1). The large number of shallow dives be-
tween 0 and 20 m are impossible to inter-
pret without finer resolution in our re-
corders or some direct observations at
sea, or both. Their short duration (< 1
minute) and their clustered occurrence
suggest they could be for either shallow
feeding or more general diving activity,
such as during travel from one place to
another.

The deeper dives between 20 and
140 m are probably associated with hunt-
ing and feeding. These dives lasted from
2 to 5 minutes, and they were usually
clustered as a series of dives, often with
striking consistency for depth. For ex-
ample, seal 2 made 13 dives between 110
and 140 m in a space of 3.6 hours. Each
dive lasted from 3.3 to 3.4 minutes, and
the interval between dives ranged from 6
to 30 minutes (X = 17 minutes).

The deepest dive measured was
190 m, nearly twice that previously re-
ported for this species (7). The duration
of this dive (5.4 minutes) was one of the
longest recorded. In previous studies in
which adult female fur seals were forc-
ibly submerged, their tolerance was only
S minutes (8).

The diving profile (the plot of depth
against time) of the 190-m dive showed
that little time was spent at any depth.
The average rate of depth change was
70 m/min. This rate is about the same as
that of Weddell seals when they are rou-
tinely diving to depths of 200 to 400 m
).

Considerable behavioral, ecological,
and physiological information may be
gleaned from the two variables, depth
and time. Although we have investigated
only the northern fur seal, this method of
study could be used with many other spe-
cies of marine mammals.
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Insulin Binding to Cultured Human Fibroblasts Increases

with Normal and Precocious Aging

Abstract. Specific and nonspecific [*?3I]insulin binding and concentration of unla-
beled hormone producing 50 percent competition with 1.0 nanomolar [125I]insulin for
specific binding sites correlated positively with age of fibroblast donors. Cells from
Sour children with precocious aging—three with progeria and one with Rothmund syn-
drome—vresembled those from the chronologically old.

Cultured human fibroblasts can be
used to study genetic-regulatory aspects
of insulin binding in normal and abnor-
mal states without ethical restraints.
With stable diploid human cells several
generations removed from donor neu-
rohumoral influences, the principal ex-
perimental variable is considered to be
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the genetic endowment of the cell strain
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We found positive correlation between
age of the fibroblast donor and the
amount of insulin, present at 1.0 nM con-
centration, bound to specific receptor
sites. The most significant correlations
were between donor age and (i) binding

Fig. 1. (A) Correlation between specific bind-
ing of radioactive insulin to cultured fibro-
blasts and age of normal, nondiabetic cell
donors (P < .10). Midpassage fibroblasts
[generation 20 to 45, chosen by known life-
span of the strain (/2)] were grown to con-
fluence in 100-ml plastic dishes in Eagle’s
minimum essential medium supplemented
with 15 percent fetal calf serum (20). Studies
were performed a day after the monolayer
reached confluence. All plates were examined
for medium pH, confluence, and evidence of
abnormality; subcultures were made from two
plates to confirm vitality. Growth medium
was aspirated from the plate and the cell layer
washed twice with 6 ml of buffered saline at
room temperature. Eagle’s minimum essential
medium (1.2 ml) with 1 percent bovine serum
albumin buffered with 20 mM Hepes adjusted
to pH 7 was added. '*I-Labeled and native
insulin were mixed with media before addition
to the dish. After 45 minutes of incubation at
room temperature the medium was removed
for counting as the free fraction. The cells
were scraped from the plate in 1 ml of buf-
fered saline with a silicon-coated rubber scrap-
er. The suspension of dislodged cells was
withdrawn into a silicon-coated Pasteur pi-
pette, placed in a plastic microcentrifuge
tube, and centrifuged for 2 minutes at
10,000g; the supernatant was discarded and
the cell pellet radioactivity was determined
@1). ['**I]Insulin (50 to 100 wc/ug) was pre-
pared from zinc-free pure bovine insulin (Con-
naught Laboratories) by the method of Hamlin

