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successful  p r e g n a n c y  for t he  females).  I n  all 20 couples  
were t e s t ed  : 1 (couple) • 5 (positions) • 4 (arms of t he  cen- 
tr ifuge).  Af te r  a sp inn ing  per iod  of 4 weeks, the  fe r t i l i ty  
of b o t h  males  and  females  was checked anew in s t a t i o n a r y  
cages for 4 weeks. 
Results. Resul t s  on r a t  p a r t u r i t i o n  and  n e w b o r n  l ongev i ty  
u n d e r  pe r s i t en t  c e n t r i f uga t i on  are s u m m a r i z e d  in t he  
table .  As can  be seen f rom the  table ,  females  in  cages 
(positions) 4 a n d  5 of the  cen t r i fuge  showed a t e n d e n c y  to 
abor t .  Th i s  t e n d e n c y  was e n h a n c e d  in females  w h i c h  were 
spun  a t  t he  b e g i n n i n g  of t h e i r  p regnancy .  The  life of t he  
n e w b o r n s  in these  2 cages was s igni f icant ly  s ho r t e r  t h a n  
in t he  o the r s  (p < 0.005). I n  con t ras t ,  t he  life span  of t he  
a d u l t  males  and  females  was a p p a r e n t l y  no t  af fected b y  
spinning.  The  females  in BC's  4 and  5 showed poor  
m a m m a r y  deve lopmen t ,  b u t  o therwise  d i sp layed  n o r m a l  
m a t e r n a l  behav iour .  Of t he  12 couples  p laced  a long  2 
a rms  of t he  cen t r i fuge  (10 tes t s  and  2 r o t a t i n g  controls) ,  
on ly  one couple  (in cage 3) did m a t e  successfully.  The  
couples were r e m o v e d  f rom the  cent r i fuge  a f te r  3 weeks 
of sp inn ing ;  of t he  spun  males,  6 were fert i le  i m m e d i a t e l y  
a f te r  removal ,  3 were nb t  able  to  fert i l ize a n y  female  for 
a t  leas t  3 m o n t h s ,  and  3 r ema ined  unfer t i le  for one 
m o n t h  b u t  were t h e n  able  to  i m p r e g n a t e  females  wh ich  
gave b i r t h  to  n o r m a l  youngs.  All the  spun  females  p roved  
fert i le  a f t e r  r e m o v a l  f rom t he  centr i fuge,  giving b i r t h  to  
n o r m a l  youngs  w i t h  no delay.  
F igure  2 shows t he  u t e rus  of a female  which  did  n o t  give 
b i r t h  in t ime  and  was necropsized.  The  r i gh t  h o r n  was 
swollen a n d  t he  lef t  one was e m p t y  (a) ; a f te r  open ing  t he  
u te rus  (b) one dead  e m b r y o  was found  in t he  r i g h t  horn ,  
while b lood  clots  were found  in the  lef t  horn.  Most  females  
which  did  no t  de l iver  a t  t he  r i gh t  t ime  p resen ted  a s imi lar  
pa tho log ica l  p ic ture .  
Discussion. This  p a p e r  deals w i t h  t he  effects on  r a t s  of 
pe r s i s t en t  c en t r i f uga t i on  a t  a r e la t ive ly  low a d d i t i o n a l  
g r a v i t a t i o n a l  force of 1-1.47 • g. U n d e r  these  condi t ions ,  
l ongev i ty  of a d u l t  r a t s  was  n o t  a p p a r e n t l y  affected,  b u t  
t h a t  of t he  n e w b o r n s  was s ign i f ican t ly  s h o r t e n e d  a t  a 
r e s u l t a n t  g r a v i t a t i o n a l  force exceeding 1.41 • g. 
I t  seems  t h a t  w i t h  a g-force h igher  t h a n  th i s  c r i t ica l  one 
(in cages 4 and  5) t he  success of p r e g n a n c y  depends  on  t he  

