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ABSTRACT

Rat sympathetic neurons, plated onto extracellular matrix produced by cultured

bovine corneal endothelial cells, rapidly extended neurites in the absence of nerve growth
factor (NGF). The response was unaffected by antiserum to NGF. Rapid outgrowth also
occurred when sympathetic neurons were plated onto polylysine-coated surfaces that had
been exposed to serum-free medium conditioned by corneal endothelial cells (CMsg). A
response was seen even when the neurons were cultured without serum. When plated onto a
polylysine-coated dish treated with CMsr over half its surface, only the neurons on the treated
half extended neurites.

The active factor in CMsr was destroyed by trypsin, acid (pH 1.6), base (pH 12.7), or heating
to 80°C; it was stable to heating to 60°C, collagenase, deoxyribonuclease, and neuraminidase.
The factor elutes just after the void volume of a Sepharose 6B column. In associative cesium
chloride gradients, it sediments as a peak centered at a density of 1.36-1.37, corresponding to
a peak of material that can be biosynthetically labeled with [**S]sulfate or [*H]leucine. Material
from this fraction was inactivated by heparinase, but not chondroitinase ABC, implying that a
heparan sulfate proteoglycan is essential for the factor’s activity. Inactivation by contaminants
in the heparinase preparation was ruled out. Further purification indicated that the active
factor may exist as an aggregate containing a heparan sulfate proteoglycan and other molecules.

CMsr also promoted neurite outgrowth by other types of neurons. Furthermore, a variety of
cell types were shown to produce factors similar to that in CMge.

An important determinant in the development of multicellular
organisms is the extracellular matrix (ECM) upon which cells
attach, migrate, and differentiate. It seems likely that a class of
substances that affect neuronal development will be found to
be associated with this extracellular matrix. The importance of
the interaction between neuron and substratum has already
been demonstrated in vitro (1-3). In vivo, axons appear to
follow routes determined by the substratum (4). In some cases,
this reflects the association of axons with already oriented cells,
e.g., radial glia in the cerebellum (5) and the pioneering optic
nerve fibers of Daphnia (6).

The existence of factors necessary for the normal develop-
ment of certain neurons is established. Sympathetic and sensory
neurons require nerve growth factor (NGF) for survival and
development in vivo and in vitro (7). Certain other factors
appear to be necessary for the survival and development of
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cultured parasympathetic neurons (8, 9). Other factors, few of
which have been significantly purified, have recently been
reported to promote the development of sympathetic, parasym-
pathetic, sensory, and spinal cord neurons in culture (10-24).
If such factors are supplied by the cells that innervate or are
innervated by certain types of neurons, it may explain why
appropriate intercellular contacts must be made in order for
many types of neurons to survive in vivo (25, 26).

Among these factors, a few are likely candidates for regula-
tory substances associated with the ECM in vivo (16, 17, 21).
The factors in this group all promote the outgrowth of neurites
from certain types of neurons in vitro. Some have been shown
to be effective only when attached to the culture substratum
(17, 21). The response they induce is rapid, and those factors
that have been tested on sympathetic neurons promote neurite
outgrowth from these cells, even when they are cultured in the
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absence of NGF.

In this report, a neurite outgrowth-promoting factor found
in medium conditioned by bovine corneal endothelial cells is
described. The factor acts on cultured sympathetic, sensory and
spinal cord neurons. Its activity requires attachment to the
culture surface. The factor has been characterized and partially
purified. It appears to be a very large molecule or a molecular
aggregate. Evidence is presented that a heparan sulfate proteo-
glycan is an essential component of this factor.

MATERIALS AND METHODS
Materials

Hyaluronic acid (grade IV), heparin (grade I) and chondroitin sulfate (mixed
isomers, grade III) were obtained from Sigma Chemical Co., St. Louis, MO.
Dermatan sulfate, keratan sulfate, and heparan sulfate were reference standards
that were generously donated by Dr. Martin B. Mathews and Dr. J. A. Cifonelli
(Dept. of Pediatrics, University of Chicago, Chicago, Ill.). Heparan sulfate was
also supplied by Upjohn Laboratories (Kalamazoo, MI), and it was this heparan
sulfate that was coupled to Sepharose. Antiserum against NGF was the generous
gift of Dr. Eric M. Shooter (Stanford Medical School, Stanford, CA). Crude
heparinase was kindly donated by Dr. Alfred Linker (Veterans’ Administration
Hospital, Salt Lake City, UT). Other reagents, where not specified, were obtained
from commercial sources.

Dissociated Neurons

Superior cervical ganglia from 1-2-d-old Sprague-Dawley rats were disso-
ciated by a modification of an enzymatic procedure (27). Ganglia were cleaned,
stripped, and incubated for 30 min at 37°C in 0.25% trypsin (Sigma Chemical
Co.) in a holding solution of basal L-15 Medium with added glucose (6 g/L),
penicillin (100 U/ml), streptomycin (100 ug/ml) and glutamine (2 mM). Ganglia
were washed three times with holding solution, resuspended in medium contain-
ing serum, and triturated using a 9-in. pasteur pipette that had been flame-
polished to about half its original tip diameter. Fragments were allowed to settle,
and the supernatant liquid, containing dissociated cells, was removed. For serum-
free cultures, ganglia that had been incubated with trypsin were washed twice
with holding solution containing soybean trypsin inhibitor (2.5 mg/ml, Sigma
Chemical Co.) and twice with holding solution alone. The ganglia were then
triturated in serum-free medium. For cultures of cells dissociated without trypsin,
ganglia were dispersed mechanically (28).

Enzymatically dissociated dorsal root ganglion cells were prepared from
newborn Sprague-Dawley rats (29) and 8-d chick embryos (30). Lumbar sym-
pathetic chains from 11-d chick embryos were dissociated enzymatically (31).
Cerebella and olfactory bulbs were removed from newborn Sprague-Dawley rats
and dissociated mechanically (32).

Rat sympathetic and sensory neurons were cultured in the “complete L-15-
CO,.” medium of Hawrot and Patterson (28), containing 5% adult Sprague-
Dawley rat serum. Methocel (methylcellulose) was omitted and NGF was added
only in those experiments where noted. In these cases, the 7S form of NGF,
prepared from male mouse salivary glands (33), was used at a concentration
determined to promote optimal neurite outgrowth in cultures of rat sympathetic
neurons. For cultures without serum, transferrin (100 pg/ml), progesterone (20
nM), putrescine (100 pM), selenium (30 nM), and insulin (5 pg/mi) were added
(34).

Chick sympathetic and sensory neurons were cultured in Dulbecco’s Modified
Eagle’s Medium (DME) containing 0.5% glucose, supplemented with 5% fetal
calf serum (FCS), glutamine (2 mM), penicillin (100 U/ml), and streptomycin
(100 ug/ml). Rat cerebellar and olfactory bulb cells were cultured as described
(32).

Routinely, dissociated cells were plated at a density of 1-2 X 107 cells/mm?,
as determined by hemacytometer counts. Cultures were incubated at 37°C in a
humidified atmosphere containing either 5% CO;, (for cultures in L-15-CO,-based
medium) or 10% COs (for other cultures).

Preparation of Culture Substrata

Dissociated neurons were cultured in polystyrene dishes or multiwell plates
(Falcon) that had been treated for tissue cultures. Culture surfaces were exposed
to poly-p-lysine (Sigma Chemical Co.; type I-B, 1 mg/ml in 0.1 M sodium borate,
pH 8.4) overnight, washed with twice-distilled water, and sterilized under ultra-
violet light. Cells were either plated directly onto these surfaces, or onto polyly-
sine-coated surfaces that had been further treated with solutions to be tested for
neurite outgrowth-promoting activity. These solutions were applied for 8-16 h at

4°C, after which the culture surfaces were washed at least three times in basal L-
15, in which they could be stored. Complete medium was added shortly before
cells were plated. Polylysine-coated dishes that had been further treated in this
way on only half of their surfaces were prepared as described (17).

