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Abstract
Rett syndrome (RTT, MIM312750), a neurodevelopmental
disorder predominantly occurring in females, is caused in the
majority of cases by sporadic mutations in the gene encoding
the transcriptional modulator methyl-CpG-binding protein 2
(MECP2). In mice, impaired MeCP2 function results in severe
motor, cognitive, and emotional defects. The lack of Mecp2 in
c-aminobutyric acid-(GABA) releasing forebrain interneurons
(INs) recapitulate many RTT features, however, the role of this
gene in the development of the cortical inhibitory system is still
unknown. Here, we found that MeCP2 expression varies
among the three major classes of cortical INs and its nuclear
localization differs between neuronal types. The density of
calretinin+ and parvalbumin+ INs increases in Mecp2 knockout

mice (Mecp2�/y) already at early post-natal developmental
stages. In contrast, the density of somatostatin+ INs is not
affected. We also found that the development of multipolar-
calretinin+ INs is selectively affected by the absence ofMecp2.
Additionally, we show that in Mecp2 heterozygous female
mice, a model closely mimicking human RTT condition, IN
abnormalities are similar to those observed in Mecp2�/y mice.
Together, our study indicates that loss of function of Mecp2
strongly interferes with the correct establishment of the
neocortical inhibitory system producing effects that are spe-
cific to different IN subtypes.
Keywords: calretinin, GABAergic interneurons, Mecp2,
neocortex, parvalbumin, Rett syndrome.
J. Neurochem. (2014) 10.1111/jnc.12803

Rett syndrome (RTT) is a complex and severe X-linked
progressive neurological disorder leading to intellectual
disability, psycho-motor impairment, and autistic behavior
that manifests mainly in girls during childhood after an
apparently normal early development (Hagberg et al. 1983).
The development of RTT has been related to mutations in the
gene encoding methyl-CpG-binding protein 2 (MECP2), a
transcriptional modulator that binds methylated DNA and
regulates chromatin remodeling and gene expression (Nan
et al. 1998; Amir et al. 1999; Shin et al. 2013).
Although much progress has been made over the last few

years toward understanding the neurobiological bases of this
syndrome, many aspects still need to be explored (Chahrour
and Zoghbi 2007). What seems to be widely accepted is the
notion that RTT is a neurological disorder. Indeed, mice
lacking Mecp2 only in the neuronal and glial lineages
reproduce most of the pathological signs (Chen et al. 2001;
Guy et al. 2001). However, RTT is an extremely complex
and diversified pathology that likely involves several CNS
regions and different cell types giving rise to a wide panel of

neuropsychiatric features. Over the last few years, several
laboratories have demonstrated that different symptoms of
RTT may manifest through specific loss of Mecp2 in selected
brain regions or neuronal populations (Chen et al. 2001;
Fyffe et al. 2008; Samaco et al. 2009; Chao et al. 2010;
Lioy et al. 2011; Zhao et al. 2013). While it is thought that
loss of Mecp2 produces an excitatory–inhibitory imbalance
that may differ between brain areas (see for review Boggio
et al. 2010; Shepherd and Katz 2011; Della Sala and
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Pizzorusso 2014), such as enhanced excitation throughout
brainstem circuits versus reduced excitation in cortical
circuits, little is known about the role of MeCP2 in the
development of cortical inhibitory circuits and how this
reflects on the pathogenesis of RTT.
We have previously shown that while the growth of new

excitatory synapses induced by exposure to an enriched
environment is normal, the concomitant retraction of GAB-
Aergic terminals observed in wild-type (WT) animals is
absent in the cortex of Mecp2�/y mice (Lonetti et al. 2010),
suggesting that MeCP2 is required for the structural plasticity
of cortical GABAergic interneurons (INs). Moreover, it has
been indicated that GABAergic INs contain significantly
higher levels of MeCP2 protein as compared to non-
GABAergic cells (Chao et al. 2010), suggesting a critical
role for this protein in this type of neurons. Consistently,
mice bearing a selective deletion of Mecp2 in GABA
expressing cells either throughout the entire nervous system
(Viaat-Mecp2 mice) or in restricted areas of the forebrain
(Dlx5/6-Mecp2 mice) recapitulate many important features of
RTT, including repetitive behaviors, impaired motor coordi-
nation, learning and memory deficits, severe respiratory
dysrhythmia, and premature lethality (Chao et al. 2010).
This is not surprising, especially in view of the well-known
involvement of the GABAergic dysfunction in the etiology
of other neuropsychiatric disorders such as schizophrenia and
autism which share many clinical aspects with RTT (Ram-
amoorthi and Lin 2011; Marin 2012; Le Magueresse and
Monyer 2013). However, a comprehensive characterization
of the impact of RTT on the development of GABAergic INs
in the forebrain, and in particular in the cerebral cortex, is
still lacking. To fill this gap, here we used an immunohis-
tochemical approach to investigate the density, distribution
and morphological organization of different classes of
cortical GABAergic INs at early and late stages of the
disease in Mecp2 mutant mice.

