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Neurobiology of Disease

Rett Syndrome Microglia Damage Dendrites and Synapses
by the Elevated Release of Glutamate

Izumi Maezawa and Lee-Way Jin
M.LN.D. (Medical Investigation of Neurodevelopmental Disorders) Institute and Department of Pathology and Laboratory Medicine, University of
California Davis Medical Center, Sacramento, California 95817

MECP2, an X-linked gene encoding the epigenetic factor methyl-CpG-binding protein-2, is mutated in Rett syndrome (RTT) and aber-
rantly expressed in autism. Most children affected by RTT are heterozygous Mecp2 ~'* females whose brain function is impaired
postnatally due to MeCP2 deficiency. Recent studies suggest a role of glia in causing neuronal dysfunction via a non-cell-autonomous
effect in RTT. Here we report a potent neurotoxic activity in the conditioned medium (CM) obtained from Mecp2-null microglia. Hip-
pocampal neurons treated with CM from Mecp2-null microglia showed an abnormal stunted and beaded dendritic morphology, and signs
of microtubule disruption and damage of postsynaptic glutamatergic components within 24 h. We identified that the toxic factor in the
CM is glutamate, because (1) Mecp2-null microglia released a fivefold higher level of glutamate, (2) blockage of microglial glutamate
synthesis by a glutaminase inhibitor abolished the neurotoxic activity, (3) blockage of microglial glutamate release by gap junction
hemichannel blockers abolished the neurotoxic activity, and (4) glutamate receptor antagonists blocked the neurotoxicity of the Mecp2-
null microglia CM. We further identified that increased levels of glutaminase and connexin 32 in Mecp2-null microglia are responsible for
increased glutamate production and release, respectively. In contrast, the CM from highly pure Mecp2-null astrocyte cultures showed no
toxic effect. Our results suggest that microglia may influence the onset and progression of RTT and that microglia glutamate synthesis or

release could be a therapeutic target for RTT.

Introduction
Rett syndrome (RTT), caused by loss-of-function mutations in
the X-linked MECP2 encoding methyl-CpG-binding protein 2
(MeCP2), is a devastating neurodevelopmental disorder that pri-
marily affects young girls (Chahrour and Zoghbi, 2007). RTT infants
develop normally until 6-18 months of age but then develop pro-
gressive loss of neurodevelopmental milestones, a process called re-
gression. Clinical features include deceleration of brain growth, loss
of motor skills including purposeful hand movements, ataxia, loss of
vocalization skills, loss of cognitive capability, autistic features, sei-
zures, and respiratory dysfunction (Ellaway and Christodoulou,
1999). RTT and the more prevalent regressive-type autism share a
substantial phenotypic overlap, including the regressive clinical
course, autistic behaviors, and dendritic and synaptic abnormalities
(Levitt and Campbell, 2009). Because MeCP2 regulation is also ab-
normal in a large subgroup of autistic individuals (Samaco et al.,
2004, 2005; Nagarajan et al., 2006, 2008), understanding the neuro-
biological substrates of RTT may help elucidate the complex mech-
anisms leading to autism.

MeCP2 is a DNA-binding epigenetic modulator that can both
activate and repress transcription (Nan et al., 1997; Yasui et al.,
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2007; Chahrour etal., 2008). MeCP2 also affects differential splic-
ing (Young et al., 2005). How MeCP2 deficiency causes neuro-
logical deficits is not well understood. Recent evidence indicates
that RTT is a disease of synaptic plasticity (Asaka et al., 2006;
Moretti et al., 2006) and RTT-like neurological deficits in both
immature and mature Mecp2 mutant mice are reversible by
postnatal activation of MeCP2 expression (Giacometti et al.,
2007; Guy et al., 2007; Jugloff et al., 2008). These results sug-
gest that RTT is potentially curable if synaptic disruption can
be ameliorated.

Microglia are the resident inflammatory cells of the CNS.
They extend an extensive network of processes in the CNS paren-
chyma. Although the traditional view held that microglia are ac-
tivated to become part of the neuroinflammatory process after
injury, recent studies suggest that microglia provide extensive
and continuous surveillance of their cellular environment even in
their “resting” state; thus they actively and constantly interact
with neurons and astrocytes (Davalos et al., 2005; Nimmerjahn et
al., 2005). Interestingly, a very recent study showed that micro-
glial processes make brief and direct contacts with neuronal syn-
apses at a regular frequency and that microglia may regulate the
turnover of synaptic connections (Wake et al., 2009). Therefore,
emerging evidence suggests that microglia may regulate synaptic
functions and synaptic turnover without the context of neuroin-
flammation (Bessis et al., 2007). It is possible that inherent mi-
croglia abnormalities may influence neuronal and synaptic
functions via a non-cell-autonomous effect.

We previously hypothesized that neuronal function in RTT
may be detrimentally influenced by MeCP2-deficient glia in a
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non-cell-autonomous manner, in addition to the cell-auto-
nomous damage in vulnerable neurons (Maezawa et al., 2009).
We and others showed such an influence of MeCP2-deficient
astrocytes on dendritic integrity (Ballas et al., 2009; Maezawa et
al., 2009). During our study on astrocytes, we observed that the
conditioned medium (CM) derived from primary mixed glia cul-
tures established from Mecp2-null mice resulted in dendritic
damage to differentiated wild-type (wt) neuronal cultures, while
CM from highly pure Mecp2-null astrocyte cultures had no effect
on neuronal cultures. Because one significant cell component in
the mixed glial cultures is microglia, our result suggested a pos-
sible soluble factor(s) released by MeCP2-deficient microglia that
compromise neuronal dendrites. Here we demonstrate that
MeCP2-deficient microglia, without conventional signs of acti-
vation, release an abnormally high level of glutamate, causing
excitotoxicity that may contribute to dendritic and synaptic ab-
normalities in RTT.

Materials and Methods

Mouse model of RTT. Mecp2"™!-"5+ mice originating from Dr. Adrian
Bird’s laboratory (Guy et al., 2001) were obtained from Jackson Labora-
tories. Mice were mated with C57BL/6] mice (Jackson Laboratories).
Pups were immediately genotyped to determine the Mecp2 deletion
according to the protocol provided by the Jackson Laboratory. The
gender was determined using primers for the Sry gene on the Y chro-
mosome, which were 5'-TGG GAC TGG TGA CAA TTG TC-3' and
5-GAG TAC AGG TGT GCA GCT CT-3". The University of Califor-
nia Davis Institutional Animal Care and Use Committee approved all
animal experiments.

