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Flow cytometry is an important drug discovery tool because it permits high-content
multiparameter analysis of individual cells. A new method dramatically enhanced
screening throughput by multiplexing many discrete fixed cell populations; however,
this method is not suited to assays requiring functional cellular responses. HEK293
cells were transfected with unique mutant glycine receptors. Mutant receptor expression
was confirmed by coexpression of yellow fluorescent protein (YFP). Commercially
available cell-permeant dyes were used to label each glycine receptor expressing mutant
with a unique optical code. All encoded cell lines were combined in a single tube and
analyzed on a flow cytometer simultaneously before and after the addition of glycine
receptor agonist. We decoded multiplexed cells that expressed functionally distinct
glycine receptor chloride channels and analyzed responses to glycine in terms of chlo-
ride-sensitive YFP expression. Here, data provided by flow cytometry can be used to
discriminate between functional and nonfunctional mutations in the glycine receptor, a
process accelerated by the use of multiplexing. Further, this data correlates to data
generated using a microscopy-based technique. The present study demonstrates multi-
plexed labeling of live cells, to enable cell populations to be subject to further cell
culture and experimentation, and compares the results with those obtained using live
cell microscopy. © 2009 International Society for Advancement of Cytometry
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FLOW cytometry permits multiple cell parameters to be analyzed simultaneously
with high sensitivity and a high degree of statistical robustness. It is emerging as an
important drug discovery tool because it can screen test compounds against a wide
variety of cellular targets simultaneously. However, achieving this goal is dependant
on two factors: (1) the ability to automate the screening of large numbers of com-
pounds, and (2) the ability to monitor multiple parameters simultaneously in live
cells. Recent developments (reviewed by Sklar et al. (1)), while useful, require dedi-
cated hardware on an unmodified flow cytometer.

Multiplexed or duplexed analysis allows the screening of multiple discrete sam-
ples in one tube or well at the same time (2—4). A recent method (5), which intro-
duced the idea of labeling discrete cell populations with a unique combination of
fluorochromes, demonstrated the feasibility of employing flow cytometry to discri-
minate between different multiplexed labeled cell populations. However, this method
required cellular fixation, preventing further culture or experimentation.

Glycine receptors (GlyRs) are pentameric Cys-loop anion-permeant channels
that mediate inhibitory neurotransmission in the spinal cord, brainstem, and retina
(6,7). These receptors have recently emerged as therapeutic targets for chronic
inflammatory pain and movement disorders (8—10). Our interest lies in discovering
novel bioactive compounds with therapeutic potential and in identifying mutations
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within GlyRs that may reveal the binding sites of such com-
pounds. The later project involves screening a large random
mutant library for mutant clones that alter GlyR pharmacologi-
cal properties. Because GlyR activation gates a Cl ™ influx, its
activation can be monitored using yellow fluorescent protein
(YFP) variants that are highly sensitive to quenching by small
anions and are thus suited to reporting anionic influx into cells
(11,12). Currently, fluorescence quenching of adherent cells in
response to agonist is assessed using a specialized imaging
microscope plate-based system. This system, while effective, is
limited by the number of cells that can be analyzed and by the
number of parameters that can be monitored simultaneously.

The aim of this study was to establish a sensitive multi-
plexed flow cytometry method that would permit the rapid
assessment of pooled sample responses to identical stimuli.
This could, for example, permit multiple mutant clones to be
screened simultaneously, or allow individual test compounds
to be screened against multiple ion channel isoforms (not nec-
essarily all GlyRs) simultaneously. Here, we describe an assay
to label multiple live cell populations in a multiplexed manner.
The GlyR agonist concentration-responses reported by this
system are comparable with those generated with a conven-
tional microscopy-based detection system. Importantly, we
show that this technique is capable of increasing throughput
by a factor of 12, although future developments should
increase this factor even more. In addition, this approach pro-
vides additional time-related information that may be valuable
in the characterization of different labeled cell populations.
Finally, this assay is suited to any site with access to a multila-
ser flow cytometer and an interest in low cost, high-through-
put screening of live cells.

