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Cell Type-Specific Development of NMDA Receptors in the
Interneurons of Rat Prefrontal Cortex

Huai-Xing Wang' and Wen-Jun Gao*'
'Department of Neurobiology & Anatomy, Drexel University College of Medicine, Philadelphia, PA, USA

In the prefrontal cortex, N-methyl-p-aspartic acid (NMDA) receptors (NMDARs) are critical not only for normal prefrontal functions but
also for the pathological processes of schizophrenia. Little is known, however, about the developmental properties of NMDARs in the
functionally diverse sub-populations of interneurons. We investigated the developmental changes of NMDARs in rat prefrontal
interneurons using patch clamp recording in cortical slices. We found that fast-spiking (FS) interneurons exhibited properties of a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA currents distinct from those in regular spiking (RS) and low-
threshold spiking (LTS) interneurons, particularly during the adolescent period. In juvenile animals, most (73%) of the FS cells
demonstrated both AMPA and NMDA currents. The NMDA currents, however, gradually became undetectable during cortical
development, with most (74%) of the FS cells exhibiting no NMDA current in adults. In contrast, AMPA and NMDA currents in RS and
LTS intermeurons were relatively stable, without significant changes from juveniles to adults. Moreover, even in FS cells with NMDA
currents, the NMDA/AMPA ratio dramatically decreased during the adolescent period but returned to juvenile level in adults, compared
with the relatively stable ratios in RS and LTS interneurons. These data suggest that FS interneurons in the prefrontal cortex undergo
dramatic changes in glutamatergic receptors during the adolescent period. These properties may make FS cells particularly sensitive and

INTRODUCTION

Gamma-aminobutyric acid (GABA)-ergic interneurons are
important for concerted interactions between inhibitory
and excitatory circuits and constitute a critical substrate for
synchronous neural activity in the brain (Whittington and
Traub, 2003; Hasenstaub et al, 2005; Buzsaki et al, 2007).
N-methyl-p-aspartic acid receptors (NMDARs), on the other
hand, play an essential role in shaping the integrative
properties and spike timing in interneurons (Lei and
McBain, 2002; Maccaferri and Dingledine, 2002). In the
past decade, both NMDARs and inhibitory neurons in the
prefrontal cortex (PFC) have become increasingly impor-
tant in the study of schizophrenia (Mohn et al, 1999;
Kristiansen et al, 2006; Kristiansen et al, 2007; Beneyto and
Meador-Woodruff, 2008; Lewis and Gonzalez-Burgos, 2008).
The long-standing dopamine hypothesis has been chal-
lenged by a hypofunction hypothesis of both NMDARs and
inhibition (Olney and Farber, 1995; Moghaddam and
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vulnerable to epigenetic stimulation, thus contributing to the onset of many psychiatric disorders, including schizophrenia.
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Jackson, 2003; Coyle, 2006; Lindsley et al, 2006). NMDAR
antagonists, such as phencyclidine, MK-801, and ketamine,
can produce a range of symptoms remarkably similar to
those found in patients with schizophrenia (Javitt and
Zukin, 1991; Krystal et al, 1994; Lahti et al, 1995). These
compounds can also cause selective damage to a sub-
population of interneurons in the PFC in animal models of
schizophrenia (Kinney et al, 2006; Rujescu et al, 2006;
Behrens et al, 2007; Harte et al, 2007). On the basis of these
observations, a potential NMDAR hypofunction mechanism
has been suggested to contribute to the pathogenesis of
schizophrenia (Olney and Farber, 1995; Morris et al, 2005).
A key point of this hypothesis is that NMDAR antagonism
may result in NMDAR hypofunction in selected GABAergic
interneurons, which in turn leads to disinhibition of
glutamatergic excitation.

This hypothesis is intriguing, but direct evidence of how
NMDAR antagonists selectively act on specific populations
of PFC interneurons remains unclear. In fact, little is known
regarding the properties of NMDARs in cortical interneur-
ons (Blatow et al, 2005). Some evidence suggests that
NMDAR-mediated excitatory responses exist in cortical
interneurons, but these findings are controversial. For
instance, Thomson (1997) reported the existence of
NMDARs in both pyramidal neurons and interneurons in
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rat neocortex, whereas other studies have suggested that
interneurons lack NMDAR-mediated responses (Ling and
Benardo, 1995; Angulo et al, 1999; Goldberg et al, 2003).
Kinney et al (2006) recently demonstrated rich NR2A
subunits in cultured PV-ir interneurons. However, it is not
clear whether NMDAR subunits in the prefrontal inter-
neurons in adult animals are analogous to those expressed
in cultured cells. Furthermore, no information is available
regarding the receptor subtypes expressed by functionally
distinct populations of interneurons in the neocortex.
Because both interneurons (Gao et al, 2000; Tseng and
O’Donnell, 2007) and NMDARs (Kumar and Huguenard,
2003; Liu et al, 2004) undergo dramatic changes during
cortical development and most psychiatric disorders pro-
gress during peri-adolescent period (Spear, 2000; Lewis
et al, 2004), it is therefore imperative to systematically study
the development of NMDARs on diverse functionally
identified interneurons in the PFC.

