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Local dynamic changes in confined extracellular environments within organs
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Summary

1. Here we rgiew past work that has studied the A
composition of luminal fluid in gans, with a focus on [&
measures of calcium and pH in the exocrine glands. T
luminal environment is “external” to the mammalian bod "
and is not subject to the usual mechanisms of homeost}
control. Instead it is controlled by the belwar of the cells |
that line the lumen.

2. We dscuss the likly possibility that rapid and #==
local changes in calcium and pH occur withil
microdomains in the lumen. Further we present preliminzg,
evidence, using Vie-cell imaging of intact pancreatic
fragments that support the idea that pH changes do.oc
Our evidence indicates thatazytosis of secretory granules
in pancreatic acinar cells leads to a loss of protons from
granule and a subsequent local acidification of the lumen!

3. These changes in luminal composition are placed
in the contet of diseases of the pancreas, suchyadic Figure 1. Transmission electron micrograph of the acinar
fibrosis and pancreatitis, both of which arewnao result lumen in end-pieces of exocrine mouse pancred$is

in perturbations of luminal fluid composition. section is takn at the terminal secretory endpiece with the
lumen defined by the surrounding acinar cells. The lumen in

Introduction not an empty space but is a compkmall volume with
many protruding mianilli and convoluted cell boundaries.

We ae used to thinking of the x@acellular
ernvironment  surrounding mammalian cells as
homeostatically controlled environment which, under
normal circumstances, shie only moderate changes in ion Looking at other hollw organs, where a mucous
composition. Haever the luminal fluid environment in layer is present, a luminal microgéronment is also created
mary organs efectively lies “outside” the bodylt is a here. The lungs are bounded on one side by the apical cell
product of the cells of the gan and is not directy membrane and on the other side by laving an aqueous
controlled by whole-body homeostasis.good example of mucous layer [(BOum deep/ Within this layer ion
a hollow ducted ogan is the pancreas where the luminalconcentrations are under the control of the surface epithelial
fluid outflov from the eocrine part of the pancreas iscells and likely to be part of a process ofjutation. For
generated through the coordinated secretory and ah&orpgxample, in the cervix, the pH within the mucous lining is
actiities of the ®&ocrine epithelial cells. & know very under the regulation of the oestrysle® and is thought to
littte about the composition of this luminal fluidbe gaerned by an apically located proton pump the
ervironment, and in particular i@ o knowledge of V-ATPase. In the male reprodueti s/stem a luminal acid
possible local and dynamic changes. This paper discussggironment in the epididymis is critical to normal
past work and shows amample of the recent methods wefunction, immobilizing the sperm in this gien as thg
are using in our studies of the luminal microenvironment. mature'® Once agin it is thought to be controlled by apical

) ) ) V-ATPase activity that is part of a comgleegulation that
Microenvironments in hollow organs likely includes other apical transporterselithe gstic
fibrosis transmembrane regulator (CFTER).

aScale bar 2m.

In vivo the exocrine gland lumen is awevolume,
complex structure with mawp microvilli projecting into the  Eyocrine secretion
space from the surrounding epithelial ceflthat would act
as a physical barrier to free fdision (Figure 1). So In all exocrine glands the secretory oukflexits the
although intralumenal fluid has been analyzed as it exits theind through a duct (Figure 2). Upstream the duct
gland® or by sampling along the dué¢sthese methods miss branches multiple times, each branch lined by a single layer
possible local and aft changes in luminal fluid of duct cells. Further upstream the duct branching continues
composition. with divisions getting finer and finer and terminating in a

closed-ended lumen at the secretory end-pieces that are
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Local changes in luminal fluid composition

with duct cells preiding relatively little calcium compared

to acinar cells. Very little is known about the mechanisms

moving calcium into and out of the pancreatic lumroept
acnarcells  that the secretory granules of the acinar cells contain a high
calcium concentratidii™® (with estimates up to 200 mM
total calcium?®) that, on granule fusion, auld be released
into the lumen potentially promoting large local changes in
extracellular calciunt® The other source of luminal
calcium is the possible outflofrom the cell and across the
lumenal membrane due to the waityi of the plasma
membrane calciumP®Pase (PMCA) which has been sho
Figure 2. Anatomy of exocrine glands. Ashows the to be_ directly g:oupled to the qscillatory changes in the
branching duct system that runs through thga. B. The agonist-goked intracellular calcium concentratidh. In

ducts end at seetory endpieces that adosed and termi- ©Order for calcium to appear in the lumen it woulsth® be
nate with the secretory acinar cells. The luminaviem- specifically meed across the apical cell membrane. It is not

ment is entirely gneated by the duct and acinar cells andcléar which PMCA isoform might be located on the apical
the natue of he intercellular barrier. membrane but immunolocalization experiments wsho

PMCA4 as a possible candidafe.

