
L A N T H A N U M  I N  H E A R T  CELL C U L T U R E  

Effect on Calcium Exchange Correlated with Its Localization 

G. A. L A N G E R  and J .  S. F R A N K  

:From the DepartmeIlts of Physiology and Medicine and the Los Angeles County 

Cardiovascular Research Laboratory, University of California at Los Angeles, Center for 

Health Sciences, Los Angeles, California 900~2~ 

A B S T R . & C T  

Correlation of the localization of La +++ with its effects on Ca ++ exchange in cultured 

rat heart  cells is examined with the use of a recently developed technique. 75% of cellular 

Ca ++ is exchangeable and is completely accounted for by two kinetically defined phases. 

The  rapidly exchangeable phase 1 has a t ~t = 1.15 min and accounts for l 1 mmoles 

Ca++/kg wet cells or 43 % of the exchangeable Ca ++ (cells perfused with [Ca++]o = 1 raM) 
Phase 2 has a t } i  = 19.2 min and accounts for 1.5 mmoles Ca++/kg wet cells or 57% of 

the exchangeable Ca ++. 0.5 mr~ [La+++]o displaces 0 52 mmoles Ca++/kg wet cells--all  

from phase 1- -and  almost completely abolishes subsequent Ca ++ influx and efflux The 

presence of La +++ in the washout converts the washout pattern to a single phase system 

with a t }~ = 124 rain. The  effects upon Ca ++ exchange arc coincident with abolition 

of contractile tension but regenerative depolarization of the tissue is maintained Elec- 

tron microscope localization of the La +++ places it exchtsively in the external lamina or 

basement membrane  of the cells. The study indicates that negatively charged sites in the 

basement membrane  play a crucial role m the E-C couphng process in heart muscie 

Sanborn and Langer  (I2) recently demonstrated 

that the trivaIent cation lanthanum, La +++, spe- 

cifically uncoupled excitation from contraction 

in mammahan  cardiac tissue The effects of La ++* 

on calcium (Ca ++ ) exchange were correlated 

with its uncoupling action, and these results, in 

association with the well-recognized affimty of 

La +++ for extraceltular sites (4, 11), Indicated 

that  contracti le-dependent Ca ++ was derived 

primari ly from superficial cellular regions in 

heart muscle The  fact that La +++ is electron- 

opaque raised the possibility that its effects upon 

Ca ++ exchange and contractile function could be 

correlated with its morphological distribuuon 

The probtem, however, is that La +++ is found m 

capillary membrane,  throughout the intersntiaI 

space, at intercellularjunctions, and on the cellular 

surface in whole tissue. In  addition, the accumula- 

non of La +++ on capillary structures when per- 

fused through the vasculature of heart  tissue re- 

sults in a filtering effect which reduces the amount  

distributed to the celluiar surface and makes repro- 

ductble ultrastructural localization impossible 

The development  of a new technique (10) for 

anaIysis of ionic exchange in tissue culture cells 

obviated these problems. 

The  techmque employed depends upon the 

growth of a single layer of cells, derived from neo- 

natal rat  heart, on both surfaces of a slide com- 

posed of glass scintiIlator material  Cellular ionic 

influx and efftux, free of other tissue components, 

can be continuously monitored, substances in the 

perfusing medium have direct access to the cellular 

surface, and fixation for electron microscope 

analysis is virtually instantaneous 

The study indicates that a significant fraction of 
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cel lular  Ca  ++ is surface bound .  L a  +++ displaces 

a po r t i on  of  this superficial ly p l aced  Ca  ++ and  

m a r k e d l y  l imits fu r the r  exchange .  L a  +++ is 

local ized a t  t h e  b a s e m e n t  m e m b r a n e  ex te rna l  to 

t he  un i t  m e m b r a n e .  

M E T H O D S  

T h e  me thod  has been previously described (10) in 

detail, T h e  basis of the technique is the  a t tachment  

and  growth of cardiac ceils f rom newborn  rats on a 

slide composed of glass scintillator material.  This  

places a single layer of cells directly on the radio- 

isotope detector.  

Culture Technique 

T h e  cells are  p repared  essentially according to 

the  me thod  of Hara ry  and Farley (7). 25 ml of 

growth  m e d i u m  containing the  dispersed cells from 

four to six rat  hearts is poured  into an 8 cm Petri  

dish which  contains two scintillator slides (Nuclear 

Enterprises,  Ltd. ,  San Carlos, Cal if) .  The  slides 

are suppor ted  by  a rack which elevates their  under-  

surface 1 m m  above the  bo t tom of the Petri  dish. 

After 24 hr  the  slides are  turned  over and  the  pro-  

cedure  is repeated  in order  that  both  surfaces of the 

slide are covered with cells. The  growth is observed 

unti l  bo th  surfaces contain  a layer of synchronously 

beat ing  cells This occurs on either the 3rd or 4th 

day of incubation,  at  which t ime the study is done. 

This  means that ,  at the  t ime of study, the cells have 

been  incubated  for either 2 and  3 days or for 3 and 

4 days. 

T h e  cell popula t ion consists of both  myoblasts 

and  fibroblasts. Myoblasts  are present  to the extent  

of  60-80% at the  t ime of study. T h e  percentage of 

myoblasts is improved  by permit t ing the inoculum 

to s tand for 3 hr  and,  at  this time, pouring the  

inoeulum into the  dish containing the slides. Fibro- 

blastic ceils settle more  rapidly and remain  in the 

original dish. Pure  fibroblastic cultures are obtained 

by exposing the  slides to the  inoeulum only during 

the  initial 3 hr  period and  then  removing t h e m  to 

incubate  in a cell-free growth medium.  After 3-4 

days of incubat ion these slides are covered by a 

single layer of typical fibroblasts wi th  no contractile 

cells present. 

Perfusion Technique 

T h e  slides wi th  cultures a t tached are mainta ined 

in full incubat ion med ium until  isotopic labeling is 

commenced.  T h e  s tandard  solution used for the 1so- 

tope studies has the  following millimolar composi- 

t ion: NaC1, 133; KC1, 3.6, CaC12, 1.0, MgC12, 0.3; 

glucose, 16.0. I n  the  studies in which La  +++ was 

used, i t  was added  in the form of LaC13, 0.5 mM. 