Chemicals. MK801 and NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide) were purchased from Calbiochem.
6-diazo-5-oxo-L-norleucine (DON), carbenoxolone disodium (CBX),
and lanthanum chloride (Lan) were purchased from Sigma. All the
connexin-mimetic peptides (Takeuchi et al., 2006) were purchased from
American Peptide. The sequences of the peptides are as follows: for
32GAP24, GHGDPLHLEEVKC (intracellular loop, position 110-122 of
connexin 32); for >2GAP27, SRPTEKTVFT (extracellular loop 2, posi-
tion 182-191 of connexin 32); and for **GAP27, SRPTEKTIFII (extra-
cellular loop 2, position 201-210 of connexin 43).

Primary neural cultures. Primary microglia cultures were prepared
from mixed glia cultures with the “shaking-off” method as described
previously (Suzumura et al., 1987). In the present study, our prepara-
tions were =99% pure for microglia as demonstrated by anti-CD11b
immunostaining. Primary highly enriched astrocyte cultures were pre-
pared as previously described (Maezawa et al., 2009). Cell viability was
analyzed by LIVE/DEAD Reduced Biohazard Cell Viability Kit (Invitro-
gen) following the manufacturer’s instruction.

To obtain CM, microglia and astrocytes were first cultured in 24-well
culture plates for 24 h in DMEM with 10% fetal bovine serum
(DMEM10). Cultures were washed extensively and changed to the Neu-
robasal medium with B27 supplement (NB/B27, Invitrogen) without
serum and with or without indicated drug treatments. The NB/B27-
based medium was conditioned for 24 h, collected, and briefly centri-
fuged. If not otherwise indicated, the medium contained 500 umol/L
glutamine. The concentrations of inhibitors used were as follows: DON,
1 mym; CBX, 200 um; Lan, 50 puM; and connexin-mimetic peptides, 0.25
mg/L.

The hippocampal neuronal cultures were prepared from newborn
wild-type C57BL/6] mice according to the method of Xiang et al. (1998).
Neurons were cultured in NB/B27 at a density of 2.5 X 10° cells/well in
12-well plates or 8 X 107 cells/well in 6-well plates for at least 14 d before
they were treated with microglia or astrocyte CM.

RT-PCR for Mecp?2 transcript and quantitative RT-PCR for glutaminase
and connexin 32. Total RNA from microglia was isolated by RNeasy Mini
kit (Qiagen) according to the manufacturer’s instruction. Purified RNA
was resuspended in RNase-free water and stored at —70°C until use. The
forward and reverse primer sequences for wt Mecp2 transcript were 5'-
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GACCCCTTG GGACTGAAGTT-3" and 5'-CCA CCCTCCAGTTTG
GTT TA-3" (Miralves et al., 2007). RT-PCR was performed using Super-
Script One-Step RT-PCR System (Invitrogen). Because these primer sets
may also amplify the chromosomal DNA, the DNA content of the sam-
ples was further minimized by purifying RNA using the RNeasy
MinElute Cleanup Kit (Qiagen) according to the manufacturer’s instruc-
tion. Using the resulting RNA samples and the above primers, PCRs
without prior reverse transcription yielded minimal detectable products.

We used a primer pair previously designed to quantify the murine
glutaminase transcript in microglia (Takeuchi et al., 2006). The forward
sequence was 5'-GTCACGATCTTGTTTCTCTGTG-3’ and the reverse
sequence was 5'-GTCCAAAGAGCAGTGCTTCATCCATG-3'". We used
a primer pair previously designed to quantify the murine connexin
32 transcript (Chanson et al., 1998). The forward sequence was
5'-AGTGCCAGGGAGGTGTGAAT-3" and the reverse sequence was
5'-GGAACACCACACTGATGACA-3'. For GAPDH (glyceraldehyde
3-phosphate dehydrogenase), the forward sequence was 5'-ACTCAC-
GGCAAATTCAACG-3' and the reverse sequence was 5'-CCCTGTTG-
CTGTAGCCGTA-3'".

The cDNA was synthesized from 2 g of total RNA using SuperScript
First-stranded synthesis system (Invitrogen). Quantitative PCR was per-
formed using the SYBR Green master mix in an ABI 7900HT Sequence
Detection System (Applied Biosystems). The result was normalized to
B-actin.

Immunofluorescence staining and quantification. For immunofluores-
cence staining of brain tissue, we used paraformaldehyde-fixed frozen
sections as previously described (Maezawa et al., 2009). Primary antibod-
ies used were as follows: rabbit anti-MeCP2 IgG (1:250, UpState, for aa
465—478 of mouse MeCP2, detecting both MeCP2 isoforms, el and e2),
chicken anti-MeCP2 IgY (1:1000, for the C terminal of MeCP2, detecting
both el and e2 isoforms) (Yasui et al., 2007), and rat anti-CD11b IgG
(1:100, Serotec).

For immunofluorescent staining of neurons in culture, neurons were
fixed in 4% paraformaldehyde and stained with anti-PSD95 (1:200, Cell
Signaling Technology), anti-MAP2 (microtubule-associated protein 2)
(1:500, Millipore Bioscience Research Reagents), and anti-acetylated
a-tubulin (1:250, Zymed) for overnight at 4°C followed by secondary
Alexa488-conjugated anti-mouse or Alexa568-conjugated anti-rabbit
antibody (1:700, Molecular Probes). Microglia cultures were similarly
fixed and stained with anti-glutaminase (1:100, Frontier Science) or anti-
connexin 32 (1:100, Zymed). Immunostained images were observed un-
der a Nikon Eclipse E600 microscope and photographed by a digital
camera (SPOT RTke, SPOT Diagnostics).

For quantification of immunofluorescent intensity, photomicro-
graphs of MAP2-, PSD95-, and acetylated c«-tubulin-immunostained
cultures were randomly taken from each culture condition. The images
were transformed to 8-bit grayscale and analyzed by the Image] program.
The PSD95-immunoreactive puncta along the dendrites in each pho-
tomicrograph were counted manually and normalized by dendrite
length. The photography and analysis of immunoreactivity were con-
ducted in an investigator-blinded manner.

