
15.5. 1976 Specialia 583 

and  passed  t h r o u g h  a pulse s hap i ng  and  c o u n t i n g  uni t .  
A c o n t i n u o u s  record  of cell f i r ing r a t e  was  o b t a i n e d  on  a 
Servoscr ibe  pen  recorder .  T he  spike a c t i v i t y  was also 
m o n i t o r e d  on  T e l e q u i p m e n t  oscilloscopes. 

Results. The  ab i l i t y  of HA-966  to  an t agon ize  amino-  
acid e x c i t a t i o n  was conf i rmed  b y  app ly ing  t he  d rug  w i t h  
an  o u t w a r d  c u r r e n t  of 40-60 n A  to cells in  t he  cunea t e  
nuc leus  wh ich  were exc i t ed  b y  pulses of g l u t a m a t e  l as t ing  
a b o u t  5 sec. HA-966  reduced  g l u t a m a t e  exc i t a t i on  on  
35 cells of 48 t e s t e d  (73%) (Figure  1). Di f f icu l ty  was 
exper i enced  in d e m o n s t r a t i n g  t he  specif ic i ty  of th i s  
a n t a g o n i s m  since no  subs t ances  c o n s i s t e n t l y  exc i te  
c u n e a t e  neu rones  o t h e r  t h a n  amino-ac ids  a n d  some 
che la t ing  agen ts  11. However ,  a few cells (6) were found  
w h i c h  were exci ted  b y  a c e t y l c h o l i n e n ,  12, and  on  all  these  
cells HA-966  p r o v e d  able  to  reduce  g l u t a m a t e  e x c i t a t i o n  
b y  a t  leas t  50% w i t h o u t  a f fec t ing  ace ty lcho l ine  exci ta-  
t ion  to a n y  d e t e c t a b l e  e x t e n t  (Figure 1). 

N[onosynapt ica l ly  evoked  spikes were i nduced  in 40 
of 112 neu rones  s tud ied  in t he  c u n e a t e  nucleus .  All  b u t  
3 of these  un i t s  were e n c o u n t e r e d  600-800 >m below the  
surface  of t he  c u n e a t e  nucleus.  T he  ion tophores i s  of HA-  
966 resu l t ed  in a b lockade  of t h i s  m o n o s y n a p t i c a l l y  
induced  a c t i v i t y  in  28 of t he  40 cells (70%). G l u t a m a t e  
e x c i t a t i o n  was r educed  b y  a t  leas t  50% in all these  ceils 
a t  t he  t i m e  of s y n a p t i c  b lockade  (Figure  2). 11 cells, 
i nc lud ing  t h a t  i l l u s t r a t ed  in F igure  2, showed  po lysyn-  
ap t i ca l ly  i nduced  spikes fol lowing t he  m o n o s y n a p t i c  
spike. The  l a t e r  spikes were una f fec t ed  b y  HA-966,  
i n d i c a t i n g  t h a t  t h i s  a n t a g o n i s t  was  n o t  h a v i n g  a n y  d i rec t  
local  a n a e s t h e t i c  effect  on  t he  cell m e m b r a n e ,  and  was 
n o t  p roduc ing  a genera l ized nonspeci f ic  b lockade  of all  
s y n a p t i c a l l y  i nduced  ac t iv i ty .  A t r o p i n e  was appl ied  to  
6 cells a n d  in none  of these  did  a n y  a p p a r e n t  change  of 
s y n a p t i c a l l y  evoked  a c t i v i t y  resul t .  

Discussion. The  eff icacy and  specif ic i ty  of t he  a n t a g -  
on i sm of aminoac id  e x c i t a t i o n  b y  HA-96613 1~ has  been  
conf i rmed.  

The  poss ib i l i ty  m u s t  be  cons idered  t h a t  b y  s t i m u l a t i n g  
t he  ce rebra l  cor tex  a c t i v i t y  was  be ing  induced  in t h e  
c u n e a t e  nuc leus  over  p a t h w a y s  o t h e r  t h a n  t h e  PT.  This  
is un l ike ly  since i t  h a s  been  shown  t h a t  cor t ica l ly-  
i nduced  exc i t a t i on  of cells in t h e  dorsa l  co lumn  nuclei  is 

abol i shed  b y  sec t ioning  t he  P T  ~6,17. The  PT,  however ,  is 
k n o w n  to  send col la tera ls  to  these  nuclei ,  c apab le  of 
m o n o s y n a p t i c a l l y  a c t i v a t i n g  neu rones  t he re  ~8. 

