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SPECIES-RELATED DIFFERENCES IN THE PROPERTIES OF RECEPTOR-
OPERATED TRPC4 CHANNELS IN INTESTINAL MYOCYTES OF RODENTS

INTRODUCTION

Received December 20, 2014

TRPC4 proteins form receptor-operated cation channels that are activated in synergy by M,
and M, acetylcholine (ACh) receptors coupled to G, and G, proteins, respectively. These
channels are widely expressed in the brain and smooth muscles where they perform a number
of important functions, including control of GABA release from the dendrites and cholinergic
excitation of smooth muscles. The biophysical properties of TRPC4 currents directly activated
by GTPyS in mouse cells remain mostly unknown. We, thus, aimed to investigate these
channels in mouse ileal myocytes where a prominent TRPC4-mediated cation current termed
ml_,, is observed, and to compare the behavior of this current with that of the better studied
ml_,, in guinea-pig myocytes. Although the respective cation current responses to carbachol
(CCh) at =50 mV (i.e., at the value close to the normal resting potential in these cells) were
highly similar, mI_,; in the mouse lacked the permissive action of intracellular Ca** on channel
opening. The slope factor of the muscarinic cation conductance, which is a defining property
of voltage-dependent behavior, was identical in both species. There were differences in the
potential at which the current peaked at negative potentials, but not in the maximal current
densities. Major differences were found in the kinetics of ml_,; voltage-dependent relaxations,
which were much faster in the mouse. The above rodent species employ two different
strategies for the open probability increase by activated G-proteins; the mean open time was
shorter in the mouse compared to that in the guinea-pig (15.1 + 5.2 msec, n = §, vs. 80.0 +
+ 19.7 msec, n = 9; P < 0.01). Correspondingly, the instantaneous frequency of channel
opening was much higher in the mouse (154.1 £ 18.8 sec™! vs. 70.2 = 7.3 sec™! in the guinea-pig;
P <0.001). These functional differences are based on the differences found in the corresponding
TRPC4 amino acid sequences of the two rodent species, which are mainly clustered in the
cytosolic C-terminus of TRPC4 protein.

Keywords: muscarinic receptors, receptor-operated cation channels, TRPC4, G-proteins,
species-related differences

typically expressed at a ratio of 4:1-5:1 [1]. Such
receptors mediate neurogenic visceral smooth muscle

G protein-coupled muscarinic acetylcholine recep-
tors (mAChRs) are widely expressed in various
visceral smooth muscles, in particular, in those
of the gastrointestinal tract, respiratory tract, and
genitourinary system. These receptors are pre-
dominantly represented by the M, and M, subtypes
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contractions. In this case, acetylcholine is the primary
excitatory neurotransmitter that causes membrane
depolarization, generation of an action potential
(AP), and intense Ca’" influx (mainly via L-type
calcium channels), thus causing myocyte contraction.
Muscarinic effects on smooth muscle ion channels are
very complicate (these effects involve multiple channel
types [2]). Nonetheless, activation of cation channels,
which generates an inward muscarinic cation current
termed ml_,., has been recognized as the key event
in the cholinergic excitation-contraction coupling in
gastrointestinal and other smooth muscles [2—-7].

A number of classical works on the ion nature of
the cholinergic control of gastrointestinal smooth
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muscles have been carried out using guinea-pig tissues
(mainly ileum and taenia coli) [8]. With the advent of
the patch-clamp techniques, the ileum and stomach of
the guinea-pig became tissues of choice for detailed
characterization of biophysical and pharmacological
properties of ml_,., as well as of signal transduction
pathways linking mAChRs to cation channels [3-6, 9].
These studies have provided a wealth of information
on the activation mechanisms of ml_,, (summarized
in Fig. 1A). Briefly, three crucial events resulting
in the muscarinic cation channel opening are the
following: (i) G, activation by the M, receptor
subtype that primarily controls channel opening [10,
11], (ii) subsequent activation of M, receptors coupled
to the G_,,/PLC/InsP, (phospholipase C/inositol

/11
trisphosp}?ate) system, which somehow enables and

potentiates channel opening [10], and (iii) a rise in
the intracellular free Ca** concentration ([Ca®'])).
Some minimal [Ca*'], level is critically required for
ml_,. (a permissive effect) in addition, a rise in the
[Ca*"], (a secondary effect with respect to membrane
depolarization) strongly potentiates and then inhibits
channel activity [12-15]. Moreover, ml_,, displays
a characteristic current-voltage (I-V) relationship;
the latter is doubly rectifying around the reversal
potential and U-shaped at negative potentials [16—18].
In addition, its voltage dependence is dynamically
regulated by G-protein activation [19].

