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ABSTRACT 

Background  

Early postnatal experience shapes NMDA receptor (NMDAR) subunit composition and kinetics 

at excitatory synapses onto pyramidal cells; however, little is known about NMDAR maturation 

onto inhibitory interneurons.  

 

Methods 

We combined whole-cell patch clamp recordings (n=440) of NMDAR-mediated currents from 

layer 4-to-2/3 synapses onto pyramidal and GFP-labeled parvalbumin-positive (PV) 

interneurons in visual cortex at three developmental ages (15, 30 & 45 postnatal days) with 

array tomography 3-D reconstructions of NMDAR subunits GluN2A- and GluN2B-positive 

synapses onto PV cells. 

 

Results 

We show that the trajectory of the NMDAR subunit switch is slower in parvalbumin-positive (PV) 

interneurons than in excitatory pyramidal cells in visual cortex. Notably, this differential time 

course is reversed in the absence of methyl-CpG-binding protein, MeCP2, the molecular basis 

for cognitive decline in Rett syndrome and some cases of autism. Additional genetic reduction of 

GluN2A subunits, which prevents regression of vision in Mecp2-knockout mice, specifically 

rescues the accelerated NMDAR maturation in PV cells.   

 

Conclusion 

We demonstrate: (1) the time course of NMDAR maturation is cell-type specific and (2) a new 

cell-type specific role for Mecp2 in the development of NMDAR subunit composition. Reducing 

GluN2A expression in Mecp2-deficient mice, which prevents the decline in visual cortical 

function, also prevents the premature NMDAR maturation in PV cells.  Thus, circuit-based 
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therapies targeting NMDAR subunit composition on PV cells may provide novel treatments for 

Rett syndrome. 

 

INTRODUCTION 

NMDA receptors (NMDARs) are critical for many forms of learning and memory, in part, due to 

their activity-dependence and contribution to synaptic integration and plasticity (1). The GluN2 

subunit composition determines the decay kinetics of the NMDARs, which undergo an 

experience-dependent switch from GluN2B to 2A at cortical synapses during early postnatal 

development (2). This NMDAR subunit switch has been well studied at excitatory synapses onto 

pyramidal cells; however, whether a similar process underlies the development of excitatory 

synapses onto inhibitory interneurons in local cortical circuits remains largely unknown (3,4).  

Parvalbumin (PV)-positive interneurons are of particular interest as they mature 

postnatally in an activity-dependent manner, directly control the firing of pyramidal cells, and 

trigger critical period plasticity (5,6).  PV interneurons are also vulnerable across 

neurodevelopmental and psychiatric disorders (4,6).  Both NMDARs and PV interneurons have 

been implicated in the pathophysiology of Rett syndrome, a childhood disorder marked by 

regression of cognitive and motor function after an apparently normal initial development (7,8).  

Most cases of Rett syndrome are caused by loss-of-function mutations in MECP2, a 

transcriptional regulator, and Mecp2-deficient mice also show a decline in behavioral and motor 

function including loss of vision (7,9).  NMDAR dysfunction has also been implicated in post 

mortem studies of Rett syndrome (10); however, there has been disagreement among studies, 

primarily from tissue homogenates of Mecp2-deficient mice, as to the nature of the 

dysregulation (7,11,12,13). Elucidating the role of NMDARs in Rett syndrome may have 

important clinical implications, as the visual cortical decline, along with PV circuit 

hyperconnectivity, found in Mecp2-deficient mice can be prevented by an additional genetic 
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manipulation to decrease GluN2A expression (7). The mechanism underlying such rescue is still 

unknown. 

We utilized a circuit-based approach to investigate the NMDAR maturation in PV cells in 

wild-type mice and a Rett syndrome mouse model.  We performed whole-cell patch clamp 

recordings in acute brain slices and array tomography analysis to characterize NMDAR at layer 

4-to-2/3 visual cortical synapses and directly compared the development of NMDAR-mediated 

synaptic currents from pyramidal neurons and PV interneurons. We discovered that NMDAR 

maturation occurs more gradually in PV than pyramidal cells and that Mecp2 regulates the 

NMDAR subunit switch in a cell-type specific manner. Moreover, we reveal correction of 

NMDAR maturation in PV cells as a possible mechanism for the rescue of vision when reducing 

GluN2A expression in Mecp2-deficient mice. 

 

METHODS AND MATERIALS 

Animals 

The electrophysiology data in this study includes a total of 440 whole-cell recordings (222 

pyramidal and 218 PV cells) from 157 mice (20 Mecp2-KO, 32 Mecp2-WT, 18 Mecp2-

KO/GluN2A-Het, 13 Mecp2-WT/GluN2A-Het, 26 Mecp2-KO/PV-GFP+, 27 Mecp2-WT/PV-

GFP+, 11 Mecp2-KO/GluN2A-Het/PV-GFP+, 10 Mecp2-WT/GluN2A-Het/PV-GFP+) at 3 age 

groups: P15 (P13-P17), P30 (P28-P31), and P45 (P45-51); P30 and P45 for GluN2A-Het mice. 

