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Removal of the Basal Lamina in vivo Reveals Growth Cone-Basal
Lamina Adhesive Interactions and Axonal Tension in Grasshopper

Embryos

Maureen L. Condic' and David Bentley?

'Neurobiology Group and 2Department of Molecular and Cell Biology, University of California, Berkeley, California 94720

The Ti1 afferent neurons are the first cells to undergo ax-
onogenesis in embryonic grasshopper limbs. The Ti1 growth
cones migrate between the limb epithelium and its basal
lamina. We have investigated the nature of growth cone-
basal lamina interactions in vivo by removing the basal lam-
ina with mild enzymatic digestion. Treatment with elastase,
ficin, or papain removes the basal lamina when viewed in
scanning electron microscopy. Trypsin and chymotrypsin
leave the basal lamina intact.

If the basal lamina is removed after the Ti1 growth cones
have extended over intrasegmental epithelium but are not
yet in contact with either differentiated segment boundaries
or neurons, the growth cones retract to the cell somata. If
the basal laminais removed by elastase, and the Ti1 neurons
are allowed to extend axons after treatment, a second elas-
tase digestion does not cause the axons to retract. It is
therefore unlikely that axon retraction is due to general pro-
teolysis. These results suggest that if Ti1 growth cones have
initially extended in the presence of an intact basal lamina,
they are dependent on the lamina to remain extended over
this region of the limb.

The retraction of the Ti1 axons after removal of the basal
lamina is inhibited by cytochalasin D, suggesting that mi-
crofilament-based cytoskeletal components underlie this
event. This result indicates that the axons are under tension
in vivo. The ability of the Ti1 growth cones to resist axonal
tension suggests that adhesive interactions between the
growth cones and the basal lamina underlie normal axon
outgrowth in vivo,

Growth cone adhesion to basal lamina and extracellular matrix
proteins may constitute an important element of axon guidance
during development (Hay, 1981; Jessell, 1988) and neuronal
regeneration (Sanes and Chiu, 1983). It is well established that
neuronal growth cones in vitro recognize and adhere to a number
of extracellular matrix proteins. A variety of cellular receptors
that are specific for extracellular matrix components have been
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described, many of which are believed to function as cell-sub-
strate adhesion molecules (Obrink, 1986; Hynes, 1987; Jessell,
1988). Whether growth cones establish adhesive interactions
with extracellular matrix components iz vivo has not been de-
termined. Embryonic grasshopper limbs provide a relatively
simple system in which the interactions of pioneer growth cones
and basal lamina can be investigated in vivo.

At the time of pioneer axonogenesis, the embryonic grass-
hopper limb bud consists of a simple epithelial cone surrounding
a monolayer of undifferentiated mesodermal cells with a basal
lamina separating the mesodermal and epithelial cell layers
(Wigglesworth, 1953; Ashhurst, 1965, 1982). The basal lamina
is thought to be deposited largely by epithelial cells, but me-
sodermal hemocytes also contribute to its composition (Ball et
al., 1987; Mirre et al., 1988). Basal laminae of insects contain
a number of molecular components common to vertebrate lam-
inae, including collagen type IV (Blumberg et al., 1987), laminin
(Fessler et al., 1987; Montell and Goodman, 1988), fibronectin
(Grateios et al., 1988), and an entactin/nidogen-like compound
(Blumberg et al., 1987). In addition, receptors homologous to
the vertebrate integrin family have recently been identified in
insects (Bogaert et al., 1987; Leptin et al., 1987, MacKrell et
al., 1988).

During grasshopper embryonic development, the Til pioneer
axons establish the first neuronal pathway observed in limb buds
(Bate, 1976; Keshishian, 1980). At 30% of development, the
Til cells arise from an apical to basal division of an epithelial
mother cell at the tip of the limb (Keshishian, 1980; Lefcort
and Bentley, 1989). The neurons then emerge from the epithe-
lium and extend axons between the basal lamina and the basal
end feet of the limb epithelium (Bate, 1976; Keshishian and
Bentley, 1983; Lefcort and Bentley, 1987). The growth cones
extend numerous filopodia between the epithelial cells and
through the basal lamina into the mesodermal cell layer (Caudy
and Bentley, 1986a).

In the work reported here we have examined the Til neurons
in vivo and determined the effects of removing the basal lamina
when the Til growth cones were in contact with basal lamina
and intersegmental epithelium.

