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Numerous studies have demonstrated that glucagon secretion is regulated 
by diffb.rent metabolites, hormones and drugs. 

Recently, in a previous report, we have demonstrated that modifications 
of the normal extracellular pH surrounding the islet cells from 7.4 to 7.8, 
result in increased arginine.induced glucagon secretion ~'~. Conversely, this pH 
change impNrs insulin secretion elicited by glucose, arginine or sulfbnylur- 
eas ~;, '-~, ~". 

The foregoing observations prompted us to explore in more detail A-cell 
behavior under extracellular alkalosis. The chosen experimental model was 
the perfusion of isolated rat pancreas. 

The present report deals with the effect of  sequential extracellular pH 
changes (7.4-7.8-7.4) on the response of A and B cells to hypoglycemia or an 
arginine stimulus. Furthermore, results of  argininednduced glucagon and 
insulin secretion under constant alkalosis are reported. 

MATERIAL AND METHODS 

Female Wistar rats weighing t80-320 g were anesthetized with sodium 
pentobarbital (48 mg/kg i.p.). After laparotomy, all the vessels connecting the 
pancreas with the spleen, stomach, duodenum, colon and small intestine were 
ligated together with both renal arteries. The whole organ was perfused 
through the celiac and superior rnesenteric arteries via a carmula placed into 
the abdominal aorta. Exocrine secretion was drained through a small incision 
in the choledocus. 

The perfusion system was similar to the one described by LECLERCo-M~YER 
et a l :  with minor modifications. To achieve quick substitutions of  the pH 7.4 
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buffer for the pH 7.8 ones or vice versa without stopping the experiments, 
two identical perfusion systems driven with a six channel peristaltic pump 
(Desaga) were connected by three-way stop-cock to a common cannula inserted 
in the aorta. 

The perfusate consisted of  Krebs-Ringer bicarbonate buffer containing 2.5 
mEq/1 COM.  

The pH 7.8 solution was obtained by partially replacing NaCt with NaHCO~ 
to a final concentration of  60 mEq/1 HCO~-. Thus Na* concentration and 
osmolarity were kept constant ha both solutions. 

The solutions were supplemented with 4% dextran ( S i ~ a ,  average m.w. 
79,000)-0.5% bovine serum albumin (Sigma) kept at 37 °C and equilibrated 
continuously with a gas mixture Of 5% CO,-95% 02. Glucose concentration was 
2.3 mM or 8.3 raM. 

The pH values in the perf'usion solutions were recorded continuously with 
a glass electrode immersed in the solutions equilibrated with the gaseous 
phase. 

The flow rate was 1.90-2.00 mi/min. The perfusate, after a single passage 
through the pancreas, was collected every minute f iom a portal cannula into 
chilled tubes containing EDTANa2 (1.3 rag/tube) and aprotinin (I,500 U/tube), 
immediately frozen and kept at -20 °C until glucagon and insulin assay. 
Pressure in the perfnsion system averaged °5 ± 3 mmHg. 

L (+)-arginine solution was infused at a rate of  0.09 ml /min  through a 
side-arm pump-driven syringe into the perfusion solution to attain a final 5 mM 
concentration. 

In a series of experiments the pancreases were initially exposed to 2.3 mM 
glucose in a pH 7.4 buffer during 30 rain to establish basal glucagon and insulin 
secretion rates. Then the pH 7.4 medium was switched to another of  pH 7.8, 
during 20 min and again to pH 7.4 for the final 20 min (fig. 1-A~). In the 
corresponding control experiments the two perfusion systems, both pumping 
the same pH 7.4 buffer were connected to the pancreases alternatively at the 
same time intervals as before (fig. l-A:). 

,Two different experimental protocols were used in the experiments with 
arginine as a test substance. In both, glucose concentration throughout was 
8.3 raM. In  the first series, 5 mM arginine was added to the perfnsate during 
52 min, at pH 7.4, except between rain 20 to 40 when the pH was 7.8 (fig. l-B). 

tn the second series, 8.3 mM glucose was present throughout the experi- 
ments, the pH was also kept constant at a value of  7.4 (fig. 1-C~) or pH 7.8 
(fig. 1..C~). The test substance, 5 mM arginine, was applied during a 20rain 
period starting at 0 rain. 

