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INTRODUCTION

The experiments reported in this paper may be regarded as a con-
tinuation of the classical studies of Harrison ('14) on the reaction of
cells to solid structures, commonly referred to as *‘thigmotaxis’' or
“stereotropism,” which is one of the fundamental phenomena of mor-
phogenesis.

For the last several years we have been engaged in extensive studies
on nerve growth and cell growth in tissue enlture, This program, mainly
focussed on questions relating to nerve regeneration and nerve repair,
has yielded mueh insight into the mechanisms of eell elongation, cell
migration, cell ovientation, cell aggregation and cell transformation.
The present article presents an attempt to single out from the large
stock of data accumulated in the course of this work, those bearing on
the problem of cell orientation. The general observations are based on
the study of nearly 5,000 tissue cultures, including 376 experiments
specially designed to analyze the response of cells and axons to dif-
ferent substrata, ’

The movements of nerve fibers and spindle cells are dealt with jointly
because experience has shown that they follow the same rules. In
both eases the prime motive mechanism lies at the free advancing tip,
the only difference being that in the ease of the spindle cell, the whole
cell body is dragged behind the advancing tip, while in the case of the
nerve fiber, the cell body remains anchored in its original place, yield-
ing only part of its substance {o the advaneing process. Past experi-
ments have shown that both spindle cells and axons advance along
oriented interfaces in the ambient medinum (Weiss, 29, '34), but the
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between the Office of Seientifie Research and Development and the University of Chicago. It
was also aided by the Dr, Wallace C, and Clara A. Abbott Memorial Fund of the University
of Chicago.
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manner in which they do this has remained unknown. It is on this point
that the new observations have a bearing. We shall advisedly use the
term “‘advance’ or “‘locomotion’ for the so-called “outgrowth’ of
the cells and axons in tissue culture, beeause the term *“growth,’” under
.“-hivl'; ‘th(*s(- .phl:l‘l()m(*llll usually go in the literature, is grossly mislo.ad-
ing. The term “‘growth” should be reserved for phenomena involving
an :u.'m'al il.l('l'l‘:l.\‘(‘ i!l I-ho amount of living matter, with or without cell
m““'l’l“""""': as distinguished from the spreading or migration of a
given mass of cells over a lavger area, which is merely a matter of
1‘(\<listl'il)1}li()ll. "”l(‘ literature is full of examples of confusion due to
the lumlpmg of ph(:nomcnu of migration and of actual growth. The
best .\‘zlh'gll:ll‘(.l u'_szan.nst such mistakes is to specify whether one deals
with cell m.nlllpltcutum, or inerease of cell size, or merely cell locomo-
tion. The 1ollo§\'mg report deals with cell locomotion, particularly the
dependence of its orientation and rate upon the physical character of
the medinm. ’

The tvchniquos.omployed varied so much that no over-all deseription
is possible. Details of importance will be given in connection with the
individual experiments where needed. In studying adhesiveness or
other reactions of cells to solid bodies, the treatment given to the test
surfaces deserves special eare. The results may vary considerably de-
pending on the cleaning process; on whether the surface is polished,
dried by evaporation or wiped; whether the part is sterilized in an
antoclave or dry oven: whether in pure air or air containing paraffin
smoke or traces of volatile oils; and many other circumstances. Most
of the experiments were done in standard cover slip cultures, but some
were also made according to Maximow’s technique. Non-coagulable
liquid media were held confined by a circular wall of paraffin. In
these cases, the tissue fragment was always placed on the dry support
and the liguid medinm was added a few seconds later, after the tissue
had become stuck (Weiss, "44a). Liquid media consisted of either buf-
fered Tvrode solution, or blood serum, or a mixture of both in a ratio
of from 2 to 10 parts of the former to one part of serum, sometimes
with an added trace of embryo extract. Coagulated media were pre-
pared of the standard mixture of blood plasma and embryonic extract
diluted with Tyrode solution.

All enltures were studied in the living or in stained preparations.
The latter were total mounts treated either with silver according to
Bodian, or with haematoxylin.

Sources of cells and axons were the following. Nerve fibers were ob-
tained from spinal ganglia of chick embryos of from 8 to 17 days of
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mcubation, or from medulla oblongata of 8-day embryos. Schwann cells
were obtained in most cases from fragments of adult predegenerated
n.lt nerves, For this purpose, sciatic nerves of rats were transceted
l"gl.' in the thigh, and the distal stumps were then left in place for
l"'l:l()(ls of from a few days to several weeks, During this period, Wal-
lerian degeneration oceured and the nerve fibers transformed into solid
cords of Schwann cells. FFragments of these nerves of about 1 mm. in
l.mlgih, when explanted, vield large numbers of migrating sheath cells
from both cut ends (Ingebrigtsen, *16; Murray and Stout, 40, '42;
Abererombie and Jolmson, '42). Their transformation into macro-
]‘T.a)g'vs has been deseribed on a previous occasion (Weiss and Wang,
D).

Many phases of this work were carried out with the competent as-
sistance of Drs. Agnes S. Burt, Hsi Wang and A. Cecil Taylor, and
their cooperation is gratetully acknowledged.

EXUDATES IN LIQUID MEDIA

Most everyone familiar with tissue culture techniques recognizes
that **culture in liquid medium’” is a misnomer as far as animal tissues
are concerned. No spindle cell or nerve fiber will ever actively emi-
erate from a tissue fragment that is completely enveloped by fluid. (‘ell
migration oceurs only if the culture is in contact with a surface. Sinee
so-called surfaces are always boundaries between two media, it seems
more appropriate to refer to them as “interfaces.”” The interface may
he the boundary between a solid and a liquid, or between two innnis-
cible liquids, or between a solid and a gas, or between a liquid and a gas.
Nerve fibers and spindle cells can extend only along such interfaces,

It has been commonly held that the tissue in liquid cultures spreads
along the interface between the supporting cover glass and the liquid
medinm, and occasionally, the interface between the liquid and the sur-
rounding air. Grossly speaking, this is correct. However, as will be
shown presently, the actual contact between the eells and the medinm
on cither side is effected through a delicate intermediary film of or-
oanic substance which exudes from the explanted tissue fragments and
cottles alone the macroscopic interfaces ahead of the migrating cells.
With the discovery of this film, the main missing link in the explanation
of cell behavior in *““liquid”’ cultures seems to have come to light.

The presence of this exudate was first noticed in silver-impregnated
eultures of embryonic spinal ganglia in liquid blood serum, diluted with
Tyrode's solution (1:3 to 1:5) and a trace of embryo extract, on glass,




306 PAUL WEISS

mica or celloidin, Fixed after 3 or more days, these cultures showed the
central explant surrounded by a distinet network of very fine fibrils,
grading from cea. 0.0005 mm. down to the limit of the resolving power
of the mieroscope. This silver-stained rveticulum, which will heneelorth
be referred to as “ ground mat,” forms a coherent civeular zone avound
the explant and is set off sharply against the ontlving parts of the

=
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Fig. 1 Axons and cells on ground mat. Explant: spinal ganglion of 11-day chick embryo.
Substratum: mica. Medium (liquid) @ serum diluted with Tyrode’s 1: 5 with trace of embrvo
extract, Period of cultivation: 3 days, Silver impregnation, X 660, Some axons are indiv:lt.vd
by arrows, Note wider meshes (some indicated by asterisks) due to proteolytic detachment
of ground mat from sides of cells,

medinm, in which silver precipitate has been deposited in the usual
eranular form. Figure 1 shows a sector of this ground mat at the sur-
face of the cover slip, with cells and nerve processes.

