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Abstract:

Classically, GABAg receptos are thought to regulate neuronal excitability vigp®tein
coupledinwardly rectifying potassiuniGIRK) channels. Bcent datahowever indicateshat
GABAg receptos can also activate twpore domain potassium channeldere, we
investigate“which™potassium channels are couple@A®8Ag receptos in rat neaortical
layer 5and, hippocampdalAl pyramidal neurondBath application othe nonspecific GIRK
channel blocker barium (2Q0M) abolished outward currents evoked by GAB#eceptors in
CA1 pyramidal but onlypartially blockedGABAg responses ifayer 5neuronsLayer 5 and
CAl pyramidal"neurons also showdifferential sensitivity totertiapinQ, aspecific GIRK
channel blockefTertiapinQ partially blockedGABAg responset CA1 pyramidal neurons
but was ineffective irblocking GABAg responses imeocorticallayer 5neuronsConsistent
with theidea that GABA receptors are coupled tawo-pore domain potassium channelse
non-specific blockersquinidine and bupivacaingartially blocked GABA response# both
layer 5and.CAlneuronsFinally, we show that lowering external p&s occurs irhypoxia,
blocks the, component of GABA responsesmediated by twgpore domain potassium
channelgn“neocortical layer 5 pyramidal neuromghile at the same time revealing a GIRK
channel component. These data indicate that GABZceptors inneocorticallayer 5 and
hippocampal CA1 pyramidal neans arecoupled to differenthannels, with this coupling pH
dependent imeocorticalayer 5 pyramidal neurons. This piépendency may act to maintain
constant levels of GABA inhibition during hypoxia by enhancing GIRK channel function

following a redu@ion in two-pore domain potassium chanaetivity.

Abbreviations:

ACSF Artificial cerebrospinal fluid

CAl Cornu Ammonisarea 1

GABA gamma-Aminobutyric acid

GIRK G-protein coupled inwardly rectifying potassium channel
K2P Two-pore domain potassium channel

PKA Protein kinase A

SEM Standard Error of the Mean

TASK TWIK -related aciesensitivepotassium channel
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TREK TWIK -relatedpotassium channel
TWIK Tandem P-domain weak inward rectifying potassium channel
TTX Tetrodotoxin

I ntroduction:

The metabetropidlGABAg receptor is widelyistributedthroughout the brai(Boweryet al.,

1987 Chuet al., 1990, and playsanimportant role in physiologand diseasé€Couveet al.,

200Q Bowery et/al., 2002 Bettleret al., 2009. Functionally, GABAg receptorsconsist of
heterodimes of ' GABAg: and GABAg, subunits coupled tahe Gprotein G, (Menon-
Johanssosetal. 1993 White et al., 1998 Kuneret al., 1999 Obrietan & van den Pol, 1999
with the main fnal effectos regulated by GABA receptos identified so farbeing voltage-
gated calcium channeland Gprotein coupled inwaiyg rectifying potassium(GIRK)

channelsCouveet al., 200Q Boweryet al., 2002 Bettleret al., 2004).

Previousstudiesindicate thajpresynapticGABAg receptors dowmegulate voltagactivated
calciumichannelsrestricing neurotransitter releasefrom synaptic terminals (Scholz &
Miller, 1991, Campbellet al., 1993 Mintz & Bean, 1993 Postsynaptic GABA receptos
can alsanodulae voltageactivated calcium channels in dendsiéand spinegKavalaliet al.,
1997 Sabatini & Svoboda, 20Q0@halifoux & Carter, 201l wherethey regulate dendritic
excitability'and neuronal outpuiothin vitro andin vivo (PerezGarciet al., 2006 Breton &
Stuart, 2012 Palmeret al., 2019. GABAg receptos also regulateneuronalexcitability via
the activation of potassium channels leading to a slow membrane hyperpolarizasion, fir
identified In_hippocampal neuror(§&ahwiler & Brown, 1985 Newberry & Nicoll, 1985
Luscheretal., 1997 Chen & Johnston, 2005Importantly, this slownhibition is absenin
hippocampal=pyramidal neurons @nimals lacking the GIRKZene, indicating aole of
GIRK channelsin this cell type(Gahwiler & Brown, 1985 Newberry & Nicoll, 1985
Luscheret.aly; 1997 Chen & Johnston, 2005Co-localization of GABAs receptors and
GIRK channel,mRNA ibserved in many brain regignacludingthe cerebral cortex and
hippocampusKarschinet al., 1996 Liao et al., 1996 Ponceet al., 1996 Saenz del Burget
al., 2008. FurthermoreGABA§ receptorsand GIRK channslare calocalizedin molecular
complexesn the cerebellun{Ciruelaet al., 2010 andin dendritic spinesn the hippocampus
(Kulik et al., 2006).
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While these studies provide strormgipportfor the ideathat activation of GIRK channed

underlies GABAg receptormediated slow inhibition recent datain entorhinal cortex
indicates that GABAg receptos also activate TREK channed, a twopore domain
potassium channelf the KCNK channel family via a G/protein kinase A (PKAXependent
pathway DPenget al., 2009). Here we re-evaluate whichG-protein coupled potassium
channels "underlie® GABAmediated responsesin both neocortical and hippocampal
pyramidal gneuros. In addition, assome two-pore domainpotassiumchannels are pH
sensitive we also investigate the pH sensitivity of GABAediated responses.

