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Interaction of local anesthetics with phospholipids in Langmuir monolayers
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We have used epifluorescence microscopy to study the interactions of two local anesthetics of the “caine”
family (tetracaine and dibucainewith Langmuir monolayers of the phospholipid dipalmitoylphosphatidylcho-
line (DPPQ. These results show that incorporation of either dibucaine or tetracaine causes significant changes
in the domain shapes of the liquid condensed phase in monolayers. In particular pii Javhere the charged
cationic form of the local anesthetics predominates, local anesthetic: DPPC monolayers formed significantly
less compact liquid condensed domains with highly ramified shapes, compared to DPPC-only controls. For
high pH values at which both local anesthetics are electrically neutral, the liquid condensed domains in mixed
monolayers resembled that of DPPC-only controls, indicating that these effects have their origins in electro-
static interactions between the local anesthetics and the phospholipid headgroups. Epifluorescence images
obtained using the intrinsic fluorescence of dibucaine indicated that dibucaine partitions into both the liquid
condensed and liquid expanded phases.

PACS numbd(s): 87.14.Cc, 87.16.Dg

INTRODUCTION for their strong physiological effect even at low concentra-
tions[15,16|.

In spite of the long history of local anesthetic use, much Dibucaine(DIB) and tetracain€TTC) are known to insert
remains unknown about the specific mechanisms by whicinto both bilayer and monolayer membrane systghés-22.
local anesthetics of the “caine” family achieve their efficacy The interactions of DIB and TTC with phospholipids are
[1,2]. It is generally accepted that their anesthetic effectinked to their charge state, since both have an amine with a
comes from an inhibition of the production of action poten-PKa Of approximately 8.0-8.5 in membranes; both mol-
tials by sodium ion channels, and molecular mechanisms in€cules are protonated at lopH, and neutrally charged at
volved in this phenomenon are becoming clE&5]. The high pH [17]. One mechanism by which DIB and TTC could

correlation which exists between local anesthétia) po- modify the ordering of the phospholipids within biological

tency and membrane solubility has led many authors to pror_nembranes involves electrostatic interactions with the phos-

. - - ; lipid headgroupgl7,18,20,23,2% For zwitterionic phos-
pose that these drugs’ interesting pharmacological propertle%{:o. . . . . ;
depend on their interactions with biological membranes, afh olipids, such as dipalmitoylphosphatidylcholi@PPQ,

least as an intermediate step to specific binding to a protei ere exists the potential for electric dipole-dipole interac-
P Pec naing o a proteifl, ¢ These have been hypothesized to occur between the
target[6—9]. Researchers have also investigated using lipi

rotonated ammonium ion and lone-pair electrons of the bu-

drug carriers as a more effective means of delivering LA's + )
. : . } toxy group of DIB, and the P9 and NCHg); of DPPC’s
for procedures like epidural anesthesia or topical local ane@ y group P NCHy)s

. - . . eadgroup, respectively. A similar interaction also can take
thesia, and clinical studies have shown that encapsulation Qfj;ce between DPPC and the TTC electric dipole resulting

the drugs in liposomes allows their timed release, and thug g, its cationic head and-€0 group. Thisattractive in-
prolongs the duration of the anesthefi@—14. _ teraction would disrupt the strong dipole-dipole repulsion be-
Several theories have been developed to explain the wayyeen DPPC headgroups; this repulsion has been proposed
the “caine” anesthetics—such as dibucaine and tetracaings a dominant factor in determining DPPC monolayer phase
(Fig. )—might modify the structure of biological mem- pehavior[25,26. In addition, both DIB and TTC interact
branes[7,9]. One line of thought holds that the anestheticyery differently with anionic than with zwitterionic phospho-
molecules are inserted into the membrane as a whole and
“fluidize” it. While the nature of this “fluidity” has not () DIBUCAINE
been clearly defined, it has been hypothesized to relate to
either a local expansion of the membrane, or to disordering
of the phospholipids in the outer monolayer, either of which
provides a modified membrane environment to integral OCH2CH2CH2CHg
membrane proteins. Alternatively, it has been suggested that
LA molecules may localize in regions of relatively disor- (b) TETRACAINE

dered phospholipid structure in the immediate vicinity of
transmembrane proteins, and that this may account in part ~ CHsCH2CH2CHNH OOCH2CHzN(CHg)z- HCI

CONHCH2CH2N(CH2CH3s)2+ HCI

FIG. 1. Chemical structure @f) dibucaine(DIB) and(b) tetra-
* Author to whom correspondence should be addressed. caine(TTC).
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lipids [18,27,28. In either case, these electrostatic interac-
tions should not exist apH values well above the@Ka
[20,23.

