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ABS'I’RACI‘

Kalhkrem a serine protease, has beeh sugcessfully. localized in the gastrointestinal tract
of the cat and the rat. Employing t&o xmmunocytochcmxcal techmqucs. namely the peroxidase-
anupcroxxdase and the avidin- biotin complcx techmques specific stammg was conf ined to the
gobiet cells and in some cases the brush border‘ Several related cnzymcs were used to raise a ‘
series of antibodies. Antibodies raised ag:unst at salivary kalhkrcm rat mtestmal kallikrein and
rat pancreauc kallikrein ylelded speafxc staxnmg Employmg annbodxes raised against thc

related proteases, acrosin and coagulnung giand kallikrein failed to yield a specific summg'

- pattern, Parasympathetic stimulation (pilocarpine) caused movcmcm of kallikrein and the

_. associated mucus dut of crypt goblct cells of the intestine. Gobiet cells in th’c,iihtestinal villi
were unaffected by pilocarpine. .

The effects of acetylcholine, bradykinin and vasoactive intestinal polypeptide (VIP)
and various muscarinic -antggorims were cxa‘mined on atropine-resistadt vasodiﬁmdon id the
‘cat submandiﬁular gland. VIP is a powerful vasodilator in’v the submandibular gland of the cat
and its effects can be reduced by avian pancreatic polypeptidc (APP), or‘ by dcscnsitization of
the gland's blood vessels to VIP Howcver thc vasodllatanon caused by parasympathetic nerve
stimulation is not reduced by either of thcsc means. Despne atropmc resistance, the vasodila-
tation induced by parasympathetic nerve sumulauon could be.reversibly “inhibited by the
muscarinic antagonists, 4-diphenyl acétoxy-N-mcthyl' pipendme (4-DAMP) and peg@a-
methylcne -bis-4- dnphcnyl acetoxy-N- mcthylplpcndme (bxs 4-DAMP), both of which aet on
M, muscarinic receptors. The muscarinic antagomsts secoverine and pirenzepine, were )
ineffective in reducing parasympathetm nerv_e-mduced vasodilatation. Expcnmcnts_ with a
potendator of acetilcholine. eserine, and with a depleter, hemicholinium, suggest that acetyl-
cholme may indeed play a rnajor role in parasympathctxc nerve-mediated vasodilatation. ”
Substance P and ATP were neither potent nor consistent vasodxlalors and Lhus appear to be

unhkei;fﬂedmors. -
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~ . 1.1 Historical Background

N
SN

]

1. INTRODUCTION |

Iy

‘The kallikreins (EC 3.4.21.34 and EC 3.4.21.35) are a group of serine proteases present
in an active and/or inactive but activatable form in various glandular organs as well as in blood,

lymph and urine. The kallikreins in glands are- called tissue or glandular kallikreins., Both

. plasma and tissue kallikreins release a peptide, kinin, by limited proteolysis from a substrate,

kininogen, that is present in lymph, plasma, interstitial fluid and urine: Kinins have marked
actions on blood vessels and smooth muscles in vivo and in vitro. In regent years, it has been
suggested that some of the physiologicél significant actions of these enzymes may be
independent .of vt‘heir ability t;) release klmn (see Schachteér, 1980).

The discovery of kallikrein can be regarded as having bcgun‘betwccn 19261928 when
Frey and his coworkers demonstrated that human urine contains aﬁ substance that produces a
prolonge_d fall of arterial blood pressure of the dog after intravenous injection. This substance
was characterized- as being of high moleculaf Qex’gm, nondialvzabie and thermolabile (Frey,
1926; Qaut etal., 1928).

The eatly workers, seeking the source of this vasodepressor substance in urine. found a

) sﬁnﬂax substance in blood and, pancreas (Frey and Kraut, 1928; Kraut et al., 1930). They

assumed- that the substance in urine and blood originated from the pancreas, and named it
kallikrein, from "kallikreas”, aA Greek word for pancreas (Kraut et al., 1930).

During the 1930's, Werle and his colleagues described most of the known componentg
of the kallikrein -kinin system, and they characterized the kallikreins in pancreas, uﬁne. blood
ind salivary glands (Frey et al., 1950; Werle, 1960). X .

In 1937, Werle et a/. demonstrated that kallik'reins released a substance enzymatically
f"rom an inactive precursor in plasma and that the released substance contracted various isolated
smooth muscle preparations. Théy named this subsfanc’e DK, from 'damkonuahierénde Sub-
stanz". In 1948, Werle and Berek recommended that subsnanc‘e DK be ren_amed kallidin, and
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that its precursor, thc substrate for kalhkrem be called alhdmogen

"In 1949, Rocha e Silva et al. descnbed the rel of an active pepude by trypsin and
certain snake venoms from a‘subsftratc in plasma. They ed the active peptide bradykinin. It
is noeraﬁparent that the trypsin- or snake venom-bradykm\il:ogen-bradykinin system described
by Rocha e Silva is very similar to the kallikrein- kalhdmogenr-kalhdm system descnbed earlier

T

by Werle.

In the-early 1960's, Webster and Pierce (1960, 1961, 1963) demonstrated that kallikrein -

of plasma differs significantly from the other kalhkrems of tissue origin with respect to proteo-
lyuc action and behaviour towards inhibitors. ‘

Subsequcntly Habermann and Klett (1966) determined a much higher molecular weight
of 97 .000 for plasma kalllkrem compared to reported molecular welghts of between 33,000and

36 000 for kallikreins from pancreas urine and the submandibular gxand (Friz eral., 1967).

Plasma and tissue kallikreins were given the Enzyme Commxsxon Number EC 3.4.21.8. :

 signifying that they are closely rel;ued serine proteases. The results of many studiés on plaéma
and tissue kallikreins have demonstrated that whilst they are both kininogenases, they have in
fact, markedly different physical, enzymological and irdmunological propenies In 1981, the
Enzyme Commission distinguished these two groups, of kallikreins by renumbermg them

3.4.21.34 and 5.4.21.35 for plasma and tissue kallikreins respectwely
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4 l.}'ﬁssue or Glardular Kallikreins — sttnbution and Overview
1.2.1 Salivary Gland Kallikrein
Kallikrein was first demonstrated in the sahvary glands of mammals by Werle and
Roden (1936, 1939). Kininogenase activity of the various salivary glands of different species
was measured using a hmn@ substrate prepared from dog plasma. The concentrations of
kallikrein were much higher in the submandibular than in the pa.'rptidomublinéual gland.



| Werle (1960) dcscnbcd a wide species variation of kallikrein concentration in the sub-
)

mandxbular gland, the greatest conoentratxon being prcscm in the rat. Bhoola and Dorey (1971) -
subsequently coqflrmed the highest kininogenase acuvxty in the rat and mouse submandibular
, gliuﬁ. moderate levels in the _.guinca-pig:n;at and hamster, and the 1east in the dog and rabbit
(Bhoola and Cogdell, 1974). Very low concentrations of kallikrein were found in the subman-
 dibular glands of lamb and sheep using sheep kiniriogen as substrate, and less in the parotid
gland (Bcﬂcnson 1967) |

Smoc the wly work of Werle, salivary kallikreins from cat, mouse, rat, pig, guinea- pig
and man have been isolated and characterized (Moriwaki et al., 1976; Fukuoka et al., 1979;
Pc;rcclii et al., 1976; Lemon et al., 1979; Fiedler et a/., 1982; Hofmann er al., 1983; Gautvik et
al...1980). Kal!ikreins p;in'f ied from salivary glands 0{‘ saliva, in general, resemble (bdth bio-
chemically and in inhibition prof’ ﬂé) other tissue kallikreins purified from the same species. |

Evidence for the ductal localization of sal;'vary kallikrein was independently provided in
_1975 for the cat and rat .(Barton etal., 1975; Orstavik et al., 1975). In a series of experiments.
Sch;xchter); al. (1977) dcmonrstrated a '90-95% depletion of kallikrein from the cat subman-
dibular gland following sympathe& nerve: stimulation. They also correlated the decrcasé in
_ xallikrein content with a depletion of granules in the cells of the striated ducts (Schachter et al.,
1977). | v .

' Orstavik et al. (1975, 1980, 1980a) and Simson et a/. (1979) have loahzgd kallikrein in

" the apical regidu of the striated duct cells of the submandibular and paroudsahvary glahds of
‘man and within the granular tubule cells of the submandibular gland of the rat, employing both
immunofluerescent and immunoperoxidase techniques. Kallikrein was not found in the acinar
cells and/or in the cells of thc mtermlated ducts. The same location has been confirmed in
salivary glands of the cat, gmnea pig, mouse a.nd dog (Hojima et al., 1977; Maranda er al
1978; Schachter et al., 1980). Subsequently, Schachter er af. (1983). using an immuno-
peroxidase method adapted for electron microscopy, showed that kallikrein is spécificélly

located in the apicil ductal granules of the cat submandibular gland.
‘ J
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More recently, Kimura and Moriya (1984) cm’ploye& both enzyme (hisfochemiczﬁ) and
immunohistochemical techniques, demqnstrating that the enzymatic and antigenic ac:\ﬁvilieg of
kallikrein were in‘the same locations, viz., in the apical region of the 'du.cta‘f cells of .the human
parotid gland. No kallikrein activity, enzymatic or ,;nligcnic. was detected either in aciﬁ_i or in
intercalated Ciuct.gL which is in agreement with the ‘earlier work of b‘()lh"~5chachlé.;f;s~and
OStavik's] _gron&ps. However, Kimura and Moriya also rcpo'rwd kallikrcfn;like act}vity in the I
basement membrane region of acini and of the ductal system. |

Employing an enzyme ‘histochomical technique by which the synthetic substrate D-Val- k
Leu- Arg-4-mcthoxy-2~’naph;hylanude (MNA) is preferentially clcavéd by glandular kauikrcin,
Garrett e al.‘(1982. 1984) localized active kallikrein in granular tubule cells of the rat and
hamster subxﬁandibular gland and in the striated duct cells of the same gland in man, guinea-
pig, cat-and dog. The‘parolid gland showed less reactivity and none was detectable in this gland

of the hamster and guinea- pig.
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1.2.2 Panifeas Kallikrein

Kallikrein in the pancreas was first characterized by Werie et”al. in 1937. It was found
(o occar in an inactive form (Werle et al., 1937; Fielder and Werle, 1967) and was secreted into
the dqodcnum mamly as thc proenzyme, where it was activated by efxfcrokinasc (Werle and
Eckey, 1_934; Werle athUrhahn, 1940; Werle et 'al., 1955). Studies on freeze-dried pancreas
revealed that a significant amount\of kalhkrem was present in an inactive form. The amount of
active kallikrein was small and probably arose from fhg mdxly activatable nature of the pro-
enzyme. | | .‘

.. Porcine pancreatic kallikrein is the most Aextcnsively characterized of the pancreatic

- kallikreins (Fiedler, 1979) and has been found to exist in three molecular forms, kallikrein A, B

and C. The diffetence in the molecular forms is due to differences in the carbohydrate com- -

- ponent, kallikrein B containing the most, kallikrein C the least (Fritz et al., 1977). Fritz et al.

(1977) also state that porcine pancreatic kallikreins A, B and C &re immunologically identical

-



and possess molecular weights in the range 27,000 to 29,000,

Pancreatic kallikrein has also been purified and characterized from the rat (Hojima et

al., 1975, 1977). From amind acid composition data, Hojima ef a/ (1975, 1977) postulati

secretory prepgptidc. an activation peptide and an active form of kallikrein. ﬁc polyp%""
molecular weights of the predicted prepro-, pro-(zymogen )) and active forms of the ,chzy
29,200, 27,300 and 26,100 respectivcly. |
o Numerous studies have becn performed to localize pancreaﬁc kallikrey
et al, a‘nd‘Q-stavik and Glenner independently demonstrated via immunofluorescent techniques
the prc;encé of kallikrein in granule-containing luminal portion of pancreatic acinar cells of the
pig and rat respectively. Subsequently, Orstavik and coworkers (‘1980a. 1981;_?;1;;ned the
acinar localization of kallikrcin in the hunian pancreas, which agreed with the previous reports
on thc rat and pig. Lechene de Porte et al. (1981) also repor:ed the acinar localjzation of
kallikrein in the human pancreas at the electron rmctoscopxc level employing an immunoferritin
method. anc of these studies has provided é?idéﬁéc for the presence of kallikrein in endocrine
cells By conugst, ole-Moi Yoi et al. (1979) and Pmkus et al. (1983) reported Ltpt kallikrein
was present in both the ﬁ cclls of thc islets as well as @e acinar cclls Employing methods of
differential cell separation within ‘the pancms Schach{cr and Fujimori (unpublished obser-
| vations) were unabie to detect kalhkrcm-hkc actmty within the islet cell population. .
1.2.3 Renal/Urinary Kallikrein
In 1926, Frey found a nondiélyzablc substance in urine that had a hypotensive effect.on
intravenous injection in the dog. He later named this material kallikrein and suggcsted that this
enzyme might be produced by the pancreas (Frey et al., 1930). It has since been assumed that
| the kininogenase activity in urine originates in the kidney rather than the pancreas (Fiedler,

1979). However, recently within our laboratory, Fujixpori et al. (1985) have been able to purify



a‘kim’nogenasc in cat urine, but have been unsuccessful in pu;_ifying a related enzyme from the
kidney. Pcrhaps‘th'e cat is an exception

The kallikreins o}' kidney have been pﬁrif ied from dog and rat kidney and 5im_il‘ar ones
from the urine of hom;. rabbit, rat, pig, man (Fiedler, 1979; Fritz et .al.,v 1982)‘and cat
(Fujimori et al., 1985). These enzymes are all acidic glycoproteins with isoelectric points near
4.0 and derived molecular weights of 25,000 to 48,000. Urinary Kallikrein also seems very
similar to the kallikrein found in salivary glands, pancreas and gasuoir;tesliﬁal tract of \\the same
species (Fujimori et al., 1985). Differences in the forms of urinary kallikrein are due, in part

The localization of renal kallikrein is of much interest and a variety of biochemical and

»

.- at least, to differences in the charged carbohydrate moieties (Chao and Margolius, 1979).

immunocytocher_nical techniques have been employed. Renal kallikrein:is confined almost |
émircly to the cortex with véry small amounts in the medulla. lsolz;ted glomeruli contaih a very
small proportion of the total kallikrein present in the cortex. Most of the kallikrci\rx has been
localized to the luminal surface of the distal convoluted tubule of the rat kidney, beginning'at a
point distal to the juxtaglomerular appg;atus and ending where ;he tubule ends in the collecting
duct (Orstavik er al., 1976; 0rstavikA and Inagami, 1982). Simson et al. (1979) reported the
presence of kallikrein in the distal convoluted tubule and in portions of the duct systems near
the tips of the rcn_al medlx'li;. In the microdissected nephron of the rabﬁt. kininogenase activity
has been localized in thc connecting tubule (Omata er a/., 1982), whereas immunoreactive kalli-
krein has been repbrted in broader distribution in the microdissected rat distal ncphrox; ( S’roud .
et al., 1983). .

Recently, Figueroa et al. (1984) localized kallikrein in the connectix;g tubule cells of the
rat at the subccllula: level. They reported that kallikrein was concentrated ﬁlainly in the upper
one-third of the cell and at both sides of the nuclei, and to a lesser}extcnt} is associated with the .
plasma membranes and basolateral infoldings. The immunoreactive material was related to free
polyribosomes, thevrouvgh endoplasmic reticulum and the Golgi complex, suggcstixig’thavkalli-

krein is actively synthesized in this particular type of cell. .

—~



1.2.4 Stomach Kallikrein
" In 1980 a kallikrein-like enzyme was first reported 10 be present in the rat stomach

(Uchida et a! 1980). Uchida et al. purified an enzyme with a’ calculated molecular weight of

29,000 that was mhnbued by both dusopropylﬂuorophosphatc and Trasylol, but not by trypsin’ \

* inhibitors from soybean, lima bean and ovontucoid. However, Uchida et al. reported a
pH opumum at pH 11, which is sxgmﬁcantly h:ghcr than the often quoted pH optima of rat
tissue kalhkrems of pH 8-9. Thxs enzyme also chsplaycd weak kininogenase activity on heat-
treated rat plasxna » ‘

Later, Uetsuji et a! (1982) reported the purification o buman stomach kallikrein with

a molecular weight of .38,000, and a similar $H optimum and inhibitor spectru;h as the afore-

mentioned rat stomach kallikrein.

In a series of papers, Kobayashi and coworkers (Kobayashi et al., 1979 Kpbaya#hi and
Chata, 1981, 1982, 1983, 1984) have described a kinin-orming enzyme in rat stomach mucosa.
However, this enzyme cxln:bitzd a pH optimum of 4.5 to 5.5 and was regardeél'as being similar
to cathepsin D, an acidic protease. Inran independent study, Muto ef ai. (1983) also purified
and characterized a cathepsin D-like enzvme from the rat stomach mucog;

. .

1.2.5 Small Intestine Kalhkrem

Werle (1960) reported that the small intestine of mammals contained a trypsm-

activatable hypotensive substance. Ttus observation was later confirmed by Amundsen and

Nustad (1965), who demonstrated the presence of a small but distinct kinin-forming capacity

~ in isotonic saline extracts of rat intestinal mucosal cells. The presence of kinin-forming activity
in hypotdm‘c and h'ypcrtom'c aqueous extracts of rat intestinal tissue has also been reported by
Zeitlin (1970). Subsequently, Zeitlin (1971, 1972) demonstrated that the kallikrein from auto-
lyzed rat small intestine resembies a glandular kalhkrem with respect to substrate specificity and
mhxbltor spectrum. Later, Zeitlin et al. (1976) reported a molecular weight for rat intestinal
kalhkrcm of 33,000, which was later confirmed by Moriwaki et a/. (1980). Moriwaki et al.

e



demonstrated that rat intestinal kallikrein exists in two molecular forms, RIK-A and RIK-B,
which may differ in their carbohydrate content. Moriwaki et al. concluded that both molecular

forms of rat intestinal kallikrein exhibit properties of other tissue kallikrein;.

1.2.6 Colon Kallikrein

In the Qame report in which Werle (1960) described ‘h kallikrein in the smalil intéstinc,
he also described a similar enzyme in the colon of man, rat, ‘dog and c%t which was activatable
by trypsin. Subsequently, Seki ef al. (1972) reported that a kallikrein cxtract;;d from the colon
of rat, pig, monkey, dog and man wasv similar to pl;sma kallikrein. They reported that this
enzyme existed in a pre-f orm, was m&ily activated by trypsin, and released bradykinin from
human kininogen. The molecular weight of ﬁl;man colon kallikrein was 71,000 and it“ exhibited
an inhibition profile characteristic of pl;;ma kallikrein. However, Zimmermann et al. (1979)
found that human colon kaliikrein resembled l_ﬁunan urinary kallikrein in its chemical and

_immunological propc}rties,' suggesting human colonic kallikrein is similar'to other tissue kalli-
kreins.

Recently, Schachter et al. (1983) localized kallikrein in the goblet cells of cat and man
using immunocytochemical techniques. Subsequently, Fujimori ef al. (1985) reported the puri-
fication and characterization of cat’ colon kallikrein. Cat colon kallikrein has an estimated
molecular weight of 40,000, is a potent kininogenase, and exhibits an inhibition profile similar
o otﬁer tissue kallikreins purifigd from the submandibular gland, pancreas and urine of the

§,
cat, but is quite different from cat pancreatic trypsin.

1.2.7 Accessory Reproductive Organ Kallikrein

In 1962,‘ABboola et ’al. demonstrated the existenqie of a potent kininogenase in the
accessory sex glands of the guinea-pig. The highest concen;radon of this enzyme was found in
the coagulating gland, about half this concentration in the prostate, and one‘v-t‘iftie’th in the

seminal vesicles. Later ,‘ Moriwaki and Schachter {1971) partially purified and characterized this
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enzyr;ie. which they named coagulating gland kininogenasc (CGK). This kininogenase was not
inhibited by the usual plasma and glandular kallikrein inhibitors. Subsequently Barton et al.
(1973) showed that CGK was present almost exclusively ih the n;)nparticulatc. cytoplasmic
fraction of homogenates of the gland based on diffcrentiél centrifugation. Using antibodies
raised to purified CGK, Schachter et al. (1978) localized kallikrein diffusely in the cells lining |
- the crypts of the coagulating gland.

Recently, Lazure et al. (1984) described a partial amino acid‘sequencg of a pyotease in
the dog prostate which they suggest belongs to the lﬁallikrein family of enzymes. This protease
was found to be an Arg-esterase that was inhibith by diisopropylifluorophosphate, which is a
potent inhibitor of all serine proteases. Howeve;, Bhoola et al. (1962) previously demonstrated

that the dog prostate does not contain a kininogenase-like enzyme, in that extracts failed to

release kinin.

