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Single KATP channel opening in response to stimulation of
AMPA/kainate receptors is mediated by Nat accumulation
and submembrane ATP and ADP changes

R. Mollajew, J. Toloe and S. L. Mironov

DFG-Center of Molecular Physiology of the Brain, Institute of Neuro- and Sensory Physiology, Georg-August-University, Gottingen 37073, Germany

Neuroscience

Key points

e KATP channels can suppress overexcitation of CNS neurons after activation of glutamatergic
receptors (GluRs), and we examined this functional interaction in the brainstem and
hippocampal neurons.

e GluR stimulation increased the activity of single KATP channels that was not mediated by
intracellular calcium, reactive oxygen species and osmotic stress, and was abolished after
inhibition of sodium influx.

e ATP and sodium imaging indicated that functional cross-talk between GluRs and KATP
channels is mediated by Na™-K*-ATPase.

¢ GluR contributed to KATP channel opening during hypoxia in functionally intact brainstem
slices and seizure-like activity in the hippocampal slices.

e We propose that neuronal activity depletes submembrane ATP, and increases ADP levels and
promotes KATP channel opening that dampen uncontrolled excitation by glutamate.

Abstract Excessive stimulation of glutamatergic receptors (GluRs) can overexcite neurons.
This can be dampened by KATP channels linking metabolic and neuronal activities, but
the cross-talk has not yet been examined on the single channel level. In the brainstem and
hippocampal neurons, GluR agonists augmented the open state probability (Ppen) of KATP
channels with relative efficacy: kainate &~ AMPA > NMDA > ¢-ACPD. Inhibition of calcium
influx and chelation of intracellular calcium did not modify the effects. Kainate did not augment
production of reactive oxygen species measured with roGFP1. H,O, slightly increased Popen,
but GluR effects were not modified. GluR actions were abolished in Na*-free solutions and
after blockade of Na™-K*-ATPase. KATP channels in open-cell patch-clamp measurements were
inhibited by ATP, stimulated by ADP, and kainate was effective only in the presence of ATP.
GluR stimulation enhanced ATP consumption that decreased submembrane ATP levels, whereas
metabolic poisoning diminished bulk ATP. Modelling showed strong ATP depletion and ADP
accumulation near the membrane, and both effects contributed to P, increases after GluR
stimulation. Kainate and hypoxia activated KATP channels in the functional brainstem slices.
Inhibition of aerobic ATP production and GluR stimulation were about equally effective in KATP
channel opening during hypoxia. Induction of seizure-like activity in hippocampal slices with
Mg”* -free solutions was accompanied by ATP decrease and KATP channel opening. We propose
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that KATP channels and GluRs are functionally coupled that can regulate long-lasting changes of

neuronal activity in the CNS neurons.
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Sensory Physiology, Georg-August-University, Gottingen 37073, Germany. Email: smirono@gwdg.de

Abbreviations ACSE, artificial cerebrospinal fluid; AM, acetomethoxy; AP, action potential; Ca;, voltage-sensitive
L-type calcium channels; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; FRET, fluorescence resonance energy transfer;
GluR, glutamatergic receptor; KATP, ATP-sensitive K™ channels; OC, open-cell; P,,.,, open state probability; preBotC,
pre-Botzinger complex; ROS, reactive oxygen species; XII, hypoglossal nucleus.

Introduction

Glutamate is the predominant excitatory neurotransmitter
in the CNS, and over 70% of all nerve endings release
this excitatory amino acid (Fonnum, 1984). Glutamatergic
transmission plays a key role in the brain, but over-
stimulation of glutamate receptors (GluRs) may lead to
excitotoxicity (Olney & de Gubareff, 1978). It is believed
that the first step is prolonged membrane depolarization
subsequently allowing the excessive influx of calcium
followed by activation of various calcium-dependent
enzymes, many of which have the potential to destroy
neurons (Mattson et al. 1989; Choi & Rothman, 1990;
Nicholls & Budd, 2000; Delorenzo et al. 2005). Reactive
oxygen species (ROS; Avshalumov & Rice, 2003; Abramov
et al. 2007), disturbances in ion homeostasis with
consequent osmotic deregulation, and increased ATP
consumption (Erescinska et al. 2005) may also contribute
to excitotoxicity. Less acute but still pathological effects
were assigned to glutamatergic neurotransmitter systems
in epileptogenesis, Alzheimer’s disease, amyotrophic
lateral sclerosis, Huntington’s and Parkinson’s diseases,
stroke, and hypoxia/ischaemia.

Deleterious long-lasting effects of glutamate may be
caused by spillover of glutamate after its release into the
synaptic cleft (Rusakov ef al. 2011). Glutamate is normally
cleared by astrocytic transporters and dissipates through
diffusion. Both mechanisms operate slowly, and the long
lifetime of glutamate in the extracellular space may
overstimulate GluRs. Counteracting inhibitory brakes,
acting via membrane hyperpolarization and preventing
propagation of the excitatory postsynaptic current, may
protect neurons from potentially excitotoxic insults. KATP
channels have been thought to represent the perfect
candidate, and their activation diminishes the effects
of hypoxia/ischaemia (Lipton, 1999; Ben-Ari & Cossart,
2000; Krnjevi¢, 2008). KATP channels downregulate
glutamate release (Soundarapandian et al. 2007), and their
overexpression has beneficial effects in epilepsy (Yamada
et al. 2001) and schizophrenia (Hernandez-Sanchez et al.
2001).

KATP channels were first characterized as intrinsic
ATP sensors in the heart (Noma, 1983). Their activity is
also modulated by various signalling molecules, including

ROS (Liu & Gutterman, 2002; Avshalumov & Rice, 2003;
Mironov & Langohr, 2007), G-proteins, protein kinases A
and C, osmo-mechanical stress (Mironov & Richter, 2000),
and membrane phospholipids (Shyng & Nichols, 1998;
Mironov & Skorova, 2011). The mechanisms partially
overlap with the pathways activated by glutamate, but it is
yet unknown whether causal relationships exist.

