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INTRODUCTION 

I.· Review of Related Literature 

Diabetes mellitus has been recognized since antiquity, 

having been first described around 1500 B.C. in Egypt. Today 

it is still a major health pr6blem in the United States, 

ranking third as the primary cause of death from disease. 

It is estimated that more than 4.5 million people in this 

country have diabetes, approximately 1.5 million of whom re-

quire insulin _therapy for control of hyperglycemia. When 

Banting and Best first prepared usable extracts of the pan-

creatic hormone in 1921, their achievement was hailed as the 

cure for diabetes mellitus, preventing death from diabetic 

coma, controlling overt symptom$ of diabetes, and providing 

an increased life expectancy. ' ' I However, ~nsul~n therapy has 

only partly lived up to its expectations, for it does not al-

ways prevent the serious complications that appear after many 

years with the disease. Most diabetics develop severe com-

plications such as nephropathy, retinopathy, and premature 

atherosclerosis (leading to heart disease and stroke) by the 

fourth decade of life, resulting in a life expectancy one-

third less than that of the normal populati0n. Although in-

sulin therapy does result in "adequate" control of blood 

glucose levels, the blood glucose concentration can fluctuate 

greatly during the interval between doses. According to the 

1 
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preval~nt hypothesis, the seYere complications associated 

with diabetes mellitus are the result of these continual 

episodes of hyperglycemia and hypoglycemia. New approaches, 

then, are required in diabetes therapy that can control the 

moment-to-moment fluctuations in blood glucose, maintaining 

normoglycemia, and thus halt th~ progression of such compli

cations in diabetic p~tients and perhaps even reverse them. 

One approach in diabetes therapy involves transplanta

tion of pancreatic tissue. Initial attempts to transplant 

adult pancreases .or pancreatic fragments were unsuccessful 

because the associated ~xocrine enzymes autodigested the 

tiansplanted tissue or injured the host (Brooks, 1962). With 

the development of specific techniques to isolate the islets 

of Langerhans from the nonehdocrine pancreas (Moskalewski, 

1965; Lacy and Kostianovsky, 1967), reports of successful 

transplantation of isolated islets appeared in the litera

ture. Younoszai and associates (1970) were the first to re

PQ~t on the transplantation of islets into diabetic recipient 

ratsi however, the diabetic state was only temporarily amel

iorated. It was Ballinger and Lacy (1972) that demonstrated 

that adult islets could produce long lasting amelioration of 

the diabetic state when transplanted into streptozotocin

induced diabetic rats. In these recipient rats, weight gain 

was restored, glycosuria was reduced, and plasma glucose levels 

were decreased, although not completely returned to normal. 

It is now well docUmented that transplantation of the islets 
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of.Langerhans can reverse the ·metabolic abnormalities asso

ciated with drug-induced diabetic animal ~odels. Islet trans

plantation in rats normalizes plasma glucose levels, increases 

·.circulating insulin levels, abolishes glycosuria, results in 

normal glucose toler~nce curves, r$stores weight gain, alle

viates polyu~ia, polydipsia, and polyphagia, normalizes serum 

lipid levels, and decreases mortality (Matas et al., 1977). 

Perhaps a more exciting aspect of experimental islet trans

plantation is· the demonstration of both prevention and rever

sal of the secondary lesions of either drug-induced or geneti

cally diabetic animals which develop ·renal and retinal lesions 

that are similar to those associated with human diabetes 

(Matas et al., 1976). 

Before clinical application of islet transplantation 

occurs, however, several problems must be overcome. Pancrea

tic islets are more difficult to transplant successfully than 

most other organ types for two reasons. First, islets are 

highly inununogenic (i.e o , their presence tends to . promote a 

vigorous immune response in an incompatible host) . In addi

tion, islets are quite sensitive to the effects of the rejec

tion mechanisms; when islet cells are transplanted simultane

ously with some other organ, the islet cells. will be rejected 

much sooner than the other organ. Survival of islet transplants 

across major immunological barriers has been difficult to 

achieve, even with the use of immunosuppressive regimens that 

successfully prolong skin, kidney, or heart tranSplant survival 
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(Maurer, 19 7 9 } .. · Compounding. the problem is· the fact that 

corticosteroids which are used for immunosuppression are 

known to produce hyperglycemia. In addition to the problem 

of inununological rejection,_ a shortage-of transplantable islet 

tissue impedes clinical application of islet transplantation .. 

In experimental animal models, islets are relatively easy to 

isolate. However, since human pancreases are generally more 

~ompact and contain much more fibrous tissue, islet isola-

tion is much more difficult and smaller yields are obtained. 

Islet grafts ·in humans will also require from 50,000 to 100,000 

isl~ts (Haugh, 1975). 

In addressing the problem of immunological rejection it 

has been recently demonstrated that marked prolongation of 

islet allograft survival across a major histocompatibility 

barriei~can be obtained by the use of in vitro culture (24° C) 
.. 

for 7 days in conjugation with a single injection of ALS 

(antilymphocyte serum) into the diabetic recipient (Lacy et 

al., 1979). This technique was originally described for 

thyroid transplants by Lafferty (1975), who.suggested that 

organ culture of the thyroid removed passenger lymphoid cells 

and that these lymphoid elements played a major role in the 

sensitization of the host to foreign antigens of the thyroid 

cells. With this type of graft pretreatment, transplanted 

islets not only survive without being rejected but also cor-

rect the e·~perimentally induced diabetes for several months. 

Without this graft pretreatment, the transplants are consis-

tently rejected within 5 to 8 days (Lacy et al., 1979). 
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To circumvent the problems of both immunological rejec-

tion and availability of adequate quantities of donor tissu~, 

application of techniques in low temperature biology is cur-

rently being investigat?d. Low temperature preservation 

(cryopreservation) of pancreatic islets would allow storage 

of sufficient quantities of tissue for transplantation; as 

well. as providing a means for precise histocompatibility 

matching. While tissue culture (37° c, 22° C, or 4° C) may 

be an alternative method for islet preservation, such long 

term cultures would have to be manipulated daily, with the 

possibility of microbial contamination, dedifferentiation, 

or transformation. A better approach would be to place islet 

cells in nsuspended animation" through techniques of cryopre-

servation. 

Cooling produces fundamental physical and chemical 

changes in biological systems; as the temperature is reduced, 

molecular movement decreases, slowing down both physical and 

chemical proc~sses. For physical processes, i.e., osmotic 

pressure, water diffusion, water crystallization, the decrease 

in rate of molecular motion is proportional to the fractional 

changes in absolute temperature. Chemical reactions, on·the 

other hand, depend upon an energy of activation. · When the 

temperature is reduced from 37° C to 27° C, physical re-

actions are reduced only 3 percent while chemical reactions 
} 

are reduced about 50 percent. Low temperatures, then, will 

inhibit most chemical processes; however, physical processes 



6 

will still be occurring, although at a much reduced rate. 

Theoretically, if the· deleterious physical processes can be 

minimized through techniques of cryopreservation, then low 

temperature stor~ge will provide a means of placing biologi

cal tissues in·a state of "suspended animation." 

The most crucial physical proces~ that occurs as the 

temperature is reduced (<0° C) is water crystallization. 

Although ice, itself, may be relatively inert and nontoxic, 

the location of ice crystals (intracellular vs. extracellu

lar) and the consequences of water crystallization, i.e., 

dehydration, have been implicated in possible mechanisms of 

freeze-induced damage ~(Karow, 1969; Mazur, 1970), with the 

most obvious manifestation of such damage being disruption of 

cellular membranes. While some tissue can withstand the in

sult of low temperature with relative ease, most require care

ful manipulation of several critical cryobiologic factors in

cluding cooling and warming rates and the type and character 

of the protective additive (cryoprotectant) . 

Water will not crystallize until a temperature is reached 

that will permit solutes in the water to act as nuclei for 

crystallization. The size of the material necessary to cause 

nucleation is proportional to the temperature: the lower the 

temperature, the smaller the critical radius for nucleation. 

With slow cooling, intracellular water tends to supercool 

while ice formation occurs ·extracellularly at relatively high 

temperatures (~10° C). As the water freezes in the extra

cellular spaces, its vapor pressure drops below that of the 
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supercooled intracellular water. Coupled with the observa-

tion that as ice forms, solute concentration increases extra-

cellularly, the intracellular water flows out of the cell. 

Slow cooling is, then, charaGterized by relatively large 

extracellular ice formation--a phenomenon conducive to cell 

survival. With rapid freezing, the temperature is quickly 

dropped to the range which allows a large number of extremely 

small water crystals. Crystallization occurs, then, both 

intra- and extracellularly--an oftentimes lethal situation. 

However, the absolute cooling rate that produces optimum 

postthaw survival varies from cell type to cell type. 

While several cell types cah withstand freezing without 

any protective additive (Karow, 1974), most tissues require . 
pretreatment.with compounds known as cryoprotectants. Cryo-

protectants are drugs which, when applied to biological tis-

sue prior to freezing, yield a higher postthaw survival than 

could be obtained without the drugs. Generally classified 

into two broad groups, penetrating and non-penetrating, these 

drugs must be in direct contact with the tissue in order to 

confer effective cryoprotection. Several hypotheses have been 

forwarded to explain how these drugs are capable of affording 

cryoprotection (Karow, 1969; Mazur, 1970). However, no one 

explanation can account for either the specificity that is 

seen for the diverse chemical natures of the drugs in each 

of the two classes or the lack of effectiveness of compounds 

with similar chemical composition. It can be stated, though, 
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that protec~ion of cellular membrane integrity is the ultimate 

mechanism by which cryoprotectants increase postthaw survival· 

of frozen tissue. 

Dimethylsulfoxide (Me 2so), a penetrating cryoprotectant, 

has been demonstrated to be effective in the cryopreserva-

tion of several cell types including bone marrow, leukocytes, 

and heait cell~. In addition, Me 2so has been demonstrated to 

exert a broad spectrum of pharmacological effects in nonfrozen 

systems (Shlafer, in press). Me 2so alters the transport of sub

stances across membranes, produces alterations in the activity 

of many enzymes and interferes with several fundamental cellu

lar processes, including glycolysi.s and oxygen consumption. 

Me 2so is also an effective radioprotector of mammalian cells 

exposed to ionizing radiation (Chapman et al., 1979). As a 

cryoprotectant, Me 2so is often used in high molar concentra

tions (0.5 M and greater) which increases the possibility of 

producing adverse effects on nonfrozen tissue. While cryo

protectants, in general, exert characteristic tissue-specific 

toxic effects, these toxic manifestations are dependent upon 

cryoprotectant concen·tration, temperature, and duration of 

cellular exposure. 

II. Statement of the Problem 

With the advent of techniques for the isolation and 

transplant~tion of the islets of Langerhans, research has 

been recently directed toward the low temperature storage 

of isolated islets as a means of preservation. While the 
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literature contains reports of 11 Successful 11 cryopreservation 

of.islets, their evidence engenders an unwarranted enthusiasm; 

cryopreservation of islets is quite diffi9ult and the tech

niques are far from perfected. Fergusen et al. (1976) were 

the first to report on the structural and functional effects 

of low temperature on adult rat islets. By loosely defining 

survival as no more than one half of the islets with any gross, 

morphological abberations and a 3 to 4-fold increase in in

sulin output over·basal levels, these investigators reported 

good viability at a cooling rate of so C/rnin while .1° C/rnin 

resulted in poor survival. These values, though, did not 

represent ~urvival relative to nonfrozen controls. Rajotte 

et al. (1977) reported 'the optimum cooling rate as being 0.5 

to 0.7° C/rnin. He concluded that his islets were as 11 Secre

tory" as his controls; hl.s controls, though, were not demon

strated to be very glucose-responsive. Then, in 1979 Bank 

et al. reported the optimum cooling rate to be 7S° C/min for 

adult islets, _with the slower cooling rates (1 and so C/rnin)· 

resulting in poor viability. 

The results to d~te in the literature are obviously con

tradictory and are difficult to reproduce (Bank, personal 

communication, 1979; Rajoi;.te, personal communication, 1979). 

The only successful and reproducible results reported in the 

literature concern cryopreservation of fetal (Mazur et al., 

1976; Kemp et al., '1977, 1978) and neonatal (Payne et al., 

1978) rat pancreas. The optimum cooling rates for these tis

sues are reported to be o.·l to 0.3° C/min. However, the 
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clinical applicability of using fetal and neonatal tissues 

for transplantation is questionable. 

If low temperature preservation is to be an answer for· 

long term storage of isolated adult islets of Langerh~ns, 

then much work must be done to assess the feasibility of 

such a solution. Few studies have examined the problem and 

the results are controversial. The studies presented here 

were designed to determine the effects of the cryoprotectant 

dimethylsulfoxide on islet function, characterizing and 

minimizing any toxic manifestations; to determine the cooling 

rate.s which result in optimum survival of islets; and to char

acterize the effects of low temperature preservation on islet 

function. The results of these studies address only a few of 

the many questions that need to be answered before clinical 

applicatibri of cryopreserved islet transplantation occurs. 



:M.ATE.RIALS AND METHODS 

I. Experimental Animals, Animal Care, and Housing 

Male Sprague-Dawley rats weighing 250-350 g were used 

in ~11 studies. The rats were housed (2 per cage) in the 

environmentally controlled vivarium facilities of the Medi

cal Coll~ge of Georgia and maintained on a normal laboratory 

diet of Wayne Lab Blox. All rats were fed and watered ad 

libitum. 

