known to control differentiation of root
hair cells (21, 22), the cell type infected by
Rhizobium. Thus, endogenous ethylene may
affect the persistence of rhizobial infection
by controlling the formation of infectable
root hair cells. Alternatively, ethylene may
act as a diffusible signal for activation of
mechanisms that arrest rhizobial infection.
ACC is inhibitory to nodulation when ap-
plied after the initiation of rhizobial infec-
. tion (Fig. 5A, 24 and 48 hours). Similarly,
the ethylene biosynthesis inhibitor AVG
can increase nodule number when applied
after the initiation of infection (5). These
observations are consistent with a model
wherein endogenous ethylene acts subse-
quent to infection initiation and root hair
differentiation.

If ethylene provides a signal for induc-
tion of infection arrest, then plant cells
containing persistent Rhizobium infections
either must avoid the ethylene signal or
must be insensitive to the signal. Localized
production of ethylene at sites of infection
arrest could facilitate avoidance of ethylene
by infections destined for nodule coloniza-
tion. A model for cell-specific regulation of
ethylene synthesis during root hair cell dif-
ferentiation has been proposed in Arabidop-
sis (22). In wild-type M. truncatula, all thi-
zobial infections can be blocked by treat-
ment with ACC as late as 48 hours after
inoculation (Fig. 5A), indicating that infec-
tions destined for nodule colonization are
not inherently insensitive to ethylene.
However, after macroscopic nodule primor-
dia appear, nodulation is largely insensitive
to exogenous ACC (Fig. 5A, 72 hours);
thus, sustained rhizobial infections may ac-
quire insensitivity to ethylene.

In plant-pathogen interactions, ethylene
has been implicated as an endogenous cue
for induction of host defense-related genes
(23). Despite extensive correlative data,
however, a causal role for ethylene in resist-
ance to pathogens has not been established
(24). In M. truncatula, the sickle mutation
causes extensive developmental abnormali-
ties and hyperinfection by Rhizobium, which
indicates that skll encodes a function com-
mon to both plant development and con-
trol of rhizobial infection.
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Measuring Serotonin Distribution in Live Cells
with Three-Photon Excitation

S. Maiti, Jason B. Shear,* R. M. Williams, W. R. Zipfel,
Watt W. Webb

Tryptophan and serotonin were imaged with infrared illumination by three-photon ex-
citation (3PE) of their native ultraviolet (UV) fluorescence. This technique, established by
3PE cross section measurements of tryptophan and the monoamines serotonin and
dopamine, circumvents the limitations imposed by photodamage, scattering, and in-
discriminate background encountered in other UV microscopies. Three-dimensionally
resolved images are presented along with measurements of the serotonin concentration
(~50 mM) and content (up to ~5 X 108 molecules) of individual secretory granules.

N eurotransmitter granules have typically
been studied either with various imaging
techniques (I, 2) that do not directly detect
the granular content, or with chemical or
electrical assays (3, 4) that identify the
granule contents but can probe only the
extracellular medium. Thus, it has not been
possible to determine neurotransmitter con-
centration or total neurotransmitter con-
tent of individual granules in intact cells.
As a solution, we have excited the native
UV fluorescence of these molecules by si-
multaneous absorption of three infrared
photons, which accesses shorter wavelength
UV transitions in living cells than conven-
tional or two-photon microscopy (5).
When subjected to a high-intensity irra-
diation at wavelength X\, a molecule that
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ordinarily absorbs at A\/3 may exhibit fluo-
rescence at =\/3 by a three-photon absorp-
tion mechanism (6). The average fluores-
cence photon count rate F measured from
three-photon excitation depends on the
three-photon molecular absorption cross
section o5 [unit: (length)® (time)? (pho-
ton) 2], the instantaneous intensity I, the
fluorescence quantum efficiency Q, the de-
tection efficiency K, the wavelength \, and
the concentration C (number of molecules
per unit volume). Analogous with two-pho-
ton excitation (7), F is determined by the
product of I* and C, integrated over space
(r) and time (t');

At [
P(r,t )C(r,t') dr dt']

0 Yo

F= KQGz[(l/At)

(1)

For excitation of a homogeneous dye solu-
tion with a focused and pulsed laser beam
with a gaussian temporal and spatial profile,
the integral yields (SI units)
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Fig. 1. Three-photon absorption spectra of Trp
(open circles, values multiplied by 2), serotonin
(filled circles), and dopamine (filled triangles, val-
ues multiplied by 4) (7). Relative errors in the data
are <10% of the respective values. The absolute
value of the three-photon fluorescence action
cross section (Qo3, see Eq. 2) for Trpat 710 nm is
estimated to be 2 X 10796 m® s2 photon~2, which
can be used as a scaling factor for the graph.
Because of uncertainties involved in estimating
the collection efficiency (K in Eq. 2), the absolute
value has a large uncertainty (~5X); au, arbitrary
unit.

