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Cellular/Molecular

Regulation of Neuronal Na™ /K "-ATPase by Specific Protein
Kinases and Protein Phosphatases

Sandesh Mohan,* Manindra Nath Tiwari,* Yoav Biala, and “Yoel Yaari
Department of Medical Neurobiology, Institute for Medical Research Israel-Canada, Hebrew University-Hadassah School of Medicine, Jerusalem 91120,
Israel

The Na " /K "-ATPase (NKA) is a ubiquitous membrane-bound enzyme responsible for generating and maintaining the Na * and K * electro-
chemical gradients across the plasmalemma of living cells. Numerous studies in non-neuronal tissues have shown that this transport mecha-
nism is reversibly regulated by phosphorylation/dephosphorylation of the catalytic « subunit and/or associated proteins. In neurons, Na * /K *
transport by NKA is essential for almost all neuronal operations, consuming up to two-thirds of the neuron’s energy expenditure. However, little
is known about its cellular regulatory mechanisms. Here we have used an electrophysiological approach to monitor NKA transport activity in
male rat hippocampal neurons in situ. We report that this activity is regulated by a balance between serine/threonine phosphorylation and
dephosphorylation. Phosphorylation by the protein kinases PKG and PKC inhibits NKA activity, whereas dephosphorylation by the protein
phosphatases PP-1 and PP-2B (calcineurin) reverses this effect. Given that these kinases and phosphatases serve as downstream effectors in key
neuronal signaling pathways, they may mediate the coupling of primary messengers, such as neurotransmitters, hormones, and growth factors,
to the NKAs, through which multiple brain functions can be regulated or dysregulated.
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The Na*/K"-ATPase (NKA), known as the “Na* pump,” is a ubiquitous membrane-bound enzyme responsible for generating
and maintaining the Na* and K™ electrochemical gradients across the plasma membrane of living cells. In neurons, as in most
types of cells, the NKA generates the negative resting membrane potential, which is the basis for almost all aspects of cellular
function. Here we used an electrophysiological approach to monitor physiological NKA transport activity in single hippocampal
pyramidal cells in situ. We have found that neuronal NKA activity is oppositely regulated by phosphorylation and dephosphory-
lation, and we have identified the main protein kinases and phosphatases mediating this regulation. This fundamental form of
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NKA regulation likely plays a role in multiple brain functions.
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Introduction

The Na */K " -ATPase (NKA; commonly referred to as the “Na *
pump”) is a ubiquitous membrane-bound enzyme responsible
for generating and maintaining the Na* and K * electrochemical
gradients across the plasma membrane of living cells (Matchkov
and Krivoi, 2016). In neurons, these gradients underlie the neg-
ative resting plasma membrane potential (V,,), and mediate nu-
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merous cellular processes, such as the generation of actions
potentials, synaptic transmission, transport of essential com-
pounds, and more. For each ATP hydrolyzed, NKAs export three
Na ™ ions in exchange of two imported K ¥ ions, thereby gener-
ating an outward current, which increases resting V, beyond the
value dictated by the electrochemical equilibrium. As the rate of
electrogenic Na /K * transport by NKAs increases with the rise
of intracellular Na* concentration (Therien and Blostein, 2000),
intense spike activity augments NKA current, further hyperpo-
larizing the neurons until excess intracellular Na * is pumped out
of the cell. This activity-dependent hyperpolarization leads to
spike frequency adaptation and even to cessation of firing. En-
gagement of NKAs in this type of feedback inhibition was previ-
ously described in multiple types of vertebrate neurons (Koike et
al., 1972; Gordon et al., 1990; Morita et al., 1993; Parker et al.,
1996; Pulver and Griffith, 2010; Kim and von Gersdorff, 2012;
Zhang et al., 2015; Kueh et al., 2016).
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The ion transport activity of NKAs is subjected to acute and
chronic modulation by multiple endogenous steroids and pri-
mary messengers. Whereas the former agents act generally by
binding directly to specific sites at the catalytic & subunit of the
NKA molecule, the latter agents, namely, neurotransmitters, hor-
mones, and growth factors, modulate the pump by engaging
plasma membrane G-protein-coupled receptors linked to intra-
cellular signaling cascades that affect the phosphorylation state of
the o NKA subunit (or intermediate proteins functionally linked
to NKA) (Therien and Blostein, 2000; Poulsen et al., 2010). Phos-
phorylation of these target proteins by protein kinases (PKs) can
inhibit or facilitate NKA transport activity in a species- and
tissue-specific manner, and its dephosphorylation by protein
phosphatases (PPs) exerts the reverse action.

Numerous studies have addressed the phosphorylation/dephos-
phorylation regulation of NKAs in non-neuronal cell types (Therien
and Blostein, 2000; Poulsen et al., 2010). Enigmatically, not much is
known about this type of regulation in neurons, even though NKA
activity consumes up to two-thirds of the neuron’s energy expendi-
ture (Erecinska and Silver, 1994; Howarth et al., 2012) and is re-
quired directly or indirectly for almost all neuronal functions.

In CA1 pyramidal cells maintained at near physiological con-
ditions (35°C; extracellular free Ca** concentration 1.2 mMm), a
distinct slow (up to 20-30 s long) afterhyperpolarization (sAHP)
is readily evoked by trains of =5 closely spaced spikes (Gulledge
etal., 2013; Tiwari et al., 2018). An early small component of this
sAHP is generated by Ca**-gated K™ channels (the K.,-sAHP
component) and can be eliminated by blockers of voltage-gated
Ca?" channels (Alger and Nicoll, 1980; Hotson and Prince, 1980;
Gustafsson and Wigstrom, 1981; Madison and Nicoll, 1984; Lan-
caster and Adams, 1987). Several lines of evidence have indicated
that the predominant K,-independent sSAHP component is gen-
erated by NKAs (Gulledge et al., 2013; Tiwari et al., 2018). First,
this component (the NKA-sAHP component) was not associated
with a membrane conductance change. Second, although de-
creasing with hyperpolarization, it did not reverse even at very
negative V,, (—115mV), as expected for NKA current (Rakowski
et al., 1997). Third, it was suppressed by ouabain and by a K *-
deficient extracellular solution, known to inhibit NKA activity
(Glynn and Karlish, 1975). A similar dual-component sAHP can
be evoked in CAl pyramidal cells also by focal application of
glutamate (Thompson and Prince, 1986).

The stability of the NKA-sAHP during prolonged (>60 min)
intracellular recordings (Tiwari et al., 2018) enables its use as a
reliable readout of ongoing NKA activity in single identified neu-
rons. Here we have used such recordings in CA1 pyramidal cells
to investigate the regulation of neuronal NKAs by phosphoryla-
tion/dephosphorylation and to identify key players in this funda-
mental process.

Materials and Methods

Ethical approval. All animal experiments were conducted in accordance with
the guidelines of the Animal Care Committee of the Hebrew University.

