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Abstract
Rett syndrome (RTT) is an X chromosome-linked neurodevelopmental disorder associated with the
characteristic neuropathology of dendritic spines common in diseases presenting with mental
retardation (MR). Here, we present the first quantitative analyses of dendritic spine density in
postmortem brain tissue from female RTT individuals, which revealed that hippocampal CA1
pyramidal neurons have lower spine density than age-matched non-MR female control individuals.
The majority of RTT individuals carry mutations in MECP2, the gene coding for a methylated DNA-
binding transcriptional regulator. While altered synaptic transmission and plasticity has been
demonstrated in Mecp2-deficient mouse models of RTT, observations regarding dendritic spine
density and morphology have produced varied results. We investigated the consequences of MeCP2
dysfunction on dendritic spine structure by overexpressing (∼twofold) MeCP2-GFP constructs
encoding either the wildtype (WT) protein, or missense mutations commonly found in RTT
individuals. Pyramidal neurons within hippocampal slice cultures transfected with either WT or
mutant MECP2 (either R106W or T158M) showed a significant reduction in total spine density after
48hrs of expression. Interestingly, spine density in neurons expressing WT MECP2 for 96hrs was
comparable to that in control neurons, while neurons expressing mutant MECP2 continued to have
lower spines density than controls after 96hrs of expression. Knockdown of endogenous Mecp2 with
a specific small hairpin interference RNA (shRNA) also reduced dendritic spine density, but only
after 96hrs of expression. On the other hand, the consequences of manipulating MeCP2 levels for
dendritic complexity in CA3 pyramidal neurons were only minor. Together, these results demonstrate
reduced dendritic spine density in hippocampal pyramidal neurons from RTT patients, a distinct
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dendritic phenotype also found in neurons expressing RTT-associated MECP2 mutations or after
shRNA-mediated endogenous Mecp2 knockdown, suggesting that this phenotype represent a cell-
autonomous consequence of MeCP2 dysfunction.
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MeCP2; Rett syndrome; dendrite; dendritic spine; pyramidal neuron; hippocampus; DiOlistics;
human postmortem brain

INTRODUCTION
Deficits in dendritic architecture are common in disorders associated with mental retardation
(MR), ranging from environmental (e.g. fetal alcohol syndrome) to autosomal (e.g. Down
syndrome) and X chromosome-linked forms of MR (e.g. Fragile-X, Rett syndrome; reviewed
by Fiala et al., 2002; Kaufmann and Moser, 2000). A series of groundbreaking studies
published in the 1970’s established the precedent of abnormalities in dendritic organization in
cortical neurons from humans with MR (Huttenlocher, 1970; Huttenlocher, 1974; Marin-
Padilla, 1972; Marin-Padilla, 1976). These series of observations consistently described
reductions in the density of dendritic spines, the postsynaptic compartment of excitatory
synapses (reviewed by Peters et al., 1991). In addition, a prevalence of long and tortuous spines,
thought to represent immature synapses, were also commonly observed in MR and combined,
these dendritic spine anomalies were referred to as “spine dysgenesis” (Purpura, 1974). Since
dendritic development is a process where the formation and maturation of spines are the result
of interactions between intrinsic genetic factors and external environment, the study of spine
development and maintenance in MR has significant clinical relevance.

Rett syndrome (RTT) is an X chromosome-linked mental retardation that results from sporadic
mutations in the gene coding for the methylated DNA-binding transcription factor MeCP2
(Amir et al., 1999; reviewed by Percy, 2001). RTT affects approximately 1:10,000 females
worldwide, and prominent symptoms include deceleration of body and head growth rate, hand
stereotypies and regression in motor and speech capabilities, irregularities in motor activity
and breathing patterns, in addition to cognitive impairments characteristic of an autism-
spectrum disorder (reviewed by Percy and Lane, 2005). Although RTT occurs predominantly
in females, mutations of MECP2 have also been identified in males, where the phenotypes
range from severe encephalopathy, to classic RTT, to nonspecific MR (Couvert et al., 2001;
Kankirawatana et al., 2006; Masuyama et al., 2005; Moog et al., 2003). While mutations of
MECP2 have been associated with RTT, duplications in the chromosomal region where
MECP2 is located were shown to be related to neurological disorders associated with MR,
suggesting that MECP2 is a critical dosage-sensitive gene (del Gaudio et al., 2006; Smyk et
al., 2008).

Morphological studies in postmortem brain samples from RTT individuals described a
characteristic neuropathology, which included decreased neuronal size and increased neuronal
density in the cerebral cortex, hypothalamus and the hippocampal formation (Bauman et al.,
1995a; Bauman et al., 1995b); decreased dendritic growth in pyramidal neurons of the
subiculum and frontal and motor cortices (Armstrong et al., 1995); as well as the characteristic
MR-associated spine dysgenesis, observed in pyramidal neurons of the motor cortex with
regions of dendrites devoid of spines (Belichenko et al., 1994). The reduction in dendritic area
together with the marked decrease in dendritic spine density strongly suggests that impaired
synaptic transmission is a likely pathogenic consequence of MECP2 mutations causing RTT.
Indeed, the increase in neuronal expression of MECP2/Mecp2 during early brain development
suggests the importance of this protein in synapse formation and maintenance (Akbarian et
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al., 2001; Cassel et al., 2004; Jung et al., 2003; Kaufmann et al., 2005; Mullaney et al.,
2004; Shahbazian et al., 2002b). While hippocampal and cortical synaptic dysfunction in
Mecp2-based mouse models of RTT has been extensively studied, observations regarding
neuronal, dendritic and synaptic pathologies have produced varied results (Asaka et al.,
2006; Chao et al., 2007; Dani et al., 2005; Fukuda et al., 2005; Gemelli et al., 2006; Jugloff
et al., 2005; Kishi and Macklis, 2004; Moretti et al., 2006; Nelson et al., 2006; Smrt et al.,
2007; Zhou et al., 2006). Here, we present the first quantitative analyses of dendritic spine
density in postmortem brain tissue from RTT individuals. To identify the consequences of cell-
autonomous MeCP2 dysfunction on the morphology of dendrites and dendritic spines in
hippocampal pyramidal neurons, we transfected organotypic slice cultures with either wildtype
or RTT-associated MECP2 mutations.

MATERIAL AND METHODS
HUMAN POSTMORTEM BRAIN

All procedures on human postmortem brain samples followed national and international ethics
guidelines, and were reviewed and approved by the Institutional Review Board (IRB) at The
University of Alabama at Birmingham (UAB). Brain sections containing the hippocampal
formation were obtained from individuals diagnosed with RTT, and unaffected (non-MR)
individuals served as controls. Post-mortem human tissue was obtained from the Department
of Pathology, Baylor College of Medicine, the NICHD Brain and Tissue Bank for
Developmental Disorders at the University of Maryland, Baltimore, MD, and from the Harvard
Brain Bank. Table 1 presents all the available information on the individuals whose brains were
used in this study. Unfortunately, information about specific MECP2 mutations in Rett
syndrome samples is not available from the brain banks.

