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Abstract—We present an ionic conductance model of chattering neurons in the neocortex, which fire fast
rhythmic bursts in the gamma frequency range (~40 Hz) in response to stimulation [Gray C. M. and
McCormick D. A. (1996) Science 274, 109-113]. The bursting mechanism involves a “ping-pong”
interplay between soma-to-dendrite back propagation of action potentials and an afterdepolarization
generated by a persistent dendritic Na* current and a somatic Na™ window current. The oscillation period
is primarily determined by a slowly inactivating K* channel and passive membrane properties. The model
behavior is compared quantitatively with the experimental data. It is shown that the cholinergic
muscarinic receptor activation can transform the model cell's firing pattern from tonic spiking to rapid
bursting, as a possible pathway for acetylcholine to promote 40-Hz oscillations in the visual cortex. To
explore possible functions of fast burst firing in the neocortex, a hypothetical neural pair is simulated,
where a chattering cell is presynaptic to an inhibitory interneuron via stochastic synapses. For this
purpose, we use a synapse model endowed with a low release probability, short-term facilitation and
vesicle depletion. This synapse model reproduces the behavior of certain neocortical pyramid-to-
interneuron synapses [Thomson A. M. er al. (1993) Neuroscience 54, 347-360]. We showed that the
burstiness of cell firing is required for the rhythmicity to be reliably transmitted to the postsynaptic cell via
unreliable synapses, and that fast burst firing of chattering neurons can provide an exceptionally powerful
drive for recruiting feedback inhibition in cortical circuits.

From these results, we propose that the fast rhythmic burst firing of neocortical chattering neurons is
generated by a calcium-independent ionic mechanism. Our simulation results on the neural pair highlight
the importance of characterizing the short-term plasticity of the synaptic connections made by chattering
cells, in order to understand their putative pacemaker role in synchronized gamma oscillations of the
visual cortex. © 1998 IBRO. Published by Elsevier Science Ltd.
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Synchronization of neuronal assemblies represents an
attractive candidate modus operandi for cortical net-
works to integrate stimulus features into a sensory
percept.?*?44 Synchronous firing of cortical neurons
has been commonly observed in association with fast
oscillatory discharges in the gamma (20-70 Hz) fre-
quency range.”'*15:27:3842 However, our search for
computational implications of this phenomenon has
been hindered by our lack of understanding of its
underlying cellular and circuit mechanisms. For in-
stance, although gamma (“40 Hz”) oscillations have
been widely reported in single-unit recordings or
local field potentials from various cortical areas of
both anesthetized and alert cats, monkeys and other
animal species, we still do not know the precise
state-dependent or perception-related conditions
under which this rhythmicity is expected to occur,
and how it may be controlled by modulatory signals
from the brainstem reticular system.?”*’

Abbreviations: ADP, afterdepolarization; [Ca®*];, intracel-
lular calcium concentration; EPSP, excitatory postsynap-
tic potential; IRIH, inter-release interval histogram;
ISIH, inter-spike interval histogram.
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In an in vitro slice preparation of the rat frontal
cortex, Llinas er al.®® described a subset of layer IV
interneurons which, under current injection, dis-
played subthreshold oscillations in the gamma fre-
quency range. Because the oscillatory membrane
potentials were sensitive to tetrodotoxin, the authors
concluded that the rhythmicity intrinsic to single
neurons was produced by an interplay between a
persistent Na* channel and an unspecified delayed
rectifier K channel. Such a mechanism has been
demonstrated in a computer-simulated biophysical
model, which suggests that the kinetic properties
required for the 40-Hz rhythmogenesis may be ful-
filled by a low-threshold, slowly-inactivating K™
current.®> More recently, Gray and McCormick'?
performed in vivo intracellular recordings from the
cat visual cortex and found a subclass of pyramidal
(“chattering”) neurons in superficial layers II and
III. which display prominent rhythmic bursting at
20-70 Hz in response to either visual stimulation or
applied current pulses (see also Ref. 19). Each burst
typically consists of two to four action potentials,
and the intraburst firing rate is 300-500 Hz or
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higher.'? Similar chattering behavior has been re-
ported in certain pyramidal cells that project to
outside of the neocortex.**%*® Preliminary results
from in vitro slice experiments indicate that the
chattering behavior may depend on activation of
muscarinic cholinergic receptors.?

In this paper, we report a computational work that
addresses three questions raised by the findings of
Gray and McCormick. (1) What are the ionic mech-
anisms for the fast rhythmic bursting behavior of the
chattering neurons? (2) What is the cellular basis of
cholinergic modulation of chattering firing patterns?
(3) What may be the implications of such fast burst
firing in the gamma rhythmogenesis of the visual
cortex? We investigate these issues by proposing a
biophysical model of chattering cells, and by simulat-
ing a hypothetical neural pair where a chattering cell
drives an inhibitory interneuron via stochastic syn-
apses endowed with short-term synaptic facilitation
and vesicle depletion. A pacemaker neuron must be
able to reliably transmit the rhythmicity to its post-
synaptic targets. This is problematic in cortical net-
works, where synapses can be very unreliable, with
low release probability p,**>® and there are only a
few (often one) synaptic contacts between a cell
pair.?! Unreliable transmission can be made reliable
by convergent inputs from several presynaptic cells.
However, for a postsynaptic cell to receive a rhyth-
mic drive through this mechanism, the oscillations in
the presynaptic pacemaker neurons must be synchro-
nized in time, an assumption which should not be
taken for granted. It has been proposed that bursts
may be advantageous for neural communication, by
providing a reliable signal across low-p synapses*®
by enhancing synaptic transmission through short-
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term facilitation.??> Consistent with this view, our
simulation results show that chattering cells are
capable of acting as robust pacemaker for the 40-Hz
oscillations in cortical networks, because their burst
firing provides a reliable signal across low-p and
facilitating synapses.

