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Abstract

Background: Rett syndrome (RTT) is a pervasive developmental disorder that is progressive and has no effective
cure. Immune dysregulation, oxidative stress, and excess glutamate in the brain mediated by glial dysfunction have
been implicated in the pathogenesis and worsening of symptoms of RTT. In this study, we investigated a new
nanotherapeutic approach to target glia for attenuation of brain inflammation/injury both in vitro and in vivo using
a Mecp2-null mouse model of Rett syndrome.

Methods: To determine whether inflammation and immune dysregulation were potential targets for dendrimer-
based therapeutics in RTT, we assessed the immune response of primary glial cells from Mecp2-null and wild-type
(WT) mice to LPS. Using dendrimers that intrinsically target activated microglia and astrocytes, we studied N-acetyl
cysteine (NAC) and dendrimer-conjugated N-acetyl cysteine (D-NAC) effects on inflammatory cytokines by PCR and
multiplex assay in WT vs Mecp2-null glia. Since the cysteine-glutamate antiporter (Xc−) is upregulated in Mecp2-null
glia when compared to WT, the role of Xc− in the uptake of NAC and L-cysteine into the cell was compared to that
of D-NAC using BV2 cells in vitro. We then assessed the ability of D-NAC given systemically twice weekly to Mecp2-
null mice to improve behavioral phenotype and lifespan.

Results: We demonstrated that the mixed glia derived from Mecp2-null mice have an exaggerated inflammatory
and oxidative stress response to LPS stimulation when compared to WT glia. Expression of Xc− was significantly
upregulated in the Mecp2-null glia when compared to WT and was further increased in the presence of LPS
stimulation. Unlike NAC, D-NAC bypasses the Xc− for cell uptake, increasing intracellular GSH levels while preventing
extracellular glutamate release and excitotoxicity. Systemically administered dendrimers were localized in microglia
in Mecp2-null mice, but not in age-matched WT littermates. Treatment with D-NAC significantly improved
behavioral outcomes in Mecp2-null mice, but not survival.

Conclusions: These results suggest that delivery of drugs using dendrimer nanodevices offers a potential strategy
for targeting glia and modulating oxidative stress and immune responses in RTT.
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Background
Rett syndrome (RTT) is an X-linked disorder that affects
1:10,000 female births and results in motor dysfunction,
autonomic irregularities including abnormal breathing,
and intellectual disability [1–6]. In 95% of cases of RTT,
the gene that encodes for methyl-CpG-binding protein 2
(MECP2) is mutated [1–6]. MeCP2 is a ubiquitous tran-
scription repressor and activator protein [7] that is
expressed in neurons and glial cells. However, the mecha-
nism(s) by which a loss of MeCP2 drives the pathology in
RTT is not clearly defined. Immune dysregulation with a
shift in the Th1/Th2 balance has been demonstrated in
peripheral circulation of patients with RTT [8]. This was
shown to be associated with redox imbalance, increased
oxidative stress, and decreased glutathione (GSH) in pa-
tients with RTT [8]. Both the aberrant cytokine signaling
and the redox imbalance appear to modulate the pheno-
type severity in patients with RTT [8]. MeCP2 plays an in-
tegral role in the regulation of microglia response to
inflammatory stimuli [9]. Glial dysfunction has been im-
plicated in the pathogenesis and worsening of symptoms
in RTT [10, 11]. An increase in reactive oxidative species
and glutamate levels [8, 10, 12–14], both of which can in-
duce or amplify inflammatory signaling, has been ob-
served in some patients with RTT and in the brains of
mouse models of RTT. There is also encouraging evidence
that improving microglial function could decrease or even
arrest injury and promote repair and regeneration [9, 11,
15]. However, approaches that rescue Mecp2 expression in
microglia have not shown efficacy in mouse models of
RTT [16, 17].
N-Acetyl cysteine (NAC), a precursor for GSH forma-

tion, has both anti-oxidant and anti-inflammatory prop-
erties and is widely used clinically in children and adults
[18–21]. Inflammation causes depletion of GSH in astro-
cytes and microglia and decreases their ability to main-
tain redox balance and prevent oxidative injury [22, 23].
NAC has shown limited efficacy in treating irritability in
children with autism spectrum disorders (ASDs) [20].
NAC is typically administered in very high doses (up to
800 mg per day), because of the poor bioavailability due
to protein binding of the –SH groups [24, 25]. Cysteine,
the rate-limiting amino acid for GSH synthesis, is trans-
ported intracellularly as a dimer via the system cysteine-
glutamate antiporter (Xc−) that exchanges one glutamate
for one cysteine [26–28]. The light-chain subunit Xc− is
primarily responsible for its antiporter action and is up-
regulated in the presence of inflammation and oxidative
stress. The system Xc− is largely responsible for main-
taining the extracellular glutamate concentration in the
brain by exporting glutamate outside the cell while
importing cysteine to maintain intracellular GSH levels.
In this way, NAC, a precursor of cysteine, can increase
intracellular GSH and thereby improve oxidative injury.

Therefore, upregulation of system Xc− in various disor-
ders may be a protective mechanism for increasing the
anti-oxidant defense within the cell by increasing GSH
synthesis. However, L-cysteine, the active component in
NAC, has reported neurotoxic effects due to over activa-
tion of N-methyl-D-aspartate (NMDA) receptors on neu-
rons [29], and administration of NAC may potentially
lead to increased extracellular glutamate locally in the
brain, worsening the injury. Upregulation of system Xc−

also has been implicated in glutamate-induced injury of
neurons, and inhibitors of system Xc− are currently be-
ing explored for decreasing glutamate toxicity in various
indications [28, 30, 31]. Hence, delivery of NAC select-
ively to glial cells bypassing the Xc− transporter may
help improve oxidative injury while decreasing neuronal
toxicity.
We have previously shown that in the presence of neu-

roinflammation, generation-4 hydroxyl-terminated poly(-
amidoamine) (G4-OH PAMAM) dendrimers (~ 4 nm)
cross the blood-brain barrier (BBB) and accumulate se-
lectively in activated microglia and astrocytes in the
brain of newborn rabbits with cerebral palsy (CP), but
not in age-matched healthy controls [32]. These same
dendrimers accumulate in activated glia in a canine
model of hypothermic circulatory arrest-induced brain
injury [33] and in a mouse model of ischemia-induced
neonatal white matter injury [34]. The goal of this study
was to determine whether methyl-CpG-binding protein
2 mouse gene (Mecp2)-null glia respond differently to an
inflammatory stimulus when compared to wild-type
(WT) glia, and if dendrimer-conjugated N-acetyl cyst-
eine (D-NAC) is effective in attenuating these responses
in the KO and WT glia. We also evaluated whether D-
NAC bypasses the Xc− transporter to deliver NAC and
cysteine intracellularly which would improve intracellu-
lar glutathione levels without increasing extracellular
glutamate. As a translational application of this concept,
we also explored the potential of this glial cell-directed
therapy using D-NAC administered after symptom on-
set, for improvement in neurological outcomes in a clin-
ically relevant mouse model of RTT.

Methods
Synthesis and characterization of D-Cy5 and D-NAC
conjugates
Fluorescently labeled dendrimers (D-Cy5) were synthesized
and characterized using a previously reported procedure
[35]. Briefly, in the first step, bifunctional dendrimers were
synthesized using Fluorenylmethyloxycarbonyl chloride
(FMOC) protection/deprotection chemistry resulting in six
to eight primary amines (–NH2) on the dendrimer surface.
In the second step, the –NH2 groups on the dendrimer sur-
face was reacted with N-hydroxysuccinimide monoester-
Cy5 dye to obtain the D-Cy5 conjugates by NHS-NH2 click
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chemistry. The product was purified using dialysis and the
D-Cy5 was characterized using 1H NMR for Cy5 loading
and HPLC to assess the purity of the conjugate.
D-NAC conjugates were synthesized by following the

multistep synthetic procedure previously established and re-
ported by our lab [33]. Briefly, in the first step, G4-OH den-
drimers were partially functionalized using 4-aminobutyric
acid, resulting in bifunctional dendrimers with ~ 18–20
NH2 groups on the surface using tert-butyloxycarbonyl
(BOC) protection/deprotection chemistry. Further, in the
second step, the bifunctional dendrimers were reacted with
succinimidyl-3-(2-pyridyldithio)propionate (SPDP) in the
presence of N,N-Diisopropylethylamine as a base with
anhydrous dimethylformamide (DMF) as solvent under N2

atmosphere for 6 h followed by the addition of N-acetyl-L-
cysteine in situ and were stirred at room temperature for
another 6 h. The conjugates were purified via dialysis (in
DMF for 24 h followed by water dialysis for 6 h) and gel
permeation chromatography (GPC) to obtain D-NAC
conjugates. As part of our standard authentication process,
D-NAC conjugates were characterized using 1H NMR and
HPLC to assess the drug loading and purity, as reported
previously [33]. D-NAC stability and drug release kinetics
were evaluated in 80% human pooled plasma with intracel-
lular (500 μM) and extracellular (10 μM) GSH levels. A
concentration of 3 mg/mL was maintained at 37 °C in a
water bath with constant shaking. At various time points,
400 μL of plasma was sampled, plasma proteins were pro-
tonated and precipitated using 400 μL of − 20 °C-cold
0.05% methanolic TCA, and the solution was sonicated for
5 min and centrifuged at 10,000 rpm for 5 min at 4 °C. The
supernatant was collected, and methanol was evaporated
under nitrogen flush, then it was reconstituted in 400 μL of
water and subjected to HPLC analysis (reported previously)
[32] to evaluate drug release.

Cell culture and in vitro treatments
Primary mixed glia from WT/Mecp2-null mice brains
Both hemispheres of the cerebral cortex from 1-week-
old WT and Mecp2-null mice were excised under sterile
conditions, and their meninges were removed carefully
by submerging the cerebral cortex in sterile warm
phosphate-buffered saline (PBS). The cleaned cortices
were suspended in 0.5% trypsin for 15 min to digest the
tissue. The trypsin was neutralized using Dulbecco’s
modified Eagle’s medium (DMEM; 4.5 g, glucose 10%
FBS and 1% Penn/Strep) medium (Cellgro, Manassas,
VA, USA). The tissue was minced using constant pipet-
ting, and the tissue suspension was filtered through a
40-μm nylon cell strainer (BD Falcon, Franklin Lakes,
NJ, USA) to remove tissue debris. The filtered cell sus-
pension was centrifuged at 1000 rpm for 5 min at 4 °C,
and the pellet was resuspended in culture media and
was seeded in collagen-coated T-175 flasks and left

undisturbed for enhancing their attachment of the cells
for a period of 7 days at 37 °C and 5% CO2 atmosphere.
Later, the cell debris and unattached cells in the culture
were removed by gently changing the media every 2 days
to grow and expand until 90% confluency was achieved
for another week.

Cytotoxicity analysis of D-NAC in primary mixed glia
Mixed glial cells were seeded in a 96-well plate (Costar,
Cambridge, MA, USA) and incubated at 37 °C for 48 h
in their respective growth medium. After 48 h, the cells
were treated with a medium containing different con-
centrations (10–200 μg) of free NAC, D-NAC (contain-
ing equivalent NAC), and G4-OH PAMAM (10–200 μg)
for 24 h. The cells treated with a fresh medium serve as
control. Cell viability was assessed by using an MTT cell
proliferation assay kit (Molecular Probes; Invitrogen,
OR, USA). Absorbance was read at 540 nm using the
fluorescence microplate reader (BioTek Instruments,
Winooski, VT, USA), and cell viability was determined
as percent absorbance relative to untreated control cells.

