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SUMMARY
Mice with subcutaneous, isogeneic transplants of
duct-ligated pancreas from either two or five donors
displayed impaired glucose tolerance to gastric or in-
travenous glucose, or to an overnight fast followed by
a 15-min meal of mouse food. Compared with periph-
eral insulin responses in normal controls, those of
transplant recipients were less after gastric or intrave-
nous glucqse, but no different after the meal. Despite
normalization of peak insulin levels in the peripheral
circulation of isografted mice, glucose clearance was
still impaired and this probably resulted, in part, from
a relative insufficiency of insulin in the portal circula-
tion. Results of glucose tolerance tests, after trans-
plant recipients consumed a relatively small amount
of food, suggested that near-normal glucose ho-
meostasis may be present for these mice under nor-
mal feeding conditions.

In mice that received incremental doses of strepto-
zotocin, impaired glucose tolerance to a meal was ob-
served if pancreatic insulin content fell below 26% of
normal. We failed to show a similar relationship be-
tween glucose tolerance and pancreatic insulin con-
tent in transplant recipients since all showed impaired
glucose tolerance. Despite the initial transplantation
of different amounts of islet tissue, at termination in-
sulin content (transplant plus endogenous pancreas)
was essentially the same for all recipients, totaling
19-22% of that found in a normal mouse pancreas.
DIABETES 30:857-864, October 1981.

Pancreatic transplantation for management of dia-
betes mellitus requires a knowledge of the pancre-
atic content of hormones or islet mass necessary
for optimal control of plasma glucose. This report

extends previous studies1'2 using subcutaneous, isogeneic
transplants of duct-ligated pancreas in streptozotocin-
treated mice to further define the relationship between pan-
creatic hormone content and glucose tolerance. Mice were
transplanted with duct-ligated pancreata from either two or
five donors, and their tolerance to intravenous or gastric glu-

cose administration or to different amounts of mouse food
was examined. The relationship between hormone content
and glucose tolerance was also studied in mice that re-
ceived incremental doses of streptozotocin.

MATERIALS AND METHODS
Female, 5-mo-old mice (C57BI/Cum 9 x C3H/Anf Cum 3,
F,, called BC3F0 purchased from Cumberland View Farms
(Clinton, Tennessee) were used as donors or recipients.
This hybrid was chosen because it provides the highest per-
centage of useable donor tissue preparations after pancre-
atic duct ligation,1-3 and it shows the most rapid recovery
from hyperglycemia after transplantation4 compared with
other strains or hybrids we have used.
Transplantation of duct-ligated pancreas and injection
of streptozotocin. Ligation of pancreatic ducts in donors
and subcutaneous, isogeneic transplantation of duct-li-
gated pancreas were performed as previously described.1

A silk thread was tied around the donor pancreas midway
between duodenum and spleen, dividing the gland into
roughly equal parts by weight. About 8 wk later, the pancre-
atic segment between ligature and spleen was removed,
cut into small fragments, and placed into subcutaneous
pockets created in the axillary regions of the recipient. Re-
cipients were made diabetic by i.v. injection of streptozoto-
cin (STZ) (lot no. 60,273-1, U-9889, a gift of W. E. Dulin, the
Upjohn Company, Kalamazoo, Michigan) dissolved in
phosphate-buffered saline, acidified to pH 4.5 with 0.05 M
citric acid. An initial nondiabetogenic dose of streptozoto-
cin, 120 mg/kg mouse, was followed 2 wk later by a dose of
240 mg/kg mouse. Although in earlier studies1-4 a single
diabetogenic dose was used, recently2 we observed that the
two-dose regimen resulted in a greater incidence of hyper-
glycemia. Two weeks after the last injection of streptozoto-
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cin, 20 diabetic recipients each received duct-ligated
pancreata from 2 donors, and 15 recipients each received
duct-ligated pancreata from 5 donors. Fifteen sham-
operated mice were treated in the same surgical manner as
transplant recipients but received no pancreatic tissue.
Seventeen aged-matched mice served as normal, nondia-
betic controls.

Additional mice were given a single intravenous injec-
tion of streptozotocin at doses of 140, 160, 180, 200, 220,
240, or 260 mg/kg mouse. Each dose was applied to groups
of three or four mice.

