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Inlrmluclion

I·('(linlrit~. nrllwl0l!Y. Imtl (I~ydlinlry II~SllIl1C thlll key drmcnl~ (If IIml1l11l

l'!ly(lulh)~kHI nntl hchllvit'ral tlcY("h1plllC'1I1 nre understood (w'UlIc'lllh Hml 11(1U
man, IltRI. {"I1II[1. 01; Adnl1l~ lltlll Vit.'lllr. ItlMI. Chall. 27; Nidmli, ItI?K, ("hllp.
21). In 1'"11, these ArifiUlnJ'tinlis tonn lhe hHSis fur clinkal "!I!\c!\sn~IH and
trcnuncm, illdmlin~ rCl·nIllIllCl1lllllinll.~ 1I1Mmi prinmry prevention ,hll' arc slillJln

Hf pl',Ii,.lrk Rilli psychitUric advice. SlIlIIe rlleS,mll-" "Iucts" uf ("Hlly lkvdlll'
mcm. however, Nrc hilsed un miniuml (h'lil. hlf rumple. sUllieclillkian:" believe
lhlll iUlIlU'tlilUC poshllthll CHfllm.:1 between .nothcr and infant is essential for
"molhn inlam honding" (Klil1ls IIml Krllllcll. 191fJ). hUllhe cvideurc fUf lhi~

II~S("r1i(l1l i~ III he'" very wenk (Svc.itlll ("I aL, ItlH2). Similarly, mllny Wcslt'u,
dinidnns believe ,hH' inranu ,..hUllhi olll~mw night-waking aflcr abHut l mlllllh~

of age and assume IhHllhis frflnlliliun rctlects [lallern~ of neumlogicallHiihUlttioll

(Sl'tK·k. 191(.), E1nhurHle IrcalnH:nl Jlro~nuus may he' inslitutcd In CAlin}!uis.h
nigh,-wHkil1~ ancr 1hili time, MHny of Ihc wmld'~ cultures, however, consider
ni~hl-wHkill~ Itl he nc'nnal And eApl""lnhlc unlil8~ laic All J yea~ uf nge uml make

no Alle",I" In e'lingni." it al curlier Hge. (Konncr and Wm1hlllHn, I~Hlll.

Kerently, dn"hl hA' even been ,'•." nn nne nr Ihe IIM..I rllnd.Illelll,,1 helicl'
.!>tnll III"'tIln I"y,'hnlngicnl devel"I'Illenl (K.~AII el AI .• 1~7H; Kn~An. IQH~ I. "
~"h~lflnliIlIIM,"ly t,r npininn hnldll that the imp'r1anl'c uf Infancy hits been ~n';llly

ellR~tlerfltcd. ')c~(lilc much evuknre Irum "niuml mtMtcl~ lihuwin}! hl."'lill~ dfl'rl,'"
or cally experience, decisive dink-Ill evidence nr rumpAfllhlc crlerls in hUllIilllS

has hecn Iliffklfil to find, Early experience has nnt been dearly shuwn In huve
lit~ting impflr1f1nl. or even II1cil.OIiumhlc, effcd~ on the course uf psyrhuln~i...,1
dcvl'!opmCIlI. Thi!' recent viewpoint. if true, lilliS' jCOI'"Hlill' Stllll(" uf wl...1 is
nnw conunon c1ink"1 ,.rndicc in p(j,yrhinlry Rml behavinrnl IlCtliitlrics,
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l ~rnSS·l·lIhllrlll ond rrOS;l;-I)Upulnliofl slIKliclio of pSYl'hulo~il'1l1 dcvclllpllu:nl
have had. as a main purpose, the demonsuanon of flc",ihilily 01 Ihe hUI1Ii.lIl
Il!'iyc.:htdt)t!-ic"al repenuirc ami, hy inference. of the underlying neural tllu.1 endu
crine functions. few slutlies have Bilempletl In delineate cultural unjvclsltls of
,lcYclupmclll. Yet. il is il14.:reitsingly recognized that mUl'h of psydu)IH~kal

drvcloJlmenl is innc"'ihlc in the (al'c of mllrkc,1 variutin" in envinuuneut 01
r<.rin~ (c.~., Eih/-Eihc,fcldl, 1971a,h, 19K]; Kagan. 1976; Konucr, l'IK2;

Super, 19RI).
Developmental studies have also lacked 8 dear dclinclHion of tbe u",lellying

events uf regional ncurulugical amfneuroemlncrine development. In p851 de
l"alles, this lack was generally allrihulc\l In Ihe absence of tuiellUIUC studies uf
stnll.:1ure-funcHnn reloliunship5 and of hrain development ilself. particularly in
humans. and. parueulurly, in lhe late prenatal and early PllSllliltillllCrilwls. Recent
work, however. has produce\l great advances in relevant Ilelds. including neuro
anatomy (e.g., Naul8 and Homesick, 19HO), neurophysiology (Evarts. IlJ75~

Waxman, 1977, 19R2), hchavi",ulllellrolu~y (lleilllllm and Va/clI,lein, 1')7');
Geschwind and (ialahunlia, rtJK5), neumethulogy (Mad..can, 197K), and dcvcf .
upmenlul neurology (Brody et aI., 19R4; Geschwind and Galahurda, 19R~; (iille,
ct al., 19K]; Yakovlev and Lecours, 1967), We nnw know Ihal changes in brain
s1ructure and funetilln during the firs' few year!' of JXlsllmlal life arc rapid illlil

large. In the first year or life the brain more than doubles ill volume. reaching
(~.l% of irs adult size. Gmwlh rate declines ,mly gradually during the second year
t Yakovlev, 1%2; Blmkuv and Glezer, I%H). Thi, high rate "f IXISI",llal vel
umetric increase in hrain lis!'ue muy he uniquc tn our spt'des al1llln~ the higher
primates. and has been viewed as nnc nf lhe IIKlsl \listillelivc advances of human
l'volulion (Gould. 1977).

In lhe course nf lhis growlh, profoulld slmcluralchanges occur inlhc nervous
"'yslcm. Smne hask pnK:csses are alrllnst l"tJlUplelc hy hirth. Mosl ncurtlns, fur
""Ian(c, have already fllfllled, alld Iheir (ell Ixxlie' have lIIi~raled III Iheir
dcs'inrd pl~loes. Other pruccsses, hnwever, pnK:ce\l in euraulcrinc life: prolif
cration of synapses, hnmching of drndrilc!'. dlanges in thc dcnsily of \lcndrilic
!<opines, c.:hangc~ in conneclivily, proliferation or glial support eell~ through ccll
tlivisiun, alld Ih~ formatinn (If myelin shcalhs OruUlI\l "",OilS in Ihe while nmltcr of
the ernlral nervous syslcUl Uacuhsun, 1'i7H). These pn ......csscs involve allcnd;ull
lInd/tlr undellying Ilcur'K:hclllil'nll'huJlgc1'I. 'I'hcy !.Irc irlllucnccd hy e"ilCriclll·C,
hut 10 a lllrge e"lent prnl:eed in\lepcn\lenlly 01" c"lN:'ricuce. Each year B ctillsitlcl"·
llhle Iileralure increascs nur un\lcrslulI\ling tlf these \levehJllinenCal evcnts.

Allvam:cs in our knuwledge III IN:'havimal devclupment havc paralleled rhosc
of neural development. Behavioral slmlies have Oecolllc increasingly syslClIlitlic
.",,1 precisc in lheir IIIclhuds uf mcnsurclllc:nl IIl1d hilve Inkcn HdvUIlIIlt!.l' HI
1I11M.lcrn compu1crs (0 analY1C Inrgc volumes tI(~llclutviural tlafa in an unprcl'c
Ik'lIlcllly !olophiSli(aled WilY (Osnl"ky. ItJ79~ Hdd cl ell.. 19HI; Mussell, PJH.\).

MIl....I hchuvioral slUdies, huwevcr, ruil Itl cunsider neurulugical IlevcJoplIIClI1.

The I"'crsistc'lilag in iucorporatiug IIdVilllCCS in neuroscience illl() C"lll;umli()I's
of early psychological development lI1ay result from (he diffinlfly ul maslcrill~

borh the language or behaviorul \levdopmenl a,,,llhallif nt~"wst.:ie.:III.:e.as well as
from the reluctance of 'lome students of behavioral Anti p'liYl'hnl(l~ilo~11 "("vellll'
menr 10 (Ollie tn tenus with the existence and nature of Iixcd lIl<lltllullUI1i11

sequences, Such se4uenlocs have lung been knnwn and lIccepletl in the realm of
motor development, and have become increasingly eSlithlishcd in the reahu of
cognitive and social dcvelopmcnt.

111i!' chapter reviews evidence fur fixed sequences of behavioral alld psycho.

Jn~kal development drawing lUI nnss·l'ulilUAI ami crnsS·I)()flUI;Iliol1 srudics
Ihruugholll Ihe workl, and relates these behavioral data 10 brain devclopllll'lJl 111

Infants and children. Rased on these dala, a model is proposed hi m.:cnunl for
ccnain uui versals of psycholugkal Ilehuvioral dcvelonmcm in infum-y ill n-ru» 01

IIlO1lUring brain func1ioll.

Assessment of Behavioral and Neuroanalomical Development

Asstssmtnl ,wd Dbseruatio« of Inf,mr Behauior

During the I96()s an\l 1970s. ncw methods or assessment led It) rapid advances
in the study of infant behavior. AnflmlJXllogislS. rrnss-cuhural psy(hlll(l~i~I~,

pediatricians, and psychiatrists readily adopted these methods and applied theru
10 pupulolionll Ihmughoul the deVeloping worltl. Thc rcsull is a nl"W hlKly of
knllwletlge pertaining (0 eross·l"u!lural and cross-pnpuialiull maluritlinllill vou I'l

tinns and conslande~. 11lis chapler Ilraws Oil dala dcrived rrom sevcrJllllf lhe~e

i1SSCS~IIIe.:1I1 IJIcthuds induding Icsls of neurolugical maturaliulI, 1110101 dcvelop
mCIIl, and sodnl devclupmenr.

Nt'urt'!fJxiral m,d IJtlrnvioml Ao'lSlK""'l'ul of Ncollalc"S. Two nrumlogll"al
as,,,cs!'lncnl Icdll1iques widely used ill noss-cullural sludies lire the I}ret.:htl
proccdure (Prechll all\l ncin1cma, 19M; BcinrelUa. ItJlJH) itlld Ihc Ilra/.cllou
llchav;"",1 A"cssmenl Scale (BNIlAS; Ilra'.ellnn, 1973).

The Prechll pnlCe\lure is rigidly slandardil.cd and cnnlrols for Ilchilviural slale
of fhe infunt. lime Hinee hlSI fe\l. 1I111111clIIlliogicui hcalill ~Iaills, uge.: in tlay!<o.
ordcr of cUlI1inllliun. and ulher variilhles. The illl"alll is nUlIIcrically scored UII

mllre Ihun IjO asses!lmenl itcUll;, illdudin~ Ilchavimal uhservalillns, (Him,
1Il11!'de 'Olle, joinl mnhility, a wide variely of spedfic .\igll!l (e.~., hin"ups alld
lOllllgh) and. in particular, a lOllllllJrehlollsive arrllY of nCliroln~inll rcl1ucs. 1)(1111

rUUlnal (e.g., thc MI)rtJ rene", elkilell hy Ihrec lliUcrenl stil,mlul;pnk:ctlurcs) lUll'
IIhllllrln'll (c. g., ChvlIslek 's .sign). The.: C'llllllinaliull generally 18ke~ ahuul an hour
nlld rClluires some truiningln lenm·.This I,wl"edure has salisfaclory illfernhscrvlor
ulUl fcSI- tclcsl wliahilily if done IIlh"r .\ duys of a~e wilh IlrtlfN."r atlenlioll W Slllll'
variahles.
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The 14rolclcon Neonatal Assessment Scale (HNHAS; Brazeltun, 197]) consists
of 27 slIhscltlc1!. un which the infant is scored Inuu tine Cn nine. wirh each level
defined in detail. The suhscales include ~udl i.cnlll all "alertness," "irri

'ahilily," "",I "hand-to IIII1UIIi facilily." Despile the greaterdiftkully IIflllil"ill'
in)! agreement on 51U.:h measures. this scale has also proved 10 have slllisrm:lory
iruerohserver and test-retest validity alter proper Iraining.

A.<:~l'ssmrtl' f'/MulOt' D"II,'I"/,mflll. Cruss-cukural data on motor develop.
IHcnt derive primarily hum (our rests: the Dayley scale of inranl developmeru
(Hayley, 19~5, 19~9), a similar test used ill Britain (Griffi'h" 1954), 'he Gesell
,(.Ies 'Oesell and Amatruda, 1947; Kfllhillch, 195M), and the MdJrRw «ale
IM(Oraw, 1943). Bayleynorms e.i" "lid have been validated for large samples
"I' both 'he white and the hlack population in the United Slaies. The Grilfiths lesl
ha~ been less well validated, hut has been more frequently used tluuughout the
Hrilish colonial network. The Gesell scales leave much Co he desired in tenus 01"
'louulardi/,alion hut are acceptable for crude cnmparisou, Allhuu~h standardized
lin much smaller samples, the McGraw scale renders a more suphislicillell
assessmem of 1II0tor development than is possible with the other scales. R;lther
than assessing broad dcvelopmrnlal milestones, the Mcurnw scale follows the

I!nuhlill emergence of specific mulor skills such as silting or walking Ihmughoul
rntancy

O/'sl'rI'a,iml ",,,1 ASSt'SSJIIl,,,t II/Slk'i"'LJr,,dlll''''''''' Systenmlic. lillted oh
!'ocrvalions with 51undardi/.ed sellings and clearly deli ned l'udes for the recurding
of hctlilvinr make reliahle and valid measuremenls of sucial development possi
hie. Mndem eleclrunic n'cnrding equipment ami cnl1ll,ulers make IM)ssihle the
CIlIIC'l'linn and analysis of unprecedenled volumes of hehavinral duta, anti remove
nUll'h of rhe suhjel'live even frum cBte~ories of hehavior slll'h as soci.11 inler:.tc
lilm. Stll11e ilrllls 'If S(~il,1 hchavi«lr, such as Slllilill~ aud ('rying, ('.111 he ll.'\se.'\sl'd
<llId re('un.letl wilh .IS mudl or grealer arcumcy lIullI lIeurulogical rellcxcs or
IlInlur lIIileMnnes.

Surh IIIl'lhuds nf IIhscrvalinn iJlIIl unalysis IlIIvc hecn frequenlly rcVil'Wl'll
Ie.g.. Whiling and Whiling, 1975; Cairns, 1(174). III Ihe 'Yl'iral sillIly a I',esel
!I.'lIllllle of Ihe inf,tIlt's lime (usuHlly l.'i-I}() min) is recorded in u predl'lcrminl',1
!l.l'lIl1lg (e,g .• wilh mOlher ill nonfceding inlcmcliun) iliUI with a lisl or hchavitll:-i
III' «llIhlished uhSerYIII;,,".1 rclillhilily. Illililli Sll,le is '''"l1l1y defilled as IIlerl, IIU\

hungry. nnl irrilBhle. and free of iII"es~. among other conslraint,.. In the hcsi
MlldiC's, repeafcdlriamples of Ihe infanl'~ lime minimi/.e Iransienl varialioll. IIl1d,
illeally. Ihe order of uhscrvaliuns is generated from a raullol1l numhcr lilhlc,
Anulysis nmy include cnlculalinn of f~quency 11m} dUnllion of evenls. (,olllin~l'n·

l'y of sonle evrnls on olhers. lag sequence analysis designed 10 reveal complex
l':It1'\al inlcrac1inn chains, and olher appmal:hes.-

('r~,ss·relpuIH'inn c(unpllrisons IIsing Ihese lI1elluxt... (If t)hservlllillO II1U!'llrllrC
flllly ('onlwl fltr cullural varialions in selling, response In ohservaliuns, and olher

extraneous sources Hf vaunncc. III ,my case, these melhotls rcprcscm a ~.rCill

tcchnicnl improvement over Ih(' Il1clhlxls uf twu or three decades ago. ami arc
greatly superior tu the melhmls Ill' screening fur social mannatiun in cuuuuou II'C

in pcdialric practice.
Specific tests of social responsiveness are numerous and varied. 'lhrcc 1esI!'o

that have been applied cross-culturally figure in the model of s(M.:iill development
presented here: Gewirtz's lesl of the dcvelopmenl of l'ilx=ial smiling (Gewirtv.
196~), rests of Ihc development of stranger reilcl;uns (Ricciuti. 11)74; Konncr .
1972; Chisholm, 19M3), and Hrcthcrtou's and Ai"swm1h's test I'm the inlunt
attachment (11)74). Gerwirtz's IIIclh(KJ appraises 1he development of social snul
ing ill early inflUlcy hy I~~illllin~ wilh Ihe inf.an. in :I (luil'l ah-u !'oll.lh' .11111
presenting the face of a live, hut impassive. adult in a fucc-to-tacc jUX.lalXI!'ollluli
with Ihat of the infant. The number of smiles seen in a period or I min is
recorded.

