
INFORMATION TO USERS

This rep ro d u c t io n  was m ade f ro m  a copy  o f  a d o c u m e n t  sent to  us  for  m icrofilm ing. 
While the  m ost advanced  tech n o lo g y  has been used  to  p h o to g ra p h  and  rep ro d u ce  
this d o c u m e n t ,  the  qual i ty  o f  the  rep ro d u c t io n  is heavily d e p e n d e n t  u p o n  the  
qual i ty  o f  the m ateria l su bm it ted .

The following e x p lan a t io n  o f  te chn iques  is p rov ided  to  he lp  clarify m ark ings or  
n o ta t io n s  which m ay  appear  o n  this  r e p ro d u c t io n .

1. T h e  sign or  " t a r g e t ” fo r  pages a p p a ren t ly  lacking f rom  the  d o c u m e n t  
p h o to g ra p h e d  is "Missing Pagets)” . I f  it w as possible to  o b ta in  the  missing 
page(s) o r  sec tion ,  they  are spliced in to  the  film along w ith  ad jacen t pages. This  
m ay have necessita ted  c u t t in g  th ro u g h  an image and d up l ica t ing  ad jacen t  pages 
to  assure co m p le te  c o n t in u i ty .

2. W hen an image on  the film is o b l i te ra te d  w ith  a ro u n d  black m ark ,  it is an 
ind icat ion  o f  e i th e r  b lu rred  copy  because o f  m o v e m en t  dur ing  exp o su re ,  
dup lica te  c o p y ,  o r  co p y r ig h ted  m ateria ls  th a t  shou ld  n o t  have been filmed. F o r  
b lu rred  pages, a good image o f  the  page can be fo u n d  in the  ad jacen t  fram e. If  
copy r igh ted  m ateria ls  were de le te d ,  a target n o te  will ap p e a r  listing th e  pages in 
the  ad jacen t fram e.

3. W hen a m ap, d raw ing  o r  c h a r t ,  e tc . ,  is p a r t  o f  th e  m ateria l being p h o to g ra p h e d ,  
a defin ite  m e th o d  o f  " s e c t io n in g ”  th e  m ater ia l  has  been  fo llow ed. It is 
cu s to m a ry  to  begin filming at the  u p p e r  left h a n d  c o m e r  o f  a large sheet and  to  
co n t in u e  from  left to  right in equal sec tions  w ith  small overlaps. I f  necessary ,  
section ing  is co n t in u e d  again beg inning  below  the  first ro w  and  c o n t in u in g  on  
un til  com ple te .

4. F o r  il lustra tions tha t  c a n n o t  be sa tisfac tor i ly  re p ro d u c e d  by xerographic  
m eans,  p h o to g rap h ic  p r in ts  can be pu rchased  at add i t iona l  cost and  inserted  
in to  y o u r  xerographic  co p y .  These p r in ts  are available u p o n  request  from  the 
D isserta tions C u s to m er  Services D ep a r tm en t .

5. Som e pages in any  d o c u m e n t  may have ind is tinc t p r in t .  In all cases the  best 
available c o p y  has been f ilmed.

University'
Microfilms

International
300 N Zeeb Road 
Ann Arbor. Ml 48106





8302498

Carroll, Joanne Marlene

EXPRESSION O F NEURONAL CHARACTERISTICS IN HUMAN 
NEUROBLASTOMA CELL LINES, SK-N-BE(2) M17 AND SH-N-SH-SY5Y

City University o f New York Ph.D. 1982

University
Microfilms

International 300 N. Zeeb Road. Ann Arbor. Ml 48106

Copyright 1982

by

Carroll, Jo a n n e  Marlene 

All Rights Reserved





PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .

1. Glossy photographs or pages_____

2. Colored illustrations, paper or print____

3. Photographs with dark background

4. Illustrations are poor copy______

5. Pages with black marks, not original copy_

6. Print shows through as there is text on both sides of page______

7. Indistinct, broken or small print on several pages ^

8. Print exceeds margin requirements_____

9. Tightly bound copy with print lost in spine______

10. Computer printout pages with indistinct print_____

11. Page(s)___________ lacking when material received, and not available from school or
author.

12. Page(s)___________ seem to be missing in numbering only as text follows.

13. Two pages numbered___________ . Text follows.

14. Curling and wrinkled pages______

15. Other__________________________________________________________________

University
Microfilms

International





EXPRESSION OF NEURONAL CHARACTERISTICS 
IN HUMAN NEUROBLASTOMA CELL LINES, 

SK-N-BE(2) M17 AND SH-N-SH-SY5Y

by

Joanne M. Carroll

A dissertation subm itted to the Graduate faculty in Biology 
in partial fulfillm ent of the requirem ents for the degree of 

Doctor of Philosophy, City University of New York.

1982



- i i -

0w  COPYRIGHT BY 

JOANNE M. CARROLL 

1982



I

- I I I -

This manuscript  has been read and accepted for  the Executive 
Committee in Biology in s a t i s f a c t i o n  of  the d i s s e r t a t i o n  
requirement for  the degree o f  Doctor of Philosophy.

January 25, 1982 
Date

Professor  Harvej/Ozer

/ /  ■
P r o £ « so r  T&ng^Joh

nairman of  Examintfiof  Examining Com i t  teeChairman of Examining 
Professor  Katherine Lyser

' ^  LX.
Executive Off icer  

P rofessor  James A. ''Organ

Hunter College 
Inst i tu t  ion

v ~

f̂ TTf
professor Gladys Teitelman

Hunter College 
Ins tI  t u t  ion

Cornell  U nivers i ty  Medic a l  School 
I n s t i t u t i o n

Cornel l  U nivers i ty  Medical School
Inst i t u t  ion

Inst i t u t  ion

Inst  i t u t  ion

The City Univers i ty  of  New York



ABSTRACT

EXPRESSION OF NEURONAL CHARACTERISTICS 
IN HUMAN NEUROBLASTOMA CELL LINES,

SK-N-BE(2) M17 AND SK-N-SH-SY5Y

by

Joanne M. Carroll 

Advisor: Professor Katherine M. Lyser

Two human neuroblastoma clonal cell lines, SK-N-BE(2) M17 and 
SK-N-SH-SY5Y, were passaged and maintained in serum -free hormone 
supplemented medium, N2 (Bottenstein & Sato, 1979). Both cell lines 
exhibited slower growth in N2 as compared to feta l calf serum (FCS) 
supplementation, however, the morphology, u ltrastructure and 
qualitative expression of neurotransm itter synthesizing enzymes, 
tyrosine hydroxylase (TH) and dopamine-p-hydroxylase (DBH), were 
similar.

Cultures of M17 and SY5Y in N2 medium expressed basal levels 
of TH lower than cultures in FCS medium. Addition of adenosine 
3 ',5 '-cyclic  monophosphate (cyclic AMP) to  N2 medium elevated the 
specific activity of TH to  the level observed in serum medium. When 
added to FCS medium, cyclic AMP had no effect on TH activ ity . Growth 
of these cells in N2 medium revealed the presence of a cyclic 
AMP-dependent process in the regulation of TH.

Cyclic AMP also increased the outgrowth of long neurites in 
N2 but not in FCS medium. The u ltrastructure of processes studied 
under all conditions, however, was sim ilar.



Nerve growth factor (NGF) tree tm en t of SY5Y cells increases the 
number of long neurites. This response requires serum factors and is 
not observed in N2 medium (Burmeister, 1982). Despite the 
morphological response, NGF a t concentrations up to 100 ng/ml failed to 
a ffec t the specific activ ity  of TH or DBH in either SY5Y or M17.

While both cell lines expressed enzymes specific to noradrenergic 
cells, as determ ined by activity  assay and immunocytochemical staining, 
the ir u ltrastructure resembled early neuroblasts of the developing 
sym pathetic nervous system. No m ature cytoplasmic features, axonal or 
synaptic profiles were observed. Dense core vesicles were present, 
however, in both cell lines under all medium conditions studied. The 
content of the vesicles remains to be determined.

Defined medium N2 provided an adequate medium for m aintenance of 
human neuroblastoma lines M17 end SY5Y. In addition, it revealed 
effec ts  of cyclic AMP trea tm en t on morphology and enzyme activity  not 
observed in the presence of serum. This medium provides an improved 
system  in which the role of factor(s) regulating specific neuronal 
functions may be assayed without complications introduced by serum.



my parents Mary and Robert Carroll
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BACKROUND

NORMAL NEURAL CREST DEVELOPMENT AND NEURONAL PLASTICITY

Neuroblastom a shares a common embryological origin with autonomic 
neurons being derived from the neural c res t. The ontogeny of the 

neural c rest has been the subject of extensive study since its 
original description by His (1868). The neural c res t arises as a 

distinctive but transien t structu re  a t the la teral edges of the 
developing neural tube and subsequently undergoes extensive m igration 

to provide cells for many diverse neuronal and nonneuronal tissues. 
Ablation studies, vital staining of embryos and la te r  c res t transplant 
experim ents mapped the courses of neural crest cells to destinations 

including the peripheral nervous system  both sym pathetic (D etw iler,
1937; Yntem a & Hammond, 1943; LeDouarin, 1973) and parasym pathetic 

ganglia (vanCampenhout, 1946; LeDouarin & T eillet, 1973), 

neuroendocrine cells of the adrenal medulla (Fusari, 1893), skeletal 
and connective tissue of the head (Johnston a t a l., 1974; Noden,
1978), sensory ganglia (His, 1868; Fusari, 1893; Noden, 1978) and 
m elanocytes (Weston, 1963).

D ifferent axial levels of the neural cres t m igrate to  particu lar 
final sites to provide cells for the various derivatives. That the 

cells in the crest are not determ ined as to the ir final fa te  has been 
dem onstrated by heterotopic transplantation of c res t cells from  one 
axial level to another. Taking advantage of the d ifferen tia l staining 
of chick and quail nucleoli by Fuelgen-Rossenback technique, the 
donor cells can be distinguished from the host cells in interspecies

chim eras. The m igratory route as well as the final d ifferen tia tive  
fa te  are determ ined by the environm ental factors encountered a f te r  the 
cells leave the  crest proimordium (Le Douarin & T eillet, 1974;
LeDouarin e t al., 1973).



Cells along the m igratory route and a t the final site  provide 
cues essential for expression of the adrenergic or cholinergic 

phenotype. Adrenergic d ifferen tiation  of c rest cells requires 

in teraction with som ites, ventral neural tube and notochord (Cohen, 

1972; Norr, 1973). Trunk neural c res t cells m igrate to paravertebral 
s ites and aggregate to form sym pathetic ganglia, whose principle 

neurons are adrenergic. Trunk crest cells do not normally m igrate to 
colonize the gut, but if transplanted into the  gut becom e cholinergic 
and form m yenteric plexi while expression of adrenergic enzymes is 
suppressed (Smith e t al., 1977). If the trunk crest primordium is 

incubated in the aneural hindgut in the presence of the notochord and 
neural tube, adrenergic ganglia are found in addition to m yenteric 
plexi (Teillet et al., 1978). Cultures of early mesencephalic crest 
from 3 1/2 day chick embryos ]ust beginning m igration exhibit choline 

ace ty ltransferase  activ ity . If incubated in the presence of notochord 
and sclerotom al som ite, the  cells becom e adrenergic (LeDouarin, 1980; 
Fauquet e t al., 1981).

The neural crest derived neurons remain m ultipotential with 
respect to transm itte r choice even a fte r  aggregation of the cells into 

a ganglion. Peripheral ganglia from 4.5-6 day embryos backgrafted 
into a 2 day host resume m igration and colonize structu res in the host 
embryo. Sensory dorsal roo t ganglia a t this stage m igrate to  both 

autonomic and sensory structu res. The sym pathetic cells 
p referentially  home to sym pathetic structures indicating some early 
d ifferen tiation  of a sym pathetic line and a sensory line by 4.5 days. 
Cells from a 13 day embryonic ciliary ganglion m igrate normally when 
placed in the trunk region of 2 day host embryo. (LeLievre e t al., 
1980). Similar transplants using the nodose ganglion, in which neural 
c rest derivatives are exclusively nonneuronaal sa te llite  cells, 
dem onstrate th a t the nodose cells m igrate to  and populate 
sym pathetic ganglia. F urther, the  transplanted cells exhibit
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formaldehyde-lnduced fluorescence suggesting the presence of 

catecholam ine. Release from the influence of the placodal environm ent 

allows for the new truncal environm ent to induce adrenergic expression 
in cells which normally express nonneuronal phenotype (LeDouarin & 

LeLievre, 1981).

In vitro experim ents with early postnatal ra t sym pathetic 

ganglia also suggest re ten tion  of p lastic ity  with respect to 

tran sm itte r choice for some tim e a f te r  the  phenotype appears to be 

fixed in vivo. Adrenergic and cholinergic d ifferen tiation  can 
be influenced by the culture environm ent. Rat superior cervical 

ganglia, grown in medium which reduces the  nonneuronal population, 
express the adrenergic phenotype (Mains & Patterson , 1973). The 
presence of nonneuronal cells or medium conditioned by nonneuronal 

cells enhances the expression of cholinergic phenotype in superior 
cervical ganglia (Patterson  & Chun, 1974; Patterson  & Chun, 1977).
The pattern  of proteins released into the ex tracellu lar medium by 

sym pathetic neurons is dram atically a lte red  by conditioned medium. 
These secreted  proteins may be correlated  to tran sm itte r choice and 
have a role in the in tercellu lar com m unication so crucial to nervous 

system  development (Sweander, 1981). The establishm ent of 
preganglionic nerve activ ity  may stab ilize the adrenergic phenotype 
in vivo and antagonize e ffe c t of the  cholinergic fac to r.
Cultures of superior cervical ganglia, in the presence of conditioned 

medium, re ta in  the adrenergic phenotype in the presence of high 
potassium (Walicke & P atterson , 1977).

That individual cells may be m ultipotential with respect to 
neuro transm itter synthesis has been dem onstrated in m icrocultures. 

Single ganglion cells can be seeded onto islands of cardiac myocytes 
and electrophysiological studies of these isolated cells sometimes 

reveals dual function with respect to tran sm itte r release (Furshpan e t 
al., 1976 ). Sequential studies of the  same m icroculture, possible in
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a few cases, suggest a transition from adrenergic to dual function 

to  cholinergic. F urther analysis of the cultures suggests the 
possibility tha t peptide neurotransm itters may also be released along 
with norepinephrine or acetylcholine (P o tte r e t al., 1980).

C orrelated electron microscopic and biochem ical studies on 
explanted superior cervical ganglia at several postantal developm ental 

stages Indicate th a t as the phenotype becom es stabilized in vivo, 
th e  ability to modify neuro transm itter synthesizing enzyme expression 
in vitro is decreased. Neurons become increasingly refracto ry  to 
developm ental signals as the m ature phenotype is stabilized in 
vivo (Johnson e t al., 1980| Landis, 1980; Schwab & Landis, 1981).

However, even superior cervical ganglia from  postnatal ra ts  of 
12.5 days grown in dissociated cell culture are capable of forming 

hexamethonium sensitive nicotinic cholinergic synapses betw een each 
other. If skeletal myotubes are added to the culture, curare 

sensitive C a^ -d ep en d en t synapses develop (Wakshull e t  al.,
1979). Autonomic neurons may re ta in  some capacity for m ultiple 
neuro transm itter expression for a tim e period during developm ent more 
extended than prevoiusly suggested. This capacity  may be unmasked in 
culture by appropriate adjustm ent of the culture environm ent.

Predominantly adrenergic neurons of the perinatal ra t superior 
cervical ganglion grown in conditioned medium are found to increase 

cholinergic expression a t the expense of adrenergic expression 

(Patterson & Chun, 1974; Landis, 1976; Ross e t al., 1977; Johnson et 
a l., 1980). However, recen t biochemical and im munocytochemical 

studies on dissociated cells from the ra t superior cervical ganglia 
suggest tha t the cells are capable of dual neuro transm itter synthesis 
for as long as seven weeks in culture (Iacovitti e t al., 1981). In 

addition, 90 % of the cells dem onstrated to form functional 
cholinergic synapses by electrophysiolgical methods are



- 5 -

immunocytochemically stained with antibody to tyrosine hydroxylase 
(Higgins et al., 1981).

Neural c res t cells in culture provide a convenient system  in 

which to study the factors involved in the expression of neuronal 

phenotype and the m olecular mechanisms regulating this gene 

expression. The early stages of cellu lar determ ination and 

differentiation rem ain largely unknown. Recently, cultures of early 
neural c res t have been established (Seiber-Blum & Cohen, 1980; Fauquet 

e t al., 1981; Loring e t al., 1981). These should provide im portant 
inform ation about early events rela ted  to  these processes. However, 
only small amounts of m ateria l can be obtained from embryonic and 

postnatal animals. Continuous cell lines derived from tum ors of 

neural c re s t origin could provide large amounts of homogenous ceil 

populations. These cells may fac ilita te  biochemical studies and be of 
potential use in examining the regulation of gene expression in the 
neural c res t with respect to neurotransm itter synthesizing enzymes or 
o ther aspects of d ifferen tiation . It is necessary, however, to first 
establish that such cell lines express the enzymes of in terest and 

exhibit regulatory mechanisms consistent with those found in normal 
cells. One aim of this thesis project was to evaluate the  potential 

for neuroblastoma cells to express d ifferen tiated  featu res and compare 
the  responses of these cells in culture to those found for normal 
neural c res t cells in v itro .

ONTOGENY OF NEUROTRANSMITTER SYNTHESIZING ENZYMES

The enzymes of the  catecholam ine synthetic pathway are diagrammed 
below.
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m um m  acm timm  tirmmMM

(Axelrod, 1977)

Tyrosine hydroxylase (E.C. 1.14.16.2 tyrosine-3-monooxygenase)
(TH) is a mixed function oxidase requiring tetrahydropteridine 

co fac to r, C^, and Fe** (Nagatsu a t al., 1964). It is the 
ra te  limiting step  in the  catecholam ine pathway (Levitt e t a l., 1963) 
and subject to feedback control of the endproduct norepinephrine 
(Ikeda e t al., 1966; Weiner, 1970).

Dopa decarboxylase (EC 4.1.1.26 L-3,4-dihydroxyphenylalanine 
carboxylase) (DOC) is a pyridoxal requiring enzyme and it exhibits low 
specifity for substrate , decarboxylating dopa as well as other 
arom atic-L-am ino acids (Axelrod, 1977).

Dopamine-^-hydroxylase (EC 1.14.17.1 dopamine-y$-monooxygenase) 
(DBH) is a Cu++- requiring mixed function oxidase which 

^-hydroxy la tea pheny lathy lamines such as dopamine (Kaufmman & 

Friedm an, 1963). The enzyme is highly localized in the storage 

vesicles of sym pathetic nerves and chrom affin granules of the adrenal 
medulla (P o tte r & Axelrod, 1969; Viveros et al., 1969 ).

Phenylethanolam ine-N -m ethyltransferase (EC 2.1.1.28 S-adenosyl-L- 
m ethloninetphenylethanolam ine-N-m ethyltransferase) (PNMT) catalyzes 

the m ethylation of noradrenaline and other B-hydroxylated 
phenylethanolamine derivatives. S-adenosyl methionine serves as the



m ethyl donor. The enzyme is present in the cytosol of the adrenal 

medulla where it catalyzes the conversion of norepinephrine to 

epinephrine (Axelrod, 1977).

The levels of TH and DBH are modulated in the neuron to m atch the 
catecholam ine synthetic ra te  to the demands for neurotransmission.
Both short term  changes in cata ly tic  activity  in response to  acute 
neural stim ulation as well as long term  inductive changes in response 
to chronic depletion of catecholam ine operate in the above capacity .
Some details of these mechanisms operative in the m ature 

sym pathetic cell will be discussed below with reference to changes in 

enzyme activ ity  observed In neuroblastom a cultures. During embryonic 
and early postnatal developm ent of catecholam inergic systems 
increases in enzyme activ ity  are also stim ulated by facto rs in the 
cellular environm ent.

The ontogenetic appearance of the  neuro transm itter synthesizing 

enzymes tyrosine hydroxylase (TH), dopa decarboxylase (DDC), dopamine- 
hydroxylase (DBH) in the  sym pathetic nervous system  occurs a t a time 
which appears to be coincident with the aggregation of cells into a 

ganglion structu re  (Cochard e t a l., 1978). H istofluorescence is 
detected  in the 11 day ra t in sym pathetic primordia but not a t earlier 

embryonic stages in cells of the  dorsal neural cres t or on the 
ventrally m igrating stream  of cells moving to populate the ganglia and 
adrenal medulla (Cochard e t al., 1978). The appearance of 
histofluorescence is tem porally coincident with the detection  of the 

neurotransm itter synthesizing enzymes by immunocytochemical staining 
(Teitelman e t al., 1979). The synchronous appearance of TH, DDC and 

DBH suggests th a t there is a simultaneous expression of the synthetic 
enzymes a t about day 11 in the embryonic ra t.

The regional appearance of the TH and DBH im m unoreactivity follows 
a rostrocaudal gradient. At day 14 of gestation TH and DBH
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im munoreactivity can be seen in the adrenal anlage corresponding to 

the arrival of m igrating cres t cells a t this site  while the appearance 
of PNMT is delayed until day 17. The expression of PNMT appears to be 

specific to the adrenal as no ectopic sites of PNMT im munoreactivity 
have been observed. The expression of PNMT may require additional 
environm ental factors, perhaps glucocorticoids supplied by the 

surrounding cortical cells (Teitelm an e t al., 1979). Administration 
of glucocorticoid to embryonic ra ts  fails to accelera te  the appearance 
of the PNMT activ ity  in the adrenal or to  stim ulate extraadrenal 
expression of the enzyme ( Teitelm an e t al., 1979; Bohn e t al., 1981). 
Scattered fluorescent and immu no re  active cells appear transiently  in 

the gut a t embryonic day 11.5 in the ra t but disappear by day 14 and 

are not observed in the adult (Cochard e t  al., 1978; Teitelm an e t al.,
1979). The disappearance of these transien t catecholam inergic cells 
may represent cell death of neurons or the  conversion of cells to an 
alternative  phenotype due to environm ental cues encountered in the 
gut.

Cells in the sym pathetic primordia from  12-14 day ra t 
embryos or chicks stages 26-27, contain radioautographically labelled 
cells if incubated in ^H-thymldlne for 2-4 hours prior to 

fixation (Rothman e t al., 1978). At this stage cells also contain 
cytoplasm ic TH and DBH im m unoreactivity. At progressively la te r 

stages few er and few er dividing cells are observed indicating the 

withdrawl of m ature sym pathetic cells from the cell cycle. The 
withdrawl from cell cycle does not precede nor is it required for the 
expression of catecholam ine biosynthetic activity  in the ganglion as 
dem onstrated by simultaneously FIF-positive and ^H-thymidine 
labelled cells (Rothman e t al., 1978). These cells probably represent 
an interm ediate stage of development.

The aquisition of m ature characteristics  by dividing 
sym pathicoblasts is characteristic  of peripheral but not central



nervous tissue (Rothman e t al., 1980). The m aturation of cen tral 

catacholam inergic neurons occurs during the postm itotic stage (Rothman 
e t al., 1980). The difference between the two system s may be rela ted  

to their different embryological origins. Developm ental sequences and 
regulation may be fundam entally d ifferen t in neural c rest (peripheral 
nervous system) and neural tube (central nervous system) derivatives 
(Rothman et al., 1980).

Several influences are im portant to the  subsequent development of 

the  sym pathetic ganglion cells. Though the initial expression of 

neuro transm itter synthesizing enzyme activ ity  precedes the reception of 
the preganglionic innervation (Coughlin e t al., 1977; Cochard e t al., 

1979; Teitelman e t al., 1979; Rothman e t al., 1980) these levels 
undergo significant increases coincident with the arrival of 
preganglionic fibers and the establishm ent of morphologically 

identifiable synapses (Black, 1971a). The arrival of the 
preganglionic fibers can be monitored biochemically by the appearance 
of choline acety ltransferase (CAT) in the ganglion or by 

morphologically d istinct cholinergic synapses. Choline 
ace ty ltransferase  progressively reaches adult levels in the ganglion 

during the first three postnatal weeks and this rise is coincident 
with an increase in cholinergic synapses and functional neuronal 
m aturation (Black, 1971a).

The development of the noradrenergic ganglion cells, the 

postsynaptic elem ent, includes increased TH activ ity . TH exhibits 
a biphasic increase one increase a t birth  to 3 days postnatal precedes 
the arrival of the  preganglionic fibers (Black e t al., 1971b). During 
the  phase immediately following the appearance of increased synapse 

form ation, TH rapidly increases to adult levels. This period of 
biochemical m aturation occurs a f te r  the cessation of m itosis (Black e t 
al., 1971b). Transection of preganglionic fibers (Black e t al., 1972) 
or pharmacological blockade with chlorisondamine (Black, 1973)
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abolishes the second phase increase in TH ac tiv ity , indicating tha t 
one necessary but probably not sufficient cause for stim ulation of TH 

to  m ature levels is preganglionic input (Black e t al., 1972).

The ontogenetic increase in TH activ ity  is associated with new 
protein synthesis not activation of preexisting molecules. This is 

dem onstrated by the sensitivity of the  induction to  protein synthesis 
inhibitors (Black e t al., 1972) and by im m unotitration of Increased 
numbers of TH molecules with the postnatal increase in activ ity  (Black 
e t  al., 1974).

In the SCG, DOC and DBH are also regulated by transsynaptic 

mechanisms during critica l developm ental periods (Black & Geen, 1973). 
Basal levels of TH activ ity  are sensitive to  nicotinic receptor 
blockade or decentralization throughout the first month of life (Black 

& Geen, 1973). In la te r stages and in the adult the basal levels of TH 
and DBH are not effec ted  by decentralization but inductive responses 
are dependent upon in tac t preganglionic innervation (Mueller e t al., 

1970; Molinoff e t al., 1972). DDC levels are not specifically elevated 
by transynaptic induction (O tten & Thoenen, 1976). The specific 
increases in enzyme activ ity  in the perinatal period are accompanied 
by increases in cell number and volume in the  ganglion which may also 
be re la ted  to  transsynaptic modulation (Black & Geen, 1974). The 

perinatal e ffec ts  d iffer from the responses of the m ature ganglion in 
th a t the range of response is more selective in the  m ature ganglion. 

Though m ediated by acetylcholine in both cases, the m ature ganglion 
exhibits increases in TH and DBH only, with no changes in ganglion 

cell number or volume. The postsynaptic process may be a modified 
version of the perinatal response as the postsynaptic response to  the 

sam e stim ulus becomes increasingly specialized (Black & Geen, 1974).

The ability of the sym pathetic neuron to establish functional 
synapses at the peripheral ta rg e t organ is influenced by preganglionic
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neurotransm ission. In decentralized ganglia, NGF stim ulates submaximal 

increases in tyrosine hydroxylase at the  cell body but not the 

term inals in the irides. The m aturation of the  term inals with respect 

to  NGF responsivity appears to be prevented by decentralization of the 

ganglion. The response to NGF in the cell body, however, is lower than 
th a t found with in tac t preganglionic innervation. This could be 

re la ted  to the critica l periods for each of these, i.e ., a t the tim e of 
transection  the basal level of TH and DBH has been established w hereas 
the  form ation of synapses may be just reaching the stage where 

preganglionic activ ity  is crucial.

NERVE GROWTH FACTOR

Nerve growth facto r (NGF), a protein growth hormone, is required 
for normal developm ent of sym pathetic and sensory neurons. It was 

originally recognized as an activity present in mouse sarcom a cells 
which had been im planted into the body wall and caused an extensive 
neurlte outgrowth from sensory (Bueker, 1948) and sym pathetic ganglia 
both a t the  level of the tum or transplant and a t rem ote sites 
(Levl-Montalcini & Hamburger, 1953). Upon closer exam ination it was 

found tha t the hypertrophic e ffec ts  include not only the ganglia 

d irectly  innervating the peripheral field a t the  level of the tum or, 
but ganglia a t all levels of the  neural axis. The diffusible factor 

responsible for this e ffec t has since been isolated from a number of 
sources most notably in high quantities from the male mouse salivary 
glands (Varon, 1967). The NGF molecule has been purified and sequenced 
(Angeletti & Bradshaw, 1971) and the  biological activ ity  found to be 

associated with the ^subunit of the dimeric molecule (Bocchini & 

A ngeletti, 1969).

NGF enhances the expression of d ifferen tiated  morphologic and 
biochemical charac teristics  in sym pathetic neurons. N euroblasts 
trea ted  with NGF exhibit extensive cytological d ifferentiation
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characterized  by the form ation of extensive rough endoplasmic 
reticulum , Golgi c is tem ae , neurofilam ents and neurotubules (Angeletti 

& Bradshaw, 1971) and an accelera ted  outgrowth of neuritic processes 

(Levi-Montalcini & A ngeletti, 1968). Specific induction of the 
neuro transm itter synthesizing enzymes tyrosine hydroxylase (TH) and 

dopam ine-^-hydroxylase (DBH), results from the trea tm en t of both adult 
and neonatal sym pathetic ganglia with NGF (Thoenen e t a l., 1971;
Stoeckel e t al., 1974).

NGF is also required for the ontogenetic development of sensory 

ganglia though, in contrast to the sym pathetic cells, this dependence 
does not continue into adult stages (Levi-Montalcini, 1966). The 

adrenal medulla, an embryologically rela ted  tissue derived from  the 
neural cres t and com plem entary to the sym pathetic nervous in some of 
its physiological functions, was not initially thought to be influenced 

by NGF during its  development as it did not exhibit m orphom etric 

decreases in the  presence of NGF antibodies nor was NGF responsible for 
its survival and m aintenance in the adult (Angeletti e t al., 1972). 
However, recen t studies in vivo (O tten e t al., 1977; Aloe & 
Levi-M ontalcini, 1979) and in vitro (Unsicker e t al., 1978) suggest 

th a t chrom affin cells may be capable of a response to  NGF 
adm inistration in a manner which resem bles their neuronal counterparts.