The issue as to whether and how GluRs can modify
activity of KATP channels has been never investigated on
the single channel level. We examined KATP channels
opening in relation to neuronal activity in brainstem
and hippocampal slices, and analysed in detail the
mechanisms that can mediate cross-talk between GluR
and KATP channels in isolated hippocampal neurons in
culture. The study was initiated by the observation that
application of 100 M glutamate for 2 min induced about
a threefold increase in the open state probability (Pypen)
of KATP channels. The effects developed slowly and were
long-lasting, and we sought for possible mediators. We
verified that intracellular calcium, osmotic stress and
ROS were not involved. Stimulation of KATP channels by
GluR agonists was abolished in sodium-free solutions and
after elimination of ATP-dependent sodium efflux with
ouabain. We imaged significant accumulation of sodium
after membrane depolarization and GluR stimulation.
Measurements of ATP in neurons using Ateam 1.03
showed ATP depletion after activation of GluRs and during
seizure-like activity.

In neurons permeabilized with {3-escin, KATP channels
were inhibited by ATP and stimulated by ADP. Kainate
increased Pype, only in the presence of ATP. Modelling
ATP homeostasis, we calculated strong decreases in
ATP and increases in ADP in submembrane regions
after stimulation of Na*/K*-ATPase that contrasted to
a uniform ATP decrease after metabolic poisoning.
Calculated changes in ATP and ADP were used to
estimate Py, that agreed with experimentally measured
values.

We propose that even brief periods of neuronal activity
may substantially deplete submembrane ATP and increase
ADP. Both effects converge to reinforce KATP channel
opening that can induce long-lasting changes in neuro-
nal activity and dampen uncontrolled excitation after
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excessive release of glutamate and minimize its excitatory
effects.

Methods
Preparation and solutions

All animals were housed, cared for and killed in accordance
with the recommendations of the European Commission
(No. L358,ISSN 0378-6978), and protocols were approved
by the Committee for Animal Research, Gottingen
University. The animals were killed by decapitation, and
the fresh brains were used for preparation of acute and
organotypic slices.

Cell cultures of hippocampal neurons were prepared
from 2- to 4-day-old mice as described previously
(Mironov, 1995). Briefly, hippocampi were dissected;
the cells were dissociated and plated on coverslips.
Patch-clamp recordings and imaging were made in
neurons that had spent at least 1 week in culture. The
coverslips with hippocampal neurons were placed on the
microscope stage in a chamber continuously superfused
at 1 mlmin~' at 34°C with bath solution containing (in
mM): NaCl, 136; KCl, 5; CaCl,, 1.25; MgCl,, 0.8; glucose,
6; Hepes, 10; pH 7.4.

Functionally intact ‘rhythmic’ slices (thickness,
600 pwm) were obtained from the brainstem of P5-P7 mice
as described previously (Mironov et al. 2009). Slices were
placed in the recording chamber on a nylon mesh and
overlaid with a threaded home-made platinum-iridium
support for mechanical stability. One of the hypoglossal
(XII) rootlets was sucked into a blunt electrode to
record the respiratory motor output. The experiments
were performed in the slices bathed at 34°C in artificial
cerebrospinal fluid (ACSF) containing (in mm): NaCl, 136;
KCI, 4, Caclz, 125, MgSO4, 08, NaH2P04, 04, KzHPO4,
0.3; NaHCO;, 3.3; glucose, 6; pH 7.4 and saturated with
950/0 02—50/0 COZ

Organotypic hippocampal slices were prepared and
maintained in culture as described by Stoppini et al.
(1991), which we applied previously to brainstem slices
(Hartelt et al. 2008). Briefly, the animals were prepared at
postnatal day P3, and slices were placed on the support
membranes (Millicell-CM Inserts, PICMORG50; Milli-
pore). A medium of 1 ml was added to have the surface
of the slice continuously exposed to the incubator gas
mixture, and the medium (50% MEM with Earle’s salts,
25mM Hepes, 6.5 mgml™" glucose, 25% horse serum,
25% Hanks solution buffered with 5 mm Tris and 4 mMm
NaHCO;, pH 7.3) was changed every 2 days.

All salts and other common substances were from
Sigma (Deisenhofen, Germany). GluR agonists and
antagonists, voltage-sensitive L-type calcium channel
(Car) modulators and ROS scavengers were purchased
from Tocris Bioscience (Bristol, UK). Acetomethoxy (AM)
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ester forms of fura-2 and Sodium Green were from
Invitrogen (Darmstadt, Germany).

Electrophysiology

All patch-clamp experiments were performed in the
cell-attached mode. Glass electrodes had 4 MOhm
resistances, when filled with the solution (in mMm):
K*-gluconate, 125; NaCl, 10; MgCl,, 2; Hepes, 10; Na, ATP,
0.5; pH 7.4. Membrane currents were measured with the
amplifier EPC-7 (ESF, Friedland, Germany). Single KATP
channels were identified by their conductance (75 pS),
gating pattern and pharmacology (inhibition by 30 um
glibenclamide and activation by 30 uM diazoxide) as
described previously (Mironov et al. 1998; Haller et al.
2001; Mironov & Skorova, 2011). The Py, of KATP
channels was calculated as the ratio of mean and unitary
currents divided by the number of open channels in the
patch estimated from the maximal number of super-
imposed events during the experiment.

In the ‘open-cell’ (OC) mode, neurons were bathed
in calcium-free solution containing (in mm): NaCl, 136;
KCl, 5; EGTA, 0.1; Hepes, 10; glucose, 6; pH 7.4. After
formation of cell-attached patch the rest of membrane
was permeabilized by a single puff of 5um B-escin.
The efficacy of the cytoplasmic exchange was assessed
in neurons loaded with fura-2 that leaked from the cells
within <1 min after addition of B-escin.

Imaging

For calcium-imaging neurons were loaded with 1 uM
fura-2/AM for 15 min at 37°C and washed for 30 min.
For sodium-imaging neurons were incubated with 12 um
Sodium Green/AM for 45 min at 37°C and washed for
30 min. ROS production was measured with ro-GFP1
(Hanson et al. 2004). ATP levels were assessed with Ateam
1.03 (Imamura et al. 2009). Genetically encoded sensors
D3cpvand Ateam 1.03 were modified to selectively express
them in neurons. Coding sequences were embedded into
recombinant adeno-associated virus vector containing
synapsin 1 gene promoter. Neurons were transduced
2 days after preparation using protocols applied previously
(Hartelt et al. 2008; Mironov et al. 2009). Near 100%
infection efficiency was obtained for adding 100 infectious
particles per ul to the growth medium (0.5 ml in one well
ofafour-well plate). Steady expression was usually attained
within 3 days.