Rkl'iuli (11)74), Kenner (11I7!). Chi ...holm, (ll)H.l) mill ollwl"s i111pruisl' tlu
development uf stranger rcacnons Iluring Ihe peri'MI after 6 monlhs nt age ll .... mg
minor vuriations of the fultowing paradigm. The infant or toddler is siuing ncur
the mother and is approached slowly, in a numhrcateniug way, hy a completely
unknown Iidull who ofll'n slM'ills ill a lil'sigmtl'-ti 1II:lIIm'l Inlt'mlt.-II to l'VIIl.,' II

IMlsilive reaction. Specific behaviors both positive and negative arc recorded.
iudlllJing, among others. smi1in~, appro:u.:hing the stranger. gilze aversion with
in 1 SCC, wilhdrawing, .1IIt! nyillg. Posilive rcslM,nses arc MlIIllllell'I,ithlllcliGllly
or wcigillctl according to inll'nsily 'If reSIKllISC (i.e., lIIure IM)inls !"tu (fyill~ Ihan
fur ~;.Il.C 'lvcndun). The slim prnvi,ll'S:1 S('tII"C for il givl'n inf;11I1 ..I ;1 givcn "~l' III
relrilMlIllriC 10 Ihis slimuills.

Bre-Iherton ilnd Ainsworth's (1')74) tcst for Ihe evahmlinn of ilU<tdllllCIlI
involvcs il dcfined sci ul" behaviors of Ihe inf.lII( low;lnl IIll' mOlhl'l III ulhn
primiuy ('arel..ker in a nnvel sill1;ltioll, nrieny, Ihe infanl 'lIulmnll!er lire hroughl
inln a rtMml wilh IOYs nn Ihe 110ur. Thc infanl is given _\ mintu ilcdlllmti"e hI lhe
rtMnn, wherelllMm a stnlllger enlers, dmt." with Ihe mOlher, llflll inll'T;ll"ls wilh thl'
infanl fur I min each, The mulher Ihcn Icaveslhe f(MUII for -' min, nr 1111111 Ihe
infanl nies fur :\0 sec, and rclurn.'\ l"or :1 min wilh lhe ,,\Irangl'r <lhsclil. Simil;1I
sln~ed events, including leavin!! Ihe infanl alone, folluw fur a tOlal ur l'I~hl

l'p;Mnlc,'\. The illl'ulIl's hdmvilll i!l. h't.'ultlnlllt.Touling 10" plclkh'llllim'll Ia'i 01
il~lllS, wilh lUi ell1llhllsis U11 l'I'yillg mul tither pn)lc,"il hdlilVill1 lIn Illtlllll'l"
Ilcpallure, and on hchavior al rcnninn.

Myeli"",;o" ",,,1 Myeli""ti"" eyries

Mydill Strut'llIrr',,,,J f,wt'litll,. Myclin, apparcl\lly firsl named hy Virdu)w
in IHM, is B fany sheath Ihal insuh'les a lar~e propnrlion of mammalian nnw
liberlri. hulh IJeripheralllnd fenlral. This insulalinn is a spal:c saving find enel~y

emdenl mlapt<llioll that (lmvidcs fur rapid imllulse l'lIllthll"lion wilhllUI ncn'!l.M
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rating the ~re81 fiber sil.e characteristic uf rlIl'illly cuntlul'ling fillers in invcrtc
brate nervnus system.

The cemposuion or myelin is grossly similar 10 thai uf Iypical cell membranes.
hUI wilh a higher ratio of lipid In protein and a larger proportion of glyculipids
relative 10 phospholipids and cholesterul. The proteins, embedded ill the hpill
hilayer in a rnannercommon in u(her )llasl". membranes, include. amOllg (Ilhers.
myelin basic ph)lein, proleolipid pn••ein, and glyn~llnllein and enzymes (Pelers
el al., 1976; Raine, 19H4al.

M.Vrlill.ti"" Srqlltllus ill O(l)(/"I""ml. Since the intruducliun uf Ihe
Weigert slain in the late nineteenth century, myelin-stained sections of brain i-ilid

spinal cord have been a mainstay (If neuroanaromic research and lelt(;hin~. The
Weigert Slain and i,., suceessors.jbe Loyel slain (Yaknvlcv, 197U)andlhe Lu,,,1
fasl blue stain, are relatively easy 10 i'i'lltke and to inrerprct. Thus Ihey pernnt cOlsy
visualization and tracing of Iiber pathways.

Pl,r example. the projection of optic radiation frnm Ihe lateral geniculate htKly
of the thalamus 10 area 17 of the occipital cnrtex becomes stainable (acl.(uirl's
myelin) during the immediate postnatal months in the humun brain, making it
stand oul at Ihal lime from the background uf unstained (unmyelinated) pathways
in IlInS! other parts of the conicul radiatiens. The vivid slainuhility nf Ihe myelin
sheath together with the regionally specific liming or myelinalion made sludies
uf Weigert-stained seclions or fe.aland young JXlSlnalal hrains (If various specics
a mainstay of neuroanalomical Iracing in lhe era when neural circuils were firsl
hcing delinealed.

In Ihe peripherAl nervons sySlem, myelin is Ihe p",Jnrl "I Ihe Schwann cell.
while in the cenlral nervnus sysle," il is p",Juced hy ann'her gliKI cellty!'e, Ihe
oligudendrocyte. Under Ihe light micmscol'~, the dcvelupmenlal prtH:CSS (If
myelinafion has several liisiinci phases (YHkovlev Hnd l.ecouf!i, 19M6; Gilles ct

al.. 19SJ). Some lillie aner fhe exlensinn of axions loward or, more likely, (0

Ihcir siles nl lerminAlinn, marked glial cell hyperplasia nccurs in 'he vicinily "I'
lhc axun. This pmcess has heen tenned "myelinalilJn gliosis" hy analogy
('eehnicully inapprnpriete) wilh glinsi. that necurs in Ihe vidni'y nf injnred
n~urnns. The glial cell! su gener.lcd ACCulIlul.'e lIlyelin lipid cuml""..nl'
("prcmyelin lipids") cytnplK,mil'ally before 'he IIc'ua' appearance uf myelin.
FHlIllwing myelinalion gliosis Ihere arc at leasl lhrec recngniJJlhle phases of
myelination in apl,mprilt(ely slHined sel'lions: (I) myelin visihle ullly mino
slonpkally. (2) myelin visible 10 Ihe nuked eyl', hUI fuinrly in l:mllpluison to the

ullimate or lIIalure level, am' (3) mat,urc level of myelin llen~ily.

Allhuu~h Ihc pmgress (nun myeliflRtinn gliu.Iliis In grussfy visihlc lI1yrlill is
romplcle in a matter uf weeks in most syslems, the atllliulIIcnl of Ihe lIIalure Icvrl
of den~lly may lake mnnths or even years in ~ome sYlilclllli. Cenlral nervous
'y'lem palhway., in "mlkular, myelina'e a' ,lislillelly dillerelll 'imes during
dcvrlnpmenl, linddesfll'~ ,nllle .Ignilicanllirning dill~renccs elnng IheennlSe "I
a given palhway (a cephalocaudal direl'linn nf myelin dl"IXISililln seems to he 1I

rc~uhtr feature}, there arc greater timing differences between limn wilhin puth
wllyS.

My('linalilllills an Imlrx IIf RI'X;CJlmlllrtli" IJrtl(·/(l/IJ"I'Hr. Originally. my.
elinaliol1 studies focused on the more central purpose of usill~ immature hrains to
illuminate connectiuus. Ever since the pioneering WOIl ul l'lct:hsig (19201.
however, myelination has been used to illuminate devclupmenl;11 sequences uud
allelllpl~ have been rmwe 10 correlate myelinlt(illll and behavioral maumnion.
These uttempts have engendered some conlmversy and criticism because the
interrelationships between myelin.iltinn, maturation, and l"N:havior are 1101 'fi.II1S

pllrcnlly ohv;o((s,
Encydupedic.: treanuents uf Ihe development of the human nulex hy ('lind

(19.19-1967) anti his successor, Rahinnwicz (1979), however, have shnwn Ihal
various aspects uf cortical development exhibir consjderabte synoptic gruwrh:
c.g., widlh of the cnrtex and its layers; number, size, and dcnsily of ncunne:
cunditinn of intercellular 1,;1J1II1'HlnCn1S such AS chroJilOllhil substance and IIl'1II0
fibrils; number and size of extrinsic fibers; and number, size, and form 01"
neuronal processes, including the density of "pedunculated bulbs" {nuw l'albl
thorns or spines) 1111 the dendrues. These dal;'1 suggcsllhc vulillilyof myelil1illitlll
sequences as a crude general illliu of regiunal hrain dcvcjopmcnt. /\ Iillll
ordering uf the relative maturity nf a series of cortical regions ar i' given ;l~l'

wuuld be quite similar whichever uf Cunei's indices were used. Allhtlllt:h

Cunei's work has heen crilicized for mcthudological inadequacies (Purpura ilIlll

Keascr. 1'174), Ihese inadcl.(uae.:ics appcar (0 aUecl Ihe rnalcriills he siudietl
uniformly, so lha' ul worsllhe liming, hul IIHI Ihe ~cl.(ucllfe, uf dcvl'lnplllL'lllill
even1s may have been inaccuralely descrihed. The t::tJnsisr~llcy uf rank order
~hould and does survive unifnrmly expressed difflcullies of IUcllmc..l.

Experilnenlal animal slullies also demClnslrale cnrrclalilms OClween II,ycllllil
linn scquenccs and tuher indices uf regional hrain devclllllll1enl. NlIlllehlU~

changes uccur ill cell htKlics dming myelination or Iheir axolls. hll illSIi.tIIl·C,
l.(uanlities of cylnp'Bsm and unplasm increase in direcl pfUportiun 10 eill:h olher
anti chAnges occur in ncumllul packing dcnsily. nuclear and nucleolar diluHt~ter!'o,

lind tlislrihlllioll of chromophil "uhslnncc wilhin Ihe l'CI! (MllIlinc/. ollul hicllL',
Ill7!)). In udditioll, the cxlenl or myelination corrdulcs wilh Ihe gmwlh of ilXllll
t1illlllclcr, sn lIIuch so Ilutl axoll tlillll1elcr hilS hcell proposelr as the Iri!!~l'r lill

myelin:niu" Wriede end Samumj.,ki. 1%7; Matlhews, I%KI, IIl1huugh Ihi.< vir'"
may he oversimplified (Mt'H)re ct 1'1., 1'176). II Ihus appears lllitl myelillillillll
selluClll'CS cart serve pruvisionally liS a nude index of rcgillllill hrain develop

mcnl.

M."elilll,'im, aUfI Nrn'f.' flUId;"". Whether myelinalioll fUll :-'L"rvr liS illl
index of l"N:havioral caJuihilily ili it sepurale issue. Eurly inve:-.ligahns l)hHIt:hllhill

i' mnltl (Tilney anti ('asllllllljnr, 1924; Win,lIe el al.. 1'/]4; Keelle lind lI~wl'l.

19.11; I.llngwOI"hy, 19].1). II is now dcur. howevcr, IIml lI1yclilliltiuli ('iluutll hl'
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TIlMt 2. Correlates antJ Consequences al Myelinalilln ami I)clllyclinilllllll

'J(,hI~ I. (\msc'IUl·m"c.", Ilf Dcruyclhuuion"

Selccll'lt laudmatk studies
11m. Icy ami Fru~ myeliunted nerve fiher

Sliilllplli n901tJ)

Fhlm Moi.chit: 119M) and Wum_n (1977, 19K2),

/-"i1l</il'l{

I{cmyclinariun IC ...lllll.:"
upcrimcnlally b1ud"l"d
etmt!ul"lillP

Contludlufl p(cl"cdc~

,·,'mydini1Iiull duc III
nuclal :.I.l!i!rcgl'tiun til Nil'
("hilUIlt·I,..

MyclillllritJn IlIilkes 11.:'11l·tilivc
l"irillg I,m...ihlc

Mulliple I.:'urrchne!"o in iUtlll

lIlItl l:ell ~lUwlh
Myeli .. !'O!lCillh IllIdlle...~

prcdil·IS (Imdudlt)ll

Iillcnl'y in lllature lIIlt:r,

FirM Ilcrnllll~lrilljnll III
sltllilhuy l"llIuttlt'lilll1,
rcsn il"l ion til ion tlow III

ncxle nf Rauvicr
Ilcl"fc8~11 ctlllllm.ljl'n

\lclut:ily, im:n'i1,cd

refractory Ik·lllKI. III~h

Ircuucucy hlul"k
Inlenuld;ll l"lllitiuditill 111111'

illl·Il·IIM:II flUIII 111 lu f,c1O

....sec
1~~(IUiloill' u-mpcuuurc

sen..invity (hlm'k wilt.
mcrcase IIf U ~"(',

",rllllpik Inm"llli, ..illl1
( .. cru..... lillk··j illlllm~

~ill~1c flllt:r ...

("ii' dun",11 t:nllllltn ••tlull.
1.1"(' llclllyclilll'lillll

('Jtt dllr"olll. (iliumI', lIllull,

I.lt(~ dcmyelillaliun

I)y~lwphil.: mice. srinal
lIl:rvc IlInl..

Cal ryrml1i~lill Iral·l •.\ day!'>
10 5 wecks

Ral scialic ncrYe, 1- 16
wceks

('ill Illlli(' nerve, allull, 1111

I.-CllrlllCllt

Kill ventral Will, t1il'blhcria
Itlxin t1elllyelillOlliun

Kill vcnuul rUIlI. tlil,hlhcl'ill
111~in dcmyehnatit,n

('111 dUI~ ..1 cohnnn.
diphillt'riil 141~in

dClllyclimlliul1

IncrcllM:d conducnou hucucy lup III .\11 x I
IncrcllsctJ rcf.OIdtllY ,Ie.ilxl
hUllilirrnclII 111 higlu'l rH~tllh'llril's

Cundlu:linn bind. IIIIIIC likely
TClU(Mlnll tJispcr!'illP nr hupubcs
Hphapnc counuumeation ("CIIISIo-I",lk")
Temperature ami mcdulllil:ill sCII!'>ilivily

Mllth" Sy.\lt'm
-------

MiHtincl ilml
Friede (1'170)

r-n:enliln (191M)

lIusllx;k cl ill.
II 'IKI)

Kaminsky (19KII)

Itllsrninsky (Itln)

Ka"llliltsky and
Selin. 1\ tl72)

Mel )unahl 1II111
Selus (191U)

H.cl"tIvcry studies
Smith <I .1. (19K I)

1>CVl"II.lllIIcnl.~1 Ioludics
Ilullcnllk·her (1910,

S'lldy

nlll!'liiJclt..'11 "lUi absohuc iUllcx. IIf hchl.lvinntl capabiluy" (Angnl\) y (ion/,illL''-.
l'Il'll.