Adm inistration of NGF to  newborn or adult ra ts  e lic its  a selective 
increase in TH and DBH in the adrenal medulla with a tim e course th a t 
corresponds with the arrival of the NGF molecule in medulla (O tten e t 

al., 1977). The maximal response, while not of the magnitude of the 
sym pathetic response, was significant and a d irect e ffec t of NGF, 
independent of the splanchnic innervation to the gland (O tten e t al.,
1977). Tissue culture of adrenal chrom affin tissue has also revealed 
a ffec ts  of NGF on the  morphology of the adrenal cells stim ulating the 
outgrowth of neurites which closely resem ble neuronal processes 

(Unsicker e t al., 1979 ). Dexamethasone (Unsicker e t al., 1980) or



cyclic AMP (Zeigler & Unsicker, 1981) antagonize the NGF e ffe c t and the 

authors suggest tha t this is rela ted  to the processes in vivo 
which function to m aintain an endocrine phenotype in preference to a 
neuronal one in the adrenal medulla.

That the action of NGF may not be res tric ted  to neuronal 

development Is dem onstrated by studies where trea tm en t during the 
embryonic period with NGF or anti-NGF antibodies significantly 
influences the chrom affin cells. Administration of antibodies to NGF 
a t embryonic day 17 and again during the first 8 postnatal days causes 

extensive cellular degeneration and disorganization in the adrenal 
medulla. Adm inistration of NGF during this same embryonic and early 
postnatal period transform s the  medulla into a structu re  resembling a 

ganglion with neuron-like cells and extensive neuritic outgrowth which 

invades the surrounding co rtical tissue. The transform ation of the 

chrom affin cells is only partially stim ulated if NGF trea tm en t 
com mences a t b irth  and is virtually absent with adm inistration a fte r 
the  first two postnatal weeks. The ectopic ganglion formed by NGF 
trea tm en t is dependent upon exogenous NGF presumably due to the lack of 
normal ta rg e t tissue to  supply the trophic facto r (Aloe &
Levi-M ontalcini, 1979).

The regeneration of neurites observed in explanted ganglia may 
represent a process distinct from neurite initiation with first 
exposure to NGF. The PC12 pheochromocytoma cell line, which possesses 

a rounded cellular morphology without NGF, elaborates an extensive 
network of processes when incubated with NGF for several days to one 
week (Greene & Tischler, 1976). Accompanying the morphologic change is 
a reduction in cell division and DNA synthesis (Gunning e t  al., 1981b), 

increased levels of choline acety ltransferase (Greene & Rein, 1977), 
acetylcholinesterase (Greene & Rickenstein, 1981), and a specific large 

ex ternal glycoprotein, NILE (McGuire e t al., 1978).



The outgrowth of neurites in response to NGF proceeds via 
transcription-dependent and independent pathways. In PC12 cells not 
previously exposed to NGF, the initiation of neurite outgrowth 

requires protein synthesis. However, cells p re trea ted  with NGF when 
divested of their neurites and then replated, regenerate neurites 
w ith a significantly shorter time course by a transcrip tion- 
independent process. Even cells trea ted  with NGF in suspension 
cu lture, where no neurites are expressed due to lack of surface 
a ttachm en t, elaborate neurites within 24 hours of plating onto an 

appropriate substrate. This event has been term ed "priming" and 
appears to involve the accum ulation of cellular m aterial which can 
support rapid expression of neurites upon subsequent presentation of 
NGF. Cells are capable of a transcription-independent response to NGF 

providing these molecules are present in sufficien t quantity (Burstein 
& Greene, 1978). N eurite outgrowth observed in explanted ganglia is 

rapid and transcription-independent probably due to in vivo 
"priming".

Another function of NGF is the m aintenance and survival of 
sym pathetic neurons. In serum -free medium PC12 cells require NGF and 
this survival e ffec t is separable from  NGF effec ts  on neurite 

outgrowth. The presence of RNA synthesis inhibitors prevents neurite 
outgrowth but does not influence cell viability suggesting tha t the 
survival e ffec ts  are m ediated by transcription independent processes 

(Greene, 1978). The slowing of the cell division ra te  occurs by a 

tem porally d istinct process. The initial outgrowth of processes 
occurs during log phase growth and the inhibition of cell division 
occurs a t a time when neurite outgrowth is maximal (Gunning e t  al., 

1981a). ^H-thymidine incorporation into morphologically 
d ifferen tiated  cells suggests tha t NGF ac ts  via m ultiple pathways on 
its ta rge t cells (Gunning e t al., 1981b).
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NGF specifically induces levels of the adrenergic 

neuro transm itter synthesizing enzymes in sym pathetic ganglia. The 
e ffec ts  on tyrosine hydroxylase and dopamine-^-hydroxylase are 
m ediated by mechanisms separable from those influencing survival and 
morphology (Stoeckel e t al., 1974).

The PC12 line of ra t  pheochromocytoma has been extensively 

characterized  for its morphological response to NGF and, as discussed 
above, a priming model (Burstein & Greene, 1978) involving a m ultistep 
process to account for NGF action on neurite outgrowth has em erged 

from  this work. However, PC12 cells do not exhibit NGF inducible TH 
activ ity  despite the presence of specific receptors as evidenced by 
the e ffec ts  on CAT (Edgar & Thoenen, 1978) and morphology (Greene & 

Tischler, 1976 X This could be the  result of a defec t in the 
cellu lar machinery which ac ts  subsequent to receptor binding to 
influence TH (Edgar & Thoenen, 1978). A lternatively , it could 

represent a response which is appropriate to  the determ ination as an 
endocrine cell or to neoplastic origin. PC12 cells dem onstrate th a t 

biochem ical and morphological e ffe c ts  of NGF need not be expressed 

coordinately and the mechanisms subserving each e ffe c t may be 
separable.

A few neuroblastoma lines have been reported  to  exhibit NGF 
induced changes in morphology (Perez-Polo e t  al, 1979; Kobler e t al,

1974). One human neuroblastoma line, NJB, exhibits a morphological 

response to NGF trea tm en t which is accompanied by increased colchicine 

binding activ ity  in measured in cell ex trac ts  (Kobler e t  al., 1974).

These findings, in contrast to work done on neurite outgrow th from 
isolated ganglia, suggest an increase in cellular content of tubulin 
subunits in response to NGF (Kobler e t al., 1974). Also increased was 
the  level of neuron specific protein 14-3-2 (Kobler e t al., 1974).

The "priming " events associated with neurite outgrow th in PC12 
required RNA and protein synthesis, but the  nature of the proteins



synthesized is not known (Burstein & G reene, 1978; Gunning e t al.,
1981a). In the SK-N-SY5Y (SY5Y) alterations in morphology, population 

growth and e lectrica l excitability  are found associated with NGF 
trea tm en t (Kuramoto e t a l., 1981; Perez-Polo e t al., 1979). NGF also 
prevents the cytotoxic e ffec ts  of 6-hydroxydopamine in SY5Y cells 

(Tlffany-Castiglioni e t al., 1979). These morphological e ffec ts  of 

NGF have been confirm ed and fu rther characterized  (Burm eister, 1982).

This thesis examined the NGF e ffe c t on the  levels of 

neuro transm itter synthesizing enzymes TH and DBH in SY5Y and the 
previously uncharacterized clonal line SK-N-BE(2)-M17 (M17). The SY5Y 
cells possess high affinity  NGF receptors on the cell surface but in 

low quantity (Sormefeld & Ishii, 1979). Of several human 

neuroblastoma cell lines studied, SY5Y had the lowest receptor content 

but was the only one to exhibit the morphological response of neurite 
extension (Sonnefeld, personal communication). The M17 clone has not 
been examined as yet for receptor content.

CYCLIC AMP: ACTION AS A SECOND MESSENGER FOR NGF?

The action of NGF may involve second messengers. NGF introduced 
directly  into ta rg e t cell cytoplasm  by cell fusion with NGF-loaded 

ery throcyte ghosts fails to elicit any any e ffec ts  in the PC12 ta rg e t 
(Heumann e t al.,1981). This suggests th a t surface binding is 
prerequisite to actions of NGF. Anti-NGF antibodies introduced into 

the PC12 in this manner fail to prevent the stim ulation of neurite 
outgrowth by NGF in the medium suggesting tha t release of free NGF 
into the cytoplasm and d irec t e ffec ts  on cytoplasm ic organelles is 
unlikely (Huemann e t al., 1981). The nature of the intervening steps 
mediating NGF action may involve multiple pathways and no definitive 
data is yet available on any of these though several possibilities are 
under investigation.



Transitory elevations of intracellular cyclic AMP following NGF 
trea tm en t have been reported in chick dorsal root ganglia (Skaper e t 

al., 1979), embryonic sensory neurons (Narumi & Fujita, 1978), 
superior cervical ganglion organ cultures (Nikodijevic e t al, 1975),
PC12 (Schubert & Whitlock, 1977) and the N18 mouse neuroblastoma clone 

(Narumi & Fujita , 1978). However, others have failed to measure 

increases in cyclic AMP following NGF trea tm en t in culture (Hatanaka 
e t al., 1978) or in sym pathetic ganglia a f te r  in vivo NGF 

injection. In addition, trea tm en t of cells with agents which are 
known to elevate cyclic AMP, as isoproteronol, fails to induce 

tyrosine hydroxylase, a well known inductive e ffe c t of NGF on 
sym pathetic neurons (O tten e t al., 1978). Cyclic AMP cannot 

substitu te fo NGF in mediating the survival of embryonic chick 
sym pathetic ganglia (Greene & Shooter, 1980).

Exposure of P C I2 cells to cyclic AMP analogues or agents which 
stim ulate in tracellu lar cyclic AMP, prostaglandin E l or cholera toxin, 
can mimic some of the  e ffec ts  of NGF trea tm en t (Schubert e t al.,
1978). D istinctive differences have been found in the  neurite 
elongation found to be stim ulated by cyclic AMP and NGF as well as in 
the "priming" process (Burstein & G reene, 1978). N eurites induced by 
cyclic AMP appear with a d ifferen t tim e course than those produced by 
NGF, appearing rapidly and being unstable, regressing a t tim es when 
NGF induced neurites continue the ir elongation (Gunning e t  a l., 1981).

The NGF priming of PC12 cells could not be reproduced by cyclic AMP 
nor could cyclic AMP accelera te  the  process if added simultaneously 

with NGF (Gunning e t al., 1981). Cyclic AMP in itia tes neurite 
outgrowth by a process independent of priming.

NGF causes rapid and characteristic  changes in the cell surface 
morphology of PC12 prior to the observed effec ts  on neurite outgrowth 

which occur over a tim e course of 70 hours (Connolly e t al., 1980).
Cyclic AMP fails to stim ulate the protrusive activ ity  on the surface
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and ra th e r elicited outgrowth of neurites w ithout the characteristic  

surface alterations over a tim e course of 4-6 hours (Gunning e t al.,

1981). Finally, cyclic AMP stim ulated  neurite extension appears to be 
transcription-independent and the neurites thus stim ulated cannot be 
m aintained by replacem ent of cyclic AMP by NGF (Gunning e t  al.,
1981a).

Though evidence from these cellular studies with sym pathetic 

ganglia and PC12 indicates tha t cyclic AMP action is not sufficient to 

account for all the observed actions of NGF, cyclic AMP dependent 
events may play a role in m ediating some actions of NGF. The 
lim itations of the methods employed to d e tec t changes in intracellular 
molecules and the ir subsequent e ffec ts  may be the  crucial aspect in 

elucidating the mechanism of action for NGF.

Notably, on the  m olecular level, protein phosphorylation in the 
cell is a ltered  by NGF and cyclic AMP. The p a tte rn  of protein 

phosphorylation observed following NGF, cyclic AMP or cholera toxin 
trea tm en t of PC12 cells is virtually identical while EGF and insulin 
are not. Both cytoplasm ic and nuclear proteins are affected  though 
the phosphorylation of the  nuclear proteins occurs more slowly than 
the cytoplasmic events (Halegoua & Patrick , 1980).

W hether the lag between the  phosphorylation in the two 
com partm ents is re la ted  to  translocation of protein kinase subunits 

(Jungmann e t al., 1979) or to translocation of NGF and interaction with 

nuclear receptors (Yanker & Shooter, 1979) remains to be 
determ ined.

Increased phosphorylation of a cytoplasmic protein of molecular 
weight of 60,000 which is im m unoprecipitated by antibody specific to 

TH is found following cyclic AMP or NGF trea tm en t (Halegoua & Patrick ,
1980). Though the phosphorylation of TH is stim ulated by NGF
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trea tm en t enzyme activity  is not induced in PC12 by NGF. This 
indicates th a t phosphorylation alone may not be sufficient to account 

for the inductive e ffec ts  of NGF.

The phosphorylation of nuclear proteins may be involved with 
transcriptional events mediating NGF actions. The specific 
phosphorylation of high mobility group protein, HMG-17, which has been 
associated with active chrom atin, by NGF but not insulin or EGF 

suggests th a t this plays a unique role in NGF action (Halegoua &

P atrick , 1980). The phosphorylation of nuclear proteins has been 

observed with both sym pathetic cells and PC12. A single chrom atin 
associated nuclear protein of m olecular weight of 30,000 exhibits 

specific increase in phosphorylation in response to  NGF, EGF or cyclic 
AMP trea tm en t of the cells (Yu e t al.,1980). Whether all 

phosphorylations of the protein are a t the same site  is not known, but 

it was postulated tha t phosphorylation a t d ifferent sites could 
influence the  e ffe c t on transcrip tion and be involved in the 

d ifferen tial responses to NGF and EGF (Yu e t al., 1980).

CYCLIC AMP AND NEOPLASIA

Cyclic AMP-dependent mechanisms are im plicated in growth control 
and cell cycle traverse in normal tissues (Pastan e t al., 1973).

D efects in the metabolism of cyclic AMP or the utilization of cyclic 
AMP could contribute to neoplastic growth. In terest in this area was 
stim ulated  by reports of reduced adenyl cyclase activ ity  in a polyoma 
transform ed ham ster cell line (Burk, 1968). A number of tum or cell 
lines, including neuroblastoma, exhibit cellular resposes to cyclic 

AMP which include slowing of growth ra te , morphological 
d ifferentiation  and increased activity  of specific enzymes associated 
with d ifferentiated  function (Prasad & Vemadakis, 1972).

Neoplastic cells often exhibit abnormalities in cyclic AMP
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m etabolism (Ryan & Heidrick, 1974) possibly due to altered  
adenyl cyclase activity  (Pastan e t al., 1975), elevated 
phosphodiesterase activity  (Pradad & Sinha, 1976), or defective cyclic 
AMP binding proteins (Prashad e t al., 1980; Prashad e t a l., 1977; 

Cho-Chung e t al., 1980; Imashuku, 1980). As trea tm en ts  which elevate 
in tracellu lar cyclic AMP in tum or cell cultures often stim ulate  the 

expression of more differentiated  features, several investigations 

have focused on the cyclic AMP levels and content of binding proteins 
found in neoplastic cells during rapid growth and regression.
However, correlations between tissue content of cyclic AMP and 
neoplastic growth U not always observed (Hunt & M artin, 1981).

Several human and mouse neuroblastomas have significantly lower 
mean cyclic AMP content than ganglioneuromas or human sym pathetic 

ganglia (Imashuku e t al., 1977). Addition of cyclic AMP analogues to 

cultures of neuroblastoma causes increased phophodiesterase activity  

but nonetheless an elevated level of in tracellu lar cyclic AMP is 
m aintained (Prasad & Kumar, 1975; Prasad & Kumar, 1974).

The action of cyclic AMP in the cell depends upon the  functional 
in tegrity  of binding proteins, particularly the cyclic AMP dependent 
protein kinases (Kuo & Greengard, 1969). The protein kinase consists 
of ca ta ly tic  (C) and regulatory (R) subunits. Upon binding cyclic AMP 
th e  subunits dissociate liberating the C subunit to m ediate the 

phosphorylation of cellular substrates (Gill & G arren, 1970). Two 
forms of cyclic AMP dependent protein kinase are found in mammalian 
cells, Type I and II, which d iffer only in th ie r regulatory subunit 
(Corbin e t al., 1975). The rela tive amounts of type I and II isozymes 

d iffer amongst tissues and species (Corbin e t al., 1977). The 
rela tive amounts of type I and II are not s ta tic  in the cell and may 

vary during development and cell cycle. In mouse heart, the relative 
am ounts of type I/II change from neonatal ra tio  of 2/1 to  an adult 
ra tio  of 1/1. The shift in the ratios occurs simultaneously with the



-2 1 -

m aturation of the h eart muscle and a switch from proliferative to 

hypertrophic growth (Malkinson & Butley, 1981).

In the IMR-32 human neuroblastom a cell line and the NPB2 
clone of C1300, a two-fold increase in cyclic AMP binding activ ity  

accompanies the d ifferentiation  of cells by the cyclic nucleotide.
The increased binding activ ity  in these cells (Prasad e t a l., 1976), 

in a mouse neuroblastom a-rat glioma hybrid line (W alter e t  al., 1978) 
and in the S20 and N18 lines of C1300 (Prashad & Rosenberg, 1978) are 

not accompanied by increases in protein kinase activ ity . The levels 
o f in tracellu lar cyclic AMP increase by 12-fold despite a 40% increase 
in phosphodiesterase activ ity  indicating th a t binding may afford 
pro tection  for the  ligand (Prashad & Rosenberg, 1978). A lternatively, 
the  binding to these non-kinase sites may re flec t noncoordinated 
expression of R and C subunits or defective R subunits unable to 

in te rac t with the C subunit. Such binding could com pete for cyclic 
AMP and reduce functional binding to active protein kinase in the 
tum or cells (W alter e t al., 1978).

In human mammary tum ors the  levels of type I and II were 
correlated  with growth and differentiation . A positive correlation 
between the  I/II ra tio  and the ra te  of cell proliferation is prim arily 

due to elevated levels of type I. In normal cells the type n  kinase 
is the predominant type while neoplastic cells exhibit a two-fold 
increase in type 1 kinase (Handschin & Eppenberger, 1979).

Regression of dim ethylbenzanthracene (OMBA)-induced mammary 
tum ors in ra ts  can be achieved by removal of estrogens by ovariectom y 

or trea tm en t with cyclic AMP. Increases in cyclic AMP binding 
ac tiv ity , specifically increased type II protein kinase, antagonizes 

the e ffec ts  of hormone in stim ulating tum or growth (Bodwin e t al., 
1978; Cho-Chung e t al., 1978). The pa tte rn  of nuclear protein kinases 
is altered  by ovariectom y or cyclic AMP trea tm en t.
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In responsive tum ors, trea tm en t with cyclic AMP analogues leads 

to a three-fold  increase in nuclear cyclic AMP while cytosol binding 

decreases by a corresponding am ount. The increase in the nuclear 
protein kinase activity  is tem perature dependent and requires initial 
in teraction of cyclic AMP with protein in the cytosol (Cho-Chung e t 

a l., 1977a). If cyclic AMP-protein kinase complex is incubated with 
nuclei from  unresponsive tum ors, nuclear binding is observed. The 
converse experim ent with cytosol from unresponsive tum ors and nuclei 
from responsive tum or does not lead to  nuclear changes. Binding 

proteins from unresponsive tum ors fail to bind cyclic AMP, to 
translocate  to the nucleus or catalyze phosphorylation reactions at 
e ither s ite . The unresponsive tum ors appear to  lack appropriate 

binding proteins, probably protein kinase, capable of translocation to  

the  nucleus and able to catay lze phosphorylation of proteins rela ted  

to tumor regression (Cho-Chung e t al., 1977b).

Specific uptake of a 56 kd protein from the cytosol of cyclic AMP 
trea ted  cells precedes the phosphorylation of a 76 kd nuclear protein. 
The type n protein kinase purified from bovine heart phosphorylated 
this protein as well. The 56 kd cytosol protein from hormone 

unresponsive tum ors fails to be translocated  to the nucleus and no 
phosphorylation of the 76 kd protein is observed in nuclei from 

responsive or unresponsive tum ors (Cho-Chung e t al., 1979).

These experim ents suggest tha t the cytosol protein in responsive 
cells associated with nuclear events th a t may be co rrelated  with 
regression is protein kinase type II. Cells unresponsive to hormone 
withdrawl or cyclic AMP trea tm en t fail to regress and do not appear to 
possess protein kinase able to in terac t with the ca ta ly tic  subunit or 

to  be translocated  to  the nucleus (Cho-Chung e t al., 1980).

In view of the possible actions of cyclic AMP as a second
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m essenger for hormones or factors and in growth regulation, its 

e ffec ts  on the  growth and development of the human neuroblastoma cell 

lines SY5Y and M17 were investigated.

NEUROBLASTOMA: CLINICAL CHARACTERISTICS

Neuroblastom a is a tum or which most commonly occurs in early 
childhood. Prim ary tum ors most frequently appear in the adrenal 
medulla or in retroperitoneal tissue adjacent to the gland. Tumors 

appearing in the thorax or pelvis are usually a t paravertebral sites 
in the posterior or la te ra l body wall in the  vicinity of the autonomic 

ganglia. The location of the prim ary tum ors suggests their derivation 
from the neural c res t (Jones & Campbell, 1976). Variable degrees of 
d ifferentiation  are associated with the cells of neuroblastom a tum ors. 

Some tum ors consist mainly of early neuroblast-like cells with ra th e r 
undifferentiated  appearance while others exhibit features resembling 
more m ature stages of sym pathetic ganglion cells (Russell &

Rubenstein, 1971). Benign tum ors consisting of predominantly m ature 
neuron-like elem ents are ganglioneuromas (Staley e t a l., 1967)

The u ltrastructu re  of undifferen tiated  neuroblastom a is 
characterized  by sparse rough endoplasmic reticulum , scant Golgi, 
neuritic profiles with variable resem blance to  m ature axons, and 
nuclei with highly invaginated borders, prominent nucleoli and masses 
o f irregularly condensed chrom atin within the nucleoplasm underlying 
the  nuclear envelope (Mlsugi e t  al., 1968; Greenberg e t  al., 1969; 
Goldstein e t al., 1971; Lyser, 1974). The more m ature cells exhibit a 
sym pathetic morphology possessing abundant rough endoplasmic 

reticulum , extensive Golgi, neurite processes containing arrays of 
microtubules and neurofilam ents and nuclei of more rounded or oval 
shape with reduced amounts of condensed chrom atin (Staley e t al.,
1967).



Organ cultures of primary neuroblastoma tum ors or lines derived 
from the tum or reta in  sim ilar d ifferen tiated  features. Plasma clot 

cultures of neuroblastoma exhibit a halo of neurite outgrowth and 
resem ble cultured sym pathetic ganglia. C ultures from tumor biopsies 
can be useful in the diagnosis of neuroblastoma (Murray & Stout,
1947). The u ltrastructure of organ cultures of neuroblastoma 
resem bles tha t of the original biopsy (Lyser, 1974). In long-term  

culture some more d ifferen tiated  morphology may develop (Kadin & 
Bensch, 1971; Goldstein & Bradshaw, 1972; Goldstein e t al., 1964). 
Continuous cell lines with im m ature u ltrastructu re  have also been 
reported (Barnes et al., 1981).

Catecholam ine synthesis in tum ors is variable and some tum ors 
express cholinergic charac teristics  in place of or in addition to 

adrenergic enzymes. Most neuroblastomas exhibit tyrosine hydroxylase 

activ ity  and the large amounts of dihydroxylphenylalanine (DOPA) and 
dopamine released from the tum or mass lead to urinary excretion of 

catecholam ines and the ir m etabolites, vanillactic acid or 3-methyl 
tyrosine and homovanillic acid. More highly d ifferen tiated  

neuroblastom a tum ors, ganglioneuromas or pheochromocytomas also 
produce amounts of norepinephrine by B-hydroxylation of dopamine 
catalyzed by DBH. Metabolism of norepinephrine or epinephrine 
releases vanillmandelic acid. The pa tte rn  of m etabolite excretion is 
diagnostically valuable (Jones & Campbell, 1976).

A poor survival prognosis is co rrelated  with higher levels of 

DOPA m etabolites, 3-m ethyltyrosine or vanillactic acid, and dopamine 

m etabolite , homovanillic acid, re la tive to  the norepinephrine 
m etabolite homovanillic acid. This suggests tha t the biochemically 
more im mature tumor may be associated with a more aggressive clinical 
course (Romansky e t al., 1978; Laug et al., 1978). With m aturation of 

the tumor to a benign ganglioneuroma, increased norepinephrine content 
of the tum or is measured (Bohoun & Comay, 1970).
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The u ltrastructura l detection  of increased numbers of 

neurosecretory granules is positively correlated  with d ifferentiation 

o f neuro transm itter synthesizing ability of the tum or. Tumors judged 

by both c rite ria  to be more advanced correlate  with a more favorable 

prognosis (Greenberg e t al., 1969; Romansky e t a l., 1978). The 
expression and nature of neurite processes is not correlated  with the 
biochemical m aturity or prognosis (Romansky e t al., 1978). This may 

be rela ted  to the Independent developmental appearance and regulation 

o f  these neuronal characteristics.

One intriguing clinical aspect of neuroblastoma is the phenomenon 
o f spontaneous regression in which malignant tum or cells, by an as yet 

undeterm ined process, adopt a more benign course and become 

ganglioneuromas (Cushing & Wollbach, 1927; Beckwith & Perrin , 1963). 
During this regression cells assume a morphologically more 
d ifferen tiated  phenotype (Beckwith & M artin, 1968) and biochemically 
decrease catecholam ine production as evidenced by reduced excretion of 
m etabolites in the urine (Evans e t al., 1971). The frequency of this 
regression is higher than tha t of o ther malignancies (Evans e t al.,

1971). The incidence of neuroblastoma In fac t is larger than estim ated 
from  the clinically m anifesting cases. A high incidence of regressed 

tum ors was discovered upon autopsy of children who had died of 
unrelated causes (Beckwith & Perrin , 1963). This spontaneous 
regression to a more benign form may be re la ted  to  the  early 

developm ental stage and fu rther suggests th a t the im m ature tum or cells 
have the capacity for progressive d ifferentiation under the influence 
of as yet unidentified factors In vivo. This has stim ulated  in terest 
in culturing neuroblastoma cells as a means of investigating the 

cellu lar and m olecular processes involved in regression as well as 

possibly using neuroblastomas as a source of developmentally early 
s tage  sympathoblasts.
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Neuroblastom as could arise from neoplastic events in cells a t a 

variety  of early developmental stages and as such may be a potential 

source of neuronal m aterial with which to study early neuronal 
d ifferen tiation . As the tum ors apparently arise from the neural crest, 

an embryonic structu re which undergoes extensive m igration within the 
embryo to supply cells for many diverse tissues, transform ation may 
resu lt in cells following aberran t m igratory routes and settling  in 

ectopic sites where they do not receive or fail to respond to normal 
developm ental signals. Such cells might continue to  p ro liferate  and 
may m etastisize to o ther sites perhaps rela ted  to the continuation of 
the  normal embryonic migratory process. However, if neuroblastom a 
develops by the transform ation of the cells to a malignant phenotype 
due to extensive chromosomal dam age, loss, m utation or rearrangem ent, 
th e  ability to influence the  expression of d ifferen tia ted  functions in 

the  cells by addition of factors in culture would be severely lim ited.
As the lines used in this study contain near diploid chromosomal 
com plem ents (Beidler e t al., 1980 ), and have been shown to  variably 

express neuron specific enzymes (Ross e t al., 1981), they present a 
more promising model than the extensively used mouse neuroblastoma 

which has modal chromosomal content in the tetrap lo id  range.

NEUROBLASTOMA CELL LINES

The most widely studied neuroblastoma cell line studied to date 

is the C1300 mouse neuroblastoma derived from a spontaneous tum or 

which arose as an abdominal mass in a Jackson mouse in 1940 (Dunham e t 
a l., 1953). It was passaged as a subcutaneous tum or in m ice and la te r 

was established in culture (August!-Tocco & Sato, 1969). Several 
lines and clones have subsequently been developed and studied 
(Schubert et al., 1969; Klebe & Ruddle, 1969; Seeds e t al., 1970).
These sublines and clones vary in their morphology, most notably in
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the ability to extend neurit e-like processes and the levels of 

neurotransm itter synthesizing enzym es. The major classes with respect 

to neuro transm itter synthesizing enzyme activity  are adrenergic, 
cholinergic, inactive and mixed function (Amana e t a l., 1972).

The C l300 neuroblastoma and the lines derived from it express 

some d ifferen tiated  features which can be manipulated in culture. The 
elaboration of of neuritic processes or elevation of levels of 
neuro transm itter synthesizing enzyme activ ity  have been observed by 
trea tm en t of the cells with a variety  of agents. Increased numbers of 
neurites are stim ulated by trea tm en t of the cells with a variety  of 
agents including cyclic AMP (Prasad & Hsie, 1971; Furmanski e t  al., 
1971); bromodeoxyuridine (Schubert & Jacob, 1970), serum withdrawl 

(Seeds e t al., 1970), hypertonic medium (Ross e t al., 1975), serum 

type (Prasad, 1978). A large number of agents have been reported  to 
Influence neurite outgrow th In C1300 (see Burm eister, 1982).

No common mechanism for the actions of the various agents is apparent 

and it is likely th a t neurite outgrow th can be stim ulated via e ffec ts  
a t several cell levels. Cessation of cell division while it enhances 
neurite outgrow th (Schubert e t al., 1971; Prasad, 1972; Klebe &
Ruddle, 1969), is not prerqulslte for the extension of processes 

(Prasad & Hsie, 1971; Schubert & Jacob, 1970).

The stim ulation of neurite outgrowth in C1300 by cyclic AMP 
(Prasad & Hsie, 1971), bromodeoxyuridine and serum -free medium 

(Schubert, 1971) involves protein but not RNA synthesis. Low 

serum (Schubert, 1971) or serum withdrawl (Seeds e t al., 1970) 
causes neurite extension w ithout protein synthesis. The d ifferen t 
m etabolic requirem ents reported may re fle c t d ifferen t cell types 

present in the original tumor and selection for d ifferen t populations 

over tim e. A lternatively, the cells may be capable of neurite 
extension and stim ulation at one of several levels may be sufficient 

to enhance this capability.



The processes elaborated by C13Q0 cells contain numerous 

m icrotubules neurofilam ents and variable content of organelles 

including ribosomes,vesicles mitochondria, endoplasmic reticulum . The 
vesicle population includes dense core and clear varieties of 150-200 
nm annd 40-60 nm, respectively. Prim itive Junctions between cells 
have been observed but no synaptic morphology found (Ross e t al.,
1975).