Though undoubtedly modified by the histological treatment, the reality
of the ground mat as such is safely established, first, by its location .
it is strictly confined to within a certain radius from the explanted
piece; second, by its reticulated appearance, which is markedly dif-
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h‘-l'vnl from the ordinary granular silver ““artifacts' s third, by addi-
|loll.‘l‘| supporting evidence presented helow s and fourth, by the definite
relations it hears o the cells in its area. These relations are the rol
lowing:

L. The terminal eell filopodia, which are the actively moving parts

of spindle cells and nerve fibers, always coineide with fibrils of the
ground mat. Protoplasmic processes evidently have extended only
along these fibrils and have avoided the exposed glass or miea surface
in the meshes between the fibrils,
. 2 In no case have spindle cells or axon tips advanced heyvond the
limits of the ground mat. Those that reach the margin are defleeted
into a tangential conrse. The ground mat thus keeps the moving units
within its bounds,

3. Proteolysis along the surfaces of certain cells often dissolves the
adherent fibrils and thus frees the cells partially from their entrap-
ment. Sueh liquefaction oceurs along the smooth, sagging sides of fibro-
blasts and Schwann cells, and most notably, at the circumference of
macrophages. As a vesult, large holes appear in the elastie ground mat
at the site of those cells. Figure 1 shows some examples marked by
asterisks,

The appearance of the ground mat sugeests that its elements are
filiform protein molecules which have aggregated into fibrillar c¢hains.
A final diagnosis must await further analysis. The origin of the sub-
stance forming the ground mat is likewise unknown. As these cultures
were made in diluted blood serum, one might think of fibrin, formed
from residual traces of fibrinogen under the influence of thrombic en-
zymes exuding from the tissue fragments. But since the original medium
contained a potent thrombie factor in the admixture of embryo extraet,
this suggestion can be discounted. All we can say about the substanee
is that after diffusing from the explant, it becomes adsorbed to the
glass-liquid and liquid-air interfaces.

The ground mat joins the living units enmeshed in it into a common
fabric and also binds them to the substratum. It thus confers nupon what
otherwise would he isolated units, the character of a coherent tissue.
Its fibrils serve as pathways for the advancing cell processes. Tt is
at the tips of their processes that spindle eells and ground mat adhere
most intimately, while the middle portions of the cells may become
detached and lose contact with the substratum. Axons likewise ¢ling
to the ground mat with their tips, but tend to become detached along
much of the rest of their length, with elastic tensions straightening the
free portions hetween points of adhesion. This explains the familiar
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1 of nerve cultures in “lguid™ medig (s

Lewis, '12; Levi, "34; Weiss, "34, 41 ) ()nl?' Imw.mph.:lgo_\- of the "(n;:::;l
coll form (G, or G. of Weiss and Wang, 4.-)) hqn("l,\' the groy m'l;
all around and thus eseape fmn.l ll'u- meshes. They adhere ¢ e su(‘
eetly or float in the liquid above, ¥
colloidal substances exuding from explants T— .
interfaces and there form a fibrous y, 0;:

polygonal patte

stratum dir

To sum up,
<orbed to the existing
which spindle eells and axons extend.

1

II-

EXUDATES IN CLOTTED MEDIA
conspicuous exudates were observed in ('l.lltlll'('s of fryg.
ments of adult nerve. Most of these (~ul!lll'('-\' were “.”‘d(’ '". plasma clotg
and these form the basis for the following (ll’:\'(’l'l!’tl""l- Figure 9 sho“.;
the end of such a nerve fragment after ('u.lt'l_\'utw.n m a blood Plasmg
¢lot, the margin of which is far bevond the limits (.)t the picture, St"‘dnds
of Schwann cells have migrated from the nerve mt". the medinm, Sur.
rounding the nerve end, one sees a more darkly stame.d area of gro,.
alated appearance, ending with a sharp horder. T'l“-‘-' dark areq i
exndate which has seeped from the end of the nerve m!o the “apillary
<pace hetween the plasma clot and the m.i a ('0\'01'.511]). This neyye
oxndate has been hriefly mentioned on previous occasions (Weisy, 434,
h). It is presumably a mixture of endoneurial 'ﬂuid and degradatioy,
products of nerve fibers which have lul(lol‘g“‘““ Wallerian d(‘g(‘"(‘l'ation.
Similar exudates have recently been reported by Friedenwald, Buschke
and Crowell (45) in wounds of the cornea, and have been shown tq
contain phospholipids. In view of the presence of disintegrated myeliy
in nerve fragments, it is not unlikely that the nerve exudate likewise
contains phospholipids in addition to the fibrous compounds referred
1o helow. Blood constituents ean be discounted as essential parts of
the exudate, beeause washing all blood out from the nerves by per-
fusion with Ringer’s solution prior to explantation does not alter the
character of the exudate. The culture in figure 2 had been treated

[Sven more

in this manner.
The exudate hegins to spread within the first day of cultivation and

its margin extends slowly into the periphery. It has a head start over
the migrating cells, which follow after an initial lag. After a few days,
the exudate stagnates, Cell migration oceurs throughout the thickness
of the plasma clot. However, while those cells that lie in the interior
of the clot follow the fibrin fibers in the usual manner, the ones that
are in contact with the glass-plasma or plasma-air interfaces show again
a marked dependence npon the exudate which has seeped out along those
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Fig. 2 Exudute from explunted periphesal verve. Explant: rat nerve after 14 days of
predegenceration: blood removed prior to explantation by perfusion with Ringer’s solution,
Medium {clot): ehicken plasmn with embryo extraet. Period of cultivation: 7 days, Harris
hematoxyling X 720 The exndate forms the sharply ontlined, more darkly stained semicirele
aronnd the open end of the nerve; it has spread around the corners, but there is no exudation
from the sides of the nerve.

Fig. & Coextessiveness of cell population and exudate. Explant: rat nerve, 18 days pre-
degenerated, Mediom (elot): chicken plasma and embryo extract, Period of eultivation: 3
days. Hematoxylin, X 61, Note confinement of cells to the stained exudate zone, sharply out

lined against the surrounding unstained plasma zone,
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inferfaces. As in the case of liquid cultures, all spindle cells repy, i
strietly confined within the area of the exndate. This confinement, ).
lustrated in figure 3, becomes evident as soon as the cells veach {),,,
marein of the exudate, that is, the line in which the three phases, syl,.
stratum, plasma and exudate, meet. Upon arriving at this border, ).
cells are deflected from their radial into a tangeutial course (fig. 4),
configuration comparable to that avising at the border between twg
plasma clots of ditferent densitios (Weiss, 34). All observations point

Fig. 4  Deflection of cells at horder of exndate, Explant: rat nerve, 26 days predegenerated.
Medium (clot) @ chicken plasma, Period of eultivation: 4 days. Hematoxylin. X 116, Note
the straight radial course of the Schwann cells in lower purt of picture; their deflection into a
tangential, arcading, pattern near the rim: and the advance hevond the exudate border of
individual eells, accompanied by protubersnces of exudute,

fo the fact that the plasma surrounding the exudate becomes gradually
condensed so that it finally arrests the spread of the exudate, and that
the marginal region of the exudate assumes a eircular ultrastructure,
which stops further radial migration of the cells by forcing them into
a tangential course.

