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INTRODUCTION g

: iThc descendmg contralateral movement deteclor {DCMD} of 1he locnsl was so
: n;uneé because act;on potentlais recorded from [he ventral nerve cord (connecnye) S
are mma{ed by movemcnt detected by the coutralatcral: compound eye (Burtt &

DCMD many of ns complcx v1sual propemes {Remew
'B;lrker 1993) Although the LGMD and DCMD have been studied ‘extensively, the
“cells in the medulia whlch dnve lhe LGMD havc not been 1dent1ﬁed (O,sono EQEH)

Bafker (1987 1993) recorded and anaiyzed ‘the sequences of DCMD action po
{entials under varions scotoplc condmons In Lomp]ete darkness, he showed tha
DCMD ilisch zes form stationary, non- renewal processes with short term memory .
- that lyp;cal]y pcmsss for less than 200 ms. Af Jow light levels, the DCMD.also .
chsplays ]onger—term memory tcrmed sensitization, - The DCMD's sensitivily R
: ichabges by up 1o an order of magmlude for three seconds after the presentation of "
a dim fash of llght The observed short-term ciustenng of spikes reflects correlation, -

between splke oceurrences, }eadmg fo_over- dlspe:sed dnstnbunons of imerspike -~
intervals and splkc counts relam'c 10 those of a simple P(»sson proccss An apalysis

" of the spxke-number statistics taken. from long, stable. recordmgs showed that they =
t néganvevbmomaai than a.double- -Poisson (Neyman type-A) dls-, -
' tnbunon though this ‘analysis was conducted at a single, fixed counting time 7. -
2o 1n this .paper we éxamine the coummg stansucs for 'the spontaneous DCMD SR
" . discharge over. acommuous range of countmg times. Om results rcveai the presence -~
L of long»duranon comelation i in the sequence of action potentials. The existence of ..

- such coprrelation in splke trains has been demonstrated prev;ously for primary af-. "~ "
“ferent audllory (VHI nerve) cells in the cat (Teich and Khanna, 1985; Teich, 1989; SRR
-'Kumar and Johnson, 1993), chinchilla (Powers and Salvi, 1991), and cincken Pow-. -

" ers and Salv1 19923, and for latera! superior olivary (LSO) neurons in_ the cat
_{Turcoit et al., 1994). The VIll-nerve firings are well modeled by a pamcu]ar king
Cof stationary point process ‘witha coincidence rate that dccays as a fractional _power-,
law function: the fractal-Gaussian-noise driven doubly stochastic Poisson point pro-
- cess of FGNDP (Lowen and Teich, 1891; Teich, 1992; Teich et al., 1990a, 1990b;
“Teich and Lowen, 1994; Lowen and Teich, 1995). The spike train generated by
180 units is well modeled by an mhomogeneous Poisson point process: a sequence
* " of randomly generated impulses whose probability of occurrence changes with time
7 (Turcott ez al, 1994). At both the VIH-nerve and the LSO, correlation extends 1o

iI T heorencal Background

'.'Sm(.e the acuon pol tials generat d by a glven neuron exhlblt nearly 1dent1cal
wavefnrms ‘the oecurrence time of each, Action ?otent;al is. generally assumed (o
comam the oniy re]evant mformanon in the equence of newral: lmpulses This
“sequence can therefore be’ frested mathe

; ,'In spec;fymg a pamcular roahzanon of a point. process then one need only specify -

" the set"of occurrence times, {t} of the events, as illustrated in Fig. 1A. It is. useful
1o characterize the under]
e obmmf:d from a single. yecording.

- random _process characterize its general behavxor For a point process the amphtude
-0 distribution is embodiéd in the rate of occurrence of impulses, ‘which is readily -
“ i oblained from the data, but the correlation funonon (or for a pomt process thc

S LONG DURAT]O"J CORRELAT’ION

s

":long tlmc scaics, with an uchr lmm of obscrvec! con-elatlon _‘mes lmmsed b}' the: ioE
“duration of the récording, ; X

Barker ( 1993) has prowded A detaxled accoum of thc expenmcmal' prepaxanon L

o "_We precede .our_presemation of the PCMD physxologlcal data wilh a thorough - : ;
. description of tho

mathematlcal charac{cnstxcs oi relevant _point processes because

ally as an unrmarked point process, -
where the occurrencc of an event at tim 1»s» rcpresenled by &n impulse & oat oo
zhnt tirne, 50, the entire. rea]lzauon is gwen by IR

ing point process from ihe sez of occun-cnce umcs {l} o

“The amplitude, probability distr bunon and corre}anon functson of Py stanonarv'_':'

comczdence rate) is generally dlfﬁcult to esnmate S T
- Because of ihxs twe altermmve reprscntanons of the underiymg poml proc:ess S