N eurotransm itter synthesizing enzym es, tyrosine hydroxylase (TH), 

dopamine-^-hydroxylase (DBH) and choline acetyl transferase (CAT) are 

present in the various C1300 lines. Elevation of TH by cyclic AMP 
analogues involves actinonycin D and cycloheximide sensitive 

processes (Waymire e t al., 1972; Richelson, 1973). DBH is elevated 

concom itantly with TH by cyclic AMP trea tm en t (Waymire e t al., 1978a). 
This induction occurs independently of analogue e ffec ts  on cell 
division (Waymire e t al., 1978b).

The increased TH and DBH activ ity  involves increased Vmax and 
im m untltration indicates th a t a t least p a rt of the increase is due to 

de novo synthesis of TH m olecules. TH also exhibits a reduced Km for 

p teridine cofactor while Km for substrate is unaltered (Waymire e ta l., 
1978a). Lysine deprivation prevents expression of enzyme induction by 
cyclic AMP. When lysine is added back to  cyclic AMP trea ted  cultures 
along with actinom ycin D, the elevation of TH is observed. This 

indicates tha t cells accum ulate specific transcriptional products 

associated with the cyclic AMP-induced increase in TH (Waymire e t al.,
1979).

Though the term  differentiation  was initially used to  describe 
the changes in neurite outgrowth or increased enzyme levels, this may 

not be accurate . Many e ffec ts  are reversible and do not necessarily 
represent a progression toward a more m ature and stable phenotype. As
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cells usually express some neurite extension or enzyme activ ity  even 
in control conditions the changes are mainly quantitative in nature.

The alterations may more closely resem ble regulatory processes 

functioning in cells a t a variety of stages ra th e r than 
"differentiation".

In comparison to the vast litera tu re  available on experim ental 

studies with the mouse neuroblastom a, C l300, relatively li ttle  has 
been done with human neuroblastom a in culture. Human lines have been 
derived from a number of separate  tum ors (Tumilowicz e t al., 1970; 
Biedler e t a l., 1973; Biedler & Helson, 1974; Kobler & Goldstein,

1974; Ruffner, 1976; Schlessinger e t al., 1976; Gerson e t  al., 1977;
Seeger e t al., 1977; West e t a l., 1977; Sekeguchi e t a l., 1979).

These lines exhibit several sim ilarities, most striking among these is 

the presence of a near diploid karyotype and the presence of 

distinctive m arker chromosomes. The m arkers are stab le and unique to 
each line, which fac ilita te s  the identification of neuroblastom a cells 
from  potential contam inating cell lines (H enchm an e t al., 1978).

These lines have been derived from prim ary tum ors, bone marrow 

biopsies or peripheral blood and have been characterized  according to 
karyotype, expression of neuro transm itter synthesizing enzym es and 
morphology. However, no comprehensive study including cytogenetic, 
biochemical and morphologic p a ram e ten  has em erged. Also, in contrast 
to  C1300, relatively  little  has been done with experim ental 

manipulation of the  culture environm ent in a ttem p ts to enhance the 

expression of d ifferen tia ted  characteristics  and use the human cell 
lines as a probe for the study of developm ental or regulatory 
processes. Much emphasis in the lite ra tu re  to date re la tes  to the use 

of culture as a clinical tool with which to fac ilita te , explain and 
improve diagnostic param eters and suggest or evaluate new therapies 

(Murray & Stout, 1947; Prasad, 1975; hie Ison, 1981; Reynolds &
Perez-Polo., 1981).



A few studies have used the human lines to probe developmental 
processes. For exam ple, the surface glycoproteins in normal and 

tum or cells d iffer, tum ors containing more complex oligosaccarides 
than normal cells (Glick e t al., 1973; Glick e t al., 1976). In 

neuroblastom a cells induced to  form neurites, the  glycoprotein pattern  
consists predominantly of glycoproteins with less complex 
oligosaccharides resembling tha t of normal cells. The ability of 
tum or cells to d ifferen tia te  is correlated  to the glycoprotein pa tte rn  
observed (Glick, 1978). Using the CHP-134 line, a membrane 
glycoprotein has been isolated which is related  to the development of 

electrically  excitable membranes in this line (L ittauer e t al., 1979;
Glick e t al., 1980).

Human line, SY5Y has been reported to have NGF responsivity with 

respect to neurite outgrowth (Perez-Polo e t al., 1979) and protection 
from toxic e ffec ts  of 6-hydroxydopamine (Tiffany-Castiglioni e t  al.,
1981). The NJB line also exhibits responsivity to NGF expressed in 
increases levels of tubulin and neuron specific protein 14-3-2 (Kobler 
e t al., 1974). The response to  NGF in NJB cells is enhanced by 
m itomycin C and phorbol esters  though the mechanisms of such 

in teractions remain unclear (Goldstein e t al., 1980). These examples, 
while few, dem onstrate the potential usefulness of neuroblastomas for 
study of the molecular and cellular processes associated with aspects 
o f neuronal d ifferentiation.

The distinctive chromosomal m arkers associated with each human 

line appear to be retained with passaging and cloning (Herschman et 

a l., 1978). Regions of the chromosome which lack longitudinal 
differen tiaton  with cytogenetic banding methods, homogenously staining 
regions or HSRs, have been observed in several human neuroblastom as.

No preferen tial location for the HSRs is observed but the m arker is 
consistent in all cells of the line. (Biedler e t al., 1976; Spongier 
& Biedler, 1979; Balanban-Malenbaum & G ilbert, 1977; Seeger e t al.,
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1977; Herschman at al., 1978). HSRs have been exclusively found in 

cell lines and not in primary tumors (Brodeur e t al., 1981). Double 

minute chromosomes are present in both continuous cell lines and 
primary tum ors (Brodeur e t al., 1981). Some work following the 
appearance of double m inutes and HSRs with cell passage and cloning 

suggest tha t these two chromosomal anom alies mmay represent a lte rna te  
expression of the same phenomenon (Balanban-Malenbaum & G ilbert, 1977 
Biedler e t al., 1980). Double minutes chromosomes in m utants 

neuroblatom a Unas are associated with multiple drug resistance 
(Baskin e t a l., 1981).

HSRs have also been observed in a drug resistan t line of Chinese 
ham ster ovary (CHO) cells. Cells selected  for resistance to  the  toxic 

action of m ethotrexate or m ethasquin, an tifo late  drugs, exhibit cross 

resistance to o ther an tifo lates. All resistan t cells exhibited HSRs 
(Biedler & Spongier, 1976). Resistance to  the drug was shown to be 
associated with high levels of dihydrofolate reductase (Biedler &

Spongier, 1976), and the HSRs apparently represent regions of gene 
am plification for this enzyme (Biedler e t a l., 1980).

No correlation between the the neuroblastom a HSRs and a 
biochemical abnorm ality rela ted  to its phenotype has been deciphered 
as yet (Biedler et al., 1980; Ross et al., 1980). Analysis of cell 

hybrids formed by the fusion of a  tyrosine hydroxylase-deficient C1300 
line with the human SK-N-BE(2) line is currently  in progress to map 
the locus of the TH gene and assess the rela tion  of HSR to  its 

expression in the human line (Biedler e t a l., 1980).

The most consistent cytogenetic abnormality observed in a study 
of 24 neuroblastoma tumors and lines preferentially  involves the short 

arm  of chromosome 1. In the 20 near diploid tum ors, 14 exhibited some 

abnormality associated with this site . In 11 of the 14 cases a 
specific deletion of the lp 3 2 -lp te r  region is found, producing



monosomy for this genetic m ateria l. Of the remaining three cases, one 
had a translocation of lp  and 12p, a second had an insertion a t band 
lp l3  and a third an ex tra  band a t lp36. This is the first report in 
neuroblastom a of a chromosomal abnorm ality th a t may be common to a 

class of neuroblastom a tum ors (Brodeur e t al., 1981).

The significance of chromosomal abnorm alities to specific 
biochemical defec ts  or neoplastic progression are not known. However, 
the human cell lines present a means of evaluating biochemical 
expression in cells which appear to m aintain stable karyotype. In 
addition, the  near diploid karyotype suggests an advantage over the 
C1300 lines for the fu rther investigation of developm ental and 
regulatory phenomena in neuronal cells.

The SK-N-BE(2) cells exhibit a modal chromosome number of 44 and 

contain HSR regions (Biedler & He Ison, 1974). Cells also exhibit a 
m etaphase chromosome anomaly in short arm  of chromosome 1 (Brodeur e t 
al., 1961). The SK-N-SH cells have a modal chromosomal content of 47 
and exhibit no HSRs or double minute chromosomes (Biedler e t  al.,
1973). No abnorm ality is associated with the short arm  of chromosome 

1 (Brodeur e t al., 1981), but 50-70% of the  cells exhibited a gain in 
the long arm  of chromosome 1 (Biedler e t al., 1980). Both the BE(2) 

and SH lines are trisom ic for the distal portion of the q arm  of 
chromosome 17. W hether these same abnorm alities are present in the 
clonal lines SK-N-SH-SY5Y and SK-N-BE(2)-M17 used in this study has 
not been determ ined directly .

The biochemical characteriza tion  of human neuroblastom a lines 

reveals four main types with respect to neuro transm itter synthesizing 
enzyme activ ity . Adrenergic, cholinergic, inactive and mixed function 
lines have been described (Herschman e t al., 1978).

The SH line possesses variable levels of the adrenergic enzymes
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tyroaine hydroxylase (TH), dopa decarboxylase (DDC), and dopamine-p- 
hydroxylase (DBHXRoss e t al., 1980). However, if ^H-choline or 
^H-tyrosine are added to the cell cultures, synthesis of 
^H-acetylcholine and ^H-dopamine is observed. Similarly 

the BE(2) line exhibits dopamine and acetylcholine synthesis (Biedler 
e t al., 1978) despite the lack of detectab le  choline acety ltransferase 

activ ity  in activity  assay of the hom ogenates (Ross e t a l., 1980).
These discrepancies may be rela ted  to  the  senstivity of the assay or 
to the heterogeneity of the cell population in the original line. No 
norepinephrine synthesis is de tectab le  (Biedler e t a l., 1978), despite 

presence of DBH in both lines (Ross e t a l., 1980). The lack of 

in tracellu lar DBH synthetic activ ty  may be rela ted  to  defective 
localization of the enzyme as has been suggested from analysis of 

prim ary neuroblastoma (see discussion section).

Analysis of clones derived from the SH line reveals the presence 
of cells in the  population w ith d ifferent expression of 
neuro transm itter synthesizing enzym es. The SH-SV clone possesses high 
DBH, low TH and low CAT ac tiv ity , while the SH-IN has detectab le  CAT, 

low TH and DBH. The SH-EP clone has no detectab le  adrenergic enzyme 

activ ity  but some CAT activ ity  (Ross e t a l., 1980). The ability to 

synthesize dopamine from ^H-tyroeine is exhibited in the  SY-IN 

and EP clones as is synthesis of acetylcholine from  its precursor 
(Biedler e t al., 1978).

The BE(2) clones also exhibit varation in the  quantita tive 

expression of enzym e. Tyrosine hydroxylase activ ity  measured in 
homogenates ranges from 1.5 nmoles /hr/m g to 46.7 nm oles/hr/m g. DBH 

ranges from 0 to 9.6 nmoles/hr/m g protein. Dependent upon the 
proportions of each cell type in the  original line in a given culture, 
the synthetic activ ity  will vary.

The clones derived from a line may represent distinctive types
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present in the tum or or variants which develop in cu lture. The SH 
line contained a t least two distinctive cell types as revealed by 

karyotype analysis. A structurally  abnormal chromosome was observed 
in 35% of the SH-EP cells examined but not in the th rice cloned 
SH-SY5Y (Ross e t al., 1980).

Subclones of the EP cells re ta in  the isochromosome m arker lq  but 

exhibit morphologic interconversion from a fla ttened  epithelial-like 
form  to a  neuroblast-like type. Subclones which morphologically 

transform  to the  neuroblast form also acquire adrenergic enzyme 
activ ity  not detected  in the epithelial types. The basis and 
significance of this bidirectional interconversion between the  two 

cell types remains to be determ ined (Ross e t al., 1980). It suggests, 
however, th a t significant clonal variation in enzyme activ ity  may 

occur over tim e in culture and be responsible for a loss or gain in 
enzyme activ ity . Interconversion occured over several months tim e if 

cells were allowed to rem ain for long period between transfers.

In order to avoid variation due to the heterogenous cell 
population in the original lines, two clonal lines were selected  for 
this work. The levels of enzyme activ ity  in early vs. la te  

experim ents did not vary nor were morphological changes evident during 
th e  course of the experim ents. The observed variations in morphology 

and enzyme activ ity  are probably not due to  selection of subpopulation 
o r to the  interconversion of cell types.

The SY5Y clone was selected  for these studies since it exhibited 
a neuroblast morphology and was reported to respond to NGF by the 

elaboration of neurites (Perez-Polo e t al., 1979). The cells had been 
characterized  biochemically and shown to  have low levels of TH and 
high DBH in fe ta l ca lf serum containing medium (Ross e t al., 1980). 

K aryotype analysis (Biedler e t al., 1980 ) and u ltrastructu ra l 

description (Barnes e t al., 1980) of the parental lines had been
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reparted . It was of in terest to determ ine if the morphological 

changes observed with NGF were accompanied by changes in enzyme 

activ ities.

The M17 clone was selected  for its high tyrosine hydroxylase 
activ ity  as a positive control for the enzym atic and 

immunocytochemical assays of this enzym e. Also, since the  SY5Y basal 
levels of TH were so low, the e ffec ts  of factors on this enzyme might 
not be observed. If the low basal levels were due to m utation in the 
gene for TH or asociated regulatory genes, no modulation would be 
possible. The M17 was selected  as an a lternative cell line which 

might prove useful In characterizing the e ffec ts  of NGF and cyclic AMP 

on TH expression. This line has not been characterized  previously in 
any medium other than th a t with serum supplem entation.

No u ltrastructura l descriptions of the clonal populations have 
been reported. The parental lines exhibit u ltrastrucu tra l features 
charac teristic  if  early neuroblast stages with few dense core vesicles 
and neurites under standard culture conditions. The developmental 
stage of clonal populations was evaluated on the basis of enzyme 

expression and u ltrastructu ra l morphology. The influence of added NGF 
and cyclic AMP on these param eters was also studied.

DEFINED MEDIUM

The addition of serum to the  culture medium Is required to 

support the growth of most cells in culture, however the serum factors 
responsible are largely unknown. Recently, form ulations of defined 

media have been developed which remove the  serum requirem ent and 
replace it with hormonal and o ther facto rs. Not only can the 

com plications of the unknown composition of serum be avoided, but in 

addition the medium exhibits selectiv ity  in the cell type supported 
(Bottenstein & Sato, 1979; Barnes & Sato, 1980; Sato, 1980; M ather &
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Sato , 1979). The removal of serum allows for a c learer evaluation of 
facto r effec ts  on neuronal expression in the neuroblastom a lines. A 

medium specific for ra t neuroblastoma had been developed (Bottenstein 
& Sato, 1979) and has subsequently been shown to selectively support 
the growth of o ther neuronal but not nonneuronal cell types 

(Bottenstein, 1980; Zeevalk e t al., 1982 subm itted for publication).

Using the N2 defined medium, it was established th a t the SY5Y and 
M17 lines survived and retained the enzymes of in terest (Lyser e t 
al., 1980; Burm eister e t al., 1980). Further work characterized  the 
quantitative levels of tyroaine hydroxylase and/or dopam ine-^- 
hydroxylase as com pared to PCS supplem entation. Also the 
u ltrastructu ra l featu res were studied and compared to those found in 
PCS cultures.

A defined medium may perm it expression of a potentility  or 
response to added facto rs tha t is antagonized or prevented by serum.
The role of potentiating  facto rs for a given response can be more 
clearly identified in defined medium. In this regard, the  e ffec ts  of 
both cyclic AMP and NGP on morphology, neuro transm itter synthesizing 

enzyme activ ities and u ltrastructu re  were compared to those observed 
in 10% PCS supplem ented medium.



MATERIALS AND METHODS

CELL LINES The SK-N-SH-SY5Y and SK-N-BE(2)-M17 human 

neuroblastom a cell lines were the generous gift of Dr. June Biedler 

(Sloan-K ettering Cancer Research Institu te , New York). Some 

additional SY5Y cultures, which exhibit a morphological response to 
NGF, w ere obtained from  Dr. Douglas Ishii (Columbia College of 
Physicians and Surgeons, New York). While the cultures d iffered with 
respect to morpholgicai response to NGF, no significant variation in 

the  levels of neuro transm itter synthesizing enzyme activ ity  were 
observed. In addition, the cells responded similarly to defined 
medium and added facto rs with respect to TH and DBH activ ity .

SY5Y cultures from transfers T30-T46 were used for the 

experim ents described. Cultures from T64-67 were used for some early 
determ inations of growth in defined medium and determ ination of 
neuro transm itter synthesizing enzym e activ ity . No significant 
d ifferences in levels of DBH w ere noted between the d ifferen t cell 
passages used.

M17 cultures from T60-T80 were used for experim ents discussed.

No change over time was observed in overall culture morphology or 

levels of tyrosine hydroxylase activ ity .

All cell cultures were dem onstrated to  be mycoplasma free by the 

uridine phosphorylase method (Levine, 1972). The assay was generously 

perform ed by Dr. Jam es Donegan (Hunter College of CUNY, New York).

MEDIA FORMULATIONS Basal medium for ail conditions was 

H am 's F 12/D ublecco's Modified E ag le 's  Medium (1:1, v/v).

10 % FCS This medium contained 45 % F12, 45%, DME and 10 % 
feta l calf serum (Microbiological Associates).



N2 The following ingredients were added to basal medium to 

give final concentrations indicated: insulin (Eli Lilley, Uetin U
100) 5 jdg/ml, progesterone (Sigma, In 0.01% ethanol/F12:DME) 20 nM, 

putrescine (Sigma, diluted in F12:DME) 100 0jM, sodium selenite  (Bacto 
or Alfa chem ical, diluted in F12:DME) 30 nM, transferrin  (human, 
iron-free, Sigma, diluted in F12:DME) lOCJug/ml. (Bottenstein & Sato,
1979). Bacto selenium provided for consistent cell growth while the 
Alfa Chem ical product was som etim es toxic to cells.

N2A This medium contained the same factors as the N2, but 
selenium was elim inated.

FACTORS All factors for the defined medium were stored as 

100 X stocks at 4°C and added fresh to medium Just prior to  use.

The following were added to 10 % FCS or N2 medium as Indicated in 
the  results section. The final concentration employed Is noted.

cyclic AMP = N^, O ^-dibutyryiadenosine 3 ':5 '  

cyclic monophosphate, Sigma, 1 mM, in F12:DME

8-bromo cyclic AMP = 8-bromoadenoslne 3 ':5  'cyclic  

monophosphate, Sigma, 1 mM, in F12:DME

IBMX = 3-isobutyl-l-m ethylxanthine, 0.25 mM dissolved in 
dim ethylsulfoxide and diluted 1:1 with basal medium prior to  addition 
to  culture medium

butyrate  = butyric acid, Sigma, 1 mM

NGF Nerve growth facto r from various sources was used. No 
d ifferences in response of the cells was noted.
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2.5S^-NGF was generous g ift of Dr. Mark Bothwell (Princeton 

U niversity, New Jersey). Some^-NGF was also purchase from 

Collaborative Research ( W altham, Mass.). This was used a t 
concentrations of 10-100 ng/m l as indicated.

7S NGF was generously supplied by Dr. J . Reginio Perez-Polo 

(University of Texas Medical C en ter, Galvaston). The 7S NGF was used 

a t concentrations of 250-500 ng/m l which is equivalent to  50-100 ng/ml 
|0-NGF.

NGF stocks, a t concentrations of 5, 10 and 100 /q /m l in 2 % 
bovine serum albumin, were stored frozen a t -70°C until use.

ANTIBODIES Rabbit antibodies raised against bovine adrenal 
trypsin -treated  tyrosine hydroxylase, purified bovine adrenal 
dopamine-j#-hydroxylase, preimmune sera and rabbit 
peroxidase-antiperoxidase complex were the generous g ift of Dr. Tong 

Joh (Cornell Uhiversity Medical School, New York). Antibodies were 
stored frozen a t -70°C in 20% goat serum 0.2 M Tris buffer pH 
7.6.

Goat anti-rabbit IgG was obtained from Miles-Yeda, L td .. This 
was stored as frozen stock a t -70°C and diluted in 1 % normal 

goat serum in 0.2 M Tris-saline buffer pH 7.6.

3 ',3 '-d iam onobenzid ine HC1 was obtained from  Baker chem ical.

CELL CULTURE PROTOCOLS

STOCK CULTURES The SY5Y and M17 cultures were m aintained in 
45 % F12, 45 % DME, 10 % fe ta l calf serum in an atm osphere of 95 % air 
5 % CO2 a t 37°C. Cells were passaged weekly. Monolayers
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were dissociated by incubation with 1 mi 0.02 % EOT A in 

Ca'M'-Mq++-free phosphate buffered saline. Com plete medium 

was added (9ml) and cells tritu ra ted  to break up clumps. Cell 
suspension, 1ml, was plated into 9 ml com plete medium in T25 flask. 
Cultures were fed once a t 3 days a fte r transfer by a 70% change of 
medium.

LONG TERM GROWTH EXPERIMENTS Cells used for the study of 

e ffec ts  of long term  growth in N2 medium were passaged in experim ental 

medium. Cells were dissociated in 0.02% EDTA in CMF-PBS and cell 
suspension diluted in experim ental medium. Cells were p lated  onto 
serum coated T25 flasks. The serum coated flasks were prepared by 

incubating plates with 10% PCS medium a t 37°C for 15-30 m inutes.
P lates were rinsed with two changes of serum free medium and were used 
im mediately or stored a t 4°C until use. Storage of coated 

p la tes up to two weeks did not a ffec t cell a ttachm en t.

PREPARATION F  CELL CULTURES FOR DETERMINATION OF 

NEUROTRANSMITTER SYNTHESIZING ENZYME ACTIVITY Cells were 
p lated  out in F12/OME 10 % FCS for 24 hours to allow for a ttachm ent 
and then switched to experim ental conditions on day 0 by com plete 
replacem ent of the medium. The initial plating density used was 2-3 X
10^ per 60 mm p la te . Cell number was determ ined by
hem ocytom eter counts of trypan blue excluding cells. All cultures 

w ere fed on day 2-3 of the experim ent and harvested on day 4-5.

Cells were collected for enzyme assay by dissociation with 0.02% 

EDTA in CMF-PBS. Complete D ulbecco 's PBS was added and cell 
suspension spun in clinical centrifuge a t speed 6 (approximately 7500 

rpm) for 5 m inutes. Pellets were resuspended in PBS and
recentrifuged. All solutions used during harvest were cold and cell
suspensions were kept on ice. Pellets were frozen a t -20°C 

until assayed. In some experim ents cells were harvested in com plete
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PBS only and removed from the substrate by fluid stream  je tted  from a 

pasteur p ipe tte . No differences in activity  were noted with the two 
procedures and all data has been grouped together for averaging.

GROWTH CURVES - M17 Cells were plated into 35 mm tissue 
cu ltu re  p la tes in F12/DME with 10 % fe ta l calf serum overnight to 
allow for a ttachm ent of the cells. Medium was com pletely 
replaced with experim ental medium. This was considered day 0 of 

experim ent. Cultures were fed again on day 3 of the experim ent.

Counts were done in trip lica te  a t each tim e point. Trypsin,
0.05 % in 0.02% EDTA was added to cultures for 3-5 munutes. The 

action of trypsin was stopped by addition an equal volume of soy bean 
trypsin inhibitor 0.05% in PBS. Cell suspension was diluted with PBS. 
Trypan blue, 0.4 % in 0.9% saline, was added to a final dilution of 

1:6 to the cell suspension. Viable cell counts were determ ined on a 
hemocy to m eter.

The growth curves were p lotted  as log cell number vs. tim e to 
perm it determ ination of population doubling tim e. Population doubling 
tim es were determ ined from three separate growth curves. These were 
averaged and compared for significant differences by S tuden t's  T -test.

GROWTH CURVES - SY5Y The data from experim ents perform ed 
by Donald Burm eister were used to  develop growth curves for SV5V. 
Cells were plated out in 10% FCS medium at initial concentration of 1 

X 105 cells /35 mm dish. A fter 24 hours, medium was com pletely 

removed, monolayers rinsed with F12:DME, and experim ental medium 

added. Due to the problem of fragile a ttachm ent in N2 medium, 
cultures were not fed during the course of the experim ent.

Cell counts were perform ed on trip licate  cultures a t each time 
point. Cells were dissociated in 0.02 % EDTA in Ca**,
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M g ^ -fre e  phosphate buffered saline containing 0.02 % trypan 
blue. The percent viability was determ ined for the firs t sample from 

each dish. For remaining counts, to ta l cell count was enum erated 

since viability declined over tim e. The number of viable cells was 

determ ined from the percent viability and to ta l cell counts for each 
p la te . These procedures, while cum bersome, helped to insure single 
cell suspensions for counting. O ther dissociation procedures did not 

allow for adequate dispersion of cell clumps to perm it accurate 
determ ination of cell number (Burm eister, 1982).

The log of cell number was plo tted  vs. tim e and population 

doubling tim e determ ined from  a t least three separate  experim ents.
These doubling tim es were averaged and compared by the S tuden t's  T 
te s t.

EFFECTS OF CELL DENSITY ON ENZYME LEVELS IN M17 Cells 
were plated in parallel to thoee used for growth curve. The initial 
plating density was 5 X 105 per 60 mm p la te . Cells were 
switched on day 0 from  10 % FCS medium to experim ental conditions by 

com plete replacem ent of the medium. Cultures were fed a t 2 day 

intervals for the duration of the experim ent. Cells were removed from 
the dish by tritu ra tion  with PBS, pelleted and stored in polystyrene 
freeze r vials a t -20°C until assayed.

CELL CULTURES FOR ELECTRON MICROSCOPY Cultures were 
p lated  out in parallel to those on which enzyme levels were to be 
determ ined. Initial plating density of 5 X 105 w88 u8e(j arHj 

cells grown for 5 days prior to  fixation. Medium was removed and 2.5% 

glutaraldehyde added directly to  the  monolayer to begin fixation.

CELL CULTURES FOR IMMUNOCVTOCHEMICAL STAINING Cells 
were plated onto polystyrene or glass coverslips. In cases indicated, 
the  surface was coated with poly-D-lysine just prior to  plating. To



-42 -

prepare the coated surface 0.5 ml of 0.01 % poly-D-lysine solution in 

distilled w ater, sterilized  by Millipore filtra tion , was added to 

cover slip for 15 m inutes. Solution was removed and coverslips rinsed 
in s te rile  distilled w ater tw ice.

A 0.5 ml volume of the cell suspension, containing about 
6 X 10^ cells, was added to the cover slip and incubated for 

1-2 hours to allow cells to a ttach  to the  substra te . Then 1.5 ml of 
medium was added to the  culture dish. Cells were grown for 1-3 days 
before fixing.

The cultures in N2 were grown in experim ental medium for one week 
prior to seeding onto cover slips. PCS cultures were p lated  onto both 

polylysine coated coverslips and uncoated tissue culture cover slips.
The cells in N2 generally did not rem ain attached  to  serum coated 

substrates through the many rinses required for fixation and antibody 
staining. However, in a few cultures where sufficient numbers of 
cells were preserved on serum -coated substrates the 

immunocytochemical staining was sim ilar to  poly-D-lysine substrate .
The growth on poly-D-lysine coated substrate did not in terfere  with 
im munocytochemical staining.

ASSAYS FOR NEUROTRANSMITTER-SYNTHESIZING ENZYMES 

DOPAMINE-^-HYDROXYLASE

Dopamine-j^-hydroxylase activ ity  was assayed by a m odification of 
the double enzyme assay of Molinoff, 1971.

Frozen cell pellets were homogenized in 5 mM potassium phosphate 
buffer, pH 7.0, with 0.2% trito n  X-100. Aliquots were removed for 
assay of cell protein and the remaining homogenate centrifuged a t 
3500-4000 rpm for 15 m inutes. The supernatants were assayed for DBH
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activ ity .

Optimal copper concentrations for each batch of cultures were 

determ ined by assaying activ ity  over a range of CuSO^ 
concentrations and deriving a concentration curve. The remaining 
samples were brought to sim ilar protein concentrations and activ ity  

assayed a t optimal CuSO^. Sample copper curves for N2 and FCS 
are illustrated (Fig a).

To 30 p i of supernatant, cocktail containing 3 p i of CuSO^ 

a t appropriate concentration, 3 p i ascorbate 10.3 mg/m l, 3 p i fum arate 
0.3 M, 4 pi pargyline 1.712mg/ml, 2.5 p i 1 M sodium a c e ta te  buffer

pH 5.5, 1 p i ca ta lase  , 2.5 pi tyram ine 0.03 M. The reaction  was run
for 30 m inutes a t 37°C.

The firs t reaction was stopped by addition of a cocktail 

containing 15 ul Trls 1M pH 8.6, 2.5 ul 14C-SAM (S-adenosyl 

[*4C jneth ionine, New England Nuclear specific activ ity  53 
mCi/mmole), 2.5 p i EDTA 5 m g/m l, 2.5 p i

phenylethanolam ine-N -m ethyltransferase and 2.5 pi H2O. The PNMT 
reaction was run for 30 m inutes a t 37°C and stopped by the
addition of 0.4 ml of 0.5 M borate buffer, pH 10.

The N-[*4C]-m ethyl octopam ine formed was ex tracted  into 
6 ml of isoamyl alcohohtoluene (2:3, v/v) by vortexing for 10 sec.

One ml of the organic phase was removed and 10 ml Aquassure added for 

liquid scintillation counting. In some cases 1 ml of organic phase 

was dried by evaporation of solvent under air stream  in warm oven 

overnight. The residue was redissolved in absolute alcohol and 
Aquassure added for scintillation counting. The counts from either 
procedure were not significantly d ifferen t.

Blanks consisting of homogenizing buffer were used in all assays
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as well as internal standards in which 40 ng of octopamine was added 

to the reaction m ixture.

The activity  of DBH was determ ined from the conversion of 

octopam ine to m ethyloctopam ine per hour per mg of to tal cell protein.

TYROSINE HYDROXYLASE
v

Tyrosine hydroxylase activity  was assayed by a m odification of 
method of Coyle, 1972 (Joh e t al., 1973).

The homogenization procedure was the same as described for DBH.

