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v observations on the outgrowth and termination of nerve fih

In pnrl .; ¢ different fiber types must be guided to their respective end

: ared tnl“éction sites by selective chemical or electrical forces. Explana?c:)gans e
“"‘”ﬁimotaxis, chemotropism, galvanotaxis, anq neurotropism wepe i
like © véd by Cajal” and others early in the century. Thege selectivit -
ﬂ;ﬁl%:uﬁe under attac‘k, especially during the 1930’s and 4(g when the: ;’pci)incipts
l; nore analytic experimental .approaches. to the mechanics of nerve growt}Ix) s:a o
( «le out the presence of either chemical o electrical selectivity iy f oy
u:.(,domina"tly mechanical interpretation 3. & U
The nUMErous examples of apparent selectivity described egy

i} joelopmental Patternmg of the centra] nerve tracts and fihep
4 e came to behevg, were more properly and correctly explain,
hasis, particularly in terms of the orienting effects of mechani
ultrastructures and the resultant formation of submicroscopic Sy

ers, it ap-

lier, as we] as the
Systems in general,

; The hypothesis, 18—24 i.n brief, suggested that the patterning of Synaptic connections
inthe nerve centers, mcluding thoge refined details of network organization hereto.-

Slgetclz;a‘ rlgtr;\:(;)}‘l/ gvlzi}llar;lsm dgecftly, inglependently of fu_nct'ion, and with very stric
Bcointer i ofgs ynag ic om_nat.lon from the bgglnmng. The estabhshment
i oytoche. s lynap. 10 ass001at19ns were confzelved to be regulajced by highly
f : 1ca a.fﬁnltles .that arise systematically among the different types
U neurons involyed vig, self-dlfferentiation, induction through terminal contacts,
and‘ embryonic gradient effects.

. Commg at a time when “instinctive” was still a disreputable term in most scien-
e uarters, and when concepts of nerve growth were strongly dominated by the
‘,“m“hanical theory, thig seemed a long shot at first and hardly less wild t%lan 5(:111(;
p t}fe OPposing interpretations of the day like the “resonance principle”:
that it g Proposed to replace. When tested experimentally, however, study affm_'
rs:;?l ﬁbfar Syste_ms were disconnected and Szgs;pflj:l‘zsin‘:] }‘ellcixrel'y i un(?e{‘
(g o il section, regrowth always qu i of The funectional outcome was
: 1 tions that precluded re-educative adJustmentS-ﬂ mselves in regeneration and
"ays g if the serambled fibers somehow unsorted 2631 nerve terminals.

Ilaged to “home in on their 01'igirla] and proper centr:

d fibers of the
: that the cells an bly
B . ion from these results that the £ s, presumably
’brain (:;r;led adnecessary cons(i)lllféoll{liiii of individual identification tags, P
cord must carry
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] in nature, by which they are distinguished one frop, 3 Ay

cytochemica ' . )
in many regions, to the level of the §mgle neuron; an‘d fufther, dhel ther -
fibers are extremely particular whep it comes to eStaPIIS}}lng Synapti, C()e g’%jf'
each axon linking only with certain neurons to which it becomes se]er; eeti,,hlk'
: C lv(‘,‘l 3,

y
v at

tached by specific chemical affinities. .
This chemoaffinity theory included additional features such as ¢,

of morphogenetic gradients in retinal, cut.aneous, vestibular, and Otherzpplic‘itir,n
explain their orderly topographic pI‘O]eCf.GIOIl and_ centr'al representato, st g,
terning of central neurotization by peripheral induction, neurong] g, he Mt

st SPecifing .
through synaptic contact, and related principles of growth and differei t?;ﬁt-cat"’“
applied to the specialize log

d problems in the functional organization of neyy, &
bl T eurogenesis.2 % It carried previous conceptions of nerye SOIIa.l cop,
to a new order of refinement and put on a prefunctional chemical basis th, :Clﬁc.it).
of the brain networks for inherited components in behavior. rde”“g