III both rats ami humans. neurologicu1 functinn hegins hcfnrc myelin j'PI)CiU"S.

In many species crilical functions in the adull, such as those nf the autonomic
nervous system, occur in normnlly unmyelinaled fibers. Many invertebrate
nervous systems funl'ticm wilhtJUI myelin. and analomi(:ally specific dcrnyclina
tton docs nul invariahly result in the expected luss of function ill cllmrul
syndrtlme!l such 8~ multiple sclemsis. t-<ur these reasons, some IIHKlcm authors
consider myelination sequences irrelevant to the development of behavior (e.g.•
sec Kindl<lUme and Hiscock, 19K], wilh spedal reference In Ihe rule uf myelina
tlon of the cerebral commissures in the development of Iateralized hemispheric
function),

Such cautionary remarks have validity, hut they represent only nne side or u
complex set of questions alxlul the role of myelination in nerve function. On the
uther side are arrayed a large lxKty of di4ical data from the study of a variety IIf
syndn'nlC's involving dC'nlyclil1lllitm or cleluyccl myelinntion, tlltltlnting evidence
from experimental animal I1UKteiS of demyelination and delayed myelifl<lli(lll.
and theuretical and experimental considerations relating to membrane fllnl·IIon
with and without myelin. all of which surl"0rt a significant. if lmpcrtcct.
relationship between myelination and fnnclilln(Rikhie, 19K4; Waxman, 1'111.
I~H2).

Nerve fibers subjected In a pathologictll or experimentally induced Inss of
myelin share certain functional aherations. These include (I) llccreased couduc
lion velocity, (1) increased rcfrarlury period, (.1) more frcqneut l'ontilldilll1
lailurc, (4) temporal dispersion uf impulses. (.iIi) increased sllsceplihility 10

inadvertent elecrrical modiflcauon hy neighhuring uxuns, lind (tl) inrrcasc.l
"o11"'lTrlihili1y Itt mechanical, lhcrmal. illlil Illhcr cxlranctUlS inllllcnCl's
IMdJllnald .nd Sears, 1970; Rasminsky and Se"", 1'172; Rilchie, I'IH4; W;I\
II,.n, 1'177, I~H2). These elleclS arc :liSle,1 in Tahle I, and sume "f Ihe sl"dics
tll'mOllslraling Ihem arc liilllcd in Ti.lhlc 2,

In IldlHlinn. studies of 1'I~l11yelinaliun have demonslmlct! cunvilll'ing concla
liulIS helween reBctluisilinn of myelin aUlI rcappeilrancc of normal or jlppmx
imalely normal rnnducliun IlIleney ami rcfraclnry period in lhe rel11yclilHllill~

fll>crs (Smilh. el al., 19KI).
II is nol dear, hnwever. tlmt evidence alx'ul dcmyelin;tlion or rClllyciinillioll,

l'Yl'n when eOl1l1iislenl al'fUSS different c1inil'ill ami e~I'Cril1lenlal nuKtcls, l'al~ he
lransferredln the nummUy unmyelinated cnndilinn. There may he ahnurnmlitics
of Ihe memhrane underlying damaged nr diseased myelin Ilutt do 1101 dlllraclcrilc
the mcmhrone of developing nOI-yel-myelinaled fells. The few exisling sludies
uf functinnal cnn!icquences uf lack of myelin in nmlllal syslcms allpear In

cOlTohorale thesr findings, however. ..
Inlhe hes' sludy "f Ihis nlllnre. 1I"lIcnlu<:h... (1'l1l1lli,lIuwed Ihe dcYd"l'in~

l'al Ilyntmitlar Iracl fmm ] to ~ weeks IIf rustl1lllill life alltl found lhill sevcrnl
fum:ti,mall'arahililies precrde myelinatiun. The ahilily Ill" Ihe fihcr III l:Ondul·1
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Animal models have been more directly supportive (If a prililarily gCllclil'
contrul of lIIycliruuiun. since Ihey permit deciphcring SOIllC of the tlclails 01 lIl'
ve!nprnent conlrol (Hogan alld Grecnfield •. 19H4; Carnuw el aI., 19H4). Fur
eumple, twn mUlantl" uf lhc IHIJUl"e affecting myclinatiun--"jimpy," ;'111

X-linked mUla,ion Ihal caUSCti scvere eNS hypuUlyclillllliun while !oop..rill~ lhl"
PNS. and "lIuaking," an autosomal rece!lsive allele un c.:hromosumc 17 causill~

gluhttl hY'Mll1Iyelinaliun~ -have hl."Cll studied wilh rcsl"c'c.'110 lIIY4,-lill I)ilsic." prolnll
(MPIJ) gene e'lpressinn. Messengcr RNA trallscriplion is 1I00m.. 1 in holh ra!ool· ...
hUI MPH-related Iranslaliun (lflulueI:i are altered in thc pmllUitiuns 01' ,1i1l1'H'1l1

molecular weight ~pedes Ihal become par1ic.:ularly relevant at tliUclent M:tgC!oo til
myelin synthesis (Carnow cl :11., Il.JH4). Sud' siudies. carried nut in piuilllci with
c()fllinued ultraslructural e;l,altlin"litm tIl' the Illyellnilli(ln IJlIJl.:ess, ~Iu,ulll k',ulltl
II gCllcrnl chllrtlfleri/.lliion IIf tlu' g~nl"tir ronlwl of lUyc.'lin:tliuT1 ill Ihl' nllt It'"
dishmt fUlurc.

Myelinulion. Ihen, whclher pre· or pU:rilnalal. mU!oo1 he l'onsiclcrctl 10 ht" it

genelically ccmlrollelt prcK'CSS Inrgely inlrinslc In Ihe growlh ami t.Hnerentiali'm
nf the tJrain. lis inlluenl.·e lIn c.levclnping behHvior is likely to be liugc ftUnpilll"t!

wilh 1he rccipmcal il~nuencc 'If e;l,pcriellce on myelinalitJn, allhtlu~h lhe r..tler I."

ccrtllinly :iignificalil. :uul 1IIIlInili inUTlIl"lioll nf tJioln~y lind cxpt'ri"'IKL" 11111,1

always be considered to be the rule.

IIl11l1a" M.I/t'litJdlim. Uti'''. 1'.1U1 Fledl:iit! «(l}10) WHS Ihe IU!ooI 10 pruvltk
dCI;'lilcd dcscriplicills or.he l'c'Iuenl'c of myelinalinn inlullllall". Iii ... rcpul:nion i..

TuM, .J. I!ltprriencc Effeds UII Mydinldi'Ill
impul5es under che l"lilllulu~ uf a high-frequency train, however. wu~ ah!iCl1t
hcfure myelination. Rates of repetitive firing 8" low as 40/ftec resuIted in
conduction tJkK'k. Since rates of SO-tOO/sec have been shown 10 be invnlved in
the nnmlll course of pyramidal Ira1.1 function during voluntary contractien of
hand and forearm muscles in monkeys, the liulitaticms (If premyelinlUcllncurcms
would have funclinnlll significance. Metabolic cunsjderations suppur1 this inter
pretation. The Hclive membrane surfaces of unmyelinated uon!l is Iwo In tlucc
orders of magnitude greater then Ih.1I of myelinated axons. The energy expeudi
lure required hi maintain the same rate of tiring in the unmyelinated comlilion
would be formidable.

[."(ll('r;('IIr, Effrrts I'" M.l/tUnal;o". Allhnut!h much is known lIhmu the
events leading up In and associated .kilh early myelination (Peters et aI., 1976;
Raine, 19H4a; Sidman and O'Oonnan, 19HI), there is nol yel a wnvincing
account of what causes il. Possibly. function not only precedes hUI also causes
myelination. This hypothesis is consistent with findings lhal experience ur
exercise atfect hrain developmem. Early experience, fur instance has dramatic
effects on the structure and function of neurons \n the visual cortex uf cars and
monkey. (Wiesel and Hubel, 1965; I..eVay el 01., 198(1). Althllugh Ies, dramalic,
nmsil"lent effects have heen demollstrated of environmental enrichment on rue
Illicknes!l, neunmal density, dendritic branching cc,mllJe~ity, dendritic spine
counts, synaptic densuy, acetYlcholine level, chulineslerase activity level, and
~Iia·lo-neumn ratio in the cerebral cor1ew. of the rat (Glnbu~ el al., 1l.J7.l;
Diamond et al., 1'164, 1985).

Studies of the effet:l. of expenence and exercise lilt myelinalilln have IItrt been
as numerUU!i or imprel"!iive IS these clussic studiel". hut they have shown a
l1Iuderalely Consil"lem effccl of e'lpt:rienl"e. al" illllicalcd in Tahle .1 (Gyllen!ilein
ami Mahnfllr<, 196.1; Wendell-Smilh, 1964; Kingsley elal., I97U; M'M>re el HI.,
1976; Sammeck, 1975; Samllrajski .nd Rolslen, 1975; Tauber el 01., 19HU).

Althuugh Ihese sludie!i shuw thallhcre i.\a signifkanl effect of e'lpcricnc:e UII

myelinalion. Ihesc: effecls 8reeilher Iransienl or. if permanenl, rclalively slUull .
on Ihe order lIf \(1-20%. The Itll'" severe prncedures lIf slilllltl"s deprivaliolt,
such as rearin~ in darkness, lolal ncclusiun of an eye, m !idalie ncureclomy. nrc
l:ornpalihle with lhe eventual aClllllsilion of nmJllilllnyelill in Ihe grc,ll majorily
of fibers in the deprived nerve~ or IrHcK 'llli!i strongly l"1I~~e~ls 1\11 underlying
pnK'cs!I Whose liming i:i under genetic CUtillO'.

A l'nnsiderahle Iilenllure suppor1s Ihis suggcsti"n. Among the infanlile elis
ea."'s of lhe cerebral while mailer al Ieasl si., known ;15 dysmyelinaling IeUCll
dySirophies and resuhing in specific retardalion sylltlWIIICS, have been shown hi
have simple Mendelian inherilHnre pKllem, WKrtcr a"d G"ld, 1974; Rai"e,
19H4h; Traugllll and Raine, 19H4). Cli"icalsy"~r,,,nes <If 'I'erilically pcriphe",j
hyr~U1nyelinalioll ill iufanls su~gesl a genclic Imliis as well. Thcsc SYlldHlllle~ arc
dlararteril.ed hy global delHy1i in molor devclupmenl Ihal are unre~ptm~ive 10
c~en.:isc: and consislenl wilh (he delay or insuU"icicocy {,fIllyelinali,m()no cl ill
19H2).

Sanuneck
(1'174)

Salllhraj:'lki and
Rolsten
(Iq7j)

MIMlre el al.
(I~16)

Tauber et al.
( I~HII)

Mice, oee eye occluded,
birth In 7~ IllIY"-

Rats. sciatic neurccuuny.
hirlR 10 21 days

Rers. !iwilUmin~ 2--4
h/tliIY. (mill

"adolescence' fnr
12··16 day'

Mkc, aClivity wheel
runuinll: I 4 h/day
Irnm .' In 24 mnnlhs

Cats reared ill darkness,
hirth tu 4 weeks

Hahhifs. artillcial eye
ufleninl/: HI ~ dOlYs (VS.

III days)

FiliI/inN

12'4> reduction in number III
lIIyt'linMh't1 fillers in tlillit· m'r\'l'

"Visual nnptessiou" of deen-a ..I·l!
sheath Ihil:knc.· ...s in opuc lIl'IY,'

10 2n% reduction In number III
myelinated fibers in ltnr~"l

funiculus
"Con...illeh&hlc inrrcasc" In

nllllllll'l 111" lIlydilllllnl 1I1l\ln... III

scuuic nerve

No effect nil l,no;;lcrilU lihiill nerve
myelin dC~IlIIC trbcr hY(lC'11wphy

No cftcct uu IlCrcenl:tgc ut
myclmarcd "~un~

Myclln,~pcL"irk lunldns duuhlc itt

7--1U days, hut equal ul 20 dOIlY"
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l'Ill!'oocly HSStM:ialed wilh the IIInrring of the sequence of myclillilliun withiu the
cerebral cortex.. During the 19205 lind 193Us. Hechsig's wnrk inspired a number

ur studies directed toward correleting myelination sequences with Ihe develop
ment "f behavioraleapahilily, particularly during fClal development (Tilney aml
Casamajor, 1924; Windle el al., 1934; Keene and Hewer, 1931; Lmgw"rthy.
19.1.11.

In lhe Imum period. several invesligalinns have expanded and confirmed the
work of HCl.:hsig. Yakovlev lind Lecours (1~67) studied a uuul nf 2UU bruins.
oslcnsihly neurologically normal, ranging fWII1 early gestation It) iate in the
senium. The unique value of their serie!i is Ihlll all the hrains were uniformly
preserved, tUI. 81111 stained.' The brains were fixed with formalin. imbedded in
l'clloillin. and !Oeriillly sectioned at 20--40 UIII. Every tenth section was then
strumed according Iu the Loyez modification of the Weigert hermatoxylin stuiu
for myelin sheaths, and the alljacent section stained with the Hielschowsky- Pllcn
vresyl violet slain for cell bodies. (All, derails 'if method are given in Yaknvlcv.
1~7().) Vaknvlev .nd Lecours (1'167) Ihen sl",licd the myelin-stuiucd scciious
with the light microscope using nnnqullnlirntive methods or descnption nnd
comparison. The essence of this method is the preservation of whole brain scrinl
sections giving the opportunity to reconstruct the main elements or three
dimensional brain anatomy. including all dn.:uilry distinguishuble Willi the my-
elin slain. J ,

Rorkeand Rigg. (1969) conducted a study .pecifically directed hI Ihe perinatal
~taills of the brains of infants of varying hirlhwcighl (from 74U In J910 g) tn
n."prcsenl a range nf geslalinn lengjhs from quite premature 10 Iull-terru. The
entire sample consisted of 107 infants uf which 2.1 were considered 10 be full
term and n~'rmal sized, Deaih occurred wilhin 7 days or hirth (~tJ% were either
stillborn or died wilhin .1 days), and was, in must cases, a result of hyilline
membrane disease, pneumonia, or pulmonary hemorrhage. Aflcr celloidin
,'mhc,lding. a limited hUI representative number of ,c,·linn. (around .10) of each
bruin were taken at 20 Ulll and stained with luxol fast hlue ami crcsyl violci
according to the technique uf Kluver-Barrera. As Wl;lS the case in the Yakuvlcv

and Lecours study. assessment was made hy ,,'.uet'ul visual inspccliun and
desl'ripliun ralher lhan hy morphmnelric or other \lUanlilalive IlIclhlK.lS. Thcsc

authors were Ihe first 10 introduce the refinement ur recognil,ing andllescrihing
illtlividulil vlirililillO al H given lige. IltlWever, f'lr Ihe t'MCllsihly full-lcrllilltlfllml
siled infanls, 87% of Ihe sflCcimens showell "essentially similar" llIyclilliUioll,
with Ihe olher 13% showing lesser degrees .. f devclopmenl.