Materials and Methods

Embryos of Schistocerca americana were obtained from a colony main-
tained at the University of California, Berkeley. They were staged by
the percentage of total embryonic development completed (Bentley et
al., 1979; Caudy and Bentley, 1986a). Limb axes, specific neurons, and
segment boundaries are named as in Caudy and Bentley (1986a; for
depiction of embryonic vs adult limb axes, see Ball and Goodman,
1985).
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Table 1. Enzyme effects on basal lamina and on neuronal disposition

Embryo Disruption of  Growth

stage Enzyme basal lamina  cone
Enzyme (%)~ conc. (%) (n)t retraction
Control 32.5 —d 0(13) 0/31

34.5 — 04) -

36.5 - o) -
Chymotrypsin ~ 32.5 0.005-0.01 0(8) 0/13
Trypsin 325 0.01-0.02 0/+ (8) 0/12

34.5 0.02-0.04 0/+ (6) —
Papain 32.5 0.025-0.05 +-+ (5) 10/18
Elastase 32,5 0.04-0.1 +++ (8) 11/15

345 0.1-0.25 +++ (6) -

36.5 0.1-0.25 +4+ (10) -
Ficin 32.5 0.01-0.02 +++ (5) 9/20

36.5 0.02-0.04 +++ (8) -

< Percentage of complete development (+0.5).

" Evaluated in SEM: 0, no effect; +, slight removal; ++, less than complete
removal; ++ +, complete removal.

< Number of embryos with =50% axon pairs affected per total number of embryos
examined.

4 Not applicable.

Enzyme treatments. Trypsin (T-8253), elastase (E-0258), chymotryp-
sin (C-4129), ficin (F-6008), and papain (P-4762) were obtained from
Sigma. Collagenase (Sigma, C-0773) did not give consistent results on
grasshopper basal lamina. The enzymes were stored as 0.5% solutions
in saline (NaCl, 150 mm; CaCl,, 4 mm; KCl, 10 mm, MgClL,, 2 mm;
TES, 5 mm; sucrose, 140 mm; 0.1% BSA, pH 7.2) at —20°C. For each
enzyme considered, comparable effective enzyme concentrations were
determined as follows: embryos were dissected in saline, opened dor-
sally, and exposed to a range of enzyme concentrations for 2.5-3 hr at
30°C. The highest concentration in which the limb epithelium remained
intact over this period was determined for each lot of enzyme purchased.
All subsequent experiments were performed at one-fifth the maximum
concentration determined for that lot. This value varied by approxi-
mately a factor of 2 between enzyme lots. The range of concentrations
used for each enzyme is reported in Table 1. Note: When BSA was
excluded from the media the enzyme concentrations required to elicit
an effect on the tissue were consistently lower, but the relative effects
of the different enzymes were not altered.

Scanning electron microscopy. To determine the effects of different
enzymes on the basal lamina, the mesoderm was removed from the
right metathoracic leg with a suction pipette (Lefcort and Bentley, 1987),
and the embryo was allowed to recover for 1 hr in saline at 30°C. It
was then exposed to either enzyme or saline solution for 1.5-2.5 hr,
fixed immediately for 2 hr in Karnovski’s fixative (2% glutaraldehyde,
2.25% paraformaldehyde, in 0.1 M sodium cacodylate buffer, pH 7.5),
postfixed for 2 hr in 2% OsQ, (in 0.1 M sodium cacodylate buffer, pH
7.5), dehydrated, critical point-dried, and mounted on a stub. Note: The
shorter incubation period used for SEM preparations reflects the shorter
amount of time required for the enzyme solutions to diffuse into limbs
from which the mesoderm had been removed. The posterior face of the
metathoracic leg was fractured off with a sharpened tungsten needle
(Fig. 1B). The preparation was then coated in gold—palladium and viewed
in a ISI-DS-130 SEM. Legs from 88 embryos were examined (Table 1).

Immunofluorescent labeling of neurons in whole-mounted embryos.
The effects of enzyme incubation on the disposition of the neurons was
determined in immunofluorescence-labeled embryos. Embryos were ex-
posed to enzyme as described above (see Table 1). Immediately follow-
ing incubation, the embryos were fixed overnight in 4% formaldehyde
in saline (without sucrose). Neurons were then labeled with anti-HRP
antibodies according to the protocol of Caudy and Bentley (1986a).
These antibodies selectively label insect neurons (Jan and Jan, 1982;
Snow et al., 1987). Embryos were viewed and photographed in who-
lemount with a Zeiss epifluorescence microscope. Over 300 embryos
were examined, and data from 109 are presented in Table 1.

