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The conditions to increase the sensitivities of liposomes to odorants ~ere examined. The results obtained are as 
follows. (I) The minimum concentration of amyl acetate to induce the membrane potential changes (threshold) in 
phosphatidylcholine (PC) liposomes was about 10 -4 M and addition of 10 or 20c~ phospatidylserine (PS) lowered the 
threshold to about l0 -9 M, which was lower than the thresholds for amyl acetate in the turtle and frog olfactory 
systems. (2) Similar to amyl acetate, addition of PS to PC greatly lowered the threshold for ~-ionone. On the other 
hand, addition of PS to PC in certain ratio increased the threshold flw citral, suggesting that addition of PS to PC does 
not always increase the responses to all odorants. (3) The membrane fluidi~ change of the liposomes in response to 
odorants occurred at similar concentration regio;' where the membrane potential changes occiicced. The presence o[ 
CaClz in external solution much greatly increased both the magnitude of the membrane potential changes and the 
membrane fluidity changes of the PC-PS liposomes in response to amyl acetate than the presence of NaCI and MRCI z- 
These results suggest that the membrane fluidity change is related to generation of the membrane potential change. (4) 
It was estimated that adsorption of less than a few molecules of amyl acetate on single liposome elicits detectable 
changes in the membrane potential and the membrane fluidiU'. 

Introduction 

Recently there has been an increased demand for 
chemical sensors in various fields. In living systems, the 
olfactory cells are the most typical chemical sensor. 
They sense multifarious substances with extremely high 
sensitivity and discriminate such multifarious sub- 
stances. Elucidation of the receptor mechanisms in 
olfactory systems is valuable for the development of a 
new type of chemical sensors. 

It has been postulated that olfactory cells have 
specific receptor proteins for odorants. A number of 
binding proteins for certain odorants have been isolated 
[1-3], but no protein was verified to be a true receptor 
protein. On the other hand, various odorants were found 
to activate adenylate cyclase in frog olfactory cilia [4,5t, 
which suggested that there exist specific receptor pro- 
teins coupled to the GTP-binding protein. It was, how- 
ever, reported that the same odorants that activate the 
olfactory adenylate cyclase activate adenylate cyclase in 
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frog melanocytes, which are of course unrelated to 
olfactory cells, at similar concentrations [6}. Hence 
activation of adenylate cyclase by odorants does not 
always support existence of specific receptor proteins 
[7]. It was proposed that both mechanisms via cyclic 
AMP [4,8t and not via cyclic AMP [9-i 11 are involved 
in olfactory transduction. 

The responses to odorants are seen not only in olfac- 
tory systems but also in nonolfactory systems such as 
the turtle trigeminal nerve [12], the Helix ganglion [13], 
the fly taste nerve [14], the frog taste cells [15] and the 
neuroblastoma cells [16,17]. These nonolfactory systems 
do not seem to provide specific receptor proteins for 
odorants, which suggests that specific receptor proteiv, s 
are not required for odor reception in these systems. In 
previous papers [18-20], we showed that liposomes made 
of azolectin are depolarized by various odorants. The 
sensitivity of the liposomes to odorants was, however, 
much less than that in olfactory systems. In the present 
paper, we show that liposomes having certain lipid 
composition respond to certain odorants with high 
sensitivity comparable to that of olfactory systems. 

Materials and Methods 

Material~ 
The sources for the reagents used are as follows: egg 

phosphatidylcholine (PC), Nippon Oil and Fats Co. 



(Tokyo); bovine brain phosphatidylserine (PS) and 
valinomycin. Sigma Chemical Co. (St. Louis}; 3,3',-di- 
propyhhiocarbocyanine iodide (diS-C3(5)), Nihon Sen- 
sitive Dye Laboratories Co. (Okayama): cholesteryl 
anthracene-9-carboxylate (CA). Molecular Probes 
(Junct,on Cityl. Odorants used were of the best grade 
available and dissolved in ethanol. 

Preparation of liposomes 
Unilamellar liposomes were prepared as described 

previously [18]. 200 mM mannitol solution containing 
0.1 mM NaCi was used as an internal solution for the 
liposomes throughout the present study. 100 mM NaCI, 
2 mM CaCI 2 or 2 mM MgCI 2 solution was used as an 
external solution. Difference in osmotic pressure be- 
tween the internal and external water phases was com- 
pensated by adding mannitol of proper concentration to 
external solutions. Liposomes used in the experiments 
for Fig. 2 were prepared in a solution containing 99 mM 
KCI and 1 mM NaCI. The phospholipid concentration 
was determined by measuring phosphorus content [21]. 

