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ABSTRACT

Studies have shoun that, a solubl-e protein factor in muscl-e

extracts causes a siqnificant increase in choline

acetyltransferase ( Cnf ) u.tivity in dissociated spina] cord

neurons in culLure. A reproducibl-e procedure for the isolation

of CSF from rat skeletal muscle extracts has been established. A

bioassay usinS the neurobl-astoma x qlioma hybrid cel-1 l-ine NG1ûB-

15 uras used to screen for the CSF at different steps of the

isolation procedure.

The CSF in-the muscle extract r¡as first precipitat,ed by sOY"

of ammonium sulf ate, f olloued by adsorbing onto a CtÏ-Cel-l-ex

cof umn at pH 6.2, and el-uted st,epuise by increasing

concentrations of Natl-. The active flraction uJas subsequently

fractionated from other contaminat,ing proteins by DE-Cel-l-ex

chromat,ographies at pH 7 .4 ' and eluted by a linear and a

continuous compound gradient of increasing concentrations of

NaCl. The CSF uras finally purified by qe1 filtration on Sephadex

G-100.

The muscle CSF has been purified to 13,333-foId and appears

to be a homogeneous preparation consisting of, only one major

protein band upon polyacryl-amide gel electrophoresis. By

anal-ytical thin qeI isoef ect,ric f ocusing, the isoelectric point

of CSF has been determined to be 4.75. The mol-ecular ueight of

CSF has been estimated to be 30,000 dal-tons by the method of qeI

filtration on Sephadex G-100r ârìd 28,000 daltons by

polyacry Iamide gel el-ectrophoresis in the presence of sodium

dodecyl sulfate. CSF stimulated CAT activity in dose-dependent

manner uith a half maximal effect at 15 ng/ml.
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These physical properties distinguish the CSF from the Nerve

Grouth Factor and other putative neuronotrophic factors. The

availability of a highly purified CSF preparation is essential

for further el-ucidation of the biochemical properties and

physiol-ogical- role ( s ) of this neuronotrophic f actor . It is

speculated that CSF may have an important roÌe in the

differentiation and maturation of spinal cord neurons.
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INTRODUCTION

( I ) CONTROL OF NERVE GROIJTH AND DIFFERENT]ATION

Neurons are hiqhl-y evol-ved cel-fs r¡ith specialized and

specif ic f unctions. The evolution f rom an earl-y somatic cel-I to

a mature neuron must involve a number of compJ-ex interactions.

0bviousl-y, the acquisiLion of many specialized characteristics by

neu¡ons must be based ultimat,ely on the gene expression durinq

development,. Houevet, to r¡hat extent does neuronal- development

unf ol-d accordinq to -rules built into each cel-l- r 3r-ìd t,o uhat

extenl is it á resul-t of infl-uences impinging on deve_Loping

neurons from uithout? The details of such modufution are just

beginning to be understood at the mol-ecul-ar Ievel- in neutons ( 1 ) .

Evidence for the importance of extrinsic infl-uences in

cel-Ìular development first came flrom some classical- studies on

induction in amphibian embryos. In 1 g3B, spemann (zl shor¡ed that

if the optic vesicl-e uJas removed f rom an ear.ly f rog embryo, the

l-ens ¡ rìormarJ-y arise f rom the overlying ectoderm, did not

develop, and further that the introduction of a piece of

amphibian embryo into a host embryo organized the development of

an entire second embryo in the host at the site of

transplantation.

Extrinsic infl-uences for neuronal development uJere first

demonstrated by studies on naturalÌy occurring cel-l- death in the

nervous system ( S, 4, 5, 6 ) . These studies shor¡ed that earJ-y

abl-ation of the target caused severe depletion of the final-

popul-ation ofl innervating neurons, and that some of the norma]

neuronal l-oss could be diminished if the amount of target tissue

available to an innervating popu-l-ation of neurons uas increased



compete amonq themsel-ves for survival- {fr maintenance through a

substance(s) or factor(s), produced in limited quantities by

their targetsr ând the losing neurons result in death.

The discovery of Nerve Gror¡th Factor (NGF) in 1951 by Levi-

[Ionta]-cini and Hamburger ( g ) raised the possibitity that neuronal-

development, including target-dependent neuronal- survival-, might

be mediated by diff,usible molecul-es. rn vivo experiments

indicated that NGF coul-d reverse naturaÌ1y occurring as rLlefl as

experimentaJ-1y in¿ucei celr death in sympathetic and sensory

neurons; moreover, NGF antibodies in vivo could block the

deveJ-opmenL of the sympathetic nervous system (for revieus see

10, 11, 12). Furthermore, in vitro studies shoued that NGF

changed the direction of neuritic grorL:th ( 13 ) and helped shape

the neuritic tree maintained by the neuron \14), suggesting that

NGF might al-so infl-uence the choice of targets contacted by

neulons.

NGF has been and remains the only neuronotrophic factor r¡ith

an established physiol-ogical- rol-e. rt has been purif ied and

characterized and specific antibodies have been availabl-e for

varj-ous studies (flor revieus see 1O, 11, 1Z). Houever, only

sensory and sympathetic neurons have been convincingly shoun to

depend on NGF in normal development. lvlany other neurons are not

affected by NGF for their devel-opment and maturation. rt is
obvious that there are other neuronotrophic factor ( s ) for the

survival of other neuronal populations.

In the past fleu years, in vitro studies of neuronaf qrouth

and differentiation in the presence of extracts and cell

2



conditioned media (CU) have revealed other neuronotrophic factors

that differ from NGF in promoting neuronal- survival and

development in cel-l- cult,ure. These f actors do not appear to

stimulate neuronal- cell- division r unlike most grouth lactors
operative on non-neuronal cells; houever, a possibility remains

that the neurons used in these assays are þostmitotic ( for

revieu.r s see 1 5, 16, 17 ) . RecentJ-y, a neuronotrophic flactor,

uhich stimulat,es survivar of sympathetic neurons, has been

purified from piS brain ( I A ) . This achievement adds further

support to the existence of a family of neuronotrophic factors,

helping to orchest,rate neuronal development, and raises t,he

possibility of identifying and isolating additional

neuronot,rophic factors from other sources.

( II ) NEURONOTROpH]C FACTORS

Current concepts and information have shoun us, anong other

perceptions, to distinguish tuo main general classes of

neuronotrophic f actors: First, trophic f actors r,.rhich control
uel-fare and general grouth capabilities of a neuron, and

secondly r sPecif ying f actors r¡hich select particul-ar behavior (s )

to be expressed by the trophically-supported neuron. Trophic

factors may regufate the bal-ance betueen anabol-ic and catabol-ic

activities and thus be equaJ-J-y reponsibl-e f or cerr grou.rth,

degeneration and death, survivar and maintenance. rn turn,
specifying factors uill dictate to the cell- uhether it should

channel- its grouth condition into increasing its ou,n mass,

extending neurite, or secretion . Under maintenance level-s

specifying factors ui11 also determine uhaL t,ransmitter mode t,he

neuron uill use or uhat special-ized products it r¡ill synthesize.

3



The dis t,inctions amonq different categories of

neuronotrophic factors do not excl-ude the possibitity that the

same mol-ecule may be abl-e to act in bot,h trophic and specif y ing

rol-es. Rather, such cateqories herp us to maintain an

operational- distinction, reffecting the effect through uhich a

given activity is monitored by the assay system used, and

different, mechanisms throuqh ulhich different responses are

eficited under defineable seLs of conditions.

(A) Tro hic Factors

(1 ) Neuronal- Survival- Factors f or Ciliar y Gan glio,n Neurons

The chick cil-iary gangion has been a useful preparation for

identifying neui neuronotrophic factors, partly because survival

of these neurons appears not to be responsive to NGF. fxtracts

prepared from chick embryonic eye tissue, urhich contains aIt of

the normar synaptic targets f or t,he ciliary gangl-ion neurons,

urere found to have the highest l-evel-s of neuronal- survival-

aclivity for the ciJ-iary ganglion neurons ( 1 g ) . subsequent

studies have shoun that hiqh level-s of survival- activit,y for

ciliary ganglion neurons uras al-so present in extracts of chick

heart (20 ), and in cNS uround f ruids of deveJ-oping and young adult

rats (Zl¡. Bovine cardiac muscle has al-so been shoun to contain

components that stimul-ated survivaL of chick citiary ganglion

neurons (zz¡.

GeI filtration of cardiac extracts under different
experimental conditions reveal-ed the activity uras a complex of

components. In fou ionic strength buffers the activity migrated

as a J-arge molecular ureiqht component ( >40,000 dal-tons ) , uhi re in

4



hiqh Íonic strength buffers or in the presence of EDrA the

activity miqrated primarly as a component of aboui 2D,000 daltons
(ZS). Gei- f ilt,ration of the ciJ-iary survival activity f rom

embryonic chick eye tissue produced a spread of, activities in
large mofecufar ueight fractions ( )35,000 daltons ) uith Iou

recoveries of activity (2/+), to a smaller mol-ecul_ar uJeight

component of 20,000 daltons (ZS¡.

Isoefectric focusing has been used to compare the propeïties

of survival factors in extracts prepared from chick embryo eye

tissues, chick and bovine cardiac tissues. Val-ues betueen pH 4.S

and 5.5 uiete obtained as the isoelectric points fot the active
components from the chick tissues (ZO, 26), and 6.2 for the

component in the bovine tissue (ZS). From these observations of

molecular uieights and isoeÌectric poinLs, it appears that these

active components from different sources are similar but noL

idenlical.

studies using a J-ong term grouth assay uit,h ciliary gangl-ion

neurons have reveal-ed ttrro kinds of stimulatinq activities: one

stimurated deveropment of chol-ine acetyltransf,erase ( cnr ¡

activity in cultured neurons uithout inf Iuencing gror.,-rth, and the

other st'imul-ated neuronal gror¡th r¡ith no effect on level-s of CAT

activity. This l-atter activity, termed Grou¡th-Promoting Activity
(GpA)r aP.Peared to be associated uith a molecular component of

about 2O,000 dal-tons upon gel filtration of crude embryonic chick

eye extracts (Zl¡. These results suggest that the survival- of

ciliary gangl-ion neurons may be influenced by more than one

active component in the tissue extracts.

5



(2) Neuronal Survival Factor for Dorsal Root Gan l- ion and
S m athe c Neuronsl

Barde and collaborators (ZA) first observed that a component

in glioma-conditioned medium ( CCm) could prcmote t,he survival of

chick dorsal root ganglion ( DRG ) neurons in dissociated celt

cul-tures. The component uas not inactivated by antibodies against
NGF and appeared t,o act on neurons diflferent lrom those affected

by NGF (za¡.

The finding that rat brain contains a component simil-ar to

that described for GC[Yl raises the possibiJ-ity that mammalian

brain might be a convenient source flor t,he purification of this

active componenL (29, 30). Recently, Barde et aI (lg) have

purified this active component to homoqeneity from piq brain

extracts. The component, has a molecul-ar ueight of 12r3OD daltons
as determined by both SDS-polyacryfamide gel electrophoresis and

gel filtration on sephadex G-1 00, and an j-soelectric point of

approximateJ-y 10.1 . In sone respects, this active component is
similar to NGF; houever, this protein component fails to cross-
react uith NGF antibodies, and promotes the survival of certain
populations of DRG neurons uhich are not supported by NGF. rn

addition, this component supports the survival_ of sympathetic

neurons in culture ( 1 B ) . Given its mol-ecurar size and

isoelect,ric point, this sensory neuron survivaf factor appears to
be different al-so from other neuronotrophic factors that support
ciliary qangl-ion neurons. This, hou.lever, is only tentative since

the properties of the ciliary ganglion factors have been studied
only uith the crude mat,eriafs and may not represent the exact
properties of the purified component ( s ) .

6



The survivaf of sympathetic neurons in response to NGF and

GC[I in cel-I cul-ture has been demonstrated to be similar to that
observed f or DRG neurons (i1 ) . The ef f ects of NGF and GCIYI

appeared roughly additive uhen simul-taneously supplied to the

neurons ( ¡t ) . A facLor present in heart cel-1-conditioned medium

(HC[I) produced a pattern of survival diflferent from'that obtained

in the presence of either i\JGF oì GCtY] ( ¡l ) . The ef f ects of HCtT

and NGF on cultured neurons appeared additive. Neither the GC[v|

nor the HCtYl activities urere inactivated by incubating uith NGF-

antibodies. At present, it is not cl-ear uhether the different

factors serve distinct populations of sympatheLic neurons or

uhether individual- neurons express chanqing requirements for the

factors as a function of developmental age. The fact that the

neurotransmitter enzymes associated uith the surviving neurons

differ accordinq to the presence of NGF or HCtyl suggests the

possibility that different popul-ations of neurons are selected by

each of the survival factors. AlternativeJ-y, the factors may

induce different deveJ-opmental destinies in the surviving

neurons.

(3) Neuronal- Survival Factors for CNS Neurons

Presence of diffusible factors in tissue extracts and

condit.ioned media enhancing the survivaÌ of spinal cord neurons

in curture has been demonstrated (sz, 33, 34). Bennet et al- (sz1

shoued that survival of chick motoneurons uJas increased by

cul-ture medium conditioned by skeletal muscl-e cell-s but not by

medium conditionecJ by kidney or smooth muscle cell-s. Simil-arIy,
5l-ack et a1 (34) demonstrated that the surviva] of motoneurons

courd be supported by extracts from non-endplate regions of
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innerva ted muscle. Furt,hermore, Schnaar and Schaf,fner ( S¡ )

fractionated spinal cord cells and observed that dissociated

neuronal ceffs r¡ith the highest speciflic activity of choline

acetyJ-transf erase (CAT ) , putative mot,oneurons, required muscl-e-

conditioned mediurn for survival in culture. Although the active

components have yet to be characterized, these studies do suggest

a pattern of specificity consistent uith the hypothesis that

target-derived components inflfuence survival and development of

motoneurons.