II. Solutions and Media 

A. Hank's Balanced Salt Solution 

Hank's Balanced Salt Solution (HBSS) had a chemical 

composition as given in Table 1. Prior to its use, HBSS was 

adjusted to pH 7.4. HBSS was stored (4° C) as a lOX concen~ 

trate and when reconstituted (lX), it was stored (4° C) for 

not longer than 2 weeks. 

B. Modified Kreb's Solutions 

1. Static Incubation and Perifusion Media 

A modified Kreb's solution (MKS) was used 

during all static incubations and perifusions. The chemical 

composition of MKS is given in Table 2. The glucose concen

tration of MKS was adjusted according to the experimental 

protocol, containing either 0, 5.6, 11.1, 16.7, or 22.2 ~~ 

11 
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TABLE 1 

Hank's Balanced Salt Solution (HBSS) 

Constituents Concentration 

NaCl 136.9 mM 

KCl 5.39 mt-1 

CaC1 2 1.26 mM 

MgS0
4 

. 7H 2o 0.81 m!-1 

. MgC1 2 
. 6H

20 o·. 49 m.M 

NaHP0 4 0.33 mM 

KH 2Po 4 0.44 nu."l 

Glucose 5.6 mM 

Pheno·l Red 10.0 llg/ml 
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TABLE 2 

Modified Kreb's Solution (MKS) 

Constituents Concentration 

NaCl 115.0 mM 

KCl 5.0 rnM 

~IgC1 2 1.0 rnM 

CaC1 2 1.1 mM 

HE PES 15.0 mM 

'rES 10.0 mM 

Bovine Serum 1.0 mg/ml Albumin 

Phenol Red 10.0 11g/ml 
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glucose. Prior to its use, MKS was equilibrated with 5 per-

cent co2 in oxygen and adjusted to pH 7.4. 

2. Calcium Incubation Media 

For the calcium experiments, MKS was used 

with a glucose concentration of 22.2 mM. The calcium concen

tration was adjusted to either 0, 0.55, 1.1, 2.2, or 5.6 mM. 

3. Ruthenium Red (crude) Incubation Media 

In the ruthenium red studies MKS was used 

which was· supplemented with 5.6 mM glucose. The purity of 

the ruthenium red (Sigma, St. Louis, MO) was approximately 

40 percent. The crude ruthenium red was added to the MKS to 

a final concentration of either 0, 10-6 , 10- 4 , 5 X 10-4 , 

10- 3 , or 5 X 10- 3 M. 

4. Amino Acid Incubation Media 

For the 3 H-l~ucine incorporation experiments, 

MKS with a glucose concentration of 16.7 mM was used. This 

solution was supplemented with 1000 KIU (kallekrein inhibitory 

units)/ml Trasylol (Sigma, St. Louis, MO), and 20 ~g/ml each 

of alanine, cystine, histidine, isoleucine, lysine, methionine, 

tyrosine, tryptophan, threonine, and valine (Sigma, Sto Louis, 

MO). L-leucine-4,5- 3H (specific activity 58.5 Ci/mM, New 

England Nuclear, Boston, MA) was added to reach a final con-

centration of 50 ~Ci/ml$ 

C. Culture Media 

CMRL~l066 culture media (GIBCO, Grand Island, NY), 

which contains 5~6 mM glucose, was used during all periods 

of culturing. This media was supplemented with 10 percent 
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Cv/v} fetal calf serum (GIBCO}. For overnight cultures 

10 mg/1 gentamicin sulfate was added to the media. This 

concentration was demonstrated to have no effect on islet 

function. For some culturing periods~ the glucose concen

tration of the media was increased to 11.1-mM. 

C. Dimethylsulfoxide (Me
2
so) Solutions 

l-1e 2so was added either to MKS or to CMRL-1066, 

according to the experimental protocol, to rsach the desired 

concentration (v/v). For the Ne
2
so-containing MKS, the 

glucose concentration was 5. 6 .rnM. CMRL-1066, supplemented 

with 11.1 mM glucose, was used in the freezing experiments 

which called for 1.4 M Me 2SD. 

III. Experimental Procedures 

A. Islet of Langerhans Isolation 

1. Surgical Procedure 

Rats were an~sthetized with pentobarbital 

s-odium (50 mg/kg). intraperitoneally. After surgically re

moving the skin on the apdomen, a midline incision was made 

through the abdominal musculature. The xiphoid process was 

removed, the thoracic cavity was depressed, and the liver 

was- elevated over the sternum, exposing the common bile duct. 

The bile duct was occluded distally with a hemostat at the duo

denum and was cannulated (PE-50 Intramedic t·ubing). proximally 

at the liver. ~ancreatic distension was achieved by retro

grade infusion of 20 ml of HESS 9pH 7.4) through the cannu

lated bile duct and into the pancreatic duct. The pancreas 

was then excised f.rom the duodenum, spleen, and other mesen

teric organs-. 
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2. Collagenase Digestion 

. ·Pancreases from two rats were placed in an 

evaporating dish and minced into fine pieces (approximately 

2 mm
3

) with scissors, decanting any floating fat. The minced 

pancreas was then placed into screw cap culture tubes (13 .X 

100 w~l, removing any excess HBSS so that the final volume 

(tissue and remaining HBSS) was approximately 5 mls. Using 

collagenase (Worthington type IV, Freehold, NJ) in HBSS, the 

tissue was digested for 10 min with v{gorous agitation (by 

hand) in a 37° C water bath. The actual. amount of colla

gena~~ (3.5-4.5 mg/ml) was adjusted according to the specific 

activi:ty of the enzyme which varied from 175-225 U/mg. Once 

digestion was complete, the tube was filled with cold HBSS 

and centrifuged at 1500 X g for 30 sec. The supernatant was 

discarded and the remaining tissue. was washed two addition~! 

times. 

3. Final Preparation of the Islets 

The tissue was ·resuspended in 4 ml of cold 

HESS after removal- of the collagenase through the series of 

washes. To separate the islets from the pancreatic debris 

remaining after the digestion, aliquots of ·the tissue (.0. 3 -

0.5 mll were removed from the tube, placed into a petri dish 

and resuspended in 10 ml of HBSS. Under a dissecting micro-

scope (lOX), the islets were removed from the debris using a 

pasteur pipette ~nd transferred to a second petri dish con-

taining HBSS. This procedure was repeated until all the 
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digested tissue was examined and all the islets removed from 

the pancreatic debris. This technique yielded approximately 

150-250 islets pe~ rat. The total preparation time, i.e., 

the time of cannulation to selecting and transferring islets, 

was generally 6 0-8 0 .min. 
I 

B. Culture Conditions 

Islets were cultured·in CMRL-1066 (GIBCO, Grand 

Island, NY) enriched with 10 percent fetal calf serum. The 

islet culture was placed in 37° C incubat.or (Model 332, NAPCO) 

in which the room· air was humidified and enriched with 5 per-

cent (v/v) co2 . Culture time varied according to experimental 

design. 

C. Static Incubations 

For "static" experiments, five islets were placed 

into small conical incubation vials (autoanalyzer cups, 2 ml) 

with.400 lll of MKS. The MKS had been equilibrated with 5 per-

cent co2 in oxygen, and the pH adjusted to 7.4 prior to each 

experiment. Each of the vials was then capped anq placed into 

a 37° C Dubnoff metabolic shaker bath. After 60 min aliquots 

of the incubation media (325 lJl) were removed from each ~ial 

and frozen for subsequent assay of insulin content. 

D. Perifusion 

In the course of this research two perifusion sys-

terns were developed· and used. Islets in either system were 

per~fused only with MKS which had been equilibrated with 5 

percent co2 in oxygen and adjusted to pH 7.4. 
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1. ·Perifusion System I 

The components of this perifusion system are 
J 

shown in Figure 1. The reservoir contains the MKS perifus-

ate. The islets are placed in the perifusion chamber which 

consists o.f a filter chamber (Swinnex, 13 nun), fitted with 

a 13.mm filter (Gelman, 5 11 pore size) upon which the islets 

rest. A peristalic pump (Harvard Apparatus Co.) draws the 

medium from the reservoir through the tubing (Tygon, I.D. 
' 

1. 59 ·mm) and past the islets at a flow rate of 0. 8 - 1. 0 ml/ 

min. The reservoirs and the chambers are submerged in a 

37° C water bath during perifusion. During peri~usion, ef-

fluent samples of the perifusate were collected at specified 

time intervals and then frozen for subsequent determination 

of insulin content. Approximately 20 islets were loaded into 

the chamber at the beginning of the perifusion. Islets were 

initially perifused for 40 min (t = 0 - 40) with MKS supple-

mented with 100 mg/dl (5.6 mM) glucose. This concentration 

of glucose was nonstimulatory ~nd established a basal (non

stimula·ted) insulin release' rate. Eff~uent samples were col

lected during this period at 5 min intervals. At t = 40 the 

tubing in the first reservoir was placed into a second reser-

voir containing MKS supplemented with 400 mg/dl (22.2 mM) 

glucose. This glucose concentration will stimulate insulin 

release. For the following 20 min (t = 40 - 60) effluent 

samples were taken continuously at 1 min intervals. Then, 

effluent samples were collected at 5 min intervals for the 

remainder of the perifusion, which varied according to experi-

mental design. 



Figure 1. Diagram of the perifusion apparatus used 
in the initial studies. 

Islets were placed in the perifusion chamber which 
consisted of a 13 mm Swinnex filter chamber, fitted 
with a Gelman filt~r (5 ~ pore size) upon which the 
islets rested. Both the charr.ber and the reservoir 
containing the perifusate were submerged in a 37° C 
water bath. A pump was us~d to draw the perifusate 
from the reservoir past the islets at a flmv rate of 
0.8 - 1.0 ml/min. ·Efflue~t samples were collected 
at specified time ·intervals land assayed for·insulin 
content. 1 

I 
I 
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2. Perifusion System II 

The components of this perifusion system ~re 

shown in Figure 2. The perifusion chamber consisted of a 

13 mm Swinnex filter· chamber which had been modified by 

filling most of its internal volume with epoxy resin (Epon 

812). This modification effectively decreased dead space and 

minimized lag time in the system. The chamber containing.the 

islets was submerged directly into the perifusate reservoir. 

The reservoir 6ontaining the MKS was then placed in a 37° C 

water bath. A peristalic pump was used to draw the media 

through the chamber past the islets at a flow rate of 0.7-

0.9 ml/min. Effluent samples were collected during specified 

time intervals and frozen for subsequent determination of in

sulin content. 

Approximately 125 islets were placed into the perifusion 

chamber. Perifusion was divided into three 40 min segments. 

During the first 40 min period (t = 0 - 40), islets were peri

fused with MKS .containing 100 mg/dl (5.6 mM) glucose to estab

lish the basal (nonstimulated) release rate. Samples were 

taken at 5 min intervals during this period. The chamber was 

then placed into a second reservoir containing stimulatory 

(22.2 mM, 400 mg/dl) glucose levels. During this 40 min period 

samples were collected at 1 min intervals for 20 min and then 

at 5 min intervals for another 20 min. After this stimulatory 

period, the chamber was placed into a third reservoir con

taining glucose-free MKS in order to establish the glucose

dependency of the stimulated response (t = 40 - 80). Samples 



Ffgure 2. Diagram of the perifusion apparatus as 
modified. 

The charrJJer, filled with plastic (epoxy resin) to 
decrease dead space, is connecteil ··,to the peri
stalic pump by 60 em of tubing (I .D . . 0. 76 mm). 
The islets :rest on a .filter (Nitex cio.th, Tetko, 
Inc.) and the pump draws. the medium past the 
islets, through the chamber. Samples are col
lected continuously over specified time periods 
and assayed.for insulin content. 
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were collected at 1 min intervals for 5 min and then at 5 min 

intervals for the remainder of the perifusion. 

E. Dimethylsulfoxide (Me 2so) Treatment Protocols 

1. Rapid Protocol 

After washing once with Me 2so-free medium, 

the islets were placed directly into the dimethylsulfoxide-

containing medium (one step) . Dimethylsulfoxide removal was 

accomplished by· removing the Me 2so-containing medium and re

placing it. with Me 2so-free medium (one step). After 5 min,. 

the medium was again. replaced with He2so-free medium. After 

an additional 15 min .incubation, the islets were either used 

experimentally or placed into culture at 37° C. 

2. Serial (Stepwise) Protocol 

Islets were pretr~ated in a stepwise manner 

in order to achieve a preselected fina,l concentration of 

Me 2so. At 5 min intervals the Me 2so concentration ~as in

creased at 1/4 increments (i.e., 0.25 X final concentration) 

by media replacement until the final concentration was 

reached. The Me 2so was removed by stepwise dilution '(1/4 

increments) with Me 2so-free medi~~ at 5 min intervals. 

