pH optima of 7.8 and 8.0, respective-
ly. A pH optimum of 7.5 - 8.0 has been reported for the
insulin receptor from a variety of species and tissues in-
cluding human lymphocytes (Gavin et al, 1973; Olefsky and
Reaven, 1974), turkey erythrocytes (Ginsberg et al, 1977),
rat mammary cells (Flint, 1982), rat adipocytes
(Cuatrecasas, 1971b), and bovine liver plasma membranes
(Rosen et al, 1979).

Hormone binding was specific for insulin in both liver
and mammary microsomes. Insulin was approximately 12-fold

125

more potent than proinsulin in displacing I-insulin from

bovine liver microsomes (Figure 8), while glucagon (200
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ng/ml) was ineffective in displacing insulin. Bovine
mammary microsomes (Figure 9) demonstrated similar binding
specificity with the exception that insulin was 34-fold
more effectlvé than proinsulin in competing for the insulin
receptor.

Scatchard analyses of the competitive binding data for
toth bovine tissues yielded curvilinear plots (Figures 10
end 11). Such curvilinearity is typical of insulin binding
data and is interpreted frequently as evidence for two in-
sulin binding sites; a high affinity-low capacity site and
a low affinity-high capacity site (Olefsky and Ciaraldi,

.1981). However, DeMeyts et al (1976) have suggested that
Scatchard curvilinearity signifies negative cooperativity
among sites.

Since the explanation of curvilinearity remains
debatable, the two receptor site model (Table 1) was chosen
for analysis and description of the plots. The dissocia-
tion constants for both receptor populations in bovine mam-
mary microsomes and for the high affinity receptor popula-
tion in bovine liver microsomes are similar to those
reported previously for a variety of tissues and species
(Kahn et al, 1974; Olefsky and Reaven, 1974; Etherton and
Walker, 1982; Inagaki and Kohmoto, 1982; Haskell et al,
1984) . On the other hand, the K; value obtained for the

low affinity-high capacity binding site of bovine liver (K4
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Y-axis represents 125I-insulin binding at a hormone
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the hormonal treatments are as follows: insulin

= 1.5, proinsulin = 1,2, and glucagon = 1.4,
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Figure 10. Scatchard plot of the competitive
binding data of bovine liver microsomes presented
in Figure 8. Each point represents the mean of
triplicate determinations for six animals.
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Binding capacities and apparent dissociation
constants for bovine insulin of microsomal
membranes from bovine liver and mammary tissue.

Membrane Source

Apparent Dissociation Liver* Mammary Gland"
Constant Kd (M)
~10 =11
High Affinity Binding Site 7.6x18_10 9.6x10,
SE l.1x1@_ 7.5x10@ g
Low Affinity Binding Site 3.2x10@_, 6.8x10 g
SE 1.3x10 4.5x10
Binding Capacity
(moles/mg)
High Affinity Binding Site 1.4x10:{2 z.eng:ig
SE 2.0x10 1.9x1
Low Affinity Binding Site 5.4x10'ii 5.2x1d}2
SE 2.5x10" 2.3x10°
b s
!Pn-z

Moles hormone bound per mg Lowry microsomal protein.
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= 3,2 x lﬂ'GM) is several orders of magnitude less thaﬁ
those cited previously and may be attributable to a lack of
data points in the lower portion of the Scatchard plots for
bovine liver.

Incubation conditions for the competitive binding as-
says differed. Bovine liver was incubated at 4°C for 48 hr
while bovine mammary tissue was incubated at 20°c for 4.5
hr. The lower temperature was adopted for the standard
liver radioreceptor assay because insulin binding was
greater at this temperature; therefore increasing the sen-
sitivity of the assay. A lower incubation temperature also
would have been desirable'for the mammary radioreceptor as-
say because mammary microsomes exhibited low insulin bind-
ing. However, their aberrant binding béhavior over time at
4° ¢ obscured steady state binding at this temperature,
even after enzymatic treatment of the membranes. Since the
validity of Scatchard analysis depends on the establishment
of equilibrium binding in the assay, the higher temperature
was employed for the mammary assay.

Incubation temperature may affect receptor binding af-
finity by altering the dissociation rate constant of the
receptor; hence, a direct comparison of the binding af-
finities of bovine liver and mammary tissue cannot be made,
Nevertheless, the insulin receptor of bovine mammary tissue

bhas a higher affinity for insulin than does the receptor of
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bovine liver since the Ky of liver was lower than the Kq of
mammary even at the lower temperature,

The binﬂing capacities of both the high and low af-
finity sites of bovine liver microsomes observed in this
study (Table 1) are very similar to those reported by Rosen
et al (1979) for bovine liver plasma membranes (R1 = 2,7 %
10'13 moles/mg protein; R2 = 1.4 x 10'12 moles/mg protein).
However, neither our study nor the Rosen et al (1979) study
tested for cryptic receptors in this tissue. Therefore,
the binding capacities of both sites reported in this paper
and that of Rosen et al (1979) may not be a true reflection
of effective receptor concentration in bovine liver.

Estimates of insulin receptor loading in bovine liver
and mammary tissue would provide information concerning’
receptor regulation and perhaps tissue responsiveness.

Such estimates can be made using the data in Table 1 and
the mass action expression for hormone receptor binding at

equilibrium:
(1) (Ry)

[IR] =
Kq + (1]

where [(I] = free insulin concentration, [RT] a total in-
sulin receptor concentration, [IR] = occupied insulin
receptor concentration, and Kq = dissociation constant
(Olefsky and Ciaraldi, 1981). Plasma insulin

concentrations, available from other studies in our
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10y t0 1.7 x 1071% (15-25 pu/m1)

laboratory, of 1.6 x 10~
are characteristic of cattle receiving a typical 60:40
roughage:concentrate diet. Using an average plasma insulin

G'IBM and the values

concentration of 20 uU/mi or 1.4 x1
for Ky and [RT] in Table 1, the degree of hormone loading
for both bovine liver and mammary microsomes can be calcu-
lated. Since the biological significance of the low af-
finity receptor sites is uncertain, (Cuatrecasas and
Hollenberg, 1976), only high affinity sites are considered
here. For bovine liver microsomes, the concentration of

11

insulin-bound receptors is 1.1 x 10 "M or 15% of the total

receptors present. In the case of bovine mammary micro-

g~13M are occupied or 59% of the

somal receptors, 8.3 x 1
total,

It appears from previous studies that only a fraction
of the total hormone receptors present on a cell must be
occupied to elicit a maximal cellular response (Olefsky and
Ciaraldi, 198l). Maximum glucose oxidation in rat
adipocytes was attained with only 2.4% loading of insulin
receptors (Kono and Barham, 1971)., Olefsky (1975) noted
that maximal stimulation of glucose uptake by adipocytes
occurred when only 16% of the insulin receptors were
filled.

From this, both bovine liver and mammary tissue ought

to be under maximal insulin stimulation at plasma insulin
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11

concentrations of > 9.0 x 16" ""M (13 uU/ml); and refractory

to greater stimulation by higher insulin concentrations.
I1f 10% receptor occupancy is accepted as the degree of
receptor loading required to elicit a maximal intracellular

response, a plasma insulin concentration as low as 3.3 x

1

10~ 1y (0.2 ng/ml) would still result in maximal stimula-

tion of bovine mammary tissue (ca 26% receptor occupancy).

-11

Only at insulin concentrations far below 3.3 x 10 M would

the insulin response in bovine mammary tissue be

-11

diminished. Since 3.3 x 16 “"M is the lowest plasma in-

- sulin concentration documented in ruminants (Horino et al,

1968; McAtee and Trenkle, 1971), bovine mammary tissue
would probably be in a constant state of maximal insulin
stimulation at a constant [RTl and Kg* .

This agrees with other studies wherein it appears that
the mammary gland is insulin-independent with respect to
glucose uptake (Martin and Baldwin, 1971; Hove, 1978).
However, Threadgold and Kuhn (1984) recently reported that
insulin promoted 3-0-methyl glucose transport into the mam-
mary gland of starved, but not fed, rats. These results
suggest that insulin is required for glucose transport in
nonruminant mammary tissue, but that a response is not ap-
parent because insulin stimulation of transport is maximal
under most physiological conditions. Extreme cohditions,

such as starvation, could cause plasma insulin to fall
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below the concentration required for maximum stimulation of

. mammary insulin receptors. 1In this case, glucose transport
by the mammary gland would be a function of the insulin
concentration. 1If our calculations are representative, the
plasma insulin concentration in the ruminant would have
little or no influence in regulating cellular insulin
response of the mammary gland at the receptor level under
physiological conditions. This could be a metabolic adap-
tation of the gland to ensure a constant supply of glucose;
hence, p:egerving milk secretion under extreme physiologi=-
cal conditions.

Not all insulin-dependent cellular functions will
necessarily conform to the spare receptor tﬁeory.
Dolais-Kitabgi et al (198l) reported that insulin stimula-
tion of amino acid transport into rat hepatocytes was in
direct proportion to insulin binding up to 80% receptor oc-
cupancy. Therefore, it is possible that while some cel-
lular mechanisms seem to require threshold concentrations
of insulin for maximal stimulation, others respond to in-
sulin in a dose-dependent fashion. Recently, Vernon et al
(1985) examined insulin action and binding in bovine
adipocytes maintained in vitro. Half maximal stimulation
of both glucose transport and pyruvate kinase activity were
observed at an insulin concentration of 8.3 x 10"!lly (0.5

ng/ml) . However, calculations based on their insulin
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binding data approximate 17% receptor occupancy at this
insulin concentration. This is slightly higher than for
rat adipocytes (Olefsky, 1975) where maximal stumulation of
glucose transport occurred at 10% insulin receptor occupan-
cy. Determination of a regulatory role for the insulin
receptor in bovine tissues depends on identification of
those cellular mechanisms which are insulin dose-dependent.

In conclusion, the specificity and kinetics of
1251-1nsu1in binding to bovine mammary microsomes indicate
the presence of insulin receptors in bovine mammary tissue.
These receptors are similar in binding affinity and pH op-
timum to insulin receptors in other species and tissues,
including bovine liver.

Both bovine mammary and rat liver microsomes .
demonstrated increased 12sr-insulin binding after membrane
perturbation with phospholipasges, suggesting the existence
of cryptic receptors in both microsomal preparations. The
response to enzyme perturbation was more pronounced in  rat
liver than in bovine mammary microsomes, and only rat liver
microsomes responded to NaCl treatment.

