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Abstract 

Disturbances in the excitation-inhibition balance of neuronal networks play 

a role in disorders like epilepsy. Anti-epileptic drugs (AEDs) such as 

lamotrigine (LTG) suppress epileptic seizures by preferentially binding to 

inactivated Na+ channels. Relatively little is known whether AEDs affect 

firing properties of diverse network components (pyramidal neurons and 

interneurons) differently. Therefore we investigated the LTG sensitivity of 

pyramidal neurons and (5-HT3AR-expressing) interneurons of the mouse 

hippocampus. When depolarized, interneurons displayed higher firing rates 

with less adaptation than pyramidal neurons. Furthermore, interneurons 

have narrower action potentials and their Na+ currents have a faster recovery 

from inactivation. The combinational effects of these factors may cause 

interneurons to have a smaller fraction of inactivated Na+ channels. This 

may underlie the observation that LTG (100 µM) was more effective in 

reducing the firing rate of pyramidal neurons than that of interneurons. 

When comparing LTG effects (100-1000 µM) on Na+ currents of acutely 

dissociated neurons, we observed that the LTG-induced shift of the steady-

state inactivation relationship to hyperpolarized potentials was similar in 

pyramidal neurons and interneurons. Also the binding and unbinding 

kinetics of LTG to and from inactivated Na+ channels of both neuron types 

were not different. This indicates that the higher LTG sensitivity of 

pyramidal neurons may be caused by differences in the availability of 

inactivated Na+ channels, rather than on differences in direct LTG-channel 

interactions. Our data reveal a previously unknown neuron type-specific 

response to LTG, which may have important consequences for circuit 

excitability when AED treatment is applied. 
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Introduction 

The mammalian brain is comprised of different types of neurons which are 

intricately interconnected to form complicated neuronal circuits. These 

different types of neurons spatiotemporally cooperate for the coding and 

processing of information. In brain regions such as the cerebral cortex and 

the hippocampus, neuronal circuits consist of two broad types of neurons: 

excitatory principal (pyramidal) neurons and inhibitory interneurons. 

Excitatory pyramidal neurons constitute the vast majority of the neurons 

that make up neuronal circuits and they provide an excitatory input to their 

postsynaptic target cells. Inhibitory interneurons, which use γ-aminobutyric 

acid (GABA) as their neurotransmitter, control circuit activity through 

feedforward and feedback inhibition and play important roles in network 

oscillations, synaptic integration and action potential generation in 

pyramidal neurons and epileptic synchronization (Freund & Buzsaki, 1996; 

McBain & Fisahn, 2001; Freund, 2003; Buzsaki et al., 2004).  

GABAergic interneurons are heterogeneous with respect to their 

morphology, molecular expression profile and electrophysiological 

properties (Ascoli et al., 2008). In contrast to the more homogeneous 

pyramidal neuronal population, GABAergic interneurons display a diverse 

repertoire of action potential characteristics and firing patterns (Ascoli et al., 

2008). Ion channel compositions of neurons of a population (e.g. pyramidal 

neurons and interneurons) determine their electrophysiological features. 

Although action potential shape and firing frequency are largely determined 

by voltage-gated K+ channels (Zhang & McBain, 1995; Martina et al., 1998; 

Erisir et al., 1999; Lien et al., 2002), also properties of voltage-gated Na+ 

channels play a role in action potential firing. In different neuronal 

populations these Na+ channels can have distinct properties. In the 
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hippocampus, compared with Na+ channels in pyramidal cells, those in 

basket cells have a steeper steady-state inactivation curve with a positive 

potential shift (Martina & Jonas, 1997). With respect to inactivation kinetics, 

voltage-gated Na+ currents in basket cells have a slower onset and a faster 

recovery from inactivation (Martina & Jonas, 1997). During trains of action 

potential firing voltage-gated Na+ channels cycle through three states, i.e. 

close, open and inactivated. Different action potential shapes and firing 

frequencies (depending on the neuron type) will cause distinct fractions of 

Na+ channels residing in the inactivated state by the end of an action 

potential (Carter & Bean, 2009; Carter & Bean, 2011).       

Disturbances in the excitation-inhibition balance of neuronal networks play 

a role in disorders like epilepsy. Dysfunctions in ion channels may underlie 

these disturbances. Nearly 700 mutations in Na+ channels have been 

identified in patients with inherited and sporadic epilepsy (Meisler et al., 

2010). Loss-of-function mutations in SCN1A encoding NaV1.1 cause severe 

myoclonic epilepsy of infancy (SMEI) because NaV1.1 is primarily 

expressed in interneurons and the hypofunction of this protein leads to 

reduced inhibition (Yu et al., 2006).  Moreover, changes in expression 

levels and/or biophysical properties of Na+ channels were found in both 

epileptic human brain and animal models of epilepsy (Lombardo et al., 1996; 

Bartolomei et al., 1997; Gastaldi et al., 1997; Vreugdenhil et al., 1998; 

Aronica et al., 2001; Ketelaars et al., 2001; Ellerkmann et al., 2003).   

Anti-epileptic drugs (AEDs) such as carbamazepine (CBZ), phenytoin 

(DPH) and lamotrigine (LTG) target Na+ channels in a use- and voltage-

dependent manner. This allows them to selectively prevent extreme high 

frequency firing, with much less effects on normal action potential firing 

(Rogawski & Loscher, 2004; Meldrum & Rogawski, 2007). CBZ, LTG and 
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DPH all have a much higher affinity for the inactivated state than for the 

closed or open state of Na+ channels and therefore stabilize the channel in 

the inactivated state, effectively blocking the conductance (Ragsdale & 

Avoli, 1998). Since Na+ channels in various neuronal populations have 

shown distinct properties and different dynamic states after an action 

potential, AEDs may have different pharmacological efficacy on pyramidal 

neurons and interneurons. The consequence may be important for the circuit 

excitability maintained by pyramidal neurons and interneurons. However, 

whether different neuronal types have distinct pharmacological sensitivity 

towards AEDs has not been examined.  

