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Abstract. The volume changes of isolated acini and aci-sults suggest that water is probably drawn into the lumen
nar cells from rat submandibular glands were measureffom interstitial space directly in the salivary acinus.
from digitized images recorded upon stimulation of ace-

tylcholine (ACh) or reduction of the perfusate osmolarity Key words: Paracellular pathway — Osmotic flow —

and water secretion pathway in salivary gland was studsalivary secretion — Submandibular gland — Cell vol-
ied. When acinus is exposed to a hyposmotic solutionyme

water flows into the acinar cells and into the lumen via
acinar epithelia. If the water enters the lumen chiefly via
the cells, the swelling of the lumen would follow the Introduction
same time course as the cell swelling or slower. The
results show that reduction of the perfusate osmolaritylhe salivary acinar cells generate a primary fluid that is
evoked a transient increase followed by a gradual insimilar in composition to plasma (Martinez, Holzgreve &
crease in the volume of unstimulated acinus, while itFrick, 1996; Young & Schgel, 1996), and the compo-
evoked only a gradual increase in the volumes of un-sition of this primary fluid is modified as it flows through
stimulated acinar cells. Thus, the time course of the acithe duct system of the gland. The water flow generated
nar swelling is faster than that of the acinar cell swelling.in the acinus is widely believed to be an osmotic flow
Reduction of the perfusate osmolarity also evoked a trandriven by active transport of electrolytes, principally'Na
sient swelling in ACh stimulated acini. When acinus is and CI, into the acinar lumen. However, both the route
stimulated by ACh, water also flows into the lumen via and the driving force for water transport remain uncer-
acinar epithelia according to the osmotic gradient whichtain. The route could be transcellular, which would re-
was generated by the active electrolyte transport of aciquire water flow to be generated across both the baso-
nar cells. If the water enters the lumen chiefly from thelateral and luminal membranes, or it could be paracellu-
cells, there would be no overall change in acinar volumelar which would require a driving force for water flow at
The results show that stimulation of ACh 1) evoked  the tight junction, or it could be a combination of the
a transient increase followed by a gradual decrease in th&vo.
volume of the acinus, while it evoked only a decrease in ~ There is some evidence to suggest that the acinar
the volume of acinar cells. Video-enhanced optical mi-cells form a leaky epithelium (Burgen, 1957; Burgen &
croscopy exhibited that ACh stimulation caused transienEmmelin, 1961; Martin & Burgen, 1962). There is also
swelling of the luminal space, prior to causing the vol-good evidence for some degree of paracellular perme-
ume of acinar cells to decrease and the transient swellingbility to extracellular makers such as horseradish per-
of the lumen followed the same time course as that ofxidase (Garrett, 1981; Garrett, Klinger & Parsons,
acinus. Thus, the transient acinar swelling is explained982; Takai et al., 1995) and lucifer yellow or fluores-
by the transient swelling of luminar volume. These re-cent dextrans (Segawa et al., 1991; Segawa, 1994). The
magnitude of the paracellular permeability to water,
however, is unknown. Furthermore, attempts to detect
S paracellular water flow have not proved conclusive.
Correspondence toT. Nakahari Nonelectrolytes smaller than mannitol show evidence of
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solvent drag which suggests that the effective pore radiuwas removed from the animals for cell isolation. The submandibular
of the water secretion pathway is about 0.4 nm (Case eqlands were washed with solution A, which was cooled (4°C) and
al.. 1985 Howorth. Case & Steward 1987) However aerated with a gas mixture (95% @nd 5% CQ). Collagenase (Wako

, ’ ’ ! ) 'Pure Chemical Industries, Osaka, Japan) was dissolved in solution A

this pathway could be either transcellular or parac(':‘”l‘llarcontaining 1% bovine serum albumin (BSA) and the concentration of

since molecules of this size (0.4 nm) are not confined tQ.qjjagenase used was 0.1%. The glands were minced with fine forceps
the extracelullar space. and incubated for 15 min in collagenase solution (37°C). The digested
Conversely, it is not clear whether the water perme-tissue was resuspended in solution A (4°C) containing 1% BSA and the
ability of the transcellular pathway would be sufficient to suspension was filtered through a nylon mesh ofy#s squares to
generate the observed salivary secretory rates in respongeénove undigested tissues. After filtering, the suspension was centri-