F. Freeze-Thaw Protocols 

1. Cooling System I 

T!le Cryo-.Hed Programmable Freezing System 

(Mt. Clemens, MI) was used to control the liquid phase, phase 

change, and solid phase cooling rates. 
( 

After !Me 2so pretreatment, islets were placed into the 
I 

cryotubes (50 - 100 islets/ml/tube) and then loaded in the 
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Cryo-Med Free.z"ing Chamber. The cooling rates were monitored 

by a copper-constantan thermocouple inserted into.a dummy 

tube, which was connected to the Cryo-Med recorder. The 

islets ·w~re cooled at 1° C/~in to phas~ change (initiation of 

ice crystallization) . Islets were then cooled at a rate of 

2.5 to 3.5° C/min to the storage temperature of -75° C. After 

20 - 24 hr at -75° C the islets were placed in a 22° C H 0 
2 

bath and warmed at a rate of 20 ~ 30° C/min until thawed. 

2. Cooling System II 

The slow cooling system, a modification of 

the "nested" beaker technique (Fahy:, 1977), consisted of a 

stacked set of pyrex beakers (150, 250, 400, 600, 800, and 

1000 ml capacity) suspended in a liquid nitrogen dewer (Model 

E-1, MVE, New Prague, MN) with the liquid nitrogen level 2 - 3 

em below the stacked beakers (see Figure 3). A copper-

constantan thermocouple (HT4, Bailey Instruments), inserted 

into a 11 dummy" cryotube, was connected to a single pen strip 

chart recorder (Honeywell) and was used to monitor the cool-

ing rate for each experiment. 

_Islets were pretreated with dimethylsulfoxide using the 

stepwise protocol. When the final concentration of 1.4 M 

Me
2
so at 4° C was reached, the islets (50 islets/0.2 ml/tube) 

were placed into cryotubes (2 ml capacity, Nunc, Denmark). 

The cryotubes 1,qere then placed into the 150 ml beaker con-

taining 95 percent ethanol (precooled to 4° C). After in-

serting the thermocouple into the, dumrny cryotube, the 150 ml 



Figure 3. Apparatus for slowly cooling the islets of 
Langerhans. 

Five beakers (250, 400, 600, 800, and 1000) were 
stacked one inside the other and suspended 2 - 3 
cin over liquid nitrogen contained in an evacuated 
dewer. The islets in the 2 ml cryotubes were 
placed· around the periphery of a 150 ml beaker 
containing approximately 20 ml of 95 percent 
ethanol. This beaker containing the islets was 
placed·inside the smallest of the five beakers. 
Cooling was achieved by conduction through the 
beaker walls. A copper constantan thermocouple 
inserted into a "dummy" cryovial was used to 
monitor temperature. 
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beaker was placed into an ethylene glycol bath in the Revco 

freezer and slowly cooled (0.5 - 0.6° C/min) to -6° c where 

ice crystallization (seeding) was initiated. The 150 ml 

beaker -with the islets was then removed from tbe ~evco and 

placed into the stacked beaker system which had been precooled 

t~ -6° C. The islets were then cooled at a rate of 0.25 to 

0.35° C/min to the storage temperature of -75° C. After star-

age the islets were suspended ~n an evacuated dewer (22° C) 

and allowed to warm at a rate of 2 - 3° C/min until thawed. 

G. Insulin Radioimmunoassay 

Insulin content was determined through radioimmuno-

assay by the method of Wright using crystalline porcine in-

sulin (Eli Lilly, Indianapolis, IN), as the standard and par-

. 125 ' 1' 
c~ne I-~nsu ~n (New England Nuclear, Boston, MA) as the 

tracer. The anti-insulin sera (Linea Research, Inc., Mar-

chester, MO) was obtained from guinea pigs immunized against 

porcine insulin. In this assay insulin standards (0 - 250 

~U insulin/rnl) and the unknown samples derived from· in vitro 

studies were first preincubated with an excess of guinea pig 

anti-insulin serum (GPAIS). The partially neutralized GPAIS 

was then incubated with an excess of labeled porcine insulin. 

The insulin-antibody complex was then precipated with ethanol 

(76 percent) and separated from unbound insulin. 

Duplicate aliquots (0.1 rnl/tube) of the insulin standards 

and unknown samples were preincubated with 0.1 ml GPAIS 

(100 nl GPAIS/ml) for 30 min at 37° C. After cooling to room 
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0 2 1 f 12 5 . 1 . . dd j' t h b d temperature . m o I-1nsu 1n was a e: o eac tu e an 

incubated for 30 min. Exactly 30 min after the addition of 

the 125 r-insulin,· 1.6 ml of ethanol (95 percent) was added 

to each tube while vortexing. After 30 min the precipitated 

proteins were centrifuged and washed once with 76 percent 

125 . 
ethanol. The precipitates were then 6ounted for I con-

·tent with an Abbott AutoLogic Gamma Counter. 

3 . . H. H-Leuc1ne Incorporat1on 

Incorporation of 3H-leucine into t~e protein frac-

tion of isolated islets was determined by modification of 

the method of Schatz et al. (1973). Fifty islets were in-

cubated in the presence of 1.0 ml of the amino acid incuba-

tion media. Incubations were carried out for 3 hrs in a 37° C 

metabolic shaker bath, under an atmosphere of 95 percent 

o2;5 percent co 2 . During the 3 hr period 20 ~1 aliquots were 

removed at 60 min intervals and assayed for insulin ~ontent. 

After 3 hrs of incubation, the media with the islets was 

immediately frozen. The islets and the incubation media were 

not separated from each other but examined together in order 

to establish the total synthetic capacity of the islets. 

After 8 freeze-thaw cycles to disrupt the islet cells, ice 

cold trichloroacetic acid was added to the sample, yielding 

a final concentration of 10 percent~ The precipitate ob-· 

tained was washed 2 times with cold 5 percent trichloroacetic 

·acid and then dissolved in 0.5 ml of 1M acetic acid. 

Separation of the islet proteins dissolved in the 0.5 rnl 

of l.M acetic acid was carried out on a Sephadex GSO fine 
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·column (1. 2 X 55 em) . Elution was done with 1 M. acetic acid 

at a flow rate of 10 ml per hour, with 1.0 ml fractions col-

lected continuously. The fractions were then assayed.for 

radioactivity in a liquid scintillation counter (LS 9000, 

Beckman) . 

I. Electron Microscopy 

After 2 - 4 hrs of post-isolation culture, islets 

were suspended in 5 percent glutaraldehyde in Oal6 M Na 

cacodylate (37° C, pH 7.4) and immediately placed into re-

frigeration at 4° C for overnight storage. The following 

day, the fixative was removed by centrifugation and the islets 

were resuspended in normal guinea pig serum (GIBCO) . After 

gently centrifuging the supernatant was removed and the fixa-
. 

tive was again added to the pellet. After 90 min the pellet 

was gently turned and fixed an additional 90 min. The pel

let was then sectioned into pieces approximately 1 mm3 in 

size and postfixed for 2 hrs at 4° C in 2 percent osmium 

tetroxide. Th~ pellet was dehydrated a series of 50, 70, 80, 

95, and four changes of 100 percent ethanol for 5 min each. 

They were then passed through three changes of propylene 

oxide for 10 min each. The specimens were infiltrated over-

night in a half epon to half propylene oxide mixture. The 

'specimens were placed into capsules containing embedding 

media (Epon 8-12) and placed in an oven overnight at 60° C 

for polymerization. Thin sections were sectioned on a LKB 

Ultrotome III ultramicrotome, stained with 2 percent lead 

citrate and 2 percent uranyl acetate and examined with a 

Philips 400 transmission electron microscope. 
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J. Statistical Analysis 

Experimental data were compared statistically 

using the unpaired t-test of Student. Operations were 

performed with a· Hewlett-Packard Programmable Calculator 

9825A. Differences in experimental values were considered 

to be statistically significant if t values corresponded to 

probability values of 0.05 or less. In this dissertation, 

the word. 11 significant 11 is used only in this statistical 

sense; n values ref.er to the number of individual groups of 

islets. 



RESULTS 

I. Ultrastructural Analysis of Collagenase-isolated Rat 

Islets of Langerhans 

To determine whether the islets of Langerhans retain 

their ultrastructural integrity after the vigorous collagen

ase isolation procedure, islets were prepared for electron 

microscopy after being maintained in tissue culture 2 - 4 

hrs after isolation. This is the same time period in which 

islets were used in the functional studies. As demonstrated 

in Figure 4, the normal ultrastructural appearance of islets 

indicated that cell viability had been preserved (Lacy and 

Greider, 1972). Nuclei contained disp~rsed chromatin and 

often displayed a prominent nucleolus. Plasma membrane and 

intracellular membranous components were intact and mito

chondria were of normal size and shape. An occasional cell 

was seen that .appeared to be degenerating. Numerous membrane 

bound secretory granules were scattered throughout the cyto

plasm. As is common with pancreatic tissue fixed in glu

taraldehyde and osmium, islet ce~ls contained a heterogenous 

mixture of granule~ gradating from low to high electron den

sity. No systematic attempt was· made to distinguish on a 

morphological basis either the different cell types or their 

relative proportion. M~ny of the cells, however, contained 

relatively small dense granules surrounded by a larger, 

32 



·Figure 4. Ele~t,x.O:n micrograph o£ collagenase
~solated islet of Langerhans after being 

·maintained 2 ~ 4 hrs in tissue culture. 

Most of the cells in this field are beta 
.cells (B) as suggested by small dense 
gr.ap.uLes (ar:rows) packaged in relatively 
large membrane.bound vacuoles. Degenera-

,. . .. ~.tiye cell ··(sta.f J shows nucl.~ar distortion, 
pe-riPheraL cl.umping of chromatin and 

. evidence of cytoplasmic vacuolization.· 

Magnificat.icjn 4 700X. 

"'1-···; .. 
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Figure 4 
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electron lucent space that was membrane lined. This feature 

is characteristic of the beta cell and is consistent with 

other descriptions found in~the literature (Lacy and Greider, 

1972). 

II. Glucose-induced Insulin Release from Isolated Islets 

of Langerhans 

A. Glucose-induced Insulin Release in.Static Incubation 

from 2 - 4 Hr Cultured Islets 

Islets cultured for 2 - 4 hrs and incubated 
~ 

with stimulatory.glucose levels (22.2 mM) for 60 min released 

10 fold more in~ulin than islets exposed to non-stimulatory 

glucose: levels ( 5. 6 mM glucose) (Figure 5, right panel) . - The 

mean stimulated release rate was 0.86 + 0.06 ~U insulin/~slet/ 

·min and was significantly higher than the nonstirnulated 

(basal) relea~e rate 0.09 + 0.02 ~U insulin/islet/min). 

B. Glucose-induced Insulin Release in Static Incubation 
I 

from 20 - 24 Hr Cultured Islets 

When islets were stimulated with 22.2 rnM . 

glucose after 20 - 24 hrs of culture, insulin levels increased 

over 9.5 fold after only 30 min of stimulation (Figure 5 left 

panel) . After 90 min irisulin levels were lB fold higher than 

that found at t = 0. For the nonstimulated group (5.6 

mM glucose) insulin levels after 90 min of incubation were 

only 2.5 fold higher than that found at t = 0. When insulin 

values are normalized (i.e., insulin release in excess of· 

that found at t = 0), the mean stimulated rate (0.19 + 0.04 



Figure 5. Ins.ulin release from islets ·in static incu
bation a~ a function of time, glucose concentration, 
and post-isolation culture. 

Left Panel. Islets were cultured for 20 - 24 hrs 
prior to incubation in either 5.6 mM (nonstimulatory, 
hatched bars) or 22.2 mlvf (stimulatory, shaded ba1:s) 
glucose. Samples' were removed from the media at 
t = 0, 30, 60, and 90 inin after the onset of incuba
tion and assayed for insulin content. 

·Right Panel. Islets were cultured for 2- 4 hrs prior 
to incubation in either 5. 6 mJvl (nonstimulatory, hatched . 
bars) or 22.2 mM (s·timulatory, shaded bars) glucose. 
After 60 min of incubation samples were removed and 
assayed for insulin content. 

Values represent mean + SEM (n 4 - 9) 
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~U insulin/islet/min) was significantly higher than the 

basal release rate (0~07 ± 0~01 uu insulin/islet/min). When 

comparing the effects of post-isolation culture, the 20 - 24 

hr cultured islets secreted significantly less insulin after 

60 min of stimulation than the 2 - 4 hr cultured islets 

(right panel) e 

C. Effects of Extracellular Calcium Concentration on . 

Glucose-induced Insulin Release 
. · .. •. 

lar calcium concentration was increased, insulin secretion 

from islets bathed in 22.2 rn..l\1 glucose v7as also increased in, 

a concentration-dep~ndent manner. At a calcium concentration 

of 2.2 mM, insulin release was maximal and was unaffected ~y 

further increases in extracellular calcium concentrations. 

The mean maximum secretory rate for these islets was 134.8 

~u ~nsulin/islet/60 min. 

D. Effects of Ruthenium Red (crude) on Glucose-induced 

Insulin Release 

Ruthenium red produced a dose-related inhibition 

of glucose-induced insulin release (Figure 7). At the high-

est concentration tested (5 ~1) insulin release was reduced 

to 3 percent of nontreated controls. No effects of ruthenium 

red could be demonstrated up to a concentration of 0.1 rnM. 

In the present system, the Eo 50 for the inhibitory action of 

ruthenium red on glucose-induced insulin release was approxi--

rnately 0.9 rnM. The mean secretory rate for the nontreated 

control islets was 110.5 ~U insulin/islet/60 min. 



Figure 6. Dose..-,response relationship between ~xtra-
cellular calc,f:wn concentration and insulin release 
in isolated islets of Langerhans. 

