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Two types of non-selective cation channel opened
by muscarinic stimulation with carbachol in bovine

ciliary muscle cells

Yoshiko Takai!, Ryoichi Sugawara!, Hiroshi Ohinata® and Akira Takai?

Departments of ' Ophthalmology and ? Physiology, Asahikawa Medical College, Asahikawa 078-8510, Hokkaido, Japan

In the ciliary muscle, the tonic contraction requires a sustained influx of Ca’>* through
the cell membrane. However, little has hitherto been known about the route(s) of Ca?*
influx in this tissue that lacks voltage-gated Ca>* channels. To identify ion channels as the
Ca’" entry pathway we studied the effects of carbachol (CCh) on freshly isolated bovine
ciliary muscle cells by whole-cell voltage clamp. Experiments were carried out using pipettes
filled with K*-free solution containing 100 mm caesium aspartate, 5 mm BAPTA and 180 um
GTP (pH 7.0; the intracellular free Ca’>" concentration, [Ca’*]; =70 nm). CCh evoked an
inward current showing polarity reversal at a holding potential near 0 mV. Analysis of the
current noise distinguished two types of non-selective cation channel (NSCCL and NSCCS)
with widely different unitary conductances (35 pS and 100 £S). The ratios of the permeabilities
to Li*, Na*, Cs*, Mg?*, Ca?*, Sr’* and Ba’", estimated by cation replacement procedures,
were 0.9:1.0:1.5:0.2:0.3:0.4:0.5 for NSCCL, and 1.0:1.0:1.8:2.5:2.6:3.2:5.0 for
NSCCS. NSCCS, but not NSCCL, was strongly inhibited by elevation of [Ca** ;. Both NSCCL
and NSCCS were dose-dependently inhibited by 1-100 um SKF96365, La*t and Gd**, which
also inhibited the tonic component of the contraction produced in muscle bundles by CCh
without markedly affecting the initial phasic component. NSCCL and/or NSCCS may serve
as a major Ca’" entry pathway required for sustained contraction of the bovine ciliary
muscle. RT-PCR experiments in the bovine ciliary muscle (whole tissue) detected mRNAs
of several transient receptor potential (TRP) channel homologues (TRPC1, TRPC3, TRPC4
and TRPC6), which are now regarded as possible molecular candidates for receptor-operated

cation channels.
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The ciliary muscle, an intraocular muscle responsible
for visual accommodation and regulation of aqueous
humour outflow, is densely innervated by cholinergic
nerve fibres, and its contraction is initiated and
sustained by stimulation of muscarinic receptors on
the surface of the muscle cell membrane by the
transmitter acetylcholine (Glasser & Kaufman, 2003). In
many other mammalian smooth muscles, contraction
induced by muscarinic stimulation has long been known
to be accompanied by a depolarization concomitant
with an increase in the conductance of the cell
membrane, and this is usually attributed to the
opening of cation channels with low ion selectivity,
termed ‘receptor-operated’ non-selective cation channels
(NSCCs) (Bolton, 1979; McFadzean & Gibson, 2002).
Depolarization in response to muscarinic stimulation
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has also been demonstrated by the intracellular
microelectrode method in dog ciliary muscle (Ito &
Yoshitomi, 1986) and in a human ciliary muscle cell line
(Korbmacher et al. 1990). In previous experiments we have
examined the effects of a cholinergic agonist, carbachol
(CCh), on the membrane potential and current in smooth
muscle cells freshly isolated from the bovine ciliary body,
using the whole-cell clamp method (Takai et al. 1997). We
have confirmed thereby that, under current clamp at 0 pA,
CCh causes an atropine-sensitive depolarizing response
which is concurrent with an increase in the membrane
conductance. We have also shown that, under voltage
clamp, CCh evokes a current which is resistant to organic
Ca?* channel antagonists and reverses the polarity at a
holding potential near 0 mV (Takai et al. 1997). These
previous observations strongly suggest that muscarinic
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stimulants activate some type(s) of NSCC to produce the
electrical phenomena in the ciliary muscle.

However, our knowledge about the channels in the
ciliary muscle is still very limited. For example, no
experimental evidence has hitherto been available to
determine whether muscarinic stimulation activates a
single species of NSCC or more than one type of NSCC.
Although the polarity reversal at a potential near 0 mV is
indicative of a low ion selectivity, quantitative comparison
of the relative permeabilities of the channels to cations
has not been performed. Also, very little is known about
the functional roles for the channels. Even if the opening
of the channels causes a depolarization of the muscle cell
membrane, it has been shown that depolarization by itself
cannot initiate or maintain the contraction of the ciliary
muscle (Suzuki, 1983).

In the present experiments, as a continuation of our
previous study on the bovine ciliary muscle, we have
further examined the properties of the currents evoked by
superfusion of CCh under whole-cell voltage clamp. Since
transient receptor potential (TRP) channel homologues
are now considered as possible molecular candidates for
receptor-operated NSCCs (see Clapham et al. 2001; Minke
& Cook, 2002; Inoue et al. 2003), we have also examined
the existence of their mRNAs in the ciliary muscle by
RT-PCR. By analysing the noise of the currents evoked
by CCh we have obtained results that indicate that, in
most ciliary muscle cells, muscarinic stimulation activates
two types of NSCC (NSCCL and NSCCS) with widely
different single-channel conductances (35 pS and 100 {S).
These channels differ from each other with regard to the
activation kinetics as well as in the relative permeabilities
to alkali and alkaline earth metal ions, and are likely to
be linked to muscarinic receptors by different signalling
pathways. We also show that several substances that inhibit
the CCh-evoked NSCC currents also inhibit the tonic
component of the contraction of ciliary muscle bundles
induced by CCh without strongly affecting the initial
phasic component. NSCCL and/or NSCCS, either of which
admits Ca*", may act as a pathway for Ca?* entry required
for sustained contraction of the ciliary smooth muscle.
In the RT-PCR experiments we have detected at least
four types (TRPC1, TRPC3, TRPC4 and TRPC6) of TRP
mRNA in the bovine ciliary muscle.

Methods
Solutions and chemicals

The normal physiological saline solution (PSS) used was
of the following composition (mm): NaCl, 127; KCl, 5.9;
CaCly, 2.4; MgCly, 1.2; glucose, 11.8; Hepes, 10. The pH
was adjusted to 7.4 (at 30°C) by titration with NaOH.
In the cation substitution experiments, NaCl, KCI, CaCl,
and MgCl, in PSS were totally replaced with an isosmotic
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concentration of an alkaline metal salt (LiCl, NaCl or
CsCl; 138 mm) or an alkaline earth metal salt (MgCl,,
CaCl,, SrCl, or BaCl,;92 mm). High K™ (100 mm) PSS was
prepared by replacing NaCl with equimolar KCI.

Unless otherwise mentioned, pipettes for whole-cell
clamp experiments were filled with a solution
containing (mm): NaCl, 5; caesium aspartate, 100;
MgCl, 5; ATP (disodium salt), 5; Hepes, 20; 1,2-bis
(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic ~ acid
(BAPTA), 5; and GTP, 0.18. The pH was adjusted to 7.0
with NaOH. The free Ca*" concentration was adjusted by
changing the Ca/BAPTA ratio. The apparent dissociation
constant of BAPTA for Ca?>* was assumed to be 0.35 um
(Takai et al. 1997). Pipettes used for on-cell patch clamp
experiments were filled with normal PSS.

Carbamylcholine chloride (carbachol; CCh), atropine
sulphate, GTP, guanosine 5'-O-(3-thiotriphosphate)
(GTPyS), pertussis toxin and cholera toxin were
purchased from Sigma Chemical Co. (St Louis, MO,
USA). BAPTA was obtained from Dojindo Laboratories
(Tabaru, Kumamoto, Japan). Iberiotoxin (synthetic) was
aproduct of Peptide Institute, Co. (Osaka, Japan). All other
chemicals used were of analytical grade.

Experiments were carried out at 30°C, unless otherwise
mentioned.

Preparation of ciliary muscle cells

Bovine eyes were enucleated soon after the animals were
killed in a local slaughterhouse and transported to our
laboratory in ice-cooled PSS. The eyes were incised
circumferentially about 5 mm posterior to the limbus, and
after the vitreous humour and lens were removed, the
ciliary muscle was carefully dissected out from the scleral
spur. Single muscle cells were obtained by the method
previously described (Takai et al. 1997). Briefly, the excised
muscle was equilibrated in nominally Ca®*-free PSS
containing 100 mm K* at 35°C for 30 min and transferred
to a solution of the same composition supplemented with
0.4% (w/v) collagenase (Wako Junyaku Co.) and 0.02%
(w/v) papain (Sigma). After incubation for 20-25 min,
the cell suspension was filtered with a fine nylon mesh.
The dispersed cells were collected by centrifuging at 200 g
for 2 min and then resuspended in nominally Ca’*-free,
high K* (100 mm) PSS.

Electrical recordings

An Axopatch 200B amplifier (Axon Instruments, Foster
City, CA, USA) was used for voltage clamp experiments.
The borosilicate glass pipettes used had a resistance
of 13.5£ 0.3 MQ (n=49) when filled with the pipette
solution for whole-cell voltage clamp. For command
pulse generation and digital data acquisition we used
a Digidata 1200B interface controlled by the pCLAMP
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software (version 9; Axon Instruments) running on a
Windows-based computer. Relatively short sections of
data were recorded on a magnetoptic disk after on-line
digitization. Long sections of data were recorded on a
video cassette using an RP-880 PCM converting system
(NF Electronic Instruments, Tokyo, Japan). Mathematical
processing and analysis of data were carried out using the
ClampFit software (version 9; Axon Instruments, Foster
City, CA, USA) and the Origin software (version 7.5;
OriginLab, Northampton, MA, USA).

Noise analyses

Non-stationary variance analysis. The current signal was
filtered by an analog 4-pole Bessel filter at 1 kHz (—3 dB)
and digitized at 2 kHz, before the mean p and the variance
o? around the mean were calculated for every 500 sample
points.

The unitary current amplitudes were estimated from the
slopes of the best-fit lines obtained by linear regression of
(u, %) data, assuming the following relationship (see, e.g.
Sigworth, 1980)

o’ =tp+o’ (1)

where ¢ denotes the unitary current amplitude and o?
represents the contributions from undesired fluctuations
such as thermal noise in the voltage clamp. For this
purpose we selected CCh-evoked responses such that their
u—o? relationships could be fitted by single straight lines
(see Fig.2). The unitary chord conductances were then
calculated, using the value of ¢ estimated as the slope of
the regression line, as

_ ¢
Eh_Er

where y is the unitary conductance, Ej, is the holding
potential and E, is the zero-current potential (i.e. the
potential of polarity reversal).

Note that the relationship between 1 and o2 is more
generally written

14 (2)

1
o= — —put+ oy’
(= i+ o

=¢u(l—p)+op° (3)

where N is the number of the channels and p is the
non-stationary open-state probability (Sigworth, 1980).
Equation (1) is a limiting case of eqn (3) where p — 0.

Spectral analysis. The signals from the cassette tape
were digitized at 5kHz and digitally high-pass filtered
at 0.2 Hz and low-pass filtered at 2 kHz (—3 dB, 8-pole
Butterworth). These band-passed noise data were divided
into segments each containing 4096 or 8192 data points, for
which two-sided power spectral densities were calculated
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by fast Fourier transform and then averaged to obtain a
mean noise power spectrum. The net two-sided spectral
density for agonist-induced currents was obtained by sub-
tracting the mean spectrum of noise in the absence of
agonist from that in its presence.