The neurons were visualized with a 10x or 40x
objective lens of an upright microscope (Axioscope 2,
Zeiss). The excitation light from CoolLED (BFI Optilas,
Puchheim) was attenuated to 30%. Fura-2 signals were
excited at 380 nm and the fluorescence was collected
at 535 £ 15 nm. Fluorescence resonance energy transfer
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(FRET)-based sensors Ateam 1.03 (Imamura et al. 2009)
and D3cpv (Palmer & Tsien, 2006) were excited at
425 nm, and their fluorescence was measured at 535 nm
(FRET acceptor) and 470 nm (CFP; FRET donor). Images
were captured by cooled CCD camera (BFI Optilas,
Puchheim) using ANDOR software (500 x 500 pixels
at 12-bit resolution). Images for analysis were back-
ground subtracted and examined offline with MetaMorph
software (Universal Imaging Corp., Downington, PA,
USA) and custom-made programs. Mean cytoplasmic
ATP and calcium were obtained from FRET/CFP ratios
in regions of interest that encircled single neurons. The
data were averaged for 8-12 neurons in the image field,
and the standard deviation in all cases was <10%.

To calculate intracellular concentrations from
fluorescence signals, we used the approach proposed by
Grynkiewicz et al. (1985). In equilibrium the measured
signals can be related to those from free- and bound
forms of the indicator as

_ Xmin +Xmaxcn
K"+

where X stands for the FRET/CFP ratio (R; D3cpv and
Ateam) or fluorescence at a single wavelength (F; fura-2,
Sodium Green), C is the intracellular concentration, K
is the dissociation constant of the indicator, and 7 is
the Hill index indicating stoichiometry of the binding.
Normalizing the signals as x= X/X.x and x' = X/Xin
we, respectively, get

_ (Xmin/Xmax) — xK
N x—1

Cn

and
1—-xK
c" =
x — (Xmin/Xmax)

Limiting values Ry and Fpapr D3cpv and Sodium
Green were determined at the end of each experiment
using 5uM ionomycin and 20 ugml™! gramicidin
that, respectively, equilibrated calcium and sodium
concentrations across the plasma membrane. Calcium
concentrations were calculated using the first formula
with  Ryu/Rmin=12.5 and K=0.76 uMm, n=0.74
(D3cpv; Palmer & Tsien, 2006), and for sodium we
used Fou/Fmin=7.2, K=21mM and n=1 (Sodium
Green; Winslow et al. 2002). The value of R;, for
ATeam 1.03 was determined using 1puM carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone  (FCCP)
that set ATP to zero. The values of Rp./Rmin = 2.42,
K=3.3 um and n= 2.1 were taken from Imamura et al.
(2009). Calcium levels from fura-2 fluorescence were
obtained as described previously (Mironov & Langohr,
2005).
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Model of spatio-temporal ATP changes in the
cytoplasm

ATP dynamics was described by the reaction-diffusion
equation

C,=DAC+K —aC (1)

where C= [ATP], C, is the time derivative and A is the
Laplacian representing ATP diffusion (D =200 um?s™!).
The boundary condition

DC, = —JCf (1) (2)

described ATP consumption by membrane pumps.
The model had only three parameters — K, « and
J that, respectively, represented ATP production and
consumption in the cytoplasm, and ion pumping out of
the cell. The solution of eqn (1) without time-dependent
part defines the steady-state ATP profile as

C(r) = K/a — A exp(—ar/R)

where R is the cell radiusand A = [J/(J + a)][e /R —
1]/[e™™ —1].

The mean cytoplasmic ATP is obtained after integration
eqn (1) by the spatial coordinate that gives the ordinary
differential equation

a=—J +a)c+K (3)

It defines the time constant of mean ATP changes as

t=1/0J + @) (4a)
and the steady-state ATP level as
c=K/J +a) (4b)

This was used to estimate parameters of ATP
handling. For resting [ATP] =2 mM, ATP production
rate. K=25ums™ ! (Attwell & Laughlin, 2001) and
J= a/3 (contribution of Na*t/K*-ATPase to the total ATP
consumption at rest; Rolfe & Brown, 1997; Ames, 2000),
eqn (4b) gives a =0.01s"'. We show below that the
estimates of K, J and « agree well with values measured
experimentally.

Na®/K*-ATPase activity was described by the
time-dependent term f(#) in the boundary condition (2).
We considered only changes in the pump activity that are
caused by sodium accumulation, and set

£ () = fmax/(1 4+ 20 mM/[Na])?

(Ames, 2000; Krishnan & Bazhenov, 2011). Sodium influx
was set to 10 mM min~! as measured in sodium imaging
(Fig. 5, below). After stimulation the pump activity
declined exponentially with time constant 30 s, and ATP
levels were obtained using eqns (1) and (2).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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The value of Pype, of KATP channels was calculated
using the model of Hopkins et al. (1992) in the formulation
of Magnus & Keizer (1998)

p open —

0.08(1 + [ADP]/K 44) + 0.89(0.165[ADP/Ky4])>
(0.165[ADP] /K 4q)?(1+0.135[ADP] /K g +0.05[ATP] /K )

(5)

Here the dissociation constants are Kgq=17 uM,
K =26 umand Ky = 1 uM. [ADP] values were obtained
from ATP levels as [ADP] = (2 — [ATP])/4 + 0.01 (mm)
that accounts for basal [ADP] =10 uM and its further
hydrolysis (Mironov, 2007).

Statistics

The experiments were made in cultures obtained from 166
mice, and each treatment was performed on preparations
obtained from at least three different mice. Experiments
used randomly chosen cell batches and in each coverslip
only one particular protocol was applied. Data are given
as mean = standard deviation, and significantly different
changes are marked as *P < 0.1 and **P < 0.01. They were
determined using the non-parametric Mann—Whitney
U test. Statistical calculations were done with the Excel
software (Office 2003) and Statview (version 5.0.1, SAS
Inc., NC, USA).
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Results

GluRs augment KATP channel activity in the
hippocampal neurons

In dissociated cultured cells GluR agonists slowly increased
the frequency of openings of single KATP channels (Fig. 1).
Supplementary Fig. S1 presents typical traces of channel
activity for each experimental protocol used. AMPA and
kainate maximally stimulated KATP channels at 10 um
and 100 M NMDA, and 0.5 mM t-ACPD induced weaker
effects (Figs 2B and S1). Long-term stimulation of single
KATP channels by GluR agonists has not been reported
previously, and its slow development implies specificintra-
cellular pathways. We sought for possible mediators of
GluR effects, and examined roles of calcium, osmotic
stress, ROS and ATP. In testing experiments we used 10 M
AMPA and kainate interchangeably, because they induced
identical changes in KATP opening.

