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Abstract

The heteromeric Kir4.1-Kir5.1 channel is a candidate sensing molecule for CO, central
chemoreception. Since it is known that the CO, central chemoreception is subject to neural
modulations, we performed studies to test the hypothesis that the Kir4.1-Kir5.1 channel is
modulated by neurotransmitters critical for respiratory control, including serotonin (5-HT),
substance-P (SP), and thyrotropin releasing hormone (TRH). Immunocytochemistry showed
coexpression of Kir4.1 and Kir5.1 in cultured brainstem neurons. The heteromeric Kir4.1-Kir5.1
channel was strongly inhibited by SP, TRH, and 5-HT when expressed in Xenopus oocytes. Such
inhibitions were not seen in the homomeric Kir4.1 channel. The inhibition was specific and had
clear dose dependence. The effect relied on activation of G-proteins and protein kinase C (PKC), a
downstream second messenger of G4 coupled receptors. The neural modulation did not
compromise the channel sensitivity to CO2/pH, as the channel remained to be inhibited by acidic
pH with a pre-exposure to the neurotransmitters. Firing rate of cultured brainstem neurons in
microelectrode arrays was augmented by application of SP or DOI to the culture medium. The
augmentation of the firing rate was blocked by PKC inhibitors suggesting that PKC underscored
the inhibitory effect in brainstem neurons as well. These results therefore indicate that the Kir4.1-
Kir5.1 channel is modulated by neurotransmitters critical for respiratory control, and the neural
modulation appears to enhance channel sensitivity to high PCO5, and acidic pH.
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INTRODUCTION

Inward rectifier K* (Kir) channels regulate resting membrane potential, cellular excitability
and neurotransmission (Bajic et al., 2002; Jan and Jan, 1997; Nichols and Lopatin, 1997).
The heteromeric Kir4.1-Kir5.1 channel is a unique member in the Kir channel family. This
channel is composed of Kir4.1 and Kir5.1 subunits with distinct functional properties such
as singlechannel conductance, time-dependent activation and pH sensitivity (Casamassima
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et al., 2003; Konstas et al., 2003; Pessia et al., 2001; Tanemoto et al., 2000; Yang et al.,
2000). We have previously shown that the Kir4.1-Kir5.1 channel is sensitive to
physiological PCO, and pH with pKa 7.45, coupling changes in CO,/pH to membrane
excitability (Cui et al., 2001; Xu et al., 2000a). In addition to the pH sensitivity, we have
found high levels of expression of Kir4.1 and Kir5.1 mRNASs in various brainstem nuclei
(Wu et al., 2004). These findings suggest that the Kir4.1-Kir5.1 channel may be involved in
the function and modulation of brainstem neurons.

It is known that the brainstem control of respiration relies on several neurotransmitters
including serotonin (5-HT), substance-P (SP) and thyrotropin releasing hormone (TRH)
(Cream et al., 1997; Dekin et al., 1985; Moss et al., 1986; Mutolo et al., 1999; Nattie et al.,
2004; Nink et al., 1991, Pete et al., 2002; Richerson, 2004; Richerson et al., 2005; Schulz et
al., 1996; Severson et al., 2003; Taylor et al., 2005; Wang et al., 2001). Site-specific
injections of these neurotransmitters can potently stimulate ventilation. Systemic CO,
response is reduced by selective disruption of serotonergic neurons and neurons expressing
the neurokinin-1 receptor (NK1R) (Hodges et al., 2004; Nattie and Li, 2002; Wenninger et
al., 2004a; Wenninger et al., 2004b). Receptors for these neurotransmitters have been
identified in the ventral and dorsal respiratory groups (VRG, DRG). Also containing these
neurotransmitters are midline raphe neurons that are known to be CO, chemosensitive and
project to the DRG and VRG, suggesting that these neurotransmitters may modulate
neuronal response to hypercapnia (Richerson, 2004; Richerson et al., 2005; Severson et al.,
2003). Therefore, identification of target molecules of these neurotransmitters becomes
necessary for the understanding of CO, central chemoreception and the neural control of
breathing.

Several candidate K* channels are regulated by 5-HT, SP or TRH. For example, G-protein
coupled inward rectifier K* (GIRK) channels have been shown to be regulated by SP, 5-HT
and TRH whereas TWIK-related acid-sensitive K* (TASK) channels are modulated by TRH
and 5-HT (Koike-Tani et al., 2005; Lei et al., 2001; Mao et al., 2004; Talley et al., 2000;
Talley and Bayliss, 2002). Since the Kir4.1-Kir5.1 channel is highly sensitive to CO, and
exists in chemosensitive brainstem nuclei, it is possible that this channel is one of the
downstream target molecules of these neurotransmitters, a hypothesis that we proposed to
test in the present study. Our results suggest that proteins of the Kir4.1-Kir5.1 channel are
expressed in brainstem neurons, and the channel is subject to modulation by SP, TRH, and
5-HT through activation of G.q-coupled receptors. Such neural modulation has major
effects on brainstem neuronal responses to hypercapnia.

MATERIALS AND METHODS

Oocyte preparation and injection

All experimental procedures were carried out in accordance with the Guidelines for the Care
and Use of Laboratory Animals by the NIH and Georgia State University. Frogs were
anesthetized by bathing them in 0.3% 3-aminobenzoic acid ethyl ester. A few lobes of
ovaries were removed through a small abdominal incision (~5 mm). Xenopus oocytes were
treated with 1 mg/ml of collagenase (Type IA, Sigma Chemicals) in the OR2 solution
containing (in mM): NaCl 82, KCI 2, MgCl, 1 and HEPES 5 (pH 7.4) for 60 min at room
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temperature. After five washes (10 min each) of the oocytes with the OR2 solution, cDNAs
(25-50 ng or 5-10 femtomoles in 50 nl DD water) were injected into the oocytes. The
oocytes were then incubated at 18 °C in the ND-96 solution containing (in mM): NaCl 96,
KCI 2, MgCl, 1, CaCl, 1.8, HEPES 5, and sodium pyruvate 2.5 with 100 mg/l geneticin and
50 mg/I tetracycline added (pH 7.4).