Evaluating Neurite Outgrowth

Since the neuronal cultures studied also contained non-neuronal cells, only
relatively large, round, phase-bright cells were counted as neurons whenever
neurite outgrowth was assessed by phase-contrast microscopy. Of these, only cells
bearing processes greater than two cell diameters in length and possessing either
a well-visualized growth cone or at least one bifurcation were scored as neurite-
bearing neurons. Since the aim of these assays was to quantify cell-substratum
interactions, neurons whose cell bodies or processes were confined predominantly
to the surface of non-neuronal cells (e.g., fibroblasts) were eliminated from
counting. Using these criteria, reliable and reproducible results were obtained.
For photography, cultures were rinsed gently in Dulbecco’s phosphate buffered
saline (PBS), and fixed in PBS containing 2% glutaraldehyde and 5% sucrose.

Non-neuronal Cell Culture

Cultures of bovine corneal endothelial cells were established from steer eyes
(35, 36). Stocks were maintained in DME containing 0.1% glucose, and supple-
mented with 10% caif serum and 5% FCS (Irvine Serum Company, Irvine, CA),
glutamine (2 mM), Fungizone (Squibb & Sons, Inc., Princeton, NJ, 2.5 ug/ml),
and gentamycin (Garamycin, Schering Corp., Kenilworth, NJ, 50 ug/ml). Fibro-
blast growth factor (FGF), prepared as described (37), was added at 100 ng/ml
every other day until the cells reached confluence.

Bovine vascular endothelial cell and vascular smooth muscle cell cultures were
established from bovine aortic arch (38, 39). Cell stocks were maintained in DME
(0.1% glucose) with 10% calf serum for endothelial cells, or 5% bovine serum for
smooth muscle cells. Glutamine, antibiotics, and FGF were added as above.
Human foreskin fibroblasts obtained from the UCSF culture facility were grown
in DME (0.5% glucose) with 10% FCS, and glutamine and antibiotics as above.
Bovine adrenal cortical cells (40) were grown in F12 medium, with 5% heat-
inactivated horse serum (Colorado Serum Co., Denver, CO), 5% FCS, and
glutamine and antibiotics as above. PTK-1 cells (American Type Culture Collec-
tion, Rockville, MD) were grown in DME (0.1% glucose) with 10% newborn calf
serum, penicillin (100 U/ml) and glutamine and streptomycin as above. C; cells
(41) were grown in DME (0.1% glucose) with 5% heat-inactivated horse serum,
glutamine, penicillin, and streptomycin as above. A-431 cells (42) and N-18 cells
(43) were grown in DME (0.1% glucose), with 10% FCS, and glutamine, penicillin,
gentamycin, and streptomycin as above.

Plastic dishes coated with ECM produced by corneal endothelial cultures were
prepared as described (44). Briefly, confluent cultures were first washed with
distilled water and then exposed to 0.02 M NH,OH in distilled water for 5 min,
followed by washing and storage in PBS. Nuclei and cytoskeletal elements have
not been detected on these plates (45). Only trace amounts of the FGF used to
feed cells were detectable in the ECM (46).

Preparation of Conditioned Media

Conditioned medium from corneal endothelial cells (CM) refers to complete
culture medium in which confluent monolayers of cells were grown for 5-7 d.
Serum-free conditioned medium (CMsr) was prepared by incubating confluent
monolayers for 5 d in DME, without serum, supplemented with glutamine (2
mM), gentamycin (50 pg/ml), penicillin (100 U/ml), streptomycin (100 pg/ml),
and Fungizone (2.5 ug/mi). CM and CMgy were filtered through a 0.45 um filter
before storage at 4°C. Conditioned media from confluent cultures of other cell
types were similarly prepared. The abbreviations CM and CMgr, however, are
reserved for material derived from corneal endothelial cell cultures.

Physical, Chemical, and Enzymatic Treatments

Heat: CMgp was heated in a water bath for 30 min to either 60°C or 80°C,
and then cooled on ice.

Acid and Base: CMgp was brought to pH 1.6 with | N HCl or pH 12.7 with
1 N NaOH. After | h at room temperature, samples were neutralized with [ N
NaOH and 1 N HCI, respectively. As a control for the slight increase in salt
concentration and volume in both, a third sample, to which acid and base were
premixed and then added, was used.

Enzymes: Trypsin (Sigma Chemical Co., type III) was used at 100 pg/m) for
2 h at 37°C, after which soybean trypsin inhibitor was added to a final concen-
tration of 500 ug/ml. As a control, trypsin inhibitor was added before the trypsin.
Deoxyribonuclease I (Sigma Chemical Co., type III) was used at 100 ug/ml for
2 h at 37°C. Collagenase (Worthington Biochemical Corp., Freehold, NJ, 200
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U/mg) was used at 20 U/ml for 2 h at 37°C. Neuraminidase (Sigma Chemical
Co., type IX) was used at 2.5 U/ml for 5 h at 37°C. Chondroitinase ABC (Sigma
Chemical Co.) was used at 2 U/ml for 6 h at 37°C. Crude heparinase was used
at indicated concentrations and times, at 30°C.

Gel Filtration

A column (31 X 0.67 cm) of Sepharose 6B (Pharmacia Fine Chemicals,
Piscataway, NJ) was equilibrated at 4°C in 50 mM Tris-HCI, pH 7.4. The void
volume was measured as the volume from which blue dextran 2000 (Pharmacia
Fine Chemicals) was completely excluded. 0.5-ml samples were applied and
fractions were eluted at 2.5 ml/h.

Metabolic Labeling

For labeling with [°H]leucine, confluent monolayers of corneal endothelial
cells were washed into the serum-free medium prepared with leucine-free DME.
After 2 h of incubation, this medium was removed and more of the same medium,
now containing L-[4,5-°H]leucine (Amersham, 50.6 Ci/mmol) at 25 uCi/ml was
added. After 2 d of incubation, cold leucine was added to a final concentration
of 10 ug/ml. The dishes were incubated two more days and the medium was
collected and filtered through a 0.22 pm filter.

For labeling with [*S]sulfate, cultures were washed into serum-free medium
as described above, using sulfate-free rather than leucine-free DME. After 2 h of
incubation, this medium was removed and more of the same medium, now
containing Nas[*$]O, (Amersham Corp., Arlington Heights, IL, carrier-free) at
40 yCi/ml, was added. After 4 d of incubation, the medium was collected and
filtered through a 0.22 um filter.

During the entire course of these incubations, cells appeared healthy, and did
not detach from the dish. After 4 d, most of the radioactivity had still not been
incorporated into macromolecules. Batches of labeled CMsr were always tested
and shown to possess neurite outgrowth-promoting activity. All radioactive
samples were counted in Aquasol (New England Nuclear, Boston, MA). When
H and *S were counted in the same samples, appropriate corrections were made.

Isopycnic Centrifugation

Samples were concentrated 5- to 10-fold by dialysis against polyethylene
glycol (#20-M”, Union Carbide Corp., New York, NY) or sucrose. Two types of
gradients were prepared, as defined by Sajdera and Hascall (47): dissociative
gradients, for which samples were dialyzed exhaustively against 4 M guanidinium
chloride (GuHCI) in 0.05 M Tris-HCL, pH 7.4, and associative gradients for
which samples were dialyzed exhaustively against 0.4 M GuHCl in 0.05 M Tris-
HCI, pH 7.4. Solid CsCl was then added to a final concentration of 31% (wt/wt)
for dissociative gradients, or 37% {wt/wt) for associative gradients. These samples
were centrifuged at 5°C to equilibrium (~48 h) at 40,000 rpm using a SW 50.1
rotor (DuPont Instruments, Newtown, CT) (48). Gradients were eluted and the
density of fractions was determined by weighing volumes in preweighed 10 ul
micropipettes; the radioactivity of these samples was then counted. Each fraction
was dialyzed against two changes of 0.05 M Tris-HCl before further testing.

Immobilization of Glycosaminoglycans
on Sepharose

Onxirane-activated Sepharose 6B was prepared as described (49). Glycosami-
noglycans were resuspended at 10 mg/ml in sodium carbonate buffer (0.1 M, pH
9.5). Activated Sepharose was rinsed in this buffer, and for each gram of
Sepharose (suction-dried weight) 1 ml of glycosaminoglycan solution was added.
After 24 h at 37°C, the liquid was eluted, and the Sepharose washed and blocked
with ethanolamine (49). The Sepharose was then packed into columns and
equilibrated in 0.1 M sodium acetate, pH 7.0. Coupling was quantified by
measuring the disappearance of free glycosaminoglycans from the reaction
mixture using the carbazole method for the determination of uronic acids (50). In
this manner, heparan sulfate-Sepharose and chondroitin sulfate-Sepharose were
prepared containing 1 mg/ml and 0.7 mg/ml glycosaminoglycan of packed
Sepharose, respectively.

