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ABSTRACT

	

The l oose pat ch vol t age cl amp has been used t o map Na cur r ent

densi t y al ong t he l engt h of snake and r at skel et al muscl e f i ber s . Na cur r ent s

have been r ecor ded f r om ( a) endpl at e membr ane exposed by r emoval of t he

ner ve t er mi nal , ( b) membr ane near t he endpl at e, ( c) ext r aj unct i onal membr ane

f ar f r ombot h t he endpl at e and t he t endon, and ( d) membr ane near t he t endon .

Na cur r ent densi t i es r ecor ded di r ect l y on t he endpl at e wer e ext r emel y hi gh,

exceedi ng 400 mA/ cm2 i n some pat ches . The membr ane adj acent t o t he

endpl at e has a cur r ent densi t y about f i vef ol d l ower t han t hat of t he endpl at e,

but about f i vef ol d hi gher t han t he membr ane 100- 200 j mf r om t he endpl at e .

' Smal l l ocal var i at i ons i n Na cur r ent densi t y ar e r ecor ded i n ext r aj unct i onal

membr ane . A shar p decr ease i n Na cur r ent densi t y occur s over t he l ast f ew

hundr ed mi cr omet er s f r om t he t endon . We t est ed t he abi l i t y of t et r odot oxi n

t o bl ock Na cur r ent i n r egi ons cl ose t o and f ar f r omt he endpl at e and f ound no

evi dence f or t oxi n- r esi st ant channel s i n ei t her r egi on . Ther e was al so no obvi ous

di f f er ence i n t he ki net i cs of Na cur r ent i n t he t wo r egi ons . On t he basi s of t he

Na cur r ent densi t i es measur ed wi t h t he l oose pat ch cl amp, we concl ude t hat

Na channel s ar e abundant i n t he endpl at e and near - endpl at e membr ane and

ar e spar se cl ose t o t he t endon . The cur r ent densi t y at t he endpl at e i s t wo t o

t hr ee or der s of magni t ude hi gher t han at t he t endon .

I NTRODUCTI ON

Essent i al t o t he f unct i onal or gani zat i on of near l y ever y ver t ebr at e cel l i s t he

nonuni f or m di st r i but i on of membr ane pr ot ei ns ( Al mer s and St i r l i ng, 1984) .

Char act er i zi ng t hese nonuni f or mi t i es and el uci dat i ng t he mechani sms t hat gi ve

r i se t o and mai nt ai n t hem ar e i mpor t ant st eps t owar d an under st andi ng of

cel l ul ar and subcel l ul ar di f f er ent i at i on . Par t i cul ar l y st r i ki ng exampl es of nonun-
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i f or m di st r i but i ons of membr ane pr ot ei ns ar e evi dent i n t he di st r i but i on of i oni c

channel s i n t he membr ane of neur ons and muscl e cel l s . Thus, i n myel i nat ed

neur ons, vol t age- gat ed Na channel s ar e concent r at ed bot h at t he axon hi l l ock

( Cat t er al l , 1981) and at t he node of Ranvi er ( Cont i et al . , 1976 ; Ri t chi e and

Rogar t , 1977) , wher eas t hey ar e r el at i vel y spar se i n i nt er nodal r egi ons ( Chi u and

Ri t chi e, 1980) and possi bl y at t he ner ve t er mi nal ( Br i gant and Mal l ar t , 1982) .

I n bot h neur ons and muscl e cel l s, t he chemi cal l y gat ed channel s medi at i ng

synapt i c t r ansmi ssi on ar e concent r at ed i n t he subsynapt i c r egi ons, near t he si t es

of t r ansmi t t er r el ease. I n skel et al muscl e cel l s, i ndi r ect evi dence suggest s t hat Na

channel densi t y i n t he t r ansver se t ubul ar membr ane may be l ower t han i n t he

sar col emma ( Hi l l e and Campbel l , 1976 ; Jai movi t ch et al . , 1976) .

Thi s paper concer ns t he di st r i but i on of Na channel s al ong t he ent i r e l engt h

of ver t ebr at e skel et al muscl e f i ber s . Our i ni t i al mot i ve was t o i nvest i gat e t he

possi bi l i t y t hat Na channel densi t y was hi gher i n t he r egi on of t he endpl at e . Such

a possi bi l i t y had been suggest ed t o account f or t he i ncr eased r at e of r i se of

muscl e act i on pot ent i al s near t he endpl at e ( Nast uk and Al exander , 1973 ; Thes-

Jef f et al . , 1974) , and had been st r engt hened by t he obser vat i on t hat ver at r i di ne

i nduced a st eady i nwar d cur r ent , whi ch was bl ocked by t et r odot oxi n ( TTX) , i n

t he r egi on of t he endpl at e ( Bet z et al . , 1984b) . We used t he l oose pat ch vol t age-

cl amp t echni que ( St r i ckhol m, 1961 ; Fi shman, 1975 ; St uhmer and Al mer s, 1982)

t o det er mi ne t he peak Na cur r ent densi t y near t he endpl at e of snake and r at

muscl e . We pr evi ousl y r epor t ed ( Beam et al . , 1985a, b) t hat Na channel s ar e

concent r at ed near t he ner ve t er mi nal i n bot h t he obl i quus ext er nus abdomi ni s

muscl e of t he snake and t he f l exor di gi t or um br evi s muscl e of t he r at . Rober t s

and Al mer s ( 1985) made si mi l ar obser vat i ons i n t he cost ocut aneous muscl e of

t he snake.

We have nowext ended t hese st udi es t o al l r egi ons of t he f i ber , i ncl udi ng t he

endpl at e i t sel f and t he r egi on near t he t endon . We descr i be a new pr epar at i on,

t he di ssoci at ed omohyoi d muscl e of t he r at , whi ch enabl ed us t o make many of

t hese measur ement s . I n addi t i on, we have t est ed t he TTX sensi t i vi t y of Na

cur r ent bot h cl ose t o and f ar f r om t he ner ve t er mi nal .

We f i nd t hat Na cur r ent densi t i es ar e qui t e l ow near t he t endon, moder at e at

mi df i ber r egi ons bet ween t he t endon and t he endpl at e, hi gh near t he endpl at e,

and ext r emel y hi gh at t he endpl at e . The par al l el bet ween t hi s di st r i but i on of Na

channel s and t he di st r i but i on of acet yl chol i ne ( ACh) r ecept or channel s i n skel et al

muscl e r ai ses t he possi bi l i t y t hat si mi l ar mechani sms may be oper at i ng t o concen-

t r at e bot h channel speci es near t he endpl at e .

METHODS

Muscl e Pr epar at i ons

The exper i ment s r epor t ed bel ow wer e car r i ed out wi t h one of f i ve di f f er ent skel et al

muscl e pr epar at i ons, t wo f r om t he snake and t hr ee f r om t he r at . Some muscl es al l owed

us t o r ecor d near t he endpl at e but not t he t endon, whi l e t he conver se was t r ue f or ot her s .

These muscl es wer e chosen pr i mar i l y because t hey pr ovi ded t he vi si bi l i t y t hat al l owed us

t o make t he r ecor di ngs r epor t ed her e .

Snake. We f i r st exami ned t wi t ch f i ber s of t he obl i quus ext er nus abdomi ni s muscl e
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of t he gar t er snake ( Thamnophi s s . si r t al i s) . A descr i pt i on of t he anat omy of t hi s muscl e i s

gi ven by Kuf f l er and Yoshi kami ( 1975) . Unl i ke f r og skel et al muscl e, t he endpl at es of

snake muscl e ar e compact , l i ke t hose i n mammal i an skel et al muscl e . Thi s endpl at e

mor phol ogy, t oget her wi t h t he abi l i t y t o di ssect t he snake muscl e t o a t hi ckness of a si ngl e

f i ber l ayer , makes i t especi al l y sui t abl e f or mappi ng st udi es . Twi t ch f i ber s wer e i dent i f i ed

on t he basi s of t hei r bei ng si ngl y i nner vat ed and l ar ger t han sl ow f i ber s . Af t er bei ng

di ssect ed f r ee of ot her adher i ng muscl es, t he obl i quus ext er nus abdomi ni s was pi nned

agai nst t he gl ass bot t om of t he r ecor di ng chamber , usi ng t he ski n and r i bs as at t achment

poi nt s . I n t hi s muscl e, i t i s si mpl e t o r ecor d near t he endpl at e and anywher e up t o sever al

mi l l i met er s f r omt he endpl at e, but not near t he t endon .

To map near t he t endon of snake muscl e, we used a shor t ( ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 1 mm) scal e muscl e cl ose

t o t he vent r al mi dl i ne . One end of t he muscl e i nser t s i nt o t he ski n, and t he ot her

t er mi nat es i n a sheet of connect i ve t i ssue and i s cl ear l y vi si bl e ( Fi g . 6) . Si nce t hi s scal e

muscl e i s sever al f i ber s t hi ck, measur ement s near t he endpl at e wer e not f easi bl e .

Rat . We used f i ber s of t he f l exor di gi t or umbr evi s ( FDB) muscl e of t he r at . I ndi vi dual

f i ber s of t hi s muscl e ar e qui t e shor t ( 500- 1, 000 um) . The f i ber s wer e enzymat i cal l y

di ssoci at ed usi ng a modi f i cat i on of t he pr ocedur e descr i bed by Bekof f and Bet z ( 1977) .

FDB muscl es wer e r emoved f r om 200- g mal e Spr ague- Dawl ey r at s and pl aced i n a vi al

t hat cont ai ned " di ssoci at i on medi um. " The di ssoci at i on medi um consi st ed of r at Ri nger

( descr i bed bel ow) t o whi ch bovi ne ser umal bumi n ( 1 mg/ ml , f r act i on V) and col l agenase

( 2 mg/ ml , t ype 1) had been added ( t he al bumi n and col l agenase wer e bot h f r om Si gma

Chemi cal Co . , St . Loui s, MO) . The vi al cont ai ni ng t he muscl e was pl aced i n a shaki ng

wat er bat h f or 1- 2 h at 37 ° C. Dur i ng t hi s t i me, t he di ssoci at i on medi umwas cont i nuousl y

bubbl ed wi t h oxygen . At t he end of t he 1- 2- h per i od, t he muscl e was t r ansf er r ed f r om

t he vi al t o t he exper i ment al chamber cont ai ni ng physi ol ogi cal sal i ne . I ndi vi dual f i ber s

wer e f r eed ei t her by t r i t ur at i ng t he muscl e wi t h a f i r e- pol i shed Past eur pi pet t e, or si mpl y

by r epeat edl y l i f t i ng t he ent i r e muscl e i n and out of t he sol ut i on i n t he di sh .