Materials and Methods:

Slice preparation:

All procedureswere performed in accordance to methods approved by the Animal Ethics
Committee of the Australian National University. Wistar rats (8 weeek old of either sex)
were obtained from the Australian Phenomics Facility at the Australian National University
andwere deeplyranaesthetized by isoflurane inhalation (3% in oxydecdpitatedand the
brain quickly removedA total of 111 animals were used in this studyoronal brainslices

(300 um thick)eontaining barrel corteand hippocampuwere prepared. Durindghe slicing
procedure theJorain was maintained in andekel solution containing (in mM): 87 NaCl, 25
NaHCG;, 3 KCI, 1.25 NaHPO,, 0.5 CaC}, 6 MgCh, 25 Glucose, 7sucrose; pH=7.4;
oxygenated with carbogen (95@2/5% CO,). After slicingslices were immersed in artificial
cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHC® KCI, 1.25
NaH,PO,, [ 2 CaCh, 1 MgCh, 25 glucose pH=7.4; oxygnated with carbogen
(95%0,/5%C0,) and maintained at 35°C for 30 minutes, then stored at room temperature.

The same'ACSF solution was uskding electrophysiological recording.

Electr ophysiology:

Brain slicesswere transferred to an immersed recording chamber continuouslyegesifitis
oxygenatedsACSF (95%,/5% CO,) at a constant temperature set at:3#°C. The layer 5
region of karrel cortexand theCA1 region of the hippocampusere visualized undetow
magnification using an upright microscope (5x magnification; BX50WI, Olympus, Tokyo,
Japan).Somatic vihole-cell patchclamp recordings fromeocorticallayer 5 or hippocampal
CA1 pyramidal neuronsvere performedunder visual control at high magnification (x60)

using differential interference contrast (DIC) optics combined with infrared illumination
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(Stuartet al., 1993. Patchpipettes were made from borosilicate glass (Harvgdaratus
Edenbridge, Kent, UK) and filled with a potassium glucotetsed solution consisting of (in
mM): 130 potassium gluconate, 10 KCI, 10 HEPEMgATP, 0.3 NaGTP, 10 Na-
phosphocreatine (pH=7.3 with KOH and osmolarity set to 280 mosmol/l wittos®)c
Somatic »viole=cell voltageclamp recordinggopen tip pipette resistancef 5 MQ) were
made at aholding potentialof -72 mV using an Axopatch 200A amplifier (Molecular
Devices, Sunnyvale, CA, USADnNIly recordings with access resistanbss than 15 MQ
were considered for analysiBendritic wholecell currenticlamp recordinggopen tippipette
resistanceof. 10. MQ) were made at the resting membrane potential using a-BM3&
currentclamp amplifier (Dagan, Mineapolis, MN, USA). Pipetteidge balance and
capacitance were compensatedioa and checked routinely. Ontlendriticrecordings with

access resistance less tlRAMQ were considered for analysis

All data were acquired on a Machintosh computer running Axograph X softwareréfkog
Scientific, ‘Australia) using an IT<C8 A/D board (InstrutechUSA). Responses to baclofen
were analogue filtered at 2 kHz and digitally sampled at 10 kHz, except during veltage
where data,vere analoguefiltered at10 kHz and digitally sampled &0 kHz. Datawere

corrected forthe experimentally determined liquid junction potential of 12 mV.

Solutions:

Unless otherwise stated GABAeceptors were activated by local applications of the GABA
agonist baclofen (50 uM in ACSF) applied close to the somaeotorticallayer 5 or
hippocampal CAL pyramidal neurons (within ~30 pum). Local applications of baclofen were
made using 3econd pressure ejections from a patch pipB#eordings were typids 90
minutes in.duration with baclofen application every 3 minutes. Under these conditions we
saw that_baclofen responses changed less than 10% over the course of the experiment (n=4).
The timing=of=pressure ejections was controlled by a picospritzer. A high conicentrat
baclofen (50-wM) was used during local applications to account for the lower effective
concentration of baclofen under these conditions. Bath applications of baclofen (2CepeM) w
usedto determinghe impact oflGABAg receptor activabn on input resistance, and also for
measurement of the reversal potential of GABResponses during voltage rampath

applications were made via the gravity feed line (flow rate 2 to 4 ml/minute).
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The specific GIRK channel antagonistttapinQ (Tocris, UK; IC50=13.3 nM (Jin & Lu,

1999) a derivative and more stable form of ttoxin tertiapin found in bee venomwas
dissolved in ACSF on the day of the experiment from a stock solution (xfioalo
concentréon in water kept at20 °C)and bath applied at the indicated concentrations. The
TASK channel=blockers bupivacaine (Sigkarich, Germany) and quinidine (Tocris, UK)
were also @dissolved in ACSF on the day of the experiment from stock solutions (x1000 final
concentration“in‘water kept €20 °C)and bath applied at the indicated concentratibos/

pH experiments were performed using a modified ACSF with mM MES (@2-(N-
Morpholino)ethanesulfonic acid hydrate) wittie pH set to 6.3 (34°C) using 1M HCI. No
significant'.change of the solution osmolarity was observed compared to normal ACSF

solution.

Data analysis:

The reversal potential of GABAresponsewas determineduring voltageramps from —132

mV to —72.mV (slope: +20mV/s) by subtraction othe responsén baclofenfrom that in
control. It wasdefinedas the membrane potentihere the response passed through zero
current establishedoy fitting a linear function to the baclofensensitiveresponsen this
region.Somatic'nput resistance in control and baclofen was determined from the slope of the
control currentvoltage relationship during rampBased on the external and internal
potassium concentrations (including the amount of KOH added to the intracedluaon to
adjust the pH) the predicted potassium equilibrium potential estimated from the Nernst
equation was103 mV. Dendritic input restance wagalculated from the fit to the linear
region of the currermtoltage relationship measured at steady state during subthreshold current

injections at somatic and dendritic recording sites

In each celbaclofenapplicatiors wererepeated threertiesfor each experimental condition
with a period-ofiat least 3 minutes between applicatiorssurefull recovery.Thedata were
averageand-the‘peak amplitude of the baclofesponseletermined. Recordings wenst
usedif baclefenresponsesliffered by more than 10% odifferent trials Average data in the
text andfigures are presented as mean ENb (Standard Error of the Meanjptatistical
significance was assessed usihg paired ttest andone or two-way ANOVA with repeated
measuredollowed by either a Bonferroni’'s ofukey’s post hoc multiple comparisortest
Log transformations were performed on the data prior to statistica ttestormalise

distributions and to equalize variance in control and drug conditinrtke figures a single
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asterisk (*)indicatesP < 0.05, double asterisKs*) indicatesP < 0.01, triple asterisks (***)
indicatesP < 0.001,quadrupleasterisks (****) indicatesP<0.0001and “n.s.” indicates not

statistically significant (P > 0.05).

