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Summary  The Reg/pancreatic stone protein (PSP) 
gene is postulated to be an important regulator of 
pancreatic beta-cell growth. To investigate this hy- 
pothesis, we analysed the expression of the Reg/PSP 
gene following a 90% pancreatectomy and after 
chronic glucose infusion, two well-defined models of 
pancreatic beta-cell growth. There was a rapid induc- 
tion of the Reg/PSP gene in the remnant pancreas 
after a 90 % pancreatectomy in rats during the peri- 
od of marked growth of the exocrine and islet tissue. 
However, a similar rapid, but smaller, induction of 
the Reg/PSP gene was observed in sham-operated 

rats and in non-surgical control rats in which there 
was no enhanced pancreatic growth. Furthermore, 
there was no pancreatic Reg/PSP gene induction in a 
model of selective beta-cell growth, the chronic glu- 
cose-infused rat. Thus, it is unlikely that Reg/PSP is 
a beta-cell specific growth factor, even though the 
function of this important pancreatic gene is still un- 
known. [Diabetologia (1994) 37: 994-999] 
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A pancreatic gene called Reg, encoding a 165-amino 
acid protein was isolated from a eDNA library de- 
rived from regenerating rat islets after partial pan- 
createctomy (Px) and daily nicotinamide injection 
[1]. Recently, a second distinct Reg gene (Reg II) 
with 76 % amino acid homology to the Reg (I) gene 
was described in the mouse pancreas and in hyp, er- 
plastic islets but not in normal islets [2]. The Reg 
gene described in the regenerating pancreatic islets 
was later found to be identical to an exocrine pan- 
creatic gene which codes for pancreatic stone pro- 
tein, PSP [3, 4], or pancreatic thread protein, PTP [4, 
5]. This protein is a major secretory product in pan- 
creatic juice and comprises 10-14 % of the total se- 
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creted proteins. The function of Reg/PSP is un- 
known, but in the exocrine pancreas, it may inhibit 
calcium lithiasis [6, 7]. Several studies have reported 
an association between enhanced Reg gene expres- 
sion and changes in beta-cell volume [8] or thymi- 
dine incorporation in isolated islets [9] suggesting 
that this peptide may be an important regulatory pro- 
tein for beta-cell growth. However, Reg/PSP m R N A  
or protein has generally been localized to the pan- 
creatic acinar tissue, with no evidence of expression 
in islets [8, 10, 11]. Terazono et al. [12], reported the 
presence of Reg/PSP protein both in rat acinar cells 
and within insulin granules of beta-cells several 
weeks after nicotinamide treatment and Px suggest- 
ing that the Reg/PSP gene may be induced in prolifer- 
ating beta-cells. While the site of pancreatic Reg/PSP 
synthesis remains controversial, Reg m R N A  or pro- 
tein has also been detected in a number of other nor- 
mal tissues including gastric mucosa, kidney, small 
intestine, salivary duct epithelium, cutaneous eccrine 
glands, and epidermis [13, 14], developing human 
brain and pathological states such as Alzheimer's dis- 
ease [15] and some colon and rectal tumours [4]. 
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Al though  the funct ions  of  this p ro te in  in these  tissues 
are unknown,  it is specula ted  to play a ro le  in regula-  
t ion of  cell g rowth  [13, 15]. 

We have  invest igated the re la t ionship  be tw een  
Reg /PSP  gene  express ion  and beta-cel l  growth  in 
two wel l -charac ter ized  models  of  ra t  pancrea t ic  
growth,  the 90 % Px [16, 17] and the  chronic  glucose 
infused rat  [18, 19]. Since these rat  mode ls  are associ- 
a ted  with d i f ferent  pa t te rns  of  pancrea t ic  growth,  
m R N A  f rom these animals was analysed for  changes 
in Reg /PSP  gene expression.  