COMPUTATIONAL PROCEDURES

Chattering neuron model

Our minimal model includes only ion channels that are
considered essential to the chattering behavior. As illus-
trated in Fig. 1A, the neuron model has two compartments,
representing the dendrite and the soma (plus axonal initial
segment), respectively.>’* The dendritic compartment has
a persistent sodium current /y,p, a slowly-inactivating
potassium current /g, a high-threshold calcium current /-,.
a slow calcium-dependent potassium current [y, and a
leak current /. The somatic compartment contains spike-
generating currents /., and [, an M-type potassium
current Iy, and a leak current /.

The somatic and dendritic membrane potentials ¥, and
V4 obey the following current-balance equations:

CmAsd Vs/d[: - A<(1[,+INL|+1K +[M +I|npu()+1a

pp
(V,— VIR,
C,, A dV ldt=— A(I + ot s HcaH I eat
inpul) - ( Vd - V\)/R‘

where C,, =1 pF/cm®. The membrane surface areas are
assumed to be A,,,=A+A4,=33,000 um? and A/A4,,,=0.15.
The axial resistance (coupling) R, -—15 MQ. The cell is either
excited by an injected current /., (in nA) or a synap-
tic current I, of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate type: [ .= ZinpuS(V — Ejppy).  The
gating variable s obeys the equation ds/dr=n(r) — s/t,, where
n(¢) is a Poisson process with rate 2 and the decay time
T,=2ms.

Ion channel kinetics. The voltage-dependent currents are
described by the Hodgkin-Huxley formalism. Thus, a gat-
ing variable x satisfies first-order kinetics, dx/di=é .
[0 (N1 = x)=BAMx]= [x,. (W)~ xlft V), where & is
the temperature factor. Iy,p and fxs were taken from a
previous model,®> with slight change of parameter values.
INap = 8napt o (V' — E,), where its rapid activation was sub-
stituted by its steady-state m_ (V)= l/[1+exp[ — (V+45)/5])."
The Iy has a low activation voltage threshold and inacti-

vates  slowly:* ]KS—ngmh(V—EK), nt,. =1/[1+exp[ —
( V+34)/6 51l T =T/lexpl — (V+55)/30]+expl[( V+55)/30]), 1=
8ms; A, =1/[1+exp[(V+65)/6.6]], t,=100/[1+exp[—(V+65)/
6.8]]+100.

The high-threshold calcium current I, =gem?, (V—
Ec,), where m_ (V)=1/[1+exp[— (V+20)/10]]. The voltage-
independent, calcium-activated potassium current Iy, =
Sxcatxcal V= Eg), with my ., =[Ca™ [/([Ca®* ]+ D), D=
30 uM. The intracellular calcium concentration [Ca®*]; is
assumed to be governed by first-order kinetics: d[Ca®*]/dr=
= ale, — [Ca®*}i/1c,, where a=0.002 and 1, =200 ms.

The spike-generating currents are adopted from Hodgkin
and Huxley,® with faster kinetics so that the spikes are brief
(duration of 0.3 ms at half-amplitude). The sodium current
Ina=gnam™h(V = V), where a,,=—0.1(F+32)/[exp[—0.1
(V+32)] 1], B,=4exp[—(V+57)/18], 0,=0.07 exp[—(V+
44)120], ﬁ,,—l/[exp[ 0.1(V+14)}+1] and ¢,,=¢ ,=10. The
delayed rectifier [y =gun*(V—Vy), where o,=—0.01(V+
30)/[exp[ —0.1(V+30)] - 1], B,=0.125 exp[— (V+40)/80] and
¢ ,=15. Finally, hy=gym(V—Ey), m.=1/[1+exp[—(V+
44)/6]] and 1,,,= 100/[exp[ — (V+44) ]7]+exp[ 1+44)/12]).
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Fig. 2. The kinetic parameters as a function of membrane

potential; steady-states (upper panels) and time constants

(lower panels). (A) Iy,p and Igs. (B) I, and . Note the
window current of I, around V= —30mV.

Unless specified otherwise, the following parameter
values are used: g; =0.05, gn.=45. gx =18, gnap=0.14,
2rs=9, gca= 1 grea =15, 24704, Ginpw=0.0 or 0.012 (in
mSlem?); E =—50, En,=+55, Ex=-90, Ec,=+120,
Eipm=0 (in mV). The resting state (with 7,,,=0 and
Zinpur =0} i8 at —64 mV.

