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ABSTRACT Membr ane pot ent i al s wer e r ecor ded f r om r at par at hyr oi d

gl ands cont i nuousl y per f used i n vi t r o . At 1 . 5 mMext er nal Ca" , t he r est i ng

pot ent i al aver ages - 73 ± 5 mV ( mean ± SD, n = 66) . On exposur e t o 2. 5

mMCa" , t he cel l s depol ar i ze r ever si bl y t o a pot ent i al of - 34 ± 8 mV

( mean ± SD) . Depol ar i zat i on t o t hi s val ue i s compl et e i n ^ - 2- 4 mi n, and

r epol ar i zat i on on r et ur n t o 1 . 5 mMCa" t akes about t he same t i me . The

depol ar i zi ng act i on of hi gh Ca" i s mi mi cked by al l di val ent cat i ons t est ed,

wi t h t he f ol l owi ng or der of ef f ect i veness : Ca" > Sr " > Mg"
> Ba++

f or

al kal i - ear t h met al s, and Ca" > Cd++ > Mn++ > Co' > Zn ++ f or t r ansi t i on

met al s . I nput r esi st ance i n 1 . 5 mMCa" was 24 . 35 ± 14 MQ ( mean ± SD)

and i ncr eased by an aver age f act or of 2. 43 ± 0 . 8 af t er swi t chi ng t o 2. 5 mM

Ca++ . The l ow val ue of i nput r esi st ance suggest s t hat cel l s ar e coupl ed by

l ow- r esi st ance j unct i ons . The r est i ng pot ent i al i n l owCa' i s qui t e i nsensi t i ve

t o r emoval of ext er nal Na+ or Cl - , but ver y sensi t i ve t o changes i n ext er nal

K+ . Cel l s depol ar i ze by 61 mV f or a 10=f ol d i ncr ease i n ext er nal K+ . I n hi gh

Ca+ +, membr ane pot ent i al i s l ess sensi t i ve t o an i ncr ease i n ext er nal K+ and

i s unchanged by i ncr easi ng K+ f r om 5 t o 25 mM. Depol ar i zat i on evoked by

hi gh Ca' may be sl owed, but i s unchanged i n ampl i t ude by r emoval of

ext er nal Na+ or Cl - . Or gani c ( 13600) and i nor gani c ( Co++, Cd++ , and Mn++)

bl ocker s of t he Ca' channel s do not i nt er f er e wi t h t he el ect r i cal r esponse

t o Ca" changes . Our r esul t s show r emar kabl e par al l el s t o pr evi ous obser -

vat i ons on t he cont r ol of par at hor mone ( PTH) r el ease by Ca" . They suggest

an associ at i on bet ween membr ane vol t age and secr et i on t hat i s ver y unusual :

par at hyr oi d cel l s secr et e when f ul l y pol ar i zed, and secr et e l ess when depo-

l ar i zed . The ext r aor di nar y sensi t i vi t y of par at hyr oi d cel l s t o di val ent cat i ons

l eads us t o hypot hesi ze t he exi st ence i n t hei r membr anes of a di val ent cat i on

r ecept or t hat cont r ol s membr ane per meabi l i t y ( possi bl y t o K+) and PTH

secr et i on .

I NTRODUCTI ON

I t i s wel l known t hat t he r at e of par at hyr oi d hor mone secr et i on ( PTH) i s
i nver sel y r el at ed t o ser umCa++ l evel s . I n vi vo ( Mayer and Hur st , 1978 ;
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Pat t and Luckhar dt , 1942) and i n vi t r o ( Br own et al . , 1976 ; Mor r i ssey
and Cohn, 1978 ; Sher wood et al . , 1970) exper i ment s have demonst r at ed
t hat a sl i ght decr ease ( on t he or der of t ent hs of mi l l i mol es) i n ext er nal
Ca" concent r at i on evokes a st r ong secr et or y r esponse f r om par at hyr oi d
cel l s . Conver sel y, an i ncr ease i n ext r acel l ul ar Ca" r educes t he r at e of
PTH secr et i on . The cur ve r el at i ng secr et i on t o Ca" concent r at i on i s
ver y st eep, wi t h t he f ul l secr et i on r at e at 0- 0 . 5 mMand maxi mal sup-
pr essi on at 2- 2 . 5 mM( Br own et al . , 1976 ; Habener and Pot t s, 1976 ;
Mor r i ssey and Cohn, 1978) . The st eepness of t he cur ve suggest s t he
exi st ence i n par at hyr oi d cel l s of an unusual and ver y sensi t i ve Ca- sensi ng
mechani sm, t he nat ur e of whi ch has not been di scover ed .

I n many secr et or y cel l s, ext er nal Ca" i s essent i al f or secr et i on . Phys-
i ol ogi cal st i mul at i on r esul t s i n Ca" ent r y i nt o t he cel l i nt er i or , whi ch i s
r esponsi bl e f or t r i gger i ng exocyt osi s ( Dougl as, 1968 ; Pet er sen, 1980 ;
Rubi n, 1970) . Thi s gener al scheme may not appl y t o par at hyr oi d cel l s .
An i ncr ease i n ext er nal Ca" , as wel l as Mg" , decr eases PTH secr et i on
( Br own et al . , 1976 ; Habener and Pot t s, 1976 ; Sher wood et al . , 1970)
and f ul l secr et or y act i vi t y can be obser ved i n t he absence of ext er nal Ca"
( Fi scher et al . , 1982 ; Pi nt ado and Wal l ace, per sonal communi cat i on) . I n
addi t i on, appl i cat i on of t he cal ci um i onophor e A23187, whi ch pr esum-
abl y i ncr eases cyt osol i c Ca" ( Reed and Lar dy, 1972) , i nhi bi t s PTH
secr et i on ( Br own et al . , 1980 ; Fi scher et al . , 1982 ; Habener et al . , 1977) .

Membr ane el ect r i cal act i vi t y pl ays an i mpor t ant r ol e i n st i mul us- secr e-
t i on coupl i ng i n many gl and cel l s ( Pet er sen, 1980) . El ect r ophysi ol ogi cal
st udi es on t he par at hyr oi d have been per f or med onl y r ecent l y and t he
t wo r epor t s avai l abl e show cont r adi ct or y f i ndi ngs . I n mouse par at hyr oi d
gl and, i n vi t r o i nt r acel l ul ar r ecor di ngs by Br uce and Ander son ( 1979)
show t hat cel l s hyper pol ar i ze when t he ext er nal Ca" concent r at i on
decr eases . I n cont r ast , i t has been r epor t ed t hat goat par at hyr oi d cel l s

mai nt ai ned i n cul t ur e depol ar i ze i n l ow Ca" and t hat vol t age- dependent

Ca" ent r y may t r i gger PTH exocyt osi s ( Sand et al . , 1981) .

We have per f or med exper i ment s i n r at par at hyr oi d gl ands i n vi t r o and
have f ound a ver y cl ear and r ever si bl e depol ar i zat i on i n r esponse t o
i ncr eased ext er nal Ca" i n t he physi ol ogi cal r ange f or r at s ( Rot h and
Rai sz, 1964) . Our r esul t s t hus agr ee qual i t at i vel y wi t h t hose f ound i n t he
mouse ( Br uce and Ander son, 1979) . Depol ar i zat i on i s al so obser ved af t er
addi t i on of al l di val ent cat i ons t est ed, bot h al kal i - ear t h and t r ansi t i on
met al s, i ncl udi ng t he Ca" channel bl ocker s Cd" , Mn" , and Co" . The
depol ar i zat i on evoked by i ncr eased Ca" i s accompani ed by an i ncr ease
i n i nput r esi st ance and may be due t o a suppr essi on of K+ per meabi l i t y .
The possi bi l i t y t hat a di val ent cat i on r ecept or l ocat ed on t he ext er nal
sur f ace of t he membr ane cont r ol s membr ane per meabi l i t y and, i n t ur n,
PTH secr et i on, i s consi der ed .

METHODS

Pr epar at i on

Exper i ment s wer e per f or med on par at hyr oi d gl ands obt ai ned f r om adul t , mal e
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Wi st ar r at s 100- 200 g i n wei ght . Ani mal s wer e ki l l ed wi t h et her and t he gl and

was exci sed under a di ssect i ng mi cr oscope . Par at hyr oi d gl ands i n t he r at ar e

l ocat ed bi l at er al l y i n t he l at er al bor der of t he t hyr oi d gl and and appear as pal e

ovoi ds - 1- 1 . 5 mmi n di amet er par t i al l y embedded i n t he t hyr oi d t i ssue ( Gr eene,

1935) . The par at hyr oi d gl and and par t of t he t hyr oi d t i ssue adj acent t o i t wer e

t r ansf er r ed t o t he r ecor di ng chamber and secur ed t o t he bot t om by smal l

st ai nl ess- st eel pi ns . The t hi n connect i ve capsul e cover i ng t he gl and was r emoved

wi t h t he ai d of a st er eomi cr oscope .

Exper i ment al Set up

The r ecor di ng chamber and par t of t he exper i ment al set up ar e schemat i cal l y

r epr esent ed i n Fi g. 1 . The chamber was made of l uci t e and di vi ded i nt o t hr ee

3 2

FI GURE 1 . Schemat i c dr awi ng of t he appar at us used f or i nt r acel l ul ar
r ecor di ng i n t he cont i nuousl y per f used par at hyr oi d gl and . 1 : r ecor di ng
chamber . 2 : i nt er medi at e r eser voi r . 3 : r eser voi r wher e t he suct i on ( 5) i s
appl i ed . Fl ui d f l ows bet ween 1, 2, and 3 by way of cot t on wi cks . 4 : st opcock
t o sel ect bet ween f i ve di f f er ent sol ut i ons . 6 : mi cr ot her mi st or per manent l y
at t ached t o t he r ecor di ng chamber . 7 : heat i ng f i l ament t hat war ms up t he
i nf l ow sol ut i on . 8 : gl ass mi cr oel ect r ode . 9 : 3 MKC1 agar br i dge . 10 : vol t age
f ol l ower . 11 : st age f or el ect r oni c compensat i on of el ect r ode capaci t ance
and r esi st ance . 12 : squar e cur r ent pul ses ( obt ai ned f r oma const ant cur r ent
pump) t hat can be i nj ect ed t hr ough t he mi cr oel ect r ode .

compar t ment s . The gl and was pl aced i n t he f i r st compar t ment ( 1) , si t t i ng on a
l ayer of Syl gar d ( Dow Cor ni ng Cor p . , Mi dl and, MI ) . Thi s compar t ment con-
t ai ned t he i nl et f or t he ext er nal f l ui d . A t hi n wal l of pl ast i c at t ached t o t he
bot t om of t he chamber ( not i l l ust r at ed i n t he f i gur e) was pl aced as a baf f l e
bet ween t he gl and and t he i nl et aper t ur e t o di r ect t he sol ut i on st r eamaway f r om
t he mi cr oel ect r ode . The r ecor di ng compar t ment had a vol ume of - 0 . 5 cm' and
t he bat hi ng sol ut i on f l ow r at e was 1 ml / mi n . Sol ut i on f l owed f r omcompar t ment
1 t o a buf f er compar t ment ( 2) and f r om t hi s t o a t hi r d compar t ment ( 3) , wher e
suct i on was appl i ed . Fl ow bet ween compar t ment s was by way of cot t on wi cks . A
si l k t hr ead gl ued at t he out l et needl e ( 5) was used t o br eak t he meni scus, maki ng
t he suct i on r egul ar and smoot h .
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The ext er nal per f usi on syst em was mount ed separ at el y f r om t he r ecor di ng

t abl e . Any one of f i ve sol ut i ons coul d be appl i ed whi l e r ecor di ng i n a gi ven

par at hyr oi d cel l . Swi t chi ng was accompl i shed wi t hout i nt er r upt i ng t he sol ut i on

f l ow, and t he l evel of sol ut i on i n t he r ecor di ng compar t ment was t hus kept

const ant . The dead space of t he per f usi on syst em was <0 . 1 ml and i t s washout

t i me was 1 or 2 s . The t emper at ur e i n t he r ecor di ng compar t ment was moni t or ed

wi t h a mi cr ot her mi st or ( 6) and cont r ol l ed by a ci r cui t of our own desi gn . Thi s

ci r cui t passed t he appr opr i at e cur r ent t hr ough a coi l ( 7) pl aced ar ound t he

sol ut i on i nl et , t hus mai nt ai ni ng t he r ecor di ng compar t ment at 37° C.

