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Abstract transducing the glucose stimulus into the wide range of B cell
responses to glucose.

Aging in men and rodents is associated with a marked decline
in glucose stimulated insulin secretion by pancreatic beta cells
(B cells). Secreted insulin is the end result of a series of steps
along the biosynthetic protein-secretion pathway, including in-
sulin gene transcription, processing of transcripts to preproin-
sulin mRNA, translation of mRNA, segregation and process-
ing of newly made proinsulin in secretory vesicles, proinsulin to
insulin conversion, transport of vesicles to the plasma mem-
brane, and exocytosis. Wehave examined the influence of age
at three stages along this pathway: preproinsulin mRNA
levels, proinsulin synthesis, and secretion of newly made and
preformed insulin, using Fischer rats, a widely studied rodent
model of aging. Pancreatic weights and total insulin contents,
islet sizes, and mean insulin content per islet were the same in
young adult (4-5 mo) and senescent (21-22 mo) animals.
There was no effect of age on preproinsulin mRNAlevels in
whole pancreata of fed animals, or in isolated islets cultured for
16 h in 5.5 mMglucose. Proinsulin biosynthesis and the se-
cretion of newly made insulin were compared in isolated islets
preincubated in 5.5 mMglucose. After a pulse label at 16.7
mMglucose, proinsulin synthesis, assayed by immunoprecipi-
tation, was decreased 16% in 7 mo islets and 39% in 21-22 mo
islets, compared with 4-5 mo islets, though total protein syn-
thesis was not reduced. Whenchased at 2.8 mMglucose, 4-5
month and 21-22 mo islets showed no difference in release of
preformed or newly made insulin. When chased at 16.7 mM
glucose, there was a significant decrease in the secretion of
newly made insulin in the old islets compared with the young
islets. There was preferential release of newly made insulin
over preformed insulin in both young and old islets. However,
since secretion of preformed insulin was decreased much more
than secretion of newly made insulin in senescent islets, these
displayed a two- to threefold increase in the proportion of
newly made insulin relative to total immunoreactive insulin
released compared with young adult islets. The differential
effects of aging on these steps in the insulin synthesis-secre-
tion pathway may be due to varying impairments in signals
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Introduction

There is now considerable evidence that the development of
overt non-insulin-dependent diabetes usually requires an im-
pairment of pancreatic beta cell function as well as diminished
effectiveness of insulin's action at its target tissues (1). Simi-
larly, the glucose intolerance of aging, which is primarily due
to a postreceptor defect in insulin-mediated glucose disposal
(2-5), and accompanied by a decrease in insulin clearance (6),
has been shown to be associated with defectiveness in the pri-
mary B cell function, glucose-stimulated insulin secretion
(7-10). In particular, the Reavens and their collaborators have
shown in rats that insulin secretion per B cell decreases with
age, even if the animals are prevented from becoming obese by
exercise or caloric restriction (8). Recently, Chen et al. have
also found evidence of decreased B cell responsiveness with age
in man in vivo, by analyzing data from frequently sampled
intravenous glucose tolerance tests with a minimal model ap-
proach, and independently by measuring plasma insulin re-
sponse to glycemia with arginine potentiation (1 1).

Although aging's effects on insulin secretion have been ex-
tensively studied, its effects on the preceding stages along the
insulin biosynthesis-transport-secretion pathway have not
been investigated in detail. In the present experiments, we
compared the total insulin content, islet number and islet in-
sulin content, and preproinsulin mRNAlevels in pancreata
and isolated islets from young and old male Fischer rats. We
also compared glucose-stimulated proinsulin biosynthesis by
islets from young adult (4-5 mo), adult (7 mo), and senescent
(21-22 mo) animals, and evaluated the secretion of newly
made and preformed insulin in young adult and senescent
animals. Wefound that total pancreatic insulin content and
pancreatic preproinsulin mRNAlevels did not change with
age in the basal state in fed animals. In isolated islets, pre-
proinsulin mRNAlevels were the same in young and old islets
preincubated for 16 h in 5.5 mMglucose, but proinsulin bio-
synthesis after a pulse-label period at 16.7 mMglucose was
decreased with age, both per islet and as a percentage of pre-
formed stores of insulin. Although newly made insulin was
preferentially secreted by both young and old islets, glucose
regulation of the release of newly synthesized insulin com-
pared with that of preformed, stored insulin appeared to be
differentially affected by age, with older animals secreting a
higher percentage of newly made insulin. These findings sug-
gest that decreased insulin synthesis and secretion in old islets
are due to impaired transduction with age of the glucose stimu-
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lus into signals affecting posttranscriptional steps in the insulin
secretory pathway.

Methods

Animals. Male, virgin F344/NHsd rats at 4, 6, and 20-21 mo of age
were obtained from the National Institute on Aging barrier-reared,
specific pathogen-free colonies maintained by Harlan Sprague Dawley,
Inc., Indianapolis, IN, and were kept in single, suspended, wire-mesh
cages in isolation cubicles for 1-4 wk before use. They were fed For-
mulab chow (Ralston-Purina Co., St. Louis, MO), a high energy, high
protein complete life cycle diet, and water ad libitum, and maintained
on a 12-h day-night cycle at 23±1 C. Animals were routinely sacri-
ficed at 10 a.m., i.e., - 4 h into the day cycle. All old animals used in
these experiments appeared healthy, and were free of gross pathologi-
cal abnormalities on examination at necropsy, other than the testicular
interstitial tumors characteristically found in old males of this strain.

