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SL~LMARY 

The potency of ~verM Mc_M an~thetics _~s a fi_tnction of pH has been tested both as 
to their inhibitory effect on purified acetylcholinesterase {EC 3.I.I.7) prepared from 
electric tissue, and their blocking action on the electrical activity of the isolated 
single electroplax. The inhibition of acetylcholinesterase in solution by the tertiary 
nitrogen derivatives procaine, dibucaine and tetracaine and the ql,_ateruary ana- 
logue of tetracaine decreases with an increase in pH from 6 to 9- When, however, 
the pH is raised from 7-5 to 9 the inhibiting effect of the tertiary compounds procaine 
and tetracaine decreas~ more strongly than that of the quaternary tetracaine. 
Carbamylcholine and quaternary tetracaine block electrical activity of the electro- 
plax about equally wall at pH 6 or 9- In contrast the tertiary tetracaine is more 
potent at the acid pH. The results provide further evidence that the cationic form 
is the m:_-o xctive structure of tertiary nitrogen-containing local anesthetics and sup- 
port the view of the presence of an anionic group in the active site of the receptor 
comparable to that existing in the esterase. 

INTRODUCTION 

The chemical structure of most local anesthetics is sindlar to that of acetylcholine and 
their e f f~o on electrical activity of nerve have been attributed by NACHMA~SO~Nt. s 
to a competition with ACh for receptors in the membrane. The nature of the ,~ction 
has rec,;ldy been tested with the monocelln!~_r electropl~ prep~,~tion and the antag- 
onism found indicated competition for the same membrane receptor t. ACh has a 

limited number of forces capable of interacting with a macromolecule. One of them 
is the cationic n i ~  group. It has L'on shown that ACh-estemse (F£; 3.LLT) has 
an anionic group in the active site which ;~ .'tracts this group by coulombic force# 4.  
h may be assumed that an ACh receptor protein would have a similar negatively 
dmrsed site. Indeed. it has been reported that the binding of the cat im~ form of 
tetmca/ne t o  a n  isohtted receptor protein in ~h~tion was g~eater than that of the 
eadmsed  line'.  ~ the ~ of an aatmic group in the active ,/re of 

~ -  ACriD, ahce~eyknwii~. 
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the receptor. Most local anesthetics are tertiary nitrogen compounds with pK's 
t ~ n y  ~etween 8 and 9, and therefore exist at neutral pH partially in cationic and 
partially in uncharged form. If the suggested mechanism of action of local anesthetics 
is correct, one would expect them to be more potent both in affecting electrical acti~'ity 
and in inhibitil~ ACh-esterase when they are present in their charged form Si,~ce 
the proteins reacting with ACh will probably have similar active sites it l.; nu: su~- 
prising that  local anesthetics inhibit ACh-esterase even though block of conduction 
by  these agents at the low concentrations at which they act i.~ ro t  due to this effectU. 

In contrast to the above noted exT, c~at ion observations were reported in which 
local anesthetics were more potent on biological preparations at an alkaline pH, 
where they exist mainly as the uncharged base x°-ls. This may, however, be due to 
permeability barriers since tertiary amines penetrate tissue more readily than do 
quaternary ammonium ions t6-tl. At the nodes of Ranvier where the barriers covering 
the conducting membrane are relatively small, local anesthetics are not more potent 
at  an alkaline pH ~. With other preparations the cationic form of local anesthetics 
was also found to be the active form u, 24 It appeared, however, surprising that 
procaine and tropacocaine were found in solution to be more potent inhibitors of 
ACh-esterase in their uncharged form while the results expected by theory and op- 
posite to the above were found with tetracaine and physostigrnine ts. 

In order to clariV] further the points discussed above, it appeared desirable to 
compare a local anesthetic containing a tertiary nitrogen grouping with its cor- 
responding methylated quaternary analogue. We have, therefore, tested at varyi'ng 
pH the ability of tetracaine and its quaternary, analogue, methyltetracaine, to in- 
hibit ACh-esterase and to block electrical activity of the monocellular electroplax 
preparation. 

MATERIALS A N D  M E T H O D S  

Measurement of ACk-est~ase actsvity. Partially purified ACh-esterase from eh.-ctric 
tissue of electric eel was used as the source of enzsmte in tLese experiment.,;. The 
activity was such that  at 3o °, pH 7.1, I rug of protein h~dioly~'~d 963 nag of ACh 
chloride per h. This was diluted in our experiments to ~-'~ a _~=! :=:~;-~t. /~ ' . , t  mg 
ACh hydrolyzed per ml incubation mixture per h. 

