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The continuous turnover of membrane phospholipids requires a steady supply of biosynthetic precursors. We 
evaluated the effects of decreasing extracellular Na + concentration on phospholipid metabolism in cultured 
neuroblastoma (NIE  115) cells. Incubating cultures with 145 to 0 mM NaCI caused a concentration-depen- 
dent inhibition of [32p]phosphate uptake into the water-soluble intracellular pool and incorporation into 
phospholipid. Phospholipid classes were differentially affected; [32p]phosphate incorporated into phosphati- 
dylethanolamine (PE) and phosphatidylcholine (PC) was consistently less than into phosphatidylinositol (PI) 
and phosphatidylserine (PS). This could not be attributed to decreased phospholipid synthesis since under 
identical conditions, there was no effect on arachidonic acid or ethanolamine incorporation, and choline 
utilization for PC synthesis was increased. The effect of Na ÷ was highly specific since reducing phosphate 
uptake to a similar extent by incubating cultures in a phosphate-deficient medium containing Na ÷ did not 
alter the relative distribution of [32plphosphate in phospholipid. Of  several cations tested only Li + could 
partially (50%) replace Na +. Incubation in the presence of ouabain or amUoride had no effect on 
[32plphosphate incorporation into phospholipid. The differential effects of low Na + on [32plphosphate 
incorporation into PI relative to PC and PE suggests preferential compartmentation of [32 P]phosphate into 
ATP in pools used for phosphatidic acid synthesis and relatively less in ATP pools used for synthesis of 
phosphocholine and phosphoethanolamine, precursors of PC and PE, respectively. This suggestion of 
heterogeneous and distinct pools of ATP for phospholipid biosynthesis, and of potential modulation by Na + 
ion, has important implications for understanding intracellular regulation of metabolism. 

Introduction 

The outward movement  of Na + coupled with 
the reward flux of K + that is mediated by (Na + + 
K +)-ATPase maintains the electrochemical gradi- 
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ent across the plasma membrane. Since the m- 
tracellular Na  + concentration is low relative to the 
level in the extracellular fluid, Na  + ions move 
passively into the cell. In electrically excitable 
cells, Na + influx may also be attributed to activa- 
tion of voltage-sensmve Na + channels [1,2], occur 
as part  of N a + / H  + exchange [3], or be a compo- 
nent of anion transport [4]. In the latter, amons 
coupled with Na + enter the cell against a con- 
centrat~on gradient; for example, e~ther HzPO 4 
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or HPO42- inorganic phosphate associates with 
one or two Na + ions to form an electroneutral 
complex which is translocated across the mem- 
brane [4]. Thus, by maintaining the asymmetric 
distribution of Na  + and K +, ( N a + +  K+)-ATPase 
generates the driving force for intracellular phos- 
phate accumulation. 

Following incorporation into the ATP pool, 
phosphate IS utilized in a wide variety of regu- 
latory and biosynthetic processes vital to cellular 
function. In phospholipid metabolism, phosphate 
is incorporated by two distinctly different path- 
ways. For phosphatidylcholine (PC) and phospha- 
tidylethanolarmne (PE), the phosphate is intro- 
duced by phosphorylation of choline or ethanol- 
amine by the respective kinases prior to activation 
by cytldine trlphosphate and transfer to diacylgly- 
cerol to form the phospholipids. Phosphatidylse- 
rine (PS) of eukaryotic cells seems to be derived 
from PE by base exchange of serlne with ethanol- 
amine. In contrast, the phosphate in phosphatidyl- 
inositol (PI) is incorporated through phosphatidIc 
acid which is in turn derived from phosphorylated 
intermediates of the glycolytic pathway. 

In this study, the interaction between Na+-de - 
pendent phosphate uptake and membrane phos- 
phollpid metabolism was evaluated in cultured 
neuroblastoma cells. Consistent with previous re- 
ports [5-8], we observed a direct relationship be- 
tween the Na  + concentration of the medium and 
both phosphate transport and incorporation into 
phospholipid. However, we also noted a specific 
compartmentat ion of the [32p]phosphate utilized 
for phosphollpid synthesis which resulted in less 
[32p]phosphate being incorporated into PC and 
PE, relative to PI and PS, when Na+-dependent 
phosphate transport was inhibited. 

