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How Anesthetics, Neurotransmitters, and Antibiotics Influence the Relaxation Processes in
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We used pressure perturbation calorimetry to investigate the relaxation time scale after a jump into the melting
transition regime of artificial lipid membranes. This time is equivalent to the characteristic rate of domain
growth. The studies were performed on single-component large unilamellar and multilamellar vesicle systems
with and without the addition of small molecules such as general anesthetics, neurotransmitters, and antibiotics.
These drugs interact with membranes and affect melting points and profiles. In all systems, we found that
heat capacity and relaxation times are linearly related to each other in a simple manner, and we outline the
theoretical origin of this finding. Thus, the influence of a drug on the time scale of domain formation processes
can be understood on the basis of their influence on the heat capacity profile. This allows estimations of the
characteristic relaxation time scales in biological membranes.

Introduction related to the magnitude of the fluctuations in the enthalpy and
thereby to the fluctuations in domain siZés.

A whole variety of molecules like proteins, peptides, or other
small molecules influence melting transitions. The present view
of biological membranes sees them as being rather heteroge-
neoud? instead of being homogeneous fluids as suggested in
the fluid-mosaic model® Heterogeneities of biological mem-
"Branes due to lipid domain formation have been postulated for

Avrtificial 1-3 as well biological membran&$>display melting
transitions. The physiological temperature is at the upper edge
of the melting regime of biological membranes. It has been
suggested that these transitions are related to nerve palsés
to anesthesi&.Such transitions have been found for various
bacterial membranes and lung surfactant. They seem to be abse

in membranes with high cholesterol content as erythrocyte many year€® Domain formation has gained a wider interest

membranes. ) ) . . since the discussion about “raft¥22that have been suggested
In the melting regime, domains form due to the different 5 consist of liquid-ordered clusters of sphingolipids, cholesterol,
hydrophobic length of the ordered and disordered lipi#iEhe and some GPl-anchored proteins. Rafts are thought to be
melting events are obvious in calorimetric profiles where the j,yolved in trafficking processed.Domain formation in general
heat capacity is recordédt is well-known that the heat capacity s pelieved to trigger biochemical reaction cascades and to
is proportional to the fluctuations in the enthaldyFor influence enzyme activit§#-28
membrane vesicles, this means practically that in a dispersion 5 oine can form as a consequence of melting transitions.
with a large number of vesicles each vesicle displays an enthalpyA”e‘,ley in the 1970s, melting transitions were measured in
that slightly deviates from the average value. The mean square, yifica|23 and in biological membran&#® using differential

dev;]atu;]n of the er_1tha|p_3|£ from thﬁ mﬂean value is proporgonal scanning calorimetry. The increased fluctuations in the melting
to the heat capacity. Likewise, the fluctuations in membrane o qime of membranes are accompanied by changes in the time-

ybqllyme a(;e prqlportlonal to the |sotgermal dvo]I(ume r(]:ompmlresg- scales of the domain formation process. Studies on the kinetics
lbility, and similar statements can be made for other elastic phase transitions in artificial membranes mainly use tem-

constants like the area compressibility that is proportional to ; ;

the area fluctuations and thepbendin tyelasticit pthzft is propor- perature _and B Seure JUmp techmd&é@r% but also volume

; > ant 9, Y Propor- perturbatior#”-4! pH or ion concentration changé&uyltrasonic
tional to the fluctuations in curvatuté2°It has been proposed measurementd® and ac-calorimet were applied. The
that the permegb[l!ty of lipid membranes is proportional to the ,; her of relaxation processes in different studies varies from
area compressibility be_claause work has to be perform_e_d © one to five. Relaxation times in single-lipid membranes were
generate a hole_ or poté. T_herefore, also the permeablhty_ reported to lie in the range from ns to nffndepending on the

of membranes IS at a maximum close to the heat capacity experiment and the detection method. Most studies agreed on
maximum. The.flluctqatlons in enthalpy are directly related to slowing down of relaxation processes in the transition
the amount of I|p|_ds in the dlsord_ered state and thereby to th_e regimel7.30.32-34,38,39.43.444f¢ was also pointed out that maximum
total size of the disordered domains. Thus, the heat capacity iSg|axation times were observed at the transition midpoint. In
easily related to the fluctuations in the total domain size. These (4t 17 relaxation processes were connected to macroscopical

fluctuations possess a typical time scale that is the relaxation g, .yations, and it was shown that the relaxation times of the
time. It has been shown that the relaxation time is also directly cooperative processes and the heat capacity are connected in a
simple manner.
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antibiotics display a functional role in biological cells. The nitrogen or air stream. The sample was kept in a high vacuum
antibiotic gramicidin A is a hydrophobic, channel-forming desiccator overnight. The rest of the preparation equaled the
peptide?” Dimers of this peptide induce channels of an outer one of preparing suspensions of MLVs.

