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Abstract. In our previous studies on sheep parotid se-Introduction
cretory cells, we showed that the" Kurrent evoked by
acetylcholine (ACh) was not carried by the high- The occurrence of net Kefflux across the basolateral
conductance voltage- and Eaactivated K (BK) chan- membranes of secretory cells during the early stages of
nel which is so conspicuous in unstimulated cells, not-evoked exocrine secretion has been extensively studied
withstanding that the BK channel is activated by ACh.[1. 2,9, 26, 28, 33, 39], and electrophysiological experi-
Since several studies from other laboratories had sughents have shown that acetylcholine (ACh) stimulation
gested that the BK channel did carry the ACh-evokéd K Of salivary secretory endpiece cells increases theda-
current in the secretory cells of the mouse mandibulaguctance of their basolateral membranes [29, 31] by in-
gland, and that the current could be blocked with tetraCreasing the intracellular free €aconcentration ([C&];)
ethylammonium (TEA), a known blocker of BK chan- [14,29, 31]. The discovery that the basolatenaimbranes
nels, we decided to investigate the ACh-evokedagr-  Of salivary endpiece cells contain large numbers of the
rent in mouse cells more closely. We studied whethefhigh-conductance, voltage- and Cactivated K (BK)
the ACh-evoked K current in the mouse is inhibited by channel [23], and that channels of this type dominate the
TEA and quinine. Using the whole-cell patch-clamp Whole-cell current-voltagel<{V) relgtlon of the unstimu-
technique and microspectrofluorimetric measurement ofated secretory cells of many salivary glands [3, 10, 17,
intracellular C&*, we found that TEA and quinine do 19, 24, 26] thus led to the hypothesis that BK channels
inhibit the ACh-evoked K current but that the effect is carry the ACh-evoked Kefflux [30, 32]. This hypoth-
due to inhibition of the increase in intracellular Ta €sis was subsequently strengthened by the finding in
evoked by ACh, not to blockade of a*kconductance. Cell-attached patch studies that BK channels are acti-
Furthermore, we found that the"Konductance activated Vated by the addition of ACh to the bath solution [10, 26,
when ionomycin is used to increase intracellular free36, 38] and the finding in mouse mandibular secretory
C&* was inhibited only by quinine and not by TEA. cells that tetraethylammonium (TEA), a known blocker
We conclude that the ACh-evoked" Kurrent in mouse ©Of BK channels, prevents the ACh activation of the
mandibular cells does not have the blocker sensitivitywhole-cell K" current [35]. .
pattern that would be expected if it were being carried by ~ The proposition that BK channels are the major car-
the high-conductance, voltage- and?Gactivated K riers of the ACh-evoked Kcurrent has recently been
(BK) channel. The properties of this current are, how-reassessed experimentally following the demonstration
ever, consistent with those of a 40 pS éhannel that we  that the effects of TEA on salivary secretion can largely
have reported to be activated by ACh in these cells [16]be attributed to its ab|||ty to inhibit the increase in CytO-
) solic C&* evoked by muscarinic stimulation [4, 34]. Itis

Key words: K* currents — Acetylcholine — BK chan- now clear that BK channels play little, if any role in the
nels — Tetraethylammonium — Quinine — lonomycin ACh-evoked K current in sheep parotid [15], rat man-
— Salivary glands dibular [18] and rat parotid secretory cells [22, 34]. This

is despite the clear evidence that BK channels dominate

the unstimulated whole-cel-V relation in these cell

types 6ee abovg and that, in sheep [38] and rat [36]
- parotid cells, the addition of ACh to the bath solution
Correspondence tdD.l. Cook activates the BK channels in cell-attached patches.
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The finding that the ACh-evoked Kcurrent is not  so that the sequence would be identical to the one used previously in
carried by BK channels in the secretory cells of the sheef1® sheep parotid where the clamp current at ~120 mV corresponds to
parotid [15], rat mandibular [18] or rat parotid glands the current carried by an inwardly rectifying*kchannel [15]. The

. . resultant current was low-pass filtered at 500 Hz, sampled and digitized
[22' 34] conflicts with whole-cell [35] and cell-attached at 1 kHz using a MacLab8 data acquisition interface (AD Instruments,