The voltage-dependent steady-states and time constants
of Inas Ik, Inap and I are plotted in Fig. 2. Note that there
is a window current of the inactivating Iy,, located in a
more depolarized voltage range than the half-activation of
I,p- Although gy,p is much smaller than gy, (gnap/
gna=0.3%), in total current (nA) the 7y, is about 18 times
larger than the steady-state [, at —60 mV, and is always
more than four times larger in the subthreshold voltage
range (V< —50 mV).

Stochastic synapse model with short-term plasticity

The chattering cell model was considered as presynaptic
to a fast spiking interneuron model. The latter was taken
directly from Ref. 63, where it was constructed so that the
model compares well with the characteristics of fast spiking
cells, such as the amplitude of spike after hyperpolarization
and the frequency—current relation. The chattering cell-to-
interneuron synaptic current [, =g..s(V—¥,), where
& =0.05mS/em® and V,_,=0mV. The channel gating

variable s obeys first-order kinetics,** ds/dr=k F(V,.)E
(N1 =s5)~k,s, with k=12 and k.= l/1,,=1/ms, AV)=1/
[1+exp( — V72)]. Given a presynaptic spike, £(7)=1 if there is
vesicle release and 0 otherwise.

The stochastic model of synaptic release (Fig. 1B) is
endowed with short-term facilitation®**% and depres-
sion.)¥% The synaptic terminal is assumed to have a
number N of available vesicles at any time (N is smaller than
a maximum N,); upon arrival of an action potential, each
vesicle can be released with a certain probability p,, but
there is no more than one vesicle release.®® The spike-
triggered release probability is p=1—e ™" (see Ref. 6).
When a release occurs N is reduced by 1: between spikes the
Ny— N vesicles are refilled back to the available pool by
a Poisson process with time constant 1. The number
of immediately available vesicles N, has been directly
measured at single synapses of hippocampal pyramidal
neurons, typically ranging from a few to two dozen.®*° We
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used N,=20. The refill of releasable vesicle pool has a time
constant of a few seconds.’® However, there are faster
processes such as a refractory period of tens of milliseconds
following vesicle release.*>** This is likely related to the
observation that short-term synaptic depression exhibits
several time constants.®! We chose 1, =300 ms, intermediate
between the fast recovery from a refractory period and the
slow refill process.

In the limit where NP, is sufficiently small, the average
behavior of our stochastic model is identical to the existing
phenomenological, deterministic models for short-term syn-
aptic depression.'?>% Consider, for example, a repetitive
train of presynaptic stimuli at frequency »=1/Az. For small
NyP,, we can approximately write

p=l—e ""¥x1—(1-p,N)=p.N,

so p is linear in N. Let p(kA7)=p,N(kAt) denote the release
probability at the kth spike, averaged over trials. Since there
is zero or one vesicle release with probability [1 —p(kAt)]
and p(kAr), respectively, the number of available vesicles
immediately after the kth spike is AN'(kAf)=N(kAt)—
plkAr)= N(kAr)(1 - p,). The number of unavailable vesicles
is No— N'(kAf). Between the kth and (k+1)th spikes, the
unavailable vesicles recover back to the available pool with
time constant tp,, so that upon arrival of the (k+1)th spike,
the number of unavailable vesicles is [Ny— N'(kAr)]exp
(— At/tp). Therefore, the number of available vesicles is

N(k+ DA =Ny — [Ny, — N'(kAnlexp( — dtlzp)=
Nyl —exp(— At/tp)|+ Nk A1 — pexp( — Atlty),

which gives N[(k+1)Ar] as a function of N(kAr). Solving this
iteration, we obtain

PRAD=p (P — Posdexp( — kAtlty”),

where p,.,=p.N, The characteristic time constant zp, is
given by

1 1
—=—+rln
™ Tp

1=p,

This implies that, in general, T, is much shorter than
the recovery time constant 1,. For example, if =20 Hz,
and p,=04, then 1" ,=73.8ms with 1,=300ms, and

7"5=94.8 ms with t,=3000 ms.
The steady-state p,, is given by

_ PN[1—exp(— l/rtp)]
1= —=pyexp(— Urtp)

Pss

which is the same as that of previous phenomological
models.! In particular, at high frequencies, py~ Ny/rip,
which is inversely proportional to the stimulus rate and
independent of p,."*

For an arbitary presynaptic train of spikes at times [¢,, £,,
...], the dynamics of D(t)=p(t)/p,= N(1)/N, is captured by the
following differential equation:

B
J—_—p—v);s(z —1)D+(I ~ DYy,

dD
=—In

dr

We note that the linear approximation is not accurate
unless Nyp, is small. All the stimulation results reported in
this paper were obtained using the original non-linear
formula p=1—e~ "V

Short-term facilitation is due to spike-triggered calcium
processes and generally shows several components with
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different time constants.®® Here, we only included one time
constant, and facilitation was modeled as p,=p,F*. The
dynamics of F is adopted from Ref. 3 (reformulated for
spikes as point events in time): £ is updated to 1+a(F—1)
upon arrival of a presynaptic spike, and it decays back
towards zero between spikes with a time constant 1. F, then
P, is evaluated after the spike. The dynamics of F(z) thus
described obeys the following equation:

dF N
-(;;:ln(a;) : ot — 1)1 = F)— Flty

Note that the parameter o, controls the facilitation
potency: one can show that, in response to two stimuli
separated by a small time interval, F,=1—u whereas the
paired-pulse facilitation F,/F,=1+a (cf. Ref. 3).

