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Abstract. The volume changes of isolated acini and aci-
nar cells from rat submandibular glands were measured
from digitized images recorded upon stimulation of ace-
tylcholine (ACh) or reduction of the perfusate osmolarity
and water secretion pathway in salivary gland was stud-
ied. When acinus is exposed to a hyposmotic solution,
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
same time course as the cell swelling or slower. The
results show that reduction of the perfusate osmolarity
evoked a transient increase followed by a gradual in-
crease in the volume of unstimulated acinus, while it
evoked only a gradual increase in the volumes of un-
stimulated acinar cells. Thus, the time course of the aci-
nar swelling is faster than that of the acinar cell swelling.
Reduction of the perfusate osmolarity also evoked a tran-
sient swelling in ACh stimulated acini. When acinus is
stimulated by ACh, water also flows into the lumen via
acinar epithelia according to the osmotic gradient which
was generated by the active electrolyte transport of aci-
nar cells. If the water enters the lumen chiefly from the
cells, there would be no overall change in acinar volume.
The results show that stimulation of ACh (5mM) evoked
a transient increase followed by a gradual decrease in the
volume of the acinus, while it evoked only a decrease in
the volume of acinar cells. Video-enhanced optical mi-
croscopy exhibited that ACh stimulation caused transient
swelling of the luminal space, prior to causing the vol-
ume of acinar cells to decrease and the transient swelling
of the lumen followed the same time course as that of
acinus. Thus, the transient acinar swelling is explained
by the transient swelling of luminar volume. These re-

sults suggest that water is probably drawn into the lumen
from interstitial space directly in the salivary acinus.
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Introduction

The salivary acinar cells generate a primary fluid that is
similar in composition to plasma (Martinez, Holzgreve &
Frick, 1996; Young & Scho¨gel, 1996), and the compo-
sition of this primary fluid is modified as it flows through
the duct system of the gland. The water flow generated
in the acinus is widely believed to be an osmotic flow
driven by active transport of electrolytes, principally Na+

and Cl−, into the acinar lumen. However, both the route
and the driving force for water transport remain uncer-
tain. The route could be transcellular, which would re-
quire water flow to be generated across both the baso-
lateral and luminal membranes, or it could be paracellu-
lar which would require a driving force for water flow at
the tight junction, or it could be a combination of the
two.

There is some evidence to suggest that the acinar
cells form a leaky epithelium (Burgen, 1957; Burgen &
Emmelin, 1961; Martin & Burgen, 1962). There is also
good evidence for some degree of paracellular perme-
ability to extracellular makers such as horseradish per-
oxidase (Garrett, 1981; Garrett, Klinger & Parsons,
1982; Takai et al., 1995) and lucifer yellow or fluores-
cent dextrans (Segawa et al., 1991; Segawa, 1994). The
magnitude of the paracellular permeability to water,
however, is unknown. Furthermore, attempts to detect
paracellular water flow have not proved conclusive.
Nonelectrolytes smaller than mannitol show evidence ofCorrespondence to:T. Nakahari
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solvent drag which suggests that the effective pore radius
of the water secretion pathway is about 0.4 nm (Case et
al., 1985; Howorth, Case & Steward, 1987). However,
this pathway could be either transcellular or paracellular
since molecules of this size (0.4 nm) are not confined to
the extracelullar space.

Conversely, it is not clear whether the water perme-
ability of the transcellular pathway would be sufficient to
generate the observed salivary secretory rates in response
to a small osmotic gradient. Measurements of the water
permeability of the basolateral membrane suggest that
the osmotic gradient required there would be of the order
of 10–40 mosmol 1−1 (Steward et al., 1990). In view of
the much smaller area of the luminal membrane (Poulsen
& Bundgaard, 1994), an even larger gradient might be
required at that membrane.

