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Summary. Insulin receptor concentrations in liver plasma
membranes of New Zealand Obese (NZO) mice have been studied.
When NZO mice were implanted with normal islets of Langerhans
their blood glucose and plasma insulin declined. When the im-
planted islets were removed these changes were reversed and the
mice reverted to their insulin resistant state. Changes were observed
in the binding of *I-insulin to liver plasma membranes of im-
planted NZO mice. Binding increased when the plasma insulin was

New Zealand Obese (NZO) mice are characterised
by hyperinsulinaemia, hyperglycaemia, obesity and
insulin resistance [1]. Gates et al. [2, 3] have shown
that when islets from normal albino laboratory mice
are implanted into NZO mice there is a reduction in
the blood glucose, plasma insulin, rate of weight in-
crease and an improvement in glucose tolerance.
When the implanted islets are removed the animals
revert to their obese, insulin resistant state.

We have previously reported [4] that insulin bind-
ing to liver membranes is increased when the insulin
and glucose have been reduced and that this increase
is lost on reversion. In this study we have attempted to
establish the time of onset of the changes in insulin
binding with reference to changes in plasma insulin
and blood glucose levels.

Materials and Methods

NZO mice derived from the original stock of
Bielschowsky and Bielschowsky [5], were obtained
from the Diabetes Research Iaboratory, The
Wellcome Foundation Limited, Dartford. The normal
albino mice were supplied by Evans Animal Supplies,
Carshalton, Surrey. All animals were fed on PRD diet
(Christopher Hill Group, Poole, Dorset) and tap
water. Collagenase was obtained from Worthington
Biochemicals, Wembley, Middlesex, 0.45 pym pore
filters, type EGWP, from Millipore Corporation.
Carrier free '*I-sodium iodide type IMS 300 was
obtained from the Radiochemical Centre, Amersham

decreased and conversely insulin binding decreased when the
plasma insulin levels became elevated. The increased insulin bind-
ing was not accompanied by any changes in the affinity of NZO liver
receptors for insulin.
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and beef insulin from Burroughs Wellcome and Com-
pany, Dartford, Kent.

Bovine serum albumin Fraction IV and glucose-
6-phosphate were from Sigma (London) Chemical
Company; 5’ adenosine monophosphate, adenosine
deaminase and cytochrome C were from Boehringer
Mannheim GmbH and all other chemicals were from
BDH Chemicals Limited, Poole, Dorset.

Methods

The Implantation of Mice. The precise methods
have been described elsewhere [2]. In brief, islets were
isolated from normal albino mice by the collagenase
technique and 200 islets were implanted intraperi-
toneally into each mouse using a small implantation
chamber constructed from Millipore membranes.
The operation was carried out under ether anaesthe-
sia. Blood glucose, plasma insulin and body weights
were measured at weekly intervals. Blood samples
were obtained by tail bleeding before 10.30 a.m.
Glucose was determined by a modification of the
Faulkner [6] continuous flow glucose oxidase method
and plasma immunoreactive insulin by a double anti-
body method [7] using ox insulin standard.

Male NZO mice (5—6 weeks old) were implanted
with islets from normal albino mice for periods of up
to 8 weeks. Mice were sacrified at 3, 5, 7 and 8
weeks after implantation of islets and liver plasma
membranes prepared. The implanted islets were
removed from 30 animals after 6 weeks. Mice from
this group were subsequently sacrificed at 2, 4 and 6
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weeks after removal of the implant. At each time
point plasma membranes were prepared from the
livers of 9—12 mice.

The Preparation of Liver Plasma Membranes. Liver
plasma membranes were prepared from freshly ex-
cised livers by the method described by Ray [8] for rat
liver, except that the number of strokes in the Dounce
homogeniser (0.2 mm) were reduced by half to give a
more gentle homogenisation. Membranes were kept
frozen in aliquots at — 70°C in a Krebs Ringer phos-
phate (KRP) buffer. The protein content of the mem-
branes was determined by the method of Lowry ef al.
[9] after sodium hydroxide digestion, using bovine
serum albumin as the standard.