Materials  and Methods  

Materials 
All chemicals and reagents used were of the 

finest available grade obtained from various com- 
mercial suppliers. Carrier free [32p]orthophos- 
phoric acid, [methyl-3H]choline chloride (80 C I /  
mmol), [1,2-14C]ethanolamine hydrochloride (4 
m C l / m m o l ) ,  and [5,6,8,9,11,12,14,15-3H]arachi - 
donic acid (83 C i / m m o l )  were from New England 
Nuclear (Lachine, Quebec, Canada). Ouabain oc- 
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tahydrate and amilorlde hydrochlorlde were from 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). 

Methods 
Tissue culture. N1E-115 neuroblastoma cell lines 

were maintained in 150 cm 2 flask (Corning Glass 
Works, Cornlng, NY, U.S.A.) in Dulbecco's mod- 
ified Eagles medium containing 5% fetal and 5% 
newborn calf serum (Gibco Canada Ltd., Burling- 
ton, ON, Canada) and penicillin: streptomycin 
(100 units and 100 # g / m l ,  respectively). Cells 
were grown at 37 °C  in a humidified atmosphere 
of 95% air, 5% CO 2. Three or four days prior to 
each experiment, cells were subcultured (passage 
number  30 to 50) into 60 mm plastic petri dishes 
at a density of 8 • 105 cells/dish. 

Experimental procedures. Cells were pulse- 
labeled for 1 h in 2 ml of a balanced salt solution 
which contained 5.4 mM KC1, 1.0 mM MgC12, 1.8 
mM CaCI2, 0.1 mM KH2PO4, 20 mM glucose 
and 20 mM Hepes (pH 7.4). Medium osmolarlty 
was maintained by adding NaC1 and choline chlo- 
ride to a final total concentration of 145 raM. In 
some experiments, NaCI was replaced with 145 
mM of either choline chloride, LIC1, KCI, tetra- 
e thylammonium chloride or 220 mM sucrose. To 
examine the effect of phosphate depletion, NaC1 
and choline chloride were held constant at 20 mM 
and 125 mM, respectively, while K H z P O  4 was 
varied from 0.01 mM to 3 mM (KC1 was reduced 
appropriately). At the end of each incubation, the 
medium was removed and the cells were washed 
three times with 2 ml of phosphate-buffered saline. 
More than 99% of medium radioactivity was re- 
moved with the medium and the first wash, and 
< 0.2% of the medium radioactivity was in the 
final wash. Cell activity was terminated im- 
mediately by adding 2.6 ml of me thano l /  H 20 
(1.6 : 1, v /v) .  

Phosphohpld analysis Total lipids in the cell 
were extracted by adding 3.4 ml of chloroform 
and the resulting lower phase was washed twice 
with 1 ml of ch lo ro fo rm/methano l /0 .1  M KCI 
(3 : 48 : 47, v / v )  [9]. Radioactivity was determined 
on an aliquot of both the upper and lower phases 
using a Beckman LS7800 liquid scintillation coun- 
ter. Lower phase lipids were resolved by thin-layer 
chromatography on Sihca gel G plates using the 
solvent system c h l o r o f o r m / e t h a n o l / w a t e r /  
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t r le thy lamine  (4 : 5 : 1 . 4 ,  v / v )  [10]. A p p r o p r i a t e  
s t anda rds  were used for ident i f ica t ion  and l ipids  
were visualized by  spray ing  with p h o s p h o m o l y b -  
da te  reagent.  Spots  co r respond ing  to known  
s tandards  were scraped from the plates  and  the gel 
a d d e d  to vials conta in ing  5 ml of  Beckman H P  
l iquid sctnt l l la t ion fluid. 

Other methods. Protein  was de te r rmned using 
an a l iquot  of  the m e t h a n o l /  H 20 cell suspension 
according  to the me thod  of  Lowry  et al. [11]. 

