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Sodium-potassium ATPase (NaKA) is a plasma membrane enzyme responsible for inﬂuencing membrane
physiology by direct electrogenic activity. It determines cellular excitability and synaptic neurotransmission, thus affecting learning and memory processes. A principle catalytic a subunit of NaKA has
development-speciﬁc expression pattern. There are two a isoforms, a1 and a3, in adult brain neurons.
Although NaKA is a housekeeping enzyme, the physiological differences between these two a isoforms in
different brain regions have not been well explored. Endogenous cardiotonic steroids, including Marinobufagenin and Ouabain, control the cell homeostasis and cell functions via inhibiting NaKA. Here we
employed selective inhibition of a1 and a3 NaKA isoforms by Marinobufagenin and Ouabain respectively,
to measure the contribution of a subunits in cellular physiology of three distinct mouse brain regions.
The results of the whole cell recording demonstrated that a1 isoform predominated in layer-5 pyramidal
cells at rostral motor cortex, while a3 isoform governed the pyramidal neurons at hippocampal CA1
region and to a lesser extent the layer-5 pyramidal neurons of parietal cortex. Furthermore, selective a
isoform inhibition induced differential effects on distinct physiological properties even within the same
brain region. In addition, our results supported the existence of synergism between two NaKA a isoforms.
To conclude, this systematic study of NaKA a isoforms demonstrated their broader roles in neuronal
functioning in a region-speciﬁc manner.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Na/K-ATPase (NaKA) is a unique enzyme, which controls the
active transport of Naþ and Kþ ions across the membrane. As a
major housekeeping protein, it contributes to the maintenance of
cellular homeostasis, transmembrane resting potential, cellular
volume and intracellular osmolarity. Due to this, NaKA utilizes
approximately 50% of the cell's energy consumption (Ames, 2000;
 ska and Silver, 1994; Howarth
Attwell and Laughlin, 2001; Erecin
et al., 2012). There is a large body of evidence suggesting that
NaKA activity in the nervous system regulates various brain functions such as enabling additional data coding and subsequent information processing (Forrest, 2014; Forrest et al., 2012). In
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addition to its function as an ion pump and enzyme, NaKA is a
receptor and the only known target for the endogenous cardiotonic
steroids (CTS), which include bufadienolide marinobufagenin
(MBG) and cardenolide ouabain (Oua) (Bagrov et al., 2009;
Fedorova et al., 2007, 2002).
Structurally, NaKA is a heterodimeric integral membrane protein comprised of a (100 kDa) subunit and b (55 kDa) subunit and
sometimes is accompanied by a third regulatory protein, FXYD. The
number of a subunits is a key determining factor for the expression
and activity of NaKA (DeTomaso et al., 1994; Laughery et al., 2007;
Lescale-Matys et al., 1993; McDonough and Farley, 1993; Mircheff
et al., 1992; Tokhtaeva et al., 2009). There are three a isoforms (a1,
a2, a3) which are differentially expressed in various organs. a1
subunit is a housekeeping protein and is expressed in most of the
cell types and body organs. a1 is often the only subunit present in
the whole tissue, like in erythrocytes, kidney epithelia and liver
cells, but in skeletal, cardiac and smooth muscles a2 is also
expressed. However, the nervous system expresses all three
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subunits (Blanco and Mercer, 1998; Herrera et al., 1987; Lingrel JB,
1992; Moeller et al., 2011). Interestingly, in the adult rodent brain,
a isoform expression varies among speciﬁc cell types; a2 is exclusively expressed in astrocytes, a3 is restricted to neurons and a1 is
widely present in both glia and neurons. Therefore, neurons in the
adult rodent brain comprise of the two most prevalent isoforms, a1
and a3. The signiﬁcance of distinctive expression proﬁle of different
isoforms in the brain is not well understood. Functionally, these
two isoforms have different afﬁnity for various ligands, including
CTS NaKA inhibitors, MBG and Oua (Fedorova and Bagrov, 1997). For
example, a1 has a higher afﬁnity for Naþ ions than a3 isoform
(Azarias et al., 2013; Munzer et al., 1994; Zahler et al., 1997).
Moreover, endogenous forms of these two CTS participate in two
major pathways: the ionic pathway, which is initiated by inhibition
of NaKA activity, and the signaling pathway, which requires binding
of CTS to NaKA and does not necessarily involve sodium pump
inhibition (Bagrov et al., 2009). There are numerous studies which
also conﬁrm that each isoform haploinsufﬁciency leads to discrete
behavioral phenotypes (Lingrel et al., 2007; Moseley et al., 2007).
Yet the functional importance of such a isoform diversity in the
brain is unresolved.
It has been reported that inhibition of NaKA activity with Oua
can have varied effects in different brain regions (Forrest, 2014).
These differential effects were hypothetically attributed to the
diverse expression proﬁle of NaKA a isoforms (Forrest, 2014). Taken
together, these ﬁndings emphasize the necessity of investigation of
the distinct cellular physiology of the two most predominant
neuronal NaKA isoforms a1 and a3, in different brain areas. In
addition, understanding the unique physiology of NaKA isoforms in
various brain regions is crucial because NaKA is implicated in
numerous neuropsychiatric disorders such as autism spectrum
disorders (Al-Mosalem et al., 2009; Ji et al., 2009; Kaphzan et al.,
2013, 2011), schizophrenia (Corti et al., 2011), affective disorders
(Chetcuti et al., 2008; Goldstein et al., 2006) and others.
In the present study, we have focussed on delineating the
physiological differences between a1 and a3 isoforms via selective
pharmacological inhibition with treatment of MBG and Oua
respectively. Oua exhibits much higher afﬁnity to rodent a3 NaKA
than to a1 (Fedorova and Bagrov, 1997; Jamme et al., 1997). In
contrast, MBG binds to rodent a1 with higher afﬁnity than to a3
NaKA (Bagrov et al., 2009; Fedorova and Bagrov, 1997). To test the
hypothesis that MBG and Oua have different effects on these two
NaKA isoforms in different areas of the brain, we examined excitatory pyramidal neurons from three distinct mouse brain regions:
hippocampal CA1 Stratum Pyramidale (CA1), posterior parietal
cortex layer-5 (PTL) from the posterior (caudal) brain and, primary
motor cortex layer-5 (MO) from anterior (rostral) brain region (see
Supp. Fig. 1) in response to MBG and Oua. In this study, we investigated differential physiological effects of selective NaKA isoform
inhibition in the aforementioned selected mouse brain areas using
whole-cell patch clamp recording.
2. Materials and methods
2.1. Animals
For all experiments we used, C57BL/6 mice 10e12 weeks of age
of both genders. Experimental procedures were performed in
accordance with National Institutes of Health guidelines and were
approved by the University of Haifa animal ethics committee.
2.2. Brain regions identiﬁcation
Coronal brain slices were obtained following the identiﬁcation
of brain region morphology based on the Allen Institute mouse
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brain reference atlas (Allen Institute for Brain Science. Webpage;
Lein et al., 2007). CA1sp recorded in this study was located on
the coronal slices taken 2.4e3.2 mm posterior to the bregma.
MOpL5 was recorded from coronal slices 1.3 mm anterior to 0.8 mm
posterior to the bregma. The larger striatum and starting point of
the hippocampus were used as landmarks for locating the end of
MOpL5. PTLpL identiﬁcation was based on the images of slices
positioned at 1.6e2.1 mm posterior to the bregma.
2.3. Tissue preparation
Mice were sacriﬁced by cervical dislocation, and 300 mm coronal
brain slices were cut with a Ci 7000 smz2 (Campden Instruments,
UK) in ice-cold (~4  C) cutting solution containing (in mM) 110
sucrose, 60 NaCl, 3 KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7
MgCl2 and 5 glucose. Slices were recovered for 30 min at 37  C in
artiﬁcial cerebrospinal ﬂuid (ACSF) containing (in mM) 125 NaCl,
2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose, 2 CaCl2, and 1
MgCl2 ACSF, with an additional recovery for 30 min at room temperature. After initial recovery, slices were placed in a submerged
chamber at 35  C in ACSF (>2 mL/min) and incubated for no less
than 30 min before patching occurred; the slices were maintained
in these conditions for duration of the experiment. All solutions
were constantly carboxygenated with 95% O2 þ 5% CO2.
2.4. Current clamp whole-cell recording
Pyramidal cells were both visually and electrophysiologically
identiﬁed as previously described (Chen et al., 1996; Christophe
et al., 2005; Colbert and Levy, 1992; Franceschetti et al., 1993;
Lacaille et al., 1987; Schubert et al., 2001; Staff et al., 2000). Brain
slices were illuminated and visualized with an infrared differential
interference contrast microscope (BX51-WI; Olympus, USA) with a
60 water-immersion objective mounted on a ﬁxed-stage. The
image was displayed on a video monitor using a charge-coupled
device camera (DAGE-MTI, USA). Recordings were ampliﬁed by
multiclamp 700B and digitized by Digidata 1440 (Molecular Devices, California, USA). The recording electrode was pulled from a
borosilicate glass pipette (3e5 MU) using an electrode puller (P1000; Sutter Instruments, USA) and ﬁlled with a K-gluconate-based
internal solution containing (in mM) 130 K-gluconate, 5 KCl, 10
HEPES, 2 MgCl2, 0.6 EGTA, 2 Mg-ATP, 0.5 Na3-GTP, osmolarity 290
mOsm, and pH 7.3. Recording glass pipettes were patched onto the
pyramidal cells soma region. Voltages for liquid junction potential
(þ8 mV) were corrected ofﬂine. All intrinsic properties were
recorded in current clamp mode. For equilibration, recordings of
baseline in ACSF without inhibitors started 10 min after entering
whole cell mode. All current-clamp recordings were low-pass
ﬁltered at 10 kHz and sampled at 50 kHz. Series resistance was
compensated and only series resistance <20 MU was included in
the data set. Pipette capacitance was ~99% compensated. The
method of measuring active intrinsic properties was based on a
modiﬁed version of a previously described procedure (Kaphzan
et al., 2013, 2011).
To study the biophysical property of membrane, resting membrane potential (Rp) was measured 10 min after the seal was
ruptured. The sag potential was measured from the inward rectiﬁcation at hyperpolarized membrane potentials obtained by
injecting negative current square pulse (100 pA, 1s). The input
resistance (IR) was calculated from the current-voltage relationship
at the linear portion of voltage responses to steps of hyperpolarizing current pulses (150 to 0 pA, 1s). In the case of a single
action potential (AP) parameter, after an initial assessment of the
current, which was required to induce an AP at the start of current
injection with large steps (50 pA), we injected a series of brief
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depolarizing currents for 10 ms in steps of 10 pA increments. The
ﬁrst AP that appeared at the 5 ms time point was analyzed. A curve
of dV/dt was created for that trace, and the threshold was considered as the 30 V/s point on the rising slope of an action potential
(Kaphzan et al., 2013, 2011). The AP amplitude was measured from
the threshold point to the spike peak, while the AP duration was
measured at the point of half-amplitude of the spike. The area
under the curve (AUC) was measured for each AP; total area from
threshold to the equipotential point in repolarizing curve was
analyzed.
The medium afterhyperpolarization (mAHP) was measured using prolonged (3s), high-amplitude (3 nA) somatic current injections to initiate time-locked AP trains of 50 Hz frequency and
duration (10e50 Hz, 1 or 3 s) in pyramidal cells. mAHP was
measured from the equipotential point of resting potential to the
anti-peak of the same spike (Gulledge et al., 2013; Landﬁeld and
Pitler, 1984; Oh et al., 2010; Power et al., 2002; Wu et al., 2004).
AP ﬁring frequency was measured by counting the number of
APs generated due to current injections of 1000 ms square current
pulses in 50 pA steps from 0 pA to 300 pA.
Recordings of pyramidal cells from all three brain regions were
performed on the same day, from the same animal and with same
stock of NaKA inhibitors. As these antagonists are not readily
washable, we recorded only one neuron per slice to be assertive
that lingering NaKA blockade was not contributing to our results.
The slice was removed and the chamber and tubing were thoroughly washed after each cell recording.
2.5. Voltage clamp whole-cell recording
For the synaptic current measurement, EPSCs were recorded in
voltage clamp, at a holding potential of 70 mV using the same KGluconate based internal solution used for current-clamp
recording. For synaptic input, a bipolar electrode was used to
stimulate either the Schaffer collateral for the recording of CA1sp or
layer 2e3 for cortical layer 5 pyramidal cells. For equilibration, recordings were started 10 min after entering the whole cell mode.
All voltage-clamp recordings were low-pass ﬁltered at 10 kHz and
sampled at 50 kHz. Series resistance was 90% compensated. Series
resistance, input resistance, and membrane capacitance were
monitored during the entire experiment. Data exclusion criteria
were based on changes in the above parameters of more than 15%
from the baseline.
2.6. NaKA inhibitors application
MBG was prepared as previously described (Fedorova and
Bagrov, 1997) and Oua was purchased from Sigma, Israel. To
determine the effects of selective inhibition of a1NaKA or a3NaKA
subunits, we bath applied either MBG (1 mM) or Oua (1 mM) dissolved in ACSF. We also examined the combined effects of both
drugs (MBG 1 mM þ Oua 1 mM). Concentrations of MBG and Oua
were based on the results of previous publications. Brieﬂy, in rodent brains, the afﬁnity of Oua for a3-NaKA is 25-fold higher than
its afﬁnity for a1-NaKA (Fedorova and Bagrov, 1997). Moreover, the
IC50 of Oua for rodent brain a1, a2, and a3 NaKA isoforms are
1.3 mM, 4.5 mM and 2.9 nM, respectively (Jamme et al., 1997).
Therefore, Oua dissolved in ACSF, was perfused in the brain slices at
a concentration of 1 mM to inhibit a3 without affecting the a1
isoform. MBG afﬁnity for rodent a1-NaKA is 53-fold higher than the
afﬁnity for a3-NaKA (Fedorova and Bagrov, 1997). The IC50 concentration needed for inhibition of rodent a3 NaKA by Oua and a1
NaKA by MBG are nearly similar (2.6 nmol/L and 2.1 nmol/L,
respectively) (Fedorova and Bagrov, 1997). Considering these results, 1 mM of MBG dissolved in ACSF was used to perfuse the brain

