
Biochcnlica[ I>haln/acol%<-'~ V~] 2:'. pp  /[)21 I l l ' i )  Per<eat/lot/ PlCsS. i926  Printed in (JreaI Br i ta in  

STUDIES ON ACCUMULATION A N D  METABOLIC FATE 
OF [N-Me3H]CHOLINE IN HUMAN TERM 

PLACENTA FRAGMENTS 

['-t,b~. N K WtiI.SCH 

Deparlmcni of Pharmacology. Michigan State University, East Lansing, Michigan 4SS24. USA 

(Recviccd 27 .hme 1975: accepted 19 Septenlbcr 19751 

Absiraci Fragments from hi.iman term placenta accumulated [N-MeAH]choline against a concell- 
tration gradient. I_ plake was linearly related to incubation time and temperature. Anal}sis of the 
kinetics of choline aecumulatio|~ revealed the concurrent existence of a diffusional component occurring 
both at low temperature as x~cll as high (50 raM) choline concentration and a carrier-mediated transport 
which had charactcristics prcdictcd b 3 the Michaelis Menten equation showing a K,, = 3.46 x 10 ¢ M 
and a I ,,~,~ of 75 nmolcs ml intracellular water ,< lnin 1. Net concentration ratios, corrected for diffusion 
and cxtracclhllar watcr, v~erc larger than l.ll within 5 rain and about 4.0 after 15 min. Hemicholinium-3 
was a compctitixc inhibitor of choline uptake with a K~ of 0.45 mM. [3H]Choline accumulation was 
dccrcascd I~x conditions kno~n to louver iniracelhllar ATP Levels. Thus, 2.4-dmitrophenol (I mMi. 
sodium c_xanidc i5 raM)and anaerobic incubation redtlced [3H]choline accumulation 36. 54 and 33 
per cent respectixel.\. Ouabain 10.1 raM} also decreased the concentration ratios by 50 per ccnt. Modili- 
catioll of the ionic cnvironment led to an increase of 36 per cent in the amoLint of tritium in intraccllular 
,+'~atcr when N a  \,,as reduced to one half of the usual 145 mM or 150 per cent when it was completely 
omitted and rcplaccd by an osmotically equi~alcnt amount of sucrose. Li ~ was without eft'0ct. *\hilt 
high K" 1>25mMI. Rb' and Cs + (145mM) depressed [3H]choline accumuhition. Thc metabolic 
fate of [~H]cholme was studied. Following tl 5-min incubation with 5 HM [~H]cholinc 95 per cent 
of the radioactixity ~as acid-sohiblc and 5 per cent remained in the acid-insoluble flaction. After 
30 rain the distribution was SS and 12 per cent. respecti¥cly. Paper high voltage electrophorclic anal> sis 
o1" the acid-soluble material showed that after 5 min 55 per cent of the "XH had a mobility equal 
to authentic choline. 35 per cent equal to acctslcholine, 6 per cent to phosphor31choline and 1 per 
ccnt to hetaine. After 21)rain it was 25 per cent in cholinc. 60 per cent in acciylcholinc. 10 pcr cent 
in phosphor_~lcholinc and 2 per cent in betaine. A chloroform methanol extract from the acid-insolublc 
residue revealed a linear increase of 3H-content suggesting incorporation of [~H]choline into phospho- 
lipids. 

The uptake and lnetabolism of choline have been in- 
vestigated in a xarietx of tissues among them excitable 
tissues such as the lnammalian and invertebrate brain 
and its subcellular COlnponents [1 9]. the diaphragm 
[10]. sympathetic ganglia [I I]. the squid axon [12] 
as well as m nonexcitable tissues such as erythrocbtes 
[13]. the kidne> [14] and in cells derived from neuro- 
blastoma and nlaintained in culture [15 16]. Little 
seems to be known about the li~tal ability to synthe- 
size choline dc nero and its requirements for this im- 
portant base. The role of the phicenta for the supply 
of choline derixcd Irom the mothcr or its synthetic 
abilities are not establishcd. However, largc concen- 
trations of free choline reach the human placenta via 
the lnatcrnal blood, which COlltains abont 7 16 
nnlolcs'nll [17 I,R] and pcrfuses the mature plticenta 
al the rate of about 500mlmin  [19]. Therefore. free 
choline m the blood could be an important sotlrce 
for placental and fetal needs of this compound if there 
was a nleans of transfer existing. Once in the placental 
parenchymal cells choline could bc metabolized by 
a variet.~ of enzymes, among which would be choline 
acet~ht+ansl'erase (acet>l-C'oA-cholinc O-acetyltrans- 
ferasc. E.('. 2.3.1.6. ( 'hAct which occurs ill high con- 
centrations in the noninncrvated htlnlan placenta 
[20. 2 I]. Metabolic conversion to acetylcholine (ACh} 
could have important bearing on phtcental function 
if the specuhitions concerning perineability control 

and regulation of transport could be proven to be 
correct [21 23]. Therefore it was of interest to study 
the accumulation of choline by human placenta and 
follow its metabolic fate in this tissue. This communi- 
cation reports the characteristics of choline uptake 
by placenta fragments in vitro, the effects of variations 
in the ionic environment and some aspects of choline 
metabolism in term placenta. 

MATERIALS AND METHODS 

Tissla' ,SOlO'Ors. preparatio#l a#ld solution,s. Ht_uTlan 
placentae derived from uncomplicated term pregnan- 
cies by vaginal deliver,,' or Caesarean section were 
obtained immediately after removal from the body 
and transported to the laboratory m an ice-chest. 
They were phiced into a plastic tra~ surrounded by 
crushed ice. Alter slicing the placenta disk at about 
1:3 of its total thickness parallel to the decidua 
basalis, small pieces of villous tissue {4 6 mini were 
free-hand dissected [24] and collected m ice cold 
Krebs Henseleit medium (KHMI of pH 7.4 which 
was continuously gassed with 5'>. CO2 in oxygen. 
This solution had the following compositkm in raM: 
NaCI, 118; KC1, 4.8: CaCI2. 2.5; MgSO~,, 1.2; 
KH2PO4, 1; NaHCO.> 27.2: glucose, 11.1. The tissue 
was ready for use within 6 0 9 0  min after obtaining 
the specimen. Only when the conversion of [3H]cho- 
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line into various metabolic products was measured  
was 10 ILM paraoxon present in the s tandard Krebs 
Henseleit m e d i u m  as an inhibi tor  of  chol inesterases .  
When the ionic environment was modified and 
N a  + or  K + were  to be omi t ted ,  1 m M  H E P E S  (N-2-  
hydroxye thy lp iperaz ine  N'-2 ethane sulfonic acid, 
Sigma Chemical Company, St. Louis, Mo.) was used 
as a buffer and adjusted wi th  a m m o n i u m  hydroxide 
to pH 7.4. KH2PO., and NaHCO3 were omitted from 
the HEPES-buffered solutions. When the NaC1 con-  
centrat ion  was modified, sucrose was used in twice 
the amounts to maintain isosmolarity. When K + was 
raised above the usual 4.8 mM in the incubation 
m e d i u m ,  Na ~ was redticed by an equimolar amount. 

