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Rett syndrome is a severe childhood onset neurodevelopmental
disorder caused by mutations in methyl-CpG–binding protein 2
(MECP2), with known disturbances in catecholamine synthesis.
Here, we show that treatment with the β2-adrenergic receptor
agonist clenbuterol increases survival, rescues abnormalities in re-
spiratory function and social recognition, and improves motor
coordination in young male Mecp2-null (Mecp2−/y) mice. Impor-
tantly, we demonstrate that short-term treatment with clenbuterol
in older symptomatic female heterozygous (Mecp2−/+) mice res-
cues respiratory, cognitive, and motor coordination deficits, and
induces an anxiolytic effect. In addition, we reveal abnormalities
in a microRNA-mediated pathway, downstream of brain-derived
neurotrophic factor that affects insulin-like growth factor 1 (IGF1)
expression in Mecp2−/y mice, and show that treatment with clen-
buterol restores the observed molecular alterations. Finally,
cotreatment with clenbuterol and recombinant human IGF1 results
in additional increases in survival in male null mice. Collectively,
our data support a role for IGF1 and other growth factor deficits
as an underlying mechanism of Rett syndrome and introduce β2-
adrenergic receptor agonists as potential therapeutic agents for
the treatment of the disorder.

let-7f | LIN28A

Rett syndrome (RTT) is characterized by cognitive, behavioral,
motor, and autonomic nervous system disturbances that

appear after a relatively normal early postnatal time period (1, 2).
More than 90% of subjects diagnosed with RTT carry mutations
in methyl-CpG–binding protein 2 (MECP2), a gene located on
the X chromosome (3). Because the vast majority of MECP2
mutations are de novo and paternally inherited, RTT is found
predominantly in females. Due to X-chromosome inactivation
and mutation differences in the MECP2 gene, patients with RTT
display pronounced variability in the severity of their clinical
symptoms (4). Previous studies have demonstrated that Mecp2
knockout (KO) mice show many of the symptoms of female
patients with a similar age of onset (5, 6). Female Mecp2 het-
erozygous mice display a delayed and more variable phenotype,
but are important for determining the sex-specific effects and
preclinical value of potential therapeutic interventions (7–9). Mul-
tiple studies have reported a plethora of physiological alterations in
RTT patients and Mecp2 KO mice, including deficits in the
modulation of adrenergic production and neurosecretion (10–14).
MeCP2 is involved in an extensive range of molecular func-

tions, including influencing transcription by recruiting different
chromatin-regulating complexes to the promoter region of nu-
merous genes, promoting alternative splicing, affecting imprint-
ing, and maintaining global chromatin structures (15). In addition,
MeCP2 plays a prominent role in regulating the expression of
microRNAs (miRNAs), a subset of evolutionarily conserved
small noncoding RNAs that posttranscriptionally target more than
half of all protein-coding genes and play an instrumental role in
brain plasticity and disease (16–18). Several studies have revealed

an intriguing interplay between MeCP2 and miRNAs that regulate
brain-derived neurotrophic factor (BDNF) (16–18), a molecule
whose genetic overexpression can improve phenotypes in a mouse
model of RTT (19).
Another growth factor recently shown to be important for

RTT is insulin-like growth factor 1 (IGF1), which can partially
rescue disease-related symptoms when administered to Mecp2
KO mice in full-length form (20) or as an active tripeptide
fragment (21). Indeed, several studies have demonstrated that
IGF1 can rescue molecular signaling, structural and physiologi-
cal phenotypes in human induced pluripotent stem cell-derived
neurons (22, 23) and astrocytes (24), and clinical trials of
recombinant human IGF1 for RTT have shown favorable safety
(25), and safety plus efficacy (26, 27) profiles.
Here, we report that chronic treatment of young Mecp2-null

mice with the β2-adrenergic receptor agonist clenbuterol
increases survival and ameliorates respiratory, social, and motor
behavioral deficits characteristic of RTT. Importantly, 3–4 wk
of clenbuterol treatment in older symptomatic female Mecp2
heterozygous mice results in additional improvement of multiple
behavioral deficits. Furthermore, we report alterations in a
miRNA-mediated molecular pathway that bridges the observed
deficits in BDNF and IGF1 expression in the brain of male
Mecp2 mutant mice, which is also responsive to clenbuterol

