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Abstract

Disrupted excitatory synapse maturation in GABAergic interneurons may promote

neuropsychiatric disorders such as schizophrenia. However, establishing developmental programs

for nascent synapses in GABAergic cells is confounded by their sparsity, heterogeneity and late

acquisition of subtype-defining characteristics. We investigated synaptic development in mouse

interneurons targeting cells by lineage from medial ganglionic eminence (MGE) or caudal

ganglionic eminence (CGE) progenitors. MGE-derived interneuron synapses were dominated by

GluA2-lacking AMPA-type glutamate receptors (AMPARs), with little contribution from NMDA-

type receptors (NMDARs) throughout development. In contrast, CGE-derived cell synapses had

large NMDAR components and used GluA2-containing AMPARs. In neonates, both MGE- and

CGE-derived interneurons expressed primarily GluN2B subunit–containing NMDARs, which

most CGE-derived interneurons retained into adulthood. However, MGE-derived interneuron

NMDARs underwent a GluN2B-to-GluN2A switch that could be triggered acutely with repetitive

synaptic activity. Our findings establish ganglionic eminence–dependent rules for early synaptic

integration programs of distinct interneuron cohorts, including parvalbumin- and cholecystokinin-

expressing basket cells.

Activity-driven refinement of nascent synaptic connections regulates circuit formation and

development throughout the nervous system. Postsynaptically, many central excitatory

synapses undergo stereotyped use-dependent developmental alterations in the relative

proportion of synaptic input carried by AMPARs and NMDARs. In the extreme case,

immature synapses proceed from being silent, with transmission mediated solely by

NMDARs, to being functional through the stepwise acquisition of AMPARs1. Additional

refinement is achieved by alterations in the molecular and biophysical characteristics of
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these two primary mediators of fast excitatory transmission through changes in receptor

subunit composition. For example, developmental increases in the ratio of GluA2 to other

AMPAR subunits occur throughout the CNS concomitant with the removal of a transient

population of GluA2-lacking AMPARs at various central synapses2–4. Similarly, a change

in NMDAR subunit composition, with GluN2B-containing receptors dominating

transmission during the first postnatal week that are then replaced with GluN2A-containing

receptors during experience-driven synapse maturation, is conserved at diverse excitatory

connections throughout the nervous system5–10.

In the cortex, such developmental programs of synaptic refinement have been elucidated

primarily at connections between principal glutamatergic neurons, as this population is a

relatively homogenous cohort of numerically dominant neurons within forebrain circuits,

which makes them readily accessible for repeated analyses at the population and single-cell

levels. However, appropriate circuit formation also requires the network integration of a

much smaller population of highly diverse inhibitory GABAergic interneurons. Though

vastly outnumbered, interneurons shape circuit computation by pacing and synchronizing

excitatory principal-cell activity11. Like principal cells, interneurons must be synaptically

integrated into developing cortical circuits, which requires the appropriate formation and

refinement of excitatory afferent drive onto these inhibitory cells. Indeed, deficits in

AMPAR and NMDAR function in specific interneuron cohorts disrupts the coordination of

principal-cell activity and may underlie developmentally regulated neurological disorders

such as schizophrenia12,13. However, the sparse and heterogeneous nature of cortical

GABAergic interneurons combined with their relatively late acquisition of subtype-defining

cellular and molecular characteristics at postnatal weeks 2–3 has confounded the

investigation of developmental rules governing the circuit integration properties of specific

interneuron cohorts.

Despite their late postnatal phenotypic maturation, the ultimate fate adopted by a given

cortical interneuron is determined largely at the progenitor stage during embryogenesis14.

Both neocortical and hippocampal interneurons derive primarily from progenitors in the

MGE and CGE of the ventral telencephalon14. In general, MGE-derived interneurons

ultimately give rise to parvalbumin- and somatostatin-expressing cohorts, as well as most of

the nitric oxide synthase (NOS)-expressing interneurons, whereas interneurons expressing

calretinin, vasoactive intestinal peptide, reelin or cholecystokinin (CCK) and the remaining

NOS-expressing interneurons arise from the CGE14–17. Thus, specific mouse reporter lines

for MGE- and CGE-derived cells can be used to routinely target two nonoverlapping

populations of interneurons throughout early postnatal development before the onset of

subtype-defining molecular and electrophysiological characteristics. We examined the

developmental profiles of excitatory synaptic inputs to MGE- and CGE-derived interneurons

in the hippocampus, where post hoc morphological analyses of cell anatomy and

stratification allow for further subdivision of these two broad interneuron classes. Our

findings reveal stereotyped developmental differences between MGE- and CGE-derived

interneurons with regards to their AMPAR- and NMDAR-mediated components of synaptic

events driven by a common afferent pathway. Most notably, we identified a ganglionic

eminence–dependent rule for a developmental switch in GluN2 subunit composition and
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demonstrate that this switch can be acutely driven by repetitive activation of developing

synapses.

RESULTS

Basic synaptic properties of MGE and CGE interneurons

To selectively target MGE-derived interneurons for synaptic analysis, we performed whole-

cell voltage-clamp recordings from GFP+ cells in acute hippocampal slices obtained from

Nkx2-1-cre:RCE GFP transgenic mice (Fig. 1a), which specifically report MGE-derived

neocortical and hippocampal interneurons15. To target CGE-derived interneurons, we used

serotonin-3A receptor–GFP (Htr3a-GFP) reporter mice (Fig. 1b), as this receptor is an early

and protracted marker for all CGE-derived neocortical interneurons16,17. To allow reliable

comparison within a single afferent pathway common to both CGE- and MGE-derived

interneurons, we focused on interneurons located within CA1 stratum radiatum and

pyramidale and compared pharmacologically isolated excitatory synaptic events driven by

Schaffer collateral stimulation (Fig. 1c–h). Pooled data across all developmental time points

revealed significant differences in the rectification properties of AMPARs used by MGE-

and CGE-derived interneurons (Fig. 1c,d,i). Current-voltage (I–V) relationships of AMPAR-

mediated excitatory postsynaptic currents (EPSCs) in MGE-derived interneurons typically

showed strong inward rectification, indicating that transmission in these cells is mediated by

GluA2-lacking, calcium-permeable AMPARs (Fig. 1c,i)18. In contrast, transmission in

CGE-derived cells is dominated by GluA2-containing, calcium-impermeable AMPARs, as

evidenced by the relatively linear I–V relationships of AMPAR-mediated EPSCs in these

cells (Fig. 1d,i). We pharmacologically confirmed this differential expression of calcium-

permeable and calcium-impermeable AMPARs by MGE- and CGE-derived interneurons,

respectively, in a subset of recordings with the calcium permeable AMPAR–selective

antagonist philanthotoxin (Fig. 1e,f,j).

During the generation of I–V relationships in preliminary experiments in which both the

AMPAR- and NMDAR-mediated components of transmission were intact, it became

apparent that CGE-derived interneurons typically had larger NMDAR-mediated currents

than their MGE-derived counterparts. Indeed, a comparison of NMDA-to-AMPA ratios

between the two cell groups revealed a significantly larger contribution of NMDARs at

Schaffer collateral CGE-derived cell synapses than that observed at Schaffer collateral

inputs to MGE-derived interneurons (Fig. 1g,h,k). Despite this difference in the relative

magnitude of NMDAR-mediated transmission, synaptic NMDARs in MGE- and CGE-

derived interneurons showed no apparent differences in voltage dependence, with both

yielding typical J-shaped I–V curves with negative slopes at holding potentials between −60

and −20 mV due to the voltage-dependent block by magnesium (Supplementary Fig. 1).

