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Mechanisms of membrane potential sensing with
second-harmonic generation microscopy

Thomas Pons Abstract. We characterize the transmembrane voltage response of a
Laurent Moreaux novel second-harmonic generation (SHG) marker using a screening
ESPCI protocol with giant unilamellar vesicles. Two mechanisms are found
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to contribute to the voltage response: (1) an electro-optic-induced al-
teration of the molecular hyperpolarizability and (2) an electric-field-
induced alteration of the degree of molecular alignment. We quantify

Oliver Mongin the relative weights and of these contributions and provide an upper
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Université de Rennes | identification of two voltage response mechanisms leads to new strat-
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Second-harmonic generatig®HG) microscopy is a candi- in origin. Our goal is to demonstrate that more than one
date technique for imaging cellular membrane potehtidiis mechanism can contribute to the SHG response, and that care
technique is based on the use of extrinsic membrane markeramust be taken in properly defining electric field sensitivities.
that are both hyperpolarizable and amphipHitie Molecular An identification and characterization of these mechanisms
hyperpolarizability ensures that the markers individually pro- leads to new design strategies for optimizing the performance
duce hyper-Rayleigh scattering, while amphiphilicity ensures of SHG membrane potential sensors.

that they are distributed in a membrane with a well-defined We consider the stilbazolium dye molecule,
alignment, enabling a coherent summation of hyper-Rayleigh 4 (1E)-2{4-(dihexylamingphenylethenyl-1-(4-sulfobuty)
scattering that lead$§to SHG. Various reports have suggested quinolinium inner salt, illustrated in Fig. 1 and designated as
that SHG imaging can be highly sensitive to a transmembranedi-6-APEQBS according to Ref. 10. This molecule is push-
electric field'=® more sensitive even than well-established pull in nature, and hence similar to molecules used in previ-
techniques based on fluorescence electrochromism. Currentlypus reports on SHG membrane imaging. Our experimental
the design strategies to improve the SHG electric-field sensi- protocol to quantify SHG membrane potential sensitivity is
tivity have largely concentrated on optimizing the electro- described in Ref. 9. We use giant unilamellar vesi¢@5Vs)
optic response of molecular hyperpolarizabilittésA simple as model bilayer membranes, which are electroformed from a
two-level model describing molecular hyperpolarizability and dioleolylphosphatidylcholindDOPC deposition. The GUVs

the parameters governing its electric field response are pre-are typically 20 to 50um in diameter, reside in a 300-mM
sented in Ref. 9. However, an electro-optic mechanism basedglucose solution, and are externally labeledwét5 to 10uM

on changes in molecular hyperpolarizability is not the only concentration of di-6-APEQBS. Because of its amphiphilic
mechanism that can lead to SHG membrane potential sensi-nature, di-6-APEQBS molecules label only the outer leaflets
tivity. In particular, an electric-field-induced alteration of the of the GUVs with a preferred alignment roughly perpendicu-
degree of alignment of the membrane markers will also lar to the membrane plari@e will show later that this align-
change the SHG power and lead to an apparent membranament is far from perfeg¢t Our imaging configuration is that of
potential sensitivity. These two mechanisms, based, respec-a scanning laser microscope. A mode-locked Ti:sapphire laser
tively, on internal and external molecular degrees of freedom, beam (wavelength, 830 nm; repetition rate, 80 MHzs fo-
must be fully characterized to enable quantitative membrane cused with a 0.9-numerical-apertudA) water immersion
potential imaging. In Ref. 9, we presented an experimental objective, and scanned through the sample using
screening protocol that unambiguously distinguishes betweengalvanometer-driven mirrors. The SHG signal is collected in
the two mechanisms, based on the use of artificial mem- the forward direction with a standard condenser, spectrally
branes. Reference 9 dealt only with molecules whose re- selected with bandpass and high-pass optical filters that block
sponse mechanism was identified to be purely electro-optic, both the transmitted laser beam and concurrent two-photon
and exhibited up to 10 to 20% variations in SHG power for a excited fluorescence, and detected with a bialkali cathode
100-mV transmembrane voltage. In this paper, we generalize photomultiplier tube. Static electric potentials are applied
the results of Ref. 9 by examining a molecule whose response
mechanism is found to be both electro-optic and realignment 1083-3668/2003/$15.00 © 2003 SPIE
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Fig. 1 SHG, image (right) of GUV labeled with di-6-APEQBS (left). Fig. 2 Observed SHG profiles along GUV equator for parallel (l) and
lllumination and detection polarizations are directed along the arrow. cross (L) polarization configurations, along with theoretical fits (solid
traces) according to Eq. (1) ((£%)/(£)=0.5). The dashed traces repre-
sent the predicted profiles if the markers were aligned exactly perpen-
across the GUVs using two platinum bath electrodes sepa-dicularly to the membrane ((£%)=(£)=1).
rated by about 1.5 cm, which prodddeansmembrane fields
as great ad0® V/m. To prevent GUV migration due to elec- o )
trophoretic forces, we switch the sign of the applied electric Molecular hyperpolarizability and y are the first and sec-
field at every new line scan. Odd and even lines of an image ond hyperpplanzabmtles, respgctlvely; we use the notapon in
then correspond to opposing directions of the applied trans- Reéf- 1D. It is apparent from Fig. 3 that an electro-optic re-
membrane potential. sponse cannot by itself explain the observed variations in the
The emitted SHG power depends both on the tilt angle SHG, profile. In particular, it cannot explain the splitting of
of the chromophore axis and on the anglef the laser beam  the peak response whenm/2< < /2, nor the narrowness