(B) Specifyinq Factors

(l I Neurite Extension Factors

Stimulation of neurit,ic outgror¡th from gangl-ionic neurons in

culture has been a traditional assay for NGF. Usinq similar

assay systems, investigations have reveal-ed neuJ active factors in

a variety of tissues stimuJ-ating neurite production by neurons.

These crmponents appear to be different flrom NGF, since they are

not neutrafized by NGF-antibodies, and in some cases they act on

cel-l popufations r¡hich are either unresponsive to or aff,ect,ed

dif f erentJ-y by NGF.

( t ) Neurite Extension Factors for Ganqlionic Neurons

Neurite promoting activity for gangl-ionic neurons other than

NGF, has been described in t,issue extracts and conditioned medium

from a variety of sources (¡S, J6, 37, jB). Ebendal and co-

trlorkers (:a ¡ described a component in extracts ofl embryonic chick

tissue stimulating neurite production by ciliary, sympathetic,

and dorsal root ganglion explants in cul-ture. Partial

purifical-ion upon gel filtration of cardiac tissue extracts has
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reveal-ed a major component of molecular ueight range of 40,000

daltons, and a smal-l- amount of activity of, much larger mol-ecular

ueight ( fS ¡ . This activity in chick tissue appeared to be

associated u,rith a component havinq an isoelectric point of 5

( ¡S ) . These properties of neurite promoting activity appear

simifar to those reported for the ciliary ganql-ion survival-

factor from chick eye tissue (Za,ZA)

I t has been reported in several instances t,hat f ractionat,ion

of tissue extracts yielded a co-distribution ofl stimulating

activities for - neurite extension and neuronal- survival

(ZO, 38, 39). Although it is possible that the tu.ro activities

are associated uit,h the same protein component, given the

precedent of NGF uith its mul-tipJ-e ef f ects on target neurons,

isolation and further characterization of these neurite promoting

and neuronal- survival activities uiill be necessary to delineate

their exact relationship.

(b) Neurite Extension Factors for CNS Neurons

Conditioned media from a number of, cel-f types have been

reported to stimulat,e neurite production by spinal- cord neurons

( ¡¡, 4t, 41 , 42, 43) . Fractionation of rat fibroblast-

conditioned medium upon geI filtration reveal-ed tr¡o active

components acting on rat spinal- cord explants (AA). One

component of about 300,000 daltons st.imul-at,ed neurite extension

by adsorbing to the cufture substratum; uhile the other of about

50 r 000 daltons acted through the culture medium and u.Jas not

preadsorbed by the substratum. The tuo components uJere observed

to produce a synergistic effect on spinal- cord neurons in culture
(4s).
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Studies with chick spinal cord neurons in dissociated cell

culture have indicated a simitar pattern (+Z), In this case,

fractionation of chick muscl-e-condit,ioned medium upon gel

filtration reveal-ed a broad spread of neurite-promoting activity

uith peaks corresponding to components of approximately 40r0t0,
6

500,000, and >1 0 daltons. It is not certai_n uhether any of

these component s acts by adsorbing to t,he cul-ture substratum,

similar to that of the Iarge inol-ecular ueight component in rat

fÍbroblast-conditioned medium.

Chick cerebral- neurons in dissociat,ed cell- culture could be

induced to ext.end neurites by components present in bovine brain

extracts (46) and in chick heart-conditioned medium (ttl). The

bovine brain activity has been prepared to gOY, purity (46).

Under nonreducing conditions, the major protein component in the

partially purified material- had a molecular ueight of abouL

75,000 and 37 
' 
000 dal-tons upon nat,ive and reducing geI electro-

phores j-s r rEspectively (¿0 ) . üinor components of molecul-ar

ueight ranging f rom 1 5,000 t,o 30,000 daltons urere also reveal-ed

after gel electrophoresis under reducing conditions. Houever,

the important question to be det,ermined is rLrhether the activity

is associated r¡ith the major component or the minor prot,ein

bands. Despite its effect on neuriLe ext,ension, the partiarly

purif,ied material had no effect on the survival- of cerebral

neurons in culture (¿rO ) .

The mammal-ian brain has also been demonstrated to contain

components that stÍmufate neurite production by retinaÌ tissue in

cul-ture extracts prepared from piq brain urhich caused a
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signif,icant increase in neuritic outgror¡th flrom rat retinal

explants ( 4B ) ' and NGF-ant,ibodies had no effect in blocking the

neurite production by explants in response to piS brain extracts
(¿e ) .

Chick retinal- expJ-ants have al-so been shor¡n to respond uith

significant increase in neuritic outgrouth to components in

tissue extracts prepared from chick optic fobe and forebrain

hemispheres (aS). This activity in optic lobe extracts u,as shoun

to be associated uith a fraction of macromol-ecular materials and

coul-d not be rdpJ-aced by NGF in the assay (49). Little or no

effect on retinal- ganglion cel-l-s uras observed uith extracts

prepared f rom skel-etal- muscle, heart, and yolk sac ( 4g ) , uhich

had been shorr-r n to induce neurite extension from peripheral

gangl-ionic neurons ( 3B ) . This, houlever, shouf d be regarded as a

tentative' conclusion because crude tissue extracts may contain

inhibitory components, uhich coul-d have masked the action of the

stimul-atory f actors (50 ) .

(z) Pol ornithine-B indin Neurite-Promotin Factors

Plastic substrata for neuronal cul-tures are usually

precoated r¡ith collagen or other biological- materials, to mimic

some properties ofl cel-l- su¡faces or exLracell-ul-ar matrices

encountered by cel-l-s in vivo. Polycationic coatings r such as

polyornithine (p0RN), have increasingly been employed because of

their greater adhesiveness f or dissociated cel-l-s. P0RN-coated

substrata have been f ound to bind proteins, rL.rhich ulere

unf avorabl-e to neuritic grouth ( St ,¡ . In contrast, houever,

pretreatment of p0RN substrata r¡ith certain macromol-ecules

markedly enhanced the reqeneration of neurites lrom cultured
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neurons (51 ). This component has been termed as pDlyornithine-
attachable neurite-promoting factor ( prupr ) uy varon and

associates (SZ), uho f,urther demonstrated that a rLLide range of
cell- types could produce pNPF like materiar (sz, 53, 54). pNpF

has been shou.l n to stimulate neurite production from a numbel of
neuronal popurations ofl peripheraJ- origin, incruding
parasympathetic ' sympathetic, and sensory gangJ-ia, but

ineffective on most neurons from the cNS, except emb¡yonic

retinal- neurons and u ututf fraction of spinal- cord neurons (SZ).

The chenica.l- properties of some partiarly purified
preparations of this stimulatory component have been examined by

several- investigators. Lander et a] ( ss ¡ shoued that bovine

corneaf endothelial cef ls produced a pNPf -Iike material; rLihich

appeared to be associated r¡ith a heparan sul-f ate proteogJ-ycan,
6

and had a mof ecul-ar ueight of just under 4x10 dal-tons.

Conditioned medium from rat Schuannoma cell line has also been

shoun to contain a PNPF component ( 56 ) , uhich appeared to contain

suqar moiet,ies because it bound to the lect j-ns'of Concanavalin A

and r.uheat qerm aqglutinin ( 57 ) . Upon gel f i ltration the

molecul-ar ueiqht of the partially purified component from mouse
6

hearL cel- 1s uas estimated to be 5x1 0 dal-tons ( Se ) .

The physiological role (s ) of these large mol-ecul-ar ujeight

neurite-ext.ension factors in vivo remains to be determined. It
is possible that these components normally promote cel-l-ular

adhesion r âñd that the neurite production induced by these

factors in cul-ture is a result of an increased adhesion of the

neuron to the substratum. A more interesting possibility is that
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in vivo these neurite-promoting componenLs may serve

neurite extension and thus contribute to the pattern

of tissue innervation.

( 3 ) Neuronaf Developmental Factors

to guide

densityand

0ne of the primary choices a deveropinq neuron makes is

uhich neurotransmitter to produce, thereby determining the effect

its synapses uill have on its tarqet, cerls. Neuronal-

developmental- fact,ors that specificaJ-ly control- the type and

amount of transmitter nade by the neurons have been identified in

tissue extracts -and conditioned media from a variety of sources

(59, 60, 61 , 62r 63,)

Patterson et al (60, 62) have identified a component that

acted on dissociated sympathetic neurons. Uihen grorrn in the

virtual absence of other cell types, these neurons develop many

of the properties expected of adrenergic neurons: They

synthesize, store and rel-ease noradrenaline (ruf) as do adrenergic

neurons in vivo. HouJever, t,hey could be f orced to produce

considerabÌe amounts of acetylchol-ine (Ach), in addition to or as

a substitute f or NE, ulhen cultured ulith various types of

nonneurona-l- cel-1s or uith medium conditioned over .other

nonneuronal cel-1 cul-tures (60, 62)"

SLartinq urith serum-free conditioned medium of rat heart

ceIls, Fukada ( 0S ) has recentJ-y purified this component 1 0,000-

foId, obtaining a preparation active at about 50 ng/ml . The

molecular ureight of the protein appeared to be 45,000 dal-tons by

gel filtrat,ion, and 50,000 dalLons by SDS-polyacrylamide gel

electrophoresis. Recently, this active component has al-so been

purified 1 500-fold frorn heart cells conditional medium ( 64 ) ,
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usinq ammonium sul-fate precipitaL,ion, fol-l-oued by ion exchange

chromatography and qel filtration, yielding a partially purified

materiar active at 1 uq/ml r¡ith a mol-ecul-ar ujeight of 40,000-

45,000 daltons by gel filtration ( 0a ¡ .

Conditioned medium from chick heart cell-s has been reported

to contain a neuronal developmental- flactor ( 31 ) , since

sympathetic neurons grorr,n in the presence of chick heart-ceIl-

conditioned medium developed siqnificantly higher l-eveIs of CAT

activity and louer leu"r= of, tyrosine hydroxylase ( rH ) activity

as compared to neurons qrouln in medium containing NGF.

Furthelmote, in the presence of a combinat,ion of NGF and heart-

cel-l- conditioned medium, the IeveIs of CAT and TH activities

developed in the cultured neurons urere roughly additive to those

grourn in medium containinS NGF or heart-celI conditioned med-ium

afone (31).

fYlore recently r ât-lother neuronal devel-opmentat f actor has

been identified in extracts of embryonic chick eye, inducing a

tr¡o- to four-ford increase in the l-evel-s of cAT activity in

ciliary gang.l-ion neurons in cul-ture (Zl). This CAT-stimuJ-at,ing

activity ( CSA ) of the chick eye extracts migrated upon gel

filtration as a component of 40,000-45,000 dal-tons and eluted

upon DEAE ion-exchanqe chromatography at, an ionic strenqth

similar to t.hat for the rat heart cholinergic factor (04, 65).

It uill be of interest to determine r¡hether this chick eye factor

shares other properties uLith the rat heart chol-inergic f actor. A

rabbit antiserum raised against a crude fraction of the chick CSA

has been shoun to block specifically the increase in CAT acLivity
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induced by CSA in cultured neurons, uithout influencinq neuronal

survival, neuronal- grouth, or bhe basal Ievel_s of CAT activity

obtained in the absence of CSA ( 66 ) .

Neuronal- developmental factors affecting neurotransmitter

synthesis in CNS have been identified in conditioned-medium from

a number of ce11 types (59, 63). studies on dissociated mouse

spinaJ- cord neurons have shot¡n that conditioned medium of

skefetal- muscle ceIls as r¡el-l- as a number of other cel-l- types

increased dramaticalJ-y the l-evel-s of CAT activity in developing

neulons in culture (Sg, 63). This effect of conditioned medium

on IAT activity has been demonstrated to be se]-ecti-ve, since

other neurotransmitter enzymes such as acetylcholinesterase and

glutamic acid decarboxyl-ase, present in the cul-tured neurons u, ere

not affected.

(rri) coNCLUDTNG REtvlARKS

A uide array of, neuJ putat,ive neuronotrophic factors have

been described in tissue extracts and cell--conditioned media. It
seems likely that in some cases further purification of Lhese

active components uill demonstrate that a single Domponent is

responsibfe for diverse activities. It is also probable that, in

some instances in r¡hich partiaJ-ly purified material has been

found to act on severaf types of neurons, further purification

uiIl reveal a mixture of active components, each rLLith a unique

specificity. rn fact, one may question the val-ue of carrying out

extensive assays on impure components to test their specificit,y

and distribution, since the results obtained are often criticalJ-y

dependent on obscure features of, the assay and may even be

compronised by toxic or inhibitory components in the test sample.
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Therefore, it is absoluteJ-y imperative lo obtain hishly purified

preparations of these neu., putative neuronotrophic factors flor

characterization studies on their bioloqicaJ- and chemical

properties, in order to gain further understanding on the

physiological factors and biochenical events regulating the

process of, rnaturation and differentiation of neurons.

