
Frequency-dependent inhibition of antidromic

hippocampal compound action potentials

by anti-convulsants

Adrianna Teriakidis1, Jon T. Brown1,2, Andrew Randall1,2

�
��������� �	
 �� ���� �������������	� �������� �	
 ���������	� ��
� ��� ���	����� ����	��  ��! "�����#�

$������ ������ %&' ()*� +�

�
 ����	� �

����, %� �	��� -�� ��	�����  ���������� +	�������� �- .������� +	�������� *��!� .������� .�/ &0�� +�

Correspondence: )	
��� ��	
���� �1����, �2
2��	
���34������2��2�!

Abstract:

Using rat hippocampal slices, extracellularly recorded antidromic compound action potentials (cAP) were produced in CA1

pyramidal cell populations by electrical stimulation of the alveus at 0.5 Hz. These responses were additionally examined across

a range of stimulus frequencies between 0.5 and 100 Hz. Anticonvulsant drugs in clinical use were applied via perfusion of the

recording chamber. Three anticonvulsants produced a concentration-dependent inhibition of the cAP evoked at low frequency

(0.5 Hz). The following IC�� values were observed: lamotrigine, 210 µM (interpolated); carbamazepine, 210 µM (interpolated);

phenytoin, 400 µM (extrapolated). The extent of inhibition produced was increased when trains of 30 cAPs were evoked at

frequencies � 30Hz. This frequency dependence was quantified by measuring a response integral for a range of compound

concentrations. Three other compounds valproate (5 mM), topiramate (500 µM) and levetiracetam (500 µM) produced no clear

effect at any stimulus frequency tested. Using this simple neurophysiological assay it has been possible to compare the

use-dependent inhibition of hippocampal action potentials by a range of anticonvulsants, providing a useful adjunct to patch clamp

studies of such molecules at Na� channels. There is no clear correlation between the activity in this model and the clinical efficacy of

these drugs in different forms of epilepsy.
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Introduction

Although invariably reflecting some form of neuronal

hyperexcitability, epilepsy is a highly complex condi-

tion with considerable variability in the symptomatol-

ogy between sufferers. This variability had lead to

a wide ranging clinical sub-classification of epilepsies

that is often the starting point for the choice of initial

therapeutic agent [1, 30]. A considerable number of

drugs are used in the pharmacotherapy of epilepsy,

with about 70% of patients experiencing some signifi-

cant clinical benefit (e.g. seizure elimination, reduced

seizure frequency or reduced seizure intensity) once

a suitable medication is identified. In addition, a number

of anticonvulsant drugs have found clinical usage in

conditions other than epilepsy [26]. These include the

management of mood disorders and pain. Conse-

quently, in depth understanding of the mechanistic ba-

sis of anticonvulsant activity, at both the cellular and

network level, is likely to be important in the identifi-

cation of novel pharmacological therapies for numer-

ous afflictions.
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Mechanistically, the field of anticonvulsant phar-

macology has been dominated, although not exclu-

sively so, by compounds that are proposed to primarily

produce their efficacy via one of two broad mecha-

nisms [27]. Firstly, there are compounds that modulate

the GABAergic system, such as the first synthetic anti-

convulsant phenobarbital, the benzodiazepines, vigaba-

trin and possibly valproic acid. The second broad cellu-

lar mechanism postulated for anticonvulsant activity is

inhibition of voltage-gated ion channels involved in the

generation of neuronal excitability, most commonly

Na+ and/or Ca2+ channels. Drugs suggested to owe

their in vivo activity to the inhibition of such channels

include lamotrigine, carbamazepine, phenytoin, etho-

suximide and possibly valproic acid and gabapentin.

Having said this, with the exception of the direct

modulators of GABAA receptors (i.e. barbiturates and

benzodiazepines), there is much controversy concern-

ing the cellular basis of the anticonvulsant activity of

many of the clinically used anticonvulsants.

