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Laboratory Investigations 

Nonlinear additivity of 
nitrous oxide and isoflu- 
rane potencies in rats Garfield B. Russell MD FRCPC, 

John  M. Graybeal CRTr 

Purpose:  To test the hypothesis that the MAC values of nitrous oxide (N20) and isoflurane were not linearly 
additive, as theorized by the postulated mode of action based on lipid solubility, in a rat model. 

Methods: Eight Long Evans rats were randomly assigned to order of measurement of MAC for isoflurane and 
N20 alone and in combination using standard 45 sec supramaximal electrical stimulation (50 volts x 10 msec 
duration pulses at 50"sec -* applied for 45 sec sc to the lower abdominal groin area), The MAC of N20 was mea- 
sured at hyperbaric compression to 2.25 atmospheres absolute, 1710 mmHg. 

Results:  The MAC values found were: isoflurane - 0.98 _ 0.12 and N20 - 159 _ 12 volume (vol) %, or 1.59 
-+ 0.12 atmospheres absolute (ATA) (jAil values are mean _ standard deviation). The linear additivity theory sug- 
gests % MAC agent A + % MAC agent B = 1.0. However, % MAC isoflurane + % MAC N20 = 1.37 + 0. 15 
(P < .001). 

C o n c l u s i o n :  Nonlinear additivity was demonstrated with direct MAC measurement for both isoflurane and 
N20 in rats, This suggests an agonist-antagonist relationship. 

Object : i f  : I~valuer I'hypothEse que les valeurs de CAM (concentration alvEolaire minimale) du protoxyde d'a- 
zote (N20) et de risoflurane ne sont pas additives de fa~on linEaire, tel qu'envisagE & partir du mode d'action 
retenu, base sur la solubilit~ lipidique, et ce chez le rat comme modEle. 

M&hodes : Huit rats de souche Long Evans ont Et~ attribuEs de fa~on alEatoire & la sequence de mesure de la 
CAM pour risoflurane et le N20 de fa~on isolEe ainsi que pour la combinaison des deux. Le test utilisE a ~tE une 
stimulation Electrique supra maximale standard d'une dur~e de 45 sec (stimuli de 50 volts, d'une durEe de 10 
msec, d'une frequence de 50"sec-' appliques durant 45 sec par voie sc & la region inguinale basse). La CAM du 
N20 a EtE mesur~e en condition hyperbare & 2.25 atmospheres, soit 1710 mmHg. 

Rksul tats : Les CAM trouv~es ~taient les suivantes: isoflurane: 0,98 _ 0,12 et N20:159 - 12 vol % ou 1.59 
O, 12 atmospheres en valeur absolue (ATA) (toutes les valeurs reprEsentent la moyenne • ~cart type). La th~orie 
de I'addition lin~aire propose que % CAM agent A + % CAM agent B = I. Cependant, dans cette Etude,, le % 
CAM isoflurane + % CAM N20 = 1,37 +- 0,15 (P<0,001). 

Conc lus ion  : Une additivitE non lin~aire a ~t~ d~montrEe par des mesures directes de la CAM de I'isoflurane 
et du N20 chez le rat. Ceci suggEre une relation agoniste-antagoniste. 
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T 
HE mode of action of halogenated anaes- 
thetic agents is theorized to be based upon 
their lipid solubility. With this theory there is 
a predicted linear additivity of potencies for 

different agents. ~ This assessment of gaseous anaesthet- 
ic agent potency, is reflected by its MAC value, with 
MAC being the minimum alveolar concentration of a 
specific agent which prevents purposeful movement in 
response to supramaximal stimulation in 50% of sub- 
jects, whether animal or human. 2,s Nonlinear additivity 
of the potencies of the anaesthetic, but non-halogenat- 
ed, gas nitrous ofide (N20) and the halogenated agents, 
such as halothane, enflurane and isoflurane has been 
reportedA s However, in previous studies, the MAC of 
the halogenated agent alone has been documented. The 
N20 MAC has been extrapolated, but not measured, 
because determination of N20 MAC, which is greater 
than one atmosphere absolute, requires testing under 
hyperbaric conditions to attain adequate N20 partial 
pressures without subject hypoxaemia. IfN20 and halo- 
genated agent potencies are truly non-additive, then dif- 
ferent neurophysiological effects and possibly different 
mechanisms of action can be postulated. We hypothe- 
sized that, in a rat model, N20 and isoflurane would 
make nonlinear contributions to combined anaesthetic 
potency. Hyperbaric compression would be utilized dur- 
ing N20 MAC determinations. 