Oceasionally, an individual cell appears to have advanced beyond
the exudate into the plasma zone. Closer inspection has revealed that
this oceurs whenever cell processes breach the retaining wall of the
plasma border, allowing a tongue of exudate material to flow through
the gap, with the cell body following. A few examples can be seen in

figure 4.
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The histological appearance of the exudate is again that of a reti-
culwm of fibvillar compounds. The vadial course of the cells in the inner
zone (ligs. 2, 3, 4) can he acconnted for by the radial expansion of the
exudate, which forces the fibrous elements into a prevailingly radial
ovientation, The cells then simply follow the radiating fibvils of the
sronnd mat.,

This group of experiments thus supplements the preceding servies
in showing (a) the presence of a ground mat formed by substances
exuding from the tissne and spreading along the existing inferfaces,
and () the formative funetion this matting exerts by guiding and con-
fining the cells adhering to it. Along the macroscopic interfaces between
glass and plasma, and plasma and air, sufficient amounts of this mater-
ial have become adsorbed to be demonstrable by ordinary histological
staius. 1t would seem plansible to assume that similar adsorption of
exudate ocenrs on the microscopic and submicroscopic interfaces inside
the plasma clot in amounts not detectable under the microscope. This
would mean that the fibrin framework of the plasma clot would likewise
become coated with substances cmanating from the cells. Generally
speaking, it would seem indicated from now on to examine cach case
of cell adhesion from the standpoint of whether the eells adhere to
their substratum directly or through intermediary substances. Such
substances may he discharges from living cells or produets of cell dis-
integration,

TISSUE ORIENTATION THROUGH DEFORMATION
OF EXUDATES BY CAPILLARY PORCES

It cells and nerve fibers follow the configuration of the ground mat,
it should be possible to guide them into different patterns by forcing
the ground mat to assume the appropriate guiding patterns. In the
preceding series, the spreading of the exudate was left to chance and,
consequently, it occurred rather evenly, concentrically from the open-
ings of the nerve. The following experiments deal with differential
spread brought about by foreing the exudate to advance faster in some
directions than in others. Capillary action proved to be a very effective
tool for this purpose.

One method consisted of placing the explant on a freshly made serateh
in the surface of a mica lamella, and covering with liquid medium. Fig-
ure 5 shows the patterns of seratches used in these experiments. (Cul-
tures were placed at the intersections of eross seratches, and in some
cases additional explants were placed in unmarred areas, as indicated
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The immediate impression from watehing the development of these
enltures is that some strong pull sucks the tissue out in the direction
of the seratehes. The intensity of these tensions may be judged from
the fact that even the compaet original pieces become distorted in the
direction of the seratehes, as can be seen in fieures 6 and 7, and more
strikingly, in figure 8. Some cases were observed in which this tug
from opposite directions actually tore the explanted ganglion apart in
the middle,

Fig. 6 Oriented nervee and eell extension along grooves of miea substratum in liguid medinm,
Explants: 4 spinal ganglia of 14-day chick embryos. Substratum: mica plite with two puirs of
seratehes intersecting at right angles (fig. 5H, without center piece). Medium (liquid): serum
and Tyrode’s 1: 4 with trace of embryo extraet, Period of cultivation: 4 days. Silver im

preguation, X 30.
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rocorner) at higher magnifieation (X 70) to ohie
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Fig. 7

Detail from figure
texture of the new web of axons,

Jts and ground mat along grooves,

Ly tensions from tissue advancing along grooves in dppe

Fig. 8§ Distortion of explants
site directions. Explant: spinal ganglion, I1-day chick embryo. Substratum: mica plate with

) (only one apex of triangle is shown here). Medium (liquid): serum
t. Period of cultivation: 3 days, Silver impregus

|

groove pattern, figure 3l
and Tyrade’s 1: 5. with triee of « mbryvo extri
tion. ¥ 77. Note extension of new tissue along the four grooved channels accompanied by some
“eguetion”” of the old explaut itself into those directions, The separate strand of axons lyiug

es in the left half of the picture is formed by fibers whose tips

hetween the two main bran
had moved out along the left lower groove hut which have become detached from the substratum

uxcept at tips wnd bases,
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The agent producing hoth {he d
oriented advanee of the new
operating as follows,

In seratching a mica plate, one cnts across many of its constitnent
lf'""'“""- They cleave slightly and thus open up countless microscopic
I.lssm'(".\', which then constitute o capillary space of very large total sur-
!‘“’" extending sideways from the seratehes. When a droplet of liquid
is placed over sueh a serateh on a dry mica plate, its rapid seepage
along the groove can he directly followed. This same phenomenon
"*‘IN‘.MS itself in the actual experiments. In these, the amount of liquid
medium used was large enough from the begiiming to cover and wet
the whole surface evenly (ef. fig. 5). Thus, instead of a mica-air inter-
face, we are now dealing with a mi a-liguid interface. But otherwise
the conditions are identical, with the part of the wetting drop simply
being taken over by exudate becoming adsorbed. Consequently, just
as a drop of liquid was sucked into the fissures of the dry mica plate,
so the exudate is now sucked into the large adsorptive mica-serum
interface along the seratehes. Due to this drainage into the preformed
grooves, the exudate spreads much faster there than it does in the
intervening quadrants, with the dual result that its contour becomes
pointed and that its fibrils will be drawn out and oriented toward the
corners as the points of fastest advance, Then, when the nerve fibers
and cells move out, they merely trace this ground mat. The nerve fiber
pattern shown in figures 6 and 7 is, therefore, essentially a replica
of the features of the underlying ground mat. There are other adjuvant
factors, such as the tendeney of advancing macrophages to become
trapped along the jagged edges of the seratehes: since axons are fre-
quently attached to, and taken in tow by, macrophages, this phenomenon
favors the tent-like convergence of axons upon seratehes. But the capil-
lary adsorption phenomenon is evidently the main factor.