The  solution was buffered wi th  3 m u  N-2-hydroxy- 

ethylpiperazine-Nr-2-ethane sulfonic acid (HEPES) 

to a pI-I of 7.3-7.4. The  cultures remained con- 

tractile for at least 3 hr  in the solution or for the 

durat ion of the experiments. For  isotopic labeling the 

solution contained 1 ~Ci /ml  4~Ca (New England 

Nuclear  Corp., Boston, Mass.). I t  should be noted 

that  phosphate  and  bicarbonate  buffers cannot  be  

used in the presence of La +++. Their  l an thanum 

salts are extremely insoluble. 

The  slide is placed in a specially designed flow 

cell (10) for the purpose of recording the  sequence 

of isotopic labeling and washout.  T h e  flow cell is 

constructed of Lucite plastic. I t  is provided wi th  

intake and outlet orifices at the top which are oriented 

so that  fluid entering the cell is directed against the  

slide to minimize the development  of unstirred 

layers. T h e  shde bisects the chamber  in the longi- 

tudinal  axis so that  the perfusiou fluid is directed 

down one surface, through an aperture in the base 

of the slide, up the other  surface, and to the outlet. 

The  perfnsate is supplied at the desired rate  from 

syringes mounted  in a Harvard  infusion pump.  

I t  was previously shown (10) that  a flow rate of at 

least 24 m l / m i n  was not rate limiting for 45Ca ex- 

change. This flow rate  was used for all washout  

studies. 

T h e  flow cell is mounted  upon a handle  which 

facilitates its insertion into the well of a scintillation 

spectrometer (Beckman Model  LS200B). Care must  

be taken to avoid exposure of the slide to light of 

the shorter wavelengths which excites the  scintil- 

lator and  elevates the background emission above 

the  usual 500-1000 cpm for prolonged periods. 

The  slide is equilibrated to the  nonisotopie per- 

fusion solution for 30-60 rain before introduction of 

the 45Ca label. The  uptake and washout  of the cells 

is moni tored  continuously by diverting the readout  

of the  spectrometer  to a strip char t  recorder  as well 

as recording the digital pr in tout  each 13.2 sec. 

At  the completion of isotopic labeling or washout  

the  slide is removed its surface is briefly rinsed to 

remove unbom'ad isotope, and the  cells are scraped 

onto a 10-15 mg piece of predried,  weighed Mill ipore 

filter. T h e  cells are dried overnight at 100°C and 

the  dry weight  is obtained. T h e  Mill ipore with the 

dried cells is then placed in 2 ml of Protosol (New 

England  Nuclear  Corp.) tissue solubilizer for 10-12 

hr. 0.5 ml glacial acetic acid is added  to neutralize 

the alkaline solution in order to reduce background 

luminescence, and this is followed by the  addit ion 

of 15 ml of Aquasol (New England  Nuclear  Corp.) 

scintillator solution. Appropr ia te  standards (internal 

and  external) are made  and counted wi th  each ex- 

per lment  in order  to determine counting efficiency 

for the solubilized tissue sample. T h e  isotopic ac- 

tivity in the  tissue is then compared  to the final 

activity recorded f rom the tissue on the slide in the  
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flow- cell to derive the couming efficiency of the glass 

scintillator slide. The efficiency for detecting 4'5Ca 

emission of the group of slides used is in the range of 

35-40%. 

In each experiment, after removal of the cell 

layer from the slide, the slide is rinsed with ethylene- 

dtaminetetraacetate (EDTA) to remove all traces of 

radioactivity, returned to the flow cell, and exposed 

to the same experimental sequence applied to the 

slide when ceils were attached. This procedure 

establishes the response of the "blank". Subtraction 

of the "blank slide" sequence from the "slide with 

cells" sequence defines the isotopic activity of the 

cellular layer alone. At a perfusion rate of 10 ml/min 

the blank reaches asymptotic counting values within 

1.5 min (Figs 2, 3), and the counting level remains 

fixed for the remainder of the experiment. At the 

perfusion rate of 24 ml/min used for washout experi- 

ments, the chamber and blank slide clear 99,c/0 of 

radioactivity within 1-1.5 mm. At this time the 

counts are usually about 500/min above background 

and fall slowly (rate constant approximately 0 02/ 
rain) for the remainder of the experiment. The total 

background after the initial 2 min of washout of 

labeled cells represents less than 5(/~ of the total 

counts, i e., greater than 95~0 of the recorded ac- 

tivity is derived from the cellular layers. 

Total tissue calcium was measured by titrimetrlc 

analysis according to a modification of the method 

described by Bachra et el. (1). This techmque has an 

accuracy of -4- 4% in our hands, as determined by 

blind titration of a series of standard solutions. 

Preparation for Electron 3Iicroscopy 

The ceils were cultured as previously described, 

but for the ultrastructural studies they were grown 

directly in plastic Petri dishes All solutions revolved 

in processing the cells for electron microscopy were 

poured directly onto the cells in the dish. Penetration 

of the fixative is not a problem in cells grown m 

monolayer nssue culture, and hence, the ceils were 

well fixed after 5 rain of exposure to the fixative. 

The primary fixanve was glutaraldehyde, in 

concentrations between 1 and 3 per cent, buffered 

with 0.1 g cacodylate buffer (pit  7 2). Postfixatmn 

in 1/~ osmium tetroxide was preceded by a brief 

rinse in 0.1 iu cacodylate buffer at pH 7.2. 

In the studies revolving lanthanum, solutions of 

1 mM LaCls buffered with 3 mu HEPES (pH 7.2) 

were added to the culture for 5 min. I t  was noted that 

when 1 mM LaCI~ was added to the cells before 

glutaraldehyde fixation, the cell borders tended to 

retract. (This can probably be attributed to altera- 

tions in interfacial tension characteristics induced by 

the effects of La +++ on Cla ++ binding ) When glutaral- 

dehyde was then added, the cells contracted severely. 

This obscured much of the cellular ultrastructural 

detail. This difficulty was overcome by exposure of 

the culture to buffered 1 ,~ glutaraldehyde solution 

for 5 mln. The cells were then rinsed, and buffered 

LaCla solution (without glutaraldehyde) was added 

for 5 rain. This procedure was followed by postfixa- 

tion in osmium tetroxide. It should be emphasized 

that LaCla was not present in any of the fixatives 

and that total exposure to LaCla was limited to 5 

ram. The cells were dehydrated in ethanol and em- 

bedded in Epon 812. Gelatin capsules filled with 

Epon were inverted over the cells in the Petri dish. 

