


S T E P H E N  W I L L I A M  K U F F L E R  

24 A ugust 1913 —  11 O c to b er 1980

E lected  F o r.M em .R .S . 1971 

B y  S i r  B e r n a r d  K a t z , F .R .S .

C o n t e n t s

PAGE

Introduction . . . . . . . . . . . . . . .  226
O rigin and c h i l d h o o d .................................................................................................................................... 226
School..................................................................................... ................................................................................. 227
U niversity . . . . . . . . . . . . . . . .  228
A u s t r a l i a ....................................................................................................................................................................230
M arriage and family . . . . . . . . . . . . . .  231
M oving to the U nited S t a t e s ..........................................................................................................................232
Research w o r k ......................................................................................................................................................... 236

A ustralia , 1940-45  . . . . . . . . . . . . . .  236
1. T he isolated nerve-muscle junction . . . . . . . . . .  236
2. Applied electromyography . . . . . . . . . . . .  239
3. Nerve-m uscle transmission in Crustacea . . . . . . . . .  239

Chicago, 1945-47    240
4. T he ‘slow m uscles’ of the frog . . . . . . . . . . .  240

Baltim ore, 1947-59  . . . . . . . . . . . . . .  241
5. More on neuromuscular transmitter action . . . . . . . . .  242
6. T he intrafusal motor system in the cat . . . . . . . . .  243
7. Retinal receptive fields and ‘lateral inhibition’ . . . . . . . .  243
8. T he crustacean stretch receptor neurone and synaptic inhibition . . . .  244

Boston, 1959-80 .................................................................................................................................................  245
9. Presynaptic inhibition in Crustacea . . . . . . . . . .  245

10. Gamma-aminobutyric acid (GABA) — an inhibitory transmitter in Crustacea . . 246
11. Electrophysiology of glia cells . . . . . . . . . . .  247
12. Synaptic transmission in autonomic ganglia . . . . . . . .  248
13. High-resolution studies on the nerve-muscle junction . . . . . .  249
14. Slow synaptic potentials and a new transmitter substance . . . . . .  250

A ppendix I. H onorary D egrees, M emberships, A wards and S pecial L ectureships. . 252
A ppendix II. A curriculum vitae of sorts by S. W. K. . . . . . .  252
B ibliography .     . 255

225



S t e p h e n  K u f f l e r  who died at his hom e in W oods H ole, M assachusetts, 
at the age of 67, was m uch beloved and adm ired , as a scientist and as a 
personal friend, by colleagues and pupils all over the w orld. H e was 
acknow ledged as one of the  leading neurophysio log ists of his generation  
whose work illum inated  m any different aspects of our nervous system  
and who by his b rillian t experim ental skill often achieved resu lts tha t 
gave aesthetic as well as intellectual satisfaction. H e died sudden ly , at the 
height of his scientific activities. T h o u g h  his close friends had w arnings 
for m any years of his p recarious state of health , he had borne  serious 
illness, glaucom a, cataract, several eye operations, diabetes, heart troub le , 
w ithou t com plain t, w ith  no sign of losing his cheerful d isposition  or his 
seem ingly flippant sense of h um our, and certain ly  w ithou t letting  it 
in terfere  w ith  his great p leasure in m aking experim ents or even w ith  his 
athletic hobbies, sw im m ing and tennis.

O r i g i n  a n d  c h i l d h o o d

H e left few notes about his early life (see A ppendix  II)  and m uch  of the 
follow ing is com piled  from  in form ation  I received from  his fam ily and 
friends.

H e was bo rn  on a coun try  estate in H ungary  w here he spent the first 10 
years of his life. H is b irth  certificate describes h im  as W ilhelm  (or V ilm os 
in H ungarian) Kuffler, bo rn  24 A ugust 1913 at the village of T a p , son of 
W ilhelm  Kuffler, landholder, 27 years and Elsa K ertesz , 25 years. P aren ts  
and son belonged to the reform ed (C alvinist) church; th is was qu ite  
com m on am ong the H ungarian  landed gentry , who after the  R eform ation  
had tu rn ed  P ro testan t to dem onstra te  a degree of independence from  the 
C atholic  H absbu rg  dynasty .

T hese  en tries in his b irth  certificate differ in a curious way from  w hat 
we knew of h im , and there  are certain  am biguities about his choice of first 
nam e, his nationality  and even his religious denom ination . H e evidently  
did not care m uch  for ‘W ilhe lm ’ or W illiam  and p referred  the nam e 
S tephen  w hich he adop ted  in 1938 at the tim e of his em igration  from  
A ustria . It is no t qu ite  clear w hether to consider S tephen  as H ungarian  or 
A ustrian  by origin, and he w ould  probab ly  have regarded  the question  as 
irre levant in any case. I t appears tha t, w hen the H ab sb u rg  em pire  was 
d ism antled  in 1919, S te p h en ’s fam ily op ted  for A ustrian  nationality . 
L a ter on, after his em igration , he becam e a ‘sta te less’ person  until he 
acqu ired  B ritish  (A ustralian), and, finally, U n ited  States c itizenship . As 
to his religious affiliation, he was b ro u g h t up in the R om an Catholic faith, 
and was p robab ly  not aware h im self of his C alvinist origin until he 
happened  to exam ine his b irth  certificate in adu lt life. I do not know 
w hether S tephen  was ever a deeply religious person; m y ow n im pression 
was tha t his a ttitude  tow ards the dem ands of his church  was one of 
peaceful acquiescence ra ther than  strong  conviction, and even th is m ay
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have d im in ished  as he becam e m ore  fully  ab so rbed  by science. B ut there  
is no d o u b t th a t his C atho lic  connections had  a m ost im p o rta n t influence 
on his life and the  d irec tio n  of his academ ic career, especially  th ro u g h  the 
social con tac ts  and personal associations they  b ro u g h t h im  after he left his 
native co u n try , in p a rticu la r m eeting  Jack Eccles in Sydney w ho gave him  
a s ta rt in physio logy  in 1938, and Phyllis S hew croft w hom  he m arried  in 
1943.

In a b rie f  b iograph ica l essay, S tephen  speaks abou t his early  life. ‘I 
spen t the  first ten  years of m y life in H u n g a ry  on a m ed ium -sized  farm . 
M y m ost vivid m em ories are abou t rid ing  horses, sw im m ing  in ponds 
and occasionally  v isiting  a nearby  “ b ig ” city. A t hom e we spoke 
H u n g arian  and G erm an  and  learned  reasonably  good F ren ch  from  a 
succession of governesses.’ T h e  descrip tion  of his hom e is p robab ly  an 
u n d e rs ta tem en t. A ccord ing  to o th er accounts, it was q u ite  a large estate  
w ith  m ost of the villagers be ing  em ployed  on it; it housed  a beau tifu l 
m ansion  su rro u n d e d  by a m agnificent park , rep lete  w ith  stables, ponies 
and  groom s for S tephen  and  his tw o sisters, E lizabeth  and  M argaret. It 
was an idyllic ex istence w hich con tinued  even after the trag ic death  of his 
m o th e r  from  ty p h o id  fever in 1918. T h e  fa ther (w ho was the e ldest of six 
b ro th e rs)  was ru n n in g  the estate  as well as ow ning  valuable p ro p erty  in 
A u stria  and in the  capital, V ienna; he was an ag ricu ltu ra l expert who had 
s tu d ied  and  o b ta ined  his academ ic d ip lom a at the  School of A gricu ltu re  
in B erlin . A fter the  m o th e r’s death , an A ustrian  lady to gethe r w ith  a 
younger G erm an  assistan t w ere engaged to look after the  fam ily; th is 
a rran g em en t w orked  very satisfactorily  for the  nex t few years un til the 
fa th e r rem arried  and  his new  wife, M arg it, a young  w idow  w ith  two 
d au g h te rs , took over the  ru n n in g  of the hom e. T h e  fam ily life con tinued  
to be very  happy , w ith  ‘nice m em ories of huge C hristm as trees, 
m o u n ta in s  of toys and  ou tings on ho rseb ack ’ (M argare t W ilm o t’s 
account). T h e  final add ition  to the  fam ily was ano ther girl, M arian , a 
ha lf-sis te r to S tephen .

S c h o o l

T h e  idyllic coun try  life cam e to a final and sudden  end in 1923 w hen 
S tephen  was sen t to a board ing  school at K alk sbu rg  ou tside  V ienna, a 
classical type of ‘g y m n asiu m ’ run  by Jesu its , w hich enjoyed a high 
repu ta tion  bo th  for its scholastic a tta inm en ts  and for the  hum ane  and 
fairly liberal sp irit w hich prevailed  in sp ite  of the stric tly  conservative 
relig ious trad itio n . T h is  was, how ever, no t the  first traum atic  in te r
ru p tio n  in S te p h e n ’s early life style. In  the sum m er of 1919, d u rin g  the 
sho rt-lived  com m un ist regim e of Bela K un , the fam ily had to m ake a 
quick escape across the  A u stro -H u n g arian  bo rder, and I am  told tha t the 
6 -year-o ld  boy experienced  a gun being pressed  in his neck by som e 
com m issar w ho in te rroga ted  him  abou t his father, w ho was already in 
A ustria . It m ust have taugh t h im  a lesson w hich he p u t to use 19 years



later, w hen he decided not to delay his d ep artu re  (tha t tim e from  A ustria  
to H ungary)!

A t K alksburg , S tephen  found h im self in an en tirely  new  env ironm en t 
and at first w ithou t the necessary p repara tion . ‘A few a ttem p ts  in 
elem entary  education  on a private  basis by the local school teacher [at 
T ap] had ended in com plete fa ilu re .’ T h e  teachers at the board ing  school 
decided very wisely to give S tephen  a year of p relim inary  education  to let 
him  m ake up for his m issing elem entary  schooling. A fter that, he took the 
full 8-year course w hich consisted  of m uch  L atin  and G reek ‘and 
practically  no Science’. F rom  accounts of one of his schoolm ates, he was 
good, b u t not ou tstand ing , did  well in academ ic subjects and also at his 
favourite sports, sw im m ing and tennis. H e was popu lar and w ell-liked by 
his con tem poraries, b u t apparen tly  show ed a certain  res tra in t in his 
hum an  relations w hich p reven ted  the fo rm ation  of close friendsh ips.

U n i v e r s i t y

W hen S tephen  left K alksburg  in 1932, his tra in ing  at the gym nasium  
w ith its em phasis on linguistic  stud ies had given him  a bias tow ards the 
hum an ities  or law. N evertheless, for practical reasons and because of its 
in ternational application  he decided to go in for m edicine at the 
U n iversity  of V ienna. H is progress is p robab ly  best described  in his own 
w ords (see A ppendix  II), to w hich I add a few annotations. T h e  
U n iversity  en trance requ irem en ts at th a t tim e, in G erm any  and A ustria , 
w ere very sim ple: anyone w ith an ‘A b itu r’ (high school leaving exam ina
tion) had the righ t to en te r the Faculty  of his choice at any U n iversity , 
and one could  also sw itch courses from  one academ ic in stitu tio n  to 
ano ther. S tuden ts  who took up m edicine or science, b u t cam e from  a 
trad itional type of classical ‘gym nasium ’, received th e ir  basic scientific 
tra in in g  in the first 2 years at the  U niversity . I t was a m atte r of luck 
w he ther this tra in ing  was insp iring  and given by a teacher of great 
scientific achievem ents or by som eone who regarded  his lectures as an 
undesirab le  chore; in any case the s tu d en t had m uch  freedom  of choice 
and could  decide for h im self w hich courses he w ished to a ttend . T h e re  
could be great advantages in being taugh t e lem entary  science, for the first 
tim e, by an ou tstand ing  U n iversity  teacher (I recall, as a ju n io r  m edical 
s tu d en t com ing from  a ‘h u m an is tic ’ school, receiving a m em orable  course 
of lectures and dem onstra tions in basic physics, given by P. D ebye every 
day from  8 to 9 a.m .); b u t S tephen  evidently  did  not have th is kind of 
experience and, from  his account, he seem s to have suffered from  a lasting 
feeling of in feriority  in scientific and theoretical m atters. But I was 
su rp rised  to read of the ‘alm ost unbearab le  challenge’ of w orking w ith his 
seem ingly m ore sophisticated  colleagues (A ppendix  II); our w orking 
relations, at the tim e he refers to, were close and of the  m ost friendly  
kind, w ith ou r daily experim ents being accom panied by hilarious b an ter
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and  a lm ost com petitive  h ig h -sp eed  p ro d u c tio n  o f jokes and  atrocious 
puns!

T h e  year a fter S tep h en  s ta rted  on his m edical course , his fa ther 
suffered  a ca tas tro p h ic  financial reverse, and  from  th en  was unab le  to 
su p p o rt h im . Soon a fte rw ards, the  fa the r d ied  as a resu lt of a stroke. 
S tep h en  received som e help  from  his uncle  Paul K uffler, w hich  enabled  
h im  to save enough  for his travels ab road , b u t he had  to finance h im se lf 
by  tu to r in g  h igh -schoo l boys and  generally  live w ith  u tm o st econom y.

F o r a tim e he left the  s tu d e n ts ’ hostel in V ienna and  gave up  his 
m em b e rsh ip  o f a catholic  s tu d e n ts ’ society to take up  residence in the  
house o f his em ployer ou tside  V ienna, as a fam ily tu to r. Even so, he 
m anaged  to spend  a su m m er vacation  in the  G erm an  H osp ita l in L o n d o n  
and  to h itch -h ik e  to  E gyp t w here his sister E lizabeth  was w ork ing  as a 
d en tis t in C airo  and w here he also m ade the  first acquain tance  of the  
a u th o r Jo h n  B rophy  w ith  w hose fam ily he fo rm ed  very close ties.

In  h is final year at the  U n ivers ity  he ru sh ed  th ro u g h  his tw elve clinical 
exam inations, fin ish ing  th em  in reco rd  tim e and  o b ta in ing  his M .D . in 
D ecem b er 1937. T h e re a f te r  he w orked  for 3 m o n th s  as an unpaid  
assis tan t at the  2nd M edical U n iv ers ity  C lin ic and at the  sam e tim e in the  
In s titu te  of Patho logy . As an u n d e rg rad u a te , patho logy  had  been his 
favourite  subject; for physio logy  he had  no liking at all!