The reasonlfor these species differences in insulin
binding,.both pre- and post-membrane perturbation, is not
apparent, but may reflect differences in fatty acid com-
position of membrane phospholipids between ruminants and

nonruminants. It is well documented that depot fat of
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ruminants is composed of more saturated and more trans
fatty acids than depot fat of nonruminants (Shorland, 1953;
Hartman et al, 1954). This difference in fat composition
results from microbial biohydrogenation of dietary fat in
the rumen (Dawson and Kemp, 1974). Although differences in
membrane lipid composition between ruminants and non-
ruminants have not been documented, a higher percentage of
gsaturated and trans fatty acids in ruminant membranes could
decrease membrane fluidity (Wahle, 1983), and thereby in-
fluence insulin receptor binding (Berlin et al, 1985).
Although the microsomal preparations employed in this
study provided a relatively easy and inexpensive means of
evaluating insulin receptors in bovine mammary tissue, ex-
trapolation of our results to regulation in the intact cell
may not be appropriate. Further studies correlating in-
sulin binding and biological response in bovine mammary
secretory cells or alveoll are indicated. Use of viable
tissue preparations would provide more accurate information
as to the relationship between insulin binding and action

in the ruminant mammary gland.
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CHAPTER I1I

Insulin Binding by Bovine and Porcine Membranes
INTRODUCTION

Both bovine liver and mammary microsomes have high
affinity insulin receptors with affinity constants of 1.3
x 1694-1 and 1.0 x 1019M~1, respectively (Smith et al,,
1986) . These conatants are similar to those for high af-
finity insulin binding by nonruminant tissues (1.l x
108M-1 to 2.0 x 1618M-1) (Kahn, 1975).

Although mammary microsomes may be used to assess
insulin receptors in the mammary gland (Smith et al.,
1986) , the membrane source must be obtained by mammary
biopsy or slaughter. 1In contrast, milk is easily obtained
from the mammary gland and contains abundant membranes of
mammary secretory cell origin.

Fat droplets are enveloped in a portion of the apical
plasma membrane of the mammary epithelial cell during the
secretory process and occur in milk as membrane-bounded
fat droplets termed milk fat globules (MFG) (Mather & Kee-

nan, 1983). The milk fat globule membranes (MFGM) (Mather

54
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& Keenan, 1983) share many properties with the apical mam-
mary plasmalemma, are easily isolated from milk (Dowben et
al., 1967) and contain numerous proteins, such as HLA an-
tigens (Wiman et al., 1979), xanéhlne oxidase, and
butyrophilin (Mather & Keenan, 1983). Flint and West
(1983) examined 1251-insulin binding to caprine and murine
MFGM in terms of hormone specificity and pH optimum. They
concluded that insulin receptors were present in MFGM but .
did not describe the amount of specific 1251-insulin bind-
ing observed. Since insulin receptors appear to be pres-
ent in MFGM, we postulated that MFGM could be a more con-
venient system than mammary microsomes for monitoring in-
sulin receptor regulation in the mammary gland of lactat-
ing animals.

While the affinity constants for bovine liver and
mammary insulin receptors we reported were similar to each
other, the binding capacities differed by 50-fold (1.4 x
19-13 vs 2,8 x 16-15 moles insulin bound/mg microsomal
protein, respectively) (Smith et al., 1986). 1Insulin
binding by microsomal preparations has been shown to vary
with species and tissue examined (Posner et al., 1974)
which may indicate differential insulin requirements both
among species and among tissues within species. In par-

ticular, substantial differences in insulin binding might
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be expected between ruminants and nonruminants, as glucose
metabolism is known to differ (Lindsay, 1978).

Since little glucose is absorbed from the gut of
ruminants (Lindsay, 1978), endogenous glucose production
is necessary to meet their glucose requirement.
Gluconeogenesis appears to be permanently active in the
ruminant (Lindsay, 1978), occurring primarily in the liver
(Bergman et al., 1974). Both blood glucose and insulin
concentrations are lower in ruminants (Horino et al.,
1968) than in nonruminants (Yalow & Berson, 1960) (fasting
glucose = 50 vs 96 mg/dl, respectively; fasting insulin
= 3 x 10-11M vs 1.5 x 10-10M, respectively). Further-
more, rumiﬁants'seem less sensitive to insulin than non-
ruminants. In diabetic sheep, blood glucose concentra-
tions respond slowly (4 days) to intravenous administra-
tion of insulin (Jarrett et al., 1974). 1In diabetic non-
ruminants, the same response occurs with 3¢ min (Ganong,
1975).

Based on differences between ruminants and nonrumi-
nants in glucose metabolism and insulin regulation thereof
(Jarrett et al., 1974), we postulated that similar dif-
ferences might exist in insulin binding between these two

animal groups,.
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Two studies were conducted to test our postulates.
In Study 1, insulin binding to bovine MFGM was measured
and compared to insulin binding by bovine mammary micro-
somes. In Study 2, insulin binding to liver and mammary
microsomes of the pig and dairy cow, species not examined

by Posner et al. (1974), was examined and compared.
MATERIALS AND METHODS

carrier-free Na 1251 (17.4 Ci/mg) was obtained from
New England Nuclear Products (Boston, MA, U.S.A.). Bovine
gserum albumin (BSA, fractiqn V) and guinea pig antibovine
insulin serum (GPAIS) were purchased from Miles Biochemi-
cal (Elkhart, IN, U.S.A.). Bovine crystal;ine insulin
(26.6 units/mg) was generously provided by W. Fields of
the Eli Lilly Company {(Indianapolis, IN, U.S.A.).

Mammary tissue was obtained from three lactating
crossbred sows (21-28 days lactation) and six lactating
Holstein cows (77-390 days lactation). Liver was obtained
from one lactating, crossbred sow (28 days lactation),
three lactating Holstein cows (270-437 days lactation),
and three nonlactating cows (two Holstein and one Jersey).

All tissues were removed immediately postslaughter and
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held in ice until processing. Milk samples (AM) were col-
lected from each of the lactating cows within 4 days prior
to their slaughter for mammary tissue.

Liver and mammary microsome preparation was as
described previously (Smith et al., 1986). Crude MFGM
were prepared according to Dowben et al. (1967) except
that all wash steps were executed at 20°C rather than at
35°C to retard insulin receptor degradation. The final
microsomal and MFGM pellets were resuspended in 50 mM
Tris/HCl, 18 mM CaClp, pH 7.5 at 49C. Membrane protein
content was measured by the Lowry method (1951) with BSA
as a standard. The freshly isolated bovine mammary micro-
somes and MFGM were then assayed for insulin binding, and
the remaining bovine mammary membranes were frozen
(-20°9C) . Other membrane preparations (porcine and bovine
liver microsomes and porcine mammary microsomes) were
frozen (-20°9C) immediately after isolation until insulin
binding assays could be performed.

1251-.insulin (specific activity = 86-130 uCi/ug) was
prepared according to Freychet et al. (1971). Hormone
integrity was determined by 125I-insulin precipitability
with trichloroacetic acid (TCA, 10%) and GPAIS. Only
1251_insulin > 95% TCA precipitable and > 93% im-

munoprecipitable was employed in these studies.
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The standard insulin binding assay consisted of
500 ug of membrane protein incubated with ¢.6 ng (0.1
pmol) 1251-insulin in 50 mM Tris/HC1l, pH 7.8 at 49C, con-
taining ¢.1% BSA. Final Sssay volume was 1 ml. For each
determination, a parallel incubat{on was performed in the
presence of excess unlabeled insulin (56 ug or 8.3 nmol).
All incubations were in 12 mm x 75 mm polystyrene tubes,
in triplicate, at 4°C for 36 - 48 h, with intermittent
handmixing every 8 h. The binding reaction was terminated
by the addition of 2 ml ice cold 0.1% BSA, Tris/HCl buffer
followed by centrifugation at 5860 g for 3@ min at 4°cC.
The supernatant was decanted, the tubes were drained, and
the tube interiors were blotted above the membrane pellets
with absorbent paper. Radioactivity in the pellets was
counted for 10 min in a Nuclear Chicago automatic gamma
counter (Series 1185) at an average counting efficiency of
75%. Specific 1251-insulin binding to the membranes was
determined by subtracting the number of counts bound to
the pellet in the presence of excess Lnlabeled insulin
(nonspecific binding) from the number of counts bound in
the absence of excess unlabeled insulin (total binding).
Specific bindihg was calculated as a percentage of the

total radioactivity added to each incubation.
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Least squares analyses of variance (Harvey, 1960)
using a 2 x 2 factorial design was employed for analysis
of the data in both studies. In Study 1, the effects of
frozen storage (fresh vs freeze~thawed membranes) and mam-
mary membrane source (milk vs mammary tissue) on insulin
binding were tested. 1In Study 2, species (pig vs cow) and
tigssue (iiver vs mammary) differences in insulin binding

were determined.
RESULTS

Fresh bovine membranes (microsomes and MFG&) specifi-
cally bound similar amounts of 1251-insulin as freeze-
thawed membranes (microsomes and MFGM), and microsomes
(fresh and freeze-thawed) specifically bound similar
. amounts of 1251-insulin as MFGM (fresh and freeze-thawed)
(Table 2). However, fresh mammary microsomes bound less
insulin than did frozen mammary microsomes, fresh MFGM, or
frozen MFGM (P<0.89) (Table 2).

Porcine microsomes bound more (P<@.001l) insulin than
did bovine microsomes from the same tissue (Table 3).
Liver microsomes, regardless of species, bound more
(P<@.001) insulin than did mammary microsomes (Table 3).

Although only one porcine hepatic microsomal preparation
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Table 2. Least squares means of insulin binding by fresh
and freeze-thawed bovine mammary microsomes and
milk fat globule membranes (MFGM).%# ##

______gggg%éation
(% Specific Binding)

Membranes n Fresh Freeze-Thawed S.E.M.
Microsomes 6 .52 2,04 6.33
MFGM 6 1.76 1.63 .33

S.E.M. .33 0.33

# Incubation duration = 36 h except for frozen microsomes,
incubation duration = 48 h.
##Membrane x preparation interaction; P<G.09.
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Effect of species and tissue type on insulin

binding by freeze-thawed microsomes.*+

Specieght
(% Specific Binding)
Tissuet Cow pig S.E.M.
Mammary 2.04 (6)¢ 13.54 (3) @.96
Liver 17.59 (6) 37.60 (1) 1.08
S.E.M. 6.83 1.44

¥ Least square means (n).

t¥species differences, P<0.001.

.+ Trigsue differences, P<@.001.
++species x tissue interaction, P<@.@5.
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was examined in this study, the percent specific binding
reported is similar to that reported by Meserole and
Etherton (1984) for liver microsomes from lean pigs (18-

33% specific binding).
DISCUSSION

Membrane manipulation is known to affect polypeptide
hormone binding (Posner et al., 1981). Posner et al,
(1981) demonstrated that freeze-thawing enhanced insulin
binding by isolated Golgi membranes. Since the isolated
Golgi fraction exists predominantly in vesicular form
(Ehrenreich et al., 1978), freeze-thawing enhanced insulin
binding by disrupting the vesicles to expose receptors
normally occluded inside, Mammary plasma membranes also
form vesicles upon isolation, but MFGM isolated from bo-
vine milk exist as small membranous sheets with free edges
(Keenan et al., 1970).