MATERIALS AND METHODS
Brain Slice Preparation and Physiological Recording

The animals were cared for under NIH animal use
guidelines, and the experimental protocol was approved
by the Institutional Animal Care and Use Committee at
Drexel University College of Medicine. Rats were divided
into three age groups: juvenile (p15-28), adolescent (p31-
49), and adult (p88-108), based on the criteria described
previously (Spear, 2000; Tseng and O’Donnell, 2007). The
animals were deeply anesthetized with Euthasol (0.2 ml/kg,
i.p.), rapidly perfused with ice-cold Ringer solution, and
decapitated with a guillotine. The brains were quickly
removed and placed in ice-cold (<4°C) sucrose solution
containing (mM): KCl 2.5, NaH,PO, 1.25, NaHCO; 26, CaCl,
0.5, and MgSO, 7.0, sucrose 213, and aerated with 95% O,
and 5% CO,. A block of neocortex containing medial PFC
(PrL, Paxinos and Watson, The Rat Brain in Stereotaxic
Coordinates, 2005) was trimmed and glued onto the stage of
Vibratome (Vibratome Co., St Louis, MO). Horizontal brain
slices with a thickness of 300um were incubated in
oxygenated Ringer’s solution at 35°C for 1h. Ringer’s
solution contains the following ingredients (in mM): NaCl
128, KCl 2.5, NaH,PO, 1.25, CaCl, 2, MgSO, 1, NaHCO; 26,
and dextrose 10, pH 7.4. The slices were kept at room
temperature and then transferred to a submerged chamber
for recording (Gao et al, 2001, 2003; Gao and Goldman-
Rakic, 2003; Gao, 2007). Whole-cell patch clamp recordings
were conducted in the PFC slices through an upright
microscope (Olympus BX61; Olympus Optics, Japan)
equipped with a digital video camera system. The record-
ings were conducted at ~36°C. Resistance of the recording
pipette (1.2 mm borosilicate glass) was 9—12 MQ. Tips of
the recording pipettes were first filled with K™ -gluconate-
based intracellular solution and then back-filled with Cs™ -
containing solution. The K*-gluconate solution contains
(in mM): K+—gluconate 120, KCl 6, ATP-Mg 4, Na,GTP 0.3,
EGTA 0.1, HEPES 10, and 0.3% biocytin, pH 7.3, 310 mOsm,
whereas the Cs™ solution contains (in mM): Cs-gluconate
120, lidocaine 5 (QX-314), CsCl, 6, ATP-Mg 1, Na,GTP 0.2,
HEPES 10, and 0.3% biocytin at pH 7.3 (adjusted with
CsOH). With this strategy, we were able to record the action
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potentials (APs) immediately after Giga-seal formation. The
relative locations of all recorded cells in individual brain
slices were documented for further morphological identifi-
cation after immunostaining (see next section). This step is
important for neuronal classification of the tested inter-
neurons. The excitatory synaptic responses of these cells
were evoked by stimulating layer 2/3 with a bipolar
electrode placed ~200—500 um away (single pulse, 0.1 ms,
40—400 [LA, 0.1 Hz) in the presence of GABA, antagonist
picrotoxin (50 uM; Sigma-Aldrich, St Louis, MO). Alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR)-mediated currents were recorded at
—70mV, whereas NMDAR-mediated currents were re-
corded at +60mV under conditions of bath-applied both
picrotoxin and AMPAR antagonist CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione) ~ 20puM;  (Sigma-Aldrich).
NMDAR currents were confirmed by bath application of
the NMDAR antagonist p-(-)-2-amino-5-phosphonopenta-
noic acid (p-AP5, 50 uM). The stimulus intensity applied to
individual neurons was adjusted to produce an AMPA
receptor-mediated current at about 50-100 pA at —70 mV.
The electric signals were amplified and filtered at 2kHz in
voltage clamp mode with MultiClamp 700B (Molecular
Devices, Union City, CA). The data were acquired at
sampling intervals of 20-50 us through a DigiData 1322A
(data acquisition system) and pCLAMP 9.2 software
(Molecular Devices). Access resistances were continuously
monitored with an injection of —100 pA current for 100 ms
during recording. Only cells exhibiting a stable membrane
potential without injection of holding current were used for
the analysis.

Histological and Morphological Analyses

All slices with recorded neurons were preserved for biocytin
immunostaining as reported previously (Gao et al, 2003;
Gao, 2007). Slices were fixed in 4% paraformaldehyde until
immunocytochemical processing occurred. The slices were
placed in 3% H,0, for 30min to block the endogenous
horseradish peroxidase. After thorough rinsing, ABC
(Vector Laboratories, CA, US) reactions were conducted
overnight, followed by the Ni-3,3-diaminobenzidine reac-
tion. The slices were directly mounted from 0.2mM
phosphate buffer (pH 7.4) and covered with water-soluble
mounting media. All labeled neurons were photographed
and matched with their firing patterns.

Data Analysis

All recorded neurons were initially identified as interneur-
ons by their morphological characteristics, such as small
and round, oval, or spindle-like cell bodies and multipolar
or bipolar dendrites, under the videomicroscope with
infrared-differential interference contrast optics. Identities
of the recorded neurons were further confirmed by several
criteria, including biocytin-labeled morphologies, firing
patterns, amplitudes of fast afterhyperpolarization (fAHP),
half-width of APs, and spontaneous postsynaptic potentials
(sPSPs) (see Figure 1). With these criteria, the interneurons
recorded were easily distinguished from pyramidal neurons,
which usually occupy larger pyramidal soma and pia-
oriented apical dendrites. The membrane time constants
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Identification of prefrontal cortical interneurons. (a—c) sample of FS interneuron. (a) Basket-like interneuron. Scale bar=20 um for (a, d, g). The

FS cell was identified by its high-frequency firing of action potentials without adaptation, short half-width, rich spontaneous postsynaptic potentials, and large
fAHP. (d—f) Sample of RS interneuron. Comparatively, RS neurons have adaptive firing, wider action potentials, relatively less spontaneous postsynaptic

potentials, and smaller fAHP. (g

i) Sample of LTS interneuron. LTS neurons are characterized by a short burst in the first 2-3 spikes, wider half-width, and

smaller fAHP of action potentials. (j, k) summary graphs of fAHP and half-width of action potentials. FS cells exhibit significantly larger fAHP and shorter half-

width than those of RS and LTS neurons.