( IV ) RATT0NALt AND Artyts 0F TNVESTTcATT0N

Possibte role(s) of target tissues on the development of

specific neurotransmitters in CNS neurons has been st,udÍed by

various investigators (Sg, 61 , 67,68). Developmental increases

in chol-ine acetyltransf erase ( CAT ) activity have been correl-ated

uith the appearance and maturation of synaptic connections

betueen spinal cord motoneurons and skeletal muscle in the rat

and the chick (6?) and betueen ciliary gangfion cell-s and iris

muscle in the chick ( 6B ) . Using ceIl cul-tures from fetal mouse

spinaÌ cord, Giller et al- ( Sg, 61 ) demonstrated the role of

peripheral tissues causing significant increases in CAT activity

uhen co-cultured uith skel-etal myotubes. Similarly, large

increases in CAT activity urere seen uhen conditioned-medium from

musc-Le cultures uras added to spinal cord cultures ( 0l ) . This

effect of conditioned-medium on CAT activity uras selective, as

aceLylcholinesterase (Rcf'f ) and glutamic acid decarboxylase (GAD)

activities urere not increased. This DAT-St,imulating Factor ( CSf )

has been shoun t,o be a macromolecul-e of mol-ecuf ar ueight >50,000

daltons and uas rerativery heat stable (01 ). Furthel, this cAT-

Stimulating Factor has been identified in conditioned medium from

cefl- cuÌtures of muscle, heart, and kidney; and its action
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appeared to be specific on neurons flrom meduj-Ia and spinal cord

on the CNS ( 0¡ ) . I t has been suqgested that the CAT-Stimulatinq

Factor in conditioned mediurn from cultures of mouse muscle

affecting spinar cord cells ( 61 , 63 ) is not idenlicat to the

factor (=) in the conditioned medium from cultures of rat heart

muscl-e increasing CAT activity in cul-tured sympathetic neurons

(60, 62). Therefore, it is imperative to isolate the mol-ecu.l-es

involved in these phenomena, compare their biological and

chemical properties, -and to determine their functional- mechanism

and physiologicáI significance in the devel_oping neurons.

The aims of this study urere:

1. To establ-ish a rapid and reproducible bioassay for the CAT-

Stimulating Factor.

2. To characterize t,he CAT-stimulating activit.y in rat skeletal

3

muscle.

To purify the

muscfe extract.

To el-uci date the

CAT-Stimulating Factor from rat skel-etal-

physical and chemical- propert,ies of the4

hiqhly purified muscl-e CAT-Stimulating Factor.
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MATER]ALS AND METHODS

( I I lviATERIALS

Tissue culture suppl-ies, incl-udinq Dulbecors modif ied
Eaglesrs medium-high gJ-ucose (0mrtI), fetal bovine serum (rgs),
penicill-in-streptomycin, and L-slutamate urere purchased from

GIBC0 Canada (Cat-9ãry, AJ-berta, Canada ) . Sephadex G-100,

Spectrapor dialysis tubing and standards for isoelect,ric focusing

urere products of Pharmacia Fine Chemicals ( oorvaJ-, Quebec,

Canada ) . DE -Cellex, -CtYl-Cellex, mol-ecular rreiqht standards f,or

SDS-pAGEe coomássie brill-iant blue R-250, bis-acrylamide,

ammonium persulfate, and sodium dodecyl sulfate uJere products of

Bio-Rad canada Laboratories (tYìississauga, 0ntario, canada).
aJ

H acetyl -coenzyme A uas obtained from Neu England Nucl-ear

(Boston, fÏass., USA). Isoel-ectric f ocusing kits (pH 3.5-9.5)

urere purchased f rom LKB ( Bromma, Sueden ) . Sprague-DarLrley rats
( ZS0-300 q ) urere purchased from Charles River Breedinq Lab.

( Ulif mington , [Ylass . , USA ) .

All other standard l-aboratory reagents uJere obtained either

f rom Fisher scientif ic co. (lLJinnipeg, Canada ) or sigma chemical

Co. (St. Louis, flO, USA).

(rI) lvlETHops

(1 ) TISSUE CULTURE METHODS

(u) H brid NG10B-15 CeIl Line. The neurobl-astoma x glioma

hybrid cel-l- l-ine NG108-15 uras a 9if t f rom Dr. B. schrier,

Laboratory of Developmental- Neurobiology, National Institute for

HeaJ-th ' USA. , the hybrid NG10B-15 cell- ujas maintained in medium D

-4 -6
(S0% DIYìEtYl, 10% FBS, 1x10 tv| hypoxanthine, 1x10 tyì aminopterin,r_J

1 .6x1 0 tvì thymidine, 1 00 i. u. /mI penicillin, 1 00 ug/ml
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o
streptomycin., and 2 mwl L-stLrl,amate) al 37 c in a humidified
atmosphere of 1OY" C0 and g}l" air. The grouth medium uras changed

2
2-3 times breekly and the cell-s uJere passaged at conf luency.

(b) Bioassav flor CAT-Stimulatinq Factor. The bioassay for
CAT-Stimulatinq Factor ( CSf ) uias based on t.he ability of various
flractions to stimul-ate or increase the chol-ine acetyltransferase
(CAT) activity in NG10B-15 cell-s uhen cuftured in the presence of
1 mfvl of cycJ-ic 3t , 5 r -AtYlp. For assays, hybrid NG10B-1 s cel_ls

2
urere inocul-ated into f ul.on wìultir¡eIls (Z.l cm surf ace area ) at

4Z
3.3x10 celrs/cm in 1.5 ml of medium E (g5/, DlYlEIYl, 5y" FBS, 1 mtï6 2l
N 

' 
0 -dibutyryl-cycJ-ic 3f ,5 t -Afvlp, and hypoxanthine, aminopterin,

thymidine: penicillin-streptomycin, and L-qrutamate as medium D).

Tissue extracts or el-uants aft,er chromatographies to be assayed

urere f iltered ( 0. Z2 um ) and introduced into the hybrid cell-s

after 1 day of cul-ture. After an additional 5 days

incubation, the CAT activity of t,he NG1 tB-1 5 hybrid cel-l-s rras

assayed in dupolicates or tripÌicates.
(z) ANALYTTCAL PRODEDURES

( u ) Protein Determination. The protein distribution in
various fractions after ion exchange chromatographies or gel

filt'ration steps of purification uras monitored uith a Beckman

lvloder 25 spectrophotometer by absorbance aL 279 nm. For more

accurate determination of protein concentrations the method of
Bradford ( 0S ) uas used.

(u) [Yleasurement of Choline Acet yJ-transferase Ac tivity.
Choline acetyltransferase uJas assayed by the radiochemical- assay

of schrier et ar ( ?t ) uith slight modifications, BriefJ-y, for
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assay the cul-tu¡:e medium uras repJ_aced by o "2 mI of assay buf f er
(s0 mll KPO buf f er pH 6. B uith 0.75 mwt EDTA contained 24o mlvt

4
NaCI, and 0.561" lriton X-100). The cel-fs urere dissol-ved in the

o
assay buffer by incubat.ing at 37 c for 10 min, and 4o uI of the

reaction cocktail (s0 mwl KpO buf f er, pH 6. B r¡ith 1 mtr EDTA
34

contained 0.29 u[I H acetyl co-enzyme A [0.09 uci/reaction
mixture L 0.046 mwl acetyr co-enzyme A, 13.4 mlvl cho]-ine iodide,
2oD mM Nacl, 0.6 mfl neostygmine bromide, and 0.25f" lriton x-100)

uras added f ol-f oued by an additiona] incubation ofl 10 min at 37oC.

The reaction uas -stopped by adding 1 mI of ice cord H 0, and the

mixture uras then passed through a smal-l AG 1-xB i3" exchange

col-umn, f ol-lor¡ed by urashing tuo times urith 1 ml of H 0. The
2

el-uant uJas coll-ected directly into a scintillation vial, and,

af ter mixing uith 10 ml- of scinti verse, uras counted in a LKB

scÍntillation beta-counter.

(. ) Determination of CeIl- Number. After centrifugation,

the cell peJ-let uras resuspended in the appropriate medium, and

cell number u,as counted r¡ith a hemacytometer under a microscope.

(3 ) IS0LATT0N 0F THE tsF FR0ryt RAT sKELETAL tvluscLE

(") Startinq lvlaterials. Rat skéIetal- muscl-es uJere removed

from hindlimbs of mare or female sprague-DauJ_ey raLs ofl body

ueight ( ZS0-300 s ) . The homogenizat,ion and extraction and all-
O

subsequent steps of isol-ation urere carried out al 4 C.

(b) Extraction Procedure. Rat skeletal- muscle uias minced

and homoqenized in B volumes of pBS uith 1 mM pfYlsF at pH 7.4.
The homogenate u.las stirred f or 60 mins at 4o c, fliltered through

layers of cheese cloth, and centrifuqed at 15,000g for 60 min.

The supernatant uJas saved, and the pellet uas re-extracted and
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centrifuqed. The supernatants uiere pooled for f,urther

flractionation.

( 
" ) Ammonium SuÌfate Precipitation. Ammonium sulfate uras

added to the supernatant to obtain sOY" saturation. The mixture

uras stirred at 4o C flor 60 min and the precipitate uras pelleted by

centrifugation at 1 5,000 g for 60 min. The 0-50% ammonium

sul-f ate precipitate ujas dissol-ved in 1 mwl NaP0 buf f er at pH 6.2,
4

and dialysed against 20 vol-umes of the same buffer r.¡ith several-

changes. The dialU="j solution bjas centrifuged at 1û0,000 g lor

60 min, the supernatant uras applied onto a CtT-cell-ex ion exchange

col-umn for fractionation of proteins.

(d ) Stepuise Elution on CtYl-Ce1Ìex Chromatoqraphy. A Ctvì-

Cel-lex column uras equilibrated in 1 mfl NaP0 buf f er at pH 6.2.

The supernatant fraction of the dial-ysed 0-53% ammonium sul-fate

precipitate of muscle extracts uras foaded onto the CfYl-CeIlex

col-umn. After uashing extensively uith the 1 mwl NaP0 buffer,
4

the adsorbed proteins on the col-umn uras etuted in stepuise uith

O.2 lvl, and 0.5 tv] NaDl- in 1 mwl NaP0 buf f,er. The f ractions urere
4

monj-tored for proteins by absorbance at 278 nm and for CAT-

Stimulating activity by the NG1 0B-1 5 bioassay. The appropriate

fractions urere pooled and dialysed in 0.01 fvl NaP0 at pH 7.4 for
4

the next fractionaLion sLep.

( 
" ) Linear Gradient tlution on DE-CeÌl-ex Chromatoqraphy. A

DE-cellex col-umn u.,as equilibrated in 0.01 tYi NaP0 buf f er at pH
4

7.4. The pooled f ractions af ter Ctvl-CeI.l-ex chromatography urere

Ioaded onto the DE-Cell-ex col-umn. Af ter uashing uith û.01 tI

NaP0 buffer, the adsorbed proteins on the column urere first
lJ
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eluted by 0.05 tvl NaCl in the NaP0 buffer, and the remaining
4

proteins urere then eluted by a linear gradient of 0.05 H, Lo 0.15

fvl NaCl in the NaP0 buf fler. Finally the column uras eluted
4

stepuise by 0 .1 5 H, and 0.25 fI NaCI in the NaPO buf f er . The
4

fractions uJere monitored for protein by absorbance at, 27Bnn and

for cAT-stimuJ-ating activiLy by the NG1 0B-1 5 bioassay. The

appropriate f ractions urere pooJ-ed and dialysed Ín ü.01 H NaP0 at
4

pH 7.4 for the next fractionation step.

(n) Comoound Gradient efution on DE -cel-l-ex Chromatoqraphv .

The dialysed fraction from the first DE-Cell_ex

chromatography Lras foaded onto anothe¡ DE-Cellex col-umn in the

same experimental conditions. Af ter uJashing Lhe col-umn uith 0.01

[I NaP0, the adsorbed proteins on the column uias first el-uted by
4

0.05 tYl NaCl in the NaPO buf f er, and then f otloued by a
4

continuous compound gradient of g chambersr consisting of 0.05 /

0.1s / t / t.1o / 0.10 / t.ts / o.ts / 0.1s / o.tt rvì Nact in rhe

NaP0 buflfer, generated by a Varigrad apparatus. FinalIy, the
4

column uras uashed by the steprrrise el-ution uith 0.10 fl, and 0.1 5 [Y|

NaCl in the NaP0 buflfer. The fractions urere monitored for
4

protein by absorbance at 278 nm and for CAT-stimulating activity

by the NG1 0B-1 5 bioassay. The appropriate f ractions urere pooJ-ed,

diatysed in D.25% flH HC0 , and Iyophilized.
43

( s ) GeI Filtration on Sephadex G-1 00. GeI filtration uras

carried out on a Sephadex G-100 column equilibrated in O.25T"

NH HC0 The lyophit'ized sample from the second DE-Cel-lex co-lumn
43

uas dissol-ved in 2 ml of D.25% ttlH HC0 ¡ cêntrif uged at 2D,oo0 9
43

for 30 min, and loaded on the Sephadex G-100 column. The column

uras elut,ed r¡ith the same buflf er, and the distribution of, proteins
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and

and

(4)

CAT-Stimulatinq activity aFter gel liltration urere monitored,

the appropriate fractions urere pooled and lyophilized.

CHARACTERIZATION OF THE CSF

( u ) Por acr lamide Gel El-ectro horesis. Analytical PAGE

uras performed on a 7.51' separatinq gel and a 41" stacking gel at

pH 8. g (ll1 . The ei-ectrophoresis uras carried out at a current of
2

10 mA/cm of geI surface. At the end of electrophoresis, the gel

uas stained uith O.25% caomassie brilliant blue, in 45Y, methanol-

and gY, glacial acetic acid. And destained by Ciffusion in 1O1,"

methanol and 7í, gJ-aciaJ- acetic acid.