MATERIALS AND METHODS

Molecular Constructs

The GlyR ¢cDNAs used in this study were the human ol
subunit in the pCIS2 plasmid vector and the human «2 and
3L subunits in the pcDNA3.1 plasmid vector. The following
o1 GlyR mutants (also in the pCIS2 plasmid vector) were also
employed: F63A; R65K; E103C; K104C; S129V; K200R;
R271C; and R271Q. This range of wild type and mutant GlyRs
was chosen as their glycine ECs, values are spread evenly over
more than two orders of magnitude (13-16) and thus should
allow the discriminatory capacity of the multiplex assay to be
clearly validated. We also used the YFP-I152L mutant cDNA
in the pcDNA3.1 vector as the sensor for GlyR activation.
GlyR activation was quantitated by monitoring the fluores-
cence emission intensity of YFP-I152L, which is potently
quenched by iodide ions (11). These anions permeate effi-
ciently into the cell through activated GlyRs (12). We have
previously shown that this YFP-I152L fluorescence quench is
potently antagonized by the GlyR-specific antagonists, picro-
toxin and strychnine (12).

Cell Culture and Transfection
All experiments were performed on HEK293 cells cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) supple-
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mented with 10% fetal calf serum and 1% penicillin/strepto-
mycin. Cells were maintained in a humidified 5% CO, atmo-
sphere at 37°C and passaged weekly. Cells were cultured in 60-
mm tissue culture dishes that were each seeded with 5 ml of
cells at a density of 2 X 10° cells ml™'. When 40-80% conflu-
ent, they were transfected with 0.5 ug of plasmid ¢cDNA
encoding YFP-1152L and 0.5 ug of GlyR ¢DNA using a stand-
ard calcium phosphate coprecipitation protocol (17). Trans-
fection was terminated after 12-24 h by washing the cells twice
in divalent cation-free phosphate buffered saline (PBS).

The cells were then trypsinized (0.25% Trypsin-EDTA,
Gibco 25200-056), resuspended into DMEM, and counted.
2.5 X 107 cells were plated into each well of a transparent 384-
well plate (BD). Cells were used in experiments 24-36 h after
this procedure.

Imaging of Adherent Cells with the Custom
Conventional Imaging System

Approximately 1 h before commencement of experi-
ments, culture media in 384-well plates was removed from the
cells and replaced by 25 ul standard control solution, contain-
ing (in mM): NaCl 140, KCI 5, CaCl, 2, MgCl, 1, HEPES 10,
glucose 10, pH 7.4 using NaOH.

The 384-well plates were placed onto a motorized stage
(Prior ProScan II) of an Olympus IX51 inverted microscope
and cells were imaged with an Olympus 10X objective
(UPlanFLN, N.A. 0.30). Illumination was from an Osram
100 W mercury short arc lamp (HBO 103/2), passing through
an Olympus YFP dichroic mirror (86002V2 JP4 C76444),
excited YFP fluorescence. Emitted fluorescence passed through
a magnifier lens (diopter 8, mineral glass) was imaged by an
Olympus CCD camera (CoolSNAP monochrome cf/OL) then
digitized onto a personal computer. The final resolution of cell
images was 696 X 520 pixels. The maximum image acquisi-
tion rate was 1.25 Hz. Liquid-handling was performed with an
LC PAL autosampler (CTC Analytics) using a 100 ul syringe.
A suite of LabView 7.1 and 8.2.1 software (National Instru-
ments) routines purpose-written in the laboratory were used
for hardware control, image acquisition, storage, image analy-
sis, and data quantification. Experimental protocol involved
imaging each well twice: once in 25 ul control solution and
once again 8 s after the injection of 50 ul Nal test solution.
Individual dose-responses were constructed by pooling results
from two wells exposed to different test solutions containing
the same glycine concentration. Each image typically con-
tained 400-600 cells with sufficient fluorescence to be used for
analysis. Experiments were replicated at least three times using
cells from different passages transfected on different days.