Results 

Effect of Na + avatlabthty on [S2p]phosphate mcor- 
poratton mto phosphohpld 

W h e n  expressed relat ive to the cont ro l  cul tures  
(145 m M  NaCI),  removing N a  + from the m e d i u m  
caused a concen t ra t ion  dependen t  lnhibt t ion  of 
[32p]phosphate up take  and incorpora t ion  into  

p h o s p h o h p i d  (Fig.  1). Whi le  incorpora t ion  of 
[32 P]phosphate  in to  all phospho l ip ids  was al tered,  
the rate  of change and  the m a x i m u m  suppress ion  
var ied with phospho l ip id  type. Relat ive to con- 
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Fig 1 Effect of Na + avallablhty on [32p]phosphate incorpora- 
tion into phosphohplds Cultured neuroblastoma cells were 
pulse-labeled with 8-10 /iCl [32p]phosphate (80 100 /LCI/ 
/xmol)/ml for 1 h in the balanced salt solution contammg 
different concentrations of NaCI Medmm osmolanty was 
maintained by adding chohne chlonde such that the sum of 
chohne chloride and NaCI equalled 145 mM. Results are 
expressed relative to the 145 mM NaCI group (relahve specific 
actlwty) Control values expressed as prnol phosphate mcorpo- 
rated/mg protein were PC, 2069_+608; PS, 169_+6.0, PI. 
236±522, PE, 3839_+385, mean 4-SD (n=6)  • •,  

PC, 1:3-- -[3, PE, © - - - © ,  PS, ,',- -zx, P1 

trois  bo th  PE and  PC d i sp layed  lower incorpo-  
ra t in  of [ 32 P]phospha te  at  higher extracel lular  N a  + 
levels and a greater  maximal  decrease  in a med ium 
wi thout  added  N a  + than either PS or  PI. 

Effect of dtfferent monovalent cattons and sucrose 
on [ 3:P]pho~phate mcorporatton mto phosphohptd 

The a l ternate  monova len t  ca t ions  dtffered m 
their  capac i ty  to subst i tu te  for N a  ÷ (Table  I). 
To ta l  [32p]phosphate  i nc o rpo ra t i on  r ema ined  
marked ly  suppressed  when KC1, te t rae thylam-  
m o n i u m  chloride,  chol ine chlor ide  or sucrose re- 
p laced  NaC1 in the incuba t ion  medium.  Lt ÷ was 
the most  effective subs t i tu te  as total  r ad ioac twi ty  
recovered tn p h o s p h o h p i d  was 50% of  the control  
value c o m p a r e d  to 24% for K ÷ and  8-10% for the 
o ther  ca t ions  and sucrose. K ÷ mcreased  incorpo-  
ra t ion  of [32p]phosphate into PI. U n d e r  all condi-  
tions, the relat ive specific act ivi ty  of PS and PI 
exceeded that  of  PC and PE. 

Effect of Na + avatlabth O' on [~H]arachtdonlc acid 
mcorporatton mto phosphohptd 

Incorpora t ion  of  [3H]arachidonic  acid was rela- 
t ively msensi t ive to the N a  ÷ concent ra t ion  of  the 
m e d i u m  (Fig. 2). When  neu rob la s toma  cells were 
d u a l - l a b e l e d  with  [3H]a rach ldon lc  acid  and  
[32p]phosphate,  the pa t t e rn  of  [32p]phosphate m- 
co rpo ra t ion  was s imilar  to that  of Fig. 1 (da ta  not  
shown).  

Effect of Na + avadabthty on [mC]ethanolamlne, 
[3H]chohne and [S2p]phosphate mcorporatlon into 
cellular aqueous phase and phosphohptds 

U p t a k e  and incorpora t ion  of  [14C]ethanol- 
amine  was not  inf luenced by the N a  + concent ra-  
t ion of the med ium while [3H]choltne t ranspor t  
and  ut i l izat ion for PC synthesis  were enhanced  
(Fig. 3). The la t ter  observa t ion  is consis tent  with 
repor ts  by M c G e e  [12] that  chohne  up take  is 
s t imula ted  in neu rob la s toma  × gl ioma ( N G  108- 
15) cells by  incuba t ion  m a N a  ÷ free med ium 
conta in ing  sucrose. In  contrast ,  up take  and incor-  
po ra t i on  of  [32p]phosphate was reduced to ap-  

prox.  3% of  the cont ro l  value. 