Western blot analysis. To obtain cell lysates, cells were washed with
ice-cold PBS and incubated with a buffer containing 50 mmol/L Tris-
HCI, pH 7.4, 150 mmol/L NaCl, 2% SDS, proteinase inhibitor mixture
(Sigma), and phosphatase inhibitor mixture (Sigma). Lysates were
briefly sonicated and cleared by centrifugation at 50,000 rpm for 10 min.
Equivalent amounts of protein were analyzed by Tris-HCI gel electro-
phoresis. Proteins were transferred to polyvinylidene difluoride mem-
branes and probed with antibodies. Visualization was performed using
enhanced chemiluminescence (ECL, GE Healthcare Pharmacia).

The following primary antibodies (dilutions) were used: anti-MeCP2
(1:4000, Aves), anti-CD11b (1:1000, Serotec), anti-GFAP (1:1000, Milli-
pore Bioscience Research Reagents), anti-NeuN (1:1000, Millipore
Bioscience Research Reagents), anti-synaptophysin (1:1000, Abcam),
anti-PSD95 (1:1000, cell signaling), anti-GRIP1 (1:1000, UpState), anti-
MAP?2 (1:1000, Millipore Bioscience Research Reagents), anti-GluR1 (1:
1000, Assay Designs), anti-GluR2/3 (1:1000, Millipore), anti-NR-1 (1:
1000, Millipore), anti-GluR6/7 (1:1000, Millipore), anti-acetylated
a-tubulin (1:2000, Zymed), and anti-B-actin (1:3000, Sigma). Secondary
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antibodies were HRP-conjugated anti-rabbit, anti-goat, or anti-mouse
antibody (1:3000, GE Healthcare).

Preparation of synaptosomes. To investigate the levels of synaptic pro-
teins in brain, synaptosomes were prepared from the cerebral cortex of
9-week-old male wt and Mecp2-null mice by use of Percoll density gra-
dients according to the methods described by Braun and Madison
(2000). Briefly, fresh cortical samples were homogenized in Buffer A
(0.32 M sucrose, 5 mm HEPES, pH 7.4, and 0.1 mm EDTA) with protease
inhibitor using a Teflon glass homogenizer. The homogenate was centri-
fuged for 10 min at 1000 X g, and the supernatant was further centrifuged
for 20 min at 12,000 X g. The pellet was resuspended in Buffer B (0.25 m
sucrose, 5 mm HEPES, pH 7.4, and 0.1 mm EDTA) and layered onto a
discontinuous 7.5-10-16% Percoll gradient. The gradient was centri-
fuged for 20 min at 15,000 X g in a Beckman SW41Ti rotor. Synapto-
somes were collected from the 10-16% interface in the gradient. After
isolation, synaptosomes were washed and resuspended in a balanced salt
solution containing the following (in mm): (128 NaCl, 2.4 KCl, 1.2
MgSO, 1.2 KH2PO,, 10 HEPES, pH 7.4, and 10 p-glucose).

Glutamate assay. Microglia were cultured in 48-well plates at a density
of 7 X 10* cells/well in DMEM10 for 24 h. The cultures were washed and
incubated in NB/B27 for another 24 h. The NB/B27-based conditioned
medium was collected and briefly centrifuged. The glutamate level in the
medium was measured as previously described (Montana et al., 2004) by
using the glutamine/glutamate determination kit (Sigma) following the
manufacturer’s instruction.

Sandwich ELISA for cytokines. To induce the innate immune response,
microglia cultures were washed three times with serum-free Opti-MEM
and cultured in Opti-MEM containing 100 ng/ml lipopolysaccharides
(LPSs, Calbiochem) for 24 h. The activation was evaluated by measuring
cytokines TNF-a and IL-6 in the medium using cytokine ELISA Kkits
according to the manufacturer’s instruction (R&D Systems and RayBio-
tec). To exclude the possibility that TNF-a is obscured by soluble recep-
tors and other binding proteins, we heated the same samples at 95°C for
5 min in the presence of 1% SDS, diluted the samples 10-fold, and re-
peated the measurements by ELISA. The results were similar to those
obtained without the heating procedure.

Statistical analysis. Statistical analyses were performed using the
SigmaPlot 11 software (Systat Software, Inc). ANOVA was used to com-
pare quantitative values from cultures across groups. Tukey’s studen-
tized range test was used to adjust for multiple comparisons in post hoc
pairwise tests.

Results
Microglia express MeCP2
Although MeCP2 had previously been thought to be absent in
glia due to an apparent lack of immunoreactivity in glia com-
pared with neighboring neurons (Shahbazian et al., 2002), recent
data have shown MeCP2 expression in astrocytes, oligodendro-
cytes, and polydendrocytes (Schmid et al., 2008; Ballas et al.,
2009; Maezawa et al., 2009). To determine whether microglia
express MeCP2, we first examined the cerebral sections of litter-
mates of an established RTT model with the Cre-mediated dele-
tion of Mecp2 exons 3 and 4 (Mecp2"™'- "5+ mice) (Guy et al.,
2001). This Mecp2 deletion model shows RTT-like neuropathol-
ogy and an earlier onset of neurological symptoms in males
(Mecp2~”, null) than in females (Mecp2 /", mosaic heterozy-
gous). Using this model, we previously demonstrated the ex-
pected strong neuronal MeCP2 immunoreactivity and the clearly
positive but relatively weak astrocytic MeCP2 immunoreactivity
(Maezawa et al., 2009). Using the CD11b antibody to specifically
mark the microglia, we found that similar to astrocytes, microglia
from wild-type male Mecp2*” mice showed detectable but faint
nuclear MeCP2 immunoreactivity. In contrast, microglia from
male null (MecpZ’/ ”) mice (null microglia) showed no such im-
munoreactivity (Fig. 1 A).