Sol ut i ons

Sol ut i on composi t i ons ar e shown i n Tabl e I . Modi f i ed Kr ebs sol ut i ons wi t h

var i abl e Ca" concent r at i ons ( bet ween 0 . 5 and 2 . 5 mM) wer e made by mi xi ng

sol ut i ons A and B. I n exper i ment s wher e t he ef f ect s of di val ent cat i ons ot her

t han Ca" or Mg" wer e t est ed, Sr C1 2 , BaC1 2 , MnC1 2 , CdC12 , COC1 2 , or ZnCl 2

wer e subst i t ut ed equi mol ar l y f or NaCl . Cl - f r ee sol ut i ons ( 98% Cl - f r ee) wi t h

var i abl e K' concent r at i ons wer e made by mi xi ng sol ut i ons E, F, G, and H. I n

Recor di ng

TABLE I

Composi t i on of Sol ut i ons ( i n mM)

some exper i ment s var i abl e amount s of D600 f r om a I - mM st ock sol ut i on wer e

added t o t he modi f i ed Kr ebs sol ut i on unt i l r eachi ng f i nal concent r at i ons bet ween

30 and 150 uM. The pH of al l sol ut i ons was adj ust ed t o 7 . 4 except f or t he Na-

f r ee sol ut i ons ( C and D) , wher e Tr i zma, pH 7 . 5, was used as buf f er and as Na

subst i t ut e . Sol ut i ons wer e cont i nuousl y bubbl ed wi t h 100% 02 and had an

osmol al i t y of 270- 290 mosmol / kg. The j unct i on pot ent i al s of al l sol ut i ons wer e

measur ed wi t h t he el ect r ode pl aced i n t he r ecor di ng chamber . I n sol ut i ons wi t h

di f f er ences onl y i n di val ent cat i on concent r at i on, t he j unct i on pot ent i al di f f er ed

by <1 mV. When swi t chi ng f r oma modi f i ed Kr ebs sol ut i on t o a Na- f r ee sol ut i on,

a j unct i on pot ent i al of +4 mV was obser ved .

Par at hyr oi d cel l s wer e i mpal ed wi t h gl ass mi cr oel ect r odes f i l l ed wi t h 3 MKCl

and havi ng 100- 200 MQDC r esi st ance . The mi cr oel ect r odes wer e pul l ed wi t h

a ver t i cal pul l er f r om t hi ck- wal l ed bor osi l i cat e gl ass ( OD = 2 mm, I D = 0 . 7 mm)

wi t h an i nner f i l ament f or ease of f i l l i ng . The mi cr oel ect r odes wer e el ect r i cal l y

connect ed t o an FET oper at i onal ampl i f i er ( AD515 ; Anal og Devi ces, I nc . ,

A

Kr ebs

0. 5 Ca

B

Kr ebs

2. 5 Ca

C

Na- f r ee

1 . 5 Ca

D

Na- f r ee

2 . 5 Ca

E

CI - f r ee,

0K, 2Ca

F

Cl - f r ee,

0K, 4Ca

G

CI - f r ee,

100 K,

2 Ca

H

CI - f r ee,

100 K,

4 Ca

NaCl 120 117 - - - - - -

KCI 5 5 5 5 - - - -

K- gl ut amat e - - - - - - 100 100

Na- f umar at e 2. 7 2. 7 - - 2. 7 2 . 7 2. 7 2. 7

Na- pyr uvat e 4. 9 4. 9 - - 4. 9 4 . 9 4. 9 4. 9

Na- gl ut amat e 4. 9 4. 9 - - 130 127 30 27

MgS04 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1

CaC12 0. 5 2. 5 1 . 5 2. 5 2 . 0 4 . 0 2. 0 4 . 0

Gl ucose 2. 8 2 . 8 2. 8 2 . 8 2 . 8 2 . 8 2. 8 2 . 8

HEPES 10 10 - - 10 10 10 10

Tr i zma ( pH 7. 5) - - 142. 5 141. 5 - - - -
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Nor wood, MA) wi r ed as a vol t age f ol l ower and pl aced cl ose t o t he pr epar at i on .
Ext er nal vol t age was sensed by a 3 MKCl agar br i dge pl aced i n t he r ecor di ng
compar t ment of t he chamber . The membr ane pot ent i al was si mul t aneousl y
moni t or ed by an osci l l oscope and a di gi t al met er , and r ecor ded on a char t
r ecor der ( Br ush I nst r ument s, Goul d I nc . , Cl evel and, OH) wi t h a f r equency
r esponse of ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 100 Hz . Squar e pul ses of 200 ms dur at i on and var i abl e ampl i t ude
( bet ween 0. 1 and 0 . 25 nA) obt ai ned f r oma const ant - cur r ent pump wer e i nj ect ed
t hr ough t he mi cr oel ect r ode t o measur e i nput r esi st ance . St r ay capaci t ance and
vol t age dr op acr oss t he mi cr oel ect r ode wer e el ect r oni cal l y compensat ed . The
r ecor di ng chamber and mi cr omani pul at or wer e pl aced on a heavy gr ani t e t abl e
si t t i ng on i nner t ubes f or shock absor pt i on . The r ecor di ng t abl e was el ect r i cal l y
shi el ded t o pr event noi se .

Exper i ment al Pr ocedur e

Cel l s wer e successf ul l y i mpal ed as deep as 250- 300 j mf r om t he sur f ace of t he
gl and . Most i mpal ement s onl y l ast ed f or a f ew seconds, but occasi onal l y t he
el ect r ode st ayed i n t he cel l and a st abl e val ue of t he membr ane pot ent i al was
r eached i n 2 or 3 mi n. Good i mpal ement s wer e char act er i zed by a sudden change
i n t he membr ane pot ent i al . I n al l cases, t he r ecor ded vol t age was bal anced t o
zer o bef or e ent er i ng t he gl and . Af t er an i mpal ement , a check f or vol t age dr i f t
was made by wi t hdr awi ng t he el ect r ode f r omt he gl and . I n ever y cel l f r omwhi ch
a st abl e r ecor di ng coul d be made, t he r esponse t o changes i n ext er nal Ca"
concent r at i on was t est ed . Thi s was used as an i ndi cat i on t hat t he r ecor di ngs wer e
made i n a qual i t at i vel y homogeneous popul at i on of par at hyr oi d cel l s . Af t er t hi s
t est , t he r est of t he exper i ment al pr ot ocol was per f or med . We have r ecor ded
mor e t han 60 par at hyr oi d cel l s f or per i ods f r om 10 mi n t o >3 h. I n l ong
penet r at i ons i t was possi bl e t o t est sever al sol ut i ons wi t h di f f er ent i oni c compo-
si t i ons . I n many ot her cel l s, st abl e r ecor di ngs l ast i ng sever al mi nut es wer e
obt ai ned, but t he el ect r ode came out of t he cel l bef or e a sol ut i on change coul d
be accompl i shed .

RESULTS

Rest i ng Pot ent i al i n Par at hyr oi d Cel l s

Most cel l s wer e i mpal ed whi l e t he gl and was bat hed wi t h a sol ut i on
cont ai ni ng 1 . 5 mMCa" . I n many of t hese cel l s, t he r est i ng pot ent i al
st abi l i zed i n t he f i r st mi nut e af t er t he penet r at i on, r eachi ng an aver age
val ue of - 73 ± 5 mV ( mean ± SD, n = 66) .

Membr ane Pot ent i al Depends on Ext er nal Ca

I n al l par at hyr oi d cel l s exposed t o mor e t han one sol ut i on, t he magni t ude

of t he membr ane pot ent i al was st r ongl y dependent on t he concent r at i on
of ext er nal Ca" . Thi s i s i l l ust r at ed i n Fi g. 2 by a cont i nuous r ecor di ng

of membr ane vol t age f r om a si ngl e cel l . The cel l was i ni t i al l y i mpal ed i n
Kr ebs 2. 5 mM Ca" , yi el di ng a r est i ng pot ent i al of - 27 mV. Sol ut i on
changes ar e i ndi cat ed by t he ar r ows . The r ecor ds show ver y cl ear l y t hat
membr ane pot ent i al depends st r ongl y and r ever si bl y on ext er nal Ca" .
The cel l depol ar i zes i n r esponse t o an i ncr ease i n ext er nal Ca" af t er a
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del ay r equi r ed f or washout and equi l i br at i on . Once t he membr ane pot en-
t i al st ar t ed t o change, t he t i me r equi r ed t o at t ai n t he new st eady st at e

l evel was bet ween 1 . 5 and 3 mi n, dependi ng on each par t i cul ar cel l .

Membr ane vol t age i s sensi t i ve t o ext er nal Ca" i n a nar r ow concent r a-

t i on r ange, bet ween 1 and 2 . 5 mMCa" . Ca" concent r at i ons of <1 mM

wer e onl y t est ed i n a f ew cel l s because, f or unknown r easons, per haps

chance, i t was di f f i cul t t o obt ai n st abl e i nt r acel l ul ar r ecor di ngs . I n t he

l ower par t of Fi g . 2, swi t chi ng f r om 1 . 5 t o 0 . 5 mMCa" sol ut i on does

0-

- 25-

_50-

- 75-

- 100i

	

25Co

	

1 SCa

	

05Ca

	

2. 5Co

5mi n

FI GURE 2 .