Molecular biology

Rat Kir4.1 cDNA (GenBank #X83585) and rat Kir5.1 cDNA (GenBank #AF249676) are
gifts from Dr. John Adelman at Oregon Health and Science University, Portland, Oregon.
Rat neurokinin-1 receptor (NK1R) cDNA (Genbank #J05097) was generously provided by
Dr. Shigetada Nakanishi at Kyoto University Faculty of medicine, Kyoto, Japan. Rat
serotonin 2A receptor (5-HT2A) cDNA (Genbank #M30705) was generously provided by
Dr. David Julius at the University of California at San Francisco, San Francisco, CA. Mouse
thyrotropin-releasing hormone receptors R1 (nTRH-R1) (Genbank #M59811) and R2
(MTRH-R2) (Genbank #NM_133202) were generously provided by Dr. Marvin
Gershengorn at the National Institutes of Health, Bethesda, MD. Rat mu-opioid receptor
cDNA (MOR) (Genbank #L.22455) was generously provided by Dr. Stanley Watson at the
University of Michigan, Ann Arbor, MI. These cDNAs were sub-cloned into the eukaryotic
expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA) and used for Xenopus oocyte
expression without cRNA synthesis. For co-expression of Kir4.1 and Kir5.1, a tandem dimer
of these two cDNAs was constructed using the overlapping extension technique, in which
full length Kir4.1 and Kir5.1 sequences were obtained using Pfu DNA polymerase
(Stratagene, La Jolla, CA) chain reaction (PCR). The PCR products were joined to each
other at the 3’ end of Kir4.1 and 5’ end of Kir5.1. Correct constructions were confirmed
with DNA sequencing.

Electrophysiology

Whole-cell currents were studied on oocytes 2—4 days post cDNA injection. Two-electrode
voltage clamp was performed using an amplifier (Geneclamp 500, Axon Instruments Inc.,
Foster City, CA) at room temperature (~25 °C). The extracellular recording solution
contained (in mM): KCI 90, MgCl, 3, and HEPES 5 (pH 7.4). The recording pipettes were
filled with 3M KCI. Oocytes were accepted for further study if they did not show leakage in
membrane currents. CO, experiments were performed in a semi-closed recording chamber
(BSC-HT, Medical System, Greenvale, NY), in which oocytes were placed on a supporting
nylon mesh, and the perfusion solution bathed both the top and bottom surfaces of the
oocytes. Exposure of the oocytes to CO, was carried out by switching to a perfusate that was
bubbled with 15% CO, balanced with air, and superfused with the same gas. The CO,
resulted in a detectable change in intra- or extracellular pH as fast as 10 sec in these oocytes.
We have previously measured intra- and extracellular pH at various PCO, levels and found
that the increase in PCO>, leads to corresponding decreases in intra- and extracellular pH. In
experiments when a bicarbonate buffer was used, the cells were perfused with 90mM
KHCOg in an oocyte recording chamber (RC-3Z, Warner Instruments, Hamden, CT) using a
gravity-driven perfusion system. The baseline solution was the same in all experiments.
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Patch clamp experiments were performed at room temperature (~25 °C) using the Axopatch
200B amplifier (Axon Instruments). In brief, the vitelline membranes were mechanically
removed after exposing the oocytes to a hypertonic solution (400 mOsm). The stripped
oocytes were placed in a petri dish containing the regular bath solution (see below). Fire-
polished patch pipettes (2-4 M) were made of 1.2 mm borosilicate glass capillaries (Sutter
Instruments, Novato, CA). The pipette tip was ~2 um. The bath solution (FVPP) contained
(in mM): 40 KClI, 75 potassium gluconate, 5 potassium fluoride, 0.1 sodium vanadate, 10
potassium pyrophosphate, 1 ethylene glycol-bis-p-aminoethylether-N,N,N’,N’-tetraacetic
acid (EGTA), 0.2 adenosine diphosphate (ADP), 10 piperazine-N,N’-bis-2-ethanesulfonic
acid (PIPES), 10 glucose, and 0.1 spermine (FVPP solution, pH=7.4). The pipette was filled
with the same FVPP solution used in the bath or a solution containing: 40 KCI, 110
potassium gluconate, 0.2 ADP, 1 EGTA, 10 N-2- hydroxyethyl-piperazine-N’-2-
ethanesulfonic acid (HEPES), 10 glucose, 2 MgCl, (pH 7.4). Single channel currents were
recorded from cell-attached patches. Current records were low-pass filtered (2,000 Hz,
Bessel, 4-pole filter, —3 dB), digitized (10 kHz, 12-bit resolution), and stored on computer
disk for later analysis using the pClamp 9 software. Junction potentials between bath and
pipette solutions were appropriately nulled before seal formation. The open-state probability
(NPo) was calculated by first measuring the time, t;, spent at current levels corresponding to
J=0, 1, 2,(...)N channels open. The Pgpen Was then obtained as Pgpen = (Zszl tj /TN, where
N is the number of channels active in the patch and T is the duration of recordings. Popen
values were calculated from one or a few stretches of data having a duration of 20 s each.