To determine the inhibitory potency of the local anesthetics on ACh-esterase 
they were added to 5 mM ACh chloride in a _Ringer's solution usually used in work 
with electroplax ~.. The solution was buffered at pH 6 with o.t M phosphate and at 
pH 7.5 and 9 with o.x M Tris. At zero time a concentrated solution of ACh-esterase 
was added and enzyme activity was determined at 22-24 ° by the colorimetric method 
of HSSTmN t~. The hydrolysis of ACh during the time period tested was less than 40 %. 
All results were corrected for spontaneous h~lrolysis of ACh which was substantial 
only for the experim~-uts at pH 9- Experiments at a pH more alkaline than 9 were not 
performed because of the large spontaneous hydxol~As of ACh and because of the 
i¢iative insolubility, of tetracaine and dibocaine at alkaline pH. No slxmtaneous 
hydrolys/s of the local anesthetics was obse~-ed, nor were any of them hydrolyzed 
by the emtyme p t e p a r ~ o n  used. All absortmn~- readings were corrected for the color 
developed by ~ .  tetracaine and methyltetraca/ne. 

The ctmtrol ACh-esterase activity w a s  determ/ned at a particular pH. The 
pet cent inht~M~on of ACh-estersse at this same pH by several omomtn t ions  of 
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a loca! anesthetic was determined and from this the Iso concentration (that concen- 
tration of local anesthetic causing 5 ° % inhibition of ACh-esterase) was estimated. 
This was done for every pH tested and for all the anesthetics used. 

Me4u~cm~ o/effects os ~ ad/v/ty. The isolated single electroplax de- 
veloped by SCaOFFESn~LS " J I  was used as the biological test object for determining 
the potency of tetracalne, methyltetracaine and carbamylcholine at different pH 
values. This preparation can either be stimulated directly by way of the conducting 
membrane or indirectly by way of neural innervation. The criterion for the effect 
on the end plate was the disappearance of the postsynaptic potential m. The effects 
of methyltetracaine were determined with the improved recording technique using 
intracellular electrodes u. Extracellular electrodes were used for most of the pH 
studies. At pH 9 the usual phosphate buffer in Ringer's solution was replaced by 
x.5 mM Tris. All agents tested were applied in the solution b~thing the innervated 
membrane of the electroplax. The pH was altered in both the pools, on the innervated 
and non-innervated membranes. All cells were immersed in Ringer's solution of the 
desired pH at least xo rain prior to the application of the *~est solutions. At the end 
of the experiments the pH values in the pools were about the same as at the beginning. 

Preparation of nwt~ylt~e~.ai~w iodide. Methyltetracaine iodide was synthesized by 
Dr. S. GXSSBURG as follows: an ice-cold solution of 6.6 g (25 v-.,M) tetracaine base in 
60 nd acetone was treated with an excess (5 ml) of methyl iodide. After standing in 
ice for 4 h, the salt was filtered and recryst~lli~ed from a mixture of ethanol and ether. 
Yield was 7-7 g (76 % of theoretical). Another recrystallization from isopropanol 
gave pure, almost colorless, crystals (m.p. x4z-z4z°). (Found: C, 47.59 (47-36); 
H, 6.6z (6.74); N, 6.76 (6.98); I, 31.22 (31.49). CItH~NtO#I (mot. wt. 4o6.3) requires 
C, 47.27; H, 6.65; N, 6.89; I, 31.26%.) 

RESULTS 

The approximate I~  concentration for each of the local anesthetics is shown in Fig. x. 
ACh was used as substrate in a concentration of 5 mM in all experiments because it 
was found to 0e an optimum concentration at pH 6 and only slightly ~,reater than 
optimal at pH 7.5 and 9. The control ACh-esterase activity at pH 7.5 and 9 was 
approximately equal whereas the activity at pH 6 was considerably lower which 
agrees with earlier restfilts u. The pH values in all tubes were within o.z pH unit of 
the mean values shown in the figure. Each of the points shown in Fig. x was calculated 
from the mean esterase acti~.~ies in 2-4 series of experiments, with 5 or 6 concen- 
*.r~!~"~ of !~<a] anesthetic used in each series. The inhibition by dibucaine at pH 9 
could n ~  ?~. determined because of its very limited solubility at that pH. 