Effect of Na + and phosphate at, adabdl O' on 
[ 32p]phosphate mcorporatton into phosphohptd 

Incorpora t ion  of  phospha te  mto  phosphohpad  
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TABLE I 

EFFECT OF A L T E R N A T E  M O N O V A L E N T  CATIONS A N D  SUCROSE ON [32p]PHOSPHATE I N C O R P O R A T I O N  INTO 
PHOSPHOLIPID 

Cultured neuroblastoma cells were pulse-labeled with 8-10 p.C1 [32P]phosphate (80-100/ tC1/ /~mol ) /ml  for 1 h in the balanced salt 
solution containing 145 m M  of the respectwe cations (except sucrose, 220 mM) Results are expressed relative to the 145 mM NaC1 
group Control values expressed as d p m / m g  protein were PC, 48 500 ± 8204, PS, 4136 ± 493, PI, 46 663 ± 1828, PE, 151000 ± 15 056, 
mean ± range (n = 2) 

% of control 

PC PS P1 PE 

NaC1 100 1 ~  100 
LICI 2 8 6 ± 0 2  9 6 0 ± 2 5 3  5 2 8 ± 2 3  
KC1 2 0 ± 0 1  2 8 3 ±  01 6 4 1 ± 0 7  
TEAC1 ~ 1 5 ± 0 1  1 8 9 ±  6 4  2 3 7 ± 0 9  
Chol lnechlonde  3 9 ± 0 2  1 1 6 ±  30  1 5 2 ± 1 7  
Sucrose 1 7 ± 0 6  1 2 5 ±  43  1 3 7 ± 5 0  

2 1 9 ± 4 4  
3 5 ± 0 2  
1 7 ± 0 1  
1 8 ± 0 1  
1 3 ± 0 5  

Tetraethylammonlum chloride 

was similar in cells incubated m a medmm con- 
taming 20 mM Na + and 0.01 mM phosphate 
(0.03_+0.005 nmol p h o s p h a t e / m g  protem) and 
one containing no added Na  + and 0.1 mM phos- 
phate (0.05 _+ 0.01 nmol p h o s p h a t e / m g  protein). 
Despite the quantitative similarity in phosphate 
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Fag 2 Effect of Na + avadabdlty on [3H]aractudomc acid 
incorporation into phospholiplds Cultured neuroblastoma cells 
were pulse-labeled with 2 ~mol  [3H]aracbadomc acid (0 25 
/~Cl//~mol) for 1 h m the balanced salt solution containing 
different concentrations of NaCI M edmm osmolanty was 
maintained by addmg choline chloride such that the sum of 
choline chloride and NaC1 equalled 145 mM  Results are 
m e a n _ r a n g e  (n = 2) expressed relatwe to the 145 m M  NaCI 
group (relatwe specific activity) Control values expressed as 
d p m / m g  protein were PC, 22244, PS, 1177, PI, 13135, PE, 
17039 Replicate experiments gave slrmlar results • -  - • ,  PC, 

1:3- -I~, PE, © - - -  ©, PS; zx zx, PI 
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Fig 3 Effect of Na + avmlabthty on [3H]chohne, [14C]ethanol- 
attune and [32p]phosphate incorporation into cellular aqueous 
phase and phosphohpld Cultured neuroblastoma cells were 
pulse-labeled with 100 nmol  [3H]chohne (7 5 p.Cl/#mol) or 
[14C]ethanolamlne (7 5 ttCl/p.mol) and 8-10 /.tCl [32p]phos- 
phate (80-100 /LC~//tmol)/ml for 1 h m the balanced salt 
solution contaamng different concentrations of NaCI. Medium 
osmolanty  was maintained by adding sucrose Results are 
expressed relative to the 145 m M  NaCI group (relative specific 
activity) Control values expressed as d p m / m g  protein were 
(aqueous phase followed by phosphohpld) chohne, 108776 + 
3191, 11 334+452,  ethanolamlne, 52582+ 2629, 31219+ 398, 
phosphate  11 361373 + 264238, 146 298 + 11673, mean + range 
(n  = 2) Rephcate experiments gave similar results • • ,  
[3H]chollne, zx- -zx, [14C]ethanolarmne, O - - - O ,  [32p]phos- 

