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Flavoproteins are components of plasma membrane redox chains, which have been suggested
to play major roles in neuronal activity and survival. We found that the red/orange autoflu-
orescence of mature primary cultures of cerebellar granule neurons (8–9 days in vitro) was
largely quenched by millimolar concentrations of dithionite added to the extracellular medium,
and pointed out that nearly 50% of this autofluorescence was due to plasma membrane-bound
flavoproteins. We report in this work that the lipophilic neuronal plasma membrane markers N-
(3-triethylammoniumpropyl)-4-(4-(4-(diethylamino)phenyl)butadienyl)-pyridinium dibromide (RH-
414) and N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium di-
bromide (FM4-64) can form fluorescence energy transfer donor–acceptor pairs with flavoproteins
with calculated R0 values between 3.7 and 4.2 nm. The quantification of the efficiency of fluo-
rescence energy transfer with different concentrations of acceptor dyes has been worked out with
re-suspended neurons. Using quantitative images of the neurons in culture, acquired with a CCD
camera attached to an epifluorescence microscope, regionalization of the plasma membrane-bound
flavoproteins of cerebellar granule neurons has been achieved from the quenching by dithionite of the
fluorescence of the acceptor dye. The results unraveled that plasma membrane-bound flavoproteins
are largely enriched in interneuronal contact sites forming clusters of 0.5–1 µm diameter size, which
appears largely regionalized in the neuron’s cell body.
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INTRODUCTION

The presence of a plasma membrane redox chain in
several mammalian cell lines has been reported during last
20 years [1,2], and also to be widely present in different
brain regions [3]. Activation of transplasma membrane
oxidoreductase is related to exocytosis of chlatrin-coated
vesicles as well as to receptor-mediated and adsorptive
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endocytosis [4]. The plasma membrane redox chain plays
a major role in ascorbate free radical recycling [2,3] and
superoxide anion production at the external surface of
neurons [5], and its deregulation is a critical event at the
onset of cerebellar granule neurons apoptosis induced by
lowering potassium in the culture medium [6]. The flavo-
protein cytochrome b5 reductase has been shown to be a
major component of the mammalian plasma membrane
redox chain [7,8], and other flavoproteins with NAD(P)H
oxidase activity had been shown to be bound to the mam-
malian plasma membrane, for example in glial cells and in
macrophages [9,10]. Changes of the red/orange autofluo-
rescence of embryonic brain neurons have been reported
under cellular oxidative stress conditions [11].
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Fluorescence resonance energy transfer (FRET) has
been shown to be a valuable tool to address topological
issues in membrane proteins, see, e.g., previous works
from our laboratory [12–14]. In particular, FRET from
fluorescent flavoproteins to plasma membrane lipid ac-
ceptors is an unexplored issue in neurons up to date. This
is a particular case of FRET from one donor to multi-
ple acceptors in a two-dimensional lipid bilayer array, for
which the basic formalism was worked in [15,16], and
later applied to reconstituted membrane proteins, like the
sarcoplasmic reticulum Ca2+-ATPase [12] and the nico-
tinic receptor [14]. The sum of the FRET between donor
and each of the putative acceptors allows to have a sig-
nificant FRET efficiency with very low lipid molar frac-
tions of acceptors (usually less than 1%), and as a side
advantage the theoretical orientation factor approaches
to 2/3 for randomly-distributed lipid acceptors. A major
methodological conclusion from these studies was that
only a limited number of lipid shells around the donor-
containing protein significantly contributed to FRET for
an acceptor lipid randomly distributed in the lipid bilayer
[12,16,17]. This implied that FRET extends only several
nanometers away from the position of the donor protein,
which is particularly useful for spatial resolution in cell
imaging.

During last years several lipophilic plasma
membrane dyes have been developed and tested
in neurons in culture. Two of these dyes, N-(3-
triethylammoniumpropyl)-4-(4-(4-(diethylamino)phenyl)
butadienyl)-pyridinium dibromide (RH-414) and N-
(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phe-
nyl)hexatrienyl)pyridinium dibromide (FM4-64) have
spectral characteristics that make them candidates of
choice as putative acceptors of the fluorescence emission
of flavins, as the fluorescence of flavins (peak emission
between 520 and 530 nm) is close to their maximum
absorption wavelengths (520–525 nm for FM4-64 bound
to zwitterionic CHAPS micelles and 532 nm for RH-414
in DMSO) and they have a large extinction coefficient
[18]. The fluorescence of RH-414 has been shown to
be homogeneously distributed in the plasma membrane
of several neurons in culture, evenly staining the cell
body and the neurite extensions [18,19], whereas that
of FM4-64 stains more specifically active membrane
recycling at synaptic connections [20].