When simulated by sustained presynaptic spike dis-
charges, our dynamical synapse model shows strong facili-
tation if the initial release probability is low and N, is not
too small; otherwise, short-term depression due to vesicle
depletion dominates. A detailed model analysis will be
presented elsewhere (Matveev V. and Wang X.-I., unpub-
lished observations). In order to mimic strong facilitation
as commonly reported for local pyramid-to-interneuron
connections in the neocortex, we chose p,=0.05, a,=0.55
and 1=100 ms. See Results (Fig. 8) for comparison with
experimental data.

In stimulations, we somewhat arbitrarily used three syn-
aptic contacts between the cell pair, so that the postsynaptic
cell can be driven to fire action potentials, but a single
release is usually not sufficient to trigger a spike. Examples
from the hippocampus have been documented where a
single pyramidal cell is capable of eliciting discharges in
a connected postsynaptic interneuron.*

Numerical methods

The model was stimulated on a Silicon Graphics Work-
station, using a fourth-order Runge-Kutta method
(dr=0.02 ms). Power spectra were computed using the sub-
routine spctrm.c from Numerical Recipes,*® modified by
Yinghui Liu.

RESULTS
Ping-pong mechanism for rhythmic bursting

When stimulated by a current pulse, the neuron
model displays rhythmic burst firing of spikes similar
to the observed behaviors of chattering cells (Fig.
3A). Common characteristics include the following.
(1) Each burst typically terminates with a significant
afterdepolarization (ADP) and is followed by a
slower afterhyperpolarization (Figs 3, 4A). (2) Action
potentials are fast in duration (0.3 ms at half-
amplitude), primarily due to rapid gating kinetics of
the /. (3) At sufficiently large current intensity, the
firing becomes tonic at high frequencies (Fig. 4A).
Such a transition has been reported in Ref. 46
(reproduced in Fig. 5), which came to our attention
after the present paper was submitted for publi-
cation. (4) The burst frequency is low for a restricted
range of small 7, = values, but typically is about
20-40 Hz. The current range for rhythmic bursting
is comparable with the experimental measurements
(Fig. 4B. upper panel). (5) With increased applied
current intensity, the intra-burst firing frequency is
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about 300-500 Hz (Fig. 4B, middle panel) and the
number of spikes per burst increases stepwise (Fig.
4B, lower panel).

Repetitive bursting is primarily generated by a
“ping-pong” interplay between action potentials in
the somatic compartment and slow active currents
in the dendritic compartment.**-37-%% Ag illustrated
in Fig. 3B, when the somatic membrane potential
fires an action potential, the dendritic V, is depolar-
ized gradually in time, because the electrotonic
coupling between the two compartments is relatively
weak, and the dendrite has a much larger capacitance
than the soma. As V, repolarizes, the ¥, depolariz-
ation lingers and is boosted by the activation of the
inward 7,p. This then feeds back an inward current
flow to the ¥, and elicits another somatic spike. This
ping-pong process repeats itself until the outward I g
is sufficiently activated to repolarize the cell, so that
the soma finally fails to reach the firing threshold.
Thus, the burst terminates with a subthreshold ADP.
During the inter-burst afterhyperpolarization the /¢
decreases, the cell recovers to its initial state and the
burst starts anew.

The ADP has several (passive and active) compo-
nents originating from both the dendrite and soma.
Note that the dendrite-to-soma current flow is in-
ward and depolarizing (when V,>V) only during a
brief time (less than 1 ms) at the repolarization of
somatic spikes (Fig. 3B). The ADP begins within this
time window but develops fully only afterwards
(when V,<V; hence, the dendrite-to-soma current is
outward). Therefore, the I.,, the only somatic in-
ward current which is significant near the firing
threshold, must have taken over and contributed to
the generation of the ADP. In order to test whether
the initial dendrite-to-soma inward current is neces-
sary at all for the ADP, we artificially clamped ¥, to
be more hyerpolarized than V, by 2 mV only during
the brief time when normally ¥, would have been
more depolarized than ¥,. When such manipulation
was done after the third spike in Fig. 3B, the ADP
was completely abolished. When it was done after the
second spike, the burst was terminated immediately
without the third spike or an ADP (data not shown).
Therefore, the ADP generation in our model requires
an initial dendrite-to-soma depolarization followed
by an activation of the somatic window /, (which is
smaller and has a higher voltage threshold than
INaP)-

In our model, the ADP and rhythmic bursting do
not depend critically on the high-threshold Ca’*
conductance g¢,. As shown in Fig. 6A, with g, =0
(hence Iy, 1s zero as well), the chattering pattern
remains the same as before (compare with the voltage
trace with 7,,,=0.65nA in Fig. 4A). The burst
frequency is slightly increased (44 Hz vs 41 Hz),
which can be explained by the blockade of I ,.
Indeed, the main effect of g, is its activation of I ~,,
which is important to stabilize the membrane. With-
out dendritic /i, the powerful g, could lead to
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Fig. 3. Behavior of model neuron. (A) Comparison between an in vivo intracellular voltage trace from the
cat visual cortex (courtesy of McCormick D. A. and Gray C. M.) and model simulation. This particular
cell has a relatively low frequency among recorded chattering cells. In order to better match with this
example, we slowed down the I (with 1,=25 ms), and varied slightly gn,p (=0.1) and gx (=14). The
injected current intensities are 0.61 and 0.58 nA for the data and the model, respectively. (B) An enlarged
burst from the lower panel in A with superimposed somatic and dendritic membrane potentials. Note the
pronounced spike ADP. (C) Slow membrane depolarization underlying a burst can be unmasked by
applying a hyperpolarizing pulse immediately after a threshold-straddling current pulse. Using hyper-
polarizing pulses of different amplitudes (in blue and red), the third or second spike is abolished, and the
unmasked depolarizing wave lasts for about the duration of the burst.