Flow Cytometry Reagents

The cell-permeant fluorochromes used were Celltrace
Calcein Blue AM (C34853), Celltrace Calcein Violet AM
(C34858), and Celltrace Far Red DDAO-SE (C34553), which
were obtained from Molecular Probes. All cell-permeant fluor-
ochromes were brought to room temperature before opening.
Forty-two microliters of DMSO (Sigma) was added to 25 ug
of Celltrace desiccate and mixed vigorously. A working
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Table 1. Comparison of glycine ECso and ny values for the indicated GlyR constructs measured using the two systems

IMAGING SYSTEM FLOW CYTOMETRY

GlyR ECso (M) ECso (uM) Ny

ol 24+ 4 1.2 x0.2 235 3.8 %29
o2 23+ 4 3519 24 x5 1.4 =03
o3 22+ 4 2.1%£09 23 *+3 1.6 = 0.3
o«1K200R 1,197 = 67 24*03 1,554 = 145 1.9*+03
o«1R65K 2,641 £ 142 2.7 0.5 2,887 £ 131 3.1 08
o1K104C 45 * 19 1.2 0.6 27 £ 15 0.7 £ 0.3
«1E103C 1,467 & 348 1.1 £0.3 945 * 406 1.9£15
o«1R271C 595 * 67 1.2 £0.1 477 * 66 1.7 203
218129V 2,861 £ 165 1.9 0.2 3,111 £ 765 1.2 *£03
a1F63A 14,480 * 2,700 50*24 12,550 *= 2,540 32 %21

solution was prepared by adding 1.25 ml of PBS to 40 ul of
Celltrace/DMSO solution and mixed vigorously; however, PBS
was only added immediately before staining cells.

Multiplex Staining

All cell populations to be multiplexed were placed in 96-
well U bottom plates at 100-250 X 107 cells/well and centri-
fuged at 300g for 5 min. Working solutions of fluorochromes
were added (Calcein Blue 10 ul; Calcein Violet 10 ul; DDAO
0.4 ul (low stain) or 10 pl (high stain)) and each tube was
made up to 50 ul with PBS if required. Fluorochromes were
added as required to each cell population (see Fig. 5a) and
each dye was triturated several times for adequate mixing. The
stained cells were incubated at room temperature for 20 min,
wrapped in aluminum foil, and placed on a MS-1 Minishaker
(IKA) at 800 revolutions/minute. After incubation, cells were
washed in 200 ul of control solution and centrifuged at 300g
for 5 min after which supernatant was aspirated and the wash-
ing step repeated twice more. After the final wash, cells were
resuspended in 200 ul of control solution.

Flow Cytometry

Samples were analyzed on a BD Biosciences LSR II, with
four laser sources: violet (405 nm), blue (488 nm), and red
(633 nm) all 20 at mW laser power, and UV (355 nm) at 50
mW laser power. Fluorescence collection filters used were YFP
(530/30BP), compensation parameter (660/20BP), DDAO
(660/20BP), Calcein Violet (450/50BP), and Calcein Blue
(450/50BP). A 100 pl sample from each of the wells to be mul-
tiplexed was added to a single 5 ml polystyrene round bottom
Falcon tube. This multiplex tube was centrifuged at 300g for
5 min, after which the supernatant was removed and the cells
resuspended in 200 ul of control solution. The multiplexed
cells were then split into two tubes (100 ul into each tube),
with the first “control” tube having an additional 200 ul of
control solution added, while the second tube had 200 ul of
Nal solution containing 1.5 mM glycine added. The tubes
were run immediately (within 10 s) on the flow cytometer. For
both tubes, ~10 X 10> events per multiplexed cell population
were analyzed using FCS Express 3 (De Novo Software, USA)
software. In the glycine concentration-response experiments
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(results summarized in Table 1), 200 ul of glycine solution of
varying concentrations was added to 100 ul of cells (not multi-
plexed) and each tube was analyzed on the flow cytometer im-
mediately after the addition of glycine.

