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Aim: 3-Methyl-6-chloro-7,8-hydroxy-1-(3-methylphenyl)-2,3,4,5-tetrahydro-1H-3-benzazepine (SKF83959) have been shown to 
affect several types of voltage-dependent channels in hippocampal pyramidal neurons.  The aim of this study was to determine how 
modulation of a individual type of the channels by SKF83959 contributes to the overall excitability of CA1 pyramidal neurons during 
either direct current injections or synaptic activation.
Methods: Rat hippocampal slices were prepared.  The kinetics of voltage-dependent Na+ channels and neuronal excitability and 
depolarization block in CA1 pyramidal neurons were examined using whole-cell recording.  A realistic mathematical model of 
hippocampal CA1 pyramidal neuron was used to simulate the effects of SKF83959 on neuronal excitability.
Results: SKF83959 (50 μmol/L) shifted the inactivation curve of Na+ current by 10.3 mV but had no effect on the activation curve 
in CA1 pyramidal neurons.  The effects of SKF83959 on passive membrane properties, including a decreased input resistance and 
depolarized resting potential, predicted by our simulations were in agreement with the experimental data.  The simulations showed that 
decreased excitability of the soma by SKF83959 (examined with current injection at the soma) was only observed when the membrane 
potential was compensated to the control levels, whereas the decreased dendritic excitability (examined with current injection at the 
dendrite) was found even without membrane potential compensation, which led to a decreased number of action potentials initiated at 
the soma.  Moreover, SKF83959 significantly facilitated depolarization block in CA1 pyramidal neurons.  SKF83959 decreased EPSP 
temporal summation and, of physiologically greater relevance, the synaptic-driven firing frequency.
Conclusion: SKF83959 decreased the excitability of CA1 pyramidal neurons even though the drug caused the membrane potential 
depolarization.  The results may reveal a partial mechanism for the drug’s anti-Parkinsonian effects and may also suggest that 
SKF83959 has a potential antiepileptic effect.
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Introduction
SKF83959 [3-methyl-6-chloro-7,8-hydroxy-1-(3-methylphenyl)-
2,3,4,5-tetrahydro-1H-3-benzazepine], an agonist of the puta-
tive phosphatidylinositol (PI)-linked D1-like receptor, has 
drawn much attention for its unique pharmacological proper-
ties[1–4].  It has been shown that SKF83959 produces potent anti-
parkinsonian effects in primate and rodent models[5–7].  Fur-
thermore, SKF83959 has been reported to attenuate L-DOPA-

induced dyskinesia (LID) in 6-OH-DOPA-lesioned rat mod-
els[5, 8].  Recently, SKF83959 has been shown to be an identified 
allosteric modulator of the sigma-1 receptor and to have anti-
depressant effects[9]; moreover, SKF83959 has also been shown 
to improve the survival of pheochromocytoma cells (PC12 
cells) subjected to H2O2 insult[10].  Both D1 receptor-dependent 
and -independent mechanisms have been suggested to be 
responsible for the range of the drug’s effects[5–8, 10].

The passive membrane properties (input resistance, resting 
membrane potential, and other properties) and the excitabil-
ity of neurons in the central neural system play fundamental 
roles in brain functions and diseases.  For example, neuronal 
excitability and passive membrane properties in the entorhinal 
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cortex have been shown to be significantly altered after 1 week 
following a single seizure episode[11].  It has also been shown 
that neuronal excitability is increased in the 6-OH-DOPA-
lesioned rat model of Parkinson’s disease[12–14].  In our previ-
ous studies, we found that SKF83959 decreases input resis-
tance and increases the membrane resting potential, and we 
showed that the compound also decreases the number of 
spikes evoked by the same current injection after compensat-
ing for the depolarization effect (setting the membrane poten-
tial the same as in control cells)[15].  It is known that many 
types of voltage-dependent ion channels (sodium channels, 
potassium channels, and others) contribute to the passive 
membrane properties and excitability of neurons.  SKF83959 
has been shown to regulate several types of these channels in 
the hippocampal pyramidal neuron[15–17].  First, SKF83959 (50 
µmol/L) was found to decrease the amplitude of an Na+ cur-
rent by 67.6%[17], but how the drug modulates the activation 
and inactivation kinetics of Na+ channels is unclear.  Second, 
it was demonstrated that the drug exerts a potent inhibitory 
effect on the delayed rectifier K+ current (IK) and a slight effect 
on the A-type K+ current (IA)[16].  Third, SKF83959 was found to 
increase the amplitude of the hyperpolarization-activated cur-
rent (HCN channel) and to shift the activation curve of HCN 
channels by 6 mV[15].  It has been suggested that such actions 
of SKF83959 on voltage-dependent ion channels likely occur 
via direct interactions with the affected ion channels rather 
than indirectly through D1-like receptors because of the drug’s 
fast onset of action.  Intuitively, inhibition of sodium currents 
results in a decrease in neuronal excitability[18–20]; in contrast, a 
reduction of potassium currents may increase neuronal excit-
ability in some conditions[21–24].  In regard to the HCN channel, 
the effect on neuronal excitability becomes more complex.  The 
HCN channel alone could exert both excitatory (depolarizing 
the cell membrane) and inhibitory (decreasing input resis-
tance) effects on neuronal excitability[25-27].  Because there has 
been only a limited number of pharmacological experiments 
and because the workings of these channels are complex, how 
the specific effect of SKF83959 on a single channel type con-
tributes to the overall membrane excitability is not known.  
Moreover, neuronal excitability is also controlled by a summa-
tion of multiple excitatory postsynaptic potentials (EPSPs) in 
vivo.  Considering that the HCN channel has a strong effect on 
EPSPs[25, 28, 29], how SKF83959 alters the synapse-driven firing 
(in which the neuron generates an action potential in response 
to a summation of EPSPs) of pyramidal neurons remains 
largely unknown.

