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evaporated on the walls of 25 ml pear-
shaped flasks. The flasks were then placed

under high vacuum for one hour. After me-
moval from vacuum, the flasks were filled
with nitrogen and sealed. Multilamellar bi-

layers were formed by adding glass beads

plus buffer and by gently swirling the beads
in the flask in a 50#{176}water bath until the
lipid was dispersed.

EPR measurements. Fifty jiM TEMPO
was prepared by adding 100 mM TEMPO
in ethanol to sodium phosphate buffer, 100

mM, pH 7.4. The lipid bilayers were pre-
pared by mixing 14.85 jimol DPPC and 0.15
jimol of one of the acidic lipids or 15 jimol

of DPPC in the absence of acidic lipids in
an organic solvent prior to evaporation.
Just before the EPR spectra were taken,

0.3 ml of the buffer with or without the
drug was added to the flask, and the mul-
tilamellar bilayems were prepared as de-

scribed above.
EPR spectra were recorded on a Varian

E-3 spectrometer equipped with a variable
temperature accessory.The temperature of

the sample was measured by placing a them-
mister just above the microwave cavity in-
side the sample cell. The thermistem was
connected to a Cole-Palmer 8202-20 centi-
grade thermometer. The high field hyper-

fine line of TEMPO was recorded two mm-
utes after the temperature in the sample
cell had equilibrated to the new tempera-
ture setting.

Fluorescence depolarization measure-
ments. Steady state fluorescence depolari-

zation of DPH as a function of temperature
or time was measured with a fluorimeter, a
schematic drawing of which is shown in Fig.
1. Photomultiplier tubes were placed to the

right and left of the sample cell: one of the
emission beams was polarized parallel and
one perpendicular to the plane of the 360
nm polarized excitation beam. Corning 3-74
cutoff ifiters were placed in the path of the
emission beams. The signals from the pho-
tomultiplier tubes were fed into Pacific In-
strument amplifiers and the outputs of
these were fed into an Ithaco 351 Ratiom-
eter. The matiometer was operated in the
polarization mode
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FIG. 1. Schematic diagram of fluorimeter

where � is the fluorescence intensity par-
allel to and I� is the intensity perpendicular
to the plane of polarization of the excitation
beam. The output of this was fed into the

x axis of a Hewlett-Packard 7035B x-y me-
corder. Prior to running of each sample, the
outputs of the photomultipliem amplifiers
were balanced using a horizontally polar-
ized excitation beam to correct for the dif-
femence in the detection efficiency of the

two emission beams.
Temperature was regulated by circulat-

ing water which heated or cooled the sam-
ple cell holder. The sample was mixed with
a magnetic stirrer. A thenmister was placed
in the sample cell just above the excitation
beam, and the temperature was monitored
with a Cole-Palmer 8502-20 centigrade

thermometer modified to allow an analogue
signal proportional to the temperature to
be fed into the x axis of the recorder. When
polarization was monitored as a function of

time, a Hewlett-Packard 17108 AM time
base unit was plugged into the x axis of the

recorder.
After the bilayers were prepared, suffi-

cient 2 mM DPH in tetmahydrofuran was
added to the buffer to make it 0.75 pi�i with
respect to DPH. The samples were incu-
bated at 50#{176}for 90 mm prior to use so that

the dye would be completely absorbed into
the bilayers. Drugs were added just prior to
use when temperature scans were per-
formed, or injected directly into the sample
cell while polarization was recorded and
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temperature held constant. Temperature
scans were performed at a mate of approxi-

mately 1#{176}per mm.
Preparation of crude mitochondrial lip-

ids. Following the method of French and
Tudoroff (22), brain mitochondria from

male Sprague-Dawley rats were isolated

and lipid extracted according to the method

of Bligh and Dyer (23).

