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We study global bifurcations of the chaotic attractor in a modified Hodgkin—Huxley model of
thermally sensitive neurons. The control parameter for this model is the temperature. The chaotic
behavior is realized over a wide range of temperatures and is visualized using interspike intervals.
We observe an abrupt increase of the interspike intervals in a certain temperature region. We
identify this as a homoclinic bifurcation of a saddle-focus fixed point which is embedded in the
chaotic attractors. The transition is accompanied by intermittency, which obeys a universal scaling
law for the average length of trajectory segments exhibiting only short interspike intervals with the
distance from the onset of intermittency. We also present experimental results of interspike interval
measurements taken from the crayfish caudal photoreceptor, which qualitatively demonstrate the
same bifurcation structure. @000 American Institute of Physids$$1054-15000)02301-4

A wide class of sensory neurons demonstrates spontane- sult from the nonlinear internal dynamics of individual
ous oscillatory activity. Moreover, some thermosensitive neurons. Here we examine impulse pattern modulation of a
neurons, for example, electroreceptors of the catfish, dog- Hodgkin—Huxley-type computer simulation which originally
fish, the warm and cold receptors of rat and cat and the was developed to simulate peripheral cold receptors
caudal photoreceptor of the crayfish, display complicated discharges.These receptors encode environmental tempera-
bifurcation sequences of the spike train patterns as the tures into neuronal impulse trains and thereby exhibit a fas-
control parameter, e.g., the temperature, changes. Recent cinating array of different types of firing patterns which,
experiments also revealed the existence of low- without doubt, originate from internal dynamics of single
dimensional chaotic behavior of some thermoreceptors. receptors. The existence of neuronal networks can be ex-
In this paper we study a rather unusual behavior of a  cluded because cold receptors are free nerve endings in the
bursting neuron, modeled by a modified Hodgkin-  superficial layers of the skih.

Huxley system, manifested in an explosion of interspike Because of the small size and sparse distribution of cold
intervals at a certain temperature value. We identify this ~ receptors, intracellular recordings of the membrane potential
transition with a homoclinic bifurcation of a saddle-focus  or ionic currents are not possible so far. The temporal pat-
equilibrium state which is embedded in the chaotic at- terns of the discharges, however, clearly indicate that the
tractor of the system. We also demonstrate qualitatively impulses are generated by an oscillating membrane process
the same phenomenon in electro-physiological experi- Of systematic temperature dependencies. This can most eas-

ments with the caudal photoreceptor of the crayfish. ily be seen at mid-temperatures where rhythmic burst dis-
charges are triggered. However, there is also an essential

