
1058 Specialia EXPERIENTIA 30/9 

Results and discussion. The a l te ra t ion  of the  m o t o r  
conduc t ion  veloci ty  depends  on the  i m p a i r m e n t  of 
hemoglobin  funct ion.  Increas ing  carboxy-  or me th emo -  
globinemia to abou t  20% produces  a d is t inc t  decrease, 
then  to abou t  50% only ins ignif icant  changes  and final a 
fa r ther  decrease of the  mo to r  conduc t ion  veloci ty  (Figure). 
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Motor conduction velocity of the N. ischiadicus of rats following 
single injections of 0.5, 0.8, 2.4 and 12 mmol CO/kg (s.c.) or 0.4, 0.8 
and 1.2 mmol NaNO~/kg (i.p.). 

But  the  ex t en t  of t he  r e t a rda t i on  of nerve  conduc t ion  in 
hypox ic  condi t ions  of the  same degree is abou t  twice as 
h igh following CO t h a n  NaNO 2 in toxica t ion .  This  means  
t h a t  CO produced  an addi t iona l  effect  on per iphera l  
nerve  func t ion  beside the  hypoxic  response induced by  
blockade of hemoglobin .  A s ignif icant  (p < 0.001) 
decrease of m o t o r  conduc t ion  ve loc i ty  was  observed al- 
ready  if a mean  ca rboxyhemoglob inemia  of 18.6% CO-Hb 
or in par t icu lar  case of 13% CO-Hb was de te rmined .  I t  
seems t h a t  t he  mo to r  conduc t ion  veloci ty  is a sensi t ive 
indica tor  for t es t ing  per iphera l  nerve  af ter  CO intoxica-  
t ion.  

Zusammen/assung. St6rung der  Sauers to f f t ranspor t -  
funk t ion  des H~moglobins  d u t c h  Carboxy-  oder  Meth/i- 
moglobin~tmie v e r m i n d e r t  die motor i sche  Lei tungsge-  
schwindigkei t  am N. ischiadicus der  Ra t t e .  Das Ausmass  
der  Ver l angsamung  der  Nerven le i tung  ist nach  gleich- 
grosser Blockade des Hh~moglobins un te r  Koh lenmonox-  
ideinfluss annh~hernd doppe l t  so gross wie un te r  Na t r ium-  
ni tr i te influss ,  
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E t h y l - m - A m i n o b e n z o a t e  (MS-222)  Anaes thes ia  in 

E t h y l - m - a m i n o b e n z o a t e  (metacain,  MS-222) is a m u c h  
used anaes the t ic  for cold b looded an imalsL Al though  i ts  
mechan i sm of act ion is unknown,  one l ikely possibi l i ty  is 
t h a t  i t  inhibi ts  t r a n s m i t t e r  release 2, and a reciprocal  
an t agon i sm be tween  e thy l -m-aminobenzoa t e  and seroto-  
nin in several  i nve r t eb ra t e  species has been  observed 3. 
R e c e n t l y  it has  been  repor ted  4 t h a t  the  ra te  of anaes thes ia  
of the  Esh  Mollensia spec. by var ious  doses of MS-222 
decreased m arked ly  if 20-40% D20 was subs t i t u t ed  for 
wa te r  in the  aquar ium,  and the  resul ts  were a t t r i bu t ed  to  
the  membrane- s t ab i l i z ing  proper t ies  of D20. 

This  i n t e rp re t a t i on  is a t  var iance  wi th  cur ren t  theories  
of anaes thes ia  s,s, and  we have  therefore  examined  the  
effect  of D~O on anaes thes ia  in aquat ic  amphibia .  The 

Table I. Effect of D20 on ethyl-m-aminobenzoate (MS 222) an- 
aesthesia in the adult newt (Triturus cristatus) 

Anaesthesia Activity Escapes 
time (see) 

H~O -- 7.2 ./15.0 6.3 ./15.0 
H20+MS222 747./ 98 18.3-/ 5.8 �9 56.3=t=38.7 ~ 
25% D20 + MS 222 718 7k 103 20.3./ 7.0 ~ 43.5 ./20.7 ~ 

9 adult Triturus cristatus (6.2-9.4 g), raised in constant light and kept 
in Rehovot tapwater (RST) for 24 h before use. Activity and escape 
behaviour were determined during 5 rain after transfer to a control 
tank of RST and during the first 5 min after subsequent transfer to 
freshly prepared solutions of MS 222 (133.3 mg]l). Each animal 
was tested twice in each experimental solution and the average time 
for anaesthesia in each condition was used to compute the group 
means expressed as mean =J: S.D. ~ Indicates a significant difference 
from control, p < 0.05. 