A f our t h pr epar at i on t hat we used was enzymat i cal l y di ssoci at ed f i ber s of t he r at

omohyoi d muscl e . Compar ed wi t h t he FDB, f i ber s of t he omohyoi d ar e l ong ( >_I cm) ,

whi ch makes i t necessar y t o adopt a di f f er ent appr oach f or enzymat i c di ssoci at i on . For

t hi s pur pose, t he omohyoi d muscl e was pl aced i n a smal l di sh i n whi ch i t was suppor t ed

f r om bel ow by f i ne nyl on mesh . The di sh was cont i nuousl y per f used wi t h oxygenat ed

di ssoci at i on medi um ( composi t i on descr i bed above) at a t emper at ur e of 30- 32° C. Af t er

- 2 h, t he muscl e was t r ansf er r ed t o t he r ecor di ng chamber cont ai ni ng r at Ri nger .

I ndi vi dual f i ber s wer e f r eed by usi ng a Past eur pi pet t e t o di r ect gent l e st r eams of sol ut i on

agai nst t he sur f ace of t he muscl e . Gener al l y, i t was r el at i vel y easy t o f r ee up t he ends of

f i ber s, but i n t he r egi on of i nner vat i on t he f i ber s wer e much mor e di f f i cul t t o separ at e .

Nonet hel ess, wi t h pr act i ce i t was possi bl e t o obt ai n a r easonabl y good yi el d of i nt act f i ber s

( Fi g . 7) . I t was onl y possi bl e t o r ecor d f r om di ssoci at ed muscl e f i ber s t hat adher ed t o t he

bot t om of t he exper i ment al chamber . I n or der t o i ncr ease t he per cent age of adher i ng

f i ber s, we f ound i t hel pf ul t o cl ean t he chamber wi t h et hanol bef or e use .

We used t he i nt act omohyoi d t o map Na cur r ent s near t he t endon . The muscl e i s

shaped l i ke a f l at r i bbon wi t h f i ber s t hat r un near l y par al l el t o t he edges . Addi t i onal l y,

t he omohyoi d has a cent r al t endon t hat per pendi cul ar l y t r ansect s some or al l of t he

muscl e . When t hi s t endon ext ends t o t he edge of t he muscl e, si ngl e f i ber s at or near t he

edge can be st udi ed bot h at t he t endon and up t o sever al mi l l i met er s away f r om t he

t endon .

Sol ut i ons

The physi ol ogi cal Ri nger sol ut i ons cont ai ned ( i n mi l l i mol ar wi t h val ues gi ven f i r st f or

snake and t hen f or r at ) : 145 or 146 NaCl , 4. 3 or 5 . 0 KCI , 3 . 5 or 2 CaC12 , 1 . 7 or 1 MgCl z ,

11 gl ucose, 10 HEPES, t i t r at ed wi t h NaOH t o pH 7. 0 ( snake) or 7. 4 ( r at ) .
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When t he ef f ect s of TTX wer e t o be t est ed, t he pi pet t e was l i f t ed of f t he sur f ace of

t he muscl e and t he bat hi ng sol ut i on was changed t o one cont ai ni ng t oxi n . Suct i on was
t hen appl i ed t o t he pi pet t e f or a f ew mi nut es i n or der t o l oad t he t i p wi t h t he t oxi n-
cont ai ni ng sol ut i on . Suct i on was mai nt ai ned dur i ng t he appr oach of t he pi pet t e t o t he
f i ber sur f ace and dur i ng t he r ecor di ng per i od . For r ecover y f r om t oxi n, t he sol ut i on
i nsi de t he el ect r ode was r epl aced wi t h t oxi n- f r ee Ri nger , and t he t oxi n was washed out of
t he chamber .

El ect r ophysi ol ogi cal Pr ocedur es

Loose Pat ch Cl amp . The exper i ment al chamber was pl aced on t he st age of an i nver t ed
mi cr oscope ( Ni kon Di aphot ) equi pped wi t h Hof f man modul at i on cont r ast opt i cs . Loose
pat ch pi pet t es wer e f abr i cat ed f r om bor osi l i cat e- gl ass capi l l ar y t ubi ng ( 5068, Rochest er
Sci ent i f i c Co . , Rochest er , NY) wi t h t wo separ at e pul l s on a ver t i cal pul l er ( Davi d Kopf
I nst r ument s, Tuj unga, CA) and f i r e- pol i shed t o a f i nal t i p di amet er of 2 . 5- 20 gm. The

pi pet t es wer e f i l l ed wi t h ul t r a- f i l t er ed r at or snake Ri nger as appr opr i at e . Dependi ng on

t he conf i gur at i on of t he t aper and t he t i p di amet er , t he f i l l ed pi pet t es had r esi st ances

r angi ng f r om 100 t o 700 kQ. Bef or e f i l l i ng, t he pi pet t es wer e bent at a poi nt ^- 1 . 5 cm
f r omt he t i p t o near l y a r i ght angl e . The pur pose of t he bend was t o al l ow t he pi pet t e t i p

t o make a near l y per pendi cul ar appr oach t o t he bot t om of t he r ecor di ng chamber . The

el ect r ode was advanced sl owl y t owar d t he sur f ace of t he muscl e f i ber wi t h a pi ezoel ect r i c

posi t i oner ( " I nchwor m, " Bur l ei gh I nst r ument s, Fi sher s, NY) , unt i l t he shunt r esi st ance

( i . e . , t he seal r esi st ance separ at i ng t he i nt er i or of t he pi pet t e f r om t he bat h) was about

equal t o t he pi pet t e r esi st ance . Addi t i onal smal l advances of t he pi pet t e and t he appl i cat i on

of suct i on of 10- 20 ( i sol at ed r at f i ber s) or 100- 200 mmHg ( snake muscl e f i ber s and i nt act
omohyoi d) pr ovi ded a f ur t her i mpr ovement i n t he shunt r esi st ance and st abi l i t y of t he

seal . The posi t i on of t he pi pet t e t i p wi t h r espect t o t he endpl at e or t endon of a f i ber was

document ed bot h phot ogr aphi cal l y and by means of a t el evi si on moni t or . Cur r ent densi t i es

wer e cal cul at ed on t he basi s of t he ar ea of t he or i f i ce of t he pi pet t e t i p . Thus, var i at i ons

or sur f ace i r r egul ar i t i es i n membr ane ar ea ( e . g . , T syst em or caveol ae) coul d account f or
some of t he var i at i on i n r ecor ded cur r ent ( see Di scussi on) . Peak i nwar d Na cur r ent
densi t i es have been expr essed as posi t i ve number s si nce we ar e concer ned her e pr i mar i l y

wi t h t he magni t ude of t he cur r ent .

The vol t age- cl amp ci r cui t was t hat descr i bed by St uhmer et al . ( 1983) . The bat h

pot ent i al was moni t or ed wi t h an FET- i nput oper at i onal ampl i f i er ( LF- 356, Nat i onal

Semi conduct or , Sant a Cl ar a, CA) . A separ at e el ect r ode was used f or t he cur r ent gr ound .

Af t er ampl i f i cat i on and el ect r oni c f i l t r at i on at 10- 20 kHz wi t h an ei ght - pol e Bessel f i l t er ,

t he cur r ent s wer e di gi t i zed and st or ed f or l at er anal ysi s wi t h a DECLAB 11/ 03 comput er

( Di gi t al Equi pment Cor p. , Maynar d, MA) . Al t hough t he vol t age- cl amp ci r cui t pr ovi des

el ect r oni c compensat i on f or t he bul k of t he l i near l eakage and capaci t y cur r ent , i t was

st i l l necessar y t o compensat e di gi t al l y f or t he r esi dual l i near cur r ent by subt r act i ng an

appr opr i at el y scal ed cont r ol cur r ent f r om t he t est cur r ent s . The st andar d sequence of

pul ses ( gi ven as depol ar i zat i ons f r om t he hol di ng pot ent i al ) was f our cont r ol pul ses ( 30

mV) , t est pul ses i n odd mul t i pl es of 7 . 5 mV ( 37 . 5, 52 . 5, 67 . 5, et c . ) , f our mor e cont r ol

pul ses, and f i nal l y t est pul ses i n even mul t i pl es of 7 . 5 mV ( 45, 60, 75, et c . ) . Al l exper i ment s

wer e car r i ed out at t emper at ur es of 20- 22° C.

To det er mi ne pat ch- t o- pat ch var i at i on i n Na cur r ent densi t y, i t i s i mpor t ant t hat sever al

cr i t er i a be sat i sf i ed . The f i r st of t hese i s t hat l ar ge changes i n hol di ng pot ent i al must not

occur dur i ng t he cour se of measur ement s on a si ngl e f i ber si nce t hese changes can cause

l ar ge var i at i ons i n t he measur ement of peak Na cur r ent densi t y . Wi t h t he l oose pat ch

cl amp, t he absol ut e hol di ng pot ent i al i s a f unct i on of bot h t he pi pet t e pot ent i al and t he
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Est i mat i on of hol di ng pot ent i al and peak cur r ent densi t y . ( A) St eady

st at e i nact i vat i on of Na cur r ent det er mi ned wi t h a t wo- pul se pr ot ocol . The 40- ms

condi t i oni ng pr epul se t o var i ous pot ent i al s was f ol l owed by a const ant t est pul se of

+120 mV ( wi t h r espect t o t he hol di ng pot ent i al ) . The i nset shows t he Na cur r ent s

measur ed f or pr epul ses var yi ng i n si ze f r om+37 . 5 ( l ar gest i nwar d cur r ent ) t o +67 . 5

mV ( smal l est i nwar d cur r ent ) , i n 7 . 5- mV i ncr ement s ( t he ver t i cal cal i br at i on equal s

20 mA/ cm2 ; t he hor i zont al cal i br at i on equal s 0 . 5 ms) . The nor mal i zed cur r ent

peaks vs . t he pr epul se ampl i t ude ar e pl ot t ed . The cur ve r epr esent s a t wo- st at e

Bol t zmann di st r i but i on wi t h a mi dpoi nt of 52 mV and an ef f ect i ve val ence of 5 . 2 .