slices. In order to achieve maximal slice penetration of the drugs
and to reach a steady state, whole cell recordings with inhibitors
were performed 20 min after bath application of the inhibitors.
2.7. Statistical analysis
Calculated statistical values in the Figures, Tables, and text are
presented as means ± S.E.M. Differences in mean values were
assessed with One-way repeated-measures ANOVA followed by
multiple comparisons correction using Bonferroni post-hoc tests,
or a Two-way repeated-measures ANOVA followed by multiple
comparisons correction using Tukey's post-hoc tests, whenever
appropriate. A comparison between the drugs within each region
for each induced effect was statistically evaluated as the interaction
between the type of drug and the change it induced, while
comparing before and after treatment (pre-post). All statistical
comparisons included the group with the combined treatment of
MBG and Oua as well. Differences between means were considered
statistically signiﬁcant if p < 0.05. All statistical analysis was performed with IBM-SPSS 21 and GraphPad Prism 7 software.
3. Results
In the herein study, we examined the whole cell recording of 57,
33 and 37 pyramidal cells from caudal brain regions, the hippocampus (CA1sp) and the parietal cortex (PTLpL5), and the rostral
brain region of primary motor cortex (MOpL5) respectively
(Supplementary Fig. 1). It was demonstrated that these three brain
regions display signiﬁcant differences in the basal state passive and
active intrinsic properties (Table 1).
Pyramidal cells in CA1 and MO regions showed clear differential
responses to both a1 or a3 NaKA inhibition. However, pyramidal
cells in PTL region showed either a trend to respond like those
found in the CA1 or equivocal responses to inhibition of the two
NaKA isoforms. Therefore, for the sake of clarity, PTL data is
mentioned brieﬂy, and the main comparison is drawn between CA1
and MO regions.
We have demonstrated that MBG (1 mM) or Oua (1 mM) selectively inhibited a1 or a3 isoforms respectively. Further, we have
found that application of Oua 10 mM in CA1 or MBG 10 mM in MO
region produced similar or stronger effects in comparison with the
combination of these two CTS simultaneously at the concentration
of 1 mM each (Supp. Fig 2e3).
3.1. Isoform-selective NaKA inhibition exhibited differential effects
on passive properties in different brain regions
Because NaKA is a major contributor in the maintenance of the
passive properties of the brain, its inhibition may depolarize resting
membrane potential (Baylor and Nicholls, 1969; Glitsch, 2001;
Pulver and Grifﬁth, 2010; Wang et al., 2012). We sought to measure the efﬁcacy of these CTS in the selected brain regions. Besides
measuring the major passive properties as resting membrane potential (RP) and input resistance (IR), we measured the
hyperpolarization-activated cation current (Ih- Current) or sag potential (SP). The previous study on central pattern generator neurons of leeches showed the interaction of NaKA pump with Ih
current (Kueh et al., 2016). Our study showed in CA1; MBG induced
a meager depolarization of RP and an increase of IR (p < 0.0001 for
both, RM-ANOVA), but failed to alter SP (p ¼ 0.085, RM-ANOVA)
(Fig. 1). On the other hand, Oua in CA1 also induced a depolarization of RP and an increase of IR (p < 0.0001 for both, RM-ANOVA);
however, it also induced a signiﬁcant reduction of SP (p < 0.0001,
RM-ANOVA) (Fig. 1). In MO region, MBG depolarized RP, increased
IR and decreased SP (p < 0.0001, 0.005 and p < 0.0001 respectively,
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Table 1
Cellular electrophysiological properties in selected three brain regions.
Rp, IR and Sag Potential

