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Effects of polyamines on the muscarinic receptor-operated cation
current in guinea-pig ileal smooth muscle myocytes
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1 The effects of extracellular and intracellular polyamines (PAs), spermine and putrescine, on the
cation current (mlcat) evoked either by activating muscarinic receptors with carbachol or by
intracellularly applied GTPyS (in the absence of carbachol) were studied using patch-clamp recording
techniques in single guinea-pig ileal myocytes.

2 Extracellular spermine and putrescine rapidly and reversibly inhibited mIcat in a concentration-
and voltage-dependent manner with the 1Csy values at —40mV of about 1 and 5mM, respectively.
Membrane depolarization relieved the blocking action of PAs although cation conductance activation
curve remained N-shaped. The inhibition was similar for both carbachol- and GTPyS-evoked
currents, suggesting that the cation channel rather than the muscarinic receptor was the primary site of
the PA action. In outside-out membrane patches, both cation channel unitary conductance and open
probability were reduced.

3 In perforated-patch experiments used to retain cytoplasmic PAs sustained 100 uM carbachol-
induced mlcar was significantly smaller (478 +76pA, n=7) compared to that recorded using
conventional whole-cell configuration with nominally PA-free pipette solution (1314+76 pA, n=12),
but comparable in size to mlcat With 0.3 mM spermine in the pipette solution (509 +41pA, n=19).
Intracellular putrescine inhibited mlcsr less potently compared to spermine.

4 In conclusion, these results show a novel role of intestinal PAs in mlcat inhibition, which can
contribute to their well-known suppressing effect on the gastrointestinal smooth muscle excitability

and contractility.
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Introduction

The polyamines (PAs) putrescine, spermidine and spermine
are a ubiquitous class of aliphatic polycations, which play
an important role in protein synthesis, cell division and cell
growth. PAs are positively charged at physiological pH;
therefore, they are suggested to participate in many cellular
processes through their binding to various negatively charged
molecules such as DNA, RNA, phospholipids, etc., which can
explain the diversity of their cellular effects. Consistent with
the idea of electrostatic interaction as the principal mechanism
of PA action in many cases, spermine (four positive charges)
was found to be more potent compared to spermidine or
putrescine (three and two charges, respectively). However, the
complexity of the PA-dependent regulation of many cellular
functions argues that some additional effects, not related to
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direct charge interaction, may also be involved (recently
reviewed by Wallace et al., 2003).

Being charged molecules, PAs do not readily cross the cell
membrane. Thus, intracellular PA concentration is largely
dependent on their synthesis, but transport of PA also makes
a significant contribution to their homeostasis, particularly
under conditions when PA synthesis is impaired (Wallace et al.,
2003; Janne et al., 2004). The PA transporter is carrier-
mediated, energy- and temperature-dependent, although en-
docytosis has been recently suggested as an alternative route
of PA internalization. A relatively minor component of PA
transport is also dependent on the sodium gradient. Therefore,
intracellular concentration of PA is tightly regulated by a
complex system of the biosynthesis, transport and degrada-
tion.

Generally, tissues with high rates of proliferation and
protein synthesis, such as gastrointestinal smooth muscles
and liver, have higher PA levels. Intracellular concentration of
putrescine, spermidine and spermine in the guinea-pig ileum
was estimated at 18, 206 and 385 uM, respectively (Swérd et al.,
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1994). However, their concentration in the intestinal lumen can
be much higher, for example, in the mM range (Osborne &
Seidel, 1990).

Extracellular PAs have been shown to relax smooth muscles,
to inhibit electrical activity and to decrease the intracellular
Ca’* concentration (Onodera et al., 1968; Nilsson &
Hellstrand, 1993; Gomez & Hellstrand, 1995). These effects
appear to be mediated by the calcium channel inhibition
(Gomez & Hellstrand, 1995; 1999; Nilsson et al., 2002).
Acetylcholine, the major excitatory neurotransmitter in
visceral smooth muscles, causes membrane depolarization via
monovalent cation selective channel opening and thus induces
Ca’* influx through voltage-gated Ca®* channels. Therefore,
cation channels, providing they were targeted by PAs, could
also play a role in these processes. However, despite increasing
recognition of PAs as specific and important regulators of
various ion channels (for a review, see Williams, 1997; Lu,
2004), the effects of PAs on the muscarinic cation current
(mIcat) have not yet been investigated.