. - ged at 300 rpm for 2 min, washed three times with centrifugation
to a small osmotic gradient. Measurements of the Watea[:etween each wash and suspended in solution A containing 1% BSA.

permeabll_lty of t.he basol.ateral membrane suggest th he suspension was stored at 4°C and used for experiments within 3 hr.
the osmotic gradient required there would be of the ordefspjated acini were placed on a coverslip that was precoated with neu-
of 10-40 mosmol 1* (Steward et al., 1990). In view of tralized Cell-Tak (Becton Dickinson Labware, Bedford, MA) to attach
the much smaller area of the luminal membrane (Poulserells firmly to the coverslip. The coverslip with cells was set on the
& Bundgaard, 1994), an even larger gradient might peperfusion ghamber as described elsewhere (Takemura et' al.., 1991).
required at that membrane. The perfusion chamber was set on the stage of a differential interfer-

. . . ence contrast (DIC) microscope (BX50Wi, Olympus, Tokyo, Japan)
The recent deveIOpmem of video optlcal mICros connected to a video-enhanced contrast (VEC) system (ARGUS-10,

COP_Y allowed US_ to _C_OmmUOUS|y observe the morphO'Hamamatsu Photonics, Hamamatsu, Japan), and images were recorde
logical changes in living cells. We have also reportedcontinuously using a video recorder. The volume of the perfusion
the shrinkage of salivary acinar cells induced by acetyl-chamber was about 5@l, and the rate of perfusion was 3@0/min.
choline (ACh), using video-enhanced 0ptica| microscopyExperiments were performed at 37°C and the ACh concentration used
(Nakahari, Murakami & Kataoka, 1989, Nakahari et al., for stimulation was Guu. _ ,
1990, 1991). Similar cell shrinkages were reported in, o cell volume measurements, an acinus was selected (Fig.
' . . . 1). To estimate cell volume, the areas of acinar cells in an acinus and
Other exocrine g'a”‘?'s or eplthellal cells (FOSkett &the acinus were measured on the video image. An average value from
Melvin, 1989; Suzuki et al., 1991; Park et al., 1994; g inages measured in the first 2 min was used as the comgdl (
Nakahari & Marunaka, 1996, 1997). These results demThe relative volume of the acinus or the acinar cell was estimated as
onstrated that cell volume change is an indicator of wate~/V, = (A/Ay)*5, whereV is the volumeA is the area, and subscript
and ion transport of cell, and also suggest that cell volindicates the control value. Thus, the values of relative cell volume
ume changes are different between preparations, such é\gvo)_ are normalized to the control value. _Volume estimation of acini
whole gland acinar preparation and single cell prepara‘-’r acinar cells was based on the ass_umptlon that the volume changed
. . . " the same amount in all three dimensions. The method of cell volume
tion. The acinus consisted of acinar Ce"S_ and the Iumenmeasurement has been described in details previously (Foskett &
Therefore, the volume changes of the acinus may reflegelvin, 1989; Nakahari et al., 1989, 1990, 1991; Suzuki et al., 1991).
the volume changes not only of acinar cells but also of  Briefly, the acinus on the video image was digitized on the moni-
the luminal space. If luminal fluid is supplied via a trans- tor screen and its area was measured using the ARGUS-10 system.
cellular route, the volume change of acinar cells mayAcinar cells which existed in the acinus on the video image were also
precede that of the acinus. In the present study we meé‘—iﬁitized and their areas vere meas;’;ed- Th;/szr?p'i”94irge”a' for
. . olume measurement was 1-2 sec. The valu rom 4-8 ex-
§ured VOI.ume changes of both an acinus and _acmar CeIr|;seriments were expressed as mearsg+The statistical significances
in the acinus UDor_] ACh stlmulatlon. or reduction of the of differences between mean values were assessed using paired ant
perfusate osmolarity and the osmotic water permeabilityinpaired Studentstests as appropriate.

of acinus was compared with that of acinar cells.

