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Temperature-sensitive TREK currents contribute to setting
the resting membrane potential in embryonic atrial

myocytes

Hengtao Zhang, Neal Shepherd and Tony L. Creazzo

Jean and George Brumley, Jr. Neonatal-Perinatal Research Institute, Department of Pediatrics/Division of Neonatology, Duke University Medical Center,

Box 3179, Durham, NC 27710, USA

TREK channels belong to the superfamily of two-pore-domain K* channels and are activated by
membrane stretch, arachidonic acid, volatile anaesthetics and heat. TREK-1 is highly expressed
in the atrium of the adult heart. In this study, we investigated the role of TREK-1 and TREK-2
channels in regulating the resting membrane potential (RMP) of isolated chicken embryonic
cardiac myocytes. At room temperature, the average RMP of embryonic day (ED) 11 atrial
myocytes was —22 & 2 mV. Raising the temperature to 35°C hyperpolarized the membrane to
—69 + 2 mV and activated a large outwardly rectifying K* current that was relatively insensitive
to conventional K* channel inhibitors (TEA, 4-AP and Ba’?*) but completely inhibited by
tetracaine (200 uM), an inhibitor of TREK channels. The heat-induced hyperpolarization was
mimicked by 10 um arachidonic acid, an agonist of TREK channels. There was little or no
inwardly rectifying K* current (I, ) in the ED11 atrial cells. In marked contrast, ED11 ventricular
myocytes exhibited a normal RMP (—86.1 & 3.4 mV) and substantial Ix;, but no temperature-
or tetracaine-sensitive K* currents. Both RT-PCR and real-time PCR further demonstrated that
TREK-1 and TREK-2 are highly and almost equally expressed in ED11 atrium but much less
expressed in ED11 ventricle. In addition, immunofluorescence demonstrated TREK-1 protein
in the membrane of atrial myocytes. These data indicate the presence and function of TREK-1
and TREK-2 in the embryonic atrium. Moreover, we demonstrate that TREK-like currents have
an essential role in determining membrane potential in embryonic atrial myocytes, where I, is

absent.
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Background K* channels play an essential role in setting
the resting membrane potential (RMP) and modulating
action potentials (AP) in cardiac myocytes. An increase
in the RMP towards the potassium equilibrium potential
(Ex) during development, due to a gradual increase
in inwardly rectifying Kt current (Ig;), is one of the
most prominent changes in the membrane properties
of ventricular myocytes (Sperelakis & Shigenobu, 1972;
Sperelakis & Pappano, 1983). In contrast, atrial cells (ED
6—18) had a stable RMP of about —65 mV when measured
with microelectrodes at 30°C (Pappano, 1972, 1976). In
Pappano’s studies, the RMP was not significantly affected
by conventional K* channel inhibitors, 20 mm TEA and
low concentrations of Ba®* up to 1 mMm, consistent with
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an absence of Ig;. Furthermore, patch clamp analysis
indicated the absence of background currents at potential
between —50 and —30 mV in single chick embryonic atrial
myocytes at room temperature (Clay et al. 1988). These
reports led us to question the mechanism underlying
the RMP of embryonic atrial myocytes in the absence of
inwardly rectifying K™ currents. A potential candidate to
set the RMP is TREK-1, a member of the two-pore-domain
K" channel superfamily (K2P) and K2P channels are
thought to be involved in setting the RMP in mammalian
excitable cells (Lesage & Lazdunski, 2000).

TREK-1 is one of only a few identified heat-sensitive
channels (Benham et al. 2003). TREK-1 is in the
closed state at room temperature and is open at body
temperature (Maingret et al. 2000; Kang et al. 2005)
and therefore, could contribute significantly to the back-
ground K™ conductance in cells where they are expressed.
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The activation of TREK-1 produces a large background
K" conductance with a single-channel conductance of
48 pS at 5.4 mMm extracellular K™ and 101 pS in 145 mm
symmetrical intracellular and extracellular K™ (Fink ef al.
1996; Patel et al. 1998). Besides heat, TREK-1 is also
activated by membrane stretch, arachidonic acid or other
polyunsaturated fatty acids, volatile anaesthetics, intra-
cellular acid pH and ATP (Patel et al. 1998, 1999; Tan
et al. 2002). The TREK-1 channel is regulated by protein
kinase C (PKC)- and protein kinase A (PKA)-dependent
phosphorylation (Patel et al. 1998; Patel & Honore,
2001; Murbartian et al. 2005). PKC phosphorylation
is excitatory while PKA-mediated phosphorylation of
Ser-333 atthe C-terminal inhibits TREK-1 channel activity
(Murbartian et al. 2005). More interestingly, upon PKA
phosphorylation of Ser-333, TREK-1 channels switch to a
voltage-gated channel although only at positive potentials
and with a lower open channel probability (Bockenhauer
et al. 2001). These unique properties of TREK-1 suggest
the importance in stabilizing the membrane potential,
modulating the action potential duration and cardiac
excitability in response to a complex milieu of regulatory
stimuli.