7 are used: One perxpecnve considers_the Sequence of intervals 7, between adjacent -
Impulses as shown in Fig. 1B, rather than the presence or absence of an impulse - ¢ .
* - -at each time. In this way the point process sif) (a sequence of 1mpulscs distibuted
_..'on a continuous time axis) is represented by a discrete-lime Tandom process {7} )
2 Aa scquencc of _positive real- valuecl random vanab}es) Since . Inlis a complete ..
" representation of the point process all information can, in pnncnpie bc _chbtained
" from it. However the mapping of the réal; continuous time axis of the underlymg ]
“point process to.the discrete time index i of the interevent lime process {7} intro-

duces random distortion: 1he interval index’ increases by unity whether the interval

is long ar short. The interval subscripted bv i _DCCUrs, on average, at ¢ = i (~) ]
‘where (7} is the average interevenl time.

" As a result, some issues, particularly those Loncemmg corre]auon are more

7, - readily addressed using an alternate approach. As shown in Fig. 1C, the time axis
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“POINT PROCESS

an be dmded |nto conuguous countmg penods equa} leagth T wuh the number :
f siction pmentaale in the ™ window: denoted &, The resulting sequence of comnts - ..
[N} forms a discrete-tim random process of nonnegative integers. In gcnera]‘ S
mformauon s lost in fmng this process, although for:most point processes the

AR refer- numiber, of coums in ‘windows sepa:ated by
y reuse]y Ki05] econ&s, so that corre]atlon in the pmcess [N] is readﬂy assoc;ated
‘with correlati - ung
Asa ﬁrst examp]e we con51der e homogeneous Poasson pom ,proccss (HPP)
hich is ublquuous p}aymg the role in pomt process theory that the _Guisssian
random process plays in the study of contmuous—tnme stochastic _Pracesses (Saleh
an_d Teich, 1982). The HPP is memorylcss the occurrence of an évent at time 2,'is
ndependem of the presence .or absence of events gt any ‘other'time t # £, Becaus
—of this property b{)zh {7} ang {N,) form sequcnces of mdependent ;denﬂcally
1s£nbuled (Hd), random vanables. .’['hese processes are, cnmpletely characterized by
- their- ampl;tude probabshty denszty and ‘mass_functions. In_the context ‘of r:eural
pike-train analysis, these are typxcally called the interspike- mterval {ISI) h1 t )

h count-number or pulse-numher distribution (PND). . : e
o “the process h—} generated from an HPP fhe amph!ude probablhty densny R

functxon is the mmple exponentlal & T

SEQUENCE OF -
counts (i) -

§ Wthh has the prapcny thm for all coummg L es T the vananw aw is equal tof :
; thc mean By Of the number of counts: oy = ,u.,,T AT R
A pomt process ‘whose. 1nterevent times. form & sequence of jid random vanables_ N
S 15 said to be renewal, 3 deﬁmtlon motivated by the study of j processes generated -
by the repldcement of fmled parts {e.g., hght bulhs). Each replacemcnt forms a
“tenewal of the point process. The HPP is the only point process with 2 finite rate
C for Wh]Ch the sequence of counts consists of independent random variables for all
- “counting times. Since the HPP is the renewal process whose interevent density
~ function p,{7} is exponenuai any dcpmure of p,( 7) {rom exponential in a renewal
", process implies the existence of memory in the ‘underlying point process. In the
“sequence of counts, this mEmMory results in dependence among the {¥,].. :
Rdndom shufﬂxng of 1hc sequcnce of m&erevcnl times {fri presen es !he proba;

'-Fugure 1 Rrpmsentanon of the neural bplkﬁ tr;un for amalym The scqucmc nf action po[enuals is
represenied by a sequence of uiealued impuises, formmg a stochastic point process {a) The m:ura] spike
ain is thus reduced to a sequence of impulse orcurrence iimes [:] ‘For comamence of ana]ysh. two
. altemnalive representations of the poing process arg used. (b) A sequem.e of interevent times [1,} is formed
:{rom the tme hetween :mpufses ‘resulting in a discrete-time, positive real-valued c%ochashc . process, Al
“inforniation contamed i the unglnal point process is preserved in 1his_representation, but ihe mapping )
of the point process time axis {0 the discrete axis of the sequence of intesevent times introdices a fandom
-+ distortion of the abscissa, (¢} The sequence of coum:. (N}, 2 discrete- time, non- negam-c integer- ~valued
Slﬂ(.hd.:.t}c process, is formed from the point process by recording the number of events in suecessive
counting windows of length T. The time axis of the point process is simply related 10 the discrete lime
© axis of the sequence of counts by ¢ = Ti, so correlation properties of the point process can be inferred
~ from correlation in the %cqu-‘-nce of counts. Information is lost in mapping the point process to the
--sequence of camnrs, bui me amount Jost can bc made arbmanl\ small b) rcducmg thc sw: 0! the L(»unzmv
. window. : -
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LON G DU'RAF ION CORRELATION