The recent development of video-optical micros-
copy allowed us to continuously observe the morpho-
logical changes in living cells. We have also reported
the shrinkage of salivary acinar cells induced by acetyl-
choline (ACh), using video-enhanced optical microscopy
(Nakahari, Murakami & Kataoka, 1989, Nakahari et al.,
1990, 1991). Similar cell shrinkages were reported in
other exocrine glands or epithelial cells (Foskett &
Melvin, 1989; Suzuki et al., 1991; Park et al., 1994;
Nakahari & Marunaka, 1996, 1997). These results dem-
onstrated that cell volume change is an indicator of water
and ion transport of cell, and also suggest that cell vol-
ume changes are different between preparations, such as
whole gland, acinar preparation, and single cell prepara-
tion. The acinus consisted of acinar cells and the lumen.
Therefore, the volume changes of the acinus may reflect
the volume changes not only of acinar cells but also of
the luminal space. If luminal fluid is supplied via a trans-
cellular route, the volume change of acinar cells may
precede that of the acinus. In the present study we mea-
sured volume changes of both an acinus and acinar cells
in the acinus upon ACh stimulation or reduction of the
perfusate osmolarity and the osmotic water permeability
of acinus was compared with that of acinar cells.

Materials and Methods

The control solution (solution A) contained (in mM): NaCl 121, KCl
4.5, MgCl2 1, CaCl2 1.5, NaHCO3 25, NaHEPES 5, HHEPES 5, glu-
cose 5, pH 7.4. In the hypotonic solutions the concentration of NaCl
was reduced to 91 mM (solution B). The osmolarities of solutions A
and B were 287 mosmol l−1 and 235 mosmol l−1.

CELL PREPARATION AND VOLUME MEASUREMENTS

Adult male Wistar rats (Slc:Wistar/ST, Japan SLC Hamamatsu, Japan)
weighing 200–250 g were purchased and fed a standard pellet diet and
water. The rats were anesthetized by intraperitoneal injection of pen-
tobarbital sodium (Nembutal 60–70 mg/kg). The submandibular gland

was removed from the animals for cell isolation. The submandibular
glands were washed with solution A, which was cooled (4°C) and
aerated with a gas mixture (95% O2 and 5% CO2). Collagenase (Wako
Pure Chemical Industries, Osaka, Japan) was dissolved in solution A
containing 1% bovine serum albumin (BSA) and the concentration of
collagenase used was 0.1%. The glands were minced with fine forceps
and incubated for 15 min in collagenase solution (37°C). The digested
tissue was resuspended in solution A (4°C) containing 1% BSA and the
suspension was filtered through a nylon mesh of 75mm squares to
remove undigested tissues. After filtering, the suspension was centri-
fuged at 300 rpm for 2 min, washed three times with centrifugation
between each wash and suspended in solution A containing 1% BSA.
The suspension was stored at 4°C and used for experiments within 3 hr.
Isolated acini were placed on a coverslip that was precoated with neu-
tralized Cell-Tak (Becton Dickinson Labware, Bedford, MA) to attach
cells firmly to the coverslip. The coverslip with cells was set on the
perfusion chamber as described elsewhere (Takemura et al., 1991).
The perfusion chamber was set on the stage of a differential interfer-
ence contrast (DIC) microscope (BX50Wi, Olympus, Tokyo, Japan)
connected to a video-enhanced contrast (VEC) system (ARGUS-10,
Hamamatsu Photonics, Hamamatsu, Japan), and images were recorded
continuously using a video recorder. The volume of the perfusion
chamber was about 50ml, and the rate of perfusion was 300ml/min.
Experiments were performed at 37°C and the ACh concentration used
for stimulation was 5mM.

For cell volume measurements, an acinus was selected (Fig.
1). To estimate cell volume, the areas of acinar cells in an acinus and
the acinus were measured on the video image. An average value from
6 images measured in the first 2 min was used as the control (A0).
The relative volume of the acinus or the acinar cell was estimated as
V/V0 = (A/A0)

1.5, whereV is the volume,A is the area, and subscript0
indicates the control value. Thus, the values of relative cell volume
(V/V0) are normalized to the control value. Volume estimation of acini
or acinar cells was based on the assumption that the volume changed
the same amount in all three dimensions. The method of cell volume
measurement has been described in details previously (Foskett &
Melvin, 1989; Nakahari et al., 1989, 1990, 1991; Suzuki et al., 1991).