Glucagon and insulin were assayed with charcoal-dextran methods '-~. 
Gtucagon antiserum 30 K together with purified '~'~I-glucagon prepared 

according to JORGENSEN and LARSEN -~ and a porcine standard (Lilly lot 
258-VO16-36) were used ior glucagon assay. Insulin antiserum was kindly 
provided by Dr. R. Gutman. 

Total calcium concentration in the solutions throughout the experiments 
was 2.~5 mM. A diminution in proton concentration has been reported to 
increase calcium binding to albumin ~° and bicarbonate". Thus, to determine 
the effective ionized calcium concentration in the solutions employed it was 
measured anaerobically at 37 °C with an ionized calcium analyzer (Orion 
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Fig. 1 - Schematic  represen ta t ion  o c the di[~erent exper imenta l  protdcols  used in ra~ pancreas  
perfusion.  Details are descr ibed in 'Material  and  Methods ' .  Time o f  per t \ ts ion in minutes.  

Space-State 20), The values of  Ca > concentration (mM) in the buffer employed 
in the experiments were: 1.60 ± 0.05 (n=4) for pH 7.40 ~ 0,02 and 
1.30 ± 0.05 (n = 4) for pH 7.80 ± 0,02; i,e,, a 18.5% decrease in Ca > tbr a 0.4 
pH unit increment. 

When dextran is subsdtuted by 4% bovine serum albumin, another solution 
commonly used in organ perfusion experiments, Ca-'* concentration (mM) 
averaged 0.75 ± 0.01 (n=8) and 0.53 ___ 0.01 (n=5) at pH 7.4 and 7.8 
respectively. 

Statistical analysis of the data was per~brmed by nonpaired t-test. 

RESULTS 

EJ}ect of alkdosis o,z gi,~cagov release in the prese~'~ce 03"2.3 ra~,t glucose - Fig. 2-a 
shows the response of  A-celts challenged with a constant perfusion of  _9.3 mM 
glucose during three successive periods of  pH 7.4, 7.8 and 7.4. The changes in 
extracellular pH in the preparations were achieved almost immediately due to 
the small dead space (0,5 ml) between the stop-c0ck connecting both buffer 
reservoirs and the aortic cannula, 

During the first 30 rain at pH 7.4, A-cells were stimulated and consequently 
mean glucagon output was 0.65 ± 0.14 ng/min. 

Extracetlular pH shift towards alkalosis produced an immediate and 
transient three-fold increase in glucagon output. This spike lasted 4 rain 
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r each ing  its m a x i m u m  w i m m  the first minu te  following the p H  cnan.,e. 
Therea f te r ,  g lucagon release did no t  show any special modif icat ion,  not  even 
w h e n  the pH re tu rned  to 7.4. 

Change  of  the perfusate  pH f r o m  7.4 ~o 7.8 did not  ake r  basal  insulin 
secret ion elicited by 2.3 m M  glucose (fig. 2-b). 

Cont ro l  expe r imen t s  with a constant  2.3 m M  glucose concen t ra t ion  at pH 
7.4 and  the same  maneuvers ,  al ternatively connect ing  the two perfus ion 
systems to the cannula  placed into the rat  aor ta  did not  reveal  e k h e r  spikes of  
glucagon release (fig. 2<), or  modif icat ions in insulin o m p u t  (fig. 2-d). 

E~ect of at~aZosis on aNinine-ir~d"~ced gl~cago~z and inszdin release i~z the presence 
of 8.2 mM gh~cose - Fig. 3 shows the pancreat ic  re lease o f  g lucagon and 
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Fig. o. Influence of pH changes in the perffaion medium on g!ucagon (a) and insulin (b) secretion 
elicited by a constant 2.3 mM glucose concenmtdon fi~om the rat pancreas. Af'ter a 30 rain period 
of pH 7.4, the medium was swkched to pH 7.8 during 20 ram, followed by a second 10-rain 
period wiLh pH 7.4 medium. In c and d, after the 30-rain period of pH 7.4,.the medium was 
swkched to one of identical pH for a 20-rain period. Thus the-(c)- and (d)-perfusions served as 
swkching con<rols. Secretory rates of glucagon and insulin ± SEM in ng/min of 7 perfusions 
for each panel are shown. Time of perfusion in minutes. 
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Fig. 3 - Influence of  switchinz the pH in the perfasion medium from 7.4 to L8 during a 5 mM 
arg-inine stimulus, wi~h constant 8.3 mM ~lucose concenE~at{om on gtucagon and insulin 
secretion Dora the perff~sed ra~ pancreas. Details o~ the experimental protocol appear in fig. 1. 
The values f~or ~luca~on (upper panel) and insutL~ (lower panel) release in ng /min  are ~he 
means i SEM o£ 9 experiments. Statistical analyses f'or differences in the hormone secretion 
rates appear in ~ab. 1. 