Members of the TREK family have similar biophysical
and pharmacological properties. TRAAK and TREK-2 are
mainly expressed in mammalian brain (Fink et al. 1998;
Goldstein et al. 2005) but in some cases has been found at
a much lower level in mammalian heart (Gu et al. 2002;
Ozaita & Vega-Saenz de Miera, 2002). On the other hand,
functional TREK-1 channels are expressed in the rat heart
(Aimond et al. 2000; Terrenoire et al. 2001; Liu & Saint,
2004; Kelly et al. 2006; Li et al. 2006), having a role in
the repolarization of cardiac action potentials and could
contribute to clinically important arrhythmias (Kelly et al.
2006). However, the existence and functional role of TREK
channels in embryonic heart has not previously been
demonstrated. The present report provides direct evidence
that heat-activated TREK-like K* channels significantly
contribute to setting the RMP of chick embryonic atrial
myocytes at ED11 (mid-gestation in chick) while I, plays
the predominant role in ventricular myocytes at this stage
of development.

Methods

All of the experiments were carried out in accordance with
the guidelines laid down by the Institutional Animal Care
and Use Committee of Duke University Medical Center.

Myocyte isolation

Fertilized Ross Hubert chicken eggs (Goldkist Hatchery,
Siler City, NC, USA) were incubated at 37°C and
70% relative humidity until they reached embryonic
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day 11. EDI11 embryos were decapitated, and hearts
were quickly excised and transferred to sterile PBS
solution. The ventricle and atria were separated before
the enzymatic digestion. For the preparation of atrial
myocytes, only auricles were used to prevent
contamination from other heart tissues. The atria
and ventricles were then incubated for 10min
in Ca®t-free Ringer solution containing 0.1 mgml™!
Trypsin, 1 mgml~! collagenase and 0.2 mgml~' bovine
serum albumin at room temperature. Three digestion
steps (8 min each) were subsequently carried out at
37°C with gentle stirring. The dissociated myocytes were
collected, centrifuged and resuspended in Modified M-199
medium (Gibco Corp.). The isolated myocytes were then
incubated overnight in a plastic Petri dish to which the
myocytes did not attach. The myocytes were used within
24 h of dissociation.

Electrophysiological recordings

Small aliquots of myocytes were aspirated from the Petri
dish and transferred to a recording/perfusion chamber
(250 ul maximum volume; Warner Instruments). The
myocytes were perfused in normal Tyrode solution
containing (in mM) NaCl 135, KCI 5.4, MgCl, 2, CaCl,
1.8, Dextrose 5.5, Hepes 10 and pH 7.4. The temperature
of the perfusing solution was controlled by means of
a Fisher thermal cycler (Fisher Scientific Corp.). Patch
pipettes were pulled from 1.5 mm diameter borosilicate
glass (Sutter Instrument Corp.) and had a resistance of
2—-4 M2 when filled with solution containing (in mm) 145
KCl, 5 MgATP, 0.5 EGTA, 2 MgCl,, 10 Hepes and pH 7.2.
The liquid junction potential was nulled before the pipette
contacted the myocyte. Whole-cell currents were filtered
at 2kHz and sampled at 5kHz with an AxoPatch 200B
voltage-clamp amplifier and a Digidata 1322A converter
(Molecular Devices). Membrane potentials were recorded
in current-clamp mode after establishing the whole-cell
configuration.

The inwardly rectifying K* and voltage-gated K*
currents were blocked by a cocktail of ‘conventional’
K* channel inhibitors containing 10 mMm tetraethyl-
ammonium-Cl (TEA), 1 mMm4-aminopyridine (4-AP) and
200 um BaCl,. Osmolarity was maintained by replacing
NaClin the extracellular Tyrode solution. ZD-7288 (5 M)
was also included with the conventional inhibitors to
block hyperpolarization-activated pacemaker current I.
All chemicals were purchased from Sigma except for
ZD-7288 which was purchased from Tocris Cookson Inc.,
MO, USA.

Total RNA isolation and RT-PCR

The ventricles and atria of ED11 embryos were dissected
and immediately homogenized in the presence of 1%
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B-mercaptoethanol (B-ME, Sigma). Total RNA was
prepared by using the Qiagen RNeasy kit (Qiagen).
Possible genomic DNA contamination was eliminated
by on-column DNasel treatment (supplied with kit by
Qiagen). Two-step RT-PCR and real-time PCR were used
to study the expression of TREK-1 and TREK-2 in chicken
EDI11 embryonic heart. Generally, 1 ©g DNase I-treated
total RNA was used to synthesize the first strand cDNA
by Bio-Rad iQ reverse transcriptase (Bio-Rad Corp.). The
reverse transcription (RT) reaction was terminated by
heating to 85°C for 5 min. Prior to PCR and real-time
PCR experiments, the synthesized cDNA was diluted
10 times to minimize inhibitory effects. A 2.5 ul
volume of the diluted cDNA was mixed with primers
(0.25 umoles1™'), PCR supermix and water to a final
volume of 20 ul. Specific primers for TREK-1 and TREK-2
were designed from the cDNA sequences predicted from
the chicken genome (accession number XM_001234629

