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In a spontaneously bursting neuronal network In vitro, chaos can be demonstrated by the
presence of unstable fixed-point behaviour. Chaos control techniques can increase the
perlodicity of such neuronal population bursting behaviour. Perlodic pacing Is also effective
in entraining such systems, although in a qualitativeiy different fashion. Using a strategy of
anticontrol such systems can be made less perlodic. These techniques may be applicable to

In vivo epileptic focl.

FOLLOWING the recent theoretical prediction that chaotic
physical systems might be controllable with small
perturbations"?, there has been rapid and successful application
of this technique to mechanical systems®, electrical circuits®,
lasers® and chemical reactions®’. Following the demonstration
of the control of chaos in arrhythmic cardiac tissue®, there are
no longer any technical barriers to applying these techniques to
neural tissue.

One of the hallmarks of the human epileptic brain during
periods of time in between seizures is the presence of brief bursts
of focal neuronal activity known as interictal spikes. Often such
spikes emanate from the same region of brain from which the
seizures are generated but the relationship between the spike

patterns and seizure onsets remains unclear”'®. Several types

NATURE - VOL 370 - 25 AUGUST 1994

of in vitro brain slice preparations, usually after exposure to

* convulsant drugs that reduce neuronal inhibition, exhibit popu-

lation burst-firing activity that in many ways seems analogous
to the interictal spike''. One of these preparations is the high
potassium concentration ([K*]) model, where slices from the
hippocampus of the temporal lobe of the rat brain (a frequent
site of epileptogenesis in the human) are exposed to artificial
cerebrospinal fluid containing 6.5-10 mM [K*]"2. After expo-
sure to high [K*], spontaneous bursts of synchronized neu-
ronal activity originate in a region known as the third part
of the cornu ammonis or CA3 (ref. 13). Impulses from the
CAD3 bursts are propagated through a recurrent collateral fibre
tract (the Schaffer collateral fibres) from CA3 to CAl, where
electrographic seizure-like discharges can frequently be
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1, A detaited computer model of the high [K7]

burst discharges in CA3 successfully replicates many of the
experimental findin {reviewed in ref. 16). Although i is
difficult to identify determinism in long time series of such
bursting activity using nonlinear prt:x:hmqm %miquum SOme
eudezxce of determinism was recently identified’ ™", We sought

s determine whether such neurcnal bursting activity -was
amcgmésie to controd,

There have been substantial efforts to influence neuronal acti-
vity-with electric fields and currents. Regarding the i vipro
hippocarapal stice, brief direct current {d.c.) currents from non-
polarizable electrodes in the perfusion bath can influence the
evoked excitability of pyramidal cells in normal [K7] when the
electric fields are mdai}h oriented'”. Apparently similar effects
can be achieved with brief currents from 11"{)13{3{}0Lﬂ poiarizable
microelectrodes placed directly into the tissue®™ . To our know-
ledge the use of electrical stimulation to rfmrém spmmﬁe«ms
burst discharges from CA3in high [K’] has not been attempted,

ohserved

FlG. 1 8, Schematic diagram of the transverse hip-
pocampal slice, and arrangement of recording
slectrodes. Female Sprague-Dawley rats weighing
125180 ¢ were anaesthetized with diethyl-ether
and decapitated. Transverse slices 400 pm thick
weare prepared from the hippocampus with a tissus
chopper angd placed in an interface-type perfusion
chamber at 32-35 °C. Slices were perfused with
artificial cerebrospinal fluid (ACSF) flowing st
2mimin™ and composed of 1585 mMNa®,

35 mME", 1.2 mM Ca®
125 mMPOET, 24 mMHCO
. and 10 mM dextrose. After 80 min
of Incubation, slices were tested for vigbility by recording & greater than
2 my unitary population spike in the stratum pyramidale of CAL, in
response o sthmuiation of Schaffer collateral 8bres in the stratum radia-
fum with 100 us constant current 50-150 y& square-wave pulses
delivered st 0.1 Hz through tfungsten microelactrodes. Recordings were
made with 2-4-M{} glass needle electrodes fillad with 150 mM mu
With confirmation of viability, the perfu&:ﬂe was switched to AQSF
comtaining 8.8 mM K™ Tand 141 mM (G ] After 15-20 min of high [K7]
perfusion, Spﬂﬁiéiiiu{}d’i burst Hring could be recorded from CA3a or
CAZD, Recordings were digitized across 12 bits at B kHz with a Digidata
1200 anatogus 1o digital converter (Axon Instruments), and stored on a
personal computar using Axatape 2.0 (Axon Instruments), CAZ interburst
irtervals were massured with Datapac H {Run Technologles). For c:@ratmi
purposes, a separate computer system, digitizing across 18 b b
1 kMz, wentified spontaneous bursts from CAZ wsing a mrs,\,r-;c;!d and
peak ampiitude detection strategy. This computer triggerad & stimulator
{Mode! SE800, Grass Corp) linked o a photostectric stimulus isolgtion
unit {(Modet SIU7, Grass Corp), to deliver 100-us constant current
souars-wave pulses to the Schaffer collsteral fibres through a tungsten
microsiectrode. At times, doubls pulses consisting of pairs of 100-qs
plilses with 15058 interpulse intervals were used. b, Shown are I