insulin elicited by arginine dt~ring constant perfusion of" glucose (8,3 raM) in 
three successive periods of pH 7.4,7.8 and 7.4. 

For the first 30 min ecluilibration period, minute amounts of" gtucagon were 
found in the perfusates while insulin levels were easily detected as a conse- 
quence of  the 8,3 mM glucose concentration in the medium (tab. I). 

During die first pH ?.4 cycle in response to the arginine stimulus, glucagon 
secretion showed the already b .own biphasic pattern, 

When the pH of the per£usate was switched co pH 7.8, glucagon secretion 
showed an immediate and short burst with a fast return to previous values. 
Following the restoration of the pH to L4, a similar glucagon burst was 
observed but in this case with a return to signiflcandy lower tevels than after 
the response to pH 7.8. 
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Fig. 4 - Influence of  pH of perfusion medium on arginine-induced giucagon (upper panei) and 
insulin (lower panel) secretion. The pH of the perfusion media, 7.4 or 7.8, was kept constant 
throughout tile experiments. Perfusions with pH 7.4. are represented by a solifl line, ai~d those 
with pH 7.8 by a dashed line. The arginine stimulus, present during 20 rain, was started at time 
0, 30 rain after the onset, of the experiments. Values for glucagon and insulin release are ± e  
means ± SEM in ng /min  of  7 experiments for pH 7.4 and 6 for pH 7".8. Statistical analyses for 
differences in hormone secretion rates appear in "Resuks'. 
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Thus, mean glucagon secretory, rates obtained for each pH period exhibited 
the following relationship: pFI 7.8 > 7.4 (first) > 7,4 (second)(tab. 1). 

During the first period of pH 7.4, insulin, like glucagon, showed a biphasic 
secretory pattern. Conversely to what was observed for glucagon, the second 
phase of arginine-induced insulin secretion appeared significantly reduced 
when extracettular alkalosis was installed (tab. 1). This reduction was present 
throughout the 20-rain perio d of  alkalosis with a particularly marked diminu- 
tion in insulin output during the first 5 rain following the pH change. The 
inhibitory effect of  alkalosis on insulin secretion was immediately and com- 
pletely removed by switchi~g the pH of the perfusate from 7.8 to 7.4. A 
biphasic insulin secretion pattern in response to arginine was again obtained; 
although the mean secretion rate compared to the initial pH 7.4 period was 
lower, it was not significantly different, 

Figure 4 shows the effect of a 5 mM arginine stimulus present during S0 
rain on glucagon and insalin secretion at pFI 7.4 and 7.8. In this case, the pH 
of the buffer and the glucose concentration (8.3 raM)were kept constant from 
the beginning of the experiments. 

Under arginine stirnutus at pH 7.8, the values for,the first peak were larger 
than at pFf 7°4 but only reached the level of significance during the second 
phase [mean values 0.629 _+ 0.032 and 0.334 _+ 0.022 ng/min,  respectively 
(p <0>001)]. In addition, if the total output is calculated as the areas under the 
curves during the total arginine period, gtucagon output at pH 7.8 was 
significantly higher than at pH 7.4 [0.769 ± 0.059 rig/rain and 0.520 _+ 0.051 
ng /min  respectively (p < 0.01)]. 

The insulin release pattern at pH 7.4 and 7.8 already differed doom the 
stabilization period (-30 to 0 rain)(fig. 4). Indeed, the 8.3 mM glucose concentra- 
tion employed exceeds the stimutatory threshold for the B-celts and conse- 
quently the inhibitory effect of extraceltular alkalosis on the glucose-induced 
insulin secretion already described ~ becomes evident. This inhibition averaged 
60% (6.9 ± 1.1 ng /min  v s  17.g __ 1.4 ng/min;  p <0.001). 

