
Diabetologia 6, 542-549 (1970) 

Ultrastructure of S-Cells during the Dynamic Response to Glucose and Tolbutamide in vitro* 

J.C. LEE, G.M. GI~ODSKu L.L. BENNETT, D.F. SMITH-KYLE andL. CaAW 

Departments of Pathology and Physiology, and the Metabolic Unit for Research, University of California School of 
Medicine, San Francisco, California, USA 

Received: July 29, 1970 

Summary. Ultras t ructura l  changes in fl cells of the 
isolated perfused ra t  pancreas were observed during the 
dynamic response to glucose and tolbutamide.  Evidence 
of granule secretion into the extracellular  space by  
emioeytosis was noted during the first 60 see of glucose 
stimulation, bu t  not  thereafter nor a t  any  t ime during 
to lbutamide stimulation. Paekaging of granules within 
the Golgi appara tus  was apparent  after 60 rain of glucose 
injection, but  not  in the case of tolbutamide.  These find- 
ings support  the concept tha t  glucose init ial ly st imulates 
the  release of a small labile pool of preformed insulin, 
while continued adminis trat ion st imulates Golgi packag- 
ing act iv i ty  and the provision of addi t ional  insulin for the 
secretory process. High to lbutamide alone, in contrast  in- 
creases the Golgi complex, coated vesicles, multivesieular 
bodies and eytosegresomes. Thus it may  st imulate packag- 
ing without  insulin provision, or al ternatively,  increase 
lysosomal degradat ive processes. 

Ultrastructure des cellules fi au tours de la r@onse dyna- 
mique au glucose et au tolbutamide in vitro 

l~dsum~. Des modifications ultrastructurMes dans les 
cellules fl du pancreas de ra t  isol~ et perfus~ ont ~td 
observdcs au tours  de la r@onse dynamique au glucose et 
au tolbutamide.  On a not6 une s~cr~tion granulaire ~vi- 
dente darts l 'espace extraeellulaire par  6miocytose au 
tours des 60 premigres secondes de s t imulat ion par  le 
glucose, mais non apr~s et & aucun moment  pendant  la 
s t imulat ion par  le tolbutamide.  Des areas de granules 
l ' intgrieur de l 'appareiI  de Golgi 6talent apparents  apr~s 
60 minutes d ' inject ion de glucose, mais non darts le cas 
d ' inject ion de tolbutamide.  --  Ces r6sultats renforcent 
l 'id6e que le glucose stimule init ialemcnt la l iberat ion 
d 'un  pet i t  pool instable d'insulinc prgform~e, tandis  que 
l 'adminis t ra t ion continue stimule l 'aet ivi t6 de stockage 
de l 'apparei l  de Golgi et la provision d'insuline supplgmen- 

taire pour le proeessus de s6cr6tion. Par  contre, le tolbut-  
amide seul & forte concentration, augmente le eomplexe 
de Golgi, les v6sicules k membrane h6riss6e (coated vesic- 
les), les corps multiv6siculaires et les eytosegresomes. I1 
peut  ainsi st imuler le stoekage sans provision d'insuline, 
ou al ternat ivement ,  augmenter  le proccssus lysosomM 
de d6gradation. 

Ultrastruktur der B.Zelle~ w(thrend der dynamischen 
Realction auf Glucose und Tolbutamid in vitro 

