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Summary. Pancreatic tissue was obtained during thera- 
peutic subtotal pancreatectomy from five infants with per- 
sistent hyperinsulinaemic hypoglycaemia of infancy (so- 
called nesidioblastosis). Collagenase digests of the 
specimens were cultured in RPMI 1640 medium on ex- 
tracellular matrix-coated plates. Acute insulin secretion 
showed minimal sensitivity to changes in glucose concen- 
tration. Sensitivity to other nutrient secretagogues such as 
glyceraldehyde, leucine, c~-ketoisocaproic acid and ar- 
ginine was variable, showing either diminished or absent 
response. On the other hand, stimulators of Beta cell 
cAMP and modulators of the phosphoinositide-protein 
kinase C pathway were effective inducers of insulin re- 
lease. The response to cAMP stimulators was inde- 
pendent of the glucose concentration. Although insulin 

output was high in the absence of glucose, this was not due 
to passive leak of hormone, since both removal of calcium 
and addition of somatostatin and epinephrine inhibited 
the secretion. Beta cells were more sensitive to somatos- 
tatin than epinephrine; however, both agents failed to 
completely suppress the release even at suprapharmaco- 
logical concentrations. Although it cannot be excluded 
that the culture conditions affected Beta cell function, the 
present findings may suggest that cultured Beta cells in 
persistent hyperinsulinaemic hypoglycaemia of infancy 
behave like fetal Beta cells at early developmental stages. 

Key words: Nesidioblastosis, hyperinsulinaemic hypogly- 
caemia, insulin release, islet culture, Beta cell maturation, 
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Persistent hyperinsulinaemic hypoglycaemia of infancy 
(PHHI)  is a rare condition of which the aetiology is not 
clear. A wide spectrum of pancreatic morphological 
features has been described; nesidioblastosis, initially 
thought to be the underlying cause, is common to all neo- 
nates and infants [1-5]. The nuclear volume of Beta cells is 
augmented [1, 5], but its significance in P H H I  is unclear, 
since in accordance with observations in islets and in other 
endocrine cells [5-7] it may rather be the consequence of 
increased secretory activity. 

The biochemical defect of the endocrine pancreas in 
PH H I  is also unknown, and only few investigators have 
succeeded in studying islet function under controlled in 
vitro conditions [8, 9]. Aynsley-Green et al. were successful 
in isolating islets from the pancreatic tissue of one out of 
three infants with PHHI;  during short-term incubations 
they observed an abnormal Beta cell sensitivity to glucose, 
with maximal stimulation at 4 mmol/1 glucose [9]. In the 
present study we utilized an improved method for islet cell 
culture in order to characterize Beta cell function in infants 
with PHHI.  The method enables us to obtain monolayer 
cultures of pancreatic islets from adult rats in which Beta 
cells retain their differentiated function for several weeks 

in vitro [10]. In the present investigation we studied in some 
detail the regulation of insulin secretion by various physio- 
logical and pharmacological modulators using chronic cul- 
tures of pancreatic cells from infants with PHHI.  

Materials and methods 

Origin of tissue 

Pancreatic tissue was obtained during therapeutic subtotal pancrea- 
tectomy from five infants suffering from intractable PHHI. The di- 
agnosis of PHHI was based on the following criteria: spontaneous 
hypoglycaemia with inappropriately high plasma insulin levels; glu- 
cose requirement in excess of 15 mg. kg- 1. min- 1 in order to prevent 
hypoglycaemia; elevation of blood glucose by more than 1.67 mmol/1 
after glucagon administration; documentation of appropriate 
counterregulatory hormone responses; and low levels of non-esteri- 
fled fatty acids and ketone bodies. All infants were delivered at term 
after a normal pregnancy. Their relevant clinical data is presented in 
Table 1. Pancreatic cultures A, B, C, D and E were from infants aged 
26, 10, 6, 9 and 3.5 weeks, respectively, at the time of surgery. Tissue 
resected from the head and the tail of the pancreas was immediately 
placed into ice-cold sterile RPMI 1640 medium and transferred to 
the laboratory for further processing. 
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Fig. 1 A-F. Cultures of pancreatic tissue from 
patients with persistent hyperinsulinaemic 
hypoglycaemia of infancy on extracellular 
matrix-coated plates. A Islet-like cell clusters 
after 1 day in culture. B 3-day-old culture. 
C 5-day-old culture. D 9-day-old culture. 
E 2-week-old primary culture showing a cluster 
of epithelial-like cells on top of a fibroblastoid 
cell layer. F An isolated group of epithelial 
cells forming a monolayer patch in a secondary 
culture (A-E, phase contrast x 100; F, phase 
contrast x 200) 