"._"'gwcn lhat 1o acuon potennal has occum:d durmg lhlS T seconds For an HPP w1th [

Probablhty theory al]ows the, characterizai 1on of ‘the. random vanables of a glven'_ :
i 'ode,l in- 1erms of pmbablh:y dxsinbui:ons and. corre]atlen funcuons T
hlch in_turn, allows the predlctmn of the ‘outcome of an experimént using’ that
model Inthe. analy51s of erapirical data the. probiem is approached from the’ op- ..
-pogﬂe dlrecnon _given a collection of empirical data, the probabﬂlsnc functmns are
‘estimated, “with the u]nmate aim of modelmgl e'physmioglcal process wah a-
mathemancal stochasﬂc System, e
- We ptilize two stausncal measyres lhat parually chaxactenze the random process R
in terms. of a sequence of interspike’ m.rerva!s {-r} the mtcrsplke-mtenfal ISy
‘hlstogram and rescaled range ar alysis (RIS). i i
- “The ISt hlstogram shows the relative. frcquem,y of occum:nce of interspike in- .
“ervals as @ function of mtcnal size; it.is an estimate of thc probablhty densnty
function p,(r) of the amplnude of (7). ‘The. 15! hlstogram rcadﬁy provzdes infor-
1 ;mon about the undf:rlymg process over short time scales, but all mformatzon
regardmg the_ brder of interval occurrence is lost. If no, eorrelauon eXists ,among '
the, mtersplke intervals then lh¢  process formed by the sequence o interever ]
{1-} is renewal, akd the - peint process is comp]etely charactcnzed by a5 ISI hls :
(ogram Lom ersely, if the process is. nonrenewal (ie., if dependence exists amon
5 i terval I ; '

—avarage. lo be precedeé by or. followed by ane smalier than the mean
For the random process. fonned By the sequence of counts from DCMD ter-
‘neurons, we., appiy three ‘measures. The pulse-rismber distribution (PND) pro» 1des
n estimate of the pmb ility mass function of the ampluude of_ the sequence of .,
‘counts N} It revsals khe character of the _point_process on time stules that are of =
o tthe ‘order of the countmg time 7T, Smce the counting time .i \exrtern:s Iy specaﬁed S
. the hehavior of the _point process for ‘arbitrary time, sca]es can be: exami
' Fano factor, deﬁned as thc count. variance divided by i the count anean; is 4 wseful
; mdcx of dlsperm{m since: ﬁs value for ‘the HPP is unity for all. T. (Cox and Lew
s ' dicates tha the under}ymg point Process
,15‘ more clﬁéléied than _the HPP, at the Ziven lime sca]e whereas_a Fano factor less
: than umty md:cates that lhe underlymg point prosess is mere negular than the HPP:
-'Asxée from the Fano factor, the chsraczenstlcs “of the PND- provxde other mf'o
“mation about the underlymg point process. A hxgher probablhty of an even number
_of counts than an odd number of counts in a interval. of . length T, for example,
" implies that évents tend to oocur in pairs separated by less than T seconds (Teich
“and Turcott, 1988) In -this. Sway. the PND at a pa.rncula: counting. nmc, ‘and the
*; “Fano factor, prowde information about thc Lorrehmon of the '_ 0int pmcess at that
‘L:me scale (T{:]ch and Khanr}a, 1985) : B
. The Tano~factor time Curve {FFC), whlch shaws the funcuona} dependence of o
e the Fano factor on the counting time 7, provides additionat information about the " ' _
* nature of the correlation. in pamcuiar an FFC with a power-law dependence on T R
R S oL implies, that ihe undeflymg point process hds 2 power-law correlauon function LT
T ) I e (normalized ccmmdence rate far a poml process) and povier spectra] dens;ty {Telch B
Sl T 1089,1992). : : St
“. Since the, FFC is relmed to 1he normahzed COUlCldence rale ihrcuch an mtegral L
' tmnsfarmauon (Te:ch 1992), its value at a- par{lcu!ar counting time Tss 1nﬂuenced_ R
. by correlation across all time scales. Because of this, even weak correlation can .
“produce dramanc depmures of the Fano factor from ‘unity {Teich, 1989, 1992). .
Thls. propcny Jmpans lhe FFC \uth pamcular scn_smmy to corre}atmn na pem{ .
roce«.s - : :
I*mallv, Founer transfcrm methoés prowde an ahamame dpprdCh 1o quam:fymg

