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Rett syndrome (RTT) results from loss-of-function mutations in the gene encoding the methyl-CpG-binding protein 2 (MeCP2) and is
characterized by abnormal motor, respiratory and autonomic control, cognitive impairment, autistic-like behaviors and increased risk of
seizures. RTT patients and Mecp2-null mice exhibit reduced expression of brain-derived neurotrophic factor (BDNF), which has been
linked in mice to increased respiratory frequency, a hallmark of RTT. The present study was undertaken to test the hypotheses that BDNF
deficits in Mecp2 mutants are associated with reduced activation of the BDNF receptor, TrkB, and that pharmacologic activation of TrkB
would improve respiratory function. We characterized BDNF protein expression, TrkB activation and respiration in heterozygous female
Mecp2 mutant mice (Het), a model that recapitulates the somatic mosaicism for mutant MECP2 found in typical RTT patients, and
evaluated the ability of a small molecule TrkB agonist, LM22A-4, to ameliorate biochemical and functional abnormalities in these
animals. We found that Het mice exhibit (1) reduced BDNF expression and TrkB activation in the medulla and pons and (2) breathing
dysfunction, characterized by increased frequency due to periods of tachypnea, and increased apneas, as in RTT patients. Treatment of
Het mice with LM22A-4 for 4 weeks rescued wild-type levels of TrkB phosphorylation in the medulla and pons and restored wild-type
breathing frequency. These data provide new insight into the role of BDNF signaling deficits in the pathophysiology of RTT and highlight
TrkB as a possible therapeutic target in this disease.

Introduction
Rett syndrome (RTT; OMIM 312750) is a complex autism spec-
trum disorder caused by loss-of-function mutations in the gene
encoding methyl-CpG-binding protein 2 (MeCP2) (Amir et al.,
1999; Shahbazian et al., 2002). In addition to cognitive and be-
havioral impairments, RTT patients exhibit severe motor, respi-
ratory, and autonomic dysfunction (Chahrour and Zoghbi,

2007) and �25% die of apparent cardiorespiratory failure (Kerr
et al., 1997). Development of RTT therapies has been compli-
cated by the fact that loss of MeCP2 function is associated with
dysregulation of large numbers of genes and downstream effec-
tors (Chahrour et al., 2008) and the relationship between specific
signaling pathways and individual RTT endophenotypes is
poorly understood.

Brain-derived neurotrophic factor (BDNF) has emerged as a
candidate for treatment of RTT based on findings that (1) BDNF
expression is abnormally low in RTT mouse models (Chang et al.,
2006; Wang et al., 2006; Ogier et al., 2007; Fyffe et al., 2008), and
in RTT patients (Deng et al., 2007) and (2) increasing BDNF
levels in RTT mice by genetic means or with agents that nonspe-
cifically promote endogenous BDNF production improves phys-
iologic function and/or survival (Chang et al., 2006; Ogier et al.,
2007). Mature BDNF acts via two receptors, the p75 neurotro-
phin receptor (p75 NTR) and the TrkB tyrosine kinase receptor
(Chao and Hempstead, 1995). BDNF itself is limited as a thera-
peutic tool due to an unfavorable pharmacokinetic profile and
because, through actions at more than one receptor, may have
unwanted pleiotropic effects (Massa et al., 2010; Chao et al.,
2006). Similarly, agents that increase BDNF, including ampaki-
nes (Lynch et al., 2008), inhibitors of BDNF gene repression
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(Rigamonti et al., 2007), mixed-lineage
kinase inhibitors (Apostol et al., 2008),
and antidepressants (Duman and Mon-
teggia, 2006; Zanella et al., 2008), or that
transactivate TrkB (Lee and Chao, 2001),
are not specific for BDNF or TrkB, respec-
tively. An alternative approach is to di-
rectly activate TrkB; potential strategies
include TrkB activating antibodies (Qian
et al., 2006) and small molecules that
function as direct TrkB ligands (Xie and
Longo, 2000; Jang et al., 2010; Massa et al.,
2010). In studies in which enhancement
of BDNF expression in RTT mice has been
shown to improve function (Chang et al.,
2006; Ogier et al., 2007), it is unknown
which BDNF receptor target is required.
The present study was undertaken to eval-
uate the ability of a small molecule, non-
peptide BDNF loop 2 domain mimetic,
LM22A-4, which functions as a direct and
specific partial agonist of TrkB, but not
p75 (Massa et al., 2010), to increase TrkB
activation and improve breathing in a
mouse model of RTT. LM22A-4 was de-
veloped by Longo, Massa and colleagues
by in silico screening for mimetics of
BDNF loop domains that selectively acti-
vate TrkB in vitro and in vivo and promote
recovery of motor function in a rodent
model of brain trauma (Massa et al.,
2010). Using heterozygous female Mecp2
mutant mice (Chen et al., 2003), we show
that daily treatment with LM22A-4 is well
tolerated and rescues wild-type levels of
TrkB phosphorylation and wild-type
breathing frequency.