Tissue incubations, corrections for extracellular 
water space and m e a s u r e m e n t  of radioactivity were 
performed as described [24, 251. The incubation solu- 
tion containing inulin at 25 nCi/ml (inulin-carboxyl- 
[ laC 1, Mallinckrodt, St. Louis. Mo.. and California 
Bionuclear Corp.. Sun Valley. Calif., sp. act. (SAy 
1.71 taCt/g) was  used to dissolve carrier choline iodidc 
(Sigma Chemical Company, St. Louis, Mo.) to which 
choline chloride (methyl-[-~H], Amersham-Searle. Arl- 
ington Heights, 111., S.A. 16.5Ci/mmolet was added 
to provide 50 nCi/ml medium. 

Isolation and i&'nt(lication of [-~H]choline-contam- 
in,q metaboliles. Placenta fragments were incubated 
for 5, 10, 20 and 30 rain. in inulin-free KHM contain- 
ing 5 jiM [3H]choline. The a m o u n t  of radioactivity 
was increased to 400 n( ' i /ml KHM of which 5 ml was 
nsed for each assa\. At the end of the incubation 
period the flask content was rapidly filtered through 
glass fiber filters (Whatman GF/B, 2.4-cm diameter) 
placed in Millipore filtering devices and m o u n t e d  on 
Erlenmayer flasks with vacuum attachment. The flag- 
ments were trapped and washed rapidly three times 
with 5 ml of ice-cold KHM containing 5 jiM carrier 
choline. The tissue was then homogenized in I ml of 
ice-cold 10", trichloroacetic acid (TCA) in hand-oper- 
ated glass homogenizers {Tenbroeck type, Kontes, 
Vineland. N.J.). The sample was transferred to conical 
12ml tubes and the homogenizer rinsed twice with 
0.5 ml cold 5", TCA. To the homogenate were added 
100ltg each choline, ACh and phosphorylcholine 
{PhChl as carrier. Following centrifugation thc supcr- 
natant was transferred to 12-ml conical centrifuge 
tubes with ground glass necks and glass stoppers. 
TCA was removed by shaking four times with lx~o 
vohunes of water-saturated ether. Thc tubes \~erc 
briefly gassed with dry' nitrogen to evaporate an} 
remaining ether. A known amount of the acid-sohlble 
extract was removed at this point and lyophilized 
overnight just as thc remaining sample was. One of 
the samples was dissolved in 501d of acidic buffer 
( I .5M acetic acid 0.75M formic acid, pH 2.0 [26]). 
Duplicate aliquots of 5,ul were removed and radioac- 
tivity determined in a dioxane base scinlillatk)n fluid 
[27j using a model 3380 liquid scintillation spec- 
trometer equipped with a model 544 absolute activity 
analyzer {Packard Instruments, Downers Grove. 111.). 
Another aliquot of 20 HI ,aas used lot analysis by high 
voltage electrophoresis. This sample was applied to 
dry Whatman No. 1 paper strips 3 × 40 cm on a 2-cm 
wide part of the starting line which was drawn 5 cm 
away from the anodal side of the paper. The electro- 
pherogram was moistened with the acidic buffer bx 

placing Whatman 3 MM paper on top of it to within 
15 mm on either sidc of the starting line. Thus buffer 
diffused slowly towards the start where the purified 
tissue extract /or standards) had been applied. The 
moist strips were placed on the fiat bed of the electro- 
phoresis cell (CAMAG HVE-System, Camag, New 
Berlin. Wisc.I and 100Vcm were applied for 
25 301nin. Mixtures of standards ACh t20Hg), cho- 
line (20/lg). PhCh (l(X)lig) and betaine (2(X)Hg) were 
separated on adjacent strips during the same run. The 
electrophcrograms were dried until onl,, moist and 
exposed to I2 vapors. All iodine-stained spots were 
marked in pencil and the paper allowed to hang in 
a fume hood overnight. On the nex! day the strips 
were cut into l-cm long sections beginning 2 cm ano- 
dal from the starting line towards the cathode. These 
pieces were placed into counting vials and 2 ml of 
water were added. The vials were vigorously shaken 
for 30 min on a reciprocating shaker lo elute thc 
radioactivity from the paper. Thereafter 15 ml of diox- 
ane scintillation fluid were added and radioactivil\  
was determined. 

The second aliquot of the acid-sohiblc lyophilizcd 
extract was redissolved m 0.5 ml of 10ram phosphalc 
buffer pH 6.6. :.t 25-id aliquot removed for radioacli- 
vit 3 determination and the remainder subjected lo 
treatment with tetraphcnylboron (Sigma) in 3-hep- 
tanone (Eastman Kodak)(5  mg.nfl, l lnl per extrac- 
tion [2,'; 1 to remove choline and A('h by' liquid cation 
exchange, while leaving behind PhCh and betainc 
[291. The tubes were vigorously mixed and then cen- 
trifuged to break the emulsion. Eight hundred td of 
the upper organic layer was transferred to tubes con- 
taining g(X)lll 0.4 N H('I and choline and A('h rcex- 
tracted into the aqueous layer. Radioaciivit\  was 
measured in this sample and also in the origmallx 
extracted phosphate buffer. The latter would bc in- 
dicative of radioaclbi t \  which ~xas not attributable 
to choline and ACh and thus did nol complex with 
tetraphenylboron. 