Experimental mice were separated according to treat-
ment and housed 3-5 per cage. At intervals before and up
to 23 wk after transplantation, body weights were taken and
blood samples were obtained by retroorbital puncture from
7-h fasted, unanesthetized mice. The plasma was assayed
for glucose and immunoreactive insulin (IRI). During the first
9 wk after transplantation, water consumption was estimated
thrice weekly: water bottles were weighed after 48 h, and the
net difference in weight was divided by the number of mice
per cage.
Carbohydrate tolerance tests. Transplant recipients and
groups of nondiabetic controls were tested for carbohydrate
tolerance over a 2-wk period at three intervals (5 and 6, 11
and 12, and 17 and 18 wk) after transplantation. During the
first week of each interval, half the recipients, including
mice transplanted with two duct-ligated pancreata and
those transplanted with five, were given an intravenous (i.v.)
glucose injection (1.0 g/kg mouse) via the lateral tail vein. The
remaining half were given a gastric glucose load (3.0 g/kg
mouse) administered with blunt-ended, oral administration
needles (Popper and Sons, Inc., New Hyde Park, New York).
The i.v. and gastric glucose tolerance tests were alternated
between grouped recipients at the various intervals after
transplantation. Mice were fasted from 0700 to 1400 h be-
fore testing. During the second week of each interval, all
mice were tested for meal tolerance. Mice were caged four
or five per cage, fasted overnight for 18 h, and then exposed
to Wayne Lab Blox mouse food, which contains 24.5% pro-
tein, 4.1% fat, 50.2% nitrogen-free extract, and 4.1 kcal/g-
gross energy. Food was weighed before and after the meal,
and divided by the number of mice per cage to estimate the
amount of food consumed per mouse. Though it was not
possible to guarantee uniform comsumption of food, we as-
sumed that vagaries in food comsumption among individual
mice would be the same between normal control and
treated groups. In pilot studies, we observed that fasted
mice began eating as soon as food was available, and that
the average amount of food consumed was the same
whether mice were caged individually or in small groups.
We also found that normal mice, with few exceptions,
showed similar insulin responses after a specific period (15
min or less) of exposure to food.

In preliminary trials, we determined that blood samples
obtained at two crucial times during each of the tolerance
tests, at 3 and 30 min after i.v. glucose and at 15 and 60 min
after either gastric glucose or food ingestion, provided ade-
quate data for comparing test performances between nor-
mal mice and transplant recipients. To further reduce the
frequency of blood sampling, samples for basal plasma glu-
cose and IRI were obtained 3 or 4 days before tolerance
tests in mice fasted for 7 h.

Hormone extraction and radioimmunoassays. As pre-
viously described,4 transplants of duct-ligated pancreas
could be grossly distinguished in the subcutaneous trans-
plant site as a yellowish, fibrotic and fatty mass which ap-
peared well vascularized. This tissue containing the pre-
sumed transplanted islets and the recipient's own pancreas
were excised. Then each tissue was extracted for hormones
twice by sonification in a total of 6 ml of 0.15 N HCI in 75%
ethanol. Aliquots of the extracts were diluted to final dilu-
tions ranging from 1:600 to 1:12000, with 0.2 M glycine
buffer containing 0.25% bovine serum albumin that was
especially prepared for radioimmunoassays (Sigma Chemi-
cal Corp., St. Louis, Missouri). Immunoreactive insulin (IRI)
and glucagon (IRG) were measured by the single-antibody,
charcoal separation method of Herbert et al.5 using guinea
pig anti-porcine glucagon serum (gift of Dr. R. H. Unger,
Southwestern Medical School, University of Texas, Dallas,
Texas) and rat insulin or porcine glucagon as standards.
The sensitivity of the radioimmunoassay for IRI (0.125 ng/ml)
and IRG (0.030 ng/ml) combined with the lowest dilution of
acid alcohol extracts (1:600) yielded a minimum detect-
ability of 75 and 18 ng for IRI and IRG, respectively. A
micromodification1 of the radioimmunoassay was used for
measuring IRI in duplicate samples of 10 /al of plasma.

