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The mechanism of long chain free fatty acid (FFA) transport across cell membranes is under
active investigation. Here we describe the use of multi imaging mass spectrometry (MIMS) to
monitor intracellular concentrations of FFA and 1grovide new insight into FFA transport in
cultured adipocytes. Cells were incubated with “~C-oleate:BSA and either dried directly or
dried after washing with a medium deprived of '*C-oleate:BSA. Cells were analyzed with
MIMS using a scanning primary Cs* ion beam and *C~, *C~, "C"*N~ ,*C"*N~ (or '*C""N")
were imaged simultaneously. From these quantitative images the values of the '>C/'*C ratios
were determined in the intracellular lipid droplets, in the cytoplasm and outside the 3T3F442A
adipocytes. The results indicate that after incubation with '*C-oleate:BSA the droplet >C/'*C
ratio was 15 *+ 6%. This value is about 14-fold higher than the >C/'?C terrestrial ratio (1.12%).
After washing the 'C-oleate:BSA, the droplet ?C/'*C ratios decreased to 1.6 + 0.1%, about
40% greater than the natural abundance. Results for washed cells indicate that relatively little
FFA was esterified. The unwashed cell results, together with the value of the lipid water
partition coefficient, reveal that intracellular unbound FFA (FFA,) concentrations were on
average about 4.5-fold greater than the extracellular FFA, concentrations. These results are
consistent with the possibility that FFA may be pumped into adipocytes against their
electro-chemical potential. This work demonstrates that MIMS can be used to image and

quantitate stable isotope labeled fatty acid in intracellular lipid droplets.

(J Am Soc Mass

Spectrom 2004, 15, 1572-1580) © 2004 American Society for Mass Spectrometry

cellular transport of free fatty acids (FFA) that uses

the combination of corrective ion optics with sec-
ondary ion mass to quantitatively image the intracellu-
lar distribution of stable-isotope ('°C) labeled FFA in
3T3F442A adipocytes.

Despite the importance of FFA for life, studies of FFA
transport are difficult to extend to the cellular scale due to
the lack of suitable methodology. Autoradiography of
radioactive labels cannot provide quantitative information
on FFA accumulation in intracellular fat droplets, while
fluorescently labeled FFA may not accurately reflect the
transport and metabolism of native FFA.

Although imaging of biological tissues has been
provided by secondary ion mass spectrometry [1-12],
quantitation of isotope ratios in secondary ion mass
spectrometry of biological tissue has been problematic.

A new type of secondary ion mass spectrometer,

In this report we describe a novel approach to study
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equipped with the dual capabilities of simultaneously
measuring several ion masses and imaging at high
resolution, has recently been developed [13]. With this
multi-isotope imaging mass spectrometer (MIMS [the
MIMS instrument used in these studies is the prototype
of the NanoSims50, Cameca, France]), the intensity
currents for several secondary ions can be obtained
simultaneously, so that determination of isotope ratios
is independent of changes in instrumental or sample
conditions. We have previously used MIMS to directly
measure *C/2C and >N /N isotope ratios in cultured
cells at a subcellular scale [14] and used these results to
demonstrate a high rate of protein turnover in cochlear
stereocilia interconnecting links [15]. Here we report the
use of MIMS to study the accumulation of *C labeled
oleic acid in intracellular lipid droplets of cultured
adipocytes.

FFA are critical for many physiological processes.
Fatty acids are transported in the blood bound to
albumins and they cross the plasma membrane to be
stored as triacylglycerol in the lipid droplets of adipo-
cytes. FFA transport across the plasma membrane is
central to the principal function of the adipocyte, the
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storage and release of FFA from intracellular triacyl-
glycerol. The nature of the transport mechanism of FFA
from the aqueous phase on one side to the aqueous
phase on the other side of cell membranes remains
uncertain (for recent reviews see: [16-21]). In one view,
transport of FFA across cell membranes is thought to
require membrane proteins [22-25]. In a second view,
transport of FFA is reported to undergo rapid flip-flop
through the lipid bilayer phase, thereby obviating the
need for a protein- mediated process [26-30]. Much of
the uncertainty has its basis in the methodological
difficulties of monitoring FFA [31, 32].

Using quantitative imaging with MIMS we have
directly studied the accumulation of "*C in cultured
adipocytes incubated with "°C labeled oleic acid. We
measured a high level of *C accumulation in intra
cellular lipid droplets. This result is best explained by a
protein-mediated process for FFA transport.

