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Summary 

The phase transition temperature (Tt) of  dipalmitoyl phosphatidic acid 
multilamellar liposomes is depressed 10°C by the inhalation anesthetic 
methoxyflurane at a concentration of 100 mmol/mol  lipid. Application of 
100 atm of  helium pressure to pure phosphatidic acid liposomes increased 
T t only 1.5°C. However, application of  100 atm helium pressure to 
dipalmitoyl phosphatidic acid lipsomes containing 100 mmol  methoxyflurane/ 
tool lipid almost completely antagonized the effect of the anesthetic. A non- 
linear pressure effect is observed. In a previous study, a concentration of 
60 mmol  methoxyflurane/mol dipalmitoyl phosphatidylcholine depressed T t 
only 1.5 ° C, exhibiting a linear pressure effect. The completely different be- 
havior in the charged membrane is best explained by extrusion of the anesthet- 
ic from the lipid phase. 

Anesthetic agents have been shown to depress the phase transition tem- 
perature (Tt) of pure phospholipid bilayers using the techniques of  electron 
paramagnetic resonance (EPR) [1] ,  fluorescence polarization [2],  dilatometry 
[3] and calorimetry [4,5].  Similarly, application of high-pressure helium has 
been shown to raise T t of pure phospholipids using EPR techniques [6]. The 
effects of inhalation anesthetics and pressure were shown to be antagonistic 
in these systems: when an amount  of  pressure sufficient to raise the T t of 
dipalmitoyl phosphatidylcholine 2°C was applied to a suspension containing 
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sufficient inhalation anesthetic to cause an equivalent depression of/Tt, a phase 
transition curve like that of the unmodified control was obtained. The antago- 
nistic effect appears to be due to a reorganization of the bilayer components 
around the contained anesthetic rather than to expulsion of the anesthetic 
molecule from the bilayer [7,8]. 

The existence of high concentrations of negative phospholipids in nerve 
membranes [9] and the polypeptide-induced phase separations in phosphatidic- 
acid bilayers [10] suggested that it would be important to study pressure-anes- 
thetic antagonism on T t of phosphatidic acid liposomes. Dipalmitoyl 
phosphatidic acid (Sigma) was tested for purity by thin-layer chomatography. 
20 mg dipalmitoyl phosphatidic acid were dispersed in 8 ml of a 300 mM sodi- 
um borate buffer (pH 9.0) by sonication with a microtip for 3 rain at 55°C. 
To this dispersion, 7 pl methoxyflurane were added at 55°C in a closed 
vessel with vortexing to obtain a concentration of 100 mmol/mol phosphatidic 
acid based on a lipid/water partition coefficient of 20. The resulting suspension 
was centrifuged at 1000 X g for 5 rain to obtain a 0 4 ml pellet of multilameUar 
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liposomes. To this pellet, 30 pl of 3 10- M 2,2,5,5,-tetramethylpiperidine-1- 
oxyl (TEMPO) were added to obtain a final concentration of 2.25 • 10 -~ M. 
10 pl of this pellet were injected into a pressurizable 1 mm inner diameter 
quartz EPR sample cell. This method of handling anesthetic-treated dispersions 
has been shown not to result in reduction of anesthetic concentration. The 
spectra were measured on a Varian E-104A EPR with on-line digitized record- 
ing and curve-fitting using a DEC PDP-11/03 computer. The transition tem- 
peratures were derived from partitioning of the spin probe as described by 
McConnell et al. [11].  
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Fig. 1. Pressure-dependent phase transdtion curves of d ipa lml toy l  phosphat idlc  acid bilayers (DPPA) 
in the  presence and abrenee of the inhala t ion  anesthet/c methoxyf lu rane  (100 m m o l h n o l  lipid). Note 
the  asymmetr ic  change in the phase t ransi t ion tempera ture  with inereasins hel ium pressure. 
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The effect of pressure on pure dipalmitoyl phosphatidic acid lipsosomes 
and on liposomes containing 100 mmol methoxyflurane/mol phosphatidic 
acid is shown in Fig. 1. Application of 100 atm helium pressure to the pure 
phosphatidic acid dispersion resulted in a 1.5°C increase in T t. Addition of 
100 mmol methoxyflurane under atmospheric pressure leads to a 10 ° C depres. 
sion of the T t. The lipid order-disorder phase transition is broadened, thus 
demonstrating a loss of cooperativity greater than that observed in previous 
experiments on uncharged phosphatidylcholine bilayers. Moreover, the 
fluidity of the membrane is increased below the phase transition temperature 
as demonstrated by the uptake of the spin label. Application of 100 atm 
helium pressure on the anesthetic-containing membrane almost completely 
antagonized the disordering effect of methoxyflurane. The fluidity parameter, 
F below the lipid phase transition, the phase transition temperature as well 
as the cooperativity of the transition, approach t h a t o f  the control at atmo- 
spheric pressure without anesthetic (Fig. 1). 