The positive-frequency halves of the symmetrical
two-sided net spectra were fitted by non-linear
least-squares method (Levenberg-Marquardt algorithm)
with the model function defined as the sum of two
Lorentzian components:

_ SO 5:(0)
T+ (/A2 T T+ (I

where S(f) is the two-sided power density at the frequency
f, $1(0) (>0) and S,(0) (=0) are the zero-frequency
asymptotes, and f; and f, (0 < f; < f,) are the corner
frequencies. If all noise components of an agonist-induced
current are detected in the frequency domain as the sum
of two Lorentzians, then we will have

S(F) (4)

o’ =0"—0y =nf151(0) + 7£,5,(0) (5)

where o2 denotes the variance of the agonist-induced
current in the time domain (Cull-Candy et al. 1988; Howe
et al. 1988).

Some (but not all) power spectra with two Lorentzian
components can be simulated using a simple three-state
reaction model (Colquhoun & Hawkes, 1977):

kB
A4+ R = AR = AR

2 o

Scheme 1

where A is the agonist, and R and R* denote the closed
channel and the open channel, respectively, which are
complexed with the receptor. Now, assign the molar
concentration of the agonist to ¢ and write the spectral
function in the form of eqn (4); then, for this particular
model, f1, f>, $1(0) and S, (0) are given as explicit functions
of the rate constants, k;, k,, @ and B, as follows (see
Colquhoun & Hawkes, 1977):

fi=—\/2m, (6)
fr=—Ay/2m, (7)

C 20at adhan
50 = Tl + mEn ®)

and

20 +o)hgp
(hy — M) (kic 4+ Xp)EA,

5:(0) = (9)

where
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M=—la+B+kc+k
=&+ B+ kic + ky)? — 4akk,] /2

and

)\2:—[a+,3+klc+k2
+V(a + B+ kic + k) — 4aéky ] /2

The equilibrium probabilities, pars, par and payr, that
the channel occupies each of the three states, AR*, AR and
A + R, are also explicitly given, as functions of ¢, by the
following set of equations:

kiBc ky

PArs = 7——5 DPAR = 7

c _ 1 (10)
[ ke PART

3

Note that par- + par + patr = 1.
The dose-activation relationship for the agonist is

related to par< (= par+(c)) by
Par-(€) _ ¢
pAR* (OO) K + c

¢(c) = (11)
where ¢(c) is the fractional intensity of the response at c,
and K is the apparent dissociation constant defined by
K= (12)
ki(e + B)

Obviously, the use of the reaction model (Scheme 1) is
justified only when there exists a set of physico-chemically
realistic values of k;, k,, @ and B which gives a reasonable fit
of the spectral function to data. In the present experiments
we tried to estimate such values by numerically solving the
eqns (6)—(9) simultaneouslyin terms of k;, k,,« and 8 with
the use of the values of f, f,, S1(0) and S,(0) determined
by directly fitting the model function eqn (4) to the spectral
data. For this purpose, we used the Mathematica software
(version 5.0; Wolfram Research, Champaign, IL, USA).
We also tried to fit the spectral data by the non-linear
least-squares method with the model function eqn (4)
after making the substitutions defined by eqns (6)—(9), and
thereby estimate the values of k;, k;, « and 8.

Permeability ratios

The ratio of the permeability of a monovalent or bivalent
cation to that of Na™ was estimated from the shift of
reversal potential caused by total substitution of Nat, K¥,
Ca*" and Mg”" in the bath solution with the cation, using
the following equation (Lewis, 1979):

Py [Na*], F(Ex — Exa)
= e
X {1 + exp<&> }21 (13)
RT
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where X represents the substitute ion (which may be
Na' itself), z (=1 or 2) is the valency of X, [X], is the
extracellular concentration of X, Px is the permeability
coefficient for X, Ex is the reversal potential measured
using X as the substitute, and F, R and T have their usual
thermodynamic meanings.

Mechanical recordings

The methods of tension recording and of super-
fusion were essentially the same as previously described
(Ashoori et al. 1985). Briefly, a small piece (about 1 mm
wide and 5mm long) of smooth muscle was carefully
dissected from an excised ciliary muscle bundle. The
preparation was vertically mounted in a small organ bath
(0.5ml in volume) through which solution flowed at a
constant rate of 2 ml ml~'. The tension was isometrically
recorded using a U-gauge transducer (type UL-2GR;
Minebea Co., Tokyo, Japan) and a potentiometric
pen-recorder.

RT-PCR experiments

A QuickPrep mRNA purification kit (Amersham
Biosciences, Little Chalfont, UK) was used to isolate
polyadenylated mRNA from the bovine ciliary muscle
(whole tissue; 10-50 mg). The polyadenylated mRNA
obtained was transcribed to first-strand cDNA using a
PowerScript reverse transcriptase (BD Biosciences, San
Jose, CA, USA) and a 5'-d(T),sN_;N-3" primer (where
N=A,C,GorT;and N_; = A, G or C). GeneAmp PCR
System 9700 thermal cyclers (Applied Biosystems, Foster
City, CA, USA) were used to amplify transient receptor
potential cannonical (TRPC) sequences with Advantage
2 polymerase (BD Biosciences) and the gene-specific
primer pairs (see Table 2) which were designed, based
on the reference sequences (see Table2) obtained from
the GenBank database. Either a two-step or a three-step
PCR protocol (with 3045 thermal cycles) was chosen,
depending on the theoretical melting temperature for
each primer pair. The products of the PCR reactions
were immediately subjected to electrophoresis in agarose
gel (0.9-1.2%). The gels were stained with SYBR Gold
fluorescent dye (Molecular Probes, Eugene, OR, USA)
after electrophoresis and visualized with a DarkReader
visible light transilluminator (Clare Chemical Research,
Dolores, CO, USA). Amplified DNA fragments of expected
sizes were routinely extracted from the gel and subcloned
into a pCR4-TOPO sequencing vector (Invitrogen). The
vector was transformed into chemically competent DH5«
E. coli cells which were then cultured after colony selection
using ampicillin as the marker. The nucleotide sequence
of the insert in the plasmid isolated from the culture was
analysed by a Long-Read Tower sequencer (Amersham
Biosciences) after thermal cycling reaction with Thermo-
Sequenase DNA polymerase and CyDye terminators
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(Amersham Biosciences). For primer pairs which gave no
clear specific amplification in initial trials, we examined
the effects of changing the annealing temperature in a
=+ 5°C range around the value suggested by the Oligo
software (Molecular Biology Insights, Cascade, CO, USA)
using a gradient thermal cycler (MasterCycler Gradient,
Eppendorf, Hannover, Germany), and thereby tried to find
appropriate amplification conditions.

To evaluate the quality of the first-strand cDNA libraries,
we used the GeneChecker primer kit (Invitrogen),
a set of five pairs of PCR primers which amplify
specific regions of several highly conserved mammalian
genes: the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene, the 5 and 3’ ends of the S-actin gene,
and the 5" (6 kb) and 3’ (2 kb) ends of the clathrin gene.
Only ¢cDNA libraries for which all these five primer pairs
gave a clear specific amplification (see Fig. 13) were used
for the PCR analysis of TRPCs.

Analysis of dose-inhibition relationships

To describe dose—response relationships, we generally used
the Hill function

BrmaxX"

K" + xh (14)

p(x) =
where ¢(x) is the intensity of the response in the
presence of an activator or inhibitor whose concentration
i X, @max 1s the maximal or control response, K denotes
the apparent dissociation constant and h stands for the
Hill coefficient (h > 0 for dose—activation relationships
and h <0 for dose-inhibition relationships). Note that
eqn (11) is a special form of eqn (14). The values of K and
hwere estimated with standard errors by fitting this model
function to the data by non-linear least squares regression,
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using as weight the reciprocal of the square of the standard
error at each value of x.

Statistics

Significance tests for inference about the slope and the
intercept of linear regression lines were carried out using
the standard method of analysis of variance (Snedecor
& Cochran, 1980). Comparison of two experimentally
obtained values was made by a modified Student’s t test
(Snedecor & Cochran, 1980). Differences were taken as
statistically significant when two-tailed probabilities less
than 0.05 were obtained.

Results

Two types of non-selective cation channels
activated by CCh

Figure 1 shows typical responses to superfusion of 2 um
CCh recorded in bovine ciliary myocytes by whole-cell
voltage clamp at 30°C and at holding potentials (Ej)
from —50 to +40mV. CCh evoked a clear inward
current at E, = —50 mV. The polarity of the current was
inverted at voltages higher than 0 mV (Fig. 1A). This
response to CCh was completely abolished by 0.1 um
atropine, whereas it was not affected by verapamil or by
tetrodotoxin, confirming our previous observations (Takai
et al. 1997). In 91% of the 2678 cells examined using
pipettes filled with a solution containing 180 um GTP, the
response to CCh was accompanied by a marked increase
in noise (see also Fig.2Aa—c). In most of these cells,
discrete current steps of a constant amplitude could be
readily distinguished at the onset of CCh application or

A B
Eh (mv) E, (mV)
2 uM-CCh S0 rwerngY
-50
——W s pompars—
-25 T m— O umrrmmmidrido i—
Figure 1. Whole-cell voltage—current relationship
In a smooth muscle cell freshly isolated from the bovine A0 T —— +40 UL T W ) PA
ciliary body, whole-cell currents were recorded at 30°C 100 ms
by voltage clamp using a pipette filled with a solution C I (pA)
containing 180 um GTP. A, currents elicited by 0 _Ff 5
application of CCh (2 um) were recorded at six different
holding potentials (E,). CCh was applied to the bath at »=36pS

5 min intervals. Note the polarity reversal at about 0 mV.
B, single-channel currents produced by superfusion of

2 um CCh. These recordings were taken during
wash-off of the CCh so that the number of channels
being activated is small. C, the E,,—/ relationship for the
current shown in B. The unitary slope conductance is
estimated at 36 pS. See text for further explanation.

© The Physiological Society 2004

+10 ——

+40 ____M__ _120pA

10s




904 Y. Takai and others

during its removal, where the number of channels being
activated was small (Fig. 1B). The plot of the step size
against E}, crossed the abscissa at a potential close to
0mV (Fig.1C), indicating that the current steps were
produced by openings of a non-selective cation channel
(NSCC). From the slope of the E,—I relationship (Fig. 1C),
the unitary conductance of the channel was estimated
at 36.0 £ 0.3 pS (n=58 cells). We refer to this type of
NSCC with a relatively large unitary conductance as
NSCCL.

When experiments were carried out at room
temperature (20-23°C), the potential of polarity reversal
(about 0mV) was not changed, whereas the unitary
conductance of NSCCL estimated from the discrete

2 uM-CCh

10s
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current steps in the whole-cell recordingswas 27.3 & 1.2 pS
(n=17 cells), which is significantly smaller (P < 0.0001)
than that obtained at 30°C (see above). Thus, the unitary
conductance of NSCCL exhibited a slight dependence
on the temperature, with Qo =1.2-1.3. The effects
of changing the temperature on the CCh-induced
responses have not been examined further in the present
experiments.

