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SUMMARY

1. The mechanism by which cloned ml and m3 muscarinic receptor subtypes
activate Ca2±-dependent channels was investigated with whole-cell and cell-attached
patch-clamp recording techniques and with Fura-2 Ca2+ indicator dye measurements
in cultured A9 L cells transfected with rat ml and m3 cDNAs.

2. The Ca2+-dependent K+ and Cl- currents induced by muscarinic receptor
stimulation were dependent on GTP. Responses were reduced when GTP was
excluded from the intracellular recording solution or when GDP-/3-S was added.
Intracellular GTP-y-S activated spontaneous fluctuations and permitted only one
acetylcholine-(ACh) induced current response. These results implicate GTP-binding
proteins (G protein) in the signal transduction pathway. This G protein is probably
not pertussis toxin-sensitive as the ACh-induced electrical response was not abolished
by pertussis toxin treatment.

3. Cell-attached single-channel recordings revealed activation of ion channels
within the patch during application of ACh outside the patch, implying that second
messengers might be involved in the ACh-induced response. Two types ofK+ channel
were activated, a discrete channel of 36 pS and channel activity calculated to be
about 5 pS.

4. Application of 8-bromo cyclic AMP or l-oleoyl-1,2-acetylglycerol (OAG)
produced no electrical response and did not affect the ACh-induced responses.
Phorbol myristic acetate (PMA) evoked no electrical response, but reduced the ACh-
induced responses.

5. Inclusion of inositol 1,4,5-trisphosphate (1P3) in the intracellular pipette
solution activated outward currents at -50 mV associated with an increase in
conductance. The 1P3-induced current response reversed polarity at -65 mV and
showed a dependence on K+. Increasing the intracellular free Ca2+ concentration
([Ca2+]i) from 20 nm to 1 ,UM also induced an outward current response associated
with an increase in conductance. Inclusion of inositol 1,3,4,5-tetrakisphosphate (1P4)
in the intracellular solution had no effect on the A9 L cells.

6. Fura-2 measurements revealed ACh-induced increases in Ca 2+. The Ca2+
responses were abolished by atropine showing that they were muscarinic in nature.
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Removal of extracellular Ca2+ did not affect the initial ACh-induced increase in Ca4
but subsequent Ca2± responses to ACh were depressed. suggesting depletion of Cai±
intracellular stores. Residual though small responses continued to be elicited by ACh.
Barium (5 mAM) had little effect and cobalt slightly reduced the ACh-induced Ca2+
response.

7. The ACh-induced currents recorded at -50 mV were unaffected by removal of
extracellular Cai±.

8. It is concluded that a pertussis toxin-insensitive G protein is involved in the ml
and m3 ACh-induced electrical response. Inclusion of IP3 in the intracellular solution
or elevated Ca2+ mimicked the ACh-induced current response. The ACh-induced
electrical responses were not dependent on extracellular Ca2±, suggesting that IP3
releases Ca2+ from intracellular stores, which in turn activates the Ca2+-dependent
conductances. CyTclic AMP and diacylglycerol (DAG) produce no electrical response
and do not affect the ACh-induced currents.

INTRODUCTION

Muscarinic receptors are widely distributed throughout the nervous system, where
they are coupled to a variety of physiological responses (for reviews see Brown,
1986; Harden, Tanner, Martin, Nakahata, Hughes, Hepler, Evans, Masters &
Brown, 1986; Nathanson, 1987; Christie & North. 1988; Nicoll. 1988). Five subtypes
of muscarinic receptor have been cloned (ml-m5) (Kubo, Fukuda, Mikami, Maeda,
Takahashi. Mishina. Haga, Haga. Ichiyama, Kangawa, Kojima, Matsuo, Hirose &
Numa, 1986; Bonner, Buckley, Young & Brann, 1987; Kubo, Maeda, Sugimoto,
Akiba. Mikami, Takahashi. Haga, Haga, Ichiyama, Kangawa, Matsuo, Hirose &
Numa, 1987; Peralta, Ashkenazi, Winslow, Smith, Ramachandran & Capon, 1987;
Bonner, Young, Brann & Buckley, 1988).
The signals transduced by each of these cloned muscarinic receptor subtypes have

been studied recently. Receptors ml and m3 activate Ca2+-dependent K+ and Cl-
conductances when expressed in A9 L cells (Jones, Barker. Bonner, Buckley &
Brann, 1988a; .Jones, Barker, Buckley, Bonner, Collins & Brann, 1988b) and inhibit
the M-current as well as activating Ca2+-dependent K+ conductances, when expressed
in NG108-15 cells (Fukuda, Higashida, Kubo, Maeda, Akiba, Bujo, Mishina &
Numa, 1988). The m2 receptor has been associated with activation of a cation
(onductance and a Ca2+-dependent Cl- conductance in Xenopus oocytes (Fukuda,
Kubo, Akiba. Maeda, Mishina & Numa, 1987), whilst no electrical function has been
recorded when m2 or m4 have been expressed in A9 L or NG108-15 cells (Fukuda et
al. 1988; Jones et al. 1988b). Stimulation of ml, m3 and m5 results in activation of
phospholipase C, increases in cyclic AMP (Brann, Conklin, Dean, Collins, Bonner &
Buckley, 1988; Jones, Murphy & Brann, 1989b) and enhanced arachidonic acid
release (Conklin. Brann. Buckley, Ma, Bonner & Axelrod, 1988). In A9 L cells, m2
and m4 do not affect phospholipase C or arachidonic acid release, but decrease cyclic
AMP levels (Jones et al., 1989b; Novotny & Brann, 1989). In human kidney cells,
however, m2 and m4 receptors activate phospholipase C but with much lower
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efficiency than do ml and m3 receptors (Peralta, Ashkenazi, Winslow, Rama-
chandran & Capon, 1988).
The current study examines the mechanism by which muscarinic receptors

activate Ca2+-dependent K+ and Cl- conductances in A9 L cells transfected with ml
and m3 muscarinic receptor subtypes. Some of the results presented here have been
published in abstract form (Jones, Goodman, Barker & Brann, 1989a).