[ case, measures that’ reveal the nature nf thc correlatmn prov;de

} complemcntary information to the 181 histogram. - s E D

... The survivor: furiction and the hazarg function are Lransfonnatmns of p (1') Lom» L

* monly used in neuronal spike-frain analys:s (Perkel et al, 19567). The sunwor PSR
funcl;on 5{7) is the complemcm of zhe 81 —cumuiau\e probabﬂ:ty dlsmbunon L

ST prondes 1he probdblhty 1hat the ﬂeumn wali not ha\e ﬁrcd wnhm T seconds af i o
;‘ the precedmg acuon potenua] 'The haza:d funclmn dcﬁned as '

qb,fr) P—(')/Jl 1),

gucs lhc probab;ht\f Ihal lhe neuron wi 1] ﬁrc ¥ seconds af{Lr an amon potemml E




the correlauon of a ochastxc process We use a penodogram esnmate S(f) of the_

powar spectral ensity {PSD) of the saqaence OI counts { N 1 glven by L

', olemxal ﬁrmgs ana]yzcd,here have

: IS .
“been pzevxausl}{ shown to for_mxstatlonary processcx (Ba:kcr 11993; Barker, unpub~ .
‘lished resuits). The duration, ‘namber, 6f intervals, and average firing rate for each ™’

of the recordmgs dascussed in this paper AT shown in Tabie 1.-Two ad
-sets’ that were analyzed ylelded resulis similar-io those repuﬂed hcre
The 181}

istograms havc an exp éntial form
.Tesented by straight. lines ‘on the serm]eganthmlc ploes of Fig! 2A),

aw_form for short int ent nmes (straight finés on thc doubly logarithmic. plo!s
of Fig. ZB), wuh the’ transmon between thc 1wo regions occumng at pprox1mateiy

c7=.1sec.
 sproximately 20 ms), shown in Fig. '23_‘ indicates the presen¢¢ of ré’fra'cib_ﬁn,e's’s‘j The
- IS1 histogram exlends out't long int revcnt tlmes bccause of [he Iow spontancois
.t firing rates. : e i -

~-"Fhe fu

V Tuble 1 Charac:ensucs of four Iung duremon rf:cordmgs fmm spom.:ncous}y ﬁnng DCMD neumns : SO
The paIamgrers a.and B are the exponents obtained from ﬁ|hng the functions F(T} = AT® and SQ") =00
Bf-*10 the FFC 4;1:1 PSD respe nvely As cxpecled from i.heor} (Tesch 1992. Lov.en a.nd Tcxc_h 1995), -

B Een D i
Cell - Buration of " Numl

Average _Firing _FFC e_jpb);gm L PSD exponent
Hensification ,-:-'?recorti!ng . Rate (secTt g L0 g e
- ADAOIT »"521_7.5 T 3524 2. L D80 U Das0 - T L0203
CADAOM - 23561 . RS 1 IR Do e
ADA0S2 | . 78861 L0516 U oue Loase

ADADT2 3896.3 4585 0 120

I togram for each ata set ]S presented in th 2 {solid, curves) Tha ISI",I : -
r long interevent fipjes. {thcy are well rcp— o

LO\G DURAT'[ON CORR.ELA’HON

IERSDIKE iN'LRVAL g H!bluwuu

N INTERSPIK

- e :!-‘sgure 2 Inlersp:ke mter»al [lsl) hlsmgrams f{u Four sponlaneous!y ﬁrmg DCMD cells '!}1& dala axe .

shoiwn on a sem:logamhmm ‘plot jn {A) and on 4 doubly Iogamhrmc plot wita an cxpandad view of

. “short time_ intervals in (B) (ses next page) The 181 hxswgrams {solid curvex) are well dmcnbed by ;
: :'pow:r }aw funcnuns for-short ume ﬂ:ales (r < l aec) {strmvht-hne behavi ior m (B)] md by cxponentm!

