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Abstract

The molecular mechanism of volatile anesthetic action remains
unknown. Attempts to elucidate this mechanism have been com-
plicated by the absence of models in which changes in neuronal
cellular properties can be correlated with changes in whole animal
anesthetic effect. In this study we describe a model where diet-
induced alterations in rat brain fatty acid composition are cor-
related with alterations in volatile anesthetic potency. Rats
maintained on a fat-free diet showed significant depletion of ar-
achidonic acid (20:4&6; 5,8,11,14-eicosatetraenoic acid) and do-
cosahexaenoic acid (22:6w3; 4,7,10,13,16,19,-docosahexaenoic
acid) in brain, and a corresponding increase in Mead acid (20:
3w9; 5,8,11-eicosatrienoic acid). These fat-deprived rats were
significantly more sensitive to all volatile anesthetics tested than
were age-controlled rats on a normal diet. Parenteral supple-
mentation of the fat-deprived animals with linolenic acid (18:
303, 9,12,15-octadecatrienoic acid) completely reconstituted the
docosahexaenoic acid content of brain without affecting anes-
thetic sensitivity. In contrast, supplementation of the fat-deprived
rats with linoleic acid (18:2w6; 9,12-octadecadienoic acid) caused
a dramatic decrease in anesthetic sensitivity, but only a small
change in whole brain arachidonate content. Further analysis
revealed that linoleate supplementation of fat-deprived animals
resulted in a preferential noraiztion of the arachidonate con-
tent of brain phosphatidylinositol as compared with other brain
phosphoglycerides. These results demonstrate for the first time
a correlation between changes in membrane composition and
anesthetic effect, and indicate that the precise fatty acid com-
position (perhaps in specific phospholipids) of brain is important
in the mechanism of volatile anesthetic action.

Introduction

Despite almost a century of research, the molecular mechanism
ofvolatile anesthetic action remains unknown. The experimental
observation that the potency ofan anesthetic correlates with its
partition coefficient between olive oil and water has led to the
working hypothesis that all general anesthetics cause a common
structural alteration in excitable membranes (1). One school of
thought suggests that all anesthetics interact with neuronal
membrane lipids, resulting in a common biophysical alteration
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of the lipid bilayer (2). Such alterations in the physical state of
the bilayer are theorized either to directly alter membrane func-
tion, or to secondarily alter membrane protein structure and
function (3, 4). The lack ofcorrelation between anesthetic effect
and measurable perturbations of model lipid bilayer structures
has led others to hypothesize that anesthetics exert their effect
directly on a neuronal membrane protein(s), resulting in altered
neuronal function (5, 6).

Designing experiments to distinguish between the various
theories ofanesthetic mechanism is complicated by the fact that
the anesthetic effect is a whole animal phenomenon. While an-
esthetics cause a variety of physical perturbations in model
membrane systems, and a multitude of biochemical changes in
in vitro systems, it is unclear whether these effects are directly
related to in vivo anesthetic action (7). In an attempt to gain
greater insight into molecular mechanisms of anesthetic action,
we have utilized a dietary approach to alter the fatty acid com-
position of rat brain phospholipids and determined the effects
of these manipulations on volatile anesthetic potency in intact
animals.

The rationale for our fatty acid manipulation is based on
the fact that vertebrates synthesize several non-interconvertible
families of polyunsaturated fatty acids by chain elongation/de-
saturation of specific precursor fatty acids (8). The three major
families of polyunsaturated fatty acids are the linolenic (w3),
linoleic (w6), and oleic (w9) families having terminal double
bonds at three, six, or nine carbons, respectively, from the methyl
(w) carbon of the fatty acid. In vertebrates, the w3 and w6 series
of polyunsaturated fatty acids (essential fatty acids) are dietary
requirements and in their absence the body synthesizes excess
A9 series fatty acids (8). By placing weanling rats on a fat-free
diet, we effect replacement ofw3 and w6 series fatty acids in the
brain with A9 series fatty acids. Subsequent parenteral supple-
mentation ofthese fat-deprived animals with either linoleic acid
(w6) or linolenic acid (w3) allows us to study animals with specific
deficiencies of either w3 or w6 series polyunsaturated fatty acids
in brain.