After the resin was cured in a 60°C oven, the capsules 

were simply broken off and cut with a diamond 

knife on a Porter-Blum I~iT-2 ultramlerotome. 

Sections from the control studies were stained with 

uranyl acetate followed by lead citrate. Sections from 

the lanthanum studies were usually studied unstained, 

except for the section illustrated in :Fig. 11 which 

was briefly stained (I mln) in uranyl acetate. 

R E S U L T S  

Preliminary Investigations 

Observation of the rhythmically contracting 

cell layer disclosed that  contraction ceased imme- 

diately upon the application of s tandard perfusate 

to which 0 5 m)~ LaC13 had been added.  Removal  

of the LaCls solution and flushing with s tandard 

perfusate resulted in a return of rhythmic con- 

traction over a period of 30-60 ram. The period 

is consistent with the washout  characteristics of 

La from hear t  tissue (12), which demonstrates 

that  La is quite strongly bound to the cell 

The possibility that  La +++ produced cessation 

of contraction through interruption of the excita- 

tion process in the neonatal  rat  hear t  was checked. 

A thin strand of ventricular muscle from a 3 day 

old rat  was mounted  in a perfusion chamber  at- 

tached to a transducer for isometric tension re- 

cording. Unicellular action potentials were re- 

corded through KCbfil led microelectrodes. Fig 1 

illustrates the response to LaCla perfusion. Con- 

tractile tension fell to 50 % of control within 1 min 

and to 5% within 10 min. The configuration of 

the action potential  changed considerably with 

loss of the plateau region, but  the ampli tude of 

the spike remained unchanged at 100 my and 

the total durat ion remained essentially unchanged 

at  270 msec. I t  is clear that  the nearly complete 

elimination of contractile tension cannot  be at- 

t r ibuted to failure of excitation in the neonatal  

rat  

Quant i ta t ive values for Ca are expressed in 

terms of content  per kilogram dry weight of cells 
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I~GURE 1 The effect of La +++ (0.5 m~) on the action potential (upper traces) and twitch (lower traces) 

of ventricular muscle from the 8 day old rat. 
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4Sea uptake as recorded from scintillator slide with and without heart cells attached. 

in this study This  is the most  accurate  way to 

normal ize  for cell mass when  deahng  with small  

masses of ceils In  order, however,  to permi t  com- 

parison wi th  values expressed in terms of cell 

water,  large masses of cells were grown on Petri  

dishes and  wet  we igh t :d ry  weight  ratios were 

determined.  T h e  cell water  was 82 9 4- 0 4 %  in 

15 cultures Therefore  the wet  weight  :dry weight 

rat io  is 5 85 in these cultures 

~sCa Uptake and Total Ca Content 

T h e  pa t t e rn  of 45Ca labeling of a shde and  of 

the  slide blarLk is i l lustrated in Fig 2. The  course 

of cellular label ing is clearly apparent ,  wi th  2 3 X 

104 cpm  a t t r ibu tab le  to the cells after 30 m m  ot 

labeling This  represents 142  mmoles /kg  dry 

weight of labeled calcium. 45Ca labeling was car- 

ried out  for 120 m m  in 19 cultures The  mean  

labeled content  was 15.0 4- 2 2 mmoles /kg  dry 

weight The  total  calcium content  derived from 

the t i t r imetr ic  analysis of 3 to 4-day cultures 

(12 pooled samples) peffused wi th  s tandard  

solution for 120 min  was 19.7 4- 3 0 mmoles /kg  

dry -weight The  s tandard  error is large bu t  this 

is not  unexpected in groups of cells a t  an  early 

stage of development.  Since 120 min  of labeling is 

beyond the point  a t  which the 45Ca uptake  is 

virtually asymptotic, it indmates tha t  approxi-  

mate ly  25% of the cellular calcium is very slowly 

exchangeable  or inexchangeable  

Fig 3 illustrates the effect of adding  0 5 ElM 

LaCI3 to the perfusing solution dur ing  45Ca uptake  

This  produces a loss of 5000 cpm from the cell 
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TABLE I 

Components of Cellular Calcium 

Nc of mmoles/kg 

experiments dry wt 

Total  calcium 12 19 7 2= 3 0* 

Exchangeable  calcium 19 15 0 2= 2 2 

La-Dlsptaceable calcium 18 3 0I 2= 0.29 

1 s~5~. 

laver which is complete  wi th in  2 rain. 45Ca ex- 

change  then  ceases in the presence of La  +++ 

Note  tha t  La  +++ had  no effect on the b lank  slide 

in this exper iment  T he  loss of 45Ca represents 

3 9 mmoles /kg  dry  weight  f rom a total  of 10.9 

mmoles labeled immedia te ly  before the addi t ion 

of L a  at  8.5 rain 

The  effect of La  +++ was invariable ,  i e dis- 

p l acement  of Ca  and  marked  inhibi t ion  of fur ther  

exchange,  in 18 experiments  T he  total  a m o u n t  of 

4~Ca displaced by 0.5 mM LaCI~ after 120 min  

of label ing was 3 01 4- 0 29 mmoles /kg  dry weight. 

This  represents 20% of the totaI labeled calc ium 

of the cell The re  was no evidence tha t  4sCa label-  

ing beyond 8-10 rain resulted in the dispIacement  

of greater  quant i t ies  of 4aCa upon  the addi t ion 

of LaC13. The  components  of cellular calc ium are 

summar ized  in Tab le  I. 