By way of example, lamotrigine (Lamictal) was

originally developed as a use-dependent Na+ channel

blocker. This approach reflected both the important

role such channels play in neuronal excitability and

the Na+ channel inhibition demonstrated by other ear-

lier anticonvulsants such as phenytoin and carba-

mazepine. Lamotrigine is unarguably a state-

dependent voltage-gated Na+ channel inhibitor, which

exhibits enhanced binding to the inactivated state of

the channel [9, 11, 37]. This widely prescribed drug

is, however, also reported to produce a range of other

actions at similar concentrations including inhibition

of Ca2+ channels [5, 6], up-regulation of the hyper-

polarization-activated mixed Na+/K+ conductance of-

ten referred to as Ih [22], inhibition of the A-type K+

current [7] and modulation of a Ca2+ sensing cation

current [38]. Similar diverse actions have been de-

scribed for many other anticonvulsants, making iden-

tification of the key factors involved in anti-seizure

activity very difficult.

With regard to inhibition of Na+ channels by anti-

epileptic drugs, many studies have used whole cell

voltage-clamp or other voltage clamp techniques to

study inhibition of recombinant or native currents

elicited by simple voltage-steps. Although these

methods have many well documented advantages,

they do not directly study the physiological Na+

channel-mediated event, namely the action potential.

With this in mind, other studies have studied anticon-

vulsant actions on intracellularly recorded action po-

tentials (e.g. [1, 18, 19]) or compound action poten-

tials in preparations such as the optic nerve [4].

Here we have utilized a facile preparation to study

the drug-induced inhibition of compound action po-

tentials in the rat hippocampal slice in vitro. This al-

lows studies of use-dependent inhibition of action po-

tentials in a population of neurons located in a brain

region with considerable relevance to epilepsy. We

then used this preparation to make a systematic study

of the ability of 6 marketed anticonvulsants of diverse

chemical structure to inhibit the hippocampal com-

pound action potential. We found that 3 molecules (la-

motrigine, phenytoin and carbamazepine) produced

a strikingly frequency-dependent effect, whereas so-

dium valproate, topiramate and levetiracetam were

without activity in the same assay.

Materials and Methods

Preparation of hippocampal slices

Male Lister hooded rats (100–150 g) were euthanazed

by overdose of isoflurane followed by cervical dislo-

cation in accordance with UK Home Office guide-

lines. The whole brain was removed and placed in

ice-cold (~4°C) sucrose-based saline solution contain-

ing (mM): sucrose, 189; D-glucose, 10; NaHCO3, 26;

KCl, 3; MgCl2, 5; CaCl2, 0.1; NaH2PO4, 1.25, con-

tinuously bubbled with carbogen (95% O2, 5% CO2).

The whole brain (minus the cerebellum) was then

mounted on a steel plate and 400 µm thick sections

prepared in the sucrose-based solution using a vibro-

tome (VT1000, Leica Microsystems Ltd). The hippo-

campal slices were then dissected free from the sur-

rounding brain regions and transferred to a heated

(32 ± 1°C) submerged recording chamber, continu-

ously perfused (2–4 ml/min) with artificial cerebro-

spinal fluid (aCSF; mM: NaCl, 124; KCl, 3; NaHCO3,

26; CaCl2, 2; NaH2PO4, 1.25; MgSO4, 1; D-glucose,

10; continuously bubbled with carbogen). The re-

maining slices were kept in oxygenated aCSF at room

temperature for later use.

Electrophysiological recording

Extracellular field potentials were recorded using

glass microelectrodes (2–4 M�) backfilled with

aCSF, positioned in stratum pyramidale of area CA1.
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DC coupled potentials were amplified a total of 1000

times and lowpass filtered at 5 kHz using the combi-

nation of an AxoClamp2A amplifier (Molecular De-

vices; Union City, CA) and an additional downstream

filter and amplifier (Brownlee Precision). Antidromic

action potentials were elicited by single shock square

wave stimulation (20–40 V, 40–80 µs) of the alveus

via concentric bipolar stimulating electrodes (inner

diameter 12.5 µm; FHC Inc, Bowdoinham, ME) con-

nected to an isolated stimulator box (Digitimer, UK)

[2]. The resultant signals were digitized at 20 kHz and

captured using Clampex 9.2 software (Axon Instru-

ments) and stored on the hard disk of a PC. The sig-

nals were analyzed off-line using Clampfit 9.2 (Axon

Instruments). Data are presented as means ± standard

error of the mean (SEM); n values refer to the number

of times a particular experiment was performed each

in a different slice.