Quantification of growth cone retraction. To quantify Til growth cone
retraction, embryos from a single clutch of eggs were staged to 32 +

Table 2. Response of the Til growth cones to serial elastase
treatment

Number of Limbs
limbs« without
Condition (n) axons’ (%)
Control 72(12) 17
Elastase-treated 54 (9) 20
Control: post
clastase treatment 84 (14) 45
Elastase-treated: post
second elastase treatment 95 (16) 19

Embryos prior to Til axonogenesis were incubated with saline (control) or 0.04%
elastase (elastase-treated) for 3 hr, then rinsed extensively and cultured for 16-17
hr. Control and elastase-treated embryos were then incubated 3 hr with 0.04-
0.1% elastase.

2 Number of limbs examined in each condition; with number of embryos given
in parentheses.

* Percentage of limbs with axons =<1 cell diameter or with clear evidence of growth
cone condensation.

0.5% of development and incubated in elastase (0.04%), trypsin (0.01%),
or saline as described above. Embryos were then fixed and labeled with
anti-HRP antibodies. Measurements were made using an ocular mi-
crometer. The length of the axon was determined by measuring from
the midpoint of the Til cell body pair to the most proximal process of
their growth cones that was not a filopodium. The distance between
this point on the growth cones and the center of the Cx1 cell body pair
was also recorded. The distance between the Cx1 neurons and the Til
somata was measured as a straight line between the centers of the cell
body pairs. Only legs in which both the Til and Cx1 cells were clearly
visible with the anti-HRP antibody were measured (Fig. 4).

Embryo culture. Eggs were sterilized in 0.02% benzethonium chloride
(in 70% ethanol) and dissected in saline under sterile conditions. Em-
bryos were incubated for 3 hr in either saline or 0.04% eclastase as
described above, washed extensively for 30 min, then cultured at 30°C
in a CO, incubator in the following solution: RPMI 1640 (Gibco, N.Y.),
0.2% sodium bicarbonate, 1 uM oxaloacetic acid, 0.45 mm sodium py-
ruvate, 2 mm L-glutamine, 0.45% p(+)glucose, 0.02 1IU/ml insulin, 3
uM b-ecdysterone (Sigma), 50 ug/ml gentamicin, 130 mm sucrose, 10
mu xylose, 0.1 um retinoic acid, 5 mm TES, and 0.1% BSA, pH 7.0.
Embryos were cultured for 16—-17 hr, after which some animals from
both groups were fixed to confirm that neuronal outgrowth had occurred.
The remaining control and elastase-treated embryos were subjected to
protease digestion for 3 hr using 0.04-0.1% elastase, fixed, and labeled
with anti-HRP antibodies. The number of limbs from pre- and post-
treatment conditions with axons less than one cell diameter in length
or with a condensed mass of cellular material at the proximal pole of
the axons were recorded. The results of 4 similar experiments are re-
ported in Table 2.

Table 3. Elastase-induced axon retraction in the presence of
cytochalasin D

Limbs
Number without
Condition of limbs® axons? (%)
Control 30 (5) 3
Cytochalasin D 48 (8) 8
Cytochalasin D and elastase 30(5) 20
Elastase 36 (6) 56

Embryos at the 32% stage were incubated with either saline, cytochalasin D at
0.1-0.5 um/ml, elastase at 0.04% with cytochalasin D, or elastase alone for 2.5
hr.

2 Number of limbs examined, with number of embryos given in parentheses.

® Limbs with axons <1 cell diameter in length or with clear evidence of growth
cone condensation.
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Figure 1. Scanning electron micro-
graphs of metathoracic limbs with and
without mesoderm. Limbs at 32% of
development were fractured longitudi-
nally to remove the posterior face of the
limb. 4, Control limb with epithelium
(e) and intact mesodermal cells (#7) vis-
ible. A portion of the dense basal lam-
ina apposed to the basal endfeet of the
epithelium is visible at the arrowhead.
B, Limb from which the mesoderm has
been removed. Smooth basal lamina (b/)
entirely covers the lumenal surface of
the epithelium. Profiles of the Til so-
mata beneath the basal lamina are in-
dicated by the arrow. The apical endfeet
of epithelial cells can be seen at a. Dor-
sal is up; distal is to the right. Scale bar,
25 pm.