Male Mecp2-KO and -WT littermates were used from in-house breeding pairs of Mecp2-

heterozygous females (mouse line generated by A. Bird and colleagues; 14) crossed with 

C57BL/6 males or C57BL/6 mice that selectively express the green fluorescent protein (GFP) in 

parvalbumin-containing (PV) interneurons (from H. Monyer; 15).  Double mutants for Mecp2 and 

GluN2A deletion were generated in-house by crossing Mecp2-heterozygote females with 

GluN2A-KO males (from M. Mishina; 16).  Triple mutants for Mecp2, GluN2A and PV-GFP were 

generated in-house by first crossing GluN2A-KO females with PV-GFP+ males and using either 
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the GluN2A-KO or GluN2A-Het/PV-GFP+ male offspring to cross with the Mecp2-heterozygous 

females. All procedures were approved by Boston Children’s Hospital IACUC. 

 

Electrophysiology 

Coronal visual cortical slices (300 µm thick) were prepared after decapitation under isofluorane 

anesthesia.  Slices were incubated at room temperature in a submerged holding chamber for at 

least one hour in artificial cerebral spinal fluid containing: 119 mM NaCl, 2.5 mM KCl, 1 mM 

NaH2PO4/H20, 1.3 mM MgCl2/6H2O, 2.5 mM CaCl2, 26.2 mM NaHCO3, 20 mM glucose and 

bubbled with carbogen gas (95% O2/5% CO2).  All recordings were made in the presence of 5 

µM bicuculline methiodide (Sigma), which was sufficient to block GABAergic currents (17).  To 

inhibit NMDA receptors containing the GluN2B subunit, slice were incubated in artificial 

cerebrospinal fluid with 3 µM ifenprodil (Sigma), a GluN2B subunit selective antagonist, for at 

least 40 minutes before and during recording (17,18).  All recordings were made at room 

temperature. 

Voltage-clamp recordings from layer 2/3 pyramidal and PV cells were made under visual 

guidance by infrared differential interference contrast microscopy.  Patch pipettes (4-6 MΩ) 

were pulled from standard wall borosilicate tubing and were filled with intracellular solution 

containing: 140 mM CsCl, 0.2 mM EGTA, 10 mM HEPES, 2 mM ATP-Mg, 0.3 mM GTP, 5 mM 

QX-314, and 5 mg/ml biocytin (pH 7.2).  All chemicals were purchased from Sigma. Cells were 

identified under visual guidance with by their location, morphology, and, in the case of GFP-

expressing PV cells, by their fluorescence under ultraviolet light.  In most cells, identity was also 

confirmed by recording a brief spike train in current clamp immediately after patching.  In 

addition, fifty-eight cells were histologically processed for biocytin labeling post-recording using 

Alexa594-conjugated streptavidin antibody for pyramidal cells and Alexa 488-conjugated 

streptavidin antibody for PV cells.  Excitatory post-synaptic currents (EPSCs) were evoked by 
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extracellular stimulation (0.2 ms, 16-100 µA) in layer 4 of the visual cortex using a bipolar 

stimulating pipette pulled from standard wall borosilicate tubing and filled with artificial 

cerebrospinal fluid.  Recordings began once the amplitude of the stimulating current and 

position of the electrode were adjusted to evoke a reliable monosynaptic response at a holding 

potential of -100 mV.  

Voltage-clamp recordings were acquired at a 10 kHz sampling rate with an AxoPatch-1D 

(Axon Instruments) and an ITC-18 AD board (Instrutech, Mineola, NY).  All data was acquired 

and analyzed using custom-made procedures in Igor-Pro Software (WaveMetrics, Lake 

Oswego, OR).  The series resistance was monitored throughout the recordings.  Cells were 

excluded in which the access resistance changed by more than 10%. Five evoked synaptic 

responses were recorded and used to calculate an average response at each post-synaptic 

holding potential from -100 mV to +60 mV.  To estimated the relative contribution of NMDA and 