Preparation ofpancreatic and islet RNAand measurement of insu-
lin mRNA. For preparation of pancreatic RNA, pancreata were dis-
sected out, weighed, and a portion homogenized and extracted over-
night in acid-alcohol for measurement of insulin content. The re-
mainder was homogenized in 15 ml per pancreas of freshly prepared
guanidinium isothiocyanate, and purified by four cycles of suspension
in guanidine-HCI and ethanol precipitation (12). The total RNAwas
precipitated twice more with sodium acetate and ethanol, and resus-
pended in water at 1-2 mg/ml. To ensure an accurate measurement of
RNAconcentration for gel electrophoresis, 15 Ml of the concentrated
RNAwas aliquoted into a microfuge tube, and 5 ,gl of this diluted into
1 ml of water for OD260,280 readings and measurement of RNAcon-
centration by the orcinol reaction. The remaining 10 Ml were used for
preparation of sample for gel electrophoresis. The total RNAwas frac-
tionated on 1%agarose-formaldehyde gels (13); 2-4 ,g of total pancre-
atic RNAfrom young and old animals, as assessed by OD260 readings
and orcinol measurements, were analyzed simultaneously, and a set of
dilutions from 0.75 to 4.5 Mgof a standard preparation of total pancre-
atic RNAfrom a 4-mo rat was loaded on the same gel. After electro-
phoresis, RNAwas transferred by capillary blotting onto nitrocellulose
filters (HAHY; Millipore/Continental Water Systems, Bedford, MA).
The RNAwas hybridized to nick translated [a-32P]dCTP (800 Ci/
mmol; New England Nuclear, Boston, MA) or [a-32S]dCTP (1,100
Ci/mmol, NewEngland Nuclear)-labeled rat preproinsulin I cDNAin
50% formamide, 10% dextran sulfate for 20 h at 42°C. Hybridized
filters were washed, dried, and autoradiographed with Kodak X-Omat
AR film at -70°C. Autoradiograms were scanned with an integrating
densitometer (Joyce Loebl; Haake Buchler Instruments, Inc., Saddle
Brook, NJ). Within the range of insulin mRNAused, densitometry
readings were linear with amount of total RNAloaded, as assessed by
densitometry of dilutions of the standard RNApreparation, so that
differences in content of insulin mRNAbetween old and young total
pancreatic RNAcould be compared by simple linear extrapolation.

Recovery of RNAfrom isolated islets using the above guanidinium
isothiocyanate technique was unsatisfactory, so an alternative proce-
dure was used. This procedure has been shown to yield > 90%recovery
of poly(A) RNA(14). Islets were washed twice in Hanks' salts with
glucose and 2.5 mg/ml human serum albumin, fraction V (HSA,'
Sigma Chemical Co., St. Louis, MO), in 12 X 75 mmpolypropylene
tubes, and an aliquot of islets sonicated in 0.2 Mglycine, pH 8.8, 2.5
mg/ml HSA, 0.5% NP-40 for measurement of insulin content by radio-
immunoassay. To another aliquot of 50 islets, 400 Ml of TEN(0.01 M
Tris-HCl, pH 7.5, 0.025 MEDTA, 0.1 MNaCl) containing 0.5% SDS,
0.1 M fl-mercaptoethanol, and 100 Mg/ml proteinase K (Boehringer
Mannheim Biochemicals, Indianapolis, IN) were added. Immediately

1. Abbreviations used in this paper: HSA, human serum albumin;
TEN, 0.01 MTris-HCl, pH 7.5, 0.025 MEDTA, 0.1 MNaCl; TCA,
trichloroacetic acid.

thereafter, another 400 Ml of phenol/chloroform/isoamyl alcohol
(100:99:1, vol/vol/vol) containing 0.1% 8-hydroxyquinoline were
added at room temperature (the phenol previously saturated with
TEN). The mixture was sonicated for 15 s and centrifuged for 10 min.
The organic phase was reextracted with 100 gl of TEN, and the com-
bined aqueous phases extracted three more times at room temperature
with 500 Ml of phenol/chloroform and twice with 500 Ml of chloro-
form/isoamyl alcohol alone. The final aqueous phase was made 0.4 M
in sodium acetate, pH 5.2, and 100 M&g of yeast transfer RNAadded.
RNAwas precipitated with 2.5 vol of ethanol for 12 h at -20'C. The
precipitate was pelleted in a microfuge, dissolved in 200 Ml of water,
readjusted to 0.4 Msodium acetate, and reprecipitated. The final pellet
was dried briefly in a vacuum oven at room temperature, and dissolved
in 30 Ml of loading buffer for electrophoresis. Islet RNAwas fraction-
ated on 1% agarose-formaldehyde gels, transferred to filters, and hy-
bridized as described above.

The probe used for hybridization, pcr(I)IN, which comprises the
coding region of rat preproinsulin I inserted into the Hind III site of
pBR322, was constructed by Ullrich et al. (15), and kindly given to us
by Dr. Howard Goodman, Department of Molecular Biology, Massa-
chusetts General Hospital, Boston, MA. Plasmid DNAwas prepared
by alkali lysis of bacterial pellets, and centrifugation of DNAto equilib-
rium in cesium chloride-ethidium bromide gradients (13). The intact
plasmid DNAwas used, since its background hybridization to 4 and 22
morat liver total RNAwas insignificant under our conditions. The rat
preproinsulin I cDNAprobe is 92%homologous to rat preproinsulin II
mRNA(16), and in the present experiments, both rat I and rat II
preproinsulin mRNAmolecules were measured and not distinguished.