The Preparation of '?’I-Insulin. lodinated insulin
was prepared from single component beef insulin
(Wellcome) and Na'®I using chloramine T according
to the procedure of Greenwood [10]. Sug of insulin
was reacted with 1.5mCi Na'®I in borate buffer pH
8.0. No more than 15 sec exposure to chloramine T
was allowed before terminating the reaction with so-
dium metabisulphite and separating the product from
reactants on a 7 X 150 mm column of Sephadex G-25
coarse, equilibrated with 0.2M borate buffer pH 8.0,
0.16 M NaCl, 1% human serum albumin. This was
followed by gel filtrationona 25 X 400 mm column of
Sephadex G-50 superfine equilibrated with KRP 1%
bovine albumin buffer pH 7.4. Iodinated insulin pre-
pared in this way had an initial specific activity of 1.1
Ci/umole at a concentration of 35ngml~" when assay-
ed by radioimmunoassay using' !*'I-insulin. The '*°I-
insulin was more than 95 % precipitable by trichloro-
acetic acid and showed full biological activity on iso-
lated rat fat cells. The ***I-insulin was stored in ali-
quots at —20 °C in KRP 1% albumin, pH 7.4, buffer.

The Binding of "’I-Insulin to Liver Membranes.
The measurement of !*’I-insulin binding to liver
plasma membranes was carried out at 24°C by a
method similar to that of Cuatrecasas [11].
Radioactive insulin and liver membranes were in-
cubated for 40 min in a final volume of 300ul of Krebs
Ringer phosphate buffer, pH 7.4, containing 1%
bovine serum albumin and various concentrations of
insulin and membranes as described in the legends to
tables and figures. Each sample of membranes, after
thawing, was diluted and assayed for protein content
prior to use. The assay on each sample was performed
in triplicate. After the incubation period the plastic
assay tubes were chilled (4°C) and the membranes
collected by filtration on Millipore filters type EGWP
and washed four times with approximately 2ml of
0.1% albumin KRP at 4°C. The filters were counted in
a Nuclear Enterprises automatic gamma counter type
NE 8312 with an efficiency of 55%. Binding quoted is
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the specific binding obtained by subtracting the counts
due to non-specific binding. Counts bound non-
specifically were defined as those counts not displaced
by native insulin at a concentration of 2 X 10-°M.

The Enzyme Marker Assays. All the enzyme mark-
er assays were carried out at 37°C. 5’ nucleotidase
was determined by the method of Belfield and Gold-
berg [12] and succinate-cytochrome C reductase by
the method of Fleischer and Fleischer [13] using a
recording Gilford spectrophotometer. Glucose-6-
phosphatase was measured in 90mM acetate buffer
pH 6.0 containing 10mM glucose-6-phosphate. The
liberated phosphate was measured by the method of
Fiske and Subbarow [14].

Degradation of '’ I-Insulin by Plasma Membranes.
Membranes were incubated with 1 X 1071°M *25[-
insulin as described in the methods for insulin bind-
ing. The percentage of '**I-insulin remaining after
the incubation period was determined by centrifug-
ing the membranes and removing the supernatant.
Two methods, gel filtration and precipitation by 5%
trichloroacetic acid (TCA), were used to assess the
degradation.

Gel Filtration. 100ul of supernatant was applied to a
column 7 X 220mm of G-50 Sephadex equilibrated
and run in 1% albumin KRP buffer. 15 drop fractions
were collected directly into scintillation vials and
counted for %I. Controls were incubated without
membranes and 100pl was applied to the same G-50
Sephadex column. The area of the peaks was
determined and the percentage '**I-insulin remaining
intact calculated.

TCA Precipitation. 50Ul aliquots of supernatant
were made up to 500ul with 0.1% albumin KRP.
500ul of cold (4°C) 10% w/v TCA was added and the
precipitate collected by centrifugation. The pellet and
supernatant were counted for radioactivity.

Results

The Implantation of Islets

The blood glucose and plasma insulin of the im-
planted animals decreased steadily reaching minimal
values 6 weeks after implantation as shown in Fig. 1.
These values were maintained through the 7th and 8th
weeks of implantation (data not shown). That these
falls reflect a change in insulin resistance was shown by
improved tolerance to oral glucose [2]. When the islet
implant was removed the blood glucose and plasma
insulin began to rise within 1 week and continued to
do so over the following 6 weeks, that is, weeks 6—12
in Fig. 1. The blood glucose and plasma insulin levels
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Fig. 1. The changes in body weight, circulating glucose and insulin

following the implantation of normal mouse islets into NZO mice.