Materials and Methods
Animals. Mecp2 tm1.1Jae mice, developed by Dr. R. Jaenisch (Whitehead
Institute, Massachusetts Institute of Technology, Cambridge, MA), were
purchased from the Mutant Mouse Regional Resource Center (University of
California Davis, Davis, CA) and maintained on a mixed background
(129Sv, C57BL/6, BALB/c) by crossing Mecp2 tm1.1Jae heterozygous females
(Mecp2�/�, Het) with Mecp2 tm1.1Jae wild-type males (Mecp2�/y). Experi-
mental procedures were approved by the Institutional Animal Care and Use
Committee at Case Western Reserve University.

BDNF protein measurements. BDNF concentrations were quantified
by ELISA using the BDNF Emax Immunoassay System (Promega) ac-
cording to the manufacturer’s protocol. The sensitivity of this BDNF
ELISA assay is �1–3 pg BDNF/ml. Brain tissues and nodose ganglia were
rapidly dissected and quick-frozen on dry-ice. Brain tissue samples were
homogenized in 200 �l of RIPA buffer (containing, in mM: 50 Tris-HCl,
1% Nonidet P-40, 0.25% sodium deoxycholate, 150 NaCl, 1 EDTA, pH
7.4) containing a mixture of protease inhibitors (Roche), and centrifuged
at 16,000 � g for 15 min at 4°C. Nodose ganglia were homogenized in 100
�l of the same buffer and centrifuged at 14,000 � g for 30 s at room
temperature. The supernatant from each sample was collected and stored
at �80°C until further use. For brain tissue samples, an aliquot of the
supernatant was used to determine total protein content using the Brad-
ford technique (Bradford et al., 1976) and 300 �g of total protein were
used for BDNF ELISA. For BDNF ELISA, the entire supernatant from
each individual nodose ganglion was loaded.

TrkB, AKT, and ERK phosphorylation assays. The ratios of (1) phos-
pho-TrkB Y817/TrkB (full-length), phospho-ERK/ERK and phospho-

AKT/AKT, (2) phospho-TrkB Y817/actin, phospho-ERK/actin and
phospho-AKT/actin, (3) TrkB (full-length)/actin, ERK/actin and AKT/
actin and (4) TrkB (truncated)/actin were measured by Western blot
using the ECL Chemiluminescence System (GE Healthcare) as described
previously (Yang et al., 2003). Site-specific rabbit monoclonal anti-
phospho-TrkB Y817 antibody was obtained from Epitomics and rabbit
polyclonal TrkB antibody was obtained from Millipore. Rabbit poly-
clonal ERK and AKT, mouse monoclonal phospho-ERK and phospho-
AKT antibodies were obtained from Cell Signaling Technology). Tissues
were homogenized in a lysis buffer (containing, in mM: 20 Tris, pH 8.0,
137 NaCl, 1% Igepal CA-630, 10% glycerol, 1 PMSF, 10 �g/ml aprotinin,
1 �g/ml leupeptin, 500 �M orthovanadate). Lysates were centrifuged at
14,000 � g for 10 min, then the supernatant was collected and protein
concentration was determined using the BCA Protein Assay Reagent
(Pierce).