Methods

Materials. Polyunsaturated fatty acid methyl esters (PUFA mix no. 1)
for gas chromatography standards were purchased from Supelco, Inc.
(Houston, TX). Heneicosanoic acid (2 1:0) and its methyl ester, methyl
palmitoleate, phospholipid standards, methyl linolenate, ethyl linoleate,
and methanolic BF3 were purchased from Sigma Chemical Co. (St. Louis,
MO). Silica gel plates for isolation of fatty acid methyl esters (20 X 20
cm, 0.25 mm) were purchased from Analabs (North Haven, CT). Silica
gel plates for phospholipid separation (10 X 20 cm, high performance
grade) were purchased from MCB reagents (Gibbstown, NJ).

Diets used in the study were purchased from Purina Test Diets
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Table L

A. Anesthetic Potencies and Induction Times in EFAD Rats and Age-matched Rats on a Normal Diet (Normal)

Relative lipid solubility ED50 values Induction time
(olive oil/gas partition Percent change
coefficient) (15) Normal EFAD of EDs, Normal EFAD

vol % Vol % S S

Methoxyflurane (n = 9) 970 0.46±0.02 0.31±0.02t -33% 600±116 520±52
Halothane (n = 9) 224 1.24±0.04 1.0±0.06t -19% 118±6 134±15
Isoflurane (n = 9) 98 1.62±0.01 1.34±0.07t -17% 74±7 76±17
Cyclopropane (n = 9) 12 17.3±0.4 15.6±0.5t -10% 88±11 92±18

B. Halothane Potency Measured in a Second Group ofEFAD Rats Compared
with Potency in Weight-matched Rats on a Normal Diet (Normal)

EDso values

EFAD diet + linolenate EFAD diet + linoleate
Normal diet EFAD diet (18:303) (18:2w6)

vol % Vol % Vol % Vol %

Halothane (n = 10) 1.21±0.02 0.94±0.02§ 0.92±0.03§ 1.41±0.04t

(A) Anesthetic potency was measured by exposing rats to incrementally reduced concentrations of anesthetic gas and determining the concentra-
tion at which the rats responded to a noxious stimulus. EDso values are expressed as volumes percent anesthetic gas (in 100% oxygen)±SEM.
Induction times were determined by exposing rats to a fixed concentration of anesthetic gas and measuring the time until the rats ceased to ffick
their tails in response to a tail clamp. Values are expressed as the mean±SEM. (B) Halothane potency was redetermined in the EFAD animals
following parenteral supplementation first with linolenic acid (EFAD + 18:3w3) and subsequently with linoleic acid (18:2co6). * P < 0.02;
* P < 0.01; § P < 0.001; all P values were compared to normal by Student t test.

(Richmond, IN). The control diet contained vitamin-free casein (2 1%),
sucrose (15%), non-nutritive fiber (3%), corn oil (5%), lard (5%), dextrin
(43.65%), DL-methionine (0.15%), vitamin mixture (2%), choline chloride
(0.20%), and mineral mixture (5%). A fat-free diet was obtained by omit-
ting the lipid entirely and using extracted casein. The caloric value of
the lipid component was met by increasing the content of sucrose to
68.6% and eliminating the dextrin. Before use, these diets were analyzed
for fatty acid content using the methods outlined below. The control
diet contained 20 mg linoleate/g food and 0.1 mg arachidonate/g food.
The fat-free diet contained 9 gsg linoleate/g food and no detectable ar-
achidonate.

