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Summary: A clonal l ine of rat pheochromocytoma (PC-12) exhibits an absolute requirement 
for myo-inositol for survival and mul t ip l icat ion.  The myo-inositol requirement for cell 
v i a b i l i t y  appears to be related to cell density. Cell death due to myo-inositol 
deficiency could be completely prevented by the renin-free 8-subunit of mouse sal ivary 
gland nerve growth factor (8-NGF). Neither insul in nor cytochrome C could rescue the PC- 
12 cel ls from " inos i to l - less  death". The myo-inositol dependency of PC-12 cell l ine is 
highly specif ic in that neither scy l lo- inos i to l  nor myo-inositol 1,2, cycl ic phosphate 
could substi tute for myo-inositol in support of cell survival and growth. 

INTRODUCTION 
Sympathetic and sensory neurons require nerve growth factor (NGF) for the i r  survival 

both in vivo and in v i t ro  (1,2). These neurons also depend upon NGF for the i r  

d i f fe rent ia t ion  as well as maintenance of the i r  d i f ferent iated functions (3). In 

contrast, the PC-12 clonal rat pheochromocytoma l ine,  which contains NGF-receptors and 

responds to NGF simi lar to sensory and sympathetic neurons (4), does not require NGF for 

survival in a serum-enriched medium (5). PC-12 ce l ls ,  however, do exhibi t  NGF dependency 

in serum-free media (6). The morphological, physiological and biochemical changes evoked 

by NGF in PC-12 cel ls are reversible when the growth medium is replaced by an NGF-free 

medium (4). Both cel l-surface receptors and nuclear NGF-receptors are reported to be 

present in the responsive cel ls (For detai ls see 3 and 7). Currently i t  is believed that 

the mult iple NGF-effects of responsive cel ls are mediated via NGF binding to cell surface 

receptors and stimulation of post-receptor mechanisms involving second messenger systems 

(8). Neither the nature of receptor-molecules nor the biochemical mechanisms that 

*To whom repr int  requests should be addressed. 
Abbreviations: MAP=mean arter ia l  pressure; IDM=myo-inositol def icient medium; 
ISM=myo-inositol supplemented medium. 
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underl ie the NGF actions have been well defined. Moreover, i t  is not clear whether 

survival and d i f f e ren t i a t i on  are independent or integrated receptor mediated 

NGF-responses. 

In the present paper we studied the survival actions of NGF in PC-12 ce l l s .  PC-12 

cel ls  that had not been previously exposed to NGF (naive) were examined in an attempt to 

del ineate the primary mechanism(s) of the NGF ef fec t  on PC-12 cel l  surv ival .  

Myo-inositol de f i c ien t ,  serum-enriched medium proved to be inadequate for  survival and 

v i a b i l i t y  of these clonal ce l l s ,  and myo-inositol was found to be an absolute requirement 

for maintenance and growth. Deprivation of myo-inositol results in death of PC-12 ce l l s ,  

and th is  " i nos i t o l - l ess  death" could be prevented by supplementing medium with appropriate 

amounts of myo-inositol .  In te res t ing ly ,  PC-12 ce l ls  could be rescued from " i nos i t o l - l ess  

death" by exogenous B-NGF. The experimental system described in the present study may be 

a f r u i t f u l  model for elucidat ing the mechanism(s) of the survival action of NGF as well as 

other uncharacterized neuronal survival factors.  

MATERIALS AND METHODS 

Iso la t ion of 8-NGF and assessment of i t s  pur i ty :  B-NGF was isolated from mouse 
submaxillary gland by the method of Mobley et al (9). The f inal  preparation of B-NGF was 
lyophi l ized and stored at -20°C. The pur i ty  of th is  preparation was checked by SDS-poly- 
acrylamide gel electrophoresis. The NGF preparation also was tested for renin 
contamination (I0) by measuring mean ar te r ia l  blood pressure in the unanesthetized rabbi t .  
For th is study an adult rabbit  (2.5 kg) was anesthetized with a mixture of Vetalar 
(Park-Davis, 35 mg/kg) and Rompun (Haver-Lockart, 5 mg/kg) intramuscularly. The r ight  
carot id artery and jugular  vein were catheter ized with 5 French polyvinyl tubing; th is  was 
tunnelled subcutaneously, ex ter io r ized,  anchored at the nape of the neck, and sui tably 
capped. The animal was allowed to recover for  24 hours pr ior  to invest igat ion.  