( B) Fami l y of cur r ent s measur ed i n t he same f i ber f or t est pul ses of +60 t o +157 . 5

mV f r om t he hol di ng pot ent i al i n 7 . 5- mV i ncr ement s . I nt act r at omohyoi d muscl e ;

f i ber 34- 28 ; pi pet t e di amet er , 12 j m. For t hi s f i ber , t he hol di ng pot ent i al was

cal cul at ed t o be - 128 mV, assumi ng t hat t he mi dpoi nt of t he st eady st at e i nact i vat i on

cur ve occur s at an absol ut e pot ent i al of - 76 mV. Thus, t he peak Na cur r ent i n B

was el i ci t ed by a t est pul se t o appr oxi mat el y - 30 mV . The pot ent i al s gi ven t hr ough-

out t he r est of t he paper r epr esent absol ut e pot ent i al s est i mat ed i n a si mi l ar manner .

f i ber r est i ng pot ent i al , and t he l at t er i s not expl i ci t l y measur ed . We t her ef or e est i mat ed

t he hol di ng pot ent i al f r om t he vol t age dependence of t he Na cur r ent . Per i odi cal l y

t hr oughout an exper i ment , we det er mi ned t he l evel of st eady st at e i nact i vat i on as

i l l ust r at ed i n Fi g . I A. The hol di ng pot ent i al was est i mat ed by assumi ng t hat hal f -

i nact i vat i on occur r ed at - 76 mV i n t he r at ( Al mer s et al . , 1984) and - 75 mV i n t he

snake . Fur t her mor e, f or each pat ch, t he peak Na cur r ent was det er mi ned by measur i ng
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Thr ee cont r ol exper i ment s t est i ng t he r el i abi l i t y of measur ement s of

cur r ent densi t y . ( A) Cur r ent s measur ed at t he same t est pot ent i al ( - 18 mV) f or t wo

successi ve pl acement s of t he pi pet t e at t he same si t e . I nt act snake muscl e ; f i ber 4-

13 . ( B) Ef f ect of t he dur at i on of a hyper pol ar i zed hol di ng pot ent i al on t he peak Na

cur r ent ampl i t ude . The cur r ent s wer e r ecor ded 1 ( smal l est ) , 3 ( i nt er medi at e) , and

5 ( l ar gest ) mi n af t er appl yi ng a hol di ng pot ent i al of - 118 mV. Test pot ent i al , - 13

mV . I nt act omohyoi d muscl e ; f i ber 34- 6 . ( C) Ef f ect of i ncr easi ng Rs, � , � , on peak

cur r ent . Cur r ent s wer e r ecor ded at t he same si t e wi t h Rsn � � , equal t o 190 ( dot s) and

280 ( cont i nuous t r ace) kbl . Rpi p, � e was 120 kQ. Same muscl e f i ber as i n par t B; t est

pot ent i al , - 28 mV.

t est cur r ent s f or t est pul ses of var yi ng ampl i t ude ( Fi g. 1 B) . Thus, smal l shi f t s i n t he r est i ng

pot ent i al coul d al so be det ect ed by compar i ng i ndi vi dual cur r ent r ecor ds f or changes i n

t he vol t age dependence of act i vat i on and i nact i vat i on .

Anot her i mpor t ant cr i t er i on of r el i abi l i t y i s t hat t he measur ement of cur r ent densi t y at

a par t i cul ar si t e shoul d be r epr oduci bl e . An exper i ment al t est of r epr oduci bi l i t y i s
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i l l ust r at ed i n Fi g. 2A. Na cur r ent s wer e measur ed at a si t e on an i nt act snake muscl e f i ber .

The pi pet t e t i p was t hen r ai sed ^- 10 umand pl aced back down on t he i dent i cal si t e . As

can be seen i n t he f i gur e, t he peak Na cur r ent s measur ed dur i ng t wo successi ve pl acement s

wer e vi r t ual l y i dent i cal . Asecond i mpor t ant cr i t er i on f or t he pat ch- t o- pat ch compar i son

of Na cur r ent densi t y i s t hat t her e be no appr eci abl e var i at i ons i n shor t - or l ong- t er m

i nact i vat i on . Thi s was not a si gni f i cant pr obl em f or snake f i ber s, whi ch t ypi cal l y have i n

vi t r o r est i ng pot ent i al s of - 90 t o - 100 mV. However , t he r at muscl e f i ber s ( par t i cul ar l y

t he di ssoci at ed f i ber s) had l ow r est i ng pot ent i al s t hat made i t necessar y t o hyper pol ar i ze

t he membr ane consi der abl y i n or der t o obt ai n Na cur r ent s l ar ge enough f or r el i abl e

measur ement . Mor eover , r at muscl e shows a pr omi nent sl ow component of i nact i vat i on

( Al mer s et al . , 19836) . Thus, f or t he r at muscl e f i ber s, i t was i mpor t ant t o ensur e t hat ,

bef or e t he measur ement of t est cur r ent s, al l pat ches wer e hel d at a hyper pol ar i zed

pot ent i al l ong enough t o achi eve an equi val ent r emoval of l ong- t er m i nact i vat i on . I n

pr act i ce, hol di ng pot ent i al s of - 100 t o - 130 mV ( a si ngl e hol di ng pot ent i al was used f or

a gi ven f i ber ) wer e mai nt ai ned f or 2- 4 mi n bef or e t est cur r ent s wer e r ecor ded f r om a

pat ch . Al mer s et al . ( 19836, Fi g . 8) obser ved t hat sl ow i nact i vat i on i n t he r at omohyoi d

has a t i me const ant of - 2 mi n at 10° C and - 90 mV. Wi t h hi gher t emper at ur es ( 20- 22 ° C

i n our exper i ment s) and mor e negat i ve hol di ng pot ent i al s, t he r emoval of sl ow i nact i vat i on

i s f ast er . Fi g . 2B i l l ust r at es t he Na cur r ent s measur ed f r om a si ngl e pat ch of an omohyoi d

muscl e af t er var i ous dur at i ons of hol di ng at an est i mat ed pot ent i al of - 118 mV. The

peak Na cur r ent af t er 1 mi n i s al r eady 72% of t he val ue at t ai ned af t er 5 mi n. Thus,

hol di ng dur at i ons of 2- 4 mi n shoul d have been suf f i ci ent t o r emove most i nact i vat i on .

Nonet hel ess, i t seems l i kel y t hat pat ch- t o- pat ch var i at i ons i n t he r emoval of l ong- t er m

i nact i vat i on have cont r i but ed some var i abi l i t y t o our measur ement s of peak Na cur r ent

densi t y i n t he r at . A f ur t her cont r ol agai nst unwant ed cont r i but i ons f r om l ong- t er m

i nact i vat i on was our st r at egy of usi ng t wo mappi ng sweeps al ong t he f i ber and havi ng

t hese sweeps cover over l appi ng por t i ons of t he f i ber ( see Resul t s) .

The cur r ent s i l l ust r at ed i n Fi g . 2B ( see al so Fi g . 12) ar e not ewor t hy because t hey ar e

qui t e l ar ge compar ed wi t h pr evi ous measur ement s of Na cur r ent densi t y i n r at muscl e

( Pappone, 1980 ; Al mer s et al . , 19836, 1984) . Al t hough we di d not expl or e t hi s poi nt i n

gr eat er det ai l , t he l ar ge cur r ent densi t i es appear t o be a consequence of t he f act t hat we

hel d t he pot ent i al 20- 30 mV mor e negat i ve t han Pappone or Al mer s et al . di d .

I n mappi ng i ndi vi dual si t es al ong t he f i ber , we at t empt ed t o achi eve shunt r esi st ances

bet ween t he pi pet t e and f i ber sur f ace t hat wer e about t he same f or al l si t es . Because some

var i at i ons i nevi t abl y di d occur , we exami ned t he ef f ect of changes i n shunt r esi st ance on

t he cur r ent measur ed at a si ngl e si t e . Fi g . 2C compar es t he peak Na cur r ent s measur ed

at t he same si t e f or shunt r esi st ances of 190 and 280 k9 . I ncr easi ng t he shunt r esi st ance

by a f act or of 1 . 47 pr oduced a smal l change i n cur r ent ki net i cs but al most no change i n

t he ampl i t ude of t he peak cur r ent . Fr omt hi s and si mi l ar exper i ment s, we concl uded t hat

t he measur ement of peak cur r ent was i ndependent of shunt r esi st ance, as l ong as t he

shunt r esi st ance was at l east 1 . 2 t i mes t he pi pet t e r esi st ance .

Vi br at i ng El ect r ode

Avi br at i ng mi cr oel ect r ode was used t o measur e ext r acel l ul ar cur r ent . The t echni que has

been descr i bed i n det ai l el sewher e ( Jaf f e and Nucci t el l i , 1974 ; Bet z and Cal dwel l , 1984) .

The met hod al l ows measur ement of cur r ent s as smal l as 0 . 1 uA/ cm' , but t o achi eve t hi s

sensi t i vi t y t he si gnal must be aver aged f or sever al seconds . Thus, i t i s usef ul f or st eady or

sl owl y var yi ng cur r ent s . I n addi t i on, t he met hod does not pr ovi de t he spat i al r esol ut i on

of t he l oose pat ch cl amp . We i nduced a st eady Na cur r ent wi t h ver at r i di ne or ver at r i ne

( a mi xt ur e of al kal oi ds, one of whi ch i s ver at r i di ne) . The muscl es wer e pr et r eat ed wi t h a-

bungar ot oxi n t o bl ock cur r ent s cr eat ed by t he r el ease of ACh f r om ner ve t er mi nal s .
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RESULTS

Di st r i but i on of No Cur r ent Densi t y i n Snake Muscl e

For our i ni t i al exper i ment s, we chose t o map Na cur r ent densi t i es i n f i ber s of

t he gar t er snake . The obl i quus ext er nus abdomi ni s muscl e was used t o map Na

cur r ent near t he ner ve t er mi nal and i n r egi ons up t o sever al mi l l i met er s f r om

t he ner ve t er mi nal . To map Na cur r ent cl ose t o t he t endon, we used a shor t

scal e muscl e f r om vent r al - most ski n ; one t endon of t hi s muscl e ends i n a t hi n

sheet of connect i ve t i ssue .