Zusammenfassung. Ultrastructure]le Ver~nderungen in 
den B-Zellen von isoliertem perfundierten Rat tenpanereas  
wurden w/~hrend der dynamischen Reakt ion auf Glucose 
und Tolbutamid beobachtet .  Augenscheinlich erfolgt eine 
Granula-Sekretion in den extraeellul/~ren l~aum dutch 
Emiocytose w~hrend der ersten 60 see der Glucose-Stimu- 
lation, aber nicht danach, und such nieht  zu irgendeiner 
Zcit w/~hrend der Tolbutamid-Stimulat ion.  Dichtes Zu- 
sammenlagern yon Granula innerhalb des Golgi-Apparates 
t ra t  offensichtlieh naeh 60 min naeh der Glueoseinjektion 
ein, aber nieht im Fall  des Tolbutamid.  --  Diese Befunde 
unterst i i tzen die Annahme, dal] die Glucose im Anfang die 
Abgabe eines kleinen labilen pools yon pr/~formierten In- 
sulin anregt,  wghrend fortgesetzte Verabreiehung die 
Akt iv i t~ t  der diehten Anlagerung am Golgi-Apparat  und 
die Bereitstellung yon zusgtzliehem Insulin fiir den Se- 
kretionsprozeg stimuliert .  Hohe Dosen yon Tolbutamid 
Mlein vermehren andererseits den Golgi-Komplex, die 
bedeckten Bl~schen, die multivesikul/~ren K6rper  und die 
Cytosegresomen. Insofern k6nnte Tolbutamid die An- 
reicherung ohne Bereitstellung yon Insulin stimuliercn 
oder aber lysosomale Degradationsprozesse vermehren. 

Key-words: Tolbutamide stimulation, glucose stimu- 
lation, fi-cell ul trastructure,  insulin secretion, perfused ra t  
pancreas. 

U l t r a s t r u c t u r a l  v i sua l iza t ion  of insul in synthes is  
and  secret ion b y  fl-cells of the  islets of Langerhans  in 
previous  s tudies  has  been h a m p e r e d  by  me thods  of 
t issue f ixat ion t h a t  do no t  a d e q u a t e l y  preserve  the  
insulin granules  [2, 16, 1, 21, 18, 27]. Consequent ly ,  
conflict ing opinions exis t  concerning the  origin of fl 
granules  and  the i r  me thod  of secret ion in response to  
glucose s t imula t ion .  

Studies  in vitro using the  per fused  r a t  pancreas  have  
d e m o n s t r a t e d  t h a t  the  secret ion of insul in occurs wi th in  
30 see in response to s t imula t ion  by  glucose or tol-  
b u t a m i d e  [10]. Despi te  cons t an t  s t imula t ion  b y  e i ther  
glucose or t o lbu tamide ,  th is  secret ion is ab rup t ,  wi th  a 
r ap id  rise and  fal l  wi th in  3 rain [11, 4]. However ,  con- 
t i nued  infusion of glucose induces  a second increase in 
the  ra te  of insul in release, whereas  con t inued  infusion 
of t o l b u t a m i d e  does no t  [4, 12]. Studies  employ ing  

* Supported in par t  by  U.S.  Public Heal th  Service 
Grants  AM 11182 and AM 01410. 

pu romye in  indica te  t h a t  these two phases of insul in  
release represen t  different,  though  re la ted ,  fi-eell phe- 
nomena  [11, 4]. 

The presen t  exper iments  were designed for u l t ra -  
s t ruc tu ra l  v i sua l iza t ion  of these different  phases  of 
insulin secret ion occurr ing in the  per iused  r a t  pancreas  
in response to  glucose and  t o l b u t a m i d e  s t imula t ion .  
This sys tem has the  a d v a n t a g e  of p r o m p t  t issue fixa- 
t ion  b y  perfusion of f ixat ive  a t  specific t i m e d  in te rva ls  
dur ing  secre tory  s t imula t ion .  The morphologie  changes 
observed  can then  be corre la ted  wi th  the  different  
phases  of insul in release occurr ing a t  a lmos t  the  same 
ins tan t .  