METHODS
Transfection and culture
The A9 L cell lines containing ml and m3 muscarinic receptors used in this study are the same

lines as studied previously (Jones et al. 1988a, b). The method of transfection of the A9 L cells
involved co-transfection of muscarinic receptor cDNAs derived from rat brain (Bonner et al. 1987)
with a plasmid containing the neomycin resistance gene as previously described (Brann, Buckley,
Jones & Bonner, 1987). The levels of ml and m3 receptors were 509 and 401 fmol mg-' protein
respectively, as measured by r3H]QNB (quinuclidinyl benzylate) binding.

Electrophysiology and solutions
The A9 L cells were incubated at 37 °C in 95% air and 5% ('02 in 1)ulbecco's modified Eagle's

medium with 10% fetal calf serum for at least 24 h prior to recording. The cells were studied at
room temperature (21-23 °C) on the inverted stage of a phase-contrast microscope at a
magnification of x 320. The cell-attached and whole-cell recording techniques were used to record
membrane currents and potentials, using a LIST EPC-7 amplifier (Hamill, Marty, Neher. Sakmanin
& Sigworth, 1981). The patch electrodes were made from thin-wall capilliary borosilicate glass
(World Precision Instruments, CT, USA) and pulled on a two-stage horizontal electrode puller
(Mecanex, Basel, Switzerland). Electrodes for use in cell-attached single-channel recordings were
coated with Sylgard and fire-polished. Pipette resistances were 4-10 MQ when placed in the bath
and varied with pipette solution. Pipette seals of 5-20 GQ were obtained before disruption of the
membrane patch. Once access to the cell interior was established, cell input resistances of 1-3 G9Q
were obtained at resting potential (- -50 mV). Series resistance compensation was applied in
voltage clamp.
The ionic composition of the extracellular medium was (in mM): 140 NaCl, 5 KCl, 5 HEPES,

5-6 D-glucose, 2 CaCl2, 1 MgCI2, pH adjusted to 7-4 with NaOH. The osmolarity was adjusted to
330-335 mosm with sucrose. Other extracellular solutions used include a high K± medium
containing (in mM): 150 KCl, 5 HEPES, 2 CaCl2, 1 MgCl2, 5-6 D-glucose. In most experiments the
intracellular patch pipette solution contained (in mM): 150 potassium gluconate, 2 MgCl2,
5 HEPES, 1 1 EGTA, 0-1 CaCl2, 5 Mg-ATP, 0-1 Li-GTP, pH adjusted to 7 2 with KOH. The
osmolarity was adjusted to 320-325 mosm with sucrose. The free Ca2+ concentration was estimated
to be about 20 nm (Fabiato & Fabiato, 1979).

Liquid-junction potentials between the bath solution and intracellular electrode solutions were
eliminated by filling a side bath containing the reference electrode with the intracellular solution.
Connections between the two baths were made via a low-resistance agar bridge.
Membrane currents were usually recorded from cells voltage clamped at -50 mV. Either resting

current measurements were taken or the currents produced by a series of 10 mV, 100 ms,
hyperpolarizing and depolarizing voltage steps applied at a frequency of 1 Hz were recorded.
Acetylcholine (1-50 /iM) or other substances were applied by low (1-2 lbf in-2) pressure from a
micropipette placed 5-10 ,um from the cell. Acetylcholine pulses were usually applied at 3-4 min
intervals, as this was sufficient time for recovery necessary to evoke constant amplitude current
responses. The current and voltage responses were displayed on a Gould pen recorder (filtered at
50 Hz) and also sampled and digitized on-line by a PDP 11/23 mini-computer with an analog-to-
digital Data Translation converter (12 bit, +5 V range), at a digitization rate of 2-5 kHz. Signals
were filtered at 1 kHz unless otherwise stated. Single-channel data were recorded on a Gould 6500
FM tape-recorder and subsequently amplified, filtered at 1 kHz (Frequency Devices, 902 8-pole
Bessel filter) and digitized at 2 kHz using an IBM PC AT computer with an analog-to-digital
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Carnbridge Electronic Design 1401 Laboratory interface. Single-channel analysis was performed by
compilation of the distribution of current amplitude utilizing histograms of percentage of time
spent at each of 512 current levels and fitting the zero and peak current levels using the single-
channel analysis program PAT (Dempster, 1988) to obtain the unitary channel current. To
determine single-channel conductance of data that displayed activation of multiple channels in the
patch, the variance of the channel noise was calculated using the program SPAN (Dempster, 1988).
As the ACh-induced current responses desensitized quite rapidly, a sufficient length of current
could not be recorded from which to obtain Lorentzian spectra. Also, as the responses appeared to
be all-or-none the criteria for a low probability of channel opening is not necessarily obeyed. Instead
the DC current was measured by averaging every 512 points and the variance calculated for each
portion of equivalent AC current. Using the relationship between the variance of the signal and
mean current, single-channel conductance (y) can be calculated by

y = O2/(IM (V- Vr)),

where o2 is the signal variance, Im is the mean DC current, V is holding potential and V, is the
equilibrium potential of the ion involved. For noise analysis single-channel currents were low-pass
filtered at 1 kHz (Frequency Devices, 8-pole Butterworth) and high pass at 4 Hz (Frequency
Devices, 2-pole Butterworth), amplified and digitized at 2 kHz (CED 1401). Data with correlation
coefficients of variance to mean current of less than 0-8 were rejected.

Antagonists were applied directly to the bath and solution changes were obtained by perfusion
of the 1-5 ml bath (Forsythe & Coates, 1988) with fresh medium at a flow rate of 2 ml min-'. All
results are expressed as mean + standard error of the mean.