A related question involves how the LA molecules insert
into the membrane. Nuclear Overhauser effect spectroscopy
(NOESY) measurements on vesicles containing DIB and
TTC have indicated that TTC probably inserts its hydropho-
bic chains into the bilayer, while DIB may only associate
with the phospholipid’'s headgroug47]. Other work pro-
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vided support for the idea that TTC actually intercalates into 0 20 40 60 80 100
the bilayer[21], while providing conflicting evidence on molecular area (A2 / molecule)
whether DIB incorporates in the same wa@]. Calorimetric

studies were interpreted to mean that DIB in vesicles reduces (2)

the average size of gel-phase clusters, and leads to the
growth of domains with ramified boundarigs9].

The interactions between LA’s and phospholipids was
studied in model membrane systems, including vesicles and
micelles, using a variety of spectroscopic and calorimetric
techniqueg17-23,27,30 Some studies investigated these
systems using Langmuir monolayer methods to understand
how these molecules affect phospholipid phase behavior
[28,29, specifically by measuring the surface pressure-
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molecular area isotherms of phospholipid-LA monolayers 0 20 40 60 80 100
and their electrical surface potential. However, these tech- molecular area (A2 / molecule)
nigues only allow measurements to be made over the entire

membrane or monolayer, and therefore allow only average (b)

effects to be observed. Epifluorescence microscopy, how- _ i
ever, allows one to visualize the phase behavior of a mono- FIG. 2 Isotherms qbtalned for LA:DPPC monolayers contain-
layer system at length scales of micrometers. Thus the exteHLg varying concentrations dg) DIB and (b) TTC. Isotherms are
of uniformity in the distribution of the LA can be directly shown for (right to lefy 0, 9, 16, and 25 mol %. In general, the

visualized. In addition, this technique permits the observa-overa” shape of each isotherm remains unaltered when the values

. . . .~ of the molecular area are rescaled by a constant factor to reflect the
tion of the effect of the incorporation of LA’s on domain y

f fi th b 's ph holinid d . tmolecular area due only to the DPPC in each film; this reflects the
ormation as the membrane's phospnholipids condense n %Iatively small effective molecular area due to either DIB or TTC
more ordered phases. The work presented here shows hqWgch film.

epifluorescence microscopy of monolayers of phospho-

lipid-LA mixtures show the effects on in-plane ordering in ,qnojayer undergoes a further transition into Biphase,
two-dimensional analogs of the biologically relevant fluid- \yhich jikely corresponds to a two-dimensional crystal, with
gel phases. These experiments could also give insight infpynqer range positional order and ordered hydrocarbon
a_lppllcatlons which depend on phospholipid-drug '”terac'chains[Bl,SZ NBD-PC is known to accumulate preferen-
tions. tially in the LE phase relative to the LC phase in the LE-LC
coexistence region, permitting direct visualization of the
growth of LC andS domains. Probe concentrations of 1
mol % were used to label the lipid samples. Studies of iso-
All phospholipid samples were purchased from Avantitherms for various probe concentrations were performed to
Polar Lipids(Alabaster, Al), and used without further puri- establish that this probe concentration has a negligible effect
fication. Dibucaine hydrochloridg€99% purityy was pur-  on the monolayer behavior. All solvents used in the experi-
chased from AldritciMilwaukee, W) and tetracaine hydro- ment were HPLC grade, and all chemicals used to prepare
chloride (99% purity) was purchased from Sign{&t. Louis, the subphase were highest grade ACS reagents, purchased
MO). The LA: DPPC concentrations and temperature rangeffom either Aldrich or Fisher Scientifi¢Fairlawn, NJ. Ul-
used were chosen to agree with earlier studies of model sysrapure Milli-Q water(Millipore Corporation, Bedford, MA
tems. The fluorescent probe used was the acyl-chain labeledas used to prepare the subphase of 0.15-M NacCl titrated to
2{127-nitrobenz-2-oxa-1,3-diazol-4ygmingdodecanoyl- 7.0 pH with HCl and NaOH. The data shown here foi
1-hexadecanoyglycero-3-phosphocholine  (NBD-PC) 6.0 were performed without buffer in the subphase, while all
purchased from Avanti Polar Lipids. According to x-ray dif- pH 9.5 data shown were taken with 50-mM boric acid
fraction results, the phase traditionally called the liquid ex-buffer. However, all controls were reproduced for fité 6.0
pandedLE) or fluid phase corresponds to a two-dimensionalresults using boric acid buffer in the subphase to confirm that
fluid, with disordered hydrocarbon chains, while the liquidits presence did not affect the lopH results. All samples
condensedLC), or gel phase, has longer distance positionalwere spread from a 2:id/v chloroform-methanol solution at
correlations, and long range bond orientational order possiipid concentrations of 1 mg/ml. All phospholipid and lipid
bly corresponding to a two-dimensional hexatic phasecompositions are given as/w ratios.
[31,32. At molecular areas approaching close packing, the The Langmuir trough used was a KSV Instrume(Rév-