Methods

Animals

Animal care and handling throughout the experimental procedures
were conducted in accordance with European Community Council
Directive 86/609/EEC for care and use of experimental animals with
protocols approved by the Italian Minister for Scientific Research
and the Bioethics Committee of the University of Torino. All efforts
were made to minimize animal suffering and to reduce the number
of animals used. To obtain WT and Mecp2 mutants animals used
for this study, heterozygous Mecp2tml.lJae mice with exon 3 deletion
in Mecp2 (Chen et al. 2001) were crossed to C57BL6 for one gen-
eration, followed by breeding among offspring and were maintained
on a mixed background. Age-matched littermates were used in all
experimental conditions to avoid possible consequences of genetic
background unrelated to the Mecp2 mutation. Throughout this study
we used both male Mecp2�/y mice and female Mecp2+/� hetero-
zygous mice as indicated.

Tissue preparation and immunohistochemistry

Animals were anesthetized with an intraperitoneal injection of a
mixture of 100 mg/kg ketamine and 10 mg/kg xylazine i.p. and
transcardially perfused with ice-cold paraformaldehyde [4% in 0.1 M
phosphate buffer (PB), pH 7.4]. The brains were then dissected and
kept in the same fixative solution overnight at 4°C. After several
washes in 0.1 M PB, brains were cryoprotected by immersion in 10,
20, and 30% sucrose solutions, cut in 30 lm sections with a cryostat
and stored at�20°C in a solution containing 30% ethylene glycol and
25% glycerol in 0.1 M PB (pH 7.2). Cryosections were subsequently
processed free-floating for immunohistochemistry as described
(Ricciardi et al. 2011). After a blocking step in a phosphate-buffered
saline (PBS) solution containing 0.05% Triton X-100 and 10%
normal donkey serum, sections were incubated overnight at 25�C with
the following primary antibodies diluted in PBS with 3% normal
donkey serum and 0.05 Triton X-100: rabbit anti-MeCP2 (07-013,
1 : 500; Millipore Corporation, Bedford, MA, USA), goat anti-
MeCP2 (1 : 250; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rat anti-somatostatin (SOM, MAB354, 1 : 250; Millipore Corpora-
tion), guinea pig anti-calretinin (CR, 214104, 1 : 500; SYSY,
Goettingen, Germany), mouse anti-parvalbumin (PV, 235,
1 : 10 000; Swant, Marly, Switzerland), mouse anti-eukaryotic
elongation factor 1 alpha (eEF1a, 05-235, 1 : 500; Millipore), mouse
anti-Ca2+/calmodulin-dependent protein kinase (CaMKII, AB8699,
1 : 2000; Chemicon, Temecula, CA, USA). All these primary
antibodies have been previously characterized for antigen specificity
using western blot analyses. Double immunofluorescence was
performed with simultaneous addition of the primary antibodies as
described (Vara et al. 2009). Sections were then washed in PBS
(4 9 10 min) and incubated for 1 h at 25�C with the following
secondary antibodies: Alexa Fluor 488 a-rabbit, Alexa Fluor 594 a-
mouse, Alexa Fluor 594 a-rat, Alexa Fluor 594 a-guinea pig
(1 : 1000; Molecular Probes, Eugene, OR, USA), and Alexa Fluor
594 a-goat (1 : 500; Invitrogen, Carlsbad, CA, USA). After several
PBS rinses, the sections were mounted on gelatin-coated glass slides
and observed with either an epifluorescence microscope (Nikon E-
800; Nikon Instruments, Tokyo, Japan) equipped with a digital camera
(Zeiss Axioscope HR, Oberkochen, Germany) or a confocal micro-
scope (Zeiss LSM-5 Pascal, Oberkochen, Germany) as indicated.

Cell analyses

Cortical areas were identified using the Allen Mouse Brain Atlas (http://
mouse.brain-map.org/static/atlas). Immunofluorescence level for
MeCP2 was semi-quantitatively analyzed on single-stack confocal
images that were acquired at 409 with the same confocal settings.
Mean pixel intensity of the nuclear MeCP2 signal was measured from
single neurons, that were identified with specific markers (i.e. CR, PV,
and SOM for IN subtypes; CaMKII for excitatory pyramidal neurons),
using ImageJ software (NIH, Bethesda, MD, USA). Double-fluores-
cence micrographs of the cortical samples were acquired with the laser
scanning confocal microscope in the multitrack mode to avoid
fluorescence cross-talk (pinhole: 1.0 airy unit). Images from both
channels were overlaid and background labeling was subtracted.
Histograms represent the mean fluorescence intensity normalized to
MeCP2 level in CaMKII+ cells that was calculated in at least 30 cortical
neurons/animal deriving from 8-week-old WT mice (mice = 5).

Quantitation of cellular densities was obtained from images
captured with an epifluorescence microscope in at least three
matched coronal brain sections, that included the primary somato-
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sensory cortex (S1), deriving from Mecp2 mutants and WT animals
at different post-natal developmental stages (i.e., 2-, 4-, and 8-week-
old male mice; 8 months old female mice). Digital boxes in width
(230.34 lm) spanning from the pial surface to the white matter
(corpus callosum) were superimposed at matched locations on each
coronal section of the cerebral cortex, divided into 10 equally sized
sampling areas (bins), and immunopositive cells were manually
counted in each bin by an investigator who was blinded to the
genotype. For total cell quantification, anatomically matched sections
from four mice/condition were processed to detect eEF1a and bins
were assigned to specific cortical layer fluorescence based on nuclear
diamidino-2-phenylindole staining (Sigma) as cytoarchitectonic ref-
erence (Layer I spanned bin 1; Layer II/III spanned bins 2-3; Layer IV
spanned bins 4-5; Layer V spanned bins 6-7, and Layer VI spanned
bins 8-10). For each age and genotypes, INs were quantified in each
bin on sections that were labeled to detect SOM (mice = 3–4), PV
(mice = 5), CR (mice = 5–6), and CR/SOM (mice = 3–4) and bin-
distribution was defined as the percentage of INs in each bin relative
to the total number of INs. To compensate for the reduced thickness of
the cerebral cortex and increased packing of neuronal cells shown by
the null-mutant mouse strain used in this study (see also Kishi and
Macklis 2004), the collected cell density data have been corrected. To
obtain the corrected values, we multiplied the data set obtained for
each bin of the mutant cortices by factors calculated as the ratio of
eEF1a+ cells density in a given bin of the WT and the Mecp2�/y