RESULTS

Effect of Corneal Endothelial Extracellular Matrix
on Sympathetic Neurons

Neonatal rat sympathetic neurons require NGF for survival
and development in vivo (7). Similarly, in vitro, only when
NGF is present do these cells survive and extend neurites when
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cultured on traditional substrata, such as tissue culture plastic,
and collagen- or polylysine-coated surfaces. In the absence of
NGF, they fail to put out processes, and quickly die (e.g., 33).
In the present study, rat sympathetic neurons were cultured on
ECM produced by cultured corneal endothelial cells. Under
these conditions, neurite outgrowth was seen whether or not
NGF was provided. Fig. 1a shows cells plated on ECM and
cultured without NGF. For comparison, cells from an NGF-
supplemented culture grown on polylysine are shown in Fig.
15. In the latter type of culture, neurite formation could be
completely blocked by antiserum to NGF (Fig. 14). Outgrowth
on ECM, however, was unaffected when anti-NGF was prein-
cubated with the ECM and, in addition, added to the culture
medium at a concentration sufficient to bind 0.5 pg/mil of 8-
NGF, the active subunit of NGF (Fig. 1 ¢). This NGF concen-
tration is 50 times that required for an optimal biological
response.

The behavior of neurons on ECM was unusual in other ways
(Table I and Fig. 2). Neurites appeared earlier and grew more
rapidly on ECM than on polylysine-coated plastic. Within 6 h
after plating onto ECM, >80% of the neurons had neurities,
many of them several cell diameters in length. In contrast,
neurons plated onto polylysine and cultured with NGF had
very few processes by 6 or even 12 h, although most cells
extended neurites by 24 h.

Although neurites appeared early and grew rapidly on ECM
in the absence of NGF, their rate of growth slowed dramatically
after 24 h and cell viability (estimated by morphological crite-
ria) fell steadily thereafter. By 72 h, <20% of the neurons
appeared alive; none survived over 5 d. Massive cell death
could be avoided only if NGF was present in the culture
medium. Then, good viability was maintained for over a week,
the longest time assayed. It appears, therefore, that despite the
outgrowth-promoting effects of ECM, rat sympathetic neurons
still require NGF for survival.

An additional characteristic of cultures grown on ECM was
the morphology of the neurons. When compared to controls
(cells grown on polylysine with NGF), the average number of
neurites projecting from each cell body was greater, many
processes were more highly branched, and a significant number
of processes appeared unusually thin.

Sympathetic neurons prepared by mechanical rather than
enzymatic dissociation responded equally well to ECM, and
had a similar viability, indicating that the effects observed did
not depend on some change in cell function caused by exposure
to trypsin (not shown).

Surfaces Treated with Conditioned Medium Can
Substitute for ECM

To see whether the neurite outgrowth-promoting compo-
nent(s) of ECM could be recovered in soluble form, medium
conditioned by corneal endothelial cells was prepared. Poly-
lysine-coated tissue culture dishes were exposed to this condi-
tioned medium (CM) and washed thoroughly. Sympathetic
neurons plated onto this substratum responded as they did on
ECM, by rapidly extending neurites. Serum-free conditioned
medium (CMgr) applied in this way also produced an active
substratum (Table II). Therefore the active substance(s) is
synthesized and secreted by corneal endothelial cells, and is
not a modified or concentrated component of serum.

Table II also shows the results obtained when neurons plated
on CMgyp-treated polylysine surfaces were cultured without
serum. Since rapid neurite outgrowth was also observed under



FIGURE 1

TABLE |
Comparison of the Response of Neurons to NGF and ECM

Hours after plating

Substratum Medium 6 12 24 48 72
% Neurite outgrowth
Polylysine + NGF 2 6 75 86 84
ECM — NGF 86 78 73 40 2
% Neuronal survival
Polylysine + NGF 94 94 86 87 85

ECM - NGF 99 93 78 49 17

Rat sympathetic neurons cultured with NGF on polylysine-coated tissue
culture plastic and without NGF on ECM were fixed at various times after
plating. Neurite outgrowth was measured by counting random fields and
determining the percentage of presumptive neurons with neurites. Survival
was estimated crudely as the percentage of presumptive neurons lacking
morphological signs of cell death or injury, including cell swelling, loss of
adhesiveness, retraction of neurites, and accumulation of intracytoplasmic
“granules.” Over 100 neurons were counted for each point shown above.

these conditions, the CMgr-coated surface was not acting
merely by adsorbing and concentrating some serum component
onto the substratum. Instead it appears to act directly on
sympathetic neurons. Fig. 3 shows the appearance of cells on
CMgsp-treated polylysine-coated surfaces when grown in the
presence and absence of serum.

Effect of anti-NGF on the response of neurons to ECM and NGF. Rat sympathetic neurons were grown on ECM without
NGF (a) and on a polylysine substratum with NGF (b). In ¢, cells were grown as in a, except ECM was preincubated for 2 h at 37°C
with anti-NGF and anti-NGF was present in the culture medium. In d, cells were grown as in b, except anti-NGF was present in the
culture medium. Representative groups of cells were photographed after 24 h in culture. The substratum-attached material
constituting ECM appears, by phase microscopy, as a mottled background. Thick neurites are easily seen above this background.
Fine neurites, some of which are marked with arrows, are more difficuit to discern. Bar, 50 um. X 380.

When dishes of tissue-culture plastic or petri plastic that had
not been coated with polylysine were exposed to CMsr, they
did not support rapid neurite outgrowth. When only half of a
polylysine-coated dish was treated with CMsr, only the neurons
plated on that half responded with rapid outgrowth (not
shown). This indicates that the active component(s) affects
neurons as a substratum-bound factor, not by diffusing into
the medium. Indeed, binding of the component(s) to the sub-
stratum must be tight, since several days of intermittent wash-
ing and storage did not diminish the activity of treated dishes.

Preliminary Characterization of the
Active Factor(s)

A standard assay for neurite outgrowth-promoting activity
was developed. Polylysine-coated microwells were treated with
samples to be assayed, sympathetic neurons were plated, and
the percentage of neurons with neurites was scored at 12-18 h.
Fig. 4 shows a dose-response curve for dilutions of CMsr.
Titers calculated from these curves were similar for different
batches of CM or CMsr. Even when the neurons were supplied
with NGF, the dose-response was unchanged, provided out-
growth was assayed at ~12 h (not shown).

To characterize its active factor(s), CMsr was subjected to
various treatments and assayed. As shown in Table III, it was
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FIGURE 2 Comparison of responses to NGF and ECM. Rat sympathetic neurons grown on ECM without NGF (a-d) and on a
polylysine substratum with NGF (e-h) were fixed at various times after plating, and photographed (a, e-6 h; b, f-12 h; ¢, g-24 h;
d, h-48 h). Bars, 50 um. X 380.




TABLE |l

Neuronal Response to CMse in the Presence and
Absence of Serum

Hours after plating

Medium 5 13 24 48
% Neurite outgrowth

+ serum 18 56 63 35
— serum 57 58 48 21

Substratum

CMge-treated polylysine

% Neuronal survival

+ serum 95 96 91 48
- serum 89 89 81 25

CMge-treated polylysine

Rat sympathetic neurons were plated on polylysine-coated tissue culture
plastic that had been treated with CMse. Neurons were cultured without
NGF, and with or without serum. Neurite outgrowth and survival were
determined as in Table I.

inactivated by incubation at low or high pH, or by heating to
80°C for 30 min. Heating to 60°C, however, did not reduce
activity. Trypsin inactivated CMsy, and this was the result of
specific proteolysis, since inactivation could be blocked by
trypsin inhibitor. No decrease in the activity of CMsr was seen
after exposure to deoxyribonuclease, collagenase, or neuramin-
idase.

Partial Purification of the Active Factor

CMsgr, concentrated fivefold by dialysis against polyethylene
glycol, was fractionated on a column of Sepharose 6B (exclu-
sion limit 4 X 10° for globular proteins; 1 X 10° for polysac-
charides). Fractions were collected and assayed. As shown in
Fig. 5, neurite outgrowth-promoting activity eluted just after
the void volume in a broad peak.

