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ABSTRACT

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a hormone of 

considerable interest because of its strongly conserved structure throughout evolution as 

well as its widespread distribution throughout the nervous system. The purpose of this 

study was 1) to isolate and characterize the PACAP gene and novel mRNA transcripts 

and 2) to obtain information regarding its functional importance through the use of a 

mouse line deficient in PACAP, created in the course of this study by removing the 

native allele in embryonic stem cells.

In this study, it was discovered that the PACAP protein and gene in mice is of 

similar structure to the forms identified in other species. Transcripts with differential 

splicing and alternative transcription initiation sites are present, indicating a high degree 

of regulation of tissue-specific PACAP production at the transcriptional, and possibly 

post-transcriptional levels. Much of the variation in transcripts occurs in the 5’UTR.

In addition, it was found that removing the PACAP gene has lethal consequences 

for mice, with a high proportion of PACAP knockout (PACAP '̂ ') animals dying before 

weaning, in either a sudden-death or wasting fashion, with marked alterations in glucose 

and fat metabolism, including hypoglycemia, high serum triglycerides and ketone bodies. 

Also, some PACAP ''' pups showed significant hyperinsulinemia, as well as high levels 

of IL-6 in their serum. It is speculated that PACAP mice have a defect in insnlin 

sensitivity in the tissues or in glucose sensing at the level of the pancreas, although a 

defect in lipid metabolism directly cannot be discounted. Whether the defect is primary



Ill

from loss of PACAP or is due to secondary, downstream effects on the production of 

other hormones is unknown.

Wild-type mouse cardiac myocytes respond directly to PACAP treatment by 

significantly increasing both rate and degree of cellular contraction. Furthermore, 

microarray analysis of wild-type murine cardiac myocytes treated with PACAP revealed 

the up-regulation of various genes, including genes playing a role in heart inflammation 

and blood clotting. As well, the p53 gene appears to be down-regulated, implying a role 

for PACAP in the balance between cell survival and cell death within the heart. An 

analysis of in vivo cardiovascular function revealed that PACAP animals had 

deficiencies in both heart rate and breathing during hypothermic challenge. PACAP ''' 

animals had a faster heart rate at normothermic body temperatures, but had a slower heart 

rate when challenged with hypothermia. In addition, respiratory arrest occurred in some 

individuals, and evidence of cardiac ischemia is present in PACAP ''' 

electrocardiographs.

This study provides evidence that PACAP plays an important role in mammalian 

metabolism and cardiovascular function, particularly during hypothermic stress. Thus, 

this study provides more evidence that PACAP may act directly as a stress-response 

hormone, and future research examining its role in these two systems is certainly 

warranted.



Examiners:

Dr. N.M. Sherwood, S^ervisor (Department of Biology)

Dr. D.B. Levin, Departmental Member (Department of Biology)

Dr. W.E. Hint£aepai
________________________

1 Member (Department of Biology)

Dr. T.W. , Outside Member (Department of Biochemistry)

Dr. T.J. Kieffer, External Examiner (University of British Columbia)



Table of Contents

Title Page 1

Abstract ii

Table of Contents V

List of Tables vii

List of Figures viii

List of Abbreviations xi

Acknowledgements xiv

Dedication XV

Chapter 1: Introduction 1

Chapter 2: Identification of the Mouse Pituitary Adenylate Cyclase-Activating 

Polypeptide Gene (Adcyapl) and its mRNA Transcripts 39

Introduction 40

Materials and Methods 41

Results 48

Discussion 63

References 66

Chapter 3: Generation of PACAP Knockout Mice 72

Introduction 73

Materials and Methods 76

Results and Discussion 100

References 111

Chapter 4: Analysis of PACAP ''' Mice: Glucose and Fat Metabolism 113

Introduction 114

Materials and Methods 116

Results and Discussion 118



VI

References 142

Chapter 5: Cardiovascular Aspects of PACAP ''' Mice 149

Introduction 150

Materials and Methods 153

Results 157

Discussion 169

References 178

Chapter 6 : Effects of PACAP on Gene Expression in Mouse

Cardiac Myocytes 184

Introduction 185

Materials and Methods 186

Results 188

Discussion 190

References 194

Concluding Remarks 198



vu

List of Tables

1.1. PACAP receptor variants.

4.1. 3-OH-fatty acids (pM) in blood of PACAP genotypes, measured by gas 

chromotography-mass spectrometry.

6.1. Summary of genes upregulated or downregulated 2-fold or more in mouse cardiac 

myocytes, after treatment with 10’* M PACAP38.



V lll

List of Figures

2.1. Nucleotide sequence encoding mouse PACAP gene 51

2.2. Mouse PACAP gene promoter and 5’UTR 57

2.3. Tissue specific PACAP mRNA transcripts 59

2.4. PACAP expression in two-week-old mouse brain 62

3.1. The pFLOX vector 78

3.2. Manipulation of the mouse genomic clone into three modified

pBS vectors. 81

3.3. Generation of ES cells with homologous recombination of the 87 

targeting construct.

3.4. Detection of ES cells with proper integration of lox sites 1 and 2. 91

3.5. Generation of ES cells with a type I deletion of exons 3-5 of the 94 

PACAP gene.

3.6. Generation of ES cells with a type II deletion with exons 3-5 of the 97 

PACAP gene “floxed” by lox sites 1 and 2.

3.7. Two chimaeric mice (A,B), generated from the injection of type I 102 

PACAP +/- 129/SvJ ES cells (agouti) into Bl/6 (black strain) 

blastocysts.

3.8. Founder PACAP  ̂' mouse (agouti). 104

3.9. Confirmation of PACAP gene knockout by DNA, mRNA and 107 

analysis.



IX

3.10. Comparison of size and weight differences during early postnatal 109

development for PACAP and ''' pups.

+ /+  + /-
4.1. Morphology of hepatoeytes in P/4C4P , PACAP 120 

and PACAP--mice.

4.2. Cryostat frozen sections of skeletal and cardiac muscle showing 122 

intracellular fat accumulation.

4.3. Physiological assessment of PACAP^' mice in relation to 126 

Heterozygous and wild-type littermates.

4.4. Comparison of blood glucose levels between postnatal day 5 (P5) 129 

PACAP genotypes.

4.5. Comparison of glucose and glycogen levels between postnatal 131 

day 7 (P7) PACAP genotypes.

4.6. Comparison of serum insulin levels between P5 (a) fed (b) fasted 134 

PACAP and littermates.

4.7. Comparison of serum insulin levels between P7 (a) fed (b) fasted 136 

PACAP^^ ,̂ and ''' littermates.

4.8. Concentrations of IL-6 in the serum of postnatal day 7 PACAP 141 

PACAP and PACAP pups.

5.1. ECG mean interval measurements at normothermia and 159

hypothermia for PACAP and" " pups.



X

5.2. Examples of observed ECG abnormalities in PACAP-/-pups 162 

aged P7-P14.

5.3. Comparison of respiratory rate (Rr) between PACAP and 166

PACAP pups.

5.4. RT-PCR analysis of RNA isolated from eultured mouse 168

eardiomyocytes.

5.5. Effect of PACAP on wild-type murine ventricular myocyte 

shortening. 171

5.6. The effect of PACAP38 on contraction and relaxation rates of 

wild-type murine ventricular myocytes. 173



XI

List of Abbreviations

3’UTR 3’ Untranslated Region
5’RACE 5’ Rapid Amplification of cDNA Ends
5’UTR 5’ Untranslated Region
AC Adenylate-Cyclase
Ach Acetylcholine
ACTH Adrenocorticotropin
Adcyapl Mouse PACAP gene
ATCC American Type Culture Collection
AV Atrio-V entricular
Bl/6 Black/6 mouse strain
BMe Beta-Mercaptoethanol
BSA Bovine Serum Albumin
cAMP Cyclic Adenosine Monophosphate
CD4 Cluster Determinant-4
CDS Cluster Determinant-8
CDK2 Cyclin-Dependent Kinase-2
cDNA Complimentary Deoxyribonucleic Acid
CHO Chinese Hamster Ovary Cells
CNS Central Nervous System
CREB cAMP Response Element Binding Protein
DMEM Dulbecco’s Modified Eagle’s Medium
DNA Deoxyribonucleic Acid
dNTP deoxy-nucleotide triphosphate
ECG Electrocardiogram
ERK Extracellular Regulated Kinase
ES Embryonic Stem
EST Expressed Sequence Tag
FasL Fas Ligand
PBS Fetal Bovine Serum
FFA Free Fatty Acids
FSH Follicle Stimulating Hormone
OH Growth Hormone
GHRH Growth Hormone-Releasing Hormone
GIP Glucose-dependent insulinotropic polypeptide
GLP-1 Glucagon-like Peptide-1
GLP-2 Glucagon-like Peptide-2
hPACAP-R-SV2 Human PACAP receptor splice variant-2
HRV Heart Rate Variability
ICAM-1 Intercellular Adhesion Molecule-1
IGF-1 Insulin-like Growth Factor-1
IGFBP Insulin-like Growth Factor Binding Protein
IGF-BP2 Insulin-like Growth Factor Binding Protein-2



XU

IL-10 Interleukin 10
IL-11 Interleukin 11
IL-12 Interleukin 12
IL-6 Interleukin 6
IP3 Inositol Triphosphate
IR Insulin Receptor
1RS Insulin Receptor Substrate
INK Jun N-terminal kinase
KO Knockout
LH Luteinizing Hormone
LEF Leukemia Inhibitory Factor
LpL Lipoprotein Lipase
LPS Lipopolysaceharide
MACS Magnetic Cell-sorting
MGS Multiple Cloning Site
MEK4 Mitogen-Activated Protein Kinase Kinase-4
MEKKl Mitogen-Activated Protein Kinase Kinase Kinase-1
MM Mismatch Probe
MRBCRB Mouse Red Blood Cell Removal Buffer
mRNA Messenger Ribonucleic Acid
NF-kB Nuclear Factor kappa-B
NO Nitric Oxide
OHRI Ontario Health Research Institute
PACi PACAP specific receptor
PACiR(3a) PACAP specific receptor with alternate exon 3
PACiR-hop Hop form of PACAP receptor
PACiR-s Short form of PACAP receptor
PACAP Pituitary Adenylate Cyclase-Activating Polypeptide
PACAP27 27 amino acid form of PACAP
PACAP38 38 amino acid form of PACAP
pBBBS Modified Bluescript plasmid (two BamHI sites)
pBS pBluescript (plasmid)
PBS Phosphate Buffered Saline
PC Protein C
PC12 pheochromocytoma cells
PEP Primary Embryonic Fibroblast
PEG Polyethylene Glycol
PHI Peptide Histidine Isoleucine
PHM Peptide Histidine Methionine
PKA Protein Kinase-A
PKC Protein Kinase-C
PM Perfect Match Probe
PNS Peripheral Nervous System
PRL Prolactin
PRP PACAP-Related Peptide
pSSBS Modified Bluescript plasmid (two Sail sites)



X lll

PTH Parathyroid Hormone
pXXBS Modified Bluescript plasmid (two Xhol sites)
RIA Radioimmunoassay
RNA Ribonucleic Acid
Rr Respiratory Rate
RT Reverse Transcriptase
RT-PCR Reverse Transcriptase Polymerase Chain Reaction
SON Suprachiasmatic nucleus
SDS Sodium Dodecyl Sulfate
SSC Sodium Citrate/Sodium Chloride
TEST Tris-buffered Saline plus Tween 20
TE Tris-EDTA
TH Tyrosine Hydroxylase
TM Thrombomodulin
TNF-a Tumor Necrosis Factor-alpha
TRE thyroid response element
VCAM-1 Vascular Cell Adhesion Molecule-1
VIP Vasoactive Intestinal Peptide
VLDL Very low density Lipoprotein
YPACl PACAP A/̂ IP receptor-1
VPAC2 PACAP/VIP receptor-2



XIV

Acknowledgements

I would like to offer my sincere gratitude to several people. Without them, this thesis 
would not have been possible.

Foremost, I thank my supervisor Dr. Nancy Sherwood, for her patience, support 
(including financial!) and for having enough confidence in me to give me a chance in 
science. Along the way, she gave me the opportunity to pursue my scientific goals, but 
more importantly, she taught me invaluable life skills. In addition to the projects, she 
always has the best interests of her students in mind.

My colleague Dr. Sarah Gray, whose undying dedication helped make this work possible. 
The PACAP knockout mouse would not have been generated had our skills not 
complimented one another so well. In addition to her working side-by-side with me for 
two years, she was also subjected to living with me for a time. It was no small feat.

Dr. Frank Jirik, for allowing me to work in his lab and explore new avenues of research. 
In addition, he always had either a helpfiil idea or good advice, and he firequently saved 
me from the brink of insanity.

My fiiend and colleague Dr. John McRory, who helped spark my interest in science and 
sharpen my bench skills. John makes stuff work.

Dr. Wayne Giles, for providing advice and support, and for allowing me to work in his 
lab. He opened up a new world of ideas and career opportunities for me.

Betty Poon and Colleen Kondo, for holding my hand while I entered the somewhat 
intimidating world of electrophysiology, and for putting up with me while I was there.

Dr. Scott Pownall, who provided crucial knowledge and reagents in the project’s infancy.

Eleanore Floyd, for swiftly taking care of emergencies and for giving me crucial 
information and help until the very end, when my brain was simply not up to the task.

Last, but certainly not least, my family and friends for all of their support.

Thank you all.



XV

This thesis is dedicated to my parents, Ernest and Doris Cummings.



CHAPTER 1 

INTRODUCTION



PACAP: A recent addition to the glucagon superfamily

The glucagon superfamily is comprised of a variety of hormones that are related 

in terms of both structure and function. Many of the family members, including 

glucagon, glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2), vasoactive 

intestinal peptide (VIP), growth hormone-releasing hormone (GHRH), peptide histidine 

methionine (PHM), secretin, and glucose-dependent insulinotropic polypeptide (GIP) 

have been well characterized in vertebrates. These molecules bind to G-protein-coupled 

receptors involved in diverse signaling mechanisms that include second messengers such 

as cAMP and phosphoinositides to activate kinases such as protein kinase-A (PKA) and 

protein kinase-C (PKC). In 1989, Miyata et al. screened extracts of ovine hypothalamus 

to test for stimulation of adenylate cyclase activity in cultured rat anterior pituitary cells; 

they subsequently purified and characterized peptides from these extracts. Using this 

process, Miyata et al. (1) identified a novel peptide with a potent ability to stimulate 

cAMP accumulation in pituitary cells, and aptly named the molecule pituitary adenylate 

cyclase-activating polypeptide (PACAP). PACAP exists as both a 27 (PACAP27) and 38 

(PACAP38) amino acid peptide, which is C-terminally amidated. The PACAP precursor 

is 176 amino acids in humans (2) and 175 amino acids in mouse (3), including a signal 

peptide. PACAP has been identified in 15 vertebrate species: human (2), sheep (1), rat 

(4), mouse (3), chicken (5), lizard (6), frog (7), salmon (5 species) (8), catfish (8), 

stargazer (9), and stingray (9).



Common functions within the glucagon superfamily

In addition to their structures, common functions also exist within the glucagon 

superfamily. A wealth of information on the function of the hormones that make up the 

superfamily has been accumulating since 1902 when Bayliss and Starling reported on the 

discovery of a hormone they termed “secretin” for its ability to stimulate the secretion of 

fluid from the pancreas. Many of the hormones, in addition to being present in the gut, 

have since been identified in the nervous system and other peripheral organs, and in 

many cases, have what appear to be overlapping functions. For example, it has recently 

been discovered that secretin, glucagon, and GLP-1 are all expressed in the 

hypothalamus, have receptors on the anterior pituitary, and function to inhibit ACTH 

release (10). In addition, PTH and PTH receptors have been identified in the 

hypothalamus and anterior pituitary, respectively, and have been found to enhance ACTH 

release, a similar function as PACAP and VIP (10). In the pancreas, GLP-1 (11), GIP 

(12), PHI (13), as well as PACAP and VIP (14) stimulate the release of insulin. By 

examining the insulinotropic activity of several family members, including GIP, PHI, 

GLP-1, VIP and GHRH, Suzuki et al. (15) found that amino acids in positions 1, 4, 9 and 

11, as well as in the C-terminal portion are important for insulin release. They suggest 

that conservation of ligand-receptor three-dimensional structure is important in terms of 

hormone function and may also explain the overlapping function(s) of family members.



The evolution o f PACAP

In all of the animals in which it has been identified, PACAP is well conserved in 

terms of its structure. The 27 amino acid form, resulting from the usage of a dibasic 

cleavage site within the precursor, appears to represent the biologically active portion of 

the molecule and is remarkably conserved, having only one amino acid substitution from 

the protochordate (tunicate) to mammals, a span of some 700 million years (16). In 

addition, PACAP27 shares 68% amino acid identity with its closest relative, VIP. Even 

the 38 amino acid form of the hormone is very well conserved, with chicken and frog 

forms having only one amino acid substitution, and fish forms having only three or four 

changes compared with mammalian PACAP. PACAP cDNAs have been isolated from 

several species from protochordate to mammals; all isolated cDNAs have similar 

structure, with 5 or 6 exons in human and mouse, respectively, with PACAP encoded on 

the last exon. Two additional peptides, a cryptic peptide and a peptide with 39% 

sequence identity to GHRH in humans, are encoded on the exon immediately upstream of 

PACAP. In human (2), sheep (17), rat (4), and mouse (3) this GHRH-like peptide is 29 

amino acids (short form) or 48 amino acids (long form), and is referred to as PACAP- 

related peptide (PRP), a molecule with no known biological activity. In experiments 

using Chinese hamster ovary (CHO) cells transfected with the human PACAP cDNA, it 

has been found that PRP, like PACAP27, is generated from the usage of a dibasic 

cleavage site within the precursor molecule (18). In 1997, McRory and Sherwood 

published the sequences of two protochordate (tunicate) cDNAs as well as two partial 

genes. From this work, and from examining the conservation in cDNA sequence among 

family members, it was proposed that an exon duplication of an ancestral exon (possibly



encoding PACAP) occurred before the evolution of tunicates. The duplication may have 

led to the formation of the gene encoding both a GHRH-like peptide and PACAP, which 

exists in all studied vertebrates, having evolved prior to the time point when the 

avian/reptilian lineage diverged from the lineage leading to mammals. Subsequent whole 

gene duplications and base substitutions are proposed as mechanisms leading to 

independent genes encoding GHRH and PACAP in mammals, as well as the other family 

members in fish, birds and mammals.

PACAP receptors: key to PACAP’s divergent functions

PACAP has a diverse range of functions, mediated by an equally diverse set of 

receptors. PACAP receptors are members of the G-protein linked, serpentine receptors 

that couple differentially to adenylate cyclase (AC), phospholipase-C (PLC) and calcium 

channels, leading to cAMP accumulation, phosphatidyl inositol hydrolysis and calcium 

influx, respectively. PACAP receptors can be classified into two major classes: PAC] 

and VP AC (Table 1.1). PAC] receptors (PACi R) are PACAP-preferring, with an 

affinity for PACAP that exceeds that for VIP by 2 to 3 orders of magnitude, whereas 

VP AC receptors (VPACR) have an equal affinity for PACAP and VIP. VP AC receptors 

are referred to as VPACiR or VPAC2R. Adding further complexity to PACAP function 

is the presence of various isoforms of the PACiR that have either none, one, or two 81-bp 

exons, termed “hip” and “hop” that code for the third intracellular loop of the receptor. 

The inserts can alter interactions with G-protein subunits, thereby modulating 

responsiveness to inositol phosphate hydrolysis (19, 20). Another variant of the PACiR, 

PAC]R-vs, possesses a truncated extracellular domain, increasing the affinity of



Table 1.1. PACAP receptor variants. Receptors have different affinities for PACAP and 

VIP and activate different intraeellular signaling pathways.



Type Isoform Affinity 2”̂  Messengers

PACjR
h o p (l/2 )
hip/hop

hip

P3 8, P27 cAMP (P38=P27»yiP)
~ »Y Jp  IP3 (P38>P27»yiP)

Calcium

P38, P27 cAMP (P38=P27»VIP)
» V IP  Calcium

V s

3a

P38,4P27
» V IP

4P38, P27
» V IP

cAMP (P38=P27»yiP) 
IP3 (P38=P27»yiP) 
Calcium

cAMP, IP3, calcium

VIPiR P38, P27 
-VIP

cAMP (P38>P27>yiP)

VIP2R P38, P27 
-VIP

cAMP (P38=P27=yiP)



the receptor for PACAP27, has been identified within the hypothalamus and pituitary 

(20). A more recent study has identified a receptor variant in rat testes that has an 

alternative exon 3 (exon 3a) termed PACiR(3a). This variant encodes an additional 24 

amino acids of extracellular domain, which results in an increase in the affinity of the 

receptor for PACAP38 (21). An additional feature of PACiR(3a) is that it appears to be 

less sensitive to ligand, with higher EC50 values for both cAMP and IP3 formation than 

PACiR. The authors speculate that this may be yet another mechanism to modulate the 

activity of various signaling pathways, as it has been reported that PACAP38 is more 

effective than PACAP27 in stimulating cAMP accumulation (22).

In terms of tissue expression for PACAP receptors, the PACiR predominates in 

brain and the central nervous system, including the hypothalamus, piriform cortex, 

septum, hippocampus, midbrain and hindbrain, as well as in the pituitary, pancreas, lung, 

heart, liver, gonads, adrenal medulla and the adrenal cortex of some species. VPACi 

receptors are found in some areas of the brain (cortex, hippocampus, amygdala) as well 

as lung, small intestine, heart, liver, adrenal medulla, and thymus, whereas VPACj 

receptors are found in different brain areas (hypothalamus, midbrain and brain stem) and 

in pituitary, pancreas, stomach, lung, adrenal cortex, thymus and testis (23-25). In the 

immune system PACiR, VPACiR and VPACiR are all expressed by macrophages and 

have been shown to have a role in inflammation (26). Interestingly, it was found that 

VPACiR is expressed constitutively in macrophages, whereas VPACiR has more of an 

inducible expression, being upregulated by pro-inflammatory molecules. As a result of 

the two shared receptors, PACAP and VIP have overlapping functions. Studies 

attempting to separate the roles of PACAP firom those of VIP are complicated by the



frequent occurrence of either or both of the VPACi and VPAC2 receptors with the 

PACiR receptor (25). For example, the PACiR and VP AC receptors occur together in 

the pancreas, adrenal medulla, liver and adipose tissue, which are major targets for 

PACAP and serve important roles in glucose and lipid metabolism.

PACAP: what is the hormone’s most ancient role?

A major focus of research concerning PACAP is attempting to discover its most 

ancient, or perhaps most critical function that serves as a constraint for its evolution. 

Since its discovery, PACAP’s role as a potential hypophysiotropic factor has been well 

studied. PACAP acts as a releaser of GH, PRL, ACTH and LH in rat anterior pituitary 

cells (1) and in several species of vertebrates, PACAP satisfies other criteria for being a 

hypophysiotropic factor. It is present in the hypophysial portal blood system surrounding 

the pituitary, is present in various neurons of the hypothalamus which project axons 

towards the hypophysial portal system, interacts with specific receptors on anterior 

pituitary cells, and is capable of regulating hormonal secretion from the anterior pituitary 

(24). For example, by binding to a PACAP specific receptor on rat gonadotropes in the 

anterior pituitary, PACAP stimulates the release of both follicle-stimulating hormone 

(FSH) and luteinizing hormone (LH). It also appears that PACAP has the potential to 

release growth hormone (GH) from both rat and salmon somatotropes, 

adrenocorticotropin hormone (ACTH) from rat and human pituitary cells and prolactin 

(PRL). In spite of these results, the data concerning the exact role of PACAP in the 

secretion of these and other pituitary hormones in different species of vertebrates, is 

somewhat inconsistent. In addition to the data accumulated with various pituitary cell
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lines, more in vivo data and knockout studies will be needed to form a clear picture of 

PACAP’s role in pituitary function.