Taken as a whole, the scheme offered an explanation of the developmey 1
terning of central nervous organization that seemed to have distinct ad\,;:ltpat‘ :
over alternative concepts applied previously, like “disuse atrophy,” ¢yq, des
taxis,” “mechanical contact guidance,” “‘bioelectric fields,” “autonomoys d('iﬁn
entiation of resomance scores,” and “stimulogenous fibrillation.” The Chenfr.
affinity interpretation also fitted nicely with related developments in animalb(;
havior and ethology on the one hand, and in experimental embryology and genetic
on the other to bring together a number of loose concepts into a systematic approacg
to the inheritance and development of behavior patterns.

In spite of the attractions and the considerable supporting data, there have alyy,
been a number of persisting objections and gaps in the evidence to prevent oﬁ;
accepting the hypothesis completely. In the first place, we had never actually s
growing nerve fibers bypass a series of empty neuron slots to settle on their oy
proper terminals. This always had to be inferred indirectly, mainly from b
havioral evidence. Moreover, this same behavioral evidence could be accountd
for in other terms without recourse to all the postulated chemical affinities a
without the assumption of selective reconnection—by schemes involving certa
physiological coding and resonance phenomena that could operate in randomiz
nerve nets. The “resonance principle” of Weiss,?? 3 which had remained fo
nearly 20 years the favored explanation of related phenomena produced by p
ripheral'nerve derangements, was just such a scheme in which the growth of synapti
connections was conceived to be completely nonselective, diffuse, and universal i
downgtream contacts. Nothing in the evidence, including the postregenerati\?
mapping data from electrical® 5 and lesion®! studies on the optic tectum could ¢
considered ecritical in deciding between these alternatives; direct hi’stologi"ﬂ
evidence was needed to settle the questions involved. ;

The chemoafﬁqity interpret.ation also met objections on the grounds that the
are not enough distinet chemical labels available in the embryo. The scheme I
quires literall‘y ‘milli'ons, and possibly billions, of chemically diff.erentiated neu’
’g{g;s,};e:lihocfilzﬁgli:;il:f:esfrim all others on the same side of the midsagittal P

) ‘ ystem is presumed to be a chemical mirror map of !
othe.r. This labeling prol.)lem, plus the further task of interconnecting in precs
detail all the postulated millions of chemically specific neuron units into functios?
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. prain circuits, alsq scem.ed .

daptive from the standpoint of in-
rohiDit'" 01 cory because of a supposed
prmation llgh‘ “bits of information”
ok of ello;‘;g()tc to handle all the de-
ithin tllzaiaecisi011s involved in build-
” opmel.ln on this plan.

jg o bre! obtained recently seems to
'denf;;rect experimental answer to
rovide & tions. This has come in the
ich Ob}e? ars from histological studies
, tfe“f3ib58 on the optic system of
di]llnwhich I was joined in 1959-

shes,

Fia. 1_.~Diagrammatic Teconstructions  of
S Dr. Attardi,* ® and in the past regeneration patterns formed ; i
060 by '

.. OTmed 1n optic tractg and
1.9 In tectum by fibers originating in different retinal
d a half by Dr. Arora. : halves,asmdlcated (after Attardi and Sperry+,5),
sqr an think we have finally man-i :
ief, we nstrate quite directly by hstological methgd
ged t0 dem?th and synaptic formation. The new evid
erve grow rent parts of the retina preferentially select, Separate central path-
g from dlﬂelefl pinto the brain, and that they eventually find, and connect
ays as t'hey L(?r;g:;igna,ted target zones in the midbrain tectgm.
ith, specific pleriments the main optic trunk was severed in g
In these exp e s’crambling among the hundreds of thousa: :
hance the inevita ding eye was then opened, and half of the retina wa removed
bers. The GULIoED onl 2g and 3) in order that the course and termination pf the
pudicated In Figs. t,he,'mtact half-retina might be differentiated hi§tologlcally.
aining fibers frcfm Its from the different types of cases is presented in Flgur.e L.
summary of the o SS removal in separate cases of the fop ha'lf of the retina,
shown in the dlagrar? ,the back, or the outer peripheral hemiretma. resulted, re-
e bottom h@lf, tl_le f:ﬁ?flf ,rent and,CODSiStently distinctive regeneration patterns.
ectively, in quite di : forks in the system of trails leading back to their tectal
 each of the succejssl;’ﬁber groups made different and correct choices. 3 St
: inatiOPS]; the;,:srtw;re those cases in which the regenerating fibers, in order
Of special in