45Ca IVashout 

The  pa t t e rn  of 4~Ca washout  of cul tured ceils 

is shown in Fig 4 The  first por t ion of the wash-  

out  which  contr ibutes  the most  rapidly exchange-  

able componen t  (broken line) is a t t r ibu tab le  to the 

clearance of the label ing solution in the cbambe r  

(10) Otherwise,  only the cellular c o m p b n e n t  of 

the slide-ceil combina t ion  is s h o w n - - t h e  back-  

ground cont r ibut ion  of the b lank  has been sub- 

t racted The  slide had  been labeled for 130 rain,  

and  the last 10 rain of labeling is i l lustrated in the 

inset I t  is noted  tha t  the labeling had  reached an  

asymptot ic  value, wi~h 3.2 X 104 cpm a t tmbutable  

to the cell layers ([sllde-cellsJ--slide blank) This  

represents 18 7 mmoles Ca++/kg  dry weight  in 

this exper iment  

The  washout  pa t t e rn  is typical  in tha t  i t  is 

resolved into two exponent ia l  components  (solid 

lines) which are a t t r ibu tab le  to the cellular layer 

The  ra te  constants for phase 1 (Xl = 0.77 rain -I)  

and  phase 2 (ks = 0 023) differ widely Tile 

in tercept  of phase 2 is 1 8 X 104 cpm and  of 

phase 1 is 1 4 X i04 c p m - - t h e i r  sum of 3 2 X l0 s 
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~-kGVBE 4 4~Ca washout from the cellular layer. The last 10 min of a 180 min labeling period is indicated 

in the inset at right. Subtraction of the activity of the blank from the slide plus cells indicates 3.~ X 104 

cpm attributable to the cellular layer. The contribution of the blank has been subtracted from the washout 

curve (on left) so tha t  the curve described by the solid circles represents the cells. I t  is graphically resolved 

into two exponential components (solid lines). The slow component (phase e) is defined by a X2 = 0.0~3 

rain - 1  and an ordinate intercept of 1.8 X 104 cpm. The fast component has a Xl = 0.77 rain -1  and an 

intercept of 1.4 X 104 cpm. The broken line (Xo = 3.1 min -1) in this and other figures represents the 

washout of the 45Ca-labeled perfusate from the flow cell chamber. 

TABLE I I  

Exchange Rates and Calczum Content Ratio of 

Cellular Calezum (120 mm Labehng) 

Half time Rate const. (mln -1) 

Phase 1 1.15 0.60 4- 0.08* 

Phase 2 19 2 0.036 4- 0.004 

Phase 1 : phase  2 content  = 0.75 4- 0.14. 

* 1 SE• .  

c p m  is equal  to the  counts a t t r ibu tab le  to the cell 

layer immediate ly  before the washout.  Therefore,  

100% of the  labeled calc ium is accounted for by 

tile two phases. The re  is no  need to consider a cor- 

rect ion for the  intercepts of the phases as outl ined 

by Huxley (8), even if the compar tments  were 

a r ranged  in series. This  is because k~ >> k s .  The  

exchange rates and  fractional  contents  of phases 1 

and  2 are summarized  in Tab le  I I .  

Fig. 5 illustrates the effect of exposure of the  cell 

layer to L a  +++ before and  th roughou t  the  wash- 

out. The  inset shows the  uptake  curve and  the 

response to La  +++ before the  onset of washout  

after 70 min  of labeling La  +++ displaced 1.2 X 

104 cpm (effect on b lank subtracted),  representing 

4 3 mmoles Ca++/kg  dry w e i g h t - - a  displacement  

of 22% of the  labeled Ca 4.3 X 104 cpm remained 

in the cell layer before washout  This  represented 

15 2 mmoles. 

The  washout  curve illustrates the  marked  effect 

of La  +++ The  cellular washout  is now described 

by a single exponential  phase. T h e  *sCa which  is 

a t t r ibuted  to the residual labeling solution is 

cleared rapidly, and  this is indicated by  the broken 

lines The  cellular washout  no longer demon- 

strates a rapid  phase 1 componen t  (see Fig. 4) bu t  

only a very slowly exchangeable  single phase  

(X = 0.0031 ra in- i ) .  

Note  tha t  all of the labeled cellular Ca  (4.3 X 

104 cpm) is accounted for by the single slow phase. 

T h e  results depicted in Fig. 5 were repeated in 19 

experiments.  All showed a monophasic  cellular 

washout  wi th  a mean  ra te  constant  of 0.0056 4- 
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FIGURE 5 45Ca washout as affected by 0 5 m~t LaClz, LaCIz was added to the peiffusate for the last 

5 min of the labeling period (inset at right) and throughout the subsequent washout (at left). Note that  

all of the 45Ca activity attributable to the cellular layer at the end of the labehng period (&3 X 10 a cpm) 

is accounted for in the cellular washout described by a single slow phase (X = 0.0031 rain -1)  with an 

ordinate intercept of ~ 3 X 104 cpm. Compare with control washout illustrated in Fig. 4. 
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FmunE 6 The effect of 0.5 m~ LaCI~ introduced at the 9th mm of 4aCa washout. Note that  there is no 

evtdenee of aSCa &splaeement but only a slowing of the subsequent washout @2 = 0.0017 mm -1) See 

text for analysis 

0 0005 min  -1. This  is only 15% the rate of phase 2 

in  the control studies 

The  kinetic studies indicate tha t  La  +++ dis- 

places approximate ly  20 c~ of exchangeable  cellular 

Ca  and  then  markedly inhibits  fur ther  influx and  

efflux 

I t  is of interest  to define the kinetic phase from 

which  La  +++ displaces Ca ++ This  was accom- 

plished by exposure of the cell layer to La  +++ 

9-10 min  after 45Ca washout  had  begun  The  re- 

suits are i l lustrated in Fig. 6 The  pa t t e rn  of the 

washout  is similar to tha t  of control  for the init ial  

9 min.  Phase 1 ts essentially washed out  by the 

t ime L a  is in t roduced at  9.2 min,  bu t  phase  2 

with kl  in the range  of 0 036 rain -1 (Table  I I )  

remains  7 0 - 7 5 %  labeled. I t  is clear t h a t  La  pro- 

duces no 45Ca displacement  bu t  only slows the 

subsequent  washout,  Therefore,  all of the  labeled 
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lemrlRE 7 aSCa washout from a layer composed of 100% fibroblasts. Note that the pattern is similar to 

that obtained from cellular layers which are approximately 80% myoblastic (Fig. 4). See text for further 

discussion. 

displaceable Ca ++ had washed out before 9 min 

and is, therefore, at tr ibutable to the rapid phase 

(phase 1) 

Exchange Characteristics of Fibroblasts 

As indicated in the description of the culture 

technique, the ceil population is mixed and con- 

tains 20-40% fibroblasfic cells Therefore, it is 

necessary to define the Ca ++ exchange charac- 

teristics of these cells in order to evaluate their 

contribution to the Ca ++ exchange of the mixed, 

but  predominantly myoblasdc, cell layers de- 

scribed above. Modification of the culture tech- 

nique (see Methods) resulted in the culture of 

cell layers which, upon examination by phase- 

contrast microscopy, disclosed that greater than 

99 % of the cells were fibroblastic 

The  pat tern of 45Ca washout of a fibroblastic 

culture, after a 120 min labeling period, is shown 

in Fig. 7. The  pattern is seen to be similar to that  

illustrated in Fig 4 and demonstrates two cellular 

phases. The  phase 1 rate constant (0.35) is less 

than that  recorded for the myoblastic cultures 

(Table II) ,  but  it is apparent  that  the major 

components of the washout are not  markedly dif- 

ferent in a pure fibroblastic culture. The  total 

labeled Ca ++ after the 120 min labeling period in 

these cells was 20 4 mmoles/kg dry weight 

The  effect of La  +++ on 4~Ca uptake and wash- 

out  in pure fibroblastic ceils is illustrated in Fig. 8. 