contribution of noise which becomes of particular functional
I. INTRODUCTION significance especially towards higher temperatures where
oscillations with skippings occdr.This phenomenon can
In electrophysiological experiments different types ofspread all over the complete encoding range in other ther-
neuronal impulse patterns can be observed ranging fromosensitive neurons, e.g., shark electrorecefitbtsreover,
regular or irregular single-spike activitytonic firing) to  there are other types of irregular discharges, preferably at
more or less rhythmic grouping of impulsdburst dis-  |ower temperatures, which at least partly seem to result from
charges Such temporal patterns are partly ascribed to syntow-dimensional dynamics.
aptic interactions within neuronal networks but can also re-  More detailed analysis of the impulse pattern indicates
that the oscillations arise from subthreshold mechanisms
3author to whom correspondence should be sent. Electronic mailWhich are independent of spike generation. For example,
neiman@neurodyn.umsl.edu when one or more oscillation cycles are without spike gen-
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eration, the oscillations obviously continue with an almostcorded from a spike train of action potentials. These inter-
unchanged rhythm and, at a given temperature, the period afike intervals can be regarded as direct measurements of the
the burst discharges is almost unaffected by random variaRoincarereturn time?>?® From this point of view measure-
tions of the number of spikes per bufStThe assumption of ment techniques usually used in the study of neuro-
subthreshold, spike-independent oscillations is additionallyiological systems are very convenient to investigate ho-
supported by electrophysiological recordings under themoclinic bifurcations.
variation of extracellular calcium concentrations and appli- The dynamics of biological neurons is always contami-
cations of calcium channel blockers. These experiments inaated with high-dimensional random processes, or “noise.”
dicate that low-threshold calcium channels contribute to thd-or subthreshold regimes noise might play a constructive
oscillating process, but mainly seem to exert repolarizingole leading to more coherent behavior of neuron systems via
effects, probably via Ca-activated K-channels, with neglectmechanisms of stochastfcor cohererf® resonances. How-
able contribution to depolarizatich. ever, noise usually destroys the fine bifurcation structure of a
Several models for the generation of spike-triggering osdynamical system, and, therefore, turns the bifurcation
cillations exist; most of them focus on specific types of pat-analysis into a hard statistical problem. Here we address
terns of central neuronge.g., Refs. 7 and )8 others also these difficulties by studying the behavior of a modified
consider the transitions between regular and chaotic patterrgodgkin—Huxley (MHH) model; with and without added
(e.g., Ref. 9 or even directly refer to cold receptor ddgag.,  hoise, comparing the results with those observed in electro-
Ref. 10. The model which will be examined here has beenphysiological experiments.
developed on the background of the above described experi- The topological structure of the chaotic attractor of this
mental findings, i.e., it considers subthreshold oscillations irsystem has been studied in Ref. 26, while several specific
addition to spike generation. It uses a Hodgkin—Huxley-typedynamical properties of this model, for example, the period
approach which, however, is drastically simplified and re-doubling cascade to chaos and specific resonance phenom-
duced. Nevertheless, all relevant physiological parametergna, have been studied in Ref. 27. In this paper we focus on
mentioned above do still have their explicit counterpart inglobal bifurcation phenomena in the MHH model. In particu-
the equationgsee Sec. )l lar we provide numerical evidence for the occurrence of a
This model, with addition of noise, exhibits all major homoclinic bifurcation in the modified Hodgkin—Huxley
characteristics of stationary cold receptor dischd-rm, model, show its robustness to noise, and also demonstrate
with slight modifications, can simulate principal neuromodu-Similar dynamic behavior in electrophysiological experi-
latory properties also observed in other types of temperatur@ents with the crayfish caudal photoreceptor.
sensitive receptors and neurdis?Moreover, new methods
fqr findjng unstablg period'ic orbits revgellle'd that I.o.w- Il. THE MODEL
dimensional dynamics contribute to specific irregularities of
the patterns which occur in cold receptors as well as in such The MHH model of thermally sensitive neurons has
different neurons as electroreceptors and hypothalamic nedpeen proposed by Brauet al! and mimics all spike train
rosecretory celfé1® and which, most remarkably, can also patterns observed in electroreceptors from dodfismd
be seen in noisy simulation runs of the model under similacatfish}* and from facial cold receptorsand hypothalamic
stimulus conditions as in the experiments. neurons of the ra All these neurons can be characterized
One possible way to study the generic properties of lowby spontaneous, noisy oscillations which are reflected in the
dimensional chaotic systems is the analysis of bifurcatiorspike trains. The classical HH mod@lpn the one hand, has
sequences of limit sets under the variation of a control pabeen simplifiede.g., no inactivation termsbut on the other
rameter. Bifurcations of chaotic attractors are often related thand, has been extended by two additional slow currents
global bifurcations, which are, in general, mediated by theaccording to the experimental findings of spike-independent
stable and unstable manifolds of certain periodic orbits oPscillations(see above The stochastic term produces more
saddle type. Examples for such global bifurcations are hotelastically looking simulations, e.g., makes the transitions
moclinic bifurcation$®~® and different types of crisés. between different impulse patterns more smooth, and is nec-
Both phenomena have been studied theoretically and olgssary to account for subthreshold oscillations with skippings
served in several experiments with physical systéhsHo- ~ when high-temperature ranges are considéveuich, how-
moclinic bifurcations are connected to the formation of aever, are notin the scope of this papdihe MHH model has
homoclinic orbit(or separatrix loopassociated with a saddle been described in detail in Ref. 1, and so will not be elabo-
equilibrium state. Depending on the eigenvalues of the equirated here. It is given by the usual equation for the mem-
librium state one distinguishes saddle-node-, saddle-focus- &rane potential,
bifocus-type scenarid$.One of the characteristic features of
a homoclinic bifurcation is the e3<ponentia| growth of the CMH=—I|—Id—I,—I5d—Isr+ &(1), D
times needed to return to a Poincawrface of section for
orbits in the neighborhood of the homoclinic orbit. Thus, thewhereC,, is the membrane capacitandéjs the membrane
divergence of the return time can be used as an indicator fquotential, and, is the leakage current, which can be written
the appearance of a homoclinic bifurcation. asl;=g(V-V)). l4 and |, are simplified fast Hodgkin—
Usually, the only observable which is accessible in elecHuxley currents representing Na and K channels, respec-
trophysiological experiments is the interspike intervals re-ively, which account for spike generatidRy andl g, are the
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slow currents which account for the oscillations, dt) is