Significance

Rett syndrome is a devastating neurodevelopmental disorder
with diverse symptoms and no available treatment. Previous
work from our laboratory has identified deficits in insulin-
like growth factor 1 (IGF1) levels in Mecp2 mutant mice, and
demonstrated correction of symptoms and molecular-sig-
naling alterations with IGF1 treatment. Here, we show that
treatment with the adrenergic receptor agonist clenbuterol
rescues a microRNA pathway that underlies IGF1 expression,
improves survival, and ameliorates diverse phenotypes in
Mecp2 mutant mice. Life span measurements suggest that
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their therapeutic effects in the mouse model of the disease. We
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clenbuterol before clinical trials establish its safety and efficacy
in Rett syndrome.
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treatment. Finally, we show that coadministration of clenbuterol
and recombinant human IGF1 (rhIGF1) results in a robust boost
in the survival of Mecp2 KO mice.

Results
Clenbuterol Increases Survival, Rescues Respiratory Deficiency, and
Improves Motor Coordination in Male Mecp2-Null Mice. Given the
known abnormalities in adrenergic synthesis in RTT (10–14), we
decided to test the effect on survival and behavior of chronic
treatment with clenbuterol, a specific β2-adrenergic receptor
agonist. In addition to its ability to effectively cross the blood–
brain barrier, clenbuterol can increase BDNF levels in the brain
(28) and has been reported to improve cognition, mediate
neuroprotection, and reduce neuroinflammation (29–31). We
therefore postulated that clenbuterol could exert therapeutic
effects in Mecp2 mouse models of RTT. Toward that end, we
injected intraperitoneally (i.p.) clenbuterol (KOt), or vehicle
(KOv) in male postnatal day 14 (P14) Mecp2−/y littermates, an
age that is old enough to allow i.p. injections, and continued
treatment until 8–9 wk or as long as the mice survived (Fig. 1A)
(Materials and Methods). We initially chose a dose of 5 mg/kg,
known to be effective in the brain (31).
Notably, KOt mice displayed a significant increase in survival

in comparison with their littermate KOv mice (Fig. 1B). Of note,

treatment with 50 times lower concentration of clenbuterol,
which has also been shown to affect the brain (32), still resulted
in a significant increase in survival, thus expanding the range of
the effective clenbuterol dose (Fig. S1 A and B).
Mecp2 KO mice are known to exhibit aberrant motor co-

ordination, a deficit related to cerebellar BDNF levels (33). As
expected, 7-wk-old KO mice showed significantly reduced per-
formance in the rotarod assay on both the first and second ex-
perimental days (Fig. 1C and Fig. S2A). Clenbuterol significantly
improved the phenotype during the second but not first day of
testing (Fig. 1C and Fig. S2A), implying a modest effect on motor
coordination in Mecp2-null mice. However, clenbuterol did not
improve general locomotion in 4-wk male KO mice (Fig. S2B),
suggesting that not all motor disturbances were ameliorated.
Previous studies have observed deficiencies in adrenergic sig-

naling in central respiratory centers (13, 34), which are related to
alterations in cyclic adenosine monophosphate (cAMP), protein
kinase A (PKA), and cAMP response element-binding protein
(CREB) phosphorylation (35) that are downstream of β2-adren-
ergic receptor signaling (29, 36). Consistent with relatively nor-
mal early development, no significant changes in respiratory
frequency were observed at 4 wk (Fig. S3A). However, a sig-
nificant deficit was found at 8 wk in KOv mice, which was res-
cued in clenbuterol-treated animals (Fig. 1D). Heart rate in
KOv mice similarly showed no changes at 4 wk compared with
WTv littermates, but did show a significant reduction at 8 wk
(Fig. S3 B and C). However, heart rate in KOt mice was
similar to that of KOv mice (Fig. S3 B and C).
We then assayed sociability and social memory in Mecp2−/y

mice with the three-chamber test. Our results revealed that, al-
though the percentage of time spent in the stimulus mouse
chamber during the social approach was the same in both 7-wk-
old KOv and WTv mice, KOv mice had diminished ability to
recognize this previous social interaction (Fig. 1E). Notably,
clenbuterol treatment rescued this deficit (Fig. 1E). Together,
our data demonstrate that clenbuterol is able to enhance survival
and improve multiple phenotypes in male null mice.