As with the experiment illustrated in Fig. 5, the 

cell layer was exposed to La +++ for the last 5 min 

of the labeling period and throughout the suc- 

ceeding washout. The  inset shows that La dis- 

placed 1.1 X 104 cpm from the slide and cells 

and 2 X 108 from the blank. Therefore, La  dis- 

placed 9 X 10 a cpm from the cells which had con- 

tained 2.7 X 104 cpm before exposure--a  dis- 

placement of 33% of the labeled Ca 1 8 X 104 

cpm remained in the cell layer 

The  washout curve should be compared with 

that  shown in Fig. 5. As with the mixed culture, 

the washout is reduced to a single exponential 

phase The  phase 1 component is eliminated and 

the remaining component is markedly slowed 

(k = 0.0020 rain-l).  Again note that  all of the 

labeled cellular Ca (1.8 X 104 cpm) is accounted 

for by the single phase with its intercept of 1.8 X 

104 cpm The  response illustrated in Fig. 8 was 

reproduced in a total of 10 fibroblastic cultures 

The  La-displaceable Ca represented 28 5 :t= 4 4% 

of the Ca labeled in a 120 min period in this 

group. 

The point to be emphasized is that the Ca ex- 

change of fibroblasts and the effects of La on this 

exchange are quite similar to those seen in pre- 

dominantly myoblastic cultures. This was further 

documented by preparing a slide which demon- 

strated more than 90% contractile myoblastic 

cells. This was done by allowing the fibroblastic 
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FIGURE S 45Ca washout from a 100% fibroblastie culture as affected by 0 5 m~ LaCls. LaCI~ was added 

to the perfusate for the last 5 min of the labehng period (inset at right) and throughout the subsequent 

washout (at left). Note that the pattern is similar to tha t  of Fig 5- -an  80% myoblastie culture. All of the 

cellular activity (1 8 X 10 a epm) is accounted for by a single, slowly exchanging component @ = 0.00~0 

rain - I ,  ordinate intercept = 1 8 X 104 epm). Compare with control washout from fibroblastie culture 

(F~g 7). 

components  to settle and  cul tur ing the super- 

n a t a n t  on a single side of the slide which  was 

studied on the th i rd  day 0 5 mM LaCIs displaced 

33 % of the labeled Ca ++. T he  subsequent  wash- 

out  in the presence of La  demonst ra ted  a single 

slow cellular phase (X = 0 0024 rain - I )  

Ultrastructural Localization of La 

As indicated in Methods ,  i t  was necessary to 

fix the cellular layer before exposure to La  +++ in 

order  to prevent  cellular re t rac t ion and  obscura-  

t ion of details of cell m e m b r a n e  ul t ras t ructure  I t  

is, then,  necessary to demonst ra te  the effect of 

g lu tara ldehyde fixation on cellular Ca  ++ exchange 

and  the response of this exchange to La  +++ after 

g lu tara ldehyde  exposure 

T h e  effect of g lu tara ldehyde  is i l lustrated in 

Fig 9, and  these results should be compared  to 

those shown in Figs 3 and  5 After 44 m m  of 

~Ca  labeling,  1% glu tara ldehvde  was added to 

the s tandard  label ing solution (buffered to p H  

7 3) This  produced a small  change  in 45Ca specific 

activity of the perfusate which is responsible for 

the a l tera t ion in counts  recorded from the b lank 

45Ca uptake  of the cells is shghtly increased since 

g lutara ldehyde decreases the counts  a t t r ibu tab le  

to the b lank Exposure to the f ixat ive-containing 

solution was cont inued for 7 min,  a t  which  t ime 

the solution conta in ing 0 5 mM LaCI~ wi thou t  

g lu tara ldehyde  was perfused This  is the same 

sequence used (except for 1 m~i LaC13) in prepa-  

ra t ion  of the cells for La  +++ localization by  elec- 

t ron microscopy. This p roduced  a d isplacement  of 

22 % of the counts a t m b u t a b l e  to the cell layer 

This  is the same percentage displaced by La  +++ 

from a nonfixed cell layer (Fig 5) and  is com- 

parable  to the m e a n  value of 20% in the 18 ex- 

per iments  summarized  in Tab le  I \.Vashout was 

started after 58 min  of labehng with 0.5 m u  

LaC13 in the washout  solution The  washout  

pa t t e rn  is vir tual ly identical  to tha t  i l lustrated 

in Fig 5, i e ,  it demonstra tes  only a slowly ex- 

changing (X = 0 0032 min  -1) single phase. 

In  addit ion,  the effect of g lu tara ldehyde on the 

response of the cell layer to La  +++ after 9 -10  rain 

of washout  had  been completed was determined,  

i e dupl icat ion of the exper iment  i l lustrated in 

Fig 6, in the presence of g lu tara ldehyde 1 ,% 

glutara ldehyde was in t roduced 6 mln  before wash- 

out  and  was cont inued th roughou t  the washout  

0 5 m~1 LaC13 was added  after 9 mm.  The  wash- 

out  pa t t e rn  was vir tual ly identical  to t ha t  shown 

in Fig 6. La +++ produced no d lsplaeement  of 

4~Ca bu t  slowed tile subsequent  washout  I t  is 

concluded tha t  the effects of La  +++ on ~sCa ex- 

change of cells exposed to 1% glu ta ra ldehyde  are 

essentially the same as upon  nonfixed cells 

L a n t h a n u m  was found to b ind  to the surface of 

the developing myocardia l  cells and  also to pene-  

t rate  the interspace of the in tercala ted disc In  
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l~IGtmE 9 The effect of 1% glutaraldehyde on the response of 45Ca exchange to LaCla. The inset at 

right indicates that  1% glutaraldehyde was added to the labeling solution at 44 min, followed by the 

addition of 0.5 mM LaCl3 without glutaraldehyde 7 min later. Washout was commenced after 58 min of 

labeling in the presence of 0.5 m~ LaC13. The blank was treated in an identical manner (the transient 

alterations in the blank response are attributable to a 2% lower 4ZCa specific activity of the glutaraldehyde 

solution). The pattern is essentially that found in the absence of glutaraldehyde (compare with Fig 5). 