phate 
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uptake by the cells under the two experimental 
conditions, the relative distribution of radioactiv- 
ity recovered m each phospholipld class differed 
markedly. When the Na + content of the medmm 
was reduced (at a constant (0.1 mM) phosphate 
concentration) [32p]phosphate incorporatton into 
PE and PC was suppressed while uptake into PI 
was enhanced (Fig. 4A). This response was most 
apparent when the medtum contained less than 20 
mM Na +. In the converse sttuatlon, when the 
phosphate content of  the medium was depleted at 
a constant Na + concentration (20 mM), the rela- 
tive dtstribution of radioactivity in the phos- 
phohptd classes was unchanged (Fig. 4B). 
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Fig 4 Effect of Na + and phosphate availabihty on the relative 
incorporation of [32p]phosphate into phospholip~ds Cultured 

neuroblastoma cells were pulse-labeled with 8-10 /tCi 
[3ZP]phosphate (80-100 #Cl/#mol)/ml for 1 h m the bal- 

anced salt solution In panel A, the NaCI concentration was 

vaned from 0 to 145 mM wtule the phosphate concentraUon 
was held constant at 0 1 mM (as KH2PO4) In panel B, the 
NaCI concentration was held constant at 20 mM while the 

phosphate concentratton was varied from 0 01 mM to 3.0 mM 

(KH2PO 4 replaced the appropriate amount of KC1) in each 
case, medmm osmolanty was maintained by adding choline 

chlonde such that the sum of choline chloride and NaC1 
equalled 145 mM Values are expressed as the mean (n = 2) 

w~th varmbd~ty less than 2% Rephcate experiments gave simi- 
lar results. • • ,  PC, E3- -E3, PE, 0 - -  (3, PS, zx- --A, 

PI 

Effect of sequential incubation m either htgh Na + or 
Na +-free media on [32p]phosphate mcorporatton 
into cellular aqueous phase and phosphohptd 

Both the total uptake of [32p]phosphate and the 
pattern of incorporation into phosphohpid varied 
with the sequence of the incubation conditions 
(Fig. 5). When cells were incubated in a medium 
without added Na + for 2 h, [32p]phosphate uptake 
into the aqueous phase was reduced to 2% of the 
control value. The relative specific acttvlty of 
phospholipids isolated from these cultures was 
similar to that of cells incubated for 1 h (Fig. 1). 
That  is, incorporation of [32p]phosphate into PE, 
PC, PS and PI was 2.0 _+ 0.4%, 5.2 _+ 0.1%, 11.3 _+ 
1.8% and 12.4 _+ 0.9%, respectively, of the control 
value. Changing cells lmtially incubated in the 
Na+-free medium to one containing 145 mM Na + 
reversed the intubltory effects of Na + depletion on 
phosphohpld metabolism. Uptake of [32P]phos- 
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Fig 5 Effect of sequential incubation m either high Na + or 
Na + free media on [32p]phosphate incorporation into phos- 

phohpld Cultured neuroblastoma cells were pulse-labeled with 
8-10 #Cl  [32p]phosphate (80-100 / iC1/ /~mol) /ml  m the bal- 

anced salt solution containing 0 mM or 145 mM NaCI for 2 h 

or for 1 h in one medium followed by 1 h in the alternate 
medium Medmm osmolaraty was maintained by adding choline 
chloride such that the sum of choline chloride and NaCI 

equalled 145 mM Results were expressed relative to the 145 
mM NaCI group (relative specific acnvlty) Control values 
expressed as d p m / m g  protein were aqueous phase 11927000 
+ 109000, PC, 51 168 _+ 3077, PS, 3386 + 593, PI, 53 918 + 1557, 

PE, 78148 + 3117, mean + range (n = 2) Replicate experiments 
gave similar results In order aqueous phase, open bars, PC, 
bars with large dots, PS, bars with small dots, PI, cross-hatched 

bars; PE, solid bars 



pha te  into the aqueous  phase  was approx.  60% of  
the cont ro l  value while Incorpora t ion  into phos-  
pho l ip ld  was 50% of  that  exhibi ted  by  cultures 
i ncuba ted  con t inuous ly  in the high N a  + med ium 
for 2 h. W h e n  cells were changed f rom the 145 
m M  N a  + med ium to one conta in ing  no a d d e d  
N a  +, [32p]phosphate recovered in the aqueous  
phase  was 40% of the cont ro l  value. In  addi t ion ,  
a l though total  rad ioac t iv i ty  recovered in phos-  
pho l ip ld  was s imilar  to that  of cont ro l  cultures,  
there  was a specific enr ichment  of  [aZP]phosphate 
m PI and  suppressed  incorpora t ion  into  PE. 