diameter of abotb A that is mainly permeable for monovalent Ca|0rimetry_ Differential Scanning Ca|orimetry (DSC) mea-
cations. Neurotransmitters are molecules which mainly occur gyrements were performed with a ¥BSC from Microcal

in the nerve system but can also be found in other parts of the(Northhampton/MA) using high feedback mode at a scan rate
body. They influence nerve pulse propagation and are either of 5 K/h if not indicated otherwise. A concentration of 10 mMm
inhibitory or excitatory. An example of an excitory neurotrans-  was used to measure the excess heat capacity profile of a sample
mitter is serotonin (5-hydroxytryptamine). Neurotransmitters girectly in the calorimeter cell and determining the transition
have been discussed to also act as anesttféthisesthesiais  enthalpy. In other cases, sample solutions were filled into self-

the state when pain, consciousness, or other sensations argyjit pressure cells (see below). In these cases, concentrations
blocked. General anesthetics such as 1-octanol or halothane (2y¢ ejther 40 or 50 mM were prepared. The capillary volume
bromo-2-chloro-1,1,1-trifluoroethane) lead to a reversible com- \y45 not exactly known, but with the knowledge of the transition
plete Ios§ of.con§C|ousness and sensation. The action of generaémhamy, we could determine absolute excess heat capacity
gnestheﬂcs is still not fully known. Theories favoring a dl|rect values. Heat capacity profiles of DMPC/gramicidin A mixtures
influence on protein function are at the moment favoted; were determined with scan rates of 1 K/h. Due to hysteresis
but lipid membrane mediated mechanisms are also discussedgffacts the scan rate has an influence on the temperature of the
Ueda and Yoshid claim that anesthetics action results from . avimum heat capacity. Curves were corrected correspondingly.

effects on both proteins and lipids and they consider the lipid/ 5ample solutions and buffer solutions were degassed for at least
water interface. Cant®t> relates anesthetic function to the 15 min pefore the calorimetric experiments to avoid measure-

influence of anesthetics on the lateral pressure profile of lipid \,ont artifacts arising from possibly evolving gas bubbles
membranes. Heimburg an ttribute anesthetic action . . o
embranes. Heimburg and Jacksrattribute anesthetic actio Pressure Perturbation Calorimetry. The same calorimeter

to the influence of anesthetics on the lipid membrane state. - . .
Petid i it d theti I disol was used for pressure perturbation calorimetry (PPC) experi-
. ip' (is_,ﬂneuro ran?n_]:j ers, gn aneft_ elcs a’t' 'Sp_l_?]y 4ments in the isothermal mode of the calorimeter. Measurements
signincant influénce on lipid membrane Melting transtlions. ThIS * o o) tions of MLVs were performed as previously descrided.

mgfgsligel?lc rr?jrisbrqalrj\fesnfgsezigzmlr;[ht(ra]isse Zoéicuzsffcnuég d he sample solution was filled into a self-built pressure capillary
P prop ) Paper, which can hold pressures up to 500 bar. This capillary was

82 iﬁilgkglizgsagi??gr?;i poimggggsn:gzirgéggd_mgbigt:;ﬁinserted into the sample cell of the calorimeter. The melting
extension of a previous study b Grabitzpand colléboraﬂtbrs transition regime shifts upon addition of hydrostatic pressure

- P y by . -~ by about 1 K/40 bar (see refs 56 and 57 with citations therein).
Relaxation processes are related to the cooperative fluctuations.; . .

L > . - “This is used to perturb the system. Pressure is controlled through

More specifically, it was shown that heat capacity and relaxation - ) . .
. - . . . addition or release of high-pressure nitrogen by opening and
times in pure lipid membranes are proportional functions. Here,

. - . - . " closing manual or solenoid pressure valves (Nova Swiss,
the study is extended toward lipid systems with the incorporation . .
: o Effretikon, Switzerland). The change of pressure occurs on a
of drugs. It will be shown that the addition of these molecules

does not change the linear relation between heat capacity ancggeesrg%ﬁs?;arzg%irlgg drgsr; ;:hargg':;gtéhcehg:g:zlﬁi;n é?:tﬂféd
relaxation times but systematically alters the details of the P &ﬂt . pprop P
relaxation process. allowed us to jump to different points of the phase coexistence

