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t h a t  t ime was only be tween  0.26-0.28 mEq/kg .  No l i th ium 
was de t ec t ed  in the  se rum or bra in  in ra t s  given dist i l led 
wa te r  or NaC1. 

Discussion. The p re sen t  f indings indicate  t h a t  the  LiC1 
t r e a t m e n t  used by  JOHNSON in ra t s  causes physical  dis- 
comfort ,  ex tens ive  damage  in the  per i toneal  cavi ty ,  and 
serum l i th ium concen t ra t ions  in the  toxic  range soon 
af ter  the  in ject ion 5. Thus,  i t  is unlikely t h a t  Jo~IsISON'S 
f indings were due to effects  of LiC1 on behaviora l  me- 
chanisms  alone, since the  LiC1 inject ion he used p robab iy  
caused several  adverse  effects in the  rats.  

The cause of the  in tes t ina l  damage  produced  by  the  6 M 
LiC1 inject ion is no t  exac t ly  known.  Hype r ton i c i t y  alone 
canno t  account  for it  since the  hyper ton ic  NaC1 inject ion 
p roduced  far less damage  t h a n  the  LiC1 t r ea tmen t .  Ad- 
min is t ra t ion  of LiC1 by  i.p. in jec t ion  also canno t  account  
for the  damage  since i.p. in ject ion of isotonic LiC1 does 
no t  cause in tes t ina l  hemor rhage  (unpublished observa-  
t ion).  F u r t h e r  expe r imen t s  to  de te rmine  the  cause of the 
in tes t inal  damage  p roduced  by  the  h ighly  concen t ra t ed  
LiCI solut ion were no t  carr ied ou t  because the  t r e a t m e n t  
appeared  to  be i n h u m a n e  so t h a t  such s tudies  would have  
been unethical .  

E x p e r i m e n t  2. S ix teen 100-day-old ra ts  were r andomly  
divided in to  2 equal  groups  and  given a s tomach  load 
(10 ml/kg) of e i ther  0.15 M NaC1 (control group) or 0.15 M 
LiC1 (l i thium group) twice a day  for 10 days.  The t es t  
employed  by  JOHNSON 2 to de te rmine  the  effect  of en- 
v i ronmen ta l  s t imuli  on rear ing was used. I t  was carried 
out  on a bl ind basis. A rear  was recorded on a hand-  
opera ted  counte r  each t ime  the  r a t  raised i ts  head  at  least  
9 cm above the  floor of the  ver t ica l  t r a n s p a r e n t  tube,  46 
cm tall  and  23 cm in te rna l  d iameter .  Af ter  the  test ,  blood 
and bra in  samples  were t a k e n  for de t e rmina t ion  of l i th ium 
concen t ra t ion  by  f lame p h o t o m e t r y .  

Results. The l i th ium concen t ra t ions  in the  serum and 
bra in  in the  l i th ium group were 0.79 • 0.03 mEq/1 and 
0.81 • 0.02 mEq/kg ,  respect ively .  No l i th ium was de- 
t ec ted  in the  se rum and  bra in  in the  control  group. 

Rear ing frequencies  were signif icantIy lower in the  
l i th ium group t h a n  in the  contro l  g roup  only  dur ing the  
f irs t  5 min  of the  t e s t  (Table). Rear ing  frequencies de- 
creased s ignif icant ly  dur ing the  t e s t  in the l i th ium group 
and in the  control  group (p < 0.05). Rep l acemen t  of the  
withe card by  the  black one failed to affect  rear ing signifi- 
can t ly  in the  l i th ium group or in the  contro l  group. 

Discussion. The mode of LiC1 admin i s t r a t ion  used in 
E x p e r i m e n t  2 was chosen because it does no t  produce  
adverse  effects in the  s tomach  or in tes t ine  in ra ts  6, i t  
produces  se rmn l i th ium levels in the  range r e c o m m e n d e d  
for the  use of l i th ium salts in the  t r e a t m e n t  of affect ive 
disordersL and it enables  bra in  l i th ium levels to reach a 
s t eady- s t a t e  8. 