Spectrometric analysis of LM22A-4 levels in the brain. The brain con-
centration of LM22A-4 (custom synthesized by Ricerca Biosciences,
LLC) was evaluated in Het mice 1 h after a 50 mg/kg intraperitoneal dose
using reverse-phase liquid chromatography with triple-quadrupole tan-
dem mass spectrometric (LC-MS/MS) detection. Atenolol, a drug that
does not cross the blood– brain barrier, was administered orally as a
control to correct for contamination by blood present in the brain vas-
cular space. Brainstem and forebrain samples were homogenized with a
Virsonic 100 ultrasonic homogenizer and prepared for analysis using
acetonitrile precipitation by combining one volume of sample with three
volumes of acetonitrile. Samples were centrifuged and the resulting su-
pernatant was sampled for analysis using a CTC Leap PAL autosampler
(Leap Technologies) and two PerkinElmer series 200 micro pumps.
Chromatography was performed at ambient temperature using a 50 �

Figure 1. Development of respiratory dysfunction in 8- to 12-week-old Mecp2�/� (Het) mice. A1–A4, Breathing frequency
(A1), Ttot (A2), Ti (A3), and Te (A4 ) are not significantly different between Wt (open bars) and Het (gray bars) mice at 8 weeks of age
(Wt, n � 7; Het, n � 5). Significant increases in frequency, associated with decreased Ti, Te, and Ttot, are observed in 10-week-old
Hets compared with Wt controls (Wt, n � 22; Het, n � 14); these differences persist at 12 weeks (Wt, n � 16; Het, n � 14) with
the exception of Ti. Results are expressed as the mean in percentage Wt � SEM. *p � 0.05, **p � 0.01, ***p � 0.001, unpaired
t test. B1, Box-and-whisker plots showing the number of apneas in Wt (open bars) and Het (gray bars) mice at 8, 10, and 12 weeks
of age. B2, The proportion of Hets exhibiting significantly more apneas than Wt increased from 20% at 8 weeks to 50% at 12 weeks
of age.
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2.0 mm inner diameter, 4 �m Synergi Polar-RP analytical column (Phe-
nomenex). The aqueous mobile phase (A) was 4 mM ammonium for-
mate, pH 3.5 and the organic mobile phase (B) was 10:90 (v/v) 4 mm
ammonium formate, pH 3.5/acetonitrile. The analyte was eluted with a
gradient which changed linearly from 0 to 100% B in 3 min at a flow rate
of 300 �l/min. The total run time was 4.5 min and the injection volume
was 10 �l. The analyte was detected on a Sciex API 3000 triple-
quadrupole mass spectrometer equipped with a TurboIonSpray interface

in the positive electrospray ionization mode
(Applied Biosystems/MDS). The multiple re-
action monitoring transitions and instrument
settings were optimized for LM22A-4. Equip-
ment operation, data acquisition, and data
integration were performed using Analyst ver-
sion 1.4.2. software (Applied Biosystems). The
drug injections, tissue extraction and LC-
MS/MS analysis were performed by Absorp-
tion Systems.

Respiratory function. Respiratory patterns
were analyzed at 8, 10, and 12 weeks after birth
in unrestrained mice using whole-body pleth-
ysmography as described previously (Ogier et
al., 2007). Measurements were taken from
quiet breathing periods of at least 5 min total
duration, and apneas were defined as pauses in
breathing greater than two times the average
breath duration calculated for each animal.