This study indicates that MIMS provides a new and
important approach for studying cellular transport and
metabolism of FFA. Using MIMS, movement of native
FFA can be traced to specific subcellular locations and
accurate isotope ratios allow the concentration of FFA
to be determined at subcellular sites. The results of this
study provide the first images and relative concentra-
tion measurements of FFA in the lipid droplets of
adipocytes. The results are consistent with the possibil-
ity that FFA may be pumped into adipocytes against
their electro-chemical potential.

Methods
MIMS Analysis

The samples were analyzed with multi-isotope quanti-
tative imaging mass spectrometry, using the prototype
of a new generation of secondary ion mass spectrometer
[13, 33] (factory prototype of the NanoSims50, Cameca,
Courbevoie, France). The primary beam directed at the
sample was Cs* accelerated at 16 kV. The vacuum in
the analysis chamber was around 3 X 107" torr. We
analyzed in parallel the secondary ions '*C~, "*C~,
12C1N T, BCMN (or "*C'°N ™) emitted from the samples.

Secondary-lon Counting

Each species of secondary ion was detected with an
electron multiplier. The high voltage applied to each
electron multiplier and the pulse-height discriminator
on its output were adjusted together to maintain the
highest efficiency of detecting secondary-ion impacts
while discarding noise and having an equivalent count-
ing efficiency among the four counters.

Tuning for Mass Selection

The first level of mass selection for discriminating the
secondary ions was provided by individual trolleys,
each with an electron multiplier, that were moved to the

QUANTITATIVE IMAGING OF FFA TRANSPORT 1573

desired radii of curvature for the masses of interest
(based on the kinetic energy of the secondary ions and
the magnetic field strength of the mass spectrometer).
One trolley was positioned for detecting mass 12, a
second one for mass 13, a third one for mass 26, and a
fourth one for mass 27.

High mass resolution was obtained by adjusting
deflection plates positioned just before each electron
multiplier as described in [14]. This procedure allows
for mass resolutions that discriminate between isobars
such as '°C~ (mass 13.003355) and “C'H™ (mass
13.007825), >)CN ™~ (mass 26.003074) and [**C],” (mass
26.00671), and *C**N~ (mass 27.000109), *C**N~ (mass
27.006429) and *C"*N'H™ (mass 27.010899). By appro-
priately setting the deflection-plate voltages of the de-
tectors, one can determine for each detector which
isobar is detected by the electron multiplier, eliminating
any spill-over from neighboring mass peaks.

Simultaneous Quantitative Secondary-Ion Images

Images of cells were produced by scanning a highly
focused primary ion beam (35-50 nm) stepwise in one
raster across the sample. The adaptive ion optics correct
for aberrations and match the shape of the secondary
ion beam to the acceptance of the mass spectrometer
and detectors, maintaining high transmission of sec-
ondary ions. Dynamic transfer insured that while the
primary ion beam step scanned the sample, the second-
ary ion beam position was compensated so as to be
stationary, and thus entered the detector in a fixed
position. Four detectors recorded the secondary ions of
selected masses produced simultaneously from a given
sample region. Thus, mass density distribution images
of the selected species were in exact registration with
each other. Simultaneous images of the distributions of
2C, BC, 2CUN~, BCMN™, or 2C®N~ emitted as
secondary ions from the surface of a sample were
obtained. The beam current and diameter, dwell time
per pixel, and step size were adjusted according to the
size of the area being analyzed; a step raster of 256 by
256 pixels was generally used. In the scanning mode,
the number of counts for each secondary ion emitted
from each pixel was stored as a 16-bit integer in a
computer file. Grayscale secondary-ion images for each
of the selected secondary ions were obtained after
analysis by reconstructing the data onto a 256 by 256
pixel array, with the pixel intensity in the image scaled
according to the number of counts detected from that
position.

Hue Saturation Intensity (HSI) Transform

Images acquired with MIMS have a dynamic range of
16 bits and resulting ratios generate far more informa-
tion than can be easily displayed using simple gray
level methods. In order to identify those pixels with
significantly different isotope ratios than their neigh-
bors we use a hue saturation intensity transformation of
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the ratio image [15]. The resulting image displays the
ratios in rainbow colors with a hue corresponding to a
given ratio value and the intensity of the hue coding for
the significance of the values.