RESULTS
Recovery from hyperglycemia in streptozotocin-treated
mice after receiving subcutaneous isogeneic trans-
plants of either two or five duct-ligated pancreata (Fig-
ure 1). Recovery from hyperglycemia was most rapid in
those mice receiving five duct-ligated pancreata; normogly-
cemia was attained within 3-5 wk. Though mice trans-
planted with two duct-ligated pancreata showed plasma
glucose below that of sham-operated mice at 2 wk, com-
plete recovery from hyperglycemia in the majority of these
recipients did not occur until 9 wk. Two mice in this group
failed to recover from hyperglycemia during the experiment.
Two others that had recovered died of unknown causes at 5
and 20 wk after transplantation. At 13 wk, plasma glucose
was not significantly different between mice transplanted
with two or five duct-ligated pancreata, and the plasma glu-
cose of both groups was within the normoglycemic range.
Once recovered from hyperglycemia, transplant recipients
did not revert to the hyperglycemic state. Thrice weekly de-
terminations of water consumption confirmed the differ-
ences in the rate of recovery from experimental diabetes be-
tween the two groups of isografted mice. Polydipsia in mice
receiving five duct-ligated pancreata abated by 5 wk; that in
mice receiving two duct-ligated pancreata by 9 wk. Sham-
operated mice remained severely hyperglycemic and poly-
dipsic. Between 10 and 12 wk, 13 of 15 sham-operated mice
died.
Carbohydrate tolerance in streptozotocin-treated mice
at intervals after receiving subcutaneous, isogeneic
transplants of either two or five duct-ligated pancreata
(Figure 2 and Table 1). Though all transplant recipients
were tested for carbohydrate tolerance at each interval after
transplantation, we present here data only for those mice
that showed basal plasma glucose below 225 mg/dl 3 or 4
days before tolerance testing. These data were selected be-
cause we were interested primarily in comparing glucose
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(Transplant

FIGURE 1. Plasma glucose (X ± SEM) of
streptozotocln-treated mice after sham operation
(0) or after receiving subcutaneous, isogeneic
transplants of either two (A) or five ( • )
duct-llgated pancreata. Dashed lines represent
X ± 2 SD of plasma glucose of normal mice.
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tolerance between normal mice and transplant recipients
that had recovered from hyperglycemia.

Figure 2 shows the results of tolerance tests performed on
nondiabetic controls and transplant recipients 11 and 12 wk
after transplantation, when most of the recipients had recov-
ered. After intravenous or gastric glucose, IRI responses of
isografted mice were significantly below those of nondia-
betics, and their glucose tolerance was impaired. In con-
trast to exogenous glucose administration, IRI responses
after a 15-min meal were not significantly different between
isografted and normal mice. Even though there was no dif-
ference in peak IRI levels, plasma glucose of transplant re-
cipients was substantially higher than that of nondiabetics
at 15 min, and was still elevated at 60 min.

The results of these tests performed at 11 and 12 wk were
typical for tolerance tests performed at 5 and 6 wk or at 17
and 18 wk after transplantation. Table 1 presents results of
all tolerance tests only for those times during each test that
were most important for comparing test performances
among the two isografted groups and nondiabetic controls.
In each type of tolerance test, the differences in plasma glu-
cose and IRI responses among transplant recipients and

nondiabetics did not change appreciably among the differ-
ent intervals after transplantation. In comparison to nondia-
betic controls, transplant recipients showed significantly
lower plasma IRI responses after i.v. or gastric glucose
loads, the same plasma IRI responses after a 15-min meal,
and impaired glucose tolerance after all three types of car-
bohydrate challenges. In the meal tolerance test performed
at 6 wk, however, IRI responses were lower in isografted
mice than in nondiabetics. In generai, there were no signifi-
cant differences in glucose tolerance and IRI responses be-
tween recipients with either two or five duct-ligated pan-
creata. One notable exception was in the gastric glucose
tolerance test at 5 wk in which mice transplanted with five
duct-ligated pancreata displayed significantly higher IRI re-
sponses at 15 min even though there was no difference in
glucose levels between the two isografted groups.

