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ABSTRACT 

Chronically reserpine-treated (500 ug/kg) rats, a 

model for cystic fibrosis, exhibit increased mucus produc

tion, generalized exocrinopathy, impaired pancreatic 

secretion, and decreased pancreatic amylase similarly to 

that seen in cystic fibrosis. Reserpine treatment also 

causes a decrease in food consumption and growth. Neither 

the effects of decreased food on the exocrine pancreas nor 

the question of whether pancreatic enzymes from this model 

can adapt to diet have been considered. In this study, 

reserpine treatment also caused decreased food consumption. 

Body weight and pancreatic amylase were decreased in both 

reserpine-treated and the pair fed-sham rats, indicating 

that the decreased pancreatic amylase in the treated rat 

could be secondary to malnutrition. A lower dose of 

reserpine was identified that did alter pancreatic function 

similarly to the 500 ug/kg dose, but did not result in 

malnutrition, demonstrating that the pancreatic alterations 

by reserpine were,in fact, not secondary to malnutrition. 

In rats treated with the lower dose, pancreatic enzymes did 

adapt to changes in diet. Amylase content, however, was 

significantly lower in reserpine-treated rats fed high 

carbohydrate diet. Reserpine may modify amylase synthesis 

or degradation. 

. x 



INTRODUCTION 

Cystic fibrosis (CF) is the most prevalent lethal 

genetic disease in the Caucasian race occurring once in 

every 2000 live births. This disease is an autosomal 

recessive disorder, but the exact nature and mechanism of 

the defect remain unkown. CF is characterized by chronic 

pulmonary disease and exocrine malfunction of the pancreas, 

sweat glands, salivary glands, and the mucus-producing 

glands of the gastrointestinal tract and respiratory 

system. It has been difficult to study the pancreatic 

defects of this disease because of the lack of available 

human tissue and the lack of an animal model. However, in 

1975, the chronically reserpine-treated rat was proposed as 

an experimental model for cystic fibrosis (1,2). Reserpine-

treated rats exhibit altered glycoprotein synthesis and 

secretion in the cells and ducts of salivary (1,3), 

pulmonary (4), pancreatic exocrine glands (5-7) and 

intestine (8,9); exhibit CF-like abnormalities in salivary 

gland secretions including alterations in volume, electro

lyte and total protein concentrations (2,6,10); exhibit 

morphological abnormalities in the pancreas (5,6,7,11), 

impaired pancreatic acinar secretion (11-13), and decreased 

pancreatic acinar amylase content (13). These characteris

tics are similar to those in patients with CF. 

1 
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The exact mechanisms by which chronic reserpine 

treatment exerts these effects are not known. Reserpine 

depletion of catecholamine at nerve endings does not appear 

to be the cause of these effects (2,14). Reserpine may act 

directly on the exocrine cell membrane or may exert a toxic 

effect on cellular metabolism which leads to alterations in 

synthesis, storage, or secretion (14). 

Although chronic reserpine treatment alters food 

consumption (15) and growth in rats and mice (1,8,12,13, 

15), the effects of these alterations on the exocrine 

pancreas have not been considered. Decreased food consump

tion (malnutrition) or fasting in the rat can also result 

in decreased pancreatic amylase content (16-19). Further, 

it is not known whether chronic reserpine treatment affects 

the adaptation of pancreatic enzymes to diet. Consequently, 

this research was undertaken 1) to determine the effects of 

malnutrition and chronic reserpine treatment on the rat 

exocrine pancreas using pair fed-sham controls and 2) to 

determine whether reserpine treatment altered the 

pancreatic response to diet. 



LITERATURE REVIEW 

Pancreas 

Morphology 

The pancreas, a major organ concerned with nutrient 

homeostasis of the animal, has two roles: endocrine and 

exocrine. The endocrine role is the release of hormones 

into the blood to maintain a constant blood glucose level 

and the facilitation of cellular storage of molecules 

resulting from digestion and absorption. The exocrine role 

is the secretion of bicarbonate and digestive enzymes into 

the duodenum via two main pancreatic ducts for neutralizing 

the pH of duodenal contents and for hydrolyzing ingested 

carbohydrate, fat, and protein preparatory to absorption 

into the blood and lymph system. These roles are coordi

nated by interactions of hormonal and neuronal responses. 

The pancreas is richly supplied with a plethora of 

vascular structures: splenic, common hepatic, gastroduode-

nal, pancreatico-duodenal, and superior mesenteric arteries 

(20). Venous drainage from the pancreas is accomplished by 

the splenic, superior mesenteric, and pancreaticoduodenal 

veins draining into the hepatic portal vein formed by the 

uniting of the splenic and superior mesenteric veins behind 

the neck of the pancreas (20). 

3 
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The pancreas is also supplied by branches of both 

the par a-sympathetic and sympathetic divisions of the 

autonomic nervous system. The vagus nerves of the parasym

pathetic system provide part of the secretory stimulus of 

the pancreas, and the sympathetic neurons supply innervation 

for the pancreatic vasculature (hepatic, splenic, and 

superior mesenteric arteries, 20). 

The pancreas contains multiple lobules, and each 

lobule is composed of a large proportion (95$) of cells 

that synthesize digestive enzymes and store them as zymogen 

granules (acinar cells) and a much smaller proportion 

(3-M%) of cells that secrete water and electrolytes (ductal 

and centroacinar cells, 20-22). Endocrine tissue, the 

islets of Langerhans, occupies a small part (1-2%) of the 

lobules and secretes insulin, glucagon, and other peptides 

into the blood. Lobular arterioles supply a large propor

tion of blood to the endocrine tissue and a smaller propor

tion directly to the exocrine tissue. All of the blood 

draining from the endocrine tissue passes through capil

laries supplying the exocrine tissue before exiting from the 

lobules and plays a significant role in the metabolic 

activity of the exocrine pancreas (20). 

Exocrine cells adjacent to islets (peri-insular) 

stain more strongly for digestive enzymes than more distant 

exocrine cells (tele-insular), giving an appearance of a 

halo around each islet. The peri-insular exocrine cells 
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are, in fact, quantitatively different from the tele-insular 

exocrine cells. The mean area of the nuclei in peri-insular 

cells is 50.6+0.8 urn whereas the mean area of nuclei in 

tele-insular cells is 36.4+1.8 um (23). In genetically 

obese hyperglycemic mice that have very large islets and 

hyperinsulinemia, the nuclear size of the peri-insular cells 

is even larger (57.8+2.2 um) , but the nuclear size of the 

tele-insular cells is similar to those in normal mice (23). 

Further, the halos are more pronounced in the hyperinsulin-

emic obese mice than in normal mice (23). These findings 

indicate the influence of the hormone-rich (especially, 

insulin-rich) blood carried by the portal system from the 

islets directly to the acinar cells. In dogs, stimulated 

levels of insulin in the pancreatic vein may reach 7 to 14 

nmol/1 while the concomitant levels in peripheral vein are 

only 0.35 to 0.7 nmol/1 (24). Insulin may play a role in 

the differences observed in the peri-insular and tele-

insular exocrine cells, thus indicating an interaction 

between the endocrine and exocrine cells of the pancreas. 

Secretory Cycle 

The secretory cycle of the acinar cells consists of 

six stages: synthesis, segregation, intracellular transport, 

concentration, storage, and exocytosis (25,26). Secretory 

proteins are synthesized on membrane-bound ribosomes (27) 

located in the infra- and paranuclear region of the cellular 
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cytoplasm (21) and, during synthesis, are vector!ally 

transported across the microsomal membrane resulting in 

their segregation within the cisternal space of the rough 

endoplasmic reticulum (28,29). These proteins have encoded 

in their mRNAs a signal sequence that, when translated, 

allows the nascent polypeptide to interact with specific 

sites on the microsomal membrane and by this interaction to 

enter the cisternae of the reticular structure (28,29). The 

signal sequences of various secretory proteins are not 

identical, but share some common features. They are about 

15-30 residues long and usually, but not always, occur at 

the amino terminus of the growing polypeptide chain (30, 

31). Once internalization occurs, the am i n o-1 e r m i n a 1 

region is cleaved by a specific peptidase (32). 

The newly synthesized proteins then migrate from 

the apical region of the rough endoplasmic reticulum to the 

termini in an energy-dependent process. Newly-synthesized 

proteins are not handled in bulk, but are transported to 

the Golgi system at characteristic rates (33), which may 

explain the modifications of these proteins during transit. 

These modifications include glycosylation (34^5). oligosac

charide modification (36-38), proteolytic conversion to 

propolypeptides (28,39), condensation with sulfated anions 

(10), and phosphorylation (11). Specific signals (12) or 

reticular membrane receptors (33) may regulate the movement 

of these modified proteins through the cisternae of the 
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rough endoplasmic reticulum. These proteins, by virture of 

their unique structures, may bind with varying affinities to 

specific binding proteins on or within the rough endoplasmic 

reticulum, thereby determining their rate of migration (13). 

The transfer of these proteins between the endoplas

mic reticulum and the Golgi apparatus is a subject of de

bate. Two mechanisms for this transfer are proposed. The 

first one refers to the termini as transition elements 

because they appear to pinch off to form Golgi vesicles or 

fuse with one another to form the lamellae Golgi complex. 

These vesicles, in turn, form the condensing vacuoles (25, 

26,41-50). The second one postulates that the transfer of 

the proteins is made directly through the intermediary of 

a specialized zone of reticulum situated on the trans side 

of the Golgi apparatus, the Golgi endoplasmic reticulum 

lysosomes (GERL, 51,52). The GERL consists of rigid lamel

lae with dilated portions, which are the condensing vacu

oles. According to this latter proposal, sulfation and 

glycosylation of the proteins may occur within the Golgi 

complex (53»5D, rather than in the reticulur cisternae. 

Whichever mechanism is correct, the condensing 

vacuoles undergo subsequent transformation which includes 

reorganization of the internal matrix and reduction in 

volume resulting in the mature zymogen granules. Once 

formed, the zymogen granules maintain a "ready-to-release" 

state within the acinar cell. Secretion occurs when 
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contents of the zymogen granules are discharged into the 

acinar lumen via an energy-dependent exocytosis (25). 

Secretion and Regulatory Mechanisms 

Secretion from the pancreas is not a continuous 

process, but is induced by intermittent signals (secreta-

gogues) from the parasympathetic nervous system (neurotrans

mitters) or from the intestines (hormones) elicited in 

response to ingested food. The release of the zymogen 

granules is triggered predominantly and primarily by two 

physiological secretagogues: acetylcholine (ACh) from para

sympathetic nerve endings and cholecystokinin (CCK), a 

peptide hormone secreted by intestinal mucosa into the 

blood (21,55). These are not the only stimulants of the 

acinar cell because at least six classes of receptors have 

been identified (56-61). The initial step in the stimula

tion of the acinar cell involves binding of the ligand to a 

specific receptor on the basal membrane. Two partly inde

pendent pathways between this ligand-receptor binding and 

secretion result in the same final response: hypersecretion 

of enzymes (56-60,62-72). In the major pathway, release of 

zymogen granule contents can be initiated by 1) acetylcho

line or carbachol, 2) CCK, gastrin, or caerulein, 3) 

bombesin or litorin, or 4) physalaemin or eledoisin, 

through four classes of receptors. This release is mediated 

through increased phosphatidylinositol turnover, an 
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elevation of free cytosolic calcium, and an increase of 

cyclic GMP (56,58,62-67,69-71). In the second pathway, 

secretin and vasoactive intestinal peptide (VIP), through a 

fifth class of receptors, activate adenylate cyclase in 

plasma membranes and elevate cyclic AMP (58,67,68,71). Po

tentiation of enzyme secretion occurs when a secretagogue 

that increases cyclic AMP is added with a secretagogue that 

increases calcium and cyclic GMP (68,73). The biochemical 

basis for this potentiation is not known. 

Recent advances in the understanding of pancreatic 

function are a result of the development of techniques for 

preparing isolated pancreatic acinar cells (74,75) and 

acini (76-78). Isolated acinar cells, however, show 

reduced effects of secretagogues on enzyme release even 

though other paramters of cell function are normal (79,80). 

These reduced effects have been attributed to a loss of 

plasma membrane receptors, to a loss of the subcellular 

organization of the apical portion of the cell resulting in 

a hindrance of zymogen granule release, or to loss of 

intercellular electrical connections through the gap 

junctions (81). A modification of the earlier techniques 

(76) and other new methods (77,78) result in isolation of 

functionally intact pancreatic acini, the normal cluster of 

acinar cells that contain intercellular connections. The 

importance of these procedures is that the basal surface of 

the acini is exposed so that hormone or drug binding and 
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metabolite fluxes can be measured while the acini retain the 

ability to release enzymes when stimulated. For example, 

secretagogues cause a five-fold increase in enzyme release 

from dispersed acini but only a 50% increase from single 

cells (78,81). 

