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Minimal Alveolar Concentration (MAC) and
Dose—Response Curves in Anesthesia
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Toads and mice were anesthetized with chloro-
Iorm, cyc]opmpnne, dxeth)l e!her, divinyl ether,

or trichl

ion:

In order to demonstrate the variation among
anesthetics in their biases for certain areas, o
we compared the concentrations of differenty

ese//:djy woly papeojumoq

ethylene in order to e the
necessary to abolish the righting reflex, the motor
response to mechanical stimuli (MAC), respira-
tory activity, and cardiac function. All four re-
P could be reproduced within narrow con-
centration ranges of each anesthetic. However,
these concentrations were not the same fraction
of MAC with different anesthetics. Thus, with
chloroform 1 MAC and with trichloroethylene
0.65 MAC was necessary to abolish the righting
reflex in toads. It is proposed that anesthesia in-
valves a number of different effector sites. The
authors conclude that the effect at MAC repre-
sents the sum of points on two or more dose-re-
sponse curves. (Key words: Toads; Mice; Gen-
eral anesthetic agents; Righting reflex; Respira-
tory arrest; Cardinc arrest; MAC.)

THE MINIMAL ALVEOLAR CONCENTRATION
(MAC) has provided us®:2 and others® with
a convenient measurement in the bioassay of
anesthetic agents. MAC represents the dose
that abolishes the motor response to a stan-
dard stimulus. The response, however, is the
result of activity in a multitude of areas: re-
ceptor organs, nerve axons, peripheral synap-
ses, nerve cell bodies, CNS synapses, motor
endplates, etc. All components of the re-
sponse may be influenced by anesthetics.*
Just as local anesthesia or muscle relaxants
would modify MAC by specific actions, so

might one anesthetic gas abolish the motor re-
sponse by affecting one area in the system,
while another anesthetic might spare that area
and preferentially affect a different ene.
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agents y to abolish the righting raﬂex,m
the motor response to mechanical stimuli, res-S
piratory activity, and cardiac function.

Method

Healthy toads (Bufo marinus) and miceg
(Swiss albino) were numbered and kept in theo
laboratory for months. Only animals from thisg
acclimatized group were used for the experi- <
ments.

Eight general anesthetic agents were studied: ¢
chloroform, cyclopropane, diethyl ether, dx-_h
vinyl ether, fluroxene, halothane, methoxyﬂu-g
rane, and trichloroethylene. The concentra-N
tions that 1) abolished the righting reflex, 2)s N
prevented reaction to a standard mechammlm
stimulus, and produced 3) respiratory and 4)© S
cardiac arrest were recorded. All :m&sthetxcDo
concentrations were asssesed by gas chroma-;
tography in the inspired mixture at ethb-
rium except the measurements at cardiac ar—N
rest, which were done using end-expiratory.
samples. The times to attainment of equilib-(g
rium between inspired and expired concentra-3
tions at MAC had been determined in a pre—o
vious study? or in pilot experiments. We keptZ
the inspiratory concentrations constant foro
twice as long as necessary for equilibrium at®
or below MAC and four times as long aboved,
MAC. The righting reflex was consxdered<
lost when the animals lay down and were un-@
able to stand up on prodding. MAC was thed
concentration that prevented any motor reac‘g
tion to the pressure of a clamp applied for 25
seconds to a lower extremity. The clampy
pressure did not break the skin, but additional3,
pressure did not increase MAC.? Respiratoryy
arrest was recorded at fewer than 3 breaths/®
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* Concentrations of agents that consistently produce convulsions are included. Means of five experi

ments == SE.