Hippocampal slice preparation. Adult (125-175 g) male Wistar rats
were decapitated under isoflurane anesthesia, and transverse dorsal hip-
pocampal slices (400 wm) were prepared with a vibratome and transferred to
a storage chamber perfused with oxygenated (95% O,/5% CO,) aCSF at
room temperature. For recording, slices were placed one at a time in an
interface chamber and superfused (flow rate 1 ml/min) with warmed (35°C)
oxygenated aCSF containing blockers of synaptic transmission. The temper-
ature was measured with a thermal probe juxtaposed to the slice and main-
tained at 35°C with a feedback controller (NPI).

Electrophysiology. Intracellular current-clamp recordings were per-
formed within the entire width of the pyramidal layer of hippocampal
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subarea CAlb using sharp glass microelectrodes (depth of recording
100-300 um from slice surface). Using such microelectrodes avoided
inadvertent rundown of NKA activity associated with whole-cell patch
pipette recordings (due to washout of soluble ingredients critical for
NKA function) (Gadsby and Nakao, 1989; Dobretsov et al., 1999; Wang
and Huang, 2006). This recording method also enabled the intracellular
pulsatile injections of Na™® to evoke NKA-sAHPs in conditions of
blocked excitability. For standard intracellular recordings, the microelec-
trodes were filled with 4 M K " -acetate and 100 mm KCI. For intracellular
recordings combined with Na™ injections, the microelectrodes were
filled with 3 M Na *-acetate and 100 mm KCI. The filled microelectrodes
had resistances of 90—110 m(). A bridge amplifier (Axoclamp 2A or Ax-
oclamp 900A, Molecular Devices) was used, allowing simultaneous in-
jection of current and measurement of membrane potential. The bridge
balance was carefully monitored and adjusted before each measurement.
The pyramidal cells included in this study had stable resting potentials of
=-60 mV, and overshooting action potentials. The intracellular signals
were filtered online at 10 kHz, digitized at a sampling rate of =10 kHz,
and stored by a personal computer using a data acquisition system (Digi-
data 1440A) and pCLAMP10.4 software (Molecular Devices).

Apparent input resistance (Ry;) was measured using a series of 500 ms
hyperpolarizing square current pulses of 50 pA increments. R;, was pro-
vided by the slope of the relationship of voltage deviation versus current
intensity in the linear part of the hyperpolarizing range. Spikes were
evoked by injecting brief (2 ms), suprathreshold depolarizing current
pulses via the intracellular microelectrode. Spike trains of various dura-
tions were elicited by repetitive stimulation at 50 Hz. The size of an sSAHP
was assessed by measuring its amplitudes at distinct time points after
cessation of stimulation and its area (“area under the curve”). Steady
positive or negative currents were injected to depolarize or hyperpolarize
membrane potential (V,,), as required by the experimental protocol.

Intracellular Na™ injection. Slices were perfused with aCSF containing
TTX (0.5 um) and 4-ethylphenylamino-1,2-dimethyl-6-methylamino-
pyrimidinium chloride (ZD7288; 50 um). The Na " -acetate-filled micro-
electrodes were used to deliver trains of 150 short (2 ms) pulses of 4—6 nA
at 100 Hz to neurons. In some experiments, apamin (100 nm) and 1-[(2-
chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34; 5 uMm) were
also added to prevent potential activation of Ca**-activated K™ chan-
nels secondary to Na *-induced rise in intracellular Ca** concentration
([Ca**],) (Song et al., 2013), but the evoked sAHPs appeared the same.

Solutions and chemicals. The normal aCSF comprised the following (in
mM): 124 NaCl, 3.5KCl, 1 MgCl,, 1.6 CaCl,, 26 NaHCOj, and 10 glucose,
pH 7.35 (osmolarity 305 mOsm) to which CNQX (15 um), b-APV (50
uM), picrotoxin (100 um), and 3-aminopropyl(diethoxymethyl) phos-
phinic acid hydrate (CGP-55845; 1 um) were added to block, respec-
tively, AMPA, NMDA, GABA,, and GABAj receptors mediating
synaptic transmission. We used 1.6 mm CaCl, in the aCSF because, in the
bicarbonate buffer system, this concentration yields 1.2 mm free Ca?t,
corresponding to the baseline interstitial brain Ca** concentration mea-
sured in vivo (Jones and Keep, 1988). In most experiments, as indicated,
the aCSFs contained also the HCN channel blocker ZD7288 (50 uM). The
aCSFs designed to block voltage-gated Ca?* channels contained also NiCl,
(200 um) and CdCl, (200 pm). In K *-free aCSF, KCl was omitted. The aCSF
designed to enable Ca" spikes contained TTX (0.5 um), a voltage-gated
Na " channel blocker, and 4-AP (3 mm), a blocker of fast voltage-gated K *
channels, as well as 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone di-
hydrochloride (XE991; 5 um) and apamin (100 nA) to block, respectively,
hyperpolarizing K,,7/M and SK channels that are also activated by the Ca*"
spike (Yue and Yaari, 2004; Chen et al., 2014).

Picrotoxin, CGP-55845, NiCl,, CdCl,, L-arginine, 1H-[1,2,4] oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ), PDBu, TTX, TRAM-34, Na-acetate,
4-AP, and ouabain were obtained from Sigma-Aldrich. Noradrenaline
(NA) was obtained from Hospira. Chelerythrine chloride, CNQX,
apamin, and APV were obtained from Alomone Labs. ZD7288, 8-
bromoadenosine 3',5'-cyclic adenosine monophosphate (8Br-cAMP),
tautomycetin, fostriecin, and XE991 were obtained from Tocris Biosci-
ence. (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-dimethyl-
1-0x0-9,12-epoxy-1H-diindolo[1,2,3-fg:3",2",1"-kl] pyrrolo[3,4-i][ 1,6]
benzo-diazocine-10-carboxylic acid, methyl ester (KT5823), okadaic acid
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(OA), and N-[2-(p-bromocinnamylamino)
ethyl]-5-isoquinolinesulfonamide ~ dihydrochlo-
ride (H89) were obtained from Abcam-Zotal.

In some experiments, as indicated, slices
were preincubated with drugs in the storage
chamber for 1-2 h. The same drugs were also
included in the perfusing aCSF in the record-
ing chamber. In other experiments, as indi-
cated, drugs were added only to the aCSF
perfusing the recording chamber. Reversal of
drug effects was not attempted due to their
persistent actions.

Data analysis. The data were obtained from ex-
periments performed on 199 neurons in 196
slices (~1 neuron per slice) obtained from 134
rats. Each rat supplied 1 or 2 slices (average 1.46)
for the experiments. Results are presented as
mean = SEM. Assessment of statistical signifi-
cance of differences between means was per-
formed with paired two-tailed Student’s ¢ test
or, for multiple comparisons, with one-way
ANOVA using two-sided Dunnett ¢ test. In all
tests, the significance level was set to p < 0.05.

