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Effect of dopamine receptor stimulation on voltage-dependent
fast-inactivating Na" currents in medial prefrontal cortex
(mPFC) pyramidal neurons in adult rats
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Impaired working memory is a common feature of neuropsychiatric disorders. It is dependent on control of the medial
prefrontal cortex (mPFC) neurons by dopamine. The purpose of this study was to test the effects of a D,,-type dopamine
receptor agonist (SKF 38393, 10 pM) on the membrane potential and on voltage-dependent fast-inactivating Na* currents in
mPFC pyramidal neurons obtained from adult (9-week-old) rats. Treatment of the pyramidal neurons with SKF 38393 did
not affect the membrane potential recorded with the perforated-patch method. When recordings were performed in cell-
attached configuration, the application of SKF 38393 did not change the Na* current amplitude and shifted the current-
voltage relationship of the Na* currents towards hyperpolarisation, thus resulting in an increase of the current amplitudes in
response to suprathreshold depolarisations. Pretreatment of the cells with a D, receptor antagonist (SCH 23390, 10 uM)
abolished the effect of the D, ;-type receptors on Na'currents. The effect of the D, ;agonist was replicated by treating the cells
with a membrane-permeable analogue, cAMP (8-bromo-cAMP, 100 uM), and the effect was blocked by treating the cells
with a protein kinase A inhibitor, (H-89, 2 uM). In recordings performed from mechanically and enzymatically dispersed
pyramidal neurons in the whole-cell configuration, when the cell interior was dialysed with pipette solution, application of
the D, agonist decreased the Na" current amplitude without changing the current-voltage relationship. We conclude that in
the mPFC pyramidal neurons in slices with an intact intracellular environment (recordings in the cell-attached configuration),
the activation of D, ;dopamine receptors increases the fast-inactivating Na* current availability in response to suprathreshold
depolarisations. The maximum Na' current amplitude was not changed. A cAMP/protein kinase A pathway was responsible
for the signal transduction from the D, ;dopamine receptors to the Na* channels.
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INTRODUCTION future behaviours (Baddeley and Hitch 1974).
Regulation of pyramidal neuron activity by the dop-

Proper functioning of the prefrontal cortex is com- amine receptors is considered to be a fundamental

promised during natural aging and in certain neurop-
sychiatric disorders, including dementia, attention
deficit hyperactivity disorder, drug addiction, schizo-
phrenia and traumatic brain injury. A common feature
of these pathologies is impairment of the working
memory (Williams and Castner 2006, Dash et al. 2007,
Zohar et al. 2011), which is the process of storing infor-
mation for a short period of time and using it to guide

Correspondence should be addressed to P. Szulczyk
Email: pawel.szulczyk@wum.edu.pl

Received 15 October 2012, accepted 31 December 2012

aspect of the working memory (Goldman-Rakic 1995,
Sobotka et al. 2005, Nowak et al. 2012).

For these reasons it is important to determine the
mechanism underlying the dopaminergic control of
prefrontal cortex pyramidal neuron activity. This
activity is produced by an ensemble of ionic channels,
including voltage-gated Na* channels.

There are 2 types of voltage-dependent Na* currents
in the cortical neurons: fast-inactivating Na" currents
and persistent Na* currents. The fast-inactivating cur-
rents are large amplitude Na® currents undergoing
steady-state and time-dependent inactivation (e.g.
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Maurice et al. 2001, Witkowski and Szulczyk 2006). In
contrast, persistent Na' currents have a small ampli-
tude, undergo little inactivation during sustained
membrane depolarisation and are weakly time-de-
pendently inactivated (Crill 1996).

Five subtypes of G-protein-coupled dopamine recep-
tors exist. These receptors are grouped into the follow-
ing two categories: (1) D, s-type, which includes D, and
D, type receptors, and (2) D,, type, which includes the
D,, D, and D, type receptors that control cellular effec-
tors by different transduction systems (for a review see
Beaulieu and Gainetdinov 2011).

Previous studies have shown that dopamine or
D, s-type receptor activation increases the excitabil-
ity and activity of mPFC pyramidal neurons in rats
without changing the action potential amplitude
(Penit-Soria et al. 1987, Yang and Seamans 1996,
Shi et al. 1997, Gorelova and Yang 2000, Henze et
al. 2000, Lavin and Grace 2001, Tseng and
O’Donnell 2004, Chen et al. 2007, Thurley et al.
2008, Moore et al. 2011).

Several studies were conducted to elucidate the
mechanisms involved in the dopamine- dependent
increase in pyramidal neuron activity in mPFC. It
was demonstrated that dopamine upregulates the
NMDA receptors (Seamans et al. 2001, Gonzalez-
Islas and Hablitz 2003, Chen et al. 2004, Tseng and
O’Donnell 2005, Kruse et al. 2009), activates volt-
age-dependent Ca'* currents (Heng et al. 2011),
activates persistent Na“ currents (Gorelova and
Yang 2000, Maurice et al. 2001) and suppresses
voltage-dependent ID-type K' currents (Dong and
White 2003). All of these mechanisms should lead
to an increase in pyramidal neuron activity. One
exception was the effect of D, dopamine receptor
activation on fast-inactivating Na* currents. Previous
studies have consistently shown that the stimulation
of D,;dopamine receptors decreases the amplitude
of the fast-inactivating Na' current when recorded
in the whole-cell configuration from the dispersed
pyramidal neurons obtained from younger rats
(Maurice et al. 2001, Carr et al. 2003, Peterson et al.
2006), which suggests that this type of stimulation
opposes a dopamine-dependent increase in pyrami-
dal neuron activity.

The aim of this study was to elucidate the function
of the D, dopamine receptors in regulating the volt-
age-dependent and fast-inactivating Na' currents in
mPFC pyramidal neurons.

