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1. We constructed a model of the in vitro rodent CA3 region with 128 pyramidal neurones
and twenty-four inhibitory neurones. The model was used to analyse synchronized firing
induced in the rat hippocampal slice by 4-aminopyridine (4-AP), a problem simultaneously
studied in experiments in rat hippocampal slices. N-methyl-p-aspartate (NMDA) receptors
were blocked.

2. Consistent with a known action of 4-AP, unitary EPSCs were assumed to be large and
prolonged. With augmented EPSCs, spontaneous synchronized bursts occurred in the
model if random ectopic axonal spikes were present. We observed probable antidromic
spikes and miniature spikes experimentally.

3. Consistent with experiment, model synchronized bursts were preceded by a period of about
100 ms of increased unit activity and cell depolarization. In the model, this was caused in
part by EPSPs consequent to ectopic axonal spikes.

4. After widespread firing had begun, full-blown synchrony in the model required
orthodromic EPSPs. A single synchronized burst, once initiated, could proceed without
further ectopic activity.

5. A depolarizing change in reversal potential for dendritic GABA , favoured the occurrence of
synchronized after-discharges in the model. Consistent with this, bicuculline was found to
block after-discharges in slices bathed in 4-AP (70 pm) during NMDA blockade.

6. These data indicate that, even with synaptic inhibition present, ectopic spikes can ‘set
the stage’ for synchronized activity by depolarizing pyramidal cell dendrites, but that
recurrent orthodromic EPSPs are required for expression of this synchrony. When synaptic
inhibition is present, EPSCs may need to be larger than usual for synchrony to take place.
Secondary bursts in 4-AP appear to be driven in part by a depolarizing GABA ,-mediated
current.

A number of experimental manipulations, each altering
synaptic and membrane properties in a distinctive manner,

To be specific, GABA, blockade, low extracellular
concentrations of Mg®", and 4-aminopyridine (4-AP) at

can induce epileptic after-discharges in hippocampal slices.
While the biophysical mechanisms of the various
manipulations are different, the neuronal population output
is rather stereotyped: a series of synchronized population
bursts, generally with the first burst longer than succeeding
bursts. Why should this be? This question is important
for the human epilepsies, where the underlying biophysical
mechanisms are largely unknown, but whose principles
might be revealed through study of features common to
many diverse experimental epilepsies. In addition, the
ready ability of groups of hippocampal neurones to produce
population oscillations might be relevant to normal
function.

concentrations in the range of tens of micromolar, can all
induce trains of synchronized bursts in rodent hippocampal
slices (Miles, Wong & Traub, 1984; Ives & Jefferys, 1990;
Avoli, Psarropoulou, Tancredi & Fueta, 1993; Traub,
Jefferys & Whittington, 19945). GABA, blockade cannot
be the common mechanism, since evoked IPSCs are not
completely blocked in low-Mg** media (Whittington,
Traub & Jefferys, 1995) and evoked IPSPs may even be
increased in 4-AP (Buckle & Haas, 1982; Rutecki, Lebeda
& Johnston, 1987). N-methyl-p-aspartate (NMDA) receptors
are required for the later bursts in an after-discharge
induced by GABA, blockade (Lee & Hablitz, 1990; Traub,
Miles & Jefferys, 1993) — although not for the first burst —
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and NMDA receptors are required for all synchronized
activity in low-Mg?* media (Traub et al. 1994b). Yet
NMDA receptors alone cannot be the common thread in the
experimental epilepsies either, since prolonged synchronized
bursts and after-discharges can be recorded in 4-AP during
pharmacological NMDA blockade (Avoli et al 1993);
NMDA receptors are also not required for expression of
after-discharges consequent to electrical stimulation
(Stasheff, Anderson, Clark & Wilson, 1989). In this study
we use experiments and computer simulations to explore
how synchronized bursts and after-discharges might arise
in 4-AP independent of NMDA receptors.

Relevant biophysical actions of 4-AP include the following.
(1) Blockade of transient K* currents in postsynaptic
soma—dendritic (SD) membrane, including the fast A current
and the slower D current. Epileptogenic concentrations of
4-AP (<75 pum) probably do not block the A current
(Storm, 1988). While such concentrations would be
expected to block D current (Storm, 1988), our model
neurones do not contain such a current. Hence, we did not
simulate postsynaptic actions of the compound. (2) An
increase in the excitability of axons (Kocsis, Ruiz &
Waxman, 1983) and of presynaptic terminals (Buckle &
Haas, 1982), probably also caused by K™ current blockade,
that would manifest itself as augmented release of neuro-
transmitter in response to presynaptic action potentials,
and as spontaneous action potentials originating in
terminals or in axons (Flores-Herndndez, Galarraga,
Pineda & Bargas, 1994). Secondary spill-over of GABA to
extrasynaptic dendritic receptors could also cause the
depolarizing bicuculline-sensitive potentials often observed
in 4-AP (Perreault & Avoli, 1992). We did simulate these
effects of 4-AP. We shall argue that augmented EPSCs,
along with spontaneous axonal spikes, are sufficient to
account for 4-AP-induced synchronized bursts during
NMDA blockade. Depolarizing GABAergic currents in our
model tend to convert single bursts into multiple bursts,
and experimental data are consistent with this idea.

Some of the data in this paper were presented in
preliminary form at the Brain Research Association
meeting in Oxford, March 1995.

METHODS

Experimental methods

Adult male Sprague—Dawley rats from Harlan Olac (Bicester, UK),
weighing 250-300 g, were stunned and then killed by cervical
dislocation. Their brains were quickly removed, bisected along the
mid-line and glued to the stage of a Vibroslice (Campden
Instruments, Loughborough, UK). Sagittal hippocampal slices
500 gm thick were cut under cold (< 8°C), freshly oxygenated
artificial cerebrospinal fluid (ACSF) and transferred to an interface
recording chamber maintained at 35°C. The ACSF comprised
(mMm): 124 NaCl, 26 NaHCO,, 5 KCI, 2 CaCl,, 1-6 MgCl, and 10
glucose, equilibrated with a 95% 0,-5% CO, gas mixture,
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resulting in a pH of 7-4. Warm, wet gas mixture was directed over
the surface of the slices.