Culture procedure 

Pancreatic tissue (-1 g) was minced with scissors into 1-2 mm pieces 
which were digested by vigorous shaking at 37~ in 5 ml Hepes-buf- 
fered (10 mmol/1) Hanks' balanced salt solution (HBSS), pH 7.4, 
containing 6 mg/ml collagenase (0.94 U/mg, Serva Feinbiochemica, 
Heidelberg, FRG). After 20-30 rain the digest was diluted with an 
equal volume of cold HBSS, centrifuged, and washed four times with 
HBSS at 4~ Since only few opaque islet-like structures could be 
identified under the stereomicroscope, no attempt was made to iso- 
late pure islets, and the whole digest was resuspended in RPMI 1640 

Table 1. Patient clinical and laboratory data 

medium (GIBCO, Grand Island, NY, USA) containing antibiotics 
(105 U/1 penicillin and 100 mg/1 streptomycin). After three addi- 
tional washes in this medium at room temperature, the pellet was re- 
suspended in RPMI 1640 medium containing antibiotics and 10% 
fetal calf serum (FCS, Biological Industries, Beth Haemek, Israel) at 
37~ The digest of i g pancreatic tissue was suspended in 60 ml cul- 
ture medium and 2 ml of this cell suspension plated into 35 mm Fal- 
con culture dishes coated with extracellular matrix (ECM) derived 
from bovine corneal endothelial cells as described previously [10, 
11]. The cultures were maintained at 37~ under 6% CO2 in air with 
twice weekly changes of the medium. Most studies were performed 

Patient Sex Family Age (weeks) 

code history Diagnosis Admission b Surgery 
of PHHI 

Spontaneous hypoglycaemia" 

Glucose Insulin Cortisol Growth 
(mmol/1) ( m U / 1 )  (nmol/1) hormone (gg/1) 

A Female Positive 2 20 26 1.1 17 552 14 
B Female Negative Birth 2 10 0.8 69 938 17 
C Male Positive Birth 1 6 1.2 21 662 15 
D Male Positive Birth 0.5 9 3.6 113 524 12 
E Female Positive Birth 0.5 3.5 2.4 33 331 10 

a Glucose and insulin were assayed in the same plasma sample. Cortisol and growth hormone were from other episodes of hypoglycaemia 
(glucose less than 2.3 retool/l); b Age of admission at this hospital. PHHI = persistent hyperinsulinaemic hypoglycaemia of infancy 
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with primary cultures. In some experiments secondary cultures were 
obtained from pancreatic cultures B and D by mild trypsin digestion 
and replating on new ECM-coated dishes; results were essentially 
similar in primary and secondary cultures. 

Study of  hormone content and release 

The culture medium was changed 16-24 h before each experiment 
and collected to determine chronic insulin secretion. At the start of 
experiments RPMI 1640 medium was replaced by 1 ml Krebs- 
Ringer bicarbonate buffer, pH 7.4, containing 10 retool/1 Hepes, 
0.25% BSA (KRBH buffer) and 0 or 3.3 mmol/1 glucose. The cul- 
tures were preincubated in this buffer for i h at 37~ then the buffer 
was discarded, and the cultures were incubated in i ml of the same 
buffer for another h to give the 1st h insulin secretion rate. There- 
after, buffers containing various concentrations of glucose with or 
without other agents were added and the incubation continued for a 
further h (2nd h of incubation). The incubation buffers were stored 
at - 20~ for insulin assay. In some experiments after glucose stimu- 
lation, the cultures were extracted for 24 h at 4~ with acid-ethanol 
(15 m112 tool/1HC1 of 70% ethanol) for determination of cellinsulin 
content. Insulin was measured by radioimmunoassay, using guinea- 
pig anti-porcine insulin antibodies (Linco Research Inc., Eureka, 
Mo, USA) and a second antibody to separate bound and free hor- 
mone. Human insulin (Novo Research Institute, Bagsvaerd, Den- 
mark) was used as a standard. The minimal detectable concentration 
was 0.7 + 0.06 mU/1. Intraassay coefficient of variance (CV) was less 
than 6% across the entire range of the assay, while interassay CV was 
13%, 9.7% and 10% at insulin concentrations of 7, 23, and 83 mU/1, 
respectively. 

