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Halothane and Isoflurane Alter Phospholipid Transmethylation

in Rat Brain Synaptosomes

John J. Franks, M.D.,* B. V. Rama Sastry, Ph.D.,t Melanie J. Surber, B.S.,% Roger E. England, B.S.§

The mechanism of action of inhalational anesthetics is unknown,
but neuronal membrane alteration is a favored hypothesis. Since
phospholipid methylation and translocation play a key role in the
transmission of biologic signals across cell membranes, we examined
the effect of two commonly used halogenated anesthetics, halothane
and isoflurane, on phosphelipid methylation in rat brain synapto-
somes. Using S-adenosyl-L-{*H-methylJmethionine as a donor, we
found a two-fold increase in *H-methyl incorporation into phos-
pholipids in synaptosomes taken from rats exposed to concentrations
that just abolish pain response, but not in rats exposed to higher or
lower concentrations, Methylation was not increased in rats newly
recovered from anesthesia. Halothane added to synaptosomes taken
from rats not previously exposed to anesthetics stimulated *H-methyl
incorporation over a wide range of concentrations. Enhancement
of phospholipid methylation by halothane and isoflurane may effect
an alteration of neural signal transduction that results in the an-
esthetic state. (Key words: Anesthetics, volatile: halothane, isoflurane.
Brain: synaptosomes, phospholipid transmethylation. Phospholip-
ids: phosphatidylethanolamine, phosphatidylcholine.)

THEINTRODUCTION of inhalational anesthetics a century
and a half ago marks a major medical and pharmacologic
achievement, but how these agents work remains un-
known. In recent years neuronal membranes have been
favored as a possible site of anesthetic effect, either by
nonspecific, biophysical interaction of anesthetics with
membrane lipids'~* or by direct anesthetic induction of
conformational changes in membrane proteins.’~®
Neuronal membranes, like all cell membranes, consist
of a phospholipid bilayer in which biochemically active
proteins are embedded.” Hirata and Axelrod® have pro-
vided important information on the interaction between
biologic signal transmission and membrane phospholipid
transformation. There is now strong evidence that en-
zymatic methylation of membrane phospholipids facili-
tates the transduction of receptor-mediated signals
through cell membranes.® Phospholipid methylation con-
verts phosphatidylethanolamine (PE) to phosphatidylcho-
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line (PC) by successive N-terminal methylations, with S-
adenosyl-L-methionine (SAM) as a methyl donor.® Two
membrane-bound enzymes involved in this reaction have
been found in a variety of cells'®'* and in brain synap-
tosomes.'® The first enzyme, methyltransferase I, converts
PE to phosphatidyl-N-monomethylethanolamine (PME);
has a high affinity for SAM (K, = 1-2 uM); and controls
the rate-limiting step of the methylation reaction. Meth-
yltransferase II catalyzes the successive methylation of
PME to phosphatidyl-N,N-dimethylethanolamine (PDE)
and to PC.

A critical link between membrane phospholipid meth-
ylation and membrane receptor stimulation has been es-
tablished by Hirata ef al.'® in studies with rat reticulocytes.
Activation of beta-adrenergic receptors on the surfaces
of these cells by catecholamines results in stimulation of
[methyl-*H]SAM incorporation into phospholipid, with
the associated translocation of the methylated product
from the inner to the outer membrane surface. The re-
verse also occurs: stimulation of methylation by addition
of S-adenosyl-L-methionine increases the number of beta-
adrenergic binding sites.

We examined the effect of two commonly used halo-
genated inhalational anesthetics, halothane and isoflurane,
on phospholipid methylation in rat brain synaptosomes.
We report here that induction of the anesthetic state with
these agents increases synaptosomal phospholipid meth-
ylation.