In the pancreas both an apical PMCA and granule
surrounded by the enzyme-secreting acinar cells. This trg@jon could act in consort to promote increases in luminal
like ductal structure is generated by tight junction linkgalcium. These changes in luminal calcium concentration
between neighbouring eplthellal cells. The contents of thﬁ|ght target the G_protein Coup|ed Ca|cium_receptor (CaR —
lumen are therefore separated from the mageor=nd \which is sensitie © changes in extracellular calcium)
entirely created by the characteristic permeabilities of th@IONn to be present in the apica| membrane of acinar and
tight junctions and the action of ion channels and pumps gict cells?3 Activation of the CaR can be coupled to
the cells’ apical membranés. elevations of intracellular calcium, decreases in cAN®

At a relatvely low spatial resolution there is/ilence el as the actition of various kinase%* Stimulation of
from micropuncture studies to supporgignal diferences the CaR of the acinar cells in an autocrine manner may
in the CompOSition of luminal fIUIﬂ5 In the SaN/ary glands therefore be an important pog'&i a negaive feedback
it has been shown that the so-called primary outpelar regulator of acinar cell functioff Here it is useful to
that of the acinar cells and measured at the intercalaﬁ%ntion recent wrk on cell behaviour in stomach p|ts
dUCtS, is isotonic with the Sel'l.ﬂ'%]:.l'3 However, the final where the CaR is found on the apica| dor%%md where a
salvary output is hypotonic to the serum with measureghcal feedback mechanism of calciumitevia the PMCA is
decreases in chloride, potassium and sotfwdith Young  suficient to actvate the CaR and stimulate cellular
(on a CJ Martin Tavelling Fellowship) and Schog#l responsed’

ShONing that the ion Changes occur in the major ducts of the Increased lumenal calcium m|ght also affect granu|e
salvary gland. W& row know that CFTR is highly enriched fysjon dynamics which e keen shown, in other cell

on the duct cell apical membrdrend is a ky dayer in a types, to be dependent on extracellular cal@ive have
multi-step process of chloride-bicarbonatecteange that shawn that post-fusion behaviour of the secretory granules
reduces luminal chloride concentrations in the duct i the acinar cells is complewith the fusion pore, that
exchange for cellular bicarbonal®® forms between the granule and the cell membrane, capable
of opening and closing. In endocrine cells, where fusion
pore dynamics ha been well studied, it has been sho

that high extracellular calcium promotes closure of this

Two important ions, knen to play a signalling role fusion pore?® If a similar behgiour were found in acinar
in the extracellular afironment, are calcium and protons.cells then a rise in luminal calcium could wide a negive
While it is known that the are part of the composition of feedback signal shutting the fusion pore andveeng
the lumenal fluid their gulation and ay physiological further release of enzymes.
consequences of their presence remain poorly understooq_.uminal oH

A:exocrine gland; whole organ B:secretory endpiece

The luminal composition and potential actions of
calcium and pH in the exocrine gland