The acid-insolublc material was also eXalnined tot 
its content of radioactivity. First lipid material was 
extracted by washing the pellet twice ,aith 2ml of 
chlorotbrm rnethanol ( 2 : l l a n d  pooling the supcrna- 
tant obtained after centrifugation. The remaining pel- 
let was then solubilized in Iml  of Sohlcne (PackaM 
lnstrulnenlsl and lhc radioactivit~ determined in a 
toluene base scintillation ltuid. 

( 'ontrol samples of placenta fragments were pro- 
cessed in a similar manner. The 3 contained an equi\-  
alent amount of tissue but they were not incubated 
with [3H]choline. Rather. the paraoxon pretreated 
fragments werc homogenized in TCA prior to the 
addition of I(X)tlg of thc carrier standards plus about 
4ff0.000 dis.rain of [-~Hlcholine and 500.(X)0 dis.mm of 
[1-laC]acctyl-ACh. 

Data calculations. The distribution of total tissue 
water (TW) between extracelhdar water (ECW) as 
measured b,~ [14('1inulin space and intracellular 
water (ICW) as well as the concentrations of 3H in 
ICW m relation to ~H in the medium (Ratio (',:( ' ,,I 
[24] were calculated with a computer program pre- 
pared tbr a ( 'D(" central computer. Statistical ex.alu- 
ations x~.cre perlbrlned with Student's t-test and b\ 
completely randomized analxsis of variance for whicia 
the confidence limit was scl at P < I).1)5. 
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Fig. I. Time course of accumulation of [3H]choline by 
human term placenta fragments. Fragments were incu- 
bated in standard medium containing 5 t~M [3H]choline 
for the time periods indicated. Ordinate: corrected concen- 
tration ratios (dis/min/ml intracellular water: dis/min/ml 
medium, after deduction of [~4C]inulin extracellular water 
space). Each point shows the mean + S.D. of 8- 12 deter- 

minations from 2 3 placentae. 

R E S  U I , T S  

Time course of [3H]choline accumulation. The con- 
centration of free choline in fresh term placenta upon 
arrival in the laboratory was 1260 + 236 nmoles/g tis- 
sue (mean _+ S.E., n = 7: unpublished observations, 
made by phosphorylating endogenous choline in the 
presence of choline kinase and "/-[3eP]ATP to form 
[3Zp]PhCh [301). Following a 2-hr delay period for 
dissecting and handling the tissue fragments as out- 
lined above, there was no significant increase in the 
concentrations of free choline. When the tissue was 
kept on ice for 24 hrs following the initial choline 
determination, choline levels were increased by about 
80 per cent. It is difficult to decide from these prelimi- 
nary observations whether free choline was generated 
during the initial storage period but immediately 
metabolized again. Obviously, the placenta behaved 
very differently from brain tissue where choline meta- 
bolism has been studied in more detail and where 
the free choline concentration increased 5-fold at 
room temperature within 15 min after the interrup- 
tion of blood flow [31]. When placenta fragments 
were incubated with 5/~M [3H]choline radioactivity 
appeared rapidly in the ICW compartment. This con- 
centration was chosen because it was quite close to 
the concentration of fiee choline reported in human 
blood plasma at the time when these experiments 
were begun (1 2/~g/ml = 7 14nmoles/ml [17]). Ac- 
cumulation was linearly related to incubation time 
for 15 30 rain, then slowed down and reached steady 
state values in about 3 hr. ICW concentrations of 3H 
exceeded those in the incubation medium within 

3 5 min and the concentration ratio rose about 4.0 
within 15rain, 7.5 in 30min, 11.5 in 60min and to 
20.0 and higher in 3 hr (Fig. 1). Fragments from some 
placentae (about 10 per cent of the specimens exam- 
ined) took up [3H]choline much more rapidly than 
the majority of the specimens. Differences in the mode 
of delivery (vaginal vs Caesarean section) were not 
the cause for these variations. It remains to be estab- 
lished whether these variations might be related to 
the choline content of the placenta. Regardless of the 
quantitative differences, qualitatively the plots of con- 
centration ratios vs incubation time. and a variety 
of modifications in the incubation conditions were 
well reproducible when expressed in terms of per cent 
of control values. 

The movement of [3H]choline into ICW was mark- 
edly altered by variations in the incubation tempera- 
ture. The concentration ratios obtained in a represen- 
tative experiment at O, 17', 27 ,  and 37 are shown 
in Fig. 2. With 5 llM [3H]choline at 0' equilibration 
by diffusion was reached between 2(~30 rain, and the 
ratio CjC,, remained 1.0 thereafter for several hours. 
This diffusion contribution was deducted from all 
concentration ratios already corrected for ECW based 
on [l~C]inulin space, and the resulting values are 
referred to as net concentration ratios. The value of 
the ratio attributable to diffusion was indistinguish- 
able from the one obtained in the presence of high 
choline concentrations at 37 (see following para- 
graph). 

E~ects q/  choline concentration. Upon variation of 
the choline concentration between 0.05 I~M and 5 mM 
the ratios obtained were not different from 0.05 ILM 
to 751LM, but then began to decrease and reached 
values around 1.0 at 10raM. This indicated saturabi- 
lity of the [3H]choline accumulation. When 50raM 
[3H]choline was incubated with placenta fragments 
concentration ratios of about 1.0 resulted, a value 

2O 
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IO 20  30  
I n c u b a t i o n  t i m e ,  rnlr~ 

Fig. 2. Effects of various incubation temperatures on ac- 
cumulation of [3H]choline by humun term placenta frag- 
ments. Fragments were incubated in standard medium 
containing 5 llM [3H]choline at 0 0  O, 17 ~ 0, 
27 D qZ] and 37 > 11--411 for the time periods indi- 
cated. Ordinate: corrected concentration ratios (see Fig. 
1). Each point is the mean _+ S.D. of 4 determinations 

from one placenta. 
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I.i~. ~. I I]t:¢ts oi choline concentration on accumulation 
of I+IIIcholmc h~ hunmn term phlccnm I'ru~mcl]l~. Puncl 
A: l:ragmcnt:~ \',ClC incubated with [SH]chol inc COllCCll- 
tratioiP, iangin 7 f rom 0. l × l l) "¢M to N x 10 "+M. "[hc 
tadioac+iivit) prc~ont in iho h+tracdlular ~Acilcr conlpart- 
n/cnl \~a>, u4]culatcd altcr cori+cutiot] for cxtrttccllular 
~\atcr+ ()rdinatc: &ccumuhltion oxpi-osscd in nmoloh ml in- 
t iac¢lhlhu ~Aatcr, rain i I~ascd on the <+i +. act. of 
[3tt Icholinc. I)ashcd line indicutos contr ihution h\ ilOll- 
~,at+iiiablc difEt>,hm estimated from slope rcsullin 7 I'tot+il 
choline conmcntrci+iioi+l<+ hither than 4-y ]() ¢~] and I+~ 
uxionding thN line to inicr~;ocl with tl+u ordina+ic, lotal  
a¢¢tlil ltl la+iioll O (.} alRI 5al.tllclblc acct lmt l l t i l i { ; l l  • I 
cottcc+icc[ lt+r fiB_' l/Oll-'+;;+tttli'tib]c co i l lponcnt  b', deduct ion 
ol  the \;.iluc', dcpiutod m the lm~cr dasl]cd line. 