Short-Term Clenbuterol Treatment in Symptomatic Female Mecp2−/+

Mice Rescues Multiple Behavioral Deficits. Experiments in female
mice are necessary to preclinically evaluate the effectiveness of
potential therapies related to patients with RTT who are pre-
dominately female (9). We, therefore, examined the effect of
clenbuterol treatment (5 mg/kg, i.p.) in older (6–12 mo) symp-
tomatic Mecp2−/+ mice. Given the known variability in disease
severity in female heterozygous mice, we measured the perfor-
mance of each mouse in five behavioral assays before and after 3
or 4 wk of clenbuterol treatment, and at the same time assayed
the performance of female WT mice on the same tests to discover
whether any clear deficits exist in certain behaviors (Fig. 2A).
We first used whole-body plethysmography to measure re-

spiratory function, including the existence of episodes of apnea.
Indeed, female Mecp2−/+ mice before treatment had significantly
more apneas than female WT mice of similar age (Fig. 2B),
which was rescued by clenbuterol treatment (Fig. 2B). Previous
work has identified that the increased appearance of apneas is
accompanied by enhanced postinspiratory activity in Mecp2-null
mice (37). Indeed, significant increases in expiratory and
decreases in inspiratory times were observed in pretreatment
Mecp2−/+ mice relative to WT female controls, which were no-
tably reversed following clenbuterol treatment (Fig. 2 C and D).
These results suggest that even short duration of clenbuterol
treatment is sufficient to significantly improve respiratory func-
tion in symptomatic females.
Previous detailed analysis of the cognitive symptomatology of

female Mecp2 heterozygous mice uncovered a significant deficit
in object discrimination (8). Given that clenbuterol has been
shown to improve memory performance (29, 30), we repeated a

Fig. 1. Treatment with clenbuterol substantially increases survival and
improves behavior of Mecp2 KO mice. (A) Schematic showing the duration
of clenbuterol treatment and time of behavioral assays in Mecp2−/y mice. (B)
Graph showing cumulative survival distributions for KO vehicle [KO (v), red
circles], and KO clenbuterol-treated [KO (t), green circles] mice. P value
shown in graph is based on Gehan–Breslow–Wilcoxon test. (C ) Graph
showing mean ± SEM latency to fall rotarod motor coordination test
values (in seconds) in WT vehicle [WT (v), black circles], KO vehicle [KO (v),
red circles], and clenbuterol-treated [KO (t), green circles] mice during the
second experimental day. (D) Graph showing mean ± SEM breath rate values
(breaths per minute) for the three experimental groups. Stars in C and D
depict statistical significance based on ANOVA with Newman–Keuls test
for multiple comparisons (***P < 0.001, **P < 0.01, *P < 0.05). (E) Graph
showing mean ± SEM percentage of time spent in the chamber with the
Stimulus mouse for WT (v) (n = 29), KO (v) (n = 9), and KO (v) (n = 11) during
the first (social approach or SA, filled bars) and second day (social recogni-
tion or SR, bars with diagonal lines) of the three-chamber test. The asterisks
denote statistical significance based on two-tailed paired t test (***P <
0.001, **P < 0.01, with the exact P values depicted in the figure).
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similar behavioral assay before and after 3–4 wk of clenbuterol
treatment. Indeed, Mecp2−/+ mice exhibited a significant dis-
turbance relative to WT female mice in recognizing the rear-
rangement of two objects inside an arena (Fig. 2E) (SI Materials
and Methods). Intriguingly, clenbuterol abolished the observed
deficit in object recognition, suggesting that it could be ef-
fective in improving cognitive alterations in female Mecp2+/−

mice (Fig. 2E).
In addition, clenbuterol treatment in female heterozygous

mice resulted in an amelioration of the motor coordination
deficits, which was apparent in both days of testing (Fig. 2F and
Fig. S4A). However, given the known suppressive effects of high
clenbuterol dosage through binding to peripheral adrenergic

receptors (38), we did not observe any improvements on total
distance traveled by the mice after treatment (Fig. S4B). Similarly,
and in agreement with results in null males, clenbuterol treat-
ment in female Mecp2−/+ mice did not improve the total cross-
ings in the locomotor behavioral assay (Fig. S4C).
Last, heterozygous female mice exhibited increased anxiety in the

open field test relative to WT female controls, as shown by a low
percentage of the time spent in the center of the test arena
(Fig. 2G). Clenbuterol treatment significantly increased the rel-
ative time spent in the center, although the anxiolytic effect after
treatment was modest. Collectively, our data suggest that short-
term treatment with clenbuterol in symptomatic female hetero-
zygous mice exerts significant improvements in multiple behav-
ioral phenotypes related to RTT.