cortex (correction factor bin N = eEF1a density of bin N in WT mice/
eEF1a density of bin N in Mecp2�/y).

The soma area of INs was calculated, using an appropriate ImageJ
software tool, by manually tracing the cell body contour of all
immunohistochemically identified INs contained in a fixed width
box spanning from the pial surface to the corpus callosum. Values of
mean soma area were calculated from at least 50 cortical neurons/
animal deriving from three mice for each marker and age analyzed.

The morphological classification of CR+ INs into bipolar or
multipolar cells in Mecp2 mutants and WT mice was achieved on
confocal image Z-stacks (at least 20 stacks each taken 1 lm apart) that
were captured using a confocal microscope from sections of the mouse
neocortex from at least four mice/genotypes at 8 weeks of age. Then,
Z-stacks were transformed into maximum-projection images using an
appropriate ImageJ tool. An observer blind to the genotype group
identified and counted on these imagesCR+ cellswith a bipolar (fusiform
elongated soma and two vertically oriented dendrites) or a multipolar
(rounded cell body and several primary dendrites) morphology.

Statistical analysis

All data are reported as mean � SEM. Statistical analysis was done
either by Student’s t-test or two-way ANOVA, as specifically indicated in
the text of each figure legend, usingGraphPad Prism software (La Jolla,
CA, USA). For presentation, digital micrographs were processed with
the software ImageJ. Files were imported into Adobe Photoshop
(Adobe Systems, San Jose, CA, USA), where images were cropped.

Results

Mecp2 is expressed in the three major classes of neocortical

interneurons and its nuclear localization differs between cell types

GABAergic INs form an extremely heterogeneous popula-
tion comprising distinct subtypes that can be distinguished

for their physiological, morphological, and biochemical
features (Fishell and Rudy 2011; Rudy et al. 2011).
Neocortical GABAergic INs are classically subdivided into
three major physiologically and neurochemically distinct
subtypes: (i) fast-spiking PV INs, (ii) burst-spiking SOM
INs, and (iii) regular-spiking CR INs (Butt et al. 2005;
Wonders and Anderson 2006; Gelman and Marin 2010;
Corbin and Butt 2011). To assess the effects of Mecp2
deletion on neocortical INs, we first asked whether MeCP2 is
expressed by these three main IN subtypes using double
labeling immunofluorescence (Fig. 1). We performed this
analysis on coronal sections of 8-week-old S1 WT cortices,
and we found that MeCP2 is expressed in every PV-, SOM-,
and CR-positive cell (Fig. 1a–c); these results were repli-
cated in primary motor (M1) and visual (V1) cortices
(Fig. 1e). Next, we studied the expression and localization
of MeCP2 in the nucleus of the different IN subtypes and we
compared it with adjacent CaMKII+ glutamatergic pyramidal
neurons (Fig. 1d and e). MeCP2 shows a characteristic
localization in INs nuclei where it labels both the chromo-
centers, that are formed by subcentromeric heterochromatin
foci that are able to bind MeCP2 (Guy et al. 2011), and the
nucleoplasm (Fig. 1d). In contrast, in CaMKII+ glutamater-
gic neurons, MeCP2 antibody produces a strong signal in the
chromocenters while the nucleoplasm is only weakly labeled
(Fig. 1d). Interestingly, most CR+ INs show a unique large
MeCP2-immunoreactive clump in the center of the nucleus
in contrast to CaMKII+ glutamatergic neurons and the other
INs subtypes that commonly showed ≥ 2 labeled chromo-
centers. Next, we quantified the expression of MeCP2 in both
INs and glutamatergic pyramidal neurons in S1, M1, and V1
cortices (Fig. 1e). We found a higher expression of MeCP2
in both CR+ and PV+ INs than in CaMKII+ cells, with a
similar pattern for all the areas examined (M1, S1, and V1
cortex: CaMKII vs. CR: p < 0.001; CaMKII vs. PV
p < 0.001; n = 5). In contrast, MeCP2 expression in SOM-
positive INs (Fig. 1e) does not differ from CaMKII+

pyramidal neurons (CaMKII vs. SOM: M1 cortex,
p = 0.0686; S1 cortex: p = 0.6196; V1 cortex: p = 0.2774;
n = 5) and is significantly lower than CR+ and PV+ INs (M1,
S1, and V1 cortex: CR vs. SOM: p < 0.001: PV vs. SOM:
p < 0.01; n = 5). Thus, our data indicate that the nuclear
localization of MeCP2 changes among cell types of the
cortex and that its regulation may vary depending on the IN
subtype.

