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ABSTRACT

	

To study the dynamics of membrane components during neuritic growth, we carried
out a series of pulse-chase experiments with ferritin-conjugated and unconjugated lectins on
sympathetic neurons sprouting in vitro. Labeling of aldehyde-prefixed cultures with wheat-
germ agglutinin or with the galactose-specific lectin of Ricinus communis is consistently dense
near the distal end of the neurites . By contrast, if live cultures are labeled with these lectins
and chased for 3-20 min, label-free plasmalemmal areas appear in the most peripheral regions
of the growth cone, on filopodia and, furthermore, over vesicle clusters (SPVs). These marker-
free areas, however, contain lectin receptors, as can be shown by relabeling the chased cultures
with the same lectins after the aldehyde fixation . In a further set of experiments, cultures are
labeled with a saturating concentration of native lectin, chased, aldehyde-fixed, and then
relabeled with the ferritin conjugate of the same lectin . In this case, the surfaces of filopodia
and of SPV clusters are selectively labeled with the ferritin conjugate, indicating the insertion
of new lectin receptors into the plasma membrane in the growth cone periphery. These results
indicate that plasmalemmal expansion in the neuron occurs by a mechanism of polarized
growth, possibly involving SPVs as plasmalemmal precursor vesicles .

Recent studies on a variety of eukaryotic cell systems have
produced a considerable body of data on mechanisms and
location of synthesis ofmembrane components (e .g., references
41 and 42). However, only in a few cases are there data that
suggest how newly synthesized membrane components, lipids
and proteins, may reach the plasmalemma, or where and by
what mechanism insertion of these components into the plas-
malemma occurs . Results relevant to these questions have been
obtained from studies on the assembly ofviral membranes and
have suggested that the transfer to the cell surface of certain
membrane components occurs in particulate, rather than sol-
uble, form (3, 40, 41) . In another system, the retinal rod (e .g.,
reference 54), disk membrane components have been demon-
strated to migrate distally into the outer segment, presumably
after localized insertion near the connecting stalk (cf. references
4 and 5) . Similarly, localized insertion of new membrane
components may occur during egg cleavage . In that situation,
fusion of vesicles with the plasma membrane of the cleavage
furrow is thought to lead to its localized expansion (2, 7) . The
fusion hypothesis has also been proposed for hyphal growth in
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root tips (19) . This view ofinsertion ofpreassembled membrane
into the plasmalemma is analogous to the well-established
concept of exocytosis during secretion (cf. reference 29) . Yet,
it has not been possible so far to follow ultrastructurally the
insertion of specific membrane components into the plasma-
lemma and, thus, to provide conclusive evidence for this hy-
pothesis . Furthermore, incorporation of preassembled mem-
brane into the plasmalemma appears to contradict the finding
that membrane biogenesis is a stepwise phenomenon, i .e ., one
that involves the successive incorporation of individual mem-
brane components (see, e .g ., reference 44) . Nevertheless, in the
Discussion of this paper we will explain how these two views-
insertion of preassembled membrane and stepwise membrane
biogenesis-need not be mutually exclusive and could be
combined in a single hypothesis .
One of the most dramatic examples ofcellular growth is the

sprouting of neurites in developing neurons . The formation of
these processes may lead to a 1,000-fold expansion of the
plasmalemmal surface of the neuron (43) so that, at this stage
of differentiation, one of the neuron's main functions is mem-
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brane synthesis. By measuring average neuritic elongation (0.5-
1 mm/d for mammalian sympathetic neurons; 22, 25, 30) and
the average diameter of newly formed neurites in such cells
(-0.5 Am), the rate of plasmalemmal expansion can be esti-
mated at 0.5-1 .0 Amt/min per neurite. The mechanisms in-
volved in neuritic elongation and plasmalemmal expansion
have been dealt with in various studies that have suggested
distal growth of the neurite. These investigations include the
studies by Hughes (22), who found that the distal tip of a
severed neurite continues to grow for a few hours, Bray's (8, 9)
measurements of the distance of advancing growth cones rel-
ative to neuritic branch points or light microscopic markerson
neurites, and the freeze-fracture analysis by Pfenninger and
Bunge (35) . However, none of these studies is conclusive .
To shed some light on the mechanisms involved in plasma-

lemmal expansion in the neuron, we have carried out a series
ofsurface-label pulse-chase studies' with carbohydrate-specific

ligands, plant lectins (cf. references 1 and 10, and the studies

with cationized ferritin by Wessells et al. [50]). Thelectins have
been applied either in unconjugated or in ferritin-conjugated
form . Our experiments were tailored specifically to study (a)
the relative movement of existing plasmalemmal lectin recep-
tors and (b) the appearance ofnew plasmalemmal lectin recep-
tors during neuritic growth . The studies have been carried out

at the electron microscopic level for optimal resolution and
identification of cytological detail, and because initial studies
with fluorescent lectins produced too small a signal on growth
cones compared with the culture substratum surrounding them .