F = (4.3 X 107)

X [QKCP,,*(Mwo) o3]/[f**]

(2)
where P, is the average power, f is the
pulse repetition rate of the laser, T is the
full-width-at-half-maximum (FWHM)
pulsewidth, and w, is the beam waist (ra-
dius of the 1/e? intensity contour at the
focal plane). This expression reveals the
importance of minimizing the focused
beam waist and reducing the pulsewidth
for maximizing the fluorescence at a given
average excitation power. Because Mo, is
nearly independent of A for a focused
Gaussian beam, a measurement of F as a
function of X\ yields the dependence of o
on \. The results of such measurements for
tryptophan (Trp), serotonin, and dopa-
mine between 710 and 886 nm are shown
in Fig. 1. The shape of the three-photon
excitation (3PE) spectrum of Trp differs
from the linear (one photon, o) spectrum
(8). For example, 61270 nm):01(237 nm) =
1:5, whereas in the measured three-pho-
ton spectrum the corresponding ratio is
03(810 nm)*03(710 nm) = 1:30. For each spe-
cies, the fluorescence count rate at low
powers (5 to 25 mW) shows a cubic de-
pendence on excitation power (9), as ex-
pected for 3PE (Eq. 2).

These cross section measurements show
how 3PE fluorescence can be used to im-
age the distribution of proteins and neu-
rotransmitters in cellular environments at
reasonably benign laser intensities. We
built a three-photon UV fluorescence mi-
croscopy apparatus based on an existing
laser-scanning microscope capable of im-
aging with two- (5) or three-photon (10)
excitation of visible emission dyes. We

collected 3PE UV fluorescence images of
rat basophilic leukemia (RBL-2H3) cells
that were incubated in 250 wM serotonin
for 6 hours. Serotonin is actively trans-
ported into these cells, and subsequently
into secretory granules. It is released in
response to immunogenic stimulation by
substances in the extracellular environ-
ment (11). The images contain sets of
~20 different horizontal planes (“optical
slices”) through the cell bodies in incre-
ments of 1.3 wm. A 3PE fluorescence im-
age of a single optical slice 3 wm above the
cover slip is shown in Fig. 2A. The corre-
sponding intrinsic fluorescence image
from a control culture of cells that lacked
serotonin in the incubation medium is
shown in Fig. 2B. Bright punctate features
are evident only in the cells that were
loaded with serotonin. The spectral char-
acteristics of the punctate fluorescence
and its absence in the control cells indi-
cate that the fluorescence is generated by
serotonin (or potentially a serotonin me-
tabolite) sequestered in granules. Substan-
tial (~75%) disappearance of the punc-
SCIENCE »
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Fig. 2. Images of RBL cells
obtained from 3PE fluores-
cence of serotonin and oth-
er cellular components (78).
(A) Cells incubated in 250
1M serotonin for 6 hours
(imaged at a horizontal fo-
cal plane 3 um above the
cover slip.) (B) Control cells
without serotonin incuba-
tion. Punctate fluorescence
in (A) is caused by serotonin
granules.

Fig. 3. Three-dimensional image of
a set of serotonin-loaded RBL cells.
The excitation wavelength was 700
nm, and the average power at the
sample ~25 mW. The image is ren-
dered by reconstruction of 20 opti-
cal slices. This reconstruction
draws isointensity surfaces (white)
around regions of equal or higher
brightness to demarcate the gran-
ules. The red hue represents inten-
sity below the granular cutoff inten-
sity, and thus the density of red
overlapping an object provides a
-depth cue. Box width is 80 um.

tate features after immunogenic stimula-
tion was also observed (9) and supports
this conclusion. The observed granules
may represent both individual vesicles and
vesicular clusters that are not separately
resolved in the image (12). Figure 3 shows
the front and the top view of a three-
dimensionally reconstructed image ob-
tained from a set of serotonin-loaded RBL
cells (13). The three-dimensional image
contains the information required to cal-
culate the volume of each of the observed
serotonin granules. Such measurements
performed with ~400 cells yielded a vol-
ume distribution histogram (Fig. 4) for
these granules (14).