To 50 pi of homogenate supernatant 25 pi of cocktail was added 

which contained 7.5 pi sodium a c e ta te  1 M pH 5.8, 5 pi tyrosine a t  1 x 
10 "5 M (for SY5Y) or 2 x 10”4 M tyroeine, 1.5 pi 
H20, 5.0 pi *4C-tyroeine (New England Nuclear), 5 p i 

D L-6-m ethyl-5,6,7,8-tetrahydropteridine (6-MPH4) diluted in 3% 
m ercaptoethanol to final concentration  in reaction  mixture of 
10~^M, and 1 p i ca ta lase . Tubes w ere incubated a t 30°C 
for 20 m inutes. The reaction  was stopped by addition of 1 ml 0.4 N 
perchloric acid containing 10 ug of L-DOPA. A fter centrifugation a t 
3500-4000 rpm for 15 m inutes supernatants were removed and 6.5 ml of 2 
% EDTA/0.35 M potassium phosphate monobasic (5:1.5, v/v) was added. 
Samples were stirred  and rapidly brought to pH 8.7 by addition of 

sodium hydroxide. Samples were then poured over alumina oxide 
columns, washed with 20 ml of w ater. The ^4C-DOPA was eluted 

from  the column with 0.5 M ace tic  acid. Aquassure, 15 ml, was added 
and radioactive product determ ined by liquid scin tillattion  counting. 

Conversion of *4C -tyrosine to *4C-DOPA was determ ined by 
comparison of radioactivity  to th a t of cocktail.

Activity was expressed as nmoles *4C-DOPA formed per hour
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per mg to ta l cell protein.

PROTEIN DETERMINATION Total cell protein of homogenate before 
centrifugation was determ ined by the Lowry Method (1951).

IMMUNOC YT OCHEMIST RY

SY5Y and M17 cells were immunocytochemically stained by the 

unlabelled antibody peroxidase-antiperoxidase method as described by 
S tem berger (1979).

Cells were fixed on culture cover slips by the addition of 
buffered formalin for 1/2 hour followed by several rinses and 
overnight incubation in phosphate buffered saline. Dehydration 

through a graded ethanol series, 50%, 70%, 95%, 100% was followed by 

rehydration 100%, 95%, 70%, 50% and Tris-ealine (0.2M pH 7.6,
0.9 % NaCl). Coverslips were then transferred  into 0.25 % triton  

X-100 in Tris-saline for 30 m inutes. This was followed by two rinses 
in Tris-ealine.

C ultures were then incubated in normal goat serum 1/30 dilution 
in Tris-saline for 30 m inutes.

Incubation with primary antiserum  was done overnight, usually for 
24 hours, in cold. The dilutions of antisera used w ere: anti-OBH,
1:1000; anti-TH, 1:500, 1:1000, 1:2000; preimmune serum, 1:1000.

M17 cells exhibited specific staining with TH antisera a t all dilution 
while SY5Y failed to stain  a t any dilution.

A fter warming to room tem perature, primary antiserum  was removed 
and cultures rinsed in 1 % normal goat serum in Tris-saline.
Incubation with the linking antiserum , goat anti-rabbit 

immumnogammaglobulin a t 1:100 dilution was followed by four 5 minute
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rinses in 0.2 M Tris-saline with 1 % normal goat serum ..

Cultures were incubated in presence of rabbit 

antiperoxidase complex (PAP) diluted 1:100 in Tris-saline 

buffer with 1 % goat serum for 30 m inutes a t room tem peratu re. This 

was followed by four 5 minute rinses in Tris-saline and two rinses in 

0.2 M Tris-HCl pH 7.6.

Cover slips were immersed in a freshly prepared solution of 
diaminobenzidine hydrochloride 0.03% with 0.01% hydrogen peroxide in 

Tris-HCl buffer 0.2M pH 7.6 for 13 to 30 m inutes. This was followed 
by several rinses of the cover slips in w ater. The cells were 
dehydrated through 50%, 70%, 93%, 100% ethanol. Coverslips were 

mounted in aqueous mounting medium (Aquamount).

For cultures sectioned a f te r  staining, cover slips were 
dehydrated, cu t into small pieces and embedded in Epon.
A lternatively, cover slips were floated cell side down on top of Epon 
and polymerized a t 60°C for 24 hours. Cover slip plastic could 
usually be removed leaving cells embedded In Epon. This facilita ted  
sectioning.

Thick sections, 3 f4m, were cut to dem onstrate in tracellu lar 
localization of antibody reac tiv ity . Some sections were 

counterstained with toluidlne blue, 1% in 1% borax solution, to 
dem onstrate nuclei.

ELECTRON MICROSCOPY

Cultures were fixed by addition of 2.3% glutaraldehyde in 0.1 M 

phosphate buffer pH 7.2 with C aC ^  directly  to the culture 

p la te . Fixation in glutaraldehyde for one hour was followed by 

several rinses in 0.1M phosphate buffer pH 7.2 and postfixation with



osmium tetroxide 1% in phosphate buffer o.lM  pH 7.2 for 1/2 hour.

Cell cultures were rinsed several tim es in phosphate buffer and then 

dehydrated by passage through a graded series of ethanol, 50%, 70%, 
95%, 100%. An Epon/ethanol mixture (1:1, v/v) was added for one hour 
and then drained com pletely from the p la te . Fresh Epon was added and 

allowed to in filtra te  overnight and polymerized a t 60°C for 24 
hours (Luft, 1961).

For sectioning parallel to  the substra te , BEEM capsules were 
inverted and placed onto Epon-coated surface and filled with Epon.
A fter polym erization, capsules could be snapped off removing the layer 

of cells and leaving plastic behind. For sectioning perpendicular to 
surface epon embedded monolayers were cut snd re-em beded in fla t 

embedding molds. Removal of the culture plastic fac ilita ted  
sectioning.

Silver and gold sections were cu t using a glass or diamond knife 
on a Porte r-Blum MT2 U ltram icrtom e and picked up on 200-300 mesh 
copper grids.

Staining with uranyl a c e ta te  was done during the dehydration. 

Uranyl a ce ta te , 1%, was added to the 70 % ethanol and cultures 

stained for 1/2 hour. Counterstaining of sections was done with lead 
c itra te  (Reynolds, 1963).

Sections were studied with an RCA EMU-3H electron microscope 
routinely operated a t an accelerating voltage of 100 kv using a 50 Jim 
objective aperture.

LIGHT MICROSCOPY

Living cultures were viewed by phase con trast microscopy using a 
Nikon inverted phase scope.
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Fixed cultures were studied on Leitz Ortholux microscope.

Sections of immunocytochemically stained cultures were 
photographed with the aid of an Omnicon image analyzer programmed for 
contrast enhancem ent.



-4 9 -

RESULTS

GROWTH AND APPEARANCE OF SY5Y IN N2 MEDIUM

SY5Y cells survived and continued cycling in N2 medium. The 

growth ra te  of the population was slower than with serum 

supplem entation. When plated a t an initial cell density of 2-3 x 

10* cells/cm 2, the cells continued exponential growth for 

up to six days in e ither N2 or PCS medium (Fig.l). The mean population 
doubling tim es determ ined from several such growth curve studies for 
cells in FCS and N2 medium were 43 and 74 hours respectively (Table 1). 
With no serum or hormone supplem entation the  population declines over 
the six day period (Fig. 1).

In N2 medium the saturation  densities of the cu ltures a t 
confluence were lower than those reached in cultures m aintained with 
serum . The maximal density observed in FCS cultures was 1.7 x 
105 ce lls /cm 2 as com pared to m axim al density of 1.0 xlO^ 
ce lls /cm 2 for N2 cultures. An accurate  determ ination of the 
saturation  density is difficult due to  the fragile a ttachm en t of the 
cells to the substrate  in N2 medium. Cells were easily dislodged from 
the  substrate during any manipulations of the  cultures, e.g. during 

medium changes, and many cells did not subsequently rea ttach . Cell 
counts in N2 medium were consistently lower than parallel FCS cultures. 
Stationary phase growth could not be m aintained under N2 culture 

conditions. Scanning electron  microscope observations suggested tha t 
the cell body had few er sites of a ttachm en t to the substrate  in N2 as 
compared to FCS medium. Stable attachm en t sites become localized 
mainly a t the tips of processes in N2 medium (Burm eister e t al., 1981).

Phase con trast microscopy of the cultures revealed changes in the 
morphology in N2. The cell bodies appeared to be of lesser diam eter
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and more rounded, perhaps due to the altered  attachm en t to  the 

substra te . Short and long processes extended from cells in FCS and N2 
medium (Fig. 6), however, no significant difference in the number or 
length of processes was found (Burm eister, 1982). Cultures carried in 
N2 medium for ip  to 60 days, formed com pact and dense clusters ra ther 

than forming a monolayer covering the en tire  available surface (Fig.

4). Cells appear to p refer a ttachm ent to o ther cells ra th e r than to 

the serum -coated culture dish. The cells maintained in N2 medium 

becam e very "sticky" as indicated by difficulty in dissociation with 
mild procedures, i.e. EDTA and tritu ra tion , which allows for adequate 
dispersion of cells in FCS.

A lternatively, the  cell clustering over the long te rm  may indicate 
th a t nutritional factors elaborated by the cells provide for selective 

survival of the cells in close proximity to the cluster foci. Serum 

could supply similar factors which, when equilibrated throughout the 
medium, support growth over the en tire  area ra th e r than in clusters.

W hether any u ltrastructu ra l a lterations were induced by growth in 
N2 medium was studied by electron microscopy of the cell cultures.
Cells grown in FCS or N2 conditions were qualitatively sim ilar (Figs.
9, 10 & 11). These sim ilarities do not preclude there being some 

quantita tive changes, e.g. in the number of dense core vesicles or 
profiles of microtubule containing processes. Such quantita tive 
comparisons have not been done on the  u ltrastructura l level.

In SY5Y cells condensed chrom atin was found in the  nucleus 
underlying the nuclear envelope. Nucleoli were also prom inent. The 

cytoplasm of SY5Y cells typically contained abundant free ribosomes and 
a few cistem ae of granular endoplasmic reticulum . Rough endoplasmic 
reticulum , however, was not abundant in these cells under any medium 

condition. Mitochondria were numerous and Golgi apparati prom inent in 
the cell body. Dense core vesicles were occasionally found in the  cell
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body most often singly or in pairs (Figs. 9, 10 & 11).

Of particu lar in terest with respect to neuronal characteristics  is 
the morphology of the processes observed by phase contrast microscopy.

The cells elaborated processes in both N2 and FCS medium. The 

appearance of the processes of cells grown in FCS and N2 was sim ilar as 
seen in longitudinal sections (Fig. 17 & 18) or in cross section 
(Fig. 20-25). The processes contained parrallel arrays of 

microtubules as a basic fram ework. Interm ediate filam ents, 10 nm, were 
found in a few processes but the arrangem ent of the elem ents in the 
processes was not represen tative of m ature axons. The processes 

generally contained ribosomes, though the number varied. Mitochondria, 

endoplasmic reticulum  and dense core vesicles were also found along the 
length of the processes. Growth cones, the presum ptive area of neurite 
elongation and membrane addition, could be found in favorable sections 
a t the ends of the processes (Fig. 17 & 18). The growth cone areas 
contained many cytoplasm ic organelles including ribosomes, rough 
endoplasmic reticulum , m itochondria, dense core vesicles and 
m icrotubules. The most distal portion of the growth cone consisted 
mainly of membranous elem ents.

Dense core vesicles, the  putative storage granules for 

catecholam ines in sym pathetic neurons, were also observed in the cell 

bodies and processes of the SY5Y cells in N2 and FCS medium (Figs. 32 & 
35). In processes the dense core vesicles were found in small clusters 
though no localization into varicosities or arrangem ent suggestive 
synaptic organization was observed. Though not present in abundant 

numbers, dense core vesicles were frequently seen in routine scanning 

of sections and they were easily found in all samples studied. The 
mean size of the vesicles was 100 nm, with a size range of 70-150 nm.
The presence of dense core vesicles in SY5Y is surprising since few 

were observed in the parental SH line (Barnes e t al., 1981). Dividing 
cells contained dense core vesicles also (Fig. 16).
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W hether these dense core vesicles actually contain catecholam ine 
could not be determ ined by standard electron microscopic 

observations. Prelim inary a ttem p ts a t histochem ical staining using a 

chrom ate-dichrom ate technique, specific for catecholam ine, indicate 
th a t there may be catecholam ine present. Fluoresent techniques, i.e. 

formaldehyde induced floruescence of cultures, gave ambiguous results, 
so the question of catecholam ine conten t remains open. The chrom ate 
dichrom ate technique has shown the dense core vesicles observed in 
cultured human feta l sym pathetic ganglia to  contain catecholam ine. 

Chrom ate positive vesicles were observed in sym pathetic ganglion 

cultures maintained in FCS or N2 medium with NGF for up to forty days 
(Zeevalk e t al., 1982, subm itted for publication).

LEVELS OF NEUROTRANSMITTER SYNTHESIZING ENZYMES

SY5Y cells were assayed for levels of the neuro transm itter 

synthesizing enzymes tyrosine hydroxylase (TH) and dopamine-^- 
hydroxylase (DBH) by m easurem ent of activ ity  in cell homogenates. Log 
phase cells maintained in N2 medium for four days had two-fold higher 
DBH specific activity  than ceils in FCS medium (Table 2).

Cells maintained in FCS medium exhibited a  decrease in DBH 
specific activ ity  as the cells approached confluency. The difference 
was statisically  significant (Table 2). In FCS stationary  phase growth 
was observed a t a cell density of 2 X 10* cells/cm 2. Cells 
m aintained for comparable periods or longer in N2 medium failed to 

exhibit a significant decrease in DBH activ ity .

These findings indicated th a t a d ifferen tiated  function, i.e. 
expression of neurotransm itter synthesizing enzym e, can be maintained 
in serum -free supplemented medium. However, the growth and behavior of 
the cells under these conditions may not be identical to th a t observed
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in FCS. With respect to DBH specific activity  a small but 
s ta tis tica lly  significant elevation over levels m easured in FCS was 

stim ulated a t 4 days a f te r  cells were switched to  growth in N2 medium. 
Moreover, the increase was m aintained when cultures were passaged in 
the defined medium (Table 2). The tim e course of the  increase cannot 

be determ ined as m easurm ents earlier than 4 days have not been done.

In contrast to the results obtained for DBH activ ity , the level of 
TH specific activ ity  measured in cell homogenates was lower for 
cultures grown in N2 than those in 10% FCS medium (Table 3). The 
detectab le  activ ity  in both cases, however, was extrem ely low and at 
the lim its of sensitivity for the assay. D etection of activ ity  
required the  most sensitive assay conditions, i.e. 10"* M 
tyrosine and 10" 6-m ethyl-tetrahydropterid ine, the  cofactor 

required for enzyme activ ity . No activity  was de tec ted  under assay 
conditions where the substrate  concentration was 2 X 10"^M or 
co fac to r a t 10"*M.

Many of the cultures assayed from e ither medium failed to exhibit 
detectab le in vitro activ ity  of TH despite the presence of 
cellular protein as determ ined by Lowry assay of the hom ogenate. The 
low and variable levels of enzyme activity  may in part be due to  the 
k inetics of the enzym e. As the Vmax for TH is very low, substantial 

amounts of protein are required for in vitro activ ity  to be 

m easured. DBH, in con trast, exhibits a high Vmax, and therefore 
activ ity  is more easily detected  by in vitro activ ity  assay. The 
resu lts presented suggest th a t the SV5V cells contain very low levels 
of TH under FCS and N2 culture conditions. Tests for s ta tis tica l 
significance were not perform ed due to the highly variable data 
obtained from the assays.



IMMUNOCYTOCHEMICAL STAINING WITH ANTIBODIES TO TH AND DBH

SY5Y cells displayed very fain t reactiv ity  with antibody raised 
against partially purified bovine adrenal TH (Figs. 68b & d). Pale 
cytoplasm ic staining barely b e tte r  than with preimmune serum was 
observed throughout the cell. These results were consistent with the 
low activ ity  measured by In vitro assay of cell hom ogenates and 
indicate th a t the amounts of TH present in the SY5Y were a t the lim its 
o f detection by both assays.

DBH-like im m unoreactlvlty was localized in the nucleus as well as 

in the cytoplasm (Figs. 60 e & h; 70 c). The dark peroxidase reaction 
product could be seen throughout the nucleoplasm in 3 um sections of 
the  stained cells (Fig. 70 d). W hether the staining represented 

reaction  specific to DBH was unclear. Preimmune serum from the same 
rabbit failed to produce such staining (Fig. 68a). The DBH antiserum  

preparation may have reac ted  with some non-specific antigen in addition 
to  DBH.

EFFECTS OF CYCLIC AMP IN N2 AND FCS MEDIA

The addition of cyclic AMP to either N2 or 10 % FCS medium 
lengthed the population doubling tim e for SY5Y. The doubling tim e in 
N2-cyclic AMP medium was 189 hours as com pared to 74 in N2. The 

population doubling tim e in 10% FCS was increased to  65 hours as 
compared to 43 hour doubling tim e in 10 % FCS. These are both 

significantly d ifferent from the controls (Table 1).

The morphology of the cells in the presence of cyclic AMP was 

a ltered  dram atically in N2 but remained virturally unchanged in FCS 
medium. Extensive neurite outgrowth developed within 2-3 days of 
trea tm en t with either dibutyryl-cyclic AMP or 8-brom o-cyclic AMP in N2 
medium (Figs 6b & 8e). The neurites elaborated with cyclic AMP
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trea tm en t were long and slender. The number of cells exhibiting 
processes longer than 100 p n  increased from  8.4 to 23 % in N2-cyclic 

AMP medium. The number of cells with 100 um processes was 8.0 and

7.2 % for FCS and FCS-cyclic AMP, respectively (Burmeister, 1982).

The extensive outgrowth of neurites in response to  cyclic AMP 
suggested the  possibility of novel expression of more neuronal 
processes in the presence of this agent. However, the  neuritic 
u ltrastruc tu re  of cells grown in N2-cycllc AMP for five days was 
sim ilar to tha t observed under control conditions. Despite the 

increased numbers of long processes, more m ature neuronal profiles 

were not found. Cells in N2-cyclic AMP and FCS-cyclic AMP exhibited 
typical con ten t of cytoplasm ic organelles, sim ilar to th a t found in 

controls (Figs 10 & 14; 11 & 15). A typical process from a cell grown 
in presence of cyclic AMP contained m icrotubules and ribosomes (Fig.
19).

CYCLIC AMP AND ENZYME EXPRESSION

DBH specific activ ity  was stim ulated by cyclic AMP in both FCS and 

N2 medium. The increase rela tive to the  appropriate control was two- 
to  three-fold  in each case (Table 4). The increase was observed 

w hether cyclic AMP levels were elevated by addition of the dibutyryl 
cyclic AMP or with isobutylm ethylxanthine (IBMX), a phosphodiesterase 
inhibitor. The maximal increase was observed when IBMX (0.25 mM) was 

included along with cyclic AMP (1 mM), e ither the 8 bromo or dibutyryl 
analogue.

Sodium bu tyrate , te sted  as a control for th e  dibutyryl analogue, 
produced an elevation of DBH activ ity  in N2 but not FCS medium (Table 
4). The to ta l cell protein, however, was significantly lowered 
indicating toxic or growth inhibiting e ffec ts  of bu tyrate  at 1 mM 
concentration. 2 mM butyrate  was lethal to the cells. Total cell
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protein in paired cultures was reduced from 1.0 m g/culture to 0.15 

m g/culture in N2 vs N 2-butyrate (ImM). The to ta l cell protein in FCS 

vs. FCS-butyrate (ImM) was reduced from 1.6 m g/culture to 0.45 

m g/culture. The action of sodium butyrate  on DBH activ ity  may be due 
to  its known effec t on intracellular cyclic AMP or to its e ffec t on 
cell division. Butyrate had a more severe e ffec t on level of cell 
protein than dibutyryl cyclic AMP while its e ffec t on DBM specific 
activ ity  was less than tha t of dibutyryl cyclic AMP. Since the e ffec ts  
found with dibutyryl cyclic AMP can be mimicked by the 8-bromo analogue 

the role for bu tyrate  in m ediating the  e ffec ts  on morphology and enzyme 
levels seems unlikely. The influence of the 8 brom o-cyclic AMP 
analogue or its breakdown products on cell division in SY5Y has not 

been determ ined, therefore, a prim ary e ffec t on growth which 

secondarily causes changes in morphology and enzyme levels cannot be 
conclusively elim inated as the basis for the observed e ffec ts .

The addition of cyclic AMP and IBMX to  SY5Y cells in N2 medium 

enhanced TH specific activ ity  measured in homogenates of the ceil 
cu ltures. The level of TH specific activ ity  approached th a t measured 

in FCS cultures (Table 3). As cells in N2 medium have barely 

detectab le  levels of TH, stim ulation of the activ ity  to tha t found in 
FCS could indicate a deficiency of the N2 medium with respect to 
maintaining the expression of the enzym e. The difficulty in detecting 

TH activ ity  in N2 medium seemed to be altered  by the addition of cyclic 

AMP. Though the absolute values for TH specific activ ity  for ceils 
m aintained in N2-cyclic AMP rem ained variable, dem onstration of 
activ ity  was more consistent than in N2 alone. In o ther words, few 

cyclic AMP cultures assayed failed to  exhibit some detectab le TH 
activ ity . However, the addition of cyclic AMP to  N2 medium allows for 
a level of enzyme activ ity , albiet very low, com parable to th a t found 
in FCS. The TH activ ity  of cultures m aintained in FCS is not further 
elevated by the addition of cyclic AMP to the medium (Table 3).



The e ffec ts  of cyclic AMP on growth, morphology and expression of 

neuro transm itter synthsizing enzymes were not necessarily correlated . 

Inhibition of growth per se was not sufficient to account for all 
e ffec ts  of cyclic AMP. The slowing of the  growth ra te  by growth in N2 
medium or by inclusion of butyrate  did not lead to responses of the 
sam e magnitude as with cyclic AMP. Inhibition of growth by serum 

rem oval with no hormonal supplem entation did not lead to  increased 
numbers of neurites (Burm eister, 1982). In FCS medium, cyclic AMP 
caused a slowing of the doubling tim e, an elevation of DBH specific 

activ ity  but no increase in numbers of long neurites. In N2 
medium, cyclic AMP caused a  slower growth ra te  as well as enhancing the 

numbers of long neurites and increasing the specific activ ity  of DBH.
The slowing of growth ra te  may contribute in part to morphological and 
enzym atic e ffec ts  of cyclic AMP in N2 medium, but did not appear to be 
sufficient to account for all the e ffec ts  observed.

EFFECTS OF NERVE GROWTH FACTOR

As nerve growth facto r exerts im portant influence on the 

developm ent of sym pathetic neurons and some work indicates tha t cyclic 
AMP may be involved In mediating some of the in tracellu lar actions of 
the facto r, the e ffec ts  of exogenous NGF on SY5V cells were assayed and 
com pared to those of cyclic AMP.

The population doubling tim e for SY5Y cells grown in the presence 

of nerve growth facto r (NGF) a t a concentration of lOOng/ml remained 
the same in 10% FCS medium but was significantly longer in N2 medium 

(Figure 3). The response of cells to NGF in N2 medium with respect to 
growth ra te  was highly variable. In all cases, however, the population 
doubling tim e was much longer being virtually stopped in the extrem e 
case. The mean population doubling tim e was calculated using those 
values in the range of 100-200 hours (Table 1). The source of the 
variability has not been determ ined but the inhibitory trend, while
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varying in magnitude, was consistent. NGF did not exert an inhibitory 
action on SY5Y growth ra te  when FCS was included in the medium. The 

mean population doubling tim es for FCS and FCS-NGF were not 
significantly d ifferen t (Figure 3b; Table 1).

The morphology of the cells, however, was influenced by NGF only 
in the presence of serum and not in N2 medium (Figure 5). The percent 
of cells exhibiting long processes g rea te r than 100 um increased from
7.2 to  15% when NGF was added to FCS medium while in N2 and N2-NGF

medium the percent of cells with 100 um processes was the sam e, 8.4% as
compared to 9.1% (Burm eister, 1982). The morphological e ffec ts  of NGF 
did not correlate  with the e ffec ts  on population growth.

On the u ltrastructu ra l level, no significant alterations in cell
structu res were found (Figs. 12-13). The processes elaborated in the 
presence of NGF resem bled those found in N2 or FCS (Figs. 27 & 31). 

Dense core vesicles were also observed in cells trea ted  with NGF 
(Figs. 34 & 36). As with the cyclic AMP effec t on neurite outgrowth, 
no novel structu res were found despite a quantiative increase in 
neurite outgrowth.

Cultures were prepared by several d ifferen t protocols to assay the 
possible short and long term  e ffec ts  of NGF on neurotransm itter 

synthesizing enzymes and these are described in legends of the tables.
Cells passaged and maintained in the presence of 50 ng/ml NGF for up to 
th ree  weeks exhibit no change in DBH levels over tim e (Table 5-6). A 
pair of cultures m aintained in presence of 100 ng/ ml NGF for five 

days, a tim e a t which morphological e ffec ts  are maximal, failed to 

exhibit increases in DBH activ ity  (Table 6). N either increasing the 
duration of NGF exposure nor increasing the concentration to 100 ng/ml 
was sufficient to elicit changes in DBH.

No detectable levels of TH activ ity  were found in homogenates from
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cultures grown in presence of NGF. Cultures m aintained for 5 days in 
the  presence of 50 ng/ml NGF had no detectab le  TH activ ity  despite 

to ta l protein levels com parable to control cultures in N2 or FCS.

Whether this represents a significant decline in enzyme activity  

cannot be determ ined due to the low and highly variable response of the 
control cultures (Table 3).

NGF elic its  maximal morphological changes in SY5Y cells a t 

concentrations from 100 ng/ml to 1 /Jg/ml (Burm eister, 1982; Sonnefeld 
& Ishii, 1982; Perez Polo a t al., 1979). Significant morphological 

responses are observed a t 50 ng/ml (Sonnefeld, personal 

com munication). Since enzyme induction in o ther system s requires 

levels of NGF higher than necessary to e lic it morphological responses, 
the posibility of NGF e ffec ts  on TH and DBH in SY5Y a t higher 
concentrations of the facto r remains a possibility.

The e ffec ts  of NGF w ere not correlated  with altered  growth ra te .
Also the NGF e ffe c ts  on morphology and growth ra te  were d ifferen t from 
those observed with cyclic AMP. NGF enhances the quantitative 
expression of neurites only in presence of serum and this Is not 
associated with slowing of the growth ra te . R ather, when the growth 

ra te  is slowed as in N2-NGF medium, no increase in the percent of 
process bearing cells is observed. Cyclic AMP in contrast influences 
neurite outgrowth only in N2 medium. The actions of cyclic AMP and NGF 

differed with respect to requirem ents for additional facto rs.

GROWTH AND APPEARANCE OF M17 IN DEFINED MEDIUM N2

The mean population doubling tim e for SK-N-BE(2)-M17 (M17) was 

significantly lower for cultures grown in N2 as com pared to 10% serum 
supplem entation (Table 7). Cells exhibited logarithm ic increases in 
cell number for six days when initial plating densities were
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approxim ately 1-3 x 10* cells/cm ^. The maximal cell
C 2

density reached in N2 medium was 2.8 x 10 cells/cm  as 

com pared to 3.5 x 10* cells/cm ^ in 10 % FCS medium 

(Fig.38). The cells in FCS appeared to be past confluence and were 
probably entering stationary  phase growth a t the la t te r  density.

The ra te  of increase in cell number was declining. As with SY5Y,
M17 cells in N2 medium were more easily dislodged from the substrate  
than FCS cultures. Loss of cells during medium addition and removal 
under these conditions prevented an accurate  determ ination of 
saturation  density. Some cells in F12/DME with no supplem entation 

rem ained viable over the 6 day period but do not grow at a ra te  
com parable to N2 or FCS (Figure 38). The persistence of viable cells 
under this condition may be due to residual serum facto rs.

The M17 cells exhibited a large fla t morphology in FCS medium.
The nucleus and nucleoli were clearly visible (Figs. 42c, 43c, 44b).
A fter five days in N2 medium the cells appeared to be of lesser 

d iam eter and more rounded but remained fla ttened  and spread over the 

surface. While some outgrowth of processes occurred in both media, 
long neurites were rare . No quantitative assays have been perform ed 

with the M17 cells to evaluate changes in cell size, shape or neurite 
outgrow th. No obvious qualitative changes followed tran fe r of the 
cells into the N2 defined medium (Figs. 42a, 43a, 44a). Addition of 
the  N2 ingredients to 10% FCS medium did not significantly a lte r  the 
cellu lar morphology (Figs. 42e & 43e).

The M17 u ltrastruc tu re  resembled th a t of early neuroblasts and no 
evidence for expression of more m ature phenotype was obtained for cells 
grown in e ither N2 or FCS medium. The neurite profiles resemble early 

neuronal processes and no synaptic junctions were observed. The 
u ltrastruc tu re  under the two conditions appeared qualitatively sim ilar.
The nuclei were im m ature in appearance, containing patches of condensed 
chrom atin in nucleoplasm as well as underlying the  inner surface of the
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nuclear envelope. Nucleoli were present in the  nucleus. Cytoplasmic 

protrusions observed in cross sections of the nucleus were probably due 

to irregular highly indented shape of the nucleus (Figs. 45 & 49).

The cytoplasm of the M17 cells was rich in free ribosomes and 
m oderate amounts of rough endoplasmic reticulum  were sca tte red  in the 
cell body. M itochondria were abundant (Figs. 45 & 46). Golgi 

apparati were extensive in the cell body especially in the perinuclear 
region (Figs. 46, 49, 50). Numerous vesicles were observed in the 

region of the Golgi including clear, coated (Fig. 46) and dense core 

varieties (Fig. 49). Golgi were also prominent in the proximity to 

centrio les. M icrotubules were abundant in the area surrounding the 
centrioles and appeared to be radiating from  the centrio lar area (Figs. 
46, 47, 48).

