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ABSTRACT

Sper m of t he sea ur chi n Tr i pneust es gr at i l l a r epeat edl y st ar t and st op swi mmi ng

when suspended i n seawat er and obser ved by dar k- f i el d mi cr oscopy . Whi l e i n t he

qui escent st at e, whi ch usual l y l ast s about a second, t he sper m assume a shape

r esembl i ng a cane, wi t h a shar p bend of - 3 . 4 r ad i n t he pr oxi mal r egi on of t he

f l agel l um and ver y l i t t l e cur vat ur e i n t he r est of t he f l agel l um except f or a sl i ght

cur ve near t he t i p . The occur r ence of qui escence r equi r es t he pr esence of at l east

2 mMCa
21

i n t he seawat er , and t he per cent age of sper m qui escent at any one

t i me i ncr eases subst ant i al l y when t he sper mar e i l l umi nat ed wi t h bl ue l i ght . Wi t h

i nt ense i l l umi nat i on, cl ose t o 100% of t he sper m become qui escent , and t hi s

per cent age decr eases gr adual l y t o ^- 0. 3%over a 104 - f ol d decr ease i n l i ght i nt ensi t y .

An i ncr eased concent r at i on of K+ i n t he seawat er al so i ncr eases t he per cent age of

qui escence, wi t h a maj or i t y of t he sper m bei ng qui escent i n seawat er cont ai ni ng

80 mM KCI . The i nduct i on of qui escence by l i ght or by i ncr eased KCl i s

compl et el y i nhi bi t ed by 10 1uM chl or pr omazi ne, and - 90% i nhi bi t ed by 1 mM

pr ocai ne or sodi um bar bi t al . Sper m t r eat ed wi t h t he di val ent - cat i on i onophor e

A23187 swi m qui t e nor mal l y, al t hough f or a r el at i vel y shor t per i od, i n ar t i f i ci al

seawat er l acki ng di val ent cat i ons, but ar e abr upt l y ar r est ed upon addi t i on of 0. 04-

0 . 2 mM f r ee Ca 2+ . The f l agel l ar wavef or m of t hese ar r est ed sper m i s al most

i dent i cal t o t hat of l i ght - i nduced qui escence i n t he l i ve sper m. The r esul t s suppor t

t he hypot hesi s t hat qui escence i s i nduced by a r i se i n i nt r acel l ul ar Ca2+, per haps

as a consequence of a membr ane depol ar i zat i on, and t hat i t i s si mi l ar t o t he ar r est

r esponse i n ci l i a .
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membr ane depol ar i zat i on

Al t er at i ons i n t he usual pat t er n of ci l i ar y and

f l agel l ar beat have been descr i bed i n many or ga-

ni sms. Two mai n t ypes of modi f i ed behavi or ar e

known : t he ar r est r esponse of met azoan ci l i a, and

t he changes i n di r ect i on or f or m of beat i ng, seen

i n bot h pr ot ozoan and met azoan ci l i a and f l agel l a .

These modi f i cat i ons ar e t r ansi ent i n nat ur e and of

f unct i onal i mpor t ance t o t he cel l s, and t hey can

be pr oduced by mechani cal , chemi cal , or el ect r i cal
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st i mul at i on ( 8, 30, 45) . I n gi l l ci l i a, t he ar r est

r esponse, whi ch i s under ner vous cont r ol , al l ows

t he cel l s t o r egul at e t he f l ow of f l ui d bet ween t he

gi l l f i l ament s ( 30) . I n ot her or gani sms, al t er at i ons

i n t he usual bendi ng pat t er n ar e i mpor t ant i n t act i c

behavi or ( 8, 24, 28) .

Whi l e f ul l det ai l s of t he mol ecul ar mechani sms

under l yi ng t hese r esponses ar e not known, t her e i s

st r ong evi dence i n many cases t hat t hey ar e me-

di at ed by a t r ansi ent i ncr ease i n t he i nt r acel l ul ar

concent r at i on of f r ee Ca" upon t he openi ng of

vol t age- sensi t i ve Ca
21

gat es ( 11, 36) t hat accom-

pani es depol ar i zat i on of t he cel l membr ane . I n l i ve



cel l s of Par ameci um, di r ect el ect r ophysi ol ogi cal
st udy has shown t hat ci l i ar y r ever sal i s associ at ed
wi t h a Ca" act i on pot ent i al ( 12, 32) , and use of
" Ca" has demonst r at ed a cor r el at i on bet ween

Ca 21 i nf l ux, membr ane depol ar i zat i on, and ci l i ar y
r ever sal ( 7) . Consi der abl e evi dence has accumu-
l at ed i n suppor t of t he i nvol vement of Ca" i n t he
ar r est r esponse of i nt act and demembr anat ed gi l l

ci l i a of Myt i l us and El l i pt i o ( 31, 37, 39, 47, 49) . I n

cer t ai n ot her or gani sms, i t has been possi bl e t o

obt ai n di r ect conf i r mat i on of t he r egul at or y r ol e
of Ca" by usi ng demembr anat ed cel l s t o demon-
st r at e t hat an i ncr ease i n Ca 21 concent r at i on t o 10
f , M causes changes i n t he di r ect i on or symmet r y
of beat i ng, as i n ci l i a of Par ameci um ( 33) , and
f l agel l a of Cr i t hi di a ( 23) , and of Chl amydomonas

( 24) . A Ca z+ - medi at ed change i n t he symmet r y of
f l agel l ar wavef or ms has been descr i bed i n sever al
speci es of sea ur chi n sper mt hat have been demem-
br anat ed wi t h Tr i t on X- 100 and r eact i vat ed wi t h
ATP ( 3- 6, 17) . Al t hough t hi s behavi or appear s
cl osel y r el at ed t o ci l i ar y r ever sal , t he ext ent t o

whi ch t hey shar e a common mechani sm i s not yet

known.
Af t er di l ut i on i nt o seawat er , sea ur chi n sper m

usual l y swi m cont i nuousl y at physi ol ogi cal t em-
per at ur e f or an hour or mor e . Thei r mot i l i t y can
be i nhi bi t ed by gaseous COz ( 29) or l ower ed pH
( 19) , but no behavi or r esembl i ng ci l i ar y ar r est has

been r epor t ed t o our knowl edge . Thi s paper , how-
ever , descr i bes an i nt er mi t t ent swi mmi ng behav-
i or , i n l i ve sper mf r om t he sea ur chi n Tr i pneust es

gr at i l l a, i n whi ch t he sper m r epeat edl y pass i n and
out of a qui escent phase at i r r egul ar i nt er val s, and
al so r epor t s some physi cal and chemi cal f act or s
t hat i nf l uence t he occur r ence of t hi s behavi or . The
r esul t s show t hat qui escence i n sper m f l agel l a has
many char act er i st i cs i n common wi t h ci l i ar y ar r est ,
and st r ongl y suppor t t he hypot hesi s t hat i t i s con-

t r ol l ed by a mechani smi nvol vi ng cal ci um. Pr el i m-

i nar y r epor t s of some of t hi s wor k have appear ed
pr evi ousl y ( 15, 17) .