Calibration of the granular fluores-
cence with solutions of known concentra-
tions yields a value of ~50 mM for the
concentration of serotonin in the larger
(>1-pm diameter) granules (15). The
concentration calibration, together with
our volume measurements, provides a
measure of the total serotonin content of
individual granules or cells. For example,
the largest 5% of the granules have an
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Fig. 4. Histograms of the distribution of granule
volume. Cells were incubated in serotonin for 6
hours. (Inset) Histogram obtained from control
cells. The histograms represent the average dis-
tributions obtained from ~400 randomly chosen
cells. Serotonin-incubated cells can have O to
~20 recognizable serotonin granules per cell, with
a wide variability observed even among neighbor-
ing cells. The small (0 to 1 wm?3) granules counted
in control cells indicate the level of background in
these measurements.

average volume of 4 um? (Fig. 4) and thus
contain, on average, ~108 serotonin mol-
ecules per granule.

Three-photon excitation thus enables
quantitative imaging of cellular processes by
harnessing the UV fluorescence of native
molecules. This technique offers a necessary
complement to extracellular secretion as-
says such as carbon-fiber amperometry (4),
providing the ability to measure the distri-
bution and content of neurotransmitter
granules within viable cells.

Note added in proof: We have recently
learned that Tan et al. (16) have reported
qualitative detection of a general brightness
increase of astrocytes incubated in serotonin.
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measured by an intensity autocorrelator (FR103, Fem-
tochrome), and the average power was measured by a
thermopile power meter (Molectron).

Excitation was by an 80-MHz mode-locked titanium:
sapphire laser (Tsunami, Spectra-Physics), with X =
700 nm, P,, ~ 256 mW, t ~100 fs, and the exposure
time required to collect the image of a single plane was
~1 s. The excitation beam averfilled the back aperture
of the objective. Occasionally cell damage was ob-
served during imaging at this power and wavelength,
but it could be minimized by excitation at 740 nm. Im-
ages were smoothed by 5 X 5 Gaussian convolution
filter window of size 0.4 wm square. The theoretical
resolution of 3PE microscopy at 700 nm (without
smoothing) is <200 nm in the radial directions and
~500 nm in the axial direction (reported as the FWHM of
the point spread function). Because of the longer wave-
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better reflects the useful resolutions [J. Mertz, C. Xu, W.
W. Webb, Opt. Lett. 20, 2532 (1995)], is significantly
smaller for 3PE. RBL cells were grown and harvested as
described [J. L. Thomas et al., J. Cell Biol. 125, 795
(1994)]. Serotonin (Sigma) in aqueous solution (250 wM)
was added 6 hours before imaging. The excitation puls-
es were pre-chirped by a double pass through an SF-10
prism pair to compensate for the dispersion caused by
other optical elements (J. B. Guild, C. Xu, W. W. Webb,
Appl. Opt., in press). The pre-chirped light was directed
into a confocal scanner (MRC 600, Bio-Rad; with optics
modified for infrared reflection) and then onto an invert-
ed microscope (Zeiss IM-35) containing a Zeiss
Neofluar 63/1.25 NA oil immersion objective lens. The
input optics of the microscope were replaced by optics
capable of simultaneous UV and infrared reflectance
(Bio-Rad). The focused excitation beam optically
scanned the specimen in the horizontal plane, and the
specimen was stepped in the vertical direction, resulting
in a series of “optical slices” that could be computer-
reconstructed into a three-dimensional image. To avoid
signal loss inside the scanner, we separated the epi-
collected fluorescence from the excitation light before
the scanner by a UV reflecting dichroic mirror (Omega),
filtered with two 340 = 20 nm interference filters (Barr
Associates) and a 2-mm colored glass filter (UG11,
Schott, the combined filter transmission is 0.22 at 350
nm and <1079 above 400 nm) and detected with a
photomultiplier  tube—amplifier module (HC125-02,
Hamamatsu). .
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