The effects of PAs on ion channel properties have been
reported at nano- to millimolar concentration range acting
intra- and/or extracellularly. One well-studied example of
physiologically important PA ion channel modulation is
strong inward rectification of certain types of Kz channels.
PAs produce such rectification by virtue of their ability to
block Kz channels from the cytoplasmic side in a steeply
voltage-dependent fashion (Lopatin et al., 1994). In contrast,
in case of cyclic nucleotide-gated cation channels extra- and
intracellular PAs act, depending on voltage, either as permeant
or nonpermeant blockers, resulting in complex conductance
curves with two or more humps (Guo & Lu, 2000). In smooth
muscle myocytes, muscarinic cation conductance curve also
shows complex N-shape voltage dependence and its origin
is not yet completely known. Thus, as membrane voltage is
increased, cation conductance increases in two phases: at
potentials positive to about —20mV, a prominent decline of
the conductance occurs due to flickery channel behaviour
(Zholos et al., 2003; 2004b). In the present work, we found that
in gastrointestinal myocytes both intra- and extracellular PAs
cause significant mlc,, inhibition at physiologically relevant
concentrations, but at the same time PAs do not seem to be
involved, at least primarily, in mIcat rectification properties.

Methods
Cell preparation and current recording

Adult male guinea-pigs (300—400 g) were killed by dislocation
of the neck, followed by immediate exsanguinations according
to humane animal care, as required by the Ukrainian law.
Experiments were performed at room temperature on single
ileal smooth muscle myocytes isolated from the longitudinal
muscle layer after tissue treatment with collagenase
(Imgml ") at 36°C for 25 min.

Whole-cell membrane current was recorded using low-
resistance borosilicate patch pipettes (1-3MQ) and an
Axopatch 200B (Axon Instruments Inc., Foster City, CA,
U.S.A.) voltage-clamp amplifier. For single-channel record-
ings patch pipettes (5-10 MQ) coated with elastomer R6101
were used. Single-channel records were filtered at 1 kHz and
sampled at 10 kHz.

Solutions

Pipettes were filled with the following solution (in mm): CsCl
80, adenosine 5'-triphosphate magnesium salt (ATP) 1,
creatine 5, guanosine 5'-triphosphate lithium salt (GTP) 1,
D-glucose 5, N-2-hydroxyethylpiperazine-N'-2-ethanesulpho-
nic acid (HEPES) 10, 1,2-bis(2-aminophenoxy) ethane-N,N,N',N'-
tetraacetic acid (BAPTA) 10, CaCl, 4.6 (e.g. [Ca*>T],= 100 nM),
pH adjusted to 7.4 with CsOH (total Cs* 124mM). The
presence of 1 mM GTP in this solution reduced desensitization
to a minimum (Zholos & Bolton, 1996). In experiments
designed to activate cationic channels directly, without
the activation of muscarinic receptors, GTP in
the pipette solution was replaced with 200 uM guanosine
5'-0-(3-thiotriphosphate (GTPyS). For [Ca®"]; measurements,
pipettes were filled with the following solution (in mM):
CsCl 120, ATP 1, creatine 5, GTP 1, D-glucose 5, HEPES 10,
bis-Fura-2 0.1, pH adjusted to 7.4 with CsOH (total Cs™
124 mM). For perforated patch recordings, amphotericin B
was added to the standard pipette solution at 100 ugml=". It
was prepared daily as a stock solution (3 mg dissolved in 50 ul
of DMSO).