The f ol l owi ng paper ( 16) r epor t s a Ca21 - i nduced
qui escent st at e i n demembr anat ed sper m r eact i -
vat ed wi t h ATP. Two ot her paper s pr esent an

anal ysi s of t he t r ansi ent wavef or ms t hat occur
dur i ng t he st oppi ng and st ar t i ng phases of f l agel l ar
beat i ng i n l i ve sper m and an anal ysi s of t he pat -
t er ns of mi cr ot ubul e sl i di ng dur i ng t he t r ansi ent s
( manuscr i pt i n pr epar at i on and r ef er ence 18) .

MATERI ALS AND METHODS

Sea ur chi ns of t he Hawai i an speci es Tr i pneust es gr at i l l a and
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Col obocent r ot us at r at us wer e i nduced t o shed t hei r sper m by

i nj ect i ng t hemwi t h 0. 5 MKCI . The sper mwer e usual l y col l ect ed

i n seawat er cont ai ni ng 0. 2 mMEDTA, adj ust ed t o pH 8. 3 and

Mi l l i por e f i l t er ed . Thi s wi l l be r ef er r ed t o as " st andar d seawat er . , ,

The sper m wer e kept as a st ock suspensi on ( 3- 10 mg/ ml ) at

r oom t emper at ur e f or up t o 4 h, and wer e di l ut ed f ur t her f or

obser vat i on i n a Pet r i di sh as needed . A f ew obser vat i ons wer e

made wi t h sper mof t he Cal i f or ni an sea ur chi ns St r ongl ocent r ot us
pur pur at us and Lyt echi nus pi ct us .

Ar t i f i ci al seawat er was pr epar ed wi t h 465 mMNaCl , 10 mM

KCI , 9. 8 mM CaCl 2, 25 mM MgCl 2. 28 mM MgS04 , 2 mM

NaHCO, , and 0 . 2 mMEDTA. I n ar t i f i ci al seawat er cont ai ni ng

al t er ed pr opor t i ons of KCI and NaCl , t he sum of t he concent r a-

t i ons of Na' and K' was kept at 475 mMt o mai nt ai n t he cor r ect

osmol ar i t y . For some exper i ment s ar t i f i ci al seawat er cont ai ni ng

465 mMchol i ne chl or i de i n pl ace of NaCl was used . Magnesi um-

f r ee ar t i f i ci al seawat er cont ai ned 465 mMNaCl , 10 mMKCI ,

9. 8 mM CaCl 2, 2 mM NaHC03 , and 0. 2 mM EDTA. For

exper i ment s wi t h t he di val ent - cat i on i onophor e A23187, ar t i f i ci al

seawat er cont ai ni ng no Ca" or Mg' * ( 465 mM NaCl , 10 mM

KCI , 2 mMNaHC0 3, and 0 . 2 mMEGTA) was used. Al l f or ms

of ar t i f i ci al seawat er wer e adj ust ed t o pH 8 . 3 bef or e use .

Sper mt o be t r eat ed wi t h t he i onophor e A23187 wer e col l ect ed

i n di val ent - cat i on f r ee ar t i f i ci al seawat er and di l ut ed i nt o mor e

of t he same t o a concent r at i on of - 8 mg/ ml . Then t o 5 ml of t he

same seawat er bei ng vi gor ousl y st i r r ed on a magnet i c st i r r er was

added a dr op of t he di l ut ed sper msuspensi on f ol l owed i mmedi -

at el y by 10 pl of a st ock sol ut i on of A23187 ( 10 mM i n 50%

di met hyl sul f oxi de- 50% et hanol [ vol / vol ] ) . Next , 0 . 25 ml of t he

suspensi on of i onophor e- t r eat ed sper m was added t o 2 . 25 ml of

t he di val ent - cat i on- f r ee ar t i f i ci al seawat er i n a Pet r i di sh. Cal ci um

was added i n t he f or m of al i quot s of a st ock sol ut i on of CaCl 2 i n

wat er , and under t hese condi t i ons t he f r ee Ca
21

concent r at i on i s

consi der ed t o be t he concent r at i on i n excess of t he 0 . 2 mM

EGTA pr esent i n t he ar t i f i ci al seawat er .

Obser vat i on di shes ( r ef er r ed t o as Pet r i di shes) wer e made by

f i xi ng gl ass r i ngs t o 75 x 50- mm mi cr oscope sl i des wi t h epoxy

r esi n, f ol l owed by car ef ul washi ng, and t hen coat i ng of t he i nner

sur f ace wi t h - 0 . 03% For mvar i n et hyl ene di chl or i de t o pr event

t he sper m f r omst i cki ng.

Sper m swi mmi ng i n ci r cl es at t he bot t om sur f ace of a Pet r i

di sh wer e obser ved at 22' - 23' C by dar k- f i el d mi cr oscopy . Rou-

t i ne obser vat i ons wer e made wi t h a x10 0. 22 NA obj ect i ve, a

0 . 7- 0 . 85 NA dar k- f i el d condenser and i l l umi nat i on f r om a XBO

15OWxenon l amp ( Osr am, Ber l i n) . Phot ogr aphy at l ow magni -

f i cat i on was per f or med on Pol ar oi d 3000 Type 107C f i l m or on

35- mm Kodak 2475 f i l m. Osci l l at i ons of t he head f r om t he mean

ci r cul ar t r aj ect or y of swi mmi ng sper mcan be seen easi l y on t i me

exposur es and wer e used t o det er mi ne t he l engt h of ci r cul ar ar c

t r avel l ed per beat , cal l ed t he t ur ni ng r at e ( see, f or exampl e, Fi g.

5) . For phot ogr aphy at hi gher magni f i cat i on, a x40 0. 75 NA

wat er - i mmer si on obj ect i ve wi t h a 1 . 2- 1 . 4 dar k- f i el d condenser

and 35- mmKodak 2475 f i l m wer e used .

The dose r esponse cur ve wi t h r espect t o l i ght i nt ensi t y was

measur ed wi t h a 0. 35- 0 . 9 NA dar k- f i el d condenser , t he same

i l l umi nat or as above, and a ser i es of cal i br at ed neut r al densi t y

f i l t er s pr epar ed f r om par t i al l y exposed phot ogr aphi c pl at es . Es-

t i mat es of t he per cent age of qui escent sper mwer e made by r api d

vi sual est i mat i on dur i ng t he f i r st 1- 2 s af t er movement t o a new

f i el d. Because t he sper m t ended t o adapt t o t he l i ght , t he per -

cent age of qui escence decr eased af t er a shor t t i me t o a st eady-

st at e val ue t hat was usual l y subst ant i al l y l ower t han t hat dur i ng

t he f i r st f ew seconds i n t he i l l umi nat i ng beam. Fr om I I t o 30

such est i mat es wer e made f or each i nt ensi t y of l i ght , t he exper i -



ment was r epeat ed wi t h t hr ee di f f er ent pr epar at i ons of sper m,

and t he r esul t s wer e aver aged . The est i mat es must be r egar ded

as appr oxi mat e, but t hey wer e suf f i ci ent l y accur at e t o ser ve our

pur pose. When i t was necessar y t o avoi d t he i nduci ng ef f ect of

l i ght , a gr een f i l t er ( Zei ss No. VG- 9) was used.

The sampl e of A23187 was ki ndl y donat ed by Dr . Rober t L .