In addition to the five types of secretagogue 

receptors, insulin occupies a sixth class of receptors (79. 

82). After binding to the receptor, insulin is internaliz

ed and degraded in the cell (83.84) and stimulates protein 

and amylase synthesis (61,83.85-88). This increased synthe

sis is preceded by an increase in amino acid uptake into 

the acinar cell in response to insulin in both normal and 

diabetic rats (79.85,89,90). Diabetic rats (chemically-

induced destruction of p-cells) have a profoundly diminish

ed capacity to synthesize amylase mRNA (a 100-fold decrease) 

and release amylase protein, but this function can be 

restored to normal by the injection of insulin, indicating 

a transcriptional regulation of mRNA (86,91). Other 

studies, however, indicate that insulin also has transla-

tional effects on acinar cell protein synthesis that are not 

specific for amylase (92). Further, insulin does not 

directly stimulate amylase release,but rather, potentiates 

the effects of CCK and caerulein (61,93). 

Aside from these rapidly responding regulatory 

mechanisms, there may be another level of control by steroid 

hormones. Zymogen granules disappear after adrenalectomy in 
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male rats or adrenalectomy and ovariectomy in females, 

indicating that glucocorticoid or estrogenic steroids or 

both may be necessary for the maintenance of these zymogen 

granules in the "ready-to-release" state (94,95). Adminis

tering 17 o-estradiol or triamcinolone (a potent synthetic 

glucocorticoid) to such surgically altered animals results 

in complete restoration of these granules within nine hours. 

Even though there are proteins in both the cytosolic and 

microsomal fractions of the pancreas that bind these steroid 

hormones, the mechanism of steroids is unknown (96-100). 

The secretion of the pancreas contains some 20 

different proteins including amylase, lipase, trypsinogen, 

and chymotrypsinogen (101-103). Immunocytochemical local

ization of bovine pancreas indicates that monospecific 

antibodies for each protein react with the contents of all 

zymogen granules, suggesting that each zymogen granule 

contains a similar mixture of all secretory proteins 

(104). Secretion from any zymogen granule is presumed to 

be random (105) resulting in a constant ratio of different 

proteins in the secretory product (parallel secretion) 

( 1 03t 106, 107). However, other studies suggest that the 

composition of the secretory product can vary (non-parallel 

secretion, 108-110). 

Dietary Adaptation 

The pancreatic juice always contains amylase (EC 
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3*2.1.1), lipase (EC 3.1.1.3) and the proteases trypsin (EC 

3.4.21.4) and chymotrypsin (EC 3.4.21.1), but the exact 

composition varies according to dietary intake. A change 

in diet leads to an alteration in substrate available for 

hydrolytic enzymes and to a synchronous adaptive response 

by the pancreas, but the mechanisms responsible for these 

responses are not known. This concept, first advanced in 

1898 by Pavlov in studies on the dog (111), is based on his 

report that a diet rich in carbohydrate stimulates pancre

atic amylase secretion and a diet rich in protein stimulates 

proteolytic enzyme secretion. 

The hydrolysis of dietary components occurs mainly 

in the intestinal section of the digestive tract under the 

action of pancreatic and intestinal enzymes. Starch is the 

principal dietary carbohydrate and is hydrolyzed in the 

intestinal lumen by pancreatic amylase into maltose, triose 

and ct-dextrins. The disaccharides are further hydrolyzed by 

disaccharidases in the intestinal mucosa. Denatured dietary 

proteins and polypeptides from gastric digestion are hydro

lyzed simultaneously or consecutively by pancreatic enzymes 

and intestinal peptidases. Pancreatic proteloytic enzymes 

(trypsin, chymotrypsin, etc.) are secreted into the intesti

nal lumen in an inactive form (trypsinogen, chymotrypsin-

ogen) and are activated by enterokinase action on trypsino-

gen and then by the activated trypsin. The proteolytic 

action in the intestinal lumen releases amino acids and 
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di- and tri-peptides that are absorbed. Absorbed peptides, 

except those containing glycine or proline, are hydrolyzed 

in the enterocyte cytoplasm. Some peptides are also hydro

lyzed by peptidases located on the intestinal mucosa brush 

border. Dietary lipids containing mainly triglycerides are 

hydrolyzed in the intestinal lumen by pancreatic lipase in 

the presence of bile salts and colipase. The released mono-

glycerides and fatty acids are absorbed after formation of 

the micelles. 

Amylase 

Many different carbohydrates, with the exception 

of lactose and galactose, stimulate pancreatic content and 

secreted amylase activity (112-119). Further, the adaptive 

response of amylase to a high carbohydrate diet begins with

in 21 hours and reaches a maximum after 5-7 days (113,111, 

,119,120). Amylase levels in pancreas and pancreatic juice 

increase 2-3 fold when dietary starch or glucose (S by 

weight) is raised from 202 to 75% (120,121). This adapta

tion results from a 4 - 5 fold increase in the rate of bio

synthesis of amylase (121,122). The mRNA coding for amylase 

in vivo and in vitro is increased 1.8 to 2.0-fold on 58% 

(kcal) carbohydrate diet (123). Further, synthetic rates 

are highest at 63% carbohydrate-22% protein and lowest at 

85% carbohydrate-0% protein and 0% carbohydrate 829 protein, 

indicating that amylase synthesis is inversely proportional 
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to dietary substrate after maximal response is reached 

(124). However, if a poor quality protein (gelatin, gluten, 

or zein) is substituted for casein, no increase in amylase 

is seen in response to increased carbohydrate (117). 

Pancreatic amylase is 3 to 10 fold higher on a high carbohy

drate diet than on a high fat diet (111,116,119,125-127) and 

1.5 fold higher than on a high protein diet (117,125,128, 

129). 

Chymotrypsin and Trypsi i 

The proteolytic enzymes increase in response to a 

high protein diet in approximately 21 hours and reach a 

maximum in 5-7 days (113.114.120). Pancreatic synthesis of 

chymotrypsinogen and trypsinogen decreases when a nitrogen 

free diet is fed in place of 15% casein (118). Chymotryp

sinogen and trypsinogen increase when whole egg protein is 

substituted for casein. Chymotrypsinogen is more affected, 

however, because the ratio of chymotrypsinogen to trypsino

gen increases in this treatment (117). These results are 

based on the interpretation that dietary protein regulates 

pancreatic enzyme synthesis, in part, by the size and 

composition of the amino acid pools in the pancreas (118). 

If casein is not supplemented with DL-methionine, it is not 

an adequate protein source (130) which can explain the 

differences seen between whole egg and casein, giving 

credence to the interpretation of the results. Chymotryp-
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sinogen synthesis increases on a 19% sucrose-64% casein diet 

(117), but increases further on a 0% carbohydrate-82% casein 

diet compared to lower levels of casein (121). Of the poor 

quality proteins, only gluten effectively stimulates chymo-

trypsinogen activity (117). The biosynthetic rate of tryp-

sinogen is highest on a 40% carbohydrate (301 starch-10% 

sucrose) - 45% casein diet (124). These rates are lowest 

for trypsinogen on a 63% car bohydr ate-22t casein diet and 

for chymotrypsinogen on a 75% carbohydrate-10% casein diet. 

Two patterns of response are seen with these results: chymo

trypsinogen is synthesized in direct proportion to the 

dietary substrate, while trypsinogen is synthesized inverse

ly after maximal response is reached (121). The mRNAs 

coding for these proteases in vivo and in vitro, decrease by 

approximately 50% on a 58% carbohydrate-23% protein diet 

(kcal, 123), while they increase 1.9 to 2.6 fold on a 26% 

protein diet and 3.6 to 3.9 fold on a 70% diet (w/w, 131). 

Specific activities of chymotrypsinogen and trypsinogen 

from pancreatic juice are 2 to 3 fold and 1.5 to 1.7 fold 

higher, respectively, on high protein compared with those on 

a high carbohydrate diet (120). Pancreatic chymotrypsinogen 

levels increase with increasing dietary fat reaching a 

significant maximum on a 75% fat - 25% sucrose isonitrog-

enous diet (kcal), however, on a 95% fat-5% sucrose diet, 

chymotrypsinogen levels decrease to the same values seen on 

the 5% fat-95% sucrose diet (125). Pancreatic trypsinogen 
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is not affected by increasing levels of dietary fat (125). 

Lipase 

Pancreatic lipase activity increases with increasing 

dietary fat (lard, 126,132). Lipase activity increases 100% 

on a 72% corn oil or 72% lard diet (kcal, 126). Further, 

lipase shows greater activity in rats fed an unsaturated 

lipid (oleic acid) than a saturated lipid (palmitic acid) 

diet (126). Other studies show a significant increase in 

lipase activity when fat content of food is greater than H7% 

but less than 75% (127). In high fat diets (67%)» the type 

of dietary fat, P/S range of 0.02 - 7.9 and chain length of 

C12 - C18, does not affect lipase activity; all activities 

are significantly greater than low fat control. In medium 

fat diets (10%), only safflower oil (P/S 7.9 and 92% C18) 

significantly increases lipase activity. 

Malnutrition 

Protein synthesis in the pancreas is among the 

highest of any organ; therefore, the pancreas is rapidly 

affected in states of protein or calorie deprivation or 

malnutrition (133» 131*). Protein-energy malnutrition, maras

mus (severe protein and calorie deprivation) or kwashiorkor 

(primarily protein deprivation), are the most common forms 

of advanced malnutrition in children living in the tropics. 

Davis' classic paper (135) on the essential pathology of 
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kwashiorkor suggests that it is primarily a pancreatic dis

order secondary to malnutrition resulting in hepatic cirrho

sis, pancreatic cirrhosis, and a form of nephritis. The 

earliest histological changes in these patients appear to be 

atrophy of acinar cells with a decrease in the number of 

secretory granules as well as minimal to total fibrosis of 

the organ. Similar findings are reported in a syndrome 

similar to kwashiorkor that occurred in people living on a 

diet poor in protein after the seige of Budapest from 1911 

to 1945 (136-138). The first effect of the dietary defi

ciency was pancreatic insufficiency. Postmortem studies 

show loss and vacuolization of the acinar cytoplasm with 

fibrosis of the whole organ (135). 

Other studies on these nutritional disorders reveal 

extreme atrophy of the exocrine cells, disorganization or 

loss of the acinar pattern (clustering of cells with nuclei 

at different levels), marked reduction of zymogen granules, 

vacuolization, occasional epithelial metaplasia, cystic 

dilation of the ducts, and a definite increase in fibrotic 

tissue (139-1^1). Electron microscopic observations show 

altered organization of the rough endoplasmic reticulum with 

reduced quantity (141). Mitochondrial size and shape vary; 

the concentration is decreased; and cytoplasmic bodies re

sembling lysosomes are seen with increased frequency (141). 

Thus, the pancreatic acinar cell in malnutrition is 
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incapable of performing its normal function: secretion. 

Indeed, amylase, trypsin, and lipase activities are de

pressed (1t2,143). It is of interest to know that these 

children with kwashiorkor subsist on a high carbohydrate 

diet yet amylase output is deficient (141). Further, these 

enzymes disappear one by one with lipase being the first to 

be reduced and disappear followed by trypsin; amylase is 

reduced but does not disappear completely (136-138,144). 

The volume of pancreatic juice and the ability to raise the 

pH upon stimulation are not affected, indicating that the 

ductular cells responsible for the fluid and bicarbonate 

secretion are not affected (145). Histological studies 

show that the pancreatic ducts are spared in acute kwashi

orkor, but that the acini are constantly affected (135,140). 

However, in children with fibrocystic disease of the pancre

as where both the ducts and acini are affected (135, 

153) • the volume and enzyme secretion do not respond to 

stimulation (147,148). 

The ability of the pancreas to recover is well doc

umented by the prompt and definite return of enzyme activi

ties to almost normal levels following treatment of protein-

energy malnutrition (140,149). Because the reversibility of 

the morphological and pathological changes cannot be easily 

studied in the human, experimental protein-energy malnutri

tion in animals is used to study the factor or factors 

involved in pancreatic injury (138, 150-156). Rats fed a 
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protein free diet begin to show morphological changes in 

the pancreas after 10 to 12 days. Zymogen granules gradu

ally disappear, and acinar cells decrease in size. After 

10-15 days, the pancreas shows marked atrophy of the acini 

along with focal proliferation of fibroblasts and some 

dilatation of smaller ducts. These observations become more 

pronounced after 75 days. This histological picture closely 

simulates human kwashiorkor. 