t ime  a t  wh ich  t he  p r e g n a n t  r a t s  s t a r t  sp inn ing  : t he  ear l ier  
i t  has  s t a r t e d  t he  less successful  t he  p regnancy .  I n  
cases where  de l ivery  has  been  de layed  b e y o n d  t he  calcu-  
l a t ed  t ime,  nec ropsy  shows var ious  degrees of h e m o r r h a g e  
and  d a m a g e  to the  fetus.  All  such fe tuses  are dead,  in  
some cases the i r  sizes ind ica t ing  t h a t  d e v e l o p m e n t  ha s  
s topped  a t  m id - t e rm ,  a n d  in o the r s  t h a t  t h e y  h a v e  
r eached  ful l - term,  b u t  for some i n k n o w n  reason  de l ive ry  
ha s  no t  t a k e n  place. I n  genera l  the re  is no co r re la t ion  be- 
tween  t h e ' s p i n n i n g  t i m e  of t he  p r e g n a n t  r a t  and  t he  t i m e  
of a b o r t i o n  ; in  m o s t  cases t i le on ly  macroscopica l  f indings  
are b lood clots  in t he  l u m e n  of t he  u t e r u s  and  c o n t r a c t i o n  
of t he  m y o m e t r i u m .  I n  cases of abor t ion ,  t he  ovar ies  
con t a in  corpora  lu tea  a t  va r ious  s tages  of regression.  
However ,  no  pa tho log ica l  changes  h a v e  been  obse rved  in 
bra in ,  muscles  and  viscera,  as r epo r t ed  earl ier  to  occur  
u n d e r  pe r s i s t en t  c en t r i f uga t i on  1-6. I t  is t hus  possible  t h a t  
t he  reason  is t he  r e l a t ive ly  low a d d i t i o n a l  g r a v i t y  force 
used in th i s  s tudy.  
W e  do no t  k n o w  w h e t h e r  t he  fai lure to  del iver  is in  a n y  
way  re la ted  to  t he  feeding s t a t e  of t h e  animals .  Dur ing  
t he  br ief  in t e rva l s  in w h i c h  t he  cen t r i fuge  was s topped,  
all  t h e  r a t s  seemed qu i t e  n o r m a l  a n d  a te  and  d r a n k  as 
usual ,  b u t  w h e t h e r  t h e y  d id  so du r ing  t he  sp inn ing  could 
n o t  be  de t e rmined .  As m e n t i o n e d  earlier,  t he  m a m m a r y  
g lands  and  t ea t s  of t he  nu r s ing  females  were poor ly  de- 
ve loped  and  the i r  shor t - l ived  offspr ings  appea red  s t a rved  
a n d  emacia ted .  A t  th i s  s tage  of s t u d y  i t  is di f f icul t  to  say  
w h e t h e r  th i s  m a m m a r y  insuf f ic ien t  d e v e l o p m e n t  was  due  
to a) u n d e r n o u r i s h m e n t  of t he  female  ra t ,  b) s t ress  of 
c en t r i f uga t i on  on t he  female,  c) fa i lure  of the  offspr ings  
to suckle due  to t he  phys i ca l  s t ress  of cen t r i fuga t ion ,  i.e. 
i nab i l i t y  of t he  n e o n a t e s  to  fas ten  on  to  and  to ho ld  t he  
m o t h e r ' s  t e a t  u n d e r  t he  a d d e d  grav i ty .  (Such fa i lure  to  
suckle woul  d r ap id ly  p rovoke  cessa t ion  of l ac t a t ion  in t he  
mother . )  I t  is of course possible  t h a t  severa l  of t he  above-  
m e n t i o n e d  reasons  combine  to c o n t r i b u t e  to  t h e  ear ly  
d e a t h  of t he  offspr ing in cages 4 a n d  5. I n  con t ras t ,  t h e  
n e o n a t e s  in  cages 1-3 a n d  in the  r o t a t i n g  cont ro l  cages 
deve lop  qu i te  normal ly ,  a l t h o u g h  t h e y  were s l ight ly  
u n d e r w e i g h t  c o m p a r e d  to n e o n a t e s  in  the  s t a t i o n a r y  con- 
t ro l  cages. 
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e x c i t a n t s  in frog and rat spinal  cord 
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Summary. Classif icat ion of e x c i t a t o r y  amino  acids in to  d i f fe rent  groups,  of possible  va lue  for t r a n s m i t t e r  ident i f ica t ion,  
can  be  m a d e  on  the  basis  of the  d i f fe rent ia l  effects of a l te red  e x t e r n a l  [Na+J and  [K~] on  m o t o n e u r o n e  depo la r iza t ion  
in frog and  i m m a t u r e  r a t  sp ina l  cord. 

