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A B S T R A C T Investigations have outlined pancreatic
secretory and synthetic responses to gastrointestinal
hormones. However, there is little information concern-
ing hormonal influences on pancreatic growth.

These studies were designed to examine effects of
chronic administration of bethanechol and cholecysto-
kinin-pancreozymin (CCK-PZ) on the pancreas. M\Iale
albino rats were given saline, bethanechol, 6 mg/kg, or
CCK-PZ, 20 U/kg, intraperitoneally twice daily and
killed after 5 days. The following changes were studied;
pancreatic weight; RNA, DNA, and protein content;
and ['4C]thymidine incorporation into DNA. Bethane-
chol administration was associated with a 20% increase
in pancreatic weight and a 33% increase in mg protein/
100 ,ug DNA. In bethanechol-treated groups, amounts of
DNA/gram body weight and incorporation of ['4C]thy-
midine into DNA were similar to controls. CCK-PZ
administration was associated with a 71 c increase in
pancreatic weight and a 38% increase in mg proteinl/
100 Ag DNA. In CCK-PZ-treated groups, amounlts of
DNA/gram body weight were increased by 42%o and
["C]thymidine incorporationi into DNA was increased
by 185%.

These studies indicate that bethaneclhol administrationl
was associated with increases in pancreatic cell mass
(hypertrophy). CCK-PZ administration was associated
with increases in cell mass and cell numbers (hyper-
trophy and hyperplasia). This information suggests the
importance of CCK-PZ in maintaining pancreatic func-
tional integrity. Although bethanechol and CCK-PZ
elicit similar secretory responses, their mode of action
on the cell, at least as far as growth influences are con-
cerned, appears to be different.

INTRODUCTION

It is well-establishedl that pancreatic protein synthesis
and secretion are initiated by feeding. Moreover, many
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of the metabolic chaniges observed in the pancreas after
feeding can be initiated by administration of hormones
of two types: neurohormones, for example acetylcholine,
and gastrointestinal hormones, for example cholecysto-
kinin-pancreozymin (CCK-PZ)1 and gastrin (1, 2). Pan-
creatic protein synthesis, RNA synthesis, and phosph1o-
lipid aand trigly ceride synthesis are initiated after ad-
miniistration of these two types of hormones (1, 3, 4).

It is well-established that some hormones exert troplhic
effects on their target cells as well as influencinig syn-
thesis and secretion of target cell products. The pancreas
was long considered to be a stable organ lacking gro-wth
an(l regenerative capabilities (5, 6). However, Fitz-
gerald and co-workers have elegantly demonstrated pan-
creatic regeneration after cessation of ethionine adminis-
tration or surgical resection of half the gland (7-9).
MIoreover, pancreatic hypertrophy anid hyperplasia have
been described in chickens and rats fed raw or uncooked
soybeans (10-12). These observations, made on different
experimental models, clearly indicate that the pancreas
possesses growtlh and regenerative capabilities. On the
other hand, little informationi is available to in(licate
mechaniisms involved in initiation or control of these
growtlh and regenierative processes.
The present studies were designed to study effects of

chronic administration of saline, bethanechol chloride,
or CCK-PZ on pancreatic weight, DNA, RNA, and
protein content and ["4C]thymidine incorporation into
DNA. These studies indicate that primary growth in-
fluences oIn the pancreas are mediated via the poly-
peptide hormonie, CCK-PZ.

METHODS
Male Sprague-Daw-ley rats (iinitial weights, 280-300 g)
maintained on Purina Rat Chow (Ralston-Purina Co., St.
Louis, MAo.) and water ad lib. were used for all studies.
The animals were given bethanechol chloride, 6 mg/kg,
CCK-PZ, 20 Ivy U/kg, or physiologic saline (0.36 ml)

1 Abbrcviationt ulscd in. tlhis paper: CCK-PZ, cholecysto-
ki.nin-pancreozymin.
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TABLE I
Effects of Chronic Administration of Saline, Bethanechol Chloride, and CCK-PZ on Pancreas of Rats

mg Panc. wt mg Panc. wt jg DNA cpm pg RNA mg Prt.

