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Abstract Neuronal redox phenomena are involved in
numerous biochemical pathways and play a key role in
many pathological events and clinical situations. The oxi-
dation/reduction (redox) state present in biological com-
partments is a major target for possible pharmaceutical
intervention and, consequently, the processes associated
with its change have attracted increased attention in recent
years. Here, we analyze the redox environment and its
spatial compartmentalization in differentiated neuronal
phenotype of PC-12 cells using a redox-sensitive protein
(i.e., a mutant of the Yellow Fluorescent protein),
employed ratiometrically. Redox maps of cells were gen-
erated with an elevate spatial resolution, and the spatial
distributions of highly oxidized and highly reduced regions
have been determined. A quantitative analysis of redox
maps allows the disclosure of a peculiar spatial organiza-
tion of the redox environment.
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Introduction

Reactive oxygen species (ROS), such as superoxide (O3)
and hydrogen peroxide (H,0,), are produced intracellularly
as part of normal metabolic reactions (Babior 2002;
Vignais 2002). ROS are very reactive oxidants (Liochev
1996; Turrens 2003) and their excessive, uncontrolled
production can have detrimental effects on cellular physi-
ology and function, often leading to apoptosis and to a
variety of diseases (Finkel 2003).

Recent studies have suggested that elevated, but sub-
lethal, levels of (O3) and H,O, can act to influence intra-
cellular signaling pathways in cells by modulating gene
expression, cellular growth, and differentiation (Droge
2002; Finkel 1998; Hancock et al. 2001; Kamata and
Hirata 1999; Klann and Thiels 1999; Rhee 1999).

ROS have been shown to be essential for the NGF-
induced differentiation of PC-12 cells (Katoh et al. 1997,
1999; Suzukawa et al. 2000) and, in hippocampal neurons,
high levels of O, (Bindokas et al. 1996) modulate neuro-
nal plasticity (Hongpaisan et al. 2004). Redox state has
also been shown to modulate differentiation of mesence-
phalic precursors (Lee et al. 2003) and of neural crest stem
cells (Morrison et al. 2000). ROS can therefore influence
multiple aspects of neural differentiation and function,
including the survival and the plasticity of neurons, the
proliferation of neural precursors, as well as their differ-
entiation into specific neuronal cell types. The determina-
tion of induced variations in redox environment by ROS at
high spatial resolution is therefore crucial, and could pro-
mote novel therapeutic approaches aimed at protecting
against oxidative stress by identifying specific redox-sen-
sitive sites that could then be targeted for intervention.

Whilst traditional biochemical analysis of tissue and cell
extracts suffer from several technical limitations when
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seeking to determine the redox environment, fluorescence
ratio imaging microscopy allows one to determine intra-
cellular redox state by making it possible to cancel out
most or all of the potential variability caused by instrument
efficiency and effective dye content (Bright et al. 1987;
Bizzarri et al. 2006; Gross et al. 1994; Luby-Phelps et al.
1993; Dooley et al. 2004).

A redox-sensitive variant of the Yellow Fluorescent
Protein (rxYFP) (Ostergaard et al. 2001, 2004) has been
successfully employed ratiometrically to measure the
fraction R of reduced rx YFP at equilibrium (Maulucci et al.
2008; Koch et al. 2008)

R— [FXYFPieq] (1)

[FXYFPox] + [rXYFPred]

where [rxYFP 4], [rxYFP] are respectively the concen-
trations of the reduced and oxidized forms of the protein.
R, therefore, can monitor any oxidative/reductive state of
the protein, independent of possible experimental artifacts
(dye concentration, photobleaching, intensity fluctuations,
etc.). By mapping R over the whole microscope scanning
field, images representative of the sample redox status, at
a resolution of 200 nm (the minimum confocal voxel
size), can be created (Maulucci et al. 2008). Redox maps
allow the visualization and characterization of the spatial
compartmentalization of cellular oxido-reductive reac-
tions, which provides a powerful mechanism for control-
ling numerous biological processes and signaling events
that have to be adjusted rapidly in response to environ-
mental or physiological changes (Pani et al. 2001; Finkel
2003). Here, we analyze the redox environment and its
spatial compartmentalization in PC-12 neuronal cells
using R-based pseudoimages. High spatial resolution
redox maps were generated, and the spatial distributions
of highly oxidized and highly reduced regions have
been determined. Histograms of redox maps permit the
disclosure of a peculiar organization of the redox
environment.