Lipopolysaccharide activation of primary mixed glia and
D-NAC efficacy studies
The mixed glial cells were seeded in 24-well plates and
allowed to attach for 48 h. After 48 h, the cells were acti-
vated with 100 ng/mL lipopolysaccharide (LPS) (from
Escherichia coli O127:B8) (Sigma-Aldrich, St. Louis, MO,
USA) for 6 h by following previously established protocols
[36, 37]. Following LPS activation, the cells were treated
with D-NAC (10 and 100 μg/mL on NAC basis) and free
NAC (10 and 100 μg/mL) for 6 h. We chose a 6-h treatment
window based on our previous in vitro studies where < 90%
of cells uptake dendrimers [36–38] and in vivo experiments
that have shown robust uptake of dendrimers in activated
microglial cells [35, 39]. Also, the results from this experi-
ment reflect the efficacy of D-NAC or free NAC uptake over
a limited period of 6 h which would mimic a clinical or in
vivo scenario following systemic administration. After 6 h of
treatment, the cells were washed gently with warm PBS and
replenished with medium containing 100 ng/mL LPS for
24 h to mimic sustained neuroinflammation and to investi-
gate how the treated cells behave under continuous inflam-
matory stress [36]. After 24 h, the medium was collected
and stored at − 80 °C for nitric oxide (NO) and multiplex
cytokine ELISA analysis (Meso Scale Discovery, Rockville,
MD, USA). Experimental scheme is provided in Fig. 2, left
panel. Each experimental condition had n= 4.

NO assay for evaluating the anti-oxidant activity of D-NAC
in primary glial cells
Anti-oxidant activity of D-NAC treatment on primary
mixed glial cells was evaluated by measuring NO re-
leased in the medium using a Griess reagent detection
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kit (Promega, Madison, WI, USA). Briefly, the frozen
medium samples of the primary mixed glial cells treated
with D-NAC and free NAC were thawed on ice and
briefly centrifuged at 1000 rpm at 4 °C for 5 min. The
supernatant was diluted appropriately, and the samples
(50 μL each) were placed in 96-well glass bottom, black-
walled plates (Corning, NY, USA) and reacted with sulf-
anilamide and NED solutions provided in the kit. The
end point of the reaction (color change, according to the
kit’s protocol) was measured using a plate reader at
520 nm with a correction at 550 nm. The NO levels
were calculated using the calibration graph equation as
per the manufacturer’s instructions.

Multiplex cytokine ELISA assay
A multiplex cytokine ELISA panel (Meso Scale Discov-
ery, Rockville, MD, USA) was used to quantify TNF-α,
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, INF-γ, and
C-X-C motif chemokine 1 (CXCL1). As per the manu-
facturer’s instructions, standards and medium samples
(50 μL) were incubated in the plate for 2 h. After wash-
ing, the plate was incubated for 2 h in a detection anti-
body solution for all 10 analytes. The plate was washed
again three times, read buffer was pipetted into all wells,
and then the plate was placed on a QuickPlex SQ 120
plate reader (Meso Scale Discovery, Rockville, MD,
USA) and fluorescence from all 10 analytes was mea-
sured. Upon analyses of all 10 analytes, we found that
the majority of samples had IL-2, IL-4, and IL-5 concen-
trations below detection range and therefore have not
been included in the results.

RNA extraction and RT-PCR analysis of cytokines in primary
mixed glial cells
The cell pellets were snap frozen in liquid nitrogen and
stored in − 80 °C until analysis. Total RNA was extracted
with 500 μL of TRIzol reagent (Life Technologies, Grand
Island, NY, USA) according to the manufacturer’s in-
struction, and the extracted RNA was purified using
ethanol. Two micrograms for total RNA was reverse
transcribed to complementary DNA (cDNA) using a
high-capacity cDNA reverse transcription system (Life
Technologies) according to the manufacturer’s instruc-
tions. qRT-PCR was performed with Fast SYBR Green
Master Mix (Life Technologies) by a StepOnePlus Real-
Time PCR System (Life Technologies) on GAPDH (for-
ward: TGTCGTGGAGTCTACTGGTGTCTTC; reverse:
CGTGGTTCACACCCATCACAA) and Xc− (forward:
CTTCGATACAAACGCCCAGATA; reverse: CTGAAT
GGGTCCGAGTAAAGAG). The expression of GAPDH
messenger RNA (mRNA) was used to normalize the ex-
pression levels of target genes and was calculated by the
comparative cycle threshold Ct method (2−ΔΔCt). Data is
expressed as fold change from wild type.

Murine BV2 cell culture
BV2 cells were used for the subsequent studies related
to Xc− inhibition. Since this experimental paradigm in-
volved using a cysteine-free medium and application of
an Xc− inhibitor, the hardier BV2 cells were used for
these studies instead of primary glial cells. The murine
BV2 cell line passage 21 (P 21) was cultured in DMEM
(Life Technologies, Grand Island, NY, USA) (phenol red
free) supplemented with 10% heat-inactivated fetal bo-
vine serum (Hi-FBS; Invitrogen Corp., Carlsbad, CA,
USA) and 1% antibiotics (penicillin/streptomycin) (Invi-
trogen Corp., Carlsbad, CA, USA).

Anti-inflammatory assay in BV2 cells
BV2 cells were seeded at a concentration of 1 × 106 cells
per well in a 12-well plate. Cells were activated with LPS
(E. coli serotype O127:B8; Sigma-Aldrich, St. Louis, MO,
USA) at a concentration of 100 ng/mL for 3 h. After 3 h,
the cells were treated with 1 mL of the medium contain-
ing 0.1, 1, 10, and 100 μg/mL concentrations of NAC
and D-NAC (containing equivalent concentrations of
NAC conjugated to dendrimers) for a period of 12 h.
After 12 h, the medium was removed, and the cells were
washed gently with a warm medium and replenished
with a new medium containing 100 ng/mL of LPS for a
period of 24 h. The cell culture medium was sampled at
the end of 24 h, and TNF-α levels were measured using
a mouse TNF-α ELISA kit (R&D Systems, Minneapolis,
MN, USA). The effect of LPS treatment on Xc− expres-
sion was determined by evaluating the mRNA expres-
sion of Xc− normalized to the housekeeping gene
GAPDH in cells exposed to LPS or medium. These stud-
ies were done to confirm that Xc− is upregulated in BV2
cells following LPS stimulation (similar to the Rett and
WT glia) and to determine the optimal doses of D-NAC,
based on TNF-α attenuation, to be used for the subse-
quent studies.

In vitro glutamate and glutathione assays after Xc−

inhibition in BV2 cells
After LPS pre-treatment (1 × 106 cells per well in a 12-
well plate), the BV2 cells were treated with 100 μM
sulfasalazine (Sigma, St. Louis, MO, USA) to inhibit the
system Xc−. The sulfasalazine concentration is chosen
based on previous studies by Chung et al. [40] and Sleire
et al. [41]. Before efficacy experiments, a pilot study was
done to test different concentrations of sulfasalazine
(500, 200, 100, and 10 μM) for cytotoxicity. Concentra-
tions of 100 μM and lower did not induce cell death (>
90% cell viability) while 200 μM and above had < 70%
viability. After sulfasalazine pre-treatment, the cells were
treated with 1 mL of the medium (DMEM without L-
glutamine, sodium pyruvate, and cysteine) (Gibco, Life
Technologies, Grand Island, NY, USA) containing
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100 μg of cysteine, free NAC, or D-NAC (equivalent
concentration of conjugated NAC) along with 50 μM of
sulfasalazine for 8 h. After 8 h, the medium was col-
lected, and the cells were gently washed with warm ster-
ile PBS and replaced with a fresh phenol red-free
DMEM medium for 18 h. The medium collected at 8 h
was diluted twice using a phenol red-free medium, and
glutamate levels were detected using an Amplex® Red
glutamic acid/glutamate oxidase assay kit (Molecular
Probes; Life Technologies, Grand Island, NY, USA). The
end point was measured using a fluorescence microplate
reader (BioTek Instruments, Winooski, VT, USA) using
excitation at 560 mm and emission at 590 nm. The glu-
tamate levels were calculated using the calibration graph
according to the manufacturer’s instructions. To quan-
tify intracellular GSH levels, cells at the treatment end
point (after 18 h) were subjected to trypsin treatment
and centrifugation (2000 rpm for 5 min at 4 °C), and
then cell pellets were washed with PBS. Cell pellets were
frozen immediately in liquid nitrogen. To lyse the cells,
the cell pellets were thawed on ice and treated with ice-
cold lysis buffer and the cells were homogenized using
constant pipetting followed by centrifugation for 10 min
at 4 °C, at 5000 rpm. The supernatant was collected, and
total GSH levels were detected using a glutathione de-
tection assay kit (Abcam, Cambridge, UK). The end
point was measured using a fluorescence plate reader at
360 nm emission/460 nm excitation, and the total GSH
(GSH +GSSG) was calculated using the calibration
graph according to the manufacturer’s instructions. The
total GSH levels were normalized using total protein
levels in the sample using a BCA assay kit (Thermo
Fisher, Halethorpe, MD, USA).

Mouse model of RTT (Mecp2tm1.1Bird)
All procedures were approved by the Johns Hopkins
University Animal Care and Use Committee. Mecp2-het-
erozygous (HET) mice were bred with WT C57/BL6
males to produce WT and HET female and WT and
Mecp2-null male mice. Due to poor outcomes with
breeding of the HET mice, an alternative breeding strat-
egy was adopted. WT male and female mice were placed
in a cage together, and 6–7 days later, a HET female was
added. After 10–11 days, the male was removed and the
WT female and Mecp2-heterozygous female were left in
the cage together. Typically, the WT dam gave birth
about a week before the HET dam. WT litters were
culled to three pups 2–3 days after birth; the rest were
euthanized when pups from HET dams had toes clipped
between postnatal days 5 and 7 for genotyping and ani-
mal identification. Pups were kept with the dam until
PD 28 when they were weaned. Single-sex mice were
housed together (no more than five mice per cage). Mice
were genotyped using a PCR protocol provided by the

Jackson Laboratory and as specified in our previous
publications [42, 43].

Immunohistochemistry and image analysis for
biodistribution of D-Cy5
Mecp2-null mice and normal healthy age-matched WT
mice were administered 55 mg/kg of D-Cy5 intraperito-
neally (i.p.) at 1 week of age (pre-symptomatic) and
7 weeks of age (when the animals are most symptomatic
and have increased mortality beyond this age). Animals
were euthanized 24 h after D-Cy5 administration and
perfused with normal saline. Brain sections were stained
for microglia/macrophages and astrocytes with rabbit
anti-Iba1 (microglia) or rabbit anti-GFAP (astrocytes)
and then donkey anti-rabbit IgG Alexa 594 or chicken
anti-rabbit IgY Alexa 488. Maximum intensity-projected,
confocal z-stack images (20–30 μm thick) were obtained
using a Zeiss LSM 710 microscope to detect co-
localization of D-Cy5 with Iba1+ cells or to assess
microglia morphology. While multiple regions of the
forebrain were scanned, the region photographed in
Fig. 5 was located just above the corpus callosum near
the midline.

D-NAC therapy for in vivo efficacy study
Beginning on PD 21, Mecp2-null and WT mice received
i.p. injections of (1) D-NAC (10 mg/kg on a NAC basis),
(2) PBS, or (3) NAC (10 mg/kg) twice weekly (every 3–
4 days, Monday and Friday, after behavioral assess-
ments). This dosage was chosen based on extensive pre-
vious work demonstrating that this dosage is effective in
reducing neuroinflammation and oxidative stress as well
as improving behavioral deficits in various animal
models including neonatal hypoxic ischemia and maternal
inflammation model of cerebral palsy [32, 34, 44]. Further-
more, as this is a chronic disease, we chose to redose twice
per week as we know that maximal uptake and release of
D-NAC occurs within 24–48 h after administration and
the dendrimer would be completely eliminated from the
body by that time [35]. We hypothesized that the released
NAC will be utilized, and in order to replenish the thera-
peutic concentration of NAC in the brain, we chose to ad-
minister twice weekly to maximize the efficacy of D-NAC
and compared the results with free NAC injected twice a
week at the same concentration. Animals were euthanized
when 10% body weight was lost within a 1-week time
period or when neurobehavioral scores exceeded a com-
posite score of 18.

