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The advent of general anesthesia remains one of the most
important advances in the history of medicine. Although the
first popular demonstration of general anesthesia occurred
more than 150 years ago at the now-famous ether dome of the
Massachusetts General Hospital, the mechanism by which it
occurs is still debated (1). Surprisingly, among all of the
questions asked about general anesthesia, the important issue
of if there is an endogenous analogue of the process is rarely
discussed. This situation is in distinction to the usual course of
events when an exogenous natural product is found to have
biological activity in that much activity is devoted to a search
for the endogenous counterpart. Think, for example, about the
opiates and the endorphins. As a formal proposition the
question is if the brain or body makes compounds that have the
properties and mode of action of general anesthetics. The issue
reduces to what, if any, natural process are the general
anesthetics mimicking. This question surfaces now because of
the recent discovery of a sleep-inducing lipid, oleamide, in the
cerebrospinal f luid (CSF) of sleep-deprived cats (2, 3). Ole-
amide since has been shown to affect diverse membrane
proteins (4), has a structure expected to perturb the fluidity of
membrane lipids, and is accompanied by a membrane-bound
brain enzyme that rapidly inactivates the compound (3, 5). It
is therefore possible that the way oleamide operates is unusual
in that it perturbs lipid matrices either free or complexed to
proteins and protein assemblies. This concept is worth con-
sidering because it would represent a new form of regulation
distinct from the usual receptor-ligand interaction.

The main chemical facts about general anesthetics concern
their diverse nature, hydrophobicity, and general lack of
stereospecificity. The oldest correlate is called the Meyer–
Overton rule, which states that the strength of a general
anesthetic is proportional to its solubility in olive oil (6). This
feature, which must be considered as a measure of general
hydrophobicity of the anesthetic, has received much attention
because of the remarkable precision of the correlation. The
Meyer–Overton correlation and its modern counterparts to-
gether with the knowledge that stereospecificity often is
lacking has led many to propose that general anesthetics
operate by fluidizing the plasma membrane of brain cells.
Indeed, experimental studies have shown that general anes-
thetics are potent fluidizers of natural and artificial mem-
branes. One problem with the simple notion that general
anesthetics operate by altering the bulk fluidity of membranes
is that although large quantities of these compounds do
fluidize membranes, no fluidity changes are observed in
experiments that restrict the concentrations of these com-
pounds to those expected to be present in the brain under
actual conditions of anesthesia (7). This finding has led some
to postulate that anesthetics directly interact with proteins (8),

and others have speculated that they perturb specialized lipid
matrices at the protein-lipid interface (9) (Fig. 1). If the latter
postulate is true and there is an endogenous counterpart, then
we can expect a new kind of transduction mechanism that,
rather than operating in the usual ligand-receptor interaction,
effects the function of membrane proteins by perturbing their
environment. When the effect depends on altering membrane
fluidity such compounds can be considered to be fluidity
transmitters. This idea implies that some membrane proteins
are sensitive to their lipid environment and that membrane
alteration can change the conformations of these proteins in
much the same way that secondary modifications of proteins
and allosteric regulators operate. Interestingly, many lipids
such as cholesterol esters form liquid crystals. If such ordered
crystalline arrays were associated with membrane proteins or
channels, then there is a marvelous opportunity for regulation
by controlling the orientational order in the crystal-liquid
transition. Such a system would constitute a new kind of
molecular switch. Although little is known about this form of
regulation, it is already clear that the fluidity of membranes is
precisely regulated. For example, Escherichia coli precisely
regulates the fluidity of their membranes by increasing the
olefinic content of their lipids as the surrounding temperature
is lowered. This regulation is accomplished, in part, by the
induction of desaturase enzymes (10, 11). Recently, carp also
have been found to possess an analogous process of desaturase-
mediated increases in membrane fluidity in response to a drop
in environmental temperature (12), indicating that mecha-
nisms for the precise regulation of membrane lipid composi-
tion and structure have been conserved among both pro-
karyotes and eukaryotes. Additionally, the activity of several
membrane receptors has been shown to be affected by changes
in membrane fluidity (13–15), and in the 5HT1A receptor, the
protein also has been found to copurify selectively with
saturated phospholipids, supporting the notion that membrane
receptors may indeed reside within particular lipid microdo-
main environments to preserve function (16).