Treatment Body wt Panc. wt g Body wt 100 pg DNA g Body wt 100 pg DNA 100 pg DNA 100 pg DNA

g mg
Saline 330 4±16 909 ± 109 2.8 40.33 16.3 ±8 17 ±2.9 189 ±90 82 48 2.1±-0.38

Bethanechol,
6 mg/kg b.i.d. 334±21 1070±33t 3.2 40.27$ 19.042§ 17.1+1.7 237±140 81±14 2.840.36t

CCK-PZ,
20 U/kg b.i.d. 330±10 1492+5511 4.5±0.411 18.8l1.9§ 24.1±2.711 540±23111 91±11* 2.940.3011

Values are means ±41 SD. These data represent results derived from three separate experiments; each experiment utilized four rats in control and four rats in
experimental groups. Types of treatment are indicated in Methods. Pancreatic tissue was incubated in 25-ml Erlenmeyer flasks containing 500 mg pancreas,
2.5 ml of tissue culture media, and 0.02 pCi [14C]-thymidine. Protein, RNA, and DNA content as well as incorporation of ['4C]thymidine into DNA
were determined after completion of in vitro incubation. P values were determined using Student's t test: * = <0.05; = <0.025; = <0.005;
11 = <0.001.

intraperitoneally each 12 h for 5 days. The doses of bethane-
chol chloride and CCK-PZ were derived from previous
investigations (13, footnote 2). Drugs or saline were ad-
ministered at 8:30 a.m. and 8:30 p.m. each day. All animals
received the last injection at 8:30 p.m., 12 h before sacri-
fice. Body weights were determined before and at time of
study.
The following materials were used: bethanechol chloride

(Urecholine), 5 mg/cm3 (Merck Sharp & Dohme, West
Point, Pa.); CCK-PZ (GIH Research Unit, Karolinski
Institute, Stockholm, Sweden); ["C]thymidine (New Eng-
land Nuclear, Boston, Mass.) ; materials for tissue culture
media: MCTC-109, MEM, 10OX (Microbiological Asso-
ciates, Inc., Bethesda, Md.) ; calf thymus DNA and D-ribose
(Nutritional Biochemicals Corp., Cleveland, Ohio); orcinol
(Fisher Scientific Co., Pittsburgh, Pa.) ; diphenylamine
(Eastman Organic Chemicals Div., Eastman Kodak Co.,
Rochester, N. Y.) ; bovine serum albumin (crystallized
and lyophilized) and crystalline thymidine (Sigma Chemical
Company, St. Louis, Mo.).

Treatmitentt and incubationt of tissue. Rats were killed by
cervical dislocation. The pancreas was removed, fat and
excess tissue trimmed, the tissue weighed on a Roller-Smith
balance (Roller-Smith, Inc., Newark, N. J.), and placed
in cold, oxygenated Krebs-Ringer phosphate buffer solution
(pH 7.4). The tissue was incubated in 25-ml Erlenmeyer
flasks in a shaking water bath for 90 min at 37'C. Each
incubation flask contained 500 mg pancreas in 2.5 ml Krebs-
Ringer phosphate tissue-culture medium and 0.02 ,uCi ["C] -
thymidine. These procedures have been described previously
(14-16). At completion of in vitro incubation, the reaction
was stopped by the addition to each flask of 5.0 ml 2.1
normal perchloric acid (PCA) containing 0.1% cold thymi-
dine. The tissue was homogenized using ground-glass ho-
mogenizers and 2.0-ml samples were taken for analysis
of DNA, RNA, and protein. Extraction and washing were
accomplished by use of repeated centrifugation with re-
suspension and vigorous stirring. The tissue pellets were
washed twice with 0.7 normal PCA containing 0.1% cold
thymidine, once with 20%o sodium acetate in 90%o alcohol,
and twice with ethanol-ether (3: 1 vol/vol). These wash-
ings were performed at 4°C. RNA was extracted in 0.3

2Webster, P. D., 0. Black, and J. A. Morisset. 1973.
Effect of bethanechol chloride on protein synthesis in rat
pancreas. Submitted for publication.

normal potassium hydroxide by incubation for 2 h in a
shaking water bath at 370C. Protein and DNA were pre-
cipitated by addition of 0.065 ml of 70% PCA and 3 ml of
one normal ice-cold (4°C) PCA. DNA was extracted in
3 ml of 0.5 normal PCA by heating at 90'C for 20 min.
Protein was solubilized in 3 ml of 0.3 normal potassium
hydroxide by heating at 900C for 20 min. These procedures
are modifications of methods developed by Schmidt and
Thannhauser (17), Schneider (18), and Webster and Tyor
(19) and used by us previously.
DNA was determined by the diphenylamine method using

calf thymus DNA as a standard (20). RNA was deter-
mined by the orcinol method using ribose as a standard
(21). Protein was determined by the biuret method using
bovine serum albumin as the standard (22). Radioactivity
was assayed in a Packard liquid scintillation counter (Pack-
ard Instrument Co., Inc., Downers Grove, Ill.) using a
phosphor developed by Patterson and Greene (23).