All  t h e  s h o r t  l a t ency  spikes seen in t h e  p r e sen t  s t u d y  
were e n c o u n t e r e d  re l a t ive ly  deep ly  in t he  c u n e a t e  nucleus.  
A P T  origin for these  spikes is the re fo re  s u p p o r t e d  b y  
a n a t o m i c a l  s tud ies  showing  t h a t  P T  axons  t e r m i n a t e  
p re fe ren t i a l ly  in t he  deeper  layers  of t he  dorsa l  c o l u m n  
nuclei  ~9, 20. 

The  a n t a g o n i s m  b y  HA-966  of s y n a p t i c a l l y  i nduced  
spikes the re fo re  suggests  t h a t  t he  n e u r o t r a n s m i t t e r  re- 
leased b y  axons  of t he  P T  m i g h t  be  a n  e x c i t a t o r y  amino-  
acid, t h o u g h  HA-966  c a n n o t  d i f f e ren t i a t e  b e t w e e n  severa l  
amino-ac ids  such  as g l u t a m a t e ,  a s p a r t a t e  and  DL-homo- 
cys t ea t e  ~8, 15. G l u t a m a t e  is a p a r t i c u l a r l y  s t rong  c a n d i d a t e  
since i t  is p r e sen t  in  h i g h  c o n c e n t r a t i o n s  in t he  dorsa l  
co lumn  nucle i  21, i t  is p r e s e n t  in  s y n a p t o s o m e s  in t he  
ce rebra l  cortex22 and  i t  can  be ' re leased '  a t  t h e  cor t ica l  
surface b y  s t i m u l a t i o n  of some, b u t  no t  all, a f f e ren t  p a t h -  
ways  23. I t  h a s  also been  shown  t h a t  some cor t ica l  neu-  
rones  exci ted  b y  t he  P T  are e x t r e m e l y  sens i t ive  to  t h e  
mic ro ion tophores i s  of g l u t a m a t e  ~~ These  f indings  sug- 
gest  t h a t  g l u t a m a t e  m a y  be  t h e  p y r a m i d a l  t r a c t  neuro -  
t r a n s m i t t e r .  
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Summary. S t e a d y  s t a t e  oxygen  c o n s u m p t i o n  was c o m p a r e d  in a r o d e n t  Notomys alexis a n d  a m a r s u p i a l  Antechinomys 
spenceri. The  m a r s u p i a l  was  found  to  d iverge  f rom p red ic t ed  e u t h e r i a n  energe t ic  pa t t e rn s .  N. alexis appea r s  to  use 
ene rgy  s torage  as a s ign i f ican t  p a r t  of t he  s tep  cycle before  becoming  bipedal .  Aerobic  scope and  h e a t  s torage  d u r i n g  
r u n n i n g  are s imi la r  in  b o t h  species. 

NIarsupials genera l ly  h a v e  s t a n d a r d  ra t e s  of oxygen  
c o n s u m p t i o n  a b o u t  30% below t h e  p red ic t ed  e n t h e r i a n  
values,  b o d y  t e m p e r a t u r e s  2-3 degrees  lower 2 a n d  res t ing  
h e a r t  r a t e s  a b o u t  ha l f  t h a t  g iven  for e u t h e r i a n  species ~. 
W e  r e p o r t  here  on  a compar i son  in ene rgy  e x p e n d i t u r e  
du r ing  locomot ion  b e t w e e n  a m a r s u p i a l  a n d  a r o d e n t  of 
s imi la r  b o d y  fo rm a n d  weight .  