Although changes in extracellular pH do not modify the biphasic pattern 
of arginine-induced insulin secretion, a 60% reduction in total hormone  output 
was observed at pH 7.8. The mean secretory rates were 6_9.3 ± 5.3 rig/rain at 
pH 7.4 and _94.8 +_ 0.7 ng /min  at pH 7.8 (p <0.001). 

DISCUSSION 

The preser~t results correlate with previous findings regarding the effect of 
changes in the pH of the extracellular fluid o£ islet cells on their secretory 
response elicited by several agents :~,**. ~, ~, 

Although the high pH was present from the onset of the experiment  or 
following a perfusion cycle at pH 7.4, a 35% drop in the amount  of  insulin 
released in response to arginine was observed. As was previously shown with 
glucose-induced insulin secretion% this inhibition was immediately installed 
and removed according to the pH of the perfusate. Hence, the blocking effect 
of  atkalosis is independent of  the stimutatory agent employed. 

Gtucagon secretion in response to low glucose was increased when the 
extracellutar pH shifted from normal to alkalosis. The recognition of the 
alkalotic state by A-cells was almost immediate but short-lasting. Moreover, 
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,~lucagon output remained unchanged when the reverse situation, the change 
from pH 7.8 to pH 7.4.occurred. This transient but significant alkalosis-induced 
glucagon output was detected using a high frequency sampling system. Hence, 
it might be possible that using another sampling method this phenomenon  
could easily be overlooked. 

Arginine-induced glucagon secretion showed a strong dependence on 
extracellular pH. Contrary to the inhibitory effect of extracellular atkalosis on 
arginine-induced insulin secretion % glucagon output was significatively increas- 
ed under this stimulus at pH 7.8 (figs 3 and 4, and tab. 1). 

Moreover, in pancreas preparations previously equilibrated at pH 7.8, the 
introduction of  the arginine stimulus produced a weater  response than the 
one obtained at pH 7.4 (fig. 4). On the other hand, when the pancreas 
equilibrated at pH 7.4 was already under the effec~ of a stimulatory agent, 
either low glucose or arginine, a switch in pH to 7.8 produced a f~rst and 
transient glucagon release. 

However, A-cells were unable to maintain sustained secretion in response 
to arginine when the extracellular pH returned to 7.4 after a 20 rain exposure 
to pH LB. 

Different interpretations can be put forward to explain this behavior, e,g. 
the aging of" the preparations after 70 min of perffMon. This is particularly 
true for A-cell secretion even under a potent hypoglycemic stimulus (see 
fig. 2-c). Another possibility is that as a result of  exposure to pH 7.8 for a certain 
length of  time, A-cells might become low responders to arginine at pH 7.4. 

All these results demonstrate a completely opposite effect of  extraceliular 
alkalosis on insulin and glucagon secretion. Hence, this effect might represent 
a well-developed adaptive response o£islet cells to the pH changes, ra ther  than 
a deleterious effect of  alkalosis on those cells. 

Several hypotheses can be put forward to explain the results obser~ed. 
Calcium ion concentration is modified as a consequence of high pH~°,'L 

Alkatosis decreases ionic calcium activity in the perfusate due to the formation 
of non-ionized complexes of the cation with HCO~- and albumin, as has already 
been reported :~ and also observed in the present study. Nevertheless, it has 
been shown that reduced B-cell response to glucose is not overcome even if 
sufficient CaCh excess is added to the pH 7.8 buffer to obtain a calcium ion 
concentration similar to that at pH 7.4~'. 

In a similar way, it is not very plausible that the lower Ca-'" concentration 
during aikalosis may be responsible for the enhancement  oi c.~lucagon response 
to glucose or arginine. 

Modifications of glucagon secretion in the presence of high or low glu- 
cose concentrauons have been described for normal and calcium-depleted 
media ~,'.',','~. These extreme situations are different from the decrease observed 
in our conditions where Ca'-* diminished only by 18.5% from pH 7.4 to L8. 