CMsr was also fractionated by isopycuic sedimentation in
CsCl density gradients, under nondissociating conditions. In
preliminary experiments, activity was found at densities be-
tween 1.3 and 1.4. Since this is between the densities of pure
proteins and polysaccharides, it appeared that the active factor
might contain carbohydrate as well as protein. To obtain more
detailed information, CMgp, metabolically labeled with [*H]-
leucine and [*S]sulfate, was prepared. With some qualifica-
tions (51), the sulfate label is specific for glycosaminoglycans
and, therefore, marks the position of proteoglycans in these
gradients. The leucine label marks proteins and, therefore, also
glycoproteins and proteoglycans. Concentrated CMgr, to which
aliquots of leucine-labeled and sulfate-labeled CMsr were
added, was then centrifuged in CsCl as before. Fractions were
collected and assayed for density, radioactivity, and neurite
outgrowth-promoting activity. As illustrated in Fig. 6, this
activity was confined to a single peak that matched a major
peak of sulfate- and leucine-labeled material. Centered at a
density of 1.36-1.37, this peak was clearly distinct from the
broad peak of lower density representing the bulk of proteins
and glycoproteins present in CMsgr. These experiments were
repeated several times using different batches of CMgr and
labeled CMsr, and this collection of corresponding peaks of
sulfate, leucine, and activity was always seen centered at about
the same density (1.35-1.39). These results indicate that a
sulfated proteoglycan is present in the active fractions and may
represent the active factor.

Characterization of the Partially Purified Factor

Further evidence implicating a proteolgycan as the active
factor was obtained when active fractions from the CsCl gra-

dients described above were pooled and incubated with the
enzymes heparinase or chondroitinase ABC, and then assayed
for activity. The results in Table IV A demonstrate that neurite
outgrowth-promoting activity is lost after treatment with hep-
arinase, which digests heparan sulfate and heparin, but not
after treatment with chondroitinase ABC, which digests hyalu-
ronic acid, chondroitin 4- and 6-sulfate, and dermatan sulfate
(52).

FIGURE 3 Response of neurons to CMgg-treated substrata. Rat sym-
pathetic neurons plated on CMge-treated polylysine substrata, cul-
tured without NGF for 13 h in serum-containing () and serum-free
medium (b). Bar, 50 um. X 280.
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FIGURE 4 Dose-response curve for CMge-promoted neurite out-
growth. Dilutions of CMsr were assayed for neurite outgrowth-
promoting activity as described. Concentration is expressed as a
percentage of undiluted CMsr. Neurite outgrowth is expressed as
percentage of total neurons with neurites. Assays were performed
in triplicate; the data are graphed as averages = 1 SD
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TasLe HI
Partial Characterization of CMge

% Neurite

Treatment QOutgrowth
None 38x2
Acid (pH 1.6) 3+3
Base (pH 12.7) 123
Acid-Base control (pH 7.4) 46+ 6
60°C 35+9
80°C 41
Trypsin 01
Trypsin + trypsin inhibitor 41x6
Deoxyribonuciease 40<+8
Collagenase 39%1
Neuraminidase 436

CMgr was exposed to various treatments and then assayed, as described, for
neurite outgrowth-promoting activity. Data, averages of duplicate assays each
representing counts of 50-100 neurons, are presented % the deviation of each
assay from the mean.
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FIGURE 5 Sepharose 6B chromatography of CMgg. CMgr was frac-
tionated by gel filtration, as described. Fractions were assayed for
neurite outgrowth-promoting activity.
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FIGURE 6 Isopycnic sedimentation in associative cesium chloride

gradients. CMgr, labeled with [*H]leucine and [*®S]sulfate, was
centrifuged in CsCl containing 0.4 M GuHCI, as described in Ma-
terials and Methods. The density (—@—) and radioactivity of frac-
tions were measured. °H (-.-.- y and 35S (-----) were expressed as a
percentage of total dpm. After being dialyzed, fractions were as-
sayed for neurite outgrowth-promoting activity (—il—).

This result suggests that the active factor is a heparan sulfate-
containing proteoglycan. However, since the heparinase used
was a crude preparation it may have been contaminated with
other activities (e.g. proteolytic enzymes and enzymes that
degrade other glycosaminoglycans). Therefore, two experi-
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ments were performed to confirm that specific digestion of
heparan sulfate was responsible for inactivation of the factor.

First, serial dilutions of heparinase were tested for their
ability to inactivate the factor. Appropriate dilutions were then
retested in the presence and absence of bovine serum albumin
(0.2 mg/ml). The data are presented graphically in Fig. 7.
Since the ability of heparinase to inactivate the factor was not
diminished by this concentration of albumin, it is unlikely that
nonspecific proteolysis, if present, could account for the ob-
served effects of heparinase.

Second, aliquots of heparinase were passed, at 4°C, over
columns of either heparan sulfate-Sepharose or chondroitin
sulfate-Sepharose (Table IV B). The eluent from the heparan
sulfate column no longer possessed the ability to inactivate the
factor; the eluent from the chondroitin sulfate column retained
this ability, as did an equivalent aliquot of heparinase which
was not run on either column but simply diluted to the same
volume as the eluted samples. Therefore it is only that com-
ponent of heparinase which binds heparan sulfate, and does
not bind chondroitin sulfate, that is responsible for inactivating
the factor.

The observation that activity was somewhat increased after
treatment with the fraction of heparinase that did not bind
heparan suifate requires explanation. Perhaps this fraction
contains molecules which modify the active factor, altering the
way in which it presents itself to neurons; alternatively, this
fraction may contain enzymes which digest molecules that are
present in the partially purified factor and inhibit its active
component.

Although enzymatic digestion of heparan sulfate apparently
inactivated the factor isolated from CMgr, neither heparan
sulfate, nor any other purified glycosaminoglycan, showed any

TABLE IV

Effect of Glycosaminoglycan-degrading Enzymes on the Neurite
Outgrowth-promoting Factor

Chon-
Crude He- droitinase
A parinase* ABCt Control§
% Neurite Outgrowth
Partially purified factor 1x1 44+ 10 53+7
CMsr 3+£3 46 £ 5 47 £ 2

B

Treatment of Crude Heparinase % Neurite Outgrowth

Controli| 38+02

tluted from heparan sulfate-Sepharose 48 £ 0.6

Eluted from chondroitin sulfate-Sepha- 1324
rose

Crude heparinasef 2+04

Crude heparinase** 28+03

In A, Pooled active fractions from an associative gradient and CMsr were
treated with heparinase and chondroitinase ABC for 6 h and assayed. In 8,
50-ul aliquots of heparinase (6.0 mg/mi in 0.1 M sodium acetate, pH 7.0)
were applied to columns containing 100 ul of glycosaminoglycan-coniju-
gated Sepharose and eluted, at 4°C, in 200 pl of buffer. Controls were not
chromataographed, but were simply diluted with buffer to 1.5 and 0.15 mg/
ml. Samples were added to 4 vol of partially purified factor and the mixture
was incubated for 4 h at 30°C and assayed for neurite outgrowth-promoting
activity. As in Fig. 7, a dilution of the factor affording maximal sensitivity
was used. Data are averages of duplicate assays + deviation from the mean.
1 mg/ml.

2U/ml.

No enzyme.

No heparinase.

Final dilution, 300 pg/ml.

** Final dilution, 30 ug/ml.

=A==+ %



neurite outgrowth-promoting activity when bound to polyly-
sine-coated plastic and assayed (Table V).

In the light of these results, it seems likely that a heparan
sulfate proteoglycan present in the partially purified material
is responsible for neurite outgrowth-promoting activity.
Whether it alone is responsible for this activity, however, was
investigated subsequently.

Further Purification of the Active Factor

Proteoglycans which form complexes with hyaluronic acid
have been described (47) and glycosaminoglycans are known
to bind to collagens and fibronectin (53, 54). It seemed possible
that the neurite outgrowth-promoting factor might have been
isolated as part of a complex with such molecules, since aggre-
gates would probably not dissociate during purification by gel
filtration or density sedimentation in CsCl gradients containing
0.4 M GuHCI (associative gradients). To investigate this pos-
sibility, labeled, partially purified factor was recentrifuged in
CsCl containing 4 M GuHCI (a dissociative gradient). Under
these conditions, previously characterized proteoglycan com-
plexes have dissociated (e.g. reference 47).