To determine whether the synaptic differences observed between MGE- and CGE-derived

cells are maintained throughout development, we compared the synaptic profiles of cells

recorded from neonate (postnatal day (P) 3 to P8) and juvenile (P14–P21) Nkx2-1-cre:RCE

and Htr3a-GFP mice (Fig. 2). In addition to this developmental window, we also parsed the

data on the basis of cell anatomy to ensure that our data sets would be generally applicable

to MGE- and CGE-derived cells and would not be biased by one interneuron subtype in each
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cohort. Post hoc morphological analysis of cells recorded within stratum radiatum of Htr3a-

GFP mice generally revealed three anatomical profiles: (i) perisomatic-targeting basket cells

(Fig. 2a); (ii) wide-range dendrite-targeting interneurons with axons covering the stratum

radiatum, pyramidale and stratum oriens (Fig. 2b); and (iii) Schaffer collateral–associated

interneurons with axons targeting the stratum radiatum (Fig. 2c). These anatomies are

consistent with those of three subtypes of CGE-derived CCK-expressing

interneurons15,19,20, which validates the use of Htr3a-GFP reporter mice to target

hippocampal CGE-derived interneurons. Consistent with our previous data set, Schaffer

collateral inputs to all three CGE-derived cell types showed comparable AMPAR-mediated

and pharmacologically isolated (by 6-nitro-2,3-dioxo-1,4-dihydroben zo[f]quinoxaline-7-

sulfonamide (NBQX)) NMDAR-mediated EPSCs obtained at holding potentials of −60 and

+40 mV, respectively, yielding NMDA-to-AMPA ratios close to unity (Fig. 2d,g,s). This

ratio did not change through development from neonatal (Fig. 2d,s) to juvenile stages (Fig.

2g,s). Further analysis of AMPAR-mediated EPSCs, isolated pharmacologically by d(−)-2-

amino-5-phosphonovaleric acid (AP5), revealed very modest inward rectification in the I–V

relationships of Schaffer collateral CGE-derived interneuron synapses throughout

development (Fig. 2e,f,h,i,t), indicating that the prevalence of edited GluA2 subunits in

these cells is maintained from the earliest time points examined. Indeed, although the

frequency of spontaneous EPSCs (sEPSCs) onto CGE-derived interneurons increased with

maturation of the circuit, the kinetics and amplitudes of these unitary events remained

constant through development for each CGE cell type (Supplementary Fig. 2).

Anatomically recovered GFP+ cells recorded in Nkx2-1-cre:RCE mice typically resembled

basket cells (Fig. 2j), bistratified cells (Fig. 2k) or ivy cells (Fig. 2l), which all derive from

MGE progenitors15. In contrast to our observations in CGE-derived cells, Schaffer collateral

MGE-derived interneuron synapses were dominated by AMPARs with significantly smaller

NMDAR-to-AMPAR EPSC ratios throughout development (Fig. 2m,p,s). Moreover, all

MGE-derived interneurons showed strongly inwardly rectifying AMPAR-mediated EPSCs,

indicating prominent expression of GluA2-lacking calcium-permeable AMPARs at Schaffer

collateral inputs (Fig. 2n,o,q,r,t). In agreement with this observation, sEPSCs in MGE-

derived cells were larger and faster throughout development than those in CGE-derived

cells, a finding that is consistent with the larger conductance and faster kinetics of calcium-

permeable compared to calcium-impermeable AMPARs (Supplementary Fig. 2)18. Together

these findings reveal striking differences between MGE- and CGE-derived interneurons

with regards to their relative proportions of synaptic AMPARs and NMDARs, as well as

their synaptic AMPAR subunit composition. However, there is a remarkable conservation of

these basic synaptic properties within each subgroup throughout early postnatal

development.

Developmental expression of GluN2 subunits

GluN2B-containing NMDARs have slower kinetics than GluN2A-containing receptors and

are selectively blocked by ifenprodil and related compounds21. These biophysical and

pharmacological differences enable the characterization of synaptic NMDAR GluN2 subunit

composition (Fig. 3). At the neonatal stage, we found that pharmacologically isolated

NMDAR EPSCs at Schaffer collateral inputs to both CGE- and MGE-derived interneurons
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had slow kinetics and high ifenprodil sensitivity (Fig. 3a,c,e,f), indicating prominent

expression of GluN2B-containing NMDARs at these synapses. At the juvenile stage, all

MGE-derived cells, and the Schaffer collateral–associated cohort of CGE-derived cells, had

NMDAR-mediated EPSCs with significantly faster decay kinetics and reduced ifenprodil

sensitivity in comparison with the same cell types assayed in neonatal slices (Fig. 3b,e,f).

These data indicate that a stereotyped developmental switch occurs from GluN2B- to

GluN2A-containing NMDARs at Schaffer collateral inputs to all MGE-derived interneurons

and also to the Schaffer collateral–associated subset of CGE-derived interneurons. In

contrast, we found no significant developmental changes in the kinetics or ifenprodil

sensitivity of NMDAR-mediated EPSCs in CGE-derived basket and dendrite-targeting cells

(Fig. 3d–f), even when we extended our analysis into the adult stage (P40–P50;

Supplementary Fig. 3), revealing that these interneurons maintain a high proportion of

synaptic GluN2B-containing NMDARs throughout development.

Previous studies in principal cells found a correlation between post-synaptic NMDAR

GluN2 subunit composition and presynaptic release probability during synapse maturation,

in which GluN2B-containing NMDARs selectively expressed at immature synapses are

driven by high–release probability inputs, whereas GluN2A-containing NMDARs localize

to mature low–release probability synapses22. To probe for a similar correlation between

release probability and NMDAR subunit composition during interneuron synapse

maturation, we monitored NMDAR-mediated EPSC paired-pulse ratios (PPRs) as an

indicator of release probability at different developmental stages. We did not detect a

significant difference in PPRs between neonates and juveniles (Supplementary Fig. 4).

Moreover, we did not detect any changes in NMDAR-mediated EPSC PPRs after ifenprodil-

mediated depression of NMDARs (Supplementary Fig. 4). These data indicate that GluN2B-

and GluN2A-containing NMDARs do not segregate between high– and low–release

probability synapses in developing interneurons and additionally exclude the possibility of a

confounding influence of Schaffer collateral presynaptic GluN2B-containing receptors on

the interpretation of our findings with ifenprodil.

Similar properties at distinct afferent inputs

Differences in synaptic glutamate receptor subunit composition within the same cell at

different synaptic inputs has been reported for both principal cells and interneurons23–25.

