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ABSTRACT
Many Lechmques were employed for the 1mmunocytochem1cal locallzauon of tissue -
.kalllkrems (EC 3.4.21.35) and nerve growth factor (NGF). Freeze-drying and chemlcal
fixatives were successful but to varying degrees. Resin-embedded tissues were better preserved
and yielded better results than paraffin embedding. Two methods of immunostain were most
successful, namely peroxidase- -antiperoxidase (PAP) and avxdm biotin complex (ABC)

Tissue kallikrein was immunocytochemically localized m various mammalian nssues,

including the submandibular gland of cat and gumea pxg where it was localized in apical regxons
of striated duct cells. It was also localized in the goblet or mucous cells of the colon and in the
mucous cells of the stomach of the cat and rat. At the ultrastructural level, it was localized in

the small apical secretory granules of striated duct cells.of the submandxbular gland in cat and

.guinea- pxg Kalhkrem was also 1mmunolocallzed in surface eplthehal secretory cells of the

guinea - pig coagulating and prostate glands. also in secretory cells of the submucosa of cat

*

trachea,ﬁerve growth factor (NGF) was immunolocalized in the surface epithelial cells in the

guinea- pig prostate gland. M

s

The biological and evolutional significance of the broad group of serine proteases is

discussed. It is suggested that these enzymes play mulmple and diverse roles in bxoregulatory

processes, and these various possibilities are considered and discussed.

Y



ACKNOWLEDGEMENTS
To Dr .. M. Schachter for being a great spiri;.
1 also thank Dr. RW Matthews, Dr. M. Peret, Dr. S. Barton, Mr. D.J. Lo‘ngridge;
M;. K. Burt, Mrs. T. Labedz and Mrs. O;M. Findiay. “
[ am also thaﬁkf ul to the Alberta Heritage Foundation for Medical Research and the

Medical Research Council of Canada for support of this project.

e
i v;,-'-',:’,:":i
CE L g

® N p /
. Dyl

LN

+ e

vi



*  Table of Contents

Chapter ' Page
L INTRODUCTION ovooeeoooeeeeeeeeoeeesee e 1
A KGRI -KIMD SYSIEM rvvrvverersevesessersssmsseresssesesesssassemssssasss e 1

1. Salivary gland .......................................................................... 2

2.Pancreas ........o.oeuen ST U TS T TS U OO U P VTUORPPPPRPRRO 6

3.C0l0N i PP P ORI PP i 7

4 lntestiné ................................................................................. 8

3.Stomach ........... e e 9

6. Kidney (Urinary)‘ ...................................... e \.' ................. 9
7.Respiratory.Trac£ .......... 12

8. Male Sex G1ands ......vvvvevrereerenn S RTINS 12

9. Brain ........ e, e 13

10. Other TSSUES ..vovrsesintissinitiscs e 13

B. Nerve GIOWEh FACIOT .oueuieuiiiiiniiiiiiiireine it e M
I1. MATERIALS AND METHODSU
A. Animals, Organ Dissection, Tissue Preparation and EXTFaCS .ovvveevnineirinniienenns 17

- B. Fixation of TisSUES ........cervens e ‘ .......... 18
1. Chemical Fixation ........... ST US RO PORRURPSORPRTOR 18

| 2. Freeze-Drying ......... P, s JEPTITO 22

C. Embedding ..oeveeeeeerennnns e, 23
D. Immundcytoche 1% o A UTT TP PP P PP 26

1. Antisera r{ ............................................... e, e '. ..26

2. Immunostaining systlems .................................................. eveneae 29

a. Peroxidase-antiperoxidase ...... 29

i PATALFIN SECLONS rvvvvoveeervvereooeseerseeresssrsreeiees 29

ii. Semi-Lhin resin SECUONS ....eeevniivriiiniieniiienieeniees 32

iii. Ultrathin resin SeCtions ......ocoovoitieineniciieininnnnens 33

vii



b. Avidin-biotin complex e PRI OUT IR e, 35
* i. Scmi-thi‘n TESIN SECLIONS oivvneitieiiiriiriiiee e 35
ii. Ultrathin resin seclions ...........ccooooiiinnn. 38
iii. Pre-embedding ..............coeins e 39
¢. Protein A-colloidal gold ........... I 40
| i Ultfathin TESiN SECLIONS ..ooivviiiiiiiiii s e 40
3. SpPecificity and CONLIOLS ...eeiviiirriiinieeriee it ie s e aeeeericii e e e eeeirenes 40
E. Microséopy and Photography ....coooveieiiiiiiiiii e 41
TIL RESULTS oottt ee e ae e ae e B2
A. Summarized Results of IMMUNOSIAINING ©ovvvvveeeeeeeeeteerieeneeeeeeereernineeenss ;,..42
B. Localization of KallIKTein .......ccociiiriiiiiiiii e 42
1. Submandibular Gland - Light and Electron Microscopy .....cccoevvevivieenns 42
O OF | R PP 42
b, GUINEA-PIZ ceonieiii i i e .57
R L) (o ¢ O P 57
- R O | 57
-
B Rl e 67
K3 (o) oo - 13 o L PPN 72
B Gl i 72
B RAL v e 81
T 2 030 £:310) o A ) ¢ Lot AR O PP 84
T - U 84
C. Lécalization of Kallikrein and Nerve Growth Factor ..., 91
1. Male Sex Glands - Light MICTOSCODY .eveeiiiiiiiiiiiiiiiiii i i 91
a. GUINEA-PIZ «.oovvvriieeiiii i ienee, é ......................... 91
IV, DISCUSSION .ottt e ........................ 103
A. Kallikrein and Related Proteases in Salivary Glands .........oceveeeveveveunnnneennen, '103
viii
%

&..'f
7



o

B.  Kallikreins, Nerve Growth Factor and Related Proteases in Male Sey Glands
4

and Their Possible ROIBS .........oiovuiiimneiereiiiieiiii e e b . 106

C. Gastrointestinal Kallikreins and Their Possible Roles .......ooviiiloeinn, 107

D. Interpretation of lmmunocytochc'mical Findings .......oooovvveenn. [SRRIUURURI 108

E. Possible Sources of _Circulating Tissue Kallikrein .....ooooeiiiiiii . 11

V. CONCLUSION .eooeooeeeeoevee oot [ 112
VI, REFERENCES ittt ettt e e L 113

1x



Table

LIST OF TABLES

Description

Summarized results of light microscopic immunostained tissues
fixed in various ways

Page

43



Figure

tod

10

LIST OF FIGURES

Description ) .

L.ow temperature freeze drier and coppet block freezing device

Double diffusion analysis of aCSK with cat colon and cal
submandibular gland

Summarized PAP method

Summarized ABC method

',

-

Kallikrein localization in striated duct cells of the cat
submandibular gland (paraffin sections) S

Control section for Figure 5

Kallikrein localization in ‘apical regions of striated duct cells of
the cat submandibular gland (semi-thin sections)

-

Control section for Figure 7

Electron microscopic localization of kallikrein in apical
secretory granules of the cat submandibular gland, striated duct
cells

Control section for Figure 9

Xi

Page

24

30-

36-

46

46-

49-

49-

. .

-2

31

37

45

-45

-47

47

50

50



11

.12

f}'14’ :

15

16

17

18

19

21

* Control section for Figure 16

A
,
: m o

et

[}

Ultrastructu_re of capical region of striatéd duct cells fixed by
strong aldehyde fixative - '

Lo

Ultrastructure of apical fegion of triated duct cells fixed by

weak immunocytochemical f ixative

Localization of kalli_kféin in apical granules, stained as in

Figure 9, fixed as in Figure 12

Kallikrein localization' in apical regions ‘of striated duct cells of

" the cat submandibular gland, post-fixation with osmium (semi-

thin sections).

“Cbntrol section for Figure 14 |

5

Electron -microscopic localization of - -kéllikrein‘, in apical.
" secretory granules of the cat submandibular gland, striated duct .
cells; post-fixed with osmium o

. P . /

-

Electron microscopic localization of kallikrein in. apical
secretory granules of the guinea-pig submandibular gland,

striated duct cells .
N i /

Control section for Figure 18

Kallikrein localization in mucous celfs and sec}etions, of the cat
colon (paraffin sections)

~ Control section for Figure 20

xii b

51-52
51-52

53-54

53-54 .

. 55-56

55-56

58-59

5‘8,-59

6162

61-62_



24

25

26

27

29
30

31

32

33

~

Kallikrein localization in mucous cells and secretions of the cat

colon (semi-thin sections)
Y

Control section for Figure 22

'
(

Kallikrein locahzatlon in mucous cells and secretions of thé cat

jo freeze-dfied tissue, semi-thin secuons) . K
\/ .
v

K
Z

Control section for Figure 24 | s

" Electron microscopic localization of kallikrein in the mucous

granule region of cat colon mucous cells
v . ;

Control section for Figure 26
/
/
/
: . /
_ y _
Kallikrein 1'ocalizati7n in mucous cells of the rat colon
' . / .
7
. y
Control section for Figure 28
// —

/ . - 7

/

'Kalhkrem localization in apical regions of mucous cells of the

cat stomach antruén (osmlum post-stain) -

Control section for.Figure 30

cat stomach antrum (without osmium post-stain)

Control section for Figure 32

xiii

Kallikrein localization in apical regions of mucous cells-of the

6364

65-66

"65-66

68-69

68-69

70-71

- 70-71

73-74

 73-74

75-76

75-76



4

35

36

37

38

39

40

4]

42

43

45

antrum (high magriification)

Y

A\
\\

Kalli\cin locﬁiauon in periphery of mucous cells of cat

stomach antru

a

PAS stain. with immunostain for kalhkrem in-tat $tomach
antrum (low magmf 1cat10n)

(PAP method)

Control section gpr Figures 34, 35 and 37

- Control secuo }f(;")ﬁ‘rv?fi_j“i“gurefB‘S

stomach antrum (ABC method)

-Control section for Figure 40

e

Kallikrein localization in mucous neck cells of the rat stomach

antrum (paraffm sections)

Control section for Figure 42

Control section for Figure 44

.
e
iRl o
oA

+ o

Xiv

R

*

PAS stain with immunostain —for kallikrein in cat stomach

- Kallikrein locahzanon m mucous cells of cat stomach antum

Kallikrein locahzatlon in mucous cells and secretions of cat

"\

Kallikrein localization in mucous cells and secretions® of the rat
stomach antrum (semi-thin sectlons)

77-78
77-78

77-78

77-78

79-80

79-80

79-80

17980

1 82-83

82-83

85-86

85-86



46
47
48
49

50

51

52

53

54

55

56

Kallikrein localization in apical regions of mucous cells of the
rat stomach antrum (without treatment)

\ kR

Kalhkrem localization in aptcal regions of mucous cells of the
rat stomach antrum (EAI treatment) o

Kallikrein localization in apical regions of mucous cells of the
rat stomach antrum (PVPP treatment)

Kallikrein localization ‘in- submucosal cells of cat.respiratory

tissue
Control section for Figure 49 -

Kallikrein localization - in secretory epithelial cells of the
guinea - pig coagulating gland

Control section for Figure 51

4

Kallikrein localization in secretory epithelial cells of the
guinea -pig coagulating gland (freeze-dried)

Control section for Figure 53

Kallikrein locahzatlon in secretory eptth\,hal cells of the
guinea- pxg coagulating gland (PVPP treatmient) : :

_ Control section for Figure 55

Xv

o788 |

8788
87-88
89-90

89-90

92-93

92-93

94-95

94-95

96-97

96-97



57

58

59

60

“Kallikrein localization in apical cytoplasm and secretions of the

guinea - pig prostate gland

-Control section for Figure 57

NGF localization in apical cytoplasm and secretions of the
guinea - pig prostate gland '

Control section for Figure.59 =~ ‘

Xvi

99-100

99-100

101-102
0

101-102



ABC

BG

BSA

CDI

CGK

CSK

"DAB
DMS
EAI

EDTA

EGF -

EPTD

&

LIST OF ABBREVIATIONS AND SYMBOLS

Avidin-biotin complex

Denotes antiserum

Denotes subunit of NGF

Denotes subunit of NGF

Deno;es subunit of NGF

Biotinylated goat anti-rabbit immunoglobuiin

Bovine serufh albumin

1 ethyl-3-(3-dimethylaminopropyl) carbodiimide HCI

Guinea - pig coagulating gland kallikrein

~ Cat salivary kallikrein

3,3"diaminobenzidine tetrahydrochloride) e

Dimethyisuberimidate

Ethyl a?idimidate

thylene diaminetetraacetate
Epidermal growth factor

Edwards-Pearse tissue drier

xvii



FAB = " Goat serum immunized against rabbit immunoglobulin G Fab

fragments . '
GMA ‘ Glycol methacrylgte
GPCG o Guinea-pig coagulating gland
GPPG . X ' Guinea-pig proétate gland
GPSK Guinea-pig salivary ka'llikrein
GTA ‘Glutaraldehyde
HE Héma’toxylin and eosin
HSK E Humﬁa'n salivary Kallikrein
ml , - Milliliter, 10-? liter -
‘mm | Millimeter, 10°* meter
mOsm ’ Milliosmol
» ul ‘ ‘ Microliter, 10 liter
pm Micrometer, 10-° meter
.NGF .+ Nerve-growth factor
nm : Nanometer, 10°° meter ‘
Osmium ‘ Osmium tetroxide’
PAG Protein A‘-colloidal gold complexl ’

XVviii



PAP

PAS

PBS

PEG

~ PFA

PLP

PVPP

RIK

" RPK

SDS -
Tris

Triton

Rabbit peroxidase-antiperoxidase
Periodic acid-Schiff reagent
Phosphate-buffered ‘(sa]ine

Polyethylene glycol '

Paraformaldehyde

.Periodate-lysine- paraformaldehyde

Polyvinylpolypyrrolidone
Rat intestinal kallikrein
Rat pancreatic kailikrein
Sodium dodegylsulf ate
T;i'zmaf base

Triton X-100 detergent

XiX

o5



1. INTRODUCTION

A, I\alllkrem -Kinin System

Tissue kallikreins are a group of serine proteases w1th common chemical propemes and
limited proteolytic activity. They release an active peptide from a precursor, or substrate, the
peptide being bradyvkinin, or lysyl bradykinin'. the latter also Dbeing known as kallidin (see
Schachter, 1969, 1980). They release lysyl brédykinin from kininogen, a substrate that is
present in lymph, plasma, and interstitial fluid and are, therefore, also called kininogenases.
They have effects on Elood vessels and smooth musaes in vivo that are indirect, i.e. due to the
release of the pharmacologic‘ally active kinin (lysyl bradykinin). Physiologically significant
proteolytic actions of these erizymes may, however, sometimes be unrelated to kinin release
(Beraldo et al., 1956; Chao et al., 1981).

The ka"llikrcin story begins in 1909 when Abelous and Bardier described a substance
from human urine :vhich lowered blood pressure. The presence of this hypotensive substance in
urine was conf irméd and it was found to be nondialyzable (Frey and vKraut, 1926). Thought to
originate from the pancreas, it was named kallikrein (Greek, "kallikreas" = pancreas) by
Kraut et al. (1930). The pancreas was later discounted as a major source of the urinary agent
since kallikrein levels in dog uriné remained high f ollowi;lg pancreatectomy Or pangreatic vessel
occlusion (Beraldo et al., 1956). ‘

Plasma kallikrein differs from the tissue varieties dn many grounds. It has a higher
molecular weight, resembles trypsin in its substrate requirements, the latter being less specific,
and releases bradykinin instead of lys-bradykinin (Colman and Bagdasarian, '1976). The plasma
kallikrein-kinin system haswbeen implicated in various pathological states such as inflammation
and shock (Colman and ang, 1979). .\A

The sphtung of the arginine-arginine bond by these enzymes indicates that they may be

involved in processing prohormones, proenkephalin being a good example (Prado et al., 1983).

Kallikréin has also been reported to activate proinsulin (ole-Moi Yoi er al., 1979b) and prorenin



(Sealey et al., 1978).

Measurement of kallikreins is commonly performed “chemically by the hydrolysis of

various synthetic esters. Bioassay is also performed by recording hypotensive activity of the
,}

substancci on the dog blood pressurc or;by measurmg the substance's ability to release kinin

Vu

from a substrate, Aprotinin (or Kumt;_ trypsin mhlbxtor) inhibits tissue kallikrein, which

results in prevention of kinin producthry“?

.t'

Localization techniques are widel§ ‘sed and allow proteins to be identified and charac-

terized at their sites of synthesis, storages secretion. Several immunocytochemical techniques

C . ‘,‘
have been used to localme. m“,iél%mus ussues Frequently, however, immuno-

w L. ixé ! "’
A ﬁ"p. A
localxzanons by different authors produced ‘)tha@rem results. The purpose of this thesis is to

immunolocalize tissue kallikrein in various tissues. The diverse cellular and subcellular locations
of these enzymes indicate that they have different functions in different organs despite having
similar chemical and pharmacological properties (Schachter, 1980).

In this thesis, several related kallikreins are localized immunocytochémically in various
gastrointestinal and _male' reproductive tissues. Freeze drying and chemical fixatjon techniques
are used successf ully’to immunocytochemically iocaliie tissue kallikrein in the submandibular’
gland of the cat and guinea-pig where ‘it is in apical regions of stria.ted'duct cells. It is also
localized in goblet (mucous) cells of the colon and mucous cells of the stomach of the cat andv
_ rat. Ultrastructurally, it is localized in the apical secretory granules of smated duct cells in the

cat and guinea-pig. Furthermore, kallikrein is immunolocalized in surface eplthehal cells of the
" guinea-pig c‘oagulating and prostate glands; also in submucosa élands of ﬁhe cat trachea. Nerve

growth factor is also immunolocalized in surface epithelial cells in the guinea-pig prostate

gland.