Prolonged fasting (24 to 96 hours) results in pro

gressive decreases in pancreatic total protein, amylase, 

ribonucleic acid, and water content (16). Fasting rats for 

96 hours and then refeeding for 1, 24, 48, or 72 hours re

sults in further decreases of the parameters studied at 4 

hours and then a progressive increase to levels either 

equal to or greater than the basal fed state (16). Further, 

fasting 24, 48, and 72 hours is associated with 29%, 39?, 

and 35% decreases in 14c-phenylalanine incorporation into 

protein (21,157). Also, there is a 57% decrease in incorpo

ration of amino acid into amylase at 48 hours of fasting 

(21,157). 

Short-term fasting (18 hours) alters the response 

of the pancreas to intraperitoneal injections of secretin, 

CCK, CCK with secretin, caerulein, or pilocarpine and shows 

modifications in pancreatic enzymes (158) compared with the 

response of fed rats. Amylase and chymotrypsinogen are 

comparable between fasted or fed controls, but amylase is 
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significantly lower in caerulein-stimulated fasted rats 

compared to fed rats. CCK with secretin, caerulein, or 

pilocarpine significantly increases amylase, lipase, and 

chymotrypsinogen in fasted rats compared to fasted non-

stimulated controls. CCK alone does not affect amylase or 

lipase in the fasted rat, but significantly increases chymo-

trypsinogen. These results indicate that starvation may, 

by itself, change the proportions of enzyies within the 

pancreas and may alter the response of the pancreas to 

secretagogues. 

Adult rats, starved for four days and then fed 

standard laboratory chow for six days, also show signifi

cant changes in pancreatic enzyme content and responsiveness 

to secretagogues (18). Amylase concentration is signifi

cantly lower by day 2 in the fasted rats and decreases pro

gressively to a level half that of the fed control rats 

by day 4. This concentration remains considerably lower 

between days 8 and 9 (between days 3 and 5 of refeeding). 

In contrast, lipase concentration in the fasted rats starts 

to increase as early as day 1 and reaches a maximum, twice 

that of control rats, by day 2. This high level of lipase 

is maintained until the first day of refeeding, when a 

significant drop below control levels occurs. By day 2 of 

refeeding, lipase levels increase to that of control and 

remain constant for the remainder of the experiment. The 

concentration of trysinogen remains relatively unchanged 
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during fasting and refeeding. Isolated pancreatic acini 

from fasted rats show a significant decrease in carbochol-

stimulated amylase release on day 3 and day 4 of fasting 

(18). This release returns to control levels after the 

first day of refeeding. Not only is there a significant 

decrease in amylase release at day 4 of fasting in response 

to carbachol, but also with CCK-OP and bombesin. These 

results indicate that the recovery rate of enzyme concentra

tions is relatively slow (3-1 days) while acini regain their 

responsiveness to secretagogues comparatively fast (1 day). 

Cystic Fibrosis 

Pancreatic function is also altered in cystic fibro

sis (CF)t the most common lethal disease in the Caucasian 

race. CF occurs in 1 :2000 live births and is inherited in 

an autosomal recessive pattern (159). Previously, most CF 

patients did not live to reproductive age, so the disease 

was classified as a lethal disorder. Because immediate 

prognosis of the disease has improved over the past three 

decades, nearly 80% of CF patients now live beyond the age 

of 20, but few survive through the 30' s (160,161). 

Cystic fibrosis is manifested as a generalized 

disease of the exocrine glands. Mucus production is unusu

ally elevated and is associated with 1) chronic obstructive 

lung disease and CI- impermeability in the respiratory 

epithelium; 2) exocrine pancreatic insufficiency with 
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steatorrhea, azotorrhea, and malnutrition; 3) intestinal 

obstruction and malabsorption; 4) cirrhosis of the liver; 5) 

infertility, especially in males; and 6) abnormally high 

levels of sodium and chloride in sweat, as well as abnormal 

CI- permeability in the sweat gland (159-163). The altera

tion of sweat electrolytes is used to diagnose the disease. 

The gastrointestinal manifestations of CF are 

historically the first to be recognized. Initially, CF was 

thought to involve primarily the pancreas, but a consistent 

relationship between "congenital cystic pancreatic fibrosis" 

and bronchiectasis, is reported (160,161). With this dis

covery of the sweat gland defect (elevated sodium and chlo

ride concentrations), CF is now known to involve all of the 

exocrine glands (159,160). Even though the elevation of 

sweat electrolytes is accepted as a reliable and practical 

diagnostic tool for CF, the gastrointestinal symptoms still 

remain important and prominent features and are the most 

common symptoms suggesting the diagnosis of the disease 

(159,160). 

The most prominant gastrointestinal manifestations 

result from the loss of pancreatic enzyme activity and con

sequent malabsorption of fats and proteins and, to a lesser 

extent, carbohydrates (159). Total pancreatic insufficiency 

occurs in 80 to 85} of CF patients (159). Morphological 

changes in the pancreas vary and are generally more severe 

with increasing age. Obstruction of small ducts by 
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secretions and cellular debris or by stenosis of large ducts 

causes pancreatic lesions (160). These lesions are the 

result of a series of events. Hyperplasia and eventual 

necrosis of ductular and centroacinar cells, along with 

inspissated secretions of calcium-rich eosinophilic materi

al, block pancreatic ductules and subsequently intrude upon 

acini, causing flattening and atrophy of lining epithelium. 

This leads to progressive dilatation of the acini and duct

ules, atrophy of acinar tissue, and eventually, fibrosis 

(159,160). The progressive fibrosis gradually separates and 

replaces the pancreatic lobules (160). The ultrastructural 

changes of the atrophic acinar cells include dilatation of 

the cytoplasm, diminished numbers of zymogen granules, 

spherulation of mitochondria, and atrophy of microvilli 

(160). Initial acinar dysfunction in CF results in elevated 

ductal pancreatic enzyme concentrations and is followed, in 

most cases, by the pancreatic acinar insufficiency just 

described and decreased enzyme concentrations (160,161). 

The loss of pancreatic enzyme activity and the subsequent 

malabsorption of nutrients leads to the malnutrition ob

served in CF patients. 

The basic pathophysiological defect in CF remains 

unknown; but the presence of chronic pulmonary disease, 

pancreatic insufficiency, and increased sweat electrolyte 

concentrations suggest a defect in the control of exocrine 

gland secretion (161). It has been difficult to study the 
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defects in this disease because of the lack of available 

human tissue and the absence of a genetic equivalent to CF 

in other mammals. These, therefore, are the ethical and 

practical limitations to research in this disease. Can 

these limitations be reduced by use of an alternative 

research tool such as an animal model? Can an experimen

tally induced animal model exhibit characteristics of this 

disease? Can a hypothesis be formulated concerning the 

suggested defect in exocrine gland secretion? These 

questions are the basis for the development of an animal 

model for CF. 

Animal Model For Cystic Fibrosis 

The development of an animal model for CF is based 

on basic and clinical findings (165). These findings indi

cate that the autonomic nervous system is a major regulatory 

mechanism of exocrine glands and their secretory activity 

and that this function may be impaired in CF. The initial 

hypothesis, then, proposes the involvement of an abnormal 

neurohumoral regulation of exocrine glands in CF. By ex

perimentally inducing altered autonomic nervous system 

function in laboratory animals and determining if this 

alteration can result in abnormal exocrine gland activity 

similar to that in CF, the hypothesis can be tested. Many 

drugs are available that alter this function; but of the 

drugs tested, reserpine became the drug of choice for this 
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animal model. 

Reserpine is an alkaloid (one of a large group of 

nitrogenous basic substances found in plants) extracted 

from the roots of Rauwolfia serpentina (Indian snakeroot) 

and has long been used in the treatment of mental disorders 

in India, but was not introduced into Western medicine 

until 1953 (Figure 1, 172). Reserpine releases catechol

amines and 5-hydroxytryptamine (serotonin) from central and 

peripheral storage sites, thereby depleting the brain and 

peripheral tissues of these amines (166). The granular 

catecholamines are released into the axoplasm where they are 

deaminated by the enzyme monoamine oxidase present in the 

axonal mitochondria (167). Further, reserpine interferes 

with the binding of catecholamines and serotonin in adren

ergic neurons and chromaffin cells causing depletion from 

storage sites (168,169)* Complete depletion may be produced 

in all tissues, but is dependent on the dose and duration of 

treatment (168). Norepinephrine levels in the heart of 

experimental animals reaches maximal depletion after 24 

hours. Doses as small as 5 ug/kg will also cause maximal 

depletion if given daily for several days. Depletion of 

norepinephrine from the adrenal medulla is slower and 

requires high doses of reserpine. 

Because of its ability to modify brain amine 

levels, reserpine is classified as a tranquillizer and is 

used as an antihypertensive agent in humans (166,169). 
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Figure 1: Reserpine 

1 ,2-didehydro-2 , 7-dihydro-1 1 , 17 a-dinethoxy-3 B , 20 a  
-Yohimban-16 B-carboxylic acid methyl ester, 18 g-trimeth-
oxybenzoate ester (172) 
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Reserpine, although causing massive catecholamine depletion, 

does not result in an elevation of blood pressure because 

only the inactivated products appear outside the nerve 

(169). The fall in blood pressure is, therefore, due to 

transmission failure at the adrenergic nerve endings (168). 

The usual dose of reserpine as an antihypertensive 

agent in man is 0.25 to 0.5 mg/day by mouth, and the hyper

tensive action takes as long as five days to develop (168, 

170). Even though reserpine has a half-life of two hours in 

the body, a small fraction of the administered drug is re

tained in tissues (171), therefore, there is a slow build 

up in concentration (170). 

Reserpine is rapidly oxidized in the presence of 

light and oxygen which is usually the major route of degra

dation in pharmaceutical formulations (172). Oxidation can 

also be catalyzed by acid and by certain metal ions such as 

copper, manganese, iron, and aluminum. Hydrolysis of the 

trimethoxybenzoate ester group occurs much more rapidly than 

that of the methyl ester group. As with all esters, hydro

lysis is catalyzed by both acid and base with basic cataly

sis generally being the most efficient. The rate of hydro

lysis is expected to be minimal in the pH range of 3-1. 

The metabolism of reserpine is qualitatively similar 

in all species (mouse, rat, dog, monkey, rabbit, guinea pig, 

and man) with oxidative demethylation of the 4 position of 

the 3,1,5-trimethoxybenzoyl group and hydrolysis of the 
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trimethoxybenzoate ester linkage being the major identified 

routes of metabolism (172). The metabolic products include 

methyl reserpate, 3,4,5-trimethoxybenzoic acid, syringoyl 

methyl reserpate, and syringic acid (172). To test the 

proposed hypothesis, the effects of reserpine on various 

exocrine glands have been studied. Rats receiving daily 

intraperitoneal injections of 0.5 mg/kg reserpine for 

several days show morphological changes in the submaxillary 

glands that are similar to the obstructive exocrino pathy 

seen in cystic fibrosis (1). There is a marked accumulation 

of periodic acid-Schiff (PAS) positive materials (muco

polysaccharide) in acinar cells and in the lumen of the 

intralobular ducts, which appear to be obstructed and dis

tended by the precipitated material (1). In the acinar 

cells, this material occurs in discrete globules that 

coalesce at times, filling the acinar cytoplasm almost en

tirely and pushing the nuclei toward the periphery of the 

cell. Also, there is a decrease in perinuclear rough endo

plasmic reticulum in affected secretory cells. The duct 

cells show an increase in number of dark, discrete granules 

which do not stain with PAS, but color with toluidine blue, 

thus appearing to belong to the acidic type of mucin. These 

changes are progressive and first become evident after three 

days of treatment and are complete and generalized by the 

seventh day. The presence of the PAS-reactive material in 

the lumen of intralobular ducts of reserpine-treated rats is 
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perhaps the most relevant observation regarding the possible 

correlation between this experimental model and the exocrine 

lesion in CF. There is some controversy, however, as to the 

preponderance of one type or another of mucopolysaccharides 

in CF tissues because an increase in weak acid groups is 

reported (1). The two types of mucopolysaccharides (neutral 

and acidic) may have their origin in different salivary cell 

types. The obstruction and distension of the ducts by the 

precipitated mucosubstances is a histological picture 

described as the most consistent one in CF patients (1). 

Salivary exocrine function is also altered in 

reserpine-treated rats. Submaxillary saliva from rats 

treated with 0.5 mg/kg reserpine for seven days (chronic 

reserpine treatment) and stimulated with pilocarpine (a 

cholinergic agonist) has significantly elevated concentra

tions of Na+, Ca2+, total protein, and total carbohydrate 

(2). Total volume output and maximum flow rate are markedly 

reduced when compared to control animals. A synergistic 

effect on the submaxillary gland is seen with the injection 

of isoproterenol ( 3 -adrenergic agonist) for days 1-7 and 

reserpine for days 4-7 of the treatment schedule (10). This 

procedure results in a 217S increase in glandular Ca2+ and a 

26% increase in glandular protein as opposed to a 952 and 

17% increase, respectively, with reserpine alone. A de

crease in secretory response and an elevation in Na+ and 

Ca2+ concentrations as well as protein and carbohydrate are 
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found in submaxillary saliva of CF patients further suggest

ing a potential role of this animal model in studying the 

pathogenesis of CF. 