Intracellular calcium

AMPA and kainate (10 uM) increased calcium and
reversibly to plateau, and calcium levels recovered fast
during washout (Fig. 2A). The effects were abolished by
1 um TTX (n=4), this indicated that calcium increase
was caused by membrane depolarization and opening of
voltage-sensitive calcium channels. NMDA (100 um) in
Mg**-free solution produced smaller and slower calcium
transients. Calcium transients evoked by t-ACPD were
typical for IP;-driven calcium release from internal stores

Kainate

EERTTORITIT)

AP-associated

currents
™ | == closed
| ] | : open
KATP *
channels
1 min

Figure 1. Augmentation of ATP-sensitive K* (KATP) channel activity after GluR stimulation

A, measurements were performed in cultured hippocampal neurons. Cell-attached patch was held at —50 mV.
Application of 10 um kainate for 2 min first augmented and then decreased the frequency of action potential
(AP)-related currents (upwardly directed declinations) accompanied by activation of KATP channels. B, episodes of
neuronal and channel activities at times indicated by asterisks in (A). The traces show voltage ramp recordings from
+20 to —80 mV. The two lines in the rightmost panel indicate chord conductances of KATP channels (multiples of

75 pS).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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(Mironov, 1995). The fast rise and decay of calcium
indicated unperturbed calcium homeostasis after GluR
stimulation.

When possible effects of intracellular calcium were
inhibited by blockade of calcium influx with cadmium,
removal of external calcium, its replacement with barium
and loading neurons with the calcium chelator BAPTA,
the responses of KATP channels to AMPA/kainate were
not modified (Figs 2B and S1). They were not changed by
nitrendipine and BAY K 8644 that, respectively, inhibit and
activate L-type calcium channels (Nowycky ef al. 1985).

Osmotic stress

Ton fluxes activated after GluR stimulation may induce
swelling of neurons known to potentiate activity of single
KATP channels (Mironov & Richter, 2000). Kainate did
not change the volume or form of the neurons (Fig. S2).
After 2min in solution with —50% osmolarity, Popen
increased by about twofold. Subsequent addition of
kainate increased KATP opening in about the same
proportion as in the control (Fig.3A) that indicated

A

fura-2

Kainate
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independent effects of osmo-mechanical stress and GluR
stimulation.

ROS

ROS modulate KATP channels (Liu & Gutterman,
2002; Mironov & Langohr, 2007). H,O, (1 mm) slightly
elevated Py, that did not prevent further stimulation of
channels by kainate (Figs 3A and S1). In the presence of
Mn(III)tetrakis(4-benzoic acid) porphyrin chloride that
eliminates ROS effects in skeletal muscle (Martins et al.
2008), the effects of kainate were identical to that in
the control (Figs3A and S1). Imaging ROS levels with
ro-GFP1 (Hanson et al. 2004) showed no changes in
response to 10 uM kainate (Fig. S3; n=6).

Sodium accumulation and extrusion

Negative results obtained for calcium, ROS and osmotic
stress on GluR-induced changes in KATP activity
prompted us to examine the direct modulation of channels
through ATP. For a ‘general’ cell (Rolfe & Brown, 1997;

t-ACPD

[Ca]
0.2um
1 min 0
B
Popen
0.4- 1 A Y [
Control Treatment AMPA/Kainate

iy

Adiddd

Glu Kain. AMPA NMDA t-ACPD K*
GIuR

BayK Nitrendip. Ba®*

BAPTA 0Ca?* Cd**

Intracellular calcium

Figure 2. Glutamate receptors (GluRs), intracellular calcium and KATP channels

A, GluR-mediated calcium increases in cultured hippocampal neurons. B, open state probability (Popen) of KATP
channels in the control (empty bars), after treatments that elevated cytoplasmic calcium (hatched bars) and 3 min
after 10 um AMPA/kainate (filled bars) in the presence of agents that modulated calcium influx. Agents were
added 10 min before AMPA/kainate applications and left in the bath. Representative recordings and application
conditions are given in Fig. S1. Significant differences in the experiments were shown by **P < 0.01 and *P < 0.1.
The numbers of measurements for each experimental protocol are given within histogram bars.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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ATPases Na* channels

Figure 3. Intracellular pathways and GluR-mediated KATP channel opening

The traces in A and B show the activity of KATP channels during voltage ramps from +20 to —80 mV. Histograms
present mean open state probabilities (Popen) in the control (empty bars), 2 min after treatments (hatched bars)
and 3 min after applications of 10 uMm kainate in the presence of agents (filled bars). A, osmotic stress and cyanide
increased Popen, and kainate elevated it further. The channel activity was not significantly changed after treatment
of neurons with H,0, (1 mm, 2 min) and scavenger MnTBAP (50 um, 30 min; see also Fig. S1). B, effects of
ion pumps and sodium influx. The traces present channel activities before, in the presence of ouabain (3 um,
Nat/K*-ATPase blocker), thapsigargin (1 um, SERCA inhibitor) and TTX (1 uM, blocker of voltage-dependent
sodium channels), in sodium-free solutions and after kainate. Significant differences between Pgpen values in the
control and 3 min after 10 uM kainate were shown by **P < 0.01 and *P < 0.1. The numbers of measurements for
each experimental protocol are given within histogram bars. CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; ROS,
reactive oxygen species.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Ames, 2000) about 25% of the total ATP synthesis is
used by the Na™-K"-ATPase, 5% by the Ca’>"-ATPase
(SERCA), 5% by the actomyosin ATPase, and the rest
for gluconeogenesis, substrate cycling, protein and mRNA
synthesis.