1. Salivary gland
A vasodilator substance was found in saliva some fifty years ago (Secker, 1934 a,b)

with vascular effects unlike acetylcholine or adrenaline (Gibbs, 1935; Larson, 1935). Feldberg



and Guimarais (1935) also concluded that this vasodepressor substance was not acetylcholine,
chélinc, histamine "or any other known depre- “tbstance. They also observed that
sympathetic saliva had more depressor activ‘.itygthan parasy‘mpathetic’ saliva and that this
activity decreased in successive saliva samples. A vasodepressor substance resembling kallikrein
of panércas and urine was. found in salivary glands of several species (Werle and von Roden,

1936). It was also in saliva, presumably in the same form as in the gland. It would seem that all

of the above vasodilator substances were, in fact, "salivary kallikrein".

Highest concemrationé of kallikrein are in the submandibular salivary glands (Werle
and von Roden, 1936) with only low concentrations in parotid and sublingual glands and the rat
submandibular gland has the highest concentration of any tissue. Salivary kallikrein was
isolated from saliva (Fujimbtq et al., 1973) arg from submandibular glands of man (Fujimoto
et al., 1973; Hare and Verpoorte, 1982), cat (Moriwaki et al.', 1976; Fukuoka et al., 1979;
Fujimori et al., 1985a), mouse (Porcelli er al., 1976), rat (Brandtzaeg et al., 1976) and
guinea-pig (Fiedler et a/., 1982). In the rat, submandibular gland i(allikrein occurs as multipie -
iéoenzymes (Brandtz:;eg et al., 1976) as is also the case in the cat (Fukuoka et al., 1979).

Kallikrein is not present in submandibular glands at birth (Werle et af., 1960), and it is
synthesized in the adult rat submandibular gland at a slow rate (Nustad and Vaaje, 1975).
Kallikrein content of §aliva of older people was found to be f“ive times higher than that of
teenagers (Sallay and Nador, 1950).

Kallikrein secretion into saliva is rﬁediated primarily by sy_mpathetic nerve stimulation
and probably involves alpha adrenergic receptors (Beilenson et /., 1968; Barton et al., 1975;
Orstavik and Gautvik, 1977; Schachter et al., 1977; @rstavik, 1978b; Simson et al., 1979; 1zumi
'and. Aoki, 1981; Izumi, 1984). Parasympathetic dénervation caused the kallikrein content of
submandibular glands to fall (Emmelin and Henriksson, 195_3), and this reduction in content
correlated with a reduction in the size of demilune cells. Kallikrein was therefore originally
thought to be present in these cells. Chronic duct ligation also caused kallikrein concentrations

in submandibular glands to fall in rabbits (Mattioli and'Mattioli, 1947a,b), rats, mice, dogs
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(Werle, 1960; Werle and Trautschold, 1963) and cats (Beilenson ef al., 1968). Kallikrein was
thought to be stored in acinar granules of the guinea-pig submandibular gland (Bhoola and
Ogle, 1966). Basc,;d on fractionation of gland extracts, the enzyme was absent from
mitochondria and lysosomes (Bﬁbola and Dorey, 1969). Bhoola and Heap (1970) used clectron
microscopy to compare isolated granules to fractions with kallikrein activity. Based on size and
shape, they concluded that granules with thg highest activity resembled those from acinar cells
and the suggestion was therefore made again. that kallikrein was stored there. T‘"his conclusion
was extended to the cat, dog and rabbit (Bhoola, 1969). Other morphological data also seemed
1o support a connection between kallikrein release and acinar cell secretion in gland slices
(Albano et a{., 1976).

A ductal localization of kallikrein was, hoWever, later suggested by morphological
studies after sympathetic nerve stimulation and correlations of the concentration of ductal
granules with kallikrein content of the gland. In cats, sympathetic stimulation‘depleted striéted
hduct cells of secretory granules, and d‘e'pleted the kallikrein content of the gland, but acinar cells
were left intact (Barton et al., 1975; Garrett and Kidd, 1975; Schachter et al., 1977). Similar
results were reposied in guinea-pigs and dogs (Uddin and Tyler, 1978, 1981, Schachter et al.,
1980). Parasympathetic nerve stimulation in the cat resulted in loss of acinar secretory granules
but no reduction in kallikrein contem‘ (Barton et al., 1975; Garrett and Kidd, 1975). Secretory
granules from demilune cells were depleted after either sympathe'ic or parasympathetic
stimulation, suggesting that these cells were unlikely sources of kallikrein (Uddin and Tyler,
1978).

Immunocytochémistr_v’ clearly established that kallikrein was localized in granular
convoluted tubule} ahd striated duct cells in the submandibular glands of rat (@rstavik et al.;
1975; Brandtzaeg et al., 1976; Orstavik, 1978a; Orstavik and Glenner; 1978, Simson et al., 1979;
Orstavik et al., 1982a), mouse (Ekfors and Hopsu-Havu, 1971: Simson et al., 1978, 1979), cat
(Hojjma- et al., 1977a; Maranda et al., 1978; Schachter et al., 1980), pig (Dietl et al., 1978),

guinéa-pig (Schachter et al., 1978, 1980), dog and man (Qrstavik et al., 1980a; Schachter et al.,

/



1980). In sublingual glands of the rat, kallikrein was also localized in the striated duct celis
(Orstavik et al., 1975; Simson et al, 1983) and in the luminal rim of striated and larger duct
cells (Orstavik er al., 1975). In parotid and sublingual glands of the 'rat, kallikrein was again
localized in ductal segments (@rstavik 1978a; Simson et al., 1979; Orstavik ef al., 1982a). In
human parotid glands, kallikrein was localizedb"luminally in striated duct cells and to a lesser
degree in the larger ducts (Kimura and Moriya, 1984a), and some immunostaining was also
repor[;ed exlracellulz;rly' in duct and acinar basement membranc regions.

Enzymeﬂ histochemical techniques, using the substrate, val-leu-arg-methoxy-2-
naphtnylamide, supported the ductal localization of kallikrein. Active enzyme was localized
periluminally in submandibular gland granular tubules and striated duct cells in the rat, mouse,
hamster, guinea-pig, cat, dog (Garrett ef al., 1982) and man (Garrett et al., 1984). An active
enzyme, resembling kallikrein, was also demonstrated in salivary gland mast cells by this
enzyme histochemical method. Submandibular, parotid and sublingual glands of monkeys
(Arnold, 1984) and other mammals (Arnold, 1983) had kallikrein-lik€ activity by this method
also in K)ical regions of striated duct cells. Active enzyme was also demonstrated
histochemikally in luminal regions of striated duct cells of the human parotid gland (VKimura
and Moriva, 1984a). -

Kal}ikrein was finally localized immunocytoche@cally by electron microsco;;y in
secretory granules of striated duct cells in cat submandibular glands (Schachter et a/., 1983c)
(see Resglts). In rat submandibular glands, the enzyme was similarly localized in secretory
granules of granular convoluted tubule and striated duct cells (Simson et' al., 1983). Apical
membrane and basal lvsosomal staining were also reported. Ultrastructural enzyme
histochemistry also localized kallikrein-like ac;tivity in apical secretory granules in striated duct
cells of monkey submandibular glands (Arnbld, 1983). o

Salivary gland kallikrein may be under endocrine control in some cases. Although sub-
mandibular glahds of rats and mice failed to show a sexual difference and testosterone

treatment did not affect kallikrein levels (Bhoola et al., 1973) Van Lesuwen et al. (1984) found
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that testosterone increased kallikrein levels in rat cubmandibular glands. In the hamster, which
shows an cstrogen-linked biochemical dimorphism of the submandibular glands, female glands
gontain more kallikrein than male glands (Bhoola ef al., 1973), but human saliva kallikrein
concentration is probably not estrogen dependent since it did not vary during the menstrual

, W

cycle (Bhoola et al., 1978).
1. Pancreas \

The pancreas was found to contain large amounts of kallikrein (Kraut ef al., 1930},
The enzyme exists in the pancreas #s a precursor (prokallikrein), and also in the pancreatic
secretion (Amouric and Figarella, 1979) and in fresh organ extracts (Hojima et al.. 1977b). It
is secreted into the duodenum and activated by trypsin and enterokinase (Werle and Semm,
1955). Purification of pancreas kallikrein was achieved in the dog (Hojima et al., 1977b), hog
(Fiedler and Gebhard, 1980), rat (Fiedler et al., 1977) cat (Fujimori er al., 1985b) and man
(Moriya et al.. 1963: ole-Moi Yoi et al., 1979a). Purified enzymes usually existed in multiple
forms.

Kallikrein was found to be synthesized as well as secretgd by the pancreas (Frey ef al.,
1968)‘, where the enzyme was suggested to have an exocrine function. Support for this idea
came from observations that it was secreted in parallel with trypsin and lipase and because its
concentration fell like other digestive enjymes after pancreatic duct ligation (Forell, 1960).

It was hypothesized that kallikrein originated from acinar cells because of the above
observations and because its concentration was not affected by treatment which destroved
B-cells of the islets of Langerhans (Forell, 1960). Based on subcellular fractionation, kallikrein
activity was detected within secretory granules (Bhoola and Dorey, 1971), and by immunocyto-
chemistry in apical regions of acinar cells in the pancreas bf pig (Dietl et al., 1978), rat (Proud
et al., 1977; Orstavik and Glenner, 1978; Orstavik et al., 1980a, 1981a) and man (Orstavik er
al., 1980a, 1981a). Ultrastructural immunolocalization demonsirated kallikrein in different

cellular_ compartments of rat pancreatic acinar cells (Bendayan and Orstavik, 1982). It was thus



.
Iy

localized in rough endoplasmlc retrculum Golgi ‘body, condensmg vacuoles ‘and _secretion
granules Wthh supports the view ‘that it is svnthesrzed and secreted by acmar cells. ‘In accord
")

w1th the above, kalhkrem was locallzed ultrastructurall) in porcine pancreauc acinar cells

’ secretory granules and the Golgl body (Lechene de la Porte et al., 1981).

By radlotmmunoassay and bioassay, kalliktein was present in isolated acinar cells, but

no't'in isolated islet cells (Chao et al., 1980). 'l‘o ‘further resolve localization in different cell

v

types enzyme. concentration was measured f ollowme erther B-cell destructlon by streptozotocin

~or acinar atrophy by duct occlusion (@rstavrk et al 1981b).. Kallikrein content was decreased

with acinar atrophy only,f which again indicates that these cells are the site ofj’m'storage in this
: o @

. organﬂ. | :

The situation has recently been rendered more complex by ole-Moy Yoi et al. (1979a),

“who, usmg human antisera to urinary kalhkrem 1mmunolocahzed kalhkrem in B-cells of

s

human pancreatic islets. Furthermore by varying expenmental condmons kallikTein -like ann

‘genicity was locallzed in etther islet B- cells or acinar cells (Pinkus et al., 1983). Untreated

tissue sections 1mmunostamed e)lcluswelv 'in acinar cells but when enzyme digestion methods
were used kallikrein was detected in B-cells. The question.of the. presence of kallikrein in islet

B-cells requires further study.

3. Colon
Hypotenswe activity due to kallikrein was first reported in extracts of the colon of
several mammals (Werle 1960) Trypsin- actrvated kalhkrem was found in the colon of man,

dog, cat, Tat, pig and cow (Frankrsh and Zertlm 1980) and also in colomc mucosa of rat and

bl

rabblt (Amundsen and Nustad, 1965) Rat colon. exiracts also contaified kalhkrem (Zextlm

1970). In the human (Zeltlm and Smith, 1973) and cat colon (Fasth et al 1978) kalhkrem

L

was found mamly 1n the mucosal layer.

Prokalhkrem actwatable by trypsm was reported to be in the colon wall of human

Vi -

monkey and dog tissues (Sek1 et al.; 1972). On' enzymatxc and chemical grounds this enzyme
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was earlier thought to resemble the plasma kallikreins, but purif ted human (Zlmmermann et

..*’»
srnce been consrstentlv found to resemble tissue kallikreins on enzymatic, immunological and

chemrcal grounds " , A . ' -

Kallikrem was localized 1mmunocytochem1cally in mucous or goblet cells of human, rat\

and cat colon (Schachter et al., 1983a) (see Results) By enzyme histochemrstry kallrkrem like,

;{Fl)

activity was also detected in mucous cells of the cat and rat colon (Schachter et al., unpublrshed
observations) and also in gastrorntestmal mast cells.
The above studies strongly indicate that colon kallikrein is of the tissue variety .and is

present.in goblet cells.

4. Intestine
Kallikrein, agctlvated by trypsrn was detected 1n the small intestine of many mammails,
. man, dog, cat, rat, pig and cow tissies (Werle, 1960: Werle and Vogel 1960) Intestinal
mucosal cells of rats and rabbits (Amundsen and Nustad 1965), extracts of rabbit small
intestine (Burger et al., 1968) and extracts of rat intestinal tissues also displayed enzyme
activity (Zeitlin, 1970; Frankxsh & Zeitlm 1980)
" {allikrem in rat 1ntest1nal mucosa was present as an inactive precursor (Seki et al.,
1972 Zeitlin et al., 1076) activatable by autolytrc processes or bv 1ncubation with trypsin

(Werle 1960; Zeitlin, 1971). lt behaved enzymatically like a tissue kallrkrem rather than like a

plasma kallikrein (Zeitlm 1971) and its molecular weight also indicated that it was similar to

-other tissue kallikreins (Zeitlin et al., 1976). Kallikrein was localized immuno- and enzyme- -

* histochemically in ‘mucous cells of rat and cat small intestine (Schachter et al., unpublished

observations).

2 T 1979) cat and rat colon kalhkrern (Frankish and Zeitlm 1980 FUJlmOI'l et al., 1985a) have'



3. Stomach

' Kallikrein-like actxvuy was found in extracts of rat and rabbxt stomach ( Amundsen and
Nustad, 1965; Zeitlin, 1970 Franklsh and Zeitlin, 1980). Activity was detected m rat snomach
tissue with an unusually low pH optimum of 5 (Kobayashl et al 1979), based on enzyme
inhibition profiles, this eﬁzyme resembled cathepsin D (Kobayashi and Oha;a, 1981). A kalli-
kreln was also purif ied"from rat stomach si‘milar to other ‘ti;ssue kallikreins (Uchida et»al., 1980)
with a pH optimum of 11. Similarly, a human stomach kallikrein was purified and found to be
similar to tissue kallikreins (Uetsuji et al., 1982). A kallikrein-like enzy:me was also localized in

the mucous cells of cat stomiach (Schachter et al., unpublished observations) (see Results).

6. Kidney (Urinary) |

A ‘hypote'nsive substance detected .in human urine by Frey and his colleagues (Frey and ]
Kraut, 1926) was first described as a "K'reislaufhdrmon " (circulating hormone). This hormone,
of uncertain origiﬁ, was later named kallikreint (Greek, kallikreas = pancreas) .since it was
thought to originate in ;he pancreas (Frey et al., 1968).

‘ Purified h.urnan urinary kallikrein resembled other tissue kallikreins (Moriya et al.,
\1963‘; ole-Moi Yoi et al., 1977, 1978, 19796). Various other kidney and urinary kallikreins have
beep purified and found to resemble tissue kallikreins from the same species (Nustad, 1970a;
Nustad and Pierce, 1974; Moriwgki et al., 1976; i’orcélli etal., 1§76; Fujimori et al., 1985b).

Kallikrein activity was‘ first demonst‘rated in rat kidney homogenates 1and its activity
was sholwn to be enhanced by trypsin treatment (Werle and ‘Vogelh,l961). The suggestion was
therefore made that the enzyme first isolated by Kraut et ali (193:0)'« waé a prohormone. The
fact that tile molecular weight of renal enzyme was larger than the urinary enzyme suggested 10
Mofiwaki et al. (1976) that the urinary kallikrein might be a degradation prqduq'of renal kalli-
krein. | |

Subcellular localization of kallikrein within the kidney was determined on the basis of

biochemical fractionation. Kallikrein activity was detected in the microsomal fraction (Nustad

G
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‘;’nd Rubin, 1970), in the endoplasmic reticutum (Nustad, 1970b; Ward et al., 1976a), in the
‘ plasma mefnbrarfe (Nustad, 1970b; Ward et al., 1975, lé7l6a, b), and in lysosomes of kidnev
cells (de Carvalho and Diniz, 1966; Baggio et al., 1975; Heidrich and Geiger, 1980). -

’ Kallikrein was found to be synthesized by the renal cortex (Nustad, 1970b) and sus-
pensions of renal cortical cells (Kaizu and Margolius, 1975), and dog renal homogenates had”
the highest levels of such-activity in extracts of cortex (Scicli et al., 1976b). Release of l(alh-
krein from rat kidney oceurred into the venous effluent and urine (Roble’ro et al., 1976).