Hami l l of Li l l y Resear ch Labor at or i es, I ndi anapol i s, I nd . Chl or -

pr omazi ne hydr ochl or i de and pr ocai ne hydr ochl or i de, bot h f r om

Si gma Chemi cal Co . , St . Loui s, Mo . , wer e pr epar ed as 0. 1 M

st ock sol ut i ons i n wat er and used t he same day . Cal ci umchl or i de

was r eagent gr ade f r omJ . T . Baker Chemi cal Co . , Phi l l i psbur g,

N. J .

RESULTS

Char act er i st i cs of I nt er mi t t ent Swi mmi ng

The movement of sea ur chi n sper mi n f r ee f l ui d

i s hel i cal , but when t hei r pat hs i mpi nge on a

sur f ace such as t he bot t om of an obser vat i on vessel

t hey become t r apped and swi mi n ci r cl es wi t h t hei r

pl ane of beat par al l el and cl ose t o t he sur f ace ( 20,

22) . Thi s ci r cl i ng movement i s a consequence of

sl i ght asymmet r y i n t he f l agel l ar bendi ng waves,

and a quant i t at i ve measur e of t he asymmet r y can

be obt ai ned by measur i ng t he t ur ni ng r at e of t he

sper m i n r ad/ beat ( 3, 5) . I n most pr epar at i ons,

>90% of t he sper m ar e f ound t o be movi ng i n

count er - cl ockwi se ci r cl es as seen by an obser ver

l ooki ng down t owar d t he sper m movi ng over a

sur f ace ( 20) .

When suspended i n seawat er and obser ved i n a

Pet r i di sh by dar k- f i el d l i ght mi cr oscopy, sper m of

t he sea ur chi n T. gr at i l l a r epeat edl y st op and st ar t

swi mmi ng . I ndi vi dual sper m st op at i r r egul ar i n-

t er val s, and t hen r esume swi mmi ng af t er a qui es-

cent per i od of about a second . However , as t he

sper m st ar t up f r om qui escence, t hei r swi mmi ng

pat hs ar e of t en near l y st r ai ght f or a shor t t i me

bef or e t hey agai n become ci r cul ar ( Fi g . 1) .

Dur i ng an epi sode of qui escence, t he sper m

f l agel l um assumes a char act er i st i c shape t hat r e-

sembl es a cane, wi t h a shar p bend of angl e of - 3 . 4

r ad i n t he pr oxi mal r egi on of t he f l agel l um near

t he head, a near l y st r ai ght mi d- r egi on, and a gent l e

bend of - 0 . 4 r ad near t he t i p ( Fi g . 2a) ; t hi s

wavef or m shows consi der abl e uni f or mi t y, bot h

among sper mof a gi ven pr epar at i on and f r om one

pr epar at i on t o anot her . Anal ysi s of hi gh- speed

movi e f i l ms of sper m under goi ng t he t r ansi t i on

bet ween qui escence and swi mmi ng has shown t hat

t he bends near t he pr oxi mal end and t he t i p of t he

qui escent f l agel l a ar e i n t he same di r ect i on r el at i ve

t o t he nor mal ci r cul ar swi m pat h as t he pr i nci pal

bends of beat i ng f l agel l a ( 13) . I n 17 qui escent

sper m f r om f our pr epar at i ons, t he angl es of t he

pr i nci pal pr oxi mal and di st al bends r anged f r om

3 . 3 t o 3 . 8 r ad and 0 . 2 t o 0. 7 r ad, r espect i vel y .

Al t hough t he mi d- r egi on of t he f l agel l um i s usu-

al l y al most st r ai ght , most pr epar at i ons cont ai n a

f ew sper m i n whi ch t hi s r egi on i s gent l y cur ved.

Occasi onal sper m l acki ng a di st al bend i n t hei r

f l agel l a ar e al so obser ved. The wavef or mof qui es-

cent sper m f l agel l a, l i ke t hat of beat i ng f l agel l a

( 22) , appear s essent i al l y pl anar . For conveni ence

i n t hi s paper , t he use of t he t er m " qui escent " shal l

be l i mi t ed t o i mmot i l e sper m whose f l agel l a ar e

bent i nt o t hi s char act er i st i c cane- shaped wave-

f or m.

I n some cases t he f l agel l a of qui escent sper m

show occasi onal i r r egul ar f l exi ng and qui ver i ng

movement s . These wi l l be descr i bed i n det ai l el se-

wher e .

I n gent l y homogeni zed pr epar at i ons cont ai ni ng

some mot i l e sper mwi t h shor t f l agel l a, i t was f ound

t hat sper m wi t h f l agel l a as shor t as 10 Pm st i l l

exhi bi t i nt er mi t t ent swi mmi ng. When st opped, t he

f l agel l ar wavef or m of such sper m consi st s of a

pr oxi mal bend of - 2 . 4 r ad ext endi ng out t o - 7

ym f r om t he head, wi t h t he r est of t he f l agel l um

al most st r ai ght ( Fi g . 2 b) .

Fact or s t hat I nf l uence t he Occur r ence of

I nt er mi t t ent Swi mmi ng

Exper i ment s wi t h ar t i f i ci al seawat er have shown

t hat t he pr esence of Ca" i s r equi r ed f or t he i n-

duct i on of qui escence . I n ar t i f i ci al seawat er con-

t ai ni ng <2 mMCa" , no qui escent sper mar e seen,

wher eas at concent r at i ons of Ca" bet ween 5 and

10 mM, t he per cent age of qui escent sper m appear s

t o be about t he same as t hat i n st andar d seawat er .

Apar t f r omt hi s r equi r ement f or Ca" , t he f act or

t hat i nf l uences t he occur r ence of qui escence most

st r ongl y i s bl ue l i ght . The i nduct i on of qui escence

by l i ght i s cl ear l y obser ved when one moves a

Pet r i di sh on t he mi cr oscope st age t o a new f i el d .

I n t he case of st r ong i nduct i on, near l y al l t he

sper m i n t he newl y i l l umi nat ed f i el d st op swi m-

mi ng wi t hi n 1- 2 s of bei ng moved i nt o t he l i ght

beam. The ef f ect i s seen most dr amat i cal l y at t he

bot t om sur f ace of t he di sh, whi ch i s wher e t he

sper m ar e usual l y obser ved swi mmi ng. However ,

occasi onal sper m can be seen t o st op up i n t he

sol ut i on away f r om t he bot t om of t he di sh. The

per cent age of sper m t hat st op at t he bot t omsur f ace

i s var i abl e f r om one pr epar at i on t o anot her and

of t en seems al so t o depend on t he par t i cul ar Pet r i

di sh bei ng used, al t hough i t i s not r el at ed t o t he
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l i ght absor pt i on pr oper t i es of t he gl ass. By usi ng

a ser i es of f i l t er s ( Zei ss : UG5, BG3, BG12) , t he

act i ve wavel engt h i n l i ght - i nduced st oppi ng has

been det er mi ned t o l i e i n t he r ange 400- 500 r i m,

and t he ef f ect can be al most el i mi nat ed by use of

a gr een f i l t er ( Zei ss, VG9) . The dose r esponse

cur ve was measur ed by est i mat i ng t he per cent age

of sper mt hat st opped upon i ni t i al movement i nt o

t he l i ght beamat di f f er ent i nt ensi t i es of i l l umi na-

t i on ( Fi g . 3) . As ment i oned, i t was f ound t hat wi t h

t he f ul l i nt ensi t y of our i l l umi nat or , cl ose t o 100%

of t he sper mi mmedi at el y st opped i n t he qui escent

wavef or m ( Fi g. 4) . Ast r i ki ng aspect of t he r esul t s

shown i n Fi g . 3 i s t hat t he per cent age of sper m

st opped shows a gr adual decr ease t o - 0 . 3%as t he

l i ght i nt ensi t y decr eases over a f act or of - 10" . The

l ow per cent age of sper m t hat cont i nue t o become

i nt er mi t t ent l y qui escent at a r el at i ve l i ght i nt ensi t y

of 10 - ° , or wi t h t he gr een f i l t er i nser t ed, may

r epr esent a basal , spont aneous l evel because under

t hese condi t i ons t he sper m usual l y do not st op

i mmedi at el y upon movement i nt o t he l i ght beam.