were analyzed by fitting the membrane voltage transient
induced by a 0.1nA negative current pulse of 150ms
duration (Figure 1b, e, and h). The stimulation intensities
were estimated from the artificial stimulus traces prior to
the onset of the excitatory postsynaptic currents (EPSCs).
The EPSC amplitudes were measured by averaging 30
traces from the onset to the peak of EPSC with Clampfit 9.2
software (Molecular Devices). Only the neurons that
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produced stable EPSC for 5min without rundown were
used for further analysis of drug and stimulus effects. The
decay time course, measured from 63% of the repolarization
curve of a unitary EPSC, was fitted with a single exponential
using standard exponential formula in Clampfit 9.2. The
integrated EPSC area (charge transfer) of NMDAR- and
AMPAR-mediated currents were measured with pCLAMP
9.2 and expressed in picocoulomb (pC) wunits. The



contribution of the NMDAR subunit NR2B to overall
NMDAR-mediated current was calculated from control
measurements and with the application of ifenprodil, ie,
(control trace-ifenprodil trace)/control x 100. All data were
presented as group measures with mean + standard error
(SE) along with Student’s t-test or ANOVA to examine
statistical significance.

RESULTS
Identifications of Recorded Interneurons in the mPFC

The cortical GABAergic system comprises many different
subclasses of interneurons, each having a unique phenotype
defined by its morphological characteristics and electro-
physiological properties (Kawaguchi, 1995; Freund and
Buzsaki, 1996; Markram et al, 2004). Using the criteria
described in Materials and Methods, we were able to
unambiguously classify most (122 out of 145) of the
recorded interneurons into three categories: fast-spiking
(FS), regular spiking (RS), and low-threshold spiking (LTS)
(Kawaguchi, 1995; Xiang et al, 1998; Gibson et al, 1999). The
remaining 23 neurons excluded from the data set were
either the ones that do not belong to the three aforemen-
tioned subtypes or the ones with difficulty to be classified
because of the confounding effect of Cs ™. These include one
late spiking cell, six burst spike cells, eight irregular spiking
cells, and eight cells that are difficult to classify. Most (109)
of the 122 interneurons were recorded from layers 2-5 of
the medial PFC, whereas 13 interneurons (1 FS, 7 RS, and 5
LTS) were from layer 1.

As shown in Figure 1, FS interneurons were easily
distinguished from RS and LTS interneurons because
injection of depolarizing current pulse evoked a train of
high frequency and non-adaptive spikes. The FS interneur-
ons exhibited APs with short duration (half-width
~0.71£0.12ms) and large fAHPs (17.9%0.87mV;
Figure 1b). FS cells also exhibited characteristic sPSPs with
high frequency and large amplitude. In contrast, both RS
and LTS cells exhibited profound adapting firing with
significantly wider APs (half-width 1.44 £ 0.06 ms for RS
and 1.78 £ 0.10 ms for LTS cells; P<0.001 for either RS or
LTS vs ES cells, and P> 0.05 for RS vs LTS cells). These two
types of cells also had significantly smaller fAHP
(11.2+0.62mV for RS and 11.4%0.70mV for LTS,
P<0.001 compared with FS cells in all age groups). In
addition, the FS interneurons had a significantly smaller
input resistance relative to the other two cell types (input
resistance =190.7 £ 10.37 MQ for FS, 246.1 + 15.70 MQ for
RS, and 247.2 +11.90 MQ for LTS cells, P<0.001 for both
RS and LTS compared with FS but without significant
difference between RS and LTS cells, P>0.05; Figure 1).
Interestingly, the input resistances of FS cells significantly
increased by 16% in adolescence (P <0.05), but decreased to
juvenile level in adults (P> 0.05). The differences between
RS and LTS interneurons were also substantial. LTS cells
exhibited a clear short burst of 2-3 spikes (inter-spike
interval = 8.82 £ 0.32ms) or a LTS elicited from a hyperpo-
larized potential (Kawaguchi, 1995; Xiang et al, 1998;
Gibson et al, 1999). We noted that the spike half-widths
observed in the three cell types were broader than those
described in previous reports (Kawaguchi, 1995; Gibson
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et al, 1999; Markram et al, 2004). The broadened spikes
were likely derived from Cs™ included in the recording
pipette, although the pipette tips were filled with K*
solution. These alterations, however, would not affect our
conclusion because the spike widths observed in RS and
LTS were still significantly shorter than those in pyramidal
neurons recorded under same conditions (2.62 + 0.30 ms,
n =26, P<0.05). Nevertheless, the spike amplitude of these
interneurons and the resting membrane potentials were
similar, without significant difference among the three cell
types (Figure 1; Table 1).