Although the role of PACAP acting as a releaser of pituitary hormones is a 

common theme in terms of the hormone’s function in the vertebrates, the fact that 

PACAP exists in protochordates, an animal that doesn’t have a pituitary gland, suggests 

that PACAP has a more primitive, or ancient role. A common location of PACAP 

expression when comparing protochordates to mammals is the nervous system. Indeed, 

PACAP expression is widespread throughout both the central and peripheral nervous 

system in mammals. In the protochordate tunicate, mRNA encoding a PACAP peptide 

with high (96%) amino acid identity to mammalian PACAP was isolated (16), suggesting 

that PACAP’s most ancient role is as a modulator of the nervous system, possibly as a 

growth factor, survival factor or neuromodulator. Although a high concentration of 

PACAP has been identified in the adrenal gland (27), it is of neural origin, localized to 

neurons within the gland that terminate on medullary chromaffin cells. In this context, 

PACAP acts to influence catecholamine secretion (28, 29). Male germ cells also produce 

PACAP (30), with expression being dictated from a testes-specific, alternative promoter 

(31). Other tissues of non-neural origin that have been identified as PACAP positive by 

immunostaining are small, lymphocyte-like cells in the immune tissues of the rat (32), as 

well as in the P-cells of the pancreas (33).

Pancreas and adrenal gland: two primary targets

In addition to its effects on pituitary hormone release (34-37), PACAP also affects 

the release of other hormones critical to maintaining the physiological status of the
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organism. In the study of metabolic effects, the vast majority of research has focused on 

the pancreas and adrenal gland, two key endocrine organs that regulate blood glucose 

levels. The potential exists for PACAP to influence pancreatic function, as 

immunoreactivity for the hormone has been found in nerve endings in both the exocrine 

and endocrine islet cells within the pancreas (38). PACAP has been localized within the 

islets in mice and rats (39), as well as pigs (40), with PACAP-positive nerves residing 

uniformly throughout the islet (39), suggesting the hormone may affect several cell types. 

PACAP appears to be involved in the parasympathetic regulation of the pancreas, as 

stimulation of the vagus nerve results in the release of PACAP from nerves in the pig 

pancreas and because vagotomy significantly reduces the content of PACAP within the 

gland (40). An additional study, using immunohistochemistry and RT-PCR, found that 

islet cells are a source of PACAP (33). However, other labs have not yet duplicated this 

finding. There are a number of studies that examine the stimulatory effect of PACAP on 

insulin release from P cells (14, 35, 38, 41-43). Furthermore, PACAP has also been 

found to augment the release of glucagon from a cells in the endocrine pancreas in 

mouse, rat and human (38, 44, 45), PACAP stimulates the release of insulin, in a glucose- 

dependent and dose-dependent fashion, by increasing intracellular concentrations of both 

cAMP and calcium (38, 46). The effects of PACAP within the islet appear to be 

dependent on the PACi receptors that are on nerve terminals present within the islet, as 

clonal P-cells (39) and islets cultured overnight (47) have no response to applied PACAP, 

whereas the hormone is effective at low doses in freshly isolated, innervated islets (41). 

Both VIP and PACAP appear to have equal potency in their insulin-secreting abilities, 

indicating the presence of both PACi and VP AC receptors (39). Indeed, by in situ
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hybridization, mRNA for both PACi and VPAC2R have been identified within the 

endocrine and exocrine regions of both the mouse and rat pancreas (39). A recent study 

by Jamen et al. (46) has shown that PACAP and VIP stimulate only the accumulation of 

cAMP and not phosphoinositides. In glucose homeostasis, an intravenous injection of 

PACAP stimulates insulin release, but glucose levels are maintained; this effect may 

result from PACAP’s concurrent action on the adrenal to release epinephrine, which, in 

turn, acts on the liver to release glucose (38,48).

After its discovery as an inducer of catecholamine release (28), PACAP’s role in 

adrenal catecholamine synthesis and output has been well studied, along with the cellular 

mechanisms underlying the effects, including activation of adenylate cyclase and calcium 

channels (25, 49, 50). It is clear now that catecholamine release can be modulated by 

PACAP, which is secreted from the splanchnic nerve terminating in the adrenal medulla; 

PACAP then binds to PACi receptors on adrenal chromaffin cells (29). Along with 

epinephrine itself, PACAP may be classified in more general terms as a stress-response 

hormone, facilitating the release of catecholamines.

Cardiovascular effects

PACAP’s effects on aspects of cardiovascular ftmction, including blood pressure, 

blood flow, and heart rate have been studied in several mammals. Although 

examinination of the direct effects of PACAP is somewhat complicated by its stimulation 

of catecholamine production and secretion from the adrenal medulla, it appears that 

PACAP has consistent, direct effects in other organs. PACAP causes a decrease in 

pulmonary vascular resistance and vasodilation (51, 52). However, PACAP causes
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biphasic changes in systemic arterial pressure, probably due to its release of 

catecholamines, as adrenalectomy abolished the pressor component of the biphasic 

response (52). PACAP immunoreactivity has been identified in both the mudpuppy (53) 

and guinea pig (54) cardiac ganglia. The cardiac ganglia receives parasympathetic 

preganglionic inputs as well sympathetic postganglionic inputs and peptidergic afferent 

fibers (55). Thus, the ganglion has extensive processing capabilities and exerts 

widespread control over heart function. PACiR has also been identified on 

parasympathetic postganglionic cardiac neurons. In isolated guinea pig (56) and dog 

hearts (57, 58), PACAP administration induces decreases in heart rate and force of 

contraction. However, these negative effects are often preceded by positive chronotropic 

effects, mediated directly by PACAP receptors within the dog heart (33, 59, 60). In 

neonatal pig heart PACAP has been found to have positive effects on left ventricular 

contractile force.

Nervous system

A considerable amount of research is dedicated to studying the effects of PACAP 

within the central and peripheral nervous systems, both of which contain high 

concentrations of PACAP. PACAP appears to have several paracrine and autocrine 

effects on neurons, including proliferation, differentiation, and protection fi-om apoptosis 

as well as being a neurotransmitter. It is becoming clear that the nature of the ligand- 

reeeptor interaction has a crucial role in directing the course of intracellular signaling, as 

well as the ultimate physiological events resulting from PACAP binding to a cell surface 

receptor. The PACAP ligand/receptor system seems to elicit opposing effects within the
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central and peripheral nervous system; PACAP stimulates mitosis in sympathetie 

neuroblasts, but inhibits mitosis in cortical precursors (61). Both effects appear to be 

mediated by the lineage-restricted expression of PACi receptor isoforms in each system 

(61). Sympathetic neuroblasts appear to have the “bop” form of the PACi receptor and 

stimulate the produetion of both eAMP and phosphoinositides, whereas cortical 

precursors express the “short” PACi receptor isoform (no insert in the third intracellular 

loop) and only stimulate the produetion of eAMP. Some effects of PACAP are mediated 

solely by the production of phosphoinositides. For example, it has been shown recently 

that PACAP caused rat sympathetic neurons to depolarize, which is an effect mediated 

through the PACi receptor, and leads to the accumulation of 1,4,5-triphosphate (IP3) (62). 

Of course, the cellular context of PACAP-receptor interactions including the interaetions 

between other growth factors and their receptors is crucially important to the final 

outcome.

The numerous roles for PACAP in the nervous system provide us with an 

opportunity to examine intracellular signaling pathways triggered by the hormone. 

Although it is well established that PACAP stimulation can lead to increases in 

intracellular cAMP, phosphoinositides and calcium, there is significantly less information 

on pathways diverging from these second messengers, effector molecules or the cellular 

eontexts in which they are used. Some progress has been made recently with regard to 

the effects of PACAP on differentiation and apoptosis in the CNS. In terms of apoptosis, 

it is established that cAMP plays a role in mediating the neuroprotective effeets of 

PACAP (63). One necessary downstream event for proteetion from eell death in 

cerebellar granule eells is the eAMP-dependent activation of the mitogen-activated
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protein kinase, ERK. Evidence for additional levels of regulation mediating PACAP’s 

neuroprotective effects exists; it has been found that PACAP inhibits caspase-3 activity in 

the cerebellum in a PKA and PKC-dependent fashion (63).

In terms of PACAP’s role as a differentiation factor in the cerebral cortex, it was 

recently discovered that when PACAP is applied to cortical precursors, the amount of the 

cyclin-dependent kinase 2 (CDK2) inhibitor, p57Kip2 was two-fold higher, accompanied 

by a 75% reduction in CDK2 activity and a 35% reduction in DNA synthesis (64). Thus, 

by regulating other cell-cycle molecules, it appears that PACAP has the ability to induce 

cell-cycle withdrawal thereby controlling the number of cells entering S-phase from Gl.

Immune System.

A number of hormones that are present in both the nervous and immune systems 

have been identified. Research has begun to bridge both fields, spawning the new field 

of neuroimmunology. Recently, PACAP has been shown to be present throughout the 

immune microenvironment and to exert a number of effects, mostly anti-inflammatory in 

nature, on cytokine production and activity of immune cells (65). As well, PACAP has 

cell-survival effects in the immune system, a function reminiscent of PACAP effects in 

the nervous system, albeit through a different mechanism. It has been shown that 

PACAP inhibits the expression of FasL on T-cells (6 6 ), a molecule involved in 

generating cell-death signals in the peripheral tissues to maintain peripheral tolerance and 

control the duration of immune responses. This effect is mediated through a VP AC 

receptor, increasing cAMP and preventing the binding of certain key transcription factors 

for FasL expression, such as NF-kB and c-myc, as well as early growth factors (Egr) 2
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and 3 (67). PACi receptors (primary PACAP receptors) have been identified on 

macrophages (6 8 ), and PACAP has been found to have effects on macrophage function, 

providing us with an opportumty to study aspects of PACAP’s signaling in the 

modulation of immune function. When applied to LPS-stimulated macrophages, PACAP 

acts as a potent macrophage suppressor by down-regulating TNF-a (69) IL- 6  (70), IL-12 

(71) and nitric oxide synthase (72) and by up-regulating IL-10 production (73). Like the 

CNS, the effects of PACAP in the immune system have provided us with insight into the 

signaling molecules employed by PACAP-receptor interaction(s) (26). Most of the anti

inflammatory effects of PACAP, at least in terms of macrophage function, involve all 

three PACAP receptors and influence the activity of three transcription factors necessary 

for efficient transcription of pro-inflammatory cytokines (26). These cytokines include 

interleukin- 6  (IL-6 ) and tumor-necrosis factor-a that are produced from stimulated 

macrophages when encountering toxins such as lipopolysaccharide (LPS), a component 

of gram-negative bacteria. PACAP acts to inhibit the transcription of these cytokines by 

several mechansims: 1) cAMP- dependent phosphorylation of cAMP response element 

binding protein (CREB) by PKA; 2) inhibition of the MEKK1/MEK4/JNK signaling 

pathway, a major transducer of inflammatory signals that leads to the phosphorylation of 

c-jun, an important transcription factor for pro-inflammatory cytokines and 3 ) inhibition 

of translocation to the nucleus of the transcription factor nuclear factor kappa-B (NF-kB). 

CREB and c-jun are components of the transcription factor AP-1. By inducing CREB 

and inhibiting c-jun, PACAP alters AP-1 from high c-junl\ow CREB (as it exists in LPS- 

stimulated cells) to low c^wn/high CREB (as it exists in unstimulated cells). This 

mechanism, along with the inhibition of NF-kB, profoundly reduce the transcription of
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these molecules. Therefore, PACAP is considered a potent anti-inflammatory agent with 

potential for medical use in controlling certain inflammatory diseases, such as rheumatoid 

arthritis (26).

PACAP and gene transcription

In terms of direct transcriptional effects, PACAP has been shown to have 

stimulatory effects on the transcription of the immediate early genes, c-fos and c-myc, 

genes that impinge on the expression of many downstream genes. This effect of PACAP 

is potentially important for the hormone’s role in growth and differentiation. For 

instance, c-fos transcription is upregulated in cerebellar granule cells treated with 

PACAP, acting through the cAMP/PKA pathway (74). It is suggested that c-fos is 

involved in the stimulatory effects of PACAP on granule cell survival (74). PACAP has 

also been shown to rapidly upregulate c-fos mRNA and protein production within both 

the paraventricular and supraoptic nuclei in the rat brain after intra-cerehroventricular 

administration of the hormone (75). In addition to trophic effects in the nervous system, 

PACAP stimulation of immediate early genes in other cell types with other effects has 

been noted. In pheochromocytoma (PC 12) cells, PACAP stimulates the rapid expression 

of c-fos and jun family mRNAs, which interact with the thyroid response element (TRE) 

in the tyrosine hydroxylase (TH) promoter, activating TH transcription (76). Similarly, 

PACAP stimulated both c-fos and TH expression, through cAMP, in a catecholaminergic 

neuron-like cell line (77). Also, PACAP activates the AP-1 transcription factor in a 

pancreatic carcinoma line, by stimulating c-fos and c-jun transcription. There is evidence 

that the effects of differential splicing of PACi receptors may initiate signals that
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ultimately impinge on the transcription of genes, including c-fos and c-myc. It was 

found, for example, that the human PACAP receptor, hPACAP-R-SV2 (similar to the 

“hop” variety), not only had a higher efficacy at stimulating phospholipase C, but also 

showed the highest stimulation of both c-fos and c-myc (78). It is becoming clear that the 

effects of PACAP, in terms of effects on transcriptional machinery, can occur at multiple 

levels, including the activation of transcription factors (CREB), stimulation of upstream 

kinases (like PKA), inhibition of the translocation of factors (such as NF-kB) or direct 

transcriptional effects on immediate early genes (such as c-fos and members of the jun 

family), thereby altering the transcription of other genes regulated by AP-1.

Discovering PACAP’s important functions through gene knockout

Since its discovery in 1989, some 1500 peer-reviewed journal entries have been 

published for PACAP, many of which describe the effects of PACAP on different eell- 

types in different physiological settings. However, in the last two years, experiments 

using mice with gene knockout of PACAP and its receptor have begun to reveal the most 

important functions of the hormone, at least in mammals. In October of 2001, a version 

of Chapters 3 and 4 of this thesis was published (79), the first published work describing 

the effects in mice missing the gene encoding PACAP. Subsequently, two other papers 

were published describing specific aspects of PACAP gene knockout mice. One 

focussed on behavioural aspects (80), while the other examined deficiencies in adrenal 

function (81).

The creation of PACAP knockout mice has shed light on the role of PACAP in 

the adrenomedullary response to stress. For example, under normal physiological
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circumstances, it has been shown that PACAP is not necessary for the production or 

release of catecholamines; norepinephrine and epinephrine levels are normal in the 

adrenal glands of PACAP knockout mice (81). However, PACAP appears to be required 

for the augmented release of epinephrine when the animal encounters physiological 

stress, since PACAP knockout mice are unable to recover from hypoglycemia after 

insulin challenge accounted for by impaired long-term secretion of epinephrine, 

secondary to a lack of induction of tyrosine hydroxylase (81).

A different approach that has been used to provide information on PACAP 

function has been to knock out the PACi receptor (82-86). However, this leaves behind 

functional VP AC receptors, which may leave the results from these experiments difficult 

to interpret, as PACAP can act on all three receptors. A PACi-R knockout line with 

exons 8-11 of the PACi-R deleted, was created by Jamen et al. (8 6 ), who showed a 60% 

mortality rate for PACi-R knockout mice during the first four weeks of life. The 

observation was left unexplained. The primary focus of the Jamen study was to better 

define the role of the PACi-R system in the control of blood glucose levels. They found 

that PACi-R knockout mice were intolerant (became hyperglycemic) to both gastric and 

intravenous administered glucose. The reduced insulin secretion from PACi-R -/- mice 

showed that the PACi-R activation by PACAP is critical for maximum insulin secretion 

in response to glucose. This effect was predictable because botii ligand and receptor are 

present within the pancreas.

Other PACl-R knockout studies have appeared examining the role of PACAP 

within the brain, focussing on specific effects of the PACAP/PACi-R signaling on 

behaviour, learning and memory. For example, the hippocampus has been studied
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because it has a large role in associative and non-associative learning and possesses 

mossy fiber terminals expressing PACi-R pre-synaptically. Also, mossy fibers in the 

hippocampus rely on both calcium and cAMP in synaptic transmission and long-term 

potentiation. Although an initial study by Sauvage et al. (84) on the PACi-R mice 

generated by Jamen et al. (8 6 ) has shown a limited role for the PACi-R in memory, two 

subsequent studies have shown a significant role for PACi-R in both learning and 

memory. Otto et al. (82, 83) produced two PACi-R-deficient mice lines using the Cre- 

recombinase/loxP system (87-89) to generate mice with ubiquitously deleted exon 4 of 

the PACi-R (PACiR') as well as mice with exon 4 flanked by lox sites (PACi -R*°’̂ ). A 

mouse line expressing Cre-recombinase in the forebrain was crossed with PACi to 

generate mice lacking PACi-R in the olfactory bulbs, the cortical area of the forebrain 

and the dentate gyrus, a region of the hippocampus. This group tested wild-type and 

PACi-R knockout mossy fiber synapses to further characterize the role of the pre- 

synaptic PACi-R in synaptic plasticity, or long term potentiation. These experiments 

showed that PACi receptor knockout mossy fiber terminals showed no sustained long 

term potentiation after stimulation, strongly suggesting a critical role of PACI-R in this 

process. Experiments were done to test whether these in vitro, electrophysiological 

characteristics of PACi-R knockout mossy fibers on long term potentiation extend to the 

hippocampus-dependent learning and memory ability of PACi-R knockout animals. It 

was found that both strains of PACi-R knockout mice have deficits in contextual fear 

conditioning, an associative form of hippocampus-dependent learning, but were normal 

in terms of their declarative learning and memory abilities. Thus, in vivo evidence was 

provided that the PACi-R is important in the functioning of the hippocampus. Since
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PACi-R is highly expressed in other areas of the brain that have been implicated in the 

emotional control of behaviour, such as the amygdala and hypothalamus, a related study 

using the same mouse lines was performed by Otto et al. (82), demonstrating that PACi- 

R knockout mice, with ubiquitously inactivated PACi-R, but not the forebrain deficient 

line, display reduced anxiety-like behaviour as well as increased general locomotor 

activity.

Two other interesting studies emerged from the PACi-R mice developed by 

Jamen et al. (8 6 ). One study by Hannibal et al. (85) examined the role of the PACi-R in 

the adjustments to the circadian rhythm initiated by exposure to light in different parts of 

the night cycle. PACiR -/- mice responded to light stimulation in early night with a 

larger phase delay when compared to wild-type littermates. In response to stimulation in 

late night, PACi-R knockout mice show a phase delay rather than the phase advance seen 

in control littermates. This result provides evidence that PACAP acts in certain areas of 

the mammalian brain that control the circadian clock.

The reports described above on knockout animals, including both work in vitro 

and experiments in vivo, provide important information on the role of PACAP in specific 

processes regulated by the endocrine system, such as the control of insulin secretion, or 

regulated by the CNS, such as learning and memory. Although these functions are highly 

applicable to mammalian physiology and other higher order vertebrates, little has been 

done with these knockout experiments to define the basic physiological function(s) of 

PACAP that requires the primary structure of the hormone to be constrained for more 

than 700 million years of evolution. In other words, it is likely that many PACAP 

functions are derived to modulate processes that have evolved within the m a m m alian
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system. By examining lower order vertebrates, and the protochordate tunicate, it is 

probable that there exists a conserved function for PACAP among all chordates that 

reflects the conservation of its primary structure. The PACAP receptor knockout 

experiments have descrihed a certain amount of mortality associated with the loss of the 

PACi-R. However, they have all failed to characterize or explain a possible mechanism 

that leads to death. It is evident that PACAP/PACi-R interaetions are important, but 

other associated molecules or environmental stressors may play key roles in determining 

the probability of survival for animal deficient in PACAP.

The present work

This thesis provides insight into both the molecular structure and regulation of 

PACAP in mice, and provides clues to discovering its important functions that may be 

conserved throughout the chordates. The second chapter of this thesis describes the 

PACAP gene structure as well as alternative transcripts that are expressed in various cells 

and tissues. The third chapter describes primarily the methodology involved with 

designing a knockout vector to permanently remove the native pacap allele (Adcyapl) in 

embryonic stem cells. Also, Chapter 3 eharacterizes the initial phenotype of animals 

missing the PACAP gene. The fourth chapter extends the characterization of these 

animals in terms of their phenotype and the metabolic abnormalities observed as the 

animals develop. Chapters 5 describes experiments that attempt to uneover the role of 

PACAP in heart and respiration and Chapter 6  provides information, using mircoarray 

data, on PACAP’s influence on the transcription of various genes in heart eells.
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At the onset of this work, it was my goal to not only identify and characterize the 

mouse PACAP gene, but to develop and characterize a mouse line deficient in PACAP 

ligand in an attempt to better elucidate the role(s) for this hormone in mammalian 

physiology and/or development, and to possibly uncover a more primitive and essential 

role that can not be compensated by other family members.
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CHAPTER 2

IDENTIFICATION AND CHARACTERIZATION OF THE MOUSE PACAP 

GENE (Adcyapl) AND ITS mRNA TRANSCRIPTS

A version of this chapter has been published:

Cummings KJ*, Gray SL*, Simmons CJ, Kozak CA & Sherwood NM 2002 Mouse 

pituitary adenylate cyclase-activating polypeptide (PACAP): gene, expression and 

novel splicing. Mol Cell Endocrinol 192:133-145.

* an equal contribution was made by the first two authors.
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Introduction
In the years following PACAP’s discovery as a potential releaser of growth 

hormone (1), there has heen a significant amount of information presented regarding the 

expression of PACAP in various tissues and developmental stages. Indeed, the 

expression of PACAP can be considered as highly ubiquitous in nature. However, the 

number of cell types expressing the peptide may be much more limited, with primary 

sources being nerve cells and cells residing in the gonads and adrenal gland (2). Other 

tissues of non-neural origin that have been identified as PACAP positive by 

immunostaining are small, lymphocyte-like cells in the immune tissues of the rat (3) as 

well as in the P-cells of the pancreas (4). Therefore, the issue of how PACAP gene 

transcription is regulated in terms of tissue expression and developmental stages is of 

great importance to understanding the overall picture of how PACAP influences the 

development and/or physiology of the animal.

The PACAP gene and/or cDNA have heen cloned in human (5-7) sheep (5), rat 

(6), mouse (8,9), chicken (10), frog (11, 12), salmon (13, 14) catfish (15), goldfish (16), 

zebrafish (17) and in a tunicate, which is an invertebrate (18).

Alternative splicing that results in exon deletion, intron sliding or 5’ UTR splicing 

has been reported for the PACAP gene and for genes of other superfamily members in 

several species (reviewed in 11, 19-21). In chicken, fi-og, salmon, and catfish, alternative 

splicing produces two distinct mRNAs: a full length transcript encoding both growth 

hormone-releasing hormone (GHRH) and PACAP, as well as a shorter transcript that is 

missing exon 4, the coding region for the bioaetive region of GHRH. The occurrence of 

the two transcripts varies in different tissues, and it has been proposed that this alternative 

splicing serves as a tissue-specific regulator of GHRH and PACAP expression. Exon
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deletion has not been reported for mammals as the two bioactive peptides are on separate 

genes with separate regulation. PACAP transcripts with different 5’UTRs have been 

identified, resulting from a combination of alternative upstream promoters and alternative 

splicing within the 5’UTR. Daniel and Habener (22) have described in rat a unique, 

testes-specific first exon that is located 13.5 kb upstream from the first coding exon in the 

gene.

Yamamoto et al. (9) have recently cloned and characterized the mouse PACAP 

gene and have described three different transcripts resulting from a combination of 

alternative transcription initiation sites and alternative splicing in the 5'UTR. In the 

present thesis, to compare PACAP’s sequence and structure to that of other mammalian 

and non-mammalian vertebrates, and for the purposes of future studies aimed at 

uncovering its physiological function(s), the mouse gene {Adcyapl) encoding PACAP 

has been isolated and sequenced. To reveal novel transcripts with unique 5’UTRs and 

alternative splicing patterns, the current study has looked in brain and testes, where 

PACAP is known to be expressed. In addition, T-cells were examined for PACAP 

expression because PACAP has well-characterized effects on the immune system and 

because there exists little information on PACAP expression by immune cells. A 

revealing a complex regulation of PACAP transcription through the use of alternative 

transcription initiation sites and alternative splicing of the exons that comprise not only 

the 5’UTR, but also downstream coding regions.