Quantitative Ratios

Regions of interest (ROIs) were selected from the HSI
13C/'C image and the same ROIs were selected from
the corresponding image of 12c=, BC~, 2C"N™, and
13CN™. The isotope ratio for each region of interest
was determined by dividing the total counts of *C~
over all pixels in that region by the total corresponding
counts of ?C~and dividing the total counts of *C"*N~
(or ®C'N") over all pixels in that region by the total
corresponding counts of "?C'*N ™. The precision of these
ratios was essentially determined by the number of
counts for *C~, ®C'"*N~, and ""C"°N~, respectively,
which was generally larger than 1000 (3% precision)
even in the smallest regions of interest. Data analysis
was performed with an SGI O2 workstation using Isee
Analytical Imaging Software (Inovision Corporation,
Raleigh, NC) and special software developed with NSee
Corporation (Raleigh, NC).

Adipocyte Preparation

3T3-F442A adipocytes [34] cultured in 25 cm? flasks
were trypsinized and washed with phosphate buffered
saline. Approximate cell density was determined by
counting with a hemocytometer. Ten percent FCS in
DMEM with 10 ug/mL insulin was added to 6 X 10°
cells/mL in a 1.3:1 ratio. The cells were then added to a
petri dish containing ten 0.5 cm? silicon chips and
placed in an incubator at 37 °C, 5% CO,, and 95%
relative humidity to allow the cells to adhere to the
silicon surface. After 3 h, the medium was exchanged
for fresh 10% FCS in DMEM with 10 pug/ mL insulin.
The cells were then allowed to incubate overnight. One
silicon chip was used for examination with a light
microscope to ascertain the presence of adherent adipo-
cytes.

Transport Procedure

The remaining silicon chips with adherent adipocytes
were divided between three wells of a 24- well plate.
Each well was washed twice with C-HEPES. Then 300
uL of 6:1 ¥C-oleate:BSA was added to each well, and
the plate was placed in an incubator at 37 °C for 20 min.
From this point forward the cells were treated in three
different ways: (1) not washed, (2) washed with C-
HEPES, and (3) incubated in 600 uM BSA. In the first
treatment, the silicon chips were removed from the
24-well plate and dried immediately with argon. In the
second procedure, the cells were washed with C-HEPES
and then dried with argon. In the last case, the *C-
oleate:BSA was removed from the well and 600 uM BSA
was added after which the cells were allowed to incu-
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bate for 10 min. Again the silicon chips were removed
and dried. Dried cells were stored at —4 °C prior to the
MIMS experiment. In all cases the '*C-oleate:BSA was
recovered from each well and measured again with
ADIFAB [35] to verify that the free concentration of
3C-oleate did not change after exposure to the cells.

Preparation of ">’C-OA and Complexes with BSA

Prior to preparation of the oleate:BSA complex, '*C-
oleic acid was saponified with sodium hydroxide. Con-
centrated sodium hydroxide solution (50% wt/wt) was
added in 75% excess to 0.2 M ">C-OA in methanol. The
resultant sodium salt was dried under argon and placed
in an argon- filled dessicator for 1 h to remove excess
methanol and water. A 24 mM stock solution of sodium
13C-oleate was prepared by dissolving the dried solid in
de-ionized water at 37 °C. The "*C-oleate stock solution
was stored in the dark at —20 °C prior to use.

The primary buffer used for the transport study
consisted of 20 mM HEPES, 140 mM NaCl, 5.5 mM
glucose, 5 mM KCl, 1 mM NaH,PO,, 1 mM CaCl,, and
1 mM MgSO, in deionized water at pH 7.4 (C-HEPES).
Approximately 600 uM stock solutions of BSA were
made in C-HEPES for preparation of oleate:BSA com-
plexes. An approximately 6:1 complex of “C-oleate
bound to BSA was prepared by adding, while mixing,
small aliquots (< 30 uL) of the 24 mM "*C-oleate stock
solution to a solution of 600 uM BSA at 37 °C. One
aliquot was added every 2 min, and the final aqueous
free concentration was determined to be of 250 nM
13C-oleate by direct measurement with ADIFAB at
37 °C. The oleate:BSA complex and BSA stock were
stored at —20 °C prior to transport experiments.

