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Pharmacological treatment with 
mirtazapine rescues cortical 
atrophy and respiratory deficits  
in MeCP2 null mice
Tamara Bittolo, Carlo Antonio Raminelli, Chiara Deiana, Gabriele Baj, Valentina Vaghi, 
Sara Ferrazzo, Annalisa Bernareggi & Enrico Tongiorgi

Loss of MeCP2 (Methyl CpG binding protein 2) in Rett syndrome (RTT) causes brain weight decrease, 
shrinkage of the cortex with reduced dendritic arborization, behavioral abnormalities, seizures and 
cardio-respiratory complications. The observed monoamine neurotransmitters reduction in RTT 
suggested antidepressants as a possible therapy. We treated MeCP2-null mice from postnatal-day 28 
for two weeks with desipramine, already tested in RTT, or mirtazapine, an antidepressant with limited 
side-effects, known to promote GABA release. Mirtazapine was more effective than desipramine in 
restoring somatosensory cortex thickness by fully rescuing pyramidal neurons dendritic arborization 
and spine density. Functionally, mirtazapine treatment normalized heart rate, breath rate, anxiety 
levels, and eliminated the hopping behavior observed in MeCP2-null mice, leading to improved 
phenotypic score. These morphological and functional effects of mirtazapine were accompanied by 
reestablishment of the GABAergic and glutamatergic receptor activity recorded in cortex and brainstem 
tissues. Thus, mirtazapine can represent a new potential pharmacological treatment for the Rett 
syndrome.

Rett syndrome is an X-linked progressive neurodevelopmental disorder with an incidence of 1:10,000 newborn 
girls. Mutations in the gene encoding MeCP2 (Methyl CpG binding protein 2) are the main cause of the disorder1. 
The classical clinical course includes a normal development during the first two years of age and then a pro-
gressive general regression, with reduction of head growth, weight loss, repetitive stereotyped hand movements, 
motor disabilities, and cardiorespiratory dysfunctions representing the principal cause of death2.

Several clinical features are recapitulated in MeCP2−/y (null) mice, including reduction in brain weight and 
volume3. A reduction in thickness of the somatosensory cortex was found in MeCP2-null mice at six weeks of age 
with shrinkage of layers II-III and V, accompanied by smaller neuronal size and reduced apical dendrite diame-
ter4. Autistic-like behavior, motor and respiratory deficits were associated with a deficit of noradrenaline (NE), 
serotonin (5HT) and dopamine (DA) in Rett patients and MeCP2-null mice5,6, interconnected to a dysfunction 
of GABAergic and glutamatergic signaling7,8.

The alterations in monoaminergic signaling have suggested the possibility to ameliorate the Rett clinical phe-
notype through an antidepressant treatment. Desipramine, a tricyclic antidepressant inhibiting the reuptake of 
NE and 5HT, was shown to stabilize the respiratory pattern, and increase the life-span but without brain weight, 
body weight and locomotor activity improvement in MeCP2-null mice9. However, desipramine was reported 
to have severe side-effects, including cardiac complications10,11. On the other hand, mirtazapine, an high toler-
able noradrenergic and specific serotoninergic tretacyclic antidepressant12, is virtually devoid of anticholinergic 
side-effects13, and has few cardiorespiratory side-effects although overdosage induces sedation14. Mirtazapine 
has been reported to enhance cognition15,16 and to stabilize sleep similarly to drugs that stimulate GABAergic 
transmission17. Here, MeCP2-null mice were treated with mirtazapine or desipramine for two weeks and the 
morphological and functional effects were analyzed.
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Results
Reduction in body and brain weight and cortical thickness in MeCP2−/y mice. MeCP2−/y mice 
display body and brain loss of weight18. MeCP2−/y male mouse model is generally considered a faithful model of 
the cortical dysfunction in Rett syndrome19. We used the Bird strain because it presents more significant alter-
ations in brain weight, and volume of cortex and cerebellum, than those observed in the Jaenisch strain3. To 
obtain a reference before pharmacological treatment, we evaluated body and brain weight in MeCP2−/y mice 
(KO) and Wild Type (WT) littermates at 6 weeks of age (p42). Compared to WT mice (n =  8), KO mice (n =  9) 
showed 34.7% reduction in body weight (WT =  18.73 ±  0.21 g; KO =  12.23 ±  1.05 g; t-test p =  0.002) and 19.04% 
reduction in brain weight (WT =  0.42 ±  0.01 g; KO =  0.34 ±  0.01 g; t-test p <  0.001) (Fig. 1a,b). Nissl stained brain 
sections (Fig. 1c,d; n =  6 WT; n =  6KO), collected at regular intervals every 400 μ m from 0 μ m until 1,200 μ m 
along the antero-posterior axis of the somatosensory cortex, revealed significant reduction in the thickness of 
KO mice cortices (Fig. 1e, Suppl. Table 1; t-test p <  0.001 or p =  0.002 at interval 400–800 μ m), and a significant 
reduction in layers II-III and VI compared with WT mice (Fig. 1f, Suppl. Table 1; t-test; layer II-III p <  0.001, layer 
VI p =  0.022) in agreement with previous studies4,20.

Mirtazapine rescues the brain weight but not the body weight of MeCP2−/y mice. Mirtazapine 
produces robust antidepressant effects already after two weeks of treatment21. To evaluate if antidepressants had 
an effect on body and brain weight, WT and MeCP2−/y (KO) mice were treated for 2 weeks with vehicle (VEH), 
or the control drug (desipramine 10 mg/Kg – DMI10) or the testing drug at two different concentrations (mir-
tazapine 10 or 50 mg/Kg – MIR10/MIR50). Mice were weighed every day during the 14 days of treatment, and at 
p28, the KO-VEH group showed around 30% lower body weight with respect to the WT-VEH group and this dif-
ference was maintained until p41 irrespective of the drug treatment (Fig. 1g,h; n =  7 WT VEH =  21.81 ±  0.68 g; 
n =  8 WT DMI10 =  19.05 ±  0.62 g; n =  6 WT MIR10 =  20.46 ±  0.84 g; n =  6 WT MIR50 =  20.61 ±  1.50 g ; n =  7 
KO VEH =  16.22 ±  1.20 g; n =  17 KO DMI10 =  14.40 ±  0.96 g; n =  7 KO MIR10 =  16.13 ±  1.22 g; n =  15 KO 
MIR50 =  15.20 ±  0.98 g; t-test, p =  0.002 VEH; p =  0.005 DMI10; p =  0.017 MIR10; p =  0.002 MIR50). Thus, the 
two drugs neither rescued nor reduced the body weight.

After 24 hours from the last injection, mice were euthanized and brains were weighed. The brain weight 
in untreated KO mice was 0.34 ±  0.008 g (n =  8 KO UNT), corresponding to 80% of the average brain weight 
in untreated WT mice (n =  6 WT UNT; 0.42 ±  0.01 g, t-test p <  0.001). The brain weight was not affected by 
drug treatments in WT mice (Fig. 1i; n =  6 WT UNT =  0.42 ±  0.01 g; n =  7 WT VEH =  0.44 ±  0.01 g; n =  7 WT 
DMI10 =  0.41 ±  0.01 g; n =  6 WT MIR10 =  0.41 ±  0.02 g; n =  6 WT MIR50 =  0.42 ±  0.01 g; One Way ANOVA, 
p =  0.503). Treatment of KO mice with vehicle had no significant improvement on brain weight with respect to 
KO UNT mice (n =  7 KO VEH =  0.35 ±  0.009 g, 82.1% of WT UNT; t-test). We observed a slight but not signif-
icant increase in brain weight with desipramine (DMI10 =  86.3%), and mirtazapine 10 mg/Kg (MIR10 =  86.0%) 
(n =  8 DMI10 0.36 ±  0.010 g, n =  6 MIR10 0.36 ±  0.013 g). However, treatment with mirtazapine 50 mg/Kg led 
to an increase in brain weight up to 87.8% of the weight in WT untreated mice, which was significantly different 
from KO UNT mice (Fig. 1l; n =  8 KO MIR50 0.37 ±  0.010; t-test p <  0.05) and was close to significance with 
respect to KO VEH (t-test p =  0.054). Thus, mirtazapine has a positive effect on the weight of RTT brains. 