4

FI GURE 1

	

Dar k- f i el d mi cr ogr aphs of l i ve sper m of Tr i pneust es suspended i n nat ur al seawat er cont ai ni ng

0. 2 mMEDTA and adj ust ed t o pH 8 . 3 ( r ef er r ed t o as st andar d seawat er ) . The mi cr ogr aph, whi ch was

t aken a f ew seconds af t er movi ng t hi s f i el d i nt o t he l i ght beam, shows some sper m i n l i ght - i nduced

qui escence, and some t hat ar e swi mmi ng. Amongt hose swi mmi ng, most show l i t t l e asymmet r y as i ndi cat ed

by t he near st r ai ght ness of t hei r pat hs . Exposur e : 1 s. X 380 .
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However , we cannot be cer t ai n on t hi s poi nt be-

cause i t i s di f f i cul t t o make an accur at e est i mat e

of t he per cent age of qui escent sper mwhen t hi s i s

<1%. Except at t he hi ghest i nt ensi t i es, t he sper m

appear t o adapt t o t he l i ght , so t hat t he per cent age

of qui escent sper m i s hi ghest when t hey ar e i ni -

t i al l y moved i nt o t he beam and decr eases t o a

const ant l ower val ue af t er t hey have been i n t he

beam - 15 s . Exposur e of t he sper mt o t he maxi -

muml i ght i nt ensi t y f or sever al mi nut es r ender ed

t hem i r r ever si bl y nonmot i l e, pr esumabl y by r adi a-

t i on damage .

The br i ef per i od of r el at i vel y st r ai ght swi mmi ng

t hat usual l y f ol l ows qui escence i nt er f er es wi t h t he

measur ement of t he st eady- st at e asymmet r y of t he

f l agel l ar bendi ng waves of t hese sper mas i ndi cat ed

by t hei r t ur ni ng r at e . However , wi t h qui escence

pr event ed by suspensi on of t he sper m i n ar t i f i ci al

seawat er cont ai ni ng onl y 2 mMCa" , t he aver age

t ur ni ng r at e i n a t ypi cal pr epar at i on was det er -

mi ned t o be 0. 18 r ad/ beat ( r ange f or 20 sper mwas

0. 12- 0. 26 r ad/ beat ) . I t i s bel i eved t hat t hi s i s t he



t ur ni ng r at e t hat woul d be obser ved i n st andar d

seawat er i f t he sper m di d not pass i n and out of

qui escence .

The pr esence of a l ow concent r at i on of EDTA

or EGTA i n t he seawat er appear s t o enhance

somewhat t he per cent age of qui escent sper m, al -

t hough i t s pr esence i s not essent i al . I n our l abo-

r at or y, we usual l y add 0. 2 mMEDTA t o seawat er

because t hi s pr ol ongs t he l ongevi t y of t he sper m

( 48) , pr esumabl y by r educi ng t he l evel of cont am-

i nat i ng t r aces of f r ee heavy met al i ons .

I nt er mi t t ent swi mmi ng and t he st i mul at i on of

qui escence by l i ght do not r equi r e t he pr esence of

Mg" i n t he ext er nal medi um, and sper mi n Mg" -

f r ee ar t i f i ci al seawat er show about t he same l evel

of qui escence as i n nor mal seawat er cont ai ni ng 53
MMMg2+

.

The i nci dence of qui escence i s i ncr eased i f t he

sper m ar e suspended i n seawat er cont ai ni ng a

hi gher t han nor mal concent r at i on of pot assi um.

Under t hese condi t i ons, i nduct i on by l i ght does

not seem t o be a f act or and t he pr opor t i on of

qui escent sper mi s about t he same wi t h gr een l i ght

as wi t h nor mal i l l umi nat i on . A maxi mal ef f ect

appear s t o be obt ai ned wi t h seawat er cont ai ni ng

- 80 mMK+ . When sper m ar e exami ned i mme-

di at el y af t er t r ansf er t o t hi s sol ut i on and mi xi ng,

50- 90% ar e qui escent wi t h t hei r f l agel l a bent i n

t he usual cane- shaped f or m. Those t hat r emai n

mot i l e show asymmet r i c f l agel l ar waves of l ow

ampl i t ude ( 2) and swi m sl owl y i n ci r cl es of smal l

r adi us, some wi t h count er cl ockwi se and some wi t h

cl ockwi se mot i on . Many of t he sper m al t er nat e

bet ween qui escence and t hi s f eebl e mot i l i t y, but

t he dur at i on of each epi sode of qui escence i s 5 s

or mor e, consi der abl y l onger t han i n st andar d

seawat er . Thi s K+- i nduced qui escence r equi r es ap-

pr oxi mat el y t he same Ca" concent r at i on i n t he

seawat er as t he qui escence i nduced by l i ght i n

seawat er cont ai ni ng nor mal l evel s of K' and Na' .

The ef f ect of el evat ed pot assi um i s l ess pr o-

nounced at 40 or 60 mMK+, whi l e at 100 mMK+

t he per cent age of qui escence i s usual l y l ower t han

at 80 mM K+, and t he mot i l e sper m ar e most l y

swi mmi ng vi gor ousl y i n ci r cl es of smal l r adi us . I n

seawat er cont ai ni ng 475 mMK' and no Na' , 80-

FI GURE 2 Dar k- f i el d mi cr ogr aphs showi ng t he f l agel l ar wavef or ms i n t ypi cal l i ve sper m dur i ng t he
qui escent phase of l i ght - i nduced i nt er mi t t ent swi mmi ng . ( A) I nt act sper m. ( B) Sper mwi t h f l agel l a of - 10
pm. Exposur e : f l ash . x 1040.
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FI GURE 3 Var i at i on of t he per cent age of qui escent

sper m wi t h t he i nt ensi t y of l i ght . Est i mat es wer e made

dur i ng t he f i r st 1- 2 s af t er movement of t he di sh t o a

new f i el d . A val ue of 1 was ar bi t r ar i l y assi gned t o t he

i nt ensi t y of t he unf i l t er ed beam of our i l l umi nat or .