Meas,~lrement of membrane potential changes 
Changes in the membrane potential in response to 

odorants were monitored by measuring changes in the 
fluorescence intensity of diS-C:d5) as described previ- 
ously [18]. The change in the fluorescence intensity 
(AF) is defined as AF(%)= 100( F - F,, ) /F  o where F 
and F,, represent the fluorescence intensity in the pres- 
ence and absence of odorants, respectively. The temper- 
ature was maintained at 30°C by circulating water 
thcough the cuvette holder of the photometer. It is 
noted that addition of any odorant to the dye solution 
in the absence of liposomes did not affect the fluores- 
cence of the dye. 

it was confirmed in a previous paper [18] that the 
fluorescence changes of diS-C3(5) in response to 
odorants in neuroblastoma cells-the dye suspension are 
closely related to the membrane potential changes of 
the ceils measured with a microelectrode. 

Measurement of fluorescence polarization 
The polarization of the CA fluorescence in the lipo- 

somes was measured by a method similar to that em- 
ployed for 1.6-diphenyl-l,3,5-hexatriene [18]. The polar- 
ization of the CA fluorescence in liposomes was mea- 
sured as follows: 5/.tI of tetrahydrofuran solution of CA 
was added to 2 ml of liposome suspensions. Tetrahydro- 
furan itself of the concentration used here did not bring 
about any effect both on the fluorescence intensity of 
diS-C3(5)-Iiposomes suspension and the fluorescence 
polarization of CA-liposome suspensions. After the 
dye-liposome suspensions were stirred for 20 min at 
30°C, the polarization was measured. The final con- 
centrations of phospholipids and the dye were 50 and 
0.63 ~M, respectively. The temperature was maintained 

at 30°C by circulating water through the cuvette holder 
of the photometer. The degree of polarization was 
calculated as P = (/11 - 1~ )/( Ill + / j .  ). Here, 1, and 1± 
stand for the fluorescence intensity parallel to and that 
perpendicular to the plane of polarization of the excita- 
tion beam, respectively. The average P value + S.E. of 
PC and PC-PS liposomes in the absence of an odorant 
was 0.055 + 0.001 and there was no essential difference 
between PC and PC-PS liposomes. The emission of CA 
was excited at 386 nm and monitored at 464 nm. 

Measurement of si:e distribution of liposomes 
The size distributions of liposomes composed of PC 

and PS (PS/PC = 0.2) were determined by quasi-elastic 
light scattering analysis, performed utilizing a Nicomp 
Model 370 Laser Particle Sizer with a 5 mW Helium- 
Neon Laser at an exciting wavelength of 632.8 nm [22]. 
Quasi-elastic light scattering, also referred to as dy- 
namic light scattering or photon correlation spec- 
troscopy, employed digital autocorrelation to analyze 
the fluctuations in scattering light intensity generated 
by the diffusion of vesicles in solution. The measured 
diffusion coefficient was used to obtain the average 
hydrodynamic radius and hence the mean diameter of 
the vesicles. 

The size distributions of liposomes were also de- 
termined by scanning electron microscope. The lipo- 
somes were fixed according to the method employed by 
Ishii et al. [23]. The fixed liposomes were viewed in the 
scanning electron microscope {S-430, Hitachi). 

Results and Discussion 

Fig. 1 shows the responses of liposomes containing 
PC and PS in different ratios to various odorants. Here 
100 mM NaCI solution is used as an external solution. 
The sensitivity of liposomes to odorants varies with 
species of odorants. The minimum concentration of 
amyl acetate to induce the response (referred to as 
threshold) in the PC liposomes is about 10 -4 M. Ad- 
dition of 10 or 20% PS lowers the threshold to about 
10 -9 M and increases the magnitude of the response. 
Similar to amyl acetate, addition of PS to PC greatly 
lowers the threshold for fl-ionone and increases the 
magnitude of the response. On the other hand, the 
effects of addition of PS on the response to citral are 
not simple; the order of '.he magnitude of the response 
to citral at equimolar is PS/PC = 0.1 > PC > PS/PC = 
0.2 > PS/PC = 0.05. Thus addition of PS to PC does 
not always increase the responses to all odorants. 