the noise. The voltage-dependent currditsl, andlg4 are
L= p(T)gkar(V—Vy), 2

where the index stands ford, r or sd currents,p(T) is the

temperature-dependent scaling factor for the ionic currents_.

Ok is the maximum conductance amg is the reversal po-
tential. The activation variable s, and is described by the
differential equation

da,  d(ae—aw
dt '

Tk
This equation servels andlgq currents. 4 is considered to
be a mixed current which mainly is carried by sodium ions

)

and to a minor part by calcium ions which, however, are

essential for activation ofg,. |, represents a calcium-
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dependent potassium current where the dynamics of internal

changes are given by the equations for the activation variabl
as - In Eq. (3) ¢=¢(T) is the temperature-dependent scal-
ing factor for activation,r, is the time constant and,.. is
the steady-state activation:

A =[1+exp(—s(V=Vp))] ™ 4)

with s, the steepness and,, the half-activation value. For
the sodium currently, we adoptl 4= pggaq.(V—Vy), as
the sodium current changes much faster than other ionic cu
rents. For the currerit, the activation variable, is gov-
erned by

dag, _ d(— nlsq— Oag,)
dt

where the constanp serves for increasingCa * ] following
Isr, While 6 accounts for active elimination of intracellular

©)

Tsr

&IG. 1. Bifurcation diagram of the MHH system. The deterministic case.

physiological experiments, we use the interspike intervals,
7,, as a state variable. The interspike intervals are registered
by the membrane potential crossing a threstatd-20 mV)
with positive derivative(Poincaresurface of section Note
that for oscillatory neuron models they can be associated
With the instantaneous period of the action potential, while
Tn.1 VErsusr, represents the first return map of the system.
The bifurcation diagram of the MHH is shown in Fig. 1
and represents a classical route to chaos through a period-
doubling cascad® up to a temperatur&~10°C. The first
period doubling bifurcation occurs &;~6.765 °C, the sec-
ond atT,~7.195°C. Finally, forT>Ty~7.31°C the sys-
tem becomes chaotic. Inside the chaotic region we observe

calcium. The temperature-dependent factors are defined asseveral periodic windows opened by a saddle-node bifurca-

T—Ty)/10 T—Tg)/10
P:A(l 0) ¢:A(2 0) , (6)

whereA;=1.3, A,=3 andT,=25°C.

tion and closed by a global bifurcation, namely an interior
crisis. This picture is very similar to that of the logistic map,
for example, the return mag, . ;= f(7,) looks like a logistic

Thus the model is represented by four differential equamap for T<8.5°C, that is, a parabola with a single maxi-

tions: the first is for the membrane potentigl the second is
for the activation of the potassium curremt, the third is for
the activation of the subthreshold depolarization curaggt

and the fourth is for the activation of the subthreshold repo-

larization currentag,. In numerical simulations the param-
eter values aregsy=0.25mS/cm, g ,=0.4mS/cm, gq
=1.5mS/cm, ¢,=2.0mS/cM, g,=0.1mS/cm, 7Ty
=10ms, 75,=20ms, 7,=2.0ms, s4=—-0.25mV?, s,
=-0.25mV?% s,4=0.09mV?Y Vog=—25mV, V
=-25mV, Vosg=—40mV, 7=0.012, §=0.17, V4= Vy4

mum. However, with further increase of the temperature the
shape of the return map changes from parabolic to a curve
with multiple maxima.