s the postulated selectivity
ence shows that fibers aris-

rough manner to
nds of constituent

i . ter of retina grow
" ati f temporal retina . —TFibers from cen f tectum
G. 2_.—Follomng ablation Oating% DiioRbers Fic. 3(,i el perioh arl Zonea(x)ld .
P henerve section, regener f the semi-  through de blishing plexiform layer al zone,
¥ through extensive stretches o synaptic ~ without establis ntil they reach centr
: a(tied i teclflurr}, b;otstf;g;irgr %;ctum. tic connections u
nd connections only in .
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reach their own synaptic zones, were obliged to first grow through and g,
= b . Mhiis waa +m1a whe i UT'()s
terminal sectors of optic tectum. I'his was true when the posterioy half.y, ()'*s Moy,
removed, and the fibers from the anterior hemiretina, particularly thoge 18

St g had to cross large stretches of the partially denervate O the

medial tract, . e o % d Merion 1

of the tectum without forming synaptic linkages (Iig. 2). 1In this Sitllatior hajg
n

regenerated fibers remained in the superficial parallel layer and Courseq o
through without branching or synapsis to bypass the whole population al Straigh

terminal neurons that lay empty and readily accessible all through fr()ntrltia]

of the tectum. halg |

Something similar occurred when the peripheral part of the reting wag
(Fig. 3). In these cases, all the regenerating fibers, in order to reach the
synaptic zones in the center of the tectum, were obliged to grow from
tectal border across the denervated peripheral zone. Here again they
confined to the superficial parallel layer passing straight through withoyt,
Only within the central zone of the tectum did these fibers from the cent
ramify and form the deeper synaptic layer.

It is evident that optic fibers advancing along the same central channelg el
very differently depending on their retinal origins. On reaching a given poi 1
the peripheral tectum, for example, one fiber type dipped centrally and rami
the deeper plexiform layer to form connections among the neuronal elements o
immediate vicinity, whereas other fibers in the same position continued
right on through and beyond these same free, denervated neurons, bypassing the
and many others for varying distances, until the fiber tips reached the appro
tectal zone that matched their retinal origin. With the mechanical conditions
the growing medium identical for these different fiber types, and with other v
like timing, rate of growth, and functional feedback seemingly eliminated
the systematic variance in the course and termination seems most reasona
plained on the basis of specific chemoaffinities between the different optic fibersan
the elements encountered in growth. Studies still in progress show that, whent
main medial and lateral tracts in these fish are freed and surgically interchanged
the brain where they approach the tectum, the displaced fiber bundles pro
recross in growth to regain their proper channels.? Fiber bundles, deflecteds
farther centrally at the edge or within the tectum, tend to form new sho it
pathways in the parallel layer oriented in a direction in which no optic fibers w0
ordinarily grow in the given region.! We also find that fibers from neighbor
points in the retina tend to segregate at the first opportunity within the nerves
and may remain thus segregated through the chiasma and all the way to the tectu

It is apparent from the results that not only the synaptic terminals, but at
these fishes the route by which the growing optic fibers reach those ter inal
selectively determined, presumably on the basis of similar or identical chemoa il
factors. I'rom direct observation and photography of living nerve fibers,”
known that, as the growing tip advances, it continuously sends out a spray 0%
of rapidly elongating and retracting microfilaments that extend outward nt®
surrounding front in all possible directions (Fig. 4). The above evidence SUés
that factors more chemical than mechanical determine which of the various &
filament probes will preponderate at each point to set the course of growth- :
results lead us to what is essentially a chemotactic view of nerve outgrowth