Hippocampal structure is not affected by the loss of MeCP2 or drug treatments. To investigate 
which brain structures were involved in the increase of brain weight by mirtazapine treatment, we evaluated the 
effects of absence of MeCP2 and treatments on the hippocampus (Suppl. Fig. 1a). The specific contribution of 
each layer to the total thickness (= 100%) is a constant along the rostro-caudal axis of the hippocampus in both 
mouse and rat, as previously demonstrated22. Using the same strategy, we analyzed three Nissl stained sections 
for each animal (n =  5 WT UNT, n =  5 KO UNT, n =  3 KO VEHIC, n =  3 KO DMI10, n =  3 KO MIR10, n =  4 
KO MIR50) and measured the thickness of the different hippocampal laminas along a line drawn perpendicularly 
to the CA1 pyramidal layer (Suppl. Fig. 1b). The proportion of each layer in WT UNT resulted to be as follows, 
CA1 stratum pyramidalis =  8.7%, CA1 stratum radiatum =  32.5%, stratum lacunosum-molecolare =  19.6%, stra-
tum molecularis =  27.3%, stratum granularis =  10.6%. No significant difference in thickness of the hippocampal 
layers was found between WT and KO mice or treatments (Suppl. Fig 1c, One Way ANOVA; p =  0.67 (pyr. l.); 
p =  0.56 (strat. ra); p =  0.91 (s. lac.); p =  0.95 (mol. l.); p =  0.37 (granul.)). Hence, the gross anatomical structure 
of the hippocampus was not affected by the loss of MeCP2 nor by treatment with antidepressants.

Mirtazapine treatment rescues the thickness of somatosensory cortex in MeCP2−/y mice. The 
thickness of somatosensory cortex was measured to determine if the pharmacological treatment could improve 
the abnormal cortical organization observed in MeCP2−/y mice (Fig. 2a; n =  6 WT UNT; n =  6 WT VEH; n =  6 
WT DMI10; n =  5 WT MIR10; n =  6 WT MIR50; n =  6 KO UNT; n =  6 KO VEH; n =  6 KO DMI10; n =  5 KO 
MIR10; n =  6 KO MIR50). In WT animals, mirtazapine and desipramine treatments showed no effects on cortical 
thickness (Fig. 2b; One Way ANOVA; p =  0.086). The total cortical thickness of KO untreated mice was 85.7% 
of WT (considered as 100%), and treated KO mice showed a statistically significant recovery of total cortical 
thickness compared with KO VEH (Fig. 2b; One Way ANOVA; KO DMI10, p =  0.001; KO MIR10, p =  0.038; 
KO MIR50, p <  0.001). The cortical thickness of KO mice treated with desipramine, mitarzapine 10 mg/Kg, or 
mirtazapine 50 mg/Kg reached the 90.6%, 88.6%, 92.9% of WT, respectively. When individual cortical layers 
were analyzed, treatments showed no effects in WT cortices (Fig. 2c, n =  6 for each group). However, we found 
an increase in the thickness of layer VI of somatosensory cortex in MeCP2−/y mice treated with desipramine 
and mirtazapine 50 mg/Kg, compared with KO UNT (One Way ANOVA; KO DMI10 p =  0.018; KO MIR50 
p =  0.021). These results confirmed that antidepressants treatment, in particular mirtazapine, can contribute to 
improve the cortical cytoarchitecture in MeCP2 null mice.
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Figure 1. Body weight, brain weight, and thickness of somatosensory cortex in MeCP2−/y mice . (a,b) Body 
and brain weight in grams of wild type (WT); MeCP2−/y mice (KO), at p42 (n =  8–9). On the right, photographs 
of representative brains. Values are represented as mean ±  SEM (**p =  0.002; *** p <  0.001; t-test). (c) Brain 
section stained with Nissl; the shadow indicate the area of somatosensory cortex used for densitometric analysis 
shown in (d). Scale bar =  1000 μ m. (d) Densitometric plot of gray values used to measure the total cortical 
thickness in μ m and its individual layers, from I to VI. (e) Total cortical thickness (μ m) in WT and KO mice 
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Mirtazapine treatment rescues MeCP2−/y cortical neurons morphology. To gain further insight 
regarding the effect of mirtazapine treatment on cortical neurons, we investigated the fine morphology of layer 
II-III pyramidal neurons of somatosensory cortex in MeCP2−/y and WT mice using Golgi staining (Fig. 3, n =  10 
neurons/animal, n =  3 mice/genotype; in total n =  30 neurons/genotype). Since treatments had no effect on WT 
cortices and thickness of KO cortex was not affected by the vehicle, in agreement with the 3 R principle for ani-
mal use reduction, we focused this analysis on WT untreated, KO untreated and KO treated with mirtazapine 
50 mg/kg. In KO untreated mice, pyramidal neurons showed a significantly smaller area of their somata with 
respect to WT and this deficit was fully restored by mirtazapine 50 mg/Kg (WT UNT =  273.26 ±  17.54 μ m2; KO 
UNT =  207.21 ±  5.08 μ m2; KO MIR50 =  261.59 ±  17.35 μ m2) (Fig. 3a; p <  0.05 ANOVA vs. KO untreated and not 
significant vs. WT UNT). By Sholl analysis, KO UNT mice showed a reduced number of crossings in the region 
from 120 to 150μ m from the soma in apical dendrites (p <  0.05), and a marked reduction along the basal den-
drites between − 40 and − 140 μ m from the soma (p <  0.001; p <  0.05), with respect to WT UNT mice. Treatment 
with mirtazapine 50 mg/Kg rescued these deficits back to WT levels (Fig. 3b; p <  0.001, ANOVA).

In keeping with previous studies4, the diameter of apical dendrites of the layer II-III pyramidal neurons at 
10 μ m (proximal) and 100 μ m (distal) from the soma showed a significant reduction in KO mice at both distance 
(Fig. 3c,d; p <  0.05 ANOVA). Treatment with mirtazapine led to a full recovery of this morphological deficit 
(Proximal: WT UNT =  2.18 ±  0.15 μ m; KO UNT =  1.65 ±  0.08 μ m; KO MIR50 =  2.17 ±  0.15 μ m; Distal: WT 
UNT =  1.47 ±  0.14 μ m; KO UNT =  1.25 ±  0.09 μ m; KO MIR50 =  1.49 ±  0.11 μ m) (Fig. 3c,d; p <  0.05, ANOVA), 
thus providing evidence that mirtazapine can restore the fine morphology of cortical neurons in MeCP2 null 
mice.

Mirtazapine rescues the number and type of dendritic spines in MeCP2−/y. It was previously 
reported that the density of spines in primary and secondary apical dendrites was similar between WT and KO 
mice (Jaenisch and Bird strains)20. Using sections labeled with Golgi staining, we investigated not only the spine 
density (number of spines/50 μ m) in primary and secondary apical dendrites, confirming the results of previous 
studies (WT UNT n =  23.22 ±  2.12; KO UNT n =  22.60 ±  3.45), but also in basal dendrites wherein we observed 
a significant reduction in KO mice compared to WT (WT UNT n =  21.30 ±  2.61; KO UNT n =  18.32 ±  1.78) 
(Fig. 4a,b; n =  10 neurons/animal, n =  3 mice/genotype; in total n =  30 neurons/genotype). Treatment with mir-
tazapine 50 mg/Kg caused a complete rescue of basal dendrite spine density without altering the number of spines 
in apical dendrite (apical: KO MIR50 n =  26.07 ±  2.40; basal KO MIR50 n =  22.77 ±  1.90) (Fig. 4a,b; p <  0.05, 
ANOVA). When the spine type was considered, no difference in the number of mushroom and thin spines could 
be observed but the number of stubby spines resulted significantly reduced in both apical and basal dendrites 
from KO mice and was completely recovered by mirtazapine treatment (Fig. 4c; p <  0.05, ANOVA). In conclu-
sion, mirtazapine treatment acts on the number and spine types to rescue the Rett phenotype on both apical and 
basal dendrites.