Data presentation 

Since results could not be related to Beta cell number or protein con- 
tent in these mixed cell cultures, and insulin secretion rates were 
variable, each plate was subjected to consecutive treatments with 
glucose and other test compounds, the insulin secretion rate during 
the 2nd h calculated as %, or fold increase, of the 1 st h of incubation, 
and results were grouped and normalized to untreated control. 

Statistical analysis 

Data were computed as mean _+ SEM and compared using the non- 
parametric Mann-Whitney U test. When data obtained at different 
glucose concentrations were pooled, e. g. when studying the effect of 
cAMP modulators on insulin secretion, we used the Kruskal-Wallis 
one-way analysis of variance to test the effect of ambient glucose 
concentration. 
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Monolaye r  cul tures composed of a mixed cell popu la t ion  
were ob ta ined  from all pancrea t ic  specimens.  Dur ing  the 
1st day of culture,  islet-like cell clusters of i r regular  shape 
were seen, which wi thin  several  hours  a t tached to the 
ECM-coa ted  plates (Fig. 1 A).  Af te r  3 days, most  of the cell 
clusters were f lat tened;  the cul tures con ta ined  epithelial-  
like cells, together  with f ibroblastoid cells and b inuc lea ted  
cells, the lat ter  p robab ly  of exocrine origin (Fig. 1 B). O n  
the 5th day of cul ture  discrete patches of epithelial- l ike 
cells were apparen t  (centre  of Fig. 1 C). The  appearance  of 
the cul ture did no t  change much  over  the next  few days 
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Fig.2A-E. Effect of glucose on insulin release in cultured pancre- 
atic tissue from infants with persistent hyperinsulinaemic hypogly- 
caemia of infancy. All cultui'es (1-4 week old) were incubated for i h 
in glucose-free Krebs-Ringer bicarbonate-Hepes buffer, except for 
culture C which was at 3.3 mmol/1. During the following h the cul- 
tures were exposed to varying glucose concentrations as indicated in 
the Figure. Insulin secretion during the second h was calculated as % 
of insulin output during the 1st h and normalized to control incuba- 
tions which contained the basal glucose concentration of 3.3 mmol/1 
during the 2nd h of incubation. Results are shown as mean _+ SEM of 
3-17 plates. Asterisk indicatesp < 0.05 or less compared to results at 
0 glucose 
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F i g . 3 A - E .  Ef fect  o f  modu la to rs  o f  c A M P  on insul in  secret ion. Cul-  
tures were incubated for i h in glucose-free Krebs-Ringer bicarbo- 
nate-Hepes buffer or in buffer containing up to 16.7 mmol/1 glucose. 
During the 2nd h of incubation, cultures were exposed to buffer con- 
taining varying concentrations of glucose (0-16.7 mmol/1) with or 
without 3-isobutyl-l-methyLxanthine (IBMX) (0.1 mmol/1, black 
column), forskolin (25 gmol/1, hatched column) and glucagon 
(30 nmol/1, grey column). Insulin secretion during the second h of in- 
cubation with and without the cA MP modulators was calculated as % 
of 1st h insulin output. Results obtained at different concentrations of 
glucose were pooled for each modulator, since by Kruskal-Wallis ana- 
lysis of variance glucose was not found to affect islet response to the 
modulators. Pooled results were normalized to modulator-free con- 
trols (taken as 100%, dashed line) and presented for each culture as 
mean _+ SEM of 3-24 plates, p values, calculated relative to control 
cultures by the Mann-Whitney U test, were < 0.002 for IBMX and 
< 0.005 for forskolin in all cultures tested. Glucagon caused a signifi- 
cant increase in insulin secretion (p < 0.05) onlyin cultures B, C and E 