Neurobehavioral analysis in Mecp2-null mice
Mecp2-null mice treated with D-NAC, NAC, or PBS and
WT mice underwent neurobehavioral analyses twice per
week, prior to treatment. Weight measurements (g) were
taken prior to any behavioral assessment on each
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treatment day. Behavioral assessments included appear-
ance, mobility, gait, tremor (whole body), respiratory ir-
regularities, paw clenching, paw clench time (if clenching
was present), and paw wringing. All behavioral tests have
been previously reported and validated in the literature
[45]. Assessment of appearance included whether the
mouse was emaciated or bloated, if fur was groomed, the
buildup of debris or discharge around the eyes, loss of eye-
sight, the presence of cataracts, and the presence of a
hunched posture. All other behavioral tests were scored
on a scale of 0 to 3, with 0 being normal and 3 being se-
vere (see Additional file 1 for scoring scheme).
Animals were placed in an open field for 1 min to ac-

climate. Animals were video recorded for 1 min in the
open to observe mobility, gait, and the presence of
tremor. Animals were then suspended in the air by the
tail for 10 s, repeated three times, to note any paw
clenching, and if paw clenching was present, the number
of paws that were clenched as well as the length of time
and pattern to the clenching were noted. Animals were
then placed in an open flat palm of the hand to observe
respiratory irregularities and presence of tremors. The
composite behavior score was added and reported for
comparison among the different treatments.

Statistics
Using Prism GraphPad, t-tests (mRNA) and one- and
two-way ANOVAs (NO, cytokine ELISA data) were con-
ducted. A p value less than or equal to 0.05 was consid-
ered statistically significant. When conducting post hoc t-
tests, the p value was adjusted for multiple comparisons
using a Bonferroni correction or Sidak multiple compari-
sons adjustment. For in vivo survival data, a Kaplan-Meier
survival curve was implemented. Linear mixed models
that accounted for a variation among repeated measure-
ments over time within litters were used to estimate the
differences between composite behavioral scores in four
groups (Mecp2-null mice treated with D-NAC, NAC, or
PBS, and WT male mice) and across time. These analyses
were performed using the R version 3.2.2 (R Foundation
for Statistical Computing, Vienna, Austria).

Results
D-Cy5 and D-NAC conjugates
To evaluate the biodistribution and localization of intra-
venously injected dendrimers, we labeled the dendrimers
with Cy5, a near-IR dye, which avoids tissue autofluores-
cence. Bifunctional dendrimer was synthesized with
minimal –NH2 groups (six to seven) on the dendri-
mer surface enabling Cy5 to be conjugated via a
NH2-NHS click reaction. 1H NMR spectrum analysis
indicated that ~ 1.2 molecules of Cy5 were conjugated
to each dendrimer.

HPLC characterization demonstrated that the D-Cy5
conjugates are pure [with an elution time of 14.8 min (at
645 nm)] and completely different from G4-OH [14.4 min
(at 205 nm)] (data not shown). The D-Cy5 conjugates were
stable and intact in human pooled plasma for 48 h at 37 °C.
D-NAC conjugates were designed to avoid pre-mature re-
lease and to enable release of NAC under intracellular con-
ditions in target cells. We utilized disulfide linkage (–S–S–)
to conjugate NAC molecules to the dendrimer surface,
which can be cleaved at intracellular glutathione levels. Par-
tially aminated G4-OH (bifunctional) dendrimers were syn-
thesized by conjugating ~ 23–25 molecules of 4-(tert-
butoxycarbonylamino)butyric acid (GABA-BOC) in the
first step. The BOC groups were deprotected using trifluor-
oacetic acid (TFA) in anhydrous dichloromethane (DCM)
(1:3) for 6 h, and the solvent was evaporated to remove ex-
cess TFA and side products to obtain bifunctional dendri-
mers with 20–22 –NH2 groups on the dendrimer surface.
In the third step, SPDP was conjugated to the surface of –
NH2 groups via an amide bond. In the final step, NAC was
conjugated using a disulfide bond to the dendrimers. The
structure of D-NAC was established by the 1H NMR
spectrum (Additional file 2). Characteristic multiplet peaks
at 1.64 ppm corresponded to methylene (–CH2) of GABA
linker. A singlet peak at 1.84 ppm corresponded to acetyl
(–C2H3O), and multiplet peaks at 4.46 ppm corresponded
to methyl (–CH) of NAC confirming successful conjugation
of NAC to the dendrimer. Additionally, the appearance of a
new peak at 4.0 ppm corresponded to modified methylene
(–CH2) protons of dendrimer. Using a proton integration
technique, we estimated that ~ 21 NAC molecules were
conjugated to each dendrimer molecule. In the HPLC chro-
matogram (Additional file 2), the appearance of a new peak
at 19.65 min was different from that of free NAC peak
(6.14 min) and G4-OH peak (14.9 min) (data not shown),
confirming the formation of product. We did not observe
any characteristic peaks of free NAC and dendrimer peak,
suggesting the D-NAC conjugate was pure (~ 95%). The
size and surface charge of G4-OH dendrimers were 4.4 ±
0.2 nm and 4.5 ± 0.2 mV, respectively. Conjugating ~ 20
molecules of GABA linker resulted in increased surface
charge (12.8 ± 0.2 mV) due to primary –NH2 groups on
dendrimer surface. After conjugating NAC to the dendri-
mer surface, the size and zeta potential for D-NAC conju-
gates were 5.2 ± 0.1 nm and 8.9 ± 0.2 mV, respectively
(Additional file 2). The increase in size and surface charge
does not affect the targeting ability and biodistribution of
dendrimer as recently reported by our group [44].

Stability and drug release characteristics of D-NAC
We previously studied the stability and drug release
characteristics of D-NAC conjugates in PBS [32]. At
extracellular GSH concentrations (2 μM) at 37 °C, D-
NAC conjugates were stable and did not release any
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detectable NAC (in any forms: NAC linker, NAC-
NAC, NAC-GSH) over 24 h. At physiological condi-
tions (PBS 7.4, 37 °C; data not shown) and in plasma
(37 °C), the D-NAC conjugate was stable and did
not release NAC over a 24-h period (Additional file 3).
However, at intracellular GSH concentrations
(250 μM), the conjugate released the drug readily
within 3.5 h (Additional file 3), indicating that the
use of a disulfide linker enables rapid release of
NAC from the conjugate only when it is exposed to
an intracellular GSH-rich environment [46, 47].
Interestingly, D-NAC was stable in human plasma
(with 10 μM GSH) at 37 °C over a period of 24 h,
releasing less than 3% of NAC (Additional file 3).

Xc− expression was upregulated in Mecp2-null mice
To determine if Mecp2 deletion led to changes in Xc−

expression, we evaluated Xc− (the gene) mRNA expres-
sion in the brains of Mecp2-null mice and WT mice by
PCR. Xc− mRNA had a trend of an increase at 1 week of
age (t(13) = 2.302, p < 0.06; Fig. 1a). We also examined
Xc− mRNA expression in primary mixed glia culture
from the Mecp2-null and WT mouse cortex under rest-
ing conditions and when LPS was used to activate the
cells (Fig. 1b). There was a trend for an effect of genotype
[F(1,11) = 3.049, p = 0.1], a significant effect of treatment
[F(1,11) = 37.34, p < 0.0001], and a trend for an interaction
of state/treatment and genotype [F(1,11) = 3.19, p = 0.1].
Specifically, Mecp2-null cells had a significant increase in
Xc− mRNA expression from the rest to LPS stimulation
[t(11) = 5.33, p < 0.001] as did WT cells [t(11) = 3.183,
p < 0.05]. Mecp2-null cells treated with LPS also showed a
significant increase in Xc− expression compared to WT
cells with LPS stimulation [t(11) = 2.6, p = 0.048].

Immune dysregulation in Mecp2-null primary mixed glial
culture
G4-OH PAMAM and D-NAC were not cytotoxic to primary
mixed glial cells
We and others have previously published that G4-
OH PAMAM demonstrates minimal toxicity in vivo
up to 500 mg/kg [32, 48, 49] and with no cytotox-
icity in cell cultures observed up to concentrations
of 500 μg/mL [36, 50]. Before proceeding to efficacy
experiments, we evaluated the cytotoxicity profile for
G4-OH PAMAM, D-NAC, and free NAC in Mecp2-
null primary mixed glial cells to verify the biosafety
of the treatment concentrations. Both G4-OH
PAMAM and D-NAC at a concentration of 200 μg/
mL did not cause any cytotoxicity to primary glial
cells. Approximately 94.4 ± 1.76 and 88.9 ± 3.0% of
cells were viable after G4-OH PAMAM and D-NAC
treatment, respectively, whereas free NAC treatment
at 200 μg/mL caused ~ 20.0% cell death (Add-
itional file 4). At concentrations below 200 μg/mL
(100 and 10 μg), the cell viability was greater than
95%; hence, we used 100 μg/mL for D-NAC and free
NAC as the highest concentration for in vitro effi-
cacy studies.
Both hemispheres of the cerebral cortex from 1-week-

old WT and Mecp2-null mice were used to perform
mixed glial cell experiments. The schematic in the left
panel of Fig. 2 illustrates the experimental flow and the
outcome measures.

Nitric oxide production in Mecp2-null mixed glial culture
The potential anti-oxidant activities of D-NAC and free
NAC treatment on primary mixed glial cells were evalu-
ated using Griess reagent detection of NO released into
a medium under varying conditions. No difference in

Fig. 1 XCT expression in wild-type (WT) versus Mecp2-null mice. a At 1 week of age, XCT mRNA expression was increased in Mecp2-null mice. b
XCT mRNA expression increased significantly after stimulation with lipopolysaccharide toxin (LPS; checkered bars) in primary mixed glial cultures
from WT and Mecp2-null mice. The response to LPS was also significantly increased in Mecp2-null compared to WT primary mixed glial cells. Mean
values ± SEM for graphs in a and b (#p = 0.06; *p < 0.05; ***p < 0.001)
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NO production was observed in WT and Mecp2-null
glial cells under resting conditions [t(6) = 1.15, p > 0.2].
LPS exposure led to a significant increase in NO produc-
tion to a similar extent in both WT and Mecp2-null glia.
However, D-NAC treatment at 10 and 100 μg/mL con-
centrations significantly decreased NO production in
both WT and treated Mecp2-null glial cells exposed to
LPS stimulation [WT D-NAC 10 μg/mL: t(30) = 5.64,
Mecp2-null D-NAC 10 μg/mL: t(30) = 4.728, p < 0.001;
WT D-NAC 100 μg/mL: t(30) = 4.72, Mecp2-null D-
NAC 100 μg/mL: t(30) = 4.253, p < 0.001], whereas only
the 100 μg/mL dose of NAC was effective in decreasing
the level of NO release [WT: t(30) = 5.47, Mecp2-null:
t(30) = 43.34, p < 0.001; Fig. 2, right panel].