Optical recordings ofFura-2 fluorescence
Loading the A9 L cells with the Ca2+-sensitive dye, Fura-2, was accomplished by incubation with

Fura-2 acetoxymethyl ester (Fura-2 AM, 0 5-1 ftM) for 30 min in the above extracellular recording
solution supplemented with 1 mM-probenecid. Probenicid is an antagonist of acid transport
systems and aids dye loading (Di Virgilio, Steinberg, Swanson & Silverstein, 1988). After loading,
the cultures were washed and allowed to de-esterify for 30-60 min. Single-cell quantitative
fluorescence microscopy was performed with a microcomputer-controlled microscope (Zonax, Carl
Zeiss, Thornwood, NY, USA) and a Zeiss Plan-Neofluar 25 x /0 8 numerical aperture objective.
The microscope was equipped with a 100 W mercury arc lamp, epi-fluorescence and phase contrast
optics. Bandpass filters at 340 and 380 nM (Oriel) were alternately placed in the light path by a
custom-built filter flipper to provide excitation for Fura-2 fluorescence. A ratio was measured every
918 ms. Fluorescence emission intensity was measured at 500-510 nm with a photomultiplier tube
and restricted to the cell of interest by an emission aperture. In addition, a pinhole in the
illumination path restricted UV illumination to about 15% of the visual field, minimizing light-
induced cell damage. Drugs were applied by rapid perfusion of the bath (- 3 ml min-'). Following
the general procedure outlined in Grynkiewcz, Poenie & Tsien (1985), Fura-2 calibrations were
occasionally obtained in this cell type. Calibration of Fura-2 fluorescence in terms of Ca2+
concentration was performed by exposing the cells to 10 ,uM-ionomycin initially in Ca2+-free
medium (containing (mM): 140 NaCl, 5 KCl, 1 MgCl2, 5 glucose, 5 HEPES, 1 1 EGTA, pH adjusted
to 7-4) followed by a Ca2"-containing medium (in mM: 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 5 glucose,
5 HEPES). This protocol produced reproducible results, but required approximately 1 h to yield
stable values. Over such an extended period, photo-bleaching significantly reduced the fluorescence
signal at both 340 and 380 nm excitation, introducing errors into the process of calibration.
Therefore, calibration was not performed routinely. Only those experiments where calibration
values could be determined in a timely fashion in the same cell are expressed in terms of [Ca2+]i.
The remainder of the data are expressed as the ratio of fluorescence measured at 340 nm (Ca2+-
bound Fura-2) divided by the fluorescence at 380 nm (free Fura-2).

Drugs
Acetycholine chloride. atropine sulphate, Mg-ATP, phorbol 12-myristate 13-acetate, 8-bromo

cyclic AMP and probenicid were obtained from Sigma Chemical Company (St Louis, MO, USA). Li-
GTP, Li-GDP-,-S and Li-GTP-y-S were obtained from Boehringer Mannheim (FRG). Inositol 1,4,5-
trisphosphate (1P3) and inositol 1,3,4,5-tetrakisphosphate (1P4) were obtained from Calbiochem



-SE1CVOND MEI,^tStShJtENGER-AMEDIA TED RESPONSES 503

(Corp. (La Jolla, CA, USA). 1-Oleoyl-1,2-acetylglycerol (OAG) and Fura-2 were obtained from
Molecular Probes (Eugene, OR, tTSA).

RESULTS

Involvement of G proteins in responses to ACh
Application of 1-50 ,um-ACh from a pressure ejection pipette elicited slightly

delayed (2-3 s) outward current responses in A9 L cells transfected with either ml

A Control C 500 !IM-GDP-,3-S

45 min 31 min

n n

B No GTP D 200,uM-GTP-rS
20 s

45 min

n
5 min

Fig. 1. ACh-induced response is mediated via G protein activation. Outward currents were
recorded in A9 L cells transfected with the ml muscarinic receptor subtype, voltage
clamped at -50 mV in A and D), and at -30 mV in B and C. Acetylcholine (1O /IM) was
applied at times indicated in lower traces. A, under control conditions with 5 mM-ATP
and 0-1 mM-GTP in the intracellular pipette solution, responses remained constant in
amplitude and duration for at least 45 min. B. in the absence of GTP in the intracellular
solution the ACh-induced current slowly waned. C, ACh-induced currents declined faster
and to a greater extent when recorded with pipette solutions lacking GTP and to which
500 ,aM-GDP-/-S had been added. D, spontaneous repetitive current oscillations occurred
when 200 ,aM-GTP-y-S was included in the patch pipette. Initial ACh-induced responses
were full in amplitude and often prolonged, but could not be re-evoked on second
application of ACh (see lower pair of traces). Times shown in minutes with each panel
indicate time elapsed since initial response. Vertical calibration: A, 100 pA; B-D, 50 pA.

or m3 muscarinic receptor cDNAs, when voltage clamped in whole-cell mode at
-50 mV. Similar though slightly smaller delays in current development were seen by
Horn & Marty (1988) in response to Ach in lacrimal glands, when recorded in
nystatin-treated whole-cell recordings. The amplitude and duration of the outward
currents induced by ACh in this study remained constant over a period of up to about
2 h, if 2-3 s pulses of ACh were applied about every 3 min (Figs IA and 2).
Application of ACh in pulses longer than this did not greatly prolong the response
and in fact continual application of ACh did not alter the time course of the response
which declined within about 25 s.

Concentrations of 20 nM to 50 ,aM-ACh produced maximal current responses,
whilst lower concentrations tested did not elicit current responses (Jones et al.
1988b); thus responses appear to be all or none.