Gle

whether indirectly with electric fields or with direct stimulation
of the nerve cells themsebves, Direct stimulation can be accom-
plished for CA3 neurons by stimudating the ¥ v fibre neurons
that synapse on the CAJZ pyramidal cells {orthedromic stimula-
) or by stimulating branches of the CA3 pyramidal cell axons
haffer collateral fibres) and allowing the action potentials
amidal cells in a retrograde fashion

{
to propagate inte the pyr
{antidromic stimulation.
With the observation that it wa
charges from CA3 with both orthedromic and antidromic stimu-

€,

feasible to entrain burst dis-

tation (K1 and S.1.8., manuscript in p t“e;mmmw} we we
a position to ask the following quutiom S
or deterministic chaotic behaviour in this ?Itfhi[‘;iii()t‘i’ and
could such ty be controlled?
if one observes the timing of events from a chaotic physical
svstem, those events are aperiodic. The timing of events evolve
from one unstable perlodicity to another. Furthermore the
approach 1o these unstable perlodicitics shows recurring patierns

of recording from an extraceliviar electrode within CAZ following expo-
sure 1o 8.5 mM K] The upper four traces in r how the burst dis-
srges occurdng at regutar intervals. The lower four traces in biue
w the effect of turming on chaos control. When contral of chaos
pldses are delivered o the Schaffer collateral fibres, largs stimulation
artefacts are n at the o of a burst. Note that each control pulse
evokes a synchronized dischargs in CA3. As contrel becomes more
stable, the bursts become increasingly periodic, as seen™most clearly
on the bottom trage. Note that the control pulses are delivered only
imtermittently. The plot of the full series of these intervais befors and
during contro! is seen in the first hatf of the plot in Fig. 3. ¢, Shown are
fing from the same experiment before {rad) and after
dtiation of peripdic pacing. Nrﬁe i periodic pz,zises
tely entrain the population bursts in the §fih tracing ¢{
putses), bul by the sixh tracing, there is occasional escape be ..?m 1zoug
evident when the population bursts just before the delivered puise {seen
in 3710 bursts in tracing 6, 2711 In tracing 7, and 2/10 in tracing B
The plot of the full series of these intervals ?Je%me furing pertodic
pacing is seen in the second half of the piot in Fig. 3. The calibra
mark indicates 5 mV ordinate and 1 s abscissa.
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Bt 2 o Rﬁiﬁm ;}k:szs of interburst intervals [N

hat as the tm}i&ff@, crosses
the line of identity along a particular direction from
1to 2, the ned points take 3 pe ﬁézéar sequence
that atarts close o th :
and then sitemates
identity and ;}rsgraﬁﬁiv&i
neary straight line for
plred i grﬁ:m 1,

an unsta ;
manifolds with :
urzs;%;ai}le fined gg for other phy

1@ b&dd%& cbwﬁ&d

shemals on opr {;g the Bne of ideniity.
b, Retun plot ol colour-coded tra-
jectories that dig r‘z:xt ?t}l!cm eac*\ otherin time. The
starting point for aach sequence, numberad 1 in
each, began at burst numbers 87 hiue), 210 (red)
and 317 (green), out mf a toia serigs 3? ’—}2(} bx)mts

toweards the mszabie el pa}vs: and ihﬁ ws‘e !ﬁ
mwrmizi ﬁas arrovs drawn in the direction away
e fixed point Bpte that each
sequence starfs ot & point roughly the sam&
tahee Trom dhe snstabie fixed point g region
close to the stable maniiokh Each trajectory Rl
whiv the same path, snd after clossly
ing the unstable fixed point for the points
{red, green and blus) thers evolves for
} & seguence of  sxponentially
3 nps {on alternating sides of the ing of
iy atong the unstable manifoid). Although the
trajectories arg chustersd slong the unstable mank
fold for four bursts, the §8th bursts are widely seatt
efed (not shown, This i the mantfasistion of the
sensitivity 1o initial conditions typical of chaslic
systems, These piots show olear svigence for nons
random structure in these brajectiries, and thelr
patterns bear the hiatimarks of detérministio chaos,

