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Abstract

Our previous postmortem study of girls with Rett Syndrome (RTT), a development disorder

caused by MECP2 mutations, found increases in the density of NMDA receptors in the prefrontal

cortex of 2–8 year-old girls, while girls older than 10 years had reductions in NMDA receptors

compared to age matched controls (Blue et al., 1999b). Using [3H]-CGP to label NMDA type

glutamate receptors in 2 and 7 week old wildtype (WT), Mecp2-null and Mecp2-heterozygous

(HET) mice (Bird model), we found that frontal areas of the brain also exhibited a bimodal pattern

in NMDA expression, with increased densities of NMDA receptors in Mecp2-null mice at 2 weeks

of age, but decreased densities at 7 weeks of age. Visual cortex showed a similar pattern, while

other cortical regions only exhibited changes in NMDA receptor densities at 2 weeks

(retrosplenial granular) or 7 weeks (somatosensory). In thalamus of null mice, NMDA receptors

were increased at 2 and 7 weeks. No significant differences in density were found between HET

and WT mice at both ages. Western blots for NMDAR1 expression in frontal brain showed higher

levels of expression in Mecp2-null mice at two weeks of age, but not at 1 or 7 weeks of age. Our

mouse data support the notion that deficient MeCP2 function is the primary cause of the NMDA

receptor changes we observed in RTT. Furthermore, the findings of regional and temporal

differences in NMDA expression illustrate the importance of age and brain region in evaluating

different genotypes of mice.
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INTRODUCTION

Rett Syndrome (RTT) is a neurodevelopmental disorder that primarily affects girls.

Phenotypic features include intellectual disability, motor dysfunction, seizures, and

stereotyped movements (Rett, 1966; Hagberg et al., 1985; Neul et al., 2010). The large

majority of RTT cases are caused by mutations in the X linked gene that encodes for

methyl-CpG binding protein 2 (MeCP2) (Sirianni et al., 1998; Amir et al., 1999; Hoffbuhr et

al., 2001). Mice with Mecp2 mutations or that are deficient in Mecp2 show

neuropathological and behavioral deficits similar to that reported for RTT (Chen et al., 2001;

Guy et al., 2001; Shahbazian et al., 2002; Lawson-Yuen et al., 2007; Jentarra et al., 2010).

Neuropathological and neuroimaging changes in RTT point to an abnormality in maturation

of synapses that preferentially affects certain regions and neuronal populations (Johnston et

al., 2001). In RTT, deceleration of head circumference appears in the first few months of life

at a time when the surge in proliferation of neuronal axo-dendritic connections is

contributing to an exponential phase in brain growth (Naidu, 1997). A microarray analysis

of postmortem brain from girls with RTT shows reductions in synaptic markers (Colantuoni

et al., 2001), and the analysis of olfactory receptor neurons from biopsies from girls with

RTT and Mecp2-null mice provides evidence for a block in the maturation of synapses

(Cohen et al., 2003; Ronnett et al., 2003; Matarazzo et al., 2004; Palmer et al., 2008; Degano

et al., 2009). Our previous studies find that the developmental expression of Mecp2 protein

is most closely correlated with the timing of synapse formation (Johnston et al., 2003;

Mullaney et al., 2004; Johnston et al., 2005; Kaufmann et al., 2005).

Neurophysiological studies also show abnormalities in synaptic circuitry in mouse models of

RTT, including changes in LTP and LTD or connectivity (Asaka et al., 2006; Moretti et al.,

2006; Dani and Nelson, 2009) and in EEG activity (D’Cruz et al., 2010). Dani et al. (Dani et

al., 2005) reported that the balance between cortical excitation and inhibition in spontaneous

activity of pyramidal neurons was shifted in favor of inhibition. On the other hand, Zhang et

al. showed diminished basal inhibitory rhythmic activity in the CA3 circuit in Mecp2-Null

mice, which rendered hippocampal circuitry prone to hyperexcitability (Zhang et al., 2008).

Medrihan et al. (Medrihan et al., 2008) also found that GABAergic but not glycinergic

synaptic neurotransmission was strongly suppressed in the Mecp2-null mouse (Bird model).