Near t he endpl at e . A pl ot of Na cur r ent densi t y vs . di st ance f r omt he endpl at e

i n an i nt act snake muscl e f i ber i s shown i n Fi g . 3 . I t i s evi dent t hat t he peak Na

cur r ent densi t y i n snake skel et al muscl e i s hi gh near t he endpl at e and f al l s of f

r api dl y wi t h l ongi t udi nal di st ance away f r om t he endpl at e . Tabl e I gi ves t he

aver age cur r ent densi t i es det er mi ned at near ( wi t hi n 35 Am) , i nt er medi at e

( bet ween 35 and 250 Am) , and f ar di st ances ( >250 Am) f r om t he endpl at e i n 1 1

E, , 10
7

oc 5

y m
0

0

i

	

o

' 200 , 0 ' 200 , 400

Di st ance f r om Endpl at e ( um)

FI GURE 3 .

	

Peak i nwar d Na cur r ent densi t y as a f unct i on of l ongi t udi nal di st ance

f r om t he endpl at e i n a snake muscl e f i ber . Fi ber 4- 1 . The open ci r cl es ar e f or

measur ement s pr ogr essi ng f r om l ef t t o r i ght and t he sol i d ci r cl es ar e f r om subse-

quent measur ement s pr ogr essi ng f r om r i ght t o l ef t . None of t he measur ement s was

made f r om si t es over l appi ng t he endpl at e .

snake f i ber s . The aver age i nwar d cur r ent densi t y f r om 20 near - endpl at e det er -

mi nat i ons was 18 . 1 mA/ cm2 , 4 . 9 t i mes t he aver age densi t y f r om 26 di st al si t es .

Si nce t he f al l - of f wi t h di st ance i s pr eci pi t ous, t hese f i gur es under st at e t he ex-

t r emel y hi gh densi t i es f ound cl ose t o t he endpl at e . Ther ef or e, we al so compar ed

t he hi ghest densi t y r ecor ded near t he endpl at e i n a gi ven f i ber wi t h t he aver age

di st al densi t y i n t he same f i ber . The mean of t he hi ghest / di st al r at i o i n seven

f i ber s was 8 . 6 ± 3 . 2 ( mean ± SD) , wi t h a r ange of 6 . 4- 14 . 3 . I n an ei ght h f i ber ,

t hi s r at i o was 1 . 9 .

We al so mapped t he di st r i but i on of Na channel s i n t wo f i ber s wher e t he

endpl at e was on t he edge of t he f i ber . I n bot h cases, t he cur r ent densi t y f el l

qui ckl y as t he el ect r ode was moved ci r cumf er ent i al l y away f r om t he endpl at e .

Fi g . 4 shows Na cur r ent r ecor ded at sever al posi t i ons i n t he vi ci ni t y of t he

endpl at e . I t i s cl ear t hat t he Na cur r ent densi t y i s not el evat ed equal l y t hr oughout

t he endpl at e segment of t he f i ber but r at her t hat t he endpl at e i t sel f i s t he f ocal

poi nt of t he i ncr eased cur r ent densi t y .

Ext r aj unct i onal , f ar f r om t he endpl at e . " Hot spot s" of moder at el y i ncr eased

Na cur r ent densi t y have been r epor t ed pr evi ousl y i n f r og skel et al muscl e by
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Al mer s et al . ( 1983a) . They f ound t hat t he Na cur r ent densi t y i n some f i ber s

var i ed as much as t hr eef ol d over di st ances of 10- 30 gym. They obser ved a much

smal l er var i at i on i n ot her f i ber s . Because t he r el at i onshi p bet ween t he measur e-

ment si t es and t he l ocat i on of t he endpl at e was undet er mi ned i n t hei r st udy, we

t est ed f or t he pr esence of si mi l ar var i at i ons i n snake f i ber s at l ocat i ons t hat we

coul d vi si bl y est abl i sh t o be wel l away f r om t he endpl at e . Fi g . 5 shows a pl ot of

peak cur r ent densi t y f r omt hr ee r epr esent at i ve f i ber s . Consi st ent . wi t h t he obser -

vat i ons of Al mer s et al . ( 1983a) , we f ound up t o a t wof ol d var i at i on i n di st ances

as shor t as 10- 20 Ami n t he snake . However , i n no case di d we f i nd " hot spot s"

wi t h densi t i es t hat appr oached t hose f ound i n t he r egi on of t he endpl at e .

Near t he t endon . I n t wo scal e muscl e f i ber s, t he Na cur r ent densi t y was

mapped at t he t endon ( Fi g . 6) . I n bot h f i ber s, t he densi t y decr eased near t he

TABLE I

I nwar d Na Cur r ent Densi t i es Measur ed i n I nt act Snake Muscl e

Hi ghest

near - endpl at e

Di st r i but i on of Na Cur r ent Densi t y i n Rat Muscl e

915

* The number of obser vat i ons i s gi ven i n par ent heses . d = di st ance of t he r ecor di ng si t e f r om t he near est

edge of t he endpl at e .

t endon, f al l i ng t hr eef ol d over t he 200 j mcl osest t o t he t endon . A decr ease i n

cur r ent densi t y at t he t endon was al so obser ved i n r at muscl e ( see bel ow) , wher e

cur r ent densi t i es wer e l ar ger and easi er t o map.

We exami ned a number of di f f er ent r at skel et al muscl e pr epar at i ons, i ncl udi ng

t he st er not hyr oi d, t r i angul ar i s st er ni , and omohyoi d, t o det er mi ne t hei r sui t abi l -

i t y f or mappi ng . Al t hough al l of t hese pr epar at i ons ar e r el at i vel y t hi n, none was
l ess t han sever al f i ber l ayer s t hi ck . Hence, al t hough one coul d i dent i f y i ndi vi dual
endpl at es, i t was di f f i cul t t o det er mi ne unambi guousl y t he f i ber i nner vat ed . Even
when t hi s det er mi nat i on was possi bl e, t he compl ex cr i ss- cr ossi ng of f i ber s i n t he
r egi on of i nner vat i on made i t di f f i cul t t o f ol l ow t he i nner vat ed f i ber over a

Fi ber d < 35 j um

mA/ cm2

35 < d < 250 dam

mA/ cm2

d > 250 um

mA/ cm2

cur r ent

mA/ cm2

4- 1 23 ( 5) * 7 . 6( 7) 4 . 0( 4) 26 . 5

5- 8 9 . 5( 3) 5 . 3( l ) 10 . 3

6- 2 21 . 3( 4) 7 . 8( 9) 3 . 2( 7) 26 . 0

7- 1 18 . 3( 2) 2 . 4( 2) 25 . 5

8- 5 15 . 5( 2) 3 . 0( 2) 18 . 5

9- 1 3 . 5( l )

10- 1 5 . 0( 7)

11- 2 16 . 9( 1) 16 . 9

12- 1 16 . 5( l ) 16. 5

35- 10 14 . 3( l ) 1 . 0( 1) 14 . 3

35- 25 17 . 6( l ) 2 . 3( l ) 17 . 6

18 . 1±6 . 1 7 . 7±5 . 0 3 . 7±1 . 3 19 . 1±5 . 7

n=20 n=16 n=26 n=9
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FI GURE 4.

	

Ci r cumf er ent i al decr ease i n peak Na cur r ent densi t y . Snake obl i quus

ext er nus abdomi ni s f i ber . The i nwar d cur r ent densi t y ( mA/ cm2 ) i s i ndi cat ed at each

r ecor di ng posi t i on . The space const ant f or bot h t he ci r cumf er ent i al and l ongi t udi nal

decr ease i n cur r ent densi t y was shor t er t han f or most snake f i ber s . The est i mat ed

r est i ng pot ent i al was - 90 mV and t he f i ber was hel d at t hi s pot ent i al . Pi pet t e

di amet er , 10 t cm; f i ber di amet er , 80, m; pi pet t e r esi st ance, 210 MShunt r esi st ances

var i ed f r om210 t o 310 W.

suf f i ci ent di st ance t o per mi t us t o det er mi ne t he di st r i but i on of peak Na cur r ent s

as i n Fi g . 3 . We t her ef or e chose t o make measur ement s i n enzymat i cal l y di sso-

ci at ed f i ber s of t he r at FDB muscl e, whi ch has shor t ( _<1 mm) f i ber s, and t he r at

omohyoi d, whi ch has f i ber s ^ " 1 cm l ong .