I t  is genera l ly  cons idered  t h a t  the  depola r iza t ion  of m a m -  
m a l i a n  cen t r a l  neu rones  b y  L - g l u t a m a t e  and  re l a t ed  
amino  acid e x c i t a n t s  invo lves  a n  increase  in t he  pe rme-  
ab i l i ty  of t he  n e u r o n a l  m e m b r a n e  to Na + ions 2-6. How-  
ever,  t he  s t r u c t u r e s  of e x c i t a t o r y  amino  acids show 
cons iderab le  d ive r s i t y  ~,11 a n d  i t  is n o t  ce r t a in  t h a t  t he  
mecha l l i sm of t h e i r  ac t ions  is s imi lar  in all cases. Indeed ,  
E n g b e r g  e t  al. s h a v e  r ecen t l y  d e m o n s t r a t e d  t h a t  t he  
e x c i t a t o r y  ac t ion  of D L - h o m o c y s t e a t e  on  sp ina l  mo-  
t oneu rones  is associa ted  w i t h  a decrease  r a t h e r  t h a n  a n  

increase  in m e m b r a n e  conduc tance .  W e  now descr ibe  
e x p e r i m e n t s  conduc t ed  in  v i t ro  on t he  spinal  cord  of t he  
frog and  i m m a t u r e  r a t  in wh ich  amino  ac id- induced  de- 
po la r i za t ion  of mo toneurones ,  r ecorded  f rom v e n t r a l  
roots,  was s tud ied  in super fus ion  med ia  of v a r y i n g  ionic 
composi t ion .  I t  was found  t h a t  t he  responses  of d i f fe ren t  
amino  acids were af fec ted  d i f fe ren t ly  b y  the  ionic changes  
s tudied ,  and  t h a t  amino  acids could be  classified w i t h i n  
d i s t i nc t  groups  on  t he  bas is  of t he  resu l t s  ob ta ined .  Some 
of t he  obse rva t i ons  sugges t  the  poss ib i l i ty  of more  t h a n  
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Effects of lowered [K +] and [Na +] on ventral root depolarization 
induced by amino acid exeitants in frog spinal cord 

Group Amino acid Percent control 
K+-free 10 % - [Na +] 

I L-Aspartate 320 • 86 (4) 46 • 4 (7) 
D-Aspartate 279 :t- 30 (3) 84 • 7 (3) 
L-Cysteate 272 • 78 (4) 45 -c 3 (3) 
L-Cysteine sulphinate 223, 158 24 
L-Glutamate 231 • 28 (7) 76 ~ 2 (8) 

II Quisqualate 89 ~ 3 (3) 53, 47 
Kainate 93, 103 24, 27 
N-Methyl-D-aspartate 100, 111 52, 42 
D-Homocysteate 115 • 5 (5) 48, 34 

I I I  L-Homocysteate 116 i 6 (10) 140 ~ 8 (9) 
L-Homocysteine sulphinate 111, 152 152 
D-Glutamate 157 ~ 19 (4) 146 • 15 (3) 

The experiments were conducted in frog Ringers medium containing 
1 mM procaine. Amino acids were tested in groups of 3 or 4 and the 
concentration of each was adjusted so that all gave equal depolariza- 
tions of between 1 and 3 inV under control conditions. The period of 
contact of the amino acid-containing solutions with the spinal cord 
was 40 sec. For K+-free Ringers solution, the normal KC1 component 
was omitted. For 10%-[Na], 90% of the normal NaC1 component 
was replaced by choline chloride. Responses in media of altered ionic 
composition were measured 20-30 inin after the changeover, and 
are expressed as per cent of the control responses measured in Ringers 
solution of normal ionic composition immediately prior to change- 
over. Figures are means -~ S.E. (n) except where n is less than 3, 
where individual figures are given. 
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Fig. 1. Effect of changes in [K +] on ventral root depolarizations in- 
duced by L-glutamate, L-aspartate and L-homocysteate on the same 
frog spinal cord. All Ringer solutions contained 1 mM procaine. 
Responses were measured 20-30 rain after changing snperfusion 
solution. The period of contact of the amino acid-containing solution 
with the preparation was 75 sec. A Examples of the VR depolariza- 
tions obtained in superfusion media containing either 4 mM or no 
KCI. O, 80 ~M L-homocysteate; 2x, 0.5 mM L-glutamate; D, 1.0 inM 
L-aspartate. B Plot of response (per cent of the control response 
measured in superfnsion medium containing 2 mM KCI) against the 
K + concentration in the medinm. Symbols as in A. 