The p resen t  f indings agree wi th  previous re~orts  of 
reduced rear ing in ra ts  given LiC12,s-1~ bu t  V ovide no 
suppor t  for JOI~NSON'S hypo thes i s  t h a t  an a l tera t ion in 
the  ra t ' s  response to env i ronmen ta l  s t imuli  is responsible 
for the  effects  of LiCI on rear ing;  the  change in environ-  
men ta l  s t imuli  p roduced  by  replacing the  whi te  card  by  
the  black one led to no difference be tween  rear ing in t he  
control  and the  l i th ium group. JomqsoN ~ failed to com- 
pare the  effect  of a change in env i ronmenta l  s t imuli  on 
rear ing in control  and  l i t h ium- t rea ted  animals.  In addi-  
t ion,  he admin is te red  LiC1 as a hyper ton ic  i.p. inject ion 
t h a t  has  several  nonspecif ic  adverse  effects (see Exper i -  
m e n t  1). Consequent ly ,  there  is so far no direct  evidence to  
s u p p o r t  JONHSON'S hypothes i s  and, therefore,  i t  canno t  
be considered to be correct.  

5 M. SCHOU, Acta pharmac, toxic., Copenh. 15, 70 (1958). 
s D. F. SMITH, Ph D. thesis, Univ. of Chicago, 1971. 
7 M. SCHOU, J. psychiat. Res. 6, 67 (1968). 
8 D. F. SMITH, Psychopharmacologia dl, 295 (1975). 
9 F. N. JOHNSON and S. WORMINGTON, Nature, Loud. 235, 159 

(1972). 
10 O. L. WOLTHUIS, a .  DE VROOME and R, A. P. VAN~VERSCH, 

Pharmac.  Bioehem. Behav. 3, 515 (1975). 

Simi lar i t ies  between  S o d i u m  Channels  in Excitable  M e m b r a n e s  and in Epithelia 

A. W. CUThBeRT 

Department o/ Pharmacology, University o/ Cambridge, Hills Road, Cambridge CB2 2QD (England), 29 March 1976. 

Summary. The inh ib i to ry  effects of the  pyrazine  der ivat ive,  amiloride, on sodium t r anspo r t  in an amph ib i an  epi thel ium 
has  been s tudied  as a funct ion  of pH.  I t  is concluded t h a t  the  charged (guanidinium) group in te rac t s  wi th  a negat ive ly  
charged  acid grouping in the  membrane .  Similarities be tween  sodium channels  in exci table membranes  and  epithelia 
are h igh l igh ted .  

At  the  p re sen t  t ime there  is considerable  in teres t  in 
macromolecules  of cell m e m b r a n e s  which control  or me-  
diate  special cell funct ions.  This note  repor t s  on some 
similari t ies be tween  tile character is t ics  of two dif ferent  
m e m b r a n e  c o m p o n e n t s  which  h i the r to  had  no t  been  sus- 
pected.  While  bo th  c o m p o n e n t s  media te  the  same func- 
t ion - t r a n s m e m b r a n e  t rans loca t ion  of sodium ions - the  
mechan i sm by  which th is  is achieved in the  two s i tuat ions  
is p robab ly  very  different .  

The vol tage d e p e n d e n t  sod ium channels  of exci table 
m e m b r a n e s  behave  as if t h e y  con ta in  a select ivi ty  fil ter 
in series wi th  a vol tage sensi t ive ion gate 1, ~. The selec- 
t iv i ty  fi l ter  is blocked by  the  toxins,  t e t rodo tox in  and 
saxi toxin  3 and  also by  hydr ions  when  the  ex te rna l  p H  is 
lowered 4,s. Analysis  of t he  vol tage  dependence  of the  
blocking act ion of hydr ions  in frog nodes indica ted  t h a t  

the  select ivi ty  fil ter behaves  as a singly ionized acid 
grouping,  located one quar t e r  of the  way  across the  
m e m b r a n e  f rom the  outside,  wi th  a p K a  of 5.4 a t  zero 
po ten t i a l  6. The toxins  have  a h igh  aff ini ty  for sodium 
channels  (around 109 M -1) and in te rac t  wi th  a probable  
s to ich iomet ry  of 1:1. Te t rodo tx in  (pKa  8.8) is less act ive 
a t  alkaline p H  7 suggest ing t h a t  t he  cat ionic form is more  