Results (mean ~ SEM) are expressed as the log 
calcium concentrat:i.'on as· a function of insulin 
releas·e, represented by the percent of the maxi
mum ins·uli'n response obtained during each series 
of experi·ments. .The mean maximum rate of release 
was· 134.8 ~ 4. 2 pu insulin/is·let during the 60 min 
incubation with 22.2 mJvJ glucose. The number of 
groups of is·lets used to determine each point is 
shown i·n parenthes·is·. 
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Figure 7. Dose-response relationship between ruthenium 
red concentration and insulin r~lease. 

Islets were preincubated for 30 min with ruthenium 
red prior to stimulation in static incubations. Re
sults (mean ~ SEM) are expressed as the log ruthenium 
red concentration as a function of insulin release. 
Insulin release is represented as the percent insulin 
released relative to nontreated control islets. The 
number of groups of islets used to determine each 
point is shown in parenthesis. 
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E. The Dynamic .Pattern of Glucose-induced Insulin Release 

The dyanmic pattern of insulin release from 20 - 24 

hr isolated islets is demonstrated in Figure 8. During the 

first 40 min period of perifusion with nonstimulatory glucose 

levels, the mean basal release rate was 9.2 ~U insulin/20 

islets/min. At t = 40 the reservoir wa$ changed to one con

taining stimulatory glucose levels. After a lag time of· 

approximately 6 min, the biphasic pattern of insulin release 

could be demonstrated. At ·t = 45 insulin secretion w~s 

2 fold greater than basal and became significantly greater 

than basal from t = 48 - 50. Insulin secretion decreased

from t = 51 - 53 and then increased again significantly above 

basal and remained elevated throughout the period of stimula

tion. In general, insulin secretion varied somewhat at the 

different points. ' 

III. Insulin Release· from Isolated Islets of ~angerhans,: . 

. Effects of Dimethylsulfoxide at Normo- and Hypothermia 

A. Effects of Rapid Me
2
so Pretreatment and Temperature 

of Exposure on Glucose-induced Insulin Release 

Islets were pretreated (rapid protocol) with 

various concentrations of Me 2so (0.14, 0.7, 1.4, 2.8, or S.6 

M) at either 37° C or 10° C for 60 min. After washout, 

glucos~-induced insulin secretory capacity was compared be

tw~en treated and nontreated (Me 2so-free) control islets. 

As demonstrated in Figure 9 and Table 3, there was a pro~ 

nounced dose-related inhibitory effect on insulin secretion 

when the temperature of exposure to Me 2so was 37° C. Even 



Figure 8. The dynamic insulin response of isolated 
islets after 20 - 24 hrs in tissue culture. 

Islets were initially perifused in 100 mg/dl 
glucose to establish the basal release rate. At 
-t = 40 the r~servoir was changed to one contain
ing 400 mg/dl glucose to stimulate insulin re
lease. The lag time in this system (perifusion 
system I) was approximately 6 min~ Results are 
expressed as mean:!:._ SEM (n = 3). Asterisks (*) 
indicate significant (p < 0.05) increases in in
sulin output over basal. 
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Figure 9. GLucose-induced release from islets 
afte.r pretreatment (rapid protocol) with' 
various concentrations of Me

2
so at either 

37° C (shaded bar) or 10° C (open bar). 
Results are· expressed as the percentage of 
insulin released relative to nontreated 
controls during 1 hr of static incubation 
at 37° C with 22.2 M glucose. The mean 
secretory rate for the 37° C control islets 
was 105.6 ±_ 5.3 lJU insulin/islet/60 min and 
was 108.5 8.2 lJU insulin/islet/60 min for 
the 10° C control islets. Asterisk indicates 
significant difference {p < 0.05) of the 37° 
C group from 37° C group at same concentra
tion. Values represent mean ±_ SEM. 
(n = 15 - 22 groups of islets) 



...-.... w 
UJ 

100 

80 
wz 
rnO 
<tl1. wrn ...Jw 
w a: 60 
a:...J 
zo -a: ...J 1- 40 
::lz 
tnO 
! 0 20 

'#. .._.. 

0.14 

:·:·:·:·:· 
:::::::::: .·.·.·.·.· :::::::::: .·.·.·.·.· .·.·.·.·.· .·.·.·.·.· .·.·.·.·.· .·.·.·.·.· .·.·.·.·.· .·.·.·.·.· .·.·.•.·.· .·.·.•.·.· .·.·.·.·.· ·.·.·.·.·.· .·.·.·.·.· ·.·.·.·.·.· ::::::::::: 
::::::::::: 
::::::::::: 
::::::::::: 
::::::::::: 

I~~l~~~~ 
0.7 

Figure 9 

1.4 2.8 

(]] 37°C 

D 10°C 

~ 
o;]] 

5.6 

47 



TABLE 3 

Quantitatiye Data on the Effects of Me2SO, Treatment Protocol and 
Temperature on Glucose-induced Insulin Release* 

INSULIN RELEASE 
(~U insulin/islet/60 min) 

[Me
2

SO] 37° c 10° c 37° c 
Me 2so Pretreatment Me

2
so Pretreatment Me 2so Pretreatment 

(rapid) - (rapid) .(serial) 

0.14 M 75.1 ± 4.3 91.1 ± 7.7 102.7 ± 4.1 
Control 106.2 ± 4.2 97.5 ± 8. 8 110.5 ± 3.6 

0.7 M 60.8 ± 3.1 134.5 ± 3.2 97.1 ± 4r .• 8 
Control 99.2 ± 5.0 .132.5 ± 6.3 110.5 ± 3.6 

l. 4 M 62.1 ± 2.2 93.3 ± 5.8 9 4. 9 ± 4 .. 7 
Control 102.9 ± 5.0 96.0 ± 6.4 110.5 ± 3 .. 6 

2. 8 !J! 38.8 ± 2.8 68.3 ± 4.0 30.1 ± 1.9 
Control 108.5 ± 4.8 113.7 ± 4.9 110.5 ± 3.6 

5. 6 H 12.4 ± 1.0 6.7 ± 0.5 
Control 112.8 ± 4.9 105.0 ± 4.5 

*Prior to glucose stimulation in static incubations, islets were pretreated 
with one of several concentrations of ~e2SO for 60 min by the rapid or 
serial protocol at either 37° C or 10° C. 

Results are expressed as mean ± SEM (n = 15 - 38 groups of tslets) . 

J::.. 
00 
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at the lowest concentratibn tested (bal4 M), insulin release 

was 70 percent of the nontreated islets. 0hen the tempera-

ture of exposure was lowered from 37° C to 10° C, insulin re

lease was significantly increased (p < 0.05) when compared to 

the 37° C Me 2so-treated islets up to 2.8 M Me 2so. After 10° 

C exposure to Me 2so, no depression of-insulin secretion rela

tive to controls was dernons~rated up to a concentration of 

1.4 M Me 2so. At higher concentrations, though, a dose-related 

inhibition of insulin secretion was seen. Low~ring the t~m-

perature of incubation to 10° C (Me 2so-free) for control· 

islets had no effect on subsequent insulin release at.37° C. 

The mean secretory rate for the 10° C control islets was 168.5 

+ 8.2.~U insulin/islet/60 min as compared to 105~6 +5.3 ~U 

insulin/islet/60 min for the 37° C control islets. 

B. Effects of 1.4 M Me 2so Pretreatment at 37° C and 

10° C on the Dynamic Pattern of Insulin Release 

In the following series of experiments, the peri

fusion system originally described by Weaver et al~ (1979} ~as 

used with modification. This system was designed to decrease 

"lag time," thereby permitting changes in the rate of insulin 

release to be coincidental with changes in perifusion condi

tions. The lag time in this system was estimated to be 30 sec. 

In order to determine if the inhibitory effect of Me 2so 

on insulin secretion that was demonstrated at 37° C was 

"phase specific," islets were pretreated (rapid protocol) 

with 1 .. 4 M Me 2so for 6 0 min prior to peri fusion. The typi

cal biphasic pattern of insulin release for nontreated con-

trol islets is demonstrated in Figure 10. Within the first 

minute of stimulation (t = 40) insulin levels increased four 



Figure 10 . The dynamic insulin response from non
treated control islets. 

Approximately 125 islets in each group were 
initially perifused for 40 min with a 100 
mg/dl glucose medium to establish the basal 
release rate. At t = 40 the islets were 
stimulated with 400 mg/dl glucose. During 
the final 40 min period, the islets were 
perifused in a glucose-free medium.to estab
lish the glucose dependency of the stimulated 
response (n = 4). 
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fold over basal levels. The peak (maximum) response of the 

first phase occurred during the second minute of stimulation 

(t = 41) . After 6 min of stimulation the second phase of in

sulin release is appearing with the rate ~f insulin secretion 

increasing until glucose levels are reduced (t = 80). With 

1.4 M Me 2so pretreatment and washout at 37° C prior to peri

fusion, the mean basal release rate was significantly higher 

than control (Figure 11, Table 4). Upon stimulation, the 

biphasic pattern of release was evident. Unlike the control 

response, though, no increase in insulin release· was seen 

until the third minute of stimulation (t = 42) with the peak 

response occurring during the fourth minute (t = 43). Sig

nificant suppression of the peak responses as well as the 

total quantity of insulin released during both phases of the 

biphasic insulin response was demonstrated. As in the case 

with the controls, the stimulated response is glucose-dependent 

as evident by the rapidity of the insulin "off" response when 

glucose levels are reduced. 

To determine whether lowering the exposure tempera

ture would prevent the abnormal effects produced by 1.4 'M 

Me 2so on the dynamic pattern of insulin release, islets were 

exposed to 1.4 M Me 2so at 10° C. After washout and upon re

turn to 37° C, the mean basal release rate approaches that 

of the controls (Figure 12, Table 4). Upon stimulation, 

although t~e biphasic- release pattern was present, the onset 

of the first phase was somewhat_delayed; insulin levels 



Figure 11. The dynamic insulin response from islets 
pretreated (rapid addition) with 1.4 M Me

2
so at 37° 

c. 

After Me
2
so washout (rapid dilution), approximately 

125 islets per group were perifused at 37° C. 
Islets,were initially perifused for 40 min with 
100 mg/dl glucose medium to establish the.basal 
release rate. At t = 40 the islets were stimu
lated with 400 mg/dl glucose. During the final 
40 min period,·the islets were perifused in a 
glucose-free medium to establish the glucose 
dependency of the stimulated r~sponse (n = 4) . 
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'l'ABLE 4 

Quantitative Data on the Dynamic Release of Insulin from Isolated Perifused 
Islets of Langerhans (rat) after Experimental Treatment* 

Dynamic Response Parameters~ 

Mean basal release rate 
(~U insulin/min/group) 

Peak response, lst phase 
(pU insulin/group) 

Peak response, 2nd phase 
(pU insulin/group) 

rotal insulin, lst phase (t=40-45) 
(~U insulin/group) 

Control 
(Me2SO-free) 

37° c 
n = 4 

7.9 ± 3.0 

174.6 ± 11.6 

245.8 ± 7.7 

611.0 ± 9.4 

Me2SO-Treated ( 1. 4 M) 

37° c 10° ·c 
n = 4 n = 7 

28. 3 ± 2.6t 11.5 ± 4.4 

91.5 ± 9.4t 130. 9 ± 12.8 

192.9 ± 12.3t 228.9 ± 8.9 

289. 3 ± 25.8t 350.4 ± 48.2t 

Total insulin, 2nd phase (t=46-80) 
(JlU insulin/group) 6992.0 ±363.6 .5245.5 ± 364. 7t 5786.4 ± 423.5 

*Prior to perifusion, islets 'were incubat~d in the presence of 1.4 M Me2SO at 
either 37° C or 10° C. After 60 min, the Me2SO was removed through rapid dilu
tion. Nontreated control islets were incubated simultaneously at 37° C and h~n~ 
dled in identical manner. For each experiment after Me2SO washout app~oximately 
125 islets were perifused at 37° C during which time the data was collected. 

~The mean basal release.rate refers to the rate of insulin release during the 
first 40 min period of perifusion with 100 mg/dl glucose (nonstimulatory). The 
peak responses refer to the maximum rate of insulin release during either the 
first phase (t=40-45} o~ second phase (t=46~80) of glucose-induced insulin release. 

tsignificant differences from.contrql; p < 0.05. _ 

Results are expressed as-me~n + SEM.·· 
Ul 
lJl 



. Figure 12. The dynamic insulin response from islets 
pretreated (rapid addition) with 1.4 M Me

2
so at 

10° c. 

After Me
2
so washout (rapid dilution), approximately 

1:25 islets per group were perif.used at 37° c. 
Is1ets_were initially perifused for 40 min with· 
100 mg/dl glu.cose medium to establish the basal 
release rate. At t = 40 the islets were stimu
lated with 400 mg/dl glucose.· Du:r:ing the final 
40 min period, the islets were perifused in a 
gluco~e-free medium to establish the glucose 
dependencr; of the stimulated response (n = 7). 
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increased during the second minute (t = 41) of stimulation 

with the first phase peak response occurring during the 

fourth minute (t = 43) as in the case of the 37° C Me 2so

treated islets. However, significant suppression of release 

was seen only in the total amount of insulin released during 

the first phase. 

c. Effects of Serial (stepwise) Me 2so Pretreatment at 

37° C on Glucose-in~uced Insulin Release 

To investigate the osmotic influence of Me~SO as a 

possible cause of its toxicity, islets were pretreated for 

60 min at 37° C with various concentrations of Me 2so (0.14,. 