This afferent specificity may occur in CA1 interneurons receiving inputs from both CA3

pyramidal cells (Schaffer collateral inputs) and CA1 pyramidal cells (alvear (ALV) inputs)

such as MGE-derived basket and bistratified cells, which often have dendrites extending into

both the stratum radiatum and oriens. Thus, to probe for any potential afferent pathway

specificity in the developmental program of MGE-derived interneuron synapse maturation,

we performed dual pathway stimulation experiments in individual MGE-derived

interneurons at the neonatal and juvenile stages to simultaneously monitor Schaffer

collateral and ALV inputs within the same cell. At both the individual-cell and population

levels, we found that Schaffer collateral–driven and ALV-driven synapses showed similar

inwardly rectifying AMPAR-mediated synaptic currents (Fig. 4a), as well as equivalent

proportions of NMDARs and AMPARs throughout development (Fig. 4b). Moreover,

synapses in both input pathways showed a progressive speeding in NMDAR kinetics
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coincident with a reduction in ifenprodil sensitivity, but the ALV inputs lagged behind the

developmental trajectory of the Schaffer collateral synapses (Fig. 4c–f). In general, these

findings indicate that excitatory synapses onto hippocampal MGE-derived basket and

bistratified cells undergo a stereotyped developmental program at both Schaffer collateral

and ALV inputs, but the time course of this process has afferent specificity. In contrast, the

synaptic properties of ALV inputs to radiatum-dwelling CGE-derived basket cells, the only

subset of CGE cells we regularly found to extend dendrites into the oriens throughout

development, remained constant with age, which is similar to our observations for Schaffer

collateral inputs to these cells (Supplementary Fig. 5).

To examine whether GluN2B-containing NMDARs influence excitation spike (E-S)

coupling in young MGE-derived interneurons, we probed the effects of ifenprodil on action-

potential firing elicited by repetitive afferent stimulation (Fig. 5). To minimize the potential

confounding influence of polysynaptic activity, we performed most of our experiments

using ALV inputs; however, a smaller subset of recordings using Schaffer collateral inputs

yielded similar results, so we pooled the data. In cell-attached recordings from young (P6–

P9) MGE-derived cells, ifenprodil reliably decreased spike jitter on the first event of a brief

train consisting of three stimuli delivered at 40 Hz (Fig. 5a–c,e). Moreover, ifenprodil also

significantly reduced the probability of observing a spike on the second and third pulses of

the train in these recordings from young cells (Fig. 5a,b,f,h). Together these findings

confirm that the slower kinetics of GluN2B-containing NMDARs influence the synaptic

integration properties of young MGE-derived interneurons to regulate both the summation

and timing of action-potential generation. In contrast, ifenprodil did not alter either spike

jitter or probability in P18–P21 MGE-derived interneurons, which is consistent with the

observed developmental reduction in synaptic participation of GluN2B-containing

NMDARs (Fig. 5d,e,g,h).

Activity-dependent changes in GluN2 subunits

In the intact nervous system, sensory experience drives circuit development, including

synaptic refinement, as an animal interacts with its environment during postnatal

development. For example, in primary visual and barrel cortices, sensory experience of the

appropriate modality induces the GluN2B-to-GluN2A subunit switch at synapses between

cortical principal cells10,26,27. A similar switch in neonatal hippocampal pyramidal cell

NMDAR subunit composition can be rapidly induced by repetitive synaptic activation in

vitro6. Because our data indicate that MGE-derived hippocampal interneurons undergo a

developmental switch in synaptic NMDAR subunit composition similar to that observed in

pyramidal cells, we tested whether Schaffer collateral inputs onto MGE-derived

interneurons show rapid use-dependent plasticity of synaptic NMDAR GluN2 subunit

composition (Fig. 6). Immediately after establishing the whole-cell configuration and

finding a Schaffer collateral input, we subjected synapses to an induction protocol (2 Hz

afferent stimulation for 1.5 min) analogous to that driving NMDAR plasticity in pyramidal

cells6 but with cells voltage clamped at −70 mV to promote calcium influx through calcium-

permeable AMPARs, which is crucial for several forms of interneuron plasticity28,29. After

induction, we probed pharmacologically isolated NMDAR-mediated transmission at a

holding potential of +40 mV and obtained kinetic and ifenprodil sensitivity profiles to
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compare with cells that we did not subject to the induction protocol. NMDAR EPSCs in

neonatal MGE-derived cells subjected to the induction protocol were significantly faster and

less sensitive to ifenprodil when compared with cells that we did not subject to the induction

protocol (Fig. 6a–c,g,h). In contrast, the same induction protocol did not alter NMDAR

kinetics or ifenprodil sensitivity in neonatal CGE-derived interneurons even when we paired

the induction protocol with cell depolarization at 0 mV to promote calcium influx through

NMDARs (Supplementary Fig. 6). These findings indicate that repetitive synaptic activation

can acutely drive a GluN2B-to-GluN2A subunit switch in synaptic NMDARs expressed by

MGE- but not CGE-derived interneurons, revealing a new form of interneuron plasticity that

recapitulates normal development on a rapid timescale. Notably, the ability to evoke

activity-induced changes in NMDAR EPSC kinetics and ifenprodil sensitivity paralleled the

developmental profile of GluN2B expression in MGE-derived interneurons, which is

consistent with a developmental occlusion of plasticity by the natural loss of synaptic

GluN2B subunit–containing NMDARs in these cells (Fig. 6g,h).

Activity-driven NMDAR plasticity at immature pyramidal cell synapses requires a rise in

postsynaptic calcium influx through NMDARs along with activation of mGluR5 (ref. 8).

Inclusion of the calcium chelator BAPTA in the recording electrode prevented MGE-derived

interneuron NMDAR plasticity, revealing a similar requirement for increased amounts of

postsynaptic calcium (Fig. 6e,i,j). However, in contrast to the results from pyramidal cells,

the activity-driven switch in MGE-derived interneuron GluN2 subunit composition proceeds

independently of NMDAR or mGluR5 activation, as antagonism of these receptors with

AP5 or 3-((2-methyl-4-thiazolyl)ethynyl)pyridine (MTEP), respectively, did not prevent

changes in NMDAR kinetics or ifenprodil sensitivity in cells subjected to the induction

protocol (Fig. 6d,i,j). Instead, our findings implicate calcium influx through calcium-

permeable AMPARs as the probable trigger, as blockade of AMPARs with NBQX during

induction prevented activity-driven changes in MGE-derived interneuron NMDARs (Fig.

6f,i,j). Despite the presence of GluN2B-containing NMDARs and calcium-permeable

AMPARs at ALV inputs to neonatal MGE-derived interneurons, the induction protocol did

not alter the kinetics or ifenprodil sensitivity of NMDARs at these synapses (Supplementary

Fig. 7). Thus, although MGE-derived interneurons show similar developmental programs for

NMDAR subunit composition at both Schaffer collateral and ALV inputs, acutely driven

plasticity of NMDARs in neonatal MGE-derived interneurons is specific to the Schaffer

collateral pathway. To determine whether NMDAR plasticity is input specific within the

Schaffer collateral pathway (that is, homosynaptic), we simultaneously monitored two sets

of Schaffer collateral inputs onto P8–P10 MGE interneurons but conditioned only one path

(test) and left the second path (naive) unstimulated during conditioning of the test path.