Primary culture of brainstem neurons

The medulla oblongata and pons of fetal (P16—20) sprague dawley rat embryos were
surgically removed and rapidly placed in ice cold Earle’s Balanced Salt Solution (EBSS).
The tissue was dissociated by treatment using a papain preparation kit (Worthington,
Lakewood, NJ). The neurons were then plated on a polyethyleneimine, polyornithine, and
laminin coated MEA dish which has 64 planar microelectrodes (ALA Scientific, Westbury,
NY) containing dulbecco's modified minimum essential medium (Invitrogen-Gibco,
Carlsbad, CA), with 5% horse serum (Invitrogen-Gibco), and 5% fetal calf serum
(Invitrogen-Gibco) added. Two-thirds of the culture medium was replaced twice weekly.
The neurons showed a similar morphology as in regular cell culture plates. The dissociated
neurons were cultured at 37 °C in 5% CO,/95% air at saturating humidity.

Recording of neuronal activity in multi-electrode arrays

Extracellular recordings were carried out in the DMEM medium using a preamplifier (MCS
MEAZ1060, Reutingen, Germany) 10-60 days post culture at 37 °C. The spikes were
digitized at 40 kHz with a 64-channel A-D converter and the MEA workstation software
(Plexoninc. Dallas, TX). Single units were identified using the Offline Sorter software
(Plexon Inc.) based on the Principal Component Analysis method, with which the likelihood
to achieve pure single unit recording is greatly improved over the traditional window
discriminators (Horn and Friedman, 2003). Single-unit recordings were also determined by
the absence of action potentials in the initial period (5-100 ms) of the inter-spike histogram.
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Immunocytochemistry

Brainstem neurons were fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS, 0.1 M, pH 7.4) for 30 min. The cells were washed three times with PBS and then
blocked for 30 min in PBS containing 1% bovine serum albumin (BSA), 10% normal
donkey serum (NDS) or 10% normal goat serum (NGS), and 0.3% Triton X-100. The cells
were then incubated overnight with the primary antibodies: rabbit polyclonal anti-Kir4.1
(1:1000) (Alomone Lab, Israel), goat polyclonal anti-Kir5.1 (1:500), (Santa Cruz Biotech,
Santa Cruz, CA), and mouse monoclonal anti-MAP2 (1:400, Sigma, St. Louis, MO) diluted
in antibody dilution solution (ADS), containing 0.1% gelatin, 0.1% NaNs, and 0.3% Triton
X-100 in PBS. After washing five times with ADS (5 min each), the cultured cells were
incubated at 25 °C with the secondary antibodies for 2 hrs: AlexaFluor488-conjugated
donkey anti-rabbit IgG for demonstration of Kir4.1 (1:1000) (Molecular Probes, Eugene,
OR), AlexaFluor594-conjugated donkey anti-goat 1gG for Kir5.1 (1:1000) (Molecular
Probes, Eugene, OR), and AMCA (7-amino-4-methylcoumarin-3-acetic acid) conjugated
donkey anti-mouse IgG (1:100, Jackson ImmunoRes, West Grove, PA) for MAP2. In
control experiments, the primary antibodies were omitted for Kir5.1 and MAP2 or pre-
absorbed with a 3-fold excess of the epitope for Kir4.1 (Alomone Lab). All of these control
experiments showed negative stainings. The fluorescence reaction was first visualized using
a Zeiss axioscope 200 fluorescence microscope (Zeiss, Oberkochen, Germany).
Subsequently, fluorescence imaging was performed with a confocal microscope (LSM 510)
(Zeiss, Jena, Germany). The confocal images were taken using a 20x and 40x objective lens.

Chemical administration and exposure

4-a-phorbol 12-myristate 13-acetate (PMA) was purchased from Calbiochem (La Jolla,
CA). Chelerythrine chloride and Calphostin-C were purchased from Sigma (St. Louis, MO).
Substance-P (SP) (acetate salt), Spantide I, L-703,606, 4-lodo-2, 5-dimethoxyamphetamine
(DOI), serotonin (5-HT), thyrotropin releasing hormone (TRH), and [D-AlaZ, N-Me-Phe4,
Gly®-ol]-Enkephalin (DAMGO) were also purchased from sigma. Spiperone and Ketanserin
Tartate were purchased from Tocris (Ellisville, MO). PMA, chelerythrine, calphostin-C, and
spiperone were dissolved in dimethylsulfoxide (DMSO) as stocks and mixed with a
recording solution reaching a final concentration as indicated in the results. Other chemicals
were dissolved in double-distilled water or experimental solutions. Exposures to these
chemicals were done after baseline currents were stabilized and maintained until the plateau
effect.

Data analysis

Data are presented as means + s.e. (standard error). Student t test or single-factor ANOVA
was used. Differences of chemical effects before versus during chemical exposures were
considered to be statistically significant if P < 0.05.
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Inhibition of the Kir4.1-Kir5.1 channel by SP, DOI, and TRH

The NK1R receptor cDNA was co-injected into Xenopus oocytes together with the Kir4.1-
Kir5.1 tandem dimer cDNA. Inward rectifying currents were recorded from the oocytes 2—3
days post injection using two-electrode voltage clamp with the bath solution containing 90
mM K*. Typical Kir4.1-Kir5.1 currents were revealed: small outward currents and large
inward currents with slow activation at highly negative membrane potentials (Fig. 1A, B, C).
Following stabilization of the baseline, the Kir4.1-Kir5.1 currents were inhibited by an
exposure to 1 uM SP (Fig. 1A). Although the exposure was carried out by application of the
neurotransmitter to the bath solution, the time-dependent inhibition occurred rapidly. The
inhibition started within the first minute and reached a maximal effect in ~15 min (Fig. 3A,
B). Thereafter, all neurotransmitter experiments were done with a 10-20 min exposure. At
the maximal effect, 36.4+3.6% (n=10) of the inward rectifying currents were inhibited by 1
UM SP.

