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ABSTRACT

Extracts of rat seminal vesicles stimulate rapid.

(EI/2:2 hrs) outgrowth of neurites from neuroblastoma x

gliona hybrid NG108-15 cells without effecting ceII proli-
feration. The neurite outgrowth effect is dose depend.ent

with a half-maximal activity at 63.7 ! 4.5 pg of pro-

tein/nl of medium. Upon ultrafiltration, the retenate

fract,ion of M.Vü.>10 KDa stimulates substantial neurite
outgrowth in cultures containing 5-10? FCS, although most

significantly in 5? FCS. No neurite outgrowth activity is
observed in the filtrate fraction of M.V[.<10 KDa. Extracts

of other organs, including the prostate, kidney, heart,
1ung, spleen, and skeletal muscle, stimulate neurite out-
growth variously from 0 to I2Z, as compared to 33? of that
of the seminal vesicle. The activity is heat and acid.

labiIe, but alkaline stable. The active principle does not

bind to plastic surfaces of culture plates or surfaces

coated with poly-L-lysíne. Upon ge1 filtrat,ion on Sepha-

rose CL-48, the act,ivity is excluded in the void volume,

indícating a M.W.> 20OO KDa. The activity eguilibrates at
a buoyant density of 1.04-1.06 grams/m1 upon centrifuga-
tion on a linear sucrose gradient,. However, this partially
purífied seminal vesicle factor, though actíve in stimu-

lating neurite outgrowth is unable to alter the expression

of GAP-43, which appears to play an ímportant role in
neural development and ís highly expressed during neurit,e

outgrowth. Further purification of this factor is in prog-
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ress to study íts biological role(s) ín
differentiation of devel-oping neurons.

the maturatíon and



IMIRODI'CTTON

The generation of specíalized cells from non-specia-

lized ancestor cells is one of the most important ques-

tions in the studies of development. Neurons are highly
evolved cells with specific, specialized functions, and

the evolution from an early somatic celI to a mature

neuron is inherently cornplex. Differentíation of a celI
type evolves progressively from complex interactj-ons bet-
T¡reen genetic instructions, information from the ce11 cyto-
p1asm, and influences from the extracellular enviroment

(Purves and Lichtman, 1985). One important generalization

is that, during development, a gradual restriction of

expression of certain genes causes the differentiating
ce1ls to become more and more specialized (Purves and

Líchtman, 1985). To what extent neuronal development un-

folds according to genetic instructions, and to what ex-

tent it is a result of epigenetic influences from the

neuronal environment, has become an area of intense study.

In 1920, Harrison fírst demonstrated the extrinsic

influences for neuronal developrnent when dorsal root gan-

glia, deprived of their peripheral target, v¡ere hypoplas-

tic, whereas peripherally overloaded ganglia were hyper-

plastic (Hamburger, 1980) . Hamburger and Levi-Montalcíni

(L949) showed that neuronal death in developing sensory

ganglia was a normal phenomenon, and that removal of

target tissue for these neurons accentuated the process.

Moreover, some of the naturally occuring neuronal cel1

death which occurs during developrnent could be prevented
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by increasíng the amount of target tissues available to
the innervating neurons (Hol1yday and Hamburger, 1,976).

These observations have given rise to the view that there

is a competition among neurons for something at the level
of the target (Patterson and Purves I L982) | possibly a

survíval factor, produced in limited quantities.

A role for extrinsic factor(s) on the development of
neurons was confirmed upon the discovery of nerve growth

factor (NcF). Beuker (J-948) observed that dorsal root
ganglia innervating a transplant of mouse sarcoma 180,

whích had been grafted onto 3 day chick embryos, became

enlarged. Levi-Monatalcini (1952) extended these findings
and determined that sympathetic and sensory, but not motor

fibers, innervated the tumor, and that, sensory and sympat-

hetic aanglia enlarged in the presence of sarcoma 180,

even when direct contact was prevented. These findings
suggested that a humoral factor was produced by this tumor

(Levi-Montalcini I 1952). When sensory or sympathetic gan-

glia were placed in culture in the presence of fragments

of sarcoma 180, the ganglia produced a dense halo of nerve

fibers (Levi-Montalciní et al., 1954). This observation

led to the development of an in vitro bioassay, which was

essential for the purification of NGF (Cohen et. â1.,

1954). NGF remains the only neurotrophic factor characte-

rized to date with an established physiological role (for

reviews see Thoenen and Barde, 1980i Levi-Montalciní,

re82) .

It was subsequently shown that daily injections of
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NGF into neonatal rodents resulted ín a six- to nine-fold
increase in the size of the slrmpathetic Aanglía (Levi-

Montalcini and Booker, 1960). On the other hand, genera-

tion of an ant,iserum to NGF (Cohen, 1960) allowed in vivo
studíes on delet,ion of NGF. In neonatal rats, daily injec-
tions of the antiserum produced a massive destruction of

adrenergic neurons in the para- and pre-vertebral chain

ganglia (for reviev¡s see Levi-Montalcini and Angeletti,
I966i Thoenen and Barde, 1980). However, nerve cells of

the sympathetic Aanglionic complexes positioned close to
their end org:ans (including neurons projecting to the

genital systern) were not vulnerable to the NGF antiserum

(Levi-Montalcini | J-982). Recent evidence has pointed to a

physiological role for NGF in the central nervous syst,em

as well (for review see Thoenen et â1., 1987a). For

example, neurons of the septo-hípocampal system were

shown to express NGF receptors (Richardson et â1., 1986),

to increase choLine acetyltransferase production upon NGF

treatment, (Gnahn et a1., 1983), and to display, within the

hippocampusr a stong correlation between the density of
cholinergic innervation and the amount of NGF present

(?ühittemore et â1., 1986) .

Naturally occuring ce11 death has been documented for
almost, every population of neurons studied (Oppenheirn,

1981). It appears that every neuron is faced with the

problem of finding appropriate targets. Only sensory and

sympathetíc peripheral neurons, and possibly some central

neurons, however, have been shown to depend on NGF for

11



their normal development. More recently, numerous tissue
culture experiments have shown that NGF ís only one of a

large number of factors which affect the development and

survival of enbryonic neurons (Thoenen and Edgar, 1985).

It is possible that such factors also have an important

role in vivo in guiding neuronal development.

Purification and characterization of new neurotrophic

factors (NTFrs) depends on the development of defined

bioassay systems (Barde et aI., 1983) . These bioassays

allow for the quantitation of neurotrophic actívities
within and between preparations. In this revíew I catego-

rize the various neurotrophic activities on the basis of

the types of bioassays used in a method similar to Berg

(1984). The four categories are: 1) neuronal survival
factors, 2) soluble neurite outgrowth stimulating factors,
3) substratum-bound neurite outgrowth stímulating factors,

4) and neurotransmitter specifying factors. Special emphi-

sis are given to factors which have been purified or

partially purified.

Ð Neuronal sun¡ival factors

À) Peripheral nerr¡ous systen

The second NTF to be purified came 20 years after the

purification of NGF. Thoenen and collaborators (Barde et

â1., i-978) described a factor from culture medium condi-

tíoned by C6-glioma cells whích supported the survival and

neurite outgrowth of chick dorsal root ganglion (DRG)
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neurons in culture. These effects v/ere not, blocked by NGF

antibodíes. The observation of an act,Ívity ín rat brain
extracts with sirnilar effects on DRG neurons (Lind.say and

Tarbit, 1979) led to the purification by Barde et al.
(l-982) of the rrbrain derived neurotrophic factorrr (BDNF) .

BDNF has been purífied by a factor of I.4 x tO6 to
achieve homogeneity (Thoenen et aI., 1987b). The physío-

chemical charact,eristics of BDNF (12r3OO Dai pI 10.O) are

reminiscent of the NGF !-sub-unit (13r2OO Da; pI 9.3), but

there is no immunological cross-reactivity between the two

(Thoenen et a1., 1987b) . Also, ín contrast to NGF, sympa-

thetic neurons are not responsive to BDNF; and BDNF sup-

portes the survival of sensory neurons of ectodermal placo-

dal origin (eg. vestibular ganglion) (Davies et. â1.,

1986). BDNF has been demonstrated to support survival in
cultures of specific populations of neurons which project

to the brain. However, the source of BDNF and the physiolo-
gical relevance of this neurotrophic factor remain to be

defined (Thoenen et a1., 1987b) .

A factor supporting the survival of chick parasympat-

hetic ciliary ganglion (cG) neurons, ciliary neurot,rophic

factor (CNTF), was purified by Barbin et al. (1984) from

chÍck intraocular tissue, the t,arget tissue of CG neurons.

CNTF activity had previously been reported in conditioned

medium (CM) from heart cel1s (Helfand et. â1., 1976) ,

extracts of skeletal muscle (Bennett and Nurcombe, 1979) |

chick embryo (Tuttle et a1., 1980), and adult rat sciatic
nerve (Wi11íains et al., 1984). CNTF was purífied 4OO-fold,
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determined to have a M.W. of 2O,3OO Da and pI of 5.0, and.

\4ras is inactívated by NGF antibodíes (Barbin et a1. ,

1984). CNTF, purified on the basis of CG neuron survival,
was unable to support chick dorsal root ganglion neurons,

but supported chick and rat sympathetic ganglia and chick
sensory ganglia older than ernbryonic day I (Barbin et a1.,

Ie84).

Extracts from neuroblastoma cell Línes C1300, N2a,

and IMR-32 contain CNTF or CNTF-like activity (Heyrnanns

and Unsicker, 1987) . The neuroblastoma NTF affects id.en-

tical targets of sympathetíc and sensory ganglia, has

sinilar heat and protease sensitivity, and has a sirnilar
M.W. of 201000 Da as CNTF (Heymanns and Unsicker, LSBZ).

A clearly different fact,or supporting survival of
chick neural retinal cells (Schubert and LeCorbiere, 1985)

and ciliary ganglion neurons (Schubert et â1., 1986) was

termed retinal purpurin (RP). Conditioned culture medium

of chick neural retina cells contain macromoLecular

complexes of several proteoglycans and proteins caIled
adherons, which directly promote cell-ceII and cell-sub-
stratum adhesion in rnany experimental syst,erns (Schubert et
aI., 1983). RP was dissociated from the adheron complex,

purified, and shown to have a high degree of hornology in
amino acid sequence with the human serum retinol-binding
protein (RBP) (Schubert et a1., 1986), which is produced

by the Iíver. Monoclonal antibodies against RP did not

block CNTF stinulated CG survival, and CNTF did not sup-

port survival of neural retina cells (Heymanns and Unsic-
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ker, 1987).

Wallace and Johnson (1986) surveyed a large number of
tissues of the pig and found that extracts from lung were

the most, able to stinulate choline acetyltransferase (CAT)

activity and support survival of chick CG neurons. The

active factor was purified 3500-fo1d. It has a M.W. of 3

KDa upon gel permeation chromatography. It is heat and

protease stable, and unlike CNTF, promotes survival of
parasympathetic CG neurons (?üaIIace and Johnson, 1997).

NcF from the mouse submaxillary gland has been the

most thoroughly studied, and remains as the best characte-

rized factor effecting the survival of sympathetic neu-

rons. Recently, NGF was found in hiqh concentrations ín
various parts of the maLe genital tract, including pros-

tate glands of the guinea pig (Harper et aI., 1979) ,

rabbit and bull (Harper and Thoenen, 1980), bull seminal

plasma (Harper and Thoenen, 1980) and buIl seminal vesicle
(Hofmann and Unsiker, 1982). Hofman¡and Unsiker (1987)

partially purified, from bovine seminal vesicle, a protein

factor which was slightly larger and more acidic than NGF.

It effected almost the same spectrum of target tissues,

but was not recognized by anti-UCf antibodies. Its role as

a new sympathetic neurotrophic factor awaits its purifica-

tion and characterízation (Hofmann and Unsiker, 1987).