In normal mice, peak IRI responses after gastric or i.v.
glucose or after a 15-min meal averaged between 1 and 3
ng/ml with no substantial differences observed among the
different tests, except after the gastric glucose tolerance
test at 6 wk in which IRI responses averaged over 4 ng/ml.
By contrast, recipients whose subcutaneous transplants re-

FIGURE 2. Plasma glucose (X ± SEM) or
immunoreactive insulin (IRI) after intravenous or
gastric administration of glucose, or after a
15-mln exposure to food (15-min meal) in normal
mice ( • ) and in streptozotocin-treated mice
1 0 - 1 2 wk after receiving subcutaneous,
isogeneic transplants of either two (A) or five (A)
duct-llgated pancreata. The " B " on the time
scale represents basal plasma glucose and IRI
in 7-h fasted mice obtained 3 or 4 days before
tolerance tests. Sample sizes are given in Table
1.
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TABLE 1
Plasma glucose (G, mg/dl) and immunoreactive insulin (IRI, ng/ml) at various times after gastric or intravenous (i.v.) administration
of glucose* or after a 15-min meal at intervals after streptozotocin-treated mice were transplanted
subcutaneously with either two or five duct-ligated (d-l) pancreataf

after
transplant

5-6

11-12

17-18

Treatment
group

Nondiabetics
2 d-l pancreas
5 d-l pancreas
P§ 1 vs. 3
P 2 vs. 3
Nondiabetics
2 d-l pancreas
5 d-l pancreas
P 1 vs. 3
P 2 vs. 3
Nondiabetics
2 d-l pancreas
5 d-l pancreas
P 1 vs. 3
P 2 vs. 3

Sample
size4:

6, 6, 12
5, 4, 8
6,9, 15

6, 5, 17
7, 8, 15
9, 6, 15

6, 7, 17
8, 7, 17
6, 9, 15

i.v.

G
30 min

192 ± 14
294 ± 19
276 ± 13
<0.001

NS
190 ± 12
314 ± 17
279 ± 15
<0.001
<0.050

209 ± 13
290 ± 14
343 ± 16
<0.001
<0.020

Glucose

IRI
3 min

1.38 ± 0.24
0.40 ±0.13
0.55 ± 0.07

<0.005
NS

1.64 ± 0.26
0.38 ± 0.04
0.36 ± 0.04

<0.001
NS

0.86 ±0.10
0.39 ± 0.05
0.45 ±0.10

<0.020
NS

Gastric

G
15 min

296 ± 23
584 ± 24
580 ± 19
<0.001

NS
327 ± 10
564 ± 31
575 ± 26
<0.001

NS
375 ± 30
558 ± 28
483 ± 25
<0.020

NS

glucose

IRI
15 min

4.58 ± 0.81
0.58 ± 0.03
1.22 ± 0.17

<0.001
<0.001

1.92 ± 0.35
0.63 ± 0.06
0.79 ± 0.08

<0.010
NS

3.04 ± 0.50
0.79 ± 0.15
1.22 ± 0.24

<0.005
NS

15-min

G
15 min

124 ± 5
345 ± 16
384 ± 18
<0.001

NS
127 ± 4
429 ± 26
386 ± 16
<0.001

NS
148 ± 7
307 ± 14
307 ± 18
<0.001

NS

meal

IRI
15 min

1.71 ± 0.22
0.83 ± 0.42
1.06 ± 0.12

<0.010
NS

1.50 ± 0.15
1.04 ± 0.07
1.31 ± 0.15

NS
NS

1.83 ± 0.26
1.54 ± 0.08
1.48 ± 0.12

NS
NS

* 1.0 g glucose/kg mouse, intravenously, or 3.0 g glucose/kg mouse, gastrically.
t Data (X ± SEM for all values) are included only for those isografted mice that showed basal plasma glucose (7-h fasted) below
225 mg/dl 4 days before tolerance testing.
t Sample sizes for the i.v., oral, and 15-min meal tolerance tests, respectively.
§ Significant differences calculated by Student's f test, for unpaired groups. NS = nonsignificant (P > 0.05).