Mirtazapine improves phenotypic score and cardiorespiratory functions. Phenotypic out-
comes of treatments were assessed starting from an evaluation of the general health conditions of animals 
at p28 and p47 (Fig. 5a). At p47, the group of mirtazapine-treated mice showed a lower phenotypic score 
(median =  3.5 ±  0.38; n =  4) in comparison to desipramine group (median =  4.5 ±  0.32; n =  5), indicating a 
significantly lower severity of disease symptoms (Fig. 5b; p <  0.05, Mann-Whitney U test). In the late stage of 
the disorder, RTT patients develop cardiorespiratory dysfunctions which are responsible for 26% of deaths23. 
To investigate if antidepressants treatments can modify the abnormal cardiorespiratory pattern of MeCP2-null 
mice, we used the MouseOX instrument24. The data continuously recorded during 10 minutes of the test are 
shown in Suppl. Fig. 2. Oxygen saturation in KO mice treated either with vehicle (median =  77.09 ±  0.3%; n =  14) 
or mirtazapine (median =  77.47 ±  0.9%; n =  15), was slightly, but not significantly, lower than WT injected 
with vehicle (median =  90.91 ±  0.3%; n =  18), while in KO treated with desipramine (median =  77.18 ±  0.5%; 
n =  15) it was significantly reduced (Fig. 5c; p <  0.01). On the contrary, in KO mice treated with vehicle, we 
observed a significant reduction in heart rate (beats per minute =  bpm, median =  677.06 ±  2.4 bpm; n =  14; 
p <  0.01) and breath rate (breaths per minute =  brpm, median =  173.61 ±  0.7 brpm; n =  14; p <  0.001) in com-
parison to WT mice treated with vehicle (median =  734.99 ±  1.3 bpm; median =  205.01 ±  0.9 brpm; n =  23). 
This deficit was unmodified by desipramine (median =  619.79 ±  6.2 bpm; median =  171.51 ±  0.7 brpm; n =  15; 
p <  0.001 vs. WT VEH) while it reverted back to WT levels after mirtazapine treatment (median =  710.08 ±  3.5 
bpm; median =  196.24 ±  1.4 brpm; n =  13; not significant vs. WT VEH; Fig. 5c). We also recorded, for the first 

from the beginning of the barrel cortex (0 μ m) to 1200 μ m (at intervals of 400 μ m), at p42 (n =  6). Values are 
represented as mean ±  SEM (**p =  0.002; ***p <  0.001; t-test). (f) Thickness of cortical layers (from I to VI) 
(μ m) of WT and KO mice, at p42 (n =  6). Values are represented as mean ±  SEM (*p =  0.022; ***p <  0.001; 
t-test). (g) Body weight of wild type (WT; n =  7) and MeCP2−/y (KO; n =  7) mice treated with vehicle (VEH), 
desipramine 10 mg/Kg (DMI10 n =  8WT, 17KO) and mirtazapine 10 or 50 mg/Kg (MIR10 n =  6WT, 7KO; 
MIR50 n =  6WT, 15KO), measured every day from p28 to p41. Body weight of KO treated mice is normalized to 
the corresponding WT treated mice ( =  1 at p28). (h) Body weight evaluated at p41 in WT and KO treated mice. 
Values are represented as mean ±  SEM; *p =  0.002 VEH; **p =  0.005 DMI10; *p =  0.017 MIR10; **p =  0.002 
MIR50 (t-test; n =  as in (g)). (i) WT brain weight of untreated (UNT) and treated mice with VEH, DMI10, 
MIR10 and MIR50 (n =  6–7; One Way ANOVA). (l) KO brain weight of untreated (WT UNT; KO UNT) and 
treated mice with VEH, DMI10, MIR10 and MIR50 (n =  5–8). Bars represent the mean ±  SEM (*p <  0.05; 
t-test) of brain weight taking WT UNT as 100% (values in percentage are shown inside the bars).
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Figure 2. Total cortical thickness is rescued after the treatment with mirtazapine 50 mg/Kg. (a) Nissl 
staining of the somatosensory cortex in wild type untreated mice (WT UNT); MeCP2−/y untreated mice (KO 
UNT); KO treated mice (VEH, DMI10, MIR10-50). Scale bar =  400 μ m. (b) Total cortical thickness (μ m) in WT 
and KO UNT mice and KO treated mice (n =  5–6). Bars are the mean ±  SEM with respect to WT UNT mice 
( =  100%; values in percentage are inside the bars). (One way ANOVA; °°°p <  0.001 KO DMI10; °°p =  0.038 
MIR10; °°°p <  0.001 MIR50 vs. KO VEH; ***p <  0.001 vs. WT UNT). (c,d) Thickness of the layers in WT and 
KO mice untreated (UNT) or treated with VEH, DMI10 and MIR50 (μ m) (n =  6). Values are represented in 
mean ±  SEM and are shown in tables inserted in the figure (One way ANOVA; *p =  0.018 DMI10; *p =  0.021 
MIR50 vs. KO UNT).
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time in an animal model of Rett syndrome, the pulse distention. Pulse distention was not significantly altered 
in KO mice treated with vehicle (median =  500.62 ±  14.1 μ m; n =  14) with respect to WT treated with vehi-
cle (median =  434.41 ±  3.8 μ m; n =  16), and mirtazapine (median =  501.38 ±  6.2 μ m; n =  15) treatment did not 
affect this parameter. On the contrary, desipramine significantly reduced pulse distention in MeCP2−/y mice 
(median =  304.97 ±  7.6 μ m; n =  15; p <  0.01; Fig. 5c). Therefore, mirtazapine can rescue the irregular pattern of 
respiration described in both human and RTT mice, without eliciting unwanted side-effects.

Figure 3. Golgi staining of layer II-III pyramidal neurons (somatosensory cortex) in WT and MeCP2−/y 
untreated and treated mice. (a) Soma area of the neurons in wild type untreated mice (WT UNT); MeCP2−/y 
untreated mice (KO UNT); KO MIR50-treated mice (n =  3 mice; n =  10 neurons for each mouse). Bars 
represent mean ±  SEM (*p <  0.05; ns =  not significant; ANOVA). On the right, examples of Golgi-stained 
neuronal somata, scale bar =  10 μ m. (b) Sholl analysis of basal and apical dendritic crossing through a series of 
concentric circles centered at the soma and spaced at 10 μ m intervals of WT/KO UNT and KO MIR50 mice is 
showed in the same graph. Values are represented as mean ±  SEM. *KO MIR50 vs. KO UNT mice; °WT UNT 
vs. KO UNT mice; */°p <  0.05; **p <  0.01; ***/°°°p <  0.001 (ANOVA). On the right, examples of pyramidal 
neurons from WT UNT, KO UNT and KO MIR50 mice used for the Sholl analysis. Scale bar =  20 μ m.  
(c) Apical dendrite diameter (proximal) at 10 μ m from the soma in WT/KO UNT mice and KO MIR50 
(*p <  0.05; ns =  not significant; ANOVA). (d) Apical dendrite diameter (distal) at 100 μ m from the soma in 
WT/KO UNT mice and KO MIR50 (*p <  0.05; ns =  not significant; ANOVA).
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Mirtazapine normalizes anxiety and hopping behavior. MeCP2−/y mice were previously shown to 
display reduced anxiety levels in the elevated plus maze25. Our results confirmed that KO mice treated with vehicle 
(KO VEH), spent more time in the open compartment of elevated plus maze (27.50 ±  3.56%; 82.51 ±  10.67 sec-
onds; n =  14) than WT animals injected with vehicle (9.88 ±  0.98%; 29.64 ±  2.94 seconds; n =  16; p <  0.001) 
(Fig. 5d). KO mice treated with mirtazapine showed a significant reduction in the time spent in open arms 
(15.72 ±  2.67%; 47.17 ±  8.01 seconds; n =  13; p <  0.001) with respect to the KO VEH group, while desipramine 
was less effective (19.60 ±  3.54%; 58.79 ±  10.61 seconds; n =  13; p <  0.01). Mirtazapine did not produce any effect 
on WT animals (13.10 ±  3.03%; 39.29 ±  9.10 seconds; n =  7; Fig. 5d).

Another behavior which increases in response to elevated anxiety is self-grooming (Fig. 4e), which was 
significantly reduced in KO VEH mice (median =  14 ±  2.54 episodes; n =  15) with respect to WT VEH 
(median =  21 ±  2.57 episodes; n =  19; p <  0.01), in accordance with the increased preference for open arms 

Figure 4. Mirtazapine rescues the number and type of dendritic spines in MeCP2−/y neurons. (a) A 3D 
representation of secondary apical and basal dendrites of wild type untreated (WT UNT), MeCP2−/y untreated 
(KO UNT) and KO mice treated with mirtazapine (MIR50). Scale bar =  5 μ m. (b) Spine density (n° of spines 
in a dendrite segment of 50 μ m) in apical and basal dendrites of WT/KO UNT mice and of KO MIR50 mice 
(n =  3 mice; n =  10 neurons for each mouse). Values are represented as mean ±  SEM; *p <  0.05; ns =  no 
significant (ANOVA). (c) Number of spines subdivided by spine type (stubby, mushroom and thin) in apical 
and basal dendrites (segment of 50 μ m) of WT/KO UNT mice and KO MIR50 mice. Values are represented as 
mean ±  SEM and are shown in the table at the bottom of the figure; *p <  0.05; ns =  not significant (ANOVA).
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observed in the elevated plus maze test. Treatment with mirtazapine 50 mg/Kg was able to partially restore the 
number of grooming episodes during observation (median =  16 ±  3.81 episodes; n =  14; p <  0.05 vs. KO VEH) 
while desipramine was not significantly different from the KO VEH group (median =  11.50 ±  2.91 episodes; 
n =  14; Fig. 5e).