In this paper, we show the regional compartmenta-
tion of the plasma membrane flavoproteins fluorescence
(red/orange autofluorescence sensitive to dithionite) us-
ing fluorescence energy transfer to plasma membrane dye
markers. Our results show that the plasma membrane-
bound flavoproteins fluorescence accounts for 30–40%
of the total red/orange autofluorescence of cerebellar

granule cells, forming clusters of 0.5–1 µm diameter
which are largely enriched in interneuronal contact sites.

MATERIALS AND METHODS

Cerebellar Granule Cells Primary Cultures

Cultures of cerebellar granule neurons (CGN) were
obtained from dissociated cerebella of 7-days-old Wistar
rats as described previously [6,21]. Cells were plated in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum,
0.1 mg/mL gentamicin and 25 mM KCl on 35-mm
dishes coated with poly-D-lysine, at a density of 2.5 ×
106 cells/dish. Cultures were maintained at 37◦C in a hu-
midified atmosphere of 95% air/5% CO2. Cytosine arabi-
nofuranoside (10 µM) was added to fresh culture medium
48 h after plating to prevent replication of non-neuronal
cells. All experiments were performed using mature CGN
at 8–9 days, in vitro. The culture medium was replaced
with Locke’s K25 buffer 15–20 min before fluorescence
measurements, or acquisition of fluorescence microscopy
images.

The composition of the Locke’s K25 buffer (pH 7.4
at 37◦C) used throughout this work is as follows: 4 mM
NaHCO3, 10 mM HEPES, 5 mM glucose, 2.3 mM CaCl2,
1 mM MgCl2, and 134 mM NaCl/25 mM KCl.

The phospholipid content per plate was determined
as total phosphorous after perchloric digestion, using am-
monium molibdate and ascorbate [22]. Using an average
molecular weight of 750 per phospholipid, it was found to
be 100–120 nmoles per plate, thus, the phospholipid con-
centration was 50–60 µM when the cells are re-suspended
in 2 mL Locke’s K25 buffer.

Fluorescence Measurements

Fluorescence measurements have been carried out
with Perkin-Elmer, mod. 650-40 operated in ratio mode,
and with SLM-4800C fluorescence spectrophotometers,
both equipped with thermostatic cell holders. SLM-4800C
was used for measurements of the corrected emission
spectra.

Inner filter corrections due to the absorbance of FM4-
64 and RH-414 at the excitation and emission wavelengths
of flavins fluorescence, 460 and 520 nm, respectively,
were done as indicated in [23], using the experimentally
determined extinction coefficients for FM4-64 and RH-
414 in dimethyl sulfoxide. The values obtained for the
extinction coefficients were: ε460nm = 19,500 M−1 cm−1

and ε520nm = 46,200 M−1 cm−1 for FM4-64



Imaging of Plasma Membrane Flavoproteins with Fluorescence Energy Transfer 395

and ε460nm = 24,000 M−1 cm−1 and ε520nm = 53,530
M−1 cm−1 for RH-414. Thus, the inner filter fluorescence
correction was lower than 5% up to 0.6 µM FM4-64 and
up to 0.54 µM RH-414.

Calculation of the FRET Donor–Acceptor Pair
Parameters J and R0

The FRET donor–acceptor pair parameters J
(spectra overlap integral) and R0 (distance for 50% FRET
efficiency) were calculated as indicated for another
donor–acceptor pairs in previous papers from this labora-
tory [12,13,24]. For the case of R0 values calculations the
refractive index was set equal to that of a dilute aqueous
solution (1.33) and K2 (the orientation factor) = 2/3.
As the quantum yield of the plasma membrane-bound
flavoproteins in CGN is not known we have used a range
of quantum yield values of (0.05–0.1) on the basis of
those reported for isolated flavoproteins closely related to
cytochrome b5 reductase, like cytochrome P450 reductase
[25].