Body weight grams (s), blood glucose mg% (A ) and plasma insulin

uwU mi™! (W) are plotted against time, in weeks, after the implanta-

tion of islets. The effect of removing the islets after 6 weeks is also

shown. 2, 4 and 6 week values are significantly different from initial,
p < 0.01,0.001 and 0.001 respectively (Student’s t-test)

Table 1a). The specific activity of liver plasma membrane 5' nucleo-
tidase following the implantation of islets of Langerhans into NZO
mice (+ standard deviation)

Implantation period
before membranes were 0 3 5 7 8
prepared: weeks

6.03 597 631 554 5.59
+0.79 £0.53 £ 0.79 £ 0.60 = 0.80

5’ nucleotidase activity
pmoles/hour/mg

Table 1b). The specific activity of liver plasma membrane 5’ nucleo-

tidase at different times following the removal of islets of Langerhans

which had been implanted for six weeks into NZO mice (+ standard
deviation)

Period after the

removal of implanted

islets before membranes 2 4 6
were prepared: weeks

7.31°
+ 1.15

6.07
+ 1.07

6.26
+ 1.52

5’ nucleotidase activity
umoles/hour/mg

Significance of the difference of each mean from the mean of all
other membranes was calculated by the paired t-test.

ap < 0.05; °p < 0.02

5’ nucleotidase activity is expressed as umoles of 5’ adenosine
monophosphate hydrolysed/hour/mg protein.
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of the untreated control mice increased by 10-15% of
their initial values during the course of the experiment
[2, 3]. Previous experiments [2, 3] have shown that
NZO mice implanted with empty chambers, NZO
islets, or other tissue do not show alleviation of their
hyperinsulinaemia and hyperglycaemia.

The rate of weight increase of the mice is also
affected. Implanted mice increase their weight at a
rate of 0.9g/week during the 6 weeks following im-
plantation. This is significantly slower, p < 0.001, than
the control mice which gained weight at 1.5g/week.
When the implanted islets were removed the rate of
weight gain increased to 1.5g/week, Fig. 1. The food
intake, however, of implanted mice was similar to that
of control mice of the same age, 3.6g and 3.7g/mouse/
day respectively. The water consumption was the
same at 3.2ml/mouse/day.

The Preparation of Liver Membranes

The weights of livers ranged from 1.5-2.5g and
yielded 1.5-2mg membrane protein/g wet weight of
liver. The membranes were homogeneous by phase
contrast microscopy and of reproducible purity as was
shown by the specific activity of 5’ nucleotidase, succi-
nate-cytochrome C reductase and glucose-6-phos-
phatase.

Marker Enzyme Assays

The specific activity of the membrane 5’ nucleoti-
dase was determined in two separate assays.Two con-
centrations of membranes were used in each assay to
ensure that the rate of reaction was dependent on the
amount of enzyme added. The value for each con-
centration was determined in duplicate. The mean
specific activity of 5’ nucleotidase for all the
membranes was 6.14 * 0.55umoles/hour/mg protein.
The results for each set of membranes shown in Table
la and 1b indicate that only two of the membrane
preparations deviated significantly from this mean
value: those prepared after 7 weeks implantation, and
those prepared 4 weeks after the implanted islets had
been removed. Succinate-cytochrome Creductase and
glucose-6-phosphatase activities were measured in
liver membranes obtained from NZO and implanted
NZO mice. The specific activity of succinate-
cytochrome C reductase was 2.4 = 0.7 and 2.5 +
0.8umoles/hour/mg protein respectively for un-
treated and implanted mice, and the specific activity of
glucose-6-phosphatase was 1.3 = 0.4 and 1.3 =+
0.3umoles/hour/mg protein for untreated and im-
planted mice respectively, very similar to the level
reported by Ray for rat liver [8].



264

N
1

—_
!

1257 -Insulin bound
fmoles

10 20 30 40 50
minutes

Fig. 2. Rate of binding of **I-insulin to NZO mouse liver plasma
membranes. Liver plasma membranes (1.0 mg) were incubated
with 1 X 107'°M *#*I-insulin in the presence and absence of unla-
belled insulin (2 X 10~M) in a final volume of 3.0 ml KRP, 1%
albumin pH 7.4 buffer. 0.3ml aliquots were removed from the
mixture and filtered at the indicated time intervals. The results
shown are from one experiment in which each point was determined
in triplicate. The counts due to non-specific binding have been
subtracted
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Fig. 3. The effect of implanting normal mouse islets on the binding
of 1I-insulin to liver plasma membranes of NZO mice. The amount
of »I-insulin bound/unit of 5’ nucleotidase activity is shown at
various times after the implantation of normal mouse islets into
NZO mice (—e—-). The effect of removing the islets after 6 weeks
on insulin binding is shown by (---#--) while animals implanted
for longer than 6 weeks without implant removal are shown by
(—o—). The binding assays were carried out with 80-120 ug of
membrane protein incubated with *I-insulin 1 X 107°M in a final
volume of 0.3ml. The results are + S.D. Significance compared to
the initials: points a) p < 0.05; points b) p < 0.005; points ¢) p<
0.001; point d) p < 0.01 and point e) N.S.