the N e w t  - Effect of D20,  pH and T i m e  of Day 

urodeles,  newts  and  sa lamanders ,  are par t icu lar ly  sui table 
for s tudies  of th is  na tu re  since m e t a m o r p h i c  changes  
pe rmi t  the  examina t i on  of b o t h  wa te r - and  a i r -brea th ing  
forms. Fur the r ,  the  use of an aqua t ic  an imal  and a water-  
soluble anaes the t ic  such as MS 222 p e rmi t  the  control  of 
cri t ical  factors  involved in t he  s t ruc tu re  of water,  which 
has  been  impl ica ted  in a n a e s t h e s i a h , t  

Materials. E t h y - m - a m i n o b e n z o a t e  (MS 222) was  ob- 
t a ined  f rom Sandoz,  Ltd .  Basle, Switzer land.  D~O was 
ob ta ined  f rom the  I so tope  Separa t ion  p l an t  of the  Weiz- 
m a n n  I n s t i t u t e  (as a by -p roduc t  of oxygen isotope 
separat ion) .  The p ro t i u m con ten t  of th is  heavy  wa te r  was 
de t e rmined  by  nuclear  magne t ic  resonance and the  deute-  
r ium con ten t  ob ta ined  by  difference.  The deu te r ium 
con ten t  ranged f rom 4 0 % - 9 7 %  and was  d i lu ted  as des- 
cribed below. 

Animals. Adul t  newts  (Triturus cristatus) were pre- 
viously  ma in t a ined  in a t empera tu re -con t ro l l ed  room 
(22 • 2 ~ under  cons t an t  l ight  w i th  cont inuous  aera t ion 
for a t  least  6 m o n t h s  pr ior  to t he  exper iment .  Larvae  of 
the  newt  Pleurodeles waltl were raised in the  l abora to ry  
f rom eggs under  the  above condi t ions  and were 80-100 
days  old when  used. The par thenogen ic  f ish _Poecillia 
formosa were ob ta ined  f rom Gossington Tropical  Fisheries,  
Box 208, Delray Beach,  Florida,  and were ma in ta ined  tor 
a t  least  12 m o n t h s  in t he  same t empera tu re -con t ro l l ed  
room w i t h  cont inuous  aera t ion  and  co n s t an t  light, 
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Methods�9 In  all expe r imen t s  the  wa te r  has the  same 
ionic compos i t ion  as R e h o v o t  s t anda rd  t a p w a t e r  (IRST), 
in m E @ l :  2.33 Na, 0.60 K, 0.74 Ca, 0.585 Mg, 3.82 C1, 
0.08 SO 4 and 0.38 HCO a. This  compos i t ion  was based 
upon  exis t ing  analy t ica l  da t a  on the  local wa te r  supply.  
The p H  of R S T  is 5.74 and t h a t  of the  H20-D20 mi x t u r e  
ad jus ted  to  5.84 in accordance  wi th  the  rule pD = p H  + 
0.47. S tock  solut ions of MS 222 were p repa red  i m m e d i a t e l y  

Table II. Effect oI DiO on ethyl-m-aminobenzoate (MS 222) 
anaesthesia in the newt larvae (Pleurodeles waltl) 

Pretreatment Dose (rag/l) Anaesthesia time 
(see} 

H~O -- 50 311 -4- 98 (10} 
40% D20 -- 50 177 4- 40 ~ (10) 
t-120 H20 75 263 4- 27 (10) 
25% D20 25% DuO 75 221 4- 52 �9 (11) 

80- to 100-day-old Pleuradeles larvae reared in constant light were 
maintained in RST for 24 h before transfer to beakers containing 
freshly prepared IrIS 222 solutions. The results are expressed as 
mean ~: S.D. Number of animals in parentheses. ~ Indicates a 
significant difference from control p < 0.05. 