Dietary manipulations. 19-d-old weanling male Sprague-Dawley rats
were placed on the fat-free diet for 14-24 wk and control rats were
placed on the control rat chow. The two dietary groups were housed
separately and allowed ad libitum access to water. Two separate batches
of fat-deprived animals were studied, one for determination of volatile
anesthetic potency and lipid analysis, and the second for fatty acid sup-
plementation studies and subsequent determination ofanesthetic potency
and lipid composition. Fatty acid supplementation was begun 24 wk
after initiation ofthe fat-free diet. Animals were first supplemented with
linolenate (18:3w3) by administering 200 mg of methyl linolenate intra-
peritoneally twice daily for a total of 15 doses (9). Halothane potency
was determined in ten of these animals and three of the animals were
sacrificed for lipid analysis. The remaining ten animals were subsequently
supplemented with linoleate (18:2w6) by administering 200 mg of ethyl
linoleate intraperitoneally twice daily for a total of 19 doses (9). Halothane
potency was measured in these animals, and three were sacrificed for
lipid analysis.

Determination ofanestheticpotency. To measure anesthetic potency,
rats were placed in a 0.2 liter chamber which covered the animals' heads.
This chamber was equipped with a rubber gasket which formed a seal
around the animal's shoulders. Anesthetic gases (in 100% oxygen) were
delivered to the chamber either from a copper kettle vaporizer (halothane,
isoflurane, and methoxyflurane) or from calibrated rotameter flow meters
(cyclopropane). Inspired concentrations of halothane, isoflurane, and

methoxyflurane were measured by flame ionization detection (10). Gas
concentrations were measured both in the delivery tubing and in the
anesthetizing chambers, and were in all cases the same. Inspired con-
centrations of cyclopropane were based solely on rotameter settings.
Anesthesia was induced for 20 min with 0.5% (vol %) methoxyflurane,
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Figure 1. Distribution of arachidonic acid in brain phosphoglycerides
following linoleic acid supplementation of fat-deprived rats. Fatty acid
methyl esters were generated from either a lipid extract of whole rat
brain or from individual phosphoglycerides separated from the lipid
extract (as described in Table II). Fatty acid methyl esters were identi-
fied and quantitated by gas chromatography and flame ionization de-
tection. Brains were analyzed from rats on a normal diet (NL), a fat-
free diet (EFAD), or a fat-free diet for 24 wk followed by short-term
parenteral supplementation with linoleic acid (EFAD + 18:2). Results
are expressed as mol % of arachidonate (as percent of total fatty acid
[F.A.] methyl esters) ± SEM (n = 3 for all determinations). Data were
analyzed by a one-way analysis of variance and Tukey's multiple com-
parison test on the means. UP < 0.05.
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Table I. Fatty Acid Composition ofBrain and Liver Phosphoglycerides

Total fatty acids PI

EFAD EFAD + 18:3 EFAD EFAD + 18:3
Norm diet EFAD diet + 18:3 + 18:2 Norm diet EFAD diet + 18:3 + 18:2

Brain fatty acid composition
(mol %)

18:1 (W9) 30.9±0.4 30.8±2.1 29.1 24.5±1.7 8.5±0.4 10.0±2.0 9.5 7.5±0.7
30.1 9.1

20:3 (09) 0 6.7±0.5 7.5 3.5±0.1 0 17.2±0.4 13.6 8.1±0.1
7.0 13.0

20:4 (w6) 8.9±0.6 5.1±0.3 6.7 5.8±0.1 46.8±0.6 29.1±1.3 34.6 41.9±0.9
5.8 29.0

22:6 (W3) 6.1±0.5 4.3±1.1 8.1 5.2±1.6 3.0±0.5 1.0±1.0 0 1.2±1.0
6.0 1.5

Unsaturation index 117 114

Liver fatty acid composition
(mol %)