RESULTS

EPR measurements. For the EPR exper-
iments, the phase transition temperatures

were determined initially by plotting the
natural log of the TEMPO spectral param-
eter (f) vs the reciprocal of the temperature

(#{176}K)(16). The midpoint of the phase tran-
sition was designated as the midpoint be-

tween the upper and lower transitions.
Figure 2 shows a plot of the spectral f

parameter vs temperature of DPPC plus 1
mol % CS in the presence and absence of

naloxone and morphine. Even 2 m�i mom-
phine had little effect on the phase transi-
tion temperature, while 1 nmi naloxone, the
highest concentration we could get in our

45 50#{176}C

parameter (f)FIG.

temperature

50 .LM TEMPO in 100 mM sodium phosphate buffer,

pH 7.4, in presence of lipid bilayers composed of 50

mM DPPC and 1 mol % CS in the absence (S #{149})
and presence of 1 mM naloxone (D-D) and 2 mM

morphine (O-O).

buffer, shifted the phase transition down
about 1.3#{176}.Although the effect of naloxone
was seen only at pharmacologically absurd

concentrations, we thought the effect might
reflect a qualitative difference in the inter-

action of opiate agonists and antagonists
with CS. To determine whether the effect
was due to the presence of CS, the experi-

ment wasCrepeated both in the absence of
CS and in the presence of several other
acidic lipids that have been shown to bind
opiates (24-26). The results of these expem-
iments are shown in Table 1.

In the absence of CS, neither morphine
nor naloxone had a significant effect on the
main phase transition temperature. This
was also true when 1 mol % of 1-phospha-

tidylinositol was incorporated. Naloxone (1
mM) but not morphine (2 nmi) had small
but detectable effects (-0.3#{176}) when 1 mol
% phosphatidylserine was incorporated.
When 1-phosphatidylinositol 4,5-bisphos-

phate was incorporated, both morphine and
naloxone lowered the main phase transition
temperature, though the effects were small,
0.3#{176}and 0.8#{176},respectively (Table 1).

Since it appeared that morphine and na-

loxone might interact in different ways with
DPPC-CS bilayers, other opiates were
tested in order to determine whether the

DPPC-CS bilayers could discriminate be-
tween opiate agonists and antagonists. Un-

TABLE 1

The effect of opiate agonists and antagonists on the

midpoint of the main phase transition temperature

(#{176}C)of bilayers composed ofDPPC and 1 mol % of

various acidic lipids (-50 mM total lipid) measured

by the partitioning of the spin label TEMPO

(average standard error on the measurements u’as

±0.1#{176})

Composition No
Drug

Mor-
phine

(2 mM)

Nalox-
one

(1 mM)

DPPC 40.8#{176} 40.8#{176} 40.8#{176}

DPPC and cerebro-

side sulfate 40.6#{176} 40.7#{176} 39.3#{176}

DPPC and phos-

phatidylserine 40.5#{176} 40.4#{176} 40.2#{176}

DPPC and 1-phos-

phatidylinositol

4,5-bisphosphate 39.7#{176} 39.4#{176} 38.9#{176}

DPPC and 1-phos-

phatidylinositol 40.5#{176} 40.4#{176} 40.4#{176}
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min.

fortunately, levorphanol (mi�i), an agonist,
and dextrophan (1 m.M), its inactive enan-

tiomem, both lower the phase transition
temperature about 0.7#{176}and 0.3#{176},respec-
tively. Thus, with this method it was not
possible to discriminate between the inter-
action of opiate agonist and antagonist with

CS.
Fluorescence measurements. Because

the TEMPO partitioning experiments me-
quired approximately 50 nmi lipid and be-
cause drug effects were seen only at about
a one-to-one ratio of drug to CS, we thought
that effects might be seen only when nearly

all the CS was bound or, in other words,
with at least 0.5 nmi drug. At this concen-
tration of drug, it would be difficult to dis-
cnminate by pharmacologic measures opi-
ate agomsts from antagonists (27). So, the
phase transition temperatures were meas-
ured using steady state fluorescence depo-

larization of a very hydrophobic dye, DPH.
With fluorescence depolarization, it is pos-
sible to measure transitions with 100 to
1000 times less lipid than is minimally

needed in the EPR experiment.
Based on preliminary experiments, we

chose to use 500 jiM lipid because this con-
centnation appeared to provide an optimal

signal-to-noise ratio. Figure 3 shows the
typical polarization vs. temperature plot
observed for DPPC plus 1 mol % CS. The
main phase transition was determined by
visually fitting straight lines through the

linear portions of the curve above and be-
low the main phase transition and then
fitting a line through the transition. The
temperature half-way between the intersec-
tions of lines a, b, and c (Fig. 3) was desig-

nated Tm, the main phase transition. Re-
peated determinations of Tm over many
days showed that the values never differed
by more than 0.3#{176}from one another. Also

apparent in the polarization vs. tempera-
ture scans was the presence of the thermal
“pretransition” characteristic of multila-
mellar DPPC bilayens. Since the pretran-
sition provides additional information on
possible structural changes in the bilayers,

the pretransition temperature, Tp, was me-
corded for each sample, if present, as the
point where the polarization vs. tempera-

ture curve departed from line a (Fig. 3).