Blood pressures were recorded continuously from the carotid artery on a Beckman 
dynograph (Model R611) six-channel recorder via a Statham P23 la transducer. Baseline 
mean ar ter ia l  pressure (MAP) was recorded for one minute pr ior  to in jec t ion  of test  
solutions and for one minute immediately fol lowing the in ject ions.  Af ter  determining base 
l ine MAP graded doses of angiotensin I I  amide (CIBA), dissolved in 5% dextrose/water ( in 2 
ml volume), were injected through the catheterized jugular vein and the MAP was recorded. 
After standardizing the MAP response to angiotensin, two in ject ions of 2ml 5% 
dextrose/water were repeated at in tervals  of 20 min in order to rinse the catheter of 
angiotensin I I .  Pur i f ied NGF dissolved in 5% dextrose (in 2 ml) was then in jected. MAP 
was recorded at i ,  I0, 20, 30 and 40 minutes af ter  the in jec t ion .  After th is  time, 
administration of the angiotensin test  solut ion was repeated to confirm the normal 
response. 

Cell Cul t ivat ion:  PC-12 ce l ls  were obtained from Dr. H.R. Herschman. Cells were cultured 
in Dulbecco s modified Eagle s medium (DMEM) supplemented with 10% heat inact ivated horse 
serum, 5% newborn fetal ca l f  serum, I00 U/ml p e n i c i l l i n ,  100 #g/ml streptomycin and 
5#g/ml fungizone (referred to as basal growth medium). Culture media components were 
purchased from KC Biological Inc.,  Lenexa, Kansas, USA. Incubation was carried out in a 
humidified atmosphere of 5% CO 2 in a i r .  The medium was replaced every three days. The 
ce l ls  were subcultured by shake dispersion upon reaching 80% confluency. 
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Cell cul ture studies with respect to myo-inositol requirement: Twenty-four hours pr ior to 
myo-inositol requirement studies the cel ls  were washed and subcultured in the basal growth 
medium to maintain the cel ls  in a logarithmic phase of growth. The fol lowing day the 
cel ls  were harvested and washed three times with DMEM containing no myo-inosi tol .  These 
cel ls  were resuspended (104-105 ce l l s /ml )  in myo-inositol def ic ient  growth medium (IDM). 
This medium was prepared by using myo-inositol lacking DMEM supplemented with 10% dialyzed 
heat inact ivated horse serum and 5% dialyzed feta l  ca l f  serum. Both an t ib io t i cs  and 
fungizone were maintained at a concentration s imi lar  to that in the basal growth medium. 
In culture studies involving longer periods of time, the cel ls  were pelleted at the end of 
a 72 hour incubation period, the excess ce l ls  were removed, and the required number of 
ce l ls  were resuspended in fresh IDM. The ce l ls  were maintained at the i n i t i a l  cell 
density. In constructing the cel l  growth curve, appropriate corrections were made for 
this d i l u t i on .  

In al l  experiments the cel ls  were cultured in p last ic  60mm tissue culture dishes. 
Horse serum and fetal  ca l f  serum used in the present study were obtained from Biocell 
Laboratories. Both sera were dialyzed against 0.68% solution of NaCl at 4°C. The cell  
counts were made using a hemocytometer and cel l  v i a b i l i t y  was confirmed by nigrosine dye 
exclusion tes t .  Dialys is was performed using tubing with molecular weight cut of f  of 8000 
dalton. Scy l lo - inos i to l  was purchased from Calbiochem-Behring Corp, CA. Myo-inositol I ,  
2, cyc l ic  phosphate was generously provided by Dr. H. Dir inger. The absolute pur i ty  of 
these two cyc l i t o l s  was not tested and possible myo-inositol contamination cannot be ruled 
out. Bovine insu l in  and cytochrome C were purchased from Sigma. 

RESULTS 

Fig. 1-A shows a 7.5% polyacrylamide SDS-urea gel electrophoresis analysis of 

pur i f ied B-NGF; the gel is stained with Coomassie Blue R-250. Fig. I-B shows the resul ts 

of one rabbit  renin bioassay of th is  B-NGF preparation. The rabbit showed an immediate 

r ise in blood pressure in response to infusion of 50 or 100 ngs of angiotensin I I .  Under 

the same condit ions, however, no response was observed at any time when 3 mg of the 

pur i f ied B-NGF preparation was infused through the jugular vein. These results confirm a 

lack of s ign i f i can t  renin-angiotensin contamination of the ~-NGF preparation. The growth 

response of PC-12 ce l ls  was studied in IDM in the absence and presence of known 

concentrations of B-NGF and/or myo-inosi tol .  