Finally, we observed a typical behavior of MeCP2−/y mice consisting in paroxysmal repetitive jump on the 
wall of the cage without control (hopping behavior), which is almost undetectable in WT VEH mice (1.44 ±  0.76 
episodes; n =  18). Following treatment of KO mice with desipramine, the hopping behavior was less evident 
(7.57 ±  3.25 episodes; n =  14) than in KO VEH (12.5 ±  6.27 episodes; n =  14) while it was almost completely 
abolished after treatment with mirtazapine (1.54 ±  1.14 episodes; n =  14; Fig. 5f). The results regarding hopping 
behavior are particularly interesting because this uncontrolled jumping could be a sign of seizure events.

Mirtazapine normalizes the GABA and glutamate-currents recorded in MeCP2−/y cortical and 
brainstem tissues. To test if the reduction of hopping behavior, after the treatment with mirtazapine, could 
reflect a stabilization of cortical transmission, we investigated if mirtazapine could normalize excitatory and 
inhibitory neurotransmission in MeCP2−/y mice. Transgenic mice lacking MeCP2 show reduced expression 
of GABAA receptor subunits26 and reduced GABA release in brain neurons7,27. Antidepressant treatments are 
known to rescue GABA levels and GABA deficits in patients with mood disorders17. Accordingly, the effects of 
mirtazapine on GABAA receptor functionality were investigated. After two weeks of treatment with mirtazapine 
(50 mg/Kg) or vehicle, MeCP2−/y and WT mice were sacrificed and cell membranes were isolated from cortex and 
injected into Xenopus oocytes for electrophysiological analysis. This approach was chosen to measure the activ-
ity of all receptors expressed in the mouse cortex by using a limited number of animals. In this assay, the native 
receptors, still embedded in their natural lipidic environment with their associated molecules are transplanted 

Figure 5. Assessment of functional outcomes of treatments. (a) Timeline for treatments and test battery. 
Elevated Plus Maze (E.P.M.) at p41, Mouse-Ox (M.OX.) at p42, Phenotypic score (P.Score) at p47.  
(b) Phenotypic score assessment pre- (p28) and post-treatment (p47) in WT and KO treated mice (n =  4–6) 
(*p <  0.05; Mann-Whitney U test 2-tailed). (c) Measurement of O2 saturation (in %), heath rate (bpm, beats 
per minute), breath rate (brpm, breaths per minute) and pulse distension (μ m) calculated for 13–23 animals/
group over an interval of 10 min (600 sec). (Statistical significance, *vs. WT VEH mice; ° vs. KO VEH mice; 
**/°°p <  0.01; °°°p <  0.001; Mann-Whitney U test 2-tailed). (d) Percentage of time spent in closed arms, center 
or open arms in the Elevated Plus Maze, for a test time of 10 min (n =  7–16 animals/group). (e) Number of 
grooming events and (f) hopping events over 20 min observation (n =  14–19 animals/group) (Statistical 
significance, °vs. WT VEH mice; *vs. KO VEH mice; */°p <  0.05; °°p <  0.01; °°°p <  0.001; Mann-Whitney U test 
2-tailed).
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into oocyte membranes maintaining their full functionality28,29. The oocytes were injected with the membranes 
isolated from the mouse cortices of n =  4 WT UNT, n =  3 KO UNT or n =  3 KO MIR50 p42 mice. Each sample 
was obtained from the cortex of a single mouse and injected into the oocytes at the same protein concentration. 
The currents were recorded from 1 to 4 days after injection. Following injection of the mouse brain membranes 
in oocytes, no treatment with mirtazapine was carried out.

Figure 6a shows a typical example of GABA-current traces recorded in 3 oocytes, 2 days after injection with 
cortex membranes. In the same oocytes, glutamatergic-currents (GLU) were recorded in the presence of cyclo-
thiazide (CTZ), a positive allosteric modulator that inhibits AMPA receptor desensitization30 often used to 
characterize the GLU receptors transplated into oocytes29,31. The currents were detected in all injected oocytes 
indicating the functional incorporation of the receptors. A lack of response was observed in non-injected cells 
(data not shown). As shown in Fig. 6b, the KO UNT-injected oocytes displayed a significant reduction of the 
GABA-current amplitude (WT UNT, 100 ±  4.77%, n =  80; KO UNT 57.67 ±  8.87%, n =  46, p <  0.001) whereas 
in KO MIR50-injected oocytes the amplitude was increased up to values comparable to those recorded in WT 
UNT-injected oocytes (88.24 ±  9.85%, n =  48). The dose-current response curves of Fig. 6c shows a left shift 
for KO UNT-injected oocytes revealing that the receptor affinity for GABA was altered. Half-maximal effec-
tive GABA concentration (EC50) of KO UNT-injected oocytes was significantly reduced compared to WT 
(WT UNT, EC50 =  98 ±  4.38 μ M, nH =  1.11 ±  0.04, n =  36; KO UNT, EC50 =  78.73 ±  4.92 μ M, nH =  1.15 ±  0.08, 
n =  39, p <  0.05). In KO MIR50-injected oocytes, the EC50 was rescued to WT levels (EC50 =  104.14 ±  11.2 μ M, 
nH =  1.02 ±  0.11, n =  14). The GLU +  CTZ-current amplitude was significantly reduced in KO UNT-injected 
oocytes (Fig. 6d, WT UNT, 100 ±  12.73%, n =  12; KO UNT, 10.76 ±  1.87%, n =  12, p <  0.001), and was fully 
recovered in KO MIR50-injected cells (74.2 ±  8.93%, n =  12).

By using the same approach, GABA and GLU +  CTZ currents were analyzed in brainstem cell mem-
branes extracted from n =  3 WT UNT, n =  3 KO UNT and n =  3 KO MIR50 mice (Fig. 6e). GABA-currents 

Figure 6. Mirtazapine treatment rescues GABA and GLU + CTZ currents in oocytes injected with 
membranes of MeCP2−/y mouse cortex or brainstem. Representative traces of GABA(1 mM)- and 
GLU(1 mM) +  CTZ(10 μ M)-currents recorded in oocytes injected with cortical (a) or brainstem (e) membranes 
isolated from 3–4 WT UNT, 3 KO UNT and 3 KO MIR50 mice (CTZ was preapplied for 80 s to reduce 
glutamate receptor desensitization). Averages of GABA-current amplitudes (% of WT UNT) recorded in 
oocytes injected with cortical (b) or brainstem (f) membranes of WT UNT, KO UNT and KO MIR50 mice. 
GABA dose-current response relationships obtained from oocytes injected with cortical (c) or brainstem 
membranes (g), the values were normalized to the maximum value of inward currents (CTRL are values 
obtained from non-injected oocytes). (d,h) Averages of GLU +  CTZ-currents (% of WT UNT) recorded in 
oocytes injected with cortex or brainstem membranes, respectively. Oocyte membrane potential was held at 
-80 mV. Values are represented as mean ±  SEM; ns =  not significant; *p <  0.05, **p <  0.01, ***p <  0.001 (t-test).
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recorded in KO UNT-oocytes showed a trend towards a decrease with respect to WT UNT-injected oocytes 
(Fig. 6f, WT UNT, 100 ±  3.51%, n =  90; KO UNT, 87.21 ±  5.93%, n =  77, p =  0.057), while EC50 and nH (Fig. 6g) 
remained similar (WT UNT, EC50 =  93.74 ±  5.21 μ M, nH =  1.16 ±  0.05, n =  13; KO UNT, EC50 =  97.8 ±  4.30 μ M, 
nH =  1.24 ±  0.06, n =  18). In KO MIR50-injected cells, the currents were significantly increased (117.65 ±  81.68%, 
n =  79, p <  0.001) without changes in receptor affinity (EC50 =  95.10 ±  3.96 μ M, nH =  1.18 ±  0.07, n =  15) with 
respect to WT UNT and KO UNT-injected oocytes. The significant reduction in GLU +  CTZ-currents recorded 
from KO-UNT injected oocytes (WT UNT, 100 ±  4.33%, n =  83; KO UNT, 73.47 ±  4.9%, n =  74, p <  0.001) was 
fully recovered in brainstem membranes isolated from mirtazapine-treated animals (108.75 ±  7.07%, n =  78, 
Fig. 6h).