The results of a retrograde perfusion assay in the 

normal rat parotid gland show a 692 inhibition of Na+ re-

absorption, a 282 reduction in saliva volume, and a 22" 

reduction in flow rate by submaxillary saliva from 

reserpine-treated rats (173). In contrast, submaxillary 

saliva from control rats causes a 62 inhibition of Na + 

reabsorption, a 62 reduction in volume, and a 52 reduction 

in flow rate. A similar Na+ transport inhibitory effect is 

seen by CF saliva in the parotid retrograde perfusion assay 

suggesting the presence of the same inhibitory component or 

components in both types of secretion. 

X-ray microanalysis of the submandibular gland from 

reserpine-treated rats shows significantly elevated concen

trations of Ca2+ and Mg2+ primarily in mucus globules, 

secretory granules, and endoplasmic reticulum (5). Further, 

significant K+ losses are seen, particularly from the serous 

cells. Electron microscopy of conventionally prepared 

tissue shows a marked swelling of endoplasmic reticulum 

especially in mucus cells (5). 

Acetylchoi i ne-induced saliva from perfused subman

dibular glands is lower in CI- concentration in reserpine-

treated rats (742) compared to control saliva (IT1*). Ad

dition of furosemide, a diuretic and transport inhibitor, 
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further reduces saliva CI- concentration by 7tS in control 

saliva and 35% in saliva from treated animals. Tracer 

studies on isolated submandibular acini using 36fl- indicate 

that salivary fluid secretion requires the transepithelial 

movement of CI- in salivary acinar cells which involves both 

entry of Cl~, occurring in part by a furosemide-sensitive 

transport system, and efflux of CI-. There is a delay in 

CI"* uptake showing a somewhat reduced sensitivity to 

furosemide and an inhibition of CI- efflux in reserpine-

treated rats signifying an abnormality in this mechanism. 

This decrease in overall transepithelial CI- transport may 

explain the reduced salivary secretion observed in 

reserpine-treated rats. Because abnormal CI- permeability 

of respiratory epithelium and sweat glands is observed in CF 

patients, these results suggest that defective CI- transport 

may be a generalized disturbance in exocrine (epithelial) 

tissues in CF. 

There is an increase in density of ot^_ and 

g -adrenergic receptors (181 and 331 %» respectively) in 

sublingual glands of reserpine-treated rats compared to 

controls (3)* The increase in density of a i-adrenergic 

receptors is accompanied by the development of a clear 

secretory response to norepinephrine and phenylephrine as 

judged by the ability to release K+ in vitro. This response 

is not observed in control sublingual glands. Stimulation 

of 3-adrenergic receptors with isoproterenol does not cause 
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K+ release in the sublingual gland of either control or 

r eserpine-treated rats. In fact, isoproterenol inhibits 

basal release of K+ in these glands of both control and 

reserpine-treated rats. Reserpine treatment does not modify 

the density of muscarinic cholinergic receptors nor the 

ability to release K+ in response to carbamylcholine when 

compared to control glands. In vivo, reserpine treatment 

significantly decreases sublingual saliva volume secreted in 

response to intravenous injections of acetylcholine. This 

response is accompanied by increases in salivary concentra

tions of protein-bound carbohydrates, but with no change in 

the individual carbohydrate ratios. This increase may be 

the first alteration leading to accumulation and precipita

tion of mucosubstances within the glandular duct system. 

Lung function is perturbed by reserpine as well. 

Chronic reserpine treatment of mice results in a decrease 

in lung clearance of experimentally deposited Staphylococ

cus aureus (15). This may be a result of a direct effect 

of reserpine on the alveolar macrophages and their defense 

of the lungs. However, an increase in total protein con

tent and an elevation of a low molecular weight glycoprotein 

in lung lavage fluid is observed in reserpinetreated rats 

and may explain an indirect effect of reserpine on alveolar 

clearance (4). 

Pancreatic function is profoundly disturbed by 

reserpine treatment also. Pancreatic acinar cells isolated 
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from reserpine-treated rats show a marked increase of stored 

zymogen granules under light microscopic examination (6). 

These granules occupy the apical one-half to three-fourths 

of the cell area and, sometimes, extend to the base of the 

cell (6). In contrast, zymogen granules occupy the apical 

one-fourth to one-third of the cell in control rats (6). In 

electron micrographs, the granules from control rats show a 

fairly uniform electron density (11). The granule prepara

tion is essentially free of contaminating material from 

other organelles and the granules are delineated by well-

defined membranes (11). On the other hand, granules from 

reserpine-treated rats show a reduced electron density and 

less distinct membranes (11). These granules vary consider

ably in size, and, in some cells, occasional granules are 

bizonal with a central dense core and an outer lucent ring 

(6,11). Also, there are granules with a trizonal appearance 

and a few granules that appear to be in the process of 

rupturing (11). These latter granules show breaks in the 

limiting membrane and the presence of a fine granular 

material, presumably from the granular contents, lining the 

surface of the granules (11). Some granules, however, 

appear normal with intact membranes and with contents of 

uniform density (11). Within the acinar cell, small 

autophagic bodies containing inclusions with structures 

resembling membrane remnants are seen, as well as occasional 

large autophagic bodies containing intact granules and rough 
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endoplasmic reticulum (6). The Golgi apparatus appears 

reduced in extent and in the number of the lamellae (6). 

Duct cells occasionally contain large inclusions filled with 

amorphous material (6). Similar inclusions are seen in 

control pancreas after cholecystokinin stimulation (6). 

Chronic reserpine treatment, therefore, appears to cause an 

accumulation of secretory granules, but inhibits their 

release and may be relevant to the exocrine gland lesion of 

CF (6). 

Secretin and cholecystokinin stimulation do not 

alter the number of zymogen granules per cell in acini 

isolated from reserpine-treated rats (6). Secretin stimula

tion does not alter the fine structure of these cells except 

for an increase in autophagic bodies and an apparent 

increase in dilated rough endoplasmic reticulum. Small 

autophagic bodies and condensing vacuoles are seen with 

cholecystokinin stimulation of reserpine-treated rats but 

are comparable to those in control animals treated with 

cholecystokinin alone. Also, the rough endoplasmic reticu

lum is dilated with cholecystokinin stimulation. The 

mechanism of this extensive autophagy is poorly understood, 

but the formation of numerous bodies suggests that a 

cytotoxicity may occur in this system. 

X-ray microanalysis of the resting pancreatic 

acinar cells from reserpine-treated rats shows significant

ly higher concentrations of Na+ and CI- and a significantly 
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lower concentration of K+ (5). Also, there is a marked 

swelling of the endoplasmic reticulum and the acinar lumen 

is filled with and apparently obstructed by a moderately 

electron-dense substance (5). 

Chronically reserpine-treated rats secrete smaller 

volumes of pancreatic juice than controls after stimulation 

with pilocarpine, CCK-OP, or secretin (11,12). After three 

hours, the total output of protein, amylase, trypsin, and 

chymotrypsin in pancreatic juice is significantly reduced in 

response to CCK-OP, while trypsin is significantly reduced 

with pilocarpine stimulation and chymotrypsin is signifi

cantly increased (11). After 60 minutes of CCK-OP stimula

tion, only chymotrypsin output is significantly increased 

(11). The specific activity of amylase is decreased and 

those of trypsin and chymotrypsin are increased in the 

pancreatic juice in response to both seeretagogues (11). 

Only the specific activity of chymotrypsin in isolated 

zymogen granules is significantly decreased with CCK-OP 

stimulation after 60 minutes, whereas, that of trypsin is 

significantly increased with pilocarpine stimulation (11). 

These results indicate that reserpine treatment inhibits 

fluid secretion and alters enzyme secretion in the rat 

exocrine pancreas. 

After a 30 minute infusion of CCK-OP, total output 

of protein and amylase are significantly reduced in fed 

animals while amylase is significantly increased after a 21 
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hour fast (12). Total bicarbonate output is reduced after 

stimulation with either crude or purified secretin and the 

normal excretion patterns for bicarbonate and CI- are either 

absent or reversed (12). Whole pancreas homogenates show 

a significant increase in protein in both the fed and fasted 

states with no stimulation or with CCK-OP stimulation (12). 

The concentration of Ca2+ in the homogenates is signifi

cantly increased in the fed state in response to CCK-OP and 

in the fasted state with no stimulation (12). Isolated 

pancreatic acini from chronically reserpine-treated rats 

show a decrease in amylase content as well as a decrease in 

amylase release after stimulation with CCK-OP for 30 minutes 

(13) . 

Because some CF patients manifest pancreatic insuf

ficiency in infancy, the effects of reserpine treatment have 

been studied in rat pups. Rat pups born of dams who had 

received daily injections of 125 ug/kg reserpine on days 

16-19 of gestation show an increase in body weight but a 

significant decrease in pancreatic weight, protein, and DNA 

at age 24 hours in comparison to controls (7). Specific 

activities of amylase and lipase are lower but chymotrypsin-

ogen is higher (7). By the age of seven days, there are 

significant increases in pancreatic weight, protein, DNA, 

amylase activity and lipase activity while chymotrypsinogen 

is significantly lower than controls. 

Rat pups receiving 50 ug/kg reserpine on days 1-5 
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of life show significant decreases in body weight, pancre

atic weight, protein, DNA, lipase activity, and chymotryp-

sinogen while amylase is lower, but not significantly so at 

7 days of age in comparison to controls (7). By day 14, 

body weight, pancreatic weight, protein, and DNA are great

er than controls while all specific activities are not 

different. By day 21, all effects of reserpine on the 

developing pancreas are resolved; however, there is a sig

nificant increase in DNA and amylase specific activity in 

comparison to controls. 

At age 24 hours, basal secretion of amylase from 

the reserpine-treated pup pancreas is nearly twice as great 

as control, while carbachol-stimulated release is more than 

twice as great (7). Carbachol-stimulated amylase secretion 

is 2.5 times greater than basal in the treated group and 2 

times greater than basal in the controls. At age 7 days, 

basal secretion is greater in both treatment groups, but 

carbachol-stimulated secretion is greater in the control 

group. Thus, the percent increase in amylase secretion in 

response to carbachol is less in the reserpine-treated 

pups. 

Despite these differences in functional changes, 

morphological changes in the pancreatic acinar cell of 

treated pups at 24 hours are very similar to that seen in 

the reserpine-treated adult rats with cytoplasm filled with 

zymogen granules that vary in size and shape (7). The 
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rough endoplasmic reticulum is arranged into closely packed 

lamellae in some areas but into loosely organized lamellae 

or single cisternae in the basal cytoplasm in other areas. 

Some of the cells contain large autophagic bodies consist

ing of coalesced zymogen granules and apparent pyknotic 

acinocytes in partial or complete lytic degeneration. Also 

apparent are occasional zymogen granules with slight 

inherniat ions of cytoplasm as well as less dense, mucin-

containing vesicles. 

Zymogen granules in the acini from 7-day old 

treated pups show granulation the same or similar to the 7-

day control (7). The majority of zymogen granules are 

located in the apical cytoplasm in the region of the lumen 

and are smaller than those seen in the day-old animal. The 

Golgi apparatus is vesiculated and edematous in both 

treatment groups, but is more apparent in the neonatal-

treated animal. Autophagic bodies are present in the 

treated groups but not in controls. The rough endoplasmic 

reticulum consists of numerous long cisternae arranged into 

closely aligned lamellae. 

In another study, 4-day old pups receiving 50 ug/kg 

reserpine injections until sacrifice (11 or 21 days) show 

decreases in intestinal lumen contents of trypsin, amylase, 

and lipase (175). However, pancreatic contents of these 

enzymes are no different between reserpine and control pups 

at 14 and 21 days. Isolated pancreatic acini from day 14 



39 

reserpine-treated pups show a significant decrease in 

amylase release at all concentrations of carbachol and at 

high concentrations of CCK-OP in comparison to acini from 

day 14 control pups. 