In certain cell types it has been reported that
chloride channels are activated by agonists of muscarinic
cholinoceptors (Dickinson et al. 1992) or adrenoceptors
(Amédée et al. 1990; Wang & Large, 1991). However, in
our experiments, the contribution of chloride ions to the
inward currents should be little, if any, because the inward

— I TR

-50 04
0 30 60 0 10 20 30
J t(s) —u
0 30 60 10
o 10— 1 c= _4.8 fA
0 b Yo 7=96 S

Figure 2. Inward currents evoked by CCh

Whole-cell voltage clamp recordings similar to those shown in Fig. 1. At a holding potential (Ey) of —50 mV,
2 um CCh was applied to the bath for 30 s. A, whole-cell currents evoked by CCh. Four typical responses (a—d),
recorded from four different cells, are shown. Note the marked difference in the noise level and mean amplitude
of the currents. B, non-stationary variance analysis. The four records shown in A were low-pass filtered at 1 kHz
(=3 dB, 4-pole Bessel), digitized at the sampling rate of 2 kHz, and then the mean current (i, in pA) and variance
(62, in pA2) were calculated for every 500 data points. The linear appearance of the u—o2 relationships in Ba and
Bd indicates that the CCh-evoked currents were produced by the opening of either NSCCL (a) or NSCCS (d) alone.
The slope ¢ of the regression line was —1.7 pA in Ba (dot—dash line) and —4.8 fA in Bd (dashed line), from which
the unitary conductance y was estimated, assuming the reversal potential, £, =0 mV, to be 35 pS and 96 fS,
respectively. In Bb and Bc, lines of the same slopes (1.7 pA and 4.8 fA) are fitted by eye with the two apparently
linear components, which are probably produced by the simultaneous opening of NSCCL and NSCCS. See text for

further details.
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current was clearly observed at membrane potentials
around —50 mV, which s close to the equilibrium potential
of chloride.

Figure 2 shows four typical patterns of the currents
evoked by superfusion of 2 um CCh under whole-cell
voltage clamp at —50 mV. As noted above, the majority
of the cells gave responses accompanied by a clear increase
in noise (Fig. 2Aa—c). In these, the noise often started to
appear before the change of mean current level became
apparent (Fig. 2Ac; arrow). The intensity of noise, however,
differed largely among the cells, and in many cells it did not
appear to be directly correlated with the mean amplitude
of the response. In the 241 other cells, CCh produced a
relatively large inward current with no apparent increase
in noise (Fig. 2Ad). In such cells, the current also changed
polarity at a potential near 0 mV (see Fig.7B). These
observations strongly suggest that in most ciliary muscle
cells CCh also opened a distinct species of NSCC with a
unitary conductance much smaller than that of NSCCL,
which we call NSCCS.

Figure 2B shows the plots of the variance o2 against the
mean current u for the four typical responses shown in
Fig. 2A. In some of the cells (see Fig.2Ba for example)
where discrete single-channel currents attributable to
openings of NSCCL were directly resolved (see Fig. 1B), the
u—o? relationships could be well fitted with single straight
lines with the slope of —1.73 £0.05 pA (n =187 cells),
from which a y value of 34.6 pS is obtained, assuming
that E, =0mV (see eqn (2)). Since this closely agreed
with the value estimated for NSCCL directly from the size
of the currentsteps (see above), we judged that the currents
of this type were almost purely produced by openings of
NSCCL alone. The linearity of the u—o? relationship is
indicative of a small open-state probability (see eqn (3)).

In these cells the steady-state level of the whole-cell
NSCCL currents at the holding potential of —50 mV was
—8.6 £0.4 pA (n= 237 responses). Since the amplitude
of the single-channel current has been estimated at
1.7 pA (see above), we calculate that only five channels
were open on average at any one instant during the
whole-cell responses. From the whole-cell capacitance
(15.7 £ 0.3 pF; n= 187 cells), the mean surface area of the
cells was estimated at 1.6 x 10° pm?, assuming the specific
membrane capacitance of 1.0 uFcm™2. The density of
NSCCL open during the response to CCh is therefore
calculated to be as small as 0.003 ym~2. This means that
approximately one NSCCL is open per 300 um? of surface
membrane.

Figure 2Bd shows another example of a pu—o?
relationship obtained from a cell in which CCh produced
an inward current with no clear increase in noise (see
Fig. 2Ad). Linear least-squares regression fitted the data to
astraightline having a slope of —4.8 4= 0.9 fA, which is very
small in magnitude compared with the values obtained for
the NSCCL currents (see above) but significantly different
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from zero (P < 0.001). This indicates that the CCh-evoked
response attributable to the activation of NSCCS alone
was accompanied by a slight but significant increase in
whole-cell current fluctuations. Similar responses to CCh
with smooth appearance were observed in 241 cells, and
the -0 relationships for these responses were fitted by
single straight lines of the mean slope of —4.92 + 0.04 fA
(n =331 responses), from which we estimated the y value
for NSCCS at 98 fS, assuming that E, =0mV. At the
holding potential of —50 mV, the mean whole-cell currents
in these cells was —25 4 pA (n= 331 responses), which
was considerably larger in absolute value than the currents
produced by NSCCL alone (see above). From these
results the density of NSCCS open in the ciliary myocyte
membrane during a response to CCh of smooth
appearance is estimated at 3 um™2. This value is 1000
times the estimate given above for the density of NSCCL
channels open duringa response to the same concentration
of CCh.

In more than 80% of the cells examined, the u—o?
relationships of the CCh-evoked whole-cell currents
could not be fitted with a single straight line. In
most of these responses, however, discrete single-channel
currents attributable to openings of NSCCL were clearly
distinguished (see Fig.1B), and the u—o? relationship
could be fitted with a pair of straight lines having
slopes of —1.7pA and —4.9fA (see Fig.2Bb and ¢),
which probably correspond to the contributions from
NSCCL and NSCCS, respectively. Generally, if an agonist
simultaneously activates two types of ion channel in a
cell, the u—o? plot for the whole-cell current does not
necessarily resolve into two components. But if NSCCL
and NSCCS are coactivated by CCh, there are several
factors that combine to make the contribution from each
appear as separate components in the 1o 2 plane. (a) The
time required for the response to stimulation by 2 um CCh
to reach a steady level was 5-10s for NSCCS currents,
whereas it was 10-20 s for NSCCL currents (compare the
t—u plots of Fig. 2Ba and d); thus, NSCCS currents tended
to reach a steady level (let it be p;) faster than NSCCL
currents. This would result in a predominant appearance
of the NSCCS component in the u range between 0 and p
in the i—02 plane. (b) NSCCS currents showed a steady
level with very small fluctuations which lasted for 15-20s
during the stimulation by CCh for 30s (see Fig.2Bd).
Openings of NSCCL during this steady period would
give a clearly distinguishable component in the region
where i < (< 0). (¢) The y value of NSCCL (35-36 pS)
was 360-380 times larger than that of NSCCS (96 fS)
(see above). Reflecting this large difference in the unitary
conductance levels, the contributions from NSCCL and
NSCCS would appear in the u-o? plane as two linear
components with largely different slopes. Thus it seems
reasonable to interpret the two-component nature of the
u—o? plots as a sign of the coexistence of NSCCL and
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NSCCS in most bovine ciliary myocytes. The absolute
value of u,, which can be estimated from the abscissa of
the intersecting point of the two linear components, was
typically 60—80% of the maximal value of || (|| max; S€€
Fig. 2Bband c). From this percentage and the conductance
ratio (360-380), the ratio of the numbers of NSCCS and
NSCCL open during a typical response of the ciliary
myocyte to CCh is roughly estimated at 500-2000.

Figure 3 shows the u—o? plot for a response evoked
by 100 um CCh in one of the relatively rare cells that
gave a response, purely attributable to NSCCL openings
alone, to a prior application of 2 um CCh (see Fig.2Aa
and Ba). The large fluctuation of whole-cell currents due
to the opening of NSCCL was also clearly observed at
this agonist concentration which approaches the level
required to produce the maximal response. Although the
relationship between x and o2 now considerably deviated
from linearity (Fig. 3), it could be fitted with eqn (3) under
a constraint, { = 1.75 pA, supporting the idea that y was
not largely changed from 35 pS by the elevation of the
agonist concentration. From essentially similar fits of the
curved -0 relationships for the NSCCL currents evoked
by 100 um CCh in a total of six cells, a mean total channel
number N of 83 &+ 8 was obtained. Significant deviation
from linearity was not detected for the u-o? plots of
whole-cell NSCCS currents evoked by 100 um CCh within
the limits of the resolution of the present experiments
(examined in 7 cells).

80 -

[CCh]=100 uM .

o (pAz)

- (PA)

Figure 3. Non-stationary variance analysis of NSCCL current
evoked by high concentration of CCh

In a cell in which 2 um CCh invoked a response almost purely
attributable to the opening of NSCCL as judged from the linear p—o2
relationship (not shown), NSCCL current was evoked by a higher
concentration (100 M) of CCh. At this agonist concentration, the
relationship between 1 and o2 considerably deviated from linearity.
The continuous line is a best-fit of egn (3) obtained by non-linear
least-squares regression assuming a constant single-channel current
amplitude (i.e. ¢ = 1.75 pA). From this fit, the total number of NSCCL
present in the surface membrane of this cell, N, was estimated at 77.
The line, 02 = o2 + ¢, which is tangent to the regression curve at
u =0 pA, is also shown for comparison (dashed line). See the text for
further details.
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Spectral analysis

NSCCL. Figure4A shows examples of the noise spectra
of the whole-cell currents purely attributable to NSCCL
openings evoked in the same cell under voltage clamp at
—50 mV in normal PSS by different concentrations of CCh
(2,0.5and 100 pm;appliedin this order at 5 min intervals).

At 2 um CCh, the noise spectrum obtained was well
fitted with the sum of two Lorentzians (Fig.4A), each
being defined by the following parameters: f; = 13.9 Hz
and  $,(0)=0.152pA’s, and f,=854Hz and
$,(0) =0.037 pA®s (remember that $,(0)/S,(0) =4.1).
From this fit, the total variance of the CCh-evoked
current was calculated in the frequency domain as
7f151(0) + 7£,5,(0) =16.6 pA*.  Since this closely
agrees with the value calculated in the time domain
(0> = 16.8 pA?), it is reasonable to assume that all noise
components contained in the recorded current data were
represented by the two Lorentzians (see eqn (5)). Two
Lorentzians were required to fit the whole-cell current
noise spectra of whole-cell NSCCL currents evoked
in 63 cells by 2um CCh, and the mean values of
the corner frequencies were f; =153+2.3 and f,=
82.3+6.8 (n=87 spectra). The spectral function for
the three-state model (Scheme 1) gave identical fits to
these two-Lorentzian spectra if the following values
were assigned to the rate constants: k; = (1.1 £0.2) x
107s7'm7Y, k,=10949s7, « =330+£23s"! and B =
163+ 135! (n=287 spectra). These are acceptable as
the rate constants for reactions involving macro-
molecule-ligand interactions (see, e.g. pp.272-277 of
Mahler & Cordes, 1969). In the noise spectra of the
NSCCL currents evoked by 2 um CCh in another 57
cells, only one Lorentzian with a mean corner frequency,
f1=40.1+£8.3 (n=67 spectra), was resolved. However,
in most of these spectra the fact that two components
were not detected appeared to be due to insufficient
resolution at frequencies above 100 Hz.