____j
n
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The intracellular pipette solutions for control experiments (Fig. 1 A) contained
potassium gluconate (see Methods) to which had been added 5 mM-ATP and 01 mM-
GTP. When recorded with intracellular pipette solutions lacking in ATP, the
amplitude of the ACh-induced current responses declined rapidly (around 10 min,

120 -

100 _

40 -

0
C

6

40

20-

0 I.
0 15 30 45

Time (min)
Fig. 2. Time course of the effects of various intracellularly applied GDP and GTP
analogues on ACh-induced current amplitude. Control (0); No GTP (*); 500 ,UM-
GDP-,8-S (*); 200 /M-GTP-y-S (A); expressed as percentage peak amplitude of first
response. Data points represent mean + S.E.M. of at least six experiments.

not shown). The ACh-induced responses also declined with time when recorded with
intracellular pipette solutions lacking in GTP (Figs lB and 2), dropping in amplitude
to 77+5% (n = 5) of the initial response within 20 min. In the absence of GTP,
addition of a non-hydrolysable analogue of GDP, GDP-,l-S (500 fM), to the
intracellular medium produced a greater run-down of the ACh-induced outward
current responses (Fig. 1 C) in comparison to that obtained with recordings lacking
in GTP (Fig. 2). The current amplitude dropped to 45 +9% (n = 6) of the initial
response in 10 min in cells recorded with GDP-/I-S. Inclusion of the non-hydrolysable
analogue of GTP, GTP-y-S, in the intracellular medium evoked an increase in the
spontaneous activation of outward currents in nine out of fourteen cells upon rupture
of the patch and entry into the whole-cell mode (Fig. ID). Application of ACh under
these conditions often elicited responses which were prolonged in comparison to ACh-
induced responses in control cells. A second application of ACh to GTP-y-S-dialysed
cells did not elicit a response whether applied 3 or 30 min after whole-cell recording
mode was established (Fig. 2). Finally, incubation of the cells with 100 ng ml-' of
pertussis toxin (overnight) did not inhibit the responses to ACh (n = 15). This
treatment had previously been shown to be effective, as assayed by inhibition of m2-
and m4-induced reductions in cyclic AMP (Novotny & Brann, 1989). The results
show that activation of a pertussis toxin-insensitive G protein is involved in the ACh-
induced conductance increase.
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ACh-induced channels can be activated indirectly
The coupling of the G protein to the Ca2l-dependent K+ and Cl- conlductances was

further investigated using the cell-attached patch configuration. The cells were
bathed in a high K+-containing medium (see Methods) and cell-attached recordinigs
were made with pipette solutions containing the same high K+ solution. Applicationl
of 10 yM) ACh to the cell outside the patch elicited discrete channel activity in the
isolated patch (Fig. 3A), demonstrating that activation of these channels can be
indirect, presumably via diffusible second messengers. The channels reversed
polarity at 0 mV (Fig. 3B) which under these experimental conditions is simnilar to
that estimated for the K+ equilibrium potential (0 mV, assuining 150 mnm-
intracellular K±). The amplitude distributions of the single-channel currents at
depolarized and hyperpolarized potentials were constructed to obtain average
current levels, which were plotted against pipette potential (Fig. 3C). The slope of
the single-channel current-voltage relationship gave a single-channel conlductaince of
36+ 1-4 pS (n = 3) in this solution. This channel type was observed in approximately
one-third (n = 12) of cell-attached patches recorded.
A second type of channel activity was elicited on application of ACh to the cell in

another third (n = 13) of all patches examined (Fig. 3D). This channel activity also
reversed at 0 mV and thus may also involve K+ ions. This activity was considerably
more complex than that described above and multiple channel openings made the
data difficult to analyse as discrete single-channel openings. An analysis of the
variance of the ACh-induced channel noise was used to obtain the single-channel
conductance. The mean DC current was sampled and averaged every 512 record
points and is shown plotted against time in Fig. 4A. The variance for each 512-point
section was calculated for both background and agonist-induced currents. A plot of
the calculated variance of the AC coupled signal versus the mean DC current is shown
in Fig. 4B. The background variance has been subtracted. Single-channel
conductance (y) can be estimated from the slope of the variance to mean current plot
(see Methods). The single-channel conductance was calculated to be 5 5 + 1 2 pS
(n = 5). In the estimation of the conductance of this channel activity, no account was
taken of the larger 36 pS channel. This was deemed unnecessary as the mean current
amplitude in three of the five recordings from which y was calculated was less than
that of the larger 36 pS channel and the calculated y for these three was 6-1 + 2-0 pS.
In the other two patches, where it is possible that one 36 pS channel was present,
assuming that these had no effect on the variance but only on the mean current
amplitude, a recalculation of the data using these two adjusted values gave y=
7-8+1-5pS (n=5).
A third species of channel activity was recorded at 0 mV and thus was unlikely to be

a K+ channel (Fig. 3E). It was infrequently observed (n = 3) and the reversal
potential was not established. Twelve percent (n = 5) of the patches examined
(n = 33) did not display ACh-induced channel activity.

Responses to ACh are mediated via IP3
From the several seconds delay characteristic of the electrical response to ACh in

the whole-cell recordings, and from the results of the cell-attached patch recordings,
it appears that ACh activates ion channels indirectly via a diffusable second
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+50 mV

0 2 pA
0ImV mP4l Rl -,,--r 75 ms

-50 mV

C 2 D
3 s

| § §/;- mV _V 3 p

-60 -20 20 60

-1 -50 mV

pA

3 s
Fig. 3. Channel activity can be activated indirectly by ACh. Cell-attached patches were
recorded with extracellular and patch electrode solutions containing 150 mM-KCl. A,
application of 10,uM-ACh to the surface of the cell (marked by bar beneath) elicited
channel activity lasting about 10 s after a delay of about I s. The patch was held at
+50 mV. B, the ACh-induced channels reversed polarity at around 0 mV. C, a plot of
single-channel current amplitude against patch potential gave a slope conductance of
36 pS. Data points show mean+S.E.M. of three experiments. D, another type of ACh-
induced channel activity was recorded which also reversed at 0 mV. From an analysis of
the variance of the current noise the single-channel conductance was calculated to be
about 5 pS. E, a third type of ACh-induced current was active at 0 mV, possibly a Cl-
conductance. Bars indicate pressure injection application of 10 4uM-ACh to the cell surface.
In no instance is the ACh present in the patch pipette solution. ACh-induced channel
activity was similar in both ml and m3-transfected cells.

