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PAPER  

Ⅵ毎akCouplingCausesNon－mOnOtOnicChangesand  
BifurcationsintheInterspikeIntervalsintheBVP  

ModelwithHigh－FrequencyInput andNoise  

YoHORIKAWA†a），RegularMember  

the Hodgkin－Huxleymodel［18］・Fhrther，SeVeralre－  
sultshavebeenobtainedoncoherenceresonanceinthe  

COupledBVPmodel［12］，［13］，【15＝16］・   

Intheoscillatingstate，periodicstimulicausebi－  

furcations and chaos similar to those in the excitable 

State・Sinusoidalinput the period of whichliesin  
the refractory period causes chaotic responses in the 
HodgkinrHuxleymodelandthesquidgiantチⅩOn［3］，  

［17］（andreferencestherein）．High－frequencyslnuSOidal  
inputdecrea〒eStheperiodoftheBVPoscillator［14］・  

Concernlngeffectsofnoise，eXperimentalandsim－  

ulation studies on actualand modelneurons have  

Shownthatthenoisecausesvariouschangesintheoscil－  
1ationperiodoftherepetitivefiringofaneuron．Itisex－  

pectedthattheoscillationperioddecreasesasthenoise  
Strengthenssincethefiringofaneuronisregardedasa  
relaxationoscillator［8］・Itwasshownthattheoscilla－  
tionperioddecreaseswhenthenoiseisaddedtostimu－  
1uscurrentsinexperimentsonthegiantsquidaxon［9］  
andthecrayfishstretch－reCeptOrPeurOn［2］underspon－  

taneousfiring．However，thenoISeeither decreasesor  

doesnotchangeorevenincreasestheoscillationperiod  
Ofafferentnervefibersoftheguitarfish［21］・Itcanalso  
beseen丘omcomputersimulationwithstochasticver－  

SionsoftheHodgkin－Huxleymodelthatfluctuationsin  
OpeningandclosingofNa（K）channelscauseincreases  
（decreases）intheoscillationperiod［28］，Whilewhite  
noise has little effects on the mean of the oscillation 

period［32］・Further，COmputerSimulationontheBVP  
modelshowedthattheoscillationperioddecreases（in－  
CreaSeS）byaddingthenoisetothefast（slow）variable  

［11］，［14］．   
Inthisstudy，effectsofcouplingontheresponseof  

theBVPmodeltohigh－frequencycycliclnputandnoise  
arestudiedwithcomputersimulation・Concerningthe  
COupledBVP modelintheexcitablestatewithnoise，  
COherenceresonancewithmultiplepeakshasbeenre－  
portedelsewhere【13］．Wethenfocusontheexcitable  
State With high－frequencyinput as wellas the oscil－  
1ating state with noise or high－frequencyinput．Itis  

Shownthatnon－mOnOtOnicchangesandbifurcationsin  
theinterspikeintervalsortheoscillationperiodsoccur  
inthecoupledBVPmodelwhenthecouplingbetween  
theelementsis weak．  

Modelequationsandsimulationmethodaregiven   

SUMMARY E鮎ctsofhigh一打equencycycliclnputandnoise  
Oninterspikeintervalsin the coupled Bonhoeffer－Van der Pol  
（BVP）modelarestudiedwithcomputersimulation．Whentwo  
BVP elements are weakly coupled and cyclicinput or noiseis  
added to the負rst element，theinterspikeintervals ofthe sec－  

Ondelementdecreasenon－mOnOtOnica11yastheamplitudeofthe  
inputincreases．Further，COmPlicated bifurcationsin theinter－  

Spikeintervals are caused by cyclicinputin the coupled BVP  
modelintheoscillatingstate・Effectsofthecouplingonsmal1  
rotationsduetonoiseandtheinterruptionofosci11ationsdueto  
CyClicinput，Whichoccurwhentheequilibriumpointiscloseto  
－thecriticalpoint，arealsostudied・Thenon－mOnOtOnicchanges  

andbifurcationsintheinterspikeintervalsareattributedtothe  
phaselockingofthecoupledelements．  
たeywoれゴβご CO叩gedβ1／アmo（まeg，れ0γレmO乃0わ花王c c′もαmge，ん壱夕九一  