Statistical Analysis
Glycine concentration-response curves were fitted with
the following equation:

F = Fpi/ (1 + (ECsp/ [glycine})"H)

where F is the fluorescence corresponding to a given glycine
concentration, [glycine], Fi,; is the initial (or control) fluores-
cence value, ECs is the glycine concentration that elicits a
half-maximal response, and nyy is the Hill coefficient. Curve
fits were performed using a least-squares fitting routine (Ori-
gin 7, OriginLab Corporation). All averaged experimental
results are expressed as mean * SEM. Statistical significance
was determined by paired or unpaired Student’s t-test, as
appropriate, with P < 0.05 representing significance.

REsuLTS

Detection of YFP Quench by Flow Cytometry
and Fluorescence Imaging

Sample images of HEK293 cells transfected with both
YFP-1152L and the GlyR ol subunit using the conventional
imaging system are shown in Figure la. Images in the top row
were recorded with cells exposed to the NaCl control solution.
The corresponding images in the bottom row were taken 8 s
after this solution was replaced by either control Nal solution
alone (left) or Nal + 1 mM glycine (right). Nal is used in test
solutions as I quenches fluorescence much more efficiently
than CI™ (9). To quantify the change in fluorescence after the
addition of Nal + 1 mM glycine, the fluorescence of indivi-
dual cells in control solution was plotted against the fluores-
cence following replacement by the test (Nal or Nal + glycine)
solution (Fig. 1b, left). This graph confirms the trend, appar-
ent in Figure la, that virtually all cells are quenched following
the addition of Nal + glycine. These data are plotted in histo-
gram form in Figure 1b (right panel). Percentage fluorescence
change was defined as ((Fgpa/Finit) — 1) X 100 where F,; and

Multiplexed Labeling of Viable Cells for High-Throughput Analysis
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Figure 1. Response characteristics of cells expressing YFP-1152L and the «1 GlyR subunit imaged with the conventional imaging system.
(a) Images in the upper row were recorded in the presence of NaCl control solution whereas the corresponding images in the lower row
were recorded from the same well 8 s after replacement with either Nal alone (left image) or Nal + 1 mM glycine (right image). All images
were recorded from the same 384-well plate, which had a mean YFP expression efficiency of 52.4% = 0.9% (n = 24 wells). (b) Frequency
distribution of fluorescence change (in %). Cells were bathed initially in NaCl, and the change in fluorescence was measured upon solution
exchange to either Nal alone (gray, n = 1,033) or Nal + 1 mM glycine (black, n = 1,000). The “% fluorescence change” is defined as ((Fnal/
Finit) — 1) X 100 where Fi,i; and Fsna are the initial and final values of fluorescence, respectively. Averaged % fluorescence changes’ for
the control and test experiment shown here were —5.8% = 0.2% and —40.2% =+ 0.6%. The dashed line at —20% represents a cut-off, which
was manually applied to quantify coexpression efficiency of YFP and GlyRs (see Fig. 4). This cut-off identified 13.9% of cells as nonre-
sponding. Cells were pooled from two wells each, all from the same transfection.

Fgna are the initial and final values of fluorescence, respec- YFP- YFP+
tively. This experiment demonstrated that the imaging system ;

provides a robust assay of GlyR activation.

While the conventional imaging system permitted the
analysis of individual cells and provided results based on hun-
dreds of cells, larger sample sizes could be achieved using flow
cytometry. To detect whether Nal + 1 mM glycine induced a
change in YFP fluorescence measurable using flow cytometry,
we split HEK293 cells transfected with both YFP-1152L and
the GlyR «1 subunit into two tubes after harvesting the cells
from culture. To the first tube, we added Nal and analyzed the
cells on the flow cytometer. To the second, we added Nal + 1
mM glycine and analyzed the cells immediately. We collected 100k |
~10* events from each tube to quantify the YFP fluorescence.