Rp (mV)
IR (mU)
Sag Potential (mV)

CA1sp

PTLpL5

MOpL5

62.59 ± 0.29 (57) V¥
135.233 ± 3.59 (57) V
3.04 ± 0.1 (57) ¥

70.07 ± 0.41 (33) $
191.47 ± 8.78 (33) $
3.1 ± 0.19 (33) $

68.54 ± 0.47 (37)
153.15 ± 6.94 (37)
1.93 ± 0.06 (37)

CA1sp

PTLpL5

MOpL5

44.10 ± 0.50 (57)
82.66 ± 0.75 (57) ¥
358.27 ± 8.28 (57) V¥
0.80 ± 0.01 (57) V¥
132.81 ± 4.07 (57) ¥
6.53 ± 0.37 (45)

43.48 ± 0.51 (33)
83.39 ± 1.64(33)
292.34 ± 7.08 (33) $
0.93 ± 0.02 (33) $
125.79 ± 2.60 (33) $
5.47 ± 0.44 (33)

44.17 ± 0.75 (37)
87.18 ± 1.57 (37)
420.40 ± 16.77 (37)
0.72 ± 0.01 (37)
100.55 ± 1.35 (37)
5.80 ± 0.38 (33)

Single AP parameters

AP threshold (mV)
AP Amplitude (mV)
AP dV/dt (mV/msec.)
AP width (msec.)
AP AUC (mV  msec)
AHP (mV)

Data are presented as means ± SEM (n, number of cells). V CA1sp signiﬁcantly different from PTLpL5, ¥ CA1sp signiﬁcantly different from MOpL5, $ PTLpL5 signiﬁcantly
different from MOpL5 (P < 0.05, One Way ANOVA with Bonferroni post-hoc test).

RM-ANOVA), while Oua did not affect these passive intrinsic
properties (p ¼ 0.339, p ¼ 0.982, and p ¼ 0.506 respectively, RMANOVA) (Fig. 1). PTL showed similar responses to CA1 concerning
these intrinsic properties (Fig. 1) (see Table 2). In a further comparison of the interaction between drugs and their effects within
each brain region (interaction: drug  pre-post), it was evident that
the effects of Oua were signiﬁcantly stronger than those of MBG in
CA1; while in the MO region, we observed more dominant effects of
MBG. This was especially evident when the responses of RP depolarization and SP reduction to MBG or Oua application were
compared (Fig. 1). In CA1 Oua had a stronger effect than MBG in
depolarizing the RP and reducing the SP (p < 0.05 and p < 0.001
respectively, 2-way RM-ANOVA), while MBG had a stronger effects
on RP and SP in the MO region (p < 0.05 and p < 0.001 respectively,
2-way RM-ANOVA) (Fig. 1). In addition, the effects of Oua on RP and
SP in CA1 were not different from the combination of two drugs,
and similarly, the effects of MBG on RP and SP in MO region also
were not different in comparison with the combined effect of two
drugs (Fig. 1). To conclude, although these two drugs seem to have a
similar direction of effects on the passive intrinsic properties, it
appears that a3-NaKA has a more prevalent role in CA1, while a1NaKA plays a dominant role in MO.
Similar comparisons between Oua and MBG in the PTL region
showed no differences between MBG and Oua (Fig. 1) (for comparisons between drugs see Table 3).
3.2. Speciﬁc NaKA subunit inhibition in different brain regions
exhibited differential effects on action potential (AP) properties
Because the maximum pump current usually is not generated at
rest, a certain amount of residual pump current is used in high
cellular activity (Mogul et al., 1990; Sakai et al., 1996). Next, to
measure the effect of selective NaKA isoforms inhibition on
maximum pump current, next, we characterized the active intrinsic
properties. Our results showed that Oua in the CA1 increased the
threshold potential (TP), altered AP shape by reducing the amplitude and broadening the width, thus reduced the AP rate of rise,
and prompted a net effect of increasing the area under the curve
(AUC) (p < 0.0001 for all, RM-ANOVA) (Fig. 2). In contrast, Oua did
not alter any of these active intrinsic properties in the MO.
On the other hand, MBG in MO increased threshold potential
(TP), reduced AP amplitude and broadened the width, reduced AP
rate of rise, and induced an overall increase of the AP's AUC
(p < 0.05 for TP and p < 0.0001 for all others, RM-ANOVA) (Fig. 2).
However, in CA1, MBG failed to broaden the AP width and did not
increase the AP's AUC (p ¼ 0.094 and p ¼ 0.305 respectively, RM-