Materials and methods. R a t e s  of oxygen  cons um pt ion ,  
body  t e m p e r a t u r e ,  s t r ide  l e n g t h  a n d  f r equency  were 
m e a s u r e d  in 2 ind iv idua l s  of t he  ca rn ivo rous  d a s y u r i d  
m a r s u p i a l  Antechinomys spenceri (28.2 g and  31.6 g) a n d  

5 spec imens  of t he  m u r i d  r o d e n t  Notomys alexis (mean 
b o d y  we igh t  27.4 g). B o t h  i n h a b i t  t he  A u s t r a l i a n  desert ,  
occur r ing  s y m p a t r i c M l y  over  p a r t  of t h e i r  range.  T h e y  
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Fig. 1. Steady state oxygen consumption as a function of speed in 
Antechinomys spenceri (A) and Notomys alexis (B). Slopes of the 
relationship between rate of oxygen usage and running velocity were 
determined by the method of least squares. The predicted lines are 
from TAYLOR et al. s. 
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Fig. 2. Stride length (A) and stride frequency (B) in Notomys alexis 
and Antechinomys spe#ceri as a function of running speed. Data 
points represent mean values from at least 4 running experiments. 
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The measured gradients and y-intercepts for the relationship between 
oxygen consumption and speed in N. alexis and A. spenceri together 
with the predicted eutherian values ~. 

Speed range Measured Predicted Measured Predicted 
(km h -I) gradient gradient y-intercept y-intercept 

N. alexis 
0.5-3.0 1.96 2.25 3.21 2.62 

A. sper~ceri 
0.5-2.0 1.47 2.17 4.32 2.57 

h a v e  long h i n d  l imbs  and  a long t u f t e d  ta i l  s imi lar  to  t he  
N o r t h e r n  h e m i s p h e r e  deser t  r oden t s  of the  genera  Jaculus 
a n d  Dipodomys. Prev ious  work  on  locomot ion ,  a n d  ana -  
t omica l  de ta i l s  of A.  spenceri a n d  a r e l a t ed  species of 
Notomys has  been  recorded  e lsewhere  4. 

The  an ima l s  were t r a i n e d  to  r u n  inside a pe r spex  c h a m -  
ber  (0.51 • 0.31 • 0.11 m) res t ing  on  a m o t o r - d r i v e n  t r e a d -  
mill. Air  was me te r ed  t h r o u g h  t he  c h a m b e r  a t  a r a t e  of 
61 m i n  -1 a n d  differences  in  f rac t iona l  oxygen  c o n t e n t  of 
c h a m b e r  a n d  room air  were recorded  c o n t i n u o u s l y  w i t h  a 
Se rvomex  mode l  OA 184 p a r a m a g n e t i c  oxygen  ana lyser .  
Only  s t e a d y  s t a t e  oxygen  c o n s u m p t i o n  was considered,  
th i s  be ing  t a k e n  as less t h a n  5% v a r i a t i o n  du r ing  a 15 miI1 
t e s t  period.  The  c h a m b e r  was t e s t ed  for leaks b y  b leed ing  
in N i t rogen  gas a n d  check ing  for t he  a p p r o p r i a t e  d i lu t ion .  
H e a t  p r o d u c t i o n  was ca lcu la ted  f rom m e a s u r e m e n t s  of 
oxygen  c o n s u m p t i o n  us ing  20.112 K J  as an  energe t ic  
equ iva len t .  H e a t  s torage  t e r m s  were ca lcu la ted  f rom 
rec ta l  t e m p e r a t u r e  changes  ( t aken  w i t h  a t h e r m o c o u p t e  
accu ra t e  to  ~ 0.1~ us ing  a t i ssue  specific h e a t  of 3.47 
K J  (kg ~ 1. S t r ide  l e n g t h  a n d  f r equency  were m e a s u r e d  
f rom f i lm exposed  a t  128 f rames  pe r  sec. These  record ings  
were m a d e  sepa ra t e ly  f rom oxygen  c o n s u m p t i o n  tests .  

Results. Oxygen  c o n s u m p t i o n  in i t i a l ly  increased  l inea r ly  
w i t h  speed in b o t h  species (Figure  1). Compar i sons  w i t h  
t he  p red ic ted  e u t h e r i a n  g rad ien t s  a n d  y - in te rcep t s  f rom 
TAYLOR e t  al. 5 are  s h o w n  in t he  Table .  A t  low speeds, 
oxygen  c o n s u m p t i o n  in N.  alexis is s t a t i s t i ca l ly  ind i s t in -  
gu ishable  f rom p red i c t ed  e u t h e r i a n  values,  b u t  t he  gra-  
d i en t  of t he  r e l a t ionsh ip  b e t w e e n  oxygen c o n s u m p t i o n  
and  speed for  A.  spencefi is lower (p < 0.05). 