Differences between other points: 3 weeks to 5 weeks p < 0.05. 3
weeks to 8 weeks p < 0.005. 10 weeks to 12 weeks p N.S. 8 weeks

{(—o—) to 8 weeks (------) p < 0.05
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The Binding of ">’ I-Insulin

The binding of *I-insulin to NZO mouse liver
membranes was found to be very rapid, 50% of
binding occurred by 7 min, with equilibrium being
achieved by 40 min as shown in Fig. 2. Experiments
that required the reaction to reach equilibrium were
therefore incubated for 40 min.

The amount of *I-insulin bound by the different
membrane preparations was determined ar equi-
librium and at a ***I-insulin concentration of 1 X
107'M. This binding capacity has been expressed in
terms of the 5’ nucleotidase activity of each mem-
brane preparation and the result is shown in Fig. 3.
The '**I-insulin binding was significantly increased
by the 5th week (p < 0.005) and this increase was
maintained over the 7th and 8th weeks. The binding at
3 weeks showed this upward trend being marginally
higher than the control binding (p < 0.05).

Two weeks after the removal of the implanted islets,
the insulin binding was still higher than the initial level
(» < 0.01) but lower (p < 0.05) than that found in the
membranes from animals implanted for 8 weeks. By 6
weeks after implant removal (i.e. 12 weeks after the
start of the experiment) insulin binding had returned
to pre-implant levels.

The competition for binding between insulin and
125]-insulin was determined over a wide concentration
range. The results for membranes from untreated
NZO mice and from mice implanted for 5 weeks are
shown in Fig. 4. All the membrane preparations had
very similar displacement curves. The curve clearly
shows that membranes from the untreated New Zea-
land Obese mice which bind less insulin than the 5
week implanted mice are equally sensitive to insulin
displacement in the physiological range 0.4—4ng ml™!
(10-100pU ml™?). The affinity constants were cal-
culated by plotting the displacement data in the form
Bound/Free v. Bound described by Scatchard [15].
Curved lines were obtained and the initial slope
was used to estimate the constant for the high affinity
interaction. The values obtained for all membranes
were in the range 1.4-4.5 X 10°M™! and there were no
significant differences between the different mem-
brane preparations.

Degradation of *#I-Insulin

When the concentration of membranes is less than
0.4mg/ml and the »I-insulin concentration is 1 X
107°M the degradation observed by both the TCA
precipitation method and the gel filtration method is
less than 10%. The percentage of '*I-insulin remain-
ing intact at the end of a 40 min incubation was 95%
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Fig. 4. The effect of insulin on the binding of '*I-insulin to NZO
liver membranes. Liver plasma membranes 80-120ug protein were
incubated with 2I-insulin 1 X 107°M in the absence of added
unlabelled insulin or in the presence of unlabelled insulin at concen-
trations of 0.4—4,000ng/ml in a final volurie of 0.3ml. The results
are = S.D. a) The binding is expressed as fmoles 'I-insulin
bound/100ug of membrane protein. The non-specific binding is the
bound **I-insulin that is not displaced at the highest unlabelled
insulin concentration (2 X 10 M). b) The binding is expressed asa
percentage of the maximum binding attained in the absence of
added insulin after the subtraction of the non-specific binding. The
results shown are for liver membranes of NZO that had not been
implanted with islets (¥); that had been implanted with islets for 5
weeks (o)

for membranes from untreated NZQ mice and 93%
for membranes from NZO mice that had been im-
planted for 5 weeks. By gel filtration the results were
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Fig. 5. The degradation of "**I-insulin by liver plasma membranes,
shown by gel filtration on Sephadex G-50. Membranes (0.4mg m1™?)
were incubated with 1 X 1071°M »I-insulin in KRP 1% albumin
buffer for 40 minutes at 24°C. The membranes were removed by
centrifugation and 100ul of supernatant applied to a column 7 X
220mm of Sephadex G-50. The whole of each 15 drop fraction was
counted for radioactivity. A — No membrane control. B — After
incubation with membranes from untreated NZO mice. C — After
incubation with membranes from NZO mice implanted with islets
for 5 weeks. The arrows mark the position of the void volume and
the elution volumes of insulin and salts

94.5% and 90.5% respectively. Gel filtration always
gave a slightly lower result than precipitation by TCA
probably because TCA precipitates '*°I bound to high
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molecular weight material which appears in the void
volume on gel filtration, Fig. 5. The samples incubated
with membranes show a small but significant number
of counts eluting after the salt peak. This is caused by
small iodinated tyrosyl fragments, produced by the
degradation, which are adsorbed to Sephadex.