ANOVA) (Fig. 2) (see Table 2).
In addition to the regional differences, a comparison between
two drugs regarding the extent of the effects they induced within
each region (interaction drug  pre-post), demonstrated that in
CA1, Oua had a more robust impact than MBG in increasing TP,
reducing AP amplitude, broadening AP width, reducing AP rate of
rise, and increasing AP's AUC (p < 0.05, p < 0.01, p < 0.0001, p < 0.05
and p < 0.0001 respectively, 2-way RM-ANOVA). In contrast, in the
MO region, MBG had a stronger effect than Oua in reducing AP
amplitude, broadening AP width, reducing AP rate of rise, and
increasing AP's AUC (p < 0.01, p < 0.0001, p < 0.001 and p < 0.0001
respectively, 2-way RM-ANOVA). Interestingly, there was no signiﬁcant difference between MBG and Oua in the MO in increasing
the TP. Taken together; these two drugs had comparable effects on
active intrinsic properties. But like passive properties, a3-NaKA
played a more prevalent role in CA1, while a1-NaKA was predominant in MO. In contrast, a comparison between Oua and MBG in
PTL region showed no disparity concerning the alteration of the
active intrinsic properties (Fig. 2) (For comparisons between the
drugs see Table 3).
3.3. NaKA subunit speciﬁc inhibition differentially decreased mAHP
in selected brain regions
mAHP is a hyperpolarizing current that occurs after spiking
activity (Guan et al., 2015; Gulledge et al., 2013; King et al., 2015;
Lacaille et al., 1987), and it is primarily mediated by the Ca2þ
-dependent Kþ channel and voltage-gated Kþ conductance (Giese
et al., 1998; Gulledge et al., 2013; Schwindt et al., 1988). We
determined mAHP following a train of APs (Gulledge et al., 2013;
Landﬁeld and Pitler, 1984; Oh et al., 2010). In agreement with
previous results, we observed Oua induced a reduction of mAHP in
CA1, but did not alter mAHP in MO (p < 0.0001 and p ¼ 0.109
respectively, RM-ANOVA) (Fig. 3). Conversely, MBG reduced mAHP
in MO but did not affect mAHP in CA1 (p < 0.0001 and p ¼ 0.334
respectively, RM-ANOVA) (Fig. 3, see Table 2). A comparison between two drugs regarding mAHP alteration (interaction:
drug  pre-post) showed that Oua had a signiﬁcantly stronger effect in CA1, and MBG had a considerably more robust impact in MO
region (p < 0.01 and p < 0.0001 respectively, 2-way RM-ANOVA).
Furthermore, this comparison demonstrated that Oua effect was
similar to the effect induced by combination of Oua and MBG in
CA1, and correspondingly MBG's effect is similar to the effect
induced by Oua and MBG combination in MO (Fig. 3). Alternatively,
effect of MBG on mAHP in CA1 was signiﬁcantly different compared
to the combination of two drugs, which is similar for Oua effect in
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Fig. 1. NaKA inhibition alters passive membrane properties. (a) In CA1sp and PTLpL5; MBG, Oua and Comb signiﬁcantly depolarize the Rp from ACSF (Left and Middle). Notably, in
CA1 and PTLpL5, the effect of MBG is considerably less than the Oua and Comb effect (Left and Middle). While in MOpL5, Oua does not alter the Rp than ACSF but MBG and Comb
signiﬁcantly depolarizes it thus the effect of Oua is signiﬁcantly less than the effect of MBG and Comb (Right). (b) NaKA inhibition signiﬁcantly increases IR than ACSF in all three
regions to a similar extent, except in MOpL5, where Oua does not alter the IR than ACSF. Moreover, the effect of MBG is different from the effect of Oua (Right). (c) Oua and Comb
signiﬁcantly reduce Sag Potential in CA1sp and PTLpL5 than ACSF. While MBG and Comb do the same in MOpL5. The effect of MBG is signiﬁcantly different than Comb in CA1sp and
PTLpL5 (Left and Middle), while in the MOpL5 effect of Oua is different than the effect of MBG and Comb (Right). All analysis was done by repeated measure ANOVA, multiple
comparisons Tukey Corrections with p < 0.05 (Detailed in Tables 2 and 3) and the values in the graphs are Mean ± SEM. The effect of drug different than ACSF (green) *(p < 0.05),
**(p < 0.01), ***(p < 0.001). The difference between the effect of MBG (blue) and Oua (red) shown with ◊(p < 0.05), ◊◊(p < 0.01) and ◊◊◊(p < 0.001). x(p < 0.05), xx(p < 0.01) and
xxx(p < 0.001) shows the effect of MBG (blue) and Comb (purple) are different. While #(p < 0.05), ##(p < 0.01) and ###(p < 0.001) used to show the signiﬁcant difference between
effect of Oua and Comb.

the MO (Fig. 3, Table 3). Comparison between effects on mAHP after
Oua or MBG application in PTL region showed no differences
(Fig. 3). Again, it is apparent that a3-NaKA is more prevalent in CA1,
as a1-NaKA is at MO.
3.4. Selective inhibition of NaKA subunit in different brain regions
induced a differential bimodal excitability alteration
All pyramidal cells in this study ﬁred rhythmically in response to
incremental depolarizing current injections and were regular
spiking (RS) cells (Agmon and Connors, 1991; Chagnac-Amitai et al.,

1990). The correlation of ﬁring frequency to the injected current is
termed FI-curve. In agreement with the above mentioned results,
we observed that Oua induced a reduction (right shift) in the FI
curve at CA1, while the FI curve was unaffected in the MO region
(p < 0.001 and p ¼ 0.69 respectively, RM ANOVA) (see Table 2).
Nevertheless, the Oua induced reduction in the FI curve at CA1 was
weaker than the one observed by the combination of drugs
(p < 0.001, 2-way RM-ANOVA) (Fig. 4). Surprisingly, in CA1, contrary to previous results where MBG showed similar but much
weaker effects than Oua, MBG induced an increase (left shift) in FI
curve (p < 0.001, RM-ANOVA), while in MO, MBG almost entirely
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Table 2
Differential NaKA inhibition alters electrophysiological properties.
Property [RM-ANOVA, Sphericity Assumed]

drug

CA1sp

PTLpL5

MOpL5

Rp (mV)
CA1: [pre-post F(1, 54) ¼ 272.7, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 160.1, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 124.9, p < 0.0001]
IR (mU)
CA1: [pre-post F(1, 54) ¼ 198.4, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 69.00, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 9.594, p ¼ 0.004]
Sag (mV)
CA1: [pre-post F(1, 54) ¼ 86.93, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 59.74, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 63.29, p < 0.0001]
Threshold (mV)
CA1: [pre-post F(1, 54) ¼ 221.0, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 88.75, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 25.283, p < 0.0001]
Amplitude (mV)
CA1: [pre-post F(1, 54) ¼ 200.2, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 124.7, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 78.33, p < 0.0001]
Width (msec.)
CA1: [pre-post F(1, 54) ¼ 255.0, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 65.20, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 53.99, p < 0.0001]
dV/dt (V/Sec)
CA1: [pre-post F(1, 54) ¼ 175.1, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 68.67, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 48.37, p < 0.0001]
AUC (mV  msec.)
CA1: [pre-post F(1, 54) ¼ 74.23, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 39.38, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 54.443, p < 0.0001]
mAHP (mV)
CA1: [pre-post F(1, 42) ¼ 44.546, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 135.9, p < 0.0001]
MO: [pre-post F(1, 30) ¼ 125.89, p < 0.0001]
eEPSC (mV)
CA1: [pre-post F(1, 37) ¼ 111.8, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 51.05, p < 0.0001]
MO: [pre-post F(1, 31) ¼ 87.2, p < 0.0001]
AP Frequency (Hz)
CA1: [pre-post F(1, 54) ¼ 130.690, p < 0.0001]
PTL: [pre-post F(1, 30) ¼ 20.726, p < 0.0001]
MO: [pre-post F(1, 34) ¼ 300.319, p < 0.0001]

MBG
Oua
Comb

[p < 0.0001(n ¼ 26)
[p < 0.0001(n ¼ 21)
[p < 0.0001(n ¼ 10)