· 0.7, 1.4, or 2.8 M) using the serial (stepwise) protocol in

volving gradual addition and dilution of the drug, thereby mini

mizing osmotic stress. After Me 2so removal islets were placed 

into static incubation with 22.2 mM glucose for 1 hr. Up 

to a concentration of 1.4 M Me 2so islets exhibited mod~ra~e 

depression in insulin release when compared to nontreated· 

controls, as illustrated in Figure 13 and Table 3. However, 

this represented a significant increase in insulin output 

when compared to islets pretreated with up to 1.4 M Me 2so 

by the rapid protocol. 

D. Dynamic Patt~rn of Insulin Release after Serial 

Pretreatment with 1.4 M Me 2so at 4° C 

Optimization of conditions for Me 2so exposure in

volves pretreatment with the highest concentration of Me 2so 



Figure 13. Comparison of glucose-induced insulin 
release from islets after pretreatment with 
various concentrations of Me

2
so for 1 hr at 

37° C using either the stepw~se (serial) or 
rapid protocol. 

Results are expressed as ·the percent jnsulin 
released after 1 hr of static incubation in 
high glucose relative to Me

2
so-free controls. 

The mean secretory rate was 110.5 ~ 3.6 ~U 
insulin/islet/60 min for the serially treated 
control islets and 105.6 ~ 5.3 ~U insulin/ 
islet/60 min for the rapidly treated control 
islets. Values represent mean + SEM (n = 16 -
38) • 
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which produces the least amount of toxic effects. As deter-

mined from Figures 9, 12, and 13 and Tables 3 and 4, optimum 
j 

conditi6ns would involve hypothermic pretreatment with 1.4 M 

Me 2so using serial addition and dilution. 

Islets were exposed to 1.4 M Me 2so at 4° C for 60 min 

using the serial protocol. After Me
2
so washout and upon re

turn to 37° C the islets were perifused. A second group was 

treated identically but without Me~SO ana served as controls. 
c. 

With both groups perifused simultaneously, no discernable 

differences could be identified bet-vveen the drug treated 

islets and the nontreated control group, as illustrated in 

Figure 14. 

E. Effects of Me 2so (1.4 M) and Temperature (37° C, 

4° C) on Basal Insulin Release 

To examine the direct effects of Me
2
so and tempe_r

ature on nonstimulated insulin release, islets were divided 

into two groups. Islets in one group were perifused at 37° C 

while islets in the second group were perifused simultane-

ously at 4° C. After 20 min of perifusion with Me
2
so-free 

MKS, both reservoirs were switched to ones containing 1.4 M 

Me 2so. The reservoirs after 30 additional minutes (t = 50) 

were again changed to the Me 2 s~-free perifusate. 

During the entire perifusion (80 min) glucose levels 

were maintained at 5.6 mM (nonstimulatory). As demonstrated 

in Figure 15, upon exposure to 1.4 M Me 2so at 37° C, there 

was a rapid release of insulin, even in the absence of 



Figure 14. Comparison of the effects of 1. 4 M Me 2so 
pretreatment (s·eri'al) at 4° C to Me2so-f:ree pre
treated controls. 

Islets from one rat ~.vere divided into two groups. 
Islets in one group were pretreated with 1.4 M 
Me 2so (_serial protocol). for 60 min at 4° C. Islets 
in the second group were pretreated in i'denti'cal 
manner except for the omi'ss.i:on of Me 2so from the 
incubati'on media. After washout, both groups were 
peri'fus·ed simultaneously at 37° c (_125 islets/ 
chamber). 
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Figure 15. The effects of 1. 4 M Me 2so exposure during 
perifusion at 37° C and 4° C on nonstimulated 
(basal} insulin release. 

Islets from one rat were divided into two groups. 
Islets in one group (125 islets/chamber} were peri
fused at 37° c~ Islets in the second group (125 
islets/chamber) were perifused at 4° C. Both groups 
were perifused simultaneously with media containing 
nonstimulatory glucose levels (5.6 m~} at all times. 
At t = 20 tpe reservoirs were changed to ones con
taining 1.4 M Me2SO at the same temperature as the 
initial 20 min period (either 4° cor 37° C). At 
t = 50 the reservoirs were changed back to the 
Me2s0-free perifusates. 
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stimulatory glucose levels. However, within 30 min, insulin 

levels returned to their pre-exposure rate of 0.49 ~U insulin/ 

islet/min. During this period (t = 20 - 50) 27.3 ~u insulin/ 

islet was released. When islets were exposed to 1.4 M Me 2so 

at 4° C, no significant increase in insulin release could be 

demonstrated.· The mean secretory rate for these islets was 

0. 42 ~U insulin/islet/min throughout the 80 min perifus_~on .. 

IV. The Dynamic Pattern of Glucose-induced Insulin Release 

from Frozen-thawed Islets of Langerhans 

A. Islets Frozen and Thawed in the Absence of Me 2so 

1. Islets Frozen and Thawed Repetitively with 

Uncontrolled Rates of Cooling and Warming 

To determine the effects of lethal freeze

induced damage on the dynamic pattern of insulin release, 

islets were placed into a -75° C dry ice and acetone bath 

for 5 min and then thawed in a· 37° C water bath.· This pro

cedure was repeated five times prior to perifusion .. As· demon

str·ated in Figure 16, d~ring the period of low .·glucose peri

fusion the basal release rate was 3.6 ~U insulin/20 islets/ 

min. No significant increase in the release rate can be 

demonstrated throughout the stimulatory period with a mea~. 

stimulated release rate of 5.3 ~u insulin/20 islets/min. 

Insulin release was significantly depressed when compared 

with the nonfrozen controls (Table 5). 



Figure 16. The dynamic pattern of insulin release from 
islets frozen and thawed in the absence of any 
c,ryoprotectant. 

In one series of experiments, islets were frozen 
(3° C/min), thawed (20- 30° C/min), and cul
tured (20 - 24 hrs) prior to perifusion. In 
another series of experiments islets were frozen 
and thawed repetitively (frozen-killed).and then 
perifused immeiately. Islets were initially peri
used (perifusion system I) with 100 mg/dl. glucose. 
At t = 40 the reservoir was changed to one con
taining 400 mg/dl glucose to stimulated insulin 
release. 
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TABLE 5 

Quantitative Data on the Dynamic Pattern of Insulin Release from Frozen-thawed 
Islets of Langerhans 

Dynamic Response Parameters 

** 

Control 
(nonfrozen) 

n = 5 

Mean basal release rate 0 8 42 ± 0.11 
~U insulin/islet/min 

Mean stimulated release ra tet.: 0. 9 9 ± 0. 13 
~U insulin/islet/min 

Normalized stim. release ratet 0. 57± 0.18 
~U insulin/islet/min 

Total stimulated releaset 
~U insulin/islet/50 min 

28.5 ± 9.2 

Control* 
(frozen-killed) 

n = 3 

0.18 ± 0.10 

0.28 ± 0.16 

0.10 ± 0.09 

5.0 ± 4.3 

FROZEN-THANED 
3.0° C/min 

Me2SO-free 0.7 M Me2Sb 
= 3 n = 5 n 

0.42 ± 0.09 0.21 ± 0.02 

0.65 ± 0.09 0.68 ± 0.05 

0.23 ±_0.06 0.47 ± 0.11 

11.5 ± 3.2 23.5 ± 5.5 

*rsl.ets were frozen and thawed repet-itively (5 times) in a 
bath (-75° C) and rewarmed immediately each time in a 37° 
perifusion. 

dry ice and acetone 
C water bath prior to 

** The mean basal 
to stimulation 
stimulatory) . 

. 
release rate refers to the rate of insulin release 15 min prior 
while the islets were perifused with 100 mg/dl glucose (non-

~The mean stimulated release rate refers to the rate of insulin release during 
the period of perifusion with 400 mg/dl glucose (stimulatory). 

tNormalized values that refer to the amount of insulin secreted- in excess of non
stimulated (basal) release. 

Result~ are expressed as mean + SEM. 0') 

U> 
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2. Islets Frozen and Thawed with Controlled Rates 

of Cooling and Warming 

After islets are cooled in the absence of 

any cryoprotectant at a rate of 2.5 - 3.5° C/min to -75°- C, 

stored at that temperature· for 20 - 24 hrs, thawed, and cul

tured for an additional 20 - 24 hrs prior to perifusion 

their dynamic pattern of i~sulin release is illustrated in 

Figure 16. The mean basal release rate was 9.2 ~U insulin/ 

20 islets/mino Upon stimulation, the typical biphasic pat

tern of insulin release was absent. The r~te of stimulated 

insulin release was not significantly different from the 

basal release rate (Table 5). Although these islets re

leased twice as much· insulin in response to the glucose · 

challenge as did the repetitively frozen and thawed islets, 

no significant difference could be demonstrated between the 

two groups (Table 5). 

B. The Dynamic Patte_rn of Glucose-induced Insulin, 

Release from Islets Frozen and Thawed at Controlled 

Rates in the Presence of 0.7 M Dimethylsulfoxide 

(Me 2SO) 

When islets are treated with 0.7 Me 2so, cooled 

to -75° C at a rate of 2.5 - 3.5° C/min, stored at -75° C 

for 20 - 24 hrs, thawed, and cultured for an additional 

20 - 24 hrs prior to perifusion, their dynamic pattern of 

insulin release is illustrated in Figure 17. The mean 

basal release rate was 4.2 ~U insulin/20 islets/min. Upon 



Figure 17. The dynami"c pattern of insulin release 
from i"s·lets frozen (3° C/min) and thawed (20 -
30° C/min) in the presence of 0.7 M Me2SO. 

Islets wer.e treated with Me2so by the rapid 
protocol and cultured 20 - 24 hrs (postthaw) 
pri'or to perifusi'on (perifusion system I) . 
Islets were intially perifused (20 islets/cham
ber) for 40 min ~vith 100 mg/dl glucose·. At 
t = 40 the reservoir was changed to one con
taini·ng 400 mg/dl glucose to stimulate insulin 
release. Values represent means of three experi
ments. Asterisks (*) indi·cate significant 
(p < 0.05) increases over basal insulin release. 
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stimulation, although no significant increase in insulin 

release can be demonstrated until t = 53, the biphasic 

nature of the response is indicated; significant increases 

were demonstrated from t =53 tot= 55,and were followed 

by a,decrease and then an increase in the insulin release 

rate. Although pretreatmei?-t with 0. 7 M r1e
2
so resu-1 ted in 

frozen-thawed islets that secreted two times more insulin 

in response to a glucose challenge than did those islets 

frozen without cryoprotectant, the differ~nce between the 

two groups was not significant (Table-5). 
_.:J 

C. Islets Frozen and Thawed in the Presence of 1.0 M 

Dimethylsulfoxide (Me
2
so) 

After isolation, the islets were placed into cul-

ture for 2 - 4 hrs. After this stabilization period, the 

islets were treated with 1.0 M.Me 2so (stepwise proto~ol). 

Islets were then placed into the Cryo-Med and cooled at 

rates of 3, 14, or 48° C/min to the storage. temperature of 

-75° c. After 20 - 24 hrs storage at -75° C, the islets 

were thawed (20 - 30° C/min). Me 2so was removed stepwise 

and the islets were again placed into culture at 37° C for~ 

2 - 4 hrs prior to perifusion. 

1. Islets Frozen at a Cooling Rate of 3° C/min 

When islets are cooled at a rate df 2.5 -

73 

3.5° C/min, the biphasic pattern of insulin release is absent· 

during stimulation (Figure 18). However, insulin release 

increased two fold over basal levels after 10 min of 



Figure 18. ,Comparison of the effects of cooling rate 
(3, 14, and 48° C/min) on the dynamic pattern of 
insulin release from islets frozen and thawed 
· (20 - 30° C/min) in the presence· of 1. 0 M Me2so. 

Islets in each group were frozen, stored overnight, 
thav1ed, and cultured 2 - 4 hrs prior to perifusion 
(perifusion system II). Islets (125/chamber) were 

·initially perifused tvith 100 mg/dl glucose. At 
t = 30 the islets were stimulated with 400 mg/dl 
glucose. At t = 70, glucose levels were reduced. 



1.4 

1.2 

w.~ 1.0 
cnE 
<(--.. 
w--
.....JQ) 0.8 
w.~ 
a:-

c· Z·-' 0.6 -:; 
.....JCI) 
::>c: en·-
Z:::J 0.4 -::J... 

0.2 

100 mg/dl 
Glucose 400mg/dl Glucose 

50 60 

TIME(min) 

Figure 18 

75 

Glucose-free 

_ 3° C/min (n =4) 

-14° C/min (n =2) 

----- 48 o C I min ( n = 2) 

80 . 90 100 



76 

stimulation and remained elevated throughout the remainder 

of the stimulatory period. The basal release rate was 

0.14- + 0.03 ~U insulin/islet/min while the· stimulated 

release rate was 0.24 ~ 0.04 ~U insulin/islet/min (Table 6). 

This represents a small but significant increase in insulin 

output during stimulation ~hen compared to the noristimulated 

state. 

