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Glutathione is the major cellular thiol present in mammalian
cells and is critical formaintenance of redox homeostasis. However,
current assay systems for glutathione lack application to intact ani-
mal tissues. To map the levels of glutathione in intact brain with
cellular resolution (acute tissue slices and live animals), we have
used two-photon imaging of monochlorobimane fluorescence, a
selective enzyme-mediated marker for reduced glutathione. Previ-
ously, in vitro experiments using purified components and cultured
glial cells attributed cellular monochlorobimane fluorescence to a
glutathione S-transferase-dependent reaction with GSH. Our
results indicate that cells at the cerebrospinal fluid or blood-brain
interface, such as lateral ventricle ependymal cells (2.73 � 0.56mM;
glutathione), meningeal cells (1.45 � 0.09 mM), and astroglia
(0.91� 0.08mM), contain high levels of glutathione. In comparison,
layer II cortical neurons contained 20% (0.21 � 0.02 mM) the gluta-
thione content of nearby astrocytes. Neuronal glutathione labeling
increased 250% by the addition of the cell-permeable glutathione
precursor N-acetylcysteine indicating that the monochlorobimane
level or glutathione S-transferase activity within neurons was not
limiting. Regional mapping showed that glutathione was highest in
cells lining the lateral ventricles, specifically ependymal cells and
the subventricular zone, suggesting a possible function for glutathi-
one in oxidant homeostasis of developing neuronal progenitors.
Consistently, developing neurons in the subgranular zone of den-
tate gyrus contained 3-fold more glutathione than older neurons
found in the neighboring granular layer. In conclusion, mapping of
glutathione levels in intact brain demonstrates a unique role for
enhanced redox potential in developing neurons and cells at the
cerebrospinal fluid and blood-brain interface.

The tripeptide glutathione (GSH; �-L-glutamyl-L-cysteinylglycine) is
themost abundant lowmolecular weight thiol in mammalian cells and
constitutes a major cellular defense against reactive oxygen species.
Deficiency in the GSH system has been linked to neuronal loss dur-

ing progression of neurodegenerative diseases, such as Parkinson,
Alzheimer, Huntington, and amyotrophic lateral sclerosis (1–3), as well
as acute conditions such as spinal cord injury (4) and stroke (5–7).
Although reactive oxygen species accumulation has been implicated in
these disorders, examination of GSH levels in previous studies has
largely been restricted to enzymatic assays and fluorescent probes that
are only applicable in neuronal and glial cell cultures or brain homoge-
nates. A widely used method for measuring GSH in cultured cells and
tissue homogenates employs monochlorobimane (MCB)4 (8), a nor-
mally nonfluorescent dye that when conjugated to reduced GSH by
intracellular glutathione S-transferases (GSTs) forms adducts that can
be measured fluorometrically. Recently, investigators have established
that GSH in epidermal cells of intact Arabidopsis roots can be elegantly
and quantitatively measured by two-photon laser scanning microscopy
(TPLSM) withMCB (9). Accordingly, we now use a similar approach in
intact mammalian brain to directly monitor GSH levels in different
tissues.
Data on GSH concentrations in different brain areas of various spe-

cies obtained using chemical techniques have been summarized (10).
However, because these results were derived from tissue homogenates,
they only provide information on the average GSH content. It is also
conceivable that other techniques such as thiol-reactive probes (11)
may lack specificity for GSH or suffer from the disposition of thiols/
GSH changing in response to animal sacrifice and/or fixation. Further-
more, studies from cultured brain cells are potentially affected bymedia
constituents that contain high levels of GSH precursors such as cystine,
present at 100 �M in minimal essential media but less than 1 mM in
cerebrospinal fluid in vivo (12). Here we show that MCB is a specific
probe for GSH labeling in brain tissues, and TPLSM can be used to
image GSH content in various brain regions at the cellular level. In our
assay, the extracellular environment contains a large reservoir of MCB
(compared with intracellular GSH), and therefore the reaction between
MCBandGSH is first order and can be described by a single exponential
function. As we have shown for cell cultures using plate reader assays
(13), we can now use TPLSM imaging in situ to measure several kinetic
parameters of GSHmetabolism such as its conjugation rate by GST and
total GSH-MCB content. By applying TPLSM to rat brain slices and
neocortex of live anesthetizedmice, we have found thatGSH is enriched
in meninges, lateral ependymal cells, astrocytes, and immature neurons
in dentate gyrus. Neocortical neurons in slices frommature animals can
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be labeled byMCB but at amuch lower level of fluorescence, suggesting
that glial, meningeal, and ependymal cell sources may play a dominant
role in buffering brain oxidative stress.

MATERIALS AND METHODS

Chemicals—All reagents were purchased from Sigma unless men-
tioned otherwise. Monochlorobimane was purchased from either Fluka
or Molecular Probes and made as a 100 mM stock solution in Me2SO
and stored at�20 °C. Sulforhodamine 101 (SR 101)was prepared as a 10
mM stock solution in Me2SO and also stored at �20 °C. Propidium
iodide was purchased from Molecular Probes and made as a 10 mM

solution in PBS and stored at 4 °C. Primary antibodies used in this study
included anti-laminin (rabbit), anti-S-100� (mouse), and anti-NeuN
(mouse, Chemicon). Secondary antibodies included FITC anti-rabbit,
FITC anti-mouse, and Alexa 594 anti-mouse (Molecular Probes).

Plate Reader GSHAssay—Fluorometric assays were performed using
a plate reader (Fluoroskan; Ascent, FL), �ex � 355 � 19 nm and �em �
527 � 5 nm. Although these excitation/emission filters are suboptimal
forMCB detection, they prevented saturation of the detector within the
plate reader permitting linearity between the concentration of MCB-
GSH and detected fluorescence over the range associated with the flu-
orescence values in ourmeasurements. Purified 200�MGSHand 10�M

MCBwere added together, with varying concentrations of purifiedGST
enzyme (0, 0.01, 0.02, and 0.04 units (equine); Sigma). Fluorescence was
measured using a plate reader over a 4-h reaction period.

Calibration of theGSH-MCBFluorescence—A5mM stock solution of
GSH-MCBwasmade from 20mMGSH and 3mMMCB in the presence
of a GST. Excess GSH and GST were used to ensure that all MCB was
conjugated. A dilution series of 5, 1.5, 0.5, and 0.15 mM was made from
this stock. The standard solutions were contained within in vitro cells
(glass microcuvettes, inner diameter � 50 �m; VitroCom) and imaged
with two-photon microscopy using identical power settings to those
used on brain tissues. This method of GSH-MCB calibration was rou-
tinely used in our studies in brain slices.