During seal formation, PSS of normal composition was
used. After whole cell configuration had been established and
about 3 min for equilibration had elapsed, a Ca*>*- and Mg>*-
free solution was applied of the following composition (in
mM): CsCl 120, D-glucose 12, HEPES 10, pH adjusted to 7.4
with CsOH (total Cs* 124 mM). The cells prior to experiment
were kept in the following solution (PSS) (mM): NaCl 120, KCI
6, CaCl, 2.5, MgCl, 1.2, D-glucose 12, HEPES 10, pH adjusted
to 7.4 with NaOH. Complete exchange of the external solution
was achieved within about 1s as described previously (Zholos
& Bolton, 1995).

Measurement and data analysis

mlcar Was continuously monitored at the holding potential
of —40mV. Its steady-state current—voltage (/-V) relationship
was obtained by applying a slow 6s duration voltage
ramp from 80 to —120mV before and after carbachol
application with an off-line correction for the background
current.

Concentration—effect curves were constructed by plotting
mlcar amplitude against the PA concentration on a semi-
logarithmic scale. They were fitted by the Hill equation in the
following form:

Ipy . 1
IConrro/ N 1 + ([PA]/ICSO)p

()

where Iconwor and Ips are, respectively, the amplitudes
of the current before and in the presence of various
PA concentrations, [PA]; ICsy is the PA concentration
at which the current amplitude is reduced by 50% and p is
the slope factor of the inhibition curve. The data were
analysed and plotted using MicroCal Origin software (Micro-
Cal Software, Inc., Northampton, MA, U.S.A.). Values are
given as the means+s.e.m; n represents the number of
cells tested. To determine the statistical significance of
differences between the means, a r-test was used. Differences
were judged to be significant when the two-tailed P-value
was less than 0.05.
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Calcium measurements

Changes of [Ca®*]; were monitored by using digital imaging
microscopy. Bis-Fura-2 introduced into the cell from the patch
pipette was excited at 340 and 380 nm using the DeltaRAM-V
monochromator (Photon Technology International Inc., Ford,
West Sussex, U.K.). The fluorescence light was collected using
CFI S.Fluor x40 objective and an inverted microscope
Eclipse TE200 (Nikon UK Ltd, Kingston upon Thames,
U.K.), and was detected using an intensified charge-coupled
device (CCD) camera IC-200 (Photon Technology Interna-
tional Inc., Ford, West Sussex, U.K.) after passing through a
band-pass interference filter centred at 510 nm.

[Ca*]; was calculated according to the formula (Grynkie-
wicz et al., 1985)

a2+1 R— Rmin
[Ca™] = Kgx J—— xB (2)

where R is the ratio of fluorescence intensities obtained with
the excitation at 4,=340 and 1,=380nm; R,.x and R,
are the same ratios of Ca’®*-saturated and Ca®*-free dye,
respectively; B is the ratio of fluorescence intensities at 380 nm
in zero calcium to that at saturating calcium; and Kjy is the
effective dissociation constant of bis-Fura-2 for calcium
(525nm in the presence of 1mM Mg?™). Ry, was obtained
by dialysing the cells with 10 mM EGTA-containing solution
(Runin=0.354+0.007, n=15). Rn.x Was obtained by clamping
the membrane potential to —200 mV, which caused membrane
breakage and induced a large increase of R in the presence of
2.5mM external Ca®t (Rynax=2.9840.16, n=35). Thus, the
mean value of B was 3.64+0.23 (n=5).

Chemicals used

1,4-Diaminobutane (putrescine), collagenase (type 1A), ATP
(magnesium or sodium salt), GTP (sodium salt), GTPyS
(tetralithium salt), creatine, HEPES, BAPTA, and carbamyl-
choline chloride (carbachol) were obtained from Sigma
Chemical Co. (Poole, Dorset, U.K.). Spermine tetrahy-
drochloride was from Calbiochem-Novabiochem Ltd, Bees-
ton, Nottingham, U.K. Bis-Fura 2 was obtained from
Molecular Probes Europe BV, Leiden, The Netherlands. All
other chemicals were from BDH Laboratory Supplies (AnalaR
grade), Pool, U.K.