Discussion
At present, there is no cure for the Rett syndrome. Some approaches tried to reverse the symptoms of this dis-
order through reintroduction of MeCP2 gene or reactivation of the normal allele32,33. An alternative approach is 
through pharmacological treatments, and administration of neurotrophins or neurotransmitter precursors acting 
on factors downstream the MeCP2 function. A deficit in monoamine levels was reported in the brain and cere-
brospinal fluid of both Rett patients and MeCP2-null mice6. Antidepressants are therefore considered as strong 
candidates for the Rett syndrome and this study provides significant evidence that the antidepressant mirtazapine 
has great potential for future clinical trials, as discussed below. Indeed, our findings demonstrate that 2 weeks of 
mirtazapine treatment is sufficient to increase brain weight and re-establish somatosensory cortex architecture, 
normalize cardio-respiratory patterns and anxiety levels, abolish hopping behavior and restore the glutamatergic 
and GABAergic transmission in both cortex and brainstem in p42 MeCP2-null mice.

Results presented here, showing an increased brain weight in KO mice treated with mirtazapine are in keep-
ing with previous findings that patients chronically treated with antidepressants (including mirtazapine) show a 
significant increase in the volume of hippocampus34. In this context, the significant increase observed in the neu-
ronal soma size and dendritic arborization in KO mice treated with mirtazapine may represent a possible mech-
anism contributing to the restoration of brain weight. In fact, measurement of cortical morphology represents a 
robust parameter to evaluate a possible pharmacological treatment since alterations in cortical morphology in 
MeCP2-null mice are highly reproducible in different laboratories, including ours, and closely resembles those 
observed in patients19. Indeed, simplified dendritic arbor structures of the layers II-III pyramidal neurons were 
found in the cortex of post-mortem brains from Rett patients35. Our results confirm previous findings that thick-
ness of the somatosensory cortex of MeCP2-null mice, especially in layers II-III and V, and diameter of proximal 
and distal dendrites from soma are significantly reduced at p42 compared to WT mice4. We also confirmed the 
reduction in soma area of MeCP2-null mice neurons and the reduction in apical dendritic arborization with no 
changes in the total number of spines20. The fact that we observed a reduction of stubby spines in apical dendrites 
of KO mice, even if the spine density was not altered with respect to WT, could be explained by the variability 
of shapes assumed by the different spine types. This variability is highlighted when the mean values for different 
spine populations were compared among multiple samples, leading to a different significance with respect to the 
total number of spines36.

We analyzed also the arborization not only of apical dendrites, but also of basal dendrites which resulted to be 
the most affected in p42 MeCP2-null mice. We found that basal dendrites of MeCP2-null mice are less developed 
and have reduced number of stubby spines compared to WT mice.

Our experiments demonstrated that mirtazapine was able to restore the thickness of MeCP2-null mice soma-
tosensory cortex, especially of layers II-III and VI. These macroscopic effects of mirtazapine were accounted by 
the full restoration of the normal microscopic structure of layer II-III pyramidal neurons including size of somata, 
diameter of apical dendrites, arborization of basal dendrites and density of spines in particular, of stubby spines.

We found that mirtazapine treatment in MeCP2-null mice was able to restore both the glutamatergic and 
GABAergic responses which were reduced in MeCP2-null cortical neurons, in keeping with previous studies37,38. 
The current reduction observed in oocytes injected with cortical membranes from MeCP2-null mice could be 
a consequence of many factors such as an impaired receptor-channel function or an altered receptor subunit 
composition. These results could be explained by an altered number of GABAergic synapses or by abnormalities 
in density and composition of GABAA receptors of the MeCP2-null mouse cortex7,39, given that the proper-
ties of the GABA and glutamate receptors in their native membrane are retained after transplantation into the 
oocytes28,29. Therefore, our results should be considered in line with the reported reduction in GABAA receptor 
density in young human brains affected by Rett Syndrome and in the cerebrum of MeCP2 deficient mouse26,40,41. 
Such change could be also related to the different GABA affinity of the GABA receptors that we found in this 
study, in analogy to what observed in cortical tissue deriving from Angelmann syndrome patients42. In addition, 
we showed that mirtazapine was able to normalize GLU-currents, in agreement with the reported reduction in 
glutamate transmission in the cortex of MeCP2-null mice8.

Deficits in the monoamine system, involving norepinephrine (NE) and serotonin (5-HT), in brainstem are 
linked to breathing disturbances and NE application on brainstem slices of MeCP2-null mice is able to restore 
a regular respiratory rhythm43. Moreover, desipramine is able to rescue respiratory rhythm and extend the 
life-span in a mouse model of the Rett syndrome9. Mirtazapine is a noradrenergic and specific serotoninergic 
antidepressant able to increase BDNF levels44 and to induce the release of serotonin through the modulation of 
α 2-adrenoreceptors45, thus modulating the cardiorespiratory system. In the present study, we found that mice 
treated with mirtazapine showed a better phenotypic score than those treated with desipramine or untreated. In 
addition, mirtazapine was able to rescue both the heart and breath rate deficits observed in MeCP2-null mice, 
without affecting O2 saturation and pulse distention which, together with the heart rate, are significanlty reduced 
by desipramine. Therefore, mirtazapine can rescue the irregular pattern of respiration, described in both human 
and RTT mice, without eliciting unwanted cardiovascular side-effects. Desipramine was shown to reduce apneas 
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in MeCP2-null mice and to prolong their survival9. Nevertheless, desipramine may induce autonomic dysfunc-
tion leading to inability to control blood pressure, prolonged QT intervals, heart failure, and sudden cardiac 
death in predisposed children and adolescents10. In particular, prolonged QT intervals are caused by the ability of 
desipramine to bind to the hERG K +  channel in hearth muscles46. This is a worrying side-effect considering that 
cardiorespiratory dysfunction with prolongation of the QT interval is the main cause of death of RTT patients23. 
Therefore, an alternative drug is highly needed and mirtazapine appears as a strong candidate because of its lim-
ited respiratory and cardiac effects including very little orthostatic hypotension47.

Our recordings of whole brainstem membranes showed significantly decreased glutamatergic responses, and a 
slight reduction of GABAergic transmission, and these deficits were completely rescued in whole brainstem mem-
brane preparations from mirtazapine-treated animals. Previous studies reported an imbalance between inhibitory 
and excitatory synaptic transmission in the ventrolateral medulla at postnatal day 7 likely due to decreased GABA 
release and GABAA receptors48. In addition, treatments which enhanced GABAergic transmission improved 
respiratory patterns49 alike the effect observed with a BDNF-mimic molecule50. Although we cannot compare 
our results with these previous studies because our whole brainstem preparations do not allow for resolution of 
neurotransmission activity in specific neuronal populations, the functional effects on breathing and heath-beat 
control, together with a clear normalization of both GABAergic and glutamatergic currents in the brainstem, 
represent a strong evidence of the efficacy of mirtazapine treatment.

Although normally, the antidepressant effects are visible after few hours from the treatment, several studies 
demonstrated that chronic treatment (>14 days) with mirtazapine induces the increase of neurological respon-
siveness44,51. Besides, Lee et al., 2013 described that SSRI and tricyclic antidepressant show an evident therapeu-
tical effect with a chronic (14 or more days) but not acute (< 10 days) treatment52. To evaluate the behavioural 
effects of chronic treatment with mirtazapine, we decided to test MeCP2-null mice when the symptoms of the 
pathology are evident, that is from the 5–6th weeks of age18.

Mirtazapine treatment was shown to display a nootropic effect in schizophrenic patients16 due to increased 
release of NA and DA in prefrontal cortex53. In this context, it is interesting to note that mirtazapine also nor-
malized the anxiety behavior. MeCP2 mutant mice were described to spend increased times in open arms of the 
elevated plus maze, an abnormal behavior which has been explained as due to abnormal perception of safeness 
or incapability to interpret danger in the MeCP2-null mice, two functions which require higher cognitive func-
tions54. Similar results on anxiety and Glutamate normalization were obtained by treating MeCP2-null mice with 
IGF124. One possible explanation of these similarities as well as those observed for breathing and the recovery of 
brainstem hyperexcitability could be that mirtazapine may act through mobilization of one or more neurotrophic 
factors, an hypothesis which is worth of further investigations. In conclusion, our results strongly support mir-
tazapine as a candidate drug to treat the Rett syndrome.