MATERIALS AND METHODS
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TABLE I. Summary of measurements on isotherms fof
=0-25mol % local anesthetic in DPPC Langmuir monolayAts.
is the molecular area at which the LC-LE coexistence region be-
gins, whileA, is the molecular area at which the surface pressure is
equal to 30 dyn/cm(Unless noted, all data have uncertainties of
approximately+2 AZ) The constancy of the ratid; /A, is one
indication that the overall shape of the isotherms does not change
significantly with increasing local anesthetic concentration. The av-
erage in-plane molecular area for the local anesthetic molecules
were computed from these data, assuming that the local anesthetics
are entirely incorporated into the monolayer, and that DPPC mol-
ecules have the same molecular area in the local anesthetic samples
as in the 0-mol % controls. The values Af,; , for the average FIG. 4. Sample surface pressure vs molecular area
molecular area for DIB and TTC within the monolayers, as ascer{A2/moleculg isotherm for DPPC spread on the surface of a Lang-
tained at pointsA; and A,, respectively, on the isotherms, were myir trough, indicating typical points along the isotheli@—(f)] at
then computed using the formulaA(f)=(1-1)Ai(0%)  which epifluorescence images were collected for Figs. 5-10.
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entire microscope was enclosed in a sealed plexiglass box,
Sample Ay Ay A/A; ALal ALnz while the trough itself was enclosed in another sealed box.

0 mol % 79 46 1.7 0.0 0.0 The temperature of the trough and its subphase was con-
(DPPC only trolled using a water bath which circulated water through a
9-mol % DIB 72 42 17 2430 0.7+ 30 hheatmg block on the trough’s base.hCallbrated Teflorfl—caoated
16-mol% DIB 60 36 1.7 40+ 20 20+ 10 t hermls'[orsdwe_re l{rsed to measure the temperal':u;e of t 2e1§léb-
25-mol% DIB 58 34 1.7 _6+9 _4+8 p ase; and air. Temperatures were controlled to

+0.1°C over the course of an isotherm, and subphase and
9-mol % TTC 7645 L7 4830 3030 air temperatures were equilibrated before each data-takin
16-mol% TTC 79 47 1.7 8820 50+ 10 o P q 9
25-mol% TTC 63 38 1.7 289 10+8 i

Clean water isotherms were performed before the mono-
layer studies began, yielding reproducibly low surface pres-
sure increases of 0.1 dyn/cm or less on a 10:1 area compres-
erside, CT Minitrough, modified to mount on a Nikon La- sion. Both the trough and Wilhelmy plate were cleaned and
bophot 2A epifluorescence microscofokyo, Japan The  extensively rinsed with ultrapure water in between samples
trough itself was Teflon, and area compression was achievaglith differing compositions. After spreading, films were al-
using two hydrophillic Delrin barriers. The trough area waslowed to equilibrate for 10 min before compression began.
7.5x25.5 cnf giving a surface area of 190 émThe sub- Compression times per isotherm were variable, ranging from
phase volume was 0.10 |. Surface pressure measuremer@#8-min continuous compressions to 2-h stepwise compres-
were made using a KSV Wilhelmy electrobalance with asions for microscopy runs; either approach used compression
platinum plate. To eliminate air convection and dust, therates which corresponded to 0.137olecule/sec for our
trough area. Surface pressure-molecular area isotherms cor-
responding to stepwise compression during fluorescence mi-
croscopy runs were in good agreement with those taken in
one shorter, continuous compression. For microscopy, ap-
proximate maximum and minimum molecular areas were