AMPA receptors to the synaptic current, the current amplitude was measured at the time of the 

peak amplitude at -100mV for the AMPA receptor-mediated current and at the time point after 

the current at -100 mV had decayed to less than <5% of its peak amplitude for the NMDA 

receptor-mediated current (Figure 1A), based on methods from Hestrin et al. (19) and Mierau et 

al. (17).  NMDAR and AMPAR components were confirmed pharmacologically with 20 µM CPP 

and 10 µM CNQX (Supplemental Figure S1).  Current-voltage (I-V) plots were made with the 

current amplitudes for the NMDA and AMPA receptor-mediated components as a function of the 

holding potential (Figure 1B).  The N/A ratio was calculated as the ratio of the slopes between 0 

and 40 mV, where the slopes of the NMDA and AMPA receptor-mediated components were 

most linear.  Decay time constants were estimated using a single exponential fit, which provided 

an adequate fit (Figures 1C and 1D; 17).  All values are reported as mean+SEM, unless 

otherwise stated.  Parametric testing for normality followed by analysis of variance (ANOVA) 
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with post-hoc t-tests were used to compare individual groups using JMP software (SAS, Cary, 

NC).   

 

Array Tomography 

The tissue was processed for array tomography as described in Micheva and Smith (20). 

Visual cortex was dissected from perfused animals and embedded in LR white resin using a 

bench top protocol. Ribbons with between 70-100 serial 70 nm ultrathin sections were prepared 

from P30 Mecp2-KO, WT and Mecp2-KO/NR2A-Het mice using an ultramicrotome (UC7, Leica 

Microsystems) and mounted side by side on subbed glass coverslips. Coverslips were 

immunostained using synapsin I (mouse, SYSY), synaptophysin (mouse, Abcam), PSD-95 

(rabbit, Cell Signaling Technology), GluR1 (rabbit, Millipore), GluR2/3 (rabbit, Abcam), GluN2A 

or GluN2B (rabbit, Frontier Science Co., Ltd) and parvalbumin (guinea pig, Frontier Science 

Co., Ltd) antibodies. For secondary antibodies, Alexa 488, Alexa 594 and Alexa 647 (Invitrogen) 

were used from the appropriate species. For some ribbons, applied antibodies were eluted and 

the sections were restrained with different antibodies.  The identification and quantification of 

GluN2A- and 2B-positive synapses is described in Figure 2 (A-D) and in further detail in the 

Supplemental Methods. 

 

RESULTS 

Slower NMDAR Subunit Switch at Excitatory Synapses onto Cortical PV Interneurons  

To establish the time course of NMDAR maturation in PV interneurons, we quantified the decay 

time constant at three developmental stages corresponding to eye opening (postnatal day, 

P15), peak of critical period plasticity (P30), and adulthood (P45) and compared the 

development with neighboring pyramidal neurons in layer 2/3 of visual cortex (Figure 3A and 

3B). A single exponential fit was adequate to measure the NMDAR-mediated synaptic current 
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decay (Figure 3C) (17,19; Supplementary Figure S1).  As expected, pyramidal cells showed a 

faster decay at P30 than P15 indicating a switch from primarily GluN2B- to 2A-subunit-

containing NMDARs, which have a shorter deactivation (Figure 3B, 3D and Table 1). In 

contrast, the switch occurred more slowly in PV cells with a significant GluN2B component still 

present at P30 that further decreased by P45 (Figure 3B, 3D and Table 1).   

 

Loss of MeCP2 Accelerates NMDAR Subunit Switch in PV Interneurons and Delays it in 

Pyramidal Cells 

A potential modulator of this cell-specific development is the methyl-CpG-binding protein, 

Mecp2.  Loss of Mecp2 alters PV circuits in visual cortex, which can be rescued by additional 

genetic manipulation to reduce GluN2A expression (7). Remarkably, we found that knocking out 

Mecp2 had opposing effects on NMDAR maturation in the two cell types. PV cells exhibited an 

atypically fast decay at P30 in the absence of Mecp2, indicating an acceleration of NMDAR 

development, while pyramidal cells showed immature decay kinetics, indicating a 

developmental delay (Figure 3C, 3D and Table 1). Interestingly, the developmental expression 

pattern of Mecp2 was also cell-type specific.  We found a larger increase in Mecp2 expression 

occurred in PV than pyramidal cells between P15 and P30 (Supplemental Figure S2), coinciding 

with the slower NMDAR maturation in PV cells.  

To confirm that the change in decay kinetics was due to altered NMDAR subunit 

composition, we used the selective GluN2B antagonist ifenprodil (3 µM; 3A and 3B; 17,18). Both 

pyramidal and PV cells in visual cortex showed a significant reduction in NMDAR-mediated 

synaptic currents at P15 with ifenprodil; however, at P30, PV cells—but not pyramidal 

neurons—retained sensitivity to ifenprodil confirming their slower maturational time course 

during normal development (Figure 4A, 4B and Table 2). In Mecp2-deficient mice, the GluN2B 

component was undetectable in PV cells at P30 but still significant in pyramidal cells (Figure 4A, 

4B and Table 2).   
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In contrast, neither the maturation of the AMPA receptor (AMPAR) decay nor the amplitude 

was affected by Mecp2 loss in both cell types (Figure 5C, 5D). Nor was the synaptic density of 

AMPAR, quantified by array tomography, altered (Figure 5A, 5B). This suggests that Mecp2’s 

role in glutamatergic synaptic development is specific not only to cell-type but also to NMDARs. 