Total cell density and interneuron soma size are reduced in

the cortex of Mecp2 mutants before the appearance of overt

pathological signs

The thickness of the cerebral cortex in Mecp2 knockout mice
(Mecp2�/y) is significantly reduced; this reduction is
accompanied by an increased cellular density and by an
overall decrease of the soma size of pyramidal neurons
throughout all cortical layers (Chen et al. 2001; Kishi and

© 2014 International Society for Neurochemistry, J. Neurochem. (2014) 10.1111/jnc.12803
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Macklis 2004; Fukuda et al. 2005). To further investigate
changes in cellular density occurring during brain develop-
ment in the mouse model – i.e. Mecp2tml.lJae – used in this
study, we evaluated the number of cells immunolabeled for
eEF1a, a ubiquitous elongation factor that is expressed by
both neuronal and glial cells (Lee et al. 2003; Huang et al.
2005) in the S1 cortex of Mecp2�/y animals at three different
post-natal ages, 2, 4, and 8 weeks, corresponding to pre-

symptomatic (2 and 4 weeks) and symptomatic disease
stages (8 weeks), respectively.
We found that total cell density in the cerebral cortex of

Mecp2�/y mutants is greater compared to WT mice and that
this difference parallels the progression of the symptoms
(Fig. 2a). At 2 and 4 weeks of age there is no significant
difference between WT and mutant mice (2 weeks: WT =
4994 � 156.71; Mecp2�/y = 4921.16 � 289.6, p = 0.832;

(a)

(d) (e)

(b) (c)

Fig. 1 Methyl-CpG-binding protein 2

(MeCP2) is expressed at different levels
by cortical interneuron (IN) subtypes.
Representative confocal micrographs of

double immunostaining for MeCP2 with
parvalbumin (PV) (a), somatostatin (SOM)
(b), and calretinin (CR) (c) showing that

MeCP2 is co-expressed by the three major
IN subtypes of the S1 cortex. (d) Higher
magnification images showing that MeCP2

is differentially distributed in the nucleus of
either glutamatergic [Ca2+/calmodulin-
dependent protein kinase (CaMKII)] or
GABAergic (PV, CR, and SOM) INs. (e)

Histograms represent the normalized values
of MeCP2 levels for the different cell types
represented in (d) measured in M1, S1, and

V1 cortices. Scale bars: (a–c) 50 lm; 20 lm
(insets); (d) 10 lm. Student’s t-test,
**p < 0.01, ***p < 0.001.

Fig. 2 Cellular density and interneuron (IN) soma size are changed in
Methyl-CpG-binding protein 2 (Mecp2) mutant mice. (a) Quantitative

analysis of the eukaryotic elongation factor 1 alpha (eEF1a)-positive
cell density throughout the entire S1 cortical wall and within cortical
layers I–VI in Mecp2�/y mice at 2, 4, and 8 weeks of age showing an

increase produced by Mecp2 deletion that is detectable at 4 weeks of
age. A similar increase is present in the cortex of Mecp2-HET mice. (b)
Analysis of soma area of CR+, SOM+, and PV+ cells shows a

progressive soma reduction in Mecp2�/y mice as compared to WT.
Mecp2-HET mice also show a reduction in the soma area for the three

IN subtypes. (c) Representative calretinin (CR) immunofluorescence
micrographs in 4-week-old WT and Mecp2�/y cortex showing the
reduction in size of CR+ cells at 4 weeks of age. Total density and

soma area analysis: Student’s t-test, *p < 0.05, **p < 0.01. Layer
density analysis: ANOVA, ##p < 0.01, ###p < 0.001; Post hoc Bonfer-
roni test, $$p < 0.01, $$$p < 0.001. Scale bars: 20 lm.
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(a) (b)

(c)
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cells/mm2; mean � SEM; n = 4; 4 weeks: WT = 5244.73 �
189.03;Mecp2�/y = 5853.94 � 386.74, p = 0.454; cells/mm2;
mean � SEM; n = 4, Fig. 2a). However, we found a statisti-
cally significant difference between genotypes at 8 weeks of age
(WT = 5625.47 � 105.96; Mecp2�/y = 6942.53 � 197.74,
p = 0.004; cells/mm2; mean � SEM; n = 4, Fig. 2a). Interest-
ingly, the analysis of the cellular density in each cortical layer
(Fig. 2a) indicates that the alterations produced by MeCP2
deletion are dissimilar throughout the cortical wall (two-way
ANOVA. 2 weeks: p = 0.866; 4 weeks: p = 0.006; Bonferroni:
layer II/III and layer VI p < 0.001. 8 weeks: p < 0.001;
Bonferroni: layer II/III p < 0.001, layer V and VI p < 0.01).
Similarly toMecp2�/y,we found a significant increase in total cell
density in 8 months old Mecp2-HET mice (WT =
6109.13 � 87.21; Mecp2-HET = 7145.23 � 327.38; cells/
mm2; p = 0.038; mean � SEM; n = 4, Fig. 2a), a rise that
uniformly affects the cortical layers (two-way ANOVA analysis:
p = 0.009).
Next, we measured the cell body area of each class of IN in

the developing brain. We found that all three IN classes in
8-week-old mutants show a significant decrease in their soma
size as compared to their WT littermates (Fig. 2b; PV+:
WT = 100 � 0.49; Mecp2�/y = 92.79 � 2.38, p = 0.042; %
of control; n = 4; SOM+: WT = 100 � 2.03; Mecp2�/y