LM22A-4 treatment. Wt and Het littermates
were divided into 4 groups: Wt vehicle-treated
(100 �l of 0.9% NaCl, i.p., b.i.d.), Wt drug-
treated (50 mg/kg LM22A-4 in 0.9% NaCl, i.p.,
b.i.d.), Het vehicle-treated (100 �l of 0.9%
NaCl, i.p., b.i.d.), and Het drug-treated (50
mg/kg LM22A-4 in 0.9% NaCl, i.p., b.i.d.).
Each mouse was treated from 8 to 13 weeks of
age. Whole-body plethysmography was per-
formed during week 12 and animals were
subsequently killed and tissues harvested for
TrkB Western blots and BDNF ELISA during
week 13.

Statistical analyses. Comparison of respira-
tory parameters between Wt and Het animals
in the initial phenotyping experiments were
performed using unpaired Student’s t test.
Comparisons among Wt vehicle-treated, Wt
drug-treated, Het vehicle-treated, and Het
drug-treated groups in the LM22A-4 trials, in-
cluding plethysmography and Western blots
were performed using one-way ANOVA with
post hoc Least Significant Difference test (LSD)
for intergroup comparisons. Results were con-
sidered significant if the p-value was �0.05.
Data are presented as the mean � SEM.

Results
Development of respiratory
dysfunction in Het mice
The development of respiratory dysfunc-
tion in heterozygous Mecp2 tm1.1Jae mice
has not previously been described. Signif-
icant differences in breathing between Wt
and Het mice first appeared between 8
and 10 weeks after birth (Fig. 1). At 10
weeks, Het mice exhibited an abnormally
high breathing frequency associated with
marked decreases in expiratory time (Te)
and total breath duration (Ttot) and a
small but significant decrease in inspira-

tory time (Ti; Fig. 1 A1–A4 ). Significant differences in respira-
tory frequency, Te and Ttot (but not Ti) persisted at 12 weeks.
The number of apneas in the Het population increased be-
tween 8 and 12 weeks of age (Fig. 1 B1). This was due to a
progressive increase in the proportion of Hets exhibiting sig-
nificantly more apneas than Wt (20% at 8 weeks vs 50% at 12
weeks; Fig. 1 B2).

Figure 2. BDNF protein levels in 8-, 10-, and 12-week-old Mecp2 Het mice. A–C, BDNF levels, measured by ELISA, in the NG (A),
medulla (B), and pons (C) of Wt (open bars) and Het mice (gray bars). Results are expressed as the mean in percentage Wt � SEM
(n � 5–19 NG per group). *p � 0.05, **p � 0.01, ***p � 0.001, unpaired t test. D, BDNF immunostaining, representative of 3
Wt and 3 Het littermate pairs, demonstrates reduced BDNF levels in the nTS subregion of the dorsomedial medulla in 12-week-old
Het animals compared with Wt. AP, area postrema; tS, tractus solitarius.
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BDNF expression deficits in the
brainstem of Het mice
Mecp2 tm1.1Jae-null mice exhibit deficits in
BDNF expression in structures critical for
respiratory control, including the cranial
sensory nodose ganglion (NG) and brain-
stem (Katz et al., 2009). To determine
whether the development of respiratory
dysfunction in Het mice is associated with
changes in BDNF expression, we com-
pared BDNF protein levels in these re-
gions in Wt and Het mice at 8, 10, and 12
weeks of age (Fig. 2). BDNF levels in the
Het NG were significantly below Wt at all
3 ages (Fig. 2A). Accordingly, we found
reduced immunostaining for BDNF in
the medullary nucleus tractus solitarius
(nTS), the primary target of afferent
projections from NG sensory neurons
to the brainstem (Fig. 2 D; 12 weeks of
age). Despite this selective deficit within
the Het nTS, differences in BDNF level
between the Wt and Het medulla as a
whole were only detectable by ELISA at
8 weeks of age (Fig. 2 B). In the Het
pons, the level of BDNF was normal at 8
weeks and fell below Wt values at 10 and
12 weeks (Fig. 2C).