1 C. ~'L ARMSTRONG and F. BENZANILLA, J. gen. Physiol. 63, 533 
(1974). 

2 R. D. KEYNES aIld E. ROJAS, J.  Physiol. ,  Lond. 239, 393 (1974). 
a C. 57. KAO, Pharm.  Rev. 18, 997 (1966). 
4 ]3. HILLE, J. gen. Physiol.  57, 221 (1968). 
5 B. HILLE, .I. gen. Physiol.  57, 199 (1968). 
6 A. M. WOODI~ULL, J.  gen. Physiol .  67, 687 (1973). 
7 G. CAMOUGIS, B. H. TAKMAN and J.  R. P. TASSE, Science 156, 

162,5 (1967). 
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act ive t h a n  the  zwi t ter ion in blocking sodium channels.  
Specific b inding  of the  toxins  to sodium channels  is im- 
paired at  acid p H  values 8 indicat ing t h a t  cat ionic forms 
and p ro tons  compe te  for occupat ion of the  b inding sites. 
However ,  unlike the  inhibi t ion of sodium permeabi l i ty  
by  protons ,  the  blocking effects of the  toxins  do no t  
appear  to be po ten t i a l  dependen t  9. 

Thus  the  evidence suggests t h a t  sodium channels  in 
exci table  m e m b r a n e s  conta in  a singly ionized acid 
grouping,  which  in te rac t s  wi th  the  cat ionic form of the  
tox in  molecules, o ther  par t s  of the  toxin  molecule being 
i m p o r t a n t  for increasing the  to ta l  b inding energy wi th  
the  channel .  The acid grouping of the  channel  m a y  be 
required to  lower the  free energy required to dehyd ra t e  
sodium dur ing its passage th rough  the  se lect iv i ty  fil ter 10. 

Sodium ions also move th rough  the  mucosal  mem-  
branes  of sodium t r anspor t ing  epithelia,  such as those  of 
the  kidney,  colon, sa l ivary duc t  and a n u m b e r  of am-  
ph ib ian  epithelia.  Considerable a t t en t ion  has been de- 
vo ted  to the  m o v e m e n t  of sodium th rough  the  mucosal  
m e m b r a n e s  of amph ib i an  epithelia.  In  con t ras t  to sodium 
flux in exci table  membranes ,  where the  fully ac t iva t ed  
I /V relat ions are e i ther  l inear or obey the  Goldman equa-  
t ion n,  t he  m o v e m e n t  of sodium into epithel ial  cells ap- 
pears  to  be by  faci l i ta ted diffusion 12. Li t t le  a t t en t ion  has 
been given to  the  select ivi ty  mechan i sm of sodium chan-  
nels in epithelia,  a l though  it is known t h a t  l i th ium can be 
readi ly hand led  by  the  channels  lK Te t rodo tox in  has 
li t t le or no effect  on sodium ion m o v e m e n t  in epi thel ia l  
membranes~% however ,  the  pyrazine  der ivat ive,  amilo-  
ride (N-(N-amidino)-3,  5-diamino-6-chloropyrazine  carbo- 
amide),  has  a h igh aff in i ty  for the  sodium en t ry  sites in 
epi thel ia  15,1% 

Materials and methods. Sodium t r a n s p o r t  in isolated 
frog abdomina l  skin (Rana ternporaria) was measured  as 
shor t  circuit  cur ren t  (SCC). The solut ion ba th ing  b o t h  
sides of the  skin had  the  following composi t ion  (m2YI) 
NaC1, 111; KC1, 2; CaC12, 1 and glucose, 11. The serosal 
solut ion was buffered at  p H  7.6 w i th  tris buffer  (5 mM).  
The mucosa l  solut ion was unbuffered,  the  p H  being con- 

,uA 

500 

250 

xlO-7M 

a " 8 

7 

�9 �9 6 

5 

4 

3 

2 

1 

I J- 0 

3 4. 5 6 7 8 9 10 pH 

b 

I i I I I I 

4. 5 6 7 8 9 10P'q 

Results obtained with a piece of frog (R. temporaria) abdominal skin 
(7.5 cm2). Amiloride was added to the mucosal bathing solution. The 
sodium current ([xA) was taken as that current which was sensitive to 
amiloride (10 4 M), and is shown versus pH in (a). The line is the 
titration curve for monobasie acid with a pKa of 4.8. Km values for 
amiloride at different pH values are shown in (b) as solid symbols. 
The thin continuous line indicates the predicted behaviour (see text) 
of K,, with pH, scaling the values so that theoretical and experimen- 
tal values coincide at pH 5. The pKa of amiloride was taken as 8.7. 
The interrupted line shows values of the true Km for amiloride in the 
presence of 111 mM sodium, calculated from measured values of 
K,, together with pH, K ,,~,, and KR (see text). 