Table III. Effect of D~O on ethyl-m-aminobenzoate (MS 222) 
anaesthesia in the fish (Poecilia formosa} 

Anaesthesia time (sec) 

H20 326 • 136 (6) 
25% D~O 232 i 75 (5) 

The fish were raised under constant light and kept in RST for 
24 h before testing. They were transferred to beakers containing 
freshly prepared solutions of MS 222. The results are expressed as 
means • S.D. The number of animals in parentheses�9 
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Fig. 1. Effect of hydrogen ion concentrations on ethyl-m-amino- 
benzoate (MS 222) anaesthesia in newt larvae (Pteurodeles waltl). 
120-day old Pleurodeles larvae reared in constant light were taken 
from aquarium water and anaesthetized in freshly prepared 0�9 M 
sodium acetate or 0.005 M sodium phosphate buffers containing MS 
222 (75 mg/l). The number of animals is indicated in parentheses 
on each point. The error bars itadicate the standard deviation of the 
mean. 

before each expe r imen t  and  were d iscarded immed ia t e ly  
af ter  use. The MS 222 concen t ra t ions  used are given in 
the  tex t .  The t e m p e r a t u r e  and  the  p H  of t he  solut ions 
were de t e rmined  before and  af ter  each exper iment .  
Sta t is t ica l  compar i sons  were carried out  using a S tuden t  
t-test�9 

Testing. Adul t  animals  were t e s t ed  in opaque,  white ,  
p las t ic  ( 1 9 _ 7 x 1 0 •  cm) conta iners  wi th  500 ml of 
e i ther  R S T  or a mix tu re  of 25% D20 - 75% H20.  
Animals  were t aken  f rom the i r  home  tanks ,  dried on 
pape r  towel l ing  and placed in a control  con ta iner  wi th  
fresh R S T  for 5 rain, and t h e n  t r ans fe r red  to  the  t e s t  
container .  Ac t iv i ty  was  de t e rmined  f rom the  n u m b e r  of 
passages  of the  head  over  3 equ id i s t an t  l ines marked  on 
the  floor of the  conta iners ,  and  the  n u m b e r  of 'escapes '  in 
which  the  head  was raised to  the  top  of the  tank.  Newts  
exposed  to MS 222 showed an  ini t ial  increase in m o v e m e n t  
and in escape responses,  which  is c o m m o n  to  m a n y  anaes-  
the t ics  in m a n y  species. E a c h  adul t  newt  was tes ted  for 
anaes thes ia  by  being per iodical ly  t u rned  on its back  in the  
wa te r  unt i l  it  r emained  in th is  pos i t ion for 30 sec. The 
t ime,  f rom the  en t ry  of t he  an imal  in to  the  conta iner  to  
the  beg inn ing  of th is  30-sec period,  was t aken  as the  
anaes thes ia  time�9 E a c h  animal  was t e s t ed  twice in D~O 
and twice in H~O in a l t e rna t ing  order, w i th  a m i n i m u m  of 
3 h be tween  tes ts .  

The cr i ter ia  for anaes thes ia  in the  fish was the  comple te  
absence of tai l  or pec tora l  f in m o v e m e n t s  in the  water ,  
and  absence of response  on being l i f ted  wi th  a wire loop 
(8 cm in d iameter)  suppor t ing  a t igh t ly  s t re tched  nylon  
net  out  of, and then  r e tu rned  to, a beaker  con ta in ing  the  
anaes the t ic  solution.  The onset  of anaes thes ia  in newt  
larvae was de t e rmined  by  l i f t ing the  an imal  f rom the  
wa te r  3 t imes,  for 5 sec in i m m e d i a t e  succession wi thou t  
elici t ing an escape response  or o the r  movement s .  

Results. The effect  of var ious  deu te r ium concen t ra t ions  
on anaes thes ia  t ime,  ac t iv i ty  and escapes of adul t  and 
larval  newts  and in pa r thenogen ic  fish are given in Tables  
I, I I  and I f I ,  respect ively .  I t  is ev iden t  t h a t  deu te r ium 
increases the  ra te  of anaes thes ia  in all th ree  groups.  The 
t r end  is obvious  bu t  only  in larval  newts  is t he  difference 
s ta t i s t ica l ly  significant .  This  resul t  is co n t r a ry  to  t h a t  
r epor ted  for t he  fish, Mollensia spec 4. Changes in MS 222 
concen t ra t ion  or p r e t r e a t m e n t  (Table II) did no t  affect  
the  d i rec t ion  of our results.  

The effect  of p H  on MS 222 anaes thes ia  was also exa- 
mined  (Figure 1). Since MS 222 is a p r i ma ry  amine  sal t  of 
methanesu l fon ic  acid, in dis t i l led deionized wa te r  ~t 
dissolves to give a d i s t inc t ly  acid solution. For  tl~!s 
reason the  p i t  was ad jus ted  in all expe r imen t s  to  cor~- 
pensa te  for th is  acidi ty .  Figure 2 shows the  t i t r a t i on  cur~e 
of the  p r epa ra t i on  of MS 222 used in these  studies.  The 
inf lect ion po in t  near  p H  3.5 corresponds  to  the  mmsatmn.  
of t he  sulfonic acid, bu t  t h a t  of the  p r i m a r y  amine  g roup  
does no t  appear  under  these  condi t ions .  As seen in F igure  
1 the  ra te  of anaes thes ia  is p H  sensit ive.  