In  h is personal no tes S tephen  tells us som e of the  reasons w hich m ade 
h im  leave A ustria  after the  ‘A n sch lu ss’. I u n d e rs tan d  th ere  w ere a d 
d itional, and  p ro b ab ly  m ore com pelling  factors, and I have taken the 
o p p o rtu n ity  of d iscussing  th em  w ith  his closest colleague am ong his 
fellow  s tu d en ts . H e had been  involved, th o u g h  no t very actively, w ith  a 
conservative  an ti-N az i g roup  of s tu d en ts  w ho had been p lann ing  som e 
fo rm  of resistance against the  H itle r  invasion. T h e y  even possessed a 
sm all q u a n tity  of arm s, b u t as w ith  m any  of the  o th er ‘p a ram ilita ry ’ 
fo rm ations, it cam e to no th ing , the  police confiscated the w eapons one 
day after the  G erm an  troops had  invaded  A ustria , and fo rtuna te ly  a 
sym pathe tic  police officer destroyed  the  m em b ersh ip  list w hich had com e 
in to  his possession. S tephen  was no t aw are of th is last, very im p o rtan t 
c ircum stance , and , having  been asked to rep o rt to the police the nex t day, 
he decided  to m ake his getaw ay im m ediately . H e had no difficulties in 
crossing  the H u n g arian  b o rd er, as he had the  necessary papers enab ling  
h im  to m ake period ic  visits to his old hom e. F rom  H ungary  he p roceeded  
to  E ng land  via T rie s te , and after 3 m on ths  earn ing  som e m oney as a kind 
of com pan ion  (cum -teacher-cum -chau ffeu r) at a coun try  m ansion  near 
M an ch este r and spend ing  som e tim e w ith  his great friends the B rophys 
in L o n d o n , he w ent by boat to A ustralia .

I t appears th a t he greatly  resen ted  having  to leave V ienna, and 
a lthough  m any of his friends and acquain tances suffered political p e r
secution  u n d e r the  N azis, political reasons w ere p robab ly  not the p rim ary  
m otive for his em igration . H is pa ternal g ran d m o th er cam e from  a Jew ish
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fam ily, and he of course realized tha t th is was qu ite  enough to m ake life 
m ost unpleasant, if no t im possible, u nder the new  ru lers of A ustria . H is 
uncle Paul who had helped him  d u ring  the difficult u n derg radua te  
period was forced into labour service by the N azis and died d u ring  the 
war.

A u s t r a l i a

S tephen  Kuffler arrived  in Sydney in the sum m er of 1938. H e m et 
Professor K eith  Inglis who had recently  been appo in ted  H ead of the 
Pathology D ep artm en t at Sydney U niversity . (Before then , Inglis had 
been the first D irec to r of the new K anem atsu  M em orial In stitu te  of 
Pathology at Sydney H ospita l, and in 1937 was succeeded in th is post by 
D r J. C. Eccles, the w ell-know n neurophysio log ist— form er R hodes 
scholar from  M elbourne  who had w orked w ith S herring ton  at O xford  for 
m any years before re tu rn in g  to A ustralia .) Inglis offered K uffler an 
appo in tm en t as a dem o n stra to r in Pathology, b u t it was an unpaid  job , 
and his savings m ust have been dw ind ling  at an alarm ing  rate. H e kept it 
up for 2 weeks and had the great fo rtune  of being in troduced , by a Jesu it 
p riest F r R ichard  M u rp h y , to Jack Eccles who, at the tim e, was looking 
for som ebody who could give h im  a regular good gam e of tenn is, and 
perhaps also m ake h im self useful in the laboratory . S tephen  seem ed to 
have the righ t qualifications, at least for the  fo rm er role.

A lthough Eccles had  been appo in ted  officially as H ead  of a Pathology 
In stitu te  at a large general hospital, it was understood  tha t he w ould not 
be requ ired  to d irect the rou tine  pathological work, and he was given a 
separate floor at the top of the bu ild ing  w here he could establish  a 
research laboratory  in the field of his personal choice. H e had  sup p o rt 
g ran ts  from  the  A ustralian  M edical R esearch Council and was able to 
offer S tephen  a ju n io r  post and encouraged  him  to jo in  in his electro- 
physiological experim ents w hich at tha t tim e were concerned  w ith 
neu rom uscu lar transm ission .

D u rin g  the first 12 m onths, S tephen  found the subject bew ildering  and 
not w ithou t reason, for the in te rp re ta tions  placed on som e of the 
electrical records were as confusing as the accom panying term inology; 
en tities had been postu la ted  (the so-called ‘de tona to r response’) for 
w hich no visible evidence could be p roduced , and it took a few years to 
eradicate them  from  the litera tu re . W hen I arrived  on the scene, in 1939, 
I could sense th a t S tephen  had not yet com e to term s w ith physiology, 
and for ano ther year or so, I was w ondering  w hether he w ould m ake it his 
career. If  I had any beneficial influence, it was p robab ly  m y reluctance to 
jo in  Eccles and Kuffler in their m am m alian  experim ents. T h e ir  w ork was 
done entirely  on in situ record ing  from  the anaesthetized w hole cat; 
S tephen  was very good in setting  up th is type of p repara tion , while I was 
not and did not even like it. B ringing w ith m e the trad ition  of A. V. H ill’s 
laboratory  w here m ost experim ents were done on isolated tissue p rep -



Stephen William Kuffler 231

ara tions o f co ld -b looded  an im als, I m anaged  to persuade  S tephen  th a t 
th e re  w ere certa in  advan tages in w ork ing  on sim ple  system s, especially  
for the  s tu d y  of cellu lar and single synap tic  processes. F o r a change, we 
in tro d u c ed  som e nice A ustra lian  tree  frogs ( aurea) in to  the  lab o ra 
to ry  w hose isolated  n e rv e -sa rto riu s  p rep ara tio n s  w ere ju s t  as su itab le  for 
lo ng -lasting  experim en ts  as those of the  E nglish  Rana temporaria to 
w h ich  I had  been accustom ed . I still rem em b er S tep h en  roaring  w ith  
lau g h te r w hen  I show ed h im  how  to ‘take the  fro g ’s tro u se rs  off’, a 
p ro ced u re  w hich  I m istaken ly  th o u g h t was know n to every m edical 
s tu d en t. T h e  laughs w ere on m y side w hen  I saw S tep h en  take his first 
sa rto riu s  m uscle  and  place it in to  a beaker of hyp o su lp h ite  instead  of 
R in g e r’s so lu tion . T h e  real tu rn in g  p o in t in S te p h e n ’s career cam e a year 
later, in M arch  or A pril 1941, w hen w ith  E ccles’s encou ragem en t he 
p u rsu e d  the isolation tech n iq u e  m uch  fu rth e r  and p ro d u ced  the first w ork 
on a single isolated  synapse; th is  will be described  in the experim en tal 
section  below . T h is  was his first solo perfo rm ance  as a physio logist, and  it 
im m edia te ly  estab lished  his in te rnationa l rep u ta tio n  as a first-class 
exp erim en ter. A n article  by R enshaw  in the Annual Review of Physiology 
of 1943 already  singles ou t K uffle r’s ‘beau tifu l e x p e rim en ts’ on the 
iso lated  n eu ro m u scu la r ju n c tio n , and  his series of papers in th  of
Neurophysiology s ta rtin g  in 1942 w ere im pressive enough  for h im  to be 
ap p o in ted  a N ational R esearch  C ouncil Fellow  in Sydney (1943-45) and 
for R. W . G era rd  to invite  h im  in 1944 to take up a Seym our C om an 
Fellow ship  in Physiology at the  U n ivers ity  of Chicago.

A n o th er event th a t was o f im portance  for his su b seq u en t career was the 
arrival in Sydney  of M ajo r A. M . H arvey , w ho had  com e w ith  a g roup  of 
m edical officers from  B altim ore to estab lish  a field hospital for A m erican  
so ld iers in a Sydney  su b u rb . H arv ey ’s research  in terests , before he 
becam e P rofessor of M edic ine  at Johns H opk ins M edical School, had 
been  in the  field of n eu ro m u scu la r tran sm ission  on w hich he had been 
w ork ing  in S ir H en ry  D a le ’s labora to ry  in the  1930s. H e re-estab lished  
con tac t w ith  Jack Eccles in Sydney, and th is led to a fru itfu l co llaboration  
w ith  S tephen  and to som e jo in t papers on app lied  e lectrophysio logy  in 
hum ans. S tephen  becam e an hono rary  p a rt- tim e  consu ltan t w ith  the U .S . 
M edical C orps d u rin g  th a t period  and, w hat was m ore im p o rtan t, A. M . 
H arvey  got to know  him  well enough  to arrange for S tephen  to be offered 
a position  at Johns H opk ins U n iversity  in 1947.

M a r r i a g e  a n d  f a m i l y

In  A pril 1943 S tephen  was m arried  to Phyllis Shew croft, who had ju s t 
g rad u a ted  from  Sydney U niversity  M edical School. T h ey  had m et first in 
A pril 1940, d u rin g  som e lectures w hich Eccles and I gave to the ju n io r  
m edical s tu d en ts  in th e ir  Physiology course. Phyllis K uffler, in add ition  
to raising  a fam ily of four ch ild ren , has had w hat one m igh t call a m u lti-



discip linary  career: s ta rting  as an art s tuden t, then  becom ing a m edical 
docto r and after the ir m ove to the U n ited  S tates acqu iring  expertise  in 
educational psychology, w ith her particu la r in terests in young p e rso n s’ 
appreciation  of visual arts and m usic. In  these subjects she show ed great 
en terp rise , w orking w ith a youth  o rchestra  and taking it on overseas 
tours, s tarting  an art stud io  for young people, and teaching  at the R hode 
Island School of D esign at P rovidence.

T h e ir  first child , Suzanne E lizabeth  bo rn  in Sydney in 1945, is an a rtist 
cu rren tly  w orking at H arvard  M edical School. T h e  o ther th ree  w ere born  
in A m erica, in 1947-49: D am ien  Paul, now  a postdocto ra l fellow in 
neurobio logy  at S tan fo rd  U niversity ; Ju lian  P hillip , first teaching , then  
taking up m edicine and now  finishing his In te rn sh ip  at M aine M edical 
C en ter, and Eugenie G abrie lle  who stud ied  m usic in Paris and  is active as 
a com poser and perfo rm er.
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M o v i n g  t o  t h e  U n i t e d  S t a t e s

In  1944, J. C. Eccles decided to leave, after som e d isagreem ent over 
policy questions w ith  the adm in istra to rs  of Sydney H osp ita l, and to 
accept the C hair of Physiology at O tago U n iversity  in N ew  Zealand. 
K uffler was able to con tinue his researches until 1945, b u t no prospects of 
a satisfactory  ap po in tm en t w ere in sight, and after ob tain ing  his n a tu ra li
zation papers he applied  for a U n ited  States visa to take up R. W . 
G e ra rd ’s inv itation  from  Chicago U niversity . T h is  took som e con 
siderable tim e, and eventually  an addendum  had to be ob tained  to cover 
the new ly arrived  Suzanne as well as her paren ts. In  the au tu m n  of 1945, 
the  K uffler fam ily finally departed  by boat across the Pacific O cean and 
settled  for 15 m onths in Chicago. T h e  initial period cannot have been 
easy, b u t it took S tephen  very little tim e before he got dow n to som e 
in te resting  w ork on the slow ‘non -sp ik in g ’ m uscle fibres in the frog, and 
he quickly m ade friends w ith m any A m erican  physiologists and w ith  
foreign postdoctoral visitors, in particu la r Yves L aporte  from  T ou louse  
(now at the College de F rance) who jo ined  him  under a F rench  
G overnm en t R esearch Fellow ship  in 1946. S te p h en ’s m ove to B altim ore, 
to the W ilm er In stitu te  of O phthalm ology  at Johns H opkins M edical 
School, is well described  in his personal notes, w here he refers to it as a 
‘w onderfu l p lace’, w ith h im self given charge of ‘a small basem ent 
laboratory  th a t soon becam e filled w ith a group of eager young postdoc
toral w orkers, several of them  from  abroad , particu larly  G rea t B rita in ’. 
H e stayed at H opkins for 12 years, first as Associate P rofessor, later as 
Professor of ‘O ph thalm ic  Physiology and B iophysics’. T h e  first few years 
were a period of very close co llaboration w ith C. C. H u n t, especially on 
m uscle spindles and in trafusal m o to r innervation . L a te r cam e o ther 
im portan t work, on the m am m alian  retina, m ore on nerve-m uscle
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tran sm issio n  in ‘slow ’ fibres and  on the s tre tch  recep to r n eu rons in 
C ru stacea— som e of it done at W oods H ole.

K uffle r’s association  w ith  the  M arine  Biological L a b o ra to ry  s ta rted  in 
1947; for m any  years the  w hole fam ily used to spend  the  su m m er m o n th s  
at W oods H ole , at first be ing  housed  in a cottage close to the  class room s 
w here  he tau g h t physio logy  and  in itia ted  a neu rob io logy  tra in in g  
p ro g ram m e. L a te r  they  b o u g h t a house a few m in u tes  away, near to the  
beach  on B u zzard ’s Bay. O ver the  years, S tep h en  and  Phyllis  g reatly  
im proved  and en larged  it. S tep h en  loved th is house; it becam e to h im  a 
k ind  of d ream  hom e, a place of peace and refuge to w hich  he re tu rn ed  
even d u rin g  the  w in te r m o n th s  w hen  the labora to ry  and the village w ere 
a lm ost deserted . T h e re  was an in te rm ed ia te  period  s ta rtin g  in 1967, w hen 
S tep h en  and Phyllis decided  to spend  the  su m m er vacations at L a  Jolla  in 
S o u th e rn  C aliforn ia  and he was doing  his sum m er w ork at the  Salk 
In s titu te , b u t after 1971 he re tu rn ed  to his favourite  sum m er residence at 
W oods H ole.

In  a le tte r w ritten  in F e b ru ary  1958 to a d istan t cousin in S ou th  A frica, 
S tep h en  sum m arizes his B altim ore cum  W oods H ole years as a very 
happy  period  for the  w hole fam ily ‘even after eleven years of i t ’. Johns 
H opk ins  U n ivers ity  had given h im  ‘a generous ap p o in tm en t as P rofessor 
w ith  p rac tica lly  no tea c h in g ’. H is jo b  was to do research  and g raduate  
tra in in g . T h e  ‘ro u tin e  is very  sim ple, com ing in the  m orn ing  and  staying 
as long as the  experim en ts  re q u ire ’. B ut the  w eekends w ere spen t at hom e. 
H e ends by saying: ‘I have p ractically  no hobbies except the  fam ily and 
w ork, w hich  sounds som ew hat dull b u t is n o t .’