(Fig. 1D);  however,  after 2 weeks in cul ture (Fig. 1 E), the 
f ibroblastoid cells grew over the endocr ine  cells, the lat ter  
appear ing  as isolated clusters on  top of a f ibroblast  layer. 
The  b inuc lea ted  cells were no longer  present.  Subcul ture  of 
the cells by mild t rypsin digest ion and  plat ing on new E C M -  
coated plates, followed by thimerosal  t r ea tmen t  to elimi- 
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Fig. 4. Dose-response curve for the effect of epinephrine and soma- 
tostatin on insulin secretion. One to 4-week-old cultures of pancre- 
atic tissue from patients B, C, D and E were incubated for two 
consecutive hours: first in presence of 3.3 mmol/1 glucose in Krebs- 
Ringer bicarbonate-Hepes buffer, followed by a 2nd h in the same 
buffer with and without epinephrine (open squares) or somatostatin 
(black squares). Insulin secretion during the 2nd h of incubation 
relative to the 1st h in control cultures containing glucose alone, is 
taken as reference (100%) for the effect of the inhibitors. Symbols 
and vertical lines denote mean • SEM of 5-15 plates 

na te  f ib roblas t s  [10], r e su l t ed  in s e c o n d a r y  cu l tures  which  
c o n t a i n e d  r e d u c e d  n u m b e r s  of  ep i the l i a l - l ike  endoc r ine  
cells wi th  l i t t le  f ib rob las t  c o n t a m i n a t i o n  (Fig. 1 F).  H o w -  
ever, due  to  excess ive  loss of v iable  cells,  this  p r o c e d u r e  was 
a b a n d o n e d ,  mos t  s tudies  be ing  p e r f o r m e d  in p r i m a r y  cul- 

tures.  T h e  cul tures  of  pa t i en t s  A and  B surv ived  for  
8 weeks  af te r  which  insulin sec re t ion  d i s a p p e a r e d  and  all 
cells b e c a m e  f ib rob las to id .  The  cul tures  of pa t ien t s  C, D 
and  E were  lost  a f te r  2, 4 and  3 weeks ,  respect ively ,  by  bac-  
t e r ia l  c o n t a m i n a t i o n  due  to the  r epe t i t ive  use of  the  pla tes .  

Chron ic  insul in sec re t ion  was eva lua t ed  by  measu r ing  
the  accumula t i on  of  insul in in the  R P M I  1640 m e d i u m  
(11.1 mmol/1 g lucose)  16-24 h af te r  m e d i u m  change.  Very  
high levels  were  o b s e r v e d  on  day  4, which  g radua l ly  de-  
c r eased  dur ing  the  first w e e k  of  cul ture.  Mos t  of  our  
s tudies  were  p e r f o r m e d  in 1-4 w e e k - o l d  cul tures.  D u r i n g  
this p e r i o d  is let  funct ion  was s table ,  and  no effect  of  cul- 
ture  t ime  on  chronic  or  acu te ly  s t imula ted  insulin secre-  
t ion was obse rved .  

T h e  2 4 h  insul in sec re t ion  was 9 5 + 1 2 %  and  
102 + 29% (n = 3) of  t issue insul in con ten t  in cul tures  D 
and  E,  respect ively ,  whi le  a sec re t ion  ra te  of 16 + 2% 
(n = 6) of  con ten t  was found  in cul tures  e x p o s e d  to  glu- 
cose- f ree  K R B H  buffe r  for  I h. 

T h e  v iabi l i ty  of  B e t a  cells was t e s ted  at var ious  t imes  
dur ing  cul ture  using 0.1 mmol/1 3 - i sobu ty l - l -me thy lxan -  
th ine  ( I B M X ) ,  or  25 gmol/1 forskol in;  cells were  con-  
s ide red  v iab le  if t hey  inc reased  the i r  insul in ou tpu t  by  at  
leas t  1.5 fold. By this cr i te r ion ,  v iab le  Be t a  cells were  still 
p r e sen t  in some  of  the  m i x e d  cell  cu l tures  even af te r  
8 weeks  (6 out  of  9 cul tures  r e s p o n d e d  to fo r sko l in  wi th  
2-3  fold increase  in insulin secre t ion) .  