Mecp2-null glia exhibited a dysregulated cytokine profile
under resting conditions and an exaggerated response to
LPS stimulation
Cytokine levels were measured using a multiplex ELISA
assay on the culture supernatant collected at the end of
the experiment. Under resting conditions, the super-
natant from Mecp2-null glia had significantly higher
levels of TNF-α [t(6) = 7.44, p < 0.001; Fig. 3a], IL-10
[t(5) = 8.60, p < 0.001; Fig. 3c], and CXCL1 [t(6) = 4.328,
p < 0.01; Fig. 3g] but significantly lower levels of IL-1β
[t(5) = 12.47, p < 0.001; Fig. 3b] compared to WT cells.
No group differences in IL-6, INF-γ, and IL-12 were ob-
served at rest (Fig. 3d–f; all p > 0.2). LPS exposure resulted
in a disproportionate response of the inflammatory cyto-
kines in Mecp2-null glial cells after LPS administration.
Concentrations of TNF-α, IL-10, INF-γ, and IL-12 were

significantly higher in Mecp2-null compared to WT glial
cells [TNF-α: t(6) = 15.39; IL-10: t(6) = 17.43; INF-γ: t(6) =
7.88; IL-12: t(6) = 9.905; all p < 0.001]. In contrast, blunting
of the response to LPS stimulation for IL-1β, IL-6, and
CXCL1 was observed in Mecp2-null glial cells compared
to WT [IL-1β: t(6) = 12.4; IL-6: t(6) = 6.53; CXCL1: t(6) =
60.16; all p < 0.001]. The directional relationships of these
findings have been summarized in Table 1.

Treatment with D-NAC was more effective than NAC in at-
tenuating the cytokine response after LPS exposure
When evaluating the impact of treatment, we observed a
significant effect of treatment for all cytokines in WT
and Mecp2-null glial cells [TNF-α: F(4,29) = 47.43; IL-1β:
F(4,28) = 62.58; IL-10: F(4,28) = 46.36; IL-6: F(4,29) =
120.8; INF-γ: F(4,27) = 6.347; IL-12: F(4,24) = 8.192;
CXCL1: F(4,29) = 40.52, all p < 0.001]. Across the board,
D-NAC 10 μg/mL and D-NAC 100 μg/mL consistently
lowered all cytokine levels significantly compared to WT
or Mecp2-null LPS-treated cells (all p ≤ 0.001) with the
exception of the chemokine CXCL1 in Mecp2-null glial
cells. Free NAC was not effective in most cases even at
the highest dose, except for IL-1β in which 10 μg/mL
NAC decreased IL-1b levels (p < 0.05).

LPS exposure leads to increased Xc− expression in BV2 cells
Mouse BV2 cells were activated using LPS, as described
in our past studies [37, 51]. We used mouse BV2 cells
for the studies evaluating Xc− since these cells can be
cultured in glutamine- and cysteine-free media. We have
previously shown that LPS exposure to BV2 cells leads

Fig. 2 Increased nitric oxide (NO) release from Mecp2-null primary mixed glial cells challenged with LPS. Cortical tissue samples from the brains of 1-week-old
Mecp2-null and WT mice were taken, and cells were dissociated and plated to grow. Once confluent, cells were plated, activated with LPS, and treated with
D-NAC and NAC (left panel). Both WT andMecp2-null glial cells showed equivalent NO release in response to LPS (black bars) that was diminished significantly
by D-NAC (blue bars) administration (right panel). Only the high dose of free NAC was effective in decreasing the response to LPS (red bars)
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Fig. 3 (See legend on next page.)
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to a pro-inflammatory response (increase in TNF-α re-
lease) and a depletion of GSH levels without cell death
[36]. Here, we investigated the effect of LPS pre-
treatment on Xc− expression. Exposure to LPS resulted
in a significant upregulation of mRNA expression of Xc−

in the BV2 cells [t(28) = 2.564, p = 0.016; Fig. 4a].

D-NAC is more effective than NAC in suppressing TNF-α in
BV2 cells
Exposure to LPS resulted in a ~ 10-fold increase in the
TNF-α release by BV2 cells (Fig. 4b). After stimulating
with LPS, BV2 cells were incubated with 1 mL of the
medium containing 0.1, 1, 10, and 100 μg/mL concen-
trations of free NAC or D-NAC for 12 h followed by
24 h of LPS-containing medium. Thus, anti-
inflammatory activity by NAC or D-NAC was reflected
by a decrease in TNF-α concentration in the super-
natant. Both D-NAC and NAC showed dose-responsive
suppression of TNF-α levels in the supernatant [D-NAC:
F(4,15) = 52.74, p < 0.0001; NAC: F(4, 15) = 9.873, all p <
0.001; Fig. 4b], whereas free NAC was only effective at
reducing TNF-α at the highest concentration (p < 0.01;
Fig. 4b). D-NAC at a dose of 0.1 or 1 μg/mL was as ef-
fective as 100 μg/mL of free NAC in decreasing TNF-α
levels. Our group has previously reported that dendri-
mers are rapidly taken up by cells in vitro [52]. Signifi-
cant reduction of TNF-α in D-NAC-treated cells can be
attributed to improved intracellular availability of NAC
via dendrimers. Moreover, it has to be taken into ac-
count that the cells were exposed to both NAC and D-
NAC only for 6 h and the suppression of TNF-α reflects

to an amount of NAC or D-NAC internalized by the
cells in that limited period.

L-Cysteine and NAC-mediated increase in intracellular GSH
is dependent on Xc− for transport into the cell while D-NAC
bypasses system Xc−

To determine whether L-cysteine, NAC, and D-NAC
were dependent on system Xc− for intracellular trans-
port and increasing glutathione levels, LPS-activated
BV2 cells were treated with L-cysteine, NAC, or D-NAC
(all at 100 μg/mL of cysteine or NAC basis) in the pres-
ence or absence of sulfasalazine, a potent Xc− inhibitor
(50 μM that is not toxic to BV2 cells; the schematic is
shown in Fig. 5 top panel). Activation of the BV2 cells
with LPS led to a 50% reduction in baseline levels of GSH
(p < 0.0001; Fig. 5b) and ~ 2.5-fold higher levels of extra-
cellular glutamate (Fig. 5a). Although treatment with L-
cysteine and NAC led to an increase in intracellular GSH
levels, treatment with D-NAC at the same dose (on a
NAC basis) was significantly better [F(2,21) = 54.75, p <
0.0001; Fig. 5a]. Treatment with NAC and L-cysteine was
associated with an increase in extracellular glutamate
[F(4,72) = 11.28, p < 0.001] that was not seen with D-NAC
treatment. Extracellular glutamate levels were lower in
D-NAC and D-NAC + sulfasalazine-treated cells than in
NAC and L-cysteine (p < 0.05 and p < 0.01, respectively;
Fig. 5b). This increase in glutamate with NAC and L-
cysteine treatment was attenuated when sulfasalazine
was applied for Xc− inhibition, indicating that Xc− is
involved in cysteine and NAC transport into the cell.
Inhibition of Xc− with sulfasalazine also prevented the
increase in intracellular GSH seen with L-cysteine treat-
ment, but this was not seen with NAC. This indicates
that although Xc− may be the primary mechanism of
transport of cysteine and NAC intracellularly, it is
possible that other mechanisms of NAC transport may
become involved when Xc− is inhibited, which may help
increase cellular glutathione levels. However, the re-
sponse to D-NAC treatment (a significant increase in
glutathione without an increase in extracellular glutam-
ate) was seen irrespective of sulfasalazine treatment,
indicating that D-NAC bypasses this antiporter.
This would explain the increase in glutathione that is

seen even when sulfasalazine was used to block Xc−.

(See figure on previous page.)
Fig. 3 Increased cytokine release in WT and Mecp2-null primary mixed glial cell cells challenged with LPS. A multiplex ELISA was conducted on the
media collected from the mixed glial cell cultures. At rest (white bars), TNF-α (a), IL-10 (c), and CXCL1 (g) release was increased in Mecp2-null mixed
glial culture compared to WT whereas release of IL-1β (b) was decreased. No group differences in IL-6, INF-γ, and IL-12 were observed at rest (d–f).
After LPS stimulation (black bars), concentrations of TNF-α (a), IL-10 (c), INF-γ (e), and IL-12 (f) were significantly higher in Mecp2-null compared to WT
glial cells. In contrast, blunting of the response to LPS stimulation for IL-1β (b), IL-6 (d), and CXCL1 (g) was observed in Mecp2-null glial cells compared
to WT. Across the board, D-NAC 10 μg/mL and D-NAC 100 μg/mL (blue bars) consistently lowered all cytokine levels significantly in WT and Mecp2-null
LPS-treated cells (all p≤ 0.001) with the exception of the chemokine CXCL1 in Mecp2-null glial cells. In most cases, free NAC (red bars) was not effective
except for IL-1β in which 10 μg/mL NAC decreased IL-1b levels significantly (*p < 0.05; **p < 0.01; ***p < 0.001)

Table 1 Comparison of cytokine release of Mecp2-null glial to
wild-type glial cells

Cytokine Baseline (resting) After LPS stimulation

TNF-α ↑ ↑

IL-1β ↓ ↓

IL-10 ↑ ↑

IL-6 – ↓

INF-γ – ↑

IL-12p70 – ↑

CXCL1 ↑ ↓

↑ increase from WT; ↓ decrease from WT; – no difference from WT
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Fig. 4 Effects of LPS stimulation on XCT and TNF-α expression. a XCT expression in BV2 cells was increased after LPS stimulation (*p < 0.05). b BV2
cell cultures treated with D-NAC showed dose-dependent decreases in TNF-α concentration in the supernatant as compared to LPS-treated (activated)
cultures. Only the highest dose of NAC (100 μg/mL) was effective at reducing TNF-α concentration

Fig. 5 Role of Xc− in NAC internalization in BV2 cells. Mecp2-null and WT brains were acquired, and cells were dissociated and plated to grow. Once
confluent, cells were reseeded and treated with LPS (3 h) and sulfasalazine (1 h) and then incubated in cysteine, NAC, or D-NAC with sulfasalazine for 8 h.
Then, the cells were incubated in fresh media for 18 h. Cells and media were then taken and used to assess intracellular glutathione levels and extracellular
glutamate release. To assess the mechanism of internalization of D-NAC as compared to NAC and cysteine, extracellular glutamate and intracellular
glutathione levels were assessed in LPS-activated BV2 cells after treatment when Xc− was functional (without sulfasalazine (solid bars)) and when it was
blocked with an Xc− inhibitor (with sulfasalazine (cross-hatched bars)). a In D-NAC-treated cells, GSH increased regardless of Xc− functionality/blockade (blue
bars), suggesting that D-NAC bypasses Xc− to exert its anti-oxidant effect intracellularly. In NAC- and cysteine-treated cells, Xc− blockade resulted in a decrease
in GSH production, suggesting that NAC and cysteine were internalized in large part via Xc−. b Glutamate levels increased with LPS administration. When
Xc− was functional, NAC (red bars) and cysteine (green bars) showed increased glutamate levels, but when Xc− was blocked, glutamate release decreased in
NAC- and cysteine-treated samples. In contrast, regardless of Xc− functionality/blockade, D-NAC (blue bars) was effective in reducing glutamate release
(*p< 0.05; **p< 0.01; ***p< 0.001; white asterisks denote the comparison between resting and LPS conditions; the black asterisks denote the comparison
between LPS-stimulated and LPS +D-NC, NAC, or cysteine conditions; the blue asterisks denote the comparison between LPS +D-NAC and LPS +NAC and
LPS + cysteine conditions; the red and green asterisks denote the comparison between LPS +NAC and LPS +NAC+ sulfasalazine and LPS + cysteine
and LPS + cysteine + sulfasalazine)
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However, the glutamate level is significantly lower when
sulfasalazine was used, indicating that the uptake mech-
anism may be one other than Xc−. In the absence of
sulfasalazine, glutamate levels are higher for both NAC
and L-cysteine, implying that the primary mechanism of
transport may be through Xc−. However, the glutam-
ate level was lower when sulfasalazine was used to
block the Xc−.