Results

Effects of extracellular spermine and putrescine
on carbachol- and GTPyS-induced cation currents

In these experiments, carbachol was applied at 100 uM, a
concentration which produces a nearly maximal mlcar in these
cells (Bolton & Zholos, 1997). Spermine added to the external
solution cumulatively at ascending concentrations produced
significant mlcar inhibition (Figure la). The inhibition was
fast and readily reversible upon wash-out (Figure Ic, inset).
Thus, this effect could be attributed mostly to the extracellular
action of spermine since PA uptake takes much longer even
at 37°C (e.g., 20min as shown using confocal imaging of
fluoresceinated PAs, Aziz et al., 1998). The inhibition
concentration—effect curve had the following mean
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Figure 1 Inhibitory effect of external spermine (a) and putrescine
(b) applied at ascending concentrations on 100uM carbachol-
activated cationic current measured at —40mV. Relative current
amplitude plotted against spermine (c) and putrescine (d) concen-
tration on semilogarithmic scale and fitted according to equation (1)
(solid circles for carbachol-activated current, open circles for
GTPyS-activated cationic current). The inset shows rapid current
inhibition and recovery during spermine application and wash-out.

parameters: 1Cso=1.03+0.0lmM; P=0.98+0.01
(Figure lc, closed circles).

It was possible that spermine inhibited mIcat by binding to
muscarinic receptors. To test this possibility in the next series
of experiments, GTPyS was applied intracellularly in order
to activate G-proteins directly, bypassing the muscarinic

(n=16)
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receptors. We have recently shown that in ileal myocytes
carbachol and GTPyS activated the same main 57 pS cation
channel with virtually identical single-channel conductance
and gating kinetics (Zholos et al., 2004b). Following break-
through with patch pipettes containing 200 uMm GTPyS (no
carbachol in the bath), cationic current measured at —40 mV
developed slowly, presumably due to the accumulation of
activated G proteins, to reach a steady-state level within
approximately 3—5min and then remained sustained for many
tens of minutes (cf. Zholos & Bolton, 1996; Zholos et al.,
2003). This GTPyS-induced current was inhibited by spermine
in a similar manner (ICs5,=1.024+0.10mM; P=0.84+0.10,
n=>5) (Figure lc, open circles).

Qualitatively similar results were obtained for the putrescine
action on mlc,r, although putrescine was about four-fold less
potent compared to spermine. Such difference could be
explained by the lower number of positive charges in case of
putrescine, assuming that the effect of both PAs was due
to electrostatic interaction with the charged groups on or near
the cation channel. A representative example of putrescine-
mediated inhibition of carbachol-induced mlcar is shown
in Figure 1b, while Figure 1d summarizes the mean results
for carbachol- and GTPyS-induced currents as shown by
closed and open circles, respectively. The following mean
inhibition parameters were obtained: 1Cs5,=4.17+0.30 mM,
P=0.81+0.05 (carbachol, n=10) and 1Csy=4.85+0.32mM,
P=0.834+0.05) (GTPyS, n=4). In the latter case, the ICs
value was somewhat larger but did not differ significantly
(P=0.92; unpaired ¢-test) from that obtained for the
putrescine action on carbachol-induced current.

Since spermine and putrescine inhibited both carbachol-
and GTPyS-induced currents in a closely similar manner, we
suggest that cation channel rather than the muscarinic receptor
was the primarily site of PA action.