Since microsomes are composed of rough and smooth
endoplasmic reticulum, Golgi apparatus, and plasma memb-
ranes (Ehrenreich et al., 1978), it is not surprising that
freeze-thawing of mammary microsomal preparations resulted
in enhanced insulin binding. The nonvesicular nature of

fresh MFGM would account for the higher insulin binding
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observed in this preparation in comparison to fresh mam-
mary microsomep. Likewise, freeze-thawing would not be
expected to enhance insulin binding to MFGM since they are
nonvesicular,

1251.insulin binding by bovine MFGM was comparable to
that demonstrated by freeze-thawed mammary microsomes.
Further, frozen storage of MFGM (ave = 37 days) had little
effect on binding. Since MFGM are of plasma membrane ori-
gin and binding by MFGM is comparable to binding by mam-
mary microsomes, insulin binding to this fraction may re-
flect insulin binding by mammary epithelial cells.

This model is advantageous in that milk, the membrane
source, is readily available and that multiple sampling of
animals is accomplished easily. Examination of insulin
binding by MFGM of numerous animals in various physiologi-
cal states would reveal the potential of this model for
screening insulin receptor status in the mammary gland of
the dairy cow.

specific insulin binding is generally assumed to re-
flect insulin receptor numbers. From this, bovine tissues
appear to possess fewer insulin receptors than porcine
tissues. Cattle also have lower plasma insulin concentra-
tions than do swine (Horino et al., 1968). Differences in

plasma insulin concentrations and insulin receptor numbers
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between these two species suggest fundamental differences
in insulin regulation and responsiveness.

Insulin binding has been quantitatively associated
with glucose metabolism (glycogenesis, glycolysis, and 2-
deoxyglucose uptake) in murine muscle (LeMarchand et al.,
1977) and amino acid transport in rat hepatocytes (Dolais-
Kitabgi et al., 1981). Therefore, the higher insulin
binding by liver microsomes'observed in this experiment
suggests that liver is more responsive to insulin than is
mammary tissue. In view of the observed insensitivity of
hepatic glucose metabolism in the ruminant to insulin
(Brockman, 1978), high insulin binding by bovine liver
microsomes seems paradoxical. However, cellular respon-
siveness does not appear to be dictated by the level of
insulin binding alone.

Cells possess spare insulin receptors (Olefsky &
Ciaraldi, 198l1). The "spare receptor" theory of hormone
action maintains that a cell possesses more receptors than
are required to elicit the maximal cellular response
(Olefsky & Ciaraldi, 1981). When cellular insulin recep-
tor occupancy reaches 10% or greater, the metabolic
response is often maximal.(OIefsky, 1975). Increased in-
sulin binding results in increased cellular responsiveness

only up to a critical level of receptor occupancy. After
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the critical level of occupancy is reached, no further
increase in cellular responsiveness is observed since
postreceptor'events become the rate limiting steps in in-
sulin action (Olefsky & Ciaraldi, 198l1). Our previous
studies (Smith et al., 1986) indicated that occupancy of
both bovine hepatic and mammary insulin receptors (Kg =
7.6 x 16-19M and 9.6 x 16~1lM, respectively) should exceed
10% at physiological concentrations of plasma insulin (l.4
x 1¢-10M) in the dairy cow. Hence, the "spare receptor"
theory would predict maximal stimulation of bovine liver
and mammary tissue by normal plasma insulin levels in or-
dinary physiological circumstances.

In addition, structural arrangement of insulin recep-
tors in the plasma membrane may affect tissue responsive-
ness. Rat hepatocytes possess approximately five times
more insulin receptors than do rat adipocytes (Olefsky &
Ciaraldi, 1981); yet, rat liver is less sensitive to insu-
lin than rat adipose tissue (Jarett et al., 198¢). Jarett
et al. (1980) reported that insulin receptors on rat
adipocytes exist primarily in groups of two or more while
insulin receptors on rat hepatocytes are primarily soli-
tary. They proposed that the presence of receptor groups
on rat adipocytes could increase the probability of recep-

tor cross-linking, which is thought to intensify insulin
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action, and thereby increase the sensitivity of adipocytes
tovinsulin (Jarett et al., 1980).

Pinally, it should be noted that finsulin binding to
the total microsomal fraction does not necessa:ilyvreflect
insulin binding to the plasma membrane of the cell. Krupp
and Lane (1981) found that chronic exposure of chick liver
cells to insulin caused down-regulation of the number of
insulin receptors in the plasma membrane, but had no ef-
fect on the total number of cellular receptors. However,
Kelly et al. (1974) did detect significant differences in
insulin binding by liver microsomes from rats and guinea
pigs in various physiological states. While the latter
study suggests that alterations in cellular insulin bind-
ing can be detected using microsomes, the results of Krupp
and Lane (1981) suggest that caution must be exercised in
making inferences about insulin binding to the plasma
membrane solely on the basis of insulin binding data
generated using the microsomal model.

At the time this work was conducted, insulin recep-
tors had been identified in bovine liver plasma membranes
(Rosen et al., 1979); however, information concerning in-

sulin receptors in other bovine membranes was lacking.
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Since then, insulin receptors have been identified in bo-
vine liver microsomes (Smith et al,, 1986), mammary micro-
somes (Oscar et al., 1986; Smith et al., 1986), and mam-
mary smooth membranes (Oscar et al., 1986). Insulin
receptors have also been described in bovine adipocytes
(Vernon et al., 1985). |

While these studies have provided direct measurements
of insulin receptors in bovine tissues, they have not al-
lowed conclusions about tissue responsiveness to insulin.
However, insulin binding data, whether in membranes or
cells, is important for understanding insulin action in
bovine tissues. Further work concerning postreceptor
mechanisms of insulin action, structural arrangement of
receptors in the plasma membrane, cellular distribution of
receptors, and metabolic response in relation to insulin
binding will be needed before insulin binding data can be

accurately interpreted in terms of tissue responsiveness.
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CHAPTER 1V
Effect of Dietary Fat and Lactation Status on Insulin

Binding to Bovine Milk Fat Globule Membranes
INTRODUCTION

The degree to which a cell will respond to a hormone
depends on its effective hormone receptor concentration.
Effective hormone receptor concentration may be defined as
the number of hormone receptors per cell capable of inter-
acting with the hormone to elicit an intracellular
response. This concentration is a function of both the
number of cell surface receptors available for binding and
the binding affinity of these receptors for their hormone
(25). |

Effective hormone receptor concentration of a cell is
not constant but fluctuates in response to physiological
changes occurring within the organism. 1In the case of the
insulin receptor, one of the‘primazy physiological factors
affecting receptor regulation in the normal cell is plasma

insulin concentration (l1). Hyperinsulinemia induces down
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regulation of the effective receptor concentration, pro-
tecting the cell from overstimulation by insulin. Con-
versely, hypoinsulinemia induces up regulation of insulin
receptors, preventing understimulation (1).

Many physiological and environmental factors, such as
circulating hormone concentrations (extrainsulin) (12,
20), degree of physical training (16), disease (1), obesi-
ty (23), energy intake (24), and dietary carbohydrate in-
take (27), affect insulin receptor regulation by altering
plasma insulin concentration., Growth status (26), age
(28), and dietary fat intake (25) have been shown to regqu-
late insulin receptors independently of plasma insulin
concentration. High dietary fat intake has been impli-
cated in defective synthesis of liver plasma membrane
glycoproteins (7) by depressing the activities of hepatic
galactosyl and sialyltransferases (37). Since the insulin
receptor is a glycoprotein (18), dietary fat intake may
result in defective insulin receptor synthesis by the
cell, and hence, decreased insulin binding.

Insulin receptors have been characterized in bovine
mammary microsomes (34). However, insulin binding to mam-
mary microsomal preparations from lactating animals was
highly variable (coefficient of variation = 92%, n = 6).

Examination of the relationship between insulin binding to
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bovine mammary tissue and lactation status (stage of lac-
tation and milk yield) could provide information regarding
insulin's role in metabolism of the ruminant mammary
gland. Unfortunately, a large amount of mammary tissue
(3-10 g) is required to prepare a sufficient quantity of
microsomes for insulin receptor analysis (unpublished ob-
servation). Since the required amount of tissue can be
ocbtained only by slaughter, which is costly, or massive
mammary gland biopsy, which jeopardizes subsequent mammary
health and function (18), survey investigation of insulin
binding to mammary microsomes is unfeasible. Furthermore,
neither method readily permits repeat sampling of indi-
vidual animals.

An alternate source of mammary cell membranes is
milk. When milk fat droplets are secreted from the mam-
mary epithelial cell into the alveolar lumen, they are
encased in a portion of the cell's apical plasma membrane
(19). These membranes, referred to as milk fat gleobule
membranes (MFGM), can be easily isolated from milk in
large quantities (2), Flint and West (3) reported the
presence of an insulin receptor in MFGM isolated from
murine and caprine milk. Since MFGM are derived from the

apical plasma membrane of the mammary cell, fluctuations
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in insulin bipding to these membranes may reflect fluctua-
tions in insulin binding to the mammary epithelial cell.

We initiated a study of insulin binding to bovine
MFGM in order to examine the relationship between insulin
binding and lactation status of the cow and to determine
if insulin binding to MFGM is modulated by dietary

parameters, particularly dietary fat intake.
MATERIALS AND METHODS

Experimental Animals. Two studies were performed.

In Study 1, 16 lactating cows were randomly chosen from
the OARDC milking herd to evaluate the relationshib
between insulin binding to MFGM and lactation status
(stage of lactation and level of milk production). 1In
Study 2, 14 lactating cows, which were concurrently part
of a study to evaluate the effect of dietary fat on milk
and milk fat production, were chosen to evaluate the ef-
fect of dietary fat on insulin binding to MFGM.

. In the dietary study, each treatment group received
equal amounts of alfalfa hay and a standard concentrate
mix composed of ground corn, supplemental protein as soy-
bean meal and dried distillers grains, and supplemental

vitamins and minerals balanced to meet National Research
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Council requirements (21). Added dietary fat (Unifat M-
37) took the place of corn in the concentrate mix. The
treatments were as follows: @ (N=8), 6 (n=2), 8 (n=2),
and 12 (n=2) percent fat in the concentrate mix. Initial-
ly, two animals were allotted to each treatment group;
however, six control animals later became available and
were included in the analysis to increase sample size.

All milk samples were taken after a dietary adjustment

period of 2 wk.