This concept is borne out by further experimental evidence. First,

istortion of the original piece and the
s seetors s, in last analysis, capillary foree,

the deeper the seratches, the more marked is the orientation effeet. This
is direetly attributable to the fact that the number of fissures, hence,
the total adsorptive surface, inereases with the depth of the groove.
Second, only fresh seratehes give satisfactory results. Plates with old
seratehes, which have been washed, c¢leaned and sterilized repeatedly,
are much less effeetive, presumably becanse traces of paraffin smoke
have penetrated into the eracks and reduced the adsorptive faculty
of their surface. Third, seratehes in the surface of non-flaking ma-
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e stoel, Vitallium, columbium, tantalum)z(
g (';llli\'illt'(l on those substrata iy, s © ngy
b cultures behave as if they wep, on t(ft
therefore, are of no consequence iy

terials (glass, st '

p g »
affect the shape of ll!\\}ll
Norve fibers and cells of sud
cnrfaces. (irooves as .\,‘.ll('l.l,
: rv action. . . - |
il'lpv of tissue moving out from explantg i li(m‘d
S ) l

they exercise capilla

[u conclusion, the ~influenced by the presence in the -\'llhstr-u
media can be controllably ll!“‘ o <uction. The primary effect i 0;) Uy
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exudate film, \\~I||('ll; il(])lll-:ln:().l”l:il; matting, the individual migratorv 22}:3

wve fibers. Bo ! . . ;

:'ll:l l:‘\' ln\(: 1:::'):1:|s as isolated and physically independent as is (“)"1'1101113.
"“,rf“f'wd' jes of experiments has also provided an additional o
tl l].lr.T(‘l-‘l-(‘;\)l'(':lll\: l"vlwmntuvliv"’ effect ill sall and:nerve fhey OTiep.

g N']‘“ r] “l-l' ast evidenee on this point has been fully co’](’l"SiVe
tation. ].]m]”('“l‘-‘n'lm'l "‘JA). (he possibility of placing contact guidang,
i(““((l‘il:‘:-{“(l-:nn[-l‘("ti“‘;n with h.\'])()ll“jti('“] (~humotro:)lch.litracti_olx;s Live
the present experiments a key role m'tho a}'gum(’nl. tla::'ris 2 1, F anq
H explain the experimental set-up, in \\'hl(.‘h. exp a:x f. efe p aced.at
intersection points of seratches :m.d, in addition, \\'(u, contronted wigy,
a central explant not connected with the oﬂl-i‘l‘S 1?.‘ ("3131"3:1'3' Clla.nnels_
From the ountlines of the resulting tissue migrations, indicated ip the
figures by stippling, it can readily be seen that the central explantg
bave had absolutely no effect. There has been no mutual attl'a(.ftion
between central and peripheral cultures even though they lay withiy
close range. That the formation of tissue bridges between cu.lturos con-
nected h\-' grooves in figures 5C, D and H (see also fig. 6) is a purely
mcohani("ul effeet, and not the expression of any mutual attraction, ig
evidenced by the fact that the distances between any two cultures gt
the corners ;)t' the triangle (fig. 5D) or the square (fig. 5H) are greater
than the distance of any of them from the center explant, towards
which they have sent no processes. Moreover, new tissue may extend
Just as far, or even farther, in the direction away from the nearest eyl-
ture as towards it (note examples in fig. 6). Tt should be emphasized,
however, that the observation that no ““bridge”” forms between two
neighboring cultures unless they are connected by a ecapillary groove,
applies only to liquid eultures and not to plasma clot cultures, in which,
as previous experiments have shown (Weiss, '29, '34), contraectile forces
attending growth produce a structural connecting path. Kven then,

*The cooperation of Dr. 1. R, MeCall of the Tantalum Defense
samples of these metals is gratefully acknowledged,

of

Corporation in providing
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however, the resulting co . ;
1 : H"“'";"" cell bridge is the product of a guiding stroeture,
and not of chemotactic attraetion

In 237 cultures l':l':-ln‘-l.. ()l.lll:l.\"lz,\'rl()x .\u'm:. i
with the vxnluut; (‘11?1::" ‘\ R (I“N'm'.' T placed i "“”““.4
S o, SR WORGHHGS S o e,
:". the many ﬁl)(\‘; ht‘lit.(‘.l l?rsl ltv(-nu:«- of .tlwn' more erncial (-Imrm'l}‘l'.

AR, R pes used, we shall mainly diseuss glass wool, whieh
“.“i.us('d 1 two sizes, 8 miera and 26 miera thick.

Figure 9 shows a typical case after 4 days of cultivation. The ex-
l']“[‘t Was a nerve fragment, the medium a blood plasma clot. The vast
majority of the emigrated Schwanu cells ean be seen lined up along
the glass fibers, Figure 10 shows the sharp contrast between the dense
settlement of cells along the glass fibers and their sparseness in the
plasma elot proper. Figure 11 illustrates the deflecting effeet of a glass
fiber laid erosswise over outleading rails.

The general results, of which these illustrations furnish examples,
were the following. (1) Many more cells move out along the glass
threads than move into the surrounding plasma clot. (2) Cells along
class fibers are oriented with their long axes parallel to the glass fiber
axis. (3) Cells move more rapidly along the glass fibers than along the
fibrin fibers of the clot (see below). (4) Cells extend farther along the
olass threads than they do in other parts of the clot. (5) Cells making
contact with a glass thread through one of their processes are readily
sucked on to the glass, whereas the reverse movement, from elass into
plasma, meets with considerable resistance.

Two facts in these experiments arve especially noteworthy, as they
both prove the inadequacy of the conventional concept of “‘thigmotaxis,”’
implying merely a tendeney of a cell to apply itself to a solid surface.

The first fact is that the glass fibers are not surrounded by liquid —
in which case they would be the sole structures offering passage to the
colls — but are firmly embedded in a plasma clot, offering alternative
routes of advance. This is no longer merely a matter of cells elinging
to the only interfaces available, but of their extension along one partic-
ular type of interface in preference to another.

The second fact of significance is that all cells proceed in the direction
of the longitudinal axis of the threads — a fact clearly reflected in
{he strict longitudinal orientation of all nuclei. The cells are equally
straight and well oriented whether they are single or connected in
chains. These relations are illustrated in figure 12, which shows three
colls on a glass fiber in profile. The cell bodies are in contact with the
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The conditions in these experiments (lil’fex: significantly from thogg
of the earlier experiments of Harrison, and from related obscrvmimlN
od sinee, in which cells were found to tollow fibers suspendeq g
a liquid medinm. Sinee neither spindle cells nor nerve fibers can exteng
into a lignid medium, the solid fibers offered them the only available
hold. In the present experiments, however, the plasma clot is we]
able by itself to support cell migration; if, nevertheless there has beey,
sueh | marked difference between the reactions of the cells to fibriy
fihors and to elass fibers, we must conclude that instead of plain ad-
hesiveness, differential adhesivities are involved which make proto-
plasm adhere to one kind of interface more firmly than to another kind.

Seliwann colls are bound to the glass-serum interface much more
firmly than they are to the fibrin-serum interfaces inside the clot. This
explaing why glass fibers act as traps. The clearest demonstration of
this fact is seen when the eells reach the end of a fiber (figs. 13 and 14)
I ficure 13, fifteen ecells can be seen crowded around such an end.
Richly arborized pseudopodia have extended from the terminal cells
into the plasma clot proper. Yet, their pull in most cases is not strong
enough to drag the main cell body off the glass. One of the rarer cases
in which they did succeed, is shown in figure 14, where in a number of
cells, the mass of the eytoplasm including the nucleus has given up its
hold on the glass and followed the filopodia into the plasma clot. How-
ever, in this partienlar case, the cells are so densely erowded at the tip

plasma,
wake of the ce

report

Fig. § Migration of Schwann cells along glass fibers embedded in a plasma clot. Explant:
rat nerve, 16 days predegenerated. Medium (elot) : chicken plasma, containing glass fibers of
8 diameter, Period of cultivation: 4 davs, Hematoxylin, X 91. Note dense settlement of
cells along interfaces between glass fibers and plasma clot.