I n  an  ear l ier  s tudy ,  MARLOW ~ recorded  a m a x i m u m  
r u n n i n g  speed in A.  sperzceri of 13.96 k m  h -1. W e  could  
n o t  induce  our  an ima l s  to  r u n  a t  speeds  g rea te r  t h a n  3.3 
k m  h -1 on t he  t r eadmi l l ,  and  above  2 k m  h -1 s t e a d y  
oxygen  c o n s u m p t i o n  could n o t  be  m e a s u r e d  since t h e  
an ima l s  pe r fo rmed  on ly  sp r in t s  of s h o r t  du ra t ion .  2 
ind iv idua l s  of N.  alexis r an  a t  speeds up  to 11 k m  h -1 for  
sho r t  per iods  of t ime,  b u t  s t e a d y  s t a t e  oxygen  d e m a n d  
could n o t  be  m e a s u r e d  a t  speeds g rea t e r  t h a n  4.4 k m  
h -I. A t  less t h a n  1 k m  h -1, b o t h  groups  of an ima l s  t e n d e d  
to  m o v e  i n t e r m i t t e n t l y  a n d  s t r ide  l e n g t h  a n d  f r e q u e n c y  
m e a s u r e m e n t s  are meaningless .  Oxygen  c o n s u m p t i o n  a t  
these  speeds h o w e v e r  m e t  our  c r i t e r ia  of s t e a d y  s t a t e  a n d  
are repor ted .  A t  no  t i m e  were t he  Antechinomys obse rved  
to m o v e  b ipedal ly ,  b u t  N.  alexis i nd iv idua l s  were  obse rved  
to  hop  for s h o r t  per iods  a t  speeds a r o u n d  11 k m  tl -1. 

The  l eng th  of s t r ide  in  b o t h  species increased  w i t h  
increas ing  speed over  t h e  r ange  in wh ich  we could induce  
t h e  an ima l s  to  r u n  b u t  p a t t e r n s  of s t r ide  f r e q u e n c y  differed 
(Figure 2). A.  spenceei showed a l inear  r e l a t ionsh ip  over  
t he  speed range  b u t  t he  r o d e n t  m a i n t a i n e d  t h e  n u m b e r  of 
s t r ides  pe r  m i n  r e l a t ive ly  c o n s t a n t  a t  speeds above  3.3 k m  
per  tl, t h e r e a f t e r  inc reas ing  speed p r i m a r i l y  b y  inc reas ing  
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the  l eng th  of str ide.  I t  is s ign i f ican t  t h a t  oxygen  consump-  
t ion  levels a n d  s t r ide  f requencies  are re la t ive ly  c o n s t a n t  in  
Notomys a t  speeds above  3 k m  per  h,  t h e  speed a t  wh ich  
t h e  gai t  changes  f rom a wa lk  to  a q u a d r u p e d a l  bound .  
S imi la r  p a t t e r n s  h a v e  been  o b t a i n e d  d u r i n g  b ipeda l  
l ocomot ion  in t h e  red  kangaroo ,  th i s  be ing  a t t r i b u t e d  to 
s torage  of ene rgy  in elast ic  e l ement s  6. Our  d a t a  also 
sugges t  a possible  large  s torage  c o m p o n e n t  b u t  in  con-  
t r a s t  to  t h e  kangaroo ,  occurr ing  d u r i n g  q u a d r u p e d a l  
locomot ion .  The  o b s e r v a t i o n  t h a t  oxygen  c o n s u m p t i o n  
s tabi l izes  du r ing  q u a d r u p e d a l  r u n n i n g  ha s  also been  m a d e  
in Notomys cervii~us 7. A l t h o u g h  our  resu l t s  are qua l i t a t i ve -  
ly s imi la r  a t  low and  i n t e r m e d i a t e  speeds, we do n o t  f ind  
p ro longed  s t e a d y  s t a t e  oxygen  c o n s u m p t i o n  levels a t  
h ighe r  speeds in t he  smal ler  N. alexis a n d  f ind  no  ev idence  
of a f u r t h e r  change  in t he  r a t e  of oxygen  c o n s u m p t i o n  as 
r epo r t ed  in th i s  work.  