Fluorescence Microscopy Imaging

Digital and quantitative fluorescence images were
acquired with a Hamamatsu Hisca CCD camera, attached
to a Nikon Diaphot 300 microscope, equipped with a ther-
mostatic plate holder set at 37◦C. The camera was set at
the highest resolution (2 × 2 binning mode) for all the im-

ages shown in this paper. The excitation filters, dichroic
mirrors and barrier emission filters used are given in the
legends for the Figures. To minimize photobleaching ef-
fects on CGN fluorescence, the camera gain and time of
exposure was fixed with a separate CGN plate that was
discarded (not used for quantitative measurements). The
phase contrast masks were obtained after acquisition of
the fluorescence images for the same field of the plate,
keeping constant the camera gain and time of exposure
with weak illumination with the microscope lamp and
without irradiation with the fluorescence lamp (all the
slits of the epifluorescence accessory closed). The overall
intensity signal of the selected areas of observation were
obtained with the Hamamatsu Hisca CCD software.

Chemicals

DMEM, heat inactivated fetal bovine serum, apo-
transferrin, insulin, progesterone, gentamicin, penicillin,
streptomycin, pyruvate, glutamine, cytosine arabinofura-
noside, poly-D-lysine and sodium dithionite were obtained
from Sigma. FM4-64 and RH-414 were obtained from
Molecular Probes. All other chemicals were of the high-
est quality available, and supplied by Sigma or Roche
Molecular Biochemicals.

Sodium dithionite was prepared immediately before
use at a concentration of 70 mM in 10 mg/mL sodium
bicarbonate solution, kept on ice and used for at most
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Fig. 1. Red/orange autofluorescence of CGN. CGN at 9 days in vitro were gently scrapped from the plate and re-suspended in 2 mL Locke’s K25
buffer. (Panel A) Fluorescence emission spectra of re-suspended CGN. (Panel B) Sodium dithionite added to the extracellular medium rapidly quenched
nearly 50% of the fluorescence at 542 nm (excitation wavelength 460 nm) of re-suspended CGN. The results shown are the average of experiments
done with three different CGN preparation, in each case by duplicate (2 plates per preparation, n = 6).
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30 min. The pH of the Locke’s K25 buffer changed less
than 0.1 pH units after addition of up to 200 µL of the
stock dithionite solution in 2 mL Locke’s K25 buffer (final
dithionite concentration of 6.25 mM).

RESULTS AND DISCUSSION

Red/orange Autofluorescence of Mature CGN is
Largely Flavins Fluorescence

Flavins fluorescence have a characteristic excita-
tion peak centered at 450–460 nm [23]. The emission
spectra (excitation wavelength = 460 nm) of CGN resus-
pended in Locke’s K25 buffered solution is shown in the
Fig. 1A. This spectrum is consistent with a large contri-
bution of flavins fluorescence to the red/orange autofluo-
rescence of CGN, because the peak emission wavelength
closely fit within those of FMN and FAD ([26] and results
not shown). To further assess this point, we performed
a titration of CGN autofluorescence with dithionite, a
well established and potent reductant of flavins, which
leads to a large quenching of their fluorescence [26]. Fig-
ure 1B shows that addition of dithionite to the extracellular
Locke’s K25 medium promoted (50 ± 3)% decrease of the
red/orange autofluorescence of re-suspended CGN in less
than 1 min. Moreover, the quenching of CGN fluorescence
by dithionite was found to take place at a concentration
identical to that found to produce (98–99)% quenching of
the fluorescence of FMN and FAD (Fig. 2).

As dithionite is not permeable through the plasma
membrane of mammalian cells [27], this result suggested
that a large fraction of flavins fluorescence of CGN was
due to plasma membrane-bound flavoproteins. This point
was experimentally assessed in our re-suspended CGN,
since after plasma membrane solubilization with the ad-
dition of 0.1% TX-100 the quenching by dithionite rise
to (87 ± 3)% of the total CGN autofluorescence. Thus,
we considered the possibility of using neuronal plasma
membrane dye markers as acceptors for the fluorescence
of this pool of CGN flavoproteins, aiming on the one hand
to confirm the presence of a large fraction of total flavo-
proteins as plasma membrane-bound flavoproteins, and
on the other hand to regionalize their distribution within
the major morphological regions of CGN (i.e., cell body
and neurites).