 

Reducing GluN2A Expression Rescues Synaptic NMDAR Subunit Composition in PV 

Cells 

As further deletion of GluN2A in Mecp2-deficient mice renormalizes GluN2A/2B 

expression and prevents visual regression (7), we recorded NMDAR-mediated synaptic currents 

from Mecp2-/y/GluN2A+/- (KO-Het) double mutants and Mecp2+/y/GluN2A+/- (WT-Het) mice 

(Figures 6A, 6B and Table 3). Reduced GluN2A expression was sufficient to prevent the 

accelerated NMDAR maturation in PV cells, but did not normalize the delayed NMDAR 

development in pyramidal cells at P30 (Figures 6C-F and Table 3).  The rescue of visual cortical 

function in the Mecp2-KO/GluN2A-Het mice (7) was also accompanied by a preserved GluN2B 

component in PV and pyramidal cells at P45 (Table 3). 

To anatomically characterize NMDAR subunit expression at the synapse, we turned to 

array tomography analysis (20). Excitatory synapses onto layer 2/3 PV cells in visual cortex 

were identified by colocalization of pre-synaptic marker synaptophysin (SYP) and post-synaptic 

density (PSD)-95 labeling on PV-positive cells (Figure 7A). In agreement with our 

electrophysiological findings, we found a significant increase in the number of GluN2A-positive 

and a decrease in GluN2B-positive synapses at P30 in the Mecp2-KO compared to wild-type 

PV-cells. The synaptic GluN2 subunit expression was rescued in Mecp2-KO/GluN2A-Het 

double mutant mice (Figures 7B).  
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DISCUSSION  

Our results reveal a developmental switch in synaptic NMDAR composition in PV cells 

and a novel role for Mecp2 in this process, which differs across cell types.  First, we 

demonstrated that the time course is slower at layer 4-to-2/3 synapses onto PV than pyramidal 

cells in visual cortex.  Second, we showed cell-specific regulation of the NMDAR subunit switch, 

which is delayed in pyramidal and accelerated in PV cells in the absence of Mecp2.  Third, 

genetically decreasing GluN2A expression—which is sufficient to prevent the regression of 

visual function in Mecp2-KO mice—prevented the early NMDAR maturation in PV but not the 

delay in pyramidal cells.  The differential regulation of NMDAR by Mecp2 was specific to subunit 

composition as the ratio of the NMDAR/AMPAR-mediated synaptic currents (Figure 5) and total 

NMDAR expression using array tomography (data not shown) were unaltered in Mecp2-

deficient mice. Moreover, while differences in dendritic geometry could result in imperfect 

space-clamp conditions and distort the EPSC, we did not observe any difference in the AMPAR-

mediated current, which would be more attenuated by increased dendritic filtering, between the 

Mecp2-KO and WT neurons in either cell-type. We also confirmed our findings 

pharmacologically with ifenprodil and anatomically with array tomography.   

The timing of the NMDAR switch in excitatory neurons across brain regions during early 

postnatal development coincides with an increase in synaptic function and critical period 

plasticity, supporting its importance for the refinement and tuning of neuronal circuits (3,21).  In 

pyramidal cells, the NMDAR switch in visual cortex is triggered by eye opening during normal 

development and by only two hours of light exposure in dark-reared mice (18). The resulting 

decrease in GluN2B expression occurs over hours to days (1,22).  In PV cells, previous studies 

support a strong GluN2B component in juveniles that is not present in adult rodents in 

hippocampus (23), prefrontal (24) and somatosensory (25) cortex. Our findings reveal that, 

rather than hours to days, NMDAR maturation in PV cells occurs over weeks and raise the 
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broader question of whether similar molecular mechanisms drive the NMDAR subunit switch 

across cell types (excitatory versus inhibitory and/or among inhibitory neurons).   

In contrast to pyramidal cells, two weeks after eye opening in wild-type mice, PV cells in 

visual cortex still retain a significant GluN2B component, which does not fully decline until one 

month after eye opening. Interestingly, it is during this time that PV cell connectivity onto 

pyramidal cells in primary visual cortex mature and critical period plasticity is expressed (6). 