Materials and Methods

ANESTHETIC PROCEDURE

Animal use was approved by the Animal Care Com-
mittee of Vanderbilt University. Male Sprague-Dawley
rats weighing 285-457 g were anesthetized with halo-
thane or isoflurane in warmed, humidified air and oxygen
(F1o, = 0.3). Vaporizers were calibrated by gas chro-
matographic measurements of anesthetic concentrations,
and additional measurements of concentration were made
during anesthetic administration. Induction of anesthesia
was carried out in rats breathing 2.4% halothane or 2.9%
isoflurane in a 3-1 chamber. When immobilized, each rat
was removed from the chamber, and the clock was started.
Anesthesia was delivered via a T-piece circuit to a Tygon
cylinder (depth 2.5, height 5 cm) stoppered at one end.
The gases entered through a lateral opening in the cyl-
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inder and exited through an opening at the stoppered
(distal) end. With the rat prone, the cylinder fit snugly
over the muzzle, and when held in place with both hands,
thumbs thrusting the mandible down and forward, it de-
livered, under careful observation, an adequate tidal
volume. "’

Intermittent positive pressure in the system was de-
veloped (55-60 breaths per min) by occluding gas outflow
with a solenoid valve. The level of anesthesia was assessed
by the response to intermittent application of a tail clamp.
Anesthetic concentration was adjusted so that the dose
delivered was just above the level at which a tail flick
could be induced by clamping, thus establishing a mini-
mum effective dose (MED) for each rat. The MED, mean
+ standard error of the mean (SEM), for halothane was
1.43 + 0.08% (n = 8) and for isoflurane was 1.90 £+ 0.07%
(n = 8). After 20 min, the animal was decapitated and
the brain immediately placed in 0.32 M sucrose at 4° C.
A second group of rats was similarly anesthetized (two
with halothane and two with isoflurane) and then allowed
to recover before decapitation. Recovery was considered
to have occurred when a rat, after briefly moving around
his cage, began grooming. This activity began 20-23 min
after the cessation of anesthetic administration. Control
animals (n = 8) were decapitated after a 20-min exposure
to a warmed, humidified air-oxygen mixture (Fig=0.3).

Studies at four additional concentrations were carried
out with halothane. Rats (n = 4) were exposed to 0.50%
halothane in a 3-1 chamber for 20 min and remained som-
nolent but moved when stimulated. A second group was
anesthetized with halothane as described above, and the
concentration was adjusted so that the animal remained
immobile but clamping resulted in movement of the tail.
The mean halothane concentration for this group was
0.92 + 0.03% (n = 3). A third group was anesthetized
with halothane, and an MED was established for each rat,
as described above. After 10 min, the halothane concen-
tration increased 0.5%, and anesthesia was continued for
another 10 min. The mean concentration for this group
was 1.92 + 0.08% (n = 4). A fourth group (n = 4) was
anesthetized and maintained under anesthesia with 2.45%
halothane. These animals became slightly cyanotic after
13-15 min, presumably because of cardiac depression.
Anesthetic exposure was terminated with the appearance
of cyanosis. Rats in all groups were decapitated immedi-
ately after anesthetic exposure was discontinued.

BRAIN SYNAPTOSOME PREPARATION

Synaptosomes were isolated from brain homogenates
according to the method described by Cotman.'® Excised
brains were placed in 0.32 M sucrose (Ultrapure, ICN,
Cleveland, OH) at 4° C. They were blotted, weighed,
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minced, and then homogenized (Ultra Turrax, Tekmar,
Cincinnati, OH) in cold 0.32 M sucrose (total volume 10
ml/g blotted brain). The homogenate was centrifuged at
1000 g for 5 min in a Beckman model J2-21 refrigerated
preparative centrifuge with a JA-17 rotor. The super-
natant fraction was centrifuged at 15,000 g for 15 min,
and the resultant pellet was resuspended in 8 ml 0.32 M
sucrose. Four-milliliter aliquots of this suspension were
applied to gradients consisting of 6-ml layers each of 4%,
6%, and 13% Ficoll (400 kD, Sigma, St. Louis, MO) in
0.32 M sucrose. Gradients were centrifuged at 63,5680 g
for 45 min in a 55.2 Ti rotor in a Beckman L8-55M ul-
tracentrifuge. The synaptosomal fraction was collected
from the 6-13% interface, diluted with 10 ml 0.32 M
sucrose, and centrifuged again at 63,580 g for 20 min.
The resultant pellet was suspended in 0.32 M sucrose.