100%of t he sper m ar e nonmot i l e i ni t i al l y, whi l e

t he r est bar el y t wi t ch . The f l agel l ar wavef or ms i n

t he maj or i t y of t he nonmot i l e sper mr esembl e t he

cane- shaped qui escent f or m, but t hey ar e l ess ho-

mogeneous i n shape t han usual . Af t er a shor t t i me,

a smal l per cent age of t he sper mbegi n swi mmi ng

i n count er cl ockwi se and cl ockwi se ci r cl es of smal l

r adi us, but no epi sodes of qui escence ar e obser ved

i n t he mot i l e sper munder such condi t i ons . By 5-

10 mi n, al l t he sper m ar e nonmot i l e and do not

r esume mot i l i t y i f t r ansf er r ed back i nt o st andar d

seawat er . On t he ot her hand, i n ar t i f i ci al seawat er

t hat cont ai ns 475 mMNa' and no K+, t he l i ght -

i nduced i nt er mi t t ent swi mmi ng obser ved i s ap-

pr oxi mat el y t he same as t hat i n st andar d seawat er .

An at t empt has been made t o det er mi ne

whet her t he i nt er mi t t ent swi mmi ng shows a r e-

qui r ement f or ext er nal Na' , by r epl aci ng i t i n t he

seawat er wi t h chol i ne ( 25) . I n ar t i f i ci al seawat er

cont ai ni ng 465 mM chol i ne chl or i de i nst ead of

NaCl , t he sper m swi m i n smal l ci r cl es wi t h an

aver age t ur ni ng r at e of 0 . 43 r ad/ beat , i ndi cat i ng

t hat t he f l agel l ar bendi ng waves ar e much mor e
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asymmet r i c t han i n st andar d seawat er . However ,

no qui escent sper m ar e seen even at hi gh l i ght

i nt ensi t i es . I n t hi s seawat er , mor e t han hal f t he

sper mswi m i n cl ockwi se ci r cl es .

I n addi t i on t o di scover i ng t he above f act or s t hat

ei t her ar e r equi r ed f or , or enhance t he i nt er mi t t ent

swi mmi ng, i t has been f ound t hat cer t ai n dr ugs

el i mi nat e t he behavi or , over r i di ng even t he most

st r ongl y i nduci ng condi t i ons . The most ef f ect i ve

of t hese i s chl or pr omazi ne hydr ochl or i de, whi ch

at 5- 10 AM abol i shes qui escence even i n sper m

t hat ar e suspended i n ar t i f i ci al seawat er cont ai ni ng

80 mMKCI , and 0 . 2 mMEDTA, or ar e i nt ensel y

i l l umi nat ed, and t hat bef or e t he addi t i on of chl or -

pr omazi ne showed a ver y hi gh per cent age of qui -

escence . Thi s dr ug causes t hat pr opor t i on of t he

sper m t hat swi m wi t h cl ockwi se mot i on i n seawa-

t er cont ai ni ng el evat ed K+ t o conver t t o count er -

cl ockwi se swi mmi ng . Pr ocai ne hydr ochl or i de ( 35)

and sodi um bar bi t al al so gr eat l y r educe t he per -

cent age of l i ght - i nduced qui escent sper m i n st an-

dar d seawat er at concent r at i ons of 0 . 6 and 1 mM,

r espect i vel y, al t hough a smal l per cent age of qui -

escence st i l l per si st s . I n ot her r espect s, t he sper m

appear t o be unaf f ect ed by t he addi t i on of t hese

dr ugs, except t hat i n t he pr esence of chl or pr oma-

zi ne t hey ar e hi ghl y sensi t i zed t o t he dest r uct i ve

ef f ect of l i ght , and become i r r ever si bl y nonmot i l e

wi t hi n 1 mi n i n t he l i ght beam used f or nor mal

vi ewi ng.

Obser vat i ons wi t h Ot her Speci es of

Sea Ur chi n

Nei t her i nt er mi t t ent swi mmi ng nor f l agel l a wi t h

t he t ypi cal qui escent wavef or m have been seen i n

sper m f r om a second speci es of Hawai i an sea

ur chi n C. at r at us, even under st r ongl y qui escence-

i nduci ng condi t i ons . However , t he i nt er mi t t ent

swi mmi ng and t he t ypi cal , cane- shaped qui escent

f or m have been seen i n sper mof t wo Cal i f or ni a

speci es of sea ur chi n, S. pur pur at us and L. pi ct us,

wi t h - 5%bei ng qui escent at a gi ven moment . I n

br i ef exper i ment s wi t h sper mof t hese l at t er spe-

ci es, however , no def i ni t e i nduci ng ef f ect of l i ght

coul d be demonst r at ed .

St udi es wi t h t he I onophor e A23187

and Cal ci um

The above r esul t s, t oget her wi t h t he known

ef f ect s of Ca" on ci l i ar y ar r est and r ever sal , sug-

gest ed t hat one shoul d i nvest i gat e t he ef f ect s of

i nt r oduci ng Ca" i nt o l i ve sper m wi t h t he di val ent -



FI GURE 4 Dar k- f i el d mi cr ogr aph showi ng l i ght i nduct i on of qui escence i n l i ve sper m i n st andar d

seawat er . The mi cr ogr aph was t aken i mmedi at el y af t er movi ng t hi s f i el d of sper mi nt o t he i l l umi nat i ng

beam and shows near l y 100% of t he sper m i n qui escence . Exposur e: 1/ 2 s . x 380 .

cat i on i onophor e A23187 . When f r eshl y shed

sper mof Tr i pneust es ar e di l ut ed i nt o ar t i f i ci al sea-

wat er l acki ng di val ent cat i ons, as i n t he pr ocedur e

f or t r eat i ng t hem wi t h A23187, t hey ar e i ni t i al l y

most l y nonmot i l e wi t h t hei r f l agel l a i n a sl i ght l y

cr escent ed shape, and t hen become 95- 98%mot i l e

wi t hi n 1- 2 mi n. Under t hese condi t i ons, t he sper m

swi m cont i nuousl y i n ci r cl es at t he bot t om sur f ace

of t he di sh wi t h a t ur ni ng r at e of - 0 . 2 r ad/ beat ,

about t he same as t hat i n seawat er cont ai ni ng onl y

2 mM Ca" ( i n whi ch qui escence i s pr event ed) .

The same pat t er n of movement i s seen wi t h sper m

t hat have been t r eat ed wi t h i onophor e as descr i bed

i n Mat er i al s and Met hods ( Fi g . 5A) , or sper mt hat

have been t r eat ed wi t h onl y t he i onophor e sol vent .

However , t he l ongevi t y of sper m i n di val ent cat -

i on- f r ee seawat er i s r el at i vel y shor t . Whet her or

not t he sper mhave been t r eat ed wi t h i onophor e,

t he f l agel l ar beat f r equency and t he per cent age of

mot i l e sper mgr adual l y decr ease, unt i l af t er 5- 15

mi n t he sper m ar e nonmot i l e, and t hei r f l agel l a

ar e st r ai ght .