METHODS

The experimental procedures used in this study
adhered to the institutional and international guide-
lines on the ethical use of animals and of the local
ethical committee (II Local Ethical Committee,
Decision 1/2009). The experiments were performed on
the neurons of adult (60—65-day-old) male rats (WAG
Cmd; Spear 2000) obtained from a local animal house.
Brain slices were prepared as previously described
(Witkowski and Szulczyk 2006, Witkowski et al.
2008). After the induction of deep anaesthesia by ethy-
lum chloratum, the brains were removed and placed in
a cold (0—4°C), oxygenated extracellular solution com-
posed of the following compounds (in mM): sucrose
(234), KCI1 (2.5), NaH,PO, (1), glucose (11), MgSO, (4),
N-(hydroxyethyl)piperazine-N-(2-ethanesulfonic
acid)-Cl (HEPES-CI; 15) and CaCl, (0.1). The pH was
adjusted to 7.4 with N-methyl-D-glucamine and the
osmolality was 330 mOsm/kg H,O. Coronal slices
(300-um-thick) were prepared from the cerebral pre-
frontal tissue using a vibratome (Vibratome 1000,
Pelco International, CA, USA).

Recordings from the pyramidal neurons in slices

The slices were incubated for 40 min in a warm
(34°C) extracellular solution infused with 95% O, and
5% CO, and containing the following compounds (in
mM): NaCl (130), KCI (2.5), glucose (10), NaHCO,
(25), NaH,PO, (1.25), MgCl, (2) and CaCl, (2) at a pH
of 7.4 and an osmolality of 320 mOsm/kg H,O. During
the recordings the slices were perfused with the same
extracellularsolutioncontainingblockers of GABAergic
and glutaminergic transmission (50 pM picrotoxin, 10
pM DNQX and 50 uM AP-4).

The slices were placed in a bath chamber (RC-24E,
Warner Instruments, LLC, MA, USA) on the stage
of an upright Nikon microscope (Eclipse E600FN;
Nikon Instech Co., Ltd., Japan) and maintained at
room temperature. Images of neurons were record-
ed using infrared-differential interference contrast
microscopy with a 40x water immersion objective,
a camera (C7500-50) and a camera controller
(C2741-62) from Hamamatsu Photonics K.K.
(Japan). The recordings were obtained from layer V
pyramidal neurons in the infralimbic and prelimbic
mPFC at a depth of 600—800 um from the cortical
surface. The recordings were obtained using



Multiclamp 700A and Digidata 1332A software
(pClamp 9.0, Molecular Devices, CA, USA).

To test the effect of the D, ;agonist on the membrane
potential, the membrane potentials were recorded
under current-clamp conditions in the gramicidin per-
forated-patch recording mode (Akaikke and Harata
1994). The pipette solution contained the following
compounds (in mM): potassium gluconate (105), KCI1
(20), HEPES-Na* (10), ethylene glycol-bis-(2-
aminoethylether)-N,N,N’,N'-tetraacetic acid (0.1) and
gramicidin (10 pg/ml) at a pH of 7.25 and an osmolal-
ity of 280 mOsm/kg H,O. Progress during membrane
perforation was monitored by observing a slow gradu-
al decrease in access resistance. After 20 min the
access resistance reached a steady level of 15-20 MQ.
After stable electrical access to the cell was obtained,
the membrane potential was continuously recorded for
10 min for the control, 10 min with the tested com-
pounds present and 10 min after washout of the com-
pounds. Access resistance was periodically inspected
and the recording was discarded if the resistance rap-
idly decreased. The membrane potential recordings
were digitised at 20 kHz.

The voltage-dependent Na* currents were record-
ed from macropatches after formation of a GQ seal
in the cell-attached configuration. The pipette solu-
tion contained the following compounds (in mM):
NaCl (120), KC1 (5), CaCl, (2), MgCl, (2), HEPES
(10), 4-aminopiridine (4-AP; 5) and tetraethylam-
monium chloride (TEA-CI; 30) at a pH of 7.4 and an
osmolality of 300 mOsm/kg H,O. The pipette open-
tip resistance was 10—12 MQ. The cell-attached
patch recordings were filtered at 10 kHz (eight-pole
Bessel filter) and sampled at 100 kHz. In cells in
which the patch Na' current recording was per-
formed, the membrane potential was measured in
the current-clamp configuration after the data were
collected in the cell-attached configuration and the
patch was ruptured. Access resistance was 15-20
MQ. All of the voltage levels used in the cell-at-
tached configuration were applied relative to this
membrane potential value in each individual cell.

The pipettes were fabricated from borosilicate
glass capillaries (O.D. 1.5 mm, LD. 0.86 mm;
Harvard Apparatus, Edenbridge, UK) using a P-97
puller (Sutter Instruments, Inc., CA, USA) and were
coated with Sylguard. The junction potential was
zeroed when the pipette tip was immersed in the
bath.
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The relationship between the voltage and norma-
lised current (voltage-current relationship) was fitted
to a sigmoid curve using Clampfit 10 software
(Molecular Devices, CA, USA).

The perfusion rate of the recording chamber (2 ml/
min) was controlled using a VC-6 valve controller
(Warner Instruments, LLC, USA).

Recordings from dissociated pyramidal neurons

Slices were placed in an extracellular solution con-
taining the following compounds (in mM): NaCl (118),
KCI (5.3), CaCl, (1.8), MgSO, (0.4), NaHCO, (26),
NaH,PO, (0.9), kynurenic acid (1), N-nitro-L-arginine
(0.1) and pyruvic acid (0.2), pH 7.4, with an osmolality
of 310 mOsm/l. The solution was infused with 95% O,
and 5% CO,. The slices were stored until use at a tem-
perature of 21-23°C .