E arly  in 1956 he was app roached  by the U n iversity  of Basel w ith  the 
suggestion  th a t he m igh t succeed P ro fesso r V erzar w ho was re tiring  from  
the C hair of Physiology, b u t he was well se ttled  in the U n ited  S tates and 
it is hard ly  su rp ris in g  th a t he did  no t p u rsu e  the  m atte r. T h is  was not the 
only approach: in N o vem ber 1958 the question  was m ooted  w h ether he 
w ould  be in te rested  in succeed ing  W . O. F enn  in Physiology at R oches
ter, N .Y . K uffler’s reply was n o n -com m itta l, he clearly d id  not w ant to 
cha ir a big  d e p a rtm en t w ith  heavy adm in istra tive  and teach ing  responsi
b ilities. N evertheless, w ith  his rap id ly  grow ing  in te rnationa l s ta tu re , the 
requests  from  in ten d in g  postdocto ra l v isito rs and  the p ressu re  on 
labora to ry  space increased , so m uch  th a t ‘by the m idd le  1950s the place 
becam e unbelievably  crow ded w ith  capable and p roductive  young 
people. T h is  state  of affairs was no ticed  by H arv ard  M edical School and 
they  offered us space and o p p o rtu n itie s .’

Som e of S te p h e n ’s colleagues at H opk ins felt th a t there  w ould  have 
been no great difficulty in giving him  all the space and facilities he 
req u ired  had he asked for them . B ut apart from  th is, there  m ay have been 
o th e r a ttrac tions w hich induced  him  to m ake a m ove, such as the 
pow erfu l concen tra tion  of scientific activ ity  and of excellent s tuden ts  at 
H arv ard  and M .I .T . and, perhaps even m ore im portan t, the  p rox im ity  to
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W oods Hole. Anyway, by 1958-59 he felt th a t H arvard  M edical School, 
on the in itiative of Professor O tto  K rayer, w ere m aking him  ‘an offer 
w hich he could not refuse’. So, in June  1959, ‘abou t ten of us m igra ted  to 
M assachusetts’. T h ey  included  T o rs te n  W iesel, D avid H ubei, Edw in 
F u rsh p an , D avid P o tte r and, last b u t no t least, R. B. Bosler who looked 
after the technical needs w ith great efficiency and held h im self re 
sponsible for m ain tain ing  and con tinuously  im proving  the high-class 
electronic appara tus w hich was such a vital asset and indeed in 
dispensable for the success of S te p h en ’s experim ental work. Shortly  after 
their arrival in Boston they w ere jo ined  by E. A. K ravitz .

F or over 20 years, until his death  in 1980, S tephen  K uffler rem ained  at 
his post at H arvard  M edical School. T h e  nam es attached  to his a p p o in t
m ent, and the adm in istra tive du ties associated w ith it, changed in the 
course of tim e. He had been invited  by O tto  K rayer to com e as P rofessor 
of N europhysio logy  and N europharm acology  and thus to add a pow erful 
g roup to the D ep artm en t of Pharm acology w hich had already under 
K ray e r’s d irection  estab lished  itself as one of the leading in stitu tions in 
the field. In  1964 the nam e of M r R obert W in th rop , a w ell-know n 
benefacto r was added to the  p rofessorsh ip , b u t S tephen  and his g roup 
rem ained  in the D ep artm en t of Pharm acology until O tto  K ra y e r’s 
re tirem en t. It was, in effect, a gradually  spreading  su b -d ep a rtm en t 
devoted to a study  of the nervous system , w ith  a strong  tendency  to 
becom e ‘m u ltid isc ip lina ry ’, going beyond the electrophysiological 
approach  and adding  the techn iques of b iochem istry  and electron  
m icroscopy to its arsenal. In 1966, H arvard  M edical School decided to 
establish  the group form ally as a D ep artm en t of N eurobio logy  w ith  
S tephen  as C hairm an. He kept th is position  for the next 8 years, b u t in 
1974 decided to relinqu ish  the adm in istra tive duties associated w ith the 
runn ing  of the increasingly large d ep artm en t and becam e John  F. E nders 
U niversity  Professor, a position  w hich enabled him  to devote his efforts 
en tirely  to research w ithou t im posing any physical changes, in facilities 
or location on him . T h is  was, of course, due in no small m easure to the 
great personal suppo rt w hich he received from  his friends, in particu lar 
from  T o rs ten  W iesel who had taken on the adm in istra tive headship  of the  
dep artm en t in 1974.

T h e  streng th  and influence of K uffler’s N eurobio logy  D ep artm en t was 
recognized in ternationally , and not only by those who read the p u b lica 
tions and who received the fam ous annual cartoons and C hristm as cards 
w hich depicted  the grow ing m em bersh ip  of the group. I t a ttrac ted  a 
constan t stream  of young postdoctoral co llaborators som e of them  
w orking closely w ith S tephen  for several years. Its  fields covered 
neurochem istry  and fine s tru c tu re  and later on began to ex tend  to 
genetics and im m unochem istry . It becam e a un ique and leading in 
s titu tion  and, due to the teaching  and research activities of its m em bers at 
the ‘sum m er residences’ of W oods H ole and the Salk In stitu te , its
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influence ex tended  far beyond  the  confines of H arv a rd  M edical School.
S tep h en  K uffler and  his fam ily had se ttled  happ ily  in A m erica, and 

since 1946 all his research  w ork was accom plished  at d ifferen t labo ra
to ries in the  U n ited  S tates. H e becam e n a tu ra lized  in 1954 and undertook  
various pub lic  du ties , as a co n su ltan t to the P ub lic  H ea lth  Service and  to 
the  U .S . A rm y, as a T ru s te e  of the  M arine  Biological L a b o ra to ry  and  as 
ed ito r o f physiological jo u rn a ls . H e did  also a g rea t deal of travelling  
overseas, a tten d in g  conferences, in te rnationa l congresses, hono rary  
degree cerem onies and g iving courses of lectures. It s ta rted  in 1949 w hen 
he a tten d ed  som e of the  first E u ropean  postw ar sym posia in M ad rid  and 
Paris; in 1956, on a G uggenhe im  F ellow ship , he took the  w hole fam ily 
p lus m o to r car to E ng land  and spen t several m on ths  as a v isito r at 
U n ivers ity  College L ondon . L a te r th ere  w ere m any m ore trip s, to 
E u ro p e , Japan , Ind ia , A ustra lia  and  S ou th  A m erica, b u t m ostly  only for 
q u ite  sho rt periods w ith o u t ever seriously  in te rru p tin g  the research w ork 
at his hom e base.

T h e  first ind ica tion  of his illness cam e in N o vem ber 1957 w hen he was 
being  tested  m edically  for som e jo b  w ith  the U .S . Civil Service and signs 
of glaucom a w ere de tec ted . I have m en tioned  the  succession of m edical 
p rob lem s and opera tions w hich afflicted S tephen  w ith o u t his le tting  them  
stop  his w ork or even his holiday occupations. H e con tinued  to play 
ten n is  and  to go for long sw im s from  his W oods H ole hom e un til the very 
end , and he still enjoyed travelling  abroad . O n his last visit to E u rope , in 
the  su m m er of 1980, he had  a very busy  schedule , receiving an honorary  
degree at O xford , going on to Paris and then  to M un ich  to give a 
H e isenberg  lectu re , a tten d in g  the In te rn a tio n a l Physiological C ongress 
in B udapest and v isiting  V ienna on the  re tu rn  jo u rn ey  to B oston and 
W oods H ole, w here he co n tin u ed  w ith  his latest w ork.

T h e re  had  been inciden ts  w hich  caused his fam ily and friends great 
anxiety: S tephen  had  adop ted  a rou tine  of se lf-adm in iste ring  insu lin  in 
the m orn in g  and  follow ing it w ith  a regu lar in take of glucose to p reven t 
his becom ing  hypoglycaem ic d u rin g  the d a y ’s w ork. A t tim es th is d id  not 
suffice, and there  w ere dangerous episodes w hen he lapsed in to  u n co n 
sciousness. O n one occasion he was d iscovered  by his friends w ho had 
been alarm ed because he failed to tu rn  up for his lecture. O n 11 O ctober 
1980, after his accustom ed  long swim  in B uzzards Bay, he felt unusually  
exhausted  and later th a t day died  from  a m assive heart attack. H e was 
b u ried  at the  place he had chosen, in a green  field in W oods H ole. A 
M em orial M eeting  was held  at H arvard  U n iversity  M em orial C hu rch  on 
3 A pril 1981.

S tephen  K uffler was a very fo rtuna te  person: he had a very full and 
happy  life, his w ork was his m ain  hobby  and he died in the m idst of it. H e 
had  received m any honours and aw ards from  the scientific com m unity , 
w ho treasu red  him  not only for his w ork, b u t as a w arm -hearted  friendly  
person  w ith  qu ite  unquenchab le , som etim es even m ischievous sense of
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hum our. He was always ready to dem olish  p re ten tious  nonsense and to 
deflate pom posity  w herever he detected  it. T h e  pho tog raph  rep roduced  
as a frontispiece is excellent and show s the alm ost irrepressib le  hum orous 
g lin t in his eye. H e liked to poke fun at him self, and he had a special knack 
of defusing tense situations by m aking them  appear rid icu lous before any 
harm  was done. O n occasions, he show ed a ‘ch ap linesque’ way of 
d ispersing  solem nity into a joke: for exam ple, having ju s t been given a 
flowery in troduc tion  to a form al lecture, he p re tended  to em brace the 
chairm an  who was abou t to a ttach  the m icrophone round  his neck, thus  
m aking it appear th a t he was at a cerem ony receiving a m ost-coveted  
decoration! At tim es S tephen  K uffler tended  to exasperate his friends, by 
appearing  not to take them  seriously and by tu rn in g  away w ith  a joke or a 
pun  their a ttem p ts  to raise deeply felt issues; som e w ere critical of w hat 
seem ed to them  an aloofness from  political issues and a reluctance to 
discuss controversial m atters. In  fact, how ever, he was a m ost generous 
person and very m uch concerned  about o thers; if he avoided long 
argum en ts and d ispu tes, it was because he was conscious tha t ‘life is 
sh o rt’, th a t there  was not too m uch  tim e left for h im  and m ost of it he 
w anted to keep for his top  p rio rity , w hich was his work.

R e s e a r c h  w o r k  

Australia, 1940—45

K uffler’s first 2 years at the Sydney laborato ry  were a period  of 
appren ticesh ip  in neu rom uscu lar research, an in troduc tion  to the  tech 
n ique of electric record ing  from  cat and frog m uscles, to the differences 
betw een local depolarizations in the m uscle fibre, such as the ‘endplate  
p o ten tia l’ set up in the region of synaptic contact by a nerve im pulse, and 
p ropagated  action po ten tia ls (‘sp ikes’) w hich, once in itia ted  at the 
endp la te, travel w ithou t fading to the ends of the fibre. H e also found 
h im self buffeted by con tinu ing  argum en ts abou t the role of acetylcholine 
as chem ical m edia to r in the process of neu rom uscu lar transm ission  and 
the som ew hat m ythical concept of a d irect ‘d e to n a to r’ action by the nerve 
im pulse w hich lingers on in one of the jo in t papers w ith J. C. Eccles (4), 
though  its experim ental foundations had all b u t vanished by then .

1. The isolated nerve-muscle junction
T h e re  is little to be said, from  K uffler’s po in t of view, about the first 

half dozen jo in t papers in his list of publications, beyond his own 
com m ents tha t he did not feel very happy about his personal con 
tribu tions  until he took tim e off, at E ccles’s suggestion, to learn how to 
isolate frog m uscle fibres and for the first tim e to p repare  an isolated 
nerve-m uscle junction . W ith  th is he succeeded rem arkably  well in A pril 
1941, and a m onth  later sent off his first independen t paper to ; the
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full version  was p u b lish ed  in the Journal o f Neurophysiology in 1942 (w ith  
a p r in te r ’s e rro r  an ted a tin g  the  rece ip t by 1 year). T h is  w ork was a 
b rillia n t techn ical feat, and  it im m edia te ly  and deserved ly  p u t h im  ‘on the 
m a p ’. T h e  p ap e r show ed— m u ch  m ore  clearly  th an  had been  done 
befo re— th a t be tw een  the  arrival o f a m o to r nerve  im pulse  and the s ta rt of 
a m uscle  im pu lse  there  is an ind ispensab le  in te rm ed ia te  step  in the  fo rm  of 
a local depo lariza tion  of the  m uscle  fibre w hich  from  p rev ious w ork was 
know n as the  ‘endp la te  p o te n tia l’ (e .p .p .). T h e  experim en ts  left little  or 
no c red ib ility  for the  ‘d e to n a to r’ concep t acco rd ing  to w hich  a m uscle 
im pu lse  could  be in itia ted  by the  nerve action c u rre n ts  w ith o u t in te r 
m ed ia te  local depo lariza tion .

K uffler used an in te res tin g  m eth o d  of reco rd ing  w hich had a n u m b er of 
techn ica l advantages and  som e flaws: the  m uscle fibre w ith  its en d -p la te  
area was kep t in a b a th  of R in g e r’s so lu tion , b u t the  region from  w hich he 
reco rded  rested  on a fine p la tin u m  w ire em bedded  in a glass hook and was 
p u sh ed  up  against a layer of liqu id  paraffin. T h e  o th er reco rd ing  electrode 
was a w ire in the  large R inger ba th . It is clear from  K uffler’s in te rp re 
ta tion  th a t he d id  no t, at th a t tim e, fully  apprecia te  th a t th is m ethod  
effectively reco rds the  po ten tia l d ifference betw een  closely ad jacen t 
po in ts  of the  fibre surface, at the  exposed  top  of the  p la tin u m  w ire and the 
edges of the  glass rod , separa ted  from  one an o th er by approx im ate ly  
0 1  m m . T h is  ‘d iffe ren tia l’ m eth o d  of reco rd ing  resu lts  in a wave form  
th a t app rox im ates to the  tim e course of the  local e lectric  currents as they  
e n te r in to , or em erge from , the activated  region of the  m uscle fibre, b u t 
they  do no t co rresp o n d  d irec tly  to the  local m em b ran e  potential change, 
and som e of K uffle r’s conclusions, regard ing  the heigh t of the  endp la te  
po ten tia l and its supposed  equality  w ith  the  m uscle spike, w ere s u b 
sequen tly  found  to be m istaken .