B) Central nervous systcm

NGF has recently been shown to
agent for some groups of neurons in

15

act

the

as a neurotrophic

central nervous



system, though many groups are not affected by NGF (Thoe-

nen et, â1., 1987a). Recent,ly, Gurney et aL. (19S6a) puri-
fied a factor from the mouse salivary gland, utilizing
monoclonal antibodies against a 56 KDa protein, rn¡hich was

released by denervated muscle in organ culture. They

cloned successfully the cDNA for the 56 KDa antigen by

using an oligonucleotide probe synthesized according t,o

the amíno acid sequence of the purified protein (Gurney et

âI., I986a). Suprisingly, the cloned cDNA product of the

56 KDa factor supported the survival of chick spinal
neurons without effect,ing neurite outgrowth. Subsequently,

the 56 KDa factor was identifíed as a potent lymphokine

(Gurney et al., 1986b), and was therefore named neuroleu-

kin (Gurney et a1., 1986a). Neuroleukin promoted. the sur-
vival of a population of sensory neurons which were not,

affected by NGF, but did not affect sympathetic or parasy-

npathetic neurons (Gurney et a1., I986a). More recently,
Chaput et al. (1987 ) cloned the glycolysis enzyme phospho-

hexose isomerase (PHI) from the pig, and found it to be

90å homologous with neuroleukin, with minor differences

reflecting species and organ variation. Neuroleukin was

since found to have PHI activity. The ability of PHI to
act as a neurotrophic agent remains to be clarified.

Epidermal growth factor (EcF) (Carpenter and Cohen,

1979) and acidic and basic fibroblast growth factor (FGF)

(Baird et. â1., 1986), have recently been shown to have a

trophic role for neurons in vitro. Dissociated neuronal

cell cultures derived from the subneocortical telencepha-
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Ion of neonatal rats showed a 15-fo1d increase in the

number of surviving cells in the presence of EGF. EGF also

stimulated an increase in the number of neurites and. the

degree of neurite branching (Morisson et al., 1987). Con-

ditíoned medium of astrocytes g,ro\Arn in the presence of EGF

did not effect the survival of telencephalic neurons in
culture. This provided evidence that EGF acted directly on

the neurons and not through stinulation of the sma1l

percentage of contaminating astrocytes in the telencepha-

lon cultures (Morisson et, â1., 1987).

Basic FGF was found to increase neuronal survival and

neurite extension in a highly purifíed population of fetal
rat hippocampal neurons under r,¡elI defined. serum-free

culture conditions (Walicke et aI., 1986) . Basic FGF

stimulated a 4-fo1d increase ín survivaL over seven days

as compared to untreated cultures. More recently, basic

FGF was also shown to support survival of neurons in
cultures derived from many brain regions of EIB fetal rats,
including entorhinal cortex, frontal cortex, parietal
cortex, occipítal cortex, striatum, septum and thalamus

(Vüalicke, 1988). The proportion of neurons supported by

basic FGF varied among neuronal populat,ions, suggestíng

the existence of subpopulations of responsive neurons

(Vtalicke, 1988) .

Sirnilarily, acidic FGF was observed to increase

the survival of hippocampal neurons as significantly as

basic FGF. Acidíc FGF was also shown to increase the

survival of entorhinal cortex, parietal cortex, and septal

II



neurons, though not as significantly as basic FGF (Walick,

1988). The signíficance of the role for EGF, basic FGF,

and acídic FGF in normal neuronal development remains

speculative at this tirne.

Mu11er et, al. (1984) described a factor from astrog-

1ial conditioned medium which stimulated the survival ín
serum-free culture of dissociated neurons from embryonic

rat hippocampus. Unlike other polypeptide neurotrophic

factors, the astroglial factor was small, havíng a M.W. of
500 daltons as estimated by gel permeation, and. was heat

and protease stable. The exact identification of this
factor remains to be investigated.

!) SoIubIe neurite

The stimulation of outgrowth of axons and d.endrites

(neurites) from neurons in culture has traditionally been

used to assay for the effects of NGF (Berg, 1984). Similar
assays have revealed a variety of substances, unrelated to
NGF, that, stímulate neurite outgrowth. These factors falI
into two categories: subst.ances which are soluble ín the

culture medÍum, and substances which adhere to the culture
substratum (Berg, I9B4) .

Klingiman (1982) purified, from bovine brain, a pro-

tein factor which stirnulated neurite outgrowth from cereb-

ra1 cortex neurons of day-7 chick ernbryos, using heat

treatment, DEAE-cel1u1ose chromatography, and gel filtra-
tíon. Analysis of the amino acid sequence of the factor,
subsequently purífied by reversed-phase HPLC, revealed

1B
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that it was a dísulfíde-bonded form of the brain prot,eín

S100 (Klingirnan and Marshak, 1984). SIOO protein is an

extremely acidic polypeptide of lOrSO7 daLtons, present

rnainly in the cytoplasm of glial ceIIs, and the nuclei of
neurons (Isobe and Okuyama, 1978), and is hornologous to

IJ-the Ca"-binding proteins troponin C and parvalbumin

(Isobe and Okuyama, 1978). Recently, Klingman and Hsieh

(1987) showed that this factor stimulated neurite out-
growth from the mouse neuroblastoma ceIl line Neuro-2a.

Further studies using this ceI1 line should help clarífy
the mechanism of action of this disulfide-linked S1OO

prot,ein in stimulating neurite outgrowth.

Growth factors EGF, acidic FGF, and basic FGF all
have roles as neuronal survival factors. However, EGF was

recently shown to not only promote survival in prirnary

cultures of subneocortical telencephalic neurons of neona-

ta1 rats, but also to stimulate neurite out,growth from

these neurons (Morisson et a1., 1987). Similarily, basic

FGF is not only a survival factor for neurons from the

hippocampusr entorhinal cortex, frontal cortex, parietal
cortex, striatum, and septurn (as described), but it also

stimulates significant neurite outgrowth from neurons of
the hippocampus, entorhinal cortex, and. parietal cortex
(V[alicke, 1988).

BDNF has previously been descríbed as a survival
factor for neonate DRG neurons. It, also stimulates

neurite outgrowth from these neurons (Bard.e et al.,
1982). Lindsay (1989) used dissociated cultures of DRG
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neurons from 3-4 month o1d adult rats to determine that
BDNF and NGF enhance axonal regeneration, but are not

neccesary for survival of these adutt neurons.

It has been established that, many non-neuronal ce1ls

release facÈors which stimulate survival and neurite out-
growth of neuronal cell-s. Monard et aI. (L973) observed

that culture medium conditioned by C6-gliorna cell-s stimu-

lated neurite outgrowth from NB-2a neuroblastoma ceIIs.
This factor was purified and shown to be a 43 KDa protease

inhibitor (Guenther et ê1., 1985). These investigators
further determined that various proteases on the cell
membrane could affect the turnover of membrane proteins

needed for neurite outgrowth of neuroblastomas, and that
the gIial derived protease inhibitors could regulat,e pro-

tease actÍvity (Guenther et â1., 1985) .

Factors other then proteins, have also been disco-
vered to stinulate neurite outgrowth. Borg et al., (1987)

isolated a long-chain fatty alcohol, n-hexacosanoL, from a

Far-Eastern medicinal- pIant, Hyrophila erecta , and found

that it stinulated neuríte outgrowth by 4- t,o 6-fo1d. in
cultures of cerebral hemispheres of 813 rats. It is known

that long-chaÍn fatty alcohols are produced in rat sciatíc
nerve, and this production increases maximally during

nerve regeneration and development (Natarajan et â1.,

1984). The physiological signíficance of n-hexacosanol in
stimulation of neurite outgrowth is not yet known.

Granule ceIls, from cultures of early postnatal rat
cerebellum extended neurites minutes after plating, and
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most cells possessed neurites after 24 hours in culture
(Pearce et al., 1987). Neurite outgrowth was blocked by

kynurenate, a broad spectrum glut,amate receptor antago-

nistr ês well as by the selective N-methyl-D-aspartate

receptor antagonist, D-2-amino-5-phosphonovalerate (pearce

et al., 1987). Exogenous glutamate prevented the inhibi-
tion of neurite outgrowth caused by kynurenate. The obser-

vations that cerebellar granule cells in culture release
glutamate (Ga11o et a1., l-982) | and that granule ce1ls

have N-methyl-D-aspart,ate receptors (Garthwaite et â1.,
1986), has Ied to the concl-usion that glutamate, released.

in an autocrine fashion, hêy control the development, of
these neurons, through the activation of N-methyl-D-aspar-

tate recptors by other unknown genetic or epigenetic fac-
tors (Pearce et aI., 1987) .

1) Substratum-bound neurite

A) Ttre role of cell surface macromolecules in stimulating
neurite outgrowth

DurÍng development, interactions between growth cones

and neuronal enviroments influence the direction and rate
of process outgrowth. Duríng neuríte outgrowth, growth cones

come in contact with neuronal and non-neuronal surfaces,

(Tomaselli et. â1., 1986), and the role of macromol-ecules

present on cel1 surfaces in dírecting neurite outgrowth

has recently come under investigation.
Neurite outgrowth of CNS neurons (retinal, cerebral

outgrowth stimualting factors
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cortex, hippocarnpus) T¡ras supported by 91ia1 cel1s (astro-
cytes and Schwann cells) but not by non-gIial ceLls (eg.

fibroblasts) (Fa1lon, 1985). This effect of neurite out,-

growth is not observed in CM from gliaI or non-glia1

cultures.

CG neurons regenerated neurites rapidly when plat.ed

on surfaces coated with laminin or fibronectin, and. this
outgrowth was brocked by two monoclonal antibodies which

prevent,ed the adhesion of neurons to these extracellular
(ECM) components (Tonaselli et a1., t9B6) . CG neurons also

extended neurites on surfaces of cultured Schwann cells
and astrocytes, but this neurite outgrowth was not blocked

by the two monoclonal antíbodies. This índicates that
laminin and fibronectin are not involved Ín the st,imula-

tion of neurite outgrowth in this situation (tomase1li,

1986). The molecular mechanism(s) by which macromolecules

on non-neuronal surfaces guide neurite outgrowth, remain

yet unknohrn.

Interactions between neural membranes, as evid.enced

by nerve bundling (axon fasiculation) are import,ant events

in the development of the nervous system (Rutishauser et
â1., 1978). Two types of ceII adhesion molecules (CAMs)

have been described: 1) neural-CAM (N-CAM), 2) and nerve

growth factor-inducible large external glycoprotein (NILE)

(Lagenaur and Lemmon, 1987). Immunological evidence indi-
cated that NILE is similar or identical to other ceIl
adhesion molecules which have been purífied, namely L1,

neuron-gliaI CAM, G4, and 8D9 (Langenaur and Lemmon,
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1987). Recently, purified 8D9 was shoron to contain an

activity that promotes the attachment of neurons and.

outgrowth of neurites from Elo chick embryo tectal ce11s,

and postnatar day 5 mouse cerebellar celrs (Langenaur and.

Lemmon, !987). The finding that Lt (BD9) became strongly
expressed on Schwann cells in the distal stumps of transe-
cted sciatic nerve led to the speculation that thís
expression represents the establishment of a pathway for
axon regeneration (Langenaur and Lemmon, l-}BT).

Neural-cadherin (N-cadherin) is a ca**-d.epend.ant

ceI1-cel1 adhesion molecule found in both neuronal and

non-neuronal tissues (Hatta et al., 1988). Recent immuno-

logical evidence indicated that N-cadherin, or the fun-
ctÍonalLy similar neural Ca++-d.ependant CAM (N-caI-CAM),

may play a role in the fornation of neurites from chick
ciliary ganglion neurons grown on myotubes (Bixby et â1.,
1988). Matsunaga et, al. (1988) observed that neural retina
explants from early chick embryos, when placed on monola-

yer cultures of Neuro-2a ce11s, did not extend neurites.
However, neural retina explants showed vigorous neurite
outgrowth when plated on Neuro-2a cells which expressed N-

cadherin after previous transfection with chicken N-cadhe-

rin cDNA (Matsunaga et â1., 1988). This observation stron-
gly suggests that this molecule plays a role in axonal

development.