Luminal calcium The pH of the lumen is also not well definedaiag

Extracellular calcium in the serum is homeostaticall{he outflov of the gland can be measured (pH 8.5 from the
regulated at a concentration of around 2 mM. But in th&hole pancred$) but it is likely that pH shows gional
exocrine gland lumen, the calcium concentration measuréfanges along the lumen. Urdikalcium, the mechanisms
statically has been described as anywhere from 400 nM a#fggt might regulate luminal pH are better understood and
2mM.16 Ceccarelli et all” measured the calcium include sodium-proton exchange, bicarbonate and chloride
concentration in the outfle from the whole pancreas andtransporter¥-*?and the plasma membrane calcium péfnp
demonstrated a differential conttion of the cell types, (PMCA).
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On acinar cell stimulation a rise in intracellularpancreatic outf optimal conditions in the fluid
calcium, triggers the opening of apical chloride channetonstituents will ensure maximal enzyme tti For
and maement of chloride from the cell into the lumé&h. example high calcium is a requirement for the functioning
This chloride outflar is balanced by a basolateral chlorideon mary of the secreted enzymes including amylase,
influx through the sodium-potassiuncBloride trypsin and lipasé’ An alkali pH is also associated with
cotransporter and through a chloride-bicarbonateptimal activity for mag enzymes® Calcium released as a
exchangerf® In this way trans-epithelial chloride transportresult of granule fusion in the acinar cells and HCidom
can be maintainedver extended periods of time. It hasthe activity of the duct cells will therefore act in consort to
been shown that during this stimulated chloridevenmtent, deliver the optimal fluid environment for enzyme &iti in
intracellular pH is maintained by basolateral protdituef the small intestine.
through a sodium-proton counter transpoMméfE1 36 This ) )
model for secretion suggests that luminal pH changes in tH&r measures of pH in the lumen sha dramatic
secretory end-pieces are not under direct cellular cont@fidification associated with exocytosis
(see Figure 4 for proposed model).

In thg (_jownst.ream duct C?”S’ apical b'car.bqnatﬁ\rgely consisting of secretory endpietiase hae recently
maovement is tightly linked to chloride nvement and it is

. ; X X X recorded dramatic luminal acidification on cell stimulation
the relatvely high luminal bicarbonate concentration that(Figure 3). W& show that this acidification is coincident
gives rise to the alkaline pH of the totalgan outflow. The

ith granule fusion and likely arises from the release of

. ) X . . |
priuse tr)neqh_an;)srp eccj)fth blcE)a_lrbogmate sgcr:etlon IS r?;?totons that are contained within the granule and then get
unknawn but itis belig at bicarbonate either enters t eleased when the granule fuses with the apical plasma

cell through a basolateral sodium-bicarbonate CQhembrane

trar;)qurter odr IS épgducsd "t] thetf'(;eﬁhtthti alctlon qf In these gperiments we use extracellular fluorescent
carbonic anpdrase: Bicarbonate outfl into the lumen is es to record »®cytosis; the dyes enter the granule,

balta;]ncedhb)t/hba\sgilra;eraet‘lqy ;itct)k? Ios§ e||ther thlZOUQh tkf]ethN ough the open fusion pore (at the timevahdy the
or through the ase: € apical membrane of € ;04 ertical line in Figure 3). Usually we emplanert

duct cells chloride efflux is most probably largely mediate \tracellular dyes, li silforhodamine B (SRE) and hae

E.y CbFTRt andhthis atcts .in lcon.sorltb_witr::) %atchlorideéhmn that these dyes enter the granule after fusion,
car Vc;/r;}glles.xc gngetr Qr?;]se um|tna car ? the' ht ccumulate on the granule content (giving the initial peak in
ie bicarbonate 1S the most commonly thoug he SRB granule fluorescence in Figure 3). As granule

ltl;mtmil th b:ffer, Efjvork mt tge satmgry glandl ha§ sr_\:pn tc ntent is lost the bound dye also comes out until a point is
at phosphate and secreted proteins are aiso significant fidop g \yhere the granule is empty of its original content

39 . X X
buffers® In particular the proteins secreted from the acingf v «ill filled with aqueous solution that contains SRB
t(Ieading to the decline of fluorescence to a plateau seen in

: . fhe SRB granule fluorescence in Figut®.3
. The abee dscussion fsuggests that .the_ _Iumma In experimentsgloring pH changes we add the pH-
ennro_nment of the duqts T”'ght POSSESS significant Plensitie dve, 8-Hydroxypyrene-1,3,6-trisulfonic acid,
buifering power but bfering in the lumen in the Secre‘torytrisodium salt, HPT% to the extracellular solution and

endpieces remains unkan. Thus local gradients and record its fluorescent changes (SRB is also present in these

transients of pH might still be established, especially in t eriments). In our system theaveengths of &citation
secretory endpieces where the contents of the highly acid| d emissioﬁ light we use lead to a decrease of HPTS

secretory granules (pH < 8would release protons in to fluorescence on acidification. As seen in Figure 3 the HPTS

the lumen. Her(_a the pH shifts are likely to bgdﬁgnd. th|s granule fluorescence rises much moreviidhan the SRB
has the potential to locally regulateoeytosis (inhibits fluorescence. This is unlikely to reflectfdiences in dye