~IGURE l0 A typical myoblast cell from a o~ day tissue culture preparation that was exposed to 1.0 mM 

LaCla for 5 rain. This section was unstained Note the accumulation of lanthanum exclusively on the 

surface of the celt (arrows). Mitochondria (Mr), myofitaments (Mfl), Z line (Z), and lipid droplets (L) are 

evident. Scale, 0.5 #; X 50,000. 
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I~Gr~RE 11 High magmfieation of cellular surface of myoblast exposed to 1 m~ LaCla. Section stained 

for 1 rain m uranyl acetate. The sarcolemma (Sl) is indicated. Note that  the lanthanum accumulation 

on the cellular surface is supet~cial to the sarcolemmal membrane (arrows). Developing myofilaments 

are present in subsarcolemmal region (31fl). Scale, 0.~5/~; X 11°~,000. 

addit ion,  l a n t h a n u m  was present  on the surface 

of the fibroblasts present  in the tissue cul ture  In  

over 500 ceils examined,  l a n t h a n u m  densities 

were never  found in the inter ior  of the myoblast  

or f ibroblast  ceil. The  densities are l imited to the  

external  side of the m e m b r a n e  or p l a sma lemma 

structure. 

The  typical pa t t e rn  of l a n t h a n u m  binding  to 

the cellular surface of the myoblas t  is shown in 

Figs. 10 and  11. The  l a n t h a n u m  is clearly present  

on the surface of the ceil and  outlines its surface 

configuration.  I t  is clear tha t  l a n t h a n u m  binds to 

the surface coating of the ce l l s - - the  so-called ex- 

ternal  l amina  or basement  membrane .  Fig. 11 

clearly shows the e lectron-opaque p lasmalemma,  

wi th  the  bound  l a n t h a n u m  superficial to this 

membrane .  In  these developing myocardia l  ceils 

the  basement  m e m b r a n e  is indeed very prominent .  

I t  is, in general,  thicker t han  in the adu l t  myo- 

cardial  cell. Figs. 12 a, b, c are f rom typmal myo- 
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FIGIIaE 1~2 a, b, e Control myoblasts from 2-day culture cells. This culture was not exposed to lanthanum. 

Note  the prominent basement membrane present on sm~ace of these cells (BMT). The wavy appearance 

of the basement  membrane in c is quite common in developing myoblasts. I n  a a well-ordered sarcoplasmic 

reticulum is i~dlcated (SR). Z, Z line, Mfi, myofilaments; Mr, mitochondria, Ncl, nucleus. Fig. 1~ a. 

scale, 0.~5 ~t; X 5~,500. Fig. 15 b: scale r 0,~5/~; X 96,~50. Fig. 1~ c: scale, 0.~5 ~; X 70,000. 



cardial cells grown in tissue culture, fixed, and 

embedded as previously described These cells 

were not exposed to Ianthanum and served as 

controls. The  prominent  basement membrane  is 

obvious in these electron micrographs The thick- 

ness of this surface coating vanes from 0 06 to 0.1 

and, as Fig. 12 c indicates, this coating often has a 

wavelike appearance Comparison of non-lantha- 

num-treated basement membrane  configuration 

with the pattern of lanthanum density clearly 

emphasizes the predilection of lanthanum for this 

structure in heart cells 

D I S C U S S I O N  

Effect of  L a  +++ on Neo~zatal Rat  

Heart  Cells 

The ability of La +++ to uncouple the excitation- 

contraction process in 3 day old rat heart cells 

(Fig. 1) indicates that its acuon is similar to that 

found m the adult rabbit  heart (12) The action 

potential spike is preserved in undiminished am- 

plitude at a Ume when force development has 

been almost completely abolished. The  loss of a 

portion of the plateau component of the action 

potential indicates that La +++ alters ionic con- 

ductances to a considerable degree during this 

phase but  that the cutrent  responsible for the 

spike is little affected I t  is clear that the abolition 

of contractile force cannot be attributed to a fadure 

of the excitation process 

Characteristics of Ca ++ Exchange 

The cells achieve virtual  asymptotic 45Ca ac- 

tivity within a 2 hr labeling period At  this t ime 

75 % of the total cellular Ca ++ has been exchanged 

(Table I) All of this Ca ++ exchanges as a two- 

phase or two-component system The fast phase 

(X~ = 0 6 0 r a i n  -~, t } ~  = 1.15 rain) accounts for 

43 % of the exchangeable pool, or 6 4 mmoles/kg 

dry weight The  remainder of the exchangeable 

Ca ++ exchanges much more slowly (Xe = 0 036 

rain -1, t 1~ = 19 2 rain) The  remaining 25,~ 

of the cellular Ca ++ is virtually inexchangeable, 

as demonstrated by the fact that none is labeled 

within a 2 hr period. 

Pure fibroblastic cells demonstrate the same 

pattern with fast and slow components of ex- 

change (Fig 7). This pattern appears to be com- 

mon tO a wide range of ceil types The washout 

pattern of H e L a  cells described by Borle (3) 

is remarkably similar to that described in the 

present study Using a different techmque, Borle 

found a fast phase with a t 1/~ of 1 58 rain and a 

slow phase wi tha  t }~ of 33 0 min. The  exchange- 

able Ca ++ attributable to the fast component  

was 40% of that at tr ibutable to the slow com- 

ponent The  present study indmates a higher 

percentage atu-ibutable to the fast component of 

heart  ce i ls - -75% that of the slow component  

(Table II).  