Results

Isolation of the NKA-sAHP for the
study of NKA regulation

To study the regulation of NKA activity by
PKs and PPs in single identified neurons,
we performed intracellular sharp micro-
electrode recordings in CAl pyramidal
cells in adult rat hippocampal slices. The
slices were superfused with aCSF contain-
ing Cd** and Ni** (200 pm each) to
block the K,-sAHP, which under our
near-physiological conditions (35°C; free
extracellular Ca** concentration 1.2 mm)
contributes only partially to sSAHPs evoked
by spike trains (Tiwari et al., 2018). We
used NKA-sAHPs evoked by long spike
trains (150 spikes, triggered by 2-ms-long
depolarizing intracellular current pulses,
delivered at 50 Hz) (Tiwari et al., 2018) as
readouts of NKA transport activity. Evi-
dence that these sAHPs are generated en-
tirely by NKAs has been provided recently
(Gulledge et al., 2013; Tiwari et al., 2018).
The aCSF contained, in addition, 50 um
7ZD7288 to block sAHP shunting by the
opening of h-conductance (i.e., HCN
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Figure1.  Effects of PKA activation on the NKA-sAHPs. a, A representative SAHP (top) evoked by a 50 Hz train of 150 spikes. Here
and below, each sAHP trace is the average of three consecutive recordings obtained at 3 min intervals. Bottom, The enlarged
NKA-sAHP trace represents the two measured parameters for NKA-sAHP size: peak amplitude and “area” delineated by the voltage
trace and baseline 1/, (yellow). Dashed line indicates baseline V/,, (—70 mV). b, Activation of PKA by Br-cAMP. The two overlaid
traces represent the NKA-sAHPs in the same neuron before (black) and after perfusing the slice with the PKA activator Br-cAMP (2
mw; red). Bar represents the normalized results of six experiments (mean == SEM) for NKA-sAHP amplitudes (green) and areas
(blue). ¢, Activation of PKA by NA. Same asin b, but applying NA (10 wum) that activates the cAMP/PKA signaling pathway (n = 5).
Neither drug affected the size of the NKA-sAHPs, implying that phosphorylation by PKA does not regulate the NKAs. d, Activation
of PKA by Br-cAMP. The two overlaid top traces represent the K ¢,-sAHP (black) before and after perfusing the slice with 2 mm
Br-cAMP for 20 min (red). The two overlaid bottom traces represent the respective Ca®™" spikes that evoked these sAHPs. Bar
represents the normalized results of seven experiments (mean = SEM) for K ,,-sAHP amplitudes (green) and areas (blue). e,
Activation of PKA by NA. Same as in d, but applying 10 wum NA (n = 5). Expectedly, both drugs markedly reduced the K ,-sAHPs
without diminishing the Ca 2™ spikes. **p << 0.01, ***p << 0.001, ns, not significant.

1989) and (2) area (i.e., integral, or “area under the curve”).

channels) (Kaczorowski, 2011; Tiwari et al., 2018), as well as
blockers of fast glutamatergic and GABAergic synaptic transmis-
sion (see Materials and Methods). Experimental drugs were
added to the aCSF before and/or during recordings, as specified.
The NKA-sAHPs were monitored for at least 30 min.

In the control aCSF, the mean V,,, apparent Ry, and spike
amplitude of the sampled neurons were —67.3 = 3.7 mV, 68.5 =
15.7 M), and 94.9 = 6.7 mV, respectively (n = 102). While rest-
ing V,, varied between —62.0 and —76.5 mV, all recordings of
NKA-sAHPs were made from V, of —70 mV, maintained by
constant current injection. This procedure reduced the variabil-
ity in size of the NKA-sAHPs conferred by their voltage depen-
dence (Tiwari et al., 2018). We measured the size of an NKA-
sAHP by two parameters (Fig. 1a): (1) amplitude at 1 s after the
spike train, at which time the medium AHP has ended (Storm,

Mean values in control recordings were —6.2 = 0.1 mV and
—76.4 £ 1.5mV *s (n = 102), respectively.

Effects of PKA modulators

The PKs most frequently implicated in NKA regulation in non-
neuronal tissues are the cAMP-dependent PKA, the cyclic-GMP
(cGMP)-dependent PKG, and PKC (Therien and Blostein, 2000).
To test whether PKA activation affects NKA activity in CA1 py-
ramidal cells, we monitored the effects of Br-cAMP, a stable,
cell-permeable cAMP analog (Robison et al., 1968) on the NKA-
sAHPs. Application of Br-cAMP at concentrations up to 2 mm for
30 min had no effect on the amplitude (n = 6; p = 0.4089) or area
(n=6; p = 0.703) of the NKA-sAHPs (Fig. 1b). Likewise, apply-
ing 10 uM NA, an activator of the cAMP/PKA pathway in CAl
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Figure2. Effects of PKG activation on the NKA-sAHPs. a, Activation of PKG by Br-cGMP. The two overlaid traces represent the NKA-sAHPs in the same neuron before (black) and after perfusing
the slice with the PKG activator Br-cGMP (10 um; red). Bar represents the normalized results of seven experiments (mean == SEM) for NKA-sAHP amplitudes (green) and areas (blue). b, Same as in
a, but applying a higher concentration of Br-cGMP (100 wm; n = 6). ¢, Same as in a, but in slices pretreated with the PKG inhibitor KT5823 (2 um; n = 6). The strong inhibition of the NKA-sAHPs
by Br-cGMP indicates that phosphorylation by PKG downregulates NKA activity. d, Activation of the GC/cGMP/PKG pathway. The two overlaid traces represent the NKA-sAHPs in the same neuron
before (black) and after perfusing the slice with the NO precursor L-arginine (100 wum; red). Bar represents the normalized results of nine experiments (mean == SEM) for NKA-sAHP amplitudes
(green) and areas (blue). e, Same as in d, but in slices pretreated with the GCinhibitor 0DQ (10 um; n = 5). f, Same as in d, but in slices pretreated with the PKG inhibitor KT5823 (2 um; n = 5).
t-Arginine suppressed the NKA-sAHPs provided that GCand PKG were operative, supporting the notion that phosphorylation by PKG downregulates NKA activity. **p << 0.01, ***p < 0.001, ns, not
significant.

pyramidal cells (Madison and Nicoll, 1986; Pedarzani and Storm, Together, these data suggest that the cAMP/PKA pathway does
1993), affected neither the amplitude (n = 5; p = 0.663) nor the =~ not regulate NKA activity in CA1 pyramidal cells. They also indicate
area (n = 5; p = 0.8247) of the NKA-sAHPs (Fig. 1¢). that, of the two SAHP components, namely, I ,)-SAHP and NKA-