Results
Materials and Methods

The control solution (solution A) contained (inmMjt NaCl 121, KCI EFFECTS OFHYPTONIC STRESS
4.5, MgCl, 1, CaC}, 1.5, NaHCQ 25, NaHEPES 5, HHEPES 5, glu-
cose 5, pH 7.4. In the hypqtonic solutions the cgncentratioq of NaClln the unstimulated acinus, the perfusate osmolarity was
nas ée\(,jvlécr:dzzts(; ?Tfo‘:‘rﬁi‘r"*ugzg 2B;5 Tn:‘: OST_E'a”t'eS of solutions A g ddenly reduced to 235 mosmot by switching from
smott: solution A to solution B. On reduction of the perfusate
osmolarity (solution B), the acinus exhibited a transient
increase followed by a gradual increase in its volume,
while the acinar cells only exhibited a gradual increase in
Adult male Wistar rats (Slc:Wistar/ST, Japan SLC Hamamatsu, Japa:g;elr volume (Flg. 1)' ThéV/Vo values .Of the acinus at 2
weighing 200-250 g were purchased and fed a standard pellet diet a ¢, 3 sec and 30 sec after reduction of the perfusate
water. The rats were anesthetized by intraperitoneal injection of penOSMolarity were 1.036 + 0.007, 1.020 + 0.005 and 1.101
tobarbital sodium (Nembutal 6070 mg/kg). The submandibular glandt 0.007 respectively (data were obtained from 8 experi-

CELL PREPARATION AND VOLUME MEASUREMENTS
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Fig. 1. Volume changes of an unstimulated acinus and acinar cells orFig. 2. Volume changes of the acinus and acinar cells caused by ACh
reduction of the perfusate osmolarity. The perfusate osmolarity wasstimulation (5um). The volume of the acinus increases transiently
reduced by switching to solution B which contained 3@ fess NaCl  followed by a gradual decrease, while the volume of acinar cells only
than solution A. The acinus exhibits transient swelling followed by decreases gradually. The volumes of the acinus and acinar cells at 30
gradual swelling and the volume of the acinus reaches a plateau withisec after the start of ACh stimulation are about 0.78 and 0.72. Both the
30 sec after the start of hypotonic perfusion. The acinar cells show onlyacinus and acinar cells exhibit a decrease in volume in the first 30 sec,
swelling. The volume of the acinus at the plateau is smaller than that ofollowed by a gradual increase in volume. The volume changes of
the acinar cells. Values show meanseof 8 experiments. The value acinar cells are greater than that of the acinus. The perfusate osmolarity
indicated by open arrow is significantly different from those by closed was reduced by switching to solution B which contained 3@ less
arrows P < 0.001). NaCl than solution A at 5 min after the start of ACh stimulation. The
acinus shows transient swelling followed by gradual swelling and the
volume of the acinus reaches a plateau within 30 sec after the start of
ments). The value OV/VO at 2 sec was significantly hypotonic perfusior\. The acina_r cells show only gradual swell_in_g. The
different from those at 0 sec and 3 SR:<( 0'001). The volumes of the acinus and acinar cells at the plateau are similar, al-

. e . . . though the volume of the acinus before the start of hypotonic perfusion
acinar cells exhibited only a gradual increase in their. g vp b

. is larger than that of the acinar cells. Values show meass af 4
volume and\/NO Value_ of acinar cell was 1.134 =+ 0-_007 experiments. The values indicated by open arrow is significantly dif-
at 30 sec after SW|tCh|ng of the perfusate from solution Aferent from those by closed arrow8 € 0.01).

to solution B. Upon reduction of the perfusate osmolar-

ity, volume changes were smaller for the acinus (about

10%) than for the acinar cells (about 13%). the acinus. ACh stimulation did not evoke the transient
After their volume reached a peak value at 30 seCiycrease in the volume of the acinar cels\, = 0.990
both acinar cells and acinus exhibited decreases in theif g 901 at 3 sec after the start of stimulation) but rather
volume {//V, of the acinar cells was 1.084 + 0.013 at 5 gyoked a gradual decrease in the volume which reachec
min after reduct!on of the perfusate osmolarity). They plateau{/V,, = 0.720 + 0.051 at 30 sec after the start
volume of the acinar cells, however, does not recover ty giimulation). The time course of the volume decrease
that before application of hypotonic stress. Thus, theg gimilar between the acinus and the acinar cells, al-
acinar cells exhibited regulatory volume decrease (RVD}nough the values of the acinar volume and acinar cell
(Foskett et al., 1994), but RVD was incomplete form in qume at 30 sec after the start of stimulation were dif-

the acinus preparation. ferent (Fig. 2). The values of the acinar volume and
acinar cell volume decreased to a plateau and then they
ErFFECTS OFACH increased gradually during continuous ACh stimulation