Some types of neurons, such as pyramidal neurons in the 
hippocampus and dopaminergic neurons in the midbrain, 
cease firing when the stimulus is too strong; this phenomenon 
is known as depolarization block[30, 31].  Depolarization block 
is regarded to have pathological relevance for some brain 
disorders, including epilepsy and schizophrenia[32–34].  Among 
all the mechanisms known to cause depolarization block, the 
inactivation of voltage-dependent Na+ channels is believed to 
play a key role[31, 35, 36].  SKF83959 can decrease the amplitude 
of Na+ currents[17]; however, whether the drug has an effect on 

the depolarization block of pyramidal neurons in the hippo-
campus remains to be determined.

In this study, we first examined the effects of SKF83959 on 
the gating kinetics of Na+ channels using patch-clamp tech-
niques in isolated, single hippocampal neurons.  Using these 
and previously published experimental results, we refined a 
realistic mathematical model of the hippocampal CA1 pyra-
midal neuron that had been developed based on the morphol-
ogy of actual pyramidal neurons and validated to reproduce 
important properties of these neurons[37]; we first used this 
mathematical model to explore how the hippocampal CA1 
neuron may respond to stimuli (direct current injection or syn-
apse-mediated EPSP) in the presence or absence of the effects 
of SKF83959.  Next, we examined how the effects of SKF83959 
on a single channel type may contribute to an overall 
change in neuronal excitability.  The differences between the 
responses of the soma and those of the dendrite to SKF83959 
were also considered.  Finally, we conducted experiments that 
confirmed several of our modeling results.

Materials and methods 
Chemicals
SKF83959 was synthesized in the Medicinal Chemistry Labo-
ratory of the Shanghai Institute of Materia Medica, Chinese 
Academy of Sciences.  All other chemicals were obtained from 
(Sigma-Aldrich Co, St Louis, MO, USA).  SKF83959 was dis-
solved in dimethylsulfoxide (DMSO) and stored at -20 °C.  The 
stock solution was diluted to the desired concentration before 
use.  DMSO at a final concentration of less than 0.1% had no 
detectable effect on the whole-cell experiments.

Animals
Sprague-Dawley rats were purchased from the Shanghai 
Laboratory Animal Co, LTD (Shanghai, China) and housed 
in plastic cages.  Animals were allowed free access to a stan-
dard rodent diet and water.  All experimental protocols were 
approved by the Institutional Animal Care and Use Com-
mittee of SIMM (Shanghai Institute of Materia Medica; pro-
tocol SIMM-2011-06-ZXC-07) and were in compliance with 
the Guidelines for the Care and Use of Laboratory Animals 
(National Research Council, People’s Republic of China, 
1996).  All experiments were also conducted according to the 
National Research Council’s guidelines.

Electrophysiology experiments
Experiments to assess the effects of SKF83959 on the gating 
kinetics of Na+ channels were conducted on dissociated hip-
pocampal neurons prepared from newborn (3–7 d) Sprague-
Dawley rats as described previously[17, 38].  Briefly, hippocam-
pal slices (approximately 500 µm) were cut in oxygenated ice-
cold dissociation solution containing 82 mmol/L Na2SO4, 30 
mmol/L K2SO4, 5 mmol/L MgCl2, 10 mmol/L HEPES, and 
10 mmol/L glucose; the pH of the dissociation solution was 
adjusted to 7.3 with NaOH.  The slices were then incubated in 
dissociation solution containing protease XXIII (3 g/L) at 32 °C 
for 8 min.  Next, the slices were placed in dissociation solution 
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containing trypsin inhibitor type II-S (1 g/L) and bovine serum 
albumin (1 g/L) at room temperature; the solution was satu-
rated with oxygen.  Just before recording, the CA1 area was 
dissected out from several slices and triturated using a series 
of fire-polished Pasteur pipettes with decreasing tip diameters.  
The dissociated neurons were placed in a recording dish and 
superfused with oxygenated external solution containing 
15 mmol/L NaCl, 105 mmol/L Choline-Cl, 5 mmol/L KCl, 
1 mmol/L CaCl2, 1.25 mmol/L MgCl2, 0.1 mmol/L CdCl2, 
10 mmol/L HEPES, 20 mmol/L TEA-Cl 20, and 10 mmol/L 
glucose, with the pH adjusted to 7.4 with NaOH.  Whole-cell 
voltage-clamp recordings were made from large pyramidal-
shaped neurons using an Axopatch 200A amplifier (Molecular 
Devices, Sunnyvale, CA, USA) at room temperature.  Record-
ing electrodes (resistance of 4–5 MΩ) were pulled from boro-
silicate glass pipettes with a Flaming/Brown micropipette 
puller (Model P-97, Sutter Instrument, Novato, CA, USA) and 
were filled with intra-pipette fluid containing 130 mmol/L 
CsCl, 10 mmol/L NaCl, 1 mmol/L CaCl2, 10 mmol/L HEPES, 
1 mmol/L MgCl2, and 10 mmol/L EGTA, with pH adjusted to 
7.4 with KOH.  A voltage-activated Na+ current was elicited by 
a series of command protocols provided in pClamp 9.2 soft-
ware via a Data-1322A interface (Molecular Devices, Sunny-
vale, CA, USA).  Series resistance was compensated 75%–85%.  
Linear leak and residual capacitance were subtracted online 
using a P/4 protocol.  Signals were filtered at 2–10 kHz and 
sampled at frequencies of 10–40 kHz via a Data-1322A inter-
face (Molecular Devices, Sunnyvale, CA, USA) and stored in 
an IBM-compatible computer.  