Point+ B: S;.IttlttiNt`' ttCCtllYitiltt+iiOl] ;.+in;.I]~.Tcd accorclit'~ 7 It) 
Sdmbci+th ul td. I I I {+>} plot++in7 +iho reciprocal of i.hu +it+jut- 
able acti \c coml+xmcnt of the COl]CCl]traliOl] ratio <R,,i tutti+ 
t iplicd h\ the conmcnlration of choline m the medium ((<,,) 

~tTaim, I the lodprocal or ('.u- 

~h ich  was csscntiull ', ident ical to the rat ios obta ined 
al (i w i th  S y M .  El-thor approach has boon tmod b \  
o ther  invest igators to assess the contt+ibution o1' no+i]- 
sa tu rab lo  d i f fus ion  [ I .  32 ] .  gl . lbsoqt. ietlt l )  ;.+i narro\t ,  or 
conc¢ntrat io+ i~  t;,+i+i]gc \'v;.+is c x a n l i n c d  ,Li+nd r e v e a l e d  a 
sk-,pc b p i c a l  lbr  u dl_+ial Liptakc rnechan i sm with a 
i]Ol]-Saturabic an d  a ca r r i e r -med ia ted  satl_irablc com-  
ponen t  IF++. 3. panel A). If the net concent ra t ion  

values ob ta ined  dur in+ the l inear +iq,t'akt`' phmnc \~clu 
calcuh+itcd b} tlcdLtctin~ the n, .ul-saturablc corl]pcmcl+it 
and  wcrc i-dotted acc{+rdino t,.> %dml-,crth ~'/ tz/ ! i !  
a straight Imc resulted. It+ thfi,~ +r4phical  unah<,i ,, the 
r,.+'ciprc+cal +,,I the sa turable .  ;tnd l-,rcsumuI-,l}. ~wti~u. 
t l p t akc  coI l ]poncl ] I  (1~.) time,-, otllsJdt`' c:(+llCA:l+itl+ttlJtltl 
o1' chol ine  I ( ] , , I  v,a., p lot ted douH+i.d [}it_. It`!Cil'll't+t_;li 
of ("  ,, (Fi~. 3. l-,unul B ). Thu l il+iC \\ h iul+i ',\ :t+, ~)l,laincd 
indicutcd that  the ~aturahlc  cholttB: Ul-,tukc toth+~+xcd 
kinetics F, rcdictcd I',\ the Nlidmcli, ,  Mt`'ntcn uqu~iti<m 
v, itl] a n  ~tpl+~tR']+it k . ,  I lil +) <+IA + IL72 NI 
und u I; ..... t f l  7 : + .  l"+t+imolc<,t+i+il I ( \ V  l+ilill 
(n]cun ! S.I!.. n )}. Buwd  on the t+l+ht`'r\alit+n~ 
oh ta incd  Irom intact  p lacenta  ha~tncnl~  v, hh might 
ch{)li+ilC Oal]CCl]lt+ati{q+is l;ll]~illg ln+m {L()5 to  I ( + / A | ,  

there \~as {+111\ one d]c, lhw II]ll+i:'-ptql .-,\stctn ;t,+ v ,a , ,  

{+ri+hmll} repor ted  to c',.ist it+i l+,rain +,lice', II. 24!  
v, hi lc n]orc rcccrtt ",tlu.lic,, on suhudhu lm I-,rah+i Itac- 
l ions havu l+C\rc4lcd LI hi.~h and htv, allinilx chltdhlt`" 
tlptt+ikc '-,\.'-;lCl]l in s}I+ial+lc+~,oI]lCn 16 x < t  

t++[l&'t ", ++t <+\y+lun m++t +llll~,+sc J<'l,rnHli+,iL \ khcn  
plac,..;nta lra+rncnts V, ClC c{;llcctud. ,,,.~tshkrd and im_u 
hated in K H M  >,;.lit+rated \ \ i th  5 %  ( ( + .  H1 nitrt+;un. 
[SH ]cho l i nc  u,,_'curn]llali+.m in 1(~,~ B.a,-, nol dillL'runt 
f rom cont ro l  Salnpics 7tisscct \~ith 5'+,, t ( ) ,  in <+xh;cn 
after 151nil] of  im:uhmion (Fig. 4l bt l l  l i l t  c_'c+l/c_'t̀ 'l+i- 
t ra t ion ratio~> \,,+i-c_" q+n i l i cant l }  rcduuccl Mlcr  3ll turn 
Omiss ion o1 ~luuo~>u o r  R'pl;.iccmoi]t I+\ CClUimc+lal 
2-d0oxy+lumo~u had 1]o ol]Ltct allt_+r IF, ~lltct 3(i i+rlin t>i 
i+i+lcubali{)n, i h c s o  I-Oh+lit,, d id i]t+l al+pC_'ur <qit+pFi'+it+l~ 
m viu~ o f  the ob+cr \a l io l ]  thai  ; icl i\c' +ul+,t4ku o1 t tmhlo 
acids h\ pltlcCl]hl <dicu<, xxa-, not at+>oliqlud lollo\~ il W 
I 6 h r  o1 ell++aerobic it+ictil->;ltit~t/ I ~ Hi+id ',tcix.. ii] 
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Fig. 4. I]IL'¢I o f  4nacrobic incubaOotl couuli/ionn ,ul m. 
CIllllLt];+ll+iotl <fl" I3tl ichc, lil]c I-,,. humat] u_'tlt+ placuntu h a ~  
IllCllt~. t-ra~tncnts \,,crc illCtl[]llbJd H/ ~t;tlld;Itd IHcdHII/1 
gassud ~ith Y',, ( ' ( ) ,  in o\}~cu • II ~u ~'.. ( ( }  iu 
nitrogen • • containing 5 u \ l  I ' I I  id~olinc h+r thu tii+R 
pct'iod> indicated. ()rdinatu: tR't conucntrittion ratio.-, nl'tc+ 
dCdtlctiolt t)['cNtF;ICCI]tI];II" \\~ltCl" '+>pilCC Hlld dil]tl'+;R]l);I] C()l]l 
portent. Each p<,inl is the mean f S I )  o l  qua+.lrtqqi,.at~. 
detcrmit+latiorLs I'r<,m 4 placctltat`'. \ahn" m;u kcd :,. ith n,,tct- 
isk dittL+ts signil icantl} f rom ('>. c+.mttcd t P .  <LOI. one 