Portions of slices that were 2.2-3.5 mm anterior to
the Bregma, 3—5 mm below the upper cortical surface
and 0.1-0.9 mm from the midline (Kolb 1984, Berger
et al. 1991) were dissected and transferred to a solution
infused with O, and containing the following reagents
(in mM): NaCl (135), HEPES-CI (10), KCI (5), MgSO,
(1), CaCl, (1.8), glucose (10) and 1 mg/ml of protease
type XIV (Sigma Aldrich, St Louis, USA) at pH 7.4
(adjusted with NaOH) and an osmolality of 300
mOsm/l. The enzymatic breakdown was allowed to
proceed for 18 min at 32°C. To stop the enzymatic
activity, the slices were washed three times with the
same solution but without the enzyme. Portions of the
slices were mechanically dissociated using Pasteur
pipettes that progressively decreased in diameter. The
dissociated neurons were transferred to the recording
chamber (type RC-27N, Warner Instruments LLC,
USA)under an Olympus inverted microscope (Olympus
Co., Tokyo, Japan). Cells were identified under DIC
optics (magnification 400x) according to previously
established criteria. The pyramidal neurons selected
for current recordings had a smooth three-dimensional
appearance, a triangular shape, residual apical and
basal dendrites and a short axon at the base (Fig. 1B in
Witkowski and Szulczyk 2006, Witkowski et al.
2008).

Initially, the cells were perfused with an extracellu-
lar solution containing the following ingredients (in
mM): NaCl (130), KCI (5), MgCl, (2), CaCl, (2), glucose
(12) and HEPES-CI (10). The pH was adjusted to 7.4
with NaOH, and the osmolality was 320 mOsmol/kg.
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After a cell was identified, the extracellular solution
was replaced with a solution designed to isolate the Na*
current. This solution contained the following ingredi-
ents (in mM): NaCl (25), TEA-CI (tetraethylammoni-
um chloride) (30), choline chloride (90), HEPES-CI
(10), MgCl, (2), CaCl, (1) and glucose (15) (the pH was
adjusted to 7.4 with TEA-OH, and the osmolality was
340 mOsmol/kg). The intracellular solution designed to
isolate the Na' current contained the following ingredi-
ents (in mM): Cs-methanesulphonate (95), NaCl (15),
EGTA  (ethylene-glycol-bis(f-aminoethylether)-
N,N,N’,N’- tetraacetic acid) (11), HEPES-CI (10), CaCl,
(2), Mg-ATP (Mg adenosine triphosphate) (2), Na,GTP
(Na, guanosine 5’-triphosphate) (0.4), phosphocreatine
(12), and leupeptin (0.01, osmolarity 280 with sucrose,
the pH adjusted to 7.2 with CsOH). K' ions were
excluded from the intracellular and extracellular solu-
tions. To block the voltage-dependent Ca™* currents, 0.5
uM LacCl,, 100 uM CdCl, and 50 uM NiCl, were added
to the extracellular solution.

The voltage-clamp recordings were obtained in a
whole-cell configuration using an Axopatch 1D ampli-
fier at room temperature (21-23°C). pClamp software
was used (Molecular Devices, USA). Pipettes were
fabricated from borosilicate glass capillaries (O.D. 1.5
mm, [.D. 0.86 mm; Harvard Apparatus, Edenbridge,
UK) using a P-87 puller (Sutter Instruments, Inc.,
Novato, CA, USA) and were then fire-polished. The
junction potential was nulled with the pipette tip
immersed in the bath. Patch pipettes were sealed
against the cell membrane and the membrane was rup-
tured spontaneously or by suction. The electrode
capacitance was compensated by the circuit of the
amplifier. Access resistance ranged from 5-7 MQ. The
following steps were taken to eliminate any significant
voltage clamp error: (1) a series resistance compensa-
tion of 80% was routinely applied; (2) the concentra-
tion of the Na' ions in the extracellular solution was
decreased to 25 mM (the concentration gradient for
Na" ions was 25/15 mM); (3) for each cell, the I/V rela-
tionship was tested and the reversal potential was
estimated. Cells with signs of inadequate voltage con-
trol (discontinuities in the current-voltage relationship,
Isaac and Wheal 1993) were excluded; (4) Only cells
with residual processes were chosen. In order to sub-
tract the (passive) leak and capacitive transient from
the total current evoked by command pulses when
recording the Na' currents in the whole-cell configura-
tion, a P/4 protocol was applied. A series of 4 scaled-

down versions of the command waveform was gener-
ated, the responses were measured, accumulated and
subtracted from the data. The procedure was per-
formed by pClamp 10 software (compare Bezanilla
and Armstrong 1977).

Chemical compounds were delivered to the cell in
the extracellular solution through a gravity-fed large
pore pipette that was held approximately 200-300 um
from the cell (EVH-9, Biologic Science Instruments,
Claix, France). SKF-38393 hydrobromide was pur-
chased from Tocris Cookson (Bristol UK, Cat. No.
0922), dissolved in deionised water, stored as frozen
aliquots at —25°C and diluted to a 10 um concentration
in the artificial extracellular solution immediately
before application. Other chemical compounds were
obtained from Polskie Odczynniki Chemiczne
(Poland), Sigma-Aldrich (Poland) and Ascent Scientific
(UK).

All of the results presented in this paper are shown
as the mean = SEM. GraphPad InStat software v3.06
(GraphPad Software, Inc., CA, USA) was used for the
statistical analyses.

RESULTS

Control of membrane potential by D, . dopamine
receptors

Treatment of pyramidal neurons with a D, ; agonist
(SKF-38393, 10 uM) did not affect the membrane
potential in any of the individual neurons tested as
measured by perforated-patch recordings (Fig. 1A).
The average membrane potential was —64.9 + 0.8 mV
(n=8) during the control recording, —65.2 + 0.9 mV
(n=8) at the end of a 10-min agonist treatment and
—65.0 £ 0.2 mV (n=5) after a 10-min washout period
(Kruskal-Wallis test, KW=0.029, P=0.986). We con-
cluded that activation of the D,; dopamine receptors
does not affect the membrane potential in mPFC pyra-
midal neurons.