IGF1 Is Reduced in Mecp2 Mutant Mice Through a miRNA-Mediated
Mechanism and Restored by Clenbuterol. To dissect the molecular
pathways that could be downstream of clenbuterol, we measured
levels of BDNF and related downstream molecules in the cere-
bellum, a brain region severely affected by the disease (39, 40),
of male KOv and KOt mice and their WT littermates (animals
were injected daily with saline vehicle or 5 mg/kg clenbuterol
from P14 to 8–9 wk of age). Clenbuterol-mediated activation of
β2-adrenergic receptors in the brain is known to activate PKA,
thereby phosphorylating and activating CREB (29, 32). As pre-
dicted, due to the high relative abundance of β2-adrenergic re-
ceptors in the cerebellum (41), the ratio of activated to total CREB
(pCREB/tCREB) was significantly increased after clenbuterol
treatment (Fig. 3A). Given that MeCP2 affects BDNF tran-
scription through mechanisms including CREB signaling (16,
42), we measured BDNF expression. Indeed, levels of both cere-
bellar BDNF mRNA and protein were reduced in KOv mice rel-
ative to WT controls but significantly increased in KOt mice,
suggesting that clenbuterol can ameliorate the alterations in
BDNF expression observed in Mecp2 KO mice (Fig. 3 B and C).
A recent study had suggested that BDNF can regulate the

protein levels of miRNA-processing factor Lin-28 homolog A
(LIN28A) (43), a protein known to affect the maturation of the
let-7 family of miRNAs (44). We found a greater than twofold
reduction in LIN28A protein in the cerebellum of Mecp2 KO
mice, suggesting that miRNA processing might be perturbed
(Fig. 3D). LIN28A specifically inhibits the let-7 miRNAs (44),
and we found that multiple members of the let-7 family were
increased, with let-7f showing the most robust increase (Fig. 3E
and Fig. S5A). Intriguingly, clenbuterol treatment completely
rescued LIN28A protein (Fig. 3D) and let-7f mature miRNA
levels (Fig. 3E). The effect of LIN28A on let-7f is not expected
to influence the processing of initial nuclear primary precursor
miRNA (pri-miRNA) (44); consistently, we found no changes in
the expression of the two pri-miRNAs that produce identical,
in sequence, mature let-7f molecules (Fig. S5B).
It has been previously shown that let-7f can inhibit IGF1 ex-

pression in rat microglia (45). Because IGF1 protein is highly
expressed in the serum and can easily cross the blood–brain
barrier in an activity-dependent manner (46), we measured
cerebellar IGF1 mRNA expression. Our data revealed a signifi-
cant reduction in local IGF1 mRNA levels in KO mice (Fig. 3F),
suggesting that brain-specific IGF1 synthesis may be perturbed in
RTT. Importantly, treatment with clenbuterol led to significant
increase in cerebellar IGF1 mRNA levels as well (Fig. 3F).
In addition to its impact on BDNF expression, clenbuterol has

been reported by multiple studies to increase the levels of nerve
growth factor (NGF) (28, 32), a protein known to be reduced in
the striatum of Mecp2 KO mice (47). Our results showed that,
although NGF is not reduced in KO vehicle mice, both mRNA
and protein levels were significantly increased following clen-
buterol treatment (Fig. S6 A and B).