To assure that Br-cAMP and NA activate the cAMP/PKA  sAHP, only the former is regulated by cAMP/PKA signaling.
pathway under our experimental conditions, we examined
whether they suppress the Iy(,)-sAHP, as previously described  Effects of PKG modulators
(Madison and Nicoll, 1986; Pedarzani and Storm, 1993). To that A second key regulator of NKA activity in many non-neural tis-
end, Ca*" spikes followed by “pure” I c,-SAHP were triggered  sues is the cGMP-dependent PKG (Therien and Blostein, 2000).
by 90-ms-long depolarizing current pulses in CAl pyramidal  To test whether PKG activation affects NKA activity in CA1 py-
cells superfused with standard aCSF containing 0.5 uM TTX and ~ ramidal cells, we monitored the effects of Br-cGMP, a cell-
3 mM 4-AP. Br-cAMP, even at alow concentration (2 uM), almost ~ permeable cGMP analog resistant to degradation by cyclic GMP
completely abolished the Iy, -sAHP (Fig. 1d; amplitude and  phosphodiesterase (Muneyama et al., 1971), on the size of the
area reduced to 14.8% and 9.8% of control, respectively; p =  NKA-sAHPs. Application of 10 uMm Br-cGMP markedly sup-
0.0022 and p = 0.0092, respectively; n = 7) without reducing the =~ pressed the NKA-sAHPs (Fig. 2a; amplitudes and areas reduced
Ca*" spike. A similar effect was exerted by 10 um NA (Fig. 1e;  to 35.1% and 38.1% of control, respectively; p = 0.001 and p =
amplitude and area reduced to 7.3% and 1.0% of control, respec- ~ 0.0046, respectively; n = 7). In another series of experiments,
tively; p = 0.0001 and p = 0.001, respectively; n = 5). applying a higher dose of Br-cGMP (100 uMm) caused an even

To test whether the NKA-sAHPs in control conditions are al-  greater reduction in NKA-sAHP size (Fig. 2b; amplitudes and
ready reduced by the cAMP/PKA pathway, so that they cannot be  areas reduced to 25.3% and 14.1% of control, respectively; p =
further affected, we incubated slices for =1 h with 10 um H89,aPKA ~ 0.0001 and p = 0.002, respectively; n = 6).
inhibitor (Chijiwa et al., 1990). The NKA-sAHPs recorded in these Br-cGMP (100 um) depolarized the neurons by 3.0 = 0.9 mV
slices (n = 10) were similar in amplitude and in area to those in ~ (p = 0.023; n = 6) but had no significant effect on Ry (p =
control slices (p = 0.659 and p = 0.988, respectively; see Fig. 7). 0.2689) or spike amplitude (p = 0.1249). Therefore, its effect on
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Effects of PKC activation on the NKA-sAHPs. a, Activation of PKC by PDBu. The two overlaid traces represent the NKA-sAHPs in the same neuron before (black) and after perfusing the

slice with the PKCactivator PDBu (5 wum; red). Bar represents the normalized results of five experiments (mean == SEM) for NKA-sAHP amplitudes (green) and areas (blue). b, Same asina, butin slices
pretreated with the PKCinhibitor chelerythrine (5 wm; n = 5). ¢, Same asin a, but n slices pretreated with the PKG inhibitor KT5823 (2 m; n = 6). The strong inhibition of the NKA-sAHPs by PDBu,
independent of PKG activity, indicates that phosphorylation by PKC downregulates NKA activity. **p << 0.01, ***p << 0.001, ns, not significant.

the NKA-sAHPs cannot be due to shunting by cGMP-activated
channels (Kuzmiski and MacVicar, 2001). Pretreating slices for
30-60 min with 2 um KT5823, a PKG inhibitor (Kase et al.,
1987), entirely prevented the Br-cGMP-induced suppression of
the NKA-sAHPs (Fig. 2¢; p = 0.255 and p = 0.793 for amplitudes
and areas, respectively; n = 6), indicating that the Br-cGMP-
induced NKA-sAHPs suppression is due to NKA inhibition via
the cGMP/PKG pathway.

The synthesis of cGMP by guanylate cyclase (GC) and, conse-
quently, downstream PKG activation, is strongly enhanced by
nitric oxide (NO) (Arnold et al., 1977; Miki et al., 1977). Appli-
cation of 100 uM L-arginine, the biological substrate of NO syn-
thase (NOS) (Knowles et al., 1989), markedly suppressed the
NKA-sAHPs (Fig. 2d; amplitude and area reduced to 28.4% and
32.8%, of control; p = 0.001 and p = 0.0008, respectively; n = 9).
This effect was absent in slices pretreated for 1 h with 10 um
ODAQ, a blocker of soluble GC (Garthwaite et al., 1995) (Fig. 2¢;
p=0.5716 and p = 0.9214 for amplitudes and areas, respectively;
n =5). It was also absent in slices pretreated with the PKG inhib-
itor KT5823 (Fig. 2f; p = 0.3468 and p = 0.9410 for amplitudes
and areas, respectively; n = 5). These results indicate that NKA
activity is inhibited by NO via GC stimulation and cGMP pro-
duction, rather than by direct nitrosylation of the NKA molecule
(Sato et al., 1997).

The NKA-sAHPs recorded in KT5823-pretreated slices (n =
17) were similar in size to those in control slices (p = 1.000 and
p = 0.884 for amplitudes and areas, respectively; see Fig. 7). The
NKA-sAHPs recorded in ODQ-pretreated slices (n = 11) were
also similar in size to those in control slices (p = 0.941 and p =
1.000 for amplitudes and areas, respectively; see Fig. 7).

Effects of PKC modulators

A third key regulator of NKA activity in many non-neural tissues
is the Ca®"- and phospholipid-dependent PKC (Therien and
Blostein, 2000). In neural tissue, PKC activation by the phorbol-
ester PDBu was shown to modestly inhibit NKA activity in cul-
tured striatal neurons (Nishi et al., 1999). To test whether PKC
activation affects NKAs in CA1 pyramidal cells, we monitored the
effects of PDBu on NKA-sAHPs in single CA1 pyramidal cells.
Application of 5 um PDBu strongly reduced these potentials (Fig.
3a; amplitudes and areas reduced to 20.0% and 18.4% of control,

respectively; p = 0.0088 and p = 0.0078, respectively; n = 5). The
suppression of the NKA-sAHPs by PDBu was prevented by pre-
incubation of the slices in aCSF containing 5 uMm chelerythrine, a
PKC inhibitor (Herbert et al., 1990) (Fig. 3b; p = 0.0993 and p =
0.6035 for amplitudes and areas, respectively; n = 5), confirming
that PDBu suppresses the NKA-sAHPs via PKC.

PDBu depolarized the neurons by 9.4 = 2.3 mV (p = 0.009;
n=>5) and decreased spike amplitude by 8.9 = 2.4% (p = 0.0273)
without significantly affecting Ry. Intriguingly, these effects were
noted also in slices pretreated with chelerythrine, and therefore
may be due to a PKC-independent action (Doerner et al., 1990).
Despite these changes, chelerythrine completely prevented the
PDBu-induced suppression of the NKA-sAHPs. However, it did
not, by itself, affect the size of the NKA-sAHPs, compared with
those in control slices (p = 0.780 and p = 0.996 for amplitudes
and areas, respectively).