D-Cy5 co-localizes in microglia and astrocytes in Mecp2-null
mice but not in WT mice
In the Bird RTT mouse model, Mecp2-null mice became
phenotypic around 3 weeks of age and had a life expect-
ancy of 6–10 weeks of age [53]. Therefore, we character-
ized dendrimer biodistribution using a dendrimer
conjugated with the fluorescent tag, Cy5 (D-Cy5), in the
pre-phenotypic period at 1 week of age and at 7 weeks
of age when the symptoms were severe. All animals were

administered 55 mg/kg of D-Cy5 and sacrificed and per-
fused with phosphate-buffered saline 24 h later. Micro-
glia were visualized in fixed tissue using Iba1 staining,
and astrocytes were visualized with GFAP staining. In
WT mice, D-Cy5 uptake was rarely seen. In Mecp2-null
mice, we found dendrimer uptake in microglia but not
astrocytes at both 1 and 7 weeks of age (Fig. 6).

D-NAC treatment improved symptoms in Mecp2-null mice
To evaluate the effect of an anti-oxidant/anti-inflamma-
tory therapy that is targeted to activate microglia and as-
trocytes in this model, Mecp2-null and WT mice
received intraperitoneal injections of D-NAC (10 mg/kg
on a NAC basis), NAC (10 mg/kg), or PBS twice weekly
starting at PD 21, the average age when animals become
symptomatic in this model. Animals were weighed twice
a week, and their behavior was assessed prior to treat-
ment. The overall appearance of the Mecp2-null mice

Fig. 6 Brain uptake and cellular localization of D-Cy5 in WT and Mecp2-null mice. Dendrimer labeled with Cy5 (D-Cy5; magenta) was taken into
microglia (Iba1, red) in the pre-symptomatic period (1 week of age) and in the symptomatic period (7 weeks of age). Little-to-no uptake of D-Cy5
was observed in astrocytes (GFAP; green). White arrows indicated D-Cy5 co-localization with Iba+ cells. Cell nuclei were stained with DAPI (blue).
Scale bars = 10 or 5 μm
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improved after D-NAC treatment. By 7 weeks of age,
PBS-treated Mecp2-null mice were emaciated, hunched,
were unable to groom, and had their hind paws clenched
(Fig. 7a, b; Additional file 5). D-NAC-treated Mecp2-null
mice maintained their appearance for a longer period
and had less hind paw clenching (Fig. 7c, d; Additional
file 6).
Using a scoring system developed for the Bird model

of Mecp2 sufficiency [53], behavioral features that were
scored included mobility, gait, tremors, paw clenching,
clench time, paw wringing, and respiration, with each
feature being scored on a scale of 0 to 3, with 0 being
normal and 3 being severely affected (Additional file 1).
Age-matched WT mice served as controls and showed
an average score of 0 (healthy) on all behavioral tests.
Higher composite behavioral scores indicated a more se-
vere phenotype. Mecp2-null mice treated with D-NAC
showed a significant improvement in behavior by PD 35
compared to PBS-treated Mecp2-null mice and contin-
ued to show a slowed progression of the phenotype (p <
0.05; Fig. 8a). Mecp2-null mice that were treated with
PBS or NAC showed a steeper progression of symptoms
over time (Fig. 8a; Additional file 5). NAC mice showed
a trend for improvement in comparison to PBS-treated
mice (p = 0.07; Fig. 8a). However, D-NAC did not signifi-
cantly improve survival of Mecp2-null mice compared to
the PBS-treated group (Fig. 8b). The 50% survival of
both PBS-treated Mecp2-null pups and D-NAC-treated
Mecp2-null pups was 49 PDs, 7 weeks of age. However,
the 50% survival of NAC-treated mice was much lower
at 25 days old, which approached significance (p = 0.06)
compared to D-NAC and PBS-treated Mecp2-null mice.
Likewise, NAC and D-NAC treatments did not alter the
weight loss observed in Mecp2-null mice with age
(Additional file 7).

Discussion
Mutations in the Mecp2 gene have been linked to both
dysregulation/abnormal function of the immune system
[8, 9, 11, 12, 54, 55] and dysregulation of redox homeo-
stasis [56]. Patients with either MECP2 or CDKL5 muta-
tions exhibit dysregulated cytokine expression and
elevated erythrocyte sedimentation rate which may be
indicative of chronic inflammation [8]. Increasing TNF-
α levels also have been shown to correlate with worsen-
ing clinical severity in RTT, and patients with CDKL5
mutations have also been shown to have higher levels of
IL-10 [8]. A recent report described increased TNF-α
and IL-6 expression along with decreased TGF-β expres-
sion in Mecp2-null mice brains suggestive of immune
dysregulation and a shift to a pro-inflammatory state in
the absence of Mecp2 [9]. The changes were most pro-
nounced in severely affected mice (average age 8–
12 weeks). In that study, the authors described both a

decrease in microglial numbers and a change in the
microglial morphology to a more activated form in the
severely symptomatic mice [9]. Our in vitro findings of
increased baseline TNF-α and IL-10 levels in mixed glial
cultures from Mecp2-null mice parallel these in vivo re-
sults. Exposure to LPS resulted in an exaggerated re-
sponse of all the cytokines, indicating that the Mecp2-
null glia were hyper-responsive to an inflammatory
stimulus. IL-12 may mediate this response since levels
were disproportionately increased by LPS stimulation.
IL-12 has been shown to be critical in driving microglia
to an M1 or pro-inflammatory phenotype [57–59]. Al-
though LPS was used to stimulate the glia in vitro in this

Fig. 7 The physical appearance of Mecp2-null mice was improved by
D-NAC therapy. Non-treated Mecp2-null mice were emaciated and had
severe paw clenching, hunched posture, and poor eye conditions (a,
b). D-NAC improved the overall appearance of Mecp2-null mice (c, d)
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study, in the clinical setting, patients with Rett syndrome
are known to have frequent respiratory infections that
may be related to their scoliosis or presence of gastro-
esophageal reflux [60]. Exposure to infections resulting
in systemic inflammation may activate these hyper-
responsive glia in Rett syndrome patients worsening the
underlying neurologic injury.
After LPS stimulation, we also found increased release

of CXCL1, a chemokine shown to be involved in angio-
genesis, nociception, and neutrophil recruitment [61,
62]. CXCL1, like other chemokines and cytokines, is a
downstream target of NF-κB, which has been previously

shown to be upregulated in a mouse model of RTT [63].
Other targets of NF-κB are upregulated in RTT, and it
also has been demonstrated that decreasing NF-κB activ-
ity lowers the levels of these targets [63]. However, we
did not see decreases in CXCL1 levels with D-NAC ad-
ministration (upstream of NF-κB) in primary mixed glial
cultures from Mecp2-null mice. It is possible that
lengthening treatment and post-treatment phases could
alter levels of transcription.
Microglia and macrophages express relatively low

levels of Mecp2 relative to neurons [10], but it has re-
cently been shown that subsets of macrophage popula-
tions, including microglia, are particularly vulnerable to
a loss of Mecp2 early in the disease progression [9].
MECP2 appears to regulate the inflammatory response
of microglia and macrophages, and Mecp2 deletion leads
to impaired responses by microglia/macrophages to
stimuli such as hypoxia and inflammation [9]. The global
loss of Mecp2 also leads to reductions in the numbers of
microglia and perivascular meningeal macrophages [9].
While the role of microglia in mediating RTT phenotype
remains elusive, it is clear that the dysregulated inflam-
matory and phagocytic functions in microglia could lead
to changes in normal brain circuitry and function [64].
A recent study showed that serum of patients with

RTT exhibited an abnormal redox status with increases
in markers of protein or lipid oxidative injury [8]. An in-
crease in oxidative markers can drive the inflammation
and further worsen it. In our studies, we demonstrated
an increase in NO with LPS treatment but there was no
evidence of differences between the groups at baseline
or after LPS administration. Regardless of genotype, D-
NAC was 10-fold more effective than NAC at reducing
NO concentration. This aligns with previous in vitro and
in vivo data of ours that demonstrates a 10–100-fold in-
crease in efficacy of dendrimer-delivered NAC compared
to free NAC [32].
Our findings of increased Xc− expression in the brain

tissue from Mecp2-null mice and in mixed glial cells
after LPS stimulation in WT and Mecp2-null mice are
consistent with others showing upregulation of Xc− in
microglia and macrophages in the presence of inflamma-
tion [65]. Upregulation of Xc− also has been reported in
several neurodegenerative and neuroinflammatory disor-
ders such as amyotrophic lateral sclerosis (ALS) and Par-
kinson’s and Alzheimer’s diseases, and Xc− has recently
become a therapeutic target for these disorders. System
Xc− has been demonstrated to regulate microglial glu-
tamate release and toxicity, and its inhibition leads to
decreased neuronal and oligodendrocyte toxicity and
slows symptoms in ALS and experimental autoimmune
encephalomyelitis models of multiple sclerosis [66–68].
The rise in extracellular glutamate levels observed with

free NAC and L-cysteine treatment was blocked when

Fig. 8 Effects of D-NAC on neurobehavioral outcomes and survival
in Mecp2-null mice. a Twice weekly injections of 10 mg/kg doses of
D-NAC treatment significantly improved the composite behavioral
score compared to vehicle (PBS)-injected Mecp2-null mice (*p < 0.05).
There was a trend for the composite behavioral score to be lower in
NAC-treated Mecp2-null mice (p = 0.07). b Survival was assessed
using a Kaplan-Meier curve. D-NAC did not improve survival
compared to PBS-treated animals. D-NAC-treated Mecp2-null mice
showed a trend for longer survival time (p = 0.06) compared to
NAC-treated mice
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Xc− was inhibited with sulfasalazine. Although NAC and
L-cysteine are transported primarily into the cell by Xc−,
other transporters such as the alanine-serine-cysteine
(ASC) transporter may also be involved in the intracellu-
lar uptake of NAC and cysteine [69]. NAC may also utilize
other pathways for entry intracellularly [18, 28, 70]. Inhib-
ition of Xc− led to a significant decrease in GSH for L-cyst-
eine and a slight decrease for NAC that did not reach
significance. However, the increase in glutamate seen with
NAC and L-cysteine treatment was blunted in the pres-
ence of sulfasalazine, indicating that in the absence of Xc−

inhibition, NAC and cysteine may be primarily trans-
ported through this antiporter. We have previously shown
that D-NAC is internalized into cells by an active endo-
cytotic process [71] and hence bypasses the system Xc−.
This allows for increases in intracellular glutathione with-
out alterations in extracellular glutamate.
Some patients with RTT, as well as mouse models of