TabLe 2. Effect of nutrients on insulin secretion in cultured pancreatic tissue from infants with PHHI 

Nutrient Glucose Insulin secretion Insulin secretion Stimulation ~ 
during during 1st h during 2nd h factor 
incubation (gU. plate- 1. h-  1) (BU" plate- 1. h 1) 
(mmol/1) 

n p__<b 

Culture B 
Control 0 69 _+ 6 48 _+ 4 1.00 17 
Control 3.3 27 • 11 22 • 9 1.00 4 
Glyceraldehyde 0 76 • 22 60 • 19 1.10 • 0.03 3 NS 
Leucine 0 55 • 15 42 k 11 1.10 • 0.03 3 NS 
Leucine 3.3 57; 7 52; 28 1.11; 0.92 2 
Arginine 3.3 28 • 9 23 • 9 0.97 • 0.08 3 NS 

Culture C 
Control 3.3 245 • 33 186 • 28 1.00 9 
Arginine 3.3 146 • 44 133 • 31 1.3 • 0.22 3 NS 

Culture D 
Control 3.3 94 • 13 99 • 16 1.00 16 
Glyceraldehyde 3.3 78 • 12 104 • 22 1.29 • 0.12 6 0.005 
Leucine 3.3 73; 164 100; 210 1.33; 1.24 2 
KIC c 3.3 44 • 10 81 • 16 1.74 • 0.08 7 0.001 
Arginine 3.3 55 • 6 90 • 12 1.57 • 0.13 3 0.005 

Culture E 
Control 0 202 • 48 144 • 29 1.00 10 
Control 3.3 124 • 17 131 • 21 1.00 11 
Glyceraldehyde 0 33 + 9 56 • 19 2.09 • 0.13 3 0.01 
Glyceraldehyde 3.3 116 • 11 237 • 35 1.94 • 0.13 3 0.005 
Leucine 3.3 102 • 9 149 • 12 1.40 • 0.04 3 0.01 
KIC 0 28; 39 33; 64 1.49; 2.08 2 
KIC 3.3 161 • 27 248 • 19 1.62 • 0.17 6 0.001 
Arginine 3.3 100 • 9 192 • 21 1.85 _+ 0.06 3 0.005 

Cultures were incubated in buffer containing either no glucose or 3.3 mmol/1 glucose for I h followed by a 2nd h of incubation in the same buffer 
with no additives (control) or with the indicated nutrients each at 10 mmol/1. Results are expressed as mean + SEM. 
a Stimulation factor is computed for individual plates by calculating the ratio between 2nd and 1st h insulin secretion; the values were then nor_ 
malized in relation to control incubations (assigned a factor of 1.00). b p values are calculated relative to their respective controls using the 
Mann-Whitney U test. ~ KIC: c~-ketoisocaproic acid, PHHI = persistent hyperinsulinaemic hypoglycaemia of infancy 
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Table 3. Effect of modulators of phosphoinositide metabolism and TPA on insulin secretion in cultured pancreatic tissue from infants with 
PHHI 

Treatment Insulin secretion Insulin secretion Stimulation a n p < b 
during 1st h during 2nd h factor 
(gU.plate ~.h -1) (BU-plate-~.h ~) 

Culture D 

Control 94 + 13 99 • 16 1.00 16 
TPA (10 nmol/1) 96 + 8 292 • 56 2.96 • 0.57 3 0.01 
Carbachol (10 gmol/1) 86 + 20 138 + i9 1.61 + 0.17 3 0.0I 
MOG (100 gmol/1) 91 + 19 82 • 18 0.87 _+ 0.01 4 NS 
Carbachol (10 gmol/1) 132 _+ 9 189 _+ 25 1.38 • 0.16 4 0.02 
+ MOG (100 gmol/1) 

Culture E 

Control 124 + 17 131 • 21 1.00 11 
TPA (10 nmol/l) 95 • 11 574 • 76 5.96 • 1.15 3 0.005 
Carbachol (10 gmol/1) 24 _+ 5 72 + 13 2.88 • 0.13 3 0.005 
MOG (100 ~tmol/1) 107 • 22 97 + 20 0.89 _+ 0.17 3 NS 
Carbachol (10 gmol/1) 64 + 6 232 • 54 3.40 • 0.42 3 0.005 
+ MOG (100 Bmol/1) 

Cultures were incubated in the presence of 3.3 mmol/1 glucose without additions for I h, followed by a 2nd h of incubation with and without 
(control) various agents as indicated. " Stimulation factor is computed for individual plates by calculating the ratio between 2nd and 1st h in- 
sulin secretion; the values were then normalized in relation to control incubations (assigned a factor of 1.00). b TPA = 12-0-tetradeca- 
noylphorbo113-acetate, PHHI = persistent hyperinsulinaemic hypoglycaemia of infancy, MOG = 1-monooleoyl-rac-glycerol 