The  fast and slow phase fluxes are 0 66 and 

0 05 mmoles/kg wet weight per min, respectively, 

as computed from the rate constants and phase 

contents. This gives a total flux of 0.71 mmoles/kg 

wet weight per rain in these ceils whmh have been 

eqmhbrated to a 1 0 rmi Ca ++ medium. I t  is not  

realistic to place this flux m terms of per unit 

area membrane,  since it is not  possible to ac- 

curately estimate the cellular area across which 

the flux takes place The cellular flux can, how- 

ever, be compared to the cellular components of 

flux as kineticallv determined in rabbit  venmcle  

(15). In tissue peffused with 1.0 m~I (Ca)o the 

min imum cellular flux component  is esumated 

at approximately 0 5 mmoles/kg cells per min 

This is within the same range as calculated for the 

cuIture cells, especially when it is posstble that  a 

fraction of flux attributed to the interstitium m 

rabbit ventricle represents a rapidly exchanging 

superficial cellular component 

The Effects of La  +++ on Ca ++ Exchange 

Fig 3 demonstrates that 0 5 m~  La +++ pro- 

duces a rapid displacement of 4~Ca from the cell 

and then almost completely inhibits further up- 

take. Observation of the cellular layer indicates 

that  contraction ceases almost instantaneously 

upon the application of the La+++.La  +++, at 

the concentration used, was capable of displacing 

3.01 mmoles Ca++/kg dry weight or 515 ~moles 

per kg wet weight from the cells The  labeling 

curve m Ftg 3 indmates that the La +++ displace- 

able Ca ++ is all within the rapidly exchangeable 

component (phase 1) since the 4~Ca displacement 

is maximal  after 8 rain of labeling. This is con- 

firmed by the washout study illustrated in Fig. 6 

La +++ introduced at the 9th rain of 45Ca washout 

fails to displace any isotope and produces only a 

slowing of subsequent exchange At  the 9th rain, 

more than 99 % of the rapidly exchangeable com- 

ponent has been washed out, whereas over 70% 
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of the slow phase label remains Phase 1 con- 

tains 6.4 mmoles/kg dry weight. This means that 

0 5 mM La +++ is capable of displacing almost 

half of the cell's rapidly exchangeable Ca ++ 

fraction. 

In addition to displacement of Ca ++ and inhibi- 

tion of influx, La +++ markedly diminishes the 

effiux rate from both the phase 1 and phase 2 

components (Figs 5, 8) The washout pattern is 

reduced to a single phase which exchanges at a 

rate only 15 % that  of phase 2. The  total efflux 

is then reduced from 0 71 to 001 mmoles/kg 

wet cells per min Ca ++ exchange virtually ceases. 

Since La  +++ displaces only about  50% of rapidly 

exchangeable Ca ++, both phases contain 45Ca 

label at the initiation of the washout with La +++ 

Therefore, both components of effhix are slowed 

to produce a washout with a single phase. 

Exposure of the cell layer to 1% glutaraldehyde 

produced a small increase in 45Ca uptake but did 

not significantly alter the response to La +++ 

(Fig 9) The  displacement and inhibition of ex- 

change are clearly apparent  and are quantitatively 

similar to that  of the ceils not exposed to glutaral- 

dehyde. 

Localization of La +++ 

The  surface of the cells is covered by a layer of 

amorphous material  varying in thickness from 

0.06 to 0.1 tt (Figs 12, a, b, c). This layer has been 

termed the external lamina or basement mem- 

brane. I t  is a prominent  constituent of adult heart  

cells (5). I t  is this superficial layer to which La +++ 

binds. I t  stains this region of the cell exclusively 

and is never observed to penetrate  beyond the 

uni t  membrane  structure (Figs. 10, l 1). La +++ 

binds similarly to the fibroblastic cells. Therefore, 

the displacement of Ca ++ , inhibition of Ca ++ 

exchange, and abolition of contractile tension 

occur as La +++ is bound to the basement mem- 

brane of the heart  cell. 

The  present study discloses that the rapidly 

exchangeable Ca++ (phase 1) is localized to the 

basement membrane  and that about 1.I 

mmoles/kg cells are bound to this region when 

the cells are perfused with 1.0 mM [Ca++]o. Ap- 

proximately 0.5 mmole is displaceable by 0.5 

mM rLa+++]o. This is a large quanti ty of Ca ++ 

locaiized to a superficial and rapidly exchangeable 

region If  similar amounts are "stored" in this 

region in adult myocardium, the release of 5% 

upon excitation would be sufficient to saturate 

the contractile proteins I t  has been noted that 

contractile tension in adult rabbit  heart is de- 

pendent upon a pool of Ca ++ (phase 1) which ex- 

changes with a X l = 0 5 min - I  (t 1~ = 1 4 m i n ) - -  

a rate similar to the rapidly exchangeable com- 

ponent of the cultured cells (15). The  phase 1 

component of rabbit heart was proposed to repre- 

sent interstitial Ca ++ and any additional Ca ++ 

located at a superficial region of the cells in rapid 

equilibrium with interstitial Ca ++. The  results of 

the present study are in accord with this proposal 

In  addition, the effects of La +++ perfusion upon 

function and Ca ++ exchange in rabbit  ventricle 

were attributed to the ability of La +++ to effect 

a release of contractile-dependent Ca ++ by modi- 

fying the normal permselectivity of a superficial 

membrane for activator Ca ++ (12). The  results 

of the present study indicate that the superficial 

membrane is the basement membrane.  

The  affinity of La +++ for surface sites was to be 

expected from previous work (4, I 1). More  re- 

cent studies (i4) strongly support the conclusion 

that La +++ is binding to mueopolysaccharide or 

to a mucopolysaccharide-protein complex. The  

basis for binding of cations to this region is as- 

sumed to be negatively charged sites of mucopoly- 

saccharides (13) La  +++ has a marked affinity for 

these sites and thus consistently induces the dis- 

placement of Ca ++ observed. In  addition the 

occupation of these sites by a cation of high affinity 

prevents further Ca ++ exchange This implies 

that  negatively charged sites in the basement 

membrane play a crucial role in transmembrane 

Ca ++ flux in mammalian heart muscle. 

Previous results (12) and those of the present 

study in heart tissue should be considered in the 

light of the effect of La +++ upon skeletal muscle 

The  effect of La on twitch tension of perfused 

guinea pig semimembranosus muscle is strikingly 

different from that found in the perfused mvo- 

cardium Whereas 40/tM La +++ completely elimi- 

nates force development within 1 5 min in heart. 