Materials and methods 

Experimental animals. (90 % Px) Under sodium amytal anaes- 
thesia, 100-g male Sprague-Dawley rats underwent a 90 % Px 
as previously described [16]. The pancreatic tissue was gently 
abraded from the blood vessels except for an anatomically 
well-defined portion bordered by the common pancreatic 
duct and the duodenum. In sham-operated rats, the pancreas 
was rubbed between the fingers but no tissue was removed. 
Pancreatic tissue was taken for RNA isolation from weight- 
matched, normal, non-operated animals and at 1, 2, 3, 7 and 
14 days after Px or sham surgery. In this model, significant 
growth of both exocrine and endocrine tissue occurs by repli- 
cation of pre-existing cells and by ductal proliferation and sub- 
sequent differentiation into exocrine and endocrine tissue [16, 
17, 20]. Additional surgical controls were performed that mi- 
micked steps in the Px and sham surgery but in which no pan- 
creatic tissue was removed. Pancreatic RNA was isolated 
from these rats 24 h after the following treatments: intraperito- 
neal injection of 0.2 ml of 0.9 % NaC1, abdominal laparotomy 
and laparotomy with lysis of mesenteric connections to the co- 
lon. To test the effects of sodium amytal anaesthesia, pancrea- 
tic RNA was isolated 24, and 48 h after a single intraperito- 
heal injection of sodium amytal (Eli Lilly, Indianapolis Ind., 
USA; 0.1 gm/kg body weight). Additional non-surgical con- 
trols included normal weight-matched rats subjected to han- 
dling stress by confining the rat in an acrylic restraint cage 3- 
4 times during 1 h before killing 24 h later. 

Chronic glucose infusion. 200-250 g male Sprague-Dawley rats 
were infused for 48 or 96 h with 50 % glucose (w/v) or the dilu- 
ent, 0,45 % normal saline, via an indwelling jugular catheter at 
2 ml/h [18]. Blood for plasma glucose was obtained by tail snip- 
ping each morning and the animals were allowed food and wa- 
ter ad libitum. As usual in this model [18, 19] the rats were hy- 
perglycaemic for the first 24-72 h but were euglycaemic by 72- 
96 h of infusion. We have previously shown that in this model, 
the beta-cell mass is selectively increased 50 % as determined 
by morphometric analysis [19]. Pancreatic RNA was isolated 
from these rats after 48 or 96 h of infusion and from weight- 
matched, normal, untreated rats. 

RNA preparation. Total pancreatic and purified isolated islet 
RNA was prepared in guanidine thiocyanate by the method 
of Chomczynski et al. [21]. Integrity of the RNA samples was 
assessed by ethidium bromide staining of the ribosomal bands 
on agarose/formaldehyde gels. 

Northern blots and slot blots. Ten micrograms of total RNA 
from each experimental animal was electrophoresed on 1.2 % 
agarose/2.2 mol/1 formaldehyde surface tension gels [22] and 
transferred to Nytran nylon membranes for hybridization 
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(Schleicher & Schuell, Keene, N.H. USA). For simultaneous 
quantification of multiple samples, 10 ~tg of total RNA was ap- 
plied to Nytran membranes using a Millipore Slot Blotter 
(Millipore, Bedford, Mass., USA). 

cDNA probes. The Reg gene probe was a 490-bp fragment en- 
compassing nucleotides 200-690 of the Reg sequence and was 
generously provided by C.Newgard (University of Texas 
Southwestern Health Science Center, Dallas, Tex., USA). 
This probe hybridized to an mRNA of 0.9 kb in length as pre- 
viously reported [8]. The amylase gene probe was an 0.8 kb 
Eco R1 cDNA fragment isolated from a mouse pancreas li- 
brary and was generously provided by M. Meisler (University 
of Michigan, Ann Arbor, Mich., USA). The probe hybridized 
to an amylase message of 1.6 kb [23]. All  cDNA probes were 
labelled with (alpha 32p) dCTP (3000 Ci/mmol, Amersham, 
Arlington Heights, Ill., USA) with a random-hexanucleotide 
priming kit (Boehringer Mannheim, Indianapolis, Ind., USA). 