NacCl

Forward Scatter
=]

Change in YFP expression was determined by measuring ] s

mean fluorescence intensity (MFI) of cells in the presence of a O ”,'F,I ,=,‘,IZ§6:3,'
control solution (Nal) or the agonist solution (Nal + glycine) 0 102 103 104 105
and typical results are illustrated in Figure 2. YFP-positive cells Relative Fluorescence EntenSity
treated with Nal + 1 mM glycine had lower MFI for YFP

(MFI = 17,663) than cells treated with Nal alone (MFI = Figure 2. Contour plot of YFP relative fluorescence intensity
35,194). These data suggested that flow cytometry could quan- quenching in response to agonist as measured by flow cytometry.

After exclusion of cellular debris and cell clumps, a marker is posi-
tioned at the highest value of intrinsic fluorescence of YFP-nega-
tive cells. Cells with fluorescence levels above this marker are
considered YFP-positive and cell numbers and levels of fluores-
cence recorded. Results are expressed as mean fluorescence

tify changes in YFP fluorescence in response to the addition of
Nal + 1 mM glycine.

Sensitivity of Both Assays to Graded Changes intensities (MFI) for only YFP-positive cells and show in the upper

in GlyR Activity panel YFP fluorescence intensity NaCl ““control’”” compared to

. . NaCl + Nal + glycine ““test” treated. In this typical example there

We next transfected cells with one of 10 different GlyR is a 50.1% decrease in MFI of YFP expressing cells post treatment,
constructs that were selected on the basis that their respective while the YFP-negative population shows no fluorescence shift.

Cytometry Part A o 75A: 440—449, 2009 443
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Figure 3. Quantification and correlation of YFP-1152L-expression and coexpression of YFP and GlyRs. (a) % YFP-expression as determined by
flow cytometry. YFP-positive cells were gated based on YFP-negative controls and expressed as a percentage of live cells as determined by for-
ward and side scattered light. (b) The mean percentage of YFP-expressing cells that responded with a fluorescence change of greater than
—20% upon addition of Nal + 30 mM glycine using the conventional imaging system. The low value for F63A is due to the 30 mM glycine con-
centration being subsaturating. (c) Correlation analysis of glycine ECsos obtained from conventional imaging and flow cytometry with nonmul-
tiplexed cells as summarized in Table 1. Adherent cells were preincubated in NaCl control solution and activation of GlyRs was imaged 8 s after
injection of Nal test solution and increasing concentrations of glycine. Suspended cells were bathed in NaCl control solution and glycine-recep-
tor activation was induced by adding Nal test solution containing glycine in increasing concentrations. The cells were analyzed immediately
(within 10 s) on the flow cytometer. Fluorescence intensities were averaged for each tested glycine concentration from ~1 X 10* recorded cells.

ECsos were extracted from dose-response curves as stated in the text. For both experiments, cells from the same transfections were used.

glycine affinities spanned a wide range (11-14). The ultimate
aim of this was to use the differing glycine sensitivities as a
means of validating whether GlyR populations segregated on
the basis of fluorescence multiplex decoding were functionally
distinct. However, it was first necessary to determine whether
both assays were consistent in their response to graded glycine
concentration changes at each mutant. One feature of the con-
ventional imaging system is that fluorescence from a single cell
is recorded both before and after treatment. This feature can
be used to determine the percentage of fluorescent cells that
express each GlyR mutant. This was quantified by applying a
saturating glycine concentration (Nal + 30 mM glycine) to
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cells expressing one of the 10 different GlyR constructs, and
pooling results from two wells expressing the same GlyR con-
struct. The number of cells showing a fluorescence decrease of
greater than 20% was expressed as a percentage of the total
number of YFP-expressing cells in the imaged wells (Fig. 3a).
Virtually all YFP-expressing cells also expressed the mutant
GlyRs. The low value for the F63A construct is due to a dra-
matically reduced glycine-sensitivity compared to the other
GlyRs employed here and shows that for this receptor variant
a glycine concentration of 30 mM is not saturating (13). Thus,
using the conventional imaging system, we were able to con-
firm the coexpression of YFP with each GlyR. An identical