介equeγもCy五mp叫㍑0豆βe  

l．Introduction   

Responsesofaneurontovariousstimulihavebeenof  
Wideinterestsincetheyarefundamentaltotheunder－  
Standingofthefunctionofthenervoussystem．Ingen－  

eralaneuronhas twostates：aneXCitablestateand an  

OSCillatingstate．Theformerdescribesthegeneration  
Ofspikesbyaddingstimuliandthelattercorresponds  
tospontaneousfiring．   

Intheexcitablestate，itisknownthatthespikes  
generated by periodic pulses show the phase locking 
and complicated bifurcations when the period of the 
inputliesin the refractory periodin a simple neu－  
ronrnodel［23］，theBVPmodel［1］，［27］，theHodgkin－  

Huxleymodel［29］andthesquidgiantaxon［30］．Com－  

putersimulation has shownthat high－frequencysinu－  

SOidalinputfailstogeneratespikesandblockstheprop－  
agationofspikesintheHodgkin－Huxleymodel［26］．  

Recently，e仔ectsofnoiseonneuronalactivityhave  

muchatt，entioninthecontextofstochasticresonancein  
excitablemedia［6］（andreferencestherein）．Coherence  

resonance（stochastic resonance without signals）［7］，  

［25］，thephenomenoninwhichtheregularityofspikesis  

Optimalatintermediatenoisestrength，WaSalsofbund  
intheBVPmodel［19］，［24］，thePlantmodel［20］and  
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inSect．2．NonTmOnOtOnicchangesintheinterspikein－  

tervalsgeneratedbyhigh－hlequenCySinusoidalinputin  
thecoupledBVPmodelareshowninSect・3・InSects・4  
and5，itisshownthatnon－mOnOtOnicchangesandbi－  

furcationsintheperiodofthecoupledBVPoscillators  
arecaused bynoise and high一打equencysinusoidalin－  

put．Further，effects ofthe couplingin the BVP os－  
cillators close to the excitable state are considered in 

Sect．6．Itis shown thatincreasesin the oscillation  

periodduetosmallrotationscausedbynoisearesup－  
pressedandcomplicatedpatternsintheosci11ationpe－  
riodwithcyclicinputarecausedbyweakcoupling．DisT  
CuSSiononmechanismcauslngnOn－mOnOtOnicchanges  
intheinterspikeintervalsisglVeninSect・7．   

2． Simulation Method   

A couple ofsimplified versions ofthe Bonhoe庁er－Van  

derPol（BVP）model［4］，［5］withsinusoidalinputand  
noise are used．   

れ（り／df＝β（γ2（ま）－γ1（り）＋′（γ1（ま））－ぴ1（壬）  

＋Asin2町子／℃れ＋Jm（ま）  

dぴ1（ま）／df＝どγ1（f）  

血2（り／d壬＝β（γ1（り－γ2（ま））＋J（γ2（f））－Ⅷ2（f）  

dぴ2（壬）／df＝Eγ2（り（E＝0・001）  （1）  

Wheref（v）isacubicfunction：   

J（γ；△）＝－（γ－△）（γ－1一△）（γ＋1－△）（2）  

andn（t）isGaussianwhitenoisewithzeromean．  

且（m（り）＝0  

β（m（壬1）れ（ま2））＝∂（壬1－f2）  （3）  

TwoidenticalBVP elements arelinearly coupled to  
each other with the coupling strength D．Sinusoidal  
inputwiththeamplitudeAandtheperiod77norGaus－  
sianWhitenoisewiththestrengtho－isaddedtothefast  
variablevlOfthe丘rstelement・Equation（1）isnumer－  
ically integrated using the simple Euler method with 
thetimestep△壬＝0．1．Itwasconfirmedthatsimilar  

results areobtainedinsimulationwith△i＝0．2．   

3．High－FrequencyInput to the Coupled Ex－  

citable BVP Model   

Effectsofhigh－frequencysinusoidalinputontheinter－  
Spikeintervals ofthe coupled BVP modelin the ex－  
Citablestateareconsidered．WetakeO．6as△（△＝  
0・6）inf（v；△）inEq・（2）sothattheequilibriumpoint  
（v，W）＝（0，f（0））isstableandtheBVPelementsare  
intheexcitablestate．Avalueoftheperiod77nofsinu－  

SOidalinputistakentobe50．0，Whichismuchsmaller  

thanthe absolute refractory period ofthe BVP ele－  
ments，theorderofwhichisO（103）．（ThestrengthcT  
OfnoiseissettobeO．）  