Laboratory Procedures. Morning milk samples were

obtained from all cows. The MFGM were prepared from the
fresh, uncooied milk samples using 250 mM sucrose, 2 mM
MgCla, pH 7.5 accofding to Dowben et al. (2) except that
all initial wash steps were executed at 209C instead of
35°C. This modification was to hinder insulin receptor
degradation which is accelerated at higher temperatures
(25). PFreshly isolated MFGM were diluted in iced 50 mM
Tris (hydroxymethyl) aminomethane (Tris-HCl), 16 mM CaCl,
buffer, pH 7.5 at 4°C and membrane protein content mea-
sured according to Lowry et al. (17) using bovine serum
albumin (BSA; Miles Biochemical, Elkhart, IN) as a stan-
dard. All binding studies were done using fresh MFGM

preparations.
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For insulin binding studies, [1251] insulin (specific
activity = 126.2 + 22.8 uCi/yg) was synthesized with car-
rier-free Na 1251 in 0.1 NaOH (350 - 666 mCi/ml) (New En-
gland Nuclear, Boston, MA) and bovine crystalline insulin
(26.6 U/mg) (courtesy.of W. Fields, Eli Lilly Co.) using
chloramine T (Sigma Chemical Co., St. Louis, MO) (4) as
described elsewhere (34). The radiolabeled preparation
was regarded suitable for binding studies if > 95% of the
tracer could be precipitated with 10% TCA and > 93% of the
tracer could be immunoprecipitated using guinea pig an-
tibovine insulin serum (Miles Biochemical, Elkhart, IN).

To determine total [1251) insulin binding, MFGM
(500 ug Lowry protein) were added to .6 ng (.l pmole)
(1251]) insulin in 50 mM Tris-HCl, .1% BSA, 1 mM bacitracin
(Sigma Chemical Co., St. Louis, MO), pH 8.0 at 20°C in a
final volume of 1 ml. Nonspecific insulin binding was
measured in parallel incubations containing an additional
50 pg (8.3 nmqle) unlabeled insulin. All incubations were
conducted in 12 x 75 mm polypropylene test tubes in quin-
tuplicate at 209C for 4.5 h. Incubations were hand agi-
tated at the start of the assay to ensure proper mixing.
The time and temperature conditions employed were pre-

viously determined to be optimal for the establishment of
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equilibrium binding to the insulin receptor of bovine mam-
mary microsomes (34).

Incubations were terminated by adding 2 ml ice-cold
Tris-HC1, BQA buffer to each tube. Bound vs free radiocac-
tivity were separated by centrifugation at 19,6060 x g for
3¢ min at 49C. The resulting supernatants wére decanted,
the tubes drained, and the inside walls of each tube above
the MFGM pellet blotted with absorbent paper. Pellets
were counted for 10 min in a gamma counter (Nuclear Chica-
go 1185 Series, Automatic Gamma Counting System) operating
at an average efficiency of 75% to assess bound, radiola-
beled insulin. Total binding refers to the radioactivity
{counts) bound to the MFGM pellet in the absence of ex-
cess, unlabeled insulin. Nonspecific binding refers to
the radioactivity bound to the pellet in the presence of
excess, unlabeled insulin, i.e, nonreceptor binding.
Specific binding, i.e., receptor binding, was obtained by
subtracting nonspecific binding from total‘blnding and is
expressed here as a percentage of the total radioactivity

added to each incubation.

Statistical Analysis. In Study 1, percent specific

insulin binding was regressed in a stepwise manner (22) on

the following variables: daily milk yield (kg), stage of
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lactation (d), breed (Holstein vs Jersey), age (yr), lac=-
tation number, daily milk fat yleld (kg), milk fat per-
cent, daily milk protein yield (kg), milk protein percent,
breeding status (pregnant vs open), body weight (kg),
metabolic body size (body weight+75), and mammary health
(mastitic vs nonmastitic).

In this analysis, none of the independent variables
were responsible for the variation in percent specific
insulin binding. Only daily milk yield had a marginal
effect'(r2 = .13, P= ,18). 8Since the 16 animals in Study
1l were randomly selected from the milking herd, a wide
range in milk production among these animals was not in-
sured. Individual milk yields for these cows only ranged
from 3.4 to 28.2 kg/d (14.3 + 6.9 kg/d, mean + SE). A
lack of high producing cows in our sample could have ac-
counted for the failure to detect a relationship between
milk production and insulin binding. Individual milk
yields for control cows (no added dietary fat) in Study 2
ranged from 13.0 to 41l.1 kg/d with a mean daily production
of 31.9 + 9.0 kg/d. In order to expand the milk produc-
tion range as well as to increase sample size, the binding
data from Study 1 was pooled with the binding data of the
control cows of Study 2 and the regression analyses

repeated.
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In Study 2, the effect of dietary fat on percent
specific insulin binding, daily milk yield, daily milk fat
yield, and daily milk protein yield was analyzed using the
least squares analysis of variance (6). When treatment
effect was significant (P<@.l), Duncan's multiple range

test (35) was used to separate the means.
RESULTS

Table 4 lists simple correlations between percent
specific insulin binding to MFGM and various physiological
factors for the pooled specific binding data of cows in
Study 1 and Study 2. The only variable correlatéd with
percent specific insulin binding. was daily milk yield [fz
= ,20, Sy-x (standard error of the estimate) = ,81,
P<.@5). The multiple regression analysis yielded the fol-
low1n§ prediction equation:

Y = .880 + .034 X,
where ¥ = percent specific insulin binding to MFGM and X =
daily milk yield (kg). Although the level of daily milk
production influenced insulin binding to MFGM, it ac-
counted for only 20% of the variability in binding.
Therefore, milk production alone is not adequate to pre-

dict accurately percent specific insulin binding to MFGM.
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Table 4. Simple correlation between percent specific
insulin binding to milk fat globule membranes
(MFGM) and physiological variables.

variable Correlation Coefficient (r)
Stage of Lactation .24
Breed -.11
Age of Cow -.0@9
Lactation Number -.07
Daily Milk Yield 44"
Daily Milk Fat Yield .16
Milk Fat Percentage -.a7
Daily Milk Protein Yield .38
Milk Protein Percentage ~.08
Body Weight .04
Mammary Health (Mastitis) -.15
Breeding Status (Pregnant vs Open) .21
Metabolic Body Size .35

*p<.05
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It should be noted that the effect of daily milk pro-
duction on percent specific insulin binding was signifi-
cant (P<.05) only when the control animals of Study 2 were
included in the analysis. Fallure to detect a relation-
ship between milk production and specific binding in Study
1 probably resulted from the limited range in milk produc-
tion exhibited by these cows. Inclusion of the control
cows of Study 2 in the analysis broadened the milk produc-
tion range so that a relationship could be detected.

The effects of dietary fat on insulin binding and
production parameters are summarized in Table 5., Dietary
fat had a significant (P<.d6) effect on specific insulin
binding to MFGM, but had no effect on any of the produc-
tion variables. Specific insulin binding increased with
increasing dietary fat up to a level of 8% additional fat
in the concentrate mix. Thereafter (12% fat in the con-
centrate mix), additional fat had no additional effect on
specific binding.

Linear regression of percent additional fat in the
concentrate mix on insulin binding to MFGM (Figure 12)
yielded the following equation:

Y = 2,06 + .21 X (r2 = .47, P<.01)
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Table 5. The effect of additional dietary fat on specific
insulin binding to MFGM, daily milk yield daily

milk fat yield, and daily protein yield.*

Dietary Fat Level Added To

----- The Concentrate ()= = = = =~ =
Item g 6 8 12 SEM**
Number of Cows 8 2 2 2 -
Specific Insulin 2,022 3.212b 4.380 4,19 .37
Binding to MFGM
(%)
Daily Milk Yield 32.7 29.9 34,2 21.0 2. 38'
(kg) (NS)
Daily Fat Yield .65 .85 .42 «43 .09
- (kg) (NS)
Daily Protein .94 .86 1.085 .63 .a7
vield (kg) (NS)

* Least square means.

*standard error of the mean.
¢ Nonsignificant.

abMeans in the same row with different superscripts differ

(P<.96).
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where Y = percent specific insulin binding to MFGM and X =
percent additional fat in the concentrate mix. The inter-
cept of 2.066 closely corresponds to the mean percent
specific binding for the control cows of Study 2 (2.02 +
.41%) confirming that animals receiving a conventional
diet (ca 3% fat) have a baseline level of approximately
2.0% specific insulin binding to their MFGM. The
relationship between fatty acids ingested and percent
specific insulin binding (Figure 13) was also significant
(£2 = .41, P<.01).

DISCUSSION

The origin of the insulin receptors in the MFGM is
unknown, but they presumably originate from the apical
plasma membrane of the mammary secretory cell along with
the MFGM itself. From existing knowledge of the dynamics
of cellular receptors (32), three possible routes can be
postulated for insulin receptor deposition in the apical
membrane: 1) intramembrane receptor diffusion from the
basolateral membranes; 2) intracellular receptor biosyn-
thesis and apical membrane insertion; and 3) intracellular

translocation of receptors from the basolateral membranes.
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Intramembrane receptor diffusion from the basolateral
to the apical surface is imptobable due to the intervening
tight junctions at the apical border of mammary epithelial
cells (31). These tight junctions join ﬁeighboring cells
and prevent basoapical intramembrane diffusion of membrane
components.

Receptor biosynthesis and specific membrane insertion
is possible but would imply a functional role for the in-
sulin receptor at the apical surface of the mammary cell.
Insulin has been found in milk (l14); therefore, the apical
surface of the mammary cell, and presumably any receptors
thereon, is exposed to insulin. A regulatory role for
milk insulin has not been established, but insulin could
potentially trigger intracellular eveﬁts via the apical
insulin receptor. Since the tight junctions should pre-
vent paracellular éransport of insulin into milk (31),
insulin appears to be secreted directly into the milk by
the epithelial cell. Therefore, it is difficult to imag-
ine how milk insulin could be an effective regulator of
mammary cell function via insulin receptors on the apical
cell surface.

The third possible source of apical insulin receptors
is intracellular translocation of receptors from the

basolateral membrane. In geneial, the insulin-receptor



complex is internalized within 5 min of hormone binding
(32) . Complexes usually localize at the lysosomes where
both insulin and the receptor may be degraded. However,
receptor recycling to the plasma membrane can occur. Re-
cently, King and Johnson (13) provided in vitro evidence
that intact insulin-receptor complexes are rapidly inter-
nalized from the lumenal plasma membrane of bovine en- '
dothelial cells and unidirectionally translocated to the
extravascular membrane. Their work implicates the insulin
receptor in insulin transport from the blood to the tissue
space.

The mammary epithelial cell, like the endothelial
cell, is polarized and displays unidirectional transport
of substrates from tﬁe basal to apical surface (31). It
is possible that mammary epithelial cells also display
unidirectional translocation of insulin receptors from
their basolateral surface to the apical membrane. Such
translocation could account for the insulin receptor in
MFGM as well as insulin in milk. Secretion of insulin-
receptor complexes into the alveolar lumen by the cell
might represent a simple alternative to lysosomal degrada-
tion of the complex.

In Study 1, daily milk yield was found to be posi-

tively associated with specific insulin binding to MFGM.
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Hart et al. (5) have demonstrated that plasma insulin con-
centration is inversely related to milk production in lac-
tating cattle. Since plasma insulin concentration is also
inversely related to effective insulin receptor concentra-
tion (25), high insulin binding to the MFGM of high pro-
ducing dairy cattle may reflect up regulation of insulin
receptors in the mammary gland in response to
hypoinsulinemia.