Lastly, the exocrine tissue of the gastrointestine 

is affected by reserpine. Chronically reserpine-treated 

rats contain 1.4 times more mucin in small intestinal 

tissue than control rats and incorporate [ l-I^Cjglucosamine 

in vivo at 1.5 times the rate of controls (8). Intestinal 

slices incubated for 90 minutes in vitro incorporate 1.4 

times more [ ̂CDglucosamine and 3.0 times more [ 3H]threonine 

into protein of reserpine-treated tissue than controls. In 

vitro secretion of mucin is three times greater for 

reserpine-treated tissue than for control tissue. Further, 

addition of cholera toxin, a potent secretagogue, increases 

mucin secretion by 571% from control animals and 362J from 

reserpine-treated animals, suggesting a mild impairment in 

the response to a secretagogue of the mucin secreting 

mechanism in reserpine-treated animals. 

Chronic reserpine treatment also elevates the rate 

of colonic mucus secretion (3 to 1 fold) as well as causing 

a concomitant loss of two calmodulin-binding proteins (MU 

29K and 47K) from the colonic mucosa (9). To determine 

whether these results are due to the effect of reserpine on 

catecholamine depletion at nerve endings or a direct cellu

lar effect, in vitro reserpine treatment on mucus production 
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has been studied in a mucus-producing epithelial cell line 

(HC-84) derived from a human colon carcinoma (9,14). 

Treatment of HC-84 cells with 30 uM reserpine for 7 days 

results in a three-fold increase in TCA-precipitable tritium 

after incubation with [ 3h ] gl ucos am i n e for six hours in 

comparison to controls. These results suggest that mucus 

glycoprotein production is significantly higher after in 

vitro reserpine treatment. Reserpine treatment has no 

apparent gross morphologic effect on the cells. Further, 

reserpine treatment of these cells results in the disappear-

rance of a 3 0 K M W calmodulin-binding protein which is 

consistently present in controls. These results indicate 

that reserpine exerts its effect directly at the cellular 

level and not through the depletion of catecholamines 

because neither neurons nor neurotransmitters are present. 

In addition to affecting exocrine function and mor

phology, chronic reserpine treatment (500 ug/kg) also causes 

a decrease in food intake (15) and a reduction in body 

weight (1,8,12,13.15). In the rat pup experiments, the dose 

of reserpine is decreased to 50 ug/kg because suckling is 

either reduced or stopped on the higher dose and this leads 

to gross malnutrition (175). Malnutrition, therefore, may 

be a significant secondary factor in studies on chronically 

reserpine-treated rats. 

Chronic reserpine treatment results in increased 

mucus production, decreased alveolar clearance, generalized 
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exocrinopathy, impaired pancreatic secretion, decreased 

pancreatic amylase, and decreased transepithelial CI-

transport. These alterations are very similar to the 

exocrine gland malfunctions seen in CF. The initial 

questions concerning the use of an animal model for CF can 

be answered. Yes, an experimentally induced animal model 

can exhibit characteristics of this disease; and yes, the 

ethical and practical limitations to CF research can be 

reduced. The defect in this disease, however, remains 

unknown. 



MATERIALS AND METHODS 

Materials 

Materials were obtained as follows: Wayne Rodent 

BloxR (Wayne Pet Food Division, Continental Grain Company, 

Chicago, IL); Sprague-Dawley rats (Arizona Health Sciences 

Center, Department of Animal Resources, University of 

Arizona, Tucson, AZ and HARLAN, CA); reserpine, Folin-Cioc-

alteu phenol reagent, 3,5-diaminobenzoic acid , 3.5-diamin-

obenzoic acid - HC1, lauryl sulfate, enterokinase, Tris 

Base, Tris HC1 , glutaryl phenylalanine para-nitroanilide, 

benzoyl-arginine para-nitroanilide, a- chymotrypsin, tryp

sin, gum arabic, Triton X 100, bovine serum albumin -

crystallized and lyophilized, carbamylcholine (carbachol), 

soybean trypsin inhibitor - lyophilized, Ficoll, calf 

thymus DNA, NaK tartrate, and Sigma Enzyme Control 2-E 

(Sigma Chemical Company, St. Louis, MO); H2SO11, KH2PO4, and 

methanol, (EM Science, Gibbsown, NJ); ethanol (ethyl 

alcohol), (Midwest Solvents Company, Pekin, IL); glacial 

acetic acid, and ether, (J.T. Baker Chemical Company, 

Ph i 11 i psbur g , NJ); CuSO^, Na2C03, NaCl, CaCl2, MgSoij, 

NaHPOi), NaH2P0i|, KHP, phenol thalein, NHijOH, and dextrose, 

(Fisher Scientific, Fair Lawn, NJ); Hepes buffer, (GIBCO 

Lab, Chagrin Falls, OH); Newborn calf serum, and Trypan 

U 2  
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Blue, (GIBCO, Grand Island, NY); NaOH and HC1, (Mallin-

ckrodt, Inc., Paris KY); NaHCO^, (llatheson Coleman Bell 

Manufacturing Chemists, Norwood, OH); activated charcoal, 

and KC1, (MCB Manufacturing Chemists, Cincinnati, OH); 

Phadebas blue-starch tablets, (Pharmacia Diagnostics, 

Division of Pharmacia, Piscataway, NJ); 200 u and 72 u nylon 

mesh, (Namsco, St afford,TX); olive oil, (U.S. Biochemical 

Corporation, Cincinnati, OH); casein,DL-Methi onine, AIN 

Mineral Mixture 76, AIN Vitamin Mixture 76, choline bitar-

trate, cellulose, corn oil and cornstarch (U.S. Biochemical 

Corporation, Cleveland, OH); monoject tuberculin syringes 

and 26G1/2 needles (Becton-Dickinson, Rutherford, NJ); and 

hog pancreas, (Gift from Dr. John Marchello, Department of 

Animal Sciences, University of Arizona, Tucson, AZ) 

Method s 

Objectives and Experimental Design 

Because chronic reserpine treatment (500 ug/kg) 

leads to a decrease in food consumption and weight loss, 

the first objective of this research was to determine the 

effects of this malnutrition on the exocrine pancreas 

(Table 1). In order to differentiate between the effects 

of reserpine and the effects of decreased food consumption, 

a pair fed-sham treatment was used. Further, a control-

sham treatment was also used to determine whether the 



Table 1: Experimental Design for the Study of Malnutrition 
*nd Reserpine Treatment 

GROUP 

Control 

NO.RATS TREATMENT 1 

None 

DIET 

Ad lib 

Control-sham 1.0 ml/kg sham: 
2% propylene glycol 

81 ethanol 
51 acetic acid 

Ad lib. 

CRT Reserpine 
500 ug/kg 

Ad lib. 

Pair Fed-sham Same as 
Control-sham 

Restricted 
to CRT 

^Treatment by subcutaneous injection occurred daily for 
seven days. 
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transport vehicle for reserpine had an effect on pancreatic 

function. 

It is not known whether chronic reserpine treatment 

affects the adaptation of pancreatic enzymes to diet, so 

the determination of dietary adaptation in reserpine-

treated rats was the second objective of this study. Before 

this objective could be realized, however, a dose of 

reserpine had to be determined that could affect pancreatic 

function similarly to the 500 ug/kg dose, but not result in 

decreased food consumption and malnutrition. Therefore, 

rats were treated with three doses of reserpine as described 

in Table 2. Pair fed-sham controls were used whenever the 

dose of reserpine altered food consumption. From this 

study, a dose of reserpine was identified that met the 

criteria to study dietary adaptation. To validate the use 

of this dose, secretion was studied in isolated pancreatic 

acini to determine whether this dose altered secretion 

similarly to the 500 ug/kg dose. The experimental design 

was the same as for the dose response study. After the 

pancreata were removed, however, the acini were isolated 

and amylase secretion analyzed as shown in Figure 2. To 

address the second objective, then, rats were fed one of 

three diets: high carbohydrate (HC), high fat (HF), or high 

protein (HP) during the 7-day course of injections and 

dietary adaptive capacity was evaluated (Table 3). 
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Table 2: Experimental Design for the Study of Reserpine 
Dose Response 

GROUP 

Control 

NO. RATS 

1 5  

TREATMENT! 

None 

DIET 

Ad Lib, 

Pair Fed-sham 14 1.0 ml/kg sham: 
2 %  propylene glycol 

8% ethanol 
5% acetic acid 

Restricted 
to CRT 

R500 14 Reserpine 
500 ug/kg 

Ad Lib. 

R50 Reserpine 
50 ug/kg 

Ad Lib. 

R 5  Reserpine 
5 ug/kg 

Ad Lib. 

'Treatment by subcutaneous injection occurred daily for 
seven days. 



Pancreas Removed 

Y 
Digested with Collagenase 

• 
Acini Separated 

Y 
Pre-Incubated 30 min. in 

KRB-HEPES-BSA Buffer 

t  1 
Unstimulated Stimulated ( 1 0 -8 Carbachol) 

T Y 
Incubated 30 min. 

Y 
Analyzed 

Secreted and Cellular Amylase 

Figure 2: Flowchart for Secretion Studies with Pancreatic 
Acini 
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Table 3! Experimental Design for the Study of Dietary 
Adaptation and Reserpine Treatment 

DIET GROUP NO. RATS TREATMENT1 

HC Control 

R5 

6 

6 

None 

Reserpine 
5 ug/kg 

HF Control 

R5 

None 

Reserpine 
5 ug/kg 

HP Control 

R5 

6 

6 

None 

Reserpine 
5 ug/kg 

'Treatment by subcutaneous injection occurred daily for 
seven days. 
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Animals and Diets 

Sprague-Oawley rats, weighing 100-120 g, were 

housed individually in wire-bottom hanging cages at 25^ C 

with a 12 hour light/dark cycle. For each experiment, rats 

were weight-matched so that the average weight for each 

group was comparable. Rats were allowed to recuperate for 

21 hours before the start of the experiments. On the 8th 

day from the start of the experiments, between 0900-1030 

hours, animals were killed by C0g inhalation. 

Unpurified commercial diet (Table 4) or purified 

diets (Table 5) were fed ad libitum except for those rats 

that were food restricted (pair fed). Pair fed rats were 

fed at 1630 hours the amount consumed the previous 24 hours 

by the chronically reserpine-treated rats. Water was 

supplied ad libitum. The purified diets consisted of high 

carbohydrate (HC), high fat (HF), and high protein (HP). 

These diets were isocaloric with 67% of the calories coming 

from: cornstarch for HC, corn oil for HF, and casein for 

HP. The diets were prepared and then stored at 4° c. Food 

consumption and body weights were determined daily. 
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Table 4: Composition of Wayne Rodent BloxR, 8601-00 

Guaranteed Analysis 

Crude Protein 
Crude Fat.... 
Crude Fiber.. 

(min) 21.0% 
(min) 4.0% 
(min) 4.5% 

Ingredients: 

Corn and wheat flakes, ground corn, soybean meal, fish 
meal, wheat middlings, wheat red dog, dried whey, brewers 
dried yeast, soybean oil, animal liver meal, cane molasses, 
vitamin A supplement. D-activated animal sterol (source 
of vitamin D), vitamin E supplement, menadione sodium 
bisulfite complex (source of vitamin K activity), riboflav
in supplement, niacin supplement, calcium pantothenate 
choline, chloride, thiamin, ground limestone, calcuim 
phosphate, salt, manganous oxide, copper oxide, iron 
carbonate, ethylene diamine dihydriodine, cobalt, carbonate 
and zinc oxide. 



Table 5: Composition of Purified Diets'! 

COMPONENT 

HIGH 
CARBOHYDRATE 

(HC) 2 

HIGH 
FAT 

(HF)2 

HIGH 
PROTEIN 
(HP) 2 

Casein 20.7 20.7 67.0 

DL-methionine 0.3 0.3 0.3 

AIN Mineral Mixture 0.3 0.3 0.3 

AIN Vitamin Mixture 1.0 1.0 1.0 

Choline Bitartate3 - - -

Cellulose1* - - -

Corn Oil 10.4 67.0 10.4 

Cornstarch 67.0 10.4 20.7 

"•Modified from Snook (176) 
Calories 

30.2* by weight 
15% by weight in HC and HP; 35% by weight in HF. 
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Treatments and Solutions 

For each experiment, treatment groups received 

daily subcutaneous injections for seven days as follows: 

1) control, no injection (C); 2) control-sham and pair 

fed-sham, 1.0 ml/kg sham (CS and PFS); or 3) chronically 

reserpine-treated: 500 ug/kg, 50 ug/kg, or 5ug/kg (CRT or 

R500, R50, R5). Saline was phosphate buffered saline 

containing 0.02 M NaH2POi4, 0.02 M Na2HP0ij, and 0.16 M NaCl 

(pH 7.1). The sham solution was the transport vehicle for 

reserpine consisting of 2% propylene glycol, 82 ethanol, 

and 5 %  glacial acetic acid. Reserpine was dissolved in 5 %  

glacial acetic acid and diluted with 22 propylene glycol 

and 8S ethanol (500 ug/kg, 15). The 50 ug and 5 ug reser

pine solutions were made by serial dilutions of the 500 ug 

solutions and brought to volume with the sham solution. The 

pH for the reserpine and sham solutions was adjusted to 4.5 

with 1 N NaOH or NaHCOg. Reserpine can be oxidized rapidly 

in the presence of light and oxygen (172); therefore, all 

reserpine solutions were made just prior to each experiment 

and were refrigerated in aluminum foil-wrapped brown 

bottles. 