Effects of external PAs on mlc,r biophysical properties

To evaluate the effects of PAs on mlcat biophysical properties
and their possible voltage-dependent effects, we measured
steady-state mlcap -V relationships by applying slow voltage
ramps in control and, in the same cell, following spermine or
putrescine application (Figure 2a,d). mlcat activation curves
could then be obtained from the steady-state I~V relationships
by dividing current amplitude at each potential by the driving
force at that potential (membrane potential-reversal potential;
the latter was close to 0mV since symmetrical Cs™ solutions
were used). The I~V curves were U-shaped at negative
potentials and showed double rectification around O mV — it
should be noted that the latter was neither due to a reduced
driving force close to the reversal potential nor due to
intracellular Mg>* (Zholos et al., 2003). Cationic conductance
activation curve during the PA action did not change its
characteristic N-shape (Figure 2b,e). However, the ratio of
currents measured in the presence of PAs and in control
revealed that membrane depolarization significantly relieved
the inhibitory effect of the PAs (Figure 2c, f). The same results
were obtained for GTPyS-induced current (data not shown).
Notably, the effects of external PAs on mlcat properties were
closely similar to those produced by external divalent cations;
the latter were attributed to the charge screening effect altering
the surface potential (Zholos & Bolton, 1995).
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Figure 2 Effect of external spermine (a—) and putrescine (d—f) on
mlcar -V relationship. (a,d) Steady-state -V relationships in
control and, in the same myocyte, in the presence of either spermine
(3mM) or putrescine (10mMm). (b,e) Corresponding activation
curves. (c, f) Voltage dependence of the inhibitory effect was
evaluated by plotting the ratio of currents recorded in the presence
of spermine (3 mM) or putrescine (10 mM) to those in control.

Effects of spermine and putrescine on single muscarinic
cation channel properties

We have previously identified three types of cationic channels
(10, 57 and 130 pS) opened by muscarinic receptor activation
in ileal myocytes (Zholos et al., 2004b). The 10 and 50 pS
channels mediate the voltage-dependent part of the muscarinic
conductance as their P, strongly increases with membrane
depolarization. However, the relative contribution of the 10 pS
channel was small, estimated at less than 5% at negative
potentials. The 130 pS channel mediates a voltage-indepen-
dent, likely Ca®"-dependent component of the muscarinic
cationic current. Thus, the 57 pS channel activity is the major
determinant of mIcar, at least at 100 nM [Ca®*]; as used in the
present experiments. Therefore, we have studied the action of
external PAs on this channel type using outside-out patches.
The patches were formed after whole-cell GTPyS-induced
current had been fully activated. Only those membrane patches

British Journal of Pharmacology vol 143 (8)
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which showed no or only minimal 10 and 130 pS activity were
selected in order to investigate the effect of PAs on the 57 pS
channel gating.

External application of spermine (3mM) significantly
reduced single-channel conductance (Figure 3a). Thus, at
—50mV unitary current decreased from 3.0740.19 in control
to 1.72+0.27 in the presence of spermine (P<0.001; paired
t-test). Channel open probability (e.g., NP,) was also reduced
2.1840.25 fold (n=4). These effects were concentration-
dependent. Spermine at 1 mM weakly reduced single-channel
current (from 3.09+0.29 to 2.57+0.22pA; P<0.05), but
noticeably decreased NP, (1.80-fold).

Putrescine added to the external solution at 3 mM produced
similar but less significant effects on the 57 pS channel activity
(Figure 3b). Thus, at —50mV unitary current amplitude
modestly decreased from 3.21 +0.18 in control to 2.94 +0.34 in
the presence of putrescine (P=0.035; paired z-test), but the
effect on NP, was more prominent (1.79 +0.19-fold reduction,
n=>5). Notably, for both PAs, the block did not increase open-
channel noise (as evident from the unchanged peak width
of all-point amplitude histograms shown in Figure 3a, b),
indicating that external PAs are unlikely to interact with the
channel pore. Also, consistent with the above-described lack of
PA action on the N-shaped whole-cell conductance curve,
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Figure 3 Effects of external spermine (a) or putrescine (b) on the
57pS channel activity recorded in outside-out patches. Both PAs
were applied at 3 mM at the holding potential of —50mV. Solid and
open columns show all-point amplitude histograms in control and
after PA application, respectively. Representative current traces
recorded in control (1) and in the presence of respective PA (2) are
shown in the insets.

there was no additional channel flicker evident after spermine
or putrescine application.