Rat Brain Slice Preparation—Coronal brain slices were prepared
from P15-21 or P1-2 Wistar rats (Charles River Breeding Laboratories,
Canada). Under halothane anesthesia, animalswere killed, and the brain
was quickly removed from the skull and placed in ice-cold cutting solu-
tion containing (in mM) 200 sucrose, 2.5 KCl, 0.5 CaCl2, 26.2 NaHCO3,
10 MgSO4�7H2O, 1 NaH2PO4, 11 glucose (pH was maintained at 7.4 by
saturationwith 95%O2 and 5%CO2). Slices (300�m)were obtainedwith
a vibratome (Leica VT 1000 S) and then transferred to a static bath
chamber where they were maintained at room temperature for at least
1 h before imaging. The slices were kept in artificial cerebral spinal fluid
(ACSF) containing (in mM) 120 NaCl, 26.2 NaHCO3, 24.2 glucose, 2.5
KCl, 1.25NaH2PO4, 1MgCl2�6H2O, 2CaCl2, saturatedwith 95%O2 and
5% CO2. For imaging, individual slices were transferred to a recording
chamber and perfused with ACSF saturated with 95% O2 and 5% CO2.
MCB was added to the perfusion system at a final concentration of 60
�M. To identify dead cells, we added 10 �M propidium iodide together
with MCB.

Animal Preparation for in Vivo Imaging—All experiments were
approved by the University of British Columbia Animal Care Commit-
tee and were conducted in strict accordance with guidelines from the
Canadian Council on Animal Care. C57Bl/6 mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and bred at the University of
British Columbia animal facilities. Cranial windows for in vivo imaging
were produced as described previously (14). In brief, mice aged 3–5
months were deeply anesthetized with an intraperitoneal injection of
urethane (0.12% w/w, supplemented with 0.02% w/w as needed) (15),

and 20mM glucose in PBSwas supplemented tomaintain animal hydra-
tion (0.2–0.3ml, intraperitoneal injection, every 1 h). Body temperature
was maintained at 37 °C using a feedback-regulated heating pad. An
air-powered dental drill was used to produce a 2 � 2-mm2 cranial win-
dow over the somatosensory cortex at coordinates of 0.8 mm from
bregma and 2.0 mm lateral, leaving the dura intact. A stainless steel
chamber that surrounded the craniotomy was glued to the skull with
Krazy Glue (Elmer’s Products, Columbus, OH). To reduce movement
artifacts, the area between the chamber and the skull was filled with
dental acrylic (16). The exposed cortical surface and chamberwere filled
with 2% (w/v) agarose (diluted in PBS or a HEPES-buffered ACSF) and
sealed with a cover glass. For in vivo labeling, MCB and SR 101 stocks
were dissolved in PBS to a final concentration of 100 �M and applied
directly to the exposed brain surface.

Two-photonMicroscopy—Two-photon excitation of GSH-MCB conju-
gates was achieved using a Coherent (Santa Clara, CA) Mira 900 Ti:sap-
phire laser pumped by a 5-watt Verdi laser tuned to 780 nm. Images were
acquired using custom software routines (IgorPro; Wavemetrics, Eugene,
OR) and by using an Olympus (Tokyo, Japan) IR-LUMPlanFl water-im-
mersion objective (40�; 0.80 numerical aperture). When MCB was used
in combination with SR 101, the laser was operated at 800 nm, and
fluorescence was collected using photo-multiplier tube 1 (PMT1) for
the GSH-MCB signal (512–562 nm), and PMT2 for the SR 101 signal
(620–645 nm). For immunostaining, FITC and Alexa 594 were used as
secondary antibody fluorophores. Both fluorophores were excited at
800 nm, and the signals were collected on PMT1 and PMT2, respec-
tively. Excitation power was measured at the objective back aperature.
For two-photon imaging of various tissues, the following power set-
tings were used: lateral ventricle �20–30 milliwatts, �40–50-milli-
watt cortical astrocytes, and 80–90 milliwatts for neurons. Power
through the objective was at least 50% lower than that measured at
the back aperture because of back aperture overfilling and absorb-
ance by glass.

Tissue Fixation and Immunostaining—After MCB labeling and two-
photon imaging, slices were fixed with 4% paraformaldehyde in 0.1 M

phosphate buffer (pH 7.2) for 1 h. Slices were then rinsed twicewith PBS
and treated with primary antibody against S-100� (1:1000 in antibody
buffer), NeuN (1:100 in antibody buffer), or laminin (1:500 in antibody
buffer) for 48 h at 4 °C. The antibody buffer contained 0.1% Triton
X-100 and 2% goat serum in PBS. After washing twice with PBS, the
slices were incubated with secondary antibodies (FITC anti-rabbit,
FITC anti-mouse, and Alexa 594 anti-mouse; diluted 1:200 in antibody
buffer) for 48 h in dark at 4 °C. After secondary antibody labeling, slices
were washed twice with PBS and imaged with two-photon microscopy.

Image Analysis—Image analysis was performed using NIH ImageJ
software. To reduce photon and PMT noise, a median filter (radius � 1
or 2) was applied. The fluorescence intensity was converted to GSH-
MCB concentration according to a standard curve. For statistical anal-
yses, two-tail paired t test or repeated measures one-way analysis of
variance was used with GraphPad Prism (version 2.01). Data were
expressed as mean � S.E.

RESULTS

Specificity of Monochlorobimane Labeling—Currently, MCB is the
probe of choice for measuring GSH levels in intact cells. MCB is essen-
tially nonfluorescent in the absence of GSH. In a reaction catalyzed by
GST, GSH is conjugated toMCB, generating a product with blue-green
fluorescence (17, 18).MCBhas advantages over other bimane derivative
dyes for measuring GSH, such as monobromobimane and monobro-
motrimethylammoniobimane, because it shows very low affinity for
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other low molecular weight or protein thiols (i.e. cysteine) (19). Using a
plate reader assay, we further tested the specificity of MCB for the
reduced form of GSH in in vitro experiments using purified GST to
catalyze the reaction. In the absence of GST, addition of 200�MGSH to
10 �MMCB resulted in a modest linear increase in fluorescent product
over time (Fig. 1A). Addition of purified GST (0.01–0.04 units) resulted
in a robust single exponential phase increase in the fluorescence inten-
sity, indicating that this is an enzyme-catalyzed reaction following first-
order kinetics (Fig. 1A). The curve can be fitted with Equation 1,

F � F0 � Fmax(1 � exp(�(t � t0)/�)) (Eq. 1)

where F is the fluorescence intensity; Fmax is themaximum fluorescence
intensity, and � is the time constant of the reaction. The plateau level of
the in vitro reaction (purified components) was related to the amount of
GSH andMCB added, but not GST, whereas the initial conjugation rate
was proportional to the GST amount. The time constants of the expo-
nential phase were 1437, 691, and 344 s, respectively, for 0.01, 0.02, and
0.04 units of GST. The GST dependence of this reaction confers the
specificity of MCB for labeling GSH. When comparing different cell
populations in subsequent brain slices and in vivo experiments, we
recorded time courses to ensure that all reactions proceeded to comple-
tion, and thus GST activity was not a limiting factor.
Because MCB is a membrane-permeable dye (8) and GST is widely