The focus of our interest is the abrupt increase of the
duration of the interspike intervals in the region 10.658°C
<T<10.9°C(see Fig. 1 For T<T.=10.6589 °C the du-
ration of the interspike intervals is not larger than 1600 ms.
At T=T,, an abrupt explosion of the interspike intervals oc-
curs. In Fig. 2 we show the return map before and after this
transition. We see that after the transition an additional, well-

=50mV, V4=V,=-90mV, V,=60mV, and Cy separated part of the return map with longer time intervals
=1 uFlcn?. These parameter values yield a good agreemerdppears. This transition is well pronounced in the return map,
of the model with the experimentally observed temperaturéut it is difficult to recognize in the phase space of the sys-
dependence of spike train patterns. For more details of the&em: before and after the transition the phase portraits of the
model and comparison with experiment, see Ref. 1. system have nearly the same structure. Thus, the signature of
this transition in phase space is the appearance of a new type
of orbits within the attractor.

Let us study the explosion in the interspike intervals in
detail. As mentioned above, long time intervals between con-

The MHH model has been simulated numerically first in secutive returns to a Poinc¢asection can be considered as an
the absence of noise. For an easy comparison with electréadicator for the approach of a homoclinic orbit. Such a ho-

Ill. BIFURCATIONS IN THE MODIFIED
HODGKIN-HUXLEY NEURON MODEL
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- ' : up, where the outgoing path is tangent to the unstable mani-
& 1500 |- , , fold while the returning path is tangent to the stable manifold
i of the equilibrium state. Nearby trajectories on the attractor
1000 - \ L | approach the equilibrium state along its stable manifold. The
' ~— .. motion slows down so that the trajectory spends a long time
in the neighborhood of the equilibrium state before it is
500 1 1 ejected along the unstable manifold. The same happens to
saddle limit cycles embedded in the attractor. If they are
0 ‘ : : ‘ i close to the homoclinic orbit, then at least one point of the
0 500 1000 1500 2000 2500 3000