2. Islets Frozen at a Cooling Rate of 14 6 C/min - . . 

and 48° C/min 

The dyn~mic pattern of insulin release for 

islets frozen and ·thawed in the presence of 1.0 M Me
2
so at 

14 and 48° C/min is demonstrated in Figure 18. With islets 

cooled a~ a rate of 13 - 15° C/min, the mean basal release 

rate (0.55 ~ 0.14 ~U insulin/islet/min was significantly 

elevated when compared to the 3° C/min cooled islets (~able· 

6). Upon stimulation, the mean stimulated release rate was 

0.27 + 0~09 ~U insulin/islet/min, representing significa~~ 

depression in insulin release over basal levels~ This ·same 

phenomenon was demonstrated with islets cooled at 47 - 49° 

C/min. The stimulated insulin output was significantly de

pressed compared to the nonstimulated state (Table 6). 

D. Islets Frozen in the Presence of 1.4 M Dimethylsul-

foxide (Me 2so) 

1. Islets Frozen at a.Cooling Rate of 3Q C/min 

In the following series of experiments, islets 

were treated with 1.4 M Me 2so using the stepwise protocol and 



TABLE 6 

. Quantitative Data on the Effects of Cooling Rate on the Dynamic Pattern of 
Insulin Release from Islets Frozen and Thawed in the Presence of ~.OM Me2so 

Dynamic Response Parameters 

Mean basal release rate* 
~U insulin/islet/min 

Mean stimul~ted release rate~ 
~U insulin/islet/min 

Normalized stim .. release rate t 
~U insulin~Jisletjmin 

Total insulin releasedt 
~u insulin/islet/60 miri 

Frozen-Thawed, 1.0 M Me 2so 

·3. 0 ° C/min 14.0° C/min 48° C/min 
n = 4 n = 2 n == 2 

0.14 ± 0.03 0. 55 ± 0.14 0.41 ± 0.04 

0 .. 24 ± 0.04 0. 27 ± 0.09 0.27 ± 0.06 

0.10 ± 0.02 -0.28 ± 0.23 -0.14 ± 0.01 

6.0 ± 1. 2 -16.5 ± 13.5 -8.1 ± 0. 3 

*The mean basal release rate refers to the rate of insulin release 15 min prior to 
stimulation while the islets were perifused with lOOmg/dl glucose (nonstimulatory). 

~The mean stimulated release rate refers t~ the rate of insulin release during the 
period of perifusion with 400 mg/dl glucose (stimulatory). 

tNormalized values that refer to the amount of insulin secreted in excess of non
stimulated (basal) release. 

Results are expressed a~ mean + SEM. 
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cooling at a rate of 2.5 - 3.5° C/min to the storage tempera

ture of -75° C. After 20 - 24 hrs at -75° C, the islets were 

thawed at a rate of 20 - 30° C/min and placed into 37° C 

culture for either 2 - 4 hrs or 20 - 24 hrs. 

a. Islets with a 2 - 4 .hr Postthaw Culture 

Islets, frozen and thawed in the pres

ence of 1.4 M Me 2so, exhibited no increase in the insulin 

secretory rate when exposed to stimulatory glucose levels 

(Figure 19). The mean basal release rat~ for these islets 

was 0.14 ± 0.04 ~u insulin/islet/min (Table 7). The addi~ion 

of tolbutamide (20 ~g percent) to the 22e2 mM glucose during 

the stimulatory period had no effect on increasing insulin 

outputo During the final 40 min period when glucose levels 

were ·reduced, the mean secretory rate was elevated, although 

not significantly different from basal release. This rate, 

0.23 ± 0.08 ~U insulin/islet/min, was uneffected by the pres

ence of 1 mM EGTA or the absence of glucose. 

bo Islets with a 20 - 24 hr Postthaw Culture 

To determine if increasing the postthaw 

culture period would improve the glucose-responsiveness of 

islets frozen and thawed at 3° C/min, the islets were handled 

as before except the postthaw culture period was increased to 

20- 24 hrs. As demonstrated in Figure 19, upon stimulation 

there was a gradual increase in the insulin secretory rate 

which reached a plateau at a 2.5 fold higher rate than·-basal 



Figure 19. Comparison of the effects of duration of 
postthaw cuJture on the dynamic pattern of insulin 
release from islets frozen (3° C/min) and thawed 
(20 - 30° C/min) in the presence of 1.4 M Me2SO. 

Islets in both groups were treated identically ex
cept islets in one group were cultured for 2 - 4 
hrs postthaw while islets in the second group were 
cultured 20 - 24 hr~ postthaw. Both groups were 
initially perifused (125 islets/chamber) with 100 
mg/dl glucose. At t = 40 the islets were stimulated 
with 400 mg/dl glucose. At t = 80 glucose levels 
were reduced. ~ote·the failure of the stimulated 
response to return toward basal ~ihen glucose levels 
were reduced in the 20 - 24 hr cultured islets. 
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TABLE 7 

Quantitative Data on the Effects of Postthaw Culture on the Dynamic Pattern of Insulin Release 
from Islets Frozen in the Presence of 1.4 M Me2so at a Cooling Rate of 3° C/min 

Dynamic Response Parameters 

* Mean basal release rate 
~U insulin/islet/min 

Mean stimulated release rate~ 
]JU insulin/islet/min 

Normalized sti~.release ra~et 
~U insulin/islet/min 

Total insulin releasedt 
]JU insulin/islet/40 mi~ 

Frozen-Thawed 
1.4 M Me2SO, 3° C/min 

2 - 4 hr 20 - 24 hr 
Postthaw culture Postthaw culture 

n = 5 n = 6 

0.14 ± 0.04 0.16 ± 0.03 

0.15 ± 0.04 0. 29 ± o .• 08 

0.01 ± 0.02 0.14 ± 0.08 

0.72 ± 1.19 5.4 ± 3.2 

*The mean basal release rate refers to the rate of insulin release 15 min prior 
to stimulation while the islets were peri£used with 100 mg/dl glucose (non
stimulatory). 

;The mean stimulated release rate refers to the rate of insulin release during 
the period of perifusion with 400 mg/dl glucose (stimulatory). 

tNorrnalized values that refer to the amount of insulin secreted in excess of 
nonstirnulated (basal) release. 

Results are expressed as- mean· + SEM. 
00 
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release. However, when glucose levels were reduced (t = 80), 

the insulin secretory re$ponse remained at that elevated rate. 

2. Islets Frozen at a Cooling Rate of 0.3° C/min 

In the following series of experiments, islets 

were cooled at a rate of 0.25 - 0.35° C/min using the nested 

-beaker technique. Islets were then stored at -75° C for 

either 20 - 24 hrs or for 30 - 34 days. These islets were 

thawed at a rate of 2 - 3° C/min. Me 2so addition and re

moval was stepwise. After tha~ing, the ~slets were placed 

into culture for either 2 - 4 hrs or for 20 - 24 hrs prior 

to perifusion. 

a. Islets Stored at -75° C for 20 - Z4 hrs, 

with a 2 - 4 hr Postthaw Culture 

As illustrated in Figure 20, upon stimu

lation the biphasic nature of the dynamic response pattern 

is indicated. Within the first 5 min of stimulation (t = 

40 - 45) insulin release ~imulated the first phase of release; 

insulin values increased four fold during the first minrite 

with the peak/response (0.66 ~U insulin) occurring during the 

second minute of stimulation. The second phase of stimulated 

release began at t = 46. However, during this phase (t = 

46 - 80) insulin output reached a plateau at a release rate 

of 0.37 pU insulin/islet/min until glucose levels are reduced 

(t = 80) . Then, insulin levels return once again to basal 

values. The mean basal release rate for these islets was 

0.16 + 0.04 ~U insulin/islet/min while the stimulated release 

rate was 0.38 + 0.07 ~U insulin/islet/min (Table 8). 



Figure 2 0. The dynamic pattern of insulin release 
after 2 - 4 hrs of postthaw culture from islets 
frozen (0.3°. C/min) and thawed (2 - 3° C/min) in. 
the presence of 1.4 M Me

2
so. 

Islets were initially perifused with 100 mg/dl 
glucose. At t = 40 the islets were stimulat.ed. · 
At t = 80 the glucose levels were reduced to 
establish the glucose dependency of the stimu
lated response. Note the rapid onset of the 
first phase with a peak response at t = 41 (0.66 
1JU insu·lin/islet), a minor peak at t = 48 (0. 43 
1JU_insulin/islet), and a depressed second phase 
response which reached a plateau at 0. 37" 1JU 
insulin/islet/min. Values represent means of 
six experiments. 
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TABLE 8 

Quantitative Data on the Effects of Postthaw Culture and Storage Duration on the Dynamic Pattern 
of Insulin Release from Islets Frozen in the Presence of 1.4 M Me2so at a Cooling Rate of 

0.3° C/min 

Dynamic Response Parameters 

Mean basal release rate* 
~u insulin/islet/min 

Mean stimulated release rate~ 
~U insulin/islet/min 

Normalized stim·. release ratet 
~U insulin/islet/m~rt 

Total insulin releasedt 
~U insulin/is~ett40 miri 

20 - 24 hr Storage 

2 - 4 hr 20 - 24 hr 
Postthaw culture Postthaw culture 

n = 6 n = 5 

0.16 ± 0.04 0.12 ± 0.03 

. 0.38 ± 0.07 0.49 ± 0.05 

0.23 ± 0.05 0.42 ±.0 . .05 

9-.0 ± 2.1 16.6 ± 1.2 

30 - 34 Day Storage 

2 - ·4 hr 
Postthaw Culture 

n = 7 

0.29 ± 0.06 

o-.51 ± 0.08 

0.22 ± 0 .. 02 

9.0 ± 0.8 

*The mean basal release rate refers to the rate of insurin release 15 min prior to stimu
lation while the islets-were perifused w~th 100 mg/dl glucose (nonstimulatory). 

~The mean stimulated release rate refers to the rate of insulin release during the period 
of_ perifusion with 400 mg/dl glucose (sti~ulatory). 

tNormalized values that refer to the amourit of insulin secreted in excess of nonstimulated 
(basal) release. 

Results are e·xpressed as mean + SEM. 
co 
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b. Islets Stored at -75° c for 20 - 24 hrs, 

with a 20 - 24 hr Postthaw Culture 

To determine whether islets can recover 

from the damage incurred from the freeze~thaw process, islets 

were treated identically as before, except the postthaw cul

ture period was increased ~o 20 - 24 hrs. As demonstrated 

in Figure 21, upon stimulation the biphasic pattern of in

sulin release was once again obtained. However, within the 

first 15 min of stimulation, two ciearly ~efined peaks of 

insulin release occurred after which the insulin release de

clined to a plateau.of a rate·of 0.35 ~u insulin/islet/min. 

Peak responses occurred during the second minute (t = 41, 

0.8 ~U insulin) and the tenth minute (t = 49, 0.7 ~U insulin) 

of stimulation. When glucose levels were reduced (t ~ 80), 

the insulin release rate was also reduced. The mean basal 

release rate was 0.12 + 0.03 ~U insulin/islet/min while the 

stimulated rate was 0.49 + 0.05 ~u insulin/islet/mln. This 

represents a significant increase in stimulated insulin out

put when compared to the 2 - 4 hr cultu~ed islets (Table 8). 

c. Islets Stored at -75° C for 30 - 34 

Days, with a 2 - 4 hr Postthaw Culture 

In order to determine if the storage 

duration at -75° C could influence islet responsiveness, 

islets were stored at -75° C for 30 - 34 days. The dynamic 

pattern of insulin release obtained ·after a 2 - 4 hr post

thaw culture is shown in Figure 22. The pattern appeared 



·-Figure 21. The dynamic pattern of insulin release after 
20 - 24 h~s of postthaw culture from islets frozen 
(0.3° C/min) and thawed (2 - 3° C/min) in the pres
ence of 1.4 M Me 2so. 

Islets were perifused initially with 100 mg/dl glu
cose. At t-= 40 the isle.ts were stimulated with 400 
mg/dl glucose. At t = 80 the glucose levels were 
reduced. Note the rapid onset of the first phase of 
release with peak response occurring at t = 41 
(0.8 ~u insulin/islet) and t = 48 (0.7 ~u insulin/ 
islet). Values represent means of five experiments . 
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Figure 2 2. The dynamic pattern of insulin release from 
islets stored at ~75° C for 30 - 34 days. 

Islets were frozen (0.3° C/min) and thawed 
(2 - 3° C/min) in the presence of 1.4 M Me2so. 
Postthaw culture period was 2 - 4 hrs. Islets 
were initially perifused with 100 mg/dl glucose. 
At t = 40 islets were stimulated with 400 mg/dl 
glucose~ At t = 80 glucose levels were reduced 
to establish the glucose dependency of the stimu-

'lated response. Note the rapid onset of the first 
phase of release with peak responses 9ccurring at 
t = 42 (0.57 ~u insulin/islet) and at t = 48 (0.63 
~U·insulin/islet). 
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biphasic, with insulin level increasing ·slowly ~fter stimu-

lation., Once again two peak responses occurred within the 

first 15 min of stimulation: at t = 42, 0.57 ~u insulin and 

at t = 48, 0.63 ~U insulin. Ho~~ver, when glucose levels 

were reduced, the rate increase did not return to basal but 

remained slightly elevated.. The mean basal release rate was 

0.29 + 0.06 ~U insulin/islet/min with a stimulated rate of 

0.51 + 0.08 ~U insulin/islet/min (Table 8). When comparing 

the amount of insulin released over basal levels between · 

these islets and the short term stored islet with the same. 

