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Summary. We have characterized the cellular com-
position of preparations isolated from peripheral
blood by Ficoll-Isopaque gradient centrifugation.
125]-insulin binding to every cell type was measured.
A highly significantly positive correlation between
specific cell binding fraction and the monocyte con-
centration of the heterogeneous cell suspension was
demonstrated. Depletion of monocytes reduced the
insulin binding approximately 80%, which confirms
previous findings by other investigators. The
granulocytes possessed the second highest binding
ability, but only one fourteenth of that of mono-
cytes. Compared to the lymphocyte the monocyte
had about 25 times greater insulin binding. Also
thrombocytes bound insulin and contamination with
these meant that their contribution to the total

specific cell binding was not negligible. A reduction -

in these contaminants is essential. We found that in-
sulin binding to erythrocytes was insignificant.
A method of calculating the specific insulin binding
to monocytes alone is introduced. The monocyte-in-
sulin-receptor possesses specificity. Only an insig-
nificant degradation of receptor bound insulin could
be shown. Evidence of negative cooperativity be-
tween receptors was found. Consequently mono-
cytes are considered a useful model for insulin re-
ceptor studies in man.

Key words: Insulin receptor, monocytes, thrombo-
cytes, negative cooperativity, insulin degradation.

In the last few years populations of mononuclear
cells isolated from peripheral blood have been used
extensively for the study of insulin binding to its re-
ceptor. In comparative studies of lymphocytes,

granulocytes and erythrocytes isolated by Ficoll-
Hypopaque gradient centrifugation, Gavin et al. [1]
found the highest binding to lymphocytes. However,
no significant insulin binding to lymphocytes
purified by passage over nylon wool could be shown
[2]. Recently Schwartz et al. [3] demonstrated that
about 90% of the specific insulin binding of a prepa-
ration of mononuclear leucocytes could be ac-
counted for by its content of monocytes. Therefore,
an ideal cell preparation for the study of insulin re-
ceptor-binding would be a purified, highly concen-
trated suspension of monocytes. Because of techni-
cal difficulties in obtaining pure monocyte prepara-
tions, however, a composite population of mono-
cytes and lymphocytes with a small admixture of
granulocytes, erythrocytes and platelets is still used.

We have characterized the cellular composition
of mononuclear cell preparations derived from
Ficoll-Isopaque gradients and we have measured in-
sulin binding to the different cell types using another
approach than the one employed by Schwartz et al.
[3]. The results of our studies have enabled us to
elaborate a method of calculating the amount of in-
sulin bound to the monocytes alone. The present
study was designed to examine the specificity of the
receptor, the possibility of site to site receptor in-
teraction and insulin degradation in the medium and
at the receptor site.

Materials and Methods

Insulin

In the comparative studies of insulin binding to dif-
ferent cell types, *I-insulin with a specific activity
of about 70 uCi/ug (Nordisk Insulin Laboratorium,
Copenhagen) was used. '*I-insulin with a specific
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activity of about 25 pCi/ug (Novo Research In-
stitute) was employed to measure insulin binding to
monocytes in a group of 25 normal subjects.

Preparation of Cells

Monocytes, lymphocytes, erythrocytes and granulo-
cytes were isolated from peripheral blood drawn
from a cubital vein after an overnight fast. The
blood was collected in tubes containing EDTA (di-
potassium salt) and the cells were fractionated on
Ficoll-Isopaque (Nygérd, Oslo) gradients according
to Boyum [4]. With this technique the interface be-
tween the Ficoll and the plasma contains the lym-
phocytes and the monocytes while the erythrocytes
and the granulocytes are spun to the bottom of the
tubes. The isolated cells were resuspended in
a 25 mmol/l Tris-HCl buffer, pH 8.0 at 15° C [5].

Monocytes and lymphocytes were isolated to-
gether and resuspended in the buffer to a final con-
centration of 70 X 10° per ml. The monocytes were
identified by morphological and cytochemical
criteria in cytocentrifuged smears using an alpha
naphthyl acetate esterase method [6]. B lympho-
cytes carry receptors for the activated part of com-
plement C;. Binding of sheep erythrocytes sensitized
with antisheep IgM and complement C; was used to
identify these cells [7]. T lymphocytes were detected
by sheep erythrocyte rosette formation [7].