0．0  0．1  0．2  0．3  0．4  

月  

Fig．1 MeaninterspikeintervalTvs．amplitudeAofsinusOidal  

inputinaslngleBVPmodel．  
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Fig・2 Meaninterspikeinterva171（triangles）ofthefirstele－  

r？entand7妄（circles）ofthesecondelementvs・amplitudeAof  
SlnusOidalinputinthecoupledBVPmodel．  

First，Changesintheinterspikeintervalsofasingle  
BVPmodel（D＝0）due 
Shownforcomparison．Spikesaregeneratedbyゝadding  
the sinusoidalinput ofA≧0．02．Figurelplotsthe  
meanoftheinterspikeintervals Tfromllth to30th  
agalnSttheamplitudeAofthesinusoidalinput．The  
interspikeintervalsofthegeneratedspikesdecreaseas  
the amplitude ofthe sinusoidalinputincreases．The  
generatedspikesareperiodic，i．e．，theinterspikeinter－  
Vals areconstant，eXCept forthose at afewvaluesof  
theamplitudeofthesinusoidalinput（inwhichtheinT   
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Figure3showsthetimeseriesofthefastvariables  
inthecoupledBVPmodel（vl（t）：dashedlines，V2（t）：  
SOlidlines）．Thespikesofthesecondelementarephase  
lockedtothoseofthefirstelementintheratiosl／1，  
1／2，1／3andl／4fbrA＝0・02（a），0・2（b），0・28（c）  
and O．32（d），reSpeCtively．In fact，the meaninter－  
SPikeintervalofthe second elementis double that of  
thefirst element for O．04≦A≦0．21，triplefor O．22  
≦A≦0．29，andquadrupleforO．30≦A≦0．32．These  
Changesintheratioofthephaselockingresultinthe  
non－mOnOtOnicchangesintheinterspikeintervalsofthe  
SeCOndelement．（Theinterspikeintervalsofthesecond  
elementareconstantatallthevaluesofA，Whilethose  
Ofthefirstelementare2－，3－Or4－periodic良）rA≧0．04．）  

Thesenon－mOnOtOnicchangesintheinterspikein－  

tervalsduetohigh－frequencylnPut OCCurnOt Onlyin  
COupledneuronmodelsbutalsoinanervefibermodel，  
inwhichthespatialdistributionofnervemembraneis  
incorporated．Itis shown that similar non－mOnOtOnic  

Changesintheinterspikeintervalsofpropagatedspikes  
intheFitzHugh－Nagumomodel［22］appearwhenthe  
di軌1Sioncoe用．cientissmall（Appendix）．   

4．Noisetothe CoupledBVP Oscillators   

EffectsofnoiseonthecoupledBVPmodelintheoscil－  
1atingstateareconsidered．Weset△＝Oinf（v；△）in  
Eq．（2）sothattheequilibriumpointofeachBVPele－  
mentisunstableandthestablelimitcycleexists．The  
OSCillationperiodsoftheBVPelementsweremeasured  
byrecording七hetimeatwhichthefastvariablevl（v2）  
CrOSSeStheaxisvl＝0（v2＝0）fromrighttoleftinthe  
upperphaseplane 

． 

SinusoidalinputissettobeO．）   
InFig・4，themeanandstandarddeviation（S．D．）  

Ofthe period Tlof七hefirst oscillator（a）and T20f  
thesecondoscillator（b）areplottedagains七thenoise  
Strength o－withthecouplingstrengthD＝1．0，0．25，  

0．1，0．04，0．02andO．01．Themean（S．D．）oftheperiod  
7lofthefirstoscillatordecreases（increases）monoton－  
ical1y asthe noise strengthincreases．When the cou－  

plingstrengthislarge（D＝1・0，0・25），the meanof  
the period7ちofthe second oscillator also decreases  

monotonically as thenoisestrengthincreases．Inthe  
intermediatelevelsofthecouplingstrength（D＝0・1，  
0・04），however，themeanof7ちoncedecreases，turnS  
toincrease，and decreasesagalnaSthenoisestrength  
increases・Asthecouplingweakensfurther（D＝0．02，  
0・01），thechangesinthemenOf筑becomesmall・As  
fortheS．D．of7ち，themaxlmumPeaksappearinthe  