unrealistic runaway excitation of the cell, especially
when the cell is stimulated by strong inputs to the
dendritic compartment (data not shown).
Interestingly, when both g, and g., were
blocked, the dendrite became completely passive, we
still observed ADP and doublets of spikes (Fig. 6B).
However, the corresponding range of injected current
intensities is much more restricted (0.62-0.77 nA),
compared with 0.3-1.0 nA of Fig. 4. In this case, the
ADP is largely produced by the somatic Na* window
current, but is initially triggered by a passive charge
redistribution from the large dendritic capacitance to
the soma.”' Hence, even when the dendrite is passive.

the ADP may be sufficient to produce doublets of
spikes, but not bursts of spikes in a robust way.

Cholinergic modulation

Although the two other K™ conductances g,, and
8kca are not essential for rhythmogenesis itself, they
can greatly alter the bursting dynamics. As men-
tioned before, I, controls the excitability of the
dendritic membrane. On the other hand, /,,, being of
low activation threshold and located in the somatic
compartment, was found to be very eflective in
limiting the number of spikes per burst, This is shown
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Fig. 4. (A) Fast rhythmic bursting elicited by injected current pulses (intensity shown near the traces). At
large I, the firing pattern becomes tonic with firing frequencies larger than 350 Hz (top panel). (B)

Upper panel: bursting frequency as a function of /.

The open squares are data from an intracellularly

recorded chattering cell (courtesy of McCormick D. A. and Gray C. M.). Middle panel: intra-burst firing
frequency and mean firing frequency (filled and open circles, respectively). Lower panel: number of spikes

per burst as a function of [,

in Fig. 7, where the cholinergic modulation of these
two channels is simulated.?® Initially, the g,, and
gxea are set to be sufficiently large so that the cell
fires only single spikes, each followed by a noticeable
ADP. The tonic firing is transformed into burst firing
when gy, and especially g,, are reduced by simu-
lated cholinergic action (Fig. 7). This result is consist-
ent with recent in vitro observations,™ and suggests
that the g, and gy -, are likely targets of cholinergic
modulation for the pacemaker behavior of chattering
cells.

Reliable pacemaker across unreliable synapses

At present, the short-term plasticity properties of
the synaptic connections made by chattering neurons
remain unknown. We considered a hypothetical con-
nection from a chattering cell to a fast spiking
inhibitory interneuron. As explained in the Compu-
tational Procedures, the stochastic synapse model
behaves similarly to the pyramid-to-interneuron con-
nections found by Thomson et al.,’® with a low initial
release probability and strong short-term facilitation.

app*

An example of the synapse model behavior is shown
in Fig. 8A, with repetitive presynaptic stimulation at
30 Hz. The individual postsynaptic responses display
frequent transmission failures, and the trial-averaged
response exhibits pronounced facilitation com-
parable with the experimental measurements of
Thomson and Deuchars (Fig. 8B). For the parameter
set specified in the Computational Procedures, the
initial release probability 1s p=0.04, so that the
probability of transmission failure is (1 —p)*=88%
(with three synaptic contacts). By comparison, the
failure probability is reported to be >80% for a
reconstructed local pyramid-to-interneuron connec-
tion with three synaptic contacts.®”

This synapse model is used for a chattering cell to
drive an interneuron. The chattering cell is now
excited by Poisson synaptic inputs instead of current
pulses, so that its firing patterns are somewhat noisy
(Fig. 9A, top panel). Because of a low p, there are
frequent failures of synaptic transmission (Fig. 9A,
second panel), and the postsynaptic cell fires an
action potential when there are multiple release
events during a presynaptic burst (Fig. 9A, third and
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Fig. 5. Chattering behavior of a corticothalamic

L 0.0(3)
—— 0.7(2)
—- 0.3(1)

nA
1.2(e)

pyramidal neuron in the cat association neocortex

(reproduced from Ref. 46 with permission). Membrane potentials with four injected current intensities are
shown. Note the similarity with Fig. 4A.

fourth panels). A large fraction (60%) of chatter-
ing cell interspike intervals are very short (<3 ms),
belonging to rapid bursts (Fig. 9B). By contrast, the
inter-release interval histogram (IRIH) of the syn-
apses is characterized by multiple peaks and a long
tail (Fig. 9B). Only less than 20% of the inter-release
intervals are smaller than 3 ms (Fig. 9B) because,
with a low p, it is relatively rare that there are several
releases at a single synaptic site during a presynaptic
burst. The interspike interval histogram (ISIH) for
the chattering cell displays a characteristic bimodal-
ity, while the ISIH of the postsynaptic cell does not
show an obvious rhythmicity (Fig. 9C).