Results:

GABA;g responses in layer 5 and CA1 pyramidal neurons have different sensitivity to

barium

GABAg receptos were activated by local applications of the GABAeceptor agonist
baclofen applied\tothe soma ofmeocorticallayer 5and CA1 pyramidal neurons during
somatic wholecell voltage clamp.Local (3 second) applications of baclofen induced a
transient outward currenih bothlayer 5and CAlpyramidalneuronsthat lasted for tens of
secondsKig.1A,B), consistent with previous studi@Sahwiler & Brown, 1985Newberry &
Nicoll, 1985 Luscheret al., 1997. All effects of baclofe were postsynaptic as they were
also observedin'the presence of TTX (1 uM; n=4).

To determine which rotein coupled channels underlie baclefeediated responses in
layer 5 and CA1 pyramidal neurong Wrst tested the impact of low concentrations of barium
(200 uM), ‘a norspecific blocker of GIRK potassiufDascalet al., 1993 Kubo et al., 1993.

This concentration of barium, which should completely block GIRK chariDelscalet al.,

1993 Kubo et al., 1993, only partially blocked baclofen responses in layer 5 pyramidal
neurons Fig. 1A,B; n=1Q P=7.210%. In contrastthis concentration of barium essentially
abolishedbacloferevoked outward currents in CA1 pyramidal neurdfig.(1C,D, n=5 P=
6.0x10%. The=difference in barium sensitivity of baclofen responses in layer 5 and CA1

pyramidal neurons was hightygnificant P=4.8x10%).

To further characterise the channels underlying baclofen responses in CA1 an® layer
pyramidal neurons & nextdetermine ther reversal potentialising voltageramps during
bath applications of baclofe(0 uM; see Materials &Vethods). The averagereversal
potential of baclofermediated currestwas found to be-99.6 £ 1.2 mV (n=6)in layer 5

pyramidal neurons andl01.4 + 1.5 (n=6)n CA1 pyramidal neuronglose to the estimate
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potassium equilibrium potentiaf -103 mVin both cell typesThese datauggest thaivhile
GABAg-mediated responsén layer 5and CA1 pyramidal neurons doeth generatedolely
by potassium channelghespecific potassium channels coupled to GABAceptors in these

two cell typeshavedifferent sensitivity to barium.
GABA receptors activate GIRK channelsin CA1 but not layer 5 pyramidal neurons

GABAGg receptorsare classically thought tactivate GIRK channels. Tmvestigate the
coupling of GABAg-receptors toGIRK channels wetestedthe sensitivity of GABA-
mediated responsen layer 5 and CA1 pyramidal neurott tertiapinQ, a specific GIRK
channel blockefdin & Lu, 1999. TertiapinQ at 100 nM and 500 nM (~10 and 50 times the
ICs0) had no significant impact on GABAg responsesevoked by local applications of
baclofen (50 uM) to the soma tH#yer 5pyramidal neuronsFg. 2A,B; n=5; P=0.74 and
P=0.31, respectivel}. In contrast 100 nM tertiapinQ significantly decreasg baclofen
evokedresponsesn CAl pyramidal neuronsF{g. 2C,D; n=8; P=3.0x10°%). Increasing the
tertiapinQ concentration to 500 nM did naeignificantly increase the block odbaclofen
responsef,CAL pyramidal neuron@=0.10) indicating that under our recording conditions
tertiapin@Q“at*“100nM is saturatingin CA1 pyramidal neurongFig. 2C,D; n=8). The
difference in_tertiapirQ sensitivity of baclofen responses in layer 5 and CAl pyramidal
neurons was “highly significantP£6.0x10%). Similar to the experiments using low
concentrations of bariumhésedata show thatinderour experimental conditiensomatic
GABAg-mediated responses layer 5and CA1l pyramidal neuroralso show differential
sensitivty to the GIRK channel blockdertiapinQ.

To investigatethe possibility thatsomatic anddendritic GABAg receptors have different
sensitivity ito_tertiapirQ, we also tested the impact of tertia@inon dendritic GABAg
responseselayer 5 pyramidal neurorduring bathapplications of baclofen (20M). These
experimentssshowethat dendritic input resistance {Rmeasured between 300 and 500 pm
from the semgn=5; average436 + 13 pum)decrease significantly from26.4+ 1.5MQ in
control t019:8,+ 1.5MQ in thepresence of baclofen (n=B<0.05),as previously described
(Breton & Stuart, 2012 Concomitant application of tertiap@ (100 nM with baclofen
failed toblock the impact of baclofen atendritic input resistanagdR, baclofen + tertiapirQ:
19.4 =+ 1.9MQ; n=5, P>0.05). These data suggest tHaith somatic andlendritic GABAg

receptos in layer 5 pyramidal neuromase insensitive to tertiapiQ.
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GABAGg receptors activate TASK-like potassum channels in both layer 5 and CA1l