Preparation of Whole Pancreatic Tissue 

Pancreata were removed from each rat and, after the 

mesenteric fat was removed, were quickly frozen on dry 
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ice and weighed. Pancreata were stored at - 8 0  ° C. The 

tissue was homogenized with nine times its weight in cold 

phosphate buffered saline-12 trypsin inhibitor (PBS-STI) 

using a Polytron Probe (Brinkmann Instruments) for 1 5 - 2 0  

seconds at 702 power. The homogenate was then centrifuged 

at c for 30 minutes at 15780 xg and the supernatant 

removed. If the proteolytic enzymes were to be assayed, the 

pancreata were homogenized in PBS, and centrifuged; and the 

supernatant removed. Aliquots were removed for protease 

enzyme analysis, and trypsin inhibitor (1}) was then added 

to the remaining supernatant. Further aliquots were 

removed, and all samples were frozen at -80 C for subsequent 

analysis of protein, DNA, and lipase or protease content. 

Amylase content, however, was analyzed immediately following 

centri fugation. 

Preparation of Dispersed Pancreatic Acini 

Acini were isolated using a modified procedure of 

Bruzzone and coworkers (77). The pancreas was removed from 

each rat and the mesenteric fat was removed. Following 

mincing of the tissue with scissors, an equal volume of 

Krebs-Ringer Hepes (KRB-HEPES) buffer (1-2 ml) containing 

1 2 . 5  m M  H e p e s ,  1 3 5  m M  N a C l ,  4 . 8  m M  K C 1 .  1 . 0  m M  C a C l 2 ,  1 . 2  

mM KH2PO11, 1.2 mM MgS0i|, 5.0 mM NaHC03, 5 mM dextrose, and 

0.01} soybean trypsin inhibitor (pH 7.4) was added; and the 

mixture was placed in a 25 ml plastic Erlenmayer flask. 
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The tissue was then digested with 1-2 mg (1.0 mg/ml of 

buffer) collagenase (168 U/mg) for 15 minutes in a Dubnoff 

water bath at 37°C and 200 cycles per minute. The volumes 

for all remaining steps were adjusted to the size of the 

rat and pancreas: 150+ g, 100%; "100 g, 50%; "75 B, 33.3%• 

All volumes are given for 150+ g rat (100%). After diges

tion, the mixture was transferred to a pre-weighed 15 ml 

conical plastic tube and 5 ml of fresh KRB-HEPES-BSA 

(0.1} bovine serum albumin) were added. The tissue was 

then centrifuged at 35 xg for 2 minutes, and the supernatant 

decanted and discarded. The tissue was resuspended in 7 ml 

KRB-HEPES-BSA and centrifuged as before. Following a 

further wash and centrifugation , the supernatant was 

decanted and discarded and the tube was weighed to deter

mine the weight of the pancreatic tissue. The tissue was 

resuspended in 10 ml of fresh KRB-HEPES-BSA and filtered 

twice through 200 u and 72 u mesh. Acini were then separat

ed by a density gradient using a 40 ml solution of 3% 

Ficoll-5% calf serum and gently layering the filtrate 

on top. Acini were allowed to settle via gravity at room 

temperature for 20 minutes and then were centrifuged at 35 

xg for 2 minutes. The supernatant was decanted and discard

ed. The pellet was resuspended in 10 ml of fresh KRB-HEPES-

BSA. A 50 ul sample was removed, added to 200 ul Trypan 

Blue and examined under an inverted microscope (NIKON) to 

determine presence of intact acini. The remaining 
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suspension was transferred to a pre-weighed 15 ml conical 

plastic tube and centrifuged as before. After the superna

tant was decanted and discarded, the weight of the remaining 

acini was determined. After a further wash, centrifugation, 

and removal of supernatant; the acini pellet was resuspended 

in 25 ml of KRB-HEPES-BSA saturated with O2. Ten ml of this 

suspension was added to two 25 ml plastic Erlenmayer flasks 

and was preincubated for 30 minutes in a Dubnoff water 

bath at 37° C while shaking 80 cycles per minute. At the 

end of the 30 minutes, the flasks were removed from the 

water bath; and the acini were allowed to settle via gravity 

(10 minutes). The supernatant was decanted and discarded. 

The acini in each flask were resuspended in 10 ml of fresh 

KRB-HEPES-BSA, and a second sedimentation performed. After 

the removal of the supernatant, the acini in each flask 

were resuspended in 10 ml of fres KRB-HEPES-BSA for 

unstimulated (or basal) secretion, and the acini in the 

second flask were resuspended in 10 ml of fresh KRB-HEPES-

BSA containing 10-5 m carbachol for stimulated secretion. 

The acini were then incubated as before. Fifty ul samples 

were removed from both flasks for Trypan Blue exclusion 

prior to incubation. Duplicate 500 ul samples were taken 

at time zero and 30 minutes from each flask and centrifuged 

for 20 seconds at 15,000 rev/min in a microcentrifuge 

(Eppendorf, Brinkmann Instruments). The media supernatant 

was removed and stored on ice, and the cellular pellet was 
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washed with 1 ml cold PBS. The supernatant and pellet were 

stored at -80 ° C. The pellets were sonicated with a probe 

sonicator (Fisher Sonic Dismembrator, Artex Systems) at 60% 

maximum power for 15 seconds in 250 ul cold PBS. The media 

supernatant and cellular pellet were analyzed for amylase 

activity. The value for amylase from the time zero super

natant was then subtracted from all the results obtained at 

the end of the 30 minutes incubation in the absence (basal) 

or in the presence (stimulated) of the secretagague to yield 

net secretion. Total amylase content was obtained by adding 

the supernatant and the pellet values for amylase at zero 

time. Amylase release at 30 minutes was then calculated as 

percentage of total amylase content (net amylase activity 

released / total amylase content x 100). 

Assays 

Protein was determined by the Lowry method (177) 

using bovine serum albumin as the standard. This colori-

metric method has two distinct steps that lead to the final 

blue color with protein. The first step is a reaction of 

the protein in a sample with copper in an alkaline solution 

containing 50 parts of Reagent A (2% Ha2C03, 0.4% NaOH, and 

0.04% NaK tartrate) and 1 part of Reagent B (0.5% CuS0ij«5 

H0H). This reaction creates a copper-peptide bond complex. 

Addition of the phosphomolybdic-phosphotungstic reagent 

(Folin-Ciocalteau Reagent) in the second step, leads to a 
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complex of the phosphomolybdic acid and phosphotungstic 

acid with the phenol group of tyrosine or the indole 

group of tryptophan as well as the copper. A sufficient 

mixture of NaOH to neutralize excess phosphoric acid and 

NapCC^ to buffer the mixture near pH 10 allows for maximum 

color development. After 30 minutes, the absorbance of the 

samples was read in a spectrophotometer (LKB Biochrom 

Ultrospec) at 660 nm. 

DNA was determined by a microfluorometric method 

(178) using calf thymus DNA as the standard. This fluoro-

metric method uses 3,5-diaminobenzoic acid (DABA) as the 

fluorescent compound. DABA is mixed with 1 N HC1 and 

cleaned through repeated extractions with charcoal or the 

commercially available DABA-HC1 is mixed with H20. When 

DABA is added to the samples at 60® C, the purine deoxy-

nucleotides are hydrolyzed by the strong acid and a fluo

rescent product is formed by the reaction between DABA and 

the deoxyriboses. The ratio of intensity of fluorescence 

is maximal when DABA and DNA are allowed to react for 30 

minutes. DABA is specific for the deoxyribose sugars as 

no fluorescence is obtained when DABA is allowed to react 

with ribose, glucose, glucosamine, inositol, adenine, 

uracil, xanthine, thymine, cytidine, cytosine, cytidylic 

acid, uridine, uridylic acid, adenosine, adenylic acid, 

quanine or quanylic acid in amounts between 7 and 209 

umoles. There is, however, a low fluorescence (1-3%) from 
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deoxyadenylic acid, deoxyquanylic acid (and their corres

ponding deoxyribosides), thymidine and thymidylic acid; but 

the pyrimidine deoxyribosides and pyrimidine deoxynucleo-

tides are relatively resistant to acid hydrolysis. There

fore, the reaction with DABA appears to measure almost 

entirely the deoxyribose liberated from purine deoxynucleo-

tides. After the 30 minutes incubation, 1 N HC1 is added 

to the samples to eliminate the drift that can occur in 

fluorometric readings of large sample size. The relative 

intensity is then immediately read on a spectrofluorometer 

(Perkin-Elmer Fluorescence Spectrophotometer)at an excita

tion of 420 nm and emission of 520 nm. 

Amylase was determined by a modified Phadebas blue 

starch method using the Phadebas Amylase Test (blue starch 

tablet, 179) and certified amylase standards. Amylase 

catalyzes the hydrolysis of a-1,4 glucan linkages in starch, 

amylose, and glycogen to produce maltose and larger oligo

saccharides and requires chloride for activity. Therefore, 

the substrate for this assay is a starch polymer, and the 

buffer solution contains 0.02 M phosphate buffer (ph 7.0) 

and 0.05 M NaCl. First, soluble starch is colored under 

alkaline conditions with Cibacron blue F 3 G-A resulting in 

the formation of covalent bonds between starch molecules and 

dye molecules. Second, the colored starch is cross-linked 

by addition of 1,4-butandiolglycid- ether. The result is a 

water-insoluble cross-linked starch polymer carrying a blue 
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dye (Phadebas blue starch tablet). This polymer is hydro-

lyzed by amylase to yield soluble starch split products 

carrying the colored marker. The reaction is stopped with 

0.2 M NaOH. Centrifugation removes the insoluble fragments, 

and absorbance of the remaining blue solution is read on a 

spectrophotometer at 620 nm. The absorbance of the blue 

solution is a function of the amylase activity in the 

sample. Amylase was expressed as Units Cumoles of maltose 

released per minute). 

Lipase was determined by an autotitrimetric proce

dure modified from Naher (180). Lipase hydrolyzes emul

sified triglycerides of the long-chain fatty acids. The 

site of action for lipase is the interface between the oil 

drops and the aqueous phase. Lipase requires calcium, 

colipase, and bile salts. The three fatty acid residues of 

a triglyceride molecule are not hydrolyzed simultaneously, 

but are released successively resulting in free fatty acids, 

monoglycerides, and glycerol. The substrate for this assay 

is an olive oil emulsion containing 5 ml olive oil, 41 ml 

gum arabic (used as a protective colloid for the emulsion in 

the titrimetric determination of lipase), and 1 g ice. The 

assay solution contains 10 ml of the substrate emulsion, 3 

ml 1.25 M NaCl, 3 ml 0.25 M CaCL2, 3 ml 0.22 M sodiumtauro-

glycocholate (bile salt, emulsifier), and 11 ml deionized 

water. To 2 ml of this assay solution, 0.02 ml of sample 

and 0.02 ml of colipase (prepared from hog pancreas by 
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method of Ouagued, 181) are added. The pH optimum for 

pancreatic lipase is 8.6 to 9.0; therefore, this assay is 

performed at pH 9. By automatically titrating (pH stat, 

Radiometer America) with 0.01 N NaOH at the optimum pH, the 

formation of free fatty acids per unit time can be mea

sured. The consumption of 1 ml of 0.01 N NaOH is equivalent 

to 10 umole fatty acid liberated and is a measure of lipase 

activity. Lipase activity was expressed as Units (umole of 

fatty acid liberated per minute). 

Trypsin was determined by a colorimetric method 

(182). Trypsin hydrolyzes protein esters with basic res

idues on the carboxyl side and requires calcium and a pH 

of 8.1. The substrate for this assay is benzoyl-arginine 

para-nitroani1ide which, when hydrolyzed by trypsin, 

releases para-nitroaniline . Because pa r a-n i t r o an i 1 i n e is 

yellow and all other reagents are colorless, the reaction 

is easily followed with a spectrophotometer at 110 nm. The 

rate of hydrolysis of the substrate (BAPNA) is directly 

proportional to trypsin concentration. 