t;lih,.'d ! tc.'<->tl 
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Table 1. Effects of metabolic inhibitors on accumulation of [~H]choline by human term ~lacenta fragments 

Incubation Metabolic inhibitor (M) 
time 2,4-DNP NaCN Ouabain 
(min) 1 × 10 -~ 1 × 10 4 5 × 10 "~ 1 X l 0  - 3  I × 10 4 

15 35.77 4- 3.03 29.80 4- 3.12 53.73 4- 4.99 37.27 4- 7.97 
(3) (3) (4) (4) 

30 64.93 4- 8.49 41.36 + 12.50 59.17 + 5.91 62. I1 4- 6.39 
(4) (4) (5) (4) 

50.52 4- 6.67 
(4) 

49.75 _+ 2.89 
(4) 

Placenta fragments were incubated in standard medium to which the inhibitors in the concentrations indicated were 
added 15 min prior to the addition of [3H]choline. Data are expressed in terms of per cent inhibition produced at 
the incubation times specified. Values are means + S.D., and the numbers in brackets are the number of placenta 
specimens which wcrc examined in quadruplicate samples. Net conccntration ratios of control valucs were 3.38 7.56 
(5) at 15min and 5.58 13.84 (5) at 30min. 

ag reemen t  wi th  the results on  ACh  uptake  where  it 
required incubat ion  t imes of  more  than  l hr  for the 
manifes ta t ion  of  the effects o f  2-deoxyglucose  [25]. 

E~i, cts ofvarious metabolic inhihitors. W h e n  oxida-  
tive phospho r y l a t i on  and /o r  e lectron t r anspor t  was 
inhibi ted  with 2 ,4-din i t rophenol  ( D N P ,  l m M  and 
0.1 m M )  or  N a C N  (5 raM, 1 mM),  bo th  of  which  de- 
plete intracellular  A T P  levels, accumula t ion  of  
[3H]cho l ine  was marked ly  reduced (Table l). Oua -  
bain (0.1 m M )  also decreased  the a m o u n t  of  radioact i -  
vity in I C W  drastically.  This  suggested that  M g  a+- 
dependen t  Na  + and  K + act ivated ouabain-sens i t ive  
adenos ine  t r iphospha tase  (ATP phosphohydro l a se ,  
E.C. 3.6.1.3., N a + - K + - A T P a s e )  which has  been identi-  
fied in h u m a n  term placenta  [34] could  be involved 
in chol ine  accumula t ion .  
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Fig. 5. Effects of variations in Na ~ concentration on ac- 
cumulation of [3H]choline by human term placenta frag- 
ments. Fragments were incubated in HEPES buffered 
medium containing 5 #M [3H]choline for 30 min with the 
Na + concentrations indicated in the abscissa. Ordinate: 
Per cent [3H]choline uptake, where the net concentration 
ratio of control values (145mM NaCI and 4.8 mM KC1) 
of 4.13 4- 0.53 was set to be 100 per cent. NaCI was 
replaced by twice the concentration of sucrose to maintain 
isosmolarity. Each point shows the mean + S.D. of at least 
16 determinations obtained from at [east 4 different placen- 
tae. Values marked with asterisk are significantly different 

from control (P < 0.05). 

Effects ojvariations in the ionic environmem. G r a d -  
ual reduct ion  or  comple te  omiss ion  of  N a -  and  re- 
p lacement  by an osmot ica l ly  equivalent  a m o u n t  of  
sucrose led to a d ramat i c  increase in [3H]cho l ine  ac- 
cumula t ion  (Fig. 5), which a m o u n t e d  to 36, 60 and 
150 per  cent  o f  the 145-mM NaCl -con ta in ing  solut ion 
when  Na + was 72, 22 and 0 r a M ,  respectively. The  
concen t ra t ion  ra t io -enhanc ing  effect of  comple te  lack 
of  Na  + was also present  when  the chol ine  concen-  
t ra t ion  was lowered  to between 0.1 and 10/~M. W h e n  
the effects of  var ia t ion of  K + concen t ra t ions  (which 
were always paral leled by an equ imola r  change  in 
Na  + in the oppos i t e  concen t ra t ion  di rect ion such that  
overall  no change  would  result in osmolar i ty)  were 
examined,  a con t inuous  decline of  [3H]cho l ine  
uptake  was observed  (Fig. 6). The mos t  p ro found  

5of I 
5o 

0 50 I00  150 

K t c o n c e n t r a t i o n ,  mM 

Fig. 6. Effects of variations in K + concentration on ac- 
cumulation of [3H]choline by human term placenta frag- 
ments. Fragments were incubated in HEPES buffered 
medium containing 5/~M [3H]choline for 30 rain with the 
K * concentrations indicated in the abscissa. N a  was 
changed by an equimolar amount such that NaCI and KCI 
equaled 150raM. Ordinate: Per cent [-3H]choline uptake 
where the net concentration ratio of control values 
(145 mM NaC1 and 4.8 mM KC1) of 4.41 + (/.16 was 
set to be 100 per cent. Each point shows the mean 4- 
S.D. of 12 determinations from 3 different placentae. All 
values with K* > 10raM are significantly different from 

the control value (P < 0.05). 



lii2(~ F. Wi ]  S('H 

ice L 

°"t 75 

o .X: l  ~[ 
~a_ ,>:1 

.... l,! iij 
Z 50 .... ::: xx. , .c. ::x: ': 
L) I ]  : ;:;; 
'2  : 