In the present study, we characterized action potential characteristics and 

firing patterns of pyramidal neurons and a subpopulation of interneurons, 5-

HT3AR-expressing interneurons, in the mouse hippocampal CA1 area. The 

serotonin 5-hydroxytryptamine 3A (5-HT3A) receptor is preferentially 

expressed in interneurons in the central nervous system (Chameau & van 

Hooft, 2006). We used 5HT3aR-BACEGFP transgenic mice, in which the 

population of the 5-HT3AR-expressing interneurons is brightly labeled with 

green fluorescent protein (GFP). With tissue preparations (brain slices and 

acutely dissociated neurons), we could distinguish this subpopulation of 

interneurons in the hippocampal CA1 area and compare them with 

pyramidal neurons. Using the same transgenic mice, a recent study 

demonstrated that the 5-HT3AR-expressing interneurons include the entire 

spectrum of Caudal Ganglionic Eminences (CGE)-derived interneurons and 

mainly co-express neuropeptide Y (NPY), calretinin, vasoactive intestinal 

peptide (VIP) and cholecystokinin (Lee et al., 2010). Using hippocampal 

brain slices of the 5HT3aR-BACEGFP transgenic mice we tested LTG effects 

on action potential firing of pyramidal neurons and interneurons. In addition, 
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in acutely dissociated neurons we examined (the effects of LTG on) the 

biophysical properties of Na+ channels of both neuron types. 

Materials and Methods 

Animals 

5-HT3A/enhanced green fluorescent protein transgenic Swiss mice 

(GENSAT, www.gensat.org) at postnatal day (P) 14-21, both males and 

females, were used in this study. The experimental procedures were 

approved by the Animal Welfare committee of the University of Amsterdam. 

Brain slice experiments  

Slice preparation 

The mouse was decapitated after being anesthetized with isoflurane (dose!). 

The brain was quickly removed and 300 µm-thick coronal slices were cut at 

the level of the hippocampus with a vibroslicer (Leica VT1000S) in ice-cold 

slicing solution containing (in mM): Choline chloride (120), KCl (3.5), 

CaCl2 (0.5), MgSO4 (6), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), 

continuously bubbled with 95%O2-5%CO2 (pH=7.4). Slices were incubated 

at 32⁰C for 1 hour in ACSF containing (in mM): NaCl (120), KCl (3.5), 

CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), 

continuously bubbled with 95%O2-5%CO2 (pH=7.4). 

Current clamp recordings 

During current clamp recording, slices were continuously superfused with 

ACSF at room temperature (20 – 22⁰C). Recording pipettes (2-3 MΩ) were 

pulled from thin-wall borosilicate glass capillary tubes (1.5 mm outer 

diameter; Science Products GmbH, Germany). The pipette solution 

contained (in mM) K-gluconate (130), KCl (10), EGTA (5), HEPES (10), 
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Mg-ATP (4), Na-GTP (0.4) pH=7.3. Current clamp recordings were made 

using an EPC9 patch-clamp amplifer controlled by PULSE software (HEKA 

Electronic GmbH, Germany) and an in-house software written in Matlab. 

Signals were filtered at 5-10 kHz and sampled at 10-20 kHz. The liquid 

junction potential was calculated to be 10 mV for which no correction was 

applied. We used a slow feedback system that monitored and controlled 

background current injection to guarantee that current clamp measurements 

started at -60 mV. Current injections (800 ms) were applied in 10 pA 

increments (with 5-s intervals) from -100 pA to +400 pA in both the 

absence and presence of LTG (100 µM). These current injections were 

applied several times under control conditions to establish a stable response, 

after which LTG was bath applied. Ten min after the start of the LTG 

application the response of the neuron to current injections was again 

determined. 

Acutely dissociated cell experiments 

Cell preparation 

The mouse was decapitated after being anesthetized with isoflurane. The 

brain was quickly removed and cooled in an oxygenated PIPES buffered 

dissociation solution containing (in mM): NaCl (120), KCl (5), CaCl2 (2), 

MgCl2 (1), PIPES (20), D-glucose (25); pH 7.0. The hippocampi were 

dissected out and transverse slices (300 μm thick) were cut with a tissue 

chopper. From each slice the CA1 area including stratum pyramidale and 

stratum radiatum was cut and transferred to an incubation chamber with a 

magnetic stirrer. The incubation chamber contained oxygenated dissociation 

solution and 0.5 mg/ml protease (Sigma-Aldrich). The tissue cubes were 

enzymatically treated for 30 minutes at 32 ⁰C. They were then washed with 
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oxygenated dissociation solution and maintained in this solution at room 

temperature (20 ⁰C) until use. Neurons were dissociated by trituration of a 

tissue cube in 0.5 – 1 ml dissociation solution through a series of Pasteur 

pipettes with decreasing diameter and brought into a perfusion chamber of 

an inverted microscope (Nikon). Pyramidal cells were selected by 

morphology: a pyramidal shaped cell body with a single apical dendrite 

from the apex of the pyramidal cell body. In some cases, the proximal part 

of basal dendrites emerging from the base of the cell body is visible. 

Interneurons containing the 5HT3A receptor were distinguished using the 

green fluorescent protein label. Only neurons with a bright and smooth 

appearance and with no visible organelles were selected for 

electrophysiological recordings.  

Voltage clamp recordings 

Voltage-gated Na+ currents were recorded in the whole-cell voltage-clamp 

mode with an Axopatch 200A amplifier (Axon Instruments) at room 

temperature (20-22 ⁰C). Recording pipettes (2-3 MΩ) were pulled from 

thin-wall borosilicate glass capillary tubes (1.5 mm outer diameter; Science 

Products GmbH, Germany) with a Brown/Flaming puller (Model–P–87; 

Sutter Instruments Co.). The pipette solution contained (in mM) CsF (110), 

NaCl (5), EGTA (10), HEPES (10), MgCl2 (2), TEACl (25), MgATP (5) 

and  NaGTP (0.1). The pH was adjusted to 7.3. Once the whole-cell 

configuration was successfully achieved, compensation circuitry was used 

to reduce the series resistance error by at least 75%. The holding membrane 

potential was set at -70 mV and the dissociation solution in the recording 

chamber was replaced by the continuous perfusion with the extracellular 

solution. The extracellular solution contained (in mM):  Choline-Cl (95), 

NaCl (20), HEPES (10), CaCl2 (2), MgCl2 (1), KCl (5), TEACl (25), 4-AP 
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(5), CdCl2 (0.1) and D-glucose (25). The pH was adjusted to 7.4. The liquid 

junction potential was calculated to be 8.5 mV for which no correction was 

applied. Voltage-clamp protocols were applied with an in-house recording 

and analysis software written in Matlab. Pulse intervals were 1 s, with the 

exception of the binding and unbinding protocols, where the interval was 5 s. 