1.2.8 Brain Kallikrein

The existence of kallikrein in the brain remains ur;certain.‘However, some kinin-
generating activity has been detected-in homogenates of rabbit (Hori et al., 1969; Hori, 1968)
and rat brain (Shikima et al., 1973). Highest activities were noted in cerebral cortex, with less
in the bréin stera and cerebellum. Recently, Chao et a/. (1983), using monoclonal and poly-
clonal antibodies against rat urinary'kallikrein, establishéd that the brain contains and is
capéble of synthesizing a kallikrein indisﬁnguishab}e from purified tissue kallikrein. Simson et

al. (1984) reported diffuse low level immunocytochemical staining within the anterior pituitary .

and the hypbthalamus of the r&./ - %

1.2.9 Pituitary Kallikrein o s
| Rav.f: pituitary has been shown to contain kininogenase activity which is highly concen-
‘trated in the intermediate lobe. This kininogenase was shown to release bradykinin from

kininogen substrate and cleaved chromogenic substrates which are more specific for tissue
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lobe showed no major sex dif ference

» .
kalhkrem (Powers and NaSJletn 1983) In a later study, Powers and Nasjletti (1984) showed

that the f emaie antenor ptturtary ‘of the rat contams over erghteen times more kmmOgenase

rl-. 1

. activity than the ma:ﬁé“anterror prturtary, but that krmnogenase activity within the intermediate

w ‘ ‘
ln an earlier study the same authors descrlbe a krmnogenase in the porcme antenor

0

_ plturtary (Powers and Nasjletti, 1982) These fxndrngs have been confrrmed bv other workers

6

who demonstrated that the kalltkrem llke gnzyme in the porcme pituitary exhrbrted smnlar_

properties to tho\se k_alhkrems which had prevrously been purrfred from the submandibular -
gland ; pancreas and urine of the pig (Polivka et a!., 1982) .

1.2.10 Blood Vessel Kalfjkreix'®

and Nollv 1981).

Recently it has been shown in the rat, ox, and man that an acidic . protease present in

o

cardiac ussue is able to release kinin frorn krmnogen and in some ways appears to be similar to
tissue or glandular kallrkrern but quite drsnnct from plasma kallikrein (Nolly et al 1982 Bntos '

~

" In'two later studies, the same- authors demonstrated the presence ofat Tleast two
.

“enzymes in. blood vessels one of whrch was an acrdxc protease and the other 4 neutral protease

o with physrcochemrcal charactensues quite srmllar to trssue kallikrein (Nolly and Lama 1982

)

Nolly et al., 1982). These authors termed this latter enzyme vascular kalltkreln
Subsequently, Nolly et al. (1984) suggested that the kalhkreln;_lrke enzyme which they

detected in the mesenteric arteries may be du€ to contamination from the pancreas. They also

“‘describe the presence of a kininogenase within rat tail arteries and veins which is distinct from

plasma kallikrein but similar, if not identical to, glandular Kallikrein.
. /V/ N
1.2.11 Tissue or Glandular Kallikrein in Plasma

The existence of immunoreactive tissue kallikrein in rat plasma was first demonstrated -

by Nustad et al,v(1978.). Subsequently,,these firi’?lings have been confirmed in the rat and‘ ’

¢
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extended to man, and it was demonstrated that the rat salivary glands may a maj¢r source of :

the immunoreactive enzyme in the rat crrculauon (Lawton et al 1981 Rabito et al 1982,

-

s 1983: Shlmamoto et al.,.1984). Drstavrk et al. ( 1980b) demon“strated the transport of radio~

labelled rat submand‘ibular gland kallikrein into the venous ciretriation Theyy concluded that
kalhkrem present in the duct lumen or in the interstitium 1s ’able to r%,ach the c1rculatron
thereby making possrble the local generatlon ‘of- krmns by kalhkrem )

Lawton et al. (1981) demonstrated that following bilater_al{usuh‘mandibniar/sublmgn'al '
gland excision in rats, the amount of tissue kallikrein in the circulation v«sesreduced signir:i-
cantly, suggesting that the salivary glands may be a mai -~ sotrrce of immunoreactive tissue

kallikrein in plasma. They also suggested that the pancreas is unlikely to be a _major source of

this immunoreactive tissue kallikrein in plasma. Following acute nephrectomy, immunoreactive .

- tissue kallikrein in the circulation increased six-fold, suggesting that the kidney plays an

' iyra.nt role in the clearance and/or metabalistn of glandulaor; kallikrein from plasma.

i
1.2.12 Other Tissue Kallikrein-Like Enzymes

‘Lokshina et al. (1976) were the first to characterize in bovine spleen, a kininogenase .

* with an optimium pH in the neutra] range. Subsequently, Chao et al. ‘( 1934), using monoclonal
 antibody-affinity chromatography, have successfully identified and. purified a kallikrein-like

, enzyme in the rat spleen. They demonstrated that rat splenic tissue kalhkrem was mdrstmgursh-

able from rat unnary kalhkrern m its physrcochemrcal and 1mmunologrca1 propertres and in its

Y \,:' &

/ subceptrbrhty to inhibitors.

The presence of a kallikrein-like enzyme in cat nasal secretion has been demonstrated
(Eccles and Wilson, | 1973) .They concluded .that the "mcubatron of cat nasal secretion and
plasma releases a kmm like substance. More recently "Proud et al (1983) have demonstrated
the in vivo generation of kinins (lys-BK and BK) within the nasal airways following allergen

challenge to allergic human subjects. However, contamination from saliva ‘cannot be

discounted:
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* Recently, Uchida et al. (1982) reported t_he purificatloh ‘and characterization of rat

-

thyroid kalliktein. They showed that this kallikrein had kininogenase .actiyity, a molecular
weight estimated at 30,000, and an inhibitor profile similar to other rat tissue _kallikreins.
although it exhibited a pH optimum at pH 11. However, Levison and Schachter (unpublished -
observations) we‘t;'unable to demonstrate a kininogenase in the rat thyrold. |

Fox and Hilton,(195§) reported that human sweat releases a klnin from dog plasma and
also that kinins appear in a 'subcutaneous perfusate if the body temperature is 'raised. )Nerle
(1960) also reported the presence of a kininogenase in sweat. However, Schachter (unpublished
observadons) demonstrated that the. ability of- human sweat to release kinin is slight and
inconsistent. “

The presence of a kallikrein-like substance in lung tissue tvas first mentioned by Werle
and Maier (1955). Subse'quently Havez (1966) and Havez et a/. (1966) also concluded that. .
Akalltkrem is present in broncl:ual IMucosa. | |

Earller work by Malofi 1ejew (1973) suggested that although reproducuve tissue contains
no f ree kmms kininogenase actmt} could be detected within human placenta myometrial
tissues and amniotic fluid. Subsequently Marin- Grez et al. (1982) described a txssue kallikrem-
like and also a trypsm -like enzyme in rat uterus,

9 ey,
1.3 Plasma Kallikrein-Kinin System .

As descnbed prevxously (1.1), plasma kallikrein is distinct from tissue kallikreins. In'
plasma, kalhkrem exists as a precursor, prekalhkrem That such an inactive precursor exists in
plasma is evident-from the fact that high molecular weight kininogen, a substrate of plasma
kalltkrem exists in hlgh concentrations in plasma, whereas only minute quanuues if any, of »
free klmns can be detected Once kalhkrem is activated in plasma it converts a large fraction
of the kininogen to. bradykinin in a matter of minutes (Colman and Bagdasarian, 1976).

Human plasma kallikrein has beenb purifled and characterized (Colman and

Bagdasarian, 1976; Heber ér al., 1978). For the hydrolysis of synthetic substrates and -

'
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" generation of bfadykinin from high molecular weight kininogen, human plasma kallikrein
exhibits ‘a l’pH optimum of 7.6, which is significantly’ lower than that for tissue kallikreins
'(usaally around pH 9.0). Molecular weight estimations yield a value of 99,800 for human
plasma kallikreiri, whick ‘< much higlaer than the reported values for human tissue kallikreins
(Colman et al., 1969)

Several reports have suggested that both human plasma kallikrein and hxgh molecular
weigh; kininogen pla) a central tole in the initiation of the intrinsic- coagulation pathway by
activating Factor XII (Hageman factor). Plasma kallikrein also mediates fibrinolysis via acti-
vation of plasminogen, either directly or indirectly. | |

Some of the probable relationships between the kallikréin-kinin system in plasma and
the blood coagulauon system are 1llustrated in Figure 1 @ochrane et al., 1970, 1973; Colman
and Bagdasanan 1976 Ogston and Bennett, 1978)

In 1973, Wuepper discovered an inherited deficiency of plasma prekaliikrein, which has

been named Fletcher factor after the patient in _whom the condition was first described by . -

Hathaway er al. (1965). Individuals with Fletcher factor deficiency have in vitro defects in

coavﬁlatiox; (intrinsic svstem), in fibrinolysis in kinin generation, and in chemotactic

- properties of thexr plasmas; however, these md1v1duals do not have either coagulation or other-
hemostatic problems (Hathaway et al., 1965 Wuepper 1973). All these defects are corrected by

the addmon of prekalhkrem which activates preHageman factor. ‘

| In additipn to prekallikrein deficiency, there are now known inherited deficiencies of

‘HMW kininogen, known as Flaujeac, Williams or Fitzgerald tragg‘%\Saito et al., 1975; Whepper

et al., 1975; Colman et al., 1975). These patients also have little or no hemostatic problems in

ivo., but their plasmas show abnormalities in surface-mediated coagulation, fibrinolytic and

kinin-generating pathways.
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Figure 1. Diagram showing surface-mediated reactions in the blood coagulation system in man

and possible sites of participtation of plasma prekallikrein, kallikrein, and high molecular
weight kininogen. (Modified from Ogston and Bennett, 1978)

wd

FIBRINOLYSIS

PLASMIN

"/ KININ
XII:  Hogeman factor (factor XID  K:  Kallikrein
XIla: Activated Hageman factor PK:  Prekallikrein
XI:  Factor XI S surface
XIa: Activated factor XI HMWK:  High molecular

weight kininogen
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1.4 Kininogens S : ¢

Kininogené ar/e plasma. proteins which coxﬁain the peptide scquénce of the kinin 'poly-
peptides, b_radykinin and lysyl-bradykinin. These peptides are relegsed from their b‘recursors by
limited prqteolysis by both plasma and tissue kamkreins. For the measurement of kallikrein or
‘kallikrein and of kininases. Werle ef al. (1937) achieved this by heat-treating plasma at 56°C to
60°C for up to 3 hours. Subsequently Diniz and De Carvalho (1963) developed a simple method
for the estimation of kininoéen in plasma thdl!t has been used for many years..

In 1966, Jacobsen reported that mammahan plaémé contains at least two kininogens
which differ in molecular weight. The hxgh molecular weight (HMW) form»of kinihogcn is.the
substrate for plasma kallikrein, while the low molecular weight (LMW) form of kininogen is
the preferential substrate for tissue kallikrein. Limited proteolysis(d:f LMW kininogen by tissue

| kalblikreip liberates the lumn moiety and the residual protein con.m:;t‘s of two diéulphide-linked
chains, a heavy chain of about 52,060 molecular weight and lighg chain of about 4,000
(Muller-Ester] er al., 1982). Thé heav); chain corresponds to the anﬁno-teminal pért of the

original kininogen moiecule and the light chain corresponds to its carboxyl-terminal part.

' High molecular weight kininogen (MW 120,000) piays ari‘ impomrit Tole in the

initiation of“'Hagema.n factor-dependent (Factor XII) pathways of blood coagulation and
fibrinolysis (see Schachter, 1980) (Figure1). |

The biological f unction of ldw molecular weight kifxinbgen, apart f rom acting as a sub-
strate for tissue kallikrein, is not well undefstood, but it Tmay well play a role in blood f)ressure

regulation (Overlack et a/., 1979) and m the control of cellular gluco& uptake (Wicklmayr et

al +—1979). Reéently, Ohkubo et al. (1984) demonstrated that LMW kininogen can act aé an

. inhibitor of thiol proteases (cathepsins and pépaih). Since the release and regulation of thiol

proteases is of 'si'grﬁficancc in mediating inflammatory responses, it is interesting ta speculaté as

to whether LMW kiniﬁogén is involved in such inflammatory responses.
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Kmmogen has been known for some time to be present in lymph, urine and interstitial
fluid as well as in plasma (Schachter, 1980). Pisano et al. ( 1978) demonstrated that under
neutral conditions, kinin couid be gencrated in urine by human urinary kallikrein.. Ihese results
"indicated the presence of a kinin-containing protein, which was named urokininogen. Human
kininogen has §ubsequenuy been'loéaﬁzed in ‘Lhc cytoplasm of the distal tubule k:ells and
collectmg tubule cells as well as in the ‘glomerular basement membranes by an indirect immuno-

fluorescence techm&ue ;Proud etal., 1981)

1.5 Kinins
Kinins are' peptides very widely distributed in the animal kingdom. They are prese'm' in
many species including reptiles, amphibia, insects (wasp venom), avian pladma and mammalian
plasma (Schachtet and Thain, 1954; Bertacini, 1976). Kinins belong to a group of vasoactive
peptides that can be /gcnerated in blood and in various tissues by the action of pfoleolytic
enzyrhes such as’ kallikr;in. They exist in nature, theref ore; in free or peptide form, or as a
' large precursor released by specific proteolysis. |
As described in a recent r@’iéf(Regoli and Barabe, 1980), all known kinins have
structures whicl; are very closely reiated, e-;g. the three mammalian kinins are bradykinin, lys-
bradykinin (or kallidin) and met- lys bradykinin. In all cases, the common bradylumn back -
bone (see Figure 2) is prescnt Non- mammahan kmms exhxb:t more pronounced variation such
as in Thr-bradykinin (Duim an'd Perks, 1970; 'Ishikawa et aI.. \1,974)’: and Yal‘,jThr‘-bradykinin
(Nakajima, i968),, both of which are common to frogsfo IP'olisteskinin-R and ranakinin-R
possess the sequence Sér‘-?radykinin (Ishikawa et al., 1974) and are common to inse;ts and
frogs respéctively. | |
Weﬂe et al. (1937) were thé first to observe that'kaliikreiﬁ releabsed" a substance from
serum that c;aused .contralction of isolated intestinal smooth muscle. Rbche'c Silva et al. (1949)

observed the same phenomenon for trypsin and snake venoms.

\,\/
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Figure 2. Primary structure of kallidin and of bradykinin. Site of action of protenlytic enzymes.

R
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1.5.1 Bioassay

Kinins have a number of pharmacolbgical properties in common. For over three
decades, kinins were tested for their stimulant effects on isolated intestinal smooth muscle
preparatiohs; such as the guinea-pig ileun (Roche e Silva, 1952) and cat ileum (Erspamer and
Erspamer, 1962), where they induce a rapidly revcrsihle change in tension. Thy guiaea-pig ‘
ileum is as scnsiiive 1o kinins as thc‘ cat ileum but is not as selective (Ferrcira and Vane, 1967).
The guinea-pig ileum appcars to contain large amounts of ac'nve lumnase since the effect of
bradykmm is potentiated by inhibitors of kmmase IT (Rubin et ‘al., 1975, 1978). The major
advan;agc of the cat ileum is that it appears to be devoid of acu’ve kininase 11 since the effects
of brady’kinin are not. modified by inhibitors of kininase II (Barabe and Regoli, 1980).

The\isolated rat utérus in estrus is very sensitive to kinins. ﬁe major advantage of the
rat uterus to klinins is its high sensitivity compared to the isolated intestines (Erspamer, 1948;
‘Barabe et al., 1975).

Kinins possess marked hypota;s—i;: effects when injected: in vivo, ;;foducing a rapid}y
reversible fall of blood pressure that is due to arteriolar vasodilatation. The vascular effects of
kinins (particularl_vh bradykinin) vary markedly depending‘upon the species studjed, the dose of
kinin applied, and the iﬁterferenc: .by other endogsnous vasoactive substances (Regoli and
Barabe, 1980). Kinins are potent stimulators of both arterial and venous vascular smooth
muscle in vitro ((Elhott etal., 1960) One of the most prominent actions of kinins is on the pre-
capillary” vessels ‘w;lcre they increase vascular permeablhty (see review by Haddy et al., 1970).

'A number of other xsolated ‘smooth muscle preparanons have also been used for bio-
assay of kinins, namely stomach strips of rat (Barabe et 511 19'i5) and hamster. (Moussatche

and Dalo, 1982). . .

1.5.2 Immunological Assay
Radioimmunoassay systems have been developed to quantitate virtually every peptide

hormone or mediator \av,ailable in pure form. Talamo et al. (1969) were the first to describe a
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radioimmunoassay procedure’ for the determination of kinin levels in plasma. In 1976,
_ Carretero et al. described a method for measuring urinary kallikrein activity. using a radio-
immunoassay to kinin. Talamo and Goodfriend (1979), however, concluded that the rcsujts of
radioimmunbassays for kinins are not necessarily indicative of the in vivo state because of Lhe
large complications during the collection of the blood samples and during the assay in vitro.
Axﬁong the features of the kinin system that complicate its radioimmunoassay are (1) the weak
immunogenicity of kinins, (2) the abscn;:e of an easily labelled residue in the native kinins
necessitating the use of analogues which contain tyrosine, easily iodinated, but antigenically
distinct from other endogenous polyp?ptjdes, (3) the immunologic similarity of related kinins,
Lys-bradykinin, Met-lys-bradykinin, and (4) the cross-reactivity of bradykinin antibodies with

kininogen.

1.5.3 Mode of Action
i Kinins are positii'ely charged peptides because of the presence of Arg- or Lys- residues
in their sequences and are considered to be too large and too hvdrophilic to ﬁermeate cell ’ ‘
membranes. Therefore, they have been thought to produce théir bioiogical effects by interacting
with receptors localized at the cell surface of target organs. Af tér Lﬁe imeractioh of kinins with -
their receptor, a sequence of cellular events occurs culminating in a rcsponsé. Cellular processes
that might be part ‘of a sequence triggered by.the br;dykinin-rece}tor interaction and that
mighi lead t'o such respbnses as muscle contraction include: ‘movement of: ions across the cell
membrane, prostaglémdin syn’fhésis or catabolism, -and ‘synthesis or deéa&ﬁon of cyclic »
nucleotides. |

Perris and Whitfield (1969) demonstrated that bradykinin increased the mitotic activitf
of rat t_hAy‘Iﬁ_tocl:'ytes and that this IESpOnse was calcium~dependeﬁt. An involvement of prosta-
glandins in the action of bradykin.in upon the longitudinal muscle of the rat isolated ileum was

reported by Crocker and Willavoys (1976). According to Malone and Trottier (1973), the con-

traction of the rat isolated uterus in response to bradykinin is partially mediated by

k4
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prostaglandins because the effect is reduced in the presence of indomethacin. M\cGiff et al,

(1976) provided convincing evidengc that prostaglandins are mediators or modulators of renal

excretory functions induced by bradykinin. ‘ |
Reissmann et al. (1977) reporged tu.l‘xat increases in membrane-bound adenylate cyclase

activity may be implicated in response of rat diodenum to bradykinin.

l.§.4 Receptor Subélassa _ |

Kinins appear to act on at least two dif* férent.:pccptor types, denoted B, and B,. After
the demonstration of ‘the existence of at least LWO Teceptor types. the. B, receptor in the rabbit
aorta (Regbli et al., 1977) and the B, receptor in the ¢at termunal ileum and the rat uterus
(Barabe ef al., 1977), various organs have been found to contain both B, and B, receptors. The
criteria for distinguishing B, and B, receptors include the relative irisensiu'vity of B, receptors to
bradykinin, ;md enhanced sensitivity of B, receptors td synthetic des-Arg’-BK (Regoli and
Barabe, 1980). -

oy

1.6 Kininases

Ma.ny tissue homogenates, biologic fluids, plant and bacterial extracts, -and certain
proteolytic enzyrges can cleave kinins. Bradykinin is hydrolyzed by as many as seven diffe;"enr'

enzymes, of which kininase I and II are the most extensively studied (see Figure 2).

1.6.1 Distribution of Kininases
The lung ha_s been reported as the major site of bradykinin degradation, wh;:re more
than 90% of the circulating bradykinin is inacu'vatéd during a single passage (Dietze, 1982).
Enzymes present in the vascular endothelium are believed to Jender the Kinins inactive' ’
(Ry;n et al., 1968). However, it has been demonstrated that if the pulmonary circulation is
by-passed, bradykinin is still inactivated by cuculatmg kininases as well as by membrane- bound

tissue kininases ( Elhson et al., 1980).
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Kininase | was gfi§t discovered in Cohn fraction 1V of human plasma (Erdos and

Sloane, 1962). Subsoqucn ', related kininases have been showri to be present in amniotic fluid,
liver, spleen and lungs of rat (Rybak er al., 1971; Petakova et al., 1972). Kininase activity in
fét and rabbit brnip have been extcnsively' studied, with the highest cohccntrau‘on being
reported in the cerebellum (Iwata et af., 1969; Oliveira et al., 1976). |

A greater number of publications deals with the distribution of kininase 11. Kininase I
is present in a soluble form in plasma and other body fluids such as urine and lymph (Erdos,
1979). Kininase I1 also occurs in membrane-bound form in vascular endothelial cells, epitheliaﬂ
cells of proximal, convoluted and straight renal tubulcs», but not within; the distal tubule
(Caldwell et af., 1976; Ryan et }xl.,\1976). The glomerular vascular tuft, the juxtaglomerular
apparatus and all blood vessels within the kidney are free of kininase II immunoreactivity
(Defendini- et al., 1983). Kininase I has been purif_i‘ed‘ from the brush border of human anc%:
porcine intestine (Ward ef al., 1980) and .localized tc\>aihe apical surface of the epithelial cell
membrane of the human duodenum JeJ:lnum and ileum (Def\endxm et al 1983). Defendini er

al. (1983) failed to detect lumnase I1 in the stomach and colon.