%% 
:: 

~ l g  -"' g ' 

NaCL LiCL CsCL RbCL 
II 3 3 2 

Fig. 7. l!lltecls of Li . ( s  and Rh '  on accumt.ll:.itJon of 
[~ t t ]cho lme h\ human term placenta fragments. Frag- 
nlcnts \voTe illcuhated in ilEPES buffered medium contain- 
mg 5HIM [ '~tt lchol inc for 30rain. Na( ' l  was pari ial l , ,  or 
complelel 3 replaced h~ Lit'l, ( 's( ' l  or RhCI as indicated 
m the abscissa. Vertically positioned numbers in bars give 
the mM conccnlration o[ lhc ions examined. Ordinate: Per 
CCI/I [ ~l] ]choline uplakc where lhe net coilccntralion ratio 
o1" control ',alues l145mM Na('] and 4.SmM K('I) o[ 
7.33 ± (I. 15 was set lo he I00 per ccnl. Each bar shov, s 
mean ~ S.[). (or \~lriancc ir n = 2l o f  tile nunlbc_,rs of  
placentae cxclmined in quadluplJcatu samples'qalcd bclov, 
the iespucli\u salts. \,'altlCS nlarkl,'ct ~ith aslerisk arc signifi- 

c:lnth dill'croat I'lOm control (P < (I.(15). 

depress ion  under  the exper imenta l  cond i t ions  chosen  
occurred  at 150raM K( 'I  and 0 m M  NaCI. Thus,  the 
s t imulat ing tilL'el o f  lack of  NaCI with osmot ic  make-  
up h\  sucrose  was comple te ly  reversed m the pres- 
ence o[  high concen t ra t ions  of  KCI. Partial  or  com-  
plete replacement  o[ N a  b 5 l i thium (LiCI), which 
in some  respects  closely resembles  Na  [35] was with-  
out signilicarli el'lbcl on the [-~H]choline accumula t ion  
IFig. 71 c o m p a r e d  with cont ro l  levels of  N a ( l .  but 
l , i ( l  inhibited the s t imuhl t ion of  [~H]chol ine  ac- 
c tunu la t i on  obscr, ,cd in lhe absence o f  N a ( ' l  in a su- 
c rose -con ta in ing  cnv i ronn l cn i .  ( ' o m p l c t e  rep lacement  
of Na(_'l by cesium (( ' s t ' l )  or  rubidJunl (RbCI) which 
resembles  K ' c l o s c h  in some of  its biologic charac-  
teristics [35] resulted in a significant reduct ion of  the 
an lount  o [ -~H Itibcl in I ( 'W with values reaching 
aboul  50 per cent o[  cont ro l  Na( ' l  concen t ra t ions  
after 30 mm of  incubat ion (Fig. 7). The  RbCI-caused 
decrease was similar to the one  p roduced  bv high 
concen t ra t ions  of  K('I .  

tJtL'clx , l  hemicholinium-3 (Hi'-3). H( ' -3  has been 
widely used m exper iments  which have examined  cho-  
line up take  and metabo l i sm in a varlet3 of  tissues. 
F r o m  these studies the drug has become well k n o w n  
as a compet i l ive  inhibi tor  o f  chol ine  t r anspor t  carr ier  
s \ s iems,  The placenla  pro\ ,ed to hc no except ion.  
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Fig. ~. [!ffccls of hemicholmium-3 on the accumulation ol 
['~H]cholinc by human term placenta fragments. Frag- 
ments w, ere incubalcd m slandard medium (with or with- 
out I × 1() "~M H('-3) conlaining [-~H]choline concen- 
trations xar3mg I~cl~ccn ().25 × l0 aM and 7 x 10 4M. 
Abscissu : Reciprocal of coke" choice  concen- 
tration × 10 a:Ordinatc:Rcciprocalof ,  amountoi ,  cholinc 
taken up into the intracellular water compartment. Each 
petal is the mean of 12 dctcrmmations ['rom 3 placentae. 

( ' h o l m c  uptake  by the f ragments  wets inhibi ted by' 
HC-3,  and when  the efl'ect was analyzed graphical ly 
with a Linewcavcr  Burk plot [36] the lines ob ta ined  
lbr cont ro l  and H( ' -3 - t r ea tcd  f ragments  had the samc 
intercept  on the o rd ina te  but different intercepts  on 
the abscissa which was indicative of  compet i t ive  inhi- 
bit ion (Fig. ,% W h e n  accumula t ion  was measured  
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Fig. 9. Dixon anahsis  of inhibition of [-~HJcholine tic- 
cumulation by hemicholinium-3 in human term placenta 
fragments. Fragments were incubated m standard medium 
containing two different concentrations of choline [S] in 
the presence  o[" various  concentra t ions  of  hemicho l in ium-3  
[ H ( ' - 3 ]  as indicated in the abscissa.  Ordinate:  Reciprocal  
of  a m o u n t  of  cho l ine  taken  up into the intracel lular water  
c o m p a r t m e n t  ( m o l e s m l  x rain i i after 15 min incubat ion.  
The data  describe a straight line tot each  concentra t ion  
of  [ '~H]choline.  The  point of  intersect ion of the two lines 
gives K~ on the abscissa  and I [i,~.,, where  they intersect 
with the ordinate. Each point is the rnean of  g determina- 

tions from 2 placentae. 
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Table 2. Distribution of 3H-label following incubation of 
human term placenta fragments in [3H]choline 

Time Acid-soluble Acid-insoluble 
min dis/min % dis/'min ",, 

69443 4195 
5 ± 6184 94.3 ± 230 5.7 

(3) (3) 

116840 8895 
10 ±23120 92.9 ±1255 7.1 

(4) (4) 
175480 18460 

20 +37703 90.5 ±2728 9.5 
(4) (4) 

201901 27388 
30 ± 18227 88.0 ± 3177 12.0 

(4) (4) 

Fragments were incubated in 5 ml standard medium 
containing 2ffCi [all]choline for the time periods speci- 
fied. Tissue was homogenized in TCA and distribution of 
radioactivity measured between the acid-soluble fraction 
and the acid insoluble precipitate which was extracted with 
chloroform methanol, (2:1 v/v). Each value shows the 
mean ± S.D. of duplicate determinations from the number 
of placentae indicated in brackets. Data are also expressed 
in terms of per cent distribution of the total radioactivity 
in each homogenized sample. 

with 2 choline concentrations below and above K,, 
in the presence of various concentrations of HC-3, 
analysis of the data obtained by means of a Dixon 
plot [36] revealed a Ki of 0.45 mM (Fig. 9). 