Discussion

The purified liver plasma membrane fractions were
all prepared by an identical procedure so that com-
parison between the binding capacity of different
membrane preparations could be made. In addition,
insulin binding was related to the specific activities of
the membrane marker enzyme 5' nucleotidase. It was
found that the 5’ nucleotidase activities in the various
preparations were similar. Two out of the eight
preparations were significantly different, i.e. 7 weeks
after implantation and 4 weeks after implant removal.
Both these times occur well after the trends in binding
capacity have been established and do not significant-
ly affect the result. The use of a constant such as 5’
nucleotidase, adenylate cyclase or intact hepatocytes
to express binding has been discussed by Kahn er a/.
[16]. They observed that higher insulin binding to liver
membranes of lean compared to obese ob/ob mice
was not affected by their choice of parameter. Similar-
ly, our results would not be altered if they were
expressed as insulin bound/mg membrane protein
rather than per unit 5" nucleotidase activity.

The effect a different rate of insulin degradation
could have on the binding results has been considered.
An increased insulin degradation in the untreated
mice would result in a reduced *I-insulin concentra-
tion in the binding assays and so the '**I-insulin bound
would be reduced. The results we have presented
show that there is very little degradation under the
conditions used in our binding assay and that plasma
membranes from untreated mice do not degrade in-
sulin faster than membranes from implanted mice.
The possibility that membranes from the untreated
NZO mouse, with its elevated plasma insulin, are
contaminated with the mouse’s own insulin thereby
reducing '*I-insulin binding is unlikely. The prepara-
tion of membranes involves very great dilution [see
reference 8] which would eliminate the retention of
mouse insulin. This question has been extensively dis-
cussed by Kahn [16] who injected lean mice with
insulin and found that '*I-insulin binding to
membranes prepared subsequently was not impaired.

In our previously reported preliminary results [4]
membranes from mice implanted for 6 weeks were
found to have an increased binding. In the present
experiments this observation has been validated by
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extending the experimental period to eight weeks.
Thus increased binding is seen at 5, 7 and 8 weeks.
Data were obtained from 2 or 3 membrane
preparations for each implantation time and there was
sufficient material to assay each batch of membranes
at least twice. Thus the total number of observations at
each time period varied from a minimum of 4 to a
maximum of 7. The increased specific binding in the
implanted mice was not caused by a reduction in the
amount of non-specific binding nor by any change in
the affinity of the insulin receptor. The affinity con-
stant were calculated by measuring the initial slope of
a curved Scatchard plot. While thisindicates the order
of the affinity constant too much reliance should not
be placed on the figures because, as discussed by
Cuatrecasas [17] there are dangers in attempting a
detailed analysis with data derived from displacement
studies.

These results have confirmed our own observation
in NZO mice and those of others in ob/ob mice [16,
18] that decreased insulin receptors are found in
association with hyperinsulinaecmia and hyperglyc-
aemia. The dynamic nature of our model has also en-
abled us to extend these observations to show in vivo
that the number of liver insulin receptors gradually
increase when hyperinsulinaemia and hyperglycaemia
are relieved and that this increase is fully reversible
when both glucose and insulin levels are raised.

Insulin rather than glucose is likely to be the con-
troller of receptor concentration. Gavin et al. [19]
have shown that exposure of cultured lymphocytes to
high levels of insulin causes a reduction of their insulin
receptors. Moreover, insulin resistance can be found
in association with islet hyperfunction without
attendant hyperglycaemia [20].

3 weeks after the implantation of islets the plasma
insulin had fallen by 67% of the total fall recorded but
the increase in insulin receptors was only just measur-
able. We are thus unable to show changes in
membrane binding preceding changes in circulating
insulin, The insulin receptors of liver membranes,
whether from implanted NZO mice or control
animals, showed the same affinity for insulin when
tested at physiological and/or higher concentrations.
Although NZO mice have decreased numbers of in-
sulin liver receptors, the ability of these receptors to
bind insulin remains unaffected. Changes in receptor
concentrations are probably secondary to changes in
circulating insulin. The resultant decrease in numbers
of receptors may give rise to the symptomatology of
insulin resistance.
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