Materials and methods
Plasmids and cell lines

The cDNA encoding for rx YFP was obtained from Dr. J. R.
Winther (Carlsberg Laboratories, Copenhagen, Denmark)
and subcloned in the unique Ecorl site of the mammalian
expression vector pCDNA3 (Invitrogen, San Giuliano
Milanese, Italy). The PC-12 rat pheochromocytoma neu-
ronal cell line was obtained from the American Type
Culture Collection (ATCC) and differentiated with Nerve
Growth Factor (100 ng/ml for 2 weeks). Cell lines are
routinely maintained in Dulbecco’s Modified Eagle’s

@ Springer

Medium (DMEM) supplemented with pyruvate, glutamine,
antibiotics, non-essential aminoacids and 8% v/v fetal calf
serum, all from BioWest (Nuaille’, France). Cell trans-
fection was performed in glass-bottomed 30-mm tissue
culture dishes (Ibidi, Integrated Biodiagnostic, Martinsried,
Germany) with lipofectamine 2000 reagent (Invitrogen),
according to the manufacturer’s recommendations.
Expression of transgenes was verified using fluorescent
microscopy (rxYFP).

Confocal microscopy

Images were obtained by using an inverted confocal
microscope (DMIRE2; Leica Microsystems, Germany)
fitted with a 63x oil immersion objective (NA 1.4) and
LCS 2.61 acquisition Software (Leica Microsystems).
Internal photon multiplier tubes collected 8-bit, unsigned
images at a 400-Hz scan speed. rxXYFP was excited by two
argon-ion laser lines (excitation wavelength: 458 and
488 nm; emission range: 530-600 nm). 3D reconstruc-
tions, x—z sections and analysis of images acquired were
performed with IMAGEJ 1.41 (NIH).

Redox map generation

The fraction R of reduced rxYFP (rxYFP,.q) at equilibrium
(Eq. 1) can be related to easily measurable experimental
quantities: fluorescence emission of rxYFP when excited at
488 nm (F,gg) and fluorescence emission when excited at
458 nm (F4sg) (Maulucci et al. 2008). Indeed, by assuming
that probe concentration and path length are small enough,
the fluorescence contributions from the reduced (rxYFP,.q)
and oxidized (rxYFP,y) forms are proportional to their
concentration [rxYFP,ql, [rxYFPy], and the total fluores-
cence intensities at wavelengths 4 is

F = €.y [IxYFPreq] + €/, [rXYFPyy] (2)

red

where €/, and €/, are factors accounting for the excitation
intensity, extinction coefficient, path length, quantum
efficiency, and the instrumental efficiency in collecting
emitted photons from reduced and oxidized rxYFP,
respectively, at a wavelength A. The ratio of the total
fluorescence intensities measured at wavelengths A4g3 and
A4s8, Dy using Eq. (2) becomes:

/455 [P YFP, 455 [pxYFP.
F = €red [V)C red} + €ox [rx OX] (3)

€3 [IXYFPreg] 4 €45 [rxYFPoy]

red

. /l4gg ).453 — )“488 /1458 3
where Fox = €5 /e/4% and Freq = €0y /€4 are the ratios
of the completely reduced and oxidized protein, respec-

tively. By combining Eqs. (1) and (3), we obtain
a(F — Fo)

R =
Fred_aFox+F(a_1)

(4)
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where a = eg;‘j*‘/ e;g:f is a probe-specific factor describing
residual redox sensitivity at the reference excitation
wavelength. It should be noted that at an entirely redox-
insensitive wavelength (i.e., corresponding to an isosbestic
point) a = 1. In this case, Eq. 4 reduces to an even simpler
expression R = (F—F)/(Freq—Fox). The fraction R of
reduced rxYFP at equilibrium, therefore, can be easily
determined by measuring experimentally accessible quan-
tities (Fygg, Fasgs Foxs Frea» @) (Maulucci et al. 2008). By
mapping R over the entire microscope scanning field,
images representative of the phoenix cell redox status, at a
resolution of 200 nm (the minimum confocal voxel size),
are created (Fig. 1a). Redox maps were generated with the
software Redox Maps Generator 1.0 (Maulucci et al.
2008).

Statistics

To ensure significant variations of R values, R-histograms
were determined within multiple regions of interest (single
cells) for each sample, and their mean £ SD (n = 15)
determined and utilized for further statistical analysis (two-
tailed Student’s ¢ test; OpenOffice calc).

Fig. 1 Map of the PC-12 redox status, at a resolution of 240 nm.
Scale bar 20 pm. The fraction of reduced protein R is visualized by
using the lut “rainbow” that ranges from violet (fully oxidized
protein) to green (50% of reduced protein) and finally to red (fully
reduced protein). In the inset, an enlargement of a part of the cell is
imaged on a white background. Oxidation of rxYFP occurs preva-
lently in the intracellular side of the plasma membrane, as evidenced
by the blue contour of the cell, and in several, isolated spots
concentrated inside neurites and along the soma borders. The cell
interior, markedly green, shows, instead, a more reduced environ-
ment, with bright red spots that highlight highly reduced areas