Experiments studying excitability and depolarization block 
at the soma were performed on pyramidal neurons in the 
hippocampal CA1 area of the brain slices of Sprague-Dawley 
rats (2–3 weeks old) using whole cell recording.  Briefly, rats 
were anesthetized with 20% chloral hydrate and then decapi-
tated.  The brains were rapidly transferred into chilled and 
oxygenated artificial cerebrospinal fluid (ACSF) containing 
119 mmol/L NaCl, 3 mmol/L KCl, 1.3 mmol/L MgCl2, 2.5 
mmol/L CaCl2, 1 mmol/L NaH2PO4, 11 mmol/L glucose, and 
26 mmol/L NaHCO3.  Hippocampal slices (350 μm) were cut 
using an M752 vibroslice (Campden Instruments Ltd, Lough-
borough, UK) and incubated in the 37 °C oxygenated ACSF 
for at least 1 h.  The slices were then transferred to a chamber 
filled with 31 °C oxygenated ACSF for electrophysiological 
recordings.  Whole-cell recordings were performed under a 
DIC upright microscope (BX51WI, Olympus, Tokyo, Japan) 
using a MultiClamp 700A amplifier (Molecular Devices, 
Sunnyvale, CA, USA).  Recording electrodes (resistance of 
4–5 MΩ) were pulled from borosilicate glass pipettes with 
a Flaming/Brown micropipette puller (Model P-97, Sutter 
Instrument, Novato, CA, USA) and were filled with intra-
pipette fluid containing 140 mmol/L K-gluconate, 1 mmol/L 
MgCl2, 10 mmol/L HEPES, 2 mmol/L ATPNa2, 0.1 mmol/L 
GTPNa3, and 0.05 mmol/L EGTA, with pH adjusted to 7.25 
with KOH.  Data with a series resistance (15–20 MΩ) change 
>20% were discarded.  Data acquisition and analysis were per-
formed using a digitizer (DigiData 1322A, Molecular Devices, 

Sunnyvale, CA, USA) and pClamp 9.2 software.  Signals were 
filtered at 2 kHz and sampled at 10 kHz.  The liquid junction 
potential of approximately 10 mV was not corrected.  Drugs 
were delivered by perfusion.  Picrotoxin (100 µmol/L), CNQX 
(10 µmol/L) and APV (50 µmol/L) were present in the solu-
tion at all times to block synaptic transmission.

Modeling
All modeling work was carried out using the NEURON simu-
lation software[39].  A previously published realistic model of 
a hippocampal CA1 pyramidal neuron[37], which was based 
on the work of Migliore et al (1999)[40], was modified for use 
in this study.  Briefly, all the passive properties of the modi-
fied model, including the membrane resistance (Rm), the 
membrane capacitance (Cm), the axial resistance and other 
properties, remained the same as in the previously published 
model[37].  Several active channel mechanisms were imple-
mented in the model, including a voltage dependent sodium 
channel (na), a delayed rectifier potassium channel (kdr), an 
A-type potassium channel (ka) and an HCN channel (h).  The 
maximum conductance of each channel mechanism remained 
the same in the new model as in the original model, with the 
exception that the conductance of the kdr channel was set to 
0.006 S/cm2.  The maximum conductance of the HCN channel 
increased linearly along the apical dendrite from the soma, 
and consequently, the HCN channel density in the apical den-
drite was much higher than that in soma.  To observe the exact 
effect of SKF83959 on the membrane potential, we did not bal-
ance the passive reversal potential in accordance with currents 
of the na, kdr or HCN channels, as previously described[37], 
and as a consequence, the resting membrane potential was 
more positive than the passive reversal potential because of 
the opening of HCN channels at resting potential.  

To simulate the amplitude of a given current, we set the 
maximum conductance of the other channels to zero and elic-
ited the current using different voltage clamp protocols.  The 
input resistance was calculated as the steady state membrane 
potential change in response to a -50 pA direct current injec-
tion at the soma divided by -50 pA.  The voltage sag ratio 
caused by the opening of the HCN channel was defined as the 
ratio of the peak voltage deflection to the steady-state voltage 
deflection.  The rheobase current was measured as the minimal 
current required to be injected to elicit a single action potential 
during 500 ms (with a testing step of 1 pA).  The action poten-
tial threshold was defined as the membrane potential at which 
dV/dt crosses 20 mV/ms with rheobase current injection.

The depolarization block threshold was measured as the 
minimal current required to induce a block of firing during 1 s 
with the membrane potential compensated to the control level.  
All current clamp or voltage clamp simulations were con-
ducted using the IClamp and SEClamp objects of NEURON[39].  

The effect of SKF83959 (50 µmol/L) on each channel was 
modeled by changing the maximum conductance alone or in 
combination with changing the half voltage of activation (or 
inactivation) of each channel in accordance with our experi-
mental results.
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Modeling the synapse involved both AMPA- and NMDA-
like synaptic conductances[41].  The rise and fall time constants 
for AMPA receptors were 0.5 ms and 3 ms respectively and 
for NMDA receptors were 2.3 ms and 100 ms respectively[42].  
The maximum NMDA conductance (Gmax_NMDA) was set to 
one third of that of AMPA (Gmax_AMPA)[42] (see below).  For 
the EPSP temporal summation simulation, one synapse was 
placed on one apical dendrite 210 µm from the soma, and the 
Gmax_AMPA was set to 0.009 µS to obtain an amplitude of 2.18 
mV for the first EPSP.  For the EPSP-spike coupling simula-
tion, the synapse was modeled the same as for the EPSP tem-
poral summation except that a series of varied Gmax_AMPA 
were tested.  For the synapse-driving firing simulation, five 
independent synapses (with a Gmax_AMPA of 0.021 µS) were 
randomly placed on the apical dendritic compartments 150-
400 µm from the soma and randomly (Poisson) activated at 
different average frequencies (EPSP frequencies).  Each aver-
age firing rate (synapse-driving firing frequency) of a pyrami-
dal neuron in response to a given average EPSP frequency was 
calculated from 20 simulations of 1 s duration[37, 43].

In some experiments and simulations, the membrane poten-
tial was compensated to the control level by direct injecting 
a negative current at the site where the recording was being 
made, using a current clamp to hyperpolarize the membrane 
potential to the value of that for control.

Data analysis
The steady-state activation and inactivation curve for Na+ 
channels was fitted using a single-exponential Boltzmann 
equation: 
	       G/Gmax=1/{1+exp[(V–V1/2)/k]}, with 
	       G=I/(V–Ve),
where G is the membrane conductance, Gmax is the maximum 
membrane conductance, I is the Na+ current recorded as the 
voltage varies, V is the membrane potential, V1/2 is the poten-
tial at which the value of G is half that of Gmax, Ve is the rever-
sal potential of Na+ and k is the slope of the curve.  

EPSP temporal summation was calculated as follows:
EPSP summation=(V_5thEPSP-V_1stEPSP)/(V_1stEPSP-Vm),
where V_5thEPSP is the peak membrane potential at the fifth 
EPSP, V_1stEPSP is the peak membrane potential at the first 
EPSP and Vm is the resting membrane potential.