the smallest inhaled concentration that deS
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Taue 1. Equilibrated Inspiratory (or End-expiratory for Cardiace Arrest) Concentrations

of Eight Anesthetics necessary to Abolish Righting Reflex, Response to Clamp o

Pressure (MAC), Respiration and Cardinc Function in the Toad* g
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Cyclopropane 6.3 = 0,05 9.0 £ 0.02 13S=025 | >80 i 3
Diethyl ether 149 % 0.03 1.69 %= 0.02 3.02 % 0.02 15.5 &= 047 I =
Fluroxene 2.8 £ 0.06 3.4 2007 4.7 &= 0.10 19.9 = 0.70 g
Halothane 0.53 = 0.01 0.71 = 0.01 .86 = 0.01 3.8 +=0.12 o
Chloroform 0412001 | 041001 2.0 = 0.07 ! N
Divinyl ether 2,93 % 0.06 3.69 = 0.03 8.17 £ 020 14.1 2 045 816022 ZF
Methoxyflurane 0.17 = 0.1 0.22 = 0.01 0.27 = 0.01 0.62 £ 0.01 g
Trichloreethylene 013 £ 0.01 0.20 3= 0.01 0.26 £ 0.07 0.44 == 0.02 0,22 = .01 El
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min, cardiac arrest at fewer than 5 beats/min
by ECG.

Approximate anesthetic concentrations nec-
essary to produce these four levels were de-
termined in pilot experiments. The concen-
tration that produced respiratory arrest was
assessed as follows: equilibration at MAC was
achieved in a toad, whereupon anesthesia was
deepened and equilibration at increments of
1/5 MAC was continued until respiration
ceased.

For the actual study, a toad or a mouse was
placed in a 2liter jar at room temperature.
The jar was aerated with the anesthetic in
oxygen, 8 1/min, and equilibration with an
ambient anesthetic concentration well below
the concentration necessary to abolish the
righting reflex was attained. Anesthesia then
was deepened and equilibration at increments
of about 1/10 MAC continued until the right-
ing reflex was lost. At this point, anesthesia
was lightened to the previous level and deep-
ened again. When deepening and lightening
of anesthesia were associated with appropriate
disappearance and recurrence of the reflex, the
righting reflex in that animal was considered
lost at the mean of the two concentrations.
MAC was determined the same way, with no
reaction to clamp pressure as the endpoint.

Next, equilibration with an inhaled concen-
tration well below that known to produce res-
piratory arrest was achieved in the toads. An-
esthesia was deepened, equilibration in steps
of 1/10 MAC was accomplished as before, and

pressed respiration to the point of 3 or fewero.
breaths/min was recorded. At this time theg
animals were removed from the jar, the tras2
cheas were intubated, and they were venti-3
lated as previously described.! The anestheticl
concentrations of end-expiratory and inspira-g
tory samples were determined, and a constantg
ratio between the two was taken to indicate®
equilibration.:*  Anesthesia was deepened 2
and equilibration attained as described above2
until heart rate had decreased to fewer than™
5 beats/min. Anesthesia then was lxghlenedm
to the previous level and deepened again; by S
lightening and deepening anesthesia, we de-S
termined the concentration at which heart rate @
approximated 5 beats/min (“cardiac :m'est").f

The experiments with mice were identical,
but only the concentrations of chloroform nndo
cyclopropane necessary to abolish the nghhngo
reflex and the response to clamp pressure were O
studied. o

All of the animals recovered and were used & 2
randomly for several experiments. There wereU
five animals in each group. All results given 5."
are mean *=SE.

Results

The findings in the toad are listed in table 1 2
and illustrated in figures 1 and 2. The nght-
ing reflex was lost either at or below \iAC.c
MAC always was reached before respiratory
arrest, and respiratory amrest always before S
cardizc arrest. Cyclopropane, 80 per cent,
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did not cause cardiac arrest. The concentra-
tion necessary for a certain effect was remark-
ably reproducible from animal to animal, as
demonstrated by small standard errors. Tri-
chloroethylene was the most potent, and cy-
clopropane the least potent, agent. Trichloro-
ethvlene exerted the effects studied over a
threefold range, cyclopropane over at least a
13-fold range.

Figures 1 and 2 show that none of the anes-
thetic effects chosen as endpoints had constant
interrelationships. Thus, with chloroform 1
MAC, and with trichloroethylene 0.65 MAC,
was needed to abolish the righting reflex.

The results in mice are shown in table 2.
The concentrations of chloroform and cyclo-
propane necessary to prevent the righting re-
flex and the response to clamp pressure were
higher in mice than in the toad, but the nu-
merical relationship between the concentra-
tions was the same in toad and mouse.