Fig. 2. Treatment with clenbuterol improves multiple behavioral deficits
in symptomatic Mecp2−/+ mice. (A) Schematic showing the duration of
clenbuterol treatment and time of behavioral assays in Mecp2−/+ mice. (B, Up-
per) Representative 5-s trace from a Mecp2−/+ mouse before clenbuterol
treatment showing characteristic (>0.5 s, black arrows) episodes of apnea.
(Scale bar, 0.5 s.) (Lower) Graph showing the total number of apneas during
12-min plethysmography sessions in Mecp2−/+ mice before (filled red circles)
and after (filled green circles) 3 wk of clenbuterol treatment. (C) Repre-
sentative 5-s respiratory traces pre- and post-clenbuterol treatment of the
same Mecp2−/+ mouse, as well as a WT control. (D) Graph showing mean ±
SEM inspiratory (Ti) and expiratory (Te) times in milliseconds following
plethysmography in Mecp2−/+ mice before and after 3 wk of clenbuterol
treatment, as well as in WT female mice. Stars depict statistical significance
based on Kruskal–Wallis ANOVA with Dunn’s multiple-comparison test (***P <
0.001, **P < 0.01, *P < 0.05). (E) Graph showing the object recognition
performance ratio (SI Materials and Methods) before and after 3–4 wk of
clenbuterol treatment. (F) Graph showing latency to fall rotarod motor co-
ordination test values (in seconds) before and after 4 wk of clenbuterol
treatment. Results from the first experimental day are shown. (G, Upper)
Representative traces from the open field assay for the same female Mecp2−/+

mouse pre- and post-clenbuterol treatment and for a WT female control
mouse. (Lower) Graph showing the percentage of time spent in the center of
the arena before (pre, red filled circles) and after (post, green filled circles)
3 wk of daily clenbuterol treatment in female Mecp2+/− mice. In all graphs
but D, stars between treatments depict statistical significance (**P < 0.01,
*P < 0.05) based on two-tailed paired Student t test (E and F) or Wilcoxon
matched-pairs signed rank test (B and G), and stars over data points depict
significance relative to WT female mice based on two-tailed one-sample
Student t test (E and F), or two-tailedWilcoxon signed rank test (B andG) (***P <
0.001, *P < 0.05). In graphs B, E, F, and G, the dotted lines and blue shading
depict the mean ± SEM values of female WT control mice.
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Given that brain measurements were not possible in female
heterozygous mice because the same mice were used for before-
and after-treatment comparison, and because serum IGF1 protein
levels are reduced in male Mecp2-null mice (20), we examined
IGF1 protein levels in the serum of femaleMecp2−/+ mice before
and after treatment with clenbuterol. Indeed, serum IGF1 pro-
tein expression was reduced relative to WT female mice in the
Mecp2−/+ mice before treatment (Fig. 3G) and was restored
following 4 wk of clenbuterol treatment (Fig. 3G).
The sequence of let-7f is predicted to be complementary to an

evolutionarily conserved region in the 3′-untranslated region (3′-
UTR) of IGF1 mRNA (Fig. 3H). To validate a direct interaction,
we added a large fragment of mouse IGF1 3′-UTR containing the
let-7f predicted target site downstream of the luciferase gene and

compared relative luminescence after overexpressing let-7f in
HEK293 cells. Our results showed that transfection with synthetic
let-7f precursors increased mature let-7f levels relative to miRNA
precursor negative control (P = 0.0043, Mann–Whitney test) and
significantly reduced luciferase activity (Fig. 3H). To further test the
effects of LIN28A and let-7f on IGF1 expression, we transfected a
human hepatocyte carcinoma cell line (Hep G2) with shRNAs
against LIN28A and miRNA inhibitors against let-7f together
with scrambled negative miRNA and shRNA controls. Our results
showed that Hep G2 cells express let-7f and LIN28A, both of which
are inhibited following miRNA inhibition and shRNA-mediated
knockdown, respectively (Fig. S7). Intriguingly, levels of human
IGF1 mRNA significantly increased following inhibition of
let-7f (Fig. 3I). However, knockdown of LIN28A, which is known
to inhibit let-7 miRNAs, resulted in a robust reduction in
IGF1 mRNA (Fig. 3I), suggesting that altered expression of
LIN28A and let-7f can differentially influence IGF1 levels.
To examine whether the differential expression of the multiple

components of the molecular pathway downstream of BDNF
were associated with each other, we compared mRNA/miRNA
and protein expression in the same male WT and KOv and KOt
mice. This revealed a significant positive correlation between
BDNF mRNA and LIN28A protein (Fig. 4A), and significant
negative correlations between LIN28A/let-7f and let-7f/IGF1
(Fig. 4 B and C). Taken together, these data suggest that a
complex miRNA-mediated molecular pathway downstream of
MeCP2 can be linked to reduced BDNF and IGF1 expression in
brain and serum of Mecp2 mutant mice, which can be restored
in vivo following treatment with clenbuterol (Fig. 4D).