Figure 4Ba summarizes the results of our experiments
in which we examined the effects of changing the
agonist concentration, ¢, on the noise spectra of the
CCh-evoked NSCCL currents. As can be seen, the values
of f1, f» and §;(0)/S,(0) did not change dramatically
in the range 0.5um < c¢<10uMm. Consequently, the
spectrum of NSCCL currents tended to be shifted upward
without largely changing its shape with increasing agonist
concentration in this range (compare the spectra at 0.5
and 2 um CCh in Fig.4A). Although two Lorentzians
were still required to fit the five spectra for the NSCCL
current evoked by 20 um CCh, the two-component nature
was obscured at this agonist concentration where the
difference between f; (50 & 12 Hz) and f, (98 & 13 Hz)
became narrower and S;(0)/S,(0) reduced to 2.5 (spectra
not shown). In the range 50 uM < ¢ < 200 M, the spectra
were well fitted with the single Lorentzian function with
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Figure 4. Power spectra of NSCCL currents

A, power spectra of the noise of the whole-cell NSCCL currents
evoked in the same cell at holding potential —50 mV by three different
concentrations of CCh (2, 0.5 and 100 um, applied in this order at

5 min intervals). The records were digitized at the sampling rate of

5 Hz and digitally high-pass filtered at 0.2 Hz and low-pass filtered at
2 kHz (—3 dB, 8-pole, Butterworth). The noise data were then divided
into segments each containing 4096 samples, and the spectral
densities were calculated for each segment by fast Fourier transform.
Seventy-two control spectral densities and 36 spectral densities during
the application of CCh were averaged. The net spectra are shown,
obtained by subtracting the averaged spectral densities of control
noise from that during superfusion of CCh. Only the positive
frequency halves of the symmetrical two-sided spectra within the
frequency range 1 Hz to 1 kHz are presented. The double Lorentzian
function was fitted to the data in this range by non-linear
least-squares regression (continuous line). The corner frequencies

(f1 and f;) of the Lorentzian components (dashed lines) are indicated
by arrows. Note the right-upward shift of the spectrum with
increasing agonist concentration. Also note the disappearance of the
second Lorentzian component in 100 uM CCh. The value of the corner
frequency (75.8 Hz) of this spectrum obtained by regression to the
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corner frequencies of 75-85 Hz, and no second Lorentzian
component was clearly resolved in any of the 15 spectra for
the NSCCL currents evoked by CCh in this concentration
range (see Fig. 4A and 100 um CCh). Figure 4Ba includes
the graphs of f;, f, (continuous lines) and $;(0)/S,(0)
(dashed line) calculated based on the three-state model
(Scheme 1) using the rate constants given above. These
graphs appear to describe fairly well the observed changes
of the spectral parameters caused by changing the agonist
concentration (Fig. 4Ba). Based on the three-state model,
the disappearance of the second Lorentzian component in
the range ¢ > 50 uM can mainly be attributed to the steep
increase of S;(0)/S,(0) in this range (Fig. 4Ba, dashed line),
which corresponds to the reduction or vanishing of the
A + R state caused by high concentrations of the agonist
occupying R.

Figure 4Bb shows the dose—activation relationship for
the CCh-evoked NSCCL currents which were used for
the spectral analysis described above. The data were
fitted with the Hill function with K =28.4 + 0.5 uM and
h=1.04 4 0.06 (total number of measurements, n=58).
It is worth noting that the K value is close to the value
(6.6 uMm) calculated by eqn (12) using the rate constants
obtained from the spectra at 2 um (see above).

Unlike the NSCCL currents, pure NSCCS currents or
the NSCCS component of CCh-evoked currents tended to
become smaller when stimulation by CCh was repeated.
This tendency was especially marked if the agonist
concentration exceeded 10 um. However, an essentially
similar dose—activation relationship (K=9.3 +0.7 and
h=1.07+0.08; n=128) was obtained in the range

single Lorentzian function (continuous line) was only slightly larger
than the value of f1 (74.6 Hz) which was calculated together with that
of f; (196.2 Hz), assuming the three-state kinetics. Note the low level
of the second Lorentzian component calculated on the same
assumption (dash—dot line). The similarly calculated first Lorentzian
component (not shown) was virtually identical to the regression curve.
Ba, effects of changing the agonist concentration on the parameters
of the power spectrum. The cells used were initially stimulated by

2 um and then by one to three other concentrations of CCh for 30 s at
5 min intervals. The values of f1 (0), > () and S1(0)/S2(0) (@) for the
noise spectra of NSCCL currents evoked by various concentrations of
CCh are plotted against the agonist concentration, c. Each symbol
represents the mean of at least three values. Vertical bars indicating
the standard errors of the means are omitted if within symbols. The
graphs of f1, f, (continuous lines) and S1(0)/S(0) (dashed line)
calculated based on the three-state model using the rate constants
estimated from the spectra at 2 um CCh are also shown. Bb,
dose-activation relationship. The integrals of the NSCCL currents were
numerically calculated. The values obtained are plotted (0) against the
agonist concentration after normalization to the value for the response
of each cell to 2 um CCh (®). The continuous line is a least-squares fit
of the Hill function (eqn (14)) with ¢max = 5.9, K =8.4 + 0.5 um and
h=1.14£0.1 (total number of measurements, n = 58). Note that the
ordinate is scaled in terms of @max ( = ¢(c0)). Dashed line is the
dose-activation curve predicted from the results of the spectral analysis
based on the three-state model. See text for further explanation.
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0.04-10 um CCh if responses containing a NSCCS
componentinvariousratios (0 < |s]/| (4| max < 0.8at2 um
CCh) were included. This is consistent with the idea that
CCh activates NSCCL and NSCCS through the same type
of muscarinic receptor.

Using the values of the rate constants, the equilibrium
probabilities of the open state of NSCCL (Scheme 1)
at a given agonist concentration can also be estimated
using the set of equations labelled eqn (10). At 2 um
CCh, for example, we have par- =0.08, par =0.16 and
pasr =0.76. The smallness of the value of pr- is
consistent with the fact that the u—o? relationships for the
NSCCL currents gave a linear appearance at this agonist
concentration (Fig. 2Ba; see also eqn (3)).

Spectra with two Lorentzian components very similar to
those obtained for the responses purely attributable to the
opening of NSCCL alone were also obtained from many
responses which gave pu—o? plots with two components.
This was not unexpected because even relatively small
NSCCL currents gave spectral densities of at least an order
of magnitude larger than the largest NSCCS currents over
the entire frequency range where comparison could be
made.

NSCCS. Spectral analysis did not resolve any clearly
defined Lorentzian components in many of the cells which
gave pure NSCCS currents in response to CCh (2 um) in
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Figure 5. Power spectrum of NSCCS current

Power spectrum of the noise of the CCh-evoked NSCCS current such
as the one shown in Fig. 7. CCh (2 um) was applied during
superfusion with a solution containing Ba2* (92 mm) as the only
significant cationic charge carrier (see the lower trace of Fig. 7A). This
net spectrum was calculated essentially as described in Fig. 44, except
that the segment size was set at 8192 samples for better frequency
resolution. Forty-eight control spectra and 18 spectra during the
application of CCh were averaged in this case. Only the part of the
symmetrical two-sided net spectra within the frequency range
0.4-600 Hz is shown. The double Lorentzian function was fitted to the
data in this range by non-linear least-squares method. The corner
frequencies (f1 and f;) of the Lorentzian components (dashed lines)
are indicated by arrows. See text for further explanation.
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normal PSS at the holding potential of —50 mV. This was
probably due to the limited frequency resolution as a result
of the very low amplitude of the noise. Increases in noise
were more clearly observed when Ba®* was used as the
charge carrier for NSCCS (see Fig. 7A). Figure 5 shows the
spectrum of a NSCCS current evoked by 2 #m CCh during
superfusion with a solution containing Ba’* (92 mm) as
the only significant cation producing an inwardly directed
electrochemical gradient. It appeared evident that the
spectrum had more than one Lorentzian component,
even though the resolution at frequencies above 100 Hz
was still limited (Fig. 5). By fitting the spectral data with
the sum of two Lorentzians, we obtained the following
estimates: f, =3.1Hz, S;(0)=0.063pA’s, f,=152Hz
and S,(0) = 0.00071 pA?s.

The noise spectra of the NSCCS currents (recorded
using Ba?* as the charge carrier) could not be simulated
by the three-state model (Scheme 1). By numerically
solving eqns (6)—(9) in terms of k;, k,, « and B using the
experimentally estimated values of u, ¢, f1, S1(0), f, and
S,(0), we obtained, for the spectrum shown in Fig. 4A, a
unique set of roots: k; = —5.6 x 10°s™ ! M~ !, k; = 64571,
o =440s"" and B =465s""'. The large negative value of
ky is of course physico-chemically impossible. Non-linear
least-squares regression gave no satisfactory fit if a
constraint, k; > 0, was imposed. For the CCh-evoked
NSCCS currents recorded in the other 21 cells using Ba’* as
the charge carrier, we obtained similar spectra apparently
having more than one Lorentzian component with mean
f1 and f, values of 4.3+£1.2 and 159+ 13Hz (n=36
spectra). None of these spectra could be satisfactorily
simulated by the three-state model.

Relative cation selectivity of NSCCL and NSCCS

Figure 6 shows typical results of the cation-substitution
experiments that we carried out in order to examine the
relative cation selectivity of NSCCL. For this purpose,
we chose relatively rare cells that gave a current purely
attributable to NSCCL openings in response to an initial
trial application of CCh (2 um) in PSS at a holding
potential of —50mV (Fig.6A, top; see also Fig.2Aa
and Ba). CCh (2 um) was then applied to the cells at
various holding potentials during superfusion with a
solution containing an alkaline metal ion (Lit, Na™ or
Cs*; 138 mm) or an alkaline earth metal ion (Mg,
Ca’*, Sr** or Ba’"; 92mm) as the only significant
cationic charge carrier. From this type of experiment
it was readily apparent that the alkaline metals gave a
larger current than did the alkaline earths (see Fig. 6A).
To make a quantitative comparison, we estimated the
unitary current amplitude at each holding potential
either by non-stationary variance analysis or by direct
measurement of the size of current steps. As shown
in Fig. 6B, the E,—I relationships obtained differed not
only in the slope but also in the reversal potential E,,
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indicating a difference in the permeability of NSCCL to
the ions. Table 1 gives the values of E, for the substitute
cations (X) together with the permeability ratios Px/Py,
calculated using eqn (13). We see from Table 1 that
the cations fall in the permeability sequence Cs' >
Na®™ > Lit > Ba’* ~ Sr** > Ca’* > Mg?*. NSCCL thus
exhibited a mild selectivity in favour of the monovalent
cations, although it was also measurably permeable to the
divalent cations including Ca**.

The effects of the total replacement of extracellular
cations were also examined in the cells in which CCh
(2 um) evoked currents purely attributable to NSCCS
openings. Figure 7 displays typical recordings taken from
one such cell. The cell showed a current with no clear
increase in noise when CCh (2 um) was first applied in
PSS ata holding potential of —50 mV (Fig. 7, upper trace).
The same concentration of CCh evoked a considerably
larger response accompanied by a clear increase in noise
(arrow) when applied during superfusion with a solution
containing Ba*" (92 mm) as the only significant cationic
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charge carrier (Fig.7A, lower trace; see Fig.5 for the
noise spectrum of a response of this type). Single-cell
current amplitudes are estimated from the linear u—o?
relationships (not shown) at 4 fA and 17 fA for the currents
evoked in PSS and Ba®"-substituted solution, respectively.
To examine the voltage dependence of the current, a
ramp voltage pulse falling from +120mV to —80 mV
at a constant rate of —1 Vs~ was applied before and
during the application of CCh, and the voltage—current
relationships were calculated as the difference between
the current changes in response to the ramp pulses.
As shown in Fig.7B, the whole-cell current evoked
in normal PSS showed inward-going rectification and
changed the polarity at about —5mV. The total cation
substitution with Ba®* caused a marked increase in the
degree of rectification and a shift of the voltage of polarity
reversal to +25mV. Table 1 includes the permeability
ratios estimated from the shifts of the reversal potential.
We see now that the permeability sequence for NSCCS
is Ba’™ > Sr’* > Ca’* > Mg*™ > Cs™ > Nat ~ Li*. In

Figure 6. Effects of total substitution of the extracellular cations on NSCCL current