Di ssoci at ed f i ber s . The endpl at e of r at muscl e i s a r egi on def i ned by t he

br anchi ng of t he mot or ner ve . The br anches t er mi nat e i n bout ons beneat h whi ch

t he endpl at e membr ane i s t hr own i nt o synapt i c ( secondar y) f ol ds ( I shi kawa et

al . , 1983) . The t ops of t he synapt i c f ol ds cont ai n densel y packed ACh r ecept or s

( Fer t uck and Sal pet er , 1974) . Bet ween t he bout ons, t he endpl at e i s nonsynapt i c

and i s f r ee of f ol ds and densel y packed ACh r ecept or s . As i l l ust r at ed i n Fi gs . 7

and 8, t he di ssoci at i on pr ocess f r equent l y r esul t s i n f i ber s i n whi ch t he pr esynapt i c

t er mi nal has been di ssoci at ed f r ee f r om t he f i ber sur f ace . We f ound Na cur r ent s

7. 2

7. 4

	

6. 6

3. 8
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FI GURE 5 . Shor t - r ange var i at i on i n peak i nwar d Na cur r ent densi t y measur ed

mi df i ber i n i nt act snake muscl e . Di st ances ar e ar bi t r ar i l y r ef er r ed t o t he f i r st

r ecor di ng si t e . Al l r ecor di ng si t es wer e >400 t m f r om t he endpl at e and >1 mm

f r om t he t endon . Tr i angl es : f i ber 25- 1 ; ci r cl es : f i ber 25- 7 ; squar es : f i ber 10- 4 .
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t o be l ar gest when measur ed f r om t he exposed endpl at e r egi on . Recor di ngs

f r om 21 f i ber s, made wi t h bot h l ar ge and smal l pat ch pi pet t es ( see bel ow) , gave

a cur r ent densi t y of 139 ± 86 mA/ cm2 ( mean ± SD) . One of t hese f i ber s, t oget her

wi t h t he r ecor di ng pi pet t e, i s shown i n Fi g . 8 . The endpl at e r egi on, as def i ned

by f l uor escent a- bungar ot oxi n bi ndi ng, i s shown i n t he i nset and coi nci des wi t h

t he ar ea vi sual i zed as endpl at e wi t h Hof f man modul at i on cont r ast opt i cs . Fi g . 9

i l l ust r at es Na cur r ent s r ecor ded f r om an endpl at e and shows t hat t hey ar e about

f i vef ol d l ar ger t han cur r ent s r ecor ded i mmedi at el y adj acent t o t he endpl at e .

The hi gh Na cur r ent densi t i es r ecor ded at t he endpl at e ar e not an ar t i f act of t he

FI GURE 6.

	

The t endon end ( T) of an i nt act scal e muscl e f r oma snake . The shadow
of t he r ecor di ng pi pet t e ext ends over t he connect i ve t i ssue sheet i n whi ch t he muscl e
t er mi nat es . Pi pet t e t i p di amet er , 10 Am. Scal e bar , 20 Am.

enzymat i c di ssoci at i on, si nce cur r ent s of si mi l ar densi t y have been r ecor ded f r om

snake muscl e endpl at es t hat wer e exposed by dener vat i on ( Cal dwel l and Mi l t on,

1985) .

We used bot h l ar ge ( 15- 20 um) and smal l ( 2 . 5 um) pat ch pi pet t es t o r ecor d

Na cur r ent s at t he endpl at e . The aver age cur r ent densi t y measur ed wi t h l ar ge

pi pet t es f r om endpl at es of si x f i ber s was 76 ± 16 mA/ cm2 . Thi s val ue i s l ower

t han t hat measur ed wi t h smal l pi pet t es ( see bel ow) . Ther e appear t o be t wo

r easons f or t hi s di f f er ence . Fi r st , t he peak cur r ent s wer e suf f i ci ent l y l ar ge ( 100-
200 nA) wi t h t he l ar ge pi pet t es t hat t he membr ane pat ch escaped ef f ect i ve
pot ent i al cont r ol . Thus, an i nt r acel l ul ar el ect r ode i nser t ed 20 Amf r om a l ar ge

pat ch pi pet t e showed a 16- mV depol ar i zat i on i nsi de t he f i ber when t he peak
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i nwar d Na cur r ent was 90 nA. Ther ef or e, i f vol t age- cl amp condi t i ons ar e t o be

mai nt ai ned at t he endpl at e, smal l pat ch pi pet t es must be used . Addi t i onal l y, si nce

t he l ar ge pat ch pi pet t es cover a si gni f i cant f r act i on of t he ent i r e endpl at e, t hey

r ecor d bot h f r om subsynapt i c membr ane and f r om membr ane bet ween ner ve

t er mi nal bout ons .

Na cur r ent s r ecor ded f r om t he endpl at e wi t h 2 . 5- i t m- di am pi pet t es can be

>400 mA/ cm2 and can var y enor mousl y wi t hi n a si ngl e endpl at e . The endpl at es

of t hr ee f i ber s wer e mapped i n det ai l ; one of t hese i s shown i n Fi g . 10 . The peak

FI GURE 7 .

	

The exposed synapt i c membr ane of an enzymat i cal l y di ssoci at ed omo-
hyoi d muscl e . Removal of t he ner ve t er mi nal exposed an oval r egi on of secondar y
f ol di ng ( SF) , whi ch encl oses a smoot h cent r al r egi on t hat pr esumabl y has a l ow ACh
r ecept or densi t y . Scal e bar , 20 j um.

i nwar d cur r ent s i n Fi g . 10 r ange f r om <10 t o >400 mA/ cm2 . I n t he ot her t wo

f i ber s, t he cur r ent s r anged f r om <10 t o 184 and f r om 51 t o 245 mA/ cm2 . The

aver age cur r ent densi t y f or t he 2. 5- wm pi pet t es ( excl udi ng posi t i ons wher e Na

cur r ent was <0 . 5 nA) was 169 ± 90 mA/ cm2 ( mean ± SD, n = 14) . I t i s unl i kel y

t hat t he l ow Na cur r ent densi t y at some posi t i ons was due t o var i at i ons i n t he

shunt r esi st ance si nce t he shunt was 1- 1 . 9 MQ ( pi pet t e r esi st ance, 680 W) , and

t her e was no cor r el at i on bet ween t he si ze of t he cur r ent and t he var i ous shunt

r esi st ances . I t i s al so unl i kel y t hat t he smal l cur r ent s wer e t he r esul t of damage

si nce t he measur ement of l ar ge and smal l cur r ent s was unr el at ed t o t he sequence
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FI GURE 8.

	

Endpl at e r egi on of a si ngl e di ssoci at ed r at FDB f i ber . The l ower r i ght

i nset shows t he pi pet t e t i p and t he upper l ef t i nset i s a f l uor escence mi cr ogr aph of

f l uor escei n i sot hi ocyanat e a- bungar ot oxi n ( 4 jug/ ml ) , whi ch was bound bef or e r e-

cor di ng f r om t hi s endpl at e . The r ecor di ng posi t i on i s i ndi cat ed by t he bl ack ci r cl e

and cont ai ned bot h subsynapt i c and nonsynapt i c membr ane . Peak Na cur r ent

densi t y f r omt hi s spot was 126 mA/ cm2 . Scal e bar , 10 Am.
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A

B

1 MS

FI GURE 9 . ( A) Na cur r ent s r ecor ded di r ect l y f r om endpl at e membr ane of a

di ssoci at ed r at FDB f i ber . The ner ve t er mi nal was r emoved by enzymat i c di ssoci a-

t i on . The f i ber was si t uat ed i n t he di sh i n such a way t hat t he endpl at e was accessi bl e

t o t he pi pet t e . Vol t age st eps wer e f r om - 52 t o +83 mV i n 15- mV i ncr ement s . ( B)

Cur r ent s r ecor ded 5 j m f r om t he bor der of t he endpl at e . Vol t age st eps wer e f r om

- 52 t o - 7 mV i n 15- mV i ncr ement s . Hol di ng pot ent i al , - 112 mV ; pi pet t e di amet er ,

4 gym; pi pet t e r esi st ance, 600 kQ; shunt r esi st ance, 3 . 6 ( A) and 3 . 7 ( B) MQ. Fi ber

1127- 5 .

of r ecor di ng . Unf or t unat el y, we wer e not abl e t o det er mi ne vi sual l y whet her t he

pi pet t e l ay on or bet ween r egi ons of subsynapt i c membr ane . Possi bl e expl anat i ons

f or t hese var i at i ons i n Na cur r ent ar e di scussed l at er .

Near t he endpl at e . Na cur r ent densi t i es near t he endpl at e ar e hi gh but

consi der abl y l ower t han at t he endpl at e . Thus, t he aver age peak i nwar d cur r ent

densi t y f r om 13 FDB f i ber s at si t es 5- 15 , um f r om t he endpl at e was 29 . 5 ± 12

<10 <10 184 <10

408 <10 174 122

FI GURE 10 .

	

Peak i nwar d Na cur r ent densi t y r ecor ded at ei ght posi t i ons wi t hi n a

si ngl e endpl at e of a di ssoci at ed r at FDB f i ber . The number s wi t hi n t he ci r cl es

i ndi cat e t he sequence of r ecor di ng . The number s above and bel ow t he f i ber i ndi cat e

t he cur r ent densi t y ( mA/ cm2 ) at each posi t i on . Pi pet t e di amet er , 2 . 5 Am; pi pet t e

r esi st ance, 680 kQ. Shunt r esi st ances wer e bet ween 1 . 1 and 1 . 9 MS1 and t her e was

no cor r el at i on bet ween t he shunt and t he l ar ge or smal l cur r ent s . Hol di ng pot ent i al ,

- 132 mV. Fi ber 1107- 6 .
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mV ( mean ± SD) , about one- f i f t h t hat at t he endpl at e . A pl ot of Na cur r ent

densi t i es det er mi ned i n t he r egi on near t he endpl at e f r om f our f i ber s i s shown

i n Fi g . 11 . As i n t he snake, we f ound t he peak Na cur r ent densi t y t o be ver y

much gr eat er near t he endpl at e t han i t i s away f r om i t . I f anyt hi ng, t he densi t y

of Na cur r ent appear s t o f al l of f mor e st eepl y wi t h di st ance i n t he FDB t han i t

does i n t he snake . Thus, al t hough t he f i t was not wel l const r ai ned, t he f al l i ng of f

of densi t y i n Fi g . 11 i s consi st ent wi t h a l engt h const ant of ^- 30 gm.
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FI GURE 11 .

	

Peak i nwar d Na cur r ent densi t y as a f unct i on of di st ance f r om t he
endpl at e i n r at FDB muscl e . ( A) Fi ber 4- 24 . The open ci r cl es wer e obt ai ned f r om
measur ement s pr ogr essi ng f r om l ef t t o r i ght and t he sol i d ci r cl es wer e f r om t hose
pr ogr essi ng f r om r i ght t o l ef t . ( B) Combi ned dat a f r omt hr ee f i ber s : 15- 1 ( ci r cl es) ,
18- 1 ( t r i angl es) , and 4- 23 ( squar es) . As i n Fi g . 3, none of t he measur ement s was
made f r om si t es over l appi ng t he endpl at e .