Materials and Methods
Mice. Animals were treated according to the institutional guidelines in compliance with the European Council 
Directive 86/609 and NIH Guide for the Care and Use of Laboratory Animals. Animal use was approved by 
the Italian Ministry of Health with authorization n°218/2012-B specific for this study, in compliance with the 
Italian law D.Lgs.116/92. Wild-type (WT) C57/BL6 male mice (Charles River Laboratories, Calco, LC, Italy) were 
crossed with female MeCP2 heterozygous mice (Jackson Laboratories, Bar Harbor, Maine; strain: B6.129P2(C)-
Mecp2tm1.1Bird/J, stock: 003890) to obtain the Rett model mice with genotype MeCP2−/y18. We used male hem-
izygous mice because they consistently display the most evident and severe symptoms of the disorder much 
earlier than heterozygous female mice19. MeCP2 is an X-linked gene, and thus, heterozygous female mice show 
a different MeCP2 expression depending on the mosaicism derived from the X-chromosome inactivation (XCI) 
pattern55. Even if, it is likely that the hormonal changes could influence the outcome of the pathology, the variabil-
ity of the phenotype due to the XCI in female mice could be confounding. All mice were kept in ventilated caging 
under 12:12 h light/dark cycle with food and water ad libitum. To improve pups survival rate, we used a cross-fos-
tering approach in which mice offspring were raised by FVB foster mothers (Harlan Laboratories, Udine, Italy).

B6.129P2(C)-Mecp2tm1.1Bird/J mice genotyping. Genotypes were assessed by PCR on tail genomic 
DNA using specific primers (forward common primer oIMR1436 5′ - GGT AAA GAC CCA TGT GAC CC 
-3′ , reverse mutant primer oIMR1437 5′ - TCC ACC TAG CCT GCC TGT AC -3′ , reverse wild type primer 
oIMR1438 5′ - GGC TTG CCA CAT GAC AA -3′ ). PCR reactions were performed with 1U GoTaq Polymerase 
(Promega Corporation, Madison, WI, USA), 1X Green GoTaq Buffer, 0,2 mM dNTPs each, 2,5 mM MgCl2, 
0,5 μ M of each primer and 100 ng of genomic DNA, as follows: 5′  95 °C, 30 cycles 45″  95 °C, 50″  57,5 °C, 50″  
72 °C, followed by 10′  72 °C. The PCR generates a 400-bp product for WT, and 400 and 416-bp products for hete-
rozygous mice, and a 416-bp product for hemizygous mice.

Animal treatment. Beginning from p28, WT males and MeCP2−/y (KO) littermates were treated daily with 
an i.p. injection for 14 days, at 10–11 a.m., with Vehicle (VEH =  1% aqueous solution of Tween80, Sigma-Aldrich, 
St. Louis, MO, USA), desipramine 10 mg/Kg (DMI10; Vinci-Biochem, Florence, Italy), mirtazapine 10–50 mg/Kg  
(MIR10–50, Abcam, Cambridge, UK). Each group was randomized on the basis of weight and the analyses 
were carried out by experimenters blinded for treatments according to the recommended guidelines for proper 
pre-clinical testing19,56.

Nissl staining. Brains frozen in isopentan (n =  3–6) were cut in 20 μ m coronal sections from the soma-
tosensory cortex (S1-M1,barrel cortex; 1,32 mm to − 1,64 mm from bregma) with a cryostat (Leica, Solms, 
Germany) and mounted in gelatin-coated microscope slides and left to dry. Sections were post-fixed in PBS/
PFA 4% (30 minutes; 4 °C), washed 3 times in PBS and pre-incubated in PBS with 0,2% gelatin, 0,2% Tween20 
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(30 minutes). Nissl staining (0,2% cresyl violet, 0,5% acetic acid, 0,01 M sodium acetate in sterile water) was per-
formed for 20 minutes at 37 °C. Sections were dehydrated in ethanol 70%, 95%, 100%, methanol, methanol-xylene 
(50:50), xylene and mounted with Eukitt (Sigma-Aldrich).

Morphometric measurements. Thickness of the total cortex and of its layer of WT and KO mice untreated 
or treated with antidepressants were analyzed on 3 adjacent sections, taken from the beginning of the barrel 
cortex to 1200 μ m. Pictures were taken using a high-definition Nikon AMX1200 digital camera on a Nikon E800 
Microscope (10X magnification). Gray level profile along a line (width =  300) spanning perpendicularly the bar-
rel cortex or the hippocampus was determined by ImageJ software.

Golgi staining. We used a modification of the protocol by Ranjan and Mallick57. Brains (n =  3 mice/geno-
type) immersed in the Golgi solution (5% of Potassium Dichromate, 5% of Mercuric Chloride, 5% of Potassium 
Chromate) in the dark for 27 hours at 37 °C, were cut with a vibratome (Campden Instruments, Loughborough, 
UK; MA752 motorized advance vibroslice) in 200 μ m coronal sections. A Z-series of images from 10 neurons 
(each mice) were collected every 1 μ m at 60X magnification and analyzed using ImageJ software. The soma area 
was analyzed as a polygonal selection of the soma including the hillock. The diameter of the apical dendrite was 
measured at 10 or 100 microns from the soma. For each neuron, the number of thin, stubby and mushroom 
spines58 were evaluated in 2 segments of 50 μ m of secondary basal dendrites or primary and secondary apical 
dendrites.

Sholl analysis. Images of neurons (n =  10/mouse; n =  3 mice/genotype) were collected at 20X magnification 
with Nikon E800 microscope. A bidimensional image composed a series of stacks every 2 μ m was analyzed with 
Neurostudio program (Computational Neurobiology and Imaging Center (CNIC). The Sholl analysis was per-
formed separately for the basal and apical dendrites with concentric circles of 10 μ m.

Electrophysiological recordings from Xenopus oocytes. Cell membranes from p42 WT (n =  4), KO 
untreated (n =  3) and KO MIR50-treated (n =  3) mice cortices and brainstem were isolated and injected into 
Xenopus oocytes as previously described59. Xenopus laevis animal care and treatment were conducted in con-
formity with institutional guidelines in compliance with national and international laws and policies (European 
Economic Community (EEC) Council Directive 63/2010.italian D.L.26/2014). After defolliculation with colla-
genase (0,5 mg/ml, 35 minutes, Type I, Sigma-Aldrich) the oocytes were maintained at 16 °C in Barth’s solution 
containing 0,5 mg/ml gentamicin (Sigma-Aldrich) over-night. Membrane preparations were injected into the 
cells at the same protein concentration (1 mg/ml =  50 nl). One to four days after injection, the currents were 
recorded from voltage-clamped oocytes, using two microelectrodes filled with 3 M KCl60. During recordings 
the oocytes were continuously superfused at room temperature with Ringer solution (115 mM NaCl, 2 mM KCl, 
1,8 mM CaCl2, 5 mM Hepes, adjusted to pH7 with NaOH) in a purpose-designed recording chamber (RC-3Z, 
Warner Instruments, Hamden, CT, USA). Data acquisition and analyses were performed using WinWCP ver-
sion 3.5 Strathclyde Electrophysiology software (kindly provided by John Dempster, Glasgow, UK). Ligands 
(GABA =  gamma-aminobutiric acid or GLU +  CTZ =  glutamic acid +  cyclothiazide) were applied using a con-
stant perfusion system (5–10 ml/min, VC-8 perfusion system, Warner Instruments). To reduce the variability, 
the current amplitudes recorded in oocytes injected with KO untreated or KO MIR50-treated membranes were 
normalized to that recorded in oocytes injected with WT untreated membranes of the same batch and at the same 
post injection day.

For dose/current-response curves, the GABA was repeatedly applied at 5 minutes intervals, and the 
half-dissociation constants (EC50) and Hill coefficients (nH) were estimated by fitting the data to Hill equations.

Phenotypic scoring. Mice were removed from their home cages and placed onto a laboratory bench for 
observation at the same time of the day. Phenotype severity was evaluated through a score system previously 
described33. The mobility, the gait, the hind limb clasping, the tremor, the breathing and general condition were 
observed in WT and KO mice before drugs treatment, and again at p47. Scoring was as follow: 0 =  absent or as 
WT; 1 =  moderate phenotype (symptom present); 2 =  severe phenotype (symptom severe). The resulted pheno-
type was calculated by the sum of the scores of each mouse and then averaging all animals within each group.

Elevated Plus Maze Test. The apparatus was set as previously described25. Postnatal-day 41–42 mice 
(n =  7–16) were tested for 5 minutes (10–13 a.m.). Each test the cross was clean with ethanol 70% to avoid influ-
encing the performance among mice. Data were analyzed with Any-maze program (Ugo Basile instrument, 
Varese, Italy) dividing the cross into central zone, open arms, closed arms. The percentage of the time spent in 
the zones vs the total time of the test, the number of grooming and the frequency of hopping behaviour were 
analyzed.