Preparation of islets and pulse-chase labeling. Islets were prepared
by collagenase (type CLS IV; Cooper Biomedical, Inc., Malvern, PA)
digestion of pancreata distended through the common bile duct, and
separated from acinar tissue by banding on a discontinuous Ficoll
gradient and picking of islets under a dissecting microscope (17, 18).
The islets were incubated overnight in MEMwith 10% calf serum
(Flow Laboratories, McLean, VA) and 5.5 mMglucose. After 16 h, the
major and minor axes of the islets were measured with an ocular
micrometer, and the islets washed in Hanks' salts with 5.5 mMglucose
and 2.5 mg/ml HSA. Aliquots of 20 islets were dispensed into 12 X 75
mmpolystyrene tubes, and pulse labeled for 30 min in 100 Ml of MEM
(without leucine) with 10 mMHepes, pH 7.4, 40 MCi of [2,3,4,5-3H]
L-leucine (110 Ci/mmol; ICN Radiochemicals, Irvine, CA) (final leu-
cine concentration 4 MM), and 16.7 mMglucose, at 37°C in a shaking
water bath. They were then washed four times with 2 ml of MEM
(containing 0.4 mMunlabeled leucine) with Hepes, 2.5 mg/ml HSA,
and either 2.8 or 16.7 mMglucose, and then chased with I ml of this
medium. During the pulse and chase, the reaction tubes were gassed
with 5%C02, 95%02. Aliquots of 250 MLI were taken after 60, 120, 180,
and 240 min, clarified at 4°C by spinning for 15 min at 10,000 rpm in a
microcentrifuge, and stored at -20°C. The pulsed islets and the islets
after the 240-min chase period were frozen overnight in I ml of 0.2 M
glycine, pH 8.8, 2.5 mg/ml HSA, 0.5% NP-40; thawed; sonicated;
clarified in a microcentrifuge; and stored at -20°C.

Analysis ofproinsulin-insulin biosynthesis. Proinsulin-insulin bio-
synthesis was analyzed by immunoprecipitation with antiinsulin
serum and separation of immune complexes with protein A-Sepha-
rose CL-4B (Pharmacia Fine Chemicals, Piscataway, NJ) as described
previously (19). Titration with porcine insulin demonstrated that the
lot of guinea pig antiinsulin serum (ICN ImmunoBiologicals, Lisle, IL)
used could precipitate at least 30-50-fold as much insulin as was

present in the most insulin-rich experimental samples, and thus should
also have precipitated proinsulin quantitatively. For some samples,
labeled proinsulin and insulin were separated and quantitated by
HPLC, as described in detail (20). Total insulin contents of islets,
media, and pancreata were determined by charcoal-dextran radioim-
munoassay (21), using rat insulin standards (courtesy of Eli Lilly and
Co., Indianapolis, IN) and guinea pig anti-rat insulin serum (a gener-
ous gift of Dr. Gordon Weir, Joslin Diabetes Center, Boston, MA).
Total protein synthesis was determined by mixing 10-20 Ml sample
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aliquots with 0.5 ml of phosphate buffered saline containing 2.5 mg/ml
of HSA, and adding 500 ul of 10% trichloroacetic acid (TCA). The
amount of radioactivity precipitated by TCA was then determined.
Corrections were made for quenching differences in counts of samples
assayed by immunoprecipitation and by TCAprecipitation.

Data and statistics. Data are presented as means±SEM. The level
of significance for differences of means of insulin biosynthetic parame-
ters between young and old animals was evaluated by Student's un-
paired, two-tailed t tests (22).

Results

Pancreatic islets and insulin content
Under our standard animal care conditions, the mean body
weight (±SEM) for 4-5 mo virgin male Fischer rats was
319±10 g and for 21-22 mo animals, 420±16 g, a 32% in-
crease (P < 0.001) that is characteristic of this strain. Rather
surprisingly, the mean wet weights of the pancreata of 4-5 mo
and 21-22 mo rats were not different (0.920±0.047 vs.
0.923±0.047 g), despite the 32% greater body weight of the
older animals. Likewise, the total RNAcontents of the old and
young pancreata were not significantly different (Table I).
Total pancreatic insulin content was the same in the young
and old animals (217±24 vs. 245±10 Mg). The mean insulin
content of islets isolated from young and old animals was also
similar (34.5±7.1 vs. 37.9±6.7 ng/islet). Assuming that the
insulin content of isolated islets is the same as that of islets in
vivo, one can calculate that there were 5,000-8,000 islets per
pancreas in both the young and old animals.

Isolated islets varied greatly in size, with averaged diame-
ters ranging from 60-190 ,m. Fig. 1 compares histograms of
islet sizes after 16 h incubation in MEMwith 5.5 mMglucose
from young and old animals. The young animals had a larger
proportion of small islets, and the old animals had a few very
large islets not found in younger animals. Unlike a previous
study of perifused islets (7), we did not find any differences in
insulin secretion or synthesis between small and large islets in
pilot studies, when results were normalized to total nanograms
of insulin in the islets, and we used random aliquots of pooled
islets in the studies reported here.