Brief reports on some of the experiments described here have

been presented elsewhere (32, 36-38) .

MATERIALS AND METHODS

The Neurons
Foreasy access to cell surfaces and efficient sampling of different parts of the

growing neuron, especially nerve growth cones, all experiments were carried out
in culture . Superior cervical ganglia (SCG) from newborn or late gestation rats
were cut into small pieces and grown for 3-4 d in collagen-coated Aclar wells
(33C Aclar, gauge 5, Allied Chemical Co ., Morristown, N. J.) according to the
method of Bunge and Wood (13) . The culture medium was modified from that
of Bray (8) . It contained 10% human placental serum, 600 mg of glucose, and
nerve growth factor (calibrated to produce a maximal growth effect) in 100 ml of
Leibovitz's (L 15) medium. Noantibiotics were used. The cultures were incubated
at 36°C in air. The use of L15 medium made exposure to raised CO 2 levels
unnecessary, which greatly facilitated handling of the cultures and reduced
proliferation of nonneuronal cells . After 3-4 d in vitro, halos of neuritic sprouts
were observed around the explants. Explants with maximal outgrowth and with
neurites tipped by spread-out growth cones were selected for pulse-chase exper-
iments.

Lectin Labeling
Lectins from wheat germ and Ricinus communis were isolated and purified by

affinity chromatography (27) . These lectins and concanavalin A(Con A; obtained
from SigmaChemicalCo., St. Louis, Mo .) wereconjugated with ferritin according
to the method described by Maytie-Pfenninger and Jamieson (27) . Conjugates
were then purified by affinity and gel chromatography to obtain a fraction that
was free of denatured or unconjugated lectin and of unconjugated ferritin, and
that contained active lectin and ferritin in a ratio close to 1:1 . In various labeling
studies on nerve tissue cultures, optimal binding conditions were determined (see
below and the companion paper [39]) . Under these conditions, nonspecific
binding (in the presence of 0.2 M hapten sugar) was found to be negligibly low,

Just before the actual experiment (cf. flow diagram, Scheme 1), the cultures
were rinsed (39) in a very gentle but continuous stream of fresh medium in which

' Although these lectin experiments are not strictly analogous to pulse-
chase studies with radiolabeled precursors, the term "pulse-chase" has
been adopted because of the timed exposure of live cells to the label,
followed by various survival periods in the absence of the label.
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Single-label (B)*

	

Single-label,
relabeled (C)

Prerinsing$ >45 min
Lectin labeling:

5 min F-WGA (200 gg/ml)§
or F-RCA I (300 gg/ml)

Chase: 3-20 min
(including rinses)

Fixation : glutaraldehyde

Double-label (D)

Prerinsing$ >45 min
Lectin labeling :

5 min WGA (500 gg/ml)
or RCA I (600 ttg/ml)

Chase:* 3-20 min
(including rinses)

Fixation :* glutaraldehyde

Quenching of aldehyde
and washing

Lectin relabeling:
10 min F-WGA (200 gg/ml)

or F-RCA I (300Itg/ml)
Rinsing, refixation with aldehyde

Osmication, 'uranyl block staining,
dehydration, embedding .

SCHEME 1

	

Protocols of pulse-chase experiments .
* Letters in parentheses refer to Fig . 1 .
$ All steps of these experiments up to and including the onset of
the first glutaraldehyde fixation are performed at 36°C . Thereafter,
processing takes place at room temperature . However, in the
double-label control experiment, the steps marked by stars are
carried out on ice.

§ Concentrations in micrograms per milliliter refer to the amount of
lectin, not including ferritin . This quantitation is possible because
lectins are radioiodinated before conjugation with ferritin, and
their specific radioactivities are known . For F-WGA, experiments
are also carried out with lectin concentrations of 50, 200, and 500
gg/m I .