Fig. 1-C depicts the results of growth response studies of PC-12 ce l ls  cultured over 

a period of 120 hrs in IDM, IDM supplemented with NGF (50 ng/ml) [IDM + NGF], 

myo-inositol supplemented medium (7.5#g myoin is i to l /ml )  [ISM]; or 

myo-inositol supplemented medium containing B-NGF (50 ng/ml) [ISM + NGF]. 

The cel ls  continued to grow under each of these four conditions for at least the f i r s t  24 

hrs of the culture period. The cel l  counts indicated re la t i ve  growth promoting e f f ic iency 

as follows ISM >ISM + NGF >IDM + NGF >IDM. None of these media supported a logarithmic 

mu l t ip l i ca t ion  phase suggesting a l im i ta t i on  of some low molecular component in the serum. 

The cel ls  continued to mul t ip ly  under ISM and ISM + NGF conditions and the growth 

responses were comparatively better than in IDM or IDM + NGF conditions. Mu l t ip l i ca t ion  
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Figure 1A: 

Figure IB: 

Figure IC: 

Figure 1D: 

SDS-Urea-polyacrylamide gel electrophoresis of B-NGF (170 #g) stained with 
Coomassie Blue R-250. 
Measurement of mean a r te r i a l  blood pressure in an unanaesthetized rabbit  in 
response to Angiotensin I I  50 ng (a) and 100 ng (b) or B-NGF 3 mg (c). 
Growth response of PC-12 ce l ls  in the absence or presence of myoinositol 
(7.5 #g/ml) with or without B-NGF (50 ng/ml). 
PC-12 ce l ls  (1 x 105 ce l l s /m l ;  5 ml/dish) were cultured in IDM, IDM + NGF, 
ISM and ISM + NGF for  120 hrs as described under material and methods. 
Cell counts were made every 24 hr. At 72 hr the ce l ls  were pe l le ted,  
washed and resuspended in fresh media. Cultures were maintained in 
respective media with i n i t i a l  cel l  density a f ter  removing the excess ce l l s .  
The values given in the graph have been corrected for th is  d i l u t i on .  Cell 
counts are average of determinations on t r i p l i c a t e  cul tures.  
V i a b i l i t y  of PC-12 ce l ls  under four d i f fe ren t  condit ions as in 1C. 

of  the c e l l s  appears to have ceased under IDM c o n d i t i o n s  as i nd i ca ted  by the p la teau in 

c e l l  number a f t e r  a 72 hr c u l t u r e  per iod .  

Examinat ion of c e l l  v i a b i l i t y  dur ing every 24 hr c u l t u r e  per iod a lso revea led 

s i g n i f i c a n t  changes (F ig .  ID)o Cel l  v i a b i l i t y  exceeded 98% at the end of  the f i r s t  24 hr 

c u l t u r e  per iod  under a l l  f ou r  c u l t u r e  c o n d i t i o n s .  Cel l  v i a b i l i t y  p r o g r e s s i v e l y  dec l i ned  

in  IDM but was main ta ined at a steady s ta te  in the IDM + NGF, ISM and ISM + NGF media, 

These r e s u l t s  i n d i c a t e  tha t  m y o - i n o s i t o l  is an abso lu te  requirement f o r  growth and 

39 



Vol. I05,  No.  I ,  1982 BIOCHEMICAL A N D  BIOPHYSICAL RESEARCH C O M M U N I C A T I O N S  

7.5 

'°° / 
~ 480-1 
"'~ o 
" ~ o  r , . ' -  
I.*J (. o 

~N 36o-  

z 

w ° 2 4 0 -  

w~.J 
g ~  

I O0  

0 , .75 

CELL NUMBER 

0 V I A B I L I T Y  

0 . 0 7 5  0 . 0 0 7 5  

Figure 2: 

- 8 0  

- 6 0  >- 
F- 
.J 

< 

-40 

- 20 

m y o - I N O S I T O L  CONCENTRATION ( ~ g / m l )  