707 _A roughly 115 and 50 A
For the epifluorescence measurements, samples were illu-
607 c B minated with a 100-W mercury lamp source filtered through
a dichroic mirror/filter combinatiofOmega Optical, Brattle-

50+ \\ '\ \ boro, VT). No photobleaching occurred because of a slight
~

D drift in domain position during the course of a typical mea-
5

Surface Pressure (Dynes/cm?)

surement. A combination of a long working distancex40
objective and a & projection lens was used to give a field of
view of 105x135um® Images were collected using a
FIG. 3. Close-up of the surface pressure-molecular area isoQuameX(San Diego, (.:AQC':LOO |mage-|nFen§|f|ed camera,
therms for (right to left) 0-, 9-, 16-, and 25-mol % DIB: DPPC a_n(_j stored on VHS V|d'ec.)'gape. FF” quantltqtlye analysis, in-
monolayers. At the LC t& phase transition, there is a change in the dividual images were digitized using a PCV'S'OUPIUS frame-
monolayer in-plane compressibility, indicated by a change in slop&rabber from Imaging Technolonge_dfor(_j, MA)_ in a Pen-
in the surface pressure-molecular area isotherm. In monolayers &M personal computer. The resulting eight bit 480 by 640-
DPPC containing either TTC or DIB, this change in slope decreaseBiXxel images were analyzed using theocHA image
with increasing local anesthetic concentration, consistent with th@rocessing packag@andel Scientific, San Rafael, ¢.A=or
local anesthetics being present as an impurity in the LC @nd the purposes of quantitative analysis, images were first sub-
domains, rather than being excluded into the subphase at high ifected to a 5<5-pixel median filter to average out noise,
plane densities. then clearfield corrected for nonuniform illumination. Inten-

15 20 25 30 35 40 45 50
molecular area (Az / molecule)
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sity thresholds were used to define the LC domains, and
pixel counts were used to define the domain afgaand
perimeterP. The shape facto a measure of the compact-
ness of a two-dimensional shape, was defined Sas
=P2?/47Ap; a value of 1 corresponds to a perfect circle,
while larger values indicate less compact shapes.

RESULTS AND DISCUSSION
Film-balance measurements

We obtained isotherms for LADIB or TTC):.DPPC
monolayers at concentrations b0, 9, 16, and 25 mol %
[Figs. 2a) and 2b)]. We observed the same general trend
noted by earlier studies, in that the isotherms were progres-
sively shifted to smaller molecular area with increasing LA
concentration for either DIB or TTC; our quantitative results
presented in Table | are also consistent with this earlier work
[29]. Table | summarizes measurements of the molecular
area at two points on each isotherfy; corresponds to the
onset of the LE-LC coexistence region, aigis the point at
which the surface pressure= 30 dyn/cm. The constancy of
the ratioA,/A, for all samples is one indication of the fact
that LA’s only produce a rescaling of the average molecular
area due to the inclusion of the DIB and TTC molecules in
the monolayer. The shape of the isotherms is otherwise un-
perturbed.

The average in-plane molecular area for the local anes-
thetic molecules was computed from these data, assuming
that the local anesthetics are entirely incorporated into the
monolayer, and that DPPC molecules have the same molecu-
lar area in the local anesthetic samples as in the 0-mol %
controls. The values of af 53 » average molecular area for
DIB and TTC within the monolayers, as ascertained at points
A, and A,, respectively, on the isotherms, were then com-
puted using the formula;(f)=(1—1f)A;(0%)+f A 4 -
These results are included in Table I. The average in-plane
molecular area for DIB was computed to be negative, which
would correspond to a smaller in-plane molecular area for
DPPC in these samples; however, within the large experi-
mental uncertainties our results are consistent with zero av-
erage in-plane molecular area for DIB. This agrees with the
interpretation that DIB inserts near the phospholipid head-