Conventional microelectrode recording methods were used, from
presumed pyramidal neurones in the CA3b/c region. Resting
membrane potentials were —64:9 to —70:0 mV. Glass micro-
pipettes for intracellular recording were filled with 2 M potassium
acetate and had resistances of 60-100 MQ. Extracellular
recordings were taken using metal electrodes (stainless-steel wire;
diameter, 125 gm). The recording system included an Axoclamp
amplifier (Axon Instruments, Burlingame, CA, USA), Digitimer
filters and a CED 1401-MSDOS computer system running
SIGAVG and SPIKE2 (Cambridge Electronic Design Ltd,
Cambridge, UK). Epileptic discharges were elicited by addition
to the bath of 4-aminopyridine (4-AP, 70 #m). Drugs used to
isolate components of the epileptic discharge were p-2-amino-5-
phosphonopentanoic acid (AP5, 1-50 um), 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX, 20 um), 6-nitro-7-sulphamoyl-
benzo(f)quinoxaline-2,3-dione  (NBQX, 20 gm), 3-amino-2-(4-
chlorophenyl)-2-hydroxypropylsulphonic  acid  (20H-saclofen,
0-2mm, Tocris, Bristol, UK), and bicuculline methiodide
(1-30 pm).

Simulation methods

Approach to the network simulation. The style of network
simulation is similar to that used in previous studies of
epileptogenesis in the CA3 region (e.g. Traub et al. 1993), with
multiple pyramidal and inhibitory neurones interconnected by
‘synapses’ with ‘receptors’ intended to replicate AMPA (e-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid), NMDA, GABA ,
and GABAjy receptors. As before, neurones are represented as
multicompartment objects, with several types of voltage- and
Ca®*-dependent membrane channels, and the goal remains the
discovery of the simplest physiological principles that can account
for available electrical records, and the posing of testable
predictions. Nevertheless, the code has had to be entirely rewritten
for the following reasons.

First, in 4-AP, there is evidence for the occurrence of antidromic
action potentials, to replicate which the model pyramidal neurone
must contain at least a section of axon. Dendritic IPSPs, especially
if depolarizing, are also of likely relevance. Since synaptic contacts
may, in principle, be patchy, a pyramidal model with branched
dendrites could be useful (Gulyés, Miles, Hdjos & Freund, 1993aq;
Buhl, Halasy & Somogyi, 1994). For these reasons, we employed a
new branching dendritic CA3 pyramidal cell model (Traub,
Jefferys, Miles, Whittington & Téth, 1994a) with sixty-four
soma—dendritic compartments, an initial segment (IS) and four
unmyelinated axonal compartments.

Second, there is now evidence that CA3 pyramidal neurones can
activate certain nearby inhibitory neurones recurrently via a
single dendritic transmitter release site, with this remarkable
synapse powerful enough that a single presynaptic action
potential can often evoke a short-latency postsynaptic action
potential (Miles, 1990; Gulyds, Miles, Sik, Téth, Tamamaki &
Freund, 1993b). In order to incorporate this finding, we have
developed a branching dendritic model of an inhibitory inter-
neurone and have found that spike-generating properties in the
dendrites allow one EPSP, generated through a single synaptic
site, to evoke an action potential (Traub & Miles, 1995). While
this feature is not of clear significance for the 4-AP model, we
have chosen to incorporate the more detailed interneurone
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representation. In this way, the same network program can be
used to simulate other types of population behaviour where spike-
to-spike transduction may be important.

Third, in previous models, there were two types of inhibitory
neurones: a type that produced ‘GABA,’ IPSPs at perisomatic
locations and a type that produced ‘GABAy’ IPSPs in the apical
dendrites. Since dendritic GABA ,-mediated inputs are of possible
importance in 4-AP epileptogenesis (Perreault & Avoli, 1992) and
since there is some anatomical information concerning synaptic
contacts made by non-pyramidal neurones on pyramidal cell
dendrites (Gulyds et al. 1993a; Buhl et al. 1994), we now include a
separate type of inhibitory neurone, contacting sites in the apical
dendrites. This latter neurone induces IPSCs whose time course is
slower than for perisomatic IPSCs (Pearce, 1993; Miles, Téth,
Gulyds, Hajos & Freund, 1994), but whose time course is faster
than for GABA; IPSCs. We also include inhibitory neurones that
cause IPSCs on pyramidal neurone initial segments.

Fourth, the individual neurone models are now so complex that,
for network simulations to be practical, a parallel computer is
preferred. The code is therefore written for such a machine.

General network structure. There are 128 identical pyramidal
neurones and twenty-four inhibitory neurones. The high
interneurone : pyramidal neurone ratio is related to the small size
of the network. There are five types of interneurones, all with
identical intrinsic properties at this stage. Type 1 corresponds to
chandelier cells whose contacts are restricted to the IS of
pyramidal cells. Type 2 corresponds to basket cells with
perisomatic synaptic contacts. Types 3 and 4 we call ‘SR’ cells,
referring to sites of synaptic contact (stratum radiatum) rather
than of presynaptic cell body, with type 3 contacting two
particular compartments and type 4 contacting two other
particular compartments. Type 5 cells cause GABAy IPSPs in
apical dendrites. The sites at which synaptic contacts can be made
on pyramidal neurones are shown in Fig. 1. There are four
chandelier cells, eight basket cells, eight SR cells and four GABAg
cells.

Excitatory inputs
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Synaptic connectivity. The synaptic connectivity is as follows.
All connections are random. Each pyramidal cell and each
interneurone receives synaptic input from thirty-two pyramidal
cells. Each of these excitatory connections involves only a single
compartment on the postsynaptic neurone, a feature supported by
data for connections onto interneurones. The number of release
sites for pyramidal-to-pyramidal connections is not yet established
by anatomical techniques, but may be small (Traub & Miles, 1991).
Excitatory contacts on interneurones are restricted to portions of
the dendrites and do not occur on the soma. There are no
interactions between interneurones in the present model, either
via chemical synapses or via gap junctions.