To demonstrate the CAT-stirnulating act,ivity of the purified

DSF, samples of 20 ug each of CSF uJere el-ectrophoresed in

duplicates in 7.5Y' pol-yacryl-amide geI at pH 8.9. 0ne qe1 col-umn

uras stained f,or protein; and the other gel column uJas cut into 2

mm segments, and the protein in each segment uras eluted by 1 mI

of pBS at pH 7.4, uith O.2Y" fatty acid free BSA, overnight at
o

4 C. The eluant of each segment uras diluted 1z2D r¡ith t,he same

buffer, filter-steril-ized and assayed f,or CAT-sLimulating

activity by adding an equal volume of zDO ul each to the NG10B-15

cel-l-s.

( b ) Estimation of wlolecul-ar [Jeiqht

( i ) Get Filtration on Sephadex G -1 00 . A Sephadex G-

100 column ur?s calibrated uith protein markers of knoun mol-ecular

ueights: Bov ine serum al-bumin ( 6?K ) , oval-bumin (45K ) ,

trypsinogen (zst<), and cyLochrome c (12K). The purified cAT-

Stimulating Factor uras then appJ-ied onto the same col-umn of

Sephadex G-100 column r âr.ìd t,he molecular s j-ze of CAT-Stimulating
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Factor uJas estimated from its elut-ion vofume aqainst those of the

marker proteins of knoun molecular ueights.

(ii ) SDS-potvacr yÌamide Gel Electrophoresis. The

mol-ecu-Lar ureight of the cAT-stimulat,ing Factor uas arso

estimated by sDS-Poryacrylamide qel elect,rophoresis (zz). The

mofecufar ureiqht markers ( phosphoryfase B I gJK j , bovine serum

afbumin [00X], ovalbumin l¿SX], carbonic anhydrase [31K], soybean

trypsin inhibitor l.22Kl, and lysozyme Ilarl) and the sampres to
o

be tested urere pre-treated by heating at 100 c for 5 min. in the

presence of 1Y" sodium dodecyl sul-fate and 5T" g-mercaptoethanol

and efectrophoresis uJas carried out in 1oÍ" poJ-yacrylamide

containin g 1í, SDS. The gels u,ere el-ectrophoresed at a current of
2

10 mA/cm of gel surface. At the end of el-ectrophoresis the gels

urere stained r¡ith O.1Y" coomassie brill-iant blue in 50%

trichl-oroacetj.c acidr ãnd destained by dif,fusion in 1OY, gJ-acial-

acetic acid. The relative mobilities (nf values) of the protein

markers urere plotted against their molecul-ar ueights. The

molecular ureight of the CAT-Stimulating Factor uras estimated by

pJ-otting its electrophoret,ic mobility (n¡ value ) to compare r¡ith

those of the protein markers.

(.) GeI Isoelectric Focusinq. Analyticat thin Iayer

pol-yacrylamide gel ( L-Kg ) isoelectric f ocusing uras carried out

using a LKB 2117 mul-tiphor apparatus and a pre-cast Sl"

polyacrylamide gel ririth a pH range of 3.5-g.5. Af ter f ocusing

for 4.5 hrs at 4 uatts, the gel containinS the isoel-ectric point
(pI) markers ( rmyrogfucosidase [3.50], soybean trypsin inhibj.tor

Ia.ssi, B-lactoglobufin A [5.20], bovine carbonic anhydrase B

15.85], human carbonic anhydrase B 10.55], horse myogloblin-
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acidic band | 0. eS L horse myoglobin-basic band L ?.35 ] , lentil

l-ectin-acidic band Ie.l S ] , l-entil Ìectin-basic band Ie. OS ] , and

trypsinogen I s. ¡o ] ) and sampre uras placed in a fixing solution

containing 57.5 I TCA and 17.25 g sulphosal-icyl-ic acid in 500 ml

distilled uater for 30-60 mins. r and uras then stained overnight

r¡ith cDomassie brilliant blue R-250 ( 0. Z¡0q in 200 ml destaining

so.l-ution: 500 ml ethanol plus 160 mÌ acetic acid diluted lo 2

l-iters r¡ith distill-e ter ) Af ter staining, the gel uras pJ-aced

in the destainin_g solution until the stained protein bands urere

clearly visible. To determine the pH qradient, formed after

focussing, an additional gel lane uras cut into 5 mm segments,

each of uhich uras individually soaked and eluted in'1 ml doubl-e

distilled urater for 60 min under continuous shaking. The pH in

each gel eluant uras determined by the pH meter.
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RESULTS

( I )c0NDrrI0NS r0R ASSAyTNG THE cH0LrNE ACETYLTRANSFERASE STTMULATING
ACTIV]TY US]NG IHE HYBRID NG1 OB-1 5 CTLL LINE

For successlul- isol-ation of biologicar active principres, a

ref atively simpJ-e and specif ic assay is essent,ial. The original
assay for the cAT-stinufating act,ivity by Giller et ar (sg, 61 )

usinq primary cul-tures of mouse spinal cord neurons is specific

but t,ime consuming. Houever, the more recently developed assay

usinq the hybrid cell line NG1 0B-1 5 ( 63 ) , though less sensitive,
takes only a f er¡ days of cul-t,ures. ïhe NG10B-15 cel-l- line uras

derived from a sendai-virus-induced flusion of a mouse

neurobrastoma cell line (ru1a TG-2 ) and a rat glioma cel_r l_ine ( c6

BU-1 ). Thís hybrid cell l-ine is one of the most hiqhly

characterized and uideJ-y studied ceff l-ines of neural- origin. It

has been shoun to synthesize, store, and secrete acetylcholine

173) ' and form functional- synapses uit,h striated muscl-e ceIIs in

vitro (lt+) . ïn addition, NG10B-15 cell-s possess a number of

receptors for neuroactive compounds: opiate recept,ors ( zs, zo ) ,

muscarinic acet,ylchol-ine receptors (77 ) , as uell- as receptors f or

prostaglandins pGE ( Ze ) . Since lhe NG108-1 5 cel-l-s possess al-l-
1

of these neuronal characteristics, it is evident that this cel-1

line behaves as neuronal celfs in culture.

Ïn adapting this NG10B-15 cell-s into our routine system for

the CAT-stimulatinq activity, a series of preliminary experiments

uras carried out to establish a simple and reproducible bioassay.

(1 ) Effect of the rat muscle extract on NG10B-15 cells at various
t.ime intervals

Ie11s from

u,ere inocul_ated

confl-uent cul-ture of NG10B-15 cel_ls in medium D

4
into Falcon wlultir,-relIs at 5. ûx1 D cel-ls/r¡ell- in
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1 .5 m-l- of medium E. Af ter 1 day of cu-l-ture rat skel-etal- muscle

extract uras int,roduced into the cell-s and CAT activity of the

NG10B-15 cel-Is uras assayed af ter 1 n 2, 3, 4, and 5 days of

additional incubation in triplicates.

F igure l- shous that the CAT enzyme ac t.ivity of the NG1 08-1 5

cel-l-s continued to increase for at l-east up to day 5 of, culture

in both the extract treated and untreated cell-s. The CAT-

Stimulating Factor (CSf) appeared to have the maximal- effect on

t,he NG10B-15 cel-l-s af ter 5 days in cul-ture.

Figure 2 shous that cefl number in both muscle extract

treated and untreated cel-l-s continued t,o increase slightly but

qraduatly up to 4 days in culture. 0n day 5 of culture there u.,as

a slight decrease in celI number probably due to overcrouding.

lvlost important]y, there appeared Lo be no signif icant dif f erence

in cell- number betueen t,he treated and untreated cell-s.

Figure 3 shous the phas" 
"ànt,rast 

photomicroqraphy of the

I\G108-15 cel-l-s in cul-ture. Treatment. of t.he t\iG1UB-15 cel-ls rr j-th

dBcAwlP ( medium E ) , uhether al-one or in combination uith muscle

extracts resuLted in dramatic morphological changes ulith

elongation and thickening of nerve processes ( fiq. 38, C ) . In

contrast, the NG1 0B-1 5 cell-s uith no treatment (medium D) have

relatively short nerve processes and frequentl-y resembled

fibroblast processes rather than n'eurit,e (fis. 3A).

(2) Determination of the o timal latin cel-1 number for the
N 0B-1 5 cell bioassay

Cells from conffuent cult,ure

into Fal-con Multiuel-l-s at 2.

ceIls/uelJ-. Rat skel-etal-

of NG10B-15 cel-Is

5, 10.0,5, 5.0, 7

UJETE

andinoculated
4

12.0x1 0 muscle extract, uJas
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Fiqure 1

Ef,fects of rat skeletal muscl-e extract on the CAT activity
in NG10B-15 cel-l-s at various time intervaLs. Hybrid NG10B_1s

cel-ls f,rom confl-uent cufture urere inocul-ated into Fafcon
4

lvlul-tiuell-s at 5.0x10 cer-r-s/uerl in 1 .5 ml of medium E.

Steril-ized raL skeletal muscle extract (500 uq) uas introduced
into the cel-l-s af ter 1 day of curture. cAT activity of the
extract-trea+-ed f\G1C8-15 ceiis ir,as assayeci in cripiicates atter
1, 2, 3, 4, and 5 days of additional incubation.

?o



Fiqure 2

Effects of rat skefetal- muscl-e extract on the cel-l- number of

the NG10B-15 cel-l-s at various time interval-s. Hybrid NG10B-15

cef l-s Lrere inoculated into Falcon wlultiurells at 5 .0x1 0

celfs/ue11 in 1.5 mÌ of medium E. Sterilized rat skeletal muscle

extract (SOO uq) uras introduced into the ceÌl-s af ter 1 day of

cul-ture. Dell number of the NG10B-15 cel-1s uas counted in
triplicates after 1 , 2, 3, 4, and 5 days of additional_

incubation.
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Fi UIE .J

Phase

in cul-ture.

in medium

contrast photomicrography of the hybrid NG1ûB-1s cel_ls

cells cuJ-tured in medium D, B - celf s cul_tured
cel-1s cul-tured in medium E in the presence of
rat skeÌetal- muscLe extract.

A

E C

500 ug proteins of
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introduced after 1 day of culture. CAT activity of the NG10B-1S

cel-l-s uras assayed af ter an additionar incubation of 5 days.

Figure 4 shous that the increase of CAT activity by muscfe

ext,racts uras the highest in NGl0B-15 cef ls of a plating number of
7.5x10 cel-l-s/uell; and the increase of CAT activì-ty declined in
uel-l-s plating at greater cell numbers, probably due to
overcrouLding. These results indicate that ?.0-8.0x10 cef l-s/uel-1

uras the optimat plating number of the NG'1 0B-15 bioassay cel-l- f or

the bioassay of the CAi-stimulatinq activity.
(¡) Dose response of the CAT-stimulatin activit on the NG10B-

cefls

The efflect of the rat skel-etal- muscl-e stimulating the CAT

activity in NG1 0B-1 5 cells at various dilutions uras examined.

Rat skel-etal muscl-e extract uias diluted to the appropriate
concentrations, and 200u1- of, each dilution LLrere added to the

cel-l-s to make up a final concentrat,ion of : 83, 167, 333, s0û,

667, and 833 ug protein/ml of cul-ture medium.

Figure 5 shous that 500 ug protein/mr of culture medium

appeared to be the optimal concentration of muscl-e extracts to
stinul-at,e the CAT activity in the NG10B-1S ceIls.
( t t ¡ pREL rrytARy sruDIES 0N THE pR0pERTtES 0F THE CAT_STIMULAT]NG

ACTIVITY ]N RA I SKELE T AL IÏUS ULt. EX IHAL I

In order to isol-ate the CAT-Stimulatinq Factor

knouledge of the properties of the CSF is
Preliminary st.udies uJere carried out to establish
properties of the CAT-stimulating activity in the

muscle extract.

\L5F i, some

imperative.

some of the

rat skeletal-
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Fiqure 4

Determination of the optimal pratino cell- number of the
NG1 0B-1 5 cell-s lor bioassay of cAT-stimulating activity. The

NG10B-15 cell-s ujere inoculated into f al-con tîultir¡eIl-s at 2.5,
4

5'0' 7'5, 10.0, and 12.0x10 cells/uell-. Sterilized rat skeletal
muscÌe extract (S0O uq ) uras introduced into the cell-s af ter 1 day

of culture. CAT activity of the cel-l-s uras assayed in tripl-icates
aflter 5 da),s cf addi+-icnal incubation.
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Fiqure 5

Dose-response curves of the cAT-stimuratianq activity in rat
skel-etal musc-re extract on the NG10B-1s cer-r-s. sterilized rat
skeletal musc-r-e extract uras diluted to the appropriate
concentrationsrand 2oo uf of each dilution rjias added to the cel-l-s
to give a final- concentration of : 83, 167, 3J3, 500, 667, and
833 uq/m1 of cuÌture medium. cAT activity of the NG1 0B-1 5 cel-1s
I'l2q 2ccar¡o.l i- +-i^'l¡^^r^- -rr--ssvuteu LrrPrrLcrtrub drLer 3 OayS oÌ add].tfonal inCUbatiOn.

33



g) e
(J

l o
J e

C
A

T
 A

C
T

M
T

IY
 IN

C
R

E
A

S
E

 (
 o

/o
 )

N
)

G
)

(J
)

<
Þ

è o
o t9 o o .È o o O

) o e cc o o I o o e

-U Ð Ð *4 tr
I z. C
) O Z
.

Õ fT
T 7 -l Ð + õ z. .A E Ç
) K r-



(1) Preci itations of the CAT-Stimulatin Facto¡ b ammonl-um
SU ate

crude rat skeletar muscr-e extracts uas precipitated by
ammonium sulfate f,rom 3o-7oy, saturation. The various fractions
u,ere redissolved and dialysed over night against pBS, and assayed
for CSF in the NG10B-15 ceÌL bioassay.