DIOLISTICS OF HUMAN POSTMORTEM HIPPOCAMPAL SLICES
Fixed human postmortem samples (received in 10% formalin) were first extensively washed
in phosphate buffer saline (PBS), and then sectioned at 200µm thickness with a vibratome to
isolate the hippocampus (Supplemental Figure 1A). Tissue slices were stained with the
lipophilic dye, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI,
InVitrogen; Carlsbad, CA) by particle-mediated labeling (“DiOlistics”) (Gan et al., 2000). DiI
was diluted in dimethyl chloride (methylene chloride, Sigma; St. Louis, MO). Twenty mg of
1.1µm tungsten particles (Bio-Rad; Hercules, CA) were placed on top of a pre-cleaned glass
slide and spread out evenly with two pre-cleaned razor blades. The DiI solution was added
onto the tungsten particles and allowed to completely evaporate. To prevent clumping of the
DiI/tungsten mixture, razor blades were used to break apart and separate the mixture.
Additionally, polyvinlypirrollidone (PVP made in fresh in 100% ethanol, Bio-Rad) was added
to the DiI/tungsten mixture to further prevent particle clumping and improve their coating to
the Tefzel tubing. The DiI-coated tungsten particles were then added to a glass tube with 3mL
of water and sonicated for 2hrs. After sonication, the solution was vortexed and then aspirated
and coated onto Tefzel tubing for 3hrs. After 3hrs, the solution was removed and the tubing
was allowed to dry for 2hrs. DiI-coated tungsten bullets were shot 2–4 times onto individual
human hippocampal slices with a custom-modified hand-held gene gun (Helios, Bio-Rad)
using 125psi He pressure through a 40µm-pore size filter (Alonso et al., 2004). After labeling
with DiI bullets, slices were rinsed and stored in PBS for 24–36hrs at room temperature in the
dark to allow diffusion of DiI. Then, slices were post-fixed with 4% paraformaldehyde and
stored at 4°C overnight. Slices were finally washed with PBS and mounted on glass slides with
Vectashield (Vector Laboratories; Burlingame, CA). Supplemental Figure 1B shows a bright-
field example of tungsten bullets within a fixed human hippocampal slice, and the resulting
DiI fluorescence.
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ORGANOTYPIC SLICE CULTURES
All procedures on experimental animals followed national and international ethical guidelines,
and were reviewed and approved by the IACUC at UAB on an annual basis. Hippocampal slice
cultures were prepared from postnatal-day 7 to 10 (P7-P10) Sprague-Dawley rats and
maintained in vitro as previously described (Stoppini et al., 1991). Briefly, rats were quickly
decapitated and their brains aseptically dissected and immersed in ice-cold dissecting solution,
consisting of Hanks' Balanced Salt Solution (HBSS), supplemented with glucose (36mM) and
antibiotics/antimycotics (1:100; penicillin/streptomycin/amphotericin-B). Hippocampi were
then dissected and transversely sectioned into ∼500µm slices using a custom-made tissue slicer
(Katz, 1987) strung with 20µm-thick tungsten wire (California Fine Wire Company; Grover
Beach, CA). Slices were incubated at 4oC for ∼30min, and then plated on tissue culture inserts
(0.4µm pore size, Millicell-CM, Millipore Corporation; Billerica, MA). Culture media
contained minimum essential media (MEM; 50%), HBSS (25%), heat-inactivated equine
serum (20%), L-glutamine (1mM), and D-glucose (36mM). Slice cultures were maintained in
incubators at 36oC, 5% CO2, 98% relative humidity (Thermo-Forma, Waltham, MA). All
tissue culture reagents were obtained from InVitrogen (Carlsbad, CA), except for glucose,
which was obtained from Sigma (St. Louis, MO).

PARTICLE-MEDIATED GENE TRANSFER
Expression cDNA plasmids encoding small hairpin RNA (shRNA) interfering sequences were
obtained from Origene (Rockville, MD). The expression plasmids encoding shRNA sequences
are under the control of the human U6 promoter. shRNA interfering sequences consist of a 29-
base pair target gene-specific sequence, a 7-base pair loop, followed by a 29-base pair reverse
complementary sequence. The MECP2-specific shRNA sequence
AATGAGACAGCAGTCTTATGCTTCCAGAA (sequence #2), reduced MeCP2 protein
levels by 65%, estimated by quantitative Western blot analyses of PC12 cells co-transfected
with human wt MECP2 and shRNA plasmids (Supplemental Figure 2; Larimore et al.,
2009). Consistently, MeCP2 expression levels were 55% lower in hippocampal neurons
transfected with the same shRNA plasmid (sequence #2) than in untransfected neighboring
neurons, as estimated by quantitative MeCP2 immunofluorescence (Supplemental Figure 2;
Larimore et al., 2009). Another shRNA sequence,
TCAATAACAGCCGCTCCAGAGTCAGTAGT, which did not affect MeCP2 expression,
was used as a control for shRNA off-target effects. To overexpress MeCP2, expression cDNA
plasmids encoding human WT MECP2 were used as previously described (Kudo, 1998; Kudo
et al., 2001; Kudo et al., 2003). Expression plasmids encoding MECP2 mutations commonly
identified in RTT individuals were constructed by site directed mutagenesis using PCR, where
WT MECP2 was used as a template (Kudo et al., 2001). MeCP2 was tagged with an enhanced
green fluorescent protein (eGFP) that was used to allow identification of transfected cells. The
MeCP2-eGFP construct was cloned into a cytomegalovirus (CMV) promoter expression
vector. These expression vectors produced a twofold increase in MeCP2 protein expression
compared to untransfected cultured neurons, as measured by quantitative MeCP2
immunofluorescence (Supplemental Figure 2; Larimore et al., 2009).

The above plasmid cDNAs were precipitated onto 50mg of 1.6µm-diameter colloidal Au at a
ratio of 62.5µg of enhanced yellow fluorescent protein (eYFP; Clontech; Mountain View, CA)
to 112.5µg of MeCP2-GFP (wildtype or mutant MECP2) and then coated onto Tefzel tubing.
A similar protocol was used to coat Au bullets with shRNA interfering sequence plasmids to
knockdown the expression of endogenous Mecp2. The pEYFP-C1 plasmid was under control
of the human CMV promoter (Clontech). After 6–8 days in vitro (div), slice cultures were
bombarded with Au particles accelerated by ∼100psi He from a distance of 2cm using a hand-
held gene gun (Helios, Bio-Rad) with a modified nozzle, as previously described (Alonso et
al., 2004). The success rate of co-transfection of the same neuron with two cDNA plasmids
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using the gene-gun has been demonstrated to be >90% (Boda et al., 2004; Moore et al.,
2007), reducing the likelihood of analyzing eYFP-positive, MeCP2-negative neurons. After
48hrs or 96hrs post-transfection, hippocampal slice cultures were fixed by immersion in 4%
paraformaldehyde in 100mM phosphate buffer (overnight at 4°C), and washed in PBS. Filter
membranes around each slice were trimmed, and each slice was individually mounted on glass
slides and cover slipped using Vectashield (Vector Laboratories; Burlingame, CA).