and Arquilla (22). Material was kept lyophilized at —4°C and assayed for biological activity by the
method of Gliemann (23); no loss of biological activity occurred for as long as 8 months under
these conditions. Closed circles are normal strains; open circles are strains from precociously
aged patients. Each point is the mean of three or more replicate experiments on different d.a)./s;
vertical bars, S.E.M. Specific binding is calculated from the difference between the radioactivity
of cell pellets incubated with ['*I]insulin alone and those incubated in the presence of 100-fold
native insulin. (B) Correlation between nonspecific insulin binding to cultured fibroblasts
and age of normal donor (P < .01). Nonspecific binding was that fraction of [***I]insulin ad(!ed
to the medium that remained bound to cells in the presence of a 100-fold excess of native

peptide.
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to nonspecific loci and (ii). ¥2Bmax, the
concentration of native hormone neces-
sary for 50 percent competition with
[***1]insulin for specific receptor sites (2);
in these characteristics, fibroblasts from
children with precocious aging resem-
bled those from the chronologically old.
Cells were studied from 11 nondiabetic
controls age 3 months to 70 years and
from children 2 to 9 years of age with pre-
cocious tissue degeneration—three with
progeria (3) and one with Rothmund syn-
drome (). Maximal competition for spe-
cific binding in all strains was achieved
with unlabeled peptide concentrations 10
to 50 times higher than that of labeled in-
sulin; the counts remaining, termed non-
specific binding, comprised an average
39 percent of total binding. This non-
specific binding was 80 to 90 percent
complete after 1 minute of incubation.
Specific binding reached equilibrium be-
tween 30 and 45 minutes at 20°C. There
was no decrease in binding over 3 hours.
When medium was removed from dishes
after 45 minutes of incubation and placed
on fresh cells, specific binding in the sec-
ond plate was 90 percent of that in the
original dish, a result indicating little in-
sulin degradation; there was no differ-
ence between strains in rebinding capa-
bility of this conditioned medium. Re-
versibility of the binding reaction was
demonstrated by the removal of medium
containing ['*I}insulin only (1.0 nM)
from the monolayer at the end of in-

Molecules of insulin bound per cell

1 1

cubation and reincubation with fresh me-
dium without labeled insulin and with or
without 100 nM unlabeled insulin. In five
replicate experiments with three strains,
this resulted in dilution of medium radio-
activity by 90 percent. Without native
hormone there was only 55 to 70 percent
reduction in specific binding; with hor-
mone the reduction was 70 to 85 percent.
This reaction also reached equilibrium at
30 to 45 minutes. Glucagon, prostaglan-
din E;, and A and B chains of insulin at
concentrations up to 1.0 uM did not af-
fect binding with 1.0 nM [**I]insulin (5).

All normal cell strains demonstrated
1.2 to 3.6 percent specific binding of
1.0 nM ['®I]insulin (150 wU/ml) per 107
cells, or 650 to 2100 molecules of insulin
per cell (Fig. 1A). This specific binding
was independent of the amount of total
protein (6) in the monolayer, protein con-
tent per cell, or cell density at con-
fluence. There was positive correlation
between binding and donor age (P < .10)
(Fig. 1A).

Nonspecific binding in 1.0 nM ['*]]in-
sulin varied from 0.94 to 2.45 percent
per 107 cells, or 560 to 1300 molecules
per cell (Fig. 1B); nonspecific binding
correlated with donor age (P < .01),
with protein content per cell (P < .01),
and inversely with cell number in the
confluent monolayer (P < .001). As with
specific binding, there was no corre-

lation with the amount of total protein in
the dish.

Molecules of insulin bound per cell (thousands)

1 1
75 10 2 3

Protein content per cell correlated
with donor age (P < .10); the amount of
total monolayer protein was independent
of age. In cells from donors with pre-
cocious aging, protein content per cell
differed from that in the four controls
also under 10 years of age [precocious
aging, 0.67 = 0.24 pg (mean * standard
deviation); controls, 0.26 = 0.07 pg;
P < .01]. These cells also differed from
those of child controls in number of mole-
cules nonspecifically bound per cell in
1.0 nM [***I}insulin (controls, 668 + 129;
patients, 876 = 196; P < .01); cells from
precociously aged subjects did not differ
in specific binding (Fig. 1A) from those
of young controls. They did differ in max-
imal number of cells attained at con-
fluence (controls, 4.0 X 10% = 1.2 X 10,
patients, 2.6 X 10° = 0.6 X 10% P <
.05).