expressed in brain cells, such as neurons and glial cells (20), a similar
labeling effect should be achievable in brain cells, thus allowing the
measurement of cellular GSH content by measuring the fluorescence
intensity of the accumulated GSH-MCB product. Our previous exper-
iments have confirmed this by showing that MCB labeling of astrocyte
cultures, which had been pretreated with the irreversible GSH synthesis
inhibitor L-buthionine sulfoximine (BSO), have a significantly reduced
MCB fluorescence at the reaction plateau (13). The reduced fluores-
cence was not because of a direct effect of the BSO itself because addi-
tion of exogenous GSH greatly increased GSH-MCB fluorescence
within these cells (13). Consistent with the proposal that the initial rate
of GSH conjugation withMCB reflects GST activity and not necessarily
GSH levels, we observed that treatment of astrocyte cultures with BSO
(to lower the available GSH pool) did not affect the initial GSH-MCB
conjugation rate (data not shown). Fortuitously, at room temperature,
which was used for all brain slice experiments, the efflux of GSH-MCB
conjugates was negligible (cellular fluorescence did not decrease after
extensivelywashingMCB from the perfusate;GSH-MCBconcentration
in neurons changed from 0.143 � 0.011 to 0.149 � 0.020 mM with
washout, p � 0.05; in astrocytes, it changed from 0.726 � 0.071 to
0.727 � 0.065 mM, p � 0.05), suggesting that the measured GSH con-
tent was not underestimated because ofMCB-GSH efflux from the cell.
In contrast, in astrocyte cell culture at 37 °C the conjugate was largely
effluxed from cells. Astrocyte efflux could be inhibited by treatment
with MK571, a blocker of multidrug resistance proteins (Mrps) (13, 21,
22). In brain slice experiments at room temperature, we observed no
significant effect of MK571 (50 �M) inhibition of Mrps on MCB fluo-
rescence (p � 0.05 from five separate slice experiments). Thus our
results confirmed thatMCB can be used to label intracellular GSHwith
the plateau level of fluorescence intensity indicating the cellular GSH
content, whereas the initial conjugation rate reflected GST activity.

Feasibility of Two-photon Laser Scanning Microscopy for Measure-
ment of Cellular GSH Levels—GSH-MCB conjugate emits significant
fluorescence at 450–575 nm when excited by TPLSM at 780 nm (9).
The in vitro production of GSH-MCB using purified reagents allowed
us to produce defined amounts of GSH-MCB to use as standards in
TPLSM experiments. The standard curve indicated that TPLSM was a

viable technique to measure up to 5 mM concentrations of GSH (Fig.
1B). GSH-MCB standards containing microcuvettes (50 �m path
length) were placed on the two-photon microscope and imaged in an
identical manner as brain slices. Assuming that the GST-mediated con-
jugation of GSHwithMCB goes to completion, as indicated by our time
course analysis, and that little GSH-MCB efflux occurs at room temper-

FIGURE 1. MCB labeling of GSH in vitro. A, in vitro experiments with the reduced form of
GSH (200 mM) and MCB (10 �M) and the indicated amounts of purified GST (0, 0.01, 0.02,
and 0.04 units). A low linear increase in MCB fluorescence was observed without GST.
Addition of GST led to an exponential phase of MCB-GSH production (fitted with a single
exponential curve), in which the reaction time constant was inversely proportional to the
units of GST added. The time constants were 1437, 691, and 44 s, respectively, for GST
0.01, 0.02, and 0.04 units. The reaction was carried out at 37 °C. The fluorescence intensity
was measured by a plate reader (�ex � 355 � 38 nm and �em � 527 � 5 nm). B, standard
curve for the relationship between fluorescence intensity and GSH-MCB concentration.
GSH-MCB solutions of known concentration were made from a GST-catalyzed reaction
between the reduced form of GSH and MCB and then filled into Vitrocells (micro-cu-
vettes) and imaged with two-photon microscopy. Over a range of 0 –5 mM, a linear rela-
tionship was observed between GSH-MCB concentration and fluorescence (R2 � 0.99). C,
a linear relationship (R2 � 0.99) between two-photon imaging of MCB-GSH levels and
biochemical assay of total GSH under conditions that suppress or enhance GSH levels.
Cultured rat astrocytes were treated with 10 and 3 mM BSO for 16 h to produce the lowest
levels of GSH on the graph shown. Higher levels of GSH were observed in untreated cells
or cell treated with the cysteine donor N-acetylcysteine 1 mM for 90 min, respectively.
GSH levels were estimated on sister cultures using either the Tietze biochemical assay
(measures total GSH) or the MCB two-photon imaging assay. Standard curves were con-
structed for both assays, and results were expressed as mg of GSH/mg of protein (Tietze
assay) or as a GSH concentration when using the GSH-MCB imaging approach using
standards prepared and described in B.
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ature, we expect the GSH-MCB fluorescence intensity measured by
using thismethod to be proportional to the cellular GSH concentration.
To ensure that differences in fluorescence path length do not contribute
to the observed differences in GSH levels between cells and tissues, we
optically sectioned each cell and made maximal intensity projections
over regions of cells that were considerably larger than the axial resolu-
tion of the microscope (�3 �m). By choosing these thicker regions of
the cell, we assumed thatMCB fluorescence intensity is proportional to
GSH-MCB concentration and not structure path length or volume (9).
To determine whether two-photon imaging of GSH-MCB fluores-

cence yields results that are proportional to a classical biochemical assay
of total GSH, we compared the GSH level of cultured astrocytes treated
with varying concentrations of BSO (0, 3, and 10 �M) or 1 mM N-ace-
tylcysteine using either the Tietze method (23) or two-photon imaging
(Fig. 1C). As expected, the Tietze method showed that these treatments
resulted in cells with graded total GSH content. On parallel cultures
treated at room temperature and with MK571 to reduce conjugate
efflux, we performed two-photon imaging on the various groups of
astrocytes using the sameprocedures for brain slices. By using standards
produced in vitro, we converted GSH-MCB fluorescence to an equiva-
lent GSH concentration. Comparison between the various astrocyte
treatments indicated remarkable correspondence between the assays
(R2 � 0.99) confirming that GSH-MCB fluorescence measured by two-
photon imaging is directly proportional to total GSH determined by a
classicmethod of assayingGSH. These results also suggest that the local
intracellular environment or organelle sequestration does not have a
major effect on the concentration of GSH reported by the two-photon
imaging technique.