More recently, we have validated a mouse model
for the study of mlI_,. [20]; this seemed to be very
useful in view of new opportunities for more accurate
identification of the channel gating mechanisms
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F i g. 1. Structural relations in guinea-pig and mouse TRPC4 proteins. A) General topology of the TRPC4 channel and the main signalling
events coupling M, and M, muscarinic receptor activation and the TRPC4 opening. B) 2D TRPC4 structure modeled with TMRPres2D
[29] transmembrane domalns of the channel are shown in the inset depicting several positively and negatively charged amino acid residues
in the TM1-TM6 segments. C) Positions of several structural domains (1) and CLUSTALX 2.1 [31] column scores for the aligned amino
acid sequences of mouse and guinea-pig TRPC4s (2); UniProtKB accession numbers: Mus musculus, QOQUQS; Cavia porcellus, B8Q884.
Positions of similar amino acid residues are indicated by open triangles.

P u c. 1. CtpyxTypHi B3aeMoBinHOCHHHM y OinkiB TRPC4 MOpchKOi CBUHKH Ta MUIII.
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in myocytes of genetically modified mice lacking
certain receptors, G proteins, or channel proteins.
Such experiments allowed us to obtain detailed
characteristics of the three distinct muscarinic
signalling pathways for cation channel activation in
murine gut smooth muscle cells lacking M, receptors,
M, receptors, or both [21]. These studies also revealed
the molecular counterparts of ml_,; this current
predominantly produced via TRPC4 and, to a lesser
extent, via TRPC6 channel proteins [22, 23]. Channel
identification, in turn, opened possibilities to develop
additional molecular approaches using TRPC4 proteins
heterologously expressed in HEK293 cells. This way,
several Ga, subunits (most importantly, Ga,,) have
been identified as direct activators of TRPC4, which
act via binding to a domain in the C-terminus of the
channel [24] (Fig. 1A). Hydrolysis of phosphoinositol
4,5-bisphosphate (PIP)) by PLC (an M, effect) is a
prerequisite for ml_,, generation, as at least the full-
length TRPC4a isoform is inhibited by PIP, [25].
The complex roles of intracellular calcium in the
ml_,. regulation may now also be better understood
considering that TRPC channels have multiple
calmodulin (CaM)-binding domains [26].

Considering the ever-growing list of sequenced
animal genomes and wide interest in receptor-operated
and sensory channels comprising the large ion channel
superfamily of TRPs [27], it is now timely to address
the structure/function relations in these channels
based on their species-related differences within
the Rodentia order. Such studies will undoubtedly
provide not only novel insights into the role of certain
naturally occurring structural differences, but also can
inform us of the most appropriate animal models for
translational research. Here, we analyzed structural
differences in guinea-pig and murine TRPC4 proteins.
It is shown by comparing corresponding native ml_,;
currents in ileal myocytes recorded under identical
conditions; although these channels share some major
voltage-dependent properties, there are considerable
differences in their intracellular calcium dependence,
and these channel structures employ different
strategies to increase the channel open probability by
activated G-proteins.

METHODS

Cell isolation. Adult (3 months) Balb/C male mice
weighing 30-35 g and male guinea pigs (300—400 g)
were euthanized by vertebral dislocation at the
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cervical level followed by immediate exsanguination.
The longitudinal muscle layer from the small intestine
(ileum) was quickly dissected and placed into modified
Krebs solution of the following composition (mM):
NacCl, 120; KCl, 6.0; CaCl,, 2.5; MgCl,, 1.2; glucose,
12, and HEPES, 10 (pH adjusted to 7.4 with NaOH).
Muscle strips were then kept for 3—5 min in a Ca*,
Mg?*-free solution (NaCl, 120; KCI, 6.0; glucose, 12,
and HEPES, 10; pH 7.4 adjusted with NaOH) where
they were cut into small (1-3 mm) pieces. For cell
dispersion, those were treated with collagenase type
1A (1.0 mg/ml), trypsin inhibitor (1.0 mg/ml), and
bovine serum albumin (1.0 mg/ml) at 36.5°C for 17—
18 min (mouse) or 25-28 min (guinea-pig); this was
followed by trituration until a cloudy cell suspension
was obtained.