These results suggest that PKC activation leads to NKA inhi-
bition in CA1 pyramidal cells. It has been shown that NKAs con-
tain several possible phosphorylation sites for PKC (Therien and
Blostein, 2000). However, it has also been shown that PKC acti-
vation by PDBu enhances NOS catalytic activity by direct phos-
phorylation or via intermediary proteins, causing enhanced NO
production (Okada, 1995; Wang and Huang, 2006). Such an ac-
tion would lead to NKA inhibition via the GC/cGMP/PKG path-
way. We tested this possible mechanism by applying PDBu to
slices pretreated with the PKG inhibitor KT5823 (2 um). Under
this condition, adding 5 um PDBu also remarkably suppressed
the NKA-sAHPs (Fig. 3¢; amplitudes and areas reduced to 10.0%
and 6.1% of control, respectively; p = 0.0003 and p = 0.0001,
respectively; n = 6), mimicking its effect on these potentials in
slices with untampered PKG activity (Fig. 3a). These data indi-
cate that PKC activation inhibits the NKAs directly rather than
via PKG activation.

Effects of PP inhibitors

The results so far have identified two PKs (i.e., PKG and PKC)
that potentially regulate neuronal NKA activity. To test whether
NKA activity in “resting” condition is affected by these PKs, we
inhibited the activity of PPs that reverse the action of these PKs.
We reasoned that, if PKG and/or PKC are tonically active, then
inhibiting the PPs will suppress the NKA-sAHPs. The main PPs
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Figure 4. Effects of PP inhibitors on the NKA-sAHPs. a, Inhibition of PP-1. The two overlaid

traces represent the control NKA-sAHPs in the same neuron before (Control; black) and after
perfusing the slice with the PP-1 inhibitor tautomycetin (25 nw; red). Bar diagrams represent
the normalized results of seven experiments (mean == SEM) for NKA-sAHP amplitudes (green)
and areas (blue). b, Inhibition of PP-2A. Same asin a, but applying the PP-2A inhibitor fostriecin
(50 nm; n = 6). ¢, Inhibition of PP-2B. Same as in a, but applying the PP-2B inhibitor FK506 (10
um; n = 5). d, Simultaneous PP-1, PP-2A, and PP-2B inhibition. Same as in a, but applying
together the PP-1and PP-2A inhibitor A (1 wum; red) and FK506 (n = 6). Inhibiting either one
of the three PPs alone had no effect on the NKA-sAHPs. Inhibiting all three together strongly
suppressed the NKA-sAHPs, indicating that at least two of the PPs can each independently
dephosphorylate the NKAs. ***p << 0.001, ns, not significant.

that dephosphorylate NKAs in non-neural tissues are the serine/
threonine PPs PP-1, PP-2A, and PP-2B (calcineurin) (Therien
and Blostein, 2000). We applied PP inhibitors at concentrations
known to effectively and selectively inhibit these PPs.

Applying 25 nM tautomycetin, a PP-1 inhibitor (Mitsuhashi et
al., 2001), had no effect on the NKA-sAHPs (Fig. 4a; p = 0.759
and p = 0.5298 for amplitudes and areas, respectively; n = 7).
Applying 50 nM fostriecin, a PP-2A inhibitor (Walsh et al., 1997),
also had no effect on the NKA-sAHPs (Fig. 4b; p = 0.9544 and p
= 0.7504 for amplitudes and areas, respectively; n = 6). Applying
10 uM FK506, a PP-2B inhibitor (Liu et al., 1991), also had no
effect as well on the NKA-sAHPs (Fig. 4¢; p = 0.8673 and p =
0.6503 for amplitudes and areas, respectively; n = 5). However,
applying 1 uM OA, an inhibitor of both PP-1 and PP-2A (Takai et
al., 1992), together with FK506 (OA+FK506), to simultaneously
block all three PPs, almost completely suppressed the NKA-
sAHPs (Fig. 4d; amplitudes and areas reduced to 5.9% and 6.8%
of control; p = 0.0002 and p = 0.0003, respectively; n = 6). None
of these drug treatments significantly affected resting V., appar-
ent Ry and spike amplitude. These results indicate that NKAs are
tonically inhibited and disinhibited by phosphorylation and de-
phosphorylation, respectively. Furthermore, the results suggest

J. Neurosci., July 10,2019 - 39(28):5440 5451 = 5445

that dephosphorylation by more than one of the three tested PPs
can independently disinhibit the NKAs, as inhibition of one only
had no effect on the NKA-sAHPs Figure 4a—c).

We next tested whether phosphorylation by PKG and/or PKC
exerts the tonic inhibitory effect on the NKAs. To that end, we
applied OA+FK506 (to inhibit all three PPs) in slices pretreated
with KT5823 and chelerythrine (to inhibit both PKG and PKC).
In this condition, PP inhibition had no effect on the NKA-sAHPs
(Fig. 5a; p = 0.0762 and p = 0.5487 for amplitudes and areas,
respectively; n = 5), indicating that either PKG or PKC, or both
together, mediate NKA tonic inhibition.

To differentiate between these options, we monitored the ef-
fects of the PP inhibitors after blocking only one of the two PKs.
In slices pretreated with chelerythrine to inhibit PKC only, sub-
sequent application of OA+FK506 suppressed the NKA-sAHPs
(Fig. 5b; amplitudes and areas reduced to 7.9% and 3.0% of con-
trol, respectively; p = 0.0001 and p = 0.0029, respectively; n = 6).
In slices pretreated with KT5823 to inhibit PKG only, subsequent
application of OA+FK506 together also suppressed the NKA-
sAHPs (Fig. 5¢; amplitudes and areas reduced to 8.7% and 7.9%
of control, respectively; p = 0.0007 and p = 0.0002, respectively;
n = 6). These results indicate that phosphorylation by both PKG
and PKC exerts a tonic inhibitory effect on the NKAs.

We finally sought to identify which of the three PPs plays arole
in tonically disinhibiting the NKAs. To that end, we monitored
the effects of inhibiting different pairs of the PPs on the NKA-
sAHPs. Applying OA (to inhibit PP-1 and PP-2A) had no effect
(Fig. 6a; p = 0.3406 and p = 0.3924 for amplitudes and areas,
respectively; n = 9), indicating that PP-2B alone disinhibits the
NKAs. Applying fostriecin and FK-506 in combination to inhibit
both PP-2A and PP-2B also had no effect (Fig. 6b; p = 0.3726 and
p = 0.104 for amplitudes and areas, respectively; n = 6), indicat-
ing that also PP-1 alone disinhibits the NKAs. In contrast, apply-
ing tautomycetin and FK-506 together to inhibit both PP-1 and
PP-2B, but not PP-2A, almost completely suppressed the NKA-
sAHPs (Fig. 6¢; amplitudes and areas reduced to 2.9% and 3.5%,
respectively; p = 0.0001 and p = 0.0006, respectively; n = 5),
indicating that PP-2A alone cannot disinhibit the NKAs. These
data thus show that, in CA1 pyramidal cells, dephosphorylation
by PP-1 or by PP-2B, but not by PP-2A, disinhibits the NKAs.
Furthermore, our finding that either PP-1 or PP-2B, acting alone,
can reverse tonic NKA inhibition induced by PKG and PKC,
suggests that either one of the two PPs can reverse the phosphor-
ylation mediated by either PKG or PKC.