Na*, K*, Ca2* or Mg?* ions in the bath solution were totally replaced by alkaline metal ions (138 mm) or alkaline
earth metal ions (92 mm). Whole-cell current was evoked under voltage clamp by the application of CCh (2 um)
in ciliary myocytes which gave a current mostly attributable to openings of NSCCL, as judged by non-stationary
variance analysis. A, typical responses obtained from a cell at a holding potential (E,) of —50 mV. The cell was
first equilibrated in normal PPS and CCh (2 M) was applied (uppermost trace). The pu—o? relationship of this
response was well fitted by a line with a slope of 1.7 pA (not shown). CCh was then applied to the same cell
during superfusion with a solution containing only Ca*, Ba?* or Cs* as the charge carrier. To minimize damage
to the cell, the cell was rested in normal PSS for 3-5 min before each cation exchange (not shown). CCh evoked
a slightly deteriorated but still clear response when applied in PSS at the end of the experiment (compare with
the response at the start). B, the dependence of the unitary NSCCL current on Ej,. In experiments similar to those
shown in A, CCh (2 uMm) was applied at various potentials during superfusion with a solution containing only
Ca?t (0), BaZt (0), Nat (A and A) or Cs* (& and #) as the charge carrier. The unitary currents were estimated
either by non-stationary variance analysis (open symbols) or by direct measurement of the size of the current steps
(filled symbols) as for those shown in Fig. 1B. Each symbol represents the average of the values obtained from 3-4
cells. Note that the E-/ relationships obtained using the different charge carriers differ not only in the slope but

also in the reversal potential (see Table 1).
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Table 1. Permeability ratios

NSCCL NSCCS
lon (X) Ex n P)(/PNa Ex n PX/PNa
Lit 542 15 0.89 442 7 1.0
Na* 241 17 1.00 541 17 1.0
Cst 8+1 18 1.45 10+2 13 1.8
Mg?+ -20+5 15 0.28 17+3 8 2.5
Ca2* —17+2 24 0.33 18+3 15 2.6
Sr2+ —11+1 16 0.45 2143 18 3.2
BaZt —10£1 21 0.47 28 +3 24 5.0

The permeability ratios Px/Pn, for NSCCL and NSCCS were
calculated from the reversal potentials (Vx; in mV) measured by
the cation substitution experiments as shown in Figs 6 and 7,
using eqgn (13) which is based on the constant-field hypothesis.
Values are given as mean +s.e.M. n denotes the number of
measurements.

contrast to NSCCL, NSCCS thus exhibited higher
permeabilities to the divalent cations (including Ca** for
which P¢,/Pn, = 2.6) than to the monovalent cations.

On-cell patch clamp recording of the NSCCL current

Although we tried to record single-channel currents of
NSCCL from on-cell membrane patches in more than 250
cells, most of the trials were unsuccessful. This was not
unexpected because the density of NSCCL that were open
during stimulation by CCh is extremely low, as shown
above. We were only able to record CCh-evoked NSCCL
openings under on-cell membrane-patch voltage clamp in
six cells.

Figure 8 shows typical results obtained from one of the
successful trials. The pipettes used for these experiments
were filled with PSS containing 2 um CCh and 2 um
iberiotoxin, a specific blocker of BK-type K channels
(Galvez et al. 1990), and their tips were plugged with
a small amount of normal PSS containing neither CCh
nor iberiotoxin by immersing in PSS and applying
a weak negative pressure (—50 to —100 mmHg for
3-10min) from the other end. The bath was perfused
with high (100 mm) Kt PSS. After establishment of
giga-seal (t=0min), the potential in the pipette (E,)
was held constant at 0 mV, and a series of rectangular
voltage pulses (—E, changing from —80 mV to +70 mV
at 10-20 mV steps) of 250 ms duration at 5s intervals
was intermittently applied. At the start of the recording
(t = 0-5 min; Fig.8A), the opening of Ca®*-dependent
K* channels (BK type) carrying large outward current
at positive potentials was often observed. Application of
2 um CCh to the bath during this period caused no
discernible change in the channel activity in the membrane
patch in any of the cells examined (not shown). The
BK channel stopped opening by 15min and in the six
successful trials, single-channel openings started to be
observed (Fig. 8B). After the openings had started, they
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were unaffected by bath application of 10 um atropine
in any of the six trials. The plot of the unitary current
amplitude against —E, (not shown) could be fitted with
a straight line which crossed the —E, axis at a voltage
near 0 mV, and from the slope of this regression line, the
unitary conductance of 35 pS was estimated, indicating
that the single-channel currents were produced by the
opening of NSCCL. The BK channel activity and its
gradual disappearance, the latter of which is probably due
to the arrival of iberiotoxin at the extracellular surface
of the membrane patch by diffusion, were observed not
only in the six successful trials but also in most of
the other unsuccessful trials where no NSCCL openings
were observed. (Iberiotoxin (4.3 kDa) is known to inhibit
BK channels at subnanomolar concentrations (Galvez
et al. 1990), whereas at least 0.1 um CCh (147.19 Da) is
required to activate NSCCL (see Fig. 4Bb). Given such an
exceedingly high affinity of iberiotoxin to BK channels, it
is not surprising that the effect of iberiotoxin, which has
a larger molecular size than CCh, usually appeared earlier
than did that of CCh. Despite the relatively large difference
in the molecular sizes, the ratio of the diffusion coefficients
of CCh and iberiotoxin is estimated to be at most 5,
using the well-known rule of thumb that the diffusion
coefficient is inversely proportional to the cube root of the
molecular mass.) In two of the six cells, the number of
open channels gradually increased and reached a steady
level by 20-30 min (Fig. 8C), but in the other four cells
such an increase did not occur and only a small number of
NSCCL openings continued to be observed for more than
60 min (not shown). The reason for this difference is not
clear from the present experiments.

These observations support the idea that the
components of the signalling pathway for NSCCL
activation is confined within a narrow area of the
membrane, so that the signal cannot spread beyond the
seal of the patch pipette (see Discussion).

Possible involvement of G-protein-dependent
pathway in the muscarinic signal transduction

When we used pipette solutions containing no GTP, as
we did in our previous experiments (Takai et al. 1997),
currents accompanied by a clear increase in noise were
observed in only 38 out of the 254 cells which gave clear
inward currents in response to 2 uM CCh at the holding
potential of —50 mV. In contrast, the presence or absence
of GTP in pipettes did not change the properties of the
NSCCS currents to a considerable degree. For CCh-evoked
currents of smooth appearance recorded from 218 cells
using a pipette solution containing no GTP, variance
analysis estimated a mean ¢ value of 4.88+0.06fA
(n=288 responses), which is not significantly different
from the value given above for the NSCCS currents
recorded using a pipette solution containing GTP.
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Figure 7. Effects of substitution of the charge carrier on the NSCCS current

A, whole-cell currents evoked by bath application of 2 um CCh at a holding potential of =50 mV in a ciliary myocyte
which showed a current purely attributable to NSCCS openings (cf. Fig. 2Ad) in response to the application of CCh
(upper trace). The same concentration of CCh evoked a larger response accompanied by a slight but clear increase
in noise (arrow) when Na*, K*, Ca?t and Mg?* were isosmotically replaced by 92 mm Ba%t (lower trace; see Fig. 5
for a power spectrum for this type of response). Unitary current amplitudes of 4 fA and 16 fA are estimated from
the linear u—o? relationships (not shown) for the currents in PSS and BaZ*-substituted solution, respectively. To
examine the voltage dependence of the current, a ramp voltage pulse falling from +120 to —80 mV at a constant
rate of —1V s~! was applied before (p0) and during (p1) the applications of CCh. B, the voltage—current (E,—/)
relationships calculated as the difference between the responses to the ramp pulses (p1 minus p0). The current
evoked in PSS showed inward-going rectification and changed the polarity at about —5 mV. The total cation
substitution with Ba2* caused a marked increase in the degree of rectification and a shift of the voltage of polarity

reversal to about +25 mV.
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Figure 8. Unitary NSCCL openings recorded under on-cell membrane-patch voltage clamp

Voltage clamp recordings from an on-cell membrane patch. The pipette used was filled with PSS containing 2 um
CCh and 2 uM iberiotoxin, and its tip was plugged with a small amount of normal PSS containing neither CCh
nor iberiotoxin by immersing in PSS and giving suction from the other end. The bath was perfused with high K+
(100 mm) PSS. After establishment of a giga-seal (t = 0 min), the potential in the pipette (£p) was held constant
at 0 mV, and a series of rectangular voltage pulses (—£, changing from —80 mV to +70 mV in 10-20 mV steps)
of 250 ms duration at 5 s intervals was intermittently applied. The responses elicited by the voltage pulse series
at 5 min (A4), 15 min (B) and 25 min (C) are shown. In the early stage (0~10 min), opening of a Ca?*-dependent
K* channel (BK type) carrying large outward current at positive potentials was often observed (4). As the BK
channel stopped opening by 15 min, probably due to the arrival of iberiotoxin at the extracellular surface of the
membrane patch by diffusion, single-channel openings of NSCCL began to be observed (B). In this and one other
cell, the NSCCL openings gradually increased and reached a steady level by 20-25 min (C). In the other 4 cells
where single-channel openings of NSCCL were observed, such an increase did not occur and only an small number

of openings continued to be seen for more than 60 min (not shown). See text for further details.
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As shown in Fig. 94, replacement of GTP in the pipette
solution with its poorly hydrolysable analogue GTPyS
gradually caused spontaneous opening of NSCCL in the
absence of CCh, suggesting a G-protein-linked signalling
mechanism. CCh (2 um), when applied 1-2 min after the
establishment of the whole-cell configuration, accelerated
the appearance of the effect of GTPyS (Fig.9B). In
9 out of the 11 cells in which similar results were
obtained, CCh not only activated NSCCL but also caused
a marked change in the mean current level, which was
probably caused by opening of NSCCS (Fig.9B). The
effect on the mean current level was reversible, in contrast
to that on NSCCL which was sustained after removal
of CCh. Essentially the same results were obtained if
the concentration of GTPyS was increased to 360 um
(observation in 2 cells). These results suggest that the
signals from the muscarinic receptors are sent to NSCCL by
a G-protein-linked mechanism whereas they reach NSCCS
through some different pathway which might conceivably
be independent of G-proteins (see Discussion).

The responses to CCh (2 um) were not affected when
either pertussis toxin (0.1 ug ml™'; examined in 23 cells)
or cholera toxin (1 ugml™'; examined in 11 cells) was
added together with 100 pm dithioerythritol to the pipette
solution containing GTP (180 um).

A
?"“WWWNMWWM} pA

2\’ 10s
b

WWJZpA

50 ms

2 uM-CCh

B
10 pA
30s

Figure 9. Activation of NSCCL by intracellular application of
GTP~S

Whole-cell currents were recorded using pipettes filled with solution
containing 180 um GTPyS in place of GTP. The membrane potential
was clamped at —50 mV. Aa, 5-10 min after establishment of the
whole-cell configuration, spontaneous openings of NSCCL were
observed in the absence of CCh. Ab, part of the trace is presented on
an expanded time scale, to show unitary channel openings.

B, application of CCh (2 um) accelerated the appearance of the effect
of GTPyS. CCh not only activated NSCCL but also caused a marked
change in the mean current level indicating activation of NSCCS. Note
that the effect on the mean current level was reversed, whereas that
on NSCCL was sustained, after removal of CCh.