Drugs

All compounds were applied to slices via the perfu-

sion system. To promote rapid equilibration of com-

pounds, the submerged methods of recording was em-

ployed, rather than the interface method which re-

quires long compound incubation times [31].
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Phenytoin, carbamazepine and sodium valproate were

purchased from Sigma-Aldrich. Lamotrigine, topira-

mate and levetiracetam were synthesized by Medici-

nal Chemistry departments within GlaxoSmithKline.

Results

In the hippocampus, the axons of CA1 pyramidal neu-

rones project from the soma and along the alveus ter-

minating in the subiculum and a variety of cortical re-

gions [2]. Electrophysiological studies have demon-

strated that focal electrical stimulation of the white

matter of the alveus causes a local depolarization of

the pyramidal cell axons, generating an axonal action

potential (AP) which backpropagates towards the

soma [1, 12, 25]. Here, we have used extracellular re-

cording electrodes positioned in stratum pyramidale

to record compound antidromic action potentials

(cAPs) generated by alvear stimulation. These cAPs

were recorded as brief (half width 0.85 ± 0.02 ms;

n = 62 slices) negative voltage deflections of between

0.5 and 2 mV in amplitude (Fig. 1A). At stimulation

frequencies < 0.5 Hz, the spikes were stable in both

amplitude and waveform for periods of up to 1 h (data

not shown). Bath application of the Na+ channel

blocker tetrodotoxin (TTX; 1 µM) completely abol-

ished the cAP signal (Fig. 1; n = 3), confirming that

these responses were dependent on the activity of

voltage-gated Na+ channels. Immediately following
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the rapid downstroke of the cAP, a significantly

slower positive potential was recorded, a portion of

which may represent a compound afterhyperpolariza-

tion (AHP; Fig. 1). Indeed, following addition of glu-

tamate receptor antagonists to eliminate any excita-

tory synaptic transmission which may contaminate

the slower signal, bath application of iberiotoxin

(IbTX; 100 nM) significantly reduced the amplitude

of the AHP component (76 ± 3% of control; n = 6;

p < 0.05, paired t-test), without affecting spike ampli-

tude (95 ± 2% of control; n = 6; p > 0.05, paired

t-test), suggesting a role for large-conductance Ca2+-

activated K+ (BK) channels in this slow repolarizing

phase of the AP [29].

Tonic inhibition of compound AP by anticon-

vulsants

A number of clinically prescribed anticonvulsants are

known to modulate Na+ channel activity, a pharma-

cological action which is thought to result in down-

regulation of neuronal firing. To determine directly

the effects of such anticonvulsants on AP firing, as

apposed to neuronal depolarization leading to AP fir-

ing, we have studied the effects of a range of anticon-

vulsants on antidromic cAPs. Using a relatively low

stimulation frequency (0.5 Hz), cumulative con-

centration-response relationships were determined for

lamotrigine (LTG), carbamazepine (CBZ) and pheny-

toin (PTN), up to maximal concentrations of 500 µM

(LTG and CBZ) and 200 µM (PTN), as determined by

the solubility of each compound. LTG (n = 10) and

CBZ (n = 8) inhibited hippocampal backpropagated

cAPs with very similar concentration-response rela-

tionships, producing a maximal inhibition (at 500 µM)

of 69 ± 4% and 72 ± 7%, respectively (Fig. 2). Both

concentration-response relationships yielded interpo-

lated IC50 values of 210 µM. PTN (which was less

soluble than either LTG and CBZ) also inhibited

backpropagated compound APs with a maximal inhi-

bition of 32 ± 2% (at 200 µM) and extrapolated IC50

of around 400 µM (n = 6; Fig. 2C). Conversely, the

anticonvulsants sodium valproate (VPA), topiramate

(TOP) and levetiracetam (LEV) had no significant ef-

fect on backpropagated cAP amplitude at concentra-

tions of up to 5 mM (VPA; n = 6, p > 0.05; Fig. 2D)

and 500 µM (TOP and LEV; n = 8 and 6, respectively,

p > 0.05; Fig. 2D).

Frequency-dependent changes to compound

antidromic APs

At stimulation frequencies of 0.5 Hz or less, the prop-

erties of the cAP are extremely stable, such that over

periods of 60 min the amplitude and half-width of the

measured response varied by < 5% (data not shown).