Since the  pharmacologica l  proper t ies  of m a n y  agents  
show q u a n t i t a t i v e  var ia t ions  a t  d i f ferent  t imes  of the  
day, the  ra te  of anaes thes ia  a t  var ious  t imes  was  also 
s tudied  (Figure 3). 

Discussion. Before a specific mechan i sm for effect  of 
D20 on anaes thes ia  can be suggested,  more  deta i led  
in fo rma t ion  on i ts  effect  on MS 222 absorpt ion,  d is t r ibu-  
t ion  and  me tabo l i sm  and  on the  mechan i sm of anaes-  
thes ia  are required.  In  general,  the  anaes the t i c  propertir  
of a n u m b e r  of unreac t ive  molecules,  including Xenon,  
have  been  expla ined  on the  basis of c la th ra te  formationS, 

7 p. I~. GLASOE and F. A. LONG, J. phys. Chem. 5d, 188 (1960). 
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causing s tabi l iza t ion of in t ra -neurona l  water  and hence  
increased r ig id i ty  of neuronal  s t ructures .  I t  has  been 
po in t ed  out  t h a t  wa te r  a t  in t racel lular  surfaces closely 
resembles  ice in s t ruc ture  s, and ~ t h a t  ice-like s t ruc ture  
pers is ts  a t  h igher  t e m p e r a t u r e s  for D20 t h a n  for wa te r  as 
wi tnessed  by  the  marked  differences in t empe ra tu r e -  
dens i ty  profiles 9. Hence,  an increased D20 con ten t  migh t  
be expec ted  to s tabi l ize the  intracel lular  wa te r  a t  or near  
m e m b r a n e s  in the  same manne r  as c l a th ra te - fo rming  
compounds  and  should, therefore ,  po t en t i a t e  anaes the t ics  
opera t ing  by  th is  mechanism.  The p resen t  results  of an 
increased ra te  of anaes thes ia  in D~O are cons is ten t  wi fh  
such an  explana t ion .  

A n u m b e r  of o ther  po in t s  of in te res t  emerge f rom this  
s tudy.  First ,  a marked  difference exists  in species sensi- 
t i v i t y  to  MS 222 anaesthesia .  The adul t  newt  seems rela- 
t ive ly  res i s t an t  to  MS 222, t ak ing  near ly 500 sec for 
anaes thes ia  whereas  in Pleurodeles larvae  it was too rapid  
to  be measurab le  by  our t echniques  and took 28 sec in 
the  fish Poecilla /ormosa, all a t  the  same concen t ra t ion  
(535 mg/1). The re la t ive  insens i t iv i ty  of the  newt  may,  
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Fig. 2. Titration curve for ethyl-m-aminobenzoate methane-sulfonate 
(MS 222). The initial solution containing MS 222 (100 mg) in 100 ml 
of distilled deionized water (3.8 • 10 -2 M) was neutralized with 0.1 N 
NaOH. 
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Fig. 3. Diurnal variations in the ethyl-m-ammobenzoate (MS 222) 
anaesthesia in newt larvae (Pleurodeles waltl). 80-100-day-old 
Pleurodeles larvae reared in constant light were kept in 0.005 M 
sodium phosphate buffer, pH 7.0 for 18 h. At the times indicated 
above, the rate of MS 222 (75 mg/l) anaesthesia in 0.005 M sodium 
phosphate buffer or 0.005 M sodium acetate buffer was determined. 
Fresh buffer - MS 222 solutions were prepared at the times indicated 
by the arrows. The number of animals are indicated in parentheses 
at each point. The error bars indicate the standard deviation of the 
mean. 

however,  be due to slower MS 222 absorp t ion  th rough  the  
skin or lungs, in con t ras t  to  absorp t ion  t h ro u g h  the  gills. 