Combinatorial Treatment with Clenbuterol and rhIGF1 Increases
Survival and Further Improves the Phenotype of Mecp2 KO Mice.
Because clenbuterol resulted in a partial rescue of IGF1 ex-
pression, the restoration of BDNF, and an increase in NGF
levels, we reasoned that combining clenbuterol treatment with
IGF1 supplementation might result in an additive therapeutic

Fig. 3. A miRNA-mediated pathway controlling IGF1 expression is altered in
Mecp2 male null mice and restored by clenbuterol treatment. (A, Upper)
Representative blot showing levels of phosphorylated CREB (pCREB) nor-
malized to total CREB (tCREB) WT vehicle [WT (v), black bars; n = 7], KO
vehicle [KO (v), red bars; n = 6], and clenbuterol-treated [KO (t), green bars;
n = 5] mice. (Lower) Graph showing mean ± SEM cerebellar pCREB/tCREB
ratio based on Western blotting. (B and C) Graphs showing mean ± SEM
cerebellar BDNF mRNA levels based on quantitative real-time PCR (B), and
BDNF protein levels based on ELISA (C). Number of samples for WT (v), KO
(v), and KO (t) were 12, 9, and 8, respectively for mRNA and 9, 8, and 8 for
protein levels. (D, Upper) Representative blot showing levels of LIN28A
normalized to α-tubulin for the three groups of mice described in A. (Lower)
Graph showing mean ± SEM normalized cerebellar LIN28A protein levels for
WT (v) (n = 7), KO (v) (n = 5), and KO (v) (n = 5). (E and F) Graphs showing
mean ± SEM cerebellar mature let-7f miRNA (E) and IGF1 mRNA (F) levels in
WT (v) (n = 12), KO (v) (n = 9), and KO (t) (n = 8) mice. The stars in graphs A–F
depict statistical significance based on ANOVA with Newman–Keuls test for
multiple comparisons (**P < 0.01, *P < 0.05, comparing WTv vs. KOv and KOt
vs. KOv). (G) Graph showing mean ± SEM serum IGF1 protein levels (in
nanograms per milliliter) based on ELISA in female WT mice (FWT, filled
black bars; n = 10) and Mecp2+/− mice before (HET pre, filled red bars; n = 9)
and after (HET post, filled green bars; n = 9) clenbuterol treatment for 4 wk.
The stars (*P < 0.05) depict significance based on ANOVA with Newman–
Keuls multiple-comparison test. (H, Upper) Predicted interaction between
let-7f miRNA (red) and mouse IGF1-1 3′-UTR sequences (black). The bars
represent canonical Watson–Crick base pair and the double dots depict G-U
wobble base pairing. (Lower) Graph showing mean ± SEM relative lumi-
nescence in let-7f and negative control miRNA (NC-miR) precursor trans-
fected HEK293 cells expressing luciferase fused to mouse IGF1 3′-UTR.
Relative luminescence was calculated by dividing firefly to Renilla luciferase,
and all values were transformed to ratios relative to NC-miR. (I) Graph
showing mean ± SEM relative to negative controls (anti-NC for miRNA in-
hibitor and sh-NC for shRNA control) or sIGF1 mRNA levels in Hep G2 cells
after let-7f inhibition (anti-let-7f; n = 5) and shRNA-mediated knockdown of
LIN28A (sh-LIN28A; n = 5). The stars in H and I depict statistical significance
(**P < 0.01, *P < 0.05) based on two-tailed Student t test.