Materials and Methods 

The perfused pancrea t i c  sys tem in vitro of the  
fas ted  r a t  has been descr ibed in de ta i l  [10, 4, 5]. 
Briefly,  this  consists of comple te  surgical  i sola t ion of 
the  ent i re  pancreas  wi th  i ts  a r te r ia l  and  venous  supp ly  
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intact ; the pancreas with the adjacent spleen, stomach 
and part  of the duodenum is then transferred to the 
perfusion apparatus.  Each individual preparation was 
perfused with a completely synthetic fluid consisting 
of 4~o human albumin (Cutter Laboratories, Berkeley, 
Calif.) in bicarbonate phosphate buffer. The perfusate 
was introduced into the celiac axis at a flow rate of 
]0--12 ml per minute, and glucose or tolbutamide was 
added to the perfusate to produce a peak concentration 
of 300 rag/100 ml or 30 mg/100 ml, respectively. 

Thirty-nine pancreatic preparations were used in 
this study. Tissue samples were collected for examina- 
tion after initiation of continuous glucose stimulation 
at the following time intervals: 30 see, 3~; 45 see, 2; 
60 see, 3; 120 see, 3; and 60 min, 4. Tissue samples 
were collected for examination after initiation of con- 
tinuous tolbutamide stimulation at  the following time 
intervals: 30 see, 3; 45 sec, 2; 60 see, 6; and 60 min, 8. 
Five preparations, perfused without added glucose or 
tolbutamide for 60 min, served as controls. 

Tissue specimens were fixed by  injecting 3% dis- 
tilled glutaraldehyde buffered to p t I  7.4 with 0.1 M 
sodium caeodylate through the perfusion apparatus at  
the specific t ime intervals [24]. Immediate ly  afterward, 
a small fragment from the tail portion of each rat was 
removed, minced into cubic millimeter pieces, and 
placed in a drop of fixative. Fixation was accomplished 
overnight at 4 ~ C, followed by 90 min postfixation in 
1% Os04 [3]. Specimens were then dehydrated in 
graded alcohols and embedded in epoxy resin [20]. The 
islets were subsequently localized with toluidine blue 
staining of thick sections. After lead eitrate and uranyl 
acetate staining, ultrathin sections were photographed 
udth a Siemen's Elmiskop IA with a 35- B objective 
aperture. 

Results 

Fig. 1 presents the results obtained when glucose 
or tolbutamide was perfused at constant concentration. 
These experiments were concurrent with the electron 
microscopic studies and illustrate the multiphasic pat- 
terns of insulin secretion previously reported [ l l ,  4, 
12, 5]. 

Controls. The ultrastructure of islet cells in the rat  
has been documented [16]. Changes produced by per- 
fusion of albumin buffer for 60 min consisted only of 
widening of intercellular spaces, which occurred in 
most but  not all preparations (Fig. 2); otherwise all 
cellular components maintained a normal morphology. 
All fl-cells contained abundant  insulin granules, many  
aligned along the cell plasma membrane. Evidence of 
granule packaging was not found in the Golgi cisternae 
of control preparations. 

Glucose stimulation. Thirty seconds after glucose 
stimulation,/~-cells appeared identical to those of con- 
trol preparations and there was no evidence of secre- 

1 Indicates number of pancreatic preparations used 
at each specified time interval. 

tory activity. At 45 see, however, dense material was 
occasionally observed outside the cell (Fig. 3), although 
this occurred infrequently. At 60 see (Fig. 4), many  
dense granule-like fragments could be found in the 
intercellular spaces; by  120 see, these were no longer 
visible. Examination of the Golgi apparatus at these 
time intervals failed to reveal granule packaging, and 
in this respect the glucose-stimulated preparations re- 
sembled the controls. No morphologic ehanges in the 
rough-surfaced endoplasmic retieulum were noted. The 
total  granule content of/~-cells at all t ime intervals was 
visibly the same as in control specimens, indicating 
that  only a small percentage of the total insulin gran- 
ules had been discharged. 
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Fig. 1. Effect of continuous perfusion of glucose or tol- 
butamide on secretion of insulin. Experimental design 
differs from that previously published [4] in that a prior 

f 

2-min stimulation at ( -- ) 4~ min was eliminated. ~ = S.E. 
I 
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After 60 rain of glucose stimulation, granule for- 
mation within Golgi cisternae was easily visualized 
(Fig. 5). No other morphologie Changes were evident, 
and the granule content of individual/~-eells remained 
visibly unaltered. 