Improved respiratory function
following LM22A-4 treatment
In light of our finding that Het mice ex-
hibit BDNF deficits in the nTS and pons,
regions in which BDNF/TrkB signaling is
important for respiratory control (Ogier
and Katz, 2008), we next sought to exam-
ine whether or not systemic administra-
tion of LM22A-4, a small molecule BDNF
loop domain mimetic that acts as a selec-
tive TrkB agonist (Massa et al., 2010),
could improve the Het breathing pheno-
type. To determine the brain penetrance
of LM22A-4 following systemic adminis-
tration, brainstem and forebrain samples
were analyzed by LC-MS/MS 1 h after
a single intraperitoneal injection of 50
mg/kg LM22A-4 as described under Ma-
terials and Methods. These experiments
demonstrated brain tissue concentrations
(corrected for blood contamination) of
2.9 and 4.1 nM LM22A-4, respectively, which is well within the
range at which LM22A-4 exhibits biological activity in assays of
TrkB function (Massa et al., 2010). To evaluate the effects of
systemic LM22A-4 administration on respiratory function, we
used whole-body plethysmography to compare resting ventila-
tion in 12-week-old Wt vehicle-treated, Wt drug-treated, Het
vehicle-treated and Het drug-treated animals following 4 weeks
of twice daily injections of LM22A-4 (50 mg/kg, i.p.) (Fig. 3A,B).
In contrast to vehicle-treated Het controls, LM22A-4-treated
Hets exhibited values of breathing frequency, Te and Ttot that
were not significantly different from those of Wt (Fig. 3A,B;
pooled results of 4 independent experiments). The percentage of
apneic animals was unaffected by drug treatment (data not

shown), and there were no significant differences in respiratory
function between vehicle- and drug-treated Wt mice. Moreover,
drug treatment had no effect on body weight in either Wt or Het
mice throughout the treatment period (Fig. 3C).

LM22A-4 treatment reverses TrkB phosphorylation deficits in
the brainstem of Het mice
We next sought to determine whether or not improved respira-
tory function in LM22A-4-treated Hets is associated with in-
creased TrkB signaling in the brainstem. To address this issue, we
used Western blots to compare the ratio of phosphorylated TrkB
to total full-length TrkB (p-TrkB Y817/TrkB) in 13-week-old Wt
vehicle-treated, Wt drug-treated, Het vehicle-treated, and Het
drug-treated animals following 5 weeks of systemic treatment

Figure 3. Treatment of Mecp2 Het mice with LM22A-4 restores normal respiratory frequency by increasing Te and Ttot. Animals
were treated from 8 to 12 weeks of age as described in Materials and Methods. A, Representative plethysmographic traces showing
the breathing pattern of Wt vehicle-treated, Wt LM22A-4-treated, Het vehicle-treated, and Het LM22A-4-treated mice. B, Com-
parison of the breathing frequency, Ttot, Ti, and Te among all four treatment groups. Results are expressed as the mean in percent-
age Wt � SEM (Wt vehicle-treated, n � 29, open bars; Wt LM22A-4 treated, n � 13, light gray bars; Het vehicle-treated, n � 22,
dark gray bars; Het LM22A-4-treated, n � 22, black bars). *p � 0.05, **p � 0.01, ***p � 0.001, ANOVA I with post hoc LSD test.
C, Body weight is unaffected by 5 weeks of treatment with LM22A-4 (50 mg/kg, i.p., b.i.d.) Results are shown as mean � SEM (Wt
vehicle-treated, n � 26, black cross marker; Wt LM22A-4 treated, n � 11, dark circle markers; Het vehicle-treated, n � 24, open
square markers; Het LM22A-4 treated, n � 29, dark triangle markers).
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with LM22A-4 (50 mg/kg, i.p., b.i.d.) (Fig. 4). To control for
possible changes in total TrkB levels between Wt and Het sam-
ples, or with LM22A-4 treatment, we also compared the ratios of
p-TrkBY 817, total full-length TrkB and total truncated TrkB to
actin (p-TrkB Y817/actin, TrkB/actin, TrkB-T/actin, respectively).