Other evidence supports the hypothesis that synaptic circuitry is hyperexcitable in young

girls with RTT. Distinctive features of the RTT phenotype, such as hand stereotypies,

breathing abnormalities, and high incidence of seizures, likely reflect enhanced excitatory

activity in young girls with the disorder. In addition, CSF studies have shown elevations in

glutamate levels (Hamberger et al., 1992; Lappalainen and Riikonen, 1996), and MR

spectroscopy studies show an elevated glutamate/glutamine peak in young girls with RTT

(Pan et al., 1999; Horska et al., 2009). Gene expression profiling studies of frontal cortex

from girls with RTT show elevations in mRNAs for the NR1 NMDA receptor subunit, the
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metabotropic mGluR1 receptor and the glial EAAT1 glutamate transporter (Colantuoni et

al., 2001). In our 1999 postmortem study, we found that NMDA receptors were elevated in

frontal cortex from girls younger than 8 years with RTT compared to age matched controls,

but in girls with RTT 10 years and older, NMDA receptor density was reduced compared to

controls (Blue et al., 1999b). This bimodal pattern resembled the clinical pattern of

regression associated with encephalopathy and seizures followed by a plateau phase in most

girls with RTT.

In the present study we further explore the hypothesis of disrupted excitatory synaptic

function in RTT. Our goal was to determine whether Mecp2 deficiency in mice leads to a

change in NMDA receptor expression that is similar to what we observed in our human

studies. We used the same methodology applied to the human studies, receptor

autoradiography, to examine NMDA receptor expression in the Bird model of Mecp2

deficiency. NMDA receptor expression was examined at two ages that corresponded

roughly with the ages in humans that showed alterations in NMDA expression over

development. We also used Western blots to measure the expression of the requisite

NMDAR1 subunit to confirm our autoradiographic results.

MATERIALS AND METHODS

Animal Procedures

All of the procedures for animal use were reviewed and approved by the Animal Care and

Use Committee at The Johns Hopkins University School of Medicine. Mecp2tm1.1Bird mice

(Jackson Laboratory, Bar Harbor, Maine) on a C57BL/6 background (heterozygote

backcrossed with C57BL/6 males for at least 9 generations) were used. Tail-clipping

samples were obtained between P4 and P7 for genotyping, which was performed by PCR

using a protocol provided by Jackson Laboratory. For autoradiography, all three genotypes

of mice were evaluated at 2 weeks and 7 weeks of age (for 2 weeks, n=10–14 WT, n=3–5

HET and n=6–8 Mecp2-null; for 7 weeks, n=9–11 WT, 4–5 HET, and n=5–6 Mecp2-null).

For Western blots, WT and Mecp2-null mice were studied (for 1 week, n=10 WT and n=10

Mecp2-null; for 2 weeks, n=6 WT and n=7 Mecp2-null; for 7 weeks, n=6 WT and n=5

Mecp2-null). Mice were anesthetized, decapitated and the brains were removed rapidly and

frozen on dry ice. Brains were kept at −80°C until the brains were sectioned

(autoradiography) or blocks of tissue were cut (Western blots).

Autoradiography

Sections were cut on a Microm cryostat at 20 μm thickness, thaw mounted on Super-frost

plus slides and stored at −80°C prior to receptor labeling. NMDA receptor binding sites

were labeled as described previously (Jaarsma et al., 1993; Blue et al., 1999a; Blue et al.,

1999b) with 20 nM [3H] CGP39653 ([3H] CGP) in 50 mM Tris-HCl (pH, 8.0, 4°C); 30

U/ml glutamate dehydrogenase, 0.03% (v/v) hydrazine and 1.1 mM NAD+ were added to

the incubation buffer to remove residual endogenous l-glutamate. Nonspecific binding was

determined using a 100 μM DL-AP5 blank. Autoradiographically labeled sections were

apposed to Amersham [3H] tritium sensitive Hyperfilm for 6–12 months and developed

photographically using D-19 and Rapid-fix (Kodak). Afterwards, the sections were stained
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with cresyl violet (Nissl-stain) to identify specific regions of interest (ROI). The films were

analyzed using a video based image analysis system (InterFocus Imaging Ltd., Cambridge,

England) as described previously (Blue et al., 1997; Brennan et al., 1997; Blue et al., 1999a;

Blue et al., 1999b). Using surface and interior landmarks, each brain was divided into

different rostral-caudal levels. In every section that was analyzed, the ROI was outlined

based on its location on the Nissl-stained section, and the density within each ROI was

measured in each hemisphere. Figure 1 shows the five rostral-caudal levels where density

measurements were made and each ROI measured at each level. At each rostro-caudal level,

density values for each ROI were determined by averaging the values for the right and left

sides of the brain; if 2 sections were present at each level, the values also were averaged. For

regions spanning the different rostral-caudal levels, measurements were averaged, i.e., for

insula, the density represents the average of the measurements at three rostro-caudal levels.