messenger. Thus the effects of putative second messengers were investigated.
8-Bromo cyclic AMP (5 mM), a membrane-permeable analogue of cyclic AMP,
produced no response when applied in the bathing medium from a pressure ejection
pipette or when included in the patch pipette solution, and had no effect on the ACh-
induced outward current (n = 12) (Fig. 5A). An analogue of DAG, OAG, elicited no
response when applied from a pressure ejection pipette in concentrations ranging

506



SECOND MESSENGER-MEDIA TED RESPONSES

A
A

A AA
A
A

A
AL A

A A A

A A AI
AA

A A
A A

30 35 40
Time (s)

6

4
C-

a)
0c

2

0

A

A

A

A

A

A AA 11

A
A

0 2 4 6
Mean current (pA)

8 10

Fig. 4. Analysis of variance for single-channel noise measurements in the cell-attached
patch mode. A, mean DC current is plotted as averages of 512 points against time of
recorded agonist-induced signal. The baseline section corresponds to the first 20 s. B,

variance calculated for each 512 point section of AC current is shown plotted against its
corresponding DC current. The single-channel conductance was obtained from the slope
divided by the driving force. The patch was held at 70 mV and in 150 mM-extracellular
K+, the reversal potential is about 0 mV. The correlation coefficient was 0-83.

from 5 to 50 /tM (n = 4) and had no effect on the response to ACh (Fig. 5B). Inclusion
of 5 14M-OAG in the intracellular pipette solution also had no effect on resting or

agonist-induced properties (n = 5). PMA, which activates protein kinase C, did not
alter the electrical properties of A9 L cells, but reproducibly and irreversibly reduced
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the ACh-induced current amplitude to 61+10% (n = 11) of the initial response
within 10 min (Fig. 50).
The possible roles of 1P3 and its metabolite 1P4 were investigated by including

them in the intracellular pipette solution. After rupturing the patch to obtain the

A

5 mM-8-bromo cyclic AMP

B

50 pM-OAG

c 20 s

10 p,uM-PMA 50 pA

Fig. 5. ACh-induced currents are not mimicked by cyclic AMP, OAG or PMA. Current
traces are shown from A9 L cells transfected with the ml muscarinic receptor and voltage
clamped at -50 mV. Application of 10 ,uM-ACh is shown as an upward deflection in the
lower traces. A, application of 5 mM-8-bromo cyclic AMP (downward deflection in lower
trace) produced no response and did not affect the ACh-induced responses. B, application
of 50 ,uM-OAG also produced no response and had no effect on the ACh-induced respoilses.
C, 10 /tM-PMA had no electrical effect but caused an irreversible reduction in ACh-induced
outward current amplitude in about 20-30 min. Similar results were obtained with m3-
transfected cells.

whole-cell recording configuration, the electrical properties of the cell rapidly
stabilized and remained stable for a couple of hours (Fig. 6A). In 13% of cells
recorded using the control intracellular solution (n = 75) spontaneous activation of
outward currents occurred on breaking into the cell. The Petri dishes containing such
cells were discarded and only dishes with no recordings of such spontaneously active
cells were used for 1P3 and lP4 experiments.

Inclusion of IP3 in the intracellular pipette solution induced dose-dependent
increases in outward current when the cells were voltage clamped at -50 mV. This
increase in current was associated with an increase in conductance (Fig. 6 B-D). IP3
(10 fm) induced small delayed responses in three out of the twelve cells recorded
(Fig. 6B). The responses lasted about 3s and at -50 mV the average peak current
amplitude was 6 +1 pA (n = 2) in mI-transfected cells. 1P3 (50 ,UM) induced outward
currents (Fig. 6 C) in 42% of cells examined, producing currents lasting about 10 s
with an average peak current amplitude of 43 + 12pA (n = 4). IP3 (100 ,uM) induced
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outward currents in 80% of cells tested (n = 20) (Fig. 6D). These responses lasted
about 30 s and had an average peak current of 74 + 11 pA (n = 8), measured at
-50 mVI in mI-transfected cells. After inclusion of 10 or 50 IM-1P3 in the intracellular
pipette solution, responses to ACh could still be elicited; however. few cells exhibiting

A Control

B

Aihi

10 AuM-IP3

_s__ __z v
C 50 MIP3 4 s

A

D 100 m-1P

A
E 100 uM-IP4

__4~t+-" *W1111I` ......... ...t..... ...l, ,,1 nl ul,lil |.,..fflsl,l .ll 1i
PIT M! W!11'l l !lnI! II'III[ 1l^8ll!!n!....lllI II IIIII.! N IlI"r I. .rn1

A

F 1 AiM-Ca2

A

Fig. 6. 113 and elevated Caa2± mimic ACh-induced electrical responses. Cells were held
originally in the cell-attached mode and recorded from during rupture of the patch (at
arrows) into the whole-cell recordinig configuration (WCR). Traces A, (1 and D were
recorded from cells transfected with m3; B, E and F are traces recorded from A9 L cells
transfected with mnl. All cells were voltage clamped at -50 mV. A, control solutions had
n1o effect on whole-cell current on breaking into WCR mode. B, 10 JM-IP3 p)roduced a
delaved. small, transient increase in outward current. C, 50 ,Im- and D, 100 ,uM-TP3 induced
rapidly peaking outward current responses associated with an increase in conductance
which lasted only 10-20 s. E, 100 /tM-TP4 produced no effect on whole-cell currents. F.
raising intracellular Ca2+ from 20 nM to 1 ,UM caused an increase in outwTard currenit and
conductance similar to that activated bv 1P3. Vertical calibration 50 pA in A. (", D and
E; 25 pA in B; and 100 pA in F.

outward current responses to lOO ,tM-1P3 responded to subsequent applications of
ACh. Inclusion of lO0 ,IM-1P4 in the intracellular pipette solution had no effect on
membrane properties (n = 7) (Fig. 6E) and responses to ACh could be elicited in all
seven cells. Inclusion of 10-20 /aM-1P4 (n = 6) in intracellular solutions already
containing 10-i00 IM1-P3 did not appear to effect the 1P3-induced responses (not
shown).