1.6.2 Site of Actiop on Kinins A
Kininase I, also named arginine carboxypeptidase (EC 3.4.17.3), cleaves the Phe'-Arg’ ™
bond to inactivate bradykinin (see Figure 2). Kininase II, Also named peptidyl dipeptidase and
. angiotensin 1 converting enzyme (EC 3.4.14.1), is knbwn to ‘clea\rre the peptide angiotensi’n Ito
the active, angiotensin II as well as acting on bradykinin at ﬁe Pro’-‘Phe' bond to release th’e
Phe*-Arg’ dxpeptxde and thus inactivating bradykinin (see F\xgurcs and 3). The angiotensin
converting cnzyme was first dxscovercd in the mid-1950's, when it was found that horse serum
contains an enzyme which converts ;ngiotensin I to angiotensin 1I (Skeggs et al., 1954, 1956).
;.;}w Earlier, renin was found to release fhe decapeptide angiotensin I from angibiensinogen.
and the decapeptide is in turn converted to the octapeptide angiotensin II by the removal of the

histidyl-leucine dipeptide from the C-Terminal end (Braun-Menendez et al., 1940;:Page and



Figure 3. Diagram of two protease pathways that share angiotensin-converting enzyme
(kininase I1).
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Melmon, 1940). N‘g and Vane (1967) “were the \f irst to demonstrate the conversion .of':‘}
angiotensin I to anglotensm II in the pulmonarv circulation. Bradykinin was also shown to be
inactivated rapidly in thv pulmonary vascular bed (Ferreira and Vane, 1967)4 I:‘;)llow1ng much..
»onfusmn it was finally established that klmnase Il and anglotensm I Lonvemng enzyme were

* one and the same enzyme (Yang et al., 1970). |

It is clear that kininases have a multiplicity of functions, and their ubiquitous distri-

butioh in biologic fluids and fissues impliés that they affect numerous biologic activities.

1.7 A1m of the Present Study
The axm of the present study was to locahze kalhkrem 1mmunocytochem1cally through- -
"out the gastroi_ntestinal tract_. As previously mentioned (Secuons 1.2.5 and-1.2.6), kalhkrem-

like enzymialic ach
location of the enzyme is unknown.

/

* Employing two immunocytochemical techniques, multiple antisera preparations and a

ity has been described in the mammalian gastroiniestinal tract, but the exact

number of fixation methods, it was hoped that kallikrein could be localized in the gastro-
intestinal tract and thai_its.localizatipn would provide insight into its possible roles in' gastro-

intestinal physiélogy and pathology. o

©



2. MATERIALS AND METHODS

2.1 Animals and Dissection

A‘dult cats of v(":ither sex were 'starved.ov‘ernight and allowed water ad libitum. Cats were
anesthetized with sodium pentobarbitone (36 mg kg i.p.) (M.T.C. Pharmaceuticals), or with
chloralose (80 mg kg™ iv.) (Sigma) af tér invduction- with chlorof orm and ether. The abdomen
of the cat was shaved énd following a midline incision, the duodenum was located in b\the
abdominal cavity. Following’izbll‘mt diésection» to free the duodenum from the surrounding
mesentery, the duodénum was clamped and a section removed and cut into small pieces 'reé\dy
forf iiation. ‘ | |

Adult Sprague¥Da\.avley rats of either sex were starved overnight in an eleévated cage
bottom and allowed water ad libitum. Rats were anesthetized thh sodium pentobarbxtone
(45 mg kg i.p.). The abdomen of the animal was shaved and followmg a midline abdominal
incision the small intestine and descending colon were located. Following blunt dissection to
free the surroundmg mesentery the jejunal section of the rat small intestine { approxuna[eh
15.cm dlstal to the pancreatic ducts) was excnsed following double clampmg and hgauon of the
mesemenc blood supply. The same procedure was followed for excision of the descending
colon. Following its removal, the tissue was cut“into’ small pieces .f or'fixation.

* For stimulation éxperiﬁenté in rats, the,above prc;ceduré‘ was followed except ﬁha[ prior
to any surg.ical procedure the animals were injected ‘- raperitonally with pilocarpine HCl
(20-100“mg kg in 0.9% saline) (Sigma). After a period .. .5-20 rriinutes; the jejunum located

“and excised as described pr,e\(iously.‘ Pilocarpine is known: to be a potent sialagoguev, and this

was taken as being a sign that secretion within the small intestine had occurred.

26
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2.2 Tissue Fixation and Embedding

A variety of tissye fixation methods were employed, including freeze-drying and liquid-

based- fixatives. The major fixatives used will be described here. In some cases, a number of
~ different concentrations of f ixative were employed, and thus the fixative concentration range

will be given. -

2.2.1 Freeze-Drying
Samples of rat des‘cending colon and rat jejunum (15 cm distal to the pancreatic ducts)

were removed, cut into small pieces (iess than 1 mm®), blotted with filter paper and quick

- frozen on a copper block freezing device maintained at the temperature of liquid nitrogen

(Coulter and Terracio, 1977).

Tissue pieces (still frozen) were then freeze-dried in an Edwards-Pearse tissue freeze

drier at -70°C for 24-48 hours. They were then divided into vsrn'all'er pieces and embedded

directlﬂyf'.iqu vacuum-treated Spurr's resin (Polysciences Inc.) (Spurr, 1969) without vapor
L » X < .

fixation stage for 24 hours at 60°C. - :
Samples of cat duodenum, 4-5 cm distal to the pancreatic duct, were cut into small
pieces (less than 1 mm?), biotted with filter paper and rapidly {rozen by, the copper block

method. Freeze-drying was carried out in an all-glass device designed for low temperature

'fréeze~drying, as previously described by Coulter and Terracio (1978) (Ladd Research’

Industries). The tissue was freeze-dried for 36-40 hours, then fixed for 3 hours with osmium
tetroxide (Polysciences Inc.) vapor. Following fixation, the tissues were er%bedded directly into

vacuum-treated Spurr's resin for 24 hours at 60°C. . @

2.2.2 Liquid-Based Fixatives
A number of liquid-based fixatives were employed, some of which will be described

here.

“an
oy

g
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Samples of rat descending colon and rat jej unum were washed with saline and fixed in
(a) 0.5%-2% osmium tetroxide in 0.1 M sodium cacodylate buffer, 'pH 7.2, fodr 1-3 hours at
4C, (b) 0.5%-1.0% glutaraldenyde (Analychem Corp. Ltd. or J.B. EM Services inc.) and 1-2%
paraformaldehyde (Fisher Scientific Lid.) in 0.1 M sodium c‘acodvylate" buffer, pH 7.2, for
1-3 hoursuat 4'C, and (c) medified periodate-lysine-paraformaldeh_vde'(McLean and Nakane,
1974) .‘according to Reissig er al. (1978). 0.01 M periodate, 0.075 M lysine, 2% paraform-
aldehyde in 0 1 M phosphate buffer, pH 7 O for 3 hours at 4°C.

Samples of rat jejunum, followmg pilocarpine treatment, were also fixed in the above
fixatives. The tissues were then washed for 2-3 hours with at least three changes of the fixative
buffer at 4°C. Tissues were then dehydrated in an ascending alcohol series (30%, 50%. 70%,
90%; 95% and f@@% twice for 15 minutes) and two changes of propvlene oxide (B.D.H.
Chemicals) at 4'C. Following the ‘propylene oxide stage of dehvdration, a 1:1 ratio of

resin:propyiene oxide mixture was used for 24 hours to iid infiltration of the resin. Tissues

were then embedded in capsules filled with either AJaldee or Epon epoxy resins (Analychem

e

o B

Corp Lid.) (see Havat, 1970) and poly merlzed at 60°C for 48 hours. ' '
23 Secnonmg and Etching %'

Semi - thm resin sections were used throughout this study. Sections .rneasurrng 1.5 um
thick were, cut o\n; a ,RCICH@I’I*J unvg'nltracnt microtome {Sargent- Welch Screnufxc Co.) using
glass knives. Seétions were picked up using a pick-up loop and dried on once or twice gelatin -
coated glass slides on a hot plate. Celatin co;ting ensures that the sections do not ﬂoar of f
during L‘he experimental vprocedure. Spurr's, Araldite and Epon epoxy resins were removed by
* treating the slides for 45-90 minutes with f reshrv prepared saturated sodium ethoxide (Aldrich
Chemical Co.)-. In some cases, etching was carried out using NaOH pellets in absolute ethanol
as described by Lane and Europa (1965). Following etching, the shdes were taken through wo
changes of absolute €thanol for 15 minutes each, two changes of dxstilled water for 15 minutes
and'fi‘nallly into 0.01 M. Tris buffer at pH 7.4.

;
(
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,

For those tissue sections fixed in osmium tetroxide methods are available for removing
osmium from semi-thin as well as ultrathin sections. These slides were exposed to a. 10%
aqueous solution of hydrogen peroxide for 10-15 minutes at room temperature. Exposure to

.
" hydrogen peroxide also aids the removal of endogenous pseudoperoxidase activity.

Z‘w,,'
2.4 Antisergignd Controls
it

' 2.4.1'Pure Antigens (

Pure cat salivary kallikrein (CSK), purified :iccordidg t6 Fukuoka et al. ('1979_), was
kin\dlgﬁibnawd by the late Dr. C. Moﬁwaki. Pure CSK showed high esterolytic activity towards.
tissue kallikrein substrates, high kininogenas¢”activity, ahd yielded a single band on disc electro-
phoresis. '

) ‘Rat pancreatic kallikrein (RPK) and rat intestinal kallikrein (RIK), purified according

10 Hojima et al. (1975, 1977) and Moriwaki et al. (1980), were also kindI); provided bf‘
Dr. Moriwaki. | |
Two other related ’enzyme‘s ix'/ere also donated by Dr. Moriwaki. These were guinea-pig

coagulating giand kininogenase (C'GK) and boar acrosin, purified according to Moriwaki et a/.

(1974) and Kaneko and Moriwaki (1981), respectively.

2.4.2 Antisera _

Aniibody to: pure Qt salivary kallikrein was obtained from serum of New Zealand white
rabbits 15 ;iays after three consecutive weekly injections of pure cat sali\"ary kallikrein iﬁ 0.9%
saline emulsified witﬁ complete Frethd's adjuvant (Gibco Labofatories) for the first injectioh

4
and with incomplete adjuvant for the other two (Hojima et al., 1977). Immunodiffusion tests

vielded single precipitation arcs between immune serum and pure antigen (Ouchterlony, 1958).\
: quod obtained from ragbits Qia ear vein puncture was centrifuged "at 3000 - rpm for

15-20 minutes and then the seta supernatant was divided into 1.0 m! aliquots and deep frozen -

£3



(-20°C) until used.
‘A similar procedure was foilowed for the preparation of antisera to purified 1at
intestinal kallikrein (RIK), rat pancreatic kallikrein (RPK), guinea-pig coagulating gland

kininogenase (CGK) and boar acrosin.

2.4.3 Controls

Three t)?pes of control a;lvtisera\ were. el ploy.e'd in the experiments de§éribed:
- (a) Control normal rabbit serum (NRS) was obt;:iined from the same rabbit prior to irriniuni- 4
zation‘with antigen. (b) Normal rabbit serum was ob£ained from rabbits which were not
immunized. ‘(c) The third control antisera involved the use of hyperimmune antiserum raised to
related but immunologically distinct éntigéns, such as coagulating_gland_kininogeﬁa‘se ahd boar
acrosin. The lack of specific immunocyto_chemical staining would suggest that the reacti;)t} seen

.

with CSK., aRIK and aRPK antisera was due to specific antigen-antibody binding and not

some non -specific attraction between certain cetlular components and the specific a'ntibod‘y.
13 Imm_unocytochemistry

Two immunocytochemica® techfxiques were emploved to localize kallikrein in the gastro-
intestinal tract. A modified unlabelled antibody peroxidase-antiperoxidase ( PAP)'—‘x{ethod-
(Sternberger, 1979) and avidin-biotin compiex (ABC) technique originally developed by Hsu et

al. (198la).. ! a
2.5.1 Peroxidase-Antiperoxidase

i Following etching of semi-thin resin-embedded sections, sections were in’éubated in
normal goat serum (Miles Lab Inc.) diluted 1:30 in 0.05 M Tris buffer, pH 7.6, for 30 minutes
at 20°C. Sections were then washed in 0.05 M Tris buf fer, blotted with filter paper and covered

with either immune or normal rabbit serum diluted 1:1000-1:20;000 in 1% goat serum in

0.05 M Tris buffer. Incubations were carried out in humidity chambers f or 36-72 hours at 4°C.
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Sections were rinsed with buffer, incubated for 30 minutes with goat anti-rabbit immuno-
globulin. (1gG) Fab fragments, diluted 1:20-1:100 in 0.05 M Tris .buffer (Miles Lab Inc.),
.rinsed'-with buffer and incubated for 30 minutes with lrabbit peroridés&antipéroxidase co;nplex
(PAP) (Cappel Laboratories), diluted 1:100 in 0.05 M Tris buffer. Following a further rinse in -

“

buf fer, sections were incubated with a freshly prepared and filtered (Millipore Lid.) solution of

\ . Co t,

0.025% 3"-diaminobenzidine-tetrahydrochloride (Sigma) in distilled water to which 0.01%
H Gi was added until a brown reaction product appeared. Slides were rinsed with distilled
water, dried on a ‘hot plate*and mounted via Permount (Fisher Scientific Co.) In some cases,
counterstains were used after the immunocytochemical procedure (see Section 2.7).

&)

Z.S.Z&Ein-Biotin Complex . ' i
Avidin is a 68,000 molecular weight tglyCoprotein which has an ex.traordinarily hiéh
affinity (10-** M“)_ for the small rnolecular meh‘tTitamin, biotin. Because this aff truty is over
one million times higher than that of antibody for most antigens, the binding of avidin to
biotin, unhke antibody- antigen interactions, is essentially irreversible. |
The ABC procedure for localizing a variety of anugens was recently developed by
Hsu et a1 (1981a, b, c) 'I'his technique emplovs pnmary antrbodv biotmylated secondary anu
body and a pref ormed avxdm biotmylated horseradish peroxidase complex ("ABC"). A similar
" procedure was employed using a Véctastain ABC kit (rabbit 1gG) which is commercially avail- .
able (Vector Laboratories )nc ) _’ . : u |
Following etchtng of semi -thin resin- embedded sections, sections were incubated in
normal goat serum, washed blotted :and covered with primary antibody as described for the
' peroxidase- antiperoxidase techniques. Following incubation with primary antibody._ sections
were rinsed with buffer and incubated with biotinylated goat anti-rabbit IgG 1:200 in 0.05 M
Tris buffer for 30 minutes at 20°C. Avidin (Reagent A) was prepared as a 1:100 dilution in

0.05 M Tns buffer, to Wthh was added biotinylated horseradish peroxidase (Redgent B), also

to a final di.lution of 1:100. Reagent A and.Reagent B were incubated together for 30 mmutesf"

[y
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at 20°C. Sections werc‘subscquentvly‘ washed with buffer and incubated with Reagent AB for
30 minutes at 20°C. Following a further rinse in buffer, s&tions were incubated with 3,3'-

‘diaminobenzidine, washed with water, dried and mounted via Permount as previously described

/

(Section 2.5.1).

2.6 Microscopy and Photography
A photomxcroscope I (Carl Zeiss Oberkochen) was used for light mxcroscopy and
tissues were photographed with Panatomlc X black and white (Kodak Canada Inc. ) Printing

of black and white negatives was on Ilfo-speed 4 or 5 paper.

2.7 Histological Staining and Counterstaining

As the background in the peroxidase- anUperoxldase and avidin- blOtm complex'_.
techniques is often barely visible on semi- -thin resin sections stained for hght rmcroscopy
counterstaining is of help in estabhshmg the relauonshxp with surrounding tissues or a structure
- that has been stained brown by diaminobenzidine. | i

Several counterstaining procedures were employed: Celestin blue B (Matheson, Colman
and Bell Manufacturing Chemists) and.eosin Y (Brit;sh Drug Houses (Canada) Ltd) werc'
prepared accordmg to methods described by Snodgrass et al. (1972). Followmg unmunocyto
chemxcal smmmg sections were stained with Celestin blue B for 5-8 minutes at 20°C and rinsed
well with distilled water (thrée changes of S minutes each). Sections were then counterstained
with eosin Y R 1-5 minutes, washed * with- distilled wz{tcr, dried on a hot ‘plaie for
10-15 r;linutes;and covar-slipped via Permoum.'

Fast green was also used ?.s a“counterstain. Followmg immunocytochemical stammg,
sections were stained in 0.2-0. 3% fast green (Flsher Scxenuflc «Co.) in 95% ethanol for
5 minutes‘at ZO'C. Sections were thex}f washed with distilled water (.three changes of 5 minutes

each) and dried on a hot platé for 10-15 minutes and cover-slipped via Permount.
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Periodic acid Schiff's techniqfxe (aqueous) was employed as a histological stain for
mucus-containing cells in the gastrointestinal tract. Periodic acid was prepared as described by
Humason (1979). Schiff's reagent was purchased from Fisher Scientific Company. All secﬁons
were etched with sodxum ethoxlder‘(ﬂsee Section 2.3) and oxidized in aqueous 0.6% penodxc acxd
for 5 minutes, washed in running water for 5 minutes, then treated wnh Schxff s reagent for
‘10 mxnutcs Sections were then rinsed in 0 5% sodxum metabxsulphlte (Fisher Scientific Co.)

(three changes for 2 minutes each), washed in running water for 10 minutes, dried on a hot

plate for 10-15 minutes and cover-slipped via Permount.

=t



3. RESULTS

3.1 Immunocytochemical Localization of Kallikrein iu Goblet Cells of Rat Colon

Kallikrein has been localized in goblet cells of the rat descendmg colon (Figure 4) using
two immunocytochemical techmques namely the pcroxxdase arxupemxxdase (PAP) and avidin-
biotin complex (ABC) techniques ( Figures S and 6). All goblet cells are known to exist in a
number of different phases of maturation (Freeman, 1966). Kallikrein-like immunoreacfivity
was observed in (a)'pre-secretory goblet cells, (b) intermediate goblet cells, ("c) mature goblet
cells and also during periods of pﬁrasympatheu’c (pilocarpine infusion) stimhla&ion seen 10 be
expelled from (d) evacuated goblet cells.

- The stained material within the goblet cells often appeared granular in nature. The
organelles are difficult to study at the light MiCToscopic le\:el since in the mature goblet cell, the
theca, the apical region distenoed with mucigén droplets tends to flatten the nuoleus and
surrounding organelles. In some cases, the brush border showed intense staining (Fxgure Sa).
Secreted material stamed strongly and could often be observcd in the colonic lumen
(Figure 5a). No specific stammg was associated with columnar epithelial cells, both on the
surface and in the cTypts. Specrf ic staining was not present in the lamina propria, musculans

mucosa submucosa, muscle layers and associated blood vessels. Mast cells, which are known to
be interspersed throughout the lamina propria, did not stain.

The colonic crypts appear to be somewhat "compressed . 'I'hxs is due to the fixation
proced\.freeze -drying), which requues the mucosal surface of the tissue to stnke the cold
copper block and thus causes some compressxon. Employing an aldehyde liquid-based fixative - |
(0.5% glutaraldehyde, 1% paraformaldehyde), an identical lstaining pattern was observed with

‘regard to the gobl'evt cells and brush border; however, the immunoreactive material within the
goblet cells had a smooth homogenous appearance, i.e. non-granular. Of the tissue fixation ;
methods employed in this study, freeze-drying afforded the best compromise, by which anti- -
genicity is intact while mainraining structural integrity". ’

34



Figure 4 Immunocytochemical localization of kallikrein in goblet cells (G) of the rat colon.
Semi-thin resin sections incubated with «CSK antiserum (1:1000) for 60 hours PAP
technique. Tissue was freeze-dried by copper block method (Edwards-Pearse freeze dner). G
= goblet cells,-L = colonic lumen, C = colonic crypt, b.v. = blood vessel. Magnification

X300.




Figure 5a. tmmunocytochemcal
localization of kallikrein in goblet celis
of rat colon. As Figure 4. Arrows =
goblet cells, L = lumen. Magnification
x570.

Figwe 5. Control section for
Figure 5a. substituting «CSK antiserum
with normal rabbit serum (1:1000). L
= lumen. Magnification x570.
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Figure 6a. [ mmunocvtochenncal localr-
zation of kallikrein in goblet cells of the
rat colon. Semi-thin resin  sections
incubated  with aCSK  antiserum
(1:1000) for 40 hours. Avidin-bioun
peroxidase technique. Tissue  was
freeze-dried by copper block fnethod
(Edwards-Pearse freeze-drier). Arrows
= goblet cells, L = lumen.
Magnification X570.