When fractions from such a gradient were collected (Fig. 8),
radioactivity was no longer found only in the density range
1.34-1.39, i.e, the range from which the applied material had

A

[ ]
w
[
=
-
z 304 v
T 1}
e
=
204 ]
* M
104 a
: r —f——8-
o 25 50 100

pg/ml HEPARINASE

FICURE 7 Effect of heparinase concentration on inactivation of the
partially purified factor. Partially purified factor (pooled active frac-
tions from an associative gradient) was incubated with various
concentrations of heparinase in the presence (@) and absence (O}
of bovine serum albumin (0.2 mg/ml), and tested for neurite out-
growth-promoting activity. To ensure maximal sensitivity, partially
purified factor was used at a dilution, the activity of which fell on
the steeply rising portion of the dose-response curve (cf. Fig. 4).

TABLE V
Activity of Purified Glycosaminoglycans

Amount  Neurite
Substance applied bound outgrowth

wg/cm? %
Hyaluronic acid 0.31 <1
Dermatan sulfate 0.54 <1
Keratan sulfate - <1
Chondroitin sulfate (mixed isomers) 0.63 <1
Heparan sulfate 0.45 <1
Heparin 0.73 <1
CMge — 74 £3

Glycosaminoglycans, at 1 mg/ml in PBS, were assayed for neurite outgrowth-
promoting activity. Some of the glycosaminoglycan-treated polylysine-coated
surfaces were not used for culturing neurons, but were treated with concen-
trated sulfuric acid to remove bound material. These samples were then
assayed for total uronic acid by the carbazole method (50). By correlating the
results obtained with standard curves prepared for each glycosaminoglycan,
it was possible ta calculate the data shown above. Since keratan sulfate does
not contain uronic acid, its binding was not assayed. Data are averages of
duplicate assays + deviation from the mean.

15

ALISN3Q

dpm (% of iotal)

FRACTION
FIGURE 8 Fractionation of the partially purified factor by isopycnic
sedimentation under dissociating conditions. Active fractions from
associative gradient centrifugation (fractions 10-12 in Fig. 6) were
pooled and recentrifuged in CsC! containing 4 M GuHCl. Density
(—®—) and radioactivity were measured. *H (---.- ) and %%
(----- ) were expressed as a percentage of total dpm.

originally been pooled. Some of the **S appeared in a peak,
also containing °H, that sedimented at a higher density
(1.40-1.45). This behavior would be expected of a proteoglycan
that had formerly been associated with less dense molecules,
such as proteins. In agreement with this, a substantial peak of
°H was found at a lower density appropriate for a protein or
glycoprotein. Some of the *S and °H found between these two
peaks was in a position consistent with proteoglycans that had
remained at their original apparent density—these may or may
not have been associated with other molecules. Some of the **S
sedimented as a peak with a density so low (1.29-1.31) that it
might represent sulfate-labeled material other than proteogly-
cans (cf. reference 51).

Attempts to discover which of these components was respon-
sible for neurite outgrowth-promoting activity were unsuccess-
ful. None of the gradient fractions showed biological activity,
nor did any combination of pooled fractions that was tested.
Indeed, simply exposing either CMgr or the partially purified
factor to 4 M GuHC, followed by dialysis, eliminated activity.
Similarly, when ECM was extracted with 4 M GuHCI, activity
disappeared from the ECM and could not be recovered from
the extract after dialysis (not shown). Thus, it appears that
active factor is inactivated by GuHCI at this high concentra-
tion. This was not unexpected, considering the strongly chao-
tropic properties of this agent.

Preliminary characterization of material isolated from dis-
sociative gradients has indicated that nitrous acid-degradable
polysaccharides are present in both of the peaks of S believed
to represent proteolgycans (not shown). This implies that hep-
aran sulfate proteoglycans are present in these peaks, since
heparin and heparan sulfate are the only glycosaminoglycans
degraded by nitrous acid (55). Failure to recover biological
activity after dissociation, however, has made it impossible to
identify which of the proteoglycans present in the partially
purified factor is (are) necessary for activity. Neither has it
been possible to determine whether protein associated with the
partially purified factor is related to the factor’s activity.

Effect of CMgp-treated Substrata on Other Types
of Neurons

In addition to rat sympathetic neurons, other neuronal cul-
tures were plated onto CMsp-treated, polylysine-coated sub-
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FIGURE 9 Response of other neurons to CMse. Other types of neurons were plated onto CMse-treated polylysine-coated substrata
and cultured without NGF. Rat sensory neurons (a) were photographed after 18 h, chick sensory neurons (b} after 13 h, and chick
sympathetic neurons {¢) after 11 h. Bars, 50 um. a, X 340; b and ¢, X 460.

strata. Rat and chick sensory neurons and sympathetic neurons
all responded in the characteristic manner already described,
ie., with early, rapid, extensive neurite outgrowth (Fig. 9).
NGF, which these cells normally require for outgrowth and
survival, was not required for the response. Thus, two classes
of peripheral NGF-dependent neurons from two different spe-
cies respond to the factor contained in CMsgr.

When a motoneuron-enriched population of cells from em-
bryonic chick spinal cord (56) was plated on CMsp-treated
substrata, neurite outgrowth in the first 12 h was considerably
more extensive than on control substrata, such as polylysine
and collagen (Calof, Lander, Fujii, Gospodarowicz, and Rei-
chardt. Unpublished observations.) In contrast, when disso-
ciated cells from cerebellum and olfactory bulb of neonatal
rats were plated on CMgp-treated substrata, no positive or
negative effects on growth were observed (not shown). When
examining cultures not requiring NGF, such as these, negative
results may be equivocal, since neurite outgrowth may nor-
mally be quite rapid and growth-promoting factors may effect
only a minimal increase. With this in mind, however, it is
interesting to note that of the cell types tested, all of those with
peripheral axons in vivo responsed to CMsr; those with proc-
esses only in the central nervous system were not noticeably
affected.

Production of Similar Factors by Other
Cell Types

Serum-free media conditioned by confluent cultures of var-
ious cell types were prepared as described and assayed for
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neurite outgrowth-promoting activity in the standard manner,
using rat sympathetic neurons. Media conditioned by bovine
vascular endothelial cells, bovine vascular smooth muscle cells,
bovine adrenal cortical cells, human skin fibroblasts, and the
cell lines C; (mouse skeletal muscle), PTK-1 (kangaroo rat
epithelium), A-431 (human vulva carcinoma), and N-18
(mouse neuroblastoma) all possessed activity indistinguishable
from that of CMgr. The titers of the activity of vascular
endothelial and smooth muscle conditioned media were meas-
ured and were comparable to that of CMsr (not shown). When
serum-free, conditioned medium produced by vascular smooth
muscle cells was fractionated by associative CsCl density sedi-
mentation, neurite outgrowth-promoting activity was found in
a peak located at about the same density at which the active
factor in CMgr sedimented.

The ability to produce factors that promote neurite out-
growth seems, therefore, to be shared by a large class of cells,
of which the bovine corneal endothelial cell is 2 member.
Further work will be necessary to determine whether all cells
that grow attached to surfaces can produce such factors, and
what characteristics these factors share.

DISCUSSION

Evidence has been presented that an extracellular matrix pro-
duced by bovine corneal endothelial cells can induce rapid
neurite outgrowth by rat sympathetic neurons in vitro. In
medium conditioned by these endothelial cells, a soluble factor
has been detected which, when bound to an appropriate sub-



stratum, has a similar outgrowth-promoting effect on several
types of neurons. Media conditioned by several cell types from
diverse sources also possess this activity.

The active factor in bovine corneal endothelial cell-condi-
tioned medium has been characterized and partiaily purified.
Several lines of evidence establish the link between neurite
outgrowth-promoting activity and a heparan sulfate proteogly-
can: the factor binds to a polycationic surface, as do glycos-
aminoglycans. In associative CsCl gradients, it cosediments
with a major peak of [*S]sulfate- and [*H]leucine-labeled
material at a density appropriate for a proteoglycan. Most of
the classes of proteoglycans, namely hyaluronic acid, dermatan
sulfate, and chondroitin 4- and 6-sulfate, are digested by the
enzyme chondroitinase ABC. The fact that the neurite out-
growth-promoting factor is resistent to this enzyme, suggests
that one of the remaining two proteoglycan classes, heparan
sulfate or keratan sulfate, is involved; inactivation of the factor
by heparinase implies it is heparan sulfate. This is in agreement
with the observation (57) that ECM produced by bovine cor-
neal endothelial cells contains heparan sulfate, but not keratan
sulfate.