(Fig. 2). The values of relative volume/fV,) of the

The volume changes of acinus and acinar cells are showCinus at 30 sec and 5 min after the start of ACh stimu-
in Fig. 2 (data were obtained from 4 experiments). Upon'at'on were 0.777 £ 0.002 and 0.84_8 + 0.012, and those
ACh stimulation (5um) the volume of the acinus in- of the acinar cells at 30 sec apd 5 min were 0.720 £ 0.005
creased transientlW(V, = 1.031 + 0.001 at 3 sec after and 0.780 + 0.020, respectively. Thu&\V, values of
the start of stimulation), then it decreased gradually andhe acinus at 30 sec and 5 min after the start of stimula-
reached a plateai/(V, = 0.777 + 0.002 at 30 sec after tion were about 5% greater than those of the acinar cells.
the start of stimulation). The value dV, at 3 sec was

significantly different from that at 0 secP(<

0.01). Thus, stimulation by M ACh evoked a tran- EFFECT OFHYPOTONIC STRESS WITHACH

sient increase followed by a gradual decrease in the vol-

ume of the isolated submandibular acinus. The voluméit 5 min after the start of ACh stimulation, the perfusate
change of the acinar cells was quite different from that ofosmolarity was suddenly reduced to 235 mosmblbly
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switching to solution B which contained 30mmless  sec after the start of ACh stimulation. The volume of IC
NaCl than solution A. On reduction of the perfusate os-in Fig. 4C decreased and the width of IC was about half
molarity (solution B), the acinus exhibited a transientof that in Fig. 8. Figure 4 andH shows 3 min after the
increase followed by a gradual increase in its volumestart of ACh stimulation. The luminal surfaces of acinar
(V/V, of acinus at 302 sec was significantly different cells are irregular, and small vacuoles, which are con-
from those at 300 sec and 303 sec), while the acinar cellected to the luminal space, exist in the luminal surface
only exhibited a gradual increase in their volume (Fig.of acinar cells. These figures also show that ACh stimu-
2). At 30 sec after reduction of the perfusate osmolarity /ates exocytotic activity of acinar cells. The volume of
the V/V, of both the acinus and acinar cells reached dC was maintained well.

plateau. On reduction of the perfusate osmolarity, the =~ We can also observe fluid flow in the IC by detect-
VIV, of the acinus increased from 0.848 + 0.012 to 0.956"g Movements of cellular fragments such as small par-
+0.010 within 30 sec and that of the acinar cell increasedicles. The direction of fluid flow was from the periph-
from 0.780 + 0.020 to 0.957 + 0.004. Thus, on reducing€al end of IC to the opening of acinus (* of Fig. 4) and
the perfusate osmolarity, the volume increase of the acilf {00k about 1 sec from the end of IC to the opening of
nus was about 11%, while the volume increase of théCinus. Furthermore, upon stimulation of ACh (in an-

acinar cells was about 18%. The volume changes wer@ther experiments), the swelling of IC first occurred in
smaller for the acinus than for the acinar cells. ACh-th€ peripheral end of acinus, and then was followed by

stimulated acinus did not exhibit the RVD, as previouslythe IC of its central part where fluid entered from several

reported (Larcombe-McDouall et al., 1991; Foskett et ai. PeiPheral ICs. Finally fluid secreted leaked out of aci-
1994) ' ' nus as shown in Fig. 4. These observations indicate that

Figure 3\—C shows video images of an acinus re- fluid flows from the peripheral end of IC where the tight

corded using the DIC optics and VEC system. FigurejunCtion exists to the opening of acinus (duct lumen),

. : . even in the isolated acinus.
3D—F show outll_ne traces Of. Fig./8-C. I_:lgure_ H and . The width of IC in Fig. 4 were measured and plotted
D show an unstimulated acinus. In this optical section,

hich btained at a focal plane iust below the cov-" Fig. 5. The measured point of intercellular canaliculi
w 'lc.: \{vas obtaine " dpt i (lju but d d was marked in Fig. 4 (dotted line). The width of IC was
ersiip, two acinar cells were detected, bul we could 0€-, ., g 0.3wm in unstimulated acinus of Fig. 4. ACh
tect another 3 cells by changing the focal plane of the