Due to run-to-run variability, density values were expressed as percent of WT mice.

Analyses of variance (ANOVA) and t-tests were performed using Prism Graph Pad to

determine whether the density of NMDA receptors varied by genotype, region or by age. If

significant variances were found among the different genotypes in ANOVA or t-test

analyses, non-parametric tests were used.

A separate analysis was performed for individual regions within the hippocampus. The

regions within the hippocampus studied are shown in Figure 2. The hippocampus analysis

was performed at two levels, through the dorsal hippocampus and through the ventral

hippocampus (Figure 1D and 1E). As above, the density values represent the average of

measurements in the right and left hemisphere from one (dorsal hippocampus) or two

(ventral hippocampus) sections, and as percent WT.

Western Blots

The protein expression of the NMDAR1 subunit of the NMDA receptor was measured in 1,

2 and 7 week old WT and Mecp2-null mice as described previously (Mullaney et al., 2004).

For these studies, mice were anesthetized and euthanized and the brains quickly removed

and frozen on powdered dry ice and then the tissue was stored in a −80°C freezer. We

isolated a block from the prefrontal region of the brain for Western blotting by making a cut

perpendicular to the surface of the brain that extended as far back as the olfactory bulb, but

which did not include the olfactory bulb (2–5 mm). The tissue was suspended in cold RIPA

(150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50

mM Tris, pH 8.0.) containing protease inhibitors (Calbiochem) and briefly sonicated. After

determination of protein concentration, 30 μg of protein homogenate was resolved by

sodium dodecylsulfate polyacrylamide gel electrophoresis on a 4–20% gradient gel

(Invitrogen), followed by transfer onto nitrocellulose membranes, and incubation with

primary antibodies to the NMDAR1 subunit of the NMDA receptor (#4204, Cell Signaling,

1:1000) and β-actin (#A5316, Sigma, 1:5000) (as described (Sun et al., 2001; Aber et al.,

2003). This was followed by signal detection using specific infrared secondary antibodies

(Jackson, 1:10000). Data was analyzed using the 2-color near infrared Odyssey system (LI-

COR Biosciences, Lincoln, NE). We performed t-tests using Prism Graph Pad to determine

whether the density of NMDA receptors varied between Mecp2-null and WT mice.
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RESULTS

The results of our autoradiographic study show that [3H] CGP binding to NMDA receptors

varies by genotype, age and region. At 2 weeks of age, the densities of NMDA receptors in

frontal areas of the cerebral cortex and striatum of Mecp2-null mice are greater than in WT

mice, while at 7 weeks of age, densities of NMDA receptors are reduced in null mice

(Figures 3–5; Table 1). This bimodal pattern of the NMDA receptor changes with age

resembles that previously observed in our postmortem study of girls with RTT (Blue et al.,

1999b). The region exhibiting the greatest magnitude of developmental changes in null mice

was the insula. Figure 6 shows the mean densities for each rostro-caudal level of the insula

measured. Compared to WT mice, NMDA receptor density is increased by 71% in the null

mice at the prefrontal level of the insula, at 2 weeks, while it is reduced by 37% at 7 weeks.

In contrast, at the mid-frontal level, the insula has less striking changes in NMDA

expression among the different genotypes of mice, especially at 7 weeks (Figure 4).

The visual cortex exhibits a similar bimodal pattern, although the differences between WT

and Mecp2-null mice do not quite reach significance at 2 weeks of age (Figure 5D). In

somatosensory cortex, NMDA receptor density in Mecp2-null mice at 2 weeks of age is not

different from the WT, but at 7 weeks of age, NMDA receptor density is reduced in Mecp2-

null mice compared to WT mice (Figure 5E). In retrosplenial granular cortex (RS), another

pattern emerges such that at 2 weeks of age, NMDA receptor density is increased in Mecp2-

null mice, but by 7 weeks of age is similar to that for WT mice (Figure 5F). In thalamus, the

density of NMDA receptors remains higher in Mecp2-null mice than in WT mice at both 2

and 7 weeks (Figure 5G). NMDA receptor density in the hippocampus of Mecp2-null mice

is not significantly different from the WT at either age (Figure 5H). However, an analysis of

specific regions and layers in the hippocampus does show significant differences in density

between WT and Mecp2-null mice (Tables 2 and 3). At 2 weeks of age, the density of