D u rin g  the next 3 years, K uffler w ent on to im prove and exploit his 
iso lated  synap tic  p rep ara tio n  and  pub lish ed  a series of papers w hich 
added  q u an tita tiv e  details and  clarified p rev ious in fo rm ation  on nerve- 
m uscle transm ission . H e s tud ied  the changes of the e .p .p . d u rin g  the 
refrac to ry  period  left b eh in d  by a prev ious nerve  or d irectly  in itia ted  
m uscle im pulse. H e m ade experim en ts  on the in terac tion  betw een the 
neura l tra n sm itte r  and the  m uscle spike in norm al and partly  curarized  
fibres. H e exam ined  the  depo lariz ing  action of locally applied  acety l
choline and confirm ed the large and selective sensitiv ity  to th is substance 
of the ju n c tio n a l region of the m uscle fibre. H e also m easu red  the  increase 
of acetylcholine sensitiv ity  of chronically  denervated  m uscles, b u t his 
m eth o d  of local app lication , w ith  a d ro p le t covering  2 m m  of fibre length , 
d id  no t allow him  to d iscrim inate  betw een endp la te  and ‘ex tra ju n c tio n a l’ 
recep tors. T h e  im p o rtan t fact th a t supersensitiv ity  of denervated  m uscle 
is due to a spatial sp read  of recep tors along the fibres ra th e r than  a local 
change at the ju n ctio n a l site was only estab lished  later in o ther 
laboratories.
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H e stud ied  the different actions of calcium  and calcium  deficiency on 
nerve-m uscle  transm ission  and in fu rth e r  experim ents p roduced  artificial 
tetany in frogs and cats by surgical rem oval of the p ara thy ro id  glands. 
T h e re  were several o ther con trib u tio n s  on the single fibre dealing w ith 
the actions of veratrine and re-exam in ing  the question  of w hether the 
local electric excitability  of the endp la te  differs from  the rest of the 
m uscle fibre.

As was to be expected, the  use of such a un iquely  suitable p repara tion  
helped to p roduce  m uch  m ore c lear-cu t and  convincing  evidence than  
was previously available. But a large pa rt was a confirm ation  of existing 
ideas, and there  were a n u m b er of weak po in ts  in th is early w ork of w hich 
Kuffler was very conscious later on. T h u s , there  is an inexplicable 
erroneous s ta tem en t in the 1943 paper on the ‘specific excitability  of the 
endp late  reg ion ’ (10), nam ely that local po tassium  application  gave rise to 
im pulses only at the endp la te, a conclusion w hich he later correc ted  (see 
paper 17), and there  are som e doub ts  also about the quan tita tive  effects 
ascribed to caffeine in paper 10. In  retrospect, one also w onders how, in 
his experim ents on the in terac tion  betw een d irectly  excited m uscle spike 
and nerve-released  tran sm itte r, K uffler m issed the im p o rtan t finding tha t 
the e .p .p . can in terfere  w ith and substan tia lly  reduce the peak of the 
action poten tial. T h is  observation  w hich p rov ided  im p o rtan t clues to the 
ionic m echanism  of the tran sm itte r  action was left to o thers  several years 
later. O ne can only guess w hy S tephen  failed to see it; perhaps he did  no t 
choose optim al tim e in tervals for th is effect, or he w orked u nder 
cond itions of less than  optim al acetylcholine release w hich m igh t have 
m ade the change too small to a ttrac t his a tten tion .

It has som etim es been claim ed tha t the electrophysiological w ork on 
the single neu rom uscu lar ju n c tio n  was decisive in estab lish ing  the  role of 
acetylcholine as the tran sm itte r, b u t th is is qu ite  unrealistic  and was 
certain ly  not the view taken by S tephen  Kuffler him self. In  a le tte r to 
O tto  Loewi, dated  M ay 1948, he w rote: ‘O n the w hole m y story  has not 
con tribu ted  any th ing  new to the well know n notion  tha t conduction  along 
the axons is d ifferent from  transm ission  across the ju n c tio n .’ T h e  fact is 
tha t chem ical m ediation  by acetylcholine at the neu rom uscu lar ju n c tio n  
had been established by the experim ents of H . H . D ale, W . F eldberg , 
M arthe  Vogt and G . L . B row n in the 1930s. L a ter on, the application  of 
electrophysiological m icro techn iques w ith the ir special resolving pow ers 
for b rief localized events was able to throw  m uch light on detailed  aspects 
of the process w ithou t fundam entally  a ltering  the basic p roposition . It is 
of course true  tha t a novel concept like the acetylcholine story  needed 
m any years to sink in, and tha t all k inds of objections w ere raised, even 
after S tep h en ’s work, on prem ises w hich did not stand up to fu rth e r tests. 
But while the streng th  of the original theory  m ay have been enhanced  in 
the eyes of those w ho, follow ing K arl P opper, tried  and failed to ‘falsify’ 
it, the unsuccessful ‘falsifiers’ can hard ly  claim  very m uch cred it for it.
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2. Applied electromyography
T h e re  w ere tw o o th e r lines of research  p u rsu ed  by K uffler d u rin g  his 
S ydney  period: these w ere h u m an  e lec trom yography  and its clinical 
app lica tions, in con junc tion  w ith  M ajo r A. M . H arvey , and , later, a s tudy  
of the  c rustacean  m uscle  system  w ith  its an tagon istic , excita to ry  and  
in h ib ito ry  nerve supp ly , in w hich I co llabora ted  w ith  h im .

H arvey  and  K uffler developed  a sim ple  m eth o d  of reco rd ing  action 
p o ten tia ls  of h u m an  lim b m uscles in response to e lectric  s tim u la tion  of 
the  m o to r nerve, and using  it to  assess the  ex ten t of lesions and  recovery 
in the  p e riphera l nerve-m usc le  system  (papers 11, 12, 14, 15).

3. Nerve-muscle transmission in Crustacea
T h e  w ork on n eu ro m u scu la r tran sm ission  in C rustacea co ncen tra ted  

on a n u m b er of fea tu res by w hich th is system  differed from  th a t of 
v erteb ra tes . A part from  the  presence of a periphera l in h ib ito ry  nerve 
supp ly , and the very p ro n o u n ced  facilita tion  of the  m uscle response 
d u rin g  repe titive  s tim u la tion , the  m ost im p o rtan t d ifference is tha t 
co n trac tio n  of c rustacean  m uscle can be in itia ted  and activated  to a large 
ex ten t via local n o n -p ro p ag a ted  po ten tia l changes w hich are analogous to 
the  e .p .p . A t h igh frequencies of s tim u la tion , fu ll-size action po ten tia ls 
w hich are capable of p ropaga tion  can also be elicited  in som e of the 
m uscle fibres. B ut in co n tras t to v e rteb ra te  m uscles, these spikes are a 
su p p lem en ta ry  and n o t the  p rincipal m echan ism  for the activation of 
con trac tion , in tensify ing  the process w ith o u t being  essential (m oreover, 
c rustacean  m uscle action  po ten tia ls  are now  know n to be ‘ca lc iu m ’ ra th e r 
th an  ‘so d iu m ’ spikes). T o  a large ex ten t, these experim en ts  su p p o rted  the 
views of W iersm a and van H arreve ld  w ho had ob tained  evidence th a t the 
activ ity  of crustacean  m uscle fibres was g raded , and no t of the a ll-o r-none  
type en coun tered  in the  verteb ra tes. In  p a rticu la r, neu rom uscu la r facili
ta tion  in C rustacea arises m ain ly  from  a p rogressive increase in the 
am p litu d e  of the  local ‘e .p .p s ’ and not from  all-o r-none  rec ru itm en t of 
additional w hole m uscle fibres.

T h ese  experim en ts  also p rov ided  a s trong  ind ica tion  th a t depo lariza
tion  of the m uscle fibre m em brane  is d irec tly  related  in a quan tita tive  
m an n er to activation  of con trac tion  in the  in te rio r of the  cell. T h is  
relation was stud ied  in m ore detail by K uffler on isolated m uscle fibres of 
the frog subjected  to various electrical and chem ical agents w hich in itia te  
local con trac tu res  (paper 19). In  every case, activation of the con tractile  
process requ ired  depo lariza tion  of the fibre surface. W hen the  local 
po ten tia l change exceeded a certain  ‘th re sh o ld ’ level, the fibre began to 
con trac t in tha t region, and the s treng th  and d u ra tio n  of the m echanical 
response w ere g raded  and varied  w ith  the  size of the  depolarization . A 
particu la rly  strik ing  observation  was tha t any local con traction , induced  
by the application  of po tassium  or a depolariz ing  d rug , could  be m ade to 
relax p ro m p tly  by electrically  repolariz ing  the fibre surface.
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A second paper on crustacean  m uscle dealt w ith the response to 
inh ib ito ry  nerve im pulses. M arm o n t and W iersm a had m ade the in te r
esting observation that, depend ing  on the tim es of arrival of inh ib ito ry  
and m otor im pulses, the fo rm er can stop the con traction  w ithou t 
in terfering  w ith the electrical response of the m uscle, tha t is w ithou t 
reducing  the size of the e .p .p . K uffler and I confirm ed th is observation , 
though  later work suggests tha t our m ethod  of ex tracellu lar record ing  
from  the whole m uscle was inadequate  and failed to reveal a significant 
sho rten ing  of the e .p .ps. T h is  w ould be qu ite  enough to explain the 
apparen t paradox, for it w ould m ean tha t the m ain ta ined  average 
depolarization  of the m uscle fibres, d u rin g  repetitive  nerve activity, 
w ould decrease substan tia lly . W hen the inh ib ito ry  im pulses arrived  a few 
m illiseconds before the s tart of each e .p .p ., then  the am plitude  of the la tte r 
did becom e greatly  reduced . W e w rongly  a ttr ib u ted  th is effect to a 
‘cu ra re -like ’ action of the inh ib ito ry  tra n sm itte r  on the postsynap tic  
receptors. As was show n later by D udel and K uffler, it arises from  a 
separate process of ‘p resynap tic  in h ib itio n ’, th a t is an in terference by the 
inh ib ito ry  tran sm itte r  w ith the activation of the m oto r nerve endings and 
th e ir ability  to release the norm al q uan tity  of excitatory  tran sm itte r  
substance. In  short, the 1945 w ork on synaptic  inh ib ition  in crustacean 
m uscle was m erely an in teresting  fo re ru n n er of later w ork done w ith 
in tracellu lar record ing  techn ique, and its conclusions needed  drastic  
revision.

Chicago, 1945-47

4. The ‘slow muscles' of the frog
W hen S tephen  arrived  in Chicago, R. W . G era rd  drew  his a tten tion  to 

a paper by T asaki and M izu tan i w hich suggested  th a t the d iscarded 
hypothesis of a separate system  of ‘to n ic ’ m uscle fibres (i.e. n o n 
p ropagating  elem ents w hich con tract and relax very slowly) m ay after all 
have som e substance. Since he had recently  encoun tered  a som ew hat 
sim ilar system  in C rustacea, the idea of p u rsu ing  the m atte r in ver
tebra tes m ust have appealed to S tephen , and he chose a suitable frog 
m uscle, the extensor longus of the fou rth  toe, for th is purpose. In  a 
p relim inary  paper (22), he reported  two types of m uscle response to 
stim ula tion  of a group of small m o to r axons, one consisting of small local 
e .p .ps of slow tim e course associated w ith  barely visible m ovem ent, b u t 
w hich sum m ated  effectively d u ring  repetitive  nerve im pulses to bu ild  up 
a strong  local contraction . T h e  o th er response was the typical p ropagated  
m uscle spike accom panied by a fast tw itch . In  his first paper, Kuffler was 
evidently  th ink ing  in term s of the  crustacean  analogy; he suggested that 
bo th  types of response occurred  in the same m uscle fibre and could be 
elicited by different rates of stim u la tion  of a single small nerve axon, 
w hereas a large axon w ould only evoke the p ropagated  response. In  the
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full pap er (24) p u b lish ed  a year later, d o u b ts  are expressed  abou t th is 
in te rp re ta tio n , and  the  q u estio n  o f a dual type of response and of 
in n erv a tio n  in a single m uscle  fibre is left open . T h e  m a tte r  was se ttled  
several years later, by K uffler and V aughan  W illiam s (and  rein fo rced  by 
the  w ork of B urke and  G in sb o rg ), show ing unequivocally  th a t tw o qu ite  
separa te  n e rve-m usc le  fibre system s exist s ide -by -s ide , each g iving only 
one type of response: (i) large m o to r axons su pp ly ing  p ro p ag a tin g  tw itch  
fibres, and (ii) m u ltip le  sm all axons connected  to n o n -p ro p ag a tin g  slow 
fibres. M oreover, the  tw o types o f m uscle  fibre have d ifferen t h istological 
and  u ltra s tru c tu ra l appearance .

T h e  sm all nerve axons of the  ‘slow ’ system  have a relatively  high 
th re sh o ld  w hen tested  w ith  e lectric  stim u li, b u t the  norm al reflex 
ac tivation  of th e ir  sp inal neu ro n s occurs at q u ite  a low level of sensory  
s tim u la tio n  and , in fact, slow m uscle  fibres show  a great deal of 
‘sp o n ta n e o u s’ backg ro u n d  activ ity  in spinal p rep ara tio n s. It is a system  
p ecu liar to the frog and well su ited  for the  m ain tenance  of p ro longed  slow 
con trac tions; the  old idea of a separate  type of ‘to n ic ’ m uscle response 
useful for ho ld ing  opera tions  and  p o stu re  was th u s  resusc ita ted  in qu ite  
an unm istakab le  fashion.

T h e  im m edia te  reaction  w hen the  pap er was su b m itted  to the Journal 
of Neurophysiology was a le tte r da ted  9 M arch  1947 from  John  F u lto n , its 
ch ie f ed ito r, saying

‘W e do no t believe th a t the  w ork is well con tro lled  and we are fearful 
th a t you are b rin g in g  up  once again the old red  h e rrin g  of dual 
innerva tion  w hich  d id  so m u ch  to re ta rd  the p rogress o f n e u ro p h y si
ology a fter the  last w a r .’!!