Briefly, the acinus on the video image was digitized on the moni-
tor screen and its area was measured using the ARGUS-10 system.
Acinar cells which existed in the acinus on the video image were also
digitized and their areas were measured. The sampling interval for
volume measurement was 1–2 sec. The values ofV/V0 from 4–8 ex-
periments were expressed as means ±SE. The statistical significances
of differences between mean values were assessed using paired and
unpaired Student’st tests as appropriate.

Results

EFFECTS OFHYPTONIC STRESS

In the unstimulated acinus, the perfusate osmolarity was
suddenly reduced to 235 mosmol l−1 by switching from
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
their volume (Fig. 1). TheV/V0 values of the acinus at 2
sec, 3 sec and 30 sec after reduction of the perfusate
osmolarity were 1.036 ± 0.007, 1.020 ± 0.005 and 1.101
± 0.007 respectively (data were obtained from 8 experi-
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ments). The value ofV/V0 at 2 sec was significantly
different from those at 0 sec and 3 sec (P < 0.001). The
acinar cells exhibited only a gradual increase in their
volume andV/V0 value of acinar cell was 1.134 ± 0.007
at 30 sec after switching of the perfusate from solution A
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%).

After their volume reached a peak value at 30 sec,
both acinar cells and acinus exhibited decreases in their
volume (V/V0 of the acinar cells was 1.084 ± 0.013 at 5
min after reduction of the perfusate osmolarity). The
volume of the acinar cells, however, does not recover to
that before application of hypotonic stress. Thus, the
acinar cells exhibited regulatory volume decrease (RVD)
(Foskett et al., 1994), but RVD was incomplete form in
the acinus preparation.

EFFECTS OFACH

The volume changes of acinus and acinar cells are shown
in Fig. 2 (data were obtained from 4 experiments). Upon
ACh stimulation (5mM) the volume of the acinus in-
creased transiently (V/V0 4 1.031 ± 0.001 at 3 sec after
the start of stimulation), then it decreased gradually and
reached a plateau (V/V0 4 0.777 ± 0.002 at 30 sec after
the start of stimulation). The value ofV/V0 at 3 sec was
significantly different from that at 0 sec (P <
0.01). Thus, stimulation by 5mM ACh evoked a tran-
sient increase followed by a gradual decrease in the vol-
ume of the isolated submandibular acinus. The volume
change of the acinar cells was quite different from that of

the acinus. ACh stimulation did not evoke the transient
increase in the volume of the acinar cells (V/V0 4 0.990
± 0.001 at 3 sec after the start of stimulation) but rather
evoked a gradual decrease in the volume which reached
a plateau (V/V0 4 0.720 ± 0.051 at 30 sec after the start
of stimulation). The time course of the volume decrease
is similar between the acinus and the acinar cells, al-
though the values of the acinar volume and acinar cell
volume at 30 sec after the start of stimulation were dif-
ferent (Fig. 2). The values of the acinar volume and
acinar cell volume decreased to a plateau and then they
increased gradually during continuous ACh stimulation
(Fig. 2). The values of relative volume (V/V0) of the
acinus at 30 sec and 5 min after the start of ACh stimu-
lation were 0.777 ± 0.002 and 0.848 ± 0.012, and those
of the acinar cells at 30 sec and 5 min were 0.720 ± 0.005
and 0.780 ± 0.020, respectively. Thus,V/V0 values of
the acinus at 30 sec and 5 min after the start of stimula-
tion were about 5% greater than those of the acinar cells.

EFFECT OFHYPOTONIC STRESS WITHACH

At 5 min after the start of ACh stimulation, the perfusate
osmolarity was suddenly reduced to 235 mosmol l−1 by

Fig. 1. Volume changes of an unstimulated acinus and acinar cells on
reduction of the perfusate osmolarity. The perfusate osmolarity was
reduced by switching to solution B which contained 30 mM less NaCl
than solution A. The acinus exhibits transient swelling followed by
gradual swelling and the volume of the acinus reaches a plateau within
30 sec after the start of hypotonic perfusion. The acinar cells show only
swelling. The volume of the acinus at the plateau is smaller than that of
the acinar cells. Values show means ±SE of 8 experiments. The value
indicated by open arrow is significantly different from those by closed
arrows (P < 0.001).