[10] patch-clamp studies in the secretory cells of thegygney, Australia) attached to a Macintosh Iivx computer. The refer-
mouse mandibular gland, however, from which it hadence electrode was a Ag/AgCI electrode placed directly into the bath.
been concluded that BK channels are responsible for thBotential differences are reported as the cell potential relative to the
ACh-evoked K current. bath and conventional current leaving the cell is defined as positive and

In the present paper, we have used whole-cell techshown as an upward deflection.

niques and microspectrofluorimetric [% measure- For fluorimetric experiments, a small quantity of the suspension

- was placed on a coverslip coated with Cell-Tak (Collaborative Re-
ment to show that TEA and quinine block the ACh- search, Bedford, MA) and left for approximately 10 min for the cells to

evoked K current in mouse mandibular secretory cells aghere. The coverslip was then attached to the base of a superfusion
by preventing ACh from increasing [€Y;, not by  chamber of approximately 30! volume. The chamber was then
blocking K" channels directly. By using the €aiono- closed off with another coverslip, mounted on a microscope stage and
phore, ionomycin, to increase [Eja, and thereby to Pperfused with the bath solution at a rate of 1.5 ml/min. All experiments
bypass the muscarinic receptor, we have been able t¥ere performed at 3_7"(; using a leon Dlaphqt microscope equped
show that the C&-activated K current in these cells can with a x100 Fluor objective and a diaphragm to isolate single endpieces

. _ in the field of view.
be blocked directly by quinine but not by TEA. In experiments in which fura-2 was used, the samples were irra-

diated using a Lambda-10 filter wheel (Sutter, Novato, CA) at 340 nm
and 380 nm. The emitted light was passed through a 505 nm bandpass
filter into a photomultiplier tube (Oriel, Stratford, CT) and the PMT
Male Quackenbush strain mice were killed by cervical dislocation angPutput was recorded using a l_\/Iachb4_ data-acquisition interface. The
the mandibular glands were removed and finely minced. To obtain™@W data were processed offline with in-house software. Fura-2 cali-
single cells for patch-clamping, we incubated the minced mandibulalbra_tIonS were performed as described prevmusly [5]. In experiments in
glands for 30 min at 37°C in a shaking water bath in thé-Neh bath which fluo-3 was used, the same equmenF was employed as for the
solution Eee belowto which 1 mg/ml collagenase (Worthington Type fur§-2 e>'<per|ments but the samples were irradiated at 490 nm and
4, Freehold, NJ) had been added. The cell suspension was then di§Mitted light measured at 505 nm.

persed by trituration with a syringe, washed twice in fresh bath solu- 1 he standard Narich bath solution contained (in mmol/l): NaCl

tion, filtered through nylon mesh (first with 20@m mesh and then ~ (145), KCI(§), CaC (1), MgCL, (1.2), NIaFLPO4 (1.2),p-glucose (10),

with 75 wm) and placed onto glass coverslips. For fluorimetry experi- 1"HEPES (7.5), and Na-HEPES (7.5); the pH was adjusted to 7.4 ‘{‘”th

ments, isolated endpieces were obtained by incubating the minced tidyaOH- The standard Krich pipette solution contained (in mmol/l):

sue in a 0.25 mg/ml collagenase solution (at 37°C for 30 min) follow- KC! _(140)' MgCl, (1), p-glucose (10), EGTA (0.5), and H-HEPES

ing which the suspension was incubated with the acetoxymethyl esteft0); @nd the pH was adjusted to 7.2 with KOH. The NaCl-rich bath

of fura-2 (2 molll) or fluo-3 (4.4pmol/l) with 0.015% Pluronic for a s_o]utlop used for fluorimetric experiments had the following compo-

further 30 min. The endpieces were then washed and stored on ice unt?it'o‘;na(r']ré nm:ggE,\éa((:::é)lAfh)é Kpclzil ﬁl{scz(ﬁ:fslt)égﬂ?ocg glg,v?/:tjhcol\lsanH

ready for use. } ’ ¢ : :
Patch-clamp experiments were performed at room temperature iy Ur@-2-AM and fluo-3-AM were obtained from Molecular Probes (Eu-

a0.3 ml chamber that was perfused continuously. Secretory cells werd®ne: OR). All chemicals were obtained from Sigma (St Louis, MO).