G iven  t he  differences  in r e s t i ng  m e t a b o l i c  p a r a m e t e r s  
b e t w e e n  e u t h e r i a n s  a n d  marsupia l s ,  are t he re  differences 
in aerobic  capac i t y  or h e a t  s torage  be t w een  t he  r o d e n t  
and  t he  m a r s u p i a l ?  If  we assume t h a t  t he  p l a t e a u  of 
oxygen  c o n s u m p t i o n  a t  h igh  speds  r ep resen t s  t he  max i -  

ma l  oxygen  u p t a k e  r a t e  (max 1/02), t h e  r a t io  max I/O~ 
to  s t a n d a r d  I/O 2 for Notomys is a p p r o x i m a t e l y  5.3. W e  
c a n n o t  sugges t  t h a t  Antechinomys was r u n n i n g  a t  m a x i m a l  
r a t e s  of oxygen  u p t a k e  as t h e  an ima l s  are k n o w n  to  r u n  
a t  g rea te r  speeds t h a n  those  a t  w h i c h  we could induce  

in our  expe r imen t s ,  however ,  t he  r a t io  of max VO 2 to  

s t a n d a r d  l/O 2 a t  t he  h ighes t  m e a s u r e d  oxygen  c o n s u m p -  
t i on  levels is 7.0 for t h e  l igh te r  a n i m a l  a n d  7.1 for t he  
heavie r .  I t  appea r s  the re fo re  t h a t  t he  scope for  aerobic  
m e t a b o l i s m  is n o t  lower in  t h e  m a r s u p i a l  species. The  
m e a n  res t ing  b o d y  t e m p e r a t u r e  for N. alexis was 37.8 ~ 
a n d  for A. spenceri 36.4~ B o t h  groups  of an ima l s  were 

. r un  a t  2 k m  h -1 for 10 min,  a speed wh ich  p roduced  
oxygen  c o n s u m p t i o n  r a t e s  of close to  7 ml  O 3 g-1 h-1  in 
b o t h  species. Mean  h e a t  s torage  in N. alexis was 0.0399 
M Joule  (kg h -z) and  in A: spenceri 0.0405 M Joule  (kg h-Z). 
Th i s  r ep resen t s  m e a n  va lues  of 28.3 and  29.3 % respec t ive ly  
of t h e  t o t a l  h e a t  p r o d u c t i o n  a t  these  speeds;  va lues  in-  
s ign i f i can t ly  d i f fe ren t  a t  t he  5% level  of confidence.  I t  
appea r s  the re fo re  t h a t  t he  lower res t ing  b o d y  t e m p e r a t u r e s  
in  t he  m a r s u p i a l  confers  no  a d v a n t a g e  in a c t u a l  h e a t  
s tored.  

Conclusions. W e  conclude  t h a t  t h e  a p p a r e n t  special iza-  
t i on  of long h i n d  l imbs  in N. alexis resu l t s  in  no  m a r k e d  
differences f rom pred ic ted  e u t h e r i a n  l ocomoto ry  p a t -  
t e r n s  a t  low r u n n i n g  speeds. However ,  ene rgy  d e m a n d s  
for locomot ion  p l a t eau  a t  h ighe r  speeds a n d  i ts  appea r s  
t h a t  elast ic s torage  m a y  become  s ignif icant .  A s imi lar  
l imb  specia l iza t ion  occurs  in  Antechinomys b u t  we could 
n o t  induce  s t e a d y  s t a t e  r u n n i n g  a t  speeds a b o v e  2 k m  
h - L  This  di f ference in m a x i m u m  v o l u n t a r y  s t e a d y  s t a t e  
speed, t o g e t h e r  w i t h  t h e  o b s e r v a t i o n  t h a t  a t  low speeds 
t he  m a r s u p i a l  expends  more  ene rgy  in locomot ion  t h a n  
t he  roden t ,  provides ,  even  w i t h i n  t he  l imi t a t ions  of a 
t r e admi l l  expe r imen t ,  a n  in t e re s t ing  compar i son .  
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Summary. On warming ,  t h e  regu la r ly  f i r ing L n neu rone  of Aplysia t u r n s  in to  a b u r s t i n g - t y p e  neurone .  The  b u r s t s  of 
spikes are p roduced  b y  slow square  waves  w h i c h  can  also be  o b t a i n e d  a t  r oom t e m p e r a t u r e  b y  a d d i n g  T T X  or Co++. 
E x p e r i m e n t s  w i t h  slow r a m p  vo l tage  c l amp  show t h a t  w a r m i n g  induces  a nega t i ve  slope (or nega t i ve  res is tance)  
on  t he  c u r r e n t - v o l t a g e  cha rac t e r i s t i c  a n d  v e r y  slow c u r r e n t  v a r i a t i o n s  (z = 10 to 50 sec) in  response  to  p o t e n t i a l  
changes .  The  squa re  waves  are exp la ined  b y  these  two p h e n o m e n a .  