Control of the fast-inactivating Na* currents
recorded in the cell-attached configuration by
D, dopamine receptors

To record fast-inactivating Na' currents, rectangular
voltage steps in 10-mV increments from 0 mV to —90
mV, every 2 seconds and lasting 7 ms, were applied to
the pipette. These voltage steps changed the patch
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Fig. 1. Effect of a D1 receptor agonist on the membrane potential. Na" patch current recording method. (A) The original
recording of the membrane potential is shown. The black horizontal line indicates the 10-min SKF 38393 (10 uM) treatment.
(B) The voltage protocol used to isolate the voltage-dependent Na“ current in the cell-attached configuration is shown. Na*
currents were induced with 7-ms rectangular voltage steps from 0 to —90 mV applied to the patch pipette in 10 mV incre-
ments. Therefore, the patch membrane potential was adjusted from its resting value to +90 mV above the resting membrane
potential in 10 mV increments. The voltage steps were preceded by a pre-pulse of =60 mV or +20 mV applied to the pipette
and lasting 500 ms. Therefore, the patch membrane potential was kept at +60 mV above or 20 mV below the resting mem-
brane potential for 500 ms. Between the pre-pulse and voltage steps, the membrane potential was maintained at the resting
membrane potential for 3 ms. (C) (a) The capacitance transient and Na* current induced by a voltage step depolarisation to
—5 mV that was preceded by a —85 mV pre-pulse lasting 500 ms are shown. (b) The capacitance transient induced by a volt-
age step to —5 mV that was preceded by a —5 mV pre-pulse lasting 500 ms is shown. (¢) An Na'current trace obtained by
subtracting the current displayed in “b” from the current displayed in “a” is shown. (d) An example of Na* current traces
induced by voltage steps to —25, —15, =5, and +5 mV is shown. (D) (a) The Na' current was not induced by a voltage step
when 1 uM Tetrodotoxin was present in the pipette solution. (b) The Na* current was present when the pipette solution con-
tained 400 uM Cd". The patch membrane currents were induced by a 7-ms voltage step to =5 mV preceded by a —85-mV
hyperpolarisation that lasted 500 ms (1) or a —5-mV depolarisation that lasted 500 ms (2). Current traces after the subtraction
calculation are shown (3).
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membrane potential to +90 mV above the resting
potential in 10-mV increments. This voltage protocol
was preceded by a +20-mV or —60-mV pre-pulse
applied to the pipette that lasted 500 ms. During the
+20-mV pre-pulse, the patch membrane potential
dropped to 20 mV below the resting membrane poten-
tial, which partially removed the steady-state inactiva-
tion of the Na* currents in the patched membrane.
During the —60-mV pre-pulse, the patch membrane
potential increased to +60 mV above the resting mem-
brane potential and the patch Na'currents were in a
completely inactive steady state. Between the rectan-
gular voltage steps and the pre-pulses, the pipette
potential was maintained at 0 mV (the patch was at a
resting membrane potential) for 3 ms. Additionally, the
patch was at resting membrane potential during the
intervals between voltage step applications (Fig. 1B).
At the end of the patch Na’ current recordings, the
patch membrane was ruptured and the true membrane
potential was measured in current-clamp configura-
tion. The mean membrane potential recorded immedi-
ately after the cytoplasm was accessed was —65.6 £ 0.5
mV (n=73), which was comparable to the membrane
potential measured during the perforated-patch record-
ings (see above, —65.9 = 1.26 mV, n=16, unpaired ¢ test,
P=0.8135). All of the applied voltage steps plotted on
the horizontal axes in Figures 2Aa and Ca are expressed
relative to the potential measured after the cell was
ruptured. The true pre-pulse hyperpolarising and
depolarising potentials were —85.6 + 0.5 mV and —5.6
+ 0.5 mV (n=73), respectively. This amount of pre-
pulse depolarisation (to —5.6 mV) completely inacti-
vated the fast-inactivating Na® currents recorded in
both the cell-attached (Magee and Johnston 1995,
Rosenkranz and Johnston 2007) as well as whole-cell
configurations (Rolaetal. 2002, Szulczyk and Szulczyk
2003, Rola and Szulczyk 2004, Witkowski and
Szulczyk 2006).

The following procedure was used to isolate the
fast-inactivating Na' currents: a rectangular voltage
step, e.g. to =5 mV, preceded by a —85-mV pre-pulse,
was used to induce a large capacitance transient with
an inward Na* current (Fig. 1Ca). When the pre-pulse
amplitude was —5 mV, the same rectangular voltage
step induced only a capacitance transient because the
Na'* current was in an inactive steady state (Fig. 1Cb).
Subtraction of the trace presented in Figure 1Cb from
the trace shown in Figure 1Ca revealed a purely inward
fast-inactivating Na* current (Fig. 1Cc). The average of

8 to 12 subtracted traces induced by each step was
calculated. As a result, Na" currents induced by a
series of voltage steps were obtained. Traces of Na'
currents in response to the voltage steps —25, —15, =5
and +5 mV are shown in Figure 1Cd (only 4 traces
from the family of Na* currents are shown for clarity).
The voltage protocol shown in Figure 1B was applied
under control conditions, during 5- or 10-min treat-
ment with the test compound and after a 10-min wash-
out period.