Fig. 10 Orientation of cells along glass fibers in plasma clot. Explant and medium (clot) :
as in figure 9. Period of cultivation: 3 days. X 130, Cells with small dark nuclei are Schwann
cells, those with large light nuclei are fibroblasts.

Explant: rat nerve, 41 days predegenerated.

Fig. 11 Defleetion of cells by cross bars,
X 163. Note deflection of cells

Medium (elot): as in figure 9. Period of eultivation: 5 days.
from their original course (from bottom to top along glass fibers near margin of picture)
into transverse course (along the glass fiber in center).

Fig. 12 Schwann cells extending along interface between glass fiber and plasma clot,
in profile, Explant: rat nerve, 12 days predegenerated. Medium (clot) : as in figure 9, Period of

cultivation: 2 days: Harris hematoxylin, X 360, These three cells are part of a long tandem

chain of similar cells moving from left to right.
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Several explanations might be suggested: (1) The glass surface
might have a definite molecular orientation in the longitudinal direc.-
tion which somehow could serve as directional clue to the protoplasmic
processes. (2) The fibrin in the blood plasma next to the surface of the
glass might assume a longitudinal orientation, and this fibrin orienta-
tion might be the guiding factor. (3) The advancing filopodia might he
sensi.tiw- to the curvature of the cvlindrical surface and move alone
the ln.m of lfmst curvature. (4) A ground mat, forming from an exu‘:j
date film, might assume longitudinal structure, which would serve
as pathway.

All hul‘thv last of th'o mentioned possibilities can apparently be dis-
counted, for the following reasons : .
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Fig. 13 Crowding of cells at end of glass fiber in plasma clot. Explunt: rat nerve. 16 days
predegenerated, Mediwm (elot): as in figure 9. Period of cnltivation: 2 days. > 530, Note

arborizing proeesses of terminal cells extending into elot without locomotor suceess,

Fig. 14 Pussage of cells from glass fiber to plasma clot. Explant: rat nerve, 14 days pre
degenerated. Medium (elot): as in figure 9. Period of cultivation: 3 days. X 530. Note
numerous filopodial extensions of terminal cells into plasma clot; in a few instunees, the mam
nueleated parts of the eell hodies have followed.

1. Inorder to test possible influences of the molecular surface organ-
ization, a variety of fibers other than glass were tested. These included
textile rayvon, Cordura, copper ammonium rayon, cellulose acetate, ny-
lon, aralac, ramie, methyl methacrvlate, vinylite, and several others.®
Some of these fibers could be obtained both in the stretehed and un-
stretehed state, that is, with more regular or less regular molecular
orientation. Cultures were confronted with these fibers both in liguid
media and in elots, Summing up the results, there was no significant
difference either in the orientation or density or rate of advance of

“For the supply of samples of these materials, the author is indebted to the Experimental
Station of E. L. DuPont de Nemours & Co., and particularly to Dr, M, M, Brubaker,
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Let us first call atention to the (-;11)“1211':\‘ eﬁ'?ct of & glass fiber oy
exudate spreading along the mica-plasma intertace. Flglzl'e 15 shows
¢ eulture in a plasma ¢lot with four glass fibers inserted. Of
these, the two onfer ones were ‘u contaet with the cover slip, while the
two inner ones slanted slightly upwards into the plasma clot. Tt can
he seen {hat the exudate seeping out in {he substratum-plasma interface
has been drawn ont much farther along the glass fibers than in other di-
This is a capillary effect. To imitate it, one has simply to
ass rod over a drop of water on an otherwise dry plate, and
wateh the water run out along {he rod. The water corresponds to the
oxudate, and the plate-air interface to the substratum-plasma interface
in our experiment: just as the water tends to wet the glass rod, so the
exndate tends to coat the glass fibers and thereby is sucked distally.
The elass fibers thus have much the same effect as did the grooves
ceratehed in miea in the liguid medinm cultures deseribed above.

This oriented flow ean be assumed to have forced the molecular
chains of the colloidal exudate into a corresponding orientation, that is,
parallel to the axis of the glass fiber. Such orientation would result
from the shearing stresses between the substratum and the adhesive
mass moving over it ; and the longitudinal distortion of the coagulated
fibrils of the eround mat undergoing progressive elongation. Kvi-
dence of an elongate pattern of the meshes of the ground mat has been
seen, but is difficult to reproduce photographically.

a nery

rections.

place a vl
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The |‘..n'm.ulum n—l an exudate meniseus hetween wlass fiber and cover
JJip, as M 11;1'!1‘""]-" permits visible amounts of exudate to acemmulate.
(joing one step lurl.lu-r, We may assume that exudate tends to coat all
gluss fibers, “"’llf‘h".‘-."_“lt' ones fully surrounded by plasma, but in
amonts not casily discernible under {he lnim'us(-(;lm. Actually, in
favorable cases, a ground mat has been elearly seen on such free glass
ihers. The situation is then this: Exudate .ﬁnmds from the culture
distally, extending mainly along the glass fibers, The strains of clon-
aation in the direetion of flow foree the meshes of the forming ground
at into a lengthwise orientation. Cell and axon processes then simply
{raee the longitudinal fibrils of the ground mat, and thus give the
Lupression that they had followed the orientation of the glass fibers
directly.

Pig. 15 Capillary extension of exudate along lines of contact between glass fibers and cover
i o plusmaclot, Explant: rat nerve, 3 days predegenerated. Medium (clot): as in figure 9.
[riod of cultivation: 7 days. X 34.

In conclusion, it would seem that the longitudinal orientation of cells
1 evlindrical surfaces ¢an be explained on the basis of a coat of fibrillar
material spreading ahead of the cells and assuming an over-all orienta-
tion in the dirveetion of its movement.