Insulin binding to lymphocytes was studied after
removal of monocytes. Freshly isolated mononu-
clear leucocytes were suspended in 10 ml Hanks
balanced salt solution and 1 ml fetal calf serum;
0.2 g carbonyl iron powder (Grade SF, GAF comp.,
New York) was added, and the mixture was incu-
bated at 37° C for 30 min. The iron particles and the
phagocytic monocytes were removed with a mag-
netic stick [8].

Erythrocytes were isolated from the bottom of
the tubes. Twenty pl cell suspension was diluted
with 1 ml saline and washed twice. Erythrocytes
were then resuspended to a final concentration of
about 100 X 10° per ml. The granulocyte content
was insignificant.

Granulocytes were likewise isolated from the
bottom of the tubes. After mononuclear leucocytes
had been harvested and the Ficoll layer had been
removed, cells at the bottom of the tubes were
washed 3 times with Hanks balanced salt solution
[9]. Five ml plasma and 4 ml 6% isotonic dextran
were added to 10 ml cell suspension. After incuba-
tion at 37° C for 45 min in a tube tilted 45°, the
erythrocytes settled and the plasma layer containing
the granulocytes was collected. The final concentra-
tion was 10 X 10° per ml.
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Platelets were isolated from acid-citrate-dextrose
blood on the Blood Bank and Blood Grouping
Laboratorium, University of Aarhus [10]. The
platelet suspension was adjusted to a concentration
of about 100 X 10° per ml.

Binding Studies

All cell types were incubated in duplicate with 51-
insulin at a concentration of 172 pmol/1 in Tris-HCl
buffer (pH = 8.0) at 15°C for 100 min [5].
Changes in pH in the medium during the 100 min
incubation were less than 0.1 pH unit. The cell con-
centration for each cell type is given in legends to
figures. Insulin binding to erythrocytes, lympho-
cytes, granulocytes and platelets was measured only
at tracer concentration, 172 pmol/l, whereas a com-
petition study was performed for ?I-insulin binding
to monocytes by adding increasing concentrations of
native insulin to the incubation medium. At the end
of the incubation period cell-bound and free insulin
were separated by centrifugation through silicone oil
(density = 1.04) [11], except for platelets which
could not sediment through oil. These were isolated

" from the incubation medium by centrifugation

through aqueous buffer following the method of
Rodbell [12]. “Specific cell binding fraction” is de-
fined as total binding fraction minus non-specific
binding fraction. Radioactivity which remained
bound in the presence of an excess of native insulin
at 7000 nmol/1 was considered “non-specific”’. The
non-specific cell-binding fraction for each cell type
is given in the legends.

Cell Binding Analysis

The results of binding studies are presented in four
ways 1) The specific cell binding fraction (bound/
total insulin) measured at tracer concentration
(172 pmol/1). 2) The specific cell binding fraction
plotted as a function of total insulin concentration
(competition curve). 3) Bound/free (B/F) insulin
plotted as a function of bound (B) insulin (Scatchard
plot) [13]. The validity of this plot has previously
been discussed [5]. From the intercept on the x-axis
the total receptor concentration per cell is derived
(R,)- 4) De Meyts et al. [14] have shown that the
average affinity constant (K,), at any point, i, on the
Scatchard curve can be calculated from the formula:
- _ (B/F),
K=Rr=3"
the empty sites. In this study we have designated K,
as the value of K at the tracer concentration used,
172 pmol/l.

s Ke = (Kempry) represents the affinity of

Studies of Receptor Cooperativity. Using the method
described by de Meyts et al. [15] we have estimated
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the possibility of site to site receptor interaction.
After incubation cells were sedimented at 4° C and
the supernatant was replaced by an equal aliquot of
chilled buifer. The cells were resuspended and sam-
ples of 150 pl were transferred to tubes containing
10 ml Tris-HC] buffer, 1% bovine serum albumin.
Native insulin at 1.7 X 1077 mol/l was added to half
of the tubes. Tubes were then incubated at 15°C.
At the times indicated two tubes of each set were
centrifuged, and the radioactivity of the cell pellet
was determined. The radioactivity of the cells as
a percentage of the value present at t = 0, was plot-
ted as a function of time.