Voltage-dependent and fast-inactivating Na' cur-
rents were detected in 209 patches and were absent in
3 patches. When 1 uM of Tetrodotoxin citrate was
added to the pipette solution, Na" currents were not
detected in the successive recordings from 32 patches
(Fig. 1Da). This indicates that only Na* currents were
recorded in the cell-attached configuration in our
study. Furthermore, the currents were not affected by
the presence of an inorganic Ca* channel blocker
(CdCl,, 400 pM) in the pipette solution (Fig. 1DDb).
This indicates that the patch currents were not con-
taminated by voltage-dependent Ca' currents. The
pipette solution always contained the K' channel block-
ers 4-AP and TEA-CL

The maximum Na' current amplitude recorded in
the cell-attached configuration was 11.9 + 1.0 pA
(n=147) and was similar to the maximum amplitude of
the Na* current recorded previously by other authors in
the same configuration (Gasparini and Magee 2002,
Rosenkranz and Johnston 2007). The maximum ampli-
tude of the Na* currents measured at the end of the
7-ms depolarising voltage step was 0.09 = 0.1 pA
(n=147), thus indicating that the recorded voltage-de-
pendent Na+ currents were completely time-depend-
ently inactivated (e.g. Fig. 1 Ccd, Db3, Fig. 2Ba). This
demonstrates that all of the Na* currents recorded in
the cell- attached configuration in this study had a
transient nature.

The effects of chemical compounds on Na* currents
were tested when the Na* current amplitude was above
10 pA. Fast-inactivating Na* currents were induced
using a series of 7-ms depolarising rectangular voltage
steps that were applied to the patch membrane (Fig.
IB) in the control conditions during a 5-min SKF
38393 (D,s receptor agonist; 10 uM) treatment and
after a 10-min recovery period, and the resulting Na*
current-voltage relationship were constructed. During
D, s receptor activation, the Na' current-voltage rela-
tionship between the threshold and the maximum cur-



rent shifted towards hyperpolarisation and did not
recover after the 10-min washout period in all the
pyramidal neurons tested (Fig. 2Aa). As a result, the
suprathreshold voltage steps to —26 mV and —16 mV
induced larger Na' currents during and after the D,
receptor agonist treatment when compared to the con-
trol recordings (Fig. 2Ab). However, the maximum Na*
currents recorded under the control conditions (20.0 +
5.4 pA, n=12), at the end of the D1 agonist treatment
(19.2 £ 5.1 pA, n=12) and at the end of the recovery
period (21.0 = 10.1 pA, n=5) were not significantly dif-
ferent (Kruskal-Wallis test, KW=0.12, P=0.94, Fig.
2Bab). The t values of the time-dependent inactivation
of the maximum Na* currents under control condi-
tions, during the SKF 38393 treatment and after the
washout were 0.74 + 0.07 ms (n=14), 0.77 = 0.10 ms
(n=14) and 0.72 £+ 0.11 ms (n=5), respectively, and no
significant difference was observed among these val-
ues (Kruskal-Wallis test, KW=0.18, P=0.91).

To quantify the effect of the D, agonist on the Na*
current-voltage relationship, the currents were normalised
to the maximum current recorded under the control con-
ditions, during the D, agonist treatment and after the
washout period. All of the currents recorded from the
threshold to the maximum were fitted to a sigmoid curve
(Fig. 2Ca). The normalised currents were measured at the
patch membrane potential at which half of the current
amplitude under the control conditions was reached. At
this membrane potential (dotted vertical line in Fig. 2Ca)
Na* currents were compared under control conditions,
during D, agonist treatment and after the washout period
in each tested neuron. We found that the current ampli-
tude increased during the agonist treatment (131.1 =+
6.3%, n=14, P<0.001 versus control) and did not recover
after the washout period (137.2 £ 12.1%, n=5, P<0.01
versus control) relative to the control half current ampli-
tude (100%, n=14, Kruskal-Wallis test, KW=18.609, fol-
lowed by Dunn’s test, Fig. 2Cb). This effect was abolished
when the D, receptor agonist was applied together with
the antagonist SCH 23390. The half amplitude of the Na*
current measured when the D, antagonist was applied
alone (100%, SCH 23390, 10 uM) did not change when
the D, agonist (SKF 38393, 10 uM) and D, antagonist
(100%, SCH 23390, 10 uM) were applied together
(105.2%, n=5, Wilcoxon test, P=0.62, Fig. 3A).

Dopamine receptors are linked to the cAMP and
protein kinase A intracellular transduction pathway
(Beaulieu and Gainetdinov 2011). Therefore, involve-
ment of cCAMP and protein kinase A in the regulation
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of Na' currents by D, dopamine receptors was investi-
gated. First, the ability of cAMP to affect the mem-
brane potential was tested. A 10-min treatment with a
membrane-permeable analogue of cAMP (8-bromo-
cAMP, 100 uM) did not change the membrane poten-
tial of the pyramidal neurons (recorded using the per-
forated-patch method, Fig. 3Ba). The membrane poten-
tial was —66.1 + 3.1 mV under the control conditions,
—65.5 + 3.4 mV at the end of the 10-min 8-bromo-
cAMP treatment and —65.6 = 3.6 mV after the 10-min
washout period (repeated-measure ANOVA, P>0.05,
n=5). Therefore, changes in the Na' current during
8-bromo-cAMP treatment cannot be a secondary
effect caused by membrane potential fluctuations.

The effect of the 8-bromo-cAMP (100 pM) was also
tested on voltage-dependent and fast- inactivating Na*
currents. The half current amplitude recorded in con-
trol conditions (100%) significantly increased during
the 8-bromo-cAMP treatment (128.2 + 4.8%, n=9,
P<0.01 versus control) and during the washout period
(157.6 + 9.0%, n=5, P<0.001 versus control, Kruskal-
Wallis Test, KW=18.84, followed by Dunn’s test, Fig.
3Bb). There was no difference in the maximum current
amplitude recorded under the control conditions (26.6
+ 4.0 pA, n=9), during 8-bromo-cAMP treatment (25.0
+ 3.8 pA, n=9) and after the washout period (21 + 2.2
pA, n=5, Kruskal-Wallis Test, KW=0.67, P=0.72). The
t values of the time-dependent inactivation of the
maximum Na“ currents under the control conditions,
during the 8-bromo-cAMP treatment and after the
washout period were 0.70 £ 0.05 ms (n=9), 0.73 £ 0.06
ms (n=9) and 0.66 £ 0.08 ms (n=5), respectively
(ANOVA, P=0.73), and these values were not signifi-
cantly different.