Effect of intracellular PAs on mlc

One indication that an endogenous cation channel blocker
may be present in intact ileal myocytes came from our recent
studies of cation single-channel gating (Zholos et al., 2004b).
We noted that channel activity was remarkably stable (e.g.
within tens of minutes) in isolated outside-out patches or in
cell-attached patches formed on previously dialysed cells (or,
alternatively, using double-patch configuration), but it was
almost impossible to record single-channel activity using
conventional cell-attached configuration. Since PAs are
highly soluble in water, they can be expected to diffuse
readily from the cell cytoplasm into the pipette solution
during cell perfusion when low-resistance patch pipettes are
used.

Another indication that a putative channel blocker may
be removed by cell perfusion is illustrated in Figure 4a. This
figure compares mlcat on-rates in two different experiments.
In one case (trace 1), external PSS was replaced by our
standard high Cs* solution before membrane break-through
and carbachol was applied shortly after establishing whole-cell
configuration (e.g. with a minimal delay of 10-20s as needed
to compensate series resistance). In the other case (trace 2), the
current was activated after 3min of cell perfusion, as usual
(compare to Figure la,b). In the first case, the current had a
noticeably slower kinetics of activation, achieving its nearly
maximal 95% amplitude 40-60s later compared to the current
evoked in 3 min-dialysed cells (=9). We also noted that
the time lag in mlcar activation was more prominent in cells
that had larger membrane capacitance (e.g., > 50 pF). These
observations imply that freely diffusible cation channel-
blocking molecules, possibly PAs, are present in the cytoplasm.
One can estimate that putrescine and spermine are removed
with the time constants proportional to the cubic root of
molecular weight — 28 and 63s, respectively (Pusch & Neher,
1988). These values are compatible with the slow current
activation in Figure 4a, trace 1 (e.g., 7=365s).

Since PAs can strongly bind to some intracellular macro-
molecules, we were also interested to see whether residual
PAs in dialysed cells can account for the above-described
double rectification of mlcar around O0mV. ATP can bind
PAs with a high affinity, for example, in bovine lymphocytes
the moles of spermine bound to DNA, RNA, phospholipids
and ATP were 0.79, 3.7, 0.23 and 4.3 per 100 mol of phosphate
of macromolecules or ATP, respectively (Watanabe et al.,
1991). Thus, we used a standard pipette solution in which
I mM MgATP was replaced by 20mM Na,ATP, an efficient
PA scavenger. Using our standard protocol, mlcat in response
to 100 uM carbachol was evoked. However, no noticeable
change of the mlcatr -V relationship (Figure 4b) or
conductance curve shape (Figure 4c) was observed in these
experiments (n=5; compare to corresponding control curves
in Figure 2).

In contrast, in perforated patch experiments which allow
retention of intracellular macromolecules, significantly re-
duced sustained mlcat was observed (at —40mV 478 +76 pA,
n=6 compared to 1314+76pA, n=12 using conventional
whole-cell configuration, P<0.0001). Ca>*-dependent mod-
ulation of mlcar was unavoidable in perforated patch

British Journal of Pharmacology vol 143 (8)
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Figure 4 Possible mlc,r inhibition by a diffusible intracellular
factor. (a) Delayed current activation when carbachol was applied
immediately after break-through (trace 1; note that PSS has been
already replaced by high-Cs™ external solution before establishing
the whole-cell configuration) compared to standard 3 min equilibra-
tion experiment (trace 2). (b, ¢) Lack of intracellular ATP (20 mM)
effect on the 100 uM carbachol-induced mlcat /~V relationship and
corresponding cation conductance activation curve. Cell dialysis
with PA-free pipette solution containing 1 mM ATP appears to be
sufficient to remove PAs from the cytoplasm. (d) Changes of [Ca®*];
in single ileal smooth muscle cell voltage-clamped at —40 mV during
the application of 100 uM carbachol in Ca>*-free high-Cs™* external
solution. /-V relationships in perforated patch experiments were
measured when [Ca?*]; was stabilized at about 100 nM, as indicated.
(e, f) Carbachol (100uM) induced mlcar I~V relationship and
corresponding cation conductance activation curve measured using
perforated patch configuration. Mean current amplitudes using this
(grey column, n=7) and conventional whole-cell configuration
(black column, n=12) are shown in the inset.