[p < 0.0001(n ¼ 10)
[p < 0.0001(n ¼ 15)
[p < 0.0001(n ¼ 8)

[p < 0.0001(n ¼ 14)
p ¼ 0.339(n.s) (n ¼ 14)
[p < 0.0001(n ¼ 9)

MBG
Oua
Comb

[p < 0.0001(n ¼ 26)
[p < 0.0001(n ¼ 21)
[p < 0.0001(n ¼ 10)

[p < 0.001(n ¼ 10)
[p < 0.0001(n ¼ 15)
[p < 0.0001(n ¼ 8)

[p < 0.005(n ¼ 14)
p ¼ 0.982(n.s) (n ¼ 14)
[p < 0.05(n ¼ 9)

MBG
Oua
Comb

p ¼ 0.085(n.s) (n ¼ 26)
Y p < 0.0001(n ¼ 21)
Y p < 0.0001(n ¼ 10)

p ¼ 0.053(n ¼ 10)
Yp < 0.0001(n ¼ 15)
Yp < 0.0001(n ¼ 8)

Yp < 0.0001(n ¼ 14)
p ¼ 0.506(n.s) (n ¼ 14)
Yp < 0.0001(n ¼ 9)

MBG
Oua
Comb

[p < 0.0001(n ¼ 26)
[p < 0.0001(n ¼ 21)
[p < 0.0001(n ¼ 10)

[p < 0.005(n ¼ 10)
[p < 0.0001(n ¼ 15)
[p < 0.0001(n ¼ 8)

[p < 0.05(n ¼ 14)
p ¼ 0.649(n.s) (n ¼ 14)
[p < 0.0001(n ¼ 9)

MBG
Oua
Comb

Yp < 0.0001(n ¼ 26)
Yp < 0.0001(n ¼ 21)
Yp < 0.0001(n ¼ 10)

Yp < 0.0001(n ¼ 10)
Yp < 0.0001(n ¼ 15)
Yp < 0.0001(n ¼ 8)

Yp < 0.0001(n ¼ 14)
p ¼ 0.370(n.s) (n ¼ 14)
Yp < 0.0001(n ¼ 9)

MBG
Oua
Comb

p ¼ 0.094(n.s) (n ¼ 26)
[p < 0.0001(n ¼ 21)
[p < 0.0001(n ¼ 10)

[p < 0.005(n ¼ 10)
[p < 0.0001(n ¼ 15)
[p < 0.0001(n ¼ 8)

[p < 0.0001(n ¼ 14)
p ¼ 0.597(n.s) (n ¼ 14)
[p < 0.0001(n ¼ 9)

MBG
Oua
Comb

Yp < 0.0001(n ¼ 26)
Yp < 0.0001(n ¼ 21)
Yp < 0.0001(n ¼ 9)

Yp < 0.005(n ¼ 10)
Yp < 0.0001(n ¼ 15)
Yp < 0.0001(n ¼ 8)

Yp < 0.0001(n ¼ 14)
p ¼ 0.597(n.s) (n ¼ 14)
Yp < 0.0001(n ¼ 9)

MBG
Oua
Comb

p ¼ 0.305(n.s) (n ¼ 26)
[p < 0.0001(n ¼ 21)
[p < 0.0001(n ¼ 10)

[p < 0.05(n ¼ 10)
[p < 0.0001(n ¼ 15)
[p < 0.0001(n ¼ 8)

[p < 0.0001(n ¼ 14)
p ¼ 0.301(n.s) (n ¼ 14)
[p < 0.0001(n ¼ 9)

MBG
Oua
Comb

p ¼ 0.334(n.s) (n ¼ 14)
Yp < 0.0001(n ¼ 21)
Yp < 0.0001(n ¼ 10)

Yp < 0.0001(n ¼ 10)
Yp < 0.0001(n ¼ 15)
Yp < 0.0001(n ¼ 8)

Yp < 0.0001(n ¼ 12)
p ¼ 0.109(n.s) (n ¼ 14)
Yp < 0.0001(n ¼ 7)

MBG
Oua
Comb

p ¼ 0.828(n.s) (n ¼ 9)
Yp < 0.0001(n ¼ 21)
Yp < 0.0001(n ¼ 10)

p ¼ 0.806(n.s)(n ¼ 10)
Yp < 0.0001(n ¼ 15)
Yp < 0.0001(n ¼ 8)

Yp < 0.0001(n ¼ 11)
p ¼ 0.383(n.s)(n ¼ 14)
Yp < 0.0001(n ¼ 9)

MBG
Oua
Comb

[p < 0.001(n ¼ 26)
Yp < 0.001(n ¼ 21)
Yp < 0.001(n ¼ 10)

Yp < 0.05(n ¼ 10)
Yp < 0.01(n ¼ 15)
Yp < 0.001(n ¼ 8)

Yp < 0.001(n ¼ 14)
p ¼ 0.69(n.s) (n ¼ 14)
Yp < 0.001(n ¼ 9)

The electrophysiological properties of cells are compared before (ACSF) and after the application of a speciﬁc NaKA inhibitor. The values presented are of one-way Repeated
Measure ANOVA results with sphericity assumed corrections. (n ¼ number of cells recorded). Arrowheads indicate the effect direction compared to ACSF baseline.

depressed the ﬁring index similar to MBG and Oua combination,
(p < 0.001, RM-ANOVA) (Fig. 4) (see Table 3).
Taken together, these results showed that with regard to
affecting the FI curve in MO region a1-NaKA plays a dominant role
while a3-NaKA is negligible. However, in CA1 there is a bimodal
alteration of excitability by a1-NaKA and a3-NaKA inhibition. Inhibition of a3-NaKA induces a partial depression, whereas a1-NaKA
inhibition increased excitability (Fig. 4). Interestingly, the combination of inhibiting these two isoforms together, induced a complete depression of the FI curve. The PTL region showed a similar
pattern to the one observed in CA1 (Fig. 4).
3.5. Isoform-selective inhibition induced a differential effect on
synaptic transmission
To complete the investigation, we determined the effects of
isoform-selective NaKA inhibition on synaptic transmission, by
applying either MBG or Oua and measured the change in evoked
excitatory post-synaptic current (eEPSC). Surprisingly, MBG application did not alter the evoked synaptic response in CA1 and PTL
pyramidal cells (p ¼ 0.828 and p ¼ 0.806 respectively, RM-ANOVA);

while Oua application in these two regions induced a signiﬁcant
depression of the eEPSC (p < 0.0001 for both regions, RM-ANOVA)
(Fig. 5). However, in MO pyramidal cells, Oua application did not
affect synaptic response (p ¼ 0.383, RM-ANOVA), while MBG
signiﬁcantly depressed eEPSC amplitude (p < 0.0001, RM-ANOVA)
(Fig. 5) (see Table 2). In addition, a complementary comparison
between the two drugs within CA1, showed a robust depression of
eEPSC by Oua over MBG, while within MO region MBG had a much
stronger depressing effect than Oua (p < 0.0001 for both CA1 and
MO, 2-way RM-ANOVA) (see Table 3). Our present ﬁndings,
regarding Oua, demonstrated that an induced depression of synaptic transmission coincided with the previous studies (Vaillend
et al., 2002; Zhang et al., 2009) while the effects of a1-NaKA inhibition on synaptic transmission were never investigated, to the best
of our knowledge.
4. Discussion
NaKA plays a major role in brain functionality via its ability to
ndez-R. and Conde
s-Lara,
modify synaptic transmission (Herna
1992; Phillis and Wu, 1981), cellular excitability (Zhang and Sillar,
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Table 3
Comparisons between the effects of various selective NaKA inhibitions for each brain region.
Property [Two Way RM-ANOVA, post-hoc Tukey]