After induction, the kinetics and ifenprodil sensitivity of the test and naive paths were

indistinguishable (test path, 216 ± 11 ms, 56% ± 6% of control value before drug treatment;

naive path, 212 ± 11 ms, 56% ± 5% of control; n = 9 cells recorded in nine slices from three

mice; values are mean ± s.e.m.), indicating that the activity-driven loss of GluN2B is not

input specific within the Schaffer collateral path. Though inconsistent with observations in

young pyramidal cells, where activity-driven loss of GluN2B is homosynaptic6, the

observed heterosynaptic spread of NMDAR plasticity in young MGE-derived interneurons
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is reminiscent of a form of long-term depression reported in unidentified hippocampal

interneurons that distributes across multiple inputs after conditioning of only one path30.

During the second and third postnatal weeks, CA3 pyramidal cell populations show

synchronized action-potential burst firing that is capable of driving synaptic plasticity at

excitatory synapses between principal cells within the hippocampal network31–33. The

conspicuous overlap in developmental windows for the emergence of CA3 network burst

firing and MGE-derived interneuron NMDAR plasticity prompted us to conduct a final

series of experiments to examine whether such intrinsic network-driven activity could

promote the GluN2B-to-GluN2A subunit switch at nascent MGE-derived basket and

bistratified cell synapses. In the absence of any synaptic inhibitors, treatment of intact P6–P8

transverse hippocampal slices containing both CA3 and CA1 with a modified artificial

cerebrospinal fluid (ACSF) (5 mM K+, 1.5 mM Ca2+ and 1 mM Mg2+) that more closely

resembles the extracellular ionic conditions in the developing brain34 consistently produced

rhythmic burst firing in CA3 pyramidal cells (Fig. 7a,b). After 5–8 min of recording CA3

pyramidal-cell burst firing in modified ACSF, we returned the slices to normal ACSF and

targeted CA1 MGE-derived basket and bistratified interneurons for recordings of

pharmacologically isolated NMDAR-mediated EPSCs driven by Schaffer collateral

stimulation. We found that NMDAR-mediated events in MGE-derived cells from treated

slices had reduced decay times and ifenprodil sensitivity as compared to the same cell types

in naive slices (Fig. 7c–f). Notably, treatment with modified ACSF did not generally alter

NMDARs, as burst firing did not alter NMDAR ifenprodil sensitivity or kinetics at ALV

inputs onto neonatal MGE-derived cells or Schaffer collateral CGE-derived interneuron

synapses (Supplementary Figs. 6 and 7). Thus, recurrent network activity is able to drive the

GluN2B-to-GluN2A subunit switch in synaptic NMDARs expressed at immature Schaffer

collateral MGE-derived interneuron synapses, potentially implicating the emergence of

intrinsic CA3 network burst-firing activity as a physiologically relevant trigger for refining

these synapses during early postnatal development.

DISCUSSION

The integration of a given neuron into a circuit is dependent on the establishment and

refinement of excitatory synaptic inputs onto that cell for efficient network recruitment.

Here we found that transmission at Schaffer collateral MGE-derived interneuron synapses is

dominated by calcium-permeable AMPARs in both neonates and juveniles, with only a

minor contribution of NMDARs (NMDA-to-AMPA ratio of ~0.25) in these cells at both

time points. In contrast Schaffer collateral CGE-derived interneuron synapses express

calcium-impermeable AMPARs and have large NMDAR-mediated components (NMDA-to-

AMPA ratios of ~1) throughout development. At the neonatal stage, GluN2B-containing

NMDARs carried a large proportion (>70%) of the NMDAR-mediated EPSCs in both

MGE- and CGE-derived interneurons, and this large contribution of GluN2B-containing

receptors persisted in most juvenile CGE-derived interneurons. However, the relative

contribution of GluN2Bcontaining receptors was markedly reduced in all juvenile MGE-

derived cells and in the Schaffer collateral–associated subset of CGE cells. A similar switch

in NMDAR subunit composition could be acutely driven in neonatal MGE- but not CGE-
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derived cells, revealing a new activity-dependent form of synaptic plasticity that is available

to developing excitatory synaptic inputs onto MGE-derived cells.

Nascent glutamatergic contacts between principal cells undergo a stereotyped developmental

program, with transmission shifting from being predominantly NMDAR mediated to

AMPAR mediated during the first few postnatal weeks35–37. Indeed, morphological and

electrophysiological studies have revealed an abundance of silent synapses containing only

NMDARs at immature synapses between principal cells throughout the neonatal nervous

system (reviewed in ref. 38). In contrast, all interneuron subtypes examined showed

prominent AMPAR-mediated components to the excitatory synaptic drive at neonatal stages

and stability in the relative contribution of synaptic AMPARs and NMDARs throughout

development. However, MGE- and CGE-derived interneurons differed greatly in the relative

proportion of synaptic transmission carried by AMPARs and NMDARs, as well as the

calcium permeability of their AMPARs. CGE-derived cells expressed large NMDA EPSCs

and calcium-impermeable AMPARs, whereas MGE-derived cells expressed relatively small

NMDA EPSCs and calcium-permeable AMPARs. These observations provide some order to

the seemingly random expression of calcium-permeable and calcium-impermeable

AMPARs by unidentified hippocampal interneurons39–43. However, an absolute origin-

dependent rule for the expression of calcium-permeable compared to calcium-impermeable

AMPARs is probably too simplistic, as individual interneurons have been demonstrated to

target calcium-permeable and calcium-impermeable AMPARs to synapses innervated by

distinct afferent inputs25,44. Notably, distinct forms of synaptic plasticity in divergent CA1

interneurons have been attributed to the expression of calcium-permeable and calcium-

impermeable AMPARs (reviewed in ref. 45). Consistent with our data, calcium permeable

AMPAR–dependent forms of plasticity have been reported in bistratified, ivy, oriens

lacunosum molecular (OLM) and parvalbumin-expressing basket, cells29,46,47, all of which

are MGE derived15.

One feature common to principal cells and all interneurons that we examined is the

prominent expression of GluN2B-containing synaptic NMDARs at neonatal stages,

suggesting an important role for these receptors in the circuit integration of both excitatory

and inhibitory elements of developing networks. The slow kinetics of these receptors may be

necessary to prolong the synaptic integration window of young neurons for effective

recruitment in immature networks. Indeed, we found that GluN2B-containing NMDARs

promote spike generation during repetitive synaptic stimulation of young MGE-derived

cells. In most CGE-derived interneurons, these ifenprodil-sensitive NMDARs are retained

into the adult stage. However, MGE-derived interneurons and the Schaffer collateral–

associated subset of CGE-derived interneurons undergo a developmental shift and replace

these ‘immature’ NMDARs with ‘mature’ GluN2A subunit–dominated NMDARs. In this

respect, Schaffer collateral–associated and MGE-derived interneuron synapses are similar to

those between principal cells, which also show a maturational GuN2B-to-GuN2A subunit

switch5–10. Notably, the timing of this switch to the kinetically faster GluN2A-dominated

NMDARs parallels a number of developmental changes within parvalbumin expressing

basket cells, including decreases in membrane time constant and action-potential duration,

that promote their progression from slow to fast inhibitory signaling devices48. Our current
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findings indicate that MGE-derived bistratified and ivy cells may undergo a similar

developmental program to endow the circuit with temporally precise dendritic inhibition.

