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SI Methods
Experimental Animals, Cells, and Expression Vectors.Mice expressing
EGFP or tomato reporter genes in dopamine 2 receptor (D2R)-
and D1R-positive neurons (D1tom/D2gfp mice), respectively,
were obtained by breeding drd2-EGFP mice with drd1a-tdTo-
mato (using a standard two-step breeding procedure) (1). drd2-
EGFP bac transgenic mice were obtained from gensat, and
drd1a-tdTomato bac transgenic mice were described previously
(2). The Université Laval Institutional Animal Care Committee
approved all experimental procedures involving animals in line
with guidelines from the Canadian Council on Animal Care.

Antibodies and Chemicals. Antiphospho-Akt (Ser473), antitotal–
extracellular-regulated kinase (Erk) 1/2, and antiphospho-
ERK1/2 (Thr202/Tyr204) were purchased from Cell Signaling
Technology. Antitotal-Akt monoclonal antibodies were obtained
from Biosources. Monoclonal mouse anti-GFP antibodies were
from Santa Cruz Biotechnology, and antiactin clone c4 mono-
clonal antibodies were from Chemicon/Milipore. The antiphospho-
EGF receptor (EGFR; Tyr1068) was from epitomics, and the anti-
TrkB extracellular epitope antibody was from R&D Systems. EGF
and brain-derived neurotrophic factor (BDNF) were obtained
from Prospec.

Primary Neuron Cultures. Striata were dissected from 1- to 3-day-
old D1tom/D2gfp double transgenic pups. Briefly, cells were
plated on 18-mm Aclar* (22C 5 mL) coverslips (P5000HS;
Honeywell) coated with 100 μg/mL poly-D-lysine at a concentra-
tion of 2 × 106 cells/mL. After 24 h in culture, cells were rinsed in
neurobasal media and placed in complete growth media. After
15 days in culture, the medium was removed and replaced by
serum-free growth media or media containing BDNF, apomor-
phine (Apo), or AG1478. Neurons were maintained in complete
neurobasal growth media that was composed of neurobasal and
B27 supplemented with 0.5 mM L-glutamax (Invitrogen), 5%
FBS, and 50 U/mL;50 μg/mL penicillin/streptomycin.

Transfection and Cell Culture. Chinese hamster ovary (CHO-k1)
cells stably expressing ∼600,000 EGFR-GFP receptors per cell
are described elsewhere (3). Cells were grown to 70–85% con-
fluence and transiently transfected using Lipofectamine LTX
reagent (Invitrogen). GPCR constructs included angiotensin 1a
receptor (At1aR), D2R, D1R, β2-adrenergic receptor (β2AR),
and neurokinin-1 receptor (NK-1r). In some cases, an Rab5
S34N dominant negative mutant (4) was cotransfected to prevent
EGFR internalization (5). All experiments were done 48 h post-
transfection.
CHO-K1 cells weremaintained inDMEMcontaining 1,000mg/

mL D-glucose, 10% heat-inactivated FBS, 0.1 mM nonessential
amino acids, 4 mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL
streptomycin (Invitrogen), and 400 μg/mLGeneticin (Invitrogen).

Cell Fixation.Twenty-four hours after transfection, cells were lifted
using 0.25% trypsin solution (Invitrogen), transferred to MatTek
dishes coated with 2 μg/mL fibronectin, and grown for an addi-
tional 24 h. After 16 h serum starvation, transfected cells were
stimulated through the addition of appropriate ligands. Cells
were fixed using a 4% paraformaldehyde for 10 min and rinsed
two times with PBS. After the fixation procedure, cells were kept
moist through the addition of 1 mL PBS and were stored at 4 °C
before imaging.

For immunodetection, antibodies were diluted in 2% normal
goat serum in PBS. Monoclonal anti-mouse TrkB antibody was
diluted at 1:20 and incubated overnight at 4 °C. Coverslips were
rinsed three times with PBS. Incubation with the secondary an-
tibody was performed for 1 h at room temperature (alexa fluor
647 goat anti-rat; Invitrogen).