Effect of ouabaln and amllorlde on [S:P]phosphate 
mcorporatton mto cellular aqueous phase and phos- 
phohpM 

Inc luding  ouabmn,  to reduce ( N a + + K + )  - 
A T P a s e  activity,  and  amllor ide ,  to inhibi t  the 
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Fig 6 Effect of ouabmn and amdonde on [32p]phosphate 
incorporation into cellular aqueous phase and phosphohpld 
Cultured neuroblastoma cells were pulse-labeled with 8-10 
ItCl [32p]phosphate (80-100 p.Ci//~mol)/ml for 1 h m the 
balanced salt solution containing different concentrations of 
NaCI, and ouabain (5 mM) or amllorlde (1 mM) Medium 
osmolanty was maintained by adding chohne chloride and 
NaC1 such that the sum of chohne chloride and NaCI equalled 
145 mM Values are expressed as the mean+range (n = 2) 
Replicate experiments gave similar results Control, open bars, 

ouabaln, cross-hatched bars, amdonde, sohd bars 
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N a + / H  + ant ipor t ,  d id  not  apprec iab ly  al ter  the 
effect of N a  + on phospha t e  t r anspor t  and  incor-  
po ra t i on  into  phospho l ip id  (Fig.  6). The  relat ive 
specific act ivi ty  of [32p]phosphate incorpora ted  
into  PC, PE, PS and  PI was s imilar  to that  de-  
scr ibed in Fig. 1 (da ta  not  shown). 

Discussion 

Main tenance  of the cont inuous  turnover  of 
m e m b r a n e  phospho l lp ld  componen t s  is dependen t  
on a s teady supply  of b iosynthe t ic  precursors  
This  s tudy demons t r a t ed  a direct  re la t ionship  be- 
tween the N a  ÷ concen t ra t ion  of the med ium and 
phospha t e  t r anspor t  and  ut i l izat ion for phos-  
p h o h p i d  synthests. Moreover ,  a med ium without  
a d d e d  N a  + decreased  incorpora t ion  of  [32p]phos- 

pha te  into PE and PC to a greater  extent  than PI 
or  PS. 

Phospha te  is ut i l ized for p h o s p h o h p l d  synthesis  
in several  ways. F a t t y  acids  undergo  an A T P-de -  
penden t  ac t iva t ion  to the respective acy l -CoA 
thloesters  p r io r  to esterlfiCatlon to ei ther diacyl-  
glycerol  or phospha t ld ic  acid; the A T P  phospha te  
in this step does not  form par t  of  the p h o s p h o h p i d  
molecule.  F o r  PC and PE, phospha te  is incor-  
po ra ted  at the chol ine or  e thano l amme  klnase 
step, and  this phospha te  group is eventual ly  incor-  
po ra t e d  into the final p h o s p h o h p l d  molecule.  Fo r  
PI, phospha te  is i ncorpora ted  into  glycolyt lc  pre-  
cursors  pr ior  to fo rmat ion  of the triose phos-  
phates .  An  a l ternat ive  pa thway,  direct  phosphory -  
la t ion  of glycerol  by a klnase canno t  be entirely 
excluded bu t  seems unl ikely to be a major  route  in 
our  exper iments  since neu rob la s toma  cells incor-  
po ra t e  less than 0.01% of labeled glycerol  into 
phospo l ip ids  [13]. 