a s ingle m e c h a n i s m  for  e x c i t a t o r y  a m i n o  acid ac t ion ,  
whi le  o t h e r s  are  c o m p a t i b l e  w i t h  d i f fe ren t ia l  ef fec ts  of t he  
ionic c h a n g e s  on  r a t e s  of a m i n o  acid u p t a k e .  
R e c o r d i n g s  were  m a d e  m a i n l y  f r o m  v e n t r a l  r o o t s  of t he  
sp ina l  co rds  of R a n a  p ip i ens  or  R a n a  t e m p o r a r i a  as  
p r e v i o u s l y  desc r ibed  g, 11. I n  o rde r  to  a bo l i sh  ind i rec t  
ef fec ts  of a m i n o  acids,  p r o c a i n e  (1 mM) w a s  u s u a l l y  in- 
c luded  in t h e  s t a n d a r d  p e r f u s i o n  m e d i u m ,  w h i c h  o t h e r -  
wise  c o n t a i n e d :  (mM: NaC1, 111; KC1, 2; CaC12, 2; 
glucose,  12; t r i s  base ,  10; t h e  p H  w a s  a d j u s t e d  to  7.5 w i t h  
11.3 N HC1). T h e  t e m p e r a t u r e  of t he  p e r f u s i o n  m e d i u m  
w a s  12 ~ 0.5~ a n d  t h e  f low r a t e  w a s  1.5 ml  p e r  rain. 
Severa l  e x p e r i m e n t s  were  also ca r r ied  o u t  in t he  p r e se nce  
of t e t r o d o t o x i n  (10 -6 M) i n s t e a d  of p roca ine ,  or  in t h e  
a bse nc e  of a n y  b lock ing  agen t .  Add i t iona l ly ,  a r e s t r i c t e d  
series of e x p e r i m e n t s  w a s  c o n d u c t e d  on  the  i so la ted  h e m i -  
sec ted  sp ina l  co rd  of t h e  i m m a t u r e  r a t  ~~ (4-8 d a y s  old). 
T h e  c o m p o s i t i o n  of t h e  m e d i u m  for  t he se  e x p e r i m e n t s  
w a s  (mM):  NaC1, 118; KC1, 2; NaHCO3,  24; CaCI~, 2.5; 
glucose,  12. Th i s  m e d i u m  w a s  gassed  w i t h  95% 0 2 , 5% 
CO,  a n d  the  t e m p e r a t u r e  w a s  m a i n t a i n e d  a t  20 • 0.5 ~ 
the  f low r a t e  w a s  0.8 ml  pe r  min .  
V e n t r a l  r o o t  r e c o r d i n g s  in m e d i a  of v a r y i n g  K + con-  
c e n t r a t i o n  r evea led  m a r k e d  d i f ferences  b e t w e e n  the  
r e s p o n s e s  to  d i f f e ren t  a m i n o  acids.  F o r  e x a m p l e ,  f igure  1 
s h o w s  t h a t  t h e  v e n t r a l  r o o t  d e p o l a r i z a t i o n s  p r o d u c e d  on  
the  p r o c a i n e - b l o c k e d  f rog  sp ina l  co rd  b y  L - g l u t a m a t e  a n d  
L - a s p a r t a t e  were  r e duce d  in h igh  (4 mM) a n d  e n h a n c e d  
in low (1 m M  a n d  0) K+, c o m p a r e d  w i t h  t hose  o b s e r v e d  
in n o r m a l  (2 mM) K + c o n c e n t r a t i o n .  On  the  o t h e r  h a n d ,  
t he  r e s p o n s e s  to  L - h o m o c y s t e a t e  were  n o t  g r e a t l y  a f fec ted  
b y  c h a n g e s  in t he  m e d i u m  K+ c o n c e n t r a t i o n .  
F i g u r e  2 s h o w s  v e n t r a l  r o o t  r e s p o n s e s  to  4 a m i n o  acids  
o b t a i n e d  in s t a n d a r d  m e d i u m  and  in a m e d i u m  in w h i c h  
90% of t h e  u s u a l  s o d i u m  chlor ide  w a s  r ep laced  b y  chol ine  
chlor ide.  I t  c an  be seen t h a t  t he  d e p o l a r i z a t i o n s  p r o d u c e d  