	

Modi f i cat i ons of membr ane pot ent i al by changes of ext er nal
Ca" concent r at i on . The t r aces ar e a cont i nuous i nt r acel l ul ar r ecor di ng
f r om a par at hyr oi d cel l exposed t o di f f er ent ext er nal Ca" concent r at i ons
at t he t i me i ndi cat ed . The cel l was i mpal ed i n a sol ut i on cont ai ni ng 2. 5 mM
Ca" . The st eepest vol t age r esponse occur s bet ween 1 . 5 and 2. 5 mMCa" .
I n 0. 5 mMCa +, t he membr ane pot ent i al i s about t he same as i n 1 . 5 mM
Ca" , or sl i ght l y mor e posi t i ve . Di f f er ent Ca" concent r at i ons wer e obt ai ned
by mi xi ng sol ut i ons A and B of Tabl e 1 . Osmol al i t y of al l sol ut i ons was
bet ween 270 and 290 mosmol / kg, pH 7 . 4, t emper at ur e 37° C.

not have an appr eci abl e ef f ect on t he membr ane pot ent i al . Some cel l s
even showed a sl i ght depol ar i zat i on when t he bat hi ng sol ut i on was
changed f r om 1 . 5 t o 0. 5 mMCa" .

The mean r est i ng pot ent i al of sever al cel l s as a f unct i on of ext er nal

Ca" concent r at i on i s shown i n Fi g. 3 . The val ues i n A ar e f r om cel l s

cont i nuousl y r ecor ded f or 10- 120 mi n and exposed t o at l east t wo

sol ut i ons wi t h di f f er ent Ca" concent r at i ons . Ext r eme val ues of pot ent i al

wer e - 34 ± 8 mV ( mean ± SD) i n 2 . 5 mMCa" and - 80. 5 ± 2 mV

( mean ± SD) i n 1 . 0 mMCa" .
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Fi g . 3B shows t he same cur ve compi l ed f r om penet r at i ons mai nt ai ned
f or onl y 1- 10 mi n, t oo shor t a t i me f or a sol ut i on change t o be accom-
pl i shed . The Ca" concent r at i on i n t he bat hi ng sol ut i on f or each penet r a-
t i on i s gi ven on t he axi s . The measur ement s by t he t wo met hods ar e i n
excel l ent agr eement and cl ear l ~ demonst r at e t hat i n par at hyr oi d cel l s a
1 . 5 mMchange i n ext er nal Ca + i n a def i ni t e r ange ( bet ween 1 and 2 . 5
mM) evokes a mean pot ent i al change of 46 mV. The r el at i onshi p bet ween
membr ane pot ent i al and ext er nal Ca" i n t hat r ange i s ver y st eep .

One of t he most st r i ki ng char act er i st i cs of t hi s el ect r i cal r esponse i s i t s
near l y per f ect r ever si bi l i t y . Some cel l s wer e exposed sever al t i mes t o

A

_20-

. 30-

. 40-

. 50-

. W

- 70

- 80

mamb
pot ent i al W

	

g

	

f al j mvl
0

	

0-

. 10 i

	

- 1

_20-

. 30-

. 40-

	

1101

- 50J
131- 6

- 70

.80 131

1341

QS

	

1

	

t 5 2 2S ( Ca- 1

	

OS

	

1

	

1. 5

	

2 2. 51Ca* * I

FI GURE 3 .

	

Membr ane pot ent i al i n par at hyr oi d cel l s as a f unct i on of ex-
t er nal Ca" . ( A) Dat a f r omsi ngl e penet r at i ons t hat wer e hel d l ong enough
( 10 mi n t o 3 h) t o r ecor d r est i ng pot ent i al i n at l east t hr ee sol ut i ons wi t h
di f f er ent Ca" concent r at i ons . Each poi nt r epr esent s t he mean ± SD of 3-
27 measur ement s as gi ven by t he number s i n par ent heses . ( B) Dat a f r om
penet r at i ons t oo br i ef t o al l ow a chanf e of t he bat hi ng sol ut i on . The
penet r at i ons wer e per f or med i n t he Ca ' concent r at i on speci f i ed on t he
axi s, and t he r est i ng pot ent i al r emai ned st abl e f or 1- 10 mi n . Each poi nt
r epr esent s t he mean ± SD of 1- 66 measur ement s, and t he number s of
measur ement s ar e i n par ent heses . Composi t i on of sol ut i ons i s t he same as
i n Fi g . 2 .

sol ut i ons wi t h 1 . 5 and 2 . 5 mMCa" and t he membr ane pot ent i al was
measur ed at a gi ven t i me af t er t he sol ut i on change . I n a t ypi cal cel l t he
mean membr ane pot ent i al val ues of ei ght measur ement s done 5- 6 mi n
af t er swi t ch4 t o t he new sol ut i on wer e - 79 . 7 ± 2 . 4 mV ( mean ± SD)
i n 1 . 5 mMCa + and - 32 . 2 ± 2 . 5 mV ( mean ± SD) i n 2 . 5 mMCa" . The
ext r emel y smal l di sper si on ar ound t he mean i ndi cat es a near l y per f ect
r ever si bi l i t y of t he r esponse .

On t hr ee occasi ons st abl e i nt r acel l ul ar r ecor di ngs f r om t he t i ssue sur -
r oundi ng t he par at hyr oi d gl and ( pr esumabl y f r om t hyr oi d cel l s) wer e
obt ai ned . The r est i ng pot ent i al of t hese cel l s was about - 65 mV and di d
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not show any appr eci abl e modi f i cat i on i n r esponse t o changes i n ext er nal

Ca" concent r at i on i n t he r ange of 0. 5- 2 . 5 mMCa" .

Absence of Spi ke Act i vi t y

The el ect r i cal r esponse evoked by i ncr easi ng or decr easi ng ext er nal Ca"
al ways showed t he qual i t at i ve f eat ur es r ef er r ed t o above and no spi ki ng

act i vi t y was ever seen . I n some cel l s t hat showed a ver y l ow r est i ng

pot ent i al ( - 40 mV i n 1 . 5 mM Ca" ) , i r r egul ar j umps and spi kes wer e

obser ved i n t he f i r st seconds af t er t he i mpal ement t hat wer e pr obabl y

due t o an i mper f ect penet r at i on of t he cel l , si nce ei t her t he mi cr oel ect r ode

came out of t he cel l shor t l y af t er t he i mpal ement or t he membr ane seal ed

ar ound t he el ect r ode and t he " spi kes" di sappear ed as membr ane pot ent i al

i ncr eased .

Cal ci umEf f ect s Ar e Mi mi cked by Ot her Di val ent Cat i ons

Ot her al kal i - ear t h cat i ons have t he same qual i t at i ve ef f ect on par at hyr oi d

cel l membr ane pot ent i al as Ca" . Thi s i s i l l ust r at ed i n Fi g. 4A, whi ch

shows a cont i nuous i nt r acel l ul ar r ecor di ng f r om a si ngl e cel l . The i ni t i al

i mpal ement was done i n a sol ut i on cont ai ni ng 1 . 5 mMCa" , yi el di ng a

r est i ng pot ent i al of - 76 mV. At t he t i me i ndi cat ed by t he ar r ows, t he

bat hi ng sol ut i on was changed t o one cont ai ni ng, i n addi t i on t o 1 . 5 mM

Ca" , 1 mMof anot her di val ent cat i on . Al l t he cat i ons caused a r ever si bl e
depol ar i zat i on, but wi t h di f f er ent t i me cour ses and magni t udes . The

ef f ect i veness f or t he r esponse was Ca' > Sr ++ > Mg++ > Ba++ . None of

t hese di val ent cat i ons was as ef f ect i ve as Ca++ i n depol ar i zi ng par at hyr oi d

cel l s . Sr ++ and Ba++ r esponses wer e, r espect i vel y, ^ - 60 and ^- 30%of t he

depol ar i zat i on obser ved wi t h Ca ++ . Mg + yi el ded an i nt er medi at e val ue .

The di f f er ence i n t he t i me cour se i s al so ver y appar ent . Wher eas t he

depol ar i zat i on i nduced by 1 mMaddi t i onal Ca++ r eached t he st eady st at e

i n 2 . 5 mi n, t he Ba ++- i nduced depol ar i zat i on was t hr ee t i mes smal l er and

r equi r ed ^r 6 mi n t o at t ai n t he st eady st at e . The same exper i ment al

pr ot ocol shown i n Fi g . 4A has been r epeat ed i n t hr ee di f f er ent cel l s wi t h

si mi l ar r esul t s .

We have al so st udi ed t he ef f ect of ot her di val ent cat i ons, and an

exampl e i s shown i n Fi g. 4B. The r ecor d bel ongs t o anot her par at hyr oi d

cel l i mpal ed i n 1 . 5 mMCa++ , wi t h an i ni t i al membr ane pot ent i al of - 75

mV. The exper i ment al pr ot ocol was t he same as bef or e : i n addi t i on t o

1 . 5 mMCa + , 1 mMof a t est di val ent cat i on was added t o t he bat hi ng

sol ut i on . I n al l cases t he cel l depol ar i zed when t he t est cat i on was added.

I n t hi s case t he ef f ect i veness of t he r esponse i s Ca++ > Cd++ > Mn++
>

Co ++ . Cd++ and Mn++ seem t o be sl i ght l y mor e ef f ect i ve t han Sr ++ , and

t he ef f ect i veness of Co++ i s about t he same as wi t h Ba++ . The ef f ect s of

Cd++ , Mn++ , and Co++ have been t est ed i n t wo di f f er ent cel l s wi t h i dent i cal

qual i t at i ve r esul t s . Zn ++ was t est ed i n a cel l ( not i l l ust r at ed) and evoked a

depol ar i zat i on of about t he same magni t ude as Co ++ . Fi g. 4A and Bshows

unequi vocal l y t hat membr ane pot ent i al i n par at hyr oi d cel l s i s af f ect ed not
onl y by ext er nal Ca++ but by al l t he di val ent cat i ons t est ed .
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I nput Resi st ance and Cel l - t o- Cel l Coupl i ng

I nput r esi st ance has been measur ed i n sever al cel l s by passi ng hyper pol ar -

i zi ng squar e cur r ent pul ses t hr ough t he r ecor di ng mi cr oel ect r ode . For
t hese measur ement s t he vol t age dr op acr oss t he mi cr oel ect r ode r esi st ance

membr ape
pot ent i o l

el ect r ode i n

	

( mV)

o, _. 1. 5mMCa+*

B

1mm
go++

5 mi n

t t

	

t

	

t

	

t t
2. 5MM 1. 5nW 1. 5mm

	

1. 5mm 1. 5MM 1. SMM 1. 5r nM 1. 5mm

Ca++ Ca++ co" , Ca+' Ca++ Ca++ Ca++ Ca' +

1mMCd++ 1mmco++ 1r nMMn++
5mi n

FI GURE 4 .