It has been reported by HtJTTON et aL 3 that glucose- or ct-ket0isocaproate 
(0t-KtC)-induced insulin secretion in B-cells depends on the drop o£ intracellular 
pH caused by the secretagogues. According to their res~Llts, the optimum value 
for the secretion would .be obtained with an intracellular decrease o f  0.09 pH 
unit below the basal level. Consequently, the optimal extracellular pH for 
insulin secretion shifts to higher values when glucose or 0c-KIC concentration 
in the extracellular fluid-are increased. Thus, in Hutton's experiments an 
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ext race l lu tar  p H  increase  o f  0.4 units  b e y o n d  the ape×, a lways  resu l ted  in l o w e r  
insulin output ,  p r o v i d e d  tha t  for  a 6.7 m M  glucose c o n c e n t r a t i o n  in the mil ieu 
the increase  was cons ide red  fl-om p H  7.0 to 7.4; for  11.1 m M  glucose  f r o m  7.4 
to 7.8 and  for  27.8 m M  glucose f i 'om 7.6 to 8.0. 

In  view o f  these  observa t ions ,  a nd  wi th  the  ev idence  tha t  m e t a b o l i c  fluxes 
r egu la te  h o r m o n e  re lease  b o t h  in A- and  B-cells 9.u one  could specula te  that  
g t u c a g o n  sec re t ion  m i g h t  also be coup led  to in t racel lu lar  p H  c h a n g e s  bu t  in 
the  o p p o s k e  direct ion.  Hence ,  the atkalotic state w o u l d  be a m o r e  f avorab le  
s i tuat ion i'or g t u c a g o n  secre t ion  than  the n o r m a l  p H  o f  7.4, with the glucose 
o r  a rg in ine  c onc e n t r a t i ons  p resen t ly  employed .  

A possible pa r ac r ine  in te r re la t ionsh ip  '~' mod i f i ed  by the p H  shift f r o m  
n o r m a l  to alkalosis c a n n o t  be comple te ly  ru led  out. In  fact, g l u c a g o n  ou tpu t  
was increased  wi th  a c o n c o m i t a n t  fall in insulin secre t ion  w i t h o u t  ev ident  
modi f ica t ions  e i ther  in flow or  in total p ressu re  o f  the pe r fus ion  system. 

in  conclusion,  these results sugges t  an  i m p o r t a n t  ro le  for  ex t race thf ia r  pH  
in the  r egu la t ion  o f  g l u c a g o n  a nd  insulin release.  F u r t h e r m o r e ,  t hey  p rov ide  
n e w  evidence  for  a reverse  coup l ing  o f  the secre tory  r e s p o n s e  o f  A-and  B-cells 
to stimuli  o r  e x p e r i m e n t a l  condi t ions .  A l t h o u g h  s o m e  possible m e c h a n i s m s  
can be sugges ted  to a c c oun t  fo r  this kind o f  regula t ion ,  f u r t h e r  s tudy is 
necessa ry  for  a definite in te rp re ta t ion .  

SUMMARY 

Previously, we reported that ch~mge from the normal pH of 7.4 surrounding the islet ceils 
to 7.8 results in a decreased Bcelt response ~o 16.6 mM glucose, 10 mM arginine or 400 bvg/ml 
tolbutamide. In the present report we studied ~he effect of modifications in the extracellular pH 
on glucose- and arginine-induced glucagon and insulin secretion by the perfused rat pancreas. 
It was found that at pH 7.8, arginine-induced glncagon secretion was signif~cmqtly greater than 
at pH 7.4. On the other hand, the switch from pH 7.4 to 7.8 in a pancreas already stimulated 
by either low glucose or arginine, produ:ed fast and transient glucagon release. Sequential 
extracelluiar pH changes flom 7.4 to 7.8 and back ~o 7.4 in the presence of 8.3 mM e ~]ucose and 
a 5 mM arginine stimulus demonstrated tha~ A- and B-cells rapidly modify their secretion in 
response to extracellular alkalosis in opposite directions. While glucagon output was enhanced 
(mean secretory rates at pH 7.4, 0.692 ± 0.042 ng/min and 0.9¢8 ± 0.57 at pH 7.8), insulin 
secretion was ctearly reduced (72.6 ± 6.2 ng/min and 35.7 + 9.8 ng/min at pH 7.4 and 7.8, 
iespectively). The above observations, together with our previously i eported data, indicate that 
extracellular pH plays an important role in the regulation of glucagon and insulin release. 
Particularly, extracellular alkalosis enhances A-cell response to 2.3 mM glucose and 5 mM 
arginine while partially inhibiting B-cell secretion in the perihsed rat pancreas. 
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