Figure 6 shous that ammoni-um sulfate at saturation betueen
30-50% has refatively smaff amount of proteins ($ 1ty, of total
protein ) r ând contained most of the CAT-stimul-ating activity.
Houever, since the 0-3Df" fraction also con'bained significanl
amount of activity r¡ith Iittle proteins (S¡% of total protein),
it uras decided that the 0-501" fraction uoul-d be used for l-ater
purification steps.
(2) St,ability of the muscl_e CAT-st imul-atino activitv

The stability of CSF uias tested at valious experimental
conditions to establish the optima.l conditions for extraction and

storage of the cAT-stimuJ-ating Factor during and after
purif ication. CAT-stimulatin-o activity ùras e ompared among f resh

rat skeletal muscle extract, extracts after 5 days storage,
extracts in the presence of 1 mtr plYlsF after 5 days of storaqe at

U

4 C, 0-50/" annonium sul-fate fraction after 5 days of storage at
o

4 C, and 0-50% ammonium sulfate fraction after being dialysed and

lyophilized.
o

Figure 7 depicts that after 5 days of storage at 4 c, the

DAT-stimuJ-ating acLivity in t,he crude extract decreased markedly,

and significantly, and that the addition of the proteolytic
enzyme inhibitor, phenylmethyl-sulfonyl fluoride ( pmsr ) , could
stabilize the activity. The 0-50% ammonium sulfate fraction
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Fioure 6

Fractionation of the cAT-stimuratì_ng activity in rat
skel-etal muscr-e extract by ammonium surf ate precipitation. ïhe
crude ¡at skeletal- muscle extract uras precipitated by ammonium

suÌfate at 30, 50r ãrì d roy, finar- saturations. The final
supernatant ( s/N ) , and the precipitated flractions rxere re_
dissolved in PBS and diaJ-ysed extensivery aqainst pBS at pH 7.4.
An aliqLtot' of 2DD ug protein cf the dial'ysates iúas adrjerj io ihe
NG10B-15 cel-ls. CAT activity of the NG10B-1S cells Lras assayed
in triplicates afrter 5 days ofl additional incubation.
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Fi UIE 7

stability of the cAT-stimurating activity in rat sker_etar
muscre extract ' control- = f resh crude muscf e extract rLlithout
storage; crude + ptYlSF = crude muscl-e extract r.rith 1 mtî p[YìSF in

o
PBS f or 5 days at 4 c; (ruH )_so = sampr-e of re-dissor-ved so6"42 4
sat,uration of ammDnium suffate precipitate of crude muscl-e

Oextract in PBS flor s days at 4 c; (NH ) so lyophilized = sample
42 4of re-dissol-ved Iyophilized 50% saturation of ammcnium suffate

precipitate of crude muscle extract in pBS. An aliquot of 2Do ug

protein of each- sample uras tested in tripl_icates flor cAT_

stimulating activity in NG1 0B-1 S cel_ls.
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after storaqe

difference in

extracts.

(3) Effects of

0
at4Cfor5davsor

the CAT-stimulatinq

st.ored Iyophilized

activity compared

shoued no

to fresh

temperature on the muscle CAT-stimulatinq activitv
Aliquots of the cAT-stimulating activity in the 0-50%

saturation of ammonium suffate fraction ujas monitored by the

NG10B-'1 5 bioassay after incubating a1- temperatures of : 4, 22,
o

37, and 55 C for 30 or 60 minutes.

Fiqure B depicts t,hat there uras no difference in CAT-

stimulating activity in extracts after incubating at 4, 22, or
o

37 D for 60 min, but the activit,y decreased sliqhtl-y after 30 min

of incubation at 55oC. These results indicate that the CSF is

rel-atively heat stable.

( 4 ) Effects of pH on the muscl-e CAT-stimulatinc activity

Aliquots of the 0-50/o ammonium sul-fate

muscl-e ext,racts uJere stored in: Sodium .acetate

or 5.4, sodium phosphate buffer at pH 6.4 or 7.

pH 8.4, or g.l-ycine buf f er at pH 9.4 f or 5 days

CAT-stimulating activity uras assayed by the

bioassay.

The resul-ts in figure g shous that the

fraction of

buffer at pH

lt, TRIS

the

4.4

buffer at

r ãnd the
o

at,4 C

CAT-stimuÌating

activity uias decreased signif icantly l-ess at pH 4.4, and

dramatically ress at, pH 5.4, but rel-atively stable at a pH range

NG10B-15 cell-

ammo n i um

uith 1 mg

of 6.4-9.4.
(5) Effects of enz mic di estion and chemical- treatment on the

AT-stimu INO AC rv1

For enzymic diqestion, 1 mg each of the 0-50%

suffate fraction uas incubated in 1 ml of PBS, pH 7.4,

J(



Effects of temperature

rat skeletal muscle extract.

ammonium sul_fate flraction uere

or 60 min, and an aliquot of

added in triplicates to the

stimuJ-ating activity.

F iqure B

on the CAT-stimulatinq activity in
Samples of 2 nI each of the 0-50%

kept, at 4, 22, 37, and sSoC for 30

zt1 ug protein of each sample uras

NG10B-15 cell-s t,o assay the CAT-

3B
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Fioure S

Effects of various pH on the cAT-stimurating activity in rat
skel-etal muscr-e extract. sampJ-es of 2 nr each of the 0_s0%

ammonium suÌfate fraction urere dialysed against sodium acetate,
pH 4'4 and 5.4; sodium phosphate, pH 6.4 and 7.4; rRrs, pH 8.4;

Oand glycine, pH 9.4, and then stored for 5 days at 4 c. An

aliquot of 2oa ug of protein from each sampJ-es uras added in
trÍplicates to the NlG10B-15 ceÌIs Lc asq,2rr rhc rrr.stim,_¡Ìatin9
activity
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ol either l.rypsin, neuramindaseo or phospholipase D, overniqhl at
o

4 c. The action of trypsin uras terminated at the end of

incubalion by the addition of soybean trypsin inhibitor ( I . s

mS ) . For chemical- treatments; samples uJere incubated in the

presence of B fT Urea , 1Y" B-mercaptoethanoJ-, or 1 fl NaCl- overnight
o

at 4 c, folloued by dialysis contrors containing only the

enzyne or chemical uithout tlre crude samples urere treated exactl-y

the same. All- sampJ-es urere assayed at 100 ug/ml f or the ability
to stimulate CAT activity usinq the NG1 0B-1 5 bioassay.

Figure 10 shous that incubation of the CAT stimutating

activity r¡ith trypsin and B[I urea abol-ished most of the cAr-

stimuJ-ating activity; hourever, treatments uith 1 tr Nacl, 1fr B-

mercaptoethanol, neuraminadase r ãnd phospholipase D did not

affect the activity. These resu.Its suggest that the biological

component is protein in nature and can be denatured by B [Y'l Urea.

Furthermore, disulphide bonds are not essential- for biological

activity and the mol-ecul-e probably does not require carbohydrate

or lipid residues for its biologicaJ_ activity.
(fif) purification of the CAT-Stimul-atin Factor in the rat

skel-e a MUSC e

(l) Extraction procedure

Rat skeletal- muscles (ASO s ) urere removed f rom hindlimbs of

50 mare or femare sprague-DauJ-ey rats of body ueiqht (zs0-300 g),
processed to obtain 4O q of crude protein in the rat skeletal
muscl-e extract.

(Z) Fractionation bv ammonium sulfat e precipitation

The CAT-stimul-ating activity
uJas first concentrated

in the rat skeletal-

aÍnmonium

muscl-e

sulfateextract

40
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Ficure 10

Effects of enzymic digestion and chemical treatmenL on the
cAT-stimulating acti vity in, rat sker_etar_ muscle extract.
ApproximaLeì-y 1 mg protein of the 0-5010 annonium suffate fraction
uras incubated ulith 1 mg of trypsin (Trypsin ) r frEuraminadase
(Neura), or phosphor.ipase D (pnos) in pBS at pH 7.4, overnight ato
4 c. The sample containing trypsin uras terminated by the
addition of soybean trr-psin inhibitor (i.S rrrc). Additional
sampJ-es urere incubated -in the presence of g fl urea (urea), 1f" B_

mercaploethanol- -(flercap 
) r or 1 tvl NaCl ( ruaCf ¡ in pBS at pH 7 .4

o
overnight at 4 c, flotloued by dial yzing against pBS. control_
consisted of buffer samples treated identically uith enzymes or
chemicals except uithout the muscÌe extract protei-ns. An aliquot
ol zt] ug protein of each sample uras added in triplicates to the
NG1 0B-1 5 celfs to assay CAT-stimulating act,ivity.

41



20

no sample

ffi sample

:
c)
ì
Þ
E
Øo
õç
ô

;
E
l-
O

t-
()

1B

16

14

12

10

B

Control [-hea Mercap Trypsin Newa Ptps NaCl



Fi UIE 11

Fractionation of the muscre cAT-sLirnuì_atinr¡ e:iivii:y by

ammonium sulf,ate precipitation. Rat skel-etaÌ muscle extract ( 4o

g of proteins) uas precipitated by addinq sol-id ammonium sulfate
sl-ou1y to a 50% saturation to precipitate proteins uith CAT-

ostimulating activity. Af ter stirrin,; f or ðl min at 4 c,
precipitated proteins urere harvested by centrifugation at 1 S,000

g f or 6! nin . The ledissolved piecipitate a¡d super- rra Lant, uJere

dialysed and assayed -for cAT-stimulating activity in NG1 0B-1 5

cefl assay.
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precipitation. Figure 11 shous that the 0-50% ammonium su1 f.ate

fraction contained most of the CAT-stimulating activity, but only

approxj-mateJ-y 14f, of total protein in the extracts (taure 2),
This precipitate uras redissolved in 1 mwl Nap0 at pH 6.2 and

4
dialysed extensively against the same buffer for the next step oi
purification by ion-exchanqe chromatography.

( 3 ) Stepuise el-ution on C wì-Cellex chroma aphy

The dialysed concentrate of the 0-50% ammonj-um suffate
f,raction (s. s q ) uras applied onto a cwl-ce j-l-ex coÌumn,

equilibrated in 1 mtT sodium phosphate buffer at pH 6.2. After
uashing extensivef y, the butk of t,he adsorbed proteins rLLith l-orLt

CAT-stimulating activity ìrere el-uted r¡ith O.2 tYl NaCl in the

buffer, and most of, the stimulatinq activity uras then eluted uith
0.5 fYl Nacl in the same buffer as shoun in figure 12. The 0.5 fYl

NaCl f ractions urere pooJ-ed, and dialysed against 0.01 wì phosphate

buf f er at pH 7 .4, f or the next step of isol-ation.
(4) Linear qradient el-ution on DE-CeÌl-ex chromato graphy

A DE-celrex col-umn uras equil-ibrated in 0.0'1 lYl sodium

phosphate buf,fer at pH 7.4. The dialysed sampJ-e (aso m9) after
CM-Cell-ex chromatography (f is. 12) uas l-oaded onto the DE-Cel-1ex

co.l-umn. Af ter the unadsorbed f ractì-ons, the adsorbed proteins on

the corumn urere f irst eluted by 0.05 [Yl Nacl- in the phosphate

buf f er, and then by a linear gradient of 0.05 tYl to 0.1 5 tvl Nacl in
the phosphate buf f er. FinaJ-J-y, the column uJas el-uted steprrlise by

0.15 [I and o.25 tYl Nacl in the same buf f er f or the remaining
proteins. various elutions ulere monitored for protein

distribution and CAT-stimulating activity as depicted in figure
13. rt uras observed that the broad protein peak of 0.09-0.15 tI

43



Fiqure 12

ctT-cel-l-ex chromatography of the sty" ammonium sur_fate
precipitated fraction of the rat sker-etaf muscre extract. The

redissoi-ved precipitate of íOY' saturation of ammonium sul_fate
(riq. t t ) uras dialysed extensiveJ-y aqainst 1 mtî Nap0 buf,f,er at pH

4â.2' and centriluged at 100,000 g for 60 min. The supernatant
(S. S q ) uras applied onto a CwI-Cell-ex ion exchange column (0. sxl s

cm ) in 1 nlvl []aPo at pH 6 .2 . Af ter ext,ensi ve ìiashi ng of the
4

unadsorbed f ractions, -the adsorbed proteins uere el-uted stepuÍse
by 0"2 iT, and 0-.5 fl NaCl in 1 mwl NaPO buffer. Fractions brere

coi-l-ected in zo mJ-/tube at a f f ou ,uia= 3t 150 ml/hr. Ariquots of
appropriate fractions urere dialysed against pBS, filter-
sterilized and assayed for CAT-stimulating activity by adding an

equal volume of 200 ul- each to the NG10B-1S ceÌl_s.
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Fiqure 13

DE-CeIl-ex chromatography of the muscle CSF fractions after
ctYl-cel-Ìex chromatography. poof ed active f ractions of csF (+so
mq) el-uled by 0.5 tT NacÌ upon ctvt-cel-lex chromaioqraphy (Fig . 12) ,

af ter dialysis, uJere roaded onto a DE-cel-f ex col_umn (sxt s cm)

equilibrated in 0.01 tYl Nap0 at pH 7 "4 " After uiashing the
4

unadsorbed fractions, the adsorbecj proLeins urere first ejuLed by

0.05 tYl NaCl j.n Lhe |\laP! buffer, and +-hen b.r- a linear Eradieni of
4

0.05 wì to 0.15 H NaCl i¡ the NaP0 buffer. FinaJ-ly the remaining
4

proteins uiere eluted stepuise by 0.1 5 tYì and 0.2s tyl Nacl in the
NaP0 buf f er. Fractions uere cof l-ected in 10 mJ-/tube at a f l-orLr

4
rate of 12o ml-/hr. Aliquot of appropriate f ractions ureie

dialysed against pBS, filter-sterirized, and assayed for DAT-

stimulating activity by addinq an equal vol-ume of 2oo ul each to
the NG10B-15 cel-l-s.