Jones et al. (ll) examined insulin metabolism in lac-
tating and nonlactating rats. They reported that during
lactation, [1251) insulin uptake by the gland was in-
creased 12-fold and the metabolic clearance rate of insu-
lin was doubled. Furthermore, [1251) insulin uptake by
the gland was inhibited in the presence of unlabeled insu-
lin indicating that the uptake process was receptor medi-
ated. They suggested that lactation triggers a state of
increased insulin sensitivity in the mammary gland result-
ing in increased insulin uptake and degradation via
specific insulin receptors.

It is possible that the more metabolically active
mammary gland of the high producing dairy cow extracts
more insulin that that of the low producing cow. Although
internalization of the insulin-receptor complex is usually

followed by lysosomal degradation, the mammary cell, as
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the endothelial cell, may bypass this gstep and release
insulin-receptor complexes into the milk via the MFGM. 1In
this case, MFGM isolated from high producing cows would be
expected to bind more insulin. Unfortunately, insulin-
receptor complex internalization and lysosomal degradation
have never been examined in the mammary cell; therefore,
the fate of the complex beyond the plasma membrane is un-
known., However, the presence of insulin in milk suggests
that insulin is internalized via the insulin receptor.

In Study 2, ingestion of dietary fat in excess of the
baseline level provided by the conventional lactation diet

(ca 3% fat) resulted in increased insulin binding to MFGM.

.Although increased milk production and milk fat production

have been reported in dairy cattle fed high fat diets
(29), neither milk nor fat production was altered by di-
etary fat in this study (Table 5). These findings suggest
that the observed increase in insulin binding to MFGM was
not the result of a diet-induced increase in milk fat
secretion.

Insulin resistance has been associated with the in-
gestion of high levels of fat in nonruminants. This
resistance is characterized by impaired cellular glucose
transport (8, 15), glucose metabolism (9, 15), and insulin

binding (9, 36). A reduction in the number of cellular
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insulin receptors is responsible for the decreased insulin
binding observed (9, 36) and has been implicated aé a pos~
sible cause of this dietary-induced condition.

Palmquist and Moser (30) reported that feeding high
fat diets to dairy cattle also induces insulin resistance
as evidenced by impaired glucose clearance and enhanced
insulin secretion in response to an i.v. glucose injec-
tion. If high dietary fat levels induce insulin resis-
tance in ruminants and nonruminants by a similar
mechanism, faf feeding of dairy cattle should depress in-
sulin binding to bovine tissues as well. Our study sug-
gests that fatifeeding has the opposite effect in bovine
mammary tissue, i.e., increased insulin binding. Howaver,
the validity of this éonclusion hinges on the assumption
that insulin binding to the MFGM corresponds to insulin
binding to the mammary cell.

It should be noted that the nonruminant studies
documenting a relationship between impaired insulin bind-
ing and fat feeding employed male rats (9, 36). Further-
more, these studies limited their examination of insulin
binding to two tissues; adipose and liver. In a survey of
15 tissues from seven different animal species, Posner et
al. (33) found considerable species and tissue differences

in insulin binding. We have also observed significant
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species (pig vs cow) and tissue (liver vs mammary) dif-
ferences in insulin binding (unpublished observation). It
is possible, in light of these differences, that the insu-
lin binding response to high fat feeding differs as a
function of species, tissue, or gender. Additional
research is needed before any definitive conclusions con-
cerning the relationship of fat feeding to insulin resis-
tance can be drawn.

In conclusion, both level of milk production and
level of dietary fat ingested influenced insulin binding
to MFGM. These results suggest that physiological changes
induce insulin raeceptor regulation in the bovine mammary
gland. Studies characterizing the insulin receptor on the
mammary cell proper vs the MFGM, as well as studies deal-
ing with the origin of the insulin receptor on MFGM are
needed before the significance of insulin receptor regula-
tion on MFGM can be understood, Nonetheless, our results
suggest that MFGM insulin receptor levels may be a useful
and convenient study tool to bridge the gap between

studies in isolated cells vs the whole animal.
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CHAPTER V
Effect of Fat Feeding on Insulin Binding

to Rat Mammary and Liver Microsomes

INTRODUCTION

In rats, a high fat diet reduces insulin binding to
adipocytesl and 1liver plasma memb:aneq2 by decreasing the
number of insulin receptors. The mechanism for this
modulation of insulin receptors is unknown; however, di-
etary fat can modulate membrane fluidity3 and thereby in-
fluence insulin binding;4

In dairy cattle, feeding a high fat diet depresses
milk protein percentage5-7 and yield6:7, and also causes
insulin resistance and increased insulin secretion.8

In view of the stimulatory role of insulin in protein
synthesi§,9 it is possible that dietary fat inhibits milk
protein synthesis by modulating mammary insulin receptors.
We used rat mammary tissue as a model to examine the ef-
fect of dietary fat on insulin receptors. Liver tissue
was studied for comparative purposes. The Scatchard
plotl?® was employed to graphically express all hormone

binding data.
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The Scatchard equation describes binding of a hormone
(H) to a homogeneous class of independent receptors (R)
with an affinity constant (Ka) to form a hormone-receptor

complex (HR) as follows:

___+%%l__ = Ka([Ro] - [HR]) 11

In this relationship, the ratio of bound to free hormone
is expressed as a function of bound hormone to yield a
straight line with abscissal intercept equal to {Rp], the
concentration of total receptor sites, and the slope equal
to =Kp.

Not all hormone binding data conform to Scatchard
linearization. Nonlinear Scatchard plots have been re-
po:ted-fbr ACTH, oxytocin, glucagon, TRH, TSH, acetylcho-
line, catecholemines, and insulin binding data.l2 No sim-
ple, single slope (binding affinity) or abscissal inter-
cept (receptor concentration) can be calculated for non-
linear Scatchard plots; however, these curves can be re-
gsolved into two or more linear components. Each linear
component is believed to represent a separate class of
binding sites differing from each other in binding capaci-
ty and binding affinity.l3 The curvilinear Scatchard
plots of insulin binding data are usually resolved into
two linear components representing a high affinity-low

capacity site and a low affinity-high capacity site,ll
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Previous insulin binding studies in our laboratory
employing both bovinel4 and murine (unpublished observa-
tion) liver and mammary microsomes yielded the typical
nonlinear Scatchard plots. However, computer fitting of
these curves was difficult when the binding data were
within a limited range of insulin concentrations. To
facilitate characterization of insulin receptors in this
study, insulin binding was examined using a broad and
detailed range of insulin concentrations.

Kahnl5 pointed out that curvilinear Scatchard plots
can be interpreted erroneously if the binding data an-
alyzed are limited in range or inclusiveness. Several
investigatorsl6-18 have reported only one class of insulin
receptors based on limited binding data. The results of
this study indicate that when the binding data are com-
prehensive, a model with three rather than two sites more

accurately describes the insulin binding data.

MATERIALS AND METHODS

Experimental Animals., Fourteen untimed pregnant (16-

19 days gestation) Sprague-Dawley albino rats were ob-
tained from Harlan Sprague-Dawley, Inc. (Indianapolis,

IN). They were housed individually in a temperature-
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controlled (23 °C) room with a 12 hour light-dark cycle.
All animals were fed a stock diet (Ralston pPurina, St.
Louis, MO) and water ad libitum prior to the experimental
diets. At parturition (day 1 of lactation), each litter
was normalized to 8 pups.

on day 7 of lactation (day 1 of dietary treatment),
dams were randomly assigned to one of the following diets:
| the stock diet (control), a high fat-low carbohydrate diet
(HF-LC) , and a high carbohydrate-low fat diet (HC-LF).
Both the HF-LC and HC-LF diets were prepared as described
by Lauvau et all9 axcept that corn starch was substituted
for wheat starch, fThe composition of the experimental
diets is shown in Table 6. Rats were maintained on these
diets for 8 days.

On day 15 of lactation (day 8 of dietary treatment),
all dams were sacrificed by cervical dislocation. Livers
and mammary glands were removed, fast-frozen in a dry ice

bath, and stored at -20 °C until microsomal preparation.

Preparation of Microsomes. Microsomes were prepared

from the freeze-thawed tissues as described previouslyl?
and stored at -20 °C for subsequent insulin receptor anal-

ysis. Microsomal protein concentration was determined by



101

Table 6. Composition of Experimental piets.l9*

Ingredient HC=LF HF=-LC
Casein | 20 (9/1009) 29
Lard 3 44
Corn oil . 1 1
Corn starch 68 : 14
vitamin mixture** 2 3
salt mixturef 4 6

Cellulose , 2 3

* HC-LF = high carbohydrate-low fat diet; HF-LC = high
fat-low carbohydrate diet.

**vitamin diet fortification mixture, ICN Corp.., Cleve
land, Ohio.

# salt mixture XIV, ICN Corp.
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the Lowry method2@ using bovine serum albumin (BSA) as a

standard.

Iodination of Insulin. Porcine insulin (26.8 U/mg)
(gift of E1i Lilly Co., Indianapolis, IN) was iodinated to
a specific activity of 189 uCi/ug with carrier-free Na
1251 (350 - 600 mCi/mL) (New England Nuclear Products,
Boston, MA) using chloramine-T.2l 1odinated insulin was
regarded suitable for binding studies if 95% or more of
the total radiocactivity was precipitated by 10%
trichloroacetic acid (TCA) and 93% or more was precipi-
tated by guinea pig antibovine insulin serum (GPAIS)

(Miles Biochemical, Elkhart, IN).

Binding of Insulin to Liver and Mammary Microsomes.

Microsomes (500 ug Lowry protein) were incubated in 1 mL
of 50 mM Tris (hydroxymethyl) aminomethane-HCl (Tris-HCl),
6.1% BSA (Miles Biochemical, Elkhart, IN), 1 mM bacitracin
(Sigma, St. Louis, MO) pH 7.8 at 20 ©C with iodinated in-
sulin (0.6 ng; 0.1 pmole) and increasing concentrations of
unlabeled insulin (0 -« 1000 ng; 6.0 -« 0.17 nmole)., All
incubations were peéformed in triplicate in 12 x 75 mm
polypropylene test tubes at 20 9C, After a 1 hour equili-
bration period, 2 mL iced Tris-BSA buffer was added to
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each tube. Bound and free radiocactivity were separated by
centrifugation at 19,600 g for 30 minutes at 4 ©°C.
Supernatants were decanted, the tubes drained, and the
tube interiors above the pellets swabbed with absorbent
paper. Bound radioactivity was counted for 10 minutes in
a y-counter (The Automatic Gamma Counting System, 1185
Series, Nuclear Chicago) at 75% efficiency. Specific in-
sulin binding was calculated by subtraction of radioac-
tivity bound to the pellet in the presence of 50 ug (8.3
nmole) unlabeled insulin (nonspecific binding) from total
insulin binding at each insulin concentration. Specific
binding was expressed as a percentage of the total radio-
activity added to each tube.