Neuronal Plasma Dye Markers FM4-64 and RH-414
can be Used as Acceptors of Membrane-Bound
Flavins Fluorescence of CGN in Culture

The absorption and fluorescence emission spectra
of the neuronal plasma membrane dyes FM4-64 and
RH-414 were recorded 15–30 min after mixing with
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Fig. 2. Titration with extracellular dithionite of the red/orange aut-
ofluorescence of CGN. CGN were gently scrapped from the plate and
re-suspended in 2 mL of Locke’s K25 buffer. Solid squares: re-suspended
CGN, and open circles: 10 µM FMN or FAD in Locke’s K25 buffer.
The fluorescence of the control samples (before addition of dithionite)
was normalized to 100% to allow for a direct comparison between CGN
and FMN or FAD fluorescence quenching by dithionite, and the data
points of the fluorescence of FMN and FAD for dithionite concentra-
tions lower than 0.5 mM has been slightly shifted by -(1–2%) to avoid
complete overlap between solid squares and open circles. The fluores-
cence of FMN and FAD were more than 98% quenched by ≥ 0.7 mM
dithionite. For all the cases the excitation wavelength was set at 460 nm
and the emission wavelengths were set close to the experimentally de-
termined emission peak wavelengths for each sample, namely, 542 nm
for CGN, and 525 nm for FMN and FAD.

50 µM egg lecithin liposomes in Locke’s K25 buffer
(results not shown). This concentration of egg lecithin
liposomes was used because it is close to the total lipid
concentration determined in our culture plates containing
2.5 millions of CGN (see Section ‘‘Materials and Meth-
ods’’). Thereafter, the overlap integral with the emission
spectra of re-suspended CGN was calculated as indicated
in Section ‘‘Materials and Methods’’ and the values of the
distance range for 50% fluorescence energy transfer effi-
ciency, R0, was obtained for the range of quantum yields
reported for several standard flavoproteins (Table I). Thus,
the results showed that both FM4-64 and RH-414 can be
used as efficient acceptors of the red/orange autofluores-
cence of plasma membrane-bound flavins of CGN. In
addition, the dependence of the fluorescence intensity of
both FM4-64 and RH-414 incorporated into egg lecithin
liposomes is linear with the dye concentration within the
submicromolar concentration range (Fig. 3A), thus, ex-
cluding significant quenching effects due to photon mi-
gration within acceptors in this concentration range.

Since a weak FM4-64 and RH-414 fluorescence
emission can be detected with excitation at 460 nm (the
flavins excitation wavelength), the possibility of direct ef-
fects of dithionite on the fluorescence emission of these
dyes deserved to be studied, as dithionite will be used
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Table I. FRET Parameters for FM4-64 and RH-414 as Acceptors of the Flavin Fluorescence
of Cytochrome P450 Reductase-like CGN Flavoproteins

Donor/acceptor pair J (cm3 M−1) QD
a n K2 R0 (nm)

Flavoprotein/FM4-64 3.105 × 10−13 0.05 1.33 2/3 3.8
3.105 × 10−13 0.1 1.33 2/3 4.2

Flavoprotein/RH-414 2.8 × 10−13 0.05 1.33 2/3 3.7
2.8 × 10−13 0.1 1.33 2/3 4.15

aQD = 0.063 for cytochrome P450 reductase [25].

to quantify the contribution of flavins through FRET to
the acceptor dye in CGN. The results obtained are shown
in the Fig. 3B and pointed out that RH-414 is partially
quenched by dithionite (11 and 26% by 1.7 and 3.3 mM
dithionite, respectively) whereas FM4-64 fluorescence is
not significantly quenched (less than 5% quenching) by
dithionite concentrations affording (98–99)% quenching
of the fluorescence of FMN or FAD. Therefore, FM4-64
is superior to RH-414 as acceptor dye for FRET imaging
of plasma membrane-bound flavoproteins in CGN, and it
was selected for the experiments with dithionite done in
the rest of this study.

FRET from Plasma Membrane-Bound Flavoproteins
to FM4-64 from Fluorescence Microscopy Images

The fluorescence at 520 nm (excitation wavelength
460 nm) of re-suspended CGN was 32 ± 5% quenched by
incorporation of FM4-64 or RH-414 to the plasma mem-
brane due to FRET (Fig. 4A). In this regard, RH-414 is