Multiplexed Labeling of Viable Cells for High-Throughput Analysis
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approach using flow cytometry is not possible as each cell is
analyzed once then discarded and results are generated based
on the population as a whole. Conversely, flow cytometry can
be used to measure the transfection efficiency of YFP (and a
given GlyR by approximation) as YFP-negative cells were also
recorded, while the conventional imaging system only meas-
ures cells that are YFP positive. Transfection efficiency for each
GlyR construct (Fig. 3b) was calculated using data generated
during the dose-response experiment described below (Table 1).
Separately, these measurements each provide a measure of the
efficiency of the transfection process.

To compare the ability of both assays to report small,
graded changes in GlyR activity, we assessed the concentration
response for all 10 GlyR constructs using both assays. With the
conventional imaging system, a single glycine concentration
was applied to each well. Concentration-response relationships
were constructed by pooling results from two wells exposed to
the same glycine concentration so that each point on a single
dose-response curve was averaged from 800 to 1200 cells.
These experiments were replicated at least three times on cells
transfected on different days. Curve fits to individual concen-
tration-response relations were performed as described in
materials and methods. Averaged glycine EC5, and ny; values
of best fit are summarized in Table 1 and plotted in Figure 3c.
In flow cytometry experiments, each transfection was analyzed
in a separate tube using the approach described for Figure 2.
Suspended cells were bathed in NaCl control solution and
GlyR activation was induced by adding Nal test solution con-
taining glycine in increasing concentrations. The cells were an-
alyzed immediately (within 10 s) on the flow cytometer. Fluo-
rescence intensities were averaged for each tested glycine con-
centration from ~10* recorded cells and plotted against
glycine concentrations. Averaged parameters of best fit to the
concentration-response curves for each GlyR construct are
summarized in Table 1. None of the EC5, or nyy values shown
in Table 1 differed significantly from one assay relative to the
other (P < 0.05). Thus, both methods provide consistent
readouts of GlyR activation status. The large variation in ny
values may reflect the fact that many of the mutants disrupt
the receptor gating mechanism (6,7).

Multiplex Decoding of Cell Populations with Different
Functional Properties

Having shown that data generated by both methods are
comparable, we sought to increase the throughput of samples
by flow cytometry. Additionally, we wanted to ensure that
each group of cells was exposed to the identical concentration of
agonist at the same time post-preparation. To do this, cells
expressing each of the various constructs were labeled with a
unique combination of cell-permeant fluorochromes, a method
known as multiplexing. We chose commercially available dyes
that were, capable of crossing the membrane of a live cell, being
retained inside the cell and did not prevent measurement of YEP.
These conditions were met by the Celltrace products produced
by Molecular Probes described in Materials and Methods.

This multiplex coding (Fig. 4a) provides unique posi-
tional information about the source of the cells when different
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cell populations are combined. Once labeled, the cell popula-
tions were mixed together, then divided into a control solution
(Nal) tube and an agonist solution (Nal + 1 mM glycine)
tube. Both tubes were analyzed, the control solution tube to
quantify the percentage of cells expressing YFP and their level
of expression, and the agonist solution tube to quantify the
change in YFP expression in response to agonist. Decoding
gating is shown in Figure 4b. Fluorescence intensity of YFP-
positive cells after exposure to control and agonist solutions is
illustrated in Figure 4c. This typical example of three experi-
ments illustrates the dynamic response of eight differently
transfected mixed cell populations simultaneously exposed to
the same agonist. The positional information was decoded
using FCS Express software (De Novo Software, USA). Where
more than eight cell populations were tested, the remaining
cell populations were analyzed in additional multiplexed
tubes, or dye combinations allowing twelve populations of
cells to be multiplexed (not shown). Of the dyes used, only
calcein violet was detectable in the YFP filter. To ensure that
calcein violet, or any other dye, did not contribute to YFP
measurements, a YFP gate was created for each population in
a given multiplex. YFP gating for each mutant was based on
each multiplexed population before the addition of the agonist
(data not shown). These data suggest that changes in YFP flu-
orescence in multiplexed cells after exposure to agonist solu-
tion were measurable by flow cytometry.