lease IRI directly into the systemic circulation generally
showed IRI responses that were significantly higher after ei-
ther gastric glucose or food ingestion than after i.v. glucose.
Effect of amount of food consumed on plasma glucose
and IRI (Table 2). Results obtained at 20 wk after transplan-
tation on the responses after a 15-min meal (as shown in
Table 2) were similar to the data for a 15-min meal obtained
earlier in the study (Table 1). Plasma glucose was substan-
tially higher in transplant recipients than in nondiabetic
controls, whereas plasma IRI responses were similar. How-
ever, in this particular test at 20 wk, the insulin responses of
mice with 5 duct-ligated pancreata were significantly below
those of nondiabetics. During a 3-min exposure to food,
both isografted mice and nondiabetics consumed about
one-half as much food as during a 15-min meal. Plasma glu-
cose of isografted mice, though quite variable after either
meal, tended to be lower after mice consumed the smaller

amount of food. Indeed, the averaged plasma glucose of
mice transplanted with 2 duct-ligated pancreata was not
significantly different from that of nondiabetics. Insulin re-
sponses after the 3-min meal were not different between ei-
ther isografted group and nondiabetics.
Content of hormones in the pancreas and transplants of
STZ-treated mice 23 wk after transplantation with either
two or five duct-ligated pancreata (Table 3). In trans-
plants, IRG content in mice receiving two duct-ligated pan-
creata was only 60% of that in mice receiving five duct-li-
gated pancreata, but IRI content was the same for both
groups. As footnoted in Table 3, IRI in the two mice trans-
planted with two duct-ligated pancreata that failed to re-
cover from hyperglycemia was only one-seventh of that in
transplants of mice that did recover.

In the endogenous pancreas of transplant recipients, IRI
was 6-9% of that in the pancreas of nondiabetic controls,

TABLE 2
Effect of the amount of mouse food consumed* on plasma glucose and immunoreactive insulin (IRI)t in streptozotoc in-treated mice
20 wk after receiving subcutaneous transplants of either two or five duct-ligated (d-l) pancreas

Group

Nondiabetic
2 d-l pancreas
5 d-l pancreas

No. of
mice

6
8
9

Food
consumed

(g)

0.17
0.21
0.16

3-min meal

Glucose
(mg/dl)

173 ± 10
226 ± 28
265 ± 15"

IRI
(ng/ml)

0.71 ± 0.17
0.68 ± 0.10
0.78 ±0.13

No. of
mice

C
O

 
O

O
 

C
O

Food
consumed

(g)

0.48
0.46
0.31

15-min meal

Glucose
(mg/dl)

152 ± 12
318 ± 53"
360 ± 42"§

IRI
(ng/ml)

2.84 ± 0.524:
1.74 ± 0.284:
1.04 ± 0.2111

* Mice were starved overnight for 18 h and then exposed to mouse food for 3 min or 15 min.
f Plasma was collected 15 min after mice were first presented with food.
X Significantly different from corresponding value under 3-min meal, P <0.005.
§ Significantly different from corresponding value under 3-min meal, P < 0.050.
11 Significantly different from nondiabetics, P < 0.001 or P < 0.005.
U Significantly different from nondiabetics, P < 0.010.
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TABLE 3
Immunoreactive insulin (IRI) and glucagon (IRG) in the pancreas and subcutaneous transplants of streptozotocin-
treated mice 23 wk after receiving either two or five duct-ligated (d-l) pancreata*

Group

Nondiabetic
2 d-l pancreasf
5 d-l pancreas
Sham-operated

No. of
mice

13
16
15
2

Tissue
(mg)

329 ± 10
359 ± 13
320 ± 1 1

344
264

Pancreas

IRI
(/*g)

43.23 ± 2.90
3.75 ± 0.16
2.77 ± 0.18

0.69
0.23

IRG
(ng)

1626 ± 146
560 ± 32
456 ± 43

2280
453

Tissue
(mg)

438 ± 35
463 ± 24

Transplant

IRI
0*9)

(Not transplanted)
5.67 ± 0.35
5.62 ± 0.25

(Not transplanted)
(Not transplanted)

IRG
(ng)

323 ± 32
516 ± 54

* X ± SE given for all values except those of the sham-operated group for which data are given for each of the two mice that survived
the 23-wk experiment.
f Two mice that each received two duct-ligated pancreata were still hyperglycemic (620, 468 mg/dl) at 23 wk and are in-
cluded. Their pancreas contained 0.57, 0.56 /ng IRI and 876, 971 ng IRG; their transplants contained 0.84, 0.85 /i,g IRI and <18,
327 ng IRG.

and IRG was reduced by two-thirds. In the two sham-
operated mice that survived the experiment, pancreatic IRI
was less than 2% of that in the nondiabetic pancreas. Pan-
creatic IRG was higher than normal in one animal and below
normal in the second.