NMDARs in FS Cells Gradually Lost during Cortical
Development and Majority of the FS Cells Exhibiting no
NMDAR-Mediated Currents in Adult Rat PFC

Although numerous studies have reported a developmental
change in NMDARs from different cortical regions, most of
the studies have focused on NMDAR functions in pyramidal
cells (Monyer et al, 1994; Kumar and Huguenard, 2003; Liu
et al, 2004). Little is known regarding the NMDARs in
cortical interneurons (Blatow et al, 2005). To record the
AMPA and NMDA currents, we applied whole-cell patch
clamp to individual interneurons. The AMPAR-mediated
EPSCs were recorded at —70 mV with extracellular stimula-
tion applied in layer 2/3 in the presence of picrotoxin
(50 uM), whereas the NMDAR-mediated EPSCs were
documented at +60mV by blocking both AMPA (CNQX,
20 uM) and GABA, channels. Interestingly, we found that
both AMPAR- and NMDAR-mediated EPSCs in the FS
interneurons exhibited distinct properties and dramatic
changes during prefrontal cortical development, particu-
larly in adolescents. About one-fourth (3/11, 27.3%) of the
FS interneurons in juveniles exhibited no NMDAR-
mediated current, although the AMPAR-mediated currents
were prominent (Figure 2). The number of FS cells without
NMDAR-mediated currents gradually increased during the
cortical development. It reached 57.1% in adolescents and
73.9% in adults. Figure 2 shows the two types of FS cells: FS
interneurons with and without NMDAR-mediated currents.
It is clear that the number of FS cells without NMDAR-
mediated currents increased significantly in the adult
animals with only about 26.1% of the FS cells recorded
exhibiting NMDA current (6/23, 26.1%, P<0.01). On the
other hand, despite the difference in NMDAR-mediated
currents, many other properties such as resting membrane
potential, input resistance, AP half-width, membrane time
constant, AMPAR-mediated EPSC rise-time and decay were
generally similar between the FS cells with and without
NMDA-EPSCs (Table 1). We found only one exception: the
FS interneurons without NMDA showed significantly
smaller fAHP (—17.9+0.87mV in FS cells with NMDA
current vs —13.1£0.75mV in FS cells without NMDA
current, P<0.01). Moreover, the AMPAR-EPSC decay was
also slower in the FS «cells with NMDA current
(4.67 £0.50 ms) compared with the FS neurons without
NMDA current (3.64 £ 0.19ms, P<0.05) during the adoles-
cent period. The overall decays averaged from all age groups
were not statistically different though (4.45 +0.33 ms in FS
cells with NMDA current vs 3.98 £ 0.49 in FS cells without
NMDA current, P=0.351). Likewise, the FS interneurons
with and without NMDA current in adolescents had higher
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Table I Membrane and EPSC Properties of Prefrontal Interneurons

FS with NMDA current FS without NMDA current RS LTS
Interneuron type
pl5-28 p31-49 p88-108 pl5-28 p31-49 p88-108 pl5-28 p31-49 p88-108 pl5-28 p31-49 p88-108
(n=28) (n=6) (n=6) (n=3) (n=28) (n=17) (n=11) n=9) (n=18) (n=18) (n=5) (n=14)

Animal age (days) 20.1 +£1.33 408+2.70 960+3.16 200+208 395%202 96.1 +£2.37 218+ 175 41.0%£258 94.1+1.27 236+ 1.14 362123 962+ 1.27
RMP (mV) 646+ 135 63.1+254 698+ 1.66 638%139 612+£286 680 1.70 578+ 135 654%202 650 1.62 639+ 137 6771329 63.6% 1.94
R (MQ) 179.1 £1676207.4+£2495% 1899+ 148 181.7+£24762119+1928*% 1789+ 13.12 2573+289 2250%128 2503%202 2634+133 2409%358 2165%264
AHP (mV) 169+£081 1831+£284% 157+£048 1424104 128+107*% 109+236 127+£1.02 I1.6£1.75 10.2+£0.95 13.0+£093 I1.7+£1.08 891 1.12
AP 1/2 width (ms) 063+£0.13 08104 0.73£020 065005 0.64x007 0.50+0.04 1.62+0.14 1.30£0.12 1.50+0.09 1.88+0.12 [.18+£0.06 1.72£0.16
Membrane time constant  8.62% .65 825% |.11 6.60+0.81 6501086 7.44%0.80 622031 1889+234 907080 1088%1.30 1840+ 1.19 9321107 1465+ 138
(ms)

AMPA amplitude (pA) 598+ 111 99.7%149 669+ 114 747%101 595%140 982+ 14.6 46.7+870  523%392 514576 518+463 722%170 40.1 £4.50
AMPA 63% decay (ms) 3904053 4.67+£050% 440+077  649+001% 3.64£0.19*% 377+058 861034 786x0.7I 7.66 031 690+084  753%0.69 9.50+0.84
AMPA charge (pC) 0.75+£0.14 1.29%0.12 0.53£0.13 1.08+001 0.53+0.09 0.70£0.09 1.07£0.15 066%0.19 0.88+0.14 [.17+0.10 121 £0.13 .21 £0.18
AMPA 20-80% rise time  0.80+£0.05 0531022 052+006% 103£001 078%0.10 0.83+0.08" 1.35+£0.15 141 £0.10 1.35+£0.07 .51 £0.07 1.39+£0.07 [.21£0.13
(ms)

NMDA amplitude (pA) 4881871 379x6.17 336+ 1.56 472%106 514164 509+7.03 425+497  51.9%82I 48.1£7.02
NMDA 63% decay (ms)  39.8%£3.05 329%490 21.6+£3.05 447+£435  41.1 £3.00 44.6 +£3.96 6741489  565%677 4891529
NMDA charge (pC) 2441045 1.82+037 1.30+£022 2791027 225%0.17 241+0.23 3341054 361x075 342050
NMDA 20-80 rise time 244+0.14 2731007 2491038 3.19£025 293+£025 3.07+0.19 354+0.13 3221039 3.1410.14
(ms)

NMDA/AMPA peak ratio 090£0.19 033%0.12 0.77+02 074+005 083022 097+0.12 .33+£023 [.17+£047 1.03£0.14
NMDA/AMPA area ratio 271 £098 1301020 245+ 131 |.64+0.38 1.86+0.43 2.13+£0.28 259+027 238x047 2401036