Chymotrypsin was also determined by a colorimetric 

method (183). This enzyme hydryolyzes amino acids with 

aromatic residues and requires calcium and a pH of 7.6. The 

substrate for this assay is glutaryl-phenylalanine para-

nitroanilide which also has para-nitroaniline as the leav

ing group. The rate of hydrolysis of the substrate (GPNA) 

is directly proportional to chymotrypsin concentration. 
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Trypsinogen and chymotrypsinogen in samples were 

activated for one hour (184) with H% enterokinase at 25° C 

in a pH 8.1 TRIS buffer containing 0.02 M Ca2+ for maximum 

enzyme activity. The samples were then centrifuged and 

added to the appropriate buffer solution (pH 8.1 or 7.6). 

The appropriate substrate was added at timed intervals and 

the solutions were allowed to react at 37°C. The reactions 

were stopped with 30S acetic acid after development of the 

yellow color and the samples were read in a spectrophotome

ter at 410 nm. Trypsin and chymotrypsin were expressed as 

Units (umoles substrate hydrolyzed per ml). 

Statistical Analysis 

Data were analyzed by one-way analysis of variance 

(ANOVA) and least significant difference (LSD) for the 

malnutrition, dose response, and secretion studies. Two-way 

ANOVA and LSD were used to analyze the data from the dietary 

adaptation studies to compare the independent effect of diet 

and the independent effect of treatment as well as determine 

if an interaction existed between diet and treatment (185). 

Data are presented as mean + SEM. 



RESULTS 

Malnutrition Studies 

After two days, the chronically reserpine-treated 

(500 ug/kg) rats became hypodynamic and exhibited palpebral 

ptosis and diarrhea, while control and pair fed-sham rats 

exhibited normal behavior. Chronically reserpine-treated 

and pair fed-sham rats consumed significantly (p<0.001) less 

food (10%) than the controls (Figure 3). Control and 

control-sham rats gained of initial body weight in 8 

days while the chronically reserpine-treated and pair fed-

sham rats lost 26% and 20% of initial weight (Figure 4). 

Control and control-sham rats had significantly p<0.001) 

greater final weights than pair fed-sham (59%) and 

reserpine-treated (51%) rats. Further, the final body 

weight of pair fed-sham rats was significantly greater than 

that of reserpine-treated rats. Pancreatic weights signif

icantly (p<0.001) decreased in the control-sham (90%), 

reserpine-treated (62%) and pair fed-sham (65%) rats (Table 

6). The ratio of pancreatic weight to body weight was 

significantly (p<0.001) increased only in the reserpine-

treated rats (Table 6). Pancreatic protein was significant

ly (p<0.005) reduced in the reserpine-treated (75%) and pair 

fed-sham (85%) rats (Table 6). DNA, however, was comparable 

62 
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Figure 3: Effects of Chronic Reserpine Treatment on Food 
Con sumption 

Rats were fed unpurified commercial diet, weight-
matched into groups and treated daily sc with injections as 
follows: 1) C - control, no injection and fed ad lib, 2) 
CS - control-sham, 1.0 ml/kg 2% propylene glycol-8S 
ethanol-5J glacial acetic acid and fed ad lib, 3) CRT -
chronically reserpine treated, 0.5 mg/kg reserpine and fed 
ad lib, and 4) PFS - pair fed-sham, 1.0 ml/kg sham and fed 
the amount of food consumed by the reserpine-treated 
group. Rats were killed on day 7» and pancreata were 
removed. Values are mean +_ SEM of 8 rats. 

"Values are significantly different than corresponding 
control values (p<0.05) by ANOVA and LSD. 
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Figure 1: Effects of Chronic Reserpine Treatment on Growth 

Rats were fed unpurified commercial diet, weight-
matched into groups and treated with daily sc injections as 
described in Figure 3. Initial (I) and final (F) body 
weights are shown as mean + SEM for 8 rats. 

a^cValues for a given parameter not sharing a superscript 
are significantly different (P<0.05) by ANOVA and LSD. 
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Table 6: Effects of Reserpine Treatment on the Pancreasl 

TREATMENT 
WEIGHT 
(G) 

WEIGHT (g) 
TO 

BODY WT (g) 
(x10~3 ) 

PROTEIN 
(mg) 

DNA 
(ug) 

Control 0.92±0.02a 5.21+0.09bc 108±5a 64±7a 

Control-sham 0.83±0.02*> 4.80±0.14c 101±4ab 51±2a 

CRT 0.57+0.04c 5.71±0.1lb 81±5C 59±10a 

Pair Fed-sham 0.60±,0.02c 6.37±0.36a 92±7bc 4815' 

1 Rats were fed unpurified commercial diet, weight-matched 
into groups and treated daily sc with injections as 
follows: 1) C - control, no injection and fed ad lib, 2) 
CS - contro1-sham, 1.0 ml/kg 2% propylene glycol-8X 
ethanol-5% glacial acetic acid and fed ad lib, 3) CRT -
chronically reserpine treated, 0.5 mg/kg reserpine and fed 
ad lib, and 4) PFS - pair fed-sham, 1.0 ml/kg sham and fed 
the amount of food consumed by the reserpine-treated group. 
Rats were killed on day 7, and pancreata were removed. 
Values are mean + SEM of 8 rats. 

abcValues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 



6 6  

among the four groups (Table 6). Total pancreatic amylase 

(U) decreased significantly (p<0.05) in the reserpine-

treated (49%) and pair fed-sham (56%) rats compared to the 

controls while pancreatic lipase was not significantly 

altered among the four groups (Figure 5). 

Dose Response Studies 

Food consumption was not altered in the R50 (96%) 

and R5 (96%) groups but was significantly (p<0.001) de

creased in the R500 (16%) group compared to controls 

(Figure 6). All reserpine doses significantly (p<0.002) 

decreased total pancreatic amylase: 65% in R500, 69% in 

R50, and 57% in R5 compared to control (Figure 6). Final 

body weights were significantly p<0.001) reduced in the R500 

(58%) and R50 (92%) groups when compared to control (Table 

7). Both pancreatic weights and pancreatic protein were 

significantly (p<0.001) reduced in the R500 (71% and 82%) 

group only (Table 7). Also, pancreatic lipase was signifi

cantly (p<0.005) decreased in the R500 (62%) group only 

(Table 7). 

Secretion Studies 

The light photomicrograph of pancreatic acini from 

a control rat, taken after preincubation, shows dispersion 

of the isolated acini with exposure of numerous basal mem

branes (400 x, Figure 7). Amylase release as a percentage 
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Figure 5: Effects of Chronic Reserpine Treatment on 
Pancreatic Enzymes 

Rats were fed unpurified commercial diet, weight-
matched into groups and treated with daily sc injections as 
described in Figure 3. Values are mean + SEM of 8 rats. 

abcvalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by A NOVA and LSD. 
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Figure 6: Effects of Various Reserpine Doses on Food 
Consumption and Pancreatic Amylase 

Rats were fed unpurified commercial diet, weight 
matched into groups and treated daily with sc injections as 
follows 1) C - control, no injection and fed ad lib, n = 
15, 2) PFS - pair fed-sham, 1.0 ml/kg 2% propylene glycol -
8% ethanol - 51 glacial acetic acid and fed the amount of 
food consumed by the R500 group, n = 14, and 3) Chronically 
reserpine - treated, R500 - 500 ug/kg reserpine, n = 9, R50 
- 50 ug/kg reserpine n = 9, or R5 - 5ug/kg reserpine, n = 9 
and fed ad lib. Rats were killed on day 8, and pancreata 
were removed. Values are mean + SEM. 

3bcvalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 
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Table 7: Effects of Various Reserpine Doses on Body 
Weight and the Pancreas*! 

TREATMENT 

BODY 
WEIGHT 

<g> 

PANCREATIC PANCREATIC 
WEIGHT PROTEIN 

JUL JjejlL LIPASE (u) 

Control 175±2a 0.89±0.02a 108±Ma 5HH2±i»76a 

PFS500 

R500 

R50 

R5 

108±2C 0.59±0.02b 83±5b 

103±7C 0.63±0.04b 89±6b 

3567±296b 

3357±407b 

162±3b 0 . 9 * ± 0 . 0 U a  12M+12a i»301+778ab 

166±5ab 0.90±0.04a 112 + 9a 5406+547a 

1 Rats were fed unpurified commerical diet, weight-matched 
into groups and treated daily with sc injections as follows 
1) C - control, no injections and fed ad lib, n = 15, 2) PFS 
- pair fed-sham, 1.0 ml/kg 2% propylene glycol - 8% ethanol 
- 5% glacial acetic acid and fed the amount of food consumed 
by the R500 group, n = 11, and 3) chronically reserpine-
treated, R500 - 500ug/kg reserpine, n = 11, R50 - 50 ug/kg 
reserpine, n = 9» or R5 - 5 ug/kg reserpine, n = 9 and fed 
ad lib. Rats were killed on day 8, and pancreata were 
removed. Values are mean + SEM. 

abcValues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 



Figure 7: Dispersed Pancreatic Acini Isolated from 
Control Rat. (Magnification, 400 x) 

70 
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of basal was significantly (p<0.02) impaired in the R500 

(35%), R5 (46%), and pair fed-sham (64$) groups compared to 

control (Figure 8). 

Dietary Adaptation Studies 

Food consumption and body weight were not signifi

cantly affected by diet or reserpine treatment (Table 8). 

Pancreatic weight and protein were significantly (p<0.0001) 

higher on the HP diet, but were not altered by reserpine 

treatment (Table 9). Diet did affect pancreatic enzyme 

content in both the control and reserpine-treated rats. 

Pancreatic amylase activity (U/mg protein) was signifi

cantly higher (p<0.0001 ) on HC diet compared to HF and HP 

diets (Table 10). Lipase activity (U/mg protein) was 

significantly (p<0.0005) higher on HF diet compared to 

HC and HP diets (Table 9). Chymotrypsin activity (U/mg 

protein) was significantly (p<0.01) lower on HP diet 

compared to HC and HF diets (Table 10). Trypsin activity 

(U/mg protein) was significantly (p<0.002) higher on HP 

diet compared to HC and HF diets (Table 10). Only amylase 

activity was significantly (p<0.04) altered (decreased) by 

reserpine treatment (Table 11). Further, only amylase 

activity showed a significant (p<0.05) interaction between 

diet and treatment (Table 12). Neither chymotrypsin nor 

trypsin activities showed a significant interaction of diet 

and reserpine-treatment (Table 13). 
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Figure 8: Effects of Reserpine on Pancreatic Amylase 
Secretion 

Rats were fed unpurified diet, weight matched into 
groups, and treated with daily sc injections as described 
in Figure 5. Values are mean + SEM of 4 to 6 experiments. 

abcvalues for a given paramenter not sharing a superscript 
are significantly different (p<0.05) by AH0VA and LSD. 
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Table 8: Effects of Chronic Reserpine Treatment 
Diet on Food Consumption and Body Weightl 

and 

DIET TREATMENT 

FOOD 
CONSUMPTION 
(g/DAY) 

BODY 
WEIGHT 

HC Control 
R5 

1 8  
19 

+  1 . 0  
+ 0.5 

151 
150 

+ 7.0 
+ 5.2 

HF Control 
R5 

1 8  

17 
+  1 . 1  

+  1 . 0  
155 
150 

+ 5.0 
+ 5.3 

HP Control 
R5 

1 6  
1 6  

1.1 
1 . 0  

144 
139 

+ 3.9 
+  6 . 8  

tRats were weight-matched into groups, fed their respective 
purified diets ad libitum, and treated daily with sc 
injections as follows: 1) control, no injections and 2) R5 
- 5 ug/kg reserpine. Rats were killed on day 8, and 
pancreata were removed. Values are mean +SEM of 6 rats. 

a&cValues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by AN0VA and LSD. 
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Table 9: Effects of Chronic Reserpine Treatment and Diet 
on Pancreatic Weight and Protein^ 

PANCREATIC PANCREATIC 
WEIGHT PROTEIN 

DIET TREATMENT (g) (ma) 

HC Control 0.758 ± 0.026b 89 ± 2.0b 

R5 0.782 ± 0.031b 92 + 4.7b 

HF Control 0.791 + 0.066b 83 ± 2.6b 

R5 0.725 ± 0.026b 80 4, 4.1b 

HP Control 0.969 ± 0.045s 121 + 7.4a 

R5 0.984 + 0.048a 131 ± 8.8a 

1Rats were weight-matched into groups, fed their respective 
diets, and treated with daily sc injections as described in 
Table 8. Values are mean + SEM of 6 rats. 

abcValues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 
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Table 10: Independent Effect of Diet on Pancreatic 
Enzyme Activity 

AMYLASE LIPASE CHYMOTRYPSIN TRYPSIN 
DIET (JJ/m£>. (U/mg PROT) (U/mg) (U/mg) 

HC 246 ± 30a 47 + i|b 5.4 ± 0.4a 188 ± 6b 

HF 34 + 3b 94 ± 10a 5.3 ± 0.5a 168 + 6b 

HP 75 + 7b 59 ± 7b 3.7 ± 0.2b 233 ± 19a 

LSD 46 20 1 . 2  30 

0.0000 0.0003 0.009 0.0015 

^Rats were weight-matched into groups, fed their respective 
diets, and treated with daily sc injections as described in 
Table 8. Values are mean -*-SEM of 6 rats. 

abcvalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 
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Table 11: Independent Effect of Treatment on Pancreatic 
Enzyme Activity1 

AMYLASE LIPASE CHYMOTRYPSIH TRYPSIN 
TREATMENT (U/mg) (U/mg) (U/mg) (U/mg) 

Control 139 ± 30a 71+8 4.8 + 0.4 202 ± 9 

R5 98 + 22b 60+6 4.7 ± 0.4 181 ± 11 

LSD 37 16 0.94 25 

p 0.03 0.16 0.73 0.09 

1Rats were weight-matched into groups, fed their respec
tive diets, and treated with daily sc injections as de
scribed in Table 8. Values are mean + SEM of 6 rats. 

abcvalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by AN0VA and LSD. 
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Table 12: Interaction of Diet and Treatment on Amylase 
and Lipase Activities'! 