and XM_428902) and spanned an intron: sense
5-TTGCTCTTCCTGCGGTTATATT-3" and antisense
5-TAACCAGTCTCCAATCATGCTG-3" for c¢TREK-1

and sense 5'-TTAAGGGTCCTGTCCAAGAAGA-3' and
antisense 5'-CTGTTGTTGATGCTTTCCTGAG-3" for
TREK-2. Glyceraldehyde-3-phosphate dehydrogenase
(cGAPDH) was used as an internal control (sense
5-TGGGAAGCTTACTGGAATGG-3' and antisense
5-ACCAGGAAACAAGCTTGACG-3/, accession number:
NM_204305). RNA without RT was used as a PCR control
(NRTC) to monitor the genomic DNA contamination
and PCR without cDNA template was used as a negative
control (NTC). PCR cycling conditions were as follows:
a 2 min inactivation step at 94°C followed by a total of
4045 cycles for melting, annealing and extension steps.
SYBR Green-based real-time PCR was used to quantify
the expression of TREK-1 and TREK-2 in chicken
ED11 embryonic heart. A 10 ul volume of SYBR Green
supermix (Bio-Rad Corp.) was mixed with primers,
target template and water to a final volume of 20 ul. PCR
amplification was detected at a 10s additional step at
80°C just after the extension step to minimize possible
primer dimerization and any non-specific amplification.
Real-time experiments were performed on a Bio-Rad
iQ5 96-well PCR thermal cycler with an optical module
(Bio-Rad Corp.). Primer specificity was checked by
melting curves after PCR reactions. The expression of
TREK channels was normalized to the reference gene,
GAPDH, by using standard curve methods (Muller et al.
2002).

Immunofluorescence

Isolated myocytes were plated on laminin-coated
coverslips and were cultured overnight. The cells were
rinsed with PBS and fixed in 4% paraformaldehyde for
20 min, permeabilized with 0.5% Triton X-100 in PBS for
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10 min and then blocked with 10% goat serum for 1 h.
The primary TREK-1 antibody was then incubated with
fixed cells at 4°C overnight. TREK-1 polyclonal antibody
prepared against a highly conserved amino acid sequence
was purchased from Sigma and diluted 100 times before
use.

Data analysis

All data are presented as mean & S.E.M. For statistic
analysis, Student’s ttest or one-way ANOVA was used
to determine statistic significance. A P value < 0.05 was
considered to be significant, and is indicated with an
asterisk.

Results

Heat-induced stabilization of membrane potentials
in ED11 atrial myocytes

The temperature sensitivity of the RMP was determined
by means of current clamp in single ED11 atrial cells

(Fig. 1). Patch-clamp seals were obtained at room
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Figure 1. Effect of temperature, conventional K* channel
inhibitors (K-Ins) and tetracaine (TET) on resting membrane
potential (RMP) in ED11 atrial myocytes

Chicken ED11 atrial myocytes were perfused in normal Tyrode solution
at room temperature (RT; 20 & 2°C). Membrane potentials were
recorded in current-clamp mode after formation of the whole-cell
patch-clamp configuration. A, an example record of membrane
potentials illustrating increased polarization when raising the bath
temperature to 35°C and the effects of inhibitors. B, bar graph
illustrating the mean increase in RMP when going from RT to 35°C

(n =9). Note that RMP at RT is an average of oscillating potentials. C,
summarized change in RMP after addition of K-Ins and K-Ins plus TET
(n =5). Data were presented as mean =+ S.E.M.
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temperature (20 & 2°C). At room temperature, most of
these myocytes did not exhibit spontaneous activity and
showed a low RMP with an average of —22.0 £ 1.9 mV
(n=9; Fig. 1 B). Membrane potentials fluctuated between
—49 and —20 mV (Fig. 1A). Raising the temperature to
35°C gradually hyperpolarized the membrane potential
to —69.0+1.7mV (n=09; Fig.1B) and stabilized the
membrane potential as shown in Fig. 1A. These results
were consistent with earlier studies carried out at 30°C or
room temperature (Pappano, 1972, 1976; Clay et al. 1988).

The current due to TREK channels is relatively
insensitive to Ba?*, 4-AP and TEA at the concentrations
that are usually employed to block Kt currents while
200 uM tetracaine inhibits TREK-1 (Patel et al. 1998).
Therefore, to determine the currents underlying the
heat-induced stabilization of membrane potentials, we
employed a cocktail of conventional K* channel inhibitors
(K-Ins; in mm: TEA 10,4-AP 1, Ba?* 0.2) to block inwardly
rectifying and voltage-gated Kt currents, and ZD-7288
(5 uM) to inhibit the hyperpolarizing activated current
(If). The application of conventional inhibitors (K-Ins)
depolarized the membrane by 18.5+3.0mV (n=>5) at
35°C (Fig. 1B). Subsequent addition of 200 M tetracaine,
a TREK-1 channel inhibitor, depolarized the membrane
by an additional 30.9 + 1.7 mV (n = 5; Fig. 1B). Since I
is activated at more positive membrane potentials, the
second depolarization is more likely to be due to block
of TREK-1. Washout of the conventional inhibitors and
tetracaine restored the RMP to the level observed when the
temperature was initially raised to 35°C (Fig. 1A). These
data indicate that a stable, hyperpolarized RMP in these
myocytes requires a temperature in the normal physio-
logical range and the activation of a tetracaine-sensitive
background current. These results are consistent with the
presence of a current due to TREK channels, i.e. a current
that is heat-activated, resistant to conventional K™ channel
inhibitors and blocked by tetracaine.