Fig. 4. Clenbuterol-mediated restoration of brain growth factor expression
and synergistic effects with rhIGF1 in male Mecp2-null mice. (A–C) Graphs
showing sample-by-sample correlation between (A) BDNF mRNA and LIN28A
protein levels, (B) mature let-7f miRNA levels with LIN28A protein, as well as
(C) IGF1 mRNA expression. Colors depict sample identity [blue for WT (v),
green for KO (t), and red for KO (v) mice]. (D) Schematic depicting the
proposed molecular mechanism linking Mecp2-regulated BDNF to IGF1
through LIN28A and IGF1. The effect of clenbuterol treatment in restoring
NGF and BDNF levels through CREB activation and indirectly affecting IGF1
expression, thus regulating growth factor-mediated functions, is also shown.
(E) Graph showing cumulative survival distributions for Mecp2 KO mice re-
ceiving clenbuterol and rhIGF1 cotreatment [KO (Clen + IGF1), blue circles].
Survival of KO vehicle [KO (v), open red circles] and clenbuterol-treated [KO
(clen), open green circles] mice is also depicted for comparison (from Fig.
1A). The stars represent statistical significance based on Gehan–Breslow–

Wilcoxon test (***P < 0.001, *P < 0.05).
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effect. We thus cotreated animals with clenbuterol and rhIGF1,
a drug that is in clinical trials for its therapeutic effects on RTT
patients (25–28).
Notably, rhIGF1-plus-clenbuterol–treated Mecp2 KO mice

(double-treated mice) displayed a robust increase in survival
in comparison with KOv, which was significantly greater than
clenbuterol monotherapy (Fig. 4E). As rhIGF1 administration
alone in Mecp2 KO mice results in a small but significant in-
crease in survival (20), the larger improvement in survival
observed in double-treated mice is most likely explained by
a synergistic effect between the two treatments. In addition,
double-treated KO mice exhibited a modest but significant in-
crease in total body weight compared with clenbuterol mono-
therapy, although body weight was still much lower than in WT
mice (Fig. S8A). Last, double-treated mice further increased
their breath and cardiac rates at 4 wk relative to clenbuterol
alone, but not at 8 wk where the deficit relative to WT mice is
apparent (Fig. S8 B and C), suggesting that the synergistic effect
on survival is less likely to be attributed to changes in respiratory
and cardiac frequency. We conclude that coadministration of
clenbuterol and rhIGF-1 contributes to additional improvements
in the survival of Mecp2 KO mice.

Discussion
Although RTT is a primarily monogenic disorder, MeCP2 modu-
lates a plethora of molecular pathways, making it challenging to
uncover an effective mechanism-based treatment (15, 48). The
partial success of rhIGF1 in restoring numerous behavioral and
organismal functions disrupted in Mecp2 KO mice (20), the
safety and efficacy of rhIGF1 in clinical trials (25–28), as well as
the ability of rhIGF1 to rescue neuronal phenotypes in patient-
derived neurons (22, 23) and astrocytes (24), prompted us to
investigate whether Mecp2 knockdown can affect IGF1 expres-
sion, and look into additional drugs with potential to mecha-
nistically rescue deficiencies in brain growth factor expression.
Here, we show that, in addition to the known deficits in BDNF
expression, IGF1 synthesis is reduced in the cerebellum of male
Mecp2 KO mice, which is associated with a decreased level of
miRNA-processing gene LIN28A and an up-regulation of LIN28A-
regulated let-7f miRNA. Notably, we show that knockdown of
LIN28A, which is known to be downstream of BDNF (43),
increases IGF1 expression, whereas inhibition of let-7f reduces
IGF1 expression in a human cell line. Treatment with the β2-
adrenergic receptor agonist clenbuterol can restore BDNF
mRNA, LIN28A, and mature let-7f levels, and can significantly
augment IGF1 mRNA expression in the cerebellum of Mecp2
KO mice. Importantly, we demonstrate that clenbuterol is able
to increase survival, rescue respiratory and social abnormali-
ties, and improve motor coordination in male Mecp2-null mice.
In addition, treatment of older female heterozygous mice with
clenbuterol for a short duration of time results in notable im-
provements in respiratory function and motor coordination and
restores cognitive function while reducing anxiety. Furthermore,
combination treatment of clenbuterol with rhIGF1 results in
a more robust amelioration of survival in Mecp2 KO mice.
Previous studies have revealed a disruption in monoamine