Materials and Methods

Preparation o f probe for screening a genomic library

Mouse brain RNA was isolated and purified with TRIzol reagent (Gibco BRL, 

Burlington, ON) according to the manufacturer’s recommendations. RNA (5 pg) was
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used in a RT-PCR to amplify a probe for subsequent screening of a mouse 129SvJ strain 

Lambda FIX II genomic library. Superscript RT (Gibco BRL) was used for second 

strand cDNA synthesis, according to the manufacturer’s instructions.

For screening a genomic library a mouse PACAP gene-specifie primer was 

required that was large enough to be specific and contained enough radioactivity for 

detection during screening. For this purpose, primers MPI

(5’agcagtgtctcctgttcacctgcc3’), made to exon 2 and MP2 (5’ctgctaeaagtatgetatteggcg3’ ), 

made to exon 5, were used to PGR amplify a 450 bp fragment spanning exons 2-5 of the 

mouse PACAP cDNA. Total mouse brain RNA was reverse transcribed using 

Superscript-RT (Gibco BRL) according to the manufacturer’s instructions. cDNA (lul of 

RT reaction) was used in a PCR with MPI and MP2 according to the following

conditions: 94°C for 90 sec; 55°C for 90 sec; 72°C for 90 sec (40 cycles). This fragment 

was purified and cloned into pGEM-T (Pharmacia, Peapack, NJ) for sequencing of its 

ends to confirm its identity. For detection, this 450 bp fragment was labeled with ^̂ P 

using a random primer labeling kit (Gibco BRL), and purified with Sephadex columns 

(Pharmacia).

Plating and screening a genomic library

A total of 500,000 plaque-forming units (pfu) of Lambda FIX II mouse 129/SvJ

(Gibco BRL) genomic library was screened, according to the manufacturer’s instructions,

for a total of four rounds to isolate positive clones. The library was titered, and 50,000

pfu/plate on 10 large plates were initially plated, using XL-1 Blue MRA cells as the host

strain. The phage and host cells were incubated for 15 minutes at 37°C in a shaking

incubator, combined with cooled, melted top agarose and plated on large plates
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overnight. After refiigeration, plates were lifted of plaques by overlaying the plates with 

nylon membranes, marked with needle holes for orientation. Plaque DNA was denatured 

using 0.5M NaOH, followed by a neutralization step of 1.0 M Tris-HCl (pH 8.0) and a 

rinsing step in 0.2 M Tris-HCl (pH 7.5) and 2X SSC (0.9 M NaCl, 90 mM sodium 

citrate). Membranes were baked for 2 hours and plates were stored at 4°C.

Membranes were rinsed in 6X SSC and prehybridized for four hours in 50 mL 6X 

SSC, 5X Denhardt’s solution (2%(w/v) Ficoll, 2%(w/v) Polyvinylpyrrolidone, 2%(w/v) 

Acetylated BSA and 0.5% SDS), including denatured 100 pg/ml sea urchin sperm DNA 

to reduce non-specific probe binding. The membrane was then probed overnight with 

purified, ^^P-labeled PACAP cDNA (described above) at 55°C. Membranes were then 

washed in decreasing concentrations of SSC (2X to O.IX) with 0.1% SDS at 55°C for 30 

minutes each, with the O.IX SSC wash being repeated until the membrane was just above 

background counts. Membranes were wrapped in plastic wrap and exposed to film for 4- 

5 days. Exposures were aligned with plates and positive plaques were excised fi-om the 

plate and soaked in SM buffer. Three additional rounds of screening were performed on 

positive regions to ensure isolation of single positive clones.

DNA from positive clones was prepared in which a fresh plaque (less than 3 days 

old) was picked and innoculated in 200 mL of standard Luria broth with 10 mM MgCli 

and grown overnight in a shaking incubator at 37°C. Chloroform (IpL/mL ) was added 

to lyse the remaining cells and cellular debris was removed by centrifugation. DNAse 

and RNAse were added and the mixture was incubated at 37°C for 1 hr to remove 

contaminating bacterial nucleic acids. An equal volume of 20% polyethylene glycol 

(PEG) with 10 mM Tris-HCl, 100 mM MgS0 4  and 500 mM NaCl was added, and the
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mixture was incubated for 2hrs at 4°C. The mixture was then centrifuged to pellet phage 

particles. Particles were resuspended in 2.5 mL of 20 M Tris-HCl (pH 8.0) with 20 mM 

MgCla, then repeatedly extracted with an equal volume of chloroform until no white 

interface remained. A solution of 55 pL of 10% SDS and 55 pL 500 mM EDTA (pH 8.0) 

was added and the mixture was incubated at 70°C for 10 minutes. The solution was then 

extracted with an equal volume of buffer-saturated phenol and the resultant aqueous 

phase was phenol/chloroform extracted. Purified DNA was then precipitated in 

isopropanol, centrifuged to pellet and resuspended in TE. An 18 kb insert was identified 

from isolated phage clones after a single Notl digestion.

Mapping and sequencing o f the insert DNA
The 18 kb insert was digested with a number of restriction enzymes to subclone

smaller fragments to isolate and sequence the region containing the PACAP gene.

Southern blot analysis using the 450 bp probe identified a 2.5 kb fragment and a 4.5 kb

fragment. For Southern analysis, an EeoRl digest of the clone was performed using the

450 bp probe. The clone (10 pg) was digested with EeoRI and run out on 1% agarose.

After completion of the run, the gel was depurinated in 0.2M HCl for 15 minutes and

rinsed in dHiO. DNA was transferred overnight to a nylon membrane with denaturing

0.4M NaOH. The blot was then washed briefly in 6X SSC and prehybridized for six

hours in 6X SSC, 5X Denhardt’s solution, 0.5% SDS at 55°C. The 450 bp probe was

random primed labeled (GibcoBRL) and column purified. The blot was incubated with

labeled probe overnight at 55°C in hybridization buffer (identical to prehybridization

buffer). Membranes were then washed in decreasing concentrations of SSC (2X to O.IX)

with 0.1% SDS at 55°C for 30 minutes each, with the O.IX SSC wash being repeated
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until the membrane was just above background counts and exposed to film for 4 days. 

This Southern identified a 2.5 kb fragment and a 4.5 kb fragment containing segments of 

the PACAP gene. These two fragments were subcloned into pBluescript for sequencing. 

A 10 kb fragment obtained from a BamHI/Notl digest was also positive in the Southern 

blot. These fragments were cloned into pBlueseript KS+ (subclones E2.5, E4.5 and BIO) 

and and sequenced using automated sequencing. From sequence data, additional primers 

were synthesized to sequence the entire region.

PACAP promoter analysis

Promoter analysis was performed using Matlnspector V2.2. (23). A number of 

high quality (core similarity = 1.0, matrix similarity > 0.9) transcription factor binding 

sites were located within this sequence. Matlnspector utilizes a large library of matrix 

descriptions for transcription factor binding sites to locate matches in sequences. It 

assgines a quality rating to matches, thus allowing quality-based filtering and selection of 

matches. Only matches containing the exact core sequence are included in the output. A 

less stringent comparison between the input sequence and the database is done with 

respect to the matrix similarity. The matrix similarity threshold can be assigned a user- 

defined cut-off, with any match equal or higher than the cut-off being included.

Expression o f PACAP in T-cells

Three spleens were removed from adult mice, placed in cold RPMI 1640 medium 

(Gibco BRL) + 2% fetal bovine serum (FBS), and dispersed into single-eell suspension. 

Red blood cell lysis was performed using mouse red blood cell removal buffer 

(MRBCRB) for 3 min at 37°C. CD4+ T cells were purified from splenoeytes by positive 

selection using magnetic cell sorting (MACS) colloidal super-paramagnetic microbeads
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coupled to rat anti-mouse CD4 (L3T4) (Miltenyi Biotech, Auburn, CA) as described by 

the manufacturer. Fluorescence activated cell sorting analysis (FACSort, BD 

Bioscienees, San Jose, CA), was performed in the lab of Dr. Frank Jirik at the Center for 

Molecular Medicine and Therapeutics (University of British Columbia). Speeific 

antibodies directed towards CD4+ and CD8+ T-cells were used to assess the purity of T- 

cells isolated using magnetic cell sorting (MACS) (Miltenyi Biotech, Auburn, CA). 

These antibodies were conjugated to fluorescent molecules, phycoerythrin (PE) 

(conjugated to anti-CD4) and fluorescein isothiocyanate (FITC) (conjugated to anti-CD8) 

(Pharmingen, San Diego, CA). FACS revealed that the populations isolated were >94% 

pure. CD4+ T cells were cultured at a concentration of 3 x 10  ̂cells/mL in RPMI 1640 

containing 10% FBS supplemented with 3% X063 mouse IL-2 on tissue culture dishes 

(Nunc, Naperville, IL) precoated with anti-CD3 (145-2C11, Pharmingen, Mississauga, 

ON). Anti-CD3-eoated plates were prepared by ineubating 1 pg/ml anti-CD3 in PBS for 

2 h at 37°C, then washed three times with PBS. After 48 h, CD4+ T eells were removed 

from anti-CD3-coated dishes and allowed to proliferate with RPMI 1640 medium 

supplemented with 3% mouse IL-2. CD4+ T cells were harvested for total RNA 

extraction following 4 days of culture. T-cell RNA was extraeted using TRIzol (Gibco 

BRL). Total RNA (5pg) was reversed-transcribed with 1 pi of 20 mM oligo-dt primer 

using Superscript II RT (Gibco, BRL). Reactions were performed at 42°C for 2 hours. 

The RT reaetion product (1 pL) was used in a PCR with primer lA-1 

(5’agtcaectctgtcagcagcagaagc3’) and primer J (5’ gaacacgagtgatgaetggtcagte3’) for a

total of 30 cycles: 94°C for 5 min (1 cycle); 94°C for 30 sec; 55°C for 30 sec; 72°C for 

45 sec followed by a long extension of 7 min. This PCR reaction (1 pL) was used in a
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nested PCR with primer lA-2 (5’ geatcttcagacgcagcctgagaeS’and primer I (5’ 

gaacacgagtgatgactggtcagtcS’) and the same PCR parameters. Nested PCR (two rounds of 

PCR), was performed after the initial PCR to improve the specificity of the reaction. 

Products were separated on a 1.5% agarose gel and visualized using ethidium hromide 

staining. The produets obtained fi'om T-cell cDNA were T-A cloned into the vector PCR 

2.1 (Invitrogen, Carlsbad, CA) and sequenced in both direetions using T7 and MIS- 

reverse primers, with three clones being sequenced for each amplified produet.

5 ’ Race
To identify the transcriptional start sites, 5’RACE was used on RNA isolated 

from brain, thymus, eye, and testis. 5’ RACE was performed using a SMART RACE 

cDNA amplification kit (Clontech, Palo Alto, CA). First strand cDNA was synthesized 

according to the manufacturer’s instructions. PCR was then performed using 1 pL of 

1:50 dilutions of synthesized eDNA using the Advantage 2 PCR system (Clonteeh) 

aeeording to the manufacturer’s instructions. This method provides cDNA, which 

includes the full 5’ UTR sequenee with an additional SMART sequenee at the end. In the 

second step, 5’ RACE fragments were generated using Clonteeh’s universal primer and a 

PACAP gene-specific primer made against 3’ PRP (Primer K, 5' 

cctggccacgaccgactgcaggtactt). PCR conditions using a GeneAmp System (Perkin Elmer, 

Markham, ON) were as follows: one cycle at 94°C for 30 sec; five cycles at 94°C for 5 

sec, 72°C for 3 min; five eycles at 94°C for 5 sec, 71°C for 15 sec; 72°C for 3 min; 32 

cycles at 94°C for 5 sec, 69°C for 15 sec, 72°C for 2 min; and a long extension at 72°C 

for 10 min. PCR products were visualized on 1.5% ethidium bromide stained agarose, 

and amplified products were excised and cloned using Clontech’s Advantage PCR
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cloning kit followed by plasmid prep (Qiagen, Mississauga, ON) and DNA sequencing 

using three independent clones for each cloned product.

Northern blotting
Brains from 2-week-old mice were frozen in liquid N2 and ground finely with a 

mortar and pestle. Total RNA was extracted using TRIzol (Gibco BRL) and mRNA was 

extracted using Nucleospin II total RNA kit (Clontech) followed by poly-A RNA 

isolation using Clontech’s Nucleotrap mRNA kit. Total RNA (20 pg) and Poly-A 

purified mRNA (3 pg) were run on a 0.7 M formaldehyde gel. A 0.24-9.5 kb RNA 

marker (Gibco BRL) was run for size determination. mRNA was blotted onto a nylon 

membrane (Amersham, Baie d’Urfe, QC) and incubated with a ^^P-labelled probe 

generated by random-primed labeling (Gibco BRL) of a cloned PACAP cDNA 

(transcript 4 in Fig. 3). The blot was prehybridized for 2 hours with Ultrahybe (Ambion, 

Austin, TX) and probed overnight at 42°C with Ultrahybe. The membrane was then 

washed stringently at 42°C using 0.1 X SSC/0.1% SDS and exposed to film.

Results

PACAP gene organization

Subclone E2.5 was found to contain a promoter region as well as exons 1 and 2

and part of intron 2. The adjacent subclone (E4.5) consisted of exons 3, 4 and part of 5.

Subclone BIO was used to sequence more of the upstream region of the promoter and the

3'UTR as far as a BamHI site, approximately Ikb downstream from the stop codon. The

PACAP DNA clone isolated and sequenced in the present study is 8547 bp and is shown

in Figure 2.1. The mouse PACAP genomic structure encodes the 5’UTR on exons 1 A, IB

and 2, a signal peptide on exon 2, a cryptic peptide on exon 3, a PACAP-related peptide

(PRP) on exons 4 and 5, and the coding sequence for PACAP-38, a stop codon and
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3’UTR on exon 5. The intron-exon boundaries contain the consensus 5’ donor and 3’ 

acceptor sites. Appropriate monobasic or dibasic processing sites are present to produce a 

mature cryptic peptide, a full-length PRP48 or truncated PRP29, as well as full-length 

PACAP38 and truncated PACAP27.

In comparison to the previously reported sequence for the mouse PACAP gene we 

report an additional 1707 nt for the upstream 5’flanking region. In the remaining 

sequence, only one nucleotide differs. We found only one t at position 4763, whereas 

Yamamoto et al. (1998) reported tt in this area in intron 2.

Promoter region

The promoter region, containing 2487 bp of sequence, extends the previously 

published sequence by 1707 bp (Fig. 2.2). With Matlnspector V2.2, a number of high 

quality (core similarity = 1.0, matrix similarity > 0.9) transcription factor binding sites 

were located within this sequence (Figure 2.2). In addition to the consensus TATA 

region, other TATA-like (taaaaa) and response elements were identified here using the 

Matlnspector V2.2 program (Fig. 2.2).

Presence o f an elongated exon lA, along with a novel exon IB in eye tissue

A  novel transcript was detected in eye with 5’ RACE. The transcript contains an 

exon 1A that is extended in the 5’ direction by 107 bp (Figure 2.2). This creates a 5’UTR 

that encompasses the previously predicted TATAA box. In addition, this transcript 

splices to a 3’ acceptor site within exon IB, creating a transcript missing the 5’ section of 

exon IB, as in brain and testes (Fig. 2.3a). This transcript then splices to an internal 3’ 

acceptor site within exon 2, as previously described in other PACAP transcripts (8) (Fig. 

2.3a).
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Fig. 2.1. Nucleotide sequence encoding a mouse PACAP gene. Non-coding regions are 

shown in lower-case letters. Coding regions are shown in upper-case letters with one 

letter amino acid designations listed below. Alternative splice sites resulting in different 

exon/intron boundaries (exon IB, intron 4) are indieated with arrows and larger bold 

type. The consensus TATA box (position 2484), as well as upstream TATA-like 

elements (positions 2089, 2368) are underlined and in hold. A start site (cytosine) found 

in exon IB is indicated by large, bold, underlined type. The single nueleotide difference 

in intron 2 is indieated by a eapital, underlined thymidine (T) at position 4763. The 

signal peptide is underlined and shown at amino aeid positions 1-25, and the region 

encoding PACAP in exon 5 is also underlined and shown at positions 132-169.
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1 c a g tc c t g c t g g a t t a t c t t t c c t g t t c a c t g c a a g c t c t t t g t g t g a g g g c c a g g ^ a a g g t g g a c g c t g
SREBPl L

71 a a t a t g t a g t t c a g g g a t g t a g t c a c c c c a c t t t t c a t a a c a a a c t t g t c c â â â a c t a t t g c c t a c a g t g  

141 g t t c t c c t g a c t t t t g a g t c a a a g g t g a a c t c c a t t a a a a t t c c c a c t t t t g c c t c c c a c a a t a a t  etc  a
no ^

211 a t t t c t c t a c t g a g t t t t t c a c t c t a c t g a a t g g g a t t g a c t t c a a g t t g t a t g a t t t t g g g g t a c c c a g

281 gc c agggagtaagagtg tcaacaaaccccagatactcccatgaac tggacgcaagc taggc t t t tgaagg

351 c t t g p t t a c t t t t c t t t c t t c c t t c c t t t c t t t c t t c c t t c c t t t c t t t c t t t c t t t c t t t c t g t c t g t c

421 t g t c t g t c t g t c t t t c t t t c t t  t c t t t c t t t c t t t c t t t c t t t c t t t c t t t c t t t c t t t c t t t c t t t c g t

491 g t t c a c c a c a a c t c c t a g c t a c a t t t a t t t c t t g c t t a t t t t t c t t g c t t g t g g g t t t t g c c t t t a a c a g

561 acct tgaagt  caaccaaact  ccccacatggtggc t  et et tgactaaaaagt  tgggcat  t gaa t tg t  aaat

Û31 t t t a a a t g e g t a g t e e t g g a g a t t t t t a a a t g t e t t t e e a g a t g g a a e t e a t t t e a g a a t t e a a a e e t a a  
GATA3 .

^ 1  gat age agae agat at a at at aaeaeaaagagaaae at e eee tg tg t  agaagt agt t t g t  tgat agt at t
NFAT  ̂ —

771 e a at e t aaag e t aggagga aaetaagagg agaeagge a g e t t t g g a t e a t t e a a a g t e  aggaaa t a agg a
NFAT . GATAI. MZFl . GATAI.

841 aaat 11 ft  g a t aaf  t g g g gaa ig ta t t  aaaeet eaaaeaaaggtgat aatfigeâtt  aaaagtgagaaat a 
NFAT k GFIl k

911 e t g t g g e t t g g a a a a a ÿ a e te a g g a e ta a e a g e t  t a t t t  aaaettat  taaaeeeaaat  caeagtat  agg

981 e a g e a g e a e t e g t a e t t a a t t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e t e
GATAl^

1051 aetgtg tgtg tgtg tgagagagagagagagagagagagagagetteagatagtaaaaatgeaeaetaaet  

1121 g t t a t t g a t g c t t e t a t t t t e e e t t g a a a a g a a a g g e t e t e g a g a t t t e e t a g g g a e e a g a a a t t t e t g a  

1 1 9 1  a t e t t c t g a a a t t a e t e a g g t g e t t a g a a g g t e e e e a g t g a a t g t g a t e t t t t e t c a t t g e t t t e t t e t t  

12(51 t t e a t t t t a t t t t t a g t t a a a a a t a t t a a e t a t e e e e e a g g g a a g g g t t e e t g g t a g e a a e e t t t a t e a a

1 3 3 1  gaeaaet  tgtgeagggaat  cet e e tg e a t t  eegagt et at at t teeetaaaeagaat  teaaeatgtaaga
  ►

1401 g a a a t teaagagaeaeaeg teaeaeee teaeaa te t t a a a t t t teaat ta t tgeagaaaaeaeag tgaea
NFAT

1471 tggtt t e a a tt t t t  aaaaet agt aagagee aeggagagt gtgaaagt gt gt agaeaggaaaggt aaagat 

1541 eeat etgaat aet aggaetaaet eagaagaaaaaget t t  geaetgaggeagggatt aageaggtt etgag
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l â l l  cac tgggac attcgtggacacag^atcc aagggaagat t aat atgaac agcggggt ga 111 agacaatga  

l âS l  ac t c c c ac agt aagagc ac c act gcc aaagc 11 c aaat 11 agaggct gtggtgaaaatt  aaaccagtggc

1751 aaat ttcaacat ttgcagcatctgcgcccaaatagttcagcaccaagagcctggacagcaccacaggctc  

1S21 t ca tc c tag tc tca tcca tcaatc ta t tcagagacagac tg tcaacccagccagactca t tagata t t ta  

1S01 c t g a a a a t c c t t a ta a t t c t t t  cc t t taaaacacaaaacgact tccatgtt tagtagccta t t  tgaaaaa 

1S61 gc at at gc aaggaat t gagagat c aaaat t aaaat t at t aat aggagat et t gat ggtgc 11 aaat c t ag 

2031 agat c agagt tgt cattggtgggggttgagtgaaaat t aagaaaa at t agggac t c aataaaaacatgac 

2101 t t c a c c a t t c t c t  aaattctacgagt  t et 1 1  ac t tgt c 111 gaga aat c agt gaaat cgaaaac cat caa 

2171 aataattggactt  et t aaaaat tggat  tgtgtgagtgaaaggtgt  t tatcagaagcggatgact  ccggat 

2241 et t at c at c c tggaggac tgc acagaat agt t aat atgt  t c c 11 gagggac t aggat gc tgacgt c 1111 

2311 actgat accggat cat t acgt gac tgggggagaaaaaaaaggaagtcat at catgaataaaaat  cggagt 

2381 gc aac agtgc aac c aaaat at t et gt ac 11 gaaggcagaaagat gttgacaaagaggt  gt et c et gaaac 

2451 cacgtt  cggac a g c t t a t t t t g t t  aac tgc at at ataaaaacgagc agaaggc cAjIO^OCîrCrGKÏÛC 

2521

2 ^ 1  t t c c gcaagctgccagatagtc tcccacagaggccatc t tccc tc tcccccccccccccac tgac t t t tc  

2 6 Q1  c t c t t t t c t t a c c c a t t a g c t t c t t c t c c c g g t g g a c t t a a g t c c a c t c t g c t c c c c c t c c c t t t g g c t g  
2731 et cgcct  act c tct  et t et acat c tc tc  tcctcgcccac ttcQTŒ!ïnŒU^Q32IOXIIOC3MjIT]T

2S01

2871
2941 aagag t c t aat
3011 aat aaggggt 11 gtgt  gt gt gt gtgt  gt gtg tgtgt  gtgtgt  gt gt gt gt gt gt gt gt t gt gtg  tgt  gt t 
3081 gggat tc t tagcatact  aac cgat tgat tgac tac aggc t ccc tcc t tg tgctgccagcagcat  cAoEoT 

3151 

3221

3291 AJITKA2rG3CKmAXrOXM3A3TimiC]G33r^
33Ô1 iooX 3C m Œ C raT K E rC IU lG O X ^6A 313iC O ^

1 T m t m c s g a r l a l l

iG iA ræG O M iA A iacm xA jO CTniG no^^
14 V Y G I I M H S S V S C S P A A G L S F P G I E .
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3 5 0 1  g t a a g t g c t t c c c t a a t a t a a g t t a g g t t t t c c c t t a g c c a g a c a c c c a c t t t g g t c a c c t c c c t g c a g a  

3 5 7 1  t c t g g a t g t c a g g c t c c t a a g c a t c g c t t c c t g a g c a c c t a g g c a t t t c t a c a g c c t t t g g t t a g g t g g a  

3 6 4 1  c c c c t t t g g g t c c c t a g c t a a g c c t g a g g a t c a g a c a g g c t c t a g t a c a g c c a c a g a c t c c e t  c e t  t a c t

3711 c ac c agt ggagc c c agggac t caggt aaagagagt gagt 11 c ct at c 111 gt  agaaat ct t cc c tgt gaa  

3781 g g t g g c a g g g t g c g c c c c c c t t c c g g c t t a g c t t t t c t t t c t t t c t t t c t t t t t t t c t t t t t c t a c c t a t  

3851 t c 1 11 gagt aagt t ggc aaact t c agt t c c c agat c aaagc c cggggcgggggtgagagt gat get  c t c c 