Similar experiments were done by expressing the Kir4.1-Kir5.1 with the 5-HT2A or mTRH-
R1 receptor. The currents were inhibited by 43.0+£5.9% (n=8) and 30.1+5.1% (n=5) with 40
UM DOI (a specific 5-HT2A receptor agonist) and 100 pM TRH, respectively (Fig. 1B, C).
The Kir4.1-Kir5.1 co-expressed with the MOR failed to be regulated by 1 uM DAMGO (an
enkephalin analog) which is a potent activator of the MOR (Online-Fig. 1). The effect of
DOI on the Kir4.1-Kir5.1 currents was also time dependent. The inhibition occurred rapidly,
starting within the first minute after exposure to the chemicals and reaching a maximal
effect in ~12 min (Fig. 3C, D). Since DOl is not the natural ligand of the 5-HT2A receptor,
experiments were also carried out with 5-HT. In the presence of 40 uM 5-HT the Kir4.1-
Kir5.1 currents were inhibited by 35.0£4.1% (n=6) (Online-Fig. 2).

The current-voltage (1-V) relationship was examined for the neurotransmitter effects.
Currents were recorded at baseline as well as at the plateau after exposure to 1 uM SP, 40
UM DOI, and 100 pM TRH, respectively. Both currents were then normalized to -160 mV
and plotted against the membrane potential. The I-V plot indicated that current inhibition
occurred in all negative membrane potentials and did not show evident voltage-dependence
(Fig. 1D, E, F).

The response to SP, DOI, and TRH showed clear dose dependence. The maximum
inhibition (44.6+4.6% (n=9) occurred with 50 uM SP (Fig. 2A). Channel inhibition
(8.7+1.2%, n=4) remained to be seen with SP concentrations as low as 1 nM. Similarly, 160
UM DOI produced the maximum inhibition of the Kir4.1-Kir5.1 currents by 56.1+6.8%
(n=4), while significant channel inhibition was seen with 10 uM DOI (21.9+7.5%, n=7)
(Fig. 2B). Dosedependent inhibition was also observed with TRH (Fig. 2C).

Specificity of the neurotransmitter effects was examined using specific antagonists.
Preincubation of oocytes expressing the Kir4.1-Kir5.1/NK1R with 10 uM spantide I, a
competitive peptide antagonist for SP, markedly attenuated the effect of 1 uM SP (Fig. 2D).
Higher concentrations of spantide | (30 M) more potently attenuated the effect of 1 uM SP
by over 60% (15.9+4.6% inhibition, n=4) (Fig. 2D). Similar attenuation was seen with 10
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UM L-703,606, a non-competitive receptor blocker (23.7+3.0%, n=4) (Fig. 2D). Pre-
incubation of oocytes expressing the Kir4.1-Kir5.1+5-HT2A with 40 uM ketanserin or 40
UM spiperone, two 5-HT2A receptor antagonists, almost completely abolished the effect of
40 uM DOl that inhibited the currents by 5.3+4.5% (n=6) and 8.9+3.1% (n=5), respectively
(Fig. 2E). Since there is no commercially available antagonist for the mTRH-R1 receptor,
we used the mTRH-R2 receptor to demonstrate the specificity as it is less sensitive to TRH
than the mTRH-R1 receptor. Indeed, 100 pM TRH inhibited the Kir4.1-Kir5.1+mTRH-R1
to a greater degree than the Kir4.1-Kir5.1+mTRH-R2 (Fig. 2F).

Injection of the Kir4.1 cDNA along with the NK1R, 5-HT2A, or mTRH-R1 expressed
typical Kir4.1 currents. Strikingly, the homomeric Kir4.1 channel was not capable of being
inhibited by SP, DOI, or TRH (Fig. 2D, E, F). Furthermore, the Kir4.1-Kir5.1 channel
expressed without exogenous receptors failed to be inhibited by SP, DOI and TRH (Fig. 2D,
E, F). Taken together these results strongly suggest that inhibition of Kir4.1-Kir5.1 currents
by SP, DOI, and TRH is specific depending on their receptors and requiring the expression
of both Kir4.1 and Kir5.1 subunits.

PKC involvement in the modulation of the Kir4.1-Kir5.1 channel by the neurotransmitters

The NK1, 5-HT2A, and TRH-R1 are G-protein coupled receptors (GPCRs). These receptors
share a common cascade following ligand binding involving activations of G,
phospholipase C and protein kinase C (PKC). The latter has been shown to phosphorylate
several Kir channels and regulate their activity (Fakler et al., 1994; Henry et al., 1996; Light
etal., 2000; Zhu et al., 1999). For instance, we have previously shown that protein kinase C
(PKC) phosphorylation underscores the inhibition of GIRK channels by SP (Mao et al.,
2004). Therefore, we conducted experiments to determine whether PKC was involved in the
Kir4.1-Kir5.1 channel inhibition by SP, DOI, and TRH. Pre-incubation of oocytes
expressing Kird.1-Kir5.1+NK1R, Kir4.1-Kir5.1+5-HT2A, or Kir4.1-Kir5.1+mTRH-R1 with
the specific PKC inhibitor chelerythrine showed a clear attenuation of the SP, DOI, and
TRH effects (Fig. 4D, E, F). Calphostin-C, another specific and potent PKC inhibitor,
showed strong attenuations of the channel inhibition to 6.7+2.8% (n=6), 3.4+10.8% (n=6),
and 11+4.0% (n=8) by SP, DOI, and TRH, respectively (Fig. 4D, E, F).

Exposure of oocytes expressing Kir4.1-Kir5.1/NK1R to 15 nM PMA, a specific and potent
PKC activator, inhibited Kir4.1-Kir5.1 currents by 39.8+5.5% (n=>5) (Table 1). Such an
inhibition was significantly lessened (11.0+£3.6%, n=5) when the oocytes were prior exposed
to SP (Fig. 4A). Similar effects were observed for DOI and TRH (Fig. 4B, C). The
attenuation of PKC activation was more profound when the order of the neurotransmitter
and PMA exposure was reversed, suggesting that the effects of the neurotransmitters and
PMA are mediated via a common mechanism (Online-Fig. 3).