Data are presented as the mean±SEM.  Statistical signifi-
cance was assessed by paired Student’s t-test, and P<0.05 was 
considered significant.  Data analyses were performed using 
GraphPad Prism software Version 5.0 (San Diego, USA).

Results
The effects of SKF83959 on the gating kinetics of Na+ channels
In our previous work, we found that SKF83959 (50 µmol/L) 
significantly decreased the amplitude of Na+ currents in hip-
pocampal pyramidal neurons[17].  Here, we tested whether 
SKF83959 could modify the activation or inactivation curve of 
Na+ channels in dissociated hippocampal neurons.  As shown 
in Figure 1A, SKF83959 (50 µmol/L) did not significantly 
alter the activation curve of Na+ channels; V1/2 of the activa-

tion curve was -33.4±3.5 mV before treatment with SKF83959 
and -31.6±2.0 mV (n=7, P>0.05) after treatment.  The slope 
of the activation curve was 10.0±0.7 before treatment and 
8.9±0.4 after treatment (n=7, P>0.05).  In contrast, SKF83959 
(50 µmol/L) significantly shifted V1/2 of the inactivation curve 
from -48.1±2.0 mV before SKF83959 application to a more 
hyperpolarized level of -58.4±2.8 mV (n=5, P<0.01).  The slope 
of the inactivation curve was 5.2±0.2 before treatment and 
7.4±0.6 after treatment (n=5, P<0.01, Figure 1B).

Modeling the effects of SKF83959 on Na+, kdr and HCN channels
Using a previously published realistic model of the hippocam-
pal CA1 pyramidal neuron[37, 40] as a starting point, we selec-
tively modified several parameters of the ion channel mecha-

Figure 1.  Effects of SKF83959 on the gating kinetics of the Na+ channel 
in dissociated hippocampal neurons experiments. (A) Activation curve 
of the voltage-dependent Na+ channel. The inset shows the voltage-
clamping protocol; the membrane potential was clamped at -80 mV, and 
after a prepulse (-120 mV, 50 ms), a series of voltages, from -70 mV to 
-10 mV with steps of 5 mV and of 30 ms duration, were applied to the 
cell.  Each Na+ current was converted to conductance. Gmax: the maximum 
conductance. Mean±SEM (n=7). (B) Inactivation curve of voltage-
dependent Na+ channel.  The inset shows the voltage-clamping protocol; 
the membrane potential was clamped at -80 mV, and a series of voltages, 
from -80 mV to -10 mV with steps of 5 mV and of 100 ms duration, were 
applied to induce the inactivation of Na+ channels.  The voltage was then 
clamped at -20 mV for 30 ms, and Na+ currents (I) were measured.  I0, the 
maximum current. Mean±SEM (n=5). Control: open circle. SKF83959: 
black circle.
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nisms of the model to simulate the major effects of SKF83959 
(50 µmol/L) observed in experiments.  First, to reproduce in 
our model the experimental result that SKF83959 (50 µmol/L) 
decreased the amplitude of the Na+ current to 33.4% of that of 
the control[17], we first decreased the maximum conductance of 
Na+ channels from 0.032 S/cm2 to 0.023 S/cm2 and shifted the 
V1/2 of the inactivation curve down by 10.3 mV, as described 
above.  The Na+ current amplitude observed with SKF83959 
treatment was then reduced to 33.3% of that of the control 
(Figure 2A).  Second, we decreased the maximum conduc-
tance of kdr channels from 0.006 S/cm2 to 0.003 S/cm2, which 
changed the amplitude of the kdr current to 50% of that of the 
control, in accordance with previous experimental results[16] 
(Figure 2B).  Third, we increased the maximal conductance of 
HCN channels from 0.0006 S/cm2 to 0.00092 S/cm2 and shifted 
the HCN channel activation curve by 6 mV.  As illustrated in 
Figure 2C, the amplitude of the HCN channel current, mea-
sured at -105 mV, was increased by 54.7%, which was consis-
tent with experimental data[15].  Thus, we have successfully 
reproduced previously published experimental results using 
our mathematical model.  

Modeling the effects of SKF83959 on the passive membrane 
properties of the hippocampal pyramidal neuron
We first evaluated the effects of SKF83959 on the passive prop-
erties of hippocampal pyramical neurons using our mathemat-
ical model of the hippocampal pyramidal neuron.  As shown 
in Figure 3, our model predicts that application of SKF83959 
depolarizes the membrane potential by 4.1 mV.  This depo-
larization appears to be primarily attributable to the increase 
in HCN current because modifying the HCN channel alone 
caused a 4 mV depolarization, whereas altering kdr or Na+ 
channels resulted in either a 0.05 mV or a 0 mV depolarization, 
respectively (Figure 3D).  The voltage sag ratio was increased 
from 1.16 to 1.32 when the resting membrane potential was 

Figure 2.  Modeling the effects of SKF83959 on Na+, kdr, and HCN 
channels.  The effects of SKF83959 (50 µmol/L) on Na+, kdr, and HCN 
channels were modeled as described.  (A) The effects of SKF83959 on 
Na+ current.  (B) The effects of SKF83959 on kdr current.  (C) The effects 
of SKF83959 on HCN channel current.  Ctrl, control; SKF, SKF83959; 
insets, voltage-clamping protocols.

Figure 3.  Effects of SKF83959 on the passive membrane properties 
of the hippocampal pyramidal neuron in simulations. (A) Membrane 
potential responses of the hippocampal pyramidal neuron to a -50 pA, 
300 ms pulse for control and SKF83959 treated cells with (gray trace) 
or without compensating membrane potential to the control level (top) 
as described in the Materials and methods. (B) Effects of SKF83959 
on the sag ratio with membrane potential compensation measured as 
described in the Materials and methods. (C) Effects of SKF83959 on the 
input resistance.  (D) Effects of SKF83959 on the membrane potential.  
Ctrl, control; SKF_all, overall effects of SKF83959 without membrane 
potential compensation; SKF_all_comp, overall effects of SKF83959 with 
membrane potential compensation; SKF_na, modifying Na+ channels 
alone; SKF_kdr, modifying kdr channels alone; SKF_h, modifying HCN 
channels alone.
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compensated back to the control level by direct current injec-
tion at the soma (-82 pA, Figure 3A and 3B).  Moreover, the 
input resistance decreased from 63.2 to 42.6 MΩ (Figure 3C).  
All of these effects of SKF83959 on passive membrane proper-
ties were similar to experimental results[15].