If this interpretation is corrveet, the experiments with different
natural and artifieal fiber types mentioned above lack conclusiveness,
heeause we then have tested not the reaction of the cells to the surface
condition of the various fibers, but rather the spreading of exudate
along the fibers. Since this spreading is influenced as much by curva-
ture, polish, surface treatment, acquired electrie charges, ete., as by
the intrinsie properties of the fiber, and since the two sets of factors
cannot be varied independently for experimental purposes, it is not
surprising that a better correlation between the nature of the fibers
nsed and the eell bebavior along their surfaces has not been observed.
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[ all cases, the advaneing iS¢ hwann cells and nerve fibers toq) X

longitudinal course. They formed a coherent tivss'ne‘, which env?l()ped
Ih(; olass fibers more or less (-()mpl-ot(’l,\’. ”0“.0‘ er, thqugh orienteq
]t.'llg“lll\\'i.\'t‘, this tissue was not straight, but slightly twisted. Figm'e
16 ;;i\-us two views of such a new tissue sheath a.roulld a glass rod, View
A foeusing on the lower, view B on t!lt‘ upper side of the Same portigy,
of the 2.];,‘\-5 vod. The tissue, consisting of a (.101150 la:\'er of cells with
interspersed axons, ¢an be seen 1o have d(‘S(‘l‘ll.)Od a l'lgllt hand spirq)
Figure 17 shows another culture composed mam].y of nerve fiberg and
some macrophages, also forming a right hand spiral. )

The oriein of the spiralling remains obseure. It is not due tq
,m‘(.h;mi(.u‘l accidents, such as slide-slipping of the explant or rotatjoy
of the rod, for the sense of the sliil‘ulling was the same in both dil‘(}cti(ms
from the explant; if the explant had been dislocatod, the spirals woulq
obviously have been of opposite sense. Out of thirty cases, t\\'@llty_
SOVOT sl;m\u«l right hand spirals both ways, and only one showed g
chanee of direction at the explant; in two remaining cases, the twist
was .lml marked. The twisting does not seem to be caused by the glass
surface, for special care was taken to avoid any torsion in making the
olass fibers, and furthermore, glass rods deliberately twisted in a left
hand spiral did not alter the dirvection of the twist of the tissue. Ope
might suspect some asymmetry in the elementary fibrils of the exudate,
but it would be idle to speculate about the matter pending further
experimentation.

Except for the deviation due to spiralling, the tissue is oriented
longitudinally. Thigmotaxis, that is, the mere tendeney to adhere to
the surface of the glass, would have left these cells and nerve fibers
still free to take random courses on the surface. To explain their com-
mon orientation, we must again turn to one of the four alternatives
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Figure 16 Figure 17

Fig. 16 Envelopment of thick glass fibers in liguid wedia by tissue eont with spival organ-
ization.  Explant: spinal ganglion, 14-day ¢hick embryo. Substratum: glass fiber (0L15 mm,
wide, Medivm (iguid): serum and Tyrode's 1: 3, with trace of vmbryo extraet. Period of
eultivation: 8 days. Silver impregnation, X 213, The same segment of the glass eylinder was
photographed hoth in high focus (B, showing the upper side, and in low focus (A), showing
the underside. Note right-handed twist,

O

ig. 17 Spirading of axons on surface of glass fiber. Conditions as in figure 16, X 163,

the diameter of the advancing cell tip about 0.2y, i.e., only about one
ten-thousandth of the circumference. A tip turning off from its straight
conrse at rieht angles and moving in the direction of maximum curva-
ture for a distanee ten times its diameter would deseribe an are of only
about one-third of one degree, which is so nearly a straight line that
the protoplasmic tips could not conceivably discern the difference,



PAUL WEISS

) h
i 3 i . o s
| sround mat formed l))‘ exudate SCChing Frop
M MWHMI’ rx“ni Jes the most plausible explanatioy The the (
' aoain TurTHasTEE: aftor ol T
l)l:””“ J;Ll” l "r” can e ll(»n}()ll-\“dt(‘(l (ltt(_'l h]l\ ) t]‘oat"l(znt ”‘S(.'ll(.
yune % S T A E

ole of the silver stained reticulumn, be

t\\' lgl“.
. , IS rd m = 0N [0
ns \'h()\\'“ 1n hg. 1‘ )- lhe (h\ll(lilte S (“

D> s

S U "l,
l’l(‘ll(ls l- ('\'@

' " ll(l‘ . A 1 1 S 1 o S . ! N
fhers (qll . evlindrical film, its fllln ils become Orienteq Stay),
> . » 2 ;l"“\ g S ' . s . r 2 ] ) g S. ,’ . . e ;l“ )
g O " and nerve fibers follow '!K fibrils. As soon ay the Noy ; g
WIS« . . 3 ~ . g \
e have merged into a continuous sheath, the freo ady S8y
eloments "; latter exerts further pull upon the more Proxin, ll«!n(-;ug
“the &k : Alal .

4101 Y ) 1 i 3 . g g IHET
' Jeads to @ further straightening of the cells ang ey Par
and this 1050 pl'(‘\':lilill}_" nmovement, he

dirveetion of the

I axon filaments on surface of glass fibor, Detai) fron
LI

Fig. 18 Ground mat wit ulturg

i 7 7ol
ghown in figure 17. X 7at

RATE OF CELL ADVANCE AS A FUNCTION OF THE
‘ ORIENTATION OF THE MEDIUM

In the first deseription of the orienting effeet of the medium g cell
growth (Weiss, '29), it was rup(){‘tv(l that cel!s ad}'ance faster and jy,
\l‘arger numbers in regions in '\\'-hl(‘]l the clot is .orlented, than ip less
well organized regions. The difference was aseribed to the diﬁ"erences
in the ease of liquid transfer, and 'llt‘ll('(‘,. Sl'lppl._\' of nutrients, This
explanation might hold for rates of multiplication, but not of sheey
migration. _

In the present series of experiments, a direct quantitative comparison
was made between the vate and extent of oriented cell migration along
glass fibers and the rate and extent of the more irregular migration
inside the plasma clot under otherwise identical conditions, Nerve
fragments were embedded in plasma clots as usual, and glass fibers
were placed in contact with one end. Figure 19 shows the result after
2 days. It can readily be seen that the cells have spread mueh farther
along the glass fibers than they have along the fibrin framework of
the clot. In fifty-four cultures of this type, fixed on the second, third,
fourth and fifth days, the maximum distances covered by cells along
glass and in the plain plasma clot were measured. The values obtained
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o each day were averaged and are given in the graph, figure 20. '[‘].,(.
1|““‘..x line indicates the means of the maximum distances ('n\'(~|"vd in
‘.l:x'm plasma, while the solid line gives the means of the maximun
l.ul\-;uu'v- along the glass, Distances are given in micrometer nnits, one
Lnn corvesponding to 172 miera. The curves show that the cells have
moved more than twice as fast and far along the glass than they ]Ifl\'!‘
ieide the elot. The difference is partieularly marked during the first

- g g ( 1 and along
Fig. 19 Comparison between extent of ool wilvanee inside of plasma (.lm (l(tflto)t )l. e
glass fibers (right). Explant: rat nerve, 12 days predegenerated. i\'lml“:"'ml :
plasma and embryo extraet. Period of cultivation: 2 days. Hemutoxyhn. 30,

12
10—
sl
6
b
sl
71 1 | | ]
8 DAYS | 2 3 % 5
| CASES 4 6 0 Iz

Pig. 20 Graph, giving the maximum distanees reached by cells of the same cultures mi-
grating in plasma clots and along glass fibers (compare figure 19). Abscissa: days after ex-
plantation (with number of averaged cases). Ordinate: maximum migration in micrometer
grts O unit = 172 miera) —o—o— Cells on glass; ~ e~ =0 =~ ¢ells inside plasma,
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LATERAL CELL AGGREGATION
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of cultivation: 5 days,
the plasmia clot, where they move in all three dimensions of Space, t)e
incidence of enconnters will he high, where all fibers move iy, a single
common plane. A continnous solid-liquid interface, therefore, is Con-
ducive to fascienlation simply because it inereases the chances of the
fibers to meet. The same conditions that favor fasciculation of nerye
fibers favor lateral ageregation of spindle cells. Liquid spaces iy the
medium are, theretore, preferred sites of fasciculation as well as of
cell aggregation,