When trains of 30 stimuli were delivered at higher

frequencies, however, certain frequency-dependent

changes to the antidromic cAP were observed. For in-

stance, at frequencies greater than 10 Hz the ampli-

tude of the backpropagated cAP decayed slightly over

30 stimuli. Thus, at 1 Hz, the ratio of the 30th to the

1st cAP amplitude (cAP30/1) was 0.98 ± 0.01, whilst

at 100 Hz,cAP30/1 was 0.84 ± 0.01 (n = 51; Fig. 3). To

obtain a quantitative index for the overall profile of

frequency-dependent changes in the amplitude of the

backpropagated cAP elicited by 30 consecutive stim-

uli, we calculated a normalized integral of cAP ampli-

tude versus time plot (e.g. as in Fig. 3Bi). In such

a calculation, if the average cAP amplitude during

a train of 30 pulses was the same as that of the first

cAP (i.e. no frequency-dependent change in response

amplitude), a value of 1 would be obtained. Numbers

greater than 1 represent an overall increase in cAP

amplitude as the train proceeds, whilst values below 1

represent an overall decrease in cAP response. In this

regard, at each frequency between 1 and 100 Hz, there

was a small reduction in cAP amplitude as the train

progressed (Fig. 3B).

Interestingly, at frequencies � 3 Hz, the backpropa-

gated cAP significantly increased in duration through-

out the train of 30 stimuli. For example, the cAP half

width in response to the first stimulus in a train of

thirty, delivered at 100 Hz, was 0.87 ± 0.02 ms, whilst

the half width of the 30th response was significantly

longer (1.48 ± 0.03 ms; p < 0.01; n = 51; Fig. 3). Fur-

thermore, whilst the normalized integral of the cAP

half-width frequency profile at 1 Hz was close to 1

(0.99 ± 0.01; n = 51; Fig. 3C), at higher frequencies,

the integral was significantly higher, such that at

100 Hz the normalized integral was 1.52 ± 0.2 (n = 51),

suggesting an overall increase in cAP half-width.

Use-dependent actions of anticonvulsants on

compound AP

Voltage-clamp studies of a number of the anticonvul-

sants described have highlighted and characterized

their use-dependent inhibitory effects on Na+ channel

activity. Less is known about how these pharmacol-
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ogical properties affect AP firing at different frequen-

cies. By changing the stimulation, and thus firing, fre-

quency of the backpropagated cAP as described

above, the number of times the Na+ channel popula-

tion is activated in a given time period is altered.

Therefore, delivering short trains of stimuli at differ-

ent frequencies provides a method of studying the

use-dependent activity of an anticonvulsant com-

pound at neuronal Na+ channels in a relatively

physiological environment.

Trains of stimuli delivered at � 10 Hz in the pres-

ence of > 100 µM LTG, evoked compound back-
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propagated APs which had a similar relative fre-

quency dependent profile to those recorded in drug-

free solutions. For example, under control conditions

following a train of 30 stimuli delivered at 10 Hz, the

mean AP30/1 ratio was 0.85 ± 0.03 (n = 6), similar to

that recorded in the presence of 500 µM LTG (0.81 ± 0.07;

n = 6; p > 0.05; Fig. 4A). However, at cAP frequen-

cies of 30–100 Hz, LTG produced a marked

concentration-dependent additional inhibition of the

response amplitude. Thus, a train of 30 stimuli deliv-

ered at 100 Hz under control conditions produced

a mean AP30/1 value of 0.86 ± 0.04 (n = 6), whilst in

the presence of 500 µM LTG AP30/1 was significantly

lower (0.10 ± 0.04; n = 6; p < 0.01), representing sig-

nificant levels of additional use-dependent inhibition

by LTG. Likewise, the mean normalized integral of

the 100 Hz frequency profile under control conditions

was 0.93 ± 0.02 (n = 6), whilst in the presence of 500 µM

LTG the value was significantly lower at 0.38 ± 0.03

(n = 6; p < 0.01). Additional use-dependent inhibition

of the antidromic cAP was also observed in the pres-

ence of CBZ (500 µM; mean normalized integral of

the 100 Hz frequency profile was 0.30 ± 0.03 cf.