Cytochalasin treatment. Embryos at the 32% stage were incubated
for 3 hr in either saline or 0.04% elastase as described above. Cyto-
chalasin D (Sigma C-8273) was stored as a 1 mg/ml stock solution in
DMSO at —20°C. At the beginning of the incubation period, cytochal-
asin D was added to the enzyme or control solutions at a final concen-
tration of 0.1 pg/ml or 0.5 ug/ml. The embryos were fixed after 3 hr,
stained with the anti-HRP antibody, and viewed in whole-mount. The
number of limbs with axons less than one cell diameter in length or
with evidence of condensed cellular material in the region of the growth
cones were recorded. The results of 3 similar experiments are reported
in Table 3.

Results

Embryonic grasshopper limb buds at the 32% stage consist of
an epithelial monolayer (and associated basal lamina) surround-
ing a loose arrangement of mesenchymal cells (Fig. 14). At this
stage, the Til neurons have emerged from the epithelium and
begun axonogenesis. The mesodermal cells can be removed from
the limb bud by inserting a pipette through the dorsal closure
into the lumen of the limb and applying mild suction (Lefcort
and Bentley, 1987). This procedure affords a view of the basal

surface of the epithelium (Fig. 1B). In normal embryos observed
in SEM, the appearance of the basal lamina changed substan-
tially over the range of developmental stages observed and var-
ied considerably between individuals at the same stage of de-
velopment. The basal lamina of the youngest embryos examined
(the 32% stage) most frequently appeared matted and fibrous
(Figs. 1B, 24). The epithelial endfeet and the Til somata and
axons are completely obscured by the basal lamina at this age
(Fig. 1B). At successively older stages, the lamina became in-
creasingly smooth and condensed in appearance. Various pro-
teolytic enzymes were tested for their ability to disrupt the basal
lamina, using this preparation to assay the results. The effects
of collagenase, chymotrypsin, elastase, ficin, papain, and trypsin
on the integrity of the epithelium and the basal lamina are
summarized below.

Effects of enzymatic digestion on limb tissue

The enzyme concentration range in which the limb epithelium
remained intact and apparently healthy for 2-3 hr was deter-



Figure 2. Scanning electron micrographs of the lumenal surface of limb epithelium after enzymatic treatment in limbs at the 32.5% stage of
development, Higher-magnification views of the midfemur region in preparations similar to that seen in Figure 1B. 4, Control limb showing foliose
basal lamina completely obscuring the epithelial endfeet. B, Limb from the same clutch of eggs as control, incubated with 0.1% elastase for 2.5 hr.
The basal lamina is completely removed. Horizontal arrow indicates epithelial basal endfoot; vertical arrow, a distal process of a Til neuron. C,
Limb from the same clutch of eggs as control, incubated with 0.01% trypsin for 2.5 hr. The basal lamina remains intact, and similar in appearance
to control. D, Limb treated with 0.02% ficin for 1.5 hr. The basal lamina is completely removed. E, Limb after treatment with 0.005% chymotrypsin
for 2.5 hr. The basal lamina remains intact and similar in appearance to control. Mesodermal processes remaining after removal of the mesodermal
cells are seen at the arrow. F, Limb incubated with 0.025% papain for 2.5 hr. The basal lamina is largely removed, although some fibrous material
remains. Scale bar, 5 um.
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Figure 3. Til neurons in 32% stage limbs after enzymatic treatment. The Til neurons are labeled with anti-HRP antibodies, and viewed in whole-
mounted limbs. 4, Control limb in which the axons have extended to approximately the midpoint of the femur. B, Limb that was incubated with
0.04% elastase for 2.5 hr. The Til growth cones have collapsed to the somata. Note the condensed mass of cellular material at the proximal pole
of the Til cell pair. This prothoracic limb has elongated mildly so that it is approximately equal in length to a metathoracic limb (cf. 4). C, Til
neurons after incubation with 0.01% trypsin for 2.5 hr, The axons remain extended after enzymatic treatment. D, Til neurons after incubation
with 0.02% ficin for 2.5 hr. The growth cones have collapsed to the somata. E, Til neurons after treatment with 0.005% chymotrypsin for 2.5 hr.
The axons remain extended with numerous filopodia. F, Til neurons after exposure to 0.025% papain for 2.5 hr. The growth cones and axons
have withdrawn. Dorsal is up; distal is to the right. A and E, metathoracic limb; B, C, and F, prothoracic limb; D, mesothoracic limb. Scale bar,

100 um.

mined for each enzyme (see Materials and Methods and Table
1). The treatments do not affect the viability of the limb epi-
thelium or the Til neurons since limbs cultured after enzymatic
digestion continue to undergo epithelial morphogenesis and the
Til neurons extend axons at rates approximately equal to con-
trol values (Table 2; M. L. Condic and D. Bentley, unpublished
observations).