2 - 4 hr postthaw culture, no difference can be demonstrated 

(Table 8) . 

V. Protein Synthesizing Capacity of Frozen-thawed Islets· 

of·Langerhans 

tn~orpbration of 3H-leucine into the protein fraction 

of isolated islets was determined by modification of the 

method of Schatz et al. (1973). Figure 23 shows tha elution 

pattern of islet protein from the Sephadex column. The 

fractions labeled peak III ieacted strongly with insulin 

antibodies in our immunoassay system while little_ or no 

activity could be demonstrated in the other protein peaks. 

In addition, 125I-insulin, when added to the column, eluted 

in the same fractions labeled peak III. Islet proteins 

larger than 10,000 - 15,000 MW would be excluded by the gel 
I 

and therefore elute in the void volume labeled peak I. 

Peak II corresponds to the fractions Schatz et alo (1973) 



Figure 23. Islet protein elution profile from a 
Sephadex G50 column. 

Batches of 50 islets were incubated with 3H
leucine for 3 hrs. After precipitation with 
trichloroacetic acid, the islet protein was 
fractionated on a Sephadex G50 fine column. 
Peak I, eluting with the void volume, repre
sents islet protein excluded from the gel. 
Peak III represents the insulin protein frac
tion as determined through insulin radio- . 
immunoassay and calibration with known 125I
insulin. The peak labeled II was undetermined. 
The Leu peak was determined to be unincorporated 
3H-leucine. The integrated total CPM from each 
of the three protein peaks was used as_ an_i,ndex 
of the ·total protein synthetic capacity of the 
islets. The results are expressed as a percent
age of the total CPM incorporate into protein. 
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demortstr~ted to be proinsulin. Uni~corporated' 3H-leucine 

eluted from the column in the fractions labeled Leu. 

Figure 24 shows that the insulin synthesized by frozen 

and thawed islets after 2 - 4 hrs of 20 ~ 24 hrs or postthaw 

culture was 21 percent and 11 percent respectively of the 

total quantity of ~rotein ~ynthesized. This is compared to 

18 percient for nonfrozen control islets. No significant dif

ference between the two groups could be demonstrated fo:r; pro

tein peaks,! and II. For those islets siored for 30 - 34' 

days at -75° C, significant depression in the insulin syn

thesizing capacity relative to th~ overnight stored isl~ts 

with the same postthaw culture period was demonstrated. Al

though little difference could be found in the relative.ratios 

of the three protein peaks for each_group of islets, th~ total 

synthetic capacity of each of the frozen-thawed groups r~pre

sent only 30.- 33 percent of that of the nonfrozen controls 

on a per islet basis. 

During the 3 hr incubation with 3H-leucine, aliquots 

were removed at 60 min intervals and assayed for insulin 

content. The frozen-thawed islets with a 2 - 4 hr postthaw 

culture exhibited a depressed insulin secretory rate at 60 

and 90 min (Figure 25), but after 180 min, insulin values 

were at nonfrozen control levels. Frozen-thawed islets with 

a 20 - 24 hr postthaw culture period had an insulin secretory 

rate which closely parallelled the nonfrozen controls. How

ever,·islets stored for 30 days showed elevated insulin 

levels throughout the 3 hr incubation period. 



Figure 2 4. The protej.n synthetic capacity of islets 
frozen (_0. 3~ C/min) and thawed (2 - 3° C/min) 
i'n the presence of 1.4 M Me2SO as a function·of 
postthaw c'ulture (2 - 4 hrs, 20 - 24 hrs) and 
s-torage durati'on (20- 24 hrs, 30- 34 days). 

The frozen-thawed i'slets in each group were 
handled i·n identi·cal manner· except for the cul
turing and storage conditi'ons, as indi'cated. The 
non;trozen control i'slets were cultured 2 - 4 hrs 
after i·sola ti'on. Peak I represent proteins ex~ 
eluded from the gel. Peak III represents the 
insuli'n protei·n fraction. Peak II was undeter
mi'ned. The integrated· total CPM from each of the 
three protei'n peaks was used as an index of the 
total protei'n syntheti'c capacity of the i·slets. 
The res-ul.ts axe expressed, then, as· a percentage 
of the total CPM .incorporated into protein (mean 
+SEM,n=4-·7}. 
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Figure _25. Insulin
3 

secretion during the 3 hrs of 
incubation with H-leucine. 

Aliquots (20 ~1) were removed from the amino 
acid incubation media of each group of- 50 islets 
at 60 min intervals and assayed for insulin con
tent. Values were normalized by subtraction of 
the amount of insulin found at t = 0 from each 
.of the time periods for each experiment. Re
sults are-expressed as mean ~-SEM (n = 4- 7). 
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DISCUSSION 

It has been well documented that the insulin secretory 

response is biphasic (Grodsky et al.~ 1963, 1969). In vitro 

it has been demonstrated ~hat the first or rapid phase of 

the secretory response lasts ~or approximately 2 min and {s 

followed by a·rapid decline in rate. By.s to 7 min after 

stimulation, there is an onset of a second or slow phase 

secretory response in which gradually increasing rates of 

insulin secretidn are observed. This increase in rate con~ 

tinues untii the end ~f the glucose stimulatory period. 

Malaisse et al. (1974) have/ascribed the biphasic pattern 

of glucose-induced insulin release to the compartmentaliza

tion of secretory granules into a small and readily releasable 

pool and a large storage compartment. They proposed that the 

beta cell microtubular-microfilamentous system is responsible. 

for such a functiortal segregation of beta granules. Part .of 

the early release of insulin appears to correspond to the 

mobilization of granules already located in close proximity 

to the cell web/plasma membrane complex whereas the late 

phase of the secretory process seems to depend largely on the 

translocation of secretory granules along oriented micro

tubular pathways. 

99 
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Glucose, the physiological regulator of insulin secre

tion, has been demonstrated to cause the release of insulin 

in a concentration-dependent manner. It is commonly observed 

up to a concentration of 5.5 mM (100 mg/dl) gl~cose, the 

quantity of insulin released (basal) is not very affected by 

glucose concentration. However, at higher concentrations the 

quantity of insulin releas~ is dependent upon glucose concen

tration. At a ·concentration of 16.7 mM (300 mg/dl) glucose, 

insulin release is maximal and any further increases in 

glucose concentration has little affect (Randle and Hales, 

1972). 

In these present studies, both the glucose responsive

ness of isolated islets and the _dynamic nature of-that re

sponse have been selected as indices of islet function. As

demonstrated in the initial studies, islets isolated by the 

collagenase technique release insulin in a manner which is 

both concentration and time dependent. The stimulated re

lease is also biphasic in nature. In ~ddition, morpholb~ic· 

analysis indicates that the collagenase-isolated is~ets have 

a normal ultrastructural organization. 

The requirement of extracellular calcium for insulin 

release in response to insulinotropic agents ·suggests that 

calcium links the process of stimulus recognition to that of 

hormone discharge. The quantity of insulin release in re

sponse to glucose is also a calcium dependent phenomenon 

·(Curry et al., 1968b~ Hellman, 1975); however nonstimulated 

(basal) insulin release is calcium-independent (Hellman, 1975). 
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As demonstrated in Figure 6, insulin release in our system is 

also calcium dependent. In the physiological range of free, 

ionizable calcium (1.1 mM), insulin release is approximately 

85 percent of the maximum rate; it is this concentration of 

calcium (1.1 mH) that was selected for all our incubation 

media and perifusates. Ruthenium red has been demonstrated 

to inhibit the binding or uptake of calcium in a variety of 

' tissues and subcellular organelle· (Luft, 1971). Figure 7 

demonstrates that ruthenium red also in~ibits glucose

induced insulin release from isolated islets in a concentra

tion dependent manner. Although not determined in our sys

tem, the me6hanism of inhibition probably relates to the 

inhibitory effect of ruthenium red on calcium uptake by the 

beta cell. 

Several investigators (Rajotte et al., 1977; Bank et al., 

1979) are using Me2SO as a cryoprotectant to increase post

thaw viability of frozen islets in concentrations as high 

as 2M,yet the effects of the drug on islet function are 

unknown. In addition, no attempt has been made to determine 

optimum conditions for treatment. For these reasons, the 

effects· of Me2SO on islet function were investigated. 

It has been demonstrated in a variety of tissues that 

the adverse effects of Me 2so are dependent upon four vari

ables: concentration, temperature of exposure, _duration of 

exposure, and method of administration (Shlafer, 1981). We 

have irivestigated the effects of Me2SO on islet function and 
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have demonstrated a dose-related inhibitory effect on in

sulin secretion. These effects on insulin release are de-

pendent upon both the temperature of exposure and the method 

of administration. 

Me
2
so has many potentially harmful biochemical and 

physical properties that may account for its action on islet 

functi,on. Although the rates of chemical and physical 

events are decreased by a reduction in temperature, the 

decrease in chemical rates is more profound. It follows, 

then, that since many of the tox{c effects of Me 2so have a 

chemical mechanism of action, they are quickly suppressed by 

lowering the temperature of e~posure (Karow and Webb, 1965~ 

Bouroncle, 1967). Insulin release after ~1e 2 so pretreatment 

approaches 6ontrol values when the expqsure temperature is 

lowered to 10° C~ indicating the mechanism of Me 2so's inhibi

tory action as being primarily biochemical in nattire. 

However, Me 2so may be also acting through physical means to 

compromise membrane integrity through osmotic stress -(Shlafer, 

in press; Hak et al., 1973). The probability of osmotic 

stress to the cell membrane is greater with the rapid treat

ment protocol than with the serial protocol. In comparison 

to Me 2so-free controls, rapid treatment suppresses insulin 

release much more than serial treatment, which is consistent 

with an osmotic or physical component to Me 2so toxicity. 

The alterations in the biphasic pattern of insulin release 

found when islets are treated with 1.4 M Me 2so by the rapid 

protocol (e.g., the delay in onset of the first phase) that 
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occur regardless of the temperature of exposure may repre

sent membrane damage. In no instance, though, were insulin 

values of serially treated islets returned to nontreated con

trol values. This illustrates the dual nature of the in

hibitory effects of Me 2so on insulin secretion, i.e., both 

a chemical and physical component. 

When we examine those conditions to minimize Me 2so 

toxicity (i.e., stepwise pretreatment with Me 2so at 37° C 

and pretreatment at 10° C by rapid protoqol) , there is little 

difference in insulin. releas·e among the treated groups up to 

a concentration of ~.4 M Me 2so (Figures 9 and 13). However, 

in both treatment groups, insulin release from islets treated 

with Me
2
so· at concentrations greater than 1.4·M secrete signif

icantly less insulin when compared to thos~ islets treated 

with 1.4 M Me 2so or less. The toxic effects of Me 2so at these 

concentrations are so severe that neither method of minimizing 

toxicity has any appreciable effect. These toxic manifesta

tions may be the result of ultrastructural damage induced by 

the osmotic stress of the high Me 2so concentrations. Shlafer 

and Karow (1971) reported that the ultrastructural effects of 

Me 2so in concentrations up to 1.41 M in the isolated perfused 

heart wer~ minimal when the cryoprotectant was,added andre

moved gradually. However, at higher concentrations, they ob

served marked alteration and destruction of membrane-limited 

organelles with corresponding decreases in viability even 

with gradual Me 2so administration. 
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When the-islets were exposed to 1.4 M Me 2so at 37° C 

in the perifusion system (Figure 15) , there was a rapid 

release of insulin into the perifusate, even in the absence 

of stimulating glucose levels. This release, though, was 

transient as demonstrated by the return of the secretory 

rate to preexposure levels:within 30 min. Karow ~tal. 

(1968) noted that when hearts were perfused with 2.1 M Me 2so, 

a phasic contracture rapidly occurred that gradually subsided. 

While both effects may be explained by osmotic influences of 

the cryoprotectant, Me
2
so could be acting by some chemical 

mechanism since lowering the exposure temperature prevented 

the Me 2so-induced release of insulin (F~gure 15). This 

Me 2so-induced release of insulin may account for the dimin

ished secretory response ·(i.e., depletion of insulin stores 

in the beta cell) seen when islets were pretreated with Me 2so 

prior to stimulation. The beneficial effects of hypothermic 

pretreatment with Me 2so may then be due at least in part to 

the prevention of the loss of insulin stores. 

In these studies we have also examined the effects of 

various cryobiologic factors on islet function and have 

assessed freeze-induced damage (membrane damage) of frozen

thawed islets by their glucose responsiveness, their dynamic 

pattern of insulin release (both stimulated and nonstimulated) 

and their protein synthesizing capacity. Each of these 

aspects of islet function require an intact membrane system, 

i.e., the glucose receptor on the outer plasma membrane, the 

membrane~limited insulin granules, and other membrane limited 
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organelles such as the endoplasmic r~ticulum and the golgi 

complex. 