=1 sec, v.vas it to. the ISI lnstcgrams usmg th: Marquardt—chenbero
'algomhm 'ﬂxc b&st fitting pa:amelers are presented in Table 2, and Ihe correspond-

:.ing funcuom are plotied in Fig, .2 as dotted curves, Thls function describes. the . -

“data very well j in both regions, Thc greaicsl dxbcrcpancy oceurs in cell ADADTZ in
“the power~iaw region. For 0. 01 < 5 < 1 sec, the ISE histogram for this cell di»erges :

- slightly from a siraight tine’ on the doubly ]ogamhmlc plot 50 a sxmple power-law o
function serves only as an dppre“mat:on : . e
.~ - Ihe survivor functions and hazard functions, whlch are often used measures m__ Ll
neurpphysiologicat splke-uam zmalyﬂxs ‘are presented in Figs. 3A and 3B. _respec- S
. tively. The abscissa values of the survivor function are obtamed directly from the -
o ‘data. This minimizes noise.in the plot, since it is not based on a comennonal,
- histogram with. extemallv specified bin widths, Because the fit of Eg. (7) to the
- -data was based selsly on the functional form of the dala, the fitting algorithm did ~ G
~not ncorpo_rate_ narmahzanon condmon I:.quanon {7, 1herefore does not_nec-
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SPIKE - INTERVAL {151 HISTGGRAA -

" apaon:

ot CCadecys 10

e
ADADI2

- ApAzez

EQSPIKE m.

’RUAL T (se;)

- Flgure 3 lnte:spnke-zmcrval ;ISI) sumvor funcnons (A) and hazard funcuons (E) (sec next pdge) The

S _lhecreucal hazard funciion obtained from an exponenual}y distributed 1S is a constam '!'hc dollc_ ]
© 7% in (B) is the hazard function cxpe,clcd for lhe exponenha] it i
T o the cxponenua] is appa:cm

F:gu . ,71 (cantmued)

: -essanly transform ;)roperly to the survwor and hazard funcuons whlch 1mphc1:ly S
equire normalization. With ‘this ‘Caveal in mind; the dotted :lmes in Fig. 3B are - /-
tmned from the exponentna] tails of Eq.: (7) Far long mtersp:kc intervals, the :

-data nppear to be reasonably well modeled by an cxponenﬂal 181 probabﬂny densny'.f
. _funcnon “The. excess ;Jrobablhly -of :short intervals relauve 1040 expcnenual is
clcarl)' apparent in :hc “hazard-functions of Fig. 3B : i

- “The rescaled range ana]ysls of gach data set is presenled in Flg 4 Thc c1rc}eq_'r e
- correcpond to the result for uncorrelated mtervals Rk ~ %72 for comparison with © - ¢
_the data Correlatwn dmong mtersptke m!ervals is prssent m al] 1he data. set (solid -

‘vcurves) since R{k) grow¢ m :re rapxd]y than k*’2 The correlauon appears pamcularly_i
- ".strong when the block size approaches "severa} hundred: intervals, The _correlation
o -'__';presen's for large k is dcstroyed by random}y shufﬁmg the mtervals ‘R(k) curves fo
. the shuffled intervals are shown as dashed curves in Fig. 4, which have R(k) ap
> proximately proportional to k2 4 expecled. These ﬁndmgs aTe consistent with the " -
' ‘interval serial correlation coefficients repor:ed by Barker. (1993). For purposes of -
' "companson, a dead- t1mc~rnodlﬁed Pmsson point process (DTMPP), an HPP. wzth F
absolute refractoriness imposed, was simulated for each data set and rescaled range . .
T e T e e T T T -'analyszs was apphed 10 each. The mean of the DTMPP, and the. duration of the
 1see, o the IS1 hiswograms of the DOMD_ - . 7 simulation, were taken to be.the same as that of the data. The dead time was taken S
I I B 12 be 10 msec. The behavmr of R(&) fot the simulated DTMPP {dotted curves) and 0
-~the shufﬁed intervals is. qualitatively similar. This is as expected since all renewal -
-processes, regardless of the form of their 11 histograms, should exhibit an R(k) R
proporticnal to k' a ‘onsequence of the fact that R/S reveals correlatmn among -
intervals, not corzelalion in time. : :
We now move e} results fer the countmg process The PNDS obtamed from lhe,

) Table 2 Parameters ohlcuncd by fm> g Eq (7) wlth ‘r,,
. data. B i

.Ce{ildennﬁcmmu R T -y’ AT T T

_-ADAOD T A8 wpes - L0283 - - - - past
 ADA034 ST 02MT T 0838 eTEe - L 1040
- -ADABG2 N (B N N2 0308 C 04l
ADAOTZ - S - 0.203 - 0791 L 0.539 " 0.801