*P<0.05 between adolescents (p31-49) and juveniles (p15-28) as well as between adolescents (p31-49) and adults (p88—108) in both FS cells with and without NMDA current.
*P<0.05 between FS with and without NMDA current in adolescents (p31—49).
#P<0.05 between FS cells with and without NMDA current in adults (p88—108).
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Figure 2 FS interneurons with and without NMDAR-mediated currents in the PFC. (a, b) Some FS interneurons express NMDA current at positive
potentials +60mV (a), whereas others exhibit no NMDAR-mediated current, although AMPA-mediated currents were prominent at both —70 and +
60mV (b). (c) Raw data sample of a FS cell without NMDA and measurement of the peak amplitudes of the AMPAR-mediated currents, which were
gradually blocked by bath-applied CNQX. (d) Summary graph showing the percentage of FS interneurons in three age groups (n=48). In juveniles, about
72% of the FS cells contain NMDAR-mediated currents that gradually reduce to about 26% in adult. Overall, a majority (58.3%) of the FS interneurons tested
do not have detectable NMDAR-mediated current. (e) FS cells containing NMDARs exhibit significantly larger fAHP compared with those without

NMDARs (*P = 0.003).

input resistances compared with those FS interneurons in
juvenile and adult animals, but there was no difference
between the two groups (207.4+24.95 in FS cells with
NMDA current vs 211.9 £19.28 in FS cells without NMDA
current, P=0.807). These data are consistent with numer-
ous previous studies conducted in different brain regions
with either electron microscope (Nyiri et al, 2001) or
physiological recordings (Sah et al, 1990; Perouansky and
Yaari, 1993; Morin et al, 1996; Maccaferri and Dingledine,
2002). These data indicated that although the membrane
time constants were different in individual cell types, the
NMDA current changes in the FS cells are not attributable
to the passive membrane properties because the changes in
membrane time constants appeared to be age independent
in the FS cells with NMDA currents (see Table 1).

Cell Type-Specific Changes of AMPARs and NMDARs
during Cortical Development

Compared with the dramatic change of NMDARs in ES cells,
glutamatergic receptors on the RS and LTS cells were
relatively stable from juvenile to adult. As shown in Figure 3,
AMPA-EPSCs in FS neurons had significantly faster rise-
time (20—80%) compared with those in RS and LTS cells
(0.62+0.06ms in FS wvs 1.28%0.06 in RS cells and
1.40 £ 0.05 in LTS cells; P<0.001), consistent with previous
studies (Hestrin, 1993; Koh et al, 1995; Angulo et al, 1997;
Zhou and Hablitz, 1998). The rise-time in FS cells is age
dependent with adult animals exhibiting an even faster rise-
time (R*>=0.415; P<0.005). In contrast, the RS and LTS
cells did not show significant changes among the three age
groups (R*=0.061 for RS and R*=0.0004 for LTS cells;
P>0.05 for both). The adult LTS cells seemed to be an
exception though, with a significantly faster rise-time in
adults compared with juveniles (1.51 £ 0.07 in juvenile vs
1.21 £0.13 in adult rats, P=0.04). In addition, AMPAR-

EPSC in FS cells also exhibited significantly faster time
constant decay, with an overall average of 4.45%0.33 ms
(P>0.05 among groups), compared with 7.88 +0.39ms in
RS and 8.00 £ 0.49 ms in LTS cells (P<0.0001 for FS vs RS
and LTS). It should be noted, however, that although these
currents are dominated by AMPARs at —70 mV, they likely
contain a component mediated by NMDARs that were not
blocked in these recordings. Indeed, in experiments in
which the NMDAR antagonist AP5 was applied to the bath
solution, the ‘pure’ AMPAR-mediated currents recorded at
—70mV showed a significantly shorter time constant decay
of 2—4ms, consistent with the findings from previous
studies (Hestrin, 1993; Silver et al, 1996).