Given the different characteristics of GluN2 subunits, higher synaptic expression of GluN2B in 

PV cells at the peak of the critical period (P25-30) may increase the window for spike-time 

dependent plasticity and the integration of sensory stimuli received over a longer period of time 

than in synapses with higher GluN2A (26). Reducing Mecp2 expression in PV cells alone is 

sufficient to modulate the expression and timing of the ocular dominance plasticity critical period 

(27).  Moreover, our findings that NMDAR maturation is accelerated in PV cells in the absence 

of Mecp2 may also explain, at least in part, an initial bias toward greater inhibition of pyramidal 

cells in previous studies of Mecp2-deficient mice (28-30).  

We demonstrate a new role for Mecp2 in the NMDAR subunit switch that is cell-type 

specific. The action of Mecp2 may be direct, as Mecp2 is a transcriptional repressor and 

activator and binds to the promoter of multiple genes in a histone-like fashion and an age- and 

region-specific manner (31,32). Mecp2 binds to the GluN2A, but not GluN2B, promoter in visual 

cortex homogenates at eye opening (postnatal day 15; 7).  Thus, the larger increase in Mecp2 

expression in PV than pyramidal cells over P15 to P30 (Supplemental Figure S2) could explain, 

at least in part, the slower maturation of NMDAR in PV cells, which is accelerated when Mecp2 

is lost.  An additional mechanism, however, would be necessary to delay the NMDAR subunit 

switch in pyramidal cells in the absence of Mecp2.  This may be due to cell-type specific binding 

of Mecp2 to NMDAR subunit promoters. Evidence from embryonic cortical neuron cultures 
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indicates that Mecp2 binds instead to GluN2B and is regulated by activity (11). This suggests a 

dynamic role for Mecp2 in the regulation of NMDAR subunits during postnatal development.  

Activity-dependent changes in the excitatory-inhibitory balance within the cortical circuit 

may also play a role in the cell-specific NMDAR maturation. Reduced neuronal activation, such 

as in dark rearing of WT mice, prevents the activity-dependent down-regulation of GluN2B and 

increase in GluN2A expression in pyramidal neurons (18). In addition, the intrinsic excitatory 

level of individual pyramidal neurons induces post-translational modifications of GluN2 subunits 

that may contribute to the changes found in NMDAR kinetics (3,33). Both in vitro and in vivo 

studies show a significant decrease in the spontaneous and evoked activity of cortical pyramidal 

neurons and an increase in PV-mediated inhibitory transmission in Mecp2-KO mice 

(7,27,28,34). Thus, the delay of NMDAR maturation in pyramidal cells could be due to a 

decrease in the activity-dependent phosphorylation of GluN2B and, thus, retention at the 

synapse. It is also possible that the acceleration in NMDAR maturation in PV cells could be due 

to their higher basal excitability in the Mecp2-KO (27), resulting in more active removal of 

GluN2B from the synapses and insertion and/or post-translational modification of GluN2A 

subunits (35,36).   It is not known, however, whether the NMDAR subunit switch in PV cells is 

mediated by activity as in pyramidal cells, nor whether the same post-translational modifications 

to the GluN2 subunits occur in interneuronal subtypes.  A decrease in the cortical activity alone 

would not predict the reciprocal cell-specific effects on NMDAR maturation in the absence of 

Mecp2. Decreased activity in dark-reared Mecp2-deficient mice prevents—rather than 

promotes—the hyper-maturation of PV cells in visual cortex (7).  This supports a direct role for 

Mecp2 in differentially regulating the NMDAR subunit switch in PV and pyramidal cells, rather 

than the delay in pyramidal and premature switch in PV cells occurring secondary to activity-

dependent network effects.   
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A cell-autonomous role for Mecp2 in development of excitatory synaptic transmission is 

also supported by previous studies in which Mecp2 deletion was limited to a single cell type or a 

sparse population of cells which altered the excitatory-inhibitory balance only in the affected 

cells.  Mecp2 deletion using in utero injections of short hairpin RNA (37) and acute cell-

autonomous loss of Mecp2 (38) in cortical pyramidal neurons was sufficient to weaken 

excitatory inputs in the Mecp2-deficient cells with no effect on non-transfected pyramidal 

neurons or inhibitory inputs.  Cell-type specific deletion in pyramidal cells selectively reduced 

GABAergic, but not excitatory, transmission (39), while selective deletion in PV cells induced a 

loss of excitatory drive in PV cells with no effect on pyramidal cells (27). Of note, the latter study 

did not detect a significant increase in the GluN2A expression in fluorescent PV cells using 

qPCR; however, the study was limited by small sample size for the qPCR and by the slow 

decrease in Mecp2 expression of PV cells in the Mecp2-flox/PV-Cre mice, which only reached 

80% of the PV cells by P30 (27).  Thus, the majority of PV cells between P15-30 would have 

expressed Mecp2 and the slower NMDAR subunit switch as seen in wild-type PV cells.   