Acute sensory experience or synaptic activity can rapidly drive the GluN2B-to-GluN2A

subunit switch in neonatal pyramidal cells of the visual cortex and hippocampus,

respectively6,10,26. We found that MGE-derived interneurons undergo a similar rapid

activity-dependent switch in GluN2 subunit composition. Notably, the GluN2B-to-GluN2A

switch is dependent on a rise in the amount of intracellular calcium in both principal cells

and interneurons. However, whereas principal cells rely on NMDAR activation as the source

of calcium, MGE-derived interneurons utilize calcium-permeable AMPARs. Indeed

although calcium impermeable AMPAR–expressing Schaffer collateral–associated cells also

undergo a developmental GluN2B-to-GluN2A switch, these cells did not show acute

plasticity of NMDARs, which is consistent with a requirement of calcium-permeable

AMPARs in driving this form of plasticity in interneurons. Calcium influx through calcium-

permeable AMPARs has been implicated in diverse forms of synaptic plasticity, including

both long-term depression and long-term potentiation in juvenile hippocampal

interneurons24,46. Thus, like pyramidal cells6, activity patterns that evoke plasticity in

phenotypically mature interneurons are used by immature synapses to evoke a rapid switch

in the GluN2 subunits of neonatal interneurons.

In conclusion, we investigated the developmental expression patterns of glutamatergic

receptors used at Schaffer collateral inputs to CA1 hippocampal interneurons. Our findings

provide new insight into the distinct developmental programs for synaptic maturation in

MGE- and CGE-derived interneurons and may relate to observations that early, but not late,

postnatal disruption of excitatory synaptic input to specific interneuron cohorts can

precipitate neurological disorders such as schizophrenia49.

ONLINE METHODS

Electrophysiology

Both males and females from the Nkx2-1-cre:RCE (Swiss Webster background) and Htr3a-

GFP (C57Bl/6J background) reporter lines were used throughout the study. Mice were

anesthetized with isoflurane and then decapitated in accordance with US National Institutes

of Health animal care and use guidelines. Transverse hippocampal slices (300-µm thick)

were cut in ice-cold high-sucrose ACSF containing (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl2, 7

MgSO4, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose and 75 sucrose equilibrated with 95% O2

and 5% CO2. Slices were then placed at 35 °C for 30 min and allowed to recover for at least

1 h in ACSF at room temperature. The ACSF used for electrophysiological recordings

contained (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3

and 11 glucose equilibrated with 95% O2 and 5% CO2. For Figure 6, in which the

extracellular potassium concentration was elevated (K+ solution), the ACSF composition

was identical except for (in mM): 5 KCl, 1.5 CaCl2 and 1 MgSO4. Whole-cell patch clamp

recordings were made from visually identified GFP-expressing neurons. The whole-cell

solution contained (in mM): 135 cesium methanesulfonate, 8 KCl, 10 HEPES, 4 Mg-ATP,

0.4 Na-GTP, 5 QX-314, 0.1 spermine, 0.5 EGTA and 2 mg ml−1 biocytin (Sigma-Aldrich)

(pH 7.3).
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EPSCs were evoked by electrical stimulation of Schaffer collateral and/or alvear axons

using monopolar stimulating electrodes placed in the stratum radiatum of CA1 or the alveus

(0.1–0.2 Hz stimulation frequency). Isolated AMPA EPSCs for I–V curves were done in

presence of 100 µM AP5 and 50 µM picrotoxin. To derive the rectification index, AMPA

EPSC peak amplitudes at negative potentials were fit with a linear function, and the

rectification index was calculated as the ratio of the measured AMPA EPSC at +40 mV

divided by the value predicted by extrapolating the linear fit to +40 mV. NMDA EPSCs

were obtained in the presence of NBQX (5 µM) and picrotoxin (50 µM), and cells were

voltage clamped at +40 mV. NMDA EPSC decay was fit with a double exponential function

using OriginLab software (Northampton, MA), and decay kinetics are expressed as a

weighted decay-time constant. All receptor antagonists were bath applied at least 15 min

before and during the induction protocol. The induction protocol for the activity-dependent

switch in GluN2 subunits was 180 stimulations of Schaffer collaterals (or the alveus) at 2

Hz, which started within 3 min of obtaining the whole-cell configuration to avoid ‘wash-

out’. The holding potential was −70 mV during induction unless otherwise indicated. All

drugs except for picrotoxin (Sigma Aldrich) were obtained from Tocris Cookson.

Recordings in which the access resistance changed by more than 10% were discarded and

were not included in the analysis. Recordings were performed using a Multiclamp 700B

patch-clamp amplifier (Axon Instruments, Foster City, CA); signals were filtered at 4 kHz,

digitized at 10 kHz and displayed and analyzed online using pClamp 9.2 (Axon

Instruments). sEPSC data were analyzed using ClampFit 10 (Axon Instruments). sEPSCs

were automatically detected using template matching, and time constants were calculated

using a fit of the averaged trace. A minimum of 40 events were used for each cell.

For E-S coupling experiments, recordings were made from either neonate or juvenile CA1

hippocampal MGE-derived interneurons in the cell-attached configuration using pipettes

filled with oxygenated ACSF. Forty-hertz trains of three stimuli were evoked every 10 s

with monopolar stimulating electrodes placed in either the stratum radiatum of CA1 or the

alveus. Each experiment consisted of a 5-min baseline period (30 sweeps) followed by 15

min in the presence of 5 µM ifenprodil (90 sweeps) and a final 5 min period in the presence

of 5 µM ifenprodil and 10 µM DNQX. In all cases, the addition of DNQX abolished the

evoked spikes, confirming that the spikes were synaptically driven. To minimize any

potential confounding influence of polysynaptic activity on E-S coupling, only spikes that

occurred within 10 ms of each respective stimulus within the 40-Hz train were included in

the analyses. The spike jitter analysis was limited to spikes evoked by the first stimulus of

the 40-Hz trains to avoid influences of summation, and jitter was calculated as the s.d. in the

latency of the spike peak. To determine the effects of ifenprodil on spike probability during

summation, the combined number of spikes evoked by the second and third stimuli of the

trains were analyzed. For each experiment, the spike jitter and probability of spiking were

calculated for the last 20 sweeps of the baseline and ifenprodil epochs.

Slices containing biocytin-filled cells were drop fixed in 4% paraformaldehyde overnight at

4 °C and then permeabilized (freeze thaw or Triton) and incubated with Alexa 555–

conjugated avidin (Molecular Probes). After multiple washes, the slices were resectioned

(70 µm) on a freezing microtome (Microm) and mounted on gelatin-coated slides using
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Mowiol (Calbiochem) mounting medium. Stacked Z-section images of recorded cells

revealed by biocytin conjugation were obtained with a Leica TCS SP2 RS confocal

microscope. Frames of the maximum projection images for each cell were stitched together,

converted to grayscale and inverted in Adobe Photoshop. In some cases, two-dimensional

reconstructions were traced from stacked Z-section images using Neurolucida

(MicroBrightField, Williston, VT).