NTERSPIKE-INTERYAL HAZARD FUNCTON, °

ADsD7Z

Flgurc 3 {conhuued)

data usmg a counting time of 7= 2.5 sec, are prcsented in Flg 5 (sehd cunes)
] ND; cb_lam d__ from‘s;mu}a;ed DTMPPS»,_ x_v;th the same mean_and an absolute

an. F(T) greater

] 1nd1ca‘(es the PND ca]culaled at that countmé time 7 has morc‘

'(less) dtspersmn,’shan the PND of an HPP, - :
- The Fano-facior iime curves for the dma are shcs as thc solid cury

6. The i increase of the Fano factor with counung time mdlcatcs that the underiymg
_sequence has greater count variability, and i ds. hence more c]usiered than 2 homo-

geneous P{)zsson pmcess Thc FECs show »zmous regions of power “law bEthlOl’v o
' ‘.(siralghi ling _appearance on a doubly loganthmic plot). For the spomaneous dis- oo T
_‘charges from cells ADADI1and ADAOG2 the exponent of the data is approximately - =

- constant gver more than iwo decades of the counting time. The power-law function

F(Ty = AT * was ﬁ{ to these data using the Marquardt- Levenberg algorithin, and is

shown in the figure as open- circles. The besi- fitting FEC exponents (parameter a) . -

are presented in Table 1. Spontancuus dlsthdrges from celis ADAO34 and ADAD72,
’ V\thh have the highest fi iring rates, exhibit more comp ex behauor with, differenl
" regions axhlbktmg different power-law exponents

The FFCs cbmmed from lhc eqmvalenl renewal process (obtamed b} shufﬂxna e

es in Flg ;

" LONG-DURATION CORRELATION -

deHB,R DF. L

o _Flgure 4 k Rescaied range a.na]ysx:a (RIS) ‘tpphcd 10 Ehe neumphysmiog ai data (sohd _urves), 10 the, L
. process formed by shufﬂmg the intervals {dashed cunes) and 0.2 s:mulated DTMPE (daned curves) s
" The data show strong positive correlation for. large bincks of intervals &, “The shuffled process and-the -
- DTMPP appesr uncorrelated, which is expectcﬂ since bm.h are n:newal proccsses with mtenplke inb:rvalsjf .
- drawn mdependenﬂy from theu' r:specm'c ISI hlstogmms The Clrc)es COITE
- for uncorxeiated intervals R(k) ~ k"‘.,for companson wnh t.‘ue data

% :he mterva}s) are. shown as the dashf;d curves in Flg 6 Tht: increase abﬁve unity .
-the FFC of thé_ process of shaffled imtervals arises ennreiy from . the departure S

of the iS1 hlszogram from exponenuai form. Note that the FCC for the shuffled

e mxervals is appmmmaicly constant for countmg tmes greater than 2 typn:al inter- <

';splke interval. This indicates that the counts are uncorelated on these time scales
-{Teichi ez al., 1990b; Turcott eral., 1994), whxch Jis 10 be expecied since. the, count. " .

3 correlatlon m a renewal process carmol exzend beyond the, largest mterspike mter-, o

val:

i Also shown in Hg 6 are the FFC% obtamed from the smulated DTMPP (dotted
_ . curves). The effect of dead time on the FFC is negligible since the refractory period

is small relative to the average interevent time. For the DTMPP under these con-.

_:— _dmons F(T) is approumately unity for all counting times. Point processes with
_more prevalent dead time would d]p below umly at the time sc.a}e of ihc dead nme _

{Teich, 1992). - L
-Finally, in F;g 7 we present 1hn, pcnod(}grams ccnerated frem the sequence of B




SPIKE CDUNT DIS’HEBU"ON |PND§
COUNT]NGTMEY =256s5ec -

S

curves), with T = 25 sec. The mean, vari
“each panet. Thc data sxhlb:l wider rh:mbunom than the DT‘/IP? and mdcad the value of the, Fd.no

. (1991) presents an “analy:

that these distributions anse from a P

B from the data are shown as solid cury es, lhose from the shuffled intervals as dashed,

* frequencies, consxsleni with the presence of pow er—law correlation mdlcaled by the
“FFC. Power-law functions $(f) = Bf ¥ were fit 10 ‘the PSDs of cells ADAO] | and

--exponems (pzxrameter ,8) are prbsented in "‘able_ l .