Dense core vesicles were numerous in the M17 cells in both N2 
(Figs. 65-67) and FCS medium ( Figure 45 and 62-64). These vesicles 

w ere found both sca tte red  and in clusters in the cell body, along 

cytoplasm ic extensions of the cells and a t the tips of such processes. 
Dividing cells also contained dense core vesicles (Fig.51). The size 
of the majority of dense core vesicles was 70 to  150 nm, but a few 
vesicles in 200 nm range were found. The mean size of dense core 
vesicle population as determ ined from m easurem ent of 100 vesicles was 
found to be 130 nm. The core typically occupied about 70% of the 
vesicle d iam eter. The proportional area of the vesicle filled by dense 
m aterial was calculated to be 0.68 + 0.11. A few vesicles had very 
sm all cores and larger clear area surrounding core, but the m ajority 

had the appearance described above. Some irregularly shaped vesicles, 
ovals or crescents, containing dense m aterial were found. Such 
structu res may be profiles of endoplasmic reticulum  which were cut in 
cross or tangential section and contained some dense osmophilic 
m aterial in the c istem ae.
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The processes observed in electron micrographs of the M17 had 

m icrotubules as the main s tructu ra l featu re . In FCS (Figs. 52-54) and 

N2 (Figs. 56-58) the processes contained numerous microtubules and 

occasional 10 nm filam ents. Some cross sections revealed processes or 

regions of processes of small d iam eter and containing mainly filam ents. 
These filam ents were difficult to measure accurately but appear to be 
in the size range of actin  filam ents (Figs. 53 & 58). Some neuritic 

profiles had a reduced ribosomal conten t as com pared to the cytoplasm 
(Figs. 55-58) while others contained some endoplasmic reticulum , 
ribosomes, mitochondria and dense core vesicles( Figs.52-54 ; Figs.
55-61).

This survey of M17 u ltrastruc tu re  indicated th a t some structu res 
found in d ifferen tiated  neuronal cells were also expressed in the M17. 
While the content of the dense core vesicle could not be determ ined 
with standard giutaraldehyde-osm ium fixation of cells, the ir presence 

suggested th a t the  cells may synthesize and store catecholam ines. 
Biochemical data supported this hypothesis (see below). Dense core 
vesicles were rarely found in analysis of the parental BE(2) line 
during log or stationary  phase growth (Barnes e t al., 1981) despite 
presence of active enzyme (Ross e t al., 1981) and catecholam ine 

synthetic ability (Beidler e t al., 1978). The M17 clone presents a 
more promising model for further investigation of catecholam ine 
synthesis and storage.

TYROSINE HYDROXYLASE ACTIVITY DM M17

The specific activ ity  of TH in M17 cells cultured in N2 medium was 

slightly lower than FCS controls (Table 8). Total cell protein was 
reduced, probably due to slower growth ra te  of the cu lture . Analysis 
of cultures over a 9-12 day growth period dem onstrated an increase 
over tim e in TH specific activ ity  for cells grown in FCS but not N2 
(Table 9). Even when cell protein levels were com parable, TH
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activ ity  in the N2 medium was significantly lower. The increase with 

cell density observed in FCS cultures was small but statistically  

significant. Cells in N2 exhibited a small bu t s ta tistically  
significant decline in TH specific activ ity  in older cultures of higher 
density.

The specific activ ity  of TH in M17 was consistently higher in FCS 
cultures than in N2. TH activ ity  is increased during stationary  phase 

growth (Ross, personal com munication). The trend toward higher TH 
levels with increased cell protein was noted (Table 9). This increase 
was not found in N2 cultures exhibiting protein levels of up to 2.2 
m g/culture (Table 9).

Cultures grown in FCS medium to which the N2 ingredients were 

added exhibited levels of to ta l cell protein and TH specific activ ity  
com parable to FCS cultures (Table 8). This suggested th a t factor(s) in 

the  N2 form ulation did not specifically inhibit growth or TH activ ity  
bu t ra th e r th a t the  N2 medium lacked serum facto rs  which allow for 

fuller expression of active enzyme and more rapid cell growth.

IMMU NOCYTOC HEMIC AL STAINING OF M17

M17 cells exhibit very intense cytoplasm ic staining with antibody 
prepared against highly purified, trypsin -treated  bovine adrenal 
tyrosine hydroxylase (Figs. 69 e-h; 70 b-c). Section (3 um) through 
stained cultures revealed absence of peroxidase reaction  product in the 

nuclear region (Figs. 71e-f). The intense staining correlated  with the 

levels of TH detected  by in vitro activ ity  assay.

Immunocytochemical staining with antibodies against bovine adrenal 
dopam ine^-hydroxylase resulted in both nuclear and cytoplasmic 
reaction. The nucleus appeared more darkly stained than the cytoplasm 
(Figs 69 b-d;). The antibody penetrated  and in teracted  with
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nuclear antigen as seen in 3 Jim sections of the  stained cells (Fig. 70 

a-b). T reatm ent with preimmune sera did not result in cell staining 

(Fig. 69a). The basis for the nuclear staining has not been 
determ ined.

EFFECTS OF CYCLIC AMP ON M17

The growth of M17 cells in presence of cyclic AMP was slightly 
accelera ted  in FCS medium but remained unchanged in N2 medium (Table 
7). As the cells approached confluence the  cyclic AMP cultures 

exhibited a sharp decline in cell numbers as compared to the controls 
which entered stationary  growth where a steady cell number was 

maintained for a tim e (Figure 39). The decline in cell numbers may be 
rela ted  to generation of toxic products resulting from  the metabolism 

of the dibutyryl analogue. For example, the accum ulation of bu tyrate  
In the medium could cause such a decline. All determ inations for 
levels of enzyme were carried out on log phase cells.

The morphology of the cells in medium containing cyclic AMP was 
sim ilar to controls. Short irregular processes are numerous under all 
conditions. The cell d iam eter appeared to  be decreased slightly as 
com pared to control cultures (Figs. 43-44 ).

The elevation of intracellular cyclic AMP by addition of the 
dibutyryl analogue, the phophodieaterase inhibitor IBMX, or a 
combination of the two agents caused a significant increase in specific 
activ ity  measured in N2 cultures (Table 10). TH specific activ ity  

approached or exceeded that measured in FCS cultures. The to ta l cell 
protein in the N2-cyclic AMP cultures did not vary significantly from 
the N2 controls. The addition of sodium butyrate (ImM) to  N2 medium 
elevated TH activ ity , but also significantly lowered to ta l cell protein 

in the N2 medium. The elevation of TH activity  with cyclic AMP and 
IBMX were not accompanied by a reduction in population growth ra te  (see
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Table 7).

Addition of cyclic AMP and IBMX to FCS medium stim ulated a small 

but not s ta tistically  significant increase in specific activ ity  of TH.
There was also a slight but sta tistica lly  significant increase in to tal 
cell protein. The addition of sodium butyrate  to FCS medium produced a 
consistent decrease in to ta l cell protein accompanied by an increase in 
TH activ ity  (Table 10). A reduction in population growth ra te  was not 

observed when cyclic AMP and IBMX were added to FCS medium (Table 7).

EFFECTS OF NGF ON M17

The population doubling tim es and growth curves for M17 cells
m aintained in the presence of NGF a t a final concentration  of 50 ng/ml

did not vary from  those found in FCS or N2 controls (Table 7; Fig.
40). The morphology of the cells in the presence or absence of NGF in 
FCS or N2 medium was essentially the same as the corresponding control 
(Fig.42). Addition of the N2 factors along with NGF to  FCS medium did 
not a lte r the observed morphology (Fig. 42).

TH specific activ ity  in cell hom ogenates from N2 or FCS cultures 
with NGF did not exhibit significant differences from  the controls.
Total cell protein was not affected  by NGF a t a concentration of 100

ng/ml (Table 11). No synergistic action of the  N2 supplem ents with NGF
and serum factors was found when these were added to FCS medium (Table 
11). NGF a t 100 ng/ml included with N2 medium did not restore TH 
activ ity  to the level observed in FCS medium nor did it stim ulate any 
increased TH activ ity  when adm inistered to cultures in e ith er medium 

over the course of 5 days.
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PLATE I.

Fig. 1. Growth Curve* of SY5Y cells In N2, FCS and F12/DME 
F12/DME medium. Cell counts were done on trip lica te  
cultures for each time point. The numbers represent 
viable cells per 35 mm dish + S.E.M. as determ ined by 
hemocy to m eter counts of trypan blue excluding cells.

Population doubling tim es were determ ined from  the 
linear regression line.

C orrelation coefficien ts (r):

FCS = 0.99

N2 = 0.98

F12/DME = 0.80
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PLATE II.

Fig. 2. Growth Curve of SY5Y cells In N2 vs. N2-cycllc AMP and
FCS vs. FCS cyclic AMP. The cyclic AMP was added to a 
final concentration of 1 mM and IBMX at 0.25 mM was 
added as a phosphodiesterase inhibitor. Cell counts 
and plating via same protocol as described in Fig. 1.

Population doubling tim es were determ ined from the 
linear regression lines.

C orrelation coefficients (r):

FCS = 0.99

FCS-cyclic AMP = 0.97 

N2 = 0.99

N2-cyclic AMP = 0.95
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PLATE in.

Fig. 3. Growth Curve of SY5Y cells in N2, N2-NGF, FCS and
FCS-NGF. NGF, 7S, was used a t a final concentration of 
500ng/ml.

Population doubling tim es were determ ined from the 
linear regression lines.

C orrelation coefficien ts (r):

FCS = 0.99

FCS-NGF = 0.99

N2 = 0.98

N2-NGF = 0.85
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PLATE IV.

Fig. 4. Phase contrast micrographs of SY5Y cells in various 
culture media.
a. C ultures maintained in 10% FCS for one week. Note 
the fla ttened  appearance of the cells and the extension 
of short cytoplasm ic processes.
b. Culture also maintained in 10% FCS for one week 
since previous transfer. Note the presence of some 
cells with a more rounded appearance.
c . Culture maintained N2 medium for four weeks.
Cells were plated at each transfer onto a 
serum -coated substrate in defined medium.
d. Culture m aintained in N2A medium for one month. 
Cells were plated a t each transfer onto serum coated 
substrate in defined medium.

X 300



73



-7 4 -

PLATE V.

Fig. 5. Phase contrast microscopy of SV5Y in FCS and N2 medium 
with and w ithout NGF.
a. Culture m aintained in 10 % FCS medium for one week 
since transfer.
b. Culture maintained in 10 % FCS to which NGF was 
added a t final concentration of SOng/ml. NGF was 
supplied as 2.5S ^-N G F.
c. Culture m aintained for one week in N2 medium. For 
all N2 cultures cells were initially plated out into
10% FCS medium for 24 hours and then switched to defined 
medium by com plete replacem ent of the medium. Cultures 
were fed every 2-3 days for the course of the 
experim ent.
d. Culture m aintained for one week in N2 medium to 
which -NGF was added to a final concentration of 
50ng/ml.
e. Cultures m aintained in 10 % FCS medium to which the 
N2 factors had been added. Cells were initially plated
into 10% FCS medium and fed with experim ental medium at 
24 hours.
f. Culture m aintained in 10 % FCS medium to which N2 
factors and NGF were added. The final concentration of 
2.5S ^-NGF was 50 ng/m l.

X300
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PLATE VI.

Fig. 6. Phase con trast micrographs of SY5Y cells In presence of 
cyclic AMP. All cultures were plated into FCS for 24 
hours and then switched to experim ental condition by 
com plete medium replacem ent. C ultures were 
photographed at one week.
a. Culture in N2 medium. There are numerous small 
processes and a few longer processes evident in this 
p a rt of the culture.
b. Culture in N2 medium to which cyclic AMP and IBMX 
have been added. The number of long proceasea is 
significantly increased over tha t observed under other 
culture conditions.
c. Culture in 10 % FCS to which N2 facto rs were added. 
Cell morphology resembles th a t observed in 10 % FCS.
d. Culture in 10 % FCS to which cyclic AMP and ISMX 
w ere added. Short and long processes are found a t 
about same frequency as in 10% FCS.
e . Culture in 10 % FCS. A few short processes extend 
from  the cells.
f. Culture in 10 % FCS to which cyclic AMP and IBMX 
have been added. A few long processes are observed in 
these cultures a t about the same frequency as in 10 % 
FCS.

X300
IBMX = isobutylmethylxanthine 
cyclic AMP = dibutyryl cyclic AMP
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PLATE VII.

Fig.7. Controls for cyclic AMP e ffec t on morphology as viewed 
by phase contrast microscopy.
a. SY5Y culture in 10 % FCS with cyclic AMP and IBMX.
Cells exhibiting e ith e r a flattened  or rounded 
morphology are present in the culture.
b. SY5Y culture in 10 % FCS with cyclic AMP. Overall 
morphology of cells is not significantly d ifferen t
from 10 % FCS controls.
c. SY5Y culture in 10 % FCS with IBMX. Overall 
morphology is not significantly d ifferen t from 10 % FCS 
controls.
d. SY5Y culture in 10 % FCS with 1 mM bu ty rate . Cell
numbers were reduced. Cultures contain many
fla ttened  cells with granular appearance to the 
cytoplasm which may be rela ted  to toxicity  of bu tyrate .
e . SY5Y culture in N2 with 1 mM cyclic AMP and 0.25 mM 
IBMX. Note presence of long processes on most cells in
this field.
f. SY5Y culture in N2 with 1 mM cyclic AMP. Numerous long
processes are present in cultures.
g. SY5Y culture with IBMX. Some long processes are 
elaborated by the cells but response was less dram atic 
than with cyclic AMP or cyclic AMP plus IBMX.
h. SY5Y culture in N2 medium with 1 mM bu tyrate .
Note the difference in cell shape and the lack of long
slender processes observed with cyclic AMP. Cell 
numbers are severely reduced a t this concentration of 
bu tyrate .

X 300
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PLATE VIII.

Fig. 8. Phase contrast morphology of SY5Y in presence of 
8-bromo cyclic AMP analogue.
The morphological e ffe c ts  of this analogue were 
indistinguisable from those observed with dibutyryl 
cyclic AMP.
a. SY5Y culture in 10 % FCS medium.
b. SY5Y culture in 10 % FCS medium with 8-bromo cyclic
AMP and IBMX.
c . SY5Y culture in 10 % FCS medium with 8-bromo cyclic AMP.
d. SY5Y culture in N2 medium.
e. SY5Y culture in N2 medium with 8-bromo cyclic AMP
and IBMX.
f. SY5Y culture in N2 medium with 8-bromo cyclic AMP.

X 300
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PLATE IX.

Fig. 9. E lectron micrograph of SV5Y culture maintained in N2 
medium for one week. The culture was sectioned 
perpendicular to the culture substrate which is 
indicated by the arrows. The cytoplasm contains free 
ribosomes, sca tte red  rer, prominent golgi, dev, 
mitochondia. Cell processes contain numerous m t, an 
occasional dev, mitochondria and some ser. A GC can 
be seen spread along the substrate .

X 15,000

KEY: dev = dense core vesicle 
g = Golgi apparatus 
GC = growth cone 
m = mitochondria 
m t = microtubule 
n snucleolous 
Nu = nucleu 8
re r  = rough endoplasmic reticulum  
ser = smooth endoplasmic reticulum
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PLATE X.

Fig. 10. SY5Y cell m aintained in N2 medium for one week. The 
cytoplasm typically contains prom inent Golgi 
apparatus, numerous m itochondria, sca tte red  rer, and 
an occasional mt or dev was observed. The nucleus 
contains condensed chrom atin most prom inent as a rim 
underlying the nuclear envelope.

X 18,800

KEY: g = Golgi apparatus 
m t = nicrotubule 
Nu ^nucleus
re r  = rough endoplasmic reticulum
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PLATE XI.

F ig .l l .  SY5Y cell in FCS medium. The culture substrate is 
indicated on the lower le ft. Cytoplasm contains 
numerous mitochondria, prominent Golgi, some rer, 
numerous free ribosomes, dev. The nucleus contains 
patches of condensed chrom atin, as a rim underlying 
the nuclear envelope. A nucleolous is prom inent in 
this section.

X 12,800

KEY: dev = dense core vesicle 
g = Golgi apparatus 
n = nucleolous 
Nu = nucleus



87



- 8 8 -

PLATE XII.

Fig.12. SY5Y cell In N2-NGF medium. The cytoplasm
contains typical organelles including Golgi, rer, dev, 
m itochondria, ribosomes. A cross section through a 
process (p), reveals its  main component to be 
m icrotubules. Numerous dev are apparent in upper 
right indicated by the arrows.

X 10,400

Fig. 13. SY5Y cell in 10 % FCS-NGF medium. The cytoplasmic 
organelles are sim ilar to those discussed for cells in 
10 % FCS medium. (Mote the  dev in region of extensive 
Golgi.

X 16,300

KEY: cv = coated vesicle

dev s dense core vesicle 
g = Golgi apparatus 
Nu = nucleu 8 
p = process
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PLATE X m .

Fig. 14. SY5Y cell from  N2-cyclic AMP culture. The cells 
exhibit organelle content sim ilar to tha t found 
in N2 cultures. The mitochondria are particularly 
numerous in this section and re r  very prom inent in an 
almoet Nisei p a tte rn . A centrio le cut in longitudinal 
section is apparent. The nucleus contains a thin rim 
of condensed chrom atin under the nuclear membrane and 
a nucleolous is present.

X 14,100

Fig. 15. SY5Y cell from  10 % FCS-cyclic AMP culture. The 
u ltraatruc ture observed is essentially the same as in 
10 % FCS. Arrow indicates and area from which 
m icrotubules appeared to be radiating perhaps from 
cen trio la r region not included in the plane of 
section. Mitochondria are numerous.

X 6500

KEY: c = centriole
g = Golgi apparatus 
m = mitochondrion 
Nu = nucleus
re r  = rough endoplasmic reticulum
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PLATE XIV.

Fig. 16. Section through a dividing cell in SY5Y culture
m aintained in N2 medium for one week. Mitochondria, 
er, and dev are seen sca tte red  in the periphery of 
the cell with patches of condensed chrom atin located 
more centrally . The dev indicated by arrows are 
enlarged in upper le ft insert. A cross section of 
a microtubule containing narow process ia seen 
betw een two adjacent cells (p).

X 16,900
X 27,600 (upper insert)

KEY: dev = dense core vesicle 
e r  = endoplasmic reticulum  
p = process
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PLATE XV.

Pig. 17. Longitudinal section through a part of SY5Y cell
process from a culture maintained in N2 medium. Note 
the parallel arrays of m t, and the large expansive 
area at the moat distal p a rt of tth e  process captured 
in this section. This resembles in term ediate area of 
growth cone in th a t it contains ribosomes and a few 
sca tte red  m t. The ribosomal con ten t along the shaft 
of the process appeared to be reduced while the  growth 
cone area was rich in ribosomes. A dev is seen in the 
process, another in growth cone area and two are seen 
in the adjacent cell body.

Fig. 18. Longitudinal section of process of SY5Y cell from a
culture m aintained in 10 % FCS. Note the presence of 
longitudinal microtubules along the short ex ten t of 
the process which is seen as it em erges from  the cell 
body and expands a t the distal end into a growth 
cone. Areas of membrane expansion are seen budding 
from the growth cone area and continuity of the 
membrane is evident in lower such expansion. A 
process cu t in cross section contianing numerous 
m icrotubules are also seen (p).

X I3,800

KEY: dev = dense core vesicle 
GC = growth cone 
m t = microtubule 
m = mitochondrion
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PLATE XVI.

Pig. 19. Longitudinal section of SY5Y process from culture
m aintained in N2-cyclic AMP for one week. Process is 
seen as it em erges from the ceil body and a t its 
distal end expands into growth cone. The most distal 
aspect of the growth cone was not captured in this 
section. The growth cone area depicted is rich in 
organelles including rer, Golgi, sca tte red  m t and 
ribosomes. The shaft of the process contains m t, some 
ribosomes, a few dev, a mitochondrion. Cross sections 
of several processes are also seen in this section, 
two of which are enlarged as indicated with asteriks. 
Note the numerous m icrotubules in parallel array and 
reduced numbers of ribosomes.

X 13,200

X 29,000 (inserts)

KEY: dev = dense core vesicle 
g = Golgi apparatus 
GC = growth cone 
m = mitochondrion 
m t = microtubules
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Cross sections through processes from SY5Y cultures maintained
in N2 medium for one week.

Fig. 20. Note the high density of microtubules aligned
in parallel. A few ribosomes are present bu t content
is less than seen in cell body. A large
m itochondrion is present and two sm aller double 
m embraned organelles which may be dense core vesicles 
or sections through a narrow p a rt of a mitochondrion. 
The process exhibits fuzzy m ateria l which is not well 
resolved but probably is due to presence of 
filam entous m ateria l.
X 46,600

Fig. 21. The density of the microtubules is less in this
process than in fig. 20. The ribosomal con ten t is 
m ore conspicuous as well. Cross sections through 
filam entous elem ents which measure in the range of 5 
(f) to  10 nm (if) are indicated with arrows.
X 46,600

Fig. 22. M icrotubules are numerous amongst several organelles 
present in proecess including mitochondrion, some 
re r, and filam entous m ateria l.
X 41,400

Fig. 23. Process in which filam ents are numerous. Arrows 
indicate cross and longitudinal sections through 
filam ents measuring about 10 nm. M icrotubules are 
most numerous around the perim eter of the process 
while filam ents are sca tte red  throughout the d iam eter. 
The section was cu t perpendicular to the plane of 
substrate  which is indicated by asterik  on lower left.
X 63,000
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PLATE XVIII.

Cross sections of processes of SY5Y cells in 10 % FCS medium. 
No significant changes in u ltrastructu re  were found when cyclic 
AMP or NGF were added to the medium for one week.

Fig. 24. Processes contain high density of m icrotubules. Some 
e r and a few ribosomes in clusters are also seen.
X 33,800

Fig. 25 Processes or portions of processes of narrow d iam eter 
containing numerous m icrotubules. Filam entous 
m ateria l to also evident but not well resolved.
X 44,500

Fig. 26. Processes of SY5Y cells which were m aintained in 10 % 
FCS-cyclic AMP for one week. Contents of the  process 
include m t, er, m itochondria, dev and ribosomes.
Dense core vesicle indicated measures 100 nm.
X 22,600

Fig. 27. Process of SY5Y cell from culture m aintained in 10 % 
FCS-NGF. M icrotubules are numerous and ribosomes, 
m itochondria and filam entous m aterial are also 
present.
X 35,900

KEY: dev = dense core vesicle 
e r  = endoplasmic reticulum  
m t = m icrotubule 
r = ribosomes
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PLATE XIX.

Cross sections of processes observed in N2 medium. No 
significant alterations in basic u ltrastructu re  were found with 
NGF or cyclic AMP trea tm en t.

Fig. 28. Processes in N2 medium exhibiting numerous
m icrotubules. C istem ae of er are seen cu t in cross 
section. Ribosomal content is reduced as com pared to 
cytoplasm  of the adjacent cell.
X38,400

Fig. 29. Processes in N2 medium which exhibit filam ents as well 
as m icrotubules. M itochondria and some ser are also 
seen.
X 44,500

Fig. 30. Processes of SY5Y cells from  culture m aintained in
N2-cyclic AMP medium. Similar in u ltrastructu re  to 
those observed in N2 medium.
X 68, 500

Fig. 31. Process of SY5Y cell from N2-NGF cu ltu re . Contains 
numerous microtubules some ser and mitochondria but 
ribosomal conten t is reduced.
X 57,000

KEY: e r = endoplasmic reticulum
ser = smooth endoplasmic reticulum  
m = mitochondrion 
m t = microtubule
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Presence
medium.

Fig. 32.

Fig. 33.

Fig. 34.

PLATE XX.

of dense core vesicles in SY5Y cells m aintained in N2

SY5Y cells maintained in N2 medium for one week. 
Numerous dev are evident in a region th a t may be a 
growth cone but its  relation to  process was not 
apparent in this plane of section. The area consists 
mainly of membranous elem ents and only a few 
ribosomes. The arrow indicates a dev of 100 nm 
diam eter.
X 23,500

SY5Y cells maintained in N2-cyclic AMP medium for one 
week. The dev are numerous in a cytoplasmic area also 
rich in ribosomes and mitochondria. Arrow indicates a 
dev of 70 nm diam eter. Some large dev are also seen 
in this section and measure in 200 nm range. A small 
process (p) is seen interposed betweem  two cells.
X 24,800

SY5Y cells maintained in N2-NGF medium for one week. 
Numerous dev are seen along the length of the process 
which also contains m t, ribosomes and coated vesicles. 
The arrow indicates a vesicle with a d iam eter of 100 
nm. The adjacent cell body also contains a pair of 
dev.
X 19,700

KEY: cv = coated vesicle
dev = dense core vesicle 
mt = microtubule 
r = ribosome
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Presence 

Fig. 35.

Fig. 36.

Fig. 37.

PLATE XXI.

of dense core vesicles in 10 % FCS medium.

SY5Y culture m aintained in 10 % FCS for one week.
Cells are seen along the substrate  as sections were 
cu t perpendicular to the substra te . Several dev are 
seen in various cells. One vesicle of 100 nm diam eter 
is indicated with an arrow. Vesicles of varying 
sizes and with differences in density of core are 
evident. X 23,500

SY5Y culture maintained in 10 % FCS-NGF medium. The 
section was cu t parallel to the substrate  and this 
cytoplasm ic area appears spread over the surface and 
may be part of a growth cone. Numerous mitochondria 
are present in this area as well as ribosomes, dev and 
a few clear vesicles. Vesicle indicated by arrow is 
approxim ately 100 nm in d iam eter.
X 18,800

SY5Y cultures m aintained in 10 % FCS-cyclic AMP for 
one week. The section was cu t parallel to the culture 
substrate  and numerous dev of varying sizes are seen.
A vesicle of 100 nm diam eter is indicated by the 
arrow.
X 32,000

KEY: dev = dense core vesicle
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PLATE xxn.

Fig. 38. Growth curves of M17 cells In N2, FCS and F12/DME 
medium. Cell counts were done on trip licate  
cultures for each tim e point. The numbers represent 
viable cells per 35 mm dish + S.E.M. as determ ined by 
hem ocytom eter counts of trypan blue excluding cells.

Population doubling tim e was determ ined from the linear 
regression lines whose correlation coeficients were:

FCS r  = 0.99

N2 r = 0.98

F12/DME r  = 0.80
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PLATE x x m .

Fig. 2. Growth curves of M17 cells in N2 vs. N2-cyclic AMP and 
FCS vs. FCS cyclic AMP. The cyclic AMP was added to a 
final concentration of 1 mM and IBMX a t 0.25 mM was 
added as a phosphodiesterase inhibitor. Cell counts 
and plating via same protocol as described in Fig.
38.

Population doubling tim es were determ ined from  the 
linear regression lines whose correlation coefficients 
w ere:

N2 r  s  0.99

N2 cyclic AMP r = 0.95

FCS r  * 0.99

FCS cyclic AMP r  = 0.97
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PLATE XXIV.

Fig. 40. Growth Curve of M17 cells In N2, N2-NGF, FCS end
FCS-NGF. NGF, 7S, wee used at a final concentration of 
250ng/ml. Cell counts and plating aa described in Fig. 38.

Population doubling tim es were determ ined from  the 
linear regression lines whose correlation coefficients 
w ere:

N2 r  = 0.98 

N2-NGF r = 0.85 

FCS r = 0.99

FCS-NGF r  = 0.99
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PLATE XXV.

Phase contrast microscopy of M17 cells in 10 % FCS and N2 media.
All cultures were initially plated into 10 % FCS medium and
switched to experim ental medium 24 hours la te r. Cultures were
photographed a fte r  five days growth in experim ental medium.

Fig.42a. M17 culture in N2 medium. Cells appeared to be of 
lesser d iam eter than in 10 % FCS and exhibit a few 
processes.

Fig. 42b. M17 culture in N2-NGF medium. Cells are sim ilar in 
morphology to N2 controls.

Fig. 42c. M17 culture in 10 % FCS medium. Note the large and
fla ttened  cell morphology. A few processes are
evident.

Fig. 42d. M17 culture in 10 % FCS-NGF. Same large fla ttened
morphology as in 10 % FCS. Nuclei have prominent
nucleoli. A long thick process is seen in cen ter of 
the field.

Fig. 42e. M17 culture in 10 % FCS to which N2 facto rs have been
added. Cells resemble those in cultures carried in
10% FCS. A few thin processes are seen.

Fig. 42f. M17 culture in 10% FCS medium to which N2 facto rs and
NGF have been added. Cells appears sim ilar to ones in 
10 % FCS-NGF.

NGF = 50 ng/ml B-NGF

X 300
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PLATE XXVI.

Phase contrast microscopy of M17 cultures m aintained in N2 and 
10 % FCS. All cells were initially plated into 10% FCS medium 
and switched at 24 hours to experim ental medium. The cultures 
were photographed a f te r  five days in experim ental medium.

Fig. 43a. M17 culture in N2 medium.

Fig. 43b. M17 culture in N2 medium to which cyclic AMP and IBMX 
had been added. No change in morphology a t five days 
was observed.

Fig. 43c. M17 culture in 10 % FCS medium.

Fig. 43d. M17 culture in 10 % FCS medium to which cyclic AMP
and IBMX had been added. No change in morphology as 
com pared to controls was observed a t five days.

Fig. 43e. M17 culture in 10 % FCS medium to which the N2
had been added. This field contains some very large
and fla ttened  cells. The nucleoli are apparent in 
the nuclei.

Fig. 43f. M17 culture in 10 % FCS medium to which the N2
and cyclic AMP and IBMX had been added. Some cells 
in the population appeared to have reduced diam eter. 
Long thick process with several branches runs across 
cen te r of the field.

X 300
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PLATE XXVII.

Phase contrast microscopy of M17 cultures with cyclic AMP, IBMX 
or butyrate added to N2 or FCS medium. No significant 
a lterations are apparent under these conditions.

Fig. 44a. M17 culture in N2.

Fig. 44b. M17 culture in 10 % FCS.

Fig. 44c. M17 culture in N2-cyclic AMP.

Fig. 44d. M17 culture in 10% FCS-cyclic AMP.

Fig. 44e. M17 culture in N2-IBMX.

Fig. 44f. M17 culture in 10 % FCS-IBMX.

Fig. 44g. M17 culture in N 2-butyrate.

Fig. 44h. M17 culture in 10 % FC S-butyrate.

X 300
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PLATE XXVIII.