A dr amat i c r esul t i s obser ved i f 0. 24- 0. 4 mM

Ca
21

( cor r espondi ng t o ^- 0. 04- 0 . 2 mMf r ee Ca
21)

i s added t o t he i onophor e- t r eat ed sper mwhi l e t hey

ar e mot i l e. The sper m i mmedi at el y become ar -

r est ed wi t h t hei r f l agel l a uni f or ml y bent i nt o ex-

act l y t he same cane- shaped wavef or m as non- i on-

ophor e- t r eat ed sper mi n l i ght - i nduced qui escence

( Fi g . 5 B) . Al t hough t he i onophor e- t r eat ed pr epa-

r at i ons ar e ver y homogeneous i ni t i al l y, t hey ar e

unst abl e wi t h t i me, and af t er 5- 15 mi n t he sper m

f l agel l a gr adual l y begi n t o st r ai ght en, somet i mes

wi t h t wi t chi ng movement s, unt i l t hey, l i ke t he

f l agel l a of i onophor e- t r eat ed sper mt hat have not

been gi ven Ca" , ar e st r ai ght . Wi t h a gi ven pr ep-

ar at i on of i onophor e- t r eat ed sper m, t he t i me r e-

qui r ed f or appear ance of t he st r ai ght , nonmot i l e

phase i s about t he same whet her or not Ca" has

been added .

Addi t i on of hi gher concent r at i ons of f r ee Ca"

( 0 . 6- 1 . 0 mM) t o act i vel y swi mmi ng, i onophor e-

t r eat ed sper m does not gi ve a uni f or m qui escent

wavef or m, but i nst ead pr oduces a het er ogeneous

popul at i on i n whi ch most of t he sper mar e st at i on-

ar y wi t h var i ed f l agel l ar wavef or ms, whi l e t he

f l agel l a of a f ew sper mbeat i r r egul ar l y f or - 1 mi n

i n a sl ow, asymmet r i c f ashi on . At Ca21 concent r a-

t i ons somewhat l ower t han t hose needed t o pr o-

duce qui escence, i onophor e- t r eat ed sper mar e mo-
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FI GURE 5

	

Dar k- f i el d mi cr ogr aphs of . ( A) sper m t hat have been t r eat ed wi t h i onophor e A23187, t hen

di l ut ed t enf ol d i nt o ar t i f i ci al seawat er cont ai ni ng 0 . 2 mMEGTA and no di val ent cat i ons . The sper mar e

swi mmi ng i n ci r cl es at t he bot t om sur f ace of t he Pet r i di sh . ( B) t he same pr epar at i on of sper m af t er

addi t i on of - 0 . 1 mMf r ee Ca" . Near l y al l t he sper m i n t he pr epar at i on ar e qui escent . Bl ur r ed ci r cl es ar e

caused by st at i onar y sper mout of t he pl ane of f ocus . Exposur e : 1 s . x 380.

8

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 84, 1980



t i l e wi t h f l agel l ar wavef or ms t hat ar e mor e asym-

met r i c t han nor mal , but I have not seen t he ex-

t r eme degr ee of asymmet r y t hat can be obt ai ned

wi t h r eact i vat ed sper mof t hi s speci es ( 17) .

I onophor e- t r eat ed sper mcannot be made qui es-

cent by addi ng me, ( 0. 3 or 5 MMMgS04) i nst ead

of Ca" . Under such condi t i ons t he sper m f l agel l a

cont i nue t o beat , but become abnor mal somewhat

mor e qui ckl y t han i n t he absence of Mg" . Mor e-

over , subsequent addi t i on of Mg" t o sper m t hat

have been made qui escent wi t h 0. 1 mMf r ee Ca
21

causes t hem t o r esume mot i l i t y . Addi t i on of 5 mM

MgS04 i nduces essent i al l y 100%mot i l i t y, wi t h an

i ni t i al beat f r equency of 10- 20 Hz, f ol l owed by

compl et e l oss of mot i l i t y af t er 1- 2 mi n .

I onophor e- t r eat ed sper mof Col obocent r ot us be-

have qui t e di f f er ent l y f r om t hose of Tr i pneust es i n

t hei r r esponse t o Ca" . Thr oughout t he r ange be-

t ween 0. 04 and 1 . 0 mM f r ee Ca" , most of t he

sper m beat wi t h symmet r i cal wavef or ms of l ow

ampl i t ude and swi m i n al most st r ai ght pat hs .

Some sper m ar e nonmot i l e, but no f l agel l ar wave-

f or ms ar e seen t hat r esembl e t hose of qui escent

Tr i pneust es sper m.

DI SCUSSI ON

On t he basi s of t he pr esent r esul t s and by anal ogy

wi t h t he wel l subst ant i at ed hypot hesi s expl ai ni ng

ci l i ar y r ever sal i n Par ameci um ( 12, 32) and ci l i ar y

ar r est i n Myt i l us and El l i pt i o ( 31, 47, 49) , we

pr opose t hat t he swi mmi ng of sper m of Tr i pneust es

can be ar r est ed by an i nf l ux of Ca" i nt o t he

f l agel l um, t hat t hi s i nf l ux of Ca" can be t r i gger ed

by var i ous st i mul ae, i ncl udi ng bl ue l i ght , and t hat

i t i s pr obabl y associ at ed wi t h a membr ane depo-

l ar i zat i on. Thi s excess i nt r af l agel l ar Ca" i s t hen

pr esumabl y r emoved by out war d act i ve t r anspor t ,

i nvol vi ng a Ca" - pump i n t he f l agel l ar membr ane

( 10, 38) , and when t he i nt r af l agel l ar Ca' concen-

t r at i on has r eached a suf f i ci ent l y l ow l evel , t he

sper m r esume swi mmi ng i n what appear s t o be a

spont aneous manner . Under appr opr i at e condi -

t i ons, t hi s pr ocess l eads t o an i nt er mi t t ent st op-

st ar t swi mmi ng of t he sper m, i n whi ch t he f l agel l a

al t er nat e at i r r egul ar i nt er val s bet ween qui escence

and appar ent l y nor mal mot i l i t y .

Sever al l i nes of evi dence suppor t t he hypot hesi s

t hat ar r est i s i nduced by a sudden i ncr ease i n i nt r a-

f l agel l ar Ca" . The occur r ence of i nt er mi t t ent

swi mmi ng r equi r es a mi ni mumof - 5 mMCa' i n

t he seawat er , even under st r ongl y qui escence- i n-

duci ng condi t i ons. Uni f or mqui escence i s obt ai ned

by addi t i on of Ca' t o i onophor e- t r eat ed sper m.

I n addi t i on, ar r est i s el i mi nat ed by chl or pr oma-

zi ne, a dr ug whose act i on i n t he phar macol ogi cal l y

act i ve r ange of 0 . 1- 10 I LM i s t hought t o i nvol ve

compet i t i on wi t h Ca" i n i t s i nt er act i on wi t h

pl asma and ner ve membr anes ( 1, 43) . Thi s i nt er -

pr et at i on i s conf i r med by our f i ndi ng, r epor t ed i n

t he f ol l owi ng paper ( 16) , t hat qui escence can be

i nduced by t he addi t i on of Ca
21

t o r eact i vat ed

sper m.