Raising the concentration of free Ca21 in the intracellular patch pipette from
20 nM (01 mM-Ca2. 1l- mM-EGTA) to 1 /,M (1 mm-Ca2+. 1- mM-EGTA) (Fabiato &
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Fabiato, 1979), resulted in rapid activation of an outward current associated with an
increase in conductance in 78 % of the cells tested (n = 23) (Fig. 6F), similar to that
recorded following intracellular dialysis with 'P3. The conductance measured in
ml -transfected cells at the peak of the response to 1 1aM-Ca2+ dialysis was 4-8 + 0-8 nS
(n = 9), calculated from the peak current amplitude at -50 mV, assuming a reversal
potential of -65 mV. Current responses to ACh could not subsequently be obtained
in 50 % of cells tested.

1.2
50 ms

-5 nA b

a 0.8

Xb 60 mV

-100 mv

-100 m

-40 60

-0.2
nA

Fig. 7. 1P3 evokes currents similar to those activated by ACh. During the peak of the
current responses induced by 100 /tM-1P3, mI-transformed cells were stepped through a
range of potentials in 10 mV, 100 ms steps from a holding potential of -50 mV. The
current response at the end of the 100 ms step was plotted against potential to construct
a current-voltage (I-V) curve. Squares (and b in the inset) indicate data acquired during
lP3-induced responses; the circles (and a in the inset) denote return of the induced current
to baseline. The IP3-induced current reversed at -60 mV, close to the potential at which
the ACh-induced current reverses. Peak conductance during the 1P3-induced response was
2-4 nS which declined to a baseline value of 0-3 nS.

The lP3-induced current reversed at -65+2 mV (n = 5) (Fig. 7), which is similar
to that obtained with ACh in previous studies (Jones et al. 1988a, b). The peak
conductance induced by 100 jtM-lP3in ml-transfected A9 L cells was somewhat lower
than that found previously with ACh (Jones et al. 1988a, b), being increased from
0 26+0-09 nS in recovery to 1V66+0-26 nS (n = 5). The conductance was obtained
from the slope of the current-voltage curve constructed from current measurements
made at a variety of potentials during the plateau phase of the lP3-induced current.
The IP3-induced current response showed a dependence on K+ similar to that in the
ACh-induced responses (Jones et al. 1988a, b) shifting from -65+2 (n = 5) to
-19 + 6 mV (n = 3) on increasing the extracellular KCI solution from 5 to 50 mm.
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Inclusion of 100 ,tM-1P3 in the intracellular pipette solution or increased [Ca2+],
also induced outward current responses at -50 mV in A9 L cells transformed with
m2 (n = 2) muscarinic receptors, similar to those activated by ml- or m3-transformed
cells.

A
2-

o 1-5- 400
X [At .-300 C

^ 0-5k # ~~~~100i)
oE0~~~~~~~~~~~

0 1min

B

t I0 - 10-12M 10-9M 106M

0 100 200 300 400 500 600
Time (s)

Fig. 8. Fura-2 single-cell measurements show dose-dependent increases in intracellular
Ca2+ concentration induced by ACh. A, bath application of 1 /uM-ACh (at arrow) for 10 s
increased intracellular Ca2+, after a delay, from resting levels of 50 nM to a peak of about
400 nM. Calcium concentrations were calibrated by measurements in Ca2+-free and
2 mM-Ca2+ in the presence of 10 /IM ionomycin. B, representative responses to three
concentrations of ACh applied at the arrows recorded in the same cell show that ACh-
induced increases in Ca2+ are dose-dependent. The 340/380 ratio in A and B represents
changes in Ca2+ concentration.

Role and source of Ca2+ in the ACh-induced response
A fluorescent Ca2+ indicator dye, Fura-2, was used to study single A9 L cells

transfected with ml and m3 muscarinic receptors, to ascertain the role and source of
Ca2+ in ACh-induced electrical responses. Bath application of 1 guM-ACh for 10 s
caused a rapid rise in Ca2+, from a resting level of about 50 nm to around 400 nM
(Fig. 8A). The response peaked within 20 s and declined over a period of 1-1-5 min
back to the resting level. Reproducible increases in Ca2+ were induced by ACh when
applied every 3 min in this manner. Continued application ofACh to the cells did not
greatly prolong the rise in Ca2+, suggesting that some desensitization had occurred.
The relationship between ACh concentration and Ca2+ response is shown in Fig. 8B.
The ACh-induced increases in Ca2+ were due to activation of muscarinic receptors as

they were reversibly inhibited by 1 /LM-atropine (n = 5) (Fig. 9A).
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Fig. 9. ACh-induced Cai+ responses are muscarinic in nature. A, application of 1 jtmI-

atropine to the bathing solution completely abolished the AC.h-induced Cal response. B,
application of 5 mM-barium had essentially no effect on ACh-induced Ca2+ responses

though both 340 and 380 nm fluorescence levels were lowered. C. 5 mM-cobalt slightly
reduced the Ca2+ response and irreversibly lowered the fluorescence levels at both 340 and
380 nm; however, the 380 signal was reduced to a greater extent than the 340, accounting
for the upward drift of the baseline ratio. The ml- and m3-transformed cells gave

qualitativelv similar results.