a cleaner acceptor dye because it has not any significant
fluorescence emission at this wavelength with excitation
at 460 nm, whereas correction for the weak fluorescence
of FM4-64 at 520 nm was needed (Fig. 4B). In this latter
case, correction was done taking advantage of the very
different ratios of the red/orange autofluorescence and
that of FM4-64 at 670 and 520 nm (compare Fig. 1A
and 4B). The results shown in the Fig. 4 indicated that
0.2 µM FM4-64 is the concentration producing nearly
half-saturation FRET efficiency, and we decided to avoid
higher concentration of FM4-64 to minimize: (i) the oc-
currence of photon migration between acceptors, and (ii)
the incorporation of FM4-64 to membranes of subcellu-
lar organelles. Also to minimize this latter possibility the
measurements were taken shortly after addition of FM4-
64, between 5 and 10 min. A collateral advantage of the
use of 0.2 µM FM4-64 is that the intensity of fluorescence
on the acceptor side was nearly the same as the intensity
of fluorescence on the donor side before the injection
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Fig. 3. Fluorescence of FM4-64 and RH-414 incorporated in egg lecithin liposomes. (Panel A) Linearity up to 0.6 µM of the fluorescence intensity of
FM4-64 (solid circles; excitation 460 nm and emission 650 nm) and RH-414 (up-triangles; excitation 460 nm and emission 670 nm) incorporated in
50 µM egg lecithin liposomes. (Panel B) Quenching by dithionite of the fluorescence of FM4-64 (black bars) and of RH-414 (white bars) incorporated
in egg lecithin liposomes. FM4-64 and RH-414 concentration was 0.5 µM and incubated for at least 15 min with egg lecithin liposomes before
fluorescence measurements and after dithionite addition fluorescence readings were taken during 5–10 min. All the results shown are the average of
experiments done by triplicate.
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Fig. 4. Quenching of CGN’s flavins fluorescence by FRET to the plasma membrane lipid markers FM4-64 and RH-414. FM4-64 and RH-414 were
added from a concentrated stock solution in DMSO to CGN re-suspended in Locke’s K25 buffer, and incubated for 15 min, before recording the
fluorescence emission spectra (a time sufficient for complete incorporation of the dyes to CGN, as assessed with fluorescence microscopy images).
(Panel A) The quenching of the fluorescence of CGN flavins was monitored at 520 nm (excitation 460 nm) to minimize the contribution of the
fluorescence of the acceptor dyes. Black bars: FM4-64; white bars: RH-414. Inner filter corrections were done when appropriate as indicated in
Section ‘‘Materials and Methods.’’ Similar results were obtained from the overall green fluorescence of non-detached CGN in microscopy images
acquired with the Hamamatsu Hisca CCD camera using an excitation filter of 470 nm, dichroic mirror of 510 nm and barrier emission filter of
520 nm. (Panel B) Normalized emission spectra of FM4-64 (and RH-414 incorporated in egg lecithin liposomes. The contribution of the scattering
of the 50 µM egg lecithin liposomes was subtracted, and the spectra shown in the Figure are the average of spectra recorded with concentrations of
FM4-64 and RH-414 ranging from 0.5 to 2 µM. The buffer used for all these measurements was Locke’s K25.

of FM4-64 to CGN. As a consequence FRET will be
expected to produce an increase of the fluorescence of the
acceptor close to the fluorescence quenching observed for
the donor.

The observation of CGN under the fluorescence mi-
croscope after supplementation with 0.2 µM FM4-64 re-
veals a ring-like pattern for neurons that are not form-
ing granules or neurons nests (Fig. 5), pointing out a
large contribution of the plasma membrane to the fluo-
rescence image. To better visualize this point the fluores-
cence image was mounted over a phase contrast mask of
the same field of neurons, acquired with the Hamamatsu
Hisca CCD camera. The overall brightness in all the pix-
els of the frame of the phase contrast mask was 15% of
the total fluorescence intensity for the image shown in the
Fig. 5. The images shown in the Fig. 5 are representative
of those obtained with three different CGN preparations,
and n > 500 cell bodies. Addition of dithionite produced
a large quenching of the fluorescence image, particularly
in the external ring of the neuron’s cell body (Fig. 5C).
The quenching was already seen for the very first image

taken routinely 1–2 min after dithionite addition, and was
sustained for at least 10–15 min. The overall quenching
by dithionite of the fluorescence of FM4-64 incorporated
into CGN was quantified from the accumulated inten-
sity of all the pixels of the acquired image, read with the
Hamamatsu Hisca CCD software, and was found to be
25 ± 3% (n = 10 frames of different plates corresponding
to three different CGN preparations). This result is in ex-
cellent agreement with the quenching of the red/orange
autofluorescence of re-suspended CGN by 0.2 µM FM4-
64 (Fig. 4), and allows to conclude that this was due
to FRET between plasma membrane-bound flavoproteins
and FM4-64.