Decreased  incorpora t ion  of [3~-P]phosphate by 
cells incuba ted  in a med ium wi thout  added  N a  + 
was not  due to Inhibi t ion of p h o s p h o h p i d  synthe-  
sis. The incorpora t ion  o f [  3H]arachIdOnIc acid into 
p h o s p h o h p l d  and of  [14C]ethanolamine into PE 
was normal ,  wl~le incorpora t ion  of [3H]chohne 
into PC was actual ly  enhanced.  Accordingly ,  of 
the steps in phospho l lp id  synthesis  that  we mea-  
sured,  only  [3~-P]phosphate incorpora t ion  was af- 
fected. Since ut i l izat ion of fat ty  acid, e thanol -  
amine  and chol ine was ei ther  normal  or  increased,  
this suggests that  the total  mass  of  phosphate ,  as 
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opposed to [32p]phosphate, incorporated into 
phospholipid was not altered. Thus, the effect of 
Na  ÷ was not generalized to all intracellular pools 
of phosphate-containing precursors utdized for 
phospholipid synthesis, but was quite specific to 
those containing [32 P]phosphate. 

The incorporation of [32p]phosphate into the 
lndwldual phospholipids was acutely and differen- 
tially sensitive to the Na + concentration of the 
medium. The most marked effect was noted when 
the medium contained less than 20 mM Na ÷. 
Since the normal lntracellular Na  ÷ level is main- 
tained at approx. 20 mM by (Na ÷ + K÷)-ATPase,  
this extracellular Na  ÷ concentration may repre- 
sent the point at which the electroneutral trans- 
port of phosphate coupled with Na  + is maximally 
inhibited. Li ÷ partially replaced Na ÷. Cellular 
transport of Li ÷ is similar to Na ÷ as this cation is 
an effective substrate for the voltage-sensitive Na  ÷ 
channel [14], for the N a + / H  + antlport [15], and 
for ( N a + +  K+)-ATPase [16]. Enhanced radio- 
labeling of phosphohpid when Li ÷ replaced Na ÷ 
m the incubation medium probably reflects a sub- 
stitution of Li ÷ for Na + m the electroneutral 
transport of phosphate. Although Li ÷ increased 
the amount of [32 P]phosphate in phospholipid, the 
relative specific activity of PS and PI was still 
greater than PE or PC. Further, differential label- 
lng of phosphohpids was not observed when phos- 
phate uptake was decreased to an equivalent ex- 
tent by incubating cells in a low phosphate medium 
containing Na +. Overall, this suggests that the 
effect of Na  ÷ on [32p]phosphate utdizatlon for 
phosphohpid synthesis was highly specific. 

Of the [32 P]phosphate utilized for phosphohpld 
synthesis at lower Na + concentrations, relatively 
more (as compared to controls) was incorporated 
into PI through phosphatidic acid than into PE 
and PC by phosphorylatlon of ethanolarmne and 
chohne, respectively. The relative specific actiwty 
of PS consistently approxamated that of PI. In 
other cell systems, PS is derived from PE by base 
exchange of ethanolatmne with serine. If PE were 
the only source of PS, incorporation of [32p]phos_ 
phate would be expected to parallel that of the 
parent molecule. This was not the case however, 
suggesting the possibility of alternate pathways for 
PS synthesis in neuroblastoma cells. For example, 
while not substantiated by experimental evidence, 

the data m this study are consistent with PS being 
derived from PI by base exchange of lnOSltol with 
serlne. 

The driving force for the Na  ÷ gra&ent, and 
hence for Na+-dependent phosphate uptake, is 
provided by (Na ÷ + K÷)-ATPase.  A possible role 
for this enzyme was investigated by incubating 
cells in the presence of ouabain We reasoned that 
the inhibition of [32p]phosphate uptake caused by 
Na+-depletlon might be mimicked in the 145 mM 
Na ÷ medmm by including ouabain. In support of 
this possibdity, Abdel-Latif  [5] noted a linear de- 
crease in [32p]phosphate incorporation into PC in 
the rabbit ins smooth muscle preparation when 
incubated in the presence of ouabain and 125 mM 
NaC1. Incorporation was decreased to 35% of the 
control value suggesting that 65% of the ( N a + +  
K+)-ATPase is ouabain sensitive. Our in vitro 
estimates also in&cate a 60% inhibition of (Na ÷ + 
K+)-ATPase by ouabam in neuroblastoma cells 
(unpublished observations). Thus, the lnabihty of 
ouabain to influence [32p]phosphate transport in 
the present study is difficult to explain. Possibly 
the in vitro estimates of the ouabaln sensmvlty of 
( N a + +  K+)-ATPase do not directly reflect the 
actual in vwo capacity. Alternatively, in contrast 
to the ins smooth muscle, residual enzyme activity 
may be sufficient to maintain secondary actwe 
transport of phosphate m neuroblastoma cells. 