Dose-response curves were deter-
mined with [***I]insulin alone at concen-
trations up to 1.0 nM and, above 1.0 nM,
with varying amounts of unlabeled hor-
mone (Fig. 2A). The dose-response
curves were reproducible in cells of the
same strain grown at different times and
from different frozen stock. Individual
characteristics of these curves included
plateaus in the numbers of molecules
bound with increased dose and, in the
case of three normal and one progeria
strain, two to four times as many insulin
molecules bound per cell in 0.05 nM in-
sulin (not shown) as in 0.1 nM insulin.

L 1 1 1

T 1
4 5 6 0 20 30

Total insulin (nM)

0 ‘wis 20 25 30

[25 ] insulin (nm)

Fig. 2. Representative dose-response curves for specific binding of radioactive insulin to cultured fibroblasts. (A) Concentrations of 0.1 to 1.0 nM
were labeled peptide only; those higher than 1.0 nM were achieved with appropriate amounts of unlabeled insulin together with 1.0 nM
[**Tlinsulin. Molecules of insulin bound per cell are calculated from the bound (B) and free (F) radioactivity by the formula: (B/F) (M/6 X 10%°C),
“{here M is moles of insulin per milliliter and C is the number of cells. Cells are from two children age 3 months (closed circles) and 9 years (open
c;rcles) and two adults age 22 years (closed squares) and 36 years (open squares). Each point is the mean of three or more replicate experiments on
dlﬁ"erqnt days and with different subcultures; vertical bars, S.E.M. (B) Saturation curves in six fibroblast strains exposed to [***I]insulin; a log-log
scale is used. For each point shown two confluent dishes were exposed to medium containing the indicated dose of [***I}insulin, one with a 100-
fold excess of native insulin added. Age of donor and Y4B, were as follows: No. 1, 50 years, 4.40 nM; No. 2, 10 years, 0.95 nM; No. 3, 22 years,
2.75 nM; No. 4, 9 years, 8.25 nM; No. 5, 5 years, 5.90 nM; and No. 6, 9 years, 1.21 nM. Strain No. 4 is from the patient with Rothmund
syndrome, No. 5 from a child with progeria, and No. 6 from the same 9-year-old as in (A).
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Because of this apparently complex and
individual regulation of hormone-recep-
tor interaction, linear analysis to esti-
mate maximum binding capacity was felt
to be inappropriate (7).

Saturation with labeled insulin alone
proved possible in four of six strains in
which it was attempted (Fig. 2B); 4,500
to 14,000 specific binding sites were
estimated per cell. Two of these curves
(Nos. 1 and 2) rise more steeply and high-
er than saturation curves obtained with
increasing quantities of native hormone,
while three (Nos. 3 to 5) coincide and
one (No. 6) rises more steeply but no
higher. Each point beyond 1.0 nM on the
saturation curve with [*?*I]insulin only is
a single observation, in contrast to the
thrice or more repeated replicate dis-
placement studies; thus, the differences
may not be important. Were there differ-
ing binding affinities for iodinated versus
native hormone (8), the greatest discrep-
ancies between saturation of labeled insu-
lin alone and of labeled plus native insulin
should be seen with strains requiring the
highest concentrations of unlabeled hor-
mone to produce 50 percent displacement.
Data for five of the six strains in Fig. 2B fail
to conform to this expectation.

The dose-response curves indicate
that, in normal strains, saturation prob-
ably occurred at insulin concentrations
of between 10 to 50 nM and half-satura-
tion at those of 2.5 to 7.5 nM. There was
no correlation between donor age and ap-
parent maximum amount of insulin
bound per cell in the displacement
curves (in 10 or 25 nM total insulin). The
5B max for each normal cell strain, as-
certained from displacement curves, var-
ied from 0.90 to 4.4 nM and correlated
with donor age (P < .01) (Fig. 3). The
VoBmax for the four patient strains
(5.6 = 2.0 nM, mean * standard error of
mean) differed markedly (P < .005) from
that for the four control youngsters
(1.00 = 0.1 nM). The absence of age dif-
ferences in apparent maximum binding
and the presence of significant variation
in Y4B ..« are similar to results for insulin
binding in lymphocytes from obese and
normal persons (9).