The  abi l i ty  of  Be ta  cells to r e s p o n d  acu te ly  to glucose 
was assessed  in all cultures.  As  seen  in F igure  2, increas ing  
glucose concen t r a t i on  f rom 0 mmol/1 dur ing  the 1st h of  
incuba t ion  to 1.7-16.7 mmol/1 dur ing  the fol lowing h had  
l i t t le  effect  on  insulin re lease;  only  cul tures  D and  E re-  
s p o n d e d  with a - 3 0 %  increase .  In  l ight  of  this obse rva t i on  
we t e s ted  cul tures  D and  E for  the i r  abi l i ty  to s top  insulin 
ou tpu t  upon  r educ t ion  of  the  glucose concen t r a t i on  f rom 
16.7 to  0 mmol/1. Inspi te  of  the  smal l  Be ta -ce l l  r e sponse  to 
an increase  in m e d i u m  glucose,  the  cul tures  fa i led  to re-  
s p o n d  to its omiss ion  (1 h incubat ions ;  da t a  not  shown).  

The  fai lure of  the  cul tures  to r e s p o n d  to an acute  glu- 
cose s t imulus p r o m p t e d  us to s tudy the i r  abi l i ty  to reac t  to 
o the r  nu t r ien ts  (Table  2). E x p o s u r e  to subs t ra te  secre ta -  
gogues  at e i ther  0 or  3.3 mmol/1 glucose e v o k e d  va r i ab le  
responses .  Whi l e  cul tures  B and  C showed  no  sec re to ry  
response  to  the  tes ted  nut r ients ,  cu l tures  D and  E in- 
c reased  insulin sec re t ion  1.3-2 fold in r e sponse  to glycer-  
a ldehyde ,  leucine,  ~ -ke to i socap ro i c  acid and arginine.  

T h e  response  of  the  cul tures  to p h a r m a c o l o g i c a l  and  
phys io log ica l  m o d u l a t o r s  of  c A M P  is shown in F igure  3. 
Bo th  I B M X  and forskol in  were  effect ive in augmen t ing  
insulin secre t ion ,  i r respec t ive  of  the  m e d i u m  glucose con- 
cent ra t ion .  G l u c a g o n  caused  only a m o d e s t  s t imula to ry  
effect in th ree  out  of  four  t e s t ed  cul tures  (27 to 88% a b o v e  
control) .  

Table  3 shows the  effects of  ca rbachol ,  a muscar in ic  
chol inerg ic  agonis t  which s t imula tes  phospho l i p id  b r e a k -  
down  in n o r m a l  islets [12], 1 -monoo leoy l - r ac -g lyce ro l  
( M O G ) ,  an inh ib i to r  of  d iacylg lycero l  k inase  [13], and  12- 
O - t e t r a d e c a n o y l p h o r b o l  13-aceta te  (TPA) ,  an ac t iva tor  
of  p r o t e in  k inase  C. T P A  and  carbachol ,  bu t  no t  M O G ,  
s t imula ted  insul in re lease  when  tes ted  at 3.3 mmol/1 glu- 
cose,  cu l ture  E be ing  m o r e  respons ive  than  cul ture  D to 
these  agents .  

Calc ium,  a ma jo r  r egu la to r  of  insulin sec re t ion  in nor-  
mal  islets, was i m p o r t a n t  also for  insulin re lease  f rom 

Table 4. Effect of calcium withdrawal on insulin secretion in cul- 
tured pancreatic tissue from infants with PHHI 

Incubation Glucose Insulin secretion A% a p ~ b 
conditions concentration (gU/plate-~.h 1) 

(mmol/1) 

Culture B 

Control 0 58 _+ 14 (3) 
Ca-flee 0 11 + 2 (3) - 81 0.01 

Control 3.3 77 + 42 (3) 
Ca-flee 3.3 8 + 2 (3) - 89.7 0.05 

Culture D 

Control 3.3 94 + 15 (18) 
Ca-flee 3.3 17+2(9) -81.9 0.001 

Culture E 

Control 0 240 + 13 (4) 
Ca-flee 0 27 + 4 (4) - 88.8 0.01 

Control 3.3 152 + 22 (4) 
Ca-free 3.3 16;22 (2) - 87.5 0.05 

Control 16.7 331 _+ 32 (4) 
Ca-flee 16.7 74+9(3) -77.6 0.02 

Cultures were incubated in Krebs-Ringer bicarbonate-Hepes 
(KRBH) buffer modified as indicated in the Table. Ca-free buffer 
also contained 5 mmol/1 EGTA. Insulin secretion during i h of incu- 
bation is expressed as mean + SEM. The number of plates is in 
parenthesis. 