. . I dthei lul stimulation caused the rapid increase (gth at 1 sec
[.)IC.mlcrosc.ope_. Acinar cells an .t e intercellular cana-, o giart of stimulation) followed by a sharp decrease
liculi (IC) which is a part of the luminal space, are clearly (1.5 wm at 3 sec) in the width of IC. Then the width of
shown in Fig. 3. The surface of basolateral and luminal- increased gradually (about 248n at 10 sec), then it
membranes are smooth. FigurB 8ndE show the aci-  yecreased gradually and reached a plateau value (about

nus at 3 sec after the start of ACh stimulationi). |,y This figure clearly shows volume changes of IC
These figures shows the swelling of IC and swelling of o\,oked by ACh stimulation.

the acinus (the outline of unstimulated acinus (Fig) 3 Thus, the transient acinar swelling induced by ACh
was depicted by dotted line in FigeR Figure andF  is explained by swelling of IC (lumen). This result sug-
shows the acinus at 11 sec after the start of ACh stimuyests that the difference of volume changes between aci-
lation. These figures clearly show shrinkage of the aciyys and acinar cells is explained by volume changes in
nus and acinar cells (the outline of unstimulated aCinUE}C_ In unstimulated acini, transient S\Ne”ing of IC, dur-
(Fig. 3A) was depicted by dotted line). However, the IC ing transient swelling of the acinus caused by reduction
still appears to swell. The luminal surfaces of acinarof perfusate osmolarity, occurred. However, changes in
cells are irregular, and vacuoles, which are connected taiidth of IC was not so obvious compared with those
the IC, exist in the acinar cells. induced by ACh stimulation. In a case, the width of IC

Figure 4A-D shows changes in the IC of acinus on (0.6 wm) increased to 1.3m at 2 sec after reduction of
video images upon stimulation of ACh (ov). Figure the perfusate osmolarity. However, at 30 sec after re-
4E—H shows outline traces of FigA4-D. An unstimu-  duction of the perfusate osmolarity, the width of IC re-
lated acinus was shown in FigA4ndE, in which acinar  duced to 0.3.m. The similar results were also obtained
cells and the intercellular canaliculi between acinar cellin ACh stimulated acini upon application of hyposmotic
were detected. The surfaces of basolateral and luminagtress. In a case, the width of IC was 3uin at 5 min
membranes are smooth. FigurB andF show the aci- after the start of stimulation, and then perfusate osmo-
nus at 1 sec after the start of ACh stimulation. Thesdarity was reduced. The width of IC increased to i@
figures show the swelling of the IC. ACh stimulation at 2 sec after reduction of the perfusate osmolarity and it
caused the rapid swelling of IC followed by a burstlike reduced to 2.6um at 30 sec after reduction of the per-
fluid secretion to the opening of acinus (* in Figge4H  fusation osmolarity. The swelling of the acinar cells
shows the opening of acinus which normally connects tacaused by the hypotonic solution appears to reduce the
the duct lumen). Figure@andG show the acinus at 3 width of IC.
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Fig. 3. Photographs of DIC image recorded by VEC system. The acinus was first perfused with solution A in the perfusion chamber set on the ¢
of the DIC microscope, then stimulated withy®1 ACh. (A) Unstimulated acinus. The acinar cells are clearly visible and the luminal space car
be observed between acinar celB) Acinus at 3 sec after the start of ACh stimulation. This photograph shows the swelling of the acinus and tt
expansion of the luminal space, but the volume of the acinar cells has changed venQjt#eirfus at 11 sec after the start of ACh stimulation.
This photograph shows the shrinkage of both the acinus and the acinar cells. The luminal space remains expanded. The surfaces of the |
membrane became irregular and vacuoles appear in acinar cells. The scale bar ghavB-8F) Outline traces of Fig. 8-C.IC is the intercellular
canaliculi, V is the vacuoles and N is the nucleus. 1 and 2 indicate acinar cells. The dotted lines EdfigF3show the outlines of unstimulated
acinus (Fig. 2 andD). Figure & andF clearly shows the acinar swelling and shrinkage respectively.