Oleamide is the primary amide of oleic acid. Oleamide was
isolated from the CSF of sleep-deprived cats, and it and other
fatty acid amides also have been found in the CSF and plasma
of humans (3, 17). The molecular diversity that can be gen-
erated in this class of compounds in terms of the length of the
alkane chain and the number, position, and configuration of
the double bonds allows for specialization among effectors.
Structurally, oleamide is not unlike some pheromones except
that in the case of pheromones, a methyl ester replaces the
amide functionality of oleamide (18). The presence of a long
alkane chain with a centrally placed cis double bond and the
presence of a primary amide with strong hydrogen bonding
potential makes oleamide potentially very disruptive of mem-
brane rigidity. The cis double bond is expected to perturb the
packing of saturated alkanes in the membrane, whereas theThe publication costs of this article were defrayed in part by page charge
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amide should cause the formation of stacks of oleamide much
like the b-sheets of proteins. In vivo, oleamide potentiates
sleep and lowers temperature. Its effects on membrane pro-
teins, so far, are to potentiate serotonin receptors (5) and close
gap junction channels (19). In the case of the gap junction
channel we now have an appreciation for the structural basis
of the closure (V. M. Unger and M. Yeager, personal com-
munication), but not how oleamide accomplishes this feat. The
ability of oleamide to close the gap junction channel is of high
interest given the suggestion of Gage and colleagues (20) that
general anesthetics alter the stability of receptor-channel
complexes. Likewise, Brett and colleagues (21) showed that
the anesthetic Isoflurane caused ‘‘f lickering’’ of the acetylcho-
line receptor.

The mode of synthesis and destruction of oleamide offers
many points of potential regulation as might be expected for
an important effector. Although not proven as the natural
biosynthetic route, it has been shown that fatty acid amides can
be enzymatically synthesized from their acyl-glycine precursors
by a peptidylglycine-amidating monooxygenase (PAM)-
dependent reaction, analogous to the biosynthesis of C termi-
nally amidated peptide hormones (22). Oleamide is inactivated
by a membrane-bound enzyme, fatty acid amide hydrolase
(FAAH), which hydrolyses oleamide to oleic acid (3, 5, 23). In
the rat brain, FAAH is predominantly expressed in neurons of
the cortex, amygdala, hippocampus, thalamus, and confined
regions of the hypothalamus, brain stem and cerebellum (24).
FAAH is the first molecularly characterized mammalian mem-
ber of a large family of amidase enzymes (5), and in both rat
and human, apparently is derived from a single-copy gene (5,
23). The amidase family members share a common signature
sequence of unknown significance, whereas FAAH has
evolved a unique membrane spanning domain as well as a
SH3-binding domain sequence.

Given the properties of general anesthetics and what is
known about oleamide, it raises the intriguing possibility that
both compounds could operate in a similar fashion. One could
envision that a single or many membrane-spanning proteins or
channels are surrounded by an annulus of specialized lipids

that when perturbed by oleamide change their conformation
(Fig. 1). This hypothesis is identical to that suggested by Lee
(9) and others (8) except that now an additional postulate is
made that there is an endogenous effector leading to a unique
method of cell regulation. Indeed, Ordway and colleagues (25)
suggested that there is a direct regulation of ion channels by
fatty acids. As suggested above, however, the fatty acid amides
would be expected to be more powerful perturbants of mem-
brane than the free acids. Perhaps consistent with this notion,
oleic acid has been shown to have no effect on either the
closure of the gap junction channel (19) or on the potentiation
of 5-HT receptors (4). Interestingly, the structural homology of
oleamide to pheromones might suggest a primitive regulatory
device for basal functions such as sleep and temperature.
Later, more complex lipids such as steroids and prostaglandins
evolved along with their companion-specific receptors to
regulate more differentiated functions such as immunity and
inflammation.

There are many weaknesses in this argument. First, it does
not necessarily follow that there is an endogenous counterpart
to every effector that perturbs the human condition. After all,
what is the endogenous counterpart of an auto accident?
Second, the true endogenous role of oleamide has yet to be
determined, nor has it been ruled out that oleamide functions
via a more traditional receptor. In this context some scientists
have come to the conclusion that general anesthetics operate
principally by interacting with proteins (26, 27). If this process
was how oleamide functioned in the closure of the gap junction
channel, for example, the compound then would be thought of
as an allosteric regulator that binds to pockets in proteins via
its hydrophobic component. The binding might be stabilized by
hydrogen bonding interactions between the relatively polar
amide and molecules that solvate the protein surface. If
oleamide acted in this way it still could be a mimic of general
anesthetics although the mechanistic implications would dif-
fer. Finally, there is little doubt that, as for other organisms,
mammals must regulate the fluidity of their membranes with
extreme precision. The question is whether this general func-
tion has been specialized by the evolution of an endogenous

FIG. 1. A possible mechanism for oleamide-induced closure of gap junction membrane channels. A mixture of phospholipids (green circles)
and cholesterol (yellow squares) are proposed to form a well-ordered lipid annulus surrounding the gap junction connexon (blue). On treatment
with oleamide (red triangles), this lipid ring is f luidized and becomes disordered, promoting a conformational change in the connexon oligomer
that leads to gap junction channel closure.
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f luidity transmitter that regulates some of the proteins that
span the membrane. It would be this process that general
anesthesia is mimicking.
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