t rol led wi th  a p H  s tar  (Radiometer) .  Amilor ide was added  
only  to the  mucosal  ba th ing  solution. Km values for 
amiloride a t  d i f ferent  p H  values  of t he  mucosal  solut ion 
were t aken  as the  drug concen t ra t ion  giving 50% inhibi-  
t ion of the  amiloride sensi t ive current .  

Results and discussion. W i t h  the  mucosal  solut ion con- 
trol led a t  p H  values  be tween  5-10 amiloride,  in suff icient  
concent ra t ion ,  caused comple te  inhib i t ion  of SCC. How- 
ever, at  p H  3-4 no t  all of the  cur ren t  was sensi t ive to  
amiloride. The residual,  amiloride res is tant ,  cur ren t  m a y  
have  been due to a mucosal  to serosal p ro ton  flux. The 
Figure shows the  resul t  of a single exper iment .  The so- 
d ium cur ren t  (amiloride sensi t ive SCC) var ied wi th  p H  
in a way  which  suggested t h a t  a grouping wi th  a p K a  of 
a round 5 was responsible  for control l ing sodium ent ry .  
Devia t ions  f rom the  theore t ica l  t i t r a t ion  curve were no t  
sys temat ic ,  as was found when  the  resul ts  f rom several  
expe r imen t s  were pooled. Amiloride,  like the  toxins  re- 
ferred to  earlier, has  a guan id in ium group. The p K a  of 
amiloride is only  8.7, ye t  guanidine  itself has  a p K a  of 
13.6. The p K a  is lowered by  the  presence of the  pyraz ine  
r ing and par t i cu la r ly  tile carbonyl  group, as for example  
in ace ty lguanidine  (pKa 8.26). As wi th  t e t rodo tox in  the  
af f in i ty  of amilor ide is reduced at  alkaline pH,  due pre- 
sumab ly  to the  decline in the  f ract ion of the  guanid in ium 
form. At  acid p H  values  p ro tons  compe te  wi th  amilor ide 
for the  b inding  s i tes  as shown by  the  reduced aff in i ty  a t  
p H  4. Thus  b o t h  t e t r o d o t o x i n  and amilor ide appear  to 
require a guan id in ium group for blocking act ivi ty ,  the  
only difference being t h a t  th is  charge is effect ively neu- 
tral ized by  zwi t te r ion  format ion  in t e t rodo tox in  and loss 
of a p ro ton  in amiloride.  

If  it  is a ssumed t h a t  only the  charged form of amiIoride 
competes  w i th  p ro tons  for a singly ionized acid grouping 
in the  mucosa l  membranes  wi th  a p K a  of 4.8, and t h a t  
combina t ion  of th is  grouping wi th  e i ther  a p ro ton  or 
amiloride p reven t s  the  sodium t rans loca t ion  process, t hen  
the  re la t ionship  be tween  the  t rue  and measured  K,~ for 
amiloride is given by  

Kmeasurea I(real [1 + Kam~l @ [H +] + t(amil] 
[H +] KR Kn 

where K~mu and K n  are the  dissociat ion cons tan t s  of 
amiloride and the  m e m b r a n e  receptor  respectively.  This  
simple kinetic  approach  gives predic t ions  which are rea- 
sonably  cons i s t en t  wi th  the  exper imenta l  results. The 
Figure is typ ica l  of several  exper iments ,  and exper iments  
wi th  two o ther  inhibi tors  of sodium t r anspo r t  ( t r iamte-  
rene and N-(N-benzylamidino)-3,5-diamino-6-chloropy-  
razine carboxamide)  wi th  widely  differing p K ' s  and af- 
finities also gave results  cons i s ten t  wi th  this  approach.  