Binding affinities and receptor numbers for insulin
were determined for individual rat liver and mammary mi-
crosomal samples by fitting the following binding equa-
tions for two (equation 1) and three (equation 2) classes
of binding sites, respectively, using the NONLIN program
of Metzler et al.22:

o om ooifr o mRelil (1]
1+Ky {I) 1+K2(1I)
and
n1Ky[I) n2Ka (1] n3k3(I]
1+Ky [I) ' 1+Ka (1) ' 1+K3 (1] '
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where IR = the mass of insulin bound per ml incubation

[(I] = the concentration of free insulin,

ny = the number of binding sites in the first
class of sites,

Ky = the association constant for the interaction
of I with a receptor in the first class of
gites,

ny = the number of binding sites in the second
class of sites,

K = the association constant for the interaction
of I with a receptor in the second class of
sites,

n3 = the number of binding sites in the third
class of sites,

K3 = the association constant for the interaction
of I with a receptor in the third class of
sites,

Following analysis, data were converted to

Scatchardl® format for display.

Statistical Analysis. Results were analyzed statis-

tically using least squares analysis of variance.23 when
statistical significance was found, mean differences were

separated by Duncan's multiple range test.?24
RESULTS AND DISCUSSION

Average Scatchard plots for insulin binding by rat
liver and mammary microsomes are shown for each dietary
treatment in Figures 14 and 15, respectively. Curves
within each tissue were very similar despite different

treatments. Table 7 shows that the affinity constants
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Effact of Diet on the Binding Capacities and
Binding Affinities of Insulin in Rat Liver and

Mammary Microsomes - Two Site Model.#.+

Diet"
Measurement**Control HE-LC HC-LF SEM*+
Liver
n 3 S S
(8.2x108) (6.3x108) (6.8x108)
Ka2 6.940 6.516 6.883 8.134
(8.7x106) (3.3x186) (7.6x1@6)
Ry 1.0x1¢-13 9.7x10-14 9.4x10-14  9,9x10"15
R 3.4x10-13 7.7x10-13 4.0x10-13  1,2x10713
Hamma:x
n 2 5 5
Kal 8.989 8.925 8.733 9.063
(9.7x188) (8.4x108) (5.4x1@8)
Ka2 7.109 7.241 6.839 @.134
(1.3x107) (1.7x107) (6.9x106)
Ry l.4x10-14 1.7x10~14 3.0x10-14  3,6x10"15
3.0x10-13 3.1x10-13 4.6x10-13  7.1x10"14

R2

* HF-LC = high fat-low carbohydrate diet; HC-LF = high

..carbohydrate-low £at diet.
n = number of animals, K,j) = binding affinity of the

» binding affinity
of the low affinity-high capacity site, Ry = binding
capacity of the high affinity-low capacity site, Ry =
binding capacity of the low affinity-high capacity site,

t Binding affinities are listed as log K, and as Ka(M~1),
directly below in parentheses; Binding capacities are
moles insulin bound/500 g Lowry protein.

* values are least square means.

t+SEM listed for K, are in terms of log Kj.

high affinity-low capacity site, K,
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(Ka) and binding capacities (R) estimated using the NONLIN
program for two classes of receptor sites for both the
liver and mammary microsomes were not influenced by diet
(P>9.10) . However, because computer fitting of the bind-
ing data using the two site model was difficult, we
believe that these binding data are not valid.

For the majority of curves, several obvious outliers
were apparent which prevented accurate fitting of the
data. Elimination of these observations improved the fit;
however, the deviations from the computed curves were
usually nonrandom, indicating that the two site model was
not appropriate for the data. Furthermore, the uncertain-
ties of the binding parameter estimates (K, and R values)
were large (>100% error in each case) suggeéting that the
estimates were poorly defined. Three of the analyses (one
liver and two mammary) were eliminated totally from the
study due to an insufficient number of data points within
a critical region of the curve after elimination of outly-
ing points.

Visual examination of the individual Scatchard plots
for both liver and mammary microsomes suggested that a
model with three rather than two-sltes might provide a
better fit of the binding data. 1In 16 of the 25 evaluable
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Scatchard plots, definition of three sites was not visual-
ly apparent, but in the remaining nine plots (3 liver and
6 mammary), three binding sites were clearly defined. One
of these nine Scatchard plots is shown in Figure 16.
Consequently, all binding data were fit using the NONLIN
program for three classes of binding sites and the results
compared with those of the two site model. Selection of
the appropriate model was based on the following criteria:
1) randomness of deviations from the computed curve; 2)
confidence in the NONLIN parameter estimates as measured
by estimate/standard deviation (t); 3) convergence of com-
puter iterations in achieving a final fit of the data; and
4) the graphic display of the experimental data,

The three‘site model was superior to the two site
model in fitting all 13 evaluable liver studies. The
three site model was also superior in fitting nine of the
twelve evaluable mammary studies. On the other hand, the
two site model provided a better fit for the three remain-
ing mammary analyses,

Figures 17 and 18 demonstrate the superiority of the
three site model in fitting the liver and mammary binding
data, respectively. When the three site model was used to
fit the data, a high affinity receptor site was detectable

(lower panels) which was not apparent when the two site
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Fiqure 17, Curve fitting of a Scatchard
plot of insulin binding to rat liver
microsomes. Comparison of the two-site
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These plots are representative of those
used to calculate the average K, and R
values for liver shown in Table 8.
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model was employed (upper panels). The K and R estimates
of the medium and low affinity sites dgtermined using the
three site model were aimlla:.to those of the high and low
affinity sites determined using the two site model (Table
8). Thus, the high affinity binding site of the three
site model was obscured by the medium affinity binding
site when the two site model was used to fit the binding
data.

The insulin affinity constants reported here for the
medium and low affinity sites of the three site model and
the high and low affinity sites of the two site model cor-
regpond to affinity constants previously determined for
insulin binding to rat liver and fat cell membranes usiﬁg
a two site model.l5 assuming three classes of 1nsu}in
receptors, Marinetti et al25 reported an affinity constant
of 1.0 x 10194-1 for the high affinity receptor of rat
liver membranes while Oscar et al26 reported a constant of
5.9 x 19lOM-1 for bovine mammary membranes. Our mean con-
stants for the high affinity receptor of rat liver and
mammary microsomes (5.6 x 1814M~1 and 2.8 x 1gl3M-1,
respectively) were considerably higher than those reported
by Marinetti et al25 and Oscar et al.26 However, the af-

finity constants for this site were unusuvally large
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Table B. Overall Means for Rat Liver and

Hammary Receptor Variables — Two vs Three Site Model.

Liver (13 2* Mammary Gland (12)*
Ko (M1)** 2 Site Modelf? 3 Site Mode1t? 2 Site Model™® 3 sire Modert!
High Affinity Site —_ 5.6 x 1014 -— 2.8 x 1013
(5.1 x 1014) (1.9 x 1013y
Medium Affinity Site 7.2 x 108 4.9 x 108 7.8 x 108 2.0 x 108
(4.6 x 107) (4.1 x 107) (8.3 x 107) (2.6 x 107)
Low Affinity Site 9.2 x 106 3.6 x 106 1.4 x 107 3.6 x 106
(3.0 x 106) (8.0 x 103) (3.5 x 106) (7.5 x 103)
R(moles per 500 pg Lowry protein)‘
High Affinity Site — 4.5 x 10~13 —_ 3.4 x 10715
' (1.3 x 10713) (1.1 x 10715)
Medium Affinity Site 9.3 x 10714 1.1 x 10713 2.1 x 1014 5.0 x 10~14
(7.6 x 10°15) (7.4 x 10715y (3.0 x 10-15) (6.6 x 10-15)
Low Affinity Site 5.5 x 10713 1.1 x 10712 3.7 x 10713 7.7 x 10713
(9.5 x 10°14) (3.1 x 10713) (5.0 x 10-14) (1.0 x 10~13)
:*Numbers in parentheses = mumber of animals. -
K3 = affinity constant. =

R = insulin binding capacity.
#yalues 1n parentheses are SEM.
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(1013<Ka<1015) for four of our liver and two of our mam=-
mary preparations. Examination of the Scatchard plots for
these microsomal preparations showed that the high affini-
ty portion of the curve was poorly defined because of too
faew data points to accurately estimate K and R. Elimina-
tion of these preparations from the analysis resulted in
mean affinity constants of 2.0 + 1.0 x 1616M-1 and 1.1 #
@.4 x 1610M-1 for liver and mammary microsomes, respec-
tively. Hence, the affinity constants of the high affini-
ty receptor for the majority of liver and mammary prepara-
tions examined in this study were similar to those re-
ported by Marinetti et al25 and Oscar et al,26

The effect of diet on the binding parameters (K, and
R) of liver and mammary microsomes estimated using the
three site model is presented in Table 9. Note, the three
mammary samples exhibiting only two receptor sites were
excluded from the mammary analyses. Also, those tissue
pteéa:ations exhibiting unusually high K5 values for the
high affinity site were not eliminated from the analyses
since elimination of these preparations would have made
statistical analysis 1mpossip1e due to inadequate sample
size., Diet had no effect on the insulin binding capaci-
ties (P>0.10¢) or binding affinities (P>0.10) of the three

receptor sites in mammary microsomes, With respect to



Table 9. Effect of Diet on the Binding Cagacltiel and Binding Affinities of Ingulin in Rat Liver

and Mammary Microsomes — Three Site Model. Ry

Measurement Diet" .

Liver Control HF-1C HC-LF sm* Significance'

n 3 5 5

Ka1 13.218 11.588 9.643 0.723 NS
(1.7x1013) (3.9x1011) (4.4x109)

Kg2 8.7968 8.713a 8.5620 0.029 P<0.05
(6.2x108) (5.2x108) (3.6x108)

Ka3 6.748 6.263 6.141 0.154 NS
(5.6x106 (1.8x106 g (1.4x106

-3 3,0x10"15ab 1.3x10"10a 9.8x10"13 1.3x10~15 P<0.10

Ry 1.1x10713 1.0x10"13 1.1x10713 9.8x10715 NS

R3 4.0x10713 1.2x10-12 1.4x10-12 4.5x10713 NS

Maonary )

n 1 3 5

Ka1 10.165 10.757 10.304 0.943 NS
(1.5x1010) (5.7x1010) (2.0x1010)

Kaz 8.377 8.03‘ 8.268 0.091 NS
(2.4x108) (1.2x108) (1.9x108)

K33 7.074 6.038 6.329 0.124 NS
(1.2;1071 (1.1:1062 (z.moﬁz

Ry 8.2x10715 6.7x10"16 3.7x10713 2.0x10~13 NS

R 3.2x10"14 5.5x10"14 5.8x10°14 8.2x10"13 NS

Ry 1.7x10"°13 1.1x10"12 9.0x10-13 1.7x10"13 NS

nr-Lc high fat-low carbohydrate diet; HC-LF = high carbohydrate-low fat diet

*n = number of animals; Kg1 = binding affinity of the high affinity site; Kga2 = binding afflnt:y
of the medium affinity site;XK,3 = binding affinity of the low afffnity site; Rj; = hinding capacity
of the high affinity site, Ry = binding capacity of the medium affinity site, R3 = binding capacity

of the low affinity site.

fBinding affinities are 1isted as log K, and as K.(H"l) directly below in parentheses; Binding
capacities are moles insulin bound/500 ug Lowry protein.
f#iValues are least squares means.