LASER-SCANNING CONFOCAL MICROSCOPY
High-resolution images of spiny dendrites in the CA1 region of the human hippocampus
showing adequate DiI labeling were acquired with a Fluoview FV-300 laser-scanning confocal
microscope (Olympus; Center Valley, PA) using an oil immersion 100X (NA 1.4) objective
lens (PlanApo, Olympus), or with a Leica TCS NT SP2 confocal using an oil immersion 100X
(NA 1.4) objective lens (Leica; Exton, PA). DiI was excited using a Kr laser (647nm), and
detected using standard Texas red filters. Series of optical sections in the z-axis were acquired
with 0.1–0.2µm intervals through individual apical dendritic branches.

Pyramidal neurons located in the CA1 and CA3 regions of hippocampal slice cultures
displaying eYFP fluorescence throughout the entire dendritic tree and lacking signs of
degeneration (e.g. dendritic blebbing) were selected for confocal imaging. High-resolution
images of secondary and tertiary branches of apical dendrites were acquired with a Fluoview
FV-300 laser-scanning confocal microscope (Olympus) using an oil immersion 100X (NA 1.4)
objective lens (PlanApo). eYFP was excited using an Ar laser (488nm), and detected using
standard FITC filters. Series of optical sections in the z-axis were acquired at 0.1µm intervals
through individual apical dendritic branches.

QUANTITATIVE ANALYSIS OF DENDRITIC SPINE DENSITY AND MORPHOLOGY
Dendritic spines were identified as small protrusions that extended ≤ 3µm from the parent
dendrite, and counted in maximum-intensity projections of the z-stacks using ImageJ software
(National Institutes of Health). Care was taken to ensure that each spine was counted only once
by following its projection course through the stack of z-sections. Spines were counted only if
they appeared continuous with the parent dendrite. Spine density was calculated by quantifying
the number of spines per dendritic segment, and normalized to 10µm of dendrite length. In
addition, the categorization of different morphological spine types was performed as described
(Tyler and Pozzo-Miller, 2003). Spine types were grouped as mature-shaped spines, which
included type-I (stubby) and type-II (mushroom) shaped spines, or immature-shaped thin (type-
III) spines, following published criteria (Boda et al., 2004). For the purposes of this study, we
pooled dendritic spine densities from CA1 and CA3 pyramidal neurons because the types of
spines in secondary and tertiary apical dendrites of CA1 and CA3 neurons (and the excitatory
synapses on them) are structurally and functionally comparable: apical secondary and tertiary
dendrites in CA3 and CA1 stratum radiatum receive afferent axons from CA3 pyramidal
neurons, i.e. they are contacted by the same type of presynaptic neuron (reviewed in Spruston
and McBain, 2007). Statistical comparisons supported this approach: spine density was not
significantly different between CA1 and CA3 neurons in any of the experimental groups
(p>0.05). Detailed information about quantitative analyses is presented in Table 2.

QUANTITATIVE ANALYSIS OF DENDRITIC MORPHOLOGY
Low-resolution images of entire CA3 pyramidal neurons were acquired with a Fluoview
FV-300 laser-scanning confocal microscope (Olympus) using an oil immersion 20X (NA 0.5)
objective lens (PlanApo). Series of optical sections in the z-axis were acquired at 0.5µm
intervals. Dendritic complexity of CA3 pyramidal neurons was measured by a three-
dimensional version of the classical Sholl analysis (Sholl, 1953) using the z-stacks of confocal
optical sections with Neurolucida software (MicroBrigthField; Colchester, VT). To measure
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dendritic complexity of traced apical dendrites, series of concentric three-dimensional spheres
starting at the soma and spaced at 20µm intervals were used to measure the number of dendritic
intersections as a function of the distance away from the soma (20–500µm), as described
(Alonso et al., 2004).

STATISTICAL ANALYSES
All data were analyzed with two-tailed unpaired Student’s t tests, two-way ANOVA
(transfection condition x distance from the soma) followed by Bonferroni post-hoc test, or
unweighted and weighted least square regression analyses using Prism (GraphPad; San Diego,
CA); p < 0.05 was considered significant. All data are presented as mean±standard deviation
of the mean (SD). Compromise Power Analyses were performed to determine the statistical
power given the number of observations, sample means and standard deviations, using
G*Power (Erdfelder et al., 1996). These power analyses yielded values of statistical Power (1-
β; where β is the Type-II error) larger than 0.90 (i.e. 90% confidence of accepting the null
hypothesis when is true).

Results
HIPPOCAMPAL CA1 PYRAMIDAL NEURONS FROM RTT INDIVIDUALS HAVE LOWER
DENDRITIC SPINE DENSITY THAN THOSE FROM NON-MR INDIVIDUALS

The only prior study on the features of dendritic spines in RTT individuals was performed on
cortical samples and lacked quantitative statistical analyses (Belichenko et al., 1994). To
perform quantitative analyses of spine density in pyramidal neurons from human hippocampus,
postmortem tissue was obtained from female RTT individuals that were 1 to 42 years of age,
and compared to age-matched unaffected non-MR female individuals (see Table for all
available information from the human brain banks). Unfortunately, information about specific
MECP2 mutations in Rett syndrome samples was not available from the brain banks. Individual
hippocampal slices (200µm-thick) were stained with the lipophilic fluorescent dye DiI by
particle-mediated labeling (“DiOlistics”), and dendritic spines were imaged by laser-scanning
confocal microscopy (Supplemental Figure 1, and Fig. 1A, B). Quantitative analyses revealed
significantly lower dendritic spine density in secondary and tertiary apical dendrites of CA1
pyramidal neurons from RTT individuals compared to unaffected (non-MR) individuals (RTT
6.1±2.1 spines per 10µm of apical dendrite, mean±SD, n=10 individuals, vs. non-MR 9.2±1.9
spines/10µm, n=9 individuals; two-tailed Student’s t-test p=0.0044; Fig. 1C). Both un-
weighted and weighted least square regression analyses yielded a lack of significant correlation
between age and spine density in controls and RTT neurons (Fig. 1D). These quantitative
analyses demonstrate that hippocampal CA1 pyramidal neurons from RTT individuals have
lower spine densities than neurons from non-MR individuals.