The replicative life-span of cultured fi-
broblasts is inversely related to the age
of the donor (/0). Precocious senility in
the progeria syndrome is reflected in the
decreased viability of fibroblasts cul-
tured from affected persons (I1); this in
vitro senility was seen in this study as
fewer cells at confluence and greater pro-
tein content per cell as compared to cells
from other children. Progeria fibroblasts
show profound defects in the HL-A sur-
face membrane receptors for the immune
system (12). Further evidence of wide-
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Fig. 3. ¥5Bax (concentration of native insulin
required to displace 50 percent of [***I]insulin
specifically bound to cultured fibroblasts in
medium containing 1 nM [**[]insulin) as a
function of age of normal donors (P < .01).
Symbols are mean values for three or more
experiments on different days and from differ-
ent subcultures in replicate dishes with added
native insulin at 1.0, 2.5, 5.0, 10, 25, 50, and
100 nM; closed circles, normal donors; open
circles, precociously aged donors.

spread defects in protein synthesis (or
degradation) is the increased heat lability
of several enzymes from cultured pro-
geria fibroblasts (/3), similar to that seen
with normal aging (/4). The expression
of the gene product insulin receptor may
also be altered in precocious and normal
aging.

Progeria patients are resistant to the
physiologic effects of insulin in vivo (/5);
this occurs with normal aging in humans
(16) and fowl (I7). Insulin receptor func-
tion in relation to biologic aging has not
been previously described in humans.
Decreased numbers of insulin-binding
sites were found in skeletal muscle
plasma membranes from older, fatter
rats compared to young, lean ones; the
dominant factor, however, appeared to
be adiposity rather than aging (2).

We cannot say whether the significant
increase in nonspecific binding with nor-
mal and precocious aging was causally
related to monolayer density and protein
content per cell, but it is likely that fewer
cells with greater protein content would
offer more surface and more nonspecific
binding sites per cell. Specific binding
per cell was independent of confluent
density and cell protein content.

Concentration of unlabeled insulin
causing 50 percent competition with
1.0 nM [®Ilinsulin (Y2Bp,) was the
binding characteristic most significantly
correlated with donor age and was most
abnormal in the patients with pre-
cocious aging. That this was demon-
strated in vitro, generations removed

from the neurohumoral influences of the
donor, indicates that these differences
are genetically determined. Aging of the
insulin binding system thus appears as in-
creased affinity for insulin at levels that
correspond to peak physiologic concen-
trations in vivo (/6). This implies a re-
quirement that more insulin molecules
bind to achieve the same hormonal ends,
consistent with greater insulin require-
ments in vivo with normal and pre-
cocious aging (15, 16).

Our data do not indicate whether the ag-
ing defect is accumulation of abnorrhal
receptor protein, sluggish fluidity of the
plasma membrane with altered inter-
action between occupied receptors,
unoccupied receptors, and cyclic nucle-
otides (7, 18), or failure of activation of
key intracellular events which could ex-
ercise feedback control of the hormone
receptors (7, 19).
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Streptozotocin-Induced Pancreatic Insulitis:

New Model of Diabetes Mellitus

Abstract. Multiple small injections of streptozotocin in mice produce pancreatic
insulitis, with progression to nearly complete beta cell destruction and diabetes mel-
litus. The timing and appearance of the inflammatory islet lesions suggest but do not
prove that streptozotocin acts by initiating a cell-mediated immune reaction. Ultra-
structural evidence of abundant type C viruses within beta cells of treated mice sug-
gests that streptozotocin may activate murine leukemia virus in vivo in susceptible

hosts.

Streptozotocin (SZ) is a broad-spec-
trum antibiotic possessing antitumor (1),
oncogenic (2), and diabetogenic (3) prop-
erties. The last action is mediated by pan-
creatic beta cell destruction and is wide-
ly used as a method for induction of dia-
betes in experimental animals and for
clinical treatment of malignant beta cell
tumors. For induction of experimental di-
abetes, SZ is conventionally adminis-
tered as a single injection (3). After rapid
clearance of SZ from the bloodstream
[serum half-life is 15 minutes ¢)], light
microscopic evidence of beta cell necro-
sis is apparent within 24 hours (5). Beta
cell necrosis, however, is detected by
conventional ultrastructural examination
after 2 to 4 hours (5), and intra-
membranous particle depletion of beta
cell plasma membranes is observed with-
in 45 minutes in freeze-fracture studies
(6). Dissolution and phagocytosis of ne-
crotic cells is rapid, with virtually no evi-
dence of debris or inflammation visible
after 3 days (3, 5). In a correspondingly
rapid manner, blood glucose values peak
I to 2 days after SZ administration and
remain elevated if the appropriate quanti-
ty of the agent is given (7).