The currents were filtered at 1 kHz and sampled at a frequency of 5 kHz. 

During the recording, neurons were perfused with either extracellular 

solution (control condition) or LTG-containing extracellular solution (drug 

application) emitted from perfusion pipettes which were connected to a 

Fast-Step Perfusion system (SF-77B, Warner Instrument Corporation, 

Hamden, USA). In each extracellular solution (control or LTG-containing) 

protocols were applied twice, and the control solution was applied before 

and after the LTG application. This allows to compensate  for small changes 

in parameter values (e.g. a drift of the voltage dependence of steady-state 

inactivation) during time.   

Drug 

LTG (GlaxoSmithKline, UK) was dissolved in dimethylsulfoxide (DMSO) 

to make a stock solution of 333 mM. Then it was diluted in extracellular 

solution to reach the final concentrations required (100, 300, 600 and 1000 

μM). The final concentration of DMSO was 0.05% (also in control 

condition), which had no significant effects on Na+ currents and quality of 

the neurons. 

Data analysis 

Data are given as mean ± standard error of the mean (S.E.M.). Statistical 

comparisons of multiple groups were performed with a two-way ANOVA 

(followed by the Fisher Least Significant Different post-hoc test). Student’s 
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t-test was used for the direct comparison of two groups of parameters. The 

binding data was compared with a test for homogeneity of regression 

coefficients. P<0.05 is assumed to indicate a significant difference. 

Results 

 Action potentials in pyramidal neurons and interneurons 

Action potentials and firing patterns of pyramidal neurons and interneurons 

were characterized, using current-clamp recordings in the two neuronal 

populations in brain slices of the hippocampal CA1 area including stratum 

pyramidale and stratum radiatum. Action potentials were evoked with 800-

ms current injections ranging from -100 pA to +400 pA with 10-pA 

increments. We compared passive properties including membrane potential, 

input resistance and capacitance between pyramidal neurons and 

interneurons (Table 1) and no differences in these parameters between the 

two neuronal populations were found. To quantify action potential 

characteristics, four parameters of the first action potential evoked by a 150-

pA current injection were determined (Fig. 1A): the threshold (mV), the 

half-width (ms) and the duration (ms) of the rising (depolarization) and 

decay phase (repolarization) of the action potential (Table 1). Pyramidal 

neurons generate wider action potentials, with the half-width and the decay 

time being significantly longer than action potentials in interneurons. 

Compared with pyramidal neurons, interneurons have a ~5 mV more 

depolarized membrane voltage for action potential triggering .    

Current injections of 50 pA and larger evoked in both neuron types 

repetitive firing behaviour, with the pyramidal neurons displaying more 

adaptation during the current injections than the interneurons (Fig. 1B). For 

a further characterization of these firing patterns, we measured the number 
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of spikes, the instantaneous frequency of the first two spikes and the 

instantaneous frequency of the last two spikes. Fig. 1C shows the number of 

spikes plotted against current injections. The number of spikes evoked by 

depolarizing current injections (150-350 pA) in interneurons were 

significantly higher than those in pyramidal neurons. The instantaneous 

frequencies of the first two spikes and the last two spikes of interneurons 

were generally higher than those in pyramidal neurons (Figs. 1D and 1E). 

Differences in biophysical properties of voltage-gated Na+ channels present 

in pyramidal neurons and interneurons may underlie the different action 

potential characteristics, which was investigated in a series of voltage clamp 

experiments. 

Table 1 Passive and active (action potential) properties of interneurons and 
pyramidal neurons recorded in acute hippocampal slices 

Neuron 
type 

Membrane 
potential 

(mV) 

Input 
resistance 

(MΩ) 

Capacitance 
(pF) 

Threshold 
(mV) 

Half 
width 
(ms) 

Rise time 
(ms) 

Decay 
time (ms) 

Interneurons 

(n=6) 
-49.7±3.6 392±51 6.6±1.2 -38.8±0.8** 1.2±0.1** 0.89±0.04 1.8±0.2* 

Pyramidal 
neurons 

(n=6) 

-59.6±3.0 250±48 7.9±1.1 -43.6±0.6 1.8±0.1 0.84±0.04 4.8±0.9 

Data are shown as mean ± S.E.M. The Student’s t-test was performed to compare 
values of interneurons and pyramidal neurons; * indicates P<0.05, ** indicates 
P<0.01. 

 

Biophysical properties of voltage-gated Na+ channels 

Voltage-gated K+ and Na+ channels are involved in action potential 

characteristics and firing patterns, where voltage-gated Na+ channels are 

crucial for the initiation and propagation of action potentials. To investigate 

whether Na+ channels in pyramidal neurons and interneurons have different 

biophysical properties we compared voltage-dependent activation, steady-
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state inactivation and recovery from steady-state inactivation of voltage-

activated Na+ channels in acutely dissociated pyramidal neurons and 

interneurons. 