Barium (5 mM) did not appear to affect the ACh-induced increases in Ca2+ (n = 4)
(Fig. 9B), though it had a slight quenching effect on the 380 nm excitation free-
Fura-2 signal, suggesting that it entered the cell and bound to the Fura-2. Cobalt
(5 mM) appeared to reduce the ACh-induced Ca2' response (n = 5) (Fig. 9C), but it
also irreversibly quenched the Fura-2 signal. The Fura-2 fluorescence was reduced by
Co2+ and Ba2+ at both excitation wavelengths but the 380 nm excitation was reduced

1 min
3 '

1

1
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to a greater extent than that at 340 nm. This accounts for the rising baseline ratio
level. However, the results indicate that the Ba2' had little effect and that Co2+
produced a small reduction in the ACh-induced Ca2+ response.
The role of extracellular Ca2± in the ACh-induced Ca2+ response was investigated.
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.9 2
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0
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m
0
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_\ .~~~~~~~~~~~~~~~~.. .. ..........:.::. A
l l, ~~~~~~~~ ~ ~~~~~~~~................

1~~~~~~~~~~~~~~~~~~~~~~~~.

Fig. 10. ACh-induced Ca2 responses have extracellular Ca2' requirements. Initial ACh-
induced responses were only slightly reduced on exposure to Ca2±-free medium. A,
repeated ACh responses slowly declined. B, repeated applications of ACh produced
dramatically reduced responses. Return to control medium containing 2 mM-Ca2+ rapidly
returned the Ach-induced CaV responses to control levels. No qualitative differences were
noted between ml - and m3-transfected cells.

The first response to ACh was only slightly reduced or was unaffected by the removal
of extracellular Ca2l (n = 16) (Fig. 10). Subsequent applications of ACh produced a
reduction in the Ca2+ response over 5-15 min (n = 16) (Fig. 1OA and B). On restoring
Ca2+ to the extracellular solution, the ACh-induced Ca2+ response rapidly recovered
to control levels. Prolongation of the period between removal of extracellular Ca2+
and the initial application of ACh from about 1P5 min to around 5 min led to a
reduction in the initial ACh-induced response. It is unlikely that this period is
required to exchange the bath solution to one of Ca2+-free medium, as a flow rate of
3 ml min-' exchanges the 100 Igl bath volume thirty times per minute; thus it is
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suggested that this is the time required to deplete intracellular Ca2+ stores.
Therefore, it would appear that although an initial increase in Ca2+ can be elicited by
ACh in Ca2+-free solutions, extracellular Ca2+ is necessary for continued robust
responses.

A Control Zero calcium solution Wash

20 s
B

Fig. 11. ACh-induced electrical responses are not dependent on extracellular Ca2+. ACh-
induced responses were obtained in A9 L cells transfected with the ml muscarinic receptor
voltage clamped at -30 mV. A, the first response to ACh (10 /SM in Ca2+-free medium,
upward deflection) was followed by pressure ejection application of control medium
containing 2 mM-Ca2+ from a second pipette placed close to the cell (downward deflection).
Removal of extracellular Ca2+, by addition of 1 1 mM-EGTA followed by perfusion of the
bath with Ca2+-free medium, slightly reduced the ACh-induced responses; however, the
amplitudes were the same in Ca2+-free medium whether Ca2+ was applied or not. B, ACh
was applied from two pipettes, one containing 2 mM-Ca2+ (upward deflection) and the
other containing Ca2+-free medium (downward deflection). Removal of extracellular Ca2+
had no effect on either ACh-induced current. Vertical calibration: A, 50 pA; B, 25 pA.

The role of extracellular Ca2+ in the generation of ACh-elicited electrical responses
was investigated. Removal of extracellular Ca2+ appeared to produce only very slight
reductions in ACh-induced responses. Consistent current responses were obtained on
application of 10 1M-ACh dissolved in Ca2+-free medium from a pressure ejection
pipette (Fig. 1lA). Applications of normal medium containing 2 mM-Ca2+ from a
second pressure ejection pipette followed alternate ACh applications. In control
(2 mM-Ca2+) solutions the responses to ACh were of equl .r iplitude and were only
slightly reduced by removal of Ca2+ from the bathing medii,m (Fig. l lA); however,
both ACh-induced responses either with or without a supply of Ca2+ were identical
in amplitude. Removal of Ca2+ from the medium was performed firstly by addition
of 11 mM-EGTA to the bathing medium, followed by perfusion of the bath with
Ca2+-free medium. Extracellular Ca2+ does not appear to contribute to the electrical
response, but Ca2+ may be required at the time of application of ACh, so a second
protocol was employed.
Equal amplitude responses to 10 ,tM-ACh were obtained from two pressure

pipettes, one containing 10 /tM-ACh in Ca2+-free medium, the other containing 10 /am-
ACh in control medium with 2 mM-Ca2+ (Fig. 1lB). The responses to ACh applied in
2 mM-Ca2+ or Ca2+-free solution were the same and neither were reduced compared
to each other when the solution was changed to one containing no Ca2+ and 1 1 mM-
EGTA. Thus removal of extracellular Ca2+ had no effect on the ACh-induced current
responses.
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DISCUSSION

It is concluded that ml and m3 muscarinic receptors activate Ca2+-dependent
conductances via a pertussis toxin-insensitive G protein. The response to activation
of ml and m3 receptors in NG108-15 cells was also not pertussis toxin sensitive
(Fukuda et al. 1988). Activation of a pertussis toxin-insensitive G protein results in
an increase in IP3 in ml- and m3-transformed A9 L cells (Brann et al. 1988) and
intracellular application of 'P3 was shown to mimic the ACh-induced current
response. Many systems have shown the involvement of 'P3 in activation of Ca2+_
dependent K+ or Cl- conductances, for example, in NG108-15 cells (Higashida &
Brdwn, 1986; Brown & Higashida, 1988), in lacrimal glands (Evans & Marty, 1986;
Morris, Gallacher, Irvine & Petersen, 1987) and in Xenopus oocytes (Oron, Dascal,
Nadler & Lupu, 1985; Nomura, Kaneko, Kato, Yamagishi & Sugiyama, 1987).
Increasing the concentration of intracellular free Ca2+ also mimicked the ACh-
induced current response. Taken together the results suggests that 1P3 mediates the
effect of ACh in ml- and m3-transformed A9 L cells by mobilizing Ca2+ from internal
stores. Although there was no requirement for extracellular Ca2+ in the generation of
the electrical response, most of the ACh-induced CaW+ response disappeared within
minutes of removing extracellular Ca2+. The ml and m3 muscarinic electrical and
optical responses were qualitatively similar.