	

Ef f ect of var i ous di val ent cat i ons on membr ane pot ent i al of
par at hyr oi d cel l s . A shows a cont i nuous i nt r acel l ul ar r ecor di ng f r om a cel l
bat hed wi t h sol ut i ons cont ai ni ng t he i ndi cat ed concent r at i on of di val ent
cat i ons . The cel l was i mpal ed i n 1 . 5 mM Ca ++ , and swi t ches t o ot her
sol ut i ons ar e i ndi cat ed by t he ar r ows . Sol ut i on composi t i on i s t he same as
i n Fi g . 1, except t hat MgC1 2 , Sr Cl 2, BaC12 , or addi t i onal CaC12 wer e
subst i t ut ed equi mol ar l y f or NaCl . The dashed hor i zont al l i ne at - 50 mV
membr ane pot ent i al i s dr awn f or conveni ence of compar i son . B shows a
cont i nuous r ecor di ng of anot her cel l exposed t o t he i ndi cat ed t r ansi t i on
el ement s . The t i me bet ween t he par al l el bar s i n t he r ecor d was 2 . 5 mi n,
and t he dashed l i ne at - 57 mV membr ane pot ent i al i s dr awn f or conven-
i ence .

was subt r act ed out el ect r oni cal l y . The subt r act i on ci r cui t was adj ust ed
bef or e penet r at i ng t he cel l ; t he adequacy of t he subt r act i on was t est ed
af t er t he el ect r ode was wi t hdr awn. The measur ement was di scar ded i f
el ect r ode r esi st ance changed si gni f i cant l y dur i ng t he penet r at i on .

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jg

p
/a

rtic
le

-p
d
f/8

2
/2

/2
6
9
/1

2
4
8
4
2
9
/2

6
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u

s
t 2

0
2
2



27 8

	

THE

JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

"

VOLUME 82 - 1983

The

mean val ue f or i nput r esi st ance was 24

. 3

± 14 MU ( mean ± SD,

10

cel l s) at 1

. 5

mMCa"

.

Taki ng i nt o account t he smal l si ze of par at hyr oi d

cel l s

( ^ - 8 Amdi am

;

Rot h and Rai sz, 1964) , t he expect ed i nput r esi st ance

f or

a si ngl e cel l i s ^ - 500 M12, assumi ng a membr ane r esi st ance of 1, 000

p

cm2

.

For a si ngl e cel l of t hi s di amet er , a 24- M12 i nput r esi st ance woul d

i mpl y

an unr easonabl y l ow val ue f or membr ane r esi st ance, 48 S2 cm2

.

The

i nput

r esi st ance t hus st r ongl y suggest s t hat i n t he whol e gl and, cel l s ar e

coupl ed

by l ow- r esi st ance j unct i ons

.

I nput r esi st ance woul d t hen r ef l ect

bot h

membr ane and j unct i onal r esi st ance of t he coupl ed cel l s ( see Di scus-

si on) .

I nput

Resi st ance Changes Dur i ng t he Depol ar i zat i on I nduced by Hi gh Ca"

The

el ect r i cal r esponse t o Ca" i n par at hyr oi d cel l s i s accompani ed by a

change

i n i nput r esi st ance, but , as i l l ust r at ed i n Fi g

.

5, t he cor r el at i on

membr ane
pot ent i al

( mv)
0,

- 251

75~

- 100- 2. SMMCa++ 1. 5

MCa++

I I I

	

I I I

	

I I I

I I I w I I I i l l i l l	

ui

t o	

m

	

i l l

r r r

- - r r r

5

mi n

12

s

- 0

- - 25

- - 50

~- 75

L- 100

I l l

I l l C0

. 1nA

FI GURE

5

.

	

I nput

r esi st ance i ncr eases on exposur e t o 2

. 5

mMCa"

.

The

cel l

was i mpal ed i n a sol ut i on cont ai ni ng 1

. 5

mMCa++, and sol ut i on changes

occur r ed

at t he ar r ows

.

The composi t i on of sol ut i ons was t he same as i n

Fi g .

2

.

I nput r esi st ance was measur ed by i nj ect i ng hyper pol ar i zi ng squar e

cur r ent

pul ses of 0

. 1

nA ampl i t ude and 200 ms dur at i on, and t he vol t age

dr op

acr oss t he mi cr oel ect r ode was el ect r oni cal l y subt r act ed

.

The i nput

r esi st ance

i s t hus pr opor t i onal t o t he vol t age def l ect i on dur i ng t he cur r ent

pul se .

The 12- s t i me scal e i s appl i cabl e dur i ng t he pul se t r ai ns, and t he 5-

mi n

scal e at ot her t i mes

.

bet ween

t he t wo var i abl es i s not ver y pr eci se

.

I nput r esi st ance was det er -

mi ned

f r om t he vol t age def l ect i on ( upper t r ace) r ecor ded dur i ng t he

i nj ect i on

of hyper pol ar i zi ng cur r ent pul ses of 0

. 1

nA ampl i t ude ( l ower

t r ace) .

I t can be seen t hat i nput r esi st ance i ncr eases by a f act or of 2 or 3

dur i ng

t he depol ar i zat i on i nduced on changi ng f r om 1

. 5

t o 2

. 5

mMCa"

.

Af t er

swi t chi ng back t o t he 1

. 5

mM Ca++sol ut i on, i nput r esi st ance

decr eases

as t he cel l pr ogr essi vel y hyper pol ar i zes and, i n t hi s case, f al l s

somewhat

bel ow t he i ni t i al val ue

.

I n

cel l s wher e i nput r esi st ances i n 1

. 5

and 2

. 5

mMCa" wer e measur ed,

i t

was hi gher i n 2

. 5

mMCa" i n ever y case, and t he aver age f act or was
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2 . 4 ± 0 . 8 ( mean ± SD, 10 cel l s) . I n most cases t he t i me cour se of t he
yi nput r esi st ance change di d not exact l y par al l el t he vol t age change . I t i s
of cour se possi bl e t hat t he r esi st ance change i s a r esul t of t he Vn, change
caused by Ca" , r at her t han bei ng a di r ect ef f ect of Ca" .

Compl et e Repl acement of Ext er nal Na + Does Not Pr event t he Depol ar i zat i on
I nduced by Hi gh Ca'

To i nvest i gat e whi ch i ons par t i ci pat e i n t he el ect r i cal r esponse i nduced
by Ca" , i nt r acel l ul ar pot ent i al s have been r ecor ded i n cel l s per f used wi t h
sol ut i ons i n whi ch one per meant ext er nal i on was r epl aced by anot her
t hat was pr esumed t o be l ess per meant . The ef f ect of compl et e r epl ace-
ment of ext er nal Na' by Tr i s+ was t est ed i n t hr ee cel l s, and i n al l cases
si mi l ar qual i t at i ve r esul t s wer e obt ai ned . An exampl e i s shown i n Fi g . 6 .

I n t hi s cel l , membr ane pot ent i al was cont i nuousl y r ecor ded f or ^ - 35
mi n and i t was possi bl e t o swi t ch ei ght di f f er ent t i mes t o sol ut i ons wi t h
di f f er ent i oni c composi t i ons . The i mpal ement was done i n a Na- f r ee
sol ut i on cont ai ni ng 1 . 5 mMCa" and t he i ni t i al r est i nvot ent i al was - 68
mV, whi ch i s cl ose t o t he usual val ue f ound at t hi s Ca concent r at i on i n
cel l s per f used wi t h t he modi f i ed Kr ebs sol ut i on . Swi t chi ng t o a f ul l - Na'
sol ut i on wi t h t he same Ca" concent r at i on ( 1 . 5 mMCa' ) caused onl y
smal l f l uct uat i ons i n t he membr ane pot ent i al . The i nt r oduct i on of 2 . 5
mMCa" , Na- f r ee sol ut i on evoked a depol ar i zat i on of - 35 mV, whi ch
was r ever sed on r et ur ni ng t o 1 . 5 mMCa++ . At t hi s t i me t he i nt r oduct i on
of a f ul l - Na' sol ut i on wi t h 2 . 5 mMCa" i nduced a depol ar i zat i on t o t he
same vol t age as bef or e, but wi t h a f ast er t i me cour se t han i n t he absence
of Na' . The second r un wi t h t he same sol ut i ons caused t he same ef f ect s :
r el at i vel y sl ow depol ar i zat i on by Na- f r ee 2 . 5 mMCa++ , sl owr epol ar i zat i on
by 1 . 5 mMCa + +, and f ast depol ar i zat i on by 2 . 5 mMCa++ .

Al t hough f ul l - Na' and Na- f r ee sol ut i ons have been compar ed i n onl y
t hr ee cel l s, we t hi nk i t i s saf e t o say t hat at 1 . 5 mMCa++, ext er nal Na+
does not make an i mpor t ant cont r i but i on t o t he r est i ng pot ent i al i n
par at hyr oi d cel l s . The magni t ude of t he depol ar i zat i on i nduced by 2 . 5
mMCa++ i s about t he same i n t he pr esence or absence of Na + i n t he
ext er nal sol ut i on . However , t he depol ar i zat i on i nduced by Na- f r ee, 2 . 5
mMCa" pr obabl y has a sl ower t i me cour se t han t he one obser ved wi t h
f ul l - Na, 2 . 5 mMCa" . Thi s di f f er ence i n t i me cour se, al t hough ver y cl ear
f or t he cel l shown i n Fi g . 6, was not so appar ent i n t he ot her t wo cel l s,
wher e Na' - f r ee and f ul l - Na' sol ut i ons wer e compar ed, and t her ef or e no
def i ni t i ve concl usi on can be dr awn at pr esent . I n cel l s per f used wi t h Na' -
f r ee sol ut i ons, t he r epol ar i zat i on af t er swi t chi ng t o 1 . 5 mM Ca' was
sl ower t han i n cel l s never exposed t o Na + - f r ee sol ut i ons . Thi s sl ower
r epol ar i zat i on may be due t o t empor ar y i nact i vat i on of t he Na- K pump
i n cel l s par t i al l y depl et ed of i nt er nal Na + af t er sever al mi nut es of bei ng
per f used wi t h Na + - f r ee sol ut i on .

Depol ar i zat i on I nduced by Ca" I s Not Abol i shed by Ca' Channel Bl ocker s

Si nce t he depol ar i zat i on i nduced by Ca" was pr esent even i n t he absence
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of ext er nal Na' , t he hypot hesi s t hat a Ca" conduct ance coul d be par t i al l y
r esponsi bl e f or t hi s r esponse was t est ed i n sever al cel l s . I t has been shown
pr evi ousl y ( see Fi g . 4) t hat sever al di val ent cat i ons r eput ed t o be Ca"
channel bl ocker s ( Cd ++ and Co" , and, of t en, Mn" ) si mul at e t he ef f ect s
of Ca" i n par at hyr oi d cel l s . I n t hi s sect i on we show t hat nei t her i nor gani c
nor or gani c Ca" channel bl ocker s modi f y t he depol ar i zat i on i nduced by
2 . 5 mMCa" .

The ef f ect s of t wo i nor gani c Ca" channel bl ocker s ar e shown i n Fi g .
7 . Par t A compar es t he depol ar i zat i on i nduced by 2 . 5 mMCa ++ wi t h and
wi t hout 2 mMCo" . The cel l was i mpal ed i n 1 . 5 mMCa" ( not i l l ust r at ed

membr ane
pot ent i al

	

el ect r ode i n

( mV)

	

Lsmmca ± Na±Fr ee
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- 25

- 50

- 75

0

- 25

- 550

- 75

2. 5MCa++	 1 . SMMCct +	 2 . 5MMCa++

Ne- Fr ee
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membr ape
pot ent i al
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- 75

1. 5mMCo++ 2. 5r r j MCa++ 1. 5mMCa++	 2 . 5mMCa++ t 5mMCa+
+

Na - Fr ee l. , #- A.