Cur r ent densi t y i s l ow near t he t endon . Because t he f i ber s of t he FDB ar e ver y
shor t , i t seemed possi bl e t hat t he di st r i but i on of Na channel s mi ght be di f f er ent
i n t he l onger f i ber s mor e t ypi cal of mammal i an skel et al muscl e . We t hus used
t he di ssoci at ed omohyoi d pr epar at i on, i n whi ch i t was possi bl e t o det er mi ne t he
di st r i but i on of Na cur r ent densi t i es near t he endpl at e, at mi df i ber l ocat i ons t hat
wer e f ar f r om bot h t he endpl at e and t he t endon, and al so i n t he r egi on near t he
t endon . Fi g . 12 shows t hr ee pl ot s of t he peak Na cur r ent densi t y det er mi ned i n

di ssoci at ed r at omohyoi d muscl e f i ber s . I n t he omohyoi d muscl e, as i n t he snake

muscl e and t he r at FDB, t he peak Na cur r ent densi t y i s consi der abl y hi gher cl ose
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t o t he endpl at e . Mi df i ber densi t i es ar e i nt er medi at e i n si ze, and t he Na cur r ent
densi t y f al l s t o l ow l evel s near t he t endon . Two ot her di ssoci at ed omohyoi d
f i ber s t hat wer e mapped l ess compl et el y al so showed a mar ked f al l i ng of f of peak
Na cur r ent densi t y near t he t endon .

I nt act f i ber s . The r educed cur r ent densi t y near t he t endon was consi st ent
i n al l t he di ssoci at ed omohyoi d muscl es . These f i ber s, however , wer e f r agi l e
because of t he enzymat i c t r eat ment . For a det ai l ed map of t he t endon, we
r et ur ned t o t he i nt act omohyoi d . As descr i bed ear l i er , vi si bi l i t y i n t he i nt act
omohyoi d di d not per mi t us t o map t he f i ber accur at el y i n t he r egi on of t he

0 2000 4000 6000

Di st ance f r om Endpl at e ( pm)

FI GURE 12 . Na cur r ent densi t i es measur ed i n di ssoci at ed r at omohyoi d muscl e
f i ber s . I n al l f r ames, t he poi nt s r epr esent ed by t he squar es wer e obt ai ned sequent i al l y
f r om l ef t t o r i ght and t hose r epr esent ed by t he di amonds wer e subsequent l y obt ai ned
f r om r i ght t o l ef t . The ar r ows i ndi cat e t he l ocat i on of t he t endons . Fi ber s 29- 1 ( A) ,

24- 1 ( B) , and 27- 1 ( C) .

endpl at e . However , t he omohyoi d has a t endon t hat r uns per pendi cul ar l y acr oss
t he cent er of t he muscl e, and i n t hi s r egi on t he f i ber s ar e suf f i ci ent l y or der ed so
t hat one can unambi guousl y f ol l ow a si ngl e f i ber over a consi der abl e di st ance .
Fi g . 13 pl ot s Na cur r ent densi t i es measur ed i n t he r egi on of t he t endon i n an
i nt act omohyoi d muscl e f i ber . The peak Na cur r ent densi t y f el l dr amat i cal l y as
t he el ect r ode appr oached t he t endon . At a di st ance of 25 Amf r om t he t endi nous
t er mi nat i on, t he Na cur r ent densi t y was onl y ^- 6% of t he densi t y measur ed at
di st ances >1 mm. Most of t hi s decr ease occur r ed wi t hi n 200- 300 Am of t he
t endon . Thus, i n bot h r at and snake muscl e, t he Na cur r ent densi t y i s l ow near
t he t endon .

so
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As ment i oned above, f or t he endpl at e r egi on of r at muscl e i t was possi bl e t o
map Na cur r ent s wi t h t he l oose pat ch cl amp onl y wi t h enzymat i cal l y di ssoci at ed
f i ber s . The i ncr eased densi t y of Na channel s near t he endpl at e was conf i r med i n
i nt act muscl e usi ng a vi br at i ng mi cr oel ect r ode . The edge of an i nt act omohyoi d
muscl e wi t h a wel l - def i ned, vi si bl e endpl at e band was f i r st scanned wi t h t he
vi br at i ng el ect r ode . A st eady cur r ent was f ound, wi t h an out war d peak cent er ed
at t he endpl at e band . Thi s cur r ent was abol i shed by r epl acement of ext er nal Cl
wi t h i set hi onat e . A si mi l ar cur r ent i n r at l umbr i cal muscl e i s cr eat ed by a
nonuni f or m Cl conduct ance ( Bet z et al . , 1984a) . When ver at r i ne ( a mi xt ur e of
ver at r i di ne and ot her al kal oi ds) was added t o t he bat h t o open Na channel s, an
i nwar d cur r ent was i nduced . Thi s i nwar d cur r ent was cent er ed at t he endpl at e

band ( Fi g . 14) and was abol i shed by TTX ( not shown) .
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FI GURE 13 .

	

Decl i ne of peak i nwar d Na cur r ent densi t y near t he t endon of an
i nt act r at omohyoi d muscl e . Poi nt s pl ot t ed as squar es wer e t aken sequent i al l y f r om

r i ght t o l ef t ; poi nt s pl ot t ed as t r i angl es wer e t aken subsequent l y f r om l ef t t o r i ght .
The poi nt s pl ot t ed as sol i d squar es wer e measur ed at t he same l ocat i ons as t he
poi nt s i mmedi at el y bel ow t hem, but af t er a l onger per i od at t he hyper pol ar i zed
hol di ng pot ent i al ( t he l ower poi nt s of each pai r wer e measur ed at 2 mi n ; t he upper
poi nt near 1, 000 Am was measur ed af t er an addi t i onal mi nut e at t he hol di ng

pot ent i al , and t he upper poi nt near 125 Am was measur ed af t er an addi t i onal 2

mi n) . Hol di ng pot ent i al , - 126 mV. Fi ber 34- 24.

TTX Sensi t i vi t y of Na Channel s Near t he Endpl at e

0

0

923

Na- dependent r egener at i ve r esponses can be measur ed f r omt he endpl at e r egi on
of bot h r at ( Thesl ef f et al . , 1974) and f r og ( Nasl edov et al . , 1982) muscl e i n t he
pr esence of mi cr omol ar TTX, whi ch l eads t o t he hypot hesi s t hat TTX- i nsensi t i ve
Na channel s ar e l ocat ed near t he endpl at e . The abi l i t y t o measur e Na cur r ent s
near t he endpl at e usi ng t he l oose pat ch t echni que per mi t s a di r ect t est of t hi s
hypot hesi s . Such a t est i s i l l ust r at ed i n Fi g . 15A, whi ch shows t he bl ocki ng ef f ect
of 250 nMTTX on Na cur r ent s measur ed 15, umf r omt he endpl at e of an i nt act
snake muscl e f i ber . I n t hi s f i ber , exposur e t o 250 nM TTX r educed t he peak
Na cur r ent t o 7%of t he pr e- exposur e cont r ol . Af t er washout of t he t oxi n, t he

peak cur r ent r ecover ed t o ^ - 86%of t he cont r ol val ue . Fi g . 15B shows a pl ot of
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FI GURE 14 . Na cur r ent measur ed wi t h a vi br at i ng mi cr oel ect r ode . I nt act omo-

hyoi d muscl e . The posi t i ve cur r ent on t he or di nat e i s cur r ent l eavi ng t he muscl e .

I n nor mal Ri nger ( sol i d ci r cl es) , an endogenous cur r ent was pr esent t hat was

out war d i n t he r egi on cent er ed at t he endpl at e band ( at posi t i on zer o on t he

absci ssa) . The act i vat i on of Na channel s by t he addi t i on of ver at r i ne ( 1 mM) r esul t ed

i n a st eady i nwar d cur r ent cent er ed at t he endpl at e band ( open ci r cl es) . a- Bungar -

ot oxi n was pr esent t o bl ock synapt i c cur r ent s .
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FI GURE 15 .

	

TTX bl ock of Na cur r ent measur ed near t he endpl at e i n snake muscl e

f i ber s . ( A) Cur r ent s measur ed bef or e, dur i ng exposur e t o, and af t er a 20- mi n

washout of 250 nM TTX. Recor di ngs wer e f r om a si ngl e si t e 15 Am f r om t he

endpl at e of an i nt act snake muscl e f i ber . Pi pet t e di amet er , 18 um. Fi ber 35- 13 . Test

pot ent i al s wer e f r om - 52 . 5 t o - 7 . 5 mV i n 7 . 5- mV st eps . To i mpr ove t he si gnal - t o-

noi se r at i o, t est cur r ent s i n TTX wer e si gnal - aver aged f our t i mes . ( B) Dose- r esponse

cur ve f or bl ock of Na cur r ent . The or di nat e gi ves t he r at i o of t he peak cur r ent i n

t he pr esence of TTX t o t he peak cur r ent at t he same si t e bef or e exposur e t o TTX.

The sol i d poi nt s wer e det er mi ned i n a si ngl e f i ber , and t he open symbol s i n f our

ot her f i ber s . Al l si t es wer e wi t hi n 20 Am of t he f i ber endpl at e . The smoot h cur ve

pl ot s 1/ ( I + [ TTX] / Kd) wi t h Kd = 10 nM.
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t he r at i o of peak Na cur r ent i n var i ous concent r at i ons of t oxi n t o t he pr e- t oxi n

cont r ol cur r ent . The cur ve r epr esent s bl ock of Na cur r ent assumi ng a si ngl e

di ssoci at i on const ant of 10 nMf or TTXbi ndi ng t o t he bl ocki ng si t e . We concl ude

t hat i f t oxi n- i nsensi t i ve channel s ar e pr esent near t he endpl at e of snake muscl e,

t hen t hey must be t her e at ver y l ow densi t y .