+eMoygg
the Outey

Temaine, -
Synapsis |
ral refip
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b “distance action”. imput_cd in some definitions of chemotaxis.
“-itllo“t t.-u/(-ipl(‘f of contact guldancg 1s assumed to appl
geﬂ“"”] '_’"‘1 clectrical, or mechanical theory of nerve
Y c}wn“‘(f"‘l);] made it clear that nerve fibers are able to
h 1Harn>('m‘ freely into or across fluid spaces.!t
‘,lms the problem of explaining the topographic plan inherent in the

reni
There T aplike pro-

' The
y here as it always has in

growth since about 1913
grow only in contact with

,ehavior of the optic fibers that is responsible for the neat m.
.« ]aid down among retino-tectal connections. Ior this, I still go back

Fia. 4.—Schemafcic representation of sequential
steps in ’chemot,actlc guidance of g growing nerve
fiber. A’spreading flare of microfilaments constantly

. _\[/. reaches out in front of the advancing fiber tip testing
7& * the surroundings in all directions. The critical fac-

' L R - tors determining which microfilaments will prevail to
A "'% . * ’ _X‘ _ set the course of growth would appear from present
; £ * N evidence to be mainly chemical. Numerous alter-

N P native possible paths, as represented at A, B, and C,

T v are open and mechanically feasible at each point

: but fail to develop because of differential chemical
attraction.

| my initial interpretatiQIl”' 23 proposing an .order!y .cytochemical mapping in
orms 0f two or more gradu?nts of embryonic dlﬁeljentlatlon that spread across and
fhrough each other with their axes roughly perpendicular. These separate gradients
Jccessively superimposed on the retinal and tectal fields and surroundings would
tamp each cell with its appropriate latitude and longitude expressed in a kind of
hemical code with matching values between the retinal and tectal maps. The
wersion of the retinal map on the tectum suggests complementary relations in the
finity forces involved in linking corresponding points in the two fields. Similar
wversions in other systems point to general use of complemental gradient values in
mapsis. The same set of cytochemical factors extended from the ganglion cells
the retina into the microfilament flare at the tip of the growing optic axons and
so stamped on the optic pathways could be utilized for guiding the respective
ber types into their separate proper channels at each of the numerous forks or
ecision points which they encounter as they make their way back through what
sentially amounts to a multiple Y-maze of possible pathways. The final course
d down by any given fiber reflects the history of a continuous series of decisions
sed on differential aflinities between the various advance filaments that probe the
rroundings ahead and the diverse elements that each encounters.

Prediction that the nasotemporal (anteroposterior) gradient might be shown to be
ed separately and prior to the dorsoventral gradient,?! has since been confirmed
the experiments of Székely® and Stone.® These and other embryological
Udies with correlated electrical analyses by Gaze! and his associates give further
fdence to the gradient interpretation. Apparent discrepancies in the recent
" of Burgen and Grafstein® are instructive regarding the dynamics of gradient
lization, but require no change in the basic hypothesis. We have been able to
i o behavioral studies that, the discrimination of color and brightness, like the
rl;ttl'on of diref:tionality and spatial factors in vision, also undergoes an orderly
i 100 In Optic nerve regeneration.’ This means that additional specification
1€ optic fibers ig required to assure the appropriate tectal linkages for the differ-
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ty fibers. I'he same would seem to he Hvgs

. pes of color L ehers 1 ‘der to e : or ¢
o t}’lzf qff » gnd “on-off”’ classes of optic hbmbf ]ln e d((’ll Ot:Xplam the ob%ervhp'
top,’’ ‘‘oif,”" 8 b S S0 earne atte
O ecovery of optokinetic responses and o IR dlsc"lmmati ki
orderly recover th the visual system of man or other Mammg] Ong

m Tiar primarily w1 ; : o ol
Those familiar pri y e The tial er : 8
bjections in the foregomg interpretation. The par crossing of fiberg in :
see obh]eCctlOi: =

and Juminosl

mammalian chiasmg,
culty; and worse, the fact
the nasal half-reting, of Ont i
terminates in close regist, ; Ve
Superior Cerebral the tem I h ' ¥
‘// colliculus cortex G Lempora alf—retma, Of X
other eye in primates may 1*

N p
Retinal N >\/\ .
fields / Q }
M N\ - " at first like a direct, contrage
(N T &

tion. Actually, with tpg :
=

gives dlﬂ-’i v.