Effects of SKF83959 on excitability of the soma in hippocampal 
pyramidal neurons
To determine the effects of SKF83959 on soma excitability in 
hippocampal pyramidal neurons, we elicited trains of action 
potentials by direct current injection (steps with 25 pA incre-
ments) at the soma.  When the membrane potential was com-
pensated to the control level, modifying all three channels 
(with SKF83959, as described above) decreased the number 
of action potentials from 13 for control to 1 for SKF83959 
treated neurons, with 350 current injections (Figure 4A, B &C).  
However, when the depolarized membrane potential was not 
compensated, SKF83959 was able to increase the excitability of 
the soma, as 15 spikes were detected.  To further test the con-
tribution of a single channel type to this excitability, we modi-
fied one channel type at a time, leaving all others unchanged.  
Modifying the Na+ channel alone decreased the number of 
spikes from 8 to 1 (elicited by 300 pA current injection, Figure 
4A&B).  However, modifying the kdr channel alone increased 
the number of spikes from 13 to 15, regardless of whether the 
membrane potential was compensated (Figure 4A–4C).  As 
for the HCN channel, modifying its current alone decreased 
the spike number to 4 when the membrane potential was 
compensated, but increased the spike number to 15 when the 
membrane potential was not compensated (current injection: 
350 pA, Figure 4A–4C).  These results were further confirmed 
by whole-cell recordings in the hippocampal CA1 area, which 
showed that the number of spikes after SKF83959 (50 µmol/L) 
treatment significantly increased, from 6.4±0.6 to 7.7±0.7, with-
out compensating membrane potential to control level (n=7, 
P<0.05), but significantly decreased to 4.0±0.7 with membrane 
potential compensation (n=7, P<0.001, 75 pA current injection, 
Figure 4D and 4E).

We then measured the rheobase current and spike threshold 
with the membrane potential compensated to the control level.  
As shown in Figure 4F, SKF83959 increased the rheobase cur-
rent by 67 pA.  Modifying the Na+ or HCN channel alone also 
increased the rheobase current by 17 pA and 63 pA, respec-
tively.  In contrast, modifying the kdr channel decreased the 
rheobase current by 13 pA.  The spike threshold was -39 mV 
for the control condition, but SKF83959 increased the spike 
threshold to -37.5 mV (Figure 4G).  This effect was most likely 
due to the inhibition of Na+ channels because we found that 
modifying the Na+ channel alone increased the threshold to 
-37.1 mV, whereas modifying the other two channels resulted 
in only a slight change in the threshold (to -39.3 mV for the kdr 
channel, -39 mV for the HCN channel, Figure 4G).  All these 
results showed that SKF83959 decreased the excitability of the 
soma only when the membrane potential was compensated to 
the control level.  

Effects of SKF83959 on dendritic excitability in hippocampal 
pyramidal neurons
Dendrites of the pyramidal neuron are very different from the 
soma in many ways, including in their passive properties and 
ion channel densities.  We next recorded trains of action poten-
tial simultaneously at one apical dendrite (210 µm from the 
soma) and at the soma in response to direct current injection 
at this dendrite.  SKF83959 also depolarized the membrane in 
dendrites, from -63.8 to -59.4 mV.  However, in contrast with 
the results shown in Figure 4B&C, SKF83959 decreased the 
spike number detected in the dendrite and soma even when 
the membrane potential was not compensated (11 spikes for 
control cells compared with 6 spikes for SKF83959 treated 
cells, 550 pA current injection, Figure 5).  Modifying the Na+ 
channel alone decreased the spike number at every tested 
current level (Figure 5B, 5C).  Similar to the results shown in 
Figure 4, modifying kdr channels alone increased the number 
of spikes without membrane potential compensation (Figure 
5).  On the other hand, modifying the HCN channel alone 
resulted in almost the same number of spikes as in control 
cells when membrane potential was not compensated (Figure 
5).  In contrast with results obtained at the soma, SKF83959 
slightly decreased the spike threshold from -24.7 mV to -25.8 
mV, and modifying Na+ channels alone slightly increased the 
threshold to -24.2 mV.  In comparison, modifying kdr or HCN 
channels decreased the spike threshold to -25.3 mV and -25.1 
mV, respectively (Figure 5D).  However, the rheobase current 
scenario was similar to that at soma.  SKF83959 increased the 
rheobase current from 491 pA to 641 pA.  Individually modi-
fying Na+, kdr, or HCN channels differentially altered the 
rheobase current: 566 pA for Na+, 476 pA for kdr and 602 pA 
for HCN (Figure 5E).  Taken together, these results suggest 
that SKF83959 decreases dendritic excitability even without 
membrane potential compensation and that inhibition of the 
Na+ channel likely plays a major role in the drug’s effect on 
dendrites.  