ACh-activated channels
Acetylcholine activates two types of K+ channel activity (36 and 5 pS), which

though apamin sensitive and not voltage dependent (Jones et al. 1988a), do not
correlate with the 'SK' type channels reported by Blatz & Magleby (1986, 1987), nor
with the Ca2+-activated channels recorded from hepatocytes (Capiod & Ogden, 1989).
The 36 pS channel appears to be closely related to the channel activated by
bradykinin and IP3 in NG108-15 cells (Higashida & Brown, 1988). The Ca2+-
dependent channels recorded from ml- and m3-transformed NG 108-15 cells by Neher,
Marty, Fukuda, Kubo & Numa (1988) appear to be similar to the 5 pS channel
activity of this study, but these were recorded in different K+ concentrations. Both
the 5 and 36 pS channels differ from those activated by ACh in exocrine glands,
which are the large, maxi or BK channels (for reviews see Petersen, 1986; Blatz &
Magleby, 1987). The third species of channel activated by ACh, active in the cell-
attached patch mode at 0 mV, probably involves Cl- ions and is currently being
investigated.

Role of Ca2+
The Fura-2 data showed that application of ACh increased intracellular Ca2+ in A9

L cells transfected with ml and m3 muscarinic receptors. Stimulation ofml and m3-
transfected NG108-15 cells likewise raised intracellular Ca2+ concentrations (Neher et
al. 1988).
The removal of Ca2+ from the extracellular medium appeared to deplete internal

stores. This depletion had no effect on the ACh-induced electrical response. Thus, it
would appear that the small residual rise in intracellular Ca2+ induced by ACh in

17-2
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Ca2+-free extracellular medium was sufficient to activate the Ca2+-dependent
conductances. Intracellular Ca2+ is buffered to around 20 nM with EGTA in the
patch-clamp recordings and calibration of the Fura-2 signal shows resting Ca2+ to be
about 50 nM; thus the calcium levels are comparable. In the electrical studies,
however, there is a continual supply of Ca2+ from the patch pipette and therefore
run-down of intracellular stores in the absence of extracellular Ca2+ is unlikely. Thus,
a direct comparison between the two methods is not possible. Simultaneous
measurements of the Ca2+ concentration and electrical response would clarify this
result.
The concentration dependence of the ACh-induced electrical response appeared to

be all-or-none, with channels maximally activated at concentrations above 20 nm.
This observation is probably related to the calcium concentration reaching a
threshold value at which the calcium-dependent channels activate (Evans & Marty,
1986; Marty, Evans, Tan & Trautmann, 1986). Horn & Marty (1988) showed that
50 nM-ACh elicited submaximal responses and that current amplitude responses
peaked at about 1 /tM-ACh in lacrimal glands. The differences in the results suggests
that the channels of this study activate at lower Ca2+ concentrations, but it must be
borne in mind that higher concentrations of calcium buffer were used in the
intracellular solution of the present study and that there are differences in the extent
of dialysis of the cell due to the different methods of obtaining a whole cell recording.
The ACh-induced Ca2+ response on the other hand could be activated by ACh

concentrations well below 20 nm, but a direct comparison of the electrical recordings
to those of the calcium measurements is made difficult by the EGTA buffering of the
intracellular Ca2+ in the electrical experiments. Reductions in ACh-induced Ca2+
responses, similar to those of the present study, have also been observed on removal
of extracellular Ca2+ in cultured hippocampal neurons (Kudo, Ogura & lijima, 1988).
The ml- and m3-stimulated rise in intracellular Ca2+, however, was not dependent on
extracellular Ca2+ in NG108-15 cells (Neher et al. 1988) suggesting differences in Ca2+
storage and mobilization among different cell types.
As it would appear that Ca2+ entry is required to maintain Ca2+ stores in A9 L cells,

this might help to explain the entry of barium and cobalt into the cell. Barium had
C2+a small quenching action on the Fura-2 ratio but did not affect the Ca1 response.

Thus barium entered the cell and blocked the Ca2+-dependent K+ channel as would
be predicted. Cobalt on the other hand may block Ca2+ channels in the cell
membrane, which may explain the small reduction in Ca2+ response, but must also
have entered the cell in order to quench the Fura-2 signal. The inhibition of the ACh-
induced Ca2+-dependent conductances by cobalt (Jones et al. 1988a, b) may be due
to it blocking the Ca2+ binding site at the Ca2+-dependent K+ channel.

Desensitization

The ACh-induced electrical responses desensitized within about 25 s during
constant application of ACh to the cells. The current responses induced by
intracellular 100 /,ZM-IP3 also declined with a similar time course, suggesting that the
desensitization occurred at a step beyond 1P3 production. This suggestion was
supported by the time course of the decline in the ACh-induced Ca2+ response, which
took several minutes to return to baseline during constant application of agonist.
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Thus the desensitization of the electrical response must take place after the release
of Ca2". This was borne out by the time course of desensitization of the electrical
response induced by raised intracellular Ca2+. In fact, using concentrations of
intracellular Ca2+ as high as 1 /IM caused a desensitization of the outward current
response somewhat faster than that observed with 'P3. From the Fura-2 calibrations,
application of 1 atM-ACh resulted in maximal increases in Ca2+ from 50 nm to around
400 nM; thus, 1 /tM-Ca21 is probably saturating. Application of ACh to cells dialysed
with 100 /kM-1P3 or 1 /aM-free Ca2+ often did not evoke conductance increases,
possibly due to the continued inactivation of the K+ channels by elevated Ca2 .

The authors would like to thank J. Dempster for his helpful suggestions on the analysis of the
single-channel data.
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