Methods 
After approval of the Pennsylvania State University 
School of Medicine Animal Utilization Committee and in 
accordance with guidelines on animal care by the United 
States Department of Health and Human Services, eight 
Long Evans rats were studied. These were supplied by 
Charles River [stock designation CrI:(LE)BR] with a 
pathogen-state classification of Caesarean origin, barrier 
sustained [COBS], and selected for similar age (ap- 
proximately 10 wk) and sex (male). All rats were housed 
in 225 square inch cages, fed the same unrestricted diet 
of Purina Rat Chow, and had free access to water up to 
the morning of testing. All studies were begun between 8 
and 10 a.m. The rats weighed 417 • 68 (mean • standard 
deviation) g. 

Anaesthesia was induced during spontaneous breath- 
ing in a two litre plexiglass box with a total gas flow of 
2 l.min -1 oxygen with isoflurane 4.0%. The trachea of 
each rat was intubated and the lungs mechanically venti- 
lated with a small animal volume ventilator (Harvard 
Apparatus, Cambridge, MA) to mild hypocapnia with 
PETCO2 of 28-32 mmHg. The ECG was recorded and 
respiratory gases (inspired oxygen, PEa.CO2, %Ea.N20 
and %Erisoflurane) were monitored by a calibrated mass 
spectrometer (MGA 1100, Marquette Gas Monitoring 

Co., St Louis, MO). 6 Each animal was placed on a heat- 
ing blanket for maintenance of  body temperature stabil- 
ity. Temperature did not vary by more than one degree 
during the experiment. 

The MAC values were determined using a standard 
supramaximal electrical stimulation (50 volts x 10 msec 
duration pulses at a frequency of 50 Hz applied for 45 
sec sc to the lower abdominal groin area by a Grass SD- 
5 Stimulator). z,3 The stimulus used was defined as 
supramaximal because electrical stimulation of higher 
voltage or longer duration has not been shown to result 
in a different response from tested animals. 3 
Stimulations were begun with rat end-tidal anaesthetic 
concentrations at higher than expected MAC levels and 
decreased incrementally by approximately 10% after 
negative responses for three periods of  stimulation. A 
positive response was taken as repetitive, purposeful 
movement. This did not include tail-wagging activity, 
back arching, or maintained limb extension. The 
positive responses to electrical stimulation were elicited 
more than once in all animals. A minimum 20 min 
equilibration period was allowed between each decrease 
and the next stimulus. The MAC values were taken as 
the concentrations of isoflurane, N20 or the combina- 
tion of agents midway between those at which the rat 
moved purposefully and the next higher at which 
no response was elicited. During the study, PErCO 2 was 
maintained > 25 mmHg, and although during hyper- 
baric compression it at times exceeded the baseline 
upper limit of 32 mmHg, did not exceed 45 mmHg in 
any animal. Normoxic gas mixtures were delivered to all 
animals throughout the study. No difficulties were 
encountered with the stimulating electrodes. Tissue 
burns were not encountered. 