Growth and v i a b i l i t y  response of PC-12 cel ls  to d i f ferent  concentrations of 
exogenous myo-inositol in the medium. PC-cells (1 x 105 cel ls /ml ,  5 
ml/dish) were maintained for a period of 72 hr in the absence or presence 
of varying amounts of myo-inositol in the medium. Each bar represents the 
average of determinations on t r i p l i ca te  cultures. 

v i a b i l i t y  of t h i s  PC-12 ce l l  l i ne .  NGF could subs t i t u t e  fo r  myo- inos i to l  and mainta in 

v i a b i l i t y  in  IDM. 

The growth and v i a b i l i t y  responses of PC-12 c e l l s  as a func t i on  of the concentrat ion 

of myo- inos i to l  in the medium were then studied separate ly .  The resu l t s  obtained wi th  

vary ing concent ra t ions of myo- inos i to l  fo r  a period of 72 hrs using an i n i t i a l  ce l l  

dens i ty  of I x 105 ce l l  per ml, are shown in  Fig.  2. The maximal e f f e c t i v e  concent ra t ion 

of myo- inos i to l  fo r  ce l l  v i a b i l i t y  was approximately 0.75 #g/ml .  The ce l l  number 

increased about 530% at 7 . 5 # g  myoinos i to l /ml  whi le  a s i g n i f i c a n t l y  reduced (270%) 

increment in ce l l  number was observed at 0.75 #g myo- inos i to l  per ml. Concentrat ions of 

myo- inos i to l  lower than 0.75 #g/ml did not susta in ce l l  v i a b i l i t y  above the basal l e v e l .  

The e f fec t  of myo- inos i to l  de f i c i ency  on growth and v i a b i l i t y  was also tested as a 

func t ion  of ce l l  dens i ty  and the resu l t s  are given in Table I .  The absolute requirement 

of myoinos i to l  f o r  growth and surv iva l  appears to change with s ize of popu la t ion .  The 

d i f f e r e n t i a l  responses observed at high and low-ce l l  dens i t ies  e i t h e r  in the absence or 

presence of myoinos i to l  i nd ica te  tha t  c e l l - c e l l  contact  is a p h y s i o l o g i c a l l y  important 
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TABLE 1. DETERMINATION OF PCI2 CELL VIABILITY AS A FUNCTION OF CELL DENSITY 

INITIAL CELL DENSITY LOW DENSITY: 5 x 103/dish 

TREATMENT cell  number v i a b i l i t y  

Inositol def icient medium 

Inositol supplemented medium 

5 x 104 

1.45 x 105 

22% 

97% 

HIGH DENSITY: 5 x 10 /dish 

cell  number v i a b i l i t y  

6.8 x 107 62% 

8.45 x 107 78% 

PC12 cel ls were cultured at i n i t i a l  cel l  density ranging with very sparse (I x 103 cel ls/ml;  
5ml/dish to very crowded (1 x 10 ~ cel ls/ml;  5 ml/dish) in the absence or presence of myo- 
inositol (0.75 ~g/ml) in myo-inositol def icient medium. Cell number and v i a b i l i t y  were 
determined at the end of the 74hr period. Each value represents the averages of determinations 
of t r i p l i ca te  cultures. 

regulatory phenomena involved in myo- inosi to l  dependent ce l l  surv iva l  and growth 

responses. 

The s p e c i f i c i t y  of the myo- inosi to l  dependency was studied by subs t i tu t i ng  with 

s c y l l o - i n o s i t o l  or myo- inosi to l  I ,  2, cyc l i c  phosphate. S c y l l o - i n o s i t o l ,  a stereoisomer 

of i n o s i t o l ,  is  a component of nervous t issue ( I I ) .  Myo- inosi to l  1,2, c yc l i c  phosphate is 

a product formed during enzymatic hydro lys is  of phosphat idy l inos i to l  (12). In these 

studies myo- inos i to l  in a concentrat ion of 0.75 #g/ml sustained a 2.5 fo ld  increase in 

ce l l  number (Table 2). Neither s c y l l o - i n o s i t o l  nor myoinositol  I ,  2, cyc l i c  phosphate had 

a demonstrable growth promoting e f fec t  when tested as a subst i tu te  for  myo- inos i to l .  