. bD{SCLSSION

'-fhe stansucal behav:or of lhe four DCMD units we present 13 quahtatnely very
© similar. The form of the ISI hhtogram (Fig PARHS _remzukab_ly consistent among the

C Flgnre 6 Fano-faclor tine curves (H:Cs) for [he dala (cehd curvcs)
: and simolated DTMPPs (dotted carves). A - departure of the FCC from unity indicates. the presence. of
com:!at' i
process Y i X
. comelation uppdn:nl in lh: FFC of lhe shufﬁed pror.ess aﬂ&ﬁb fmm lhe deparure ef me 187 hi iogram

A F}gurx S Pulse- numbcr dtsmbuuons LPVDS) for zhe data {s0lid curvcs) and smulaled DTMPP (douad 3 .
nce, and Fano factor (variance-to- -mean. a0y ate given in EE,

" factor is_greater than unity, indicatng that the variance of the data is greates than tat of the DTMPP :
. {the means of both ‘are oqua]) The grcatc: d;spezsmn implies more clusiering the undr:r!ymg point - .
" process than is pres:nt in an HPP or a DTMPP. The clustering is 2 manifestation of correlation. Barker . -

‘HPP, as_revealed in Fip. 2. The FFC appears. to “follow a fracuuna} po
‘counzmo mne T, implying Lhan he imderlymg pomt process has power aw corrcianun on’ the comm
Jspending um:: scales, Dara, from cells ADAOIL and. ADAGE2 were it 'with the funcuon Ay = AT"
yielding @ = "0.180 and o= £ 349 respectively. These functions are shown as open | cln:les in 1he fi gurc .
LThe FFCs of cefis ADA034 and ADAO?’) show more mmplex puwer—law behanor . i

’ .'mums {N} ubmg a countmg nme of T = 0 0’) sec. The perlodograms obtamed‘

* and those from the sxmulated DTMPPs as dotted. The dnergence of S(f) from a-
R horlmna! line (\nhxte nmse} lﬂdlCﬁiBb the _presence.. of coma]anon Among the se— R
‘quence of counts. In particular, the form of S(f} is_power law over a.range of o

B 6) and PSD (Fig. 7) analyses.
= ADA062 These zre shown as circles in the figure, and the bes{-ﬁumg power-lawz
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fANG -FACTOR TINE CURVE gnc)

ML T T

T UADADIE

\humu! m!cn-a}s (daﬁhed cuncs)

from an exponemxa] Torm, in this case mdmfes:r.d by the excess, of shory mmevem times relative to the
,1aw for cemun ranges of

: dala sets, each havmg an ﬁxponemaa! form for long mterevem tlmes wuh an excess -
““of short intervals relative to_the ISI for the HPP, The existence of long-term cor- -

relat:on in all the data seis is Llear fmm lhc RiS (Fzg 4) PND (F;g S) FFC (Fig

Subt}e differences do_exist among the recordmvs bOVs ever. The ISI hlstooram

] for cell ADAD72 s not quite as well’ fitby a power-law function on_short Hmes
- scales as are the other cells (Fig. 2). The FFCs for cells ADAD!] and ADAOS2.
- are arguably power-law | for T greater than approxzmatcl} 30 msec (Fig. 6). For T

> 20 msec, the data irom ADAD34 and ADAO72 appear 10 have various, power-

“law exponents in their FFCs. The power-law exponent of ADAD34 is greater for

' 1 20 msec < T < 500 ms than for T > 500 ms. The data for ADA{72 exhibit three

rwmns 20 msec < T < 300 msec; 300 msec < T.< 10.sec; 72> 10 sec, thh the
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. éoﬁzﬁ' SPLCTRAL  DLNSITY {PSD)

‘-Corfelatton in the spxke trzun exteﬁds to the largest tlme scales thai cou]d be ex

COUNTING TIME 1= 0.02 sec_ R
- e

20AB1Y

‘al., 1990a; Teich, 1992), whlch cxhxblts iarge, scale—mvanam ﬂuctuanons

T
ADACEZ

BLRODOGRAM S(1Y {

: exponemlai funcnon, fur shon mierevcn imes {7 <1 sec) (Flg 2B) accounts far' :

- ;served in 4 number of other neurophysmloglca] preparations. Fn the retinal ganghon
" -cell of the cat, Levmc (1980) showed that the ‘standard devnatlon of Ihc random -

razausm:v ' (Hz‘

4

into successive scgments of 20.48- -, blocks of data. For ‘Each segm 1

bing of the PSD &
* 1esslis obrained from the FFC. The data_from ce]ls ADAOH and ADAOSZ were. fit with 1hc function

. that the exponents of the PSD be (appmxxmawly) equal in magaitude, but Opposﬂe in sign, from those
_of the FEC, TI he. funcuons cormspondmg 10 the best-Biting parameters are Showr as circles in the figure,
: The PSDs of ADA()34 and ADAO?Z reﬂect more

| presented here, data from two olher cel]s were analyzed One (ADADS8) appears
(ADADG7) appears to have various reglcns, similar to ADAQ34 and ADAG?2. -