Meningeal Cells and Astrocytes in Neocortex Are Labeled Intensely by
MCB in Rat Brain Slices—After establishing that MCB can be a specific
indicator of GSH, we examined the GSH distribution in various brain
tissues in acute P15-20 rat slices at room temperature. On the slice
surface many unstained cell bodies appeared as black holes and were
labeled by the polar membrane-impermeable marker propidium iodide
(PI) (24) indicating that they had ruptured membranes (data not
shown). As we imaged deeper into slices (over 20–30 �m deep), there
was a lower incidence of unstained cell bodies, indicating that cell death
at the slice surface was caused by vibratome sectioning (data not
shown).Within live brain slicesMCB robustly labeled themeninges and
a subpopulation of cells in neocortexwith astroglialmorphology, as well
as perivascular cells (Fig. 2A). In order to verify the cell type of these
GSH-positive cells, we performed immunostaining with the calcium-
binding protein S-100�, a specific marker of astrocytes in fixed slices
(25). Importantly, to reduce the possible changes in GSH distribution

following fixation, we obtained all GSH-MCB localization data from live
tissues. To label astrocytes in fixed tissues, we used antibodies to S-100�

because markers such as glial fibrillary acidic protein fail to label all
astrocyte cell populations (26). BecauseMCB tends to leak out of cells in
paraformaldehyde-fixed tissue, we also stained the slices with either
laminin, which is a major component of basement membranes in blood
vessels, or PI as landmarks to locate the same region fromwhich we had
imagedGSH-MCB (Fig. 2B). As fixation of slices caused some distortion
of cell position, we examined co-localization based on cell morphology
and the relative position of cells over a relatively small area. Most of the
highly fluorescent MCB-labeled neocortical cells were S-100�-positive
and thus were presumably astrocytes (75% MCB/S-100� co-staining,
n � 47, 2 animals with 2 slices each; see Fig. 2C). The perivascular cells
were also S-100�-positive astrocytes with their end feet tightly
ensheathing the vessel wall (Fig. 2, A and C, arrowhead). An increased
level of GSH in astrocytes is consistent with their crucial role in the
antioxidant defense of the brain (10, 27, 28). For example, astrocytes can
protect neurons from oxidative stress via GSH-dependent mechanisms
and therefore would be expected to require an intracellular reservoir of
GSH (29–32).
In addition to astrocytes, we also found that meningeal cells (most

likely pial and arachnoid cell layers) were intensely labeled by MCB,
indicating a very high GSH level. Meningeal cells have received little
attention with respect to neuroprotection except for their role in the
regulation of blood flow and the blood-cerebrospinal fluid (CSF) barrier
(33, 34). Related structures such as the choroid plexus have been long
known to filter and remove exogenous and endogenous toxins from the
CSF (35). Recently, Sato et al. (36) found that the high affinity cystine-
glutamate antiporter system xc� (xCT) is expressed at particularly high
levels in meninges. In many cell types, the uptake of cystine is the rate-
limiting step for GSH synthesis. Meningeal cells may use xCT-depend-
ent cystine uptake as an efficient means to supply cysteine for mainte-
nance of a large GSH pool. This enhanced GSH production by the
meningesmay play an important role in buffering brain oxidative stress.
Consistent with this proposal, we found meningeal cells to be more
potent than cortical astrocytes in protecting neurons from an in vitro
oxidative stress model.5

MCB Labeling of Neurons in Slices Is Much Weaker than Labeling of
Astrocytes—When imaging deeper layers of the neocortex in P15-20 rat
coronal slices, such as layer II and III (Fig. 3A), we identified another
group of cells that were MCB-labeled but with lower fluorescence.

5 A. Y. Shih, X. Sun, H. Erb, and T. H. Murphy, manuscript in preparation.

FIGURE 2. MCB labels the meninges and astrocytes robustly. A, green fluorescence of rat brain slices labeled with MCB. B, laminin labeling pattern of the same region, from green
detection channel after immunostaining. The MCB signal was completely lost during paraformaldehyde fixation for immunostaining (note very different pattern); therefore, it did not
interfere with the secondary antibody (FITC anti-rabbit) signal. For presentation a blue color table was added. C, red fluorescence of cells stained with S-100� as primary antibody and
Alexa 594 anti-mouse as secondary antibody. A and C show that the highly fluorescent MCB-labeled cells are astrocytes. Arrow and arrowhead point to an astrocyte and a perivascular
cell labeled by both MCB and S-100�, respectively. Images were taken using two-photon microscopy of a rat brain slice with a �40 objective.
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These cells had the morphology of neurons with apical dendrites ori-
ented toward the meninges (Fig. 3B). Co-labeling the acute live slices
with PI showed that these cells had intact membranes, because there
was no overlap between the MCB and PI signal, and were thus viable
(Fig. 3C). After fixation with paraformaldehyde, the MCB signal was
completely lost (data not shown), whereas the PI signal was pre-
served within cells that had died during vibratome sectioning and
also spread to all fixed cells that were originally labeled by MCB,
including those with neuronal morphology (Fig. 3E). Immuno-
staining with NeuN, a neuron-specific nuclear protein (37), con-
firmed that the cells with a lower level of fluorescence were indeed
neurons (Fig. 3, D and F ).
In previous studies using largely developing neurons and glia in cell

culture-based assays, inferences regarding the cellular distribution of
GSH in brain have been inconsistent. Some studies suggest that GSH is
substantially lower in cortical neurons than in glia (38–41), although
others do not (11, 42, 43). Our results provide direct evidence that in the
cerebral cortex in situ there is heterogeneity in the distribution of GSH
between neurons and glia, with neurons in general exhibiting much
lower levels of GSH.

MCB Labeling of GSHContent inMature Neurons Is Limited by GSH
Precursors and Not MCB Availability—Our experiments indicate that
layer II cortical neurons show a much lower level of MCB fluorescence
than astrocytes. A concern is that neurons are unable to take upMCB as
efficiently as astrocytes, potentially limiting neuronal GSH labeling. To
address this possibility, we attempted to increase GSH synthesis by
adding 30 �M NAC, a cell membrane-permeable cysteine precursor to
acute slices after MCB labeling reached a plateau level (44, 45). At 50
min after NAC addition, the neuronal GSH content was elevated from
0.12 � 0.04 to 0.42 � 0.04 mM (p � 0.001; n � 3 separate experiments)
(Fig. 4, A–D), whereas the astrocyte GSH content increased only mar-
ginally from 0.84 � 0.09 to 1.19 � 0.07 mM (p � 0.01; n � 2 separate
experiments) (Fig. 4I ). To confirm that increased MCB fluorescence
increase was because of increased GSH (rather through direct conjuga-
tionwith cysteine), we incubated slices in 100�MBSO for 3 h to prevent
de novoGSH synthesis (Fig. 4,E–H ). BSO completely blocked theNAC-
mediated increase in neuronal and astrocyte MCB labeling (Fig. 4J ).
These results suggest that neurons have apparently lower MCB-GSH
fluorescence than astrocytes because of a limitation in GSH precursor
(cysteine) availability, rather than MCB uptake or GST activity. There-

FIGURE 3. Relatively weak MCB labeling of mature cortical neurons. A, coronal section of the rat brain showing the location of two-photon imaging, modified from Ref. 84. B, MCB
labeling of cortical layers I and II in a rat brain slice. In layer II, there are many cells with neuronal morphology labeled by MCB, with much lower fluorescence intensity than the
MCB-labeled astrocytes in layer I. C, PI labeling of the same region as B in an acute slice, showing dead cells with ruptured membranes permeable to PI (membranes of healthy cells
are normally impermeable to PI). D, immunostaining of the same region in A with NeuN, a neuron-specific nuclear protein (primary antibody) and FITC anti-mouse as the secondary
antibody, showed that the cells with relatively lower fluorescence in layer II in A are neurons. E, PI labeling of the same region after fixation and PI permeation. F, overlay of NeuN and
MCB signals (region from inset in B and D). Because fixation caused irregular stretching of slices and MCB staining can only be performed on live tissue, we only overlaid the inset
region where cells of interest were best aligned. Images were taken using two-photon microscopy with a �40 objective.
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fore our data indicating that mature neurons only contain 0.1�0.2 mM

