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SUMMARY The biological effect of PACAP and VIP in target
tissues is the activation of adenylate cyclase (AC)

The ultracytochemical localization of adenylateand production of cAMP. PACAP occurs in both
cyclase (AC) was studied after stimulation with pitu-38 (PACAP 38) and 27 (PACAP 27) aminoacid
itary adenylate cyclase activating peptide (PACAPforms and these peptides were found to be equipo-
in human sweat glands. PACAP stimulated AC irtent in the stimulation of AC (Miyatet al, 1989).
both eccrine and apocrine glands. In the secreto previous reports have demonstrated the activity of
branes involved in the secretory mechanism. In bolgntrols secretion in rat adrenal medulla and in
glands, the cells of the excretory duct and myoer,yhole adrenal gland (Watanaseal, 1992; Yoret
ithelial cells presented AC activity. These localiza- 5, 1gga- Przywarat al, 1996). PACAP has been
tions of enzymatic activity suggest a role for PACAF o0 cteq 'in nerve fibers around seromucous glands,
in regulating glandular secretion. small glands in the lung, submandibular glands and
in exocrine and endocrine pancreas, where it
induces cAMP production and stimulates secretion
(Arimura & Shioda, 1995). It is a potent stimulator
of synthesis and release of melatonin from pineal
gland (Simonneaust al, 1998).

INTRODUCTION

Pituitary adenylate cyclase activating peptide
(PACAP), originally isolated from bovine hypothal-

amus (Miyataet al, 1989), is a peptide that func- " the Ihur:jwan body, bothTﬁccrine_andlapgcrine
tions as a heurotransmitter, neuromodulator and neSWeat glands are present. The eccrine glands, pre-

trophic factor in the central nervous system S€Nt everywhere, produce a watery secretion with
although PACAP-like immunoreactivity has alsoSOme salt and few organic substances. The apoc-
been detected in peripheral organs (Arimura & Shicfine glands, located prevalently on the axillary and
da, 1995). PACAP is a member of the VIP (vasoacgenital skin, produce a more concentrated secre-
tive intestinal peptide) family and the N-terminaltion with odorant substances. A third type, the

portion of PACAP has 68% homology with porcine apoeccrine glands, is found only in the adult axil-
VIP (Miyataet al, 1989). lae, where they represent less than 10% of all
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glands.These glands share some of the mofphcMgSQ,, 0.5 mM 5’ adenylylimidodiphosphate
logic and functional characteristics of both eccrinesodium salt (App(NH)p), 2 mM Pb (N3 1 uM
and apocrine glands (Satbal., 1989). GTHS, 10 mM ouabain (basal mediungpect
Before the discovery of ATZAP (Miyata et al, mens were incubated in: (1) basal medium, (2) basal
1989),VIP-immunoreactive nerve fibers were iden medium plus 16M PACAP 38 (complete medium).
tified around the eccrine sweat glandsdlstiet In control experiments, samples were incubated
al., 1985) and the activity &C stimulated byIP  in the complete medium mindgp(NH)p, or they
was studied ultracytochemically in human eccrinewere preheated at 80 for 20 min prior to incu
glands (&inio, 1987). bation in the complete medium.

To our knowledge, after the discovery &GAP, After incubation for 45 min at 3T, the samples
there have not been data available regarding ttwere rinsed several times in 0.1 M cacodylate
presence of RCAP andAC activity stimulated by buffer, and postfixed in 1% osmium tetroxide for
this peptide in human sweat glands. Previous-stu45 min.The samples were dehydrated in a graded
ies indicated that the activity oARAP was much series of ethanol and embedded in an Epon-
more potent than that MP (Miyataet al, 1989).  Araldite mixture After a brief staining in a saturat
Moreover in various tissues there are two types oed solution of uranyl acetate in 50% ethanol, ultra
PACAP receptors: RCAP- andVIP-shared sites thin sections were examined in a PhilifiEM 400
and RACAP-specific sites (Arimura & Shioda, electron microscope.
1995).Therefore, the purpose of this study was t¢ For the ultracytochemical demonstration of the
determine the localization ofARAP-stimulated enzymatic activity the method used allows the
AC activity in human eccrine sweat glands and irdetection of a precipitate of enzymatically released
the apocrine glands given theirfdifent secretory imidodiphosphate and lead ions at the site\Gf
pathwaysThe apoeccrine glands were not consid activity (reaction product) (Poeggel & Luppa, 1988).
ered in the present studyp demonstrate the enzy App(NH)p and GTKS, non hydrolyzable
matic activity we employed an ultracytochemical analogs oATP and GTPrespectivelywere used.
method for electron microscopy GTPis necessary for increasind\®AP stimula