OVEREXPRESSION OF RTT-ASSOCIATED MECP2 MUTATIONS CAUSED A PERSISTENT
REDUCTION IN DENDRITIC SPINE DENSITY IN HIPPOCAMPAL PYRAMIDAL NEURONS

The analysis of dendritic spine densities in human brains representing a static cell population,
serves as a direct comparison with that of dendritic spine densities in dynamic slice cultures
derived from rat, in each instance involving hippocampal neuron populations. Since RTT
results from mutations in MECP2 (Amir et al., 1999; reviewed by Percy, 2001), we investigated
the morphological consequences of cell-autonomous expression of missense MECP2
mutations commonly found in RTT individuals. Our cDNA expression plasmids use the CMV
promoter, and the resulting protein levels are approximately twofold the endogenous MeCP2
levels, as estimated by quantitative MeCP2 immunocytochemistry (Supplemental Figure 2).
We used single amino acid substitutions in the methyl-binding domain of MeCP2 (R106W or
T158M), which alter its structure, methylated DNA binding and transcription repressive
activity (Ghosh et al., 2008; Ho et al., 2008; Kudo et al., 2001; Kudo et al., 2003). We will
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first describe the consequences of the overexpression of these RTT-associated MECP2
mutations comparing dendritic spine density and morphology with eYFP-expressing control
CA1 and CA3 pyramidal neurons, and in the following section present the results of the
overexpression of wildtype human MECP2. It is important to note that the levels of endogenous
Mecp2 gene were not manipulated in these experiments. Since they receive comparable
presynaptic input from CA3 pyramidal neurons (reviewed in Spruston and McBain, 2007), the
densities of dendritic spines from secondary and tertiary apical dendrites of CA1 and CA3
neurons were pooled in the present studies. Statistical comparisons confirmed that spine
densities were not significantly different between the studied CA1 and CA3 dendrites in any
of the experimental groups, including after MECP2/Mecp2 manipulations (two-tailed
Student’s t-test p>0.05).

Forty-eight hours after transfection of hippocampal slice cultures, secondary and tertiary apical
dendritic branches of pyramidal neurons expressing the R106W mutation showed significantly
lower dendritic spine density than eYFP-expressing control neurons (R106W = 4.9±1.7 spines/
10µm, mean±SD, 11 cells from 10 slices, vs. eYFP = 9.3±3 spines/10µm, 25 cells from 15
slices; two-tailed Student’s t-test p<0.0001). Expression of the T158M mutation also resulted
in lower spine density in pyramidal neurons than in control neurons (4.9±1.5 spines/10µm, 25
cells from 22 slices, vs. eYFP controls; two-tailed Student’s t-test p < 0.0001; Fig. 2A, B).

Considering the direct relationship between the morphology of dendritic spines and the
maturation state and strength of excitatory synapses formed on them (reviewed by Kasai et
al., 2003; Nimchinsky et al., 2002; Yuste et al., 2000), we classified dendritic spines into
mature (consisting of stubby and mushroom spines) and thin spines, which are considered to
represent immature spines (Boda et al., 2004; Tyler and Pozzo-Miller, 2003; reviewed by
Harris, 1999). The overexpression of either the R106W mutation or the T158M mutation
caused a significant decrease in the density of mature spines in pyramidal neurons [(R106W
= 3.6±1.2 mature spines/10µm, vs. eYFP = 8.1±2.7 mature spines/10µm; two-tailed Student’s
t-test p<0.001); (T158M = 3.9±1.3 mature spines/10µm, vs. eYFP controls; two-tailed
Student’s t-test p<0.001)]. On the other hand, overexpression of either MECP2 mutant did not
affect the density of immature thin spines in pyramidal neurons [(R106W = 1.2±0.9 immature
spines/10µm, vs. eYFP = 1.2±0.8 immature spines/10µm; two-tailed Student’s t-test
p=0.9672); (T158M = 0.98±0.7 immature spines/10µm, vs. eYFP controls; two-tailed
Student’s t-test p=0.1813)]. These results are illustrated in Figure 2C.

When hippocampal pyramidal neurons were allowed to overexpress the mutant forms of
MECP2 for an additional 2 days in vitro (div) – for a total of 4 div – their dendritic spine density
continued to be lower than eYFP-expressing control neurons. After 4 div, pyramidal neurons
expressing the T158M mutation had 5.6±2.7 spines/10µm (30 cells from 14 slices), compared
to 8.4±3.1 spines/10µm in eYFP controls (31 cells from 23 slices; two-tailed Student’s t-test
p=0.0004). Similar results were observed in pyramidal neurons overexpressing the R106W
mutant (R106W = 6.2±3.3 spines/10µm, 16 cells from 11 slices, vs. eYFP controls; two-tailed
Student’s t-test p=0.0257; Fig. 2D, E).

Similar to the total spine density, the loss of mature dendritic spines was also a persistent
phenotype of mutant MECP2-expressing neurons. After 4 div, pyramidal neurons expressing
the T158M mutation still showed a lower density of mature spines than eYFP control cells
(T158M = 4.5±2.1 spines/10µm, vs. eYFP = 7.3±2.6 spines/10µm; two-tailed Student’s t-test
p<0.0001). The overexpression of mutation R106W also reduced mature spines in pyramidal
neurons (R106W = 4.7±2.2 spines/10µm, vs. eYFP controls; two-tailed Student’s t-test
p=0.0012). On the other hand, expression of mutant MECP2 forms did not change the density
of thin spines after 4 div from transfection [(R106W = 1.6±1.3 immature spines/10µm, vs.
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eYFP = 1.1±1 immature spines/10µm; two-tailed Student’s t-test p=0.2129); (T158M = 1.1
±0.8 immature spines/10µm, vs. eYFP controls; two-tailed Student’s t-test p=0.986; Fig. 2F)].

THE OVEREXPRESSION OF WILDTYPE MECP2 CAUSED A TRANSIENT REDUCTION OF
SPINE DENSITY IN HIPPOCAMPAL PYRAMIDAL NEURONS

As a control for the overexpression of RTT-associated MECP2 mutant forms, we next analyzed
dendritic spine density and morphology in hippocampal pyramidal neurons after transfection
of wildtype (WT) human MECP2, which results in a ∼twofold increase in protein level
(Supplemental Figure 2). Reminiscent of the effect of mutant MECP2, pyramidal neurons
overexpressing WT MECP2 for 2 days in vitro (div) showed lower spine densities than eYFP
controls (WT MECP2 = 6.6±2.1 spines/10µm, 18 cells from 16 slices, vs. eYFP = 9.3±3 spines/
10µm, 25 cells from 15 slices; two-tailed Student’s t-test p=0.0023; Fig. 3A, B). In addition,
the density of mature spines was significantly lower in WT MECP2-expressing pyramidal
neurons than in eYFP controls (WT MECP2 = 5.3±1.5 spines/10µm, vs. eYFP = 8.1±2.7 spines/
10µm; two-tailed Student’s t-test p=0.0003). On the other hand, the density of immature thin
spines was not affected in pyramidal neurons (WT MECP2 = 1.4±1 spines/10µm, vs. eYFP =
1.3±0.8 spines/10µm; two-tailed Student’s t-test p=0.5787; Fig. 3C).