Figure 6b. Control section for Figure
6a, substituting «CSK antiserum with
normal rabbit serum (1:1000). L =
lumen. Magnification x570. . )

b
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A comparison of" two immunocytochemical tcéhniques (Figures 5 and 6) reveals that
both the PAP and ABC methods gave similar results. The ABC method provides a quicker
method since the primary antisera incubation sttp was usually 48 hours or less, compared to 60
to472 hours for the PAP method. Background staining for the ABC method was often higher
than that for the PAP method. Primary antisera dilutions for the ABC method were often
higher than that for the PAP method, 1:20,000 to 1:10,000. For the PAP method, primary
«CSK antisera dilutions in excess of 1:10,000 resulted in a very weak or frequently negative
result. However, for the ABC method, p;imary «CSK_ antisera dilutions in excess of 1:20.000
resulted in a very weak result. The use of avidin-biotin peroxidase complex not onl§ shortened
primary antisera incgbation time and afforded greater sensitivity, but also increased the

staining intensity both on immune and background staiffiile on control sections.

Using antisera raised against rat intestinal K &% and rat pancreatic kallikrein gave

similar staining patterns as that observed for cat lilikrein antiserum (Figutes 7 and

8). This suggests that,immunogenically at least, the kalliktein which has been localized in rat

{

colon is related to rat intestinal kallikrein, rat pancfeatic kallikrein and cat salivary kallikrein.
Again, high antisera dilutions (up to 1:20,000) showed specific staining which was gradually
reduced upon higher dilution.

Using antisera raised against coagulating gland kallikrein (CGK) anq acrosin failed to
yield}pecif ic staining, but gave a backbgryound non-specific staining intensity similar to control
sections using normal rabbit serum (Figures 9 and 10). These findings suggest that rat colon
kallikrein is immunoggnically' distinct from CGK and acrosin. However, enzymatically and
chemically: they may show s;)me similarities, since it is known that both CGK and acrosin are
kininogenases, which is also true of the kallikrein in rat colon. The relative potencies of ,CGK.
and acrosin differ consi'derably: CGK is very potent and acrosin, being similar to trypsin, ‘is a
weak kininogenase' (Schachter_. 1980). The use of hyperimmune antisera raised against felated

enzymes and their failure to demonstrate a similar staining pattern to that of «CSK, aRIK and

- aRPK provides evidence that the reaction product observed in goblet cells is not due to a non-
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Figure 7. Immunogytochemidai. jovas
zation of kallikrein i gobtet.cells of tne
rat colon. Semy thin resin | section
incubated  with  aRIK  antiseram
(1:1000) for 60 hours PAP technigue
Tissue fixed as in Figure 4 Ajtows =
goblet cells, L = Jumen. Magmification
X570.

A

Figure 8. As Figure 7, substituting.
aRIK antiserum with aRPK antiserum
{1:1000). Arrows = goblet cells, L =
lumen. Magnification X570.
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Figure 9 A Figure 7 oLty
aRIK anuserum with ol GR moserom

(1:1000). Arrows = gomier ceas |
lumen Magnificanorn, X<7

Figure 10. As Figure subsl:iuling
aRIK anuserum with Qacrosin ant:-
serum (1:1000). Arrows =: gobiet celis.
L = lumen. Magn:fication X37G

a
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specific interaction between mucus glycoproteins and hyﬁerimmune antisera.
| Absorption of specific antibody by pure antigen or crude extracts has previously been
shown to abolish the specific immune‘ reaction in colonic goblet cells (Schachter e al., 1983).
Therefore, in this study, it was not deemed necessary to perform such controls.
Employing a double staining technique, it was pbsSible to stain Soth immuﬁocyto-
cherﬁically and histologically goblet cells, such that the BrOWn diaminobenzidine immuno-
. product was suﬁerimposed on the pink/purple product of the periodic acid Schiff s reaction for

carbohydraies.

3.2 Immunocytochemicél ’Localilatiou of Kallikrein in Goblet Cells of Rat Small Intestine
Kéllikrein has been lo_calized immuno’ﬁytochemically in goblet cells of the rat émall .
mtesﬁ'ne empioving Lw’d..vimrnunocyto&hemical techniques (Figures 11-13). -A similar staming
patlern was seen injall three segments of the small intesune, i.e. the duodenum, the jejunum
and the ileumn: The population of goblet cells in the small intestine is greati, reduced compared
to the colon. Goblet cells in bo?h the villi'and Crypts of Ljebérkuhn stained equally intenselv. .
The brush border showed variéble stéining‘. No Aspec‘if ic Staining was associated with either
_columnar epithelial intest;inal absorpuv;“\e cells or endocrine cells which are present Q‘gtween the
columnar epxtheh;l cells at the base of iLhe epithelium. No staining was ol;served n L‘l;e lamina

propnia, muscularis mucosa. submucosa, musete lavers and their associated blood vessels and

Iymphoid u’ssue. As with the rat cplqr;,;:\ mast cens assdciated with the lamina propria showed no

2.0 o
- -

spec1f ic SLammg

The PA\P and ABC mss&hods neldea sumlar #esults, however the- ABC method

9’
shortened primary anuser% uﬁfhauon ume and affording greater sensitivity (Figures 12a and
o &M&
13a). Using antisera raised against rat intestinal kallikrein and rat pancreatic kallikrein yielded a

similar statning pattern to that observed with cat salivary kallikrein anusera (Figures 14 and
. T ; [ _§

15). No specific staining was observed using ému'sera raised against CGK' and acrosin

(Figures 16 and 17).
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Figure 122 Immurocvtochemica; localization of kallikrein in gobiet celis of “ne ri0 rerunum
A Figure b Arrows = ogobiet cells 1= intestinal lumen . Magnification \ 37
e - .
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Figure th Conuol section for Figure 12a, substituting «CSK antiserum w*tn normal rabbit
serum {(1.1000). L = lumen. Magnification X570. v
. \_ ! x4




Figure 132 Immunocytochemical localization of kallikrein in goblet cells of the ra: jeijunum
Semi thin resin sections incubated with aCSK antiserum (1:1000) for 40 hours. Avidin-biotn
peroxidase techmque. Tissue was freeze-dried by copper block method ( Edwards-Pearse {reeze-
drier)  Artows. = goblet cells, L = intestinal lumen. Magnification X570.

-w

Fagure 13b. Controi section for Figure 13a, subsmuung aCS'( antiserum with normal rabbit
serum (1:1000). L = lumen. Magmﬁauon X5,

y .
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Vigure 14 A< Fgure [a, sybstituting aCSK antserum with aRIK anuserum (1.1000). Arrows
obiet velis 1 = intestinal lumen. Magnification X570.

o

Figure 15. As Figure 12a. substituting «CSK antiserum with aRPK antiserum -(1:1000).
,-\rrows': goblet cells, L = intestinal lumen. Magnification X570.
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. Figure 16. As Figure 123, substituing aCSK anuserum with aCGK anuserum . 'Xn:
Arrows = yobiet cells, L = lumen Magnficauon X570.
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Figure 17. As Figure 12a, substituting «CSK antiserum with aacrosin antiserum (1:1000).

Arrows = gobiet cells, L = lumen. Magnification X570. !
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The enzvme localized in the rat small intestine is immunogenically related to the enzyme
localized in the rat colon based on their cross-reactivity 1o the san:e antisera and their lack of

cross - reactivity to both CGK and acrosin antisera. ‘ :

3.2.1 Stimulation of the Release of Kaliikrgin from Goblet Cells of the Rat Small Intestine
Following a bolus intraperitoneal inj.ection of pilocarpine (a parasympathomimetic), an
accelerated release of mucus by compound‘ex»ocytosis»from crypt (but not surface) goblet ceils
was 6bserved throughoﬁt the small intestine. In all cases, the ;ssociated immunoreactive
material was seen to move out of the crypt goblet cells within the small intestine into the crypt
tumen, which then becomes exp;nded (Figure 18a). This finding suggests that the secretion of
kallikrein from crypt goblet cells of the small intestine, as well as the asscciated mucus, is
under parasvympathetic control (Specian '& Neutra, 1982). Goble; cells associated with the villi

and surface were unaffected by pilocarpine, suggesting they are not under parasvmpathetic

control.

3.3 Immunocytochemical Localization of kallikrein in Goblgt Cells of Cat Sqiall Intestine
Kallikrein has‘ been localized in goblet cells of cat small intestine employing the PAP
and ABC techniques (Figures 19-21). As with the rat small intesu‘ng, a 51mi1€ar~sm1mng pattern
was seen in all Lhree'sedmcms of the small intestine. Figures 19 zhro;xgh 21 show sections of cat
duodenum. The brush border of the cat small intestiné showed variable‘stainmg and was some-
- times observed in control sections. 'No specific staining was observed in Brunner's glands,
columnar epithelial absorptive cells, associated endocp‘né cel_ls and mast cells. within the iamina
propria. Specif ic staining was absent from the lamina propna, muscularis mucosa, submucosa,
muscle la_»_'ers and their associated blood vessels and lymphoid tissue.
F i'gu.res 19 through 21 demonstrate the staming pattern observ{:d“ using aCSK amise.ra.
‘It is not known if a similar staining pattern is possible emploving qRIK and aRPK antisera.

However, in an earlier study. Schachter et a/. (1983) reported that only weak specific staining



bigure 18a Immupocvtochemical localization of .kallikremn in goblet cells of rut wunum
toliowing parasympathetic stimulation (pilocarpine). Semi-thin resin section incubated »ih
aCSK anuserum (1:1000) for 60 hours. PAP technique. Tissue was fixed in 0.3% glutaralue
mde and 1.U% paraformaldehyde. Arrows = goblet cells, L = intesunal lumen (distended)
Magnification X570. '

ligure 18b Control section for Figure 18a, substituting «CSK antiserum with normal rabbit
serum (1:1000). L = lumen. Magnification X570.




Figure 19. Immunocytochemical localization of kallikrein in goblet cells of cat duodenum.
Semi -thin resin section incubated with «CSK antiserum (1:1000) for 60 hours/f’AP techmque.
Tissue was fixed by copper block method (Coulter-Terracio freeze-dnier) and post-fixed with
osmium vapour. Arrows = goblet cells, L = intestinal lumen. Magnification X300.

- .
ab ‘
o~
t -4
+

e

@
P '




Figure 2ua As bigure 19 Arrows = goblet ceils, L = lumen. Magnificauon X570,

-y

Figure 20b. Control section for Figure 20a, substituting «CSK antiserum with normal rabbit
serum (1:1000). L = lumen. Magnification X570.
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Figure 21a. Ay Figure 19, except pnmary antiserum incubation nm?40 hours cmpldni%?"zhc
\BC rechmque. Arrows = goblet cells, L = intestinal lumen. Magnification X570.

anure 21b. As Figure 2la, substituting «CSK antiserum with normal rabbit serum (1 1000) L
= lumen. Magnification X570.
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was observed using «RIK and aRPK antisera in cat colon. Since similar techniques have been
employed with regard to tissue fixation and immunocytochgglistry, it is possible that a similar
weak staining pattern may result in the cat small intestine goblet cells as that described for the

cat colon. i



4. DISCUSSION

. , : | , , .
The }ocalization‘of kallikrein in goblet cells and on the luminal surface of epithelial cells
{brush ‘border) requires careful analysis, since false-positive staining is commonplace in
immunocytoéhemicil Studigs. The specificity on antisera to their specific antigen has beer; -
- proven by the single arc precipitin line obtained for all antisera vié Ouchterlopy immuno-

’ v diffusion. A previous study with these ;intisera employing preabsdrbed or antigen-neutralized
. antisera f‘a-nd‘ the subsequent negative staining pattern provides f urtherr proof of the speci'f’ic
rna'ture of the antise‘fay. (Schacl;ter et al., 1983). The use of h)’Pefimmune specific amigera .‘
raised to similar but 1mmunolog1calh dlsunct enzvmes and thei® failure to progiucb immune
Asiaming in -goblet cells-is further proof.of a true_-posmve result One cou d argue that the
1atter antisera us‘ed'in this study. which were raised‘ againsx acrosin and coagulaung gland
, kalhkrem (CGI\) ‘were not of hxgn titre. Thls is not the case, since both antisera have been
prevxousiﬂv shown 1o be very effectxve in the locahzauon of their specific antigens in sperm and

Ve

' coagulaung gland respectively (Schachter er al., 1978; Schachter, 1980b). The antigens

employed in this study were all supplied by Dr,. C. Moriwaki. . / ~
‘ . /

Thé signif"ic‘an ce of the localization of &alhkrem Qmﬁne mucous cells of 'he 2asiro-
g}tesunal tract and its possxble phvs1olog1ca role(s) remams 1he most myportam quesuon to‘oé.
answered.

R’écéntly a serine protease with tissue kallikrein-like .éubstrate specif iélzxx' haéﬁbeen
localized in our. laboratorw by an enzx me hlstochemlcal technique in mast ce ls of the rat colon
and small mtesune These mast Pells are assocmed with the lamina propria and align themselv
.he;r the base of the giandul;ns,mucosa (Ganett et al..-1982; Schachter, unpublished obser-
vations). Emploxmg a d1ffcrem method of fixation anc substrate incubati‘o‘n conditio‘ns. a
serine—proteas¢ nas een locahzed in gobiet cells of rat colon and small intestine. Under the
latter conditions, the mast cells fail ed 10 stain. These observanons suggest that two related
‘_s"erin‘e p_fo_teases are 1o be found i»n the small intestin€ and colon. one in goblet ells and‘ one in
mast cells,“whic'h are 1mmun6g§_nically. vdistinct but enzvmatically (with regafd 1o substrate

?
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specificity) similar.

In an cariier study. Woodbury et al. (197%) reported the imm

morescent locall-

zation in small intestinal mast cells and goblet cells of « serine proL h had previously.

B
*

been named "group-specific protease (GSP)(Katunuma er af-. 19_"5)4 This protease was
known to be chymotrypsin-like “with regard to chemical, ph\ sicai, enzy mauc immunologic¢ and
inhibitor spectrum properties. Mast cells were also found to contain a reiated c'nymotr_vpsm -iike

protease whrch was named "mast cell protease Thus, it s apparem that mast cells in the
gastromrestmal tract contain a number of proteases with possibly drfferem substrate specifi-

cities and mmunolog)cal propemes
b i .

The ﬁrst biochemical purrfruauon of a kmmoszenase from the gastromntestinal tract was

-t

reported by Seki et al. (1972). Th’e_v demonsrrar‘ed that the coionic mucosa coniains a pre-
/
kallikremn with properues sxmrlar to those of the plasma pre-enzvme and aoparem :hfferen'

from tissue xallrxrem Previously Zerthn (1971) had shown that rat mtesunal mucosal extracrs

contained a kinm-forming enzyme which was disunct (enzymaticall_v and in inhibitorv profile) .
: /‘ ' .
from trypsin, plasmir and plasma kallikrein. Subsequem Mornwaki er a/. { 1980) reported the

i
H C

first intensive biochemical puri,&”icauon of rat intestinal kallikrein (this preparation was used i

the .production of our aRIK aihrisera). They-concluded that kailikiein was present n ali parts -

! g . ., { . T . ) i ."‘
of the intestine, i.e. both mudosdl and muscie lavers. but the greatest amount was present in the
mucosal preparations. Rat i/nresun‘a'l' kaliikrein was found to exist in two forms. RIK-A anc

RIK-B, which were presumed to differ in carbohvdrate content. Enzvmaucally, RIK-A and

RIK-B were quite different from rat pancreatic kallikrein (RPK ), suggesung that intesunal

kallikrein is not derived from RPK but is produced by cells in the small intestine. Immuno-

J

logically, RIK 'and RPK appear to0 be idenucal.

The mmal observauon of’ Sekr ‘et “al. ‘that colon kallikrein was simiar o piasma

PR

kallrkrem has since been refuted by Zrmmerman ez@l (1979)- ahd Furzmo‘rz et al. (19%3a. ‘or
4 [ ¢
man and cat respectively. Zrmmerman eral. characrenzed human Moror xarm'err as being’ ver

4

similar .to human urmar\ kalhkrem both engzyv rpamav\ and ,;mmmoszemaar ~ Fujimor: et a-

]
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report the purlﬁcauon of cat colon kalhkrem and state that cai ;ahyr\ and cau colon kallikrein

v

are xmmuno]ogxcallv 1denncal based on Ouchterlom 1mmunod1ffusmn emd enzyme- 1med

immunosorbent assay (ELISA) data. Schachterv et al. (1983) also suggested that cat sa{iy_ar}'—

kallikrein and cat colon kallikrein were ihmunologically similar.
It appears that there are intra- and inter-species similarities between tssue kallikrems.

[

especially between rat and cat salivary kallikreins gnd' gaétroimestinal kallikreins. The fact that
cat salivary kallikrein antiserum cross-reacts -with rat intestinal and rat colo'noic kallikremn
* suggests that the three enzyrﬁes share antigenic deterrninan;s, while enzvmatically they are quite
distinct, especially: with regard to inhibitor ‘profile (Fujimori et a/f., l985a b).

In seareh of a physiological role for gastroimestiﬁal kali;kreie, one must f\irsltianswer
some pertinent questions as to whether the kailikreiﬁ lecalized in gobilet cells funcuons via the
release of kinins from its physiologicél substrate, kininogen, or independemly of the release of

kinin. Kininogen was found in. normal colonic tissue by Zeitlin and Smith (1973). However, in

normal tissue, kininogen 'appeared only in the muscle layer, and none was detected in the

mucosa. Subsequem . Geiger et gal. ( 1977) demonsuated the presence of a “precursor of .

kimmns” (kmmogen) in gastric mucus. They found kinin activity after-incubation of mucus with

bovine trvpsin and porcine pancreatic kallikrein.- The suggestfon that kininogen is associated

with gastric mucus offers  interesting pessibilities, since kallikrein &ak7been shown 10 be’

P ,
L . “

associated with mucus in the small intestine and colon.

Fd ‘though surmulation of mtesunal smooth muscle in vitro was one of Lhe first
i ‘ SN
recogmled acuons of kinins, the conmbuuon of kmms to norrnal gastromtesunal function is
sull not establis?l’ed. Kinins are rapidly destroyed by kininases occurring in the blood and

' membrane‘o@und within the gastroimestinal tract. However, marked local effects within the

gastrointestinark rract could be caused by free kinin wuhm tissues in quammes 100 minute 10
, : 4

produce detec a!ble svstemic effects. The ﬁrst definitive proof of the presence of kinmase 11 -

I
(apglotensin-converung enzyme) in the brush bo:der of the intestine came.from Ward and co-

ek

workers {1980/ Thev demonsirated the presence of kininase 11 biochemically along the entire

¢
5
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iength of the sfnal) intestine of the plg‘and-specuialcc' UPOL 1S [0i€ in protein meta‘ophsm n
generai. as well as on :ts possibie acuion i regulating'ine metaboiism of vasoactive ‘peptxdes_
Later. Defendin; er a/. (1983 ) (ocaiized kininase 11 :mm UI'IOC.IOL.‘G"’I icaliy T the mucosa of the
duodenum. jerunum and ileum. p'amcuiari,\ or. :he .”ref surface of 'n¢ epithena: cell memporane.
Thus. 1 1v apparent that three compdncms tXallikrein, “kininogen anc® kimnase) of (ne
kallikrein - inin svstem are present 1n the mucosa of :he ga‘;szrozmestm‘aj‘ tract and that kimin

‘ormauon may be physioiogically significant.

7.

Ir search of a phvsiologicai roie for pancreatic kallikremn. severa. groups o WOTKErs

exmore" the possibility that kallikrein or kinine mught affeg: :niesninal absorptior or secrelion

a

of various nutnents. Deanhardt and Habericn - 173 studied <he nfiuence of Xaiikrem, on the

assorpuon of water, siectroivies i 1e\ose~ "orr ‘Ne ral .ntest .n»S in.ovive l\amn"’"‘ Bobadel

Juced :ntlo ‘he :nlesuna. .umen, ennanced walsr and eeczroiyte absorptior, r"rorr. the ‘erunum
) . . . o mm . N o s L

ang coion. Meng and Haberiand (1973) :ndepengentiy demonstratec the same effects, but a:

mgher concentrations of kallikrein flthe apsorpuior. of giucose was reversed. Morwak: ahd

fo -

vassociates (G973 1977a, Je'nonsvated thal pancrealic kailikrein increased wvaimme abscrplion

"
&

“o"i “he everlec iniesune. Bradivkinin was aiso 2ffective. Kailikremn 2.so ennanced rranspor: of -

meliionine and a-giucose {Tom ral rejunum, as setermined 2V recovery of .abeiiec amino acias

rom the meseniric veir, whereas other proteorviic enzv mes such as LIvpsIn anc chymotn bsin
. 5
"

hac no effect. This acuor of kallikrein was Slocked oy aproumir. ‘mpiving tna: km ‘orrnador_

1 invoived in the enhancec transport ( Monwak: anc Fuyjmor:, 1978 (rner investigators faiied
. I ¢ . ks ¢ . .