groups, the average molecular area would be due then almost FIG. 5. Epifluorescence images of control DPPC monolayers
entirely to DPPC’s two alkane chains. For TTC, the averagggntaining no local anesthetic. The LC phase excludes the NBD-PC
in-plane molecular area is small but consistently positive, iny ope used, so LC domains appear black, while the surrounding LE
keeping with expectations that TTC's chains may insert intQyhase contains probe and exhibits a high level of fluorescence.
the monolayer. The uncertainties in our data are too great tgimilar results were seen faH 6.0[ (a—(e)] andpH 9.5[ (f)—(j)].
allow an accurate estimate of the exact TTC in-plane movalues ofpH, molecular area, and surface pressure corresponding
lecular area. to each image were fquH 6.0, respectively(a) 85.9 A2, 2.5 dyn/

It also is clear from the isotherms that the LA moleculescm; (b) 79.0 A2, 2.8 dyn/cm;(c) 73.4 A2, 3.3 dyn/cm;(d) 69.0 A2,
are incorporated within the monolayer in the LC phase ever.1 dyn/cm; ande) 64.0 A2, 6.1 dyn/cm. FopH 9.5, they wergf)
at high in-plane densities, rather than being excluded an83.6 A, 6.4 dyn/cm;(g) 78.5 A, 6.8 dyn/cm;(h) 72.5 &, 7.5
squeezed out into the subphase altogether. Figure 3 showlgn/cm; (i) 67.2 &, 8.5 dyn/cm; andj) 58.1 &, 13.7 dyn/cm.
the change in slope at low molecular area characteristic of
the change in in-plane compressibility due to the transitiorin the DPPC monolayer. If the TTC and DIB molecules were
between the LC an8 phases of DPPC. As the concentrationindeed excluded from the monolayer, this feature would be
of LA (DIB or TTC) in the monolayer was increased, we unaffected by changes in the LA concentration. This inclu-
observed a progressive rounding of this singularity in thesion at high in-plane densities is consistent with earlier mea-
slope of the surface pressure-molecular area isotherm at tlseirements of the subphase for evidence of intrinsic DIB fluo-
LC-S phase transitioriFig. 3); this is consistent with what rescence, which indicated that DIB does not get squeezed out
one would expect from the inclusion of an impurithe LA) [29].

20 pm
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FIG. 6. Epifluorescence images for mixtures
of DPPC with DIB at concentrations of [@a)—
(e)], 16 [(f)—(j))], and 25 [(k)—(0)] mol % at
pH 6.0<pK, for DIB. As is apparent in Figs. 6
and 7, at lowpH the LC domains formed upon
addition of either local anesthetic were consis-
tently more highly ramified than those formed by
DPPC controls onlyFig. 5. This effect became
more pronounced with increasing DIB or TTC
concentrationgsee Fig. 7. Values ofpH, mo-
lecular area, and surface pressure corresponding
to each image at 9 mol % weke) 72.5 A2, 5.7
dyn/cm;(b) 62.1 A2, 6.6 dyn/cmi(c) 57.3 A2, 7.1
dyn/cm;(d) 52.3 A2, 8.5 dyn/cm; ande) 46.3 A2,
15.2 dyn/cm. Those at 16 mol % we(® 59.1
A2, 5.9 dyn/cm(g) 54.3 A2, 6.5 dyn/cmj(h) 48.9
A2, 7.2 dyn/cm;(i) 44.0 A2, 8.5 dyn/cm; andjj)
405 A, 145 dyn/cm. Those at 25 mol % were
(k) 60.2 A2, 5.9 dyn/cm;(l) 54.7 A2, 6.5 dyn/cm;
(m) 50.6 A2, 7.1 dyn/cm;(n) 41.3 A2, 10.3 dyn/
cm; and(o) 38.5 A2, 15.5 dyn/cm.