GSH reflects their actual GSH concentration.
Lateral Ventricle Ependymal Cells Have the Highest GSH Content in

Brain Slices—In addition to meningeal cells and astrocytes, MCB also
strongly labeled ependymal cells along the lateral ventricle (Fig. 5A).
These cells were significantly brighter than any other region of brain
slices examined (Fig. 7A). As with the meninges, ependymal cells also
face CSF and are known to express a high level of cystine-glutamate
transporter xCT, allowing the extraction of cystine for GSH synthesis
(36). Ependymal cells may also contribute to maintenance of brain
redox homeostasis by synthesizing and exporting GSH. In close prox-
imity to ependymal cells is the subventricular zone where neurogenesis
can occur (even in mature brain) (46). Cells within the subventricular

zone were also strongly labeled byMCB (Fig. 5B). Immunostaining with
double cortin (DCX), which is expressed in migrating and differentiat-
ing immature neurons (47, 48), suggested that many of these GSH-
containing subventricular zone cells are neuronal precursor cells (Fig. 5,
C and D).

A Subpopulation of Developing Neurons in Dentate Gyrus Are
Labeled byMCB—Previous studies using mercury orange histochemis-
try imply that developing neurons may exhibit and require higher levels
of GSH (40). However, this reagent lacks the enzyme-based specificity
of GST-mediated MCB labeling of GSH and may have been a general
thiol indicator. Initially we examined brain slices from young (P1-2) rats
and found cells of presumably neuronal origin to have high GSH con-
tent (data not shown). However, in these young animals it was difficult

FIGURE 4. Neuronal GSH content can be increased by a cell-permeable cysteine precursor indicating that MCB levels are not limiting. A, MCB labeling within a cortical brain
slice from a P15 rat. B–D, two-photon images taken 10, 30, and 50 min after 30 �M NAC were added to the slice. E, MCB labeling of a P15 rat slice incubated in 100 �M BSO for 3 h. F–H,
two-photon images were taken at 10, 30, and 50 min after 30 �M NAC was added to the BSO-treated slice. Images were taken using two-photon microscopy with a �40 objective.
Arrows indicate neurons at different time points. I and J, time course of MCB-GSH fluorescence in neurons and astrocytes after NAC addition with and without BSO addition as
indicated (data from a single experiment is shown).
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to co-stain MCB-labeled neurons with antibody markers because the
neurons were not fully differentiated, and the morphology of the slices
was greatly altered by fixation. Furthermore, it was conceivable that the
properties and viability of young slices might be quite different from
those of mature animals thus making direct comparisons difficult.
Given the high levels of GSH in the lateral ventricle ependymal cells

and associated subventricular zone and their potential role in neurogen-
esis, we also examined GSH-bimane labeling in other neurogenic zones
such as hippocampal dentate gyrus. Granule neurons of different devel-
opmental stages are foundwithinmedial and lateral aspects of the gran-
ule cell layers (49). Themost stronglyMCB-labeled cells were located at
the border between the condensed granular cell layer and the hilus (also
termed subgranular layer; see Fig. 6, A–D) and were negative for the
mature neuronal marker NeuN. Cells at this subgranular location may
be dividing precursor cells that have a unique immunocytochemical
profile (50, 51); they are expected to be DCX-positive but NeuN and
glial fibrillary acidic protein-negative. 55% of MCB-labeled cells were
labeled by DCX (Fig. 6, E–H; n � 225 cells from two separate animals).
This suggests that a high level of GSH may be required to support the
high proliferation rate and consequent elevated metabolic activity of
these precursor cells. Lateral to the highly fluorescent group of cells
(within the condensed granular cell layer), we found a population of
cells labeled weakly by both MCB and NeuN, a marker for mature neu-
rons (Fig. 6,C andD). Themost lateral group of cells in the granular cell
layer was not labeled by MCB but strongly labeled by NeuN (Fig. 6, C
and D). PI labeling of the live slices showed that the majority of these
cells in the granular cell layer had intact membranes and were presum-
ably viable because there was an absence of overlap between MCB and

PI signals (data not shown). Because newborn granular cells are first
present in the inner granular cell layer and migrate to the outer portion
as they develop (49), and the levels of NeuN are correlated with the
extent of differentiation (37), we conclude that neurons gradually
reduce their GSH content as they mature.

Measurement of GSH Concentration in Different Brain Regions in
Acute Brain Slices—Our data indicate that the fluorescence intensity of
GSH-MCB is directly proportional to GSH concentration (Fig. 1B).
Therefore, when the MCB reaction reaches a plateau, we can estimate
intracellular GSH concentration in brain slices. Our measurement is
based on two assumptions. First, there is little efflux of GSH-MCB from
brain slices at room temperature under the conditions our experiments
were performed. As mentioned above, cells can export the GSH-MCB
conjugates through a family ofMrps (22, 52).We have previously exam-
ined the efflux of GSH-MCB through Mrps in astrocyte cultures and
found that 75% of GSH-MCB conjugate is exported at 37 °C within 10
min (13). In contrast, at room temperature efflux was reduced consid-
erably (13). We further tested whether Mrp1-mediated efflux played a
significant role in brain slices by adding 50 mM MK571 (21), and we
compared the fluorescence intensity after MCB labeling with control
slices. Addition ofMK571 produced no significant change in labeling of
neurons and glia (p � 0.05 from five separate slice experiments). We
alsowashed sliceswith freshACSF afterMCB labeling reached a plateau
level (in the absence of MK571), and we did not find significant reduc-
tion in fluorescence intensity after washing (p� 0.05 from two separate
slice experiments). The slice washing experiment suggested that non-
MK571-sensitive efflux mechanisms for MCB conjugates were minor.
All of the above indicated that in brain slices at room temperature the

FIGURE 5. MCB labeling of GSH-containing
ependymal cells lining the lateral ventricle. A,
ependymal cells lining the lateral ventricle show
very strong fluorescence after MCB labeling.
Although lower in fluorescence than the ependy-
mal layer, cells within the subventricular zone
(SVZ) were clearly labeled by MCB. B, MCB labeling
along lateral ventricle from another slice. C, DCX
staining of the same region as in B. D, overlay of
MCB and DCX signals (region from inset in B and
C ). The arrow and arrowhead point to two cells in
subventricular zone that are labeled both by MCB
and DCX. Note the distortion due to comparing
live MCB labeled and fixed immunostained slices.
Images were taken with �40 objective.
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efflux of GSH-MCB byMK571-sensitiveMrp1 is negligible. The second
assumption is that during each experimentwe have allowed the reaction
between MCB and GSH to proceed until completion, and thus GST
activity is not limiting (even in experiments with neurons). In plots of
MCB fluorescence intensity versus time peak MCB labeling occurs
within 20 min in all cells types examined, including differentiated cor-
tical layer II neurons (Fig. 7, B and C). We further tested this by adding

moreMCB to slices after the fluorescence had reached the plateau level,
and we found no further increase in fluorescence intensity, indicating
that MCB is in excess and presumably labels all intracellular GSH (data
not shown).
We next measured the GSH concentration in different brain regions

by converting the plateau level of fluorescence to a GSH concentration
with the standard curve (Fig. 7A). In order to standardize for effects of