In order to assess the importance of bursts, we
compared the tonic firing with rhythmic bursting
of the presynaptic cell, with the same steady-state
release probability p (Fig. 10A-C). Here, the post-
synaptic interneuron is hyperpolarized to —75 mV in
order to delineate the excitatory postsynaptic poten-
tials (EPSPs). In the bursting mode (Fig. 10A, red
curve), although the ISIH of the interneuronal spike
discharges does not show rhythmicity (Fig. 9C), the
membrane fluctuations are rhythmic, as evidenced by
a pronounced peak (at f,,,,~45Hz) in the power
spectrum of EPSPs (Fig. 10B, red curve). This power
spectrum was computed averaged over trials; thus,
the rhythmicity is robust in spite of considerable
variability in the presynaptic firing pattern that dif-
fers from trial to trial (the coefficient of variability of
interspike intervals is 0.95 in the rhythmic bursting
case). By contrast, in tonic firing mode (Fig. 10A,
blue curve), as a result of transmission failures the
input to the interneuron often skips cycles of the
presynaptic rhythm, so that the power spectrum of
the EPSPs no longer shows rhythmicity (Fig. 10B,
blue curve).

We emphasize that as far as the rhythmicity is
concerned, the above result cannot be explained
simply by the fact that the presynaptic firing rate is
higher in the burst mode than in the tonic mode. To
illustrate the point, we repeated the simulation with
gnap=0, when the chattering cell model no longer
shows rhythmic bursting but preserves the same
firing rate (about 120 Hz) as before (by adjusting the
Poisson input rate) (Fig. 10A, green curve). As
expected, in this case the rhythmicity is completely
absent in the postsynaptic power spectrum (Fig. 10B,
green curve).

The rhythm transmittability is further quantified in
Fig. 10C, where one sees that, in the bursting mode,
the postsynaptic ryhthmicity is still significant even if
2<0.1. By contrast, in the tonic firing mode, the
postsynaptic rhythmicity is not discriminable even
with p~0.4. Therefore, burst firing is a dramatically
more robust mode for pacing the rhythm across
unreliable cortical synapses.

In addition to the steady-state behaviors, interest-
ing transient dynamics were observed due to the
short-term synaptic plasticity. Indeed, bursting is
more effective than tonic firing in inducing synaptic
facilitation (by [Ca®*]; accumulation at the synaptic
terminal; Fig. 10D, upper panel), but it also leads to
more transmitter release and hence synaptic depres-
sion (Fig. 10D, middle panel). Therefore, in the
bursting mode, the release probability p first increases
rapidly due to facilitation, until vesicle depletion
takes over and p decreases to a steady state (Fig.
10D, lower panel). By contrast, in the tonic firing
mode, the time-course of facilitation (hence p) lacks a
fast rising phase and is more gradual, thus there is a
relatively long time window (about 250 ms), during
which the release probability per spike is significantly
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Fig. 6. Blockade of active conductances in the dendrite. (A) With 8ca=0 (1,,,=0.65 nA), the chattering

pattern remains similar to the control case (cf. Fig. 4A), but the burst frequency is slightly higher because

of the blockade of Iy, as a consequence. Also plotted are all other active currents, with the vertical bar

corresponding to 2.5, 5 and 15 Afem? for Iy,p, Ixs and 7, respectively. (B) Blocking both gy.» and gc.,
does not completely abolish the rhythmic burst firing, as shown by a slow ramp of J,,.

higher in the bursting mode than in the tonic firing
mode (Fig. 10D, lower panel).

Recruitment of inhibitory interneurons

This last observation is interesting, given that, in
behaving conditions of the brain, visual inputs are
usually not constant in time, so a steady state may
never be realized. This is illustrated in Fig. 11, where
a sinusoidal input is applied to the chattering cell at
3 Hz, which mimics a visual moving grating stimulus.
The postsynaptic interneuron is shown to fire vigor-
ously when driven by presynaptic bursts of dis-
charges, whereas it rarely reaches spike threshold
when the presynaptic cell is switched to the tonic
firing mode. In this case, because the presynaptic
spike output is not constant in time, the synaptic
release probability p never reaches a steady state.
Instead, p increases more steeply in time and remains

significantly higher all the time, in the bursting mode
than in the tonic mode (Fig. 11). Therefore, rapid
bursting is effective in recruiting its postsynaptic
targets, not only because of its high firing rate, but
also because of an enhanced probability per spike for
the synaptic transmission.