regime where domains started to form. Jumps into the transition
regime were either from below the transition40 bar; negative
pressure jump) or from above the transition (40 bar; positive
Sample Preparation. Lipids were purchased from Avanti  Pressure jump). In the first case, the signal is endothermic,
Polar Lipids (Birmingham/AL) and used without further puri- Whereas in the other case, it is exothermic. After a pressure
fication. All lipid samples were dissolved in a 10 mM Hepes change, the calorimeter needs to compensate the heat absorption
buffer with 1 mM EDTA at pH 7. Samples of multilamellar Or release to keep the sample temperature constant. This
vesicles (MLVs) were prepared by adding buffer to the lipid response contains information about the relaxation times of the
powder and stirring the solution above the main phase transition domain formation process. Representative calorimetric responses
temperature using a magnetic stirrer for at least 1 h. During after negative pressure jumps40 bar) are shown in the left
this time the lipid solution was vortexed at least three times. panel of Figure 1 (top). The curves are results after jumps to
Suspensions of large unilamellar vesicles (LUVs) were prepareddifferent points of the transition defined by different sample
using an Avestin extruder system (Avestin Europe GmbH, temperatures. The area below the curves, i.e., the total heat
Mannheim, Germany). Suspensions of MLVs were extruded at absorption of the lipid membranes during the equilibration
320.9 K using a filter with a pore size of 100 nm. DMPC/ process, increases the further one jumps through the transition
neurotransmitter systems were made by adding serotonin(here, increasing temperature). The normalized signals show that
(hydrochloride; Sigma-Aldrich Inc., St. Louis/MO) to the buffer the relaxation process occurs on different time scales (Figure
before dissolving the lipids in the buffer/neurotransmitter 1, bottom). A sample cell containing buffer solution also results
solution. In the case of DMPC/anesthetics solutions, 1-octanol in a characteristic response. This is the response function of
(Sigma-Aldrich Inc., St. Louis/MO) or halothane (2-bromo-2- the instrument. The observed calorimetric signal from the
chloro-1,1,1-trifluoroethane, Sigma-Aldrich Inc., St. Louis/MO) equilibration process is the convolution of the real signal (called
was added to the already prepared suspension of MLVs. Thethe “sample response”) with the instrument response function.
solution was stirred for another 30 min. DMPC/peptide mem- The response after a pressure jump always contained one small
brane systems were prepared by dissolving the DMPC lipids component that contains the perturbation of the pressure cell
and gramicidin A as a powder in organic solvent (dichlo- itself and small contributions from lipid membrane processes
romethane:methanol 2:1). After mixing both solutions, the lipid/ faster than the resolution of the instrument. The dominant part
gramicidin A solution was dried through heating and a light of the signal consists of a single exponentially decaying heat

Materials and Methods



13860 J. Phys. Chem. B, Vol. 111, No. 49, 2007 Seeger et al.

J Thermocouple Signal

60
—: original thermocouple signal
so4) : AT, instrument response
v
— Calorimeter Response :
= after jump to <
<
e
g
Pt
S
-]
=5

0 20 40 60 80 100 120
time [s] time [s]

Figure 1. Left: Representative calorimeter responses after a negative pressure jump. The curves were obtained after jumps to different temperatures
within the lipid melting transition of DMPC vesicles. The further one jumps through the transition (for negative pressure jumps the higher the
temperature) the bigger is the integrated heat absorption of the lipid membrane (left, upper panel). After normalization of the curves it can be seen
that they decay on different time scales (left, lower panel). Right: Representative temperature change after a positive pressure jump recorded by
a thin thermocouple. The total response is the sum of the response of the water filled capillary (instrument response) and the response from the lipid
sample (lipid response).

absorption or release from the lipid membranes after a perturba-higher or lower temperatures. The shift could be easily corrected

tion. Faster relaxation processes only contribute to a minor later. Below it will become obvious that a broadening of the

degree to the overall signal (see the discussion concerning Figurecurve means that relaxation times are influenced. The broaden-

6). The above method allows a time resolution of abot# 3. ing, however, was small so that the determination of relaxation
The relaxation times of lipid dispersions are related to the times was in the range of experimental error.

heat capacity. Broader melting profiles display smaller heat

capacity values in the transition. Under these conditions, faster Theory

relaxation processes are fouHdfor which the resolution of In an earlier paper from our laboratory, a theory of the

3-4 S may not be gqod_enough. Fpr this reason, a refined ;o axation times of lipids in the melting regime was derived on
expen_mental setup with increased tlme_ resol_utlon was ”Sedthe grounds of nonequilibrium thermodynami&ghis theory
espgc‘,lally for measurements on I,‘UV dispersion that display jaqe use of the experimental fact that enthalpy, volume and
melting peaks that are about 10 times broader than the MLV 5105 are proportional functions in this temperature regime.

transitions. We only performed positive pressure jumps. The tarefore perturbation of the lipid samples by temperature, bulk
pressure release or addition was controlled by two computer , |atera pressure results in the same relaxation process. It was

controlled solenoid valves (Nova Swiss, Effretikon, Switzer- ¢y, that one expects a proportional relation between relaxation
land), and the time scale of the pressure relaxation was faster; .« and excess heat capacity

than 90 ms. The pressure cell consisted of two capillaries instead 11,4 theory is based on the assumption that the distribution
of °”'¥ one. A K-thermocouple with a grounded hot junction enthalpy states at a given temperature can be described by a
of a diameter of 0.25 mm (Thermocoax, Stapelfeld, Germany) G,y ssjan distribution. This is correct when the system displays

was putinto the sample capillary of the pressure cell. Relaxation 5 ¢ontinyous transition that is neither of first-order nature nor
times were determined from a direct measurement of changes

. . X at a critical point

in temperature of the sample solution after the pressure jump.

The thermocouple signal was amplified by a Nanovolt Preamp o

model 1801 (Keithley Instruments Inc., Cleveland, OH) and P(H — [HD) =+/_e (1207 1)
recorded by a Keithley Multimeter 2001 (Keithley Instruments ovam

Inc., Cleveland, OH).