Pancreatic and islet preproinsulin mRNAlevels
Weexamined preproinsulin mRNAlevels from whole pan-
creata of young and old rats in the fed state as an index of basal
levels in islets in vivo, since young and old animals had similar
total number of islets in their pancreata. Wemeasured pre-
proinsulin mRNAlevels by densitometry of autoradiograms
of Northern blots of total pancreatic RNAhybridized to a
cDNA probe to rat preproinsulin I mRNA, which is also
> 90% homologous to rat preproinsulin II mRNA. Fig. 2
shows a representative Northern blot. There was no difference
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Figure 1. Histograms of pancreatic islet sizes. Islets from 4-5- and
21-22-mo Fischer rats were isolated by collagenase digestion. After
incubation for 16 h in MEMwith 10% calf serum and 5.5 mMglu-
cose, islet diameters were measured as the average of lengths of
major and minor axes. The islets were assumed to be elliptical.

between the young and old animals in content of insulin
mRNAper microgram of total pancreatic insulin (Table II,
column 1), or in the size of the mature preproinsulin mRNA
molecules (Fig. 2).

Although pancreatic preproinsulin mRNAlevels in vivo
were the same in young and old animals, this might not be true
of isolated islets, since these lose much of their preproinsulin
mRNAcontent during the 1 st 24 h of culture in vitro, particu-
larly when maintained in low glucose (23-25). Further, old
and young islets might have different rates of synthesis or deg-
radation of preproinsulin mRNAduring incubation in vitro at
the same glucose concentration. Since we were interested in
comparing insulin synthesis in isolated islets, we also mea-
sured insulin mRNAlevels in islets. Because we measured
proinsulin synthesis in islets after a recovery period after isola-
tion, isolated islets were preincubated for 16 h in MEMwith
5.5 mMglucose and 10% calf serum, the same recovery con-
ditions we used before measuring proinsulin synthesis, and
total RNAwas then extracted. Preproinsulin mRNAlevels in
the young and old islets were assessed by densitometry of auto-
radiograms of Northern blots of total islet RNAhybridized to
rat preproinsulin I cDNA. As shown in Table II (colum 2),
there was no significant difference in preproinsulin mRNA
levels in the young and old islets.

Proinsulin synthesis
Islets isolated by collagenase digestion and banding on a Ficoll
step gradient were allowed to recover from the isolation pro-

Table I. General Parameters Relevant to Insulin Biosynthesis in Young and Old Rats

Pancreatic Pancreatic
Age (n) Weight Pancreas weight insulin content total RNAcontent Islet insulin content

mo g g Ag mg ng/islet

4-5 (5) 319±10 0.920±0.047 217±24 7.73±0.58 34.5±7.1
7 (3) 388±14 _
21-22 (5) 420±16 0.923±0.047 245±10 9.14±1.17 37.9±6.7
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cedure by incubation for 16 h in MEMwith 10% calf serum.
Preliminary studies showed that this recovery period led to
much greater incorporation of labeled leucine subsequently.
Islets were then pulse labeled for 30 min in MEMwith 16.7
mMglucose and chased for 240 min in MEMwith either 2.8
or 16.7 mMglucose. The secretion of total insulin by the islets
during the chase period, monitored by radioimmunoassay, is
shown in Fig. 3. Both young and old islets secreted very little
insulin at 2.8 mMglucose (3% vs. 2.5% of total islet insulin
content over 240 min). However, at 16.7 mMglucose, the
young islets secreted 29.2±2.5% of their total insulin content
over 240 min, a tenfold increase, whereas the old islets secreted
9.8±1.0%, a fourfold increase.

After a 30-min pulse label, the specific radioactivity of im-
munoprecipitable material (which would be only proinsulin at
this time) in the 4-5-mo islets was 80.7±9.2 vs. 49.0±2.3
(counts per minute per nanogram of islet insulin) in the
21-22-mo islets (Table III). Assuming that the specific radio-
activity of the leucine pool available for protein synthesis was
the same in the young and old islets, this would mean that the
old islets made 39% less proinsulin during the pulse since
young and old islets had similar stores of preformed insulin.

Figure 2. Northern blot of total pancreatic
RNAfrom young and old Fischer rats.
Total pancreatic RNAwas hybridized to
32P-labeled pcr(I)IN containing rat I pre-
proinsulin cDNA. 2-4 .g of total pancre-
atic RNAwas run in each well of a 1%
agarose formaldehyde gel. Lanes 1-5, sam-
ples from five individual 4-5-mo animals.
Lanes 12-16, samples from five individual
21-22-mo animals. Lanes 6-11, dilutions
from 0.75-4.5 ug of a standard preparation
of total pancreatic RNAfrom a 4-mo ani-
mal, to demonstrate linearity of band den-
sities over the range of preproinsulin
mRNAloaded in the old and young sam-
ples to be compared.

This assumption is supported by the finding that islet total
protein synthesis, measured as TCA-precipitable leucine ra-
dioactivity, and expressed per nanogram of islet insulin, was
similar in young and old islets (Table III, column 2). Further,
there was no difference in the amount of free leucine in young
and old islets, as assessed by non-TCA-precipitable islet radio-
activity (Table III, column 3). These data strongly support the
conclusion that the specific radioactivity of leucine was the
same in the young and old islets, and hence that the absolute
differences in [3H]leucine incorporated into proinsulin be-
tween young and old islets reflected actual differences in syn-
thesis, rather than intra-B cell leucine pool size changes.

The ratio of labeled proinsulin to labeled total protein after
a pulse-label period at 16.7 mMglucose was also examined.
This ratio is independent of changes in leucine pool specific
activity, and was 0.268±0.008 in the 4-5-mo animals and
0.167±0.018 in the 21-22-mo animals, a 38%decrease. There-
fore, the old islets not only made less proinsulin at 16.7 mM
glucose, but also made less proinsulin as a fraction of total
protein synthesis.