Rauvala and Pihlaskari (1987) isolated, from det,er-

gent solubílízed young rat brainr âD adhesive protein
which stirnulated neurite outgrowth from rat embryo brain
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celrs ín culture. The protein factor had a morecular mass

of 30 KDa (p30) under reducing conditions. This factor may

be relat,ed to the 43 KDa neuríte outgrowth factor (Guen-

ther et, â1., 1985), which was identified as a protease

ínhibitor, as both proteins show sirnilar affinities for
heparÍn and affi-gel blue (Rauvalar and pílaskari, IgeT).

The observation that the lever of p3o in rat, brain tissue
was higher in perinatal than adult rats implicated. a

possible development,aL role for p30 in neuronal growth

(Rauvala and Pihlaskari I I9B7).

B) The role of extracellurar matrix molecures ín stimura-
ting neurite outgrowttr

Neurite elongation in developing or regenerating

neurons is likery ínfluenced by not only intrinsic neuro-

nal signal, but also signals from the environment. These

ext,rinsic signals may be soluble or cell-membrane asso-

ciat,ed as previously discussed. Extracellu1ar mat,rix (ECM)

components, derived from celI surfaces, extracellular
spaces t ot basement membranes (Davis et al., 198Sa) also

play an important role in neurite elongation. This is of
particular ínterest because of the correlation between the

presence of ECM and regenerative capacity in the pNS, and

the lack of both in the CNS (Ard et a1., t9B7).

The role of ECM components in neurite outgrowth has

only recently been elucidated. Originally, substratum

bound neurite outgrowth factors were observed ín CM

from many cel1 types such as gliaI, endothelial, and
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muscle (Adler et al., 1981). These factors were found. to
adhere to polyornithine (PORN) coated culture dishes and

stimulated neurÍte outgrowth from a wide variety of neu-

rons. They were therfore termed polyornithine-binding

neurite promoting factors (PNPFs) (Adler et a1., 1991).

rnitial characterization of pNpFs ín cMs from rat schwan-

noma (Manthrope et â1., 1981) , bovine corneal end.otherial
(Lander et al., l9B2) | and mouse heart (Coughlin et â1.,
1981) revealed them to be large (one million or more

daltons), acidíc glycoproteins. Because of their large
mol-ecular weight, involvement in celI-substratum interac-
tions, and synthesis from a variety of ceLl types, the

PNPFs T¡rere thought to be related to various ECM proteins,
such as fibronectin, laninin, oy proteoglycans (Davis et
â1., 1985a). An ECM nature for the pNpFs was enhanced. by

the discovery that various ECM components had neurite
outgrowth activity. Carbonetto et al. (1983) det.errnined

that fibronectin, and collagens type l, TTT, lftr, but not
glucosylaminoglycans, when bound to the substratum, stimu-

lated neurite outgrowth from DRG neurons. Fibronectin was

also found to stimulate neurite outgrowth from chick

neural retina (Akers et al., 1981) , as well as slrmpathetic

ganglia (Rogers et a1., 1983). Laminin was first shown to
stimurate neurit,e outgrowth in human fetal sensory neurons

(Baron-Van Evercooren et a1., l-g92) | and was subseguently

found to índuce neurite outgrowth from a wide variety of
chick and mouse, central and peripheral neurons (Manthrope

et, a1., 1983). A hierarchy of neuriÈe promoting potency
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of the various ECM components has thus emerged, whích in
descending order is laminin, fibronectin, and collagens
(Davis et â1., 1985a) .

The impressive potency of purified laminin suggested.

that laminin may be the active component of the cM pNpFs.

Anti-laninin antíbodies, hov¡ever, blocked rarninin-induced

neurite outgrowth, but not neurite outgrowth induced. by

CMs from RN22 Schwannoma, rat. astroglia, rat C6 glioma or

mouse Schwann ceIl (Manthrope et â1., 1993) . Davis et aI.
(1985b) purified the rat Schwannoma pNpF, and found that
it co-purified with laminín, having a sírnilar pattern on

SDS-PAGE and immunological cross-reactivity. The neurite
outgrowth stirnulating abilities of rat schwannoma pNpF and

laminin were very similar with respect to potency and.

rang:e of action, and parameters of neurit,e outgrowth such

as tíme of neurite out.growth initiation, and total neurite
length (Davis et aI., 1985c) .

The PNPF from bovine corneal endothelial ceIls co-

purified wÍth laminin (Lander et aI, 1985a). A1so, antibo-
dies against laninin immunoprecipitated the neurite out-
growth promoting activity ín the CM of bovine corneal

endothelial cellsr âs well as a variety of other cel1

types (Lander et al., 1985b) . Hayashi et al. (1987) recen-

t1y purified a neurite outgrowth factor from chiken giz-
zard muscle and identified ít as a laminin like moIecule.

Therefore, it appears likely that laminin is a key

component of the PNPFs from many CMs, even though antibo-
dies which prevent lamínin from promoting neurite out-
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growth are not effective on a1l of the pNpFs (Land.er et
â1., 1985b; Davis et aI., 1985b; Hayashi et â1., I9B7).

Lander et al. (1985b) proposed that there may be structu-
ral differences betv¡een neurite outgrowth-laminin and the
laminin used to prepare antibodies t ot that proteoglycans

associated with the laminins (Davis et aI., l-gï7; Lander

et al., 1985b) restrict antibody access to certain antige-
nic sites. rt is also doubtful that the associated. proteo-
glycans promote neurite outgrowth them-selves, âs they can

be díssociated free of the laminín component, which re-
mains active in promoting neurite outgrowth activity (Lan-

der et â1., 1985b). The role of lamínin in neuríte out-
growth is far from clear, and so is the exact relationship
among the PNPFs, laminin, fíbronectin, and. various proteo-
glycans.

!) Neurotransmitter

One of the primary choices a developing neuron makes

is which neurotransmitter to produce, thereby determining

the effects it will have on post-synapt,ic target cel1s

(Patterson, 1978). When quail neural tube plus crest
ceIls, which normally would give rise to adrenergic sympa-

thetíc and adrenal medullary ceI1s, were transplanted into
the rrvagalrt neural tube level of chick embryos, the quaí1

celIs populated the enteric aanglia of the chick gut (Le

Douarin et al., 1975). The quail ce1ls that mígrated to
this abnormal site no longer showed the formaldehyde in-
duced flourescence which is indicative of catecholamines,
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and theír electrical stirnulation produced. cholínergi-
cally driven, gut-muscle contraction (Le Douarin et al.,
1975). This result is consistent with the conclusion that
at least some of the adrenergic population have become

cholinergic, and st,resses the importance of the environ-
ment in neurotransmitter development.

Patterson and Chun (l-974) used tissue culture methods

to show the effects of the environment on neurot,ransmitter

development. Cultures of dissociated superior cervical
ganglia (SCG) produced catechol-amines and barely detectab-

le Levels of acetylcholine (ACh). When placed in co-

culture with rat C6-glioma ce1ls (Patterson and Chun,

1974) or medium conditioned by newborn rat heart, cel1s t or

other non-neuronal cells (Patt,erson and Chun, 1977), SCG

ganglion cells showed a 1OO- to lOOO-fold íncrease in ACh

production. Weber (1981) reported a 1500-fo1d purification
of the active factor, and further characterized (Weber et
â1., 1985) this partially purified preparatíon for its
stokesr radíus, sedimentation coefficíent, partial speci-

fic volume, and a molecular weight of 21 KDa. Recently,

Fukuda (1985) purified the cholinergic stimulating factor
100r00O-fo1d to apparent homogeneity, and determined a

molecular weight of 45 KDa. However, treatment with endo-

B-N-acetylglucosaminidasê F, which causes deglycosylation,

reduced its molecular weight to 22 KDa (Fukuda, 1985). It
ï/as further proposed (Fukuda, 1985) that the factor was

the same as that descrj-bed by Weber (Weber, 1981; lrteber et
â1., 1985), and that it was a glycoprotein with six glyco-
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sylation sítes. The mechanisms, by which this factor af-
fects transmitter developrnent in sympathetic neurons, and

its role in vivo are under investigation.
Several ext,racellular matrix components have been

shown Lo prornote adrenergic properties Ín various neurons.

The ECM glycoprotein, fibronectin, was found to stimulate
adrenergic properties in quail neural crest celts in cul-
ture (siebíer-B1um et aI., rg8t). substratum bound raminin

was able to st,imulate an init,ial increase in Vmax, and. a

later increase in levels of tyrosine hydroxylase in young

(Iate fetus and calf) bovine adrenal chromaffin cells
(Acheson et aI., 1986) . The adrenergic stinurating effect
appeared to be developmentally regulated, as no change in
tyrosine hydroxylase occured in adult ad.renal chromaffin

cells exposed to laminin (Acheson et a1., 1986). In addi-
tion, íncreased ceII contact elevated the specific activ-
ity of tyrosine hydroxylase in bovine adrenal chromaffin

ceIIs, without affecting acetyl cholj-nesterase or lactate
dehydrogenase (Acheson and Thoenen, 1983). Sirnilarly, Zurn

and Murdy (1986) showed that increased ce11 densíty of
cultured superior cervical ganglía (SCG) increased cate-
cholarnine production. rt was proposed that, increased cerl
contact during tissue (adrenal medul-la, scc) formation and

development may be a signal to induce cell maturatíon of
appropriate neuronal properties.

The majority of neurot,rophic agents so far charac-

terized are macromolecules, although smal1 molecules do

play a role in nerve development. Ascorbate, the co-factor
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for the enzyme dopamine-B-hydroxlase, increased. the epi-
nephrine and norepinephrine content of ad.renal chromaffin

cells in culture (Vüilson and Kirshner, 1983). Recently,

zurn and Murdy (1986) deterrnined that culture medium con-

ditioned by liver ce1ls (LCM) increased catecholamine

production by 4-fo1d in cultures of SCG neurons, and that
the active factor Ín the LCM had a molecular vreíght of
less then 500 daltons (Zurn, J-9B7). The factor was heat

and pronase stable, but could not replace NGF as a neuro-

nal survival factor, and was not ascorbic acid (Zurn,

Le87) .

Increased celI-cel1 contact enhances catecholamine

product,ion in both adrenal chromaffin and SCG ce1ls (Zurn

and Murdy, 1986; Acheson and Thoenen, 1983). Vüong and

Kessler (J-987) showed that treatment of SCG neurons with
membranes derived from adult spinal cord or sympathetic

neurons, 1ed to an increase in the expression of subst,ance

P and in choline acetyltransferase activity. The active
membrane factor was extracted by octyl glucoside, and.

fractionated on Sephadex G-75 at 29 KDa (Wong and. Kess1er,

1987). Further purification is neccessary for the elucida-
tion of the precise biological and chemical nature of this
factor.

Obviously, a wide variety of factors do exist which

affect the growth and developrnent of neurons. purifica-

tion, ant,ibody production, and. molecular cloning of these

factors will al1ow researchers to determine the physiolo-
gical significance and biochemical nature of these fac-
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tors. Neurotrophic factors

stimulate or enhance nerve

after trauma.

!) Neuron cytoskeleton

The cells of the vertebrate nevous system show a

great variety of formsr âs illustrated by the hundred.s of
distinguishable celt types (Lasek, 1981). Since the CNS is
virtually devoid of extracellular connective tissue, neu-

rohistologísts have pointed to a role for the cytoskeleton

of neurons and glia in deterrnining neuronal form (Lasek,

1981). In order to develop a complex, yet reproducible

neuronal circuitry, cytoskelet,ons must be both stable and

pIast,ic. Plastícity is best exemplified by axon outgrowth

(Lasek, 1981).

Virtually all neurons extend axons during develop-

ment. AxonaL growth becomes much more limited in a mature

nervous system. It is conceiveable that some of the pro-

teins Ínvolved in axon outgrowth rnay be expressed. tran-
siently during neuronaL differentiation (Skene I tg} ).
These developmentally expressed proteins would have to be

re-índuced for the process of neurite regeneration after
nerve injury (Skene I 1984).