These data suggest that the intracellular second
messenger cAMP and D, ; dopamine receptors regulate
the voltage-dependent Na' currents in pyramidal neu-
rons in a similar manner.

Previously it was shown that the intracellular sec-
ond messenger cAMP activates different intracellular
transduction pathways in addition to protein kinase A,
which is its classical effector (Holz et al. 2006). To
determine whether the effect of the D,; agonist on the
fast-inactivating Na' current recorded in the cell-at-
tached configuration was dependent on protein kinase
A activation, brain slices were pre-incubated in the
protein kinase A antagonist H-89 (2 uM). In cells
treated with H-89, the control current half amplitude
(100%) was not significantly influenced by 10 uM of
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Fig. 2. Effect of SKF 38393 on fast-activating and fast-inactivating Na* currents recorded in the cell-attached configuration.
(A) (a) The effect of SKF 38393 on the Na* current-voltage relationship induced by voltage steps (from —66 mV to +24 mV)
under control conditions (open circles, control), at the end of a 5-min 10 uM SKF 38393 treatment (filled circles, SKF
38393) and after the 10-min washout period (open triangles, washout) is shown (horizontal axis — the value of the step depo-
larisations and vertical axis — evoked current). (b) Examples of the submaximal Na* currents induced by voltage steps to —26
mV and —16 mV before (control) and during SKF38393 treatment (SKF38393), as well as after the washout period (wash-
out). (B) (a) Examples of the maximum current recorded in the control condition (control), at the end of 5 min of 10-uM
SKF 38393 application (SKF 38393) and after the 10-min recovery (washout) are shown. (b) The average maximum ampli-
tude of the Na* patch currents before (control), during (SKF 38393) and after SKF 38393 treatment is shown. (C) (a)
Examples of the current-voltage relationship under control conditions (open circles, control), at the end of a 5-min 10-uM
SKF 38393 treatment (SKF 38393, filled circles) and after the 10-min recovery period (open triangles, washout) are shown.
The currents were normalised to the maximum Na* current amplitude recorded under the control conditions, during the D1
agonist treatment and after the washout period. The dotted horizontal line marks the level of the half maximum amplitude
of the Na* current recorded under the control conditions. The vertical dotted line indicates the membrane potential at which
the normalised Na* current amplitudes were compared. (b) A comparison of current amplitudes under the control conditions
(control), at the end of a 5-min 10-uM SKF 38393 treatment (SKF 38393) and after the 10-min washout period (washout)
is shown. The currents were measured at the patch membrane potential at which half of the current amplitude under the
control conditions was reached (dotted vertical line in Ca). Relative currents measured during the SKF 38393 treatment and
after the washout are expressed in relation to the half current amplitude measured under the control conditions (100%).
Results from the same patch are shown in Aa, Ab, Ba and Ca.
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Fig. 3. Effect of SKF 38393, SCH 23390 and 8-bromo-cAMP on fast-activating and fast-inactivating voltage-dependent Na*
currents recorded in the cell-attached configuration. Effect of SKF 38393 on fast-activating and fast-inactivating Na* currents
recorded in the whole-cell configuration. (A) A comparison of the current amplitudes measured under the control conditions
(SCH 23390) and at the end of a 5-min 10-uM SKF 38393 treatment (SKF 38393 + SCH 23390) are shown. The relative
currents measured during the SKF 38393 treatment are expressed in relation to the half current amplitude measured under the
control conditions (100%, compare Fig. 2Ca). (B) (a) The effect of a membrane-permeable cAMP analogue (8-bromo-cAMP,
100-uM) on the membrane potential (the black horizontal line marks the 10-min treatment) is shown. (b) A comparison of the
current amplitudes measured under control conditions (control), at the end of a 5-min 100-uM 8-bromo-cAMP treatment
(8-bromo-cAMP) and after the washout period (washout) is shown. The relative currents measured during the 8-bromo-cAMP
treatment and after the 10-min washout period are expressed in relation to the half current amplitude measured under the
control conditions (100%, compare Fig. 2Ca). (C) A comparison of current amplitudes under the control conditions (H-89)
and at the end of a 5-min 10-uM SKF 38393 treatment (H-89, SKF 38393). Currents were measured at the patch membrane
potential at which half of the current amplitude under the control conditions was reached. The relative currents measured
during the SKF 38393 treatments were expressed in relation to the half current amplitude measured under the control condi-
tions (100%, compare Fig. 2Ca ). (D) (a) The original recordings of the voltage-dependent Na' currents recorded in the whole-
cell configuration in the control conditions (control) and during the 10-uM SKF 38393 treatment (10 uM SKF 38393) are
shown. (b) The average current-voltage relationship of the normalised Na* currents before (n=6, open circles), during the
10-uM SKF 38393 (n=6, filled circles) treatment and after washout (»=4, open triangles) is shown. Na* currents were induced
by 17 depolarisation steps that lasted 48.5 ms and were administered in 5-mV increments, every 5 s. The voltage steps were
preceded by a —100-mV hyperpolarisation pre-pulse that lasted 783 ms. The holding membrane potential was —65 mV (inset
in a); horizontal axis — the value of the step depolarisations and vertical axis — normalised current.
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SKF 38393 (111.6 + 13.4%, n=7, Wilcoxon test,
P=0.578, Fig. 3C). Therefore, the PKA inhibitor abol-
ished the effect of D, receptor activation on the volt-
age-dependent fast-inactivating Na* currents recorded
in the cell-attached configuration in the mPFC pyra-
midal neurons in slices.