Statistics

Values are presented as the mean ± s.e.m. Unless otherwise indicated, statistical significance

was tested using parametric paired or Student’s t tests, as appropriate. No statistical methods

were used to predetermine sample sizes; however, our sample sizes conformed to those

generally used in similar studies. For all data sets compared using parametric tests, the data

were assumed to be normally distributed, but this was not formally tested.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MGE- and CGE-dependent expression of synaptic glutamate receptors
(a,b) MGE- and CGE-derived cohorts of inhibitory interneurons were targeted using

hippocampal slices derived from the Nkx2-1-cre:RCE GFP and Htr3a-GFP reporter mouse

lines, respectively. Scale bars, 100 µm). (c,d) Top, representative total glutamate receptor

(AMPAR and NMDAR)-mediated EPSCs evoked between −60 mV and +40 mV in 20-mV

increments triggered by Schaffer collateral stimulation in MGE-derived (c) and CGE-

derived (d) interneurons located in CA1 stratum radiatum. Bottom, I–V relationships of the

AMPAR-mediated component measured at the time point of the EPSC peak obtained at −60
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mV (indicated by dotted lines). Lines are the extrapolated linear fit of the data between −60

mV and 0 mV to reveal deviations from linearity at positive potentials. (e,f) AMPAR-

mediated EPSCs before (black) and after (red) application of 2 µM philanthotoxin (PhTx)

for representative recordings from MGE-derived (e) and CGE-derived (f) interneurons.

EPSCs were evoked as pairs (with a 50-ms interstimulus interval), and PhTx did not alter

the PPRs. (g,h) Representative EPSC traces from an MGE-derived (g) and CGE-derived (h)

interneuron measured at −60 mV and +40 mV to extract the NMDAR-to-AMPAR amplitude

ratio. (i–k) Summary plots of the AMPAR rectification index (RI) (i; MGE, 79 cells from 79

slices from 57 mice; CGE, 59 cells from 59 slices from 51 mice), philanthotoxin sensitivity

(j; MGE, 8 cells from 8 slices from 5 mice; CGE, 8 cells from 8 slices from 6 mice) and

NMDAR-to-AMPAR ratios (k; MGE, 85 cells from 85 slices from 57 mice; CGE, 88 cells

from 88 slices from 51 mice) measured from all MGE- and CGE-derived interneurons

regardless of their developmental age or anatomical identity. MGE-derived interneurons

typically had AMPARs with significantly lower rectification indices (P = 2.73 × 10−25,

degrees of freedom (d.f.) = 136, t = −12.9), higher philanthotoxin sensitivity (P = 7.9 × 10−5,

d.f. = 14, t = −5.5) and lower NMDA-to-AMPA ratios (P = 1.87 × 10−20, d.f. = 171, t =

−10.6) than their CGE-derived counterparts (P values were determined by unpaired t tests).

Group data are presented as mean ± s.e.m., with results from individual experiments

represented by open circles.
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Figure 2. MGE and CGE specification of synaptic glutamate receptor expression is maintained
through early development
(a–c) Representative reconstructions of a juvenile CGE-derived perisomatic-targeting basket

cell (a), a wide-range dendrite-targeting cell (b) and a Schaffer collateral–associated cell (c).

Somata and dendrites are shown in black, and axons are shown in red. Approximate

boundaries of strata oriens, pyramidale and radiatum (s.o., s.p., and s.r., respectively) are

drawn. Scale bars, 100 µm. (d–f) Representative EPSC profiles for CGE-derived

interneurons from neonates (traces were from a CGE-derived basket cell). (d) Superimposed
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averaged AMPAR-mediated EPSCs (Vh = −70 mV) and isolated NMDAR-mediated EPSCs

(+40 mV; recorded in the presence of 5 µM NBQX). (e) AMPAR EPSC I–V relationship (Vh

= −60 mV to +40 mV in 20-mV increments and in the presence of 100 µM AP5). (f) Plot of

the I–V relationship for the AMPAR EPSC peak amplitude shown in e. (g–i) As in d–f but

for a juvenile CGE-derived basket cell. (j–l) Reconstruction of a juvenile MGE-derived

perisomatic basket cell (j), a bistratified cell (k) and an ivy cell (l). Scale bars, 100 µm. (m–

r) Representative data from MGE-derived basket cells in neonates (m–o) and juveniles (p–

r) as in d–i. (s) Summary histogram for the NMDAR-to-AMPAR ratios for anatomically

confirmed neonate and juvenile MGE-and CGE-derived interneurons (MGE: basket

neonate, 8 cells from 8 slices from 6 mice; basket juvenile, 11 cells from 11 slices from 9

mice; bistratified neonate, 9 cells from 9 slices from 6 mice; bistratified juvenile, 10 cells

from 10 slices from 8 mice; ivy neonate, 4 cells from 4 slices from 4 mice; ivy juvenile, 5

cells from 5 slices from 5 mice; CGE: basket neonate, 8 cells from 8 slices from 7 mice;

basket juvenile, 7 cells from 7 slices from 7 mice; dendrite-targeting neonate, 9 cells from 9

slices from 8 mice; dendrite-targeting juvenile, 14 cells from 14 slices from 12 mice;

Schaffer collateral–associated (SC assoc) neonate, 14 cells from 14 slices from 12 mice;

Schaffer collateral–associated juvenile, 19 cells from 19 slices from 19 mice). (t) Summary

data for the rectification index of AMPAR-mediated EPSCs (MGE: basket neonate, 7 cells

from 7 slices from 6 mice; basket juvenile, 7 cells from 7 slices from 7 mice; bistratified

neonate, 8 cells from 8 slices from 6 mice; bistratified juvenile, 6 cells from 6 slices from 4

mice; ivy neonate, 4 cells from 4 slices from 4 mice; ivy juvenile, 5 cells from 5 slices from

5 mice; CGE: basket neonate, 7 cells from 7 slices from 5 mice; basket juvenile, 7 cells from

7 slices from 7 mice; dendrite-targeting neonate, 8 cells from 8 slices from 5 mice; dendrite-

targeting juvenile, 7 cells from 7 slices from 7 mice; Schaffer collateral–associated neonate,

8 cells from 8 slices from 4 mice; Schaffer collateral–associated juvenile, 6 cells from 6

slices from 5 mice). One-way analysis of variance (s, d.f. = 11, F = 11.37; t, d.f. = 11, F =

18.7) and post hoc Tukey analysis were conducted to test for significant differences (P <

0.05) across means. Horizontal lines above the data indicate no significant difference. Group

data are presented as mean ± s.e.m., with results from individual experiments represented by

open circles.
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Figure 3. Developmental expression of synaptic GluN2 is cell-type specific
(a–d) Evoked Schaffer collateral NMDAR-mediated EPSCs in the absence or presence of

ifenprodil (ifen; 5 µM) for representative MGE-derived basket cell (a,b) and a CGE-derived

basket cell (c,d) from a neonate (a,c) and a juvenile (b,d). (e) Summary plot for the

NMDAR EPSC decay kinetics weighted time constant (πw) for both neonate and juvenile