Effects of SP on single-channel properties

The effect of SP on the single-channel biophysical properties was studied in cellattached
patches with 145 mM K* applied to the extracellular solution at a membrane potential of
—-80 mV. Inward rectifying currents with a single-channel conductance of ~40 pS (Pessia et
al., 1996; Tanemoto et al., 2000) showing long-lasting openings and closures were recorded

J Céell Physiol. Author manuscript; available in PMC 2014 August 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rojas et al.

Page 8

from oocytes expressing the Kir4.1-Kir5.1+NK1R (Fig. 5). These currents were inhibited
with an exposure to 1 uM SP (Fig. 5A, B). The current inhibition was mainly produced by a
suppression of the channel open-state probability (NPg). Plotting the baseline NP, versus SP
NP, shows a clear reduction in the NP, (0.43+0.11 at baseline vs. 0.06£0.01 with SP, n=7),
while the single-channel conductance did not show any significant changes (Fig. 5D).

Relationship with CO,/pH Sensitivity

We have previously shown that the Kir4.1-Kir5.1 channel is strongly inhibited by
intracellular acidosis (Cui et al., 2001; Xu et al., 2000a; Yang et al., 2000). To understand
whether the neural modulation affects the channel sensitivity to pH, the Kir4.1-Kir5.1
channel was co-expressed in Xenopus oocytes with the NK1R or 5-HT2A. Following
stabilization the cells were perfused with 1 uM SP or 40 uM DOI until the plateau effect was
reached. Subsequently, the cells were exposed to 90 mM KHCOg3 that has been shown to
reduce intracellular pH (pH;) to ~6.6. Following SP and DOI exposure all of the oocytes
tested were further inhibited by intracellular acidosis (Fig. 6A, B), and recovered with
washout. The time course showed that following SP and DOI inhibition, the channel was
further inhibited by intracellular acidosis (Fig. 6C, D), suggesting that the neurotransmitters
and CO;, inhibit the channel through two independent mechanisms. Intracellular acidosis
inhibited the Kir4.1-Kir5.1 channel expressed without receptors by 58.2+2.4% (n=8). In the
presence of the NK1R and 5-HT2A receptors, the Kir4.1-Kir5.1 channel remained to be
inhibited by 60.8+1.5% (n=9) and 55.0+£3.7% (n=5) by intracellular acidosis, respectively. It
is clear that both neurotransmitter and CO, have a partial additive effect on the channel
which leads to a stronger channel inhibition when both are present together than either one
separately (P<0.05, n=4; Fig. 7A, B). The same experiments were repeated with 15% CO,
and similar results were obtained (Fig. 7A, B).

Modulation of brainstem neurons by neurotransmitters

To demonstrate the modulation of brainstem neurons by the neurotransmitters SP and 5-HT
we took advantage of multi-electrode array (MEA) technology. Neurons were isolated from
the brainstem of fetal rats and cultured on MEA dishes as detailed in the methods section.
Extracellular recording was carried out in the DMEM medium at 37 °C. Single-unit
recordings were identified using the Offline Sorter software based on the principal
component analysis methods (Horn and Friedman, 2003). Single-unit recordings were also
determined by the absence of action potentials in the initial period (5-100ms) of the inter-
spike histogram. Most spikes showed a negative-positive waveform with a duration > 1 ms,
suggesting that they were recorded from the soma (Gustafsson and Jankowska, 1976; Jiang
and Lipski, 1990). In these studies, neuronal responses to SP and DOI were observed. SP
and DOI augmented the firing frequency of a group of neurons. Washout led to complete
recovery (Fig. 8A—E). To determine whether PKC played a role, 100 nM calphostin-C was
applied to the MEA dish for 1 hour prior to application of SP and DOI. Action potentials
were recorded before and after application of calphostin-C. In the presence of calphostin-C,
SP and DOI only modestly augmented the action potential frequency (Fig. 8C, F). The
presence of the Kir4.1 and Kir5.1 channels in these neurons was demonstrated with
immunocytochemistry showing that both Kir4.1 and Kir5.1 subunits were expressed
together in brainstem neurons that displayed positive immunoreactivity of the microtubule-
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associate protein 2 (Fig. 9). Control experiments were performed to demonstrate the
specificity of the neurotransmitter effects. These results suggest that brainstem neurons are
modulated by substance-P and serotonin through a PKC mediated mechanism.

DISCUSSION

In the present study, we have demonstrated a novel property of the Kir4.1-Kir5.1 channel
but not the Kir4.1, i.e., the capability to be modulated by several neurotransmitters. This
finding provides another evidence for the functional significance of the
heteromultimerization, and suggests that the Kir4.1-Kir5.1 channel is likely to be involved
in more cellular functions than currently believed.

Unlike other members in the Kir channel family, the Kir4.1-Kir5.1 channel is formed by the
heteromultimerization of two inter-subfamily members. While normal channel activity is not
seen in the homomeric Kir5.1, the Kir4.1 is fully functional. The members in the Kir4
subfamily have been shown to play important roles in renal epithelium, retinal muller cells,
glia cells in the central nervous system, etc. (Hibino et al., 1999; Hibino et al., 2004; Higashi
et al., 2001; Ishii et al., 2003; Ito et al., 1996; Kusaka et al., 1999; Tucker et al., 2000). The
Kirdx channels are sensitive to extremely acidic pH, which may underscore their functions,
at least in part, in these cells (Xu et al., 2000b, Xu et al., 2000c). Several new biophysical
properties emerge with the heteromultimerization with Kir5.1, such as the time-dependent
activation, larger unitary conductance and higher pH sensitivity (Casamassima et al., 2003;
Konstas et al., 2003; Pessia et al., 2001; Tanemoto et al., 2000; Yang et al., 2000).