Our study establishes the first two-weeks after eye opening as a critical therapeutic window 

for murine preclinical trials of NMDAR subunit-specific, circuit-based therapies for Rett 

syndrome. Our findings suggest that preventing the early NMDAR maturation in PV cells may 

underlie the rescue of visual cortical function in the Mecp2-KO/GluN2A-Het mice; however, we 

cannot exclude a role for altered NMDAR subunit composition at synapses on other interneuron 

cell types or at extrasynaptic sites.  Moreover, while correction of the delay in NMDAR 

maturation onto pyramidal cells was not required for rescue of visual acuity or cortical activity, 

we cannot exclude that the alteration of pyramidal cells contributes to the pathophysiology, or 

represents a compensatory response.   

In conclusion, the regulation of NMDAR maturation offers an important therapeutic target 

for developing new treatments for cognitive disorders. Disruption of NMDAR subunit 

composition has been implicated in the pathogenesis of Rett syndrome (7) and other genetic 



 

Page 14 

 

causes of autism, including mutations in the NMDAR scaffolding proteins Shank2 and Shank3 

(40).  Restoring NMDAR function in Shank 2-KO mice, for example, rescues behavior deficits in 

social communication, interaction and repetitive behaviors (41,42).  Likewise, genetic reduction 

of GluN2A expression in Mecp2-deficient mice prevents the decline in visual cortical function (7). 

Circuit-based therapies that target GluN2A in specific cell-type populations warrant further 

investigation for treating Rett syndrome. Low-dose ketamine, for example, is an NMDAR 

antagonist that acts preferentially on PV cells (43) and, with acute administration, has been 

shown to enhance neuronal cortical activity in adult Mecp2-deficient mice (34). Development of 

a selective GluN2A antagonist that preferentially targets PV cells would provide a novel therapy 

and minimize side effects on other cell-types in the cortical circuits. Moreover, NMDAR 

dysfunction is also involved in multiple psychiatric and neurological disorders, including 

schizophrenia, chronic pain, stroke, and neurodegenerative diseases, and there is growing 

interest in developing new drugs that target NMDAR subtypes. 
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FIGURE LEGENDS 

Figure 1. Measuring NMDAR- and AMPAR-mediated synaptic currents in pyramidal and 

PV cells in primary visual cortex. A, Slice of primary visual cortex shown at 10x magnification 

with the recording electrode in layer 2/3 and extracellular stimulation electrode in layer 4. 

Representative traces show averaged excitatory post-synaptic currents (EPSCs) synaptic 

currents recorded at holding potentials of +60 and –100 mV. The AMPAR-mediated component 

of the ESPCs was estimated at the time point (black-dotted line) of the peak amplitude of the 

response at a holding potential of –100 mV, when there is no NMDAR component due to the 

voltage-dependent Mg2+ block.  The NMDAR component was estimated at the time point (gray-

dotted line) 50 ms after the peak at –100 mV, when the AMPAR-mediated current had decayed 

to less than 5% of the peak amplitude (17,19). Vertical scale bar 20 pA, horizontal 1 s. B, 

Current-voltage (I-V) plots constructed by recording EPSCs at holding potentials from –100 mV 

to +60 mV by 20 mV intervals of the AMPAR-mediated component (black) and NMDAR-

mediated component (gray).  The ratio of the NMDAR/AMPAR-mediated synaptic currents was 

estimated as the ratio of the slopes between 0 to +40 mV. The slope of the I-V plot is 

proportional to the conductance through the NMDAR and AMPAR channels. C, Sample single 

exponential fit (black) overlay on EPSC at a holding potential of +60 mV to estimate the decay 

time constant of the NMDAR-mediated synaptic current. Vertical scale bar 25 pA, horizontal 0.5 

ms. D, Sample single exponential fit overlay on EPSC at holding potential of -100 mV (gray) to 

estimate the initial decay of the AMPAR-mediated synaptic current. Vertical scale bar 25 pA, 

horizontal 0.02 ms. 

 

Figure 2. Array tomography image processing. A, To identify synapses the image was first 

aligned coarsely using large objects, such as nuclei (DAPI), followed by a second fine alignment 

using a pre-synaptic marker (synaptophysin) and then applying that alignment to all other 

channels. Scale bar 10 µm. B, Synapses were defined as the colocalization of multiple pre-
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synaptic markers, including synapsin-1 (SYN1, white) and synaptophysin (SYP, magenta) and 

multiple post-synaptic markers, PSD-95 (green) and NMDAR (red). C and D, To quantify the 

normalized synapse density in PV-positive cells, aligned stacks were made for each channel. 