Inductíon of specific neuronal proteins (as det,er-

rnined by 2-D geI electrophoresis) was found during axonal

regleneration in toad retinal ganglia cells (Skene and

Willard, 1981a) and various manmalian pNS nerves (Skene

and Vüi1lard, 1981b). These various growth-associated. pro-
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teíns (GAPs) are members of a group of the most rapidly
movíng prot,eins transported into axons (Skene, l-984). In
the optic nerve, the most prominent increase was of an

acidic protein of molecular weight estimated between 43

and 49 KDa (cAP-43, cAP-49) (Skene, 1984). It was found

that this prot,ein (cAP-43) became associated with the

nerve terminal membrane after axonal transport, v¡as pro-

duced at it,s highest, Ievel during axon outgrowth, and.

declined during synaptogenesis (Benowitz and Routtenberg,

le87).

In the developing visual pathway in rabbit, levels of
cAP-43 were highest during the first postnatal week, and

then decreased dramatically (Skene and Wi11ard., 1981b). A

similar pattern was observed in the vísua1 system of the

hampster (Moya et al., 1987). Jacobson et aI. (1996)

showed that GAP-43 hras prominent among the total proteins
of neonatal rat brain, indicating that this proteÍn was a

common feature of many neurons. Levels of GAp-43 in rat
brain were found to be highest in the first postnatal

week, when axon outgrowth and synaptogenisis was sti1l
occuring, and then declined. by 9OZ over the next few weeks

(Jacobson et â1., 1986). However, in the mature manmalian

CNS pathways, which fail to regenerate, axotomy did not

cause any increase ín GAP-43 expression (Benowitz and

Routtenberg, 1987). These observations have 1ed to the

hypothesis that, the GAP|s, of which cAP-43 is the most

prominent, are critical for axonal outgrowth during deve-

lopment or regeneration (Benowitz and Routtenberg, 1987).
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Recently, a cDN.A, for GAp-43 r¡ras cloned, using antíbo-
dy screening of an expression library, and the DNA sequen-

ce of the clone was reported (Karns et al., I9B7). The

protein product had a pred.ícted molecular size of 24 KDa,

and it was hypothesized that GAp-43 runs anomalously on

SDS-PAGE, which led to the molecuLar weight estimate of
approximently 43 KDa (Karns et a1., I9B7) . It became

appearent that. GAP-43 was identical to several proteins
Ísolated independently (Benowitz and Routtenbefgr t9B7) .

GAP-43 is the phosphoprotein pp46, descríbed from growth

cones of fetal rat brain (Katz et aI., 19Bb), is ident,ical-

to FI proteÍn, a membrane enriched protein-kinase C sub-

strate from rat hippocampus (Nelson and Routtenberg,

1985), and the same as protein 850, a membrane bound,

brain specific, phosphoprot,ein (Aloyo et al., 1983).

Thus, GAP-43 appears to play an ímport.ant role in
such diverse phenomena as neural developrnent, axonal

regeneration, and synaptic modulation (Benowitz and. Rout-

tenberg, r9B7) . rmmunologicar studies of specific antibody

staining for GAP-43 revealed a wide distribution of the
protein throughout the mammalian braín, emphasízing the

importance of the molecule (Benowit,z eE al., 1988). Gíven

the apparant involvement of GAP-43 in a wide array of
neural processes, future studíes on the structure, physio-

logical significance, and regulation of this proteín, are

likely to yíeld a wealth of information for the understan-

ding of sone of the most basic phenomena of the nervous

sytem (Benowitz and RouttenbêTg, I9B7).
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qt Rationa]-e of the

A role for extrinsic influences Ín neuronal develop-

ment was observed as early as I92O (Hamburger, 19BO). NGF

was the first molecule known to play such a role. The

physiological significance of NGF was demonstrated. with
the discovery that anti-Nen antibod.ies caused ímmunoslrmpat-

hectomy (Thoenen and Barde, 1980). However, it was obser-

ved that, the sympathetic ganglia, which send. fibers to the
genital system, $rere not vulnerable to NGF (LevÍ-Montalci-

ili, 1982).

NGF $ias found in high concentrations in various reg-
ions of the male genit,al tract, including prostate glands

of the guinea pig (Harper et a1., t979) , rabbit and bull
(Harper and Thoenen, 1980), and buII seminal vesicle (Hof-

mann and Unsicker I I98Z) . Biological activities of aII
these molecules were inhibited by anti-NGF ant,ibodies.

However, Hofmann and Unsicker (1987) described a

protein from bovine seminal vesicle which had similar
physical properties as NGF, and acted on the same spectrum

of tissues, but, was not inhibited by antisera to NGF.

Clearly, the male genital tract, and especially the semi-

nal vesicle contain neurotrophic factors of importance. It
is therefore possible that other factors may exist in the

seminal vesícle which are unlike NGF.

investigation

7I Ains

A) To determine if the rat seminal vesicle contains a
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neurotrophÍc activity, unrelated to NGF.

B) To develop a rapid bioassay for the activíty based on

stimulation of neurite outgrowth on neuroblastoma x

gliorna hybrid NGI0B-15 cells, which are insensitíve to
NGF.

c) To characterize the active factor from seminal- vesícle
extracts.

D) To probe the possible relatíonship between the activity
of the semj-nal vesicle factor and the expression of the

GAP-43 nRNA as a marker for neurite outgrowth.
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ITTATERTAT^S AND UETHODS

1) Dfateríals

Tissue culture supplíes íncluding Dulbecors mod.ified

Eaglers medium (DMEM), penicillÍn-streptomycin, fetal calf
serum (FCS), and L-glutarnate, i^rere purchased from GIBCO

Canada (Calgary, Alberta). Tissue culture dishes and

mult,iwelIs were from CornÍng Co. (Corning, New york, USA) .

Centricon and centriprep concentrators were from Amicon

(Danvers, Massaachusetts, USA). Sepharose CL-48 was from

Pharmacia (Uppsala, Sweden) . Phenol, chloroform, agarose,

sodium dodecyl sulfate, sucrose, and T4 polynucleotide

kinase were from BRL (Bethesda, Maryland, USA). Standards

for thin layer chromatography including phosphat,id.ylcho-

line and sphingornyelin were from Sendary Research Labs

(London, Ontario). Elutip-d and dot blot ninifold appara-

tus were from Schleicher and Schuell (New Hampshire, USA),

3MM paper r¡¡as from Whatman (Maidstone, England) , and nit-
rocellulose paper r¡ras from Bio-Rad, Canada (Mississagua,

ontario). Gamma 32p-arp was purchased from New England

Nuclear (Boston, Massachusetts, USA), and x-ray film was

frorn Eastman Kodak (Rochester, New York, USA). All other

reagents \Ârere purchased from Fisher Scientifíc Company

(Vtinnipeg, Manitoba), including ethidium bromide and gua-

nidium thiocyanate from Fisher Biotech, or from Sigma

Chemical Company (St. Louis, Missouri, USA).
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2) lfethods

A) Tissue culture methods

a) Hybrid NG108-15 cell line

The neuroblastoma x glioma hybrid ceII line NG10g-15

was a gift from Dr. B. Shrier, laboratory of Developmental

Biology, National Institute For Hea1th, Bethesda, MD., USA.

NG108-15 cells were maintaÍned in mediun D, containing 90?

DMEM, 1OZ FCS, 1 x tO-41,t hypoxanthine, 1 x tO-6lt aminopte-

rín, 1.6 x to-Stt thymidine, Ioo i.u./nI penicillin,
100p9/n1 streptomycin, and 2mM L-glutamate. Cells rtrere

grown in Corning f-75 polystyrene culture flasks at gToC

in a hunidified atmosphere of lOZ CO2-9OZ air. For routine
passage or assay, ce1ls hrere dislodged, collected by cen-

trifugation (500x9 for 5 minutes), and resuspended in
appropriate volumes of prewarmed (37oc) medium. Cell num-

ber was determined by a heamocytometer. Only cells which

had been passaged at least 15 and not more than 25 times

vrere used for experiment,s.

b) Bioassay for neurite out,growth activity

The bioassay for neurite outgrowth activíty was based

on the ability of various fractions to stimulate neurite
outgrowth from Nc108-15 cells when cultured in mediuil D,

but containing only 5? FCS. For assays, hybrid NclOg-Ib

cells were plat,ed ín Corning 24 wel-:-. polystyrene plates at
15,000 ceI1s/wel1 in 1.5 ml of medium. After 2 hours in
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culture, aliquots of tíssue extracts or chromatographed

eluants were introduced into the hybrid ce1ls. After an

additÍonaI 6 hours of culture, ce1ls were fixed. in 10å

gluteraldehyde and staíned with trypan blue. The percen-

tage of cells bearing neurite(s) of length greater than

one ceII diameter was determined. at 2OOX rnagnification

with the aid of an ocular grat,icule. A unit (1U) was

defined as the amount of material neccessary to stimulate
l/Z-maximal neurite outgrowth

c) Culture of cells for RNA extraction

NG1O8-15 celLs were plat,ed in S0crn2 Corning polysty-
rene dishes at, a concentration of I.S x 106 celIs/dish in
10m1 of mediuil D, containing 5? FCS. After 2 hours of
incubatíon, plates received either a) lmI of pBS buffer or

b) 250 ¡rg of protein, in 1 rn1 of PBS, from active frac-
tions of the Sepharose CL-48 chromatography. After an

addítional 6 hours of culture, RNA r¡ras isolated from 16

dishes each of both control and neurite outgrowth induced

ceI1s.

B) Anal-lrtical procedures

a) Protein determination

The distribution of proteins after ge1 permeation was

monitored with a LKB 4050 spectrophotometer by absorbance

at 278 nm. For more accurate determination of protein
concentrations, the method of Bradford (1976) was used.
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b) Concentrat,ion of protein samples

Large and small volumes of tissue extracts or pools

of eluants after chromatography were concentrated. by cen-

t,riprep-10 concentrators and centricon-10 microconcentra-

tors, respectively. Both concentrators have retention
limits of 10 KDa.

c) DNA assay

The DNA assay was based on the method of Howard

(1974). Cells were dissolved from the culture dish and

pelleted by centrifugat,ion. The dish was rinsed with 2 rnI

of IZ SDS and lml of O.2Z BSA in PBS, the rinses vrere

combined and added to the ceIl pellet. After 15 minutes, 3

mI of 2OZ TCA was added, and the TCA precipitate was

peIleted. The pellet was washed with I mI of cold IOU TCA,

and then resuspended in 0.6 rnI of hot 5å TCA, boiled for
10 minutes, centrifuged, and the supernatant collected.

I

The procedure was repeated, and. the supern{tants vrere
Ipooled. Aliguot,s of 500 pl of supernatantsJ o= DNA stan-
I

dards dissolved in 5å TCA, were added. to bOO ¡r1 of d.iphe-

nylamine reagent (1.5 grams diphenylamine, 50 m1 acetic
acid, 1.5 m1 HZSIA, 0.5 mI of 2Z acetaldehyde solution)
and 10 ¡r1 of 59.52 perchloric acid. The samples were

allowed to react overnight, and were quantitated by measu-

ring absorbance at 600 nm.

d) Polyacrylanide gel electrophoresis

Analytical PAGE was performed on a IOå seperating ge1
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and a 4Z stacking gel at pH 8.9 (Ozeta and Market, t979).

The electrophoresis was carried out at a current of 20 nA.

At the end of electrophoresis, the ge1 was stained with
silver nitrate by the method of Morrissey (Iggt).

e) Thín layer chromatography for lipíds

Lipids ín an aIíguot of 6 mI fraction after Sepharose

CL-48 chromatography, containing 180 ¡-rg protein and 26.5

units of activity, vrere extracted by the Bligh and Dyer

method (B1i9h and Dyer, l-959) with slight modifications.
In a seperation funnel, 15 m1 of methanol and. 7.5 ml of
chloroform were added to the 6 mI fraction. The mixture

was allowed to sit for 30 seconds, and then 7.5 mI of
chloroform and 7.5 m1 of a lM KCl solution were added, to
a final proportion of chloroform/methanol/water (22221.9) .