/
out

- r 0

FI GURE 6 .

	

Ef f ect of compl et e r epl acement of ext er nal Na' on t he depo-
l ar i zat i on i nduced by hi gh Ca+ + . The cel l was i ni t i al l y i mpal ed i n a 1 . 5 mM
Ca++, Na' - f r ee sol ut i on, and changes t o ot her sol ut i ons ar e i ndi cat ed by
t he ar r ows . Bot h panel s ar e cont i nuous i n t i me and bel ong t o t he same cel l .
The composi t i on of sol ut i ons i s gi ven i n Tabl e 1 . The t i me cour ses of t he
depol ar i zat i on and r epol ar i zat i on evoked by hi gh and l ow Ca ++ , r espec-
t i vel y, i n t he absence of Na + ar e di scussed i n t he t ext .

i n t he f i gur e) , and sever al mi nut es l at er a sol ut i on wi t h 2 . 5 mMCa'
evoked a r ever si bl e depol ar i zat i on of 33 mV. A second r un i n 2 . 5 mM
Ca" , but wi t h t he addi t i on of 2 mMCo++ , yi el ded a depol ar i zat i on of 40
mV. The ef f ect of Ca' and Co' was addi t i ve and t he depol ar i zat i on was
l ar ger . I n par t B, f r om anot her cel l , 2 . 5 mMCa' depol ar i zes by ^- 40
mVeven i n t he pr esence of 0 . 5 mMCd++ .

The ef f ect s of sever al concent r at i ons of D600 have been st udi ed i n
t hr ee cel l s and t wo of t hem ar e i l l ust r at ed i n Fi g . 8 . I n A, t he depol ar i -
zat i on evoked by 2 . 5 mMCa' can be compar ed i n t he absence and i n
t he pr esence of 30, 80, and 100 I M D600 . The r ecor d i n B i s f r om
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anot her cel l , wher e a ver y l ar ge concent r at i on ( 150 I . M) of D600 was

used . The r esponse was onl y sl i ght l y smal l er t han i n t he cont r ol r ecor ds

t aken bef or e and af t er t he addi t i on of D600 . The ef f ect of 40 , uMD600

i n 1 . 5 mMCa" was t est ed i n t wo cel l s, and no appr eci abl e change of

membr ane pot ent i al was obser ved . The r ecor ds i n Fi g . 8 cl ear l y show

t hat l ar ge concent r at i ons of D600 have ver y l i t t l e, i f any, ef f ect on
membr ane pot ent i al depol ar i zat i on i nduced by hi gh Ca" . These r esul t s
suggest t hat i n par at hyr oi d cel l s, a Ca" cur r ent t hr ough t he usual vol t age-

2 . 5MM 1. 5MM 2. 5mM 1. 5mm 5mi n
CQ++ Ca++ c a++ Ca++

2SmMCa++

	

1. 5mM

	

5 mi n

+
0. 5mMCd++

	

Ca++

Ef f ect s of Chl or i de Subst i t ut i on

FI GURE 7 .

	

Ef f ect s of i nor gani c Ca" channel bl ocker s on t he depol ar i za-
t i on evoked by hi gh Ca" . Ashows t he membr ane pot ent i al of a cel l i ni t i al l y
i mpal ed i n 1 . 5 mMCa" , wi t h sol ut i on changes at t he ar r ows . B i s f r om a
di f f er ent cel l , i ni t i al l y penet r at ed i n 1 . 5 mM Ca" . The composi t i on of
sol ut i ons i s t he same as i n Fi g . 2, except t hat COC1 2 and CdC1 2 wer e
subst i t ut ed equi mol ar l y f or NaCl .

dependent Ca" channel s does not par t i ci pat e i n t he depol ar i zat i on seen
i n hi gh Ca" . Thi s i s f ur t her suppor t ed by t he obser vat i on t hat Ba++ i s
l ess ef f ect i ve t han Ca" , even t hough Ba++ i s mor e ef f ect i ve t han Ca" i n
car r yi ng cur r ent t hr ough Ca channel s ( Hagi war a et al . , 1974) .

I n sever al exper i ment s, 98%of t he ext er nal Cl - was r epl aced by gl ut amat e
and t he ef f ect s of var i abl e concent r at i ons of Ca" and K+ on par at hyr oi d
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cel l membr ane pot ent i al wer e st udi ed . Compl et e r epl acement of Cl - was

done t o t est whet her i t s pr esence was necessar y f or t he vol t age changes

i nduced by Ca" and t o avoi d possi bl e hyst er esi s i n t he r esponse when

st udyi ng t he ef f ect s of al t er at i ons i n ext er nal K+ ( Hodgki n and Hor owi cz,

1959) . The Ca" concent r at i ons used i n t hese sol ut i ons wer e hi gher t han

t hose used i n t he modi f i ed Kr ebs sol ut i on because hi gh concent r at i ons of

gl ut amat e decr ease Ca" act i vi t y . Ca" concent r at i ons used f or t he l ow-

and hi gh- Ca" sol ut i ons wer e 2 and 4 mM, r espect i vel y . These concent r a-

t t

	

r t r t r t
2. 5MM

	

1 . 5MM

	

2 . 5MM 1 . 5MM 2. 5MMt SmM

	

2 . 5MM

	

1 . 5MM

Ca++	 Ca"
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Cat +

	

Ca+ +	 Ca ; `

	

Ca++

	

Ca ++

+ + +
30PM ~'

	

80PM

	

1oopm

0,

	

D6oo D600 Deoo

t t

	

t t

	

t
2. 5+mM 1. 5ml+vl

	

2 . 5TM 1 . 5r vt

	

2 . 5MM

Ca Ca Ca Ca Ca

5mi n

5mi n

- 0

- 25

I - - 50

- 75

15opm
D6oo

FI GURE 8 .

	

The or gani c Ca++ channel bl ocker D600 does not af f ect t he

r esponse t o Ca ++ changes . A i s a cont i nuous r ecor di ng f r om a cel l i ni t i al l y

i mpal ed i n 1 . 5 mMCa++ wi t h changes t o new sol ut i ons i ndi cat ed by t he
ar r ows . B i s f r om anot her cel l , wher e a l ar ger concent r at i on of D600 was

t est ed . The composi t i on of sol ut i ons i s t he same as i n Fi g. 2 . Var i abl e

quant i t i es of D600 f r om a 1- mM st ock sol ut i on wer e added t o t he 2 . 5 mM

Ca++ sol ut i on t o obt ai n t he desi r ed f i nal concent r at i on of D600 .

t i ons wer e chosen empi r i cal l y because t hey yi el ded membr ane pot ent i al

val ues about t he same as 1 . 5 and 2 . 5 mMCa++ i n t he Kr ebs sol ut i on . An

est i mat e wi t h a cal ci um el ect r ode gave si mi l ar cal ci umact i vi t i es f or bot h

set s of sol ut i ons .

Removal of Cl - does not seem t o af f ect appr eci abl y t he r est i ng pot ent i al

measur ed i n ei t her l ow or hi gh Ca++ at a const ant ( 5 mM) K+ concent r a-

t i on . Mean val ues of pot ent i al wer e - 78 . 6 ± 6 . 6 mV ( mean ± SD, n =

14) i n 2 mMCa++ and - 39 . 0 ± 7 . 3 mV ( mean ± SD, n = 13) i n 4 mM

Ca++ . Thus, t he mean depol ar i zat i on i nduced by hi gh Ca++ was ^- 39 mV,
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whi ch i s not ver y f ar f r om t he val ue measur ed wi t h t he Kr ebs sol ut i ons
( 40 mV) at t he same concent r at i on of pot assi um.

Ef f ect s of Al t er at i on i n Ext er nal Pot assi um

The ef f ect s of var yi ng ext er nal K+ at l ow and hi gh Ca" ar e i l l ust r at ed
by t he r ecor ds of Fi g . 9 . Par t Ashows a cont i nuous i nt r acel l ul ar r ecor di ng

A
0-

- 25-

- 50-

- 75

- 100

2Ca 2Ca 2Ca

	

2Ca

	

5~'

	

22Ca

i oK 25K i ooK sK

B0
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- 50-

- 75

- 100

5 mi n

T
2Ca

sK

T
2Ca 2Ca

	

4Ca

	

4Ca 4Ca 2

2sK sK

	

sK

	

2sK soK
a

s

5mi n

membr ane
pot ent i al

0

- 25

_50

1
- 75
100

FI GURE 9.

	

Ef f ect s of ext er nal Cl - r epl acement and var i abl e ext er nal K'
concent r at i ons on t he el ect r i cal act i vi t y i n par at hyr oi d cel l s. A i s a r ecor di ng
f r om a cel l i ni t i al l y i mpal ed i n a 2 mMCa" , 5 mMK' , Cl - - f r ee sol ut i on
wi t h changes t o newsol ut i ons at t he t i me i ndi cat ed by t he ar r ows . The t i me
bet ween t he par al l el bar s i n t he r ecor d was 2 mi n. B i s f r om anot her cel l
f i r st i mpal ed i n a 4 mMCa" , 5 K+, Cl - - f r ee sol ut i on wi t h changes t o new
sol ut i ons at t he t i me poi nt ed out by t he ar r ows . The composi t i on of sol ut i on
i s gi ven i n Tabl e I . I n al l cases, 98%of ext er nal Cl - was subst i t ut ed by
gl ut amat e .

of a cel l i ni t i al l y i mpal ed i n 2 mMCa" , 5 mMK+ sol ut i on, wi t h a r est i ng
pot ent i al of - - 76 mV. Successi ve changes t o sol ut i ons wi t h 10, 25, and
100 mMK+ at t he same Ca" concent r at i on ar e i ndi cat ed by t he ar r ows .
The cel l depol ar i zes upon an i ncr ease i n ext er nal pot assi um t o a l evel
det er mi ned by t he concent r at i on . Af t er swi t chi ng back t o t he 2 mMCa" ,
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5 mMK+ sol ut i on, t he cel l r epol ar i zes t o appr oxi mat el y t he or i gi nal l evel .

I n al l cel l s depol ar i zed by el evat ed ext er nal K+, t he r epol ar i zat i on showed

a sl ower t i me cour se t han t he depol ar i zat i on . Fi g . 9A al so shows t hat t he

same cel l was depol ar i zed r ever si bl y by 4 mMCa" at a const ant ( 5 mM)
K+ concent r at i on by ^- 36 mV.