The IRI content in transplants plus that in the endogenous
pancreas of isografted mice totaled 19% or 22% of the IRI
contained in the nondiabetic pancreas. The total IRG con-
tent in transplant recipients totaled 54-60% of that in the
nondiabetic pancreas.
Relationship between carbohydrate tolerance and con-
tent of pancreatic hormones in mice given incremental
doses of streptozotocin (Table 4 and Figure 3). A graded
depletion of pancreatic IRI content ranging from 64% to 3%

of that in the normal mouse pancreas was observed in mice
killed 23 wk after receiving incremental doses of STZ. In
Table 4, data are presented in order of decreasing pancre-
atic IRI content, and are presented with the corresponding
basal and meal-induced plasma glucose and IRI responses
obtained in mice 2 or 3 wk before killing. Note that the basal
fasting plasma glucose was slightly above the normal range
(80-164 mg/dl, X ± 2 SD) if the IRI content fell to 14% of
normal (~6/u,g) and highly elevated (>350 mg/dl) if the IRI
content dropped to 4% (~2 /ng). No consistent relationship
between pancreatic IRI content and fasting plasma IRI was
noted. As shown in Figure 3 and Table 4, plasma glucose of
all STZ-treated mice 15 min after a meal was slightly above
the X ± 2 SD of the plasma glucose in normal mice, and

TABLE 4 ŝ

Plasma glucose (G) and immunoreactive insulin (IRI) after a 7-h fast or 15 min after a 15-min meal of mouse food* and pancreatic
immunoreactive insulin (IRI) and glucagon (IRG) in mice 23 wk after receiving incremental doses of streptozotocin (STZ)

Rankf
order

(Normal)^

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

Dose of
STZ

(mg/kg)

0

140
140
140
140
160
180
160
200
180
180
200
200
260
260
220
220
240
240

Pancreatic IRI

(M9)

43.2
±20.0

27.6
24.3
20.4
20.3
17.9
17.8
13.5
12.6
11.6
11.1
11.2
10.1
7.3
5.9
5.7
5.0
1.9
1.3

%of
normal

100

64
56
47
47
41
41
31
29
27
26
26
23
17
14
13
12
4
3

Pancreatic

(ng)

1626
±1022

1620
1161
930

1335
1338
1485
1293
990
948

1425
1440
1485
1695
2130
1575
2370
2160
1347

IRG

%of
normal

100

100
71
57
82
82
91
80
61
58
88
88
91

104
131
97

146
133
83

Basal fasting

Plasma
G

(mg/dl)

122
±42
126
119
89
79

133
104
140
129
103
117
76

120
153
180
174
188
377
405

IRI
(ng/ml)

0.26
±40
0.17
0.35
0.36
0.15
0.24
0.19
0.50
1.18
0.84
0.83
1.10
1.30
0.90
0.20
0.56
0.56
0.29
0.67

15 min after a meal

Plasma
G

(mg/dl)

126
±34
186
148
194
183
174
200
172
255
165
186
259
317
389
416
347
388
611
619

IRI
(ng/ml)

1.59
±1.32

2.76
1.91
3.16
1.91
2.26
1.82
2.85
2.30
2.12
1.72
1.22
1.82
1.05
1.22
0.81
0.92
0.49
0.34

* Basal and meal-induced plasma glucose and IRI obtained 3 or 4 wk before mice were killed.
f Ranked in order of decreasing pancreatic IRI content.
t The X ± 2 SD, N = 13, are given for normal control mice not treated with streptozotocin.
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FIGURE 3. Pancreatic IRI content (presented in order of decreasing
content) and plasma glucose and immunoreactive insulin (IRI) in mice
given Incremental doses of streptozotocin 15 mln after a 15-mln meal.
Doses of STZ (mg/kg mouse) are given at base of bars. Dashed lines
represent X ± 2 SD of plasma glucose and IRI of normal mice.

was substantially above this range in those mice whose
pancreatic IRI content was 26% of the normal content or
below. Though the plasma IRI responses after a meal
tended to decline as pancreatic IRI content decreased,
plasma IRI levels were still within the X ± 2 SD of that in nor-
mal mice.