The size of the NKA-sAHPs, compared with the amplitudes
and areas of these potentials in untreated neurons (n = 102), was
not modified by merely blocking PKC with chelerythrine (p =
0.780 and p = 1.000, n = 18) or by blocking PKC and PKG
together with chelerythrine and KT5823 (p = 1.000 and p =
0.998, n = 16; Fig. 7). The latter observation suggests that the
tonic inhibitory action of these PKs is low in “resting” slices, and
is readily reversed by the PPs. Stronger activation of these signal-
ing pathways likely is required to cause functional inhibition of
NKA activity.

Effects of modulators of PKs and PPs on sSAHPs evoked by
Na™* injections

The experiments described thus far were conducted using NKA-
sAHPs evoked by spike trains as readouts of NKA activity. To
verify our main results using an alternative approach, which does
not depend on spikes, we monitored the effects of modulators of
PKs and PPs on NKA-sAHPs evoked by intracellular Na ™ injec-
tions. To that end, slices were perfused with aCSF containing
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Figure5. Effects of PP inhibitors combined with PK inhibitors on the NKA-sAHPs. a, Simultaneous PP-1, PP-2A, and PP-2B inhibition in condition of inhibited PKs. The slices were pretreated with
2 umKT5823 and 5 um chelerythrine to inhibit both PKG and PKC. The two overlaid traces represent the control NKA-sAHPs in the same neuron before (Control; black) and after applying together
1 mOAand 10 pum FK506 (red). Bar represents the normalized results of five experiments (mean == SEM) for NKA-sAHP amplitudes (green) and areas (blue). b, Same asin a, but inslices pretreated
only with the PKCinhibitor chelerythrine (5 wum; n = 6). ¢, Same asin a, butin slices pretreated only with the PKG inhibitor KT5823 (2 um; n = 6). Inhibiting all three PPs, which normally suppressed
the NKA-sAHPs, had no effect on condition of inhibited PKG and PKC. When only one of these two PKs was inhibited, then subsequent inhibition of all three PPs suppressed the NKA-sAHPs. Thus, both
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Figure 6.

Effects of different combinations of PP inhibitors on the NKA-sAHPs. , Inhibition of PP-1and PP-2A. The two overlaid traces represent NKA-sAHPs in the same neuron before (Control;

black) and after perfusing the slice with the PP-1and PP-2A inhibitor OA (1 wum; red). Bar diagrams represent the normalized results of nine experiments (mean == SEM) for NKA-sAHP amplitudes
(green) and areas (blue). b, Inhibition of PP-2A and PP-2B. Same as in a, but applying the PP-2A inhibitor fostriecin (50 nw) together with the PP-2B inhibitor FK506 (10 m; n = 6). ¢, Inhibition of
PP-1and PP-2B. Same as in a, but applying the PP-1 inhibitor tautomycetin (25 nm) together with the PP-2B inhibitor FK506 (10 wum; n = 5). Inhibiting PP-1and PP-2A, or PP-2A and PP-2B, had
no effect on the NKA-sAHPs, implying that both PP-1and PP-2B can independently dephosphorylate the NKAs. Inhibiting PP-1and PP-2B completely suppressed the NKA-sAHPs, implying that PP-2A

is not effective in dephosphorylating the NKAs. ***p << 0.001, ns, not significant.

TTX (0.5 wm) and ZD7288 (50 uM). The microelectrodes were
filled with a solution comprised of 3 M Na-acetate and 100 mm
KCL. Injections of Na™ were performed by delivering trains of
150 short (2 ms) pulses of 4—6 nA at 100 Hz to the neurons. The
evoked sAHPs attained a peak amplitude of 7.9 = 1.9 mV and an
area of 43.7 = 7.8 mV/s, and lasted ~10 * 2 s (Fig. 8a). Contin-
uously applying 50-ms-long hyperpolarizing current pulses (—50
PA at 2 Hz) to monitor changes in membrane conductance (Ti-
wari etal., 2018) did not disclose any changes during these SAHPs
(Fig. 8a; hyperpolarizing pulse amplitudes 2 s before and 1 s after
Na ™ injection; p = 0.552; n = 5). Changing to K *-free aCSF, a
procedure that inhibits NKA activity (Glynn and Karlish, 1975;
Tiwari et al., 2018), led within 20 min to a strong suppression of

the Na ™ injection-induced sAHPs (Fig. 8b; amplitudes and areas
reduced to 19.3% and 15.5% of control, respectively; p = 0.0407
and p = 0.0005, respectively; n = 5). These findings confirm that
the Na ™ injection-evoked sAHPs are also pure NKA-sAHPs.
We tested the effects of the PK activators Br-cAMP, Br-cGMP,
and PDBu on the Na * injection-evoked NKA-sAHPs. Whereas
Br-cAMP (2 mM) had no significant effect on these potentials
(Fig. 9a; p = 0.3432 and p = 0.7452 for amplitudes and areas,
respectively; n = 4), they were markedly suppressed by 100 um
Br-cGMP (Fig. 9b; amplitude and areas reduced to 38.4% and
19.1% of control, respectively; p = 0.0077 and p = 0.0041, re-
spectively; n = 4) and by 5 uM PDBu (Fig. 9¢; amplitude and areas
reduced to 18.0% and 6.0% of control, respectively; p = 0.0039



Mohan, Tiwari et al. @ Regulation of the Neuronal Na™ Pump

80

N O
o o O

o

sAHP amplitude (% of control) Q)