New illustrations of this principle were observed in the present
series of experiments. Often in dense cultures, the file of cells on glass
fibers had not remained single, but additional layers had become joined
to them laterally. Figure 21 gives an example, The method by which
such solid cell cones develop around glass cores is apparently the
following. When the first cell layer wedges in between the glass rod
and the plasma, it leaves a narrow liquid space in its wake (fig. 12).
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cording 10. what WhS said _‘Jt‘l'o.l‘e. this liquid space gives later cells
g u;'l'“‘"“"“." “‘f x‘-{}ld(? out in direct contact with the surface of the
:-;ll'li"‘ ONCS, '”3‘5_ 18 ““01."0!‘ example of the far reaching morpho-
Lanotic effects of liquefaction in a colloidal matrix.

DISCUSSION

(e facts reported above have confirmed the guiding action of
oricnted interfaces in the locomotion of cells and nerve fibers (principle
o “contact guidance’; Weiss '41). They have, in addition, furnished
<ne data regarding the mechanism through which this orientation is
ected, Barlier experiments (Harrison '14; Weiss, 20, "34) had
Jemonstrated the faet that spindle cells and axon tips follow micro-
<copie and even submicroscopic fibrils in their orientation, In those
cases the guiding fibrils could be assumed to be of {he same order of
magnitude as the advancing cell processes themselves: provided thus
with straight guide fibers as climbing ropes, the cells could take no
other but a straight course. The present experiments, however, show
that the direetion of cell movement still remains oviented in the diree-
tion of the axis of a eylindrical structure, even when the diameter (tf
the latter is several thousand times that of the cell processes. This obvi-
ously could be no longer a matter of direct guidance of the cell by the
supporting fiber as a whole.

The observations reported in this paper pointed to a solution of
the problem, based on the realization that cells are not actually guided
by the gross structures to which they appear to be applied, but by a
fibrous exudate coating those structures and containing fibrils of
dimensions very close to those of the cell processes. The orientation
and arrangement of spindle cells and axons is then, in the main, de-
termined by the features which this fibrous mat has assumed during
its formation, when it was subjected to the shearing and elastie forees
ereated by its spreading.

Thus, if the exudate spreads uniformly from a center with a con-
centrically advancing margin, the prevailing orientation will be radial.
This explains why centrifugal cell movement predominates even in
liquid cultures. Both in liquid and in plasma clot cultures, the pre-
vailingly radial cell orientation is a result of tensions. In clots, these
{ensions arise from contraction within a stationary margin;: in liguid
cultures, from the expansion of the exudate from a stationary center.

If the exudate film spreads predominantly in a single direction, the
forming fibrils will become oriented in the same direction, and so will
ihe eells and nerve fibers following them. The result is essentially the
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s tention of certain species of molecules in prefoy 1
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orntl and re
;“l:‘t,llnfrj:':.”::n:l from the mixed molecular population of the ambien ¢ fuig
ccies will emerge and be concentrated along the ; X
yat. They, in turn, may serve as foundatioy, for t]lll’:
<tacking up of further layers of Hw-san}o or rﬁ»late(l kinds, and the Cha]t
acter of the coat may ihus change with time. 1 ndor. t‘h'eso cil'cumstan@os
i« doubtful whether any surface, natural or artificial, organic o in.
oreanic, can for any length of time stay uncoated when exposed to body
fuids. After that, the reactions of cells to that surface will no longey
he determined by the nature of the surface, but by the nature of 'its
coat. The formative role of surface coats in development has recently
been emphasized by Holtfreter ('43) and Lewis ('44). Schmitt ('41')
views intereellular cement as mechanism of adhesion in epithelia (see
also Chambers, '40). The similarity to the ground mats regulating
the movements of mesenchyme eells and nerve fibers in our experiments
is noteworthy. Huzella (729) seems to have recognized these faets
rather clearly, when he elaimed an “‘organizing’’ action for the argyro-
phile ““gitterfasern’” of his tissue cultures. However, the rather sketchy
account he gives of his experiments leaves the relation of this system to

1o
those pl'vl'('l‘l‘('tl sp
terface as a film or ¢«

the ground mats of our experiments in doubt.

In all these instances, cells formerly thought to behave as individuals
guided by ““tropisms,” have on closer inspeetion proved to be linked by
a common material matrix determining the texture, orientation, as well

as the behavior of the tissue as a unit. It would be interesting to

examine to what extent the mass movement of slime moulds (e.g.,

Raper, 41) follows a similar mechanism.
The problem of direct adhesion between naked parts of eytoplasm and

solid surfaces of various descriptions has received some attention
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(Pleiffer, 34). Cells wit) proteolytie
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conts in their vieinity, they \\'o:ll“;.‘ i :lpt. to dissolve the protein
et Ao SOBEREE. Cur ldautomatically detach themselves
S @i Lnrpresent, as well as past (Weiss, 44a) exper-
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nat (fig. 1), are I)l'ot,w)lvtic i-]ll : H).nf 'lllo holes they make in the ground
bom Do subbent yica .'\ l.l(tl\ e, can tl(‘lllﬂ.“.\' he seen to retract

_ stratum. Only their non-proteolyzing processes anchor

Hw.N' .('v!l.\' to tl‘le g.rnl}n.d mat. Completely detached eells round up
(types Gy and G, of Weiss and Wang, '45), but may take hold again
upon renewed contact with the substratum. If we aseribe to different
cell types different lytie discharges (specifie proteolytie, lipolytic, ete.),
and assume that the various coats adsorbed to different surfaces differ
in their composition, a possible mechanism of seleetive ecll adhesion
could be construed.

The studies of Holttreter (43, '44) on the behavior of embryonic cells
on different substrata will have fo be reviewed in this light. Similarly.
the observations of Twitty ('44) on the migration of pigment cells
under different conditions in vitro will have to be viewed with the pos-
sibility in mind that in these instances, too, there is a common ground
mat of exudate along which the eells spread so that much of the behav-
ior aseribed to the eells direetly would have to be reinterpreted as due to
effeets on the formation and shape of this ground mat.