+ (ms) saddle limit cycle is closg to the saddle equilibrium state. As
n a consequence the Poincaeturn time of these saddle limit
FIG. 2. The return mapr,,,="f(r,) for two parameters valuega) T  Ccycles, that is their period, becomes also very large. The
=10.6°C andb) T=10.7 °C. motion on the saddle limit cycle slows down approaching the
vicinity of the equilibrium state along its stable manifold. In
Fig. 3 we show the dependencies of the periods of different
moclinic orbit is associated with an equilibrium state of limit cycles versus the control parameter calculated using the
saddle type and its stable and unstable manifolds. In our cas®ntinuation softwareoNTENT.! In particular, we show the
this saddle equilibrium is embedded in the already existingperiod-1 cyclg(which is born from the equilibrium point in a
chaotic attractor. It has two stable and two unstable direcHopf bifurcation), the period-2 cycléwhich is born from the
tions. The eigenvalues, corresponding to the stable diregeriod-1 cycle trough a period-doubling bifurcation &t
tions, are real X;<0,\,<0) while the eigenvalues, corre- ~6.765°C), and the period-3 cyclpvhich is born via
sponding to the unstable directions, are complex & p saddle-node bifurcation at~7.58°C (see Fig. 1]. Al-
*iw, p>0). Thus we have an equilibrium state of saddle-though these cycles possess turning points at different tem-
focus type. If we suppose that there exists a chaotic set witperature values, their periods diverge at the same tempera-
an embedded homoclinic orbit, then the eigenvalues of théure value T~10.7456 °C. Extensive calculations have
equilibrium state should satisfy the Shilnikov conditth: shown qualitatively the same behavior for other limit cycles
—\>p. Indeed, the eigenvalues at a temperature vdlue of higher periods: they are accumulated and their periods
=10.7456 °C, which is, as we will show, close to the ho-diverge atT~10.7456 °C.
moclinic bifurcation, are:;=—0.182, \,=—0.146, v, , The computation of the homoclinic orbit itself using di-
=0.327< 10 2+i0.282< 10 2 [the units of the eigenvalues rect numerical methods or perturbation methods is rather dif-
are in (ms) !]. From those values one can see that the twdicult since the saddle-focus has a two-dimensional stable
real eigenvalues are comparable in magnitude. For this reand two-dimensional unstable manifold with two stable real
son one cannot easily reduce the problem to the known caseggenvalues very close to each other. Therefore, we can show
of homoclinic bifurcations irR®. the evidence of the homoclinic bifurcation only by the dis-
In this model we have to deal with an equilibrium state cussed indirect indicators.
of saddle-focus type having a two-dimensional stable and a The phase portrait of the system reflects the behavior
two-dimensional unstable manifold. The return time for thediscussed above. In Fig. 4 we show a two-dimensional pro-
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FIG. 4. (Color) Two-dimensional projection of the phase portrait of the systefi=a10.65 °C(a) and T=10.7456 °C(b). A neighborhood of the saddle-
focus equilibrium point is also shown. The gray dots represent the chaotic attractor; the black-filled circle is the saddle-focus equilibribenisiatable
limit cycles of periods 1, 2 and 3 are shown by blue, red, and green bold lines, respectively.

jection of the chaotic attractor for two parameter values: onerbits can be considered as a candidate for it.

before the suspected homoclinic bifurcation and the other at We note that, as soon as the phase trajectory approaches
the temperature value where we find the divergent behaviahe vicinity of the equilibrium state, the motion of the system
discussed above. We also plot the saddle cycles and ttstows down, so that the phase trajectory spends a long time
saddle-focus equilibrium point. AT=10.65°C, that is be- in the neighborhood of the equilibrium state. This gives rise
fore the suspected bifurcation, the saddle-focus is not into very long interspike intervals. To support this argument
cluded into the saddle cycles. The saddle cycles are locategle present in Fig. 5 the dependence of the minimal distance
far from each other. However, at the temperatufe between the saddle-focus and the trajectory on the chaotic
=10.7456 °C the saddle cycles are extremely close to thattractor versus control parameter and the maximal residence
saddle-focus. Moreover, they are extremely close to eactime of the phase trajectory spent in a small neighborhood of
other, that is, the period-1 cycle is a part of the period-2the equilibrium state. As can be seen, the distance becomes
cycle, the period-2 cycle is a part of the period-3 cycle andvery small at a certain parameter value and the phase trajec-
so on. At the same time, as it can be seen from the figure, ries of the system spend a maximal time near the equilib-
large fraction of the phase trajectories passes the vicinity ofium state. These plots together with the discussed bifurca-
the saddle focus. Unfortunately, we were not able to computéon diagram suggest that the homoclinic bifurcation occurs
the homoclinic orbit itself, but each of the presented saddlat T~10.7456 °C.
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this type of behavior can also be found for intermittent be-

[2]
*qu havior close to a homoclinic bifurcation we calculated as
£ a function of [T—T| for 2x 10 interspike intervals for
g 20001 1 each parameter value. The result is shown in Fig. 6 and is
3 fairly well described by the power lafur)o(T—T,) ™ ¥ with
2 the slopey~0.52. Thus, we obtain a similar exponengs
g 1000 for other intermittent processes in chaotic systems.
£
V. NOISE INFLUENCE ON THE MHH MODEL
Since all biological systems are inherently noisy, it is
%00 02 04 106 108 110  hecessary to test how robust the above described transition is