distinguished from ductal cells on the basis of the marked differenced?esults are presented as meanses with the number of individual

in their appearance using phase contrast optics (duct cells are densefPServationsr given in parentheses. Statistical significance was as-

packed with exocytotic granules whereas secretory cells are not [6]f€SSed using Student's unpairetst.

and the characteristics of their whole-cell current-voltage reIationsResults

(duct cells have an inwardly rectifying current-voltage relation whereas

secretory cells have an outwardly rectifying current-voltage reIationTHE EreecTs OFTEA oN WHOLE-CELL CURRENTS

[6]). Membrane currents of single secretory cells were measured in thFEVOKED 8v ACH AND |ONOMYCIN

standard whole-cell configuration using an Axopatch-1C amplifier

(Axon Instruments, Foster City, CA). The membrane potential wasAs noted above, a major component of the evidence sug-

held at -60 mV and a command pulse sequence repetitively applied aﬁesting a role for the BK channel in ACh-evoked secre-

380 msec intervals. The command pulse consisted of a hyperpolariza—lon in mouse mandibular secretory cells was the ob-

tion to —120 mV (40 msec duration), followed after a 120 msec interval . s L

by a second hypserpolarization to —)80 mV (40 msec duration) and, afteﬁervatlon that TEA inhibited ACh activation of the

a further 120 msec interval, a depolarization to 0 mV (60 msec duraWhole-cell K" current [35]. To study the whole-cell con-
tion). In this protocol, 0 mV corresponds to the zero current potentialductances activated by the addition of ACh to the bath,
for CI~ and nonselective cation currents, and —80 mV is close to thewe used the whole-cell voltage-clamp protocol we had
zero current potential for Kcurrents, so the current at 0 mV is a previously used to study the ACh-evoked currents in
relatively pure measure of thg*l@urre_nt and the cu_rrent at -80 mV sheep parotid cells [15]. In unstimulated mouse man-
measures the Cknd nonselective cation currents with perhaps a Sma”dibular cells voltage-clamped according to this protocol,

contribution from K currents. In the mouse mandibular gland, the .
current at =120 mV measures only a mixture of theaid CI currents the resting outward current at 0 mV was 482 + 46 A (

and so will not be presented in the results since it adds nothing to the= 19), and the resting inward current at -80 mV was
study; we retained this clamp step in the command pulse sequence only170 £ 25 pA ( = 19). Exposure of the cells to ACh

Materials and Methods
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Fig. 1. Acetylcholine (50 nmol/l) evoked changes in membrane cur-
rents recorded from single mouse mandibular secretory cells undeFig. 2. Effects of TEA (5 mmol/l) on the membrane currents evoked
whole-cell clamp conditions. The voltage-clamp protocol used is de-by 1 umol/l ACh on single mouse mandibular secretory celg. TEA
scribed in Materials and Methods. The pipette contained the standardddition prior to ACh stimulation;§) TEA addition during ACh stimu-
KCI solution and the bath contained the standard NaCl solutidn. ( lation. The experimental details are given in the legend to Fig. 1.
TEA (5 mmol/l) addition prior to ACh stimulation;B) TEA addition
during ACh stimulation.

This inhibition of the ACh-evoked currents by TEA
could be overcome by increasing the concentration of
caused increases in both the outward and the inwardCh. Stimulation of the cells with Jumol/l ACh pro-
currents (Fig. B). During exposure to 50 nmol/l ACh, duced peak increases in the current at 0 mV of 2094 +
the outward current at 0 mV increased by 547 + 167 pA396 pA (h = 10) and at —-80 mV of —2535 + 466 pMA(

(n = 4) within 12.9 + 3.3 secr( = 4) of exposure to = 10) (Fig. 24). Pretreatment with 5 mmol/l TEA had
ACh, and the inward current at =80 mV increased byno significant effect on the peak increases in outward
-1292 + 504 pA = 4) within 24.5+17.2sec(= 4).  current (1461 £ 377 pAp = 5,P = 0.432) or in inward
The currents fluctuated above the resting levels for agurrent (-1898 + 439 pAp = 5, P = 0.385) evoked by
long as the exposure to ACh continued and returned td pmol/l ACh (Fig. 2A). When added after initiating
their resting levels following removal of ACh from the stimulation with 1pmol/l ACh, however, TEA did in-
bath. hibit the currents at 0 mV and -80 mV by 75% + 17