Epifluorescence microscopy ers containing TTC exhibited this effect more strongly than

Epifluorescence microscopy was performed throughou&hose Contalnlng_ DIB, and at Iqwer goncentrations, down to
the LE-LC coexistence region for mixed LA:DPPC and con-9-mol% TTC (Fig. 6), correlating with the greater mem-
trol DPPC-only monolayers at bofiH 6.0 and 9.5. Figure 4 brane solubility of TTC relative to DIB, and its greater an-
shows a typical isotherm, with arrows indicating the approxi-esthetic efficacy.
mate points along the coexistence region at which the typical Figure 8 shows the results of a quantitative analysis of
images in Figs. 5-8 were filmed. Images for LA:DPPCimages for three of the samples shown in Figs. 5-7: DPPC
monolayers were expected to exhibit a larger fraction of LEonly, 25% DIB, and 25% TTC. Although the analysis for
vs LC phase for comparable points on the isotherms, relativenly one isotherm for each sample is shown, images analyses
to DPPC controls, due to the disordering effects of the LA.were performed for three separate datasets for each sample to
Since the LA was expected to partition preferentially into theconfirm reproducibility. In order to compare equivalent
less ordered LE phase, no effect on the LC domains wapoints on each isotherm, the results are plotted as a function
anticipated. However, the observed differences were moref molecular area divided bg,, the molecular area at the
complex and subtle than the expectationsphit6.0, the LC  onset of the LC-LE coexistence regi¢hable ). These cal-
domains observed for LA samples were substantially lessulations showed quantitatively that neither the ratio of LC
compact and more ramified than those observed in contrdb LE phasdFig. 8@] nor the average LC domain arg&g.
DPPC monolayergFig. 5. Similar effects were seen at low 8(b)] was affected by the presence of the LA. On the other
pH with both DIB (Fig. 6) and TTC(Fig. 7). Both the com- hand, Fig. &) shows an increase in the shape factor for 25%
plexity of the LC domain shapes and the degree of monoITC and DIB samples relative to the DPPC-only controls
layer uniformity varied reproducibly as the LA concentration over most of the isotherm; this provides a quantitative illus-
increased over the range 0, 9, 16, and 25 m@¢Fgs. 6 and tration of the observation that the LA-containing samples
7). For both LA’s, there was a clear dependence on concerwere notably less compact. The differences observed in the
tration, with more dilute samples more closely resemblingshapes of LC domains due to DIB or TTC incorporation
the controls. In DIB, differences from the controls were mostwere seen specifically over only a large fraction of the mono-
noticeable in the 25-mol % LA samples, although they werdayer, and were not present uniformly over the entire mono-
still observable in the 16-mol % sampléSig. 6). Monolay-  layer; outside these regions, the monolayers were much
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FIG. 8. Results of a quantitative analysis of the liquid condensed
domains found in films containing either entirely DPRQ), or
DPPC:25-mol % DIB(A and V) or 25-mol % TTC(O and ¢) for
pH 6.0. All data are shown plotted vs the molecular area divided by
A;, the molecular area at the onset of the LC-LE coexistence region
(Table ); this ensures that equivalent points on each isotherm are
being compared for different samples. A comparison of the varia-
tion of both(a) percent of LC domain coverage afig) average LC
domain area show no differences between the controls and LA-
containing samplesic) However, when the shape factor is com-
puted for these samples, the 25% DIB and TTC samples are notably
less compact over most of the isotherm. Two samples for each LA
composition are plotted ifc) to show the variation in shape factor
between samples.

FIG. 7. Epifluorescence images for mixtures of DPPC with TTC
at concentrations of 9(a)—(f)] and 25[(g)—(l)] mol % taken at
pH 6.0<pK, for TTC. Values ofpH molecular area, and surface ) o
pressure corresponding to each image for 9-mol% TTC ware ClOSer in appearance to control DPPC samples. This is re-
80.8 A2 4.4 dyn/cm:(b) 74.5 A2, 4.9 dynicm:(c) 69.4 A2 5.2  flected in the wide spread in values of the shape factor in Fig.
dyn/cm: (d) 64.5 A2, 5.7 dynicm;(e) 59.8 A2, 6.6 dyn/cm; andf)  8(c). The fraction of the monolayer which resembled the
59.9 A2, 9.1 dyn/cm. For 25-mol % TTC they wefg) 69.8 A2, 4.9  controls decreased as the concentration of the LA was in-
dyn/cm; (h) 65.4 A2, 5.8 dyn/cm;(i) 60.7 A2, 6.2 dyn/cm;(j) 55.2  creased. This suggests that the DIB or TTC molecules are
A2 6.8 dyn/cm;(k) 50.2 A2, 7.8 dyn/cm; andl) 46.3 A2, 10.1  localized primarily in specific regions of the monolayer dur-
dyn/cm. ing compression, rather than being uniformly distributed
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FIG. 10. Typical epifluorescence image taken using only DIB
intrinsic fluorescence in the middle of the LC-LE coexistence re-
gion atpH 6.0. Compare with Fig. 5, in which NBD-PC is used as