One important functional property of the Kir4.1-Kir5.1 channel is its pH sensitivity in the
physiological range. The channel has a pKa at 7.45 allowing it to detect both alkaline and
acidic pH levels (Cui et al., 2001; Xu et al., 2000a). This property has led to the hypothesis
that this channel may act as a molecular sensor in central CO, chemoreception. The central
CO, chemoreceptors are highly sensitive to CO». It has been shown that a change in PCO,
as low as 1-2 torr is sufficient to produce a marked increase in ventilation rate (by 20-30%)
(Feldman et al., 2003; Nattie, 1999). However, none of pH sensitive molecules identified to
date including the Kir4.1-Kir5.1 channel can produce a change in cellular activity by 20—
30%. Therefore, signal amplifications are crucial (Jiang et al., 2005). Our current studies
suggest that the Kir4.1-Kir5.1 channel may be involved in such signal amplification.

The Kir4.1 and Kir5.1 subunits are expressed in brainstem neurons. The mRNAs of both Kir
subunits have been detected in various nuclei within the brainstem (Wu et al., 2004). Several
studies have demonstrated specific expression of Kir4.1 and Kir5.1 at the protein and
mMRNA level in oligodendrocytes and astrocytes in the CNS (Hibino et al., 1999; Hibino et
al., 2004; Higashi et al., 2001). Here, we have shown expression of both the Kir4.1 and
Kir5.1 proteins in brainstem neurons. Although the co-expression of the Kir4.1 and Kir5.1
subunits in the same neurons strongly suggests that the heteromeric Kir4.1-Kir5.1 channel
may form in these cells and play a role in central CO, chemoreception, the involvement of
the Kir4.1-Kir5.1 channel depends on its action in neurotransmission.
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Several neurotransmitters are particularly important for the brainstem control of respiration
including substance-P, serotonin, and thyrotropin releasing hormone. These
neuromodulators have been shown to regulate central respiratory activity in vitro and in vivo
(Cream et al., 1997; Dekin et al., 1995; Hodges et al., 2004; Moss et al., 1986; Mutolo et al.,
1997; Nattie and Li, 2002; Nattie et al., 2004; Nink et al., 1991; Pete et al., 2002; Richerson,
2004; Richerson et al., 2005; Schulz et al., 1996; Severson et al., 2003; Taylor et al., 2005;
Wang et al., 2001; Wenninger et al., 2004a; Wenninger et al., 2004b). In the present study,
we have shown evidence for the inhibition of the heteromeric Kir4.1-Kir5.1 channel by
these neurotransmitters. Exposures to SP, 5-HT, and TRH resulted in inhibition of the
Kir4.1-Kir5.1 channel currents when the channel was expressed with the corresponding
receptors in Xenopus oocytes. The neurotransmitter effects were reversible, specific and
dependent on ligand concentrations. The current inhibition is voltage-independent and is
mediated by selective inhibition of Po with no effect on single-channel conductance.

One commonality shared by these three neurotransmitters is that they act on G-protein
coupled receptors. Ligand binding to these receptors activates G.q which in turn propagates
multiple second messenger cascades. One such cascade involves activation of
phospholipase-C that cleaves PIP, into IP3 and DAG. The PIP, derivative DAG activates
PKC whereas IP3 increases intracellular calcium which is also necessary for PKC activation.
We previously showed that PKC underscored the inhibition of GIRK channels by substance-
P (Mao et al., 2004). Therefore, we assayed for the involvement of PKC in the inhibition of
the heteromeric Kir4.1-Kir5.1 channel by SP, DOI and TRH. Our results suggest that PKC
activation also underscores the inhibition of the Kir4.1-Kir5.1 channel by these
neurotransmitters. In cultured brainstem neurons, inhibition of PKC led to a dramatic
attenuation of the augmentation of the firing frequency in neurons by SP and DOl,
suggesting that PKC activation also underscores the SP and DOI dependent increase in the
firing rate of brainstem neurons.

The modulation of the Kir4.1-Kir5.1 channel by SP, 5-HT, and TRH does not compromise
the channel sensitivity to pH, as we have shown that both modulators combined have a
greater inhibitory effect on the channel than either modulator alone. This suggests that
application of both modulators to brainstem respiratory nuclei expressing the Kir4.1-Kir5.1
channel may allow for a stronger depolarization of these chemosensitive neurons and an
amplification of the response to CO5, changes. This is important physiologically as we know
that during central CO, chemoreception, there is an amplification of the CO, signal.

The neural modulation described in the present study seems to enable the Kir4.1-Kir5.1
channel to function as a distinct member in the Kir channel family. It is known that GIRK
channels play a role in neurotransmission (Jan and Jan, 1997; Luscher et al., 1997; Yamada
et al., 1998). A common characteristic of these channels is that their activity is controlled by
neurotransmitters and hormones. Clearly such a property is shared by the Kir4.1-Kir5.1
channel, as shown in our current studies. Unlike GIRK channels, however, the Kir4.1-Kir5.1
channel is not directly regulated by membrane-bound G-proteins, which renders the Kir4.1-
Kir5.1 to be modulated in a way that is different from the GIRK channels. Without
recruiting G-proteins, the neural modulation of the Kir4.1-Kir5.1 channel may be more local
and specific. Furthermore, the effect may last even after the neurotransmitters are cleared
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from the synaptic cleft, since the modulation appears to takes place through protein
phosphorylation. Thus, the time course of the Kir4.1-Kir5.1 channel seems also different
from the conventional neural modulation. The neural modulation shown in the present study
does not occur in the homomeric Kir4.1 channel and relies on the Kir5.1 that is known to
form heteromeric channels only with Kir4dx (Casamassima et al., 2003; Konstas et al., 2003;
Pessia et al., 2001; Tanemoto et al., 2000). Thus, the expression of the Kir4.1 in cells allows
two functional properties that both can control membrane potential and cellular excitability
with one of them regulated by extracellular messengers. All of these functional properties
therefore allow diverse cellular responses that appear to fit well to the diverse cellular
functions in the brainstem and other systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5-HT 5-hydroxytryptamine (serotonin)