41 ic30
belov pH 65%) and endogtosis™ These pH changes binding to granule content (since MPTS, a pH-inseresiti

might also "’?ﬁeC‘ epithelial cell ion channels suc;h as t e with a close structural similarity to HPTS wiscsimilar
CLC-2 chloride chann# that are actited by aC|d_pH fluorescence changes to SRB, data notvsho Insteadhe
(enhanced at pH. Ie_s; than 4?.)’4 or TASK  potassium relatively slow rise in HPTS granule fluorescence is due to
channels that are inhibited at acid fiH. the initial acid environment of the granule quenching the
Functional consequences of the pancreatic luminal HPTS signa_I.Tracking the Igminal quprescence changes in
environment for enzyme activity a regon of interest immediately adjacent to theoeytic
site, shavs a small increase in SRB fluorescence (as the

Fluid flow and fluid composition in the pancreas iscontent-bound dye difses out of the granule) but shows a
principally an aqueous ehicle for pancreatic enzyme dramatic, transient decrease in HPTS fluorescence.
secretion. It preides the bulk fluid flav necessary to dre  Calibration of the pH-dependent changes in HPTS
pancreatic output to the small intestine.wtdaer it is dso  fluorescence, assuming a starting pH of 7.4eggus a
likely to play a significant role in the dynamics of enzymestimate of the actual pH change which in thianeple is
activation. Mary enzymes are secreted as precursors thatarly one pH unit; a ten fold increase in proton
are actvated at the small intestineub at the point of concentration.

Using two-photon microscgpon tissue fragments,

to have a gynificant pH buffering action.
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Figure 3. A single granule fusion @nt elicits a large transient acidification of the lumerA shows a low mgnification
image, Bken befoe dimulation, of a cluster of acinar cells at the end of aéafragment of tissueThe tissue is bathed in
a Na-rich extracellular media containing no pHulfer with the fluoescent dyes HPTS (blue) and SRB (red) addéx:
colour imaye i the resultant overlay of blue and red and shows that the dgelargdy colocalized outside thedgment
and inside the lumen seen as thartthing diagonal structu across the cenér of he imaye Scale bar &im. B shows an
enlalged sries of imges taken over the times indicated on the graph inThe two circles highlightagons of inteest
drawn over the lumen and over the exocytierg — also indicated by the am: Image () is befoe the event occurs, inga
(ii) is at the peak of the influx okteacellular dye into the fused gmule At this point (ima@e 1) the granule appearred
because the SRB (red) fluorescence is unaffected by granule acidity where-as the HPTS (blud)ed. dtiralty imae
(iii) is taken at a later time in the gnule lifetime at a point wherthe pH is in equilibrium with the lumerC shows the
average ntensity of the SRB and HPTS fluorescence plotted over time iagibie of inteest of the granule and in the
region of interest of the lumen.

These pH changes are summarized in Figure 4 whiftom the ogan show changes in composition. Our data
shavs that on rocytosis the lumen acidifiesGiven the suggest that local dynamic changes in the luminal content
dramatic pH changes wewmbsene (Figure 3), we gpect may be gen more dramatic and may be a critical factor in
that these are likely to be important yglologically the deelopment of these diseases.
potentially influencing the PMCA, the apical chloride o ]
channels or en the eocytotic/endogtotic process itself CYStiC fibrosis

(Figure 4). Cystic fibrosis is a disease that arises from mutations
Changes in the luminal environment in disease in a chloride channel (CFTR). It is disabling and can lead to
premature death. Since this chloride channel s
The composition of the Iluminal fluid is underphysiologically involved in fluid secretion it is not
physiological control and in diseases, such as cystic fibrosiarprising that luminal constituents areeafed® In the
and pancreatitis,ven measures of total secretory outputlung these pathological changes increase the viscosity of
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exating not only a local influence on the acinar cells b
influencing the behaviour of the duct cells downstream in

tight junctions
‘ - the gland.