It was conceivable that the decrease in proinsulin synthesis
seen in the 21-22-mo animals was solely secondary to islet

Table II. Preproinsulin mRNAContent in Whole Pancreas
and Isolated Islets

Whole pancreatic Isolated islet preproinsulin
preproinsulin mRNAcontent mRNAcontent per

Age per microgram of insulin (n)* nanogran of insulin (n)

mO U/Ag U/ng

4-5 3.73±0.53 (5) 3.42±0.78 (3)
21-22 3.45±0.55 (5) 3.39±0.65 (4)

P= NS P= NS

P values are for comparisons of 4-5- and 21-22-mo animals.
* Whole pancreatic and isolated islet preproinsulin mRNAcontents
are expressed in arbitrary units, reflecting the integrals of band densi-
ties. in autoradiograms. Band densities increased linearly with
amounts of RNAloaded for the range of amounts of RNAused in
these Northern blots. Islet preproinsulin mRNAcontent was mea-
sured in islets preincubated for 16 h in MEMwith 5.5 mMglucose.
Since whole pancreatic and isolated islet preproinsulin mRNAlevels
were measured in separate hybridization experiments, the values in
column I have no direct correlation with those in column 2.
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Figure 3. Secretion of
insulin by young and
old islets at 2.8 mM
(young [- - * - -], old
[- - o - -]) and 16.7
mM(young [ v ],
old [- A -]) glucose.
After preincubation for
16 h in MEM, batches
of 20-30 islets were in-
cubated for 30 min in
16.7 mMglucose,
washed, and then
chased for 240 min in
2.8 or 16.7 mMglu-
cose. Insulin secreted
during the chase was
measured by radioim-
munoassay. The secre-
tion results are given as

percent of islet insulin content at the start of the chase; islet insulin
content measured at the end of the chase was unchanged.
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Table III. Effects ofAge on Incorporation of [3H]Leucine into Proinsulin and Total Protein by Islets after a 30-min Pulse Label at
16.7 mMGlucose (Islets Were Preincubatedfor 16 h in MEMwith 5.5 mMGlucose)

Age (n) Proinsulin Total protein Free leucine Labeling ratio*

mo cpm/ng islet insulin cpm/ng islet insulin cpm/ng islet insulin

4-5 (5) 80.7±9.2 285.7±27.8 27.2±5.0 0.268±0.008
7 (3) 68.0±11.6 250.9±42.9 35.1±7.1 0.223±0.017
21-22 (5) 49.0±2.3 256.7±42.7 25.8±4.2 0.167±+(018

P<0.01 NS NS P<0.01'

Proinsulin and total protein synthesis were measured in the same islets, the former by immunoprecipitation and the latter by incorporation into
TCA-precipitable products; free leucine is taken as the non-TCA-precipitable, intraislet radioactivity. Results are expressed as counts per min-
ute per nanogram of islet insulin. Islet insulin contents for islets preincubated in MEMwith 5.5 mMglucose that were 4-5 mo 39.2±4.0
ng/islet, 7 mo29.5±2.9 ng/islet, and 21-22 mo 37.5±6.0 ng/islet. P values are for comparisons of 4-5- and 21-22-mo animals. * Counts per
minute in immunoprecipitable proinsulin per counts per minute in TCA-precipitable protein.

dysfunction brought on by the 32% increased weight of the
older animals. Weexamined insulin synthesis in a group of
7-mo animals as well. As shown in Table I, their weights were
only 7% less than that of the 21-22-mo animals. Synthesis of
proinsulin, as reflected by specific radioactivity of proinsulin
and proinsulin-total protein labeling ratio, was intermediate
between that of 4-5- and 21-22-mo animals (Table III). Thus,
proinsulin biosynthesis is already somewhat impaired in the
7-mo animals, but not to the extent of the 21-22-mo animals,
and the additional decrease from 7 to 21-22 mowas primarily
associated with age, although increased weight might also have
contributed. The progressive decline in proinsulin biosynthesis
throughout the age range studied also supports the inference
that this decrease is truly an effect of aging, and not the result
of comparing a stage of growth and development to one of
senescence (26).

Secretion of newly made insulin
The secretion of newly made insulin from islets (preincubated
in vitro for 16 h in MEMwith 5.5 mMglucose) was examined
over 240 min chase periods in 2.8 and 16.7 mMglucose, after
a 30-min pulse-label period in 16.7 mMglucose, by measuring
the radioactivity of secreted insulin sampled every 60 min.
Two considerations need to be raised here. The first is the
effectiveness of the washout of labeled leucine from the pulse
period before the start of the chase. If washout of labeled leu-
cine from the intraislet leucine pool was inefficient, more la-
beled proinsulin could be synthesized during the early part of
the chase, and make the secretion of newly synthesized insulin
difficult to assess accurately. However, we found that after four
washes of the pulsed islets in MEMwith 0.4 mMunlabled
leucine, only 3-8% of the labeled intraislet leucine remained
non-TCA precipitable, and hence in the free leucine pool (data
not shown), and the values were similar for young and old
islets. This small amount of residual-labeled leucine at the start
of the chase would not have had any significant effect on our
results.