Each pyramidal neurone receives synaptic input from two of the
four chandelier cells, six of the eight basket cells (each contact onto
four proximal basilar compartments, the soma and the apical
shaft), two each from the two types of SR cells, and from all four
GABAG cells.

Model pyramidal neurones. These are as described by Traub et
al. (1994a), with a minor adjustment in the density of the after-
hyperpolarization (AHP) conductance (multiplied by 0-75) and
kinetics (x,, the forward rate function, multiplied by 2). This
branching dendritic model includes six ionic conductances: gy,,
high-threshold non-inactivating g, and four K* conductances: the
fast transient A conductance, delayed rectifier, the fast voltage-
and Ca’"-gated C conductance, and the slow Ca’*-gated AHP
conductance. The axon and IS contain Na* and delayed rectifier
conductances only, and these conductances are of higher density
than in the SD membrane. Na* channels in the SD membrane are
concentrated at the soma and proximal dendrites, while Ca*
channels have highest density in mid-apical dendrites. The model
pyramidal neurone was tested in several ways, including response
to antidromic and orthodromic stimulation, response to steady
currents injected into soma or apical dendrites, and by the
interaction between dendritic bursts and dendritic IPSPs (Traub et
al. 199%4a).

Inhibitory inputs

VA [
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Dendritic GABAA

IS GABAA

Perisomatic GABA,

Figure 1. Location of synaptic inputs on model pyramidal neurones

Recurrent excitatory inputs activate AMPA receptors in the basilar and apical dendrites, and NMDA
receptors in the apical dendrites. Recurrent IPSCs from ‘chandelier cells’ occur on the initial segment (IS;
with time constant, 7 ms) and from ‘basket cells’ on the most proximal basilar dendrites, the soma and the
apical shaft (also with time constant, 7 ms). IPSCs from dendritic GABA, neurones are in the middle
apical dendrites (time constant, 50 ms). GABAg IPSCs are located more distally in the model.
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Model inhibitory neurones. These are described more fully
elsewhere (Traub & Miles, 1995). Each such cell has forty-six SD
compartments, an IS and four axonal compartments. Conductances
and kinetics are as for the pyramidal neurone but g, density is at
most 10 mS em ™2, so that firing behaviour is dominated by gy,
and the delayed rectifier. gy, is 100 mS em™ at the soma and
can be 25 or 50 mS cm™ at selected locations in the dendrites.
Passive parameters included the following: internal resistivity,
R, =200Qcm; membrane resisitivity, R, = 50000 Q cm?;
membrane capacitance, C, = 0-75 #F cm™®; input resistance,
Rippuy = 98:5 MQ; reversal potential for potassium conductance,
Ey = —25 mV relative to resting potential. Depending on holding
current, these model neurones may fire spontaneously, with little
adaptation at high frequencies, but with some adaptation when
near firing threshold. In the network, all GABA, interneurones
are held with a —0:03 nA current that would lead (in the absence
of synaptic inputs) to a steady firing rate of 10 Hz. GABAy cells
are held with a —0-06 nA current, so that such cells do not fire
when unstimulated.

Synaptic interactions. The essence of a network simulation,
besides accurately modelling individual neurones, is to have a
realistic representation of synaptic communication. In the present
case, the representation must also involve as little message-passing
as possible between the different computer processors on which the
various neurones are being simulated. This is a non-trivial task,
since the duration of synaptic actions is long (milliseconds to
hundreds of milliseconds) compared with an integration time step
(25 ps for pyramidal cells and 1-25 us for interneurones). We have
approached this problem as follows: a maximum amount of the
computational work, associated with simulation of synaptic
communication, is ‘attached’ to the presynaptic cell. In this way,
messages can be passed between neurones relatively infrequently
(we use a rate of 3:2 kHz). This approach is easiest to implement if
all the synapses of a given type (say AMPA-mediated synapses at
pyramidal-to-pyramidal connections) have the same ‘weight’
(amplitude scaling factor) and the same time course. Under such
conditions, which we shall assume in the network model, axonal
branching need not be simulated explicitly. Furthermore, the
firing pattern of the most distal axonal compartment of each
neurone can be used to determine the postsynaptic conductance,
gsyn» which that presynaptic neurone generates in all of its
connected postsynaptic neurones, thus fulfilling our technical
requirement for concentrating the computational work on the
presynaptic cell. After the g, values are calculated, information
about network connectivity allows the program to attach the
correct synaptic conductances to appropriate compartments of the
appropriate postsynaptic cells. Note that in this formalism,
presynaptic terminals are not simulated as real entities, that is,
there is no variable corresponding to the membrane voltage of the
terminal, or the terminal Ca®* concentration. Rather, the terminal
state is defined by the firing behaviour of the most distal axonal
compartment.

The details of the formalism are as follows. Every 125 time steps
(03125 ms), calculate g, for all the neurones. (For pyramidal
neurones, there are four types of g, to calculate: the AMPA
conductance produced on interneurones, the AMPA conductance
produced on pyramidal neurones, and NMDA conductances
produced respectively on interneurones and pyramidal neurones.)
These g,,, values are passed to postsynaptic neurones, and
appropriate synaptic conductances are calculated for each
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compartment. Finally, saturation effects may be applied: that is,
each compartment may be able to experience only a maximum
conductance. The final compartmental synaptic conductance
values can then be passed to the routines integrating the
differential equations for each neurone. Within these routines, the
voltage- and Mg**-dependent term for the NMDA conductance can
also be calculated (as in Traub et al. 1994b). NUDA conductances,
however, were blocked in the present simulations, except for
calibrating runs: (1) to make sure the network model could
replicate picrotoxin-induced after-discharges (Fig. 2; also see
Traub et al. 1993); (2) to confirm that the network did not develop
synchronous bursts when the AMPA conductance time course was
in the control range, even with NMDA conductances present; and
(3) to confirm that increasing AMPA conductances during the
occurrence of ectopic spikes could lead to single synchronized
bursts (rather than sustained after-discharges), even with NMDA
conductances present, provided IPSCs were large enough.