Fig. 45. E lectron micrograph of M17 cell from 10 % FCS 
cu ltu re . Note presence of dev of varying sizes, 
including vesicles of 100 nm diameteKarrows). 
Cytoplasm ic protrusions into the nucleus (*) are 
frequently observed. N ucleolar m ateria l and condensed 
chrom atin are found in most nuclei.

X 14,300

KEY: cv = coated vesicle
dev = dense core vesicle 
n = nucleolous 
Nu = nucleus
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Fig.46.

PLATE XXIX.

Area of cytoplasm  exhibiting extensive Golgi, numerous 
coated vesicles in vicinity of the Golgi, a pair of 
centrio les from which numerous microtubules rad iate.

X 23,500

KEY: C = centriole
cv = coated vesicle 
g = Golgi apparatus 
m = mitochondrion 
Nu = nucleus
re r  = rough endoplasmic reticulum
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PLATE X X X .

Centriolar areas of M17 cells in 10 % FCS medium. N ote the 
abundance of m icrotubules in the area as well as extensive Golgi 
and vesiclular elem ents.

Fig. 47. Longitudinal section through pair of cen trio les.

X 43,800

Fig. 48. Crosa section through centrio le .

X 43,800

KEY: C = centriole
e r = endoplasmic reticulum  
g = Golgi 
m t = microtubules 
np = nuclear pore
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PLATE XXXI.

High power m icrographs of extensive Golgi apparati present in 
M17 in 10 % FCS medium. Note the numerous veiscular elem ents 
present in this region including dense core, coated and clear 
vesicles. Riboeomal con ten t is rich and mitochondria numerous.

Fig. 49. M17 culture , 10 % FCS. X 43,500

Fig. 50. M17 culture , 10 % FCS. X 43,500

KEY: cv s  coated vesicle
dev = dense core vesicle 
g s Golgi apparati 
m s mitochondrion 
Nu 3 nucleus 
v s  vesicle
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PLATE x x x n .

Fig. 51. Dividing cell in M17 culture m aintained in N2 medium 
for one week. Membraneous organelles, rer, ser are 
concentrated a t the periphery of the cell while 
chrom atin occupies cen tral region. Dense core 
vesicles are present (indicated with arrows, one pair 
enlarged in insert). A membranous mound filled with 
clear vesicles (*) is seen.

X 7300

KEY: c = centrio le
dev = dense core vesicle
re r = rough endoplasmic reticulum
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PLATE XXXIII.

Fig. 52. Portion of process as it em erges from the cell from an 
area with extensive Golgif and rich in vesicles. 
M icrotubules in parallel array with numerous 
ribosomes, m itochondria, e r, some filam entous 
m ateria l sca tte red  along process and a dev.

X 16,900

KEY: cv = coated vesicles
dev = dense core vesicles 
e r  = endoplasmic reticulum  
g = Golgi 
m = mitochondrion 
m t = microtubule
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PLATE XXXIV.

Longitutudinal sections through areas rich in microtubules and
filam ents.

Fig. 53. Shaft of M17 process composed mainly of filam entous 
m ateria l with little  m icrotubular content in this 
section of the process.

X 32,000

Fig. 54. Several areas where microtubules are in parallel
arrays and associated with areas of reduced ribosomal 
content probably portions of cellular processes.

X 24,800

KEY: cv = coated vesicle
dev = dense core vesicle 
f = filam ent 
m t = m icrotubule
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PLATE XXXV.

Processes formed by M17 cells in 10 % FCS medium and N2. The 
processes are rich in m icrotubules and interm ediate filam ents 
are also observed. A few processes of small d iam eter or narrow 
portions of a process consisting of mainly filam entous elem ents 
are also noted (*).

Fig. 55. M17 culture in 10 % FCS. X 60,300

Fig. 56. M17 culture in N2. X 90,000

Fig. 57. M17 culture in N2. X 46,300

Fig. 58. M17 culture in N2. X 57,500

KEY: if = in term ediate filam ent
mt s microtubule 
Nu = nucleus
re r = rough endoplasmic reticulum
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PLATE XXXVI.

Processes observed in M17 cells containing many cytoplasmic 
organelles in addition to numerous m icrotubules. Note the 
presence of m itochondria, ribosomes, rough endoplasmic 
reticulum , and dense core vesicles.

Fig. 59. Several sections through small and large diam eter 
processes. M17 culture in 10 % FCS.

X 4 6 .600

Fig. 60. Processes with numerous ribosomes, m icrotubules, rer. 
M17 culture In 10 % FCS.

X 4 6 ,6 0 0

Fig. 61. Processes with numerous ribosomes, e r  and m t.
M17 culture 10% FCS.

X50,000

KEYt dev s dense core vesicle 
m s mitochondrion 
m t = microtubule 
re r  = rough endoplasmic reticulum
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PLATE XXXVII.

Fig. 62. M17 culture in 10 % FCS. Area contains numerous dense 
core vesicles of varying sizes. Also rich in 
ribosomes, m itochondria and re r. Some dense core 
vesicles are 990 to 100 nm in diam eter (arrows).

X 29,000

KEY: dev = dense core vesicle 
m s mitochondria 
m t = microtubule 
Nu = nucleus
re r  = rough endoplasmic reticulum
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PLATE x x x v m .

Areas containing large numbers of profiles with dense m aterial 
in cistem ae or vesicles. Vesicles of 100 and 130 nm indicated 
with arrows. Numerous other cytoplasmic organelles are present.

Fig. 63. M17 culture in 10 % FCS.

X 41,400

Fig. 64. M17 culture in 10 % FCS. Note the presence of many 
irregularly shaped vesicles which may be sections 
through cistem ae of endoplasmic reticulum .

X 26,200

KEY: m = mitochondrion 
mt = m icrotubule 
f = filam ents
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PLATE XXXIX.

Areas containing large numbers of dense core vesicles from M17 
cultures maintained in N2 medium.

Fig. 65. Numerous vesicles in area which appears to have a 
cellular extension spread along the surface.
Microtubules are seen in the connecting region and 
vesicles in a bleb. A membranous mound is also seen 
(*). Section was cu t parallel to the substrate .

X 23,500

Fig. 66. Numerous dense core vesicles including small dev of 
100 nm d iam eter indicated by arrow . Section cut 
parallel to the substra te .

X 20,700

Fig. 67. Dense core vesicles in process near the substra te .
Small vesicles of 100 nm diam eter are indicated by the 
arrows. Section was cu t parallel to the surface.

X 27,600
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PLATE XL.

Immunocytochemical staining of SY5Y with antibodies vs. tyrosine
hydroxylase and dopamine-^-hydroxylase using PAP method.

Fig. 68a. SY5Y, N2 medium, polylysine substrate , p re immune 
serum .

Fig. 68b. SY5Y, 10 % FCS medium, tissue culture polystyrene 
substrate, preimmune serum.

Fig. 68c. SY5Y, N2 medium, poly lysine-coated substrate , anti-TH 
serum .

Fig. 68d. SY5Y, 10 % FCS medium, tissue culture polystyrene 
substrate, anti-TH  serum .

Fig. 68e. SY5Y, N2 medium, polylysine-coated substrate, 
anti-OBH serum .

Fig. 68f. SY5Y, 10% FCS, poly lysine-coated substrate , 
anti DBH serum .

Fig. 68g. SY5Y, 10 % FCS, polylysine-coated substrate , 
anti-DBH serum .

Fig. 68h. SY5Y, 10 % FCS, tissue culture polystyrene 
substrate, anti-DBH serum .

X 800
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PLATE XLI.

Immunocytocbemical staining of M17 with antibodies vs. tyrosine 
hydoxylaae (TH) and dopamine-^-hydroxylase (DBH) using PAP 
method.

Fig. 69a. M17, 10 % FCS, tissue culture polystyrene substrate, 
pre immune serum.

Fig. 69b. M17, N2 medium, polylysine-coated substrate , 
anti-DBH serum.

Fig. 69c. M17, 10 % FCS, tissue culture polystyrene substrate, 
anti-DBH serum .

Fig. 69d. M17, N2 medium, polylysine-coated substrate,
anti-DBH serum .

Fig. 69e. M17, 10 % FCS, polylysine-coated substrate, 
anti-TH  serum .

Fig. 69f. M17, 10% FCS, tissue culture polystyrene substrate, 
anti-TH  serum .

Fig. 69g. M17, 10 % FCS, poly lysine-coated substrate, 
anti-TH  serum .

Fig. 69h. M17, N2 medium, polylysine-coated substrate,
anti-TH  serum.

X 800
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Sections < 

Fig. 70a.

Fig. 70b, 

Fig. 70c. 

Fig. 70d,

Fig. 70e. 

Fig. 70f

PLATE XLII.

if immunocytochemically stained cultures, PAP method.

M17 culture , 10 % FCS, stained with anti-DBH 
serum .
X 800

3 Jim section cut through M17 culture, 
post-staining. Note the  dark DBH immu no re  activity  
throughout nucleoplasm as well as in cytoplasm . X 
1400

SY5Y culture , 10 % FCS, stained w ith anti-DBH 
serum .

X 800

3 f im  section through SY5Y culture, post 
staining. Note the  DBH immu noreactiv ity  in 
nucleoplasm and cytoplasm .

X 1400

SY5Y culture, 10% FCS, stained with anti-TH serum. 

X 800

3 Jim section through SY5Y culture, post 
staining. Fain t TH im m unoreactivity present in 
cytoplasm , nucleus appears dense.

X 1400
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PLATE XLIII.

Sections of M17 cultures trea ted  with anti-TH  antibody and 
stained using PAP m ethod.

Fig. 71a. M17 cu ltu re , 10 % FCS, preimmune serum.

X 200

Fig. 71b. M17 cu ltu re, 10 % FCS, anti-TH serum.

X 200

Fig. 71c. M17 cu ltu re , 10% FCS, anti-TH serum .

X 800

Fig. 71d. 3 jim section through M17 culture trea ted
with anti-TH  serum , counterstained with toluidine 
blue. Note presence of dividing cell.

Fig. 71e. 3 jim section adjacent to th a t in 71d.
Note dark reaction  product in cytoplasm and clear 
areas corresponding to the nuclei.

X 1400

Fig. 71f. 3 jlm section of M17 culture previously reacted  with
anti-TH  antibody. Note the dark PAP reaction product 
in cytoplasm  and absence of reaction in nucleus. 
Dividing cell rounded up containing intense reaction 
product.

X 1400
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TABLE NUMBER 1.

SY5Y POPULATION DOUBLING TIMES

1 MEDIUM 1
1 1

1 N
1

1 MEAN POP. 
1 TIME -

DOUBLING 1 
S.E.M. 1

10% FCS 3 43 - 2.9

N2 5 74 -+ 3.8***

10% FCS +dbcAMP +IBMX 4 65 -+ 7.0*

10% FCS+ NGF 4 47 * 2.6

N2 5 74 -+ 3.8

N2 +dbcAMP +IBMX 4 189 i 21.8***

N2+ NGF 4 144 - 23.7*

NOTES. dbcAMP concentration was 1.0 mM, IBMX 0.25 mM. 
NGF concentration was 50 ng/m l 2.5S NGF.

* p < 0.05
*** p < 0.001
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TABLE NUMBER 2.

THE EFFECTS OF FCS and N2 

ON SY5Y DOPAMINE - I -  HYDROXYLASE ACTIVITY

1 MEDIUM I N | DBH I
I___________________________________ I__________ I SPEC. ACTIVITY - S.E.M. I

N2 11 11.51 t  0.55

10% FCS 7 6.90 i  0.40***

N2 4-5 days 11 11.51 i  0.55

N2 7 days & long term 5 9.20 i  1.50

10% FCS 4 days 7 6.90 t  0.40

10% FCS 7 days 7 4.80 - 0.16***

NOTES. Specific activ ity  is expressed as nmoles octopamine converted 
to m ethyloctopam ine per hour per mg to ta l cell protein.

*** p < 0.001.
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TABLE NUMBER 3.

THE EFFECT OF FACTORS 

ON SY5Y TYROSINE HYDROXYLASE ACTIVITY

1 MEDIUM 
1

1 " M ' 1 
1 1

TYROSINE HYDROXYLASE I 
SPEC. ACT. i  S.E.M. I

N2 6 0.009 - 0.002

N2 ♦ dbcAMP ♦ IBMX 8 0.017 i  0.002

N2 ♦ NGF 5 n.d.

N2 > IBMX 3 n.d.

N2 + dbcAMP 2 0.010

10% FCS 5 0.023 i  0.005

10% FCS + dbcAMP ♦ IBMX 6 0.018 - 0.005

10% FCS ♦ dbcAMP 1 0.006

10% FCS ♦ IBMX 1 0.013

10% FCS ♦ NGF 4 n.d.

NOTES. Specific activity  expressed as nmoles of tyrosine converted 
to DOPA per hour per mg to ta l cell protein, 
n. d. not detectab le , activ ity  less than tw ice blank.

dbcAMP concentration was 1 mM, IBMX 0.25 mM. 
NGF concentration was 50 ng/m l 2.5S NGF.
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TABLE NUMBER 4.

THE EFFECTS OF CYCLIC AMP 

ON SY5Y DOPAMINE S -  HYDROXYLASE ACTIVITY

1 MEDIUM 1
I _ 1

N 1
1

D8H
SPEC. ACT. - S.E.M.

1
1

N2 11 11.51 - 0.55

N2 +dbcAMP +IBMX 10 21.58 -  0.86***

N2 ♦8bromo cAMP 3 19.04 -  0.45***

N2 -fdbcAMP 2 18.97 * 0.69***

N2 -fbutyrate 2 16.35 i  0.35**

10% FCS 7 6.90 i  0.40

10% FCS -fdbcAMP 5 15.23 -  1.05***

10% FCS +8bromo cAMP +IBMX 4 18.71 t  1.65***

10% FCS -fdbcAMP +IBMX 2 13.45 i  0.42**

10% FCS -fbutyrate 2 4.95 - 1J3Q

NOTES. Specific activity  expressed as nmoles octopamine converted to 
m ethyloctopam ine per hour per mg to ta l cell protein.

** p < 0.01
*** p < 0.001
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TABLE NUMBER 5.

THE EFFECTS OF NGF 

ON SY5Y DOPAMINE HYDROXYLASE ACTIVITY

1 MEDIUM 
1

1 TIME 1 
1 DAYS 1

N 1  
1

CELL DENSITY I 
x 10 /cm  I

DBH 1 
SPEC. ACT. 1

N2A 6 1 ----- 4.96

14 2 7.10 6.64

21 1 3.60 6.97

23 1 6.40 6.43

N2A +NGF 6 1 ----- 6.85

14 2 6.40 7.54

21 2 6.40 8.92

23 1 6.80 9.46

FCS 6 1 ----- 5.18

14 2 14.30 4.28

21 2 9.64 5.06

23 2 17.10 4.71

FCS +NGF 6 1 ----- 5.54

14 2 10.70 4.67

21 2 10.70 7.39

23 1 14.30 6.70

NOTE: NGF = J5-NGF a t 50 ng/ml
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TABLE NUMBER 6.

THE EFFECTS OF NGF 

ON SY5Y DOPAMINE - B -  HYDROXYLASE ACTIVITY

1 MEDIUM | 
1 1

N 1 NGF CONC. 
1 mq/ml

1 TIME I 
1 1

DBH 1 
SPEC. ACT. t  S.E.M. 1

N2A 5 — 1-4 wks 6.67 - 0.61

N2A +NGF® 7 50 1-4 wks 8.38 - 0.38*

N2 5 1 wk 9.20 i  1.50

N2 +NGF® 7 10 1 wk 8.10 - 1.51

N2 2 — 5 d 10.01 - 0.37

N2 +NGFb 2 100 5 d 6.67 i  0.89

10% FCS 7 . . . 1-4 wks 4.80 * 0.16

10% FCS +NGF® 7 50 1-4 wks 5.62 - 0.48

NOTES, a. NGF supplied as 2.5 S A-NGF.
b. NGF supplied as 7 S NGF to  give concentration equivalent 

to  amount of JB-NGF indicated.

Specific activ ity  is expressed as nmoles octopamine converted 
to m ethyloctopam ine per hour per mg to ta l cell protein.

* p < 0.05
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TABLE NUMBER 7.

M17 POPULATION DOUBLING TIMES

1
1

MEDIUM 1 N 
1

1 MEAN POP. DOUBLING 1 
1 TIME t  S.E.M. 1

FCS 3 43 - 0.0

N2 3 55 * 2.1***

FCS -fdbcAMP +IBMX 3 39 * 1.4*

FCS -fNGF 3 47 i  3.7

N2 3 55 -  2.1

N2 -fdbcAMP +IBMX 3 60 - 6.4

N2 + NGF 3 57 -  5.2

NOTES. dbcAMP concentration was ImM, IBMX concentration was 
0.25mM.

NGF concentration was 250 ng/ml 7S NGF (equivalent to 
50 ng/ ml 2.5S NGF).

* p < 0.05
*** p < 0.001
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TABLE NUMBER 8.

THE EFFECTS OF FCS AND N2 MEDIA 

ON M17 TYROSINE HYDROXYLASE ACTIVITY

1 MEDIUM 
1

1 N 1
1 1

1 TOTAL CELL 1 
1 PROTEIN 1

TYROSINE HYDROXYLASE 1 
SPEC. ACT. i  S.E.M. 1

10% FCS 7 1.70 - 0.16 34.97 - 0.17

N2 8 1.14 t  0.15* 28.40 J 2.80**

N2 +10% FCS 3 1.65 - 0.03 35.34 t  4.90

NOTES. Total cell protein is expressed as mg protein per culture 
+ standard error of the mean.

Specific activ ity  is expressed as nmoles tyrosine 
converted to DOPA per hour per mg to ta l cell protein.

* p < 0.05
** p < 0.01
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TABLE NUMBER 9.

THE EFFECTS OF CELL NUMBER 

ON M17 TYROSINE HYDROXYLASE ACTIVITY

I MEDIUM 
1

1 TIME 1 
1 DAYSl

N 1 
1

TOTAL CELL 
PROTEIN

1 TYROSINE HYDROXYLASE I 
1 SPEC. ACT. - S.E.M. 1

10% FCS 3 3 0.36 - 0.01 33.47 * 4.42

6 2 1.07 i  0.01 43.46 - 3.00

• 9 1 1.92 46.41

13 2 2.23 - 0.33 59.57 i 4.75*

N2 2 2 0.32 - 0.01 33.99 - 4.65

3 3 0.76 - 0.07 24.93 * 1.65

5 3 0.90 - 0.04 28.13 - 1.20

7 2 1.59 i  0.30 20.73 t 0.90

9 3 2.21 - 0.08 22.28 - 0.75*

NOTES.
A O

Initial plating densities for FCS 1.8 x 10 /  cm ,

for N2, 3.5 x 10*/ cm 2.

Total cell protein is expressed as mg per culture.

Specific activ ity  is expressed as nmoles tyrosine converted to 
DOPA per hour per mg to ta l cell protein.

* p < 0.05
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TABLE NUMBER 10.

THE EFFECTS OF dbcAMP 

ON M17 PROTEIN AND TYROSINE HYDROXYLASE ACTIVITY

1 MEDIUM 1 
1 1

N 1 TOTAL CELL 1 
1 PROTEIN |

1 TYROSINE HYDROXYLASE 1 
I SPEC. ACT. - S.E.M. I

10% FCS 7 1.70 i 0.16 34.97 * 1.7

FCS +dbcAMP 
♦IBMX 6 1.75 i 0.08 39.38 i  2.7

10% FCS ♦butyrate 3 1.22 - 0.11 42.45 -  1.9*

10% FCS +N2 3 1.65 ^ 0.03 35.34 - 4.9

10% FCS +N2
♦dbcAMP +IBMX 3 1.35 * 0.02 45.87 t  9.4

N2 8 1.14 -+ 0.15 28.40 - 2.8

N2 ♦dbcAMP ♦IBMX 5 1.49 1 0.18 41.79 -  4.7**

N2 ♦butyrate 2 0.40 i 0.08 49.45 * 11.8**

N2 +IBMX 3 1.44 i 0.15 33.55 i  1.8

N2 ♦dbcAMP 3 1.61 * 0.03 51.16 * 8.0***

NOTES. * p < 0.05
** p < 0.01 

*** p < 0.001

TH activ ity  is expressed as nmoles tyrosine converted to DOPA 
per hour per mg to ta l cell protein.

Total cell protein expressed as mg per culture.
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TABLE NUMBER 11.

THE EFFECTS OF NGF 

ON M17 TYROSINE HYDROXYLASE ACTIVITY

I MEDIUM H Q  T
I I

TOTAL CELL 
PROTEIN

TYROSINE HYDROXYLASE I 
SPEC. ACT. - S.E.M. I

N2

N2 ♦ NGF

1.14 - 0.15 

1.06 * 0.05

28.40 - 2.8 

26.29 - 2.2

10% FCS 7

10% FCS+NGF 3

1.70 i  0.16 

1.50 i  0.02

34.97 i  1.7 

37.96 - 3.2

N2 +10%FCS 3

N2+10%FCS+
NGF 3

1.65 -  0.03

1.39 - 0.09*

34.34 i  4.9

36.24 - 1.5

NOTES. a. N for tyrosine hydroxylase assay = 2.
* p < 0.05

NGF supplied as 7S molecule a t a final concentration of 
500 ng/m l.

Specific activ ity  of TH expressed as nmoles tyrosine 
converted to DOPA per hour per mg to ta l cell protein. 

Total cell protein expressed as mg per culture.



-1 6 3 -

DISCUSSION AND CONCLUSIONS 

GROWTH OF SY5Y AND M17 IN N2 MEDIUM

N2, serum -free hormone supplem ented medium, supported the growth 

of both SY5Y and M17 human neuroblastom as. The cellular morphology 

was altered  apparently due to changes in the interaction with the 
substrate . This change In adhesion needs to be investigated further, 
as it may be due to a deficiency in the culture system  with respect to 

available a ttachm en t molecules or may represent a lterations of cell 
surface molecules in the  N2 medium. The underlying u ltrastruc tu re  of 
both cell lines, however, was sim ilar to tha t observed for cultures 
m aintained in 10% FCS supplem ented medium. While the expression of 

neurotransm itter synthesizing enzym es, TH and DBH, was sim ilar in both 
media, some quantita tive variation was observed.

The growth of SY5Y and M17 was slower than parallel cultures 

m aintained in 10% FCS. Again, substrate  interactions may be a t  least 
partially involved in this response. The cells in N2 established a 
more fragile a ttachm en t than cells in FCS, and the number of cells 
remaining a ttached  to the substrate  with medium withdraw! or addition 
was lower than in FCS cultures. For many cell types mitogenic factors 
in serum stim ulate growth in a concentration dependent fashion, and 
this probably contributes to the d ifferential growth ra te  with SY5Y and 
M17.

The apparent growth ra te  supported by N2 medium, while slower than 

with FCS supplem entation, may prove an advantage in examining the 
potential of cells for the expression of d ifferen tia ted  neuronal 
functions in response to specific factors. While the initial 
expression of some d ifferen tia ted  featu res in vivo occurs prior to the 
cessation of cell division in peripheral adrenergic neurons (Rothman et 

a l., 1978) the appearance of o ther features follows the cessation of



-1 6 4 -

cell division. Outgrowth of neurites from sym pathetic neurons, contact 
with peripheral ta rge ts  and establishm ent of preganglionic synapses 
occur largely during the postm itotic period (Black, 1978). The 
preganglionic and ta rg e t tissue influences which ac t to stablilize the 

neuronal phenotype are exerted during this period. W hether the 

cessation of cell division is causally rela ted  to any aspects of the 
m ature expression has not been examined directly , but nonetheless is 

p a rt of the m aturation of the sym pathetic neuron. The serum -free 

defined medium culture system  provided an In vitro environm ent with a 
reduced content of proliferation stim ulating factors which may mask the 
expression of developm ental capabilities of the neuroblastom a in FCS 
medium.

EXPRESSION OF NEUROTRANSMITTER-SYNTHESIZING ENZYME ACTIVITY

The expression of neuro transm itter synthesizing enzym es in SY5Y 

and M17 was effec ted  by N2 medium. SY5Y cultures exhibited higher 
specific activ ity  for DBH than cells in FCS. The increased activ ity  is 
p resent during log phase growth but was most pronounced a t stationary 
phase when DBH levels decline in FCS medium. The increase in DBH was 
not accompanied by increase in e ither to ta l cell protein per culture or 
TH specific activ ity . The increased DBH levels dem onstrated th a t the 
cells were able to m aintain neuron specific functions in N2. The 
decrease in population growth ra te  did not re flec t overall cellular 
degeneration.

The levels of DBH in adrenergic cells are subject to multiple 
controls. The ra te  of synthesis and degradation determ ine the steady 

s ta te  levels of the enzyme. Increased synthesis or decreased 
catabolism  both lead to observed increases in activ ity . In vivo,
DBH degradation in the adrenal medulla is accelera ted  a f te r  

hypophysectomy and causes a decline in enzyme activ ity  which is 
observed prior to the reduction in the ra te  of synthesis. Enzyme
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degradation may be an ongoing cellular process which can be regulated 
independently of synthesis. Radiolabelled amino acid incorporation 
studies show tha t adrencorticotropic hormone (ACTH) specifically ac ts 

to  m aintain steady s ta te  DBH levels by inhibition of degradation.
Transay nap tic  induction by neural stim ulation increases DBH above 

steady s ta te  levels by increasing the synthesis of the enzyme without 
influencing the ra te  of degradation (Ciaranello e t a l., 1975).

Serum may influence the activ ity  of e ither synthetic or 
degradative enzymes. If serum factors are required to m aintain 

degradative processes, DBH activ ity  would be predicted to increase with 
its removal. N2 medium may be inadequate to support the level of 
d eg ra dative enzyme activ ity  found in serum medium. A lternatively, 
factors in the N2 form ulation may specifically increase synthesis and 
thereby account for the observed elevation of DBH specific activ ity .

The clustering of cells observed in N2 medium may increase 
cell-cell con tacts  and this could influence the enzyme activ ity . Such 
e ffec ts  have been described in PC12 cell cultures and shown to be due 

to intim ate cell con tac t and not diffusible factors (Lucas e t al.,
1979).

A large portion of DBH is associated with the vesicular membrane 

where is functions to catalyze the conversion of dopamine to 
noradrenaline (P o tte r & Axelrod, 1963; D ePotter e t a l., 1977 ).

Increased vesicle form ation could lead to accum ulation of enzyme 

activ ity  due to  enhanced stability  of the enzyme or protection from 
deg rada tion  with vesicle association. However, the u ltrastrucural 
data  for SY5Y and M17 did not suggest a major change in the  population 
of dense core vesicles though quantitative analysis might reveal such a 
change. Vesicle turnover, determ ined by vesicle form ation and ra te  of 

exocytosis also influences the level of DBH. DBH is released into the 
ex tracellu lar space along with o ther vesicle contents upon exocytosis
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(Viveros et al., 1969).

Clearly, more work needs to be done to evaluate the basis of the 
observed increase. The further characterization  of this 

e ffe c t should determ ine the  contributions of RNA and protein synthesis. 
The increase could represent synthesis of more molecules or increases 
activ ity  of molecules a t poettranslational levels. Im m unotitration 

studies with antibodies to TH and DBH would determ ine w hether more 
molecules are present.

The level of protein per cell and enzyme activ ity  calculated  per 
cell could help distinguish between increases rela ted  to generalized 

e ffec ts  of agents or medium conditions from  specific e ffec ts  on 

neurotransm itter synthesizing enzym es. These rem ain to  be determ ined.

The failure to stim ulate TH activ ity  in SY5Y was probably due to 
the cellular defect associated with low basal level of the enzym e.

SY5Y cells may possess m utations in the s tructu ra l gene for TH or in 
regulatory genes associated with its expression.

A lternatively, the  low TH levels as determ ined by activ ity  assay 
of SY5Y cell hom ogenates could be due to  defec ts  in activating 
mechanisms. Phosphorylation of TH, for exam ple, has been postulated to 

be associated with production of cataly tically  active TH (Joh et al., 
1978). If levels of TH were at the lim its of detection  by activ ity  
assay due to failure of activation alone, substantial am ount of the 
inactive form might be present in the cytoplasm. As some enhancem ent 
of detectab le  activ ity  was found with cyclic AMP addition to the 
medium, TH content was probed using immunocytochemical staining. The 

resu lts obtained with antibodies specific to TH do not indicate th a t 
im munoreactive cataly tically  inactive TH was present in the SY5Y.

R ather the results corroborate the low TH content indicated by the in 
vitro  activ ity  assay.



The concentration of antibody used was two-fold higher than tha t 
used to dem onstrate TH in sections of human fe ta l tissue (Picket e t 
al., 1980) and five-fold higher than required to obtain intensive 

staining of the M17 cells. The results suggest th a t, despite the 
presence vesicles which morphologiclly resemble catecholam ine storage 
granules, SY5Y did not synthesize significant amounts of TH, the ra te  

limiting enzyme for catecholam ine biosynthesis. This indicates tha t 
amounts of TH, while a t the lim its of detection by both assays, may be 
cataly tically  active in SY5Y and sufficient to support some 
catecholam ine synthesis. A lternatively, the dense core vesicles may 
contain little  or no catecholam ine and density of the cores result from 

oemophilic reaction of o ther molecules in the vesicle. Q ualitative and 
quantitative determ ination of catecholam ine content by perm anganate or 

chrom ate-dichrom ate fixation and high pressure liquid chromatography, 
respectively, could provide inform ation necessary to resolve this 

apparent discrepancy. D ata on catecholam ine content would also allow 
for c learer evaluation of TH activ ity  in the SY5Y cells.

LACK OF COORDINATED EXPRESSION OF TH AND DBH IN SY5Y

The high levels of DBH activ ity  measured in the absence of 
significant TH activ ity  in SY5Y indicates a dissociation in the control 

mechanisms tha t determ ine enzyme levels and ra te s  of synthesis for 
these two enzymes. Neuroblastoma tum ors generally release high levels 

of DOPA and its m etabolites. D espite the presence of detectab le  TH, 
DDC and DBH in most neuroblastomas, spectrofluorophotom etric 
determ ination of catecholam ine content reveals low norepinephrine 
content. The urinary excretion of this catecholam ine or its 

m etabolites is not typical of neuroblastoma (Itoh & Ohmori, 1973). 
Production of DOPA, dopamine or their m etabolites from radioactive 

precursors is observed in cultured neuroblastomas, but norepinephrine 
is not detected  (Imashuku e t a l., 1973; Beidler e t a l., 1978). The
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level of DOPA and its m etabolites is generally high and suggests an 

absence of intracelluar DBH activ ity . The low level of norepinephrine 

may ac t to stim ulate high TH activ ity  due to the absence of end product 

inhibitor. The absence of norepinephrine occurs despite the detection 

of variable levels of DBH in homogenates of tum ors and neuroblastoma 
cultures. (Bohoun & Comay, 1973 ; Hortnagl e t  al., 1972; Itoh &

Ohmori, 1973; Ross e t al., 1980).