e~ects of carbamylcholine, tetracaine and methyltetracalne on the electrical 
activity of the isolated single elecU~lax are shown in Table I. Carbamylcholine 
depolarizes the s~maptic regions of the mem.~n t  m, thereby short circuiting the entire 
conducting memlrane=, so that both the dir~'t anJ ";ndirect responses are blocked 
s i m n l t a n e o m l y . ~ ,  no values are shown inTable  I for time required for ¢arb- 
m ~  to I ~ c  the indh'ect respome. The periods of tim~ reqaired fer t4eckieg 
elecuical activity by cm~amylche/~e and methyltetraca~ a~e similar within the 
pH range ed 6-~. The tet'tiary tetrm:aine appems mwe ~ at pH 6 than at pH 9 
altlmsSh hecame ol ndativeb, lars~ variations in neqponse the times noted m pH 6 

BWc&muo. bN~Nk~jql. Ada. 66 (1963) 4o6-4u 4 



THE ACTIVE STRUCTL'RE OF LOCAL ANESTHETICS 4o9 

a r e  signif icant ly different  from those at  p H  9 only to  the  P < o. zo level except  (or 
t he  eff?ct of o . I  mM te t raca ine  on the  d i rec t  response where the  difference is significant 
t o  the  P < o.o 5 level. However,  in exper iments  where the  ~ame cell was extx~ed to 
t e t raca ine  a t  p H  6 and  o the  difference in po tency  was ob~ious. For  example  see Fig. 2. 

Methy l te t raca ine  acts  on the  conduct ing  membrane  as well as o -  tn. ~* 
junct ion .  As  seen in Table  I i ts  effects on the  syrmptic junct ion (time required to block 
the  indirect  response) are 2 -  4 t imes as po ten t  as i ts effe~T.s on the conduct ing mem- 
brane  {time requi red  to  block the direct  response). As seen in Figs. 3 and 4 quaternar3" 
te t raca ine  does not  depolar ize the e lec t roplax  membrane.  I t  max" be- noted in Fig. 3 
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Fig. l. Concentratinns of pro "aine, tetracaine, dibucaine and methyltetracaine requirt~ for 50 °o 
inhibition (I~) of puri~ed .~.Ch-ester-'~e prepared from electric tissue as a function of pH. 
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Fi~ 2. Effect o fo .J  mM t~U-acsi~ ('1") oR tb, e indU'e, ct ly ( ~ - - × )  and ~ y  .-yoked ( O - - C ~  
o~ the imd~d ~ ~ a~ pH 6 a n d  o. R indicates return to ~nt~r's ~u~. 
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A B L E  I 

BLOCK OF ELECTRICAL AC~'IVITY OF ISOLATED SINGLE ELECTROPLAX BY CAEBAMYLCHOLINE, 
TETRACAINE A2¢D METHYLTETIACAINE AS A FUNCTION OF p H  

The period ot t i m e  required for  b l o c k i n g  electrical activity is g i v e n  Jn t h e  l a s t  2 c o l u m n s .  All 
re su l t s  are  recorded  as  m e a n  + S .E .  o f  t h e  m e a n .  

C ~  Coaos. 
(,i,31) pH 

C a r b a m y l c h o l i n e  5" I o - ~  I 

2. 5 • 1o - t  

T e t r a c a i n e  o.  I 

M e t h y l t e t r a c a i n e  

5 " 10-$ ! 

5" i o - t  
o . i  

0 . 2 5  
0 . 3  

{ 
o ' 5  { 

o . o  z - -  2 ± 0 .  5 
7,3 : - -  2 -;- o . o  
8, 9 :, :z : 0 .  5 

5 , 9  : - -  7 ±  I 
7.1 z -- 4 _ + _ 2  
8 .8  2 - -  5 _ + _ I  

6 . I  4 2 = 0 .  4 4 + 2  
7-6 3 3 ~ 1  7 - + - 3  
9 . I  6 12 ~ 4 16  ~ 3 

6.1 3 4 ±  I 4 ~  - 2  
8 .8  5 I4  ~- 4 ! 9  :i: 5 

7 . 0  2 > 3 o  > 3 o  
7 . 0  2 17 ~ - 6  > 3 0  
7 . 0  2 5 ~ t 15 ~ 2 
7 . 0  z 2 = i 1o ± o 

6 . 0  I 2 5 

7 .0  t 2 5 
9 . 0  i 2 5 

6.I 5 3 "~= I 7 "~- I 

7 .4  4 3------ I 9 ~  I 
9 . 0  4 5 ~ 2 10 ~_ 2 

that the postsynaptic potential is reduced ,~ithin 3 min exposure to x mM methyl- 
tetracaine and blocked completely after 6 rain. The direct response would be blocked 
only later. The effects on the indirect response were completely and easily reversible. 
The effects of 0.5 mM methyltetracaine on the conducting membrane are seen in 
Fig. 4- The neurally evoked potential is blocked after 2 rain, while to min after the 
application of the compound only a small graded local response is left in place of the 