The bottom chloroform layer, contaíning the lipids, was

drained into a fIask, and dried on a rotary flash evapora-

t,or. The lipid residue was then redissolved in chloroform

and transferred to a tube, where chloroform was then

evaporat,ed to a minimal volume under a stream of nitrogen.

The sample and lipid standards (in chloroform) were

spotted onto a thin layer chromatography (t.I.c.) silica
geI plate. The plate T¡ras chromat,ographed in chloroform/me-

thanol/water/acetic acid (35:15z2zJ-) until the solvent was

10 cm from the origin. The plates T¡rere then removed,

dried, and rechromatographed in heptane/isopropyl eEher/

aetic acid (15:10:1) (Arthur et al., 1986) . The plat,es

were stained with a combination of iodine spray for double
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bonds and Dittmer st,ain for phosphorous, followed by ba-

king at Sooc to visualize the lipid bands.

C) Characterization of neurite outgrowth. activity

a) Tissue extraction

Rats r¡¡ere sacrificed by decapitation and the pros-

tates, including seminal vesicles were removed. The coagu-

lating gland was teased away and the seminal fluid removed

before the seminal vesicle was frozen on dry ice.

For extraction, tissues were homogenized in b volumes

of cold PBS buffer using a Polyt,ron, stirred for t hour,

sonicated with 5x15 second bursts, and centrifuged at IsK

for 30 minutes. The resulting supernatant was dialysed

extensively overnight against PBS buffer, and used for
bioassay. All st,eps rrere carried out on ice or at 4oc.

b) GeI permeation on Sepharose CL-48

For column chromatography, seminal vesícIes from

adult rats \Àrere homogenized in PBS buffer containing IZ p-

mercaptoethanol, followed by centrifugation at 15K for 30

minutes. The extract was then sonicated, and centrífuged

again at 40K for t hour. The clear supernatant was then

applied onto a column of Sepharose CL-48 equilíbrated in
PBS buffer contaíning 0.1å p-mercaptoethanol, and eluted

with the same buffer. For neurite outgrowth assay, frac-
tions were concentrated on centricon-lO microconcentra-

tors, and added to the NG108-15 cell-s.
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c) Sucrose density gradient centrifugation

A linear sucrose density gradient ranging from t.02

to 1.14 g/mL was prepared by placing 6 ml of a 50? sucrose

solution in 10mM NaPOn, pH 7.0 ín the reservoir chamber of
a Hoefer gradient mixer, and an equal voLume of a IOå

solution in the mixing chamber. A piece of tygon tubíng

was connected from the outlet port of the mixing chamber,

through a LKB microperistaltic pump, to a long needle

which delivered the mixed sucrose solution to the bottom

of a Beckman Ti-75 ultracentrifuge tube.

A sample of the concentrated acÈive fractions after
the Sepharose CL-48 chromatography was gently layered on

top of the gradient,, the centrifuge tube was sealed, and

spun at, 2OOt000xg for 15 hours. After centrifugat,ion, the

gradient was fract,ionated into tml fractions using a peri-
staltic punp and an LKB fraction collector. The sucrose

content, of each the fraction was monitored based on refra-
ctive index, read on a Bausch and Lamb ABBE-3L refractome-

ter. For neurite out,growth assay, fractions $rere washed

free of sucrose, concentrated on centricon-IO microconcen-

trators, and added to the NG108-15 cel1s in culture.

D) North.ern and. dot bJ.ot analysis

a) RNA extraction

RNA was isolated from rat tissues or NG108-15 cells
by the method of Chirgwin et, aI. (1979). Briefly, tissues

\Árere homogenized at 5:1 (w:v) in cold 4.OM guanidinium
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thiocyanate (GIT), and cultured cells were washed on the

dish with culture medium, dislodged, and pelleted. by cen-

trifugation, and the resuspended cells in co1d. GIT were

then disrupted by passing through a 2I gauge needle,

followed by an 18 gauge needre. ceI1 or tissue homogenates

(approximatly 7n1) were layerd onto 4rn1 of 5.7M CsCl, in
3M sodium acetate, pH 6.0, in a Ti-7S ultracentrifuge
tube, and spun at 251000 rpm for 20 hours. The reulting
pelIet was dissolved in 400 ¡r1 of TE buffer (tOnM Tris, þH

7.4 containing 0.1mM EDTA) . To the mixture, 4OO lrl of
salt-saturated phenol-chloroform (l:1) \Àras added, vor-
texed, and spun in a microcentifuge 1. or 7 minutes at  oC.

After centrifugation, RNA was removed in the aqueous layer
and precipitated overnight at -2OoC by adding 2 volumes of
0.25M NaCI, in ethanol. After centrifugation, the pelleted

RNA was washed with 70? ethanol, dried under vaccum, and

redissolved in a minimal volume of TE buffer. RNA content

was measured by absorbance at 260 nm.

b) Agarose-formaldehyde geI electrophoresis

Agarose-formaldehyde gel electrophoresis was

performed according to the method of Lehrach eÈ al.
(L977). Gel of 1.2? was obtained by dissolving 3.6 grams

of agarose in 216 nI of water upon boiling. While the

míxture was beíng cooled to 6ooc with constant st,irríng,
54 rnl of formaldehyde, 30 m1 of 10X MOPS [0.2M 3-(N-

morpholíno)propanesulfonic acid, o. osM sodium acetate,

0.01M EDTAI buffer, and 18 pl of a 1.0å ethidiun bromide
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solution r¡¡ere added. The mixture was then poured into a

horizontal geI electrophoresis apparatus and allowed to
cool and solidify.

1o a sample of 50 l¡g of total RNA in 11 pl of TE

buffer, 20 ¡tL of formamide, 7 pI of formaldehyde, and 2 ,tI
of 10X MOPS were added. After heating the sample mixture

at 65oC for 20 minutes, 2 pl of loading buffer containing
glycerol and brornophenol blue were added. Electrophoresis

was carried out, at 40 volts for 18 hours in IX MOPS run-

ning buffer.

c) Blotting RNA to nitrocellulose

After elect,rophoresis, RNA was transfered from the

agarose ge1 to nit,rocellulose (NC) paper as described by

Davis et aI. (1986). After washing in ZOX SSC (3M NaCl,

0.3M sodium cit,rate, pH 7.0), the agarose ge1 was placed

upside-down onto a filter paper, and a piece of NC paper

soaked in 20X SSC, vras placed over the ge1 with 3 pieces

of 3MM paper eguilibrated in 20X SSC, followed by a stack

of dry paper towels. After 24 hours, transfer of RNA to the

paper was monitored under u.v. Iight. The NC paper was air
dried , and the RNA was baked. onto the paper at BOoC under

vaccum for 2 hours.

d) Dot blots

Dot, blot analysis of RNA samples was performed as

described by Davis et aL. (1986) with s1íght modifica-

tions. samples of RNA in 6x ssc contaíning sz formaldehyde
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Ì¡¡ere heated. to 65oC for 30 minutes and applied onto NC

paper (eguilibrated in 6X SSC) through the wel1s of a

Schleicher and Schuell minifold dot blot apparatus und.er

vaccum. After rinsing 3 tines wíth 6X SSC, The NC paper

T¡ras ai-r dried. and then baked und.er vacuum at I OoC f or Z

hours.

e) End Iabelling of oligonucleotide probe

A 48-mere synthetic oligonucleotide was purchased

from the Regional DNA Synthesis Laboratory, University of
Calgary, Calgary, A1berta, and labelled with gamma 32p-Atp

as described by Davis et a1., (1986). The sequence of the

synthetic oligonucleotide is:
5 | -cctgccttgctgggctcctcagccttagggctggtggctggggctgca-3 |

This sequence is the reverse complement of the mRNA pro-

duced by DNA encodíng the neuronal growth associated pro-

tein-43 (cAP-43). The 48-mere corresponds to bases 339-387

of the cDNA reported by Karns et a1., 1987.

For labelling of the oligonucleotide, L4 ¡:1 of water,

50 pCi of gamma 32p-etp, and 2 ltL of T4 polynucleotid.e

kinase was added to 640 ng of GAP-43 oligonucLeotid.e in 3

¡r1 of 10x kinase buffer. The nixture was placed at 3:-oC

for 45 minutes. The reaction was stopped by placing the

reactíon vessel at 65oc for 15 minutes and free giamma 32p-

ATP was separat,ed from the Iabelled oligonucleot,íde by

washíng 2x on Schleicher and Schuell Elutip-d columns as

described by Davis et al. (1986).
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f) Hybridization

Hybridization of the 32p-1.b"1led oligonucleotide
with RNA on NC paper was performed as described by Davis

et aI. (1986) with slight, inodifications. The baked NC

filter was wetted in 6x ssc and placed in a seal-a-Mear bag

containing 10 mI of Southern hybridization buffer (SHB),

consisting of 6X SSC, IX Denhartrs solution (IO grams

polyvinylpyrrolidone, 10 girams BSA, and. IO grams of Fico1l
400 in 500 mI water) , 0.lrng/rnl of sonicated, single stran-
ded, salmon sperm DNA, 1 ng/nl SDS, and 1 mg/ml sodium

pyrophosphate. the bag was sealed and placed in a water

bath at 55oC. After 3-4 hours, the SHB was drained, 10 mI

of fresh SHB contaíning approximently 10 x 106 counts of
32P-1.b"11ed cAP-43 olígonucleotíde probe was add.ed, the

bag was resealed and. placed at 55oC for approximately 15

hours. After hybridization, the NC paper was washed free
of unbound radioactivity in IX SSC containing 0.1? SDS at
__o_55-C, and autoradiographed.

g) Quantít,ation of hybridízation

For more accurate measurement of radioactivity, dots

on NC paper contaíning hybridized 32p-1.b"I1ed GAp-43

probe r,nrere cut out, of the NC paper, placed in vials with s

rnl of scinti-versa scintilation fIuid, and. counted. in an

LKB gamma counter.
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REST]LTS

1) Conditions for assaying neurite outgrowth. activity
using the hybrid Nc]-o8-I5 cell

For successful isolation and characterization of

biologically act,ive principles, a sirnple and specific
bj-oassay is essential. Extracts of adult rat seminal vesi-
cle (SV) were observed to be able to stimulate neurite

outgrowth from neuroblastoma x glioma hybrid NGl0B-15

cells. A bioassay based on the ability of stimulating
neurite outgrowth from these cells was developed to moní-

tor the activity in crude SV extracts and eluants from

fractionationed SV extracts.

The NG108-15 ce1l line was derived. from a Send.ai-

virus-induced fusion of a mouse neuroblastoma cell line
(N18 Te-z) and a rat glioma cell line (c6BU-1). This

ce11 line has been shown to have a hígh basal expression

of choline acetyltransferase (Hamprecht, 1977) and to form

functional synapses with striat,ed muscles in vitro (Nelson

et â1., L976). The cells have also been documented to
possess receptors for neuroactive compounds, including

muscarínic acetylcholine, serotonin, neurotensin, adeno-

sine, PGEI, alpha-2-adrenergic, and opiate (Nierenberg et

â1., 1983) . In adapting this NG108-15 ceI1 line for moni-

toring neurite outgrowth activity, prelimínary experiments

were carried out to establish a simple and reproducable

bioassay.

line
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A) Extraction of seminal vesicJ-es

I{hoLe prostates were removed from adult Sprauge-

Dawely rats. Seminal vesicles were dissected out, and the

coagulat,ing glands were removed by gently teasing them

from the vesicle. The seminal fluid was then squeezed out.

SV tissue r¡ras rinsed and homogenized in PBS, and centri-

fuged at 20,000x9 for 30 minutes. The resulting superna-

tant was sonicated and recentrifuged at 1001000x9 for 60

minutes. The clear supernatant was then applied directly
for bioassay, ot was taken for further characterization

and fractionation procedures.