3^^^ c c a c t t t g c t t t g t t a c t g c c t a g t c t g g a c t a t t g g g g c g g g g t c t c t c g c t c c t a t g t c c t t c c t g t t  

3991 g t c t c g t t c g a a t t c t t t c c c a c t g g a a g a g c  t t t c t t t a a a t t a t g c c c t g t t t c  aact ggagt t ggag  

4061 c c c t  agaat t cet  tg g g g tgggggtg t  tgccgacacacggt  taaggaaaagct  at t tgagagacggaata  

4131 acgcaagaaagagaaagcaatggagggagaagaaacggatgcgagggagggagagaatgccageaggcag  

4201 g a g g g g t t g g g a g g a c a g c c t a g c t c a a c t g g g g a t g c a g a a a a c c t g g c t t t t g t c t t g g c t t c t g a t t  

4271 c t a a t a g t g a a a c g c t g c c c a g g t t c c c t g t c g c a g c t c c a g a a a c c c t c a c a c g t a t t c g g g a c a g t a g  

43^1 aaatg cg tg gggcc gag tg g cg tg t g tg cc g g g tg g ca c tca g g g ca g cca g g a g a g cg cg g cg t tg a g e  

4411 t g a c t c t t g g a g c c c c g c c c a a g a c c t c t g c c t t a g g g g t a t c t g a c c a t t g a t g t t t t g g c a g a c a g a a  

4481 a t c c t a g t t t c t g t a a c  aggat t c c a g c a t g t g g t  cgcagggcaaagc aggggtggc c agaaagt c t ggg  

4551 a c c t gggt t gg g g ta t c c c t g g g g g g g g g g g g c t g g t t a t g t c f l g t g c g g a g g a g t t t c t c t g g c c t e t c  

4621 c t g g g agg g c caaaaggcaagcaagagcc cgc cc c aagaacgat t g a a t c c t g a c t a g t g a a g g t t a t 1 1  

4691 g t c c g g a t t g c a t t c t g a g t a c t c c t g g a g c c c a a a g c c a c c c g a c t t t g c a t t t t c g t c c t c t t t t g c c  

4761 t g T c t  t t  t g t  cccacaaagatgcgat  atgtgagg ag atggtga gg t  c a t t g g a c a c c t  acggaat g tc ag  

4831 t c c a a g t c c a c c c c t t t c c t t g c t c t t t g a g g t t g a g a t g a t a c c c a g c c t c c c c g c c a t t g c t a a c a g a  

4001 t a g c a g g a a c t c t t t g t t t a a t t g a c t c g a a a g c t c t t c t t t c a c c t c c a g c t a t t c t c a a a g t t c c g t g  

4 0 7 1  t g c c t a g c a c t t t t c c t g g g t g a t a g g c t c t g g a g t g c t c t g c c a c a c c a c a g t a t g a a c c a a a c t a g c t  

5 0 4 1  a a g t t t a g g g a c a t c t a t t a t t c a t g t t c c t a g c a g a t t c t c t t c a g c c t a a a a t a g a t g c t g g a g g t t c  

5111 t c c g tg a c c t a c a t c t g c g c a g g g a a g g g c t c c c c t g g g c t c a g c g g a t c g g a tg g g g g t g g c tg c tg a t  

5181 g a a g t t g t c c t c c t g c a t c c a a c c t a t c c a c t c a t t c c t t c t a t t c t t c c c t g g g t c t c c c c g t c t c c g a  

5251 a t c a t a t c a t t t c t t a g g a t c t g t c t c a t g a g a g c t a c a t g c t a c t t a g g g g a g c c t g g g g c a g g t g a g g  

5321 g a g a a a g c g g g t g t t t t c e t t g g c a g g t g t t g g g g t c t a c a c g g t t g t c c a g t g g c c c t g g c g g a g a t a g
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S » 1  t tg t t t c tc c tg a g g a g g tg tg a g c g a a t t tc c c tg c g g ta c t t c c a g ta g g a a c tg c tg c tg g g tg ta g  

5461 t tc cc t tacc t tg t tcccaggaccat tc tggaagtaagggcaat tc tcca tgggagaccataacgaagaa  

5531 ggaaaa tcaac tggac t t tc t ta g a a c t tg g c a g a a c ta g g a a g tg a c t t t ta a tg a c cc tcc t t t tg g c

5601 t gt c c cgc a g A 0 3 a Æ 3 A a 3 n 3 3 % a 3 l0 3 Œ A œ 3 ^

P E D E A Y D Q D G N P L Q D F Y D W D

5671 (%]3nn33(nrGcn3AGŒO330cinnn3D33rŒ(%^^
P P G V G S P A S A L R D A Y A L Y Y ^ A D R

A%tacaacccgc ccggct tccgcctgtggct tgggcctaacctggcagaagggaccggS*  aggggctct  

R

5811 aaaagtagggct t t t  t c tg t  taaaagaaggg tc t t taagcctccc t tccca tgagagc tacagaaaa t ta  

5881 gcagtcagatccctgtggagcccaagccccaccacgggactgaaagctctgaggccagggaggtg tcagt  

5051 g a g t g t g c g a c tc t g ta g g t g g g g a g c t t t t g g g c c a c a c t a a a ta c c a c c t t c g a t t c a c c c c t g g g g a  

gQ21 a c t t c c c t a a g t t a c t c c c a g g t c c c g t g t c a c t a g t g g c t g t t g g g t c a t c c t t c t g a c a g a c c c a a c a  

6001 g tg tg a g c c t t a g c t  at c at 11 gaagggc 11 gaggc a g t g a g t g a c c c a c g t c g c a t t c t t t g t t t c c c c  

6161 at t agA3A]GrG303ŒG3AAIGCITmaGAG0CDnGGUAA3Gr^

"  D V A H E I L N E A Y R K V L D Q L S A R

A3CAG3GGAGIG3G[G3IG3CC%G%3303GG%%t a agagt t tgtgaaagagt t aacct t cgaatgat g 

K Y L Q S V V A R G A G

® 01  cacacgcc t tgg tggg tg c c c g tg ta g a a tc c g g a tg g g g a g a g c tg g g g c a g c t t t ta c g t t tg tg c g c

6571 gcccaagcgcc tgaggg tg tg tc tgcg tcc tggcaaggagg tgga tac tacaagcc t tgggcggag ttc t

6441 caaaactgggcgt 11 aaat 11 gt c c t aagagc cagagagaaggtaaaagggaaagagggt aggaaaat t g

ggggt tggact  ct t g t  tc aatgagaacaaagt caaat caaat  aacct c c t t tc c a g g t tc g tg g g a g g g t

t tg tc a ta a t tg a g g g g a g g a g c a c ta g g t t ta c t  ataaaggcaaaccgaagaacaaagtccccaaatt t

6651 gt at act t aaaaacat at at gt act at atggccagacgagccc agcgct aaggt ct tgcg tgaagt  ct ct

6721 gtgtcageagaaggc  aac at 111 aat aaagc c c aaggggaagc t g a t t a c a t t t t a a c c a t g a a t  aa t tc

6791 a t g c g g t g a a a a a t a t t g c c t g c a g c c t g t c g c c t t a t a t c a c t a t c a c g t t t t t t c a a c t t a c a t g c g c
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a a a g a g a g a a a c g tg c  c c ac gt  11  gcc  t aga t  11 g a g t  aat c a a tg a t  c t ga t  agaag cc c ac cggc c 11

t a g g g a c c e t t g t a t g t c g g g t  agt gc aa a g g ca a a a g t  c egg acaat  11 age t a g a g t  c a t  g t  a t  ag t  g

t aa t  c 1 1  g a a a a g c a a t  g 1 1 1  agagaaaagc 11 gaa g a g c  acg t at t c t at gaac gcc  t g g a g t g c  11 c a

g a a a g a t  ct aga a a a a t  a tg a a a g a g c t  agt g cc  agaaaac  tg g g a g t  g g a a a a g a g g g a c  t c t g g g g t  c

t c a g t  c a c a g t  at t c c c g c c a g c g g g t g a g g a g e a a a g g a g g g c t g g c t g c c c a g t g c a g t t a g g a a t c c

^ 1 1  t g c c t g c t c c c a g c g g g c t t c c a c a t g g g g g g t g g g g c c c c c t t g t t t t c c c t c a g c g a c t c a a t g t g t c

7281 t c c c g c c c c g c c c c c a c t  c t c c g c c c c c t  c t  c e t  tgcagCGAGAAŒIEAQ3Œï3CfiüC0I03IQjW3A.C 

114 E N L G G S A V D D

125 P A P L T K R H S D G I  F T D S Y S R Y R K Q
7421 Tî:mŒ UVOW aACriŒ 03303jam]AŒ 3AAAA33imM (M G^

M A V K K Y L  A A V L G K R Y K Q R V K N K  G R

7491 03jM3ÂCOÏÏACrKïEA£jb a g a t  cage  t g c  cggc  t a c c t  t g t g t  at a a a a tg a a a a g t  cgt  111 cca a a  

7̂2 R I A Y L

t t g a c t g a c c a g t c a t c a c t c g t g t t c t t t c c a a a c a t g t a t t t a t g t a t c a a g t a a a g c c a t t a a a t g a  

"®31 c t a t t t t g a t a a t a a t a t t g t t t t t c t t t t t a t g a a g c a c t a g a g a a t  g c a c aga ta tac t t tg tggac c  

7701 aat t at tgat  at at at t ataagt at atat at taagaat at at at aagt ataacagagagcaattaagatg

7771 ggt gc ac aaggat t gaaaat t cgc ct gage t g t t t a t g t t t t t a t a t a a a g t a a a t  agagaaaat agaca

7841 a c c a t t g t t t t g a a t a t t a c t c c t a t t t t t g t  aaactggaat t aaaggatagt at 1111 at c c ac aac eg

^ 1 1  tct tgaagataccaat  aatggccat  t tgt acaaaaaacaatgatgccctgct  ccaggggaat t ctgaggt

7981 aa tg a c t tg g g g a a t tg c tg a a g g g c t t t c t t tc c c tc tg a g tc tg g g g ca g g c tg c t tg a a cc c c a g c c  

8051 taact  aact caagtgggcat  tgt  cccactggt  tgcaggggcaat t ccaacaat t t c a g t t t c t t  tgat  t a 

8121 tg tg t  at t tg t  ct ct cet cagact ct cageccagaaggaaat tc taat taaacaacagct  ct atccaaat

8191 tg tgc t tc tccccagaactea tg tca t tccc tgatagaagagt tgaggaactg tacagaagagacaggc t  

8261 t ggagagagagc t c t c t t t t c t g t a c t t c c t g a t t e t c c a g g g a a c a g a c  t at t c t aaggc t agggcaat 

8331 tggaacaaagtgaaagat  atat aagggat tggtaaaggcagaac a tggggatt tgagat t tgagagt  tgc  

8401 c tc aggtc tgagaatc tgggggcaagtc tage tc e t c tg t a g g t tc c a c t g c c tg a c a g a t c a g g t g e t g 

8471 g t g t t g g a a t g a a t g c a a a g t a c a a t g t g t t t t t c t c c a g t g c t g t t c a t g c t t t t c a t g t t g t g a a a t g

8541 g c c a g g a t c c



56

Fig. 2.2. Mouse PACAP gene promoter and 5'UTR. Alternative transcription initiation 

sites, 1 (eye) and 2 (brain, testes), are shown. Additional 5’ UTR from initiation site 1 is 

underlined. Nucleotides in exons lA, IB and 2 are capitalized and the signal peptide is 

indicated by a thick underline and single amino acid code. A consensus TATA element is 

boxed and other TATA-like elements are underlined.
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1821 e t  c at c e t  agt c t  ca t cc a te  aat c ta t tcagagac agae tg tc a a c c c a g c c  agact c a t t  a g â tâ t t t

1891 a c t g a a a a t c c t t a t a a t t c t t t c c t t t a a a a c a c a a a a c g a c t t c c a t g t t t a g t a g c c t a t t t g a a a a

1961 age at at gc aaggaat t  gaga gat ca aa at t aaaat t  a t t aat aggagt c 11 ga t ggt gc 11 a at c t a ga

2031 gat c agagt. tg t ca ttgg t. gggggt t  gagt gaaaat t  a agaaaaatt agggac t  caat a a aaaca tgact

2101 t c a c c a t t c t c t a a a t t c t a c  g a g t t c t t t a c t t g t  c t t t  gagaaatc agt g a a a tcg a a a a cca tc  caa

2171 at a at t ggac t t c t t a a a a a t t  ggat t g t g t  gagt. gaaaggt gt 11 at c agaagc ggat gac t  c c ggat c

2241 t t a t c a t c c t  ggagga ct gc ac agaat agt. t a at at gt t  c c 11 gagggac t  aggat g: t gat gt. c 1111 a
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Fig. 2.3. Tissue specific PACAP mRNA transcripts. Different PACAP 5’UTRs were 

detected in (a) eye, (b) brain and testes and (c) T-cells. Exons (L = long, s = short) are 

boxed and numbered; introns are solid lines, with dashed lines denoting alternative splice 

sites. Arrows indicate the location of transcription initiation. Exon lAL in eye results 

from an alternative initiation site upstream of the consensus TATA-element. 

Transcription can initiate fi*om the middle of exon IB in brain and testis, generating a 

mRNA missing exon lA and the 5’ portion of exon IB. Also, both transcripts use a 3’ 

acceptor site within exon 2 to generate a shortened exon 2 (2s). T-cells express a unique 

transcript which utilizes an alternative 5’ donor site located within intron 4, resulting in 

an extended exon 3 which codes for additional N-terminal amino acids on PRP. The 

extra coding region on exon 3 is indicated by a speckled box. * denotes alternative 5’ 

acceptor site.
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Alternative usage o f exons IB in brain (adult, 5 day old) as well as testis

A novel transcript was identified in 5 day brain, adult brain and adult testis with 

5’RACE. The transcript has an initiation site in the middle of exon IB (Fig. 2.2), 

creating a transcript missing exon lA and the 5’ portion of exon IB (Fig. 2.3b). This 

transcript splices to a 3’ internal acceptor site within exon 2, as previously described (8), 

creating a transcript missing the 5’ portion of exon 2 (Fig. 2.3b).

Presence o f novel exon IB ( in eye) and an elongated exon 3 in T-cells elongated exon 3 

A novel transcript was identified in activated T-eells, with the use of 5’ RACE 

(Fig.2.3c). First, the transcript splices the 3’ section of exon lA (labelled lAs) to IB via 

an internal 3’ acceptor site within exon IB, leading to a truncated exon IB that is missing 

the 5’ sequence. In addition, this transcript contains an alternative donor site within 

intron 3 at position 5797/5798, resulting in an exon 3 that is 57 bp longer than the exon 3 

originally characterized. Thus, the T-eell transcript encodes an additional 19 amino acids 

between the cryptic peptide and PRP in the precursor molecule.

Northern blot

Northern blot analysis of total and poly-A purified RNA firom 2 week-old mouse 

brain identified at least three transcripts. The majority of the transcripts were between 

approximately 2.6 and 3.2 kb in size (Fig. 2.4). Poly-A mRNA contains a larger (3.2 kb), 

and possibly a smaller (<2 kb) transcript.
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Fig. 2.4. PACAP expression in two-week-old mouse brain. Northern blots of 20 pg total 

and 3pg poly-A purified RNA were probed with a full-length, random primed ^̂ P- 

labelled PACAP cDNA. Multiple PACAP transcripts are visible in both samples, 

indicated by double-headed arrows. The presence of additional poly-A species are 

indicated with an asterisk (*).
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Discussion

A genomic clone encoding PACAP has been isolated and sequeneed, extending 

the 5’ flanking region and confirming the remaining stmeture of the clone previously 

published (9) exeept for a single discrepancy at position 4763, where our sequence shows 

a single thymidine instead of two thymidines. This thymidine is not in the eoding region 

and does not ehange the preeursor stmeture. The mouse PACAP gene does not encode 

GHRH, which is different from the PACAP genes in non-mammalian vertebrates. The 

organization of the mouse gene supports the idea that a gene duplieation event is likely to 

have oecurred in early mammals.

We observed consensus binding sites for transeription faetors in the seetion of 

the upstream 5’ flanking region that had not been published previously. Abundant 

expression of some of these transcription factors has been identified in more than one 

tissue. For example, in addition to being a main regulator of hematopoiesis, GATA-1 is 

also highly expressed in the testis and is thought to have a role in spermatogenesis (24). 

Other factors are more speeifie to certain tissue or cell types, such as SREBP-1, which is 

highly expressed in adipose tissue (25). NEAT is a transcription factor expressed mainly 

by activated T-cells (26), while MZFl is a factor expressed mainly in myeloid cells and 

has a role in hematopoiesis (27). The nuclear homeodomain eontaining transeription 

factor S8 has a more developmental role, being expressed in embryonic mesoderm (28). 

AP-1 is a factor that is made up of dimers of early transcription factors, c-jun and c-fos 

and has been shown to have a wide variety of roles in development, eellular proliferation 

and responses to stress (29, 30).
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In both the perinatal and adult brain and testis, a PACAP transcript with a novel 

5’UTR was identified that initiates at position 2861 of the genomic sequence, within exon 

IB, immediately 5’ of a previously descrihed consensus (AG) splice site (31). Splicing 

then removes intron 2 and the 5’ region of exon 2, creating a shortened exon 2, as 

previously descrihed (9). In addition, two novel transcripts have heen identified, one in 

eye tissue that has a 5’UTR that extends 5’ to the previously published TATA-element. 

Although this start site could not be duplicated with 5’ RACE, it is clear that at least one 

PACAP transcript in the eye contains a start site 5’ of this TATA-element. Finally, a 

novel transcript was identified in activated T-cells which contains an elongated (57 hp) 

exon 3, coding for a PACAP-related peptide (PRP) that has 19 additional amino acids. 

Although no known function has heen attributed to PRP, it is possible that additional 

amino acids in the precursor molecule induces a conformational change that affects the 

processing and ultimately the production of mature PACAP.

From the data obtained with 5’RACE, it is apparent that transcription of PACAP 

can initiate at novel locations from those previously published to expand the repertoire of 

5’UTRs in various tissues. Although a definitive start site was not identified in repeated 

experiments, the identification of a transcript with an extended 5’ end in the mouse eye, 

initiating from a site upstream of the previously characterized exon lA, provides 

evidence that PACAP transcription initiation from sites 5’ of the consensus TATA- 

element is possible. With the presence of other TATA-like elements in the 5’region of 

the gene, speeifie promoter elements may be utilized in different, possibly in a 

developmentally specific manner. The results obtained from northern blot support the 

existence of multiple PACAP transcripts in the two-week-old mouse brain.
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Alternate splicing of transcripts has been shown to be important in the tissue- 

specific or development-specific expression of genes (32). In the PACAP gene in rat, a 

testis-specific transcript (33) is produced through the use of a testis-specific promoter 

located approximately 13.5 kb upstream of the hypothalamic-specific promoter (22). 

This transcript provides evidence for tissue-specific processing in the PACAP gene. The 

alternate splicing that generates PACAP transcripts with variable 5’UTRs as identified in 

this study may be important in tissue-specific or developmental expression of PACAP. 

Also, there are examples of activity-induced splicing for the PACAP gene. First, novel 

transcripts (see reference 31, Fig.3, transcripts 3 and 4) in mouse cerebellar granule 

neurons were identified after depolarization and calcium influx via L-type voltage- 

dependent calcium channels (31). Second, depolarization was shown to induce a shorter 

PACAP transcript in sympathetic neurons due to alternative cleavage and 

polyadenylation at the 3’ end of the molecule (34). These studies imply that the 

expression of specific PACAP 5’UTRs is influenced by the activity of the cell. The 

authors suggest that this alternative usage of 5’UTRs may regulate PACAP functions in 

these cell types by altering the amount of PACAP protein produced.

From the current study, it is clear that a wide array of PACAP transcripts are 

produced through alternative splicing and alternative start-site usage in the 5’UTR. 

Considering the multi-functional nature of PACAP, different 5’UTRs may act to regulate 

translation so that different quantities of PACAP proteins are produced in relation to 

specific tissues, developmental stage and physiological status of the animal.
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Introduction

PACAP is the most highly conserved member of the glucagon superfamily of 

peptides. The ability of the hormone to exert significant influence on the metabolism of 

the organism is based on PACAP’s widespread distribution, as well as its known effects 

on several endocrine systems (1,2). PACAP’s diverse effects on target cells are partially 

mediated by a serpentine receptor that has the capacity to signal through several second 

messenger systems, including cAMP, phosphoinositides and intracellular calcium (3). 

The PACi receptors are found in the brain (including hypothalamus, piriform cortex, 

septum, hippocampus, midbrain and hindbrain) and in the pituitary, pancreas, lung, heart, 

liver, gonads, adipose tissue, adrenal medulla and adrenal cortex (in some species). 

PACi receptors are present in various cell lines including PC 12 cells derived fi-om the 

adrenal medulla and AR4-2J cells derived firom pancreatic acinar cells (2-4). In addition, 

PACAP and VIP can signal through receptors that they share, VPACi and VPACi 

receptors. VPACj receptors are found in some areas of the brain (cortex, hippocampus, 

amygdala) and in lung, small intestine, heart, liver, adipose tissue, adrenal medulla, and 

thymus, whereas VPAC^ receptors are found in different brain areas (hypothalamus, 

midbrain and brain stem) and in lung, stomach, adrenal cortex, thymus, pancreas, 

pituitary, adipose tissue and testis (2, 3, 5). In the early developing neural tube, both 

PACj and VP AC receptors are found (6, 7). As a result of the two shared receptors, 

PACAP and VIP have overlapping functions. Studies attempting to separate the roles of 

PACAP from those of VIP are complicated by the fi-equent occurrence of either or both 

of the VPACi and VPAC2 receptors with the PACi receptor (3). For example, the PACi
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and VP AC receptors occur together in the pancreas, adrenal medulla, liver (3) and 

adipose tissue (8), major targets for PACAP that serve important roles in glucose and 

lipid metabolism.

Based on its high conservation throughout evolution, its widespread distribution 

and its multiple effects in vitro, PACAP becomes a very attractive gene for targeted 

deletion. Other groups have chosen to disrupt one of the three PACAP receptors. 

Although this method may be a more fine-tuned approach to understanding the unique 

roles and functional significance of each PACAPA^IP receptor as well as the signaling 

mechanisms that diverge fi-om them, PACAP deletion may provide a more complete 

means of teasing out the role(s) of PACAP fi-om those of VIP.

As mentioned in Chapter 2, the mouse PACAP gene encodes three peptides: a 

cryptic peptide, a PACAP-related peptide (PRP), and PACAP. The strategy used in this 

study was to perform a complete gene deletion, thereby removing all coding region 

except the signal peptide. Thus, the mice generated in this study can be described as 

being deficient in the entire PACAP gene (Adcyapl), rather than only the region 

encoding PACAP. Historically, there have been two basic methods for disrupting the 

coding region of genes of interest in embryonic stem (ES) cells: disruption and deletion. 

Disruption involves inserting a foreign piece of DNA, usually a fi-agment that also 

encodes a protein that allows for selection of correctly targeted ES cells. The foreign 

piece of DNA is usually inserted within the coding region of the protein of interest to 

disrupt its reading frame, but it may also be inserted into other coding regions, such as the 

signal peptide, or within critical promoter regions, with the hope of disrupting protein 

secretion or transcription, respectively. An enzyme known as Cre, a 38kD protein
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encoded by the coliphage PI, was diseovered in 1988 to provide both intra- and inter- 

moleeular joining of DNA after reeombination at regions termed lox sites (9). This 

newly found teehnology provided a system for manipulating the eukaryotie genome with 

a prokaryotie enzyme, the Cre-loxP system. ES cell manipulations were done with Cre- 

loxP to delete areas of the genome previously flanked, or targeted, by lox sites, including 

coding regions, as well as additional DNA encoding selection proteins used in the course 

of the ES eell manipulations (10). This original work produced ES eells and mice that 

laeked the gene of interest in every tissue. Further advances were made when ES eells 

were engineered to retain lox sites flanking the gene of interest. When miee produeed 

from these ES eells were bred with miee expressing Cre-recombinase in a specific tissue, 

it was shown that these sequenees were only removed in the tissue(s) expressing Cre- 

recombinase, thus laying the foundation for other gene deletions in a temporal and 

spatially defined manner (11).