RTT, exhibit increased glutamate levels in the CSF [72].
Furthermore, it has been shown that Mecp2-null micro-
glia produce five times the normal amount of glutamate
[10]. The results of previous studies of postmortem tis-
sue and studies with the Bird mouse model of Mecp2 in-
sufficiency indicate that alterations in glutamate
homeostasis and in the developmental expression of
NMDA receptors (NMDARs) in the cortex may contrib-
ute to synaptic dysfunction in RTT [42, 73, 74]. The in-
creased NMDARs both in the patients and in the mouse
model with RTT at young ages were associated paradox-
ically with increased glutamate levels, indicating hyper-
excitability and increased susceptibility to glutamate in
these patients [42, 74, 75]. Thus, further increasing glu-
tamate release with L-cysteine/NAC uptake through Xc−

transporter could have more deleterious consequences.
In contrast, since D-NAC uptake bypasses system Xc−,
we would not expect an increase in extracellular glutam-
ate levels regardless of the concentration. This suggests
that D-NAC can improve the safety and efficacy of NAC
in this model. This may also explain the increased mor-
tality and worse outcomes seen with free NAC treatment
in this model.
Dendrimer is taken up selectively by cells involved in

inflammation in several models of brain injury, with spe-
cific cell localization dependent on the disease model
and the time of dendrimer administration after injury
[32–34]. The mechanism of cellular uptake of dendri-
mers is shown to be dependent on its surface charge
and size and is mediated predominantly by endocytosis
and/or micropinocytosis [76]. We used generation-4
hydroxyl-terminated PAMAM dendrimers that were of
neutral charge and about 4 nm in size. We previously
demonstrated that these dendrimers were taken up by
fluid-phase endocytosis [52]. In this study, we found that
D-NAC bypassed the Xc− antiporter to transport NAC

into the cell. This avoids the extracellular glutamate re-
lease by the antiporter, thereby preventing further injury
in conditions such as RTT where excess glutamate and
associated excitotoxicity is commonly described [77–79].
This study is the first to look at dendrimer distribution

and localization as a function of both genotype and age
in a mouse model of RTT. Although altered phagocyt-
osis has been described in Mecp2-null microglia previ-
ously, this does not affect dendrimer uptake by the cells
because neutral-charged dendrimers are predominantly
taken up by endocytotic mechanisms [52, 80, 81].
The improved efficacy of D-NAC over free NAC may

be due to the selective targeting and increased uptake of
dendrimers into activated glia, leading to a higher drug
concentration specifically in these cells. The in vitro
studies with primary mixed glial cells were designed to
mimic the clinical scenario where drug exposure to the
cell occurs for a short time before it gets cleared from
the circulation. D-NAC accumulates and is retained in
the activated glia, releasing the drug over time even after
it is removed from the supernatant. Since every dendri-
mer has a payload of ~ 20 molecules of NAC, a larger
amount of the drug is delivered to the cells when com-
pared to free NAC. In vivo pharmacokinetic studies with
NAC have shown poor accumulation in the brain and
spinal cord, with limited ability of NAC to cross the BBB
[69, 82]. Although this may increase in the presence of
an impaired blood-brain barrier, dendrimer enables spe-
cific cellular targeting of NAC to microglial cells. In the
in vivo setting, NAC increases GSH levels primarily by
displacement of plasma protein-bound cysteine [83].
Cysteine and its dimer cystine are then transported into
the brain across the BBB and intracellularly to increase
cellular GSH levels [83]. D-NAC is designed and synthe-
sized so that it does not release the drug in extracellular
conditions and protects early metabolism of NAC prior
to cellular internalization (please see release data pro-
vided) [32]. Although D-NAC was effective in delaying
symptom progression, it did not improve survival com-
pared to PBS-treated Mecp2-null mice. This indicates
that other combination therapies may be required along
with D-NAC to enhance the efficacy.
Our lab has previously demonstrated that hydroxyl-

terminated PAMAM dendrimers can target activated
microglia (and astrocytes) in several models of brain in-
jury mediated by neuroinflammation [32–34]. Therefore,
the ability of dendrimers to localize in microglia in the
brain of Mecp2-null mice could have significant thera-
peutic implications. We have previously shown that D-
NAC is more effective than a 10–100 times higher dose
of NAC in improving motor deficits, myelination, and
neuronal counts and in decreasing inflammation and
microglial activation in a rabbit model of CP [32]. In this
study, we demonstrated that D-NAC, given systemically
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twice weekly, resulted in an improvement in overall neu-
robehavioral score and in microglial morphology com-
pared to PBS-treated Mecp2-null mice. D-NAC was
significantly more effective in decreasing inflammatory cy-
tokines and oxidative stress and in improving intracellular
GSH levels at the lowest doses when compared to free
NAC even at the highest doses, in the in vitro studies.
Several pre-clinical studies have implicated microglia

and astrocytes as therapeutic targets in the treatment of
RTT. The dysregulation in immune homeostasis in
Mecp2-null mice described by this study and others [9,
14] may indicate that impaired glial function and its in-
ability to maintain immune homeostasis may affect nor-
mal brain development and response to injury in RTT.
The dendrimer platform offers such an opportunity to
specifically manipulate the glial responses in this chal-
lenging disorder. Therapeutics targeting glutamate in-
hibition, GABA and NMDA inhibitors, or delivery of
BDNF in combination with a dendrimer platform that
can target activated glia may have the potential for re-
versing phenotypes in RTT, improving neurological out-
comes, and increasing survival. Future studies will
include evaluation of D-NAC therapy in Mecp2-hetero-
zygous mice and more quantitative measures of behav-
ioral outcomes and respiration.

Conclusion
This study demonstrated dysregulated microglia and neu-
roinflammatory processes in a mouse model of RTT.
Mecp2-null glial cells and brain tissue showed increased ex-
pression of Xc− mRNA, suggesting increased sensitivity to
oxidative stress. Furthermore, Mecp2-null glial cell cultures
exhibited an exaggerated response to LPS stimulation com-
pared to WT glial cell cultures indicative of immune dys-
regulation that was improved after the targeted delivery of
an anti-inflammatory/anti-oxidant agent to glial cells using
dendrimer-based delivery of NAC. D-NAC also was effect-
ive in slowing the progression of the RTT phenotype in
Mecp2-null mice most likely by bypassing Xc−, a possible
mechanism for toxicity seen with NAC administration. Fur-
ther studies are needed to improve efficacy of D-NAC alone
or in combination with other therapies in animal models of
RTT. Dendrimer-mediated delivery of therapies that target
neuroinflammation and oxidative stress, as well as other
neuropathological processes observed in RTT, including
glutamate and GABA dysregulation, could advance treat-
ment for RTT symptoms and improve quality of life and
survival in patients with RTT.
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Additional file 1: Neurobehavioral Scoring Scheme. Table of
neurobehavioral subscores and their scoring scheme used to determine
phenotypic severity in Mecp2-null mice. (PDF 40 kb)

Additional file 2: Physiochemical characterization of dendrimer-N-
acetylcysteine (D-NAC) conjugates. A) D-NAC chemical structure and pro-
ton NMR spectrum of D-NAC conjugate in DMSO. B) HPLC chromatogram
of D-NAC with elution time at 19.65 min and free NAC eluting at
6.14 min. C) Size and zeta potential measurements of G4-OH, bifunctional
dendrimer and D-NAC conjugates. (TIFF 2366 kb)

Additional file 3: Evaluation of NAC release from D-NAC was conducted
in human pooled plasma. (A) To simulate an extracellular environment,
10 μM of GSH was added to the plasma containing D-NAC (3 mg/mL). D-
NAC was stable in plasma for more than 48 h releasing ~ 5% of its pay-
load. (B) For intracellular stimulation, 250 μM of GSH was used. D-NAC
demonstrated faster NAC release (~ 80% of its payload) within 5 h sug-
gesting that GSH cleaved the disulfide bonds. (JPEG 43 kb)

Additional file 4: MTT cytotoxicity assay. No toxicity of G4-OH dendrimer,
NAC, or dendrimer-conjugated NAC was observed in Mecp2-null primary
mixed glial culture at 100 and 10 μg/ml concentrations. There was some
toxicity with free NAC at 200 μg/ml (< 80% cell viability). Therefore, we did
not use this concentration in any further experiments. (TIFF 213 kb)

Additional file 5: Mecp2-null saline-treated mouse neurobehavior over
time. Video of neurobehavioral testing over time demonstrating increase
in phenotypic features (gait/waddle, paw clench, respiration abnormal-
ities, and impairments in mobility). (MOV 55272 kb)

Additional file 6: Mecp2-null D-NAC-treated mouse neurobehavior over
time. Video of neurobehavioral testing over time demonstrating represen-
tative phenotype for this experimental group over time. D-NAC-treated
mice show a slower increase in phenotypic severity as compared to
saline-treated mice. (MOV 63483 kb)

Additional file 7: D-NAC treatment did not prevent weight loss in
Mecp2-null mice. Regression plots for body weights of WT (open
squares-dotted line) and Mecp2-null mice treated with PBS (solid black
circles-black line), NAC (red open circles-red line) and D-NAC (solid blue
circles-blue line). With age, weight increased in all groups of mice. How-
ever the trajectory for all groups of Mecp2-null mice was less than in WT
mice. (TIFF 236 kb)

Abbreviations
BBB: Blood-brain barrier; BDNF: Brain-derived neurotrophic factor; CXCL1: C-
X-C motif chemokine 1; D-NAC: Dendrimer-conjugated N-acetyl cysteine;
GABA: Gamma-aminobutyric acid; GSH: Glutathione; GSSG: Glutathione
disulfide; h: Hours; IL-2: Interleukin-2; IL-4: Interleukin-4; IL-5: Interleukin-5; IL-
6: Interleukin-6; IL-10: Interleukin-10; IL-12p70: Interleukin-12;
LPS: Lipopolysaccharide; MECP2: Methyl-CpG-binding protein 2 human gene;
Mecp2: Methyl-CpG-binding protein 2 mouse gene; min: Minutes; NAC: N-
Acetyl cysteine; NMDA: N-Methyl-D-aspartate; PAMAM: (Poly)amidoamine;
PD: Postnatal day; RTT: Rett syndrome; TGF-β: Tumor growth factor beta;
TNF-α: Tumor necrosis factor alpha; Xc−: Cysteine-glutamate antiporter

Acknowledgements
Dr. Nance would like to thank the Hartwell Foundation and the Burroughs
Wellcome Fund (BWF) Career Award at Scientific Interfaces for funding for
her postdoctoral fellowship. Dr. Smith would also like to thank the Hartwell
Foundation for funding her postdoctoral fellowship. The authors thank Karen
Smith-Conner and Patrice Carr for their services in genotyping. The authors
also thank the Wilmer Core Module for Microscopy and Imaging for allowing
us to use the LSM710 confocal. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the NIH, the
Hartwell Foundation, or BWF.

Funding
This study was funded in part by the NICHD R01HD069562 (S. Kannan), NIBIB
R01EB018306 (R. Kannan), 1U54 HD079123 (M.E. Blue), and R21NS10085 (S.
Kannan and M.E. Blue).

Availability of data and materials
The datasets generated and analyzed here are not publicly available due to
pending patent applications but are available upon reasonable request from
the corresponding authors.

Nance et al. Journal of Neuroinflammation  (2017) 14:252 Page 16 of 19

dx.doi.org/10.1186/s12974-017-1004-5
dx.doi.org/10.1186/s12974-017-1004-5
dx.doi.org/10.1186/s12974-017-1004-5
dx.doi.org/10.1186/s12974-017-1004-5
dx.doi.org/10.1186/s12974-017-1004-5


Authors’ contributions
EN designed and executed all mouse experiments, analyzed these data, and
prepared the manuscript. SPK synthesized and formulated D-NAC, designed
and executed all cell culture experiments, and contributed to the prepar-
ation of the manuscript. ESS designed and executed cell culture experi-
ments, aided in the data collection for both in vivo and in vitro studies,
statistical analyses, and preparation of the manuscript. ZZ conducted all
qRT-PCR analyses and contributed to the manuscript preparation. FZ for-
mulated the D-NAC for injection and contributed to the manuscript
preparation. SS conducted and interpreted the statistical analyses. MVJ
contributed to the design and interpretation of the data. RK assisted in
the study design and manuscript preparation. MEB contributed to overall
conception of the studies and study designs, the data collection, data
analyses and interpretation, and manuscript preparation. SK contributed
to the overall conception of the research work, experiments and study
designs, data interpretation and manuscript preparation. All authors read
and approved the final manuscript.