The dense core vesicle is the putative storage granule for 

catecholam ine. Catecholam ine free in the cytoplasm  is labile due to 
the presence of degradative enzymes. D efects in storage of 

norepinephrine could lead to low levels in the tum or despite synthesis 

due to rapid catabolism  (Bohoun & Comay, 1970 ). The observation of 
variable but relatively low numbers of dense core granules in 
neuroblastom a suggests this may be rela ted  to low norepinephrine levels 
(Romansky et al., 1978). M aturation of neuroblastom a to ganglioneuroma 

leads to a more m ature neuronal morphology including increased numbers 
o f dense core vesicles (Kadin & Bensch, 1974 ) and increased 
norepinephrine content perhaps due to improved storage (Bohoun & Comay, 
1973).

The high ra te  of DOPA form ation associated with the clinical 

m anifestations of neuroblastom a, while prim arily due to  tum or mass, 
also may involve abnormal regulatory mechanisms in th e  cell (Imashuku 

e t al., 1973). Low norepinephrine, due to inactive DBH, ineffective 
storage or excessive catabolism  could release th e  feedback controls 
operative in normal adrenergic neurons (Ikeda e t al., 1966 ). The 

kinetic param eters of neuroblastoma TH com pare favorably to human 
adrenal TH with respect to cofactor and substrate affinity .

Sensitivity of the enzyme to  norepinephrine can be dem onstrated in 
vitro  (Imashuku e t al., 1973 ). The enzyme does not appear to be 

defective but ra th e r regulatory mechanisms may not be functional in 
neuroblastom a cells.
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Levels of reduced pteridine cofactor are thought to be limiting in 

normal adenergic cells. If levels of the pteridine cofactor or the 

dihydropteridine reductase are elevated, TH activ ity  could be elevated 
as a consequence of increased cofactor availability (Imashuku e t al.,
1975). The biopterin content measured in the SK-N lines, SH and SY5Y, 

were higher than those in BE(2) (Albrecht e t al., 1978). The reductase 
activ ity  was not measured directly . Interestingly, the SY5Y cells 
exhibit TH levels at the lim its of detection  by In vitro assay in the 
presence of excess cofactor while BE(2) expresses high levels of TH 
(Ross et al., 1980). The high biopterin levels in the low TH line 
indicate th a t the low activ ity  observed was not due to limiting 
cofactor and suggests non-coordination between the production of enzyme 
and cofacto r in SY5Y. The SH line exhibits a biopterin content twice 
tha t of BE(2) (Albrecht e t al., 1978), though the TH activ ity  measured 
in vitro is 2500-fold lower (Ross e t al., 1980). The production of 

dopamine from radioactive precursor, though not determ ined directly for 
the SH, was determ ined for various clonal derivatives of the line. As 

compared to BE(2), the levels of dopamine were 10 to  100-fold lower in 
SH clones (Biedler e t al., 1978).

Evidence from biochemical assay and im munocytochemical staining 
indicated tha t the SY5Y clone and the lines from which it derives 

possess low levels of TH enzym e in distinction to many other 
neuroblastoma lines. These findings are consistent with data from 
other labs (Biedler e t al., 1978; Ross e t al., 1980). These cells 

present a interesting situation with respect to expression of TH and 
DBH. The SY5Y may contain a m utation in the structu ra l gene for TH or 
in regulatory proteins associated with its expression.

IMMUNCYTOC HEMIC AL STAINING FOR DBH

To te s t w hether the hydroxylating activity  measured in cell
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homogenates of SY5Y was due specifically to neuronal DBH and not other 

enzymes capable of mimicking the activ ity , immunocytochemical staining 

with anti-DBH antiserum  was done. This immunocytochemical staining, 
however, did not provide conclusive evidence for neuron specific DBH in 
SY5Y. Heavy nuclear staining, in both SY5Y and M17, suggests some 
nonspecific reaction of the antibody with human tum or cells, an 
abnormal localization of the enzyme in the nuclear fraction or antigen 

m igration during fixation. In mouse neuroblastoma cells DBH was found 

localized with the plasma membrane ra th e r than the synaptic vesicle 
when fractions were isolated and reacted  with specific DBH antibody or 

assayed for activity  (D ePotter e t al., 1980). This ectopic 

localization is suggested to resu lt from defec ts  in membrane recycling 

in the neuroblastom a, specifically in reuptake of membrane following 
exocytosis. Such a failure to re trieve the  membrane could leave DBH, 
an enzyme associated with the synaptic vesicle, a t the  plasma 

membrane and result in defective synthesis and storage of 
catecholam ine.

The staining of sectioned human fe ta l tissue with this same 
antibody required the inclusion of Triton X-100 during the incubation 

w ith primary antibody to allow adequate antibody penetration. The 
localization of the antibody appeared to be thoroughout the cell under 
these conditions (Plckel e t  al., 1980). Even w ithout this m odification 
the  antibody penetrated  the cultured neuroblastoma cells. Dark 
reaction  product was evident throughout the nucleoplasm when cultures 
were sectioned a fte r  staining. N uclear staining was not evident with 
preimmune serum . W hether any of the cytoplasmic and/or nuclear 

staining represents DBH specifically was ambiguous. The problem of 

interspecies crossreactiv ity  with DBH antibodies has been reported. 
Im m unotitration of human DBH indicates th a t enzyme activ ity  is more 
effectively  reduced by homologous than heterologous antisera (Park e t 
a l., 1976). H eterospecific antibodies raised against bovine DBH 
reac ted  poorly with human DBH in radioimmunoassay while homospecific
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antibodies dem onstrated good reactiv ity  (Fregon e t  al., 1981). This 
may contribute to the pa tte rn  of staining observed with the human 

neuroblastom a lines.

ADVANTAGES OF N2 MEDIUM

Defined media provide for the development of cu lture system s in 
which the participation  of particu lar agents in the  regulation of a 

cell function may be elucidated. The unknown and variable composition 

of serum com plicates such analyses due to the possible presence of 
inhibitory or potentiating facto rs. The use of N2 medium for the 
growth of SY5Y and M17 revealed a morphological response of the SY5Y 
cells not observed with serum. The cells elaborated extensive neurites 
in N2 medium containing cyclic AMP but not in FCS medium containing 
cyclic AMP.

In addition, the  participation of cyclic AMP dependent 

phosphorylation mechanisms in m aintenance of TH specific activ ity  was 
suggested from  comparison of specific activ ity  in N2 and FCS cultures. 
Cyclic AMP resto res the level of TH activ ity  to th a t observed in serum 
medium when added to SY5Y or M17 cultures in N2 medium. Addition of 

cyclic AMP to FCS medium did not lead to further increase in TH 
activ ity . In con trast, cyclic AMP increased DBH activ ity  in SY5Y In 
both N2 and FCS medium.

N2 medium did not perm it the morphological response of SY5Y cells 

to NGF th a t was observed with serum (Burm eister, 1982). This medium 
may be of use, however, in identifying the permissive factor(s) in 
serum which allow for responsiveness to NGF.

EFFECTS OF CYCLIC AMP

The addition of cyclic AMP to the culture medium increased the
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specific activity  of DBH in SY5Y with or w ithout serum. That changes 
in the morphology and enzyme levels were observed with the dibutyryl or 

8-bromo analogues suggests a c ritica l role for the cyclic AMP moeity in 

m ediating the e ffec t in SY5Y. While the action of the 8-bromo analogue 

was identical to dibutyryl-cyclic AMP with respect to morphology and 
enzyme activ ity , the e ffe c t of it or its breakdown products on SY5Y 
growth ra te  have not been determ ined and therefore cannot be ruled out 
as contibuting facto rs to the observed e ffec ts  in SY5Y. However, the 
growth ra te  of M17 cells in the presence of cyclic AMP was not 
significantly d ifferent from the controls. In mouse neuroblastoma,

C1300, these two analogues are essentially the same in the ir e ffec ts  

with the notable exception th a t the 8-bromo-cyclic AMP does not inhibit 
growth ra te  (Waymire et a l., 1978b).

Some effec ts  of dibutyryl cyclic AMP can be due to  butyrate formed 
when the molecule is degraded. Butyrate is inhibitory and a t high 
concentration toxic to cells. As slowing or cessation of cell growth 

may secondarily influence cell morphology or enzyme expression, it is 
im portant to distinguish these e ffec ts  from those m ediated by cyclic 
AMP when dibutyryl analogue is used. Butyrate increased levels of TH 
specific activ ity  in M17 cells. This increase, however, was 
accompanied by a drastic decrease in cell protein tha t was not found 

with cyclic AMP and IBMX trea tm en t. Dibutyryl cyclic AMP and IBMX in 
the medium perm itted  growth ra te  comparable to the respective FCS or N2 
control cultures of M17. In SY5Y, ImM butyrate  increased the specific 
activ ity  of DBH, but also reduced to tal cell protein to levels below 
th a t observed with dibutyryl cyclic AMP. This is probably due to a 
combination of toxic and growth inhibitory e ffec ts . The morphology of 

the cells in N2 with ImM buty rate  was quite d ifferen t from N2-dibutyryl 

cyclic AMP cultures. As bu tyrate  also causes elevations in 
in tracellu lar cyclic AMP (Prasad & Sinha, 1975), the  enzyme increases 

may be due to this action. Butyrate a t ImM concentration did not 
account for the e ffec ts  observed with dibutyryl cyclic AMP.
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The addition of cyclic AMP to N2 medium provided for the 
consistent dem onstration of TH activ ity  in SY5Y, though it remained a t 
the lim its of detection  by the in vitro assay. The levels were 
com parable to those found with FCS. The N2 medium may lack factor(s) 
which are present in serum and act to maintain higher levels of TH.

Cyclic AMP may substitu te for this facto r and restore activ ity  to the 
FCS level. The factor(s) may ac t via cyclic AMP dependent 

phosphorylation of TH. A sim ilar e ffe c t on TH activ ity  was observed in 
M17 where basal levels of the enzyme are high.

The cyclic AMP experim ents with M17 also suggested tha t the levels 
of TH might be lower in N2 medium as a result of reduced cyclic 

AMP-dependent phosphorylation of the enzym e. N2 medium may not support 
the level of protein kinase activity  com parable to th a t found in serum 

cultures. The activ ity  of protein kinases can be stim ulated by the 

addition of exogenous cyclic AMP or its analogues (Inset e t al., 1975; 

Rosenfeld & Barrieux, 1978). As no further increases were observed 
when cyclic AMP and IBMX were added to FCS medium, it appeared tha t 
serum factors m aintained sufficient kinase activ ity  for the maximal 
expression of active TH.

The level of neuro transm itter synthesizing enzyme activity  in SY5Y 
and M17 were modulated by cyclic AMP dependent processes. W hether the 

increases observed represent activation of preexisting molecules or de 

novo synthesis requires fu rther work evaluating the e ffec ts  of 
transcriptional and translational Inhibitors on the expression of 
increased activ ity . Immu no titra tio n  studies would indicate if 
increased numbers of enzyme molecules are responsible for the observed 
elevation. The M17 cells in N2 medium may be a useful system in which 
to analyze further the actions of cyclic AMP on expression of TH 
activ ity .



-17 4 -

The dram atic e ffec t of cyclic AMP on the morphology of SY5Y cells 
in the presence of N2 but not PCS requires further investigation. The 
failure to find e ffec ts  in the presence of serum indicates tha t 

in tracelluar or ex tracellu lar factors e ither degrade the cyclic AMP or 
antagonize its action on the cells. These factors are removed or fail 
to  be produced without serum. W hether the Increased process form ation 

represents modified gene expression or results via the stim ulation of 

tubulin polym erization or the  activation of microtubule associated 
proteins remains to  be determ ined. For exam ple, phosphorylation of 
desmin and vimentin interm ediate filam ents by specific protein kinases 
may govern filam ent assembly by postranslational m odification of the 

subunits (O 'Connor e t al., 1981).

R ecent studies using a  subclone of the  mouse neuroblastom a cl300 

suggested tha t specific Increases in microtubule associated proteins 
(MAPS) are rela ted  to the morphological d ifferentiation  observed when 

cells are transferred  from suspension culture to monolayer culture.

N eurite form ation resulted in a change in the  distribution of to ta l 
cell tubulin. The equilibrium between soluble and insoluble tubulin 
was shifted when ceils were d ifferen tia ted , probably rela ted  to 
increased polym erization. The failure to polym erize tubulin in the 
suspension cultures correlated  with absence of MAPs (Olmstead & Lyons, 
1981a).

A 215,000 dalton protein has been detected  in ex trac ts  from 
d ifferen tia ted  cells but not undifferentiated  ones. It was shown to 
p artic ipa te  in in vitro  microtubule assembly and found to 
sedim ent with tubulin (Olmstead & Lyons, 1981b). The localization of 
MAP2 im munoreactivity specifically with m icrotubules of d ifferen tiating  
neuroblastom a line B104 when they were trea ted  with dibutyryl cyclic 

AMP. The monoclonal antibody failed to reac t with microtubules in 
m ito tic spindle, in nonneuronal cells or undifferentiated  
neuroblastom a. The MAP2 protein may function as a microtubule
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polymarizing or stablizing agent promoting process form ation in 
neuronal cells . It may prove to be a m arker for neuron specific
d ifferen tiation  (Izant & McIntosh, 1981). The appearance of this
protein in detectab le  amounts follows procedures known to stim ulate 
neurite outgrowth, but w hether this involves de novo synthesis has not 

been determ ined. Of in terest will be fu rther work which can evaluate

the influence of cyclic AMP and NGF on the  levels and activ ity  of the
MAPs.

CYCLIC AMP AND TYROSINE HYDROXYLASE ACTIVITY

The stim ulation of protein  kinase activ ity  could have two 
consequences. The kinase could ac t a t poettranslational level to 

phosphorylate preexisting enzyme m olecules. The kinetic param eters of 

TH activ ity  can be modified by incubation of tissue in vitro in 

the  presence of a com plete protein phosphorylating system . Full 
activation of TH requires Mg++, ATP, cyclic AMP and endogenous kinase. 

The activation  is associated with an altered  affinity  of the enzyme for 
the pteridine cofactor if assayed a t subsatruating cofactor 

concentrations. (Weiner e t al., 1978). The increases in TH observed 
with phosphorylation resem ble acute  activation  of enzyme following 
brief neural stim ulation. In several d ifferen t tissues studied 
including stria tum  (Lovenberg e t al., 1975), caudate nucleus (Lloyd & 

Kaufman, 1975), hypogastric nerve-vas deferens (Weiner e t al., 1978),
TH activation  subsequent to  nerve stim ulation is associated with an 

increased affinity  of the enzym e for its reduced pterin cofactor while 

the Km for substrate  rem ained unchanged. As the tyrosine concentration 
in the cell is thought to be saturating  while cofactor may be limiting, 
the physiological relevance of such a mechanism can be ap p re c ia te d .

The presence of two kinetically d istinct populations of enzyme 
is suggested by non-linear double reciprocal plots of 1/v vs. 
l/[co fac to r], Analysis of homogenate from hypogastric nerve-vas
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deferens preparation a fte r  e lec trica l stim ulation or following 

incubation with a com plete phosphorylating systems reveals Unear 
Lineweaver-Burk plots for TH. The combined e ffec ts  of e lec trica l and 

phosphorylation e ffec ts  is equal to the maximal stim ulation observed 
with e ither alone (Weiner e t al., 1978).The e ffec ts  of e lec trica l

stim ulation and cyclic AMP may be exerted via a single common pathway
and suggests th a t in vivo acute  activation following neural 
stim ulation involves cyclic AMP dependent protein kinase activ ity .

In vivo, acute stress stim ulates TH activ ity  by 

transsynaptically m ediated mechanisms. Analysis of co fac to r binding 
reveals non-U near Lineweaver-Burk plots in low stress animals 
sacrificed by halothane anaethesia. However, stresses caused by 

decapitation (Masserano & Weiner, 1979) or electroconvulsive shock 
(Masserano et al., 1981) increase adrenal and s tria ta l TH and the 

enzyme exhibits Michaelis-M enten kinetics with respec t to co fac to r and 
substra te . Incubation of adrenals with a cyclic AMP-dependent protein 

phosphorylating system  allows for the conversion of low affin ity  form 
of the enzyme to the  high affinity  form . A single homogeneous 

population of TH m olecules with respect to Vmax and cofactor affinity
is observed. (Masserano & Weiner, 1979).

Though phosphorylation was im plicated as a mechanism for rapid 

activation , the dem onstration of d irec t phosphorylation of the  TH 

molecule and association with increased activ ity  is more recen t. The 
firs t report of phosphorylation of isolated TH suggested th a t phosphate 

was a constitu tive p a rt of the molecule and not rela ted  to the 
modulation of enzyme activ ity  as the molecules isolated from 
experim ental and control situations exhibited the same steady s ta te  

levels of ^ P  incorporation (Letendre e t al., 1977). However, 
in vitro phosphorylation of purified enzymes from various tissues 
is correlated with changes in enzyme activ ity .
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fro m )L ^ P  -ATP is incorporated into the 62kd 
subunit of highly purified ra t caudate TH. The phosphorylated enzyme 

exhibits a two-fold increase in ca ta ly tic  activity  associated with an 
increased Vmax but no a lteration  in the affinity for cofactor or 

substra te . It is proposed tha t the increased cata ly tic  activity  

represents recruitm ent of cataly tically  active molecules from an 
inactive pool. The changes in apparent Km found in crude enzyme 
preparations may represent summation of Km and Ki e ffec ts  since 
inhibitors were present under these conditions (Joh e t al., 1978).

Phosphorylation of TH purified from SK-N-BE(2) human neuroblastoma 
cells produces a two fold increase in activ ity . However, this Increase 

is associated with a decrease in Km for cofactor but no change in Vmax. 

Whether these differences are rela ted  to species variation or to the 

neoplastic origin of the neuroblastoma cells remains to be determ ined 
(Job e t al., 1979).

D irect incorporation of phosphate into adrenal TH by a cyclic AMP 
mechanism has been dem onstrated by coelution of the enzyme activity  
with the radioactive peak in gel filtra tion  on Sephadex G-200. A 3-4 
fold activation of enzyme activ ity  follows the incubation of the 

purified enzyme under phosphorylating conditions (Yamauchi & Fujisawa, 
1978).

A ctivation of purified PC12 TH by phosphorylating conditions is 
reported to involve change in cofactor affinity ra th e r than change in 
Vmax. When assayed under limiting conditions for cofacto r, the  reduced 

Km is evident. Lineweaver-Burk plots exhibiting curvilinearity with 

re pec t  to cofacto r concentration in controls become linear with 
phosphorylation of the enzym e. Purified ca ta ly tic  subunit of cyclic 

AMP dependent protein kinase added to purified TH resulted  in enzyme 
activation which was proportional to amount of subunit added and highly 
correlated  with P incorporation into TCA precipitable m aterial.



The activation appears to be specific for TH and proceeds a t a ra te  2 

1/2 tim es tha t of histone H I phosphorylation (Vuillet e t a l.f 1981).

Partially  purified bovine adrenal TH is also sequentially 
phoaphorylated and dephosphorylated in vitro and concom itant 
increases and decreases were associated with the two processes. 

Endogenous kinases and phosphatases specifically modify the enzyme 
molecule and loss or gain of label is correlated  with 
increased or decreased activ ity , respectively. The data  suggest th a t a 
phosphorylation-dephosphorylation cycle controlled by cyclic AMP 

dependent protein kinase and phosphoprotein phosphatase mmay be rela ted  
to  modulation of enzym e activ ity  in the  adrenal medulla (Yamauchi & 
Fujisawa, 1979).

The kinetic basis for the phosphorylation associated alterations 
in TH activ ity  remains controversial. A recen t report suggests th a t 
phosphorylation may shift the pH optim a for the enzym e. Depending on 

the  conditions of the assay, apparent changes in several param eters can 

resu lt. In addition the optim al pH ranges may vary with tissue type, 
s ta te  of enzyme activation, or assay conditions, e.g. cofactor 
concentration. This may provide a basis for some of the discrepancy in 
reports of e ffec ts  of phosphorylation on TH activ ity  (Acheson e t al., 
1981).

In summary, the modulation of enzyme activ ity  in a variety of 

system s may share common mechanisms despite the  diversity of 

stim ulating signals. The changes in kinetic param eters favor increased 
catecholam ine synthesis by increasing the sensitivity of the enzyme to 
co fac to r while decreasing binding of end product inhibitor. The 

activation may involve d irect phosphorylation of the enzyme molecule 
catalyzed by cyclic AMP-dependent kinase. The phosphorylated form may 

be the active TH or represent a TH molecule with modified affinity  for 
cofacto r or inhibitor or with d ifferent pH dependencies.
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The changes in TH activ ity  observed in M17 and SY5Y cultures with 
cyclic AMP trea tm en t require fu rther characterization . The action of 

cyclic AMP on enzyme activ ity  in neuroblastoma cell lines may resemble 
regulatory events operative in m ature adrenergic neurons.
A lternatively, the  changes could represent developmental changes 
associated with progressive d ifferen tiation . Comparison of the 

neuroblastom a data with th a t found in developing and m ature neurons 

should be useful in elucidating the mechanisms underlying cyclic AMP 
action on enzyme activ ity .

A ctivation of protein  kinase may also influence transcrip tional 

events in cells (Jungman & Russell, 1977). The induction of TH 

and DBH follows chronic stim ulation of sym pathetic ganglia or adrenal 
medulla, as occurs during prolonged physiological stress. The 
increased levels of TH and DBH activ ity  require transcrip tion and de 
novo protein synthesis and resu lt in increased numbers of enzyme 

molecules. This process is clearly d istinct from short term  activation 
(O tten & Thoenen, 1976). Some work suggests tha t elevated cyclic AMP 

may be a prim ary cellular response to  increased neural stim ulation and 
ac ts  as a second m essenger in transsynaptic induction of the  enzymes 
(Guidotti & C osta, 1973). This, however remains controversial since 
increases in in tracellu lar cyclic AMP preceding the inductive e ffec ts  

have been difficu lt to dem onstrate directly (O tten & Thoenen, 1976). 
However, as the cyclic AMP signal is am plified in the cell, the 

physiologically active amounts may be very sm all. D etection of small 
transien t increases in cyclic AMP in the neuronal population of the 

ganglion may be d ifficult due to  the  presence of o ther cell types.

Protein kinase consists of regulatory (R) and cata ly tic  (C) 
subunits. The R subunits bind cyclic AMP and the C subunit dissociates 
from the R subunit upon cyclic AMP binding (Rail e t al., 1969; Corbin 

e t al., 1975; Granot e t al., 1980). The C subunit catalyzes the
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phosphorylation of endogenous cellu lar protein (Greengard, 1972;
Rosenfeld & Barrieux, 1978). The protein kinase activity  is 

com partm entalized, the cytosol containing cyclic AMP dependent kinases 
while the endogenous nuclear protein kinases are mainly cyclic AMP 

independent (Russell, 1978). The contribution of cyclic AMP to 
nuclear events was therefore dubious. However, the translocation of 
cytosol cyclic AMP dependent protein kinase or its  ca ta ly tic  subunit to 

the nucleus has been proposed (Jungman e t al., 1979). The resu ltan t 

phosphorylation of nuclear proteins is proposed to activate  
transcription of specific genes.

Reciprocal changes In cytoplasm ic and nuclear cyclic AMP-dependent 
protein kinase activity  are observed in adrenal medulla following 

nicotinic stim ulation (Costa e t al., 1977) or prolonged cold stress 

(Kurosawa e t al., 1979). A ctivity of the free ca ta ly tic  subunit 
in cytoplasm increases as cyclic AMP levels rise, but a subsequently 
declines simultaneously with a two-fold increase in nuclear 

phosphorylation and accum ulation of protein kinase activ ity  in the 
nuclear fraction (Kurosawa e t al., 1979).

In primary cultures of adrenal chrom affin cells elevation of 
in tracellu lar cyclic AMP by incubation with the 8-bromo cyclic AMP 
analogue for five hours leads to increased TH activ ity  which peaks at 

48-72 hours. The increase is specific and not rela ted  to generalized 

enhancem ent of protein synthesis. The increase is actinom ycin O and 
cycloheximide sensitive and the Vmax for TH is elevated with no 

apparent change in cofactor affinity . The levels of cyclic AMP 
dependent protein kinase in the to ta l cell pellet and in nuclei 

increase by an amount corresponding to a decrease in the  cytosol 
activ ity . A sim ilar sequence of changes was elicited by cholera toxin, 

which is known to  increase in tracellu lar cyclic AMP and induce TH. No 
such increases were seen with NGF or dexam ethasone trea tm en t. The 
effec ts  of the above agents on chrom affin ceils have not been related
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to cyclic AMP. Colchicine blocks the TH induction stim ulated by cyclic 
AMP as well as the phosphorylation of endogenous nuclear protein but 
does not a ffec t the basal TH levels. Participation of m icrotubular 
system  in translocation process was proposed (Kumakura e t al., 1979).

In NBD-2 mouse neuroblastom a cells, a 15 minute exposure to 

8-bromo cyclic AMP resu lts in a 100% increase in TH activ ity  a t 48 
hours. The increase is associated with an increased Vmax probably due 
to  increased numbers of enzyme molecules. The increases in cyclic AMP 
dependent protein kinase activ ity  In the soluble and particu la te  cell 
fractions exhibit a reciprocal com plem entarity , protein kinase 
redistributing predominantly to the particu la te  fraction during the six 
hour period a f te r  cyclic AMP trea tm e n t. Nuclear ex trac ts  from the 

cyclic AMP trea ted  cells preferentially  phosphorylate non-histone 
proteins in vitro even without added cyclic AMP. This indicates 

th a t the ca ta ly tic  subunit had been previously activated  in the  cytosol 
prior to translocation (Hollenbeck e t a l., 1979). Increases in TH and 
DBH with 8-bromocyclic AMP require transcrip tion and translation. 
Im m unotitration studies reveal th a t p a rt of the  increase is due to  an 

increased number of enzyme molecules. TH from  cyclic AMP trea ted  
cultures also exhibits a lower Km for cofactor (Waymire e t al., 1979).

The level of neuro transm itter synthesizing enzyme activ ity  in SY5V 

and M17 can be modulated by cyclic AMP dependent processes. Whether 
the  increases observed represent activation of preexisting molecules or 

de novo synthesis requires fu rther work evaluating e ffec ts  of 

transcriptional and translational inhibitors on expression of increased 
activ ity . Im m unotitration studies would indicate if increased numbers 
o f enzyme molecules are responsible for the  observed increases. The 
use of serum free  medium N2 revealed cyclic AMP e ffe c t on M17 TH 

activ ity  not observed in PCS. The M17 cells in N2 medium may be a 

useful system in which to analyze fu rther the actions of cyclic AMP on 
TH activ ity . Consideration of the processes operating in developing
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and m ature neurons with respect to cyclic AMP action is essential for 

evaluating the significance of the e ffec ts  observed with neuroblastoma 
cell lines.

EFFECTS OF NGF

The e ffec ts  of NGF on SY5Y a t concentrations up to 100 ng/ml were 
lim ited to alterations in growth ra te  and morphology and no associated 

changes in neuro transm itter synthesizing enzyme activ ity  were found 
under any conditions tested . The e ffec ts  on neurite outgrow th were not 

correlated  with changes in growth ra te  as the form er occurs only in 
presence of FCS while the  la t te r  is observed only in N2 medium.

Despite the  increased neurite outgrowth with NGF the  cells did not 

exhibit the overall increase in organelles, e.g. increases in rough 
endoplasmic reticulum , associated with the hypertrophic response in 
sensory and sym pathetic ganglia (Levi-M ontalcini e t  al., 1966) or PC12 
(Luckenbill-Edds e t al., 1979).

The M17 cells failed to exhibit morphological, enzym atic or growth 

ra te  changes with NGF. At the  concentrations of NGF used, a slight but 

consistent decrease in to ta l cell protein was observed and suggests 
th a t at higher concentrations NGF m ight produce more significant 
changes in M17 cell. Increased enzyme activ ity  may require 
concentrations of the facto r in ^ig/ml range. The absence of 

morphological and enzym atic e ffec ts  a t lOOng/ml does not exclude the 
possibility of e ffe c ts  a t higher concentrations of fac to r. As the NGF 
receptor content of the BE(2) line or the  M17 clone has not been 
determ ined, the  failure to respond may indicate lack of receptors. 
Evaluation of NGF action with the M17 line requires more data 

especially from experim ents perform ed a t NGF concentrations shown to be 
optimal in o ther system s. Several possible explanations for the 
apparent uncoupling of e ffec ts  in SY5Y and failure to e lic it effec ts  in 
M17 will be considered below.
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Though high affinity  binding of NGF to SY5Y cell* has been 
dem onstrated, the receptor content of the cells is low (Sonnenfeld & 
Ishii, 1979). The m ultiple e ffec ts  of NGF on ta rg e t tissues are 

m ediated a t several regulatory levels. Recent reports have identified 

cellular receptors with differing association kinetics for NGF (Sutter 
e t  al., 1979; Landreth & Shooter, 1980; Riopelle e t a l., 1980;

Schechter & Bothwell, 1981). Receptor heterogeneity may be intrinsic 
to  the population of receptors (Schechter & Bothwell, 1981) or 

conversion from low affinity  to high affinity may be induced by ligand 
binding (Landreth & Shooter, 1980). The functional significance of 

d ifferen t receptors remains speculative a t present.

Fast and slow receptors are present on PC12 cells prior to ligand 
binding and exhibit d ifferen t sensitivity to trypsin. A brief exposure 

o f cells to trypsin destroys fast binding but does not prevent binding 
to  the slow receptors. T reatm ent of the cells with Triton X-100 
solubilizes the membranes leaving an insoluble cytoskeleton behind.

While fast receptor binding is lost by such procedures, slow binding is 

preferentially  retained. The cytoskeletally associated receptor may 
m ediate specific morphological e ffec ts  of NGF while transcription 
dependent events may require interactions of NGF a t  o ther sites e.g. 

the  nucleus (Schechter & Bothwell, 1981).