FIGURE 6. MCB labeling of GSH-containing cells in dentate gyrus. A, coronal section of the rat brain showing location of two-photon imaging, modified from Ref. 84. B, MCB labeled
two groups of cells in dentate gyrus. Cells within subgranular cell layers (border between condensed granular cell layer and hilus) showed relatively higher fluorescence, whereas cells
within the medial granular cell layer (M) showed lower fluorescence. Cells deep within the lateral portion of the granular cell layer (L) were unlabeled by MCB (not significantly above
background neuropil) and appeared as black holes. C, NeuN staining of the same slice showing that the dark voids (no MCB label) in the outer portion of granular cell layer are viable
NeuN-positive neurons, and by using PI staining on the live slice we confirmed that these unlabeled NeuN-positive neurons were not dead. D, overlay of MCB and NeuN signal showed
that the cells in the lateral portion of granular cell layer that were not labeled by MCB could be labeled by NeuN. E, MCB labeling of dentate gyrus in another slice. F, DCX staining of
the same region as in E. G, overlay of DCX and MCB signal. H, DCX staining within the hippocampal CA1 region where little neurogenesis occurs, showing that DCX staining in the
subgranular zone is specific for progenitor cells. Images were all taken with �40 objective.

FIGURE 7. Quantification of GSH concentration
in different brain regions. A, GSH concentra-
tions in different regions of P15 to P21 rat brain
slices. Data for different brain regions were aver-
aged from five experiments as follows: 1, p �
0.001, significantly higher GSH in meninges (men)
when compared with astrocytes (astro) and neu-
rons; 2, p � 0.001, when astrocytes were com-
pared with neurons; 3, p � 0.01, subgranular layer
dentate gyrus cells (high fluorescence) contain
significantly higher GSH when compared with the
more lateral dentate gyrus cells found in the gran-
ule cell layer (low fluorescence); 4, p � 0.05, lateral
ventricle (LV) ependymal cells contain more GSH
than all other cell types examined. B and C, time
course curves of MCB labeling of meninges, corti-
cal astrocytes, cortical neurons, high fluorescence
cells of dentate gyrus (subgranule layer presumed
neuronal progenitors), low fluorescence cells in
dentate gyrus (medial granule layer presumed
neurons), and ependymal cells along the lateral
ventricle. Data points were averaged from five
cells within a single slice. D, the MCB conjugation
activity (proportional to GST activity) in different
brain regions estimated from the exponential fit-
ting of the time course curves. Average values
from three separate experiments are shown.
There was a trend but no significant difference
in conjugation activity between meninges, astro-
cytes, and neurons. 5, p � 0.05 lateral ventricle
ependymal cells had significantly higher GST
activity than all other cell types except meninges.
Data given as mean � S.E. and analyzed with
repeated measures one-way analysis of variance.
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imaging depth on fluorescence intensity (excitation and emission effi-
ciency are reduced at greater depths) (53), we made all of the measure-
ments from the cells at about 20–30 �m below the surface of the slice.
By surveying various brain regions, we found that lateral ventricle
ependymal cells show the highest level of GSH (2.73 � 0.56 mM, p �

0.05 when compared with all other brain regions measured), which is
consistent with their potential role in regulating the redox state of the
CSF system. The GSH level in meningeal cells was significantly higher
than in cortical astrocytes (meninges, 1.45 � 0.09 mM; astrocytes,
0.91 � 0.08 mM, p � 0.001). Because astrocytes have been described as
a crucial part of antioxidant defense in brain cells (28, 31), our finding
suggests that meninges that have received little attention in this context
so far may also be an important component of the brain antioxidant
system. The GSH level in astrocytes is about five times greater than that
of cortical layer II neurons (astrocytes, 0.91� 0.08mM; neurons, 0.21�

0.02 mM, p � 0.001), suggesting that neighboring astrocytes support
neuronal viability by releasing GSH during oxidative stress. Whenmul-
tiple cells types were compared in tissues, we always made pairedmeas-
urements for the various cells types examined at each respective depth
to prevent errors in assessment of fluorescence associated with varia-
tion in imaging depth (see “Discussion” for assessment of error). In
dentate gyrus, the presumed neuronal progenitors (based on cell posi-
tion and staining with markers) express a relatively high level of GSH
(1.75 � 0.24 mM), and differentiated dentate gyrus neurons contained
significantly lower concentrations (0.50 � 0.08 mM, p � 0.01).
Asmentioned in Fig. 1, becauseMCB is in excess and the conjugation

between GSH and MCB can be regarded as a first-order reaction, the
time course curve should fit a single exponential. Fig. 7, B and C,
shows the time courses of MCB labeling in meninges, cortical astro-
cytes, cortical neurons, progenitor cells in dentate gyrus, young neu-
rons in dentate gyrus, and lateral ventricle ependymal cells, respec-
tively. All of these curves were described by a single exponential
function and reached a plateau level after labeling for 20 min, again
indicating that GST activity was not limiting and that MCB staining
reflects GSH content. These curves can be fitted well with Equation 1
above.We assume that the initial slope of the curve reflects GST activity
in these cells (Fig. 7D) and indicates that it was not limiting in any of the
cell types examined. In addition, experiments showing that the cysteine
precursor NAC can increaseMCB labeling of neurons also supports the
proposal that GSH synthesis and not GST activity determines apparent
differences in GSH levels between the cell types examined (Fig. 4).
Within the dentate gyrus, the putative progenitor cells based on their
subgranular positionwere termed high fluorescence group, whereas the
medial young neurons of the granule cell layer (weakly NeuN-positive)
were termed low fluorescence group; the lateral granule layer neurons
(outer region of layer) were only weakly labeled by MCB and were not
plotted. Within the dentate gyrus two major groups (low and high flu-
orescence) were apparent based on NeuN expression; the group with a
lower NeuN level corresponded to higher a GSH-MCB. In assessing the
mean GSH level within these populations, we observed no overlap in
GSH concentrations and little variability (Fig. 7A). To determine
whether these cells represent two distinct populations, we examined the
GSH-MCB levels from 66 cells within an experiment and put them into
17 different intensity bins. We then fit the resulting histogram, which
had two distinct peaks, to one or two Gaussian distributions and found
a significantly better fit for 2 Gaussians (R2 � 0.82) versus a single Gaus-
sian distribution (R2 � 0.08), suggesting that there were two distinct
populations of cells differentially labeled by NeuN and MCB.