Ethics approval
Animal experiments were conducted within the guidelines set forth by the
National Institutes of Health (NIH) and the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) International. All animal
protocols were approved by the Johns Hopkins Animal Care and Use
Committee.

Consent for publication
Not applicable.

Competing interests
SK and RK hold a patent on dendrimer-based nanodevices for therapeutic
and imaging purposes (US8889101) and are founders of a company focused
on clinical translation of this compound.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Anesthesiology and Critical Care Medicine, Johns Hopkins
University School of Medicine, Baltimore, MD 21205, USA. 2Center for
Nanomedicine, Department of Ophthalmology, Wilmer Eye Institute, Johns
Hopkins University School of Medicine, Baltimore, MD 21231, USA.
3Department of Chemical and Biomolecular Engineering, Johns Hopkins
University, Baltimore, MD 21218, USA. 4Department of Materials Science and
Engineering, Johns Hopkins University, Baltimore, MD 21218, USA. 5Hugo W.
Moser Research Institute, Kennedy Krieger, Inc., Baltimore, MD 21205, USA.
6Present address: Department of Chemical Engineering, University of
Washington, Seattle, WA 98105, USA.

Received: 23 March 2017 Accepted: 15 November 2017

References
1. Lyst MJ, Bird A. Rett syndrome: a complex disorder with simple roots. Nat

Rev Genet. Nature Publishing Group. 2015;16:1–13.
2. Hagberg B, Goutières F, Hanefeld F, Rett A, Wilson J. Rett syndrome: criteria

for inclusion and exclusion. Brain and Development. 1985;7:372–3.
3. Naidu S, Murphy M, Moser HW, Rett A. Rett syndrome: natural history in 70

cases. Am J Med Genet. 1986;24:61–72.
4. Rett A. History and general overview. Am J Med Genet. 1986;24:21–5.
5. Neul JL, Kaufmann WE, Glaze DG, Christodoulou J, Clarke AJ, Bahi-Buisson N,

et al. Rett syndrome: revised diagnostic criteria and nomenclature. Ann
Neurol. 2010;68:944–50.

6. Percy AK, Neul JL, Glaze DG, Motil KJ, Skinner SA, Khwaja O, et al. Rett
syndrome diagnostic criteria: lessons from the natural history study.
Ann Neurol. 2010;68:951–5.

7. Chahrour M, Jung SY, Shaw C, Zhou X, Wong S, Qin J, et al. Represses
transcription. Science. 2008;320:1224–30.

8. Leoncini S, De Felice C, Signorini C, Zollo G, Cortelazzo A, Durand T, et al.
Cytokine dysregulation in MECP2- and CDKL5-related Rett syndrome:
relationships with aberrant redox homeostasis, inflammation, and ω-3

PUFAs. Oxid Med Cell Longev Hindawi Publishing Corporation. 2015;2015:
421624.

9. Cronk JC, Derecki NC, Ji E, Xu Y, Lampano AE, Smirnov I, et al. Methyl-CpG
binding protein 2 regulates microglia and macrophage gene expression in
response to inflammatory stimuli. Immunity. 2015;42:679–91.

10. Maezawa I, Jin LW. Rett syndrome microglia damage dendrites and
synapses by the elevated release of glutamate. J Neurosci. 2010;30:5346–56.

11. Derecki NC, Cronk JC, Lu Z, Xu E, Abbott SBG, Guyenet PG, et al. Wild-type
microglia arrest pathology in a mouse model of Rett syndrome. Nature.
2012;484:105–9.

12. Cortelazzo A, De Felice C, Guerranti R, Signorini C, Leoncini S, Pecorelli A, et al.
Subclinical inflammatory status in Rett syndrome. Mediat Inflamm. 2014;2014

13. De Felice C, Ciccoli L, Leoncini S, Signorini C, Rossi M, Vannuccini L, et al.
Systemic oxidative stress in classic Rett syndrome. Free Radic Biol Med.
Elsevier Inc. 2009;47:440–8.

14. De Felice C, Della Ragione F, Signorini C, Leoncini S, Pecorelli A,
Ciccoli L, et al. Oxidative brain damage in Mecp2-mutant murine
models of Rett syndrome. Neurobiol Dis. 2014;68:66–77.

15. Horiuchi M, Smith L, Maezawa I, Jin L-W. CX3CR1 ablation ameliorates
motor and respiratory dysfunctions and improves survival of a Rett
syndrome mouse model. Brain Behav Immun. 2017;60:106–16.

16. Schafer DP, Heller CT, Gunner G, Heller M, Gordon C, Hammond T, et al.
Microglia contribute to circuit defects in Mecp2 null mice independent of
microglia-specific loss of Mecp2 expression. elife. 2016;5:1–19.

17. Wang J, Wegener JE, Huang T-W, Sripathy S, De Jesus-Cortes H, Xu P, et al.
Wild-type microglia do not reverse pathology in a mouse model of Rett
syndrome. Nature. 2015;521:E1–4.

18. Rushworth GF, Megson IL. Existing and potential therapeutic uses for
N-acetylcysteine: the need for conversion to intracellular glutathione
for antioxidant benefits. Pharmacol Ther. Elsevier Inc. 2014;141:150–9.

19. Deepmala SJ, Kumar N, Delhey L, Berk M, Dean O, et al. Clinical trials of N-
acetylcysteine in psychiatry and neurology: a systematic review. Neurosci
Biobehav Rev. Elsevier Ltd. 2015;55:294–321.

20. Hardan AY, Fung LK, Libove RA, Obukhanych TV, Nair S, Herzenberg LA, et
al. A randomized controlled pilot trial of oral N-acetylcysteine in children
with autism. Biol Psychiatry. 2012;71:956–61.

21. Ozdemir ZC, Koc A, Aycicek A, Kocyigit A. N-Acetylcysteine
supplementation reduces oxidative stress and DNA damage in
children with β-thalassemia. Hemoglobin. 2014;38:359–64.

22. Gavillet M, Allaman I, Magistretti PJ. Modulation of astrocytic metabolic
phenotype by proinflammatory cytokines. Glia. 2008;56:975–89.

23. Roychowdhury S, Wolf G, Keilhoff G, TFW H. Cytosolic and mitochondrial
glutathione in microglial cells are differentially affected by oxidative/
nitrosative stress. Nitric Oxide. 2003;8:39–47.

24. Allen J, Bradley RD. Effects of oral glutathione supplementation on systemic
oxidative stress biomarkers in human volunteers. J Altern Complement Med.
2011;17:827–33.

25. Schmitt B, Vicenzi M, Garrel C, Denis FM. Effects of N-acetylcysteine,
oral glutathione (GSH) and a novel sublingual form of GSH on
oxidative stress markers: a comparative crossover study. Redox Biol.
Elsevier. 2015;6:198–205.

26. Bridges RJ, Natale NR, Patel SA. System xc- cystine/glutamate antiporter: an
update on molecular pharmacology and roles within the CNS. Br J
Pharmacol. 2012;165:20–34.

27. Albrecht P, Lewerenz J, Dittmer S, Noack R, Maher P, Methner A.
Mechanisms of oxidative glutamate toxicity: the glutamate/cystine
antiporter system xc- as a neuroprotective drug target. CNS Neurol Disord
Drug Targets. 2010;9:373–82.

28. Lewerenz J, Hewett SJ, Huang Y, Lambros M, Gout PW, Kalivas PW,
et al. The cystine/glutamate antiporter system x(c)(-) in health and
disease: from molecular mechanisms to novel therapeutic
opportunities. Antioxid Redox Signal. 2013;18:522–55.

29. Janáky R, Varga V, Hermann A, Saransaari P, Oja SS. Mechanisms of L-
cysteine neurotoxicity. Neurochem Res. 2000;25:1397–405.

30. Bridges R, Lutgen V, Lobner D, Baker DA. Thinking outside the cleft
to understand synaptic activity: contribution of the cystine-
glutamate antiporter (system xc-) to normal and pathological
glutamatergic signaling. Pharmacol Rev. 2012;64:780–802.

31. Massie A, Boillée S, Hewett S, Knackstedt L, Lewerenz J. Main path and
byways: non-vesicular glutamate release by system xc− as an important
modifier of glutamatergic neurotransmission. J Neurochem. 2015;n/a-n/a.

Nance et al. Journal of Neuroinflammation  (2017) 14:252 Page 17 of 19



32. Kannan S, Dai H, Navath RS, Balakrishnan B, Jyoti A, Janisse J, et al.
Dendrimer-based postnatal therapy for neuroinflammation and cerebral
palsy in a rabbit model. Sci Transl Med. 2012;4:130ra46.

33. Mishra MK, Beaty CA, Lesniak WG, Kambhampati SP, Zhang F, Wilson
MA, et al. Dendrimer brain uptake and targeted therapy for brain injury
in a large animal model of hypothermic circulatory arrest. ACS Nano.
2014;8(3):2134–47.

34. Nance E, Porambo M, Zhang F, Mishra MK, Buelow M, Getzenberg R, et al.
Systemic dendrimer-drug treatment of ischemia-induced neonatal white
matter injury. J Control Release. 2015;214:112–20.

35. Lesniak WG, Mishra MK, Jyoti A, Balakrishnan B, Zhang F, Nance E, et al.
Biodistribution of fluorescently labeled PAMAM dendrimers in neonatal
rabbits: effect of neuroinflammation. 2013

36. Kambhampati SP, Mishra MK, Mastorakos P, Oh Y, Lutty GA, Kannan RM.
Intracellular delivery of dendrimer triamcinolone acetonide conjugates into
microglial and human retinal pigment epithelial cells. Eur J Pharm Biopharm
Off J Arbeitsgemeinschaft für Pharm Verfahrenstechnik e.V. 2015;95:239–49.

37. Wang B, Navath RS, Romero R, Kannan S, Kannan R. Anti-inflammatory and
anti-oxidant activity of anionic dendrimer-N-acetyl cysteine conjugates in
activated microglial cells. Int J Pharm. 2009;377:159–68.

38. Mastorakos P, Kambhampati SP, Mishra MK, Wu T, Song E, Hanes J, et
al. Hydroxyl PAMAM dendrimer-based gene vectors for transgene
delivery to human retinal pigment epithelial cells. Nanoscale R Soc
Chem. 2015;7:3845–56.

39. Nance E, Zhang F, Mishra MK, Zhang Z, Kambhampati SP, Kannan RM, et al.
Nanoscale effects in dendrimer-mediated targeting of neuroinflammation.
Biomaterials. Elsevier Ltd. 2016;101:96–107.

40. Chung WJ, Lyons SA, Nelson GM, Hamza H, Gladson CL, Gillespie GY,
Sontheimer H. Inhibition of cystine uptake disrupts the growth of primary
brain tumors. J Neurosci. 2005;25:7101–10.

41. Sleire L, Skeie BS, Netland IA, Førde HE, Dodoo E, Selheim F, et al. Drug
repurposing: sulfasalazine sensitizes gliomas to gamma knife radiosurgery
by blocking cystine uptake through system Xc−, leading to glutathione
depletion. Oncogene. 2015;34:5951–9.

42. Blue ME, Kaufmann WE, Bressler J, Eyring C, O’Driscoll C, Naidu S, et al.
Temporal and regional alterations in NMDA receptor expression in Mecp2-
null mice. Anat Rec (Hoboken). 2011;294:1624–34.

43. Metcalf BM, Mullaney BC, Johnston MV, Blue ME. Temporal shift in methyl-
CpG binding protein 2 expression in a mouse model of Rett syndrome.
Neuroscience. 2006;139:1449–60.