Although the crude heparinase used has been reported not
to contain proteolytic activity (58), controls were done which
verified that inactivation of the factor by heparinase was not
caused by contaminating proteases. Other controls, using Seph-
arose-conjugated glycosaminoglycans, demonstrated that the
material in the heparinase preparation which inactivates the
factor is bound by heparan sulfate, and not chondroitin sulfate.

Proposed hypotheses regarding the molecular nature of the
factor are summarized in Fig. 10.

A heparan sulfate proteoglycan alone may possess neurite
outgrowth-promoting activity. In conditioned medium, this
molecule may exist free in solution (Fig. 104)—in which case
it has a large size and density (ca. 1.36)—or it may be a smaller
factor that happens to associate with other products of the
corneal endothelial cell (Fig. 10 b).

Alternatively, the factor could consist of a complex formed
by a heparan sulfate proteoglycan and other molecules, with
the integrity of the complex being required for activity (Fig.
10¢). Such other molecules probably would not include hyalu-
ronic acid or other proteoglycans, since the factor is resistant
to chondroitinase ABC. A protein(s) or glycoprotein(s) would
be more likely. To explain why only an intact complex would
be active, it is not necessary to assume that neurons must
recognize more than one element of the complex. One possi-
bility is that neurons recognize only the protein or glycoprotein
component, but that the presence of a proteoglycan is necessary
to anchor the complex to an appropriate substratum (e.g.
polylysine, extracellular matrix). Certain molecules known to
be secreted by corneal endothelial cells, such as fibronectin

FIGURE 10 Hypotheses regarding the molecular nature of the fac-
tor. In each drawing, a heparan sulfate proteoglycan is represented
by a protein core (W) to which heparan sulfate side chains
(--~-- ) are attached. Neurite outgrowth-promoting activity may
be associated with a free proteoglycan (a}, or with one that is bound
to a protein or glycoprotein (E=T) that is not essential for activity
(b). The third drawing (¢) depicts a similar complex, in which both
the proteoglycan and the glycoprotein are essential for activity.

(59), are plausible candidates for the nonproteoglycan portion
of such a complex. Fibronectin alone, however, has no neurite
outgrowth-promoting activity in this system, and CMsr is not
significantly depleted of activity when preincubated with gel-
atin-Sepharose, which binds fibronectin (unpublished obser-
vations). One worker studying a factor similar to the one
described here has found antibodies against fibronectin to have
no effect on the factor’s activity (60).

If, as in Fig. 104 and b, a proteoglycan is the only molecule
essential for promoting neurite outgrowth, the protein core of
the proteoglycan must be necessary for the molecule’s function,
since activity is eliminated by trypsin. Compatible with this is
the observation that heparan sulfate alone is not active. The
observation that 4 M GuHCI also destroys activity suggests
that the proteoglycan may be subject to denaturation that is
not readily reversible; this would almost certainly involve the
core protein.

If, as in Fig. 10c, the factor is a complex active only in its
intact form, then inactivation by trypsin may reflect the loss of
any protein-containing component. Purified heparan sulfate
would be expected to lack activity, since it lacks components
of the complex. Exposure to 4 M GuHCI could destroy activity
either because a component of the complex is denatured by
these conditions, or because the complex is unable to reassem-
ble efficiently after being dissociated.

The properties of the neurite outgrowth-promoting factor
characterized in this report suggest that it is one of a group of
factors that have recently been described (16, 17, 19, 21). These
factors have been reported to affect a variety of neuronal types,
promoting neurite outgrowth without affecting other param-
eters, such as survival. Some of the factors have been shown to
require attachment to a polycationic surface, to elicit a neuronal
response (17, 21). For example, one factor prepared from chick
heart cell conditioned medium induces neurite outgrowth, in
some situations, within 20 minutes (17, 61). The factor pro-
motes growth of only those neurites in contact with the poly-
cationic substratum to which it is has been bound (62); similar
activity is found in the substratum-attached material left be-
hind by cultured heart cells (60). Activity of this factor is not
blocked by antiserum to nerve growth factor, nor by antiserum
to fibronectin, a glycoprotein important in cellular adhesion
(63). The factor is inactivated by trypsin.

A similar factor has been discovered in mouse heart cell
conditioned medium (16); it purifies as a large molecule, and
is inactivated by trypsin and by incubation at 100°C, but not
by hyaluronidase, collagenase, neuraminidase, or incubation at
60°C. Adler et al. (21) have noted the production of compa-
rable factors by a very wide variety of mammalian tissues—
heart, kidney, lung, Schwann cells, astroglia—and several
avian tissues. These factors promote neurite outgrowth from
sympathetic, sensory, and some spinal cord neurons. Of those
tested, none are inactivated by antiserum to NGF or fibronec-
tin.

So far, none of the previously described neurite outgrowth-
promoting factors has been significantly purified. No sugges-
tion has been made that proteoglycans play a role in the
activity of these factors. Because they share many of the
properties of the factor described in this report, however, it
seems likely they, too, will be found to involve heparan sulfate
proteoglycans.

Heparan sulfate proteoglycans are ubiquitous molecules
which may have a great variety of biological functions. They
are widely distributed in tissues including the brain (64), are
found on the surfaces of many cell types (65), and are present
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in basement membranes (cf. 48, 66). The polysaccharide por-
tions of heparan sulfate proteoglycans are diverse in length,
degree of sulfation, and uronic acid composition (67-69). Some
appear to be integrally associated with cell membranes; others
may bind cell surface receptors (70, 71). Heparan sulfate may
be a negative regulator of cell proliferation (72-74). It may
play a role in neuronal development since levels are much
higher in developing animals than in adults (75).

Heparan sulfate proteoglycans may also function in the
control of cell motility and adhesion, since heparan sulfate is
present in the newly formed adhesion sites of fibroblasts,
glioma cells, and neuroblastoma cells (e.g. 76, 77). The factor
described in this report may, in fact, function by increasing
adhesion between the neuronal plasmalemma and the substra-
tum,

It is reported here that a variety of cell types produce a
conditioned medium capable of promoting neurite outgrowth
from rat sympathetic neurons. Among these types are neuro-
blastoma cells, tumor cells with neuronal properties. If neurons,
too, can produce neurite outgrowth-promoting factors in cul-
ture, the initiation and rate of synthesis of such factors may
limit the speed with which neurons extend neurites in vitro.
Supplying neurons with a suitable factor from an exogenous
source-—as was done in this study—would then be expected to
promote earlier, more extensive production of neurites. It
would be interesting to discover whether NGF and other
trophic factors induce the synthesis of neurite outgrowth factors
by the neurons they affect. If synthesis of neurite outgrowth
factors occurs in vivo, and is similarly regulated, these factors
may be important in determining the pattern and density of
innervation of the tissues neurons contact.

ADDENDUM

Experiments have been done with CMsr prepared from bovine
corneal endothelial cells grown in the presence of 2.5 mM p-
pitrophenyl S-p-xyloside. Because S-D-xylosides compete with
xylosylated core proteins as templates for glycosaminoglycan
polymerization, cells exposed to these drugs secrete proteogly-
cans containing fewer and shorter glycosaminoglycan chains,
in addition to secreting free glycosaminoglycans synthesized
onto the drug (78, 79). CMgr produced under these conditions
retained neurite outgrowth-promoting activity. However, when
fractionated on associative CsCl gradients in preliminary ex-
periments, the biological activity banded at a decreased density
(~1.30 instead of 1.36-1.37). Since B-D-xylosides promote the
synthesis of proteoglycans which contain less carbohydrate and
are therefore less dense, this result corroborates the other data
linking biological activity to a proteoglycan. The result, how-
ever, does not distinguish among the three models presented.

This work was supported by U. 8. Public Health Service (USPHS)
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and the March of Dimes (L. F. Reichardt).

Received for publication 24 August 1981, and in revised form 10 April
1982,

REFERENCES

1. Letourneau, P. C. 1975. Possible roles for cell-to-substratum adhesion in neuronal mor-
phogenesis. Dev. Biol. 44:77-91.