Gilles ellil. (1983 see Tlihle 4) l'(mducled thcir study of myclinaliun as pari 01
Ihe Nllli"n.1 Cnilahorlllivc I'erinalol I'mjcci (NCI'I') "f lite Nllli"nlllln,lilllle "I'
Neurological and Communkalive I>isorders and Sirokes. They used .l2.ll'itscs
hum NCPI) cullerlion, musl uf whiL'h were Loyef. stained (see aht,ve), nml:!in~ in
t"~lima1ed age from 2(J10 48 JK,stcnnceplual weeks. They inlrndul'ed a numhcr of

rdinements (If method cornpared wllh prinr invcstigalors. Firsl. Ihcy \Ieclincd III

'Ii.,,,,,. 4. l'uIUI'Kri54,1O ur Several E"tillIilICIo uf A~e" ul Ons.cl of Mydilllllilin in the
lIunulI1 l-etal Nervous Sy!olcnl"

Gmt' s. 1'1 til. IIJHJ Y"lfl/~'t' flml
(Mi('rlJ.(("o/J;(· 1.1'0mrJ I,"rrm"hl' IAm~lmr,llv

M\'di,I' (l1M7) (I'iM1 (IV" ,
._- ._--_._"---~ .

Sl'inal cllrd
I:a"eit:ulus ~JiI('ili3i '.: 21) - 2K 2K

1)llrslll spiuocere- <.. 211 2(, 211

bellar
Spilie1IIIilhuJlic < 111 - lh 2K

Ihaillslclll
Medial hm~iluLlillal <, 111 211-12 14 III

rmi4.:kulus
Mcdiul lemniscus V 2~ 24 2h 2K 2K anti .'(1

At:uu!otie 2.1- 24 211-24 24 ·2K .IK

Interior cerebellar 24 24 2K

peduncle
Supcrilll cerebellar 210 .12 .11 lK

peduncle
C'IIr1icu"pinal J2-J~ JK 2K- .lh 4 I'N

Trunspontiue J~ 41)N

Middle cerebellar .\~ K !IN I'N 41)N

peduncle
Cerebellum

IlarastltfillKI 27 .12
Ilemi!'olltterill .1K I'N 411

Ilrcl.<;(~nt·l'rhllhlll

IlahclllIlllinICIIM:t..I· lK lK .14 lK

unculur
I\II"K lcurieulans 2K 2K 21,

Optic chiacm 12 .12

(1)lic l!"ltcl 1'1 Jh .12 .\(,

Oplic ratliillinn .lK·.W 3K 411 .IK

Inlcrllill l~all!oule. .12 .lh 110

Iln..tcrillr Innb
('Hllllla mdillh' .14 .10

C'llllicl1(ltmtine l.otL I"'d.. 1K H I'N - KilN

Melli. 1"'01.· 410
( 'illf.ululII .IK K I'N

hu IIiII. W Ih I'N I'N KilN

('tlllttSUIII 4h 121'N I'N 41'N

Anlericlr clJl1uuili· 41> 12 I'N

sure
MKllllllihlthalKlllic 4K 3h _.. KilN

011\11 fill-Illes IIrC ill wccklli lit ~CMlllillllal a~c ur IMllrotmtllll_gc II"NI It'' inllil:IIII:\.1 hy l';uh ltulh... I Iii'_
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HylitCIIIIIIUy he Ihe clUlralcnulitUll,fvestihular rellexes eikilllhie .ull,irlh (Ileipcr,
1961; I'rechtl and Heinlemo, 1964; see ne.1 ""clion fnr further di.cllssion).

The major tracts of Ihe visual syNlem begin 10 shuw evidence of myelin
slaining jU!li1 before hirth and cUlIlplelc lheir myelinalion rapidly in thc firsl few
1II01llh, of life (Fi~l"e I, lillcs II IIIUI I~) (llllKly el aI., 1987; Yakllylcy a,,01
l.cl·nUr!li. 19(7). l11i!li correSJloull"i In Ihc rapid allainlllcnt uf visual nmlurily in Ill.:
same tpc.lII.:h. A delailed allempl 10 relalc Ihe maluralinll of visual perrcplu,ll
cal'"cily ill e;uly infallry In mydil1ilfioll sClluenccs in Ihe visual sySlcllI COll~1I

lules Illie (If lhe IIlIJre rtUlviliring lIulllcls (If Ihis killli in the lileralure (Ilnms'lll,

1974, 1982).
This pottcm in Ihe visual ,liyslclII cUlllrasls I1llukedly wilh the scyutm.:e 01

myelinalion nf Ihe auditory sy.telll, as noled by Lecull" (197~; l.ec"''''' el al.,
19H3). The Hcnuslic radiation 10Ihe crrchralrnrtex (I'igure I, linc 17, ha!' a very
prolrRctcd rCiurse nf myelinalion. II rCtlllircs al lellSl I, JllIssihly 2 years, loom:·
spomling to the pace of gmwth of Ihe majur function of Ihe human aUlhhu y
analYler, IHlmely language cnmprehension (IJrudy el aI., 19H7).

In gencral, the longer the Rlum, the lIU1re the cell gains by myelinaliun. Thus,
Ihe myclililuiun IIf Ihe very long nCllrtlns of lhe l'yrHmithl1 lrurls (Figure I. line
2t1) prcllil'ls quile well rhe dral1latic gains in neurmnusrulLl.r funclilln during lhe

Paranels In 8ehavioral and Neuroanalomical Development

dislinguish "nennel" fnun "abnormal" specimens, viewing alllhe5e palhlllllgw

ical materials as abnormal In nne degree In another. Secnnd. tht:y used u
qnamifled scale of degree of myelination Insread of YUlJlilalive description (C) :-:
no myelin, I = microscopic only, 2 = just visihle, J = inlen",ity approaching
manrre myelin). Third, at every age they made assessments "f a number of cases
in identkal fashion, and reported the results according In the satistical distnbu
linn of quanlilali...e scale scores, thu~ tncorporaung the realities of individual
vilria.inn intu the basic presentation of the data. Finally, two observers system
.Iically assessed each of 53 carefully defined sites in each specimen, yielding a
IlIlal IIf nearly 7ll,(XXI scores for analysis.

Mosl recently, IlnKly el al. (1984) extended this pain<laking method of
assessmem In the firs! 2 postnatal years. They studied J71 cases, a sample with
nil overlap will. Ihe CHiles et al. sample described Ifhove. Differences in method
included Ihe use of the luxol fasl hlue <lain illslead of a hematoxylin stain for
visuitli/.al;un of myelin, and the usc of standard neuropathological bind,s lakcll
hum slralcgically chosen brain regions including a sample nf the most importanl
-rrucunes. IGilles et al. (l9K3) apparently used some specimens cui in surh
hlut:ks and some whole brain sections.Hn other respects their method followed
rlun of Clillc.Ii et al. This m.i1lerilll is not yel fully reported, hU1 il promises 10

~rcally ..lend and refine Ihe Iillllillgs nl Yakuvlcv alld Lecours (1967) lin thc
firsl 2 poslnalal years. Fortunalely, a preliminary account ,,,their findings is
availah!c.

Wilh the exception nf Lecours (197.~; Lecours et al. 19K3). none of the modern
investigators has had a direct interest in correlating myelination sequences wilh
t'l('hilviorKI maturauon, and it wnuld he unfair hi impule BIlY such intenlion In
rhe-III, Nevertheless, their work provides a hHSi!li fur speculali(m 4Jf lhis kind.
Their dala. as wella~ Ihal of Ihe ulder investigators. will he used in the remainder
"I this .Iudy. A. lIoled hy Gille. et al. (198)), Ihe.e sludies demon.lrale "
~uhlilaruiitl degree of agreement, certainly in the sequence nf myelination alld, In
a lesser eXlenl, in ill' precise timing. across sludies done al differenl times, hy
,Iifferent invesligalOrs, using differenl II1clhnds. and with differenl purruses.

lIf.y.Ii""tio" ""d II" D.vtlopm.,,' of B,"nvior

Several invesliga.ors have !liugge!liled Ihal specific evenl!li and selJuence" Ill'
myelinalion have specific behavinral consequences. hlr eurnple, Ihe system
snh.erving delecl;on of p"Slural"r;elllal;111 alld v«lihular .Iimulalillll (Fignre I,
lillc J) i.1 fully myelinaled hefore hirth. As Knrner (1972) has nllled, Ihi. lIlay
e,pl..in the unique effecliveness of rocking slinml:s.inn in lJuieling Ihe newborn,
'" well as Ihe apparenl POSiliYe effcci of uprighl postllre 1I11 alertlle.. al this age.
A IIlllre IIlUndalle clln.equence IIf Ihls slale lIf lIlyell"atilln IIf Ihe yeslihnlar
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lilSl year uf life (IIn.ly et RI.. 1987; Yakovlcv lind Lecours, 1%7). II section
Ihrnugh the spinal cord Ill' a human newborn resembles seclinns seen in a pilikill
with 'pinal transection (Rorke and Riggs. 191>9). Further, Ihe develupmcnl of
rcnc"'ivc ROll scnsurimulur behavior in Ihe nurlllHlnewhnrn re~embles in severul
n':'IJlCrls whal would be expected in a neurological palienl recovering frum such
au injury, These correspondences are discussed at some length beluw.

Finally, Ihe grea' cortical association area, (Figure I. line 25) may continue III
~;Iill lIlydin up 10 Ihe age of ,lO years, The increase in staining density in these
areas is of a magnitude consistent with Ihal ur the known effects of experience 011

myelination (discussed previously) and may in farl represent such uu effect,
allhuu~h the argument for a correlatiun is weakest wilh subtler degrees of
rhange.

. In a more sophisrieured analy"is Ilf the myelination uf the cnrtex , Gihsoll
IIY77, IYHI) cnnmared the myelination of afferents and cfferents In different
n,rtil"allayers in holh rhesus monkeys DOli humans, in relarion to the knnwn facts
,Iholll cognitive develnpmenl in these two spccfcs. She nulcd thnt there is II

reliable sequence of myelination amung Ihe six corti..-al layers in any given
n-gum of eertex, although the sequence occurs IHHre rapidly in some areas than
orhers, Specifically. just as the primary sensory ami mnlor projecrion areas of
n"lel(. develup in Rdvanc.:e or Ihe MSlH)t'iillion arellS, Ihe laycrs suhserving CmllltlU

nie"lilln wilh hrains'e'" and spinall'l~d (I, IV, V, and VI) myelinale in advanl'e
of Ihe layers suhservi"g l'oT1l1l1unicalinn wilhin lhe cortel(. ilself (II and III). In
partifulilr, layers IV, V, and VI in Ihe associalion corte", heeume lIIyelimued
hctwrrn 15 and 24 monlhs nf age in hUlllans. or I"ter al u lime when ~rei\1

ilt.!vnnces in cugnilive runclinning, plausihly desc.:rihetl us requirin~ inlerllllKlnl
inre~ntlinn of a hillh mder, are lukin~ phlce,

Illher e'lually impressive c"IrTespondences belween IIlyelinalictn sequenres jlml
hehavlurul developmenl have received lillle or no allentinn in Ihe lilernlure.
SOlllr of Ihe majHr Iral'ls of the lill1hic syslem. whirh mediale the emuliolls. do
nut hc~in 10myelinale unlil weeb or months after hirth. The cingulum, linkinl!
Ih,' frnnlallllhc IlIlhe li"'hic 'y,lem tNallla, 1971 l, myelin"l« hclweell 2 and III
IIIl1nlh, (figure I. line 2.1); 4 munlh. accurding lu IInKly el aI., 19M}. The
fomix, a Init...sive nt'ltr hundle leRving lhe hippeK:UlI1pIlS. lI1yeliliales in fhe
«mnd half IIf Ihe 1i"1 year and IRler (Figure I, line 22l. Olhcr majur mllncclilln
Inll'ls of 'he limhir l;yslcm lIIyclinale in Ihe firs!. sernnd. lhint. llIull;lIcr Yl'llrs
lIhlllly <I al .• 19K7; Vakllvlev ami I.ecuurs. 191>7).

Finally. Ihe c.:orpus slriatum and glnhus l'uJlidus, as well KS thcir fiher lracls,
lIIyelillale petslnatally in Ihe firsl and sel'olld YClIrs. These slnu:tures. lung
thoughl uf as mere modulalnrs of lIIuvelllenl. mc nnw knuwn In parlkip.lle
1I1limately in Ihe iniliatinn uf lI1uvemenf (Evans, 1975). More inleresling for
preM=-nl purposes, slilllul;"linn of sileJil wilhin Ihelll Ims heen shown In prnt..lure
I"~hly rilUalil.(d 'l'eeie"'l"'rilk fi,ed aCli"n 1'"l1en" Ihol .crve 'IS OI"'i,,1 di,·
plays in squirrel munkeys (Mud,enn, 197K). This raises Ihe pussihilily thal if

there are any fixed aClioll pi1llclns ill human MK:I,d bchavuu , Ihey Illil) (Ill·

contmllcd in part from hHllIolo)!lUlS silC's. NOlle or IIU'sc various Hilrls mill
suuctures is prindpally concerueu willi human infUllllalioll prol'c:'\sing and llwlt

lem solving with the IMtSsihlr exception of the fmni"" All. however, me (luri,,1
In human social bchavnu , und all undergo thIllllilik (1Illll~CS ,1111 ill}: inl,uu:y

11" Ne,,,,ntal Neu,obehalJ;lI.,at Baseline

NCUllllli,l neumlngic,.'al ilInl behavioral assessmenl SCilll'S have InlKlun'l1 .,
detailed characterization uf human neurological stalus ul birth, This dmradcri' u
linn has served a1; thc basis for analyses or the st••te of developmeut of the

neonatal nervous system (Minkuwski, 1955; Pciper, 19tH; Uwnson. 14K2L The
peculiar CClIKatenalinn of reflexes uud movements, some essenlilll for SurViVi11
ami continuous with mature functions (fur example, Ihe suckmg and withdrawal
reflexes), others precisely reminiscent or the si~ns of some ueurulogical di:'ltll
ders and destined 10 wane with normal growth (such us alhelnid l1luvcmcnls illill
Ihe I,hmllir c",lel1sur relll·l(.), lms su~~csl ...'(lln vllli~lll\ (Ihsl',vers tluu tlu- Ill'Ollith'
resembles Hdecorticate. dcrcrcbnnc , undbrain. or even spin'" Olgillli:'llU ill 11'0

level of Iuuction.
Prior In considering how best In IIItKlel nctlnal;d hchavior in ternl:'l 01 Ill'uru

tlImlomical devclul'lIlenl, il is lIl'l'cssary In eSlllhlish the lillCl1 fe;"lmcs 01 hum,llI
neumhehllvinral slnlus al hirth. Thi... n'''llIires going beyond the Europellll lUlll
Americ<tn populalinns Ihal have forlllelllhr Imsisof IlUlM generali/.aliolls. (kl'il
sional reports in the Iileralure dailll Illilrked pupulation·wide llep,lIhucs Ifllll1
wl...1 Europeans and Amrric<ms l'tlllsidn fllluliuncnl.,,1 1,sl'l~I'IS nt" hUllmn nl'UlO
logic.:al siatwi Rl hirth. Mnst nulllhie ulHllng IIIL'sc was the rrpml hy (ieh .... r .lIltl
Ilean (1(57) pllrp0l1ing 1'1 SIHtW Ihal netmales Itr Ihc Ragaml., (tl.tPUlillilm in
Kumplllil, Uganda lal.'ked l'ertl.lin relle",es l'unsidcrcd ohli~:llnry in hC;lllhy EllUl
(lCim neonates: Ihe Hlllcnnalic nmrrh rellc'", the !ilepping n,ne,,", Ihe pl:lrinJ!
rene"" amllhc sCilrf sign. This liu.:k WitS inl....-pl·cICd hy Ihe llullulI-S, mull,y 1II.IllY
nlhers who have died lheir limliugs, as heing indicative uf prcl.'tx:ily in Alril·'1II
nennales. Tlml hi, lhey claimed thilt Arrican neunate" h.ul already llcvelopell p""1
the pe,inl al whkh Ihese renelles are c1icilahle, and they eSlimillcd the diflerelKt:
in developmenlal stHIUS to he tin lhe nnler ur 4 In (, wceks.