L.
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NaCl f raction contained most of the CAT-stimulating activity.
These f ractions uJere pool-ed and dialysed against 0.01 [Y| sodium

phosphate buf,fer at pH 7.4 f,or the next step of puriflication.
(s) Cornpound qradient efution on DE-Cellex chromatoqraphy

The fractions (92 ng) eluted by 0.09-0.15 tvt NaCl (f iq. 1j)
containing proteins r¡ith CAT-st,imulat,ing activity urere loaded

onto another DE-Cell-ex col-umn equilibrated r¡ith 0.01 tvl sodium

phosphate buffer at pH 7.4. A more refined gradient ofl NaCl uas

inititated in order to get rid ofl more contaminated protein. A

smal-l- amount of adsorbed prot,eins uJere f irst eluted by 0.05 tT

NaCl in phosphate buffer, and remaining proteins u,ere then efuted

by a continuous compound gradient of 0.05 / O.lS ¡ t / 0.1 0 /
0.10 / s.15 / t.ts / o.ls / o.lo u Nact in the same buffer,
generated by a nine chambers varigrad apparatus. Finally, the

col-umn u,as uashed by a stepuise el-ution uit,h 0.10 [Yì and 0.1s tYì

NaCl in the phosphate buffer.

Figure 14 shours that t,he second peak of the elut,ed prot.eins

beLrL-reen 0.09 -t.14 [Yì NaCl contained most of the CAT-stimulatinq

activity. This step of ion-exchange chromatography proved to be

very useful- in separating a major portion of contaminating
proteins of rou activity from the proteins of hiqh cAT-

stimulating activit,y . The appropriate f ractions urere pooJ-ed,

dialysed in 0.25l' ttlH HC0 ¡ ând Iyophi Lized f or the next st,ep of
43

purification by qel filtration on Sephadex G-100.

(0) GeI filtration on Sephadex G-100

The lyophilized sample

af ter DE -cell_ex chromatography

of partially purified CSF

uias redissolved in 2 ml

(23 ms )

of NH HC0
43
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Fioure 14

Recycling upon DE-ceflex chromatography of the muscle csF

f ractions af ter DE -ceÌl-ex chromatography . The pooJ-ed active
f ractions of csF (sz ms ) eluted by 0 .0g t'l to 0 .1 5 tyl Nacl_ upon DE-

cellex chromatography (Fiq . 1z), af t,er dialysis, r.jrere r-oaded ont,o

another DE-Cefl-ex cofumn ( t . exg cm ) in 0.01 tyì Nap0 at pH 7 "4,
After urashing the unadsorbed froactions, the u¡=o1u"o proteins
urere f irst el.uted by 0.05 !I NaCl in ttlaF0 bulf er, the remaininq

4
proteins u,ere then el-uted by a continuous compound gradient of
0.0s / o.1s / o / 0.10 / t.1o / 0.is / o.ts ¡ 0.1s / o.ro rYl Nacl

in NaP0 r g€nerated by a nine chambers varigrad apparatus.
4

Finalry, the remaining proteins uJere uiashed by the steprr.rise

elution rLlith 0.10 [Yl and 0.15 tvl Nac] in the Nap0 buf f er.
4

Fractions urere coflected in j ml/tuue at a flou rate of 30 ml/hr.
Ariquots of appropriate fractions urere diarysed against pBS,

filter-sterilized, and assayed for cAT-stimulating activity by

adding an equal- voLume of 200 ur- each to t,he NG10B-'l 5 cel-1s.

47



310.

Þ

õ
(úz

0.17

0.t9

0.05

E

e

V
Ec
@ñ
N
(U

io
B

I
E

0.5

o.4

03

o2

0.r

o

0.0s{vt GRAD
v

0.10M 0.1SM

5t
r̂Oo\

40ü
4
IUtr

309

205
l---
O

10 l-
O

0 
ri::iii:::l

g

v

E.

Y

ø

0 200 2ÍJO 320

FRACTION NUMBER

240 360 400 440



then subjected to gel filtration on sephadex G-'1 00. Figure 1 S

shor¡s tha b 70-80/' of the material in t,he sample uras eluted uith

the hiqh molecul-ar ueight fractions, but the majority of the

cAT-stimulating activity ujas efuted r¡ith a smal-l- amount of,

proteins uith the Ìouer molecuf ar rrreight f ractions. The

activity-containing fractions urere pool-ed, l-yophilized and

recyc.l-ed in the same Sephadex G-100 column.

Figure 16 shouis that the pooJ-ed f ractions f rom the f irst

Sephadex G-1 00 column -( fis. 1 5 ) uere separated into 3 distinct

protein peaks. -The f irst protein peak contained rel-atively f orLt

activity; the second and the third peak urere onJ-y partiarJ-y

separated, and uith most of the CAT-stimulating activity

concentrated in the third peak. The third peak ofl proteins uras

pooled and recycled on another Sephadex G-100 col-umn.

Figure 17 shous that the materials in the third peak (Fiq.

16) coul-d be separated into 2 distinct peaks of protein upon

recycling, and the cAT-stimulating activity uas eluted ,

coincident r¡ith one symmetrical- peak of protein. Accordingly,

the appro¡¡riate fractions uJere pooled and ]yophilized as the

final p¡ncuct of purified CSF.

(lv ) sui;ìl.,]Aity itF THE pURIFICATT0N pR0cEDURES F0R csF

The established procedure for the purification of CSF is

is summarized in tabl-e 1, and t,he yieJ-ds and recoveries of

material-s and activities of the cAT-stimulating activity at

dif'ferent steps of purification are summarized in tabl-e 2. From

890 g of rat skel-etal muscle, after 4 steps of isoration

procedure, a preparation of 0.40 mg of hiqhly purified CSF uras

achieved.

4B



Fi ute 15

Gel- f iltration on Sephadex G-100 of the muscl-e CSF f ractions
after recycl-inq on DE-celrex chromatoqraphy. The pooled
f¡actions of CSF (ZS mq) etuted by 0.0g wt to t.14 tvl NaCt upon DE-

Cel-1ex chromatography (Fiq. 13), urere dialysed aqainst A.23%

NH HC0 at pH 8.2 and J-yophilized. The ryophilized sample uias43
dissol-ved in 2 ml of 0.25% ruH HC0 r ãnd centrifuged at 20,000 g

43
f or 30 min . and loaded onto a Sephadex G -1 0O col_umn (Z.Zx 1 

.l 0

cm ) r equilibrated in 0.25% ttt-l HC0 . Fractions urere col-l-ected in z
43

ml/tube at, a f lor¡ rate of 15 ml/hr. Aliquots of appropriate
f ractions uere diruted 1 :10 r¡ith pBS at pH 7 .4, f iLter-
steril-ized, and assayed for CAT-stimulating activity by adding an

equaJ- vol-ume of zDD u1 each to the NG10B-15 cel-f s.

4g
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Fiqure 1 6

Recycl-inq upon Sephadex G-100 of the musc-l-e CSF f ractions
af ter qeJ- f,iltration on sephadex G-100. The pooJ_ed active
fractions ( 3.1 mq ) after gel fil-tration on Sephadex G-1 00 ( Fiq.
14) urere lyophilized. the lyophilized sample rras dissolved in 2

ml- 0.25% ruH HC0 r cEntrifuged at 20,û00 g for i0 min, and loaded43
onto the same Sephadex G-100 co.l-umn (2.2x110 cm) and eluted rLrith

the same buffer. Fractions urere colfected in 2 m1 /tu¡e at a florLr

rate of 1 5 m1/hr. Al-iquots from appropriate fractions uere

diluted 1z2O uith pBS, filter-st,eriJ_ized, and assayed for CAT_

stimulating activity by addinq an equal vol-ume of 200 ul each to
the NG10B-1 5 cell-s.
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Fiqure 17

Recyclinq upon Sephadex G-1 00 of the muscÌe CSF fractions
after the second gel f,iltration on sephadex G-1 00. The pooì_ed

active fractions ( O. sS ms ) after recycl-ing on the second Sephadex

G-100 col-umn (r:-q. 1 5 ) , urere lyophilized. The lyophilized sample

uras disso.lved in 1 m1 of t.25l, t\H HC0 at pH B.Z, centrif uged at
43

20 
' 
000 g for 30 min, and l-oaded onto another sephadex G-1 CI0

col-umn (t .0x1 1 0 cm ) and eluted r:;iLh t,he samo buf f er . Fractic¡s
u,ere col-lected in 1 ml/tu¿e at a fror¡ rate of .1 s ml/hr. Aliquots
from appropriate fractions urere diluted 1:2O uLith pBS, filter-
sterilized, and assayed for CAT-stimulating activit,y by adding an

equal- vo.l-ume of 2OO uf each to the NG10B-15 celf s.
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1-AÙLIì I SUI.ITIAIì.Y OI CSI¡ I)UIìIIIICATION

Iìat skeletal muscle extract
(4og)

Ammonium sulf ate precipitaLion

0z

CM-Cellex (ste SE grad ien t )

Unad rbed 0.2M NaCl 0.5M NaCl

I
50-

(s c)
Supe rna tan t

490 mc)(

DE-Cellex (1 ear gradient)

Unadsorbed 0.05Ìl NaCl 0.05-0.09M NaCl 0.09-0. 5M NaCÌ O. I5M
NaCl

0.25M
NaCl(92 me)

DE-Cellex (cornpound con tinuous gradient)

Unad so rbed 0.05 NaCl 0.25-0.0 M NaCl 0.09-0.
l r'r \16,t

Sephadex G-r00( r)

Frac onA Fract onB
(¡. mc)

Recycling Sep adex G-I00( l)

M NaCl 0. 5M
rT^ rì l

Frac A Fractfon B

Recyclfng Sep adex G-I00(2)

Frac,t
(0.e

nC
x0g)

akl pu.[ 2Pe

52

(0.40 me)
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TABLE 2 SUI"fl/IARY OF CAT-STIMIILATING FACTO1ì PURIT'ICATION

PURIFICATION
STEPS

Crude
extract

(nu4)2 so4
0-502
f rac t ion

CM-cellex
s tepwise
gradient

DE-cellex( I)
linear
gradienÈ

DE-cellex( II)
compound
gradlent

c-r00 ( i)

c- 100 ( r)
Recycling

c-100(2)
Recycling

One stírnulation unit (su) 1s defÍned a¡s the amount of ¡rroteÍn per ml of culture medium r¡irich prov,ldecla stimulation equal to half of the rnaxímali stimulation obtained from the dose-response curve (Fig. Ll).

I

-).+

26

1r8

400

2,500

6 ,661

13,333

I'j 1iRI.IrI C,'\T I0N
T OLD(x to-3;

TOTAL
UNITS

200

92

63

54

46

38

2l

(sU x ms-l)

SPE CI}-I C

ACl'IVITY

5.0

T]

128

5BB

2 ,000

l2 ,5 00

33 ,333

66,667

ACTIVITY
IIECOVERY

100

46

32

27

23

T9

t6

l-J

SU (ugimr)
OF CULTURN

1r1[DIU[,1

200

60

7.8

r.7

0.s0

0.080

0.030

0 .0ls

PROTEIN
YIELD

/"

100

L4

1)

0.23

0.058

0 .00 78

0.0024

0.00 10

PROTEIN
MG

40,000

5,500

490

92

23

3.1

0. 95

0 .40



(iv)
(1)

CIIARACTERIZATION OF THE CAT-ST IIYIULAT ING F ACTOR

Dose res onse cur\/es of muscle CSF flractions obtained at
various steps in the puri ication procedure

Figure 1 B shouls the dose responses of major

fractions obtained during the purification procedure.

purified csF u,as active at 5 ng/nr, and has a half maximal_

of 15 ng/mJ-.

(2) Potyacrylamide gel e.Lectrophoresis

active

The

dosage

of the purified CSF

Upon polyacrylamide gel el-ectrophoresis the highJ-y puriflied
csF exhibits one ma jor band (r iq. 1 g ) , r¡ith the cAT-st,imulating

activity coincidenL urith the protein band (fiq, 20).

(3) Analytical gel isoelectric focusinq

Analytical thin layer polyacrylamide gel (L-Xg ) isoel-ectric
focusing uras carried out using LKB 2117 multiphor apparatus and

a pre-cast 5f" polyacrylamide gel uith a pH range of 3.S-g.5.
sample and markers of various knoun pI ( u*yloglucosidase, 3.50;

soybean trypsin inhibitor, 4.55; B-lactoglobulin 4, S.20; bovine

carbonic anhydrase B, 5. B5; human carbonic anhydrase B, 6.55;

horse myogloblin-acidic band, 6. B5; horse myogJ-obin-basic band,

7 .35; lentil lecLin-acidic band, 8.1 5; lentil lectin-basic band,

8.65; and trypsinogen, 9.30 ) r¡ere f ocused f or 4.5 hrs at 4 uatts
and stained flor protein. After f,ocusing, the gel ujas fixed and

stained r¡ith coomassie brill-iant blue to visu alize prot,eins. To

determine the pH gradient formed after focusingr ãn additional-
gel Iane uas cut into 5 mm segments, ulhich uas individually
soaked and eluted in 1 ml double distilled H 0 for 60 min. The

2
pH in each, gel el-uants ujas determined by the pH meter.