= 83.52 � 1.96, p = 0.001; % of control; n = 4; CR+:
WT = 100 � 3.34; Mecp2�/y = 78.62 � 1.91, p = 0.002;
% of control; n = 4), whereas only CR+ cells (Fig. 2c)
present a significant soma reduction already at 4 weeks of age
(Fig. 2b; SOM+: WT = 100.0 � 2.59; Mecp2�/y = 94.72
� 2.91, p = 0.247; % of control; n = 3; PV+:
WT = 100.0 � 3.57; Mecp2�/y = 94.34 � 2.68, p = 0.274;
% of control; n = 3; CR+: WT = 100 � 3.47; Mecp2�/y =
84.85 � 1.79, p = 0.018; % of control; n = 3). No differ-
ences in cell body size are detected in 2-week-old animals
(Fig. 2b; SOM+: WT = 100.0 � 4.63; Mecp2�/y = 97.96
� 3.18, p = 0.735; % of control; n = 3; PV+:
WT = 100.0 � 2.93; Mecp2�/y = 97.61 � 1.37, p = 0.501;
% of control; n = 3; CR+: WT = 100.0 � 3.740; Mecp2�/y =
98.65 � 1.579, p = 0.756; % of control; n = 3). Finally, we
find that also in 8-months-old Mecp2-HET female mice INs
cell body size is reduced (Fig. 2b; PV+: WT = 100 � 1.38;
Mecp2-HET = 83.44 � 1.96, p = 0.002; % of control; n = 3;

SOM+: WT = 100 � 2.57; Mecp2-HET = 86.93 � 3.81,
p = 0.047; % of control; n = 3; CR+: WT = 100 � 1.19;
Mecp2-HET = 88.46 � 3, p = 0.028; % of control; n = 3)
compared to WT animals.

The density but not the distribution of specific interneuron

classes is affected by Mecp2 deletion in asymptomatic and

symptomatic mutant mice

Our data indicate that even partial loss of Mecp2 may affect
all three main populations of INs in the cerebral cortex, an
alteration that worsens with symptom progression in the KO
animals (Fig. 2b). To investigate the role of MeCP2 in the
development and/or maintenance of cortical GABAergic INs,
we characterized the density and the distribution of the three
IN classes in 2-, 4-, and 8-week-old mutants. Because the
thickness of the cortex in Mecp2�/y mice decreases with age
and cell density concurrently increases (Fig. 2a; see also
Kishi and Macklis 2004; Fukuda et al. 2005), the density
values of the different IN subtypes in mutants were
normalized to the total number of cells, as identified by
eEF1a immunostaining, present within each bin (see Meth-
ods for details). In Table 1 the non-normalized values are
also shown.

CR+ cell class

We observed a significant increase in the density of the CR+

cells in mutant cortex as early as 2 weeks of age (Fig. 3a and
d) when both cortical thickness and cell density are
normal (WT = 75.87 � 1.84; Mecp2�/y = 89.85 � 3.82;
mean � SEM; p = 0.03; n = 3); this increase is still signif-
icant in 4- and 8-week-old mutant cortices (4 weeks:
WT = 82.17 � 5.55;Mecp2�/y = 106 � 5.68;; mean � SEM;
p = 0.024; n = 4; 8 weeks: WT = 77.37 � 10.52; Mecp2�/y

= 118.3 � 9.08; mean � SEM; p = 0.038; n = 4). However,
CR+ INs are normally distributed within the cortical wall and
no significant difference could be detected between mutant
and WT cortex (two-way ANOVA. 2 weeks: p > 0.05; 4 weeks:
p > 0.05; 8 weeks: p > 0.05; Fig. 3e).

SOM+ cell class

The density of SOM+ INs does not show any
significant difference between WT and Mecp2�/y mice at all

Table 1 Non-normalized density values of the interneuron subtypes

Cell density (cell/mm2)

2w 4w 8w

WT Mecp2�/y WT Mecp2�/y WT Mecp2�/y

CR 75.9 � 1.9 89.9 � 3.8* 86.7 � 5.7 110.8 � 5.9* 77.4 � 10.5 146.1 � 11.2**
SOM 86.7 � 5.7 98.9 � 5.9 126.3 � 9.4 151.4 � 18.4 107.8 � 16.4 136.5 � 7.4

PV 79.3 � 26.3 143.2 � 38.8 293.6 � 9.9 349.0 � 7.1* 209.1 � 8.1 267.7 � 10.7*

Student’s t-test, *p < 0.05, **p < 0.01.
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three ages examined (2 weeks: WT = 108.81 � 14.50;
Mecp2�/y = 123.42 � 15.69, p = 0.513; mean � SEM;
n = 5; 4 weeks: WT = 107.11 � 16.00; Mecp2�/y =

116.92 � 11.19, p = 0.619; mean � SEM; n = 5; 8 weeks:
WT = 83.93 � 8.17;Mecp2�/y = 94.94 � 6.872, p = 0.341;
mean � SEM; n = 6) (Fig. 3b and f). Similarly, no difference

(a) (d)

(e)

(f)

(g)

(h)

(i)

(b)

(c)

Fig. 3 Methyl-CpG-binding protein 2 (Mecp2) deletion affects the
density but not the distribution of CR+ and PV+ cortical interneurons.