Fig. 2. Volume changes of the acinus and acinar cells caused by ACh
stimulation (5mM). The volume of the acinus increases transiently
followed by a gradual decrease, while the volume of acinar cells only
decreases gradually. The volumes of the acinus and acinar cells at 30
sec after the start of ACh stimulation are about 0.78 and 0.72. Both the
acinus and acinar cells exhibit a decrease in volume in the first 30 sec,
followed by a gradual increase in volume. The volume changes of
acinar cells are greater than that of the acinus. The perfusate osmolarity
was reduced by switching to solution B which contained 30 mM less
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
hypotonic perfusion. The acinar cells show only gradual swelling. The
volumes of the acinus and acinar cells at the plateau are similar, al-
though the volume of the acinus before the start of hypotonic perfusion
is larger than that of the acinar cells. Values show means ±SE of 4
experiments. The values indicated by open arrow is significantly dif-
ferent from those by closed arrows (P < 0.01).
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switching to solution B which contained 30 mM less
NaCl than solution A. On reduction of the perfusate os-
molarity (solution B), the acinus exhibited a transient
increase followed by a gradual increase in its volume
(V/V0 of acinus at 302 sec was significantly different
from those at 300 sec and 303 sec), while the acinar cells
only exhibited a gradual increase in their volume (Fig.
2). At 30 sec after reduction of the perfusate osmolarity,
the V/V0 of both the acinus and acinar cells reached a
plateau. On reduction of the perfusate osmolarity, the
V/V0 of the acinus increased from 0.848 ± 0.012 to 0.956
± 0.010 within 30 sec and that of the acinar cell increased
from 0.780 ± 0.020 to 0.957 ± 0.004. Thus, on reducing
the perfusate osmolarity, the volume increase of the aci-
nus was about 11%, while the volume increase of the
acinar cells was about 18%. The volume changes were
smaller for the acinus than for the acinar cells. ACh-
stimulated acinus did not exhibit the RVD, as previously
reported (Larcombe-McDouall et al., 1991; Foskett et al.,
1994).

Figure 3A–C shows video images of an acinus re-
corded using the DIC optics and VEC system. Figure
3D–F show outline traces of Fig. 3A–C. Figure 3A and
D show an unstimulated acinus. In this optical section
which was obtained at a focal plane just below the cov-
erslip, two acinar cells were detected, but we could de-
tect another 3 cells by changing the focal plane of the
DIC microscope. Acinar cells and the intercellular cana-
liculi (IC) which is a part of the luminal space, are clearly
shown in Fig. 3. The surface of basolateral and luminal
membranes are smooth. Figure 3B andE show the aci-
nus at 3 sec after the start of ACh stimulation (5mM).
These figures shows the swelling of IC and swelling of
the acinus (the outline of unstimulated acinus (Fig. 3A)
was depicted by dotted line in Fig. 3E). Figure 3C andF
shows the acinus at 11 sec after the start of ACh stimu-
lation. These figures clearly show shrinkage of the aci-
nus and acinar cells (the outline of unstimulated acinus
(Fig. 3A) was depicted by dotted line). However, the IC
still appears to swell. The luminal surfaces of acinar
cells are irregular, and vacuoles, which are connected to
the IC, exist in the acinar cells.