5-HT2A serotonin receptor 2A

DAB diaminobenzidine

DAG diacylglycerol

DOl 2,5-dimethoxy-4-iodophenyl-2-aminopropane
GIRK G protein-coupled inward rectifier K* channels
1Csq concentration required for 50% inhibition

1P3 inositol 1,4,5 trisphosphate

Kir inward rectifier K* channel

LC locus coeruleus

MOR mu-opioid receptor

NK1R neurokinin-1 receptor

PIP, Phosphatidylinositol 1,4 bisphosphate

PKC protein kinase C

PMA 4-a-phorbol 12-myristate 13-acetate

open-state probability

SP substance-P
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TEVC two-electrode voltage clamp
TH tyrosine hydroxylase
TRH thyrotropin releasing hormone
TRH-R1 thyrotropin releasing hormone receptor 1
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Fig 1. Kir4.1-Kir5.1 channel is inhibited by SP, DOI, and TRH
A, B, C. Using TEVC whole-cell Kir4.1-Kir5.1 currents were recorded from an oocyte 3

days post-injection of the Kir4.1-Kir5.1 dimer cDNA along with the NK1R, 5-HT2A, and
mTRH-R1 receptor cDNAs. With 90 mM K* in the extracellular solution inward rectifying
currents were recorded at baseline. Membrane potential (V) was held at 0 mV. A series of
command pulse potentials from —160 mV to 140 mV with a 20-mV increment was applied
to the cell. Note that in highly negative membrane potentials, there was slow activation of
the currents. Exposure to 1 M SP, 40 uM DOI, and 100 uM TRH inhibited the currents by
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36, 43, and 30%, respectively. D, E, F. When baseline and peak PMA affected currents
were scaled to the same magnitude at —160 mV, the I/V relationship of the currents recorded
under these two conditions were superimposed, suggesting that the effects were voltage-
independent.
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Fig 2. Specificity and concentration-dependence of the neurotransmitter effect
A, B, C. The effect of SP, DOI, and TRH on the Kir4.1-Kir5.1 channel was clearly

concentration-dependent (n=4). The Kir4.1-Kir5.1 channel was inhibited by very low
concentrations of each agonist. Exposure to higher concentrations of the agonists resulted in
greater channel inhibition. The gray bars represent the concentrations used for further
experiments. D, E, F. Specificity for the receptor-mediated channel inhibition was studied.
The channel inhibition was attenuated in the presence of specific antagonists of the
neurotransmitters or receptors. The Kir4.1-Kir5.1 channel expressed without receptors failed

J Céell Physiol. Author manuscript; available in PMC 2014 August 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rojas et al.

to be inhibited by the neurotransmitters. Also, SP, DOI, and TRH failed to inhibit the
homomeric Kir4.1 channel expressed with the respective receptors. n=4 for each
experiment.
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Fig 3. SP and DOI time-dependence
A. Using TEVC whole-cell Kir4.1-Kir5.1 currents were recorded from an oocyte 3 days

post-injection of the Kir4.1-Kir5.1 dimer cDNA along with the NK1R receptor cDNA. With
90 mM K™ in the extracellular solution inward rectifying currents were recorded at baseline.
Membrane potential (V) was held at 0 mV. A series of command pulse potentials from
-160 mV to 140 mV with a 20-mV increment was applied to the cell. Exposure to 1uM SP
inhibited the channel currents by ~36%. B. The time profile showed that the current
amplitude decreased rapidly when SP was present in the bath solution, and reached
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maximum inhibition in ~15 min. C. Whole cell currents were recorded from an oocytes 3
days post injection of the Kir4.1-Kir5.1 tandem-dimer along with the 5-HT2A as described
in A. D. The time profile shows that DOI decreased the current amplitude rapidly when
applied to the bath solution. The maximum inhibition was reached in ~10 min.
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Fig 4. Involvement of PKC in the Kir4.1-Kir5.1 inhibition by SP, DOl and TRH
A, B, C. Currents were recorded from an oocyte in the same condition as in Figure 1A.

Following exposure to SP, DOI or TRH the cells were subsequently treated with 15 nM
PMA. Prior exposure to the neurotransmitters resulted in a reduced response to PMA.
Instead of 40% current inhibition as indicated by the dashed lines, the Kir4.1-Kir5.1 currents
were inhibited by 0~20%. D, E, F. Pre-incubation of oocytes with specific PKC inhibitors
(50 uM chelerythrine or 3 pM calphostin-C) also strongly attenuated the effect of SP, DOI,

and TRH (n=4).
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Fig 5. Effects of SP on the single channel activity of Kir4.1-Kir5.1
A. Single Kir4.1-Kir5.1 currents were recorded from an oocyte in a cell-attached patch

configuration with 145 mM K* in the patch pipette. At V,, of —=80 mV, two active channels
are seen at pH 7.4. B. Following stabilization, exposure to 1 uM SP reduced the channel
activity mainly by a decrease in the NPo. Labels on the left: ¢, closure; 1, the first opening;
2, the second opening; etc. Labels on the top represent NPo at baseline and NPo at SP
exposure level. C. Reduction of the macroscopic inward currents can be seen in the cell-
attached patch configuration. D. Bargraph showing that 1 uM SP drastically reduced the
NPo, but only slightly affected the single-channel conductance (n=6)
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Fig 6. Independent regulation of the Kir4.1-Kir5.1 channel by neurotransmitters and pHi