In contrast to the persistent spine loss observed in neurons expressing RTT-associated
MECP2 mutations (Fig. 2E), the above effects of WT MECP2 on dendritic spine density were
transient. Four days after transfection, dendritic spine density in WT MECP2-expressing
pyramidal neurons was comparable to that of control neurons expressing eYFP (WT
MECP2 = 7.8±2.5 spines/10µm, 23 cells from 10 slices, vs. eYFP = 8.4±3.1 spines/10µm, 31
cells from 23 slices; two-tailed Student’s t-test p=0.4388; Fig. 3D, E). Furthermore, the density
of mature spines was also comparable between controls and WT MECP2-expressing pyramidal
neurons (WT MECP2 = 6.8±2.2 spines/10µm, vs. eYFP = 7.3±2.6 spines/10µm; two-tailed
Student’s t-test p=0.457). As after 2 div, the density of immature thin spines was unaffected
after 4 days of expression of WT MECP2 (WT MECP2 = 1.1±0.5 spines/10µm, vs. eYFP =
1.1±1 spines/10µm; two-tailed Student’s t-test p=0.7534; Fig. 3F).

KNOCKDOWN OF ENDOGENOUS MECP2 REDUCED THE DENSITY OF MATURE DENDRITIC
SPINES IN HIPPOCAMPAL PYRAMIDAL NEURONS

Considering that MECP2 mutations in RTT individuals are thought to be “loss-of-function”
mutations (reviewed by Shahbazian et al., 2002a), and the observations that Mecp2 deficient
neurons form fewer excitatory synapses in culture, while MECP2 overexpressing neurons form
more excitatory synapses in vitro than cultured neurons from wildtype littermates (Chao et
al., 2007), we next investigated the consequences of endogenous Mecp2 knockdown. To this
aim, pyramidal neurons in hippocampal slice cultures were transfected with plasmids encoding
MECP2-specific shRNA interfering sequences. Hippocampal neurons transfected with these
shRNA plasmids showed a significant reduction in MeCP2 expression levels compared to
untransfected neighboring neurons, as estimated by quantitative MeCP2 immunofluorescence
(Supplemental Figure 2). After 48hrs of Mecp2 knockdown, dendritic spine density in
pyramidal neurons was comparable to control neurons transfected with an inactive shRNA
sequence (MECP2 shRNA = 8.6±3.7 spines/10µm, 13 cells from 10 slices, vs. control shRNA
= 9.6±2 spines/10µm, 12 cells from 10 slices; two-tailed Student’s t-test p = 0.9925; Fig. 4A,
B). Similarly, Mecp2 shRNA knockdown did not affect the density of mature spines
(MECP2 shRNA = 7±2.8 spines/10µm, vs. control shRNA = 7.4±1.6 spines/10µm; two-tailed
Student’s t-test p=0.688) or immature thin spines in pyramidal neurons (MECP2 shRNA = 1.6
±1.3 spines/10µm, vs. control shRNA = 1.3±0.7 spines/10µm; two-tailed Student’s t-test
p=0.4629; Fig. 4C).
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Since the effectiveness of shRNA-mediated knockdown depends on protein turnover, we
examined dendritic spine density after 4 days of transfection with shRNA expression plasmids.
Indeed, Mecp2 shRNA knockdown significantly reduced dendritic spine density in pyramidal
neurons (MECP2 shRNA = 7±2.8 spines/10µm, 14 cells from 12 slices, vs. control shRNA =
9.1±2.7 spines/10µm, 21 cells from 11 slices; two-tailed Student’s t-test p=0.0283; Fig. 4D,
E). Similarly, the density of mature spines in MECP2 shRNA-expressing pyramidal neurons
was lower than that of control neurons (MECP2 shRNA = 5.5±2.1 spines/10µm, vs. control
shRNA = 8±2.2 spines/10µm; two-tailed Student’s t-test p=0.0016). This loss of mature
dendritic spines is specific, because the density of immature thin spines was unaffected in
pyramidal neurons (Mecp2 shRNA = 1.6±0.8 thin spines/10µm, vs. control shRNA = 1.1±0.6
thin spines/10µm; two-tailed Student’s t-test p=0.0838; Fig. 4F).

OVEREXPRESSION OF WILDTYPE MECP2 HAD A SMALL EFFECT ON DENDRITIC
COMPLEXITY, WHILE KNOCKDOWN OF ENDOGENOUS MECP2 TRANSIENTLY REDUCED
DENDRITIC LENGTH AND BRANCHING IN CA3 PYRAMIDAL NEURONS

Another feature of neurodevelopmental disorders associated with mental retardation, such as
RTT, is a reduction in the size and complexity of dendritic arbors (reviewed by Kaufmann and
Moser, 2000). Pyramidal neurons from the cortex and subiculum of female RTT individuals
and from a male individual with a MECP2 deletion displayed reduced dendritic complexity
compared to non-MR individuals (Armstrong et al., 1995; Schule et al., 2008). To determine
the role of MeCP2 in the growth and branching of hippocampal neurons, we performed a three-
dimensional Sholl analysis of dendritic complexity from z-stacks of confocal sections of CA3
pyramidal neurons overexpressing either wildtype or the RTT-associated T158M MECP2
mutation, as well as after endogenous Mecp2 knockdown with a specific shRNA.

After 2 days of transfection, T158M-expressing CA3 pyramidal neurons show a small, but
statistically significant higher number of apical dendritic intersections with the Sholl spheres
compared to eYFP controls (100µm from the soma: T158M 8±2.6 intersections, 7 cells from
6 slices, vs. eYFP 3.2±0.9, 13 cells from 7 slices; ANOVA, Bonferroni post-hoc test p<0.05;
Fig. 5A, B). This increase is transient, since the number of dendritic intersections in T158M
neurons was comparable to control levels after 4 days of expression (11 cells from 8 slices,
vs. eYFP, 14 cells from 10 slices; ANOVA, Bonferroni post-hoc test p>0.05; Fig. 6A, B). The
total dendritic length and number of dendritic branch points were not affected after 2 days of
expression [(T158M = 3,441±1716µm, vs. eYFP = 3,193±864µm; ANOVA, Bonferroni post-
hoc test p=0.6685) (T158M = 20.7±12.7 branch points, vs. eYFP = 23.6±7.5 branch points;
ANOVA, Bonferroni post-hoc test p=0.5158)]. Similar results were observed after 4 days of
transfection [(T158M = 2,870±1053µm, vs. eYFP = 3,627±1048µm; ANOVA, Bonferroni
post-hoc test p=0.0746) (T158M = 19.55±11.7 branch points, vs. eYFP = 23.67±8.6 branch
points; ANOVA, Bonferroni post-hoc test p=0.2995)]. These results are illustrated in Figure
5C, D and Figure 6C, D.