Control of the fast-inactivating Na* currents
recorded in the whole-cell configuration by D,
dopamine receptors

Other studies (Cantrell et al. 1999, Maurice et al.
2001, Peterson et al. 2006) demonstrated that treat-
ment of the mPFC pyramidal neurons with a D, dop-
amine receptor agonist decreased the maximum ampli-
tude of the fast-inactivating Na' current without affect-
ing the Na* current-voltage relationship in young and
young adult rats. Our study has shown that the applica-
tion of a D, dopamine receptor agonist shifted the
current-voltage relationship of this Na* current towards
hyperpolarisation without changing the Na® current
amplitude in adult rats (>60 days old). To exclude the
possibility that the inhibitory effect of the D, dop-
amine receptor agonist on Na' currents was age-de-
pendent, we recorded the fast-inactivating Na' current
in the whole-cell configuration from freshly dispersed
mPFC pyramidal neurons that were obtained from
adult rats.

To stimulate the Na* current, the membrane poten-
tial was depolarised by rectangular voltage steps last-
ing 48.5 ms and conducted in 5-mV increments every
5 seconds. The voltage steps were preceded by a
hyperpolarisation pre-pulse of =100 mV that lasted 783
ms. The holding membrane potential was —65 mV
(inset to Figure 3Da). These voltage steps induced fast-
inactivating inward Na* currents (Fig. 3Da). Treating
neurons with 10 uM SKF 38393 decreased the Na* cur-
rent amplitude (Fig. 3Da — control versus 3Da — 10 uM
SKF 38393) similarly as in pyramidal neurons obtained
from younger rats (Maurice et al. 2001, Peterson et al.
2006, Cantrell et al. 1999). The mean maximum cur-
rent amplitude significantly decreased from 100%
(control) to 76.63 + 6.76% (P<0.001) during the 10 uM
SKF38393 treatment and recovered after the washout
period (93.34 £ 2.13, n=11, Friedman Test, Fr=15.8 fol-
lowed by the Dunn test). The normalised Na* current
amplitudes recorded before (n=6), during the SKF
38393 treatment (#=6) and after washout (n=4) com-
pletely overlapped (Fig. 3 Db), thus indicating that

there was no shift of a current-voltage relationship in
either direction. Therefore, D,; dopamine receptor
activation decreased the Na' current amplitude and did
not affect the Na' current-voltage relationship when the
recordings were performed in the whole- cell configu-
ration from dispersed pyramidal neurons obtained
from adult rats.

DISCUSSION

This study was performed on mPFC pyramidal neu-
rons obtained from adult rats. It demonstrated that D, ;-
type receptor activation shifted the current-voltage
relationship of the fast-inactivating Na' currents towards
hyperpolarisation when recordings were performed on
neurons in slices in the cell-attached configuration. The
maximum amplitude of the current did not change. The
cAMP/kinase A transduction system was involved.
When recordings were performed from freshly dis-
persed mPFC pyramidal neurons in the whole-cell
configuration, activation of the D,;dopamine receptors
decreased the fast-inactivating Na" current amplitude
without changing the current-voltage relationship.

Effects of a dopamine receptor agonist on the
membrane potential

The Na' currents recorded in this study were volt-
age-dependent. Therefore, any change in the mem-
brane potential induced by the dopamine receptor
agonist could alter the kinetic properties of these cur-
rents. It is expected that hyperpolarisation removes
steady-state inactivation of the Na' currents and thus
increases their amplitude. Furthermore, depolarisation
should reinforce the steady-state inactivation and
decrease the current amplitude. When current record-
ings are obtained in the cell-attached configuration, as
in this study, the membrane potential cannot be moni-
tored while treating the cells with the dopamine recep-
tor agonist. Therefore, the effect of D, ; receptor activa-
tion on membrane potential was first investigated by
using the perforated-patch method (Akaike and Harata
1994). The results from this experiment showed that
the membrane potential did not change during the dop-
amine receptor agonist treatment; therefore, any change
in the voltage-dependent and fast-inactivating Na' cur-
rents observed in adult rat neurons should result from
the intracellular transduction that conveys information
from the dopamine receptors to the Na* channels.



Elimination of capacitance transients in cell-
attached configuration recordings

In addition to the Na* current, a step-wise depolari-
sation of the patch membrane induces a marked capac-
itance current when the recordings are obtained in the
cell-attached configuration. Different methods were
used to eliminate these Na'-independent currents.
Occasionally, voltage steps do not induce the Na* cur-
rent and only produce the capacitance current. This
“empty” trace can be subtracted from a trace with an
Na* current in order to isolate it (Alzheimer et al. 1993,
Magee and Johnston 1995). Frequently, a scaled trace
generated using small voltage steps that do not induce
the Na' current is subtracted from a trace with an Na*
current (Gasparini and Magee 2002, Rosenkranz and
Johnston 2007). In this study we produced empty
traces by applying long depolarising pre-pulses to
approximately —5 mV before inducing the Na* current
with our voltage step procedure. The depolarising pre-
pulse used in this study sufficiently steady-state inac-
tivated the fast-activating and fast-inactivating Na*
currents recorded in the whole-cell configuration
(Maurice et al. 2001, Rola et al. 2002, Szulczyk and
Szulczyk 2003, Rola and Szulczyk 2004, Witkowski
and Szulczyk 2006) and in the cell-attached configura-
tion (Gasparini and Magee 2002, Magee and Johnston
1995, see also Fig. 1Cb and Fig. 1Db). The amplitudes
of the recorded patch Na' currents were similar regard-
less of the method used to isolate the Na* current (com-
pare Magee and Johnston 1995, Astman et al. 2006).