PV-positive cells were identified manually and defined by the ROI, while PV-negative cells were 

defined by segmenting the space between DAPI-positive nuclei. A custom-made analysis 

program was used to quantify synapses in the volume included in the ROI (PV-positive cells) 

and in the segmented area (PV-negative cells) (for more details see Supplementary Method). 

Synapses inside DAPI positive structures were not quantified. Scale bar 10 µm. 

 

Figure 3. Cell-specific regulation of synaptic NMDAR current maturation by Mecp2.  A, 

Sample biocytin-stained pyramidal (left) and PV cells (right) in visual cortex (scale bar, 25µm). 

Whole-cell recordings were made in layer 2/3 with a stimulation electrode in layer 4. B and C, 

Excitatory post-synaptic currents (EPSCs) at +60 mV from WT and Mecp2-KO mice across 

postnatal development. Sample traces from postnatal day (P)15, 30, and 45 shown normalized 

to the amplitude at P15 for comparison of decay time constants. Vertical scale bar 20pA, 

horizontal 1s. D, Development of NMDAR decay in pyramidal and PV cells (n=10-18 

cells/group; * P < 0.02, ANOVA). All values represent mean ± SEM. 

 

Figure 4. Developmental decrease in NMDAR GluN2B expression is delayed in pyramidal 

and accelerated in PV cells in the absence of Mecp2.  A and B, Sample evoked EPSCs 

recorded from pyramidal (A) and PV (B) cells at +60 mV in control (black) and GluN2B-

antagonist ifenprodil-treated (3 µM, gray) conditions at P15, P30, P45 in Mecp2-WT (upper) and 

Mecp2-KO (lower) mice. Vertical scale bars 20 pA, horizontal 1 s. Bar graphs show the ratio of 

NMDAR/AMPAR (N/A)-mediated synaptic currents in WT (white), KO (black), and the effect of 

ifenprodil (gray) at P15, P30, and P45 in pyramidal (A) and PV (B) cells. The significant GluN2B 

component disappears by P30 in the WT pyramidal cells but is still present in the WT PV cells; 
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in the Mecp2-KO, however, the significant GluN2B persists through P45 in the pyramidal and 

disappears by P30 in the PV cells (*, P < 0.02, ANOVA). All values represent mean±SEM. 

 

Figure 5. Development of AMPAR decay and ratio is independent of Mecp2. A, Single 

plane array tomography for GluR1-2-3 subunits (green), PSD-95 (blue) and synaptophysin (red) 

identify AMPAR-containing synapses in P30 visual cortex of Mecp2-KO (right) and WT (left) 

mice. Scale bars, 3 µm lower and 1 nm higher magnification. B, Quantification of GluR1-2-3-

positive synapses in layer 2/3 visual cortex in WT (white) and KO (black bar) mice. C, Sample 

traces of AMPAR-mediated synaptic currents at –100 mV (in the presence of 5 µM bicuculline) 

at P15, P30, and P45 in pyramidal cells (left) and PV cells (right) from Mecp2-KO (lower) & WT 

(upper) mice. Scale bars, vertical 25 pA, horizontal 0.5 s. D, Decay time constant of AMPAR-

mediated synaptic currents (top) and AMPAR/NMDAR (A/N) ratio (bottom).  There was no 

significant difference in decay time constant or A/N ratio in PV or pyramidal cells between 

Mecp2-KO and WT mice (P > 0.05, ANOVA).  A significant increase in A/N ratio from P15 to 

P30 was seen in PV interneurons in both Mecp2-KO and WT mice (*, P < 0.02, ANOVA).  

 

Figure 6. GluN2A reduction rescues PV cell synaptic NMDAR currents at P30.  A and B, 

Superimposed EPSCs for decay comparison in pyramidal (A) and PV (B) cells from Mecp2-

KO/NR2A-Het (KO-Het; red/green), Mecp2-KO (black), and WT (white) mice. Inset A and B: 

EPSCs from KO-Het (upper) and Mecp2-WT/NR2A-Het (WT-Het; lower) mice in control (black) 

and ifenprodil-treated (3 µM, gray) conditions. Vertical scale bar 20pA, horizontal 1s. C and E, 

Decay time constants from pyramidal (C) and PV (E) cells in WT (white), KO (black), KO-Het 

(red/green bar), and WT-Het (red/green stripe) mice. D and F, Effect of GluN2B antagonist 

ifenprodil on the NMDAR/AMPAR ratio in pyramidal (D) and PV (F) cells (n=9-18 cells/group; * 

P < 0.02, ANOVA). 
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Figure 7. GluN2A reduction rescues NMDAR subunit composition in PV cells at P30. A,  

Representative array tomography 3D reconstructions of GluN2A- (upper panel) and GluN2B-

positive (bottom panel) synapses (yellow) onto layer 2/3 PV cells (magenta) in WT, KO and KO-

Het visual cortex. Scale bar, 5 µm. B, Quantification of GluN2A (top) and GluN2B (bottom) 

synaptic density onto PV-positive cells in WT (white), KO (black bars) and KO-Het (green) mice 

(n=12-18 PV-positive cells/group; * P < 0.05, ** P < 0.01, ANOVA). 