tabetied

which can be quantitatively understood by examining the
relationship between the timing of sequential evenis. This ¢an
be visnalized using a gsim which is a type of a return map ‘smh
a map plots the present interval between even Y
Jth previous interval, 7, ;. Periodicities (of period f) are reve
an such s plo ons with the line of identity, Ny
In a chaotic systom these intersections are known as unstable
fixed pmsm ]hc% mmaéxit fixed points are ctx,temmz‘auméa;

i ection called the stable direction or mani-
z‘u: Tmm tkew pmuta glono th;

i?kr, m%}..ipc. of a s
cation and charac

Iﬁ'iﬁm:‘j b; :
‘xmr.tn of the

+s 10 wmm%
and

\’&e ém{mzm ate hm* *hz”ﬁ;? »cpamu approach
periodic pa n impleme on of chaos control theo
the inverse of chaos control which we term anticontrol,

AUGUST 15894
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Brain slice preparation

Hippocampal slices were prepared using standard techniques'®
Glass macropipette electrodes in CAL and CA3 were used o
record neuronal activity, and a computer calculated and
delivered appropriately timed control pulses. The anatomy of
the transverse hippocampal slice and arrangement of electrodes
are ilustrated in Fig. 1q, and details of the experimental prepara-
tion are swmmarized in the fgure legend.

Chaos identification and control

A key feature of chaotic ems 18 that thw contain an infinite
number of unstable periodic fixed points™ . That these spontan-
eously active neuronal networks are chaotic was supported by
evidence of unstable fised points in the return maps with the
characteristics shown in Fig 2, & These candidate unstable
fixed points met four criteria. First, the seqﬂenf:-;: of points
approaches the unstable fixed-point candidate along a stable
direction and diverges from it along an unstable direction.

&7
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i

w;% of anticontrsl [pinkd double-
{greent and single-pulse oo
te how anticontrel reduces the par-
memmtz .- Also nots that double.
; s,f::mﬁmﬁ i more sffective than singlepulss
conteol, as was generally the case (see Table 10

k31>
i

g frajectory must be locally Hnear. Thind,
s the same candidate along the same stable
ponding departures along the same
; ccted. Last, the distances of the
ng points from the candidate fixed point must nerease
thereby demonstrating the sensitivity o Initial
s:*mm of chaos, Although short
¢ unstable fixed points can be
1 amden’ data, multiple approaches §it-
g iterin will not be seen.
m‘phzumsszw*z of these criteria, we excluded higher
swur {peried 2, period 3, and so on}. insisted that

2 p
metry &J‘*ami the fixed point candidates be a ﬁ;p saddie,

:i,, 1 the minimum acceptable linearity of the
old. We also set cnteria for limits on the rates of

.'vé divergence of the frajectories. Because on these
i ix eastly shown that the fﬂ'g; nvalues {local rates
on and contraction along the respective manifolds)

e S LR
3

i

R R R A L L

to note that we found that the stable man

stopes with magnitudes less than 1 and that the unstabl

folds had negative slopes with magnitudes greater than 1, i

supporting the presence of chaos in these data’(see Fig.
Our chaos control technigque beging with a leatning

‘consisting of the wdentification of unstable fixed points and the

parformance of local near least-square fits (o obtain the
zmd ﬁﬁsiabkﬁ dimzti{m% Zﬁﬂﬁi, Wii?] the rates of dpproach and
di hase gonsisted of walting
m‘;t.ﬂ the 5} stem L:}su,m.iai a L;()!ss.,' d?pfu.&sﬁl to the unstable
point (within a small radius &) along the stable direction,
fs"%'EE owsd by an intervention that modified the timing of the pre-

dicted next interval in order to place it back onto the stable
anifold. In this way we use the saddle structure inherent in the
chactic dynamics o bring the system back o the desired
unstable fixed point with minimal intervention.

MATURE - VOL 370 - 25 AUGUST
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square deviation) and interburst interval but found no correla-
tions. The plot of the full series of these intervals before and
during control is seen in the first half of the plot in Fig. 3.