Northern blot analysis. Hybridization with DNA probes was 
performed at 45~ for 16 h in a solution containing 50 % 
formamide, 5 x SSC (final concentration = 750 mmol/1 NaC1, 
75 mmol/1 sodium citrate), 20 mmol/1 sodium phosphate buf- 
fer (pH 6.7) 2 x Denhardt's solution (final concentra- 
tion = 0.04% bovine serum albumin, 0.04% Ficoll, 0.04 % 
polyvinylpyrrolidone), 0.2 % sodium dodecyl sulphate, 5 % 
dextran sulphate, and denatured salmon sperm DNA (100 ~g/ 
ml) and labelled probe (2.5-5.0 x 106 cpm/ml). Following hy- 
bridization, the filters from both the Northern and slot blots 
were washed twice in 2 x SSC, 0.1% SDS, for 15 min at room 
temperature; twice in 1 • SSC, 0.1% SDS for 30 rain at room 
temperature and once in 0.1 x SSC, 0.1% SDS for 60 rain at 
45 ~ The filters were exposed to X-ray film for 1-3 days and 
the results were quantified on a computerized densitometer 
(Molecular Dynamics, Sunnyvale, Calif., USA). 

Results 

Changes  in pancrea t ic  Reg /PSP  m R N A  levels were  
invest igated at 1, 2, 3, 7 and 14 days fol lowing a 90 % 
Px or  sham surgery  by  slot blot  R N A  analysis. One  
day af ter  Px, levels of  Reg /PSP  m R N A  express ion 
are great ly  increased re la t ive  to  levels seen in nor- 
mal,  u n o p e r a t e d  animals and were  significantly ele- 
va ted  at 1, 2 and 3 days. Surprisingly, a smaller  in- 
crease is also found  in the control ,  sham-ope ra t ed  
rats at 1 and 2 days (Fig. 1A) .  By densi tometry,  the 
Reg /PSP  m R N A  levels were  increased five fold in 
the Px rats by  2 days af ter  surgery  and gradual ly de- 
c reased  to levels found  in u n o p e r a t e d  rats by  14 days 
(Fig. 1B) .  In sham-ope ra t ed  rats, Reg /PSP  m R N A  
levels were  increased four  fold by 1 day af ter  sham 
surgery, and dec reased  to u n o p e r a t e d  contro l  levels 
by  7 days. The  increase  in Reg /PSP  m R N A  in sham- 
o p e ra t ed  animals was u n ex p ec t ed  since the animals 
u n d e r w e n t  an abdomina l  l ap a ro to m y  with lysis of 
pancrea t ic  mesen te r i c  connect ions,  similar to the pro-  
cedure  in Px rats, bu t  no  pancrea t ic  tissue was re- 
m o v e d  or  injured.  To fu r the r  invest igate  this observa-  
tion, m R N A  was p r e p a r e d  f ro m  addi t ional  cont ro l  
rats t r ea ted  to mimic  individual  steps in the sham sur- 
gery  and assayed by N o r t h e r n  blotting. 
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Representative slot blot from two animals at each 
time point. A rapid induction of Reg/PSP m R N A  was found 
in both Px and sham rats, (N) = normal, non-operated weight- 
matched control rats, (top row); ( P x ) ;  90% pancreatecto- 
mized rats 1, 2, 3, 7 and 14 days after surgery; (S) = sham-oper- 
ated rats at 1, 2, 3, 7 and 14 days after surgery, n = 2. The high- 
est levels of expression were seen at 1-2 days and decreased 
gradually, approaching normal levels by 14 days B. Time 
course of Reg/PSP gene expression. The slot blots were quanti- 
fied densitometrically. Data are mean + SEM of values ob- 
tained from three animals at each time point. Reg/PSP gene 
expression in the Px rats ( [ ] )  and sham rats ( 0 )  was signifi- 
cantly higher (p < 0.01, unpaired Student's t-test) in the Px 
rats (1, 2, 3 days) and in sham rats (1, 2 days) compared to the 
unoperated control ( � 9  The peak expression in the Px rats 
occurred 2 days following surgery and was five fold higher 
than in non-operated rats. The peak expression in the sham- 
operated rats was 1 day after surgery and was four fold higher 
than normal. Reg/PSP expression was also significantly ele- 
vated (p < 0.05) in the Px rats compared to sham rats at 2 and 
3 days 
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Fig.2A-D. Reg/PSP gene expression after Px and sham sur- 
gery. A representative Northern blot of pancreatic RNA sam- 
ples hybridized to the Reg/PSP gene probe (0.9 kb message). 
A baseline level of Reg/PSP gene expression is found in nor- 
mal, non-operated, weight-matched control rats (Lane 1). 
Reg/PSP gene expression can be induced within 24 h after a 
single intraperitoneal injection of sodium amytal (Lane 2), or 
surgical laparatomy (Lane 3), or laparatomy and lysis of me- 
senteric-colonic adhesions (Lane 4). The highest levels of in- 
duction are seen at 1, 2 and 3 days after a 90 % Px (Lanes 8, 9, 
10) but a similar but less marked pattern is found at 1, 2 and 
3 days after sham surgery (Lanes 5, 6, 7), C shows the densito- 
metry values from each lane B The filter was stripped and re- 
probed with a rat amylase cDNA probe (1.6 kb message), 
D the densitometry values for the amylase probe. Pancreatic 
amylase expression was not increased in the samples where 
Reg/PSP was induced. The amylase m R N A  levels were de- 
creased in the Px rats in contrast to the large increase in Reg/ 
PSP m R N A  levels 