human placental serum had been replaced by 1% bovine serum albumin (BSA ;
fraction V), and in which the hapten sugar for a specific lectin, if included in the
regular medium, was replaced by another sugar as follows : in experiments with
agglutinin I from Ricinus communis (RCA I), which is specific for galactosyl
residues, the galactose normally contained in L15 medium was replaced by
glucose, and in experiments with Con A, specific for glucosyl and mannosyl
residues, glucose was replaced by galactose. No such adjustments were necessary
in experiments with wheat-germ agglutinin (WGA), specific for N-acetylgluco-
samineand, to some degree, forsialic acid residues. During the rinsingprocedure,
which was carried out at 36°C, growth cones remained spread out and neurites
continued to grow without signs of being disturbed . The cultures were then
labeled with lectin or lectin-ferritin conjugate for 3-5 min at 36°C . Subsequently,
cultures were rinsed three times with the BSA medium for periods of 0.75-3.0
min each (depending upon the duration of the entire chase period) . After chase
periods of3-20min, the cultures were fixedat room temperature by slow infusion
of 1.5% glutaraldehyde in phosphate buffer according to methods described
elsewhere (33, 39). Aldehyde-fixed samples were either processed directly for
electron microscopy or relabeled with ferritin-conjugated lectin after washout of
the fixative. Removal ofaldehyde was accomplished by washing the cultures first
with phosphate-buffered saline (PBS : 0.15 M NaCl, 0.05 M phosphate buffer,
pH 7.3), then with PBS containing 1 mM glycine to quench remaining aldehyde
groups and, finally, with PBS to which l mM glycine and 1% BSA had been
added (39). These carefully washed cultures were then subjected to a second
labeling step with a ferritin-conjugated lectin (10 min), were rinsed three times
(5 min each) with BSA-containing PBS, then refixed with glutaraldehyde, osmi-
cated, uranyl block-stained, and processed for thin sectioning by embedding in
Epon 812 (39) . For the control experiments, carried out in the cold, prerinsed
cultures were placed on a black aluminum block sitting in ice-ethanol slush so
that the surface in contact with the culture dish was at 0° to -2°C. Labeling,
rinsing, and fixation steps were carried out on this block in the cold room . Only



after 10 min in 1 .5% glutaraldehyde were these cultures warmed up to room
temperature for the subsequent steps of the fixation and embedding procedure.

After polymerization of the Epon, the Aclar dishes were peeled off the epoxy
disks containing the cultures . With the aid of a phase-contrast light microscope,
areas containing numerous spread-out growth cones were selected, marked with
a diamond marker, cut out, and mounted on Epon blocks. The remounted
specimens were then serially sectioned parallel to the culture substratum, and the
sections were picked up on Formvar-coated grids and poststained with uranyl
acetate and lead citrate. The sections were examined with a Philips 301 or a
JEOL JEM 1000 electron microscope .

In all the pulse-chase experiments, the maintenance of neuritic growth turned
out to be particularly critical . In many of the initial experiments, in which rinsing
and labeling techniques had not been perfected, nerve growth cones were often
no longer palm-shaped but had started to retract by the time fixation was begun.
Electron microscopy of such retracting neurites revealed a paucity of filopodia,
an abundance of secondary lysosomes, a lack of clusters of subplasmalemmal
vesicles (SPVs), and the absence of the changes in lectin receptor distribution
described below . The observations described below were made on vigorously
growing neurites with spread-out growth cones, in four experiment series involv-
ing WGA (20 individual experiments) and two series involving RCA 1 (15
individual experiments) . The results were consistent .

RESULTS
The rationale for these pulse-chase experiments was as follows :
Membrane components that are essentially uniformly distrib-
uted throughout the plasmalemma of the sprouting neuron are
likely to be inserted continually as plasmalemmal expansion
occurs (Fig . 1 A) . A surface label for such a membrane com-
ponent, e.g ., a lectin, is suitable for pulse-chase studies relevant
to the problem of plasmalemmal expansion (cf. reference 39) .
In a first experiment (Fig . 1 B and Scheme 1), live cultures are
labeled initially with a cell surface marker, then grown in the
absence of the marker (chase), and subsequently fixed and
processed for electron microscopy . In this experiment, insertion
of patches of new membrane might initially lead to the lateral
displacement of labeled, already existing, plasmalemmal com-
ponents. Ifinsertion has indeed occurred, relabeling ofa similar
preparation with the same cell surface probe, after aldehyde
fixation (Fig. 1 C and Scheme 1), is expected to reveal new
receptors for the surface probe in the previously bare areas .
Consequently, the result of a relabeling experiment would be
a uniform rather than a patchy distribution of the marker .
Such a relabeling experiment can also be used to demonstrate
selectively the newly inserted receptors for the ligand : Existing
membrane receptors are first saturated with the unconjugated,
invisible cell surface probe . The neurons are subsequently
allowed to grow in the absence of the label, fixed, and finally
labeled with the ferritin conjugate of the same lectin. This
experiment would demonstrate only those receptors for the
ligand that appeared in the plasmalemma during the chase
period (Fig . I D and Scheme 1) .