Whalever Ihe inlerllrelatiun. Ihis ahsence of major relle"'es in a ~rollP III
neonnles wllUld. ir Imc. re..tllire Iclhillkin~ of the SilltllS III' Ihe nl'rV_UIS sy~tl'l1I ill
hirth, This linding. however, has nol rCt:eived c.:unfirmnlion from uthrr ~llIdie!-.

Warrell (11J72) reviewelllhc suhjel"l Ihmugh Ihe 19C,Us. i.md l"undutll',1 Ihill UP

such phenumenon had heen "huwn in African neunales. cilin~ Ihree nunclllltir
malory sludies and nuling a numher uf defcrls in cheoriginal :'Iludy. SUl'l'1 ( (11K II
reviewed the suhjed lIIore receluly and cuncluded Ilml "Ihere b lItl rdi.lhle
t:orrohoralinn of Ocher and Dc,lIl's daim nr neurolngintl prer~'4.:ilY in AfrlC.lll
lU'whorns, SuhR'antinll"nlllrlldirlnry evidellrc nnw e",i!'ots, ns wdl ItS duuhl "hulil
lhe urj~inal lIlethnclulugy" (p. IKK).
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This is nor ro SHY Ihal there are no differences in ihe l1(un8181 behavior HIIlI

responsiveness of different racial grnups. The pussihility remains Ihal the Mum
reflex end the plantar exlensiun rellex have higher thresholds and lower ampli
tudes in African than in European newborns. There is also slime evidence of
temperamental diffe",nce. between O,ienlal and Eumpean newborns, wilh Ihe
Orienlal infants sh"wing less aclivily and less i"ilahilhy (e.g., Freedman. 1'1141.
Finally, lhe", are numemus reports of statistically significanl, but minor diffc,
ences, in neonatal ueurobchavioral status uf different populations liS measured by
the Il'azellon scale (Sameroff, 1'11'1). These results, however, do ""I aile, the
general imprcslliion Ihat 8 characteristic repertoire of reflexes and behavioral

capahililies applies to Ihe neonates of all human groups. (Fo, detailed review see
Super, 19K I.)

Illustrative of the similarities are Ihe results (If (he Prechtl neonatal neurologi
\:81 examination (discussed above) for a small sample of neonates in nne African
I'"pulalion, tbe IKung San. Nine infants were e..mined between 8 and 12 dnys
of age. During the e..minanon, ollhllelie. uf Ih'eshold and BIIII"ilude uf re
sponse were recorded, hut for comparison purposes nnly the percentage ~If

infants who unambiguously e~hihiled the refle~ in response to the given stimu
lus, regardless of threshold amplitude. were used. Many of these respunses are
dilficulltu elicit in any neonate under the best uf cnnditions. The pmpor1iuns of
infanls ,esponding aOlung Ihe !Kung San are wilhin Ihe 'ange e.pecled hy chance
for Eun1pean and American samples. In par1icular. the refle~es rep0r1ed by
Gelter 10be absen1 in Baganda neonllies after 4 days of age are present in !Kung
neunale, al 10 days of age.

Other inveSlittalors have obtllined similar rr.sulls within our African (Xlflula
liun!! based on larger samples uf net)Oales, and un sllmplcs represenling .~evertll

A\ian populations, Australian ahorigines, and New Wurld Indians (Super,
I'IKIl. lbu., the gen.,al neu,ubehavi",al capal'ily nf h"IOan neunales appellrs
.de~lIalcly cha'Bcle,il.ed hy Ihe nUflnal e.peclahle repenui,e "hlained Ihrough
~Iandard Imll.:edures fur ncumlugical cuminaliun in European ami AlI1crkan
p"p"lali"ns (l>rerhll and lIeinlcllla, 1%4).

These hchaviurlll and myelination dalll suggest Chal1hc neonate runl'liulIS ftt a

level ennsi51ent with full development uf the peripheral nervous system, eXlcn

~ive developmcnt of Ihe spinlll curd and lIIedullu, suhslanliill develupmcnt 01 Ihl"
mesencephalon, nnd partinl developmenr uf lhe J1rusencephltlon, ulmust 1111
beluw Ihe cuni"al level.

Individual reflexes t,.·lIn be explained wilh referenl'e hi lhe l<Hale .)f devcltll'lIIenl
"f specific ,Iruclu",s (Minkow.ki, 1'155; Peipe" 1'16]1. Fur e..mple, Ihe lo"ic
deviBliun of the head and eyes in Ihe di",clion uf body displacemenl, Ihe dull's
eye ",ne•• and lhe lahy,inlh;ne ,ighling ",ne. "we Ihei' presence I" Ihe ,elalive
maturity of rhe veslihulllr portiun uf the eighlh l·...dniaillerve and its cmnmunil'a
lions with rhe brains1em nuclei of Ute cralliailierves effecting lhe res(Xmses, The
sll'pping lind lIuhmltuic march reneKe!l directly parallel similar rel1exe!l in huth

decorticate anti decerebrate anin'al preparations. an~1 are intcrprclahle as rcf lcct
ing the relatively advanced shill' of devcloflllleni of the spinal rmd and medullu,
with the excepnon of the descending cUllil'al cllcu::IlIS, which pmvulc inlllhilmy
cuutnrl. Finally. Ihe llcs(·slmlicd nconutal reflex i!l the pl;nllar c~lcnsor or

lIahinski reflex, which consists or II sph.ying outward and upwntd til' the lues
when the sole of (he ruut is stroked This appearll homologous 10 Ihe smue Idlel
in adult patients who have suffered damage In (he curticuspinal (pyramillilH
tracts. In the neonate, this reflex ilhnust certainly reflects the ahscnl'c of l1Iyl'lin
Irnm the same tracts (Brain and Wilkinson, IIJ~IJ~ Ghez, 19KI). Many similar
arguments 1Irr. possible with respect In semmry capacity al birth, fur example. ill

ibe visual system (llmnsnn, 1'114, 19K2).
A!! noted hy Bronson (llJK2), it is reasonable \0 think or the neonate ii'

functionHlly subcortical. Ahhough some potential Ior Iunctkm cxisis in nlllil' ..1
systems, behavioral and physiolo~icllldahl suggeM that this tUlIl'lion is cxlrelUl.:ly
rudimentry. An ingenious series IIf experiments, however, has shown that
neonates are. to a limited extent, capable or jntermodal transfer -cschangc 01
infonuauon among different sensory Olndalitics-a cupahility Ihey were long
IhulIghllulllck (Mellzoff and M(K"e. 1'171; Melll.Uff and Borton, 1'17'1) Whe.h
er this reflects an unexpected level of Iunctinning rllr unmyelinated inlmnll1kill
8."isOCialion areas, or an unell.pecled role fur ~ubcnr1kal suucturcs in intcrmod..1
lrilnder. is iml',ossihle tu tletermine OIl presenl (hul see (iihsun, 19K I).

Tht Grow/h 01 Diptdat '-"romo/i",,: A Paradis",alic CaSt

Molur dcvelopmenl setjUCIIl'CS arc lal'gely gellellndly Ilwgrullllllcd. l{eSl"md,
in Ihe I'IJUs and 1'I4U,hy (iesell lCOesella",1 Amal,uda, 1'147), McG,aw (1'14.\1.
and OIhers ntJlcd, and. in sUllie inslalll'es, shnwed effecls ur c~r-ericnce, hul sUl:h
effeels were invarillhly minor lIgainst Ihe Iml'kgruund nr the Icmporal lIl"p 01
devehtpmenhll milesllmes, McCiraw eKplicilly emhraeed Ihe n,.lilm of a spcl'ic'i o

SllCcific neumllluscular dcvclnlllllclIl sequl'lll':C Hnd dcsuihcll it in ,leli,1I lin II

lungiludinally studied salllille, Oescli and his l'ulleagues (mille similar ,Iesn,l'

liuns, suppnrte~1 hy pholngraphs, for il wider range nf infltl1t ht'lu",ior palll"m!'o.
Shonly afte, his inilial puhlicolions. ('nnel (1'1]'1-1'161) began In ,ely on Ihe,e

two sel~ IIr hchuvinrnl desoil'liulls ill I1l11kin~ tundilllmi illll'IPldlilillll~ 01 III,
huge htKly til' dala 'In lhe rt'~iuliOlI malurnlinll or the fcrehral l'Uncx. hll

example, he noted Ihlll hy all measures area FA gamma or Ihe prel'l'nltHI gyru~

(lhe mnlur cor1e~). in Ihe region of the hand, i!!, 8116 rmmlhs nf age, dcvdol'mclI'
lully IIdvant:ed cumpared In .,ther iueaS ~)f lhe nUllin sirip, l'his l'nrresl'~ll1lls wl"jl

w'lh ltehllvioral evident:e un lhe earlier maturatillll nf haml nlllllOl l'OIllPiUl'd
wilh cnnlrol ur other htxJy par1s, "'nulhcr par1 or arta FA gamma, the re~i()11 til

Ihe lower extremities, is, in cUlllr"st. developmentally 1lchinll Ihe reS1 01 tilL'

IIInlur curlu even at I~ IIInn1hs, corrcs(XUlding IU Ihe conllnuing wC~lknc!'o!'o 01

1lchaviural nmlrnl or Ihe Inwer limhs al fhat f1ge.
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T.. he sure, there arc inieresung vnrililinns in the limintt, of mnlor und M'II·

snrimntur milestones wilhin and amung populations (Super. 19M I: Wcn,cr.
1'172. 1117<1). AI present it is nul possihte 10 partjtion such varlauon. whether
wilhi" or between populations, into genetic. environmental, and genotype
cnvirunment interaction cllmpeJnenl:oi. Nevcr1hcless, the range uf variatitJlI anulfll!
individuals within samples considerahly exceeds that among population means
fur the appearance of these lIlilcslnnes world-wide, despite much greater varia
linn in envinmmental influeuces among pupnhilitllls. This consistency umnng
population means suggests a species-specific Hnd species-wide lil1lin~ (If events
in moror and sensorimotur development, For example. independent !\iUing IUlll
visually directed reaching appear in the lIIilldlc of the first year, indep,.. mlcnl
lI.'.in~ to slnnd laler Ihat year, and independent welkiug and thumb-to-finger line
~ra.lip early in Ihe second year.

A useful Jlaradi~malic case is pruvided by the emergence uf bipedal luctuuu
"till. a species typical, cenually organized neuromotor action pattern shown hy
all normal adults-indeed hy all nnnnal 2 ycur nllts·--in nur species. The menu
uge I)f luainmenl of nne useful criterion, three steps taken wilhnul lumds held,
hovers around a year of age in many samples, usually fulling between II lind 14
mUll1hs" Large sAmplcs shlt..lieN in five Eurnpcall dlies had IIIcun~ wilh h weeks of
cal'h I)ther al Ihe CJl.trellles (liindley el til., 196M, Prccndly fur infanls in
develuping cuunlries. especially Africa. has fre~uenlly he.n claime,1 (Super.
I~HI; Werner. 1~72, 1~7~). Sume carefully dcsillued an,\ clluducled studies.
hnwevcr, fail 10show any different:e, mill one critical rcvicw uf a large IlUlllhcr
of !'oilldics cnnduded Iha1 Africall infll\lll PTc(.'ol:ily hilS nul hecn delllollsllilll'll
IWarren. 1~72).

The dHirns for ~~lI(esl prc(.'tk:ily cenler un Ihe ~Mly part of the firM ycar of"
life, The means for Afril"an Hnd ulher sumples in developing cmm1ries for agc lit
intlC'pcndenl walking lypically fall wilhin the AIIICril'iUl and European nmgc
Illcnlionell "hove, Tu lilke unly one eXilrnplc, itllllllig Ihc !Kung SHII, hunlcr
!!.llhels of Ille Kalahari Desert In Uoiswana. t.lcliherale efforts arc lIIiulc In
i1lTclerate Ihe develnll111ent nf walking hy melll1S nf seemingly allproprii\le
laclics. The~ include eucnsively hlliding Ihe inf.nl in a siuing ur slauding
poslure Inn!! hefnre inderendenl mainlenance or Ihcse puslures is (lussihlc.
clCrd!\ing nillirneniary walking capahililics, nnd sn un. "llIe curve rur dcvelop
llleni of imlependenl walkin!! in Ihesc infitlllS fllll,li within lhc r;m~c uf Ihe
l'lllTespondin!! curves for American inl';:mls (Knnner. 11J73, 11J77,"

Other cn'ss-rullural varia1illns in infiln( cure 11m' I11j~hl he eJlpccled 10allcr Ihc
ralc of develnpmenl of this hehavim also have lillie effect The Iinpi (Dennis,
1'l4U; Denni. and Dennis. I~4()) and Navajll Indians (Chisholm. I~H3 l. fur
instanre, Iraditionally restricled lheir iufanls much of Ihe lime hy lighlly SWHd
(Iling them Hgainsl crlldlehoilrd!lO, This procedure 'did not suhslim1ially delay Ihc
"Ill' III li.M walking.

I:illally, lleliherale at1enlpls tt. al'cclerule 1his nmtumti~mid I)altern eJll"erill1ell-

Iltlly nuder rcll1livcly cOlllmlll'd nllulilillllS IIsuilily IIIl'l wilh liull- Mlt'fl'!ro\ h' !' .
MdJraw. 11J]5). One iuterveuuou study CIA:Ja/,u, c( III., 1971) Uill SIIClTCIIIII
I'wtludng an Hweek advancemcm of li!"!'.l iudq)cJ1Ilelll wltlkill~ hy sy!l;lcIH;lIil';dly
exercising Ihe neonatal aU1HIIllilic lIIarrh reflex '-(lr the first K weeks 01 lrtc.
Allhough Ihis sngec,lies rhnr cxtraordm.ny l'IIViIUllIlIl'III;1II1lI'llltlirillillll.Ii m;,y aln-r
tile rate of development, more Iypil'ul venations in rearing rouditions do mu huvc
this effeel.