Immunoblots.Cells were grown on 100-mm Petri dishes and serum-
starved for 12 h before stimulation with EGF (1 μM × 5 min at
37 °C) with or without preincubation in AG1478 (200 μM × 15
min at 37 °C). Cells were rinsed two times in ice-cold PBS,
centrifuged, frozen in liquid nitrogen, and stored at −80 °C before
protein extraction. Frozen pellets were lysed in 125 μL boiling 1%
SDS and sonicated as described (6). Protein concentration in ex-
tracts was measured using a DC protein assay (Bio-Rad). Western
blots were made using 25 μg total protein and were incubated with
primary antibodies as described (7). Immune complexes were re-
vealed using appropriate IR dye-labeled secondary antibodies
from Licor and detected using an Odyssey Imager (Licor).

Microscopy. All images were obtained using an Olympus FV300
scan head and an Olympus IX71 inverted confocal laser scanning
microscope (Olympus America) with a 60× plan-apochromactic
oil immersion objective (numerical aperture = 1.4). Sample ex-
citation was achieved using 1% of a 40-mW, 488-nm line of an
argon laser and dichroic filter FV-FCB GR 488/543/633. Emis-
sion was collected through the same objective and dichroic filter
and passed through a BA510IF long-pass emission filter. Pho-
tomultiplier tubes (PMT) voltages in the detection channel were
set to 600 V, ensuring no saturation and that most pixel in-
tensities were in the linear range of the detector (i.e., no pixel
saturation). Pinhole 2 was used corresponding to a point-spread
function (PSF) in the x and y dimensions of 0.2 μm. The pixel
resolution for images of the CHO-k1 EGFR-GPCR cells was
0.092 μm/pixel, and the pixel resolution for images of TrkB in
primary cell culture neurons was 0.058 μm/pixel. All images were
1,024 × 1,024 pixels in size collected using the slowest scan speed
available corresponding to a pixel dwell time of 9.1 μs/pixel.
Confocal laser-scanning microscopy (CLSM) settings were kept
constant for all samples to ensure that comparisons could be made
between samples.

Spatial Intensity Distribution Analysis. The fitting function for
a system with density of N particles is (Eq. S1)

Hðε;N; kÞ ¼ ∑
n
ρnðε; kÞ·  poiðn;NÞ [S1]

with (Eq. S2)

ρ0ðε; kÞ ¼ δk;0; [S2]

where (Eq. S3)

ρnðε; kÞ ¼ ρ1ðε; kÞ⊗  ρn− 1ðε; kÞ [S3]

with (Eq. S4)

ρ1ðε; kÞ ¼
ð
δ
�
ε·I

�
r
�
− k

�
dr: [S4]

I(r) is the illumination intensity profile of the excitation laser, ε
represents the quantal brightness of a single fluorescent particle,
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and k is the probability of observing an intensity of light (as-
sumed to be proportional to the number of photons emitted). H
is normalized over all intensity values so that the integral over k
equals one. A constant factor, A, is introduced, which is the
number of pixels in a subregion of the image where the fluo-
rescent particles are distributed. This allows for the fit of an
image intensity histogram to be performed. Three parameters
are fit in Eqs. S1 and S2: the number of pixels (A), the fluo-
rescent particle density (N particles per laser beam effective
focal volume), and the quantal brightness (ε intensity units in IU
per unit of pixel integration time). Because the images are col-
lected with CLSM, the fluorescence intensity is measured using
PMTs, and the number of collected photoelectrons is a function
of the polarization voltage.
If dimers are present in the sample, they will yield quantal

brightness of 2ε. When the monomer and dimer populations are
mixed within the same region in space, the total histogram be-
comes the convolution of the two individual distributions (Eq. S5):

Hðε1;N1; ε2;N2;A; kÞ ¼ A· Hðε1;N1; kÞ⊗ Hðε2;N2; kÞ: [S5]