T(°C) against noise. For this purpose we include an additive white
FIG. 5. (a) Minimal distance between the saddle-focus equilibrium state andGaUSSIar.] nOIS.eg(t)’ <§(t)> =0, <§(t) g(t+ S)>_ 2D 4(s),
the trajectories on the chaotic attractor versus control paranibjevliaxi- whereD is the intensity, into the first equation of the MHH
mal residence time of the trajectories in a small neighborha@bdq,01) of ~ for the membrane potential and study numerically the corre-
the saddle-focus. sponding set of stochastic differential equations. It turns out
that the system is extremely sensitive to this noise. The bi-
furcation diagram of the noisy system is shown in Fig. 7 for
IV. STATISTICAL PROPERTIES OF THE RETURN MAP
Our numerical simulations have shown that in the vicin-
ity of the transition to the existence of very long interspike
intervals[see, e.g., Fig. 2b)] the system spends a long time
in the first region of relatively short interspike intervats, (
<1600) and very seldomly visits the second region with
rather long intervals. This process, therefore, displays an in-  5gqg
termittency between the region of the return map with shortg
interspike intervals and the second region represented b'::
long intervals. Within the second region of long intervals the
trajectory on the attractor comes very close to the saddle:
focus associated with the homoclinic orbit yielding long re- 1000
turn times. Intermittent processes in chaotic systems are ust
ally characterized by a power law scaling of the mean time
interval between burstg;r), with overcriticality | T— T.*
In our casg( ) is represented by the mean length of trajec- ,
tory segments of short interspike intervals in-between two 6.5 8.5 10.5 12.5
bursts, i.e., two events with long interspike intervals. The T¢0)
numerically found critical parameter valug,=10.659°C  Fig. 7. Bifurcation diagram of the stochastic MHH system with
denotes the onset of intermittency. In order to verify whether=0.001.

3000 T T
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Bifurcation in a model of neurons 237
tion, we offer qualitative evidence of the homoclinic bifur-
cation obtained from extracellular recordings of the dis-
charges from the caudal photoreceptor cell embedded in the
crayfish sixth, or terminal, ganglion. Indeed period-1 un-
stable periodic orbif$ and other noisy periodic behavidr
have previously been observed in this system.

The preparation has been described previdtdsyt will
be very briefly reviewed here. CrayfisRrocambarus clar-
kii) of approximately 1 year of age were obtained. The ab-
domen and tailfan were isolated quickly and fixed ventral
side up in a dissection chamber filled with crayfish saline
solution. The exoskeleton and muscles were removed in or-

der to expose the sixth or terminal ganglion. The intact cau-
dal photoreceptoCPR cell was then removed from the
sixth ganglion and transferred to a recording chamber where
the temperature of the saline bath was controlled. An extra-
D cellular electrode was attached to the CPR cell, and long
sequences of action potentidtpike traing were recorded at
various bath temperatures.

Our data are presented as the record of interspike time
intervals versus temperature as shown by the three panels in
) . Fig. 9. These records were obtained from three separate ani-
D=0.001. Although almost all fine structure of the bifurca- 15 All three show at least qualitative evidence of the ho-
tion dlqgram !S blurred by th_e n_0|se, the transition SIUd_'edmocIinic bifurcation in the form of an explosion of the inter-
above Ina noiseless system is still well prqnounced: agan "’Epike time intervals that occurs at a more-or-less identifiable
a certain value of the temperature there is an explosion Ofjsica temperature. The best indication is shown in Fig.

interspike intervals. quever, the transition appears to b%(a), where the onset of the explosion occurs with decreasing
smoothed and the critical parameter values are shifted to[émperature at approximately 8.3°C. This recording is par-
wards smaller values of temperature. ticularly interesting, because it clearly shows the initial pe-