For the purposes of our knockout study, we ehose the Cre-loxP system to develop 

ES cells not only missing the PACAP eoding region, but also those that retain the coding 

region in a “floxed” eonfiguration (surrounded by lox sites) for the purposes of tissue- 

and developmental-specific deletions. This is of particular importance when eonsidering 

the high degree of eonservation in PACAP stmeture throughout evolution, its widespread 

distribution in the mammalian system, and the many fimetions attributed to PACAP. 

Deleting this hormone from every cell of the mouse from the onset of development eould 

lead to embryonic lethality, making it difficult to analyze effeets of PACAP at later 

developmental points. Therefore, Cre-loxP is the system of choiee because it provides us
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with the flexibility to look at both straight gene knockouts as well as conditional 

knockouts.

The scope of this chapter will be on the generation of a mouse line deficient in 

PACAP, covering topics as vector construction, homologous recombination in embryonic 

stem (ES) cells and the subsequent production of a knockout mouse. The initial 

observations concerning the phenotype of the PACAP-null mice are included.

Materials and methods

Properties o f knockout vector

The vector, pFLOX, chosen to assemble the targeting vector for this project was 

kindly provided by Dr. Jamey Marth. pFLOX is approximately 6.5 kb and provides two 

selection markers. The first marker is neomycin for selecting ES cell clones that have 

incorporated the vector and the second marker is thymidine kinase for secondary 

selection of ES cell clones that have properly recombined after transfection with Cre- 

recombinase. In addition, the vector contains unique sites for ease of cloning three 

regions; the 5’flanking region, the region to be deleted, and the 3’ flanking region. These 

sites are upstream of the first lox site, between the first and second lox site and 

downstream of the third lox, respectively (Fig.3.1)

Subcloned regions o f mouse PACAP gene for insertion into targeting vector

Some important properties of the targeting construct, affecting the efficiency of its 

recombination, are discussed below. First, a suitable length of DNA has to be included 

fi-om both the 5’ and 3’ sides of the region to be deleted (knockout region), to serve as 

flanking DNA for efficient recombination. It is particularly important that one flanking
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Fig. 3.1. The pFLOX vector. Restriction enzyme sites are listed, with their position in 

brackets. Single cutters are listed in bold. Coding region for thymidine kinase. (HSVtk) 

and neomycin resistance (pGKneo) are indicated. Lox sites are indicated by black 

triangles.
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region be designated the “long arm” and eonsist of a minimum of 5 kb of DNA to 

promote the initiation of recombination from one side of the knockout region. The other 

flanking region should have at least a few hundred base pairs making up the “short arm”, 

the opposite flanking region, to ensure recombination past the distal lox site. Second, it is 

important that the knockout region be kept to a minimum; excessive DNA in this region 

inhibits full reeombination of the targeting construct past the distal lox site (personal 

communication. Dr. Scott Pownall).

Appropriate sites within and surrounding the PACAP gene were identified by 

sequencing cloned fragments; E2.5, E4, and BIO, as described in Chapter 2. Another 

subclone, B5 was 5 kb long and produced by a BamHI digest of the original full-length 

clone. B5 resides immediately upstream of BIO. The latter was liberated from the full- 

length clone by a BamHI/Notl digest. Fig 3.2a indicates the sites identified that were 

suitable for subcloning into either pBluescript (pBS) or one of three modified pBS 

plasmids. These modifications were performed to allow easy subeloning of fragments 

from pBS into pFLOX. These vectors are: pSSBS, which has two Sail sites in the 

multiple cloning site (MCS) to allow for a single Sail excision of the fragment for 

cloning one flanking region into the Sail site of pFLOX. Similarly, pXXBS contains two 

Xhol sites for cloning the opposite flanking region into pFLOX, and pBBBS contains 

two BamHI sites for cloning the knockout region into pFLOX. These modified vectors 

were kindly provided by Dr. Scott Pownall.

Since the isolated 18 kb clone had approximately 12 kb+ of DNA 5’ of the 

PACAP coding region, this region was chosen for assembly of the long arm of the 

construct. This arm had approximately 11 kb of 5’ flanking DNA. For assembling this
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Fig. 3.2. Manipulation of the mouse genomic clone into three modified pBS vectors, (a) 

The PACAP clone was digested with BamHI to liberate subclone B5, containing 

promoter, and BIO containing the remainder of the gene, including the coding region for 

PACAP. Exons are denoted by boxes and non-coding region by solid lines. Restriction 

sites are indicated. The region of exon 5 encoding PACAP is indicated in dark grey, (b) 

The strategy for subcloning PACAP gene fi-agments is shown. Clone B5 was digested 

(Avrll/BamHI) further to yield clone A/B 4.5, which was subsequently sub-cloned into 

vector pSSBS. Clone BIO was further digested (BamHI/Xmal) to yield clone B/X5.5 

which was cloned in the proper orientation, downstream of A/B4.5. Clone X/N 3.5 was 

digested (Xmal/Nae) fi-om BIO, and sub-cloned into vector pBBBS. Clone N/N was 

digested (Nael/Notl) firom BIO and sub-eloned into pBS. (c) The strategy for cloning 

PACAP gene fi-agments into pFLOX is shown. Vectors (pSSBS, pBS) with subcloned 

fi-agements were digested with the appropriate restriction enzyme to generate 5’flanking, 

knockout (KO) and 3’flanking regions, which were subsequently cloned into compatible 

pFLOX sites. pFLOX was then linearized in preparation for electroporation into ES 

cells. Restriction sites are indicated. Lox sites in pFLOX are indicated by triangles and 

are numbered 1-3. Exons are indicated by boxes with numbers and non-coding region 

are solid lines. The region of exon 5 encoding PACAP is indicated
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5’ flanking region, a two part sub-cloning strategy was performed with clones B5 and 

BIO (Fig.3.2). First, clone B5 was digested with Avril and BamHI to liberate a 4.5 kb 

fragment (A/B 4.5). This 5'Avril sticky end fragment encompassed part of the PACAP 

gene promoter, up to the start of clone BIO. Second, the full-length clone was also 

digested with BamHI and Notl to liberate clone BIO, which was subsequently digested 

with Xmal.. From this digest, an approximately 5.5 kb fragment (B/X5.5) was isolated 

from the 5’ end of BIO, encompassing 5’UTR and exons 1 and 2. To suh-clone both of 

these fragments into pSSBS, the MCS of pSSBS was first digested with Spel and BamHI 

and ligated to A/B 4.5. This clone was then digested with BamHI and Xmal and then 

ligated to (B/X5.5) to form the entire llkb  long arm within pSSBS, which was 

subsequently excised with Sail and cloned into the compatible Xhol site of pFLOX. The 

Xmal site between exons 2 and 3 marks the junction between 5’ flanking region and the 

knockout region. Third, the knockout region was excised from the original full-length 

clone hy identifying an NgoMI site just 3’ of the end of the coding region for PACAP. 

An Xmal/NgoMI produced a 3.5 kb fragment encompassing exons 3-5 (X/N 3.5), which 

was subsequently cloned into Xmal-cut pBBBS. From pBBBS, this fragment was 

excised with a single BamHI digest and cloned between lox sites 1 and 2 of pFLOX. 

Fourth, the short arm of the construct consisted of 3’UTR extending from the NgoMI site 

to the end of the clone, approximately 1 kb. This fragment (N/N 1.0) was excised from 

the full-length clone with an Nael (isoschizomer of NgoMI)/ Not I (located in lambda 

polylinker) digest, and was cloned into Smal/Notl digested pBS. Because a Sail site was 

also located in the lambda polylinker, a single Sail digest excised this ikb fragment, 

which was then cloned into the Sail site of pFLOX, immediately 3’ of the distal lox site.
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To permit genomic integration, the complete construct was linearized with Notl before 

electroporation into ES cells.

Electroporation o f ES cells with targeting construct

For this experiment, R1 (strain; SvJ129) ES cells were chosen for their ability to 

remain in a completely undifferentiated state for many passages (personal 

communication. Dr. F. Jirik). Stock R1 cells were thawed, plated and expanded on a 

layer of primary embryonic fibroblasts (PEFs) that produce factors such as leukemia 

inhibitory factor (LIF) to help maintain them in an undifferentiated state. Complete ES 

cell medium comprised of DMEM (GibcoBRL) with 15% fetal bovine serum (HyClone, 

Logan, Utah) and supplemented with glutamine (GibcoBRL), sodium pyruvate 

(GibcoBRL), non-essential amino acids (GibcoBRL), B-Mercaptoethanol (BMe) 

(Sigma), penicillin/streptomycin (GibcoBRL) and leukemia inhibitory factor (LIE) 

(GibcoBRL).

After trypsinization and dissociation of expanded colonies, 2.3X10^ cells 

resuspended in 800 pL of phosphate-buffered saline (PBS) were electroporated (240V) 

with approximately 23 pg of purified, linearized construct and plated onto 10 plates 

coated with 0.1% gelatin. Colonies were allowed to grow for 1 day in complete media, 

after which 180 pg/ml G418 was applied so that only cells incorporating the construct 

would live. After several days growing in complete media supplemented with G418, 

with media changes every two days, there was significant cell death. However, resistant 

colonies became visible and continued to expand. After 8-10 days of growth, colonies 

were picked and trypsinized (passaged). Part of each cell sample was replated on 96 well 

plates, and part of the sample was saved for DNA isolation and PCR screening. For



85

initial screening, 8 colony cell samples were combined in one tube for screening. 960 

colonies were picked and processed for screening.

Screening o f colonies for homologous recombinants

For PCR screening of picked colonies for homologous recombinants, two sets of 

primers were designed for nested PCR to increase the specificity of the reaction. The 

first set included primer A; 5’gggagtttcacgccaccaag3’ and primer D: 

5’tgaaaaccacactgctcgatccg3’. Primer A was made against the region of the targeting 

construct that codes for the resistance markers whereas D was made against a region of 

the PACAP 3’UTR on the 3’ side of the short arm, ie. outside of the region included in 

the targeting construct (Fig. 3.3a,b). The second set included primer B: 

5’gctggcttctgcagaacagtg3’, made against the selection markers and C: 

5’ggtaggaaggagggtctccag3’, made against a region outside of the cassette (Fig.3.3b). In 

the first round of PCR, 5 pL of newly prepped DNA was used with primers A and D and 

amplified for 30 cycles: 94°C (30 sec); 55°C (30 sec); 72°C (30 sec). This first round 

PCR (5 pL) was used in a second round reaction using primers B and C with the same 

PCR parameters. Each reaction (10 pL) was run out on 1.5% agarose and stained with 

ethidium bromide.

Positive colonies were expanded, with G418 included in the medium, fi-om 96 

well plates to 24 well plates, to 6 well plates and finally to 10 cm plates. Primary 

embryonic fibroblast feeder layers were included at the 6-well stage and G418 was 

removed from the media after the 24 well stage. After expansion on 10 cm dishes, three- 

quarters of the plate was frozen in 1 ml of freezing medium (10% DMEM, 10% DMSG, 

80% serum).
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Fig. 3.3. Generation of ES cells with homologous recombination of the targeting 

construct. Organization of (a) the native mouse PACAP allele (Adcyapl), (b) 

homologously recombined allele, and (c) Southern blot test for homologous 

recombination in individual clones are shown. Coding exons are represented by gray 

boxes, lox sites by black triangles and the select region containing neomycin resistance 

and the thymidine kinase gene is shown by an open box. The 3’ probe used, outside the 

targeted region, is indicated by a box with diagonal stripes Lengths of DNA between 

BstXI cut sites for native and targeted alleles are indicated, as are corresponding bands in 

the Southern blot. The primers used in PCR are depicted by arrows and named by letter. 

DNA outside the targeting construct is indicated (O.C.). Cut sites and probe for 

Southern blot are indicated.
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and stored at -80°C, whereas the other one quarter was used for DNA isolation and 

Southern blot.

For Southern blot, a probe outside (3’) the targeted region was used to screen 

PCR positive colonies for homologous recombination at the 3’ end of the locus (Fig. 

3.3b). Because the presence of the selection markers within the targeting vector results in 

an allele that has approximately 3.5 kb of non-native DNA, a Southern blot strategy that 

used restriction enzymes on either side of this region was done to distinguish clones that 

had incorporated the targeting vector in the correct location, replacing one copy of the 

native gene (Fig. 3.3a,b). Because the entire 3’ end of our clone was used as the 3’ 

flanking region, no DNA outside this region was immediately available for use as a 

probe. Therefore, an EST clone was obtained from American Type Culture Collection 

(ATCC); the clone contained the 3’UTR of the mouse PACAP gene, with additional 

DNA past the region of the clone isolated in this study. A BamHI/Aflll digest was 

performed on this clone to liberate a 400 bp probe outside of the region of our targeting 

vector, and 10 pg DNA from potential positive ES cell clones was digested with BstXI 

and run out on 1% agarose. After completion of the run, the gel was depurinated in 0.2M 

HCl for 15 minutes and rinsed in dHzO. DNA was transferred overnight to a nylon 

membrane with denaturing 0.4M NaOH. The blot was then washed briefly in 6X SSC 

and prehybridized in 6X SSC, 5X Denhardt’s solution, 0.5% SDS and blocking DNA for 

6 hours. The 400 bp probe was random primed labeled (GibcoBRL) and column 

purified. The blot was then incubated overnight with pre-hybridization solution including 

probe overnight at 55°C. The blot was then washed stringently 3 times in O.IX SSC at 

55°C and exposed to film for 4 days.
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To test for complete recombination of the targeting construct into the native locus 

(i.e. proper integration of lox sites 1 and 2), a Southern blot strategy was designed to take 

advantage of the extra restriction sites introduced into the locus from the plasmid DNA 

surrounding lox sites 1 and 2 in the construct (Fig 3.4a,b). An EcoRV site positioned 5’ 

of lox site 1 and 3’ of lox site 2, surrounding the targeted region, was utilized in a digest 

of the 6 positive DNA samples. Southern blot (Fig 3.4b) was performed according to the 

protocol above, except the DNA used to probe the EcoRV-cut ES cell genomic DNA was 

generated from PCR of the previously cloned mouse PACAP cDNA using primers 

directed towards exons 3-5.

Generating ES cells with type I  and type II deletions

For generating ES cells with type I (complete deletion) and type II (floxed) 

deletions, ES cells with homologous recombination of the construct were electroporated 

with a plasmid coding for Cre-recombinase. The ES cells were grown up in complete 

media on 10 cm plates with primary embryonic fibroblasts to generate 1X10’ cells for 

electroporation. From one 10 cm plate, 1.3X10^ cells were trypsinized, washed in PBS 

and electroporated in 800 pL of PBS with 1.6 pg (to generate type I cells) or 0.8 pg (to 

generate type II cells) of a plasmid containing the coding region for Cre-recombinase. 

After electroporation, the cells were plated out in complete media at different densities 

(either 1X10^ cells/plate, 5X10^ cells/plate or 2.5X10^ cells/plate) to ensure a significant 

number of individual colonies could be picked. The colonies were allowed to grow for 

four days without selection, at which point 1 pM gancyclovir was added. Gancyclovir
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Fig. 3.4. Detection of ES cells with proper integration of lox sites 1 and 2. Test is for 

complete homologous recombination of the targeting construct, before treatment with 

gancyclovir. Organization of the (a) native mouse PACAP allele (Adcyapl), (b) 

homologously recombined allele, and (c) Southern blot test for recombination of lox sites 

1 and 2 in individual clones are shown. Coding exons are represented by gray boxes, lox 

sites by black triangles and the selection region containing neomycin resistance and the 

thymidine kinase genes is shown by an unfilled box. Probe used for Southern blot is 

indicated ) .  Length of DNA between EcoRV sites for the targeted allele is indicated, 

as is the corresponding band in the Southern blot. Clone 47D, the only clone to have 

integrated correctly, is indicated with a *. Clone 711G had integrated lox sites 1 and 2 

but had not integrated the selection cassette or the 3’ end of the cassette (see Fig. 3.3c)
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selects for colonies having recombined lox sites 1 and 3, thereby removing the entire 

region of DNA residing between them, including PACAP gene exons 2-5 as well as the 

selection markers. Any colonies having retained the selection markers after 

electroporation will not survive in media containing gancyclovir. After 8 days in culture, 

surviving colonies were picked as before and screened with PCR for the presence of the 

type I (complete deletion) and type II (floxed deletion) alleles.

For type I detection, nested PCR was performed using primer E 

(S’atgtgtagcggagcaaggctggB’), directed against exon 2 and primer H 

(S’ggecattattggtatcttcaagacggS’), directed against the 3’UTR. The parameters were: 

94°C (30 sec), 55°C (30 sec), 72°C (30sec) for 30 cycles with 5 pL of prepared ES cell 

DNA. A portion of this first round (1-2 pL) was used in another PCR using primer F 

(5 ’ agcagtgtctcctgtteacctgcc3 ’), directed against exon 2 and G

(5’ctgctacaagtatgctattcggcg3’), directed against the beginning of the 3’UTR using the 

parameters: 94°C (30 sec), 55 °C (30 sec), 72°C (30 sec) for 30 cycles. Newly prepared 

ES cell DNA from putative type 1 clones (10 pg) was digested overnight with Nsil, which 

cuts the wild-type allele within exon 2 and in the 3’UTR, outside of the area targeted 

(Fig. 3.5a). The Southern Blot was performed as described above, except the probe used 

was a 350 bp product of a Nsil/SacI digest performed on the EST clone, a region of DNA 

in the 3’UTR (positions 6562-6924, Chapter 2) of the PACAP gene. This Southern blot 

was designed to detect an approximately 5 kb native allele and 2.6 kb type I allele (Fig 

3.5a,c).
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Fig. 3.5. Generation of ES cells with a type I deletion of exons 3-5 of the PACAP gene. 

Organization of the (a) native mouse PACAP allele, (b) homologously recombined allele, 

(c) type I recombined allele after electroporation of Cre-recombinase, and (d) 

corresponding Southern blot to detect type I ES cell clones are shown. Coding exons are 

represented by gray boxes, lox sites by black triangles and the selection region containing 

neomycin resistance and the thymidine kinase genes is shown by an unfilled box. Primers 

used for type I detection (E, F, G, H) are indicated. Probe (= )fb r  Southern blot is 

indicated. Length of DNA between cut sites for native allele (5.0 kb) and type I allele 

(2.6 kb) are shown, as are corresponding bands in the Southern blot.
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For detection of a type II deletion, two sets of primers were used in a nested PCR 

reaction that would detect the approximately 200 bp difference between the native allele 

and the floxed allele resulting from the presence of lox site DNA and additional cloning 

DNA in the floxed allele. PCR reactions were identical to those used in the type I 

reaction, with primers E against exon 2 and LI (5’gagggtttctggagctgcgacaggg3’) against 

lox site DNA in the first round reaction. Primer F was against exon 2 with L2 against lox 

site DNA (5’gctccaactccagttgaaacaggg3’) in the second round. Positive clones were 

expanded to 10 cm dishes and DNA was extracted for confirmation by Southern blot. 

DNA (10 pg) was digested with BamHI and Sail, which cut enzyme sites around lox sites 

1 and 2. Southern blot was performed as described previously, with the probe 

encompassing exons 3 and 4 of the PACAP cDNA (Fig 3.6c).

Microinjection o f type I  ES cells clones

A type I ES cell clone was thawed and prepared for microinjection into a mouse 

Bl/6 strain blastocyst, performed by Ms. Anita Borowski. The cells were passaged twice 

and re-fed 2 hours before microinjection to ensure the cells were growing in log phase . 

After the second passaging, cells were plated on a 10 cm gelatinized dish for 1 hour and 

the primary embryonic fibroblasts were allowed to adhere tightly to the surface of the 

dish, with ES cells lightly adhering. At this point, the medium was removed and a small 

volume of microinjection medium (DMEM, 20mM HEPES, 10% FBS) was used to wash 

the plate and remove the lightly adherent ES cells, which were then ready for 

microinjection. Bl/6 blastocysts (15-20) were microinjected with 8-10 ES cells, allowed
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Fig. 3.6. Generation of ES cells with a type II deletion with exons 3-5 of the PACAP 

gene floxed by lox sites 1 and 2. Organization of the (a) native mouse PACAP allele, (b) 

homologously recombined allele, (c) type II recombined allele after electroporation of 

Cre-recombinase, and (d) corresponding Southern blot to detect type II ES cell clones are 

shown. Two positive clones (lanes 1, 2) of five total are shown. Coding exons are 

represented by gray boxes, lox sites by black triangles and the selection region containing 

neomycin resistance and the thymidine kinase genes is shown by an unfilled box. 

Primers used for type II detection (E, F, LI, L2) are indicated. Probe (= )  for Southern 

blot is indicated. Length of DNA between cut sites for wild-type (>10kb) type II allele 

(-3.7 kb) is shown, as are corresponding bands in the Southern blot.



97

a) Wîldtype ailde

BamHI >10Ut
?

San

2 j 3 — f
P 5 O.C.

b) Recombined allele Hoffiologous
recombination

i l  r
N eo-T K

ere mediated 
recombination

c) Type n  allde
BamHI SaH

3.7 H,

E F L2 LÎ

d) Southern to detect type II ES cells

I

-4-----  >10kb native allele

-4-----  3.7 kb type n
deletion



98

to recover for 1-2 hours in culture and re-implanted into pseudo-pregnant ICR females by 

uterine transfer. Pseudo-pregnant females are receptive to blastocyst implantation after 

having mated with sterile males.

Generating germ-line transmitting and founder PACAP and ''' mice

After 17 days of gestation, a litter was bom containing 2 chimaeric males (1-1,1- 

2), eomposed of approximately 50-70% Rl, based on coat colour. The SvJ129 strain is 

agouti whereas the Bl/6 strain is black. These males were allowed to reach sexual 

maturity, at which point they were mated with two Bl/6 females each. If the targeted Rl 

line has contributed to the germ line, this cross will result in the production of pups with 

entirely agouti ftar coats. The second litter bom to male 1-2 produced a male agouti pup. 

This pup was genotyped using tail tissue at 14 days of age. The same PCR strategy was 

used as for detecting type I ES cells. Bl/6 littermate DNA was used as a negative control, 

to confirm the presence of one copy of the type 1 (knockout) allele. From successive 

litters produced by matings between chimaeras 1-1 and 1-2, 4 other “founder” mice were 

generated that were heterozygous PACAP knockouts. These mice were then used 

together in heterozygous X heterozygous crossings to generate litters eontaining 

homozygous PACAP knockout mice.

In vivo confirmation o f PACAP knockout by RT-PCR

Liver and brain tissues were collected from PACAP+/+, PACAP+/“ and

PACAP-/- mice and frozen immediately in liquid nitrogen. Tissue was ground using a 

chilled mortar and pestle. RNA was isolated using TRIzol (Gibco BRL). mRNA (5 pm)
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was reverse transcribed with Superscript II reverse transcriptase (Gibco BRL) using oligo 

dT. The cDNA generated from the above reaction was added to a 50 pi reaction 

containing 2.5 U Taq polymerase (Gibco BRL), Ix Taq buffer (Gibco BRL), 2.5 mM 

MgCl2, 200 mM dNTPs, and 20 pmol of primer E and primer G. PCR was carried out

under the following conditions: dénaturation at 94°C for 30 sec; annealing at 6I°C for 30 

sec; extension at 72°C for 45 sec for 33 cycles and a long extension of 7 min. Products 

produced by the PCR reaction were separated on a 1.5% agarose gel and visualized by 

ethidium bromide staining. Amplification of the approximately 500 bp PACAP cDNA 

fragment containing exons 2-5 is expected in wild-type and heterozygous mice, with the 

product being absent in PACAP knockout mice.

In vivo confirmation o f PACAP knockout by western blot

Protein was extracted from PACAP+/+, PACAP and PACAP"/" mice using 

NP-40 lysis buffer (Boehringer Manheim) with protease inhibitors (Boehringer 

Manheim). Protein (100 pg) was electrophoresed through a 16.5% Tris-tricine gel 

(BioRad, Hercules, CA cat#161-1107). The protein was transferred onto a PVDF

membrane (BioRad) and blocked overnight at 4°C in Tris buffered saline with Tween 20 

(TBST) and 5% BSA. The membrane was then probed with rabbit anti-PACAP38 

(Peninsula Labs, CA cat#lHC8920), diluted 1:2000 in TBST with 1% BSA overnight at

4°C, washed 3 times with TBST and incubated with secondary goat anti-rabbit antibody 

(Dako, Denmark) diluted 1:10000 in TBST with 1% BSA for 45 min at room 

temperature. The blot was washed 4 times with TBST, detected by ECL (Amersham, 

Buckinghamshire, England cat#RPN2106) and exposed to film.