The values for Tp were not as reproducible
as the Tm values, but varied no more than
1 #{176}from one another from day to day with

the same lipid mixture.
Table 2 summarizes the effects of mom-
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FIG. 3. Fluorescence polarization (P) of500 �.tM DPPC and CS

Fluorescence polarization of 0.75 �zM DPH in 100 mM sodium phosphate buffer, pH 7.4, incorporated intc

lipid bilayers composed of 500 /LM DPPC and 1 mol % CS as the temperature was scanned at approximately l#{176}i
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TABLE 2

The effect ofopiate agonists and antagonists on the

midpoint ofthe main phase transition and

pretransition temperatures (#{176}C)of bilayers

Bilayers are composed of DPPC plus 1 mol % CS

(500 �tM total lipid) in 100 mM sodium phosphate

buffer, pH 7.4. Transition temperatures were obtained

by measuring the fluorescence depolarization of incor-

porated DPH (average standard error of measure-

ments for the main transition ±0.1� and ±0.4#{176}for the

pretransition).

Drug (mM) DPPC and CS (1 mol %)

Pretransi-
tion#{176}

Main Transi-
tion

(#{176}C) (#{176}C)

Control 30.3 40.3

Morphine

1.0 ND. 40.2

Naloxone

1.0 ND. 39.0

0.1 29.1 40.3

0.01 30.2 40.3

Levorphanol

1.0 ND. 40.0

Dextrorphan

1.0 29.6 40.1

phine and naloxone, levorphanol, and dex-

trophan on DPPC-CS bilayers. As with the
�EPR experiments, 1 mx�i morphine ap-

� eared to have no detectable effect on the
�nain phase transition temperature, while 1
- naloxone lowered the Tm about 1.3#{176}.

Levomphanol (1 mM) lowered the Tm
�lightly as well as dextrophan (1 nmi) (0.2#{176}).
�&lthough 1 mM morphine did not appear to
�.ffect the main phase transition, at concen-

�rations above 0.5 m�, it eliminated the
pretransition. Levorphanol but not dextro-
� han also eliminated the pretmansition.

To test for the possibility that opiate

knight have an effect on membranes which
oontained more than 1% CS, we examined
he effect of morphine on the phase transi-
ion of DPPC bilayems that contained 10 or

�0% CS and of bilayers composed of 100%

�S. Pure CS bilayem has a broad but distinct
hase transition from approximately 38 to
1#{176}.As CS is added (<1%), the DPPC pme-

ransition disappears, and the main transi-
ion is decreased and broadened. The phase
�ransitions generated by mixtures of DPPC
�n d CS appear to arise from homogeneous

a N.D. = transition not detectable.

mixtures oflipids and not two lipid domains
because the transitions are single smooth

transitions. Also, the first time the temper-
ature is scanned (down then up) through

the phase transition, a small amount of
hysteresis is seen; however, this does not
occur after subsequent scans. Conse-
quently, phase transitions were measured

after the temperature was scanned through
the phase transition once. As in the above
experiments with 1% CS, morphine (1 mM)

had no detectable effect on the phase tran-
sition of any DPPC-CS mixture or pure CS
bilayer we prepared (data not shown).

Hosein et al., using DSC, showed that
opiates specifically affected a phase transi-

tion in brain lipid bilayers and inferred that
opiates altered lipid fluidity. However, be-

cause we had never observed morphine to
significantly alter lipid fluidity, we at-
tempted to verify their work using another
method; namely, fluorescence depolariza-

tion. Crude brain mitochondrial lipids were
isolated following the procedures used by

Hosein et al. (12). The lipids were sus-
pended in sodium phosphate buffer at a
concentration of 100 jiM with respect to
lipid phosphorus. Because no sharp transi-

tions were observed when the temperature
was scanned from 2#{176}to 50#{176},the tempera-
ture of the samples was held constant at
37#{176}and various drugs were injected. When
we added as much as 1 mi’,i of morphine,
we could not detect any change in polari-
zation (Fig. 4A). To show that opiates could
depolarize the DPH in bilayems when in-
jected into the sample cuvette, naloxone
was injected in the bilayems composed of
DPPC and 1 mol % CS at 39.9#{176}.The results
of this experiment are shown in 4B; nalox-
one depolarized the dye within 20 seconds.