18:1 (W9) 16.7±1.5 38.5±0.3 40.3 32.8±2.6 3.2±1.2 6.2±1.5 3.1 2.7±1.1
38.1 4.0

20:3 (09) 0 10.6±3.5 2.6 5.9±0.1 0 39.1±1.3 33.8 27.8±0.8
5.0 33.0

20:4 (w6) 16.1±2.4 2.6±0.8 0.9 5.9±0.1 47.7±2.3 3.3±0.1 5.1 20.9±0.6
3.0 6.0

22:6 (w3) 1.9±0.4 0 2.6 2.2±0.6 1.5±0.1 0 4.3 0
2.2 3.0

Fatty acid composition of brain and liver phosphoglycerides in EFAD rats, age-matched rats on a normal diet (NORM), EFAD rats supplemented
with linolenic acid (EFAD + 18:3), and EFAD rats sequentially supplemented with linolenic and then linoleic acid (EFAD + 18:3 + 18:2). Lipids
were extracted from the livers and brains of rats on a normal diet or a fat-free diet. Fatty acid methyl esters were generated from the lipid extract
and identified and quantitated by gas chromatography. PI, PC, PE, and PS were separated from the lipid extracts by two-dimensional thin-layer
chromatography. Fatty acid methyl esters were generated from each of the phosphoglycerides and analyzed by gas chromatography. All fatty acids
that were >1% of total fatty acids were analyzed; only fatty acids the content ofwhich was significantly altered by diet are presented in this table.
Results are expresssed as mol % of total fatty acid methyl esters±SEM (n = 3 for all determinations, except EFAD + 18:3 where n = 2).

3% halothane, 3% isoflurane, or 30% cyclopropane. During induction,
a hemostat was briefly applied to the middle of the rat tails every 10 s
to determine the time to loss of tail-flick response. Following induction,
the concentration of the anesthetics was reduced every 20 min by step-
wise decrements until the rats responded with movement to the 30-s
application of a hemostat to the base ofthe tail (11). The decrements of
concentration used were - 10% of the ED5o' value (vol %) for each of
the gases in normal rats. To ensure the validity ofthese determinations,
rats that responded to tail clamp were reanesthetized for 20 min at the
lowest concentration that had prevented tail clamp response, and sub-
sequently, at the highest anesthetic concentration that had permitted tail
clamp response. Response to noxious stimulus were verified at each of
these concentrations. ED50 was defined as the mean ofthe lowest inspired
concentration of anesthetic preventing and the highest concentration
permitting movement in response to tail clamp (11).

Fatty acid analysis. Liver and brains were removed from rats on a

1. Abbreviations used in this paper: ED50, mean of the lowest inspired
concentration of anesthetic preventing and the highest concentration
permitting movement in response to tail clamp; EFAD, essential fatty
acid-deficient; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PI, phosphatidylinositol; PS, phosphatidylserine.

normal diet, a fat-free diet, or a fat-free diet followed by parenteral fatty
acid supplementation. The organs were weighed and lipids were extracted
by the method of Bligh and Dyer (12) and resuspended at a uniform
concentration in chloroform:methanol, 2:1 (vol/vol). For total fatty acid
analysis, an internal standard (21:0 fatty acid) was added to the lipid
from 10 mg of tissue, and fatty acid methyl esters were prepared by
heating the lipid extract in 14% BF3 in methanol with benzene added as
a solvent. Methyl esters were extracted into hexane and isolated by thin
layer chromatography with a solvent system consisting ofhexane/diethyl
ether/acetic acid (75:5: 1). Fatty acid methyl esters were located by comi-
gration with methyl palmitoleate and eluted from the silica gel with
hexane. Methyl esters were separated and quantitated by isothermal gas
chromatography (200'C) using a Varian 3700 gas chromatograph con-
taining a glass column (6 ft X 4 mm) packed with 10% SP-2340 on 100:
120 Chromosorb (Supelco, Inc.) and a N2 flow rate of40 ml/min. Methyl
esters were detected by flame ionization (280'C) and identified by comi-
gration with authentic standards. Fatty acid methyl ester retention times
and quantitation were computed by a Varian 4270 integrator interfaced
with the gas chromatograph.