As in the case analyzing the calorimeter response the total
temperature change is seen as a convolution of the “instrument
response” and the “sample response”. This is displayed in the
right panel of Figure 1. The total temperature change (solid
curve) after a positive pressure jump can be divided into a
change due to the “instrument response” (dotted curve) and the 5
“lipid response” (dashed curve). The latter one is again modeled SH - H)~ — w (2)
by a convolution of a single exponentially decaying heat release 20°
of the lipid membrane and the instrument response. For details
we refer to refs 17 and 58. The contribution from the sample whereR is the gas constant.
cell (only filled with water) was subtracted from the total Throughout a melting transition, changes in area, volume,
temperature change, and only the remaining signal was analyzedand enthalpy are proportional, and therefore, one only finds one

Pressure perturbation calorimetry experiments were alwaysindependent fluctuation given by = H — [HO The thermo-
conducted on a few successive days. Melting profiles were dynamic force driving the lipid sample back to equilibrium (after
controlled after each measuring day. During these days heata perturbation) is given b} = dSd(H — [, and the flux of
capacity curves sometimes broadened slightly or shifted toward heat by = d(H — [HDV/dt. This is in fact the observable in our

whereH is the enthalpy[HOis the mean enthalpy, anef =
[H20— [H[@ is the variance. The Gibb’s free energy depends
logarithmical on this distributioR® G = RT In P. Using this,
one finds that the entrogycan be approximated as a harmonic
potential
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Figure 2. Heat capacity profiles of various multilamellar lipid dispersions in the presence of drugs. Left: DMPC plus various concentrations of

1-octanol. Center: DMPC plus different concentrations of serotonin Right: DMPC plus different concentrations of gramicidin A. In all three
panels the drugs broaden the lipid melting profile and shift it to lower temperatures.

calorimetric experiments. According to Onsa8ff! the flux 130
is proportional to the thermodynamics force. Therefore 200x10° - 55
—_— L
dH — HD R(H — HD o 150 20
et 2 ®) = a
g 100-| 1w
~~ d
using the phenomenological constanfThis leads to a simple = 10
differential equation that is solved by an exponential decay S 504 s
t = B B At
(H~ HD = (H — (D)o exg{ (4) 0 . . ——o
T 296.0 296.4 296.8 297.2
introducing the relaxation time Using the identityc, = (H — temperature [K]
HORT? = 0%/RT? (fluctuation theorem), one arrives at Figure 3. Heat capacity curve (solid curve) of a 50 mM multilamellar
DMPC sample and relaxation times (open circles and squares) obtained
T2 from pressure perturbation experiments on the same sample as measured
T= rcp ) by the calorimeter. The different markers refer to different experimental

situations where pressure is released (open circles) or added (open

. . squares). The change in relaxation times correlates nicely with the heat
whereT is the temperature. The constdnhas to be obtained capacity profile. The dashed line indicates the lower resolution limit

from experiments. For the details of the derivation, we refer to of the experiment (34 s).
ref 17. Note, however, that in the cited paper a factoRdf
was omitted in the derivation so that an unit error occurred. jmportant for large unilamellar membrane systems that display

This, however, does not change the message of the previousmajler heat capacities and broader transitions than multilamellar
paper that relaxation times and heat capacity are proportionalpreparations.

functions. First, we determined the influence of molecules such as
Result general anesthetics, neurotransmitters and antibiotics on the
esults melting behavior of lipid membranes by differential scanning

The nonequilibrium thermodynamics theory briefly outlined calorimetry. In Figure 2, the heat capacity profiles of 50 mM
above predicts a proportionality between heat capacity and multilamellar DMPC vesicles with different concentrations of
relaxation times for the cooperative processes with large excessl-octanol (left panel), serotonin (center panel), and gramicidin
heat capacity. Important for this prediction is the cooperative A (right panel) are displayed. The transition enthalpy of these
nature of the process rather than the chemical composition of systems was determined to be 21.5 kJ/mol. The general finding
the membrane. In ref 17, it is shown for different one component is that the addition of the respective molecules broadened the
lipid systems (MLV and LUV) and a DMPC/cholesterol mixture transition profile and shifted it to lower temperatures. The total
(MLV) that one finds a linear relationship between heat capacity melting enthalpy remains unaltered. In the following, we wanted
and relaxation times in pressure perturbation calorimetry. to understand in which way relaxation processes were influenced
Maximum relaxation times are up to about a minute and they in the respective systems.
are decreased by the addition of cholesterol in a manner closely In Figure 3, heat capacity profiles and relaxation times of a
related to the effect of cholesterol on the heat capacity profile. 50 mM DMPC (MLV) solution are displayed. The heat capacity
In the present study, we extended the range of the membranecurve shown is the same as in Figure 2. Relaxation times were
systems. In particular, we investigated the influence of small determined from measurements using the same lipid dispersion
drugs on domain formation processes and the related relaxatioras for the DSC scans. The melting transition profile of lipid
times. For this it was necessary to improve the time resolution membranes with increased pressure was shifted to higher
of our calorimetric relaxation measurements. The latter part is temperatures, whereas the shape of the profile was not influ-
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enced. Therefore, the relaxation time profiles obtained from 3 |
positive pressure jumps were temperature corrected Avitke 20){10 ggqu?ffga%{; V) + 15
—0.9K (open squares). Results from negative pressure jumps M 807
are given by open circles. The time resolution of the setup is S 60l —: Acp L1g
indicated by a dashed line. Relaxation times faster than this g c: )
experimental response time cannot be determined accurately. = 40 L5 =
Comparison of heat capacity and relaxation times shows the =~ ¢f* 20--------ssmmmmmmmmmmsmmoo oo dyennoooo oo