intermedia七enoisestrengthwhenthecouplingstrength  

issmall（か≦0．25）．  

Figure5showsthetimeseriesvl（t）andv2（t）of  
thefastvariablesoftheBVPoscillatorswithD＝0．04，  

inwhichthenon－mOnOtOnicchangesinthemeanoscil－  

1ationperiodofthesecondoscillatoroccur．Inthefirst   

5000  10000   

f  

（d）A＝0・32  

Fig・3 Timeseriesvl（t）（dashedlines）andv2（i）（solidlines）  
OfthecoupledBVPmodel．  

terspikeintervalsare2－Periodic）．  

Then，a COuPle ofthe BVP elements with high一  

正equency sinusoidalinput are dealt with．Figure2  

plots the meaninterspikeintervalTlofthefirst ele－  
ment（triangles）and7ちofthesecondelement（circles）  
againsttheamplitudeAofthesinusoidalinput．Val－  

uesofthecouplingstrengthare：D＝1．0（a）andD  
＝0．01（b）．When・thecouplingstrengthislarge（D＝  
1．0（a）），thetwoelementsarephaselockedandtheval－  
uesoftheinterspikeintervalsofthetwoelementsare  
thesame．Theinterspikeintervalsofbothelementsde－  

CreaSeaSthestrengthofthesinusoidalinputincreases  
in the same manner as a slngle BVP model．When  
thecouplingstrengthissmall（D＝0・01（b）），however，  
themeaninterspikeintervalT20fthesecondelementis  
Changedinanon－mOnOtOnicmanner；7ちoncedecreases  

asAincreases，butincreasessuddenlyatA＝0．04，de－  
CreaSeSagalnuntilA＝0．21andincreasesatA＝0．22，  

andsoforth．Ontheotherhand，themeaninterspike  

interva17lofthefirstelementdecreasesmonotonically  
asthestrengthofthesinusoidalinputincreases．  
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Fig．5 Timeseriesvl（t）andv2（t）ofthefastvariablesofthe  
firstandsecondoscillatorswithD＝0．04（oL＝0．1（a），0・2（b），  
0．3（c））・  

ther（0－＝0．3）（c），thefastvariableofthe丘rstoscillator  
haslargervariations andworks as noisylnput tOthe  
second oscillator．   

5．High－FrequencyInputtotheCoupledBVP  
Oscillators   

ChangesintheoscillationperiodofthecoupledBVP  
OSCillators caused by high－frequency sinusoidalinput  
are shown．The BVP elements arein the oscillating  
statewithf（v；0）andsinusoidalinputwiththeperiod  
7tn＝10．OisaddedtothefastvariableofthefirstBVP  
OSCillator．（Thestrengtho・Ofnoiseisse七tobeO・）  

Figure6shows theperiod7lofthefirst oscillaT  
tor（a）andT20fthesecondoscillator（b）againstthe  
amplitudeAofthesinusoidalinputwhenthecoupling  
StrengthDis O．04．Two hundred periodsfromlOIst  
to300th are plottedfor each value ofA．Note that  
thecouplingstrengthliesinthevaluesatwhichtheos－  
Cillationperiodchangesnon－mOnOtOnical1yasthenoise  
Strengthens，ShowninSect．4．Theoscillationperiodsof  
bothoscillatorsdecreaseastheamplitudeofthesinu－   

（b）Secondoscillator   

Fig・4 MeanandSD．oftheperiods了1（a）and772（b）ofthe  
firstandsecondoscillatorsvs．noisestrengthcr（D＝1．0，0・25，  
0・1，0・04，0・02andO．m）．  

decreasingregion（J＝0・1）（a），theoscillatorsrephase  
lockedwitheachother．IntheincreasingreglOn（0．＝  
0・2）（b），theperiodofthefirstoscillatordecreasesand  
the second oscillator fails to follow the first oscillator 

OWingtothesmallcouplingstrength．Someoscillations  
Stillremainphaselocked．Asthenoisestrengthensfur－  
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SOidalinputincreasesfromA＝OtoO．21．Theseriesof  
theoscillationperiodscausebifurcationsatA宍ゴ0．217  
andshowcomplicatedpatternsasAincreasesfurther．  
Irregularseriesoftheoscillationperiods areobserved  
at somevalues ofA．   