Estimation of the Intracellular Aqueous
Concentration of FFA ([FFA,])

[FFA,] can be estimated from the *C/'>C ratios in the
intracellular lipid droplets under the assumption that
the concentration of FFA within the lipid droplet is in
equilibrium with [FFA,]. This equilibrium is character-
ized by a partition coefficient (K,,) determined for lipid
vesicles [36] and confirmed for dispersions of triacyl-
glycerol (TAG) (unpublished results). It follows that the
concentration of FFA within the droplet phase ([FFA4])
is = K *[FFA;] and the concentration of FFA4 carbons
for oleate is 18*[FFA4]. The concentration of carbons
within the lipid droplet, assuming the droplet is com-
posed entirely of TAG (Mw ~ 885) and has a specific
density of 0.9, is 56 M (about 55 carbons/ TAG and
[TAG] = 1.02M). Thus the mole fraction of FFA carbons
to total droplet carbons is about 18* K *[FFA;]/56. In
this report the unbound extracellular oleate was 250
nM. If [FFA,] were also 250 nM then for oleate with all
18 carbons labeled with '*C, the '*C concentration
within the lipid droplet due to oleate would be 1.75 M
(K, = 4 X 10°). Therefore, if [FFA;] = [FFA,] the total
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Table 1. Secondary ion yield (counts/sec)
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13C,, OA (3.9 mM) + BSA

1-13C OA 25 mM 13C,, OA 24 mM (0.6 mM)
Statistic 12¢ 3¢ 12¢ 3¢ 12¢ 3¢
Mean 112733 5372 2534 63726 13898 597
S.D. 14620 782 18955 2651 129
C.V. 0.13 0.15 0.32 0.3 0.19 0.22

13C/'C ratio (natural abundance of 1.1% plus the
1®C-oleate) within the droplet should be 1.1 + 3.1 =
4.2%.

“Drop” Control Experiments

In initial experiments we compared the yield of second-
ary ions from oleic acid, either labeled at the carbon of
the carboxy group (oleic-1-'*C-acid) or labeled at all
carbons (oleic-"*C,g-acid): 25 mM 1-*C oleic acid, 24
mM '3C,; oleic acid and 3.9 mM '*C,; oleic acid with 0.6
mM BSA in HEPES buffer. Each OA sample was
saponified as described and the salt was dissolved in
water at concentrations of 25 and 24 mM, respectively.
Samples were spotted on Si wafers as 1 ul drops and
dried under argon. After evaporation of the solvent a
central drop formed surrounded by a ring of material
thin enough to show interference colors. To investigate
whether a fractionation of the components had oc-
curred during the evaporation process, readings were
taken along a radius at five positions of different
interference colors from the most peripheral to the
innermost ring and in the central drop.

Materials

Oleic acid with "*C at all 18 carbon positions (**C-OA)
was purchased from Isotec, Inc. (Miamisburg, OH).
ADIFAB was prepared as described previously [35] and
can be purchased from FFA Sciences, LLC (San Diego,
CA). HEPES was purchased from ICN Biomedicals, Inc.
(Aurora, OH). Essentially fatty acid free BSA, trypsin,
insulin, and remaining buffer components were ob-
tained from Sigma-Aldrich (St. Louis, MO). DMEM was
purchased from Gibco BRL (Gaithersburg, MD) and
phosphate buffered saline was purchased from Bio-
Whittaker (Walkersville, MD). Fetal calf serum (FCS)
was obtained from Tissue Culture Biologicals (Tulare,
CA). 3T3-F442A adipocytes were converted from prea-
dipocyte fibroblasts as described [34]. Silicon wafers
were purchased through Montco Silicon Technologies,
Inc. (Spring City, PA). They have resistivity between
0.005-0.020 ohm cm and a thickness between 475-575
microns. The wafers were cut into 0.5 cm squares at
MIT in the Microsystems Technology Laboratories
(Cambridge, MA).

Results
“Drop” Control Experiments

The secondary ion yield and the isotope ratios for the
three types of samples are shown in Tables 1 and 2,
respectively. The isotope ratios were equivalent among
the different positions of analysis.

Transport Experiments

MIMS was used to monitor '*C-oleate transport in
3T3F442A adipocytes by monitoring *C/'"C ratios.
Monolayers of cells were grown on silicon chips and,
after treatment to alter the concentration of extracel-
lular '®C-oleate, the cells were dried with argon. We
used three experimental protocols designed to alter
the amount of FFA that may accumulate in the
intracellular lipid droplets. In one protocol cells were
incubated at 37 °C for 20 min with the '*C-oleate:BSA
complex in which ['*C-oleate] was 3.6 mM and [BSA]
was 600 uM and the incubation was halted by drying
the cells with argon. In a second protocol, cells were
treated as above but then washed for 10 min by
incubation with fatty acid free BSA, which was re-
moved before drying. In a third one, cells were
treated with the '*C-oleate:BSA complex and then
washed with C-HEPES.