experiments, since [Ca’"]; could not be controlled and its
variations caused concurrent fluctuations of mlcar. Thus,
when [Ca®*]; was not buffered mIcat consisted of two phases;
an initial large transient current and a subsequent smaller
sustained component. The initial peak current was caused by
Ca’* release and was accompanied by the intracellular
calcium rise up to 1-2 uM. [Ca>*]; during the sustained phase
usually did not exceed a few hundred nM in the presence of
external Ca®*, but declined to about 100 nM when Ca’*-free
external solution was used (Figure 4d). Therefore, to account
for the differences in the experimental conditions in perforated
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Figure 5 Inhibitory effects of intracellular spermine (a—c) and
putrescine (d—f) on cation current activated by 100 uM carbachol. (a,
d) Mean current amplitude measured at —40mV in control and
when either spermine (a) or putrescine (d) was added to the pipette
solution at the indicated concentration. (b, e) Steady-state -V
relationships measured with 1 mM spermine (b) or 10 mM putrescine
(e) in the pipette solution. (c, f) Corresponding activation curves.

patch experiments, we measured current amplitude (as well as
-V relationships, see below) about 60s after carbachol
application, that is during the sustained phase when [Ca®"];
had declined to about 100 nM. Although the current was much
reduced, its I~V relationship (Figure 4e) and conductance
curve shape (Figure 4f) were similar to those obtained using
conventional patch-clamp recording techniques with intracel-
lular Ca?* ‘clamped’ at 100 nM (n= 7).

Cytoplasmic concentration of spermine in native ileal
smooth muscle cells is about 0.4 mM. To prevent its loss when
conventional whole-cell configuration was used, 0.3mM
spermine was added to the pipette solution. The cells
responded to 100 uM carbachol application by generating a
smaller inward current compared to control. To statistically
characterize the difference, we patched cells alternately using
either spermine-containing or spermine-free pipette solution
on the same day. The mean amplitudes of currents induced
by carbachol 3min after the whole-cell configuration had
been established were 509+41pA (n=19) and 1314+
76 pA (n=12), respectively (P<0.0001 by unpaired t-test)
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(Figure 5a). At 1 mM spermine strongly suppressed the current
(122+20pA, n=12).

The effects of intracellular putrescine were studied similarly
by alternating cells which were voltage-clamped using putres-
cine-free (n=14), 1mM putrescine-containing (n=14) or
10mM putrescine-containing (n=18), pipette solution. The
mean current amplitudes are plotted in Figure 5d. The
inhibition was detectable only with 10mM putrescine
(P<0.0001).

Thus, both intracellular spermine and putrescine clearly
inhibited mlcat, but there was no noticeable change of the
current voltage-dependent behaviour in either case (Figure
5b,c,e,f).

Discussion

Specific interaction of PAs with different ion channels has been
reported (reviewed by Williams, 1997; Igarashi & Kashiwagi,
2000). These interactions include the block of inwardly
rectifying K* channels (Lopatin et al., 1994), cyclic nucleo-
tide-gated channels (Lu & Ding, 1999; Guo & Lu, 2000),
glutamate-activated receptor channels (Araneda et al.,
1999), nicotinic acetylcholine receptor channels (Haghighi &
Cooper, 1998), sodium channels (Huang & Moczydlowski,
2001) and voltage-gated calcium channels (Gomez &
Hellstrand, 1995; 1999). Many types of monovalent
cation selective channels are also blocked by extracellular
polycations like spermine in the uM range (Nilius, 2003;
Zakharov et al., 2003). The molecular nature of channels
carrying mlcat is not yet completely defined, but they appear
to be homo- or heteromultimers of transient receptor potential
proteins (Lee et al., 2003). At least one member of this novel
family of ion channels, TRPM4b, has been recently reported to
be potently blocked by internal spermine at all potentials
(Nilius et al., 2004).

mlcat is rather insensitive to the inhibitory action of
external PAs compared to some other channels. Spermine,
which was a more potent blocker compared to putrescine,
revealed a noticeable effect at concentrations in the range of
hundreds uM. The observed blocking action was most similar
to the blocking action of PAs on voltage-gated calcium
channels in ileal myocytes (Gomez & Hellstrand, 1995;
1999). Thus, PAs were able to affect calcium channels
both from the inside and the outside of the cell membrane;
spermine was a more potent inhibitor than spermidine, while
putrescine was inactive. Spermine (1 mM) blocked calcium
current by half from the outside and almost completely from
the inside of the cell membrane, as is the case for mlcar
inhibition.