J Physiol 559.3

Inhibitory effect of intracellular Ca?* on NSCCS

Figure 10 shows the effects of increasing the intracellular
Ca’* concentration [Ca?*]; on the CCh-induced currents.
The bath was perfused with normal PSS or a solution
in which alkaline and alkaline earth cations in PSS were
totally replaced with either Ba®* or Sr**. The pipettes used
were filled with solution containing 70 or 400 nm free
Ca”*. It has been shown in several mammalian cells that
elevation of [Ca®"]; activates some types of non-selective
cation channel. In the bovine ciliary muscle, however, the
current elicited by CCh was suppressed by nearly 80-85%
when [Ca*"]; was increased from 70 to 400 nm (Fig. 10;
PSS), confirming our previous observations (Takai et al.
1997). Still more marked (90-95%) reduction of the
current amplitude was observed when the extracellular
cations were totally replaced with Ba?* or Sr**, to which
NSCCS exhibits considerably higher permeabilities than
it does to monovalent cations (see Table 1 above). In our
previous experiments, the opening of NSCCL was clearly
observed even when the [Ca?*]; was increased to 700 nm,
indicating that NSCCL is much less sensitive to elevation of
[Ca?*t];. The reduction of the CCh-induced current caused
by increasing [Ca®"]; thus appears to be due mostly to
inhibition of NSCCS.

Inhibition of NSCC currents and isometric tension
by SKF96365, Ga2™ and La3*

As shown in Fig. 11A, the CCh-induced currents in the
bovine ciliary muscle were inhibited in a dose-dependent
manner by SKF96365, a compound generally used as a
blocker of receptor-operated NSCCs (Merritt et al. 1990).

100-
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Figure 10. Inhibitory effect of intracellular Ca?2* on NSCCS

The integrals of the inward currents invoked by bath application of

2 um CCh for 30 s were compared. The bath was perfused with either
normal PSS or a solution in which alkaline and alkaline earth cations in
PSS were isosmotically replaced with either Ba?+ or Sr>* to which
NSCCS exhibits relatively high permeabilities (see Table 1). Pipettes
used were filled with solution containing 70 nm (open columns) or
400 nm free Ca2* (filled columns). The values are normalized to the
area of the cell membrane estimated from the whole-cell capacitance.
The numbers in parentheses are the number of cells examined and the
vertical lines indicate the standard errors of the means. The marked
reduction of the Ba2* and Sr2* currents by increasing the intracellular
Ca?* concentration is indicative of a strong inhibitory effect of
intracellular CaZ+ on NSCCS.
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After fitting eqn (14) to the dose—inhibition data the
values of K and h were estimated to be 0.76 &= 0.15 um
and 0.8 + 0.1, respectively (number of measurements,
n=33). As shown in Fig. 11B, the currents were also
dose-dependently inhibited by La’* (K =12 & 4 um and
h=—1 (fixed); n=37) and Gd** (K=741pum and
h=—1 (fixed); n=37), two of the other putative NSCC
blockers (Docherty, 1988; Popp et al. 1993). The mean
amplitude of the currents approached a zero level in the
presence of higher concentrations (> 100 um) of these
blockers, indicating that both NSCCL and NSCCS are
sensitive to them.

As shown in Fig. 124, the contractile response produced
by 2 um CCh had an initial phasic component which was
followed by a tonic component. Removal of Ca’* from
the bath solution had relatively little effect on the phasic
component, whereas it abolished the tonic component,
which was quickly restored by readmission of 2.4 mm Ca?*.

Figure 12B shows the effect of SKF96365 (100 um)
on the contraction evoked by the same concentration
(2 uMm) of CCh. As can been seen, the tonic component
was strongly inhibited by SKF96365, whereas the initial
phasic component clearly remained even in the presence
of this substance. Figure 12C shows the dose—inhibition
relationship for the effect of SKF96365, which was
well fitted by eqn(14) with K=13+03um and
h=—-0.9+£0.1 (n=21). The contraction produced by
CCh (2 um) was also inhibited by La’* (K=9+4 um
and h=—1 (fixed); n=13) and Gd*" (K=5+4um
and h= —1 (fixed); n=15) (dose—inhibition curves not
shown). Thus, SKF96365, La*>* and Gd>* inhibited the
CCh-evoked NSCC currents and contractions in nearly
the same concentration ranges.

Figure 12D shows the relationship between the agonist
concentration (0.1-316 um CCh) and the amplitude of the
tonic tension. The dose—activation relationship was well
fitted with the Hill function with K =5.4 4+ 1.5 um and
h=1.08 &= 0.05 (total number of measurements, n=27).
These are in close agreement with the values (K = 6.9 um
and h=1.0) previously reported for CCh-induced
isometric tension developmentsin the rabbit ciliary muscle
(Konno & Takayanagi, 1985). It is noteworthy that the
contractile response (Fig. 12D) and the whole-cell current
response (see Fig.4Bb) induced by CCh exhibited very
similar dose dependence (see Discussion).

Search for TRPC mRNAs by RT-PCR

We examined the existence of transcripts of the trpcl-7
genes (which encode TRPC1-7 channel proteins) in the
bovine ciliary muscle (whole tissue) by RT-PCR. Figure 13
shows a typical agarose gel image taken after electro-
phoresis of the PCR products, and Table 2 summarizes
the results obtained by the PCR experiments.
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The PCR using the primer pairs for TRPC1, TRPC3,
TRPC4 and TRPC6 yielded amplified cDNA fragments
of the expected sizes (Fig. 13). (Table 3 compares several
characteristic properties of NSCCL and NSCCS with those
reported for these TRPs in the literature.) It was confirmed
that the amplified cDNA fragments were identical to the
corresponding TRPC cDNA of the other bovine tissues in
the nucleotide sequence of the regions for which reference
data were available from the GenBank database (Table 2).
No reference data from bovine tissues were available in
the GenBank for a middle 396 bp segment of the 1071 bp
TRPC3 cDNA fragment as well as for the entire region
of the 286 bp TRPC6 ¢cDNA fragment whose sense-strand
has an ATG initiation codon at the 15-17th position from
the 5" end. The nucleotide sequences of these fragments
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Figure 11. Inhibitory effect of Ga?*, La3* and SKF96365 on the
NSCC currents

Under whole-cell voltage clamp at =50 mV, 2 um CCh was superfused
for 30 s in the presence of various concentrations (/) of SKF96365 (A),
Ga3t and La3t (B) in the bath solution. Ga®* and La3*t were applied
in the presence of 0.5 mm ascorbic acid as the antioxidant, which was
also added when / = 0 uM. The integral of the currents invoked by
CCh were calculated and normalized to the values in the absence of
the inhibitors (= ¢(0)). The curves are least-squares fits of the Hill
function (egn (14)). Each symbol represents the average of at least 3
values obtained from 3-5 cells. The vertical lines indicate the standard
errors of the means.
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(AB179743 and AB180232) were 88-99% identical to
the corresponding regions of the cDNA sequences of
the TRPC homologues of the other mammalian species
(Table 2). Notably, the difference between the present and
the reference sequence data almost always occurred in the
third nucleotide of the codon, and the identity was not
less than 98.5% in any of the cases if comparison was
made between the amino acid sequences deduced from
the nucleotide sequences. The primer pairs for TRPC2,
TRPC5 and TRPC7 (Table 2) did not yield amplification
products under the present PCR conditions.

The existence of transcripts of the trpv and trpm genes
(see Clapham et al. 2001; Minke & Cook, 2002; Inoue et al.
2003) in the bovine ciliary muscle has not been examined
in the present experiments.

[Ca®'}=2.4 mM 0 mM-Ca”

2 uM-CCh

100 uM-SKF96365
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Discussion

The present whole-cell voltage clamp experiments, most
of which were carried out at 30°C using pipettes filled
with solution containing GTP (180 um), have revealed
that stimulation of atropine-sensitive cholinoceptors by
CCh simultaneously invokes two types of NSCC openings
with widely different unitary conductance levels (35 pSand
100 fS) in the great majority of the bovine ciliary smooth
muscle cells. The plot of the variance against mean current
(u—o? plot) has often clearly resolved two components
corresponding to the 35pS and 100fS openings (see
Fig. 2). The relative intensity of the noise attributable to
each of these openings largely varies among the cells. Since
there appears to be no obvious interdependence between

0.5

#1)/#0)

0.0-

T T T

0.01 0.1 1 10 100
I (=[SKF96365]) (1M)

0.0- T T T 1
0.1 1 10 100 1000

¢ (=[CCh]; uM)

Figure 12. Effects of Ca?2™ removal and SKF96365 on the isometric tension development produced by

CCh

Isometric tension development in response to bath application of CCh (2 um) was recorded in the ciliary smooth
muscle bundles. A, CCh (2 um) produced a sustained contraction in normal PSS (A and B) whereas it produced only
a transient phasic contraction when it was applied in Ca2*-free PSS containing 0.2 mm EGTA. B, 100 M SKF96365
inhibited the tonic component without strongly affecting the phasic component of the CCh-induced contraction.
The inhibition of the tonic component of the contraction by SKF96365 was clearly but only partially recovered
when SKF96365 was washed out for 30 min. A and B were records from different preparations. C, the relationship
between the concentration of SKF96365 and the tonic tension. The levels of the tonic component of the contraction
induced by 2 um CCh are plotted against the concentration of SKF96365. D, the relationship between the agonist
concentration and the mechanical response. The levels of the tonic component of the CCh-induced contraction
are plotted against the agonist concentrations (0.1-316 um). In C and D, the values have been normalized to ¢(0)
and ¢(o0), respectively, and each point represents the mean of 3 values. Vertical bars indicating the standard errors
of the means are omitted if within symbols. The curves are least-squares fits of the Hill function (eqn (14)). See the

text for further details.
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the two types of opening, we assume here as in the rest of
the paper that the two conductance levels correspond to
openings of two different types of NSCC (NSCCL and
NSCCS) rather than to substates of a single species of
NSCC.

In addition to the wide difference in the unitary
conductances, we have identified several characteristics
which clearly distinguish NSCCL and NSCCS from each
other. We will first consider such characteristic differences
and then discuss implications for the functional roles for
these NSCC types in the ciliary muscle contraction. We
will also discuss the possible relationship of the NSCCs to
the TRPC channels whose mRNAs have been detected in
the present RT-PCR experiments.

Differences between NSCCL and NSCCS

Single-channel conductances. It is known that NSCCs
activated in various smooth muscles by agonists including
acetylcholine (Inoue et al. 1987; Janssen & Sims, 1992) and
noradrenaline (Wang et al. 1993; Inoue & Kuriyama, 1993)
display similar single-channel conductances typically
ranging from 20 to 30 pS under near-physiological ionic
conditions. The value for NSCCL (35 pS) slightly exceeds
the upper boundary of this range. However, it should be
noted that most of the conductance values found in the
literature are based on experiments at room temperature
(20-26°C) and that the unitary conductances of ion

Positive controls
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channels are generally somewhat temperature dependent
(see,e.g. Hoffmann & Dionne, 1983). The value for NSCCL
(27 pS) obtained at room temperature (20-23°C) in the
present experiments is within the above-mentioned range.

The present noise analysis has estimated the unitary
conductance of NSCCS at 100 fS, which is 350-360 times
smaller than that of NSCCL (measured at 30°C). To the
best of our knowledge, this is the first demonstration that
muscarinic stimulation activates a NSCC with a unitary
conductance in the femtosiemens range in smooth muscle
cells. Unitary conductances in the range 2-5 pS have been
reported for store-operated NSCCs of vascular myocytes
(Trepakova et al. 2000, 2001; Golovina et al. 2001; Albert
& Large, 2002) and an ATP-activated NSCC of rat vas
deferens myocytes (Friel, 1988). The unitary conductance
of NSCCS observed in the present experiments is still one
order of magnitude smaller. In some preparations of rat
cerebellar granule cells, it has been shown by noise analysis
that glutamate and kainate activate a channel with a unitary
conductance of approximately 140 fS which is comparable
with the value for NSCCS (Cull-Candy et al. 1988). The
very small unitary conductance of NSCCS, which admits
Ca?*, may be useful for a smoothly graded adjustment of
[Ca**]; in ciliary muscle cells (see below).