 

Figure 1 Action potential characteristics and firing patterns of hippocampal 
pyramidal neurons and interneurons. A. The first action potential evoked by a 
800-ms 150-pA current injection evoked in a pyramidal neuron. Indicated are how 
four action potential characteristics are determined (see Table 1): threshold: the 
membrane potential where the action potential is triggered; rise time: the duration 
from the time point when the depolarization reaches the threshold to the time point 
of the action potential peak; decay time: the duration from the time point of the 
action potential peak to the time point when the repolarization reaches the 
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threshold level; half-width: the width of the action potential at the middle of the 
action potential. B. Example traces of spike trains evoked with 100 pA current 
injections (lasting 800 ms) in a pyramidal neuron (left) and an interneuron (right). 
C. Current injections (lasting 800 ms) ranging from 50 pA to 350 pA evoke a 
larger number of action potentials in interneurons than in pyramidal neurons 
(significantly different with 150-350 pA current injections). D. The first two evoked 
action potentials display in interneurons a higher instantaneous frequency than 
those evoked in pyramidal neurons and they are significantly different with 200, 
300 and 350 pA current injections. E. The last two evoked action potentials display 
in interneurons a higher instantaneous frequency than those evoked in pyramidal 
neurons and they are significantly different with 100, 150, 250 and 400 pA current 
injections. *P<0.05, **P<0.01, unpaired Students t-test; error bars indicate S.E.M. 

 

Voltage dependent activation A voltage step protocol (Fig. 2A, inset) was 

used to evoke voltage-dependent Na+ currents. The currents were activated 

by 25-ms depolarization steps from -70 mV to +10 mV following a 500-ms 

pre-pulse potential of -150 mV. The depolarization steps evoked transient 

inward Na+ currents which first increased in peak amplitude because the Na+ 

conductance increases with depolarizing voltage steps. Na+ currents then 

decreased in peak amplitude with the Na+ conductance reaching the 

maximum value, while the driving force constantly decreased (Fig. 2A). We 

determined the peak amplitude of the evoked Na+ current at each voltage 

step and calculated the Na+ current density by dividing the current 

amplitude by the cell capacitance. The mean Na+ current density-voltage 

relationships for pyramidal neurons and interneurons are shown in Fig. 2B. 

These were fitted with the Goldman-Hodgkin-Katz current equation using a 

Boltzmann function to describe the Na+ permeability as a function of 

membrane voltage (V): 
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Where α = F/RT with F the Faraday constant, R the gas constant and T the 

absolute temperature. [Na+]out and [Na+]in are the extracellular and 

intracellular sodium concentrations. P0 is the maximal Na+ permeability and 

the voltage dependence of the conductance is described with a Boltzmann 

function characterized by the potential of half-maximal activation (Vh) and a 

slope parameter (Vc). For practical measurements we prefer to substitute P0 

F α [Na+]out = gmax where gmax is the maximal conductance. Fitting the peak 

Na+ current values with eq. 1 yielded Vh, Vc and gmax values for each neuron 

and the normalized conductance was calculated by dividing the gmax value 

by the cell capacitance (nS/pF) (Table 2). Although the dissociated 

pyramidal neurons were larger than the interneurons (cell capacitance values 

were 6.4 ± 0.4 pF and 4.7 ± 0.4 pF, respectively; P<0.01), the average 

normalized conductance value in the two neurons types was not much 

different. The same holds for the slope parameter, but the mean Vh value of 

interneurons was more depolarized (~5 mV) than that of pyramidal neurons 

(Table 2). 

Table 2 Activation and steady-state inactivation properties of Na+ currents 
recorded in acutely dissociated hippocampal interneurons and pyramidal 
neurons 

Neuron type Activation Inactivation 

Vh (mV) Vc (mV) Gmax (nS/pF) Vh (mV) Vc (mV) 

Interneurons 
(n=23) 

-34.9±1.1** 5.0±0.2 12.5±1.6 -72.0±1.3* -5.2±0.1** 

Pyramidal 
neurons 
(n=14) 

-40.4±1.7 4.8±0.2 15.2±2.1 -76.7±2.0 -6.0±0.3 

Data are shown as mean ± S.E.M. The Student’s t-test was performed to compare 
values of interneurons and pyramidal neurons; * indicates P<0.05, ** indicates 
P<0.01. 
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Steady-state inactivation The voltage-dependent steady-state inactivation 

of Na+ channels was studied with a voltage step protocol where a 2500-ms 

hyperpolarizing pre-pulse from -150 to -35 mV was followed by a 25-ms 

depolarization test voltage step to -10 mV (Fig. 2C, inset). We determined 

the peak amplitude of the Na+ current evoked by the 25-ms depolarization 

step for each pre-pulse voltage step and plotted the normalized amplitudes 

(to the maximal peak amplitude of the Na+ current evoked after the pre-

pulse of -150 mV) as a function of the pre-pulse potentials (Fig. 2D). The 

current-voltage relationship for each neuron was fitted with a Boltzman 

equation (Equation 2.):  








 −
+

=

c

h

max

V

VV
exp1

I
)V(I

    Eq. 2 

Where Imax is the maximal peak amplitude, Vh is the potential of half-

maximal inactivation and Vc is proportional to the slope of the inactivation 

curve. The averaged Vh and Vc values for the two neuronal types are shown 

in Table 2. The mean Vh value of the interneurons was more depolarized 

(~5 mV) than that of pyramidal neurons. The smaller Vc value of 

interneurons points to a steeper steady-state inactivation curve of the 

interneurons (Fig. 2D). 
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Figure 2 Voltage-dependent activation and inactivation of Na+ currents of 
hippocampal pyramidal neurons and interneurons. A. Example traces of Na+ 
currents evoked with 25-ms depolarization steps following a 500-ms 
hyperpolarizing pre-pulse of -150 mV; VH was -70 mV (protocol given as inset). B. 
The mean Na+ current density-voltage relationships of pyramidal neurons (n=14) 
and interneurons (n=23) are plotted as function of the membrane voltage and fitted 
with the Goldman-Hodgkin-Katz current equation (Eq. 1). The Vh and Vc values 
obtained with this fitting procedure were -40.1 ± 3.2 mV and 6.0 ± 2.1 mV for 
pyramidal neurons and -35.4 ± 3.5 mV and 5.7 ± 2.2 mV for interneurons. C. 
Example traces of Na+ currents evoked by a 25-ms depolarization test voltage step 
to -10 mV following 2500-ms hyperpolarizing pre-pulse voltage steps ranging 
from -150 mV to -35 mV (protocol given as inset). D. Steady-state inactivation 
relationships for pyramidal neurons (n=14) and interneurons (n=23). The 
available current fraction was defined as the normalized peak current amplitude, 
relevant to the peak current amplitude evoked after the pre-pulse to -150 mV. 
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These values were plotted as function of the pre-pulse voltage levels and fitted with 
a Boltzmann equation (Eq. 2). The Vh and Vc values obtained with this fitting 
procedure were -76.5 ± 0.3 mV and 7.3 ± 0.2 mV for pyramidal neurons and -71.6 
± 0.2 mV and 6.2 ± 0.2 mV for interneurons. Error bars indicate S.E.M. 