All toads anesthetized with trichloroethylene
or divinyl ether developed intermittent tonic
and clonic convulsions or athetoid movements
at consistent levels of anesthesia (table 1).
With trichloroethylene these convulsions ap-
peared just bevond MAC; with divinyl ether,
at respiratory arrest.  None of the other agents
had similar effects. ith deepening anesthe-
sia and decreasing heart rate, the ECG always
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Discussion g

This study attempts to answer qucsﬁoné—
about anesthetic levels that do not pemmit eng
dotracheal intubation. Consequently, we have
reported inspiratory rather than expiratory ang
esthetic concentrations. Approximate equiliz
bration with the inspiratory concentration wa§
considered to have been attained because: 1§
We previously determined?! the times to ate
tainment of constant ratios approaching unity &
between inspiratory and end-expiratory cong
centrations in toads with a number of agentsg
Twice these times were allowed for equilibraZ’
tion at light, four times as long at deep, anes!
thesia. 2) MAC’s in this study correlat
well with findings in a previous study.! 3)rjl>
All results were remarkably reproducible, ag
indicated by very small standard errors. 4)£
At the end of each toad experiment, whem
cardiac arrest was the anesthetic endpoint, de\
terminations of concentrations of xnsplmtor\a
and end-expiratory gases confirmed the vag
lidity of our assumption about equilibratior
time. 5) Our findings in mice also agree witlg
reports by others. Epstein et al.® found thags
chloroform, 6.4 mm Hg, abolished the righting
reflex in 50 per cent of mice, and Munson
et al.7 found cyclopropane MAC in rats to bd
15.6 vol per cent. Thus, we accepted all re
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Concentration in

% of MAC
1000 i
SOOF Anesthesia
800
700
6001
5001
Fic. 2. The inspiratory 400
or end-expiratory (car-
diac arrest) concentra- 300
tions, in lpercenmgcs of
minimal alveolar concen-
trations (MAC =100 per
cent) that abolished res- 200
piratory and cardiac
function in toads. Means
of five experiments =1
SE.
100%-

Trichloroethylene

partial anesthetic pressures in the CNS and as
good expressions of the relative differences in
CNS partial pressures.

Unity between inspiratory and expiratory
gases probably was approached with most
agents tested, but the degrees of equilibration
cannot fully be ascertained, unless expiratory as
well as inspiratory gas concentrations are mea-
sured. However, we wished only to assess
whether different anesthetics depress nerve
functions in a parallel progression. The study
supplied a clear answer to this question: with
some anesthetics two different endpoints were
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The effects of anesthetics on the myocar3
dium may serve as an example here. An&t-oo
thetics decrease active sodium transport, buto
this effect appears to be totally unrelated too
their potencies as anesthetics.? This was trueU‘
whether anesthesia was defined as the eﬁ'ectf
on reflex activity, motor response to mechani-&
cal stimuli, or respiratory effort. However, theo
effect on sodium transport may be correlatedo
with an effect on the myocardium. The con-o
centrations necessary to produce cardiac arresto
with cyclopropane, ethyl ether, halothane, and N
methoxyflurane in this study coincided withg

Q.
reached simultaneously; with others, these two =
endpoints were attained at widely different -
concentrations. These differences were unre-  TaBLE 2. Inspiratory Concentrations at Equilibrium
lated to the solubility in blood of the anes- in Mice That Prevente(? Righting Reflexes g,
thetics. None of the concentrations necessary and ‘%&ix"&i:&?hmp 3
to produce the anesthesia levels ch as end- S
points showed constant relationships. The re- Concentration (Vol Per Cent)  §
sponses to anesthesia in two species changed ~
with the agent used. A number of different Richtinz Reflex Mac §
effector sites must have been involved, and ypioroform 0.72 = 0.01 0.72 = 0.01
the sensitivities of these sites to anesthetics Cyclopropane 12,6 = 0.29 17.7 = 047

must have varied from agent to agent.
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TasLe 3. End-expiratory Concentrations at Equilib-
rium That Produced Cardiac Arrest in the Toad
in vive, and Approximate Concentrations
That Inhibited Active Sodium Trans-
port to 66 Per Cent of Normal in
the Toad Bladder in Vitro*

Effective Concentration (Vol Per Cent)