44. Nemeth CL, Drummond GT, Mishra MK, Zhang F, Carr P, Garcia MS, et al.
Uptake of dendrimer-drug by different cell types in the hippocampus after
hypoxic–ischemic insult in neonatal mice: effects of injury, microglial
activation and hypothermia. Nanomedicine Nanotechnol, Biol Med. Elsevier
Inc. 2017;13:2359–69.

45. Kerr B, Soto CJ, Saez M, Abrams A, Walz K, Young JI. Transgenic
complementation of MeCP2 deficiency: phenotypic rescue of Mecp2-null
mice by isoform-specific transgenes. Eur J Hum Genet. Nature Publishing
Group. 2012;20:69–76.

46. Kurtoglu YE, Navath RS, Wang B, Kannan S, Romero R, Kannan RM.
Poly(amidoamine) dendrimer-drug conjugates with disulfide linkages for
intracellular drug delivery. Biomaterials. 2009;30:2112–21.

47. Navath RS, Kurtoglu YE, Wang B, Romero R, Kannan RM, Kannan S.
Dendrimer-drug conjugates for tailored intracellular drug release based on
glutathione levels. Bioconjug Chem. 2008;19(12):2446–55.

48. Greish K, Thiagarajan G, Herd H, Price R, Bauer H, Hubbard D, et al. Size and
surface charge significantly influence the toxicity of silica and dendritic
nanoparticles. Nanotoxicology. 2012;6:713–23.

49. Sadekar S, Ray A, Janàt-Amsbury M, Peterson CM, Ghandehari H.
Comparative biodistribution of PAMAM dendrimers and HPMA copolymers
in ovarian-tumor-bearing mice. Biomacromolecules. 2011;12:88–96.

50. Soiberman U, Kambhampati SP, Wu T, Mishra MK, Oh Y, Sharma R, et al.
Subconjunctival injectable dendrimer-dexamethasone gel for the treatment
of corneal inflammation. Biomaterials. Elsevier Ltd. 2017;125:38–53.

51. Henn A, Lund S, Hedtjärn M, Schrattenholz A, Pörzgen P, Leist M. The
suitability of BV2 cells as alternative model system for primary microglia
cultures or for animal experiments examining brain inflammation. ALTEX
Altern zu Tierexperimenten. 2009;26:83–94.

52. Perumal OP, Inapagolla R, Kannan S, Kannan RM. The effect of surface
functionality on cellular trafficking of dendrimers. Biomaterials. 2008;29:
3469–76.

53. Guy J, Hendrich B, Holmes M, Martin JE, Bird A. A mouse Mecp2-null
mutation causes neurological symptoms that mimic Rett syndrome. Nat
Genet. 2001;27:322–6.

54. Bauer M, Kölsch U, Krüger R, Unterwalder N, Hameister K, Kaiser FM, et al.
Infectious and immunologic phenotype of MECP2 duplication syndrome. J
Clin Immunol. 2015;35:168–81.

55. Pecorelli A, Cervellati F, Belmonte G, Montagner G, Waldon P, Hayek J, et al.
Cytokines profile and peripheral blood mononuclear cells morphology in
Rett and autistic patients. Cytokine. 2016;77:180–8.

56. Pecorelli A, Cervellati C, Hayek J, Valacchi G. OxInflammation in Rett
syndrome. Int J Biochem Cell Biol. Elsevier Ltd. 2016;81:246–53.

57. Vignali DAA, Kuchroo VK. IL-12 family cytokines: immunological playmakers.
Nat Immunol. 2012;13:722–8.

58. Jenkins DD, Rollins LG, Perkel JK, Wagner CL, Katikaneni LP, Bass WT, et al.
Serum cytokines in a clinical trial of hypothermia for neonatal hypoxic-
ischemic encephalopathy. J Cereb Blood Flow Metab. Nature Publishing
Group. 2012;32:1888–96.

59. Jana M, Pahan K. Induction of lymphotoxin-alpha by interleukin-12 p40
homodimer, the so-called biologically inactive molecule, but not IL-12 p70.
Immunology. 2009;127:312–25.

60. Karmaniolou I, Krishnan R, Galtrey E, Cleland S, Vijayaraghavan R.
Perioperative management and outcome of patients with Rett syndrome
undergoing scoliosis surgery: a retrospective review. J Anesth Springer
Japan. 2015;29:492–8.

61. Miyake M, Goodison S, Urquidi V, Gomes Giacoia E, Rosser CJ. Expression of
CXCL1 in human endothelial cells induces angiogenesis through the CXCR2
receptor and the ERK1/2 and EGF pathways. Lab Investig. Nature Publishing
Group. 2013;93:768–78.

62. Sawant KV, Xu R, Cox R, Hawkins H, Sbrana E, Kolli D, et al. Chemokine
CXCL1-mediated neutrophil trafficking in the lung: role of CXCR2 activation.
J Innate Immun. 2015;7:647–58.

63. Kishi N, MacDonald JL, Ye J, Molyneaux BJ, Azim E, Macklis JD. Reduction of
aberrant NF-κB signalling ameliorates Rett syndrome phenotypes in Mecp2-
null mice. Nat Commun. Nature Publishing Group. 2016;7:10520.

64. Maegele M, Braun M, Wafaisade A, Nienaber U. Long-term effects of
enriched environment (EE) on neurofunctional outcome and cortical tissue
loss after experimental traumatic brain injury in rats. J Neurotrauma. 2010;
8408:129–45.

65. Piani D, Fontana A. Involvement of the cystine transport system xc- in the
macrophage-induced glutamate-dependent cytotoxicity to neurons. J
Immunol. 1994;152:3578–85.

66. Domercq M, Sánchez-gómez MV, Etxebarria E, Fern R, Sherwin C, Etxebarria
E, et al. System xc− and glutamate transporter inhibition mediates
microglial toxicity to oligodendrocytes. 2016

67. Mesci P, Zaïdi S, Lobsiger CS, Millecamps S, Escartin C, Seilhean D, et al.
System xC- is a mediator of microglial function and its deletion slows
symptoms in amyotrophic lateral sclerosis mice. Brain. 2015;138:53–68.

68. Evonuk KS, Baker BJ, Doyle RE, Moseley CE, Sestero CM, Johnston BP, et al.
Inhibition of system Xc(-) transporter attenuates autoimmune inflammatory
demyelination. J Immunol. 2015;195:450–63.

69. Bavarsad Shahripour R, Harrigan MR, Alexandrov AV. N-Acetylcysteine (NAC)
in neurological disorders: mechanisms of action and therapeutic
opportunities. Brain Behav. 2014;4:108–22.

70. Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester MA, et al.
Metabolic reprogramming of macrophages: glucose transporter 1 (GLUT1)-
mediated glucose metabolism drives a proinflammatory phenotype. J Biol
Chem. 2014;289:7884–96.

71. Kolhe P, Khandare J, Pillai O, Kannan S, Lieh-Lai M, Kannan RM. Preparation,
cellular transport, and activity of polyamidoamine-based dendritic
nanodevices with a high drug payload. Biomaterials. 2006;27:660–9.

72. Wenk GL. Rett syndrome: neurobiological changes underlying specific
symptoms. Prog Neurobiol. 1997;51:383–91.

73. Johnston MV, Blue ME, Naidu S. Rett syndrome and neuronal development.
J Child Neurol. 2005;20:759–63.

74. Blue ME, Naidu S, Johnston MV. Altered development of glutamate and
GABA receptors in the basal ganglia of girls with Rett syndrome. Exp
Neurol. 1999;156:345–52.

75. Lo F-S, Blue ME, Erzurumlu RS. Enhancement of postsynaptic GABAA

and extrasynaptic NMDA receptor-mediated responses in the barrel
cortex of Mecp2-null mice. J Neurophysiol. 2015; https://doi.org/10.
1152/jn.00944.2015.

Nance et al. Journal of Neuroinflammation  (2017) 14:252 Page 18 of 19

https://doi.org/10.1152/jn.00944.2015
https://doi.org/10.1152/jn.00944.2015


76. Albertazzi L, Serresi M, Albanese A, Beltram F. Dendrimer internalization and
intracellular trafficking in living cells. Mol Pharm. 2010;7:680–8.

77. Horská A, Farage L, Bibat G, Nagae LM, Kaufmann WE, Barker PB, et al. Brain
metabolism in rett syndrome: age, clinical, and genotype correlations. Ann
Neurol. 2009;65:90–7.

78. Lappalainen R, Riikonen RS. High levels of cerebrospinal fluid glutamate in
Rett syndrome. Pediatr Neurol. 1996;15:213–6.

79. Russell JC, Blue ME, Johnston MV, Naidu S, Hossain MA. Enhanced cell death
in MeCP2 null cerebellar granule neurons exposed to excitotoxicity and
hypoxia. Neuroscience. 2007;150:563–74.

80. Kitchens KM, Foraker AB, Kolhatkar RB, Swaan PW, Ghandehari H.
Endocytosis and interaction of poly (amidoamine) dendrimers with Caco-2
cells. Pharm Res. 2007;24:2138–45.

81. Kitchens KM, Kolhatkar RB, Swaan PW, Ghandehari H. Endocytosis inhibitors
prevent poly(amidoamine) dendrimer internalization and permeability
across caco-2 cells. Mol Pharm. 2008;5:364–9.

82. Sunitha K, Hemshekhar M, Thushara RM, Santhosh MS, Yariswamy M,
Kemparaju K, et al. N-Acetylcysteine amide: a derivative to fulfill the
promises of N-acetylcysteine. Free Radic Res. 2013;47:357–67.

83. Radtke KK, Coles LD, Mishra U, Orchard PJ, Holmay M, Cloyd JC. Interaction
of N-acetylcysteine and cysteine in human plasma. J Pharm Sci. Elsevier
Masson SAS. 2012;101:4653–9.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Nance et al. Journal of Neuroinflammation  (2017) 14:252 Page 19 of 19


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Synthesis and characterization of D-Cy5 and D-NAC conjugates
	Cell culture and in vitro treatments
	Primary mixed glia from WT/Mecp2-null mice brains
	Cytotoxicity analysis of D-NAC in primary mixed glia
	Lipopolysaccharide activation of primary mixed glia and �D-NAC efficacy studies
	NO assay for evaluating the anti-oxidant activity of D-NAC in primary glial cells
	Multiplex cytokine ELISA assay
	RNA extraction and RT-PCR analysis of cytokines in primary mixed glial cells
	Murine BV2 cell culture
	Anti-inflammatory assay in BV2 cells
	In vitro glutamate and glutathione assays after Xc− inhibition in BV2 cells

	Mouse model of RTT (Mecp2tm1.1Bird)
	Immunohistochemistry and image analysis for biodistribution of D-Cy5
	D-NAC therapy for in vivo efficacy study
	Neurobehavioral analysis in Mecp2-null mice

	Statistics

	Results
	D-Cy5 and D-NAC conjugates
	Stability and drug release characteristics of D-NAC
	Xc− expression was upregulated in Mecp2-null mice
	Immune dysregulation in Mecp2-null primary mixed glial culture
	G4-OH PAMAM and D-NAC were not cytotoxic to primary mixed glial cells

	Nitric oxide production in Mecp2-null mixed glial culture
	Mecp2-null glia exhibited a dysregulated cytokine profile under resting conditions and an exaggerated response to LPS stimulation
	Treatment with D-NAC was more effective than NAC in attenuating the cytokine response after LPS exposure
	LPS exposure leads to increased Xc− expression in BV2 cells
	D-NAC is more effective than NAC in suppressing TNF-α in BV2 cells
	l-Cysteine and NAC-mediated increase in intracellular GSH is dependent on Xc− for transport into the cell while D-NAC bypasses system Xc−
	D-Cy5 co-localizes in microglia and astrocytes in Mecp2-null mice but not in WT mice
	D-NAC treatment improved symptoms in Mecp2-null mice


	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