pyramidal neurons

Previous=werk=indicates that GABAreceptors can acte two-pore domain potassium
channels such a§ASK andTREK (Fearonet al., 2003 Denget al., 2009. To investigate the
potential coupling“of GABA receptors to these channefslayer 5and CAl pyramidal
neurons & focugd our attention on TASK channelas previouslywork indicatesthat the
MRNAs coding. for TASK1 and TASK3 channelsare highly expressedn layer 5 of the
neocortex whereaghe expression ofREK channel mRNAs is loyTalley et al., 200]). To
block TASK channels we bath applied bupivacaine (40 uM) qnuidine (50 uM), two
relatively specific TASK channel blockers at these concentrations Lotshaw, 200Y.
Bupivacainepartially blockedresponseso local somati@pplicatiors of baclofen(50 pM)in
bothlayer 5and CA1 pyramidal neuron&i@. 3A,B; Layer 5 P=0.04, n=5.CA1: P=4.5x10>,
n=8). Similarly, local somatic applications of baclofen (50 uM) were alsafpatiocked by
quinidine in both layer 5 and CA1 pyramidal neurons (Fig. 3C; Lay&=3:0x10° n=5;
CA1: P=2.7x10% n=98. The effects of bupivacaine and quinidine were similar in layer 5 and
CA1 pyramidal'neurond?£0.05 and 0.37, respectivelyijhese datguggeshg that GABAg
responsesn beth layer 5 and CA1 pyramidal neuroae in part be mediated byTASK

channels.

We nextverified thatthe TASK blockersquinidineand bupivacaine weracting specifically
and were (noblocking GIRK channelsTo test this we applied the GIRK channel blocker
tertiapinQ in the presence of quinidine or bupivacai@ensistent with the idea th#te
TASK channelblockers were acting specificallgddition of tertiapinQ (100 nM) in the
presence_of quinidings0 uM) lead to a further reduction inablofenrevoked responsdsa
CA1 neurong(Fig 4A,B; P < 0.01, n=5). Similarly, while application of tertiaph®Q had no
impact on baclefen responsesiayer 5 pyramidal neurons, as showrFigure 2, additiorof
quinidine_6071M) in the presence dertiapinQ (100 nM) significantly reducedbaclofen
evokedresponsegFig 4A,C; P < 0.01, n=5. Similar results were observedlayer 5neurons
whenthe TASK blocker bupivacaine (40 uMjas applied in the presence of tertia@Qirf500
nM; Fig 4D; P < 0.0001, n=9. These resultsuggesthat tertiapirQ andthe TASK channel
blockers quinidineand bupivacaineare acting independently andblocking different

populationsof potassium channels (GIRK and TASK channels, respectively)
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Impact of external pH on the coupling of GABAg receptors to GIRK and TASK
channels

TASK channels are sensitive tthanges irpH, with a decrease in external pH leading to a
reductionsin=TFASK channel activity viadecreas inthechannel opening probabilifReyes

et al., 1998 Kang & Kim, 2009. Given that our data suggest an important role of TASK
channels in“mediating GABAresponses imeocorticallayer 5pyramidalneurons we tested
the impact; of loweringexternalpH on these responsels theseexperimentsve recorded
baclofenmediated responses liayer 5pyramidal neurons in physiological pH (control) and
in a buffered acidic extracellular solution (pH=6s&e Materials and Mthods).In acidic
conditionsg®whenTASK channelactivity is reduced application of the TASK channel
antagonist bupivacaine (40 uM) had no significant impact on baclofen evoked responses
layer 5pyramidal. neurongFig 5A; P=0.08, n=4) These datare consistent witthe idea that
TASK channelsare involved inmediating GABAg receptormediated responsds these

neurons under control conditions.

Surprisingly,lowering externapH revealeda GIRK componento GABAg responsg inlayer

5 pyramidal'neurondn acidic conditions application of the GIRK channel blocker tertiapin
Q (100 nM) significantly decreased baclofen responses in layer 5 pyramidal n@tigphs
P=1.2x10%"1=5)"consistent with earlier work showirigat decreasingxternal pH enhances
GIRK channel activity(Mao et al., 2002 Mao et al., 2003. Finally, in layer 5 pyramidal
neuronswe found that the amplitude of GABA when external pH was lower to 6.3 was
similar to control (n=10, P > 0.34), indicating that during a reduction in external pH up
regulation ofpresumablyGIRK channels compensates for the reduction in TASK channel
activity. Together, lhesedata further support the idea that TASK channels contribute to
GABAG responses in layer 5 pyramidal neurons, and show that coupling of GIRK channels to
GABAg receptorsin thesecells is pH dependent, and only functionally relevamder
conditions:efdewexternal pH

Discussion:

In this study, weshow that GABA receptorsare coupled to different potassium chanmels
neocorticallayer 5and hippocampaCAl pyramidal neuronsWe find that while GABA
receptors are coupled to TASK channels in both populations of pyramidal neurons, coupling

of GABAg receptors to GIRK channels is functionally absentayer 5pyramidal neurons
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under physiological conditian In contrast to these observatiomsade under control
conditions, loweringexternal pH blocks TASK channels layer 5pyramidal neurongnd
revealsa GIRK channel component 8ABAg responsesin summary, we find that the
coupling of GABAg receptos to potassium channels pyramidal neurons from theortex

and hippecampus =ll-specific andegulatedby external pH

I onic mechanismstinderlying GABAg responses

Our results show thathe GABAg agonistbaclofen evokes ma outward currentin both
neocortical layer 5 and CAl1 pyramidal neuronwith a reversal potential close to the
equilibrium,potentiaffor potassium ionsFurthermorethis outward currentvas reducedy
bath application, of barium(Fig 1), a nonspecific potassium channel blockefhese
observationgndicate that in both neocorticallayer 5and CA1 pyramidal neuron&ABAg
receptors activate bariumsensitive potassiurmonductancegonsistent wittprevious studies
(Gahwiler & Brown, 1985Newberry & Nicoll, 1985 Luscheret al., 1997 Chen & Johnston,
2005).