The incubation of PC12 cells with NGF resu lts in a portion of the 
bound ligand remaining associated with the cells even in NGF-free 

medium. Within this tightly bound fraction  some of the  binding is 

trypsin resistan t while some is destroyed by trypsin trea tm en t 
(Calissano & Shelanski, 1980). NGF binding has been followed to the 
nuclear com partm ent 24 hours a fte r  NGF trea tm en t (Calissano & 

Shelanski, 1980; Yanker & Shooter, 1979). Translocation of surface 
receptors to the nuclear com partm ent is coincident with a transient 
reduction in surface binding. Internalization of the recep tor,



associated with either degradation or transport to intracellular sites 

of action, reduces available receptors on the surface but the levels 
are subsequently restored to levels higher than present prior to 

binding. This modulation of available NGF receptors in response to NGF 
binding may involve de novo synthesis or unmasking of la ten t receptors. 
(Calissano et al., 1981).

Localization of surface binding sites and transport in the 
cell has been followed by immunofluorescent and autoradiographic 

techniques. In embryonic cells the initial binding is diffusely 
distributed over the surface but subsequently becomes clustered into 
immobile patches by a tem perature sensitive process which precedes the 
eventual endocytosis of the molecules. More m ature neurons exhibit in 
addition to  mobile recep tors, immobile sites localized a t the tip  of 
the  axon and on the soma in which the receptors are aggregated prior to 
NGF binding (Levi e t al., 1980; Marchisio e t al., 1981).

NGF a f te r  binding to surface receptors in PC12, becomes 

internalized and is found in the cytoplasm ic com partm ent and 
subsequently in the perinuclear region and in the nucleolar area of the 
nucleoplasm (Vanker & Shooter, 1979; Marchisio e t al., 1980). In 
embryonic sym pathetic neurons, however, the in tracellu lar localization 
is restric ted  to the cytoplasm ic com partm ent (Marchisio e t al., 1981).
The differences in surface binding and internalization may be rela ted  

to developmental m aturation of cell responsivity to NGF. These 
differences may be a reflection  of the "priming" events observed with 

PC12 cells. Cells upon firs t exposure to NGF elaborate processes by 
a transcription-dependent mechanism. However, regeneration of 
processes occurs more rapidly and does not require RNA synthesis 
(Burstein & Greene, 1978).

The morphologic responses of SY5Y cells to NGF in the absence of 
e ffec ts  on growth or enzyme activ ity  could result from a reduced or
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absent class of receptor(s) or alternatively to defects in cellular 
mechanisms following receptor binding, e.g. internalization, 
translocation or activation of a second messenger. The low surface 
receptor content may perm it receptor occupancy below the threshold for 
enzyme inductive and growth e ffec ts  but adeguate for stim ulation of 

neurite outgrowth. These cells might be useful in fu rther analysis of 
NGF receptors aimed a t correlating functional d ifferences with various 
receptor types identified.

The concentration of B-NGF used in the experim ents ranged from 
10-100ng/ml. Morphological e ffec ts  in SY5Y can be observed a t 

concentrations in this range and appear to be maximal a t 50 ng/ml 

(Sonnefeld, personal communication). However,these concentrations may 
not be sufficient for induction of enzyme activ ity . Morphological and 
enzym atic e ffec ts  in sym pathetic ganglia following in vivo NGF 

injections of neonatal animals can be distinguished. NGF induction of 

neurite  outgrow th is tem porally d istinct from TH induction. In 
addition, the enzyme induction is actinomm ycin D sensitive while 
neurite  outgrowth is not. NGF appears to ac t a t level of tubule 
assembly as new synthesis of tubulin is not required for the increase 
of neurotubules observed by electron microscopy (Stoeckel e t al.,
1974).

In organ cultured adult ra t superior cervical ganglia TH induction 
requires 5-10 }jg/ml NGF while only 5 ng/ml is necessary for neurite 

outgrowth (O tten & Thoenen, 1976). In long term  organ cultures of 

early postnatal ra t superior cervical ganglia neurons display neurite 

outgrowth when maintained in a culture medium with 10 ng/ml NGF. 
However, low NGF could not support the detectab le levels of TH. NGF a t 
1 JAg/ml is required to restore TH activ ity  following explantation and
m aintain it in culture. While the maximal e ffec t on the  density of

neurites occurs a t 10 ng/m l NGF, maximal neurite elongation, cell

survival and enzyme induction requires 100 ^Jg/ml of NGF. It is
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postulated tha t the d ifferential e ffec ts  may be rela ted  to actions of 

NGF m ediated a t d ifferent cellu lar s ites. The low concentration, 

sim ilar to plasma levels, could stim ulate axon form ation via a 
mechanism involving cell surface receptors. The high concentrations, 
as would be encountered by nerve term inals at the ta rg e t organ, might 

induce TH, survival and maximal neurite elongation by processes 

involving retrograde transport to the cell body following uptake in the 
term inal region (Hill & Hendry, 1976).

Human fe ta l ganglion cells in partially  dissociated cell culture 

are supported by NGF a t 10 ng/m l. Even when non-neuronal cell 

population is drastically  reduced by the use of serum -free supplem ented 
medium, N2, cells re ta in  u ltrastructu ra l features charac terisitc  of 
sym pathetic neurons. The cells exhibit dense core vesicles with 
perm anganate or chrom ate-dichrom ate fixation indicating the presence of 
catecholm ine stores and suggesting the presence of functional TH 
(Zeevalk et al., 1982, subm itted for publication).

In PC12 cells, neurite outgrow th is maximally stim ulated  a t 
0.4 nM while induction of acetylcholinesterase requires 1.0-1.5 nM 
(Greene i t  R ickensteln, 1981). Induction of TH in th e  PC G2 cell line 

requires 1-10 j /q f  ml while neurite outgrow th is not stim ulated a t any 
NGF concentration (Goodman & Herschman, 1978). The negative results 
presented for SY5Y do not exclude the  possibility of NGF e ffec ts  on 

neuro transm itter synthesizing enzymes a t higher concentrations of the 
fac to r.

The role of o ther factors In potentiating the NGF action on cells 

must also be considered. The culture environment may lack 

molecules which are permissive for NGF action or modulate the cell 

response to NGF. Several studies indicate tha t glucocorticoids 
may have such a function in NGF responsivity of sym pathetic cells. If 
animals are injected with NGF and the superior cervical ganglia



-1 8 7 -

subsequently explanted into organ culture in a serum -free medium an 
increased level of TH activ ty  is measured a t 48 hours. In vivo 
adm inistration of actinom ycin D prior to NGF injection prevents this 

increase. Addition of cycloheximide but not actinom ycin O prevents the 
increase. The initial action of NGF requiring transcriptional events 
is com pleted in vivo but continued protein synthesis Is required 

for full expression of the e ffe c t in culture. Im m unoprecipitation 

experim ents of the increased activ ity  dem onstrated de novo synthesis of 
TH m olecules (MacDonnell e t al., 1977a).

The maximal stim ulation of TH activ ity  in response to a single NGF 
injection requires dexam ethasone in the culture medium. However, 
injections of NGF adm inistered on th ree  consecutive days results in 
maximal induction regardless of dexam ethasone in the medium (Nagalah e t 
a l., 1977). It appears tha t some Change is com pleted in the  ganglion 

cells in vivo which overcomes the  requirem ent for glucocorticoid 

in vitro. Recently it has been shown th a t NGF stim ulates the 

p itu itary-adrenocortical axis, thereby increasing plasma glucocorticoid 
(O tten & Towbin, 1980). The in vivo increase in glucocorticoid 
may allow for changes to be com pleted in the cells prior to culture and 

thereby relieve the  in vitro requirem ent for dexam ethasone.

The action of the glucocorticoids increases responsivity of 

superior cervical ganglia to NGF as evidenced by a shift in the dose 
response curve for NGF to  the le ft. In the  presence of glucocorticoid, 
5-10 ng/ml NGF is suffucient for induction of TH as com pared to the 

concentration of ug/m l without dexam ethasone. The maximal inductive 
e ffe c t is g rea te r than without glucocorticoid and the tim e of exposure 
to NGF necessary for induction is drastically  reduced. These 
experim ents suggest tha t glucocorticoids increase the  responsiveness to 
NGF by a process which requires protein synthesis (O tten & Thoenen, 
1977).
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In PC-G2 cells, dexam ethasone po ten tiates NGF and EGF e ffec ts  on 
TH activ ity  (Goodman e t al., 1978). Enzyme levels in PC12 are not 

affec ted  by NGF alone. However, in the presence of 10”^ M 

glucocorticoid, 40 ng/ml NGF enhances the level of TH (Schubert e t al., 
1980). Choline acety ltransferase activ ity , however, is stim ulated by 
NGF while glucocorticoid inhibits the NGF induced increase (Edgar St 

Thoenen, 1978).

That dexam ethasone encourages adrenergic d ifferentiation  while 
antagonizing expression of cholinergic enzymes in PC12 suggests tha t 

the  steroid  may be involved in the  m aintenance of the endocrine 

phenotype in the adrenal medulla, the normal coun terpart of the 
pheochrom ocytom a. The PC12 cells may not provide an appropriate model 
system  with which to study events rela ted  to neuronal d ifferentiation, 
especially with respect to the expression and regulation of 

neuro transm itter synthesizing enzym es. Work with normal adrenal 

chrom affin cells in culture (Unsicker e t al., 1980) and in vivo 
(Aloe & Levi-M ontalcini, 1979) indicates tha t these endocrine cells 

also have specific responses to NGF which are d ifferen t from NGF 

effec ts  in sym pathetic neurons. As the adrenal medulla and sym pathetic 
neurons share a common embryological origin and synthesize 
catecholam ine via sam e enzym atic pathway, there  may be some regulatory 
processes common to  both. However, the two system s are functionally 
d istinct and regulation specific to each must develop as the phenotype 
becom es determ ined. Comparison of e ffec ts  observed in neuronal and 
endocrine cell types will be of In terest in understanding the 

development of the regulatory processes during differen tiation .
However, caution should be taken when proposing use of a cell line as a 
"model11 for neuronal d ifferentiation .

A recently  isolated clone of PC12 exhibits an NGF sensitive TH 
induction not requiring the permissive action of glucocorticoid. Half 
maximal stim ulation of TH occurs a t low NGF concentrations (1.7 ng/ml)
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artd maximal induction is achieved a t 10 ng/m l. Dexamethasone and NGF 

increased TH activ ity  in an additive fashion suggesting the actions of 

the two agents are exerted  via separate pathways (Hatanaka, 1981). The 
e ffec tive  dose for half maximal response is comparable in magnitude to 
th a t reported for e ffec ts  on neurite regeneration (Greene, 1977), CAT 

induction (Schubert et al., 1977) and TH induction in the presence of 

glucocorticoids (Schubert e t al., 1980). The NGF required for response 
in PC12h is an order of magnitude lower than required for TH induction 
in PC-G2 (Goodman & Herschman, 1978).

Morphological and enzym atic responses to NGF are not necessarily 
co rrelated  in the various PC12 clones Isolated (H atanaka, 1981). The 
loss or aquisition of NGF responsivity due to clonal variation in PC12 

has also been noted in m utagenized cultures (Bothwell e t al., 1980).

Some of the discrepancies reported for PC 12 responses, as well as those 
for o ther cell lines, may be due to variation even within clonal 
populations.

The SY5Y cells offer another system  in which to study NGF action. 
Further work on this line should include characterization  of the 
morphological response (Burm eister, 1982; Perez-Polo e t al., 1979) with 
respect to the role of RNA and protein synthesis.

It would also be of in terest to add glucocorticoids or o ther 

possible potentiating facto rs along with NGF and assess w hether 

morphological and enzym atic param eters can be effec ted . The defined N2 

medium may provide a system  in which to reconstitu te  condtition 
required for NGF stim ulated neurite outgrowth. The failure to observe 
a sim ilar response in N2 may be due to  deficient substrate . A ttem pts 
to modify the substrate by addition of fibronectin, collagen, 
polyornithine or polylysine would be a s ta r t to investigate this 

possibility. A lternatively,, some hormonal factor(s) might "prime” the 

cells and increase responsivity to NGF.
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No single cell line studied thusfar has proven a conclusive model 
in which to study NGF action on it ta rg e t cells. More inform ation from 
alternative  systems, such as the human neuroblastoma cell lines in 
particu lar SY5Y, may help in elucidating the mechanism of action for 
NGF.

COMPARISON OF SY5Y AND M17 TO EARLY SYMPATHETIC CELLS

The neuroblastoma lines SY5Y and M17 resem ble early neuroblasts 
w ith respect to u ltrastruc tu ra l featu res. A heterogenous distribution 
of cells with respect to u ltrastructu ra l specializations populates the 

developing sym pathetic ganglion. The most prim itive neuroblasts 
possess large nuclei with variable amounts of condensed chrom atin 

underlying the nuclear envelope and a cytoplasm  with poorly developed 

membraneous organelles. Young sym pathetic neurons contain more rounded 
or oval nuclei with evenly dispersed chrom atin, well developed 

cytoplasm ic organelles, dense core vesicles. Processes characterized  
by presence of m icrotubules, in term ediate filam ents, sm ooth endoplasmic 

reticulum  and dense core vesicles indicate more advanced development 
(Pick e t al., 1964; Hervonen e t al., 1978).

The SY5Y cells contained a m oderate number of large dense core 

granules of size com parable to those found in glutaraldehyde-osm ium 
fixed fe ta l ganglia. The M17 cells possessed a richer population of 

dense core granules, whose size and shape were more variable than those 
of SY5Y cells. The mean d iam eter of the SY5Y vesicles was 100 nm as 
compared to a mean diam eter of 130 nm for the  M17. Groups of twenty or 
more vesicle were found in FCS and N2 cultures of M17. This was rarely 
encountered in an extensive survey of SY5Y under a number of medium 
conditions (see also Burm eister, 1982). N either SY5Y nor M17 contained 
significant numbers of small (50nm) dense core vesicles.

The irregular shapes of vesicles in M17 may result from section
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through endoplasmic reticulum  which contained dense m aterial ra th e r 
than through vesicles. Several studies suggest tha t perikaryal and 
axonal endoplasmic reticulum  may be a site  for vesicle form ation 
(Teichberg & Holtz man, 1973; Holtz man e t al., 1973), and chromaffim  
positive m aterial has been dem onstrated in the cistem ae of tubular 
endoplasmic reticulum , smooth endoplasmic reticulum  and Golgi 

appartatus of superior cervical ganglion cells (Richards & D aPrada,
1980). A lternatively, the irregular shaped vesicle profiles resem ble 
some of the vesicle types found in early sym pathicoblasts, which are 

not as uniform in size and shape as a t la te r stages of cellular 
m aturation. The large granular vesicles are prominent a t earlier 
developm ental stages prior to appearance of small dense core vesicles 
(50nm) which are associated with synaptic function (Pick e t al., 1963; 
Hervonen e t al., 1978).

In more m ature neurons large granular vesicles are found in the 

cell body, along processes and in the term inals while the small 
granular vesicles (50nm) are almost exclusively localized in the 
term inals. Local form ation of small granular vesicles in the term inals 
has been proposed (Hokfelt, 1973). The small vesicles may be formed by 
the  fragm entation of the larger vesicles or by a partial 
exocytosis followed by endocytic retrieval of a sm aller vesicle (Geffen 
& L ivett, 1971). Though the mechanisms for the generation of vesicles 

and their specific functions remains controversial, it is generally 
agreed tha t the small vesicles are associated with synaptic function.

In the absence of synaptic in teraction cells may not produce small 
dense core vesicles. The SY5Y and M17 cells rarely exhibited vesicles 

of 60-70 nm. The absence of this class of vesicle may be due to  the 
early developmental stage of- the cells or associated with the lack of 

synpase form ation by these cells in culture.

Dense core vesicles are suggestive of catecholam ine storage but
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are not a sufficient dem onstration of its presence. Vesicles with dense 

cores have also been observed in cholinergic term inals (Peters e t al.,
1976). Further, the dense core granule is a more complex organelle 

than the secretory  granule and it has been suggested th a t it may also 
be the site  for local synthesis of catecholam ine (Pelegrino de Iraldi,
1980). O ther molecules are associated with the vesicle, e .g ., protein 
molecules which complex with catecholam ine prevent diffusion of the 

tran sm itte r out of the vesicle. Enzymes involved in the synthetic 
pathway have been localized in the vesicle, a large proportion of DBH 
in neuron is associated with the vesicle membrane (D ePotter & Chubb,
1977). With standard glutaraldehyde-osm ium fixation the  density could 

be due to any of these o ther intraveaicular m olecules. In the absence 
of data from histochem ical techniques specific for catecholam ine, e .g ., 

perm anganate fixation (Kanerva e t al., 1980,) fixation in

presence of chrom ate-dichrom ate buffer (Tranzer & Richards, 1976), the 
content of the vesicle cannot be identified definitively.

While the morphology and size of the vesicles resem bles th a t found 

in sym patheic ganglion cells, o ther neural c res t derivatives exhibit 

sim ilar storage granules. In the human fetus, granules in the 
paraganglia and adrenal medulla during early stages are of d iam eters in 
range of 110-150 nm. Adrenal chrom affin cells a t eight weeks in the 

human fetus exhibit vesicle in the  60-140 nm range and dense core 
m ateria l is present by nine weeks. While the  initial size is small, by 

16 weeks larger vesicles of 240-430 nm diam eters predom inate in the 
endocrine cells. The vesicle size increases in the  endocrine cells and 

some of the paraganglia between weeks 8-19 in the fetus, in distinction 
to  the principle neurons of the  sym pathetic ganglion where the  trend is 

toward sm aller vesicle size. Large and small granular vesicles of 100 
nm and 60 nm are present at this stage in the principle neurons of the 
sym pathetic ganglion (Hervonen, 1971). The m ature chrom affin cell of 

the adrenal medulla and some paraneurons exhibit vesicle diam eters in 
the  range of 200-400 nm (Seigrist e t al., 1968; Taxi, 1975).
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The vesicles of the M17 and SY5Y more closely resembled those 

found in the sym pathetic neurons than in other cell types. The cores 
filled 50% or more of the  vesicle, as is found for large granular 
vesicle type of the sym pathetic neuron. The size of the vesicles falls 
within the range observed in sym pathetic cells during development and 

in the m ature sym pathetic cell. The numbers of vesicles found and 

the ir distribution suggests closer sim ilarity to sym pathetic cell than 
chrom affin cell. The e ffec ts  of dexam ethasone and o ther adrenal 
glucocorticoids would be of in terest to determ ine with respect to 
vesicle morphology and content in the light of the p lasticity  which 
appears to be retained in vivo in neural crest derivatives (see 
Backround section).

The im m unoreactivity of the SY5Y and M17 cells with respect to TH 
and DBH also suggests a resem blance to early developm ental stages. 

Im m unoreactivity for TH in the  sym pathetic anlage has been dem onstrated 
in human fetuses as early as five weeks (Pearson, 1980; Pickel e t al.,
1980; Hervonen et al., 1981). The staining in the 5 1/2 week fetus is 
observed only in sym pathetic neuroblasts which are aggregating to form 
ganglion but not in the adrenal or the central nervous system . By 9-10 

weeks im m unoreactivity can been found in sym pathetic term inals as well 
as in adrenal medulla, caro tid  body, locus ceruleus, substantia nigra 
and basal ganglia (Pearson, 1980). In the 14-22 week fetus the most 

intense TH Imm unoreactivity is associated with the larger more m ature 

neuroblasts as compared to earlier stage neurons present a t this tim e.
The development of the neurons of the ganglion is asynchronous. DBH 
im m unoreactivity is m oderate during this period.
Phenylethanolam ine-N -m ethyltransferase (PNMT) im m unoreactivity has not 
been observed in sym pathetic ganglia of the human fetus (Hervonen e t 
al., 1981).

The cytological fea tu res and distribution of im munoreactivity
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correspond to the patterns observed by formaldehyde-induced 

flourescence (FIF), a histochem ical technique for detection of 

catecholam ine. D etection of catecholam ine by histofluorescene is 
possible by about 7 weeks in the human fetus. Dense core vesicles are 
not observed until 10-15 weeks. At 10 weeks, weakly fluorescent cells 
are evident in the sym pathetic ganglia but u ltrastructurally  the cells 
are predominantly of the prim itive type. By 15 weeks larger 

neuroblasts with m ature characteristics  are evident in a mixed 
population. Outgrowth to the periphery begins during this period and 
precedes the arrival of cholinergic preganglionic fibers from the 

spinal cord. Synapse development ensues between 11-13 weeks in the 
superior cervical ganglion (Kanerva e t al., 1974). PNMT is detected  in 
human fe ta l adrenal a t  13-14 weeks (Pearson, 1980; Hervonen unpub., 
cited  in Hervonen et al., 1981). On the  basis of immunocytochemical 
and u ltrastructura l characteriza tion , the SY5V and M17 m ost closely 

resem ble early sym pathicoblasts of the developing ganglion a t a stage 
beyond initial expression of neuro transm itter synthesizing enzymes.
The clones exhibit morphology which appears more advanced than 
previously reported for the parental lines, SH and BE(2) (Barnes e t 
al., 1981). The observation of microtubule containing processes and 

presence dense core vesicles was much more frequent than with the 
parental lines. This may be due to selection a cell type of more 

m ature morphology or to the  richer medium supplied to cells in this 
study. The F12 form ulation provides a  richer basal medium than 

Modified E ag le 's  Medium which was used in previous studies. However, 
the removal of serum and replacem ent with N2 facto rs did not prevent 

the expression of these d ifferen tia ted  featu res.

PROCESS FORMATION DM M17 AND SY5Y

The fine s tructu re of the processes observed in both SY5Y and M17 

are im m ature in appearance. Even under conditions where the length of 
processes is significantly increased (SY5Y in presence of N2-cyclic
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AMP), the u ltrastructu re  remains essentially the same. The 
u ltrastruc tu re  of the processes resembles the early outgrowth observed 
in developing dorsal root ganglion cells in vivo (Tennyson, 1970) and 

sym pathetic (Bunge, 1973; Landis, 1978) and sensory neurons in culture 
(Yamada e t al., 1971). Early neuronal processes contain smooth 

endoplasmic reticulum , m itochondria, vesicles, m icrotubules, and 
neurofilam ents but also have substantial ribosomal content in 
distinction to  m ature axons. This may allow for some protein synthesis 
a t a distance from the cell body during development in a region of very 

active growth (Tennyson, 1970). Ribosomes are absent from m ature axons 
though an occasional c lu ste r can be observed, the protein synthetic 

apparatus is localized in the cell body. M ature axons contain 
m icrotubules and neurofilam ents in parallel orientation, with the 

form er taking a more peripheral location and the la tte r  forming a 

cen tra l bundle. The arrangenm ent Is highly organized as indicated by 

th e  regular spacing between the elem ents (Yamada e t al., 1971). This 
arrangem ent is probably associated with the transport system s carrying 
m ateria ls in ortho grade and retrograde directions critica l to the 
m aintenance and function of the neuron.

The processes in SY5Y and M17 were rich in microtubules and some 
profiles also contained neurofilam ents though this was not a common 

featu re of all processes observed. Areas of expansion a t the ends of 

processes resembled growth cones of elongating nerve fibers observed in 

vivo (Tennyson, 1970; Skoff & Hamburger, 1974) and in vitro (Yamada, 
1971; Bunge, 1973; Landis, 1978). These areas are the  presumed sites 
for membrane addition, neurite elongation and in teraction with the 
environm ent.

The growth cone Is a highly mobile structu re  and specific to 

neurons. Its morphology was described in the studies of Ramon y Cajal 

(1890) and its  amoeboid movements described in early culture of 
neuronal cells by Harrison (1907). The cell body of the neuron becomes
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established in a fixed position but axonal projections extend for great 

distances to establish connections with the periphery. Mobility 

becom es restric ted  to the growth cone region as the neuron m atures. 
Elongation of the axon appears to occur at the growing tip and not in 
the more proximal regions of the axon (Bray, 1970). Filipodia and 
microspikes are extended from the tip of the growth cone and 

sequentially a ttach  and detach from  substrate during the course of its 
exploration. The network underlying the membrane of the filopodia 
consists mainly of a m icrofllam entous network sim ilar to th a t found in 
the  ruffled edges of fibroblasts. These ruffled edges have been 

suggested to represent the leading edges for cell m igration and 

locomotion (Wesaells e t al., 1973). The surface extension in these 
regions suggests tha t the plasma membrane and la ttice  maintain a fluid 
association th a t allows for both extension and contraction associated 

with mobility (Ludueffa & Wessells, 1973).

The growth cone region is characterized  in the most distal region 
by the presence of mainly filam entous elem ents in the filopodia and 
membranous areas in the large expanse. This region lacks the organized 

arrays of microtubules and in term ediate filam ents found 
in the axon and more proximal growth cone region. The interm ediate 
area contains numerous organelles including mitochondria, 
polysomes, sca tte red  neurofilam ents and m icrotubules. Membraneous 
mounds, plasmalemmal blebs filled with clear vesicles, are present and 
are the presumed site for new membrane addition (Bunge, 1973). In 

cultured sym pathetic neurons the growth cone region contains 
perm anganate positive vesicles indicating the presence of catecholam ine 

storage. The vesicles may have functional role in the in teraction with 

ta rg e t organs though it has not been determ ined as yet whether there is 
release of tran sm itte r from the growth cone. Only small c lear vesicles 
were found in growth cones of dorsal root ganglion cells fixed with 
perm anganate (Landis, 1980).
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The growth cone region may exhibit localized responses to 
peripheral factors and have an im portant role in establishing initial 

con tacts with the ta rg e t organ and relaying inform ation to the cell 

body. In p la te le ts  the m icrofiiam entous la ttice  undergoes dynamic 
transitions from soluble monomers to filamentous polymers in response 
to localized control factors. Such transitions may influence p la te le t 
m igration and aggregation (Behnke, 1971). The tip of the growth cone 
in sym patheitic cells grown in tissue culture also responds to 
environm ental factors.

Local concentrations of NGF ac t to m aintain the structu ra l 

integrity  of the elongating axon. Using cham bers which separate the 

medium environm ent of the cell body from  th a t of the growing tip, the 

action of agents at both locations can be evaluated. If NGF is present 
in the somal cham ber but not in cham ber with the growth cone, neurite 
elongation ceases. The elongation of the growing tip is sensitive to 

the concentration of NGF in tha t local environm ent and NGF interacting 
with the soma is not sufficient to support the continued elongation 

(Cam penot, 1977). W hether the NGF ac ts  in the term inal with 

cytoskeletal or o ther elem ents or whether its action to m ediated in the 

soma following retrograde transport is not known. The direction of 
growth a t the tip can be influenced by iontophoretic application of 
pulses of NGF. The predominant movement is in the direction of the NGF 
pulse. The response appeared to be m ediated a t the tip d irectly  as the 

tim e course of the e ffec t was more rapid than could be accounted for by 
retrograde transport to the cell body (Gunderson & B arre tt, 1980).

Elongation of neurites continues in the presence of protein 

synthesis inhibitors (Spooner e t al., 1971) and continues independently 
of actions of the ceil body as dem onstrated in transec ted  axons 
(Hughes, 1953). Enucleated cells also respond to neurite promoting 

factors such as cyclic AMP (Miller & Ruddle,1974). The membrane 
composition of the growth cone region may be d ifferent from the somal



or axonal membrane. Frequently observed in growth cone regions are 
plasm alem mal protrusions containing vesicular elem ents suggesting these 

are areas of membrane addition or membrane retrieval associated with 

the  functioning of the growth cone (Pfenninger & Bunge, 1974 ). The 
m embrane of the mounds differs in lectin  binding and in the numbers of 
intram em branous partic les as compared to o ther sites along the axon or 
a t the cell body (Pfenninger & M aylie-Pfenninger, 1975). Though the 

mound-like structu res have been dem onstrated to arise as an a r tifa c t of 
glutaraldehyde fixation in fibroblasts (Hasty & Hay, 1978) and are not 
seen In freeze substituted growth cones of neurons (Rees & Reese,

1981), they may Indicate th8t d ifferences in s truc tu re  in th a t region 

render the membrane more susceptible to  generation of this a r tifac t.

Cell surface molecules of neuroblastom a B104 associated with 
adhesion sites formed by the cell body with the substrate  d iffer from 
those found a t growth cone attachm en t sites with the substra te . 
Rem nants le ft following EDTA trea tm en t of neurite bearing and 

non-neurite bearing cells d iffer biochemically and morphologically. 

Scanning electron  microscopy reveals d ifferent distribution of 

neurofilam ents in the a ttachm en t plaques. A specific high molecular 

weight polysaccharide is found only in neurite bearing cells but not in 
o ther cell types (Donan & Culp, 1981).

The presence of growth cone regions a t the  ends of processes in 
the  neuroblastoma lines (see also Burm eister, 1982) suggests th a t these 
processes resulted from outgrowth ra th e r than as a re trac tion  fiber as 
the cell moved away from an attachm en t site . Such "process form ation" 

has been observed in cinem atographic recording of neuroblastom a cell 
m ovements following serum withdrawl (Booher e t al.,1970). Processes 
thus formed are not appropriate to the study of neuronal axon 
form ation. Cyclic AMP induced process outgrowth in the C1300 line, 
NBP2, resem bles neuronal outgrow th as dem onstrated cinematographically 
and suggested from the u ltrastruc tu re . The distal growth cones exhibit



filopodia whose content consists mainly of microfilam entous m ateria l, 

the in term ediate area is rich in membraneous c istem ae and "mound-like 
s tru c tu res, and the more proximal regions contain a variety of 
organelles (Kataoka e t al., 1980).

While neurites emerging from  a cell may arise via several 

m echanisms, the u ltrastructu re  may reveal distinguishing details from 
which to discern the origins of the outgrow th. The u ltrastruc tu re , 
most notably the presence of growth cones in the SY5Y processes, both 
spontaneous ones and those stim ulated by NGF or cyclic AMP, suggests 
th a t these were formed in m anner analogous to outgrowth from  normal 

neurons. Prelim inary cinem atographic studies of neurite form ation in 
SY5Y suggest it results from  outgrowth ra th e r than re traction  (Ishii & 

Sonnefeld, personal com munication). SY5Y cells may be useful model for 
probing mechanisms involved in neurite elongation.
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