SKF83959 facilitates depolarization block in hippocampal 
pyramidal neurons both in simulations and experiments
Depolarization block represents a state in which neurons stop 
firing because the current injected has reached a relatively 
high level.  Modeling studies have suggested that depolariza-
tion block could happen in vivo, and it has been suggested that 
depolarization block could play an important role in some 
pathological conditions, such as epilepsy[31].  Because both Na+ 
and kdr channels affect depolarization block, we examined 
the effects of SKF83959 on the amplitude of the minimal cur-
rent required to induce depolarization block by current injec-
tion at the soma, while compensating the membrane potential 
to the control level.  According to our modeling results we 
found that SKF83959 markedly decreased the threshold for 
the induction of depolarization block (1.29 nA for control cells 
and 0.59 nA for SKF83959 treated cells, Figure 6).  Specifically, 
modifying the Na+ or kdr channels alone decreased the thresh-
old to 0.68 nA and 0.9 nA, respectively.  In contrast, modifying 
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Figure 4.  Effects of SKF83959 on excitability of the soma in the hippocampal pyramidal neuron in simulations and experiments.  Soma excitability was 
measured by direct injection of a series of currents of different amplitudes at the soma.  (A) In simulations, example traces show the voltage responses 
recorded at the soma in control and SKF83959 treated cells while modifying all three channels or one channel type alone with (right) or without (left) 
membrane potential compensation (all traces were obtained by injecting a current of 350 pA for 500 ms), as described in the methods.  Spike numbers 
were detected under a series of current stimuli from 250 pA to 500 pA with steps of 25 pA with (C) or without (B) membrane potential compensation 
in simulations.  (D) Example traces from experiments show the voltage responses recorded at the soma in control and SKF83959 (50 µmol/L) treated 
cells during 75 pA current injection.  (E) In experiments, spike numbers were detected under a series of current stimuli, from 25 pA to 225 pA, with 
steps of 25 pA and with or without membrane potential compensation (n=7).  Rheobase current (F) and spike threshold (G) were examined as described 
in the methods using our mathematical neuronal model.  Ctrl, control; SKF_all, modifying all three channels; SKF_na, modifying the Na+ channel alone; 
SKF_kdr, modifying the kdr channel alone; SKF_h, modifying the HCN channel alone.  SKF_all_comp, SKF_na_comp, SKF_kdr_comp and SKF_h_comp 
were the same as SKF_all, SKF_na, SKF_kdr, and SKF_h, except that the membrane potential was compensated to the control level; SKF, SKF83959 (50 
µmol/L) treatment without membrane compensation; SKF_comp, SKF83959 (50 µmol/L) treatment with membrane potential compensation.  bP<0.05, 
cP<0.01 vs control, paired t-test.
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the HCN channel resulted in a slight increase of the thresh-
old (1.37 nA, Figure 6B).  We further confirmed this result by 
experiments and we found that SKF83959 (50 µmol/L) signifi-
cantly decreased the threshold for the induction of depolar-
ization block (885±43 pA for control cells and 585±40 pA for 
SKF83959 treated cells, P<0.01, Figure 6D).

Modeling of the effects of SKF83959 on EPSP temporal summa­
tion and synapse-driven firing in the hippocampal pyramidal 
neuron
Because the EPSP temporal summation along dendrites is very 
important in the induction of pyramidal neuronal firing[44], 
and because many ion channels, including HCN channels, 
could affect this process[25, 27–29], we examined the effects of 
SKF83959 on EPSP temporal summation and consequently on 
neuronal firing, using our mathematical model.  One synapse 

bearing both AMPA and NMDA mechanisms was placed 
on one apical dendrite (210 µm from the soma).  A train of 
5 stimuli with the same interval between them were given 
to this synapse.  By changing this interval, we could deter-
mine the pattern of EPSP temporal summation in response to 
stimuli with different frequencies.  For sub-threshold EPSP 
temporal summation, Gmax_AMPA was set to 0.009 µS, which 
resulted in a 2.18 mV amplitude for the first EPSP (Figure 7A 
& 7B).  SKF83959 treatment decreased the amplitude of the 
first EPSP to 1.92 mV when membrane potential was not com-
pensated to the control level (Figure 7A and 7B).  This inhibi-
tion increased, with the amplitude of the first EPSP falling 
to 1.81 mV, when the membrane potential was compensated 
(Figure 7A).  This effect appeared to be primarily attribut-
able to the effect of SKF83959 on the HCN channel because 
modifying HCN channels alone decreased the amplitude to 

Figure 5.  Effects of SKF83959 on dendritic excitability in the hippocampal pyramidal neuron in simulations.  Voltage responses were recorded at 
the soma and at an apical dendrite 210 µm from the soma simultaneously during direct injection at this dendrite of a series of currents of different 
amplitudes, without membrane potential compensation.  (A) Example traces show voltage responses of the soma (left) and dendrite (right) to a pulse of 
550 pA for 500 ms.  Spike numbers were detected under a series of current stimuli from 475 pA to 725 pA with steps of 25 pA, at the dendrite (B) and 
at the soma (C).  Dendritic spike threshold (D) and rheobase current (E) were examined as described in the methods.  SKF_all, SKF_na, SKF_kdr, and 
SKF_h are the same as in Figure 4.
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1.9 mV, whereas modifying Na+ or Kdr channels resulted in 
only a slight change in amplitude (Figure 7B).  A similar set 
of conditions was also applied to EPSP temporal summation.  
SKF83959 decreased EPSP temporal summation at all tested 
frequencies when membrane potential was not compensated 
(Figure 7C and 7D), and it decreased this summation further 
with membrane potential compensation (Figure 7C).  The 
EPSP temporal summation ratio was 2.39 for control cells at 
50 Hz, and 1.59 and 2.16 for SKF83959 treated cells with or 
without membrane potential compensation, respectively (Fig-
ure 7C&D).  Again, the SKF83959-regulated HCN channel is 
the major factor in contributing to the observed difference in 
EPSP temporal summation with SKF83959 treatment (Figure 
7D).  To further examine how SKF83959 modulates the process 
of EPSP summation to induce action potentials (EPSP-spike 
coupling), we increased the Gmax_AMPA to a series of values 
at which the EPSP summated (at 20 Hz) to the firing threshold.  
Consequently, we found that SKF83959 decreased the number 
of spikes elicited by EPSP temporal summation (Figure 7E and 
7F) with the membrane potential uncompensated.  An increase 
in the spike threshold due to the drug-modified Na+ channel 
may contribute to this change because although SKF83959 may 

inhibit EPSP temporal summation, the exact membrane poten-
tial level for SKF83959 treated cells was still more depolarized 
than that for control cells (Figure 7A).  For example, the mem-
brane potentials at the fifth EPSP (20 Hz) were -60.7 mV and 
-57.3 mV for control and SKF83959 treated cells, respectively 
(Figure 7A).