In contrast to the small and transient increase in dendritic complexity caused by the T158M
mutation, overexpression of wildtype MECP2 did not affect dendritic complexity in CA3
pyramidal neurons after 2 days of transfection (WT MECP2, 5 cells from 4 slices, vs. eYFP,
13 cells from 7 slices; ANOVA, Bonferroni post-hoc test p>0.05; Fig. 5A, B) or 4 days of
transfection (WT MECP2, 7 cells from 7 slices, vs. eYFP, 14 cells from 10 slices; ANOVA,
Bonferroni post-hoc test p>0.05; Fig. 6A, B). Neither WT MECP2 overexpression affected the
total dendritic length after 2 days of transfection (WT MECP2= 2,675±742µm, vs. eYFP =
3,193±864µm; ANOVA, Bonferroni post-hoc test p=0.2559; Fig. 5D) or after 4 days of
transfection (WT MECP2 = 3131±665µm, vs. eYFP = 3,627±1048µm; ANOVA, Bonferroni
post-hoc test p=0.2409; Fig. 6D). On the other hand, CA3 pyramidal neurons overexpressing
WT MECP2 showed fewer dendritic branch points after 2 days of transfection (WT MECP2
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= 15.9±3.7 branch points, vs. eYFP = 23.6±7.5 branch points; ANOVA, Bonferroni post-hoc
test p=0.0454; Fig. 5C). The latter effect was transient, since the total number of dendritic
branch points was comparable in both groups after 4 days of expression (WT MECP2 = 24.2
±8.9 branch points, vs. eYFP = 23.7±8.6 branch points; ANOVA, Bonferroni post-hoc test
p=0.8833; Fig. 6C).

Lastly, we investigated the consequences of endogenous Mecp2 knockdown for dendritic
complexity. After 2 days of expression, CA3 pyramidal neurons transfected with MECP2-
specific shRNA showed significantly fewer dendritic branch points and shorter dendrites than
control neurons [(MECP2 shRNA = 22.3±8.4, vs. control shRNA = 40.8±17.9; ANOVA,
Bonferroni post-hoc test p=0.0412) (MECP2 shRNA = 2,923±809µm, vs. control shRNA =
4,669±1238µm; ANOVA, Bonferroni post-hoc test p=0.0133; Fig. 7A–D)]. However, this
effect was transient, because the number of dendritic branch points and the total dendritic length
after 4 days of Mecp2 knockdown was comparable to those in control neurons [(MECP2
shRNA = 4,506±1084µm, vs. control shRNA = 4,908±1182µm; ANOVA, Bonferroni post-
hoc test p=0.634) (MECP2 shRNA = 37.8±13.5 branch points, vs. control shRNA = 43.4±10
branch points; ANOVA, Bonferroni post-hoc test p=0.5283; Fig. 7E–H). On the other hand,
the effects of Mecp2 knockdown on dendritic complexity became evident only after 4 days of
transfection. Dendritic complexity in CA3 pyramidal neurons was comparable in the two
groups after 2 days of transfection (MECP2 shRNA, 6 cells from 5 slices, vs. control shRNA,
7 cells from 6 slices; ANOVA, Bonferroni post-hoc test p>0.05; Fig. 7B), while it was
significantly reduced – albeit only within the first 140µm of the apical dendritic tree – after 4
days of Mecp2 knockdown (140µm from soma: MECP2 shRNA 10.3±0.8 intersections, 4 cells
from 4 slices, vs. control shRNA 18.5±1.4 intersections, 4 cells from 3 slices; ANOVA,
Bonferroni post-hoc test p<0.05; Fig. 7F).

Discussion
Here, we present several novel observations regarding dendritic spine dysgenesis in RTT
individuals and the role of the transcriptional regulator MeCP2 on dendritic complexity and
dendritic spine density and morphology. First, we show that CA1 pyramidal neurons of the
hippocampus in female individuals with RTT have lower dendritic spine density than age-
matched unaffected (non-MR) female individuals, as observed qualitatively in pyramidal
neurons of the motor cortex (Belichenko et al., 1994). Second, overexpression of MECP2
missense mutations common in RTT patients (R106W or T158M) reduced dendritic spine
density in hippocampal pyramidal neurons, particularly mature dendritic spines (i.e. mushroom
and stubby types); on the other hand, overexpression of wildtype MECP2 reduced spine
density, but only transiently. It is important to note that the levels of the endogenous Mecp2
gene were not manipulated in these experiments. Third, endogenous Mecp2 knockdown also
caused a reduction in dendritic spine density, especially of mature spines. Finally,
overexpression of wildtype MECP2 had a small effect on dendritic complexity, while
knockdown of endogenous Mecp2 transiently reduced dendritic length and branching in CA3
pyramidal neurons.

The brain pathology of RTT includes decreased neuronal size and increased cell density in
numerous brain regions such as the cerebral cortex, hypothalamus, and the hippocampal
formation (Bauman et al., 1995a; Bauman et al., 1995b). A decrease in dendritic branching
and in the number of dendritic spines was reported in the cortex of individuals with RTT, or
with a deletion of the MECP2 gene (Armstrong et al., 1995; Belichenko et al., 1994; Schule
et al., 2008). Furthermore, reduced levels of MAP-2, a dendritic protein involved in
microtubule stabilization, were observed throughout the neocortex of RTT patients (Kaufmann
et al., 2000; Kaufmann et al., 1995; Kaufmann et al., 1997a). COX-2, a protein enriched in
dendritic spines, was also reduced in the cortex of RTT individuals (Kaufmann et al., 1997b).
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We have extended those studies with quantitative analyses of dendritic spine density in apical
secondary and tertiary dendrites of CA1 pyramidal neurons, which confirmed that RTT
individuals have lower spine density than non-MR individuals. Intriguingly, glutamate receptor
density has a differential distribution during RTT development, where younger individuals
with RTT have a higher density compared to controls, while older individuals have a lower
density compared to controls (Blue et al., 1999a; Blue et al., 1999b). The increase in glutamate
receptor density may represent a homeostatic compensation for the reduction in dendritic spine
density. On the other hand, the elevated glutamate levels measured in forebrain of RTT
individuals by high-field strength MRI (Pan et al., 1999) may cause dendritic spine pruning
(Segal et al., 2000).