Effects of enzyme treatment on the basal lamina

The effects of different protease treatments on the basal lamina
were investigated with scanning electron microscopy. Elastase,
ficin, and papain had pronounced effects on the structural in-
tegrity of the basal lamina, resulting in either complete or partial
degradation (Fig. 2, B, D, F; Table 1). Trypsin and chymotrypsin




in contrast, had little to no effect on the structural integrity of
the lamina (Fig. 2, C, E; Table 1). Incubation with 2 collagenascs
(either Sigma C-0773 or one purified preparation) at the 32%
stage had no consistent effect on either the integrity of the ep-
ithelium or the basal lamina at concentrations up to 2.0% and
incubation times up to 6 hr. The effects of elastase, ficin, and
trypsin on the basal lamina of older embryos were also observed
(Table 1). For all ages inspected, elastase and ficin completely
removed the basal lamina from all positions in the limb.

The time required for complete removal of the basal lamina
in intact legs was increased considerably by the time required
for diffusion of the bath solutions into the lumen of the leg. In
limbs that had the mesoderm removed and/or were split open
longitudinally in preparation for SEM prior to enzyme incu-
bation, the time required both to obscrve effects on the Til
neurons and to completely remove the basal lamina was de-
creased to as little as 1-1.5 hr.

Retraction of growth cones in intrasegmental regions

At the 32% stagc of devclopment. the Til neurons have extended
axons several cell diameters in length in all 3 thoracic limbs
and their growth cones have reached the midpoint of the femur
(Keshishian and Bentley, 1983; Fig. 34). At this stage, the Til
growth cones are primarily in contact with intrascgmental ep-
ithelium and are near the location at which the first guidepost
cell, the Fel neuron, will arise. There is, however, considerable
variation in the time at which the Fel neuron arises relative to
the time of Til outgrowth (Caudy and Bentley, 1986a).

When limbs at this stage of development were treated with
elastase, ficin, or papain at concentrations shown to remove the
basal lamina, the Til growth cones retracted partially or com-
pletely to the cell bodics (Table !; Fig. 3, B, D, F). This growth
cone retraction appeared to involve a progressive loss of sub-
strate attachment since at lower concentrations or shorter in-
cubation periods, axons were extended but devoid of filopodia
and branches. Cells with retracted axons could be clearly dis-
tinguished from cells at a younger stage of development with
axons of a similar length: Retracted axons showed a character-
istic condensed mass of cellular material at the proximal pole
of the Til cell pair or in the region of the growth cone (scc Fig.
3B). Digestion with either trypsin or chymotrypsin did not result
in growth cone retraction (Table 1; Fig. 3, C, E). While the
concentrations of enzyme chosen for these experiments inten-
tionally resulted in a mild digestion, the effects of all enzymes
on the neurons were also consistent at higher concentrations:
Enzymes reported to have no effect on the neurons at the stan-
dard concentration had no effect even at concentrations suffi-
cient to seriously compromise the integrity of the epithelium;
cnzymes that did affect the disposition of the neurons showed
a concentration- and time-dependent increase in both the in-
cidence and magnitude of these effects.

Quantification of growth cone retraction

To quantify this effect, a clutch of eggs was sclected in which
the Til axons had growrf to the midpoint of the femur, but the
Fel guidepost neuron was not yet evident either by staining
with the anti-HRP antibody or by a response of the growth
cones to an unlabled cell in the position of Fel (Caudy and
Bentley, 1986b). Two chemically related enzymes with different
effects on the basal lamina (elastase and trypsin, both scrine
proteases) were chosen to quantify the response of the Til growth
cones to enzymatic treatment. Embryos were exposed to either
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Figure 4. Quantification of neuron disposition after incubation with
elastase and trypsin. Measurements were made on anti-HRP antibody
labeled, whole-mounted embryos taken from a single clutch of cggs.
Embryos at the 32% stage of development were exposed for 2.5 hr to
either saline (control, number of axon pairs = 40), 0.04% elastase (n =
19) or 0.01% trypsin (n = 23). Cell body position is the distance between
Til somata (7) and Cx cells (see inset). Axon length is the distance from
the growth cones (g) to T. Growth cone position is the distance between
the growth cones and the Cx cells. The group means (bar) and SEM (T)
are presented. The asterisk indicates a significant difference from con-
trols at p < 0.0001, ANOVA.