2. Letourneau, P. C. 1975. Cell-to-sub dhesion and guid of axonal elongation.
Dev. Biol. 44:92-101.
584  THe JOURNAL OF CELL BIOLOGY - VOLUME 94, 1982

=y

=

o

2

22

23.

24.

25.

26.

27.

28.

29.

30.

31

32
33,

34,

35,
36.

37
38.

39.

41.

42,

43.

. Weiss, P. 1955, Nervous system (neurogenesis). In Analysis of Development, B. H. Willier,

P. A. Weiss, and V. Hamburger, editors. Saunders, Philadelphia, PA. 346-401.
Katz, M. I, and R. J. Lasek. 1979. Substrate pathways which guide growing axons in
Xenopus embryos. J. Comp. Neurol. 183:817-832.

. Rakic, P. 1974. Intrinsic and extrinsic factors influencing the shape of neurons and their

assembly into neuronal circuits. J» Frontiers in Neurology and Neuroscience Research, P.
Seeman and G. M. Brown, editors. Toronto University Press, Toronto, Canada. 112-132.

. Levinthal, F., E. Macagno, and C. Levinthal. 1976. Anatomy and development of identified

cells in isogenic organisms. Cold Spring Harbor Symp. Quant. Biol. 40:321-331.

. Levi-Montalcini, R., and B. Booker. 1960. Destruction of the sympathetic ganglia in

mammals by an antiserum to a nerve-growth protein. Proc. Natl. Acad. Sci. U. S. A.
46:3834-391.

. Manthorpe, M., S. Skaper, R. Adler, K. Landa, and S. Varon. 1980. Cholinergic neuron-

otrophic factors: fractionation properties of an extract from selected chick embryonic eye
tissues. J. Neurochem. 34:69-75.

. Nishi, R., and D. K. Berg. 1981. Two components from eye tissue that differentially

stimulate the growth and development of ciliary ganglion neurons in cell culture. J.
Neuroscience. 1:505-513.

. McLennan, I. S, and 1. A. Hendry. 1978, Parasympathetic neuronal survival induced by

factors from muscle. Neurosci. Lett. 10:269-273.

. Barde, Y. A, R. M. Lindsay, D. Monard, and H. Thoenen. 1978. New factor released by

cultured glioma cells supporting survival and growth of sensory neurons. Nature (Lond.).
274:818.

. Lindsay, R. M., and J. Tarbit. 1979. Developmentally regulated induction of neurite

outgrowth from immature chick sensory neurons (DRG) by homogenates of avian or
mammalian heart, liver, and brain. Neurosci. Lett. 12:195-200.

. Pollack, E. D. 1980 Target-dependent survival of tadpole spinal cord neurites in tissue

culture. Neurosci. Lett. 16:269-274.

. Adler, R., and S. Varon. 1980. Cholinergic neuronotrophic factors. V. Segregation of

survival- and neurite-promoting activities in heart-conditioned medium. Brain Res.
188:437448.

. Bonyhady, R. E., 1. A. Hendry, C. E. Hill, and I. . McLennan. 1980. Characterization of

a cardiac muscie factor required for the survival of cultured parasympathetic neurons.
Neurosci. Lett. 18:197-201.

. Coughlin, M. D, E. M. Bloom, and I. B. Black. 1981, Characterization of a neuronal

growth factor from mouse heart-cell-conditioned medium. Dev. Biol. 82:56-68.

. Collins, F. 1978. Induction of neurite outgrowth by a conditioned-medium factor bound

to the culture substratum. Proc. Natl. Acad. Sci. U. S. A. 75:5210-5213.

. Ebendal, T, M. Belew, C.-O. Jacobson, and J. Porath. 1979. Neurite outgrowth elicited by

embryonic chick heart: partial purification of the active factor. Neurosci. Lent. 14:91-95,

. Dribin, L. B, and J. N. Barrett. 1980. Conditioned medium enhances neuritic outgrowth

from rat spinal cord explants. Dev. Biol. 74:184-195.

. Obata, K., and H. Tanaka. 1980. Conditioned medium promotes neurite growth from both

central and peripheral neurons. Neurosci. Lett. 16:27-33,

. Adler, R., M. Manthorpe, S. Skaper, and S. Varon. 1981. Polyormthme -attached neurite-

promoting factors (PNPFs). Culture and . Brain Res.

206:129-144.

Henderson, C. E, M. Huchet, and J.-P. Changeux. 1981. Neurite outgrowth from
embryonic chicken spinal neurons is promoted by media conditioned by muscle celis.
Proc. Natl. Acad. Sci. U. S. A. 78:2625-2629.

Weber, M. J. 1981, A diffusible factor responsible for the determination of cholinergic
functions in cultured sympathetic neurons. J. Biol. Chem. 256:3447-3453.

Godfrey, E. W, B. K. Schrier, and P. G. Nelson. 1980. Source and target cell specificities
of a conditioned medium factor that increases choline acetyltransferase activity in cultured
spinal cord cells. Dev. Biol. 77:403-418.

Hollyday, M., and V. Hamburger. 1976. Reduction of the naturally occurring motor
neuron loss by enlargement of the periphery. J. Comp. Neurol. 170:311-320.

Cowan, W. M,, and P. G. H. Clarke. 1976. The development of the isthmo-optic nucleus.
Brain Behav. Evol. 13:345-375.

Wakshull, E., M. I. Johnson, and H. Burton. 1979. Postnatal rat sympathetic neurons in
culture. I. A comparison with embryonic neurons. J. Neurophys. 42:1410-1425.

Hawrot, E.,, and P. H. Patterson. 1979. Long-term culture of dissociated sympathetic
neurons. Methods Enzymol. 58:574-584.

Fields, K. L., J. P. Brockes, R. Mirsky, and L. M. B. Wendon. 1978. ‘Cell surface markers
for distinguishing different types of rat dorsal root ganglion celis in culture. Cell. 14:43-51.

Varon, S., and C. Raiborn. 1971. Excitability and conduction in neurons of dissociated
ganglionic cell cultures. Brain Res. 30:83-98.

Varon, $., and C. Raibomn. 1972. Dissociation, fractionation, and culture of chick embryo
sympathetic ganglion cells. J. Neurocytol. 1:211-221.

Sotelo, J., C. J. Gibbs Jr., D. C. Gajdusck B H. Toh and M. Wurth. 1980. Method for
preparing cuk of central C ical and i hemical studies. Proc.

Natl. Acad. Sci. U.S.A. 77:653-657.

Chun, L. L. Y., and P. H. Patterson. 1977. Role of nerve growth factor in the development
of rat sympathetic neurons in vitro. . Survival, growth, and differentiation of catechola-
mine production. J. Cell Biol, 75:694-704.

Bottenstein, J. E., and G. H. Sato. 1979. Growth of a rat neuroblastoma cell line in serum-
free supplemented medium. Proc. Natl. Acad. Sci. U. §. A. 76:514-517.

Gospodarowicz, D., and G. Greenberg, 1978. The coating of bovine and rabbit corneas
denuded of their endothelium with bovine corneal endothelial cells. Exp. Eye Res.
28:249-265.

Gospodarowicz, D., A. L. Mescher, and C. R. Birdwell. 1977. Stimulation of corneal
endothelial cell proliferation in vitro by fibroblast and epidermal growth factors. Exp. Eye
Res. 25:75-87.

Gospodarowicz, D., H. Bialecki, and G. Greenberg. 1978, Purification of the fibroblast
growth factor activity from bovine brain. J. Biol. Chem. 253:3736-3744.

Gospodarowicz, D., J. Moran, and D. Braun. 1977. Control of proliferation of bovine
vascular endothelial cells. J. Cell. Physiol. 91:377-385.

Gospodarowicz, D., D. Moran, D. Braun, and C. R. Birdwell. 1976. Clonal growth of
bovine endothelial cells in tissue culture: fibroblast growth factor as a survival agent. Proc.
Natl. Acad. Sci. U. S. A. 73:4120-4124.

Gospodarowicz, D., C. Ili, P. J. Hornsby, and G. N. Gill. 1977. Control of bovine adrenal
cortical cell proliferation by fibroblast growth factor. Lack of effect of epidermal growth
factor. Endocrinoi. 100:1080-1089.

Yaffe, D., and O. Saxel. 1977. Serial passaging and differentiation of myogenic cells
isolated from dystrophic mouse muscle. Nature (Lond.) 270:725-727.