Surprisingly, lmwever,we foundthat the sensitivity of GABA responseto barium wa cell
specificlfig 1),"suggestinghat the downstream targets of GABAeceptors imeocortical
layer 5and CA1 pyramidaheuronsaredifferent. Consistent withthisideaGABAg responses

in these two cells types showed diffeiahtsensitivity to the GIRK channekntagonis
tertiapinQ_(Fig 2), which has not effect in layer 5 pyramidal neurdnscontrast GABAg
responses’ in both cell types were partially blocked by the TASK chanreoargts
quinidine and bupivacain€ig 3 & 4). These data suggest that GABFfeceptors are coupled

to two-pore_domain potassium (K2P) channels in both cell types, but that at physiological
external pH GABA receptors are only coupled to GIRK channels in CA1 pyramidal neurons.
This idea._is_supported bihe different sensitivity of GABAg responses in layer 5 and CA1l
pyramidal meurongo external bariumHKig 1), asin comparison to GIRK channelRASK

channels eelesssensitivity toblock byexternal bariun{Coetzeest al., 1999.

Our observatierthat GABAs receptors inmneocorticaland hippocampal pyramidal neurons
are coupled to TASK channels is consistent withvious work indicamg that GABAg
receptors are coupled TREK-2 channelgalso of the K2P familyin the entorhinal cortex
(Deng et al., 2009. Furthermore,TASK channels are coupled to GABAeceptorsin the
carotid baly (Fearonet al., 2003, and TREK1 channelshave been shown to contribute to
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GABAGg responsesn cultured hippocampal CA1 pyramidal neurq@andozet al., 2012.

This latter observation suggests thhe response remaining in the presence of GIRK and
TASK channel blockers in botteocorticallayer 5and hippocampal CA1 pyramidal neurons
may be mediated by TREK channelsWhile we cannot rule out that the concentration of the
blockersrused=was too loto block all TASK and GIRK channels, it seems likely that
GABAg receptors activate additional potassium conductances, such as TREK channels,

particularly‘in“layer’s pyramidal neurons.

The GABAg-mediated outward curremt hippocampal CA1 pyramidal neurowss partially
blocked by.tertiapirQ, a specific GIRK channel blockéiin & Lu, 1999, consistent with the
idea thathis'response is mediated by GIRK channels (Gahwiler & Brown,; M8bberry &
Nicoll, 1985 Luscheret al., 1997 Chen & Johnston, 2005However,tertiapinQ, even at
high (saturatingy concentrationg500 rM), did not fully block GABAs responses in CAl
neuronsand had no impact on GABAresponses ifayer 5neuronsunder control conditions
(Fig 2). Furthermore, the TASK channel blockers quinidine and bupivacaine were effective
blocking GABAg responses in both cell types in the presencdedfapinQ (Fig 4),
suggesting,that 'botbIRK and TASK channel antagonists were acting specificdlhese
resuls are'surprising given that knockout of th8IRK2 genelargely abolishes GABA
responses in-CAl neuronduscher et al., 1997. One explanation for this apparent
discrepancy is that knocking down the GIRK2 gene disrupts TASBK TREK channel
coupling to GABAs receptoran CA1 neurons, perhaps due to tightlocalisation ofthese

channels witltGIRK channels.

Surprisingly, tertiapirQ dd not affect GABAs-mediated responsas neocorticallayer 5
pyramidal ‘neurongFig 2). These datasuggestthat GIRK channelcoupling to GABAg
receptorsis_not functionalin neocorticallayer 5 pyramidal neuronsinder physiological
conditions=despitethe dense expression adhRNA coding for different GIRK channel
subunits threughout the neocortas well as GIRK channel prote@xpressionn layer 5 on
putative pyramidal neuron dendrit@sarschinet al., 1996 Liao et al., 1996 Ponceet al.,
1996 Saenzidel Burgat al., 2009. Functional coupling of GIRK channels to GABA
receptors was observed, however, under conditions of low external pH, as can oicgur dur

hypoxia.

GABAG receptor signalling and K2P channels
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The K2P channels blockers bupivacaine and quinidimged at low concentration, are
relatively specific to TASK channeldotshaw, 200, andwere found topartially block
bacloferevoked responsesn both neocorticallayer 5 and hippocampal CA1 pyramidal
neurons Eig 3). This observationand the barium sensitivity athe GABAg receptor
mediated-Quiwardurrent(Fig 1), areconsistent witlthe TASK current described Byaverna
et al. (2005 in CA1 pyramidal neurons. Furthermorge found that GABAgs response
neocorticallayer 5pyramidal neuronsvereno longer sensitive to bupivacaindenexternal
pH wasdecreased to 6.@ig 5). This observation islso similar to that ofTavernaet al.
(20095, whao.showed that the impact of bupivacaine on TASK channels is occludeldw
external pH. conditios. Together, heseobservationsupport the idethat TASK channels are
involved in"GABA g-mediatedsignalling in both neocorticaland hippocampal pyramidal

neurons.

Among the K2P channels members, both TASK and TREK channels are pH sensitive.
However, while TREK channels are sensitive to changes in internal pH anddtiaty very

low at physiological external pH, the external asghsing TASK channelsremodulated by
external pH, and are open at physiological externalRéyeset al., 1998 Maingretet al.,

1999 Honoreetal., 2002 Kang & Kim, 2004. Hence, it is perhaps not surprising to the find

that TASK channels are involved in mediating GABAesponsesFurthermore, TASK
channels are widely express in the cortex as well as in the hippocéhatley et al., 200J),

and mMRNA expression has been observed in single CA1 pyramidal neurons and interneurons
(Tavernaetal., 2005 Torborget al., 2006).