B) lforalhological assay of neurite outgrowttr using NctOS-Is

cel]-s

NGL08-15 cells were plated at 15,000 cells/weIl in
DMEM containing 52 FCS. After 2 hours incubation, aliguots

of tissue samples or BSA solution (control) were applied.

After an additional 6 hours incubation, cells r¡¡ere fixed

in 10å gluteraldehyde and stained with trypan blue. The

number of cells bearíng neurite(s) longer then one cell-

diameter was determined and expressed as Z of the total
number of cells present. Figure lC shows that cells gror^rn

under control conditions in DMEM with 5å FCS for 2 hours

had a rounded morphology, and tended to grow in sma11

clumps. After an additional 6 hours of culture (Fig. ID),

ce11s began to unclump, with some ceIls (<5?) flattening

on the plate and extending axons or dendrites (neurites).
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Figure 1. Phase-contrast photornicrography of NcI08-15

ce1ls. NG108-15 cells hrere plated in DMEM containing 5?

FCS at 15,000 cells/well. After 2 hours incubation (14 and

IC), ceIls were treated with BSA (1D) or with SV extracts

or fractions (18). After an additional 6 hours incubation,

ce1ls $tere fixed in 10? gluteraldehyde, stained with try-
pan blue, and the number of cells bearing neurite(s)
greater then one ceI1 diameter was deterrnined.
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However, after incubation in the presence of sv extracts
(Fig. 18), most ce1ls became flattened on the pIate. They

grew in singlets, and a good portion of the cells (35-45?)

extended I or more long neurites.

C) Time course of neurite outgrowttr

The outgrowth of neurites from SV stimulated NG1OB-15

cel1s was reratively rapid. Figure 2 shows the tirne course

of neurite out,growth of NGroB-I5 cultures in the presence

of SV extract,s. Half-naximal neurite outgrowth activity
was achieved wÍthin 2 hours after addition of the extract,
and recorded its maximal outgrowth by 6 hours. For assays

of neurite outgrowth, 6 hour íncubations were therefore
routinely used.

D) Effect of serum on assaying neurite outgrowtÌr activity

The effect of serum on neurite outgrowth activity is
shown in Figure 3. Extracts of sv r^¡ere separated by ultra-
filtrat,ion into fractions of molecular weight greater and.

less than 10 KDa by centricon-10 microconcentrators upon

centrifugation. Egual volumes of each fraction r^/ere as-

sayed for neurite outgrowth activity by addition to the

Ne108-15 ce1ls plated in the presence of SZ FCS or IO?

FCS. Neurite outgrowth activity was found only in the

fraction of molecular weight >tO KDa (Fig 3). This frac-
tion was able to stimulat,e neurite outgrowth of NGIOS-IS

celIs even in the presence of 10? FCS, but, the activity
hras significantly higher in cultures containÍng 52 Fcs.
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Fiqrure 2. Time course of neurite outgrowth. Ce1ls v¡ere

plated under standard assay conditions, and 250 ¡rg of

seminal vesicle extract was added to each well. Cells T¡¡ere

fixed after 15, 30, 60, Izot 180, and 360 minutes, and the

number of cells with neurite(s) greater than one ceII

diameter was determined. Activity is expressed as percent

of cells bearing neurite(s) greater then one cell diame-

ter after 360 minut,es. Data represents means t SEM of

three experirnents. ( ¡ ) , 25O pg of seminal vesicle

extract applied; ( tr ), BSA control.
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Fiqure 3. Effect of serum on assaying neurite outgrowth

activity using Nc10B-15 celIs, Extracts of SV at protein

concentrations of 25O yg were separated into fractions of

molecular weight >10 KDa or (10 KDa by centricon-lO micro-

concentrators under centrj-fugation. Equal volumes of each

fraction were bioassayed on ce1ls plated in (A) 52 FCS or

(B) 10å FCS. Data represents means + SEM of three experi-

ments
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Thereafter, curtures of NG108-15 cel1s in DMEM containing

52 FCS were rout,inely used for the neurite outgrowth

assays.

E) Effect of seminal vesicle extract, on cell proliferation

The SV extracts stimulat,ed neurite outgrowth, buÈ did
not affect ce11 proliferation as shown in Figure 4. plated

NG108-15 celIs received 250 pg of an active fraction of
the SV extract after CL-48 column chromatography (Figure

8). AfLer 24, 48, or 72 hours of incubation, cells Ì¡rere

harvested and their DNA content was determined. as a marker

of ceII proliferation. Under these conditions, cell_s doub-

1ed approximatly every 24 hours, but no significant dif-
ference in growth was observed between SV-treated and.

unÈreated control ceIls. NG108-15 cells treat,ed with the

SV active fraction did show significant neurite outgrowth.

The extraction of SV and bioassay of the neurite
outgrowth activity using Nc108-15 cells in culture is
summarized in Fig. 5.

2) Characterization of ttre neurite
factor

A) Binding affinity of the neurite outgrowtTr stimulating
factor

Neurite outgrowth stimulating factors have been found

to faIl into two categoriesi soluble, and substratum-

binding. The results of experiments designed t,o d.etermine

outgrrowth stimulating
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Fígure 4. Effect of seminal vesicle extracts on cell

proliferation. NGI08-15 cells $/ere plated at 15,000

celIs/ml in DMEM containing 5Z FCS. Cel-Is received 25

pg/ml of an active SV fractj-on after Sepharose CL-48

column chromatography (Figure B). Cells were harvested

after 24, 48, or 72 hou.rs incubation, and.their DNA con-

tent was assayed. Data represent means t SEM of 4 or 6

experiments. ( n ),PBS control; ( E ),sv fraction.
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Table 1. Ability of seminal vesícle neurite outgrowth

stimulating factor to bind to poly-L-lysine coated plastic
surfaces. Tissue culture dishes were coated with a O.ZZ

solut,ion of high molecular weight or regular poly-L-

lysine for 6 hours at AoC, followed by a pBS rinse. An

active seminal vesicle fract,ion (30 Fg) after Sepharose

CL-48 chromat.ography (Figure 8) $ras added to the dishes

for 16 hours at 37oC, followed by washing with pBS.

Cells $rere then plated into the dishes in DMEM containing

5Z FCS at I5r000 ceIIs/well. After B hours of culture
cells r¡rere fixed and counted.

Substrate surface SV Active Z cells wíth neurites
fraction (30 Fg)

plastic

poly-L-lysine

l
(HMw) +

poly-L-lysine (regular) +

11.9 t 0.9
5.5 + 1.0

L7.1 + L.7
Most cel1s died
(remaining cel1s
had rounded mor-
phology)

t3.2 + L.2
Most õeIIs died.
(remainíng ceI1s
had rounded mor-
phollogy)
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if the neurite outgrowth stirnulat,ing factor (NOSF) binds

to plastic or poly-cationic coated plastic surfaces (po1y-

L-lysine) of tissue culture dishes are shown in Table 1.

Tissue culture dishes were coated with a O.2Z solution of
regular or high molecular weight (IIMW) poly-L-lysine (Sig-

frâ, Co., St. Louis) for 6 hours at AoC, followed by an

extensive rinse in PBS. Aliquots of 30 ¡rg of an active
fraction aft,er Sepharose CL-48 column chromatography

(Figure 8), in 270 ]¡1, were added to the regular or poly-

L-lysine coated dishes for 16 hours at 37oc , followed by

washing with PBS. Cells \i¡ere then plated onto the dishes

in DMEM containing 52 FCS. Litt,le neurite outgrowth acti-
vity was observed in cells cultured on plastíc surfaces

coated with the SV active fraction. CeIIs grown on poly-L-

lysine coated surfaces vrere found to be dead 2 hours after
platíng. Cells girown on dishes coated with poly-L-1ysine,

followed by treatment of SV active fraction survived and

showed a small degree of neurite out,growth. No significant
dÍfference in neurite outgrowth was observed between cells
cultured in dishes prevíousIy treated or non-treated with
poly-L-Iysine.

Affinity of NOSF for heparin was examined by affiníty
chromatography on heparín-sepharose (Figure 6). Seminal

vesicle extracts T¡rere dialysed against 10 nM sod.ium phos-

phate buffer (pH 7.0) containing 0.5 M NaCl, and applied

onto a heparin-sepharose column equilibrated in the same

buffer. After extensive washing, bound proteins were

eluted st,epwise, first, with 1.0 M and then 3.0 M NaCl in
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Ficfure 6. Heparin-sepharose affinity chromatography of the

neurite outgrowth stimu-l-ating factor. Seminal vesicle ex-

tracts \rrere d.ialysed. against 10 nM sodium phosphate buffer

(pH 7.0) containing 0.5 M NaCl, and then applied to a

heparin-sepharose column equilibrated in the same buffer.

After washing, bound proteins were eluted stepwise with lM

and. 3M NaCl in 10 nM sotlium phosphate buffer. Fractions

]-4, 5-g and. LO-14 vlere pooled and concentrated on centri-

con-10 microconcentrators and assayed for neurite out-

gro$tth activíty. Samples of 2OO irg of protein were used

for the assay. Protein dístribution was monitored by o.D.

2BO.
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10 mM sodium phosphate buffer, and the fractions r¡rere

assayed for neurite outgrowth activity. The bulk of pro-

teins, includÍng NOSF did not bínd. to the column, and. were

eluted in the unadsorbed fract,íons, indicating that NOSF

does not have an affinity for heparin.

B) StabiJ.ity of the neurite outgrowth stimuJ.ating factor

Table 2 shows that, the NOSF was relatively stable at
pH values that, ranged from 6-8. Aliguot,s of seminal vesic-

Ie extract were dialysed against, various buffers at diffe-
rent pH values as indicat,ed for 8 hours. After dialysís,
the pH of the samples was readjusted to 7.0 by díalysis
for another 8 hours. Aliquots of 250 Fg of prot,eín were

applied for neurite outgrowth assay. The activity remained

relatively stable at pH values from 6.0 to LO.O, but was

labile under acidic condítions.

For heat stability, aliquot,s of the semína1 vesicle

extract T¡rere sealed in microcentrifuge tubes and placed in
a water bath at various temperatures as indicated. After
an incubation of 30 minutes, alIowíng for the transfer of
heat to the SV extract, samples were spun and aliquots of

25O ¡tg of protein each hrere applied for neurite outgrowth

assay. The activity was stable up t,o 55oC for 30 minutes,

and was partially or totally destroyed at higher ternpera-

tures as shown in Table 3.

C) Tissue distribution of neurite outgrowth stírnu1-atíng

activity
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Table 2. Effect of pH on the neurite outgrowth stimulating
factor. Aliguots of the rat SV extract were dialysed for B

hours against the following buffers: IOOnM glycine-HCl, pH

4.0ì 200mM sodium phosphate, pH 6.0ì 200mM sodium phos-

phate, pH 7.Oi 200mM sodium phosphate, pH 8.0; I00nM

sodium phosphate-sodium bicarbonate, pH 10.0. After dialy-
sis, the pH of the samples r,¡ere readjusted to 7.0 by

dialysis for another I hours. Àliquots of 25O ¡tg of pro-

tein from each sample were assayed for neurite outgrowth

activity. Data represents Means + SEM of three experi-

ments.

pH

4.0

6.0

7.0

8.0

10.0

Zcells w¡th neu rite (s)

11,7 t 2.5

30.81 3.0

33.4 1 1.1

33.41 3.4

28,6 t 2,8

60



Table 3. Effect of temperature on the neurite outgrowth

stirnulating factor. .A.Iíquots of the sv extract were sealed

in microcentrifuge tubes and. praced. ín water baths at 37,

55, 70, 82, and. IOOoC for 30 minutes. After incubation,
samples r¡/ere spun at, 101000 rpm for 5 mínutes, and ali-
quots of 25O ¡tg of protein from each sample v/ere assayed.

for neuríte outgrowth activity. Data represents Means +

SEM of three experiments.

t empe ratu re
("c)

37

55

70

lcells with neurite(s)

82

36.9 r 3.1

100

43.5! 2.4

15.1 !13.2

0.6 t o.7

2.3! O.9
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To det,ermine the seminal vesícle specificity of the

activity, tissues of coagulating gland, various 1obes of
the prostate, other peripheral organs, including lung,

muscle, kidney, spleen, and heart hrere dissected from

adult male SD rats, extracted with PBS, and centrifuged.
To assay neurite outgrowth activity, samples of various
extracts at protein concentration of 2OO ¡rg tüere ad.ded to
the cultured NG108-15 celLs. Figure 7 shows that tissues,
other then the SV, were able to st,imulate neurite out,-

growth varíab1y from 2-l2Z only. The neurite outgrowth

stirnulating activity was sígnificantly higher in SV, being

352.