For phospholipid fatty acid analysis, the lipid from 5 mg of tissue
was separated into the component phospholipids by the method ofKen-
nerly et al. (13). Briefly, the lipid extract was applied to the corner of a
high-performance silica gel plate and separated by two-dimensional thin-
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Table II. (Continued)

PC PE PS

EFAD EFAD + 18:3 EFAD EFAD + 18:3 EFAD EFAD + 18:3
Norm diet EFADdiet + 18:3 + 18:2 Normndiet EFADdiet + 18:3 + 18:2 Norm diet EFADdiet + 18:3 + 18:2

32.9±0.5 37.3±0.3 35.9 35.3±0.7 18.5±0.5 20.8±0.6 15.2 17.6±1.4 20.8±0.1 21.5±1.6 16.0 18.9±1.3
35.1 18.0 18.6

0 4.2±0.3 3.7 ±2.1±0.4 0 8.8±0.4 10.1 6.8±0.7 0 5.7±0.3 5.1 6.0±0.4
3.9 9.0 5.6

8.5±1.0 4.2±0.1 4.5 5.8±0.3 14.3±0.3 6.7±0.1 8.1 9.6±0.5 5.8±0.2 2.9±0.2 2.4 3.3±0.1
4.2 7.6 3.0

5.4±0.5 1.4±0.6 3.7 4.8±0.6 24.6±0.9 11.4±1.0 18.7 22.7±1.7 24.3±1.5 15.7±1.0 23.0 21.0±1.7
4.0 20.5 21.4

6.7±0.7 29.9±1.4 20.1 13.9±1.2 6.8±0.8 19.2±0.7 7.7 6.2±0.8 4.9±2.8 9.0±2.0 4.6 4.0±0.4
18.0 8.1 5.1

0 21.8±0.6 8.2 11.3±0.6 0 27.6±1.8 5.6 6.9±0.5 0 19.2±1.5 3.4 4.3±0.8
12.0 7.0 5.0

32.3±3.3 3.4±0.5 2.2 14.0±0.6 35.6±2.4 12.6±0.3 5.2 29.1±1.3 40.0±4.7 22.0±2.2 6.3 26.4±0.1
4.1 8.0 11.0

4.6±0.4 0.6±0.1 7.9 8.7±1.5 9.0±0.8 2.8±0.5 19.2 18.2±1.9 9.0±1.2 2.4±1.2 27.4 17.0±2.1
9.0 18.0 21.0

layer chromatography. Solvent system 1 consisted of chloroform/meth-
anol/ammonium hydroxide (58%)/water, 65:35:5:0.6 (vol/vol) and system
2 consisted of chloroform/acetone/methanol/acetic acid/water; 45:19:
10:15:4 (vol/vol). Phospholipid spots were visualized with rhodamine G
(0.0 12%) and an internal standard (2 1:0 methyl ester) was added to each
spot. The spots were individually scraped from the plates and eluted
from the silica gel with chloroform. Fatty acid methyl esters were prepared
by reacting the phospholipids for 10 min with 0.5 N NaOH in methanol
and then quenching with 6 N HC. Fatty acid methyl esters were extracted
into chloroform and analyzed by gas chromatography as described above.
Phospholipids were quantitated by measurement of inorganic phos-
phate (14).

Results

Rats on a fat-free diet exhibited no behavioral abnormalities;
they were alert, active, and free of any gross neurologic deficits.
The fat-deprived animals did show the characteristic signs of
essential fatty acid deficiency, namely a scaling dermatitis, partial
hair loss, and growth retardation (8). Rats on the fat-free diet
weighed 306±18 g (mean±SEM), whereas control rats on a nor-
mal diet weighed 425±14 g.

Essential fatty acid-deficient (EFAD) rats were significantly
more sensitive to all of the volatile anesthetics tested than rats
on a normal diet (Table I A). These differences in anesthetic
sensitivity were not the result of differences in weight, since hal-
othane sensitivity was tested in a second batch ofEFAD animals
where weight-matched rats on a normal diet were used as controls
(Table I B). The halothane ED50 values of age-matched rats on
a normal diet (1.24±0.04 vol %) and weight-matched rats on a
normal diet (1.21±0.02) were not significantly different.

The anesthetics used in this study were selected to span a
wide range of lipid solubility and anesthetic potency. There was
a significant correlation between the lipid solubility (oil/gas par-
tition coefficient) of the agents tested and the percent change in
anesthetic sensitivity caused by fat deprivation (r = 0.97, P
< 0.05). The time to loss of tail-flick response (induction time)
did not differ between normal and EFAD rats for any anesthetic
tested (Table I), which suggests that the rate of anesthetic uptake
into blood and subsequently into brain was not affected by
EFAD.