No apparent relationship between carbohydrate toler-
ance and pancreatic IRG content was noted in streptozoto-
cin-treated mice.

DISCUSSION
As observed in the present study, transplant recipients dis-
played impaired glucose tolerance and subnormal insulin
responses after intravenous or gastric glucose challenges.
After an overnight fast and a 15-min meal, isografted mice
still showed severely impaired glucose tolerance, but their
insulin responses, in several instances, were not signifi-
cantly different from those of nondiabetic controls. In normal
animals, hepatic extraction of insulin results in peripheral
levels of the hormone that are one-half to one-third of those
in the portal circulation.6 In mice with subcutaneous islet
transplants, insulin levels in the periphery are probably sim-
ilar to those entering the portal vein. Thus, transplant recipi-
ents are still relatively insulin deficient at the site of the liver.

This deficiency could result in a failure to stem glucose out-
put or to initiate glucose uptake by the liver which, in turn,
would lead to glucose intolerance.

Other disruptions occurred after heterotopic pancreatic
transplantation that could have contributed to glucose intol-
erance. In particular, the normal parasympathetic and sym-
pathic innervation of the islets was severed, and could have
resulted in perturbation of the stimulatory-inhibitory neural
reflex for insulin secretion.7 Pipeleers et al.8 observed that
transplanted islets, like other denervated organs, displayed
hypersensitivity to catecholamines. Indeed, the suppressed
insulin responses to intravenous glucose that were ob-
served in islet-transplanted rats under stress were similar to
the insulin responses after i.v. glucose observed in our stud-
ies1-2 and in those of others.9"11 In adrenalectomized rats
and in isografted animals tested for glucose tolerance
under nonstressed conditions, as in rats injected via pre-
viously implanted catheters, peak insulin responses and tol-
erance to i.v. glucose were improved substantially8-9 or were
essentially normalized.12-13

Yet, even in nonstressed, isografted animals, an absence
or delay of the early, preabsorptive peak of insulin secretion
after an oral stimulus has been observed.9-12 This abnormal-
ity has been attributed to the absence of vagally mediated
stimulation of insulin secretion from specifically dener-
vated, transplanted islets.12-14 Our choice of sampling times
precluded the characterization of the earliest phase of insu-
lin secretion in our studies. Nevertheless, subcutaneous
islet transplants lack the usual autonomic innervation, and if
after further study the early insulin response is indeed lack-
ing, this would help explain why glucose tolerance was im-
paired.

Notably, peak insulin responses of transplant recipients
were greater after gastric glucose or a meal than after intra-
venous glucose, even though peripheral plasma glucose
was just as high after the intravenous injection. Evidently,
the insulinogenic factors ("incretin")15 released by the gas-
trointestinal mucosa were responsible for the greater insulin
response after gastric glucose or food ingestion.

Regarding glucose homeostasis after food ingestion, we
noted that fasted transplant recipients consumed a smaller
amount of food and showed lower postabsorptive plasma
glucose after a 3-min meal than after a 15-min meal. Since
mice fed ad libitum consume their food in small frequent
meals, substantial deviations from normal glucose ho-
meostasis probably rarely occurs. This may explain why
plasma glucose levels have usually been within the normal
range even when transplant recipients were in the nonfasted
state.1-2 Louis-Sylvestre has reported that feeding behavior
does not change after rodents have recovered from experi-
mental diabetes after islet transplantation.16