P ro fesso r J. F . F u lto n  was a recognized  au th o rity  in the  field of 
neurophysio logy , well know n for his tex tbooks and no t p rep ared  to 
to lerate  co n trad ic tions  to w hat he considered  estab lished  physiological 
p rinc ip les. H e had already  been engaged for 10 years in a struggle  against 
the  chem ical tran sm ission  theo ry , and was not now  going to p u t up w ith  
the  suggestion  th a t m uscle tone  could  be due to any th ing  o th er than  the 
classical type of im pulses. H ow ever, in spite of th is  ra th e r pom pous 
ed itoria l condem nation , it did no t take very long before the conclusions of 
the paper w ere accepted  by all physiologists; in fact the paper did  appear 
in the  sam e year, and  I do no t suppose th a t S tephen  had any fu rth e r 
tro u b le  from  th is source.

Baltimore, 1947—59

D u rin g  his 12 years at the  W ilm er In stitu te  of O ph thalm ology  at Johns 
H opk ins M edical School, K uffler m ade som e o u tstan d in g  co n trib u tio n s  
to neu rophysio logy , w hose im portance  was m atched  by th e ir  technical 
elegance. T h e  h igh ligh ts w ere the very influential w ork on ‘co n cen tric ’
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receptive field arrangem ents of retinal ganglion cells, done w ith a superb  
in situ techn ique in the m am m alian  retina, and the s tudy— w ith C. 
E yzagu irre— of synaptic inh ib ition  in the crustacean  s tre tch  recep to r 
neuron , som e of whose records decorate m ost m odern  neurophysiological 
textbooks. T h e re  w ere also the im p o rtan t fu rth e r  experim ents, w ith 
E. M . V aughan-W illiam s, on the slow -fibre system  of the frog, and the 
investigations, w ith C. C. H u n t, of the in trafusal m otor system  in the cat.

5. More on neuromuscular transmitter action
But before applying h im self to these new tasks, S tephen  re tu rn ed  for a 

short tim e to the old p rob lem s of the neu rom uscu lar ju n c tio n  in 
p repara tion  for a special sym posium  paper he was to p resen t at the 1948 
F edera tion  M eetings at A tlan tic  C ity. T h is  paper is of h istorical, ra ther 
than  scientific in terest, in tha t it illustrates the perennial antagonism  
tow ards the chem ical transm ission  concept w hich still seem ed to be 
dom inan t at tha t tim e in S te p h en ’s scientific env ironm en t. H e reported  
som e new experim ents in w hich he show ed th a t there  was an irreducib le  
delay betw een the m om ent of excitation of the p rejunctional nerve tw igs 
and the s tart of the e .p .p ., am oun ting  to abou t 1 m s in the frog at 20 °C. 
T h is  was indeed difficult to reconcile w ith the basic postu la te  of electric 
transm ission , nam ely tha t the cu rren ts  p roduced  by the nerve im pulse 
could spread  directly  to the m uscle fibre and excite it. I t therefore  gave 
ind irect su p p o rt to the acetylcholine hypothesis. H ow ever, the m ain body 
of the paper is devoted to a long argum en t about the na tu re  of the agent 
by w hich the nerve im pulse sets up an e .p .p ., and I rem em ber at the tim e 
being struck by w hat seem ed to m e an a ttitu d e  of bend ing  over backw ards 
to an ex ten t tha t m ust have been painful. In  ou r papers on the effects of 
curare  and eserine in 1941-42, our consensus had been tha t, w ithou t 
m aking unreasonable  assum ptions, all our observations were com patib le  
‘w ith the hypothesis tha t acetylcholine is responsib le for all the po ten tia l 
changes set up by nerve im pu lses’. But in the m eantim e J. C. Eccles had 
reconsidered  the m atte r, and as late as 1946 he was still fighting a 
rearguard  action against the  acetylcholine story  at the  nerve-m uscle  
ju n ctio n . M oreover, some of the m ost p rom inen t neurophysio log ists in 
the U n ited  States rem ained  highly  sceptical about the chem ical tra n s 
m ission (‘soup -v ersu s-sp ark ’) concept, and clearly did  not appreciate  the  
w eight of the evidence (or perhaps refused to read the papers) on w hich it 
was based. U n d e r these c ircum stances, it is no w onder th a t S tephen  was 
extrem ely  cautious in d iscussing the pros and cons of electrical versus 
chem ical transm ission , though  even then  I felt th a t his tim e could have 
been m ore usefully em ployed, and it was ra ther irrita ting  to see h im  p u t 
the w ord tran sm itte r  in inverted  com m as w henever he used it, and the 
final conclusion regard ing  the na tu re  of the ‘tra n sm itte r’ to read like this: 
‘It is though t tha t ions liberated  du ring  the “ b reakdow n” in the  nerve 
term inals could best account for the observed phen o m en a’!
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6. The intrafusal motor system in the cat
T h e  w ork  in C hicago had  show n the  ex istence in th e  frog  o f a system  of 

sm all m o to r axons w hich  p ro d u ced  a ‘to n ic ’ type  o f co n trac tio n  u n acco m 
pan ied  by  p ro p ag a ted  m uscle  spikes. A fter th a t, it becam e im p o rta n t to  
find o u t w h e th e r a sim ilar system  w as also p resen t in m am m als. 
S uggestions o f th is  k ind  had  ap peared  from  tim e to  tim e, b u t w hen 
K uffler and  H u n t investiga ted  the  m a tte r  in the  cat, th ey  found  a very  
d iffe ren t s itua tion . C onfirm ing  and  ex tend ing  earlie r observa tions by  B. 
H . C. M atth ew s in 1933 and  by L . Leksell in 1945, they  show ed th a t 
s tim u la tio n  of th e  sm all d iam ete r axons in th e  ven tra l roo ts o f the  cat 
caused  no visible m uscle  con trac tio n , b u t gave rise to an increased  rate  of 
firing  o f sensory  im pulses o rig ina ting  in  the  m uscle  sp ind les, p resu m ab ly  
via activation  o f in tra fusa l m uscle  fibres. T h e  experim en ts  w ere done by 
separa ting  sp inal nerve  roots in to  sm all fibre b u n d les  w hich  m ade it 
possib le  to s tim u la te  single sm all axons in the  ven tra l roo t (supp ly ing  a 
p a rticu la r  m uscle) and  to  reco rd  im pulses from  a single dorsal roo t axon 
w hich  o rig inate  in a sp ind le  o f th e  sam e m uscle. T h u s , w hile there  is a 
clear d iv ision  betw een  large and  sm all m o to r axons in the  frog as well as 
the  cat, the  sm all axons serve d ifferen t functions in the  tw o anim als. In  
th e  frog, th e  sm all nerve  fibres supp ly  a slow ly con trac ting , ‘n o n 
p ro p ag a tin g ’ set of m uscle  fibres, w hereas in the  cat they  serve to  ‘p re 
s tre tc h ’ and  th ereb y  increase the  m echanical sensitiv ity  of the  m uscu lar 
‘s tra in  gauges’. (In c id en ta lly , the  frog also possesses an efferent m o to r 
system  for ac tivating  its in tra fu sa l m uscle  fibres, b u t it is done in a ‘ch eap ’ 
way th ro u g h  b ranches of the  o rd in a ry  m o to r axons; hence, ad ju stm en ts  of 
th e  sp ind le  ‘b ias ’ occur m erely  as an accom pan im en t o f general m uscle 
activ ity . U n like  the  cat, the  frog does n o t possess a separa te  reflex system  
for con tro lling  its sp ind le  sensitiv ity .)

7. Retinal receptive fields and ‘ lateral ’
S tep h en  K uffler’s incu rs ion  in to  re tina l physiology m igh t have been

regarded  sim ply  as an ou tcom e of h is ap p o in tm en t at an ophthalm olog ical 
in s titu tio n . T h e re  is no d o u b t th a t the  help  and  advice given by D r. S. A. 
T a lb o t was in stru m en ta l in  p ro m o tin g  these experim en ts. T a lb o t had  
designed  a m u ltibeam  oph thalm oscope  w hich  enab led  K uffler to  record  
im pulses from  single re tinal ganglion  cells u n d e r  oph thalm oscop ic  
con tro l o f the  e lectrode position  and  of the  s tim u la ting  ligh t spots in an 
o therw ise  in tac t c a t’s eye. S tep h en  K uffler was no t p articu la rly  in te rested  
in p rob lem s of p h o to -recep tio n  o r the  sensory  cells o f the  retina. H e was 
using  the optic  n eu rons as a su itab ly  accessible o u tp o st o f the  b ra in  and  
w an ted  to study  the  in te rac tion  o f excitato ry  and  in h ib ito ry  influences on 
a cen tral nerve cell, fu rth e r  p u rsu in g  the  p rob lem s he had  been in 
vestiga ting  prev iously  in the  crustacean  n eu ro m u scu la r system . H is 
p a rticu la r object was to exam ine th e  lim ita tions and  sharpness of the  
‘receptive field’ o f the  cat re tinal ganglion cells, b u ild ing  on earlier
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observations by H . K. H artline . H e found th a t each neu ron  responded  to 
light spots falling on a d iscrete c ircu lar field of the retina, one or a few 
m illim etres in d iam eter, bu t the responses w ere of opposite  kind 
depending  on w hether the light im pinged  on the central area or the 
peripheral fringe of the field. If  in any one neuron , illum ination  of the 
cen tre  p roduced  ‘exc ita tion ’ (i.e. an increased rate of im pulse d ischarge), 
illum ination  of the periphera l fringe caused a reduc tion  or stoppage of 
im pulse activity (i.e. ‘in h ib itio n ’). In  o ther neu rons these effects were 
reversed, tha t is light spots inh ib ited  the neu ron  if they  im pinged  on the 
cen tre  of the field, and excited if they  fell on the periphery . T h is  type of 
functional organization  in w hich converg ing  influences from  m any retinal 
receptors and in term ed ia te  cells in terac t renders an assem bly of optic 
neu rons highly sensitive to the m ovem ent of a small object across the 
visual field, and in particu la r it will serve to enhance the ‘co n tra s t’ 
betw een adjacent areas of d ifferent light in tensity . T h is  was p ioneering  
w ork w hich m ust have influenced the research on the functional o r 
ganization of the visual cortex p u rsued  subsequen tly  in K uffler’s d e p a rt
m en t by his colleagues H ubei and W iesel. It should  be no ted  th a t qu ite  
independen tly  sim ilar resu lts  had been ob tained  at the same tim e by 
H . B. Barlow w ho was study ing  the organization  of the receptive fields of 
frog retinal ganglion cells. A few years after th is w ork was done, Barlow 
jo in ed  K uffler’s laboratory , and together w ith  R. F itzhugh  they pub lished  
a series of papers on various special aspects arising from  the earlier study , 
in p a rticu la r on the con tinuous spon taneous firing of optic neu rons in 
com plete darkness, and on the changes in visual th resho ld  and the 
alterations in the size and o rganization  of the receptive fields d u ring  dark 
adap ta tion . O ne gets the im pression  th a t these subjects w ere of m ore 
im m ediate  in terest to his colleagues than  to S tephen  him self, w ho by that 
tim e had gone on to look for o ther p repara tions and for m ore d irect 
techn iques to study  the in teraction  of excitatory  and inh ib ito ry  synapses 
on single nerve cells.

8. The crustacean stretch receptor neuron and synaptic inhibition
H e found  a m ost suitable experim ental object in the large sensory 

neurons in the lobster and crayfish ‘ta il’ m uscles. T h ese  are stre tch  
receptors, natu ral stra in  gauges like the m uscle spindles of vertebra tes. 
T h e ir  s tru c tu re  and pa tte rn  of innervation  had been well described  by 
J. S. A lexandrow icz, and th e ir sensory function  had been show n by 
W iersm a and his collaborators. Kuffler was jo ined  in the course of th is 
research by C. Eyzaguirre. M ost of the experim en ts on C rustacea were 
m ade in the W oods H ole laboratory  w here there  was a p len tifu l supply  of 
sp lend id  specim ens w hich w ere found useful for experim ental as well as 
cu linary  purposes.

T h e  crustacean stre tch  recep tor neu ron  w ith  its various sensory and 
‘m o d u la to ry ’ synaptic connections presen ts an in trigu ing  m in iatu re
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n ervous system  on its ow n, and thanks to  its large size, the  cell body, axon 
and  d en d rite s  and  the influence of regu la to ry  im pulses in the  axons 
su p p ly in g  the  a ttached  s tran d  o f m uscle  fibres, and  in the  in h ib ito ry  
nerve  fibre co n tac ting  the  recep to r n eu ro n , all these can be stud ied  
d irec tly  w ith  m ic ro -reco rd in g  techn iques. T h e  o u ts tan d in g  fea tu re  of the  
series o f papers  th a t K uffier and  E yzagu irre  p u b lish ed  are the  beau tifu l 
reco rds w hich  illu s tra te  in a m ost im pressive m an n e r the  sensory  
‘g en e ra to r p o te n tia l’, th a t is the local depo lariza tion  set up  in the  
d en d rite s  of the  recep to r n eu ro n  by s tre tch  or con tractile  activation  of the  
a ttached  m uscle fibres, and  the po ten tia ls  due to s tim u la tion  of the  
in h ib ito ry  axon. T h ese  ten d  to ‘re -p o la rize ’ the  neu rona l m em b ran e  and  
ho ld  it at or near its resting  po ten tia l well below  the firing level at w hich 
sensory  im pulses are in itia ted  and  d ischarged  along the axon process. 
T h e  q u an tita tiv e  rela tion  betw een  genera to r po ten tia l and im pulse  
frequency , the  process of adap ta tion , the  site of o rig in  of p ropaga ted  
im pu lse  activ ity , the  m em b ran e  conductance  change d u rin g  inh ib ition  
and the  ‘n u ll-p o in t’ (or ‘eq u ilib riu m  level’) o f the in h ib ito ry  po ten tia l 
change, all these  w ere m easu red  and illu s tra ted  in a m ost decorative 
m an n er. K uffier and  C. E dw ards fu rth e r  s tud ied  the action of gam m a- 
am in o b u ty ric  acid w hich  at th a t tim e was n o t yet estab lished  as the 
n a tu ra l in h ib ito ry  tra n sm itte r , b u t appeared  to rep roduce  its effects qu ite  
faith fu lly . T h e ir  in te rp re ta tio n  of the ionic m echan ism  underly ing  the 
in h ib ito ry  process had  to be revised later w hen  it becam e clear th a t an 
increase of ch lo ride  ra th e r  th an  po tassium  perm eab ility  was involved. B ut 
a ltoge ther, the s tudy  on the  s tre tch  recep to r n eu ro n  was one of the 
b rillian t h igh ligh ts  of K uffler’s research  w ork, and it was elegantly  
sum m arized  in his H arvey  L ec tu re  delivered  in M arch  1959.