Degradation Studies. The integrity of *’I-insulin re-
covered from the cells was estimated by 10% tri-
chloroacetic acid (TCA) precipitation of the diluting
medium in the dissociation experiments described
above. *I-radioactivity was measured both in the
TCA precipitate and in the supernatant. All studies
were done in duplicate.

The degradation of *I-insulin in the incubation
medium of receptor experiments was measured in
the same manner.

Statistical Methods

For correlation studies, Spearman’s coefficient of
rank (R) was employed, except for the correlation
between insulin binding and monocyte concentra-
tion, where a linear regression analysis was applied

(®).

Results

Cell Composition

The concentration of mononuclear cells was 69.7
+ 7.2 X 10%ml (mean + S.D.) in 25 young normal
persons. Monocytes comprised 12.9 + 4.5% of
these. Lymphocytes were sub-divided into 21%
B cells and 58% T cells. The mononuclear leuco-
cytes were contaminated with 20 £ 15 X 10° eryth-
rocytes, 1.2 + 0.9 X 10° granulocytes and 200 + 80
X 106 platelets, per ml.

Binding Studies

Monocytes and Lymphocytes. Insulin binding to
mononuclear leucocytes (at a concentration of 62
+ 10 X 10%ml) was studied in 29 healthy young
persons. The cellular insulin binding was positively
correlated to the number of monocytes in the sus-
pension (r = 0.84 and p < 0.001) (Fig. 1). The in-
tercept on the ordinate was 0.7, which for the great-
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Table 1. Insulin binding to purified preparations of erythrocytes,
granulocytes and platelets from 6 normal persons. Erythrocytes,
granulocytes and platelets were incubated with I-insulin at
15° C for 100 min. After separation of cell-bound and free insu-
lin, the specific cell binding fraction at tracer concentration was
estimated. The non-specific cell binding fraction averaged for
erythrocytes about 75%, for granulocytes about 45% and for
platelets about 50% of the total binding fraction

Cell number Specific cell
concentration binding fraction
106 X mi?!
Erythrocytes 108 + 30 0.1 £0.1 x 102
Granulocytes 10.7 £ 3.4 0.2 +£0.1 X 107°
Platelets 90 £ 10 0.3 £0.1 x 102

Table 2. The relative insulin binding to blood cells

Specific ceil
binding fraction
per 10 X 108 cells

Monocytes 2.8 x 107
Granulocytes 02 X -
Lymphocytes 0.1 X -
Platelets 0.05 X -
Erythrocytes 0.01 X -

Specific celf binding
fraction

x 10-2

54

4

. y =0.28x+0.70
. r =0.84, p<0001

n=2
1..
T T I LN T 1
2 4 6 8 10 12 x108 mi-1
MONOCYTES

Fig. 1. Correlation between insulin binding to mononuclear
leucocytes (62 + 10 X 10° per ml) and the monotyte content in
the isolated cell suspension from 29 normal persons. To obtain
a desired range in the monocyte concentration of the cell suspen-
sion, mononuclear cells were isolated from both EDTA-blood
and defibrinated blood. The tracer concentration of ***I-insulin
was 172 pmol/l
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Fig. 2. The inhibiting effect of native msulin on **I-insulin bind-
ing to monocytes from 25 normal persons (mean + SEM). The
specific cell binding fraction is corrected to a monocyte concen-
tration of 107 per ml, using the formula described above Non-
specific binding averaged 25% of the total binding. The tracer
concentration of **I-insulin was 172 pmol/l

est part represents binding to lymphocytes. There
was no significant correlation between the total
number of lymphocytes in the suspension and the
insulin binding (R = 0.28 and p > 0.1).

No correlation between insulin binding and the
number of B cells could be demonstrated (R
= 0.07). An inverse, non-significant correlation was
found between insulin binding and the number of
T cells. (R = —0.44 and p > 0.1). Incubation of
mononuclear leucocytes with carbonyl iron reduced
the monocyte concentration from 8.7 X 10° to 1.7
% 10%/ml. This decrease of monocyte concentration
was followed by a reduction of specific insulin bind-
ing fraction from 2.8 X 1072 to 1.0 X 1072 Insulin
binding was expected to fall a further 0.5 X 107, if
the remaining 1.7 X 10° monocytes had also been
removed. Lymphocytes therefore bound only about
0.5 X 1072, which is close to the binding calculated
from Fig. 1. Monocytes probably account for about
80% of the insulin binding to mononuclear leuco-
cytes.