MCB Labels a Subpopulation of Meningeal and Neocortical Cells in
Vivo—It is conceivable that GSH metabolism in slices may be different
from that in vivo for a variety of reasons, including the lack of slice blood
supply and exposure to blood-derived GSH precursors as well as the
possibility of trauma in making brain slices. With two-photon in vivo
microscopy, we were able to image GSH distribution in the intact brain
directly (Fig. 8, A–F ). Exposure of the cortical surface of anesthetized
mice toMCB resulted in staining of a subpopulation of neocortical cells
with a plateau level of fluorescence reached in 30min (Fig. 8G). In these
experiments, small cranial windows (2 � 2mm) were made on C57Bl/6
mice, and 100 �M MCB was applied directly to the somatosensory cor-
tex surface, and MCB-containing agarose was then layered over the
brain surface to mechanically stabilize it and to continuously supply
MCB for on-going labeling. MCB-labeled cells were imaged up to 250
�m below the brain surface. At the surface, MCB labeled many appar-
ently meningeal cells (Fig. 8A). Side view projections (to examine tissue
below the surface meninges) demonstrated that in the neocortex all the
MCB-labeled cells were of astroglial morphology (Fig. 8E). These cells
have multiple processes originating from the cell body, often forming
end feet attached to unstained blood vessels (Fig. 8C, arrow). In in vivo
experiments we did not include MK571, and the preparation was at
37 °C, so we expect the plateau level of fluorescence reached to reflect
the steady state balance between GSH synthesis and efflux (Fig. 8G).
Recently, Nimmerjahn et al. (54) have demonstrated that SR 101 can be
a relatively specific marker of astroglia in the neocortex in vivo. In these
experiments SR 101 co-localized with astrocyte markers in neocortex
but failed to stain neurons, microglia, or oligodendrocytes. By co-label-
ing with MCB and SR 101 in vivo and collecting the signal from the
green and red channels, respectively, we found that these two probes
labeled the same population of astrocyte-like cells in the cortical paren-
chyma (Fig. 8D). Themeningeal cells labeled byMCBcan also be labeled
by SR 101 (Fig. 8B). These results are consistent with our data from
cortical slices where MCB robustly labels both the meninges and astro-
cytes. A three-dimensional projection from the side view of the in vivo
data stack showed that both in layer I (�0 to approximately �130 �m)
and layer II (begins at approximately �130 �m), MCB-labeled cells are
astrocytes as they are co-labeled by SR 101 (Fig. 8F ). No neurons in layer
II (SR 101-negative cells) were detected by this approach using the
mature mice that we studied (�2 months of age). However, we have
found that neurons in brain slices from young rats (less than 3 weeks)
can be labeled by MCB, although with a very low fluorescence level
(�20% of astrocyte levels). The reason why neurons are not labeled
in vivo cannot be due to a lack of MCB tissue penetration, because
astrocytes at the same depth level as neurons can be labeled. Perhaps in
brain slices less attenuation of fluorescence signals takes place allowing
the observation of layer II neurons. It is also possible that the slices from
young rats (P15 to P21) contain more immature neurons that have
relatively higher GSH. Consistent with this, using the Tietze assay (23)
we have seen higher GSH levels in tissue homogenates from young and
embryonic rats than compared with adults.5 Although SR 101 labeled
the same population of cells as MCB in vivo, not all fluorescent indica-
tors label only this population. In our hands and in previous work (54)
calcium green 1-AM robustly labels layer II neurons (as well as glia) and
thus has a different pattern of labeling than MCB (data not shown),
indicating specificity of MCB and SR 101 labeling. We also considered
whether SR 101might be trappedwithin cells by the samemechanism as
MCB (GST catalyzed GSH-conjugate), but we failed to find that SR 101
was a GST substrate suggesting that SR 101 and MCB both label astro-
cytes, albeit by differentmechanisms. These controls add support to the
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argument that addition ofMCB to the cortex in vivo largely labels astro-
cytes because they contain high levels of GSH.

DISCUSSION

MCBLabeling with Two-photonMicroscopy Resolves CellularGSH in
Situ—Accumulating evidence indicates that alteration of GSH content
and oxidative stress play substantial roles in neurological disorders such
as stroke, Parkinson, Alzheimer, and Huntington disease (1–3, 55–57).
In view of the pivotal role of GSH in protecting cells (10, 31, 58), there
has been interest in methods to quantify GSH content by using bio-
chemical assays (23, 59, 60). However, biochemical assays using cell
lysates or tissue homogenates are unsuitable for examining GSH levels
in intact cells. Immunostaining with antibodies against GSH suffers
from potential alterations in GSH disposition in response to fixation
(11). The ability to measure GSH at the cellular level using two-photon
imaging overcomes limitations inherent with conventional biochemical
and histochemical techniques and reveals a marked cellular heteroge-
neity in labeling patterns lost in a biochemical assay for GSH. However,
it is important to note that light scattering by tissues limits the depth of
two-photon microscopy to �500 �m (53, 61). When measuring GSH
concentration in slices, we standardized for the effect of depth bymeas-
uring the fluorescence intensity of all regions at similar depths approx-
imately�20–30�m.At this level, damage caused by tissue sectioning is

negligible, and this image depth would be expected to have similar
(attenuating) effects on MCB fluorescence in different brain regions.
Brain slice experiments by Oheim et al. (53) and Helmchen and Denk
(61) found that fluorescence emission produced by 800 nm two-photon
excitation would be reduced by 20–30% for tissue depths ranging from
20 to 30 �mbelow the surface (based on a length constant of 87mm for
brain slices of similar age to what we used). According to Kleinfeld and
Denk (16), two-photon fluorescence intensity decreased by�50% at 100
�m in rats in vivo; therefore, at the depths where we made our meas-
urements light attenuation will have minimal effects and cannot
account for the large differences in GSH levels between cell types. It is
conceivable that not all cellular organelles handle GSH-MCB equally
and that there could be some sequestration or exclusion of label. This
does not seem to be a serious problem because optical sectioning failed
to reveal heterogeneity in labeling subcellularly. Importantly, we have
shown that comparison of theMCB-GSH two-photon imagingmethod
to the biochemical assay of GSH gives proportional results (Fig. 1C).
These findings suggest that probe saturation, binding, and detector sat-
uration are not serious limitations using the cells and conditions we
employ. Another potential caveat is that the MCB-GSH labeling tech-
nique is a means of measuring the total GSH content of a cell of interest
(by converting all GSH to a fluorescent MCB conjugate) and will not
necessarily provide a real time sensor of GSH levels. To measure GSH