In addi'itUlto rcgularuies otdcvelopmeutal rille, a preponderance III CVIUl"IIl:C
Ililints Co Ihc existence uf a sl)cl."ies·lypicill develupmerual SCIIIICIIl:C. From 1he
neonalal aUlmnalic march reflex, a centrally urganil.ell subcortical mulor .... ll·ll·O·
type, 10 Ihe mature guil of thc 2 year Hid, with heel loc pmgl'es!'oi..n dUl'l'lly
under the hips and synchronous uheruate arm swinging, the devclupml'lIl,d
hislory of the hipcdal IncOIllolnr pattern is fur the mosl pari Charill:lcriMil' .lIltt
universal, and the liming of irs major transirion is narrowly defined

Underlying this devetopmcruul history is a fairly dear plan (If neural devclop
menr. Clnssit'1I1 Mludics Iinkcll Ihe wamng uf Ihe aunmmuc march rcttcx it"i well
itS the usccndance 'If true witrkill~ In progressive development (ilh,:ludin~ illY
clination. hypertrophy, IUlll other growth changes) in Ihe corticnsilimiliral.'l frUIII

laler prcnatal life 10 lhe end uf Ihc seronu (l0Slllalal ycar (Millkowski, 11l5~;

Andie ThuilIlIS, 19{.l)). The,lie dl.m~l.'s IcslIlI in inl"rl'lIsing nUlil'ill inhdlilillll 1,1
primilive spinal rcncJles, slahili ...uliun of the pusluml streich retlcJl, and volun
1.lry cHlllml nf coonlinalclllil1lh movemenls, Al."cUllIl'anying Ihe nlyl'linilliull III

lhe l'orlkospillat trads arc assltl.:iulcll chHnges in thc preecll'l<11 (l11ulol) ~ytu .... ,
Illlliintlmly Ihe fllwct lilllh re~illlls HI' Ihe gyrus, liver ,I sillliial t!cvdollllll'III.11
lime course (Collcl, IIl,llJ--1967), Funt:tinnal evidclll'c from dinil'ill Il'siolls
shows Ihlll at..lulls sufler prufumld loss nf lower limh control ill lliSCil."iC ul lht'
cnrticnspimd Iracls, Spcdlically, Ihcy cllhihil the CJllcnSnr planlOlr rdlcJl 01 Ihe
ncullale, known since Uilhinsly's IK96 descriplion In I)C pillhngllulllic til nIl
licospinal hart (;OndUclinn f.lilllre (see Ohe1., IIlKI fur re... icw). Thll:-.. lhl'
devcl0plllcnl of improved rUI1l"lion in Ihis lral'l 'IS II resuh l1f rnYl'hllillion i .... ,I

likely (.'andidale fur a ncuml hilsis uf the malllr:uion III' wi.llkin~. illld III 1IIl'

wilnill~ of the elllemmr tlhmillr. or Bahinsky rcllcJl,
Modcrn conccpl~ of thc nlllic,,1 ill1d suh",nlil"al ":l1nll"lll of "'OIUlIllUy IIIm'l'

menl, however, have ~really ellllUTulcd the r;1II~c of nCUnlimiltulllil'al ~Irul'lull''''

Ihal lUily he involvcli in 1u;lturing Itx.:HllIOIOl slills. Al'nuding In ,1\l'Sl' fOlll'l'P"
(EYarls, 1~75; Allen and ....ukahara. 1~74) h"'h Ihe ha.'al ganglia and lhl'
cerehellurn ure ilUplicilled in ~nill cnrrcdcd nhtVCmell1. nrieny, lIullmolul l','lln
(i,e., the greal majority of Ihe cortn) iniliilles volunliuy lIIovemenl nul prilllill'lly
Ihmugh a tlireCI COllllllunicalion 10 the I1lOlm cortCJl (allhough slll'h .. l'Ulllll'fliulI
lHay still playa role) hUllhrnugh Iransstrialnpallidal and IfiUlSl'ercl)Clhu l·irulll!'o
Nonlllolor l'ortc1l1m~iec1s ICllhr hilSil1 ~angli;l Ul\cI cerehellum, whidl projCl-', vi..
wily-sialions in lhe vc:nlral anlerior and venlral laleral lhalannls, hafk 10 lhc
1IIIIhir :Intl1ucllU)II,r el~rlc~, rcsl)Cclivcly.
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Thill widely accepted IIIIK1el must direct our uUenlinn to the myelinatum
sequences of the major efferent pathways (rUlII the lttnhu5 pallidus [the IImlll

leuticularis (Figure I, line 13) and lield III IIf Ford (line 1211, of the middle
cerebejler peduncle (line K). which carries cerebral conical information In Ihe
rcrebellum. and of the inlrinsic fibers of h••al ganglia (line 19). Collectively
these structures exhibit a CUUnlC of myelination Ihal is highly consistent and as
protracted as Ihal nf Ihe cullieo'l'inal tract (Iinc 2U) and ils slImaW.en.my
feedhack pathway, Ihe somesthetic radiation (line 16). This complex proposed
circuitryof independent hipedllll~)(()m()tion thus exhibits U cycle nf myelinutiou
consistent with the use of the cycle 10 explain the maturation behavior.

Psychosodal Matu,ation during th. first Yea'. ,

Among many motoric, percepiual, and cognitive changes occurring during Ihc
First year of life are some transformauons that orespecifically socialor emotional
IlIuwlhy, 1969, 1913, 1980; Emde el aI., 1976; Lewis and Rosenblum, 197H;
Campos et al., 1983). Although all development is continuous, two eriucal
transitions in infant psydlosocial growth occur during the fiBI year.

The lirsl, achieved during Ihe 1i"1 3 months of life, is characterized hy a
marked increase of social competence. from a neonatal level lhal is ha~ically

asocial or presocial, 10 a level of relatively advanced social expressiveness
including mutual gaze interactions, contingent responsiveness in dyadic ex
changes (Stern, 1974; Stern and Gihbon, 1977), and, most notahly, the easily
elicited social smile, Much data of a cross-cultural nature are availahlc fur nne III'

Ihe.e, Ihe social smile (e.g., Gewillz, 19M; Kilhride and Kilhride, 1'175;
Kilhride, 1980).

The second transition is slower. extending fmm ahf,)UC 5 to af least 15 nmnlhs,
wilh Ihe most dramalic Iran.fom.a';on laking rlaee during Ihe Ihird quallcr of Ihe
li"l year. It eonsi'ls of Ihe devclopmenl of what is u.ually called alladllnelllllr
otllachtncnl behaviors, One hallmark of this clullplex is crying or protest wilen Ihe
lIIulher leaves Ihe infant alune in a slrange place. llllhough numemus nlher
~I'ecilic hehavion; wilh respecllo the IIIl1lher (IIr IIlher rrilllary carclaker) a""car
earlier, ,uch .s preferemial greeling, aprroaching, and fllllllwing. A relaled
tlevelopmclIlalllhcnulIlcnon,lhc fear of strangers til l\lrim~el" pmlcst, ulsn UI.TLtrl\

liming Ihe set:nnd half uf Ihe firsl yenr.

"'!J, f"'frXfIlff (If 5"'iol 5I11ili"X. An early malUrution"1 developmcnl nf.
l\llCt:ilically sut:ial nalure i!rl the smile in response tn a hUIl1I111 flll'e, In lhe hU1l1Ol1l
adult, smiling in greeling i~ universal, or aileasl exists universally as an opliun.
II has been filmed and measured in the sallie form and conte xl in societies un ;'111
continents, primitive and lIuNJem, Rome rem('1e from Ihe innuence of the others
Ibhl·Eibe.feldl, 1971a,h, I~H)). Simil.rly, .<I,;lIs in wi,lely diSirihulcd ,uc;·
clies inlelJl",1 ricllI"'s of smiles IS .ignaling friendline.. '" harrine.. (HnulII,
1~71). Vuung children eshihit Ihe ,,,dal s"'ile in lYrical funn .nd CUlllcS! Dlld
"'ake Ihe usual inlelJlrela,ion (lI.nl, 1~77).

Quantuative varialion in [nnu and tuneuon of the smile lIIay reflect the
influence of learning, hut such vllriHlinu dOCli IIn1 hear on the Iundamcutal
qualitative constancy or the behavior. II is as close as we are likely hi CUIIIC tn it

human fixed action pattern, or In a human 1illCcies-sllCcilic socinl disllhlY. 'I he
smile evidently relates III the primate "playfacc," an open mouthed snulc
occurring during sucial play. l..II1d hi the primate suhflli~!\ivc dUSl'11 lIlouth ~f11l

shuwn in grceung e dominant animal (VnnlioulT, 1972; Andrew, IlJfd) , but the
relaxed rriendly smile in social greeting is cheractensticatly human (BIIlr1ol1

Jones, 1971).
Fur practical purposes, smiling is ebseut et hil1h and emerges during the fir....'

few mouths or postnatal life. Incidence-of smiling in naluralistk sociel con(exll\
or in experimental settings in which Ihe infant is prcsemed with a Ieee is IWII

orders uf magnitude higher at 4 months or age than al term, ami the response
cannot be indisputably identified until some lime in the second month (Alllhrosc,
1959; Emde, et al.. 1976; Em,lc and lIa"nllll, 1972; Spill and Wulr. 1~46;

Sroufe and Waters, 1976), There is Nome variation in Ihe early incitle'Ke and rate
(If emergence of smiling alllnll~ samples in different environments. This varia
non is statistically significanl but quantitatively minor (Gewlnz.• l~(,)). (·mup.u
isons of infants among Ihe Haganda or Uganda. the Salllia I,f Kenya, and other
cultures with American infants show lillie difference in the age ur emergence 01

SIIcial smiling (Kilhride and Kilbride. 1975; Kilhride, 19H1I).
This growth process produces a marked change in parent-offspring relations.

Mothers may report that tbcy did uot subjectively sense the existence nf a
relationship. or even Ihal Ihcy diJ nlll love the infant, berore Ihe clllcr~enl'e of
gale fiAolion and emnpelcnl l'iocial l'imiling (Rohson, 1%7; Kuhsnn and Muss,
1970). 'nle ahsenee or Ihis CHre-~lidling behavior al hil1h is an evuhlliollury
pUlzle, Ihe solution or which prohahly lieN in Ihe phylogenelic conslraim Ull

gestHlion lenglh imJKlsed hy allHrmwing hil1hcanal on a slnwing rale ul glOwth
(Kllnlle<. 1979, 19KI).

A l'onvincing developmenlal eJlplanalion of Ihe emergcnce or social slllillll~

has also eluded inves.igatuB. Well-formed ncmsucial smiles occur re~ulilrly in
nellllale' during rarid eye mllvement (HEM) sleer and may he IIh.erved f"'l11 .Ill
wt'cks uf ~es.atinnal ogc (ElIUII~ nntl lIarmon, 11J72; Elllth~ el Itl . 1976: WilliI,
Ilit'"'). Anenrephalil' inhmts wilh a mesrlll'epiullic level 01 lunclillllintl- cAlllhl1
Mll'h silliles (Mcmnicr, 1956), nUlkinl! Iclcllccphalil' c'r dienceplllllir illv"lvcnll'nl
in their rcgullllilln unlikely ur III ICillilnul essenli,,1. Painslaking viticulapc ."iIUtlil'~

til lIorllllllllconalcs !rllmw Ilml highly cOHnlinatcd ami specific I"uciill CApIC ....!\iol1!\.
involving a number or somclimcs widely scp.ltntled elemenls of racial mus(·ul,,·
lure acting in concen, are prescnl al hil1h(OSier. 197K), Thus, ae hinh, wilh only
luwer bruin funclinns malure, inlricntcly limell r.ltdal musclc .tcfinn p;lllclns 'lIl'
IIlrcndy under complcx l'enlli,1 l'unlrol. Also III hinh. gil/.C fixatilln luul l'Vl'U

visual fnllowing nr a face hy the infHlIll'sn heelicited, suggesling lhe exislcllt·c
of sumc undcrlying pert.'epillul l'ngnilivc l'lllllll'ily (Als, 1977; IhllH'IIIIII, .1)71).

Sinl"e hlind inranls develnp I'Clillhlc sHit.:illl smiling (lilly a tnonth or Iwo lillel
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than sighted inIan" {Fraiherg. 1917; Freedman. 1%4; see also ThllmpsIIII.
IY4U, u crucial role for visual perception ill Ihe gmwth of the behavior can he
ruled oUI. Since the mean age of the nn,r,et of social smiling in samples of luw
risk mature infants can he beuer predicted from their postmensuual than hum
[heir IMIS[nalll age (Brachfeld et al., 19RO). a key rule I'm associative or nperam
condilinning. ouch reaLlily demonstrated later in infancy (Ahrens. 1954~ Am
h......,. 1959; Brackbill, /95R). His"seems unlikely. Finally. since mllnll,.yglllie
twins are significanlly more concordant in the rate of emergence uf soci..1smiling
than dizygotic 1wins(Freemon, 1'174). some genetic cllOtrihutitm In the individu
01 variation i~ probable,

Thus, some central connection between lhe perceptual mechanism und the
already well-formed mulm output matures during the growth o( this sucially
Iunctional behavior. Some 11f the change may he perceptual and cogniuve, nuher
than social or emotional. For example, hy 2 months of age, visual rollowin~ nf
eyes and faces suhstantially illlpruves (Uailh et 1.11., 1(77), Uy J momhs. illi

intent is most eurected to slimuli whose changes it can contml ("contingently
responsive stimuli." (Watson, 1'172; Wat,llon and Ramey, 1(72) or OIl letlsl 10
"'timuli (such as lire provided by all indulgent caretaker) lhal change at il pace
Itk,llly suued 10 challenge infnnl aHenlinn (Stern, IY74; Stern and Ciihhull.
1'177) -fHeullie. Ihal are largely ahselll eHrlier. Ily 4 ,"IIl1lhs. visllal pilllern
IIll'U1ory ernerl!es (Super cC 01.. 1'172). In athlilion (n these essenlh,lIy ~ugnitive

l:hangeli, :'iome aspects of Ihe maturing cOInpelcnce arc undouhtedly spedlicillly
MH.:131. perhaps even in the cthological sense uf the word, Ihal is, "wired-in" for
~ncial functiun!;.

Initial apprt1al'h~li In a L1evelnpmenllllllellmln~y of smiling must he imlirec.:l,
hut Ihe fnJlnwin~ fal:t~ lire nnleworthy_Myelination of the mntnr nM)I" of lhe fiflh
and ,evellih cranial IIerves is eumpleled prell.lally (I.angworthy. /933; Ilurke
ilful Ri~g", 1'169). This linding is Cnn!;i!;lelll wilh Ihe malure fmm or nnnsfK:ial
"'lIuling even in prell1illure neunales. Ollie nmtm nuclei uf lhe."e nerve" arc in dose
proll.imity In 1he ponline neuron,ll helieved tn conlrol REM sleep (McCarley ami
Ilohson. 197~). which is Ihe cunlelll in which thcse early nunsocial smiJe!; must

IrClluelllly uccur.
In aLlults, volunlary anLl emulional coniwi of Ihe smile can each he Insl

separately as Ihe res,"11 ul regi'lIIHlly hK·"li'.ed hrain d'm1age(Ilraill H",I WallOlI.
1909; MUllrad-Krohn. 1924. 1927; Ilillll. 19R4). In laeial p,,,alysis f"'''' II

""Jrtil'uspinal lesiun ahove Ihe level nf Ihe lI1ulnr nuclei, voluntary retrac.:liull of
Ihe Cflmeni of Ihe mnulh i!; weak or ahsenf, while ~miling in apprtll1riHle
tmutinnal cnnlexls is pre!;erveLl. "Mimic" pnrllly~i~ (the emnliunal fmm) is les!;
dear in origin, hu( ili helieveLl In resull (rolll lesions uf the hasal gallglil.l (see
Ilinll. 19R4 1m review).

This notilm receive!;slrong suppun nOllmly frt)~I' slrttke and injury slIItlieshUI
lrum 'he "masked face" syndrnme of I)arkinsnn's tlisease, This syndrome,
whkh n(:cUf!i early in the di~lIse, cunsists of It markeLl faeilll unrespunsiveness in

the presence of emu.iun, huea preservariou of vulunumly assumed facial Clpll'S
sion. Since l)arkinsul1's disease primarily IIffl'CIS the htlsa' g;U1glia uu , uuuc
properly, the sub~tanCia nigra Ilml "m.iecls to Ihem), the masked face syndnunc
lends credence ro the nntion or regulation uf SlN.:ial '''imiling frum Ihis pa,t uf lhl'
brain (Ilill. 19H4).

In view of these findings-particularly if il is accepted Ihal sll1ilill~ is a
s(ll"l:ies·typil:'al social di!;play- - cenuln ncumclhnlot{inll rUllrepls Illilt wouhl
ulherwise seem remote become relevant MacLean andllis cu!leugues have IUIl~

maintained tbat the stnatopallidal complex (the majm pan of the basal ~iln~Ii;I)

plays Hkey role in the comrol (If fixed social displHyS (Macl.ean 197R. 19R~I.

They note the prnrnineUl'e of these structures (or their hllnUJln~il's) in hirtls ;llItl
reptiles, taxa thai [more eulusivcly lhan mauunals) usc IIlletl dlSphlys lit rhcu
sucial behavior. More hnponant. they have found autl repeatedly cunfitmed thut
elcctrocoagutative lesitmli of rbe pars interne of the globus pallidus ,lI1't:cifically
abolish a species-Iypical fillcd action puucm (genital pn'sl"nltllinn) Ihil' serves as
a sucial diliplay in the squirrel monkey, Saimiri .fd"rr".'i (Macl.cau. 197K). NIl
other deficits are observable in these monkeys. ahhough these are assiduolI!>.ly
sought. particularly in the realm of ructor function. which is lratlilinni.llly usslH.:i
lIll'd with slrilllup"ItiII,,1 rirfllits This Ims It'll Mold."IUi Iu rnll'llllt' till"

!;lrialOllilllillal c.:nmplell. liS a rcgulllim o( species-specific displays, amlIn illl'nlily
Ihe ~IHhus plillidllS llli a purtil-ularly es!;enlial way·Rlation for Slit.:" (lislJltly.~.