(a–c) Representative micrographs of calretinin (CR) (a), somatostatin
(SOM) (b), and parvalbumin (PV) (c) immunofluorescence in 8-
week-old WT and Mecp2�/y somatosensory cortices. Figure (a)

shows the correspondence between layers and bins. (d–i) Quanti-
tative analysis of the total cortical density (d, f, and h), and %

laminar distribution (e, g, and i) of the SOM+, CR+, and PV+ cells at
the three ages examined. Scale bars: 100 lm. Total density
analysis: Student’s t-test, *p < 0.05.
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is found in the laminar distribution of these cells (two-way
ANOVA. 2 weeks: p > 0.05; 4 weeks: p > 0.05; 8 weeks:
p > 0.05; Fig. 3g).

PV+ cell class

The total density of PV-expressing cells at 2 weeks of age
does not show any statistical difference between WT
and Mecp2�/y mice (WT = 95.16 � 31.50; Mecp2�/y =
126.60 � 29.71, p = 0.489; mean � SEM; n = 5). The
analysis at later stages, however, shows a significant increase
in the number of PV+ cells at both 4 (WT =
265.60 � 18.089; Mecp2�/y = 316.21 � 11.76; mean �
SEM; p = 0.047; n = 5) and 8 weeks of age (WT =
200.72 � 6.91; Mecp2�/y = 242.23 � 16.24; mean �
SEM; p = 0.046; n = 5) (Fig. 3c and h). Remarkably, no
significant difference is found when comparing the laminar
distribution of these cells (two-way ANOVA. 2 weeks: p > 0.05;
4 weeks: p > 0.05; 8 weeks: p > 0.05; Fig. 3i).

The development of multipolar CR+ interneurons is

influenced by Mecp2 expression

Our data show that three populations of cortical INs are
differently impacted by Mecp2 deletion. In particular, CR+

cells seem to be more strongly affected than the PV+ and
SOM+ populations. In the mouse neocortex, there are two

morphologically distinct subpopulations of CR-expressing
INs: bipolar and multipolar cells (Butt et al. 2005; Caputi
et al. 2009; Gelman and Marin 2010). Bipolar cells have a
fusiform elongated soma with vertically oriented dendrites,
while multipolar cells have a rounded cell body with several
primary dendrites (Fig. 4c). We quantified the density of
both multipolar and bipolar CR+ INs on micrographs
captured with a confocal microscope (Fig. 4a and b).
Intriguingly, we find that while the total number of
bipolar CR+ INs is not changed between genotypes
(WT = 30.9 � 3.85; Mecp2�/y = 28.78 � 3; p = 0.676;
mean � SEM; n = 5), the number of multipolar cells is
significantly increased in Mecp2�/y animals compared with
WT mice (WT = 25.43 � 1.95; Mecp2�/y = 36.16 � 3.45;
mean � SEM; p = 0.035; n = 4). Moreover, given that CR+

multipolar INs of the mouse neocortex can be further
subdivided by their differential expression of SOM (Xu et al.
2006), we next investigated if the density of SOM+/CR+ cells
(Fig. 4c) is affected inMecp2 mutant mice (Fig. 5a). We find
that the density of SOM+/CR+ cells is significantly increased
in mutants at all ages examined (Fig. 5b–d; 2 weeks:
WT = 16.5 � 0.5; Mecp2�/y = 22.1 � 1.4; mean � SEM;
p = 0.019; n = 3; 4 weeks: WT = 23.66 � 0.26; Mecp2�/

y = 33.04 � 2.26; mean � SEM; p = 0.05; n = 4; 8 weeks:
WT = 22.3 � 3.8; Mecp2�/y = 35.85 � 1.05; mean �

(a)

(b)

(c)

Fig. 4 Multipolar CR+ interneuron (IN)
density is altered in the cerebral cortex of
Mecp2�/y mice. (a) Representative confocal

micrographs illustrating the two morph
ologically distinct subtypes of CR+ INs in
the S1 cortex of WT and mutant Mecp2�/y

mice. Bipolar CR+ INs (arrows) show a
fusiform, elongated soma from which two
vertically oriented dendrites protrude. In

contrast, multipolar CR+ INs (arrowheads)
are characterized by several primary
dendrites which extend from a round-
shaped cell body. (b) Quantitative analysis

of bipolar and multipolar CR+ cells reveals
that there is a significant increase in the
density of multipolar INs in the Mecp2�/y

cortex while there is no difference in bipolar
cell number. Total density analysis:
Student’s t-test, *p < 0.05. (c) Represen

tative confocal micrographs of a bipolar
CR+/SOM� and a multipolar CR+/SOM�

cell. Scale bar: 50 lm (a and c); 25 lm in

high magnification view.
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SEM; p = 0.033; n = 4), whereas their laminar distribution
is not affected (two-way ANOVA. 2 weeks: p > 0.05;
4 weeks: p > 0.05; 8 weeks: p > 0.05; Fig. 5e–g).
These data indicate that the observed increase in density of

cortical CR+ cells (Fig. 3d) in Mecp2 mutants is mainly due
to an increase of the multipolar shaped SOM+/CR+ IN
subtype.