The second consideration in interpreting these pulse-chase
experiments is that while all insulin-specific immunoprecipi-
table radioactivity after a 30-min pulse is proinsulin, most of
the secreted insulin during the chase is insulin; thus, a correc-
tion had to be made to take into account the loss of radioactiv-
ity in secreted C-peptide, which is not immunoprecipitated in
the assay system. Samples of secreted [3H]leucine-labeled ma-

terial from 7 and 24 moislets were taken after a 120-min chase
and fractionated by HPLC; in general, they showed a 10-20%
ratio of label in proinsulin vs. insulin, which is similar to
values for islets from young animals (20). Gold et al. (27) have
also reported that young and old islets secrete similar ratios of
labeled proinsulin and insulin in pulse-chase experiments at
25 mMglucose. Wetook 15%as an average proinsulin/insulin
ratio, and corrected the specific activity of the insulin secreted
during the chase using this factor.2

Table IV shows the effects of age on the amounts of total
immunoreactive insulin and labeled insulin and protein se-
creted over the entire 240-min chase period in 2.8 mMglu-
cose, and the percentages of labeled insulin, protein, and total
immunoreactive insulin present after the 30-min pulse period
that were secreted in the subsequent chase period. There was
no significant difference in the amount of percent secretion of
newly made or preformed insulin between young and old islets
over the chase period. To follow the time course of secretion of
newly made insulin and its relative contribution to total insu-
lin secretion over the chase, secreted immunoprecipitable-la-
beled insulin was determined at 60-min intervals during the
chase. Total secreted immunoreactive insulin was also mea-
sured by radioimmunoassay, and the specific radioactiviy of
secreted insulin (counts per minute of secreted insulin per
nanogram of total immunoreactive insulin) calculated. The
data at each time point were then normalized to the specific
radioactivity of newly made intraislet insulin after the 30-min
pulse period. Fig. 4 A shows the time course of secretion of
newly made insulin by young and old islets at 60-min intervals
during a chase at 2.8 mMglucose. One can see that the peak
specific activity of secreted insulin occurred at the 120-min
sample for both old and young islets, implying that newly
made insulin formed the greatest proportion of secreted insu-
lin at this time. There was no significant difference in specific
radioactivity of secreted insulin between young and old islets
at any of the time points; thus, the time course of secretion of
newly made insulin was the same.

2. 24-mo islets chased at 2.8 mMglucose may have secreted a higher
ratio of proinsulin to insulin; the small amount of labeled hormone
secreted made accurate determination of the ratio difficult, and possi-
bly influenced by a small fraction of degenerating islets. However, even
much higher ratios would not have substantially affected the trend
shown in Fig. 4 for old islets.
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Table IV. Effects ofAge on Secretion of Total Immunoreactive Iisulin and 3H-Labeled Insulin and Protein by Islets over a 240-min
Chase Period at 2.8 mMGlucose After a 30-min Pulse-Label Period (Islets Were Preincubated for 16 h in MEMwith 5.5 mMGlucose)

Amount secreted in 2.8 mMchase Secreted in 2.8 mMchase

Age [3HJINS [3HJPROT [3H]INS RIA INS [3H]PROT

mo cpm/ng islet insulin cpm/ng islet insulin % % %

4-5 1.4±0.7 13.1±1.0 6.2±2.1 3.0±0.5 5.8±0.7
21-22 0.5±0.4 10.3±0.6 5.0±1.7 2.5±0.5 7.0±1 .2
n 4 4 4 4 4
P NS NS NS NS NS

Islets were pulse-labeled for 30 min in 16.7 mMglucose with [3H]leucine, and then subjected to a 240-min chase period in the presence of 2.8
mMglucose. The secretion of total immunoreactive insulin (RIA INS) was measured by radioimmunoassay. The secretion of labeled insulin
([3H]INS) was measured by immunoprecipitation, correcting the measured immunoprecipitated counts per minute, a mixture of insulin and
proinsulin, to equivalent amounts of insulin by assuming that 15% of the secreted, immunoprecipitated counts per minute was proinsulin (see
Results). The secretion of labeled total protein ([3H]PROT) was measured by TCAprecipitation of labeled, secreted products. Results for
"amount secreted" columns are expressed as counts per minute per nanogram of islet insulin. Results for "Secreted" columns are expressed as
percent of intraislet content after the 30-min pulse-label period that was secreted in the subsequent 240-min chase period. The labeling of
proinsulin was less efficient for this set of experiments than for the set presented in Table III: 57.0±12.9 cpm/ng of islet insulin for the young
islets, and 24.1±10.1 cpm/ng of islet insulin for the old islets. The number of separate experiments (n) is shown in parentheses. P values are
for comparisons of 4-5- and 21-22-mo animals.

When the chase was done at 16.7 mMglucose, young and
old islets showed significant differences. The absolute amount
of newly made insulin secreted over the 240-min chase period
by old islets decreased 64% (Table V). The percent of newly
made insulin that was secreted was also significantly different
between young and old islets (61.9±5.3% vs. 36.2±2.4%, P
< 0.01). Because the percent of intraislet total immunoreac-
tive insulin (mostly preformed, unlabeled insulin) that was
secreted was markedly decreased in the old islets (29.5±2.5%
vs. 9.8±1.0%), there was a 2.3-fold increase in the relative
proportion of total insulin secreted over the 240-min chase
period by old islets that was newly made compared with the
proportion in young islets. Whenthe time course of secretion
of newly made insulin and its relative contribution to total
insulin secretion was calculated, as described for the 2.8 mM
glucose chase, one can see (Fig. 4 B) that the normalized spe-
cific radioactivity of secreted insulin at 120 min was 3.5 times
higher in the old islets compared with the young islets
(12.2±2.05 vs. 3.45±0.30, P < 0.01), so that newly made insu-
lin made up a much greater proportion of the secreted insulin
from old islets at this time. In fact, this was true for all the
chase time points except the last.