0.82 ± 0.04 in control, n = 6) and PTN (200 µM; fre-

quency profile integral was 0.68 ± 0.05 cf. 0.88 ± 0.03

in control, n = 6; Fig. 4C, D). However, no use-

dependent inhibition of the cAP by VPA (5 mM;

n = 6), TOP (500 µM; n = 8) or LEV (500 µM; n = 6)

was observed, paralleling the lack of tonic inhibition of

cAP elicited with low frequency stimulation (Fig. 2D).

Discussion

Although a substantial body of literature exists on the

neurophysiological effects of anticonvulsant drugs

there is a relative paucity of quantitative information
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on the use-dependent inhibition of action potential fir-

ing in physiological preparations. For this reason, we

have developed a simple extracellular recording-

based assay of hippocampal cAPs to investigate use-

dependent actions of anticonvulsants on the firing be-

havior of hippocampal pyramidal neurones.

We first characterized some basic properties of the

cAP response including pharmacological effects of

well characterized toxin blockers of Na+ and K+ chan-

nels (Fig. 1). In addition, changes in the cAP ampli-

tude and area in response to different frequencies of

axonal activation were characterized (Fig. 3). Al-

though small decreases in cAP amplitude were pro-

duced at higher activation frequencies, the more strik-

ing change was an increase in cAP width. This is

likely to result from a frequency-dependent increase

of variability in post-stimulus spike latency in the in-

dividual cells making up the compound response

(JTB and AR, unpublished intracellular observations).

Having characterized some basic properties of the

preparation we then looked at the ability of various

anticonvulsants in widespread clinical use to produce

a “tonic block” of the cAP elicited by stimuli applied

every 2 seconds. Using this low frequency model of

axonal activation, we found that three compounds (la-

motrigine, phenytoin and carbamazepine) previously

shown to block Na+ channels in voltage clamp experi-

ments [9–11, 23, 28, 35, 36] as well as repetitive ac-

tion potential firing [17] were, perhaps rather pre-

dictably, able to reduce the amplitude of the hippo-

campal antidromic cAP. Indeed, previous studies have

suggested that these three compounds (along with lo-

cal anesthetics) possess overlapping sites of interac-

tion on the pore forming subunit of the Na+ channel

protein [8, 13, 24, 39].

The inhibition of the cAP required quite high con-

centrations to become apparent and only reached lev-

els > 50% for lamotrigine and carbamazepine. The

weak nature of the compound effects on cAPs is not

entirely surprising given the results of previous volt-

age clamp analysis of Na+ channel inhibition by the

same compounds. When such studies are performed

under experimental conditions (i.e. negative holding

potential, brief and infrequent stimuli) in which the

time-averaged fraction of the Na+ channel population

residing in inactivated states is low, IC50 values > 50 µM

are reported. In contrast, quite potent inhibition of

repetitive action potential firing has been reported us-

ing intracellular recording of responses to prolonged

depolarizing current injections [18].

It is important to note that, depending on Na+ chan-

nel density and various other factors, the relationship

between the fractional inhibition of the Na+ channel

population and the amplitude and/or actual presence

of an action potential can be quite variable. Thus, it is

entirely feasible that a 50% inhibition of the Na+

channels in some neurones may be insufficient to sub-

stantially alter the action potential, whereas in other

cells a similar level of inhibition may eliminate the

ability to produce action potentials altogether. Thus,

one should not necessarily expect a good correlation

between IC50 from a voltage clamp experiment

(measured at room temperature) and the concentration

required to depress compound action potentials by

50% measured closer to physiological temperature.

Interestingly, neither topiramate nor valproate, both

of which have been suggested to interact with Na+

channels, produced significant activity against the

cAP. This was the case if cAPs were evoked at low

frequency or in trains with frequencies up to 100 Hz.

Although valproate has been suggested to modulate

the biophysical properties of neuronal Na+ channels

in various ways [32, 34], it remains the subject of con-

flicting reports. For example, it is reported to exhibit

no activity at the human recombinant NaV1.2 channel

[37] one of the major isoforms found in the brain

including the hippocampus. Furthermore, in a report

using similar methodology to that described here,

a similar lack of effect of valproate (up to 2 mM) on

antidromic action potentials in hippocampal slices

was reported [1, 37]. One possibility is that valproate

needs both periods of tonic resting potential depolari-

zation and repetitive firing to fully produce its activ-

ity. This idea was supported by findings with val-

proate in epilepsy models either in cell culture or

brain slices [19, 31].