FIGURE 8. In vivo two-photon fluorescence image of the somatosensory cortex of a live anesthetized mouse after application of MCB and SR 101. A, image recorded at the
brain surface after MCB labeling. A population of meningeal cells are labeled by MCB. Blood vessels appear as dark gaps (arrow). B, SR 101 labeling of the same region as in A. MCB and
SR 101 labeled the same group of cells. C, optical section of MCB fluorescence recorded about 50 �m below the pial surface showing that a subpopulation of cells had taken up the
dye deeper within the parenchyma. These cells had astroglial morphological features and some formed end feet surrounding unstained blood vessels (arrow). D, optical section of
fluorescence for the astrocyte marker SR 101 (applied to the brain surface simultaneously with MCB) in the same region as C. E, side view (X-Z image) of the MCB-labeled meninges
and astrocytes in neocortex (maximal intensity projections) from the surface of the brain to a depth of approximately �250 �m, reconstructed from planar scans acquired every 1 �m
after MCB addition. F, side view of SR 101-labeled cells in meninges and neocortex. All images were taken with �40 objective. G, time course curve of MCB in vivo labeling showing
that the fluorescence intensity reaches a plateau level within 30 min. Average values from three different experiments are shown.
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content at different time points within the same preparation one would
need to 1) load and measure GSH-MCB content, 2) allow for efflux of
GSH-MCB, and 3) reloadwithMCB. If reloading is done in the presence
of GSH precursors, the rate of GSH synthesis/precursor uptake can also
be measured as we have done with astrocyte cultures (13). It is conceiv-
able that a reloading procedure could be used on brain slices or in vivo
preparations at physiological temperature where MCB-GSH efflux would
be accelerated. Although these limitations exist and are acknowledged to
aid future researchers, we feel that two-photon imaging ofMCB labeling in
brain slices is an improvement over previously employed biochemical or
imaging assays for GSH.

Cellular GSH Distribution in Brain Slices—It has been well estab-
lished that heterogeneity in GSH levels exists between neurons and
astrocytes in brain parenchyma (28).However, the relationship between
GSH concentration in neurons versus astrocytes has not been consist-
ent between all studies (40, 41, 43). These differences may in part be
related to the developmental state or culture conditions of the prepara-
tions used. Interestingly, of all regions studied, lateral ventricle ependy-
mal cells contain the highest level of GSH. Also of note, the meninges
contain considerably higher GSH than neocortical astrocytes. Sato et al.
(36) have reported that xCT (a high affinity cystine uptake system) is
highly expressed both inmeninges and in ependymal cells. Both of these
regions are in direct contactwithCSFmaking them ideally positioned to
take up cystine for GSH synthesis and release it to protect the brain
against oxidative stress. The meninges have received little attention in
antioxidant defense and have mainly been highlighted for their physical
role at the CSF-blood barrier (34, 62, 63). Our findings provide a new
insight into the possible role of the meninges in protecting the brain
against oxidative stress.
We have also used relatively pure in vitro cultures of astrocytes and

meningeal cells to more clearly evaluate the antioxidant functions of
MCB-labeled cells. In additional studies (83),5 we found that cultured
meningeal cells possess higher levels of xCT-mediated cystine uptake
and exhibit increased GSH synthesis after exposure to Nrf2-inducing
electrophilic agents, when compared with astrocytes. This finding is
consistent with the high level of meningeal MCB labeling observed in
our imaging experiments here (Fig. 7, A and B). Strikingly, when co-
cultured with neurons, meningeal cells are even more efficient in con-
ferring neuroprotection against oxidative stress-dependent glutamate
toxicity than astrocytes (13). These results suggest that in vivo, all of the
highly MCB-labeled cells we have identified (meninges, ependyma, and
astrocytes) could contribute to redox buffering and positively influence
neuronal survival.
In addition to the non-neuronal cell types mentioned above, devel-

oping neurons in mature brain contained high GSH-MCB levels con-
sistent with in vitro work showing a requirement for high levels of thiol
precursors in young neurons for survival (64). In the mature brain there
are two major regions where neurogenesis is known to occur postna-
tally, the subventricular zone and the subgranular zone of the dentate
gyrus (50). Our results indicate that both neurogenic regions contain
relatively high levels of GSH. In dentate gyrus, young neurons in the
medial (inner) portion of granular cell layer containGSH at a levelmuch
lower than the dividing precursor cells (subgranular zone), whereas the
mature neurons in the lateral (outer) portion of the granular cell layer
contain only background levels of GSH. This suggests that when neu-
rons are proliferating they are in great need of an antioxidant buffer and
thus contain high GSH.We propose that during the process of matura-
tion, neurons lose most of their GSH content and henceforth seem to
depend on astrocytes to provide themwith this antioxidant buffer. This
is consistent with the findings of Beiswanger et al. (40) who visualized

GSH distribution in the mouse nervous system by mercury orange his-
tochemistry, which detects cellular thiols (largely GSH), and suggested
that all neuronal and glial progenitor cells contain GSH, whereas most
neurons lose the bulk of their GSH content by P5. Other groups also
reported that neurons lose their GSH content as they grow in co-culture
with astrocytes (55, 65). This low level of GSH content in mature neu-
rons may explain their unique vulnerability to oxidative stress (64,
66–69). Given the high metabolic rate of mature neurons, it is surpris-
ing that they have little GSH and would apparently rely on astrocyte
GSH to derive precursors such as reduced cysteine to synthesize their
own moderate levels of GSH. Astrocyte are thought to release GSH
which is broken down extracellularly into cysteine and taken up by
neurons for thiol synthesis and utilization (54). Perhapsmature neurons
operate with a small GSH buffer because they are under continuous
metabolic pressure or alternatively they function at a more oxidized
reducing potential because it is optimal for a signaling or metabolic
process.

Measurement of GSH within the Cortex of Live Animals—Brief expo-
sure of the intact brain toMCB followed by two-photon imaging proved
to be a robust method for labeling GSH-containing cells in the somato-
sensory cortex in vivo. The specificity of MCB labeling for astrocytes in
neocortex was verified by co-labeling with an astrocyte marker (54).
This approach offers the opportunity to measure GSH content in live
animals. TheGSHantioxidant system can be activatedwhen the brain is
under oxidative stress, such as during the reperfusion period after an
ischemic insult when GSH demand may be relatively higher (70, 71). It
will also be affected by many neurological disorders, such as Parkinson
disease (72) and Alzheimer disease (73). Recent data also indicate a role
for GSH and its precursors in maintaining the viability of brain tumors
(74). However, in most cases data linking the GSH system to these
disorders were derived from tissue homogenates, which cannot detect
cellular heterogeneity. It is possible that these limitations may have
contributed to contrary reports on how the GSH levels change during
some neurological diseases (75–78). Our approach can be applied to
animalmodels of disease andmousemutantswith abnormal handling of
oxidative stress (79, 80) tomeasureGSH levels in different brain regions
directly. Recent studies from our laboratory have used electrophilic
inducers of the redox-sensitive transcription factor Nrf2 to inducemul-
tiple antioxidant systems as a therapeutic strategy for stroke (56, 57). In
future studies, MCB-GSH could be used to image and quantify the
cellular sites of GSH induction byNrf2 inducers, as well as othermanip-
ulations that influence the GSH system (81, 82). Recently, we (14) and
others (81, 82) have used two-photon microscopy to investigate the
effect of both local and widespread blockade of cortical vessels on brain
structure after stroke. Our approach to measure GSH levels in vivo
combined with two-photon microscopy of blood flow and structure
may provide unique insight into how the brain deals with the oxidative
stress after stroke.
In conclusion, we have developed an approach to image GSH con-

tent in intact brain tissue. Based on inferences made from these
imaging experiments, we report the unexpected finding that menin-
geal and lateral ventricle ependymal cells may play a large role in
brain redox homeostasis.
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