 

Recovery from inactivation The time course of the recovery from 

inactivation of Na+ channels was determined by applying a double-pulse 

protocol (Fig. 3A, inset). The intervals Δt (during which Na+ channels were 

allowed to recover from the inactivated state) between two 25-ms 

depolarization steps (to -10 mV) were varied from 1.8 to 200 ms. The 

interval membrane potentials were -80, -90 and -100 mV. The ratios of the 

peak amplitudes of the Na+ currents evoked by the second pulses to those 

evoked by the first pulses were determined and plotted as a function of Δt. 

The ratio-interval relationship was fitted with a single-exponential function 

of the form: 

  








τ
Δ−−=Δ

V

t
exp1)t(Ratio

    Eq. 3 

Where τv is the (voltage-dependent) time constant describing the recovery 

from inactivation of Na+ channels (Fig. 3B). The mean τv values for 

pyramidal neurons and interneurons at the interval membrane potentials of -

80, -90 and -100 mV are presented in Fig. 3C. The recovery from 

inactivation of Na+ currents in both neuron types was faster at more 

hyperpolarized potentials. Furthermore, the recovery of inactivation was 

faster in interneurons than in pyramidal neurons at the same membrane 

potential. 
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Figure 3 Voltage-dependent recovery from inactivation of Na+ channels in 
pyramidal neurons (n=16) and interneurons (n=25). A. The time course of 
recovery from inactivation of Na+ channels was determined by a double-pulse 
protocol (given as inset). Two 25-ms depolarization steps (to -10 mV) were applied 
with varying pulse intervals (Δt = 1.8, 3.6, 7, 12.5, 25, 50, 100 or 200 ms) at three 
membrane voltages  -80 mV, -90 mV and -100 mV. Example traces of Na+ currents 
evoked by the double-pulse protocol with the intervals (100 ms, 25 ms and 3.6 ms) 
are shown. B. The ratios of the peak amplitudes of the Na+ currents of an 
interneuron evoked by the second pulses to those evoked by the first pulses were 
determined and plotted as a function of the interval Δt. The ratio-interval 
relationship was fitted with a single-exponential function to produce a time 
constant τ describing the recovery from inactivation (at the interval membrane 
potential of -90 mV). C. The average τ values for recovery of inactivation at the 
interval membrane potentials (-80 mV, -90 mV and -100 mV) in pyramidal neurons 
and interneurons. The recovery from inactivation was voltage-dependent in the two 
neuronal types (P<0.001) and it was faster in interneurons (P<0.05) (two-factor 
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ANOVA, performed on the log transformed data due to non-homogeneity of 
variance). Error bars indicate S.E.M. and ** indicate P<0.01 for comparison of 
the τ values of interneurons and pyramidal neurons at the three membrane 
potentials (Fisher’s LSD post-hoc test). 

 

LTG modulates the steady-state inactivation properties of Na+ channels 

Anti-epileptic drugs like lamotrigine (LTG) interact with voltage-gated Na+ 

channels by preferently binding to the inactivated state of the channels. 

Through this mechanism LTG can stabilize the Na+ channels in this non-

conductive state and as such reduce high frequency firing activity (Meldrum 

& Rogawski, 2007). To compare LTG effects on the steady-state 

inactivation of Na+ channels of acutely dissociated pyramidal neurons and 

interneurons, we evoked Na+ currents with a voltage step protocol (Fig. 4A) 

which is the same as the one described in Fig. 2C (inset). Na+ currents 

evoked after the pre-pulse voltage step to -150 mV were hardly blocked by 

LTG (600 µM) since at this pre-pulse potential most Na+ channels are in the 

closed state (Fig. 4A,B). However, Na+ currents evoked after the pre-pulse 

voltage step to -80 mV were effectively blocked by LTG as more Na+ 

channels are in the inactivated state at this more depolarized membrane 

potential (Fig. 4A). The steady-state inactivation curves shifted to the 

hyperpolarizing direction with increasing LTG concentrations (Fig. 4B). 

The shift of the curve midpoints (ΔVh) in Fig. 4C was determined in each 

neuron by the difference of Vh in the absence and presence of LTG and 

plotted as a function of LTG concentration ([LTG]). The data points were 

fitted with a logistic function of the form: 

( ) [ ]LTGEC1

V
]LTG[V

50

maxh
h +

Δ
=Δ

    Eq. 4 
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where ΔVhmax is the maximal shift of Vh, EC50 is the LTG concentration for 

half maximal effect. There are no differences in the mean values for ΔVhmax 

and EC50 of pyramidal neurons and interneurons (Fig. 4C & D). Remarkably, 

if we compare the values at 100 µM, LTG induced in interneurons a larger 

shift of the steady-state  inactivation curve (p<0.01), implying a higher 

sensitivity of interneurons to LTG with this concentration, but also more 

complex binding kinetics, which could not be validated using the current 

data. 

 

Figure 4 Voltage shift of steady-state inactivation of Na+ currents by LTG in 
pyramidal neurons and interneurons. A. Example traces of Na+ currents evoked 
by a 25-ms depolarization step to -10 mV following a 2500-ms hyperpolarizing 
pre-pulse of -150 mV or -80 mV.  Na+ currents were evoked in the absence and 
presence of LTG (600 µM) (the protocol is given as an inset). B. The normalized 
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inactivation curves shift to the hyperpolarizing direction with increasing LTG 
concentrations; as example the curves in the presence of 100 and 1000 µM LTG 
are given. The normalized inactivation curves were constructed as described in 
Fig. 2D. Error bars indicate S.E.M. C & D. The shift of the Vh values (ΔVh) were 
determined by the difference of Vh in the absence and presence of LTG in each 
neuron and these values are plotted against the LTG concentration (100, 300, 600 
and 1000 µM). The data points were fitted with a logistic function (equation 4) to 
yield ΔVh-max and EC50 values for pyramidal neurons (C; n=16) and interneurons 
(D; n=17). There are no differences in ΔVh-max and EC50 between the two neuronal 
populations (two-tailed Student’s t-test). However, 100 µM LTG induced in 
interneurons a larger shift of the steady-state inactivation curve (P<0.01, two-
tailed Student’s t-test). 