Quantitative MIMS images were obtained in parallel
for 12C~, 3C~, 2C"“N, and the isobars, *C*N~ or
12C'*N". The region of interest was evaluated at three
different locations: Outside the cell, inside the cell
(outside the lipid droplets) and in the lipid droplets.

Imaging. The mass images of an adipocyte that had
been exposed to '*C oleic acid for 20 min are shown in
Figure 1. The mass images of the *C~ and ">C**N~ ions
(Figure 1a, d) detail the cell histology. Note that the
contrast revealed in these images was obtained in the
absence of any stain or enhancing agent. The mass

Table 2. Isotope ratios ['*C/(*2C + *C)]

1-13C OA 13C,g OA 3C,g OA (3.9 mM)
Statistic 25 mM 24 mM + BSA (0.6 mM)
Mean 0.045 0.962 0.041
S.D. 0.002 0.003 0.002
C.V. 0.045 0.003 0.061
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Figure 1. Unwashed 3T3F442A cells treated with *C-oleate:BSA. Images of cells dried with argon
after incubation with *C-oleate. (a)—(e) are MIMS mass images of >C~ (a), ">C~ (b), >C'*N~ (d), and
2C®N"~ (e), and their respective ratio images of *C/™C (c) and *C®N"/C"N~ (f). A hue
saturation intensity (HSI) image of the *C/'C ratios is shown in (g); (h) is a reflection differential
interference contrast (DIC) image of the same cells before analysis with MIMS. In addition (i) is the
IBCMN/C"N distribution that reveals the excess C in the lipid; (g-i) reveal the peripheral
distribution of lipid droplets. DIC images (500X) were obtained using a Nikon Eclipse E800 upright
microscope. The MIMS images are 60 um X 60 wm, 256 X 256 pixels and were acquired in 40 min. The
total counts for the mass images are: (a) 2.11 X 107, (b) 6.60 X 10°, (d) 1.30 X 10°, (e) 3.92 X 10°. Total
counts from the images used to generate (i) are 1.21 X 107 for *C*N and 5.08 X 10°® for *C'*N. The
scale bar in all panels is 5um in length.

image of the *C~ ions (Figure 1b) is similar to the *C~  inside the cell. This supplement of **C is at a maximum
ions mass image in form but has a lower count rate. The  at the intracellular lipid droplets, where FFA accumu-
pixel counts of the ">C ™ ions image reflect the adipocyte ~ lates. The mass image of the ">C'°N~ ions (Figure le) is
voxel content of both the natural '*C and the supple-  similar to the ">C**N~ ions mass image (Figure 1d), yet
ment of '°C coming from the '°C oleic acid transported ~ with a much lower count rate. Each voxel of the sample
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Figure 2. 3T3F442A cells treated with *C-oleate:BSA and buffer washed. Light microscopy (DIC)
and MIMS images of cells after incubation with *C-oleate, washing with buffer and drying under
argon. Both imaging methods reveal the peripheral distribution of discrete lipid droplets that is typical
of these cells. >C and ">C images were used to image '>C/ '°C, here represented as a hue saturated
image with a range from 0 to 2.3, and to determine the 13C /12C values at different regions of interest
both outside and inside the cells. DIC images (500X) were obtained using a Nikon Eclipse E800
upright microscope. The MIMS images are 60 um X 60 um, 256 X 256 pixels and were acquired in 30
min. Total counts in the ?C and "*C images are 5.75 X 10° and 8.25 X 10*, respectively. The scale bar

in all panels is 5 um in length.

resulting in the >C"”N~ ions image contains the frac-
tion of "°N related to the "*N content by the natural ratio
of "N/"N.

The ratio images of *C~/"*C~ and "C"*N~ /"*C"*N~
(Figure 1c, f) result from the pixel-by-pixel division of
the '°C~ image by the 'C™~ image and of the "*C'°N~
image by the 'C"N~ image, respectively. The en-
hanced contrast observed in the '*C~/"C™ image is
due to the excess *C incorporated in the lipid droplets
from the 3C oleic acid transported from the outside
medium. The ">C'’N~/"C'"*N~ image has no contrast
because in the absence of exogeneously added '°N, the
value of the ratio of '’N/'*N is equivalent to the natural
ratio across the analyzed field.