Fast-inactivating (transient) and persistent
voltage-dependent Na* currents recorded in cell-
attached configuration

The voltage-dependent Na* currents in the cortical
pyramidal neurons have two components: the fast-in-
activating Na' current and the persistent Na' current. It
is unknown whether these currents are produced by
two different channels (Maurice et al. 2001) or by the
same Na' channel (Alzheimer et al. 1993). The possible
involvement of a persistent component of the Na" cur-
rent recorded in the cell-attached configuration was
excluded in our study for the following reasons: (1) It
has been proposed that the pyramidal neurons in layer
V of the neocortex, the persistent component of the Na*
current is only generated by axonal Na' channels
(Astman et al. 2006). In this study only somatic Na'
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currents were recorded. (2) The persistent component
of the Na* current is not inactivated during prolonged
voltage steps (Mantegazza et al. 2005). In this study,
we subtracted the current traces induced by voltage
steps preceded by depolarising pre-pulses from traces
induced by voltage steps preceded by hyperpolarising
pre-pulses to isolate the voltage-dependent fast-acti-
vating and fast-inactivating Na* currents. Therefore,
any existing non-inactivating Na* currents should have
been eliminated during this calculation. (3) According
to our recordings the Na' currents were completely
time-dependently inactivated during the voltage step,
which suggests that only the transient component of
the Na' current was recorded.

Effect of a D, ; agonist on the fast-inactivating
Na* current

The results of this study indicate that activation of
the D,, dopamine receptors shifted the Na" current-
voltage relationship towards hyperpolarisation when
recordings were performed in the cell-attached con-
figuration from the mPFC pyramidal neurons in slices
obtained from adult rats. Previous studies demon-
strated that the Na* current amplitude decreased with-
out a current-voltage relation shift in response to the
D,; dopamine agonist. These studies were performed
in the whole-cell configuration, on dispersed mPFC
pyramidal neurons obtained from younger rats
(Maurice et al. 2001, Peterson et al. 2006).

To exclude the possibility that different results were
caused by the different ages of the animals, we tested
the effect of D,; dopamine receptor activation on Na*
currents recorded in the whole-cell configuration from
dispersed pyramidal neurons obtained from adult ani-
mals. We showed that the Na® current amplitude
decreased and that the current-voltage relationship did
not change during D, ; receptor activation, exactly as in
the pyramidal neurons obtained from younger animals
(Maurice et al. 2001, Peterson et al. 2006). Therefore,
in pyramidal neurons obtained from adult rats the
effect of the D, ;dopamine receptors on the fast- inac-
tivating Na* current depended on the current recording
method.

A similar discrepancy was also found in previous
studies that investigated fast-inactivating Na' currents
in cardiac myocytes. When recordings were performed
in the whole-cell configuration, the amplitude of the
Na* currents decreased (Ono et al. 1989, Schubert et al.
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1990). When recordings were obtained in the cell-at-
tached configuration, however, there was a negative
shift in the current-voltage relationship and the current
amplitude did not change (Ono et al. 1993).

Several factors could be responsible for the different
effects of the D, ;dopamine receptors on the fast-inac-
tivating Na* currents when they are recorded in the
whole-cell configuration rather than in the cell-at-
tached configuration. During preparation of dissoci-
ated neurons for recording of the Na* currents in the
whole-cell configuration, the cells undergo enzymatic
digestion and their branches are truncated. It has been
shown that the kinetic properties of fast-inactivating
Na' currents are significantly altered in cells treated
with proteolytic enzymes (Bezanilla and Armstrong
1977, Berra-Romani et al. 2005). In the cell-attached
configuration, i.e. opposite to the whole-cell configu-
ration, the intracellular environment was preserved.
Dopamine receptors are G-protein-coupled receptors
that control intracellular effectors through intracellular
transduction pathways. Previous studies have shown
that intracellular transduction pathways are altered
when current recordings are obtained in the whole-cell
configuration (Akaike and Harata 1994).

CONCLUSIONS

This study indicates that D,, dopamine receptor
stimulation evokes a negative shift in the current-volt-
age relationship of the fast-inactivating Na® current
without changing the maximum current amplitude.
This results in a decrease of the Na* current voltage
threshold and increase in the Na™ current availability in
response to suprathreshold stimulation. Therefore,
during D,, dopamine receptor stimulation fast-inacti-
vating Na“ currents support mPFC pyramidal neuron
activity just as other pyramidal neuron effectors:
NMDA receptors which are upregulated (Chen et al.
2004, Gonzalez-Islas and Hablitz 2003, Kruse et al.
2009, Seamans et al. 2001, Tseng and O’Donnell
2005), voltage-dependent Ca'" currents (Heng et al.
2011) and persistent Na* currents (Gorelova and Yang
2000, Maurice et al. 2001) which are increased, and
voltage-dependent ID-type K' currents which are
supressed (Dong and White 2003). In all of these stud-
ies, with the exception of the persistent Na* currents,
the cAMP/kinase A system was involved in the signal
transduction pathway from the D,receptor to the Na'
channels. In our study the effects of the D, ;dopamine

receptors on fast-inactivating Na' currents recorded in
the cell-attached configuration also depended on the
cAMP/kinase A transduction system. The persistent
Na*currents analysed in other studies were not affected
by the cAMP/kinase A system (Maurice et al. 2001) or
increased in a kinase C-dependent manner (Gorelova
and Yang 2000).

The enhancement of voltage-dependent Na* channel
current by D,; dopamine receptors may be one of the
factors responsible for increasing the excitability of
prefrontal cortical pyramidal neurons, the activation of
which is believed to be representative of the working
memory process (Goldman-Rakic 1995, Sobotka et al.
2005). This mechanism also implies that Na* channel
inhibitors should impair working memory. Na' channel
inhibitors are commonly used in treatments for epi-
lepsy and neuralgia, and impaired working memory
has been shown to be an important and principal side
effect of anticonvulsive medications. The most severe
cases of impaired working memory occur in epileptic
patients given Na' channel inhibitors, as shown by
comparisons with epileptic patients treated with other
types of medications (Helmstaedter et al. 2010, Sommer
and Fenn 2010) and healthy volunteers (Meador et al.
2007).
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