In order to confirm that the fluorescence change of 
diS-CdS) reflects the membrane potential change of the 
present system, KCI concentration in external medium 
for the liposome (PS/PC = 0.2) was changed in the 
presence of 5 .10- i t  M valinomycin and the fluores- 
cence change was measured. Fig. 2A shows that A F 
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Fig. I. Changes in the fluorescence intensity (~  F )  of diS-C~(5) added 
to suspension of liposon;es composed of PC and PS in different ratios 
as a function of concentration of amyl acetate (A), B-ionone (B) and 
citral (C). Each point is the mean value_+ S.E. of data obtained from 
at least fnur preparations. L PC; ,',. PS/PC = 0.05; II, PS/PC = 0.1; 

o,  PS/PC = 0.2. 

value is linearly changed with logarithmic concentration 
of KCi, suggesting that the fluorescence change well 
reflects the membrane potential change. Fig. 2B shows 
the fluorescence change of the dye-liposomes in the 
presence of valinomycin in response to amyl acetate of 
varying concentrations when a solution containing 10 
mM KCI and 90 mM NaC1 is used as an external 
solution, The concentration-response curve shown in 
Fig. 2B (solid line) is essentially similar to that shown in 
Fig. IA (dotted line), although the magnitude of the 

response under this condition.', is a little lower than that 
in Fig. IA :~t cquimolar concentration. 

Fig. 3A end B .show effects of CaCI, on the re- 
sponges of the tiposomcs to odorants. The responses of 
the P(" liposornes to amyl acetate or cilral in the pres- 
ence of 2 mM Ca( l ,  are a little larger or smaller than 
respective responses in the presence of 100 mM NaCI. 
The response,, of the PC-PS liposomes (PS/PC = 0.2) to 
both odorants are remarkably enhanced by the presence 
of CaCI,. In Fig. 4. the magnitude of the response of 
the PC-PS liposomes to amyl acetate is plotted as a 

function of Ca(1,  concentration. The response is in- 
creased with an increase of CaCI, and reaches a satura- 
tion level at about 2 raM. Fig. 3C and D slaows the 
effect of MgCI? on the responses of the liposomes. The 
respon:¢c.,, of the PC liposomes to amyl acetate in lh¢ 
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Fig. 2 Changes in the fluorescence intensity (,SF) of diS-C~(5) added 
to :.,u.spem, ion of liposomes ( P S / P (  TM 0.2) containing 5-10 tl M 
',:zlim~m','cin as a function of KCt concentration in external medi,lm 
where total sail ~:oncentration of KCI and NaCI was kept const,;t,~ 
(10() raM) (A) and as a function of concentration of amyl :.lCel;tte 
when a ~olution containing 10 mM KCI and 90 mM NaCI is used as 
an external ~,olution (,q). The ~ipo.~omes were prepared in a solution 
containing q9 mM KCI and I mM NaCI. In (A). the J F  value is 
defined a~ J F ( q ) = I 0 0 ( F - F , ) / I . ~  where F and F, represent the 
fluorescence inten.~it~ ~ in solutions containing various concentrations 
of Kt.'l :md a solution containing 99 mM KCI and i mM NuCI tthc 
same ~olution u.,, the internal solution), respectively. In (Bk ..IF is 
defined as descrihed in Materials :rod Methods. Dolled line shows the 
cur~,e ,,hown in Fig. IA, Each point is the mc~m value+S.E, of data 

obtained from four preparations. 
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Fig. 3. Effects of 2 mM ('aCI, and 2 mM MgCI_~ on the response of liposomes to odorants. (. n,:ne, es in the fluorescence intensity (AF)  of diS-C~(5) 
added to suspension of the PC and the PC-PS (PS/PC = 0.2) liposomes are plotted as a function of concentration of amy] acetate (A, C) and citrat 
¢B, 1)). A solution containing 2 mM CaCI, and 194 mM mannitol (A, B) and that containing 2 mM MgClz and 194 mM mannitol (C. D) were 
u~cd its external solutions. Each point is the mean value__. S,E, of data obtained from at least fnur preparations. Data in the presence of 100 mM 

NaCI represented by dashed line ( . . . . . .  , PC: . . . . .  , PS/PC = 0.2) are taken from Fig. 1. O. PC: o ,  PC-PS. 

presence of M~Ci z are a little larger than those in the 
presence of NaCI. while those of the PC-PS liposomes 
are decreased by the presence of MgCI~. The responses 
of both liposomes to citral are a little increased by the 
presence of MgCI_,. Thus the results shown in Fig. 3 
demonstrate that among NaCI, CaCI,_ and MgCI,, only 
CaCI 2 remarkably enhances the response of the PC-PS 
liposomes to the odorants. 