Fate oJ [3 H]choline in placenta ,fi'agments. Follow- 
ing a 5-min incubation in paraoxon containing KHM,  
95 per cent of the aH label was found in the acid-sol- 
uble fraction (Table 2) and 5 per cent was in the acid- 
insoluble residue where in turn the radioactivity was 
almost completely soluble in chloroform methanol. 
This suggested an association of label with lipid meta- 
bolites. Between 5 and 30min the acid-soluble por- 
tion decreased gradually to 88 per cent, while at the 

same time the chloroform methanol extract from the 
acid-insoluble residue increased to 12 per cent of the 
total radioactivity in a fashion which was linearly 
dependent on the incubation time. This was indicative 
of a time-dependent incorporation of [3H]choline 
into lipid material. Very little radioactivity was found 
at any of the incubation times in the acid-insoluble 
residue once extracted with the lipid solvent. 

Further attention was focused on the acid-soluble 
fraction which would contain the precursor Jai l ]cho- 
line and [3H]ACh, the metabolite of major interest. 
A typical example of an electropherogram of placenta 
extract and of authentic standards is shown in Fig. 
10. Recovery of radioactivity after elution from the 
paper was 93.90 _+ 5.59o, (mean _+ S.D., n = 321 of 
the amount applied to the starting line. PhCh moved 
only about 2cm. Larger amounts of authentic sub- 
stance were required for PhCh and betaiue to pro- 
duce iodine staining than for ACh and choline. 

When the distribution of radioactivity among the 
different metabolites was calculated it became appar- 
ent that [3H]choline was rapidly converted to several 
products. Most prominent was the labelling of ACh. 
After 5min incubation 36 per cent of the 3H was 
found in the ACh region (Fig. 11). This increased to 
45 per cent after 10min and reached a plateau of 
60 per cent after 20 min. Concomitantly, [3H]choline 
had dropped to 55 per cent of the total acid-soluble 
3H after 5 min, 44, 28 and 24 per cent after 10, 20 
and 30min, respectively. The only other metabolite 
which increased significantly during the 30 min incu- 
bation period was PhCh, amounting to 7 per cent 
after 5 min and increasing to 17 per cent after 30 min. 
There was always 3H label in that area of the electro- 
pherogram where authentic betaine would migrate 
but the increase in the labelling of this component 
was not significant over the 30-min period. The areas 
corresponding to betaine and ACh were eluted in a 
separate experiment, the eluates from all the paper 
strips tentatively assigned to each compound were 
combined, lyophilized and again subjected to electro- 
phoresis. Again the radioactivity migrated a distance 
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Fig. 10. High voltage electrophoresis of acid-,~tquhlc placenta extrac! and of authentic standards. Lyo- 
philized acid-soluble radioactivity derived from incubation with 5/~M ['~H]choline was dissolved m 
formic acid-acetic acid buffer pH 2.0 and applied to dry Whatman No. 1 paper strips, 3 x 40cm. 
For further details see Methods. Authentic substances were run on parallel strips. Abscissa: migration 
distance in cm. Ordinate: log dis/min eluted from consecutive I-cm sections of electrophoresis paper. 
This run derived from a sample incubated for 20min. Comparison strip in upper part of the figure 
shows location of iodine vapor stained authentic standards PhCh, betaine, ACh and choline (Ch). 

. .P.  25:9 c 



1028 F. WliLS('li 

6 0  

~- 4 0  

o 

20 

\\ 

...---, #. , ¢ ~ f 
5 IO 2 0  30 

Time, min 

Fig. 11. Distribution of ~H-label following high voltage 
electrophoretic separation of acid-soluble placenta extract. 
Radioactivity was eluted from acid-soluble extracts derived 
from incubation with 5 HM [3H]choline which were sub- 
jected to high voltage electrophoresis. Abscissa: Incubation 
time of fragments in min. Ordinate: Per cent of total 
radioactivity recovered from eluted electrophoresis paper 
attributable to each of the 4 identified compounds. Each 
point is the mean _-4- S.D. of duplicate determinations from 
3 placentae at 5 min and 4 placentae at all other times. 
© © ('holinc. • • Ach, • • PhCh and 

• • betaine. 

equal to the autllentic standards, producing a sharper 
peak of  radioactivity associated with ACh than in the 
first run. 

When a part of the acid-soluble fraction was sub- 
jected to liquid cation exchange with tetraphenyl- 
boron, 8 per cent of the radioactivity did not complex 
with this compound (2 experiments) after 5 min of  
incubation in [3H]choline. This increased to 18 per 
cent after 30 min. These values agreed quite satisfac- 
torily with the percentage of radioactivity attributablc 
to PhCh and betaine based on the electrophoretic 
separation (about 9 and 19 per cent respectively, Fig. 
ll). 

When [3H]choline and [~'*(]ACh were added to 
placenta homogenates in T e A  and subjected to tetra- 
phenylboron liquid cation exchange or electro- 
phoresis about 5 per cent of 3H but only less than 
2 per cent of ~a'C did not complex with tetraphenyl- 
boron. On the electropherograms some label was 
always found in the area of PhCh. These observations 
implied that a certain amount of 3H got into PhCh 
without the involvement of choline kinase but by 
spontaneous base exchange. Negligible radioactivity 
remained in the acid-insoluble fraction. In regards to 
PhCh labelling this [3H]choline base exchange would 
mean that the observed values could include a certain 
percentage of incorporation which was nonenzvmatic. 

I) ISCUSSION 

Several observations support the interpretation that 
the choline accumulation observed in human term 
placenta fragments met conventional criteria of an 

active transport. All conditions which decreased the 
mtracellular levels of ATP reduced the uptake of cho- 
line. supporting the contention that [~tt]choimc 
movement against its concentration gradient ~'<t> 
dependent on continuous cell nletabolism and gencr- 
ation of ATP. The presence of DNP which uncouplcs 
oxidative phosphorylation bv inhibition of electron 
transport in mitochondria thus depleting ATP [33] 
or the presence of Na( 'N.  a non-specific inhibitor of 
electron transfer through home proteins Io oxygen 
which causes a protound depression of ATP [ 37], led 
to a marked inhibition of 3H acctunukttion ( lablc  
I). Anaerobic incubation also reduced [~ft]cholinc 
uptake although the effect x~<as not signilicant prior 
to 30 rain. These observations can be explained b\ 
the ability of the placenta to use the glycol3tic path- 
way extensively [3<"4.39] and to maintain actixc trzuls 
port during hypoxia L33]. 