I n sper m t r eat ed wi t h di val ent cat i on- i ono-

phor e, - 0. 1 mM added f r ee Ca
21

i s needed t o

i nduce qui escence . The concent r at i on of Ca
21

t hat

act ual l y r eaches t he i nt er i or of t he cel l i s unknown,

f or t he t r anspor t of Ca21
i ons t hr ough A23187-

i nduced por es may occur wi t h l ow ef f i ci ency and

woul d pr esumabl y be opposed by a Ca" pump i n

t he f l agel l ar membr ane ( 10, 38) . However , an up-

per l i mi t can be pl aced on t he i nhi bi t or y concen-

t r at i on by assumi ng t hat t he i nt r acel l ul ar Ca"

concent r at i on i s equal t o t he f r ee Ca" concent r a-

t i on i n t he ext er nal medi um, and t hi s i ndi cat es

t hat t he i nt r acel l ul ar concent r at i on r equi r ed f or

ar r est does not exceed 0. 1 mM. Thi s i nhi bi t or y

l evel i s l ower t han t hat used t o i nduce ar r est i n

i onophor e- t r eat ed gi l l ci l i a ( 49) , al t hough i n most

st udi es on cel l s t hat have been compl et el y demem-

br anat ed, ci l i ar y r ever sal or ar r est i s i nduced by a

f r ee Ca" concent r at i on of 1- 10 pi n ( 31, 47, 49) .

The pr el i mi nar y f i ndi ng t hat t he i nduct i on and

wavef or mof qui escent r eact i vat ed sper mar e i nf l u-

enced by t he pH ( 16) suggest s t he possi bi l i t y t hat

changes i n i nt r acel l ul ar pH may al so pl ay a r ol e

i n qui escence i n t he l i ve sper m. Such changes i n

pH coul d ar i se, f or exampl e, t hr ough changes i n

t he pr ot on conduct ance of t he membr ane dur i ng

depol ar i zat i on or as a consequence of a di mi ni shed

r at e of dynei n cr oss- br i dge act i vi t y and concomi -

t ant ATP hydr ol ysi s dur i ng t he qui escent phase .

The het er ogeneous r esponse, i ncl udi ng some

mot i l i t y, t hat was obt ai ned when r el at i vel y hi gh

l evel s of Ca" ( 1- 2 mM) wer e added t o i onophor e-

t r eat ed sper m, i s as yet unexpl ai ned . A si mi l ar

r esponse i n demembr anat ed sper m of Tr i pneust es

i s descr i bed and di scussed i n t he f ol l owi ng paper

( 16) .

The i onophor e A23187 i s not speci f i c f or Ca" ,

but pr omot es t r ansmembr ane passage of many

t ypes of di val ent cat i on, and, i n par t i cul ar , i s at

l east as ef f ect i ve f or Mgz+
as f or Ca

21
( 46) . For

t hi s r eason,
Mgz+

as wel l as Ca
21 was el i mi nat ed

f r om t he t est sol ut i ons, or was suppl i ed i n a con-

t r ol l ed way . The r ever sal of ar r est t hat was ob-

t ai ned by addi ng MgS04 t o i onophor e- t r eat ed
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sper m ar r est ed wi t h Ca
21

i s di f f i cul t t o i nt er pr et

because of t he gener al br eakdown of t he i oni c

compar t ment al i zat i on of t he cel l under t hese con-

di t i ons, and awai t s f ur t her wor k . The possi bi l i t y

t hat Mgt + compet es wi t h Ca" f or si t es i n t he

bi ndi ng pr ocess t hat l eads t o qui escence shoul d be

consi der ed, al t hough t he l ack of r esponse of qui es-

cent r eact i vat ed sper m t o t he addi t i on of 10 mM

MgSO, i s i n appar ent cont r adi ct i on t o t hi s ( 16) .

The hypot hesi s t hat a membr ane depol ar i zat i on

per mi t s t he i nf l ux of Ca" i n l i ve sper m of Tr i p-

neust es i s based par t l y on t he obser vat i on t hat

qui escence i s i nduced by l i ght i n l i ve sper m but

not i n i onophor e- t r eat ed or demembr anat ed

sper m, and par t l y on t he anal ogy t o t he ext ensi vel y

st udi ed ci l i ar y r esponse i n Par ameci um. The f i nd-

i ng t hat pr ocai ne and bar bi t al gr eat l y r educe qui -

escence i n Tr i pneust es sper m l ends suppor t t o t he

hypot hesi s t hat a membr ane depol ar i zat i on i s i n-

vol ved, si nce t her e i s evi dence t hat t hese dr ugs

bl ock membr ane exci t abi l i t y and i nhi bi t t he i nf l ux

of Ca" ( 9, 43) , al t hough t hei r act i on i s compl ex

and not f ul l y under st ood . Schmi dt and Ecker t ( 42)

have shown t hat 10 mM pr ocai ne i nhi bi t s t he

phot ost i mul at i on of f l agel l ar r ever sal i n Chl amy-

domonas, l eadi ng t hem t o post ul at e t hat Ca
2+

me-

di at es t hi s phenomenon al so.

The ci l i a of Par ameci um r espond t o a sudden

i ncr ease of K+ or Na' by r ever si ng t hei r di r ect i on

of beat i ng, t hus causi ng t he cel l s t o swi m back-

war ds ( 7, 8) . I n addi t i on, an i ncr ease i n t he r at e of

Ca" i nf l ux occur s i n cel l s suspended i n i ncr easi ng

concent r at i ons of K+ up t o 10 or 20 mM, and t hi s

has been shown t o be associ at ed wi t h an i ncr ease

i n t he dur at i on of ci l i ar y r ever sal . At hi gher con-

cent r at i ons of K+, however , t he r at e of Ca21 i nf l ux

and t he dur at i on of r ever sal decr ease . The i nt er -

mi t t ent swi mmi ng of Tr i pneust es sper m r esponds

t o el evat ed K+ i n a way somewhat anal ogous t o

t hat of Par ameci um, suggest i ng t hat a si mi l ar i oni c

gat i ng mechani smmay exi st i n Tr i pneust es sper m.

On t he ot her hand, t he r esul t s wi t h chol i ne ar t i f i -

ci al seawat er and wi t h al l Na' - and K+- ar t i f i ci al

seawat er suggest t hat i n Tr i pneust es sper m t he

i ni t i al depol ar i zat i on st ep whi ch l eads t o i ncr eased

membr ane Ca
z+

conduct ance may depend on t he

pr esence of Na + , si nce qui escence was not seen i n

t he absence of Na' . I n t he case of t he i oni c changes

t hat occur upon f er t i l i zat i on of t he sea ur chi n egg

( 44) , t he i ni t i al event i s an i nf l ux of Na + t hat

depol ar i zes t he membr ane and causes openi ng of

t he Ca' gat es . However , t he i ncr ease i n asym-
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met r y of t he f l agel l ar wavef or m t hat was obser ved

i n sper m swi mmi ng i n chol i ne ar t i f i ci al seawat er

suggest s t hat t he i oni c i nt er act i ons ar e compl ex,

and not f ul l y i nt er pr et abl e at t hi s t i me. The el ec-

t r ophysi ol ogy of Par ameci um i s al so f ar f r om si m-

pl e, as t he wor k of Kung and co- wor ker s ( 26, 40)

has shown, and pr obabl y i nvol ves an ar r ay of i oni c

conduct ance channel s .