NMDA receptors was increased in the stratum oriens at both levels of the hippocampus and

in the pyramidal cell layer of CA3, the dentate gyrus, granular cell layer of the dentate, and

subiculum at the level of the ventral hippocampus in Mecp2-null mice compared to WT

mice. At 7 weeks of age, NMDA receptor density remained elevated in the stratum oriens

and radiatum of CA3 at the level of the ventral hippocampus in the null mice relative to the

WT.

The results of Western blot analyses of NMDAR1 expression from blocks of tissue from the

prefrontal regions of the brain from Mecp2-null and WT mice at 1, 2 and 7 weeks of age

show significant age related differences in NR1 expression (Figure 7). At 1 and 2 weeks of

age, mean NR1 expression values are higher in Mecp2-null than in WT mice (Figure 7A).

While at 1 week this difference is not significant due to variability in both samples, at 2

weeks of age, the difference is significant (p<0.05; Figure 7B). By 7 weeks of age, no

significant genotype differences in NR1 expression are observed.

DISCUSSION

The results of the current study indicate that NMDA receptor expression is altered in mice

that are lacking Mecp2 expression. The modifications in NMDA expression are age and
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region dependent. We find a bimodal pattern in NMDA expression in prefrontal and frontal

regions (frontal motor areas, insular cortex and striatum) of the brain, with increased

expression of NMDA receptors in Mecp2-null mice at 2 weeks of age, but decreased

expression at 7 weeks of age. The visual cortex shows a similar trend. Western blot analyses

show a pattern of NMDAR1 expression in prefrontal areas of the brain that is consistent

with our autoradiographic results from mice that are 2 weeks of age. Here too, NMDAR1

expression is higher in Mecp2-null mice than in the WT at 2 weeks of age, while equivalent

levels are observed in both genotypes at 7 weeks of age. The high correlation between our

receptor autoradiography and Western blot results indicates that the changes in NMDA

density are not due to reductions in postsynaptic area, but rather that the loss of Mecp2 is

responsible for the changes in NMDA receptor expression.

Other cortical regions, such as retrosplenial granular cortex showed increased expression of

NMDA receptors in Mecp2-null mice at 2 weeks of age, but no difference at 7 weeks of age.

A third pattern was found in the somatosensory cortex that had equivalent levels of NMDA

expression in Mecp2-null and WT mice at 2 weeks of age, but by 7 weeks of age, NMDA

receptor density in the null mice was significantly lower than in the WT mice. Finally, the

thalamus and specific layers and regions of the hippocampus in null mice show increased

expression of NMDA receptors at both 2 and 7 weeks of age.

The density of NMDA receptors in HET mice showed more variability than in WT or

Mecp2-null mice. As a result, no significant differences in density were found between HET

and WT mice at both ages. These observations differ from our autoradiography studies in

autopsied brain tissue of girls with RTT where we found that in younger girls there is a

significant increase (38% p=0.02) in NMDA receptors in the frontal lobes, while in older

subjects aged >10 years NMDA receptor density is reduced by 37% when compared to age

matched controls. The differences between the results of the studies in HET mice and RTT

patients, essentially heterozygous for MECP2 mutations, could be related to differences in

X-inactivation status. Others have shown that X-inactivation is skewed in HET mice, with

significantly more cells expressing the wild-type allele (Braunschweig et al., 2004; Young

and Zoghbi, 2004).