DI SCUSSI ON

The l oose pat ch cl amp r eveal s t hat i n ver t ebr at e skel et al muscl e f i ber s, l ar ge

changes i n Na cur r ent densi t y occur over di st ances of sever al hundr ed mi cr om-

et er s . Compar ed wi t h t he mi df i ber r egi on, t he most dr amat i c var i at i ons ar e

f ound under and adj acent t o t he ner ve t er mi nal ( wher e t he densi t y i s much

hi gher ) and near t he t endon ( wher e t he densi t y i s much l ower ) . Al t hough changes

i n t he membr ane ar ea under t he pi pet t e ( di scussed i n det ai l bel ow) woul d af f ect

t he measur ed cur r ent , i t i s doubt f ul t hat t hese ar e r esponsi bl e f or most of our

obser vat i ons . Var i at i ons i n channel ki net i cs or uni t ar y conduct ance woul d al so

af f ect t he measur ed cur r ent densi t y, but agai n i t seems unl i kel y t hat t hese coul d

account f or t he 100- f ol d di f f er ences we obser ved . Thus, t he si mpl est i nt er pr e-

t at i on of t he changes i n measur ed cur r ent densi t y i s t hat t hey ar e due t o changes

i n channel densi t y .

Spat i al Map of Na Channel s

Endpl at e . The l ar gest cur r ent s wer e r ecor ded when t he pi pet t e l ay on t op

of t he endpl at e membr ane wi t h t he ner ve t er mi nal r emoved ( r at di ssoci at ed

muscl e f i ber s) . I n most cases, t he pi pet t e pr obabl y r ecor ded f r om bot h synapt i c

and nonsynapt i c membr ane because t he t wo ar e i nt er sper sed at mammal i an

endpl at es . The ext r emel y hi gh Na cur r ent densi t i es r ecor ded di r ect l y f r om t he

endpl at e r egi on wer e cal cul at ed assumi ng t hat t he membr ane ar ea was si mpl y

t he ar ea ci r cumscr i bed by t he pi pet t e mout h and di d not i ncl ude any addi t i onal

ar ea caused by membr ane f ol di ng. On t he basi s of t hi s assumpt i on, t he cur r ent

densi t y of 400 mA/ cm2 woul d r epr esent t he hi ghest densi t y of vol t age- gat ed

channel s r ecor ded f r omany t i ssue . For compar i son, ver t ebr at e nodes of Ranvi er

exhi bi t maxi mum Na cur r ent densi t i es of 80- 100 mA/ cm2 ; i t i s est i mat ed t hat

t he channel densi t y of l ar ge nodes of Ranvi er i s 2, 000 channel s/ , um2 ( see Hi f e,
1984, f or a di scussi on of channel densi t i es i n a var i et y of exci t abl e membr ane

pr epar at i ons) . I f we make t he si mpl est assumpt i on, t hat channel densi t i es scal e

wi t h cur r ent densi t i es, t hen 400 mA/ cm2 woul d r epr esent ^- 8, 000 channel s/ , cm2 .
Thi s number i s st r i ki ngl y si mi l ar t o t he 10, 000 ACh r ecept or channel s/ , cm2 at
t he t op of t he j unct i onal f ol ds i n ver t ebr at e endpl at es det er mi ned f r om a-
bungar ot oxi n bi ndi ng ( Fer t uck and Sal pet er , 1976 ; Mat t hews- Bel l i nger and
Sal pet er , 1978) .

Al t hough t he cur r ent r ecor ded wi t h l ar ge pi pet t es f r om t he endpl at e r egi on
i s sever al f ol d l ar ger t han t hat of near - endpl at e membr ane, t he cur r ent densi t y

r el at ed t o t he amount of sar col emmal membr ane may be about t he same : we

have not measur ed t he membr ane capaci t ance of t he pat ch, and t her e coul d be

as much as f i vef ol d mor e subsynapt i c membr ane because of secondar y f ol di ng
( Sal pet er and El def r awi , 1973) . However , addi ng t he secondar y f ol ds t o t he
membr ane ar ea used f or nor mal i zat i on assumes t hat Na channel s ar e di st r i but ed
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uni f or ml y i n t he endpl at e r egi on, whi ch i s pr obabl y not t he case . Usi ng smal l
pi pet t es, we measur ed l ar ge var i at i ons i n Na cur r ent densi t y at t he endpl at e .
The smal l Na cur r ent s ( <10 mA/ cm2 ) mi ght be ar t i f act s, e. g . , caused by f r ag-
ment s of ner ve or Schwann cel l t hat cover ed por t i ons of t he endpl at e . Al t er na-
t i vel y, some r egi ons of t he endpl at e may l ack Na channel s .

Regar dl ess of t he act ual cur r ent densi t y, i t seems cl ear t hat Na channel s occur

i n endpl at e membr ane . They may be l ocat ed i n r ecept or - f r ee r egi ons, i n second-

ar y f ol ds, and possi bl y even on t he t ops of t he f ol ds among t he ACh r ecept or s .

On t he basi s of ext r acel l ul ar r ecor di ngs of pr opagat i ng act i on pot ent i al s, Wer man

( 1963) concl uded t hat post synapt i c membr ane of f r og muscl e i s i nexci t abl e . I n

t he f r og, t he synapt i c membr ane i s ar r anged i n el ongat ed r i bbons r unni ng

par al l el t o t he f i ber axi s ( I shi kawa et al . , 1983) . Thus, i n cont r ast t o t he r at , i t

may be possi bl e t o r ecor d excl usi vel y f r om subsynapt i c membr ane of t he f r og . I f

Wer man' s r esul t s ar e cor r ect , t hey suggest t hat t he smal l Na cur r ent s we obser ved

at t he endpl at e may have been r ecor ded when t he pi pet t e was pr i mar i l y on

subsynapt i c membr ane .

Near t he endpl at e . The densi t y of t he Na cur r ent adj acent t o t he endpl at e

i s 5- 10 t i mes l ar ger t han t hat sever al hundr ed mi cr omet er s f ar t her f r om t he

endpl at e ( Beam et al . , 1985a ; Rober t s and Al mer s, 1985) . On t he basi s of

r ecor di ngs of act i on pot ent i al s ( Nast uk and Al exander , 1973) , t he Na channel

densi t y al so appear s t o be i ncr eased i n t he endpl at e r egi on of f r og muscl e . I t

seems ver y unl i kel y t hat di f f er ences i n t he ef f ect i ve ar ea of membr ane f r om

whi ch t he l oose pat ch pi pet t e r ecor ds coul d account f or t hi s l ar ge di f f er ence .

Mor eover , t he capaci t ance measur ement s of Rober t s and Al mer s ( 1985) suggest

t hat t he ef f ect i ve membr ane ar ea var i es l i t t l e wi t h posi t i on al ong t he f i ber .

The Na cur r ent densi t y decr eases wi t h bot h ci r cumf er ent i al and l ongi t udi nal

di st ances f r om t he endpl at e . The decr ease wi t h di st ance appear ed t o be about

t he same f or bot h di r ect i ons . Thus, t he cur r ent densi t y at t he opposi t e si de of

t he f i ber f r om t he endpl at e ( ant i pode) i s nor mal l y i nt er medi at e bet ween t hat

adj acent t o t he endpl at e and t hat of f ar ext r aj unct i onal r egi ons . We concl ude

t hat t he f ocal poi nt of t he i ncr eased densi t y i s t he endpl at e .

Ext r aj unct i onal , f ar f r om t he endpl at e and t endon . Cl osel y spaced r ecor di ngs

f ar f r om t he endpl at e and t he t endon of snake muscl e showed var i at i ons i n

channel densi t y of as much as t wo t o t hr eef ol d, si mi l ar t o t hose di scover ed by

Al mer s et al . ( 1983a) i n f r og muscl e . Ther e wer e no ext er nal mor phol ogi cal

f eat ur es t hat cor r el at ed wi t h t hese var i at i ons .

Near t he t endon . As t he t endon was appr oached, t he cur r ent densi t y r e-

mai ned at appr oxi mat el y mi df i ber l evel s unt i l t he el ect r ode was sever al hundr ed

mi cr omet er s f r om t he end of t he f i ber . The cur r ent densi t y t hen f el l smoot hl y

and r api dl y t o ver y l ow l evel s at t he end of t he f i ber . I t i s unl i kel y t hat t hese

r ecor di ngs ar e compl i cat ed by changes i n t he amount of membr ane under t he

el ect r ode because ( a) t he r ecor di ngs wer e not f r om t he ext ensi vel y f ol ded

membr ane at t he ver y end of t he f i ber , and ( b) usi ng el ect r on mi cr oscopy,

Ei senber g and Mi l t on ( 1984) have shown i n f r og muscl e t hat t he amount and

pr opor t i on of sur f ace and T- syst emmembr ane i s al most i dent i cal near t he t endon

and i n ext r aj unct i onal membr ane f ar f r om t he t endon .
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Funct i on of t he Nonuni f or mDi st r i but i on

One can i magi ne t wo r easons why i t mi ght be i mpor t ant t o have an i ncr eased

Na channel densi t y near t he endpl at e . Fi r st , t he pr esence of ext r a Na channel s

woul d hel p t o over come t he shunt i ng ef f ect cr eat ed by act i vat ed ACh channel s

( Fat t and Kat z, 1951) . Second, at r egi ons away f r om t he endpl at e, t he Na

channel s need onl y cont r i but e enough cur r ent t o br i ng t o t hr eshol d t he r egi on

of t he f i ber ahead of t he advanci ng act i on pot ent i al . At t he endpl at e, t he Na

channel s must suppl y cur r ent t o br i ng f i ber r egi ons on bot h si des of t he endpl at e

t o t hr eshol d . Thus, t he i ncr eased densi t y of Na channel s near t he endpl at e woul d

compensat e f or t hi s i ncr eased el ect r i cal l oad, t her eby i ncr easi ng t he saf et y f act or

f or neur omuscul ar t r ansmi ssi on . An i ncr eased saf et y f act or mi ght be par t i cul ar l y

i mpor t ant under condi t i ons when neur ot r ansmi t t er r el ease i s depr essed ( e . g . ,

t et ani c st i mul at i on) . Even f or a si ngl e pr esynapt i c act i on pot ent i al , an i ncr eased

saf et y f act or may be i mpor t ant f or some f i ber s . For exampl e, i n some f r og t wi t ch

muscl e f i ber s, a si ngl e pr esynapt i c st i mul us r el eases i nsuf f i ci ent neur ot r ansmi t t er

t o el i ci t a t wi t ch ( f or r evi ew, see Gr i nnel l and Her r er a, 1981) ; pr esumabl y,

condi t i ons t hat f aci l i t at e t r ansmi t t er r el ease ar e r equi r ed f or act i vat i on . Ob-

vi ousl y, f or f i ber s l i ke t hese, t he saf et y f act or woul d be cr i t i cal .