“ Since the time that Werle and Vogel (1960) showed a reduced urinary excretion of
kallikrein following pharmacologic.al destruction .of tubule cells, most evidence suggests the
presence of kalllkrem in the distal nephron tubules Extracellular secret.on of urinary kallikrein
frog) suspended renal cortical cells was mcreased by aldosterone and decreased by spirono-
. lactone, an aldosterone-antagomst in distal tubules (Kalzu and Margolius, 1975). Secretion of
kallikrein loccurred in the distal nephron based on stop-flow analysis of dog kidney (Scicli et
al.. 19762). |

The proxxmal convoluted tubule u/as also reported to comam kallikrein activity
(Nustad, 1970b). Reabsorpuon dIOpletS in prox1mal tubule cells were 1mmunocytochemxcall\
'stained (Simson et al., 1979; Pinkus et al., 1981), which suggested that tissue kalllkrem was
reabsorbed from tubule f’luld((lumura and Moriya, 1984b). By enzyme histochemistry, active
rat kidney kalllkrem was locallzed in tubule cytoplasm of the outer medulla and deep COTtex,
~ where proumal tubules, ascending limb of Henlé and collecting ducts reside (Kimura et al
1982). In &%human kldney Kimura and Moriya (1984b) unexpectedly observed kallikrein-like
enzyme activity exclusively in prox1rnal tubule cells. Since kallikrein immune staining did not
occur in these or other tubule cells, it was suggested- that the enzyme activity was due to non-
kallikrein esterases. These 'authors whd found kallikrein immune staining vin interstitium and

" basement membrane regions, viewed renal and urinary kallikreins as derived from circulating

tissue kallikrein.
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In microdis;ected rabbit kidney, act’ive .an‘d inactive kallikreins wefe detected in
connecting tubule cells (Tomita et a{., 1981: Omata et al., 1982; Proud et al., 1983; Marchetti et
al., 1984). Using immundcytochemistry, kallikrein secretion was vindicated by its localization in

' apical regions of distal tubule cells and in the tubule lumen of rat (Qrstavik et al., 1976; Simson
el al., 1979; Orstavik and Inagami, 1982), mbuse: (Simson et al., 1979), and humaﬁ kidney

(Pinkus et al., 1981). Kimura and Moriya (1984b) postulated that kallikrein secretion in the

1

distal tubule may not necessarily indicate de novo synthesis in tubule 'cells, where it is secreted
into the urine. Kallikrein antigenicity in distai tubule ;:ejlls may therefore represent tissue |
enzyme from othér sources. Figueioa et al. (1984) localized kallikrein immpnocytochemically in
the cytosol of apical and périnuclear areas of distal connecting tubule cells. The antigenicity
pattern Qithin organélles sﬁggested'that kallikrein synthesis occurred in this celli’type. Basal in-.
foldings of connecting tubule cells also stained, which may explain the appearance of kallikreins
ini isolated kidnéy venous effluent (Roblero et al., 1976; Vio et al., 1981, 1982,' 1983). |

. Although the physiol(;gical significance is not completely understood, Margolius et al.
(1972:, 19745 observed that ufinary kallikrein excretion is abnormal in vafious hypertensive
animal mbdels and in human hypertensive diseaSe. Low sodium diet or high levels of sodium-
retaining steroid hormones also increased urinary kallikrein excretion in rat and man (Géller et
al., 1972;-Margolius et al., 1974). Further observations have been made indicating that kalli‘-
krein‘is under hormonal control in the kidney but the physiological significance of this fact
remains obscure (Geller et al., 1972; Margolius et al., 1974).

Kaliikrein activity in the nephron tubule was shown to be under corticosteroid hormone
control. Urinaf’y:'_}callikrein sec‘retion was stimulated by aldosterone or deoxycorticosterdne
(Geller et al., 1972; Margolius et al., 1974) and kallikrein actfivity in the rabbit connecting
tubule decreased afterradrenaleciomy (Maréhetti ‘et al., 1984). Chronic deoxycorticosterone

" treatment also increased activity of kallikrein in the conne'cfing tubule,‘ though not its synthesis

(Marchetti er al., 1984).,
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Possible phyiiolbgical roles of renal kallikreins were also suggested to be related to the
activation of prorenin by kallikrein (Sealey et al., 1978). Though prorenin cleavage resulted in
activation, some structural alteration of prorenin was required before activation could occur

(Hsueh et al., 1980).

7. Res’i)iratory Tract

Human bronchial secretion has been reported to contain kallikrein (Havez et al.,
1966a,b). It wés detected in normal "respiratory sputum” and fqund to resemblg tissue kalli-
_ kreins on enzymatic and immunological grounds. The' problem is whether the sputum contained

salivary kallikrein, but the authors do not discuss this obvious problem. -

8. Male Sex Glands .

An arginine esterase was described in the different lobes of rodent prostate glands
(Gotterer et al., 1956). The.-guinea-pig coagulating gland was shown to secrete "toxic”
substénces (Freund and Thompson, 1957) and in further‘ studies this factor was characterized
as a glycoprotem with arginine esterase activity that increased vascular permeability (Freund et

, 1958). Bhoola et al. (1962) and Moriwaki and Schachter (1971) found a kinin- releasmg
"kallikrein " (coagulating gland kmmogenase CGK) responsxble for h)potenswe permeability -
enhancmg and esterolytic actions of coagulating gland extracts. They emphasized the kalhkrem-
like nature of this kmmogenase (CGK). Purified CGK resembled other tissue kallikreins on
enzymatic. and chemical groun’ds (Moriwaki et al., 1974). Kinin-producing activity was not
detected in coagulating or prostate gland extracts of r'a't,’ rabbit, dog or man (Bhoola et al.,
11962). CGK is now known to resemble the kallikreins chemically (Fiedler, 1979).

Synthesis of a major protein of canine seminal plasma was found in prostate slices and
its concentration was increased by androgens and decreased by castration (Dubé et al., 1983).
Isaacs and Shaper (1983) and Chapdelaine e al. (1984) determined - ;hat this major

androgen-dependent protein was a serine arginine esterase similar to tissue kallikreins. This .
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enzyme was identified as a serine protease of the tissue kallikrein type but its ability to release
kinin was apparently not tested (Lazure et al., 1984). -

A cytosolic localization of CGK from guinea-pig was found by Barton et al. (1973),
who demonstrated approximately 90% of the activity was in the soluble fraction of guinea-pig
coagulating gland extracts. Immunocytochemically, kallikrein was localized apically in the

secretory epithelial cells of the guinea-pig coagulating (GPCG) (Schachter et al., 1978) and

prostate glands (GPPG) (see Results).

9. Brain
Kallikrein-like activity was first described in nervous tissue by Werle and Vogel (1961).

Rabbit and rat brain homogenates (Shikimi et al., 1972) also had kalhkrem hke activity.

Highest concentrations were in the cerebral cortex -(Shikimi et al., 1972) where kallikrein -

activity was also reported to be inhibited by ap;otinin. Scicli & al. (1984) found kallikrein in

many regions of the bram including the hypothalamus. ,

Simson et al. (1984) immunolocalized tissue kallikrein in rat brain. Although staining
did not occur in specific cell types, it was found in hypothalmus, venmcular ependymal cells,
and cell bodies of certain nuclei. The kallikrein-kinin system was therefore postulated to

participate in nervous and neuroendocrine functions (Scicli et al., 1984).

10. Other Tissues

A kallikrein-like enzyme was isolated from porcine pituitary glands and found to
resemble other tiséue kallikreins (Polivka et al., 1982). Powers and Nasjletti- (1983) also
reported kallikrein-like activity in the rat neuro-intermediate lobe where it may be involved in
pro-opiomelanocortin processing. Synthesis of kalli‘krein in the anterior lobe was suggested by
the finding of kallikrein mRNA in normal and hypersecfetpr,y-rat pituitaries (Fuller et al.,
1985). Powers et al. (1984) suggested an involvement with hypertension since lowerlleveylls of

tissue kallikrein activity were found in genetically hypertensive rats. A possible role in hormone
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processing was implied by the observation that kallikrein-like activity of the female rat anterior
© pituitary was fifteen umeshlgher than that of the male (Powers and Nasjletti, 1984).

‘ Kinin-releasing proteases were also isolated from blood vessels (Nolly and Lama, 1982;

Nolly et al., 1983), rat cardiac tissué (Britos and Nolly, 1981) and rat spleen (Chao er al.,

1984b). With allowgnces for mivno‘r variations, these enzymes can be included in the tissue kalli-

krein family. Tissue kallikrein, activatable by trypsin (Chao et al., 1984a), was found in intact

human erythrocytes aﬁd ghosts. Its possible relation to erythrocyte maturation or to membrane

_transport femains to be established.
Rat thyroid gland also conta‘i‘ns a kinin-releasing esterase resembling other tissue kalli-
kreins (Uchida et al., 1982). Chemical anq physical properties of .this enzyme were establiéhed

but its physiological role is unknown.

B. Nerve Growth Factor

This substance is included because, as described below, it often co-exists in‘ tissues with
kallikrein, and is also associated with a kallikrein-like molecule in a macromolecular complex or
aggregate. | ‘A

Nerve growth factor (NGF) is a molecular complex posséssing a subunit with some
chemical and physical properties which are similar to those of the kallikreins (Thoenén and
Barde, 1980; Darling et al., 1983; Calissano et al., 1984)  NGF was discovered when a
substance was found in sarcqrhas, snake VCHOI;]S, and elsewhere, which stimulated growth of
chick sympathetic neurons (Bueker, 1948; Levi-Montalcini and Hamburger, 1951; Levi-
Montalcini and Booker, 1960). | ,

The richest known source of NGF is the submandibular gland of the male mouse
(Levi-Montalcini and Angelleti, 1961). Submandibulﬁr glands of the rat, g‘uinea-pig, cow, pig,
rabbit and man contain l‘ittle or no NGF (Harper and Thoenen, 1980). NGF was recqptly

found in prostate glands, though not alprostate glands contain it. Of several animals surveyed,

only guinea-pig, rabbit and bull showed NGF activity in prostatic tissue (Harper et al., 1979;
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Harper anli Thoenen, 1984). Purification of guinea-pig prostatic NGF was achieved by
Chapman et al. (1981). Bovine seminal plaéma NGF was purified and f;)unli to resemble mouse
submandibular gland NGF in biological aﬁd immunological properties (Harper and Thoenen,
1984). Other rich source§ of NGF include snake venom (Cohen, 1959), human placenta at term
(Goldstein et al., 1983)::1\:1 submandiﬁular‘ and prostate glands of the house musk shrew .
- {Suncus murinus) (Ueyama et al., 1981).
Male mouse submandibular gland NGF.was purified and characterized (Varon et al.,
1968; Server and Shooter, 1977) and found to be composed of three subunits (a, B, y)‘, each of
which is dimeric {(Varon et al., 1968). One or two bound zinc jons further siabilizé the complex
(Pattison and Dunﬁ, 1975). The a-subunit has not been shown to have enzymatjc activity; the
complex 's biological activity on nerve growth residing with the B-subunit (Varon et a/., 1968).
The B-subunit promotes survival, differentiation and m:;intained function of sympathetic nerve
cells (Mobley et al., 1977a, b, c).and may also be the chemotactic agen} for neurite outgrowth
(Campenot, 1977). The y-subunit is a potent kallikrein-like arginvl esteropeptidase (Green et |
al., 1969; Moore et al., 1974; Thomas and Bradshaw, 1981). Bothweli (1979) and Fiedler and
Fritz (1981) described large sequence homologies between y-NGF and tissue kallikreins. The
activity of y-NGF is to cleave the 8-NGF precursor (pro-8-NGF) to yield B-NGF (Berger
and Shooter, 1977). Morris et al. (1981) found that the y-NGF subunit also activates inactive
renin. | | |
Synthesis of NGF and differentiation of secretory tubule cells of rodent submandibular
glands were shown 1o be under control-of testosterone (Levi-Mémalcini and Angeletti, 1961.;
,iGoldstein and Burdman, 1965). ;IGF was repbfted to be located in the granular con‘volu[ed
tubules of the rodent submandibular gland (Levi-Montalcini and Angeletti, 1964).
- Light microscopy and subcellular immunocytochemical localization indicated an
association of’ NGF with cytoplasm, secretory grénules, the basal part of the céll and the.

nucleus (Levi-Montalcini and Angeletti, 1961; Géldstein and Burdman, 1965; Kumar et al.,

1972). These early conclusions were based on inadequate methods, and later light microscopic
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and ultrastructural immunocytochemical studies showed NGF localization in apical secretory
granules of secrétory tubule (or duct) cells and in saliva (Schwab et al., 1976). The Affican
rodent, Praomys ( mastomys) nat'alensis’, has high levels of NGF in submandibular glands,
where it was also immunolocalized in the granules of the convoluted tubules (Aloe et al., 1981).

NGF was also 1mmunolocahzed in Suzmann cells or other associated dense f 1bres in the rat iris

(Rush, 1984), and in GP?G within epithelial cells and luminal secretions (Shnkata 1984).



II. MATERIALS AND METHODS

A. Animals, Organ Dissection, Tissue Preparation and Extracts

Animals were kept in a stable environment prior to surgery. Animals were then starved
for 24 hours and water allowed ad libitum for several hours prior to‘ surgery,

Cats of either sex, weighing 2-4 kg, were anaesthetized with intraperitoneal sbdium
pentobarbital (M.T.C. Pharmaceuticals, 30-35 mg/kg). A midline incision was followed by
blunt dissectiofi? to reveal submandibular glands on éither side of the trachea near the junctionr

"+ of the transverse vein with th.e external jugular vein. A small area of gland was separated with
clarnps ar< removed while blood flow was intact. Tissue was rinsed briefly in saline aﬂd minced
bn a pataffin-covered dish. Mincing usually took place in fixative unless tissues were to be '
freeze-dried, where mincing took place in saline. Final tissue sizes were typically less than
1 mm?. Cat trachea was obtained similarly. Pieces of trachea near the bifurcation weré
removed, rinsed in saline and minced. The stomach was del?vered through an incision and small

vy pieces of tissue were obtained from 'fundus, corpus or antrum regions. Ascending, transverse

and descénding portions of the colon were also removed. Upon removal, tissues were rinsed in

saline and minced. In some cases, only tfle mucosal layer, which was stripped of muscular
layers, was used.‘ |

' Rats of either sex weighing 300-400 grams were anaesthetized with intraperitoneal

sodium pentobarbital (40-50 mg/kg). Gastric and cclonic tissues were removed as before.

- Usually, only stomach antrum mucosa or descending colon mucosa were removed. rinsed in

saline and mince}i.

Male guinea-pigs, weighing 600-1200 grams, were anaesthetized with intraperitoneal

sodium pentobarbital (40 mg/kg). Animals were prepared as above ‘and submandibular glands

and sex glands identified. Pieces were rémoved, rinsed with saline and minced. Semninal vesicles,

coagulating gland, and dorsal and ventral prostate glands were identified. Pieces of paﬂ%’a

coagulating glands, consisting of larger, more transparent lobes, and paired dorsal or lateral

17
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prostate glands were removed, rinsed in saline and minced. Pieces were also transferred into
fresh fixative or onto prepared surfaces for rapid freezing.

Extracts were prepared for immunodiffusioﬁ experiments from various tissues. Tissues
were cut into small pieces, mixed in 5 volumes of distilled water and stirred for 4 hours at room '
femperature. Mixtures were centrifuged for 10 minutes at 10,000 g and pellets were homo-
genized and resuspended with distilled water. Two more centrifugations followed, with pellets
being homogenized and resuspended. Supernatants were collected, pooled and freeze-dried.

Powders were resuspended in distilled water, centrifuged and freeze-dried.
B. Fixation of Tissues

1. Chemical Fixation

Fixative solu;ioris were developed for the dual p‘_;xrpose of preserving ultrastr.uc[ure
while retaining antigenicity. Hundreds of combinations were tested for various tissues, with
most intense investigation of the cat submandibular gland. Factors which determined a
fixatiye's suitability were concentration of cross-linking reagent, fixative osmolarity and time
of fixation. Factors which were less important were type of buffer, fixation temperature, pH
(range 7.0-7.5) and addition of CaCl,. A summary of major fixatives follows.

For'the cat submandibular gland, most commonly employed cross-linking reagents were
aldehydes. Fvixatives which used only one type of aldehyde were 1% glutaraldehyde (GTA)
.(Analychem Corp. Lid. or J.B. EM Services, Inc.) and 2% or 4% paraformaldehyde (PFA)
(Fisher Scientific Ltd.) made from depolymerized powder. Fixatives were made in 0.1 M
sodium cacodylate (Analychem Cerp. Ltd.) and adjusted to a pH between 7.0 and 7.5 with
either NaOH or HCL. Solutions were prepared 1-2 hours before use. Tissues were kept in
fixative for 1-2 hours at room temperature. }?FA and GTA combinations were often employed.

Concentrations of ‘GTA ranged from 0.7%-1.5%, most often held at 1%, while PFA concen-

trations ranged from 2%-4.5%, often held at 3%. sAcrolein (Analychem Corp. Lid.) was

-
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sometimes added at a concentration of either 0.1% or 1%, but this caused masking of anti-
genicity. Buffering of fixati‘vcs was achieved with cither 0.05 M or 0.1 M cacodylate adjusted
a final pH between 7.0-7.5. Sodium phosphate buffers (pH 7.2) were also used. Molarity '
varied from 0.075 (180'mOsm, measured by freezing point depression with an Osmette precision
osmometer) (Precision Systems) - 0.135 M (300 mOsm). Time of fixation for these ald;:hyde
combinations varied from 1-2 hours except for fhose using acrolein, which was 15 minutes.
Of ten used to determiﬁe ultrastructure for a gland was a relatively concentrated combination of
aldehydes arrived at by Barton et al. (1975). It consisted of a mixturé of 2.5% GTA, 4% PFA
and 1% acrolein in 0.05 M cacodylate, pH 7.3. Primary fixation was for 2 hours followed by
1 hour post-fixation with cacodylate-buffered 1% osmium tetroxide (osmium) (Analychem
Corp. Ltd}), pH 7.3. \

Cat gubmandibular gland fixation was examined using the bifuncu\ional reagent, l-ethyl-
3-(3-dimethylaminopropyl) carbodiimide HCI (CDI)4(Sigma Chemical (\Zo.) in concentrations
" of 1% and 10%. CDI was also combined with aldehyde reagents. GTA ranged from 0.5%-1%;
while CDI levels were either 2%. 4% or 6%. Also, combinations were used where CDI was 1% or
2%, GTA was 0.5% and PFA was 1%, 2% or 3%. These primary fixatives were used ai 4°C for
0.5-4 hours. In some cases, tissues were post-fixed with 172; osmium buffered with 0.05 M-
cacodylate, pH 7.3,' for 15 or 30 minutes at room temperature: Although the buff ering svstem
. for CDI combinations was occasionally 0.05 M Trizma base (Tris) (Sigma Chemical Co.),
0.1 M sodium phosphate or phosphate-buffered physiological saline, 265 mOsm (Lewis and
Knight, 1980), all at pH 7.2, usually a phosphate-buffered saline (PBS)/Tris b}n“fer
(Willingham and Yamada, 1979) was used which had a final bH of 7.0 and an osmolarity ;)f
360 mOsm. Osmolarities for solutions containing combinations of CDI, GTA and PFA ranged
from 260-1200 mOsm with moth suitable osmolarities below 500 mOsm.