3) Partial purification

stimulating factor

A) GeI permeation on Sepharose CL-48

To further characterize the NOSF, the SV extracts
srere fractionated on a Sepharose CL-48 column (Fígure B).

SV tissue extracts were fract,ionated by this column into
one smalI peak, corresponding to Vo, followed by two large
peaks of protein. Various fractions were monitored by the

neurite out,growth assay, and the activity was found in the

eluants of the Vo peak, corresponding to a molecular

weight of approximantly 2OOO KDa or greater. Fractions 70-

110 were pooled (CL-48 actíve fraction), and concentrated

for the next step of purification.

of the neurite outgrowb.h
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Fiqure 7. Tissue distribution of the neurite outgrowth

activity. Tissues were díssected from adult male SD rats,
and extracted in PBS, followed by centrifugation. Samples

of 2OO ¡tg of protein from each tissue extract was applied

to the neurite outgrowth assay. Data represents means *
SEM of 3 or 4 experimerrts.
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(Orostatic lobes)
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Figure 8. Gel perneation on sepharose cL-48. The sv tissue
was homogenized in PBS buffer containing 1g !-mercapto-
ethanol, followed by centrifugation at rSK for one hour.
The extract was then sonicated and centrifuged again at
40K for one hour. The crear supernat,ant was then applied
onto a column (2.1 x llocn) of sepharose cL-48 (phanna-

cia), eguilibrated in pBS buffer containing o.Iå !-mercap-
toethanol, and eluted with the same buffer. Fractions r¡/ere

concentrated on centricon 10 microconcentrators, and as-

sayed for neurite outgrowth activity. protein content of
the fractions was monitored by O.D. at Z7B nm. (-),
protein; ('......), neurite outgrowth activity.
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B) Sucrose density gradient centrifugation

A linear sucrose density gradient ranging from

1.02-1.14 grams/mI was prepared in a ultracentrifuge tube.

A sample of the concentrated active fractíons aft,er the
sepharose cL-48 column chromatography was separated into
density fractions by centrifugation, and the fractions
were assayed for neurite outgrowth activity. The rnajority
of the NosF üras concentrated ín sucrose sorutíon corres-
ponding to a density of 1.06-1.08 grams/rnI, with activity
trailing off to a density as high as l.to grams/ml

(Fig. e).

C) Sr¡mmary of purification

Table 4 summarizes the partial purificatíon of the

neurite outgrowth stimulating facùor from the sv extracts.
The activity recovery after gel filtration on the Sepha-

rose CL-48 column was greater than 9OZ I and that of the

sucrose density gradient cent,rifugation was 7OZ. The two

steps achieved a sixty-fold purification over the crude

material.

4, Characterization of partiallr¡ purified
outgrrowttr stimulating factor

A) Polyacrylanide gel electrophoresis

Figure 10 shows the protein profile upon SDS-PAGE

analysis of the fractions of the SV neurite outgrowth

factor at different st,eps of purification. Ger permeation
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Flcrure 9. sucrose deneity gradient centrlfugation. sucrose
denslty gradlents were produced in urtrancentrlfuge tubes
as described in Materials and Methods. Àfter centrifuga-
tlon, the fractions were washed free of sucrose, and

E.F3assayed for neurlte outgror¿th actlvlty t [dl I . The density
gradient of the sucrose solutlon after centrlfugation was

measured to be I.O2 to 1.15 grams/nl (-).
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TabIe 4. Summary of purífication.

Purif icat,íon
step

Crude homog:enate

Gel permeation on
Sepharose (CL-48)

Sucrose density
gradient c

HaIf-maximal
activity a

(vq/nL)

a) Ha1f-maximal activity for each sample was d.etermined.

from dose response curves at various diLutions of
protein

63.7 ! 4.5

6.6 + 2.O

Purification Activity
(foIds) recovery

b) Gel permeation sample: Fractions 70-110 from the

Sepharose CL-48 column T¡rere pooled, concentrated, and

assayed for neurite outgrowth promoting activity.
Sucrose density gradient centrifugation: Fractions

corresponding to a density of 1.04-L.06 grams/ml of
sucrose r¡/ere washed free of sucrose, and assayed for
neurite outgrowth promoting activity.

1.1 t 0.4

1.0

9.7

c)

57 .9

100.0

90.5

68. 0
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FicÍure 10. SDS-PAGE of SV-NOSF at various steps of purífi-

cation. Samples of 5 pg of protein were analysed by 102

polyacrylamide gel: (1), serninal vesicle tissue homoge-

nized in SDS sample bufferì (2), supernatant of low speed

centrifugation of SV extract; (3), supernatant, of high

speed centrifugation ì (4) , Sepharose CL-48 fraction (Fi-
gure 8); (5), molecular weight markers of BSA (66 KDa),

egg alburnin (45 KDa) and carbonic anhydrase (29 KDa) i (6),

fractions of sucrose density gradient, 1.04-1.06 grams/mI.

Àfter electrophoresis, geI was staíned with silver nit-
rate.
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on Sepharose CL-4F and sucrose density gradient, centrifu-
gation steps removed a great deal of contaminating pro-

teins from the samples, especially low molecular weight,

contaminants. Hol¡rever, the preparation of the rat SV NOSF

remained guite crude, with at, least 30 protein bands

(Figure 10). An attempt to interpret which band corres-
ponds to the neurite outgrowth activity would be prema-

ture.

B) Thin layer chromatography

Due to the bouyant nature of the neurite outgrowth

activity (1.06-1.08 grams/nl), the lipid cont,ent of the

Sepharose CL-48 active fraction (Figure g) was examined by

thin layer chromatography (t.1.c.) (Fígure 1I). The high

molecular weight, fraction after geI permeation was ana-

lysed to contain triglyceride (TG), fatty acids (FA),

diglyceride (DG), phosphatidylethanolamine (pE), phospha-

tidylcholine (PC), and sphingoneylin (SM). This pattern of
lipids is charact,eristic of membrane vesicles (Dr. G.

Arthur, personal communication) r âs these lipids are the

major components of cell membranes (Lehninger, l-972), and

this would explain the appearently very large M.W. of the

NOSF upon ge1 filtration on Sepharose CL-48 (Figure g).

Taking the bouyant density of the act,ivity into account,

it is possible that the neurite outgrowth factor is a

component of, or is associated with, lipid vesicles, or

is a separate protein component incompletely extracted

from a membrane bound domain.
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.TG

-FA

.DG

Ì'w "' WñWsJ*$i$:ù*

.PE

-PC

-SM

Figure l-1 Thin layer chromatography of the total lipid
content of the Sepharose CL-4B active fraction. Tota1

1ipíds lrere extracted from the active fraction (Figure 8)

and seperated by thin layer chromatography as descríbed ín
ffMaterials and Methodsrr. 1) , phosphatidylserine; 2) ,

phosphatidylethanolamine; 3) , phosphatidylcholine ì 4) ,

fatty acidi 5), tri- and di-glycerides; 6), the Sepha-

rose CL-48 active fraction.
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c) l{orth.ern blot anarysis of grrorrttr associated protein-43

in NG1O8-15 hybrid cells

GAP-43 is a neuronal growth associated protein, and.

is widely distributed throughout the mammalian brain. It
is hypothesized that GAP-43 and other growth associated

proteins are critical for axonal outgrowth during d.evelop-

ment and regeneration.

To test the functional specificity of the chemically

synthesized GAP-43 probe, Northern blot analysis of total
RNA from neonatal and adult rat brain was carried out as

described in Figure 12 (A) . The presence of a RNA transcript
just, below the 18S ribosomal RNA (Figure 12), índicated a

I.2 Kb transcript of GAP-43 as described by Karns et al.
(1987). The level of GAP-43 was much higher in neonatal

than adult rat brains, símílar to the findings of Jacobson

et aI. (1986).

Total RNA was then isolated from NG1OB-15 cells grown

in medium D containing IOZ FCS. Figure 12 (B) shows that
NG108-15 ceI1s also expressed a RNA transcrípt for GAp-43,

but the leveI Ín these actively proliferating cells was

much lower (approximatly 8.S-fold) than that of the neo-

nate brain.

To examine the effect of SV-NOSF on the leve1s of
cAP-43 transcript in NG108-15 cel1s, RNA was isolated from

cells cultured in medium D containing 10å FCS, ceLls in
DMEM containing 52 FCS and ceIls in DMEM contaíning 5? FCS

in the presence of SV-NOSF. Figure 13 shows that the
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28 S-

18 S-

GAP-43-

Fiqure 12. Northern blot analysis of GAP-43 nRNA. Totat

RNA was isolated from cultured NG10B-15 celIs, and whole

brain of adult and I-day neonate rats. Hybridizations were

performed. at sSoC and. samples of 50 ¡rg of total RNA was

used for analysis. (1), adult rat; (2) , neonate rati (3),

Nc108-15 cells in medium D; (4), neonate rat.
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28 S-

18 S-
GAP.43 -

Figure 13. Northern blot analysis of total nRNA from

NG108-15 cells. Total RNA was ísolated from NG1O8-15 cells
in growth medium D containing 10å FCS (1), cel1s replated

in DMEM containing 5å FCS (2) and cells replated in DMEM

containing Seo FCS ín the presence of Sepharose CL-4B

active fraction (3). Samples of 50 ¡rg of total RNA was

used, and. the blot was hybrid.ized at ssoc.
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levels of GAP-43 mRNA transcript did not appear to be

signifícantly dÍfferent in NG108-1b cells grown in various

culture conditions.

fn ord.er to -quantify 
more accuretly any changes in

levels of G.A,P-43 nRNA, dot blot analysis v¡as performed.

Total RNA, isolated from NG108-15 ce1ls under various

culture conditions, was blotted at 5 or L pg and hybri-
dized with the GAP-43 DNA probe (Figure 14).

After hybridization, radioactive dots were cut off
from the NC paper, soaked ín 5 mls of scinti-versa, and

counted by the liquid scintilation-counter (Table 5). In
two separate experiments, Ievels of GAP-43 RNA transcripts
were higher in cells girown in nedium D cont,aining 5å FCS

then cells groT¡rn in the presence of 10å FCS. Howeverr ilo

significant difference in the level of GAP-43 nRNA was

observed between untreated cells in 5? FCS and cells with
neurite outgrowth induced by SV-NOSF (Table 5).

74



5ug

lug

Figure 14. Dot blot analysis of total mRNA from NG108-15

cells. Total RNA was ísolated from cells in growth medium

D containing 10å FCS (1), cells replated in DMEM contai-

ning 5? FCS (2) and cells replated in DMEM containing 5?

FCS in the presence of Sepharose CL-48 active fraction
(3). Samples of 5 or 1 Fg of total RNA were dotted onto

nitrocellulose, and hybridized at 55oc wíth 32p-1.b"11ed.

cAP-43 oligonucleot,ide probe.
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Table 5. Quantitatíon of dot blot, analysis. Dots of RNA,

after hybridization to 32p-1rb.r1ed cAp-43 oligonucreotid.e

probe were cut off from the NC paper, soaked in 5 nl of
scinti-versa, and counted in a scintilation-counter. Data

represent Means + SEM in triplicates.