Lectin Labeling of Immobilized Growth Cones
As reported in the companion paper (39), the labeling with

certain lectins of aldehyde-prefixed or cooled cultures ofgrow-
ing nerve cells results in almost uniform labeling of the entire
surface of the neuron including perikaryon, neuritic shaft, and
growth cones (cf. Fig. IA) . This has been demonstrated for
neurons from rat spinal cord and SCG, labeled with F-WGA,
F-RCA I (F- designates the ferritin conjugate of the lectin) .
Despite the slight proximo-distal decrease in F-WGA labeling
of the SCG neuron (13%), F-WGA labeling of the growth cone
and distal shaft areas is rather dense ; the labeling with F-RCA
I is uniformly dense throughout the SCG neuron (39) . Fig. 2A
shows a nerve growth cone whose surface could be studied
over a length of many microns . The enlarged details of this
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FIGURE 1 Rationale of pulse-chase experiments for the study of
membrane expansion . A, labeling of cold- or fixative-immobilized
neurite . 8, result of single-label pulse-chase experiment . C, single-
label pulse-chase experiment, relabeled . D, double-label pulse-
chase experiment . pin, Plasma membrane ; the arrowheads mark
between them a putative area of insertion of new membrane
components ; p, pinocytotic vesicles, one of which is open to the
extracellularspace; pv, putative plasmalemmal precursor vesicle . For
further explanation, see text .

growth cone (Fig . 2 B-E) demonstrate that the surfaces of
growth cone filopodia, SPVs (11, 33, 53), proximal and distal
parts of the body of the growth cone, and neuritic shaft exhibit
a consistently dense pattern of receptors for WGA. However,
the fixation of SPVs is often less than ideal and may cause
ballooning and ejection of membrane vesicles. The surfaces of
such blisters are devoid of lectin receptors . This may lead to
the erroneous conclusion that glycoconjugates are absent from
part or all of the plasmalemma covering SPV clusters .

Single-label Pulse-chase Experiments
These experiments, also described in Fig . 1 B and Scheme 1,

are a first attempt to study the dynamics of membrane com-
ponents in the growing neurite . Often as early as 3 min, but
always after chase periods of 15-20 min, the original, nearly
uniform lectin distribution has changed . As shown in Fig . 3
(F-WGA, 20-min chase) and in Fig . 4 (F-RCA I, 12-min
chase), the most distal portions of nerve growth cones are
frequently seen to be free of the surface marker, whereas
neighboring, somewhat more proximal areas exhibit an un-
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FIGURE 2

	

Nerve growth cone ( g), aldehyde-fixed and labeled with F-WGA . Note the uniform distribution of lectin receptors in
the various proximal and distal membrane regions shown at higher power in B- E (these micrographs show in greater detail b-e,
respectively, in A) . f, Filopodia ; v, cluster of SPV ; dv, dense core vesicles ; n, neuritic shaft . Bar, 1 pm . A, x 5,800 ; B-E ; x 37,700 .

changed lectin labeling pattern . It is important to note that
there is not a sharp boundary between bare surface areas of
filopodia and the labeled, more proximal growth cone body
region (Fig . 3) ; rather, there is a gradual increase in labeling
density . Another area, in fact the one that is most consistently
found free of ferritin in these pulse-chase experiments, is the
surface of well-fixed SPV clusters and their immediate sur-
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roundings (Fig . 11) . These are found predominantly on growth
cones but, occasionally, on neuritic shafts as well. Other neu-
ritic shaft areas, by contrast, are consistently found to exhibit
unchanged lectin receptor density and distribution, even after
chase periods of 20 min (Fig . 5) .

Internalization of ferritin-lectin conjugates is observed but
seems not quite as prominent as the tracer intake suggested by



FIGURE 3 Single-label pulse-chase experiment with F-WGA, 20-min chase time . Note the reduction in label density (about
threefold) on the most distal parts of the growth cone, the filopodia ( f, area a), and the gradual increase in ferritin density more
proximally (area b) . c, collagen fibers of the culture substratum . Bar, 0.5 Am . x 48,900 .

FIGURE 4

	

Single-label pulse-chase experiment with F-RCA I, 12-min chase time . Whereas the body of a growth cone ( g) is labeled
(area b), microfilament-filled veils and filopodia (~ of the same or of a neighboring growth cone are free of the marker (area a) .
Bar, 0.5 Am . x 44,500 .

the studies of Birks et al. (6), del Cerro (15), and Bunge (12) .
This is consistent with the observation that, during chase for
15 min, the number of plasmalemmal lectin receptors at the
growth cone is reduced only by a marginally significant 12%
(39) . Internalized label is frequently seen in coated vesicles
(Fig . 5 B), which are common organelles in nerve growth cones
and axonal shafts . Irregular smooth membrane cisternae are
even more often seen to contain internalized tracer (Fig . 5).
The internalized tracer is observed mainly within the growth
cone body but rarely in filopodia (Figs . 3, 4, and 6) and not in