1 0 0

Results and Discussion

To provide more information on the functional significance of the hormone 

PACAP, and to distinguish its role from vasoactive intestinal peptide (VIP), a targeted 

deletion of the critical coding region for the PACAP gene was performed using 

homologous recombination in embryonic stem (ES) cells. The Cre-loxP system can be 

used to generate both ES cells with total deletions (type I deletion) as well as ES cells 

that can be conditionally deleted at a later point in development (type II deletion), 

offering an alternative strategy in the event of lethality firom lack of PACAP. A vector, 

pFLOX, was used to assemble the knockout cassette with various segments of the 

PACAP gene: 5’ flanking region, knockout region, and 3’ flanking region. Of 960 

colonies picked after electroporation of the targeting vector, 11 ES cell colonies tested 

positive for homologous recombination; six of these colonies were confirmed by 

Southern blot, to have both a 2 kb allele and the 5.5 kb allele containing the selection 

markers (Fig. 3.3c). However, the results of the Southern blot to test for complete 

recombination of the construct using the restriction sites surrounding the 5’ distal lox site 

revealed that only one of the ES cell colonies, designated 47D, had completely and 

correctly recombined the targeting construct (Fig. 3.4c). Colony 47D was then 

eleetroporated with Cre-recombinase, an enzyme that recombines lox sites, deleting 

regions residing between two sites, to produce type I and II deletions. Upon screening of 

colonies after electroporation, 44 type I deletion clones were identified by PCR. Of these 

positives, 13 were successfully expanded to 10 cm dishes, and 10 of these tested positive 

by Southern blot (Fig. 3.5d). In addition, seven colonies tested positive by PCR for the 

type II deletion, and 5 of these were successfully expanded and confirmed by Southern
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Fig. 3.7. Chimaeric mice generated from the injection of 129/SvJ type I PACAP^^ ES 

cells into Bl/6 blastocysts. The two chimaeric mice are labeled A and B. The ES cells 

were 129/SvJ (agouti), whereas the blastocysts were Bl/6 (black). Mouse coat colours 

are thus a mix of black and brown. Note non-chimaeric, Bl/6 littermates (C).
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Fig. 3.8. Founder PACAP mouse (agouti). Germline transmitting chimaeric mice 

were mated with Bl/6 females to generate +/- mice. Note +/+ black littermates.
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blot, of which 2 are shown (Fig. 3.6d). Microinjection of type I ES cell clones was 

performed to generate two chimaeric male mice (Fig. 3.7) which were used in breedings 

to produce mice heterozygous (+/-) for the PACAP deletion (Fig. 3.8). These +/- mice 

were then mated to produce mice homozygous (-/-) for the PACAP deletion. Type II ES 

cells have, to date, not been microinjected for the production of type II or floxed PACAP 

mice.

To confirm the laek of PACAP DNA, mRNA and protein in -/- animals. Southern 

blot, RT-PCR and western blot were performed. Indeed, Southern blot confirmed the 

proper deletion in both alleles in PACAP'' mice, and neither PACAP transcripts nor 

protein were detected in the brains of PACAP' ' mice (Fig.3.9a-c). Less PACAP could be 

detected in the brains of +/- animals, when compared to wild-type (+/+) littermates. 

After genotyping 270 offspring from +/- X +/- crosses, it was clear that PACAP ''' pups 

were not dying in utero, because the expected Mendelian ratio of genotypes was achieved 

(21% +/+, 52% +/-, 27% -/-). PACAP'^' pups appeared normal at birth in terms of gross 

morphology and behaviour. However, starting toward the end of the first postnatal week, 

and before the end of their seeond posmatal week, most PACAP ' mice had died. In a 

first group of -/- pups (n=73) all either died or were sacrificed to collect blood serum and 

other tissues for analysis. In a second group of -/- pups (n=86), only 9% survived. The 

death of -/- pups could be classified in two distinct modes. One mode involved a wasting 

eondition, resulting in the loss of the vast majority of peripheral fat stores associated with 

a reduced weight gain beginning before the end of the first post-natal week (Fig. 3.10), 

even though milk was clearly present in the stomachs of these animals. Because PACAP 

is involved in the hormonal regulation of several



106

Fig. 3.9. Confirmation of PACAP gene knoekout by DNA, mRNA and protein analysis, 

(a) Southern blot of PACAP^^*, PACAP^^' and PACAP'^' mouse genomic DNA cut with 

Nsil is hybridized with a 350 bp fi-agment of an EST representing 3’UTR. Appearance of 

the 1.5 kb fragment signifies the presence of the mutant allele, (b) PACAP mRNA 

expression in brain and liver tissue shows that PACAP*^* and PACAP^'' mice express 

PACAP mRNA in brain tissue, but PACAP'^' mice do not. (c) In western blot analysis, 

total brain extracts from PACAP-null mice show no detectable PACAP38 using 

polyclonal anti-PACAP38. Heterozygotes show reduced expression compared to wild- 

type littermates.
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Fig. 3.10. Comparison of size and weight differences during early postnatal development 

for PACAP genotypes, (a) Size differences between PACAP*^* and wasted PACAP ''' 

littermates at postnatal day 10. (b) Mean weights of PACAP*'^* (n=3), PACAP^" '̂ (n=ll) 

and PACAP'^' (n=9) mice from two litters. Error bars represent standard error of the

mean.
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metabolically important hormones, eg. insulin, glueagon, epinephrine, further analysis of 

levels of these hormones in the blood of -/- animals was warranted. A significant 

proportion of PACAP'" pups demonstrated a sudden death phenotype, indicative of 

possible cardiovascular failure. Because PACAP’s roles as a vasodilator and modulator 

of certain aspects of heart function have been documented, an overall assessment of heart 

morphology and function is logical. These experiments, as well as the rationale for them 

are discussed in later chapters.

These first two sets of pups were derived from parents who are 50% Bl/6 and 

50% SvJ129. Another group of -/- pups was produced from parents who were 

baekcrossed eight times to Bl/6, essentially producing a nearly homogeneous Bl/6 

genome. This group of pups had essentially the same phenotype as the original mixed 

strain of mice.
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CHAPTER 4

ANALYSIS OF PACAP ' ’ MICE: GLUCOSE AND FAT METABOLISM

A version of this chapter has been published;

Gray SL*, Cummings KJ*, Jirik FR, Sherwood NM. 2001. Targeted disruption of the 

pituitary adenylate cyclase-activating polypeptide gene results in early postnatal death 

associated with dysfunction of lipid and carbohydrate metabolism. Mol Endocrinol 15: 

1739-47.

* equal first authorship
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Introduction

In examining the primary cause of death in PACAP ''' mice, the well-established 

roles of the hormone in terms of animal physiology and metabolism may be important. 

In addition to its effects on pituitary hormone release (1-4), PACAP also affects the 

release of several other hormones. In the study of metabolic effects, most of the research 

has focused on the pancreas and adrenal gland, two key endocrine organs that, among 

other functions, regulate blood glucose levels. The potential exists for PACAP to 

influence pancreatic function, as both the hormone and the PACi and VP AC receptors are 

present throughout the gland and in the vicinity of islet cells (5). Since other glucagon 

family members, such as GLP-1, have an influence on pancreatic insulin secretion, there 

have been a number of studies that examine the role of PACAP on this process (1, 2,5,6- 

9). PACAP stimulates the release of insulin, in a glucose and dose-dependent fashion, by 

increasing intracellular concentrations of both cAMP and calcium (5). Although an 

intravenous injection of PACAP stimulates insulin release, glucose levels are maintained. 

It has been hypothesized that this is due to the hormone’s ability to raise blood glucose 

through stimulation of the adrenal gland to release epinephrine (5, 10), a function of 

PACAP discovered 10 years ago (11). PACAP’s role in adrenal catecholamine synthesis 

and output has been well studied, along with the cellular mechanisms underlying the 

effects, including activation of adenylate cyclase and calcium channels (12-14). It is 

clear now that catecholamine release can be modulated by neuropeptides, including 

PACAP, which is secreted from the splanchnic nerve terminating in the adrenal medulla; 

PACAP then binds to PACi receptors on adrenal chromaffin cells (15). Along with
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epinephrine, PACAP is hypothesized to be a stress-response hormone because its effects 

may extend to adrenal cortical tissue as a releaser of glucocorticoids in some species (16- 

18). As well, evidence links PACAP as a regulatory factor to the cardiovascular, immune, 

respiratory and gastrointestinal systems (4,19).

The current study shows that greater than 90% of PACAP ''' mice die very early 

in development, between the first and third postnatal weeks, a phenotype that appears to 

be exacerbated when the animals are housed at cooler temperatures. The pups have 

either a condition associated with wasting of the subcutaneous white fat stores or sudden 

death. The next step in the analysis of PACAP ''' pups was to examine various tissues 

and blood components for abnormalities. The focus of the analysis was on several key 

blood components that would give us an indication of overall metabolic function; 

glucose, insulin, glycogen, ketone bodies, free fatty acids, and triglycerides. Specific 

tissues (heart, adipose, liver, muscle) were examined for activity of lipoprotein lipase 

(LpL), an enzyme within blood vessels that cleaves triglycerides into component fatty 

acids for entry into tissues. We looked at these specific components for two reasons: 1) 

the visible characteristics of the ''' pups and of certain tissues suggested a defect in lipid 

metabolism, 2) PACAP has a significant role in the regulation of several hormones that 

have profound metabolic influence, including insulin, glucagon and epinephrine. Thus, 

PACAP would exert control over fuel utilization in tissues and homeostasis in the blood. 

The data obtained in this part of the study help to point the way to understanding the 

mechanism whereby lack of PACAP leads to death.
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Materials and Methods

Light microscopy

Tissues (brain, heart, lung, thymus, stomaeh, liver, pancreas, spleen, intestine,

+ /+  + /-
kidney, adrenal gland, skin, skeletal muscle and bone) from PACAP , PACAP » 

PACAP mice were collected and fixed in 4% paraformaldehyde in PBS. Routine 

processing, paraffin embedding and sectioning (10 pm) were performed. All sections 

were stained with hematoxylin and eosin. Frozen sections of liver, heart and skeletal 

muscle were stained with Oil Red O to identify the presence of lipids.

Measurement o f serum and liver components

Blood for all assays was collected from anaesthetized mice by cardiac puncture or 

decapitation. Serum was purified by centrifugation. Serum J3- hydroxybutyrate (ketone 

body) was measured using Sigma kit #310-A. Fatty acids were measured with a kit from 

Roche Diagnostics (#1 383 175). Serum triglycerides were measured at the Vancouver 

General Hospital core laboratory facility. Also measured were serum cholesterol (Sigma 

kit #352-20), blood glucose (Bayer's Elite glucometer) and liver glycogen (Sigma kit 

STA-20). Serum insulin concentrations were measured in duplicate by 

radioimmunoassay (Linco Research Inc. Sensitive Rat Insulin RIA kit, #SRI-13K, St. 

Charles, MI). For the measurement of glucose and insulin, serum was collected from 

both fed and fasted postnatal day 5 and day 7 mice. Fed mice were allowed to nurse ad 

libitum prior to serum collection, and were removed from the litter randomly whereas all 

fasted mice were removed from their mothers and did not feed for 4 hours prior to serum 

collection. Statistical analysis was done with Tukey-Kramer Multiple Comparison Test.
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Level of significance was P <0.05. In the insulin radioimmunoassay, several samples (7 

out of 86) contained very low levels of insulin, which were not detected by the assay. 

For statistical purposes a conservative value of 0.02 ng/ml, the lowest detectable 

concentration for Linco’s Sensitive Rat Insulin Radioimmunoassay Kit, was assigned to 

these samples. IL-6 measurements were made on postnatal day 7 (P7) PACAP and 

''' pups using an OPTEIA IL-6 ELISA kit (Pharmingen, San Diego, CA) according to the 

manufacturer’s recommendations. Statistical analysis was done to compare IL-6 levels in 

wild-type and PACAP knockout mice using a t-test, assuming unequal variances.

Measurement o f tissue LpL activity

Measurements of tissue LpL activity were performed with the help of Ms. Fudan 

Maio, using an assay system previously described (20). A stable radioactive substrate 

consisting of fatty acid-labeled trioleoylglycerol emulsified in glycerol was used with 

lethicin as a detergent. This anhydrous substrate was then mixed with BSA-heparin and 

serum for assay use.

Tissues were homogenized in LpL buffer (100 mg tissue/ml buffer) containing 

0.025M NH4C1 pH 8.2 with 5 mM EDTA, 8 mg/ml Triton X-100, 0.4 mg/ml SDS, 

protease inhibitors and 33 pg/ml heparin to dissociate the LpL from the tissue. A sample 

of 10 pi was mixed with 90 pi PBS and 100 pi substrate and incubated for 60 minutes at 

37°C. The mixture was then extracted with 3.25 ml extraction mixture 

(methanol:chloroform:heptane, 1.4; 1.3:1.0) and centrifuged. One ml of the upper layer 

was counted. One mU of LpL activity was defined as the release of 1 nmol of oleic acid 

per minute at 37°C.
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Results and Discussion

Necropsies, done at 6-8 days of age or at death, revealed that the livers of 

PACAP  ̂ mice were buff colored. Histological examination of 15 tissues showed lipid 

abnormalities in four PACAP ''' tissues: white adipose tissue, liver, heart and skeletal 

muscle. In the liver, hepatic microvesicular steatosis (small, intracellular lipid droplets) 

was present in PACAP knockout mice (Fig. 4.1) and was confirmed by Oil Red O 

staining (Fig. 4.1v). In addition, both heart and skeletal muscle (Fig. 4.2) showed 

intracellular fat accumulation in Oil Red 0-stained sections. One possible cause of 

microvesicular fat accumulation in liver cells is a defect in mitochondrial function

leading to reduction in fatty acid oxidation (21, 22). However, mitochondria of PACAP  ̂

mice appeared to be morphologically normal (data not shown) from analysis of electron 

micrographs. To directly evaluate the functioning of the fatty acid 13-oxidation pathway, a 

blood sample from each genotype was also analyzed for 3-OH fatty acids (C6 to C l6) by 

gas chromatography-mass spectrometry (GC-MS) (23). The similar distribution of 3-OH 

fatty acids for the different chain lengths among the mice genotypes suggested that an 

enzymatic defect in fatty acid 13-oxidation was not present in the PACAP null mice (Table 

1).
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+/+ +/- -/- 
Fig. 4.1. Morphology of hépatocytes in iMC4P , PACAP m d PACAP mice. There

- /-  + /+  
is microvesicular fat in the hepatocytes of PACAP mice (iii), but not in the PACAP

+ /-  , 
and PACAP hepatocytes (i and ii). The presence of fat in the vesicles of the PACAP

hepatocytes was confirmed using the histological stain Oil Red O (v)
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Fig. 4.2. Cryostat frozen sections of skeletal and cardiac muscle showing intracellular fat

accumulation, (a) Heart tissue and (b) skeletal muscle stained with the Oil Red O

- /-  + /+  

identifies intracellular microvesicular fat in PACAP mice but not in PACAP or

PACAP mice.
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Table 4.1. 3-OH-fatty acids (^M) in blood of PACAP genotypes, measured by gas 

chromotography-mass spectrometry.

Genotype 3-OH-C6 3-OH-C8 3-OH-ClO 3-OH-C12 3-OH-C14 3-OH-C16

+/+ 4.1 2.6 0.6 0.6 0.5 1.2

+/- 3.7 3.0 0.8 0.6 0.3 0.7

-/- 5.6 2.5 0.8 0.6 0.6 1.2
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In addition to lipid accumulation in tissues, abnormalities in the levels of serum lipid 

components were evident in knockout animals. PACAP animals had significantly 

elevated serum levels of triglycerides and higher levels of free fatty acids (fra) (but not 

significantly higher than heterozygotes) (Fig. 4.3a,b). The serum of PACAP ''' mice had 

significantly higher levels of cholesterol than that of littermates (Fig.4.3c).

Additional evidence that hepatic fatty acid oxidation is functioning normally is 

the high levels of ketone bodies (^-hydroxybutyrate) in the serum of PACAP ''' pups 

(Fig.4.3d). In times of starvation (low blood glucose), and when hepatic glycogen stores 

have been depleted, the liver provides fuel to the brain and heart by two mechanisms: 

through synthesizing glucose (gluconeogenesis) and ketone bodies from non

carbohydrate sources (fatty acids). The data suggest that the liver is simply responding to 

an increase in fatty acid flux from peripheral sources (white adipose tissue). A high 

concentration of triglyceride in serum may be indicative of increased conversion of fatty 

acids into very low-density lipoprotein (VLDL) by the liver. VLDL is a form of 

triglyceride that is subsequently exported to peripheral tissues. Skeletal muscle and 

heart, in addition to liver, may also be responding to an increased mobilization of fatty 

acids from adipose tissue in PACAP null mice by storing intracellular lipid.
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Fig. 4.3. Physiological assessment of PACAF^' mice in relation to heterozygous and 

wild-type littermates. Error bars represent standard error of the mean; * indicates a 

significant difference (p<0.05) between the values obtain from the PACAF^' mice and 

both the PACAP*^' and PACAP^^^ mice (Tukey-Kramer multiple comparison test). ^ 

shows a significant difference between PACAP knockout and wild-type mice, (a) Serum 

triglycerides in PACAP^^^(n=A), PACAP^^Xn=5), PACAP "̂ '(n=5) mice are shown, (b) 

Levels of free fatty acids in the serum of PACAP""^*(n=A), PACAP*^Xn=4), PACAP ''' 

(n=4) mice are compared, (c) Levels of cholesterol vary in the serum of 

PACAP^^^{n=\\), PACAP^^'{n=\l), PACAP '^'(n=\6) mice, (d) Levels of the ketone P- 

hydroxybutyrate in the serum of PACAP*^*{n=\\), PACAP*^'(p=\y), are significantly 

lower than PACAP'^\n=\6) mice.
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Although no differences in blood glucose were found in fed (nursing) postnatal 

day 5 (P5) pups (Fig. 4.4a), blood glucose levels were significantly lower in serum fi-om 

P5 fasted PACAP ''' animals, (Fig. 4.4b) compared to littermates. Similarly, there were 

no significant differences in blood glucose among fed P7 pups (Fig 4.5a). The blood 

glucose in P7 fasted knockout animals tended to be lower, compared to other genotypes, 

but this difference was not significant (Fig. 4.5b). In addition, the liver glycogen content 

was significantly lower in knockout animals compared to littermate values (Fig. 4.5c), 

consistent with an overall hypoglycemic condition.

With low fasting blood glucose and depleted liver glycogen, the data obtained 

suggest that PACAP ''' animals respond abnormally to fasting periods. It is possible that 

the mobilization of fatty acids fi-om the periphery, the high serum triglycerides and 

ketone bodies are in response to a primary abnormality in glucose metabolism, such as 

defective gluconeogenesis or an aberrant insulin response. High serum triglyceride could 

be in the form of very low-density lipoprotein (VLDL) fi-om the liver, a normal response 

to starving or fasting conditions. However, one cannot discount the possibility that the 

high serum triglyceride could be in the form of chylomicrons synthesized by gut 

epithelial cells fi-om ingested triglycerides. High circulating chylomicron levels would be 

indicative of a primary defect in triglyceride hydrolysis by enzymes residing in blood 

vessels, such as lipoprotein lipase (LpL). However, a sensitive assay to measure LpL 

activity in heart, skeletal muscle, liver and adipose tisue did not reveal a significant 

differences in LpL activity between wild-type and knockout littermates.
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Fig. 4.4. Comparison of blood glucose levels among postnatal day 5 (P5) PACAP 

genotypes. Blood glucose levels are compared in (a) fed and (b) fasted PACAP*^*{n=9), 

PACAP"" '̂(ri=\5), PACAP " '̂(n=l 0) P5 mice. Error bars represent the standard error of the 

mean.
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Fig. 4.5. Comparison of glucose and glycogen levels between postnatal day 7 (P7) 

PACAP genotypes. Blood glucose levels in (a) fed (nursing) PACAP^^^(ri=5), PACAP^^' 

(n=19), P A C A P postnatal day 7 (P7) and (b) fasted PACAP^^\n=5), PACAP^^' 

(n=12), PACAP '^'(n-5) P7 mice, (c) The percentage of glycogen in the livers of P7 

PACAP^^^(n=A), PACAP^^'(n=4), PACAP "̂ "(n=4) mice. Error bars represent standard 

error of the mean, * indicates a significant difference (p<0.05) between values for 

PACAF^' mice and both the PACAP^^' and PACAP^^^ mice.
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A radioimmunoassay (RIA) for insulin was performed on pup serum, because 

insulin controls glucose homeostasis and has profound effects on various aspects of lipid 

metabolism, such as VLDL production by the liver. It was found that PACAP pups, at 

post-natal day 5 (P5), have significantly higher levels of insulin in the blood in the fasted 

state (Fig.4.6b). Although insulin levels fi-om neither fed (nursing) P5 knockout pups 

(Fig 4.6a) nor fed or fasting P7 knockout pups (Fig. 4.7a,b) were significantly different 

from wild-type littermates, these experiment were conducted on only one set of animals 

(n=10 for each genotype), whereas the experiment for P5 fasted animals was done on two 

sets of animals (̂ '̂ n̂= 18, n=20, \= 17). The insulin levels in fed pups are more

variable than in fasted pups, leading to a higher standard error. In addition, although not 

significantly different, the fasted insulin levels in P7 knockout pups tend to be higher 

than in wild-type littermates (Fig 4.7b).

Fasting PACAP ''' mice on postnatal day 5 have significantly higher serum 

insulin, in the face of low blood glucose. This is an abnormal condition during fasting 

conditions, as glucose is the primary determinant of insulin release from the pancreas. 

The significantly higher levels of insulin, triglycerides (chylomicron or very low-density 

lipoprotein) and ketone bodies, when compared to wild-type littermates, as well as the 

wasting of subcutaneous fat in knockout animals is suggestive of a possible defect in 

insulin action in peripheral tissues, or an insulin resistant state. However, insulin 

resistance, a polygenic disease associated with type II diabetes, is normally accompanied 

by hyperglycemia stemming firom glucose intolerance. Insulin’s ability to lower blood 

glucose, by promoting its entry into fat and muscle, is compromised with this
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Fig. 4.6. Comparison of serum insulin levels between P5 (a) fed (b) fasted PACAP 

and ''' littermates. Error bars represent standard error of the mean, * indicates a 

significant difference (p<0.05) between values for PACAF^' mice and both the PACAP^^' 

and PACAP^^^ mice.
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Fig. 4.7. Comparison of serum insulin levels among P7 (a) fed (b) fasted PACAP , 

and littermates. Error bars represent standard error of the mean.
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disease. A wealth of information exists on insulin resistance, including the role of the fat 

cell in the initiation and progression (see reviews 22-24). Much of the work has focused 

on the use of transgenics and gene knockouts to unravel the specific molecular 

mechanisms underlying the disorder (see reviews 25, 26). Some of the experiments have 

examined the role of the insulin receptor itself in the disease. Mice with targeted deletion 

of the insulin receptor have some similarities to our mice, with growth retardation and 

death in the first post-natal weeks of life accompanied by high serum triglyceride levels, 

ketone bodies (diabetic ketoacidosis), reduced liver glycogen content and fat deposition 

in the liver (27). By employing a variety of different molecules in a tissue-specific 

fashion, stimulation of the insulin/IR pathway in different tissues has distinct 

physiological outcomes. Therefore, abnormal IR signaling in any one tissue could result 

in the appearance of some characteristics of insulin resistance without others, and could 

explain the appearance of fat disturbances in our mice in the absence of the typical blood 

glucose abnormalities seen with insulin resistance. For example, selective knockout of 

the insulin receptor in adipose tissue results in low fat mass, but an absence of glucose 

intolerance (28). In addition, muscle specific insulin receptor knockout results in high 

serum triglycerides and free fatty acids while maintaining normal blood glucose and 

insulin levels (29). In contrast, a lack of insulin receptor expression in liver results in 

severe glucose intolerance (30). Disruption of molecules that associate directly with the 

insulin receptor, such as the insulin receptor substrates (1RS), can also lead to tissue 

specific insulin resistance (31), as can the disruption of insulin effector molecules, such 

as LpL. Although no significant differences were observed in this study in terms of LpL 

activity in different tissues, targeted disruption of the enzyme leads to a phenotype that is
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strikingly similar to the phenotype observed in this study with PACAP knockout mice. 