Number of channels. Because of its relatively large
unitary conductance, openings of NSCCL can directly be
detected as discrete current steps under voltage clamp
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Figure 13. Detection of TRPC transcripts in bovine ciliary muscle by RT-PCR

The existence of TRPC mRNAs in the bovine ciliary muscle (whole tissue) was examined by RT-PCR. A typical
agarose-gel image taken after electrophoresis of the PCR products is shown (brightness inverted). Each PCR reaction
mixture contained 10~'8 m cDNA as the template. The PCR reactions with the five positive-control primer pairs
and four bovine TRPC-specific primer pairs yielded DNA fragments of the expected sizes (in parentheses; unit, bp):
GAPDH (540), 5’actin (1000), 3’actin (720), 6 kb clathrin (570), 2 kb clathrin (550), TRPC1 (259), TRPC3(323), TRPC4
(382) and TRPC6 (321). The bands of the amplified TRPC DNA fragments are indicated by arrowheads. The results
of the sequence analysis using the DNA fragments extracted from the bands have been deposited in the GenBank
under the accession numbers which are given in Table 2 together with the sequences of the primer pairs used. The
TRPC3-specific primers (not listed in Table 2) used in this PCR experiment were 5-CCAGCAGCAGCTCTTGAC-3’
(forward) and 5'-ACTGTGTGGTTTTCACCCTG-3 (reverse), which amplify an initial 323 bp segment of the 1071 bp
fragment (AB179743) listed in Table 2. The primers for TRPC2 (expected size in bp, 206), TRPC5 (275) and TRPC7

(830) gave no specific amplifications.

© The Physiological Society 2004
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Table 2. Search for TRPC mRNAs in bovine ciliary muscle by RT-PCR
Present RT-PCR experiments (bovine ciliary muscle) Reference sequences
Primer pairs Expected  Accession Identity Accession cds (full or
Type (Forward/Reverse; 5'—3’) size (bp) number (%) number partial) Sources
TRPC1 GACAGATGTCAGGTTACC 259 AB179741 100 AF012900 Full Bovine aortic
ATTCTTTCAAGGGCTGGC endothelial cells
TACTGTGGATTATTGGAATGA 505 AB179742 100 AF012900
CAGAACAAAGCAAAGCAAGTG
TRPC2 ATGGTCATCCTCTCCCTGTACC 1299 n.d. —_ AJ006304 Full Bovine testis
TCAGGTCCCCTCCTTGGCTCC
CACTTCTGCTGCAAAACC 206 n.d. —
AGCTCTGTCAGTCTGTTG
TRPC3 CCAGCAGCAGCTCTTGAC 1071 AB179743* 100 AJ006781 Partial Bovine arterial
ACTGTGTGGTTTTCACCCTG endothelial cells
100 AF012902 Partial
92 u47050 Full Human (HEK 293 cells)
94 AB090949** Full Guinea-pig ileum
TRPC4 CTGCTGGCGTCTCGCTGGTAC 306 AB179744 100 X99792 Full Bovine retina and
AGGACCCACGGTAATATC adrenal gland
CTGCAGATATCTCTGGGAAGA 382 AB179745 100 X99792
CCGCATGGTCAGCAATAAG
TRPC5 GTACTGCTGGCTTTTGCC 275 n.d. — AJ271070 Partial Bovine brain
TTCAGCAGCACTACCAGG
TRPC6 GACATCTTCAAGTTCATGGTCATA 321 AB179746 100 AJ271069 Partial Bovine adrenocortical
ATCAGCGTCATCCTCAATTTC cells
96 AF080394 Full Human testis and
placenta
90 U49069 Full Murine brain
94 AB090950** Full Guinea-pig ileum
GAGGACCAGCATACAT 286 AB180232* 92 AF080394 Full Human testis and
ACAATCCGAACATAAC placenta
88 U49069 Full Murine brain
99 AB090950** Full Guinea-pig ileum
TRPC7 TACTTCTGCAAGTGCAATGAGTGC 830 n.d. — AF139923 Full Murine brain
TTCCACAAGTGTAGCACGTACTCCC NMO003307 Full Human brain
CGGCACACCACCTTGAGGGAG 2502 n.d. —
CCCAAACTTCTCGCTGAGCTGCTGA
CGCTTCTCCCACGACATCACACCC 1078 n.d. —

GTGGAAGTGAGACGTTGTGCAG

The existence of transcripts of trpc1-7 genes (which encode TRPC1-7 proteins) in the bovine ciliary muscle (whole tissue) was tested by
RT-PCR, using the gene-specific primer pairs listed. The PCR reactions with the primer pairs for TRPC1, TRPC3, TRPC4 and TRPC6 yielded
DNA fragments of expected sizes (see Fig. 13). The sequence data for the DNA fragments have been deposited in the GenBank under
the accession numbers given in the list. The primer pairs for TRPC2, TRPC5 and TRPC7 gave no specific amplifications. The reference
sequences (obtained from the GenBank) used for the design of the PCR primers and for the identification of the amplified DNA
fragments are also listed. The percentages of the identity of nucleotide sequences between the present data and the corresponding
segments of the reference sequences were calculated. Abbreviations and symbols: n.d., no specific amplification detected; cds, coding
DNA sequence (‘full’ and ‘partial’ indicate whether each reference sequence contains a full cds or only a partial cds); * cDNA sequence
data including a region for which no GenBank data had been available for any bovine tissue before the present work; ** our unpublished
sequence data.

in whole-cell (Fig.1B) and on-cell membrane-patch
recording configurations (Fig.8). The single-channel
currents of NSCCS, in contrast, are too small to resolve
with our present recording system. It appears, however,

that openings of NSCCS far outnumber those of NSCCL
in the majority of the cells. The present non-stationary
variance analysis has made an estimate as small as 80 per
cell for the total number of NSCCL in cells in which CCh
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Table 3. Comparison of NSCCL and NSCCS with TRPC channels

Receptor-operated non-selective cation channels in ciliary muscle
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Channel y (pS) Pca/Pna Effect of [CaZt]; References
NSCCL 36, 351 (30°C) 0.33 Little or no effect Present work
27 (20-22°Q)
NSCCS 0.1 (30°C) 2.6 Suppression Present work
TRPC1 161 1.3-2.1% ? Zitt et al. (1996)
TRPC3 237, 66 1.5 Activation Zitt et al. (1997), Kamouchi et al. (1999)
TRPC4 41 1, 8, 160 ? Philip et al. (1996), Schaefer et al. (2000), Freichel et al. (2001)
TRPC6 35, 28 5 Activation Hofmann et al. (1999), Inoue et al. (2001)

Some channel properties of NSCCL and NSCCS are compared with those of the TRP homologues whose mRNAs were detected in the
present RT-PCR experiments. Note that the data for the TRPC homologues from the references are all based on electrophysiological
experiments at room temperature (20-26°C). Symbols: | y value estimated by noise analysis; { permeability ratio calculated by eqn (13)
using the data of the cation substitution experiments described in the reference.

evoked currents purely attributable to opening of this type
of channel (Fig. 3). The number of NSCCL open at any
instant during stimulation with 2 um CCh is calculated,
from the mean whole-cell currents and the unitary current
amplitude, to be at most only 10 per cell even in the ciliary
myocytes which give very large current noise. From the
relative position and extent of the two linear components
in the u—o? plots, it is estimated that the number of NSCCS
open is 500-2000 times that of NSCCL and more than half
(60-80%) of the current flows through NSCCS during
a typical response of the ciliary muscle cell to CCh (see
Results).

Kinetics. The present spectral analysis of the NSCCL
currents produced by relatively low concentrations
(0.5-10 um) of CCh has resolved two Lorentzian
components in most cases (Fig.4A). One of the most
important limitations to our present kinetic analysis
has been that we could not check more directly the
adequacy of the rate constants estimated from the spectral
data in single-channel levels, mainly because of the
very sparse distribution of NSCCL. However, at least
we have shown that the three-state model simulates the
two-component nature of the spectra well and provides
reasonable explanations for the effects of changing the
agonist concentration on the kinetics of the NSCCL
currents. (a) The large fluctuation of whole-cell currents
due to the opening of NSCCL tends to increase as the
concentration of CCh is increased, and it has also been
very clearly observed at 100 um CCh which approaches
the level required to produce the maximal response
(see Fig.3). Thus, CCh cannot open all NSCCL even
at high concentrations. This phenomenon, which is
contrary to the predictions of the classical two-state model
A+ R <> AR*, can readily be explained by the three-state
model (see Colquhoun & Hawkes, 1977). (b) We have
shown that the two-component nature of the spectra
of NSCCL currents becomes obscured as the agonist
concentration exceeds the apparent dissociation constant
K and one of the two Lorentzians completely disappears
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at higher agonist concentrations (see Fig. 4A). According
to the three-state model, the reduction of the number
of Lorentzian components from two to one can most
simply be understood as a consequence of the reduction
or vanishing of one of the three states, A+ R, due to
binding of R with high concentrations of the agonist (see
Fig. 4Ba). (c) We have shown that the relationship between
the agonist concentration and the amount of CCh-evoked
NSCCL current is well described by the Hill function with
K =8.4 um and h = 1.04. These values of K and h closely
agree with the values (K =6.6 um and h=1) predicted
by the calculations based on the three-state kinetics (see
Fig. 4Bb).

Although the noise spectra for the NSCCS currents also
appear to have two Lorentzian components, we have shown
that there exists no physico-chemically reasonable set of
values of rate constants which gives a satisfactory fit of the
spectral function derived for the three-state model to the
spectra. Given the limited resolution of the present spectral
analysis, we cannot exclude the possibility that the noise
spectra of NSCCS actually have some small Lorentzian
components which have escaped detection. If there are
such additional Lorentzians, we will need to adopt a more
complex model with four or more states to simulate the
kinetic properties of NSCCS.

Cation permeability ratios. The two types of NSCC
are also clearly different in their relative permeabilities
to alkali and alkaline earth metal ions as well.
We have shown that NSCCL exhibits a mild ion
selectivity in favour of the monovalent cations (see
Table 1). The relative ion permeabilities for NSCCL
estimated from the shifts of reversal potential caused
by total cation substitution decrease in the order
Cst > Na' > Lit > Ba*" > Sr** > Ca** > Mg**. NSCCs
with more or less similar permeability sequences have
been described in other types of smooth muscle cell
(Nouailhetas et al. 1994; Minami et al. 1994; Nakajima
et al. 1996; Setoguchi et al. 1997; Bae et al. 1999; Miyoshi
et al. 2004). Similar permeability sequences have also
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been reported for the ligand-gated non-selective cation
channels of excitatory synapses, such as the nicotinic
acetylcholine receptor channel of the neuromuscular
junction (Adams et al. 1980), which are generally thought
to have a relatively wide pore (see Hille, 2001).

For NSCCS, we have determined the permeability
sequence as Ba’* > Sr** > Ca’* > Mg** > Li" > Na*t
> Cs* (see Table1). NSCCS thus favours the divalent
cations including Ca?* for which the permeability ratio
is Pca/Pna = 2.6, rather than near 0.3 as in NSCCL. Higher
selectivities for divalent over monovalent metal ions have
been demonstrated for other smooth muscle NSCCs, such
as a noradrenaline-activated NSCC of rabbit portal vein
myocytes (Wang & Large, 1991), an ATP-receptor channel
of rabbit ear artery myocytes (Benham & Tsien, 1987) and
a large conductance Ca’"-activated NSCC of rat portal
vein myocytes (Loirand et al. 1991). Pc,/ Py, ratios greater
than 1.0 (between 2 and 90) have also been reported
for various types of NSCC functioning as sensory trans-
duction channels, many of which have been suggested to
make Ca’*" influxes large enough to be physiologically
important to the cells expressing them (see pp. 460—462
of Hille, 2001 and references therein). NSCCS may also
play an important role as a pathway for Ca*" entry in the
ciliary muscle (see below).