Intracellular pH is regulated in part  by the 
N a + / H  + antiport. Inhibiting proton exchange by 
incubating cells m a low Na ÷ medium decreases 
intracellular pH [17,18]. This might contribute to 
the differential labeling of phosphohpids since 
both choline and ethanolan~ne kmase exhibit an 
alkaline pH opt imum [19]. If intracellular pH were 
a factor, incorporation of [32p]phosphate into 
phospholipid would be similar m cells incubated 
in the 145 mM Na + medmm with amlloride, an 
inhibitor of the N a + / H  + antlport, and a medium 
without added Na +. However, uptake and incor- 
poration of [32p]phosphate were not altered by 
amllonde over the range of Na + levels tested 
suggesting that intracellular pH was not a major 
factor. 

As two ATP-reqmring processes that donate 
[3,-32p]phosphate to phospholipid, namely, phos- 
phorylatlon of choline and ethanolarmne on the 
one hand, and phosphatidic acid synthesis on the 



other, were affected so differently, the ATP pools 
available to these pathways must have different 
specific activities. Thus, the differential labeling of 
phospholipld may be related to a functional com- 
partmentation of the ATP pools utilized for phos- 
pholipid synthesis. Alternative explanations such 
as base exchange and differences m metabolic 
turnover rate seem less likely. While base ex- 
change could contribute to decrease incorporation 
of [32p]phosphate relative to choline or ethanol- 
amine, one would expect that fatty acid incorpora- 
tion would also be reduced, particularly if the 
entire backbone were being conserved. Further, 
base exchange is not a major pathway of PC 
synthesis nor has Na+-sensltivlty been reported 
[19,20]. The marked specificity of Na ÷ argues 
against the possibility that differential labeling of 
phosphohpids is due to variations m metabolic 
turnover rate during nonequilibrium conditions. 
For example, when [32p]phosphate incorporation 
was suppressed to a sirmlar extent by incubating 
cells for 1 h in media depleted m either Na ÷ or 
phosphate, only the case of hmlted Na + availabil- 
ity caused differential labeling of phospholipids. 
In addition, when the ATP pools were prelabeled 
with [32p]phosphate by incubating cells in a high 
Na ÷ medium, subsequent incubation in a medium 
without added Na ÷ caused a specific enrichment 
of [32 P]phosphate in PI and suppressed incorpora- 
tion into PE. This partxtiomng occurred even 
though the total amount of radioactivity recovered 
in phospholipid was comparable to that of control 
cultures incubated continuously in the high Na ÷ 
medium. 

While differences in ATP pools within cells are 
intuitively plausible, direct proof is difficult to 
obtain and, to our knowledge, this is the first 
suggestion of such compartmentation that is based 
on evidence from hpid biosynthetic pathways. 
Further, the observation that these pools become 
functionally differentiated as the Na + concentra- 
tion is vaned has important implications for our 
understanding of intracellular regulation. 

In conclusion, we have evaluated the effect of 
Na ÷ depletion on phospholipid metabolism m cul- 
tured neuroblastoma cells. During short term in- 
cubations, removing Na ÷ from the medium in- 
hibited [32p]phosphate, but not fatty acid, choline 
or ethanolamine, incorporation into phospholipld. 
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Of the [32p]phosphate incorporated, there ap- 
peared to be preferential compartmentation into 
an ATP pool utilized for PI synthesis with rela- 
tively less incorporation into ATP pools used m 
the synthesis of phosphocholine and phosphoeth- 
anolanune, precursors for PC and PE, respec- 
tively. Tins differential labehng pattern observed 
when Na ÷ was removed from the incubation 
medium suggests that ATP pools available to 
phospholipid biosynthetic processes may be het- 
erogeneous and distinct. The significance of ln- 
tracellular compartmentation of ATP pools for 
control of phospholipid metabolism remains to be 
determined. 
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