We present evidence here that SZ, giv-
en intravenously or intraperitoneally to
laboratory mice in multiple subdiabeto-
genic doses, the usual method of clinical
administration (/, 4), induces (i) pro-
nounced pancreatic insulitis, with even-
tual destruction of insulin-secreting beta
cells and diabetes mellitus, and (ii) en-
hanced replication of type C virus parti-
cles within pancreatic beta cells. The tim-
ing and appearance of the inflammatory
islet lesions suggest but do not prove that
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SZ may initiate a cell-mediated immune
reaction directed against the beta cells.
The relevance, if any, of the increased
number of type C virus particles to the in-
flammation and beta cell destruction is
unknown.

Forty adult male mice (Charles River
CD-1 strain), allowed free access to food
and water, received five daily intra-
venous or intraperitoneal injections of
SZ (40 mg per kilogram of body weight)
@8) dissolved in a citrate buffer, pH 4.2,
just before injection. A total of 43 unin-
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Fig. 1. Plasma glucose response in Charles
River CD-1 mice after five intraperitoneal in-
jections of SZ (40 mg/kg). The mean glucose
value was significantly increased over the pre-
injection value (day 0) after the fourth dose of
SZ and continued to increase progressively
until termination of the experiment. Virtually
identical results were obtained in 24 mice
given intravenous injections of SZ (data not
shown).

jected mice and animals receiving equal
volumes of citrate buffer were controls.
Blood samples for glucose determination
were collected in heparin-treated pi-
pettes by orbital sinus puncture and as-
sayed as described (9). Samples were ob-
tained before each of the five daily in-
jections and at frequent intervals
afterward until animals were Kkilled 6
days after the last injection. Four mice
were also killed 12, 16, and 25 days after
the completion of the SZ injections. The
unpaired ¢-test (/0) was used in statistical
analyses. Pancreatic tissue obtained at
death was fixed for light and electron mi-
croscopic study as described (11).

Plasma glucose values for SZ-injected
mice were significantly elevated after the
fourth injection (I2) and increased sub-
stantially during the subsequent 6 days
(Fig. 1) (I13). Examination by light mi-
croscopy (Fig. 2) revealed large numbers
of lymphocytes, moderate numbers of
macrophages, and rare neutrophils sur-
rounding and permeating the islets of
Langerhans, with distortion of archi-
tecture and beta cell necrosis. Surviving
beta cells were variably degranulated
and the islets were generally smaller. Is-
let inflammation gradually diminished in
animals killed 12, 16, and 25 days after
the completion of injections [mean
plasma glucose values of 396 mg/100 ml
N = 12), 525 mg/100 ml (N = 7), and
657 mg/100 ml (N = 7), respectively],
and the remaining islets were small and
composed almost exclusively of alpha
and delta cells.

Ultrastructural studies of the islets in
ten mice killed 6 days after the com-
pletion of injections revealed occasional
necrotic beta cells and numerous infil-
trating lymphocytes and macrophages.
Unexpected, however, was the presence
of large numbers of type C virus particles
(I4) within many intact, partially degran-
ulated beta cells (Fig. 3B). Alpha and del-
ta cells were normal. The pancreatic is-
lets of uninjected mice and mice injected
with citrate buffer appeared normal
when examined by light and electron mi-
croscopy. Only an occasional virus par-
ticle was observed within the usually
well-granulated beta cells (Fig. 3A).
Quantitative morphometric studies of
the number of virus particles per cell and
the frequency of cells harboring viruses
were not performed. Viruses were ob-
served neither in the alpha and delta cells
nor in the inflammatory cells.

In an effort to ascertain the timing of
the appearance of the inflammatory cells
in and around the pancreatic islets, ani-
mals were killed at daily intervals after
having received one, two, or three intra-
peritoneal injections of SZ (40 mg/kg).
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