For each type of neurone and synaptic action, g, is defined by an
equation of the following sort:

Jsyn = ;C x Y(t - 7)P(7')’

where the sum is taken over all firing times, 7, of the most distal
axonal compartment of the presynaptic neurones, c¢ is a scaling
constant, Y is a function giving the time course of the unitary
synaptic conductance, and P is a function (dependent on the firing
history of each presynaptic neurone) that scales the amount of
transmitter released for each presynaptic spike. (Hence, P can
incorporate presynaptic facilitation and depression.) ¢ is the time
in milliseconds and 7 is, of course, also given in milliseconds.

It remains now only to define the various constants and functions.
For scaling constants ¢, we used: 6 nS for AMPA onto a pyramidal
cell apical compartment and 3 nS onto a basilar compartment;
8nS for AMPA onto an interneurone dendrite; 6 nS for a
GABA, synapse onto an initial segment; 20 nS, spread over six
compartments in proportion to surface area, for a basket cell
IPSC; either 10 or 20 nS for a dendritic GABA, IPSC, divided
equally between two compartments; and 1 nS for a GABA IPSC,
spread over sixteen compartments in proportion to surface area.
(Large synaptic conductances were used both to reflect the effect
of 4-AP, as well as to correct for the unrealistically small number
of inhibitory inputs per neurone; in addition, as seen below, there
is presynaptic depression during high-frequency firing that
diminishes synaptic efficacy.)

The unitary synaptic time courses are defined as follows. For an
AMPA connection onto a pyramidal neurone, an a function is
used: Y(t) = te”"/7#¥*2 \where T, yp4 is 2 ms in control simulations,
and is 3—-5 ms in ‘4-AP’ simulations. For an AMPA connection
onto an interneurone, an a function is used with 7,yp, of 1 ms.
For GABA, connections on the IS or perisomatic regions,
Y(t)=e""". For dendritic GABA,, Y(t)=e /> (Pearce, 1993;
Traub et al. 1994a). For GABAR connections, we used the time
course specified by Otis, de Koninck & Mody (1993) (see also Traub
et al. 1994a).

The weighting functions P take on the value 1-0 at the start of
each simulation. For a pyramidal cell ‘terminal’ (onto either
another pyramidal cell or an interneurone) transient facilitation up
to a value of 2 occurs, then depression (down to P = 0-2). If the
previous axonal spike occurred less than 4 ms in the past, P =0
(to simulate terminal refractoriness, although the exact value of
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this parameter is not known). Otherwise, terminals facilitate or
depress if interspike intervals are < 10 ms, and they recover when
intervals are > 25 ms. Inhibitory terminals do not facilitate, but
exhibit depression only (to P = 0-2) when firing occurs at 100 Hz
or faster, with recovery when the axon is quiet for 200 ms. Note
that terminal behaviour is influenced not only by somatic spikes
propagating forward, but also by random ectopic spikes
originating in the axon (see below).

Saturating conductances for each postsynaptic compartment are as
follows: 5 nS for AMPA on pyramidal basilar and interneuronal
dendrites; 15 nS for AMPA on pyramidal apical dendrites; and
015nS for GABAp on pyramidal apical dendrites. GABA,
conductances do not saturate in this model.

Reversal potentials for synaptic conductances are (relative to
resting potential): +60 mV for EPSPs; and —15 mV for GABAg
and GABA, IPSPs on the IS and perisomatic regions. Dendritic
GABA , reversal potential was —15 mV unless specified otherwise.

Ectopic axonal action potentials. These were generated in the
model by a random Poisson process applied independently to each
pyramidal cell axon, with mean interval ‘T, from 10 ms to
1s. The stimulus used was a 0-2nA, 0-:3125 ms current pulse
applied to the most distal axonal compartment. This was easily
sufficient to evoke an action potential. The ectopic spike might or
might not invade the soma, depending on IS and perisomatic
membrane conductances (see Results). One reason for using ectopic
spikes as a source of synaptic potentials (rather than ‘spontaneous’
transmitter release) is that, in 4-AP, synaptic potentials are
largely blocked by tetrodotoxin (Perreault & Avoli, 1991).

The parallel simulation algorithm. Simulations were run on an
IBM 9076 SP1 parallel computer. This machine consists of a
collection of ‘nodes’ (each comparable to a high-performance work-
station) that are interconnected by a high-speed switch. The
switch permits all-to-all communication between the nodes, but
because of overhead associated with its use, one tries not to have
node-to-node communication too often. The program ran on
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either eight or sixteen nodes. In the eight-node version, sixteen
pyramidal neurones and three interneurones were first assigned to
each node. The cells were initialized exactly as in single neurone
simulations. Each node then constructed an identical wiring
diagram of the network (which cell is connected to which other
cells at which postsynaptic compartments). Various parameters
were set, such as holding currents, ectopic spike frequency, 7,yp,
and dendritic GABA, reversal potential. The simulation proper
then cycled through the following steps. (1) Given the values of
gsyn for all ‘presynaptic terminals’ (more precisely, the most distal
axonal compartment), calculate postsynaptic conductances for all
the neurones on each node. This uses the wiring diagram, an
identical copy of which resides on each node. (2) Generate
random current pulses in the distal axons. (3) Using the synaptic
conductances and current inputs, along with the present
membrane state variables, integrate the differential equations for
the neurones for 125 time steps (0-3125 ms). (4) Calculate new
values of g,,, as described above. (5) Each node broadcasts the
gsyn values for its neurones to all of the other nodes. (6) Repeat.

Test of the model: GABA, blockade. When GABA,
conductances were set to zero, and NMDA conductances were large
enough, the network model would generate a synchronized after-
discharge (Fig. 2), resembling experimental recordings and the
results of an earlier network model (Traub et al. 1993). In the
present case, however, the after-discharges tended to persist
indefinitely, unless NMDA conductances were very precisely
tuned. This observation raises the possibility of NMDA
desensitization during GABA , blockade, as has been suggested for
low-Mg®* after-discharges (Traub et al. 1994b); other factors (such
as voltage- or Ca®*-dependent inactivation of dendritic g,) could
also be important in terminating the after-discharge, however.