Boston, 1959—80

9. Presynaptic inhibition in Crustacea
A fter his m ove to the H arv ard  M edical School, K uffler con tinued  to 

w ork on the c rustacean  neu ro m u scu la r system . H e was jo ined  by D r Josef 
D udel from  H eide lberg , and  the  outcom e was a series of im portan t 
papers in th  e Journal o f Physiology, analysing the  effects of excitatory  and
in h ib ito ry  nerve im pulses on crayfish m uscle. T h e  first tw o papers 
show ed that, in spite  of the  d ifferen t tra n sm itte r  substances, the m ech an 
ism  of release from  the  nerve end ings was essentially  the sam e as at the 
verteb ra te  nerve-m uscle  ju n ction : spon taneous ‘m in ia tu re  e .p .p s ’ could 
be recorded  w hich fo rm ed  the quan ta l un it of the im pulse-evoked  
‘ju n c tio n  p o ten tia l’; the process of n eu rom uscu la r facilitation , a lthough 
m uch  m ore strik ing  and extensive in Crustacea, is due to a rec ru itm en t at 
each ju n c tio n a l site of add itional quan ta l un its, ju s t as in vertebra tes. 
H ow ever, the th ird  paper by D udel and K uffler w hich dealt w ith  the 
m echan ism  of n eu rom uscu lar inh ib ition  disclosed som eth ing  qu ite  new,
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nam ely tha t the inh ib ito ry  nerve im pulse, qu ite  apart from  its d irect 
postsynap tic  effect on the ionic perm eability  of the m uscle fibre, was able 
to in terfere  w ith the pow er of the m oto r nerve im pulse  to release its 
norm al am ount of tran sm itte r. In  o rder to reveal the  full ex ten t of th is 
‘p resynap tic  in h ib itio n ’, the inh ib ito ry  im pulse had to be tim ed  ac
curately  so as to arrive at the ju n c tio n  ju s t before the excitatory  im pulse 
reached the m otor nerve term inals. T h e  effect was greatly  to reduce the 
n um ber of quantal packets of tran sm itte r, and tem porarily  to low er the 
frequency  of ‘m in iatu re  e .p .p s ’ recorded  in the m uscle fibre. T h is  was, in 
fact, the first unequivocal dem onstra tion  of a process of p resynap tic  
inh ib ition , for w hich m uch  evidence has been ob tained  subsequen tly  in 
the central nervous system  of verteb ra tes, and m orphological correlates 
in the form  of ‘cascad ing’ or ‘series synapses’ w ere soon found in the 
e lectron m icroscope.

10. Gamma-aminobutyric acid ( GABA— an inhibitory transmitter in 
Crustacea

D udel and K uffler also show ed th a t all the effects, p re- and p o s t
synaptic, of the inh ib ito ry  im pulse could be rep roduced  by local ap p li
cation of G A BA , w hich natu ra lly  led to the next series of experim ents, in 
con junction  w ith  E. K ravitz  and D . Po tter, on the local d istr ib u tio n  of 
th is substance in the  crustacean  nervous system .

T o  p rocure  adequate  m aterial p resen ted  a logistic problem : large crates 
of lobsters arrived  in K uffler’s laboratory , and the post-experim en tal 
orgies of crustacean  m eals m ust have reached sa tu ra tion  po in t d u ring  th is 
period  of his research. A fter som e five h u n d red  lobsters had been 
‘sacrificed’ and the ir nervous system  subjected  to a long series of 
fractionations, ten different am ino acids w ere found w hich p roduced  
inh ib ito ry  effects on the neu rom uscu lar ju n c tio n , G A BA  being by far the 
m ost po ten t am ong them . T h e  work cu lm inated  in a heroic d issection 
exercise in the course of w hich single m oto r and inh ib ito r axons were 
isolated from  a large n u m b er of anim als to p roduce  a total length  of ‘over 
5 m etres of lobster axon’. T h e  resu lts w ere well w orth  the trouble: the 
inh ib ito ry  nerve fibres were found to contain  G A BA  at a concen tration  of 
the o rder of 100 m M , m aking up som e 0 .5%  of the ir fresh m ass, w hereas 
no th ing  (m eaning less than  1/1000 of th is am ount) was found in the 
accom panying m otor axons. A lthough K uffler and his co llaborators 
expressed them selves very cautiously  concern ing  the physiological sig
nificance of their observations, to m ost of us th is result together w ith 
previous findings on the actions of G A BA  was convincing evidence for its 
identification as the inh ib ito ry  tran sm itte r. T h is  conclusion was s tre n g th 
ened by later work, some of it in K uffler’s laboratory , by A. and N . 
T akeuch i, and by M . O tsuka, L. L . Iversen, Z. W . Hall and E. A. 
K ravitz.
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11. Electrophysiology of glia cells
A fter th is  su rfe it of lobste r axons, S tep h en  re lin q u ish ed  the field of 

c ru stacean  neurophysio logy . H e tu rn e d  instead  to som e en tire ly  new  and  
o rig inal p rob lem s, nam ely  the physio logy  o f glia, the  ‘satellite  cells’ 
w h ich  su rro u n d  all n eu ro n s and  th e ir  axon processes. It w ould  be 
in te res tin g  to know  w hat was the  im m edia te  cause for K uffle r’s d ep a rtu re  
in to  th is new  area of research . H e m en tions (paper 68) th a t the  w ork had 
been  p lan n ed  for over 10 years, b u t was no t given very h igh p rio rity . O ne 
possib le  ind ica tion  was an aside in his recen tly  p u b lish ed  paper on the 
G A B A  co n ten t o f single axons: ‘one shou ld  note  th a t the isolated  fibres 
we analysed w ere still a com plex tissue because the d issections le f t . . .  
the  S chw ann  cell layer a ro u n d  the  n eu ro n  m em b ran e ’. H e was ev idently  
a little  w orried  by the perenn ial p rob lem  of w h e th er one is co rrec t in 
a ttr ib u tin g  de te rm in a tio n s  of physical and  chem ical p ro p ertie s  to the 
nerve cells alone, or w h e th er the resu lts  m igh t be v itiated  by the 
unavo idab le  presence of a glia or Schw ann  cell envelope. V arious 
specu la tions w ere c u rre n t at the  tim e, rang ing  from  those th a t a ttr ib u ted  
to the  satellite  cells a pu rely  m echanical su p p o rtin g  role to those w ho 
th o u g h t they  m igh t have a tro p h ic  function  or even actively partic ipa te  in 
the  process of nerve signalling . T h is  last possib ility  was unequivocally  
ru led  ou t by the  w ork of K uffler and his co -au tho rs.

H e was jo ined  in these experim en ts  by several colleagues, no tab ly  by 
D . D . P o tte r  and R. K . O rkand , and by Jo h n  N icho lls w ith  w hom  he 
co n tin u ed  to co llaborate  closely for m any years, first in the  labora to ry  and 
la ter in p rep a rin g  an ou tstan d in g ly  good tex tbook  ( neuron to , 
1976). T h e  experim en ts  w ere done on the cen tral nervous system  of the  
leech; later the  optic  nerves of frogs and m u d p u p p ie s  w ere also s tud ied . 
U sing  in trace llu la r m ic ro techn iques , K uffler and his colleagues could  
d em o n stra te  th a t the  nerve cells in the  leech con tinued  to conduct 
im pulses after th e ir  investing  glia cells had  been rem oved by m ic ro 
surgery . T h e y  also show ed th a t glia cells, a lthough  electrically  coupled  to 
one an o th er by low -resistance cy toplasm ic pathw ays, are no t linked to the  
n eu ro n s  w hich they su rro u n d  and do no t them selves give action p o ten 
tials. A very in te resting  and novel finding was th a t glia cells no t only 
con ta in  a h igh in ternal po tassium  concen tra tion  like nerve cells, b u t th e ir 
surface m em brane  show s a m ore highly  selective po tassium  perm eab ility  
and  a h igher resting  po ten tia l than  the neurones. T h e  glial m em brane can 
therefo re  be used— like a specific po tassium  electrode— as a sensitive 
index for sm all changes in local po tassium  concen tra tion  w hich occur 
d u rin g  repetitive  activity  of the ad jacent nerve cells. Potassium  ions leave 
the n eu rons d u rin g  th e ir  action po ten tia ls and are reabsorbed  only 
relatively  slowly. T h ey  tend , therefore , to accum ulate  in the narrow  
ex tracellu lar clefts betw een active neu rons and su rro u n d in g  glia cells and 
cause a progressive depo larization  of the la tte r w hich can bu ild  up to a 
level of m any m illivolts. T h u s , som e of the slow poten tia l changes
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recorded du ring  e lectro -encephalography  are probab ly  due to local 
depolarization of glial syncytia.

T h e  use of the glial m em brane as an index of the ex tracellu lar 
po tassium  concen tration  enabled K uffler and his colleagues to answ er 
certain  questions concern ing  ionic concen tra tion  g rad ien ts existing b e 
tw een the cerebral blood supply , the im m ediate  env ironm en t of the 
central nerve cells and the cerebro-sp inal fluid. W hile the  concen tra tions 
of po tassium  in the blood and c.s.f. w ere know n from  direct d e te r
m inations, the concen tra tion  a round  the neu rons could now  be m easured  
for the first tim e, by electrical m ethods, and was found to correspond  
closely to tha t in the c.s.f. A no ther im p o rtan t observation  was m ade w hen 
the sodium  in the outside bath  was replaced by iso-osm otic sucrose: 
w ith in  10 s the nerve cells becam e inexcitable w hich show ed th a t the 
ex tracellu lar sodium  concen tra tion  had d ropped  quickly below  the level 
at w hich an action poten tia l could be elicited. T h e  process was ju s t as 
rapidly  reversed by re tu rn in g  to norm al sodium . T h e  glial m em brane  
po ten tia l rem ained constan t th ro u g h o u t th is p rocedure , w hich ind icated  
tha t the potassium  grad ien t (and by im plication  the in ternal ionic 
com position  of the glia cell) had not been d istu rb ed  d u ring  the drastic  
ex tracellu lar concen tration  changes.

T h e  w ork on the electrophysiology of glia cells was a very in teresting  
and original d epartu re , and was ably sum m arized  by K uffler and N icholls 
in a review  in Ergebnisse der Physiologie (73) and in K uffler’s F e rrie r 
L ec tu re  in 1965 (74). As they po in t out, the  p rincipal p rob lem  concern ing  
the roles of satellite cells in the function  of the nervous system  rem ained  
‘on the tab le ’, and m any tan taliz ing  questions w ere left open in the 
absence of ‘m ore precise inform ation  abou t the biochem ical p roperties  of 
various glial cells and about the natu re  of neuron-g lia  in te rac tio n ’.

12. Synaptic transmission in autonomic ganglia
A fter his excursion into the physiology of satellite cells, K uffler 

re tu rned  to the study  of synapses, seeking a p repara tion  tha t w ould allow 
him  to m ake even m ore d irect observations on single neuronal contacts. 
In  his paper w ith U . J. M cM ahan  (77) he recounts th a t ‘we have searched 
for a p repara tion  w hich w ould survive well in isolation and in w hich one 
could  d irectly  observe nerve cell bodies, th e ir  p re- and postsynap tic  
axons and su rround ing  glial or Schw ann cells. W e especially w anted to 
see the outlines of synaptic bou tons on the surface of living nerve cells, 
w hich w ould enable us to do experim ents on n eu ro n -to -n eu ro n  synapses 
tha t have so far no t been possib le .’ T h is  search led them  to the very th in  
and tran sp aren t in teratria l sep tum  of the frog ’s heart w ith  the parasym 
pathetic  nerve ganglia em bedded  in it. By carry ing  out a p relim inary  
study, using in terference optics com bined  w ith  electron m icroscopy and a 
variety of stain ing m ethods, they not only fam iliarized them selves w ith 
the fine s tru c tu re  of the septal neurons, b u t ob tained  the m ost m agnifi
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cen t p ic tu res  of synapses on living cells. T h is  was follow ed by an 
ex perim en ta l attack, in co llabora tion  w ith  M . J. D enn is  and  A. J. H arris , 
exam in ing  synap tic  tran sm ission  w ith  the usual electrophysio logical 
m ic ro tech n iq u es . T h is  w ork p ro v id ed  a g rea t deal of de ta iled  in fo rm ation  
on the  acety lcho line-m ed ia ted  postsynap tic  po ten tia ls , th e ir  quan ta l 
com position , the  spatial d is tr ib u tio n  of acety lcho line-sensitive  sites on 
the n eu ro n  surface, and th e ir  sp read  after surgical denerva tion . H ow ever, 
the  physiological detail th a t resu lted  from  these experim en ts  m u st have 
com e as som eth ing  of an an ti-c lim ax  after the beau tifu l s tru c tu ra l s tudy  
p reced in g  it, for it show ed little  m ore th an  th a t the  m ain  featu res w ere 
very  sim ilar to w hat had been found  at o th e r synapses such as the 
n eu ro m u scu la r ju n c tio n .