Likewise, topiramate has been reported to reduce

repetitive neuronal firing in cultured neurones [3, 17]

and to produce a seemingly state-dependent inhibition

of neuronal Na+ channels [33, 40] along with effects

at Ca2+ channels, GABA and glutamate receptors

[27]. Despite this, no activity was produced at topira-

mate concentrations up to 500 µM in our hippocampal

slice preparation. It would be interesting to see if topi-

ramate activity could be uncovered in our ortho-

dromic cAP assay if it were performed under modi-

fied conditions, for example with a tonic background

depolarization induced by a small elevation of extra-

cellular K+ concentration.
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The remaining compound found to be inactive in

this study was the anticonvulsant levetiracetam. This

compound which is predominantly used in therapy of

partial seizures [27] is thought not to be a Na+ channel

modulator [21, 41] but may have inhibitory actions at

other voltage gated channels such as Ca2+ channels

[14, 20] and perhaps counter-intuitively K+ channels

[16]. With reference to this latter property of leveti-

racetam, we found that neither the width at half height

of the cAP negative deflection nor the amplitude of

the subsequent positive “AHP” wave was altered by

this compound (data not shown), whereas iberiotoxin

was able to affect the latter parameter (Fig. 1). A re-

cent important observation concerning levatiracetam

is its high affinity binding to a vesicle protein SV2A

[15]. This presents the intriguing hypothesis that this

presynaptic interaction is the site of action of this

compound rather than the various ion channels typi-

cally targeted by many other anticonvulsants [27].

Having examined 6 different anticonvulsant drugs,

all of which have some reported activity at neuronal

voltage-gated channels, versus hippocampal cAPs we

can consider if their activity (or lack of it) in this as-

say can in any way parallel their clinical utilization in

different forms of epilepsy. The clinical sub-

classifcation of epilepsies and their related treatments

is a complex area. A detailed appreciation is beyond

the scope of this discussion and we would recommend

consulting specialist texts dedicated to this question

[30]. Certain major seizure types, however, are

broadly recognized in the clinic and, furthermore,

seem to have somewhat different anticonvulsant re-

sponsiveness [27]. The three active compounds in our

hippocampal assay, namely carbamazepine, pheny-

toin and lamotrigine, are all active clinically in both

partial and generalized tonic-clonic seizures. Having

said this, with the exception of ethosuximide, most

anticonvulsants, including those without actions at

Na+ channels, have some efficacy in patient popula-

tions exhibiting these forms of epilepsy. Indeed, of the

3 molecules that we found inactive against the hippo-

campal cAPs, topiramate and valproate are clinically

effective in both seizure types and levetiracetam is

clinically effective in patients with partial seizures

and perhaps also those exhibiting generalized tonic-

clonic seizures.

Considering the clinical usage of the compounds

inactive against cAPs in this study, we can see that

they are all suggested to have some utility against ab-

sence seizures, however, this is also the case for one

of the cAP-inhibiting molecules, namely lamotrigine,

but not the other two, carbamazepine and phenytoin.

Consideration of the utility of the drugs used here in

Lennox-Gastaut or myoclonic seizures would also not

point to any clear relationship between activity in our

assay and common clinical use. Consequently, there

seems to be no clear parallel between the ability

(or not) of anticonvulsants to produce frequency-

dependent depression of cAPs and the forms of clini-

cal epilepsy in which they prove effective. This find-

ing is probably not limited to just the assay described

here but pertains to many other in vitro assays in

which anticonvulsants are active. This all adds to the

idea that the full clinical spectrum of efficacy for

known anticonvulsants arises rarely, if ever, from in-

teractions at a single target. Instead a range of phar-

macological actions at multiple targets (some of

which may currently be undiscovered), along with

pharmacokinetic considerations and perhaps metabo-

lite activities, all combine to shape the ultimate clini-

cal profile of any anticonvulsant. These multiple tar-

get interactions exhibited by known anticonvulsant

drugs makes the route to the discovery and develop-

ment of novel anticonvulsants potentially tortuous.

Based on recent work [15], it seems likely, however,

that novel drug targets, that to date remain unconsid-

ered for epilepsy, lurk within the mammalian genome,

awaiting future exploitation.
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