A small increase of pancreatic Reg/PSP m R N A  
was even observed in control rats, 24 h after a single 
intraperitoneal injection of sodium amytal anaesthet- 
ic. Furthermore,  with progressively more invasive 
procedures, including abdominal laparatomy, and la- 

parotomy with lysis of mesenteric-colonic adhesions, 
Reg/PSP m R N A  levels were similarly increased 
(Fig.2A, C). To determine if this increase in Reg/ 
PSP m R N A  was part of a generalized increase in exo- 
crine transcription, the filters were then stripped and 
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Fig.3A. Northern blot of pancreatic RNA samples. Arrow- 
heads indicate position of the 28S and 18S ribosomal bands. 
Each lane contains 10 ~tg of total pancreatic RNA hybridized 
with the Reg/PSP cDNA probe (0.9 kb message). Rats subject- 
ed to moderate stress (S) have a non-specific induction of the 
pancreatic Reg/PSP gene which is higher than normal rats (N) 
but less than Px or sham (S) rats at 1, 2, 3 and 7 days after sur- 
gery. Rats given an intraperitoneal injection of sodium amytal 
(A) or abdominal laparatomy (L) show non-specific enhance- 
ment of expression. B shows the densitometry value of each 
lane 

reprobed with a pancreatic amylase cDNA probe. In 
contrast to the pattern of Reg/PSP m R N A  induc- 
tion, expression of the amylase gene was not in- 
creased in control samples but was decreased in the 
Px rats (Fig. 2 B, D). The decrease in amylase m R N A  
is consistent with previous studies where amylase 
m R N A  is reduced in diabetic animals [23]. Thus, pan- 
creatic Reg/PSP m R N A  levels were specifically in- 
duced under different conditions. 

A common variable among the sham treatments 
tested was a moderate degree of stress on the rats 
created by handling and intraperitoneal injections or 
anaesthesia. Comparing the normal, unstressed rats 
with other controls, a small induction in Reg/PSP 
m R N A  found in the normal, stressed rats may ac- 
count for some of the increase in m R N A  observed in 
sham rats (Fig. 3). 

Since the increase in Reg/PSP m R N A  levels corre- 
lates with a significant growth of both exocrine and 
endocrine tissue in the 90 % Px model [16, 17], Reg/ 
PSP m R N A  expression was analysed in a model spe- 
cific for beta-cell growth. Normal rats were infused 
with 50 % glucose for 96 h. These rats became mar- 