Link with muscarinic receptor. It is now generally
assumed that the activation of receptor-operated channels
by agonists in smooth muscle cells is mediated by
pathways coupled with heteromeric GTP-binding proteins
(G-proteins). The major G-proteins involved appear to be
members of the G;/G, subgroup in intestinal and tracheal
smooth muscles (Komori et al. 1992; Kim et al. 1998; Wang
& Kotlikoff, 2000). In the present experiments, however,
we have observed that the CCh-induced responses of the
bovine ciliary muscle are insensitive to pertussis toxin,
a specific inactivator of G;/G, proteins (Katada & Ui,
1981) as well as to cholera toxin, a specific activator of
G-proteins of the G class (Hudson & Johnson, 1980).
The present observations are consistent with the results
of our previous pharmacological experiments (Takai et al.
1997) where we examined the effects of relatively selective
antagonists and reached the conclusion that the responses
of the bovine ciliary muscle to CCh are most likely to be
mediated by a muscarinic cholinoceptor of the M5 subtype
(Bonner, 1989), which is usually believed to be coupled
with a G-protein of the G/, class characterized by its
insensitivity to the toxins (Pang & Sternweis, 1990; Blank
et al. 1991; Hepler et al. 1993).

Responses accompanied by a clear increase in noise
as an indication of the opening of NSCCL are much
less frequently evoked by CCh when it is applied
in the absence of GTP in the whole-cell recording
pipette (present work). Intracellular application of a
poorly hydrolysable GTP analogue, GTPyS (Hudson
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et al. 1981), through the pipette makes the turn-on of
NSCCL irreversible (see Fig. 9). These observations of the
present experiments strongly suggest the involvement of a
G-protein-coupled signalling mechanism in the activation
of NSCCL. We have shown by the experiments under
the on-cell membrane-patch recording configuration that
the application of CCh in the pipette, but not its bath
application, causes the activation of NSCCL (see Fig. 8).
The components of the signalling pathway for NSCCL
activation thus appear to be closely associated within a
narrow area of the membrane, so that the signal cannot
spread beyond the seal of the patch pipette. The first clearly
demonstrated example of such a membrane-delimited
G-protein-coupled signalling is the activation of Ki;5, a
cardiac inwardly rectifying K™ channel (also called Kucp,
or GIRK), by acetylcholine (for review, see, e.g. Kurachi,
1995). In this classical example, the response is evoked by
the activation of M,- rather than M;-muscarinic receptors
and the signal is thought to be conveyed through Sy
subunits of G; to the channel (Reuveny et al. 1994;
Kofuji et al. 1995; Ford et al. 1998). Activation of
receptor-operated NSCCs by pertussis toxin-sensitive
signal transduction mechanisms has also been described
in several smooth muscle cells (Inoue & Isenberg, 19904;
Komori et al. 1992; Wang et al. 1997). In these cases,
however, itis probably G, - rather than G, -subunits which
are involved in the signal transduction. In tracheal (Wang
etal 1997) and ileal (Yan et al. 2003) smooth muscle cells,
the agonist-evoked currents have been shown to be blocked
by antibodies specific to G,i/ G4, subunits, but not by anti-
bodies to Goq or to Gg,. In contrast to this, in mouse
gastric smooth muscle a CCh-evoked NSCC current has
been shown to be blocked by G411 antibody, whereas it is
not affected by G, antibody (Lee et al. 2003). Experiments
using antibodies against G-protein subunits would also be
useful to elucidate how NSCCL is linked to M3 muscarinic
receptors by G-proteins.

In contrast to NSCCL, NSCCS tends to be readily
activated by CCh even in the absence of GTP in the
pipette for whole-cell current recording (see Results).
The CCh-evoked response of NSCCS thus appears to be
much less dependent on GTP than is that of NSCCL.
Presumably the intrinsic production of GTP in most of the
ciliary muscle cells under the experimental conditions is
insufficient for the activation of NSCCL but is sufficient to
allow the passage of the signal from the muscarinic receptor
through G-proteins to NSCCS.

If the activation of NSCCS by CCh is to be mediated
by a G-protein-coupled pathway, why then does the
component of the CCh-evoked response attributable to
NSCCS openings quickly disappear after removal of the
agonist even in the presence of GTPyS (see Fig.7B)?
The present experiments give no clear answer to this
question. Several G-proteins of the Gy, class, unlike
those of the G, and G; classes, are known to display very
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low affinity for binding GTPyS under some conditions
(Hepler et al. 1993). However, the dissociation constant
for the interaction of such G-proteins with GTPyS is
in the order of 30 um. With 180-360 um GTPyS in
the pipette even these low affinity G-proteins should
be activated almost maximally. Signals from muscarinic
receptors might actually reach NSCCS through some novel
pathway that is independent of G-proteins.

Inhibition by intracellular Ca?*. In the present
experiments we have shown that elevation of the
intracellular Ca** concentration [Ca**]; has an inhibitory
effect on the CCh-evoked currents (see Fig.10),
confirming our previous observation (Takai ef al. 1997).
The inhibition is especially marked when divalent metal
ions are used as the charge carrier. The total amount of
the charge during the CCh-evoked response decreases by
90-95% by increasing the [Ca**]; from 70 nm to 400 nm,
when the extracellular cations were totally replaced with
Ba’* or Sr’*, to which NSCCS exhibits relatively high
permeabilities. This indicates that the inhibitory effect of
Ca?* is particularly strong on NSCCS.

NSCCL appears to be much less susceptible to the
inhibition by Ca*". In our previous experiments (Takai
et al. 1997), we have shown that CCh can evoke currents
with a large noise component even when [Ca?']; is
increased to 700 nM.

Possible roles for NSCCL and NSCCS in ciliary
muscle contraction

In mammalian intestinal smooth muscles, the
depolarization  resulting from the muscarinic
receptor-operated activation of a type of NSCC is
thought to trigger Ca®* influx through voltage-gated
Ca?* channels, which serve as the main pathway for
Ca’* entry during the contraction (Bolton, 1979;
Bolton et al. 1999). The NSCCs of these muscles,
which are strongly activated by elevation of [Ca®t];,
probably function as a component of a positive feedback
system to maintain the large Ca’" influx required for
strong force generation (Inoue & Isenberg, 19904,b).
In the ciliary muscle, however, there are several lines
of evidence that voltage-gated Ca®'t channels make
only very little, if any, contribution to the initiation
and maintenance of contraction. For example, in
bovine and human ciliary muscle bundles it has been
shown that contractions induced by a high-K* solution
(which not only depolarizes the muscle membrane
but also causes the release of acetylcholine from the
cholinergic nerve terminals) are completely blocked by
atropine (Suzuki, 1983). In the dog ciliary muscle, high
K*-induced contraction is also strongly suppressed by
atropine although there is a small component which
is resistant to atropine and is inhibited by organic
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Ca’?* antagonists (Ito & Yoshitomi, 1986). In a human
ciliary muscle cell line, Stahl et al. (1992) measured the
change of [Ca?"]; by the fura-2 method. They showed
that application of muscarinic agonists resulted in an
initial [Ca**]; peak followed by a plateau. The initial peak
was still clearly observed in the absence of extracellular
Ca’* and in the presence of verapamil, whereas the
[Ca*"]; plateau was reversibly abrogated by removal
of extracellular Ca?* but was only slightly suppressed
by verapamil. Stahl et al. (1992) attributed the initial
peak to Ca*" release from intracellular stores and the
plateau to Ca®* entry through ‘receptor-operated’ calcium
channels.

In the present mechanical experiments on the bovine
ciliary muscle bundles, we have observed that removal
of Ca’t from the extracellular solution abolishes the
tonic phase of the contraction induced by CCh, which
is quickly restored by readmisstion of Ca?* (see Fig. 12A).
This clearly demonstrates the crucial importance of Ca®*
influx for sustained contraction of the ciliary muscle.
We have then shown that the putative blockers of
receptor-operated NSCCs such as SKF96365 (Merritt et al.
1990), La*" and Gd*>" (Docherty, 1988; Popp et al. 1993)
dose-dependently inhibit the tonic component of the
contraction without strongly affecting the initial phasic
component (see Fig. 12B). We have also shown by the
whole-cell voltage clamp experiments that these agents
inhibit, at the same concentrations as those used in
the mechanical experiments (Fig. 12C), the CCh-evoked
NSCCL and NSCCS currents evoked by CCh (see Fig. 11).
Moreover, we have demonstrated that the contractile
response (Fig. 12D) and the whole-cell current response
(see Fig.4Bb) induced by CCh exhibit very similar
dose dependence. These observations of the present
experiments strongly support the notion that either of the
two channels serves as a major pathway for the Ca’* entry
required for the sustained contraction of the ciliary muscle,
which lacks voltage-gated pathways. In the majority of
ciliary muscle cells, the current evoked by CCh mainly
flows through NSCCS which gives a considerably higher
Pc,/Py, ratio than does NSCCL (see above). Therefore,
it is probably NSCCS that plays a predominant role in
the Ca*" entry under physiological conditions, although
NSCCL may also make limited contributions.

Since NSCCS has a very small unitary conductance and
is strongly inhibited by elevation of [Ca*"]; in the working
range (see above), a smoothly graded adjustment of
[Ca?*]; will readily be achieved on the basis of an automatic
negative feedback mechanism, if a muscarinic stimulation
of an appropriate intensity is applied to activate a certain
fraction of many copies of NSCCS distributed in the cell
membrane. The use of NSCCS as the pathway for Ca**
entry seems to be particularly suitable for the regulation of
the ciliary muscle contraction required for fine and stable
tuning of the optical focus of the eye.
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Possible relationship of the NSCCL and NSCCS
to TRPC homologues

The members of the TRPC subfamily of TRP channels
have been receiving increasing attention as molecular
candidates for receptor-operated NSCCs in various
tissues including smooth muscles (see Clapham et al.
2001; Minke & Cook, 2002; Inoue et al. 2003). For
example, Inoue et al. (2001) have recently shown that
heterologous expression of murine TRPC6 in HEK293
cells reproduces the biophysical and pharmacological
properties of «;-adrenoceptor-activated NSCCs very
well, previously identified in smooth muscle of rabbit
portal vein. More recently, Lee et al (2003) have
found close similarities between the currents observed
in HEK293 cells transfected with a TRPC5 expression
vector and the NSCC currents activated by muscarinic
stimulation in smooth muscle cells of the murine
stomach.

The present RT-PCR experiments have demonstrated
the existence of at least four types (TRPC1, TRPC3,
TRPC4 and TRPC6) of TRP mRNA in the bovine
ciliary muscle (whole tissue). It seems unlikely from the
comparison of channel properties, as shown in Table 3,
that NSCCL and/or NSCCS could be simply a single
type of TRPC. However, evidence is accumulating that
several TRPC homologues can bind together to form
heteromeric oligomers which are drastically different from
their homomeric oligomers in critical electrophysiological
properties such as unitary conductance, ion selectivity,
voltage dependence and Ca’" sensitivity (Lintschinger
et al. 2000; Striibing et al. 2001). It would be highly
interesting to examine whether NSCCL and NSCCS
are molecular correlates of some types of heteromeric
oligomer of the TRP homologues.
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