To improve the fitting of our data, the signal for monomeric GFP
was obtained by transfecting a membrane-targeted monomeric
GFP construct (8) into CHO-k1 cells containing no EGFR-GFP.
The cells were otherwise cultured and fixed using the same
procedures as outlined above for the EGFR-GFP–containing
cells. To obtain a value for the monomeric signal of the antibody-
labeled TrkB receptor, samples were treated with AG1478 to
prevent TrkB dimerization. These critical measurements were
determined before each experiment and incorporated into the
fitting model. To obtain accurate results, noise characteristics of
the detector also had to be studied and taken into account in the
analysis (see ref. 9 for complete analysis).
For the present studies, two to three regions of interest (∼100–

200 beam areas) were analyzed per cell. This was done to
guarantee that we only analyze areas that seem to be homoge-
nous (i.e., no structural features including adhesions). To ensure
that increased dimer density resulting from transactivation was
not spatially limited to only a few regions of the cells, we pro-
duced a dimer density map illustrating distribution of EGFR
dimers both for nonstimulated cells and as a function of trans-
activation. In Fig. S4, a square region of 32 × 32 pixels (pi)
[corresponding to 69 beam areas (BAs)] was scanned throughout
the image, and spatial intensity distribution analysis (SpIDA)
(Eqs. S3 and S4) was applied individually to each of the regions.
The densities of monomeric, dimeric, and total EGFRs were
obtained for each small regions, and 2D maps of the dimer
density, total EGFR density, and ratio of dimers over total
oligomer [D/(M + D)] are shown. This type of analysis is shown
for both control non-stimulated cells and stimulated cells (Iso =
500 nM).

From the resulting maps, we determine that EGFR dimer-
ization from transactivation is not limited to certain areas within
the cell but that occurs across the whole basal membrane of the
cells. Importantly, the average dimer density, total protein den-
sity, and percent dimer density agree with values obtained from
averaging six individual titrations.

Fluorescence Lifetime Imaging/Förster Resonance Energy Transfer
Measurements. For fluorescence lifetime imaging (FLIM)/Förster
resonance energy transfer (FRET) analysis of EGFRdimerization,
stable CHO-k1 cells expressing EGFR-GFP were cotransfected
with the EGFR-mCherry construct alone or in combination with
GPCR expression plasmids, and they were cultured as described
previously. Cells were then plated onto glass coverslips, stimulated,
fixed with 4% paraformaldehyde, and mounted in Prolong Gold
(Invitrogen). For FLIM, samples were illuminated with a Chame-
leon Ultra IR laser (Coherent) at 80 MHz repetition rate tuned at
900 nm for GFP two-photon excitation.
The acquisition of fluorescence lifetimes was synchronized

by a time-correlated single photon-counting (TCSPC) module
(SPC-830; Becker and Hickl). Measurements were performed on
a Zeiss LSM 510 microscope using a 63× oil immersion objective.
Fluorescence emission was detected with a cooled high-speed
PMT detector head (PMC-100–1; Becker and Hickl) between
505 and 545 nm by means of a GFP emission filter (HQ525/40m;
Chroma). The following parameters were kept constant for all
acquired images: pixel size (100 nm and 512 × 512 pixels), pixel
dwell time (1.60 μs), laser excitation intensity (6%), and FLIM
acquisition time (60 s/image). Using these parameters, no pho-
tobleaching of either GFP or mCherry was observed. Reference
green and red images in confocal mode were also recorded for
each FLIM image (GFP excitation at 488 nm and mCherry ex-
citation at 543 nm).
Fluorescence lifetime images were analyzed with SPCimage

(Becker andHickl). For all images, a binning factor of 10pixels was
used to have sufficient photons in the regions of interest and then,
reduce the error on the calculated lifetime. For the same concerns,
a threshold was applied to avoid lifetime calculations in low-in-
tensity pixels (40 photons at the peak was the minimal threshold
used). Furthermore, the same calculated instrumental response
functionwasusedforall images.Because thesignal is contaminated
with uninteracting proteins (because of unassembled EGFRs,
mCherry-tagged dimers, or dimers with one labeled EGFR), the
single exponential model was a better fit, even in high FRET
regions. Accordingly, the FLIM images were all analyzed with a
single exponential model. For each cell, the lifetimes of all pixels
were extracted in an intensity-weighted lifetime distribution his-
togram. These distributions were then analyzed in Matlab to
normalize them and calculate a mean lifetime for each cell.
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Fig. S1. Sample CLSM images of the basal membrane of CHO-k1 cells expressing EGFR-GFP receptors at 0, 5, 10, and 20 min after stimulation with EGF (60 nM)
with and without Rab5 S34N mutant. (Scale bar, 20 μm.)