..=.I t , 
0.9 0.9 tD 

| i 

Fag. 3- Rev~ effect of m e t h ~  om tlm ACh emd~ potmttlml. A-D digectly. Am'-D t" 
~ dicittd ~v;on potmttlmlt A- %" coetrob Jn ~ , ~ .  B" ud C-.C" $ mid 6 mlm 
mitre, ~ to ~ mM ~ .  D--Dr" t6 mira ~tmr mtmm to Ritqt~s mlmtlmm. ~ 
htttim: ~omV md tooo ~ .  Stmtdmtlq voZaqCm amp ~ below rods hmm oa tlm ftpmt. 

8~Jnim. B ~ .  A -~.  66 O ~ l l  406-~t4 



Till?. ACTIVE STRUCTURE OF LOCAL ANESTItETICS 411  

ti~,lmal direct response. Block of the directly elicited action potential by methvl- 
tetraeaine was not  reversible even after rinsing in Ringer 's  solution for up to I h. 

~ A q B C D E 

0.9 t2 !.3 3D 4.0  

- V - -  x 
150 

Fig. 4. Effect of methyltetracaine on the membrane action potential A-E directly and A'-B'  
indirectly elicited action potential. A-A t" control in Ringer's solution ; B and B', 2 min ; C, 5 rain ; 
D, 8 rain; and E, xo rain after addition of o.5 raM methyltetracaine. After return to Ringer's 
solution for 2o rain there was no recovery of the action potential. Calibration: 5,~ mV and tooo 

cycl~/sec. Stimulating voltages are shown below each .mine ~f the fig~.;re. 

DISCUSSION 

All the local anesthetics tested including methyltetracaine are more potent inhibitors 
of ACh-esterase at  an acid than  at an alkaline pH. With procaine and tetracaine, 
however,  the potency declines more rapidly from pH 7-5 to 9 than is observed with 
methyltetracaine.  

CHs CH s 

H :C-N-CH #-CH t-O--C-O. H ~C-N -C H t-C H ~-0 -C--O 

CH s CH: CH s 

H CtH t 

Acet ylcholine Methyltetr~caine 

Since the  quaternary  nitrogen of methyltetracaine exists only as a cation the 
effects of p H  must  be a t t r ibuted to  changes in ACh-esterase. The a:filine niiragoen 
could not  be involved since when its p K  was tested it was found to be below 3, so 
tha t  in the p H  rm:ge studied, it would exist wc g ¢.vcr 99 % in the uncharged form. 

The anionic group in the active site of ACh-esterase apparent ly  does not change 
charge in the p H  range of 6.5-xo, as shown by  BERGUaSN ANt) SmMo.~t:*. Increasing 
the pH of a sobttion of the enzyme may° however, increase the number  o.; nonsl)ecific 
negatively charged s i t ~  of which there are probably more than there are specific 
anionic sites, rdtheugh only t he_ ~ t t e r  are important  for the act ivi ty  of the ermyme. 
Increasing the  p H  might,  tlw_refore, increase the r~nspecitic binding of methyltetra-  
caine allowing less of it to  reach the active sites of the enzyme wh;ch may  concrA_'bvte 
to  the  observed decrease in po tency  of this ~ m p o u n d  with increasing pH. Beiov 
p H  6.5 the  anionic groups in the active site become p r o ~ v e l y  inactivated a .  
to  t ha t  had we decreased the ~H in our experiments below 6 we wight  have .~bse~,ed 
a decrease in A ~  in_ha~ition by  the local anesthetics. 