Patch-clamp recordings. Transmembrane currents
were recorded in the whole-cell or outside-out con-
figurations of the patch-clamp techniques using an
Axopatch 200B voltage-clamp amplifier and Digida-
ta 1322A + pClamp 8 software (Molecular Devices,
USA). Patch pipettes, made from borosilicate glass
(outer/inner diameters, 1.5/0.86 mm, Harvard Appa-
ratus, USA) using a P-97 micropipette puller (Sut-
ter Instrument Co, USA), had a resistance of 3—5 MQ
when filled with the intracellular solution. Transmem-
brane currents were filtered at 2 kHz and sampled at
10* sec”'. In whole-cell measurements, the series resis-
tance was compensated for by ~ 65%, and the holding
potential was —40 mV. The steady-state current-volt-
age relationships (I-V curves) were measured using
slow-voltage ramps (6-sec-long duration from 80 mV
to =120 mV applied with 30-sec intervals). Muscarin-
ic cation channel currents were isolated using sym-
metrical Cs* solutions. The external solution contained
(mM): CsCl, 120; glucose, 12, and HEPES 10; pH ad-
justed to 7.4 with CsOH (total Cs* 125 mM), while the
pipette solution contained CsCl, 80; MgATP, 1.0; GTP,
1.0 (replaced by 200 pM GTPyS in some experiments);
creatine, 5.0; glucose, 5.0; BAPTA, 10; HEPES, 10,
and CaCl,, 4.6 (or, in some experiments, without add-
ed Ca?"); pH was set to 7.4 by adding CsOH (total Cs*
125 mM). The ml_,, was activated by applying a stable
muscarinic receptor agonist, CCh, at a submaximally
effective concentration (50 uM) [10] or by intracel-
lular infusion of guanosine 5°-O-(3-thiotriphosphate)
(GTPyS) by adding 200 uM of the latter to the pi-
pette solution (this maneuver activates G-proteins di-
rectly, i.e., bypassing the muscarinic receptors [28]).
All experiments were carried out at room temperature
(22-25°C).
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Materials. Most chemicals and reagents, including
collagenase 1A, bovine serum albumin (BSA), trypsin
inhibitor, carbamylcholine chloride (CCh), CsCl ,
BAPTA, GTPyS (tetralithium salt), creatine, HEPES,
ATP (magnesium salt), etc., were obtained from
Sigma-Aldrich Chemical Co. (USA).

Bioinformatics analysis. Visualization of the
two-dimensional TRPC4 structure was performed
using the “TransMembrane protein Re-Presentation
in 2 Dimensions” tool (TMRPres2D) [29]. Analysis
of amino acid sequences found in the UniProtKB
database was done using standard tools, such as the
Basic Local Alignment Search Tool (BLAST), Clustal
Omega alignment [30], and CLUSTALX 2.1 [31].

Data analysis. Data were analyzed, fitted, and
plotted using Clampfit 8 and/or Origin 2016 software
(OriginLab Corp., USA). All numerical values are
expressed below as means + s.e.m; N represents the
number of cells or membrane patches tested. The
Student’s #-test was used for statistical comparison, and
intergroup differences were accepted as statistically
significant at two-tail P < 0.05.

RESULTS AND DISCUSSION

Bioinformatics analysis. The ever-growing number
of sequenced animal genomes now allows researchers,
by amino acid sequence alignment, to evaluate the
evolutionary and structure-function relations between
different proteins. This analysis showed that TRPC4
homology in different species varied from 62 to 100%.
Here, we focused on the analysis of TRPC4 structural
relatedness in two rodent species only, the guinea pig
and the mouse, in which TRPC4-mediated ml_,; has
been most extensively characterized up to the single-
channel level [20, 21, 28]. Figure 1B shows the 2D
structural diagram of TRPC4. It is notable that charged
amino acids (AAs) are lacking in its transmembrane
(TM) segments, which is common for all other TRP
subtypes. It is, thus, puzzling that several TRPs
(including TRPC4s and highly related receptor-
operated TRPCSs, as well as several temperature-
sensitive TRPV1s, TRPAls, and TRPMS8s) show
prominent voltage-dependent gating [32].

Several structural features of TRPC4 already
described in the Introduction (see also a recent
comprehensive review [33]) are illustrated in Fig. 1C.
This receptor included six TM segments, a re-entry
pore-forming sequence (or P-loop, P), and a highly
conserved TRP domain containing the initial TRP box
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“signature” (EWKFAR), a Gai-binding site [24], and
four calmodulin-binding sites, one of which (CIRB)
also binds the InsP, receptor [34]. The PIP,-binding
site is not well defined, but a shorter TRPC4p variant,
lacking the indicated A84 AA stretch, is not inhibited
by PIP, [25]. While guinea-pig and mouse TRPC4s
show an overall 95.6% identity (among 977 AAs in
the guinea-pig and 974 AAs in the mouse, 935 AAs are
found in identical positions, and 29 AAs are in similar
positions), it is notable that 93% of all AA differences
are clustered in its distal C-terminal tail, while those
occurring in the N-terminus and within the TM region
are all similar substitutions (open triangles in Fig. 1C).
Thus, one can envisage that some major properties of
mouse and guinea-pig ml_,, may be highly similar,
especially considering the highly conserved channel
core of the TM1-TM6 region), while there may also
be differences in current regulation attributed to the
structural differences in the C-terminus.