 

Binding rate of LTG to inactivated Na+ channels 

We investigated the binding rate at which LTG binds to inactivated Na+ 

channels of pyramidal neurons and interneurons by using a protocol 

described in Fig. 5A (inset). Na+ channels were first exposed to a 

depolarization step (to -40 mV) of different durations (31 – 1500 ms). This 

depolarization allows Na+ channels to become inactivated and when in this 

state, LTG can bind to the channel. A 5-ms repolarization step to -120 mV 

was applied to allow the fraction of Na+ channels not blocked by LTG to 

recover from inactivation. Na+ currents evoked by the 25-ms depolarization 

test step (-10 mV) were efficiently blocked by LTG (600 µM) with the 

longer pre-pulse depolarization steps (to -40 mV) (Fig. 5A). To determine 

the binding rates of LTG to inactivated Na+ channels, we subtracted the 

current peak amplitudes in the presence of LTG from the current peak 

amplitudes in the absence of LTG, yielding the blocked current amplitudes. 

The blocked current (BC) as a function of the pre-pulse durations (Δt) was 

well fitted by a single exponential : 

BC(Δt) = Bmax (1-exp (-Δt/τ))     Eq. 5. 



Chapter 4 
 

112 

where Bmax is the maximum current  that can be blocked and τ is the time 

constant of the Na+ channel block at -40 mV (Fig. 5B). The binding rate at 

each LTG concentration was determined by taking the reciprocal of the time 

constant. The binding rates were plotted as a function of LTG concentration 

and the plot was fitted with a linear function. The slope of the fitted linear 

relationship represents the binding rate constant. With higher LTG 

concentrations, this block developed more rapidly (Fig. 5C). The binding 

rate constants of LTG to Na+ channels of pyramidal neurons and 

interneurons were not statistically significantly different. 

 

Figure 5 LTG binding to the inactivated state of Na+ channels in pyramidal 
neurons and interneurons. A. Example traces of Na+ currents evoked by a 25-ms 
depolarization step of -10 mV following a 31-, 250- or 1500-ms pre-pulse step 
of -40 mV in the absence and presence of LTG (600 µM). The pre-pulse step with 
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varying durations (31-, 62-, 125-, 250-, 500-, 1000-, 1500-ms) was followed by a 
5-ms repolarization step to -120 mV to allow drug-free Na+ channels to recover 
from inactivation. The whole protocol is given as inset. B. The blocked current 
amplitudes were determined by subtracting the current amplitudes in the presence 
of LTG (300 µM and 600 µM) from the current amplitudes in the absence of LTG. 
For each concentration, the blocked current amplitudes are plotted as a function of 
the pre-pulse durations and fitted with a mono-exponential function (Eq. 5) to yield 
a time constant (τ) describing the time course of the development of Na+ channel 
block. C & D. The binding rates (s-1) were determined by taking the reciprocals of 
their corresponding time constants (see B) and then plotted as a function of the 
LTG concentration. The data points were fitted with a linear function, with the 
slope yielding the LTG binding rate constant for the pyramidal neurons (C; n=16) 
and the interneurons (D; n=14). A test for homogeneity of regression coefficients 
revealed that the binding rates of LTG to inactivated Na+ channels of both neuron 
types were not different. 

 

Unbinding rate of LTG from inactivated Na+ channels 

Another important determinant of LTG efficacy is the unbinding rate at 

which LTG dissociates from its binding site. The unbinding rates of LTG 

from Na+ channels of pyramidal neurons and interneurons were determined 

by using a protocol shown in Fig. 6A (inset). The membrane potential was 

first depolarized to -40 mV for 2000 ms, to achieve LTG binding to 

inactivated Na+ channels. The membrane potential was subsequently 

repolarized to -120 mV for varying durations (10-500 ms) to remove the 

inactivation. Another depolarization step (25 ms, to -10 mV) was 

subsequently applied to test the fraction of available (unblocked) Na+ 

channels. With longer repolarization steps more Na+ channels will recover 

from inactivation, resulting in a dissociation of LTG from its binding site; 

Na+ currents evoked with short repolarization steps remained efficiently 

blocked by LTG (Fig. 6A). The current peak amplitudes in the presence of 

LTG were subtracted from those in control condition, thus yielding the 
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blocked current amplitudes. The LTG-blocked current amplitudes were 

plotted against the repolarization durations to -120 mV and the data points 

were fitted with a single exponential function (Eq. 5) where τ is now the 

time constant of unbinding (Fig. 6B). The reciprocal of this time constant 

represents the rate at which LTG dissociates from Na+ channels. Since 

unbinding is a concentration independent process, we pooled the unbinding 

rates obtained from experiments with 100, 300, 600 and 1000 µM LTG. 

When comparing the unbinding rates of LTG from Na+ channels of 

pyramidal cells with those of interneurons (Fig. 6C) no statistical difference 

between the two neuronal populations was found to exist. 