Other fixatives were used to compare with the reagents described above. The periodate-
ly;ine-paraformaldehyde (PLP) solution (McLean and Nakane, 1974) was used. It was

modified according to Reissig et al. (1978) by varying PFA concentrations from 1%-2%,
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periodate kept at 0.01 M, lysinc at 0.075 M and buffered with either sodium phosphate or caco-
dylate. The pH was adjusted before use to 7.2 and fixation was [or 4 hours at room tempera-
ture. Also, 1% acrolein was added to the PLP fixative and used for 15 minutes. Other schemes
included Bouin solution (Humason, 1979), 80% cthanol or 1% osmium in Millonig's buffer
(Millonig, 1961). Most of these fixatives distorted ultrastructure or masked antigenicity. cat
submandibular gland tissue was also perfusion-fixed by injecting 100 ml of fixative into the
cannulated caﬁid artery of an anaesthetized animal. PL.P, with or w’ithout 3% dextran (Sigma
Chemical Co.) or 0,0'5 M cacodylate-buffered 1% GTA, pH 7.2, was used as perfusant. After ~
S minutes, glands were removed and processed in fixative for an additional 4 hours. Although
perfusion technigues were successful, they were also cumbersome and results were comparable
to immersion fixation. .

In preserving guinea-pig submandibular gland ultrastructure, similar fixatives to those
used for the cat submandibular gland ».vere developed. Combinations were used where GTA
ranged from 0.5%-1.3% and PFA was kept at either 2% or 3%. Acrolein was sometimes added
to a level of 0.1%, 1%, 2% or 5% CDI was igsed in conjunction with either 0.5% GTA or 0.5%
GTA and 1% PFA. Post-fixation with 0.1 M cacodylate-buffered 1% osmium, pH 7.1, for
15 minutes was sometiméé tried. 10% CDI was also used for 24 hours’at 4'C. When CDI was
included in the fixative, PBS/Tris buffer was used and the final pH adjusted to between 7.0 and
7.5.0.05 M-or 0.1 M cacodylate was used to buffer these mixtures in the same pH range. The
concentrated aldehyde fixgtive used for the cat submandibular gland was also used for the
guinea-pig submandibular gland to examine regular ultrastructure. Other unsuccessful fixatives
included cold 95% ethanol or 2% dimethylsuberimidate (DMS) {Sigma Chemical Co.) in 0.15 M
Tris, pH 9.5, to which 0.02 M CaCl, was added (Hassel and Hand, 1974). These last two
fixatives were used for 4 and 2 hours, respectively, but caused cell distortion.

Solutions used to fix pieces of cat colon included aldehyde-based mixtures such as 1%
GTA-3% PFA for 2 hours, 1% CDI'-O.S% GTA for 1 or 2 hours, all in PBS/Tris buffer. 1%

CDI was also used alone or in combination with 2% PFA with or without the presence of 0.1%
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saponin (Fisher Scientific Co.) made in either PBS/Tris buffer or 0.1 M sodium phosphate, pH

- 7.4.4% PFA was used in sod1um phosphate buff er, pl-l 7.4, for 24 hours at 4°C. PLP, cold 95%

- ethanol or 0.5% osmium in 0. 075 M cacodylare pH 7.0, were also used to fi ix tissue.

Rat colon preces were f ixed in solutlons of 1% y in PBS/Trrs buffer, pH 7 O or PLP

ford.jours. Osrmum was used at three concen;rat_lo
" buffer, pH 7.0. | \/

Frxatrves for the cat stomach were 1% CDI, 1% CDI- O 5% GTA or 1% GTA-3% PFA

0.5%, 1% and 2% in 0.1 M cacodylate

in PBS/Tns buffer pH 7. 3 for 1-2 hours. 1% CDI- 2% PFA in 0 1M phosphate buffer, pH
", 4, with or wrthout 0.1% saponin, was also used for 2 hours 4% PFA was used in either 0.1 M
phosphate buffer for 74 hours at 4°C or O 1M cacodylate buffer for 30 minutes followed by
.post fixation wrth 0.7% osmium in 0.1 M cacodylate buffer, pI—l 7 0, for 2 hours Three con-
centrauons of osmrum 0. 5% 0.7%and " 1% were used in 0. 05 M 0.075Mor0.1M cacodylate
~ buff ér, pH 7. 0-7 4 for 1-2.5 hours. PLP and cold 95% ethanal were also used.

Rat stomach ‘was f1xed in erther 1% 3% or 5% CDI or 1% CDI-2% PFA in PBS/Tris
buff er. PLP :vas used fot3 hours or 0 5%, 1% and 2% osmium in 0.1 M cacodylate buff er, pH
T, 2 were used for 1.5 hours. _ ' | '

F“XﬁVes for cat trachea were PLP 0 5% osmrum in 0 05 M cacodylate buffer pH 7.2,
ora combmauon of 1% CDI and erther 2% or 3% PFA. The effect of adding O 1 > saponin was ’

also tested i in 1% CDI- 2% PFA mrxtures i

For ultrastructure gumea pig male sex glands were fixed in a modrf ied aldehy de
solution after Barton et al. (1975) GTA was erther 2.5% or 3% with 3% PFA in PBS/Tris
buffer. Post fixation was wrth 1% osmjum for, 1 hour. Other combmanons included 0.5% or 1%
GTA:-with 2% or 3% PFA in 0. 05 M cacodylate buffer CDI concentratrons of 1% or 2% were
used wrth or thhout 0.5% GTA and PFA levels ranged from 1%-3%. In some cases a
15 minute post frxatron step with 1% osmrum in 0.05 M cacodylate buf fer was added. Osmrum

Aas_ a prlmary fixative was also used in concentrations of 0.5%, l% or 2%. Other fixatives

included cold 95% ethanol or 2% DMS as described for guinea-pig submandibular gland.

-’
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Fixatives that were specif ically- tested on GPCG pie@es were 0.2% or 0.5% GTA with either l%
or'2% PFA. 2%, 3%~or 6% PFA was also used. Fixativhes used for male sex glands which were |
used for pre-embedding rmmunostarnmg systems -are descrrbed in that section.

Following frxatlon all tissues were washed for at least 1 hour in several changes of
fixative buffer. If post- frxauon was involved, 1t followed a bul"fer wash and after post-
frxatron a buffer wash correspondmg to this step was used Washes wererfollowed by dehy-
dratron in ascendmg ethanol concentratrons (30%., 8%, 70%; 90%, 95% and 100% twice). If
acrolein was part of the fixative, methanol mstead#ethanol was used. Xvlene was used as
" intermediate solvent for tissues to be embedded 1n paraffih (Paraplast Plus) (Fisher Scientific
’Co.).v Propylene oxide was used as an intermediate solvent for tissues to be embedded in epoxy .
~ resin. Tissues processedvintgiglycol rnethacr_ylate ‘(G‘MA).'(Analychem Corp. Ltd:)'were dehy-
" drated without alcohol. | R

To enhance antigenicity by prot'eeting tissue with chemical treatrnents, a fnodified
method of Kuhlmann and Krrschan (1981) was used. Cat and rat stomach GPCG and cat
trachea were treated with ethyl acidimidate HC! (EAI)(Sigma Chemrcal Co.) as follows Af ter
fixation, tissues were washed in ‘several buffer changes for at least 2 hours and then treated
 with 0.2 M EAI drssolved in 0.2 M K, HPO. pH 7.3, for 2 hours at 4C. A 1 hour buffer wash .
‘following treatment was followed by Toutine dehydratlon Rat stomaqh and GPCG were
| additionally used to examine po-lyvinylpolypyrrohdone (PVPP) (Srg'ma Chemical Co.) treat

¢ to enhance antrgemcrtv After frxatron and buffer wash, tissues were treated with 10%
PVPP in buff er for 2 hours A routine dehydration schedule f ollowed with all concentrations
~ of ethanol containing 10% ISVPP. Tissues were then transferred through two changes of

e

‘propylene oxide before embedding.

]

2. Freeze-Drying
Tissue pieces were rapidly frozen either by copper block or cryogenic fluid methods.

Cryogenic fluids such as 2-methylbutane (Eastman Kodak Go.) or freon (Analychem Corp.
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Ltd.) were cooled to their melting point with liquid nitrogen. Tissue pieces were frozen by
immer.sion in cryogenic ﬂﬁid and then freeze-dried in an Edwards-Pearse tissue drier (EPTD)
(Edwards High Vacuum) at -60°C for- 24-43 hours. No vapor fixation step was used before
embeddmg in vacuur;’ treated epOoXy resin. This method was used to preserve cat submandibular
gland, guinea- pig submandibular gland, GPCG and GPPG tissues. |
The copper block method of freezing (Figure 1) (Coulter and Terracio, 1977) was used
for cat submandibular gland, guinea-pig submandibular gland, cat colon,‘ rat colon, cat
stomach, fat stomaéh, cat trachea, GPCG and GPPGS':!gissues. Pieces of tissue were placed on
thin- gauge aluminum foi_l on cork stoppers and blovtft.‘ed of, excess moisture. Stopper bases were
attached 'to the brass plunger which rapidly delivered tissues onto the polished surface of
copper, maintained at liquid mtrogen temperature. Pieces were kept in contact W1th the block
for at least 20 seconds and then delivered into the freeze-drier. Some tissues were processed in
the EPTD as above, and others were freeze-dried in an all-glass freeze-drier (Coulter and
Terracio, 1978% This device was cooled with liquid nitrogen to keep tissues below -137°C while
. being dried and an E2M2 doublestage vacuum pump (Edwardé’ High Vacuum) kept pressure
below 10-? torf.' In some cases, osmium waé'uséci for 1-4 hours to vapor-fix tiésues. Tissues
were embedded ir}.toﬁvacuurn-treated epox‘y resins. Both cryogenic [ 1uids or the copper block
method to freeze tissues produced reasonable structure for light microscopy. Ultraétructgre,
however, wés poor and ice crystai artifact was evident.

C. Embedding ;; ‘

% Tissues were emb°dded in paraffm using at least two changes of melted paraffin

< ,

(meltmg point 56°C). Araldite and Epon epoxy resins (Analychem Corp. Ltd.) were used

according to Hayat (1970). Following the propylene oxide stage of dehydration, a 1:1 ratio of

® . . \
B, resin: propylene oxide mixture was used on tissues for 24 hours. Tissues were then embedded in

capsﬁles filled with resin and polymerized at 60°C for 48 hours.



FIGURE 1. All-glass, low-temperature freeze-drier and copper block freezing device (inset).
O, osmium port; P, plunger; R, resin port; T, tissue trough, holds tissue -pieces which are
cooled by liquid nitrogen (in dewar flask below trough). (After Coulter and Terracio, 1977,
1978).
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vTissues that were reeze-;lried were usually_embedded in Spurr low-viscosity embedding
medium (Analychem Corp. Ltd.j according to Spurr (1969). Polymerization occurred at 60'C'
* for 24 hours. Other tissues were embedded in water- rmsc1ble GMA According to Leduc and
Bernhard (1967), dehydration thh water-GMA monomer mixture was followed by overmght
GMA polymer impregnation. Polymerization of embedded tissues was with long wavelength

UV light for 8-48 hours.
D. Immunocytochemistry

1. Antisera .

Antigens, prev%ously purified, had high esterolytic activities and yielded single bands on
disc electrophofesis. Cat salivary kallikrein (CSK), guinea-pig sali\(ary" kallikrein (GPSK) and
human salivary kallikrein (HSK), purified according to Fujimoto ez al. (1973) and Fukuoka et
al. (1979), rat pancreatic kal.likrein (RPK) (Hojima e-t ql., 1977b), rat intestinal kallikrein
(RIKF) (Moriwaki et al., 1974, 1980) and g;Jinea-pig coagulating gland kallikrein (CGK)
(Moriwaki et al., 1974) were all generous gifts of the late Dr. C. Moriwaki.

Kéllikrein antisera were raised in New Zealand rabbits (Schachter et al., 1980) and
_blood for immune sera was collected from ear veins. Blood from hyperimmunized rabbus was
also collected. NGF rabbit antxsera were purchased from Collaborative Research Inc. They
were.raised against 2.5s NGF. |

Antisera produced single precipitin linés when reacted with purified antigen or tissue
extracts. Although stomach and trachea extracts did not show immune precipitation when
reacted w.ith aCSK, doub'le diffusion analysis may not have been sensitive enough to detect
small amounts of antigen. Specificity, of «CSK was shown (Figure 2) by its ability to form
'smgl» precipitin lines with cat submgndlbﬂlaf/gland extracts (peripheral wells 2, 4 and 6). Single
precipitin lines ‘were also shown for diffusion of aCSK (center well) and cat colon extracts

(peripheral wells 1, 3 and’5). Partial antigenic non-identity between cat submandibular gland -

~>



FIGURE 2. Double diffusion-analysis 6f «CSK (center well) with cat colon (well 1, 10 pg; well
3, 20 ug; well 5, 30 ug) and cat submandibular gland (welly 2, 10 pg; well 4, 20 pg; well 6,
30 ug) extracts. Note single precipitin line and spur formation between lines from peripheral
wells 2 and 3. ‘
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and cat colon antigens was disclosed by spur formation between lines from peripheral wells 2

and 3.

2. Immunostaining systems *

\

a. Peroxidase-antiperoxidase

i. Paraffin sections

Peroxidase-antiperoxidase staining procedures (Sternberger, 1979) (Figure 3) were
modified for pazaffin-embedded tissues. Seven um thick sections were cut and mounted on
gelatin-coated glass slides. Removal of paraffin with several changes of xylene was followed by
rehydration through a descending ethanol concentration gradient (100% twice, 95% twice, 70%)
and washing in PBS or 0.05 M Tris buffer, pH 7.6. Excess moisture was removed and slides
were put into a humidity chamber. Sectionsl were incubated for 30 minutes at room temperature
in normal gc->a't serum (diluted 1:30) (Gibco Laboratories). Unless otherwise stated, all
dilutions are in 0.05 M Tris buffer, pH 7.6, and all normal goat 'sera dilutions are 1:30. They
were blotted and covered with ‘ei;t,her immune or normal rabbit serum (diluted 1;1000-1:5000
with buffer containiné 1% normal goat serum, optimally diluted '1:2000). Unless otherwise
stated, all primary sera were diluted in buffer with 1% normal goat serum. Humidity chambers
were covered and sections were incubated for.24 hours at 4°C. Sections were rinsed with buffer,
incu-bated for 30 minutes with goat serum immunized against rabbit immunoglobulin G Fab
' fragments (FAB) (Miles Laboratories Inc.) (diluted 1:20-1:80, optimally diluted 1:40), rinsed
in buffér, incubated for 30 minutes with'rabbit peroxidase-antiperoxidase (PAP) complex
(Miles Laboratories Inc., diluted 1:30-1:100, or Cappel Laboratories, diluted 1:50-1:120,
optimally diluted 1:100), rinsed with buf_fer, andA f_ihally incuba&ed with -a freshly prepared,
filtered splutionsof 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) (Sigma Chemical

Co.) 'a‘nd 0.01% H,0, (J.T. Baker Chemical Co.) in buffer. Reaction was stopped after



FIGURE 3. Summarized PAP method of immunostaining. LM, light microscopically; EM,
electron microscopically. ( After Sternberger, 1979.)
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10-15 minutes by rinsing slides in) distilled Wwater. Slides were dehydrated in xylene and mounted
with Permount (Fisher Scientific Co.). Paraffin-embedded tissues and antisera tested for
immunostaining were as' follows. The cat submandibular gland was tésted ‘with aCSK and
'«CGK.. The cat colon was tested for reactivity with «CSK and «CGK, and the rat stomach was
tested with aCSK, «RPK and aRIK.