Indeed, we have previously extensively studied
the voltage dependence of ml_,. in guinea-pig ileal
myocytes [19, 28, 35] and, to a lesser extent, in mouse
ileal myocytes [20], including the underlying single-
channel behavior, and noted relative similarities
in the single channel conductance (57 and 70 pS,
respectively) and Boltzmann factor (k) describing
the slope of the channel voltage dependence. At the
same time, the potential of half-maximal activation
(V,,,) and channel open probability (Po) seemed to be
sufficiently dissimilar in these two species. Here, we
provide a direct comparison of [-V curves measured
under identical conditions and for the first-time
address of the intracellular Ca® requirement of channel
activation. We also introduce a new model of GTPyS-
induced currents in mouse myocytes for systematic
analysis of the voltage-dependent relaxation kinetics,
expecting to identify some additional species-
dependent differences.

Analysis of CCh-induced mI_,,. Figure 2A shows
that the kinetics of ml_, induced by the receptor
agonist CCh were partically indistinguishable in the
two examined rodent species. On average, the rise
time from 10 to 90% of the maximal current amplitude
(t,,0,) Was 10.47 £ 0.70 sec in guinea-pig myocytes
(n = 17; ranged from 5.52 to 14.35 sec) and 10.95 =
+ 1.10 sec in mouse cells (n = 12; ranged from 5.90 to
16.52 sec).

Inoue and Isenberg [12] first noted the permissive
action of [Ca*"], on ml_,; in guinea-pig ileal myocytes.
In the mentioned experiments, 40 mM EGTA was used
to bring [Ca**] below 1 nM, and this procedure nearly
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abolished ml_,,. Using 10 mM BAPTA in the pipette,
we found that, without adding Ca** to “clamp” [Ca*'],
at 100 nM as normally, guinea-pig ml_,, in response
to 50 uM CCh application was negligible (—4.3 £ 1.9
pA at-50 mV, n = 3), but mouse ml_,; under identical
conditions was well-measurable (—137.6 £ 25.2 pA, n =
= 5). This was about 25% of the normal response at
the same potential with [Ca*"]. =100 nM (compare to
Fig. 2E). Two other, not yet molecularly identified,
cation channels with the unitary conductances of
10-17 and 130-140 pS make a relatively small
contribution to ml_,. [20, 21, 28]. Thus, we also
verified that the small ml_,, recorded with [Ca*],
below 1 nM has a voltage dependence typical of the
major TRPC4-mediated component of ml_,; (Fig. 2E,
dashed line). Thus, we can convincingly conclude
that, an important permissive effect of intracellular
Ca®" present in guinea-pig TRPC4 is lacking in mouse
TRPC4. The molecular basis of the Ca* dependence of
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F i g. 2. Comparison of carbachol (CCh)-induced ml,; in guinea-
pig and mouse ileal myocytes. A and B) Superimposed cation
current responses to 50 uM CCh application in the cells held at
—50 mV (guinea-pig, black lines; mouse, gray lines) recorded with
intracellular Ca?" strongly buffered at 100 nM (A) or at <l nM
[Ca*], (B, 10 mM BAPTA, no added Ca*" in the pipette solution).
C) Superimposed ml_, traces recorded in a mouse ileal myocyte in
the presence of 50 uM CCh in the external solution at different test
potentials ranging from —120 to 80 mV using the voltage protocol
shown in the inset. D) Corresponding I-V relationships of the peak
(squares) and steady-state (circles) currents during the voltage steps,
as shown by the respective symbols in C; the I-V curve measured
in the same cell by applying a slow 6-sec-long voltage ramp from
80 to —120 mV is also shown (gray line). E) Averaged I-V
relationships (means + s.e.m.) measured by voltage ramps in guinea-
pig (black line; n = 32) and mouse (gray line; n = 17) ileal myocytes
at the peak response to CCh (50 uM) application; for comparison,
dashed line shows the I-V curve measured in a mouse myocyte with
[Ca*]. <1 nM.

P u c. 2. [TopiBHSHHS 1HIYKOBAHUX aTUTIKAIIMU KapOaxoIy CTPyMiB
ml_,; y MionuTax ineymy MOPChKOI CBHHKH Ta MHIII.

TRPC4 is not yet known, but it is likely that the four
CaM binding domains (Fig. 1C) play a role. If so, it is
interesting to note that three AA differences are present
in one of the two CaM domains in the C-terminus, in
which an adjacent His-Phe segment in the guinea-pig
receptor is replaced by Asn-Leu in the mouse one. It
would be, thus, interesting to compare the intracellular
Ca?" dependence of TRPC4a and TRPC4p isoforms,
as both isoforms are naturally expressed in the mouse
intestine [25], but this CaM-binding domain is absent
in the shorter TRPC4p variant.