Pons and medulla samples from vehicle-treated (control)
Hets exhibited significant decreases in p-TrkB Y817/TrkB and
p-TrkB Y817/actin compared with vehicle-treated (control) Wt

animals with no change in the levels of
total full-length TrkB or truncated TrkB.
These deficits in TrkB phosphorylation in
Het mice were completely reversed by
treatment with LM22A-4 (Fig. 4). In fact,
drug-treated Hets showed significantly
higher levels of p-TrkB/TrkB and p-TrkB/
actin than wild-type controls in the pons.
We also examined whether or not genotype
and drug effects on TrkB phosphorylation
were reflected in changes in phosphoryla-
tion of the serine/threonine protein kinase
AKT (p-AKT) and extracellular signal-
regulated kinase ERK/MAPK (p-ERK), key
downstream mediators of the biological ef-
fects of TrkB activation (Lee et al., 2002).
These experiments demonstrated signifi-
cant decreases in p-AKT/AKT and p-AKT/
actin in the pons of Het mice compared with
Wt controls that were reversed by LM22A-4
treatment, with no change in total AKT lev-
els (Fig. 5). In contrast, there was no signif-
icant effect of genotype or drug treatment
on the level of p-ERK/ERK in pons samples
from Wt and Het mice. In the medulla,
although p-AKT/AKT and p-AKT/actin
tended to be lower in Het mice compared
with Wt, these trends were not statistically
significant. p-ERK/ERK in the medulla was
significantly lower in Het animals compared
with Wt controls in both vehicle- and drug-
treated animals (Fig. 6).

Discussion
Increasing evidence indicates that symp-
toms of autism spectrum disorders in
mouse models can be significantly im-
proved by therapeutic interventions de-
signed either to reverse genetic defects or
restore normal signaling downstream
of defective genes (Silva and Ehninger,
2009). In the case of RTT, identification of
potential therapeutic targets has been
complicated by the fact that loss-of-
function mutations in Mecp2 result in
dysregulation of large numbers of genes
and downstream effectors (Chahrour et
al., 2008), and the relationship between
specific signaling pathways and individual
RTT endophenotypes is poorly under-
stood. The present finding that pharma-
cologic activation of TrkB in Mecp2 Het
mice eliminates respiratory tachypnea
supports the role of BDNF/TrkB signaling
deficits in respiratory dysfunction in RTT
and provides proof-of-concept for the

therapeutic potential of TrkB agonists to improve this, and pos-
sibly other aspects of the disease.

Although we cannot yet ascribe reversal of respiratory tachy-
pnea in treated Hets to specific populations of neurons, BDNF is
known to regulate synaptic function in medullary and pontine
cell groups important for respiratory control, including nTS
(Balkowiec et al., 2000; Kline et al., 2010), the Kolliker-Fuse nu-