Fi g . 9B i l l ust r at es a cont i nuous i nt r acel l ul ar r ecor di ng f r om anot her

cel l , whi ch was i ni t i al l y i mpal ed i n 5 mMK, 4 mMCa and had a r est i ng

pot ent i al of - 33 mV. Vmwent negat i ve by 34 mV on changi ng t o 5 mM

K, 2 mMCa . The addi t i on of 25 mMK, 2 mMCa r ever si bl y depol ar i zed

t he cel l by 28 mV. Af t er r ecover y i n 5 mM K, 2 mM Ca, t he cel l was

subsequent l y depol ar i zed by 43 mV i n 5 mMK, 4 mMCa, r eachi ng a
membr ane pot ent i al of about - 30 mV. At t hi s poi nt t he addi t i on of 25
and 50 mM K+, keepi ng const ant t he ext er nal Ca" , had l i t t l e, i f any,
ef f ect on t he membr ane pot ent i al . The r ei nt r oduct i on of 5 mMK, 2 mM

Ca sol ut i on r epol ar i zed t he cel l t o t he pr evi ous r est i ng pot ent i al l evel

( - 74 mV) . Fi g . 9B al so shows t hat t he t i me cour se of membr ane depol ar -
i zat i on and hyper pol ar i zat i on i nduced by Ca" i s ver y si mi l ar t o t he
vol t age changes obser ved by t he i nt r oduct i on or t he wi t hdr awal of hi gh

K+ sol ut i on .

The r ecor ds i n Fi g . 9 ar e t ypi cal exampl es of t he r esponse of par at hy-

r oi d cel l s t o changes i n ext er nal Ca" and K' i n Cl - f r ee sol ut i ons, and

t hey suggest t hat ext er nal Cl - does not make an i mpor t ant cont r i but i on

t o ei t her t he r est i ng pot ent i al or t he Ca" - i nduced el ect r i cal r esponse . I n

l ow Ca" , t he membr ane pot ent i al i s hi ghl ~ sensi t i ve t o ext er nal K+, but

once t he cel l s ar e depol ar i zed by hi gh Ca ' , ext er nal K+ seems t o have

l i t t l e ef f ect on t he membr ane pot ent i al .

The ef f ect s of ext er nal Ca + and K+ i n Cl - f r ee sol ut i ons have been

st udi ed i n many cel l s and a summar y i s gi ven i n Fi g . 10 . I n t he f i gur e,

membr ane pot ent i al i n 2 mM( f i l l ed symbol s) and 4 mM( open symbol s)

Ca" has been pl ot t ed vs . t he l ogar i t hm of ext er nal K+ . The ver t i cal l i ne

r epr esent s t he st andar d devi at i on of t he mean and t he number s of

obser vat i ons ar e i n par ent heses . I n l ow Ca" , t he membr ane pot ent i al i s

ver y sensi t i ve t o ext er nal K+ . Fi t t i ng by eye, t he st r ai ght par t of t he cur ve

( above 25 mMK+) yi el ds an ^- 61 mV change i n membr ane pot ent i al f or

a 10- f ol d change i n ext er nal K+, whi ch i s si mi l ar t o t he val ue pr edi ct ed

by t he Ner nst equat i on f or a pot assi um el ect r ode at 37' C. Ext r apol at i ng

t he st r ai ght l i ne t o 0 mV membr ane pot ent i al gi ves an est i mat e of t he

i nt r acel l ul ar pot assi um concent r at i on of 160 mM. At hi gh Ca" , t he

number of measur ement s i s smal l er , but i t i s ver y cl ear t hat membr ane

pot ent i al i s l ess sensi t i ve t o ext er nal K+ . Thus, i t seems t hat at l ow Ca" ,

par at hyr oi d cel l s behave as a pot assi um el ect r ode and PK i s t he domi nant

per meabi l i t y . At hi gh Ca" , t he r at i o of PK t o ot her per meabi l i t i es pr ob-

abl y decr eases and t hus membr ane pot ent i al i s l ess sensi t i ve t o ext er nal

pot assi um. The possi bl e par t i ci pat i on of di f f er ent i oni c per meabi l i t i es i n

t he vol t age change seen i n par at hyr oi d cel l s wi l l be anal yzed i n t he

Di scussi on .
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Ef f ect s of I sopr ot er enol

I t i s known t hat t he bet a agoni st i sopr ot er enol , at concent r at i ons bet ween

1 and 10 gym, i ncr eases PTHsecr et i on r at e i n di sper sed bovi ne par at hy-

r oi d cel l s ( Br own et al . , 1977) . We have st udi ed t he ef f ect s of var i abl e

concent r at i ons of i sopr ot er enol ( bet ween 10 and 40 uM) added t o t he

modi f i ed Kr ebs sol ut i on i n f our cel l s whose el ect r i cal r esponse t o ext er nal

Ca" had pr evi ousl y been obser ved . These concent r at i ons of i sopr ot er -

enol di d not have an i mpor t ant ef f ect on t he membr ane pot ent i al ei t her

at l ow or at hi gh Ca" . I n one cel l t her e was no vol t age change at al l . I n

anot her cel l membr ane pot ent i al hyper pol ar i zed by 6- 7 mV, and i n t he

membr ane
pot ent i al

I nI VI
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l og CKa7

FI GURE 10 .

	

Dependence of membr ane pot ent i al ( or di nat e) on t he ext er -
nal concent r at i on of K' r epr esent ed i n a semi l ogar i t hmi c scal e ( absci ssa) .
Fi l l ed ci r cl es ar e measur ement s i n l ow Ca" ( 2 mM) and open squar es ar e
measur ement s i n hi gh Ca" ( 4 mM) . Ever y poi nt r epr esent s t he mean and
t he ver t i cal bar s r epr esent t he st andar d devi at i on of sever al measur ement s
obt ai ned f r om r ecor ds l i ke t hose shown i n Fi g . 10 . The number of meas-
ur ement s i s i n par ent heses . The st r ai ght l i ne has been dr awn by eye and
has a sl ope of ^ - 61 mV per 10- f ol d i ncr ease i n ext er nal K+ concent r at i on .
The i nt er cept of t hi s l i ne wi t h t he 0- mV axi s gi ves an est i mat e of t he
i nt er nal concent r at i on of K+ .

ot her t wo cases a 4- 5- mV depol ar i zat i on was obser ved . Al t hough t he

number of obser vat i ons i s smal l and no def i ni t i ve concl usi on can be

dr awn, our dat a suggest t hat t he mechani smf or i sopr ot er enol st i mul at i on

of par at hyr oi d cel l s i s di f f er ent f r om t hat evoked by l ower i ng di val ent

cat i ons ( see Di scussi on) .

DI SCUSSI ON

The ef f ect s of ext er nal cal ci um concent r at i on on par at hyr oi d cel l mem-

br ane pot ent i al have been' r epor t ed onl y t wi ce, wi t h cont r adi ct or y concl u-

si ons . Mouse par at hyr oi d cel l s hyper pol ar i ze on l ower i ng ext er nal Ca"
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( Br uce and Ander son, 1979) , but cul t ur ed goat par at hyr oi d cel l s ar e sai d

t o do t he opposi t e, havi ng a r est i ng pot ent i al of - 29. 2 mV i n 0. 8 mM

Ca" and - 44 . 7 mV i n 2. 4 mMCa + ( Sand et al . , 1981) . Our measur e-

ment s on r at par at hyr oi d agr ee qual i t at i vel y wi t h obser vat i ons i n t he

mouse, but t he magni t ude of our r est i ng pot ent i al s i s - 1 . 5 t i mes l ar ger

t han r epor t ed f or mouse, and t wi ce as l ar ge as t he r epor t ed val ues f or
cul t ur ed goat cel l s .

Ther e have been no r epor t s of spont aneous spi ke act i vi t y, r egar dl ess

of Ca" concent r at i on, and we have f ound none, even t hough our cel l s

had r est i ng pot ent i al s of ver y heal t hy magni t ude . I n cul t ur ed cel l s, r e-

gener at i ve r esponses ar e sai d t o be t r i gger ed by i nj ect i on of depol ar i zi ng

cur r ent t hr ough t he mi cr oel ect r ode ( Sand et al . , 1981) . The hi gh el ec-

t r ode r esi st ance and l ow i nput r esi st ance of t he gl and pr event ed us f r om

st i mul at i ng ef f ect i vel y t hr ough t he mi cr oel ect r ode .

Par at hyr oi d cel l s i n t he r at ar e ^, 8 , um i n di amet er ( Rot h and Rai sz,

1964) . Usi ng 1, 000 SZ cm' as a guess of membr ane r esi st ance ( Col e, 1968) ,

t he i nput r esi st ance woul d be 498 MR wer e t he cel l s not coupl ed t o each

ot her by j unct i ons of l ower r esi st ance . For goat par at hyr oi d cel l s i n

cul t ur e, t he r epor t ed f i gur e i s 503 ± 218 MR i n 2. 4 mMCa" and 290 ±

198 MR at 0. 8 mM Ca" . We r epor t a much l ower val ue f or i nput

r esi st ance f or cel l s i n t he gl and, 24 . 3 ± 14 MO. Thi s st r ongl y suggest s

t hat i n t he par at hyr oi d, as i n ot her gl ands ( Pet er sen, 1980) , cel l s ar e

i nt er connect ed by l ow- r esi st ance j unct i ons . Fr eeze- f r act ur e r epl i cas of r at

par at hyr oi d cel l s have conf i r med t he exi st ence of numer ous gapj unct i ons

( Ravazzol a and Or ci , 1977 ; Lopez- Bar neo and Fr anzi ni - Ar mst r ong,

1982) .

Possi bl e Or i gi ns of t he Depol ar i zat i on I nduced by Di val ent Cat i ons

I t i s f i r st necessar y t o consi der possi bl e but uni nt er est i ng expl anat i ons of

t he sensi t i vi t y of membr ane pot ent i al t o Ca" concent r at i on . The l ar ge

magni t ude of t he r est i ng pot ent i al i n l ow Ca" makes i t unl i kel y t hat we

have pr obl ems wi t h t he seal bet ween membr ane and mi cr oel ect r ode .

Fur t her , t he i nput r esi st ance i s hi gher i n 2. 5 mMCa" , when t he cel l i s

depol ar i zed. The depol ar i zat i on i s t hus unl i kel y t o r esul t f r om a f ai l ur e

of t he membr ane- el ect r ode seal . A second possi bi l i t y i s t hat r ai si ng Ca"

causes suf f i ci ent Ca" ent r y t o r educe coupl i ng bet ween cel l s ( De Mel l o,

1975 ; I wat suki and Pet er sen, 1977 ; Rose and Loewenst ei n, 1975) . Thi s

coul d l ead t o depol ar i zat i on of t he i mpal ed cel l by t he shunt r esi st ance

ar ound t he el ect r ode, when t he i mpal ed cel l i s no l onger suppor t ed by i t s

nei ghbor s . Thi s possi bi l i t y can be di scar ded on t he gr ounds t hat Mg" ,

whi ch i s nor mal l y pr esent i n t he cel l at hi gh concent r at i on and does not

cause uncoupl i ng ( De Mel l o, 1975 ; I wat suki and Pet er sen, 1977) , has an

ef f ect on membr ane pot ent i al si mi l ar t o Ca" . Tr ansi t i on el ement s al so

depol ar i ze par at hyr oi d cel l s, al t hough t hey ar e ver y i mper meant and do

not di r ect l y af f ect cel l coupl i ng . On occasi on, t hey even compet e wi t h

Ca" and r est or e cel l coupl i ng ( Pet er sen, 1980) . Thyr oi d f ol l i cul ar cel l s

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jg

p
/a

rtic
le

-p
d
f/8

2
/2

/2
6
9
/1

2
4
8
4
2
9
/2

6
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u

s
t 2

0
2
2



LOPEz- BARNEO ANDARMSTRONG

	

Depol ar i zi ng Response of Rat Par at hyr oi d Cel l s

	

287

f r om t he r at ar e coupl ed and have an i nput r esi st ance val ue of 11 M12
( Gr een and Pet er sen, 1981) . Bot h i n t he mouse ( Br uce and Ander son,
1979) and i n t he r at ( pr esent exper i ment s) , t he r est i ng pot ent i al of t hyr oi d
cel l s was not af f ect ed by changes i n ext er nal Ca" i n t he r ange of i nt er est .
Thus, bot h of t hese uni nt er est i ng expl anat i ons ar e unl i kel y .