LpL knockout mice die shortly after birth, with a severe reduction in adipose tissue, high 

serum triglycerides and high amounts of intracellular lipid droplets in their livers (32), as 

well as hypoglycemia (33). In addition, LpL̂ '̂ ' mice have hypoglycemia accompanied by 

fasting insulin levels twice that of wild-type control mice (34).

In terms of PACAP’s direct role in insulin sensitivity within tissues, one report 

showed that PACAP stimulated glucose uptake in an adipocyte cell line (35). Although 

this is contradictory to the lower blood glucose in PACAP knockout mice observed in 

this study, PACAP also has been found to have a counter-regulatory role in the 

maintenance of blood glucose. PACAP opposes the action of insulin by both 

contributing to the glucagon response (36), as well as having a pivotal role within the 

adrenal medulla in the epinephrine response to hypoglycemia (37).

A provocative finding was significantly elevated concentrations of IL-6 in the 

serum of PACAP ''' animals compared to littermate controls (Fig 4.8). IL-6, a

cytokine produced by many different cell types, is known to have profound effects on fat 

metabolism (38, 39) and can lead to insulin resistance with associated elevated 

triglyceride levels and other disorders of fat metabolism. Although PACAP has been 

shown to stimulate the production of IL-6 in certain cell types (40, 41), it also has 

inhibitory effects on the production of various pro-inflammatory cytokines, including IL- 

6 (42), and is establishing itself as a broad immune suppressor ( review 42). Therefore, it 

is possible that a lack of PACAP results in a lower threshold for immune cell activation, 

resulting in the release of pro-inflammatory cytokines such as IL-6, leading to 

disturbances in glucose and fat metabolism, a possibility that could be examined further.



139

Given the role of PACAP in glucose-induced insulin secretion (review 5), it is 

possible that a pancreatic defect is present in PACAP' ' mice, resulting in a disregulation 

of the glucose sensing mechanism and aberrant insulin release. This possibility will have 

to be explored further, as in-depth analysis of pancreatic structure and function have not 

been performed on these PACAP-deficient animals. This is the first report that PACAP 

has a role, either directly or indirectly, in lipid metabolism. The early death after birth 

associated with wasting and the accumulation of fat in the liver, heart and skeletal muscle 

were striking results that were not predictable from previous literature. Our data show 

that PACAP may be a critical regulator of carbohydrate and lipid metabolism; whether 

the effect is direct or indirect remains to he established.
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Fig. 4.8. Concentrations of IL-6 in the serum of postnatal day 7 PACAP PACAP 

and PACAP pups. Error bars represent standard error of the mean, * indicates a 

significant difference (p<0.01) between values for PACAF^' mice and PACAP^^^ mice.
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CHAPTERS

CARDIOVASCULAR ASPECTS OF PACAP  ̂ MICE.

A version of this chapter is in preparation for submission:

Cummings KJ, Kondo C, Poon BY, Sherwood NM, Jirik FR, Giles WR. 

Abnormal cardiac and respiratory function in PACAP -/- mice. In preparation.
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Introduction

PACAP, with its widespread distribution throughout the central and peripheral 

nervous systems, has the ability to affect several organ systems, both directly by binding 

to receptors on target cells, and indirectly as a releaser of hormones such as insulin and 

adrenalin (1). Included are PACAP’s homeostatic physiological functions, such as 

regulating blood glucose and stimulating vasodilation, which can initiate and influence 

other processes as the animal adapts to its changing environment. The cardiovascular 

system is a good example of a system that can be profoundly influenced by various 

environmental stressors and hormones. PACAP's influence on heart function has been 

studied in several different species including rat (2), guinea pig (3, 4), dog (5-7) cat (8), 

pig (9) and mud puppy (10). In studying PACAP's effects on the heart, it is useful to 

know the location of both the hormone as well as its receptor within the organ. The 

cardiac ganglion is a relay center for parasympathetic preganglionic fibers as well as 

sympathetic post-ganglionic fibers. Thus, the ganglion has widespread control over heart 

fianction. In guinea pig, PACAP-positive nerve fibers have been found extensively 

surrounding, and within the cardiac ganglion as well as in a sub-population of cholinergic 

parasympathetic neurons within the ganglion (11), further proof of endogenous PACAP 

production within the guinea pig ganglion. In addition, RT-PCR has identified two 

isoforms of the PACl-R, as well as VPACl and VPAC2 receptors on cultured rat atrial 

myocytes (12), and VPAC2 has been identified in human heart tissue (13).

Studies looking at the direct effects of PACAP on cardiovascular function have 

been somewhat confounded by the hormone-releasing actions of PACAP in other tissues. 

It was found that plasma epinephrine levels in anesthetized dogs were significantly
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increased after an injection of PAC AP-3 8, which was associated with significantly 

increased cardiac output and arterial blood pressure (14). Furthermore, although PACAP 

causes vasodilation and a decrease in pulmonary vascular resistance in pig (9,15) and cat 

(8), but it causes biphasic changes in systemic arterial pressure, in which pressure 

changes from low to high after PACAP releases adrenal catecholamines (9). It has also 

been suggested that PACAP’s effects on the heart are indirect, through the release of 

acetylcholine (Ach) within the cardiac ganglion. Several studies have indicated that 

PACAP acts through Ach to negatively regulate heart rate and contractile force. PACAP 

and PACAP receptors are expressed in Ach-positive parasympathetic pre- and post

ganglionic neurons respectively, and PACAP has the potential to directly depolarize 

parasympathetic post-ganglionic neurons and increase membrane excitability (16). In 

addition, PACAP exerts negative influence on both heart rate and force of contraction in 

dog (6, 7, 17) and induces negative chronotropic effects in guinea pig atria, an effect 

associated with the release of Ach from parasympathetic nerves innervating the heart, and 

which is blunted by atropine, an Ach blocker (18).

However, there is evidence for direct effects of PACAP on heart tissue. The 

hormone has been found to directly stimulate cAMP production in rat cardiac myocytes 

(14). PACAP has also been found to increase both atrial and ventricular force in isolated 

dog heart (7), (17). In addition, PACAP increases heart rate in autonomically 

decentralized dog heart (6), an effect not inhibited by propranolol, an antagonist of 

epinephrine, but is inhibited by a specific PACl-R antagonist. These findings support a 

more direct effect of PACAP within the heart.
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PACAP has also been shown to have effects on aspects of breathing. Most of 

PACAP’s effects are mediated by high affinity receptors (PACl-R) identified in lung 

tissue (19). PACAP27 and PACAP38 have been shown to inhibit airway smooth muscle 

tone and prevent bronchoconstriction (19), possibly by inhibiting muscarinic airway 

responsiveness, at least in guinea pig (20, 21). In anaesthetized dogs, intravenous 

injection of both PACAP27 and PACAP38 resulted in an increase in the firequency of 

respiration (5). PACAP, being present in several brainstem regions (22, 23), has the 

potential to exert control centrally over processes such as breathing and cardiac function, 

processes highly regulated by the autonomic nervous system.

In this thesis, several issues concerning PACAP’s role in cardiovascular function 

are addressed. First, it is important to establish whether isolated heart cells from wild- 

type mice contain the PACAP-specific receptor (PACi-R). Second, isolated ventricular 

myocytes from wild-type mice were treated with PACAP38 to provide information on the 

hormone’s direct effects on murine cardiac mycocyte cell-shortening and rate of 

contraction; this would indicate the potential, on the cellular level, for PACAP to directly 

influence cardiac output.

Third, because a significant proportion of PACAP'' pups in this study died 

suddenly, an assessment of basic cardiovascular functioning was performed. To study 

any effects on heart rate, as well as the conduction system within the heart, an 

electrocardiogram (ECG) was recorded from pups. Pups were studied at two body 

temperatures, since a higher mortality in PACAP'^ pups has been observed with 

decreasing ambient temperatures. In addition, ECG tracings were used to determine 

respiratory rate in pups at the two temperatures.
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Materials and Methods

ECG
Surface electrocardiograms (ECGs) were recorded from 7-14 day old PACAP 

'̂'^and PACAP ''' littermates. Pup weight and blood glucose were measured prior to 

experimentation to ensure all pups were relatively healthy and not suffering from the 

metabolic condition described previously. ECG was performed using silver/silver- 

chloride needle electrodes (WE-Wright) placed in the ends of syringe housings, in which 

approximately 1 cm. of the tip (needle) end was retained and filled with conducting gel. 

The amplifier used was in-house, custom designed with the gain set at 1000 and a 

bandwidth of O.lHz-lkHz. Data were collected on leads 1-3 using Aquire VI software 

(National Instruments, Austin TX), custom written in LabView 5.1. Data were converted 

by an analogue to digital converter (National Instruments, Austin TX, serial PCI-MIO- 

16XE-10). Data analysis was performed using Interval software (Research Systems, 

Boulder, CO) custom written in Interactive Data Language.

While under a heat lamp to maintain a normal body temperature, pups were 

briefly anaesthetized with 2% isofiurane, which was determined as the minimum amount 

needed to prevent animal movements. The pups were held at a rectal temperature of 

35 °C or 37°C (normothermia) or 30°C (hypothermia) using a heat light controlled by a 

temperature probe. Turning off the heat lamp and maintaining anesthesia was used to 

induce hypothermia. The time taken for rectal temperature to fall to 30°C was 

approximately 10 min. Hypothermic recordings always followed thermoneutral 

recordings. Littermates were always used and recorded at identical rectal temperatures.
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Measurements of heart aetivity were performed as follows: RR intervals, the time 

between ventricular beats, were measured from the peak of one R wave to the peak of the 

subsequent R wave. PR intervals, the time for atrial depolarization and conduction 

through the AV node, were measured from the peak of the P wave to the start of the Q 

wave. QRS intervals, the duration of ventricular depolarization, were measured from the 

start of the Q wave to the end of the S wave. The QalphaT interval (QaT), the time taken 

for ventricular depolarization and repolarization, was determined by measuring the time 

between the start of the Q wave and the maximum deflection (+ or -) of the T wave. Ten 

independent P-QRS-T complexes were analyzed for each pup, and were sampled from 

the middle of the 10 minute normothermic or hypothermic treatment. Means were 

calculated for the set of 10 complexes for each pup, followed by a calculation of the wild- 

type or knockout mean. Measurements of P-QRS-T complexes were not performed on 

any pups with markedly abnormal breathing during the sampling portion of the recording. 

ECG traces were also analyzed qualitatively over the recording period for variations in 

RR interval, as a measure for heart rate variability (HRV). Wild-type and knockout mean 

interval values were compared for significant differences using a two-tailed Student’s t- 

test.

Respiratory rate (Rr) was analyzed during eleetroeardiogram (ECG) recording by 

measuring the bursts corresponding with the movement of the animal’s chest cavity 

during breathing. Bursts were counted in 10 or 20 second intervals at the beginning (0 

min), middle (5 min) and end (10 min) of the recording and converted to breaths/min 

(Rr). ECG recordings were performed at both normothermic and hypothermic body 

temperatures, which were maintained throughout the duration of the recording. Wild-type
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and knockout mean values were analyzed for significant difference using a two-tailed 

Student’s t-test.

Ventricular myocyte isolation

Ventricular myocytes were isolated with the assistance of Ms. Betty Poon, as 

previously described (24), with minor modifications for murine cells. Briefly, six-week 

old male C57BL/6 mice were anaesthetized; the hearts were removed and placed into 

Tyrode’s buffer (NaCl 140 mM, KCl 5.4 mM, Na2HP0 4  1 mM, HEPES 5 mM, glucose 

10 mM, MgCli 1 mM, pH adjusted to 7.4 with NaOH) containing 1 mM CaCli at 4°C. 

Hearts were cannulated via the aorta (within 3 mins) for retrograde perfusion of the 

coronary arteries. Initially, the hearts were perfused with Tyrode’s buffer containing 1 

mM CaCla at 2ml/min for 5 mins at 37°C and then with Tyrode’s buffer containing no 

CaClz at 2ml/min for 5 mins. Perfusion was then switched to Tyrode’s buffer containing 

40 pM CaCli, 20 pg/ml collagenase, and 4 pg/ml protease and perfusion continued at 

2ml/min for 8  mins. Digested hearts were then removed from the perfusion system and 

ventricles were minced in Tyrode’s buffer containing 1 mM CaCl2 , 500 pg/ml 

collagenase, 100 pg/ml protease, and 2.5% bovine serum albumin (BSA). Ventricular 

tissue segments were then put into a shaking water bath for 10-20mins at 37°C to 

complete the dispersion and obtain a suspension of individual myocytes. Myocytes were 

then placed in a KB-type solution at 4°C to prolong cell viability (K-glutamate 100 mM, 

K-aspartate 10 mM, KCl 25 mM, KH2PO4 10 mM, MgS0 4  2 mM, taurine 20 mM, 

creatine 5 mM, EGTA 0.5 mM, glucose 20 mM, HEPES 5 mM, and BSA 1%, pH 

adjusted to 7.2 with KOH) and used within 5 hrs.
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RT-PCR

Freshly isolated ventricular myocytes were cultured on 10 cm dishes in 

DMEM/F12 media (GibcoBRL) with 20% PCS (Hyclone) and penicillin/streptomycin at 

37 °C and 5% CO2 for two hours to remove fibroblasts, which fall out of the media more 

quickly than myocytes and adhere to the dish surface. Purified myocytes were then 

replated in the above conditions for 6 hours, after which they were removed from plates 

and pelleted in tubes. Total RNA was isolated with TRIzol (GibcoBRL) according to the 

manufacturer’s instructions. Total RNA (5 pg) was reverse transcribed into cDNA using 

Superscript II (GibcoBRL) with 1 pL of 20 mM oligo-dt as the first strand primer. The 

reaction was allowed to proceed at 42°C, according to the manufacturer’s instructions, for 

1 hour. cDNA (1 pi) was used in a PGR reaction using two sets of primers directed 

towards the PACl-R. Primers RECl-1 (5’ggctctataatggttaactttgtgc3’) and REG 1-2 

(5 ’ agtccatagtgaagtaacggttcac3 ’) were used to amplify PAGl receptors with variations in 

the third intracellular loop. The PGR products obtained from cDNA were cloned into the 

vector PGR 2.1 (Invitrogen, Carlsbad, GA) and sequenced in both directions using T7 and 

M l3 reverse primers.

Cell shortening measurements

Isolated ventricular myocytes were allowed to adhere to a glass microscope stage 

for 5 mins at room temperature. Myocytes were then superfused at Iml/min with normal 

Tyrode’s buffer containing ImM GaGL. Cells were field stimulated at IHz using 

threshold voltage level (Isolator II, Axon Instruments USA) to minimize production of 

free radicals due to hydrolysis. Unloaded cell shortening was recorded using an edge 

detection device (Solamere Technology Group) and the data acquired digitally at 10 KHz 

sampling rate (Glampex v. 8.1, Axon Instruments, Inc., Foster City, GA). For all 

experiments, cells were allowed to equilibrate while being electrically stimulated
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continuously for 15 mins. A baseline measurement of cell shortening was recorded for 5 

minutes. Only cells with a minimum 5% baseline contraction were used in experiments. 

Cells were treated with either 100 nM PACAP (n=9) or 100 nM isoproterenol (n=5) and 

measurements of cell shortening were performed each minute for 10 minutes after the 

onset of treatment. The peptide was then washed out with Tyrode’s buffer containing 1 

mM calcium, and recordings were continued every minute for an additional 10 minutes. 

Analysis was done using Clampfit software (Axon Instruments, Inc., Foster City, CA).

Results

ECG
Surface ECG recordings at both normothermia and hypothermia were performed 

on PACAP and PACAP ''' littermate pups (aged 7-14d) and complexes were analyzed 

for differences in PR, QRS, QalphaT and RR intervals, as an indicator of potential heart 

dysfunction in the knockout mice. No significant differences were observed in PR, QRS, 

or QalphaT intervals at normothermia or hypothermia (Fig. 5.1a,b). However RR 

intervals were significantly shorter in PACAP ''' (112.22 msec +/- 2.22 msec) than their 

PACAP littermates (122.07 msec +/- 3.53 msec) at normothermia (Fig. 5.1a). 

Conversely, at hypothermic temperatures, RR intervals for PACAP mice were 

significantly longer (175.02 msec +/- 3.34 msec) than their PACAP littermates 

(163.49 msec +/- 3.17 msec) (Fig. 5.1b).
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Fig. 5.1. ECG mean interval measurements at normothermia and hypothermia for 

PACAP mà''' pups. The diagrams shown represent measurements from pups exposed 

to (a) normothermic temperatures and (b) hypothermic temperatures. Ten independent P- 

QRS-T complexes were analyzed to determine PR, QRS, QalphaT and RR intervals for 

each pup, sampled from approximately the 5 minute time point of the 10 minute interval. 

The mean for each interval was calculated from the 10 sampled values, followed by a 

calculation of the interval means for the set of wild-type and knockout pups. Error bars 

indicate standard error. Measurements of P-QRS-T complexes were not performed on 

any pups that had stopped breathing during the sampling portion of the recording. Wild- 

type and knockout mean interval values were compared for significant values between 

wild-type and knockout pups is indicated by an asterisk (*).



159

a)
40

30

20

10

PR interval

+/+

12

10

QRS interval

b)
80 

60 

3 40 

20 

0

QaT interval RR interval

+ /+  -/-
n-8 n=6

PR interval

140-
120 T *

100
80
60
40
20
0 , ,

14

1"" 12A 10■ 8 ■■ 6 ■■ 4 ■

■ 2 •
0 '

+ /+  -/-
n=8 n=7

QRS interval

n=9 n=7 n=9 n=7

40

30

20

10

0

QaT interval

LmJ
+ /+  -/-
n=8 n=6

RR interval

+ /+  -/-  
n=8 n=7



160

A comparative analysis of PACAP ''' tracings vs. PACAP tracings revealed 

abnormalities in PACAP ''' P-QRS-T tracings that developed over the course of the 

recordings. Seven PACAP ''' animals (7/8) had abnormal ECG recordings when 

compared to wild-type littermates. One knockout animal, the oldest of the test group at 2 

weeks of age, had no observable ECG anomalies. No wild-type animals displayed any 

abnormalities throughout the course of either normothermic or hypothermic conditions 

(0/9). In five of the eight knockout animals tested, P-QRS-T abnormalities were closely 

followed by atrial-ventricular (AV) block and death. Four of these five died at 

hypothermic treatment, while one died near the beginning of its normothermic treatment. 

One of the 8 knockout animals showed no apparent changes in P-QRS-T tracings, but had 

a significant episode of heart rate variability during the hypothermic treatment. One 

knockout animal died shortly after the application of anaesthetic, prior to being hooked 

up to ECG. A normal ECG tracing from a wild-type animal is shown in Fig. 5.2a. 

Abnormal ECG eharaeteristies from knockout pups are shown and include: AV-block 

(Fig. 5.2b), and a marked depression of the S-T segment over time (Fig. 5.2e-e).

Analysis of respiration was performed by observing breaths at the beginning (0 

min), middle (5 min) and end (10 min) of the ECG recording, at both normothermia and 

hypothermia, and calculating a respiratory rate (Rr) in breaths/minute for both PACAP 

and PACAP ''' animals. At normothermia, PACAP ''' pups tend to have a lower Rr when 

compared to PACAP littermates. However, values are significantly different at 

thebeginning of the recording only (0 min)(Fig.5.3a) ("̂ ^̂  103.11 +/- 12.06; ''' 74.67 +/- 

8.55). In addition, one knockout animal had no observable breathing by the 10 minute 

time point.
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Fig. 5.2. Examples of observed ECG abnormalities in PACAP -/- pups aged P7-P14. (a) 

A normal ECG tracing is shown, with P, Q, R, S andT waves indicated, (b) In 5 of 8 

knockout animals tested, an atrial-ventricular (AV) block preceded death. Two P-wave 

per QRS complex is characteristic of this condition (indicated by arrows). In 4 mice, ST- 

wave suppression occurred over the time course of hypothermia, (c) An example of a 

normal ST complex is shown, indicated by the arrow, (d) A moderate ST-suppression 

and (e) an advanced condition. Notice in (c) the burst of static associated with the 

movement of the animal’s chest cavity during respiration (small arrow).



a )

162

OS

> 0.0

..0
i';or. iw

b)

P = ATRIA FIRING
QRS = VENTRICLES FIRING
T = VENRICLE REPOLARIZATION

t   “f
'HO



c)

163

d)

I f  IJ
II

I

e)

C ' S . I

i

6 :.î &;.6



164

At hypothermia, PACAP ''' Rr values are significantly lower at all three time points (0 

min: 31.33 +/- 3.28, 14.25 +/- 1.58; 5 min: 30.33 +/- 2.47, ''' 9.75 +/- 1.47; 10

min: 27.33 +/- 3.30, ''' 4.13 +/- 1.69) (Fig. 5.3b). Wild-type pups suffered an

approximately 70% reduction in Rr from the beginning (0 min) of the normothermic 

treatment to the onset (0 min) of hypothermia, while the Rr of knockout pups was 

reduced by 81%. From the beginning of the normothermic treatment to the end of the 

hypothermic treatment, wild-type Rr values were reduced by approximately 73%, while 

knockout values were reduced by 94%. In addition, four knockout mice had no 

observable breathing by the 10 min time point of the hypothermic challenge (Fig 5.3b).

Cardiomyocyte PACAP receptor expression

RNA was isolated from cultured heart cells and analyzed using RT-PCR for 

PACAP receptor expression. Primers specific for PACiR that span the third intracellular 

loop were used to determine the existence of any splice variants of the receptor. Two 

fragments, one approximately 350 bp and another approximately 450 bp were amplified 

(Fig. 5.4). Subcloning and sequencing revealed that the 350 bp product was a fragment 

of the short form (PACiR-s) of the PACAP specific receptor, whereas the 450 bp 

fragment was identified as the hop variant (PACiR-hop) containing an additional 84 bp 

within the region encoding the third intracellular loop.

Cell -shortening

Mouse ventricular myocytes were isolated and cell shortening, contraction rates 

and relaxation rates were measured at baseline and after treatment with 100 nM PACAP. 

PACAP38 appeared to have positive effect on
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Fig. 5.3. Comparison of respiratory rate (Rr) between PACAP and PACAP ''' pups, 

(a) Rr at normothermia in PACAP and PACAP ''' pups. Pups were briefly 

anaesthetized and held at a reetal temperature of 35°C (n=6) or 37°C (n=3). Rr was 

analyzed during electrocardiogram (ECG) recording by measuring the bursts 

corresponding with the movement of the animal’s chest cavity during breathing. Bursts 

were counted in 10 or 20 second intervals at the beginning (0 min), middle (5 min) and 

end (10 min) of the recording and converted to breaths/min (Rr). Rr averages (closed 

boxes) and standard error are indicated for each genotype at the three time points. An 

(X) indicates one ''' animal has markedly reduced Rr at the start of the recording and had 

died (Rr=0) by the 10 minute time point. The only significant difference between 

genotypes was at time=0 min (p<0.1), and is indicated by a single asterisk (*). (b) Rr at 

hypothermia (30°C) in PACAP and PACAP pups. Rr averages (closed boxes) are 

indicated for each genotype at each time point. Values for individual mice are indicated 

by open boxes (+/+) and open triangles (-/-), with some values being represented by more 

than one individual. Four -/- pups had no recordable breathing by the 10 minute time 

point, which is indicated (4). Averages between genotypes are significantly different 

(p<0.001) at all three time points, indicated by a single asterisk (*).
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Fig. 5.4. RT-PCR analysis of RNA isolated from cultured mouse cardiomyocyte. PGR of 

1 |il cardiomyocyte cDNA (+cDNA) contains two amplified DNAs of approximately 350 

and 450 bp, which were excised, cloned and sequenced. The 350 bp band was identified 

as an amplified fragment of the short form of the PACAP specific receptor (PACiR-s) 

while the 450 bp band was identified as the hop form (PACiR-hop). 100 b.p. DNA 

marker is shown, as is a negative control with no cDNA added to the reaction.
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cell shortening over baseline measurements, with a mean shortening of 81.16% +/- 

21.93% (n=9) during PACAP treatment (Fig. 5.5a). The degree of cell-shortening during 

hormone treatment is significantly different (P<0.002, ANOVA) during PACAP38 

treatment when compared to baseline measurements and after hormone washout. In 

addition, PACAP had significant effects on myocyte contraction and relaxation, 

increasing the rate of eontraction by 99.33% +/- 30.16% and the rate of relaxation by 

189.74% +/- 63.57% (Fig. 5.6a). Again, these were significantly different than the 

contraction and relaxation rates during baseline recordings and after hormone washout 

(P<0.002, ANOVA) (Fig. 5.6b).