The changeover f r omcount er cl ockwi se t o cl ock-

wi se swi mmi ng seen i n a pr opor t i on of sper m

swi mmi ng i n seawat er cont ai ni ng el evat ed K+ or

chol i ne i nst ead of Na' i s not under st ood at pr es-

ent . However , t he r esul t s suggest t hat t he phenom-

enon, l i ke qui escence, i s i nf l uenced by t he i oni c

per meabi l i t y and el ect r i cal pr oper t i es of t he mem-

br ane .

I t i s quest i onabl e whet her t he i nt er mi t t ent swi m-

mi ng descr i bed i n t hi s r epor t i s of physi ol ogi cal

si gni f i cance i n Tr i pneust es as, f or exampl e, i n t axi s .

Whi l e t he br i ef per i od of st r ai ght swi mmi ng t hat

f ol l ows qui escence does r emove t he sper mf r om a

l ocal i zed ar ea of i nt ense l i ght , t he i nt er mi t t ent

swi mmi ng appear s t o occur onl y i nf r equent l y un-

der condi t i ons appr oxi mat i ng t he nat ur al envi r on-

ment and pr obabl y onl y r ef l ect s a suscept i bi l i t y of

t he membr ane t o a l ow i nt ensi t y st i mul us l eadi ng

t o depol ar i zat i on . The l evel s of l i ght at whi ch a

si gni f i cant degr ee of qui escence was obser ved ar e

consi der abl y gr eat er t han t hat of nat ur al sunl i ght .

However , t he pr esent r esul t s suggest t hat var i a-

t i ons i n l i ght - i nduced qui escence may need t o be

consi der ed as a possi bl e compl i cat i ng f act or when

sper m mot i l i t y i s obser ved by i ndi r ect met hods

t hat i nvol ve i l l umi nat i on of a sper m suspensi on

and measur ement of l i ght absor bance or scat t er i ng

( 21, 34) .

The l i ght - i nduced t umbl i ng of bact er i a t hat has

been descr i bed i n Sal monel l a ( 27) i s anal ogous i n

sever al ways t o l i ght - i nduced qui escence i n Tr i p-

neust es i n t hat a maxi mum ef f ect occur s i n t he

same wavel engt h r ange i n bot h cases, a r el at i vel y

hi gh l i ght i nt ensi t y i s needed, and t he r esponse

occur s r api dl y and i s r ever si bl e i f shor t pul ses of

l i ght ar e used . I t di f f er s i n t hat t he r esponse i n

bact er i a i s gr aded over a much nar r ower r ange of

l i ght i nt ensi t y . These obser vat i ons have been i n-

t er pr et ed t o i ndi cat e t hat t he bact er i al r esponse

may be caused by an al t er at i on of el ect r on t r ans-

por t ( 27) .

Two ot her obser vat i ons on sea ur chi n sper m

may be r el evant t o t he obser vat i ons on i nt er mi t t ent

swi mmi ng . Yanagamachi ( 50) has descr i bed t he



occur r ence of a modi f i ed pat t er n of f l agel l ar beat -

i ng cal l ed t he bor i ng movement i n sper mf r om t he

sea ur chi ns St r ongyl ocent r ot us nudus and S. i nt er -

medi us dur i ng penet r at i on of t he egg j el l y j ust

bef or e f er t i l i zat i on . Al t hough t hi s mot i on has not

been descr i bed i n det ai l , i t appear s t o be a non-

pl anar bendi ng of ext r eme angl e and shor t wave-

l engt h, and i t r equi r es t he pr esence of Cat '. Mor e

r ecent l y, Schackmann et al . ( 41) have r epor t ed

t hat t he acr osome r eact i on t r i gger ed by t he egg

j el l y i s f ol l owed by a l ar ge upt ake of Ca" i nt o t he

sper m, and t hat t he concent r at i on of Ca" may

r each 10 mMi n l ocal i zed r egi ons wi t hi n t he sper m

cel l . However , si nce t he sper mr emai n mot i l e dur -

i ng t hi s i nf l ux, t hese obser vat i ons may be mor e

cl osel y r el at ed t o t he abi l i t y of Ca
21

t o i nduce

di f f er ent modes of beat i ng, as i n Chl amydomonas

( 24) , t han t o qui escence or ar r est ,

The l ack of i nt er mi t t ent swi mmi ng behavi or i n

t he l i ve sper m and t he absence of Ca
2
' - i nduced

qui escence i n i onophor e- t r eat ed sper m of Col o-

bocent r ot us i mpl y t hat what ever Ca' - sensi t i ve

mechani smi s pr esent i n Tr i pneust es i s modi f i ed or

mi ssi ng i n Col obocent r ot us. I t has been not ed t hat

t he symmet r y of t he beat i ng wavef or ms of demem-

br anat ed Col obocent r ot us sper m i s si gni f i cant l y

l ess sensi t i ve t o Ca" t han i s t hat of demembr an-

at ed sper m of Tr i pneust es ( 14, 17) . These speci es

di f f er ences and t he possi bl e r el at i onshi p bet ween

i nt er mi t t ent swi mmi ng and Ca t + - i nduced asym-

met r i c beat i ng ar e di scussed i n gr eat er det ai l i n

t he f ol l owi ng paper ( 16) .

St udy of modi f i cat i ons i n t he bendi ng mot i on

of axonemal st r uct ur es pr ovi des an appr oach t o

under st andi ng t he l ar gel y unknown mechani sms

t hat r egul at e mi cr ot ubul e sl i di ng and conver t i t t o

bendi ng. The pr esent wor k st r engt hens t he al r eady

per suasi ve body of evi dence t hat Ca" i s i nvol ved

i n t hi s r egul at i on, and demonst r at es an addi t i onal

uni t y i n t he behavi or of f l agel l a and' ci l i a. I t may

event ual l y pr ovi de a means f or det er mi ni ng t he

l ocal i zat i on and nat ur e of t he Ca2
' - r ecept or s i n

f l agel l a . Wal t er and Sat i r ( 49) have concl uded t hat

t hese si t es must be on t he axoneme i t sel f or on t he

basal appar at us si nce ci l i ar y ar r est can be mi m-

i cked i n demembr anat ed cel l s . We have al so at -

t empt ed t o appr oach t hi s pr obl emby i nvest i gat i ng

Ca' * - i nduced qui escence i n r eact i vat ed Tr i p-

neust es sper m. Al t hough so f ar i t i s not possi bl e t o

concl ude wi t h cer t ai nt y whet her or not al l t he

Ca' - sensi t i ve si t es i nvol ved i n i nt er mi t t ent swi m-

mi ng ar e l ocal i zed on t he axoneme, f ur t her evi -

dence concer ni ng t hi s poi nt i s descr i bed and di s-

cussed i n det ai l i n t he f ol l owi ng paper ( 16) .

The aut hor i s gr at ef ul t o Dr . 1 . R. Gi bbons f or sugges-
t i ons and cr i t i ci sms t hr oughout t hi s wor k and t o Dr .
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sea ur chi ns dur i ng a vi si t t o hi s l abor at or y . I al so t hank

Dr s . Chi ng Kung, Wi nf i el d S. Sal e, Chr i st opher W. Bel l ,

and Mr . John A. Evans f or hel pf ul di scussi ons, and Dr .
Rober t L . Hami l l of Li l l y Co . f or t he gi f t of A23187 .
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