drug

CA1sp

PTLpL5

MOpL5

Rp (mV)
CA1: [Drugs x pre-post F(2, 54) ¼ 11.23, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 4.747, p < 0.05]
MO: [Drugs x pre-post F(2, 34) ¼ 26.01, p < 0.0001]
IR (mU)
CA1: [Drugs x pre-post F(2, 54) ¼ 1.400, p ¼ 0.2554 (n.s)]
PTL: [Drugs x pre-post F(2, 30) ¼ 1.101, p ¼ 0.3455 (n.s)]
MO: [Drugs x pre-post F(2, 34) ¼ 2.638, p ¼ 0.086 (n.s)]
Sag (mV)
CA1: [Drugs x pre-post F(2, 54) ¼ 14.89, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 6.286, p < 0.01]
MO: [Drugs x pre-post F(2, 34) ¼ 13.655, p < 0.0001]
Threshold (mV)
CA1: [Drugs x pre-post F(2, 54) ¼ 19.67, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 4.538, p < 0.05]
MO: [Drugs x pre-post F(2, 34) ¼ 6.938, p < 0.005]
Amplitude (mV)
CA1: [Drugs x pre-post F(2, 54) ¼ 15.31, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 4.411, p < 0.05]
MO: [Drugs x pre-post F(2, 34) ¼ 15.181, p < 0.0001]
Width (msec.)
CA1: [Drugs x pre-post F(2, 54) ¼ 72.98, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 2.164, p ¼ 0.1325 (n.s)]
MO: [Drugs x pre-post F(2, 34) ¼ 11.459, p < 0.0005]
dV/dt (V/Sec)
CA1: [Drugs x pre-post F(2, 54) ¼ 10.73, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 1.727, p ¼ 0.1949 (n.s)]
MO: [Drugs x pre-post F(2, 34) ¼ 10.744, p < 0.0005]
AUC (mV  msec.)
CA1: [Drugs x pre-post F(2, 54) ¼ 31.03, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 1.184, p ¼ 0.3198 (n.s)]
MO: [Drugs x pre-post F(2, 34) ¼ 8.852, p ¼ 0.001]
mAHP (mV)
CA1: [Drugs x pre-post F(2, 42) ¼ 6.776, p < 0.005]
PTL: [Drugs x pre-post F(2, 30) ¼ 2.738, p ¼ 0.081 (n.s)]
MO: [Drugs x pre-post F(2, 30) ¼ 22.55, p < 0.0001]
EPSC (mV)
CA1: [Drugs x pre-post F(2, 37) ¼ 23.50, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 11.36, p < 0.0005]
MO: [Drugs x pre-post F(2, 31) ¼ 18.130, p < 0.0001]
AP Frequency (Hz)
CA1: [Drugs x pre-post F(2, 54) ¼ 161.381, p < 0.0001]
PTL: [Drugs x pre-post F(2, 30) ¼ 21.882, p < 0.001]
MO: [Drugs x pre-post F(2, 34) ¼ 76.260, p < 0.0001]

MBG-Oua
MBG-comb
Oua-comb

p < 0.05
p < 0.01
(n.s)

(n.s)
p < 0.05
(n.s)

p < 0.05
(n.s)
p < 0.001

MBG-Oua
MBG-comb
Oua-comb

(n.s)
(n.s)
(n.s)

(n.s)
(n.s)
(n.s)

p < 0.05
(n.s)
(n.s)

MBG-Oua
MBG-comb
Oua-comb

p < 0.001
p < 0.0001
(n.s)

(n.s)
p < 0.001
(n.s)

p < 0.0001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.05
p < 0.001
(n.s)

(n.s)
p < 0.05
(n.s)

(n.s)
p < 0.05
p < 0.05

MBG-Oua
MBG-comb
Oua-comb

p < 0.01
p < 0.0001
p < 0.01

(n.s)
(n.s)
(n.s)

p < 0.01
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.0001
p < 0.0001
p < 0.0001

(n.s)
(n.s)
(n.s)

p < 0.0001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.05
p < 0.0001
p < 0.05

(n.s)
(n.s)
(n.s)

p < 0.001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.0001
p < 0.0001
p < 0.05

(n.s)
(n.s)
(n.s)

p < 0.0001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.01
p < 0.001
(n.s)

(n.s)
(n.s)
(n.s)

p < 0.0001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.0001
p < 0.0001
p < 0.01

p < 0.001
p < 0.001
(n.s)

p < 0.0001
(n.s)
p < 0.0001

MBG-Oua
MBG-comb
Oua-comb

p < 0.001
p < 0.001
p < 0.001

p < 0.001
p < 0.001
(n.s)

p < 0.001
(n.s)
p < 0.001

The effects of the selective inhibitors are compared within each brain region. The values presented are of two-way repeated measures ANOVA with post hoc Tukey correction.
(n, number of cells).

2012) and/or network excitability (Pulver and Grifﬁth, 2010). In
addition, various endogenous CTS are present in the brain in high
concentrations, and presumably, affect normal brain function via
modulation of NaKA activity and structural changes (Nesher et al.,
2007). Alterations in NaKA activity are implicated in various
neuropsychiatric disorders, as well as learning and memory deﬁcits
(Corti et al., 2011; de Lores Arnaiz and Ordieres, 2014; Dickey et al.,
2005; Graham et al., 2015; Zhang et al., 2012). Uncovering these
intricate interactions and mechanisms of NaKA isoforms is crucial
for the effort of resolving many of these pathological conditions. It
is also known that most of the pyramidal cells have higher resting
NaKA activity and the ability to contain high Naþ loads during
active periods (Anderson et al., 2010). Previous studies investigated
the role of these NaKA isoforms in behavior, establishing the differential contribution of each isoform to diverse types of behaviors
(Lingrel et al., 2007; Moseley et al., 2007). However, possible differences in physiological activity of NaKA with its various a-subunit
isoforms in the adult rodent brain have not been thoroughly
examined. While there are ample studies characterizing the physiological effects of a3-NaKA inhibition by Oua in a single brain region, inhibition of a1-NaKA was not thoroughly investigated. The

herein study is the ﬁrst to thoroughly characterize the physiology of
both a1-NaKA and a3-NaKA selective inhibition in pyramidal cells,
with a systematic comparison between distinct brain regions.
Previous studies showed that in addition to maintaining the
internal Naþ and Kþ concentrations, NaKA generates an outward
current and contributes to a voltage drop in the resting membrane
potential (Baylor and Nicholls, 1969; Carpenter and Alving, 1968;
Glitsch, 2001; Hodgkin and Keynes, 1955). Thus, the alterations in
the passive properties, due to NaKA inhibition and subsequent
modiﬁcation of active intrinsic properties, were expected. However,
a prominent observation from our study indicates that a1-NaKA
isoform has a dominant role in the motor cortex, while a3-NaKA
has a stronger effect at the hippocampal CA1 region. In the present study, the inhibition of either isoform induced signiﬁcant effects at CA1, but a3-NaKA inhibition had a stronger impact. Notably,
a3-NaKA inhibition did not affect layer-5 pyramidal cells in motor
cortex (Table 2). These ﬁndings are in agreement with a previous,
well-constructed, immunohistochemical study that characterized
the regional distribution of a3 isoform in the adult mouse brain.
Brieﬂy, this previous study demonstrated a milder expression of a3
isoform occurred in the rostral part of the brain, speciﬁcally motor