linear relation of these two functions. In the proximity of the < , 0
melting transition, relaxation processes slow down. The maxi-
mum relaxation time measured is about 3.5 s. With a ﬁo"ms“ gosmlrMDslzlrzgr(}i\:!‘V) * %
maximum heat capacity value of 232 kJ/mol K and the g 12047 ) 15
temperature at the transition midpoint of 296.77 K, we found a % 1004 __. Acp a
phenomenological constant (see eq 5) of (6.6.5) x 108 JK/ g ig“ o: = —IOZ
mol s. The previous experiment was performed while recording = 40:
the heat compensation of the calorimeter (with a time resolution 5 D — S
of about 4 s). Performing experiments on a new suspension of < 0 0
40 mM DMPC (MLV) and evaluating the temperature change 3 |
with the thermocouple inserted into the pressure cell (with a :0x10 f%mml%ﬁﬁgéxﬁx) X: M2
time resolution of about 0.3 s) after a positive pressure jump of & 6o 10
+15 bar yieldedL = (6.8 £ 0.3) x 1C® JK/mol s. BothL'’s =
obtained agree within error with each other. This demonstrates g 40
that our two different setups record the same time scales. -

. ) . . . 20

In the following, we investigated in which way other small S

molecules and peptides influence the relaxation behavior of lipid <€ 4]

membranes. Therefore, we performed experiments adding 2050 2955 2960  296.5 297.0  297.5
different concentrations of the anesthetic 1-octanol, the neu-

rotransmitter serotonin and the antibiotic gramicidin A to the temperature [K]

DMPC lipid membranes. As seen in Figure 2 these molecules Figure 4. Comparisons between heat capacity profiles (solid curves)
broadened the melting transition regime and shifted it to lower and relaxation times (open circles) of different multilamellar DMPC
temperatures. This has also an influence on the relaxationSyStems. Top: 50 mM DMPC plus 0.1 wt % 1-octanol. Center: 50

. L . mM DMPC plus 0.5 mM serotonin. Bottom: 50 mM DMPC plus 1.5
behavior of the lipid membranes. In Figure 4, measurements mM gramicidin. The drugs alter the temperature dependence of the

on the three different systems are displayed. Heat capacitypeat capacity and the magnitude and temperature dependence of the
profiles are taken from Figure 2. Results were obtained from relaxation times. The dashed line indicates the resolution limit of the

analyzing the calorimetric response after jumpsiaf0 bar. experiment (3-4 s).

Results from negative and positive pressure jumps are nOtTABLE 1: Relaxation Times and Phenomenological
P ; ; P : xati i i
|nd|ca}ted by dlffer.ent symbols. The dashed line always |nd|cates Constants at the Transition Midpoint of the Studied
the time resolution of the setup. Both heat capacity and Systems

relaxation time scale of the various panels are different. In all

. - . L/(10°

cases,_we_found a proportlona_llty between heat capacity and lipid membrane system /s (IK/mol s))
relaxation times. Phenomenological constdntsyere calculated

to be (6.3+ 0.3) x 10 JK/mol s (DMPC plus 0.1 wt % DMPC (MLV) 31.0+£15 6.6+ 0.5
1-octanol). (6.55 0.5) x 108 JK/mol s (DMPC plus 0.5 mM + 0.1 wt% 1-octanol (MLV) 17.240.4 6.3+ 0.3
-octanol), (6.5& 0.5) x mol s ( plus 0.5 m + 0.5 wt% 1-octanol (MLV) 14802  63:03
serotonin), and (5.8 0.5) x 10® JK/mol s (DMPC plus 1.5 + 0.5 mM serotonin (MLV) 21.6 1.2 6.54 0.5
mol % gramicidin A); that is, within errol. is independent of + 3.0 mM serotonin (MLV) 9.0t 0.9 7.5+ 0.8
the system. Note that deviations close te43s are most likely I 22 mo:zf gramicigin ﬁ Em::y) igﬁ 8-2 Z-gi 8-2

a consequence of the finite time resolution of the experiment. -2 MOI70 gramicidin =Y. : :
d . eXper DMPC (MLV) 25.24+0.1 6.8+ 0.3
A serles_of PPC experiments were performed using different  pmpc (Luv) 15402 15.7+ 3.0
concentrations of the respective molecules (data not shown). + 20 wt% halothane (LUV) 101 20.0+ 1.0
The maximum relaxation times obtained and the phenomeno- DPPC (LUV) 2.0+01 18.4+ 1.0