% change relative to control cells in regular KRBH buffer contain- 
ing the same concentration of glucose, b p values are calculated 
relative to their respective controls using the Mann-Whitney U test. 
PHHI = persistent hyperinsulinaemic hypoglycaemia of infancy 

P H H I  panc rea t i c  cu l tures  (Table  4). Omiss ion  of  ca lc ium 
r e d u c e d  insul in sec re t ion  by  - 8 5 % .  This effect  of  calc ium- 
free m e d i u m  was o b s e r v e d  bo th  in the  p re sence  and  ab-  
sence of  glucose.  

E p i n e p h r i n e  and  soma tos t a t i n  (Fig. 4) e l ic i ted  a dose-  
d e p e n d e n t  suppress ion  of  insul in sec re t ion  in all t e s t ed  
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cultures. Maximal inhibitory response (40% of untreated 
control culture) was obtained with 6 nmol/1 somatostatin, 
whereas epinephrine caused a similar effect only at 
5500 nmol/1. While full dose response curves were con- 
ducted only in the presence of 3.3 retool/1 glucose, the pan- 
creatic tissue of patient B was also exposed to the inhibi- 
tors under glucose-free conditions. In the absence of 
glucose, epinephrine (5500nmol/1) and somatostatin 
(600 nmol/1) reduced the output of insulin by 58 + 10% 
and 32 +_ 1% (n = 3), respectively. 

Discussion 

Over the past decade 28 patients with PHHI have been stu- 
died in our medical centre [14]. It became possible to study 
the in vitro islet function in this disorder only recently by 
the development of improved islet cell culture techniques. 
Indeed, by using ECM-coated plates as a support surface, 
we have been able to culture rat islets with maintenance of 
normal B eta cell function for periods longer than 2 months 
[10]. This report represents our initial efforts to charac- 
terize Beta cell function, using the above technique, in the 
last five patients with PHHI to undergo subtotal pancrea- 
tectomy. In contrast to rat or adult human pancreas, and in 
accordance with the experience ofAynsley-Green et al. [9], 
only a small number of islets could be isolated from the pan- 
creas of PHHI patients by collagenase digestion; we there- 
fore cultured the entire pancreatic digest. While this tech- 
nique permitted us to use repeatedly the same plates for 
functional studies and thus compensated for the scarcity of 
tissue, we could not prevent the overgrowth of fibroblasts 
which precluded studying the biochemical characteristics 
of these islet cells. In several studies with adult and fetal 
human islets, elevation of Beta cell cAMP was shown to be 
the most effective stimulus of insulin secretion [15-18]. 
Using IBMX or forskolin we monitored the presence of 
Beta cells in our cultures. By this criterion, viable Beta cells 
were present for as long as 8 weeks in culture; this is similar 
to our experience with rat pancreatic Beta cells cultured on 
ECM-coated plates [10]. 

The salient feature of insulin release in our study is the 
deficient response to changes in ambient glucose concen- 
tration. Similar glucose unresponsiveness is typical of the 
human fetal pancreas at its early stages of development [16, 
18, 19]. In freshly incubated islets of a PHHI patient, Ayn- 
sley-Green et al. [9] found an abnormal sensitivity to glu- 
cose, with maximal stimulation of insulin release at 
4 mmol/l. It is not clear to us if this difference from our 
observations is due to the techniques used, or whether it re- 
flects a characteristic of the one patient studied by 
Aynsley-Green et al. In the present studies, in addition to 
absent or limited responses to raised glucose levels, the 
omission of glucose failed to reduce the secretion. This too 
is similar to findings in perifused islet-like cell clusters from 
pancreases of human fetuses at 17-20 weeks of gestation 
which, although showing a -1.6 fold increase in insulin se- 
cretion, did not shut off the release when the glucose con- 
centration was reduced from 20 to 2 mmol/1 [18]. The re- 
sponse to other nutrient secretagogues was variable with 
some of the cultures showing a modest response. Also in 

vivo some PHHI patients showed sensitivity to leucine and 
arginine [9, 20]. Thus, some heterogeneity exists regarding 
the extent of nutrient non-recognition by these Beta cells. 