Figure 4. TrkB phosphorylation deficits in Mecp2 Het mice are reversed by chronic treatment with LM22A-4. Top, Representa-
tive Western blots showing phosphorylated TrkB Y817 (p-TrkB), full-length TrkB (TrkB-F), truncated TrkB (TrkB-T), and actin in
medulla and pons samples from (left to right) Wt vehicle-treated, Wt drug-treated, Het vehicle-treated, and Het drug-treated
mice. Graphs, Summary results showing the ratios of p-TrkB/TrkB-F, p-TrkB-F/actin, TrkB-F/actin and TrkB-T/actin, respectively, in
medulla and pons samples from all four treatment groups [open bars, Wt vehicle-treated (Wt�V); light gray bars, Wt drug-treated
(Wt�D); dark gray bars, Het vehicle-treated (Het�V); black bars, Het drug-treated (Het�D)]. Results are expressed as the
mean � SEM (medulla; Wt�V, n � 9; Wt�D, n � 3; Het�V, n � 8; Het�D, n � 13; pons; Wt�V, n � 13; Wt�D, n � 7;
Het�V, n � 11; Het�D, n � 15). *p � 0.05, ** p � 0.01, ***p � 0.001, ANOVA I with post hoc LSD test.
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cleus (Kron et al., 2007, 2008) and the pre-
Bötzinger complex (Thoby-Brisson et al.,
2003). We found that the medulla and
pons of Het mice exhibit significant def-
icits in p-TrkB/TrkB, consistent with
reduced expression of BDNF in these
tissues, which are reversed by chronic
treatment with LM22A-4. The fact that
functional recovery in Het mice is associ-
ated with restoration of Wt levels of TrkB
phosphorylation in the medulla and pons
is consistent with previous findings that
(1) exogenous BDNF can rescue wild-type
synaptic function in brainstem slices from
Mecp2-null mice in vitro (Kline et al.,
2010) and (2) enhanced BDNF expression
in ampakine-treated Mecp2-null mice is
associated with normalization of respira-
tory frequency (Ogier et al., 2007). More-
over, the fact that the onset of significant
respiratory dysfunction in Het mice be-
tween 8 and 10 weeks of age is temporally
correlated with the appearance of reduced
BDNF levels in the pons raises the possi-
bility that pontine deficits in TrkB signal-
ing, alone or in combination with BDNF
deficits in the NG and nTS, are particularly
important for expression of the Het respira-
tory phenotype. Of course, BDNF deficits
elsewhere in the brain may also contribute
to the Het phenotype, and LM22A-4 may
act at multiple sites throughout the neuraxis
to improve neurologic function in these an-
imals. This possibility is supported by recent
findings from our laboratory that, in addi-
tion to rescue of respiratory tachypnea,
LM22A-4 treatment also improves sensori-
motor function (D. Schmid and D. Katz,
unpublished observation).

Analysis of signaling pathways down-
stream of TrkB revealed some apparently
tissue-specific effects of genotype and
drug treatment. In the pons, for example, vehicle-treated Het
mice exhibited significant deficits in p-AKT/AKT and p-AKT/
actin (and, to a lesser degree, AKT/actin) that paralleled the re-
duction in TrkB activation, whereas levels of p-ERK/ERK and
p-ERK/actin were not significantly different from Wt controls. In
the medulla, on the other hand, there was a trend, though no
significant effect of genotype on levels of p-AKT/AKT or p-AKT/
actin, whereas p-ERK/ERK was significantly below Wt controls.
LM22A-4 treatment completely rescued the deficits in p-AKT/
AKT and p-AKT/actin in the pons without affecting levels of
p-ERK/ERK (although there was an increase in p-ERK/actin in
the pons of drug-treated Hets, this was proportional to an in-
crease in overall ERK levels (ERK/actin). p-AKT levels in the pons
and medulla of Wt mice were unaffected by LM22A-4 treatment,
perhaps indicating that AKT activation by TrkB is already maxi-
mal in these animals. Drug treatment also had no effect on levels
of ERK phosphorylation in the Het medulla, where levels of p-
ERK/ERK are reduced compared with Wt controls. These find-
ings contrast with those of Massa et al. (2010) who showed that
activation of TrkB by LM22A-4 in fetal hippocampal neurons
from normal mice is accompanied by increased phosphorylation

of both AKT and ERK. This apparent discrepancy may indicate
that reduced expression of MeCP2, as in Het mice, interferes with
pathways regulating ERK activation downstream of TrkB. These
data also raise the possibility that restoration of AKT signaling in
the pons may be particularly important for the phenotypic effects
of LM22A-4 treatment. In addition, it is possible that the activity
of other TrkB signaling partners not examined here, such as
PLC� (Huang and Reichardt, 2003) are also affected by reduced
TrkB signaling in Het mice and play a role in the response to
LM22A-4.