The MAC determinations for isoflurane alone were 
begun at 2% end-tidal isoflurane. The MAC equivalent 
of combined isoflurane and N20 was measured at nor- 
mal atmospheric pressure. Nitrous oxide 70% was admin- 
istered and isoflurane 1.5% was added. The N20 dose 
was chosen because it was approximately 0.5 MAC in 
rats. The isoflurane was incrementally decreased as 
described. For the N20 MAC measurements, isoflurane 
was discontinued from the ventilating gas and fushed 
from the respiratory circuit. After end-tidal isoflurane ap- 
proached 0 (maximum detected end-tidal isoflurane was 
0.03%), each animal was compressed to 1710 mmHg, or 
2.25 ATA, in an animal hyperbaric chamber (Reimers 
Engineering, Alexandria, VA). Ventilation was main- 
tained with 1.8 ATA N20 (equivalent to 180 volume %) 
and 0.45 ATA oxygen. After 30 min stabilization, testing 
was begun. The animals were constantly observed by an 
investigator through a chamber porthole. A period of at 
least 30 min followed prior to testing. 
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The values for the combined anaesthetic group 
(reported in MAC equivalents) and the actual mea- 
sured MAC values were compared with a one sample 
t test with the expected mean of 1.0. A P ~ 0.05 was 
considered significant. 

Results 
The MAC ofisoflurane was 0.98 • 0.12 vol % (mean 
• standard deviation). The MAC of N20 was 159 • 
12 vol %, or 1.59 • 0.12 atmospheres absolute (ATA). 
According to the linear additivity theory, when a 
combination of  anaesthetic gases is administered for 
general anaesthesia, the % MAC of one agent added to 
the % MAC of a second agent should be additive to a 
% MAC equivalent of 1.0 MAC. When administered 
simultaneously, MAC measurements showed that the 
% MAC isoflurane + % MAC N20 was 1.37 • 0.15 
MAC equivalents (P .< 0.001). Approximately 37% 
more anaesthetic agent was required in combination 
than when alone to produce the same effect. 

Discussion 
In Long-Evans rats, there is nonlinear additivity for 
the potencies of the halogenated anaesthetic agent 
isoflurane and the anaesthetic gas N20 when adminis- 
tered simultaneously. The individual MAC values for 
isoflurane, although different from that reported for 
Sprague-Dawley rats, 7 and N20 have been measured 
and reported for other rats of the same strain and 
found to be no different. 7,8 

The unitary theory of narcosis assumed a single 
mechanism of anaesthetic action upon the cell lipid 
membrane with linear additivity of  each agent's poten- 
cy. ~ The multisite theory of anaesthetic action ques- 
tioned this assumption of anaesthetics causing a single 
cell membrane effect. 9 The analgesic properties of 
N20 has been suggested to be secondary to effects at 
opiate receptors, l~ However, demonstrations that 
naloxone has no effect on N20 anaesthesia have refut- 
ed this as a full explanation for its activity, ix Recent 
theories of anaesthetic action have also postulated that 
there is anaesthetic agent binding to specific mem- 
brane proteins (perhaps agent-specific proteins to 
some degree) rather than, or in addition to, disruption 
of cell membrane lipids. *2 The findings of nonlinear 
additivity of anaesthetic agent potency has also con- 
tributed to the idea that there may not be only one 
mechanism or site of action. 4,s 

The MAC value for N20 in this study was the same 
as the value previously reported by Russell and 
Graybeal 7,8 and similar to the 147 • 7.6 vol % (1.47 • 
0.076 ATA) reported for N20 MAC by Wardley- 
Smith and Halsey 9. Measured MAC for N20 differs 

somewhat from the value of 136 vol % (1.36 ATA) 
predicted from its lipid solubility and that postulated 
from MAC determinations of N20 and halothane 
together when halothane MAC had previously been 
directly measured. Is It is less than the 220 vol % (2.20 
ATA) value assumed if enflurane and N20 potencies 
were linearly additive, s The MAC of isoflurane mea- 
sured in this study is the same as the 0.98 • 0.14 pre- 
viously determined by Russell and Graybeal using the 
same technique. 7 