Insulin secretion in pancreatic cultures of PHHI is a 
regulated function despite the lack of sensitivity to nu- 
trients. Indeed, agents that augment Beta cell cAMP stimu- 
lated insulin release in a manner quantitatively similar to 
the response of normal islets [10, 21,22]. The insulinotropic 
effect ofIBMX, forskolin and glucagon was independent of 
ambient glucose. Also, human fetal islets respond to agents 
elevating intracellular cAMP in the absence of glucose 
[17], thus differing from the response of adult rat islets [23]. 
Insulin secretion could also be stimulated in PHHI cultures 
via the phosphoinositide-protein kinase C pathway, since 
both carbachol and TPA effectively increased hormone re- 
lease. The diacylglycerol kinase inhibitor MOG was inac- 
tive by itself and did not potentiate the effect of carbachol. 
The significance of this observation is not clear to us. 

The insulin secretory characteristics of PHHI discussed 
so far could indicate that in this disorder the normal matu- 
ration process that allows the full expression of substrate 
sensitivity in the Beta cell is deficient. However, these pa- 
tients suffer from hypoglycaemia, i. e. inability to suppress 
insulin secretion when blood glucose falls below baseline. 
In agreement with the clinical picture, the insulin release 
rate in our cultures was not reduced in the total absence of 
glucose. However, insulin release is not caused by leakage 
from the Beta cell, since removal of calcium from the incu- 
bation medium reduced markedly the release. Thus, exo- 
cytosis appears to characterize secretion also in these Beta 
cells, which respond normally to the two physiologic regu- 
lators (calcium and cAMP) of insulin release. Another 
finding which may be of clinical significance was that even 
at high pharmacologic concentrations both somatostatin 
and epinephrine failed to abolish the insulin secretion. The 
sensitivity of the cultured Beta cells to somatostatin was 
several orders of magnitude greater than to epinephrine. 
This in vitro finding is of interest since some PHHI patients 
respond well to the administration of somatostatin or its 
analogues [24-27], while the endogenous catecholamine 
response to hypoglycaemia fails to suppress insulin release. 

An additional finding that may be related to the in- 
tractable hypoglycaemia of PHHI is the high turnover 
rate of insulin observed in our cultures. Indeed, ~16% of 
cell content of insulin was secreted during i h in glucose- 
free medium, compared to 1.2 + 0.1% (n = 16) in adult rat 
islets cultured similarly on ECM-coated plates (unpub- 
lished observation). Others have shown a similar low turn- 
over rate in cultured fetal and adult human islets [28, 29] 
and in suspended adult human islets [30]. Thus, PHHI 
Beta cells seem to show an insulinoma-like high rate of re- 
lease of their insulin content. 

In summary, our data suggest that in PHHI the Beta 
cells resemble cells in the early fetal pancreas by their de- 
fective recognition of nutrient secretagogues and lack of 
glucose dependency of their cAMP mediated insulin re- 
lease [16,19]. On the other hand, the substantial reduction 
of insulin release obtained with hormonal inhibitors (so- 
matostatin and epinephrine) or with removal of calcium 
ions in the absence of glucose may suggest that even with- 
out substrate these Beta cells are in a "stimulated" state. 
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Some  caut ion  is h o w e v e r  necessa ry  for  the  i n t e rp re t a -  
t ion of  these  results.  I ndeed ,  a l though  long- t e rm cul tures  
on  E C M  have  b e e n  shown no t  to  mod i fy  the  respons ive-  
ness of  rat  islets [10], panc rease s  f rom hea l thy  infants  have  
no t  been  t e s ted  in this system. Thus,  an a r te fac t  tha t  m a y  
induce  nu t r ien t  unrespons iveness  se lec t ive ly  in infant  bu t  
no t  ra t  Be t a  cells canno t  be  excluded.  F u r t h e r  studies,  in- 
c luding cul ture  of  islet  cells f rom n o r m o g l y c a e m i c  infants,  
will be  necessa ry  to va l ida te  the  conclus ions  of  the  p r e se n t  
inves t iga t ion  in re la t ion  to the  ae t io logy  of  P H H I .  
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