logical constants determined are displayed in Table 1. ASitis  aj the upper parts relaxation times were determined from the
seen in Figure 2, the addition of the chosen small drugs led to calorimeter response. In the lower part they were obtained from the
a broadening of the heat capacity curves and to a decrease inemperature change curve in the sample capillary.
the maximum heat capacity value. The maximum relaxation time cel| using positive pressure jumps. The dashed line represents
was influenced in the same way as is the maximum heat capacitythe time resolution of the setup. In all cases, we found again
value. The whole relaxation time profile behaves the same asthat heat capacity and relaxation times are proportional to each
does the heat capacity curve. The addition of molecules alterspther. Halothane has a similar effect on the melting behavior
the relaxation behavior of lipid domain formation in a systematic a5 the anesthetic octanol. It broadened and shifted the heat
way. capacity curve to lower temperatures. The maximum relaxation
Further experiments were conducted on solutions with large time was again decreased compared to that of the DMPC LUVs
unilamellar vesicles. We investigated LUVs of DMPC lipids without halothane. The phenomenological constants for the LUV
with and without addition of the anesthetic halothane. We also systems are somewhat higher than those of the MLVs (see Table
studied LUVs of DPPC. The respective heat capacity values 1). The L s obtained from measurements on MLVs suggest that
and relaxation times are plotted in Figure 5. Relaxation times there is a constant independent of the lipid membrane composi-
were obtained using a thermocouple inserted into the pressuretion. The same is true for LUVs, while we calculated different
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25x10° - than 10% of the total heat absorption. Using the thermocouple
— 20 40mM DMPC (LUV): 1.2 signal as a detection method we did not detect faster relaxation
e —:Acp o a processes.
S B o1 £0.8 __ In total, we can state that domain formation processes are
é L related to fluctuations in enthalpy at large excess heat capacities.
= Relaxation times and heat capacity are linear functions (within
& error). This linear relation is still true in the presence of drugs.
<25 10 However, the temperature dependence of both heat capacity and
x 40mM DMPC (LUV) + 1.0 relaxation times are altered by drugs in a simple systematic
v) 204 20 wt% halothane: F 0.8 manner. Fast relaxation processes contribute less than 10% to
= 15 A Co6 the overall heat. Thus, they probably do not represent the
E 1l o. °P 0'4 2 fluctuations in domain size linked to the lipid chain state.
~ . 0.
E s oz Discussion
Q0 . ] : 0.0 The melting of lipid membranes is a cooperative event
< 292 294 296 298 300 involving collective changes of many lipid molecules. Within
temperature [K] the melting transition one finds domain formation, but also
40x10° changes in the elastic constants. If pressure, temperature, or any
40mM DPPC (LUV) ¢\ , p20 other relevant intensive thermodynamic variable are slightly
E‘ 304 —:Acp o L1.5 changed, the lipid system changes its state and domains grow
= 20. o : or shrink while absorbing or releasing significant amounts of
g F1.0 2 heat. Thus, the domain formation process can be followed by
= 10 F o5 monitoring the heat change. If we talk about relaxation times
3- within the lipid melting transitions, we therefore basically refer
4 O - x , , ) - 0.0 to the time scale of domain growth. These processes have been
310 311 312 313 314 315 316 317 studied by some groups before using calorimét@:4041.10ne
temperature [K] typically finds slow relaxation close transitions. For the case