RESULTS

Fig. 1 shows rates of incorporation of ["C]thymidine
into pancreatic DNA. Under these conditions of in vitro
incubation, incorporation was near linear for 30, 60, 90,
120, and 150 min. Other investigators, using different
tissues, have shown that thymidine nucleotide pools were
small and that there was rapid equilibration between
intracellular and extracellular thymidine pools (24).
In addition, at concentrations of ["C]thymidine used in
these experiments, no labeled ["C]thymidine triphosphate
remained unincorporated in the cell (25). These ob-
servations were considered sufficient to validate the use
of in vitro incubation of pancreas for short-term studies
of DNA synthesis. A 90 min period of in vitro incubation
was used for other experiments.

Table I shows effects of chronic administration of
saline, bethanechol chloride, and CCK-PZ on body
weight, pancreatic weight, DNA, RNA, and protein
content. Types of treatment are expressed in the left-
hand column. Body weights for all groups of animals
were similar. Pancreatic weights increased 20% with

Hormonal Control of Pancreatic Growth 2301



incorporation into DNA. There were no differences

s- / between saline and bethanechol treatment groups in
t / ['4C]thymidine incorporation into DNA. However, there
T was a 185% increase in incorporation of ['4C]thymidine

into DNA with pancreozymin treatment. These data,
0- along with the above described changes in cell numbers,

indicate that there were increases in numbers of pan-
creatic cells as well as rates of DNA svnthesis.

s- / Effects of chronic administration of bethanieclhol chlo-
ride and CCK-PZ on pancreatic RNA and protein are
expressed in the last two columns of Table I. RNA con-

o- tent, wNhen expressed in terms of DNA, did not increase
wvith bethanechol treatmiient. However, there was a 11%

T1 increase in RNA content with pancreozymin treatment.
5- This increase wvas statistically significant. Increases of

33 and 38% were seen in protein content w-ith bethane-
chol and pancreozvmin treatment. The increases in pro-

0 ,0 , | , , tein content account for at least part of the increases in
0 30 60 9,0 120 150 cell weight.

T I M E (min) These data indicate that bethanechol administration

1 Rate of inicorporation of [4C]thymidine into vwas associated w-ith increases in cell mass (hvper-
'y rat pancreas. trophy), whereas pancreozymin treatment was associ-

ated with increases in cell mass (hypertrophv) as well
echol and 71% with CCK-PZ treatment. Both as cell numiibers (hvperplasia).

increases were statistically significant when compared
with saline-treated controls. Parallel changes were ob-
served when pancreatic weights were expressed in terms
of grams body weight. There was a 14% increase in
bethanechol-treated groups and a 60% increase in
CCK-PZ-treated groups.

Expression of pancreatic weights in terms of 100 Ag
DNA revealed 17 and 15% increases with bethanechol
and CCK-PZ treatment. Increases in pancreatic weight
could be due to either hyperplasia or hypertrophy. These
increases were statistically significant. DNA content is
generally considered an indicator of cell numbers. These
data indicate similar increases in cell mass resulted from
bethanechol and CCK-PZ treatment.
The data were next expressed in terms of micrograms

DNA/gram body weight. Since DNA is an indication of
cell numbers and grams body wteight were constant for
all groups in these experiments, expression in this form
represents numbers of cells per pancreas. There were no
changes in cell numbers per gram body weight when
saline and bethanechol treatment groups were compared.
However, there was a 42% increase in DNA content/
gram body weight with CCK-PZ administration. This
indicates that CCK-PZ administration was associated
with increases in numbers of pancreatic cells. The in-
creases with CCK-PZ treatment were statistically
significant.
That increases in pancreatic cell numbers or DNA

content were real and associated with increased DNA
synthesis was indicated by increases in [14C]thymidine

DISCUSSION
For nmany years only secretory effects of gastrointesti-
nal hormones excited experimental interest; more re-
cently, metabolic effects on target organs and cells have
received investigative attention. It is known that gastrin
and penitagastrin not only initiate hydrochloric acid se-
cretion but also cause trophic changes in parietal cells
as well as increases in ["4C]amino acid and orotic acid
incorporation into gastric and duodenal mucosal proteins
and RNA (26, 27). It is recognized that CCK-PZ initi-
ates paincreatic secretion as well as augments rates of
protein synthesis, nuclear RNA synthesis, polysomal
aggregation, palmitate oxidation to C02, and triglyceride
incorporation into phospholipids (1, 3, 4).