For routine light microscopic examination of structure, paraffin sections were stained
with hematoxvlin and eosin (HE) (Humason, 1979) or by the periodic acid-Sct;iff reagent

(PAS) (Fisher Scientific Co.) of Humason (1979).

ii. Semi-thin resin sections

Procedures for semi-thin resin section immunostaining were similar to those describe.d
by Schachter et al. (1983a). Sections measuring 0.5 um to 1.5 um thickness were cut on a
Reichert-Jung ultracut (Sargent-Welch Scientific Co.) and dried onto gelatin-coated glass
slides on a hot plate at 200°'G. Resin was removed by treating slides for 30-90 minutes with
30%-100% saturated ethanolic or .methanolic sodium ethoxide (Aldrich Chemicai Co.). In some
cases, slides were treated with a similar solution ,rnade at least 1 week before use by dissolving
NaOH peilets in absolute ethanol (Lane and Europa, 19635). Following etching, slides were -
rinsed twice in absolute ethanol (or methanol), twice in distilled water and immersed in buffer
for at least 30 minutes. In some cases to reduce background staining for tissues fixed with
osmium, a distilled water rinse-H,0, trea[meni (5% or 10% for 5-15 rninutes) -distilled water
rinse sequence was introduced between the earlier distilled water rinses. For the cat colon,
detergent treatment was sometimesatteﬁpted 10 enhance penetration of staining reagents into -
fixed* tissue (DeArmond et al., 1981). 2% sodium dodecyl sulfate (SDS) (Terochem
Laboratories Ltd.) in PBS with 10-* M ethylene diaminetetraacetate (EDTA) (Sigma Chemical
Co.) was used for 10.minutes. Slides were rinsed twice with PBS-EDTA and then Tris buffer.
Following etching, sections were incubated in normal goat serum for 15-30 minutes at room

~temperature. In some experiments, this step was omitted to test normal goat serum's
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effectiveness in blocking sites of non-immune Or unspecific binding of reagents. They were
blotted with Whatma- No. 4 filter paper (FishcraSciemific Co.) and covered with cither
immune or normal rabbit serum (diluted 1:500-1:10,000). Incubations were carried out in
humidity chambers for 48-72 hours at 4°C. Sections, at room temperature, were rinsed with
buffer, blotted, incubated for 30 minutes in FAB (diluted 1:10-1:80), rinsed with buffer,
blotted, incubated for 30 minutes in PAP (diluted 1:30-1:120), rinsed in buffer, blotted and
incubated in a freshly prepared, filtered solution of 0.025% DAB and 0.005% H,0; in buffer,
’umil a brown reaction product appeared (usually 5-10 minutes). Slides were rinsed in distilled
* water, dried at 60°C for at least 1 hour and mounted with Permount.
| Semi-thin resin-embedded tissues and antisera tested with the PAP method were
l prepared as follows. The cat submandibular gland was tested with «CSK and tﬁe guinea- pig
submandibular gland was tested with «GPSK. The cat colon was tested with aCSK, aRPK,
aRIK, aGPSK ; aHSK and oCGK and«he rat colon was tested with aCSK.. Cat stomach Liséue
was tested with aCSK and «aRPK and the rat stomach was examined using «CSK. Cat trachea
was tested with aCSK, GPCG was tested with «CGK and GPPG was tested with aCGK, '
«CSK and aNGF . Cat submandibular gland, cat colon, cat and rat stomach semi-thin sections
were also stained by the PAS method, either alone or in conjunction with immunostaining.
When both staining methods were used together, PAS.staining for carbqhydrates followed PAP
immunostaining. Sometimes, semi-thin resin sections were stained for regular light microscopic

hlstologv after being etched, with HE and PAS. Usually, they were stained before etching with

methylene- blue azur B (Richardson et al., 1960). Slides were dried and covershpped as before.

iii. Ultrathin resin sections
Ultrathin &unostaining procedures were modified after Schachter et al. (1983a,
1983c)' 60 to 80 nm sections were cut on a Reichert-Jung ultracut, expanded with xylene vapor
and mounted on 150 or 200 mesh nickel gnds previously coated with Formvar (Ladd Research

Industries Ltd.). In some instances, sections were etched with either 1% or 2% saturated
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ethanolic sodium ethoxide fog 3-10 minutes or 5% or 10% aqueous H,0,4for 5-10 minutes. ‘An
attempt to reduce background staining was also made by incubating grids in methanol for
5 minutes followed by 0.01% H,0, in methanol for 5 minutes to block endogenous peroxidase
activity (Streefkerk, 1972). Grids were rinsed in distilled water, buffer‘, and incubated with
normal goat serum for 5 minutes at room tempefaturé. They were blotted with Whatman filte;

paper and submerged in drops of immune or normal rabbit serum (diluted 1:500-1:15,000 as

before, optimally diluted 1:5000) or in the presence of 0.001%, 0.01% or 0.05% Triton X-100

detergent (triton) (Sigma Chemical Co.) in a humidified chamber after Pelliniemi and

Van Noorden (1977). Incubations were carried out for 24-96 hours at 4°C. Staining took place: :

at room temperature as follows. Grids were rinsed with buffer, blotted, floated for S minutes

on normal goat serum, blotted, incubated for 5 minutes with FAB (diluted 1:10-1:90,

'%limally diluted 1:30), rinsed with buffer, blotted, floated on normal goat serum for

a4

o ;ninutes. blotted, incubated for 5 minutes in PAP (diluted 1:40-1:100,‘Xoptimally diluted

-

#0). rinsed with buffer and loaded into a modified grid storage box with holes of 2 mm
diameter drilled into each chamber to allow good flow of reagents. In some cases, an ¢.m.
multiple grid stai;ling kit was used (Analychem Corp. Ltd.). Without allow*them to dry
completely, up to 20 grids were reacted together with a freshly prepared, filtereasolution of
0.0125% DAB and 0.0025% H,0, in buffer. The reagents were magnetically stirred while grids
were incubated for 3-5 minutes. Grids were rinsed twice in distilled water, dried and floated on
4% aqueous osmium for 15-30 minutes. They were again rinsed twice in distilled water and
allowed to dry. In some cases, this osmium step was omitted.

Ultrathin resin-embedded tissues and antisera tested with the PAP method were as

follows. The cat submandibular gland was tested with aCSK and guinea-pig submandibular -

gland with «GPSK and «CSK. The GPCG and GPPG were examined with aCGK and cat
colon tissue was examined with «CSK. Ultrastructure was examined by staining ultrathin

sections with a double staining procedure (Pease, 1964). Grids were first processed in 5%

uranyl acetate in methanol for 10-60 minutes, rinsed several times in methanol and dried.
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Secondly grxds were floated on drops of freshly prepared lead citrate solution (Reynolds, 1963)
for 1-3 minutes, Tinsed m distilled water and dried before being observed in the electron

micToscope. : . : B .

" b. Avjdin?biotih conip]ex
i. Serrri-thin resin sections

Avrdm brotm complex staining procedures (Hsu et al., 1981) (Figure 4) were used for
semi- thm resin sections. 0.5-1.5 »m sections were cut and dried onto ge latin-eoated glass slides.
" “Sections were treated with sodrur“ ethox1de to remove resin and, where appropnate treated
with H,0; as described before. Enhanmmem of immunostzining by protease dlgestron was tried
on GPCG sections by using 0.1% ‘(rypsin (from bovine pancreas) (Srgrna Chemrcal Co.) in
0. 05 M Tris buffer contammg 0.1% CaCl,,’ pH 7.6. Incubation took place at 37C _for '
' »10 20 mmutes and was foliowed by rmsmg in buffer before proceeding. Followmg etching,

secuons were mcubated in normal goat serum f or 15-30 minutes. They were blotted and covered

' ,wrth either immune of normal rabbit serum (diluted 1: 500 1:10,000, opumally drluted 1 5000) S

Incubations were carrred out in humidity chambers for 24-72 hours atM C. At room temper- ;;‘“.
ature, sections were rinsed wrth buffer, blotted, mcubated for 30- 60 mmutes in blotmylated‘
goat. antr rabbrt 1mmunoglobuhn (BG) (Cedarlane Laboratorres Ltd) diluted 1:200-1:500
(optimally drluted Jo 200) wrth O 05 M Tris buffer pH7 .6, rinsed with buffer, blotted, incu- |
bated for 30-60 mmutes with a complex ggf avidin DH (or avidin D) and brounvlated horse

radish peroxidase (ABC) (Cedarlane Laboratorres Lid.), each dxluted 1:100- 1.1000 (optimally
~dilited 1:100) and rinsed wrth buffer Peroxrdase vxsuahzat*on was- achieved by incubating
sectrons for 10-15 mmutes in a@eshly prepared filtered soluuon of 0.025% DAB and 0.005%
H O2 in buffer. In sor%e experrrnents slides were further treated followmg a distilled water

rinse, by mcubatrng them in a 1% aqueous soluuon of osmxum for 10 15 minutes. Slides were

rinsed in distilledf water, dried and- mounted with Permount,. »

’ ' : \ . ) oF



FIGURE 4. Summarized ABC: rnethod of immunostaining. LM, hght mlcroscoplcally, EM,
electron mlcrosc0p1ca11y ,
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Se‘mi-thin resin-embedded tissues and antisera tested with the ABC meﬁi’éd were
processed as follows. The cat submandibular gland was tested with «CSK and guinea-pig sub-
mandibular gland with «GPSK and aCSK. The cat colon ;nd rat colon were tested with oCSK,
the cat stomach was tested with aCSK or «CGK and the rat stomach was tested with aCSK.
Cat trachea was examined with «CSK and GPCG and GPPG were tested with either aCGK or
~ «NGF. Cat stomach sections were also stained for carbohydrates by the PAS method following
ABC immunostaining. Light microscopic structure was examined by staining methods outlined

before.

' ii. Ultrathin resin sections

Ultrathin sectipns were cut, xylene-expanded, mounted on 150 or 200 .mesh, Formvar-
coated, nickel grids and processed by the ABC \’r;gethod. In some cases_; digestion with 0.5%
trypsin was performed in 0.05'.M Tri.s' buffer,l’g%, with' 0.1% CaCl, for10-20 minutes at
© 37°C. Grids were rinsed in buffer, distilled wate; and incubated z;t réom ;empergture with
normal -goat sefu‘m for 5 minutes: They were blotted and éubmerged in drops of' immune or
norm’alvrabbit sefa (diluted 1:1000-1:5000) in a hurﬁiditv chamber. GPCG and GPPG were
also mcubated in antisera containing O 1% saponin, usecﬁ{\ﬁp aid antibody penetration and
immunostaining. Incubauons at 4°C were performed for 48 72 hours. Grids were rinsed in Tris
buffer, blotted, floated-for 5 minutes on normal goat serum, blotted, incubated for § minutes
on BG (diluted 1:200), rinsed with buffer, blotted, floated on  normal éoat serum for
5 minutes, blotted, incubated fof 5 minutes in ABC ‘(components diluted 1:100), rinsed with
buffer ahd lba‘ded into a muitiple grid staining unit, -as before. Gfids were reacted with a -
f reshly preparec f iltered solution of 0. 0125% DAB and 0. 00\5‘%/ H;0, in buffer. The reagents |
were stirred while grids were incubated for 3-5 minutes. Grids were rinsed twice in dlS[lHCd
" water, dried and floated on 4% aqueous osmium for 15-25 minutg;s. After being rinsed twice

with distilled water, they were allowed to dry.
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Using this method, cat submandibular gland tissue was. tested with «CSK and GPCG |
and GPPG were tested with aCGK. Ultrastructure was also examined by double staining

2

methods outlined before.

iii. Pre-embedding

~GPCG or GPPG tissues were processéd fof pre-embedding ultrastructural immuno-
staining after the method of Pignal et al. (1982). z}naesthetized animals were perfused via the -
left ‘ventricle with 50 ml of 4% PFA in 01 M phosphate buffer; pH 7.3, for 10 minutes.
’Although some -animals were not perfused all glands were removed, cut into small pieces and
immersed in fixative for 2 hours at room temp:rature A wash followed with thre:changes of .
buffer at 4°C. Usually the following steps were done at 4°C with solutions containing 0.1%
saponm Tissue ﬁ:ces were incubated in pfimary antisera («CGK or normal rabbxt serum,
diluted 1:100-1:5000) for 48-72 hours, washed twice in buffer, mcubated in normal goat serum
for 10 minutes, incubated in BG (diluted 1:200) for 1 hour, washed twice in buffer, incubated
in ABC (components diluted 1:100) and washed twice in buffer. The following took place at
room temperature* Perox1dase activity was developed with a freshly prepared, flltered solution
of 0. 025% DAB and 0. 005% H O; in buf fefgf A buffer wash was followed by treatment of pieces
with 2% osmium in 0.05 M cacodylate buffer for 1 hour Two rinses with cacodylate buffer, for
) . 10 minutes @ach, were followed by a final fixation with 3% GTA. 3% PFA in 0.05 M cacodylate
buffer, pH 7.4, for 90 rfiinutes. Pieces were wasEgd twice with buffe%, dehydrated through an
ascgnding ethanol concentration gradient and. embedded in Araldite resin via propylene-oxide, as

before. Ultrathin sections were cut, expanded with xylene and mounted on Formvar-coated

grids before examination by electron microscopy.



40

c. Protein A-colloidal gold b
i. Ultrathin resin’sections
- The method of Roth et al. (1978) was followed for preparation of protein A-colloidal
gold complex (PAG). 1 mg of proteir;a A (Pharmacia Fine Chemicals) dissolved in 0‘.2 ml of
distilled water was placed in a siliconized flask to which 10 ml of colloidal gold solu.t‘ion, pH 6.9
(ICN Pharmaceut1cals Inc ), was added. The solution was mixed and then allowed to stand for
2 minutes before adding 0.2 ml of 1%~ polvethylene glycol (PEG) (Sigma Chemical Co.).
Centrif ugation at 60,000 g took place for 1 hour at 4°C. The pellet was resuspended in 10 mi
PBS pH 7.4, comammg 0.02% PEG In some cases, sections were treated with 5% or 10% H.O,
for 5-10 minutes-before the staining sequence began Grids with mounted sections were mcu-
bated in O 1M PBS pH 7. 4 with 0.5% bovme serum albumm (BSA) (Mlles Laboratories Inc.)
for 5  minutes and blotted. Incubation in drops of 1mmune or -normal rabbit sera (dllutedﬂ
1: 100 1:10,000 in 0.1 M PBS, pH 7.4, with 0.5% BSA) for 1-2 hours at 4C, or 12-72 hours at
room temperature was followed by a buffer wash and blotting. Grids were mcubated with PAG
for 30-60 minutes at Toom temperature, washed in buffer with several changes of distilled
water and dried. Before examining, grids were counterstained with 5% aqueous uranyl acetate
for 60 minutes. |
The PAG method was used unsuccessfully to examine cét'submar;dib-ular gland with
«CSK and guinea-pig submandibular gland witﬁ aGPSK. Particles of gold were distributed
randomly on Formvar and .resi.n sections. As before, ultrastructure was examined by double

staining methods for the electron microscope.

3. Specificity and controls
Antibbdy specificities were tested by double diffusion analysis (Ouchterlony, 1958).
Immunodiffusion plates were prepared with 1% agarose (Bio Rad Laboratories) in saline and

wells were cut by a template kit (Miles Laboratories Inc.) so that each well held a volume of
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35 pl (see Figure 2). Antisera were tested against both purified antigen and tissue extracts.
Antibody specificity during immunostaining was examined in some cases by absorbing specific
rabbit antisera ‘with pure antigen o(r) by tissue extracts before use (Schachter ef al., 1983a). High
dilutions of an't‘isera and replacement of immune sera with normal rabbit sera were used to
illustrate antibody specificity. As controls for method specif icity in the PAP method, either
FAB, PAP or H,0, were omitted f rorﬁ the staining sequence.
E. Microscopy and Photography
A photomicroscope II (Carl Zeiss) was used for light microscopy and tissues were
photographed with eithef Panatomic X black and white or Ektachrome 64 color films (Kodak
‘Canada Inc.). Tissues for electron microscdpy were viewed with a Philips 300 electron microﬁ-
: 5
sgope at 60 or 80‘kv and photogfaphed with Kod:k?ine grain positive 35 mm film. Printing of -

black and white negatives was on Ilfospeed 4 or 5 medium weight paper and color film was

printed using Cibachrome paper and chemicals.
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III. RESULTS

1

.A. Summarized Results of Immunostaining

ble 1 summarizes results of immunostaining varibus tissues which were fixed in
scveral wiys. Onl‘y wide classes of fixation are mentioned. Details of fixation procedures} or
gxact co centration.s of reagents are not included.

wo types of fixation were generally more successful ‘than others in/f)reserving anti-
genicity and structure. These were freeze-drying and CDI. CDI alsd appeared to have better
success in pregerving ultrastructure than freeze-ldrying. The next most successful type of
fixation was 0.5% osmium. Higher co‘n‘cekﬁt‘ratio,ns of osmium were much’ less successf' ul since
antigenicity was lost. The last group of f ixations, PFA-GTA éombihations, were moderately
successful, especially in the cat submandibular gland. It is interesting that in some tissues,‘sx‘lch
aé GPCG and GPPG, only freeze-drying or CDI fixatidn was suécessful. Even 0.5% osmium,
which worked for other tissues on which it was tried, fiid not work for the male sex glands. In

conclusion, some fixations were good for immunostaining all tissues but others were suitable

" for only some tissues.

]

B. Localization of Kal]ikrein
1. Submandibular Gland - Light and Electron Microscopy
a. Cat

In paraffin-embedded tissue, kallikrein was localized with aCSK by the PAP method

(Figures 5 and 6) Specific staining was seen only in apical regions of striated duct cells, which

- was similar to the find@’ of Schachter et al. (1980) . This tissue was also embedded in Araldite

resin and immunostained by the PAP method (Figures 7 and 8). This semi - thin section method

was an improvement over the paraffin-embedded system for resolving both histological

4



TABLE 1. SUMMARIZED RESULTS OF

IMMUNOSTAINING TISSUES FIXED IN VARIOUS WAYS

(BY LIGHT MICROSCOPY) = =~

Osmium

Tissue 0.5% 1.0% Freeze dried  CDI

CSG -na | - + + +++

GPSG | naI ' . na + + +

cCc .+ . - 44+ + PR

RC + - J;+++ +++

CS +4+++ + +++ na

RS + ++ + ‘+ ++ +
" CRT . + + o na na o+

GPCG - - +++ ++

GPPG - o + + + +

+ (range + to + + + +): Intensity of specific immunostain
-1 No specific immunostain '
CC: Cat colon

CRT: Cat respiratory tissue

CS: Cat stomach

CSG: Cat submandibular gland

GPCG: Guinea-pig coagulating gland
GPPG: Guinea-pig prostate gland

GPSG: Guinea-pig submandibular gland
RC: Rat colon

RS: Rat stomach

 na: Experiment not attempted

*: With PVVP treatment
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PFA-GTA
+++
++

N

+ +

++*



FIGURE 5. Kallikrein localization in apical regions of striated duct cells of the cat subman-
dibular gland. Tissue was fixed in 1% CDI, 0.5% GTA and 1% PFA, embedded in paraf fin a‘nd

stained with «CSK (diluted 1: 1000) by PAP method L. lumen. (magnification X800).