Preliminary simulations. Preliminary simulations of 4-AP-
induced bursts with a large network model have been performed.
The large network contains 1024 pyramidal neurones and 256
interneurones (32 axo-axonic, 64 basket cells, 32 cells eliciting
GABA, IPSPs on pyramidal cell dendrites and 128 cells eliciting

N N N N

Soma No. 1

Soma No. 2

I25 mV

100 ms

Figure 2. Simulation of picrotoxin effects: a test of the model

The network model produces synchronized after-discharges when NMDA receptors are active and GABA ,
receptors (on initial segment, perisomatic region and apical dendrites) are blocked. This behaviour is
consistent with experiment and with a previous model (Miles et al. 1984; Traub et al. 1993). Saturating
NMDA conductance is 25 nS per compartment, 500 nS total. Dendritic potential from a site in apical
dendrites centred 240 gm from soma of a pyramidal neurone.
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GABAj IPSPs). The qualitative behaviour of the large network is
similar to the behaviour of the smaller network described here.

Computing requirements. Simulation programmes were written
in FORTRAN, augmented by parallel instructions (e.g. mp—concat
for broadcasting data) by R.D.T. and run on an IBM 9076 SP1
parallel computer. A simulation of 1000 ms of ‘neuronal time’,
running on sixteen nodes, used about 2—2:5 h of computer time.
For questions on programming details, the reader should send
electronic mail to R.D.T. at TRAUB@YKTVMV.BITNET or
traub@watson.ibm.com.

RESULTS

Simulation of synchronized burst induced by 4-AP
with NMDA blockade

When 7,yp, Was 2 ms, synchronized bursts did not occur
in the model, even with T, as short as 10 ms (not
shown). When T, Wwas 80 ms, the threshold 7y, for
synchronization to develop was between 2:7 and 2:8 ms.
Figure 3 illustrates a simulated synchronized burst when
Tampa 18 3°0 ms. For two pyramidal neurones, we plot the
potential at three different sites, thereby allowing
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discrimination between ectopic axonal spikes and
orthodromic spikes. In this figure, ectopic axonal spikes
may produce: (a) minimal voltage deflections at the soma
(when the latter is hyperpolarized); (b) partial spikes or
‘d-spikes’ (‘d’ in the figure); or (c) an antidromic spike (‘a’)
with a prominent inflexion on its rising phase. An
orthrodromic spike (‘0’) also occurred, preceded by an
EPSP. The population burst has, as expected, a
depolarizing envelope at the soma. The two cells illustrated
also exhibit IPSPs just before the burst, as can happen
experimentally (Rutecki et al. 1987). It is not immediately
apparent from this illustration how or why synchrony

develops when it does; we shall return to this question
below.

Ectopic axonal spikes

Characteristics of presumed ectopic axonal spikes in CA3
pyramidal neurones have been described by Stasheff, Hines
& Wilson (1993a) and Stasheff, Mott & Wilson (1993b).
Figure 4 shows details of some of the pyramidal cell action
potentials from the simulation of Fig. 3. In Fig.44-D, a
‘spontaneous’ axonal spike occurs first. As the axonal spike
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Axon v
50 ms
Apical dendrite ——meeoe™S A e N ’J\\,"/r/\\
o
d
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l 25 mv
Axon S — v vmm“’__
50 ms
Figure 3. ‘4-AP-AP5’ simulation: membrane events in pyramidal neurones before

synchronized burst

For each of 2 pyramidal cells, we plot the potential at an apical dendritic site (240 gm from the soma), at
the soma, and at the most distal axonal compartment. EPSPs are most prominent in the dendrite.
Spontaneous ectopic axonal spikes may fail to invade the soma fully, causing miniature axon potentials
(partial spikes or d-spikes, ‘d’), or invade to produce an antidromic spike (‘a’) that rises abruptly and has
an inflected rising phase (see also Fig. 4). Orthodromic spikes (‘0’) also occur just before the synchronized

burst,
T,

arising from a membrane depolarization (note the dendritic EPSP).
ectopte = 80 ms; dendritic GABA , scaling parameter, 20 nS.

Tampa = 3 INS;
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Figure 4. Detailed morphology of simulated action potentials

Same simulation as Fig. 3 (‘4-AP—AP5’). Events were chosen from different pyramidal cells. Events A-D
are of ectopic origin, while event E is orthodromic. The antidromic spike may fail and cause a somatic
partial spike (‘d’) or fast prepotential (4), or cause a somatic spike (‘a’), starting to rise abruptly but with
an inflected rising phase (arrowheads), corresponding to a dip in the d V/dt signal (B-D). A reflected
spike can occur, whose latency depends on the timing of somatic invasion by the antidromic spike (C-D).
Orthodromic spikes (‘0’) arise from a gradual somatic depolarization and are not inflected (£). Compare

Fig. 5, and Stasheff & Wilson (1990, their Fig. 1), as well as Stasheff et al. (1993a).

invades the soma, a potential of 15—-20 mV occurs, with
d V/d¢ about 50 V s™. This somatic potential may occur in
isolation (Fig.4A4); it may blend into a full somatic spike,
appearing as an inflexion (Fig. 4B and D); or it may cause a
somatic spike after a delay of a few milliseconds (Fig. 4C).
The full somatic spike is associated in the model with a
d V/dt of about 200 V s™. In some cases, a second ‘reflected’
axonal spike is generated (Fig.4C and D). There is
experimental evidence for such reflected spikes after
evoked antidromic action potentials (Traub et al. 1994a),
but data are lacking on this point in 4-AP. Note that the
orthodromic spike (Fig.4E) rises from a somatic

A

depolarization and is not preceded by a prepotential or a
notch in the d V/d¢ trace.

Action potentials and prepotentials similar to those of
Fig.4A, B and E have been reported by Stasheff & Wilson
(1990) in hippocampal slices developing epileptiform
activity after repetitive electrical stimulation. Figure 5
documents that similar events occur in 4-AP (70 um), AP5
(20 pum), saclofen (200 gm) and NBQX (20 um), typically
occurring at intervals of about 20s. AMPA receptor
antagonists blocked orthodromic spikes. These data suggest
that ectopic axonal spikes do, indeed, occur in 4-AP.