The voltage dependence of mouse ml_,, was further
examined in detail by applying voltage steps at
maximal current activation by CCh (Fig. 2C) and by
plotting both instantaneous and steady-state I-V curves
(Fig. 2D). We also verified that an I-V curve closely
similar to the latter could be obtained by applying slow
(6 sec) voltage ramps (Fig. 2D, gray continuous line).
This behavior is now well understood as the intrinsic
voltage dependence of ml_,, [16, 18] regulated by
G-protein activity [19], while quantitative analysis of
ml_,. voltage-dependent relaxations remains lacking.
Mean steady-state [-V relations of guinea-pig and
mouse ml_,, are compared in Fig. 2E. The V, , values
differed from each other somewhat (-78.3 £ 2.1 mV,
n=32vs. —64.6 £ 4.2 mV, n =17, respectively; P =
=0.002). At the same time, the Boltzmann slope factor
was practically identical (k=-15.9+ 0.7 mV vs. -16.1 +
+ 0.8 mV). Correspondingly, ml_,, peaked at —=70 mV,
producing a current density of —23.2 + 1.7 pA/pF in
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the guinea-pig and at —50 mV (-19.2 = 2.0 pA/pF)
in the mouse. Thus, the maximal current densities
(P =0.153), as well as the reversal potentials of these
currents (1.9 £ 0.3 mV vs. 1.7 £ 0.4 mV, respectively)
were nearly similar in both rodent species.

However, substantial differences were observed in
the ml_,, voltage-dependent relaxation kinetics. In
the guinea-pig, the deactivation time constant during
a voltage step to —120 mV was 178.9 + 18.3 msec
(n = 17) compared to 58.2 £ 4.6 msec (n = 28) in
the mouse (P < 0.0001), while the reactivation time
constant at —40 mV was 104.6 + 7.5 msec vs. 84.8 +
+ 5.7 msec, respectively (P < 0.05).

One difficulty in studying CCh-induced currents
is muscarinic receptor desensitization. Although it
can be alleviated by adding 1 mM GTP to the pipette
solution [35], one can notice the drift of the baseline
current before voltage steps during the time needed to
apply the required series of steps (Fig. 2C). We, thus,
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introduced a more robust model of GTPyS-induced
currents for studying mouse ml_, in more detail.
Analysis of GTPYS -induced ml_, . Figure 3A
shows a representative example of GTPyS-induced
currents in a mouse ileal myocyte recorded with a
combination of voltage steps to —120, 80, and —40 mV
and a ramp from 80 to —120 mV. This protocol allowed
us to examine [-V curves and, simultaneously, the
current relaxation kinetics. Following breakthrough at
time zero, the current slowly increased and reached
its maximum during 3-8 min in different cells. The
respective variations probably reflect differences in
the rate of GTPyS infusion depending on the access
resistance. After achieving the peak response, the
I[-V curves and current kinetics were examined
in more detail by applying voltage steps within
the entire range of potentials, from —120 to 80 mV
(Fig. 3C). These currents were similar to CCh-
induced currents (cf. Fig. 2C), with the advantage
that the baseline current remained stable, indicating
the negligible desensitization (at least during the time
of measurements) under conditions where G-proteins
were activated directly, bypassing mAChRs. An
analysis similar to the above-described was performed,
as illustrated in Fig. 3D, E. When summarizing these
results (guinea pig vs. mouse, respectively), the
maximal current density was observed at —72.8 mV
in the guinea-pig (-28.9 + 2.1 pA/pF, n = 21) and
at —58.5 mV in the mouse (-23.8 = 2.5 pA/pF, n =

F i g. 3. Comparison of intracellular GTPyS-induced ml_,; in
guinea-pig and mouse ileal myocytes. A) Voltage protocol and
corresponding superimposed cation current traces recorded in a
mouse ileal myocyte during GTPyS infusion via the patch pipette;
voltage pulses were applied, and currents were recorded at 30-sec-
long intervals beginning shortly (about 20 sec) after breakthrough
with 200 uM GTPyS in the pipette solution. B) Time course of
current amplitudes measured at —40 mV (holding potential),
—120 mV, and 80 mV, as indicated. C) Superimposed ml_,; traces
recorded at different test potentials (voltage protocol shown in the
inset) in the cell illustrated in A. D) Corresponding I-V relationships
of the peak (squares) and steady-state (circles) currents during the
voltage steps, as shown by the corresponding symbols in C; the
[-V curve measured in the same cell by applying a slow 6-sec-
long duration voltage ramp from 80 to —120 mV is shown by gray
line. E) Averaged I-V relationships (means + s.c.m.) measured by
voltage ramps in guinea-pig (black line; n = 21) and mouse (gray
line; n = 14) ileal myocytes at the peak response to GTPyS (200 uM)
intracellular application.

P u c. 3. [lopiBHAHHS 1HAYKOBAHUX BHYTPIIIHBOKIITHHHOIO Ti€IO
I'T®YyS crpymiBe ml_, y MionuTax ileyMy MOpPCHKOi CBHHKH Ta
MHUIII.