33 Per Cent Na~

Transport Cardiac Arrest
Depression
Cyelopropane 780 >80
Ether 13.0 13
Halothane 4.0
Methoxyfiurane 0.6

the concentrations of the same agents neces-
sary to produce about 33 per cent inhibition
of active sodium transport in the toad blad-
der.* Only these four agents were used in
both studies (table 3). The concentrations
depressing sodium transport by 33 per cent
were obtained by interpolation, since this par-
ticular degree of inhibition was not the prin-
cipal subject under study. A relationship
between effects on sodium transport and myo-
cardial function was predicted earlier,>$ but
a numerical relationship is no proof of a di-
rect link. It does, however, focus our atten-
tion on the possibility that one is cause and
the other, effect. Perhaps anesthetics depress
myocardial function through an effect on so-
dium transport and produce unconsciousness
at an entirely different site. The potency at
one effector site would not need to mirror po-
tency at another site.

MAC was not a predictable fraction or mul-
tiple of the concentration necessary to pre-

1 : h
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vent the righting reflex or any other endpoint
studied. This finding may be interpreted in2
several ways. Our explanation is illustrated in2-
figure 3, which shows dose-response curves ford
three imaginary anesthetics. It is assumedr_%
that the response at MAC is the sum of re-g
flex depression and depression of pain sensa-—<
tion. With agent A the unresponsiveness reS
corded at MAC is the result of 75 per centd
reflex depression, 25 per cent analgesia. Agentd
B achieves this effect with 50 per cent reflexs:
depression and 50 per cent analgesia. AgentS
C combines 75 per cent analgesia and 25 pexi
cent reflex depression in MAC. In the study,'cg
agent A could represent trichloroethylene;3
agent B, fluroxene; agent C, chloroform. AcS
cording to this scheme, trichloroethyleneh
would have a weaker, and chloroform 'IE-
stronger, analgesic effect at lower concentrao
tions. However, it is important to state tha8
we looked for only two—and found circumy
stantial evidence for two—efects that comg
bine to prevent the motor response to clamp?
pressure. “Reflex depression” and “analgesia™S;
may prove each to incorporate several com$
ponents, and other systems that contribute td¥
the effect recorded at MAC may be described
The findings in the toad with lower concens
trations of chloroform and cyclopropane wer&2
corroborated in mice. We assume that simi&
lar relationships between effects of anestheticS
on reflex activity and motor responses to meg
chanical stimuli exist in other species. Differg
ences in concentrations necessary for attain
ment of a certain response may be attributed
to species differences.
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Waud and Waud % 1* stated that MAC rep-
resents only one point on a dose-response
curve, and that the dose-response curves for
various anesthetics may be different, limiting
the value of MAC as a research tool. Eger!
did not fully share this view. The problem is
quite complex. We suggest that MAC repre-
sents points on two or more dose-response
curves and is the sum of two or more effects.
Accordingly, it is not justifiable to use MAC
for speculation about mechanisms of action.

Cardiac arrest always followed respiratory
arrest, and both were consistently produced
within narrow concentration ranges. The mar-
gin of safety indicated by these results applies
to the toad only, since the tendency of the
toad myocardium to fibrillate at room tempera-
ture is small.’* Trichloroethylene and divinyl
ether always produced convulsions at certain
high concentrations. Divinyl ether frequently,
and trichloroethylene less frequently, produce
abnormal motor activity in man as well.’* In
our animals the degrees of motor activity
found ranged from moderate athetoid move-
ments to frank clonic convulsions. However,
these were intermittent and probably did not
significantly alter the data obtained with the
two agents.

We cannot explain why these two agents
produced convulsions, but are reminded that
flurothyl may be first 2 convulsant and second
an anesthetic. In a study of thiopental and
a non-anesthetic, convulsant analogue of thio-
pental, butyl crotyl thiobarbituric acid (BCT),
we found with low concentrations that the for-
mer decreased and the latter increased the per-
meability of toad bladder to sodium.?% 3¢ This
was the only difference between the two
agents in their effects on passive and active
sodium transport. At high concentrations both
increased permeability, but thiopental much
less than BCT. Increased sodium permeability
may prove to be yet another effect shared by
anesthetics, and trichloroethylene and divinyl
ether may prove to be particularly potent in
this area.’”
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