a probe which preferentially partitions into the LE phase. DIB fluo-

rescence is distributed uniformly throughout the sample, indicating
that DIB partitions into both LGgel) and LE (fluid) phases.

over the entire monolayer.

The nature of the LC domains seen in these systems is
very different than that seen in mixtures of DPPC with cho-
lesterol [33], unsaturated phospholipid species or palmitic
acid (unpublished resuljsindicating it is not simply a ge-
neric effect of introducing impurities into the monolayers.
The compression rates used were adjusted to avoid purely
kinetic effects due to rapid growth, such as fingering due to
diffusion-limited aggregatiofi34].

The condensed domain shapes seen in DPPC monolayers
containing DIB or TTC could be due to a variety of factors,
including changes in the packing of nearest neighbors due to
modified steric interactions, or to changes in the electric
dipole-dipole interactions within the monolayers due to the
presence of the cationic LA’s. To probe the nature of these
interactions, we performed epifluorescence microscopy on
the 25-mol % DIB and TTC samples at higii=9.5 to de-
termine what aspects of the LA’s effects are dependent on
electrostatic interactionsee Fig. 9. At these values, the LA
molecules should be electrically neutral. Control DPPC
monolayers have identical LC domain shapes at Ipbi6.0
and 9.5(see Fig. 5. At pH 9.5, the 25-mol% DIB and TTC
samples were very similar to the DPPC-only controls at all
points across the LC-LE coexistence region. The 25-mol %
DIB samples exhibited some of the distinctive faceting ob-
served at lowpH, but only at molecular area values consis-
tent with the transition to th& phase. Specifically, for both
LA's at pH=9.5, LC domains lacked the labyrinthine and

i distinctively faceted domain shapes characteristically ob-
20 pm served in experiments run at lgH and high concentrations
. _ ) of anesthetic. This strongly suggests that the DIB and TTC
_FIG. 9. Epifluorescence images for 25-mol % mixtures of DPPCryygjecyles affect the LC domains primarily via altering the
with either(a)~(€) DIB or (f)~(j). TTC atpH 9.5>pK, of DIBand  gjactric dipole-dipole interactions between DPPC molecules:
TTC. At these values opH, both DIB and TTC should be un- i iq consistent with this effect becoming insignificant at
charged. At higlpH, mixed local anesthetic-DPPC monolayers re- high pH, where either DIB or TTC are uncharged. The only

sembled the control DPPC monolaye(Big. 4). These results . . o
strongly suggest that the effect of DIB and TTC on in-plane mo_reS|duaI effects observed for the higiH 25-mol% DIB

lecular ordering depends upon electrostatic interactions. Values cﬁamples V,Ve,re due tq increased agglomeration O,f LC do-
pH, molecular area and surface pressure corresponding to each iff}&ins- This increase in the tendency of the domains to ag-
age for DIB were(a) 55.3 A, 6.9 dyn/cm(b) 50.7 A2, 7.3 dyn/cm; glomerate at h|ghan could bg dug to the fac.t that the DIB
(c) 45.5 &2, 8.0 dyn/cm(d) 40.2 A2, 9.9 dyn/cm; ande) 36.1 A2, or TTC molecules’ incorporation is decreasing the overall
17.9 dyn/cm. For TTC they wer@) 57.6 A2, 6.4 dyn/cm;(g) 52.7 electrostatic repulsion between domains, an effect known to