tion of AC (Onali & Olianas, 1994)Theophylline
was used as an inhibitor of phosphodiesterases,
MATERIALS AND METHODS ouabain was included to inhibit NK* ATPase.
PACAP, App(NH)p and GTRS were obtained

Sumical specimens were obtained from 6 patientfrom Sigma, Milan, Italy
(3 males and 3 females) under local anaesthesia
mepivacaine hydrochlorid@he patients ranged in
age from 33 to 62 years. Samples from axillanRESULTS
skin were used for detecting both eccrine an
apocrine sweat gland¥he samples were fixed The morphologic characteristics of sweat glands
immediately after the excision for 20 min in coldin human axillae have been described (Satal,
(4°C) 1% glutaraldehyde in 0.1M cacodylate 1989). The secretory portion of eccrine sweat
buffer containing 8% glucose, pH 78hen sam glands consists of three types of cells: clear cells,
ples were washed several times in the samietbuf dark cells and myoepithelial cellEhe clear cells
to remove the fixative. Under the stereomicro form between them intercellular canaliculi and the
scope, thin sections were cut and stored°&@ 4 adjacent membranes interdigitate to form numer

overnight before further processing. ous short and narrow processBEsese cells parte
cipate in transepithelial fluid and ion transport.
Ultracytochemical localization of AC activity The dark cells are filled with dense secretory gran

The present method was based on a previowules surrounded by membrane. Peripheral to the
ultracytochemical procedure for the detection osecretory cells are myoepithelial cellhe excre

AC activity (Yamamotoet al, 1998). Specimens tory duct contain two layers of one single cell
were incubated in freshly prepared medium tctype. The secretory portion of apocrine sweat
demonstratédC activity. The medium of incuba glands is composed of a single layer of secretory
tion consisted of 80 mMris-maleate bdér pH  cells surrounded by myoepithelial celle cells
7.4, 8% glucose, 2 mM theophylline, 4 mM do not form intercellular canaliculiThe cytoe
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plasm contains numerous granules surrounded tShioda, 1995). Before the discovery AGAP
membrane. Excretory duct is lined by severat lay (Miyata et al, 1989),VIP immunoreactive nerve
ers of small cuboidal cells. fibers were identified in human sweat glands
Ultracytochemical evidence oARAP-stimulat  (Vaalastiet al, 1985) and, primarily in human
edAC activity was demonstrated by the presencieccrine axillary sweat glandg)P-stimulatedAC

of an electron dense reaction product. activity was seen on the plasma membrane of
secretory cells and myoepithelial cellsaifiio,
Eccrine sweat glands 1987). Successivelyo our knowledge, no studies

In the clear cells, the reaction producA@f activ  have been reported regarding the presence of
ity was associated with apical and lateral plasmPACAP immunoreactive nerve fibers, oAGAP-
membranes (Fig. 1a) and with membranes lininistimulatedAC activity in either eccrine or apocrine
intercellular canaliculi (Fig. 1b). Som#eC reaction  sweat glandsThe present ultrastructural observa
product also showed a localization on intracellulations reveal the cellular and subcellular distribu
membranes (Figures 1a,b). In the dark céllS, tion of AC activity in both of these glands in the
activity was present on apical and lateral plasmpresence of RCAP, known to activate this
membranes. Moreovighe reaction product of enzy enzyme. In the present stuaye demonstrated that
matic activity had an intracellular localization,; it was exogenous RCAP could stimulatéAC activity. In
associated with membranes of the Golgi apparatuprinciple, the response to exogenously applied
and with membranes lining secretory granules-(FicPACAP may be due to activation &fC that nor
ures 1a,c). In the control studies, samples incubatimally responds toARCAP present into nerve fibers
in the complete medium but without the substratand nerve endings present in sweat glands.
App(NH)p (Fig. 1d) or heat-inactivated tissue (noi The absence of enzymatic reaction product in

shown) did not reveal any enzymatic activity samples incubated in a medium devoid ACRP
suggests that the basal activity of the enzyme may
Apocrine sweat glands be below the detection limit by the technique used