Thus  the  s imi lar i ty  of the  in terac t ions  be tween  sodium 
channels  in exci table  membranes  and te t rodotox in ,  and  
epithel ial  sodium channels  and amiloride is striking. In  
bo th  ins tances  the  inhib i tors  have guanid in ium groups, 

8 R. HENDERSON, J. M. RITCHIE and G. STRICttARTZ, J. Physiol., 
Lond. 2,35, 783 (1973). 

9 W. ULBRICHT arid H.-H. WAGNER, J, Physiol., Lond. 252, 159 
(1975). 

lO B. HILLE, J. gen. Physiol. 58, 599 (1971). 
11 B. HILLE, Prog. Biophys. molee. Biol. 21, 3 (1970). 
12 T. ?(J. L. BIBER and P. F. CURRAN, J. gen. Physiol. 56, 83 (1970). 
13 H. HANSEN and K. ZERAHN, Acta physiol, seand. 60, 189 (1964). 
14 T. N. PULLMAN, A. R. LAVENDER and I. AHO, Proe. BatH. Acad. 

Sci., USA 60, 822 (1968). 
15 A. W. CUTHBERT and W. K. SHUM, Molee. Pharm. 70, 880 (1974). 
16 A. W. CUTHBERT and W. K. SHUM, Proe. R. Soe. Ser. B. 189, 543 

(1975). 
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which appear  to in te rac t  wi th  an acid grouping wi th  a 
p K a  of a round 5. Also, for b o t h  types  of blocker  the  effect  
of p H  modif ies  th is  in te rac t ion  in a predic table  way  when  
the  p K ' s  of the  drugs and  receptors  are t aken  into 
account .  I t  is no t  known if the  amiloride b ind ing  site 
which controls  sodium access in epi thel ia  is a select ivi ty  
fil ter control l ing e n t r y  to a carr ier  mechan i sm or whe t h e r  
it forms an integral  pa r t  of a carrier.  

The blocking effects  of t e t r o d o t o x i n  (and saxitoxin)  
have  been d e m o n s t r a t e d  in a wide va r i e ty  of exci table 

t issues in bo th  ve r t eb ra t e s  and  inver tebra tes .  Similarly,  
amiloride sensi t ive sodium channels  are found  no t  only  
in mammals ,  bu t  in o ther  ve r t ebra tes  and  lower forms  
such as insects  and annel ids :L The wide d i s t r ibu t ion  of 
bo th  types  of channel  and the  similari t ies out l ined in th is  
repor t  suggests  t h e y  m a y  have  a common  ances t ry .  

:7 A. W, CUT::BEP.% ia Drugs and Transport Processes (Ed. B. A. 
CALLINGHAM; Macmillan, London 1974), p. 173. 

Condi t ioned  S u p p r e s s i o n :  D i s s o c i a t i o n  of L e a r n i n g  in Bac lo f en  Trea ted  Rats  

P.  SOUBRIE, P.  SIMON, and J. J. R .  BOISSIER 

Unitd de Neuropsychopharmacologie,  I N S E R M ,  2, rue d'Aldsia,  F - 7 5 0 1 d  Par i s  (France), 19 March  1976. 

Summary .  In  rats,  baclofen induced  a m e m o r y  deficit  re la ted  to a dissociat ion of learning. Baclofen given pr ior  to 
t ra in ing or prior  to t es t ing  had  no effect on the  amnes ia  elicited by  d iazepam.  

Some biochemical ,  e lectrophysiological  or pha rma-  
cological effects induced by  the  benzodiazepines  seem to 
be re la ted to their  act ions on cent ra l  GABA-(y-amino-  
bu tyr ic  acid)-ergic mechan i smsL  The invo lvemen t  of a 
GABA link in some behaviora l  effects of benzodiazepines  
was examined  in a previous work  2, and it was found t h a t  
b a c l o f e n -  a c o m p o u n d  s t ruc tura l ly  related to G A B A -  
enhanced  the  food in take of ra ts  placed in a non-famil iar  
s i tuat ion,  as benzodiazepines  did. The purpose  of this  
work  was to give some in fo rmat ion  about  the  role of a 
GABA-ergic  mechan i sm in the  amnesic  effect  of benzo- 
diazepines  a. W i t h  t h a t  aim, an amnesic  effect, and a 
modif ica t ion  of d iazepam-el ic i ted  amnesia  eventua l ly  in- 
duced by  baclofen,  were inves t iga ted  in rats.  