The membrane fluidity changes in response to amyl 
acetate were examined by measuring fluorescence polar- 
ization of CA in the liposomes. Fig. 5 represents the 
membrane fluidity changes of the liposomes as a func- 
tion of concentration of amyl acetate. The membrane 
fluidity of the PC and the PC-PS Iiposomes in the 
presence of 100 mM NaCI (Fig. 5A) starts to be changed 
around 10 '~ and 10 ~ M, respectively, Thus the con- 
centration region of amyl acetate where the membrane 
fluidity changes of the PC-PS liposomes occur is close 
to the region where the membrane potential changes 
occur, although the membrane potential changes of the 
PC liposomes occur at a little lower concentration of 
amyl acetate than the membrane potential changes (see 
Fig. 1A). In the presence of 2 mM CaCI, (Fig. 5B) and 
2 mM MgCI., (Fig. 5C). there is also close relation 
between the membrane fluidity and the membrane 
potential changes (~ee Fig. 3A and C). The membrane 
fluidity changes in the presence of CaCI, are much 
larger than those in the presence of NaCI or MgCI,_ 
(note that the scale in the ordinate for Fig. 5B is larger 

than that for Fig. 5A or 5C). As shown in Fig. 5, the 
membrane potential changes in the presence of CaCI 2 
are much larger than those in the presence of NaCI or 
MgCI 2. These correlation between the membrane fluid- 
ity and the membrane potential changes suggests that 
the membrane fluidity changes are related to generation 
of the membrane potential changes. Ohnishi and lto 
[24] examined the effects of ions on PS-PC membranes 
using PC spin labels and demonstrated that Ca ion 
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Fig, 4. Changes in the fluorescence intensity (d F)  of diS-Cd5) added 
to suspension of the PC-PS (PS/PC = 0,2) liposomes in response to 
tO ¢' M amyl acetate as a function of CaCI: concentrations. Each 
point is the mean value!S.E, of data obtained from at least four 
preparations. The osmotic pressure of CaCI2 solution was kept con- 

slant by addition of mannitol. 
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Fig. 5. Changes in relative polarization value (P/P,,) of the CA 
fluorescence in the presence of the PC (O) and the PC-PS tPS/PS = 
0.2) (o) liposomes as a function of concentrations of amyl acetate. P,, 
and P represent the polarization in the absence and presence of amyl 
acetate, respectively. 100 mM NaCI solution (A), 2 mM CaCI, solu- 
tion (BI and 2 mM MgCI 2 solution (C) were used as external 
solutions. Mannitol was added to external solution to adjust osmolar- 
ity constant. Each point in the figure represents the mean value +_ S.E. 

of data obtained from at least four preparations. 

induces phase separation of PS-PC bilayer membranes 
into a solid phase of PS aggregates bridged by Ca 
chelation and a fluid phase of PC molecules, whereas 
Mg ion is ineffective. Comparison of the data reported 
by Ohnishi and lto [24] with the present results indi- 
cates that the effects of Ca and Mg ions on the phase 
separation and the clustering in PS-PC membranes re- 
semble those of these ions on the membrane potential 
changes in response to odorants. Hence the phase ~ep- 
aration and the clustering of the membranes seem to be 
related to enhancement of the sensitivity of the mere- 

branes to t~dorants, although exact mechanism ~f the 
enhancement of the .~ensitivity to odorae, t.~ b~ addition 
of PS to PC i~ still unknown. 

[he (,][actor~,' thresholds for amyl acetale were de- 
tcrminedtobclO 4 M for the fr~g [16] and lO 7 M for 
the turtle [25'] whose olfactory sensitivity is comparable 
to that of the deg [26]. Hence the threshold of the 
PC-PS liposomcs (PS/PC = 02) to amyl acetate is con~- 
parable to ,+r ]ov+er than the olfactory thresholds in 
these animals. 