The concept of additive MAC was originally intro- 
duced when it was noted that 70% N20 caused a 61% 
reduction in halothane anaesthetic requirement. 14 This 
has since been shown to be the case for many combina- 
tions of anaesthetic agents. DiFazio et aL, showed that 
cyclopropane added to teflurane or halothane exhibited 
additivity, but not when added to N20 or ethylene. 13 
The idea of non-additivity was raised early in the 
development of the MAC concept. Cullen et al., 
showed additivity of xenon and halothane, with xenon 
having a MAC of 71% in man. ~s Miller et al., also 
demonstrated additivity of ethylene and halothane 
without synergism or antagonism. 16 

However, the concept of the agonist-antagonist rela- 
tionship between some anaesthetic agents has persisted. 
Wardley-Smith and Halsey showed that different anaes- 
thetics did not necessarily have additive potencies when 
used as mixtures. 9 Although studying mixtures of differ- 
ent intravenous agents with each other and N20 may not 
be the same as mixtures of two gaseous agents, the effects 
were demonstrated. Althesin and N20 and methohexi- 
tone and N20 were not additive, whereas thiopentone 
and N20 and thiopentone and propanidid were. 

Cole et aL, demonstrated a dose-dependent interac- 
tion between N20 (0-80%) and enflumne. 4 Increasing 
N20 from 0-10%, from 30-60% or 70-80% did not 
decrease enflurane requirements, but increasing N20 
from 10-30% or 60-70% did. Synergism at low levels or 
antagonism at higher concentrations were postulated to 
occur. Cole et al., also demonstrated non-linear poten- 
cy effects of N20 in rats when administered with enflu- 
rane, halothane, and isoflurane with N20 administered 
in sub-MAC doses of up to 75%, although N20 MAC 
was extrapolated in the rats, not measured. 4,s 

There are specific concerns about factors that may 
influence results when performing MAC studies. The 
measured MAC values of an anaesthetic can be altered 
by differences in animal physiology. For example, MAC 
decreases with age, 17-19 but in the present study all ani- 
mals tested were of similar age and weight. Temperature 
was maintained and stable throughout the experiments 
and PErCO 2 did not exceed 45 mmHg in any animal. 
Higher carbon dioxide levels are required to affect 
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anaesthetic susceptibility. The initial isoflurane MAC 
measured and the final N20 MAC values are in keeping 
with values previously recorded with the same 
methodology. The combined MAC values were done 
between these two measurements, so physiological per- 
turbations were not a factor in results obtained. 

The noxious stimulus used for MAC determination 
was electrical stimulation rather than damping of the 
proximal tall, w[fich has been used in many MAC stud- 
ies. 3-s~~ Deterrnination of  MAC by supramaximal 
electrical stimulation has been well documented to be 
a reliable and accurate noxious stimulus for MAC 
determination in rats, 1,2'19 mice, 21 dogs, 22'23 and 
humans, t4 The electrical stimulation was applied sub- 
dermally by a needle electrode to the lower abdomen in 
the groin area. This location was felt to decrease the like- 
lihood of  the needle electrode becoming disconnected 
from the animal during movement associated with pos- 
itive responses while still inside the closed hyperbaric 
chamber. The likelihood of tissue burns was also felt to 
be reduced. In previous MAC studies electrical stimula- 
tion has been applied to the base of  the tail, the cheek 
and other membrane surfaces. 2 Ten volt electrical stim- 
uli have been reported to be painful and useful for MAC 
measurement when applied by needle electrodes to the 
human forearm. 2,14 Electrical stimulation has also been 
reliably used with stimulating electrodes placed sc in the 
lower abdomen (as in the present study) and the per- 
ineum. 22 Inside im animal hyperbaric chamber, remote- 
ly controlled tail clamp applications were found to be 
technically unreliable. Remote control of  the electrical 
stimulation functioned consistently. Although tail 
clamps could have been applied during normobaric test- 
ing the same noxious stimulus was required for all. 