¢ -Nind an effect of kailikrein on transport of ‘giucose anc valine :n the rat :niesune (Caspa®

=

anc Creutzieiat.. 1973 However. Casparv anc Cr eutzf eict -"\séc” mgher concentrat jons of
’ uf)«"‘" -J

Kailikrein than did Monwak: er @/ <1973, 18772, o) and M g, anﬁHaoe, ;ang ¢T3
V "
The site al which kimuns are formec mav Jeterm Axi,ze iteeffect onon gILiose anc amine
acic transport Since railikrein i .ocaiizec :notne Tmucus” oenirudec from gOnier Lells tnen

Knins shouwic oe formed orn the apica) side of 'he :niestina KIEIn 8C-

-alec from he rat small iniesune mucosa - RIK - 7as 2 more po



1)

the jeyunum when it 1s added 10 the serosal side than when it is added to the mucosal side

'

{ Monwaki er al.. 1977a). Similarly, bradvkinin added to isoiated intestinal segments on the

serosal side stimulated sodium transport, whereas a mucosal application was ineffective.
+’More recently. Cutnbert and Margolius (1982) have demonstrated that kallidin (Lvs-.

P
L &

bradvkifiin ; siimulates net chionide secretion in the isolated descending colon of the rat. More-
over. ‘the‘}\f'\'\ have shown that kinins ;omménly exert their effects on chloride secretion wﬁen
applied Lo_btkjie serosal side‘of therr isolated epifheliz_z, sﬁggesu’ng that the receptors for kinins are
iocated on 'Lﬁé basolateral mernb_‘\rane of the columhar epithelial cells, rather than being located

3

aprcally, Indevﬁendemly, Manning er ai. v( 1982). employing autoradiographical techniques, were

. A
able to.determine the location of bradvkinin receptors in the small intestine. Although their
procedure does no; ailow the prease determination of the cellular location of receptors, brad_\'-
B . ’ {07
K1Mn receplors i mc lamina proprnia are probabiyv located on the basolateral membranes of the
epitheiial cells (goblet and columnnar absorpiive). However, receptors may also occur on smooth
muscle cells. bloodivessels and/or sensory fibres in the villi.

The possxom'\ that the ussue xalhkrem kmm svstem s involved intimately 1In

'Mmorane on e\e}ns >eems strengthened bv the °v1dence that kinuns sumulate net chlorxde

secretion and substdnuial amino acid and glucose movements. The problem sull exists as to how

¢ kallikremn associated with mucés i goblet cells and secreted- into the lumen could influence
ciec‘:roi_vté uans.porY One cann’ot dxscourﬁ the possibie»existence of a related enzvme .m
-;oiurnpar epithehal‘ycellsl,’ and our techniques have failed to detec: this enzvyme. The dl{al locali-
;ation of salhkrem nas already been reponed with regapg to pancreauic kallikrein. Orstavik er
¢29%0a) have . Aeported he iocalization of kailikrein exciusivelv in acinar cells of the
paq;reaé Howeve"‘r;{,,‘f gmploymg Sxifferem_‘ mg:ll;ods of ussue fixation and trypsin plretreatmem,‘
Pinkus e @/ (.983) reporied both acinar ahkc‘ 1slet beta cell jocaiizauon. Thus. 1t 1s entireh
" possibie that under differen: me«thoa‘é of Mxauon and enzyvmalic pretreatment, another related

Protease mad De present witiun columnar epiinc.aal cells of the gastrowntesunai tract.
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. . L)
Many enzymes and peptide hormones are synthesized as inactive precursors that are

proteolytically converted to their active forms. /n vivo conversion of these precursor forms is
irreversible and serves as a more rapid control mechanism for physiologic function than control

at the level of gene transcription.

The serine proteases are known to activate proenzymes such as trypsinogen, chymo- -

~ .

trypsinogen, etc., and plasma kallikrein itself activates .pro-Hageman factor (see Schachter,
1980). The involvement of renal kallikrein in renin activaﬁon in vitro has been demonstrated
(Sealey et al., 1978a, b; Hseuh et al., 1981). Hseuh er al. suggest that acid treatment activates
the renin molecule via a conformg;ional changé and that kallikrein may then cleave a small
peptide that permanently maintains acid-activated renin in an active state. Thus, reﬁin zymogan
mé;:st be in an active conformation, such as that induced bv é’c_id. to be "acted upon” by
' kai’h:krein. Therefore, kallikrein mav be involved in renin activation in vivo ~(I—Iiwad’a et al.,
1983). 'I'heré is evidencé that kallikrein-like proteases, with their remarkably strict specificity,
regulate the conversion of prohormones, like proinsulin and proglucagon, in the pancreas
“(Dorn et al., 1978; ole-Moi Yoi et al., 1979). |

Recentls', Powers énd Nasjle[ti (1982) described a "nqvel" kininogenase. in the porcine
anterior pituitary and speculated upon its potential involvement ih the processing of pro-

hormones. The ability of this antericr pitwitary kininogenase to act on protein substrates other

than kininogens is unknown. Nevertheless, in the anterior pituitary, pro-opiomelanocorun

(POMC) contains several Lys-Arg bonds, an Arg-Ser bond whose cleavage results in the

formation of B-iipotropin, B8-endorphin, 8-melanotropin, a-melanocortin and corticotropin.
Whether the kininogenase within the anterior pituitary has the conformational requirement
. ¥ .
essential for such bond cleavages remains unknown.
‘A,.Several groups have described proteé_ses in the antenor’vpnunar,\‘ with trvpsin-like
acuvity which also convert B-lipotropin to B-endorphin or o‘ther'opxates by cleqvage al Arg-X

residues (Graf er a/., 1977; Kenessey ef al., 1979; Orlowski and.Wilk, 1981; McPartand er al.,

19%1).




Serine proteases: witﬁin the gastrointestinai tract m:;y be. involved in the processing of
pre-secréted mucus, 'therefore modifying its composition prior 0 secretion. Naked mucin
peptide, segments are m.ucb vrnore likely to be cleaved by proteases than their carbo-
hydrate-decorated coumerp,.arts.fSuch is the case for porcine gastric glycobrotein- mucins, which

’

are cleaved by trypsin, pronase and pepsin, causing a decrease in the viscosity and gel-forming
properfiés of the gastric ml‘xcus (Scawen and Alle;n, 1977). Presumably, trypsin cleaves a
peptide sequence which is highly elavb.oraled with saccharide chains, and in particular sialic acid.
that convevs the viscosit_\' to mucus. and their removal would lead 10 a decreasé n rri'uct_xs
VISCOSITY .

Thick, viscid mucus is the hallmark of cystic fibrosis, an inherited disease which 1is
characterized by blockage of epithelium-]iﬁed du‘cls throughout the body. Cysuc fibrosis mucins
are more highly 'gAl_vcosyiatedfhan Lhe mucins from comrois, possibly via altered rates of

svnthesis and storage wuhm goblet cells (DlSChC et al., 1959; Clamp and Gough, 1979: Wesley

et al.. 1981) Al present, there is no evidence to suggest a connection between the manifestation

of cystic fibrosis and discrepancies or abnormalities in the kallikrein-kinin system within the

gastromntestinal tract.
" The 'epithelial cells, both gb‘blet and .columnar absorptive, of the gastfoimestmal' tracs
have a high rate of turnover as a result’ of conunuous shedding - anc‘ replacement. Some
1nV$tlgaLors have suggested that pancreatic kalhkrem 1s a phvsmlogxcal stithulus for mutotic
acuvity in the gut and that either kallikrein or kinins are required for continual replacemem of
epithelial cclls Intraluminal apphcauon of pancrcauc kallikrein in rats sumulated mitosis in the

cells of the« ciuodenum and Jejunum but not 1n the iieum or colon (Rohen and Peterhor‘\

1 73). The majority of mitdic cclls are located m the lower third of'the imesq'nal and colonic

- <rypts (LeBlond and Walker 1956, Messier__- 196Q Sawicki er at.. 19°1; Altmann, 1983). From'

: 3

thls mitotic zone, ‘the maturmg cells must mlgmte upward [o pfOVldC for the renewal of the -

surface vpuhenum Smce kalhkrem has been mahzed in goblet cells at dxfferem stages of

B

maturation, it 1s mteresung zo spequaLe at what SLage kalhkrem‘% sy nthes:zec‘;cuher pnor ata 7

¥




'epltheh’um.

goblet cell formation, i.e. within stem cells. or after gobiet cell formaton.

cher workers have shown that kailikremn or kinins have mitogenic effects on rat
thymocytes and bone marrow cells and that these effects may depend on Lnanges - cvelic
adenosine monophosphate and calcium durmg the cell cvcie (Rixon ef af., ‘9"- Perns and

Whitfield, 1959, 1973; Boucek and Nobie. 19«*3>< However, 1t 15 not _vcvpossx’ble o link kinin
formauon, cAMP formation and cell division to a functionali tole 1n regeneration of intestinal

=
A
.

g
.

Whatever the mechamsm of 1ts mitogenic effect, kallikrein has been reported to stimu-

. x®
iate the proiiferation of a wide varniety of cells, both n vitro and n vive (Schutte and Lindner,

1977). Some kallikreins. therefore. may be involved in dif ferentuation. development and matur-
ation of specific cells.

Some studies suggest that 1h;ppropflale z'orm;uon or metaboiism of kinins contribute
to the pathogenesis of diseases such as carcinoid (CQates et al., 1966; Qates and Butler. 1967).
postgasxrecxom\ dumping smdrome (Smith and Zeutlin. 1966; Zeilip'and Smith, 1966; Wong et
al.. 1974 Chaimof{ er a/.  1977) alcoholic liver disease (Wong et a/ "1972), and possxbl_\
uicerative colitis ( Zeitlin and Smuh,vx9.3)_

In conciusion, :t is extremely difficult at present 10 assign a specific physioiogical role
to kallikremn :Ajge‘..gastroxntﬁtinal tract. One must take into account the localization of

kalliksein within goblet cells when assigning a specific role, but it is not possible to discount the

existence of a reialed ¢nzyme 1n mast celis and the possible existence within Lolumnar epithelial

_ absorptive cells. Earuer views assumed that kallikremn must funcuon via the release of the

pepude xinin. b#t it 1s now apparent that kal]ikrem may exert significant physiological actions
independent of kinin release. As far as disease states within the gastrointestinal tract are con-
cerned.. 1t 1s impossibie at prt,;sem to definitively implicate deficiencies or aonormalmes in the

kallxkr"m KImimn svstem as oemg causal 10 or consequentiai of such diseases.
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1. INTRODUCTION

" 1.1 Historical Data

‘ The dual n‘curovascular regulauon of the submandnbuﬁr gland was first demonstrated— —

in 1858 by Claude Bemard who shoyed Lhat electrical sumulauon of the sympatheuc nerve 10 -

e

the: submand:bular gland of the dog reduced the vcnous outﬂow from the gland whercas sum- .

ulation of Lhc parasympalhcnc nerve. greatly increased it. Hc concluded that thpre were - vaso- \

\

dxlator as well as vasoconstnctor nerves and thal the CXISICnCC of both nerve typcs allowcd a
mechanism by which blood Flow through the gland could be regulated locally. ,__,,.-—————-—""
. 1n 1872, Heidenhain showcd Lhal the vasodﬂfrauon mdM} parasympatheuc nerve

stimulation was not abohs\hed by atropine in doses whnch blocked the concomitant sccrcuon of

saliva. As a rcsult of Lhesc f mdmgs it was assumed that the hypercrma in Lhcxsubmandxbular
gland was taused by vasodxlator nerve f ibres dxsnnct f rom the secretory fibres.
7 ln 1912 Barcroft and Pxpcr challcnged the vnew thar the chorda tympani nérvé (para-.
VSVmpa[hpl;lC) did supply the submandxbular gland wn.h vasodxlator nerve fxbres 'I'hey showed
that the <horda- mduced vasodnlataUOeras accompamed by an increase in oxygcn consumption
even in azroplmzcd non- sccreu;{g salivary glands B:rcrof t thought 1hercfore -that the : |
chorda mcd‘ialed vasodilatation was secondary to the mcreased metabolic acuvxty of the gland.
Later however, Barcroft (1914)/d1d not dlscard the possible role of vasodllator nerves/ Stating
"that undcr normal arcumstanccs dxlatanon may be mstuuted by- dilator f’ibrcs and mamtamed
by metabolic products I.Atcr workcrs also thought that vasodilator fibres to the subman
dibular gland emsted‘ (Bayhss 1923 Dale and Gaddum, 1930 Babkin, 1950). Tcrroux et al,
A (1959) were ablc to mhnbn largcly thc metabolic acuvxty mduced by parasympathenc nerve
stimulation with atropme while the vaSOdllatauon persisted, suggesung that " "true” vasodxlato;\
fibres exist. Subsequently, Garren (19664, b c. d) concluded that there was an extcnswe xnner
vation of the arteries and anenoles of the cat submand:bular gland’ with cholmcrgxc nerves
using a histochemical tcchnique for cholinesterase. bdnervatiod studies aléo' supported the

84
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existence of a parasympathetic vasodilator innervation.
, ’ll £ .

W S R TR
12 Acetytchoune as the Medlator : - N .

i ﬂ }
The concept of chemical neurotransmnssxon emcrged when it was l‘ irst demonstrated

,“

that parasympathetrc nerve sttmulatton caused effects like that of muscartne (Dtxon 1906;

Dale, 1914). Dale. tnvesuganng the efFects Of the substance “acetyicholine, originally isolated
\ .

f rc& ergot, founq that it lowered Slood pressure i the’ tat, inhibited the heart beat in the f TOg
4’@ caused contractions of frog i nal muscles I*-Ie suggested that acetylcholtne occurred

R

—

cholme from the body | Dale's ongmal ideas were extended by Loew1 (1921) who demonstrated
that the vagal stimuli to the heart were transferred by a chemxcal messenger which he named

"Vagusstoff ", and whidhis-now known as acetylcholme (ACh) ACh was finally 1solated from

&

\
the spleen of cows and orses by Dale and Dudleya(1929)
pd

The tbstganghoktc parasympathetrc med”tatron of submandtbular saltvary secretron was
e

shown to be via the release of ACh (Babkm 1950) Subsequently Emmelin and Muren (1950)

showeq that the pregangh nic fibres also contatn and release ACh upon stimulation. Thus the

3
. locatl parasympathetrc nervous control of the submandibular gland was found to be mediated by

ACh, both at the pregangli nt'ctlevel where the action of ACh is nicotinic, and at the post-
/. ‘

. ganglr/ontc level, where the a 1on ol‘ ACh is muscarinic. It.is difficult, however to account for

the farlure -of atroprne to b k the vasodilatation which always accompames the sahvary

. secretion upon parasympathetnc nerve stimulation, Dale and Gaddum (1930) postulated that -

ACh was released from vasodrlator nerve endings in such great tnttmacy with the receptor 5

\

mechamsrn that atropine cannot prevent its"access thereto”. S

However, followmg close artenal thectmn of acetylcholine, the yasodtlaf response

induced -could be aboltshed completely by atropine (Bhoola et al., 1965)/T hey suggested that :



P

—

S

. case of the variation in the sensitivity of chdlinergic receptors'to atropine (Ambache, 1935).
Subseqn_cmly. it was demonstrated. that at low frequencies of pa;asympatl“meti’c‘ nerve stimu--

latidn, atropine reduces the wasodilator response, suggcsting"/thqt a ‘cholinergic vasodilator

mechanism may be involved (Darke and Smaje, 1972)x;

[ A

" 1.3 The Kallikrein-Kinin System as 2 Mediator o

Kallikrein was first descnbed in salwary glands by Werle and Roden (1936) and shortly

af terwards was shown to exert its hypotenswe and other pharmacologncal effects by releasmg an

active fragment, bradykinin, from glogm substrate in plasma, apparently- by a proteolytic *
v . :

action (Werle et al., v19.37). In the same year, Ungar and Parrot (1936) suggested lhal

kallikrein was released during salivary secretion a that it was the medlator of atropine-

resistant vasodilntatio_n -prbducéd by. parasympathetic nerve sumulatxon in the submandibular
gland. Ungar and Parrot's s‘uﬁs;ion extended Barcroft and Piper's (1912) idea that vaso-

4  dilation was caused vby'th'e secretory metabolic activity of gland cells, by suggesting kallikrein as

the metabolic medxator : AN - T
Uen RN

Subsequently, expenmems by \Hxlton and Lewis (1955a, b 1956) mdlcated\that

"kallxkrem played a part in this vasodllatanon They pcrf used the cat submandxbular gland with

oxygenated Locke's solution and were able to demonstrate tﬁﬁrescnce in the v_enou§ effluent

~ perfusate of a stable vasodilator material whichi formed bradykidin when incubated with a

globulin preparation. V N
Later the view that’ release of % kinin-forming enzyme 'with‘ba- ‘subsequent “kinin

formation is the catise of functional vasodila;;ltion in the submandibular gland was strongly

»

'oppo'sed by 'several .authors (Bhoola et al" 19653 Schachter and Beilenson, 1967"Bcilcnson et

al., 1968; Skmner and Webster, 1968a, b; Karpmskx et al., 1971; Schachter et al. " 1973; Darke
and Sma]e 1973; Ferreira and Smaje 1976). Bhoola et al. (1965) dcmonstrated that descnsx

tization of the gland to bradyklmn faﬂed o mﬂuence the vasodilator responsc dunng chorda

&

the relative resistance of chorda tympani-induced vasodilatation to atropine may be an extreme
. : .

A



) bradykmm.

/ Furthermore, Crwd and Wilson (:1969). performing simiiar experiments, noted a mean latency

. of 300 ms, which was,similar to that reported.cariier by Lundberg. .

87
.

sumulauon A marked vasodxlauuon could also sull be obtained even if the cat submandlbular

»

- gland was perfused with horse serum from which cat salivary kalhkrem is unable to release

&, .
. , .

Skinnet and Webster (19682, b) demonstrated that following injection of -

catboxypeptidase B (a potent inactivator of kallidin and bradykinin), chorda-induced vasodila -

mion was umffecwd whereas the vasodilator .responsé induced [ ollowing bradykinin infusion
was oompietely abollshed

Schachter et al (1973) also dcmonstrated Lhat the bradykinin potentiating peptide,

'\BPP.‘ . gwen intra- artemlly f axled to enhance the. vasodnlator response to chorda snmulauon

/ //

although it did increase the vasodllalor response induced by bradyk:mn Similar observauons

were reported by 'Ferreira and Smaje (1976) rcgardmg atropine- rcsxstam vasodxlatauon in the

dog. Earlier, Schachter’s group (Schachter a/nd chlcnson 1967, Bexlcnson et al., 1968) dcmj‘y .
//

/,,.

strated that following depletion of kalljk in the ‘cat submandxbular gland exther by duct
=7

) 'hganon or by duct hgauon and syq’(ﬁatheuc nerve stimulation, the atropine-resistant vasodila=™

tation induced by chorda'r nerve sumulauon was unaffected.

_Lundbcr.g (1958), inserting intracellular cléctrths into the secretory cells of the gland,

1 géiéa a latency of 200-400 ms in secretory response induced by chorda nerve stimulatien.

2

’r
&

Gautvik (1970), notmg delays betwecn sumulauon of the chorda nerve and onset of

vasodilatation of 1-6 seconds, concluded that dilator nervc fibres initiate the vasodilatation via

a chohncrg:c mechamsm and that it is "maintained” by thc metaboluc kalhkrem

Ina lafcr study usmg more scnsmve reco,rdmg methods, Karpmskn et al. (1971) noted a
mcan laLency of 450 ms bctween nerve sumulauon and vasodxlatauon and suggested that the
kallikrein-kinin system is not mvolved in the initiation of vasodxlatauon caused by stimulation

. :

of the chorda tympam ncrve Karpmskx et-al. (1971) stated that "it is most ‘unlikely that there

would be ume for the activation of the secrclory cell by acetylcholine, the relmse of kallxkrcm

-
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imq the interstitial fluid, the enzymatig-'release of kallidin and the final vasodilator action of
kallidin". » a
Hilton and Lewis {1956) noted that kallikrein output from the gland was reduced after

atropine; however, Ferreira and Smargz (1976) demonstrated a .complete block of the rcleasi of
y /// " .
kallikrein following atropine pretreatment and suggested that kallikrein cannot be involved in

the vasodilator response.afier atropine administration. N

1.4 Vasoactivl Intestim,l Polypeptide as a Mediator - \ | it
14.1 Discovery and Chemlstry < —— |
In 1969, Saxd and Mutt reported the extraction from normal lung ussue 6f a pepude
which was capable of causing a gradual but prolonged peripheral vasodilatation. This finding
led, them to search for similar vasoactive’substances in extracts of other metabolically active
‘organé and, in 1970, fhey descn'bed tﬁe isolation of a potent peripherél and splanchnic vvaso- )
dnlatory peptxde from hog small intestine which they named vasoactive intestinal peptide (VIP)

}(Sand and Mutt, 19‘ZOa b) Subsequent. purifi 1cauon of VIP allowed determination of its amino

\\ S

acxdl séquence whlch showed it wWOf twenty -eight amino acid re51dues with

basic properties because of a predominance of arginine and lysine residues (Sald and Mutt,
'1972). A comparison of the amino acid sequence of VIP with those of the classical hormones
‘secretin, pancreatxc glucagon and the more recently charactenzed gasmc mhxbltory polypepude

growth hormone-releasing factor, pepth\hxsudme isoleucine (PHI) and peptide histidine

\

miethionine (PHM) reveals a marked degree of ‘Womology (Bryant, 1980; Tatemoto and Mutt,

1981; Tatemoto, 1984) °

1.4.2 VIP as a Neurotransmitter/Modulator AN
It is now known that VIP-like immunoreactivity occurs not only in the mte&&\but in

« the penpheral and central nervous systems (Said and Rosenberg '1976; Bryant et al., 1\976



B9

';Larg;on et al 1976), and in this respect, VIP resembles a number of other peptides (somato-
stat\n substance P, cHolecystokinin and enkephalin).
| ;  In many tissues, V1P - comammg nefve fi 1bres make comact with blood vessels ( Larsson
et al., 1976; Edvmsson et al.. 1980; Edvinsson and Ekman, 1984; Jarhult et a/., 1980, 1982.
Uddman et al., 1981; Gibbons et al., 1984; Dey ef al., 1981). VIP-like immunoreactivity has
been cxtcnsively mapped in the cholinergic n’efxfons innervating exocrine glands of the cat, both
at the light and electron mxcros;opnc levels (Wharton et al.. 1979; 'Uddman et af.. 1980;
Lundberg et al., 1979, 19803, 1981c Johansson et al 1981) . |
- Lundberg et al. ( 1979) demonstrated an overlappmg accumulation of VIP immuno-
. reactivity and acetleholchsterasc staining in some postéangliom’c sympathetic and pgraSle]:;;-.
thetic ‘;ﬁwggesting\\;he presence of ;VIP-like peptide in 'a population of sympathetic
and parasyrhpathetic cholin\e\'\gic neurons.‘ln a later study, J ohan‘sson et al. (1981) extended ¢
these findings and locahz\& VI\'D-like imm,ux-mrc;ctivity% in large dense-cored vesicles (990 A) in
associ;tion with _acetyl;hplirl’e m the para§ympathetic’ncrw>supply to the submandibular gland
of“thé cat. The greatest aq;umulation.of VIP-immunoreactive fibres and varicosities- could be

seen close to the secretoiy acini and more distam\from the blood vésscls, demilune cells and

Jdﬁctal systenr of -the gland. Based on their 1mmunocytochem1ca] observations, Lundberg et al. -

hS
.