Tolbutamide stimulation.. The preparations observed 
at 30, 15, and 60 see revealed no difference from con- 
trols. Secretion of dense granule-like material was never 
observed. However, after 60 rain, the average total  
granule content of individual fl-cells appeared to be 
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Fig 2. Islet cells from a control preparation after 75 rain of perfusion without added glucose or tolbutamide to de- 
monstrate widening of intercellular spaces (*) loud in all specimens. CAP = capillary ( • 8500) 

Fig. 3. Forty-five seconds after glucose stimulation, fl granules appear just outside the plasma membrane within small 
invaginations (arrows). CAP - capillary (X 36 550) 
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Fig. 4. After 60 see of glucose perfusion, there are multiple granules within intercellular spaces (arrows) ( • 14 700) 

Fig. 5. Granule formation within Golgi cisternae (arrow) of fi-cells are easily found after 75 min of glucose stimulation 
(• 28000) 
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Fig. 6. After 75 min of tolbutamide stimulation, the Golgi apparatus (G) occupies a large portion of fl-cell cytoplasm. 
Many small coated vesicles (V) are associated with Golgi membranes ( • 20 580) 

Fig. 7. Small coated vesicles (V) frequently form small clusters and are often associated with multivesicular bodies (MVB), 
the contents of which closely resemble the coated vesicle. Seventy-five minutes of tolbutamide stimulation ( • 30 330) 
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reduced. In  contrast to results of glucose stimulation, 
morphologic evidence of granule formation in Golgi 
cisternae was not found. However, the Golgi apparatus 
seemed unusually large and occupied a much greater 
portion of the cytoplasm than was the case in controls 
(Fig. 6). A marked increase in the number of small 
coated vesicles, frequently forming small clusters, was 
observed in the convexity of the Golgi apparatus and 
elsewhere in the cytoplasm (Figs. 6 and 7). Associated 
with these were occasional multivesicular bodies, 
which contained small coated vesicles apparently iden- 
tical to those of the clusters (Fig. 8). 

of the entire insulin content of the intact pancreas [11, 
4, 12, 5]. Consequently the chances of visualizing gra- 
nule discharge are slim. We were able to observe defin- 
ite discharge of granule-like material only at  the time 
of peak secretion (60 sec). Similar extracellular granule- 
like material was observed by Lacy [17] in glucose- 
treated rats, but not by Findlay et al. [8] with prepa- 
rations in  vitro. Possibly the rapid fixation obtained in 
our preparations in  vitro permitted the more frequent 
visualization. 

The secretory process in the fl-cell at this stage is 
apparently similar to tha t  in other endocrine cells - -  

Fig. 8. Cytosegresomes (arrows) were frequently noted after tolbutamide stimulation and often contained membrane 
whorls and recognizable cellular organelles ( • 21000) 

The appearance of many  cytosegresomes [6], often 
containing recognizable cellular organelles and granules 
was another notable feature. 

Discussion 

Previous studies involving the isolated perfused ra t  
pancreas have demonstrated tha t  the release of insulin 
in response to constant glucose stimulation occurs in 
30 sec, reaches a peak at  approximately 60--90 sec, 
but rapidly decreases within a few minutes [10]. There- 
after, with maintained glucose stimulation, there is a 
second, gradually increasing rate of insulin release tha t  
continues for at  least 1 h [4]. During the initial release 
period, total  secreted insulin amounts to only 1 - -3% 

through emiocytosis [17, 7]. The observation of extra- 
cellular granular material  also suggests that  granules do 
not have to become soluble within the cell cytoplasm 
to be secreted. 