In the secretory cells, the reaction producAGf in the present studyMoreover here we provide
activity had an intracellular localization; it was morphological evidence that the presence of
present on membranes of the Golgi apparatus aiPACAP amplified the enzymatic activity over the
on membranes lining secretory granules. In addlevel of the detection limit in these experimental
tion, the apical plasma membrane showed sonconditions. One limit of the technique we used is

positivity (Fig. 2a). that low amounts and/or activity of the enzyme may
escape detection. Both Phnd fixation have been
Eccrine and apocrine sweat glands reported to lower th&C activity (Cutler 1983).

In both eccrine and apocrine glands, the cells cHowever a suitable amount of enzymatic activity
the excretory duct showed enzymatic activity orstill remains, and in the presence of 80 mM maleate
plasma membranes (Fig. 2b), and myoepithelicand 2 mM P, AC can still be stimulated by acti
cells showed\C activity with prevalent intracellu  vators such as NaF or various specific hormones
lar localization of reaction product, although some(Cutler, 1983).We used RCAP 38 at a concentra
reaction product was associated with the plasmtion of 10°M to produce the maximal stimulatory
membrane (Fig. 2c). effect onAC activity. From the biochemical assays,

No samples incubated in basal medium displayeincreases in cAMIRave been observed to be dose-
ultracytochemical evidence o&C activity (not dependent, and the maximal stimulatorfeef of
shown). PACAP 38 was produced at a concentration of 10

— 10°M (Watanabeet al, 1992).
Our data on the eccrine glands are partly in agree
DISCUSSION ment with the result obtained Gywino (1987) on
ultracytochemical localization &fC activity stimu

PACAP has been found in nerve fibers in severalated byVIP. The reaction product ofACAP-stim-
organs and double-immunostaining histochemistrulatedAC activity was present on plasma membrane
revealed that RCAP immunoreactive nerve fibers of the clear cells and myoepithelial cells.
constituted a subpopolation of th#P immunore Previous studies on eccrine sweat glands suggest
active fibers (Uddmamt al, 1993;Arimura and that VIP stimulates sweat secretion, by elevating
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Fig. 1 - Eccrine sweat glandsAERAP-stimulatedAC activity. a: Clear cells (C) — Enzymatic activity is present on apical and
lateral plasma membranes. Some deposits of reaction product are detected on intracellular membranes. Dark ceA(D) shows
activity on apical and lateral plasma membranes and on intracellular membranes lining secretory vesiclesh:xCl8a00ells

(C) — Enzymatic activity is localized on adjacent plasma membranes and on membranes bordering an intercellular canaliculus.
Some deposits of reaction product are detected on intracellular membranes. x1Ba@@ cell — Enzymatic activity is detect

ed on Golgi membranes, membranes lining secretory vesicles and on the plasma membranedx @006l sample incu

bated in the presence cA@AP but withoutApp(NH)p — Clear cells are devoid of enzymatic reaction product. x 18000.
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cAMP concentration, and acts as a sgistifor both  1989). NeitheVIP nor norepinephrine seem to be
acetylcholine-mediated ang@-agonist-mediated involved primarily in physiological sweat secretion,
sweat secretion, although the possible modulatorbut they seem to be important in the maximal accu
role of VIP remains to be elucidated (Satbal, = mulation of cCAMPtogether with acetylcholine (Sato
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Fig. 2 -Apocrine sweat glands -ABAP-stimulatedAC activity. a: Secretory cell — Enzymatic activity is present on membranes
lining secretory vesicles, Golgi membranes and on apical plasma membrane. x01 E@0etory duct — Cells show enzymat

ic activity on the plasma membrane (arrows). x 14@08lyoepithelial cells - Enzymatic activity has an intracellular localiza
tion. Some reaction product is present on the plasma membrane (arrows). X 20000.