polarization (linea with respect to the membrane normal. ©Of the peak response when2<¢<3/2. To properly ex-
This is given by plain both these features, we must invoke an electric-field-

induced alteration of the molecular tilt angle. We characterize
this tilt-angle response with the parameier, such that

SHG = SHGy((£°) coS’ ¢+ 3(&— &%) cosg sir? ¢)?

SHG, =SHGy[ (&%) cog ¢ sing+ 3(&— &%) E—¢

1+ % Eo cos¢>> . 3

Xsing(1-3 cos ¢)1?, (1) Inserting the substitutions of Eq&2) and (3) in Eq. (1), and

whereSHG, , are the signal components, respectively, paral- fitting this to the observe&HG, profile in Fig. 3, we con-
lel and perpendicular to the laser beam polarization; and we clude that for di-6-APEQBS in a ?SPC membrane at room
define&= cosa, where(...) denotes an ensemble average over temperature, thenx,~-4.3x10"" m/V and «z~1.3

the illuminated chromophore population. Because our vesicles
are spherical, the anglé is simply the angular coordinate
along a vesicle equator. From Fig. 2, we observe that di-6-
APEQBS is not rigorously aligned perpendicularly to the
membrane, but instead exhibits a tilt angle distribution such 34
that (£3)/(¢)~0.4 to 0.5. Assuming this distribution is
peaked around a fixed tilt angte, we concludex~45 to 50
deg, which is somewhat larger than the tilt angles exhibited by
previously studied moleculés.

To quantify the SHG membrane potential response of di-
6-APEQBS, we applied the alternating voltage between our
electrodes and recorded tB#G, signal generated along the
equator of a freshly labeled GUV. Figure 3 illustrates the sig- 04
nal obtained after de-interlacing the GUV image such that
—ml2< $p<ml2 corresponds to an outgoing field antd?2
< ¢<3m/2 corresponds to an ingoing field, relative to the
vesicle interior. As described in Ref. 9, a purely electro-optic fig. 3 Opserved SHG, profile along GUV equator during application
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SHG response would lead to the replacement in(Eg. of 400 mV (at ¢=0) transmembrane voltage. Profile is taken from a
deinterlaced image such that potential is directed outward for — /2

SHG— SHG,(1+ KﬁgEo COS¢), 2 <¢<m/2 and inward for m/2<¢p<3m/2. The dashed line corre-

. . . sponds to best fit assuming an electro-optic response mechanism only.

where Eq cos¢ is the applied transmembrane field, aﬂﬂ The solid line corresponds to best fit when tilt-angle response mecha-

=2 Rgy/B) characterizes the electro-optic response of the nism is taken into account.
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contributions were independently linear, as suggested by Eq.
] (4), by verifying with independent fits that, and «; re-
20+ mained approximately constant over a wide range of applied

. transmembrane fields that easily covered the range found in
0 live cells. The results of our verification are shown in Fig. 4,
indicating that even though two mechanisms are involved in
the SHG response of di-6-APEQBS, the full membrane po-
-0 4 tential sensitivity remains well defined.