We next investigated cultured primary microglia derived
from newborn mice. These cultures were typically =99% pure for
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microglia as assessed by anti-CD11b immunostain and were
completely devoid of neurons (Maezawa et al., 2006). Western
blot also confirmed the lack of the astrocytic marker GFAP in our
microglia cultures and the lack of the microglia marker CD11b in
our astrocyte cultures (Fig. 1C). RT-PCR and Western blot
showed that wt microglia, but not null microglia, expressed
MeCP2 transcript and protein, respectively (Fig. 1B,C). The
MeCP2 protein level expressed by wt microglia was slightly less
than that by wt astrocytes, and was ~20% of that of neurons (Fig.
1C). wt microglia and Mecp2-null microglia did not show differ-
ence in viability or proliferation in cultures (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). The
morphology of Mecp2-null microglia was indistinguishable from
wt microglia (Fig. 1D). Double immunofluorescent stains con-
firmed that almost all CD11b-immunoreactive wt microglia ex-
pressed MeCP2, while the CD11b-immunoreactive Mecp2-null
microglia did not (Fig. 1D).

Conditioned media from MeCP2-deficient microglia are toxic
to dendrites

Because we found a neurotoxic effect of CM from mixed glial
cultures (data not shown), of which astrocytes were the major,
and microglia the minor component cells, we compared the neu-
rotoxicity between CM obtained from highly pure astrocyte and
highly pure microglia cultures. It is estimated that in brain the
ratio of astrocytes to microglia is approximately 3—4 to 1 (Streit,
2005; Pelvig et al., 2008). For pathophysiological relevance, there-
fore, we generated astrocyte CM from 2.0 X 10°/cm” astrocytes,
four times more cells than the 0.5 X 10°/cm” microglia used for
generating microglia CM. We transferred the CM from astrocyte
or microglia cultures to hippocampal neurons that had been cul-
tured for 14 d in vitro. Within 24 h, neurons treated with CM
from Mecp2-null microglia cultures (null MCM), but not those
treated with CM from wt microglia cultures (wt MCM), showed
robust signs of dendritic damage (Fig. 2A). Dendrites of neurons
treated with null MCM were thinner, shorter, with significantly
stunted arborization and frequently fragmented or “beaded” ap-
pearance, best illustrated by sparsely plated neurons (Fig. 2 B)
(Takeuchi et al., 2006). The immunofluorescent stain for the
dendritic marker MAP2 showed a dramatic reduction of staining
intensity and the length of dendrites stained (Fig. 2 A, B; for quan-
tification, see Fig. 5B). The dendritic damage was further shown
by immunofluorescence for acetylated tubulin (Ac-TN) (Fig. 2 A;
for quantification, see Fig. 5C). Although affecting dendrites, the
null MCM did not affect the number of viable neurons (Fig. 2C).
This effect of null MCM was dose dependent; null MCM
added to the neuronal culture medium at levels >20% caused
significant dendritic damage (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

In addition to the substantial reductions of MAP2 and Ac-TN
indicating microtubule disruption, the number of PSD95-
immunoreactive puncta, which represent the postsynaptic density
(PSD) of excitatory synapses, and the overall PSD95 immunofluo-
rescent intensity were also significantly diminished by null MCM
(Fig. 3A; for quantification, see Fig. 5E). Western blots of neuronal
extracts revealed that null-MCM-treated neurons, compared with
wt MCM-treated neurons, showed reduced levels of MAP2, Ac-
TN, PSD95, and another scaffolding protein in the postsynaptic
compartment called glutamate receptor interacting protein 1
(GRIP1) (Hoogenraad et al., 2005), but not the presynaptic
marker synaptophysin (Fig. 3B). This postsynaptic damage was
also associated with decreased levels of NMDA, AMPA, and kai-
nate glutamate receptor subunits NR1, GluR2/3, and GluRé6/7,
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pear to release highly active soluble factors
that damage dendrites.

MeCP2-deficient microglia release a
high level of glutamate

Numerous studies have shown that mi-
croglia activation could be neurotoxic by
releasing proinflammatory and poten-
tially toxic molecules including cytokines,
chemokines, reactive oxygen and nitrogen
species, and prostaglandin E2 (Block et al.,
2007). However, the release of these neu-
rotoxic molecules appears to be kept to a
— very low level when the cultured microglia
are not activated by exogenous stimuli.

B C Neuron
Wt Null Wt  Null Wt
Mecp2 | s MeCP2 = s -
LACHN s e B-Actin
CD11b
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contrast
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Figure 1.

respectively (Fig. 3B). These results suggest that null MCM
caused damage to the postsynaptic elements of excitatory syn-
apses. Resembling this in vitro pattern of synaptic markers, syn-
aptosomes prepared from 9 week-old Mecp2-null mice showed
~30-40% decreases of PSD95, NR1, GluR2/3, and GluR6/7 lev-
els compared with age-matched male wt littermates, although the
differences for NR1 and GluR2/3 did not reach statistical signif-
icance. The level of the synaptophysin change is not remarkable
(Fig. 3C,D). These results suggest that neurotoxicity from Mecp2-
null microglia may contribute to synaptic changes in vivo.

In contrast, astrocyte CM (ACM) from both wt and null
(Mecp2~”) cultures induced no dendritic or synaptic damage,
even when neurons were treated with 100% ACM (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material)
and incubated for 3—6 d. Considering that our ACM samples
were conditioned by four times more cells than the MCM sam-
ples, the MeCP2-deficient microglia, but not the astrocytes, ap-

Microglia express MeCP2. 4, Cortical sections from the indicated mice of 7 weeks of age were coimmunostained for
MeCP2 (red nuclear stain) and the microglia marker (D11b (green cytoplasmic stain). Representative photomicrographs are
shown. Filled arrowheads point to wt microglia with clear nuclear MeCP2 immunoreactivity, while arrows point to microglia
without MeCP2 immunoreactivity in the null mouse. The brightly MeCP2-immunoreactive nuclei are likely those of neurons (empty
arrowheads). B, Microglia derived from male mice of indicated Mecp2 genotypes (wt: Mecp2 ™*; null: Mep2
and RNA was extracted. RT-PCR showed the presence of Mecp2 transcript in wt microglia but not in null microglia. ¢, Western blot
analysis of lysates from indicated cells derived from wt or null mice, analyzed by antibodies to MeCP2, the protein loading control
[3-actin, microglia marker CD11b, and the astrocytic marker GFAP. D, Microglia cultured from mice of indicated Mecp2 genotypes
were doubly immunofluorescently (IF) stained as in A and counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue).

Py . We speculated that null microglia may

. over-release some of these neurotoxic
molecules, despite the fact that our cul-
tured null microglia, with morphology in-
distinguishable from wt microglia, did not
assume an activated morphology and did
not show enhanced proliferation.