To determine ifthe alterations in anesthetic potency observed
in EFAD animals were due to the absence of a specific fatty
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acid, fatty acid supplementation studies were performed. In these
studies, halothane was used as an index anesthetic. Following
supplementation ofEFAD animals with linolenic acid (1 8:303),
no change in halothane sensitivity was observed (Table I B).
Thus animals deficient only in w6 fatty acids showed the same
increased sensitivity to halothane as EFAD animals. Supple-
mentation of these rats with linoleic acid (1 8:2w6) resulted in a
dramatic alteration in halothane sensitivity (Table I B). Linoleic
acid-supplemented EFAD rats were significantly less sensitive
to halothane than were control rats.

Lipid analyses. Brains from normal and EFAD rats were
removed and analyzed for total fatty acid composition and the
fatty acid composition of phosphatidylinositol (PI), phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and phospha-
tidylserine (PS). Livers from these animals were also analyzed
to validate essential fatty acid deficiency. Fatty acid analysis
(Table II) showed that arachidonic acid (20:4w6) was the major
w6 fatty acid in brain and liver. Brain PI had the highest molar
percentage of arachidonate of the brain phosphoglycerides,
whereas hepatic arachidonate was evenly distributed in all phos-
pholipids. The brain contained a larger amount of 22:6w3 (the
major membrane 3 fatty acid) than did liver, and in both organs,
this fatty acid was preferentially distributed in PE and PS. EFAD
resulted in significant depletion of 20:4w6 and 22:6w3 and ac-
cumulation ofw9 series polyunsaturated fatty acids (18:1, 20:3)
in all phospholipids in both organs. Quantitative analysis (data
not shown) indicated that the fatty acid content (micrograms
per milligram tissue) paralleled the fatty acid composition (mol
%) for all of the lipid classes studied. Interestingly, while brain
fatty acid composition was markedly altered by EFAD, brain
unsaturation indices (sum ofmol % ofeach fatty acid X number
of double bonds in each fatty acid) did not differ in normal and
EFAD rats. It should be noted that unsaturation indices were
calculated from all of the fatty acids in the lipid extract, not just
those shown in Table II.

Brains and livers from EFAD animals following fatty acid
supplementation were also analyzed for fatty acid composition.
These fatty acid analyses showed that supplementation with ei-
ther linolenate or linoleate resulted in accumulation of chain
elongation/desaturation products of the administered fatty acids,
but minimal accumulation of the administered compounds.
Supplementation ofEFAD rats with linolenate (Table II) caused:
(a) complete repletion of 22:6w3 in brain distributing primarily
in PE and PS; (b) supranormal levels of hepatic 22:6w3 in PC,
PE, and PS; (c) no substantive changes in 20:4w6 or 20:3w9 in
brain; and (d) a decrease in the molar percentage of hepatic 20:
3w9. Thus, while the linolenate supplementation protocol used
completely normalized the O3 fatty acid content of the EFAD
rat brain, it did not normalize halothane sensitivity. These results
indicate that brain O3 fatty acid deficiency is not responsible for
EFAD-induced alterations in anesthetic potency.

Supplementation of EFAD rats with linoleic acid (18:2w6)
resulted in partial repletion ofarachidonate (20:4w6) and partial
depletion of 20:3w9 in both liver and brain. In liver (Table II),
reconstitution of arachidonate and depletion of 20:3W9 occurred
nonspecifically in all phospholipids. In brain, linoleate supple-
mentation resulted in only a small increase in arachidonate as
a percentage of total fatty acids. Interestingly, the small amount
ofarachidonate that was incorporated into brain lipids was non-
uniformly distributed in the various phosphoglycerides (Fig. 1).
Linoleate supplementation resulted in a preferential repletion

of arachidonate in brain PI, a partial repletion of arachidonate
in PE, and no significant repletion of PC or PS. Linoleic acid
also reduced the levels of 20:3w9 in brain PI, PC, and PE, but
not PS.