- under! lying point_process that have power-law correlation. These rcsults therefore
H}dlCdlC lhat the spontaneous ﬁnngs of DLMD cclls B"(hlbi! power—law corre]at:on

1" lgum 7 Penodogmm esumales of Lbe powcr speclra! dens: ty (PSD) shown fuz lhe dau (sol}d curves) i
Shuffied intervais (dashcd corves), and simulated DTMPPs (dotlbd curves}. Fach data set was_divided .

e }{)24—pam1 penodograms were
formed fmm the sequence of ccums usmg a commng time T ="0.02 sec, The penodograms of :ach _—
‘segment were averaged Further »anance reduction’ was accompllshad by averaging adjaceni frequem_y T
ate. The PSD of the data shows regions of power-law form, consistent with the . -

S8 = BFE yzeldlng B=0203and g = 0. 150, nespectwel} consxsicm with the theorencal red:cu()n .
. %

- fractal- Gaussmn-nmse driven, cloubly stochastic Poisson point process (FGNDP;
V'Lomen and Teich, 1991; Teich ef al, 1990b; Tc;ch 1992; Teich and Lowen, 1994y,
The FGNDP can be denved Jdrom. a cascade maodel, in_ which each occurrence of - -

mplex behavmx as nbsewed in Lhe commpondmg

- ahd Teich, 1991). .. S
~Barker (1993) has used a nonfractal version of the c&scade modcl to. descnbe_ wo
= ﬁnngs in DCMD ce}ls, in which an_ addmonal elernent of randomness is lacorpo- . L
~“rated into the genesation of the bewndazy events. This model was first set forth by =
~ “Saleh and Teich (1982, 1985). In terms. of ‘Barker’s. model, the values of ¥ and A -
- shown in Tablc 2 are associated w;th the dcgrce of {empoml clustering of the - S
- sewnda.ry process dnd the Tate of the primary process, respectively. However, the -
- aonfrac!a] SNDP. modc] cannot account for power-law growth of the FFC. R
.+ Barker (1993) has demonstrated the presence of sensitization in the DCMD: a. -
“brief stimulus elicits an enhanced response when it foilows another stimulus within -

.‘power—]aw exponem moderatc m thc ﬁrsl reglon small in Lhe rmddle regmn zmd» :. -
arge for T > 10 sec. This dszerence in the form of the FFC among the daa sets . -
suggests that there may be two CldSSES of DCMD cells, In addition to the resulis. .
to have a single power-law :eglon like ADAO1] ‘and - ADAGG2. -The. other

Regions of power-law behavior in the FFC correspond to time scales of the .

amined with satlsfactory staustlcal accuracy (apprommate]y 100 sec), Long dura-
tion pow::r-law correlation imparts fractal-like behavior to theé firing rate (Te'ch e.'

i_Because ‘the FFCs for cells ADAOU and ADA062 are. wel] descnbed by .Slmple
law functions at 10ng tlm cale Fig 6} ‘the i SD

y t e ¢ m lex form of lhe correspondmg ;
PSDs In al] cases howevcr, regaons of power-law behavwr in"one. af the ineasures
can be assos_:lated with regions of power-law behavior in the ‘Gther. o

or the spike irains examined here, the- deparmre of the. 181 mstogram from an

C ‘well as PSD measures obtained. from the -
huffled ‘data sels” (dashed curves in F:gs 6 and 7).. The dlfference ‘between the
ongmal—data and the shufﬁcd-data curves anses ennre]y frorn the ‘order of occur-
rence of the intervals. % :
_'The correlatlpn in, spomaneous DC‘v!D ﬁrmgs beats some snmldmy 10

at ob-

A vanable that serves as the rate has a power-law dependence on’ coummg time, Singe, -
. . -the nate is .sxmply the number of counts divided by the counting time, ‘these. results . -
: f‘lrans]alc into a power-law FFC for large counting limes. The correlation in the L

" --renna! ganghon cell abserved. by Levine is refativeiy weak however, inasmuch
. -as the FFC (winch hes bclow umty for short col nung nrnes
'_tbnness) never rises above. umty for any of the coummg times reponed (whlch
“wcre a8 ]ong as 20 %ec) The. FF(‘ of DCMD cells i is similar {o dm measured m

a r::su]l of refrac.’

primary audxtory fieurons, of lhc cat (Tcnch “1989; Feich et @b, 1990a.b; ‘Teich,
1992; Kumar and Johnson 1993) but the FFCs of the shufﬁsd data and ihe. I81.:
hxs:ograms ‘differ in . the twe cases. The audltory ‘data s \»el] modeled - by a

an event in a primary pomt process gcnerates a number of secnndary events (Lo: en -
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