elastase, trypsin, or saline, then fixed and labeled with anti-HRP
antibodies. The length of the axon, the distance from the cell
bodics of the Til neurons to the Cx1 neurons, and the distance
from the Til growth cones to the Cx1 cells were measured for
all 3 conditions. These results arc summarized in Figure 4.
Treatment with elastase, but not with trypsin, resulted in a
significant decrease in axon length and a corresponding increase
in the distance between the growth cones and the Cx 1 ncurons.
These observations suggest that removal of the basal lamina
with elastase results in retraction of the Til growth cones when
the growth cones are extended over intrasegmental epithelium
but are not yet in contact with the Fel neuron.

Til growth cone response lo sequential elastase treatments

Growth cone retraction after protease digestion was observed
with 3 different proteolytic enzymes known to remove the basal
lamina, and not seen after treatment with 2 enzymes that leave
the basal lamina intact. However, based on this correlation alone
we could not discount the possibility that the response of the
Til cells was due to gencral proteolysis of cell surface compo-
nents rather than the removal of the basal lamina specifically.
We therefore examined the effects of a second clastase digestion
on Til axons that had extended in limbs after the basal lamina
had been removed by an initial elastase treatment. Under these
conditions, the amount of basal lamina available as an enzy-
matic substrate during the second proteasc treatment should be
greatly reduced relative to intact limbs. Consequently, proteo-
lysis of neural and epithelial cell surface components should be
much more pronounced during the second elastase digestion.
Embryos at the 30% stage (prior to axon outgrowth) werc in-
cubated with cither saline or 0.04% elastase for 3 hr, rinsed
extensively, and allowed to extend axons in culture for 16-17
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A

Figure 5. Til neurons in 32% stage limbs after elastase treatment in
the presence of cytochalasin D. The embryos were incubated with 0.04%
elastase and 0.1 pg/ml cytochalasin D for 3 hr, then fixed. The Til
neurons are labeled with anti-HRP antibodies, and viewed in whole-
mounted limbs. A4, A prothoracic limb in which the axons and branches
remain extended after treatment. B, A metathoracic limb also with
extended axons after elastase and cytochalasin treatment. Almost all
filopodia are withdrawn. (VB. The ventral branch is not on a limb
segment boundary.) Dorsal is up; distal is to the right. Scale bar, 50 um.

hr. The numbers of limbs with axons greater than one cell di-
ameter in length were approximately equal in control and en-
zyme-treated animals (Table 2; Condic and Bentley, unpub-
lished observations). At the end of the culture period, both
control and elastase-treated embryos were given a 3 hr incu-
bation with 0.04-0.01% elastase, and the response of the Til
growth cone was observed. These results are summarized in
Table 2. The axons of cultured control embryos responded to
removal of the basal lamina with elastase by retracting, as an-
ticipated from earlier results. In contrast, axons that had ex-
tended after the basal lamina had been removed by an initial
elastase treatment did not retract after a second elastase treat-
ment.

Growth cone response to elastase treatment in the presence of
cytochalasin

Axon retraction could be caused by tension in the actin micro-
filament cortex (Joshi et al., 1985; Letourneau et al., 1987). The
identity of the cytoskeletal component(s) mediating Til growth

cone retraction after removal of the basal lamina was investi-
gated using a microfilament-depolymerizing agent, cytochalasin
D. Elastase digestions were conducted in the presence of cyto-
chalasin D, and the response of the Til growth cones was ob-
served in anti-HRP labeled whole-mounts. In the presence of
cytochalasin D, removal of the basal lamina by elastase did not
result in the retraction of the Til growth cones (Fig. 54). The
Til axons often appeared devoid of filopodia (Fig. 5B), but
remain extended after elastase treatment. These results are sum-
marized in Table 3. Incubation with cytochalasin D alone or in
combination with elastase increased the frequency of withdrawn
axons relative to control values. However, the frequency of axon
retraction observed with elastase treatment alone is more than
twice that seen with elastase in the presence of cytochalasin D.
These results suggest that the Til axons are under tension in
vivo, and that the growth cone retraction observed after removal
of the basal lamina with elastase is mediated by actin microfil-
aments.