Fig. S2. CLSM images of the basal membrane of CHO-k1 cells expressing EGFR-GFP and At1aR, β2AR, and D2R receptors at 0, 5, 10, and 20 min after stim-
ulation with Angiotensin II (100 nM), Iso (10 μM), and Apo (10 μM), respectively. (Scale bar, 20 μm.)
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Fig. S3. Dimer and total particle density plots describing internalization and effect of Rab5 S34N. (A–C) SpIDA analysis of EGFR monomer, dimer, and total
particle densities at 1 min poststimulation resulting from β2AR stimulation (n = 25 cells/bar). (D–F) SpIDA analysis of EGFR monomer, dimer, and total particle
densities after stimulation of D2R with Apo with (n = 32 cells/bar) and without Rab5 S34N (n = 17 cells/bar). In all cases, the basal dimer density has been
subtracted from the subsequent concentrations. Values of dimer densities that are lower than initial basal levels are represented here as negative numbers. (G)
Total EGFR surface protein density as a function of time in cells expressing β2AR are activated with 10 μm Iso (n = 18 cells/point from one experiment). All data
are mean ± SEM. *P ≤ 0.05, **P ≤ 0.01 compared with respective unstimulated conditions (Dunnett’s multiple comparison test).
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Table S1. D50 for EGFR-GFP dimerization measured by SpIDA after direct stimulation by EGF or
stimulation of diverse GPCR/ligand pairs in CHO-k1 cells

Ligand/receptor pair D50 (nM; EGFR) FRET50 (nM; EGFR) Kd (nM; published) References

EGFR/EGF 89 ± 8 30 ± 20 0.07–6 1 and 2
At1aR/AngII 3.0 ± 1.0 12 ± 6 1.0–8.0 3–15
β2AR (1.5 μg)/Iso 500 ± 40 NA 240–460 6 and 7
β2AR (6.0 μg)/Iso 200 ± 166 NA 240–460 6 and 7
D2R/Apo 51 ± 38 NA 1.0–63 8–10
D1R/Apo 9.0 ± 6.0 NA 9.0–400 11–13
NK-1r (1.5 μg)/SubP 0.5 ± 0.3 NA 0.35–2.0 14 and 15
NK-1r (6.0 μg)/SubP 1.1 ± 0.8 NA 0.35–2.0 14 and 15
NK-1r/NKA 50 ± 20 NA 0.5–650 16–18

AgII, angiotensin II; Iso, isoproterenol; NA, not assessed; Apo, apomorphine; SupP, substance P; NKA, neuro-
kinin A. The range of Kd values given reflects the large variability in reported Kd values in the literature, typically
from competition binding assays.
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Fig. S4. Representative CLSM images of the basal membrane of CHO-k1 cells expressing EGFR-GFP (A) and co-expressing β2AR (E), after stimulation with 500
nM Iso. For each image, an (x,y) density map of the dimer density (B and F), the total EGFR density (C and G), and percent dimers (D and H) were generated for
five cells (numbered 1 to 5 in A) and two cells (numbered 1 and 2 in E). Each point in the map results from the analysis of a 32 × 32 square pixel region that
corresponds to 69 BAs. The squared region was scanned throughout the whole image with a step size of four pixels. For the nonstimulated cell (A), the average
dimer density was found to be 4.1 ± 2.8/μm2 (B), the mean total particle density was found to be 65 ± 10/μm2 (C), and the percent EGFR dimers was 6.4 ± 4.4%
(D). For the cell expressing β2AR stimulated with Iso (E), the average dimer density was found to be 12.5 ± 5.3/μm2 (F), the mean total particle density was 70 ±
11/μm2 (G), and the percent EGFR dimers was 23 ± 9% (H). (Scale bar: 20 μm.)
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