Examination of typical ATP consumers showed that
inhibition of ATP-dependent actin turnover did not
modify GluR effects (Figs S1 and S4). In the presence
of 1 uM thapsigargin (SERCA inhibitor), AMPA/kainate
effects were slightly smaller than in the control (Fig. 3B).
Ouabain (3 um; Nat/KT-ATPase blocker) completely
abrogated GluR-mediated augmentation of channel
activity, and in sodium-free solutions the effects were not
observed (Fig. 3B). In the presence of 1 uMm TTX, GluR
stimulation was much less effective than in the control.
Ouabain and TTX also slightly increased Pqpen, which likely
reflected the contribution of Na™/K*-ATPase activity to
ATP consumption at rest (Fig. 3B).

Changes in intracellular sodium

Using Sodium Green (Winslow et al. 2002) we imaged
changes in cytoplasmic sodium during treatments applied
to examine KATP channels. Membrane depolarization
with 50 mm K* elevated sodium to a plateau from which
it recovered quickly. After 10 uM AMPA, sodium levels
recovered slower. NMDA-evoked transients had smaller
amplitudes (Fig.4A). The mean sodium increases and
time constants of sodium recoverywere 21.4 + 1.6 mmand
25.6 £ 4.4s (50 mm KT), 36.6 & 1.7 mm and 40.1 £5.3s
(10 um AMPA), and 164+ 1.2mM and 38.0+2.2s

A Control B +TTX

Figure 4. Sodium transients in hippocampal neurons
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(100 um NMDA). The values are in the range measured
in neurons and synaptic endings (Regehr, 1997; Lamy &
Chatton, 2011). Activation of metabotropic GluRs with
0.5 mM t-ACPD produced no observable effects (tested in
four different neuron batches, data not shown).

AMPA effects were abolished by the antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 uMm),
and NMDA actions were blocked by the antagonist
5-APV (30 uM, four different cell batches tested). In
the presence of 1 uMm TTX, the amplitudes of sodium
transients were 5.1 £0.7% (50mMm K7T), 22.6 +0.8%
(10 um AMPA) and 6.4+0.6% (100 um NMDA) of
control (Fig.4B). This indicates that GluR-induced
membrane depolarization contributed more to sodium
accumulation than permeation through AMPA/kainate-
or NMDA-activated channels.

After 2min with cyanide the amplitudes of sodium
transients were about the same and their recovery became
slower (Fig. 4C). In the presence of ouabain (3 uM, applied
for 10 min and left in the bath during recordings), sodium
changes induced by K*, AMPA and NMDA had even
slower recovery (Fig.4D). Cyanide and ouabain also
elevated resting sodium levels as indicated by higher base-
lines before testing applications (Fig. 4C and D).

GluR effects in the functional brainstem slices

We sought for possible functional implications of the
cross-talk between GIluR and KATP channels. We first
examined the pre-Botzinger complex (preBo6tC) in the
lower brainstem (Smith et al. 1991) that generates

+Quabain

+cyanide D

The figure shows the intracellular sodium changes during exposures to 50 mm K*, 10 um AMPA and 100 pum
NMDA in Mg?*-free ACSF in the control (A), 10 min after addition of 1 um TTX to the bath (B), after 2 min with
100 um cyanide (C), and after 10 min with 3 um ouabain (D). The traces present sodium changes in single neurons,
and filled circles indicate mean values. Responses are representative for >3 experiments made in different cell

batches.
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respiration-like motor output supported by synchronous
activation of glutamatergic pacemaker neurons (Feldman
& Del Negro, 2006). preBotC neurons during hypoxia
demonstrate the first augmentation of rhythmic activity
that is then suppressed in parallel with an increase in
KATP channel opening (Mironov et al. 1998). A biphasic
response in neuronal activity resembles the effects of GluR
stimulation (Fig. 1). Hypoxia induces also a massive release
of glutamate in the brainstem (Richter et al. 1999), and
we hypothesized that such an effect may contribute to
activation of KATP channels during hypoxia.

The effects of hypoxia and kainate in the brainstem were
nearly identical (Fig. 5A and B). KATP channel openings
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due to hypoxia and kainate were distinctly smaller after
blockade of neuronal activity with TTX, and further
decreased in slices treated with 10 um CNQX before hypo-
xia (Fig. 5C). The data suggest that both glutamate release
and ATP depletion are about equally important in the
activation of KATP channels during hypoxia.

Activation of KATP channels during seizures

GluRs (Werner & Covenas, 2011) and KATP channels
(Yamada et al. 2001) are important players in the
development and maintenance of seizures. Mg*"-free
solution enables robust seizure-like activity due to

A B
Hypoxia Kainate
X MMMW LWWMW
%% *% Popen
0.2 0.2
AP-related
0 currents 0
Iﬂ'l
KATP J5 pA
channels
* * * % %20s
M WNM closed»
|5 pA open
2s

C
Hypoxia (+TTX)

%% P open

il ‘

Kainate (+TTX)

b

Hypoxia (+CNQX)

20s

Figure 5. Activation of ATP-sensitive K* (KATP) channels by hypoxia and kainate in the functionally

intact acute brainstem slices

A and B, respiration-related motor output (/XI) was recorded from the hypoglossal nerve. Cell-attached recordings
from preBotC neurons present inspiratory bursts and opening of single KATP channels. Hypoxia and 3 um
kainate first augmented and then depressed rhythmic activity followed by increase in KATP channel opening.
The third panel shows episodes of channel activities at the expanded time scale at times indicated by asterisks.
C, blockade of sodium voltage-dependent channels with 1 um TTX diminished increases in KATP channel activity
both after hypoxia and kainate (/X activity was abolished by TTX and not shown). Hypoxia in the presence of
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 um) only slightly increased KATP channel activity. Insets on the
right show the mean open state probabilities (Popeny before and 3 min after hypoxia and kainate. TTX and CNQX
were added 10 min before measurements and left in the bath.
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disinhibition of NMDA receptors (Avoli et al. 2002). We  Organotypic hippocampal slices were transduced with
used functional calcium imaging as readout of network  D3cpvand ATP sensors, respectively. The preparation had
activity (Mironov et al. 2009) to examine changes in  typical structure with clearly identified CA1, CA3 and
ATP levels and KATP channel activity during seizures.  dentate gyrus regions (Fig. 6A).