Discussion

In the work reported here we have shown that the basal lamina
can be removed from embryonic grasshopper limb buds by mild
enzymatic treatment. We have used this procedure to analyze
the nature of growth cone-basal lamina interdependence in vivo.
We have shown that the Til axons are under tension and that
adhesive interactions of the Til growth cones underlie axon
outgrowth in vivo.

Removal of the basal lamina

We have demonstrated that incubating grasshopper limb buds
with elastase, ficin, or papain results in substantial or complete
removal of the basal lamina, whereas trypsin and chymotrypsin
have mild to negligible effects on the basal lamina (see Fig. 2,
Table 1). In contrast to most vertebrate tissue, the basal lamina
of insects is generally quite resistant to removal by enzymatic
treatment. Digestion with hyaluronidase, collagenase, and chy-
motrypsin alone or in combination was insufficient to remove
the basal lamina from Malpighian tubules of Rhodnius (Satmary
and Bradley, 1982). The use of a mild elastase treatment to
digest extracellular material has been reported previously in
insects (Baccetti and Bigliardi, 1969; Locke and Huie, 1972).
Elastase removes the basal lamina from Rhodnius, Drosophila
(Levinson and Bradley, 1984), and Tenebrio (Koefoed, 1987)
epithelia. Elastase has also been used successfully to dissociate
embryonic grasshopper tissue for cell culture (Lefcort et al.,
1986). The observation that the basal lamina of grasshopper
limbs can also be removed by treatment with 2 plant thiol
proteases (papain and ficin) while enzymes more closely related
to elastase (trypsin and chymotrypsin) are relatively ineffective
is somewhat surprising. All 5 enzymes used in this study are
general proteases with broad specificities and different preferred
cleavage sites. However, elastase, ficin, and papain are known
to digest at least one extracellular protein against which trypsin
and chymotrypsin are relatively inactive (Thomas and Par-
tridge, 1960). Elastase has been shown to degrade the laminin—
nidogen complex of murine tumor basement membrane (Pauls-
son et al., 1987). Basal laminae of insects contain both laminin
(Fessler et al., 1987; Montell and Goodman, 1988) and an en-
tactin/nidogen-like compound (Blumberg et al., 1987).

In our experiments, removal of the basal lamina by treatment
with elastase left the tissue intact and viable, as evidenced by
the growth and differentiation of both epithelium and neurons



in whole embryo culture after enzymatic treatment (Table 2;
Condic and Bentley, 1986, 1988; Condic and Bentley, unpub-
lished observations). Results from dissociated culture of grass-
hopper cells also suggest that elastase treatment does not affect
the viability of neurons; if embryonic tissue is dissociated with
relatively high concentrations of elastase (0.4%), numerous neu-
rons capable of extending long axons are observed in culture
(Lefcort et al., 1986). These results are consistent with obser-
vations of elastase-treated insect tissue in other systems. After
removal of the basal lamina with elastase, epithelial tissue of
Malpighian tubules in Rhiodnius and imaginal disks in Dro-
sophila remained intact and viable based on ultrastructural cri-
teria and trypan blue exclusion (Levinson and Bradley, 1984).
Removal of the basal lamina by clastase from Tenebrio larvae
did not affect the epithelial ultrastructure or the ability of the
intact epithelia to maintain pretreatment intracellular concen-
trations of sodium and potassium ions (Koefoed, 1987).

Axons under tension in vivo

If the Til growth cones had extended in the presence of an intact
basal lamina, removing the basal lamina caused the growth
cones to retract to the cell somata (see Fig. 3). This retraction
could be inhibited by cytochalasin D, suggesting that microfil-
ament-based tension underlies the response. The changes in Til
growth cone position occurred relatively rapidly (within 1.5 hr,
allowing an estimated 1 hr for enzyme diffusion into the limb)
and involved a substantial decrease in the average length of the
Til axons. These data strongly suggest that the Til axons are
under tension in vivo.