DISCUSSION

We have presented an ionic conductance model,
and explored some possible functional implications,
of the fast (~40 Hz) rhythmic bursting of chattering
neurons in the neocortex. In our model, the oscil-
lation mechanism is similar to that in Ref, 62, but
here the rhythm-generating currents /s and I,p are
assumed to be located at dendritic sites sufficiently
isolated from the soma. The rhythmogenesis depends
on three important cellular properties. First, a
pronounced ADP, which in our model has three
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Fig. 7. Simulated modulation of burst firing by acetylcholine. Both gy, and gy, are assumed to be
reduced by an agonist (carbachol, CCh) of muscarinic acetylcholine receptors, according to the expression
8= gotCso/(CCh+ics), with 1€5,=0.3 uM for gy, and 5 uM for gy,.>* The model neuron is transformed
from firing tonically (with spike ADP) to bursting rhythmically as gy and gx ¢, are gradually reduced by
a ramp of carbachol pulse. The transformation is in paralle! with the time-course of the g,, decrease.
Inserts at the top illustrate enlarged single spike and bursts at three different levels of modulation
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components. It is generated by an initial dendrite-to-
soma inward current flow due to both the activation
of the dendritic J,p and a passive charge redistri-
bution, followed by the activation of the somatic Na™
window current. Second, weak coupling between the
soma and dendrites with a large capacitance provides
a suitable neuronal electrical structure for the “ping-
pong” interplay between action potentials and the
dendrite-dependent ADP. Finally, a slow K* current
is the primary determinant of the burst duration and
the inter-burst afterhyperpolarization (hence the
oscillation period).

Other models of pyramidal bursters share
similar qualitative requirements for the burst firing
behavior, but are based on Ca®* rather than Na*
currents and have much slower rhythmic frequencies.
Note that our model would work as well if the
persistent dendritic Na* current was substituted by

39,41,57.58

=0.55 nA).

an inactivating Na* current, provided that the latter
displayed a window current of sufficiently low volt-
age threshold and large amplitude.® Sodium currents
have been demonstrated in dendrites of cortical pyra-
midal cells, including a persistent Na* compo-
nent.*>**3 Moreover, an I,-dependent burst firing
pattern has been reported in pyramidal neurons,®"
but none of them display such fast rhythmicity as the
chattering cells. In addition to the Iy, p, our rhythmo-
genesis mechanism depends on a voltage-gated K*
ion channel, which is presumably a slow subtype of
the A-type-inactivating K™ channels. Little is known
about dendritic K™ channels in neocortical pyramidal
cells, but a recent study revealed a surprisingly high
density of transient A-type K* channels in dendrites
of hippocampal pyramidal neurons.'” It seems un-
likely that fast gamma oscillations could be generated
by a K current that depends on spike-triggered



356

A model

Presynaptic

20ms
5mV| w

Average

2mV
SDTC

B data

Pyramid-Fast Interneuron

Presynaptic

Postsynaptic
Average

BN

SDTC

A \ 2mv

40 ms

~62 mvV

Fig. 8. (A) Short-term facilitation of the synapse model (with three synaptic contacts), in response to a
train of repetitive presynaptic firing at 30 Hz. Frequent transmission failures are evident in the five samples
of the postsynaptic response. The average response was obtained with 100 samples. SDTC is the standard
deviation time-course; its large value indicates a high trial-to-trial variability of the postsynaptic response
(£4n=0.1). (B) An example of postsynaptic response recorded from a pyramid-to-fast interneuron
connection of the rat somatomotor cortex (reproduced from Ref. 54 with permission). The model

behavior in A displays strong facilitation, similar to the experimental data in B.
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Fig. 9. Chattering cell synaptically drives a postsynaptic interneuron. (A) The chattering neuron fires
bursts of spikes in response to Poisson inputs (top panel). There are numerous transmission failures at the
three release sites (second panel), and the postsynaptic cell typically fires a spike when there are multiple
releases during a presynaptic burst (third and fourth panels). The postsynaptic firing rate is about 16 Hz
with g,.,=0.05 and 34 Hz with g, =0.10. (B) Left panel: compared to the ISIH of the presynaptic cell
(red), the IRIH of the synapses (black) shows several maxima and a long tail, reflecting transmission
failures at consecutive presynaptic bursts. Right panel: the burst fraction (time interval <3 ms) is 59% for
the ISIH and 17% for the IRIH. (C) The ISIH of the chattering cell is bimodal (red), whereas that of the
postsynaptic cell is wide and unimodal (blue and green). g,,=0.3, A=3 kHz.

calcium influx (such as the calcium- and voltage-
dependent /). This is because calcium accumulation
and decay are typically too slow compared to the
chattering burst duration (~35ms) and oscillation
period (~20ms), respectively; chattering cells fire
thin spikes, hence calcium influx per spike is expected
to be small. Obviously, further experimental and

modeling investigations are needed in order to test
this theoretically proposed mechanism.