Figure7（a）plotstheseries7b（j）（1001≦j≦2000）  
OftheperiodsofthesecondoscillatoratA＝0．2173．It  
Canbeshownthatrら（j）isnotperiodicuntilj＜10000．  
Theperiod：琵ofthesecondoscillatorincreasesphase  
locked to that ofthefirst oscillatorfrom T2FS1380  
to1530gradually．Thephaselockisthenlostand了ち  

ChangesmainlyasT2FS1760，1480，13800r7ち鳥1640，  
1660，1390．Thephaselockisthenrecoveredandthe  
gradualincreasein7ちis repeated agaln．The return  
mapof了ち（j）（thejthof7bvs・thej＋1stofT2，1001≦  
j≦6000）isshowninFig．7（b）．Itisexpectedthatthe  
tangentbifurcationoccursandcausestheintermittency  
intheseriesoftheperiodsofthesecondoscillator．  

Similarbifurcationsintheoscillationperiodsap－  
pearinaboutthesamerangeofthecouplingstrength  
as the noise causes thenon－mOnOtOnic changes．The  
breakofthephaselockingoftheoscillatorscausesthe  
periodicandcomplicatedpatternsintheseriesofthe  
OSCillationperiods．   

6．Coupled BVP Oscillators Close to the Ex－  

citable State   

The coupled BVP oscillators close to the excitable  
StJate，inwhichtheunstableequilibriumpointiscloseto  
theminimalpointofw＝f（v），areCOnSidered．Welet  
△beO．577inf（v；△）sothattheequilibriumpoint（0，  
f（0；△））isunstableandthestablelimitcycleofspikeL  
likeformexists・（Theoscillationperiodis3150・6）・Ef－  

fectsofnoiseandhigh－frequencyslnuSOidalinputadded  
tothefirstoscillatorcoupledtothesecondosci11atorare  
studied．  

First，itis known that smal1noise causes small  
rotationsattheequilibriumpointandthemeanoscil－  
1ation periodincreases consequentlyin aslngle BVP  
OSCi11atorclosetotheexcitablestate［14］．  

Figure8plots the mean ofthe period7lofthe  
first oscillator（a）and7ちofthesecondoscillator（b）  
againstthenoisestrengtho・Withthecouplingstrength  
D＝1．0，0．1，0．01，0．0025andO．0004．（Theamplitude  
AofsinusoidalinputissettobeO．）Whenthecoupling  
Strengthislarge（D＝1．0，0．1），themeanoscillationpe－  
riodshowsapeakatsmallstrengthofthenoise（0・  
0．001）．Asthecouplingweakens（D＝0．01，0．0025），  
theheightofthepeakdecreases．Fbrextremelysmall  
COuplingstrength（D＝0．0004），thephaselockingof  
theoscillatorsislost．Thenthepeakinthemeanoscil－  

1ationperiodofthefirstoscillatorreappearswhilethat  
Ofthesecondoscillatorislesschanged．  

Thesecondoscillatorworkstopreventtheoccur－  
renceofthesmallrotationsattheequilibriumpointof  
thefirstoscillator．Thatis，Whenthepointofthefirst   
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Fig・6 Bifurcationdiagramoftheperiods71（a）andTb（b）  
Ofthefirst and second oscillatorsvs．amplit，ude A ofsinusoidal  
input（77n＝10．0，D＝0．04）．  
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r2（バ  

（b）   

Fig・7 Series（a）andreturnmap（b）oftheosci11ationperiods  
7ちofthe secondoscillatorwithsinusoidalinput ofA＝0．2173  
（Tれ＝10．0，∂＝0．04）．  
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Fig．9 Periods71（opencircles）andT2（closedcircles）ofthe  
firstandsecondosci11atorsclosetotheexcitablestatevs．ampli－  
tudeAofsinusoidalinputof77n＝10．0．D＝0．25（a），0・1（b），  
0，001（c）・  
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（b）Secondoscillator   

Fig．8 MeanOftheperiods71（a）andT2（b）ofthefirstand  
SeCOnd oscillatorsclosetotheexcitablestatevs．noisestrength  
J（か＝1・0，0・01，0・0025andO・0004）・  

OSCillatorturnstotheleftinthephase（ひW）planeto  
ro七ate at the equilibrium point，the point ofthe sec－  