The beaded and stunted dendritic
morphology of neurons treated with null
MCM is similar to that previously de-
scribed for neurotoxicity caused by LPS-
activated microglia (Maezawa et al., 2006;
Takeuchi et al., 2006). In this model, tu-
mor necrosis factor-a (TNF-a) is released
by microglia and further upregulates in an
autocrine manner the synthesis and re-
lease of a large amount of glutamate, thus
causing excitotoxicity of neurons. Fur-
thermore, it was previously shown that
microtubule disruption and PSD remod-
eling involving the degradation of PSD95
and GRIP1 can be induced by glutamate
stimulation (Guo and Wang, 2007;
Hoskison et al., 2007; Forder and Tymian-
ski, 2009). Therefore we reasoned that
TNF-« and glutamate were two candidate
soluble neurotoxic factors released by null
microglia. We found that null microglia,
similar to wt microglia, released an almost
undetectable level of TNF-a when not
stimulated. After stimulation by LPS, null
microglia released substantially less TNF-a than wt microglia
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). This aberrant regulation of cytokine release
after activation appears to be specific to TNF-a because the re-
lease of the other proinflammatory cytokine interleukin 6 was
comparable between wt and null microglia (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). Inter-
estingly, this under-responsive cytokine pattern resembles that
manifested by MeCP2-deficient astrocytes (Maezawa et al.,
2009).

We further showed that there was no increase in the release of
nitric oxide and prostaglandin E2 by null microglia (data not
shown). Together with the low levels of proinflammatory cyto-
kines, these data support a lack of activated phenotype in null
microglia. Despite this, the level of glutamate released by null
microglia was approximately fivefold of that by wt microglia (Fig.

) were cultured
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A). Therefore, glutamate could be the A
active neurotoxic factor released by null )
Treatment:

microglia.

The proximate mechanism of elevated wit-MCM
release of glutamate by

MeCP2-deficient microglia

To reach a high extracellular glutamate

level, MeCP2-deficient microglia may

have a higher rate of production, a higher

rate of release, or a lower rate of uptake of
glutamate. To investigate the possibility of

a higher rate of production, we focused on
glutaminase, which produces glutamate B
from glutamine and is a major enzyme for
glutamate synthesis in microglia. Previous
reports showed that in TNF-a-activated
microglia and HIV-infected macro-
phages/microglia, glutaminase is respon-

sible for generating excessive glutamate,
causing toxicity to cultured neurons
(Zhao et al., 2004; Takeuchi et al., 2006).

We found that the excessive glutamate C
generation by MeCP2-deficient microglia
was blocked when cultured in medium
lacking glutamine or in the presence of
6-diazo-5-oxo-L-norleucine (DON), an
inhibitor of glutaminase (Takeuchi et al.,
2006) (Fig. 4 A). These results indicate that
glutaminase is responsible for excessive glu-
tamate production by Mecp2-null micro-
glia. In addition, glutaminase expression in
microglia is upregulated by MeCP2 defi-
ciency. Quantitative RT-PCR showed that
the transcript level of glutaminase in cul-
tured Mecp2-null microglia was 152 = 6%
(mean * SE) of the level in wt microglia
(n =3, p <0.05) (Fig. 4 B). Western blots
showed that the protein level of glutami-
nase in cultured Mecp2-null microglia was
218 * 27% of the level in wt microglia
(n =4, p <0.05) (Fig. 4C). Immunocy-
tochemistry also confirmed the more
pronounced glutaminase immunoreac-
tivities in Mecp2-null microglia, both in
culture (Fig. 4D) and in vivo (Fig. 4E).
The Mecp2-null microglia, in contrast to
wt microglia, showed diffuse cytoplasmic immunoreactivities
(Fig. 4D), which might be consistent with the notion that glu-
taminase released into cytosol from its normal mitochondria
localization becomes more potent in generating glutamate (Erd-
mann et al., 2009). The increase in glutaminase was not observed
in astrocytes (supplemental Fig. 5, available at www.jneurosci.org
as supplemental material), consistent with our previous observa-
tion of the lack of increased production of glutamate by Mecp2-
null astrocytes (Maezawa et al., 2009).

Glutamate is generally considered to be released through exo-
cytosis or glutamate transporter, such as excitatory amino acid
transporters and transporter system X_ (Nicholls and Attwell,
1990; Barger and Basile, 2001; Barger et al., 2007). Recently, it was
shown in the TNF-a-induced neurotoxicity model that the pool of
glutamate generated by microglial glutaminase is released mainly
via connexin 32 (Cx32) hemichannels of the gap junction

null-MCM

# of NeuN positive cells

Figure 2.
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Conditioned medium from Mecp2-null microglia caused damage to dendrites. wt hippocampal neurons, at least 14 d
in vitro, were incubated with 50% conditioned media from wt microglia (wt MCM) or null microglia (null MCM) for 24 h.
A, Representative phase contrast images and immunofluorescent images in which the dendrites were demonstrated by
immunostaining for MAP2 (red) and Ac-TN (green). B, Sparsely plated neurons immunostained for MAP2. Shown are
examples of neurons damaged by null MCM showing stunted dendritic morphology and frequent beaded appearance (arrows).
C, NeuN-immunoreactive neurons in each treatment condition were counted and averaged from three independent experiments
to demonstrate that neuronal viability was not affected by MCM treatment or the drug treatment shown in Figures 3 and 5. The
drugs shown here are glutaminase inhibitor DON, to reduce the glutamate production by microglia, and glutamate receptor
antagonists MK801 and NBQX, to block the neuronal action of glutamate.