Pyramidal cells in the electrosensory lateral-line
lobe of weakly electric fish display short bursts of
spikes that depend on dendritic Na* channels,®® and
this burst firing has been implicated in the extraction
of special temporal features from stimulus.'? In
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Fig. 10. Transmission of gamma rhythmicity across stochastic synapses. {A) With a large gy,. the chattering cell fires
tonically, and the postsynaptic cell (hyperpolarized to V.=~ 75 mV) frequently skips cycles due to transmission failure
(blue). By contrast, with reduced g, presynaptic burst firing leads to more reliable transmission per cycle, hence the
rhythmicity is preserved in the postsynaptic cell (red). The firing pattern with gy,»=0 (green) has a similar firing rate as the
rhythmic bursting case. The voltage bar is 10 mV (respectively 5 mV) for the pre- (respectively post-) synaptic cell. (B) Power
spectrum of postsynaptic potential computed by averaging over 20 trials. The red curve (but not the blue and green ones)
displays a clear peak at about 45 Hz. As in A, time traces were obtained after a transient of 500 ms. The high power at low
frequencies is due to temporal correlations caused by the short-term synaptic plasticity (cf. the IRIH in Fig. 9C), and was
absent if a deterministic synapse model was used (data not shown). The postsynaptic rhythmicity is quantified as the ratio
between the power at the peak frequency (7.} to that at the trough frequency (f,,;,.). The larger this ratio is above 1, the
more prominent is the postsynaptic oscillation. This ratio is plotted in C as a function of the steady-state p, which was varied
by changing the facilitation parameter o from 0.1 to 0.9. The ratio is always close to | in the tonic firing mode, whereas
it remains significantly larger than 1 in the bursting mode, even for very low p. (D) Transient time-courses of synaptic
facilitation F*, the number of available presynaptic vesicles N and the release probability p=1-e "% computed by
averaging over 20 trials (input onset at ¢=0). Blue: gy,=1 and Poisson input rate A=4 kHz; red: gp=0.3 and A=3 kHz
(8inpur=0-012 for both blue and red); green: gy,p=0, £, =0.3. A= 19 kHz and g;,,,,,,=0.0024.
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Fig. 11. Recruitment of inhibitory neurons by fast burst firing. In response to a sinusoidal input at 3 Hz

(bottom panel, Poisson input rate), fast burst firing of a chattering cell can powerfully excite the

postsynaptic cell to fire at relatively high rate, whereas tonic firing fails to generate significant postsynaptic

discharges. The release probability per spike (p) is much higher in the bursting than in the tonic firing
mode.

mammalian neocortex, whether fast bursting neurons
are assigned some specialized computational func-
tions remains unknown. Previous work on the hippo-
campus suggested that burst discharges may be
effective in inducing long-term synaptic potentia-

tion.'®?* Recently, Lisman® argued that bursts may

represent a reliable neural signal across noisy and
facilitating synapses. Here, we considered a specific
example and investigated a hypothetical case of
connections from a chattering cell to a postsynaptic
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inhibitory neuron, with a synaptic model that be-
haves similarly to some pyramid-to-interneuron con-
nections.®® When the chattering cell model was
driven by a non-stationary input (mimicking a visual
moving grating stimulus). the postsynaptic inter-
neuron could be effectively recruited to fire spikes by
presynaptic burst firing. To a large extent, this is
simply because a much higher presynaptic firing rate
in the bursting mode generates larger postsynaptic
responses (this, however, would not be the case for
strongly depressing synapses), and few excitatory
neurons in the neocortex fire at such high frequencies
as the chattering cells. In addition, our results showed
that bursts of spikes are more powerful, also because
the transmission per spike is more reliable due to
burst-induced synaptic facilitation. Therefore, chat-
tering cells may be powerful contributors to the
recruitment of feedback inhibition, which is believed
to play critical roles in many perceptual compu-
tations in the neocortex.™

One may ask whether chattering neurons coupled
by recurrent excitation can synchronize themselves to
generate a population rhythm and to drive coherently
other neuronal types in the neocortex. Alternatively,
subpopulations of inhibitory interneurons may be
particularly capable of synchronizing 40-Hz cortical
network oscillations. either by cross-talk with pyra-
midal cells,’>®*¢” or by mutual interactions among
themselves.®* ®° In this second scenario, it can be
imagined that chattering cells and certain class(es) of
inhibitory interneurons could play the complemen-
tary roles of pacemaker and synchronizer, respect-
ively, and the reciprocal synaptic interactions
between these two cell populations generate the net-
work 40-Hz oscillations. In this regard, as demon-
strated here, the burstiness of rhythmic firing may be
important for chattering cells to fulfil a pacemaker
role in the neocortex, if the synaptic transmission to
interneurons is highly unreliable. We have shown
that, as far as the rhythmicity is concerned. the syn-

X.-J. Wang

aptic reliability depends on the burst firing pattern,
not just an increased firing rate. It would be interest-
ing to investigate experimentally whether chattering
neurons do make low-p and facilitating synapses on
some classes of interneurons, and whether such acti-
vation of feedback inhibition plays an important role
in the network gamma frequency oscillation and syn-
chronization. Such a scenario would be in contrast
with other situations where burst firing may not be
required for pacing the 40-Hz rhythm, if the pyramid-
to-interneuron connections are reliable.*®

Finally, we showed that the burstiness (number
of spikes per burst) can be controlled by acetyl-
choline modulation, which in the model acts via a
reduction of Iy, and Iy ,. Furthermore, activation
of presynaptic muscarinic receptors, by inhibiting
transmitter release,”” could help the synapse to filter
out randomly occurring single spikes that are mixed
with rhythmic bursts in sensory responses of the
chattering cells, thus enhancing the robustness of
the gamma rhythmicity in the presence of highly
noisy background activity. The chattering behavior
could also be potentiated by other neuromodu-
lators, such as serotonin, which has been reported
to increase a persistent Na* conductance in the
apical dendrites of neocortical pyramidal neurons.”
In this way, chattering cells may become true pace-
makers only by reticular formation activation,
which could thus promote stimulus-induced gamma
oscillations in the neocortex™*"*’ by transform-
ing chattering cells from tonic firing to rhythmic
bursting mode.
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