 

Figure 6 Unbinding of LTG from Na+ channels in pyramidal neurons and 
interneurons. A. Example traces of Na+ currents of a pyramidal neuron evoked by 
a 25-ms depolarization step (to -10 mV) following 5-, 50- and 500-ms 
repolarizations (to -120 mV) after a 2000-ms pre-pulse to -40 mV. The whole 
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protocol is given as an inset. Na+ currents were evoked in control condition and in 
the presence of 600 µM LTG. B. Unblocking of Na+ currents (same neuron as in A) 
in the presence of 600 µM LTG when repolarizing the membrane potential 
from -40 to -120 mV for 10, 25, 50, 100, 300 or 500 ms. Blocked current peak 
amplitudes were determined by subtracting the current peak amplitudes in the 
presence of LTG from the ones in the control condition. Blocked current peak 
amplitudes are plotted as a function of the repolarization duration and the plot was 
fitted with a mono-exponential function to yield a time constant (τ) describing the 
time course of the LTG unbinding process from inactivated Na+ channels. C. 
Comparison of the LTG unbinding rates from Na+ channels of pyramidal neurons 
and interneurons. The unbinding rates were determined by taking the reciprocal of 
the time constants (see B). There is no difference in the LTG unbinding rates of 
pyramidal neurons (8.4 ± 1.0 s-1; n=18) and interneurons (6.9 ± 0.7 s-1; n=14) 
(two-tailed Student’s t-test). Error bars represent S.E.M. values. 

 

LTG reduces the firing rate of pyramidal neurons more efficiently 

To investigate LTG effects on the firing patterns of pyramidal neurons and 

interneurons, we compared LTG (100 µM) effects on the instantaneous 

firing frequency of pyramidal neurons and interneurons. Action potentials in 

the two neuron types were evoked with 800-ms current injections ranging 

from to + 30 to +400 pA in increments of 10 pA. In general, interneurons 

displayed action potentials with a higher firing frequency which adapted 

less as compared with that of pyramidal neurons (Fig. 1B). In the presence 

of LTG the firing rate of both neuron types was reduced, where it seems that 

this LTG effect on pyramidal neurons was larger than that on interneurons 

(Fig. 7A). We analyzed this in more detail by determining the instantaneous 

firing frequency at every inter-spike interval for the different current 

injections in both the absence and presence of LTG. The instantaneous 

frequencies for all inter-spike intervals were plotted against current injection 

amplitude. Fig. 7B shows as example the instantaneous frequencies for the 

first and fourth inter-spike intervals in a pyramidal neuron and an 
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interneuron in the absence (open circles) and presence (filled circles) of 

LTG. We then calculated the ratio of the instantaneous frequency in the 

presence and absence LTG for each current injection (Fig. 7B, filled 

squares). Although the instantaneous frequencies increased with larger 

current injections, the ratios were independent of the magnitude of the 

current injection. We could therefore average the ratios from all current 

injections to quantify the LTG effect for each inter-spike interval. In Fig. 7C, 

the mean ratios at the different inter-spike intervals in a pyramidal neuron 

and an interneuron (same neurons as in Fig. 7B) are plotted against time and 

were fitted with a linear function. For the time scale, we determined for each 

inter-spike interval the relative time point from all current injections in the 

absence of LTG (the time point of the first inter-spike interval was set at “0” 

ms). For this we averaged the time points at the same inter-spike intervals 

from all current injections which yields the (mean) time point of each inter-

spike interval. The linear function generates a slope parameter describing 

the development of LTG-induced attenuation of action potential firing 

during depolarizing current injections (Fig. 7C). These slope values were 

determined for all measured neurons and the average values for pyramidal 

neurons and interneurons are shown in Fig. 7D. The slope parameters of 

pyramidal neurons were significantly steeper than those of interneurons, 

showing that LTG is more efficient in reducing the action potential firing 

frequency of pyramidal neurons than that of interneurons. 
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Figure 7 Effects of LTG on action potential firing of pyramidal neurons (n=6) 
and interneurons (n=6). A. Example traces of action potentials of a pyramidal 
neuron (left panels) and an interneuron (right panels) evoked by a 100-pA current 
injection in the absence and presence of LTG (100 µM). B. LTG effects on different 
inter-spike intervals of action potentials. The instantaneous firing frequency in the 
absence (open circles) and presence (closed circles) of LTG for the first and fourth 
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inter-spike interval of a pyramidal neuron (left panels) and an interneuron (right 
panels) are plotted against the current injection amplitude. The ratio (filled 
squares) of the instantaneous frequency in the absence and presence of LTG was 
also plotted as function of the current injection amplitude. The mean ratio value for 
all current injections is given at the right top of each panel. C. LTG efficacy in 
reducing action potential firing for the two neurons of B. The mean ratio values for 
all inter-spike intervals are plotted against the time they occurred in the control 
condition (see text for details) for each neuron and the plot was fitted with a linear 
function to produce a slope parameter. D. LTG efficacy on pyramidal neurons 
(n=6) and interneurons (n=6). The average slope values obtained for the  
pyramidal neurons (-1.2 ± 0.1 s-1) were significantly steeper than those of 
interneurons (-0.6 ± 0.2 s-1) (two-tailed Student’s t-test, * indicates P<0.05).  Error 
bars indicate S.E.M. 

Discussion 

In the present study the effects of the AED LTG were investigated on firing 

properties and voltage-gated Na+ currents of mouse hippocampal pyramidal 

neurons and a subpopulation of interneurons, 5-HT3AR-expressing 

interneurons. In these two neuron populations we observed (1) different 

action potential characteristics and firing patterns, (2) different biophysical 

properties of voltage-gated Na+ channels, (3) different LTG effects on 

action potential firing and (4) similar LTG sensitivity towards steady-state 

inactivation of Na+ channels and LTG-Na+ channel binding and unbinding 

kinetics. The neuron type-specific responses to LTG suggest a complicated 

pharmacological mechanism underlying epilepsy treatment with LTG. 

Understanding this mechanism is of significant importance for clinical use 

of AEDs and future AED development. frequency of pyramidal neurons 

than that of interneurons. 