Ond oscillatorislocated on theright－hand side．The  

COuplingterm（D（v2（t）－Vl（壬）））inEq．（1）thenhasa  

positivesignandtendstomakethesignofdvl（t）／df  
positivesothatthepointofthefirstoscillatorturnsto  
theright andmovesawayfromtheequilibriumpoint．  
Thispreventionofthesma11rotationsofthefirstoscilla－  
torduetothesecondoscillatoroccursintheintermedi－  

aterangesofthecouplingstrength（D＝0．01，0．0025）．  
（Theoscillatorsarephaselockedtoeachotherwhen  
thecouplingstrengthislarge；thusthesystemreduces  
七OaSingleoscillator（D＝1．0，0．1）・Thefirstosci11ator  
ishardlyaffectedbythesecondoscillatorandactsas  
aslngleoscillatorwhenthecouplingisextremelyweak  
（刀＝0・0004）・）  

Next，itisknownthat，Whenhigh－frequencysinu－  

SOidalinputisaddedtoaslngleBVPoscillatorcloseto  
theexcitablestate，theoscillationisceasedastheam－  

plitudeofthesinusoidalinputcrossesoversomethresh  
Oldvalue（A記0．015）・Itcanbeshownthattheoscilla－  
tionisrecoveredbyaddingnoiseofsmallstrength（  
10L4）．Itisexpectedthatthecouplingoftheoscillators  
causesfluctuations and also recovers the oscillation．  

Figure9showstheperiodsoftheoscillatorsagainst  
the amplitude A ofsinusoidalinput ofperiod7；n＝  
10．OwiththecouplingstrengthD＝0．25（a），0．01（b）  
andO．001（c）．（Thestrengtho・OfnoiseissettobeO．）  
TwohundredperiodshlOmlOIstto300thareplotted  
foreachvalueofAwithopencirclesfortheperiod7l  
Ofthe丘rst oscillator andclosed circlesfortheperiod  
了720f the second oscillator．The oscillations of bot，h  

OSCillators are stillmaintainedin the wide ranges of  
七heamplitudeofthesinusoidalinput（0≦A≦0．5）  
forD＝0．25（a）．Whenthecouplingstrengthdecreases  
（D＝0．1（b）），theoscillationsareonceceasedatA＝  
0．05，thenrecoveredatA＝0．22，andmaintainedwith  
the period decreaslng．Fbr extremely smallcoupling  
Strength（D＝0．001（c）），the oscillation ofthefirst  
OSCillatorisceasedatA＝0．15，Whiletheoscillationof  
thesecond oscillatoris maintained as Aincreases．  

Note that the oscillations of both oscillators are  

ceased in the same manner as a single oscillator for 
large（D＝1．0）andintermediate（D＝0．01）coupling  
Strength，thoughnot shown．】nlrther，the oscillation  
ofthefirst oscillatoris ceased while the oscillation of  

thesecondoscillatorismaintainedinthelimit ofsmall   
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monotonicallyastheamplitudeofhigh－frequencycyclic  
lnputincreases when the coupling strengthis smal1．  
Thedecreaseintheinterspikeintervalsofthefirstel－  
ement duetothehigh－frequencycyclicinput andthe  
Changesintheratioofthephaselockingduetothere－  
fractoryperiodcausethenon－mOnOtOnicchangesinthe  
interspikeintervals ofthe second element．Theinter－  

Spikeintervalsofthefirst element decreasemonotoni－  
Callyastheamplitudeofthesinusoidalinputincreases．  
Thespikesinthesecondelementaregeneratedbythe  
SPikesinthefirstelement．Theinterspikeintervalsof  
the second element decrease phaselocked to thefirst  
elementinthe ratiol／1，but the ratio ofthe phase  
lockingisdroppedtol／2，1／3andsoforth，becauseof  
七hereh・aCtOryPeriodofthesecondelement，aSthein－  
terspikeintervalsofthefirstelement decreasefurther．  
Thesimi1armechanismcausesthenon－mOnOtOnicityin  
thefiringratewithperiodicpulses［10］andintheco－  
herenceresonance［13］inthecoupledBVPmodel．  