There is some evidence that the degree of glucose intol-
erance and the magnitude of peak insulin response are at
least partially dependent on the insulin content or islet mass
in transplants17-18 or on the amount of islet tissue initially
transplanted.19-20 Although somewhat different from the
transplant situation, studies in which the insulin content or
islet mass were partially reduced by alloxan or streptozoto-
cin injection, or by surgical removal, indicated that im-
paired glucose tolerance and subnormal insulin responses
resulted from a reduction of insulin content or islet mass
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below 50-60% of normal.21"23 In streptozotocin-treated
mice of the strain used in our studies, impaired glucose tol-
erance after food ingestion and insulin responses in the
lower range of normal were noted if pancreatic insulin con-
tent was reduced below 26% of the normal content. By com-
parison, mice transplanted with either two or five duct-li-
gated pancreata both showed the same degree of glucose
intolerance and subnormal insulin responses. Despite the
initial transplantation of different amounts of islet tissue, in-
sulin content in transplant recipients (pancreas plus trans-
plant) at 23 wk was essentially alike, totaling 19-22% of that
in the pancreas of age-matched controls. Although a higher
insulin content in transplant recipients might show an effect,
we have failed to show any relationship between glucose
tolerance or insulin responses and pancreatic hormone
stores.

On the other hand, relationships between the incidence or
rate of recovery from hyperglycemia and the amount of islet
tissue initially transplanted,4 or the insulin content of trans-
plants after transplantation,1-3 seem to be well established
and have been confirmed by others.17-19 These relationships
indicate that transplant insulin stores are substantially
greater in mice that recover from hyperglycemia than in
mice that fail to recover.1-3 Also, the rate of recovery is in-
versely correlated with the amount of islet tissue initially
transplanted4 or the insulin content in transplants.1

Because of these relationships, changes in hormone stor-
age capacity of pancreatic islet tissue after transplantation
are important. Although the data are sketchy and must be
viewed rectrospectively from several experiments,1-2 we
have some idea of these temporal changes. During the re-
vascularization phase after transplantation, a substantial re-
duction of transplant hormone stores occurred amounting to
80% of those initially transplanted.1 The loss of insulin
stores was nearly proportional to the loss of glucagon. Be-
tween 7 and 18 wk, insulin content increased but glucagon
content remained unchanged.2 In the present study, insulin
content was essentially the same for transplants of either
two or five duct-ligated pancreata at 23 wk, but glucagon
content was less in the transplants of two duct-ligated pan-
creata. Our interpretation of the temporal changes in the
content of hormones in these transplants is shown in Figure
4. We assumed that 80% of the hormone stores initially
transplanted were lost within 6 wk. Since mice transplanted
with two duct-ligated pancreata took longer to recover, we
suspect that the insulin content was less in these transplants
at 6 wk, but increased thereafter, so that at 23 wk the insulin
content was the same as that in transplants of five duct-li-
gated pancreata. Since we have observed that glucagon
content remains unchanged after recipients recover from
hyperglycemia,2 this would account for the lower glucagon
content in two duct-ligated pancreata at 23 wk. This inter-
pretation implies that the increase in transplant IRI stores
may be limited.

Perhaps just as important as changes in hormone levels
in transplants are those changes occurring in the recipients'
endogenous pancreas. Earlier we reported that insulin con-
tent in pancreata of just recovered recipients, although low
in relation to that in the normal pancreas, was significantly
higher than that in pancreata of sham-operated mice.1 Sev-
eral weeks after the recipients' recovery, an additional sig-
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FIGURE 4. Temporal changes in immunoreactlve insulin (IRI) and
glucagon (IRG) content in transplants of two or five duct-ligated
pancreata after subcutaneous, isogeneic transplantation in
streptozotocln-dlabetic mice. An interpretation based on data of
present and past reports.1'2

nificant increase in IRI content was noted.2 In the present
study, pancreatic insulin content was as much as sevenfold
higher than that of severely hyperglycemic, sham-operated
mice. This factor agrees with that observed by Trimble et
al.25

Glucagon content in the endogenous pancreas displayed
even more substantial changes than that of insulin. As re-
ported by ourselves1-2 and others,26 the highly elevated glu-
cagon levels in the pancreas of streptozotocin-treated ro-
dents decrease after recipients recover from hyper-
glycemia. In the present study, the glucagon content
in the pancreas of transplant recipients was only one-third
of that in the pancreas of age-matched controls. Thus, the
substantial reduction of glucagon stores in the endogenous
pancreas and the small but significant increase in insulin
stores may contribute to the recipients' recovery from hyper-
glycemia.
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