Figure 5. Heat capacity profiles (solid lines) and relaxation times of critical points, this phenomenon is known as “critical slowing-
(symbols) of three different large unilamellar vesicle systems. Relax- down”.
ation times were recorded with a thin thermocouple. Top 40 mM  Studies of relaxation processes in artificial membranes by
DMPC. Center: 40 mM DMPC plus 20 wt% halothane. Bottom: 40 use of pressure perturbation calorimetry have been performed
mM DPPC. Again a proportionality between heat capacity and py our group beforé? We used the same and a refined version
relaxation times was found. Halothane acts similar on the lipid ¢ yhe setyp as described in ref 17 to extend the previously
membrane as 1-octanol. The dashed line indicates the resolution limit . . . .
of the experiment (around 350 milliseconds). publlshed studies. Relaxation processes in LU\/s anq .the
influence of small drugs on the relaxation behavior of lipid
phenomenological constants for MLVs and LUVs. From our domain formation in LUVs and MLVs were investigated. The
results, we calculated averagkts of (6.7 £ 0.7) x 108 JK/ typical time scales of domain formation processes are related
mol s (MLVs) and (18.0f 2.2) x 10° JK/mol s (LUVs). The to cooperative fluctuations in enthalpy, and in all systems, we
reason for this is unknown. One can speculate on whetherfound a proportionality between heat capacity and relaxation
relaxation processes are influenced by volume changes of thetimes. The relaxation processes depend on the final state rather
vesicles in the case of LUV or by bilayebilayer interactions than on the initial state. A remarkable finding is that the drugs
in the case of MLV. used modulate the time-scale of domain formation processes
The linear relation between heat capacity can also nicely be in a similar manner as they influence the heat capacity profiles.
seen when plotting the relaxation time versus the heat capacityThey tend to broaden both heat capacity profiles and relaxation
for all experiments shown here (graph not shown). time profiles. After addition of anesthetics, neurotransmitters,
In the literature, up to five relaxation processes in the time and antibiotics, the maximum relaxation time is decreased in
range from ns to s were reported for one lipid component the same way as is the maximum heat capacity value. Therefore,
systems’® In this study, we assumed only one relaxation time, these drugs alter static and kinetic aspects of domain formation.
which describes domain formation processes. In order to test Our findings support the theoretical prediction from Grabitz
whether there are contributions from faster relaxation processesget all’ that heat capacity and relaxation time display a linear
we analyzed the heat absorption after negative pressure jumpselation not only for pure lipid membranes but also for
as a function of temperature in comparison to the transition membrane mixtures and mixtures with drugs that associate with
enthalpy obtained from scanning calorimetry. The transition membranes. The proportional constant between relaxation time
enthalpy of the DMPC (MLV) solution (see the heat capacity and heat capacity takes the foffé/L, where L is a phenom-
profile in Figure 2) is shown as a solid curve in the left and enological coefficient originating from Onsager’'s phenomeno-
right panel of Figure 6. The total heat absorption is displayed logical equations. We calculated averddg to be (6.7+ 0.7)
in the left panel of Figure 6. It is proportional to the transition x 10° JK/mol s for MLVs and (18.Gk 2.2) x 1% JK/mol s for
enthalpy. All relaxation data contained contributions of a fast LUVs made of DMPC and DPPC. The constanis different
component with a time scale corresponding to the instrument for MLV and LUV by about a factor of 2.5. Surprisingly,
response time. The heat absorption due to this component alschowever, the addition of drugs does not change. tfa a given
showed a proportionality to the transition enthalpy (right panel vesicular system even though they have significant influence
of Figure 6). This means that at least one faster relaxation on the heat capacity profiles. With measurements on suspensions
process is present which occurs on a time scale faster than ouiof multilamellar DMPC vesicles we obtaidé. s of 6.6 x 10°
experimental time resolution. Analyzing all measurements, we and 6.8 x 10® JK/mol s using the two different detection
found that the contribution of faster relaxation processes is lower methods. They agree within error. Thus, the difference in result
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Figure 6. Solid curve in the left and right panel show the transition enthalpy of DMPC multilamellar vesicles as obtained from integrating the
excess heat capacity profile. The total heat compensation of the calorimeter after a pressure jump from below the transition to a given point within
the transition is proportional to the transition enthalpy (circles, left panel). The signal typically contains one single-exponential sloerc@ngon

a minor contribution from fast processes that show up as a signal with the characteristic time constant of the calorimetric setup. The contribution
from the fast processes (circles, right panel) also displays a proportionality to the integrated heat. This means that there is at least ane relaxatio
processes faster than the time resolution of our experiment. Its contribution, however, is less than 8% of the overall signal. Thus, the relaxation
process of the cooperative events is well approximated by a single relaxation process.