NMDAR-EPSCs in FS cells also showed a significantly
shorter rise-time than those in RS and LTS cells, with an
average of 2.391£0.13ms in FS, 3.07+0.13ms in RS, and
3.27 £0.12ms in LTS cells (P<0.001 for both; see Figure 4).
Unlike the AMPAR-EPSCs, the rise-time of NMDAR-EPSC
in FS cells was age independent, without clear changes
during cortical development (R*=0.053; P>0.05 among
age groups). Nevertheless, the NMDA currents exhibited
different time constant decays among the three cell types. In
the juvenile animals (p15-28), the decay times in FS and RS
cells were similar but significantly faster than those in LTS
cells (see Table 1 for detail). The decay times of NMDA
current in FS cells were age dependent, decreased drama-
tically to 21.6+3.05ms in adults from 39.8 £3.05ms in
juveniles (R?* of 0.256; P<0.01). In contrast, there were
almost no changes in RS, and a slight, but not significant,
decrease in LTS cells (P> 0.05). Overall, the NMDA-EPSC in
FS interneurons exhibited significantly faster decay
times than those in RS and LTS cells, whereas the NMDA
currents in LTS cells exhibited the slowest rate of
decay (31.5+£3.20ms in FS vs 44.3+2.10ms in RS and
59.5 +3.42ms in LTS cells, P<0.001 in FS vs RS and FS vs
LTS cells, P<0.01 between RS and LTS cells). The changes
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Figure 3 Properties of AMPAR-mediated currents in PFC interneurons. (a—c) Samples of AMPAR- and NMDAR-mediated currents recorded at —70 and
+60mV, respectively, in the three cell types. (d) FS neurons exhibited significantly faster (P <0.05) and age-dependent decrease (P<0.01 between p15-28
and p88—108) of rise-time (20—80%). (e) FS cells show significantly faster decay than do RS and LTS neurons (P<0.05). In contrast, changes in AMPAR-
mediated current in RS and LTS cells are relatively small (P> 0.05), with LTS cells exhibiting significant difference only between p15-28 and p88-108.
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Figure 4 Properties of NMDAR-mediated currents in the PFC intermneurons. (a—c) Samples of NMDAR-mediated currents in different cell types and age
groups. (d) The 20—80% rise-time of NMDAR-mediated currents was faster in the FS cells containing NMDARs than those in RS and LTS cells, but
significance was observed only in p15-28 rats (P <0.05). (e) The time constant decays of FS cells were significantly (two-fold) faster (P < 0.003) than those of
LTS cells but similar to those of RS cells in juvenile animals. The decays gradually decreased during cortical development and became significantly shorter
(P=0.0094) in adult animals, with an average decay time of ~20ms. LTS cells showed similar decline of decays, with a significantly shorter time constant
(P=0.024) in adults than in juveniles. In contrast, the decays of RS cells were stable without significant change in all ages.
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in NMDAR-EPSC decays in the RS and LTS cells did not
conform to the patterns reported previously in hippocampal
neurons (Kirson and Yaari, 1996; Hsia et al, 1998), visual
cortical neurons (Roberts and Ramoa, 1999), or superior
collicular neurons (Hestrin, 1992). It was, however, similar to
the PFC layer 5 pyramidal neurons (Wang et al, 2008) in that
we did not find a maturational shortening in this property.
Because the NMDA/AMPA peak current ratio is probably
a determinant of synaptic plasticity (Saal et al, 2003; Watt
et al, 2004), we further compared the developmental
changes of this ratio in the PFC interneurons. The
NMDA/AMPA ratios in the three subtypes of interneurons
recorded in all cortical layers were listed in Table 2. In
contrast to the EPSC recorded in pyramidal neurons
(Rumpel et al, 2004), the developmental changes of
NMDA/AMPA ratios in most of the interneurons appeared
to be laminar independent, with the exception of LTS cells,
in which neurons in layer 2/3 exhibited significantly higher
NMDA/AMPA ratio than those in layer 1 (P<0.05).
Generally, FS interneurons showed the lowest and LTS cells
the highest NMDA/AMPA ratio. They were, however, not
significantly different due to the large variability among the
different age groups and cell types (P=0.631 between FS
and RS cells, P=0.211 between ES and LTS cells, and
P=0.172 between RS and LTS cells; Figure 5). Nevertheless,
it is interesting to note that the peak current ratio in FS
neurons significantly decreased during the adolescent
period from 0.90£0.19 in juveniles to 0.33%0.12 in
adolescents (P<0.05), and then increased to 0.77 £ 0.20 in
adults. The dramatic change in the NMDA/AMPA ratio in
FS interneurons is probably attributable to the significant

Table 2 Laminar Difference of NMDA/AMPA Ratio in the Three
Subtypes of Interneurons

FS with NMDA

(n=20) RS (n=37) LTS (n=37)

Layer | 19 (h=1)
Layer 2/3  055+£009 (n=13)
051+023 (n=6)

0861024 (n=7)
065%0.17 (n1=17)
04840.18 (n=13)

05540.13 (n=>5)
114£0.14 (n=24)*

Layer 5 0824009 (n=8)

*#P<0.05 between layers | and 2/3 in LTS.
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increase in AMPA currents in adolescents (P<0.001),
because NMDA currents appeared to be stable during
development (P> 0.05; Figure 5; Table 1). In contrast, the
NMDA/AMPA ratios in both RS and LTS interneurons were
relatively unchanged during the period of prefrontal
development, without significant difference (P> 0.05).

FS Cells with NMDA Currents Exhibited Distinct
Response to Ifenprodil

Because NMDAR subunits are developmentally regulated
(Monyer et al, 1994; Sheng et al, 1994; Liu et al, 2004), we
tested the subunit ratio of NMDARs by applying selective
NR2B antagonist ifenprodil (3 uM, bath) to perfusion media
in prefrontal cortical preparations. Ifenprodil was pre-
viously reported to preferentially inhibit NR1/NR2B chan-
nels with 400-fold higher affinity (ICs5o=0.34pM) than
NR1/NR2A channels (ICso=146 uM) (Williams, 1993;
Tovar and Westbrook, 1999). Our recent study also found
that this chemical was able to block a large portion of
NMDA currents in recurrent excitatory circuitry of
prefrontal neurons in adult rats (Wang et al, 2008). We
found that the amplitude of the synaptically evoked
NMDAR-EPSCs in juvenile FS cells (p15-28) were signifi-
cantly reduced by almost 70% but the changes were
dramatically and significantly decreased to about 40% in
adolescents and about 30% in adults (P<0.05; Figure 6),
suggesting a dramatic change of NMDAR subunits in FS
cells in juveniles. In contrast, the NMDAR-EPSC amplitude
changes in response to ifenprodil were relatively small
(~50%) and stable in both RS and LTS cells, with only a
slight change from juvenile to adult cells (P> 0.05; Figure 6a
and b). To examine the effects of ifenprodil in NMDAR-
EPSCs further, we have measured the time constant decays
of the NMDAR-EPSCs before and after the ifenprodil
application. As shown in Figure 6c, we found that the
NMDAR-EPSC decay was significantly decreased in juvenile
FS cells only (P <0.01), consistent with the significant effect
in EPSC amplitude in the same age group (Figure 6b).
Arguably, although ifenprodil was effective in reducing the
EPSC amplitudes and shortening the EPSC decays in most
of the interneurons tested, the differences in EPSC decays

o

3.5 q

25 A B

*k

1.5 1

Area ratio of NMDA/AMPA
3]