Temperature-sensitive background K+ current

To demonstrate the existence of a temperature-sensitive
background K* current, atrial myocytes were warmed
after being voltage-clamped to a holding potential of
—40mV and inhibitors were applied using the same
protocol indicated for the data in Fig. 1 (Fig. 2). After
establishing the whole-cell condition with the cell at room
temperature, a voltage-step protocol was applied every
10s to continuously monitor the background current
at —80, —40 and +60 mV as the cell warmed (Fig.2B
inset). Raising the temperature to 35°C produced a gradual
increase in the outward currents at all potentials positive
to —80 mV, and only a small change in the background
current near Ex at —80mV, as expected of a purely
K* background current. Application of conventional K™
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channel inhibitors and ZD-7288 decreased the outward
current at +60mV by 53.4% and at —40mV by
about 80.6% (Fig.2A, point b). Subsequent addition of
tetracaine inhibited all of the remaining outward current
at both potentials (Fig. 2A, point c¢). The current partially
recovered during a brief washout period. These results
demonstrate the presence of a temperature-sensitive K™
current that is activated at potentials too negative to
activate Iy and is noisy and time independent. A sub-
stantial portion of the measured current was not blocked
by the cocktail, but was blocked by tetracaine, a drug
known to block TREK channels. The cocktail itself
probably blocked 25% or more of any TREK-like current
present (Meadows et al. 2000; see Discussion), so it appears
that the measured current may be mostly TREK currents.
In fact, at —40 mV, where Ix is not activated and there
is little Ig;, the cocktail blocked 80% of the current,
suggesting that most of the heat-activated current at
—40 mV was due to TREK channels.

In other experiments, a complete current—voltage
relationship (I-V) of EDI1 atrial myocytes was
determined by averaging the current over 50 ms near the
end of 400 ms pulses between —120 mV and +60 mV
from a holding potential of —40mV, first at room
temperature, then at 35°C (Fig. 3). The -V at room
temperature showed relatively little inward or outward
current (Fig.3B and D). Raising the temperature to
35°C increased time-independent background current
substantially and particularly in the outward direction
(Fig. 3A and D). Upon warming, the currents at +60 mV
increased from 5.8 + 0.6 to 53.8 £ 11.8 pApF~! (n=13,
P < 0.005), a ninefold increase. At positive potentials,
the current also showed some time dependence along
with deactivating tail currents, indicating the presence
of delayed rectifier current (Ix). However, the major
component of the temperature-sensitive current was not
time dependent (Fig.3C). The current became quite
noisy at positive potentials, consistent with the pre-
sence of large-conductance background channels. The
I-V relationship of the temperature-sensitive current has
a reversal potential near —80 mV, but also reaches a
maximum at positive potentials (Fig. 3D, open triangles),
indicating the existence of a large-conductance back-
ground K* channel in the atrial myocytes.

The temperature-sensitive background K* current
is blocked by tetracaine

To characterize the temperature-sensitive background K*
currents, we employed a voltage ramp protocol shown in
the inset of Fig. 4A in ED11 atrial myocytes. Myocytes were
held at —60 mV and depolarized to 0 mV for 100 ms before
initiating a 1 s hyperpolarizing ramp from 0 to —120 mV.
Voltage-gated Na® and Ca®* channels were inactivated
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by this protocol. In the background range of potentials
we could detect no tetracaine-sensitive currents in ED11
atrial myocytes at room temperature, though there was a
small current that was completely blocked by the cocktail
(Fig.4A). The reversal potential of the blocked current
was between —50 and —60 mV and that could reflect the
presence of I, activated during the repolarizing ramp.
The addition of tetracaine produced no further effect and
indicated the absence of TREK-1 at room temperature.
Results from six cells are summarized in Fig. 4B, showing
that all of the background current at room temperature is
blocked by the inhibitor cocktail and none is blocked by
tetracaine applied after previous blockade by the cocktail.