Figure 4A–D shows changes in the IC of acinus on
video images upon stimulation of ACh (5mM). Figure
4E–H shows outline traces of Fig. 4A–D. An unstimu-
lated acinus was shown in Fig. 4A andE, in which acinar
cells and the intercellular canaliculi between acinar cells
were detected. The surfaces of basolateral and luminal
membranes are smooth. Figure 4B andF show the aci-
nus at 1 sec after the start of ACh stimulation. These
figures show the swelling of the IC. ACh stimulation
caused the rapid swelling of IC followed by a burstlike
fluid secretion to the opening of acinus (* in Fig. 4E–H
shows the opening of acinus which normally connects to
the duct lumen). Figure 4C andG show the acinus at 3

sec after the start of ACh stimulation. The volume of IC
in Fig. 4C decreased and the width of IC was about half
of that in Fig. 4B. Figure 4D andH shows 3 min after the
start of ACh stimulation. The luminal surfaces of acinar
cells are irregular, and small vacuoles, which are con-
nected to the luminal space, exist in the luminal surface
of acinar cells. These figures also show that ACh stimu-
lates exocytotic activity of acinar cells. The volume of
IC was maintained well.

We can also observe fluid flow in the IC by detect-
ing movements of cellular fragments such as small par-
ticles. The direction of fluid flow was from the periph-
eral end of IC to the opening of acinus (* of Fig. 4) and
it took about 1 sec from the end of IC to the opening of
acinus. Furthermore, upon stimulation of ACh (in an-
other experiments), the swelling of IC first occurred in
the peripheral end of acinus, and then was followed by
the IC of its central part where fluid entered from several
peripheral ICs. Finally fluid secreted leaked out of aci-
nus as shown in Fig. 4. These observations indicate that
fluid flows from the peripheral end of IC where the tight
junction exists to the opening of acinus (duct lumen),
even in the isolated acinus.

The width of IC in Fig. 4 were measured and plotted
in Fig. 5. The measured point of intercellular canaliculi
was marked in Fig. 4 (dotted line). The width of IC was
around 0.3mm in unstimulated acinus of Fig. 4. ACh
stimulation caused the rapid increase (3.1mm at 1 sec
after start of stimulation) followed by a sharp decrease
(1.5 mm at 3 sec) in the width of IC. Then the width of
IC increased gradually (about 2.6mm at 10 sec), then it
decreased gradually and reached a plateau value (about 2
mm). This figure clearly shows volume changes of IC
evoked by ACh stimulation.

Thus, the transient acinar swelling induced by ACh
is explained by swelling of IC (lumen). This result sug-
gests that the difference of volume changes between aci-
nus and acinar cells is explained by volume changes in
IC. In unstimulated acini, transient swelling of IC, dur-
ing transient swelling of the acinus caused by reduction
of perfusate osmolarity, occurred. However, changes in
width of IC was not so obvious compared with those
induced by ACh stimulation. In a case, the width of IC
(0.6 mm) increased to 1.3mm at 2 sec after reduction of
the perfusate osmolarity. However, at 30 sec after re-
duction of the perfusate osmolarity, the width of IC re-
duced to 0.3mm. The similar results were also obtained
in ACh stimulated acini upon application of hyposmotic
stress. In a case, the width of IC was 3.1mm at 5 min
after the start of stimulation, and then perfusate osmo-
larity was reduced. The width of IC increased to 3.6mm
at 2 sec after reduction of the perfusate osmolarity and it
reduced to 2.6mm at 30 sec after reduction of the per-
fusation osmolarity. The swelling of the acinar cells
caused by the hypotonic solution appears to reduce the
width of IC.
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Discussion

Cholinergic stimulation causes the acinar cell volume to
decrease in the salivary gland (Burgen & Emmelin,
1961; Nauntofte & Poulsen, 1986; Foskett & Melvin,

1989; Foskett, 1991; Nakahari et al., 1989, 1990, 1991;
Larcombe-McDouall, Nakahari & Steward, 1991; Lar-
combe-McDouall, Seo & Stewart, 1994). This agonist-
induced cell shrinkage occurs under isotonic conditions
and is explained by KCl release from the acinar cells on