J1oo v s

Soma dV/dt j\r

Gy

Soma M

ke

Figure 5. Experimental spontaneous action potentials recorded from the soma, along with the
corresponding d V/d¢ signal

Events A-D are presumed to be of ectopic antidromic origin and were recorded from the soma in the
presence of 70 um 4-AP, 20 um AP5, 200 um 20H-saclofen and 20 um NBQX. They show partial (‘d’)
spikes (A4 and C), full somatic spikes (‘a’ in B-D), and a delayed action potential (C). Note that
experimental recordings were not taken from the axon. A presumed orthodromic action potential is
shown in E, obtained in the absence of NBQX. Spikes with an inflected rising phase (arrowheads, B-D),
characteristic of ectopic action potentials, were abolished by 30 um bicuculline methiodide (data not
shown).

} \° |25 mv

5 ms
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Bicuculline methiodide (30 M) suppressed the ectopic
spikes in 4-AP (data not shown), as occurs also after
electrical stimulation (Stasheff et al. 1993b).

Build-up of activity before synchronized burst

Figure 6 indicates that the network model exhibits a build-
up of activity in the 100 ms before a synchronized burst,
despite the constant mean frequency of ectopic axonal
spikes. This build-up can be seen in: (a) a progressive
membrane depolarization, apparent in the average potentials
at dendritic or somatic sites, although not always in
individual cells (Fig. 3); or (b) an increase in pyramidal cell
‘unit activity’. Experimentally, both somatic depolarization
and increased unit activity have been recorded in the
100 ms before a synchronized burst in 4-AP (Ives &
Jefferys, 1990). In the network model, this behaviour
occurs because, as the burst AHPs fade, sufficiently large
ectopic EPSPs (EPSPs caused by ‘forward’ propagation of
ectopic spikes) can depolarize pyramidal cell membranes
above resting potential. Such depolarization has several
effects: first, it allows ectopic spikes to invade the soma
and increases the probability of reflected spikes, thereby

Average apical dendritic potential

AANAN T NN \

50 ms

Average soma potential

No. of pyramidal cell somatic spikes
(25 ms bins)
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providing amplification; and, second, sufficient membrane
depolarization leads to orthodromic spikes. Eventually, this
regenerative activity leads to bursting in all the neurones.

A formally similar model has been suggested for the
regenerative build-up to synchrony in high-[K*]-induced
bursts (Traub & Dingledine, 1990), although it was
increased EPSP frequency that was monitored rather than
unit activity (Chamberlin, Traub & Dingledine, 1990). In
addition, ectopic spikes were not simulated but rather
random EPSPs. The similarity lies in the progressive cell
depolarization by ‘background’ EPSPs causing cell firing,
further EPSPs etc. leading to a population burst. The
regenerative nature of this process was illustrated by
synaptically disconnecting the cells (Fig. 5 in Traub &
Dingledine, 1990). A similar simulation (Fig. 7) helps to
elucidate the relative roles of ectopic and orthodromic
spikes in the 4-AP model. The ‘control’ potential is the
soma of a pyramidal neurone from the same simulation as
Figs 3 and 4. The simulation was repeated with sudden
perturbations at the time of acceleration of the
synchronization process (large arrowheads). When ectopic

Figure 6. Build-up of population activity
before simulated synchronized burst

Same simulation as Fig. 3 (4-AP-AP5’).
Beginning about 100 ms before the
synchronized event (large waves), the build-up
can be seen as a gradual dendritic
depolarization (average of 16 pyramidal
neurones at a site 240 #m from the soma), as a
gradual somatic depolarization (average of all
128 pyramidal neurones), or as an increase in
‘unit activity’ (cf. Ives & Jefferys, 1990). ‘Unit
activity’ was computed by counting all somatic
spikes, in all 128 pyramidal neurones, in 25 ms
bins going backwards from the inflexion on the
mean somatic potential (arrowhead in middle
trace). As the rate of ectopic spikes is constant
on average, the build-up in ‘unit activity’ must
reflect either increasing numbers of
orthodromic spikes, or increased probability
that ectopic spikes successfully invade the
soma, or both.

25 spikes
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spikes are stopped abruptly (after the build-up has begun),
the synchronized burst continues virtually unchanged
(Fig. 7, middle trace). (Without ectopic spikes at all, the
synchronized burst does not occur; not shown.) Population
behaviour is quite different when the cells are disconnected,
by setting the soma-IS conductance to zero in all
pyramidal cells abruptly (Fig. 7, bottom trace). Such a
manipulation allows the cells to fire, but orthodromic
communication becomes impossible; on the other hand,
ectopic spikes can still produce EPSPs. In this case, full
bursts do not occur.

We interpret Fig. 7 as follows. In our model, ectopic spikes
produce EPSPs that begin to cause orthodromic firing and
the beginning of population synchrony. After that point,
orthodromic communication between neurones is essential
for full synchrony to develop, whereas ectopic spikes are no
longer required.

After-discharges in 4-AP with NMDA blockade

In hippocampal slices from immature animals (Avoli et al.
1993), or in mature slices in 5:0 mm K* (Fig. 8), 4-AP can
induce synchronized after-discharges. Strikingly, such
after-discharges occur in 4-AP during NMDA blockade,

Control —“——/)

Stop ectopic spikes ~—“'/J

Cut soma-IS of
all pyramidal cells
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either with 20 um AP5 (Fig. 8B), or with 50 um AP5 (not
shown). Spontaneous events during NMDA blockade take
place at about 1 min™; the frequency of secondary bursts
in Fig.8B is about 6 Hz (average, 65+ 1:0Hz ws.
56 + 0-3 Hz in 4-AP alone; means + s.E.M.; see Fig. 9).
This is in contrast to the situation during GABA , blockade
(Lee & Hablitz, 1990; Traub et al. 1993) or in low Mg**
(Traub et al. 1994b), in both of which cases NMDA
receptors are required for bursts following the initial burst
(and for the initial burst as well in low Mg®").