A2 6.8 dyn/cm;(h) 47.0 A2, 7.7 dyn/cm;(i) 42.4 A2, 9.9 dyn/cm;  result in increased agglomeratid26]. This could result
and(j) 38.5 A2, 16.5 dyn/cm. most simply from, e.g., the incorporation of TTC within the
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monolayer decreasing the average in-plane electric dipoleontaining even high concentrations of DIB or TTC. In
moment due to the inclusion of an electrically neutral mol-monolayers at least, these LA’s do not appear to promote
ecule. fluidity. In fact, isotherms recorded for DIB or TTC mono-
layers are identical when rescaled properly to account for
Intrinsic DIB fluorescence results this effect: no monolayer expansion is observed beyond the
o additional area due to the LA themselves. Indeed, it seems
_Using intrinsic DIB fluorescence, we attempted to deter-,nsgiple that DIB and TTC are present both within the LC
mine the distribution of DIB within the monolayers pH 51 LE phases in phospholipid monolayers, rather than being
6.0. Images were obtained across the LC-LE CoeX'Stenceor%calized to the gel-fluid interface or the less ordered phase.
gion for DPPC monolayers incorporating 5- and 25-mol%yye also see no evidence for the exclusion of the LA from the
DIB, but no NBD-PC probe(The lower DIB concentration  mgnolayer, or its separation from the phospholipid in the
was chosen to avoid self-quenching. We were unable t0 go tgonolayer. Thus, in monolayers at least, DIB and TTC af-
lower DIB concentrations because of limitations in the lightfect membrane ordering as a whole, not just in isolated re-
levels available for imaging.At both concentrations, LC gions. Our average molecular area results are consistent with
domains were not observable when DIB was the only availyhe hypothesis that TTC intercalates into the alkane chain
able fluorescent prob@ig. 10. Instead, epifluorescence mi- region of the monolayer, but that DIB inserts only into the
croscopy images obtained in these cases showed U”'forﬁbadgroup region.
levels of fluorescence, as confirmed by quantitative measure- o the other hand. it also seems clear that the LA’s have
ments of intensity profiles across the samples. To rule out thg 4ramatic effect on promoting the formation of LC-LE in-
possibility that noise levels prevented us from seeing dogrfaces, in agreement with calorimetry results for vesicles
mains at the relatively low fluorescent intensity levels stud-[lg]_ While our results have been obtained for high concen-
ied, we reproduced the intensity Ieveols found with DIB only {ations, this interfacial effect could extrapolate to shorter
using low concentration£0.004 mol% of NBD-PC as a |ength scales for lower concentrations, which our optical
probe. Under these conditions, the preferential partitioning Ofechniques cannot probe. It seems especially suggestive that
NBD-PC into the LE phase still could be observed. Wetnese effects were nonuniformly distributed over the mono-

therefore conclude that DIB, unlike NBD-PC, partitions into layer, indicating that the LA may aggregate in the plane of
both LC and LE phases. This finding is consistent with re+pe membrane, leading to locally enriched regions.

sults from the isotherms showing that the transition pressures The results discussed above all relate to results obtained
do not depend upon DIB concentratidfig. 2), which indi- i, 3 jow pH regime, which should resemble the situation
cates either comple.te phase §eparatlon or equal parutlonmgresem at physiologically realistic valuespi. Our results
If the DIB molecule is present in both the LC and LE phaseS¢o, high pH point strongly toward the likelihood that the
fchen its presence in t_he less fluid LC domalns_lndlcates thaﬁhospholipid-LA interaction does depend strongly on the
its effect on LC domain growth need not be limited to modi- oharged state of both TTC and DIB. Taken as a whole, these
fying the interface between the two phases. o observations support the idea that “caine’-type LA’s can
To determine whether DIB is nonuniformly distributed gier the local interactions between phospholipids, potentially
throughout the plane ofamono_layer on larger Ie_ngth s_cale%ltering membrane order by disrupting the headgroup-
we measured the fluorescence intensity for a series of imageR aqgroup electrostatic interactions. This could result in both
taken at different points on the same monolayer at fixed Mo qgjfications of the local packing of phospholipids and the
lecular area. Variations in this intensity would indicate thatpromotion of longer interfaces between ordered and disor-
the DIB concentration itself varies across the monolayer. Thejereq phases. This effect of roughening interfaces within the
measured values of intensity were constant over the monQxemprane might influence the environment of membrane
layer; however, we were limited in our ability to resolve ,qteing which presumably themselves exist at the boundary

small variations in in-plane DIB density because Qf the highpetween more and less ordered regions of phospholipids.
background due to scattered light at these low light levels.
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