Discussion 1989; Foskett, 1991; Nakahari et al., 1989, 1990, 1991;
Larcombe-McDouall, Nakahari & Steward, 1991; Lar-
Cholinergic stimulation causes the acinar cell volume tocombe-McDouall, Seo & Stewart, 1994). This agonist-
decrease in the salivary gland (Burgen & Emmelin,induced cell shrinkage occurs under isotonic conditions
1961; Nauntofte & Poulsen, 1986; Foskett & Melvin, and is explained by KCI release from the acinar cells on
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Fig. 4. Changes in the intercellular canaliculi (IC) detected by VEC system upon stimulation of A@h)(8A) Unstimulated acinus. The acinar
cells are clearly visible and the IC can be observed between acinar &l&cifius at 1 sec after the start of ACh stimulation. This photograph
shows the swelling of IC. In the video images fluid flow was observed from the peripheral end of IC to the opening of acinus (* E+H)g. 4
(C) Acinus at 3 sec after the start of ACh stimulation. IC was less swelled compared with IC at 1 sec after ACh stimulatidf) (F). Acinus

at 3 min after the start of ACh stimulation. The surfaces of the luminal membrane became irregular and vacuoles appear in the luminal surfa
acinar cells which connected to IC. This photograph shows the shrinkage of both the acinus and the acinar cells. The scale hamsiiBwid) 2
Outline traces of Fig. A-D. IC is the intercellular canaliculi, * is the opening of acinus, which normally connects to the duct lumen. 1-3 indicat
acinar cells. At the dotted lines width of IC was measured and the results are shown in Fig. 5.
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4 ACh S oM was surrouqded by myoepithelial cglls and connective
A tissue, consisted of acinar cells, which adhered to each
3 other by junctional complexes, and three compartments,
the intracellular space, the luminal space and the inter-

2 p cellular space. The volume of the acinus was affected by

these three compartments.
14 Upon reduction of the perfusate osmolarity, the vol-
ume increase of the acinus at 30 sec after reduction of the
e perfusate osmolarity was also smaller than that of the
-5 0 51015 20 25 30 acinar cell. The reduction of the intercellular fluid os-
R molarity caused the cell swelling in unstimulated acinus
""" and it may cause the luminal space to decrease by the
compression, because the transepithelial osmolarity gra-
dient is reduced immediately as shown in the transient
fluid shift experiments (Nakahari, Yoshida & Imai,
1996) and consequently it is difficult to maintain the
open luminal space against cell swelling. In ACh stimu-
lated acinus, the luminal space was still maintained due
to the fluid secretion even during hyposmotic stress, but
the volume of luminal space decreased compared with

Width of I.C. (um)

O T T T T 1
60 120 180 240 300 that before hyposmotic stress. These volume changes in
Time (s) luminal space may cause the swelling of acinus follow-

ing the initial transient swelling to be slower compared
Fig. 5. Changes in width of IC upon stimulation of ACh (61). The ~ With the swelling of acinar cells. On ACh stimulation,
width of IC was measured continuously on the video images of Fig. 4.the volume decrease of the acinus at 30 sec after the star
The width of IC expanded within 1 sec after ACh stimulation and of ACh stimulation was smaller than that of the acinar
delcreaszddsr‘arp'y (i Seczj' thﬁ” incre"’l‘sed gradlua“yT";_‘]T‘dfTeaCheﬂ apeg|l. ACh stimulation caused the fluid secretion to in-
value an ecrease radually to a plateau value. IS Tigure snows . . . .
typical change in IC vsith Acr?/stimuFl)ation. ACh stimulatign evoked Srease contlnuously, a”?' the contlnqous fluid flow into
swelling of the IC. the lumen keep the luminal volume increase (as shown

in Fig. 5). This may cause the shrinkage of acinus to be

slower compared with the shrinkage of acinar cells.

cholinergic stimulation (Suzuki et al., 1991). Similar Thus, the differences in volume changes between the

isotonic cell shrinkages have been reported for sweaCinus and acinar cells can be explained by luminal vol-
glands (Suzuki et al., 1991) and fetal lung epithelial cellsume changes.

(Marunaka, Doi & Nakahari, 1995; Nakahari & Ma- ACh causes rapid loss of electrolytes from the acinar
runaka, 1996, 1997). Shrinkage induced by cholinergiccells which increases the osmolarity of lumen and this
stimulation has been reported for isolated acinar cellscauses a flow of water into the lumen not from the cells
acini, and whole glands and detected using morphometbecause cell volume showed only small shrinkage) but
ric, impedance, and NMR methods and tissue weightather from the interstitium. If the acinar cells lost KCI
measurement. But the extent of shrinkage observed waguring the initial stage of ACh stimulation, these cells
different between cells and whole glands or among theshould have lost cell volume, because” Glecretion
methods to measure the degree of shrinkage, as prev@cross apical membrane should be accompanied by K
ously reported that the acinar cell volume measured usrelease across basolateral membranes. However the cell
ing a morphometric method and an impedance methodbst only a small volume (about 1%) during the initial
decreased to about 70-75% of the prestimulation volumstage of ACh stimulation. This suggests that electrolyte
(Foskett & Melvin, 1989; Nakahari et al., 1989, 1990, loss is regained by activation of the ion transporters, such
1991), while the water content of the whole gland de-as Na/K/2Cl cotransport and Na/H and ClI/HC&@upled
creased to 80-85% of the prestimulation water contenéxchanger, at a rate equivalent to the secretion of Cl
(Nakahari et al., 1990; Larcombe-Mcdouall et al., 1994).across the luminal membrane (Cook et al., 1994).