Giard, D. 1, S. A. Aaronson, G. J. Todaro, P. Arsstein, J. H. Kersey, H. Dosik, and W,
P. Parks. 1973. In vitro cultivation of human tumors: establishment of cell lines derived
from a series of solid tumors. J. Natl. Cancer Inst. 51:1417-1423.
Amano, T., E. Richel and M. Nirenberg. 1972. Neurotra

p ve

synthesis by neuro-




45.

47.

48.

49.

50.

Sl

52.

53.

54.

55.

56.

57.

58.

59.

61.

blastoma clones. Proc. Natl. Acad. Sci. U. S. A. 69:258-263.

. Gospodarowicz, D., D. Delgado, and 1. Viodavsky. 1980. Control of cell proliferation in

vitro by the extracellular matrix. Proc. Natl. Acad. Sci. U. S. A. 77:4094-4058.
Gospodarowicz, D., K. Hirabayashi, L. Giguére, and J.-P. Tauber. 1981. Factors control-
ling the proliferative rate, final cell density, and life span of bovine vascular smooth
muscle cells in culture. J. Cell Biol. 89:568-578.

. Gospodarowicz, D., and C. Ill. 1980. Extracellular matrix and control of proliferation of

vascular endothelial cells. J. Clin. Invest. 65:1351-1364.

Sajdera, S. W., and V. C. Hascall. 1969. Proteinpol haridecomplex from bovine nasal
cartilage. A comparison of low and high shear extraction procedures. J. Biol. Chem,
244:77-87.

Hassel, J. R., P. G. Robey, H.-J. Barrach, J. Wilczek, S. I. Rennard, and G. R. Martin.
1980. Isolation of a heparan suifate-containing proteoglycan from basement membrane.
Proc. Natl. Acad. Sci. U. S. A. 77:4494-4498.

Sundberg, L., and J. Porath. 1974. Preparauon of adsorbents for biospecific affinity
chromatogr&phy 1. Attach of group- g ligands to insoluble polymers by
means of bifunctional oxiranes. J. Chromatography 90:87-98.

Bitter, T., and H. M. Muir. 1962. A modified wronic acid carbazole reaction. Anal.
Biochem. 4:330-334.

Branford-White, C. J. 1980. Sulphated glycoproteins in synaptosomes. Neurosci. Let.
16:307-311.

Linker, A., and P. Hovingh. 1977. The uses of degradative enzymes as tools for identifi-
cation and structural analysis of glycosaminoglycans. Fed. Proc. 36:43-46.

Lindahl, U., and M. Hock. 1978, Glycosaminoglycans and their binding to biological
macromolecuies. Annu. Rev. Biochem. 47:385-417.

Yamads, K. M., D. W. Kennedy, K. Kimata, and R. M. Pratt. 1980. Characterization of
fibronectin i ions with glycans and identification of active proteolytic
fragments. J. Biol. Chem. 255: 6055—6063

Kosher, R. A,, and R, L. Searls. 1973. Sulfated mucopolysaccharide synthesis during the
development of Rana pipiens. Dev. Biol. 32:50-68.

Berg, D. K., and G. D. Fischbach. 1978. Enrichment of spinal cord cultures with
motoneurons. J. Cell Biol. 77:83-98.

Nevo, Z., R. Gonzalez, and D. Gospodarowicz. 1982. Characterization of proteoglycans
synthesized by cultured bovine corneal endothelial cells. J. Biol. Chem. Submitted for
publication.

Shimada, K., P. J. Gill, J. E. Silbert, W. H. Douglas, and B. L. Fanburg,. 1981. Involvement
of cell surface heparan sulfate in the binding of lipoprotein lipase to cultured bovine
endothelial cells. J. Clin. Invest. 68:995-1002.

Gospodarowicz, D., G. Greenburg. 1. Viodavsky, J. Alvarado, and L. K. Johnson. 1979,
The identification and localization of fibronectin in cultured corneal endothelial cells: cell
surface polarity and physiological implications. Exp. Eye Res. 29:485-509.

. Collins, F. 1980. Neurite outgrowth induced by the substrate associated material from

nonneuronal cells. Dev. Biol. 79:247-252.
Collins, F. 1978. Axon initiation by ciliary neurons in cuiture. Dev. Biol. 65:50-57.

62.

63.

65.

67.

68.

69.

70.

71

72.
73.

74.

75.
76.
77.

78.

79.

LANDER ET AL.

Collins, F., and J. E. Garret, Jr. 1980. Elongating nerve fibers are guided by a pathway of
material released form embryonic nonneuronal cells. Proc. Natl Acad. Sci. U. S. A.
77:6226-6228.

Culp, L. A. 1978. Biochemical determinants of cell adhesion. Curr. Top. Membr. Transp.
11:327-396.

. Toledo, O. M. §,, and C. P. Dietrich. 1977. The specific distribution of sulfated muco-

polysaccharides in mammals. Biochim. Biophys. Acta. 498:114-122.

Kelier, K. L., C. B. Underhill, and J. M. Keller. 1978. Multiple types of cell surface
heparan sulfate are produced by primary cultures of embryonic mouse cells. Biochim.
Biophys. Acta, 540:431-442.

. Kanwar, Y. S, and M. G. Farquhar. 1979. Isolation of glycosaminoglycans (heparan

sulfate) from glomerular basement membranes. Proc. Nafl. Acad. Sci. U. S. A.
76:4493-4497.

Lindahl, U., M. Hook, G. Béckstrom, 1. Jacobsson, J. Riesenfeld, A. Malmstrom, L.
Roden, and D. 8. Feingold. 1977. Structure and biosynthesis of heparin-like polysaccha-
rides. Fed. Proc. 36:19-23.

Oldberg, A., L. Kjellén and M. Hosk. 1979. Cell surface heparan sulfate. Isolation and
characterization of a proteoglycan from rat liver membranes. J. Biol. Chem. 254:8505-8510.
Radhakrishnamurthy, B., F. Smart, E. R. Dalferes, Jr., and G. S. Berenson. 1980. Isolation
and characterization of proteoglycans from bovine lung. J. Biol. Chem. 255:7575-7582.
Kjellén, L., A. Oldberg and M. HoGk. 1980. Cell surface heparan sulfate. Mechanisms of
proteoglycan-cell association. J. Biol. Chem. 255:10407-10413.

Hurst, R. E., R. T. Parmley, N. Nakamura, S. 8. West, and F. R. Denys 1981. Heparan
suifate of AH-130 ascites hepatoma ceils: a cell-surface glycc inoglycan not displ

by heparin. J. Histochem. Cytochem. 29:731-737.

Chiarugi, V. P., and S. Vannucchi. 1976. Surface heparan sulphate as a control element in
eukaryotic cells: a working model. J. Theor. Biol. 61:459-475.

Kraemer, P. M., and R. A. Tobey. 1972. Cell cycle dependent desquamation of heparan
sulfate from the cell surface. J. Cell Biol. 55:713-717.

Cohn, R. H,, J.-J. Cassiman, and M. H. Bernfield. 1976. Relationship of transformation,
cell density, and growth control to the cellular distribution of newly synthesized glycos-
aminoglycan. J. Cell Biol. 71:280-294.

Margolis, R. U, R. K. Margolis, L. B. Chang, and C. Preti. 1975. Glycosaminoglycans of
brain during development. Biochemistry. 14:85-88.

Cuip, L. A, B. J. Rollins, J. Buniel, and S. Hitri. 1978. Two functionally distinct pools of
glycosaminoglycan in the substrate adhesion site of murine cells. J. Cell Biol. 79:788-801.
Culp, L. A,, R. Ansbacher, and C. Domen. 1980. Adhesion sites of neural tumor cells:
biochemical compoasition. Biochemistry. 19:5899-5907.

Lohmander, L. S, V. C. Hascall, and A. L. Caplan. 1979. Effects of 4-methyl umbelliferyl-
B-p-xylopyranoside on chondrogenesis and proteoglycan synthesis in chick limb bud
mesenchymal cell cultures. J. Biol. Chem. 254:10551-10561.

Stevens, R. L., and K. F. Austen. 1982. Effect of p-nitrophenyl 8-p-xyloside on proteogly-
can and glycosaminoglycan biosynthesis in rat serosal mast cell cultures. J. Biol. Chem,
257:253-259.

585

Neurite Qutgrowth Factor May Be a Proteoglycan