In conclusion, this study provides evidence that TASK channels are involved in §ABA
receptoramediated signalling at the soma lodth neocorticaland hippocampal pyramidal
neurons._Furthermore, in the cortdke classical coupling between GIRK channels and
GABAGg receptor is functional onlyinder conditions ofow external phl as might occur
during hypexiaWhile the reasons for these esfiecific differences are unclear, the opposite
external pHdependence of TASK and GIRiediated responses imeocorticallayer 5
pyramidal neurons provides mechanism to maintain GABAresponsesiuring changesn
external pH(Fig 5D), which may provide an important protective mechanism during hypoxia
induced acidosisOverall, theresuls show that the activation of downstream potassium

channels byGABAg receptorss far more complex than previously thought, and points to an
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important role of GABAg receptorsin regulating neuronal excitabilityunder different

physiological/pathological conditions.

Acknowledgements:

This workds supported by thidational Health and Medical Research Council of Australia
(APP1009425) and thAustralian Research Council Centre of Excellence for Integrative
Brain Funetion (CE140100007). The authors declare no competing inexissts

Author contribution:
JDB and GJdSddesigned study. JDB acquired the data and performed all data analysis. JDB and
GJS wrote the paper.

Data statement:

Primary data is stored at the Australian National University and can be cbtaimequest.

Refer ences:

Bettler, B., Kaupmann, K., Mosbacher, ]J. & Gassmann, M. (2004) Molecular structure and
physiological functions of GABA(B) receptors. Physiol Rev, 84, 835-867.

Bowery, N.G., Bettler, B., Froestl, W., Gallagher, ]J.P., Marshall, F., Raiteri, M., Bonner, T.I. &
Enna,_S.. (2002) International Union of Pharmacology. XXXIIl. Mammalian
gamma-aminobutyric acid(B) receptors: structure and function. Pharmacol Rev,

54,247-264.

Bowery, N:G;"Hudson, A.L. & Price, G.W. (1987) GABAA and GABAB receptor site

distribution in the rat central nervous system. Neuroscience, 20, 365-383.

Breton, ].D. & Stuart, G.J. (2012) Somatic and dendritic GABAB receptors regulate
neuronal excitability via different mechanisms. / Neurophysiol. 108, 2810-18.

This article is protected by copyright. All rights reserved



Campbell, V., Berrow, N. & Dolphin, A.C. (1993) GABAB receptor modulation of CaZ+
currents in rat sensory neurones by the G protein G(0): antisense oligonucleotide

studies. / Physiol, 470, 1-11.

Chalifoux;"J'R™& Carter, A.G. (2011) GABAB receptor modulation of voltage-sensitive

calcium channels in spines and dendrites. / Neurosci, 31, 4221-4232.

Chen, X. &Johnston, D. (2005) Constitutively active G-protein-gated inwardly rectifying
K+ chanmels in dendrites of hippocampal CA1 pyramidal neurons. / Neurosci, 25,

3787-3792.

Chu, D.C, Albin, R.L.,, Young, A.B. & Penney, ].B. (1990) Distribution and kinetics of
GABAB binding sites in rat central nervous system: a quantitative

autoradiegraphic study. Neuroscience, 34, 341-357.

Ciruela, F4 Fernandez-Duenas, V. Sahlholm, K., Fernandez-Alacid, L., Nicolau, ].C,
Watanabe, M. & Lujan, R. (2010) Evidence for oligomerization between GABAB
receptors and GIRK channels containing the GIRK1 and GIRK3 subunits. Eur /
Neurosci, 32,1265-1277.

Coetzee, W.A., Amarillo, Y., Chiu, J., Chow, A., Lau, D., McCormack, T., Moreno, H., Nadal,
M.S.,.Ozaita, A., Pountney, D., Saganich, M., Vega-Saenz de Miera, E. & Rudy, B.
(1999) Molecular diversity of K+ channels. Ann N Y Acad Sci, 868, 233-285.

Couve, A5;™M65S,°S.]. & Pangalos, M.N. (2000) GABAB receptors: a new paradigm in G
protein signaling. Mo/ Cell Neurosci, 16, 296-312.

Dascal, N., Lim,.IN.F., Schreibmayer, W., Wang, W., Davidson, N. & Lester, H.A. (1993)
Expression of an atrial G-protein-activated potassium channel in Xenopus

oocytes. Proc Natl Acad Sci U S A, 90, 6596-6600.

Deng, P.Y,, Xiao, Z., Yang, C., Rojanathammanee, L., Grisanti, L., Watt, ]., Geiger, ].D., Liu, R,,
Porter, J.E. & Lei, S. (2009) GABA(B) receptor activation inhibits neuronal

This article is protected by copyright. All rights reserved



excitability and spatial learning in the entorhinal cortex by activating TREK-2 K+

channels. Neuron, 63, 230-243.

Fearon, I.M., Zhang, M., Vollmer, C. & Nurse, C.A. (2003) GABA mediates autoreceptor
feedback‘inhibition in the rat carotid body via presynaptic GABAB receptors and
TASK-1. / Physiol, 553, 83-94.

Gahwiler, B.H. & Brown, D.A. (1985) GABAB-receptor-activated K+ current in voltage-
clampedsCA3 pyramidal cells in hippocampal cultures. Proc Natl Acad Sci U S A4,
82, 1558<1562.

Honore, E., Maingret, F., Lazdunski, M. & Patel, A.]. (2002) An intracellular proton sensor
commands lipid- and mechano-gating of the K(+) channel TREK-1. Embo J, 21,
2968=2976.

Jin, W. & Ly, Z. (1999) Synthesis of a stable form of tertiapin: a high-affinity inhibitor for
inward-rectifier K+ channels. Biochemistry, 38, 14286-14293.

Kang, D. &Kim, D. (2004) Single-channel properties and pH sensitivity of two-pore
domain K+ channels of the TALK family. Biochem Biophys Res Commun, 315,
836-844.