Figure 1c shows 100 s of recording from the same experi-
mental run before and after the initiation of periodic pacing.
Note that now pulses immediately entrain the population bursts
in the fifth tracing, but by the sixth tracing there is occasional
escape behaviour evident when the population burst-fires just
before the delivered pulses. The plot of the full series of these
intervals before and during periodic pacing is seen in the second
half of the plot in Fig. 3.

Figure 3 illustrates burst intervals before, during and after
both single-pulse chaos control and single-pulse periodic pacing.
Note that there is a qualitative difference in the control achieved
with each method, as was seen from the traces of raw data shown
in Fig. 1b, c.

Figure 4 compares the effects of anticontrol, double-pulse
chaos control and single-pulse chaos control for another experi-
ment. Here, the effect of anticontrol in reducing the periodicity
of the preparation is clearly seen. We also demonstrated an
increase in the effectiveness of double over single pulsing for this
experiment.

Figure Sa illustrates an experiment where double-pulse chaos
control and periodic pacing were compared, but the degree of
control with .chaos control was not as good as with periodic
pacing. This experiment was exceptional, because most of the
double-pulse experiments achieved very tight control (see Fig.
4, and summary in Table 1). Note that even with the increased
stimulation of double pulsing, chaos control was not simply
overdrive pacing, in that there were frequent escapes and recap-
tures of control consistent with the interactive control
hypothesis.

Figure 5b illustrates the full gamut of results obtained with
single-pulse chaos control. The first control trial demonstrated
good control. Note that during this control sequence, the quality
of the control improved. We then allowed the algorithm to re-
learn the fixed point and it chose one with a longer interval,
again with good control. Whether this is a manifestation of the
non-stationary nature of the system, or truly reflects the presence
of multiple unstable period 1 fixed points is unclear. Relearning
a third time, the algorithm selected different manifolds without
substantially changing the value of the fixed point, but the con-
trol is not as good. This third control run exhibited what we call
partial control in the results shown in Table 1; in partial control,
manifold selection was not optimal, and time intervals longer
than those of the chosen fixed-point interval appear eliminated.
Relearning a fourth time, a fixed point is chosen at a longer
interval than the previous three attempts. This was a control
failure. Nevertheless, relearning a fifth time with an even longer

fixed-point interval gave partial control. This sequence demon-
strates that the quality of control is not simply a function of the
frequency chosen, the control is critically dependent on the qual-
ity of the fixed points and manifolds selected.

Discusslon

This is the second attempt at achieving control of a chaotic
biological system® with a derivative method of Ott, Grebogi and
Yorke'. The observation of small-scale structure and the identi-
fication of stable and unstable manifolds near unstable fixed
points for many of these burst-firing slices demonstrated the
presence of deterministic chaos in this simple neuronal system.
For this preparation, complicated control theory is not required
just to achieve relatively fast periodic behaviour. Above certain
frequencies, periodic pacing was effective in entraining the spon-
taneous burst discharges in CA3. However, the quality of control
with periodic pacing was not equivalent with the chaos control
method; furthermore, the chaos control method has the advan-
tage over overdrive periodic pacing in terms of its ability to
identify and track fixed points over time. In addition, the control
of chaos strategy offers the ability to break up fixed-point
behaviour with anticontrol. The anticontrol method used here
uses a minimal number of stimuli needed to prevent periodic
behaviour.

Although it was easy to observe the unstable manifolds from
this preparation, it was difficult to place accurately the stable
manifold. This is because the system has many degrees of free-
dom (that is, is high dimensional), and the expectation of fully
disentangling its dynamics with a two-dimensional embedding
is simplistic. In addition, increasing amounts of noise in a system
will increase the frequency of escapes from control and eventu-
ally render control impossible'. Despite these difficulties, good
or partial control could frequently be achieved with our imple-
mentation of chaos control. The application of new theoretical
techniques recently developed for the control of high dimen-
sional systems” could improve the reliability of control for such
neuronal preparations.

We experimented with several variants of stimulation delivery.
In addition to single pulses, double pulses were used and were
often more effective in achieving higher quality control. We also
explored limiting the delivery of control pulses by prohibiting
consecutive control pulses without an intervening spontaneous
burst. This latter method was less effective than permitting con-
secutive pulsing.

Because this neuronal preparation shares similar character-
istics with epileptic interictal spike foci, we believe these methods
may be applied to such foci. Although it is impossible to predict
what effect increasing the periodicity of epileptic foci will have,
the opposite effect of breaking up fixed-point periodic behaviour
with anticontrol could be a more useful intervention. O
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