SYNAPTOSOMAL PHOSPHOLIPID METHYLATION

Synaptosomal phospholipid methylation was measured
by the incorporation of tritiated methyl groups from S-
adenosyl-L-[*H-methyl]methionine (Amersham, Arling-
ton Heights, IL) into PME, PDE, and PC, according to
the procedures described by Crews et al.'® and Sastry et
al."* The incubation mixture consisted of 0.2 mg synap-
tosomal protein, 50 mM Tris-glycylglycine buffer (pH 8.0),
5 mM MgCly, 0.1 mM EDTA, and 2 uM [methyl-*’H]SAM
(added last to start the reaction) in a final volume of 0.1
ml. After a 30-min incubation at 37° C in a shaking water
bath, the reaction was stopped by the addition of 3 ml
chloroform:methanol:HCI (2:1:0.02) and shaken. The
chloroform layer was washed twice with 2 ml 0.1 M KClI
in 50% methanol, and after the addition of 100 mg an-
hydrous NaySO,, was stored at —20° C. Phospholipids in
concentrated aliquots of the chloroform extract were sep-
arated by thin layer chromatography (TLC) on silica gel
G plates (Fisher, Norcross, GA) developed in chloroform:
propionic acid:n-propanol:water (2:2:3:1). PME, PDE, and
PC fractions were identified by comparison with stan-
dards, scraped into scintillation vials containing Cyto Scint
(ICN Radiochemicals, Irvine, CA), and counted in a
Beckman LS 3801 Beta Counter. No significant radio-
activity was found to co-chromatograph with lysophos-
phatidylcholine (LPC) or lysophosphatidylethanolamine
(LPE). The conditions of the assay were optimum for
methyltransferase 1, the first and rate-limiting enzyme in
the phospholipid methylation pathway. Therefore, results
were expressed as total product of methyltransferase 1
formed, i.e., as femtomoles of *H-methyl groups incor-
porated into PE to form *H-PME. Part of the *H-PME
was further methylated to form *H-PDE and *H-PC.
Femtomoles of *H-PDE and *H-PC were divided by 2 and
3, respectively, to obtain femtomoles of *H-PME which
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had been further methylated. These corrected values were
added to measured femtomoles of *H-PME formed to
calculate total methyl group incorporation into synapto-
somal PE.

IN ViITRO HALOTHANE EXPOSURE

To examine the effect of an inhalational anesthetic on
phospholipid methylation in isolated subcellular fractions,
synaptosomes were prepared from brain homogenates
from unanesthetized rats and incubated with one of six
concentrations of halothane—0.25, 0.50, 0.75, 1.0, 2.0,
or 3.0 mM. Initially, halothane was dissolved in 50 mMm
tris-glycylglycine buffer, pH 8.0, 5 mm MgCl,, and 0.1
mM EDTA, at concentrations of 0.5, 1.0, 1.5, 2.0, 4.0,
and 6.0 mM and then diluted 1:1 in reaction medium
containing 2 uM S-adenosyl-L-[*H-methyl]methionine, 0.2
mg synaptosomal protein, and buffer. The reaction vol-
ume of 0.2 ml was incubated in a 1.5-ml glass vial with a
Teflon®lined screw cap. Samples were processed as de-
scribed above.

Inasecond set of experiments, synaptosomes prepared
from unanesthetized rats were incubated as described in
the section above, except that the incubation mixture was
placed in open-necked, uncapped glass vials (diameter = 5
mm, height = 10 mm). Halothane was not added to the
mixture directly. Instead, the vials were placed in a Dub-
noff shaker under a gassing hood and shaken gently at
37° C. Halothane, in 2 warmed, humidified air and ox-
ygen mixture (Flo, = 0.3), was delivered under the hood
in concentrations of 0.5, 1.4, 1.9, or 2.4% for 30 min.
Delivered concentrations were confirmed by gas chro-
matography. The methylated phospholipids were ex-
tracted and processed as described above.

STATISTICAL ANALYSIS

Data were compared by analysis of variance and the
Tukey multiple comparison procedure.'® Statistical sig-
nificance was inferred if P < 0.05.