Figure 21a shous that purified csF consisted of only one

54



[ ìr¡urr, 1l]

[Jt¡:;u-l't]:'pr)rl:io (ìtrIvtls Ot- Llr e rnLr sr.le l-St fraL,t-ions otlt.ilir.rt,rrl aìL

varitlus:;l-rl¡l:; irr t. lle ¡turilir,al-ion procedure. Ilre ¡roo-Lecl r;i:rri¡rìr,.s

I'rlprescnLirrq t.he t-sf activity at each steJr oI pririficat.ion r,,r]r-r?

nìeasurer-j ¿ìL various concentrations in.the Nt10B-,l5 ce,Il bioass¿ly.
0ne hund.r:ri percent stimulation is def ineci as the maximal

stimulation ot-rt-ainecJ uith the fresh crude extract.

Crude exl-rar:t = V-¡'

0-50% (ruli, )^So f raction = O--Ott2 tl

ClYl -Ce-Llex pooJ- = V-V

DE-Cell"ex [1 ] poot = tr,rrrr¡.-¡, o

DE-Cel--lex 1,2I pool- = E- E

Sephadex t-100 [1]pool =gée

recycLing Sephadex G-1ü0 l1 I - 8......,..,8

recyc.l-inq Sephadex G-10O l2l pool- = O-D
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f- iqure 1g

PoJ-yacryl-amide ger erectrophoresis of the highly purified
rat skel-etal muscr-e csF. A sampre of purif ied csF (zn ug ) uras

electrophoresised in ?.5 /, poJ-yacryJ-amide ger er-ectrophoresis at
pH B. s.
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Fiqure 2O

Anal-ysis of the purified muscr.e csF by polyacryramide 9el
electrophoresis. samples of purif ied csF ( z0ug ) ,rras anal-ysed in
duplicates by 7.5% polyacryramide gel eLectrophoresiss at pH B:9.

0ne gel uras stained f or protein, another gel uras cut into 2 mm

segments and eruted by 1 ml of PBS uith o.2% fatty acid free BSA
o

at pH 7.4' overnight at 4 c; and diluted 1:zo uith the same

buffer. filter-steril-ized and assayed for CAT-stimulating

activity by addinq an e(ual volume of 2oo u1 each to the NG10B-

15 cells.
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protein band, and ujas f ocused at

f ocusing, highly purif ied CSF rjras

isoeÌectric point (pl) of CSF

Upon isoeLectric

be homogeneous and

to be 4.75 (f ig.

pH 4.7 -4.8.
confirmed to

uas estimated
21b).

(2) Determination of wlol-ecular tLJeiqht

( u ) Gel fi ltration on Sephadex G-1 00. The mo-l-ecul-ar uei ght

of hiqhl-y purified csF uas estimated by the method of gel

f ilt,ration on Sephadex G-100. The eÌution volume of DSF uras

compared uith those of protein markets of knouLn mol-ecul-ar ueight
( govine serum aJ-bumin, 67K; oval-bumin,45K; trypsinogen,25K;
and cytochrome c , 12K) calibrated in the same cofumn under

identical- experimental- conditions (f iq. 22a).

The mofecul-ar ureight, of CSF uras estimated by plot,tinq the

el-ution volumes of these proì-eÍns against their moLecular ueights
as shoun in fiqure 22a. By this method ofl gel filtration on

Sephadex G-100, the mol-ecul-ar ueight of CSF uias determined to be

30K (ris. 22b).

( ¡ ) Polyacrylamide qel electrophoresi s in the presence of
sodium dodecyl sulfate

Ïhe mol-ecul-ar ureighL of the purified DSF uras al-so determined

by the method of pAGE in the presence of 1Y" sDS. Figure 23a

shous the electrophoretic protein pattern ol purified CSF and the

protein markers of phosphorylase B ( s:x ¡, bovine serum albumin

(66K ) ¡ oval-abumin (45K ) , carbonic anhydrase (¡l t< ) , soybean

trypsin inhibit,ot (22K), and J-ysozyme (14K). Figure z3b shous

the determination of morecular ueight by plotting the

el-ectrophoretic mobilities (nf¡ of the protein markers and their
molecular ureights. The hiqhly purified csF appeared to be a

5B



Fiqure 21 a

Anal-ysis of the purified muscr-e csF by thin J-ayer
polyacryÌamide gel isoeÌectric focusing. protein markers of
knouin isoelectric poinrs (amyJ-ogrucosidase, 3.50; soybean trypsin
inhibitor, 4.55; B-r-actoqlobrin A, 5.20; bovine carbonic
anhydrase B, 5. B5; human carbonic anhydrase B, 6.55 i horse
myogl-obl-in-acidic band, 6.85; horse myogloblin-basic band, T. i5;
rentil -l.eclin-acidic band, 8.15; lentil l-ectin-basic barrcj, g.65;

and trypsinogen, 9.30) and a sample of purified csF (zo ug) u.,ere

f ocused f or 4.5 hr at 4 uatts and stained r¡ith coomassie

brill-iant blue.
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Fiqure 21b

Determination ofl the isoelectric point for purified muscl-e

csF by thin layer polyacryramide gel isoel_ectric focusing. An

additional gel l-ane from the same thin layer polyacrylamide gel
(fis. 2D) uras sliced into 5 mm segments and each soaked in 1 mt

doubfe distilled uaLer for measurement of pH.
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Fiqure 22a

Determination of the mofecul-ar ueight of purified csF by gel
filtration on sephadex G-1 00. ( rlution profil_es of proteins ) . A

col-umn of sephadex G-100 (lxrr0 cm) uas equilibrated in D.z5y"

t!H HD0 at pH B .2 . [To]-ecul-ar ueight protein markers ( gsn=bov ine43
serum albumin, 67K; 0vAL=ovalbumin, 45K; TRyp-irypsinogen, 25Kl
and CYT=cytochrome C, 12K) and the purif ied CSF brere separateJ-y
appì i.ecl t.o the col-unn. Fracticns uere col_lecled in .l mi/tuue aI a

f lour rate of 15 ml/hr.
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r l.qure t¿Ò

Determination of the morecur-ar ureight of purified csF by ger
f irtration on sephadex G-100. (rstimation of mol_ecul-ar rreiqht ) .

The elution vol-umes of, the mo-Iecular ueight protein markers of
knourn molecul-ar ueights urere plotted against lheir mol-ecul_ar

ureight (1oq scale ) . The mol-ecul-ar ureiqht of muscl_e csF uras

estimated f,rom its efution under identical- experimental-
conditions = 67K=bovine serum aJ_bumin, /+5K=ovalbuirr in,
25K=ttyósinogen, 12K=cytochrome C.
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monomeric prot,ein uJith no subunit structures since there u, as only

one major band of protein upon SDS-PAGE ( Fiq , 23a) . The

molecul-ar ureiqht of CSF uras estimated to be 2BK by the method of,

SDS-pAGE (Fiq, 23ó). The mofecular ueights obtained by both

methods agree very uerl, being zBK and 30K by sDS-pAGE and gel

filtration on Sephadex G-1 00, respectively.
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Fiqure 23a

Determination ofl t,he mor_ecur_ar ueight of purified muscr-e csF
by polyacrylamide gel er-ectrophoresis in the presence of sodium
dodecyl sul-fate. ( ftectrophoretic pattern of proteins ) . protein
marke¡s of, knoun mol-ecular ueights ( phosphorylase B, giK; bovine
serum aJ-bumin, 66K; oval_albumin, 45K; carbonic anhydrase, 31 K;

soybean trypsin inhibitor , ZZKi and lyso zyme, 1 4K ) and the
purif-ied [5F (zl uq) ,.irere ana]-;-sed by- 1D,ú" pol'yacryiamicie gei in
t,he presence of 1y" SDS.
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Fiqure 23b

Determination of the mol-ecul-ar ureiqht of puri f ied muscle CSF

by polyacrylamide gel el-ectrophoresis in the presence of sodium
dodecyr sul-f ate. ( Estimation of molecurar rrreiqht ) . The

electrophoretic mobilities (nf val_ues) of the protein markers
urere plotted against their morecular ueight in log scal_e. The

mol-ecul-ar ueight of csF uras estimated f rom its Rf val_ues.

93K=phosphoryJ-ase B, 66K.=bo,,,ine serum aJ-bum!-n, 45K=

oval-bumin, 31 K=carbonic anhydrase, csF 2BK=cAT-Stimurating
Factor, 22K=soybean trypsin inhibitor, and 1AK=rysozyme.
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DISCUSSION

(A) cHARAC'TERIZATII0N 0F THE NG10B-15 BI0ASSAy

The bioassay for cAT-stimulating activity, using the hybrid
celf l-ine NG1 0B-1 5, originally deveroped by Godfrey et ar ( o¡ )

has been adapted uith slight modifications int,o our routine assay

system for the activ ity in various fractions at different steps

of our purification procedure. A simpJ_e and reproducibte assay

system to fol-1ou the distribution of the activity is absotutely
essential for the successful purification of, the protein fact,or.
Treatment of the NG'1 08-1 5 cerl-s r¡ith dBcAtrp (medium E ) , uhether

al-one or in combination uith muscfe extracts, resurted in
dramatic morphol-ogicaL changes ( riq. 3 ) r änd the stimulating
effect on CAT activity in the NG1 0B-1 5 cells in the presence of
muscl-e extracts (f iS. 1 ) r rrJãs not due to changes in cel-l- number

of the NG10B-15 ceÌ1s in cul-ture (riq. 2). These resuLts are in
compf ete agreement r¡ith the f indings of Godf rey et al- ( 63 ) on

the cAT-stimulating activity in muscle ctyl, as urell as

observations on the chol-inergic factors identified in other

culture systems (27, 64, 65). lLJhen comparing the NG10B-15

bioassay r¡ith the original- assay of primary culture of mouse

spinal- cord neurons by Giller et al- (sg, 61 ) f or the cAT-

stimulatinq activity the NG10B-15 cel-] bioassayis clearJ-y a much

more convient assay system ( taule J ) . Houever, the NG1 0B-1 5

bioassay has one liabiJ-ity, the increases in cAT activity seen

uere general-1y small-er than those seen using the primary culture
of spinal cord neurons.
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TABLE 3

Property

Biological responses to CSF

( I) Cat activity increase

(2) Ce1l number íncrease

(3) Treatment period for maxímunr
effect of CSF

Technícal feat.ures of assay systems

(t) Steps to prepare for caÈ assay

(2) Me<iiurn changes wirh CSF

(3) Days of culture required

(4) Days of CSF rrearment required

(5) Culture inoculared.in I hr. work

COIæARISON OF THE RESPONSES OF THE HYBRID NGlOB_15
CELL LINE AND THE PRII.{ARY CULTURE O}' SPINAL CORD
NEURONS TO I'IUSCLE CSF AS A BIOASSAY SYSTEM

NGl08-15 Cells

50"/.

no difference

4-5 days

2 steps

I

5-6 days

4-5 days

100 (we11s)

Spínal Cord Neurons

A

B

200%

no dí.fference

>L2 days

5 steps

6

13 days

12 days

10 (dishes)

o\
-n



(e) pRELTTYTTNARY CHARACTTRTZATION OF THE PROPERT]ES OF THE CAT-
ST]ITULATING ACT]VTTY TN SKELETAL MUSCLE E XTR AC TS

lLie observed that rat skel-etal- muscl-e extracts increased the

cAT activity in cuftured NG1 0B-1 s cefl-s in the presence of
dBcAwìP, and this CAT-stimulating activity uras precipitated at S0%

saturation of ammonium sulfate ( fiq. 6 ) . Ihis finding is
different from previous reports ( s+, 65 ) on choj_inergic
factor(s), uhich uas 60-10070 saturation, but in good agreement,

uith results from Godfrey ,et af ( os ¡ , the cAT-stimulating
activity in C[T over mouse muscle cel1s, being rel-ativeJ-y unstable

O

upon storage at 4 c (riç. 7) and rel-ativery heat, resistant (riq.

B ) . The instabirities of the cAT-stimuJ-atinq activity uas

resol-ved by addition of proteolytic inhibitor ( PtvtSF ) to the

extracts (rlq. 7), and fractionation by sDY" saturation of,

ammonium sul-f ate (rig. 6 ) . Ihe cAT-stimuÌating activity uras

al-so found to be rel-atively stabre in storage at a pH range of 6-

9, and unstabl-e at a pH of 4-s (rig. g ) . The l_atter f inding of
the pr of csF being 4.75 miqht help to explain this result: csF

is isoeJ-ectricarly precipitated in pH 4-s. Furthermole, the cAT-

stimuJ-ating activity u,as sensitive to trypsin and urea

treatments, but not affected by B-mercaptoethanoJ-, neuramínadase,

phospholipase D, and NaCI treatments ( FiS. 1 0 ) . This resul-ts
suggest that csF is protein in nature, and the activity does

noL require disulphide bonds, carbohydrate and Iipid residues.
This conclusion, houever, shoul-d be reqarded as tentative si-nce

the activity and purity of the enzymes and Urea used urere not

knoun. rn comparison, the partially purified rat heart
chol-inergic factor u,as trypsin sensitive (oa, 65) but resistant

6B



to Urea bieatment ( 0S ) .

In generaJ-, the CAT-stimulating activity in the rat, skefetal
muscÌe extract is similar to the fact,or in mouse muscl-e cel-l Clvl

identified by Godfrey et af ( o¡ ) , but different, from chol-inergic
factors reported by others (oa, 65). Houever, this is onl.y a

tentative conclusion, because the properties of the crude impure

material-s being compared might not reffect the exact nature of
the purified conponent (s ) .