In contrast, a large outwardly rectifying current was
activated at 35°C, with a reversal potential near Exg
(Fig. 4C). Addition of conventional K* channel inhibitor
cocktail inhibited about 60% of the current (Fig. 4Cand D,
filled squares). Subsequent addition of tetracaine reduced
the membrane current to a simple leak current (Fig. 4C).
The tetracaine-sensitive current and cocktail-blocked

-100

Figure 2. Effect of temperature, conventional K*

channel inhibitors (K-Ins) and tetracaine (TET) on

membrane current -40
Heat slowly activates time-independent currents at
positive potentials in ED11 atrial myocytes. A, the
myocyte was held at —40 mV, hyperpolarized to

—80 mV for 400 ms and subsequently depolarized to
—40 mV for 200 ms and +60 mV for 400 ms. The
protocol was repeated every 10 s. The magnitude of the
current at the end of the 400 ms steps to —80 (@), —40
(A) and +60 mV (M) are plotted over time. lllustrated
are the effects of temperature, K-Ins, K-Ins plus TET, and
partial washout of inhibitors. B, representative
recordings of currents during a single experiment using
the voltage-step protocol shown in the inset. The data
were taken at the time points indicated in A.
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current have a very similar I-V, particularly at potentials
positive to the K™ equilibrium potential (Fig.4D). This
result is consistent with the idea that most or all of the
heat-sensitive current is due to TREK channels.

Expression of TREK-1 in chick ED11 atrial myocytes

The TREK family is composed of TREK-1, TREK-2 and
TRAAK. We next examined gene and protein expression of
TREK-1 and TREK-2 during chicken heart development.
As the first approach, the rat TREK family member
(KCNK2, KCNK4 and KCNKI10) coding sequences
were used to blast the chicken genome. The results
yielded the complete, predicted cDNA sequences for
c¢TREK-1 and ¢TREK-2 (genebank nos, XM_001234629
and XM _426457). No TRAAK sequence was found in the
chicken genome even with a reduced complexity search or
more conserved region in TRAAK. Although we could
not rule out the possibility of TRAAK expression in
chicken embryonic heart, it is unlikely to be dominant.
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Using two-step RT-PCR, we found that both TREK-1 and
TREK-2 were expressed in ED11 atria, but very little
in ED11 ventricles (Fig.5A). Relative quantification of
TREK-1 and TREK-2 expression was done with SYBR
Green-based real-time PCR. The real-time PCR data are
summarized in Table 1 and Fig.5C. The results show
that TREK-1 and TREK-2 are almost equally expressed
in chicken ED11 embryonic atria and suggest that both
could contribute to TREK-like currents.

However, mRNA expression levels do not necessarily
indicate functional channel expression. Therefore, we
used immunofluorescence to demonstrate the presence
of TREK-1 channels in the cultured ED11 atrial cells
(Fig. 5D). Importantly, surface membrane expression of
TREK-1 channels was apparent both in the rounded
myocytes used for patch clamp, and in well-attached
myocytes that were spreading.

Lack of tetracaine-sensitive currents
in ED11 ventricular myocytes

In contrast to the PCR results for atria, only faint,
barely detectable bands were observed in ED11 ventricles.
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This allowed us to compare the electrophysiological
and pharmacological properties of cells from embryos
of the same age with and without the presence of
TREK-1 channels. Ventricular myocytes from chicken
embryos have been shown to have a stable RMP
similar to adult heart even when measured at room
temperature (Sperelakis & Shigenobu, 1972). There is
no temperature-dependent difference in the RMP in
ventricular cells (—90.8 & 3.2 mV at room temperature,
n=2,and —83.0 = 4.8 mV at 35°C, n = 3). We therefore
repeated with EDI11 ventricular cells some of the
experiments we had previously carried out in atrial cells
(Fig. 6).

Figure 6A shows representative recordings of currents
during a 1s voltage ramp from 0 to —120 mV at room
temperature. There was a strong inwardly rectifying
current, probably Iy, that was completely inhibited by
conventional K channel inhibitors (Fig.6A, blocked
current shown in inset). As in the atrial cells, there was
essentially no tetracaine-sensitive background K* current
in the presence of conventional K™ inhibitors in the ED11
ventricular cells when measured at room temperature
(Fig. 6A and B).

C Difference Currents

—o— RT E 70
D —=- 35°C <
=8 Difference =~ 50

Vi (mV)

Figure 3. Effect of temperature on K* currents in ED11 atrial cells

A, the current recorded at 35°C at various potentials. Inset indicates the voltage-step protocol. B, current at
room temperature (RT). C, subtracted difference currents. Note the increase in instantaneous and time-dependent
currents with increased temperature (discussed in text). D, mean current-voltage relationships showing outward
rectification and a much larger current at 35°C with reversal near £ (n = 13).
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However, at 35°C, the ventricular cells were not at
all like atrial cells with respect to tetracaine-blockable
currents. In atrial cells, raising the temperature activated
about 40 pA pF~! of current at 0 mV and 20 pA pF~! at
—40mV (Fig. 4), about 60% of which was blockable by
conventional inhibitors and the remainder by tetracaine
(Fig. 4). In contrast, raising the temperature to 35°C in
ventricular cells reduced inward currents (n=9). There
was a small current activated in ventricular cells at positive
potentials that was completely blocked by tetracaine, but
not by conventional K* inhibitors (Fig.4D). The most
striking difference between the atrial and ventricular
cells was the appearance of the background current in
atrial cells when the bath temperature was raised and
the complete absence of this phenomenon in ventricular
cells (cf. Figs3 and 6). The simplest explanation for
this difference is that atrial cells have the strongly
temperature-sensitive TREK channels while ventricular
cells do not.
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Table 1. Summary of real-time PCR in chicken ED11 embryonic
heart