SPVs (Fig . 11) . As a function of chase time, the changes in
surface labeling and the internalization of the ligand become
more extensive but do not differ in their patterns . Furthermore,
they are identical for F-WGA and F-RCA 1 . Very similar
observations are made for F-Con A, but this label tends to
form clusters . Because of this irregular ligand distribution,
which is suggestive of patching (cf. reference 24), F-Con A is
not used as a label for the experiments described below.
No signs of toxic effects of the label can be detected during

30-min (or shorter) periods ofexposure to the lectins . However,
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FIGURE 5

	

Single-label pulse-chase experiment with F-WGA, 15-min chase time. Note the completely uniform label distribution
on the neuritic shafts (A ; s in 8) . Some conjugate has been internalized into a coated vesicle (cv) and smooth membrane sacs
(arrowheads) . g, Growth cone body . Bar, 1 tlm. X 42,500 .

after longer chase times, neurites are seen frequently to retract
and sometimes are phagocytosed by supporting cells in the
cultures .

Single-label Pulse-chase Experiments, Relabeled

As explained above (Fig. 1 C and Scheme 1), preparations
identical to the ones just described are relabeled after aldehyde
fixation with the same ferritin-conjugated lectin . Fig . 6 illus-
trates the results obtained in such experiments . Proximal
growth cone region, neuritic shaft, and the surfaces of filopodia
and SPV clusters, which appear bare in the previous experi-
ments, are completely and uniformly labeled . Densely labeled
filopodia and SPV clusters may be seen on growth cones
containing substantial amounts of internalized tracer that stem
from the initial labeling step before the chase period (Figs. 6 A
and C) .

Double-label Pulse-chase Experiments
This last experiment (Fig. 1 D and Scheme 1) consists of an

initial labeling step with a high concentration ofunconjugated,
invisible lectin, followed by a chase period (3-20 min), alde-
hyde fixation, and a second labeling step with a considerably
lower concentration ofthe ferritin conjugate of the same lectin .
CONTROLS CARRIED OUT AT 0° C : In the absence of

growth there is minimal ferritin labeling of neuritic shafts and
growth cones, including the surfaces of filopodia and SPV
clusters (Fig . 7 ; compare with Figs . 2 and 6). The sparse
labeling in this control experiment shows that (a) under the
conditions used, saturation with native lectin of existing plas-
malemmal receptors is nearly complete, (b) the dissociation of
bound native label from the membrane is slow, (c) exchange of
ferritin-conjugated and unconjugated label during the second
labeling step is not extensive, and (d) aldehyde fixation does
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not induce the appearance of new, previously inaccessible
lectin receptors .
EXPERIMENTS CARRIED OUT AT 36 ° C : Fig. H shows a

small group of nerve growth cones at low power, chased for 3
min (compare with Figs . 2, 6, and 7 ; the estimated amount of
growth during 3 min is 1-2 Bm of neurite elongation, corre-
sponding to 1 .5-3 .0 gm2 of surface expansion) . Note that the
more proximal plasmalemmal regions are quite poor in lectin
label (triangles), whereas the most distal, filopodial regions are
covered with ferritin particles at much higher density (aster-
isks) . A small SPV cluster (v) can also be seen, and most of its
surface is densely labeled with ferritin particles. Figs . 9 and 10
illustrate these results at higher magnification. High label
density on a filopodium is evident in Fig . 9A and is in contrast
to the much lower label density on growth cone body (Fig. 9 B ;
cf. Fig. 2) and neuritic shaft (Fig . 9 C) . The labeling of the
surface ofSPV clusters in this experiment (Fig. 10) is strikingly
complementary to the result of the single-label experiment
(Fig . 11): while the surfaces of SPV mounds are very densely
labeled in the double-label pulse-chase experiments, these areas
are found almost always label-free in the single-label pulse-
chase experiment. Selective labeling of growth cone filopodia
and of the surfaces of SPV clusters was found after chase
periods of 3-20 min but was more frequently seen after the
longer survival times of the cultures .