13. High-resolution studies on the nerve-muscle junction
N o such feeling is a roused  by the next series of investigations, done in 

co llabora tion  w ith  D . Y oshikam i, w hich m ark  a re tu rn  of S te p h e n ’s 
personal a tten tio n  to the  n eu ro m u scu la r synapse. V iew ing endp la tes on 
the  surface of m uscles w ith  in te rfe rence  con tras t, and ‘c lean ing ’ the  fibres 
w ith  collagenase, they  exam ined  the localization of acetylcholine- 
sensitive  sites w ith  even finer spatial reso lu tion  th a t had prev iously  been 
ob ta ined . T h e y  found ex trem ely  steep g rad ien ts  of d ru g  sensitiv ity , 
falling to  a level tw o o rd ers  of m ag n itu d e  low er than  at the actual synaptic  
con tac t area, w hen the tip  of the testing  m ic ro p ip e tte  was m oved only 
2 pm  away. A n even sh a rp e r decline was found  in the spatial decrem en t of 
cho linesterase  activ ity  w hen th is was exam ined  by ionophoretic  ap p li
cation of an esterase in h ib ito r. T h is  w ork was follow ed by a paper w ith  
H . C. H artze ll and D . Y oshikam i in w hich they  show ed an in te resting  
in te rac tion  occu rring  d u rin g  the  release of m ultip le  packets o f acety l
choline at a single endp late: norm ally , the  effects of the  large n u m b er of 
ind iv idual packets, w hich are d ischarged  by a single nerve im pulse  at 
h u n d red s  of ad jacent sites, are confined to a very sm all m em brane  area 
and do not in te rac t, because the  acety lcholine is rap id ly  hydro lysed  near 
the site of its release and initial action. B ut w hen the esterase has been 
in h ib ited , the  tra n sm itte r  can diffuse laterally  to ad jacent sites and, 
because of the non linear, ‘co -o p era tiv e ’ sum m ation  of its fringe effects, 
in te rac tion  now  occurs and leads to a very m arked  p ro longation  of the  
endp la te  poten tia l.

T h e  m ost im p o rtan t piece of th is series is the last paper by K uffler and 
Y oshikam i in w hich they  describe a techn ique  of quan tita tive ly  assaying 
the  am oun ts of acetylcholine d ischarged  electrically  from  a m icrop ipe tte  
onto  an endp la te . T h is  was done by in jecting  acetylcholine ionophoreti- 
cally w ith  a series of recorded  pulses into a m easured  d rop le t of R inger 
so lu tion  and com paring  its depo lariz ing  effect on a given endp la te  w ith  
th a t of sim ilar d rop le ts  con ta in ing  various know n acetylcholine concen
tra tions. T h e  aim  of the  paper was to obtain  an im proved  estim ate of the
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m inim um  am ount of acetylcholine needed to rep roduce  a m in iatu re  
endp late  poten tial, in o ther w ords to get a b e tte r  idea of the acetylcholine- 
equivalen t of the quantal packet delivered by the nerve. T h e  answ er was 
that, w ith the p ipette  placed in an optim al position , very close to the m ost 
sensitive spots of the endplate, ra ther less than  10 000 m olecules of 
acetylcholine had to be d ischarged to p roduce  a response equivalen t to a 
m .e.p .p . T h is  resu lt was of im portance  in connection  w ith  the ‘vesicular 
hypo thesis’, i.e. th a t the p resynap tic  vesicles seen in the electron 
m icroscope are the containers of the quan tal packet of acetylcholine, and 
are able to discharge their soluble con ten ts in an a ll-o r-none m anner into 
the synaptic cleft, by a process of m em brane fusion and ‘exocytosis’. 
P revious estim ates of the n u m b er of acetylcholine m olecules needed to 
produce a quantal response had been m uch  h igher and m ade it difficult to 
believe tha t such an am ount could be accom m odated  w ith in  a 50 nm  
vesicle. Kuffler and Y oshikam i’s resu lts rem oved th is objection.

14. Slow synaptic potentials and a new transmitter substance
K uffler’s last researches were devoted to a study  of slow synaptic effects 

recorded  in a variety  of au tonom ic ganglia of the frog and m udp u p p y . It 
had long been know n that the same tran sm itte r, acetylcholine, can 
p roduce  very different effects at different synapses. T h e  response may be 
a depolarization leading to an im pulse, or an inh ib ito ry  change of ion 
conductance w hich stabilizes the m em brane po ten tia l and preven ts the 
in itia tion  of an im pulse in the postsynap tic  cell. T h e  effects m ay also 
differ in their tim e course, and in the synaptic  latency before the response 
becom es visible; the la tte r can vary over m ore than  th ree o rders of 
m agnitude. T h e  fast responses at the m oto r endp late  are presum ably  due 
to a d irect action of the tran sm itte r, and cease w hen the acetylcholine 
m olecules dissociate from  the m em brane receptors. Kuffler and his 
colleagues (87) stud ied  an additional inh ib ito ry  action of acetylcholine in 
a parasym pathetic  neu ron , w hich had a m uch slow er onset and longer 
duration . T h is  late response arose well after the acetylcholine had exerted  
its b rie f excitatory  action on the sam e neuron , and p resum ably  long after 
it had diffused away. T h e re  were som e characteristic  pharm acological 
differences betw een the b rie f and slow responses, ind icating  th a t the 
acetylcholine acted on two different kinds of m em brane receptors, the so- 
called ‘n ico tin ic’ and ‘m uscarin ic ’ types. W hile the fast n icotinic response 
m ay well be due to a d irect action of the tran sm itte r  itself, the m uscarin ic 
response seem s to occur only at the end of an in term ediate  sequence of 
chem ical reaction steps.

Finally, in con junction  w ith D rs Y. N . and L. Y. Jan , Kuffler m ade the 
im portan t discovery of a pep tide-opera ted  synapse in sym pathetic  
ganglia of the frog. In  his last paper, in a pub lication  of a sym posium  that 
was held in his honour at W oods H ole in A pril 1980, he describes ‘events 
in sym pathetic  ganglia . . . w here release of acetylcholine in itiates three
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d iffe ren t synap tic  po ten tia ls: (i) a s tan d a rd  fast n ico tin ic  e .p .s .p . (abou t 
30 -50  m s d u ra tion ); (ii) a slow m uscarin ic  e .p .s .p . (30 -60  s); (iii) a slow 
i.p .s .p . (abou t 2 s). T h e  fo u rth  synap tic  signal, the  “ late slow e .p .s .p .” , 
lasts 5 -10  m in  and is no t caused  by acety lcholine. W e have evidence th a t a 
p ep tid e , resem b ling  lu te in iz ing  ho rm o n e  releasing  ho rm o n e  (L H R H ), is 
secre ted  by specific axons w ith in  ganglia w here it in itia tes the  late slow 
e .p .s .p s .’ H e th en  recoun ts  the  several lines of chem ical as well as 
e lec trophysio log ica l experim en ts  w hich  led to th is  conclusion  ( in tra 
neu rona l de tec tion  of a p ep tid e  of a p p ro p ria te  m olecu lar w eight by 
rad io im m unoassay ; de tec tion  o f its ca lc iu m -d ep en d en t release in high 
po tass ium  m edia; d isappearance  of pep tid e  after denervation ; evidence 
for its p ro d u c tio n  in the  n eu ro n  and tra n sp o rt along the axon; c h a rac te r
istic postsynap tic  effect o f d irec t L H R H  application ; specific b locking  
action  of im pulse-evoked  response by a L H R H  an tagonist). In  the 
su m m er of 1980, S tep h en  K uffler gave a full rep o rt on th is w ork to the  
In te rn a tio n a l Physiological C ongress at B udapest; his lec tu re  was reg ar
ded as one of the  o u ts tan d in g  h igh ligh ts  of th is  C ongress. Im m edia te ly  
a fte rw ards he re tu rn ed  to W oods H ole, and was actively engaged together 
w ith  D r T . Sejnow ski in experim en ts  designed  to elucidate  fu rth e r  the 
m echan ism  of postsynap tic  action o f L H R H . H e died in the  m idst of 
these activ ities.

S tep h en  K uffler had  the  good fo rtu n e  to find endless excitem en t in his 
life ’s w ork. In  the  course  of it he m ade m any im p o rtan t discoveries and 
b ro u g h t new  ligh t to m any areas o f neurob io logy . H is w ork adds up  to a 
m agnificen t volum e of physiological research; his experim ental resu lts 
w ere usually  accom panied  by beau tifu l illu stra tions, w hich added  clarity  
and  gave m uch  p leasure  to  his readers. T echn ica l accom plishm en t was 
one of the  o u ts tan d in g  featu res of his research , b u t he always used his 
techn ical skill for a defin ite  pu rpose , nam ely  to obtain  experim ental 
resu lts  w hich  w ere sim ple  and  capable of s tra igh tfo rw ard  in te rp re ta tio n , 
and  in th is  way could give a clear answ er to a scientific question . T h eo ry  
was no t his p a rticu la r line, n o r the deve lopm en t of a g rand  new concept. 
W hat he w anted  to achieve was to reveal the in heren t beau ty  of the 
deta iled  m echan ism s w hereby  nerve cells go abou t th e ir  daily business. 
In  his experim ental p u rsu its  he had the  gift of m aking an alm ost u n errin g  
choice of the m ost su itab le  living p repara tion : in th is he seem s to have 
em u la ted  one of his scientific heroes, R am on y Cajal, w hom  he describes 
(86) as ‘one of the  g rea test s tu d en ts  of the  nervous system , selecting 
sam ples from  a w ide range of the anim al k ingdom  w ith  an alm ost 
unfailing  in stinc t for the essen tia l’.

I have been greatly  helped  in the p repara tion  of th is m em oir by D r 
Phyllis K uffler, M rs M argare t W ilm ot and P rofessor Felix M lczoch who 
gave m e im p o rtan t in fo rm ation  abou t S tephen  K uffler’s life in H ungary



and A ustria , and I am indeb ted  for m uch  valuable assistance to M rs 
M arion  K ozodoy and P rofessor T o rs te n  W iesel. T h e  pho tog raph  is by 
Fabian Bachrach, Boston.
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A p p e n d i x  I
(a) Honorary degrees

1959 M.A. Harvard University
1964 M .D . University of Bern, Switzerland
1972 D.Sc. Yale University
1974 D.Sc. Washington University, St. Louis
1974 D.Sc. University of London
1977 D.Sc. University of Chicago
1977 D .Sc. Pierre and Marie Curie University (University of Paris) 
1980 D .Sc. University of Oxford

(b) Membership
National Academy of Sciences 
American Academy of Arts and Sciences 
The Royal Society (Foreign Member)
Royal Danish Academy of Sciences and Letters (Foreign Member) 
Austrian Academy of Sciences (Foreign Member)
Physiological Society (London)
American Physiological Society 
American Philosophical Society 
Bavarian Academy of Sciences (Foreign Member)

(c) Awards and Special Lectureships
1957, 1980 Bishop Lecturer (Washington University, St Louis)
1959 Harvey Lecturer
1965 Ferrier Lecturer (Royal Society, London)
1971 Silliman Memorial Lecturer (Yale University)
1971 Passano Award
1972 Sherrington Lecturer (Liverpool University)
1972 Louisa Gross Horwitz Prize in Biology
1973 Proctor Award in Ophthalmology
1973 Dickson Prize in Medicine
1976 Wakeman Award
1977 Armin von Tschermak-Seysenegg Prize (Austrian Academy of Sciences)
1978 Gerard Prize
1979 F. O. Schmitt Prize in Neuroscience (M .I.T .)
1979 Forbes Lecturer (Grass Foundation)
1980 Heisenberg Lecturer (Munich)

A p p e n d i x  II

A CURRICULUM  VITAE OF SORTS

By S t e p h e n  W . K u f f l e r  

[W ritten  p robab ly  in 1971— B .K .]

I spent the first ten years of m y life in H ungary  on a m edium -sized  
farm . M y m ost vivid m em ories are about rid ing  horses, sw im m ing in 
ponds and occasionally visiting  a near-by  ‘b ig ’ city. A t hom e we spoke
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H u n g a ria n  and  G e rm a n  and  learned  reasonab ly  good F ren ch  from  a 
succession  o f governesses. A few a tte m p ts  in e lem en tary  education  on a 
p riv a te  basis by the  local school teacher ended  in com plete  failure. T h is  
ex istence  cam e a b ru p tly  to  an end  in 1923 w hen  I was sen t to a b oard ing  
school near V ienna— a ‘g y m n asiu m ’ ru n  by the  Jesu its . Before they  let m e 
s ta rt on the  schoo l’s e ig h t-y ea r course  they  w isely p rov ided  a year of 
p re lim in ary  education  in o rd e r  to catch  up  w ith  m y m issing  elem en tary  
schooling . A fter the  p rep a ra to ry  year I stayed on for the  full rem ain ing  
e igh t years. T h e  education  was ‘h u m a n is tic ’, w ith  em phasis on m oral 
rec titu d e  of the  p ro p er sectarian  varie ty , and  eigh t years of L a tin  and  six 
years o f G reek , and prac tica lly  no science.

W h en  I fin ished h igh school in 1932, I en te red  m edical school in 
V ienna, a fter hav ing  rejected  languages and  law, bo th  of w hich  in te rested  
m e for som e undefined  reason. I guess I chose m edicine for its in te r 
na tional charac te r. I spen t barely  m ore th an  five years in m edical school, 
fin ish ing  m y exam inations d u rin g  the  late fall of 1937. It was a difficult 
and  tu rb u le n t period  in A u strian  politics, and  we had any th ing  b u t a 
peaceful tim e. W hile  I had m any  good friends, I strongly  rejected  m y 
en v iro n m en t full of violence and  social un rest. I spen t as little  tim e as 
possib le  at the  m edical school and m anaged  to be away a great deal. T h e re  
was a period  o f abou t six m o n th s  w hen, w hile still a m edical s tu d en t, I 
w orked  as an assistan t in a hosp ita l in the  east end of L ondon . M y 
favourite  place was the  acciden t room , w here the a tten d in g  surgeon 
freq u en tly  let m e do odd  jobs. A t the  sam e tim e I was able to observe the 
local charac te rs  and  learn  som e E nglish . I fo rm ed  a strong  liking for 
L o n d o n . A n o th e r break  in m y m edical education  was a p ro trac ted  trip  of 
tra m p in g  th ro u g h  the M idd le  East to E gyp t and back again.

A t the  U n iv ers ity , I was to ta lly  u n p rep a red  for the  ‘scien tific’ pa rt of 
m y m edical courses, p a rticu la rly  in chem istry . T h is  was a hand icap  tha t I 
have never overcom e in m y su b seq u en t career. O therw ise , m y m ain  
in te rest was pathology, w hich I regarded  as the  basis of good m edicine. I 
m ay add th a t d u rin g  m y m edical school years we had a total financial 
collapse in o u r fam ily fo rtunes, and  for long periods I m ade m y living as a 
tu to r  o f re ta rd ed  h igh school s tu d en ts , at last m aking  full use of m y 
p rev ious education  in G reek  and  L atin .