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 stage
of the DIC microscope, then stimulated with 5mM ACh. (A) Unstimulated acinus. The acinar cells are clearly visible and the luminal space can
be observed between acinar cells. (B) Acinus at 3 sec after the start of ACh stimulation. This photograph shows the swelling of the acinus and the
expansion of the luminal space, but the volume of the acinar cells has changed very little. (C) Acinus 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 luminal
membrane became irregular and vacuoles appear in acinar cells. The scale bar shows 8mm. (D–F) Outline traces of Fig. 3A–C.IC is the intercellular
canaliculi, V is the vacuoles and N is the nucleus. 1 and 2 indicate acinar cells. The dotted lines in Fig. 3E andF show the outlines of unstimulated
acinus (Fig. 3A andD). Figure 3E andF clearly shows the acinar swelling and shrinkage respectively.
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Fig. 4. Changes in the intercellular canaliculi (IC) detected by VEC system upon stimulation of ACh (5mM). (A) Unstimulated acinus. The acinar
cells are clearly visible and the IC can be observed between acinar cells. (B) Acinus 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 (* in Fig. 4E–H).
(C) Acinus at 3 sec after the start of ACh stimulation. IC was less swelled compared with IC at 1 sec after ACh stimulation (Fig. 4F). (D) Acinus
at 3 min after the start of ACh stimulation. The surfaces of the luminal membrane became irregular and vacuoles appear in the luminal surface of
acinar cells which connected to IC. This photograph shows the shrinkage of both the acinus and the acinar cells. The scale bar shows 2mm. (E–H)
Outline traces of Fig. 4A–D. IC is the intercellular canaliculi, * is the opening of acinus, which normally connects to the duct lumen. 1–3 indicate
acinar cells. At the dotted lines width of IC was measured and the results are shown in Fig. 5.
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cholinergic stimulation (Suzuki et al., 1991). Similar
isotonic cell shrinkages have been reported for sweat
glands (Suzuki et al., 1991) and fetal lung epithelial cells
(Marunaka, Doi & Nakahari, 1995; Nakahari & Ma-
runaka, 1996, 1997). Shrinkage induced by cholinergic
stimulation has been reported for isolated acinar cells,
acini, and whole glands and detected using morphomet-
ric, impedance, and NMR methods and tissue weight
measurement. But the extent of shrinkage observed was
different between cells and whole glands or among the
methods to measure the degree of shrinkage, as previ-
ously reported that the acinar cell volume measured us-
ing a morphometric method and an impedance method
decreased to about 70–75% of the prestimulation volume
(Foskett & Melvin, 1989; Nakahari et al., 1989, 1990,
1991), while the water content of the whole gland de-
creased to 80–85% of the prestimulation water content
(Nakahari et al., 1990; Larcombe-Mcdouall et al., 1994).
An explanation is that spaces other than the intracellular
space exist in the whole gland, such as duct spaces and
luminal spaces. The results of the present study also
demonstrated differences in volume changes of an acinus
and the acinar cells of the acinus on ACh stimulation or
reduction of perfusate osmolarity. The acinus, which

was surrounded by myoepithelial cells and connective
tissue, consisted of acinar cells, which adhered to each
other by junctional complexes, and three compartments,
the intracellular space, the luminal space and the inter-
cellular space. The volume of the acinus was affected by
these three compartments.

Upon reduction of the perfusate osmolarity, the vol-
ume increase of the acinus at 30 sec after reduction of the
perfusate osmolarity was also smaller than that of the
acinar cell. The reduction of the intercellular fluid os-
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
that before hyposmotic stress. These volume changes in
luminal space may cause the swelling of acinus follow-
ing the initial transient swelling to be slower compared
with the swelling of acinar cells. On ACh stimulation,
the volume decrease of the acinus at 30 sec after the start
of ACh stimulation was smaller than that of the acinar
cell. ACh stimulation caused the fluid secretion to in-
crease continuously, and the continuous fluid flow into
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.
Thus, the differences in volume changes between the
acinus and acinar cells can be explained by luminal vol-
ume changes.