These observations are consistent with the previous 
suggestion that  the initial release represents the secre- 
tion of preformed insulin, perhaps from a small, labile 
compartment  [11, 4, 12]. With prolonged glucose sti- 
mulation and corresponding with the second increase 
of insulin secretion rate, there was morphologic evidence 
of the formation of new insulin granules in the Golgi 
apparatus. This evidence of increased insulin packaging, 
stimulated by  glucose, supports the mathematical  
model recently proposed [12, 13], in which the second 
rise in insulin secretion rate was ascribed to the ability 
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of glucose to provide more insulin for eventual secre- 
tion. The source of this insulin is unknown. Previous 
studies using leucine-~H demonstrated that  glucose can 
increase the de novo synthesis of insulin from amino 
acids [26, 15]. However, the second phase of glucose- 
stimulated insulin release is not completely blocked by 
puromycin [4]. Our current findings at 60 rain revealed 
little decrease in visible cytoplasmic granules at  a 
time when an equivalent of 20--40~o of the pancreatic 
insulin content had been secreted [4]. This indicates a 
net increase in granular insulin, though visual estimates 
of the degree of granulation are subject to gross error. 
We emphasize that  our observations support the pos- 
sibility that  glucose acts to increase insulin availability 
by directly stimulating the Gotgi packaging apparatus 
or by increasing the conversion of insulin from pro- 
insulins, as well as directly affecting de novo synthesis 
from amino acids. Extracellular granules were not seen 
during the provisionary phase at 60 rain even though 
insulin secretion had returned to rates comparable with 
those at 60 sec. Model analysis [12, 13] suggests that  
there may be a preferential release of the newly formed 
or newly packaged insulin; possibly the insulin release 
at 60 min was from immature granules containing less 
dense material. 

We never observed granule formation within the 
rough-surfaced endoplasmic reticulum [2]. Moreover, 
granule formation in the Golgi apparatus was not noted 
after prolonged tolbutamide stimulation, again agreeing 
with previous data reporting the fMlure of this ~gent 
to cause secondary provision of insulin [4, 12, 13] or 
stimulation of insulin synthesis [26]. Enlargement of 
the Golgi apparatus and the appearance of many coated 
vesicles and multivesicular bodies within //-cell cyto- 
plasm following tolbutamide stimulation may be mani- 
festations of cell injury. These multivesicular bodies 
may be lysosomes, since they have been found by 
other investigators to contain acid phosphatase [22, 
14, 9]. Evidence indicates that  the Golgi apparatus is 
the source of lysosomes [25]. 

Cytosegresomes [6] also appeared in the cytoplasm 
of fl-cells after tolbutamide administration but were 
seldom observed in controls. Of particular interest is 
the possibility that  tolbutamide exerts a direct effect 
on Golgi packaging activity, but, in contrast to glucose, 
does not stimulate the provision of the insulin to be 
packaged. This activity could relate to the eytotrophie 
action noted after prolonged treatment of animals with 
the sulphonylureas [19]. 

The previous demonstration of a multiphasic insulin 
release from the pancreas during constant stimulation 
by glucose [4,11, 12] has been confirmed in vivo by others 
[28, 23]. The suggestion that  the pattern of response 
reflects a series of different time-related phenomena 
all contributing to the ultimate rate of insulin secre- 
tion [11, 4, 12, 13] is further substantiated by the 
eurrent electron microscopic evidence that  different 
organelles are affected during the different phases of 
the stimulatory period. 

Addendum added in proof. During publication process- 
ing of this manuscript, an inhibition of insulin synthesis 
by the specific conditions of high concentration of tolbut- 
amide with low glucose was reported (Tanese, T., Lazarus, 
N.R., Devrim, S., Recant, L. : Synthesis and release of 
proinsulin and insulin by isolated rat islets of Langerhans, 
J. Clin. Invest. 49, 1394-1404 (1970)). These studies are 
consistent with our observation of increased lysosomal 
activity under similar conditions. The possibility of a 
qualitative change in the action of moderate concentra- 
tions of sulphonylureas in the presence of glucose is being 
investigated. 
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