Differences in action potential firing and voltage-gated Na+ channels 

between pyramidal neurons and interneurons 



Chapter 4 
 

119 

We characterized action potential characteristics and firing patterns in 

pyramidal neurons and interneurons. Several parameters of action potential 

characteristics including threshold, half-width, rise time and the decay time 

were determined. The half-width and the decay time in pyramidal neurons 

are significantly longer than those in interneurons (Table 1). In addition, 

upon depolarization interneurons fired action potential at a higher frequency 

with less adaptation. These results are consistent with previous findings that 

most pyramidal neurons show a regular firing pattern characterized by 

moderate firing frequencies and a strong degree of adaptation during 

prolonged stimuli whereas GABAergic interneurons often have higher firing 

frequencies with less frequency adaptation during prolonged stimuli 

(McCormick et al., 1985; Kawaguchi, 1995; Nowak et al., 2003; Bean, 

2007). Furthermore, the smaller action potential width and faster decay time 

of interneurons are consistent with previous observations that there is a 

rough correlation of firing frequency with action potential width, with 

higher frequencies having relatively narrower action potentials compared 

with those of pyramidal neurons (McCormick et al., 1985; Connors & 

Gutnick, 1990; Erisir et al., 1999; Tateno et al., 2004).  

Action potential width and decay time are mainly determined by K+ 

channels. The fast-spiking phenotype has been related to expression of the 

Kv3 family of voltage-gated K+ channels (Rudy & McBain, 2001; Lien & 

Jonas, 2003). The other player in action potential firing is the voltage-gated 

Na+ channel. We found that the steady-state inactivation curve in 

interneurons is shifted to the more depolarized direction and that the 

recovery from inactivation in interneurons is faster. This is consistent with 

previous research (Martina & Jonas, 1997) and these properties may 

contribute to the higher firing frequency of interneurons. The availability of 
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Na+ channels (so Na+ channels in the closed state) by the end of an action 

potential in interneurons is greater than that in pyramidal neurons (Carter & 

Bean, 2009; Carter & Bean, 2011). Although subtle differences in the 

kinetics of inactivation may contribute to the different availability of Na+ 

channels after action potentials, Na+ channels inactivate incompletely 

because of the “narrower” action potentials in interneurons (Carter & Bean, 

2009).  

Pyramidal neurons and interneurons have different sensitivity to LTG 

The firing rates of pyramidal neurons were more efficiently reduced by LTG 

than those of interneurons during prolonged stimuli. During the repetitive 

firing of action potentials, voltage-gated Na+ channels cycle through closed, 

open and inactivated states. During the interspike intervals the Na+ channels 

(partly) recover from inactivation and become available for activation. Like 

other AEDs (e.g. CBZ and DPH) LTG suppresses the excessive firing of 

neurons by targeting voltage-gated Na+ channels and it has a much higher 

affinity for the inactivated state than for the closed or open states (Meldrum 

& Rogawski, 2007). When bound, LTG stabilizes Na+ channels in the 

inactivated state, thereby effectively blocking channel conductance. The 

different LTG sensitivity observed in pyramidal neurons and interneurons in 

the present study may result from multiple factors: the interaction of LTG 

with inactivated Na+ channels, the degree of inactivation and binding 

occurring during and after the action potential and the intrinsic kinetics of 

inactivation and recovery from inactivation of Na+ channels.  

To examine the LTG-Na+ channel interaction we tested the effect of LTG on 

steady-state inactivation and we determined the binding and unbinding in 

both neuron populations. For steady-state inactivation we found no 

differences in the maximal ΔVh and the EC50 value.  Also the binding and 
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unbinding kinetics of LTG to and from inactivated Na+ channels were not 

different between pyramidal neurons and interneurons.  

Although K+ ion efflux largely underlies the repolarization phase of the 

action potentials, a fraction of Na+ channels remain open and there is still 

Na+ influx during this phase. Fast-spiking cortical interneurons and 

cerebellar Purkinje cells were shown to have a significant fraction of Na+ 

channels available (not inactivated) immediately after the action potential 

whereas Na+ channels in cortical and CA1 pyramidal cells reached complete 

inactivation by the end of the action potential (Carter & Bean, 2009). The 

difference is largely independent of Na+ channel kinetics, but arises from the 

“narrower” timing of the action potential in interneurons. In the present 

study we observed that the half-width and the repolarization phase of the 

action potential in pyramidal cells were 1.4- and 2.6-fold longer than those 

in interneurons (Table 1). The wider action potential could result in a larger 

fraction of Na+ channels to become inactivated and provide LTG with more 

binding substrates during the action potential. 

Another factor contributing to the different LTG sensitivity may arise from 

the faster recovery from inactivation of the voltage-gated Na+ channels in 

interneurons. Na+ channels of interneurons recover from inactivation 1.5-

fold faster than those of pyramidal cells. The slower recovery from 

inactivation of the Na+ channels of pyramidal cells could give LTG more 

time to bind to the inactivated Na+ channels.  

So the wider action potential of pyramidal neurons combined with the 

slower recovery of inactivation of the voltage-gated Na+ channels of these 

neurons could lead, during action potential firing, to a relatively large 

fraction of inactivated Na+ channels (as compared with interneurons). We 

did not observe differences in LTG-Na+ channel interactions (steady-state 
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inactivation and binding and unbinding kinetics) between the two neuron 

types. So during action potential firing the larger fraction of inactivated Na+ 

channels of pyramidal neurons could account for the observed larger LTG-

induced reduction of the firing rate. By preferably reducing the activity of 

the principle (excitatory) neurons of a network – while leaving the activity 

of the (inhibitory) interneurons relatively unaffected – LTG (and other 

AEDs like CBZ and DPH) can display the desired mechanism of action for 

alleviating the excitability of hyperactive neuronal networks. It remains to 

be determined whether AEDs like LTG have another neuron type specific 

profile when modulating neuronal activity in epileptic networks. 

Furthermore, the neuron-type specific effects may be an important aspect to 

investigate when testing the efficacy of newly developed AEDs. 

Concluding remarks 

In conclusion, action potential firing of hippocampal pyramidal neurons is 

more sensitive to the inhibitory effects of LTG than that of 5-HT3AR-

expressing interneurons. The different sensitivity is not due to different 

LTG-Na+ channel interactions, but may be caused by the action potential 

shape and the intrinsic properties of Na+ channels. Our results reveal a 

previously unknown neuron type-specific response to AEDs, which may 

have important consequences for network excitability when AED treatment 

is applied. Furthermore, these findings indicate that for AED development it 

has to be considered that not only the AED-Na+ channel interactions are 

relevant but also the physiological properties of targeted neurons. 
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