To show that fluidizing agents could af-
fect bilayers composed of the crude mito-
chondrial lipids, various amounts of ethanol
were injected. The results of this experi-
ment are shown in Fig. 4C. As little as 1%
ethanol decreased the polarization 4-5%,
and when 5% ethanol was added, a 12-13%
decrease was observed.

DISCUSSION

The primary goal of this work was to

determine whether an endogenous lipid,
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FIG. 4. Fluorescence polarization (P) of crude mitochondrial l�pids or 500 �tM DPPC + CS in the presence

ofopiates

Fluorescence polarization of 0.75 uM DPH in 100 mM sodium phosphate buffer, pH 7.4, incorporated into

lipid bilayers (A) composed of crude mitochondrial lipids (100 .tM with respect to total lipid phosphorus) at 37#{176}

while 1 mM morphine was injected into sample cuvette, (B) composed of 500 �tM DPPC and 1 mol % CS at 39.9#{176}

while 1 mM naloxone was injected, and (C) composed of crude mitochondrial lipid (100 .iM with respect to total

lipid phosphorus) at 37#{176}while 1% and 5% (v/v) of ethanol were injected into the sample cuvette.
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CS, which has been implicated in opiate

activity, could make lipid membranes me-
sponsive to possible fluidizing effects of opi-
ates at pharmacologically reasonable con-
centrations. In our various attempts at this
problem, we found no evidence that opiate

agonists or antagonists interacted with CS
to increase lipid membrane fluidity at phar-
macological concentrations. Very high con-
centrations of certain opiate agonists and

antagonists lowered the phase transition
temperatures of bilayens due to the pres-

ence of CS; however, these effects were not
correlated with the analgesic activity of the
drugs. Our results, therefore, suggest that

opiates do not interact with CS to cause an
increase in lipid membrane fluidity. This

conclusion, of course, does not exclude the
possibility that some opiate-CS interaction
occurs that may then affect protein(s) in
such a way that lipid membrane fluidity is
altered.

To our knowledge, there have been only
two reports examining the effect of opiates
on lipid membrane fluidity, one by Hosein

et al. (12) and one by Cater et al. (28).
Hosein and his associates, using DCS of
crude mitochondrial lipids from control and
morphine-treated rats, observed that mom-
phine treatment caused a decrease in the

temperature range and enthalpy of the

phase transition. This effect was dose de-
pendent and reversible both in vivo and in

vitro by naloxone. Moreover, the ether pre-
cipitable fraction of total lipid extract was
required for the opiate effect. They con-
cluded that morphine disrupts the packing

of the lipids and, thus, increases the lipid
fluidity.

When we attempted to repeat their in

vitro experiments by monitoring the mobil-
ity of a fluorescent membrane probe, DPH,
incorporated into the membranes, no

changes in mobility of DPH were observed
even when as much as 1 nmi morphine was
added. These findings indicated no increase
in lipid fluidity. One explanation for the
discrepancy between our results and those
of Hosein et al. is that the phase changes

observed by Hosein et al. are due to
changes in the melting of proteins or pro-
teins interacting with lipids, and not to the
melting of the bulk hydrocarbon regions of

lipid. Another explanation would be that

we did not add enough morphine. The con-

centration of morphine in their in vitro

experiments was somewhere between 25
and 50 mM (depending on the final volume);
concentrations not obtainable with our ex-

perimental protocol. The fact that in their
in vivo experiments morphine had appar-
ently the same effect as the in vitro exper-
iments may have been due to the induction

of some long term change in the receptor
conformation unrelated to the in vitro ef-

fects seen only at extremely high concen-
trations of morphine. If the results of Hos-
em et al. are only obtainable at extremely

high concentrations of morphine, the rele-
vance of their work to the analgesic activity
of opiates must be questioned, since the

ED� concentration of morphine in the
brain is about 0.3 jiM (29). Cater et al. (28)
examined the effect of opiate agonists and
antagonists on phosphatidylcholine-water
model membranes using DSC, NMR and

ESR. Their results were consistent with
ours insofar as they observed that mor-
phine had no marked effect on the fluidity

of the phosphatidylcholine bilayems and
while other opiate agonists and antagonists
alter the lipid fluidity, this action was not
related to their analgesic activity.
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