Understanding the alterations in NMDA receptor expression in the context of the observed

changes in glutamate levels and synaptic transmission may provide some clues to the effects

of decreased MeCP2 function on brain development. Glutamate levels as measured by

spectroscopy are either unchanged or decreased in the brains of Mecp2-null mice, depending

on the age of the animal (Saywell et al., 2006; Viola et al., 2007; Ward et al., 2008). One

study showed reductions in glutamate levels in 2–3 week old and 7 week old null mice

(Ward et al., 2008), while glutamate levels in 4–5 week old were not different (Ward et al.,

2008). Two other studies by another group did not find differences in glutamate levels of 5–

8 week old null mice compared to the WT (Saywell et al., 2006; Viola et al., 2007). At 2

weeks of age, we found that NMDA receptor expression was generally increased in the null

mice. These elevations in NMDA receptor density could represent an attempt to compensate

for the decreased levels of glutamate and thus maintain the homeostatic state. For example,

in the presymptomatic phase, which is up to 5 weeks of age, short and long term potentiation

(STP, LTP) and long term depression (LTD) remain intact in null mice (Asaka et al., 2006).
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However, the increased density of NMDA receptors at this early stage of postnatal

development, could account for the increased susceptibility to excitotoxicity induced by

hypoxia or exposure to glutamate receptor agonists that also is observed in cultured neurons

of null mice (Russell et al., 2007) and in null mice (Fischer et al., 2009).

Once the null mice become symptomatic, beginning at 5–6 weeks of age and lasting until

death, a different pattern emerges. We observe significant decreases in NMDA expression in

the 7 week old mice, while other studies show decreases in Glu levels (Ward et al., 2008), in

STP and LTP (Asaka et al., 2006), in glutamate receptor mediated currents (Zhang et al.,

2008), reduced expression of the NR1, and NR2A subunits, and decreases in the

NR2A/NRB ratio (Maliszewska-Cyna et al., 2010). These findings suggest that the

homeostatic state has been disrupted. As a result, synaptic function is altered (D’Cruz et al.,

2010) and connectivity is reduced (Dani and Nelson, 2009).

We examined NMDA expression in the insula and retrosplenial granular cortex (RSG), as

they are two regions in RTT that underlie the central parietal and frontal regions, where

abnormal EEGs and seizures arise in girls with RTT. Our results showed dramatic age

related changes in NMDA receptors in the insula of Mecp2 null mice. The insula is involved

in the pathogenesis of several aspects of the RTT phenotype, including seizures, autonomic

dysfunction and speech impairment (Ackermann and Riecker, 2010; Nagai et al., 2010). The

retrosplenial granular cortex (RSG) was another area showing significant increases in

NMDA receptor expression in the 2-week-old Mecp2-null mice. This region is connected

with limbic structures that are implicated in epilepsy, such as the hippocampus and the

parahippocampal gyrus (Cardoso et al., 2008). Recent studies have shown that

experimentally induced seizures in rats and mice adversely affect the RSG (Ampuero et al.,

2007; Cardoso et al., 2008; Kukko-Lukjanov et al., 2010). The striking increase in NMDA

receptor expression in both the RSG and the insula, at two weeks of age, may make these

regions particularly hyperexcitable, as has been reported in other brain regions of Mecp2-

null mice (Zhang et al., 2008; D’Cruz et al., 2010).

The pattern of NMDA receptor changes in MeCP2 deficient mice resembles the bimodal

age-dependent pattern we reported in patients with RTT (Blue et al., 1999b). Although we

did not examine the insular cortex in humans, elevated density at earlier ages and decreased

density at more mature stages seem to be a signature for frontal NMDA receptors in the

MeCP2-deficient brain. While a compensatory mechanism can be invoked for young

Mecp2-null mice, in humans the relationship between glutamate levels and NMDA receptor

seems to be more complex. We and others have shown that glutamate levels are increased in

RTT patients; in our recent MR spectroscopy study these differences were present mainly in

subjects younger than 10 years (Horska et al., 2009), the same period characterized by

elevated NMDA receptors (Blue et al., 1999b). The elevated glutamate levels along with

increased NMDA expression in RTT suggests an inability of the brain to compensate for the

changes in glutamate levels. This is similar to the cholinergic findings in RTT, where

decreases in choline acetyltransferase and in [3H]-vesamicol binding to a terminal vesicular

acetylcholine transporter are found in the putamen and thalamus, whereas normally, an

inverse relationship exists (Wenk and Mobley, 1996). Several authors have noted the

phenotypical differences between Mecp2-deficient mice and patients with RTT; even a
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complete absence of Mecp2 expression in mice does not lead to the severe neurologic

phenotype observed in humans (Chen et al., 2001; Guy et al., 2001). One plausible

explanation is the greater synaptic complexity of humans, which leads to a greater

dependence on synaptic regulators such as MeCP2 (LaSalle, 2004; Kaufmann et al., 2005).