b y  L - a s p a r t a t e ,  L - g l u t a m a t e  and  q u i s q u a l a t e  were  
r e duce d  in t he  10~ +] m e d i u m ,  c o m p a r e d  w i t h  the  
c on t r o l  r e sponses ,  w h e r e a s  t he  r e s p o n s e s  to  L - h o m o -  
c y s t e a t e  were  m a r k e d l y  e n h a n c e d .  
S imi la r  r e su l t s  were  o b t a i n e d  in e x p e r i m e n t s  w i t h  low- 
I N s  +] m e d i a  w h e n  LiC1 or  suc rose  were  used  i n s t e a d  of 
chol ine  chlor ide  as o s m o t i c  s u b s t i t u t e s  for  NaC1, a n d  also 
w h e n  the  e x p e r i m e n t s  w i t h  e i the r  low-[Na+]  or  K~-f ree  
m e d i a  were  c o n d u c t e d  on  u n b l o c k e d  sp ina l  co rds  or  on  
p r e p a r a t i o n s  w h i c h  were  b locked  w i t h  t e t r o d o t o x i n  
(10 6 M) i n s t e a d  of p roca ine .  
E x p e r i m e n t s  c o n d u c t e d  on  the  i so la ted  sp ina l  cord  of t he  
i m m a t u r e  r a t  gave  c o m p a r a b l e  r e su l t s  to  t h o s e  o b t a i n e d  
on  t h e  frog.  T h u s ,  t he  r e s p o n s e s  to  L - g l u t a m a t e  a n d  L- 
h o m o c y s t e a t e  were  dep re s sed  and  p o t e n t i a t e d  r e s p e c t i v e l y  
in l o w - I N s  +] media ,  a n d  e n h a n c e d  a n d  u n a f f e c t e d  re- 
spec t i ve ly  in K+-free  med ia .  These  o b s e r v a t i o n s  are in 
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accord wi th  the  fact  t h a t  amino acids t e s t ed  on bo th  frog 
and  ra t  spinal  neurones  show paral lel  s t ruc tu re -ac t iv i ty  
relat ions 7, n,  suggest ing t h a t  the  mechan i sms  under ly ing  
the i r  act ions in the  2 species are similar. 
The table  classifies a series of amino acids into 3 main  
groups  according to  the  effects of changes  in the  ionic 
composi t ion  of the  perfus ion medium.  The responses  of 
group I amino acids showed marked  e n h a n c e m e n t  in 
K+-free media  and depress ion to  vary ing  degrees in low- 
[Na +] media.  The responses  of g roup  I I  amino acids were 
no t  marked ly  af fec ted  in K+-free solutions,  and were 
s t rongly  depressed in low-[Na+] media.  The responses  of 
group I I I  amino acids were enhanced  in low-ENa+? media,  
and  were e i ther  unaf fec ted  or showed sl ight  to modera t e  
e n h a n c e m e n t  in K+-free media.  I t  is n o t e w o r t h y  t h a t  the  
D- and  L-forms of g lu t ama te  fall into di f ferent  classes 
(I and  III)  as do those  of h o m o c y s t e a t e  (II and III) ,  and  
t h a t  the  mos t  p o t e n t  exc i t an t s  quisqualate ,  kainate ,  
N - m e t h y l - D - a s p a r t a t e  and D-homocys t ea t e  n,12 can all 
be classified wi th in  the  same group (II). 
On the  basis of the  Nerns t  equat ion ,  sodium d e p e n d e n t  
depolar iza t ions  would be expec ted  to be propor t iona l  to 
the  logar i thm Na+ concen t ra t ion  assuming no redistr i -  
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H A Q G H 