p15-28 p31-49 p88-108

Figure 5 FS interneurons containing NMDARs exhibit distinct NMDAR/AMPAR-mediated current ratio and charge transfer in the adolescent period.
(a, b) The NMDA/AMPA ratio of peak amplitude and charge (integrated area). It is interesting that NMDA/AMPA ratios exhibit a very different trend among
the three cell types. The FS cells undergo a dramatic reduction in the NMDA/AMPA ratio (¥*P<0.01), but this reduction is largely attributable to the high
AMPAR-mediated current and a relatively small NMDA current. Compared with FS cells, RS and LTS cells show inverse trends in ratio changes, with gradual
increase of ratio in RS but decrease in LTS, although not significant in both cell types.
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Figure 6 FS cells with NMDARs exhibit dramatic decline in NR2B
subunits during development. (a) Samples of ifenprodil effects in NMDAR-
mediated currents in three cell types in different age groups. NMDA
currents in all three types of interneurons exhibit less sensitivity to
ifenprodil in the adult. (b) Summary graph showing NMDA current
sensitivity (%) to ifenprodil. The sensitivity to ifenprodil gradually decreased
during cortical development, with an average of ~40% in adults, compared
with 50-75% in juveniles. Significant differences were observed among the
three cell types (P<0.05). (c) Although ifenprodil was effective in
shortening the EPSC decays in most of the interneurons tested, the
differences in EPSC decays were not significant among the different age
groups with the exception of juvenile (p15-28) FS cells.

were not significant among the different age groups with the
exception of juvenile FS cells. Similarly, in the monkey PFC
layer 2/3 pyramidal neurons, Gonzalez-Burgos et al (2008)
also reported that ifenprodil significantly decrease the
NMDAR-EPSC amplitude (30-50%) but had minimal effect
in the EPSC decay (6-30%). These data indicate that FS cells
in the rat PFC may experience a developmental process of
NMDAR subunit change different from other two cell types
during the transition period from juvenile to adolescence.

DISCUSSION

To our knowledge, this study is the first systematic
examination of NMDAR development in the cortical
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interneurons. We found that most interneurons in the
PFC express both NMDARs and AMPARs, with only one-
fourth of the FS cells expressing no synaptic NMDARs in
juveniles. This conclusion is consistent with numerous
previous studies that reported a limited role of NMDAR-
mediated response in interneurons (Sah et al, 1990; Ling
and Benardo, 1995; Thomson, 1997; Nyiri et al, 2003; Rotaru
et al, 2008) and dominant Ca“-permeable AMPARs in
cortical FS interneurons (Goldberg et al, 2003; Wang and
Gao, 2008). It is even more interesting that FS interneurons
undergo remarkable changes during cortical development,
particularly in adolescents, with ~74% of the FS cells
exhibiting no synaptic NMDAR-mediated currents in adult
rat PEC. Even within the ES cells with NMDARs, the NMDA/
AMPA ratio was dramatically decreased in adolescents but
returned to juvenile level in adults. In contrast, the
expression of both AMPARs and NMDARs in the RS and
LTS interneurons was relatively stable without appreciable
changes during cortical development. This large variability
of NMDARs in different subtypes of PFC interneurons is
consistent with the findings from previous studies con-
ducted in the neocortex (Goldberg et al, 2003) and
hippocampus (Sah et al, 1990; Lei and McBain, 2002;
Maccaferri and Dingledine, 2002; Nyiri et al, 2003). McBain
and Dingledine (1993) proposed that certain interneurons
in the hippocampus might use calcium-permeable AMPARs
to compensate for the apparent lack of synaptic NMDAR:s.
Our finding that some FS interneurons have no NMDARSs is
in line with this proposition. Indeed, hippocampal inter-
neurons expressing calcium-permeable (or GluR2-lacking)
AMPARs exhibited NMDAR-independent long-term de-
pression (Laezza et al, 1999), whereas in interneurons
expressing calcium-impermeable (or GluR2-containing)
AMPARs, the induction of long-term depression was
NMDAR dependent (Lei and McBain, 2002, 2004; Lu et al,
2007). Whether this principle can be applied to the FS
interneurons with and without NMDARs in the PFC
remains to be explored. It is possible that FS interneurons
expressing NMDARs exhibit more NR2B subunits in
juveniles (Plant et al, 1997) but an abrupt subunit switch
occurs during prefrontal cortical development, leading to
more NR2A subunits by the time adolescence and adult-
hood are reached. In contrast, FS interneurons expressing
no NMDARs may be gradually replaced with calcium-
permeable AMPARs during development (Wang and Gao,
2008).

Previous studies indicated that NR2B expression is
highest at birth, whereas NR2A is not expressed until
around p7 (Monyer et al, 1994). NMDARs at early stage of
the development in the forebrain are therefore mainly
composed of NR1/NR2B. As NR2A levels increase during
neuronal maturation, synaptic NR1/NR2B receptors are
gradually replaced by NR2A-containing NMDARs (Tovar
and Westbrook, 1999; Philpot et al, 2001; Barria and
Malinow, 2002), which may be pure NR1/NR2A or the
triheteromer NR1/NR2A/NR2B (Sheng et al, 1994; Luo et al,
1997; Li et al, 2004). In the present study, we found that
ifenprodil, a high-affinity selective inhibitor of NR1/NR2B
diheteromeric NMDARSs, blocked the NMDAR-EPSC ampli-
tudes by 30-50% in most of the interneurons examined
except for the juvenile FS cells (~70%). This was
considerably less than the ~80% blockade found in cells