From Ihese finLlin~", lhe following mndel uf the gmwlh of MK:ial sl1lilin~ may
he lenlfllively advanceLl_ In laiC prenatal life Ihe smile 31'ItCars in lIIillure !"mlH,

tluring fhe high levelnf development flf Ihe fiflh (lri~eJllimll) and sl~vl'nlh ([;ll'iall
lIervc~ amI their lIIutor nudei, hUI il docs 1101 "Plleltr in lIIalllrc nmlCll1. II",
IISSfK·illtiun wilh RI~M sleep perhups heClU sUllie relalionship In 'he reli.ltiwly
easy ill."cess nf the puneine relicuhn fllrmatiun tn Ihnse mnlm nudei.

In the ('nurse uf.he firsl few (lClsllllllalmolllhs, the n'Slll'Il"il' is hnllll!hl inlll IIH'
realm nf sncilll conlrol. Regionill hrain ~ruwlh change!ii likely In he illvolvl-,l III

Ihis chan~e are (I) ,;ensnry changes, perhaps, esperiully tedul (Figml' I, hill'!>.
10, II, and I~); (2) molor ch4111~es, especiilily ccrehellar (lilies ~ III III 0), ami,

","sl i"'IMlrtllnlly. (3) chllll~e, ill lhe slrilll"I'"l1idll ....ml'le•• ".'IK·..ially II,,·
glllhus pnllillus and its efferenls, anti Hnsa lenlicularis and Ihe fields IIf Ford
(lines 12-14), wilh Ihe ansa ulHl pars interim shnwing (he must rapid dmn~c al
Ihis a~e (line IJ).

rI,,' G",,,,tI, IIf 5.. ·;,,/ 1'1·"r~. AI Ihe elld "f Ihis phase Imllsilioll. Ihe SlK'i,,1
ilitcral'lion is well eSllthlished hut rcllllively undiscriminaling. II aPre'us 10 thl.'
IJbserver In he assucialctl wilh pc._sirive enultion, hut Ihe ell1l)lion see-illS im(ll'r~ll

nal; "Imost anynne can didl it and, dcspite subfle signs uf tliscriminalion of
primary l-arelakers, slmng ernoliuntll honds do nul appe,tr to e..ist. This !iiiumtioll
l'h.mges rliluketlly in Ihe scc(Ind hlllf-year, Sirangers hegin 10be disfriminaicil in
stJCial responding. urten lIegalively, ani' increasingly so Ihrough Ihe course (If the
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second 6 'lMlIIlh. (Murgan and Riech'li. 1969;Tenne••nd L'lIIpl. 1'164; I.ewis
and Ku~nhlum. 1914); crying when lerl hy the mother in a lit range: shuation,
wilh or without 8 sirange: perllnn, becomes CtJlI1l11lUl, allhnugh il i~ certainly eot
universal (Bretherton Ind Ainaworth 1974; AlnawUllh et al., 197K); vulnerability
10 the adverse effects of ~e:pHralinnll uf substantial dural ion frum primary care
laken beeume. demon....hly more marked (Ilowlhy. 1973); and "auacbment
hehaviora" such a' followillg. clinging. and cuddling become frequent ill rela
lion to the primary caretakerts), e.pecially Insuange .ilualion. UI in the presence
of slr.nge person. (Ainsworth et II.. 1978)_

Such change. are. 10 he sure, nOl III functions of Ihe growth of fear. They
I'r'prt:!iicnt changes in the emotional valence of the interpersonal !IpHce of the
infant that make certain key Individual. very anractive while rendering the rest o!
the species le•• 10. If nol aClually repelling. These change. are ofteII charac
terized hy primlry caretakers a. indicative of a deepening of tbe emotional bond
Ihey feel Ihey share wilh Ihe infant, and by theorists of affectlve developmem
such a. Bowlby (1969. 1980) and Ain.worth (Ainsworth. et .1.. 1'I7K) as
'ignaling Ihe onset of the capacily f"r attacbment, a major event in the growth of
~mntinnal and sucial competence,

Non-We.'em cultures exhihit similar bebavioral patterns (Kagall. 1976; Su
per. 19KI). Thus. the growth of .ocial fears and the concomilanl grnwth of
.nachmenl. as deijned hy Ihese and relaled mea.ures. appear 10 he "nivers.1
fealures of Ihesewnd half-year of human life (with much individual Varialioll in
Ihe degrt:e of ove:rt e:xprt:ssion), It is, aileasl in ils ontogenelic timing, a species
'pecirol· fealure"f human hehavioral Ulganil.alion. The percentage of illfanlswho
withdraw, fret, or cry when alliranger appear", who cry when ler, hy rhe: mOlher
eilher alone or wilh a slran~er, or who,go 10Ihe mUlherralher Ihan a slranger or a
",mndary carelaker when lIIildly apprehen.ive (Kagan el.l.. 1'I7K) rises sleadily
from Ihe middle of the rorsllothe middle "f Ihe secolld yellr. whelher Ihe salllpic
is drawn from Ihe IKung San "f 1I0l,wana (who have 24-hour molher·-infalll
physical conlael in a den~ social conlext),tradilional Navaju Indians (who slrap
Iheir infanls into cradleboards much of the lime), a remote Gualrmalan Indian
village (who have high mnlher-infanl conlacll. .n Israeli kihh,," (infalll sel'a
ralcd frum Ihe IIN.lher in a nurscry e:uCpl tin IIftcrnlHJnS and wcdends), m
vnriolls suhc.;ullure~ of the Uniled Slates, indudin~ pmfessinnHI and wurking
do.. sncineconOlnic level, (Konner. 19K2; (,hi'hnhn. 19K3; Kagan. 1976; Su
l",r. 1981). Among Chinese-American and Cauca,i.n .American .,,,heuhllrt. in
lluslon. infanls who have 8 hours a day of d.y-care .eparaling Ihem frolll Ihe
mOlher do nol differ significantly fnnll control infanb who have had no such
separalion on measures of social fear and aUachmenl at any age, despite Ihe fat.:(
Ihallhe day-care regime hegan hefnre 4 n"nlhs of.age (Kagan elal.. 1978). This
laller finding is confirmed by simil.r siudies of Ihe effeclS nf day-care Oil .ocial
heh.vior in olher cilie. (Cal~weJl el al.• 197U; Ricciuli. 1974; Il""khart .nd
"uck, 1'176; Illanchard and Main. 1'17'1; C.ml'o, el al.. 198.\).

Simillilly organized hehRVil)ral IUtllcrn~, will. specics-typirul uueor 1.:111111""

nents and ontultcnelic liming, may he sccn in the early pmillllIlal development nf
higher prinuucs (lUurh1l1 Jones, 11)72; Roscuhhuu ami AlpC11, It) '''t Ilntllllhcl
mammals (Scoll. 19tJ2), Analoguus, allhough I'lUbahly nol lunnologous, cvcnl!ro
may he seen in the very curly 1"ISlhald)ill~ tlcv\'llIpmclIl of pfl'TIll."ial hinb
(Sluckin, 1910), Observation in the cuviromuents uf evoluuonary ildaplctlnc!ros
IKhcingold, 19tJJ~ Altman, 11}7(1), illdllliing nile such enviromncm for hUl1IlIlU,

(Konner, 1972, 1977. 19K II. c1e.rly suggests on adaptive role f'" such behaviors
in two ways: prevention uf predation and inlergencralinnallram'lfcr of alht.ptiwly
relevant, acquired funnarion. The ClnhJgenelic assoclation of independent 1t.H:tJ
motion allli active Imil"tion wilh Ihc growth of sociHI lear ;lIul alillfhm\'ni
behavior (in several species) SUPIMJrts, respectively, the two putative adaptive
significHnccs. pnslulaced fur these infant elllulinns, The concatcuetion of n~l·ll·

acrion-pauern-like components with one another, and wilh apparently innate
releasing mechanisms, in an orgnnbcd. goat-corrected. I'rciliclllhic.. 'driven"
fashion resembles, in hUIM)rtanl respects, other patterns that arc usually called
instincts.

SUIRe evidence su~gc.ljfs that individual variation in the precise ontogenetic
timing and in the degree of c~prcssi(Jn of Ihe social tears is under genetic
influence. In al least two studies, fear of strangers in infancy has hecn shown 10
have signifil.."an11y higher I.."onconlam:e in illcnficallhan in fr<tll'rnal Iwin pailS
One of these studies focused on Ihe longitudinal pallem of ~wwlh of (eal
(FreellRlan, 1974). and Ihe other un s[Jecifie hehaviors lnwanl Ihe s(rang~r

(IIlomin and Rowe, 191H), No cvidclI\'(: ellislS for similllr heril'lhilily of IM)siliw
hehavior luward carelakers, hut little wnrk has heen donc lUI Ihi!' (IUeSlion,
Pos,,,ihly only the negative aspccls of lhe feartallachmenl complu have Ihcir
individual varialion under !iignificanl genelic innucm.:e,

For present purposes, howcvcr, il is lhe cnnlrol nne uf indivhlual variation hut
uf univcrsal fealures of malumlion Ihal is uf inlerest. In view uf Ihe known filll'"
relating fear and other strong crnl)liml!i II) Ihe nuclei and palhways ul the IIIHhh:
sy!dcrn (!ice Isaacson, 1914, for revicw), il wl)uld he appwpriatc In c~alllinc (hi",
sysfem for develupmental evenls Ihat mighl help II) dis(lCllhe myslery of lhc ri!roc
uf Ihe sodal fears, In l'uIJe/.'s (Iri~inlll fmmuh'linn, thc hUrtlcn uf Ihc ·'slre.tllI of
feeling" was laid for Ihe firsllilBC t.)Q jl \'llfe uf circuilry, inl'luding eS(lCcially IIIC
hipIMJCHlllpu5,Ihe fornix,lhe IIIHllllnillnry 1'M""ly, the lIulilunilll)llmlalllic Iracl, the
Dlltcrinr nucleus IJ( the thalamus, Ihe cingululII humlle, and the cingulalc \'urte,,"
W.pel, 1'137). II .ub.equenlly hecame dear Ih.,lhe maillnutguing pa(hways 01
Ihc amygdala-Ihe venlraJ 1Il11ygdl.tlufugal ,'ath and Ihc ~hia terminals, varillus
paris uf the hY(MJthalamus, and Ihe sept.1 area--Hlsu Ilelcmg in Ihe pm[l(lscd
cmoliunal circuitry (MacLean, 19S2~ Naula and Domesick, 19KO),

In IIddilion, Nauta dclillCi'lcd Ihree mHjor el(.Ien!'iions of Ihe lIiyslel1l hcYIJnl1
these prilllal"ily dicncephalic and Illder clJrlifal nuclei and cin.:uits: (I) a IWIJ-way
communicalion wilh Ihe fronl..l tnlles as "thc nrocOIte" (If Ihe Iilllhic 5Y!rolcm"
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(Nauta, 1911); (2) direct Ilber runnet'linns with the IHrialnpftllidftl circuitry. via
the ans. lenlieulari. and fields of Forel (Nauta and Mehler, 1'166), perhaps
prnvi~ing • basis for species-specific di,plays of Ihe emotions a, ""'I""ed hy
MaeL.can (1978); and (3) vsriousconnecuons with the "Iimhie mid-brain." over

Ihe mammillary peduncle, the dorsal longitvdinal fasciculus, the habenulnintcr
peduneul.r tract, alld other "alhways (Nauta, 195K; Noula and Domesiek , 197K),

which JIl'Obahly c,,"srilule an iml"'l1a.I "all "f the nonendocnne effector 01111'111
of the system, especially, hUI nol exclusively. in the visceral realm. The connec
lion' of the limhic system and its relalion' with other brain circuitry have beeu
aUlh"rilalively reviewed (Nauta and Domesick, 19KU).

Turning In Figure I, we note thai HI 3 months of age there is lillie or no myelin
in the .trialum,lhe fornix, and the cingulum (line. 19,22, and 23), hut that these
have achieved almost the adult level of "aining by Ihe end of Ihe firsl year
tYaknvlev and Lecours. 1967). The matnmilknhalarnic tract (bundle of Vic
d'Myr, line 12) also gain, heavily in sraming dcnsily during lhi. period,
'''Ihough there are tilher dramatic changes tluring the second half-year of life.
they mainly relate In ihe neocortical and cerebellar comrol uf movement (sec
above); as such they are likely 10 be tess relevant 10 the growth nf the emolinn.'
than are the structures just memioned. With the absenceuf myelin on the f"mi",.
the cingulum, anLi 10 a lesser extent the manunillolhalamic tract, it is prohable
Ih'd the level of funclioning in the PailtZ dn:uil is vcry poor at .1 months
l'tllllilared In its level of functioning al rhe end of Ihc first year. Thus, if is not
loourprising 10 find Ihal the emulional compelcncc nf Ihe older infanl is mud,
~H'ilter, and it secms likely Ibalmore thalllUl inncase in information pnK'cssillg
ahllily (an cll.planatinn offered by Kagan el aI., 1'J7KJ iii invulved, PUl1hcrmure,
Ihl' ~ititls in myelin slaining in Ihe slrialum and in Ihe filler fieilis nf Fmel (III and
112. lines 12 anLi 14) suggesllhe tkJssibilily Ihal not tlllly (l1Iolional cum(1elem:c.
hili also the ahility In e"'press emulilln in mutor Ilcliol1. are lIIaluring allhis i1ge,

In addiliun, dRla fmm slimulaliun studies, lesiun slutlies, and In II lesscr
c",lenl, psychnsurgicill praclice (fur reviews see Gray. 1971: Valenslein. 1'17.\;
Is.ac,"n, 1974) indieale lhe invllivemenl Ilf 1"'l1ion, Ilf Ihe umY~II""" Ihe
cillgulum, Ihe hYI"'lhalamus. and lhe limbic midbrain in Ihe medialiun uf fc;II

and an",iety. In the c~riginill classic e"'periments (1IIlhe c(lI1se~uen(es (If (emplJral

Inhe lesinns, Kli.ilJer and Bucy fuund Ihul removltl uf l.i.rge pnl1inns ul" the
ICll1rnral Inl1c in mnnkeys resulled in a !lyndrome indudillg fearlesfiness. (ilme
ness, lendem.:y to approach IIbjeclS indiscriminately. IHnulhing of ohjecis indis
crimin'lely, and hypersexualily (Kluver and lIuey, 1937, 1939), Wilh the
l'",reptiun uf hypcrsexualily, whkh may require previously mature rcpnMlullivc
rtUl1pclence. the syndrome is in some respccl5 reminiseenl of hehaviur (Jf normal
human infanls in Ihe 4---5 month age range. Perhaps the absence of myelin in the
Iilllhil' cin'uilry gilJes Ihem a pal1iallemrmal Inbe di~ennneclinn syndromc thill
mimics "hysiulugically as well a. phenlll.enulu~il'ally lhe Kiliver-lluey 'yn
dromc in pllslupcralive adult mnnkeyll.

Whclhcr or not these sl~dlir Cl{phUlllliolls rcl:uing infellli ellllliiolmlily III
lesion studies are correct, no illTuunl of the slrikill~ dlafll!Cs in infmJll'mOlilllwl
cnmpctcnce during the sen'ml hOlIf-yc<lr of life will he looillislaullfy willI' lui au
account of the. relalionshill In the equally striking changes in Iilllhir syslclIl
structures know hJ 1I1ulerlic cmouonal behavior.