Discussion

Since a proportion of PACAP -/- mice die early and suddenly in development, and 

because PACAP has a role in both basic heart and respiratory fimetion, an analysis of 

both systems was performed on knockout mice and littermate wild-type miee. Using 

ECG, it was discovered that PACAP -/- pups, aged P7-P14, have a significantly shorter 

(8.1%) RR interval, or time between ventrieular heats, leading to a higher heart rate in 

knockout animals. Conversely, at hypothermia, PACAP -/- pups have a significantly 

higher (7.1%) RR interval, leading to a slower heart rate. Although these differences are 

relatively small, the results provide evidence that PACAP has the ability to modulate 

heart rate, either direetly or indirectly. PACAP has been shown to have direet effects, via 

the release of Ach, within the eardiac ganglion; in addition, PACAP acts within the 

adrenal medulla as a potent releaser of both adrenaline and noradrenaline. Therefore,



170

Fig. 5.5. Effect of PACAP on wild-type murine ventricular myocycte shortening, (a) 

Isolated ventricular myocyctes (n=9) were treated with 100 nM PACAP38 for 10 minutes 

after a 5 minute baseline recording, and the maxium % change over baseline contraction 

during this period was recorded. As a positive control, the effects of isoproterenol (100 

nM) on cell-shortening were also recorded. Bar graphs represent the mean maximum 

percent change over baseline recordings +/- the standard error of the mean, (b) The 

degree of myocyte shortening during treatment with 100 nM PACAP38 is significantly 

different (p<0.002, ANOVA) than during baseline and washout periods. The positive 

effect of PACAP on cell-shortening is reversible upon hormone washout. Bar graphs 

represent the mean values for % cell-shortening after 5 minutes of baseline recording, 

maximum % shortening during 10 minutes PACAP38 application, and % shortening after 

10 minutes of washout +/- the standard error of the mean.
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Fig. 5.6. The effect of PACAP38 on contraction and relaxation rates in murine 

ventricular myocytes, (a) Isolated ventricular myocyctes (n=9) were treated with 100 nM 

PACAP38 for 10 minutes after a 5 minute baseline recording, and the maximum change 

(% change over baseline) for contraction and relaxation rates during this period were 

recorded. Bar graphs represent the mean maximum change in contraction and relaxation 

rates +/- the standard error of the mean, (b ) The contraction and relaxation rates of 

murine ventricular myocytes during treatment with 100 nM PACAP38 are significantly 

different (p<0.002, ANOVA) than during baseline and washout periods. The positive 

effects of PACAP on contraction and relaxation rates are reversible upon hormone 

washout. Bar graphs represent the mean values for contraction and relaxation rates after 

5 minutes of baseline recording, maximum contraction/relaxation rates during 10 minutes 

PACAP38 application, and contraction/relaxation rates after 10 minutes of washout +/- 

the standard error of the mean.
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PACAP has the potential to modulate heart rate in opposing manners; in an inhibitory 

fashion, as a releaser of Ach from within the cardiac ganglia, or positively, in response to 

potential environmental stressors, via the release of catecholamines. A higher heart rate 

in PACAP -/- pups may be due to a lack of inhibitory, parasympathetic drive to the heart.

Mouse cardiac myocytes appear to express two the short and hop forms of the 

PACAP receptor. Functionally, PACAP38 significantly increases both the degree of 

cellular contraction, as well as the rate of both contraction and relaxation in isolated 

mouse ventricular myocytes. PACAP receptor activation can lead to cAMP 

accumulation, IP3 production and calcium accumulation (1). Although the mechanism 

for the effects described here are unknown, the positive effects mediated by adrenalin on 

cardiac tissue are mediated through (3-adrenergic receptors that are linked to muscle 

contraction through cAMP dependent activation of PKA and downstream events that 

eventually lead to calcium influx (25, 26). Furthermore, PACAP has been found to 

directly stimulate cAMP production in rat cardiac myocytes (14). Although there exists 

scant information on PACAP’s direct effects in mouse cardiac tissue, results from this 

research suggest that PACAP has direct effects on the physiology of murine cardiac 

myocytes. The intracellular signaling underlying these effects is being investigated.

Hypothermia and its effects on cardiovascular functioning have been well-studied, 

and is considered a form of a cardiovascular “stress test” that stimulates the sympathetic- 

adrenal system in the organism’s attempt to maintain body core temperature (27-29). It is 

interesting that the wild-type RR-interval, from normothermia to hypothermia, fell 

approximately 25%, while that of the knockout pups declined approximately 57%. From 

this, it appears that there may be deficiencies in compensatory mechanisms within the
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knockout mice in response to a temperature stress on the heart. It has been demonstrated 

that PACAP-deficient adult mice have deficiencies in adrenal catecholamine production 

and release after hypoglycemia is induced with an injection of insulin (30). Therefore, it 

is possible that PACAP knockout mice are compromised in their ability to respond to 

other forms of physiological stress.

A striking finding in this study was the apparent AV block and death that 

occurred during the course of the experiment in 5 of 8 knockout mice, four of which 

occurred at hypothermic body temperature. In addition, 7/8 mice showed abnormalities 

in ECG recordings at hypothermia, including ST segment depression, while no wild-type 

littermates displayed abnormalities. ST depression and AV-block can be symptoms of 

ischaemia, a lack of oxygen to the myocytes leading to eventual cell death. Two possible 

causes of this are disease or narrowing of the coronary arteries, or a respiratory 

deficiency. PACAP has been found to have vasodilating effects on coronary arteries

(31). However, upon analysis of ECG tracings, it was observed that respiration was 

either greatly reduced or absent prior to any changes in P-QRS-T complexes. Since 

respiration can be observed easily on an ECG recording, an initial analysis of respiratory 

rate, at both normothermia and hypothermia was performed on knockout mice and 

compared with that of their wild-type littermates. PACAP -/- animals appear to have not 

only a lower Rr at normothermia when compared to control mice, but also appear to be 

more sensitive to cold-stress, with significantly reduced breathing at all time points of the 

hypothermic challenge, as well as no breathing and death in 50% of the knockout animals 

by the end of the challenge. In addition, one knockout animal did not survive the 

normothermic treatment. Respiratory rate is largely controlled within brainstem regions.



176

including the nucleus of the tractus solitarius (dorsal group) and the nucleus amhiguus 

and the nucleus retroambiguus (ventral group). Recently, a group of pacemaker neurons 

has also been identified, termed the pre-Bottzinger complex, a region in the medulla 

oblongata located between the nucleus amhiguus and the lateral reticular nucleus where 

neurons discharge rhythmically and may be the generator neurons driving respiration

(32). It has been established by several groups that cAMP, cAMP analogues and cAMP- 

increasing agents, such as forskolin, have a positive effect on respiratory rate when 

applied to brainstem regions (33, 34), and it has also been suggested that cAMP 

production may be an intermediate step in the control of respiration, stimulating the 

release of Ach within central neurons to act as the primary excitatory neurotransmitter to 

stimulate ventilation (35). In addition, cAMP-dependent protein kinase-A (PKA) has 

been shown to play an important role in modulating the excitability of specific expiratory 

neurons in the medulla (36). PACAP, a potent stimulator of cAMP production and PKA 

activation, is widely distributed throughout brainstem regions, including regions that 

directly regulate breathing (22, 23, 37). As well, PACAP has been shown to be a releaser 

of Ach in other regions of the nervous system, such as the cardiac ganglion. A lack of 

PACAP within the brainstem may compromise the rhythm generation or fimetion of other 

inspiratory or expiratory neurons within this region. Furthermore, lack of the hormone, 

in the face of hypothermia, which suppresses respiratory drive within the brainstem (38, 

39), may exceed the animal’s ability to initiate compensatory m e c h a n ism s to sustain 

breathing. As may be the case for heart fimetion, an inhibited respiratory drive may also 

be due to an insufficient catecholamine release by the adrenal medulla in response to the 

cold stress.
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One PACAP knockout animal did not survive the course of the normothermic 

treatment. This may be explained by the slight drop in body temperature experienced by 

the anim al upon the application of anaesthetic. However, we cannot discount the 

possibility that, in addition to temperature, anaesthetic may be contributing to the death 

of the knockout animals by suppressing the respiratory center within the brainstem, since 

it has been shown that isoflurane can oppose the effects of stimulatory catecholamines in 

the control of autonomic functions (40,41).

Considering that a proportion of the knockout mice die unexpectedly and 

suddenly, this study was done to provide an initial analyis of their cardiovascular 

function. Cold stress was applied during the course of the experiments because it has 

been observed that PACAP knockout mice are less resistant to cold ambient temperatures 

than wild-type littermates, having a higher rate of mortality than at higher temperatures 

(unpublished observation). Indeed, induced hypothermia during the course of the present 

experiments led to observable and measurable differences in heart rate when comparing 

PACAP knockout mice to littermates. Although knockout mice had a higher heart rate at 

normothermic temperatures, they had a reduced ability to maintain heart rate when 

introduced to cold challenge. The most relevant finding of this study, with regard to 

PACAP knockout pup mortality, was that pups deficient in PACAP had a significantly 

reduced rate of breathing at hypothermic temperatures, with complete respiratory arrest 

and death in 50% of the knockout pups. Although the mechanism underlying this defect 

remains unknown, this study adds to the theory that PACAP exists as a “stress-response” 

hormone and may be key to the animal’s survival in ever changing environments.
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CHAPTER 6

EFFECTS OF PACAP ON GENE EXPRESSION IN 
MOUSE CARDIAC MYOCYTES
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Introduction

In the previous chapter, it was determined that the main PACAP-preferring 

receptor, PACiR, was expressed in mouse cardiac myocytes. Like Pi-adrenergic receptor 

activation, PACiR activation can strongly stimulate the adenylate-cyclase/cAMP/PKA 

pathway, and increases in cAMP during PACAP treatment have been noted, at least in rat 

cardiac myocytes (1). However, other cAMP-elevating hormones do not necessarily 

have an effect on contractility of cardiac myocytes (2, 3). It has been postulated that 

increases in cAMP and subsequent PKA activity only lead to a positive inotropic 

response when they are spatially associated with other molecules, such as Câ "̂  channels, 

and that direct effects on inotropy may not be seen with global increases in cAMP. 

Rather it is possible that cAMP hormones have other effects on growth or metabolism 

within the cell (4). It is also possible that these hormones that increase cAMP have 

transcriptional or post-transcriptional effects on other growth factors or hormones that 

maybe released from the cell in different situations.

PACAP may have direct effects on cardiomyocytes, as PACAP has been found to 

have effects on the transcription of various genes, including immediate early genes c-fos 

and c-jun, which can impinge on the transcription of numerous downstream genes. As 

well, PACAP has been found to influence the transcription of several hormones and 

cytokines, such as adrenalin, through the stimulation of TH (5), growth-hormone (6), 

proenkephalin (7), corticotropin-releasing hormone (8) and IL-6 (9) in different cell 

types.



186

In order to further investigate the role of PACAP and the PACiR in the 

physiology, growth or metabolism within the heart, the Affymetrix genechip microarray 

system, including statistical analysis, was used to reveal genes that are either upregulated 

or downregulated in mouse cardiac myocytes exposed to PACAP.

Materials and Methods

The Ajfymetrix system and statistical methodology

The Affymetrix system uses genechip technology, where transcripts for genes are 

represented as a probe set comprised of perfect match (PM) and mismatch (MM) cells on 

the array. The key to making qualitative and quantitative measurements of a single 

transcript is based on the intensity of each of these probe sets. A discrimination score (R) 

and a corresponding p-value are determined for each probe set. R is calculated as 

follows: R=(PM-MM)/(PM+MM). The higher the value of R, the more likely the given 

transcript is present and a lower p-value will be assigned to the probe set. The lower the 

value of R, the less likely the transcript is present and a higher p-value will be assigned to 

the probe set. Using the one-sided Wilcoxon’s signed rank test, a detection p-value is 

assigned based on how far R is from a user-definable threshold value, termed Tau. This 

p-value, in summary, is used to indicate the confidence of the transcript being present, 

marginal or absent. A quantitative measure of a particular target is then determined by 

taking signal values for each probe pair in a set. Signal values are determined by the 

following equation:log(PM intensity -  MM intensity). The MM intensity is a measure of 

stray signal. Signal values that are closer to the median value for a probe set are
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weighted more heavily. A mean of the weighted intensities is then calculated, which 

becomes the quantitative metric signal for a target.

To compare an experimental array with a baseline (ie. no treatment) array, the 

experimental array must first be normalized to the baseline array to account for 

experimental error or biological differences (growth, strain, age etc) between 

experimental and baseline experiments. Normalization consists of scaling experimental 

and baseline probe sets to a user-defined intensity.

After normalization, the Wilcoxson’s signed rank test is used in a comparison 

analysis between baseline and experimental data. In this test, differences in PM 

intensities, MM intensities, as well as the differences between PM and background are 

used to compute each p-value. P-values closer to “0” indicate likelihood for an increase 

in the transcript, whereas p-values closer to “1” indicate a likelihood for a decrease in the 

transcript. Calculated p-values are compared to a user-definable cut-off (gamma) to 

generate a “change-call” (Increase, Marginal Increase, No change. Marginal Decrease, 

Decrease).

Isolation o f cardiac myocytes and RNA preparation

Ventricular myocytes were isolated with the assistance of Ms. Betty Poon, with 

minor modifications for murine cells, in the same manner as in the previous chapter. 

During the course of digestion, isolated myocytes were immediately transferred to 50 mis 

DMEM/F12 media (GibcoBRL) with 20% PCS (Hyclone) with penicllin and 

streptomycin at 37°C. Myocyctes were then spun down to remove residual enzymes and 

resuspended in identical media and serum for plating.
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Freshly isolated ventricular myocytes were cultured on 10 cm dishes in 

DMEM/F12 media (GibcoBRL) with 20% PCS (Hyclone) and penicillin/streptomycin at 

37 °C and 5% CO2 for two hours to remove fibroblasts. Purified myocytes were then 

replated in the above conditions for 6 hours either with or without 10'® M PACAP38, then 

removed fi"om plates and pelleted in tubes. Total RNA was isolated with TRIzol 

(GibcoBRL) according to the manufacturer’s instructions.

RNA samples were sent to the Ottawa Health Research Institute (OHRI) for 

analysis using the Affymetrix system. RNA samples were hybridized to the Murine 

U74A Genechip with 36,000 genes and EST clones represented. Data analysis of the 

resulting expression array was carried out at the OHRI, using the statistical methods 

described above.

Results

A two-fold increase or decrease was selected as a cut-off for further examination 

of genes of interest. Twelve genes were up-regulated by PACAP38, 9 of which have 

been identified, and are shown in Table 1. Included are 6-pyruvoyl-tetrahydropterin 

synthase, an enzyme that produces a co-factor (BH4) necessary for NO-synthase activity, 

ribonuclease-5, interleukin-11 and interleukin-6, cytokines that have a role in myocyte 

survival and growth, thrombomodulin and protein-C, players in the regulation of blood 

coagulation. Insulin-like growth factor-binding protein 2 (IGF-BP2), a regulator of IGF-1 

in tissues, and purine nucleoside phosphorylase, a catabolic enzyme of adenine and 

guanine nucleotides. No genes showed an reduction of at least two-fold; however, the 

p53 gene was down-regulated 1.9-fold (Table 1).
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T able 6.1. Summary of genes upregulated or downregulated 2-fold or more in mouse 

cardiac myocytes, after treatment with 10 * M PACAP38. Four additional unidentifted 

genes were also upregulated by PACAP treatment (not shown).
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SIG .
+PA C

FO LD
CH AN G E

T 4 P-VALUE m R N A

4081.7 P 2373.2 A 1.866066 D 0.9978880 p53

173.3 A 1288.6 P 4.594793

1

0.000357

6-Pyruvoyl-
tetrahydropterin
synthase*

118 A 719.3 P 4.287094
1

0.001152
Ribonuclease-5
precursor

629.9 A 2340.7 P 4 1 0.000054 Interleukin-11
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Discussion

Evidence obtained by examining the genes upregulated by PACAP in cardiac 

myocytes, suggests that there are a number of interesting processes that may potentially 

be regulated by the hormone. For example, thrombomodulin (TM) and protein C (PC) 

are key members of a pathway that provides a natural anticoagulant mechanism by 

inhibiting the generation of thrombin (10). Thrombin associates with endothelial cell- 

surface associated TM and activates PC, which degrades factors needed for coagulation, 

as well as down regulating the production of various pro-inflammatory cytokines to help 

prevent sepsis, an acute systemic immune reaction that can lead to death (11). Although 

thrombomodulin has previously been localized to endothelial cells and vascular smooth 

muscle cells (12, 13), it is possible that cardiac myocytes can produce both TM and PC 

within the heart, or that culture conditions potentiate the induction of TM and PC in 

cardiac myocytes. Regardless, it may be that PACAP produced by nerves within the 

heart can act as an endogenous regulator of TM and PC, since cAMP has been identified 

as a potent inducer of TM expression (12,14-17).

Another set of interesting potential regulatory targets for PACAP in cardiac 

myocytes are the cytokines IL-6 and IL-11, both of which belong to the IL-6 family of 

cytokines that have been shown to be produced by cardiac myocytes (18-20) and that 

have potent cytoprotective and growth effects within the heart (20, 21). PACAP has 

been shown to be a positive regulator of IL-6 production in other cell types, such as 

macrophages (9), bone marrow stromal cells (22) and folliculo-stellate cells of the 

pituitary gland (23). Additionally, it has been shown recently that cardiac myocytes.
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under ischemic conditions, produce IL-6 upon rcpcrflision of the tissue, along with other 

factors such as nitric oxide and adhesion molecules like ICAM-1 in order to accelerate 

the inflammatory response for tissue healing (19, 24, 25). It is interesting to note that 

PACAP can induce VCAM-1, another adhesion molecule that plays a role in the 

inflammatory response. VCAM-1 allows leukocytes to infiltrate the tissue from the 

blood, as well as the 6-Pyruvoyl-tetrahydropterin synthase, an enzyme that helps to 

produce tetrahydrobiopterin (BH4). BH4 is a cofactor for NO synthase, and is thought to 

be a crucial regulator of available NO is vascular cells. Perhaps, by controlling the 

expression of these key molecules, PACAP is a regulator of cardiac survival, growth or 

inflammation. Another regulator of growth, insulin-like growth factor binding proteins 

(IGFBPs), binds insulin-like growth factor-1 (IGF-1). The binding protein negatively 

regulates IGF-1 receptor binding and action within the heart, which inhibit cardiac 

hypertrophy (26). PACAP appears to increase the expression of IGFBP-2. Therefore, it 

is possible that PACAP may also be a negative regulator of growth or metabolism within 

the heart. Purine nucleoside phosphorylase, an enzyme that participates in the breakdown 

of adenine and guanine nucleosides is also upregulated by PACAP. It is interesting to 

speculate that upon PACAP stimulation, feedback mechanisms are activated to deal with 

the sudden production and/or increased concentrations of adenine within the cell 

associated with the production of cAMP. Lastly, ribonuelease-5 is upregulated by 

PACAP, so it is possible that RNA degradation is mediated by the hormone in some 

fashion.

Genes were not down regulated by PACAP within cardiac myocytes, at a two

fold level. However, the highest repression of a gene was the tumour-suppressor p53, a
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key regulator of apoptosis, which has been implicated in many different malignancies 

(27-29). Recently, it has been shown that p53 and another regulator of apoptosis, Zac, 

induce expression of the PACiR gene within the brain, and it has been postulated that 

through this mechanism, cell survival and death signals are kept in balance (30, 31). It is 

possible that these same mechanisms are in place in other tissues, including the heart, to 

regulate the survival of cardiac mycocytes.

Although highly speculative, the hypothesis put forth in this chapter concerning 

the role for PACAP/PACiR on cardiac myocytes at the level of gene transcription 

deserves to be followed up with other experiments to confirm the results presented here 

and offer additional insights for PACAP’s role in growth or the maintenance of 

homeostasis within the heart.
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Concluding Remarks

The present work provides insight into the molecular structure and regulation of 

the neuropeptide PACAP in mice, and provides clues as to its critical functions that may 

be conserved in all chordates. We have seen that a variety of transcripts can be produced 

from PACAP gene transcription in different tissues. Alternative splicing in both the 

5’UTR and in the coding region of the mRNA may be a facet of PACAP regulation that 

enables its production in different physiological settings. Certainly, PACAP has been 

shown to regulate many different processes in many different cell-types at different 

developmental periods. Therefore, precise control from one gene both at the 

transcriptional and post-transcriptional levels, may be required to ensure correct 

expression in any one cell at any given time.

Recent advances, including the present study, have been made in our 

understanding of the role of PACAP in the nervous and endocrine systems. Although 

PACi-R knockouts have been successful in uncovering a role for PACAP in specific 

aspects of behaviour and metabolism, knocking out the PACAP gene itself in this study 

has shown that PACAP may have a critical role for survival. Thus, PACAP contributes 

to the control of the metabolic balancing involving carbohydrates and lipids. In addition, 

it appears to play a role in cardiovascular function; the cardiovascular systems of PACAP 

knockout mice are more sensitive to low-temperature stress than their wild-type 

littermates, because 1) a large proportion die in lower ambient temperatures and 2) 

animals appear to be compromised in both cardiac and respiratory function when
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hypothermia is induced experimentally. Whether or not the observed cardiovascular 

deficiencies and metabolic abnormalities are related phenotypes, or are due to a single 

mechanism of PACAP action is not currently known.

Also in question is the location where PACAP ultimately exerts its influence to 

control these metabolic and physiological processes. Are the effects direct in tissues or 

organ systems that appear to be affected, such as the heart, or are they secondary, 

mediated by PACAP’s influence in the production, release or action of other hormones 

such as epinephrine, norepinephrine, or insulin? It is clear fi-om this study that PACAP 

can have direct physiological effects within the heart, mediated by PACAP specific 

receptors. However, when performing a physiological assessment of the PACAP 

knockout animals, it is not entirely clear whether the differences observed are caused 

directly fi"om the lack of PACAP, or are the end result of several systems being affected 

over the course of the animal’s development. These problems can be overcome partially 

by examining knockout animals very early in development, before the onset of other 

secondary phenotypes at the onset of their second postnatal week. Also, the knockout 

animals can be raised at 24°C to avoid the early developmental problems during the 

second week. As well, with the use of the type II ES cells, we can create a mouse line 

with the floxed PACAP gene. This technique involves crossing mice that have the 

PACAP gene flanked by two lox sites with a strain expressing Cre-recombinase in a 

specific tissue or at a specific developmental stage. Thus, PACAP would be deleted in a 

specific tissue or developmental stage to help answer some of these questions.

Other questions concern PACAP’s intracellular actions. How are the PACAP 

receptors and their splice variants involved in PACAP’s different functions, and what is
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the precise nature of the signaling pathways used to elicit these responses. Although 

some genes have been identified in heart cells that are potentially regulated hy PACAP, 

more research is required to create a more comprehensive list of induced and repressed 

targets as well as their physiological significance to the animal.

Certainly, more study is required on both PACAP and PACAP receptor knockouts 

to obtain more information on the physiological role of this intriguing hormone. 

However, the results obtained in this study imply a crucial role in normal physiology or 

in the animal’s response to changing or stressful environments.