does not seem to be related to the method of detection. We dothe effect of the anesthetics dibucaine on relaxation processes.
not know the origin the difference between MLV and LUV. They claimed that even though dibucaine clearly shows an
However, MLVs display much more cooperative transitions influence on the melting behavior only a small alteration of
because of coupling between adjacent membranes. It has beerelaxation processes has been found. This finding does not agree
shown in the literature that in MLVs one finds spacial with ours, where we have found that the drugs influence
correlations of domains not only in the bilayer planes but also relaxation processes similar to their influence on the heat
in the third dimension between adjacent bilay@rghe fluctua- capacity.
tions therefore contain a coupling in the third dimension that  In other studies relaxation times faster than the ones we
might cause small differences in the relaxation behavior. The measured and up to five relaxation processes were re-
difference may also be related to the change of vesicle size whileported30-32:34.35.43,44.46.6pyjfferent spectroscopic detection meth-
changing the lipid membrane state and area. This may involve ods were used to investigate relaxation phenomena. In our
permeation of water into the vesicles that influence the rates. It calorimetric experiments the temperature was controlled with
may be interesting for future studies to investigate vesicles with 1mK accuracy. Since MLV display a transition half width on
different diameters. the order of 0.05 K, such an accuracy is needed. In most of the
Anesthetics, neurotransmitters, and antibiotics influence the optical experiments, such an accuracy is nearly impossible to
melting behavior of lipid membranes. The anesthetic octanol obtain, due to the necessity of using glass cuvettes that are
shifts profiles to lower temperatures. Long chain alcohols (with exposed to air and the likely existence of temperature gradients.
chain length larger than 10) shift them to higher temperattfres. These might cause the presence of life time distributions,
The latter ones do not display anesthetic potency. Other because every local temperature in the transition displays a
anesthetics like halothane (this study and unpublished data) ordifferent relaxation time. The appearance of different time scales
methoxyflurané* also lead to a decrease of the melting must therefore not necessarily be due to the physical nature of
temperature. In fact, a depression of the melting point has well the relaxation process if the temperature is not controlled much
been documented for all general anesthéticsl also for local better than the half width of the transition. In general, it is not
anesthetics like tetracaine (e.g., ref 65). It has been stated thaktasy to assign the various timescales found in experiments.
clinically relevant anesthetics concentrations show effects on However, it is clearly known that trargyauche isomerizations
the shift of melting temperaturé$The effective potency ofan  happen on the ns time sc#leand that diffusion processes
anesthetic is correlated to its ability to deplete melting transition (nearest-neighbor lipid exchange) happen on the 100 ns time
temperature& Serotonin possibly also acts as an anestffetic scale’! The relaxation process found is also related to the time
and influences the phase melting transition. This has also beensensitivity of the instrumentation. X-ray methods typically detect
shown for other neurotransmitters, like GABA-@minobutyric very fast changes, whereas calorimetric measurements are slow.
acid), dopamine and fluoxetfi,or similar drugs like caffeine  While optical measurements detect local geometry and dynamics
that interact with neuroreceptors. The interactions with peptides changes close to a fluorescent dye or a spin label that cannot
or proteins and other small molecules like anesthetics and easily be translated into a meaningful thermodynamic change,
neurotransmitters influence the domain structuring of lipid the big advantage of calorimetric relaxation measurements is
membranes in the phase melting transition redfitn&ll these that they detect the change in an important thermodynamic
molecules influence relaxation processes in a systematical way.variable with an unambiguous meaning, namely the enthalpy.
In previous studies kinetic aspects of melting transitions in Several studies are available in the literature that make use of
artificial single-component lipid membranes have been studied calorimetric measurements. In favor of longer relaxation times
with a whole variety of different techniques. This study, are estimations using ac-calorimetfy.The authors found
however, is the first one systematically investigating the effects relaxation times faster than 120 s (MLV of DMPC) and 260 s
of various small drugs on relaxation processes in single lipid (MLV of DPPC). They, however, did not give relaxation times
membranes and relating it to the enhancement of fluctuationsin dependence of temperature. As mentioned, relaxation pro-
in the transition regime. Van Osdol and co-workérstudied cesses have been reported from the ns to min regime. One reason
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might lie in an inaccurate temperature control in many optical an indirect influence on these proteins via their action on the
methods. However, another reason, which seems likely to us islipid membrane. This implies that the channel lifetimes may
that the different detection methods probe different relaxation be coupled to the relaxation time scales of the lipid membranes,
processes. Our study does not exclude the existence of severah particular since they are obviously of right order. It was also
faster relaxation processes, but the focus was only on onereported that permeation through pure lipid bilayers in the
relaxation process, namely the formation of domains which is absence of proteins is enhanced in the melting transition regime
responsible for nearly all of the heat absorption. We found and reaches a maximum at a temperature of maximum heat
evidence that there is at least one faster relaxation process whictcapacity. This finding was related to the magnitude of
has a minor contribution to the total heat absorption (less than fluctuationst®*~'> Measurements on black lipid membranes in
10%). Most previous studies agreed on a slowing down of the melting transition regime yielded characteristic fluctuations
relaxation processes in the melting transition reginé? of the transmembrane ion curreftd®78No such currents were
Biological membranes also display melting transiticiigsee found for _Ii_pid mgmbr_anes at temperatures well above or be_zI(_)w
the Introduction). Typically, these transitions are slightly below the transition midpoint temperature of one component lipid
physiological temperatures. Therefore, the concepts describedNembranes® The life times of these lipid pores within the phase
here will be of interest if the transition is shifted into the transition regime were found to be as long as several seconds,
physiological regimes. This is for example possible by lowering In agreement with the relaxation time scales found by us.
the ambient pH close to the membrangcom the knowledge In th_|s study, we ha_ve s_hown that relaxation times of domaln
of the L and the excess heat capacity profile were estimated formation processes in simple model systems are proportional
relaxation times in the melting transition regime of biological 0 the excess heat capacity. Relaxation processes slow down in
membraned’ The authors used a DSC measurement of bovine the melting regime. Several drugs studied by us broaden the
lung surfactant from Ebel et &l.and anL similar to the one melting transition profiles and shift them to lower temperatures.
for DMPC and DPPC MLV vesicles. They estimated that 1Nis influences the relaxation behavior in a simple manner. This
relaxation times in biological membranes would lie in a time IS Presumably true for all drugs, peptides and proteins influenc-
regime of up to 120 ms in the transition regime. We have ing the melting behavior of lipid membranes. Clearly, the free
calculated two different’s for MLVs and LUVs but the order ~ €nergy of membranes includes the chemical potentials of all
of magnitude is unaffected. The time regime of these domain Mémbrane associated molecules and it is therefore just a
formation processes is in a regime which seems to be importantconsequence of thermodynamics that the functions of states
in biology. These relaxation times do not only give the typical €hange in a coherent manner due to the change in one of these
time scales of domain formation processes but also the life time Variables. This is likely to be of great importance for the general
of domains. Domains are subject to fluctuatiamd the smaller ~ understanding of the function of biological membranes.
they are the shorter their lifetime.

It has been shown before that the concepts described herq:
are also valid for membranes containing cholest&dlin the
ongoing discussion on “rafts”, this may be of putative relevance. References and Notes
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