Discus.ion

This model i!l based on rnrrelations, SOllie (If which are rather ~cllcml in
nature. Eveltcui.llly. improvements in Ihl' IIIclh(KIHlo~y of rclillill~ lI1yl'lill<llillll
sequences In behavioral development will result from application of ma~IIl·lir

resonance imaging (MM.!) to the maturing brain, MM.I (also known as rnn-lrnr

magnetic resonance, NMK) is demonstrably superior to computed h'lI1ogrlll'hy
and other hruiu imaging mcmods, particularly in ils ahilily 10 ,fisnimiu;ur whuc
Inun gray mauer in the central nervous sysrem. ami is , for 1111." reason. :.hllWilll!
itself 10 be particularly useful in fulluwing demyelinating disordcrs such as
multiple sclerose. This imaging lHotialily has the pOlentiOlllullruduL:c tluanlifil'd
detenniuations of the degree of mycliuation in llllalomil"lilly specific rc~iulls 01
the living. developing hrain. Thus, the potential fur vorrefations with llcvclopill~

hclmlJim is extraordinary. Althuugh slril'lly speaking these will slill I~ men
cmrclilliol1s, Ihey will he so mudl mlll"e pret:isc anti dynamic Ihan Ih..: 1I11C\

,,:ollsidered here as lu conslilillc a complelely new hody nl' ~Ii.llil a)!ltinSI whit'll 10

fesl lhesc hypulheses, No mailer huw nile lhe l'IJUcI;llions. hllwevcr, Slid,
IIItKleis will always he suhjecl 10 crilicislII on Ihe grounds Ihill ulher slrul'hlli:\
Ilml malme 81 Ihe samc lime IIli1y he rcslMnlsihle fur Ihe l~h'lvillrs ill IlllCSlifllt

One way In cunlinn 'he cflrrelatiunal IlludeIs is 10 rcmove the penim'lll
dcveloping shurlures nnd Co uhs,"rvt" Ihc rcsllilill~ hehavi"r,,1 t1dil'ils Tlh'~('

pnH.~edmes gcneraUy rely cm dilliral materials Ihal tin nol prcl'iscly ,,"mllci lhl'
desired ICliiHIl tlr un animalmollcls lhat do nul precisely parallcllhe IUIIl'lion "I
the hUlliall hrain, In one of Ihe musl impressive studies (If this kind. Diamlllul

(llJH5. lind lhis vululI1e) demonstraicil a dcvcluplUl'nlili St.'tllll'IIl'C for IJClIor
l1,ance on an ohjecl-relrievallask Ihal matures during Ihe scnmd hllif of the firsl

yellr in hllllmn iufallls. She ;lllrihuictl lhis devclullIIlCfll 10 1II,IIUlillioJl 01 Ilu'
frontal t'orle", during lhe Slime lime peritN.J. citing dinind ltntl e"'rerimcnlill
lesiun silldies. She wenl on 10 shuw Ihal rhesus lIIonley~ e",hihil rhl' Silllk'

sequence of developmenl between 2 and 4 months of age and, musl impol1,llIlly.
Ihat Ihe ahilily eun be elimillillcd in adull rhe~us lIumkcys hy SIJCl'ifil" uhl:llioll uf
Ihe dnl1liolaleral prefronlal COl1e",. which is develuping in llulh sIK·t·ics;1t thl' "~l'\

at which lhey respeclively develop Ihc hchavior (Diamond ami (inhlman· K<llu:.
19K]), This sequence of inVe~li)!nlinn~ provitles a mudd fur fU1mc rC.\l·ard, lin

Ihe neurnanatumical bases of hclmviorul dcvdupmenl. Ifllcidcllli.dly. Ihe nhJl"l" I
relrievaf task in queslicm, whit-h is, in dfe(l. Ihe ohjccc pcrlll:llICnt'c l<tsl IIf
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l~i8ttel. hl!\ been shown10develop tlccunling hi a paUem thaI deserves the sialus
01" a l·mss·cullu,a' universal (We",er. 1979; llaKen an~ Heron, 19KI).1

'lhe model pml'o"" in Ihi. chal'le, is also subject III criucism on Ihe gmund,
Ihal infanl behavior has been prnrerly studied in only a handful uf the thousands
of known human cultures. Although the cro••-cultural studies reviewed are nol
exhaustive, rhey do s8m,.,le H widely representative sclecuon of human populo.
lions a,ound lhe wo,ld. These pOllUla'ion. are mUlually independent. Some are
essenlially independent u( We.lem influence. MUSI are very ~if(erenl frnm one
anolher in culture, ecology, nutrition, chikl trainmg, and olher characteristicsof
the environment thai mighl jeopardize Ihe hypolhesi~ tlf universality. These
!olyslematic studies of 8 few popul8tiun~ draw support from descriptive and
aneed,)lal materials from II much larger nmge of cultures, AI Ihis point, the
burden of pnMI( rests on whose who assert the possibility of .H marked cultural
dCl'ar1ure in infant behavior or developmemal sequem;e, Fununa'ely. the field til
cmss,cu'lu,al p.ychology is developing rapidly, and will in the near futuresettle
the question for many behaviors I'Triandis and Lambert. 19KII-1981).

In the model of social development proposed here, an essentially presocial
phase during the neonata! period is followed wilhin 3 months by a highly. hUI
in~isc,iminalely, sociall'hase uf whieh the hallmark. are effective sustained gaze
contact and reliable social smiling. This. in turn, is fulluwe~, hy lhe 'asl quar1cr
of lhe (irsl year, by a Iype of .ociabilily Ihe very essence of which is ~jKCrimin•.
lion, II is characterized by preferential direclion of positive Nodal behavinr
luward one of • few individuals wilh an absence of respon"e ICIward other" and
I"requenlly negalive resJ'Unses luwarn "range". This i, usually calle~ lhe aUach
lIIenl phase of infant social development. Finally, Ihe maluralinn of higher
cognilive fun['lions. particUlarly, but nol exclur;ively. in the realm of language,
server; by around age 3 years to begin (0 lenninale the intense phase of alul\:h~

l1Ieul III Ihe ",illlary carelaker and IU ~eliver Ihe chiJ~ iUlu a wi~er social an~
cullural world (Lenneberg, 1967; Lecuuro, 1975; [.cenurs el aI., 19K3).

II is inleresling 10nole sUlne parallels between this sequence of three phases of
social develnpmcnt and rhe Ihree phascs in Ihe evoluliunary sequem:e pustulatcd
by Maclean (197.1. 1995). IIrielly. MacLeau has a,gued Ihallhe human hrain
t:un~i:'f5 of al leaM Ihree levels of systemic funclioning thai. while ccrtainly nol
s('parale in their ungoing activily, are usefully se"arated fur heurislic pUI'JlC.'SC!l.
Each represenlN Ihe conlribution made 10 brain slmfture by a major ellCx:h of
I'hylugeny: lhe rel'lilian hrain. UT .. R·c"'nple .... wughly cnlTe'l'un~ing lu the
level of the basal ganglia in humans; Ihe paleUlnamlllalianhrain. re,Jreseniing tllc
majm neuroanalolllical Hdvance nf the early mammals over the repliles. and
comspnnding In Ihe level nr .he limbic syslem in humalJs; and Ihe nenmalll
malian be.in, corresponding 10 the level of 1he E!eocnrtcJ., which has inl'reased
Meadily. cspedally ill fcrtain lines, Ihrnughnut lIIalluHalian evolutiuJI,

The concel'l o( reCal'illllalinn of I'hylogeny hy olllogeny ha. been frequenlly
niliciled, and at one lime was cer1ainly euggeraled by evnluliHnary biologists.
hUI it may remain valid 1na limited elllenl (Gould. 1977; Kunncr, 19KI; Gihson,

19K I. 19K3; Parker and (jihson. 1971} ) . As applied In the proposedsequence 01
psychosocial develnpmcnl, it is rcasouanlc IH hypnlhc~il.e thc (nllnwin~. 'I'hc
human neonsre has a severely restricted social repertoire. consisting IlUlinly 01

expressions uf distress chat are I'whahly not, slrklly spcH;king, sl14:ial, Within it

Icw months the infant ill \:llp.thh· of cng;lging aduhs in nnllpcllill~ suditl mrcnu
tlnns, ulili;f.ing "wired-in" ntualb-cd motor pattern", nCilahly the sll'(,:ial vnulc ,

Smiling as a social display muy he I'unctinually similar to the social display
behaviors of other animals, including rep'iles, which Mild.ean has shown 10 he
mediated hy the basal ganglia (Macl.ean, 1978, 19K5). just as euuuional smiling
appears to he in humans (Munnul-Kwhn. 1924. 1927; ({inn. II)K4),

fly the end of the firsl years, n( Ihc hucst, ~ocial hehuviur hilS tukcu nil a uuu'h
more cnmplex emotional delllh, including such phenomena as attachment, lear
uf separation. and fear of strangers. This developmental sClfuclll'e dCrclld!'ol, in
large pan, un the matura,iun of rhe lIIajur fiher Iracls of the lilithit.- sy~lclII, .lIulun
Ihe llevel0l'ment of their nuclei o( nrigin and destination. This corresponds
closely 10 Ihe evoluuonary edveuce represented by the palcumeuunalum bruin III

Macl.een's model, both at neuroanaromlcal and behevkual levels. III tact. what
Maclean views as tbe crucial functions uf (he paleomamlllaliom hrain are e,"eIH·
plificd be,lit by the very r;odlll rUI',i1filics, sUIIUltaril.cll hy a term atun-htucut, IfIOtI
emerge in Ihe human in(anl al Ihi, lime (Mad..,.n. 19K5).

Finally, fhe maturarion of higher nefK.'urtical and cl1gni1ive fundillns (CiibMln,
1981; Parker an~ <Jihslln. 1979). ultilllalely inclu~ing language (I",clll'rs. 197~:

Lecours et al., 19K3). provides a reasunahle conespondcnce wilh thc phyhtgt.'nt.··
lit: elllcrgellt:eof Ihe IlCI)("JrtCX, MlIclL':lI1's netUmllllll1uliiUl braill. sUllCrilnlu)sill~

on the Iwu 1)lder syslems a series uf new neun.behaviural functjofls, bur WilluJul
e1iminaling or suppressing cOlllplelely Ihe older functions or the olher SyMt.'IWi,
l1IUs,the mtKlel pmpnr;ed here. although clJnceived independently uf MacLean's
"Iriunc hrain" IIIIKlcl, 1tl'IICllrS to IUlvc .ciCJIlielhing ill t.'01ll1l101J wilh ic as a
recapilulatiun, in part, of Ihe pmposcd evcntr; of phylogcny,

Finally. (mm a psychialric viewIM)int. it is inleresling 1nnute Ihal this l1uKlel in
a 'lcnse al1empts whal Frcud Iried unsun:cssfully lu du al a mUfh c;lrlicr slll~C in
Ihc hislnry IIf lIeuro.ciencc- -In pmvide all aCcllulII ,,( Ihe fi..~ (caillres "I
neumlogical developmen1 thai could he used as a basis fur thc inlcrprr.Calioll of
psychosllcilil developmcnt. FI"cutl's Ihcory of lihi,lillltl t'lICI ~y, whirh hi' r~I.'ltl

lalcd as migrating hURl one paft of 1he \:clural ncrvous system 10 :Ulolht:1
Rccurding In an ur~e,'y developmenll'lan (Freud. IIJ()~). can, il is In he hn",·,l.
S(HJI1 IIC replaced hy an Ilct.'Hunlllf Ihe aduul fCillUrcs uf nervous syslclII lkvdul'
merit, as a basill for the analysis of psychus(N:ial ~mwlh,

Sun,mary aod Coocluslon"

A nUlllhcr of univcr~llls of hclmviur ,lIId dcvclupmenliJl 5CqUCflH in illLul\'Y
exillf thai appear In he independen1 of vilrialinn~ in cul1ural anti ellVirllll1l1l'nlid
clmtext wilhin the nnnllalllUlltan range. These universals JIIay relilicdlc UlUIt.·fly-
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111~ spct.:ics·typil'ul sequences uf I'CltiUIIUI nutlurnttull III the brain. Myclinlilioll
sl'lIucnces, in particular. serve 8S 8 userul Indexof rcgil)lull hrain maturation HfUr.

wilh some reservations, are an ill1(Xu1anf basis Ior develo(ling function. The
ueurobehavioral staius or 'he neonate is suhjecllu modeling witb reference In the
degree of myelinalion and other aspects of neural develnpmental sialus al hirlh.
In the realm of molor devekipmcnt. panicularly wilh reference to the IIliduralioll

of bipedal walking, enough is known In give 8 fairly convincing ell.pJulICltioll tJy
relying on myelination sequences in the corticospinal tract, Ihe posuhalamic
somesthetic radiation, and selected features of the extrapyramidal and cerebellar
systems, Finally, in 'he realm of psychosocial development, it is possible In

propose a tentative explanation or the two main Irall~ili(1n~ of Ihe first year of
life. the emergence of social smiling and the emergence of euacbmcm. by
reference 10 developmental events indicaled by Ihe myelinetkm of the drl'uilry of
lhe hasal gangliaand or the limbicsystem respectively, Purtherresearchcan be
expected to expand ami improve these models hy pwviding a hrond-based
assessment of patterns of regional brain maluralion and hy further elucidating.
through clinical ami experimental studies, the neuroanaronucul bases of complex
behavior.

This model uf Ihe development (If sodal behavior in infancy is related to Ihe
evolulionary model prnposcd hy MacLean (197.1, 19H5) and commonly known
itS "the triune hrain.·· Interesling parallels are drawn between Ihe majm cVenls
of ,,~ychusuci81 developrnenl in infancy and the phylogcllclic sequence of Mac
Lean. with the su~geslinn Ihal ontugcny in 1his area uf develupment recapilu
lales, 10 Blimiled eXlenl. phylu~cny. Thc model ifhiU has Ihe inleresling pWllCrty
of ....crvin~ Ihe fum:lion Ihal WHS meullllu be served hy Freud's Ihenry of lihidi'lill
tleveloplllenl, hUI using known hu.:ls of nervnus syslem L1evelnpmenl iliSICHd of
dutJinus Hntl speculative Iheory,

II is cllnduded Ihal'he .Iralegy prllpllsed h.s be"n ,"cce••fnlly pll,,"ed, and
lhitl lin: model ou.lined ha~ c(lm.'cplllal HIIII heuristic value, FUr1her re~Hrrh will
1I11L1uuhtetlly illlpmve Ihe model by hmadening the hase for generdli7.alioll ahoul
re~i\Jnal hrain mHluralion and hy eluddatin~ lhe nenmanalmuil-HI hifSCS of
f11lliplex behavior,
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Notes

I, This IIniformilY also Bpplies In several hundred Hlher ltrain~ in the y ..kovlcv
collectiou with 5pel'iriC neumratllllh.~it'alahnorl11i,lilies.

2. The IJIClhud illesuemely expensive lUlIll:UII~idered (lrHhihilive furlllHSIIJU'l")·\"·'
1oday. Thus the Y6lkuvlev ('tlllcl'l;nn, located itl the Armed Fnrt'es In~litutc Ilr l'alllulll~Y

ill washingron. [l,c., relllain~ q IlIlljm ICSUUll.'e 1m studies retluirillf( wnole hllllll recun
5Imt:,jol1, whether rur Iral'kin~ 1)1 luuit fi~r IraC111, NU(lI)lying Ihe I..,~er Cllnl(:l,. llf .. rl",·I1\

uf intere5l. or U1her reasens. MallY further 1Iludicli nn IhilillBlllC material arc I",!o~iltle. An
up.to-dollk: and independenl rcapprais:dl of Ihe nlClhuti and the current 51;UUS 1ll1lllJlllellllai
(If the Collecuon ill given hy Krcl!'Cllluann et al. (1'.17'.1).
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