ACh causes rapid loss of electrolytes from the acinar
cells which increases the osmolarity of lumen and this
causes a flow of water into the lumen not from the cells
(because cell volume showed only small shrinkage) but
rather from the interstitium. If the acinar cells lost KCl
during the initial stage of ACh stimulation, these cells
should have lost cell volume, because Cl− secretion
across apical membrane should be accompanied by K+

release across basolateral membranes. However the cells
lost only a small volume (about 1%) during the initial
stage of ACh stimulation. This suggests that electrolyte
loss is regained by activation of the ion transporters, such
as Na/K/2Cl cotransport and Na/H and Cl/HCO3 coupled
exchanger, at a rate equivalent to the secretion of Cl−

across the luminal membrane (Cook et al., 1994).
The most probable explanation for transient swelling

of the acinus upon reduction of intercellular fluid osmo-
larity is that the osmotic driving force for fluid shift
between the interstitium and the lumen increases and
causes a fluid shift from the interstitium to the lumen
either via the cells or via the paracellular pathway. The

Fig. 5. Changes in width of IC upon stimulation of ACh (5mM). The
width of IC was measured continuously on the video images of Fig. 4.
The width of IC expanded within 1 sec after ACh stimulation and
decreased sharply (2 sec), then increased gradually and reached a peak
value and decreased gradually to a plateau value. This figure shows a
typical change in IC with ACh stimulation. ACh stimulation evoked
swelling of the IC.

293T. Nakahari and Y. Imai: Transient Swelling of Salivary Acinus



fluid shift into the lumen causes the expansion of the
luminal space which causes the luminal hydrostatic pres-
sure to increase, then fluid of the lumen leaked into the
duct lumen (outside of acinus) and the volume of lumen
decreases again. These decreases in luminal space
caused the decrease of acinar volume. If the water en-
tered lumen via the cells, the luminal swelling would
follow the same time course as the cell swelling or
slower. The result shows that the time course of the
transient acinar swelling is faster than that of cell swell-
ing.

The transient swelling of the acinus on ACh stimu-
lation is explained as follows: electrolyte secretion into
the lumen is activated by ACh stimulation and causes the
luminal osmolarity to increase, and the osmolarity gra-
dients generated between the lumen and the interstitium
drive fluid flow into the lumen. The fluid influx into the
lumen may cause increases in the luminal volume which
causes hydrostatic pressure of the lumen to increase, and
then fluid of the lumen leaks out of the acinus and the
luminal space decreases again. These decreases in lumi-
nal space caused the decrease of acinar volume. If the
water entered the lumen chiefly from the cells, there
would be no overall change in acinar volume. The fact is
that the acinar volume increases transiently prior to caus-
ing the acinar cell volume to decrease. As previously
reported, the reduction of the perfusate osmolarity during
ACh stimulation caused the transient increases in fluid
secretion in the perfused rat submandibular gland by in-
creasing the driving force for fluid secretion between
interstitium and lumen (Nakahari et al., 1997; Yoshida,
Nakahari & Imai, 1997). Thus, the transient acinar
swelling of ACh-stimulated acinus upon reduction of the
interstitial osmolarity is explained by the transient in-
creases in the fluid flow. These observations indicate
that water is probably drawn into lumen from intersti-
tium directly in the salivary acinus.

The question in here is the site of the fluid secretion
pathway. One is the paracellular pathway which is com-
posed of the tight junctions and the other is the opening
of the acinus (artificial pathway) where it connects to the
salivary ducts. As mentioned in the Results, however,
we observed that the fluid flowed from the end of acinus
to the opening of the acinus during ACh stimulation and
that the lumen was expanded from the acinar end to its
opening during the first second of ACh stimulation. Un-
fortunately, we did not observe the fluid flow directly in
unstimulated acinus upon application of hyposmotic
stress, although fluid flow from the end to the opening
was still observed in ACh-stimulated acinus and fluid
shift was also detected in unstimulated glands upon ap-
plication of hyposmotic stress (Nakahari et al., 1996).
Segawa et al. (1991) reported that lucifer yellow which is
an extracellular marker did not appear in the lumen in
unstimulated isolated acinus using the laser confocal mi-