Efficacy of the PA action typically correlates with the
number of positive charges on the PA molecule. Thus,
spermine, which has twice as many positive charges as
putrescine, was four times more potent.

It is unlikely that spermine crosses the membrane and then
interacts with the channels from the inside. Blocking action
of spermine and putrescine was fast and rapidly reversible
(Figure lc, inset). Also, under the experimental conditions
used in our experiments (e.g., room temperature, symmetrical
Cs™ solutions), PA transport is expected to be inhibited
(compare to Aziz et al., 1998). In ileal myocytes, single-channel

calcium currents in the cell-attached recording were unaffected
by the addition of spermine to the bath (Gomez & Hellstrand,
1999); thus spermine could not reach the inner part of the
membrane patch isolated from the external solution by the
pipette seal via its transmembrane transport.

The block of mlcat by intracellular spermine seems to arise
due to a more specific channel interaction with the spermine
molecule. The possibility exists that this interaction is not
direct. For example, PAs are well known to bind with
phospholipids. In rat GHj; cells, millimolar spermine has been
shown to inhibit polyphosphoinositide break-down and InsP;
production in response to stimulation by GTPyS (Wojcikie-
wicz & Fain, 1988). A similar effect on ileal myocytes has not
been reported, but spermine (1 mM) was shown to decrease the
contractile response to carbachol in Ca?*-free medium to 14%
of control in cells permeabilized with f-escin, whereas no effect
was seen in intact muscle (Swird ez al., 1994). As the responses
to InsP; and caffeine were potentiated, spermine does not seem
to inhibit Ca®* release directly. It is thus possible that
spermine can interfere with G-protein-mediated Ca>" release
at a point distal to receptor activation. The mechanism of this
action is therefore likely to involve decreased formation of
InsP; from phosphatidylinositol 4,5-bisphosphate catalysed by
phospholipase C.

Recent studies of mlcat modulation have shown that
phospholipase C inhibition greatly decreases this current and
positively shifts the activation curve (Zholos et al., 2004a).
Thus, this mechanism can be partially involved in the
inhibition of mlcat by spermine, at least when spermine
concentration in the pipette solution was high. On the other
hand, at lower spermine concentration, phospholipase C
inhibition is less likely to be involved since large initial
transient mIc,r was observed in perforated patch experiments
when the concentration of endogenous spermine was pre-
sumably about 0.3 mM. This current is thought to be due to
InsP;-induced Ca?* release (see Zholos et al., 2003 for a
review); thus, production of InsP; remains sufficiently high to
cause substantial Ca®* release.

Intracellular concentration of spermine in the guinea-pig
ileum is close to that which we have used in the present
experiments. The blocking action of intracellular spermine at
0.3mM on the current may thus indicate that this PA plays a
role in the functional regulation of the muscarinic cation
current.

In conclusion, our present results provide new insights into
the mechanisms of PA-dependent regulation of smooth muscle
excitation and contraction. mlcar tonic inhibition by PAs can
be functionally relevant, since PA metabolism changes under
both physiological and pathophysiological conditions. How-
ever, the inhibitory action of PAs on smooth muscle excitation
(inhibition of mIcst as shown in the present study and voltage-
gated Ca®>" channels as shown earlier by Gomez & Hellstrand,
1995; 1999) could be at least partially compensated by the
potentiating effect on muscle contractility, since PAs can also
increase sensitivity of the contractile proteins to Ca>* through
inhibition of myosin phosphatase (Swird et al., 1994; Nilsson
et al., 2002).
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