FIGURE 6. Control section for Figure 5, incubated with normal rabbit serum (diluted 1:1000).

L, lumen. (magnification X800).
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FIGURE 7. Kallikrein localization in apical regions of striated duct cells of the cat subman-
dibular gland. Tissue was fixed in 1% CDI, 0.5% GTA and 1% PFA. Semi-thin sections of
resin-embedded tissue stained with «CSK (diluted 1:5000) by PAP method. Compare
resolution of immunostain to Figure 5. L, lumen. (magnification X800).

r

FIGURE 8. Control section for Figure 7, incubated with normal rabbit serum (diluted 1:1000).
L, lumen. (magnification X800). ‘
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structure and localization of immunostain. Specific stain was again localized exclusively in
_ apical regions of striated duct cells. Another fixative, used to preserve adequhte ultrastructure
m\yvhile retaining antigenicity was 1% GTA-3% PFA (Figures 9 and 10) (Schachter et a!l., 1983c).
The PAP method was used and specific localization was only in apical secretory granules of
striated duct cells and not in other cells or organelles such as nuclei, mitochondria or endo-
plasmic reticulum. Fixation for immunocytochemistry did not preserve ultrastructure as well as
routine fixation. Figure 11 shows numerous, well-preserved secretory granules and mito-
chondria in the apical regions of striated ’ductvcells. In Figure 12, large numbers of apical
granules were crenated and the apical cytoplasm posséssed many vacuoles, perhaps due to
'fixation artifact. Immunostaining of this region showed granules stained so as to give a studded
appearance (Figure 13) characteristic of PAP complexes (Sternberger, 1979). Some inter-
granule deposition was observed, indicating the presence of intergranule antigen, reaction
.product effusion artifact or diffusion of antigen out of disrupted granules which was subse-
duemly s\tained.

Resin-embedded tissue retained antigenicity more satisf ily in several cases than did

<

% PFA and embedded in

paraffin-embedded tissue. Tissues fixed in 2% CDI, 0.5% GTA

eitheﬂr'ppar.aff in or résin were immunostained, Surprisingly, when tissues were fixed similarly,
el ‘ ' ‘

‘except with a 15 minute, 1% osmium postfixation. step, only resin-embedded tissue retained

Pl

antigenicity with light (Figures 14 and 15) or electron microscopy (Figures 16 and 17).
M

Para"ffin-embeddgd tissues did not immunostain specifically. Semi-thin or ultrathin sections,
fixed in this way, had similar immunostain patterns to sections fixed by other means. In light
rﬁicroscopy, only apical regions of striated duct cells stained. Also, ultrastructurally, only apical
granules of'striated duct cells stained specifically.

Diffuse and variable reaction product was seen on occasion in acinar cell granules. This
happened with both immune and control sera, which supported the view that it‘\?as non-

' ]

specific. Because sodium ethoxide, used to etch sections, greatly diminished this staining:, it was

probably related to immunoglobulin-resin interactions. Endogenous peroxidase activity was



. FIGURE 9. Electron microscopic 1mmunolocahzat10n of kallikrein in aplcal secretory granules .

of the cat submandibular gland, striated duct cells. Tissue was fixed in 1% GTA-3% PFA.

Ultrathin resin-embedded - tissue stamed with .aCSK (dxluted 1:1000) by PAP method. L,
lumen. (magn1f1cat10n XSOOO)

FIGURE 10. Comrol section for Fxgure 9, 1ncubated with normal rabb1t serum (diluted
1:1000). L, lumen (magmﬁcanon XSOOO)

: ®
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FIGURE 11. Ultrastructure of apical region of striated duct cell fixed by concentatéd aldehyde |
fixative (2.5% GTA, 4% PFA and 1% acrolein). Note characteristic secretion granules (arrow»),

mitochondria and grainy cyt6plasm (magnification X40000).
. - (}

B3
f . 2

\~ B
FIGURE 12. Ultrastructure of apical region of striated duct cell fixf;d-. by less concentrated

immuq’ocytochemical fixative (1% GTA-3% PFA). Note crenated secretion granules (anow)
and numerous vacuoles (V) in cytoplasm compared to Figure 11°(magnification X40000):

-

FIGURE 13. Localization of kallikrein in apical gramfles stained as in Figure 9, fixed"as in
Figure 12. Note studded appearance of PAP reaction product over $ecretion granules (arrow)

(magnification X40000).
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- 1:2000). L, lumen. (magnification X800).

FIGURE 14. Kallikrei'n localization in apical regions and secretions.of striated duct cells of the

cat submandibular gland post-fixed with osmium. Tissue was fixed in 2% CDI, 0.5% GTA and
1% PFA with a 1% osmium post-fixation step. Semi-thin resin-embedded tissue stained with
aCSK (diluted 1:2000) by PAP method. L, lumen. Compare to Figure 7 (magnification X800). .

FIGURE 15. Control section for Figure 14, incubated with normal rabbit serum (diluted

’

“d
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FIGURE 16. Electron microscopic localization of kallikrein in apical granules of 'cat subman-,
dibular gland, striated duct cells, fixed as in Figure 14. Ultrathin resin-embedded tissue stained
with aCSK (diluted 1:2000) by PAP method. L, lumen. Compare to Figure 9 (magnification
X8000). ‘ ‘ .

od
’ \

FIGURE 17. Control section for Figure 16, incubated with normal rabbit serum (diluted

1:2000). L, lumen. (magnification X8000). o
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»

ruled out since methanol-H,0, treatment did not reduce acinar staining.

b. Guinea-pig

Specific immunostaining was in apical granules of guinea-pig submandibular gland
striated duct cells (Figures 18 and 19) with the ultrastructural PAP metHod. Apical granules
~were less susceptible to distortion by fixative osmolarity or concentration and weré easier 1o

préserve than those of the cat submandibular gland.

Because the semi-thin resin section method correlated with. ultrastructural experiments

in the cat sugmandibular gland”errrd' had good resolution, it was used almost exclusively for light
microscopy in the guinea-pig submandibular‘ gland. Paraffin-embedded tissue was onlyn used to
confirm aGPSK activity and the PAP system used earlier by Schachter et ql’, (1980). Different
fixatives, embedding media, a}nd immunostains develof)ed patterns of immunostain which were
similar.to the cat submandibl;lar gland. Our concentrated aldehyde-based fixative produced
guinea-pig submandjbular gland ultrastructure which was "normal” aﬂd similar to that of
Scha&hter et al. (1983b). When concentrations of cross-linking reagents were reduced, both
; u}ltrastruc'turlela- and antigenicity were retained. Etching of resin for ultrastructural studies was
not always done and had no obvious effecf. Endogenous peroxidase activity, known to be
present in acinar‘granules (Bloom et al., 1974), was abéent in either sodium ethoxide-etched.
semi-thin Tesin sections or unetched ultrathin sectiens. 1n ultrathin PA‘Ig localizations, aGPSK

o

stéinegi apical granules of striated ducts better than w€SK.

2. Colon

il

Specific staining oﬁg;kallikrein was seen only in mucous (goblet) cells of the cat colon,
G o
though not all mucos cells stained. No staining was observed in columnar epithelial cells,

P
&

lamina propria or non-~mucosal structures. Several different immunocytochemical methods were

o B -
om0 -
. .“,’4’*;4%'?’» )
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' FIGURE 18. Electron microscopic localization of kallikrein in apical secretory granules of the
_ guinea-pig submandibular gland striated duct cells. Tissue fixed with 5% CDI and 0.5% GTA,,

embedded in resin and stained with «GPSK. (diluted 1:1000) by PAP method. [, lumen.
(magnification X8000). '

FIGURE 19. Control section for Figure lS,.incubatedﬁ.with normal rabbit serum (diluted
1:1000). L, lumen. (magnification X8000).
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used. /

Paraffin- embedded sectnons stained by the PAP method, showed specific immuno-
staining in mucous cells or in their luminal discharges (Figures 20 and 71) Some mucous cells
were discharging or had apparently discharged their contents at the time of fixation, and
therefore did not stain. Secretion may have occurred physiologically or may have been due to an
artifact of fixation® oryembedding. Fixation of this tissue was optimal .with 1% CDI. Other
fixatives for paraffin-embedded tissues, which produced specific staining, were not useful due
to weak reactions Or poor structure.

Semni-thin resin sections, stained by PAP or ABC methods, also showed specific
staining only in mucous cells or in their luminal discharges (Figures 22 and 23). With semi-thin
sections, resoluuon of the immunostain was better than in paraf fin sections and stain was in
the mucous granule compartment of goblet cells. Strands of immunostaining secretion were also
observed. Furthermore, less discharge of cell contents was seen compared to paraffin-
embedded tissue. Since both of these tissues were fixed with 1% CDI. the increased secretion in
paraffin-embedded tissues was likely an artifact due to this embedding method. Other chemical

fixatives did not produce as much specific staining as 1% CDI. PLP, PFA and osmium

4
&

improved structure but reduced antigenicit);. H,O, etching was necessary for osmium-fixed
tissue. Ethanol-fixed tissue did not retain antigenicity and saponin treatment did not increase
| antigenicity.

Freeze-dried tissues 1owed good localization of ka.l\vlikrein, in sem!-thin resin sections
(F_igureé 24 and 25). Specific staining was seen only in mucous cells, whether at the base or
neck of crypts or at the surface. Tissues’ from different regions of the colon showed no
difference in- staining of 'mucous cells. Antisera and immunostaining reagénts were used ai
optimal co_ncentrations described before, except that primary sera in the ABC system were
usually more dilute, | |

SDS tréatment did not improve antisera Or -reagent penetration. All systems were

strongly stained with «CSK but in the semi-thin PAP tsystem. oRPK and aRIK also produced

L
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FIGURE 20. Kallikrein localization in mucous cells (arrows) and secretions ‘of cat colon. Tissue
fixed in 1% CDI, embedded in paraffin and stained with «CSK (diluted 1:5000) by PAP
method. L, lumen. (magnification X300).

‘

FIGURE 21. Control section for Figure 20, mcubated with normal rabbit serum (diluted
1:5000) (magnification X300).
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FIGURE 22. Kallikrein gbcalizatidn in mucous cells (arrows) and secretions of the cat colon.

‘Tissue fixed with 1% CD1, embeéided/in resin. Semi-thin sections Stained with aCSK (dilutcd
% 1:1000) by PAP method. L, lamen. Compare resolution of immunostain to Figure 20
(magnification X8Q0). ' ‘ ' v : S
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- FIGURE 23. Copgrol section for Figure 22; ipcubated with normal rabbit serum {diluted
1:1000) (magnifi tion X800). o g o o e
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FIGURE 24. Kallikrein localization in mucous cells (arrows) and secretions of the cat colon.
Tissue was freeze-dried, without fixation. Semi-thin resin-embedded sections stained with
«CSK (dituted 1:5000) by PAP method. Compare to Figure 22 (magnification X800).

o

FIGURE 25. Control section for Figure 24, incubated with normal rabbit serum (diluted -
1:5000) (magnif ication X8QO). .
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weak staining in mucous cells. Other antisera. which produced no staining in this system were

aGPSK, aHSK and «CGK. Staining was absent from sections incubated with normal rabbit

sera or antisera which were preabsorbed with pure antigen or extract (Schachter et al., 1980).
Ultrastructural 1mmunolocahzatron of kallikrein was possrble in preliminary experi-

‘ments. The PAP method produced specific staining in goblet ceLls and in strands of secretions

(Figures 26 and 27). Although ultrastructure was poor and mucous granules were cornpletely

ules Fﬁer ultrastructural immunolocalization in the colon may requrre development of
better fixatives than ‘1% CDI. '
"o

b. Rat ) : e . :
L % S .

_ Kallikrein in the rat-colon was loqglized only in mucous cells, in luminal secretions and

on the sr@ﬁrce (Frgures 28 and 29). Mucous cells of ascendmg and descending regrons of rat

-was higher and reaction prgduct oftN appeareg in nuclear rqﬁwnggmd in columnar eprthelral

cells. Mucous granule compartments of goblet cells in control sectrons were unstamed The

ABC method produced less background stain, than the ?AP rnethod though SpeleIC staining

vas also reduced aCSK. primary antisera were used- excluM and at, hrgher ‘ttutions Jn tll/\
&

ABC method than tl}e PAP method. - . - > .

" disrupted, staining patterns supported the idea that kallikrein was associated with mucous gran- ‘

Several fixation methods preserved kallrkrem antigenicity in r%t colon tissue and both‘

™

" colgy stained"equally togt he cat colon. Back round stammg m contnols and rrnmune sectro ARIIR
. ga g

ABC and PAP semi-thin section methods successfully loca_lrzed kal{lrkrern. Immunostammg-f :
: ' i : R B S S Ry

indicated an identical distribution of kalllKrein in bo‘th cat colon and\rat colon. Light micro-

»,

scoprc structure and antrgemcrty were well preservxd by the copper block method of freezmg,. .

' Surfaccs of colon often contacted the copper surface flrst (Fl%ures 28 and 29) and therefore

v

froze rapidly. Ice crystal artifact was only m°areas which were not at the colon surface Cellular

f. . Ah

detarl in resin- embedded freeze-dried, unfrxed preparatrons was cbmparable to chemical-fixed

" tissues. Other flxatrves such as 1% CDI, PLP or 2% os&“m showed good structure but only

‘.f-'~

i
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: [ . s . R



i : _ ¥
PFIGURE 26. Electron microscopic localization of ‘kallikrein in the mucous granule region of cat
bedded tissue, fixed with 1% CDI and o

‘ | colon mucous, goblet cells (arrow). Ultrathin resin-em
¥ stained with CSK (diluted 1:5000) by PAP method.L, lumen. (magnifica

S

tion X5000).
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., FIGURE -27. Control section for'Figure 26,"incubated with normal rabbit serumi (diluted E
1:5000) (magnification X5000). ‘ S : -
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‘I"‘IG.URE 28. Kallikrein localization in mucous cells (arrow). of the rat colon. Semi-thin,*freeze-

» driegy; witHout fixation, resin-embedded tissue sections stained with aCSK{ (diluted 1:1000) by

PAP method. L, lumen. (magnification X800). . )
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Zé, incubated .with normél rabbit serum (diluted
stain with PAP method. L, lumen. {magnification

’

FIGURE 28. Control section for Figure
1:1000). Note high level of background

X800).
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weak antigenicity. Reducing the osmium concentration to 0.5% increased the immunostaining,

making this fixative useful.
3. Stomach

a. Cat
2 \ _ L
In liquid-fixed cat stomach tissue, kallikrein was localized in surface epithelial mucous

cells and in mucous cells of gastric pits, necks and: glands (Figures 30 and 31) . Specific staining
was further resolved in apical mucuous granule cotﬁpartments of these cells with .semi-thin

sections. Nuclear or basal remons of epithelial cells did not stain. Stammg of mucous cells at

Y ‘

the surface was usually mterrupted probably because of sloughing of aptcal cell‘s .
Osmium treatment, which followed 1mrnunostammg was used in some tr‘sues to

enhance staining whtch was due to perondase reaction product Although osmrum treatment

increased background staining in control sectlons (Frgure 31) 1t also. enhanced the peroxrdase
.
reaction product in rmmune sections (thure 30). Specrf ic staining was relauvelv greater than in
. m»i

immune sections which‘vgere‘not stained with osmium (Figure 32). &

-

Different regions of the stqmach stained differently due to the’%attern of mucous cell
. |
distribution‘. The ?trum, possessing the most Umucous cells, stained integ{s/elyuthe .coTpus, with
fewer mucous cells, stained less, and the fundus showed little specific staining. '
The stomacﬂ'antrum was optimally preserved for h’gttt microscopic structure and anti-
gemcrty with O 5% os?hrum (Flgures 30 to 33) Liquid frxauon with other ﬁo{nbmauons of
.CDI, GTA or PPA were less successful Que to antrgen maskmg Saponm addition or prelim-

L ]
inary studies wrth ‘EAl treatment drd not enhance specrftc stam PLP and ethanol frxatxves

- ]

caused loss of antrgemcrty When osmium concentrations were above 0. 5% structure was
improved but antigenicity was reduced. . SR
Freeze-dried cat stomach tissue also showed immunolocaiization of kallikrein in

epith_elial’mucous cells (Figures 34 to 41). Specific staining was in the mucous granule region of



FIGURE 30. ‘Kallikrein localization in apical regions of mucous cells (arrow) of the cat
Semi-thin resin-embedded tissue stained

stomach, antrum. Tissue was fixed in 0.5%' osmium.
with aCSK (diluted 1:1000) by ABC method with osmium post-stain treatment. L, lumen.

(magnification X800). ‘

o

-
.

. \\"\ o
. AN N
FIGURE 31. Control section for Figure 30, incubated’

©1:1000). Not: background stain in mucous cells. L, lumen. agnification X800).
. - ’

\S«\{t{l normal rablb\i‘tkrum (diluted
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ucous cells (arrow) of the cat
Bhin resin-embedded tissue stained
um post-stain treatment. L, lumen.
X800).