Mater ia l  and methods. The exper imen t s  were carried out  
on male Wis t a r  A.F.  ra ts  (180-200 g). The animals  were 
housed  8 per  cage wi th  free access to food and  water ,  un- 
less o therwise  noted,  and ma in t a ined  in 12/12 h light- 
da rk  cycle. The tes t  s i tua t ion  was a (36 •  •  cm) 
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Fig. 1. 'Test phase'. Effects of baclofen given before either the 
'shocks phase' (SP) or the 'test phase' (TP) onthe drinking inhibition 
of rats. S, rats with shocks; NS, Rats with ::o shocks. * **, *** 
indicate that S treated rats differ as compared to S control rats at 
0.05, 0.02 and 0.01 level respectively. AA, indicate that S rats, 
given baclofen before both SP and TP differ at 0.02 level from 
animals given baelofen only before SP. Vertical bars represent SEM. 

t r ans iucen t  box. A dr inking bot t le  was located in a corner  
of the  box.  A metal  d r ink ing- tube  t e r m i n a t e d  the  bo t t l e  
at  a he igh t  of 3 cm above an electrifiable p a r t  of the  floor 
(22 x 10 cm). The ra ts  were depr ived  of wa te r  (but no t  of 
food) dur ing  the  16 h preceding the i r  in t roduc t ion  into the  
t e s t  appara tus .  

'Shocks  phase ' .  Each  ra t  was placed in t he  t e s t  s i tua t ion  
and shocked (2 mA) as soon as it s t a r t ed  to drink.  Af ter  th is  
electric shock, the  animals  r emained  1 min in the  appara -  
tus, and each t ime t h e y  drank,  t h e y  were shocked again. 
Previous  exper iments  have  shown t h a t  r a t s  general ly 
s t a r t  dr inking wi th in  2 min and did no t  to lera te  more t h a n  
2 shocks. The ra ts  which do no t  d r ink  wi th in  2 min and  
which receive more  t h a n  2 shocks,  were e l imina ted  of the  
s tudy.  Ra t s  wi th  no shocks were given a 3 rain p l acemen t  
in the  appa ra tu s  w i t h o u t  any  shock. 

'Test  phase ' .  4 days  af ter  the  ' shocks phase ' ,  each ra t  was 
placed for 5 min in the  t e s t  s i tua t ion  wi thou t  any  shock. 
During this  period the  t ime spen t  dr inking was recorded 
to the  neares t  second wi th  a manua l ly  opera ted  chrono-  
meter .  

Drugs were adminis te red  (1 ml/100 g) 30 min  before the  
'shocks phase '  and /o r  the  ' t es t  phase ' .  Baclofen (fl-para- 
ch lorophenyl -~-aminobutyr ic  acid) s.c. and d iazepam i.p. 
were injected,  as suspension wi th  acacia gum. The s ta t i s t i -  
cal compar i son  be tween  groups (10 to 12 ra ts  per  group) 
was done using the  S t u d e n t ' s  t - test  or Darmois '  t-test.  

Results.  Control ra t s  wi th  shocks exhibi t ,  as compared  
to control  ra ts  wi th  no shocks, a marked  d r ink ing  be- 
havior  inhibi t ion (Figure 1). In  ra t s  t r ea ted  wi th  baclofen 
30 min before the  ' shocks phase ' ,  this  dr inking inhibi t ion 
was reduced  or even suppressed.  Baclofen (2 mg.kg- : )  
given 30 min before the  ' t e s t  phase '  abol ished the  effect  
of the  admin i s t r a t ion  of this  drug  before the  ' shocks 
phase ' .  At  this  dose, baclofen had  no effect  on the  dr ink-  
ing t ime e i ther  of ra ts  wi th  no shocks, or of ra t s  w i th  shocks 
(15 • 7 see) ; Figure 2 shows t h a t  baclofen (1 mg.kg:)  did 
no t  s ta t i s t ica l ly  modi fy  d iazepam- induced  reduc t ion  of 
the  dr inking inhibi t ion.  In  ra ts  wi th  shocks, baclofen 
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