( c ) ISoLATToN oF THE cAT-srrtvl ULATTNG FACTOR

Ïhe purification of CSF to homogeneity from rat skel-et,al-

muscl-e extracts uJas made possible by four steps of conventiona]
isol-ation procedure (ta¡te 1 ), incfuding: Ammonium sulfate
precipitation, cH-cef l-ex chromatography, DE-cel_l_ex chromato-
graphies, and gel filtration on sephadex G-100. several steps of
isolation uJere found to be necessary since rat skefetal muscle

exLracts contain only smal-1 amounts of CSF, but rel-ativel-y Iarge
amount of contaminating proteins.

SimiÌar isoÌaiion iechniques have been used to isofate from

ClYì over rat heart celfs the chol-inergic factor, uhich stimulated
the dissociated rat superior cervical gangl-ion neurons. using
ammonium sul-f ate precipitation, f ol_lou:ed by ion-exchange
chromatographies upon CwI- and DEAE-CeÌf ul-ose, and qel f il-tration
on sephadex G-100, the component has been purified to 1,50û- and

10,000-f old by tLJeber (Oa ) , and Fukada (6S ) , respectively. This
rat heart cholinergic factor uias precipitated at 60-1 00%

saturation ofl ammonium sulfate, eluted in the l-our salt fractions
upon CtYl- and DEAE-Cellulose chromatographies, and uras estimated
by 9el f iltration to have a mol-ecular ureiqhts betueen 40,000-
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IrS, ü00 daltons (0¿ ) and 45,000 daltons (6S ) "

A component that stimur-ates cholinerqic devel_opment of
ciJ-iary ganqlion neurons in cel-l cul-ture has al-so been partially
purified from extracts of embryonic chick eye (zl¡. This
component ulas flound t,o have a mol-ecul-ar ueight of 40r000-45r000

dal-tons and el-uted from a DEAE-Cellulose column at an ionic
strength similar to thal found for the cholinergic flactor from

rat heart cell Cfl (Zl).

rn contrast to the ral and chÍck chorinergic factors, csF

uras precipitated ab 0-50T, saturation of arnmonium suffate (fiS.
6 ) , el-uted in the relativeJ-y hiqh sart f ractions of 0.5 tî Nacl

upon ctî-cefl-ex chromatography (rig. 1z), and uras estimated by gel

f ilt'ration on Sephadex G-100 to have a molecular ureiqht of j0,00û

daltons (fis. 22a).

Taking alI together our findings and the resul-t,s from other
investigatots, it becomes evident that CSF is structurally
different from, but biologically simil-ar to other cholinerqic
factor(s) teport,ed. Houever, t,his is a tentative concrusion,

because ' the experimentalJ-y conditions and cel-l- cul-ture systems

used in various l-aboratories are often quite different.
The success in purifyins the csF to apparent hornogeneity

lay in the recycl-ing steps of the ion-exchanqe chromatographies

and qel f iltration on Sephadex G-100. Rec¡rcl_ing upon DE_Cellex

chromatography using continuous compound gradienL has separated

tuo groups of simil-arl-y charged proteins ( r:-g . 14) , apparently
inseparable by a simpJ-e linear gradient eÌution upon DE-Cellex

chromat.ography (riq. 13 ) . Furthermore, a bulk of contami_nating
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proteins ofl slightly larger mol-ecufar ureiqht uras fractionated
from csF by recycling on the sephadex G-1 00 cofumns ( rig. 16,j7
). An al-t,ernative to the recyc-l-ing steps might be the empJ-oyment

of the hiqh performance J-iquid chromatography ( HpLC ) in a

preparative scal-e. Preparat,ive ion-exchanqe and gel filtration
col-umns for HpLC are avairabre and supposedJ-y coul_d better
resolved proteins of simifar charges and molecular ueights. Up to
the present time, other investigators (27 , 64, 65 ) have rel-ied
mostly on one or tulo steps of purification procedure uithout any

refined adjustments in experimental- conditions. This is
probably the rnajor reason for failure of other investiqators to
obtain a hiShly purified preparaùion of the cholinerqic factor.

Finally, it is uorth noting that the yield of the homogeneous

csF is o.4 mq from Bg0 q of rat skej-etal muscfe and a 13f"

recovery of the DAT-stimulating activity (laUte Z), An estimated

13,333-fold of purification has been achieved on the basis of the

specif,ic activity of the purified DSF compared to the crude

muscie extract ( taUte 2) .

(0) cHARACTERTzATI0N 0F THE DAT-srIrytuL ATTNG FACTDR

upon el-ectrophoresis in polyacrylamide gel, purified muscre

csF has been shourn to be homogeneous (riq. 1g), r¡ith the cAT_

stimulatinq activity coincident uith the protein band (Fis: zo).
The mol-ecu-l-ar ueiqht of highly purified CSF has been estimated to
be 30,000 daltons by gel firtration on sephadex G-100 (Fis. z2b),
and 2B'000 dal-tons by polyacrylamide gel efectrophoresis in the
presence of sDS (ris. z3b). Thus, the molecul-ar ujeight of muscle

CSF appears to be sJ-ight,ty smaller than the other chol-inergic
factors reporled. The mofecur-ar ueight of the rat heart
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cholinerqic factor has been reported to be 110 r 000-45,000 dal tons
( 0+ ) and 45, 000 dal-tons ( OS ) by gel fliltration, and 50,000
dal-tons by sDS-poryacryì-amide gel erectrophoresis (os ) . The

chick eye chol-inergic factor has been shoun to migrate as a

component of 40,000-45,000 daltons upon gel filtration (zl¡,
Furthermore, bot,h muscl-e csF (ris. 23a) and the rat heart
chol-inergic f actor ( 0s ) have no subunit st,ruct,ures upon sDS_

polyacrylamide gel erectropholesis, indicating some possible
similarities betueen csF and the other chofinerqic factor.

By analytical thin layer polyacrylamide get isoelectric
focusing, csF has again been shoun to be homogeneous (Fig . 2ja)
and has a pI of 4.75 (fiq. 21b). Since the pI of the other
cholinergic factors are not available, it is not possible to
compare t,hem.

Given its molecufar ueight ( 28,000-J0, û00 daltons ) and

isoel-eclric poin L (4.75 ) , rat muscl-e csF appears to be dif f erent
from other purified neuronotrophic factors (Table 4). NGF is a

1 40, 000 dal-tons protein complex ( zs NGF ) ( zg, B0 ) , consisting of
subunits designated o , B , and y The NGF activit,y is
associated ulith the B-subunit composed of 2 non-convalentJ_y

linked polypeptide chains of 1 J,000 dal_tons ( el ) , uith an

isoelectric poínt of 9.3 (AZ). The neuronal- survival- factor lrom
pig brain has 'a moLecular ueight of 12,3o0 daltons and an

isoelectric point of 10.1 (te¡.

0ur rat skel-etal muscle csF appears to be structurally
diff,erent but biologically similar to other partialty purified
neuronotrophic factors on the basis ofl their nolecular rr;eiqhts
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NEURONOTROPHIC
FACTOIì.

Nerve Growth
Factor

Neuronal Survival
Factor

CAT-Stimulatíng
Factor

TABLE 4

TARGET

sensory and
sympathetÍe
neurons

dorsal root
ganglÍon neurons

spinal eord
neurons

mouse
submaxillary
gland

pig brain

rat skeletal
muscle extracts

i40K

3 subunits
0, ß e y

ß subunit
(active subunit)
t3K

l2R

2B-30K

PI REFEIIEÌ\ICE

79, BO

8r

Be
9.3

COMT'ARISON OF PHYSICAL PROPEIìTIES OF CS}'
AND OTHEIì PURIFIED NEURONOTIìOPHIC FACTORS

SOURCE 11 . !,I

10. l 18-l(,

4.7s (present
s tudie s )



and isoelectric points as summarized in table

since these neuronotrophic factors have not

of

5 and 6. Houevel,

been prepared in a

these factors beinghiqhl-y purified state, the possibility

identical or similar to muscle CSF cannot be concl-usively

eva-Luated.

Therefore, the development of a specif,ic radioimmunoassay

f or the purif ied CS 'q is absoluteJ-y essential f or f urther
immunological- characteri zation and subsequent in vivo and in

vitro biological studies in order to delineate more excl-usively

the biological identity of this protein factor. RecentJ_y, a

rabbit serum raised against a crude fraction of the chick DAT

stimulating activity (CSA) has been shoun to bl-ock specifically

the stimulatory effecl of CSA, the increase of CAI activity,

uithout influencing neuronal survival- r îBUronaI grouth, or the

basal leveIs of CAT activity in cul-tured ciliary ganglion neurons

( 00 ) . Likeuise, the availability of a specific antibody against

CSF r¡oul-d help to identify and assess the biological specificity

of the apparentry simil-ar neuronotrophic factor ( s ) from the

muscle for spinal cord neurons and superior cervical ganglion

neurons: uhether the active components are neutralized or not by

incubating uith the specific CSF antibody. Furthermore, uith

the deveJ-opment of a specific and sensitive radioimmunoassay,

the structural and immunofogical identities of the muscfe CSF

uithin and betueen species can easily be estabrished. The

availability of a specific antibody and a sensitive

radioimmunoassay r¡i1l open up a neuJ area of, physiologicaJ-

research on the interrel-ationship betueen neurons and their

target organs
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NEURONOTROP}IIC
FACTOR

Neuronal Survival
Factor

Neurite Extensi_on
Fac tor

CAT-S tirnulating
Factor

TABLE 5

TARGET

chick ciliary
ganglion neurons

ciliary, l

sympatheËic and
dorsal root
ganglion explants

spinal cord
explants

spinal cord
neurons

cerebral neurons

spínal cord
neurons

bovine heart
extracts

embryoníc
chÍck eye
extrac t s

embryonic
chick heart
extracf s

rat fíbroblast
CM

chick muscle
CM

bovine brain
extracts

rat skeletal
muscle extracts

COMPARISON OF PHYSICAL PROPERTIES OF CSII AND
OTHER PARTIALLY PURIFIED NEURONOTIìOPHIC FACTORS

SOURCE [,JI'I

20K and
>40K

20K arrd
>35K

40K

50K and
300K

40K, 500K
and >106

37K

2 8-3 0K

20,
26,

)L
¿/

pI IìEiIERIiNCE

6.2 23, 25

4.5-5 ,s

5 39

45

46

(present
studies)

--l\'¡

4.75



NEURONOTROPI{IC
FACTOR

Polyornithine-
Binding Neurite-
Promoting Factor

Neuronal Develop-
mental Factor

CAT-Stimulating
Factor

TASLE 6

TARGET

parasympa thetic,
sympathetic and
sensory neurons

retinal and
spinal cord
neurons

sympathetic
neurons

ciliary
ganglion
ne.urons

spi-nal cord
neurons

bovine corneal
enclo thelía1
cells CM

rat Sch\,rannoma
cell CM

rat heart
cell CM

chj-ck embryoníc
eye extracts

rat skeletal
muscle exËracts

COMPARISìON OF PHYSICAL PROPERTIES OF CSF ANI] OTllER
PARTIALI,Y PURII-IED NEURONOTROPHIC I-ACTORS

SOURCE I'l - l^,1 É
4 x 1ti3t<

--i

5 x 103tr

45-50K

40-45K

28-30K

Rii}-LiIì.ENCI

55

,ö

O4; O)

27

(pre sen t
s tuclie s )

4.75



( E ) pOSSIBLE FUNCTIONAL ROLES OF THE CAT-ST]MULATING-FAC TOR

rn normal- conditions, muscr-e csF may play import,ant roÌes in
the devel-opment of cholinergic neurons uhich innervate
peripheral cell-s. The role of CSF couf d be ana.l-ogous to that of
NGF in sensory and sympathetic neuronal_ development. NGr has

been shoun to incl-ude effects on the survivalr ffiãintenance, and

differentiation of these neurons (for revieus see 1 0, 11 , 1z).
simi larly , csF appears to be invol-ved in the developmental_

increase of neurotransmitter-synthesizing enzymes. A related
lunction of CSF might be t,he prevention of, neuronal- death for
neurons to f orrn peripheraJ- synapses. NGF has been shoun to be

retroqradeJ-y transported from its tarqet tissues to cefl bodies

in sensory and sympathetic ganglia ( g¡ , 84 , B5 ) . Likeuise, csF

coul-d al-so be transported retrogradely from its muscuÌar or other

tissue soLJrces ' to the innervating neurons and thereby cont,rol-

the development of these neurons.

csF may also play an important, role in aduft neurons. since

adul-t, neurons are postmitotic cefl-s uLhich have exhausted their

encoded development very earÌy, their subsequent function and

survival- become J-argeì-y dependent on the nature and extent of

extrinsic inf l-uences. It can be envisaged that under normal-

circumstances, CSF is adequatefy available at alI times to the

neurons and can be supplied at greater fevels under conditions of,

increased need. 0n the other hand, under diseased or aging

circunstances, there miqht be an inadequate supply of CSF from

t'he peripheral- sources to the neurons or a reduced ut,ilization of

csF by these neurons. rn fact, the role of csF may be most

relevant in neurological diseases of the motor neurons, such as

77



amyotrophic lateral sclerosis ( RLS ), and Alzheimerts disease, and

aging of the normal- brain. RecentJ-y, it has been speculated that
ALS and Alzheimerrs disease coul-d be caused b y an insufficient
trophic suppJ-y from the corresponding innervating territories to
motor neurons ( ALS ) ( 86 ) , and cholinergic cNS neurons
( Rtzneimerrs disease ) ( ao ¡ . Furt,helmore, the neurons affected
the most in brain aging have been reported to be the chol-inergic
neurons of septal nucl-ei and the nucl-eus basal-is of [Yìeynert ( gZ ) .

Houevet, one must continue Lo stress the conjectural nature of
such speculationsi but it is reasonabl-e to expect that evidence

to support them may be gathered in t,he not too distant future
given the fast-grouing research on neuronotrophic factors.
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