Though these two c y c l i t o l s  did not support ce l l  v i a b i l i t y  as e f f i c i e n t l y  as myo- inos i to l ,  

ce l l  v i a b i l i t y  was maintained at a higher level  in the presence of myo- inosi to l  1,2, 

cyc l i c  phosphate than s c y l l o - i n o s i t o l .  

The s p e c i f i c i t y  of NGF in sustaining ce l l  v i a b i l i t y  under myo- inosi to l  de f i c i en t  

condit ions was tested by comparing the e f fec ts  of i nsu l i n  and cytochrome C. Neither 

i n su l i n  which has some s t ruc tura l  s i m i l a r i t y  to NGF (13), nor cytochrome C which is 

s im i l a r  in size and i s o e l e c t r i c  point could support v i a b i l i t y  (data not shown). These 

resu l ts  suggest that  the action of NGF in preventing the ce l l s  from " i n o s i t o l - l e s s "  death 

is mediated v ia NGF-receptor l inked func t ion (s ) .  

DISCUSSION 

The present study establ ishes that myo- inosi to l  is an essent ia l  growth fac tor  fo r  the 

surv iva l  and m u l t i p l i c a t i o n  of PC-12 c e l l s .  The need for  exogenous myo- inosi to l  becomes 
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TABLE 2: EFFECTS OF MYO-INOSITOL, SCYLLO-INOSITOL AND MYO-INOSITOL 
1,2 CYCLIC PHOSPHATE ON PC12 CELL SURVIVAL 

CYCLITOL TESTED 

CONCENTRATION 

STRUCTURE 

NONE MYO-INOSITOL 

0.75 ug/ml 

OH OH 

OH 

SCYLLO-INOSITOL 

0.75 ug/ml 

OH 

H O ~  OH 

OH 

MYO-INOSTIOL 
1,2 CYCLIC PHOSPHATE 

0.75 ~g/ml 

O\p~O 
o/',o 

H ~  OH 

' 6H 

INITIAL CELL NUMBER 5 x 105 5 x 105 5 x 105 5 x 105 
p e r  dish (5 ml) 

;ELL NUMBER AFTER 7.8 x 105 1.25 x 106 7.46 x 105 6.95 x 105 
72 HRS CULTURE 

VIABILITY 51% 98% 72% 81% 
I 

PC12 cel ls were grown (1 x 105 cel ls /ml ;  5 ml/dish) in myo-inositol def ic ient  medium supplemented with myo-inositol ,  
scy l lo- inos i to l  or myo-inositol 1,2 cycl ic phosphate. Af ter  72 hrs, the cel l  counts and v i a b i l i t y  were determined 
on t r i p l i ca te  dishes. 

apparent only when the serum used in the medium has been e f f i c i e n t l y  dialyzed. At the 

ce l lu la r  level myo-inositol is believed to function as an essential "vitamin" as well as a 

requisite "metabolite" for  the synthesis of inositol phosphatides. I t  wil l  require 

further study to determine whether the loss of cell v i a b i l i t y  is due to impairment of 

e i ther  the "vitamin" or "metabolite" functions of myo-inositol.  

PC-12 cel ls appear to survive and mult iply during the f i r s t  24 hours of culture in 

the absence of myo-inositol; thereafter  both cell growth and v i a b i l i t y  appear to be 

greatly reduced. The increase in cell number observed in the presence of NGF under 

myo-inositel def icient conditions suggests that NGF not only rescues PC-12 cel ls from 

" inosi tol - less death" but also promotes cell mul t ip l icat ion.  The present study also 

reveals that both myo-inositol and NGF have important role(s) in the survival mechanism(s) 

of PC-12 cel ls .  

Cell v i a b i l i t y  and survival often are attr ibuted to the functional ac t iv i t i es  of 

"primary genes" (also referred to as "house-keeping genes") (14,15).  These genes are 

believed to remain largely unregulated. However, the loss of cell v i a b i l i t y  in the 

absence of myo-inositol or NGF indicates that these two growth factors may function as 

primary regulators of "house-keeping genes" in PC-12 ce l ls .  Whether such regulatory 
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control is exerted at the level of the cell surface or via in t race l lu la r  sites remains to 

be determined. The precise mechanism(s) by which NGF rescues PC-12 cel ls from 

" inos i to l - less  death" is a fascinating question current ly under invest igat ion. 
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