Experiment I

Culture conditions

A) Mediurn D (10å FcS)

B) DMEM (52 Fcs)

c) DMEM (52 FcS) +
CL-48 fractíon

Expt,. 2

¡g of RNA

A) Medium D (10? Fcs)

B) DMEM (5? Fcs)

5.0
1.0

5.0
1.0

5.0
1.0

c) DMEM (sZ FCS) +
CL-48 fraction

2r7 4
906

27 86
r235

257L
1322

cpm

+

t
+
t
+
+

119.8
80.5

151. 3
64 .8

55. I
127.1

5.0
2.5

5.0
2.5

5.0
2.5

502
402

608
424

638
444

+
t
+
t
+
+

20.0
25. O

30.4
20.4

52.9
37.r
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DISCÛSSION

1) Conditions for
activity using the hybrid. NGIO8-J-S cel.ls tine

rt was observed that extracts of adult rat seminal

vesicle h/ere abre to stimulate neurite outgrowth from hy-
brid Ncl-08-15 ceIIs. As an initial step in the purifica-
tion of the active factor in the extract, a specifíc
bioassay was established and optimized. to characterize the
active principle. Neurite outgrowth, in the presence of
semínaL vesicle extracts, r¡ras significantly higher in
cells cultured in medium cont,aíng 5å Fcs than in roå Fcs

(Figure 3). This is expect,ed since neuroblastoma cells
have been shown to develop processes in low-serum or
serum-free cultures, but not in the presence of higher
serum concentrations (Seeds et, aI., I97O) . One possible

reason for this ís the presence of serum growth factors or

factors affecting the attachment of cells to plates.
Therefore, a bioassay system of culturing NG1OB-15 cells
in medium containg 52 FCS was established. and performed.

routinely. This allowed maximal neurite outgrowth in in-
duced cel1s, while prevent,ing outgrowth in non-induced

control ceIIs.
The induction of neurite outgrowth by seminal ves-

icle extracts was relatively rapid (Figure Z). Cells v¡ere

routinely incubated with seminal vesícle extract,s for 6

hours to produce maxímal neurite outgrowth. tRapid onsetl

neurite formation has been observed in NG1OB-I5 cells
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grown on laminin (Srnalheiser and Schwartz I l-ggT) | and in
other neurobrastomas in the presence of haemin (rshii and

Maniatis I r978) ì whereas neurite outgrowth from neuroblas-

toma is slower in the presence of other ind.ucing agents

(Ishii and ManíatÍs, I97B), or from primary neuronal cul-
tures (Klingman, 1982 ) .

It was interesting to observe that seminal vesicle
extract,s stimulated neurite outgrowth without effecting
the growth rate of the cel1s (Figure 4). In this regard,

this neurite outgrowth stimulating effect of the seminal

vesicle was similar to that of a glia1 cell protease

inhibitor which also stimulat,ed. neurite outgrowth from

neuroblastorna cells without effecting cel1 growth (Monard

et al., 1973 i cuenther et â1., 1985).

2l Characterization of the neurite
factor

The fact that, the seminal vesicle neurit.e outgrowth

stimulat,ing factor did not bind to poly-cationíc surfaces

or tissue culture plastic plates (Table I) distinguishes
it, from poly-cationic neurite promoting factors (pNpFs)

from a variety of conditioned media (Manthrope et â1.,
1981; Lander et al., l-982 t Coughlin et â1., 1991) . Recent-

J-y, laminin has been shown to be a key component of the

various PNPFs (Davis et aI., 1985c; Lander et a1., IgBSb) .

The lack of substratum-adhesíon of the seminal vesicle
factor indicates that, it is not related to the pNpFs or to
laminin (Baron-Van Evercooren, Igg2). The neurite out-

7B
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growth activity from seminal vesicle did not, bind. to
heparin-sepharose in buffer containing O.5M NaCl- (F'ig. 6).
Acidic- and basic-FGF both bind strongly to heparin-sepha-

rose in buffer containing NaCl as high as 1.6 M; rarhereas,

EGF does not have affinity for heparín-sepharose (Folkman,

1986). However, EcF is stable to boiling (Cohen, L962) ,

unlike the seminal vesícle factor which was heat labiIe
(rable 3) .

The neurite outgrowth activity, at least in the rat,
was relatively specific to the seminal vesicle, although

slight, activity was observed in the prostate (Figure 7).
NGF is found in high concentratíons in various parts of
the male genital tract, including the prostate gland of
the guínea pig (Harper et al., 1979) , rabbiÈ and bul1

(Harper and Thoenen, 1980), bull seminal plasma (Harper

and Thoenen, 1980) and buIl seminal vesicle (Hofmann and

Unsicker, 1-982). Hofmann and Unsiker (1987) partially
purified from bovine seminal vesicle a protein factor,
which is similar to NGF and affects almost the sarne spec-

trum of target t,issues. However, NGF is not able to stimu-

late neurite outgrowth from mouse neuroblastoma cells
(Bottenst,ein, 1981) , and purified NGF (Sigma) d.id not

stimulate neurite outgrowth from NclO8-15 ce11s (data not

shown) .

3) Partial purification

stimulatincr factor

Fractionation of seminal
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filtratÍon on Sepharose CL-48 revealed the neurite out-
growth stimulating activity in the void. volume, correspon-

ding to a M.W. of 2O0O KDa (Figure B). pNpFs from various
cM are also known to correspond t,o large M.w. fractions of
1 míI1ion or more daltons (Manthrope et â1., 19Bt; Lander

et aI., l-982; Coughlin et â1., 1982). However, the semína1

vesicle factor differs from these compounds as it did. not

bind to polycationic substrates. In addition, pNpFs have

been shown to be co-purified with the ECM component lamin-

in, which eguilibrated in the CsCl, gradient at a d.ensity

of approximently 1.35 grams/mI (Engel and Furthmayr,

1987) , as did the PNPFs (Lander et a1., L9B2) ì whereas,

the seminal vesicle factor eguilibrated at a density of
1.06-1.08 grams/mI (Figure 9).

The bouyant density of 1.06-1.08 observed for the

seminal vesicle factor corresponds to that of a class of
lipoprot,eins, the low-density lipoproteins, which have

densities in the range of 1.019-1.063 grams/ml and. a

molecular weight of 2300 KDa (Gotto et a1., t9B6). The

low-density lipoproteins contain 40-50å cholesterol (Gotto

et al., 1986) ; however, the active fractions of the sem-

inal vesicl-e extract after gel filtration upon Sepharose

CL-48 (Fig. B) contained no cholesterol upon analysis of
lipid content (Figure 11). Interestingly, these active
fractions showed insÈead lipids characteristic of mem-

branes (Lehninger, 1972) and r¡¡ere like1y due to non-

specific membrane vesicles, which rÂrere created upon ex-

traction of tissues in aqueous buffers (Dr. G. Arthur,

BO



personal communícation) . Furthermore, such vesicles have

bouyant densitíes siinilar to that observed. for the seminal

vesicle neurite outgrowth factor (Dr. G. Arthur, personal

communication) . Artificiar liposomes composed. of mixtures
of phosphatidylcholíne and phosphatidylserine were shown

to stimulate neurite outgrowth in a mouse neurobrastoma

ceII line (Chen et a1., t976). However, it is fair to
point out, that the sernínaI vesicle neurit,e outgrowth fac-
tor was specific to the seminar vesicre and was rabile to
heat. rt is therefore unlikely that the active principle
is due to non-specific vesicles of lipids acting alone to
cause neurite outgrowth. It is possible that a protein,
tÍghtIy bound in a membrane d.omain, is extracted. from the
seminal vesicle tissue in association with membrane lipids,
and that the lipid vesicle acts as a carrier for the
proteín to penetrate the NGIO8-15 cell membranes, as de-

scribed for artificial IÍposomes (Chen et al., Ig76) .

4) .Analysis of grosth

cel]-s

Northern blot, analysÍs of total RNA from rat brain,
probed with an oligonucleotide of the reverse complement

of GAP-43 nRNA, revealed the presence of GAp-43 mRNA

corresponding to a transcript size of L.2 Kb (Figure IZ).
The transcript size of r.z Kb is id.entícal to that observ-

ed recently for GAP-43 from rat dorsal root ganglia and

brain (Karns et, al., 1987). Higher levels of GAp-43 in
neonat,al than adult brain tissues ( f igure 12) , ag'rees with

associated protein-43 in NG1O8-15
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previous fÍndings (Jacobson et â1., 1986) that, cAp-43

protein is important in some aspects of br,ain development.
I

cAP-43 nRNA was expressed in act,ivelVj ørowing NGIOB-
I15 ceIls (Figure 13). The level of GAp-43 message under

these condit,ions was much lower than what, was seen in
neonate rat brains on the basis of total RNA, and corres-
ponded more closely to Levels seen ín the adult brain.
Sub-culturíng NG108-15 cells from medium containing 10?

FCS to medium containing 5? FCS led to a slight increase

in the level of GAP-43 nRNA (Figure L4, Figure 15, Table

5). Howeverr Do change was observed in GAp-43 Ievels after
an íncrease in neurite outgrowLh of 3O-AOeo t st,imulated by

íncubating with the partially purified SV neurite out-
growth fraction (Tab1e 5). Recently, Karns et aI. (1987)

demonstrated that GAP-43 mRNA was expressed in the pheo-

chromocytoma cell 1Íne PC12, and that the level of the

message increased dramatically upon morphologíca1 differ-
entiation induced by NGF or cAMP. From our fíndings,
however, the expression of cAP-43 nRNA in NG1O8-1S ce1Is

did. not appear to be regulated d.uring neurite outgrowth.

Alternatively, it is possible that cAP-43 leveIs changed

transiently during the outgrowth process over a certaín
tirne frame that was not appropriately examined in this
study. It appears that culturing of NG108-I5 celIs in
medium containing lower concentrations of FCS caused a

slight íncrease in GAP-43 message (Tab1e 5), suggesting

that serum growth factors are inhibitory to cAp-43 expres-

sion. However, the role of GAP-43 in the process of neur-
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ite outgrowth in NGl08-15 ceIls remains unclear.

5) Possible functions

outgrowth factor

The presence of NGF and a NGF-like molecule in the

seminar vesicre and other prostatic tissues has been docu-

mented by several investigators (Harper et aI., 1979ì

Harper and Thoenen, 1980; Hofmann and Unsicker, I9g2t Hof-

mann and Unsicker, 1987). It is possible that the presence

of large concentrations of NGF in male reproductive tis-
sues explains the observation that sympathetÍc ganglia,

which send fÍbers to these tissues, are not, vulnerable to
immunosympathectomy created by injecÈions of NGF antibo-
dies into neonatal rats (Levi-Monta1cini, l-gg?). However,

the effects of these factors were neutralized by NGF

antibodies in culture (Harper et al., t979 i Harper and

Thoenen, 1980i Hofman and Unsicker, I9g2), and the factor
purified by Hofman and Unsicker (1987) nay actually be

NGF. It is therefore possible that a factor, unrelated to
NGF, which plays a role in the maintenance of sympathetic

tracts ín the presence of NGF ant,ibodies may also be

present in the seminal vesicle. Evidence for the factor
described in this report to play such a role wi1l await

for its purificatÍon and further studies.

C1early, the seminal vesicle factor has the ability
to induce a more differentiated phenotype in neuroblastoma

cel1s. Neuroblastoma tumors may arise from any dividing
neuronal cells (Amano et al., 1972) . The seminal vesicle

B3
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factor, acting in an endocrine or paracrine manner, may be

important in inducing a more d.ifferentiated phenotype in
neuroblasts during embryonic and early postnatal d.evelop-

ment. rts production in adult tissues could prevent regre-
ssion of mature neurons to an undifferentiated form. Howe-

ver, one must stress the conjectural nature of any atternpt

to assign a functional role to the seminar vesicle factor.
Deineation of its physiological role must await its puri-
fication and biochemÍcal characterization of the factor
will a1Iow further studies to delineate its physiological

role.
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