Our data highlight important differences between the re-
spiratory phenotype of Mecp2 tm1.1Jae mice, used in the present
study, and studies of Mecp2 tm1.1Bird mice, which are often used to
model breathing dysfunction in RTT (Katz et al., 2009). Accord-
ing to published studies, Mecp2 tm1.1Bird mice, in contrast to
Mecp2 tm1.1Jae mice (present study and Ogier et al., 2007), and
RTT patients (Weese-Mayer et al., 2006), exhibit reduced respi-
ratory frequency (Bissonnette and Knopp, 2008) and progressive
slowing of breathing until death (Viemari et al., 2005). It is cur-
rently unknown whether this discrepancy results from differ-
ences in genetic background [(C57BL/6 (Mecp2 tm1.1Bird) vs

Figure 5. AKT phosphorylation deficits in the pons of Mecp2 Het mice are reversed by chronic treatment with LM22A-4. Top,
Representative Western blots showing p-AKT, total AKT (AKT), p-ERK, total ERK (ERK), and actin in pons samples from (left to right
in each blot) Wt�V, Wt�D, Het�V, and Het�D mice. Graphs, Summary results showing the ratios of p-AKT/AKT, p-ERK/ERK,
p-AKT/actin, p-ERK/actin, AKT/actin and ERK/actin in pons samples from all four treatment groups (open bars, Wt�V; light gray
bars, Wt�D; dark gray bars, Het�V; black bars, Het�D). Results are expressed as the mean�SEM (Wt�V, n�13; Wt�D, n�
7; Het�V, n � 11; Het�D, n � 14). *p � 0.05, **p � 0.01, ***p � 0.001, ANOVA I with post hoc LSD test.
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129Sv,C57BL/6,BALB/c (Mecp2 tm1.1Jae)], gene targeting strate-
gies, or both. However, Ward et al. (2011) recently showed that
animals with the Mecp2 tm1.1Bird allele on a 129S6B6F1 back-
ground exhibit increased respiratory frequency, arguing strongly
for genetic background effects on the expression of respiratory
tachypnea in this model. Apneas, on the other hand, are charac-
teristic of both Mecp2 tm1.1Bird and Mecp2 tm1.1Jae mice (Katz et al.,
2009; Abdala et al., 2010; Ward et al., 2011). Our finding that
LM22A-4 treatment at 50 mg/kg, b.i.d. resolves respiratory tachy-
pnea, without affecting apneas, suggests possible differences in
the mechanism underlying these two components of respiratory
dysfunction in RTT. However, recent studies in our laboratory
indicate that acute administration of LM22A-4 at higher doses
than used in the present study can significantly reduce apneas in
Het mice, suggesting that deficits in TrkB signaling contribute to
respiratory pauses as well (I. Adams and D. Katz, unpublished
observation). Other groups have shown that apneas can be reduced
or eliminated in Mecp2 tm1.1Bird mice by various pharmacologic
agents, including desipramine (Zanella et al., 2008), 8-hydroxy-
dipropyl-aminotetralin, a serotonin 1a agonist (Abdala et al., 2010),

or enhancers of GABA function (Abdala et
al., 2010). Thus, it will now be important to
determine whether or not different
LM22A-4 dosing regimens, or combined
strategies targeting BDNF/TrkB signaling
and other transmitter systems together, can
ameliorate both respiratory tachypnea and
apnea in appropriate mouse models.

In summary, our data demonstrate the
ability of a BDNF loop domain mimetic to
enhance TrkB activation and restore wild-
type respiratory frequency in Mecp2 Het
mice. These findings provide validation of
TrkB as a therapeutic target in mouse
models of RTT and indicate that BDNF
loop domain mimetics can be effective at
overcoming functional deficits associated
with reduced BDNF expression.
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