I t  is well known t h a t  the  pharmacologica l  effects of 
m a n y  agents,  including anaes thet ics ,  show var ia t ions  wi th  
t ime  of day  due pe rhaps  to changes  in receptor  sens i t iv i ty  
or in liver microsomal  d rug-metabol iz ing  enzymes.  The 
marked  ciradian r h y t h m ,  found  in MS 222 anaes thes ia  in 
Pleurodeles larvae (Figure 3), appears  to be free runn ing  
and u l t rad ian  wi th  a per iodic i ty  less t han  24 h. These 
resul ts  reinforce the  impor t ance  of control l ing the  t ime  of 
t r e a t m e n t  in pharmacologica l  s tudies  generally,  and  in 
s tudies  on anaes the t ics  in par t icular .  The presen t  results  
also show a decrease in t he  ra te  of anaes thes ia  a t  low pH.  
The t i t r a t i on  curve for MS 222 was re la t ively  f la t  be tween  
p H  5-8 so t h a t  the  observed effect  on anaes thes ia  pro- 
bab ly  reflects  the  p H  sens i t iv i ty  of biological processes, 
such as t r a n s p o r t  and  metabol i sm,  r a the r  t h a n  differences 
in ionic species of MS 222. In  D~O solutions,  th is  effect 
m a y  be even larger since p H  and  pD are no t  equaU. 

In  add i t ion  to the  effect  of deu te r ium on dissociat ion 
cons tan ts ,  there  are several  o ther  possible exp lana t ions  
for t he  d i sc repancy  be tween  our resul ts  and those  4 in 
ano the r  species of fish. I t  is known  t h a t  D~O decreases 
resp i ra t ion  of cort ical  t issues in vivo ~0, ~ and also t h a t  O 2 
and COz are 10% less soluble in D~O t h a n  in H201~. If, in 
some fish, MS 222 anaes thes ia  is related to oxygenat ion ,  
th is  difference in solubi l i ty  and respi ra t ion  m a y  resul t  in 
a p p a r e n t  differences in anaes thes ia  sensi t ivi ty .  I t  is also 
possible tha t ,  since MS 222 is an ester, it  is sensi t ive to  
b o t h  acid and alkaline hydrolysis ,  which is known to  be 
affected by  the  deu te r ium con ten t  of the  med i u m ~a. The 
deu te r ium in the  m e d i u m  may,  therefore ,  affect  the  ra te  of 
anaes thes ia  by  al ter ing the  ester  (MS 222) concentra t ion.  
Final ly ,  D20 has been  repor ted  to al ter  the  circa- 
d ian phas ing  of the  mouse  1~ and  Phaseolus~ and con- 
conceivably  migh t  also shif t  c i rcadian phas ing  in t he  fish. 
A desynch rony  be tween  wa te r  and  D20- t rea ted  fish migh t  
appear  as a difference in MS 222 sensi t iv i ty .  We  are in 
con tac t  wi th  Dr. WENZEL in order  to  find ways  of 
resolving th is  conflict.  

Rdsumd. Des concen t ra t ions  de deut6r ium de I 'ordre de 
25-40% dans  le milieu, on t  16g6rement augment6  la 
vi tesse de l 'anaesth6sie  p rodu i te  par  le m-aminobenzoa t e  
d '6 thy le  (MS 222) sur les larves et  les adul tes  d'urod61es 
et  sur une esp6ce de poisson. On a observ6 que cet te  vi tesse 
a un r h y t h m e  circadien,  et  a 6t6 influenc6e par  le pH.  
Ceci est  compat ib le  avec les th6ories actuelles sur les effets 
des anaesth4siques  sur la s t ruc ture  de l 'eau dans  le sys t6me 
ne rveux  central ,  

A. YIJWILER 16 and D. SAMUEL 

Isotope Department, Weizmann Institute o/ Science, 
Rehovot (Israel), 
15 February 7974. 

s A. SZENT-GY6R~[, Bioenergetics (Academic Press, New York 1952), 
chapt. 6. 

9 J. j .  t{ATZ, Am. Scient. 48, 544 (1960). 
lo B. S. EIBSTEI• and D. SAMUEL, J. Neurochem. 18, 597 (1971). 
1i D. B. Tower and D. A. ToweR, Biochem. Pharmac. 19, 1015 

(1970). 
12 oi ' F. THOMPSON, Biological EHects o/ Deuterium (Pergamon Press, 

New York 1963), p. 5, 24 and 113. 
ta K. B. WlBERO, Chem. Rev. 55, 713 (1955). 
14 R. B. SUTER and K. S. RAWSON, Science 160, 1011 (1968). 
~a E. BUNNINC and J. BALTES, Naturwissensehaften 79, 622 (1963). 
la Visiting scientist from the Neurobioehemistry Laboratory, T-85, 

Veterans Administration Hospital, Wilshire and Sawtelle Blvds., 
Los Angeles, California, and the Dept. of Psychiatry, University of 
CaIifornia at Los Angeles Medical School, Los Angeles, USA. 