CAT
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= 14). The current densities in the two species did not
differ significantly from each other (P = 0.13), and
their reversal potentials were also nearly similar (1.7 +
+ 0.5 mV vs. 1.2 £ 0.6 mV). The slope factors of the
voltage dependence were also practically identical
(k =-17.6 £ 1.0 mV vs. —=16.0 £ 1.0 mV), but the
V,, values were clearly dissimilar (-82.4 = 1.7 mV vs.
—-65.8 £4.1 mV; P =0.0002).

Examination of the voltage-dependent relaxation
kinetics of mI_,,. Another important advantage of
using GTPyS rather than CCh for ml_,, activation
is that the activation phase is well spread in time;
this allowed us to repeatedly measure the ml_,;
kinetics during gradual build-up of the amount of
activated G-proteins; GTPyS binds to their a-subunits
spontaneously, slowly, and irreversibly. Typical current
traces illustrating alteration of the ml_,, deactivation/
reactivation kinetics along with accumulation of
activated G-proteins are shown in Fig. 4; panels A

and B are for the guinea-pig and mouse, respectively.
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The traces could be fitted well with single exponential
functions, as is shown by the superimposed smooth
black lines. Because of substantial cell-to-cell
variation of the time required for full activation of
ml_,. by GTPyS, averaged data are plotted against
the relative time to peak, which in different cells
ranged from about 3 to 8 min (Fig. 4C). This analysis
revealed that the deactivation rate in the guinea-pig
was not only slower compared to that in the mouse
but also was more dependent on G-protein activation.
Thus, the time constant showed an overall increase
to 230% in the mouse, which was in striking contrast
to the more than 21-fold change in the guinea-pig
(Fig. 4C, left panel). However, the reactivation kinetics
showed less dramatic species-related differences
(Fig. 4C, right panel). Interestingly, the mean values
were not crucially dissimilar shortly after breakthrough
(P = 0.131) but became very different at maximal
G-protein activation (P = 0.0003). Moreover, the
reactivation time constants in both species showed a
quite comparable dependence on G-protein activation;
an increase in the guinea-pig by 46% vs. 45% in the
mouse.

The faster deactivation kinetics of mouse ml_, is
a strong proof for a shorter channel open time. To
directly test such differences, the channel activities
recorded in outside-out patches excised from cells
stimulated by 50 uM CCh and held at =50 mV were
compared, as shown in Fig. 4D. Unitary currents were
somewhat larger in the mouse (peaks in the amplitude
histograms were —3.3 and —2.7 pA, which corresponded

F i g. 4. Comparative analysis of ml_, voltage-dependent
relaxation kinetics in guinea-pig and mouse intestinal myocytes. A
and B) During progressive ml ., activation by intracellular GTPyS
infusion, the ml_,; deactivation (1) and reactivation (2) kinetics
were examined at 30-sec intervals using the voltage protocol for
guinea-pig (A) and mouse (B) ileal myocytes shown in Fig. 3A.
Both ml_, deactivation and reactivation kinetics could be well
approximated by a single exponential function, as shown by the
superimposed smooth black lines. C) Mean time constants of
GTPyS-induced ml_,; deactivation at =120 mV (1) and reactivation
at —40 mV (2) in guinea-pig (squares; N = 21) and mouse (circles;
n=25) ileal myocytes. D) For comparison of single-channel gating,
outside-out patches isolated from guinea-pig (1) and mouse (2)
ileal myocytes were held at —50 mV in the presence of 50 uM CCh;
all-point amplitude histograms (bin size 0.1 pA) corresponding to
channel openings are shown in panel 3.

P u c. 4. IlopiBHANBHUI aHaNi3 KiHETHKH NOTCHIIaN3aJeKHOL

peiakcariil CTp.yMy mICAT Yy MionuTax KHUIIKIBHHKAa MOPCBHKOI1
CBHMHKHM Ta MHIII1.
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to 66 and 54 pS; cf. the previously reported average
values of 69 and 57 pS [20, 28]). In the open state,
currents were noticeably “noisier” in mouse myocytes
(hence, the peak in the histogram was wider), which
may be due to more considerable fluctuations in the
channel protein pore. The open probability was also
smaller in the mouse (Po=0.20 £ 0.04,n =8 vs. 0.58 =
+0.04,n=9; P <0.0001). The channel open probability
is determined by the ratio of the mean open time to the
closed one. Analysis of the difference in P_ revealed
that, indeed, the mean open time was considerably
shorter in mouse myocytes compared to that in
guinea-pig cells (15.1 £ 5.2 msec, n = 8 vs. 80.0 +
+ 19.7 msec, n = 9; P < 0.01). Correspondingly, the
instantaneous frequency of channel opening (which
is inversely proportional to the duration of channel
closings) was much higher in the mouse (154.1 +
+ 18.8 sec!vs. 70.2 + 7.3 sec’!; P < 0.001).