A D3cpv (calcium) Ateam 1.03 (ATP)

CA1

1(ﬁm
B
[Ca], M [ATP], mM
> 0 Mg+ 1 0 Mg2+
2
14
0 - T T T 1 0 T T T 1
1 2 3 min 1 2 3 min
C 0 Mg2+

me «closed» r
Sopen” |5 pA
2s

Figure 6. Calcium, ATP, neuronal activity and KATP channels in organotypic hippocampal slices during
seizures

A, images of hippocampal slices transduced with neuron-targeted calcium (D3cpv) and ATP (Ateam 1.03) sensors.
B, disinhibition of NMDA receptors after removal of Mg2* from the bath increased calcium and induced oscillatory
activity that disappeared quickly during washout (left). The same treatment slowly decreased ATP levels that
recovered slowly (right). C, a continuous trace presents cell-attached recording in CA3 neuron at a holding
potential of 0 m. Removal of Mg?* induced bursts of APs with subsequent activation of KATP channels. The traces
below show episodes of channel activities at the expanded time scale at times indicated by asterisks.
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After removal of Mg?* from the bath, calcium levels
abruptly increased and oscillatory activity appeared
(Fig. 6B). The effects were reversible and subsided quickly
during washout. The responses were abolished by 10 um
CNQX, 30 uMm 5-APV and 1um TTX (n=4 for all
agents tested, data not shown). During seizures ATP levels
slowly decreased and recovered even slower (Fig.6Bb,
n=26). In cell-attached recordings seizure appearance
was manifested by bursting activity accompanied by
KATP channel opening that time-course matched ATP
decrease (Fig.6C). The results obtained in brainstem
and hippocampal preparations support the existence of
functional connection between neuronal activity, ATP
consumption and KATP channel opening.

OC measurements

To further study the modulation of KATP channels by
nucleotides we used the OC configuration (Fig.7A); a
technique designed to examine KATP channels in cardio-
myocytes and p-cells (Vandenberg, 1987; Nichols &
Lederer, 1990; Carrasco et al. 2001; Tarasov et al. 2006), but
not yet applied to neurons. Recordings in the OC mode
were stable for 10—60 min, which was sufficient to measure
single-channel activities after complete exchange of the
cytoplasmic content (<1 min; Methods) and perform
several bath applications. In the OC mode KATP channels

A
-80 mV

‘Open-cell’
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Wwwmm o ..'lwm

Kainate
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had 75pS conductance, showed gating properties and
inhibition by glibenclamide (50 M, n = 4) similar to that
observed in the intact cells.

After permeabilization of neurons in calcium- and
ATP-free solution, Pg,e, increased and 10 uMm kainate
did not change it further (Fig. 7B). Elevation of ATP in
the bath to 1 mm decreased channel activity. Subsequent
application of kainate increased Py, that can be caused
by partial relief of ATP-mediated inhibition (Fig.7C).
Kainate effects were smaller than in cell-attached patches
from intact neurons (Fig. 2), which can be explained by the
weaker activity of Nat/K*-ATPase as observed in ‘broken’
cell preparation (Stone, 1968) and giant patches (Kabakov,
1998). Addition of 1 mm ADP after permeabilization
increased Pqpen, and kainate had no effect on KATP channel
opening (Fig. 7D).

ATP imaging

We measured cytoplasmic ATP in neurons selectively
transduced with Ateam 1.03. Kainate slowly decreased
ATP (Fig.8A), which was markedly suppressed by
3 uMm ouabain (Fig.8B). Poisoning of mitochondria
with cyanide produced faster and bigger ATP decreases
that were completely reversible (Fig. 8D). The responses
developed more slowly in the presence of 3 um ouabain
(Fig. 8E), and accelerated when kainate was added

WH " "'M "

(—Permeabnhzahon—)

B

o .r,.n WMM#MMM
wﬁri”?i‘f*mmr; meww
k& kk **’i‘

MNa

Figure 7. KATP channels in the open-cell (OC) configuration

A, experimental design. Neurons were permeabilized using local application of g-escin in ATP- and calcium-free
bath solution. B, the activity of KATP channels increased within 1 min after cytoplasmic ATP washed out, and it
was not further modified by 10 um kainate. C, the addition of 1 mm ATP after permeabilization inhibited KATP
channels, and subsequent application of kainate increased the open state probability (Popen), but was weaker than
in the intact cells (Fig. 2). D, the addition of 1 mm ADP after permeabilization enhanced KATP channel activity,
and 10 um kainate did not change it further. The traces show channel openings during voltage ramps from +20
to —80 mV. The mean slope conductance in all experiments was 75 =+ 4 pS. Histograms present the mean values
during the treatments in (B-D) and their significance (*P < 0.1; **P < 0.01), with the number of experiments in

the bars.
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(Fig. 8C). Cytoplasmic ATP profiles (insets in Fig. 8A and
D) indicated that kainate mostly decreased ATP in sub-
membrane regions, whereas cyanide diminished ATP in
the bulk.

We estimated the rates of ATP consumption from
the slopes of ATP decrease. The effects of kainate and
cyanide were additive. Ouabain decreased the rate of ATP
consumption by about 1/3 (Fig. 8F), close to the assumed
contribution of Na*/K*-ATPase to ATP homeostasis
(Methods). The results of ATP imaging thus support the
notion that submembrane ATP can mediate a functional
coupling between GluRs and KATP channels.

Modelling ATP changes and KATP channel activity

We simulated GluR effects on KATP channels using the
model of ATP handling described in Methods. Figure 9A
shows that sodium accumulation and stimulation of
Na*/K*-ATPase induced substantial ATP depletion in
submembrane regions, whereas the mean [ATP] decreased
only moderately. Poisoning of mitochondria with cyanide
produced uniform ATP changesin the cytoplasm (Fig. 9B).
Combined application of cyanide and kainate decreased
ATP more strongly, especially in submembrane regions
(Fig. 9C). Using the model of Hopkins et al. (1992)

A B

Kainate

il

10 um

4 min

Figure 8. ATP imaging
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and ATP and ADP levels, we estimated P, increases
after kainate and cyanide alone and in combination
(Fig. 9A—C). The values were close to those measured in
the experiments (Figs 2B and 3A). We should also note
that stimulation of channels by ADP and relief of ATP
blockade contributed about equally to increases in Pypen.