There is considerable evidence in support of the idea that
axons are under tension when grown in vifro. The branching
patterns of neurites produced by chick dorsal root ganglion cells
in culture are consistent with tension being exerted on the neu-
ronal fibers by their growth cones (Bray, 1979). In PC 12 cells,
neurites retract to the cell somata within 2 min after being
detached from the substratum by laser transection. In addition,
detachment of the growth cone results in the rapid translocation
of the cell body to a new equilibrium position between the
remaining neurites. These effects are inhibited by cytochalasin,
strongly suggesting that neurite tension is supported by cyto-
skeletal actin filaments (Joshi et al., 1985). A similar inhibition
of neurite tension is seen in chick dorsal root ganglion cells after
treatment with cytochalasin B or D (Letourneau et al., 1987).
In primary cultures of chick sensory neurons, severed neurites
either remain extended or rapidly retract after amputation, de-
pending on the adhesivity of the substratum (Baas et al., 1987).
The retraction of the Til growth cones observed after enzymatic
treatment suggests that the Til axons are under tension in vivo
and that removing the basal lamina decreases the adhesion of
the growth cones to the substratum. The implications of these
results for neural-basal lamina adhesion are discussed below.

Neural-basal lamina adhesion

Although immature neurons and limb segment boundaries are
important growth cone guidance cues in this system, in the initial
stages of axonal outgrowth (30-32% of development), the Til
growth cones are neither in contact with other neurons nor with
a well-developed segment boundary. Limbs at this stage of de-
velopment were selected to assess whether Til growth cones
that had extended in the presence of an intact basal lamina are
dependent on the basal lamina to remain extended within this
intrasegmental epithelial region.
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Our results demonstrate that some proteolytic digestions re-
sult in growth cone retraction at this stage, whereas others do
not. Neither trypsin nor chymotrypsin significantly disrupts the
basal lamina, and growth cone retraction was not consistently
observed with either of these enzymes. This stands in contrast
to the relative ease with which trypsin induces retraction of
vertebrate neurites in vitro (Letourneau et al., 1987). Changes
were observed in Til growth cone position after treatment with
3 different enzymes (elastase, ficin, and papain), each of which
also has a pronounced effect on the integrity of the basal lamina.
The correlation of presence or absence of the basal lamina with
changes in neuronal extension under a variety of enzymatic
conditions suggests that a structurally intact basal lamina may
be sufficient to constrain the position of the Til growth cones
and somata in vivo. It is unlikely that an intact basal lamina is
a necessary condition for neuronal substrate adhesion in this
system since the Til neurons are capable of extending axons
over an epithelium stripped of basal lamina by elastase (Table
2; Condic and Bentley, unpublished observations). Some of the
decrease in Til substrate adhesion observed after treatment with
elastase, ficin, and papain might be due to degradation of epi-
thelial and/or neuronal cell surface proteins in addition to the
effect of these enzymes on the basal lamina. However, when
axons extend in limbs from which the basal lamina has been
removed by elastase treatment, they do not retract in response
to a second, equivalent protease treatment. Proteolytic degra-
dation of cell surface proteins should be even more pronounced
during the second protease digestion. If growth cones advance
by adhering to basal processes of epithelial cells, disruption of
epithelial-basal lamina adhesion could indirectly interfere with
growth cone—epithelial cell adhesion; retraction of epithelial
endfeet could mechanically disrupt growth cone-epithelial
adhesion. However, Til growth cones are able to extend over
epithelial cells after removal of the basal lamina, suggesting that
epithelial-basal lamina interactions are not necessary for neurite
extension. Since growth cone-epithelial interactions after re-
moval of the basal lamina must be sufficiently adhesive to resist
axonal tension, it is unlikely they would be easily dislodged.
Moreover, adhesive interactions between Til growth cones and
either neurons or epithelial segment boundary cells are able to
resist considerable mechanical force (Condic and Bentley, 1989).
These results suggest that under normal conditions of neurite
outgrowth (when the axons have extended in the presence of an
intact basal lamina), neurites are dependent on direct, adhesive
interactions with the basal lamina to remain extended within
the intrasegmental region.

Neuronal growth cones interact with a variety of basal lamina
associated proteins, and many of these interactions appear to
be adhesive in nature (Jessell, 1988). There is evidence that
growth cone-basal lamina adhesive interactions serve to guide
extending neurites i vitro (Hammarback et al., 1988). Growth
cone withdrawa! in response to removing the basal lamina sug-
gests that the Til neurons extend in vivo by preferentially using
basal lamina components as a substrate. Growth cone-substrate
interactions in this system are at least in part adhesive, as evi-
denced by the ability of these interactions to resist axon tension.
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