Gene Tissue PCR efficiency  Threshold cycle n
GAPDH  ED11A 2.0606 16.36 + 0.06 9
ED11V 16.72 + 0.07 9
TREK-1 ED11A 1.928 29.66 +0.12 9
ED11A 31.94+0.18 8
TREK-2 ED11A 1.8516 31.57 £ 0.12 14
ED11V 34.72 +0.18 12

Effect of arachidonic acid on membrane potential
of ED11 atrial myocytes

TREK channels are known to be activated by arachidonic
acid (AA) (Patel et al. 1998). Thus, if the change in
resting membrane potential observed in the atrial cells
upon warming was indeed mostly due to the activation
of TREK channels, AA should produce a similar change
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Figure 4. Tetracaine-sensitive current is not detectable at room temperature (RT) but is present at body

temperature in atrial myocytes

A, representative recordings in an atrial myocyte of the current at RT, in the presence of conventional K* channel
inhibitors (K-Ins), and K-Ins plus 200 um tetracaine (TET) using the voltage-ramp protocol shown in the inset. TET
had no further effect on the whole-cell currents in the presence of K-Ins. B, mean /-V relationships of difference
currents comparing conventional K™ inhibitor (K-Ins)-sensitive current and TET-sensitive current (n = 6). Note that
TET-sensitive current is essentially absent. IV curves are the average data plotted every 10 mV. C, representative
current records from an atrial myocyte at body temperature. Illustrated are the currents at 35°C in the absence
of inhibitors, in the presence of K-Ins, and K-Ins plus TET. D, mean difference currents illustrating the K-Ins- and

TET-sensitive currents (n = 5).
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in the RMP with the cells at room temperature. Indeed,
when ED11 atrial myocytes were exposed to 10 uM AA at
room temperature, the RMP increased rapidly to nearly
—70mV and this change in potential was reversed by
the application of 200 uM tetracaine (Fig. 7). The mean
RMP in these experiments was —28.6 £ 2.6 mV in the
absence of AA and —56.6 &+ 8.2 mV in the presence of AA
(n=26, P=0.003), while tetracaine reduced the RMP to
—15.2+3.4mV (n=6, P=0.007). Taken together, these
results are a strong indication that TREK channels are
the major contributor to RMP in the embryonic chick
atrium in contrast to the ventricle which relies on inwardly
rectifying Kt channels.

Marker a b

1kb

250 bp

ED1IAEDIIV NTG NRTG ED11A EDIV NTG
TREE-1 TREK-2

ED11A EDIIV NTG
GAPDH

0.0006

00005 [ T

0.0004

0.0003

Arbitrary Unit

0.0002

0.0001

ED11A EDN1V
TREK-1

ED1A EDNYV
TREK-2

H. Zhang and others

J Physiol 586.15

Discussion

Generally, the inwardly rectifying potassium channel (Ix;)
is predominant in determining the RMP in adult working
myocardium. In this report, our electrophysiological
and expression data together confirm the presence of
functional TREK-1 and TREK-2 K* channels as well as a
significant role for these channels in setting the membrane
potential in the embryonic atrium. This is the first report
to demonstrate a functional role for TREK-1 and TREK-2
in maintaining and stabilizing the RMP in embryonic
atrial myocytes. Since the embryonic chicken atrial cells
lack Iy, (Fig. 3), our results show that the current we
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Figure 5. Gene and protein expression of TREK-1 in chicken ED11 embryonic heart

A, RT-PCR showing TREK-1 and TREK-2 expression in ED11 embryonic heart. GAPDH was used as internal control
(b) and PCR without cDNA template was used as a negative control for each set of primer pairs (NTC). Also,
PCR with RNA having no reverse transcription was used to monitor the genomic DNA contamination (NRTC, a).
The sizes of PCR products for GAPDH, TREK-1 and TREK-2 are 298, 221 and 293 bp, respectively. Forty cycles
of PCR amplification were used in this experiment to ensure that there is no genomic DNA contamination and
PCR amplification is optimal for further real-time PCR studies. B, the representative real-time PCR amplification
of reference and target genes, GAPDH (squares), TREK-1 (triangles) and TREK-2 (circles). Threshold cycles were
automatically calculated using Bio-Rad iQ5 software. The red filled symbols are for ED11 atria and open symbols
for ED11 ventricles. C, the normalized expression of TREK-1 and TREK-2 compared to a reference gene GAPDH. D,
antibody staining of TREK-1 in cultured ED11 atrial cells. Red indicates TREK-1 and blue is DAPI nuclear staining.
The inset indicates staining of a round atrial myocyte similar to that used for patch-clamp studies (see Methods).
TREK-1 is clearly expressed in the surface membrane of ED11 atrial cells.
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identify as being carried by TREK channels is sufficient
and apparently necessary to maintain the RMP near Ex.