& Sato, 1987, Satet al, 1989). Previous studies duction in adrenal medulla cells as compared to
have indicated thatACAP is much more potent PACAP (Watanabeet al, 1992).The presence of
than VIP in stimulating AC, although RCAP is  PACAP-stimulatedAC activity reported in the pre
structurally similar toVIP (Miyata et al, 1989). In  sent studysuggests that this peptide could play a
the adrenal medulla,ACAP is an important non- more important role thaxIP in cAMP accumula
cholinegic secretagogue @Anabeet al, 1992; tion in eccrine sweat glands.

Yon et al, 1994; Przywara&t al, 1996); it is 1000 The reaction product of enzymatic activity was
times more potent thawiP in catecholamine secre detected also on intracellular membranes of secre
tion, andVvIP is very weak in stimulating cAMpro-  tory and myoepithelial cells, in eccrine and apoc
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rine glands.The subcellular distribution oAC  Mungan Z. ArimuraA., ErtanA., RossowskW.J., and Coy

activity is in agreement with previous ultracyto D.H.: Pituitary adenylate cyclase-activating polypeptide

chemical studies (Poeggel and Luppa, 1388na relaxes rat gastrointestinal smooth muscle. Scand. J. Gas
; L i troenterol.27, 375-380, 1992.

motoet al, 1998) Also immunocytochemical stud

ies have demonstrated the presends&®fsoforms  Onali R, and Olianas M.C.:ATAP is a potent and highly

in the cytosol and on internal membranes (Meins effective stimulato_r of aden_ylyl cycl_ase activity in the retinas of

al., 1995), and the reliability of the subcellular-dis different mammalian species. Brain R&$1, 132-134, 1994.

tribution of AC is increasedlhe subcellular distri  Poeggel G., and Luppa H.: Histochemistry of nucleotidyl

bution of AC on various internal membranes maycyclases and cyclic nucleotide phosphodiesterases. His

reflect a compartmentalization of the enzyme t¢l°chem- J20, 249-268, 1988.

regulate a preferential specific functioraffame  Przywara D.A., Guo X.Angelilli M.L., WakadeT.D., and

to et al, 1998). WakadeA.R.: A non-cholinegic transmitterpituitary adeny

In dark cells of eccrine glands and secretory cell!a€ cyclase-activating polypeptide, utilizes a novel mecha
nism to evoke catecholamine secretion in rat adrenat chro

of apocrine glands, the activity AL appears 10 be iy cells. 3. Biol. Chem271, 10545-10550, 1996.
localized on intracellular membranes which pattici _
pate directly in the formation and disopar of sva\}'éoatgllarlfgsn g\;lvdk:ﬁeﬁatlj?:orlfjlérg nIOI Nsoa;trﬁall(:s-\l;vBelgltogl);n%ffunc
secretory products; this suggests that the enzyni, ;%1 "acaq Dermatol20, 537-563, 1989.
may play a significant role in the secretory functior
of these cells. Finallythe presence &C activity in Sato K., and Sato.FEffect of VIP on sweat secretion and
myoepithelial cells is in agreement with the myore gﬁMP?‘;%”mlgg‘ég”;ngjiofgg simian eccrine glamds. J.
SIOl. - , .

laxant efect of ACAP (Munganet al, 1992). y 3

In conclusion, the presence AC activity sug Simonneau¥., Kienlen-Campard.PLoefler J.P, Basille M.
gests a role of RCAP in secretion in both eccrine :G0nzales B.Jvaudry H., Robberecht,Fand Pevet.PPhar

d . t alands alth h it dulat macological molecular and functional characterization of
and apocrine sweat glands althougn Its moaulatol, s ctive intestinal polypeptide/pituitary adenylate cyclase-

role as well as tha_t_dﬂ_P in sweat production  activating polypeptide receptors in the rat pineal gland- Neu
requires further clarifications. rosciences5, 887-896, 1998.

Tainio H.: Cytochemical localization o¥IP-stimulated
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