DISCUSSION

The almost uniform distribution of some lectin receptors on
the growing SCG neuron enables us to use these carbohydrate-
specific probes for studies of membrane dynamics, provided
that experimental procedures are fast enough to overcome the
problem of mobility of membrane components. Rapid lateral
diffusion in the membrane and mixing of at least some of the



FIGURE 6 Sing(e-label pulse-chase experiment with F-WGA, relabeled . 15-min chase time . Note completely uniform label
distribution including the surfaces of growth cone filopodia (f) and neuritic shafts (s) . Note internalized conjugate in smooth
membrane sacs (arrowheads) . The vesicles of an SPV cluster (v) are not labeled . Its basal invaginations (i), however, contain the
tracer. Bars, 0 .5 gm . A, X 38,000 ; 8, X 44,100 ; and C, X 28,800 .
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lectin receptors is likely to occur (e.g., references 17 and 18) .
Thus, these experiments can be successful only if their time-
course is sufficiently fast to capture and localize the lectin
receptors before lateral diffusion has randomized preexisting
and newly inserted glycoconjugates . With WGA and RCA I,
pulse-chase experiments can be carried out without obvious
toxic effects on the cells . Con A may induce patching of lectin
receptors within the short period of observation and, therefore,
does not seem to be suitable . It should be emphasized that the
lectins are likely to have a variety of receptors on the neuritic
surface, including both glycoproteins and glycolipids . At pres-
ent, we are unable to distinguish between these two major
classes of glycoconjugates, so that the results shown here may
pertain to the dynamics of either or both classes of lectin
receptors . It should also be stressed that the distribution of
lectin receptors does not parallel the distribution of intramem-
branous particles in the growing neuron : although intramem-
branous particles decrease in density from the perikaryon to
the growth cone by about one order of magnitude, lectin
receptors may only slightly decrease, remain constant, or even
increase in density as one moves distally to the growth cone
(cf. references 35, 39, 45, and 46).

Relative Movement of Neuritic Lectin Receptors
during Plasmalemmal Growth
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FIGURE 7

	

Double-label pulse-chase experiment with WGA and F-WGA . Control, carried out on ice, 9-min chase time . Note the
virtual absence of the ferritin conjugate from the various growth cone ( g) areas shown here . f, filopodium . Bar, 0 .5 txm . x 43,000.

The numerous single-label pulse-chase experiments with
various chase and growth periods demonstrate that, for times
of 3-20 min, changes in the distribution of labeled lectin

receptors occur predominantly within the growth cone region,
on the surface of its filopodia and numerous SPV clusters, but
not along the neuritic shafts-except, again, on the surface of
SPV clusters, which can be observed on the shafts occasionally .
The findings are the same for WGA concentrations from 50 to
500 [,g/ml and for the saturating amount of RCA I . Retrograde
transport oflectin as observed by Koda and Partlow (23), who
used Con A linked to large particles, is not evident in this
material. The nature and selective location ofchanges in lectin
receptor distribution reported here point to the growth cone as
the main site of membrane dynamics . The critical question is
whether the (relative) movements of membrane components
described here are related to the growth process, i.e., to plas-
malemmal expansion by the insertion of new materials, or to
some other cellular function.
One cannot immediately rule out the possibility that the bare

areas observed in the single-label pulse-chase experiments are
the result of localized clustering-patching or capping-of
cross-linked lectin receptors (16, 31, 48, 49, 51) because of the
divalent (RCA I) and tetravalent (WGA) nature of the lectins
used (26) . However, the transition from bare to labeled cell
surface as one moves from the tip of a fdopodium to more
proximal neuritic regions (or from an SPV cluster to the
plasmalemma surrounding it) is always gradual, never formed
by a zone of particularly densely packed ferritin particles.
Furthermore, we have not found dense patches of surface label
within bare membrane regions, nor is there much internaliza-
tion occurring in the growth cone periphery (39) . Thus, the
observed labeling pattern is not consistent with the occurrence

FIGURE 8

	

Double-label pulse-chase experiment with WGA and F-WGA, 3-min chase time . A small group of growth cones ( g) is
shown . Note the abundance of ferritin label on filopodia (f), the most distal, microfilament-filled regions of the growth cones
(asterisks), while the more proximal growth cone areas, as recognized by their content of membrane-bounded organelles, exhibit
minimal amounts of the marker (triangles) . A heavily labeled SPV cluster (v) is also visible on this section . Bar, 1 gm . x 30,000 .
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FIGURES 9-11

	

Double-label pulse-chase experiments with WGA and F-WGA (Figs . 9 and 10),3-min (Fig . 9 A-C and 15-min (Fig .
10) chase times, and, for comparison, a single-label pulse-chase experiment with the same lectin, 15-min chase time (Fig . 11) . The
high-power views allow for a more detailed examination of lectin labeling patterns . Note the high density of ferritin particles on
filopodia ( fin Fig . 9 A and B) and on an SPV cluster (v in Fig . 10) while more proximal regions, growth cone body ( g in Fig . 9 0) and
neuritic shaft ( n in Fig . 9 C), are only very sparsely labeled . The appearance of SPV clusters in the double label experiment (Fig . 10)
is strikingly complementary to that in the single-label experiment (Fig . 11) : note the reversal of heavily labeled (asterisks) and
marker-free (triangles) membrane areas . Bars, 0 .5 jLm . Fig . 9 A-C, x 46,000; Fig . 10, x 46,800 ; and Fig . 11, x 37,000 .