NVhether or not the pancreas possesses growtlh and
regenerative capabilities is of considerable clinical im-
portance. On the basis of low mitotic indices, conven-
tional morphologists held that the pancrease possessed
little growthl potential (5). On the basis of autoradio-
graphic studies, Leblond and Walker reported that the
pancreas displayed no signs of cell renewal (6).

Despite these views, other lines of investigation indi-
cated growth and regenerative capabilities were pres2nt
(7, 8). Pancreatic hypertrophy and hyperplasia were de-
scribed in poultry and rats after feeding of uncooked
soybeans (11). Later it wras recognized that soybeans
contained a heat-labile trypsin inhibitor and that inhibi-
tion of trypsin activity in the duodenum augmented pan-
creatic secretion. It was suggested that the hypersecre-
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tion resulted in increased pancreatic size (10). Recent
studies by Green and Lyman have shown that inhibition
of trypsin and chymotrypsin activity in the duodenum
augments pancreatic secretion (28). They postulate that
soybean trypsin inhibitor has its effect by binding tryp-
sin and chymotrypsin such that feedback inhibition of
CCK-PZ release from duodenal receptor cells is im-
paired (29). Augmented CCK-PZ release results in
hypersecretion.

Fitzgerald and co-workers have studied in great detail
regeneration of rat pancreas after ethionine injury or
surgical resection (7-9). They demonstrated that rats
fed ethionine would reconstitute the pancreas within
1-2 wk after withdrawal of the amino acid analogue.
Mitotic figures and evidences of regeneration were most
prevalent 4-7 days after ethionine cessation. Quantitative
investigations have shown that after destruction of the
pancreas with ethionine, more than 90% of acinar cells
regenerate within a few weeks (7).
Rothman and Wells observed increases in pancreatic

size and weight after chronic administration of CCK-PZ.
Morphologic examination of pancreata revealed en-
largement of acinar cells. They attributed the increases
in weight to increases in protein and enzyme synthesis
(30). Mayston and Barrowman demonstrated that
chronic administration of pentagastrin resulted in in-
creased weight and RNA content of pancreas. However,
DNA content was unchanged and DNA synthesis was
not examined (31).
The data presented in our paper indicate that growth

influences on the pancreas are mediated by the gastroin-
testinal hormone, CCK-PZ. Chronic administration of
CCK-PZ was associated with increases in RNA, protein,
and DNA content and ["4C]thymidine incorporation into
DNA. On the other hand, chronic administration of
bethanechol chloride, an analogue of acetylcholine, was
associated with increases in protein content but not
DNA content or rates of DNA synthesis. It is recog-
nized that both acetylcholine and pancreozymin augment
pancreatic secretion as well as protein and RNA syn-
thesis (1, 4). Thus, the ability of CCK-PZ to augment
DNA synthesis seems to be a primary distinguishing
feature between the polypeptide hormone and acetylcho-
line.
These studies do not indicate what cells were involved

in DNA synthesis. It was assumed since acinar cells
represent the bulk of pancreatic tissue and since CCK-PZ
specifically acts on these cells that these were the cells
responsible for increases in [14C]thymidine incorporation
into DNA. Standard morphologic studies utilizing he-
matoxylin- and eosin-staining techniques demonstrated
no evidence of inflammatory changes in either saline-,
bethanechol-, or pancreozymin-treated groups. Auto-

radiographic studies are underway to better identify the
populations of cells involved in DNA synthesis.
Whether or not these experimental data derived from

laboratory animals can be applied to man remains to be
determined. Howvever, there are several clinical situations
where information concerning pancreatic cellular in-
tegrity, growth, and regeneration may be applicable.
These are as follows: (a) pancreatic insufficiency ob-
served after gastrectomy and vagotomy; (b) chronic
pancreatitis; and (c) pancreatic carcinoma.
These studies add another dimension to our under-

standing of the role of CCK-PZ in pancreatic function.
It is now recognized that the polypeptide hormone,
CCK-PZ, initiates secretion, initiates metabolic re-
sponses, and initiates growth and regeneration. That
these responses are not observed with bethanechol chlo-
ride administration suggests that secretion alone does
not act to enhance cell growth. Thus, merely "working
the cell" does not lead to cell growth. Cell growth seems
to be initiated via a positive action of hormonal sub-
stances.
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