4SEM = gtandard error of the mean.

SEM listed for K, are in terms of log K,.
4+4+NS = not significant. Means in a row not sharing a common superscript are signtficantly different.

911
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liver microsomes, the HC-LF group exhibited a lower bind-
ing affinity for the medium affinity binding site (Kj3)
than did the HF~LC and control groups. Also, the HC-LF
group had a higher binding capacity for the high affinity
binding site (Rj) than @id the HF-LC group; however, Ry of
the HF-LC group was not different from Rj; of the control
group. All other liver parameters were not influenced by
diet (P>0.10).

Of interest is the fact that liver microsomes of the
HF-LC and control groups had similar R} values, Previous
studiesl:2 reported that high fat diets decreased insulin
binding to rat adipocytes and liver plasma membranes by
decreasing the number of insulin receptors, but those
studies did not include a 6ontzol diet in their analysis,
Instead, a high carbohydrate diet was used for comparison.
Our results raise the question, does the high fat diet
actually decrease insulin binding or does the high car-
bohydrate diet increase it?

Failure to detect any dietary effects regarding insu-
lin binding to rat mammary microsomes may have been due to
the limited sample sizes of both the control and HF-LC
groups, Conversely, the dietary differences detected in

Ka2 and Ry of rat liver microsomes may have resulted from
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including all liver preparations in the analysis. As men-
tioned previously, the high affinity portion of four of
ﬁhe Scatchard plots for liver were poorly defined; there-
fore, inclusion of these samples in the analysis could
have erroneously resulted in significance.

Numerous factors other than multiple classes of bind-
ing sites can result in nonlinear Scatchard plots.27
These factors are: 1) a ﬁigh degree of nonspecific bind-
ing; 2) different binding affinities of labeled and unla-
beled ligand for the receptor; 3) differential rates of
degradation of native vs labeled ligand; 4) cooperativity
among binding sites; 5) heterogeneity of labeled ligand;
6) ligand-ligand interactions; 7) inactivation or chemical
transformation of ligand or receptor during the binding
reaction; and 8) binding reactions other than the simple
bimolecular reaction, A + B = AB.27

Insulin contains four potential icdination sites,
tyrosine residues Al4, Al9, Bl6, and B26.28 Biological
activity and binding affinity of iodinated insulin vary
depending on the position of the label, monoiodo-(Al9)-
insulin being relatively less potent and ﬁonoiodo-(als and
B26)-insulins being relatively more potent than monoiodo-
(Al4)-insulin.28 yse of heterogeneously-labeled prepara-

tions of insulin (factor 5 above) containing significant
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quantities of monoiodo-(B26)-insulin can result in the
appearance of a high affinity recegtor component in the
Scatchard plot.29 gince the distribution of 1251-1abeling
in our 1251-insulin preparation was not determined, it is
possible that the high affinity binding site observed in
our studies is due to ligand heterogeneity. However,
ligand heterogeneity does not explain why we fafled to
detect this high affinity site in three of our mammary
preparations because assay conditions for all tissue prep-
arations, including the 1251-insulin preparation employed,
were held constant.

Oscar et al26 reported three classes of insulin
receptors in bovine mammary microsomes; however, they de-
tected only two classes of insulin receptors using the
conventional competitive binding assay and two site
Scatchard analysis. Both classes of receptors were simi-
lar in binding affinities (Ka1 = 3.1 x 109M-1 and Kap =
6.3 x 187M4~1) to those reported previously for a number of
tissues and species.l5 ysing a direct titration assay,39
these inves;igatorszG again detected two classes of insu-
lin receptors, but the binding affinities of these sites
differed from those detected via the competitive binding
assay, The binding affinity of the high affinity site
detected by the direct titration method was 17-fold higher
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than that of the high affinity site detected using the
competitive binding assay. The binding affinity of the
low affinity site detected by direct titration was similar
to that of the high affinity site detected by the competi-
tive binding assay. They concluded that their competitive
binding assay was not sensitive enough to detect the high
affinity site determined by direct titration. Their
results support our proposal that the high affinity insu-
1lin binding site detected with the two site model is
equivalent to the medium affinity site detected with the
three site model.

The inability of Oscar et al?6 to detect the highest
affinity site using the competitive binding assay may have
resulted from a lack of data points in this critical
region of the curve. Kahnl5 indicated that Scatchard
plots can be misinterpreted if the binding data are incom-
plete. Several investigatorsl6-18 have erroneously re-
ported a single class of insulin receptors because, they
failed to analyze the entire binding curve. Kono and Bar-
ham,l6 analyzing only the low affinity portion of the
Scatchard curve, reported a binding affinity of 2 x
188M-1, cConversely, Cuatrecasas,l?,18 analyzing only the
high affinity portion of the Scatchard curve, reported a
binding affinity of 2 x 10l@M-1, our ability to detect
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three receptor sites was facilitated by the inclusiveness
and range of our binding data. Despite the inclusiveness
of our data, the high and low affinity regions of our cur-
ves were still somewhat deficient in data points resulting
in an inability to accurately describe Ky and R for these
sites. Nevertheless, the qualitative existence of three
insulin binding sites was verified by both visual and
mathematical means.

Biological significance is usually attributed only to
the high affinity-low capacity site in the heterocgeneous
receptor model of insulin binding.25+31 However, Kono32
has disputed this concept on the basis that certain bio-
logical effects of insulin occur only at higher insulin
concentraﬁions. Furthermore, Freychet et al33 demonstrat-
ed that insulin analogues displace 1251-insulin from the
low affinity-high capacity receptor site in order of their
bicactivity. Therefore, it would appear that insulin may
specifically bind to these low affinity sites to exert
certain biological effects.

It is well established that the insulin-like growth
factors (IGFs) share structural and biological similari-
ties with insulin.34  1GFs mimic the effects of insulin
in adipose tissue by stimulating glucose transport as well

as glycogen, protein and lipid synthesis and by inhibiting
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lipolysis.35 1In muscle, the insulin-like effects of IGFs
include enhancement of glucose transport, glycolysis, and
glycogen and protein synthesis.3S

To date, two types of IGF receptors have been struc-
turally identified, the Type I receptor, which binds IGF I
with greater affinity than IGF II, and the Type II recep-
tor, which binds IGF II with greater affinity than IGF
I.36 The Type I receptor is structurally similar to the
insulin receptor in molecular weight and subunit composi-
tion36 and binds insulin at high insulin concentrations
(Ka = 6.0 - 8.9 x 186M-1) 37,38 7The Type II receptor ap-
pears structurally unrelated to the insulin receptor which
may account-for its inability to bind insulin,36’ addi-
tional types of IGF receptors have been postulated because
the patterns of binding crossreactivity cannot be ex-
plained solely on the basis of two receptor types.34 Re-
cently, Hintz et alld9 characterized a third type of IGF
receptor in human lymphoid cells and placental membranes.
This Type III IGF receptor had approximately equal affini-
ty for IGF I and II (Ka = 1.7 x 189M~1 and 1.2 x 109M-1,
respectively) and only slightly less affinity for insulin
{Ka = 3 x 188M-1), 1Interestingly, the affinity constants
reported in our study for the medium and low affinity in-

sulin receptors of liver (Ka = 4.9 x 198M-l and
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3.6 x 186M-1, respectively) and mammary tissue (K = 2.0 x
165M-1 and 3.6 x 166M-1, respectively) correspond closely
with the affinity constants reported for insulin binding
to the Type 11132 and Type 137,38 IGP receptors (K = 3 x
108M-1 and 6.0 - 8.9 x 106M-1, respectively).

Campbell and Baumrucker4? recently characterized IGF
I receptors in bovine mammary microsomes using 1251-
recombinant human somatomedin C. Furthermore, Type I
raeceptors have been identified in certain cell lines of
rat liver (BRL-3A2).41/42 fthe presence of Type I IGF
receptors in rat liver and mammary preparations in addi-
tion to the recent characterization of a Type IIl receptor
in human lymphoid and placental preparations raises the
interesting possibility that the medium and low affinity
insulin binding sites described in this report may rep-
resent Type III and Type I IGF receptors, respectively.
Clearly, a broad investigation of insulin and IGF binding
to mammary and liver cell receptors, as well as isolation
and identification of the proposed receptor types, will be
required to establish biological significance of these
receptor sites.

In conclusion, diet had no effect on the insulin
binding parameters of rat liver and mammary microsomes

derived using the two site model. However, a two site



124

model did not accurately describe the insulin binding
data. Inétead, a three site model was superior in fitting
the insulin binding data of all rat liver and nine of
twelve rat mammary micro;omal preparations, Although the
appearance of a high affinity site in these studies may
have resulted from the use of heterogeneously-labeled
1251-insulin, this seems unlikely since the two site model
was superior in fitting the data of three of the mﬁmmary
preparations. Uncertainty in fitting the high affinity
gite using the three site model for six of the tissue
preparations (four liver and two mammary) was due to a
lack of data points in this region of the curve. Analysis
of the liver and mammary binding parameters estimated with
the three site model resulted in significant dietary ef-
fects for only R} and Ka2 of rat liver. Therefore, a more
thorough examination of insulin binding in the concentra-
tion range of @ -« 5 x 10-194 (6 - 3 ng/ml) is needed to
accurately describe the quantitative aspects of insulin
binding to this site. Furthermore, dietary studies em-
ploying more animals per treatment are needed before de-
finitive conclusions can be made concerning the effect of
dietary fat on insulin receptors in rat liver and mammary

gland.
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CHAPTER VI
CONCLUS IONS

Insulin receptors were identified in bovine mammary
microsomes. These receptors were similar to insulin
receptors in other tissues and species with respect to pH
optimum, binding affinity, and binding specificity.
Scatchard plots of the insulin binding data for bovine
mammary microsomes were curvilinear, indicating the pres-
ence of Ewo classes of insulin receptors, a high affinity-
low capacity site and a low affinity-high capacity site.

1f the high affinity-low capacity site represents the
biological insulin receptor as has been postulated (9,
15), insulin receptor occupancy would exceed 50% at most
physiological insulin concentrations. Extremely low plas-
ma insulin concentrations, as seen dufing starvation,
would still result in 26% loading of bovine mammary insu-
lin receptors. Since the "spare receptor" theory of insu-
lin action (26) maintains that receptor occupancy of only
10% is required for maximal stimulation of the cell, bo-
vine mammary epithelial cells ought to be under maximal

insulin stimulation at all times. Hence, insulin receptor
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regulation in bovine mammary tissue would be of ques-
tionable physiological significance.