P

y.

corporation of certain
developments that we
must have taken place i
course of evolution, the g
. gradient  hypothesis

v _NT" . 1 nicely also for the ma
Fia. 5.—Schematic diagram indicating possible applica- including man. First

tion of chemoaffinity interpretation to genesis of mam-
malian visual system (see text). Axial labeling of gradi- postula,te that fibers fr

ents for brain centers is highly tentative as the effective iz
embryonic gradients underlying their topographic differen- temporal pole of th
tiation remain uncertain. D-V: dorsoventral gradient; gradually from the

N-T: nasotemporal; R-C: rostrocaudal. poral half-field have
Jateral growth affinity that prevents their crossing in the chiasma region.
keeping the dorsoventral axis as before to mark latitude in the retinal fi
postulate that in mammalian evolution the nasotemporal gradient came 10 |
placed by the radial gradient for topographic labeling. This would give tk
quired cytochemical correspondence for functionally identical points i 1 na
temporal half-fields (see Fig. 5); it would also leave the differential n:
and analogous matching properties in the centers for determining de
laterality, layered projection, and related features of the mammalian
sociated with stereoscopic vision and retinal rivalry, that in themselve:
been puzzling from the standpoint of neurogenesis. At present the |
cannot be excluded that the decussation patterns in the optic chiasm
termined mechanically in development in combination with rate and t
fiber ingrowth. However, previous attempts to explain chiasma forma
mechanical basi\sf have run into difficulties that appear to be more easily It
on the chemoaffinity plan. 4
" o o i, o e eidene vl 2t U
B ,connections inetl}(i or r‘ihg visual system, applgf to the patternmg.' _
i ewcnmnn (1 vte e r.amte nervous system in general, though 1 t
e diﬁereist ation will be found to vary in fprm and degree .
o e estpartsf of the sys‘tem. A considerable packlog "
e ﬁgen ive o ch.emotax1.s has accumulated during the 18
: emphasized to the prevailing unpopwia®
anything suggestive of neu i ommgie e prove'ime T
rotropism and chemical guidance. With the demo?

Lateral
geniculate

.
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urther doubt
assessment, of
Importance of

— regrowth in the optic system leaving little room for f
1 fcmnt' Lty effects,* the way seems cleared for retrospective re
0 gelect1V h & ohservations with an inereased recognition of the
of the ("mﬂfﬁllit’v in nerve growth and connection in general 13
olectiV (,"h(‘m;) é]lcxrlé)aflin1it;y concepts to the growth of fiber patterns and connec-
axtension Ool‘i[)]l eral nervous system may require brief comment, at this point
ons i ty‘he ‘(l"m‘enc e to peripheral nerve growth and regeneration that the strongest’,
Jpee it been gathered in support of earlier impressions that nerye outgrowth
vidence I ation are basically nonselective. Furthermore, many of the observa-
d t.el-mill:m'ng absence of selectivity in peripheral nerve regeneration remain in
e 1,357 On the other hand, there are exceptions where peripheral
00 tion i clearly selective, and other cases where it appears to be more selective
: ervfltl i, 12,2228 Though it must thus remain for the present partly a matter
hz;sis, it may neverthelgss be worthwhile to caution here that, in the changing
empictu re as we now see it, the established examples of indiscriminate nerve
tm‘; th and termination begin to look more and more as if they might represent
» exceptions rather than the general rule.

The work was supported by a U.S. Public Health Service grant (M3372) and the F. P. Hixon
4 of the California Institute of Technology. A shortened version of the material was presented
u,e 4nnual meeting of the American Association of Anatomists in Washington, D.C., April
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