In Figure 1g is the HSI image of '*C/"*C ratios and
panel h is the same cell photographed by reflection
differential interference contrast microscopy on the
silicon chip, before analysis by MIMS. Figure 1i is the
13C/*C ratio measured as the cyanide ion, *C"*N~/
12CHN~, and also shows accumulation of *C in the
droplets.

Quantitation. Cells that were incubated with *C-
oleate:BSA, but not washed, had very high '*C/'*C

ratios in the lipid droplets (Figures 1c, g). Values
(average and standard deviation) for "*C/'*C in the
three regions were 2.5 * 0.5%, 1.9 = 0.2% and 15 * 6%,
for inside, outside and droplet regions, respectively. In
particular the lipid droplet ">C/"*C for the unwashed
cells is 14-fold greater than the natural abundance and
is 4.5-fold greater than the amount expected (3.1%) for
equal inside and outside FFA,, levels.

In contrast to the high values of 13C/12C , buffer and
BSA (data not shown) washed cells had low *C/'*C
ratios (Figure 2a-d). Both yielded values for '*C/'>C
ratios that were only slightly higher than the natural
abundance of *C (1.1%). However, the ratios in the
three locations revealed a distinct pattern with lowest
values in non- droplet regions inside the cells (1.3 =
0.1%), intermediate values outside (1.5 = 0.1%) and the
highest values within the lipid droplets (1.6 = 0.1%).

In cells not treated with *C-OA, the value of the
13C/*2C ratio measured under the same conditions was
1.15 = 0.10, not significantly different from the terres-
trial ®C/"C value of 1.12. Also, an indication of the
accuracy of these ratio values was obtained from mea-
surements of the ?CN/2C"N ratios, whose value
was 0.36 = 0.01% in both washed and unwashed cells
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and is in excellent agreement with the natural abun-
dance of 0.37%.

Discussion

MIMS is a new quantitative imaging method capable of
quantitation of isotopic molecular tags coincident with
acquisition of an ultrastructural image. As such it is an
immense step forward from the use of radioactive
isotopes in “autoradiography” and it will open many
new avenues for research in biology and biomedical
sciences. MIMS can be used with animal tissue or with
isolated cells from a tissue culture preparation using
conventional methods for preparing sample for ultra-
structural analysis. We illustrate the power of the new
machine using the stable '°C isotope of carbon in a
study of fatty acid accumulation in adipocyte lipid
droplets, which would be impossible with autoradiog-
raphy of '*C because of poor resolution and lack of
precise quantitation.

Determining intracellular isotope ratios of carbon
requires measuring the count rates of two secondary
ions in parallel from the same sample volume under the
same conditions. Single channel SIMS has been limited
to the evaluation of one secondary ion count rate at a
time, thus introducing potential sources of errors in the
ratio determination due to the possibility of sample
drift, sample degradation under the primary ion beam,
or slight changes in instrumental conditions. On the
other hand, current TOF-SIMS instruments have neither
the spatial resolution for imaging droplets of about one
micrometer diameter nor the mass resolution necessary
to discriminate between isobars [6]. These difficulties,
however, are resolved by MIMS, which permits the
parallel detection of mass 12 simultaneously with mass
13, providing multiple secondary ion measurements
from the same sputtered microscopic volume. The high
mass resolving power of MIMS is illustrated by the
isotope ratio quantitative image of the isobars “C'"°N
and "C'"N, which are well separated (M/AM ~ 4300)
so that the '*C'"”N/">C'*N ratio image is flat and equiv-
alent to the terrestrial ratio (Figure 1f) while the *C'*N/
12C™N ratio image (Figure 1i) shows accumulations of
3C in the droplets.