Vital parameters measurements. The Oxygen Saturation (% =  percentage of hemoglobin saturated by 
O2), the Heart (bpm =  number of beats per minute) and Breath Rate (brpm =  number of breaths per minute) and 
the Pulse Distention (μ m =  distention of the arterial blood vessels due to a cardiac pulse) were detected by the 
non-invasive MouseOX instrument (STARR Life Sciences, Holliston, Ma, USA). A collar clip was placed on the 
neck of p42 mice (n =  5–22) keeping for 20 minutes, and then substitued with the infrared pulse oximeter clip 
connected to the instrument. Ten minute readings were taken from each mouse. We excluded from the analysis 
the data equal to zero and the animals with O2 saturation lower than 50%, because these data are due to signal 
failure in the infrared signal.
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Statistical analysis. Statistical analyses were conducted using SigmaPlotTM software (SigmaStat, Systat 
Software Inc, San Jose, CA, USA).

The Student’s t-test was used for two-sample comparisons. For multiple sample comparisons, One-Way 
ANOVA was performed, followed by Student-Newman-Keuls Method post-tests. ANOVA on Ranks was used 
for morphological analysis of Golgi staining.

For behavioral analysis, outlier exclusion was performed through GraphPad Software (GraphPad Software 
Inc., La Jolla, CA, USA) with a Grubbs’ test, considering critical value of Z higher than 2.5. The non-parametric 
data obtained with MouseOX and behavioral test were analyzed with Mann-Whitney U test (2-tailed) between 
each group and the control.

References
1. Amir, R. E. et al. Rett syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat Genet 23, 

185–188 (1999).
2. Chahrour, M. & Zoghbi, H. Y. The story of Rett syndrome: from clinic to neurobiology. Neuron 56, 422–437 (2007).
3. Belichenko, N. P., Belichenko, P. V., Li, H. H., Mobley, W. C. & Francke, U. Comparative study of brain morphology in Mecp2 mutant 

mouse models of Rett syndrome. J Comp Neurol 508, 184–195 (2008).
4. Fukuda, T., Itoh, M., Ichikawa, T., Washiyama, K. & Goto, Y. Delayed maturation of neuronal architecture and synaptogenesis in 

cerebral cortex of Mecp2-deficient mice. J Neuropathol Exp Neurol 64, 537–544 (2005).
5. Zoghbi, H. Y., Percy, A. K., Glaze, D. G., Butler, I. J. & Riccardi, V. M. Reduction of biogenic amine levels in the Rett syndrome. N 

Engl J Med 313, 921–924 (1985).
6. Santos, M. et al. Monoamine deficits in the brain of methyl-CpG binding protein 2 null mice suggest the involvement of the cerebral 

cortex in early stages of Rett syndrome. Neuroscience 170, 453–467 (2010).
7. Chao, H. T. et al. Dysfunction in GABA signalling mediates autism-like stereotypies and Rett syndrome phenotypes. Nature 468, 

263–269 (2010).
8. Dani, V. S. et al. Reduced cortical activity due to a shift in the balance between excitation and inhibition in a mouse model of Rett 

syndrome. Proc Natl Acad Sci USA 102 (2005).
9. Roux, J. C., Dura, E., Moncla, A., Mancini, J. & Villard, L. Treatment with desipramine improves breathing and survival in a mouse 

model for Rett syndrome. Eur J Neurosci 25, 1915–1922 (2007).
10. Amitai, Y. & Frischer, H. Excess fatality from desipramine in children and adolescents. J Am Acad Child Adolesc Psychiatry 45, 54–60 

(2006).
11. Walsh, B. T., Giardina, E. G., Sloan, R. P., Greenhill, L. & Goldfein, J. Effects of desipramine on autonomic control of the heart. J Am 

Acad Child Adolesc Psychiatry 33, 191–197 (1994).
12. Cipriani, A. et al. Comparative efficacy and acceptability of 12 new-generation antidepressants: a multiple-treatments meta-analysis. 

Lancet 373, 746–758 (2009).
13. Burrows, G. D. & Kremer, C. M. Mirtazapine: clinical advantages in the treatment of depression. J Clin Psychopharmacol 17 Suppl 1, 

34S–39S (1997).
14. Hartmann, P. M. Mirtazapine: a newer antidepressant. Am Fam Physician 59, 159–161 (1999).
15. Borkowska, A., Drozdz, W., Ziolkowska-Kochan, M. & Rybakowski, J. Enhancing effect of mirtazapine on cognitive functions 

associated with prefrontal cortex in patients with recurrent depression. Neuropsychopharmacol Hung 9, 131–136 (2007).
16. Stenberg, J. H. et al. More evidence on proneurocognitive effects of add-on mirtazapine in schizophrenia. Prog 

Neuropsychopharmacol Biol Psychiatry 35, 1080–1086 (2011).
17. Krystal, J. H. et al. Glutamate and GABA systems as targets for novel antidepressant and mood-stabilizing treatments. Mol Psychiatry 

7 Suppl 1, S71–80 (2002).
18. Guy, J., Hendrich, B., Holmes, M., Martin, J. E. & Bird, A. A mouse Mecp2-null mutation causes neurological symptoms that mimic 

Rett syndrome. Nat Genet 27, 322–326 (2001).
19. Katz, D. M. et al. Preclinical research in Rett syndrome: setting the foundation for translational success. Dis Model Mech 5, 733–745 

(2012).
20. Kishi, N. & Macklis, J. D. MECP2 is progressively expressed in post-migratory neurons and is involved in neuronal maturation 

rather than cell fate decisions. Mol Cell Neurosci 27, 306–321 (2004).
21. Lavergne, F., Berlin, I., Gamma, A., Stassen, H. & Angst, J. Onset of improvement and response to mirtazapine in depression: a 

multicenter naturalistic study of 4771 patients. Neuropsychiatr Dis Treat 1, 59–68 (2005).
22. Baj, G. et al. Physical exercise and antidepressants enhance BDNF targeting in hippocampal CA3 dendrites: further evidence of a 

spatial code for BDNF splice variants. Neuropsychopharmacology 37, 1600–1611 (2012).
23. Rohdin, M. et al. Disturbances in cardiorespiratory function during day and night in Rett syndrome. Pediatr Neurol 37, 338–344 

(2007).
24. Castro, J. et al. Functional recovery with recombinant human IGF1 treatment in a mouse model of Rett Syndrome. Proc Natl Acad 

Sci USA 111, 9941–9946 (2014).
25. Walf, A. A. & Frye, C. A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat Protoc 2, 322–328 

(2007).
26. Samaco, R. C., Hogart, A. & LaSalle, J. M. Epigenetic overlap in autism-spectrum neurodevelopmental disorders: MECP2 deficiency 

causes reduced expression of UBE3A and GABRB3. Hum Mol Genet 14, 483–492 (2005).
27. Zhang, Z. W., Zak, J. D. & Liu, H. MeCP2 is required for normal development of GABAergic circuits in the thalamus. J Neurophysiol 

103, 2470–2481 (2010).
28. Miledi, R., Eusebi, F., Martinez-Torres, A., Palma, E. & Trettel, F. Expression of functional neurotransmitter receptors in Xenopus 

oocytes after injection of human brain membranes. Proc Natl Acad Sci USA 99, 13238–13242 (2002).
29. Bernareggi, A., Duenas, Z., Reyes-Ruiz, J. M., Ruzzier, F. & Miledi, R. Properties of glutamate receptors of Alzheimer's disease brain 

transplanted to frog oocytes. Proc Natl Acad Sci USA 104, 2956–2960 (2007).
30. Yamada, K. A. & Tang, C. M. Benzothiadiazides inhibit rapid glutamate receptor desensitization and enhance glutamatergic synaptic 

currents. J Neurosci 13, 3904–3915 (1993).
31. Limon, A., Reyes-Ruiz, J. M. & Miledi, R. Microtransplantation of neurotransmitter receptors from postmortem autistic brains to 

Xenopus oocytes. Proc Natl Acad Sci USA 105, 10973–10977 (2008).
32. Mohandas, T., Sparkes, R. S. & Shapiro, L. J. Reactivation of an inactive human X chromosome: evidence for X inactivation by DNA 

methylation. Science 211, 393–396 (1981).
33. Guy, J., Gan, J., Selfridge, J., Cobb, S. & Bird, A. Reversal of neurological defects in a mouse model of Rett syndrome. Science 315, 

1143–1147 (2007).
34. Frodl, T. et al. Effect of hippocampal and amygdala volumes on clinical outcomes in major depression: a 3-year prospective magnetic 

resonance imaging study. J Psychiatry Neurosci 33, 423–430 (2008).
35. Belichenko, P. V., Hagberg, B. & Dahlstrom, A. Morphological study of neocortical areas in Rett syndrome. Acta Neuropathol 93, 

50–61 (1997).