When summarizing these findings, we should state
that several biophysical properties of ml_,, are vir-
tually identical in guinea-pig and mouse myocytes.
These characteristics include the shape of the I-V
curves and the Boltzmann slope factor, which is the
most important parameter for the channel voltage
dependence. These findings are not surprising consi-
dering the high similarity of the TM1-TM6 region
that contains only two altered but similar in their
physicochemical properties amino acid residues
(Fig. 1C). This region (especially TM4), by analogy
with that in voltage-gated K* channels, is believed
to be involved in voltage-dependent gating of
such channels, although the origin of the voltage
dependence prominent in a few TRPs (including
TRPC4/5) remains a puzzle [32]. At the same time,
a number of other features we analyzed showed
significant species-related differences.

First, the permissive action of intracellular Ca®
is lacking in mouse TRPC4s. This fact is probably
related to structural differences in one of the CaM-
binding domains of these channels. Even more
striking are differences in the voltage-gated kinetics,
especially considering the conserved TM1-TM6
region. Obviously, an important part of the voltage
dependence has to be extrinsic with respect to this
region, most likely contained in the more variable
C-terminus. It is here where Ga, subunits bind [24],
and we found earlier that activated G-proteins not
only open muscarinic channels but also regulate their
voltage dependence [19]. Species differences in the
whole-cell and single-channel current kinetics reveal,
for the first time, that there exist two fundamentally
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different strategies for the P_increase in TRPC4 along
with G-protein activation. In the guinea pig, this is
achieved by the generation of relatively infrequent but
long openings. In contrast, shorter but more frequent
openings underlie the P_rise in mouse myocytes.
Investigation of the species-dependent differences
in ion channel behavior is promising for at least two
reasons. First, it is of a theoretical value for better
understanding of the structural basis of channel
activation and regulation, which relies on exploiting
naturally occurring protein differences. Highlighting
this point, recent bioinformatics analysis of a
large number of annotated TRP channel sequences
(2851 in total) in comparison with voltage-gated
K, 1-9 channels (3746 sequences) has revealed an
evolutionarily conserved gating mechanism for TRPs
[36]. Examination of species-related differences in
the TRPA1 cold sensitivity has revealed the molecular
determinant of these channels pinpointed to a single
amino acid residue in the TMS5 transmembrane
segment (Gly,,, in cold-sensitive rodent TRPA1 but
Val, in cold-insensitive primate TRPA1) [37]. In
another study, marked differences in the TRPV2
responses to heating and to a non-selective agonist,
2-APB, were shown to exist between heterologously
expressed mouse, rat, or human channels (notably,
human TRPV2 was found to be nonresponsive to
these activators) [38]. The growing list of such studies
within the TRP area has recently been reviewed [32].
Second, it is of considerable practical value for
translational research and drug development. For
example, blockers of TRPC4 hold promise as an
alternative to mAChR blockers (e.g., in asthma,
overactive bladder, and IBS), which are efficient but
lack the selectivity for mAChR subtypes and, thus,
cause strong multiple side effects. Channel blockers
fall into two main categories, those occluding the
channel pore and the so-called gating modifiers. Here,
we showed that different rodent species may use
different gating modes to increase P_. Thus, studies
of ml_,, in human tissues are ultimately needed, in
order to determine the optimal mechanism of channel
blocking in humans. In this relation, it is interesting
to note that the guinea-pig and mouse, both belonging
to the order Rodentia, have different lineages, namely
Rodentia—Hystricognathi—Caviidae—Cavia and
Rodentia—Sciurognathi—-Muroidea—Muridae—Murinae—
Mus—Mus. BLAST analysis showed that the closest
counterparts of human TRPC4, besides eight primates
that have the highest (99.5-98.8%) structural homology
but are rarely used in laboratories, are TRPC4s in the
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rabbit (98.7%), dog (98.2%), pig (97.4%), Chinese
hamster (97.4%), guinea-pig (97.1%), rat (97,0%),
and mouse (96.8%). Interestingly the inward current
evoked by mAChR stimulation in the small intestine
of the rabbit is generated predominantly via a Ca*"-
dependent mechanism rather than via a G-protein
one [39].

In conclusion, TRPC4 structural differences between
the two rodent species are mainly related to channel
regulation by G-proteins, likely via its C-terminus,
rather than via its core voltage-dependent properties.
The differences we described open new prospects for
further structure/function studies of mAChR-operated
cation channels in visceral smooth muscles.
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BUJIOBI PO3BI)KHOCTI BJIACTUBOCTEM KAHAJIIB
TRPC4 B MIOLIMTAX KUIIKIBHUKA I'PU3YHIB
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Pesowme