To further highlight the localization of flavoproteins
acting as donor for FRET to FM4-64 we have obtained the
quantitative difference image between the images shown
in Fig. 5B (before addition of dithionite) and Fig. 5C
(after addition of dithionite). To this end, the quantita-
tive images acquired with the Hamamatsu Hisca CCD
were exported in black and white. To subtract the im-
age after addition of dithionite, this image was inverted.
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Fig. 5. Fluorescence microscopy images of CGN stained with FM4-64 highlight that the quenching
of flavins fluorescence by dithionite takes place largely at the neurons plasma membrane. The plasma
membrane lipophilic fluorescent marker FM4-64 has been used as acceptor for the red/orange fluores-
cence emission of plasma membrane-bound flavins. As the fluorescence of FM4-64 is not sensitive to
dithionite, the strong quenching of the fluorescence of FM4-64 incorporated into CGN demonstrated
a large contribution of FRET from plasma membrane-bound flavins to FM4-64 fluorescence emission.
Aiming to a better visual localization of fluorescence in CGN the fluorescence color-coded images were
mounted onto a phase contrast mask, shown in the left image (Panel A), which accounts for 15% of the
total fluorescence intensity signal of the image shown in Panel B. Representative images of the same
group of CGN (9 days in vitro) in Locke’s K25 medium plus 0.2 (M FM4-64 before and after the addition
of 6 mM dithionite, Panels B and C, respectively. The images were obtained with a Hamamatsu Hisca
CCD camera attached to an epifluorescence Nikon Diaphot 300 microscope, using a 470 nm excitation
filter plus a 580 nm dichroic mirror and 590nm barrier emission filter (exposure time: 205.7 ms for
CGN + FM4-64).

The difference image shown in the Fig. 6 is the result
of superimposing the image obtained before addition of
dithionite on the inverted image after addition of dithion-
ite, each with 50% transparency. This image (which is
representative of many other similar images) showed that
FRET between plasma membrane-bound flavoproteins
and FM4-64 is clustered to patches or discrete membrane
domains, and is not homogeneously dispersed within the
neuronal plasma membrane. The possibility that this is
merely reflecting a non-homogeneous distribution of the
acceptor FM4-64 in the CGN plasma membrane can be
excluded, on the basis of the more diffuse distribution
of FM4-64 fluorescence when excited at 510 nm (results
not shown). However, it is to be noted that for FRET
between donors located on an integral membrane pro-
tein and lipid acceptors the maximum FRET efficiency
at high density of lipid acceptors is dependent on the
lipid acceptor partition between the two-leaflets of the
lipid bilayer and on the extent of binding of the acceptor
(FM4-64 in this case) to the annular lipids binding do-
mains of plasma membrane-bound donors (flavoproteins),
e.g., FM4-64 exclusion from or preferential partition in
the lipids annulus, as shown in [14,16,17,28]. As FRET
from a donor located in a membrane-bound protein to an
acceptor in the lipid bilayer vanishes rapidly after only
several lipid shells around the protein, i.e., only in sev-
eral nm [12,16], the occurrence of membrane domains of

0.5–1 µm diameter like those seen in the Fig. 6 indicated
the occurrence of clusters of plasma membrane-bound
flavoproteins in the CGN in culture. This result is fully
consistent with the reported functional link between the
activation of transplasma membrane oxidoreductase and
exocytosis of chlatrin-coated vesicles [4]. Furthermore,
the results pointed out that plasma membrane-bound
flavoproteins are regionalized in the neurons cell body and
highly enriched in interneuronal contact sites within the
granules.

CONCLUSIONS

1. FM4-64 and RH-414 can act as acceptors for the
fluorescence of plasma membrane-bound flavo-
proteins with R0 values in the range of 3.7–4.2 nm.

2. Both, the quenching of the CGN red/orange aut-
ofluorescence by dithionite a short time after its
addition to the culture medium and the quenching
by the plasma membrane lipid markers FM4-64
and RH-414 point out that the plasma membrane-
bound flavins accounts for nearly half of total
red/orange fluorescence of CGN.

3. FRET efficiency from CGN’s flavins to lipid ac-
ceptors in the plasma membrane reaches (30–
35)% in mature CGN at 9 days in vitro.
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Fig. 6. Regionalization of plasma membrane CGN’s red/orange flavins
fluorescence using FRET to FM4-64. Difference image of CGN obtained
from the same field of neurons before and after addition of dithionite
(mounted onto a phase contrast mask accounting for 15% of the fluores-
cence signal intensity for a better visual localization). (Panel A) Black
and white image. (Panel B) The fluorescence intensity is shown in ma-
genta with the highest intensity spots in white, and the phase contrast
mask is shown in blue.

4. The plasma membrane flavins fluorescence in
CGN is largely compartmented in interneuronal
contact sites forming clusters of 0.5–1 µm diam-
eter size, which appears largely regionalized in
the neuron’s cell body.
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