-
o N
o o

O
o o

SAHP area (% of control) T
N [e]
<? o

Figure 7.  Effects of inhibitors of PK signaling pathways on the NKA-sAHPs. a, Bar diagram
represents the effects of various blockers of signaling pathways, applied for =1 h, on the
amplitudes of the NKA-sAHPs. Amplitude values are normalized with respect to mean control
value (n = 102) and depicted as mean == SEM. The blockers applied are H89 (n = 10), KT5823
(n=17),0DQ (n = 11), chelerythrine (n = 18), and KT5823 together with chelerythrine (n =
16). Statistical significance was tested with one-way ANOVA (« = 0.05) with two-sided Dun-
nett ttest. b, Same asin a, but for NKA-sAHPs areas. Neither one of the blockers applied affected
the amplitude or area of the NKA-sAHPs, ns, not significant.
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Figure8. NKA-sAHPs can be evoked by intracellular Na * injections. a, Top, Representative
sAHP evoked by intracellularNa * injection (150 pulses of 4 — 6 nA, each 2 ms long, delivered at
100 Hz) in TTX-containing aCSF. Bottom, Another sAHP evoked by Na ™ injection, but negative
current pulses (50 ms, —50 pA) were delivered at 2 Hz continuously. Two hyperpolarizing
voltage responses elicited ~2 s before Na ™ injection onset (1) and 1s after end of injection (2)
are overlaid below. The responses are similar, indicating lack of change in membrane conduc-
tance during the sAHP. Bar diagram represents the peak amplitudes of the hyperpolarizing
voltage responses at Time point 2 normalized to that obtained at Time point 1 (mean = SEM;
n = 5). b, Overlaid traces of sSAHPs evoked by intracellular Na * injection before (Control) and
20 min after slice perfusion with K *-free aCSF (K ™ -free) to block NKA activity. Summary bar
diagram represents the peak amplitudes and areas of the sAHPs in K * -free aCSF (percentage of
control; mean == SEM; n = 5). *p << 0.05, ***p < 0.001, ns, not significant.

and p = 0.002, respectively; n = 5). Likewise, applying
OA+FK506 strongly suppressed the sSAHPs (Fig. 9d; amplitudes
and areas reduced to 13.3% and 9.3% of control, respectively; p =
0.0044 and p = 0.0002, respectively; n = 4). These data confirm
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Figure9.  NKA-sAHPsevoked by Na * injections are requlated by PKs and PPs. a, NKA-sAHPs

were evoked by intracellular Na ™ injections in TTX-containing aCSF. Activation of PKA: The two
overlaid traces represent the NKA-sAHPs in the same neuron before (black) and after perfusing
the slice with the PKA activator Br-cAMP (2 mu; red). Bar represents the normalized results of
four experiments (mean == SEM) for NKA-sAHP amplitudes (green) and areas (blue). b, Activa-
tion of PKG: Same asin a, but applying the PKG activator Br-cGMP (100 m; n = 4). ¢, Activation
of PKC: Same as in a, but applying the PKC activator PDBu (5 um; n = 5). d, Inhibition of PPs.
Same asina, butapplying the PP inhibitors OA (1 um) and FK506 (10 um; n = 4). Activation of
PKA had no significant effect on the NKA-sAHPs, whereas all other treatments strongly sup-
pressed these potentials, implicating PKG, PKC, and the PPs in NKA activity regulation by phos-
phorylation/dephosphorylation. **p << 0.01, ***p < 0.001, ns, not significant.

our conclusion that phosphorylation by PKC or PKG, but not by
PKA, inhibits NKA activity, whereas PP-1 and PP-2B reverse this
effect.

Discussion

Here we have used an electrophysiological approach to investi-
gate systematically the regulation of NKA activity in single iden-
tified neurons in situ. Our data demonstrate the regulation of
NKA transport activity by phosphorylation/dephosphorylation
in single neurons, and identify two PKs and two PPs participating
in this fundamental process.

Neuronal NKA activity is not regulated by PKA

Modulation of NKA transport activity by cAMP/PKA signaling
has been noted in many non-neuronal tissues, where it can be
either facilitatory or inhibitory, depending on tissue type and
animal species. In some tissues, NKA inhibition by cAMP/PKA
signaling is mediated by direct phosphorylation of the a subunit,
reducing its affinity to intracellular Na ™, whereas in others it
involves phosphorylation of an intermediate protein (Therien
and Blostein, 2000). In brain tissue, PKA phosphorylation of an
intermediary protein modestly inhibited NKA activity in synap-
tosomes prepared from whole rat brains (Lingham and Sen,
1982). Likewise, the cAMP-PKA pathway mediated a partial re-
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duction in NKA activity induced by dopaminergic agonists in rat
striatal slices (Pinto Ferreira et al., 1998) and by prostaglandin E2
in rat hippocampal slices (Oliveira et al., 2009). However, be-
cause brain slices are comprised of multiple cell types, the latter
results do not necessarily implicate NKAs in neurons.
Surprisingly, we found that activation of the cAMP-PKA
pathway does not modify the NKA-sAHPs in CAl pyramidal
cells. This contrasts markedly with abolishment of the K,-sAHP
component by PKA activation (Madison and Nicoll, 1986; Ped-
arzaniand Storm, 1993), as shown also here. Because both &, and
a; NKA isoforms contribute to the generation of the NKA-
sAHPs (Tiwari et al., 2018), our results suggest that neither of the
two neuronal NKA isoforms is subjected to regulation by PKA.

Neuronal NKA activity is inhibited by PKG

Both facilitatory and inhibitory effects of cGMP/PKG signaling
on NKAs transport activity have been previously observed in
various mammalian tissues, including brain slices, attesting to the
multiplicity of mechanisms involved in NKA regulation by PKG
(Therien and Blostein, 2000). Here we found that direct PKG
activation strongly suppresses the NKA-sAHPs, thus indicating
that cGMP/PKG signaling inhibits NKAs in CA1 pyramidal cells.
Furthermore, we show that NKA activity is inhibited by PKG
activation via NOS/GC/cGMP/PKG signaling. This conclusion is
congruent with a previous biochemical study showing that sper-
midine inhibits NKAs in hippocampal slices via the latter path-
way (Carvalho et al., 2012). However, a previous biochemical
study reported that cGMP/PKG signaling enhances o3-NKA ac-
tivity in cerebellar Purkinje neurons (Nathanson et al., 1995).
Thus, the regulation of neuronal NKAs by PKG-induced phos-
phorylation may also be tissue- and subunit-specific, as observed
in non-neuronal tissues (Therien and Blostein, 2000).

The molecular mechanism by which cGMP-activated PKG
causes NKA inhibition in CA1 pyramidal cells remains unclear.
Direct phosphorylation of NKA a-subunit by PKG is a likely
possibility, although so far it was demonstrated in mammalian
kidneys and in Xenopus oocytes, where it led to enhanced NKA
activity (Fotis etal., 1999). Alternatively, PKG may exert its action
via intermediary proteins. For example, PKG-induced DARPP-32
phosphorylation, likely by inhibiting PP-1 (Hemmings et al.,
1984), reduced renal NKA activity (Eklof et al., 2001). However,
this mechanism alone is not applicable to CA1 pyramidal cells, as
pharmacological PP-1 inhibition did not modify the NKA-
sAHPs. A more plausible mechanism has been described in ocu-
lar ciliary muscle, where PKG inhibited NKA activity by
stimulating the Src family of protein tyrosine kinases (Shahidul-
lah et al., 2014). Inhibition of NKA activity by direct tyrosine
phosphorylation of the a;-NKA subunit was demonstrated in
several other non-neural tissues (e.g., El-Beialy et al., 2010; Man-
dal etal., 2011). On the other hand, direct tyrosine phosphoryla-
tion of the a; NKA subunit was shown to enhance NKA activity
in cortical neurons (Wang and Yu, 2005).