TEA has been reported to block both the resting andn = 3) and 74% + 81§ = 3), respectively, indicating
the ACh-evoked outward current in mouse mandibularthat even at Jumol/l ACh does not completely overcome
cells [35]. We found that the addition of 5 mmol/l TEA the inhibitory effects of TEA (Fig. B).
to single unstimulated mouse mandibular secretory cells  To find out whether TEA inhibited the Kand CI
held in the whole-cell patch-clamp configuration reducedcurrents or interfered with the cholinergic signal trans-
the outward current from 401 + 50 pA (= 9) to 75+  duction pathway, we used ionomycin to increase’[Ga
20 pA (n = 9), a reduction of 81%, but had no effect on thereby bypassing the muscarinic receptors. We found
the inward current at =80 mV (Fig Al Fig. 2A). When  that, in the presence of ionomycin, TEA did not inhibit
50 mmol/l ACh was added to the bath in the presence ofhe activation of the currents at 0 mV or at —-80 mV (Fig.
5 mmol/l TEA there was almost no change in either the3). The addition of 5 mmol/l TEA to a cell already stimu-
outward or inward currentsi(= 4) but upon removal of lated with 0.2umol/l ionomycin appeared to cause the
TEA, both currents were activated (FigA)L TEA (5  current at 0 mV to decrease slightly by%1+ 5 from
mmol/l) also inhibited the currents at 0 mV and —80 mV 2870 + 268 pA § = 5) and the current at -80 mV to
when it was added to the bath during exposure of thalecrease by% + 4 from —980 + 298 pAif = 5) but the
cells to 50 nmol/l ACh (Fig. B). decreases were not statistically significant.
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Fig. 3. Effect of TEA (5 mmol/l) on the increase in membrane currents Fig. 4. Effect of quinine (1 mmol/l) on the acetylcholine (imol/l)

evoked by 0.2umol/l ionomycin in single mouse secretory cells. The eyoked changes in membrane currents recorded from a single mouse

experimental details are given in the legend to Fig. 1. mandibular secretory cell under whole-cell clamp conditions. The ex-
perimental details are given in the legend to Fig. 1.

THE EFFecTs OFQUININE ON WHOLE-CELL CURRENTS

EvoKeED BY ACH AND |IONOMYCIN

In our previous studies on the ACh-evoked current inA

sheep parotid cells, we had observed that quinine inhib- 001 Tonomycin

ited the ACh-evoked whole-cell Kcurrent [15]. Con- I Quinine ~ Quininc _oca

sequently, we decided also to examine whether quinine

blocked the ACh-evoked whole-cell'kcurrent in mouse

mandibular secretory cells. We found that 1 mmol/l qui-

nine had no effect on the outward or inward currents in

resting cells, but it reduced the current at 0 mV and -80 I

mV during ACh (1pmol/l) by 826 + 8 (n = 4) and 95% 2000

+ 2 (n = 4), respectively (Fig. 4). »
Because we were concerned that quinine might have  -4000 ;

interfered with the intracellular G4 signal evoked by

ACh, we examined whether quinine blocked the whole—B

cell current response to ionomycin. When we used Cl 6000 lonomycin

rich solutions in both the bath and the pipette (Fi§),5 oo - Quinine 0Ca

we found that the current evoked by Quéhol/l ionomy-

cin at 0 mV was inhibited by 7 + 5 (n = 5) by 2000 - omy

quinine, whereas the current evoked by ionomycin at —80

mV was increased by 28 + 4 (n = 5). The effect of ————

quinine on the ionomycin-evoked current at —-80 mV was -80 mV

eliminated by replacement of all but 4 mmol/l of the ClI -2000 -

in the bath and pipette solutions by glutamate, a some- "
4

what larger anion (Fig. B). 4000 & 0 20 180
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|ON SELECTIVITY OF THE ACH-EVOKED K* CURRENT i o ) .
Fig. 5. Effect of quinine (1 mmol/l) on the increase in membrane

In five whole-cell experiments, we replaced théiK the currents evoked by 0.g2mol/l ionomycin in single mouse secretory

pipette solution by Rh In these experiments, we found cells. The voltage-clamp protocol is described in Materials and Meth-

that the ACh-evoked current at 0 mV was significantly ods. @) The pipette contained the standard KCI solution and the bath

reduced (560 + 165 pAy = 5: P = 0.001) compared to contained the standard NaCl solutio) (The pipette and bath con-
- ’ X . tained solutions in which all but 4 mmol/l Chad been replaced with

that observed with the control KCl pipette solution (2015 g iamate.