The experiments in which solutions of oleate and
oleate plus BSA were measured, show that fatty acids
provide a good yield of secondary ions. The thickness of
the layer has no significant effect on the yield (Table 1)
and importantly no spatial fractionation was observed.
The measured isotope ratios were equivalent among the
varied position on the drops (Table 2). The measured
isotope ratios are in good agreement with the predicted
isotope ratios based on labeling and purity, although in
all cases there is a dilution of the label (predicted for
1-'3C-OA: 6.57%, predicted for 18-">C-OA: 99%). This
most probably reflects isotope dilution due to contam-
ination from extraneous carbon-containing compounds.
The value of 4.3% of the ">C/"*C ratio measured for the
3.9 mM '*C,4-OA plus 0.6 mM BSA is in good agree-
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Figure 3. Excess C/'C values in regions of interest in
3T3F442A adipocytes. Values of *C/">C were evaluated as aver-
ages and standard deviations of at least three regions of interest in
locations outside the cells (O), inside but not in visible lipid
droplets (I), and inside the lipid drop-lets (D). The results are the
excess °C/"2C values after subtraction of the natural abundance
of *C/"*C (1.12%).

ment with the value we calculated (4.7%) using the
Swiss protein database to obtain the number (3071) of
carbons/BSA.

Light microscopy (reflection differential interference
contrast) and MIMS images yield similar cell morphol-
ogies, in particular they reveal the discrete intracellular
lipid droplets that are characteristic of the 3T3F442A
adipocytes (Figure 2).

The present MIMS results provide new information
about the trafficking and metabolism of FFA in
3T3F442A adipocytes. Cells that were not washed re-
vealed a more than 14-fold greater excess of °C (Figure
3). This value is 4.5-fold greater than the value expected
if [FFA;] = [FFA_].

Drying cannot be the cause of the large excess of *C
in the lipid droplets. Indeed, such high '*C/"*C ratios
were not observed in non-droplet hydrophobic struc-
tures, for example intracellular membranes. Moreover,
the quantity of free fatty acid estimated in the cyto-
plasm is much too small to provide the amount esti-
mated in the lipid droplets. Also, the outside medium is
quickly aspirated before drying and could not account
for the quantity found in the droplets. Additionally,
there is no segregation or formation of droplet-like
clusters with high ratios of ?C/"*C outside the adipo-
cytes.

The relatively high *C/'*C ratio (2.5%) in regions
outside unwashed cells is likely due to the presence of
13C-oleate-BSA in the outside regions (the °C/'*C for
13C-oleate-BSA itself is about 4.5%). The lower (1.9%)
13C/'2C ratios in the inside, non-droplet regions, pre-
sumably reflect the presence of non-droplet hydropho-
bic, for example membrane, phases inside the cell.

The MIMS results are in agreement with direct
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monitoring of FFA in the extracellular ([FFA_]) and
intracellular ([FFA;]) aqueous phases using ADIFAB, a
fluorescent monitor of the aqueous phase concentration
of FFA [32]. This method uses fluorescence ratio micros-
copy of adipocytes microinjected with ADIFAB to im-
age the temporal and spatial distribution of intracellular
[FFA,]. Using ADIFAB under the same conditions as
for the present study, we found that [FFA;] reaches
steady state values within about 5 min and levels
remain constant for times greater than 20 min in the
presence of oleate:BSA complexes [32].

In contrast to the high excess '°C levels found in the
droplets of cells exposed to FFA without washing, the
intracellular droplet levels of '°C in the cells that were
washed are only about 40% greater than natural abun-
dance. This indicates that the unesterified FFA in the
lipid droplets is rapidly extracted by washing and that
less than 13% of the '°C-oleate is esterified during the 20
min incubation with ?C-oleate:BSA. This is consistent
with the reduction of [FFA,] to baseline levels within
about 50 s that we found in ADIFAB measurements of
adipocytes washed with fatty acid free BSA after expo-
sure to oleate:BSA complex [32]. The small (0.4%) excess
of *C remaining in the region outside the cell suggests
incomplete washing.

MIMS results are consistent with the notion that FFA
influx in 3T3F442A cells is up a concentration gradient
[32]. In addition to the [FFA{] value, the predicted level
of excess "°C in the lipid droplets depends on the value
of the partition coefficient and on the assumption that
FFA in the cytosol and in lipid droplets are at equilib-
rium. The rapid removal of [FFA;] from the cytosol as
determined by ADIFAB and from the lipid droplets as
determined by MIMS provides support for rapid equi-
librium between these two phases. Moreover, measure-
ments of the FFA partition coefficients for different
hydrophobic phases yield virtually identical results (for
a particular molecular species of FFA) within experi-
mental uncertainty [35, 37, 38].

In conclusion, MIMS can be used to investigate lipid
metabolism with high spatial and quantitative resolu-
tion. Using MIMS we have shown, for the first time, that
movement of native FFA can be traced to and measured
at specific subcellular locations.
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