It should be emphasized that the overall secretion of both
newly made and total, largely preformed, immunoreactive in-
sulin was decreased in old islets. However, the relative contri-
bution of newly made insulin to the secreted insulin was
greatly increased in old islets because, while there was a large
decrease in secretion of preformed insulin over the chase pe-
riod in old islets compared with young islets, secretion of
newly made insulin was affected considerably less.

Discussion

Weexamined the effects of aging on two essential aspects of
pancreatic beta cell function, glucose-stimulated insulin bio-
synthesis and secretion of newly made insulin, which have
previously been explored only indirectly. We chose male
Fischer 344 rats as our experimental animals, because they are

a well characterized rodent model of aging, and their defects in
glucose homeostasis parallel those in man. Thus, old Fischer
rats have been shown to have similar fasting serum glucose
values compared with young ones, but decreased glucose dis-
appearance rates after an intravenous glucose tolerance test
(28). Old animals have defective insulin secretion in the per-
fused pancreas (9), and in isolated islets (29, 30), and they have
insulin resistance, manifested as multiple defects, after recep-
tor binding, in glucose transport and glucose metabolism in
ioslated adipocytes (28). Further, unlike many strains of rats,
Fischer rats do not become massively obese as they age. Pre-
vious studies on Sprague-Dawley rats have shown large in-
creases in pancreatic size, insulin content, islet size, and islet
insulin content with age (27); these increases may be due to the
doubling in weight of the older animals in this strain, changes
that can be prevented by caloric restriction or exercise (8). We
found that, although the male Fischer rats studied had a 32%
weight gain between 4 and 5 mo and 21 and 22 mo, their
pancreatic insulin content, average islet size and insulin con-
tent, and estimated number of islets per pancreas did not
change.

Weand others (2-4) have demonstrated a significant post-
receptor defect in insulin-mediated glucose disposal with age
in humans, and, as noted above, this has also been found in
rats (8, 28). An increase in B cell synthesis and secretion of
insulin by old islets might compensate for this defect in insulin
action at its target tissues, but this was not found to be the case.

Studies of insulin synthesis and secretion by isolated islets
showed that old islets were impaired compared with young
islets when stimulated. Using a high glucose concentration (16.
7 mM)and the amino acids found in MEM,we found a 66%
decrease in secretion of total immunoreactive insulin (largely
stored, preformed insulin) and a 39% decrease in proinsulin
synthesis in old islets cultured in vitro for 16 h in 5.5 mM
glucose.

Our findings are most readily explained by postulating de-
fects in transduction of glucose-induced stimulatory signals to
insulin secretion and synthesis in old islets (Fig. 5). Previous
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Figure 4. (A) Time course of secretion of newly made insulin by 4-5-
and 21-22-mo islets at 2.8 mMglucose. After preincubation for 16 h
in MEMand a 30-min pulse label in 16.7 mMglucose in MEMwith

[3H]leucine, islets were chased for 240 min in MEMwith 2.8 mM

glucose. Aliquots of the medium were. taken every 60 min, and the
relative specific activity of the secreted insulin at each time was de-

termined, after subtracting out the contribution of previously se-

creted insulin. Specific radioactivity of insulin was defined as counts

per minute in immunoprecipitable insulin per nanograms of total
immunoreactive insulin, and relative specific radioactivity was calcu-
lated as the ratio of the specific radioactivity of secreted hormone at
a given time to that of the intraislet proinsulin, expressed as equiva-
lent amounts of insulin, after the 30-min pulse-label period. Immuno-

precipitated, secreted (3H]hormone was converted to equivalent
amounts of secreted [3H]insulin by assuming that 15% of the se-

creted hormone was proinsulin. Measured islet insulin contents

(nanograms per islet) were at the end of the pulse period, young
25.1±4.5 and old 42.7±5.3, and at the end of the chase period,
young 31.0±4.5 and old 43.7±2.4. Four islet preparations were stud-
ied for each age range. (B) Time course of secretion of newly made
insulin by young and old islets at 16.7 mMglucose. After a 30-min
pulse label in 16.7 mMglucose in MEMwith [3H]leucine, islets were
chased for 240 min in MEMwith 16.7 mMglucose. Other details are

given above. At 120 min, the difference in relative specific radioactivi-
ties between young and old islets was statistically significant (P
< 0.01). Measured islet insulin contents (nanograms per islet) were at
the end of the pulse period were, young 35.2±7.3 and old 36.7±6.2,
and at the end of the chase period, young 37.5±6.0 and old
37.7±7.8. Five islet preparations were studied for each age range.

work on stimulus-secretion coupling in B cells suggests that
several signals are generated by a glucose stimulus, including a

signal to secrete preformed insulin stored in secretory vesicles
(the initial response, which has two phases), a signal, which
may be the same or different, to secrete newly made insulin,
and a signal to synthesize more insulin. Our results suggest that
all of these signals are affected by aging, but to varying extents.

The greatest impairment is in the signal to secrete pre-
formed insulin. The nature of this signal has been extensively
investigated. It appears to be a metabolite of glucose, at or after
the level of glucokinase (31, 32), and before the level of the
triose phosphates; since the triose glyceraldehyde stimulates
insulin secretion equally well in 2- and 12 mo rat islets (29).
The signal generates promoting or modulating messengers in
the cyclic AMP-protein kinase A pathway, and in the phos-
phatidyl inositol-protein kinase C-Ca++ pathway (31, 32),
which may act at distinct steps in secretion vesicle exocytosis,
since trifluoperazine, an inhibitor of calmodulin, inhibits glu-
cose-induced insulin release, but not cyclic AMP-dependent
insulin release (33). Draznin et al. found that in islets from 18
mo Fischer rats, margination of secretion vesicles was de-
creased compared with 2 mo rats when stimulated by glucose,
but not when stimulated by glyburide, suggesting that glucose
stimulus-secretion coupling for preformed insulin stores was
impaired, rather than the secretion pathway itself (30).