+ 174 pA,n = 4), whereas the current at -80 mV was

unaffected (—2356 £ 678 pA = 5vs.—3361 + 917 pA,

n= 4P =0.397). that it fails to block the currents evoked by ionomycin,
THe EFFECTS OFTEA AND QUININE ON CHANGES are consisten_t with the_ possibility that TEA blocked the
N [Ca] ACh-evoked increase in [¢4;, rather than by acting as

: a channel blocker. To check whether this was the case,
The findings that TEA blocks both the ACh-evoked cur- we determined whether 5 mmol/l TEA inhibited the
rent at 0 mV and the ACh-evoked current at =80 mV, and[Ca*]; response to ACh. The mouse mandibular end-
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200
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Instead, we used the non-ratiometric’Gaensitive dye,
fluo-3. In paired experiments, we found that 1 mmol/l
quinine reduced the increase in the fluo-3 signal evoked
. , , , by 1 wmol/l ACh from 2.84 + 0.21f = 3)t0 0.4 £ 0.1
0 200 400 600 80O 1000 (n = 3; Fig. ). An increase in the fluo-3 signal during
Time (s) the addition of quinine to the bathing solution, which is
evident in Fig. B, is due to quinine itself increasing
G in mouse mandinar secretry sndpieces n the presence angpacelular free C&, and could be prevented by the
absence of 5 mmol/l TEA. In contrc)J/I expzriments, studir:sd with the clusion of EGTA in the bath solution.
same protocol of agonist washout and reapplication, the endpieces gave
reproducible increases in [€%; in response to repeated stimulation .
with ACh. (B) The effect of TEA (5 mmol/l) on the sustained increase DiScussion
in [Ca?*]; induced by 1umol/l ACh. In each panel the duration of the
exposure Fo ACh s §hown by the black bars (with the concentration ofln this paper we demonstrate that the ACh-evoked
acetylcholine used immol/l), and the exposure to TEA by the grey . . .
bars. whole-cell K current in mouse mandibular cells is not
directly blocked by TEA. Previous reports by Smith and
Gallacher [35] that this current could be blocked by TEA
pieces had a resting [€§; of 59 + 9 nmol/l f = 13)  can best be explained in terms of the ability of TEA to act
and, following exposure to 50 nmol/l ACh, [€% rose  as a muscarinic blocker [4, 34] antagonizing the action of
rapidly by 8 £ 5 nmol/l h = 9) (Fig. 64). In response ACh, which was used in a relatively low concentration
to 1 wmol/l ACh, [C&"]; rose by 262 + 43 nmol/In( = (50 nmol/l) in Smith and Gallacher’s experiments [35].
11) (Fig. 84). Pre-exposure of the endpieces to 5 mmol/I This possibility was probably not considered by Smith
TEA reduced the rise in [G]; following exposure to 50 and Gallacher [35] because their experiments were per-
nmol/l ACh by 92% b 8 + 4nmol/l (n = 6) (Fig. 64).  formed under Clfree conditions which would have pre-
Following exposure to Jumol/l ACh in the presence of vented their observing the telltale inhibition of the ACh-
5 mmol/l TEA, the increase in [G4), was reduced by evoked whole-cell Clcurrent by TEA. Our conclusion
42% to 178 + 30 nmol/lf = 5, P = 0.236), compared is supported by the finding that TEA blocks the increase
to the 1 umol/l ACh control (Fig. ). When TEA (5 in cytosolic-free C&" evoked by 50 nmol/l ACh com-
mmol/l) was added to the endpieces during sustainegletely (Fig. ), but has a smaller effect on that evoked

100

50 F

exposure to Jumol/l ACh, [C&"]; fell by 46% + 4 f = by 1 wmol/l ACh (Fig. 64). Furthermore, when we used
4) (Fig. 8) and it returned to its previous stimulated ionomycin to activate the G&sensitive whole-cell K
level following the withdrawal of TEA (Fig. B). currents, we found that TEA had no effect (Fig. 3), in-