O n  fin ishing m edical school I began a residency  in in ternal m edicine 
and  also w orked  sim ultaneously  in the D e p a rtm en t of Pathology in 
V ienna. T h is  b rie f  clinical exposure  was te rm in a ted  in M arch  1938, by 
the  G erm an  invasion of A ustria . S ince the next w ar was close on the 
horizon  and I observed  the stepped  up b ru ta lities  in m y env ironm en t, I 
im m ediately  decided to leave, hop ing  th a t the conflict w ould find m e on 
the  co rrec t side. I also decided  to go to an E nglish -speak ing  coun try , 
p referab ly  E ngland . S hortly  after the invasion I escaped by crossing over 
in to  H ungary  and  found  m y way to L ondon , w here I had som e good 
friends. H ow ever, I could  no t use m y m edical qualifications and decided
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to apply for a visa to A ustralia . D u rin g  m y th ree  m on ths in E ngland , in 
1938, I had a transien t non-m edical job  near M anchester, and I spen t 
some tim e w ith the fam ily of m y good friends John  and C haris B rophy. 
B rophy was a literary  figure, one of the sw eetest and m ost generous 
people I have ever know n. W e kept in close touch  until 1965, w hen he 
died, bu t I still visit his wife C haris each tim e I com e to L ondon .

I bough t a ticket to B risbane, A ustralia— the last stop on the O rien t 
L ine, because it m ade practically  no difference w hether one got off at 
P erth , A delaide, M elbourne , Sydney or at the last stop B risbane. 
A nyw ay, I left the boat in Sydney and after two days or so of looking 
a round , w ent to the un iversity  and im m ediately  got a job  as a dem o n 
stra to r in pathology. T h is  job  lasted for approxim ately  ten days or even 
two weeks, because in the m eantim e I m et John  Eccles who had  a tennis 
court in his backyard , w here we had a very good gam e. O n the streng th  of 
m y tennis he offered m e a job  as his assistan t, w hich I accepted, no t really 
know ing w hat it im plied . E ccles’s en thusiasm  convinced me th a t solving 
the p roblem s of o n e’s b rain , of consciousness, not to speak of such small 
m atters  as behaviour, etc. seem ed a w orth  while task for a young m an in 
m y situation .

M y w ork w ith  Eccles, how ever, s ta rted  on a m uch  m ore m undane 
level, exploring the m ysteries of the neu rom uscu lar ju n c tio n . I 
floundered around  terrib ly  and Eccles was extrem ely  p a tien t w ith  me. 
A fter a year, in the fall of 1939, we w ere jo ined  by B ernard  K atz from  the 
D ep artm en t of B iophysics at U n iversity  College w here he had w orked 
w ith  A. V. H ill. W e had a very fru itfu l few years together. T h e  challenge 
of w orking w ith Eccles and K atz was alm ost unbearab le , because both  of 
them  were so highly tra ined  and in te lligent. Since I could no t com pete on 
the intellectual plane, I took full advantage of m y m anual skills by 
p reparing  the first isolated nerve-m uscle  ju n ctio n . T h e  sim plicity  of that 
p repara tion  com pensated  for m y lack of sophistication , and I ob tained  
m y first independen t scientific results.

T h e  w ar soon d isru p ted  the scientific co llaboration betw een Eccles, 
K atz and m yself. K atz and I w ere keen to enlist. 1 his was easier for K atz 
who had becom e a B ritish  citizen and therefore  could jo in  the air force as 
a radar officer. M y s tin t in the A ustralian  arm y lasted only betw een th irty  
and sixty m inu tes. A t the induction  centre  I was issued a un ifo rm  and 
to ld  tha t I w ould be sent to the in te rio r of A ustralia  to help in road 
construction . T h is  was con trary  to m y u n ders tand ing  of becom ing a 
m edical officer, p referab ly  in the overseas forces, and I im m ediately 
claim ed m y status as a doctor. T h e  refusal of the A ustralians to accept me 
in the ‘p ro p e r’ arm y was due to m y being a stateless person, since I never 
accepted G erm an  citizenship  and A ustria  had faded away. A nyw ay, the 
conflict was resolved by m y leaving the induction  station.

I had m ore success w ith  the A m ericans, w ho had set up a field hospital 
in the Sydney area, m ainly staffed by people from  Johns H opkins
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U n iv e rs ity  M edical School. T h e re  I functioned  as a consu lting  n eu ro lo 
gist w ork ing  on nerve  in ju ries  th a t w ere q u ite  p len tifu l in the  Pacific war. 
T h e se  activ ities, how ever, w ere n o t fu ll-tim e  and  I co n tin u ed  research  
w ork in E cc les’s labora to ry , even after Eccles had  left for N ew  Z ealand  in 
1943.

E cc les’s labora to ry  was no t reco n stitu ted  a fter the  w ar and K atz  and I 
w ere looking for jobs. H e got one at U n iv ers ity  College in b iophysics, 
w hile  I ob ta in ed  a fellow ship  to  go to w ork in G e ra rd ’s labora to ry  in the 
U n ite d  S tates. By th a t tim e I had becom e a B ritish  citizen, acqu ired  an 
A u stra lian  wife and one in fan t d au g h te r (in 1945). I stayed in C hicago 
from  late 1945 to early  1947, w hen  I was offered a jo b  in the  D e p a rtm en t 
of O ph th a lm o lo g y , the  W ilm er In s titu te , at Jo h n s H opk ins M edical 
School.

H opk ins was a w onderfu l place, and they  gave m e a sm all basem en t 
labo ra to ry  th a t soon becam e filled w ith a g roup  of eager young  p o s td o c 
toral w orkers, several of them  from  abroad , p articu la rly  G rea t B rita in . By 
the  m idd le  1950s the  place becam e unbelievab ly  crow ded w ith  capable 
and  p ro d u ctiv e  young  people. T h is  state  of affairs was no ticed  by 
H arv a rd  M edical School and  they  offered us space and o p p o rtu n itie s . 
A b o u t ten  o f us m ig ra ted  to M assachusetts  and eventually  we becam e the 
fo u n d in g  fathers  of a new  D e p a rtm en t of N eurob io logy . Six of the 
o rig inal H opk ins g roup  are still together, b u t na tu ra lly  each of us has his 
ow n in d ep en d en t labora to ry .

In  1954 I becam e an A m erican  citizen and have voted  in every m ajor 
e lection  ever since. O u r fam ily of tw o boys and two girls, now  success
fully m atu red , are at the  cen tre  of m y non-scien tific  in terests . O therw ise  
m y p reoccupation  rem ains the nervous system .
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1954 (With C. C. H unt) M otor innervation of skeletal muscle: multiple innervation of
individual muscle fibres and motor unit function. J. Physiol. 126, 293-303. 

M echanisms of activation and motor control of stretch receptors in lobster and crayfish. 
J . Neurophysiol. 17, 558-574.

1955 Contractures at the nerve-m uscle junction: the slow muscle fibre system. Am. J . phys.
Med. 34, 161-171.

(With C. Eyzaguirre) Processes of excitation in the dendrites and in the soma of single 
isolated sensory nerve cells of the lobster and crayfish. J. gen. Physiol. 39 , 87-119. 
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155-184.
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(With C. Edwards) M echanism of gamma aminobutyric acid (GABA) action and its 
relation to synaptic inh ib ition .^ . Neurophysiol. 21 , 589-610.

1959 (With C. Edwards) T he blocking effect of y-aminobutyric acid (GABA) and the action
of related compounds on single nerve cells. J . Neurochem. 4 , 19-30.

Synaptic inhibition. X X I  Congreso Internacional de Ciencias Fisiologicas, Buenos Aires, 
9-15 August.

1960 Excitation and inhibition in single nerve cells. The H arvey Lectures, 1958-1959 , pp.
176-218. New York: Academic Press.

1961 (With J. D udel) Presynaptic inhibition at the neuromuscular junction in crayfish.
Internat. Symposium *Nervous Inhibition (Friday Harbor), pp. 111-113.

(With J. D udel) The quantal nature of transmission and spontaneous miniature 
potentials at the crayfish neuromuscular junction. J. Physiol. 155, 514-529.

(With J. D udel) M echanism of facilitation at the crayfish neuromuscular junction J. 
Physiol. 155, 530-542.

(With J. D udel) Presynaptic inhibition at the crayfish neuromuscular junction. J. 
Physiol. 155, 543-562.

1963 (With J. D udel, R. G ryder, A. K aji & D. D. Potter) Gamma-aminobutyric acid and
other blocking compounds in Crustacea. I. Central nervous system .^. Neurophysiol. 
26 , 721-728.

(With E. A. K ravitz, D. D. Potter & N. M. van G elder) Gamma-aminobutyric acid 
and other blocking compounds in Crustacea. II. Peripheral nervous system. J. 
Neurophysiol. 26 , 729-738.

(With E. A. K ravitz & D. D. Potter) Gamma-aminobutyric acid and other blocking 
compounds in Crustacea. III. Their relative concentrations in separated motor and 
inhibitory axons. J. Neurophysiol. 26 , 739-751.

1964 (With D. D. Potter) Glia in the leech central nervous system. Physiological properties
and neuron-glia relationship. J. Neurophysiol, 27, 290-320.

(With J. G. N icholls) Glial cells in the central nervous system of the leech; their 
membrane potential and potassium content. Arch. exp. Path. Pharmak. 248 , 216-222.



258 Biographical Memoirs

(67)

( 68)

(69)

(70)

(71)

(72)

(73)
(74)

(75)

(76)

(77)

(78)

(79)

(80) 

(81) 

(82)

(83)

(84)

(85)

( 86) 

(87)

1964 (With J. G. N icholls) Extracellular space as a pathway for exchange between blood
and neurons in the central nervous system of the leech: ionic composition of glial cells 
and neurons. J. Neurophysiol. 27 , 645-671.

1965 (With J. G. N icholls & D. D. Potter) An approach to the study of neuroglia and of
extracellular space based on recent work on the nervous system of the leech. In. 
Studies in physiology (ed. D. R. Curtis & A. K. McIntyre), pp. 152 155. Berlin: 
Springer-Verlag.

(With J. G. N icholls) The Na and K content of glial cells and neurons determined by 
flame photometry in the nervous system of the leech. J. Neurophysiol. 28 , 519-525. 

(With J. G. N icholls) H ow do materials exchange between blood and nerve cells in the 
brain? Perspect. Biol. Med. 9 , 69 76,

1966 (With J. G. N icholls & R. K. O rkand) Physiological properties of glial cells in the
central nervous system of Amphibia. J. Neurophysiol. 29 , 768-787.

(With R. K. O rkand & J. G. N icholls) The effect of nerve impulses on the membrane 
potential of glial cells in the central nervous system of Amphibia, jf. Neurophysiol. 29 , 

788-806.
(With J. G. N icholls) The physiology of neuroglial cells. Ergebn. Physiol. 57, 1 90.

1967 Neuroglial cells: physiological properties and a potassium mediated effect of neuronal
activity on the glial membrane potential. The Ferrier Lecture. Proc. R. Soc. Lond. B 
168, 1- 21.

1968 (With M. W. Cohen & H. M. G erschenfeld) Ionic environment of neurones and glial
cells in the brain of an amphibian. J. Physiol. 197, 363-380.

1970 (With U. J. M cM ahan) Viewing cholinergic synaptic areas on living nerve cells of the
frog’s heart. In: Excitatory synaptic mechanisms (ed. P. Andersen & J. K. S. Jansen), 
pp. 57 66. Oslo: Universitetsforlaget.

1971 (With U. J. M cM ahan) Visual identification of synaptic boutons on living ganglion
cells and of varicosities in postganglionic axons in the heart of the frog. Proc. R. Soc. 
Lond. B 177, 485-508.

(With M. J. D ennis S c A. J. H arris) Synaptic transmission and its duplication by 
focally applied acetylcholine in para-sympathetic neurons in the heart of the frog. 
Proc. R. Soc. Lond. B 177, 509-539.

(With A. J. H arris S c M. J. D ennis) Differential chemosensitivity of synaptic and 
extrasynaptic areas on the neuronal surface membrane in parasympathetic neurons of 
the frog, tested by microapplication of acetylcholine. Proc. R. Soc. Lond. B 177, 
541-553.

(With M. J. D ennis & A. J. H arris) The development of chemosensitivity in 
extrasynaptic areas of the neuronal surface after devervation of parasympathetic 
ganglion cells in the heart of the frog. Proc. R. Soc. Lond. B 177, 555 563.

1973 The single-cell approach in the visual system and the study of receptive fields. (Proctor 
Award Lecture, Assoc, for Res. in Vision and Ophthalmol.) Invest. Ophthal. 12, 
794-813.

1975 (With D. Yoshikami) The distribution of acetylcholine sensitivity at the post-synaptic
membrane of vertebrate skeletal twitch muscles: iontophoretic mapping in the 
micron range. J. Physiol. 244 , 703-730.

(With H. C. H artzell S c D. Yoshikami) Post-synaptic potentiation: interaction 
between quanta of acetylcholine at the skeletal neuromuscular synapse. J. Physiol. 
251, 427-463.

(With D. Yoshikami) The number of transmitter molecules in a quantum: an estimate 
from iontophoretic application of acetylcholine at the neuromuscular synapse. J. 
Physiol. 251, 465-482.

1976 (With H. C. H artzell S c D. Yoshikami) The number of acetylcholine molecules in a
quantum and the interaction between quanta at the subsynaptic membrane of the 
skeletal neuromuscular synapse. Cold Spring Harb. Symp. quant. Biol. 40 , 175-186. 

(With J. G. N icholls) From Neuron to Brainy p p. xiii and 486. Sunderland, Mass.: 
Sinauer.

1977 (With H. C. H artzell, R. Stickgold S c D. Yoshikami) Synaptic excitation and
inhibition resulting from the direct action of acetylcholine on two types of chemo- 
receptors on individual parasympathetic neurones of an amphibian. J. Physiol. 271 , 
817-846.



Stephen William Kuffler 259

(88) 1979

(89) 1980

(90)

(W ith Y. N . Jan & L. Y. Jan) A peptide as a possible transmitter in sympathetic ganglia 
of the frog. Proc. natn. Acad. Sci. U .S .A . 76, 1501-1505.

(With Y. N . Jan & L. Y. Jan) Further evidence for peptidergic transmission in 
sympathetic ganglia. Proc. natn. A cad Sci. U .S .A . 77, 5008-5012.

Slow synaptic responses in autonomic ganglia and the pursuit of a peptidergic 
transmitter. In: Neurotransmission, neurotransmitters, and neuromodulators (ed. E. A. 
Kravitz & J. E. Treherne), J . exp. Biol. 89, 257-286.