Erythrocytes, Granulocytes and Platelets. The results
of insulin binding to erythrocytes, granulocytes and
platelets at different cell concentrations are given in
Table 1. The relative insulin binding adjusted to the
same cell concentration is shown in Table 2.

Correction of Binding Fraction

In the mononuclear cell preparation the lympho-
cytes account for about 20% of the cell-bound insu-

H. Beck-Nielsen et al.: Insulin Binding to Human Monocytes

lin and of course both the concentration and the
binding ability of lymphocytes vary. A monocyte-
receptor study based on simple normalization of the
cell count to a mean value of the monocyte concen-
tration probably results in biased insulin-binding
values, i.e. unstable and too high specific cell bind-
ing fractions. Thrombocytes cause the same prob-
lem, which under our experimental conditions was
solved by using silicone oil centrifugation.

We have elaborated a correction formula to cor-
rect for insulin binding to lymphocytes and to adjust
the insulin binding to the mean monocyte concen-
tration in the cell preparation (107 monocytes/ml).
The correction formula yields a more precise esti-
mate of the monocyte-bound insulin. Let us assume
that the ratio between insulin binding to one mono-
cyte (B,) and one lymphocyte (B,) is constant
(BI/ Bm = k)

The specific insulin binding to 1 ml of an arbi-
trary suspension (%) of monocytes and lymphocytes
is expressed:

B, =M, XB, +L, XBorB, =M, XB, +L,
X k X B,

where M, is the number of monocytes per ml of the
suspension x and L, is the number of lymphocytes
per ml of the suspension x. From this equation we
can derive B

B

Bm=______.25______

M, +L, Xk

Hence insulin binding to a suspension of 107 mono-
cytes per ml (B,,7) is:

M7 X B,
Bio7 w7 X Bn, M +L, Xk

(M;y7 = 107 monocytes per ml).

The Monocyte Insulin Receptor

Insulin binding to monocytes from 25 healthy 20-30
years old persons was measured (Fig. 2). Scatchard
plots (Fig. 3) of the binding data were curvilinear
with an upward concavity, which can be explained
by the presence of multiple classes of binding sites
with different affinities or by the existence of site to
site interaction, which has been referred to as
“negative cooperativity” [15]. Kinetic studies on the
dissociation of '*I-insulin from monocytes (Fig. 4)
indicated negative cooperativity, since the presence
of native insulin accelerated the rate of dissociation
of »I-insulin. Using the method described by De
Meyts and Roth [14] the mean number of receptors
per monocyte (R,) was estimated to approximately
7.000, which is about 10 receptors per um? surface
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Scatchard plot in 25 normals
Bound/ free insulin
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Fig. 4. Dissociation of **I-insulin from monocytes in buffer and
in buffer plus 1.7 X 107 mol/l of native insulin (mean values of
5 replicates). In these experiments the concentration of mono-
nuclear leucocytes was 100 X 10° per ml and the proportion of
monocytes 16%. The *I-insulin concentration was 172 pmol/l

area. The apparent high affinity constaat, (K,), was
about 2.2 X 108 mol™.

Degradation. The *I-insulin degradation in the in-
cubation medium after incubation of mononuclear
cells for 100 min at 15°C was 5%. Degradation
studies of 25I-insulin which was dissociated from re-
ceptors into the dilution medium revealed that 5%
of the dissociated insulin was soluble in TCA,

110 pmol /1
Insulin bound

Fig. 3. Scatchard plot of the binding results
in Figure 2

15 . Activity ( % of counts
at time Zero )

Dilution + Insulin

Dilution only

= 22 = ===::::_:f3:::::::::§
0 2 30 60 90 Minutes
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S %Precipitable in TCA o~ _q Soluble n TCA

Fig. 5. Dissociation of insulin and degraded insulin into the wash-
out medium. The counts appearing in the medium were separated
into a fraction soluble in trichloroacetic acid and one precipitable
by trichloroacetic acid. The counts which were present in the
medium at zero time have been subtracted from all points (mean
values of 5 replicates). Cell concentration and 'ZI-insulin con-
centration are mentioned in legend to Figure 4

whereas tracer insulin degradation was reduced to
about 1% in the tubes containing native insulin at
a concentration of 1.7 X 10~ mol/l (Fig. 5).