Fig.4. Slot blot of pancreatic Reg gene expression following 
glucose or 0.9 % NaC1 infusions for 96 h. Total RNA (10 ~ng) 
was applied to each slot. Reg/PSP gene expression was un- 
changed from levels in weight-matched control rats (C), cathe- 
terized but non-infused rats (N) and catheterized rats infused 
for 48 h with 50 % glucose (48G) or 0.9 9/0 NaC1 (48S) and for 
96h with 50 % glucose (96G) or 0.9 % NaC1 (96S) 

kedly hyperglycaemic by 24 h (564 + 23 mg/dl 
(31.3 + 1.3 mmol/1 vs saline-infused, 134 + 7 mg/dl, 
7.4 + 0.4 mmol/1) but glucose levels were normalized 
by 96 h of infusion, consistent with our previous ob- 
servations [18, 19]. Previous morphometric analysis 
has demonstrated that while the beta-cell mass is se- 
lectively increased by 50 %, there is a decrease in the 
exocrine mass. Slot blot analysis of pancreatic RNA 
from these rats demonstrated no difference in Reg/ 
PSP gene expression among glucose-infused, saline- 
infused, and untreated rats (Fig. 4). 

Discussion 

The role of Reg/PSP in pancreatic islet regeneration 
has been controversial. In this study, we report a ra- 
pid induction of pancreatic Reg/PSP expression with- 
in 24 h after sham or Px surgery which returns to lev- 
els equivalent to non-operated rats by 7 or 14 days, 
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respectively. While this increase in Reg/PSP m R N A  
can be correlated in time to a significant regenera- 
tive growth of beta cells and exocrine tissue after Px, 
Reg/PSP induction is also found in pancreatic tissue 
of sham rats that do not increase exocrine or beta- 
cell mass. Although specific induction of Reg/PSP 
m R N A  in islets after 90 % Px cannot be totally ex- 
cluded, we did not find any Reg/PSP protein in islets 
after Px by immunohistochemistry (data not shown). 
Furthermore,  in a non-surgical model of pancreatic 
growth, the chronic glucose infused rat, Reg/PSP 
m R N A  levels were not increased even though the 
beta-cell mass has been shown to increase by 50 % 
during infusion [19]. Therefore, we found no correla- 
tion between Reg/PSP m R N A  induction and pan- 
creatic or beta-cell growth. 

Originally, the Reg/PSP gene was cloned as a re- 
sult of its highly expressed R N A  in regenerating is- 
lets [1]. However, Reg/PSP normally appears to be 
expressed in the exocrine pancreas [8, 10, 11]. A pos- 
sible explanation for this discrepancy as suggested 
by Miyaura et al. [8] was that the original islet 
cDNA library from which the Reg gene was cloned 
was significantly contaminated with exocrine tissue 
as demonstrated by the frequency of amylase-posi- 
tive clones. Evidence of Reg/PSP protein localiza- 
tion in beta-cells was shown by immunostaining sev- 
eral weeks after partial pancreatectomy and daily ni- 
cotinamide injection [12]. Unlike the study by Tera- 
zano et al. [12], we did not use daily nicotinamide in- 
jections after Px, and thus it is also conceivable that 
nicotinamide has a specific effect on Reg/PSP induc- 
tion. 

A lack of correlation between Reg/PSP m R N A  
levels or protein with beta-cell growth is consistent 
with previous observations thfit Reg/PSP is not im- 
munohistochemically detectable in islet-cell tumours 
[24], insulinomas [i, 13] and in all but one case of hu- 
man nesidioblastosis [13]. 

Recently, Reg/PSP gene expression was reported 
to be increased in cultured rat islets after stimulation 
with multiple factors. The increase in Reg/PSP ex- 
pression in islets was correlated with increased thymi- 
dine uptake by the cells [9]. However, the cell types 
responsible for the increased Reg/PSP expression as 
well as those with increased thymidine uptake were 
not identified and may not be the same cells. Pre- 
viously, non-endocrine cells within islets have been 
clearly shown to take up thymidine at a greater rate 
than islet endocrine cells [25]. 

In this study, we have also found that pancreatic 
Reg/PSP m R N A  can be induced under conditions 
not associated with pancreatic growth. The mechan- 
ism for this induction is not known. Pancreatic exo- 
crine secretion is known to be regulated by both 
neural and hormonal mechanisms and responses to 
stress, anaesthesia and laparotomy may be mediated 
by glucocorticoid receptors which have been de- 
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scribed in exocrine pancreas [26]. Thus, it is unlikely 
that Reg/PSP is a beta-cell specific growth factor 
even though the function of this important pancrea- 
tic gene is still not known. 
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