The net concentrution ralios of ~H in l( \V 
exceeded the value of the surrounding rnediurrl xcr\ 
rapidly. However, a xalue larger than unit\ did not 
necessarily indicate choline accumulation against <l 
concentration gradient because metabolic conversion 
of [~H]choline could explain such a distribution of 
radioactivity without participation of active transport. 
The physiological conditions conccrning the concen- 
trations of flee choline in the maternal blood and 
placenta fax, ored the idea that an active hansport  pro- 
cess coupled to the cxpendihuc of metabolic energ 3 
could be operating because choline would Ila~c to 
move against a steep concentration gradient if frec 
choline in the blood was used as a source of choline 
bv placenta or fetus. Using the choline ,,:.ilues of 
7 16HM reported in blood plasma of man [17.1N] 
and our preliminary measurements of 1250nmolcsg 
term placenta ( - 1 2 5 0 1 t M ) t h e r e  is a concentration 
difference of about SO I N0-1bld against which choline 
would have to bc transferred m tile in riro sit[ration. 
The real free choline concentration in the placenta 
may even be Mghcr. This is because tile aboxc esti- 
mate was based on an cven distribution while ii is 
not unreasonable to expect most of 111,2 choline t~ 
bc in the ICW compartment, which makes up 2() 45 
per cent of TW in htunan term placenla [24, 401. 

Metabolic conversion was an importarH aspect to 
be considered. Net concentration ratios aficr I(I rain 
were 3.0 and higher, xar>ing with the placenta speci- 
mens (Figs. 1. 2 and 4). Lrsing tile [~H]distribution 
(Table 2) and the labelling in the precursor and mela- 
boliles (Fig. II) both of which deri,,ed from paraox- 
on-cxposed tissue (x~hcrc A( 'h ~z~s able to aCCLIllltt- 
late) thc net concentration ratios of frcc [ ~ft]cholinc 
were still in excess of 1.0. Sincc all other cxpcrmlcrits 
were perlormed in paraoxon-frcc incubalion medium 
it can be expected that a significant portion of nc\~h 
synthesized [SH]AUh would bc h~drohzcd b\ acct\l  
cholinesterase. Thus. inore of the IH woukt bc present 
as frcc [~H]choline in I( 'W thall the dalai with p'<lra- 
oxen present showed. 

Marked effects on [3H]cholinc :.lccumttlaiion \~erc 
observed when the ionic milieu in the bathing sohi- 
lion was altered. Since high K is conlnlonl\ c>cd 
to depolarize cells, it could be argued thai the 
[3H]cholinc accumukltion observcd with ph3siologi- 
cal K + concentrations was a cation plaenomcnon Ibr 
which K ~ concentration differences provided the 
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electrochemical gradient and thus the driving lorce. 
High K* also decreased [3H]choline uptake in brain 
slices significantly [2, 4]. It is important at this point 
to stress the striking differences between brain tissue 
and placenta. The human phtcenta is a non-excitable 
tissue and its resting membrane potential in fresh 
term placentae was only O 20 mV, and disappeared 
altogether in less than 3 hr [41]. These measurements 
discotmt the probability than an electrochemical gra- 
dient was responsible for the [3H]choline accumu- 
httion. Additional support against this interpretation 
derived from the observation that an equimohtr con- 
centration or a 10-fold molar excess of the quaternary 
compound tetramethylammonmm did not alter the 
concentration ratios. To an unknown degree the 
depression of choline accumulation by high K + could 
also be related to intracellular levels of ATP, because 
it has been reported that high K ~ lowered ATP [42]. 

Although ouabain inhibited the [-~H]choline ac- 
ctnnulation this had probably no direct relationship 
to Na+-K +-ATPase and its function in cation trans- 
port because the choline cation will not bind to and 
substitute on this enzyme for Na-  or K~. Rather. 
the effect may be related to the significant use in the 
placenta of the glycogenolytic pathway. Ouabain in- 
hibits ADP formation by inhibition of N a - - K  ÷- 
ATPase. ADP is a crucial substrate of phosphoglycer- 
ate kinase during the synthesis of ATP via the glyco- 
lyric pathway. This enzyme has been shown to be 
an important rate-limiting point linking cation trans- 
port and glycolysis in erythrocytes which depend 
almost exclusively on energy provided by glycolysis 
[431. 

An unusual feature compared to the different tis- 
sues in which choline uptake has been studied was 
the stimulation of 3H accumulation in the absence 
of Na+. A similar effect has bcen observed by one 
group of investigators who studied guinea pig brain 
synaptosomes [3]. The actions of K +, Li + and ( 's + 
were more comparable to the changes which these 
ions brought about in choline carrier systems of other 
tissues [2 4, 8, 151. The carrier mediated transport in 
placenta had also in common with all other tissues 
that it was competitively inhibited by HC-3. 

It is interesting to compare the metabolic fate of 
radioactive choline in the variety of tissues where its 

uptake has been studied. The results obtained in the 
placenta (Fig. l 1, Table 2) in the presence of paraoxon 
suggested that synthesis of [3HIACh was the major 
product of enzymic activity (Fig. 12, Pathway 1). 
Pathway 2, the choline kinase catalyzed synthesis of 
[3H]PhCh, was also quite prominent. This metabolite 
also provided the precursor for the biosynthesis of 
those products which appeared in the acid-insoluble 
but chloroform methanol-soluble lipid extract. This 
fraction probably contained phosphatidylcholine. 
Pathway 3, leading to the synthesis of betaine was 
not very prominent in the placenta, while this com- 
pound was the main metabolite in the kidney [14]. 
When brain slices were incubated with radiolabetled 
choline in the absence of a cholinesterase inhibitor, 
very little ACh was formed and most of the radioacti- 
vity was present as unchanged choline [1,4], while 
synaptosomes synthesized substantial amounts of 
radioactive ACh in the presence of physostigmine [51. 
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