Similar phenotypical severity discrepancies between FMRP-deficient mice and patients with

fragile X syndrome seem to support this hypothesis (Hagerman et al., 2009).

Unlike other brain regions, NMDA receptor binding was increased in the thalamus and in

various layers of CA3 and the dentate gyrus of the hippocampus (especially the ventral

hippocampus) in Mecp2-null mice at both 2 and 7 weeks of age. This enduring increase in

NMDA receptors indicates that the thalamus and hippocampus may be in a persistent

hyperexcitable state in Mecp2 deficiency. In the thalamus, Zhang et al (2010) showed that

mIPSCs were decreased and that the number of GABA transporters was decreased in the

ventrobasal (VB) thalamus (P6, P14–16 and P21) in Mecp2-null mice. The VB thalamus

projects to somatosensory cortex and insula. Our findings that NMDA receptor expression is

increased in VB along with the Zhang data may indicate that the thalamus is overdriving the

cortex. Alternatively, the changes in NMDA receptor may represent a compensatory

response to decreases in choline acetyltransferase (Wenk and Mobley, 1996). In

hippocampus, the increases in NMDA expression at 2 weeks of age may explain the

preserved LTD and LTP in presymptomatic Mecp2-null mice (Asaka et al., 2006), while the

increases in NMDA receptor density in the stratum oriens and stratum radiatum of 7 week-

old Mecp2-null mice may account for the hyperexcitable state of this circuit in symptomatic

null mice (Zhang et al., 2008).

Taken together, the results of this study indicate the importance of considering age of

development and region when determining changes in neurotransmitter expression in a

mouse model for RTT and when designing therapeutic trials. The increased expression of

NMDA receptors in young Mecp2 null mice and girls with RTT indicate that NMDA

receptor antagonists may be effective in alleviating some of the symptoms. In fact, one of

the authors (S.N.) has an ongoing study administering dextromethorphan (DM), a partial

NMDA antagonist, to girls with RTT between the ages of 2–10 years. Preliminary results

show that DM is safe and tolerated well; as the study is ongoing we cannot report on the

efficacy of the treatment. After the age of 10, however, it may be more efficacious consider

the use of NMDA or AMPA agonists.
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Figure 1.
Pseudocolor images of [3H] CGP binding to NMDA receptors in sections from 2 week-old

WT mice illustrate the different rostro-caudal levels where density measurements were

made. At each level, the regions where densities were measured, are outlined in white and

labeled. At prefrontal (A.) and frontal (B.) levels, the regions include frontal motor cortex,

somatosensory cortex (Som), the insula (Ins) and the striatum (Str). At mid-frontal (C.) and

dorsal hippocampus (D.) levels, NMDA densities were measured in the thalamus (Thal) and

hippocampus (Hippo). NMDA receptor densities in the retrosplenial granular (RS) cortex,

hippocampus and thalamus were measured at the level of the ventral hippocampus (E.).
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Figure 2.
Images of [3H] CGP binding to NMDA receptors (A. and C.) and the corresponding Nissl

stained section (B.) that illustrates the different regions and layers of the hippocampal

formation that were measured. This section is from a 2 week-old WT mouse and is at the

level of the ventral hippocampus.

Blue et al. Page 13

Anat Rec (Hoboken). Author manuscript; available in PMC 2014 August 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Pseudocolor images of [3H] CGP binding to NMDA receptors in sections through the frontal

(A. and B.) and prefrontal levels (C. and D.) of the brain from WT (A. and C.) and Mecp2-

null mice (B. and D.) at 2 and 7 weeks of age. The regions where densities were measured,

are outlined in white in each section. These regions include frontal motor cortex,

somatosensory cortex (Som), the insula (Ins) and the striatum (Str), and are labeled in A.
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Figure 4.
Pseudocolor images of [3H] CGP binding to NMDA receptors in sections through the dorsal

hippocampus level of the brain from WT (A. and C.) and Mecp2-null mice (B. and D.) at 2

and 7 weeks of age. The regions where densities were measured are outlined in white in

each section. These regions include visual cortex, retrosplenial granular (RS) cortex,

hippocampus and thalamus, and are labeled in A.
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Figure 5.
Line graphs comparing the density of NMDA receptors (percent WT; mean ± s.e.m.)

between WT and Mecp2-null mice at 2 and 7 weeks of age in different brain regions, which

illustrate the different regional and developmental differences in NMDA receptor expression

between WT and Mecp2-null mice. P values: *p<0.05; **p<0.01; ***p<0.001;