that express only recombinant NR1/NR2B receptors (Tovar
and Westbrook, 1999). Furthermore, we found that
ifenprodil did not significantly alter the decay of the
synaptically evoked NMDAR-EPSCs in most of the inter-
neurons tested with the exception of FS cells in juveniles.
This was similar to the numerous previous findings
reported in monkey layer 3 pyramidal neurons (Gonzalez-
Burgos et al, 2008), rat visual cortical neurons (Yoshimura
et al, 2003), mice CAl pyramidal cells (Kirson and Yaari,
1996), rat dentate gyrus granule cells (Ye et al, 2005), and
neocortical pyramidal cells (Kumar and Huguenard, 2003).
That is, a significant decrease in NMDAR-EPSC amplitude
occurs, but with minimal effect on the decay in response to
ifenprodil. It is, however, apparently at odds with our recent
report in recurrent connections between layer 5 pyramidal
neurons, in which both NMDAR-EPSC amplitude and time
constant decay were significantly decreased by ifenprodil
(Wang et al, 2008). It also differed from observations
obtained from cultured dissociated cells derived from
young CAl as well as recombinant NR1/NR2B receptors
in which ifenprodil markedly shortened decay times of
NMDA currents (Tovar and Westbrook, 1999) and many
other studies (Chen et al, 1999; Lei and McBain, 2002). The
reason for these differences remains unknown but an
afferent-specific difference of NMDA response to ifenprodil
was reported (Kumar and Huguenard, 2003; Szinyei et al,
2003). It is also possible that the composition of NMDAR
subunits distributed in the layer 5 pyramidal neurons
differs from the layer 2/3 pyramidal neurons (Gonzalez-
Burgos et al, 2008; Wang et al, 2008) and pyramidal neurons
in other cortical regions (Kirson and Yaari, 1996; Kumar
and Huguenard, 2003; Yoshimura et al, 2003; Ye et al, 2005).
Furthermore, as native NMDARs are typically diheteromers
composed of NRI1 and single NR2 isoforms (Banke and
Traynelis, 2003), the relative ifenprodil insensitivity in our
data suggests that triheteromeric receptors NR1/NR2A/
NR2B or other subunit combinations (eg, NR1/NR2A/
NR2D) might shape the decay of NMDAR-EPSCs in most
of the PFC interneurons except juvenile FS cells. Whether
this is the case remains to be tested because the effect of
ifenprodil on triheteromeric receptors is not clear (Brime-
combe et al, 1997; Vicini et al, 1998; Li et al, 2004; Bellone
and Nicoll, 2007). Hatton and Paoletti (2005) suggest that
triheteromeric receptors have a high affinity for ifenprodil
but are inhibited to only a small extent. Nevertheless, it
would be interesting in the future to determine whether the
triheteromeric NR1/NR2A/NR2B contributes to the synaptic
currents in PFC interneurons (Donevan and McCabe, 2000;
Li et al, 2004).

Functional Implications of Synaptic NMDARs on PFC
Interneurons

GABAergic interneurons are essential not only for normal
synchronous activity (Somogyi et al, 1998; McBain and
Fisahn, 2001; Buzsaki et al, 2007) but also for desynchro-
nization of gamma band oscillations in schizophrenia
(Whittington et al, 2000; Spencer et al, 2003, 2004;
Cunningham et al, 2006; Uhlhaas and Singer, 2006).
NMDARs, however, play an essential role in controlling
the integrative properties of interneurons (Maccaferri and
Dingledine, 2002). Our findings indicate that FS interneur-
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ons, the most important inhibitory cells in the neocortex,
undergo dramatic changes in glutamatergic receptors
during the juvenile and adolescent periods, with a sharp
decrease in the NMDA/AMPA ratio and the gradual loss of
NMDARs. Because FS interneurons exhibit powerful
perisomatic inhibitory activity in pyramidal neurons
(Galarreta and Hestrin, 2001; Pouille and Scanziani, 2001;
Gao et al, 2003; Hasenstaub et al, 2005), dramatic changes of
NMDA and AMPA receptors in FS cells would have
significant effect on neuronal synchronous activity (Cun-
ningham et al, 2006). Disruption of NMDARs during the
adolescent period would be crucial for the onset of many
psychiatric disorders, including schizophrenia (Lewis et al,
2005). Indeed, previous studies indicate that certain
markers such as parvalbumin for FS interneurons in the
PFC exhibit striking changes during adolescence and that
these neurons are markedly altered in the PFC of subjects
with schizophrenia (Reynolds and Beasley, 2001; Lewis et al,
2004). This seems to fit well with the selective damage of a
sub-population of interneurons in the PFC in patients with
schizophrenia (Benes et al, 1991; Beasley and Reynolds,
1997; Volk et al, 2000; Benes and Berretta, 2001; Hashimoto
et al, 2003; Lewis et al, 2005). On the other hand, NMDAR-
dependent integration of synaptic input in different
interneurons could also be involved in several situations
that require time-prolonged firing during asynchronous
activity. For example, delayed-period activity, which is
believed to be the neuronal correlate of working memory
(Fuster and Alexander, 1971; Goldman-Rakic, 1995), is
thought to depend crucially on synaptic kinetics of NMDA
currents in prefrontal microcircuits (Wang, 1999, 2001;
Durstewitz and Gabriel, 2007; Wang et al, 2008). Because
only one-fourth of the FS cells in adults contain synaptic
NMDARs, even a small change in NMDARs, such as
NMDAR hypofunction occurring in schizophrenia, could
have dramatic effect on prefrontal functions (Homayoun
and Moghaddam, 2007). In summary, the dramatic changes
of NMDARs in FS interneurons in adolescence may make FS
cells particularly sensitive and vulnerable to detrimental
stimulations such as traumatic stress and drug addiction,
thus contributing to the onset of many psychiatric
disorders, including schizophrenia.
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