To examine synapse-driven firing in a more physiologically 
relevant way, five independent synapses (with Gmax_AMPA 
set to 0.021 µS) were randomly placed on apical dendritic 
compartments and randomly and independently (Poisson) 
activated at different average frequencies (EPSP frequencies).  
SKF83959 was still able to decrease the firing frequency at 
all tested average EPSP frequencies, even when the depolar-
ized membrane potential was left uncompensated (Figure 8).  
For example, SKF83959 decreased the firing frequency from 
17.4±0.7 Hz to 2.4±0.4 Hz at an average EPSP frequency of 20 
Hz (Figure 8).  Modifying the Na+ channel alone markedly 
decreased the firing frequency at every tested EPSP frequency, 
but modifying the kdr channel or HCN channel alone had a 
relatively small effect, which was consistent with the results 
shown in Figure 5 (Figure 8B).

Figure 6.  Effects of SKF83959 on depolarization block in the hippocampal pyramidal neuron in simulations and experiments.  Depolarization block was 
examined as described in the methods with the membrane potential compensated to control levels. (A) In simulations, voltage responses at the soma 
with (bottom) or without (up) the overall effect of SKF83959 under 0.59 nA current injection. (B) The minimal currents required to induce depolarization 
block under different conditions in simulations.  (C) Experimental results showing voltage responses at the soma from experiments with (bottom) or 
without (up) SKF83959 (50 µmol/L) treatment during 800 pA current injection in simulations. (D) Experimental results showing the minimal currents 
required to induce depolarization block with or without SKF83959 (50 µmol/L) treatment (n=7).  SKF_all, SKF_na, SKF_kdr and SKF_h are the same as 
in Figure 4.  Ctrl, control; SKF, SKF83959 (50 µmol/L) treatment.  cP<0.01 vs control, paired t-test.
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Discussion
In this study, we have characterized the effects of SKF83959 
on the excitability of hippocampal pyramidal neurons using 
a realistic mathematical model of the hippocampal CA1 pyra-
midal neuron refined with experimental results obtained 
here and in previous studies[15–17].  We found that SKF83959 
(50 µmol/L) shifted the Na+ channel inactivation curve by 
10.3 mV but had no effect on the activation curve.  We var-
ied the time to recovery from inactivation of the Na+ channel 
on a large scale (from 1/2 to 4 times of that of the control) in 
our model, but this change induced no significant effect on 
neuronal excitability.  It should be noted that the slow inac-
tivation component of the Na+ channel was not considered 
in the current model; further work is needed to determine 

whether SKF83959 can affect the slow inactivation of the Na+ 
channel and how this effect could alter neuronal excitability 
because it has been demonstrated that slow inactivation in 
Na+ channels is able to modulate neuronal excitability in the 
hippocampus[45].  The simulated effects of SKF83959 on pas-
sive membrane properties were found to be in agreement with 
previously reported experimental results[15].  In addition, we 
found that SKF83959 differentially modulates excitability of 
the soma and dendritic cells.  SKF83959 decreased excitability 
of the soma (investigated by current injection at the soma) 
only with the membrane potential compensated to the control 
level.  However, SKF83959 decreased dendritic excitability 
(investigated by current injection at the dendrite) even with-
out membrane potential compensation, causing a decrease in 

Figure 7.  Effects of SKF83959 on EPSP temporal summation in simulations.  EPSP temporal summation was measured as described in the methods.  
(A) Example traces of EPSP temporal summation during a train of 5 stimuli of either 20 Hz (left) or 50 Hz (right) with Gmax_AMPA set to 0.009 µS.  EPSP 
temporal summations for control cells (solid black lines) and SKF83959 treated cells without (solid gray line) and with (dashed, gray line) membrane 
potential compensation.  (B) The amplitude of the first EPSP without membrane potential compensation.  (C) EPSP temporal summation ratio in 
response to a series of frequencies from 5 Hz to 80 Hz with or without membrane potential compensation.  (D) EPSP temporal summation ratio in 
response to 20 Hz (left) and 50Hz (right) stimulations under different conditions without membrane potential compensation.  (E) Example traces 
showing EPSP-spike coupling without membrane potential compensation (Gmax_AMPA: 0.024 µS).  (F) Spike numbers in response to a series of values 
for Gmax_AMPA under either control or SKF83959 treated conditions, without membrane potential compensation.  SKF_all, SKF_all_comp, SKF_na, 
SKF_kdr, and SKF_h are the same as in Figure 4.
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the number of spikes at the soma.  In contrast, SKF83959 facili-
tated depolarization block in pyramidal neurons.  Finally, we 
found that SKF83959 reduced EPSP temporal summation and 
the synapse-driven firing frequency.

To overcome the space-clamp problem[46] and to minimize 
the effects of synaptic transmission, we measured the gating 
kinetics of Na+ channels in dissociated hippocampal neurons 
prepared from newborn (age 3–7 d) Sprague-Dawley rats.  To 
expand upon previous experimental results[15] and to test the 
predictions of our morphologically realistic neuronal model, 
we measured excitability and depolarization block at the soma 
in brain slices from Sprague-Dawley rats (age 2–3 weeks); in 
these slices, the shapes of the pyramidal neurons retained rela-
tively intact.  Because CNQX and picrotoxin were added to 
solutions to block synaptic transmission, and because, to our 
knowledge, there is no significant difference between these 
two developmental stages in terms of the properties of ion 
channels relevant to our current work, we are able to rule out 
the possibility of inconsistencies between these data.  

We previously found that SKF83959 regulated multiple 
ion channel activities, including those of Na+, kdr, and HCN 
channels[15–17], but the specific contributions of the effects of 
SKF83959 on individual ion channels to neuronal excitabil-
ity were not clear.  In the present study, we demonstrated 
that modifying the Na+ channel alone increases the rheobase 
current and consequently results in decreased excitability at 
both the soma and the dendrite, in agreement with previous 
reports[18–20].  In contrast with Na+ channels, modifying the 
kdr channel alone can lead to a slight increase in neuronal 
excitability.  However, the specific role of HCN channels in 
SKF83959-regulated neuronal excitability is rather complex.  It 
has been reported that the HCN channel can produce either 
excitatory (depolarizing the membrane) or inhibitory (decreas-
ing the input resistance) effects on the excitability of pyrami-
dal neurons[25–28].  In previous studies, the excitability of these 
neurons has been measured with the depolarized membrane 
potential compensated to the control level, which in some 
respects resulted in selectively neglecting the excitatory effect.  
On the other hand, the gradient distribution of HCN channels 
in the soma and in the dendrite should also be considered[27].  
In the present study, we examined the effects of SKF83959 
in modulating HCN channels with or without membrane 
potential compensation.  In the soma, modifying HCN chan-
nels alone slightly increased excitability without membrane 
potential compensation, which indicates that the HCN channel 
plays an excitatory role in the soma.  In dendrites, modifying 
the HCN channel alone had little effect on SKF83959-regulated 
neuronal excitability, which may be the result of a balance 
between excitatory and inhibitory effects.  The difference 
between the responses of the soma and dendrites was most 
likely due to the much higher density of HCN channels in den-
drites than in soma[27, 37].  Moreover, we found that modifying 
the Na+ channel or kdr channel alone facilitated depolarization 
block, consistent with previous studies[31].  In contrast, modify-
ing the HCN channel alone increased the depolarization block 
threshold, which is likely attributable to the decrease in the 
input resistance.  