Intriguingly, observations regarding neuronal and synaptic morphology in MeCP2-based
models of Rett syndrome have produced varying results, sometimes inconsistent with the
available information regarding the cellular neuropathology in RTT patients (Armstrong et
al., 1995; Bauman et al., 1995a; Bauman et al., 1995b; Belichenko et al., 1994). However, it
is important to note that no other study looked at the consequences of the expression of single-
point mutants of MECP2 on dendritic spine density in pyramidal neurons of the hippocampus,
as we have done in the present study. Reduced excitatory synaptic transmission and plasticity
in Mecp2-deficient mice have been interpreted to reflect a reduced number of excitatory
synapses (Asaka et al., 2006; Chao et al., 2007; Dani et al., 2005). Fewer excitatory synapses
may reflect delayed neuronal maturation, since newly generated granule cells in the dentate
gyrus of Mecp2 null mice have lower dendritic spine density than mature neighboring neurons
(Smrt et al., 2007). Consistently, pyramidal neurons in the cortex of Mecp2 null adult mice
have reduced dendritic branching and spine density (Fukuda et al., 2005; Kishi and Macklis,
2004). A recent comprehensive study of the two available Mecp2 null mouse models confirmed
that granules cells of the dentate gyrus, and pyramidal neurons from hippocampal area CA1
and layers II-III of the motor cortex have lower dendritic spine densities than their control WT
littermates (Belichenko et al. 2009a, b). In contrast, hippocampal and cortical neurons of
transgenic knockin mice expressing a truncated Mecp2 allele (Mecp2308) – which recapitulate
the RTT phenotype (Shahbazian et al., 2002a) – have dendritic, dendritic spine and excitatory
synapse morphologies comparable to wildtype mice, despite significant impairments in
hippocampal-dependent learning and memory and synaptic plasticity, interpreted as the
consequence of the expression of a truncated non-functional MeCP2 protein (Moretti et al.,
2006). On the other hand, duplications of the chromosomal region where MECP2 is located in
humans have been detected in neurological disorders associated with mental retardation (del
Gaudio et al., 2006; Smyk et al., 2008). Intriguingly, transgenic mice that overexpress human
MECP2 at approximately twofold the endogenous MeCP2 protein levels have a higher learning
rate of hippocampal-dependent tasks and enhanced in hippocampal synaptic plasticity, though
they develop seizures after 20 weeks of age, and death occurs shortly thereafter (Collins et
al., 2004). The physiological and behavioral phenotypes in MECP2 overexpressing mice may
result from a higher density of excitatory synapses compared to wildtype littermates (Chao et
al., 2007). Surprisingly, overexpression of wildtype Mecp2 reaching ∼4–5 fold the endogenous
levels reduced dendritic branching and increased the length of dendritic spines of hippocampal
pyramidal neurons, without affecting spine density (Zhou et al., 2006). It is relevant to note
that the latter studies had to overexpress the anti-apoptotic protein Bcl-XL to prevent neuronal
cell death caused by Mecp2 overexpression at such high levels (Zhou et al., 2006). Incidentally,
overexpression of Bcl-XL by itself increased the number of excitatory synapses between
cultured hippocampal neurons (Li et al., 2008). The apparent discrepancies with earlier
observations made in other experimental systems may originate from different developmental
stages (in vivo development vs. 10 days in vitro organotypic slice cultures from P7 hippocampal
slices), duration of expression of either a non-functional truncated MeCP2 protein (several
weeks expression in vivo) or single-point mutants with reduced activity (4 days expression in
vitro), and analyses of Golgi-stained sections by brightfield microscopy vs. individually-
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labeled neurons by laser-scanning confocal microscopy. It is important to note that, for the
purposes of this study, we pooled dendritic spine densities from secondary and tertiary apical
dendrites of CA1 and CA3 neurons, which received the same presynaptic input from CA3
neurons (reviewed in Spruston and McBain, 2007). Statistical comparisons confirmed that
spine density was not significantly different between the imaged CA1 and CA3 dendrites in
none of the experimental groups, including after MECP2/Mecp2 manipulations. Of relevance
to RTT, where mutant forms of MeCP2 are expressed in a mosaic fashion due to X chromosome
inactivation, the “spotted” transfection of RTT-associated MECP2 mutations yielded by
particle-mediated gene transfer in hippocampal slice cultures resulted in a more dramatic
dendritic spine loss than the shRNA-mediated knockdown of the endogenous MeCP2 protein
expression.

Considering the direct relationship between the morphology of dendritic spines and the
maturation state and strength of excitatory synapses on them (reviewed by Kasai et al., 2003;
Nimchinsky et al., 2002; Yuste et al., 2000), it is consistent that overexpression of RTT-
associated MECP2 mutations cause a selective loss of mature dendritic spines, i.e. stubby and
mushroom types (Boda et al., 2004; Tyler and Pozzo-Miller, 2003; reviewed by Chapleau and
Pozzo-Miller, 2007; Harris, 1999). Since larger spines (including stubby and mushroom spines)
are the postsynaptic compartment of excitatory synapses that are stronger than those formed
onto thin spines, as estimated by the amplitude of AMPAR-mediated postsynaptic currents
(Matsuzaki et al., 2001; Matsuzaki et al., 2004), a lower density of morphologically mature
spines suggests that overexpression of RTT-associated MECP2 mutations or endogenous
Mecp2 knockdown reduce the strength of excitatory synapses. Such weakening of excitatory
synaptic strength may precede spine and synapse shrinkage and pruning (Bastrikova et al.,
2008; Becker et al., 2008; Segal et al., 2000; Zhou et al., 2004).

Lastly, our observations indicate the importance of MeCP2 expression levels for the
maintenance of dendritic tree structure. Indeed, wildtype MECP2 overexpression or
endogenous Mecp2 knockdown reduced the branching of apical dendrites, as previously shown
(Zhou et al., 2006). However, the overexpression of mutant MECP2 caused the opposite effect,
increasing dendritic complexity. Since the overexpression of mutant MECP2 causes a
significant loss in the total number of spines, especially of mature spines, the enhancement in
dendritic complexity might reflect a compensatory homeostatic mechanism in the face of
significant loss of mature excitatory synapses.