Results and discussion

We report in Fig. 1a a representative image of the spatial
distribution of the fraction of reduced rxYFP inside a PC-
12 neuronal cell, at a spatial resolution of 240 nm. The
index R is visualized by using the lut “rainbow” that
ranges from violet (fully oxidized protein) to green (50% of
reduced protein) and finally to red (fully reduced protein).
Oxidation of rxYFP occurs predominantly in the intracel-
lular side of the plasma membrane, as evidenced by the
cyan contour of the cell (see inset of Fig. 1 where a white
background has been adopted). Furthermore, oxidation
occurs in several, isolated spots concentrated inside neu-
rites and along the border of the soma. Conversely, the cell
interior, which is markedly green, indicates a more reduced

Fig. 2 Redox maps of different sections of several neurons (a, b, ¢)
along the z-axis. The fraction of reduced protein R is visualized by
using the lut “rainbow” that ranges from violet (fully oxidized
protein) to green (50% of reduced protein) and finally to red (fully
reduced protein). Scale bar 20 um. Bright field images are also
reported. All cells investigated show a similar behavior
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Fig. 3 a Redox maps of
different sections of the neuron
along the z-axis. Lut and scale
are those of Fig. 2. Scale bar
20 pm. b Spatial distribution of
oxidized voxels (0 < R < 0.35).
Oxidized spots displays a
pronounced localization on the
cell contour and on isolated
spots concentrated inside
neurites and along the soma
borders. ¢ Spatial distribution
of voxels that fall in th range
0.35 <R < 0.6. The
intermediate region cover
homogeneously the sections of
the cell. d Spatial distribution of
reduced voxels (0.6 <R < 1).
Reduced elements are localized
in well separated spots
heterogeneously distributed

in the inner part of the cell.

e R histograms of each section.
An overall shift of histograms
towards a more reduced state,
while increasing z, occurs. The
dashed line helps to visualize
this shift. The R-histogram
reflects this behavior showing a
decrease in the left part

(0 < R < 0.35, violet box). The
reduced region shows a
behavior completely specular to
the oxidized one (0.6 <R < 1,
red box)

environment, with bright red spots that highlight reduced
areas.

In order to furnish a detailed three-dimensional char-
acterization of the redox environment of PC-12 neuronal
cells, redox maps of different sections of several neurons,
obtained by moving the focal plane along the z-axis (i.e.,
from the bottom towards the apical part of the cell), were
generated (Fig. 2). Bright field images are also reported.

To detail changes in the spatial distribution between the
oxidized and reduced voxels, that occur while moving the
focal plane, we report, for each selected z plane, three
complementary regions from a single cell: an oxidized one
(0 < R < 0.35), an intermediate one (0.35 < R < 0.6), and
a reduced one (0.6 < R < 1), reported in Fig. 3, columns
B, C and D, respectively.

The choice for the thresholds of the three regions arise
from the analysis of the histogram of the R-image (i.e. the
normalized number (N(r)) of pixels with a specific R value)
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(Fig. 3e, z = 0 um). Indeed the histogram’s shape, highly
peaked in the central region with two lateral shoulders,
reflects the peculiar spatial organization of the redox
environment and allows to roughly separate oxidized and
reduced voxels.

The peculiar spatial distribution of R, observed in Fig. 1
maintains its characteristics in any of the z sections
examined: oxidized redox elements (Fig. 3b) display a
pronounced localization on the cell contour, on isolated
spots concentrated inside the neurites, and along the border
of the soma, while reduced elements (Fig. 3d) are localized
in well-separated spots heterogeneously distributed in the
inner part of the cell. Nevertheless, differences among
z-sections can be observed in R-histograms (Fig. 3e) where
an overall shift of histograms towards a more reduced state,
while increasing z, is observable. The mean R value,
recovered from each histogram and averaged over several
cells (n = 15), is reported in Fig. 4a, together with their
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Fig. 4 a The averaged (over n =15 cells) mean value of
R-histogram and the relative SD are reported against the section
height. In the first 3um, the fraction of reduced rxYFP increases from
43 to 51%. After that, the mean value starts slowly to decrease up to
the border of the cell where it falls abruptly to 35%, being the cells’
highly oxidized border. b Averaged percentage of the cell section
covered by oxidized voxels (full squares) and reduced voxels (open
circles)

standard deviation (SD), against the section height. As can
be observed, in the first 3pum, the fraction of reduced rx YFP
increases from 43 to 51%. After that, the mean value starts
to slowly decrease up to the border of the cell, where it falls
abruptly to 35%, being the cells’ highly oxidized border.
A simple look at the oxidized region (Fig. 3b) shows that,
while increasing z, the number of voxels decrease in
number. The R-histogram reflects this behavior showing a
decrease in its left part (Fig. 3e, violet box). The histo-
gram’s area, calculated in the range 0 < R < 0.35, repre-
sents the average percentage of the cell section covered by
oxidized voxels (Fig. 4b, full squares). A decrease down to
a minimum, at about 3 pum, can be observed. When the
apical part of the cell is reached, the percentage of oxidized
voxels undergoes an abrupt increase, because of the strong