Further, our results show that the signal to secrete newly
made insulin at 16.7 mMglucose is decreased by 41%in old B
cells. Because the effectiveness of the signal to secrete newly
made insulin is impaired less than that causing secretion of
preformed insulin, newly made insulin makes up a greater
proportion of secreted insulin in old islets, as reflected by the
increased specific radioactivity of secreted insulin in the
pulse-chase experiments. A similar finding was made by Gold
et al. (27) in comparing islets from 2 and 12 mo-old male
Sprague-Dawley rats. They interpreted these results as indi-
cating two insulin pools in B cells, a glucose-responsive pool
and a total pool, as originally proposed by Grodsky (34), and
that the glucose-responsive pool was decreased in size in older
animals, although the results could also be explained by pos-
tulating decreased sensitivity of a pool of preformed insulin to
the glucose stimulus. Others finding preferential release of
newly synthesized insulin in young animals have also sup-

ported the concept of at least two pools of insulin (35, 36).
Wheninsulin release was stimulated by 16.7 mMglucose or 1

mM3-isobutyl-I-methylxanthine at 2.8 mMglucose in young
rats, preferential release of newly made insulin was less pro-
nounced, suggesting differential sensitivity of the pools to-
wards secretagogues (36). Gold et al. have postulated that in
normal rat islets, secretagogues such as glucose can "mark"
newly made insulin during transport through the Golgi appa-
ratus or during formation of secretory granules, and thus cause
its preferential secretion (37). If this is correct, our results
would indicate that high glucose concentrations are less effec-
tive in signalling the mobilization of the preformed pool of
insulin than the "marking" of the newly made pool in old
islets.

Glucose also signals the B cell to synthesize insulin. As
shown by Permutt, glucose stimulates insulin biosynthesis in B
cells both at the translational level and the transcriptional level
(38). Stimulation during a high glucose pulse is largely due to
increased translation of mature preproinsulin mRNA(38, 39).
However, Giddings et al. have shown that if the glucose stimu-
lus is prolonged, insulin gene-specific transcription is also in-
creased (40), an effect that may be mediated in part by cAMP
(41). Also, high glucose inhibits insulin mRNAdegradation
(42). Comparing proinsulin biosynthesis directly in vivo in old
and young animals would be desirable, but would require in-
jection of very large amounts of radioactive amino acid to
label newly made proinsulin (43), due to the great weight of
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Table V. Effects of Age on Secretion of Total Immunoreactive Insulin and 3H-Labeled Insulin and Protein by Islets over a 240-min
Chase Period at 16.7 mMGlucose After a 30-min Pulse-Label Period (Islets Were Preincubatedfor 16 h in MEMwith 5.5 mMGlucose)

Amount secreted in 16.7 mMchase Secreted in 16.7 mMchase

Age [3HJINS [3H]PROT [3H]INS RIA INS [3H]PROT

mO cpm/ng islet insulin cpm/ng islet insulin % % %

4-5 28.1±3.0 57.1±4.6 61.9±5.3 29.5±2.5 17.9±0.8
21-22 10.1±0.8 31.3±3.0 36.2±2.4 9.8±1.0 10.9±1.5
n 5 5 5 5 5
P <0.01 <0.01 <0.01 <0.01 <0.01

Islets were pulse-labeled for 30 min in 16.7 mMglucose with [3H]leucine, and then subjected to a 240-min chase period in the presence of 16.7
mMglucose. Other details are given in the legend for Table IV.

animals at the ages studied here. Using isolated islets, we found
that proinsulin synthesis was decreased in old islets compared
with young islets. Since preproinsulin mRNAlevels were not
significantly lower in old islets, the decrease in proinsulin syn-
thesis upon pulse glucose stimulation in old B cells is likely to
be due to decreased transduction by old islets of a glucose
stimulus into factors enhancing translation of preproinsulin
mRNA. However, because of the relatively large standard
errors in our measurements of islet preproinsulin mRNA
levels (Table II), we cannot rule out the possibility that de-
creases in preproinsulin mRNAlevels might contribute to de-
creased proinsulin synthesis in old islets.

It will be important to better characterize the glucose stim-
ulus transducing steps that are impaired in islets with aging.
These may not solely be in the B cell. A glucose stimulus acting
on islets may induce paracrine effects, such as glucagon and
somatostatin release, as well as direct effects on B cells (44),
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Figure 5. Pathway of glucose-stimulated insulin synthesis and secre-
tion in B cells. Numbered arrows show steps that are stimulated by
glucose. Aging has been shown to impair the effects of a glucose
stimulus on steps 2, 3, and 4.

and Adelman has postulated that these effects may partially
explain the differential responses of old and young islets (45).
Since most of the presently postulated signals and pathways for
transduction of the glucose signal, whether direct or paracrine,
are amenable to direct stimulation and inhibition (31), one
should be able to define specific signalling impairments that
affect glucose stimulated insulin synthesis and secretion by B
cells with aging. Presumably, more than one signal is impaired,
since here we have shown differential effects of aging on glu-
cose-stimulated B cell functions. Elucidation of these impair-
ments may lead to general insights into changes in signalling
pathways from the extracellular environment to intracellular
responses with age, as well as better understanding of aging as a
model of impaired glucose homeostasis.
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