What might sustain the after-discharges in 4-AP? Several
factors could contribute, including elevated extracellular
[K*], prolonged AMPA-mediated EPSCs, depolarizing
GABA , currents (as suggested by Perreault & Avoli, 1992),
and ectopic axonal bursts of action potentials or high-
frequency ectopic spikes. The data in Fig. 8C show that the
secondary bursts in 4-AP are significantly reduced in
number by bicuculline (30 gM) under conditions of
simultaneous NMDA receptor blockade. This suggests that
a depolarizing GABA ,-induced current may ‘drive’ the
secondary bursts. In addition, the occurrence of spontaneous
synchronized bursts in bicuculline (at about one every 5 s)
indicates that some source of spontaneous excitation (other

|25 mV

Figure 7. Synchrony requires orthodromic EPSPs

50 ms

Once the simulated synchronized burst is underway, it continues without ectopic axonal spikes, but
quickly attenuates if orthodromic activity is blocked. Control (top) is somatic potential of pyramidal
neurone from the simulation of Fig. 3 (‘4-AP—AP5’; 7, yps = 3 ms, Typiopic = 80 ms). The burst is part of
a population burst since it appears almost simultaneously in all pyramidal cells (not shown). Middle trace:
the simulation was repeated, but at the time marked by the large arrowhead, the probability of ectopic
spikes was set to zero (note the absent partial spike that is present in the control run; small arrowhead). In
this case, the synchronized burst still occurs. Bottom trace: the simulation was again repeated, but at the
time marked by the large arrowhead, the coupling conductance between initial segment and soma, for all
pyramidal neurones, was set to zero. Neurones can still fire (albeit with somewhat elevated threshold), but
somatic spikes are unable to influence other neurones. In contrast, ectopic spikes can still produce EPSPs
by forward propagation (although they cannot produce antidromic spikes or partial spikes). Thus, with the
present synaptic and axonal parameters, ectopic spikes cannot by themselves support the population

burst, even though they help to initiate it.
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than ectopic spikes, which are blocked by bicuculline)
must exist in 4-AP; perhaps some degree of spontaneous
transmitter release is favoured by the 5 mm [K*].

The observations shown in Fig. 8 are quantificated in
Fig. 9, using data collected from nine slices. In 4-AP alone,
there were 12:6 + 22 after-discharges, not significantly
different from the 15-0 + 3:4 after-discharges in 4-AP +
AP5 (20 um). In 4-AP + AP5 + bicuculline (30 gm), there
were 54 + 0-7 after-discharges, significantly fewer than in
4-AP alone or in 4-AP + AP5 (p < 0-003).

4-Aminopyridine

o — AN oA
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The action of GABA, receptors in generating after-
discharges in 4-AP is not an exclusive one. Thus, secondary
bursts can occur in 70 uM 4-AP in the presence of 30 umM
bicuculline, provided NMDA receptors are not blocked
(data not shown). Apparently, then, NMDA receptors alone
or GABA , receptors alone can ‘drive’ the after-discharge
in 4-AP, and the different receptors probably act
synergistically.

We explored with the network model a possible role of
depolarizing GABA ,-induced currents. In Fig. 10, the
traces were from simulations with identical parameters

|2mV

I VR V1 WO W W W S
IC

B 4-Aminopyridine + APS

e

Cc

4-Aminopyridine + AP5 + bicuculline

EC

D

EC

4-Aminopyridine + AP5 + bicuculline + NBQX

IC

1s

Figure 8. Experimental spontaneous after-discharges in 4-AP occur during NMDA blockade,

but are attenuated by GABA , blockade

Simultaneous intracellular (IC) and extracellular (EC) recordings show both primary bursts and after-
discharges in the presence of 70 uM 4-AP (A4). The after-discharges remained following NMDA receptor
blockade by 20 um AP5 (B), showing that NMDA receptors are not required for these later events in the
4-AP experimental model. (The after-discharges also remained following 50 #m AP5; not shown.) GABA ,
receptor blockade by 30 M bicuculline methiodide resulted in attenuation of the after-discharges (C),
leaving a primary burst sometimes followed by more compact secondary events. Spontaneous
synchronous activity was abolished by the further addition of 20 um NBQX (D), although single action
potentials were occasionally recorded. See Fig. 9 for quantification of these results.
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except for the reversal potential for dendritic GABA,
conductances (£ s, ). This figure indicates that, provided
ectopic spikes occur frequently enough (T opic = 30 ms), a
depolarizing  GABA, conductance can elicit repeating
dendritic bursts. The dendritic GABA, conductance is
sustained not only by the postulated 50 ms time constant
for dendritic IPSC' decay (Pearce, 1993), but also because
inhibitory neurones fire at high frequency during the after-
discharge (not shown). We did not observe after-discharges
in the network model, using the parameters of Fig. 10 with
less frequent ectopic spikes (e.g. T,

ectopic = 80 ms, not
shown).

DISCUSSION
Initiation of the synchronized burst in 4-AP;
analogy with high-[K*] epileptogenesis
The initiation of a synchronized burst requires that firing
spread from neurone to neurone. The fact that synaptic
inhibition appears to be increased in 4-AP (Rutecki ¢t al.

Dendritic Egaga,= =15 mV

Dendritic Egaga,= +25 mV

1987) makes such spread problematical. While synaptic
excitation is also increased in 4-AP (Rutecki et al. 1987),
it is not clear that excitation is strong enough to permit
svnchronization, particularly of spontaneous population
bursts, without other factors. We propose a mechanism
analogous to an earlier model of high-[K™] epileptogenesis
(Traub & Dingledine, 1990): with a constant background of
excitatory synaptic ‘noise’, there is a build-up of cellular
depolarization that accelerates and becomes regenerative in
the 100 ms or so before full synchronization. The build-up
is experimentally apparent as an increase in unit activity
(Ives & Jefferys, 1990) or EPSP frequency (Chamberlin et
al. 1990). In effect, the cells become depolarized enough so
that, with increased excitatory synaptic conductance (or
reduced inhibitory efficacy in the case of high [K*]), firing
can spread from cell to cell.