Results

As shown in figure 1, total >H-methyl group incorpo-
ration, (femtomoles per miiligram protein per 30 min)
into synaptosomal phospholipids from rats exposed to one
MED of halothane or isoflurane was increased two-fold,
to 978 =+ 48 and 921 + 86 fmol, respectively, compared
with control rats at 402 * 38 fmol, P < 0.01. Recovery
from anesthesia was associated with values (267 % 15 fmol)
not significantly different from control. Addition of 100
uM of S-adenosyl-L-homocysteine (SAH), an inhibitor of
phospholipid methylation,?® reduced methyl group in-
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FIG. 1. Anesthetic effect on synaptosomal phospholipid methylation.
Bars indicate mean values with SEM; n = number of rats. Anesthetic
concentration was adjusted, as described in the text, so that a minimum
effective dose (MED) was delivered, i.e., just above the level at which
a tail flick could be induced by clamping. This concentration averaged
1.43 + 0.08% for halothane and 1.90 + 0.07% for isoflurance. *Differs
from control and postanesthesia rats, P < 0.01.

corporation in all synaptosomal preparations to concen-
trations below initial control values.

The component products of synaptosomal transmeth-
ylation—PME, PDE, and PC—all showed a similar pat-
tern of increased *H-methyl incorporation with anesthetic
exposure (table 1). Since incubation conditions in these
studies were set to facilitate methyltransferase 1,8 the pre-
dominant product in all treatment groups was PME. Pro-
portions of component methylated products in each of
the four treatment groups did not differ significantly from
control.

Halothane and isoflurane increased methyl incorpo-
ration by two-fold into myelin phospholipids as well, 809
+ 48 and 801 * 53 fmol, respectively, versus control rats
at 403 + 17 fmol, p < 0.01. Microsomes from the brains
of rats exposed to one MED of halothane or isoflurane
incorporated *H-methyl groups into phospholipids at a
rate 50% higher than did control microsomes after iso-
flurane (1416 * 82 us. 925 + 60 fmol, P < 0.05) and at
a rate not significantly changed after halothane (1149
+ 25 fmol).

Figure 2 compares phospholipid methylation in brain
synaptosomes from rats exposed to 1 MED of halothane
with results from animals exposed to concentrations above
and below that level. It is clear that the dosage range in
which increased phospholipid methylation occurs is quite
narrow, since only in the very middle range, at precisely
1 MED, was it manifest.
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TABLE 1. Anesthetic Effect on Incorporation of *H-methyl Groups into Component Products of Synaptosomal Transmethylation

Treatment Group

Phospholipid Control Halothane Isoflurane l;oslaneslhcsia
PME 217 + 26 517 £ 41* 428 + 52* 152+ 9
PDE 131 £ 11 311 £ 16* 339 + 28%* 737
PC 54+ 2 150 & 10* 154 + 14* 42+ 3

Concentrations are femtomoles per milligram protein.

To examine the effect of an inhalational anesthetic on
phospholipid methylation in isolated subcellular fractions,
synaptosomes were obtained from unanesthetized rats and
incubated in vitro with one of six concentrations of halo-
thane—0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 mM. The re-
sulting dose-response curve for incorporation of *H-
methyl groups into total phospholipids is shown in figure
3. Phospholipid methylation increased with increasing
halothane concentration, but leveled off at approximately
1 mM with a ®*H-methyl incorporation rate in the same
range as that observed in synaptosomes from anesthetized
animals.

Exposure of synaptosomes from unanesthetized rats to
one of five partial pressures of halothane produced a
somewhat similar dose-response curve (fig. 4). Methyl
group incorporation was not increased above control val-
ues at 0.50%, but was maximally increased at 1.00 and
1.40% and was moderately increased at 1.90 and 2.40%
halothane. The very narrow range of stimulation obtained
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FiG. 2. Effect of different halothane concentrations on synaptosomal
phospholipid methylation. Anesthetic concentration was adjusted as
described in the text; 1.43 = 0.08% represents a minimum effective
dose (MED). *Differs from control value, P < 0.01.