Several manifestations of freeze~induced damage in 

isolat~d islets have been described du~ing the course of 

these studies. Islets frozen and thawed at nonoptimum rates 

exhibited varying degrees ~f responsiveness to glucose. The 

most characteristic. type of response was the total lack of 

glucose responsiveness, demonstrated by little or no increase 

in the insulin secretory rate between th~ stimulated and non

stimulated states (Figures 16, 18, and 19). Another mani

festation of an impaired responsiveness to glucose is demon

strated by the observation that damaged islets can also re

spond to a glucose challenge with an increase in insulin 

output~ however this increase in the insulin release rate in 

some instances could not be reduced when the glucose challenge 

was no longer present (Figures 19 and 22) .. This type of. damage 

could lead to faulty interpretation of viability if only, in

sulin output is used as an index of viability. In the assess

ment of functional viability one must not only consider the 

ability of frozen-thawed islets to release insulin in response 

to glucose, but that this response must also be under the 

moment-to-moment control by glucose. 

Alterations in islet function .can also. be demonstrated 

by the high basal release rate found not only with frozen

thawed islets, but also with islets treated only with high 

concentrations of Me 2so. One explanation for this phenomenon 
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may be that damage has occurred to the insulin granule, either 

by osmotic.stress or intragranular ice crystallization, such 

that some insulin is no longer membrane-limited. Insulin can 

then bypass the normal exocytotic pathway and diffuse out of 

the beta cell at a rate dependent solely on the concentration 

gradient. No matter what the mechanism that produces this 

phenomenon, these findings suggest that insulin release in 

excess of basal release is of prime importance to confirm the 

glucose dependency of the stimulated rel~a$e. 

Although several reports in the literature (Ferguson 

et al., 1976; Rajotte et al., 1977; Bank et al., 1979) have 

ascribed functional viability to islets cooled at such diverse 

rates ranging from 0.7° C/min. to 75° C/min, in our system only 

cooling at a rate at the slower end of the spectrum resulted 

in functionally viable islets. The discrepancies in the liter

ature may result from inadequate controls, generous criteria 

for viability or, simply, variation in technique. The cooling 

rates that produce optimum postthaw viability vary from tis

sue to tissue. For pancreatic islets, as demonstrated in our 

system, the faster cooling rates'(l4° C/min and 48° C/min) pro

duced islets that were not only lacking in responsiveness to 

glucose, but the dynamics of1 the~r response was such that in

sulin release was progressively less with time (Table 6). With 

the faster cooling rates, the likelihood of intracellular ice 

formation increases; therefore, damage to the secretory gran

ules resulting in the loss of stored insulin could explain the 

diminishing insulin response seen with these rapidly cooled 
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islets. This type of abnormal response was not found with 

the slower (0.3° C/min, 3.0° C/rnin) cooling rates. 

The cooling rate that resulted in islets which were con

sistently responsive to glucose concentration was 0.25 - 0.35° 

C/min. With clos~r examination of the dynamics of the stimu

lated insul~n release, the biphasic nature of the response was 

essentially intact; however, the second ?r slow phase response 

was suppressed. In an attempt to determine whether th~ de

pressed second phase was due to a loss of stored insulin 

granules, the postthaw recovery time was increased to 20 - 24 

hrs. Islets, then, would have the opportunity to synthesize 

additional in~ulin and replenish the slow phase compartmental 

stores. While this additional recovery period did increase the 

total quantity of insulin release to a glucose challenge (0.23 

+ 0.05 vs 0.42 ± 0.05 ~U insulin/islet/min), no improvement in 

the dynamics of the response could be demonstrated. Since in

sulin synthesis was demonstrated to occur both 2 - 4 hrs and 

2D - 24 hrs· (Figure 24) aft~r thawing ~nd since the insulin 

secretory response increased 20 - 24 .hrs postthaw, it appears 

that depletion of stored granules is not the primary dysfunc

tion in the abnormal biphasic response. One explanabion is 

that the freeze-thaw process has damaged a particular co~

ponent(s) of the release mechanism. It is of interest to note 

that the microtubule inhibitor vincristine also· inhibits 

second phase insulin release and that its effects are also 

not accompanied by reduction in the fraction of protein syn

thesis accounted for by insulin (Malaisse et al., 1971). 
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It is also of interest to note that the dynamic re

sponse of these slowly cooled islets is also atypical due to 

the appearance of a "second peak." This peak could be dis

tinguished in each group of islets frozen at 0.3° C/min 

(Figures 20, 21, and 22), consistently occurring 8 - 9 min 

after the onset of ~timulation. Increasing the postthaw cul

ture duration from 2 - 4 hrs to 20 - 24 hrs dramatically in

tensified this peak (Figure 21) . While no evidence exists to 

explain this phenomenon, two hypotheses will be forwarded. 

The second peak could represent a delayed "first phase" 

responsee This. delayed response could have been induced by 

freeze damage or this response could normally be present, but 

only "masked 11 by the second phase which is typically present 

in nonfrozen tissue. Baetens et.al. (1979) demonstrated that 

the pancreas of the rat contains two distinct types of islets, 

differing in predominant endocrine cell·composition and loca

tion. Islets isolated from the dorsal pancreas contain islet· 

cells that are glucagon-rich and polypeptide-poor while islets 

from the ventral pancreas are glucagon-poor an4 polypeptide

rich. Although these islets have been characterized histo

logically, no functional differences have yet been described. 

Since "optimum" cooling rates differ for different cell types, 

then our freezing regimen may have different effects on each 

of the islet types--delaying the onset of the first phase in 

one group, while not affecting the other. On the other hand, 

the damage incurred by the freezing process, i.e., a dimin

ished "second phase," may have only 11 Unmasked" this delayed 
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phasic response, which is normally present. Another explana

tion is that the second "peak" is artifactual and is only 

the result of a diminished second phase. The time course of 

the response up to the "peak" (t = 48)" is identical to that 

of nonfrozen control islets. However, at this point the 

second phase may be "shut .. down," .resulting in an artifactual 

peak. 

It has been well documented that the islets of Langer

hans have a diminished response to gluco~e stimrilation with 

increasing durations of tiss~e culture at both 37° C (Lacy 

et al., 1976; Frankel et al., 1976) and ~t 4- 8° C (Knight 

et al., 1973; Frankel et al., 1976). This decrease in insulin 

release observed following in vitro maintenance of islets is 

similar to the diminished glucose-induced·insulin release 

from isolated islets of rats fasted for a period of 24 - 48 

hrs (Malaisse et al., 1967; Oliver et al., 1977). This 

phenomenon has been demonstrate~ to be related to the glucose 

concentration which bathes the islets; in vitro maintenance 

of islets in high glucose concentrations (150 - 250 mg/dl) 

glucose will improve the insulin secretory response to glucose, 

but the response still diminishes with duration of culture 

(Lacy et al., 1976). In the present studies, islets cultured 

for 20 - 24 hrs in CMRL supplemented with 100 mg/dl glucose 

exhibited a significantly decreased insulin response com-

pared to islets culture 2 - 4 hrs (Figure 5). When the glucose 

concentration was increased to 200 mg/dl glucose for the 20 - 24 
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hr culture period, a greater than three fold increase in 

stimulated insulin release was demonstrated over the low 

glucose cultured islets; this response; though, was still 

approximately 75 percent of the 2 - 4 hr cultured islets (data 

not shown). For these reasons, the gluc~se concentration in 

the CMRL was increased to 200 mg/dl glucose for all culturing 

periods of islets frozen in the presence of 1.4 M Me 2so. 

The duration of postthaw culture in the present studies 

has been demonstrated to influence the insulin secretory re-

sponse of frozen-thawed islets to glucose (Tables 7 and 8). 

Contrary to the effects of culture duration ·in nonfrozen tis-

sue, these studies demonstrated that extended postthaw cul-

turing periods improved the secretory response of islets to 

g~ucose, rendering credence to the concept that frozen-thawed 

cells can "recover" from the insult of low temperature storage. 

Rajotte et al. (1977) have presented evidence that supports 

this concept. Since in vitro maintenance of islets tends to 

diminish the secretory response, this improved response of the 

frozen-·thawed islets may even represent a .diminished response. 

It can be postulated, then, that if conditions were more 

suitable for islet maintenanc~, i.e., if these islets were 

transplanted into a suitable recipient, the insulin secretory 

response would be even more improved. 

In a brief series of experiments, the effects of stor-

age duration at -75° C were investigated. These islets; 

stored for 30 - 34 d~ys exhibited a similar secretory response 

~to those islets stored overnight with the same postthaw culture 
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period (T~ble 8). However, the stimulated response was only 

partially reduced when glucose levels were reduced (F~gure 

22), indicative of freeze-induced damage. Generally, ~ells 

remain stable for months in the temperature range of -70° C 

to -100° C. This has been documented for erythrocytes, bone 

marrow, and sperm (Karow, ~974). However, some physical re

actions that may be detrimental to optimum cell survival 

have been demonstrated to occur at low temperatures. One 

such phenomenon, r~crystaliization, generally occurs at 

warmer subzero temperatures but it has been detected as low 

as -130° C (Dowell and Rinfrst, 1960) . Recrystallization is 

the process by which crystals fuse, producing larger and 

thermodynamically more stable crystals. Growth of crystals 

intracellularly, especially in between bilayers in membranes 

or within smaller intracellular organelles would result in 

impaired viability. While the temperature of the mechanical 

freezer used in these studies.was maintained at -75° c, some 

fluctuations in temperature due to routine use occurred, pro

ducing conditions more suitable for recrystallization. 

Several factors may affect the interpretation of the re

sults presented here, as well as in the extrapolation of these 

results to other reports in the literature. Some of these 

are the species of animals used, the nutritional state of the 

animals (fed ad libitum or .fasted overnight), the methods used 

to study insulin release which include perfused pancreas,. 

perifused islets (with various perifusion techniques), and 
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static (batch) incubations, the method of isolation (hand

dissected, collagenase-isolated, or collagenase isolated with 

a Ficoll gradient) , and even the collagenase enzyme prepara

tions, with various activities and enzyme contaminants. 

In addition, in the present studies as well as in other· 

reports in the literature, islet function is examined; how

ever, the parameters investigated only indicate function of 

the beta cell. It is well established that the islets of 

Langerhans are composed, at least, of four cell types: alpha, 

beta, delta, and F cells, with each type demonstrated to 

secrete a particular hormone (glucagon, insulin, somatostatin, 

and polypeptide hormone, respectively). While it is obvious 

that equating beta cell functiop to islet function is not 

totally appropriate, the islets are chiefly composed of beta 

cells (approximately 75 percent) so such extrapolation is not 

altogether unwarranted. 



SU~1ARY 

1. Me 2so pretreatment (rapid protocol) at 37° C caused a 

dose-dependent inhibition of glucose-induced insulin 

release. At the lowest concentration (0.14 M), insulin 

release was reduced approximately 30 percent compared 

to Me 2so-free treated controls. 

2. When pretreatment with Me 2so (rapid protocol) occurred 

at 10° C, no inhibitory effects of the drug could be 

demonstrated up to a concentration of·l.4 M Me 2so. At 

higher concentrations, the islets exhibited a dose

related. inhibition of insulin release. 

3. Stepwise addition and dilution of Me 2so at 37° C signifi

cantly increased the insulin secretory response to 

glucose ,compared to islets pretreated by the rapid 

protocol. At high concentrations ( > 1. 4 M) no be-nefi

cial effects could be demonstrated. 

4. The inhibitory effect of 1.4 M Me 2so on the dynamic pat

tern of insulin release is not "phase specific" since 

general depression of both phases occurred. This effect 

is probably related to the depletion of insulin stores, 

since 1.4 M Me 2so caused the release of insulin in the 

absence of stimulatory glucose levels. The beneficial 

effects of hypothermic exposure to Me 2so, then, may 

113 
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relate to inhibition of Me 2so-induced release of ih

sulin demonstrated at 4° C with 1.4 M Me
2
so. 

5. Islets frozen at 3.0° C/min in the presence of 1.0 M or 

1.4 M Me
2
so demonstrated little, if any, glucose

responsive insulin release after 2 - 4 hrs of postthaw 

cultu~e. However, in_creasing the postthaw culture period 

to 20 - 24 hrs resulted in significant increases in 

stimulated insulin release over basal levels with islets 

frozen at the same rate in the presence of 0.7 M or 1.4 

M Me 2so. 

6. Islets frozen at the faster cooling rates, 14° or 48° C/ 

min secreted progressively less insulin 2 - 4 hrs after 

thawing, regardless of glucose concentration. 

7. The biphasic pattern of insulin release was demonstrated 

for islets frozen at the slowest cooling rate, 0.3° C/ 

min. The pattern, however, was atypical due to the ap

pearance of a second "peak," occurring 8 - 9 min after 

the onset of stimulation and to the depressed nature of 

the second phase of the biphasic response. Insulin 

synthesis for these islets represented 21 percent of 

the total protein synthetic capacity. This compared 

to 18 percent for nonfrozen islets. 

8. Increasing the postthaw culture period to 20 - 24 hrs 

for the slowly cooled islets (0.3° C/mih) dramatically 

improved the quantity of insulin released during the 

glucose challenge while not affecting the pattern of 
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release. In addition, insulin synthesis was depressed 

relative to the 2 - 4 hr cultured (postthaw) islets. 

9. No difference in the stimulated insulin secretory response 

over basal levels could be demonstrated between the 

20 - 24 hr and the 30 - 34 day stored (-75° C) islets. 

However, with the longer storage period freeze-induced 

damage could be demonstrated in the pattern of release 

as well as i~ the insulin synthetic capacity of these 

isletso 
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