The pot ent i al changes obser ved ar e much t oo l ar ge t o be account ed
f or as a di r ect r esul t of a change i n t he equi l i br i um pot ent i al of Ca" .
Even i f t he membr ane wer e excl usi vel y Ca + per meabl e, changi ng Ca"
f r om 1 . 5 t o 2. 5 mMwoul d change t he membr ane pot ent i al by onl y 6. 7
mV, much l ess t han t he obser ved change . Nor does i t seem l i kel y t hat
Ca" channel s of t he t ype r epor t ed i n ot her t i ssues pl ay a par t i n t he
r esponse . The sel ect i vi t y of t he Ca" channel f or al kal i - ear t h di val ent
cat i ons ( Hagi war a et al . , 1974 ; Hagi war a, 1975) cont r ast s wi t h our f i nd-
i ngs i n par at hyr oi d cel l s, wher e no qual i t at i ve di st i nct i on bet ween t he
f our cat i ons ( Ca" , Sr " , Mg++ , and Ba++) was seen . Ba ++ i s not ver y
ef f ect i ve i n depol ar i zi ng par at hyr oi d cel l s al t hough i t per meat es wel l
t hr ough t he Ca channel ( Hagi war a et al . , 1974 ; Reut er , 1973) . I n addi -
t i on, Co' , Cd++ , and Mn++ , whi ch ar e Ca++ channel bl ocker s ( Baker et
al . , 1973 ; Kohl har dt et al . , 1973 ; Hagi war a, 1975) , mi mi c t he ef f ect s of
Ca++ r at her t han bl ocki ng t he r esponse . Fi nal l y, t he Ca++ channel bl ocker
D600 ( Kohl har dt et al . , 1972) i s wi t hout ef f ect on t he r esponse t o r ai si ng

Thus, i t seems t hat par at hyr oi d cel l s possess an unusual cal ci um- sensi ng
mechani smof ext r aor di nar y sensi t i vi t y, not obser ved i n ot her bi ol ogi cal
pr epar at i ons . A si mi l ar but much smal l er r esponse i s seen i n t he r est i ng
secr et or y membr ane of f r eshwat er l amel l i br anch mant l es . A 10- f ol d de-
cr ease i n ext er nal cal ci um ( f r om 6 t o 0. 6 mM) hyper pol ar i zes by 6 mV
( Sor enson et al . , 1980) .

The or der of ef f ect i veness of di val ent cat i ons i n depol ar i zi ng par at hy-
r oi d cel l s i s ver y si mi l ar t o t he af f i ni t y of Ca- bi ndi ng pr ot ei ns and cal -
modul i n- l i ke r ecept or s f or sever al di val ent cat i ons . I t i s known t hat Mn++,
Sr ++, Mg

++ , and Ba++ can bi nd t o a br ai n Ca++ r egul at or y pr ot ei n ( Wol f f
et al . , 1977) . I n mol l uscan neur ons, act i vat i on of pot assi um per meabi l i t y
by i nt er nal Ca++ ( an ef f ect pr obabl y medi at ed by a Ca++ r ecept or l ocat ed
i n t he i nner si de of t he membr ane) i s si mul at ed by ot her di val ent cat i ons
( Meech, 1974 ; Meech and St anden, 1975) . Ca++ i s t he most ef f ect i ve i on,
f ol l owed by Cd++, Sr ++, and Mn++. The cat i ons Ba++, Co++, Mg++,

and
Zn ++ have been f ound t o be ver y i nef f ect i ve ( Gor man and Her mann,
1979) . About t he same or der has been f ound i n t he exchange of var i ous
di val ent cat i ons f or t r oponi n- bound " Ca++ ( Fuchs, 1971) .

These f i ndi ngs suggest t hat t he i nt er act i on of di val ent cat i ons wi t h
par at hyr oi d cel l s i s not based on t hei r di f f er ent per meabi l i t y t hr ough t he
membr ane and poi nt t owar d t he possi bl e exi st ence of a di val ent cat i on
r ecept or i n t he ext er nal sur f ace of t hese cel l s . Thi s r ecept or coul d be a
Ca- bi ndi ng pr ot ei n wi t h a di f f er ent af f i ni t y f or each of t he di val ent cat i ons
t hat af f ect membr ane vol t age. Modi f i cat i ons i n membr ane per meabi l i t y
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by conf or mat i onal changes of t he r ecept or af t er i t bi nds t o one or sever al

di val ent cat i ons woul d r esul t i n t he el ect r i cal event s associ at ed wi t h

al t er at i ons i n t he ext er nal concent r at i on of di val ent cat i ons . Recent

mor phol ogi cal st udi es on r at par at hyr oi d gl ands usi ng t he f r eeze- f r act ur e

t echni que ( Lopez- Bar neo and Fr anzi ni - Ar mst r ong, 1982 ; C. Fr anzi ni -

Ar mst r ong, unpubl i shed obser vat i ons) have r eveal ed t he exi st ence i n t he

cel l membr ane of par t i cl es t hat ar e densel y packed, r egul ar l y di st r i but ed

t hr oughout t he pl asmal emma, and unusual l y uni f or m i n si ze . One mi ght

specul at e t hat t hese unusual par t i cl es ar e r ecept or s, whose dense packi ng

conf er s on t hese cel l s t hei r ext r aor di nar y Ca' sensi t i vi t y .

I nput Resi st ance and Membr ane Resi st ance

The i nput r esi st ance ( R; ) i n a t i ssue t hat i s el ect r i cal l y i nt er connect ed by

gap j unct i ons depends on bot h j unct i onal ( Rj ) and membr ane r esi st ance

( Rm) . The change t hat we obser ve on r ai si ng ext er nal Ca" coul d ar i se

f r om al t er i ng ei t her f act or . We know no mechani smby whi ch ext r acel -

l ul ar Mg" or t r ansi t i on el ement s coul d r ai se j unct i onal r esi st ance, and

t her ef or e we suspect t hat di val ent cat i ons al t er membr ane r esi st ance .

The magni t ude of t he Rm change si gnal ed by a 2. 4- f ol d i ncr ease i n R;

depends on t he r at i o R; / Rm( cf . Hol man and Nei l d, 1979, f or a somewhat

di f f er ent concl usi on) . To appr oach t hi s pr obl emwe used a si mpl e model

of t he t i ssue, whi ch was adequat e f or our pur poses . The model ( Fi g . 11 A)

assumes t hat t he penet r at ed cel l ( 1) i s a spher e of r adi us 4 Am, sur r ounded

by spher i cal shel l s of 8 Am t hi ckness . The shel l s cont ai n successi ve gen-

er at i ons of nei ghbor s . Fi g . 11B i l l ust r at es t he el ect r i cal ci r cui t t hat cor -

r esponds t o t hi s t hr ee- di mensi onal ar r ay assumi ng t hat ( a) Rm( r esi st ance

of t he i mpal ed cel l ) and Rj ( r esi st ance of i t s j unct i ons t o al l of i t s near est

nei ghbor s) ar e t he same f or al l cel l s, and ( b) t he r esi st i vi t y of ext r acel l ul ar

and i nt r acel l ul ar medi a i s negl i gi bl e ( Bennet t , 1966 ; Socol ar and Loew-

enst ei n, 1979) . To f aci l i t at e comput at i ons, onl y t hr ee shel l s of cel l s ( i n

addi t i on t o t he i mpal ed one) have been consi der ed . The val ues of

Rm1, 2, and9 and RJi andI ( see Fi g . 11 B) used ar e gi ven i n t he f i gur e l egend .

Sol vi ng t hi s equi val ent ci r cui t yi el ds t he pl ot shown i n Fi g. 11 C. The

or di nat e r epr esent s t he r at i o R; / R. , at di f f er ent val ues of Rj / Rm, as gi ven

on t he absci ssa i n a semi l og scal e . The cur ve shows t hat when R; / Rm i s

l ar ge, R; / R.. appr oaches uni t y, si nce t he i mpal ed cel l i s wel l i sol at ed f r om

i t s nei ghbor s and i nput r esi st ance r ef l ect s onl y t he membr ane r esi st ance

of t he i mpal ed cel l . When Rj / Rm i s ver y smal l , R; / Rm agai n appr oaches

uni t y because t he r ecor di ng i s bei ng made f r omwhat i s i n essence a l ar ge

si ngl e cel l . For i nt er medi at e val ues of Rj / Rm, i t can be seen t hat R; / RI , i s

much smal l er t han uni t y and t her ef or e a gi ven i ncr ease i n Rn, i s si gnal ed

by a smal l er change i n R; . The same qual i t at i ve r el at i onshi p bet ween Rm,

Rj , and R; i s obt ai ned wi t h a t wo- di mensi onal model , but t he mi ni mal R; /

Rmoccur s at a di f f er ent r at i o of j unct i onal t o membr ane r esi st ance .

Per meabi l i t y Changes I nvol ved i n t he Response t o Hi gh Cal ci um

I n t he absence of ot her i nf or mat i on, t he vol t age change i nduced by hi gh
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Ca" coul d be due t o ei t her an i ncr ease of a depol ar i zi ng conduct ance or

a decr ease i n a pol ar i zi ng conduct ance, e. g . , PK. Negl ect i ng t he cont r i -

but i on of ani ons, i t can be cal cul at ed by t he Gol dman ( 1943) equat i on

ARi ARm

A

B
Rm

Rj / Rm

5

	

1 0. 5 0. 1

	

0. 01

	

OA01

	

0. 0001

FI GURE 11 . Cel l - t o- cel l coupl i ng i n t he par at hyr oi d gl and . A shows a
model of cel l t opol ogy i n t he par at hyr oi d gl and. The i mpal ed cel l ( I ) i s
sur r ounded by spher i cal shel l s of cl osel y packed cel l s . The f i r st , second,
and t hi r d shel l s cont ai n 25, 97, and 216 cel l s . B shows t he equi val ent
el ect r i cal ci r cui t of t hi s model . Rm i s t he membr ane r esi st ance of a si ngl e
cel l , and Rj i s t he par al l el r esi st ance of t he j unct i ons t o al l of i t s nei ghbor s .

RmzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� RM2 1 and Rms ar e t he par al l el membr ane r esi st ance of t he f i r st , second,
and t hi r d shel l sur r oundi ng t he penet r at ed cel l and ar e, r espect i vel y, Rm/
25, Rm/ 97, and Rm/ 216 . Rj , and RAY ar e t he r esul t ant j unct i onal r esi st ance
bet ween t he f i r st and t he second shel l s and bet ween t he second and t he
t hi r d shel l s . These val ues ar e 25Rj / 97 and 25R; / 216, r espect i vel y . C
i l l ust r at es t hat t he r at i o of t he change i n i nput r esi st ance t o t he change i n
membr ane r esi st ance ( R; / R. ) depends on t he r at i o Rj / Rm ( absci ssa) . The
i nt er r upt ed l i ne i s dr awn at a r at i o R; / R, , , of 0. 3 ( a gi ven change i n Rm

r esul t s i n a change i n R; t hat i s smal l er by a f act or of 0. 33) .

t hat i f a depol ar i zat i on of 39 mV ( - 73 mV at 1 . 5 Ca" and - 34 mV at

2. 5 mM Ca" ) wer e due t o a decr ease i n PK, a 7. 9- f ol d i ncr ease i n

membr ane per meabi l i t y woul d be obser ved t hat woul d be r ef l ect ed i n an
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R� , change of about t he same si ze . Thi s cal cul at i on i s done assumi ng 10

mMas t he i nt r acel l ul ar concent r at i on of Na and 160 mM( est i mat ed f r om

t he pl ot i n Fi g. 10) as t he i nt r acel l ul ar concent r at i on of K+.

I n a coupl ed t i ssue, an 8- f ol d i ncr ease i n Rmcan r esul t i n a 2 . 4- f ol d R;

change, onl y 30% as l ar ge as t he Rm change, as di scussed above. The

i nt er r upt ed l i ne i n Fi g . I 1 Cshows t hat wi t h t he t hr ee- di mensi onal model ,

t wo di f f er ent Rj / Rmr at i os coul d gi ve an R; / Rmr at i o of t hi s val ue . R; / Rm

near 0. 01 seems a r easonabl e r at i o f or a wel l - coupl ed t i ssue . Ther ef or e,

i t i s not i mpossi bl e t hat t he depol ar i zat i on seen i n hi gh Ca" i s due t o a

suppr essi on of K+ per meabi l i t y . Cl ar i f i cat i on of t hi s poi nt must awai t

mor e expl i ci t dat a on Rm, and t hi s wi l l necessar i l y i nvol ve el ect r i cal l y

i sol at ed cel l s .

Rel at i onshi p Bet ween Membr ane El ect r i cal Event s and PTHSecr et i on

I n t he mouse ( Br uce and Ander son, 1979) and i n t he r at ( pr esent

exper i ment s) , t he r el at i onshi p bet ween membr ane pot ent i al and ext er nal

Ca" i s ver y si mi l ar t o t he r el at i onshi p bet ween PTHr el ease and ext er nal

Ca" obser ved i n t he cow, bot h i n vi vo ( Mayer and Hur st , 1978) and i n

vi t r o ( Br own et al . , 1976 ; Habener and Pot t s, 1976) . PTH r el ease and

membr ane pot ent i al as a f unct i on of ext er nal Ca" ar e i l l ust r at ed i n Fi g.

12 . Par t A has been r edr awn f r om Habener and Pot t s ( 1976) and par t B

i s based on our exper i ment al dat a . Bot h cur ves ar e ver y st eep and

compar abl e, al t hough t her e i s a shi f t of 0. 2- 0 . 3 mM al ong t he Ca"

concent r at i on axi s when t hey ar e super i mposed . Thi s shi f t may be r el at ed

t o di f f er ences bet ween ani mal speci es or t o di f f er ences i n cal ci um act i vi t y

bet ween sol ut i ons used i n bi ochemi cal and el ect r ophysi ol ogi cal exper i -

ment s .

We ar e not awar e of t he exi st ence of i nf or mat i on r el at i ng PTHr el ease

and ext er nal Ca" i n t he r at . However , t he Ca" r ange i n whi ch a st eep

change i n membr ane vol t age i s seen ( 1- 2 . 5 mM) i s ver y si mi l ar t o t he

r ange over whi ch r ever si bl e mor phol ogi cal changes ar e seen i n cul t ur ed

r at par at hyr oi d gl ands ( 1 . 3- 2 . 7 mM; Rot h and Rai sz, 1964) .

Ot her di val ent cat i ons al so have par al l el ef f ect s on membr ane vol t age

and PTHsecr et i on. Mg" i s 2 . 5 t i mes l ess ef f i ci ent t han Ca" i n decr easi ng

PTH secr et i on ( Habener and Pot t s, 1976 ; Sher wood et al . , 1970) , and

we f i nd t hat i t i s ^ - 2 . 4 t i mes l ess pot ent t han Ca" i n depol ar i zi ng

par at hyr oi d cel l s . I t has r ecent l y been obser ved t hat Mn" and Sr " ar e

ver y ef f ect i ve i n i nhi bi t i ng PTH secr et i on and t hat Ba ++ i s a poor Ca"

subst i t ut e i n decr easi ng PTH r el ease ( Wal l ace and Scar pa, 1982) . Thi s

cor r esponds qui t e wel l wi t h t hei r depol ar i zi ng pot ency i n our exper i -

ment s .

Ot her poi nt s of par al l el i sm bet ween membr ane vol t age and secr et i on

ar e t hat ouabai n i nhi bi t s PTHsecr et i on, possi bl y by depol ar i zi ng t he cel l s

( Br own et al . , 1981 ; Fi scher et al . , 1982) , and t hat compl et e r emoval of

ext er nal Na' ( whi ch we have shown does not subst ant i al l y af f ect t he

membr ane pot ent i al ) does not al t er t he modul at i on by ext er nal Ca" of
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PTH secr et i on i n di sper sed cel l s f r om t he cow ( Fi scher et al . , 1982 ;

Wal l ace and Scar pa, 1982) . Taken t oget her , t hese dat a st r ongl y suggest

t hat i n par at hyr oi d cel l s, hyper pol ar i zat i on i s associ at ed wi t h i ncr eased

secr et i on, and depol ar i zat i on wi t h decr eased secr et i on .

A separ at e mechani sm, medi at ed by CAMP, may al so exi st . I sopr ot er -

enol i s a pot ent secr et agogue f or PTHr el ease ( Br own et al . , 1977 ; Fi scher

et al . , 1982) , al t hough i t does not seem t o modi f y membr ane pot ent i al .

I sopr ot er enol act i vat i on of PTHr el ease, i n cont r ast t o l ow- Ca" - act i vat ed

secr et i on ( Fi scher et al . , 1982) , i s accompani ed by a l ar ge i ncr ease i n

A
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FI GURE 12 .

	

Ca' al t er at i ons af f ect PTH secr et i on and membr ane pot en-
t i al i n par al l el . A has been r edr awn f r om t he dat a of Habener and Pot t s
( 1976) on sl i ces of cal f par at hyr oi d gl ands mai nt ai ned i n vi t r o . The per cent
of i mmunor eact i ve PTH i s gi ven i n t he or di nat e and Ca ++ concent r at i on
i n t he absci ssa . The Mg++ concent r at i on was hel d const ant at 0. 8 mM.
Poi nt s r epr esent t he means of f our t o si x measur ement s . B i s f r om our
r esul t s on t he r at . The Mg++ concent r at i on was hel d const ant at 1 . 1 mM.
Poi nt s r epr esent t he means of 3- 66 measur ement s .

i nt r acel l ul ar cAMP ( Br own et al . , 1977 ; Fi scher et al . , 1982) .

Thi s cor r espondence bet ween membr ane vol t age and secr et i on con-

t r ast s wi t h t he usual sequence of event s f ound i n ot her gl ands, wher e t he

physi ol ogi cal st i mul ant s f or secr et i on evoke a membr ane depol ar i zat i on

t hat opens vol t age- dependent Ca" channel s . Ca" ent r y t hr ough t hese

channel s seems t o be r esponsi bl e f or t r i gger i ng exocyt osi s, and r emoval

of di val ent cat i ons f r omt he ext er nal sol ut i on t ur ns of f secr et i on ( Pet er sen,

1980 ; Rubi n, 1970) . Ther e seem t o be some except i ons t o t hi s usual

pat t er n . For exampl e, j uxt agl omer ul ar cel l s hyper pol ar i ze by 8- 10 mV
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af t er addi t i on of adr enal i ne, whi ch i s a st i mul ant f or r eni n secr et i on
( Fi shman, 1976) . I n t hese cel l s, compl et e r emoval of ext er nal Ca" and
i ncr ease of Mg" st i mul at e r eni n r el ease ( Fr ay, 1977) .

I n addi t i on t o t he el ect r ophysi ol ogi cal f i ndi ngs and t he ef f ect of di val ent

cat i ons on PTH secr et i on, ot her evi dence suppor t s t he vi ew t hat t he

mechani sm f or st i mul us secr et i on- coupl i ng i n t he par at hyr oi d gl and i s

somehow unusual . Ful l y r ever si bl e secr et or y act i vi t y can be obser ved i n
di sper sed cel l s i n t he absence of Ca" . Fur t her , l ar ge doses ( up t o 10 - 4
M) of t he Ca" channel bl ocker D600 have no ef f ect on PTH secr et i on
act i vat ed by l ow Ca" ( Wal l ace et al . , 1983) . Fi nal l y, i t i s known t hat t he
di val ent cat i on i onophor e A23187, whi ch pr esumabl y i ncr eases cyt osol i c
Ca" ( Reed and Lar dy, 1972) , i nhi bi t s PTHsecr et i on ( Br own et al . , 1980 ;
Fi scher et al . , 1982 ; Habener et al . , 1977) .

I n summar y, membr ane pot ent i al of par at hyr oi d cel l s i s st eepl y de-
pendent on ext er nal Ca" i n t he physi ol ogi cal r ange. I t seems hi ghl y l i kel y
t hat t he membr ane pot ent i al change i s r el at ed t o a change i n secr et or y
act i vi t y ( Fi g . 12) . The r el at i on bet ween membr ane vol t age, cal ci um, and
secr et i on i s ver y unusual and suggest s t he exi st ence of a st i mul us- secr et i on
coupl i ng mechani smt hat has no pr ecedent i n t he l i t er at ur e . The mecha-
ni sm of t hi s coupl i ng and t he per meabi l i t i es i nvol ved i n t he Ca" - i nduced
depol ar i zat i on r emai n t o be sol ved .

We ar e gr at ef ul t o Li n- Er Li n f or her cont r i but i ons t o some of t he exper i ment s .
Suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant NS 12547, and by an NI H I nt er nat i onal
Post doct or al Fel l owshi p t o J . Lopez- Bar neo .

Recei ved f or publ i cat i on 9 August 1982 and i n r evi sed f or m29 Apr i l 1983 .
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