****p<0.0001; #p=0.055; ^p=0.075.
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Figure 6.
Line graphs comparing the density of NMDA receptors between WT and Mecp2-null mice

at 2 (A.) and 7 (B.) weeks of age at different rostrocaudal levels of the insula (percent WT;

mean ± s.e.m.). P values: *p<0.05; **p<0.01; ***p<0.001.
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Figure 7.
Western blots of the NMDAR1 subunit of the NMDA receptor and β-actin from WT and

Mecp2-null (null) mice at 1, 2 and 7 weeks of age are shown in A. Mean densities of

NMDA1 protein (percent WT; mean ± s.e.m.) show a significant increase in NMDAR1

expression in Mecp2-null mice at 2 weeks of age but no genotype differences at 1 or 7

weeks of age (B.). P value: *p<0.05.
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Table 2
Density of NMDA receptors in different level of the hippocampus at 2 weeks of age

The mean density of [3H] CGP binding to NMDA receptors ± s.e.m. (percent WT) in 2 week-old WT (n=9–

14) and Mecp2-null mice (n=4–8) and the p values for t-tests comparing WT versus Mecp2-null mice.

Level/Region WT Mecp2-null t-test

Dorsal Hippocampus

CA1 1.040±0.064 1.062±0.146 0.873

CA3 1.053±0.060 1.092±0.114 0.744

CA3-Stratum Oriens 1.038±0.058 1.456±0.201 0.026*

CA3-Pyramidal cell layer 1.024±0.051 1.004±0.159 0.882

CA3-Stratum Radiatum 1.000±0.067 1.305±0.256 0.165

Dentate Gyrus 1.026±0.066 1.015±0.124 0.934

Hilus 0.993±0.088 0.932±0.136 0.702

Ventral Hippocampus

CA1 1.023±0.038 1.184±0.104 0.089

CA3 1.043±0.041 1.240±0.052 0.018*

CA3-Stratum Oriens 0.997±0.065 1.450±0.223 0.018*

CA3-Pyramidal cell layer 0.985±0.030 1.202±0.077 0.005**

CA3-Stratum Radiatum 1.007±0.049 1.323±0.228 0.074

Dentate Gyrus 1.010±0.034 1.273±0.116 0.015*

Upper Blade Dentate Gyrus 1.027±0.060 1.171±0.128 0.268

Dentate Granular Cell Layer 1.000±0.051 1.299±0.092 0.006**

Hilus 1.012±0.0693 1.166±0.147 0.292

Subiculum 1.025±0.053 1.391±0.147 0.015*
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Table 3
Density of NMDA receptors in different level of the hippocampus at 7 weeks of age

The mean density of [3H] CGP binding to NMDA receptors ± s.e.m. (percent WT) in 7 week-old WT (n=8–9)

and Mecp2-null mice (n=3–4) and the p values for t-tests comparing WT versus Mecp2-null mice.

Region WT Mecp2-null t-test

Dorsal Hippocampus

CA1 1.000±0.053 0.994±0.118 0.957

CA3 1.000±0.054 1.068±0.116 0.550

CA3-Stratum Oriens 1.000±0.084 0.750±0.201 0.230

CA3-Pyramidal Cell Layer 0.996±0.056 1.021±0.099 0.817

CA3-Stratum Radiatum 1.000±0.099 1.594±0.387 0.056

Dentate Gyrus 1.000±0.056 0.988±0.114 0.917

Hilus 1.000±0.048 0.867±0.109 0.218

Ventral hippocampus

CA1 0.970±0.041 1.019±0.084 0.570

CA3 0.960±0.027 1.078±0.078 0.093

CA3-Stratum Oriens 1.002±0.028 1.266±0.164 0.037*

CA3-Pyramidal Cell Layer 0.952±0.048 0.939±0.095 0.890

CA3-Stratum Radiatum 0.989±0.027 1.293±0.128 0.006**

Dentate Gyrus 0.982±0.030 1.022±0.121 0.678

Upper Blade Dentate Gyrus 0.983±0.035 0.910±0.067 0.326

Dentate Granular Cell Layer 1.001±0.040 0.990±0.064 0.890

Hilus 0.971±0.036 0.919±0.121 0.588

Subiculum 0.933±0.072 0.793±0.125 0.354
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