- : \ N ) . .
1.4.3 VIP and AtropineR&BQYilztaﬁon S ' ' :
' Considefablé evidence has been provided to suggest‘ that VIP may be a mediator (alone

or in con junction with acetylcholine)'of atropine-resistant vasodilatation in the submandibular
gland ‘Bloom and Edwards (1980) demonstrated that VIP was released from the cat subW/‘
dgbular gland f ollowmg parasympathetic nerve stimulation in both tne prmMNnce of

atropgne. These authors also noted that close arterial infusions of/)FrPWw/hxch mimic the rise-in
N\ ‘ ’ P

the coﬁccntration of the peptide in the submancgbular;{/;/cnous plasma during chorda
. ~ :
= - -

7 o

o

T
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stimulation, also produ&c. an increase in submandibular blood flow of the same order of magni-
tude as that observed dun’frg chorda su’mul'ation at the same f requ::ncy. These observations were

confirmed later by LundBerg (1981) and Luhdbcrg e al. (1981a, b, 1982a) and extended by

Shimizu and Taira (1979) to the dog submandibular gland, where they showed VIP was a
potent vasodilator. ‘ . @

In a series of expmmems; Lundberg (198‘1)';nd Lundberg et al. (1980a, 198la, b,
1982a) cxtcnsivclyknvestigaged .the effect of VIP on atropine-resistant vasodilatation. These
workers maintain that both acetylcholine and VIP are mediators of vasodilatation, with acetyl-
choline being the major mediator at low frequencies of chorda nerve stimulation and VIl; béing
the major mediator at higher frequencies of chorda nerve stimulation. Furthermore, Lundberg
and coworkers demonstrated -Lﬁat following VIP antiserum infusion, both chorda-indliced and
VlP-i:duccd vasodilator responses, were abolished. In spite of a dense innervation of VIP-
immunoreactive neurons around secretory elements in the cat submandibuiar gland, exogenous
VIP has been shown to have no secrevtory{" effect per se (Lundberg er al., 1980a, 1982a).
Howeyer, VIP injected -intravenously Was found to induce a how of saliva from both the
'pardtid and the sﬁbmancfibular gland of the rat (Ekstrom ef al., 1983). .

VIP and acetyicholine have also been shown to be co-released from the submandibuiar
gland of the cat during parasympathetic ncfvc stimul%tion (Lundberg et al., 1982b). A more
recent study demonstrated thc"cou-rcleasc of two relitéd pcptide§ from the cat submandibular
‘gland, namcly» VIP and PHI. These workers concluded that parasympathetic control of salivary
gland fiﬁmction‘ may involve a multimessenger system, acetylcholine and the peptides VIP and

. N
PHI (Lundberg & al., 1984). In earlier attentpts to block atropine-resistant svasodilatation,

©

Lundberg and cowo}lgcrs (1980b) focussed their interest on avian pancreatic polypeptide

N,

(APP). APP is a thirty -six amino acidnpolypeptidc (Kimmel et al., 1975) which greatly differs
ﬁéﬁn‘ino acid sequence fro pancreikjc polypeptides isolated from other species (Lin and
Chance, 1974; Kimmel et al., 197%). Lundberg et al. demonstrated that avian pancreatic poly-

peptide\ reversibly inhibits chorda-induced and VIP-induced vasodilator responses in the cat




! N

s;ubmandibular gland. This work pronided more evidence for the poisible ‘involvement of VIP.
Avian pancreatic polypeptide also' inhibited the chorda -induced secretory response, bos:siblf via
an effect;orvblood flow. This finding creates an anomaly. since it has long been presumed (hai
the secretory responsc of the cat submandibular gland s totally cholinergic. Throughout their

stu&nes on atropine-resistant vasodilatation, Lundbctg and coworkers sv.ated interactions with

chbl\mergnc mechanisms cannot be cxduded

.
\
1.5 Adrenergic Vasodilator Mediators 7 ‘
Skinner and chstcr (1968a,‘ b) suggested that beta-adrenergic mechanisms may. in

association with a cholmcrgxc mechamsm mediate atropmc resistant vasodilatation in the cat

submandibular glu\ Thesc\ workcrs showed that a markcd vasodllalauon was produced by a

closc menai or mtra‘»Tous m\lecuon of xsopremﬁ e, and these vasodilator responses could be

-

\

blocked by\ ropranolol \(a béta adrcnoceptor\ | blocking drug). They also showed [ha[

propranolol red

ilatation induced by chorda stimulatiog and in
this respect was similar (0 atrapine. While neither |atropine-nor propranolol abolished chorda-

induc/cdxafédilamion. the combinﬁ\{{on\of hese [\\O drugs was more effective than either one

- o, \\

alone. , N \\
However, in an carhcr study, Ifavex e a! (}965) by pretreating cats ﬁnth reserpine
(1.0 mg kg'') 24 hours prior to cxpcnmemauon were unabis to reduce or aboh h atropine-
resistant vasodilatation induced by chorda sumulauon, even though the vascular Tesponse to
sympathetic nerve stimulation was abolished. Davey er al. ,.suggcsied Lhat\\i"{\'\youl therefore
seem that an adrenergic mechanism is not involved in the auopine-rcsistam”:;n;)diﬂxation in
the submaxillary gland of the cat”. ) u
" Schachter and Beilenson (1968). confirmed the results of Da‘vcy et al.. with reserpine,
However, they only occasionally observed some suppression of chorda-induced vasodilatation
by\\-propranolol, contrary to other ‘workers (Skinner and Webster, 1968a, b). Schachter and

Beilenson_(1968) demanstrated that this reduction was always paral}eled by a corrcspkndin.g

\
\

\
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reduction in the vasodila‘ix;ion produced by an injection of acetylcholine close arterially and

LAY

suggested that these effects of propranolol may be due to an anticholinergic action of this drug.

1.6 Purinergic Medfition of Atropine-Resistant Vasodilatation

The idea of purinergic ~ncurotransmission was first dcvclobed by Burnstock (1972,
1975). He suggested that the principal active substance released by non-cholinergic, non-
adrenergic inhibitory neurons is a purine nucleotide, probai:ly ATP.

Subsequently, Jones and Mar;n (1977) suggested that cyclic AMP may act as a
secondary messenger in both sympathetic and parasympathetic vasodilator responses. since
cAMP mimics the nerve-induced responses in the cat submandibular gland and these responses
were potentiated by phosphodiesterase inhibitors. In a later study, Jones et al. (1980) demon-
strated that intra-arterial ad'iﬁiﬁisuation of a number of purimg compounds 1o the cat subman-
dibular gland led to an incréased blood flow, with ATP and ADP being the most potent, while
dibutyryl cAMP and cGTP were essentially ineffective.

AN
\

1.7 Other Vasodilator Mechansz

As previously mentioned, during salivary secretion th‘e metabolic activity of the salivary
gland is gicatly increased (Terroux et gl., 1959). The possibility therefore exists that besides the
aforementioned "specific” dilator mech;‘njsms. metabolic factors could be linked to the hyper-
emic response following nerve stimulation.x‘rn exercising skeleta] muscle, the markedly incr;aSed
metabolism leads to a pronounced regional ﬁ?\gerosmolaﬁty. which has been shown to be an
important causal factor in the exercise hyperemizi\;eﬁponse (Mellander et al., 1967 Lundvall,
1972). Subsequenlly, Lundvall and Holmberg (1974) ‘showed that a pronounced tissue hyper-

osmolality develops in the cat's submandibular gland auring ‘parasympathetic activation and

suggested that this factor contributes to the functional vasodilator response as well.
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1.8 Aim of the Present Study

The purpose of the present study was to re-examine the old idea of acetylcholine
(ACh) as a majqr transmitter for vasodilatation in the cat submandibular gland using selective
muscarinic anmgoniits, depleters and potentiators of cholinergic responses. Also, the possible
contribution of vasoactive imcstinal polypeptide (VIP) and a number of other pu‘lativc trans-

mitters were investigated.



ek 2, MATERIALS AND METHODS

2 1 Ammals and Anesthesm T

Cats of etther sex ‘were starved® overmght and allowed water ad ltbltum .Anesthesia was

) induced in adult cats (2 7-5.3 kg) of ei sex by chloroform (J.T. Baker Chemical Co.) ina

- o £

closed box (aerated w1th 100% oxygen) Ether (Fxsher Screntxftc Co.) on a face mask was used ‘

for temporary maintenance of anesthesra until a venous cannula was inserted. Anesthesra was ‘

mamtamed throughout the expenment by chloralose (Stgma Chemxcal Co.) ( 80 mg kg l) Cats
were inttubated via the trachea to aid arttf icial respiration when requrred.

PR

35 g kg i.p.) (MTC Pharmaceuticals).

\.,

2.2 Blood Flow Measurements
Blood flow through the submandrbular gland was measure,d usmg a forced convection

f’lowmeter w1th a probe in the external Jugular vem (Karpmsln 1971 Karpmsln and Vaneldik,;

N v \

971).1' All veins draining into the external ]ugular}vem/»;/ere ligated, except that from the sub- |
- mandibular' gland. The f‘lotvmeter is of a thermal type, designed to record rapidly a Awid'e range®
l' volume flows -The sensor devrce is a thermtstor kept at a constant temperature uuhzmg

: vnegatrve feedback . As blood f’lows past the sensor, it cools by forced convectlon The voltage

(S

which controls the: amount of power reqmred to maintain the thermxstor at a constant:

temperature is a functron of t_he velocity of the blood and shows a lmear.'lrelatronshrp

-(Figure 1). A f’low-insensitive referehce thermistor compensates for any- change in blood

o

temperature Both therrmstors are contarned in a ‘nylon probe Wthh is a tube 2 cmin length
and 1. 5 2.0 mm- 1nternal dlameter This tube size 1s chosen SO as not to increase venous resis-
tance, .and since the probe has a constant area, the devicg can be calrbrated in terms of volume

flow. Before insertion lnto the external jugular vein, the probe was initially filled with 1%

§ heparin in 0.9% saline to aid in the prevention of clot formation. '

94

L

4 T ’ l’ . )
In chronic egeriments, cats were anesthetized with sodium pentobarbitone (Nembutal; -
. : . X %

r
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Figure 1. Calibration curve for forced convection flowmeter and probe. The calibrating fluid is

saline. Each point (1—6) is the mean of five measurements. The SEM's corresponding to the
different points (1—6) are £0.02, +0.01, £0.02, +0.04, £0.14and +0.02
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Caltbratlon curves for each probe were obtained using a cahbrated syringe dnver and
"~

0.9% salme or blood as the cahbratmg fluid ( Flgure 1). The probe and tubmg were malntamed
at 3TC_ in a constant%emperature bath during the cahbratlon procedure. The output voltage was
measured tiSing a' digital‘ volt meter. ‘The sensitivity of the \flowmeter systen; is high and c:;n
measure f’lows as low as 0.01 ml mtn up to'40 ml min;® with appropnate probes Changes in

TR
flow 'rate ‘were measured on a Sanborn 7700 series recorder (see Figure 2 for expenmental set

-

up).

o

2.3 Nerve Stimulation - | S

2.3.1 Parasvmpathetic

The parasympathetrc nerve supply to the cat submandlbular gland runs the chorda

tympam nerve a branch of the chorda ltngual nerve. The chorda tympam nerve was exposed in

‘the regxon where it crosses the submandxbular and. sublmgual ducts and follo mg,; further

dlssecuon was_cul as near as possible to its point of exit f rom the skull Care was‘taken dunng
J drssectxon not-to damage the submandxbular duct.. The dtstal end of the cut nerve was mounted
on blpolar platinum electrodes and xmmersed in d pool of liquid paraffin. In all cases, para-

sympathetic nerve stimulation was assurned to be preganghomc zThe nerve was sumula:ted

R ot

=
- supramaxxmally (7-10 V) with square wave pulses of 0.5 msec durauon at a frequency of either
10 or 20 Hz using a WP Instruments stimulating isolator, for periods ranging from 1 second to -
60 seconds. Stimulation was either continuous or intermittent, with the intermittent stimulation

being interrupted either manually or by using a WP Instruments-interval generator. .

2.3.2 Sympathetic

. In the cat, the ocrvxcal sympathetic nerve could be exposed running near the carotid
- artetr'y;\The syrnpatheucvnerve could: be -readily separated from the vago-sympathettc trunk and
was stlmulated as descnbed for the paré'sympathetic nerve; however, in all cases, a f requency of

\



Flgure 2. Schemauc representation of the cxpenmcntal set-up for studying blood flow.
1. Stimulation of parasympathetic innervation, 7—10 ¥, 0.5 msec, 10 or 20 Hz. 2. Stimulation

of sympathetic mnervatxon 7-10V,.0.5 msec, 20 Hz.
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A

20 Hz was employed for periods of 2 to 5 seconds.

2.4 Sahvar) Duct Capnuhmon

The cat submandibular duct was. separaled from the sublingual duct, and identified by
stimulation of the chorda tyrnpamg whrch caused the ducl to expand due to nervc -induced
salivary secretion. The duct was then cannulated with a fine glass cannula approximately 10 mm

&

tostral to the point at which ihe duct was crossed by the chorda lingual nerve.

2.5 Blood Pressure and Drug Administration

Blood pressure was’ monitored from Lhe femoral artery usmg a Statham P23 (0-

75 cm Hg) transducer and recorded on a Sanbom 7700 series recorder: All cannulae were;

flushed with 1% hepann in 0.9% saline. Imraven&us mjecuons were made through a’ cannula ml

‘%

a femoral vein. Hepann (10 mg kg!) was adrmmstered mtravenous]v\Close artenal m)ecuons ,

\

were given retrogradely v1a the ipsilateral lingual artery. Intraductal mjectmrrs were made via

~the xpsrlaleral submandrbular duct cannula which, in all cases, had been prevrously clamped to

‘\

ensure,a;cess of the drug to the gland. Table 1 lists the drugs used and the companies or”

, individuals from whom they were obtained or donated.

~.

S



Atropine sulphate

" Drugs (and Abbreviations)

Aceylcholisfé chioride (ACh)
e W

Adenosine triphosphate (ATP)

t

Avian pancreatic polypéptide (APP)

Bradykinin (BK )

- Choline chloride

© 4- -diphcnylacetoxy -N- -methy lpxpcndme '

-(4-DAMP)

Pehtamethylene-bis-4-diphenyl-N-
methyl- piperidine
(bis, 4-DAMP)

Esérine sulphate |
He\micholiniux.n-} :
'Hepzirin
Hexainethonigm ( HX)a

Secoverine HCI

Dr. J.R. Kimmel - .

Sigma Chemical Corp.

e T 99

- Source(s) i - 9
Sigma Chemical Corp.

Sigma Chemical Corp. -

Nutritional Biochemicals Corp.

»University of Kansas ..
Schoel qf Health Sciences
Peninsula Labora ories‘ ;

L=

/Signta Chemical Corp.

B?éhringer Mannheim
i - . o /

MC/B Reage'nts'

Dr.R.Barlow
University of Bristol

Dr/ R. Barlow
» ) University of Bristol

Nutritional Biochemicals Corp. S

Sigma Chemical Corp.

Si‘gfna Chemical Corp.

.

Duphar Pharmaceuticals Ltd., The Netherlands



Substance P (SP).

Vasoactive intestinal polypeptide (VIP)

. VI?" antiserum

.y

\

Sigma Chemical Corp.

-

Dr. V. Mutt \

Karolinska Institute '
Boehringer Mannheim
Sigma Chemical Corp.

Calbiochem Ltd.

\

)
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3. RESULTS ‘ O
3.1 Blood Flow Through the Cat Submandibular Gland — Resi;tance to Inhibition by Atropine
Experiments were performed on a1otfal of thirty nine cats. Resting blogd flow through
the subma;ldibular gland of the cat showed a range of 0.6—2.5 ml min-!. Representative traces

of a number of experiments will be' shown.

Stimulation of thc»parasympathctic nerve supply to the submandibular gland (chorda ’

lingual nerve, 10 or 20 Hz, 8 V, 0.5 msec pulse width for 1 to 20 seconds) caused salivation and

a marked increase in biood flow (3 to 35-fold) which was usually rapid in onset (latency of less

than 1 second) and subsided upon cessau'on of stimulation (Figure 3). Stimulation of the

sympathetic innervation to the submandibular glénd (20 Hz, 8 V, 0.5 msec pulse width for

5 seconds) caused.salivation and an intense vasoconstriction, followed by a variable vaso-

dilatation upon cessation of stimulation (Figure 3).

Following the administration of atropine (0.5 mg kg! i.v.), the increase in blood flow-

and salivaiion induced by a close arterial infusion of acetyicholine are abolishéd. The vaso-
-dilatation induced by parasymﬁathetic (chorda) nerve stimulation is usually reduced slightly.
The vascular effects induced by sympathetic nerve stimulation are unaffected by atropine given

mtravenously, intra- artenally or m[ra ductally. The vasodllatauon induced- by vasoactive

mtesunal polypepude given intra- arterially is unaffected by atropia?.. The secretory responseh

associated ylth parasympathem nerve stimulation is totally abolished by auopme, suggesting a
totally choliriergic mechanism f ympathetic induced salivary secretion. This is in accofd
with electrdphysiological studimich it. was demonstrated that the main activation of
acinar and ductal cells is via ACh since atropine blocks the secretory potentials in
§ubmandibular cells which normaﬁly Af‘:occur during parasympathetic nerve stimulation
 (Lundberg, 1958). o |

anurcs 4 and 5 ‘show the effects'of intravenous (O 5 mg kg ‘) admlmstranon of

atropme on chorda mduced vasodxlatatxon at varymg durations of stimulation. It is clear that

o

- ! / .
‘ 101 .
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Figure 3. Effect of parasympathetic nerve stimulation (CH, 1 and\5 seconds), sympathegic
nerve stimulation (SYMP, 5 seconds), acetylcholine (ACh) and vaspactive intestinal poly-
peptide (VIP) (i.a.) on biood flow through the cat submandibular gland before and after

. atropine (i.v.). \ -
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Figure 4. Representative trace from one experiment of the effect of atropine (i.v. 0.5 mg kg'')
on chorda-induced vasodilatation at different durations of stimulations but constant frequency
(1——100 pulses).
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Figure 5. Histogram showing the magnitude of the vasodilator responses induced by chorda
nerve stimulation before and after intravenous administration of atropine (0.5 mg kg, iwv.).
(21 , control response) ( 0 ., after atropine) .
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atropine given intrevcnously significantly reduces these vascular responses, particularly at low
stimulation ’duration (i.e. 1—5 pulses). These results are in accord with a previous report where
an appreciable reduction in the vasodilator response induced by chorda nerve stimulation was
observed, especially when low frequencics of stimulation were used (Darke & Smaje, 1972).
Intraductal atropine effectively abolishes chorda-induced vasodilatation at 2 pu‘l‘ees
(Figures 6 and 7). Even at higher stimulation durations of 10, 25, 50 and 100 pulses, the vaso-
dilatation is reduced by at least 50%. It appears that intra-ductal atropine is affecting only’
postganglionic muscarinic receptors, since it is now accepted that most of the parasympathetic

i

ganglia are located outside the gland (see Section 3.3.1). |

|
i

[t should be noted that the eft‘ects of atropine on vesodxlator responses induced by

parasympathetic nerve stimulation vary. markedly between ap(nals However, it is apparent that
e

atropine, especially at low frequencies or duration of stimulation, ef fectively reduces chorda-

induced vasodilator responses.