B 

3min 
H 

C 
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but ion  of intracel lular  ions  following changes  in the  com- 
posi t ion of the  medium.  This re la t ionship  will need to  be 
inves t iga ted  under  more  r igorously control led condit ions.  
In  general,  however ,  the  ap p ro x i ma t e l y  50% reduct ion  in 
the  responses  seen wi th  m o s t  of the  group I and group II  
amino acids in 10%-ENa +] is in confo rmi ty  wi th  th is  ex- 
pecta t ion.  On the  o ther  hand ,  the  opposi te  effect  of low- 
[Na+] seen wi th  group I I I  amino  acids indicates  t h a t  some 
o ther  mechan i sm is p r e d o m i n a n t  in these  cases. The 
results  m a y  thus  be re la ted  to the  d i f ferent  changes  in 
ionic conduc tance  induced in ca t  motoneurones  by  L- 
g lu t ama te  and D L - h o m o c y s t e a t e  8. I t  will be i m p o r t a n t  
to car ry  our fu r ther  such m e m b r a n e  conduc tance  mea-  
su rements  using a series of amino  acids selected on the  
basis of the  above classification. 
However ,  different ial  effects on up take  of the  amino 
acids under  the  di f ferent  condi t ions  s tudied  may  Mso be 
involved in the  observed ionic dependencies  of the  re- 
sponses. Thus,  group I amino  acids are all known or 
t h o u g h t  likely to be rap id ly  t a k e n  up in to  centra l  nervous  
t issue by  bo th  low and high aff in i ty  processes aa. Low af- 
f ini ty  uptake,  which would p r edomina t e  a t  the  concen-  
t ra t ions  used in the  p resen t  s tudy,  is b o t h  Na+- and  K+- 
d e p e n d e n t  a4-1s. Lowering the  concen t ra t ion  of e i ther  Na  + 
or K+ in the  superfusion m e d i u m  would therefore  be ex- 
pec ted  to d iminish  the  ra te  of up take  of these amino 
acids and  thus  to po t en t i a t e  the  ven t ra l  root  responses.  
However ,  th is  effect  would be masked  in the  case of low- 
ENa +] med ium by  the  decrease in depolar iza t ion caused 
by  the  (presumed) decrease in E Na across the  motoneurone  
membranes .  Group I I  amino  acids, On the  o ther  hand,  
are no t  t h o u g h t  to be ac t ive ly  accumula ted  by  cent ra l  
nervous  t issue la, 17 (Cox and Watk ins ,  unpubl ished) .  Hence  
the  response  to  these amino acids would be expec ted  to 
be inf luenced main ly  by  changes  in the  electrochemical  
g rad ien t  for Na+ across the  mo toneurona l  membranes ,  in 
conformi ty  wi th  our observat ions .  W h e t h e r  the up take  
processes known to exis t  for group I I I  amino acids 14-16, as 
have  special character is t ics  which  con t r ibu te  to the  dif- 
ferences in the  observed responses  of th is  group of amino 
acids, compared  wi th  group I amino acids, requires 
fu r ther  invest igat ion.  
In  the  absence of specific an tagonis t s  for e i ther  synap t i -  
cally or amino acid-evoked exci ta t ion  of cent ra l  neurones,  
o ther  me t h o d s  for compar ing  such responses  migh t  
facil i tate t r a n s m i t t e r  ident i f icat ion.  The observed de- 
pendence  of amino acid responses  on the  ionic environ-  
ment ,  and  d i f ferent ia t ion  of amino acids on the  basis of 
this  dependence ,  m a y  be of value in this  respect.  

Fig. 2. Effect of change in [Na +] on ventral root depolarization in- 
duced by L-homoeysteate, L-aspartate, quisqualate and L-gluta- 
mate on the same frog spinal cord. The superfusion media contained 
i mM procaine. The period of contact of the amino acid-containing 
solutions with the spinal cord was 40 see. A Control responses: VR 
depolarizations nleasured in medium of normal (111 mM) Na + con- 
centration. B Responses measured between 6 and 36 rain after re- 
placement of the normal mediunl with 10~ +] medium (NaCI 
replaced by choline chloride). C Responses recorded between 17 and 
42 rain after return to normal mediuin. H, L-homoeysteate, 120 ~tM; 
A, L-aspartate, 1.7 InM; Q, quisqualate, 4.7 IxM; G, L-glutamate, 
0.8 raM. 
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