synthesis and secretion in RTT; this causes respiratory abnor-
malities and reduced survival (13). Furthermore, it has been
proposed that respiratory brainstem networks have a disruption
in cAMP/PKA/CREB signaling (35). Because β2-adrenergic re-
ceptor activation engages the same molecular pathway (29, 36),
it could be related to clenbuterol’s positive effect on respiratory
function. In addition, treatment with desipramine, which inhibits
the reuptake of adrenaline and serotonin, has proven effective in
restoring respiratory function (49). It is unclear, however, whether
improvements in respiratory function following clenbuterol
treatment are a result of its effects on BDNF signaling, whose
pharmacological activation leads to significant amelioration of

respiratory dysfunction in the animal model of RTT (50). It
should be noted, also, that despite the clear deficiency in breathing
frequency in Mecp2 KO mice known to be part of a general re-
spiratory depression phenotype (51) and the frequent apneas and
deficits in respiratory rhythm detected in female heterozygous
mice through whole-body plethysmography, respiratory dysfunc-
tion in RTT patients is complex and is often complicated by fre-
quent aspiration and gastroesophageal reflux.
Despite the fact that BDNF–LIN28A, LIN28A–let-7, and let-

7f–IGF1 interactions have independently been verified in dif-
ferent systems (43–45), our study provides additional in vivo
correlative and in vitro mechanistic evidence of a linear pathway
downstream of BDNF that involves all four molecular compo-
nents (Fig. 4D). However, we cannot exclude any parallel non-
linear interactions between any of these four genes affected by
Mecp2 knockdown and responding to clenbuterol treatment,
especially given the known interplay between BDNF and IGF1
signaling (52). Future studies using BDNF, Lin28a, and Let7f
knockout or transgenic mice are needed to further elucidate
this mechanistic model in vivo, which could be of importance
for understanding RTT therapeutics.
In addition to the beneficial effects on survival and behavior,

clenbuterol has a potent anticonvulsant effect (31). Although
not examined in our study, this could be significant given the
high prevalence of epilepsy in RTT patients (53). Additionally,
clenbuterol has been shown to block sodium channels (31),
whose overactivity is hypothesized to result in the lethal cardiac
arrhythmias present in RTT (54).
Clenbuterol is approved as a bronchodilator in some countries

but is only designated for veterinary treatment of asthma in the
United States. Our data suggest a previously unidentified po-
tential use for β2-adrenergic receptor agonists such as clenbu-
terol for the treatment of RTT, either alone or in combination
with rhIGF1. It has to be noted, however, that despite the fact
that clenbuterol was well tolerated in the mice tested in this
study, it has serious side effects especially at high dosages in
humans (55). Moreover, it should be emphasized that the dosage
used in our study is prohibited for clinical applications, which in
conjunction with the fact that clenbuterol is not approved in all
countries for human use due to its side effects and misuse as
a performance enhancing drug, should encourage further re-
search on finding new β2-adrenergic receptor agonists that can
cross the blood–brain barrier yet are characterized by a better
therapeutic index in comparison with clenbuterol.
Last, information on the pharmacokinetics, safety, and efficacy

of a drug in the general population may not predict how indi-
viduals with serious illness such as RTT will respond even in low
presumed-safe doses. Thus, careful controlled studies will be
required before these findings can be applied to humans; hence
we strongly caution against any use of clenbuterol outside clini-
cally approved applications.

Materials and Methods
Male Mecp2−/y and female Mecp2−/+ mice and WT littermates used in our
study were obtained by breeding heterozygous females of C57BL/6 back-
ground (5) with WT C57BL/6 male mice. Both vehicle (saline)-, clenbuterol-,
and clenbuterol-plus-rhIGF1–treated male animals were i.p. injected daily
for 5 d, followed by a 2-d off period, repeated weekly, with 5 or 0.1 mg/kg of
clenbuterol hydrochloride (Sigma-Aldrich) or vehicle starting on P14 until
the animal’s death/euthanasia. Intraperitoneal injection of a mix of 0.25 mg/
kg full-length rhIGF1 (Peprotech)—a dose that is equivalent of the Food and
Drug Administration-approved dose—and 5 mg/kg clenbuterol was also
used for cotreatment experiments. Adult (6- to 12-mo-old) heterozygous
females of the same C57BL/6 background and parents (5) were also treated
with 5 mg/kg clenbuterol daily for 4 wk. All animal experimental protocols
adhered to the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals (56) and were approved by the Animal Care and Use
Committee at Massachusetts Institute of Technology.

Additional methods are provided in SI Materials and Methods.
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