The number of multipolar CR+ interneurons is abnormally

increased in symptomatic Mecp2-HET female mice

Heterozygous Mecp2 female mice recapitulate the somatic
mosaicism of MeCP2 expression found in RTT patients and
develop several RTT symptoms like irregular breathing,

abnormal gait, and hindlimb clasping (Chahrour and Zoghbi
2007). To assess the impact of a partial reduction of MeCP2
expression on the organization of cortical INs, we analyzed
8-month-old female-HET mice. At this age female-HET
mice show the full set of RTT symptoms, a condition
that closely resembles the pathological phenotype found in
8-week-old Mecp2�/y male mutants. Mecp2-HET mice
show a significant increase in the density of CR- but not
PV- and SOM-expressing cells (CR+: WT = 51.81 � 3.7;
Mecp2-HET = 65.72 � 3.86; mean � SEM; p = 0.037;
n = 5; PV+: WT = 237.6 � 7.82; Mecp2-
HET = 276.5 � 22.76, p = 0.158; mean � SEM; n = 5;
SOM+: WT = 122.2 � 2.75; Mecp2-HET = 100.5 � 15.82,

(a)

(b) (e)

(f)

(g)

(c)

(d)

Fig. 5 Increased density of SOM+/CR+ neurons in the S1 cortex of

Mecp2�/y mice. (a) Representative micrographs showing somatostatin
(SOM)/calretinin (CR) double immunolabeled neurons (arrowheads) in
the S1 cortex of 8-week-old WT and Mecp2�/y mice. (b–d) Quantifi-

cation of CR+/SOM+ interneurons shows a significant increase in their

density in Mecp2�/y mice at all ages examined. (e–g) % laminar
distribution of CR+/SOM+ cells. Scale bar: 50 lm. Total density
analysis: Student’s t-test, *p < 0.05.
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(a)

(d)

(e)

(f)

(b) (c)

Fig. 6 Interneuronal assembly is severely affected in methyl-
CpG-binding protein 2 (Mecp2)-HET cortex. (a–c) Quantitative analysis
of the total cortical density (top) and % laminar distribution (bottom) of
SOM+, CR+, and PV+ cells in 8-month-old Mecp2-HET mice (d).

Representative micrographs showing CR+/SOM+ neurons in WT and

Mecp2-HET cortices. Arrowheads indicate double labeled cells. (e and
f) Quantitation of CR+/SOM+ cell density (e) and bipolar/multipolar CR+

cells (f) show a significant increase in the density of both double-
positive cells as well as CR+ multipolar cells. Scale bar: 50 lm. Total

density analysis: Student’s t-test, *p < 0.05.
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p = 0.369; mean � SEM; n = 3) (two-way ANOVA. CR+:
p > 0.05; SOM+: p > 0.05; PV+: p > 0.05; Fig. 6a–c).
Moreover, no difference in laminar distribution is found
for any of the three classes. When we quantified the
density of the SOM+/CR+ cells in the cortex of these mice
(Fig. 6d and e), we found a significant increase of this subtype
(WT = 19.52 � 1.44;Mecp2-HET = 25.98 � 2.35; mean �
SEM; p = 0.044; n = 5). Consistently, we also found an
increase of the CR+ multipolar- but not bipolar- INs in the cortex
of Mecp2-HET mice (CR+ bipolar: WT = 18.95 � 2.15;
Mecp2-HET = 15.74 � 3.67, p = 0.478; mean � SEM;
n = 4; CR+ multipolar: WT = 19.50 � 3.56; Mecp2-
HET = 34.01 � 4.61, p = 0.046; mean � SEM; n = 4;
p = 0.04) (Fig. 6d and f). These findings indicate that even
a mosaic loss of Mecp2 in heterozygote females significantly
impairs the neurochemical and morphological organization of
GABAergic INs in the cerebral cortex.

Discussion

Here, we describe for the first time the effects of Mecp2 loss
of function on the establishment of the neocortical inhibitory
IN assembly. We found that MeCP2 is differentially
expressed in the three major classes of cortical INs, defined
according to their biochemical identity (i.e., CR+, SOM+, and
PV+ cells), in three different primary cortical areas. Our
results indicate that Mecp2 deletion produces a reduction in
soma size of all three IN subtypes, thus extending previous
knowledge on similar defects in cortical pyramidal neurons
of Mecp2�/y mice (Chen et al. 2001; Kishi and Macklis
2004; Fukuda et al. 2005). Interestingly, a similar reduction
in size has been recently described in inhibitory neurons
differentiated from human embryonic stem cells lacking
Mecp2 (Li et al. 2013), suggesting that abnormal morphol-
ogy of cortical INs may be a clinical phenotype of human
RTT patients. Consistently, we found that a reduction of IN
soma size is also shown by symptomatic female Mecp2-HET
mice, a model that closely mimics the mosaic expression of
normal versus mutated MeCP2 in the brain of RTT patients.
Moreover, our study confirms that Mecp2�/y mice show an
increase in total cell density as early as 4 weeks of age
(Fukuda et al. 2005), and that an abnormal higher density of
cells is also present in the cerebral cortex ofMecp2-HET thus
expanding our current knowledge on the impact of Mecp2
deletion on the anatomical organization of the brain.
Although we showed that MeCP2 is expressed in all three

major classes of cortical INs, its loss of function did not
equally affect the postnatal assembly of each class. Our data
thus suggest that defects of GABAergic neurotransmission
involved in RTT may be caused by a dysfunction of selected
classes of INs.
Whereas we found no defects in the density or laminar

distribution of SOM+ cells along the cortical wall at all ages
examined, the total density of PV+ and CR+ cells was