* Differ significantly from control and postanesthesia, P < 0.01.
Methods are described in the text.

with in vivo exposure (fig. 2) was not seen, but incorpo-
ration did decrease at higher halothane concentrations
with both types of in vitro exposures.

Discussion

This study demonstrates that a molecular change in
brain plasma membranes occurs with induction of a pain-
free state, i.e., anesthesia, and is no longer evident after
recovery from that state. In vitro exposure of brain syn-
aptosomes to varying doses of halothane produced a sim-
ilar membrane response. Since methyltransferase I is the
rate-limiting enzyme of phospholipid methylation and
since the response we observed occurred under incubation
conditions favoring methyltransferase I, this enzyme is a
likely candidate for an anesthetic site of action. Perhaps
halothane and isoflurane induce conformational changes
that enhance methyltransferase activity. Alternatively,
these agents may activate as yet unidentified membrane
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FIG. 3. Effect of in vitro halothane on synaptosomal phospholipid
methylation. Halothane was added to the synaptosomal incubation
media as indicated; n = number of rats from which synaptosomes were
isolated without prior exposure to anesthetic. *Differs from control
value, P < 0.01; **Differs from control value, P < 0.05.
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FIG. 4. Effect of in vitro halothane on synaptosomal phospholipid
methylation. Synaptosomal incubation mixtures were exposed to dif-
ferent concentrations of halothane vapor as indicated; n = number of
rats from which synaptosomes were isolated without prior exposure
to anesthetic. *Differs from control value, P < 0.01.

receptors with secondary stimulation of methyltrans-
ferase.'®

The narrow in vive range of halothane concentration
associated with increased phospholipid methylation (fig.
2) suggests that anesthetic interaction with a single enzyme
represents an oversimplified hypothesis. Activation of
methyltransferase I may be one of a series of membrane
molecular responses to anesthetics. Some of these re-
sponses may occur at different anesthetic concentrations.
Halogenated anesthetics can rapidly inhibit protein syn-
thesis.'”2! It therefore is possible that high in vivo halo-
thane concentrations preferentially inhibit synthesis of
SAH hydrolase, which may turn over rapidly, allowing
accumulation of SAH, an inhibitor of phospholipid meth-
ylation. Inhibition of enzyme synthesis could not, of
course, account for diminished methylation when isolated
synaptosomes are exposed to high halothane concentra-
tions in vitro, since protein synthesis does not occur in this
subcellular fraction. Alternatively, high concentrations of
halothane may directly inhibit SAH hydrolase.

Other mechanisms possibly accounting for the lack of
measured effect of high concentrations of halothane in-
clude maximal enzyme (or putative receptor) stimulation
with resultant depletion of precursor PE or prior accu-
mulation of unlabeled methylated phospholipids in syn-
aptosomal membranes. A synaptosomal membrane in
which maximal phospholipid transmethylation and trans-
location has taken place might remain in a prolonged
“transduced state” despite its inability to incorporate fur-
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ther quantities of [methyl->H]SAM in vitro. Linkage of
this transduced state with membrane ion transport® or
with neurotransmitter release® may represent the effector
pathway of anesthetic action.

Halothane and isoflurane alter somatosensory, audi-
tory, and visual evoked potentials, indicating that these
anesthetic agents may interfere with axonal impulse
transmission. Both synaptosomal and myelin membranes
have phospholipid composition similar to that of other
plasma membranes. The occurrence of phospholipid
methyltransferase in myelin and the influence (primary
or secondary) of anesthetics on its activity suggest that
phospholipid methylation also may affect axonal impulse
conduction. On the other hand, halothane did not sig-
nificantly alter phospholipid methylation in brain micro-
somes. This finding is not necessarily inconsistent with
results obtained with synaptosomes and myelin, since mi-
crosomal membranes may not be directly involved in in-
tercellular communication,

Whatever complexities emerge regarding halothane
and isoflurane interaction with membrane elements, our
current results suggest that enhancement of phospholipid
methylation is a clearly defined step in the alteration of
biologic signal transmission that results in the anesthetic
state. Precisely how transmission is modified remains to
be established.
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