The average diameter of the PC+PS liposomes 
(PS/PC = 0.2) was determined to be 65 +_ 0.14 (mean __ 
S,E.. n = 35,000) am by light scattering and 56 ± 0+46 
(mean _+ S.E, n = 1900) nm by scanning electron mi- 
croscope. It wits estimated from the data reported by 
Huang and Mason [27] that single liposome having 
diameter of 65 nm is composed of 25000-34000 mole- 
cules of phospholipids. The concentration of th~ lipids 
used in the present study was 50 v,M and hence num- 
bers of the liposomes in a cuvette containing 2 ml were 
calculated to he 1.7-2.3, 10 ~:, although this was ap- 
proximate estimation. "[he minimum concentrations of 
amvl acetate to induce changes in the membrane poten- 
tial or the membrane fluidity in the PC-PS liposomes 
are between 10 " and 10 s M. The numbers of amyl 
acetate molecules in 2 ml are between 1.2.10 ~2 and 
1.2.10 L~. Heoce this calculation suggests that adsorp- 
tion of less than a few molecules of amyl acetate on 
single lipos~;mc ~licits detectable changes in the mem- 
brane potential and the membrane fluidity. 

In the previotts studies [18,19], we demonstrated that 
the specificity of liposomes to odorants is greatly depen- 
dent on the lipid composition and proposed that qnality 
of odor is discriminated by postulating that composi- 
tion of lipids and proteins of each olfactory cell mem- 
brane is different from cell to ceil. This idea was sup- 
ported by the present results; e.g., the PC-PS liposomes 
(PS/PC = 0.2) respond sensitively to amyl acetate and 

less sensitively to citral, while the PC liposomes respond 
sensitively to citral and less sensitively to amyl acetate 
as shown in Fig. 1. Detail analysis of the adsorption 
sites for various odorants in lipid membranes was car- 
ried out using wtrious fluorescence dyes which monitor 
the membrane fluidity changes in different regions of 
the membrane and it was shown that different odorants 
are adsorbed on different regions in the membranes 
having complex lipid composition while different 
odorants are adsorbed on similar region in the mem- 
branes having simple lipid composition [28]. These re- 
suits suggested that odorants are adsorbed on hydro- 
phobic spaces between lipids. 

PS has a negative charge, but incorporation of nega- 
ti,,e lipids such as phosphatidic acid (PA) or cardiolipin 
(CLI into PC liposomes did not bring about appreciable 
enhancement of the response to amyl acetate: the re- 
sponse of PA/PC = 0.2 liposc~mes to amyl acetate was 



only slightly larger than that of PC liposomes at 
equimolar concentration of amyl acetate and that of 
( ' L / P C =  o.1 liposomes was smaller than that of PC 

liposomes. Hence the negative charge itseif of PS does 

not contribute to enhancement of the response to amyl 
•'tcetate. As shown above, there is close relation between 
the membrane potential changes and the membrane 
fluidity changes in response to odorants. Hence, it seems 
that PC-PS tiposomes exhibit high sensitivity to amyl 
acetate because structure changes of liposomes are easily 

induced by amyl acetate, Easiness of structural changes 

of liposomes in response to odorants depends on vari- 
ous factors such as species of odorants, lipid composi- 
tion. or ionic environment, and hence the sensitivity of 
the membrane potential changes of liposomes to 
odorants also seems to depend on these factors, 

In general, the membrane potential is composed of 

two phase boundary potentials at both sides of the 
membrane and diffusion potential of ions within the 
membrane [29,30]. In the membrane system having high 
permeability for ions, where ions within the membrane 
phase easily reach an equilibrium state, changes in the 
phase boundary potential are canceled out by changes 
in the diffusion potential within the membrane [31,321 , 

and hence the changes in the phase boundary potential 
do not lead to the membrane potential changes tinder 

the equilibrium conditions. In the membrane system 
having low ionic permeability, the ion distribution within 
the rnembrane does not easily change in response to 
changes in the phase boundary potential; the diffusion 
potential to cancel the changes in the phase boundary 

potential is not easily produced [31,32]. Hence the 

change in the phase boundary potential leads to the 
membrane potential change. This type of the membrane 
potential is produced only in the nonequilibrium state 
[331. This mechanism is applicable to the lipid mem- 
branes. In fact. the membrane potential changes of the 

liposomes or the planar lipid bil:lycr induced by hydro- 

phobic substances such as odorants [18,20] or bitter 

substances [34] occurred when there is no ion gradient 
across the membranes, indicating that the membrane 

potential changes in response to the hydrophobic sub- 

stances stem from the phase boundary potential. The 
magnitude of the fluorescence change of the liposomes 
containing valinomycin in response to amyl acetate is a 

little smaller than that containing no valinomycin (Fig, 

2B). This seems to be because valinomycin increases 
permeability of potassium ion. 
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