Karschin, Gy, Dissmann, E., Stuhmer, W. & Karschin, A. (1996) IRK(1-3) and GIRK(1-4)
inwardly rectifying K+ channel mRNAs are differentially expressed in the adult

ratbrain."J Neurosci, 16, 3559-3570.
Kavalali, E.T., Zhuo, M., Bito, H. & Tsien, RW. (1997) Dendritic Ca2+ channels
characterized by recordings from isolated hippocampal dendritic segments.

Neuron, 18, 651-663.

Kubo, Y., Baldwin, T.J,, Jan, Y.N. & Jan, L.Y. (1993) Primary structure and functional

expression of a mouse inward rectifier potassium channel. Nature, 362, 127-133.

This article is protected by copyright. All rights reserved



Kulik, A., Vida, L., Fukazawa, Y., Guetg, N., Kasugai, Y., Marker, C.L., Rigato, F., Bettler, B,
Wickman, K. Frotscher, M. & Shigemoto, R. (2006) Compartment-dependent
colocalization of Kir3.2-containing K+ channels and GABAB receptors in

hippocampal pyramidal cells. / Neurosci, 26, 4289-4297.

Kuner, R., Kohr, G., Grunewald, S., Eisenhardt, G., Bach, A. & Kornau, H.C. (1999) Role of

heteromer formation in GABAB receptor function. Science, 283, 74-77.

Liao, Y.J., Jam YilN. & Jan, L.Y. (1996) Heteromultimerization of G-protein-gated inwardly
rectifying K+ channel proteins GIRK1 and GIRK2 and their altered expression in
weaver brain. / Neurosci, 16, 7137-7150.

Lotshaw, D.P. (2007) Biophysical, pharmacological, and functional characteristics of
clonedwand native mammalian two-pore domain K+ channels. Cell Biochem

Biophys;47, 209-256.

Luscher, C., Jan;"L.Y., Stoffel, M., Malenka, R.C. & Nicoll, R.A. (1997) G protein-coupled
inwardly rectifying K+ channels (GIRKs) mediate postsynaptic but not

presynaptic transmitter actions in hippocampal neurons. Neuron, 19, 687-695.

Maingret, ., Patel, A]., Lesage, F., Lazdunski, M. & Honore, E. (1999) Mechano- or acid
stimulation, two interactive modes of activation of the TREK-1 potassium

channel./ Biol Chem, 274, 26691-26696.

Mao, J., Eij"L. MéManus, M., Wu, ]., Cui, N. & Jiang, C. (2002) Molecular determinants for
activation of G-protein-coupled inward rectifier K+ (GIRK) channels by

extracellular acidosis. / Biol Chem, 277, 46166-46171.
Mao, J., Wu, J., Chen, F., Wang, X. & Jiang, C. (2003) Inhibition of G-protein-coupled

inward rectifying K+ channels by intracellular acidosis. / Bio/ Chem, 278, 7091-
7098.

This article is protected by copyright. All rights reserved



Menon-Johansson, A.S., Berrow, N. & Dolphin, A.C. (1993) G(o) transduces GABAB-
receptor modulation of N-type calcium channels in cultured dorsal root ganglion

neurons. Pflugers Arch, 425, 335-343.

Mintz, .M. & Bean, B.P. (1993) GABAB receptor inhibition of P-type Ca2+ channels in

central neurons. Neuron, 10, 889-898.

Newberry,’N.R. & Nicoll, R.A. (1985) Comparison of the action of baclofen with gamma-
aminoebutyric acid on rat hippocampal pyramidal cells in vitro. / Physiol, 360,

161-185:

Obrietan, K. & van den Pol, AN. (1999) GABAB receptor-mediated regulation of
glutamate-activated calcium transients in hypothalamic and cortical neuron

development. / Neurophysiol, 82, 94-102.

Palmer, L.M., Schulz, ].M., Murphy, S.C., Ledergerber, D., Murayama, M. & Larkum, M.E.
(2012) “The cellular basis of GABA(B)-mediated interhemispheric inhibition.
Screnee, 335, 989-993.

Perez-Garci, E., Gassmann, M., Bettler, B. & Larkum, M.E. (2006) The GABAB1b isoform
mediates long-lasting inhibition of dendritic Ca2+ spikes in layer 5

somatesensory pyramidal neurons. Neuron, 50, 603-616.

Ponce, A., Bueno, E., Kentros, C., Vega-Saenz de Miera, E., Chow, A., Hillman, D., Chen, S,
Zhu; L;"Wu, M.B,, Wu, X, Rudy, B. & Thornhill, W.B. (1996) G-protein-gated
inward rectifier K+ channel proteins (GIRK1) are present in the soma and
dendrites;as well as in nerve terminals of specific neurons in the brain. /

Neuroscid6,1990-2001.
Reyes, R., Duprat, F., Lesage, F., Fink, M., Salinas, M., Farman, N. & Lazdunski, M. (1998)

Cloning and expression of a novel pH-sensitive two pore domain K+ channel from

human kidney. / Biol Chem, 273, 30863-30869.

This article is protected by copyright. All rights reserved



Sabatini, B.L. & Svoboda, K. (2000) Analysis of calcium channels in single spines using

optical fluctuation analysis. Nature, 408, 589-593.

Saenz del Burgo, L., Cortes, R, Mengod, G., Zarate, ]., Echevarria, E. & Salles, ]. (2008)
Distribution and neurochemical characterization of neurons expressing GIRK

channels in the rat brain. 7he Journal of comparative neurology, 510, 581-606.

Sandoz, G.jLevitz, J., Kramer, R.H. & Isacoff, E.Y. (2012) Optical control of endogenous
proteinsswith a photoswitchable conditional subunit reveals a role for TREK1 in

GABA(B)ssignaling. Neuron, 74, 1005-1014.