Fig. 2 demonstrates the change in T t of dipalmitoyl phosphatidic acid 
membranes in the presence and absence of methoxyflurane. The results are 
compared to earlier results on pure dipaimitoyl phosphatidylcholine mem- 
branes and on dipalmitoyl phosphatidylcholine bilayers containing 4 reel% 
phosphatidic acid from Ref. 1. In the case of pure phosphatidic acid bilayers 
we observed a small linear 1.5 ° C increase in T t by application of 100 atm heli- 
um pressure. This change is only 50% of that observed in phosphatidylcholine 
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Fig, 2. Change in phsse trsmdtion temperature of  dipaimitoyl phogpha#dic acid bilayers in the presence 
and absence of methoxyflurane.  Curves b, ¢ and d are zeplottod from Ref. 1 for comparison, a; • 
Dipah'nttoyl phosphatidl¢ avid bihtyers con'tJ.a~R a lOG mmol  mothoxyf tu .w~e  per  mol lipid, b; 
Dimyrlstoyl phosphatldylehollne blhtyers plus methoxyflurane (S0 retool/tool lipid), e; Pure dipslmitoyl 
photphatidylchonne bflayere, d; B118y0rs of  dip~lmlto¥1 phospha#dylchonne bonWkSln8 5 mol% 
dipAlmttoyl phosphatidic avid. e; Pure dipglmitoyl phosphstidie mild b f l l v m .  

bflayers. An asymmetric antagonistic effect of pressure is observed in anes- 
thetic-containing phosphatidic acid membranes (curve a, Fig. 2). 50 atm 
pressure raises the anesthetic<iepressed phase transition temperature by 8.5 ° C, 
there is a further elevation in T t of only 1.5°C upon i n c ~ g  ~ pressure to 
100 atm. At P ~ 50 atm, the slope of curve a is about the same as that oh- 
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served for pure phosphatidic acid membranes (curve e, Fig. 2) over the whole 
pressure range. 

The 10°C depression in the dipalmitoyl phosphatidic acid bilayers caused 
by methoxyflurane suggests that the high packing density [12] of this surface 
charged bilayer may make it especially susceptible to anesthetic-induced dis- 
order. The elevation to T t of pure dipalmitoyl phosphatidic acid bilayers 
caused by 100 atm of helium pressure is only half of that caused in a similar 
system of phosphatidylcholine membranes [ 1 ]. This indicates that the more 
condensed charged bilayer has a low compressibility. The result obtained sug- 
gests two conclusions: (1) the anesthetic-disordered phosphatidic acid bilayer 
has a much higher compressibility than the pure one; and (2) the application 
of pressure to anesthetic-disordered bilayers results in extrusion of the anes- 
thetic in the case of phosphatidic acid but not in phosphatidylcholine mem- 
branes. 

These conclusions are supported by the following arguments. (1) The 
change in T t of the anesthetic<lisordered phosphatidic acid bilayer as a func- 
tion of temperature is asymmetric with a greater effect at low pressure. This 
non-linearity is best explained as a gradual decrease in the compressibility 
(d V/dP) of the anesthetic-disordered bilayer as a function of pressure. At high 
pressure (P > 50 atm) the compressibility begins to approach that of the pure 
phosphatidic acid bilayer indicated by the equivalent slopes of curves a and e 
in Fig. 2. (2) Application of 100 atm helium pressure to phosphatidic acid 
membranes containing the anesthetic yields a phase transition curve of about 
the same transition width, and therefore of the same cooperativity, as that of 
the pure control. 

In previous studies of anesthetic-disordered phosphatidylcholine bilayers, 
the fluidity measured in the gel phase below T t was always much higher than 
that of the control containing pure phosphatidylcholine membranes. Applica- 
tion of increasing pressure did not reduce the fluidity of the anesthetic-dis- 
ordered gel phase. In contrast, in Fig. 1 it is seen that the fluidity measured at 
30°C in the gel phase of dipalmitoyl phosphatidic acid bilayers after addition 
of 100 mmol methoxyflurane is high, but successive applications of helium 
pressure cause the fluidity at 30°C to decrease until it approaches that of the 
control phosphatidic acid bilayers. This could be explained if pressure ex- 
truded the anesthetic from the charged liposomes. 

Recent evidence has shown that phosphatidic acid membranes interact 
strongly with polymyxin, a positively charged peptide, leading to an expan- 
sion of the membrane and lowering of the lipid phase transition temperature 
by 30°C. A cooperative phase separation is observed [13]. In this study we 
have shown that liposome bilayers formed from dipalmitoyl phosphatidic acid 
are especially sensitive to anesthetic-induced disorder, the disordered phase 
has a higher d V/dP than the pure phase. In contrast to previous results in 
other phospholipid systems, the pressure antagonism is best explained by ex- 
trusion of the anesthetic from the lipid phase. These findings may be impor- 
tant to understanding anesthetic effects and pressure-anesthetic antagonism 
in the sodium channel and other proteins that are surrounded by high con- 
centrations of negatively-charged phospholipids [9]. 
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