Discussion

The dietary manipulations used in this study appear to have
specifically altered brain fatty acid composition, independent of
other alterations in brain lipid structure. Previous studies using
stringently fat-restricted diets showed no significant alteration
in the quantity of individual phosphoglycerides, cholesterol,
gangliosides, protein, or DNA in rat brain (16-17). These same
studies show changes in brain fatty acid composition similar to
those reported here (I17-18). We have also quantitated the brain
content of PI, PC, PE, PS, and sphingomyelin in normal and
EFAD rat brain and found that our diet does not affect the
content of any of these lipids (data not shown). Additionally,
the present results are in agreement with the previously reported
finding that EFAD does not alter brain unsaturation index (I19).
Thus, the effects of fat restriction on anesthetic action are likely
due to altered brain fatty acid composition, and not to changes
in brain membrane unsaturation or phosphoglyceride content.

While our results clearly indicate that specific alterations in
the fatty acid composition ofthe brain alters anesthetic potency,
further clarification of the mechanistic role of fatty acids in an-
esthetic mechanism can only be inferred from the present data.
The correlation between the magnitude of EFAD-induced al-
terations in anesthetic potency and the oil/gas partition coeffi-
cients of the anesthetics tested suggests the possibility that EFAD
may alter the solubility of anesthetics in neuronal membranes.
The specific reversal ofincreased halothane sensitivity following
the incorporation of small amounts of w6 fatty acids argues
against such a bulk effect. Nonetheless, direct measurements of
anesthetic solubility in normal and EFAD brain will be necessary
to resolve this issue.

The finding that linoleate reversal of increased halothane
sensitivity was associated with preferential incorporation of ar-

achidonate into brain phosphatidylinositol suggests an alternative
mechanistic interpretation of the data. PI degradation (turnover)
is an important transducing system in the cellular response to
a variety of agonists (20), and several neurotransmitters have
been shown to stimulate brain PI turnover (21-23). Furthermore,
rat brain is exceedingly rich in PI catabolizing enzymes (24, 25).
If indeed the action of some neurotransmitters is mediated
through PI turnover, this metabolic pathway would be a logical
target for central nervous system depressants, such as the volatile
anesthetics. Arachidonyl PI could be important either because
it serves as a substrate for a membrane enzyme directly inhibited
by anesthetics, or because there is a direct interaction between
arachidonyl PI and the volatile anesthetics.

In this regard it is important to note that while linoleate
supplementation caused a rebound decrease in halothane sen-

sitivity (Table I B), the molar percentage of arachidonate in PI
(or other phospholipids) did not increase beyond control (Fig.
1). The fatty acid analyses in this study were performed on whole
rat brain and, as such, contained large amounts ofnon-neuronal
lipid, including myelin. The fatty acids of myelin are thought
to have a slower rate of turnover than neuronal fatty acids (26,
27). Thus, while the data do not specifically describe the effects
of dietary manipulation on neuronal fatty acid composition, the
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compositional changes in neurons following short-term fatty acid
supplementation may be more extreme than the changes seen
in whole brain. Indeed, the work of Galli et al. (28) showed that
realimentation of fat-deprived rats resulted in a rebound increase
in w6 fatty acids in the synaptosomal, but not the myelin fraction
of brain.

While the results of our study stress the importance of lipid
structure in anesthetic mechanism, it should not be inferred
from these data that anesthetics do not interact with target
membrane proteins. The activity of many integral membrane
proteins is modulated by the lipid composition ofthe membrane
in which the protein resides (29). The milieu in which a potential
target protein resides could be changed by specific fatty acid
compositional alterations, which influence the interaction be-
tween anesthetic and protein.

In summary, our data demonstrate that brain essential fatty
acid deficiency potentiates volatile anesthetic action in rats, and
that this potentiation is specifically reversed by linoleic acid sup-
plementation. These data describe, for the first time, a model
in which changes in membrane structure can be correlated with
changes in in vivo anesthetic effect and provide the first direct
evidence that the precise lipid composition ofthe brain can alter
anesthetic effect. Further study of this model should lead to in-
creased understanding of the mechanism of volatile anesthetic
action.
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