MGE- and CGE-derived interneurons (MGE, basket neonate, 8 cells from 8 slices from 6

mice; basket juvenile, 7 cells from 7 slices from 7 mice; bistratified neonate, 6 cells from 6

slices from 5 mice; bistratified juvenile, 7 cells from 7 slices from 5 mice; ivy neonate, 7

cells from 7 slices from 7 mice; ivy juvenile, 5 cells from 5 slices from 5 mice; CGE: basket

neonate, 6 cells from 6 slices from 5 mice; basket juvenile, 7 cells from 7 slices from 7

mice; dendrite-targeting neonate, 8 cells from 8 slices from 5 mice; dendrite-targeting

juvenile, 13 cells from 13 slices from 8 mice; Schaffer collateral–associated neonate, 12

cells from 12 slices from 8 mice; Schaffer collateral–associated juvenile, 13 cells from 13

slices from 8 mice). (f) Summary graph of the developmental regulation of ifenprodil

sensitivity expressed as the ratio of the NMDAR EPSC peak amplitude measured in the

presence of ifenprodil divided by the control NMDA EPSC peak amplitude (MGE, basket

neonate, 6 cells from 6 slices from 5 mice; basket juvenile, 6 cells from 6 slices from 4

mice; bistratified neonate, 6 cells from 6 slices from 5 mice; bistratified juvenile, 6 cells

from 6 slices from 5 mice; ivy neonate, 6 cells from 6 slices from 6 mice; ivy juvenile, 5

cells from 5 slices from 5 mice; CGE: basket neonate, 6 cells from 6 slices from 5 mice;

basket juvenile, 6 cells from 6 slices from 6 mice; dendrite-targeting neonate, 6 cells from 6

slices from 5 mice; dendrite-targeting juvenile, 9 cells from 9 slices from 8 mice; Schaffer

collateral–associated neonate, 6 cells from 6 slices from 5 mice; Schaffer collateral–

associated juvenile, 8 cells from 8 slices from 8 mice). Unpaired t test was used for the

comparisons between neonates and juveniles for each cell type (e, MGE: basket, *P = 0.002,

d.f. = 13, t = 3.9; bistratified, *P = 0.0001, d.f. = 11, t = 5.9; ivy, *P = 0.0005, d.f. = 10, t =

4.9; CGE: basket, P = 0.92, d.f = 11, t = −0.107; dendrite targeting, P = 0.49, d.f. = 19, t =

−0.7; Schaffer collateral associated, *P = 9.9 × 10−6, d.f. = 23, t = 5.6; f, MGE: basket, *P =

0.001, d.f. = 10, t = −4.34; bistratified, *P = 0.004, d.f. = 10, t = −3.65; ivy, *P = 0.006, d.f.

= 9, t = −4.55; CGE: basket, P = 0.91, d.f = 10, t = 0.118; dendrite targeting, P = 0.99, d.f. =

13, t = −0.01; Schaffer collateral associated, *P = 0.005, d.f. = 12, t = −3.39). Group data are

presented as mean ± s.e.m., with results from individual experiments represented by open

circles.
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Figure 4. Afferent specificity of glutamatergic transmission maturation in MGE-derived cells
(a) AMPAR EPSC rectification index for Schaffer collateral inputs (black) and ALV inputs

(red) onto identified MGE-derived basket and bistratified interneurons (pooled data). The

histogram bars represent the mean data set, and open circles represent tethered Schaffer

collateral and ALV individual data points from the same recording (neonate, 7 cells from 7

slices from 4 mice; juvenile: 7 cells from 7 slices from 3 mice). The upper traces show

representative AMPAR I–V relationships of Schaffer collateral and ALV inputs onto a

single MGE-derived basket cell (neonate, P = 0.94, d.f. = 6, t = 0.08; juvenile, P = 0.44, d.f.
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= 6, t = 0.83; paired t test). Traces are on the same time scale, and the vertical bars represent

50 pA. (b) NMDAR-to-AMPAR ratio for Schaffer collateral and ALV inputs across four

developmental time points. The upper traces show representative mean NMDAR-to-

AMPAR currents evoked by Schaffer collateral and ALV inputs onto a single MGE-derived

basket cell (P6–P9, 5 cells from 5 slices from 2 mice; P10–P13, 8 cells from 8 slices from 4

mice; P14–P16, 5 cells from 5 slices from 3 mice; P17–P21, 6 cells from 6 slices from 3

mice). Traces are on the same time scale, and the vertical bars represent 100 pA. (c,d) The

developmental loss of ifenprodil sensitivity in NMDAR EPSCs at Schaffer collateral (black)

and ALV (red) inputs in neonate and juvenile MGE-derived basket cells. Traces in c and d
are on the same time scale, and the vertical bars represent 25 pA. (e) Summary plot of the

developmental profile of NMDAR EPSC decay kinetics from Schaffer collateral and ALV

inputs (*P = 0.0002, d.f. = 24, t = 4.4 for the Schaffer collateral input and *P = 0.0152, d.f.

= 14, t = 2.77 for the ALV input for the comparison of the P17–P21 and P6–P9 data sets). (f)
Summary plot for the developmental profiles of NMDA EPSC ifenprodil sensitivity from

Schaffer collateral and ALV inputs (*P = 0.0002, d.f. = 26, t = 4.26 for the Schaffer input

and *P = 0.0352, d.f. = 18, t = −2.28 for the ALV input for the comparison of the P17–P21

and P6–P9 data sets). (e, Schaffer collateral P6–P9, 19 cells from 19 slices from 12 mice;

ALV P6–P9, 9 cells from 9 slices from 5 mice; Schaffer collateral and ALV P10–P13, 8

cells from 8 slices from 4 mice; Schaffer collateral and ALV P14–P16, 5 cells from 5 slices

from 3 mice; Schaffer collateral P17–P21, 7 cells from 7 slices from 3 mice; ALV P17–P21,

7 cells from 7 slices from 4 mice; f, Schaffer collateral P6–P9, 19 cells from 19 slices from

12 mice; ALV P6–P9, 11 cells from 11 slices from 5 mice; Schaffer collateral and ALV

P10–P13, 8 cells from 8 slices from 4 mice; Schaffer collateral and ALV P14–P16, 5 cells

from 5 slices from 3 mice; Schaffer collateral P17–P21, 9 cells from 9 slices from 4 mice;

ALV P17–P21, 9 cells from 9 slices from 4 mice.) Group data are presented as mean ±

s.e.m., with results from individual experiments represented by open circles.
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Figure 5. GluN2B-containing NMDARs participate in summation and spike timing of young
MGE-derived interneurons
(a) Raster plot of a single representative cell-attached recording from a P6 MGE-derived

interneuron demonstrating evoked spikes elicited by three stimuli given at a frequency of 40

Hz to the alvear path as indicated by the arrows (stim). The intersweep frequency was 0.1

Hz, and the numbers of sweeps were 30, 90 and 30 for the baseline, 5 µM ifenprodil and 5

µM ifenprodil plus 10 µM DNQX conditions, respectively. The conditions are delineated by

shaded areas. (b) Raw traces of the same experiment as in a showing spiking of the neonate

MGE-derived interneuron for 12 consecutive sweeps in each condition as indicated. Shaded
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red regions indicate the s.d. of the spike peak latency. Arrows at the bottom show the time of

each stimulus (stim) in the 40-Hz train. (c) Effect of ifenprodil on the jitter of the spike in an

MGE-derived neonate interneuron (measured as the s.d. of the spike peak latency) evoked

by the first stimulation in the 40-Hz train. (d) As in c but for juvenile MGE-derived

interneurons. (e) Pooled data for the effects of blocking GluN2B by ifenprodil on spike jitter

in both neonate and juvenile MGE-derived interneurons (neonate, *P = 0.036, d.f. = 9, t =