(Takeuchi et al., 2006). Because our previous study on MeCP2-
deficient astrocytes implicates a pathological role of gap junction
hemichannels, here we focused on whether dysregulation of mi-
croglial hemichannels mediates the release of excessive gluta-
mate. To evaluate this possibility, we tested carbenoxolone
(CBX), a widely used gap junction blocker that also blocks the
unopposed connexin hemichannel, and Lan, a hemichannel
blocker that does not affect gap junctions when applied extracel-
lularly (Anselmi et al., 2008). Both blockers reduced the level of
glutamate released by Mecp2-null microglia (Fig. 4A). Next, we
tested the effect of mimetic peptides that are identical to a short
amino-acid sequence on the connexin subunit and have been
shown to specifically block hemichannels made of their targeted
connexin subunits (De Vuyst et al., 2006; Takeuchi et al., 2006).
Blockade of Cx32 with **GAP24 or *>GAP27 substantially di-
minished the excessive glutamate release, whereas blockade of
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above blockers to determine whether se-
lectively reducing the glutamate level in
null MCM also ameliorates neurotoxicity.
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obtained from wt. *p << 0.05 and **p << 0.001 compared with the wt values.

connexin 43 (Cx43) with *GAP27 did not. Although CBX is also
an effective blocker of VRAC (volume-regulated anion channel)-
mediated glutamate release (Ye et al., 2009), the above results
using more specific hemichannel blockers suggest that the unop-
posed Cx32 hemichannel is the key mediator of abnormal gluta-
mate release by Mecp2-null microglia. Interestingly, there was a
3.3 * 0.43-fold increase of the level of Cx32 protein in Mecp2-
null microglia compared with wt microglia (Fig. 4C) ( p < 0.001,
n = 3), although quantitative RT-PCR did not show an increase
of the Cx32 transcript level (Fig. 4 B). Immunocytochemistry also
showed pronounced Cx32 immunoreactivities in Mecp2-null mi-
croglia, while wt microglia only showed background level immu-
noreactivities (Fig. 4F). Consistent with the lack of Cx43
involvement, the expression of Cx43 showed no changes by MeCP2
deficiency (Fig. 4C).

Together, our results indicate that the proximate mechanism
of over-release of glutamate by Mecp2-null microglia involves the
increased production of glutamate by glutaminase and increased
release by Cx32 hemichannels. These functional increases can be
explained in part by the upregulation of glutaminase at the tran-
script and protein levels and of Cx32 at the protein level.

The dendritotoxicity and synaptotoxicity can be attributed to
elevated glutamate released by

MeCP2-deficient microglia

To determine whether glutamate is responsible for the dendrito-
toxic and synaptotoxic activity in the null MCM, we used the

PSD95 GIuR6/7 GluR2/3 NR-1 Synaptophysin

Null MCM caused damage to the postsynaptic elements of excitatory synapses. wt hippocampal neurons were
cultured and treated as shown in Figure 2. A, Neurons were doubly immunofluorescently stained with antibodies to MAP2 (red) and
PSDI5 (green). Representative photomicrographs showing MAP2-positive dendrites are presented to illustrate the decreased
abundance of PSD95-immunoreactive puncta along the dendrites of null-MCM-treated neurons. B, Western blot analysis of lysates
from wt neurons with indicated treatment, analyzed by antibodies to dendritic proteins MAP2 and Ac-TN, postsynaptic protein
PSD95 and GRIP1, presynaptic protein synaptophysin, and glutamate receptor subunits NR1, GluR2/3, and GIuR6/7. The drugs
shown here are glutaminase inhibitor DON and glutamate receptor antagonists MK801 and NBQX (see text). C, The levels of
indicated synaptic proteins in synaptosomes prepared from 9-week-old Mecp2-null mice and their male wt littermates (n = 3in
each group) were evaluated by Western blot. D, The band intensities were quantified and expressed as percentages of values

C), postsynaptic density proteins PSD95
and GRIP1 (Figs. 3B, 5D, E), and glutamate
receptor subunits NR1, GluR2/3, and
GluRé6/7 (Fig. 3B) were also preserved.

To further confirm the role of gluta-
mate, we determined whether neurons
could be protected from dendritotoxicity
and synaptotoxicity by the presence of
NMDA receptor antagonist MK801 or the
AMPA receptor antagonist NBQX. Inter-
estingly, both compounds provided full
protection of neurons as shown by full
preservation of dendrites (Fig. 5A). Both
MK801 and NBQX also substantially pre-
served the levels of dendritic proteins
MAP2 and Ac-TN (Figs. 3B, 5A-C),
postsynaptic density proteins PSD95 and
GRIP1 (Figs. 3B, 5D,E), and glutamate
receptor subunits NRI, GluR2/3, and
GluR6/7 (Fig. 3B). The protective effect
was not due to an enhancement of neuro-
nal survival in culture because there was
no change in the count of NeuN-immunoreactive cells (Fig. 2C).
Collectively, our results indicate that glutamate is the major neu-
rotoxic factor released by Mecp2-null microglia and suggest that
both neuronal NMDA and AMPA receptors are required for this
mode of toxicity.

Discussion

RTT has been considered to be the result of cell-autonomous
neuronal Mecp2 mutations, and glia have been excluded from
prior investigations because of the reported absence of MeCP2
(Shahbazian et al., 2002). However, emerging evidence, includ-
ing the results presented here, strongly suggest that the expres-
sion of MeCP2 in glia is more ubiquitous than originally thought,
and that MeCP2 deficiency in glia may have a profound impact
on brain function. The current study focuses on a neurotoxic
activity released by MeCP2-deficient microglia. We found that
this activity comes from the excessively released glutamate, as a
consequence of enhanced glutaminase generation and Cx32
hemichannel-mediated release.

Previous studies on astrocytes by us (Maezawa et al., 2009)
and by Ballas et al. (2009) demonstrated that MeCP2-deficient
astrocytes detrimentally influence the neuronal dendrite forma-
tion in a non-cell-autonomous manner, although the neurotoxic
mechanisms suggested by us and by Ballas et al. were different.
We suggested a loss-of-function mechanism via which MeCP2-
deficient astrocytes fail to provide adequate support for dendritic
arborization and maturation, while Ballas et al. suggested a gain-
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of-function mechanism in which MeCP2-
deficient astrocytes release a soluble
neurotoxic activity into the culture me-
dium to damage the dendrites. This re-
leased soluble activity found by Ballas et
al. appeared rather slow-acting, requiring
long incubations of at least 3 d in culture.
The responsible soluble neurotoxic fac-
tors have not been identified (Ballas et al.,
2009). Multiple experiments performed
in our laboratory, however, could not
demonstrate any such neurotoxicity in-
duced by the CM from highly pure cul-
tures of MeCP2-deficient astrocytes.
Rather, we observed a source of potent
neurotoxicity from microglia. Despite the
fact that we generated astrocyte CM using
four times more cells than those used for
generating microglia CM, CM from
Mecp2-null astrocytes at 5 to 100% did
not induce any apparent morphological
aberrations of neurons. In contrast, CM
generated from Mecp2-null microglia in-
duced robust neuronal damage within
24 h, even when it was titrated down to
20%. We conclude that microglia, but
not astrocytes, are the major source of
the soluble neurotoxic activity released
by RTT glia.