 

Table 1. Decay time constants for NMDAR-mediated synaptic currents over early postnatal 

development.  

 

P15 P30 P45 

Tau (ms) n P Tau (ms) n P Tau (ms) n P 

Pyramidal Neurons          

Mecp2 WT 

Control 116±8 12 

** 

70±4 11 

n.s. 

73±5 13 

n.s. 

Ifenprodil 76±10 12 60±4 12 67±5 13 

Mecp2 KO 

Control 102±6 15 

** 

90±5 10 

** 

74±3 18 

 ** 

Ifenprodil 69±8 10 71±5 8 60±4 10 

Parvalbumin Interneurons          

Mecp2 WT 

Control 104±6 12 

** 

82±5 10 

** 

56±5 11 

n.s. 

Ifenprodil 61±6 13 55±5 9 55±6 8 

Mecp2 KO 

Control 102±4 13 

** 

60±5 11 

n.s. 

56±4 13 

n.s. 

Ifenprodil 71±5 10 48±5 9 52±4 13 

Tau = Time constant of  NMDAR-mediated synaptic current decay; n=number of cells; **  P <0.01, ANOVA with Bonferroni 

correction for multiple comparisons 



 

Table 2. Sensitivity of NMDAR-mediated synaptic currents to GluN2B antagonist ifenprodil over early 

postnatal development. 

 

P15 P30 P45 

N/A Ratio n P N/A Ratio n P N/A Ratio n P 

Pyramidal Neurons          

Mecp2 WT 

Control 1.18±0.08 15 

** 

0.96±0.09 9 

n.s. 

0.92±0.05 13 

n.s. 

Ifenprodil 0.83±0.09 12 0.81±0.08 13 0.82±0.05 14 

Mecp2 KO 

Control 1.02±0.05 15 

** 

0.96±0.07 11 

** 

0.91±0.04 18 

* 

Ifenprodil 0.78±0.06 10 0.64±0.08 9 0.78±0.05 10 

Parvalbumin Interneurons          

Mecp2 WT 

Control 1.24±0.09 12 

** 

0.75±0.06 11 

** 

0.63±0.08 11 

n.s. 

Ifenprodil 0.56±0.09 12 0.47±0.06 11 0.46±0.09 10 

Mecp2 KO 

Control 1.06±0.08 13 

** 

0.60±0.05 10 

n.s. 

0.66±0.07 12 

n.s. 

Ifenprodil 0.66±0.09 10 0.48±0.05 11 0.55±0.07 13 

N/A Ratio = Ratio of NMDAR-/AMPAR-mediated synaptic currents; n=number of cells; **  P <0.01, *  P <0.02, ANOVA with 

Bonferroni correction for multiple comparisons 



 

Table 3. Effect of genetic reduction of GluN2A expression on NMDAR-mediated synaptic currents. 

 

P30 P30 P45 P45 

Tau n P N/A Ratio n P Tau n P N/A Ratio n P 

Pyramidal Neurons             

Mecp2 KO-

GluN2A 

Het 

Control 93±5 14 

** 

1.00±0.06 15 

** 

89±6 17 

** 

0.99±0.06 16 

** 

Ifenprodil 67±5 13 0.74±0.06 13 61±5 15 0.64±0.03 15 

Mecp2 

WT- 

GluN2A 

Het 

Control 99±7 7 

** 

1.06±0.08 7 

** 

89±9 12 

** 

1.05±0.08 10 

** 

Ifenprodil 59±7 8 0.69±0.07 8 68±3 13 0.72±0.04 12 

Parvalbumin 

Interneurons 
            

Mecp2 KO-

GluN2A 

Het 

Control 85±5 11 

** 

0.91±0.08 9 

** 

92±10 10 

** 

0.88±0.09 10 

** 

Ifenprodil 55±6 8 0.40±0.08 8 47±5 11 0.48±0.06 11 

Mecp2 

WT-

GluN2A 

Het 

Control 85±8 7 

** 

0.91±0.10 6 

** 

93±10 7 

* 

0.90±0.11 7 

** 

Ifenprodil 48±8 8 0.33±0.09 8 66±5 8 0.54±0.06 8 

Tau = Time constant of NMDAR-mediated synaptic current decay (ms); N/A Ratio = Ratio of NMDA/AMPAR-mediated synaptic 

currents; n=number of cells; All values mean±s.e.m.,  ** P<0.01, ANOVA 
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