Thesenon－mOnOtOnicchangesintheinterspikeinM  
tervals appear onlyin theintermediate range ofthe  
period（frequency）ofthesinusoidalinput．Spikesare  
not generatedwhentheperiodofthesinusoidalinput  
issmall（77n≦16）．Whentheorderoftheperiodof  
thesinusoidalinputisequal七othat（0（103））ofthe  
refractoryperiod，generatedspikesarephaselockedto  
thesinusoidalinput．  

nlrther，it was shown that the noise or high－  
frequency cyclicinput causes the non－mOnOtOnic  
Changesandbifurcationsintheoscillationperiodofthe  
COupledBVPoscillators．Thenoisecausesthedecrease  
intheperiodofthefirstoscillator．Theperiodofthe  
SeCOndoscillatoralsodecreasesphaselockedtothefirst  
OSCillator．Asthenoisestrengthincreasesandthepe－  
riod ofthefirst oscillator decreasesfurther，however，  
thephaselockingislostandtheperiodofthesecondosq  
Cillatorincreases．Thenon－mOnOtOnicchangesappear  
Onlywhen the couplinglS Weak．The high－h：equenCy  
CyCliclnPut also makes the oscillation period small．  
Whenthe couplingis weak，the phaselocking ofthe  
OSCillatorsisalsolostastheamplitudeoftheinputin－  
CreaSeSandtheperiodofthefirstoscillatordecreases．  
Thetangent bifurcation thenoccurs and complicated  
patternsintheseriesoftheoscillationperiodsappear．   

In Sect．6，the coupled BVP oscillatorsin which  
theunstableequilibriumpointisclosetotheminimal  
POintofw＝f（v）weredealt with．Itisknownthat  
Smallnoisecausesapeakinthemeanoftheoscillat，ion  
periodandcyclicinputceasestheoscillationinasin－  
gleBVP oscillator・It wasshownthat weakcoupling  
makes the height ofthe peak sma11and recovers the  
OSCillation．Althoughtheseresultshavelittlerelation  
tothenon－mOnOtOnic changesintheinterspikeinter－  
ValsandtheoscillationperiodshowninSects．3－5，both  

arecausedonlylntheintermediaterangesofthecou－  
plingstrength．Itshouldbementionedthattheweak  
COuPlingmayhavevariouseffectsonthesystemnear   
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Fig．10 0scillationperiodTb ofthesecondoscillatorscloseto  
theexcitablestatevs・amplitudeAofsinusoidalinput（magnified  
fromFig・11（c））（a），andreturnmapof了ちatA＝0・082（b）・  

COuplingstrength．Intwodistinctregionsofthevalues  
Ofthecouplingstrength（DFt；0・25andD；t；0．001），the  
OSCillationsofthecoupledoscillatorsarerecovered．  

TheregionfromA＝0・06to O・1inFig．9（c）（D  
＝0・001）ismagnifiedinFig．10（a）．Largeoscillationpe－  
riodsclosetolO5exist，Whicharealmostthirtytimesas  
largeastheoscillationperiodwithoutinput．Thetime  
Seriesvl（t）andv2（i）ofthefastvariablesoftheoscil－  
1ators at A Ft30．07thenshow bursting patterns with  
rather regular oscillationsinterrupted bylongceased  
intervals．Theseriesoftheoscillationperiodsvarysen－  

Sitively astheamplitudeofsinusoidalinput changes，  
Whiletheyareperiodic．FigurelO（b）showsthereturn  
mapoftheseriesT2（j）（101≦j≦400）oftheperiodsof  
thesecondoscillatorwithsinusoidalinputofA＝0．082，  

inwhichtheserieshasperiod294（T2（j）＝7b（j＋294））・  
Low dimensionalstructures are not observedfrom the  

returnmapoftheoscillationperiods．Thecauseofthe  
OCCurrenCeOftheburstingpatternsisnotclearandis  
afutureproblem．   

7． Discussion   

It was shown that theinterspikeintervals of the  
SPikesin the coupled BVP modelare changed non－  
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Criticals七atesbetweenexci七ableandoscillatorystates．  
The non－mOnOtOnic changes and bifurcationsin  

theinterspikeintervalsandtheoscillationperiodsob－  
tainedinthisstudyappearirrespectivelyoftheprecise  
forms of the functionsin the BVP model．It can be  

ShownthatsimilarchangesoccurwithapleCeWiselin－  
earfunctionasf（v），forinstance・Itisonlyneededthat  
thevaluesofthe smallparameterE andthe coupling  
StrengthDaresufncientlysmall．Thenoiseandcyclic  
inputdecreasetheoscillationperiodonlyofrelaxation  
OSCillatorsofsmal1E．ThestrengthD ofthecoupling  
betweentheoscillatorsmustbesmallsothatthephase  
lockingoftheoscillatorsislostastheoscillationperiod  
decreases．  