Fig. 2. Selective NaKA inhibition differentially alters action potential properties. (a) Overlapped action potential sample traces in response to intracellular current steps injection for
10 ms. (b) NaKA inhibition signiﬁcantly depolarizes the threshold potentials in all three regions. The effect of MBG signiﬁcantly less than the effect of Oua and Comb in CA1 (Left). In
PTLpL5 effect of MBG is considerably less than the effect of Comb (Middle). Notably, Oua does not alter the threshold potential in MOpL5 (Right) and is signiﬁcantly less than the
Comb. (ced) NaKA inhibition reduces AP amplitude, and AP rise slope (AP dV/dt). In comparison to the effect of Comb, MBG and Oua in CA1sp and Oua in MOpL5 exert signiﬁcantly
less effect. On the contrary, in PTLpL5, all NaKA inhibition reduces AP amplitude and rise slope to the same extent (Middle) (eef) In CA1sp the effect of Oua and Comb signiﬁcantly
increases AP width and AP area under curve (AUC) compared with ACSF or MBG. MBG does not alter AP width and AUC. Moreover, the effect of Oua is less than the effect of Comb in
CA1 (Left). Whereas, in PTLpL5 all the NaKA inhibition increases AP width and AP AUC to a similar range (Middle). In the case of MOpL5, Oua does not alter the AP width or AUC than
ACSF, and its effect is signiﬁcantly less than the effect of MBG and Comb (Right). Signiﬁcant differences were marked as follows: *(p < 0.05), **(p < 0.01), ***(p < 0.001) differences
between ACSF (green) and drugs applied. ◊(p < 0.05), ◊◊(p < 0.01), ◊◊◊(p < 0.001) for MBG(blue) vs Oua (red), x(p < 0.05), xx(p < 0.01), xxx(p < 0.001) for MBG (blue) vs Comb
(purple). #(p < 0.05), ##(p < 0.01), ###(p < 0.001) used for Oua(red) vs Comb (purple). Signiﬁcance calculated by repeated measure ANOVA, multiple comparisons Tukey Corrections with p < 0.05 (Detailed in Tables 2 and 3) and the values in the graphs are Mean ± SEM.
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Fig. 3. Effect of selective NaKA inhibition on mAHP. (a) Representative traces show that NaKA inhibition reduces mAHP. (b) While the effect of MBG in CA1sp is not signiﬁcantly
different from ACSF, but signiﬁcantly different than the effect of Oua and Comb (Left). In PTLpL5 all the drugs reduced the mAHP than the ACSF, and there is no difference between
the effects of the drugs (Middle). However, in MOpL5 the effect of Oua is signiﬁcantly less than the effect of MBG and Comb with no signiﬁcant difference with ACSF (Right).
Signiﬁcant differences were marked as before: *(p < 0.05), **(p < 0.01) and ***(p < 0.001) for differences between ACSF(green) and drugs applied. ◊(p < 0.05), ◊◊(p < 0.01) and
◊◊◊(p < 0.001) for MBG(blue) vs Oua (red), x(p < 0.05), xx(p < 0.01), xxx(p < 0.001) for MBG (blue) and Comb (purple). #(p < 0.05), ##(p < 0.01), ###(p < 0.001) used for Oua(red) vs
Comb (purple). Signiﬁcance calculated by repeated measure ANOVA, multiple comparisons, Tukey Corrections with p < 0.05 (Detailed in Tables 2 and 3) and the values in the graphs
are Mean ± SEM.

cortex layer 5, and the expression intensiﬁed throughout the caudal
region as in primary somatosensory cortex and hippocampus
(Bøttger et al., 2011). Similarly, in-situ hybridization studies in rats
showed that a3-NaKA mRNA expression is higher than the a1NaKA mRNA in the hippocampal CA1 and parietal cortex pyramidal cells (Chauhan et al., 1997; Chauhan and Siegel, 1996). In
contrast to the studies investigating a3-NaKA, the few works that
investigated a1 isoform expression did not determine conclusive
information regarding its regional expression throughout the brain
(Hieber et al., 1991; McGrail et al., 1991). Nevertheless, NaKA isoforms expression proﬁles cannot be the sole explanation for the
observed differences between MBG and Oua. All studies, including
our own (Kaphzan et al., 2011), showed that both isoforms are
expressed in all regions. Therefore, it was a surprising ﬁnding in our
study, that the motor cortex, which expresses a3-NaKA to some
extent, was physiologically insensitive to a3-NaKA inhibition.
Interestingly, we demonstrated that selective inhibition of a
particular NaKA isoform in a speciﬁc brain region affected some
distinct physiological properties; while other properties were unchanged (e.g. a1-NaKA inhibition at PTL affected mAHP but did not
affect synaptic response). Moreover, inhibition of each of the two
isoforms in the same brain region exhibited the opposite effects
(e.g. a1-NaKA vs. a3-NaKA inhibition in CA1 concerning FI curve).

Altogether, our present data demonstrated that the effects of
inhibiting two a-NaKA isoforms are different in distinct brain regions, which indicate the variable mechanisms for their mode of
action, and are not result of the differential expressions.
It is well established that the Naþ pump regulates mAHP in
mammalian CA1 and neocortical layer 5 pyramidal neurons
€m, 1983, 1981; Koike et al., 1972), more(Gustafsson and Wigstro
than-likely via increased pump activity by elevated intracellular
Naþ (Gage and Hubbard, 1966; Lombardo et al., 2004; Pulver and
Grifﬁth, 2010). Also, at physiological temperature, NaKA is the
principle contributor for mAHP compared to Caþ2 (Gulledge et al.,
2013). Moreover, the inhibition of NaKA with Oua, abolished the
AHP in Xenopus laevis tadpoles spinal cord central pattern generator neurons (Zhang and Sillar, 2012), which is greatly relevant to
our present study. In accordance with this, our present results
depicted a strong reduction in CA1 mAHP after a3-NaKA inhibition
with Oua, but it was completely unaltered after a1-NaKA inhibition,
in spite of signiﬁcant effects on various intrinsic properties at CA1.
Conversely, inhibition of a1-NaKA in the motor cortex decreased
mAHP while a3-NaKA inhibition did not alter mAHP (Fig. 3 and
Table 2). These ﬁndings are an important addition to the previous
studies that emphasized the role of NaKA in the regulation of mAHP
and suggested differential roles of NaKA isoforms in different brain
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Fig. 4. AP ﬁring frequencies altered with selective NaKA inhibition. (a) Sample traces in response to the intracellular current steps (100 pA and þ150 pA for 1 s) in all three regions
before and after application of drugs, indicating similarity in response in CA1sp and PTLpL5, however, the different response in MOpL5. (b) In CA1 and PTLpL5, MBG signiﬁcantly
increases the ﬁring frequency than ACSF while Oua and Comb reduce it. In contrast to PTLpL5, in CA1, the effect of Oua is signiﬁcantly less than the effect of Comb (Left and Middle).
In MOpL5 the application of Oua does not alter the FI, but MBG and Oua reduce it. The effect of MBG and Comb are not different in MOpL5 (Right). Signiﬁcant differences were
marked as before: *(p < 0.05), **(p < 0.01) and ***(p < 0.001) for differences between ACSF(green) and drugs applied. ◊(p < 0.05), ◊◊(p < 0.01) and ◊◊◊(p < 0.001) for MBG (blue) vs
Oua (red), xxx(p < 0.001) for MBG (blue) and Comb (purple). ###(p < 0.05) used for Oua(red) vs Comb (purple). Signiﬁcance calculated by two-way repeated measure ANOVA,
Huynh-Feldt Correction, multiple comparisons, Tukey Corrections with p < 0.05 (Detailed in Tables 2 and 3) and the values in the diagrams are Mean ± SEM.