3.2 Effects of Rutative Transmitters on Blood Fiow

Acetylcholine, btgdykmm and VIP, when m;ected intra- arterxally caused dose-

dependent mcreas%r\s in blood, ﬂow through the submandibular gland (anures 8 and 9) “Whereas
\ \ :

all three substances:caused an‘increase in blood flow, only acetylcholine caused salivation\ The
rapidity of onset of the vasodilatatlon caused ‘by a close-arterial mfusxon of acetylcholing
closely resembles the response )‘ol]owmg chorda stimulation. However the vasodilatation

caused by VIP was usually slower irk‘onset, more protracted and more variable than that caused
\
* by acetylcholine. (/ :

‘\

On a molar basis, VIP was the x{xost potent of these three yvasodilator substances being
four to five times more potent than bra\oykmm and twenty to thirty tﬂles more potent than
acetylcholme whilst bradykmm is five ume\s more potent than acetyicholine. The vasodllatanon

caused by both VIP and bradykinin was atropme resistant and was not subject to tachyphylaxis
\ \

upon repeated infusions of small doses. \

\

|
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"Flgure 6 Representanve trace from one expenment of the effect of atropine (i.d. 0.5 mg) on
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¢

Figure 7. Histogram showing the magnitude- of the vasodilator responses induced by chorda
nerve stimulation before and after intraductal admiimistration of atsopine (0.5 mg) (O
control response) ( (0 , after atropine). S N
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Figure 8. Representauve trace of the dose- dcpendcnt increases in blood ﬂow through the cat
submandibular ' gland mduoed by close-arterial injections of (a) acetyicholine (ACh),
(b) bradykinin (Bk), and (c) vagoacuv_e intestinal polypeptide (VIP) (in t,he same cat).
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Figure 9. Dose-response_curves to acetylcholine (‘), bradykinin ( A) and vaéqacti?c
intestinal polypeptde ( D -) on blood flow through the cat submandibular gland.
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Close-arterial injections of ATP (0.2—50ug; Figure 10) caused small, slow and
variable increases in blbod flow which were often accdmpanied by falls in systemic blood
pressure (not shown). the responsiveness between animals varied markedly, such that in some
€ases.no vasodrlata.uon could be observed f' ollowrng ATP, ATP did not induce salivation. In an

attempt to desens;uze the submandibular gland vasculature to ATP, it was noted that even

durmg a connnuous infusion of ATP. (2 5 mg; 0. 4 mg min-!; Figure 11), it was still possrble to

" elicit no}(nal “ chorda vasodﬂatauon compared to control chorda responses in the same animal.

In an earlier study, J oneg et al (1980) reported that ATP given intra-arterially was the ‘most

potent of the purine compounds and that phosphodiesterase inhibitors (theophylline and

- 3-isobutyl-1-methylxanthine) potentiated the ef fects of chorda vasodilatation.

. R L
Close-arterial injections of substance P (0.5—2.0 ug; Figure 12) also caused variable

changes in blood flow which were always accompanied by fails in systerru'c arterial blood

.. pressure. Even when substance P did not cause a change in blood flow- (0.5 ugi.a.), afall in

'~ doses of _this drug (Bhoola et a/, ‘1965;>Frguore 3).

blood pressure was observed. The fact that substance P infusions were always accompanied by

’ . . o4
drops in blood pressure suggests. that substance P is an unlikely candidate as the mediator of
. v// : ~

atropine-resisiani vasodilatation in the submandibular gland of thecat. .

3.3 Evidence For and Against Acetylcholine as a Transnryitter

There is some evidence for ACh berng the transmmer of atropine- resrstant vasodila -
ey
N

tation, but there are also some ct

pelling arguments agamst it. In favour of ACh is the fact
that its iﬂo\;e-arterial injection mimic\the time course of rierve-ihduéed vasodilatation, both in
onset and dlrration (Bhoola et al., 1965; _hac_hterf & B\eilcnSon,L 1968). However, an impdrtant
objection is the fact that whereas th'is_‘ nc\ e-inducedi vasodi;atation rs largely' resistant to

atropine, the vasodilator ef fects of ACh injecte close-a\wterially are 'réadil.y blocked by small

Despite the above reservations, the following ,esult.é\ \brovide‘ evidence in support of

§ ; \
ACh a5 a mediator. S -. N



&

2

Figure 10. Representative trace of the variable increases in blood flow 'indué'ed by close-arterial
. injections of adenosine triphosphate (ATP). ‘
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Figure 11. Superimposed chorda-induced (CH, 5 and 10 scconds) vasodilator rcsponses durmg
a continuous close-arterial infusion of ATP (2.5 mg).’
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g htative trace of the variable increases in blood flow caused by close-arterial
f¢fiitice P (0.5—2.0 ug i.a.). Note: Drop in systemic blood pressure.
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3.3.1 Effects of Hexamethonium

 Both the secretory and vasodilator effects of chorda stimulation can be Hlocked readily
by an intravenous injection of hexamethonium (a bisonium compound Whlch has a highly
specific action on ganglionic nicotinic teceptors; Figure 13). This is in agreement with earlyier
findings 6f other workers (Hilton & Lewis, 1956; andberg et al., 1980a). However, the intra-.
ductal administration of hexamlethonium causes only a small decrease in ‘chorda vasodilatation
(Figure 13) and a small decrease in silivation F(Emmelin et al., 1954). This is consistent wigh
the generally accepted view that the majority 6f parasympathetic ganglia are outside the gland,
and would suggest that a drug administered intra-ductally would have a minimal effect on pre-

ganglionic nicotinic or muscarinic receptors.

3.3.2 Effects of Hemicholinium

In contrast to the limited cffkcct of intra-ductal hexamethonium, the intra-ductal
administration of hemicholinium-3 (1 mg 1d S0 ug/min for 20 minutes) accompanied by
parasympathetic nerve stimufation to facilitate depletion of stores of acetylchohne completely
abolished the vasodilator effect of chorda nerve stimulation (Figure 14). Durmg the depletion
experiments, atropine was given intravenously (500 ug kg i.v.) to prevgntnsalivétion during.
parasympathetic gchorda) nerve stimulation, thué prevenq‘ng the loss of hemichdlihimn. Hemi-
cholinjum- 3, which has some structural similarities to choline (the precursor for acetylcholine),
appears to compete for the choline ﬁptake “ca'rrie‘r in the nerve membrane, thus preventing the
synthesis and replacement Qf depleted acetyicholi;le stores. The vasodilata;tion could be resfored
by intra-ductal administration of cholifxe chloride (1 mg). The conclusion one is led to from
these observations is that at least part of the action of heﬁxicholinium is due to the depletion of

ACh at postganglionic sites where it normally participates in nerve-induced vasodilatation.

3
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Figure 13. Representative trace of the effects of hexamethonium given intravenously and intra-
ductally on chorda-induced vasodilatation (CH 1 and 5 seconds).
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Figure 14. Representative trace of the effects of intraductal hemicholinium (HC-3, 1 mgi.d.)
on chorda-induced vasodilatation. Chorda stimulation causes a vasodilatation which can be
‘blocked by a combination of hemicholinium (1 mg) plus prolonged, intermittent chorda stimu-
lation (20 and 15 minutes), and restored by choline (1 mg i.d.) (the vasodilator response after
choline appears "flat” on top because the recording device reached maximal deflection at this
flow 1ate). .- N S o

- ! i
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3.3.3 Effects of Eserine j

<

Intravenous eserine (100 ug kg') has;‘} been shown to potentiate‘the vasodilatation
induced by chorda nerve stimulation at all stimulation durations (Figure 15). The adminis-
tration of eserine intra-arteria}ly (1 mg) potentiates chordq-induced vasodilatation only at low
stimtrlatid’r_i‘» du‘rations (Figure 15). Eserine given by both of these routes potentiates chorda
vasodilatation at both nicotinic (ganglionic) artdt muscarinic (both ganglionic and post-

ganglionic) sites. In an attempt to eliminate the effects of eserine at nicotinic sites, eserine was
. . “

given intra-ductally. Since the majority of the ganglia are outside the gland, it can be assumed

. that intra- ductal eserine exerts its effects mostly at postganglionic muscarinic sites. Intraductal

eserine has been shown to potentiate markedly (between 25 and 150%) the vasodllator effects of

chorda nerve stim‘ulation: this potentiation was abolished at low stimulation duration (2

£

pulses) and reduced at higher stimulation duration (25 pulses) by intravenous atropine

. ,(thure 16). The observation that this potentiation by eserine is atropine- sensitive lends some

L W

'& .
support to the suggestron that at least part of the postganglionic ef fector mechanism mediating

D

‘ vasodilatation is cholinergic.

334 Ei:feet of Other ,Anti-muscarinic Antagonists

4-Diphenyl‘aéetoxy-‘N-m_ethylpiperi‘dine (4-DAMP) is a specific muscerinic receptor
antagonist with no known anti-nicotinic actions. Based on studies performed on. muscarine-
sensitive acetylcholine : Teceplors in gt_rinea-ptg atrial pecemaker cells and in ileum, 'Bérlow and

. co-workers (1976) demonstrated that 4-DAMP s

(20-fold) in the ileum than those in the atria. Based on Barlow s findings on the possible

existence of more than one muscarinic receptor subclass, it was decided to examine the effects

of 4-DAMP and an analogue, penta’methylene~bis-4-di’pheny1 acetoxy~N-methylpiperidine (bis

4-DAMP) on atropine-IESietant vasodilatatioriﬁzin the submartdibular' gland of the cat. The

structures'of 4-DAMP and bis 4- DAMP are shownz in Figure 17 and compared to other anti-
&

muscarinics and acetylcholine.

@
g v

ed a much hrgger affinity for receptors '

B
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Figure 15. Histogram dépicting % potentiation of chorda-induced vasodilatation at different -
durations of stimulation (0.25—20 seconds) by eserine given intravenously ([] , 100 ug kg')
and intra-arterially ] . 1me).. ' ' :
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"Figure 16. Representative trace of the effect of intraductal eserine (1 xg) on chorda-induced
vasodilatation. The chorda-induced vasodilatation (2 and 25 pulses) is potentiated by eserine
and is reduced below pre-eserine values by atropine (0.5 mg kgl). ’

-
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Figure 17. A comparison of the structures of acetylcholine and a number of muscarinic
antagonists. ' ’ :
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4-DAMP given in[raVcnously (1 mg kg') abolishes completely the vasodilatation
induced by a close-arterial injection of acetylcholine while having no effect on the vasodila- '
tation ihduced by both bradykinin and VIP. 4-DAMP significantly reduces the vasodilata;;oﬁ
{up to 70%) induced by chorda nerve stimulation at 2,‘ 5 and 10 se?onds' duration (Figure 18).
4-DAMP completely abolishes salivation induced by chorda nerve stimulation. Following a
further close-arterial injection of 4-DAMP 0.5 mg i.a.), the vasodilatation induced by chorda
nerve stimulation is completely abolished (Figure 18).

Figure 19 shows the.effects of a cumulative close-arterial {njef:don of 4-DAMP.
Following the first injection (1 mgi.a.), the Qasc;dilatation induced by chorda stimulation was
reduced up (g 70% (Figure 19b). The initial reduction, in chord_a-induced vasodilatation appears
transient, sinég partiél recovery is oBserved (Figure 19c). Following a sefond infusion (2 mg
i.a.)..the vasodilatation induced by éhorda stimulation (5 and 20 seconds) is completely
abolished, blut‘ jeturns partially: over a period of time. The results presented here are represen-
tative of a/n:n'nbcr of experiments (eight). Although the extent to which 4-DAMP reduces
chol’da-induced vasodilatétion varies between animals, it consistently reduces chorda-induced
vasodilatation by at leas‘tv 50%. ' ’ ¥

4-DAMP given ;ntra-ductally (1 mg i.d.) abolishes',coélpletely the effects of a close-
arterial injection of acetylcholine, whilst having no -effect on the vasodilatation induced by
“VIP. 4-DAMP rec.iuces np to 75% the vasodilatation induced by chorda nerve Stimulation

ﬁgure 20a and 20b). (Note — in this case the sympathetic éfter-dilatation is completely
abolished, similar' effects‘ were seen in a number of experiments, but this block appeared
transient). ' |

Pentameithy}e'nc bi‘s.,‘ 4-diphenylacetoxy -N-methylpiperidine (bis, 4-DAMP:') given
intravenously and intra-arterially completely abolisflés the vasodilatation indL{ced by a close-
arterial injection of ac'etyl_'chéline. Bis, 4-DAMP also significantly reduces (in this experiment)

the vasodilatation induced by VIP. The reproducibility of this effect is very inconsistent. The

significance and mechanism by which bis, 4-DAMP affects VIP-induced vasodilatation

b



J
Figure 18. (a) Control responses to chorda nerve sumulanon (2, 5 and 10 seconds). Bk, ACh

and VIP given intra- artenally (b) Responses after 4 DAMP (1 mg kg i.v.). (c) Responses
after 4- DAMP (0.5mgi.a.).



133

(a) Control
ar- .
i NM.{\\
ml min~? /\ ,
0
L
Bk ACh vip fz 6
0.1ug 0.02 pg 0.5ug 0“"0\"0\«\"0
v, .’ .
1 min

(b) After 4-DAMP 1mg kg~ 'iv |

4
Biood Flow \
m! min~?

o
N r__———‘_

T J
J BK ACH VIP
K 0.1ug 0.02ug 0.5pug
o‘* & g
|
1 min
(c) After 4-DAMP 05 mg i.a
p |
Blood Flow
ml min~™?
WM—
0
a l i T
SO
ONTINS

C
A



134

v
Figure 19. (a) Control response to chorda nerve stimulation (5 and 20 seconds), (b). Aftér
4-DAMP (1 mgi.a.). (¢) Almost complete recovery, (d) After 4-DAMP (2 mgia.).
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Figure 20. (a) Control responses to acetylcholine, VIP, chorda nerve stimulation (2 and
10 seconds) and sympathetic nerve stimulation (10 seconds). (b) After 4-DAMP (1 mg i.d.).
Note: Sympathetic after-dilatation is completely abolished.
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remains unknown ( Figure 21). Chorda-induced vasodilatation at 1 second duration is
completely abolished, while at 'S seconds duration the vasodilator response s reduced by over

70%. ( Note - bis, 4-DAMP, like 4“ DAMP, reduces the after-dilatation f ollowing sympathetic

" nerve stimulation\). The time-course of block of chorda-induced vasodilatau’on by 4-DAMP

and bis, 4-DAMP is of interest since the block in some cases is partial, transient and shows

some recovery. Although recovery is pamal the vasodilatation mduced by chorda nerve stﬁnu

5

- lation never returns to pre-4-DAMP or pre- bxs 4- DAMP levels

Secoverine hydrochloride is thought 10 be a selective muscarinic antago‘mst which
inhibits cholmergxcally -induced gastrointestinal motility (Sanger & Benneit, 1981) at doses
which have no effect on salivary and gastric secretions ( Zwagemékers & Claassen, 1980) .

| Secoverine giveﬁ intravenouély has no effect on chorda-induced vasodilatation W'm'le,'
blocking the secretion indﬁce‘d by chorda nerve stimula‘tior;? (Figure 22_).’ The vasodilatation
induced by acetylcholine is reduééd, then abolished following a further intrévenous'dose of
secoverine. The effects of secoverine on acetyicholine-induced }vasodilaia’tibn have proven veryv
inconsistent. Secoverine has no.effect on sympalhetic-iﬁduced after-dilatation.
° .In an earlier study, Schachter ef a/. (unpublished obse,.rvau‘o,nS) demonstrated tha:

pirenze;;ine, a selective M, muscarinic amagonist (Birdsall et aJ 1980). had no effect on

~ chorda- mduced vasodllatauon but blocked the concormtant sahvar\ secretion. P‘renzepme was
- also shown 10 be onJ\ rnoderatel\ effecuve 1in blocking the vasodiiatation induced by a tlose-

- arterial injection of acetylchol,l‘ne (much the sarne as secovenne). ‘

3.4 Evidence For and .Against VIP as a Transmitter

3.4.1 Does Avnan Pancreatlc Polvpeptlde (APP) Inhibit the Effects of VIP and Chorda mduced
\asodllatanon" : - : .
__‘;VI‘I has previously been reported that avian pancreatic poivpe puae { ~\PP ‘nhibiis VIP-

induced and chorda-induced vasodilatation in the cat submandibuiar gland (Lmdberg et al..



Figure 21. Representative trace of the effects.of Bis, 4-DAMP (intravenous) on chorda-
induced (1 and 5 seconds) vasodilataton and the xasodilator response induced by ACh and
VIP. Note: Reduction in the size of VIP -induced vasodilgtation.
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- Figure 22. Réiafesemative trace of the effects of secoverine (1 mg kg~ i.v. and l'mg kgt iv.)
on chorda-induced vasodilatation (S seconds) and ACh-induced vasodilatation.
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~ 1980b; Lundberg, 1981). In the present eXpen'ments', four different batches of highly purified

. N . » (. ) o
APP were used (2—100 ng i.a.), but chorda'-induced vasodilatation was nex)ther abolished nor

significantly reduced by any of these preparau’ons. APP is very inconsistent in its effects on

VIP -induced vasodllatauon as can be seen in Figures 23 and 24. In Figure 23, APP ( ugia.)

-completely abolished the ef fects of VIP whereas APP (5 ugi.a.) in another expenmem had no

ef fect on Lhe vasodilatation induced by VIP (Figure 24) A cumulauve close anenal infusion

of - APP gradually reduces the VIP-induced vasodilatation but has no effect on chorda -induced

vasodxlatauon (Flgure 25). |
In a total of nine experiments, APP reduced or someumes abohshed the effect of VIP

(four %pénmems) but in five other experiments the -XPP was meffecuve 'Even~when_the

"

e
/esponse o VIP was abolished by APP, thg block was short-lived and could’ not always be *

repeated b_\ a further dose. of APP. During a cIose-arten'al infusion of APP (10 ugi.a.) super -
imposed chorda nerve stimulation-induced vasodilator responses were essenually unchanged

(Flgure 26). When the submandibular vasculature was unresponsive to injected VIP, chorda

nerve stimulation always increased blood flow. The avian pancreauc pol\pepude used in these '

‘expenmems was purified and provided by Dr Joe Kimmel, who a‘so pronded the APP used bv

Lundberg and coworkers (L.mdberg et a! 1980b: Lundberg, 1981)

3.4.2 Desensitization ot: the Submandibular Gland to VIP

Smce a specific antagonist to VIP is not avaxlable al present, a dxfferem approach 10
the problem of inhibiting VIP was used, k jesensxuzauon of I’he submandibular giand
vasculature to VIP by close-artenal infusion o .z ;e doses of the peptide (25 ug—100 ugi.a..

o ‘
total; 2.5 ug/min 1.94?5 (Figure 27). If the bioe ~ressure fell dunng this procedure: the

infusion was stopped until the blood pressure .- .t ‘0 normal. The infusion caused a

marked vasodilatation at first. but towards the end ol "+ nfusion penod blood flow returned

ot . N . . . .
o control leveis. The vasodilator response 10 chorda nerve stimulation was not abolished

following VIP desensitization. even ’Lhéugh the gland no ionger responded to VIP injected

B4
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Figure 23. Representative trace of the/effects of avjan-pancreatic polypeptide (APP, 2 ug ia.)
on chorda-induced (5 seconds), /ACh-induced and VIP-induced vasodilatation (four
experiments out of nine). / ’ :



144

uiw

HO diA  HO ‘ HO’  dIA - 4ov

u__n:amazom u:meo:mn_ UBIAY JO 10843

L__u!ur.uu
mo|4 poolg



Figure 24. Another experiment in which APP (5 ugi.a.) failed to significantly affect chorda-
induced (20 seconds), ACh-induced and VIP-induced vasodil,atation (five experiments out of

nine).
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Figure 25. Effects of a cumulative close-arterial infusion of APP (2.5, 5.0 and 20.0 4g) on
~ chorda-imduced (5 seconds) and VIP-induced vasodilatation.
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Figure 26. Superimposed chorda-induced vasodilatation (5 seconds) during a continuous close-
arterial infusion of APP (10 ng).
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* Figure 27. Deseryx'sitiy_vation~ of the submandibular gland vasculature to VIP (25 ug ia.;
25 yg min') and its effects on chorda-induced (10 seconds), ACh-induced and VIP-induced

. vasodilatation.
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'27). The submandibular gland * yvasculature recovered from

ST
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o

desensitization (Figure 28). The time-course of desensitization recovery appeared 10 be

dep_éndem upon the desensitizing dose of VIP given, such that following a desensitizing doéc or

25 ug VIP i.a., recovery occurred after only 3—3 minutes, whereas after a desensitizing dose of

’

100 ug 1.a.. recovery was not complete until after 45 minutes (Figure 2§)

} o
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Figure 28. Time course of recovery of the submandibular glzind vasculature 1o VIP foilowing a
desensiuzing dose of 100 ug1.a. (10 ug mun *). T =ume in mnutes after desensitization.
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4. DISCUSSION

. -
The results . presemed here suggest that desplte its alropme resistance, the major , '

medxator of parasympathetlc vasodilatation in the cat submandxbular gland is acetvlcholme Al ¢
»the presem.ume. however, one cannot dxscount the possxble conmbuuon of VIP.
N
. .