The cause of t he var i at i ons i n ext r aj unct i onal channel densi t y i s not cl ear .

St uhmer and Al mer s ( 1982) have shown t hat Na channel s have ver y l ow l at er al

mobi l i t y, and Al mer s et al . ( 1983x) have suggest ed t hat t he r egi ons of i ncr eased

densi t y may r ef l ect l ocal i zed channel i nser t i on . Al t er nat i vel y, Na channel s mi ght

aggr egat e af t er i nser t i on . Si mi l ar mechani sms may oper at e i n axonal membr ane .

Smi t h et al . ( 1982) f ound t hat when t hey exper i ment al l y demyel i nat ed axons,

l ocal i zed r egi ons of i ncr eased Na cur r ent densi t y appear ed i n t he i nt er nodal

membr ane bef or e r emyel i nat i on . I t wi l l be usef ul t o det er mi ne whet her axons

t hat ar e nor mal l y nonmyel i nat ed have si mi l ar var i at i ons i n Na channel densi t y .

The r api d decr ease i n Na cur r ent densi t y near t he t endon seems r easonabl e

f r oma f unct i onal poi nt of vi ew si nce t he end of t he f i ber behaves as a t er mi nat ed

cabl e . Thus, passi ve depol ar i zat i on i s l i kel y t o be suf f i ci ent t o br i ng t hi s t er mi -

nat ed segment r api dl y t o cont r act i on t hr eshol d .

Compar i son of Channel Pr oper t i es Near and Far f r om t he Endpl at e

Thesl ef f et al . ( 1974) and Nasl edov et al . ( 1982) r epor t ed t hat i n t he pr esence

of TTX, Na- dependent , l ocal , act i ve r esponses st i l l occur r ed i n t he endpl at e

r egi on but not i n ext r aj unct i onal r egi ons of r at and f r og muscl e . They t her ef or e

pr oposed t hat t her e ar e Na channel s near t he endpl at e t hat ar e TTX r esi st ant

i n nor mal l y i nner vat ed muscl e . We t est ed t hi s possi bi l i t y i n snake muscl e and

f ound no evi dence f or TTX- r esi st ant channel s at t he endpl at e . Pr el i mi nar y

exper i ment s on i nner vat ed r at FDBmuscl e i ndi cat e t hat al l Na channel s, i ncl ud-

i ng t hose bot h near and at t he endpl at e, ar e sensi t i ve t o TTX ( Cal dwel l and

Mi l t on, 1985) . I t may be t hat t he l ocal act i ve r esponses ci t ed above ar e a

consequence of t he hi gh densi t y of channel s r at her t han al t er ed TTX sensi t i vi t y .

Vol t age i s not expl i ci t l y measur ed wi t h t he l oose pat ch cl amp t echni que and

" r i mcur r ent s" may di st or t t he t r ue ki net i cs ( Al mer s et al . , 1983x) . Thus, det ai l ed

ki net i c compar i sons of cur r ent s f r omdi f f er ent r egi ons ar e di f f i cul t . Nonet hel ess,
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i n bot h snake and r at muscl e, t he ki net i cs of endpl at e and ext r aj unct i onal Na
cur r ent s showed no obvi ous di f f er ences. Si mi l ar l y, i n snake cost ocut aneous
muscl e, Rober t s and Al mer s ( 1985) f ound no di f f er ences i n t he ki net i cs of Na
cur r ent cl ose t o and f ar f r om t he endpl at e.

Al t er nat i ve Techni ques f or Channel Local i zat i on

Hansen Bay and St r i char t z ( 1980) used t he bi ndi ng of t r i t i at ed saxi t oxi n ( STX)

t o st udy t he di st r i but i on of Na channel s i n r at di aphr agm. They cut whol e

muscl es i nt o f i ve segment s, each of whi ch was sever al mi l l i met er s i n l engt h . STX
bi ndi ng of t he segment s cl osest t o t he t endon was 75%of t hat i n t he endpl at e
segment . I t seems unl i kel y t hat t hi s 25%decr ease i s r el at ed t o t he abr upt decr ease

of Na cur r ent densi t y we obser ved near t he t endon, because t hei r segment s wer e
sever al mi l l i met er s i n l engt h and t he t endons wer e cut of f . The segment cont ai n-
i ng t he endpl at e band had t he same or a l ower STX bi ndi ng as t he nei ghbor i ng
ext r aj unct i onal segment s . A possi bl e expl anat i on f or t he di scr epancy bet ween
t hei r r esul t s and our s i s t hat t he endpl at e segment cont ai ned a subst ant i al amount
of ext r aj unct i onal membr ane, whi ch masked t he i ncr ease near t he endpl at e .
Mor e r ecent wor k wi t h f l uor escent Na channel t oxi ns demonst r at es t hat Na
channel s ar e concent r at ed near synapses on myot ubes i n t i ssue cul t ur e ( Ange-
l i des, 1986) . I n Angel i des' wor k, t he possi bi l i t y t hat t he i ncr eased Na channel
densi t y i s a consequence of membr ane f ol di ng was excl uded by cont r ol exper i -
ment s wi t h f l uor escent l y l abel ed l i pi d or concanaval i n A.

Fr eeze- f r act ur e st udi es of muscl e have r eveal ed nonuni f or m di st r i but i ons of
membr ane pr ot ei ns . Par t i cl es t er med " squar e ar r ays" ar e f ound i n hi gher densi t y
i n f ast muscl e and ar e mor e numer ous away f r om t he endpl at e t han near t he
endpl at e ( El l i sman et al . , 1976) . Rogar t ( 1981) specul at ed t hat t hese mi ght be
Na channel s . The l oose pat ch cl amp measur ement s r ul e out t hi s possi bi l i t y si nce

t he di st r i but i on of Na cur r ent densi t y i s di f f er ent f r omt hat of t he squar e ar r ays .

The di st r i but i on of Na channel s r epor t ed her e wi l l be usef ul f or compar i son

wi t h ot her mor phol ogi cal or cyt ochemi cal st udi es .

Fi br i l l at i on

Dener vat ed muscl e pr oduces spont aneous act i on pot ent i al s cal l ed f i br i l l at i on

pot ent i al s, whi ch ar e used cl i ni cal l y as a di agnosi s of dener vat i on . Fi br i l l at i on i s

i ni t i at ed by osci l l at or y pot ent i al changes or by smal l r api d depol ar i zat i ons, bot h

of whi ch ar e bl ocked by TTXor by t he r emoval of ext r acel l ul ar Na ( Pur ves and

Sakmann, 1974) . One cur i ous f eat ur e of f i br i l l at i on i s t hat t he act i on pot ent i al s

or i gi nat e near t he dener vat ed endpl at e ( Bel mar and Eyzagui r r e, 1966 ; Pur ves

and Sakmann, 1974) . I f t he hi gh densi t y of Na channel s near t he endpl at e i s

mai nt ai ned i n dener vat ed muscl e, t hi s mi ght expl ai n t he t endency f or spont a-

neous act i on pot ent i al s t o or i gi nat e t her e .

Cont r ol of Channel Di st r i but i on

Na channel s ar e not t he onl y channel s nonuni f or ml y di st r i but ed al ong t he muscl e

f i ber . For many year s, onl y t he chol i ner gi c channel was known t o have l ongi t u-

di nal var i at i ons i n densi t y . I n addi t i on t o bei ng hi ghl y concent r at ed beneat h t he
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ner ve t er mi nal , ACh channel s ar e mor e concent r at ed i n t he near - endpl at e r egi on

( Mi l edi , 1960 ; Kuf f l er and Yoshi kami , 1975 ; Bekof f and Bet z, 1977) and i n

some cases i n t he t endon r egi on ( Kat z and Mi l edi , 1964) t han i n mi df i ber ,

ext r aj unct i onal membr ane . Ot her channel s ar e al so nonuni f or ml y di st r i but ed .

I nwar d r ect i f i er K' channel s appear t o be most abundant near t he endpl at e of

f r og muscl e ( Kat z and Mi l edi , 1982) , wher eas t he opposi t e i s t r ue f or Cl - channel s

i n r at muscl e ( Bet z et al . , 1984x) . Pr eci se maps of t he K+ and CI - channel

di st r i but i ons have not been made and t he pur pose of t hese speci al i zat i ons i s not
under st ood .

Al t hough t he ner ve may be ul t i mat el y r esponsi bl e f or al l t hese nonuni f or m

di st r i but i ons, i t seems cer t ai n t hat t he expr essi on of t hi s cont r ol i s compl ex and

may not al ways be di r ect . The cont r ol of ACh r ecept or di st r i but i on has been

st udi ed ext ensi vel y ( Fambr ough, 1979) . Ther e i s evi dence t hat muscl e act i vi t y

( Lomo and Rosent hal , 1972) , t r ophi c chemi cal f act or s ( Mi l edi , 1960) , mol ecul es

i n t he basal l ami na ( McMahan et al . , 1980) , sur f ace cont act ( Peng and Cheng,

1982) , and st eady el ect r i c f i el ds ( Or i da and Poo, 1978) can i nf l uence ACh

r ecept or channel l ocal i zat i on . The r el at i ve i mpor t ance of t hese mechani sms f or

t he devel opment and mai nt enance of t he ACh r ecept or di st r i but i on has yet t o

be det er mi ned . Fur t her mor e, t he di f f er ences i n di st r i but i on bet ween di f f er ent

channel t ypes i mpl y t hat no si ngl e mechani sm wi l l cont r ol al l of t hem.

Thi s r esear ch was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant s NS 14901 ( K. G. B. ) and

NS 16922 ( J . H. C. ) , by Nat i onal Sci ence Foundat i on gr ant BNS- 8418742 ( J . H. C. ) , by gr ant s

f r om t he Muscul ar Dyst r ophy Associ at i on of Amer i ca t o J . H . C. , K. G. B. , and D. T. C. , and by

Resear ch Car eer Devel opment Awar d NS 00840 ( K. G. B. ) .
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