WhentheBVP modelisintheexcitablestate，it  
isknownthatthecoherenceresonanceoccurs，i．e．，the  
regularityofthe spikesis optimalat anintermediate  
levelofthenoisestrength［19］，［24］・Ithasbeenshown  
thatweakcouplingcausesmultiplemaximainthemean  
oftheinterspikeintervals［13］．ThemechanismcausT  
lng七hemultiplemaximaisconsideredtobesimilarto  
thatshowninthisstudy，i．e．，thephaselockingofthe  
OSCillators．Themultiplemaximainthecoherenceres－  
OnanCe，however，OnlyappearintheBVPmodelwith  
apiecewiselinearfunction 

． 

quency of neurons to the noise strength may appear 
morelikelyinspontaneous1yfiringneuronsthaninless  
firingneurons．   

Itisknownthat the meanoscillationperiod ofa  
SingleBVPoscillatorincreaseswhennoiseisaddedto  
theslowvariablew［11］，［14］・Weakcouplingmaysup－  
pressthisincreaseintheoscillationperiodinthesame  
mannerasshowninSect．6．Further，mOreCOmPlicated  
patternsintheseriesoftheoscillationperiodsmayap－  
Pear When the number of the coupled oscillatorsin－  
CreaSeS．  

The coupled BVP model is a simplified model 
Ofinteractingneurons．Thenoise andhighーfrequency  
Stimuliadded to one part ofneurons can cause non－  
monotonic changesin the艮ring frequency ofanother  
part ofneurons．Itis also regarded as a modelof  
Slngleneuronofcomplicatedshapes，e・g・，bifurcations  
indendritesandaxonterminals・Themeanfiringfre－  
quencyofaslngleneuronmayvarynon－mOnOtOnically  
asthestrengthofthenoiseandstimulidependingon  
thelocation．  
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Fig・A・1 Meaninterspikeint，erValTofpropagatedspikesvs．  
amplitudeAofsinusoidalinputintheFHNmodel．   

coemcientissmal1（D′＝0．04（b）），h。W。Ⅴ。r，th。meaム  

interspikeintervaldecreases once as Aincreases，but  

increasesat A＝0．09，thenturnstodecrease andin－  

CreaSeSagalnatA＝0・27・Thenon－mOnOtOnicchanges  
inthemeaninterspikeintervalofthespikespropagated  

inanervefiberarecausedbythehigh－frequencysinu－  
SOidalinput．  

Appendix：High－mequenCyInputtotheFHN  
Model   

Thenon－mOnOtOnicchangesintheinterspikeintervals  
duetohigh－frequencyinputshownin Sect．30CCurin  

PrOPaga七edspikesinanervefibermodel，inwhichthe  

Spatialdistributionofnervemembraneisincorporated，  
Whenthedi飢1Sioncoe侃cientissmall．Computersimu－  

1ationisdoneontheFitzHugh－Nagumomodel［22］with  
CyClicinputtotheoneend．   

∂申，ま）／∂f＝β′∂2巾，ま）／∂∬2＋拍（ご，f））  

－ぴ（諾，f）＋∂（ご）Asin27丁舌／℃m   

∂ひ（ご，壬）／∂壬＝ど可∬，り（£＝0・001，0≦∬≦20）  

（A・1）  

whereD／isthed撤1SioncoefBcient，Whichcorresponds  
tothecouplingstrengthDinEq．（1）．Sinusoidalinput  
With77n＝50・Oisaddedtotheoneend（x＝0）ofthe  
fiber・Spikesaregeneratedatx＝Oandarepropagated  
totheotherend（x＝20）・Equation（A・1）isspatially  
discretizedwith△x＝1・Oandisnumericallycalculated  
by the Euler method with△壬＝0．1．The spatially  
discretizedmodelis equivalent to alinear chainof20  
BVP elements．  

FigureA・1plotsthemeaninterspikeintervalTof  

thepropagatedspikesatx＝20agalnSttheamplitude  
Aofthesinusoidalinput．Valuesofthedi仔usioncoef－  
ficientare‥D′＝1・0（a）andD′＝0．04（b）．Themean  
interspikeintervaldecreasesmonotonicallyastheam－  
plitudeofthesinusOidalinputincreasesforthelarge  
diffusioncoefncient（D′＝1．0（a））．WhenthedinlSion  
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