Contrary 10 the vasodilatation, it is quue clear Lhat atropmé’ abolishes submandlbular

secretion at all frequencies and durations of snmulauon However atropme reduces, or even

abolishes, the vasodilator responses at lower stimulation frequency. suggesiing an atropine-

sensitive cholinergic mechanism at low stimulation frequency (Darke and Smaje. 1972). In

favor of acetyicholine being a major mediator is the fact that intra-ductal eserine potentiated

chorda-induced vasodjlatation, particularly at lower stimulatiqé duration. and this potentiation

was reduced by atropine. However. it can be debated whether the potentiation of vasodilatation
by eserine occurs at pre- or postganehomc storage sites of acetylcholine. In favor of eserine

exerting its effects at postganglionic snes however, is the observauon that intra-ductal admin-

4 )
1strauon of hexamethomqm (a ganglion-blocking drug) has very little effect on chorda-induced

vasodilatation, suggesiing mal intra-ductal eserine acts at postgangiionic efiector sites
(Emmelir er al.. 1954; Hilton and Lewis, 1956; Lundberg ef /.. 19802}

In contrast “to this Limited effect of mira-ductal héxémethomum.‘ the :mtra-duezai
administration of hemicholinium accompanied by some parasvmpathetic ner\'e‘surfx;mlation 10
facilitate deleuon of stores of- acenlcholme compietely abolished the vasodiiator effects o(
nerve stxmulauon. Thc vasodilatation could be restored by intra- ductal admumstrauon of
choline chlon‘de.‘ The conclusion one 1s led to from these observauions s that the acuon of
hemxchohvmugm 1s due to the depleuion of acetyvicholine at postgangiionic sites, where it normail
participates in chorda-:nduced vasodilatauon. - | ' 55%@

The effects of other muscarinic aimagoﬁxsté on chorda-:ncuced vasodilalaiion requires
carefui anaivsts. Tge. concept of neterogenetl: o musca;':mc 1eceplors was et oroposed oy

R
v M

Burgen and, coworkers (Birdsail er ai.. 1978, _.W‘;'ndr’gc werp
£,

e:asuxgm{;cﬁmi} oo

LT e i A

the discovery of certain antagomists. such as pxtenzq;g @.v:g}az“:

ween high and
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PO

The d mbut’xon of thcse receptor populauons xarxes In dlfferem organs. ’hus MIUSCarinic
v for pirenzepine prevail in discrete areas of the mammalian brain
Romic ganglia, while low affimity sites are present in the heart, 1n the

smobth muscle of THE upper gastrointestinal tract and bladder (Hammer er al.. 1950; Birdsall et

al., 1980

.Sﬁm_iar obsefvations were noted by Rattan and Goyal (1984) working with the lower

{

ésop‘nageai p\reparauon. These workers ter meo the muscarinic ganglionic receptors M. and those

¢

of smooth muscie M. They aiso demonstrated thai pirenzepine selectively antagonizes the M.
rcceptor subclass ‘and <4-diphenyiacetoxy-N- -methyvi pxpename metmodlde {+-DAMP) the ‘»A
receptor subciass. This euended the earher findings of Barlow el a1 (1976} and Brown el al.
980) who estaohshed Lhat 4 DAMP acts selectively on "so-cajled” M receptors. Our resulti
*ith 3-DAMP and s ar‘aiogue b5 4-DAMP, demonstrane a re‘ersible inhibition of chorda -
induced vasodilatapon., as wel] as ihaz induced b\ a local m)ectxon of | ac“t\lcnolme 4- DAWP
rre\e:'51b’\ mhmxted Jxorda 'nauced salivary secretion. Thus, 1; 1S possxme that the muscg/xq:c o

mechanism 1nvolved followmg chorda-induced vasodilatation ars 4- DAMP sensxz(ve but

\, //
atropine-resistant. Howe\e' an anomaiv exjsts, smce 1t has oeen shown fob\k{e lower eso-
\

phageai sphincter preparation of the opoosum hal both atAOpme and 4 DAMP are effective in

‘V"mtagornzmg the contraction induced by bethanecho] (Goval et al.. 1980; Ra{LarL and GO\al

1

1984) One couldg:gu that this obser\auon 1$ siumijar to me effect of atropme and 4- DAMP :

5

on acetyichoiirfe- vnduc& \asodzlalauon bt 15 not represemanve of the obwoush compiex

1

events up.g are oc "vmz. al ‘he 'xm ﬁ,homa n‘feuor mex within. the submandxbmar gland

&

He feve’smm of the effects of ~:)‘DAMP on Lnorda mduced vasodnatauon suszgcsx,s a;
A ' "l L
ransient Omdmg o posrganmomc muscanrm rec‘-ptors &,M 18 pei In the suomandxbular g}and
St i

and upon ;}yeasea ;no.da je'\e St 1mumgqn7 -1 DAMP s d?SplaGed f‘mm acemcho line bmémg

1‘. .),,
AR A %
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sites by released acetylcholine. 4-DAMP possesses thé necessary quaternary ammoniim
structure required for binding 1o muscarinic receptors, but the specific mechanisms of binding
are unknown. and binding permanenC\ is unclear at present. Another possibility is that
4- DAMP mayv be interacting with muscarinic (M‘ type) receptors at ganglia. ThlS pOSSlblll[)

r

can be exclﬂded)b\ the fact that Sxmpatheuc nerve -induced salivation and pupillary reflexes are
"\ 7 «

unaffected p\ 4-DAMP. .

Plrenzepme has no significant ef fecl on chorda-induced vasodxlatauon but is moder-
ately effecuve in redueing the concomitant sahvary secretion and vascular effects induced- by
acetylcholine. Thus, it is appérent ;hal chorda-induced vasodilatation is not mediated by M,
receptors at postganglionic eff ec’tdrisites
| Secoverine is totally ineffecti;/e in reducing chofda-i'ndueed vasodilatation, and only
marginally effective on the vascular effects induced by aeetylcholine.

Most recently, Eglen apd Whiting (1985) showed that 4-DAM.P has the highest affinity
for muscarinic receptors mediating vasodilatation in t‘he rabbit aorta and dog femoral artery,
and concluded that the receptor profile for vascular smooth muscle mediating vasodilatation
appears to differ from that described for the central nervous sysmm myocardium and gasuo-
imestihal smooth muscle.

In some of our experiments, '4-DAMP was shown to exert limited effects on VIP-
induced vasodilatation. In some cases, 4-:DAMP would enhance the VIP-induced vasodila -
‘tation, and at o[her times it appeared to attenuate the VIP response. Imerpretauon of these
. findings may prove difficult. However, one can speculate on the possxble interactions between
VipP rei:eptort and muscarinic receptors. Previously, Lundberg (1981) demonstrated that, in the
presence of VIP, .ACh-ipduced secretion showed more than 100% increase over control levels.
' -Howevef . we ive;e unak;le to detect any significant potentiation of salivary secretion by VIP.

, Combinedﬂ histbchemical and. Mmunohistochemical daLa indicate the coexistence of

acenlchohne and VIP in postganghomc nerves mnervalmg the submandibular gland in the cat

and rat { Lundberg el al l980a; Lundberg, 1981). A possible molecular mechamsrn for the
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synergistic actions of ACh and VIP is the 10,000-fold increase induced by VIP in the af finity
of ACh for muscarinic receptors (Lundberg et al., 1982c). Subsequently, Hedlund et af. (1983)
have shown that long-term treatment with atropine inducee not only an increase in muscarinic
receptors, but also in the number of VIP receptors in the salivary gland of the rat. Recently, .
Eva et al. (1985) suggested that VIP inhibits the turnover of acetylcholine and therefore partic-
1pates in the feedback regulatxon of ACh metabolism. As suggested by Lundberg and co-
~ workers, VIP could shift muscanmc receptors from a low to a high affinity conformation.
Hence, the VIP-induced inhibition of turnover of ACh might reflect either an_ interaction
| between ACh and VIP at the level of presynaptic autoreceptors Or an imeractionrat the post-
syna_bu’c recognition sites. According to this novel view, compounde stored in -neurons énd
released extracellularly by nerve impﬁlses can be considered to act as mediators and modul;lors.
Thus, it is possible that VIP may function in the submandibular glanh as ba modulator for the
mediating action of ACh, which is atropine-resistant but ;elatively sensitive to 4-DAMP.
Of all the vasodilator agents used in this study', VIP w_és the most potent, causing a
dose-related vasodilatation which subsided slowly ﬁpon cessation of infusion. VIP did not
/cause salivation. VIP is twenty to thirty times more ”potent than acetyl'choline on a molar basis. /
In addition, parasympathetic nerve stimulation produces an abrupt rise in the output of VIP in
’the venous effluent from thé gland in the presence or absence of atropine (Bloom and |
Edwards, 1980; Lundberg et al., 1981a; Uddman et al., 1980). Immunohistochemically, VIP- @ﬁ&q #
ergic nerves have been shown to‘be present around acini, ducts and blood vessels in the cat Sub-/
mandibular gland (Wharton er al., 1979; Lundberg ‘let al., 1980a; Uddman et al., 1980; |
Johansson and Lundberg, 1981). It must be emphasized, however, that the vas.gS majority of

é‘}g;nates from

these nerves occur around ac1m and ducts. Thus, the VIP in plasma probably

nerves innervating tissues other than blood vessels. This creates an anomaly%_ mce VIP does

not cause salivary secretion, whv 1s there a rich VIPerglc mnervauon of §écret0ry elements" Is

it possible that VIP released from glandular nerves, afterﬁdiffusion delays reaches vascular

4

receptors and contributes to the vasodilator response via a paracrine VIP action? However, the

i

/ . /\
/ \



anset of the vasodilaldlxon associated w1th chorda nerve simuiation 15 aimost immediate
The observed VIP ievels in the ‘enous effluent depenc on two factors (10 VIP
diffusjon from the site of svnapuc reiease to biood vessels may pe hmited since VIP s a ?“axrij.’
large water-solubie peptide. (2) [ocar enzvmatic Jegradation prioT 1o arrival 4t recedlor sites in
~ the vascujature takes places within the ussue anc in the diood « Edwards-er ai.. .97%: During
prolonged sumulation, a gradual deciine in VIP output was noticed. dul the sue of 'he vaso-
dilator response remained unchanged. suggesting tha! the’imount o! ‘\.HP avatanie Tor rejease s
limited (Uddman et aI 1980). The VIP output after © n{our was only 2% o7 the maxvima;
value. This means either not ali glanauiar VIP :s availabie o1 reiease. and or oniv 1 fracton o

the released VIP was recovered in the venous outflow due o degradation :
In our expeﬁmems. during Jesensitizaiion, when iNe SUCMandiDuidl sasouidiule A

unresponsive 10 VIP, the vasodilator response 10 chorda nerve sumuialion #as not apoisned

\ .
N »

The submandibular vascuiature snowed varable time courses of recover: ' >33 munutes). 7 hb
' . - B s by . —
finding supports the idea that VIP cannot ,be the oniv. or major. mediator nvoived. The

;s UNKnoOwn ar present ooy unciear

N

AN

Avian "pa\ncreauc polypepuide % a thirty-six amino acid poivpeptide Kimmes ef ai.,

1975) with a mark\"ed%ﬁfferem ammno acid composition ;6mpa:ed 10 pancrealc poiypeptides

from other species (Lu: and ‘Chance,- 1974; Kimmel er ai.. v‘.°"’5’:», Immunonistochemicai

evidence sugggsté that an APP-immunoreactiv srx}bs%an.ce‘:s présent n20in centrar anc

peripheral neurons (Lo/r/eq et c'zlli., ’19”9).7 Furthermore, APP-like immunoreaciivity nas oeen

~shown to coexist.with Eate,c/hola.mmes or:other ngurOpepudes InCerlamm neurons, farticwaris
SN ;

) . . / ‘ N I N . . Lo .
around arteries and arterioles of exocrine giands such as the nasai mucosa an¢ submandibuias
!/

gland of the cat (Lundberg er al., 1980c; Vincent er al.. 1982)
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In this study. APP was found to be very incor}sisten't in reducing VIP-induced vaso-
dilatation. This finding is in sharp contrast to that reported by Lundberg and associatesh
(Lundberg, 1981; Lundberg er a/., 1980a), who stated that APP 'reversibly inhibits both VIP -
induced vasodilatation and salivation. According to Lundberg and coworkers, APP reduces
VIP -induced salivation, but we have shown that injected VIP does not cause salivation in the
cat submandibular gland. Lundberg also shqwed that APP reversibly inhibits chorda-induced
vasodilatation, which we have been unable to demonstrate. The inconsistent ef fect; of 'APP on
VIP-induced vasodilatation are probably due to a non-specific steric interaction with VIP
receplprs or postsynaptic effettor mechanisms within the submandibular vasculature. Further-
more. 1t 1s difficult 10 contemplate a specific receptor interaction, due primarily to the .marked‘
structural dissimilarities between VIP and APP and the ultimate lack of quaternary binding
conformation. If. as has been suggested by Lundberg, APP is a specific reversible inhibitof of
VIP. then vasodilatation induced by nerve stimulation would be reversibly inhibiied by APP if
VIP were a major mediator of atropine-resistint ‘vasodilatau‘on.

The localization of an APP-like pépu'de within catecholamine-rich neurons offers
mteresrmé pCSSibilitie‘S as to its functional significance. Since APP has been localiied within
adrenergxé neurons within the submandibular gland and nasal mucosa vasculature, one would
expect.-an exogenous application of ‘ the peptide to enhance or augment the response induced by
si\mpazhenc nerve stimulation or a local application of catecholamines. However, it is apparent
t"r‘.at APP has no effect on sympathetie nerve-induced vasoconstriction,: after-dilatation and
sahv:ihon. "

The possibility of using antisera\ as pharmacological blocking agents at synapsés was
ongmally suggested by the findings that antiserum against nicotinic receptors could paralyze ™
skeleta: muscle in vivo (Patrick and Lindstrom, '1973; Heilt;ron‘n‘ and M_attsson,é 1974). Also,
antibodies {rom mfv'asthema gravis patients could penetrate into the synaptic cleft of the neuro-

muscular junction. bind to postsynaptic membranes, and subsequently block skeletal muscle

endpiate poteatals. Employing a VIP antiserum preparation, we have been unable to block or

i
L



significantly reduce VIP -induced vaso&ilatauon or chorda-mduced vasodilatation and salivation
(not shown). However, Lundberg et al. (1981b) demonstrated that following a close-arteral
infusion of antiserum agamnst VIP, _chorda-mduced vasodilatauon and salivation were
' Significém)_v reduced or abolished. This finding was in agreement with the carhier work of Govai
et al. (1980), who demonstrated that 1mmuno'anlagomsrr{ of VIP wuhﬂa.mgn-utre antiserum
antagonized a VIP-induced fall in lower esophageal sphincter pressure in the opposum. How 4
ever, Goval used extremely low dilutions (1.1) of VIP anuiserum to observe any effect. on
lower esophageal relaxation induced by Iintramural nerve stimulauon (Goval, personai
commumcationi. This minor effect of VIP antiserum mayv be because the large size of the ant-
body makes it difficult f‘oruthe anubody molecule to achieve significantly hugh concentrations in
the extracellular space at the site of neuromuscular ‘Lransm‘l'ssion. Moreover, the ume course
and the affinity of binding of exogenous VIP with the antiserum compared to that with VIP
receptor sites may also influence the degree of antagonism. More work 1s ‘r‘equlred o see if

similar arguments could apply to the inconsistent effects seen when VIP anusera are emploved
)

e

in the submandibular gland.

In 1907, Carlson supplied evidence for the possibie existence of vasodilator fibres in the
- sympathetic nerves rur;ning to the submandibular gland of ihe cat. By stimulation‘of the
cervical sympathetic trunk, Carison noted a significant increase in the venous outflow in
addition to. the previously-noted vasoconétriction. Oborin (1952) later ¢ Tirmed Carlson's
findings and detected a sympathomimetic substance in venous effluent from the gland which he
characteﬁzed as being adrenaline. Despite this observation, Oborin concluded that the sympa-
thetic vasodilatation was mainly a reactive hyperemia, since short -term occlusion of the artenal
supply was followed by a dilatation’ similar to that seen\ on sympathetic stimulation. A minor
contribution to this reactivé hypereﬁlié was thought to be due to the presence of a weak,Agdrem

ergic vasodilator component. % o
e

N

Subsequently, Bhoola et al. (1965) examined the effects of a- and B-adrepocepter

antagonists and guanethidine on the sympathetic after-dilatatipn. They concluded that the

&

r
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secretory, constrictoy and vasodilator responses due lO‘Sy'm’palhe‘[lC nerve stimulation were all

B

related to the releas pe and/or adrenaline. Furthermore,-since secretion and

vasOconstricuon were separable by the actions of a-adrenoreceptor antagonists, they concluded -

'

thal separate s_vmpathetji'c secretory and vasoconstrictor fibres existed. The svmpathetic after-
dilatauion was most probably due to the action of noradrenaline dn vascular B-adfenoceplors,
although this effect was less clear.

In this study, 4-&DAMP (and bis.4-DAMP) has consistently been s-hown to reduce the
af'ter-dilatauqn which follows the vasoconstriction associated with syrﬁpatheu’c nerve stimu-
lation. lnterpretaiion of this finding 1s very difficult in view of the previously postulated 8-
adrenefgic mechamsm. [t is u};iikely' that 4-DAMP has anv direct effect on adrenergic
mechanisms via ‘receptor binding ( Barlow, personal-cémmumcandn). Frayv and Leaders (1967)
and E‘mhger et al. (1970) postulated a model for neurochemical interactions betweén cholinergic
and adrenergic mechanisms. Their formulation circurﬁvems the need for acetyicholine, choline
acetvitransferase and acetvicholine esterase in syrnpalhe‘tic.‘ postganglionic fibres and sugges\ps
that the-Jiberation of ace[)'lc_holine from penpheral parasympathetic neurons facilitates the
‘release o!\norad‘renalme ir adjacent sympathetic fibres,possibly by parasympathetic post-
ganghoriw nerve cross-over. The possibility of the existence of such an interactive mechanism
Jerives suppbrt primarily f.rom the observation of extensive’overlap in the terminal fields of
pOS(gangiiOniC' parasympathetic and svmpathetic fibres in'many tissues. Thus, it is possible that
4-DAMP mav interact with the cholinergic mechanisms involvéd in facilitating the release of
noradrenaline at svmpathetic nerve terminals and thus reduce or abolish the concofnitam
svmpathetic nerve-md\uced vasodilatation. This model cannot always account for cholinergic-
adrenergic interactions in the peripheral nervous svstem, however, since such interactions are’
-noted in peripheral tssues in which adrenergic axons are mot accompanied bv cholinergic
neurons (Silver, 1974). [t may seem superfluous to have neurotransmitter effects dependent on
the action of vet another substance. the presynaptic or postsynaptic neuromodulator. The

. - P '” - ) . . .
neuromodulator "interface” between the action potential and transmitier release and

»i
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. pastsynaptic actions, however, may perfgit "fine-tuning” oPostsynaptic information.

At present, based on the inconsistent vasodilator effects of substance P and ATP, they
appear to be unlikely candi(w_(es for the neurotransmitter involved. However, one cannot dis-

count a secondary messenger role for ATP (cAMP) possibly being involved in VIP-induced

' : ‘
vasodrldtatron ‘ . .

In conclusron it appears that acet};lcholrne is the major mediator, especrally at 10wer
frequ@ncies (duration) of nerve stimulation, but one cannot discount the fact thaL VIP is a
polent vasodilator, ‘is present within selective postgangliqgic cholinergic nerve termingls, and is .
detectable in the venous effluent following chorda nerve stimulation. However, the present

work with a "so-called” VIP antagonist APP, and the densensitization data suggest that VIP is

b
4

unlikely to be t;‘he major mediator. It is evident that at higher frequencies (and duration) of
. SOy 5

nerve stimulation, .chorda-rghdu,ced vasodilatation becomes progressively atropine-resistant, but
#y. . Al '

‘it appears that' 4-DAMP."almost completely abolishes this atropine-resistant component,

o SN

'shggesnhg a 4"UAMP -sensitive, atropme resistant muscarinic receptor mechanism. At present,

rhere is no- subsrannal data on the muscarrnrc recept.or subclasses at postganglionic cholinergic

‘»
@

A nerve Lermrnals fn ‘the cat submandrbular gland It would be of interest to determine what
w muscarmrc-recepcorrsubty;aes predommate at these sites utilizing autoradiographic techmques in
assoora:ron ‘with labelled (*H) qurnuclrdmyl -benzilate (QNB) and specific muscarrnrc agonist/
antagom's.mxbmd\mg studies, as has been so elegantly performed for the rat brain by Potter et al.
h (1984) Ty‘he trse of rsolated submandrbular artery (in vitro) would provide further insight as to
"the mlrséarrnrc receptor popula[ron present within the artery and a possible correlation to the
observ;.tlons presented here. However this may prove difficult, due to the rnaccessrbrlrty and
.

small-size ofl the subm_andi\}bular gland artery in the cat.
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