Based on several lines of evidence as
follows, we identified glutamate as the
major soluble toxic factor released by null
microglia: (1) Mecp2-null microglia re-
leased an abnormally high level (fivefold
of the wt level) of glutamate, (2) the re-
duction of the microglial glutamate pro-
duction or release rendered the null MCM
much less toxic, and (3) specific glutamate
receptor antagonists blocked the neurotox-
icity of null MCM. Although not studied
here, it would be interesting to determine
whether other key neurotoxic glutamate
receptor agonists such as quinolinic acid
(Heyes et al., 1996) or D-serine (Wu et al.,
2004) are also abnormally released by
Mecp2-null microglia. It has been shown
that these coagonists are released by mi-
croglia in proinflammatory conditions and
can accentuate the actions of other excita-
tory amino acids (Wu et al., 2004, 2005;
Yamada et al., 2009).

The proximate mechanism of excessive
glutamate release by Mecp2-null microglia is
strikingly similar to the previously reported
mechanism mediating the TNF-a-induced
neurotoxicity seen in neurodegenerative
disorders (Takeuchi et al., 2006). In this
model, microglia, upon activation (for ex-
ample, by LPS), release TNF-«, which
then stimulates excessive microglial gluta-
mate release in an autocrine manner to
cause excitatory neurotoxicity. TNF-«
was shown to upregulate glutaminase to
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Figure 4.  Mecp2-null microglia released a high level of glutamate due to increased production by glutaminase and
increased release through (x32 hemichannels. A, The glutamate concentrations in the 24 h conditioned medium of wt
microglia (wt MCM), or Mecp2-null microglia (null MCM) with indicated treatments of microglia were measured. The
treatments included culturing in medium lacking glutamine (—GLN) or in the presence of glutaminase inhibitor DON, gap
junction blocker CBX, gap junction hemichannel blocker Lan, Cx32-mimetic peptides *2GAP24 and 32GAP27, and (x43-
mimetic peptide “*GAP27. The vehicle treatment control was DMSO diluted 500-fold into the medium. n = 3, *p < 0.05
and **p < 0.001 compared with the null-MCM-plus-vehicle group, *p < 0.05 compared with the wt MCM group. There
was no significant difference between the null-MCM-plus-vehicle and the null-MCM-plus- “*GAP27 groups. B, The levels of
indicated transcripts were measured by quantitative RT-PCR (see text for results). Shown are representative PCR products
in gel. C, Western blot analysis of cell lysates from microglia derived from mice of indicated Mecp2 genotype. See text for
quantitative data. D, Microglia derived from mice of indicated Mecp2 genotypes were cultured and immunostained for
glutaminase (green) and counterstained with DAPI (blue). E, Sections from the frontal brain region of 7-week-old male
littermates of indicated Mecp2 genotypes were coimmunostained for CD11b (green) and glutaminase (red) and counter-
stained with DAPI (blue). Right, Merged images, in which the (D11b-immunoreactive microglia with high levels of glu-
taminase are indicated by orange-yellow immunoreactive areas (arrowheads). F, Microglia derived from mice of indicated
Mecp2 genotypes were cultured and immunostained for (x32 (red) and counterstained with DAPI (blue).
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suggest future studies to explore the epige-
netic mechanisms regulated by MeCP2
for maintaining glutamate homeostasis,
including the expression of glutaminase
and Cx32. Other mechanisms of glutamate
release, such as those mediated by exocy-
tosis or glutamate transporter, remain
to be studied (Nicholls and Attwell, 1990;
Barger and Basile, 2001; Barger et al,
2007).
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generate more glutamate, which was then released mainly
through Cx32 hemichannels (Takeuchi et al., 2006). Despite this
similarity in mechanism, however, our Mecp2-null microglia cul-
tures, if not stimulated, showed no conventional evidence of an ac-
tivated phenotype. There is no evidence of abnormal proliferation
or increases in the level of TNF-q, interleukin 6, nitric oxide, and
prostaglandin E2. When stimulated with LPS, Mecp2-null micro-
glia responded with significantly less TNF-« release. Indeed, in
RTT brains, there is no neuropathological manife-
station of microgliosis (Jellinger, 2003; Armstrong, 2005), un-
like most neurodegenerative disorders. While an excessive action
of TNF-« can be excluded, it is possible that Mecp2-null micro-
glia may have constitutively high activities of the signaling path-
ways that normally mediate the TNF-« action. Our findings

Null-MCM
+ MK801

Inhibition of glutamate production/release or of glutamate action on receptors ameliorate the toxicity of null MCM.
wt hippocampal neurons were treated with wt MCM or null MCM from indicated treatments as shown in Figure 4 A. A-C, Neurons
were treated as indicated and immunostained for MAP2 (red) and Ac-TN (green). Representative photomicrographs are shown in
A.In B (MAP2) and € (Ac-TN), the immunoreactivities were quantified for each treatment and presented as percentages of control
(wt MCM treatment group). n = 3, *p < 0.05 and **p << 0.001 compared with the null-MCM-plus-vehicle group; *p << 0.001
compared with the wt MCM group. There was no significant difference between the null-MCM-plus-vehicle and the null-MCM-
plus-3GAP27 groups. D, Neurons were doubly immunostained for MAP2 (red) and PSD95 (green). Presented are representative
merged images, in which the orange-yellow color represents colocalization of MAP2 and PSD95 immunoreactivities. The quanti-
fication of the count of PSD95-immunoreactive puncta per unit (100 m) length of MAP2-positive dendrite is presented in E.n =
3, *p < 0.05 compared with the null-MCM-plus-vehicle group, *p << 0.05 compared with the wt MCM group. There was no
significant difference between the null-MCM-plus-vehicle and the null-MCM-plus- **GAP27 groups.