Ectopic spikes
In the present model, ectopic spikes provide the random
excitatory noise. Ectopic spikes occur in 4-AP (Fig. 5) and

LA Ak

|25 mV

100 ms

Figure 10. After-discharges could result from depolarizing dendritic GABA conductance

In the model, if the reversal potential of dendritic GABA, IPSPs is depolarizing, the net effect is
excitatory, so that single synchronized bursts are converted into sustained after-discharges, without
NMDA receptors. ‘4-AP—AP5 model with 7 yp, =3 ms; T, = 30 ms; dendritic GABA | scaling

ectopic —

parameter, 20 nS. Reversal potentials are given relative to the membrane resting potential.
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Figure 11. Possible modes of pyramidal cell intercommunication
in the present model

Axonal branching not shown. Orthodromic spikes (‘0’) propagate
forward to postsynaptic neurones. Ectopic spikes (‘¢’) from axons or
presynaptic terminals propagate forward to synaptic terminals or
retrograde to cell body, where partial spikes or antidromic spikes can be
observed. Sometimes, antidromic firing results in reflected spikes (‘r’),
or even bursts, that might propagate forward to re-activate synaptic
terminals. The present model does not exhibit spontaneous bursts of
action potentials generated entirely in axons, and axonal branching is
not simulated explicitly (although the distal axon of any one model
pyramidal neurone synaptically influences many other pyramidal

J. Physiol.489.1

would be TTX sensitive, as is most of the synaptic noise in
4-AP (Perreault & Avoli, 1992). Interestingly, ectopic
spikes in 4-AP are bicuculline sensitive, as is true also of
ectopic spikes after electrical stimulation (Stasheff et al.
1993b). Ectopic spikes provide a ‘drive’ to the neuronal
network in several ways (Fig. 11). First, by directly
invading presynaptic terminals, they release glutamate
onto one or more postsynaptic neurones. Second, they can
generate antidromic spikes (Gutnick & Prince, 1972) that
may even propagate into dendrites (Traub et al. 1994a).
Finally, they might produce reflected spikes that would
re-invade presynaptic terminals; such a phenomenon has
been demonstrated in ‘normal’ media (Traub et al. 1994a),
but we do not know if it occurs in 4-AP.

The mean frequency of ectopic spikes in our model (T¢qyopic
of 80 ms corresponding to 12-5 Hz) may be unrealistically
high, but the true frequency of ectopic spikes is difficult to
determine experimentally with somatic recordings: ectopic
spikes may fail to invade the soma (Fig. 3). In preliminary
simulations of a large network (1024 pyramidal neurones
and 256 interneurones), we found that synchronized bursts
could occur with Ti..oic as long as 5 s, provided 7,yp, Was
4 ms and unitary IPSCs were not too large (e.g. 3 nS for
basket cell IPSCs) (R. D. Traub, S. B. Colling & J. G. R.
Jefferys, unpublished observations). The interdependence
of network size, ectopic spike frequency and synaptic
inhibition is clearly important to analyse, but the long
duration of the calculations makes a systematic exploration
of the parameter space difficult (about 12 h of central
processing unit (CPU) time on sixteen nodes for the above
large network).

Spontaneous synchronized bursts occur in 4-AP with
bicuculline and AP5, as of course they do in bicuculline
alone. Since bicuculline appears to suppress ectopic spikes,
there must be alternative sources of background ‘drive’.
Such sources could include TTX-sensitive transmitter
release or intrinsic membrane events.

neurones and inhibitory cells).

Mechanism of secondary bursts

Unlike the situation during GABA, blockade or in low
Mg®*, secondary bursts in 4-AP do not require NMDA
receptors (Fig. 8). Interestingly, this is also the case with
after-discharges induced by electrical stimulation, in which
ectopic spikes occur likewise (Stasheff et al. 1989, 1993a).
Avoli and colleagues have described a long-lasting
depolarizing GABA ,-mediated potential on the trailing
end of 4-AP-induced synchronized bursts (e.g. Perreault &
Avoli, 1992), and our data suggest that such a potential can
drive secondary bursts in the CA3 region. In our network
model, a reversal potential for dendritic GABA, only
25 mV positive to resting potential would suffice, provided
ectopic spikes occur often enough. Indeed, we found that
with a T,op Of 30 ms, and 7,yp, of 5ms, secondary
bursts could occur even without depolarizing GABA,
actions and with NMDA blockade (data not shown). On the
other hand, preliminary simulations in the larger network
(1024 pyramidal cells and 256 inhibitory cells) show that
secondary bursts driven by depolarizing GABA , actions do
not require a high frequency of ectopic spikes, providing
dendritic GABA, IPSCs decay slowly enough (e.g. with
time constant 100 ms rather than 50 ms; data not shown).
Since depolarizing GABA , receptors and ectopic spikes are
both blocked by bicuculline, experimental dissection of the
two mechanisms may be difficult. Electrically induced ictal
events are also suppressed by bicuculline (Stasheff et al.
1993b), but the same ambiguity obtains: is the suppression
due to loss of ectopic spikes, to blockade of a depolarizing
GABA , action, or both?

Unifying principles in experimental after-discharges

Based on experimental/modelling studies of three types of
after-discharges (GABA, blockade: Traub et al. 1993; low
Mg**: Traub et al. 1994b; and 4-AP: present data), we
propose the following unifying principles that these after-
discharges have in common: (1) intrinsic properties of
pyramidal cells, most importantly the ability of dendrites
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to generate repeating bursts in response to a tonic inward
current; (2) recurrent excitatory collaterals (Miles & Wong,
1987) that allow spread of firing to occur and that can
maintain synchrony of the secondary bursts; and (3) a
source of tonic dendritic input that engages principle (1)
above. During GABA, blockade and in low Mg®", such
dendritic input involves massive glutamate release and
opening of NMDA receptor—channels. In 4-AP, the drive
apparently involves, at least in part, a postsynaptic
depolarizing GABA, action, although high-frequency
ectopic spikes could conceivably also contribute.

It will be interesting to see if the principles apply to
electrically induced as well as other types of after-
discharge. The principles do not apply, however, to all types
of experimental epileptogenesis, since field-bursts do not
depend on chemical synapses (Haas & Jefferys, 1984).
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