FIGURE 32. Kallikrein localization in apical regio
stomach antrum. Tissue was fixed as in Figure 30,
with «CSK (diluted 1:1000) by ABC method without o
Compare immunostain to that of Figure 30 (magnifteati

b

. s

&

R

.

»FIG%RE 33. Control section for Figure 32, incubated with normal rabbit. serum (diluted
1:1000). Compare background stain to Figure 31 (magnification X800).
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FIGURE 34. PAS stdin with immunostain - _

for kallikrein on semi-thin, freeze-dried
without fixation resin-embedded cat
‘stomach antrum. «CSK (diluted 1:1000)
‘used in ABC method. Note kallikrein local-
ization-in periphery of mucous cells
(arrow) and in secretions and P AS stain in
central region of mucous cells and in
secretions. L, lumen. (magnification
X625). '

FIGURE 36. Control section for

Figures 34, 35 and 37, incubated with
-normal rabbit serum (diluted 1:1000). L,
lumen.. (magnification X250).

ke

FIGURE 35. Kallikrein localization in

_ periphery of mucous cells (arrow) and in
secretions of cat stomach antrum. Semi-thin,
resin-embedded tissue stained with aCSK .~
(diluted 1:1000) by ABC method. L, lumen.
Compare immunostain to Figure 34
(magnification X625).

FIGURE 37. PAS stain with immunostain for
kallikrein on cat stomach antrum sections.
a«CSK (diluted 1:1000) used in ABC method.
Note that distribution of kallikrein and PAS
stain were not the same. L, lumen.
(magnification X250).
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FIGURE 38. Kallikrein localization in the ~ FIGURE 39. Control section for Figure 38,
mucous cells (arrow) of cat stomach incubated with normal rabbit serum (diluted
antrum. Semi-thin, freeze-dried without -1:1000). L, lumen. (magnification X800).
fixation, resin-embedded tissue stained with :

aCSK (diluted 1:1000) by PAP me%od. L,

lumen. (magnification X800).

uwt

N ‘ )
[ *
FIGURE 40. Kallikrein localization in - FIGURE 41. Control section for Figure 40,
mucous cells (arrow) and surface secretions incubated with nermal rabbit serum (diluted
" of cat stomach antrum. Semi-thin, freeze- 1:1000). L, lumen. Compare to Fxgure 39
dried, resin-embedded tissue stained with (magnification X800).

aCSK (diluted 1:1000) by ABC method. L,
lumen. Compare to Figure 38
(magnification X800).
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ceﬁs of the surface, pit, neck and gland, and in secretions along the surface. Copper block

f reéziné preserved cell imegri{f,'though tissues’ were deformed from their regular appearancé

due 1o the tissue's impact with the copper surface. Fixation with osmium vapor did not mask

antigenicity and improved structure. Figure 35 shows kallikrein localizigtion in surf, ac;: and pit
epithelial mucous cqlls. Staining by the PAP method was jn the per_ipheral zone of mucous
compartments of surface cells. Peripheral staining indicated that either kallikrein antigenicity

“ was altered in the central zone of intact surface .cells or secretion by surface cells caused kalli-

" krein to be lost from central regions. Immuhe sectioné were stained with PAS to test the second
possibility. PAS staining and PAP immunostaining ‘in the same sections revealed central

mucous. régions of stirface cells that wére positive for carbohvdrate but not for kallikrein

(Fig'ures 34 and 37). Some regions also had cells which reacted to either PAS stain or kallikrein

immunostain, but not both (Figure 37). Kallikrein antigenicity was altered regionally. within

cells either as an artifact of f ixétion or embedding, or by intracellular 'changes due to chemical

processing.

PAP and ABC immunostaining methods wete compared with serial semi-thin cat
stomach sections. Osmicated freeze-dried tissues, which werﬂe'frozen' by the cdpper block.
method, were immunostained for kallikrein by either the PAP or ABC' method (Figures 38 to
41). Localization of kallikrein was in surface, pit, nec‘k’ and gland muéous cells by both
methods, but surface mucous staining was only in ABC-stained sections. Background staining

in PAP =comr’otl sections (Figure 39) was highér thar"l‘i.n ABC control sections (Figure 4i), and
a better "signal to noise" ratio (i.e. specific to background stajniﬁg) was obtained in the ABC
method . Higher dilutions of «CSK p‘rimary antisera also produced good sfaining. «aRPK and

«CGK did not produce specific immunostaining for kallikrein in cat stomach tissue.

b, Rat
Paraffin-embedded tissue preserved antigenicity and specific staining, using"aCSK, Was

found in mucous heck cells of ‘the rat stomach (Figures 42 and 43). Staining was not found in



FIGURE 42‘ Kallikrein, localization in mucous neck cells (arrow “Yof the rat stomach antrum.
Tissue was fixed with 1% CDI, embedded in paraffin and stamed with «CSK (diluted 1:1000)
by PAP method. L, lumen (magnification X300).

‘:\7/

. FIGURE 43. Control section for Figure 43, incubated with normal rabbit serum (dlluted
1:1000) (magnification X300)
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surface mucous cells or in mucosal secretions, aRPK and eRIK did not produee immuno-
specific staining.vSemi-thin resin tissue, fixed sirﬁi,larly, also preserved ar:tigenicily ;md with
better resolution. Specific staiﬁing vw;as in the apical region of §urface, pil:and neck epi(hclial
mucous cells .(Figures 44 and. 45.). The §u:face nﬁucous layer also" stained specifically using
either the PAP or A‘BC. metfiod and aCSK primary antisera. The lack of staining in surface
mucous eells in paraffin-embedded tissue m;y have been due to loss of anligeﬁic material

during manon or embeddmg L .

Different 1mmunocytochenM X
! r’ - . {ﬁ- ¢
tissue. Regional distribution of kallxkrem m the rat stomack w

4., 2 '
P pthat of the cat
g

stomach, leanves using higher concentrations of CDI, PFA mixtures or hlgh concentrauons
of osmium did not preserve antigenicity. Semi-thin sections, fixed with 0.5‘7; osmxum, were
successful in localizing kallikrein with the ABC method (Figure 46). Surface, pit and neck
‘mucous cells stained specifically. Sections wet¢ also infmunostained to compare the effects of
various chemical treatments 10 preserve antigenicity. Enhancea staining resulted when these
chemical treatments were used. EAI treatment (Figure 47) resulted in more intense staining
\
than PVPP< treatment (Figure 48). Control sectiong for untredsed, EAl or PVPP-treated

)

immune sections did not stain. J

e

@ .

4. Respiratory Tract

a. Cat
Preliminary results localized kallikrein in cat trachea. Semi-thin resin sections of tissue
were used whxch were fixed with a 1% CDI-3% PFA mixture and treated with EAI Specific
staining was locahzed in submucosal glands (Figures 49 and 50). Frequently, using osmium-
fixed or other ‘tissues, specific stairfing was in surface mucous, goblet cells. Although cat

trachea had a variable staining pattern in immune sections, control sections were always devoid

of st.ainm »
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FIGURE 44. Kallikrein localization in mucous cells (arrow) and surface secretions of the rat
stomach antrum. Tissue was fixed in 1% CDI. Semi-thin resin-embedded tissue stained with
aCSK (diluted 1:5000) by PAP method. L, lumen. Compare resolution and distribution of
immunostain to Figure 42 (magnification X800).

-

FIGURE 45. Control section for Figure 44, incubated with normal rabbn serum (diluted
1:5000) (magnification X800). .
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FIGURE 46. Kallikrein localization in apiéal regions of mucous cells (arrow) of the rat
stomach antrum. Tissue was fixed in 0.5% osmium. Semi-thin resin-embedded tissue stained
~ with aCSK (diluted 1:5000) by ABC method. L, lumen. (magnification X800).

FIGURE 47. Kallikrein localization in apical regions of mucous cells (arrow) of the rat
stomach antrum treated, fixed as in Figure 35, with EAl. Semi-thin resin-embedded tissue
stained with «CSK (diluted 1:5000) by ABC method. L, lumen. Compare immunostain to

Figure 46 (magnification X800). '

FIGURE 48. Kallikrein localization in apical regions of mucous cells (arrow) of the rat
stomach antrym, fixed as in Figure 46, treated with PVPP. Semi-thin resin-embedded tissue
stained with «CSK (diluted 1:5000) by ABC method: L, lumen. Compare immunostain to
Figures 46 and 47 (magnification X800).

\r






FIGURL 49. Kallikrejn localization in submucosal glands (arrow) of cat respiratory tssue.
Tissue was fiyed in 1% CDI-3% PFA. Semi-thin resin-embedded tissue stained with aCSK
(diluted 1:1000) by PAP method. G, goblet cell; 1, lumen. (magnilication X800).

FIGURE 50. Control section for Figure 49. incubated with normal rabbit serum (diluted
1:1000) (magnification X800).

s
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C. Localization f( llikrein and Nerve Growth Factor | ' .‘/
\ ) \ X
-
e ) |
© 1. Male Sex Glands - Light Microscopy » ' ;,/
, /
- A

a. Guinea-pig | ) ’

- Kallikrein and NGF were localized by light micrbscopjin male sex glagcf;. Wi;h aCGK
antisera, kéllikgein was locéilizeél in secretory epithelial cells of the GPC(;//;nd GPPG. With
oNGF antisera, NGF was localized in epithelial cells of GPPG tissuef:,::".‘/;\ntigen distribution

depended on the fixation method. -

i ol r .

Figures 51 and 52 show the localization of kallikrein in sectetory epithelial cells. Semi-

Ea

B tjiin sections stained diffusely in apical cytoplasm and in secretipﬁs. This pattern was similar to '

3

;-’,}hat described by Schachter et al. (1978). Staining was in‘mdst cells and predominated in the

“granular endoplasmic reticulum-Golgi region described by Wong and Tse (1981). Peripheral,

. ) // . . . .
but not central staining occurred in most apical blebs, characteristic of apocrine secretory
AN

mechanisms. Specific staining was not found in nugfear, basal or non-epithelial regions. Semi-
g

thin sections were also prepared from freon-frozen, freeze-dried GPCG tissue and immuno-
. / .

’

stained for kallikrein (Figures 53 and 54). 9i§tribution of specific stain waé slightly different’
from liquidJ%fiXed tissue. Although éecretiéns and ,peripbefal regions of apical blebs stained

N ) . - //
intensely, apical cytoplasmic regions ’of’ epithelial cells did not. This may have been due to
: / .

large-scale ’ice crystal artifact present in all cells which caused a loss of antigenicity.
Antigen preservation was successful using PVPP treatment. GPCG tissue, fixed with
6% PFA and tre’ated\withy‘ ’PVPP, stained specifically in secretory regions of epithelial czlls
/ (Figure 55). Coptfol sections were devdid qf ~stain (Figure 56). TisSues that were fixed
| identically but without PVPP treaument did not stain. Altﬁough PYPP treatment enhanced

antigenicity in tissues fixed by relatively high aldehyde concentratiofs (6% PFA), neither it nor

EAI treatment enhanced staining in tissues which were fixed wi 1% CDI-2% PFA. Fixatives

containing GTA or osmium caused antigen masking though structure was improved. Other
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FIGURE 51. Kallikrein localization in secretory epithelial cells of the guinea-pig coagulating
gland. Semi-thin résin-embedded tissue, fixed with 1% CDI and 1% PFA and stained with .

«CGK (diluted 1:5000) by PAP method. L, lumen. (magnification X800).

: .
R
v

a L

FIGURE 52. Control section for Figure 51, incubated with normal 'rabbit serum (dilﬁted

1:5000). L, lumen. (magnification X800)." o B
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FIGURE 53. Kallikrein localization in secretory epithelial cells of the guinea-pig coagulating

" gland. Tissue was freeze-dried, without fixation. Semi-thin resin-embedded tissue stained with -

aCSK (diluted 1:5000) by PAP method. L, lumen. Compare to Figure 49 (magnification
X800). }

FIGURE 34. Controi section for Figure 53, incubated with normal rabbit serum (diluted
1:5000). L, lumen. (magnification X800). ‘

O
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FIGURE 55. Kallikrein localization in secretory epithelial cells of the guinea-pig coagulating
gland fixed in 6% PFA, treated with PVPP. Semi-thin resin-embedded tissue stained with
aCGK (diluted 1:1000) by ABC method. L, lumen. (magnification X800).

FIGURE 56. Control section for Figure 55, mcubat;d with normal rabbit serum (diluted
1:1000) (magnification X800). .
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fixatives produced poor structure and weak antigenicity. T-rypsin treatment did not unmask
antigen and saponin did not enhance immunostain. aCGK produced immunostai_n with PAP or
ABC methods, but «aNGF did not immunostain the GPCG with the' ABC semi-thin method.
Ultrastructqral immunostaining was unsuccessful despife trypsin and' saponiﬁ treatments and
pre-embedding immunocytochemistry. Despite semi-thin sections which immunostained, ultra-
thin sections which were treated icientically only had non-specific staining in immune or control
sections.

Kallikrein and NGF were immunolocalized in copper block-f'rozen, freeze-dried GPPG
tissue. Figure 57 shows specific staining in apical cytopla&n of epithelial secretory cells of the
dorsal prostate. Secretions. also stained. Epithelial cells of control sections were devoid of stain

o
(Figure 58). The apical cytoplasm and secretions of epithélial cells also stained specifically with -

aNGF antisera (Figure 59); which was similar to. the results of Shikata ef al. (1984) using

paraffin-embedded tissues. Control sections did not stain (Figure 60).

.



Vas freeze-dried without fixation. Semi-thin
resin-embedded tissue stained with aCGK g\ted 1:5000) by PAP method. L, lumen.

(magnification X800).

FIGURE 58. Control section for Figure 57, incubated with normal rabbit serum (diluted
1:5000). L, lumen. (magnification X800).
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FIGURE 59. NGF localization in apical cytoplasm and secretions of epithelial secretory cells of
the guinea-pig prostate gland. Tissue was freeze-dried without fixation. Semi-thin resin-
embedded tissue stained with aNGF' (diluted 1:1000) by PAP method.” L, lumin.

(magnification X800).

FIGURE 60. Control section for Figure 59, incubated with normal rabbit serum (diluted
1:1000). L, lumen. (magnification X800). - .






IV. DISCUSSION

f Kallikrein and Related Proteases in Salivary Glands

Many chemically related proteases ex#st in salivary glands and saliva. Results in this
thesis show the localization of kallikrein, one of these. in the apjcal granules of-‘submandibular
duct cells. Salivary glands from differcn; mammaNs also contain various esterolytic enzymes and
(;ther macromolecules including kallikrein (Brandtzaeg er al., 1976), tonin (Orstavik et al.,
1982a; Zacharatos et a/., 1983), sialotc}ﬂn, a vasopressor substance (Barion e al., 1976), renin
(Angeletti et al., 1967; Barkg. 1980: Bing er al., 1980; Hiramatsu et a/.. 1981), esteroproteases
A, B, Cand D (Boesn‘]zan et al., 1976) _and other variously named serine proteases. Erythro-
poietin (Féxva-de-Moraes et al., 1979) is found in salivary gland duct cells along with AM,, fi\
secretory glvcoprotein (Nieuw Amerongen et al., 1981). Localization studies indicate that most
proteases above are present in cells of the salivary gland ducts. ‘

Many esteroproteases are found to resemble each other chémically but to possess
different activities. Protein A (Bennick, 1975), a calcium-binding protein, is probably identical
to protein III or I'V. Protein C also resembies protein I or II. Esteroproteases A and D from
mouse submandibular glands (Boesman et a/., 1976) are functionally separate, since protease D
is thought to be ideﬁtical to the epidermal growth factor (EGF)-biquing protein. Tonin,
id\emical.to esterase A (Brandtzaeg er al., 1976), represents 10% of the protein from rat su‘tz-
mandibular gland (Thibault and Genest, 1981) and co-exists in the gland with kalikrein
(Orstavik and Glenner, 1978). Similarly, in mouse submandibular glands, renin and kallikrein
co-exist (Barka, 1980).