PMCA (Ca/H exhanger)

H @
» lumen O O NHE (Na/H exhanger)

Cca2t

CI-HCO, exchanger Concluding remarks

There is clear evidence that the luminatissnment
of hollow organs is dynamically altered by the activity of
the cells that line the lumen. Furthermore, studiesvghat
the composition of this luminal fluid changes in disease
states. Whatve nav show is that there is a possibility for
very local and dramatic changes in the luminal constituents
that could well be a dy feedback regulator of gan
function.

calcium receptor O

chloride channel &.\

Figure 4. lllustration of some of the membrane transport Methods
medanisms likely to be dective in pH balance in

exocrine acinar cellsHere we iow the acidification and
likely increase in calcium that resultom exocytosis. In . . ! )
turn these luminallanges have the possibility to act on theStudy of single granule secretoryeats in pancreatic acinar

PMCA, chloride channels, the setary process itself and cells' and described xperiments using the entry of
the calcium receptor. extracellular fluorescent dyes to identify granule fusion. In

these published experiments we stthat the &tracellular

dye, under our conditions labels the secretory granules. In
the secretions lining the lung leading to higher rates @kinciple the dye would enter wrendog/tic compartment.
infection and impaired lung functidnin exocrine tissues But we shav that the fluorescent labelling of granules is in
the role of the chloride channel in bicarbonakehange the right place (only apical in polarized epithelia), occurs
impairs fluid secretion and, in the pancreas this can leadi@th the right time course (compared to measures of
organ damage and a reduction in enzyme secréflon.enzyme secretion) and labels structures of the right size for
Interestingly in cystic fibrosis patients very large shifts to agranules [(0.8um in ainar cells). Furthermore, in
acid pH hae been obsemd in lung breath condensateimmunogtochemical data we sho that fluorescently
(from pH 6.15 in normal to 5.32 inystic fibrosi$?) and |abelled granules also contain residual amounts of
pancreas output (from pH 8.5 in normal to 6.6 ystic  chymotrypsinogen (a specific secretory enzyme only found
fibrosis®). Since ion channels and the secretory procegs zymogen granulegy. In the experiments shown in this
itself are sensifie © pH in this range it is probable that thereviey SRB and HPTS were both added to tx&acellular
disease-induced acidification of the luminaviesnment solution at a concentration of 404.
will have mnsequences for the regulation of ion channels Electon micoscopy. Standard techniques of tissue
and granule membrane reeny® and therefore contrite preparation and transmission electron microgcoyere
to the disease phenotype. used. Tssue fragments were fixed in glutaraldehyde using a
microwave method. After deidration tissue was mounted
in epon resin and 70nm thin sections prepared for imaging.

Na.K.2ClI cotransporter

Imaging vesicular seation. We have published
extensively on the use of the twvphoton microscopfor the

Pancreatitis

Pancreatitis is a disease of the pancreas that
initiated by intraglandular aetition of enzyme¥ and leads
to symptoms including sere pain, nausea, inflammation This work was funded by an Australian Research
and tissue damage. Current treatments are limited @uncil Grant (DP0771481), and a Research Infrastructure
symptomatic care such as relief of pain and inflamma&tionBlock Grant from The Uniersity of Queensland to PT.
Aberrant pancreatic enzyme secretion is thought to ley a k
step in disease progression with a paradoxical reductionRgferences
whole-gland secretionub an increase in acinar cell enzyme . L . :
secretior! Not surprisingly the lumen content changes anili' Larma,(?, Th(_)rn P Ce?* dynamics in S""“"""Ty acinar
these changes include a 3 fold rise in calcium in the cells: .d'Stht morphology —of thi acinar lumen
pancreatic outfl®3 and an acidification, measured at the underln_es near-syl?chronous globaFCeesponses.
duodenal outflw of the pancreas from pH 7.0 to 631. _ Cell Science 2005;118 4131-9. . )
Together these changes in calcium and phHbuld 2. F||eg_a_Jf M, Benzing T._Omraf‘ H. When C'_“a go bad:
potentially promote autoagtition of pancreatic trypsin, cilia d(_afect.s and ciliopathieblature2007;Rev. Mol.
one of the hallmarks of the dise&®¥® and indeed weak- Cell Biol. 8: 880-93
base treatment using chloroquine has been shown to SbeNehrIe K, Ar_reol_a J, Nguyen H-Vet al_. LOSS. of
effective in ameliorating pancreatiti¥. We would predict hyperpolanzanon-aotated cr currenf[ in sau_ary
that acinar cell ypersecretion would dramatically acidify ?;1'2;;: Zggllzs.zgrgn;gégqilinoclout mice. J. Bol.
and raise calcium in the lumen of the secretory endpieces | T '
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