Figure 9D presents the steady-state relationship
between submembrane ATP depletion, Na™/K*-ATPase
activity and  Poye, of KATP channels. Sodium
accumulation steadily increased the pump activity and
it was about half-maximal at 100 mM Na™. Submembrane
ATP reflected the changes, but P, increase was initially
less steep. Minimal P, A 0.1 was close to that measured
at rest and Pgpe, & 0.4 at 50 mMm Na™. This indicates that
measured peak sodium levels (Fig. 4) of about 35 mMm
(50 mm K1), 50 mm (10 um AMPA), 25 mm (NMDA) and
15 mM (cyanide) could underline the observed changes in
Popen (Figs 2B and 3).

Discussion

During synaptic transmission 90% of glutamate released
into the synaptic cleft remains free and is only slowly
removed (Rusakov et al. 2011). The prolonged presence
of glutamate in the extracellular space can overexcite

Cc

CN"+Kainate

Consumption
rate, min™!
1

KA CN° CN+KA CN+Quabain

The traces demonstrate ATP changes in single hippocampal neurons, and the thick lines indicate their means.
Kainate (10 um) was applied alone (A), with 3 um ouabain (B, added 10 min before the experiment and left
in the bath) and with 100 um cyanide (C). Cyanide was applied alone (D) and 10 min after 3 um ouabain (E).
Kainate-induced ATP decrease was suppressed by ouabain (A versus B). The ATP decline produced after cyanide
was stronger and faster (D). ATP changes were slower after treatment with ouabain (E) and accelerated in the
presence of kainate (C). The insets in A and D show the relative decreases in ATP (AC/C,) obtained from line scans
(1 wm width) across neurons. Kainate mostly decreased ATP near the membrane (A), and cyanide depleted ATP in
the bulk of the cytoplasm (D). The mean rates of ATP consumption shown in (F) were derived from the slopes of

ATP decline.
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neurons. In the worst case a massive influx of calcium
follows that can overload mitochondria (Mattson et al.
1989; Choi & Rothman, 1990; Abramov et al. 2007;
Nicholls & Budd, 2000) and trigger programmed cell
death (apoptosis). Milder actions include enhancement
of neuronal excitability. CNS networks may then acquire
pathological status characteristic, for example, for epilepsy
(During & Spencer, 1993) and schizophrenia (Goff &
Coyle, 2001).

Glutamate-mediated overexcitation of neurons can be
dampened by KATP channels that link metabolic and
neuronal activities, and are abundantly present in the brain
(Liss & Roeper, 2001). It has formerly been assumed that
the protective role of KATP channels is confined to hypo-
xia and ischaemia when aerobic ATP production ceases
(Ben-Ari & Cossart, 2000; Krnjevi¢, 2008). Recent studies
indicate a pivotal role of KATP channels in the control
of seizures (Hernandez-Sanchez et al. 2001; Yamada

A Na® accumulation (KA) p
10 um

open

=1

2 mvi= Mean [ATP]

[ATP] Popen
1 min
0= = 0
C CN + KA
2 M= =
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Figure 9. Spatio-temporal ATP profiles
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et al. 2001), formation of contextual memory (Betourne
et al. 2009) and novelty-dependent exploratory behaviour
(Schiemann et al. 2012).

We observed a slow enhancement of KATP channel
opening after stimulation of GluRs. In hippocampal
neurons KATP channels were recorded in about every
second patch, similar to that observed in the inspiratory
brainstem neurons (Mironov et al. 1998). The initial
activity was low (Popen < 0.1), such as only one opening
level was apparently seen. New conductance levels (up
to four) appeared after stimulation of GluRs (Fig. S1).
Four open channels in the patch with 5um? surface
area correspond to about 10° channels in neurons with
10 um radius. The value of P, increases to ~0.3,
which would then correspond to Ixsrp = 3 nA at —40 mV
that must be sufficient to dampen neuronal excitability
through membrane hyperpolarization and increase in
input resistance.

B Metabolic poisoning (CN")
2 mM= =1
Mean [ATP]
0= = 0
D 109 %o
Submembrane
J ATP depletion Popen
0 - - g
100 mM [Na]

Changes in [ATP], [ADP] and Popen Were calculated as described in Methods. Shown are [ATP] values at 0.1 and
0.5 M underneath the plasma membrane and in the centre of the neuron (10 wm); mean cytoplasmic [ATP] (thick
black curves); [ADP] at 0.1 um under the membrane (light grey curves); and the Pgpen of KATP channels (thick
dark grey curves). A, sodium accumulation after GIuR activation and subsequent stimulation of Na*-K*-ATPase
induced strong depletion in submembrane ATP. B, during metabolic poisoning with cyanide (CN~), ATP changes
were identical in all points of the cytoplasm and coincided with the mean [ATP]. C, combined application of
CN~ and kainate (KA) produced stronger ATP depletion, ADP accumulation in submembrane regions and bigger
increases in Popen. In the three simulations Popen values were close to those measured experimentally (Figs 2 and
3). D, the steady-state relationship between Na*-K*-ATPase activity, submembrane ATP and Pgpen. The curves
were calculated using equations and parameters in Methods, and shown normalized to their maximal values.
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The functional link between GluRs and KATP channels
can be mediated by different mechanisms (Fig. 10). GluRs
stimulate signalling pathways related to calcium (Mattson
et al. 1989; Choi & Rothman, 1990; Abramov et al. 2007),
ROS (Avshalumov & Rice, 2003; Abramov et al. 2007; Bao
etal. 2009) and osmotic effects (Delorenzo et al. 2005), but
neither of them was involved in the GluR effects observed.
Stimulation of KATP opening was abolished after blockade
of sodium influx and Na™/K™-ATPase, which is consistent
with ATP depletion that disinhibits KATP channels.

The rate of ATP consumption in neurons at rest is
~25uMs™!, and this can increase by 10-fold when a
neuron fires at 1 Hz (Attwell & Laughlin, 2001). Without
persistent ATP production, the normal supplies of ATP
(2 mm) will be exhausted within <2 min at rest and much
faster when neurons fire action potentials (APs) even
at moderate frequency. About 1/3 of ATP consumption
within the cell is assigned to Nat/K™-ATPase (Rolfe
& Brown, 1997; Ames, 2000). Its activation has been
proposed to modulating KATP opening in many cell types
(Welling, 1995; Ding et al. 1996; Priebe et al. 1996; Urbach
etal. 1996; Haruna et al. 1998; Kabakov, 1998). Elevation of
intracellular sodium during neuronal activity can activate
Na*/K*-ATPase and KATP channels. In the inspiratory
neurons the activity of KATP channels follows activity
patterns (Haller et al. 2001).