www.nature.com/scientificreports/

1 4Scientific RepoRts | 6:19796 | DOI: 10.1038/srep19796

36. Ruszczycki, B. et al. Sampling issues in quantitative analysis of dendritic spines morphology. BMC Bioinformatics 13, 213 (2012).
37. Zhong, P. & Yan, Z. Chronic antidepressant treatment alters serotonergic regulation of GABA transmission in prefrontal cortical 

pyramidal neurons. Neuroscience 129, 65–73 (2004).
38. Munchau, A. et al. Mirtazapine increases cortical excitability in healthy controls and epilepsy patients with major depression. J 

Neurol Neurosurg Psychiatry 76, 527–533 (2005).
39. Chao, H. T., Zoghbi, H. Y. & Rosenmund, C. MeCP2 controls excitatory synaptic strength by regulating glutamatergic synapse 

number. Neuron 56, 58–65 (2007).
40. Blue, M. E., Naidu, S. & Johnston, M. V. Altered development of glutamate and GABA receptors in the basal ganglia of girls with Rett 

syndrome. Exp Neurol 156, 345–352 (1999).
41. Johnston, M. V., Blue, M. E. & Naidu, S. Rett syndrome and neuronal development. J Child Neurol 20, 759–763 (2005).
42. Roden, W. H., Peugh, L. D. & Jansen, L. A. Altered GABA(A) receptor subunit expression and pharmacology in human Angelman 

syndrome cortex. Neurosci Lett 483, 167–172 (2010).
43. Viemari, J. C. et al. Mecp2 deficiency disrupts norepinephrine and respiratory systems in mice. J Neurosci 25, 11521–11530 (2005).
44. Rogoz, Z., Skuza, G. & Legutko, B. Repeated treatment with mirtazepine induces brain-derived neurotrophic factor gene expression 

in rats. J Physiol Pharmacol 56, 661–671 (2005).
45. de Boer, T. The pharmacologic profile of mirtazapine. J Clin Psychiatry 57 Suppl 4, 19–25 (1996).
46. Staudacher, I. et al. hERG K+  channel-associated cardiac effects of the antidepressant drug desipramine. Naunyn Schmiedebergs Arch 

Pharmacol 383, 119–139 (2011).
47. Anttila, S. A. & Leinonen, E. V. A review of the pharmacological and clinical profile of mirtazapine. CNS Drug Rev 7, 249–264 

(2001).
48. Medrihan, L. et al. Early defects of GABAergic synapses in the brain stem of a MeCP2 mouse model of Rett syndrome. J Neurophysiol 

99, 112–121 (2008).
49. Abdala, A. P., Dutschmann, M., Bissonnette, J. M. & Paton, J. F. Correction of respiratory disorders in a mouse model of Rett 

syndrome. Proc Natl Acad Sci USA 107, 18208–18213 (2010).
50. Katz, D. M., Dutschmann, M., Ramirez, J. M. & Hilaire, G. Breathing disorders in Rett syndrome: progressive neurochemical 

dysfunction in the respiratory network after birth. Respir Physiol Neurobiol 168, 101–108 (2009).
51. Rogoz, Z., Wrobel, A., Dlaboga, D., Maj, J. & Dziedzicka-Wasylewska, M. Effect of repeated treatment with mirtazapine on the 

central alpha1-adrenergic receptors. J Physiol Pharmacol 53, 105–116 (2002).
52. Lee, M. M., Reif, A. & Schmitt, A. G. Major depression: a role for hippocampal neurogenesis? Curr Top Behav Neurosci 14, 153–179 

(2013).
53. Devoto, P., Flore, G., Pira, L., Longu, G. & Gessa, G. L. Mirtazapine-induced corelease of dopamine and noradrenaline from 

noradrenergic neurons in the medial prefrontal and occipital cortex. Eur J Pharmacol 487, 105–111 (2004).
54. Williams, E. C. et al. Mutant astrocytes differentiated from Rett syndrome patients-specific iPSCs have adverse effects on wild-type 

neurons. Hum Mol Genet 23, 2968–2980 (2014).
55. Calfa, G., Percy, A. K. & Pozzo-Miller, L. Experimental models of Rett syndrome based on Mecp2 dysfunction. Exp Biol Med 

(Maywood) 236, 3–19 (2011).
56. Landis, S. C. et al. A call for transparent reporting to optimize the predictive value of preclinical research. Nature 490, 187–191 

(2012).
57. Ranjan, A. & Mallick, B. N. A modified method for consistent and reliable Golgi-cox staining in significantly reduced time. Front 

Neurol 1, 157 (2010).
58. Harris, K. M., Jensen, F. E. & Tsao, B. Three-dimensional structure of dendritic spines and synapses in rat hippocampus (CA1) at 

postnatal day 15 and adult ages: implications for the maturation of synaptic physiology and long-term potentiation. J Neurosci 12, 
2685–2705 (1992).

59. Miledi, R., Palma, E. & Eusebi, F. Microtransplantation of neurotransmitter receptors from cells to Xenopus oocyte membranes: new 
procedure for ion channel studies. Methods Mol Biol 322, 347–355 (2006).

60. Miledi, R., Parker, I. & Sumikawa, K. Synthesis of chick brain GABA receptors by frog oocytes. Proc R Soc Lond B Biol Sci 216, 
509–515 (1982).

Acknowledgements
This study is supported by Italian Telethon Foundation grant n. GGP08258; Compagnia San Paolo (Torino, Italy); 
Fondazione Kathleen Foreman Casali (Trieste, Italy); Beneficentia Stiftung (Vaduz, Lichtenstein); FRA 2011 
Università degli Studi di Trieste; Fondazione Sanofi-Aventis Italia, PRIN 2010-11 2010N8PBAA from MIUR.

Author Contributions
T.E., B.T., B.A. and B.G. conceived, designed the experiments and wrote the paper. B.T., R.C.A., C.D., V.V. and F.S. 
performed the experiments. B.T., R.C.A., C.D. and B.G. analyzed data.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Bittolo, T. et al. Pharmacological treatment with mirtazapine rescues cortical atrophy 
and respiratory deficits in MeCP2 null mice. Sci. Rep. 6, 19796; doi: 10.1038/srep19796 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Pharmacological treatment with mirtazapine rescues cortical atrophy and respiratory deficits in MeCP2 null mice
	Results
	Reduction in body and brain weight and cortical thickness in MeCP2−/y mice. 
	Mirtazapine rescues the brain weight but not the body weight of MeCP2−/y mice. 
	Hippocampal structure is not affected by the loss of MeCP2 or drug treatments. 
	Mirtazapine treatment rescues the thickness of somatosensory cortex in MeCP2−/y mice. 
	Mirtazapine treatment rescues MeCP2−/y cortical neurons morphology. 
	Mirtazapine rescues the number and type of dendritic spines in MeCP2−/y. 
	Mirtazapine improves phenotypic score and cardiorespiratory functions. 
	Mirtazapine normalizes anxiety and hopping behavior. 
	Mirtazapine normalizes the GABA and glutamate-currents recorded in MeCP2−/y cortical and brainstem tissues. 

	Discussion
	Materials and Methods
	Mice. 
	B6.129P2(C)-Mecp2tm1.1Bird/J mice genotyping. 
	Animal treatment. 
	Nissl staining. 
	Morphometric measurements. 
	Golgi staining. 
	Sholl analysis. 
	Electrophysiological recordings from Xenopus oocytes. 
	Phenotypic scoring. 
	Elevated Plus Maze Test. 
	Vital parameters measurements. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Body weight, brain weight, and thickness of somatosensory cortex in MeCP2−/y mice .
	Figure 2.  Total cortical thickness is rescued after the treatment with mirtazapine 50 mg/Kg.
	Figure 3.  Golgi staining of layer II-III pyramidal neurons (somatosensory cortex) in WT and MeCP2−/y untreated and treated mice.
	Figure 4.  Mirtazapine rescues the number and type of dendritic spines in MeCP2−/y neurons.
	Figure 5.  Assessment of functional outcomes of treatments.
	Figure 6.  Mirtazapine treatment rescues GABA and GLU + CTZ currents in oocytes injected with membranes of MeCP2−/y mouse cortex or brainstem.



 
    
       
          application/pdf
          
             
                Pharmacological treatment with mirtazapine rescues cortical atrophy and respiratory deficits in MeCP2 null mice
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19796
            
         
          
             
                Tamara Bittolo
                Carlo Antonio Raminelli
                Chiara Deiana
                Gabriele Baj
                Valentina Vaghi
                Sara Ferrazzo
                Annalisa Bernareggi
                Enrico Tongiorgi
            
         
          doi:10.1038/srep19796
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19796
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19796
            
         
      
       
          
          
          
             
                doi:10.1038/srep19796
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19796
            
         
          
          
      
       
       
          True
      
   