It has been shown that the HCN channel exerts a strong 
regulatory force on EPSP temporal summation along the 
dendrite because of its high density and because of shunt-
ing effects[25, 27–29].  In the present study, modifying the HCN 
channel alone inhibited EPSP temporal summation, but the 
membrane at the last EPSP was nonetheless more depolarized 
in SKF83959 treated cells than in control cells.  This effect of 
increasing HCN current on EPSP temporal summation and 
membrane potentials that we observed differs from the results 
in a previous report[28].  In that study, the authors noted that 
when the amplitude of EPSPs were large enough, at the last 
EPSP, the membrane was more hyperpolarized with HCN 
channels than without HCN channels because of the open-
ing of M-type potassium channels[28].  In the present study 
we did not include M-type potassium channels.  Even so, in 
combination with the effects on Na+ channels, SKF83959 could 
still decrease the synapse-driven firing frequency, either in 
EPSP-spike coupling simulations or in simulations with more 

Figure 8.  Effects of SKF83959 on synapse-driven firing in simulations 
of hippocampal pyramidal neurons.  Five independent synapses (with 
Gmax_AMPA set to 0.021 µS) were randomly placed on the apical dendritic 
compartments 150–400 µm from the soma and randomly (Poisson) 
activated at different average frequencies (EPSP frequencies).  (A) 
Example traces showing the voltage response at the soma to average 
EPSP frequencies of 20 Hz (left) and 40 Hz (right) without membrane 
potential compensation.  (B) The firing frequencies in response to a 
series of average EPSP frequencies, from 10 Hz to 40 Hz, under either 
control or SKF83959 treated conditions, without membrane potential 
compensation.  SKF_all, SKF_na, SKF_kdr, and SKF_h are the same as in 
Figure 4.
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synapses being activated randomly.  Future work in which 
an M-type potassium channel mechanism is inserted into the 
model would be necessary to confirm our hypothesis.

Physiologically, neurons are activated by the summation of 
multiple EPSPs that originate at dendrites.  Thus, we exam-
ined the effects of SKF83959 on neuronal excitability using the 
model neuron activated by 5 synapses randomly placed on the 
dendrites.  Our results revealed how the effects of SKF83959 
on both the intrinsic properties of the neuron and on EPSP 
temporal summation combined to modulate neuronal firing.  
SKF83959 decreased the synapse-driven firing frequency even 
without the membrane potential compensated to control lev-
els, which further supports the conclusions drawn from our 
results on neuronal excitability during current injection.

SKF83959, unlike other D1 receptor agonists such as 
SKF38393 and SKF83822, which exert their function primar-
ily via the D1-like receptor-mediated signaling pathway[47–49], 
elicits many biological responses that are either dependent 
or independent of D1-like receptors[5–7].  SKF83959 has been 
shown to produce potent anti-parkinsonian effects in primate 
and rodent models[5-7], and chronic administration of SKF83959 
also attenuates the development of L-DOPA-induced dyskine-
sia (LID) in 6-OH-DOPA-lesioned rat models; this latter result 
may be associated with the drug’s neuroprotective effects[5, 8].  
We have previously reported that SKF83959 has potent neuro-
protective effects that are only partially attributable to D1-like 
receptor activation[10].  It is conceivable that a D1-receptor-
independent mechanism, such as SKF83959-mediated inhibi-
tion of neuronal excitability or inhibition of the kdr channel, 
may also contribute to these neuroprotective effects[50, 51].  In 
addition, it has been documented that the excitability of stria-
tal neurons is increased in the 6-OH-DOPA-lesioned rat model 
for Parkinson’s disease[12–14].  Inhibition of neuronal excitabil-
ity may partially contribute to the drug’s anti-Parkinsonian 
effects.  

Abnormal neuronal excitability plays a fundamental role in 
the pathophysiology of epilepsy[32, 33].  Depolarization block 
is proposed to be associated with the initiation and spread of 
focal epileptic seizures that generates a paroxysmal depolar-
izing effect in the involved neurons, which may cause the 
inactivation of Na+ channels[31–33, 52].  In our study, the effects 
of SKF83959 on Na+ channel density and on the Na+ channel 
inactivation curve facilitated depolarization block in hippo-
campal pyramidal neurons.  Moreover, although inhibition 
of Na+ channels is one of the most common activities of many 
antiepileptic drugs[53], the importance of the HCN channel has 
recently also been proposed[11, 54, 55].  That SKF83959 decreases 
excitability and facilitates depolarization block in hippo-
campal pyramidal neurons could indicate that the drug may 
have a potential antiepileptic effect.  In fact, the pharmaco-
logical effects of SKF83959, including Na+ channel inhibition 
and shifting of the voltage dependent activation of the HCN 
channel, are very similar to those of the widely used antiepi-
leptic drug lamotrigine[37, 56].  In this regard, SKF83959 not 
only shifted the activation curve of the HCN channel but also 
increased the maximum conductance of this channel, as shown 

by the increased amplitude of current, even at -120 mV[15].  The 
potential antiepileptic effect of SKF83959 is currently under 
investigation.

Taken together, the effects of SKF83959 result in a decrease 
in neuronal excitability that may at least partially contributes 
to the drug’s neuroprotective and anti-parkinsonian effects.  
The effects of SKF83959 also suggest that it may have a poten-
tial antiepileptic effect.  
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