ROS
?

Osmotic |
stress

~

U

5
Na &7
— t
? B-escin
':ll:'u (bulk ATP
eqilibration)
AMPA™ MDA  Na* ca?*
Kainate
GluR voltage-sensitive

channels

Figure 10. Glutamatergic receptors (GluR)-mediated pathways
and KATP channels

A cartoon depicts intracellular signalling pathways examined in this
study. Activation of glutamate receptors induces membrane
depolarization, activates calcium and sodium transmembrane fluxes
that can cause osmotic stress. lon homeostasis is restored by
NaT-K*- and Ca?*-ATPases, and ATP can be also consumed during
actin turnover. Mitochondria produce ATP and can generate reactive
oxygen species (ROS) in a calcium-dependent fashion.
Permeabilization of neurons with B-escin was used to examine KATP
channel activities in clearly defined solution conditions. The thick
dark grey arrows on the left indicate short-circuited feedback
whereby GIuR stimulation enhances KATP channel opening that can
in turn dampen GluR-induced membrane depolarization. ER,
endoplasmic reticulum.
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Membrane depolarization stimulates sodium and
calcium transmembrane fluxes. K*-depolarization and
GluRs increased intracellular sodium by 20-50 mm
(Fig. 5). GluRs induce membrane depolarization
activating  voltage-sensitive sodium channels and
provide permeation pathways via AMPA/kainate and
NMDA receptors. Blockade of Iy, by TTX strongly
diminished sodium accumulation (Fig.4B) and KATP
channel opening (Fig.3B), which indicates prevailing
depolarization effects. Depolarization-induced calcium
increases should impose smaller metabolic demand. Free
Ca®* increases to 1 uM correspond to ~1 mM elevations in
total Ca®*, and recovery to resting levels apparently needs
less ATP. This estimate can explain the smaller effects of
blockade of SERCA with thapsigargin (Fig. 3B).

We examined cross-talk between GluRs and KATP
channels in the soma (cell-attached recordings), but the
effects in synapses may be more important. Whole-cell
recordings revealed the functional presence of both pre-
and postsynaptic KATP channels (Matsumoto et al. 2002;
Soundarapandian et al. 2007; Krnjevi¢, 2008). They may
sense ATP changes driven by Na®/K*-ATPase after sodium
accumulation produced by Na® channels at the pre-
synaptic side and GluRs at the postsynaptic ending. Both
synaptic elements are small (~0.1 um® volume), and
single EPSP or presynaptic APs are estimated to increase
sodium by ~0.3mMm and decrease ATP by ~0.1 mm
(Attwell & Laughlin, 2001). Because sodium increases
are long lasting (Regehr, 1997; Lamy & Chatton, 2011;
Fig. 4), the barrage of EPSPs and APs can activate peri-
synaptic KATP channels more strongly. Such effects can
orchestrate neuronal responses under various physio-
logical and pathological conditions.

Depletion of ATP is not a sole factor that can modulate
KATP channels. ATP hydrolysis produces ADP that
stimulates the channels (Hopkins et al. 1992). Complex
interactions of ATP and ADP with KATP channels have
been well documented in many studies (cf. Proks &
Ashcroft, 2009 for recent review). Our experiments in the
OC configuration indicated synergistic contribution of
ATP-mediated inhibition and ADP-induced stimulation
in activation of KATP channels (Fig. 7).

Analysis of interdependence between sodium pump
activity, ATP, ADP and channel opening was made using
the model with a minimum of free parameters. Their
values were estimated from the literature and supported
by ATP measurements. The model predicted uniform
[ATP] decrease after metabolic poisoning. GluR-induced
sodium accumulation and concomitant activation of
Na*/K*-ATPase produced strong ATP decreases within a
0.1 um-thick submembrane space. ATP depletion under-
neath the plasma membrane has been proposed for other
cell types (Aw & Jones, 1985; Weiss & Lamp, 1989;
Kennedy et al. 1999; Gribble et al. 2000; Alekseev et al.
2012). Our model reasonably explains experimental data,
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but it is yet oversimplified. Many important factors,
such as detailed kinetics of ATP-dependent processes,
unstirred submembrane layers, compartmentalization of
ATP production and consumption, etc. were not explicitly
taken into account. Their consideration at present would
complicate the interpretation of data, but aforementioned
features can be considered in numerical experiments that
will constitute extensive simulation study.

It is plausible to assume that activation of KATP
channels during hypoxia is mainly caused by stopping
aerobic ATP production within the mitochondria. In the
functionally active brainstem slices the effects of hypo-
xia and kainate were strikingly similar. The data imply
about equal effects of GIluR stimulation and blockade
of aerobic ATP production in activating KATP channels
during hypoxia. Seizure-like activity induced Mg**-free
solutions in hippocampal slices was accompanied by
ATP decrease and activation of KATP channels. Both
AMPA/kainate and NMDA receptors are known to
contribute to the onset of seizures (Avoli et al. 2002).
Recent simulations (Krishnan & Bazhenov, 2011) propose
significant effects of sodium accumulation in termination
of seizures. KATP channels would then close the loop
GluR— Sodium— Na™/K*-ATPase— ATP/ADP.

In summary, we propose that GluRs enhance KATP
channel opening after submembrane depletion of ATP
and accumulation of ADP following brief periods of
neuronal activity triggered or accompanied by glutamate
release. Enhanced ATP turnover will then maintain KATP
channel opening until glutamate levels in the extracellular
space dissipate and cytoplasmic sodium levels subside to
normal. Activation of KATP channels can shape neuro-
nal activity and dampen uncontrolled excitation. This
feature may gain special importance in neurons in the
brain, with the highest spontaneous activity having the
highest metabolic rate. Neurons involved in the generation
of persistent motor activity (preB6tC), processing and
storage of information (hippocampus) and dopaminergic
neurons in the substantia nigra (Schiemann et al. 2012)
are perhaps the best currently known examples.
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