AMYLASE LIPASE 
DIET GROUP (U/mg) (U/mg) 

HC Control 300 ± 31a 43+5 
R5 193 + *»3b 51+7 

HF Control 36 + 4C 109 ± 9 
R5 31 ± «c 76 + 16 

HP Control 80 ±9° 62 ± 12 
R5 69 + 12° 56+9 

LSD 65 28 

p 0.05 0. 16 

1 Rats were weight-matched into groups, fed their respec
tive diets ad libitum and treated daily with sc injections 
as described in Table 8. Values are mean +SEM of 6 rats. 

abcvalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 
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Table 13s Interaction of Diet and Treatment on 
Chymotrypsin and Trypsin Activities'! 

CHYHOTRYPSIN TRYPSIN 
DIET GROUP ( U/mg) (U/r,ig) 

HC Control 5.29 ± 0.71 199 ± 11ab 

R5 5.44 ± 0.57 177 ± 4*>c 

HF Control 5.54 ± 0.56 185 ± 12bc 

R5 4.97 + 0.81 151 ± 7C 

HP Control 3.70 + 0.32 233 * 25a 

R5 3.65 ± 0.06 232 ± 33a 

LSD 1.6 43 

p 0.81 0.59 

1Rats were weight-matched into groups, fed their respective 
diets ad libitum and treated daily with sc injections as 
described in Table 8. Values are mean +SEM. 

abcyalues for a given parameter not sharing a superscript 
are significantly different (p<0.05) by ANOVA and LSD. 



DISCUSSION AND CONCLUSIONS 

Reserpine treatment of rats results in decreased 

food consumption which leads to lower body weights (15, 

175). In the present study, however, the decreased body 

weight could not be attributed solely to decreased food 

consumption because the pair fed-sham rats lost less weight 

than the reserpine-treated rats despite comparable food 

intake. The 60* decrease in food consumption, 49? decrease 

in body weight, and the 35X decrease in pancreatic weight in 

reserpine-treated rats demonstrated that reserpine treatment 

induced malnutrition. Other studies show that decreases in 

body weight and organ weight are a result of malnutrition 

(186). Pancreata were smaller in the reserpine-treated and 

pair fed-sham rats compared to controls. However, pancre

atic weight was greater relative to total body weight in the 

reserpine-treated rats. In contrast, other studies show 

either a significant reduction in pancreas weight of 

reserpine-treated rats but with a comparable ratio of 

pancreatic weight to body weight (12) or slightly higher 

pancreatic weights relative to body weights in reserpine-

treated rats (175). Further, the current study showed that 

reserpine treatment decreased rat pancreatic protein and 

amylase. Similarly, other studies show a significant de

crease in the total amylase content of pancreatic acini 

isolated from chronically reserpine-treated rats (13), while 

7 9  
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pancreatic protein is significantly increased (12). These 

parameters in the present study, however, were comparably 

decreased in the malnourished pair fed-sham rats. Prolonged 

fasting (24 to 96 hours,16) as well as low protein diets 

(0.52 lactalbumin, 17). also result in decreases of pancre

atic protein and amylase. The decreased pancreatic protein 

observed in the reserpine-treated and pair fed-sham rats in 

the present study indicated a decrease in pancreatic cell 

size; there was no change in DNA, and, hence, no alteration 

in cell number. Studies on protein-energy malnutrition show 

a decrease in both pancreatic cell size and cell number 

(17). The decreased pancreatic cell size, higher pancre

atic weight to body weight ratios, and the unaltered 

pancreatic cell number in the present study indicate a 

relative sparing of the pancreas in reserpine treatment. 

Studies on malnutrition (a 505 decrease in food 

consumption) show either a parallel decrease in pancreatic 

enzymes C19®175) or a nonparallel decrease in pancreatic 

amylase and an increase in pancreatic lipase (16,18,111). 

In the present study, neither reserpine treatment nor malnu

trition (pair fed-sham) affected pancreatic lipase, indicat

ing a nonparallel change in pancreatic enzymes. The de

creased amylase and total protein observed in both the 

reserpine-treated and pair fed-sham rats suggest that the 

reserpine-induced alterations in pancreatic enzyme content 

may have been secondary to the malnutrition. 
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Decreased food consumption and the effects of the 

resulting malnutrition on pancreatic function became signif

icant factors, then, in determining if the chronically 

reserpine-treated rat could adapt pancreatic enzymes to 

diet. Both the 50ug and 5ug/kg doses of reserpine estab

lished that pancreatic amylase could be significantly 

altered by reserpine, even when there was no decrease in 

food consumption. These subsequent results suggest that 

the alterations by reserpine of pancreatic amylase are not 

just a result of secondary malnutrition. 

Because there was no significant difference between 

the 50ug and 5 ug/kg doses, the 5 ug/kg dose was used for 

all subsequent studies. This 5 ug/kg dose also met the 

final criterion of decreasing pancreatic amylase secretion. 

This secretion was decreased similarly in the R500, R5, and 

pair fed-sham rats. In other studies using just the 500 

ug/kg dose of reserpine, pancreatic amylase secretion is 

significantly reduced in acini isolated from reserpine-

treated rats while acini from pair fed-sham rats show 

significant intermediate secretion between treated and 

control acini (187). This decrease in pancreatic amylase 

secretion is one of the characteristics for proposing the 

chronically reserpine-treated (500 ug/kg) rat as a model 

for CF (11-13), and, consequently, in the present study, 

was used for validation of the lower dose of reserpine. 

Because the 5 ug/kg dose of reserpine did not alter food 
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consumption or body weight, but did significantly decrease 

pancreatic function (amylase content and secretion) to the 

same extent as the 500 ug/kg dose, it was used for the 

dietary adaptation studies. 

In this study on dietary adaptation, food consump

tion and body weight were not altered by diet. These 

findings were similar to other studies (123»128). Some 

studies show greater body weight in rats fed 75% and 95% 

fat diets compared with HC diets (125) and after 9 months on 

a HF diet compared with HP and HC diets (188). Pancreatic 

weights, however, were significantly greater on HP diet than 

on HC and HF diets in the present study. In some studies, 

pancreatic weight is greater on HP than HC diet (125), 

greater on 25% fat than 75% fat diets (125), and greater on 

IIS fat than 75% fat diets (127). Other studies show no 

alterations in pancreatic weights on HP and HC diets (123) 

or after 6 months on HP, HF, and HC diets (188). In the 

present study, pancreatic protein was greater on HP diet 

than on HC and HF diets while other studies show no effect 

by HC or HF diets (119) nor after 6 months on HP, HF, or HC 

diets (188). 

In this study, pancreatic amylase from control and 

reserpine-treated rats did adapt to HC diet. Amylase 

activity was 7-fold higher on HC than on HF diet and 3-fold 

higher than on HP diet. These findings were similar to 

other studies for amylase compared to HF diet (111,116, 
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119»125-127)» while amylase compared to HP diet is only 

1.5-fold higher (117,125,128,129). Also, in the present 

study, pancreatic lipase from control and reserpine-treated 

rats did adapt to HF diet. Lipase activity was 2-fold 

higher on HF than on HC diet and 1.6-fold higher than on HP 

diet. The 2-fold or 100? increase in lipase activity on HF 

diet compared to a HC diet was comparable to other studies 

(126). 

Contrary to other studies, pancreatic chymotrypsin 

activity was decreased in control and reserpine-treated 

rats on HP diet compared to HC and HF diets in the present 

study. Other studies show that chymotrypsin is synthesized 

in direct proportion to the dietary substrate ( 124); also, 

its activity is 2-3 fold higher on HP than on HC diets 

(120). For the present study, however, this activity was 

50? lower on HP than on HF or HC diets. In contrast, 

pancreatic trypsin activity was significantly higher in 

control and reserpine-treated rats on HP compared to HC and 

HF diets. Other studies, however, show a decrease in the 

synthetic rate of trypsin when the diet exceeds 15% casein 

(124). Trypsin activity was 1.4-fold higher on HP than on 

HF diets and 1.2-fold higher than on HC diet in the present 

study compared with 1.5 to 1.7-fold higher on HP than on HC 

diets in other studies (120). These conflicting results may 

be due to differences in rat species or unknown factors. 

Reserpine treatment affected only amylase activity 
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in this study. Even though amylase from the reserpine-

treated rats was significantly higher on HC than on HF and 

HP diets, it was still significantly lower than the amylase 

from controls. The decreased amylase content raises the 

possibility that reserpine treatment modifies amylase 

synthesis, degradation or secretion. Amylase content can 

be decreased by a decrease in synthesis, an increase in 

degradation or an increase in secretion (189,190). The 

present studies demonstrated that reserpine treatment 

decreased secretion indicating that the change in amylase 

content is not likely due to this change in secretion. 

Therefore, the most likely mechanisms of this change are a 

decrease in synthesis or an increase in degradation. The 

rates of synthesis may be altered at the level of trans

cription (DNA »>mRNA) or at the level of translation 

(mRNA •enzyme). The rates of degradation may be altered 

by an excess of substrate available for inactivation or by 

the activity of the degrading system. Therefore, further 

research is required with the reserpine-treated rat to 

determine whether the decreased pancreatic amylase content 

is due to an increase in the rate of synthesis or to a 

decrease in the rate of degradation. If these studies 

demonstrate that reserpine alters synthesis, then the locus 

of control (transcription or translation) will need to be 

determined. 

Studies in other systems (adrenal medulla, 
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adrenergic nervous tissue, and brain) show that reserpine 

can influence the activity and amount of enzymes (191-193). 

Reserpine induces tyrosine hydroxylase, the rate limiting 

enzyme in the hydroxylation of tyrosine to form catechol

amines in these systems (191-193). This induction involves 

an increase in cytosolic cAMP with an associated decrease in 

cytosolic cAHP-dependent protein kinase activity, an 

increase in the activity of the catalytic subunits of cAMP-

dependent protein kinase, and a concomitant increase of 

nuclear protein kinase activity (191-195). These authors 

indie ate that the change in cAMP content acts as a short-

range intracellular effector that releases the catalytic 

subunits from cytosolic cAMP-dependent protein kinase and 

triggers a translocation of the catalytic subunit into the 

nucleus. This translocation, then, acts as a long-range 

messenger for the regulation of expression of the genetic 

code, thus increasing the synthesis of tyrosine hydroxylase 

mRNA (191,192). These studies, however, do not eliminate 

the possibility that degradation is also affected. Reser

pine also induces dopamine $-hydroxylase in this pathway 

(194), and evidence indicates that this enzyme and tyrosine 

hydroxylase are coded for by similar gene coding sequences 

(196). Even though reserpine treatment increases activity 

levels of tyrosine hydroxylase (195) and the level of the 

enzyme in the nerve terminals (193), there is no elevated 

rate of synaptosomal hydroxylation of tyrosine (193). The 
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reason for this is unknown. While the results of these 

studies are not directly relevant to the observations in the 

present study, they do indicate that it is possible for 

reserpine to exert its effect at the level of mRNA 

synthesis. 

To summarize, reserpine (500 ug/kg) treatment 

results in malnutrition, a decrease in body weight, and a 

decrease in pancreatic amylase. While the results in the 

food restricted rats 'ndicate that decreased pancreatic 

amylase in reserpine-treated rats may have been secondary 

to malnutrition, the results using a lower reserpine dose 

indicate that reserpine can directly alter pancreatic 

amylase content without affecting nutritional status. 

Further, pancreatic enzyme content in reserpine-treated rats 

can adapt to diet, but pancreatic amylase is significantly 

reduced. Taken together, these data suggest that reserpine 

modifies pancreatic amylase content, but do not elucidate 

the mechanism of this effect. 
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