The present study must acknowledge several limita- 
tions. Electrical stimulation, instead of  tail clamping, 
was used as the noxious stimulus. However, studies 
have previously documented the reliability and accura- 
cy of  this methodology. The potential for tolerance to 
develop for N20 does exist. The question of  anaesthet- 
ic tolerance, which could possibly have affected MAC 
measurements, was not  addressed by this study. 
Tolerance development to N20 , but not to the halo- 
genated anaesthetics, such as isoflurane, has been pos- 
tulated to occur in both animals and man. Tolerance has 
been shown to be present in mice, but it is suggested to 
occur after the first few minutes of  anaesthetic expo- 
sure. 24,zs However, tolerance could not be demonstrat- 
ed in present studies. We cannot be certain that 
isoflurane was washed out of  tissues. The MAC values 
for each agent and for the combined agents were deter- 
mined in each animal. Therefore, although possible, 
since the final N20 MAC was the same as that found in 

other animals exposed to isoflurane for instrumentation 
only early in a study, it is very unlikely that results were 
influenced. All animals were ventilated equally, end- 
tidal respiratory gases were measured by mass spec- 
trometry. Time intervals between noxious stimuli and 
MAC determinations were similar to those used in pre- 
viously published studies. 

The MAC of N20 was measured in a hyperbaric 
chamber at 2.25 ATA. Pressure reversal of  anaesthetic 
effects occur, but it has been demonstrated at hyper- 
baric pressures far greater, often in excess of  100 ATA, 
than those used in this study. 26;7 The initial MAC mea- 
surements for isoflurane and the final N20 MAC mea- 
surements were the same as those previously recorded 
in this laboratory. 7,s In spite of  these possible limita- 
tions, the present results demonstrated that there is a 
non-linear additivity of  anaesthetic potency for the 
halogenated anaesthetic isoflurane and N20. 

For the first time, nonlinear additivity was demon- 
strated with direct MAC measurement for both the 
halogenated agent and N20. With regards to anaes- 
thetic potency, this relationship suggests an agonist- 
antagonist relationship between isoflurane and N20 
and supports the suggestion of  a different mechanism 
of  action, without contributing to its delineation. 

Acknowledgments  
The authors would to acknowledge Dr. Julien F. 
Biebuyck, Dr. Michael T. Snider, and Dr. Ralph Lydic 
for their support and suggestions. 

References 
1 DeadyJE, Koblin DD, Eger EI II, HeavnerJE, D'Aous~ 

B. Anesthetic potencies and unitary theory of narcosis. 
Anesth Analg 1981; 60: 380-4. 

2 Eger EI II, Saidman LJ, Brandstater B. Minimum alve- 
olar anesthetic concentration: a standard of anesthetic 
potency. Anesthesiology 1965; 26: 756-63. 

3 Quasha AI~ Eger EI II, TinkerfH. Determination and 
applications of MAC. Anesthesiology 1980; 53: 315-34. 

4 Cole DJ, Kalichman MW,, Shapiro HM. The nonlinear 
contribution of nitrous oxide at sub-MAC con- 
centrations to enflurane MAC in rats. Anesth Analg 
1989; 68: 556-62. 

5 Cole D J, Kalichman M~, Shapiro HM, Drummond JC. 
The nonlinear potency of sub-MAC concentrations of 
nitrous oxide in decreasing the anesthetic requirements 
of enflurane, halothane, and isoflurane in rats. 
Anesthesiology 1990; 73: 93-9. 

6 Richard RB, LoomisJL, Russell GB, Snider MT. Breath- 
by-breath monitoring of respiratory gas concentrations 
during compression and decompression. Undersea 
Biomed Res 1991; 18: 117-26. 



470 CANADIAN JOURNAL OF ANAESTHESIA 

7 Russell GB, GraybealJM. Differences in anesthetic 
potency between Sprague-Dawley and Long-Evans rats 
for isoflurane but not nitrous oxide. Pharmacology 
1995; 50: 162-7. 

8 Russell GB, GraybealJM. Direct measurement of 
nitrous oxide MAC and neurologic monitoring in rats 
during anesthesia under hyperbaric conditions. Anesth 
Analg 1992; 75: 995-9. 