epilepsy, movement disorders, aberrant
control of respiration, as well as attenua-
tion of LTP that underlie cognitive defi-
cits—all present to varying degrees in
patients with RTT or RTT mouse models
(Chahrour and Zoghbi, 2007). It was
found that in RTT the reduction in the
excitatory synaptic pathway can be attrib-
uted to postsynaptic defects, as shown by
electrophysiological evidence obtained
from Mecp2 knockdown in individual
postsynaptic cortical pyramidal neurons
(Wood et al., 2009), as well as evidence
showing decreased number of glutama-
tergic synapses in hippocampal neurons
(Chao et al., 2007), reduced level of
PSD95 and reduced dendritic spine den-
sity (Tropea et al., 2009; Belichenko et al.,
2009a,b). Although this glutamatergic ab-
erration may be a direct consequence of MeCP2 deficiency in
neurons, our results suggest the possibility that a focal increased
release of glutamate in the vicinity of synapses by MeCP2-
deficient microglia might contribute to the postsynaptic defects,
causing decreased excitatory synaptic strength. This notion is
supported by our finding that the levels of glutamate receptor
subunit proteins and postsynaptic density proteins of neurons
were decreased by null MCM, and that this synaptotoxic effect
was prevented when the glutamate release by microglia was re-
duced or the glutamate action on neurons was blocked (Fig. 3B).
Indeed, it was shown that microglia processes make regular direct
contact with synapses and a prolonged contact increases the turn-
over of synapses (Wake et al., 2009). Aggravating this situation,
Mecp2~” neurons were shown to be more vulnerable to NMDA-

Null-MCM
+NBQX
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and AMPA-induced excitotoxicity (Russell et al., 2007), therefore
more susceptible to a small increase of glutamate released by
microglia. Interestingly, both MK801 and NBQX showed full
neuroprotection from RTT microglia-induced neurotoxicity,
suggesting that a convergence or mutual facilitation of specific
neurotoxic pathways linked to the activation of NMDA and
AMPA receptors is required for this mode of toxicity. It is gener-
ally accepted that NMDA receptors play a key role in mediating at
least certain aspect of glutamate neurotoxicity, because of their
high Ca*" permeability. However, the role of AMPA receptor in
triggering excitotoxicity is also important as AMPA receptor an-
tagonists apparently provide better protection than NMDA re-
ceptor antagonists in animal models of global cerebral ischemia
(Sattler and Tymianski, 2001). One possible explanation for our
results is that activation of the AMPA receptors is required to
achieve the depolarization necessary for full NMDA receptor
activation.

Notably, dendritic spine defects and altered dendritic post-
synaptic proteins in excitatory neurons are shared key features of
neurodevelopmental and neurodegenerative disorders that man-
ifest abnormal synaptic plasticity, such as autism, fragile X syn-
drome, X-linked mental retardation, Down syndrome, and
Alzheimer’s disease (AD) (Fiala et al., 2002; Dierssen and Ramakers,
2006; Zhao et al., 2006). Our present results add an additional
mechanistic link between these disorders of synaptic plasticity
because glutamate excesses have also been implicated in several
neurodegenerative disorders. For example, A3 oligomers, a prox-
imate neurotoxin in AD pathogenesis, inhibit glutamate uptake
at the synapse and significantly increase the extracellular gluta-
mate concentration (Li et al., 2009). In HIV dementia, human
immunodeficiency virus-infected microglia, through the in-
creased activity of glutaminase, release excessive glutamate to
damage neurons and synapses (Zhao et al., 2004). In addition, it
has become increasingly evident that the epigenetic regulatory
mechanisms, the perturbation of which causes RTT, play an im-
portant role in modulation of susceptibility to such disorders of
synaptic plasticity (LaSalle et al., 2005; Siegmund et al., 2007;
Eiges et al., 2007; Griff and Mansuy, 2009). A strong support for
this notion is that the methylation status of CpG sites, therefore
the regulation of these genes by epigenetic factors such as MeCP2,
has been linked to the development of AD because hypomethy-
lation of these sites was found in the AD subject of a pair of
monozygotic twins discordant for AD (Mastroeni et al., 2009).

Almost all patients with RTT are girls (Mecp2 /") who are
mosaics for MeCP2 expression. It is critical to identify factors
triggering the clinical regression in girls with RTT. It appears that
the MeCP2-related functions are well compensated in early life de-
spite the fact that only ~50% of cells express MeCP2. However,
unknown disruption by certain age-dependent accumulative events
in early life must occur to trigger the clinical regression. Previous
studies, including ours, on the MecpZ_/ * tissues have revealed non-
cell-autonomous effects of MeCP2 ™ cells on MeCP2 ¥ cells that
might progressively disrupt the well compensated structural and
functional integrity, thereby triggering regression (Braunschweig et
al., 2004; Belichenko et al., 2009a; Maezawa et al., 2009). Belichenko
et al. (2009a) found that in MecpZ_/ * mice, the abnormalities of
dendritic spines affected both MeCP2 * and MeCP2 ~ neurons, sug-
gesting an impact from neighboring MeCP2 ™ cells on the structure
of MeCP2 ¥ neurons. One explanation for this observation is that
the abnormal MeCP2-deficient astrocytes provide poor support to
both MeCP2 ~ and MeCP2 * neurons, as we previously proposed
(Maezawa et al., 2009). Our findings here support an additional
possibility that the excessive release of glutamate by MeCP2-
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deficient microglia may damage MeCP2 " and MeCP2 ™ neurons
indiscriminately. Interestingly, Belichenko et al. (2009b) also re-
ported that the abnormal RTT dendritic phenotype resembles that
present in cultured hippocampal dendrites in response to excessive
synaptic activation produced by high NMDA exposure, which is
consistent with our present data. Therefore, microglia-released glu-
tamate could be a factor contributing to clinical regression in pa-
tients with RTT.

Although our data demonstrate the neuroprotective effect of
glutamate receptor antagonists, they are not suitable candidates
for therapy of RTT because they can further perturb the already
reduced glutamatergic neurotransmission. The unique microglial
mechanism shown here implies the potential use of glutaminase
inhibitors or gap junction hemichannel blockers to diminish micro-
glial glutamate release without affecting the physiological glutamate
level (Takeuchi et al., 2006). Notably, gap junctions/hemichannels
are also implicated in mediating the spread of the MeCP2-deficincy
state between astrocytes in our previous study (Maezawa et al.,
2009). Therefore, gap junction hemichannel blockers might provide
dual benefits for blocking harmful effects from both astrocytes and
microglia in RTT.
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