The observations of Friedenwald, Buschke and Crowell (*45) sug-
west strongly a mechanical role of the ground mat in wound healing.
The anthors observed that after a lesion to the corneal epithelium, there
is first a spreading of exudate over the denuded area, followed only
Jater by a radial invasion of the wound by the cells of the margin. If
the exudate over the wound could he proven to contain fibrous units un-
dergoing syneretic shrinkage, this would explain the eell movements in
the healing of the wound. For the contraction of the exndate would
produce radial tensions, resulting in a predominantly radial orienta-
tion of the ground mat, and this, in turn, would orient and draw
the processes of the epithelial cells surrounding the lesion into converg-
ine radial courses. This is merely one example of the explanatory
value of micromechanical concepts as applied to problems of tissue for-
mation and regeneration. A systematie exploitation of this field is still
4 matter of the future. It would seem that many morphogenetic proc-
esses formerly aseribed to various ill-defined cell ““tropisms™ may find
a realistic explanation along similar lines.
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ation seems much more likely. The rates of
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ith a less regular fibrous skeleton, the much higher inei-
dence of intersections along the course of a cell would entail much more
ays, and consequently, much less rapid over-all progress,
than would happen in a medium of more orderly orientation. If ter-
minal cell filopodia extend simultaneously in several directions, there
always results a tug-of-war among them, and the rest of the cell body,
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its competitors. The advance of a cell in an ordinary plasma clot is in-
t’errupted by countless such delays due to competition among multiple
tlpS.. The ground mat on the glass thread, on the other hand, being pre-
dom'mantly oriented in a common direction, presents far fewer inter-
sections, hence, the occurrence of divergent terminal filopodia is much
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4 espression of ‘lhv degree of orientation (inversely related to the in-
lurst"'l‘-'d.“oss) of the guiding interfaces, :

This simple coneept explains the observed results quite adequately
without recourse to hypothetical stimulating and inhibitory factors.
[n fact, one }\'ondcrs how many of the “growth promoting’’ or *growth
(lvl"‘*-'-*ﬁllfg’ effects of drugs or physical factors described in the litera-
{ure on tls..s'ue cultures might simply have been effects on the structure
of the medium indirectly facilitating or retarding the locomotion of the
('('“S.

The advanee of nerve fiber tips follows the same scheme, with the

only difference that occasionally, instead of a single filopodium, two
may come out suceessfully from the competition, both of which may then
proceed and divide the trailing evtoplasm between them; the result is a
branched axon (Speidel, '35; Weiss, '41). Accordingly, as was €x-
plained in an earlier paper (Weiss, '44b), the rate of *‘nerve regenera-
tion," veferring to the advance of the tips of the regenerating fibers,
is not to be treated as “growth rate,” but belongs in the same category
as the rate of cell locomotion discussed above. The rate of nerve ﬁb(’.l'
progress in scar or otherwise unoriented tissue is much slower than 1t
is in oriented tissue simply because of more frequent delays at the
incomparably more numerous intersections in the former. The excellent
nerve regeneration obtained after the ““sleeve splicing’” of severed
nerve ends (Weiss, '44b) is largely attributable to the fact that the out-
growing Schwann cells and axons are provided with straight unbranched
pathways for the transition from the proximal to the distal stump. The
fact that Schwann cells and axons can be oriented into straight parallel
courses by strands of parallel fibers of glass or other materials, even
if the latter are embedded in a blood plasma clot, raises hopes that it
might become possible to develop artificial bridges for the spauning
of nerve gaps by embedding suitable fibers, properly spaced, in a eylin-
drical elot, sheathed by a suitable membrane.

SUMMARY :

Observations on cea. 5000 tissue cultures of Schwann cells and nerve
fibers in liquid or clotted media, with or without the inclusion of fibers
of various kinds and dimensions (glass; textiles: synthetic resins;
8-500 y) have led to the following conclusions concerning the mechan-

isms of adhesion, orientation, locomotion and association of spindle cells
and axons in vitro.

1. Explanted tissue fragments give off a colloidal exudate, which
slowly spreads centrifugally over all exposed surfaces and coats them
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.’lhh anph. .('Onc“l’t explains the observed results quite adequately
“v,(l'mm vecourse to hypothetical stimulating and inhibitory factors.
[n fact, .()]l(" }\‘oudcrs how many of the **growth promoting’’ or *‘growth
‘l("nlcssnfg effects of drugs or physical factors described in the litera-
TRyt tls.su@ C.lllturos might simply have been effects on the structure
of the medium indirectly facilitating or retarding the locomotion of the
(-t‘”S. )

The f"‘l"alli‘t‘ of nerve fiber tips follows the same scheme, with the
only difference that oceasionally, instead of a single filopodium, two
may come out suecessfully from the competition, both of which may then
proceed and divide the trailing eytoplasm between them; the result is a
branched axon (Speidel, '35; Weiss, "41). Accordingly, as was ex-
plained in an earlier paper (Weiss, '44b), the rate of “‘nerve regenera-
tion,” referring to the advance of the tips of the regenerating fibers,
is not to be treated as **growth rate,’” but belongs in the same catc;.f:‘or,\'
as the rate of cell locomotion discussed above. The rate of nerve hhe.r
progress in scar or otherwise unoriented tissue is much slower than 1t
i« in oriented tissue simply because of more frequent delays at the
incomparably more numerous intersections in the former. The excellent
nerve regeneration obtained after the cigleeve splicing’’ of severed
nerve ends (Weiss, '44b) is largely attributable to the fact that the out-
growing Schwann cells and axons are provided with straight unbranched
pathways for the transition from the proximal to the distal stump. The
fact that Schwann cells and axons can be oriented into straight parallel
courses by strands of parallel fibers of glass or other materials, even
if the latter are embedded in a blood plasma clot, raises lopes that it
might become possible to develop artificial bridges for the spanning
of nerve gaps by embedding suitable fibers, properly spaced, in a eylin-
drieal elot, sheathed by a suitable membrane.

SUMMARY L
Observations on cca. 5000 tissue cultures of Schwann cells and nerve
fibers in liguid or clotted media, with or without the inclusion of fibers
of various kinds and dimensions (glass; textiles; synthetic resins;
8500 n) have led to the following conclusions concerning the mechan-
i«ms of adhesion, orientation, locomotion and association of spindle cells
and axons in vitro.
1. Explanted tissue fragments give off a colloidal exudate, which
slowly spreads centrifugally over all exposed surfaces and coats them
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5. Fibers of glass and
clot act as traps for cells that h
exeeptionally do cells relinquish
the clot.

6. Cells advance more than twice as fast and as far along the inter-
face hetween a glass fiber and the surrounding plasma clot as they do
inside the plasma clot. This difference is attributable to the more
numerons delays at the more frequent intersections in the fibrin frame-
work of the clot. The differences of ‘regeneration rates™ of nerve
fibers according to the degree of organization of their surroundings
(scar tissue vs. oriented tissue) can be explained on the same basis,
without implying any differences in the rates of the intrinsic activities
of movement and growth in the neurons concerned.

7. Liquid spaces in the medium, whether primary or produced by
proteolysis, ereate favorable physieal conditions for the aggregation of
cells, as well as for the fasciculation of nerve fibers.

some synthetic resins embedded in a plasmg
appen to make contact with them. Only
ihe fiher surface and move back into

8 On the whole, the experiments have reconfirmed the principle of
“eontact guidance’” of spindle cells and nerve fibers; have shed some
light on the mechanisms of ““‘thigmotaxis’’ or “‘stereotropism™ in tissue
i'Ol'm;lthH; and have intimated a wider morphogenetic significance of
fibrous exndates in development and wound healing.
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