regions.
In the present study, the ﬁring frequency (FI) modiﬁcation by
selective NaKA inhibition was also puzzling. The layer-5 pyramidal
cells in motor cortex are impervious to Oua, and are predominated
by a1-NaKA. While in CA1 the effects of the drugs are more

complex. Inhibition of a3-NaKA in CA1 reduced excitability, while
inhibition of a1-NaKA enhanced excitability. Remarkably, the
combination of two inhibitors did not neutralize each other.
Instead, a nearly complete depression of almost all ﬁring activity
occurred (Fig. 4). This is in accordance with the recent study, which
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Fig. 5. Effect of NaKA inhibition in EPSC amplitude. (a) Voltage clamp recordings in response to applied synaptic stimulations before and after application of drugs in all three
regions. Note MBG does not alter the evoked response in CA1sp and PTLpL5 than ACSF. The normalized EPSC amplitude response is shown in (b). In CA1sp and PTLpL5, Oua and
Comb signiﬁcantly reduce the synaptic response, and that is signiﬁcantly different from the effect of MBG (Left and Middle). While Oua does not diminish the evoked synaptic
response in MOpL5 compared to ACSF, thus the effect is signiﬁcantly less than the effect of MBG and Comb (Right). Signiﬁcant differences were marked as before: ***(p < 0.001) for
differences between ACSF(green) and drugs applied. ◊◊◊(p < 0.001) for MBG(blue) vs Oua (red), xxx(p < 0.001) for MBG (blue) and Comb (purple). ##(p < 0.01), ###(p < 0.001) used
for Oua(red) vs Comb (purple). Signiﬁcance calculated by repeated measure ANOVA, multiple comparisons, Tukey Corrections with p < 0.05 (Detailed in Tables 2 and 3) and the
values in the graphs are Mean ± SEM.

demonstrated MBG synergistic effects, when it was applied in
combination with Oua in rat arteries and neurons (Song et al.,
2014). The suggested mechanism, underlying this synergistic effect is that MBG binding reduces NaKA activity and alters NaKA
transmembrane structural organization, consequently increasing
Oua binding efﬁciency to NaKA. Interestingly, the binding of MBG
itself is mostly related to its concentration, rather than to the
structural conformation of NaKA. Thus, MBG binding to NaKA increases Oua binding efﬁciency and potentiates its inhibitory activity
via the aforementioned mechanism (Klimanova et al., 2015;
Schoner, 2002).
In addition, it is suggested that complete arrest of any NaKA
activity induces a high amount of neurotransmitter release and
evokes a spreading anoxic depolarization (AD) leading to a transient breakdown of neuronal function, with the massive failure of
ion homeostasis (Somjen, 2001; White et al., 2012). Altogether, this
statement suggested distinctive roles for the various NaKA isoforms
in determining cellular excitability and support a possible synergism between them.
Another interesting previous ﬁnding is how selectively NaKA

inhibition affects the synaptic response. Previous studies showed
that Naþ pump activity can modify the release of several neurondez-R. and Conde
s-Lara, 1992; Phillis and Wu,
transmitters (Herna
1981). In our results, while layer-5 pyramidal cells at motor cortex
were unaffected by a3-NaKA inhibition, the CA1 and layer-5 parietal cortex showed a signiﬁcant reduction in evoked EPSC. This is in
accordance with other studies which demonstrated the reduced
ﬁeld excitatory post-synaptic potentials by using dihydroouabain
(another cardiac glycoside like Oua) as an a3-NaKA inhibitor
(Vaillend et al., 2002). The underlying mechanisms for synaptic
effects of NaKA inhibition are intriguing. It was shown that incubation of rat primary cortical neuron cultures with Oua (50 mM)
induced a decrease in the expression of membrane-bound AMPA
receptors via receptor internalization, and subsequent degradation
by the proteasome (Zhang et al., 2009). However, this high Oua
concentration is not selective and is expected to bind both NaKA
isoforms. In our experimental setup, selective a3-NaKA inhibition
by Oua (1 mM) reduced eEPSC, but selective a1-NaKA inhibition by
MBG (1 mM) did not alter the evoked synaptic response. These results cannot be explained by the lack of a1-NaKA expression in CA1
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or differential subcellular NaKA isoform localization, because MBG
signiﬁcantly altered many other parameters at the CA1 region, such
as intrinsic properties and ﬁring frequency.
Furthermore, the combination of MBG and Oua elicited a synergistic effect in depressing the synaptic response. This strong
synergism might be due to binding of these two CTS in distinct
depths of NaKA and causing varied structural changes in the
enzyme molecule (Klimanova et al., 2015). Consequently, these
structural modiﬁcations not only initiate different signaling cascades, but also may alter the afﬁnity to regulatory proteins (Lauf
et al., 2015; Morrill et al., 2012), and thus might affect cellular
and synaptic activity.
Such structural interactions may have signiﬁcant and special
roles in neurons. For example, NMDA directly interacts with both
a1 and a3 (Akkuratov et al., 2015), and AMPA interacts selectively
with a1 (Zhang et al., 2009). On the functional level, NMDA activation differentially altered NaKA activity in a dose-dependent
manner while CTS application reduced NMDA expression
(Akkuratov et al., 2015), and reduced AMPA expression in a
proteasome-dependent manner (Zhang et al., 2009). Additional
molecular effects might be indirect. For example, Oua-induced
structural alterations stimulate intracellular calcium oscillation
via IP3 receptors (Mikoshiba, 2007), which in themselves also
reduce the NMDA receptor levels. Another point to consider is that
a growing body of research suggests that NaKA may function
differently in pyramidal cells, interneurons and glia at the
neocortex, and hippocampus (Anderson et al., 2010; McGrail et al.,
1991; Richards et al., 2007; Ross and Soltesz, 2000). Such differential NaKA expression may modulate network activity in response
to CTS exposure. Nevertheless, our ﬁndings were produced in isolated brain slices where network activity is minimal, and the
physiological alterations were observed in a gradual increasing
pattern at very early time points of stimulation, which makes it less
likely to be network effects. On the subcellular level, a1 and a3
isoforms localized expressions are not differently distributed, and
both are quite similarly present in pyramidal cell somas, dendrites
and axons (Azarias et al., 2013; Pietrini et al., 1992).
To conclude, our data indicated that primarily the a1 isoform
determines the NaKA activity and function in rostral brain regions,
while a3 NaKA, conducts the same in caudal parts. Furthermore,
these differences are found both at rest and during periods of high
cellular activity. In addition, we showed that the functionality of the
two a-NaKA subunits differ in distinct brain areas and suggest
variable mechanisms for the two isoforms and a synergism between them. We also suggest the variable roles for endogenous CTS,
MBG and Oua, in normal brain function, and we posit that different
endogenous CTS bind to the distinct NaKA isoforms in concert, and
participate in modifying brain activity. This designates the endogenous CTS as important molecules associated with learning and
memory, as-well-as other brain functions. Nevertheless, the analogy to humans is more complicated. Interestingly, cardiotonic steroids afﬁnity to NaKA subunits are not universal for all of the
species; rodent a1 NaKA is inhibited by ouabain and other cardiotonic steroids (CTS) at 103-fold higher concentrations than those
effective in other mammals. This differential afﬁnity between
species is probably the unique feature of a1 NaKA. However, the
binding afﬁnities to CTS of both a2 and a3 NaKA isoforms are very
similar between rodents and humans (Akimova et al., 2015; Lingrel,
2010). In any case, differential regional effects between the isoforms and the synergism between the two isoforms might still exist
and play a role in humans. Thus, increasing interest in the functional implication of NaKA isoforms and endogenous CTS in cellular
activity, memory maintenance and disease conditions require
further investigation of their differential physiological contribution.
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