We next compared the data collected using the conven-
tional imaging system to the data collected from the decoded
multiplexed cells. Ten populations of cells were used in these
experiments, with each population expressing one of the 10
GlyR constructs described earlier. By titration, we found that
DDAO could be used to stain two discrete populations (data
not shown), increasing the total number of populations that
could be multiplexed to 12. Subsequent experiments were
repeated four times using 12 population multiplexing. The
percentage of responding cells (treated with Nal + 1 mM gly-
cine) measured using the conventional imaging system
(assessed as for Fig. 1) was compared to the overall change in
fluorescence in YFP-positive cells as measured by flow cytome-
try after multiplex decoding (Fig. 5a). The increased range of
responses for flow cytometry data for some GlyR mutants
directly reflects the larger dynamic range of this platform and
longer sampling time used for flow cytometry experiments. Fol-
lowing addition of 1 mM Gly, the fluorescence quench in cells
expressing o1 GlyRs did not vary with time (Fig. 5b), although
cells transfected with «1-F63A GlyRs displayed a time-depend-
ent quench (Fig. 5¢). This difference was due to glycine sensitiv-
ity differences: the F63A mutant is weakly activated by 1 mM
Gly and hence long activation times are necessary to produce
significant internal Cl~ accumulation. Together, these data
demonstrate comparable results from the imaging system or
decoded multiplexed cells analyzed by flow cytometry.

DiscussioN

Flow cytometry can make quantitative (18) optical meas-
urements of multiple fluorochromes simultaneously (19). We
utilized these multiparametric capabilities to decode fluores-
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Figure 4. Resolving cell populations in multiplexed cells. Each transfected population of cells was labeled with a unique combination of
cell permeant fluorophores (a). The gating strategy (b) starts with a live cell gate (top left then clockwise) from which four daughter gates
are drawn based on calcein blue and calcein violet discrimination. Events contained in each of the four gates are then presented in the fol-
lowing plots allowing final level of decoding of events based on DDAO detection. The gate view shows the hierarchy of individual gates.
MFI of YFP-positive events specific to each transfection (c) as determined by the gating in (b) is shown in the presence of Nal only (pre ago-

nist) and in the presence of Nal and 1 mM glycine (post agonist).

cently labeled live HEK293 cells to measure changes in YFP
fluorescence caused by Cl™ influx through GlyRs with differ-
ing glycine sensitivities. We first demonstrated that this
method was capable of functionally discriminating between
cells which exhibit a wide range of responses to agonist (Figs. 1
and 2). Furthermore, the glycine EC5, values produced by
this method were similar to those resulting from conventional
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fluorescence microscopy of adherent cells (Table 1). These
results also provide the first demonstration that the Cl ™ -sensi-
tive YEP assay functions as efficiently with flow cytometry as it
does with conventional microscopy.

Transfected cells expressing YFP were analyzed and the
number of cells and their level of expression measured by both
methods (Fig. 3). The flow cytometry approach provides rapid

Multiplexed Labeling of Viable Cells for High-Throughput Analysis
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Figure 5. Comparison of fluorescence responses for conventional imaging with analysis of multiplexed cells using flow cytometry. (a) Cor-
relation analysis of conventional imaging to analysis of multiplexed cells using flow cytometry. Cells were preincubated in NaCl control so-
lution and activation of GlyRs was imaged after application of Nal test solution + 1 mM glycine. All results were averaged from four differ-
ent experiments, with cells from different passages transfected on different days. (b and ¢) Contour plots of sample time versus change in
YFP fluorescence intensity for cells expressing o1 GlyRs (b) and «1-F63A GlyRs (c). The later population accumulate Cl~ at a slow rate
because of their low glycine sensitivity.