An explanation is that spaces other than the intracellular ~ The most probable explanation for transient swelling
space exist in the whole gland, such as duct spaces araf the acinus upon reduction of intercellular fluid osmo-
luminal spaces. The results of the present study alstarity is that the osmotic driving force for fluid shift
demonstrated differences in volume changes of an acinusetween the interstitium and the lumen increases and
and the acinar cells of the acinus on ACh stimulation orcauses a fluid shift from the interstitium to the lumen
reduction of perfusate osmolarity. The acinus, whicheither via the cells or via the paracellular pathway. The
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fluid shift into the lumen causes the expansion of thecroscopy. We also observed the fluorescence of lucifer
luminal space which causes the luminal hydrostatic presyellow in the isolated acinus using confocal laser micros-
sure to increase, then fluid of the lumen leaked into thecopy upon application of hyposmotic solution, and we
duct lumen (outside of acinus) and the volume of lumendid not detect the fluorescence in the lumen of isolated
decreases again. These decreases in luminal spaeeinus (Nakaharunpublished observatiQn Thus, the
caused the decrease of acinar volume. If the water edumen of the isolated acinus is not likely to connect the
tered lumen via the cells, the luminal swelling would interstitium directly via the opening of the acinus. If the
follow the same time course as the cell swelling oropening of the acinus is not closed, the diffusion of lu-
slower. The result shows that the time course of thecifer yellow there may be slow. When applying hypos-
transient acinar swelling is faster than that of cell swell-motic perfusate, ions of lumen diffuse outside of the
ing. acinus at the opening of acinus, while water flow into the
The transient swelling of the acinus on ACh stimu- lumen via the opening of acinus is negligibly small with-
lation is explained as follows: electrolyte secretion intoout barriers for ions, and ion movements reduce the vol-
the lumen is activated by ACh stimulation and causes theime changes of lumen. Furthermore, the hydrostatic
luminal osmolarity to increase, and the osmolarity gra-pressure differences between the lumen and the outside
dients generated between the lumen and the interstitiurof acinus are negligible. These suggest that the amount
drive fluid flow into the lumen. The fluid influx into the of fluid entered via the opening of acinus is small. From
lumen may cause increases in the luminal volume whiclthese observations we think that the artificial pathway
causes hydrostatic pressure of the lumen to increase, ambes not contribute to the acinar swelling largely upon
then fluid of the lumen leaks out of the acinus and theapplication of hyposmotic solution. However, we did
luminal space decreases again. These decreases in lumiet completely reject the possibility that this artificial
nal space caused the decrease of acinar volume. If theathway contributed to the transient acinar swelling in
water entered the lumen chiefly from the cells, thereunstimulated acinus. On the other hand, the perfusate
would be no overall change in acinar volume. The factismay easily access the intercellular space near the tight
that the acinar volume increases transiently prior to causfunctions. Therefore, water may be drawn into the lu-
ing the acinar cell volume to decrease. As previouslymen via the tight junctions upon application of hypos-
reported, the reduction of the perfusate osmolarity duringnotic perfusate. Thus, our data suggest that the noncel-
ACh stimulation caused the transient increases in fluidular pathway contributes fluid flow into the lumen
secretion in the perfused rat submandibular gland by infargely, but we did not identify the site of the water flow
creasing the driving force for fluid secretion betweenin the acinus exactly.
interstitium and lumen (Nakahari et al., 1997; Yoshida, Many reports on paracellular fluid transport path-
Nakahari & Imai, 1997). Thus, the transient acinarways in the salivary gland have been published. Electron
swelling of ACh-stimulated acinus upon reduction of the microscopy showed that extracellular markers such as
interstitial osmolarity is explained by the transient in- horseradish peroxidase and le