Fig. 5 a Three-dimensional reconstruction of the redox environment
of the neuron, together with three different x—z sections (panels b, ¢, d,
corresponding respectively to the red, purple and green dashed lines),
which clearly show the compartmentalization along the z-axis. Scale
bar 20 pm

oxidation of the cell border. The reduced region shows
a behavior completely specular to the oxidized ones
(Fig. 3d). The histogram’s area, calculated in the range
0.6 < R < 1 (Fig. 4b, open circles), increases from 12 to
28%. When the apical part of the cell is reached, the per-
centage of reduced voxels undergoes an abrupt decrease
down to 15%, because of the strong oxidation of the cell
border. The percentage of the cell section covered by
intermediate voxels (0.35 < R < 0.6) is nearly constant
(~45%), with the exception of the border on the apical
part of the cell (~27%).

Neuronal redox phenomena are involved in numerous
biochemical pathways and play a key role in many path-
ological events and clinical situations. The redox state
present in biological compartments is a major target for
possible pharmaceutical intervention and, consequently,
the processes associated with these changes have attracted
increased attention in recent years. Evaluating the con-
centration and the compartmentalization of redox active
compounds is therefore a key target to be pursued for
diagnosis and treatment (Pani et al. 2001). In this context,
by taking advantage of a redox-sensitive mutant of the
rxYFP, employed ratiometrically, we investigated the
redox environment and its spatial compartmentalization
in PC-12 neuronal cells. The analysis of high spatial
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Fig. 6 a Bright field image of
the Pc-12 cell. Scale bar 20 pm.
b Spatial distribution of
oxidized voxels (0 < R < 0.35,
blue spots) and reduced voxels
(0.6 < R < 1, red spots).

¢ Overlap of (a) and (b) evidence
that oxidized spots perfectly
colocalize with spheroidal
cellular structures. d Image
auto-correlation functions (g(r))
averaged over several regions of
interest (ROIs) of images in
Fig. 3b (open circles) and in
Fig. 3d (open square). Dashed
and continuous lines represent
exponential fits to experimental
data. The mean dimensions of
the oxidized spots (dyx ~ 640 nm)
appear to be slightly larger

than those of reduced spots

(dreq ~460 nm)

resolution redox maps allowed the disclosure of a peculiar
organization of the redox environment: reduced and oxi-
dized areas are localized in well-defined spots. While
reduced spots increase in number when moving from the
bottom towards the apical part of the cell, oxidized spots
tend to localize on the base of the neuron, preferentially
inside neurites and along the soma borders. A three-
dimensional reconstruction of the redox environment of the
neuron is represented in Fig. 5a, together with three differ-
ent x—z sections (Fig. Sb—d) which clearly show the com-
partmentalization and spatial organization along the z-axis.

The mean dimensions of reduced and oxidized spots can
be estimated by a specific image analysis technique called
Image Correlation Spectroscopy (ICS) (Wiseman et al.
2000), which allows the determination of the 2-D pixels auto-
correlation function g(r) = (IAxx + 1y + f))/(lp(x,y))2
where Ix(x,y) is the fluorescence intensity of the pixels
identified by its spatial coordinates x and y, n and & are discrete
numbers that represents the spatial step, r = (5> + &)'?,
and the symbol ( ) represents the average over all the
products.

In Fig. 6 are reported image auto-correlation functions
averaged over several regions of interest (ROIs) of
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images in Fig. 3b (open circles) and in Fig.3d (open
squares). By adopting an exponential model (Cressie
1991) to fit experimental data (dashed and continuous
lines), the mean dimensions of the oxidized spots (dox
~640 nm) appear to be slightly larger than that of
reduced one (dq ~460 nm). Interestingly, the overlap
of the bright field image with the redox map evidence
that oxidized spots perfectly colocalize with spheroidal
cellular structures (Fig. 6¢). This evidence clearly sug-
gests that specific cellular structures possess a distinct
redox environment.

In conclusion, the analysis of three-dimensional redox
stacks allowed the disclosure of a compartmentalized
organization of the redox environment. Oxidized and
reduced compartments, which can be fully characterized by
determining their 3-D spatial position, size and density, can
be a useful tool in kinetic phenomena. Indeed, changes in
the compartment characteristics, in response to oxidative
stress or signaling events, allow the monitoring of multiple
aspects of neural differentiation and function, such as the
survival and the plasticity of neurons, the proliferation of
neural precursors, as well as their differentiation into spe-
cific neuronal cell types.
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