Neuronal NKA activity is inhibited by PKC
As is the case with PKA and PKG, the effects of PKC activation on
NKA transport activity are varied, causing either enhancement or
inhibition in a tissue-specific manner (Therien and Blostein,
2000). Part of this variation may depend on the isoform of the
PKC involved (Efendiev et al., 1999), or on the concentration of
intracellular Ca?" (Cheng et al., 1999), or on ambient tempera-
ture (Féraille et al., 2000). Here we show that PKC activation
strongly suppresses NKA activity in CA1 pyramidal cells.

In non-neuronal tissues, PKC was shown to inhibit NKA ac-
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tivity by direct phosphorylation of serine/threonine residues at
the catalytic @ subunit (Therien and Blostein, 2000). The general
consensus is that PKC phosphorylation occurs at the N terminus
(Feschenko and Sweadner, 1995; Béguin et al., 1996), although
PKC phosphorylation sites at the C terminus can be exposed in
some conditions (Mahmmoud and Cornelius, 2002). In rats,
both «; and a3 NKA isoforms were inhibited through such a
mechanism (Béguin et al., 1996). A similar mechanism may ac-
count for PKC-mediated NKA inhibition in acutely dissociated
striatal neurons (Nishi et al., 1999) and in serotonin-induced
NKA inhibition in choroid plexus (Fisone et al., 1995).

We considered also that activated PKC may cause NKA inhi-
bition indirectly by enhancing NOS catalytic activity, causing
enhanced NO production and activation of the NOS/GC/cGMP/
PKG pathway (Marin et al., 1992; Okada, 1995). However, this
option was refuted by showing that PDBu suppresses the NKA-
sAHPs also in slices pretreated with the PKG inhibitor KT5823.

Neuronal NKA activity is regulated by phosphorylation/
dephosphorylation

Numerous cellular processes are regulated by a balance between
phosphorylation and dephosphorylation of critical proteins.
Congruently, the effects of PKs on NKAs were shown to be re-
versed by PPs in some non-neuronal tissues. The major PPs that
have been implicated in this regulatory process are PP-1 and
PP-2B (for review, see Therien and Blostein, 2000). Neurons,
CA1 pyramidal cells included, express these two PPs, as well as
PP-2A, and all three participate in multiple regulatory functions
(e.g., Yaoetal., 2013; Lucas and Armstrong, 2015; Williams et al.,
2015; Hell, 2016). Indeed, they are the most abundant neuronal
serine/threonine PPs and dephosphorylate >90% of neuronal
phosphoproteins (Mansuy and Shenolikar, 2006). However, only
little is known about their role in neuronal NKA activity regula-
tion. In cultured cerebellar neurons, activation of PP-2B was
shown to dephosphorylate NKAs that were previously phosphor-
ylated by PKC, leading to reversal of NKA inhibition (Marcaida et
al., 1996).

Although blocking separately each one of the three PPs did not
affect the NKA-sAHPs, blocking all three together almost entirely
suppressed these potentials. The latter effect was seen also when
either PKG or PKC was inhibited, but not when the two PKs were
simultaneously inhibited. These results indicated that NKA ac-
tivity in “resting” conditions requires tonic dephosphorylation of
NKAs (or intermediate proteins) to reverse the inhibitory action
of tonic phosphorylation by PKG and PKC. Further analysis in-
dicated that tonic dephosphorylation by PP-1 or by PP-2B, but
not by PP-2A, secure normal NKA activity in the face of tonic
phosphorylation by PKG and PKC. Our finding that either one of
the two PPs can reverse the effect of either one of the two PKs
suggests that they all might converge on the same phosphoryla-
tion sites of the a-NKA protein.

CA1 pyramidal cells express both a; and oy NKA isoforms
(McGrail et al., 1991; Juhaszova and Blaustein, 1997), and both
isoforms contribute synergistically to the generation of the NKA-
sAHPs (Tiwari et al., 2018). Our results, showing almost full
suppression of the NKA-sAHPs by PKC and PKG activators and
PP-1 and PP2B inhibitors, suggest that both NKA isoforms are
similarly regulated by these PKs and PPs.

Functional implications

Here we show, in CA1 pyramidal cells, that phosphorylation by
PKG or PKC inhibits NKA activity. In either case, this inhibition
is only partial because even prolonged exposures (>1 h) to PKG
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or PKC activators did not induce spreading depression or other
signs of neuronal deterioration that accompany substantial NKA
inhibition (Balestrino et al., 1999). This conclusion is also com-
patible with biochemical studies showing 40%-50% inhibition of
purified NKAs by PKC phosphorylation (Bertorello et al., 1991;
Cheng et al., 1999). Such inhibition likely would enhance CAl
pyramidal cell excitability, as happens when the K,-sAHP com-
ponent is suppressed (Madison and Nicoll, 1984). Congruently,
partial inhibition of NKAs in CA1 pyramidal cells using ouabain-
like NKA antagonists caused enhanced intrinsic excitability
(McCarren and Alger, 1987) and a decrease in GABA , receptor-
mediated currents recorded in these neurons (Vaillend et al.,
2002).

We have previously shown that the NKA-sAHP in CAl pyra-
midal cells is predominantly generated by a;-NKAs (Tiwari et al.,
2018). It is not yet known whether NKA regulation by phosphor-
ylation/dephosphorylation occurs also in other types of neurons.
In particular, it would be interesting to explore this issue in in-
terneurons, which, unlike pyramidal cells, preferentially express
a53-NKAs (Richards et al., 2007). Intriguingly, excitation of den-
tate interneurons by glutamate elicited a sustained depolarization
due to partial NKA inhibition (Ross and Soltesz, 2000). This
effect was dependent on a rise in [Ca®"]; and therefore possibly
mediated by PKG and/or PKC signaling. It is likely that NKA
inhibition in interneurons would enhance synaptic inhibition of
principal neurons, thereby reducing network excitability. The
consequences of simultaneous NKA inhibition in pyramidal cells
and inhibitory interneurons are difficult to predict. In two stud-
ies, applying ouabain-like NKA antagonists to hippocampal
slices, thereby partially inhibiting NKAs in all cell types, induced
or augmented epileptiform bursting (Vaillend et al., 2002; Krish-
nan et al., 2015).

Partial NKA inhibition or NKA deficiency in brain has also
been implicated in spatial learning and memory deficits (Sato et
al., 2004; Moseley et al., 2007), as well as in the pathophysiology
of Alzheimer’s disease (e.g., Ohnishi et al., 2015; Petrushanko et
al., 2016). Thus, the ability of activated PKG and PKC to revers-
ibly inhibit neuronal NKAs suggests that these kinases may be
downstream effectors of signaling pathways that couple primary
messengers to NKAs, through which multiple brain functions
can be regulated or dysregulated.
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