9 Wardley-Smith Be HalseyMJ. Mixtures of inhalation and 
i.v. anaesthetics at high pressure. Br J Anaesth 1985; 57: 
1248-56. 

10 Finck AD, Ngai SI-I, Berkowitz BA. Antagonism of 
general anesthesia by naloxone in the rat. Anesthe- 
siology 1977; 46: 241-5. 

11 Smith RA, Wilson 34, Miller KW. Naloxone has no effect 
on nitrous oxide anesthesia. Anesthesiology 1978; 49: 
6-8. 

12 Franks NP, Lieb WR. Stereospecific effects of inhala- 
tional general anesthetic optical isomers on nerve ion 
channels. Science 1991; 254: 427-30. 

13 DiFazio CA, Brown RE, Ball CG, Heekel CG, Kennedy 
SS. Additive effects of anesthetics and theories of anes- 
thesia. Anesthesiology 1972; 36: 57-63. 

14 Saidman LJ, EgerEIII. Effect of nitrous oxide and of 
narcotic premedlcation on the alveolar concentration of 
halothane required for anesthesia. Anesthesiology 
1964; 25: 302-6. 

15 Cullen SC, Eger EI II, Cullen BF, Gregory P. Observations 
on the anesthetic effect of the combination of xenon and 
halothane. Anesthesiology 1969; 31: 305-9. 

16 Miller RD, Wahrenbrock EA, Schroeder CF, Knipstein 
Eger El II, Buechel DR. Ethylene - halothane 

anesthesia: addition or synergism? Anesthesiology 
1969; 31: 301-4. 

17 Gregory GA, Eger EI II e Munson ES. The relationship 
between age and halothane requirement in man. 
Anesthesiology 1969; 30: 488-91. 

18 Stevens WC, Dolan WM e Gibbons RT, et al. Minimum 
alveolar concentration (MAC) of isoflurane with and 
without nitrous oxide in patients of various ages. 
Anesthesiology 1975; 42: 197-200. 

19 Loss, GE Jr, Seifen E, Kennedy RH, Seifen AB. Aging: 
effects on minimum alveolar concentration (MAC) for 
halothane in Fischer-344 rats. Anesth Analg 1989; 68: 
359-62. 

20 White PF, Johnston RR, Eger EI II. Determination of 
anesthetic requirements in rats. Anesthesiology 1974; 
40: 52-7. 

21 Cohen PJ. Hyperbaric pressure does not effect the anal- 
gesia produced by nitrous oxide in the mouse. Can J 
Anaesth 1989; 36: 40-3. 

22 Eger EI II, Brandstater B e Saidman L J, Regan MJ, 
Severinghaus JW,, Munson ES. Equipotent alveolar con- 

centrations of methoxyflurane, halothane, diethyl ether, 
fluroxene, cyclopropane, xenon and nitrous oxide in 
the dog. Anesthesiology 1965; 26: 771-7. 

23 Eger EI II, Lundgren C, Miller SLe Stevens WC. 
Anesthetic potencies of sulfur hexafluoride, carbon 
tetrafluoride, chloroform and Ethrane in dogs: correla- 
tion with the hydrate and lipid theories of anesthetic 
actions. Anesthesiology 1969; 30: 129-35. 

24 Smith RA, Winter PM, Smith Me Eger EI II. Rapidly 
developing tolerance to acute exposures to anesthetic 
agents. Anesthesiology 1979; 50: 496-500. 

25 Avramov MN, Shingu K, Mori K. Progressive changes 
in electroencephalographic responses to nitrous oxide 
in humans: a possible acute drug tolerance. Anesth 
Analg 1990; 70: 369-74. 

26 Miller KW, Paton WDM, Smith RR, Smith EB. The 
pressure reversal of general anesthesia and the critical 
volume hypothesis. Mol Pharmacol 1973; 9: 131-43. 

27 Miller KW, Wilson MW. The pressure reversal of a vari- 
ety of anesthetic agents in mice. Anesthesiology 1978; 
48: 104-10. 