50 ttM La +++ fails to reduce twitch tension by more 

than 20% over the course of 10 rain of perfusion 

in the skeletal muscle (T. L. Rich and G. A 

Langer, unpublished observation) This indicates 

a fundamental  difference in the E-C coupling 

process of the two tissues. In  heart muscle the proc- 

ess depends upon the presence of negatively 

charged sites on or in the vicinity of the basement 

membrane.  Elimination or reduction in the num- 

ber of these sites results in displacement of Ca ++ 

and inhibition of transmembrane Ca ++ flux. 

These effects are closely correlated with the 

abolition of contractile tension. The  fact that  the 

454, TEE ,]'OURI~AL OF CELL BIOLOSY • VOLI]~[E 54~, 1979 



skeletaI muscle twitch is relatively insensitive to 

La +++ mdmates that  superficially located nega- 

tively charged sites play little role in the E-C 

coupling process in this tissue. 

Recent  studies on hear t  (2) and skeletal (6) 

muscle are interpreted to suggest tha t  the actmn 

potential  results m a release of a small amount  of 

Ca ++ which does not dlrectty couple to contrac- 

tile protein but  funcUons as a pr imer  for release 

of larger amounts  from mternal  sites of storage 

If  this sequence is correct, the La +++ studies have 

to be mterpre ted  to indicate that  the pr iming 

Ca ++ is derived from entirely different sites in 

hear t  and skeletal muscle. Alternatively, if the 

need for a pr iming release of Ca ++ is eliminated, 

it can be suggested tha t  the major  store of that  

Ca which moves directly to the myofilaments is 

superficially located on or near  the basement  

membrane  in hear t  tissue The store in skeletal 

muscle would be located at a deeper site internal  

to the sa rco lemma- -a  site not accessible to La +++. 

This would be consistent with the proposal (9) 

that  the sarcotubular system functions predomi-  

nantly as a Ca++-sequestering system and plays 

a minor  role in release of activator Ca ++ in mam-  

mahan  heart  muscle In  skeletal muscle the sarco- 

tubules would both  release (lateral cisternae) and 

sequester (medial tubular  system) and Ca ++ 

would circulate internally (16) Present informa- 

tion does not  permit  a final definition of the 

coupling sequence but  it clearly vahdates a funda- 

mental  difference in the process as it occurs in 

hear t  and in skeletal muscle 

The authors acknowledge the superb technical as- 

sistance of Mr. S. D. Serena and l~irs Laura Nudd 

in the preparation of the cultural cells and in the 

kmetic studms. Their contributions were essential 

to the completion of the study. 

This study was supported by grants HE 11074-05 

and HE 11351-05S1 from the United States Public 

Health Serwce and by a grant from the Bear Foun- 

dation. 

Recezved for pubIicatzon 9 February 1972 and m rewsed 

form 3 l¥Iay 1972. 

R E F E R E N C E S  

1 BACHRA, B. N ,  A. DAUEa, and A. E SOBEL. 

1958. The complexometric Utration of micro 

and ultramicro quantities of calcium in blood, 

serum, urine, and inorganic salt solution Chn. 

Chem. 4:107. 

2. B~ELE~, G. W JR,  and H Reuter 1970 

The relation between membrane potential, 

membrane currents and activation of contrac- 

tion in ventricular myocardial fibers. J. Physzo[. 

(Lond.). 207:211. 

3. BORLE, A. B. 1969. Kinetic analysis of calcium 

movements in HeLa cell cultures. II. Calcium 

efflux. J. Gen Physzol. 53:57. 

4. DOOGENWEIL~R, C. F ,  and S FRENK. 1965 

Staining properties of lanthanum on cell mem- 

branes. Proe Natl. Acad. ScL U S.A. 53:425 

5 F~RRANS, V. J., H. D. HAWSE, and R. G. HIBBs 

1970. A comparative histochemlcal and elec- 

tron microscopic study of the surface coatings 

of cardiac muscle cells. J. Aiol. Cell Ca~dtol 

h157 

6. Fom~, L. E., and R. J PODOLSKY. 1970. The 

regenerative calcium release within muscle 

cells Science (Wash. D. C.). 167:58. 

7. HARARY, I ,  and B. FARLEY. 1963. In  wtro 

studms on smgle beaung rat heart cells I. 

Growth and organization. Exp. Cell Res. 

29:451. 

8. HuxLeY, A F. 1960. Compartmental methods 

of kineuc analysis. Appendix 2 (A. K. Solo- 

mon). In ~iineral 2~ietabolism. C. L. Comar 

and F. Bonnet, editors. Academic Press Inc ,  

New York. 1 (Pt. A):163. 

9. LANaER, G A, 1971. Coupling calcium in 

mammalian ventricle: Its source and factors 

regulating its quantity. Cm&ovasv. Res I: 

(Suppl.) :7 i. 

i0. LANOER, G. A, E. SATO, and ikl. SERAYDARIAN. 

1969. Calcium exchange in a single layer 

of rat cardiac cells studied by direct counting 

of cellular activity of labeled calcium. Czre. 

Res. 24:589, 

11. R~v~L, J. P., and M. J. KA~NOVSKY. 1967 

Hexagonal array of subunits in intercellular 

junctions of the mouse heart and liver J Cell 

Bwl. 33:C7. 

12 SANBORN, W. G ,  and G. A. LABOUR. 1970. 

Specific uncoupling of excitaUon and con- 

traction in mammalian cardmc tissue by 

lanthanum J Gen Physwl 56:191. 

13 SCOT% J. E. 1968 Iou binding an solutions con- 

tammg acid mucopolvsaccharides Chemical 

Physiology of Niucopolvsaccharides G. Quin- 

tarelli, editor. Little, Brown and Company, 

Boston. 171. 

14. SHEA, S. hi.  1971. Lanthanum stmnmg of the 

surface coat of cells. Its enhancement by the 

use of fixatives containing Alcian blue or 

cetylpyridinium chloride. J Cell Bwl 51:611. 

15 StoNE, K I., S. D. SERENA, and G. A LANGE~ 

1971. Kmetic localization of contractile cal- 

cium in rabbit myocardium Am. J Physwl. 

221:1408. 

16. WINEGRAD, S 1968. Intracellular calcmm move- 

ments of frog skeletal muscle during recovery 

from tetanus, o r. Gen. Physml. 51:65. 

G A. LANGER A~'D J, S. FRAI~K Lanlhanum in Hearl Cell Culture 455 