CI-IALAZONITIS1 a n d  ARVANITAKI2 r epo r t ed  t h a t  a 
r egu la r ly  f i r ing  Aplysia neurone ,  d e n o t e d  'Gen  'a or LI14 
genera tes  b u r s t s  of spikes w h e n  t e m p e r a t u r e  is ra ised  
above  25 ~ H i g h  f r e q u e n c y  b u r s t s  are due  to slow cyclic 
p o t e n t i a l  changes  such  as in  t he  'B r '  or RI5 b u r s t i n g  
neu rones  of Aplysia 5. Moreover ,  vo l t age  c l amp  exper i -  
m e n t s  i nd i ca t ed  t h a t  s t e a d y  c u r r e n t - v o l t a g e  re la t ions  in 
b u r s t i n g  neu rones  h a v e  a nega t i ve  slope usua l ly  cal led 
nega t i ve  res i s t ance  (NR)6-s,  a n d  u n d o u b t e d l y  slow po- 
t e n t i a l  waves  are  due  to  t h e  i n s t a b i l i t y  caused  b y  t he  
N R  TM. The  p r e s e n t  work  p rov ides  a d d i t i o n a l  ev idence  
for a r e l a t ionsh ip  b e t w e e n  s t e a d y  NIR a n d  slow p o t e n t i a l  
changes ;  also i t  shows t h a t  a slow r egene r a t i ng  m e c h a n i s m  
is needed.  

Materials and methods. T he  e x p e r i m e n t s  were pe r fo rmed  
on  t h e  f i r ing  cell - 'Gen '  or  L n - of t h e  pa r i e tov i sce ra l  
gangl ion  of A plysia/asciata. T he  gangl ion  was i so la ted  a n d  
p i n n e d  in a plexiglass  c h a m b e r  c o n t i n u o u s l y  per fused  
w i t h  ar t i f ic ia l  sea water .  Two i n d e p e n d e n t  glass micro-  
e lec t rodes  filled w i t h  2.5 M KC1 were in se r t ed  in t he  cell 
for r e spec t ive ly  record ing  a n d  c u r r e n t  in ject ion.  The  
e lectr ical  c i rcui t  for  c u r r e n t  or vo l t age  c l a m p i n g  has  been  
a l r eady  descr ibed  18. To d e t e r m i n e  i-V re la t ions ,  a sym-  
me t r i ca l  t r i a n g u l a r  r a m p  pulse was appl ied  to  t he  cont roI  
ampl i f ie r  inpu t .  The  slopes of t h e  pos i t ive  or nega t ive  

p o t e n t i a l  r a m p s  were (4-) 0.8 to  3 mV/sec  a n d  ti le po ten -  
t ia l  i n v e s t i g a t e d  r a n g e d  f rom --70 m V  to  0 mV. The  i-V 
re la t ions  o b t a i n e d  w i t h  t he  slow depola r iz ing  r a m p s  can  
be cons idered  as t he  s t e a d y  i-V cha rac te r i s t i c s  of t h e  m e m -  
b r a n e  11. 

Slow p e r m a n e n t  records  were  m a d e  on  a Ph i l ips  pen  
recorder .  The  t e m p e r a t u r e  was con t ro l led  w i t h  a t h e r m o -  
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