Scholz, K.P. & Miller, R.J. (1991) GABAB receptor-mediated inhibition of Ca2+ currents
and synaptic transmission in cultured rat hippocampal neurones. / Physiol, 444,

669-686:

Stuart, G.J./Dodt, H.U. & Sakmann, B. (1993) Patch-clamp recordings from the soma and
dendrites of neurons in brain slices using infrared video microscopy. Pflugers

Aremp423, 511-518.

Talley, E.M., Solorzano, G., Lei, Q.,, Kim, D. & Bayliss, D.A. (2001) Cns distribution of
members of the two-pore-domain (KCNK) potassium channel family. / Neurosci,

21, 7491-7505.

Taverna, S4 Tkatch, T., Metz, A.E. & Martina, M. (2005) Differential expression of TASK
channeéls™ between horizontal interneurons and pyramidal cells of rat

hippocampus. / Neurosci, 25,9162-9170.
Torborg, C.L., Berg, A.P., Jeffries, B.W., Bayliss, D.A. & McBain, C.J. (2006) TASK-like

conductances are present within hippocampal CA1 stratum oriens interneuron

subpopulations. / Neurosci, 26, 7362-7367.

This article is protected by copyright. All rights reserved



White, ].H., Wise, A., Main, M.],, Green, A., Fraser, N.J., Disney, G.H., Barnes, A.A., Emson, P.,
Foord, S.M. & Marshall, F.H. (1998) Heterodimerization is required for the
formation of a functional GABA(B) receptor. Nature, 396, 679-682.

Figureslegends:

Fig 1: GABAg responsesin layer 5 and CA1 pyramidal neurons have different sensitive

to barium.

(A,C) Bacloferrevoked responses (50 uk&d) recorded at the sarof layer 5 ) and CA1
pyramidal mneurons Q) in control (black) and barium (200 puMyreen. (B,D) Average
amplitude of baclofen responses dantrol (open symbolst SEM) and after addition of
barium (200 pNlgreen) in layer 5K; 10 cellsfrom 10 animals) and CAIL; 5 cellsfrom 5

animald pyramidal neurons. Gregymbolsand dashed lineshew data fromindividual

neurons.

Fig 2. GIRK "channels are not activated by GABAg receptors in layer 5 pyramidal
neurons.

(A,C) Baclofemevoked responses (50 pk&d) in layer 5 A) and CA1 pyramidal neurons
(C) in control (black) and tertiapi® (100 nM, light blue; 500 nM, daiiue). 8,D) Average
amplitude .of baclofen responses in contrgbgn symbols; +SEM) and after addition of
tertiapinQ (100 nM, light blue; 500 nM, dark bluén layer 5 B; 5 cellsfrom 5 animal$ and
CA1 pyramidal neurondX; 8 cellsfrom 8 animal$. Grey circles and dashed lines show data

from individual neurons

Fig 3. GABAg.receptors are coupled to TASK channels in both layer 5 and CAl
pyramidal 'neurans.

(A) Baclofemevoked responses (50 ukd in layer 5 [eft) and CA1 pyramidal neurons
(right) in_eontrol (black) and bupivacaine (40 pMrange). B) Average amplitude of
baclofen respanses in controbgnsymbols; £SEM) and after addition of bupivacin8;(40
uM; orangé in layer 5 (leff 5 cells from 5 anima)sand CA1 pyramidal neurons (righ8
cells from 8 animals Grey circles and dashed lines show data frodividual neurons. )
Average amplitude of baclofen responses in control (open symbo&EM) and after

addition of quinidine (50 uM; pinkin layer 5 (left; 5 cells from 5 animajsand CAl
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pyramidal neurons (right cells from 6 anima)s Grey circles and dashed lines show data

from individual neurons.

Fig4: TASK and GIRK antagonists block different populations of channels.

(A) Bacloferevoked respaes (50 uMred) in CA1 pyramidal (top) and layer 5 pyramidal
neuons (bottom) in control (blackjjuinidine (50 uM;pink) or tertiapinrQ (100 nM; blue)
alone,and "quindine”plus tertiapirQ (mauve). B) Average amplitude dbaclofen responses
in controlgopen symbols; £SEM), quinidine alone (50 uM, pink) andjuinidine plus
tertiapinQ (100.nM; mauve) in CA1 pyramidal neurdpscells from 5 animalsisrey circles
and dashed lines show data from different neur¢@¥.Average amplitude of baclofen
responsesginscontrobpen symbols; +SEM), tertiapinQ alone (00 nM light blue) and
tertiapinQ plus quinidine (50 uMmauve in layer 5 pyramidal neuron cells from 5
animals) Grey circles and dashed lines show data from different neu(bnsAverage
amplitude of baclofen responses in control (opgmbols; +SEM), tertiapirQ alone (500
nM, dark blue) and tertiapi® plus bupivacaine (40 uM; olive) in layer 5 pyramidal neurons

(9 cells from.9.animals). Grey circles and dashed lines show datalififenent neurons.

Fig 5: Lowingexternal pH reveals a GIRK channel component to GABAg responses in
layer 5 pyramidal neurons.

(A) Left, Bacloferevoked responses (50 pMed in layer 5 pyramidaiheurons at low
external pH (pH6.3; black) and bupivacaine (40 plrange) Right, Averageamplitude of
baclofen responses in contrapgen symbols; iSEM) and in the presence dlpivacaine
(orange)in’layer'5 pyramidal neurons at low external pH (pH @.2ells from 4 animals
Grey circles and dashed lines show data from different neuf@jd.eft, Bacloferevoked
responses (50 uM, duration: 3s) in layer 5 pyramidgalrons at low external pH (p6i3;
black) and: tertiaph®Q (100 nM, blue). Right, Average amplitude of baclofen resesrn
control pen=symbols; ISEM) andtertiapinQ (blue) in layer 5 pyramidal neurons at low
external pH«(pH 6.35 cells from 5 anima)Js Grey circles and dashed lines show data from

different neurons.
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