: To observe membrane potential variations in excitable
204 cells, adequate SHG response times should be in the submil-
] lisecond range. Electro-optic mechanisms are effectively in-
stantaneous on this time scale, since they involve only in-

30

ASHG / SHG (%)

=30 -

20 a0 0 10 200 tramolecular electronic dynamics. On the other hand, tilt-
Transmembrane voltage (mV) angle mechanisms, which involve global molecular
Fig. 4 Relative contributions of electro-optic (bullets) and tilt-angle rearrangements, could conceivably be slow on this time scale.
(open squares) mechanisms to the SHG membrane potential response, As presented, our protocol entailed imaging a small section of
as determined from in(.iependent SHQ profile fits for different applied membrane and switching the direction of the applied electrode
transmembrane potentials and two different GUVs. voltage in synchrony with the line-scan period. By changing

both the image size and the scan rate, we varied the line-scan
period from 20 to 1 ms, the minimum tolerated by our galva-
nometers, and observed no change in the SHG response am-
plitude, indicating that the tilt-angle response time was at least
as fast as 1 ms. To further refine our temporal resolution, we

x107° m/V (corresponding, respectively, t613 and 4%
relative SHG changes for a 100-mV transmembrane voltage
The difference in signs between these two parameters indi-
catgs that th; mechatms;nsl, respond tm gppOSIfngl Filrgpt:onfs. | used asynchronous switching such that the direction of the
or membrane potential Sensors 1o be useiul in biologica applied voltage was switched at times separated by intervals
applications, they must respond with well-defined sgnsmvny 2.5% longer than the line-scan peri¢fig. 5). After image
and had(_aquat(_a spl)ee(;i, llndepet_ndently of thﬁ details of Enedeinterlacing, this led to an apparent sliding of the switching
mechanisms Involved. In practice, one usually measures Mey; o o aach successive image line, with a temporal lag step
relative change "SHG.‘ In résponse toa transmembrane field corresponding to 5% of our line-scan period, that is, tq.S0
when the laser poIar!za}tloq is directed perpendicular to the Given that the observed membrane width occupied about 15%
membrane(¢=0). This is given by of our image width, and that about three successive image

ASHG lines were required for the completion of the SHG response to
shG (Kot Kp)Ep. (4) a voltage switch, we conclude that the tilt-angle response time
G was at least as fast as 1p8. Such a response time is entirely

Note that, by itself, this measurement cannot reveal the pres-adequate for monitoring even fast-voltage transients in cell
ence of more than one membrane potential response mechamembranes.

nism. Using our protocol, which provides the full angular de- We conclude that, for certain amphiphilic markers, an

pendence of the SHG response, we not only identified the electro-optic response is not the only mechanism governing
presence of both electro-optic and tilt-angle mechanisms, but SHG membrane potential sensitivity. In particular, our screen-
also determined their relative weights. We verified that these ing protocol revealed that both electro-optic and tilt-angle
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Fig. 5 Asynchronous voltage switching provides better temporal resolution than the line-scan period. (Left) Schematic representation of protocol:
image of a small section of membrane (gray) contains odd (O) and even (E) lines. Arrows denote directions of applied 450-mV transmembrane
voltage, whose switching period is slightly longer than the line-scan period. When image is deinterlaced (odd lines only), field is initially directed
left, then right, then left again. (Right) Observed SHG response following protocol with 1-ms line-scan period and 1.025-ms voltage switching
period. Tilt-angle response time is at least as fast as 150 us. The dashed curve corresponds to the SHG profile if the response were instantaneous.

430 Journal of Biomedical Optics ¢ July 2003 < Vol. 8 No. 3



mechanisms are involved in the SHG response of di-6- 2.
APEQBS. Tilt-angle alteration not only undermines the
electro-optic response of di-6-APEQBS, but in fact outweighs 5
it significantly. The tilt-angle sensitivity and response time are
found to be suitable for biological imaging applications, indi-
cating that tilt-angle mechanisms should not be overlooked
when designing SHG membrane potential sensors. In particu-
lar, strategies where tilt-angle and electro-optic mechanisms
are designed to operate in tandem, rather than in opposition, 5.
should lead to exceptionally high performance SHG mem-

brane potential sensors.
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