of patching or capping . However, the critical result ruling for
or against patching- or capping-like redistribution of lectin
receptors comes from the experiment in which pulsed and
chased material is relabeled after aldehyde fixation . The ab-
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sence of bare membrane patches in these relabeling experi-
ments suggests that new lectin receptors appear in specific
cellular regions as previously labeled lectin receptors are moved
away from them . However, we have to consider the possibility



that the newly labeled lectin receptors have already been
present on the cell surface, sterically inaccessible to the marker
but uncovered by the lateral displacement of labeled glycocon-
jugates during the chase period . This explanation of our find-
ings does not seem likely for the following reasons : (a) The
phenomenon of cocapping (52) speaks against the presence of
two independently mobile lectin receptor classes with the same
specificity. (b) Identical results can be produced with two
different lectins, WGA and RCA I (steric hindrance and
independence of mobility are unlikely to apply to two different
lectins in the same way) . (c) Most importantly, even though
the WGA and RCA I receptors appear closely spaced in cross
sections, they are, in reality, quite far apart from each other, as
can be seen in tangential sections through the membrane (Fig.
6 B) and can be calculated from the lectin receptor densities ;'
this renders very unlikely the existence of a second, independ-
ent population of receptors for WGA and RCA I masked by
the glycoconjugates labeled during the first step of the experi-
ment . In conclusion, the movement oflectin receptors observed
in the growing neurite cannot be explained by capping or
patching . In fact, patching of WGA or RCA I receptors does
not seem to occur at all on the growing neurite within the first
30 min of observation, under the present experimental condi-
tions.

This conclusion is in apparent conflict with the findings of
Letourneau (24) and of Wessells et al . (50) . However, the
disagreement may be explained as follows: Because of only
minimal rinsing ofthe cultures before the experiments, contam-
ination of cell surfaces with medium glycoproteins may cause
large glycoprotein-lectin or (glyco)protein-cationized ferritin
aggregates and, thus, patchy appearance of the label in both
cases . Chase with complete medium is likely to further enhance
the formation and eventual shedding from the cell surface of
(glyco)protein-cationized ferritin aggregates in the experiments
of Wessells et al . (50), even in the cold . Con A, especially if
used at low concentration as in Letourneau's experiments (24),
may indeed cause patching of membrane components as we
suspect from our own observations and, therefore, may not be
comparable to WGA and RCA I .

In agreement with other investigators who have observed
internalization ofcompartment tracers (6, 12, 15), we find that
membrane markers also are internalized by coated vesicles as
well as smooth membrane sacs, both of which are abundant in
distal neuritic regions . After longer periods of exposure (15
min), considerable amounts of surface label are found in
multivesicular bodies . However, our results differ significantly
from those of the other authors on one point : after chase
periods of 3-20 min, we do not find the lectin label in SPVs.
This rules out the possibility of their being pinocytotic in
nature . This problem will be dealt with in a forthcoming
communication .

Appearance of New Lectin Receptors during
Plasmalemmal Growth
The double-label pulse-chase experiments are designed to

demonstrate selectively those cell surface glycoconjugates that
become accessible to the marker during the chase period (cf.

'On SCG growth cones, both WGA and RCA I receptors occur at an
average distance of -22 nm from each other (---2,300 binding sites/
ttm' for both lectins, assuming even distribution in a single plane
[39]), whereas the diameter of the ferritin conjugate is only -12 nm
(20) .

reference 10) . As explained above, it is very likely that these
glycoconjugates become selectively labeled because they are
newly inserted into the plasmalemma, and not because they
have been unmasked by the patching ofother lectin receptors .
Two further arguments can be added : (a) In the double-label
experiment, the initial labeling step is carried out with the
unconjugated lectin, which is both much smaller than its
ferritin conjugate' and is applied at twice the concentration of
the conjugate . Therefore, initial labeling is done under condi-
tions that favor access to, and saturation of, existing lectin
receptors. (b) The result ofthe control experiments carried out
on ice-the virtual absence of ferritin marker on the growth
cone (except for a low, random "background")-excludes the
possibility of fixation-induced exposure of otherwise hidden
lectin receptors on filopodia and SPV clusters . These control
experiments, as well as the controls with hapten sugar (39), also
exclude the possibility ofregional nonspecific binding . We can
thus conclude that the demonstration of lectin receptors in the
double-label pulse-chase experiments is selective for glycocon-
jugates that have been inserted into the plasma membrane
during the chase period, i .e ., during neuritic growth .
The short time-scale of our experiments does not allow one