IIporeinn TRPC4 dopmyloTs penentopkepoBaHi KaTiOHHI Ka-
HaJM, AKi aKTMBYIOTHCA CHHEpridHOI0 Jicio Ha M - Ta M -
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AIeTUIXOJIHOBI peUenTOpH, BiAMOBIAHO MOB’s3aHi 3 Gq’,“-
ta G, -nporeimamu. Ili KaHanu INMPOKO €KCHpEeCOBaHi B
MO3KY Ta ITIaJIcHbKMX M’s3aX, ¢ BOHH BUKOHYIOTb YHCICHHI
¢hyHKIi1, B TOMY 4ucii 3a0e3meuyoun KOHTPOJIb BUBIIbHEHHS
I'AMK i3 genaputiB Ta xoJsiHepriuHe 30ym)KeHHS TIaJceHb-
kux M’s3iB. Bio¢izuuni BrnactuBocti crpymiB yepe3 TRPC4-
KaHalW, 1HAYKOBAaHHX Yy KIITHHAaX MHUIII OPAMOIO AI€I0
I'TdyS, 3anumarThca BETUKOIO MipoI0 HEBIZOMUMHU. ToMy MU
NOCHIKYBalH Ii KaHAJAW B MIOIUTAX TOHKOTO KHUIIKiBHUKA
MHUIII, B IKMUX CIIOCTEPIra€ThCs 3HAYHUN KaTIOHHUI CTPYM, OIO-
cepenxosanuit TRPC4 Tta nassanuit ml_, .. Mu nopisnioBanu
BJIACTHBOCTI JTAHOT'O CTPYMy 3 BIACTHBOCTSAMHM Kpalle BHUB-
yenoro ml.,, y miouurax mopcepkoi ceunku. Hespaxaio-
9Yd Ha Te M0 KaTiOHHI CTPyMHU micis amiikamii kapbaxo-
ny npu noteHuiaiai —50 mMB (To6To mpu 3HadYeHH1, OIU3BKOMY
10 HOPMaJbHOTO MOTEHIialy CIOKOIO B LHMX KIITHHAX) Oymu
ny)Xe MoAiOHMMH, BIJIMB BHYTPIIIHBOKJIITHHHOTO KaJbIil0
Ha BiAKPUBAHHS AOCIIJUKYBaHUX KaHAJIB IiJ 4ac BiABEACHHS
ml.,, y mumi O6yB BincytHiM. IIIBUAKICTE 3MiHKM MyCKapiHOBOi
KaTiOHHOT MPOBIJHOCTI, KOTpPa € BU3HAYaJIbHUM (PaKTOPOM
L1070 TTOTEHIIial3a1eXHOI MOBEAIHKN KaHAIIB, Y IBOX 3rafaHuX
BH/iB TpU3YyHIB Oylla MpakTHYHO igeHTHYHOW0. CrocTepiranucs
MOMITHI po30i1KHOCTI 3HAaUYeHb HETaTHBHHUX NOTCHIIaNiB,
HpU SKUX CTPYM AOCATaB MaKCUMyMy, allé MaKCHMallbHi
LIIBHOCTI cTpyMiB Oynu moxiOHumu. Haiibinbemi BigMiHHOCTI
Oynu BUSBIEHI B KiHETHLI MOTeHLiam3alexHoi perakcamii
ml_,;, KoTpa y mMumi Oyna 3Ha4HO WIBMAIIOI. Y BKa3aHHX
BHMJIIB TPU3YHIB BHUKOPHCTOBYIOTHCS JBi BigMiHHI cTparerii
MiABHUINCHHSA BipOTiAHOCTI BIAKPUTOTO CTAHY JOCIIIKYBaHUX
kaHaniB npu aktuBauii G-nporeiniB. CepeaHe 3HAUCHHS Yacy
BIIKPHUTOTO CTaHy y MHUIII Oyl0 3HAYHO MEHIIMM MOPiBHSHO 3
BiAMOBIAHUM MOKa3HUKOM y MOpchKoi cBUHKH (15.1 + 5.2 wmc,
n=28,vs 80.0 £ 19.7 mc, n = 9; P < 0.01). Bigmosiano, y
MHIII MUTTEBA YaCTOTa BiAKPHUBAHb KaHAJiB OyJa 3HaYHO BH-
o, HiXK y Mopchkoi cBuHku (154.1 + 18.8 ¢! vs 70.2 +
+ 7.3 ¢'; P <0.001). i ¢pyukuionanpHi pisHHULi po3risia-
IOTHCA SIK HACHIAOK CTPYKTYpPHUX PO301XKHOCTEH BiAMOBIIHUX
MOCJiJOBHOCTEH aMiHOKHCIOTHUX 3anuuikiB y Ginkax TRPC4
JIBOX BKa3aHUX BHUIIB rpusyHiB. [laHi po301’KHOCTI B OCHOBHO-
MY CKOHLIEHTPOBaHI B UTO30JbHUX C-3aKiHYCHHAX IEPBUHHUX
nociigoBHocTeit nporeinisa TRPCA4.
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