In summary, we have presented evidence in support of a cell-autonomous role of MeCP2 levels
in the maintenance of mature dendritic spines and the complexity of the dendritic tree of
postnatal pyramidal neurons within an established neuronal network. The mutations in the
methyl-binding domain of MeCP2 used in our studies (R106W and T158M) were shown to
reduce its binding to methyl-CpG-dinucleotides, impairing its transcriptional repression of a
reporter gene (Ballestar et al., 2000; Ghosh et al., 2008; Kudo et al., 2001; Kudo et al.,
2003; Yusufzai and Wolffe, 2000). Recently, a gene profiling study identified 2,582 genes
symmetrically misregulated in the hypothalamus of Mecp2 null and MECP2 overexpressing
mice, suggesting that they represent primary targets (Chahrour et al., 2008). Unexpectedly,
85% of them seem to be activated by MeCP2 based on the fact that they were up-regulated in
MECP2 overexpressing mice and down-regulated in Mecp2 null mice. It remains unknown
whether RTT-causing mutations affect MeCP2’s role in transcriptional activation, repression
or both. Taken together, our results demonstrate reduced density of dendritic spines – the
postsynaptic element of excitatory synapses – in CA1 pyramidal neurons of the hippocampus
of individuals with RTT, a distinct dendritic phenotype that is recapitulated in post-mitotic
neurons expressing RTT-associated MECP2 mutations or after shRNA-mediated endogenous
Mecp2 knockdown, suggesting that this phenotype represents a cell-autonomous consequence
of MeCP2 dysfunction.
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FIGURE 1. QUANTITATIVE ANALYSIS IN HUMAN POSTMORTEM BRAIN
HIPPOCAMPUS REVEALS THAT CA1 PYRAMIDAL NEURONS OF RTT INDIVIDUALS
HAVE LOWER DENDRITIC SPINE DENSITY THAN THOSE OF NON-MR INDIVIDUALS
Formalin-fixed human brain samples were obtained from the Harvard Brain Bank and from
the University of Maryland Brain Bank (Table 1 contains all available information on the
individuals whose brains were used in this study). A. Representative examples of DiI-stained
secondary and tertiary apical dendritic segments of CA1 pyramidal neurons from unaffected
(non-MR) female individuals who served as controls. B. Representative examples of DiI-
stained secondary and tertiary apical dendritic segments of CA1 pyramidal neurons from
female RTT individuals. C. Dendritic spine density expressed per 10µm of dendritic length.
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D. Least square regression analyses of correlation between age and spine density in controls
and RTT neurons. In this and all subsequent figures, data are presented as mean±SD, and *
indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001, after unpaired two-tailed
Student’s t test (see text for details). In this and all subsequent figures, scale bar represents
2µm.
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FIGURE 2. OVEREXPRESSION OF RTT-ASSOCIATED MECP2 MUTATIONS CAUSES A
PERSISTENT REDUCTION IN DENDRITIC SPINE DENSITY IN HIPPOCAMPAL
PYRAMIDAL NEURONS
A. Representative examples of apical secondary or tertiary dendritic segments of CA1
pyramidal neurons expressing either an eYFP control plasmid or expression plasmids encoding
GFP-tagged mutations in the methyl-binding domain of the MeCP2 (R106W or T158M) after
2 days of expression. B. Dendritic spine density expressed per 10µm of dendritic length. C.
Density of each morphological type of dendritic spine (see text for classification criterion).
D. Representative examples of apical secondary or tertiary dendritic segments of CA1
pyramidal neurons expressing either the eYFP control plasmid or mutant MECP2 after 4 days
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of expression). E. Dendritic spine density expressed per 10µm of dendritic length. F. Density
of each morphological type of dendritic spine.
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FIGURE 3. OVEREXPRESSION OF WILDTYPE MECP2 CAUSES A TRANSIENT
REDUCTION IN DENDRITIC SPINE DENSITY IN HIPPOCAMPAL PYRAMIDAL NEURONS
A. Representative examples of apical secondary or tertiary dendritic segments of pyramidal
neurons expressing either the eYFP control plasmid or wildtype MECP2 after 2 days of
expression. B. Dendritic spine density expressed per 10µm of dendritic length. C. Density of
each morphological type of dendritic spine. D. Representative examples of apical secondary
or tertiary dendritic segments of CA1 pyramidal neurons expressing either the eYFP control
plasmid or wildtype MECP2 after 4 days of expression. E. Dendritic spine density expressed
per 10µm of dendritic length. F. Density of each morphological type of dendritic spine.
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FIGURE 4. KNOCKDOWN OF ENDOGENOUS MECP2 CAUSES A REDUCTION IN THE
DENSITY OF MATURE DENDRITIC SPINES ONLY AFTER 4 DAYS OF TRANSFECTION
A. Representative examples of apical secondary or tertiary dendritic segments of CA1
pyramidal neurons expressing either the eYFP control plasmid or an shRNA interfering
sequence to knockdown endogenous Mecp2 after 2 days of expression. B. Dendritic spine
density expressed per 10µm of dendritic length. C. Density of each morphological type of
dendritic spine. D. Representative examples of apical secondary or tertiary dendritic segments
of CA1 pyramidal neurons expressing either the eYFP control plasmid or an shRNA interfering
sequence to knockdown endogenous Mecp2 after 4 days of expression. E. Dendritic spine
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density expressed per 10µm of dendritic length. F. Density of each morphological type of
dendritic spine.
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FIGURE 5. OVEREXPRESSION OF WILDTYPE MECP2 TRANSIENTLY REDUCES THE
NUMBER OF DENDRITIC NODES AND THE TOTAL DENDRITIC LENGTH, WHILE T158M
MECP2 TRANSIENTLY INCREASES DENDRITIC COMPLEXITY (2 DAYS OF
EXPRESSION)
A. Representative low magnification views of eYFP-expressing CA3 pyramidal neurons
transfected with either wildtype MECP2 or the T158M MECP2 mutant (2 days of expression).
B. Three-dimensional Sholl analysis of dendritic complexity. Total number of intersections of
CA3 apical dendrites as a function of distance from the soma. C. Total number of apical
dendritic nodes. D. Total dendritic length. In this and Figure 6 and Figure 7, the scale bar
represents 50µm.
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FIGURE 6. OVEREXPRESSION OF WILDTYPE MECP2 TRANSIENTLY REDUCES THE
NUMBER OF DENDRITIC NODES AND THE TOTAL DENDRITIC LENGTH, WHILE T158M
MECP2 TRANSIENTLY INCREASES DENDRITIC COMPLEXITY (4 DAYS OF
EXPRESSION)
A. Representative low magnification views of eYFP-expressing CA3 pyramidal neurons
transfected with either wildtype MECP2 or the T158M MECP2 mutant (4 days of expression).
B. Three-dimensional Sholl analysis of dendritic complexity. Total number of intersections of
CA3 apical dendrites as a function of distance from the soma. C. Total number of apical
dendritic nodes. D. Total dendritic length.
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FIGURE 7. KNOCKDOWN OF ENDOGENOUS MECP2 DECREASES THE NUMBER OF
DENDRITIC NODES, TOTAL DENDRITIC LENGTH, AND DENDRITIC INTERSECTIONS
A. Representative low magnification views of eYFP-expressing CA3 pyramidal neurons
transfected with an shRNA control plasmid or a specific shRNA interfering sequence designed
to knockdown endogenous Mecp2 (2 days of expression). B. Three-dimensional Sholl analysis
of dendritic complexity. Total number of intersections of CA3 apical dendrites as a function
of distance from the soma. C. Total number of apical dendritic nodes. D. Total dendritic length.
E. Representative low magnification views of eYFP-expressing CA3 pyramidal neurons
transfected with the shRNA control plasmid or the specific Mecp2 shRNA (4 days of
expression). F. Three-dimensional Sholl analysis of dendritic complexity. Total number of
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intersections of CA3 apical dendrites as a function of distance from the soma. G. Total number
of apical dendritic nodes. H. Total dendritic length.
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Table 2
TOTAL DENDRITIC LENGTH, PYRAMIDAL NEURONS AND HIPPOCAMPAL SLICES SAMPLED FOR
QUANTITATIVE ANALYSES

Treatment Treatment Duration Total length of dendrites (µm) Number of neurons Number of slices

eYFP control 48hrs 4571.98 25 15

eYFP control 96hrs 4318.46 31 23

Wildtype MECP2 48hrs 3870.79 18 16

Wildtype MECP2 96hrs 4454.44 23 10

R106W MECP2 48hrs 1867.94 11 10

R106W MECP2 96hrs 4555.15 16 11

T158M MECP2 48hrs 5042.62 25 22

T158M MECP2 96hrs 6813.60 30 14

shRNA Control 48hrs 1514.67 12 10

shRNA Control 96hrs 2402.05 21 11

MECP2 shRNA 48hrs 1668.45 13 10

MECP2 shRNA 96hrs 1952.64 14 12

Total number of different CA1 and CA3 pyramidal neurons and hippocampal slices used for quantitative analyses of dendritic spine density and geometrical
morphology. The total length of dendrites measured is presented to provide a sense of the statistical sample analyzed.
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