It was not possible to use fura-2 to investigate thedicating that BK channels in these cells do not make a
effects of quinine on the G4 signal evoked by ACh significant contribution to the C&-activated K conduc-
because quinine interferes with the fluorescence signatance. It would thus appear that the mouse mandibular
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gland conforms to the pattern found in the sheep parotictin (Fig. 54). The mechanism of this potentiation is un-
gland [15] in which BK channels play little or no role in known. In sheep parotid cells, quinine may also activate
the ACh-evoked K current. A similar pattern seems the ACh-evoked current at -80 mV [15] although the
also to be found in the rat mandibular [18] and the ratapparent increase we reported in that study failed to
parotid [22, 34] glands. reach statistical significance. Thus the phenomenon may

The finding that TEA inhibits almost completely the not be unique to the mouse mandibular gland. The anion
resting K" conductance (Figs. 1 and 2) is consistent withreplacement data (Fig By suggest that quinine may be
the conclusion of earlier whole-cell studies which haveactivating an anion current, although recent reports that
suggested that BK channels dominate the restihgdf-  intracellular CI' controls the activity of a variety of
ductance of mouse mandibular secretory cells [6, 10] andnembrane transport systems [7, 8] including®Ga
the finding that BK channels are the predominant ionactivated nonselective cation channels [37] indicates that
channel observed in cell-attached patch studies on urthis conclusion should be regarded as tentative.
stimulated mouse mandibular secretory cells [10, 11, 16].  The finding that Rb has a significant conductance
The failure of quinine, which has also been reported tathrough the ACh-activated Kconductance further dis-
inhibit BK channels [17, 21], to block the resting"K tinguishes it from the BK channel seen in mouse man-
conductance may be attributable to the quinine block ofdibular secretory cells, which, unlike that in sheep pa-
BK channels being voltage-dependent, as has been reetid secretory cells [38], does not have a significant
ported in type Il pneumocytes [27]. It may also be at-conductance for Rb(T. Hayashi and D.I. Cookynpub-
tributable to the K current at 0 mV in unstimulated lished data; see alswef. [12]). The ACh-evoked K
mouse mandibular cells being carried by channels othecurrent in mouse mandibular cells thus resembles the
than BK channels. The failure of single-channel studiesC&*-activated TEA-insensitive Kcurrent in rat man-
to reveal this hypothetical TEA-sensitive, quinine- dibular cells, which also has a significant conductance
insensitive K channel [11, 16] would require that the for Rb" [18].
channel have a single-channel conductance below that The ACh-activated K conductance in mouse man-
resolvable by single channel methoda.(@ pS) or thatit  dibular secretory cells is thus: (i) not directly blocked by
be localized in the apical membranes of the secretorfTEA; (ii) blocked by quinine; (iii) conductive to Rb
cells. These three properties match those of the 40 pgHan-

We also show that the use of quinine to investigatenel that is activated by ACh in mouse mandibular secre-
the role of K channels in the ACh-evoked'Kcurrentis  tory cells [16]. This 40 pS K channel is not active in
complicated by its action as a muscarinic antagonist [13¢ell-attached patches on unstimulated mouse mandibular
25], as is evident from its inhibition of both the"Kcur-  secretory cells, but during stimulation with ACh it ac-
rent and the anion current activated by ACh (Fig. 4), andcounts for the bulk (80% or more) of the"Kcurrent
its inhibition of the [C&"]; response evoked by ACh through cell attached patches [16]. The results of these
(Fig. 7B). We believe, however, that quinine also blocks single-channel studies [16], taken together with whole-
the ACh-evoked K current in mouse mandibular secre- cell studies in the present paper thus indicate that this 40
tory cells directly, because when we used ionomycin topS K" channel underlies the ACh-activated Konduc-
activate this current directly by increasing intracellular tance in mouse mandibular cells.
free C&", the K" conductance was blocked by quinine
(Fig. 5). The recent report that the ACh-evoked &-  This project was supported by the Australian Research Council.
flux from rat mandibular glands is sensitive to quinine
[20] may have been confounded by the muscarinic ac-
tions of quinine, although, in the rat mandibular gland, asReferences
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