Receptor Specificity. To test the specificity of the
monocyte receptor we examined the inhibitory ef-
fect of porcine insulin, proinsulin and glucagon on
the *’I-insulin binding (Fig. 6). Glucagon inhibited
insulin binding very slightly and compared to native



568

Specific cell binding fraction
(% of maximum)

» Pork insulin
100 X Proinsulin
o Giucagon
L]
50
L’ll ] R o T )
0,1 10 10 100 1000 10000 nmol /[

Hormone

Fig. 6. The inhibitory effect of porcine insulin, proinsulin and
glucagon on the *T-insulin binding (mean values of 5 replicates)

insulin proinsulin had a competitive effect of about
2%.

Precision of the Method. All insulin binding studies
were done in duplicate. After gamma-counting the
total cell binding fraction and the non-specific cell
binding fraction were calculated. The standard de-
viation of the first parameter was in 50 determina-
tions 0.19 and the corresponding standard deviation
for the second parameter was 0.11. The standard
deviation of the specific cell binding fraction (total +
nonspecific binding) is 0.22. The detection limit of
the method is about 0.6 (3 X s.d.).

Discassion

Insulin Binding to Different Blood Cells

We have showed a highly significantly positive cor-
relation between insulin binding and the monocyte
concentration, but no significant correlation to the
number of lymphocytes in the suspension, neither
T nor B cells. Depletion of monocytes decreased the
insulin binding by about 80%; therefore the mono-
cyte is the major insulin binding cell in the prepara-
tion of mononuclear leucocytes. These findings cor-
roborate the study of Schwartz et al. [3].
Granulocytes possess the second highest insulin
binding, but of the total number of leucocytes in the
preparation granulocytes comprise 1% and their
contribution to the total insulin binding is conse-
quently negligible. Fussganger et al. [16] found
about 1000 insulin receptors per granulocyte, which
supports our finding that the binding ability of
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granulocytes is much lower than that of monocytes.
Insulin binding to erythrocytes was insignificant and
the presence of a small amount of these cells in the
preparation is unimportant. Thrombocytes, the insu-
lin binding ability of which has not earlier been de-
scribed, may comprise about 10-20% of the total
insulin binding. This considerable share in insulin
binding taken in consideration with the wide range
of platelet numbers, makes it necessary to reduce
these contaminates. This can be done in two ways:
1) by use of silicone oil centrifugation to separate
cells from supernatant (most platelets are layered in
the interface between oil and supernatant) and 2) by
use of defibrinated blood [5]. Defibrination results
in depletion of monocytes too. For this reason re-
duction of platelets by silicone oil centrifugation is
preferable.

The Monocyte Insulin Receptor

Specificity of insulin binding to mononuclear leuco-
cytes has been demonstrated [1, 17]. Our experi-
ments were therefore confined to the inhibitory ef-
fect of proinsulin and glucagon on the '?*I-insulin
binding. Glucagon inhibits insulin binding very
slightly and compared to native insulin proinsulin
has a competitive effect of about 2%. Like De
Meyts et al. [15] we also found that native insulin
accelerates the dissociation of '*I-insulin from the
receptors, which is interpreted as evidence of nega-
tive cooperativity. Steiner and Terris [18] have, in
liver cells, found close on 40% degradation of re-
ceptor bound insulin. Granulocytes also degrade in-
sulin, as shown by Fussganger et al. [16]. In a previ-
ous study [5] we measured insulin inactivation at
15° C by examining the ability of rebinding of 25I-
insulin to a fresh preparation of mononuclear cells
after a normal incubation period. Only 5% of the
binding ability of labelled insulin was lost after the
first exposure to cells. In this study slight (5%) deg-
radation of insulin both in the washout-medium
and in the primary incubation medium was ob-
served. However, addition of an excess of native in-
sulin to the washout-medium reduced the degrada-
tion of tracer insulin from 5% to about 1%, which
suggests that 125I-insulin is degraded in the medium
rather than at the receptor site.

Addendum. Since completing this study Bar et al. [19] have re-
ported approximately twice the insulin binding to monocytes
compared with our data. The higher insulin binding might be
a result of 1) the use of a five times lower tracer concentration
(which mmplies a lower degree of negative cooperativity), 2) no
correction for insulin binding to lymphocytes or 3) no reduction
of insulin binding thrombocytes.
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