−2.28; juvenile, P = 0.18 (not significant (NS)), d.f. = 7, t = −1.17). (f) Effect of ifenprodil

on the combined number of spikes after the second and third stimulation of the 40-Hz train

in MGE-derived neonate interneurons. (g) As in f but for juvenile MGE-derived

interneurons. (h) Pooled data for the effects of blocking GluN2B by ifenprodil on spike

probability after the second and third spikes in the 40-Hz train in both neonate and juvenile

MGE-derived interneurons (neonate, *P = 0.024, d.f. = 9, t = −2.57; juvenile, P = 0.36 (NS),

d.f. = 7, t = −0.73). In c, d, f and g, each pair of data points joined by a line depicts an

individual experiment. Solid and dotted lines indicate synaptic-evoked spikes in MGE-

derived interneurons after alvear and Schaffer collateral stimulation, respectively. For the

pooled graphs in e and h, data from alvear and Schaffer collateral stimulation were

combined (neonate, n = 10 cells recorded in 10 slices from 5 mice; juvenile, n = 8 cells

recorded in 8 slices from 2 mice). Group data are presented as mean ± s.e.m.
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Figure 6. An activity-dependent change in GluN2 subunit expression in neonatal MGE-derived
cells
(a) A representative control (−plasticity) isolated NMDAR-mediated EPSC in the absence or

presence of ifenprodil from a neonate MGE-derived interneuron (Vh = +40 mV). (b) A

representative NMDAR EPSC in the absence or presence of ifenprodil measured after

repetitive synaptic activity (+plasticity = 2 Hz, 200 stimuli delivered at a holding potential

of −70 mV). (c) Scaled NMDAR EPSCs from a and b before ifenprodil administration to

emphasize the differences in decay kinetics in cells receiving the plasticity induction
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paradigm. (d–f) The same synaptic induction paradigm evoked changes in NMDAR EPSC

decay kinetics and ifenprodil sensitivity in the presence of AP5 (100 µM) but did not evoke

GluN2 subunit plasticity when delivered in the presence of intracellular BAPTA (10 mM) or

bath-applied NBQX (5 µM). (g) Summary graph of NMDAR EPSC decay kinetics for basal

control conditions (P4–P6, 9 cells from 9 slices from 6 mice; P8–P10, 22 cells from 22

slices from 8 mice; P14–P16, 17 cells from 17 slices from 5 mice) and after repetitive

synaptic activity (plasticity, P4–P6, 13 cells from 13 slices, from 7 mice; P8–P10, 13 cells

from 13 slices from 6 mice; P14–P16, 10 cells from 10 slices from 6 mice) at the specified

developmental periods (*P = 3.5 × 10−5, d.f. = 20, t = 5.3 for P4–P6; *P = 0.002, d.f. = 33, t

= 3.4 for P8–P10; P = 0.51, d.f. = 25, t = −0.66 for P14–P16). (h) Summary graph of

NMDAR EPSC ifenprodil sensitivity for basal control conditions (P4–P6, 6 cells from 6

slices from 6 mice; P8–P10, 22 cells from 22 slices from 8 mice; P14–P16, 16 cells from 16

slices from 5 mice) and after repetitive synaptic activity (P4–P6, 11 cells from 11 slices

from 7 mice; P8–P10, 15 cells from 15 slices from 6 mice; P14–P16, 9 cells from 9 slices

from 6 mice) at the specified developmental periods (*P = 0.02, d.f. = 15, t = −2.6 for P4–

P6; *P = 0.03, d.f. = 35, t = −2.2 for P8–P10; P = 0.48, d.f. = 123, t = 0.72 for P14–P16). (i)
Summary graph of NMDAR EPSC decay kinetics for basal control conditions and after

repetitive synaptic activity in the absence (control, 11 cells from 11 slices from 8 mice;

plasticity, 20 cells from 20 slices from 13 mice; *P = 1.3 × 10−5, d.f. = 29, t = 5.23) or

presence of the NMDAR antagonist AP5 (100 µM; 10 cells from 10 slices from 4 mice; *P

= 0.002, d.f. = 19, t = −3.66), the mGluR5 antagonist MTEP (10 µM; 10 cells from 10 slices

from 3 mice; *P = 5.1 × 10−4, d.f. = 19, t = 4.18), BAPTA (intracellular 10 mM; 8 cells

from 8 slices from 3 mice; P = 0.37, d.f. = 17, t = −0.92) or NBQX (5 µM; 8 cells from 8

slices from 3 mice; P = 0.46, d.f. = 17, t = −0.75). (j) Summary graph of NMDAR EPSC

ifenprodil sensitivity under the same conditions as in i in the absence of inhibitors (control, 9

cells from 9 slices from 8 mice; plasticity, 15 cells from 15 slices from 13 mice; *P = 3.2 ×

10−4, d.f. = 22, t = −4.26), or in the presence of AP5 (100 µM; 7 cells from 7 slices from 4

mice; *P = 0.005, d.f. = 14, t = 3.31), MTEP (10 µM; 9 cells from 9 slices from 3 mice; *P

= 0.001, d.f. = 16, t = −3.97), BAPTA (intracellular 10 mM; 6 cells from 6 slices from 3

mice; P = 0.94, d.f. = 13, t = 0.072) or NBQX (5 µM; 8 cells from 8 slices from 3 mice; P =

0.57, d.f. = 15, t = −0.58). Traces in a,b and d–f are all on the same time scale, and the

vertical bar in each panel represents 20 pA, as illustrated in a and d. Unpaired t test was

used for the comparisons of the various conditions to the basal control NMDA EPSCs.

Group data are presented as mean ± s.e.m., with the results from individual experiments

represented by open circles.
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Figure 7. Principal-cell bursting activity in CA3 evokes a rapid GluN2 subunit switch in MGE-
derived neonatal basket and bistratified cells
(a) A confocal image (×20) of a biocytin-filled CA3 pyramidal cell and a CA1 basket cell to

illustrate the typical experimental recording configuration. (The confocal image was

converted to grayscale and the color was inverted; scale bar, 60 µm.) (b) Whole-cell

recording from a CA3 pyramidal cell to establish repeated robust bursting activity in the

presence of elevated amounts of extracellular potassium (5 mM). After 5–8 min of

monitoring CA3 bursting activity, the whole-cell configuration is established in an MGE-
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derived interneuron. Scale bar, 20 mV/3 s. (c,d) Representative NMDA EPSCs and their

ifenprodil sensitivity for neonate MGE-derived basket cells in control slices (c, black) and

slices treated with a high-potassium (K+) solution to promote CA3 pyramidal neuron burst

firing (d, red). Traces in c and d are on the same time scale, and the vertical bars represent

50 pA, as indicated in c. (e,f) Summary plots for MGE-derived basket and bistratified cell

NMDA EPSC decay kinetics (e; control, 19 cells from 19 slices from 14 mice; K+, 17 cells

from 17 slices from 8 mice; *P = 5.3 × 10−6, d.f. = 34, t = 5.39) and ifenprodil sensitivity (f;
control, 19 cells from 19 slices from 14 mice; K+, 14 cells from 14 slices from 8 mice; *P =

7.8 × 10−4, d.f. = 31, t = −3.73) recorded in control and K+-treated slices. Group data are

presented as mean ± s.e.m., with results from individual experiments represented by open

circles.
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