quantification of the t

ransfection efficiency and robust statistics

due to large cell numbers, as well as allowing the number of
counts to be increased if the percentage of YFP-expressing cells
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in the total population is low. In a microscope plate-based
assay, should the transfection efficiency be low, a well or experi-
ment may be abandoned due to limited cell numbers. Multi-
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plexing and pooling samples provides conditions where each
cell is exposed to the same concentration of test compound and
time elapsed post sample preparation. Using a plate-based
method, cells may remain in the plate for various periods of
time depending on well position before exposure to test com-
pounds. As a result, cells may sit for periods of more than
30 min post-preparation at physiological temperatures before
experimentation, thus paving the way for possible variability in
cellular responses.

There are numerous references regarding multiplexed flu-
orescence assays for flow cytometry. These include methods
that rely on, the binding of antibodies or antibody-coated
fluorescently encoded microspheres (2) to their appropriate
target, molecular interactions (20,21) and amine reactive
labeling of fixed cells (5). An issue with bead/antibody encod-
ing in live cell assays is that the act of encoding the cell, via the
binding of an antibody to its ligand, may trigger intracellular
events (22-24). These events may in turn alter the ability of
the cell to respond to the test compound. The method
described in Krutzik and Nolan et al. requires fixed and perme-
abilized cells (5), thereby preventing further experimentation.
Our approach addressed this issue by directly labeling the cells
of interest with fluorochromes which are transported into and
bound within the cell (25), facilitating further experimentation
on multiplexed cells. Using this approach, fluorescence has been
measurable after up to seven divisions with no effect on cell via-
bility (24-26). Here we used cell-permeant fluorochromes to
label live cells and suggest that multiplexing of live cells is not
restricted to this type of labeling, however, as we were assessing
changes in a cell surface receptor, we chose not to use lipophilic
dyes or a cell surface antibody-based multiplexing method. Our
data (Fig. 4b) show that this approach yields 8-12 cell popula-
tions which are spectrally discrete in multidimensional space,
while recent reports describe only the use of two populations
(3,4). These populations can be decoded using standard flow
cytometry analysis software and are used in this instance to pro-
vide positional information related to the coding of the cell
population and its associated receptor mutation.

In summary, we have described a method for multiplex-
ing live cells to simultaneously investigate the functional prop-
erties of multiple mutant GlyRs. This assay was specifically
designed for screening libraries of random mutant GlyRs to
identify the binding sites for compounds of therapeutic inter-
est. However, the multiplexing technique as described here has
other potential applications. Of course, this multiplexing
method should also be equally suited to any receptor type that
produces an intracellular change detectable by a fluorescent
indicator, such as calcium flux measurement in the functional
assessment of gamma-amino-butyric acid (GABA) receptors
(26). Importantly, our experiments provide proof of principle
that flow cytometry can be used for high-throughput screen-
ing of structurally related GABA, Cl = channel receptors
(GABA,Rs), which are a major therapeutic target for indica-
tions including muscle relaxation, epilepsy, anxiolysis, seda-
tion, and anesthesia (27). Indeed, the assay may be particularly
applicable to the GABAAR because of its extremely wide range
of subunit stoichiometries. As these receptors are constructed
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from a family of around 19 different subunits («1-6, f1-3, y1-
3, 0, & 7, T, pl-3), and assuming that they recombine ran-
domly, they can theoretically produce an enormous number of
receptors (>100,000), each with a distinct electrophysiological
and pharmacological profile (28-30). Although the most abun-
dant GABA,Rs have trimeric of}y stoichiometries, it can be diffi-
cult to reliably express all three subunits in individual cells. Our
approach suggests that it should be feasible to cotransfect differ-
ent subunits in IRES-containing plasmid vectors that also
contain cDNAs for different genetically encoded fluorochromes.
Following flow cytometry of multiplexed cells, it should be possi-
ble to distinguish cell populations expressing particular subunit
combinations so that the effects of drugs (or other) treatments
on individual receptor isoforms can be separately quantified.
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