Among salivary growth factors with profound effectt are EGF, which stimulates the
proliferation of various epithelia (Gospodarowicz, 1981), and NGF, which affects develop-
ment of the sympathetic adrenergic system. EGF, isolated by Cohen (1959), was localized in

secretory granules of duct cells of rodent submandibular glands (Tufkington et al., 1971; Gresik

and Barka, 1977; Ignaka el al., 1984; Murphy et al., 1980).
. PN
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~ Johnson, 1985) EGF from duct cells is secreted both into saliva and mto the circulation.

| (leata and Orth 1979 Bmg et al 1980; Nexd et al., 1984). Since aggressrve behaviour and

o
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A connection was made between salivary EGF and gastrointestinal function b'y_. the

observation that thts factor stlmulated gastric mucosal growth (Oka et al 1983; Dembinski and

Bl

a- adrenergrc stimulation caused stimulation of sahvary secreuon of EGF and renin, possibly

. these factors may be mvolved in stress and related events e.g., wound healmg

NGF co-exrsts with kallikrein in ducts of submandrbular glands and is induced by‘

‘e

testosterone and thyroxrne (Hendry and Iverson, 1973 Ishn and Shooter 1975) A pdrt of the

molecular complex of mouse salivary NGF 1is chemrcally srmrlar to tissue kalltkrem (Fledler and

' »Frttz 1981) B-NGF endopeptldase and EGF -binding protem (Bothwell et al., 1979) NGF is

<)
mvolved in acceleratmg the rate of wound healing in 51aloadrenalectom1zed animals and the

process. is thought‘to be par_nally via a licking process (Li et al., 1980). Schwab. et al. (1976)

" suggested that NGF might function in’ protease inactivation during storage or protease

'

synthesis, unrelated to. effects on nervous tissue. Despite unéertainties in the physiology of

-,

NGF and other growth factors, their sources have served as aids in chemical characterization of
3 : . . ‘ g

the complexes

Concentratrons of both kallrkrem and arginine. esterase A can be increased by
testosterone in the rat submandrbular gland (Chao et al., 1982). The quanttty of submandlbular
proteases is under androgenic control. A digestive tole for these enzymes 1s~d1f ficult to imagine
because of the large quantrtatlve dtfference between glands of male or female mice or the
absence of enzymes pt‘ror to sexual maturity. {

The idea that sahvary gland kallrkrern is mvolved in functional hyperaemra is not new

(Hilton and LeW1s 1956). Although several- counter arguments have been expressed which indi-

-

.»al 1977) (see Results) movement of the enzyme towards the vasculature is also apoarent.
: @rstavrk et al. (1980b) showed that kalhkre.n 1n]ected retrogradelv into the rat submandlbular

ducts could pass into the crrculatton Enzyme secretron into the mterstmum may possibly be via -

e

-

cate that kallikreln is largely secreted into ducts rather/tlran into the circulation' (Schachter et

-
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granule -like structures hich immunostain for kallrkrem at the base of duct cells (@rstavik et

al 1980a; Slmson
g 2

membtane of sali ary gland ducts (Orstavrk et al., 1975; Kimura and Mortya 1984a). A role

t al., 1983). Kallikrein was also located in the mtersuuuxi and basement

. for kalhkrem in local blood flow regulation was also suggested by Rabito et al. (1982), who
concluded that kalhére@r was. secreted into interstitial and vascular compartments since ther
was an arterral -venous dxfference in kallikrein concentratron and by ®rstav1k et al. (1982b)
who found an gJncrease in blood flow on nerve stimulation after increasing kinin levels with
(ionverting enzyme inhibitor. ‘

| Schmid and Heidland (1984) found that exocrine salivary kallikrein secretion is elevated
in rats v hypertension, though a rise in blood pressure‘may not be the cause of enhanced
kallikrein secretion in hypertensiverats. ~ ” |

_ 'From the mouse, submandibular glands, a related group of proteases (A, B, C and D)

was found by Schenkein et al. (1969,), who suggested that limited proteolysis converted "A" to
"D". These esteroproteases were also shown to cause differentiation in muscle tissue of chick’
embryos. Furthermore sever(al other salivary est%roproteases were thought to be mvolved in
_ processing precursors of NGF and EGF (Berger and Shooter, 1977; Bothwell et al., 1979)

The prlmary and striking luminal localization of kallikrein in salivary ducts suggests
that kalnkrem is secreted into saliva. It was suspected that kallikrein at the luminal surface
released kinins, which could in turn increase the apical oermeability to ions and thus indirectly
promote ion transfer either into or out of the duct lumen (Stmson et als, 1983). Tonm was also
‘suspected to play a role in ion transport in the submandrbular gland via generation of
angrotensm II (Zacharatos et al., 1983). Cunously, a - selective intracellular secretion
rn/eChanlsm occurs. for the release of kallikrein and tonin, since different a and B'agonists cause

4

dtélfferential protease release (Zacharatos ef al., 1983).
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B. Kallikreins, Nerve Growthk Factor and Related Proteases in Male Sex Glarids and Their
Possible Roles

Results iri this thesis shoiv' the presence of tissue kallikrein (CGK) in epitheliai cells of
prostate and coagulating glands and NGF in epithelial cells of the prostate glatid. These
findings are similar to those of Schachter et al. (1978) .for kallikrein, and of Shikata et al.
(1984) for NGF. Other related factors such as EGF (Shikata et al., 1984) or androgén-
dependent esterases (Isaacs and Shaper, 1983) afe synthesized, stored and secreted by prostatic

"tissue. Tissue kallikreins are also found in porcine (Fink et af ., 1979) and human seminal fluici
(Mann et al., 1980; Geiger and Clausnitzer, 1981; Fink et al., 1985), iwvhictt probably originates
from prostate glarids. |

In the male genital tract, as elsewhere, kallikrein may function physiologically by '
producing kinin via action on the ubiquitously occt-i'rring kininogens ("Geiger and ‘Clausnitzer,
1981). A common function for kallikrein in male sex glands based on i.ts ability to \release kinin
is unlikely for mammals, ‘generally since only in the guinea-pig sex glands does the arginine
esterase POSSEss the ability to release kiriin (Barton et al 1973).

Seminal plasma esterase has several moie’cula-r similarities to tissue kallikreins though
some 1mportant ones are lackmg For example, canine prostate esterase does not release a kinin
(Dubé et al., 1983). The major androgen-dependent protein accounts f or-over 90% of the total
protem present. Absence of the protem in prostates from castrated animals implies androgen

ependence for synthesis, and correlates well with the morphological atrophy of the epithelium,
measured by loss of secretory gra‘nules (Isaacs artd'Shaper,‘ 1983). .

It was proposed that motility of human spermatozoa is regulated »by a kallikrein-kinin
system (Schill and Haberland 1974). Systemic kalhkrem treatment of human patients 1mproved
sperm motility, volume of semen, sperm concentration and sperrnatozoa motility. Kalhkrem
also enhances sperm‘penetration through cervical mucus (Schill et al., 1974). Evrdence.suggests
that during normal capacitation of mammalian spermatozoa, a glycoprotein coat on the sperm

plasma membrane is removed or modified, perhaps by protease action, and acceleration of the
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acrosome reaction of hamster spermatozoa by proteolytic enz'ymes such as kallikrein seems (0
be partly due to alteration of sperm counts (Shmohara et al., 1985). |
Possible roles of NGF and other growth factors may be unrelated to, but in addltion
to, their effects on neuronal tissue. In the prostate gland, since it is an exocrine organ like the
salivary glands, it is reasonable to speculate that these substances have some role related to the
reproductive system. | |
) |
' C . Gastrointestinal Kallikreins and Their Possible Roles
A large body of evidence supports.the concept of kallikreins playing f undamental roles
in transport of electrolytes, glucose, and amino acids) in the gastrointestinal tract (Moriwaki et
al., 1977)O |
Cuthbert and Margolius (1982) found that kallidin enhances gut chlorrde secretion,
involving a prostaglandin pathWay. Kinin receptors were thought to regulate this process
(Manning and Snyder, 1982) despite an apparent location on the basolateral surface of colon
epithelial cells and in the lamina propria and despite the fact kmrns only strmulated intéstinal
p
electrogenic cl}loride Secretion when applied to the basolateral (serosal) side of tissue (Cuthbert
and Margolius, 1982; l\«lannlng and Snyder, 1982). In the intestine,_ chloride secretion occurs in
crypt cells but not in surface cells (Welsh et al .,‘1982) and it may be that the inability of kinin
to effect transport at the surface is due to its inability to penetrate into the crypts (Krrkland et
, 1985). Crocker and Willavoys (1975) found that bradykinin could either stimulate or
inhibit transeptmlial water transfer. Different mechanisms were proposed since inhibitory
effects depended ﬂon whether the kinin was added to ‘the serosal or mucosal bathing solution.
Kallikrein administration into the intestine enhances amino acid absorption; which suggests that
gastromtestmal kallrkrem is related to nutrtent absorption (Moriwaki et al., 1977; Morrwakt and

Fujimori, 1981). Geiger et al. (1977) suggested that kinins may functron in absorptton and

possibly affect transport of glucose and amino acids in the gut.
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In the kidney tubule, there is evidence for kinin-mediated transport at botﬁ apical and
basolateral sides of the cell (Kauker, 1980). Cuthbert et al. (1985) also f ouhd kinin influenced
transport at both surfaces of ‘cultured tubule cells. In thé toad urinary blgdder (Orce et al.,
1980) and rat renal cortical cells (Margolius and Chao, 1980), kallikreivn-like proteasés were
effective near the mucosal surfaces in stimulating sodium transport.

Qur findings of the presence of kallikrein in goblet cells of the gastrointestinal tract

* raises the possibility .that, along with mucus, they may have a cytoprotective -role. Kinins

- produced by colonic kallikrein may )alsp contribute to pathological conditions such as diarrhea

associated with carcinoid tumours (Donowitz and’ Binder, 1975).

’fhe observation of ‘greater éhanges in whole small intestine blood flow after kallikrein
administration when compared with saline injection suggesté that tissue kallikrein may regul;ne
intestinal blood flow (Overlack er al., 1983). If, as Zeitlin (1970) suggested, the kir‘iins'which
aré dilators and inhibit peristalsis,,aré ifnportant in intestinal absorptibn,' they may be m'ajof

factors in controlling normal vasomotor tone, permeability and motility of the intestine. At is

‘interesting that 5-hydroxytryptamine, a vasoconstrictor substance that stimulates peristalsis, is

also found along the length-of the gastrbintestinal tract.

D. Interpretation of Immunocyfochgmical Findings

Cyto'logical ‘proceduvr'és‘are. used in attempts to discern relationshiﬁs between structure
and function. Immunocytochemical localizations are the most widgly used methods and their
aim is to identify and characterize proteins in tissue by labelling the antibody-antigen complex,
making it visiblg.

The ‘introduction of fluorescein-labelled. immune sera (Coons and Kaplan, 1950) was a
breakthrough in investigatioﬁs of _specifi‘c cellular components by light microscopy. Analogous
techniques are also useful for ultrastructural st_ﬁdies where, in principle, the electron micro-
scope can resolve an antibody molecule which has reacted with its antigen. Singer and Sc_hick '

(1961), -using ferritin-labelled antibody, successfully localized antigen at the electron
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rLicroscope level, but found the disadvantage of ihmpaired‘ reagent penetration.

With the advent of enzyme-labelled antibodies and the developrhem of the unlabelled
antibody method of Mason et al. (1969) and the PAP method of Sternberger 'and his colleagues
(Sternberger, 1979) came increased sensitivity in detecting small amounts-of antigen. This
method was used in this thesis, and »it ivs widely used in localization of intracellular antigens. A
further advancement in antigen detection-also used in this thesis, was made by Hsu et al. ’/(1981) . -
with the avidin-biotin complex method. Superior résplts are generally obtained and are attri- -
buted :to the formation of a large complex containing rhultiple peroxidase molecules. The ABC

. method has several advantages o§er the PAP method, includipg lower background stain, easily
recognized reaction product, shorter incupatio.n‘times, and higher dilutions of reage‘ms which
can be used.
The pre-embedding immunostaining method, used occasionally in this thesis and found
to be unsuccessful, has several disadvantages over the post-embedding method. First, immuno-
globu)ins are unable'.to adequately penetrate into well-fixed thick sections. Seéondly, non-
. specific globulin binding and rando'miy oriented reaction product make interpreting positive
results difficult. Thifdly, reagents often do not permeate membranes easily. The umajor adv;m-
tagé of post-embe‘dding immunostainihg techniqqes. é.pparent in these results, is that immuno-
peroxidase (tactions take place on the surf afe of routinely prepared ultrathin sections where
intracellular antigens are accessible. .

A fundamental conclusion which can be drawn from these localization experiments is
that for each tissue examined and for a given antigen, specifically .tailored methods of
preparation must be developed. Although a search for the ideal immunocytochemical fixative
produced séveral good results, no one 'treatn.qent was universally applicable.

Discrepancies in localizations have occurred for other antigens where different
technidues produced different results. In the colon, ethanol f ixatién prodhces carcinoembryonic

antigen localization in epithelial cells (Rognum et a!., 1980; Primus et al., 1981; Lindgren et al.,

1982; Kaku et al., 1983). Formaldehyde-fixed, propase-treated sections also pro&luce similai

9



110

results, but without ‘pronase treatment the sections do not produce the expected stain (Rognum
et al., 1980). Other smdies which used different methods localized the same or very similar
antige.ns in mucous cells (Rogalsky, 1975;' Huitric er al., 1976). 'Localizations of NGF ‘in
specific subcellﬁlar ‘clompa‘rtments of duct cells of submandibular glands have also yielded
contradictory results, but in thjs case the discrepéncies were related to inexperience with new
methods. By immunoﬂuorésce'nce, NGF was first associated with cytoplasm, secretory
granules, ‘basal parts of cells and nuclei (Levi-Mpntalcini and Angeletti, 1961; Goldstein and '
Burdman, 1965; Kumar,- 1972). A different pattern was later observed by Schwab et al. (1976),
who localized the antigen only in thc; apical secretory graqules. Since. basal granules and other
organelles did not stain, it was posfulatcd that the NGF antigen is physiologically converted.
from .a proprotein to an immunoreactfve NGF, probably under the influen”ce of a protease.
Using methods very similar to those used in this thesis, Hofmann ar.xd Drvelnekhahn (1981)
demonstrated NGF antigenicity uniformly in all secretory granulés.‘Ppssiblly; in some studies
cell-damage caused ﬁrotease -activity to expose antigenicity during tissue fixation a‘s' a post-
mortem artefact. .. | |
Localizat;on of tissue kallikrein to acin.ar cells of the exocrine pancreas or to B cells of
the endocrine pancreas in different studies appears to depend both on the specificity of a kalli-
krein antibodies used and the manner in which pancreatic.tissue is prepafed. Acinar localization
of kallikrein in the pancreas was achieved by Orstavik et al. (1981a), who used ethanol as the -
.primary f ixative.‘but ole Moi-Yoi et al. (1979a), who used formal‘dehyd-e,‘f ound antigenicity in
endocrine islet cells. Lack of staining in acinar cells may be ascribed to antigenic masking _since
protease digestion, which was not used in _their studies, produces immunosiaining in acini
(Pinkus et al., 1983). Unmasking of endocrine kallikrein by trypsin or pronase suggests tl'lat.it

is less accessible to antibody than exocrine kallikrein.
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. E. Possible Sources of Circulating Tissue Kallikrein
_ Tissue kallikrein:ﬁir;llgﬁ'} active or inactive form, has been detected in plasma (Geiger et
o al., 1980; Rabito et al., 1980, 1982; Lawton et al., 1981; Shimamoto et al., 1984). Although'its
exact role in plasma is ﬁnknqwn, Masferrer et al. (1983) suggested that it could influence blood
circulation,, via its a\bilit?iz to generate kinins. In plasma, the enzyme is present but bound to
séveral inhibitofs of dif ferent molecular weights (Johansen et al. 1984). -

Sources of the immunoreactive enzyme in plasma have not bgen determined, though
s‘everai organs may cdntribute kallikrein o the. circulation. Pancreatic kallikrein, wﬁich is
z}bsorbed across the iﬁtestinal wall (Moriwz;ki et al., 1974), may contribute 10 circulating
enzy'me, but not significantly, since plasma from a?imals thai had undergone subtotal pancrea-
ectomy did qot'differ in antigen levels from con‘trola,plasma (Lawton et al., 1981). The sub-
mandibular gland was suggested to be a major contributor to circulating tissue kallikrein when
labelled enzyme injected into the glaﬁd's main duct was detected in venous.blOOd (Orstavik et
al., 1980b).‘Support for this idéa also came frdm Lawton et al. (1981), who found a great
reduction in circulating antigen. levels af tef bilateral submandibular and sublingual gland
excision. The presence of residual antigen after removal of these glands suggests that othér
sources of enzyme such as parotid glands, pancreas, intestine or kidney exist.

The kidney may deliver tissue kallikrein intd the cir_culatiori since enzyme antigenicity is
associated with basolateral infoldings of tubule cells (Figueroa et al., 1984). It is rel‘eased into
renal’ lymph and it is found in venous effluent o‘f isolated perfused kidneys (Roﬁlero et al.,
1976). The kidney may also play a role in clearance or metabolism of tissue kallikrein since an
increased enzyme activity in plasma of nephrectomized rats was'observed' (Masferrer' et al.,
1985). Renal kallikrein may also arise from ciréulating tissue kallikrein (Fiedler and Gebhard,

1980). =
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V. CONCLUSION

In this thesiC.everal kallikrein-like enzymes sharing immunological 'properties were v
localized in gastrointestinal, respiratory and male reproductive tissues. Nerve growth factor was
also localized in male sex glands. Techniques were developed that were highly successful,
particularly those using semi-thin resin embedded tissue sections and the avidin-biotin complex
rrie;hod of imﬁmnostai‘ning.

In the various tissues examined here, antigen localization only occurred in apical
regions of Sec{e'tory cells ar;d in secretions, indicating that kallikrein is an exported protein,
likely playing z; role in extracellular- secretions. This fi;l_aing is 1ar_ge1y,. though not exclusively,
supported by other studieé. Exceptions include cases of the kidney (Vio et al., 1983), the
pancreas (ole Moi-Yoi, 1979) and salivary glands (Kimura and Moriya, 1984a), where antigens
were also localized in areas suggestive of endocrine secretion. Indeed, the presence of tissue
kallikrein in the circulation indicates that it must be derived from at least one of the tissues
known to synthesize it, and likely the mechanism by which the antigén enters the circulation is
by endocrine-like secretion. While this thesis does not supply evidence for any endocrine
secretion of kallikrein or nerve growth f actpr'in tissues studied, it does not claim that this type
of secretion does not exist. '

Kallikrein enzyme activity has been irﬁplicéted by many studies in a variety of essential
physiological functions. Gene specific probes hﬁve I;Scen__I.Msolated 25-30 members of the kalli-
krein family having 75% amino acid sequence homology (Mason et al., 1983). Since se’quences
dfffer only at the active site regiqn, it is apparent that functional differences may exist for éll
of the enzyme gene family members. Because three of these enzymes, tissue kallikrein, EGF-
binding protein and y-NGF are associated with bioacti\fe peptide processing, it seems likely

that other members will, be discovered in similar roles.
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