B t a ~ m ,  B,epkys. AeU e~ ( :~$~ ¢oo-04  
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The decrease in inhibitory strength of procaine and tetracaine from pH 6 to 7-5 
can probably be explained as being due to effects on the protein as discussed above. 
The decreased potency from pH 7.5 to 9, however, is greater than observed with 
methyltetracaine, .indicating that an additional factor is involved beside~ change 
in charge of the p:otein. The change in charge of the local anesthetic is probably the 
additional factor modifying their inhibitory activity. The aniline nitrogens of tetra- 
caine and procaine were determined to have a pK of L-~s than 3 so that in the pH 
range of these experiments less than 1% of these nitrogens is in the charged form. 
..The pK's of the dimethylaminoethyl nitrogen of tetracame and the diethylaminoethyl 
nitrogen of procain~ are about 8.2 and 8. 9, respectively gs. On the basis of its pK value, 
and taking into account the decrease in potency of methyltetracaine, the decreased 
potency of tetracaine from pH 6 to 9 is less than expected. This conclusion, however, 
depends on the probably incorrect assumption that the uncharged molecule has no 
inhibitory, activity. If it has even weak activity as an inhibitor this could explain 
why the potency of tetracaJne did not decline as rapidly as expected on the basis 
of its pK value. The change in structure of the protein is also a modifying factor, 
which was put forth as a possible explanation for the fact that the inhibitory action 
of tensilon on cholinesterase did not decline as rapidly from pH 8 to 9.5 as would 
be expected based on its pK value m. The quaternary analogue of tetracaine is a more 
potent inhibitor of ACh-esterase than tetracaine. This parallels the results with the 
tertiary analogues of phospholine ~ and neostignfine a8 which are weaker inhibitors of 
ACh-esterase than ti, ° quaternary compound. The decrease in inhibitory activity of 
procaine and tetracaine with an increase in pH agrees with previous results found with 
physostignfine 4 ~nd amines w. With a change of pH no change in potency of neostig- 
mine was obs-~rved 4, whereas we found a small change in potency with methyl- 
tetracaine. It  is difficult to say why the present results with procaine and dibucaine 
differ from those reported previously zs, since in both studies ACh-esterase fromelectric 
tissue of electric eel was used. 

The results obtained with tetracaine on the electrical activity of the isolated 
single electropla~x also indicate that the charged molecule is more active than the 
uncharged form. Carbamylcholine and methyltetracaine which do not change in 
charge as a function of pH do not change in potency on the isolated electroplax. 
These observations agree with previous findings that ph~ostigTaine and the tert iary 
~.alogue of neostigmine are twice as potent at pH 6 as at pH 9 ~n blocldng electrical 
~ctivity of the electroplax, whereas neostigraine does not vary in potency from 
pH 6 to 9 (ref. 4o). Procaine. tetracaine and dibucaine had previously been found more 
poteaL on ~ electroplax at pH 6 than at pH 9 (ref. a3). The tertiary analogue of 
ACh is also ~¢eai~ at an alkaline pH than at an acid pHm. There are at least two 
factors which may nununize the change in potency of tetracaine ~a electrical activity 
of ebctroplax when the pH is increased from 6 to  9. The intramembramms pH has 
~ y  not been ~ltered to the same exteh~ as that of the external fluid, and the 
rate of penetration of the charged molecule is probably lower than that of the ma- 
c h a r ~  tormm-m. 

~ e n  om mmsm~s the potency of a tertiary ni trogea-coatain/~ local a n c s t h e ~  
as a hmctica ol pH on a bkqoSkai ~ ,  there are at  Imst two ¢ m m q i ~ g  
~b~:tan ~ ~ ~ what results zre oLl~md, lit throe ~ 
~d~h the p m a e a b i ~  ba . i en  are re ta t iv~ man.  eae o l m m ~  the ~ ImmCy 

B,q~s. ~14~. 66 (xsC~3) 406-4t4 
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of the  charged  form tt-t~, however,  in o ther  p repara t ions  where the barr iers  are greater  
o n e  observes an  a p p a r e n t l y  greater  po t ency  of t he  uncharged molecule to-~s, tt, which 
is due  to  the  poor  pe rmeab i l i t y  of the  charged formm-tL 

I t  is in teres t ing  t h a t  qua t e rna ry  te t raca ine  does not  depolar ize  the  e lect roplax 
membrane ,  since m a n y  qua t e rna ry  ni t rogen compounds,  wi th  the notable  e--r ~ : m 
of d- tubocurar ine ,  have  becn found to  be receptor  ac t iva tors ,  t ha t  is, cause a de- 
polar iza t ion  of the  membrane  t. A p p a r e n t l y  the  subs t i tu ted  anil ine tang m a y  prevent  
b y  ster ic  h indrance  the  ac t iva t ion  of the  receptor  pr6zein n e c e s ~ ,  for depolar izat ion.  

The resul ts  in th is  paper  provide  further  evidence for previous observat ions  
suggest ing t ha t  ACh-esterase and  the receptor  of the  e lec t roplax  have some proper t ies  
in common.  The  po tency  of t e r t i a r y  compounds  a.g a function of p H  is s imilar  fo: 
the  receptor  and  for ACh-esterase.  
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