Conversely, not all insulin-sensitive metabqlic path-
ways necessarily conform to the "spare receptor" theory.
Some insulin-sensitive processes, such as amino acid up-
take in rat hepatocytes (3), respond in a dose-dependent
fashion. Moreover, a baseline level of 10% insulin recep-
tor occupancy for maximal cellular stimulation is somewhat
arbitrary since the level of receptor loading required to
elicit the maximal cellular response varies as a function
of the metabolic pathway (3, 19), species (19, 25), or
tissue (13) in question. Therefore, a regulatory role for
the insulin receptor 1n'mamma:y metabolism cannot be ruled
out on the basis of receptor 6ccupancy levels alone,
Coordinated studies examining the effeét of insulin on
glucose, lipid, and protein metabolism in bovine mammary
cells or alveoli as well as insulin binding to these prep-
arations will be necessary to determine the relationship
between insulin binding and subsequent physiological ac-
tion in the mammary gland.

Kono (34) has disputed that the high affinity insulin
binding site is the biological insulin receptor on the
basis that certain biological effects of insulin occur

only at high insulin concentrations. This raises the
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interesting possibility that both classes of insulin
receptors are involved in insulin action, but that each
mediates different effects of insulin. With respect to
the mammary cell, the high affinity site could be respon-
gible for the maintenance role of insulin in the gland.
Since the high affinity site would be saturated at all
insulin and insulin receptor concentrations, this site
would be fully activated at all times, i.e., no gradation
in response would be apparent. This could be a metabolic
adaptation of the gland to ensure maximal activity of
metabolic pathways vital to the maintenance of milk secre-
tion, such as glucose transport.

on the other hand, the low affinity site could be
responsible for the regulatory role of insulin in mammary
metabolism. Jones et al. (8) reported that a small phys-
iological increase in plasma insulin concentration result-
ed in a significant increase in mammary lipogenesis in the
rat. In view of the low Ky value of the low affinity
receptor, it seems unlikely that the slight increase in
receptor occupancy resulting from such a small rise in
plasma insulin could account for the degree of increased
responsiveness observed in this study. Hence, it does not
appear likely that the low affinity site is responsible
for the regulatory role of insulin in the gland.
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Assuming that the high affinity insulin binding site
is the biological insulin receptor, both maintenance and
regulatory effects of insulin must be mediated via the
same binding site. This suggests that a higher level of
control exists beyond the receptor itself. To date, two
putative second messengers for the insulin receptor have
been identified, a tyrosine kinase which is intrinsic to
the insulin receptor (23) and a low molecular weight poly-
peptide which 19 released from the plasma membrane (24).
Both mediators appear to function differently, the kinase
via phosphorylation reactions (23) and the polypeptide via
dephosphorylation reactions (24). 1It is possible that one
of these messengers is responsible for the maintenance
effects of insulin in the cell while the other is respon-
sible for the regulatory effects. If this is the case,
some mechanism must be operating whereby insulin binding
to the receptor results in differential generation of each
messenger. Differential messenger generation could be
linked to receptor occupancy level and/or structural ar-
rangement of receptors in the plasma membrane. Examina-
tion of the relationship between insulin receptor
occupancy and second messenger generation, as well as

identification of those metabolic pathways influenced by
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each messenger will be required to verify a dual mode of
ingulin action in mammary cells.

Scatchard plots of the insulin binding data for rat
mammary microsomes, like those for bovine mammary micro-
somes, were curvilinear suggesting the presence of multi-
ple classes of insulin binding sites. However, use of the
NONLIN program (17) to fit the binding data of rat mammary
microsomes indicated the presence of three rather than two
classes of insulin receptors. Since a three site model
was not employed to fit the binding data of bovine mammary
microsomes, it is possible that the three site model may
have provided a better fit than the two site model. Oscar
et al, (21) reported three classes of insulin receptors in
bovine mammaiy microsomes; hence, a third class of insulin
receptors may have been present in our preparations which
went undetected when the two site model was employed.

The binding affinities of the medium and low affinity
binding sites in rat mammary microsomes corresponded
closely with the binding affinity of insulin for the Type
III and Type I insulin-like growth factor (IGF) receptors,
respectively. Campbell and Baumrucker (2) have identified
Type I receptors in bovine mammary microsomes. Therefore,

the medium and low affinity binding sites for insulin in
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rat mammary microsomes, as well as the low affinity bind-
ing site for insulin in bovine mammary microsomes may rep-
regent IGF receptors.

i1GFs, as the name implies, share many biological
similarities with insulin. Like insulin, IGFs have been
shqwn to stimulate glucose transport, glycolysis,
glycogenesis, lipogenesis, and protein synthesis (5). If
IGE receptors are present in the mammary gland, it is pos-
sible that some of the effects normally attributed to in-

sulin in this tissue are, iﬁ fact, caused by IGFs. For

example, insulin has been shown to stimulate amino acid

uptake (14), as well as synthesis of casein (18), casein

mRNA (1), and a-lactalbumin (18) by the rodent mammary
gland. However, the concentration of insulin required for
these stimulatory effects is 20-5000 fold more than the
physiological concentration of insulin in ruminants and
nonruminants. Since insulin binds to the Type I IGF
receptor at high insulin concentrations, the stimulatory

effect of insulin on mammary protein metabolism may be
iated via the Type I receptor. With this in mind, the
sibility exists that the regulatory role of insulin in

ary metabolism is mediated via an IGF receptor, and
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hence, is attributable to IGFs rather than insulin. 1den-
tification of IGF receptors in the mammary gland plus dif-
ferentiation between the metabolic effects of insulin and
IGF in this tissue are necessary if insulin's role in mam-
mary metabolism is to be fully understood.

Specific insulin binding to bovine milk fat globule
membranes (MFGM) was similar to that seen in freeze-thawed
bovine mammary microsomes. Since specific insulin binding
to bovine mammary microsomes is indicative of an insulin
receptor in bovine mammary tissue, it seems reasonable to
conclude that specific insulin binding to bovine MFGM is
also indicative of an insulin receptor. This proposal is
fur ther subported by the presence of insulin receptors in
caprine and murine MFGM (4).

Insulin receptors in MFGM probably reflect insulin
receptors in the apical plasma membrane of the mammary
epithelial cell as MFGM are derived from the apical plasma
membrane (l6). However, the origin and/or function of
insulin receptors in the apical plasma membrane is un-
known. In the mammary cell, insulin is internalized
rapidly via a receptor-mediated process (8), although the

fate of the internalized insulin-receptor complex has yet
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to be determined. 1In most cells, the interqalized com-
plexes localize at the lysosomes where insulin, the recep-
tor, or both are degraded (22). But in the actively-
secreting mammary epithelial cell, lysosomal activity
seems to be minimal (6, 7). Recent evidence (10) suggests
that the insulin receptor may serve as a transport protein
in bovine endothelial cells, translocating intact insulin
unidirectionally across the cell from the blood to the
extracellular space. The mammary cell, like the en-
dothelial cell, may translocate insulin-receptor complexes
unidirectionally from the basolateral to the apical plasma
membrane. Such receptor trafficking could account for
insulin (12) and insulin receptors in milk and might rep-
resent a simple alternative to lysosomal degradation of
-the complex. Furthermore, if unidirectional translocation
of insulin receptors occurs as decribed, the insulin
receptor of the apical plasma membrane would reflect insu-
lin receptors of the basolateral membranes; therefore,
MFGM could be used to monitor the insulin receptor status
of the mammary gland.

If the scheme of insulin receptor trafficking pro-

posed above is valid, the fact that insulin receptors in
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MFGM are regulated by physiological and nutritional face
tors suggests that the gland may be able to regulate insu-
lin action by regulating the flow of insulin-receptor com-
plexes. Regulation of insulin-receptor complex turnover
may represent one means by which the mammary cell could
modulate its insulin responsiveness independent of insulin
receptor numbers and/or binding affinity.

Although some of the insulin receptors in the apical
plasma membrane, and hence MFGM, seem to represent trans-
located basolateral receptors, not all receptors in the
apical plasma membrane are necessarily of basolateral ori-
gin., Golgi-derived secretory vesicles are thought to
replenish the apical plasma membrane depleted during milk
fat secretion (16). In addition, insulin receptofs have
been identified in the Golgi cisternae, implicating this
organelle in insulin receptor synthesis (22). Therefore,
insulin binding sites in the apical plasma membrane may
represent newly synthesized insulin receptors. A biologi-
cal function for the insulin receptor at the apical sur-
face of the mammary epithelial cell seems improbable since
insulin is present in milk (12-115 uU/ml) (12) and could
potentially trigger intracellular events through an apical
membrane receptor. Therefore, the secreting gland would

be self stimulating for insulin, a puzzling state if real.



138

The Presence of insulin receptors in bovine MFGM, and
hence, the apical plasma membrane of the mammary epi-
thelial cell, raises numerous questions: what is the ori-
gin of the insulin receptor in the apical plasma membrane;
do they accurately reflect the insulin receptor status of
the mammary cell proper; is insulin degraded appreciably
by the mammary epithelial cells; are insulin-receptor com-
plexes transported unidirectionally from the basolateral
to the apical plasma membrane; is the MFGM insulin recep-
tor similar structurally to the receptor of the
basolateral membrane; and can milk insulin trigger in-
tracellular events via the insulin receptor of the apical
plasma membrane? answers to these. questions will be
nceded to establish the biological role of the insulin
receptor in MFGM, to verify the usefulness of MFGM in
monitoring insulin receptor regulation by the mammary
cell, and to further our understanding of polypeptide hor-
mone receptor trafficking in the mammary cell.

Finally, it must be stressed that insulin receptor
numbers in microsomal preparations do not necessarily re-
flect insulin receptor numbers in the plasma membrane.
Regulation of plasma membrane insulin receptors may go

undetected if a microsomal preparation is employed since
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modulation of receptors may occur via cellular redistribu-
tion of receptors rather than via changes in receptor syn-
thesis or degradation.

While the studies reported here have provided a foun-
dation of knowledge concerning the insulin receptor in
mammary metabolism, the results of this work have raised
more questions than they have answered. Moreover, the
question of insulin receptor regulation in the mammary
gland was never resolved sincé a cellular system is im-
perative to accurately monitor receptor medulation in the
plasma membrane.

At the time this dissertgtion problem was initiated,
cell isolation procedures aﬁd tissue culture meﬁhodology
for bovine mammary cells and alveoli had not been per-
fected. For this reason, bovine mammary microsomes were
employed in these studies. However, functional bovine
mammary cells and alveoli are now routinely prepared by
several laboratories, including our own. Research employ-
ing these mammary preparations will be necessary to clari-
fy the role of insulin in mammary metabolism from the
standpoint of insulin receptor regulation., These cellular
and alveolar preparations will also serve as a useful
research tool for advancing our understanding of the hor-

monal and metabolic control of lactation in the cow.
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