croscopy. We also observed the fluorescence of lucifer
yellow in the isolated acinus using confocal laser micros-
copy upon application of hyposmotic solution, and we
did not detect the fluorescence in the lumen of isolated
acinus (Nakahariunpublished observation). Thus, the
lumen of the isolated acinus is not likely to connect the
interstitium directly via the opening of the acinus. If the
opening of the acinus is not closed, the diffusion of lu-
cifer yellow there may be slow. When applying hypos-
motic perfusate, ions of lumen diffuse outside of the
acinus at the opening of acinus, while water flow into the
lumen via the opening of acinus is negligibly small with-
out barriers for ions, and ion movements reduce the vol-
ume changes of lumen. Furthermore, the hydrostatic
pressure differences between the lumen and the outside
of acinus are negligible. These suggest that the amount
of fluid entered via the opening of acinus is small. From
these observations we think that the artificial pathway
does not contribute to the acinar swelling largely upon
application of hyposmotic solution. However, we did
not completely reject the possibility that this artificial
pathway contributed to the transient acinar swelling in
unstimulated acinus. On the other hand, the perfusate
may easily access the intercellular space near the tight
junctions. Therefore, water may be drawn into the lu-
men via the tight junctions upon application of hypos-
motic perfusate. Thus, our data suggest that the noncel-
lular pathway contributes fluid flow into the lumen
largely, but we did not identify the site of the water flow
in the acinus exactly.

Many reports on paracellular fluid transport path-
ways in the salivary gland have been published. Electron
microscopy showed that extracellular markers such as
horseradish peroxidase and lead ion appeared in the lu-
men during secretory stimulations (Garret, 1981; Simson
& Bank, 1984; Takai et al., 1995). Laser confocal mi-
croscopy has also shown that lucifer yellow or fluores-
cent dextran appeared in the lumen during secretory
stimulations. Martin and Burgen (1962) reported that
polar nonelectrolytes with radii smaller than 1.2 nm ap-
peared in the saliva during adrenaline stimulation. Fur-
thermore, nonelectrolytes smaller than mannitol show
evidence of solvent drag which suggests that the effec-
tive radius of water secretion pathway is about 0.4–0.45
nm (Case et al., 1985; Howorth et al., 1987). We re-
ported a similar result, that the effective radius for non-
electrolyte passage was about 0.4 nm in a study on trans-
epithelial fluid shift generated by osmolarity gradients
between the interstitium and lumen (Nakahari et al.,
1996).

In our previous study the osmotic water permeability
of salivary epithelium has been reported to be 13–15ml
min−1 (mosmol l−1)−1 g−1 (Nakahari et al., 1997; Yoshida
et al., 1997). This indicates that if the osmolarity of the
lumen is 10 mosmol l−1 higher than that of the intersti-
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tium, steady-state flow is maintained. The permeabili-
ties of the basolateral membranes of the acinar cells in rat
and rabbit submandibular glands have been estimated in
NMR studies of diffusive water exchange between intra-
and extracellular fluid (Steward et al., 1990, 1992). In
those studies, the osmotic water permeabilities of the
basolateral membranes were estimated to be 3–18ml
(mosmol l−1)−1 min−1 g−1. Although the upper value is
comparable to the transepithelial one (Nakahari et al.,
1997; Yoshida et al., 1997), water flow via the transcel-
lular route also requires a sufficient water permeability
of the luminal membrane. In view of the much smaller
area (one-twelfth) of the luminal membrane (Poulsen &
Bundgaard, 1994), it would have to have a much higher
water permeability per unit area of membrane than the
basolateral membrane.

Although the data presented in this paper suggest
that the noncellular pathway makes a major contribution
to fluid secretion, we cannot exclude the possibility that
the transcellular pathway also has a significant role. A
water channel protein, aquaporin 5 (AQP 5), has recently
been identified in salivary and lacrimal glands (Raina et
al., 1995) and it is present in the luminal membrane of
acinar cells (He et al., 1997). AQP5 may contribute the
water secretion in the salivary gland.

This work is partly supported by a grant to T.N. from Jinsenkai, Osaka
Medical College.
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