TREK channels in the embryonic atrium

Our studies of the functional role of TREK-1 channels
in chicken embryonic atrial cells is based on the
pharmacological and biophysical properties of TREK-1
channels, which are relatively insensitive to conventional
K" channel inhibitors such as TEA, 4-AP and Ba’** but
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are strongly inhibited by local anaesthetics including
bupivacaine and tetracaine (Fink et al. 1996; Patel et al.
1998; Kindler et al. 1999). Although tetracaine-sensitive
background K channels could include other K2P
channels, the other K2P channels have different
sensitivities to tetracaine and to the activators of
TREK channels (Kindler et al. 1999). For example,
the concentration of tetracaine used in this study is
not enough to block TASK channels (ICs, 668 M) and
TALK channels are activated by alkaline pH. Of all

C
40¢
-40
T -80
-120
~160b/ Ry
-120 100 -80 60 -40 -20 O
Voltage (mV)
D
0
-5}
T ¥
Z 10 / =a—:RT
) w - 35°C
Ir /l —¥— K-Ins
_15]. Y -6~ K-ns + TET
20+ |

-110 -80 -70 -50 -30 -10
Voltage (mV)

Figure 6. ED11 ventricular myocytes have a large /g1 but no tetracaine-sensitive background K* current

both at room temperature and at 35°C

A, representative recordings of currents at RT, in the presence of conventional K channel inhibitors (K-Ins) and
K-Ins plus TET. The inset shows the K-Ins- and TET-sensitive currents (difference currents in the presence of K-Ins
and K-Ins plus TET). The K-Ins-sensitive current showed strong inward rectification and had a reversal potential near
Ex indicating that this current was mostly /1. B, mean /-V relationships for K-Ins (n = 5) and TET (n = 5)-sensitive
currents. Action potentials recorded from single chick ED11 ventricular myocytes in current-clamp mode at room
temperature are shown in the inset. C, representative current recordings at room temperature (RT), 35°C and in
the presence of a cocktail of conventional K™ inhibitors (K-Ins) and a cocktail plus 200 M tetracaine (TET). ED11
ventricular myocytes were held at —60 mV and depolarized to 0 mV for 100 ms, then a 1 s repolarizing ramp
protocol was used to activate background currents. D, averaged /-V relationships (n = 9). Raising the temperature
to 35°C reduced inwardly rectifying K* currents, instead of activating a background K* current.
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members of K2P K™ channels, only members of the TREK
subfamily have heat sensitivity (Maingret et al. 2000; Kang
et al. 2005). Therefore, the temperature-sensitive back-
ground K currents that are blocked by tetracaine are in
fact TREK-like currents.

The TREK subfamily of K2P channels is composed
of three members, TREK-1 TREK-2 and TRAAK. They
have similar pharmacological and biophysical properties
but TREK-2 and TRAAK have not been demonstrated
to be functionally expressed in heart (Lesage et al. 2000;
Gu et al. 2002; Putzke et al. 2007). On the other hand,
TREK-1 and TREK-like current have been found in adult
mammalian heart (Aimond et al. 2000; Terrenoire et al.
2001; Liu & Saint, 2004). Our gene expression analysis
in developing mouse heart also shows that TREK-1 is
the predominant Kt background channel (H.Zhang,
unpublished observations). Relatively little TREK-2 and
no TRAAK can be detected in developing mouse atrium.
A very similar TREK expression pattern has been reported
in embryonic rat heart (Liu & Saint, 2004). In the
present study, we showed that both TREK-1 and TREK-2
are expressed in EDI11 atria and can contribute to
TREK-like currents. The expression of TREK-1 and
TREK-2 in ventricle is relatively small. This is in good
agreement with our electrophysiological results. Although
TREK-1 can be electrophysiologically distinguished from
TREK-2 by single-channel conductance and noisy opening
kinetics (Kim, 2005), the contribution of them to RMP in
chicken ED11 atrial myocytes cannot be separated due
to the lack of specific inhibitors. We conclude that TREK
channels are the predominant background K* channels in
embryonic chicken atrial cells.

The I-V relation of the heat-activated
background K* current

Our results at room temperature are consistent with
single-channel studies showing that the activity of TREK-1
and TREK-2 is negligible (Maingret et al. 2000; Kang et al.
2005). At 42°C the I-V of cloned TREK-1 channels is
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outwardly rectifying, showing no saturation at positive
potentials (Maingret et al. 2000). However, the activation
of TREK-1 by AA or volatile anasthetics in the whole
cell has been shown to give a current with an S-shaped
-V (Terrenoire et al. 2001), just as we find for the
heat-activated current in atrial cells (Fig. 3). Although
Ix has a similar-shaped I-V in embryonic chicken heart
cells, the voltage range of activation of Iy is much more
positive than what we found for the heat-sensitive current
and Ik is not strongly temperature sensitive (Clapham
& Logothetis, 1988). Our electrophysiological data, taken
together with the RT-PCR data, indicate that most, if not
all, of the temperature-sensitive currents in embryonic
chick atrial cells is due to TREK channels.