significantly higher in the Mecp2�/y mutants. Intriguingly, in
accordance with this finding, our semi-quantitative analyses
showed that MeCP2 expression is higher in PV+ and CR+ INs
than in SOM+ cells, supporting the idea of a class-specific
effect of MeCP2 action during brain development. Our
results, showing that PV+ INs increase at 4 weeks of age, are
in apparent contrast with a previous report that found a
reduction in PV+ cells in theMecp2�/y mutants at 2 weeks but
no differences at a later stage (Fukuda et al. 2005). However,
as no quantitative measures were provided by Fukuda and
colleagues, it is possible that this inconsistency could be
simply due to a low sample size used in this previous study.
Additionally, PV immunoreactivity only starts to be signif-
icantly detected in the mouse cortex around P13, after which it
increases rapidly (de Lecea et al. 1995; Gonchar et al. 2007).
Thus, analysis of this marker at 2 weeks of age, when PV+

cells have just begun to be detectable in the cortex, is likely to
suffer from high inter-individual variability. PV+ cells directly
inhibit pyramidal neurons, thus our data suggest that the
inhibitory tone produced by these cells is increased in
Mecp2�/y mice. Indeed, a recent study showed that deletion
ofMecp2 caused an early up-regulation of PV expression and
an excessive connectivity of PV+ axonal terminals onto
pyramidal neurons in the visual cortex, resulting in an
enhanced inhibitory gating (Durand et al. 2012). Our data are
in line with these results and support the idea that MeCP2 may
regulate the developmental organization of PV+ INs, estab-
lishing and maintaining correct levels of inhibitory drive onto
pyramidal cells in the neocortex.
Our analysis of CR+ IN population led us to several

interesting observations. First, MeCP2 distribution in CR+

INs often consist of one large MeCP2-labeled chromocenter
in the middle of the nucleus. Second, CR+ INs manifest the
same global increase in density observed for the PV+ cells,
but for CR+ cells this increase is already significant in 2-
week-old mutants. Third, unexpectedly, we found that early
increase in CR+ cell number is mainly due to ~ 50% increase
in SOM+/CR+ multipolar cell density in the Mecp2�/y mice.
Finally we found a similar phenotype in the cortex of female
Mecp2-HET, suggesting that correct levels of expression of
MeCP2 protein are important for the development of this IN
subtype.
The observed phenotype can have multiple explanations:

one possibility is that MeCP2 loss of function affects the
generation of different CR+ subtypes by acting in the germinal
zones of the ganglionic eminences (Fogarty et al. 2007;
Miyoshi et al. 2007; Bond et al. 2009). Alternatively, MeCP2
may influence the survival of developing bipolar and multi-
polar CR+ INs and regulate thefinal number of these cells in the
adult cortex (Southwell et al. 2012). Our observation that
MeCP2 is expressed at higher levels in CR+ INs than in other
classes, supports a particularly important role for DNA
methylation and for methylated DNA binding proteins in the
development of CR+ INs. In the forebrain, CR+ INs represent
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10–30% of the entire GABAergic population (Gonchar and
Burkhalter 1999). It has been previously shown that in the
rodent hippocampus and neocortex, CR+ cells mostly target
other INs (Gonchar and Burkhalter 1999; Caputi et al. 2009).
In addition, it has been shown that multipolar CR+ INs,
differently from bipolar cells, are electrically coupled to PV+

cells via gap junctions and also preferentially target this class of
INs (Caputi et al. 2009). Thus, these two interneuronal types
seem to act jointly within the cortical network as suggested by
their synchronous activation during carbachol-induced oscil-
lations (Blatow et al. 2003; Caputi et al. 2009). Thus, the
observed increase in the density of PV+ and CR+ multipolar
cells reported here may produce an overall over-representation
of such subnetworkwithin themutant cortex; this in turnmight
be responsible for the synaptic microcircuit dysfunctions and
imbalance between inhibitory and excitatory inputs that are
likely to underlie the severe RTT-associated cognitive and
motor dysfunctions (Dani et al. 2005; Chahrour and Zoghbi
2007; Dani and Nelson 2009; Boggio et al. 2010; Wood and
Shepherd 2010; Shepherd and Katz 2011; Della Sala and
Pizzorusso 2014).
The precocious onset of the CR+/SOM+ IN unbalance –

i.e., before the appearance of overt pathological signs in
Mecp2 mutants – poses an important question: does Mecp2
deficiency produce early neuroanatomical abnormalities that
may impact the normal development of the brain? Although
several lines of evidence strongly support the hypothesis
that the pathogenesis of RTT is caused solely by dysfunc-
tion of mature neurons at a time when symptoms become
apparent (Chen et al. 2001; Guy et al. 2001; reviewed in
Guy et al. 2011; Gadalla et al. 2011), it is still possible that
subtle but significant alterations such as those described in
our study may occur during development. Although changes
in CR+ IN number shown here are just one example of how
MeCP2 function may produce its effects during brain
development, the disclosure of these early alterations and
how they modify brain function remains an important future
challenge.
In conclusion, our study further supports a role of the

GABAergic system in the pathogenesis of RTT and shows
that, despite its broad expression,Mecp2 mutation selectively
affects different neocortical GABAergic IN subtypes. We
envision that future studies will be required to understand the
specific involvement of each IN class in the pathogenesis of
RTT, in order to provide novel paradigms in which
therapeutic interventions can be developed to successfully
restrain or ameliorate RTT.
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