to investigate the fate of membrane components after incor-
poration into the plasmalemma, especially their spreading
proximally on the neuritic shaft . Nevertheless, it appears to be
possible to localize membrane glycoconjugates before complete
mixing with existing components has taken place . It is possible
that cross-linking of existing glycoconjugates by saturing con-
centrations of the divalent or tetravalent lectins slows down
lateral mobility of membrane components (16, 51) and favors
the study of insertion of new lectin receptors described here .
Complete randomization of existing and newly inserted mem-
brane components, however, is expected to occur eventually .
Nothing is known about the intrinsic fluidity of nerve growth
cone plasmalemma, nor do we have information on cytoplas-
mic anchoring of its integral membrane proteins . Therefore, it
is impossible at present even to estimate diffusion rates of
membrane components and to compare them with the rate of
plasmalemmal expansion and the speed of dislocation of la-
beled membrane components seen in these experiments . How-
ever, plasmalemmal growth and label dislocation rates seem
quite compatible . The calculated rate of membrane expansion
is -0.5 ttm'/min, and the selectively labeled membrane areas
found after 3-15 min of chase are estimated at a few to several
square microns.
The low density of ferritin-labeled lectin receptors on the

proximal growth cone and neuritic shaft in the double-labeling
experiments raises the question of whether these are also newly
inserted glycoconjugates . Although we cannot answer this
question fully, some of this more proximal, random label may
be explained by diffusion from sites of insertion . On the other
hand, the control material double-labeled in the cold also
exhibits random "background label," suggesting that this is
attributable to dissociation of unconjugated lectin during the
chase and/or exchange with the ferritin conjugate during the
second labeling step . However, random insertion into the plas-
malemma of a small number of these lectin receptors cannot
be excluded at present .
Our conclusion that the appearance of certain new lectin

3 The native lectins have molecular weights of 37,500 (WGA) and
120,000 (RCA I) as compared with ferritin-conjugated lectins whose
molecular weight and diameter are -1,000,000 and 12 nm, respectively
(20) .
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receptors is a localized phenomenon occurring predominantly
within the growth cone region, i.e ., on the surface of filopodia
and SPV clusters (and only to a limited degree on neuritic
shafts), is consistent with the predictions ofdistal growth made
by Hughes (22) and by Bray (8, 9) . Furthermore, in consonance
with the lectin binding results, radioautographic and biochem-
ical studies on phospholipids (34) suggest that these membrane
components are synthesized in the neuronal perikaryon and
are shuttled primarily to distal, neuritic SPV cluster areas
where exocytosis-like fusion of the vesicles may lead to the
expansion of the plasmalemma. The various results obtained
by lectin labeling, radioautography, and also by freeze-fracture
(35) leave little doubt that SPV clusters are regions of special
functional significance in the growing cell. However, their
structural configuration and even their existence are still subject
to debate (21, 28, 33). This problem, as well as a more detailed
description of the lectin labeling of SPV areas, will be dealt
with in a forthcoming paper.

Regardless ofthe SPV question, selective appearance of new
lectin receptors primarily at the level of the growth cone
establishes in the sprouting neuron polarized-rather than
random-export of newly synthesized membrane components
from the sites of synthesis to the cell periphery (cf. reference
34) . Most probably, the new plasmalemmal constituents are
transported in the form of preassembled membrane . This phe-
nomenon, for which there is increasing evidence in the retinal
rod as well (e.g ., references 5 and 54), may be a major mecha-
nism for the establishment of specialized membrane regions in
polarized cells. Such a mechanism may readily explain the
biochemical (lectin receptors), functional (Na' channels), and
morphological (intramembranous particles) differences ob-
served when the plasmalemma ofgrowth cone and perikaryon
in the sprouting neuron are compared (35, 39, 45, 47). However,
the time-dependent, gradual increase in the density of intra-
membranous particles in the axolemma ofdifferentiating neu-
rons, a process of membrane maturation (35), indicates that the
newly inserted membrane, albeit preassembled, is incomplete .
This implies that membrane biogenesis is a stepwise phenom-
enon, involving the later insertion of additional components.
Incorporation into the plasmalemma of additional membrane
constituents may occur by polarized insertion, possibly com-
bined with subsequent redistribution, or by a random mecha-
nism. The work of Carbonetto and Fambrough (14) indicates
that insertion of a-bungarotoxin binding sites into the plas-
malemma of the sprouting neuron is likely to be generalized
but predominant at the perikaryon . Perikaryal insertion would
also explain the distribution of certain classes of intramem-
branous particles in the growing axon (45) . The appearance of
patches of new, immature membrane at the growth cone amal-
gamates two seemingly opposite views ofmembrane biogenesis,
polarized insertion of preassembled membrane and stepwise
membrane biogenesis.
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