It is likely that the heat-activated current blocked by
the cocktail is also largely, perhaps mostly, due to TREK
channels. TREK channels are known to be blocked to
some degree by Ba**, TEA and 4-AP. In Xenopus oocytes,
the expressed human TREK-1 was blocked about 22% by
100 uMm Ba’t, 20% by 1 mm 4-AP and 9% by 1 mm TEA
(Meadows et al. 2000). Therefore, we expect that TREK
currents would be blocked by at least 25% by our cocktail
(200 um, 10 mMm TEA and 1 mM 4-AP).

TREK channels and membrane potential

The addition of conventional K* channel inhibitors
produced only a slight decrease in membrane potential
in comparison to a much larger depolarization
with subsequent addition of tetracaine (Fig. 1). In
contrast, tetracaine inhibited only about a third of the
temperature-sensitive current (Fig. 4). Because tetracaine
inhibits much of the background K* currents, the
reverse experiment of adding the tetracaine first followed
by other K* channel inhibitors would not have been
informative. The apparent discrepancy can be explained
by the following. At 35°C, membrane potential (V,)
(Fig. 1) is much closer to Ek, reflecting, presumably, a
relatively small Na* conductance, gy, about 0.08 of the
conductance to K ions, gx (Sperelakis & Shigenobu,

Figure 7. Arachidonic acid
hyperpolarized membrane potentials in
chick ED11 atrial cells at room
temperature

Membrane potentials of chick ED11 atrial
myocytes were recorded in current-clamp
mode after formation of the whole-cell
patch-clamp configuration. An example
record of membrane potential illustrates the
increased polarization after administering
10 um arachidonic acid (AA) and the effects
of inhibitors.
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1972). If [Na't]; is assumed to be ~1 mm, this follows
from the chord equation, wherein V,, at rest is equal
to the sum of the products of the equilibrium potential
for each ion, E;, and the relative conductance for that
ion, gi/g, 1.e. Vi, = (Xgi/g.)E;, where g, = Xg;. If about
1/2 of gx were blocked by the cocktail of conventional
inhibitors (Fig. 1), gn./gx would be 0.16 and V, would
be —56 mV, close to the measured value shown in Fig.
1. Blockade of another 1/4 of the total gx by tetracaine
(i.e. 1/3 of the total block) would reduce V, to —34 mV,
again close to the measured value. Exact calculations are
impossible because the blockers may affect conductance
to ions other than potassium, and the origin of the
conductance remaining in the presence of all blockers
is unknown. Nevertheless, the approximate calculations
show that the potential measurements give results which
are completely consistent with the current measurements.
It should be noted that a membrane potential change of
8-10mV could have a substantial effect on the stability
and excitability of cardiac membranes.

One of the important features of TREK channels is
that they can be activated by arachidonic acid (AA).
An AA-sensitive background K* current with electro-
physiological properties characteristic of TREK channels
hasbeen described in rat atrial myocytes (Kim & Clapham,
1989; Kim & Duff, 1990). We show in Fig. 7 that the
membrane potential at room temperature is markedly
increased by the presence of AA and that this increase is
blocked by tetracaine. This result is completely consistent
with an important role for TREK channels in setting the
RMP of atrial cells in the ED11 embryo.

Lack of inwardly rectifying /¢, in embryonic
atrial myocytes

We found very little Ix; in atrial myocytes, in contrast
to EDI1 ventricular myocytes where we show that
Ik, is relatively large. The latter explains the more
hyperpolarized potential in ventricle present at room
temperature and at 35°C since I, is not known to be
temperature sensitive. Ig; is lacking in myocytes of the
primitive ventricle in early heart development (Josephson
& Sperelakis, 1990). The RMP of these early ventricular
myocytes is more depolarized and they are capable of
rhythmic activity (Sperelakis & Pappano, 1983). As the
heart matures, I increases and the ventricular myocytes
develop a stable, hyperpolarized RMP by EDI11 in the
chick. In contrast, TREK-1 is absent from ventricle but
well-expressed and functional in the atria at ED11. This
accounts for the temperature sensitivity and decreased
stability of the RMP in atrial myocytes. I trgk- is outwardly
rectifying and is larger at positive potentials. Thus, ITrgk-1
probably serves as a repolarizing current in addition to
stabilizing the RMP.
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Conclusions

The heart is the first functional organ in embryonic
development. Functional expression of TREK channels
early in development suggests their physiological
importance in embryonic heart. Unlike mammalian
embryos, avian embryos do not have a constant
temperature environment. Temperature-sensitive
activation and inactivation of TREK channels could be
important in controlling the heart rate, e.g. cooling would
inactivate the channel and reduce the membrane potential,
increasing excitability. Further, on a beat-to-beat basis,
stretch activation of TREK channels is likely to be
important for maintaining membrane stability during
atrial filling (Niu & Sach, 2003). This idea is supported
by the developmental regulation of expression of TREK-1
(see Fig. 1 in online Supplemental material). In the
pre-septated chicken heart, TREK is expressed in both
chambers of the heart, stabilizing the membrane potential
to ensure proper activation of the contraction and prevent
ectopic activity. Later, TREK-1 becomes restricted to
atria, and stabilization of the ventricular membrane relies
onl K1-
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