A, B. Using TEVC whole-cell Kir4.1-Kir5.1 currents were recorded from an oocyte 3 days
post-injection of the Kir4.1-Kir5.1 dimer cDNA along with the NK1R or 5-HT2A receptor

cDNA. With 90 mM K™ in the extracellular solution inward rectifying currents were
recorded at baseline. Membrane potential (V) was held at 0 mV. A series of command

pulse potentials from —160 mV to 140 mV with a 20-mV increment was applied to the cell.
Following exposure to 1 tM SP or 40 uM DOI, the cells were perfused with 90 mM KHCO3
(pHi~6.6). Such an exposure resulted in a further inhibition of the Kir4.1-Kir5.1 currents to
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the degree identical to that of KHCO3 exposure alone, suggesting that the two channel
inhibitors are independent of each other. Washout allowed the currents to recover to the
level prior to KHCO3 exposure. C, D. Shows a plot of time course for the effect of the
neurotransmitters and 90 mM KHCOj3 (pHi~6.6). The SP and DOI effects are relatively
slow and long-lasting, while the effect of 90 mM KHCOj is rapid and fully reversible.
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Fig 7. Additive effects of neurotransmitters and CO»
A. The percent effect shows that exposure to SP/KHCO3 gives a larger inhibition of the

Kir4.1-Kir5.1 currents than either modulator alone. B. Similar results were found for DOI.
Both sets of experiments were repeated with 15% CO, represented by the gray bars. n>4 for
each experiment. The asterisk represents the significant difference between KHCO3z and NT/
KHCOs3. Differences were considered to be statistically significant if P < 0.05.
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Fig 8. Modulation of brainstem neurons by neurotransmitters
A. A single unit was recorded from a 14-day brainstem neuronal culture using the multiple

electrode arrays technique. The spikes had a negative-positive waveform with a duration >1
ms, and the 2D cluster plot and the interspike interval (ISI) histogram indicated single-unit
recording. Application of 1 pM SP augmented the firing frequency shown in a period of 5
min. B. The effect of SP on the average firing frequency from a 5 min recording. Nine units
were stimulated during SP exposure. Washout led to complete recovery. C. Following pre-
incubation with 100 nM calphostin-C for 1 hour the stimulatory effect of SP was greatly
reduced. D. A single unit was recorded from a 14-day brainstem neuronal culture using
multiple electrode arrays. The spikes had a negative-positive waveform with a duration >1
ms, and the 2D cluster plot and the interspike interval (ISI) histogram indicated single-unit
recording. Application of 40 uM DOI augmented the firing frequency shown in a period of 5
min. E. The effect of DOI on the average firing frequency from a 5 min recording. Ten units
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were stimulated during DOI exposure. Washout led to complete recovery. C. Following pre-
incubation with 100 nM calphostin-C for 1 hour the stimulatory effect of DOI was greatly
reduced.
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Fig 9. Expression of Kir4.1-Kir5.1 in brainstem neurons
A. Immunocytochemistry was performed on cultured brainstem neurons. A. Shows positive

immunoassaying for Kir4.1. B. Shows positive immunoassaying for Kir5.1. C. Blue
fluorescence indicates the presence of the neuronal marker microtubule associated protein 2
(MAP2). D. Overlay of A, B, C. The horizontal arrows represent typical neurons expressing
the Kir4.1 and Kir5.1 subunits. Vertical arrows represent typical glia cells expressing Kir4.1
and Kir5.1. Horizontal arrowheads indicate neurons void of Kir4.1 and Kir5.1. The vertical
arrowheads indicate glia void of Kir4.1 and Kir5.1. E. Shows the phase contrast (note that
majority of cells are neurons). Bar=20 pm.

J Cell Physiol. Author manuscript; available in PMC 2014 August 14.



Page 29

Rojas et al.

‘JUBLIND ‘| ‘UOIBAISSCO JO JaqUINU ‘U :SUOIRIABIGAY

6 €987 S0FS'E 7'0Fr'E VINA/HYL  TH-HYLW + T'GI-T 7
S TTROT- 9'076'E LOFLY VINd/IOQ VZLH-G + T'SIM-T' 71N
S 9EFOTI- 6'TFT'8 v'ZF6 VINd/dS TN + T'GIM-T P
v TIFG v 178V GZTT6 VIAd INU 6T VZLH-G + T'SIM-T 71N
S §G+¥8'6E- 0¥y 6'0¥¢’L VINd WU GT HIMN + TSI -T' 1IN
€T TTHTr- 7'078E 90759 VIAd INU GT T'GIM-T P
9 §YFCE 80%z's 6'07T'G HYL WM 00T TH-HYLW + T7I
S 0¢+T'¢ 9'T¥6'L ST¥LL 10a AT or VC1H-G + TN
v 9eT8T- STFL8 z1%8'8 dSIIT TN + TN
S 59ZF98C 0TFT’L 0T0'L HY1 WM 00T T'GI-T P
¢l /8'€+80'8 9'0709 S'0¥9'S 10a AT or TGI-T' VIS
v ZTF0°€ Z0FT A dSIIT T'GI-T P
v L1%80 YOFV'E 7'0Fr'E O9OWVA NI T HOW + T'SIM-T P
S T'G+1°0€- L'T¥8'S 8'T+6'L HY.L WM 00T TH-HYLW + T'GIMN-T 71
9  TYFeYE- 6'0FT'L gTFTTI LH-G WM oy VZLH-G + T'SIM-T 7N
8  6SFOEY- S0Fr'E 90719 10a wr oy VZLH-G + TSIM-T 71N
0T 9 ¢€Fr9e- £'07S¢ S'0¥6°¢ dSINMT HIMN + TSI -T' 1IN
U 109489%  (vrl) 1108ya>ead  (wrl) | auljeseg 1s1uoby

S[auURYD T'GIIM-T 71X pue T 41y 8dA1-pjim uo HYL pue ‘10a ‘dS ‘VIAd 40 1083
T a|0eL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2014 August 14.