Let us discuss the statistical properties of intermittencyjoy goubling bifurcation at about 13.5°C followed by what
near the explosion of interspike intervals. To reveal the Scaléppears to be a chaotic region. Moreover, this region in-

ing of the noise-driven system we follow recipes of Ref. 32,cludes at least two periodic windows &t=10.8°C and
where the.noise influe.nce on crisis—indu_ced inter_mi.ttency ha§2.1°C. Similar evidence of a period doubling bifurcation
been St“d'eP'- According to the thepretlcal prediction of thefollowed by an explosion of interspike intervals at low tem-
abpve;ment!oned study, the mean time bgtween. bursts VerSHﬁratures has been obtained for the rat cold receptor neuron,
noise intensity, calculated aF the qnsgt of |ntermlttency of the,5 shown in Fig. 6 of Ref. 15. The recordings shown in Figs.
noise-free system, scales with noise intenBitipy the power 9(b) and 9c) are less clear, but both show the explosion

law ( 7)< D 2, wherey is scaling exponent of the noise-free upon increasing temperature. Figuréb)9also shows some
system. _ evidence of the period doubling bifurcation B&9.2 °C.

We calculate the mean length of trajectory segments  not o) CPR cells show this behavior. We tested 16 CPR
with only short interspike intervals between two events Withcells from 16 different animals. Of these only four showed
long interspike intervals versus noise intensity at the Criticalevidence of the bifurcation. Moreover, we emphasize that the

point T=T,,. The dependence dfr)(T,) versus noise in- v qioiogical evidence presented here is only qualitative.
tensity is shown in Fig. 8 and is well scaled by the power IaWNevertheIess, it is indicative and suggests further experi-

D~ with the scaling constant~0.27. The good agreement \pontq a5 well as an explanation for time interval explosions

with the expected valug/2=0.26 is a strong indication that ,pserved in pacemaker cells grounded in the nonlinear dy-
a similar scaling relation as for the crisis-induced intermit- o i< o the underlying chaotic attractor.

tency holds also for the noise perturbed homoclinic bifurca-
tion.

2
1 1 L L
10 -7 -6 -5 —4 -3

107 10 10

FIG. 8. Mean length between burgts) versus noise intensitpp (circles
and power law fit(dashed ling D™¢, «=0.27 at the critical pointT
=T

VII. SUMMARY

VI. PHYSIOLOGICAL EVIDENCE OF THE HOMOCLINIC

BIEURCATION We have analyzed the bifurcation structure of a modified

Hodgkin—Huxley-type model to explain an explosion of in-

As stated above, only indirect evidence of the ho-terspike intervals in terms of a homoclinic bifurcation. There
moclinic bifurcation can be expected from actual physiologi-are a number of arguments which support this explanation,
cal experiments. In particular, we seek evidence of an exploaamely the exponential growth of the Poincaeturn times
sion of the interspike time intervals using temperature as thef saddle periodic orbits with different periods and their
control parameter. Moreover, one must search in sensorgloseness to the saddle equilibrium state embedded in the
neurons which are known to exhibit subthreshold oscillatorsattractor. We obtained an accumulation of these saddle peri-
similar to those described by the MHH model. In this sec-odic orbits as we approach the homoclinic bifurcation. Close
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2 5 bursts decreases. The divergent behavior of interspike inter-
) (a) . vals can be observed for both cases of increasing and de-
21 . ‘ creasing temperature, when the control parameter approaches

the homoclinic bifurcation.

It is important to note that averaged characteristics usu-
ally calculated in electrophysiology, e.g., mean firing rate,
are insensitive to the complex behavior discussed in this pa-
per. The existence of a global bifurcation and its drastical
consequence, that is, the explosion of the interspike intervals,
suggests that the temporal code might be an appropriate en-
coding scheme for thermoreceptors. Specifically, the occur-
rence of long interspike intervals probably indicates the ap-

8- proach to painful temperatures, while the explosion of
interspike intervals, which, as we have shown, occurs due to

) (b) the homoclinic bifurcation, physiologically means a block-

ﬁ 6 ° . age of neuron activity. Furthermore, this transition is robust

= o L against noise and is observable in the experiment. However,

g 4 A further experiments are necessary to understand the physi-

8 . . K ’i?' ological significance of the phenomenon studied here.
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