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GABA , Receptor—Mediated Miniature Postsynaptic Currents and
a-Subunit Expression in Developing Cortical Neurons

D. D. DUNNING! C. L. HOOVER! I. SOLTESZ}! M. A. SMITH,* AND D. K. O'DOWD*?
1Department of Anatomy and Neurobiology afdevelopmental and Cell Biology, University of California, Irvine,
California 92697-1280

Dunning, D. D., C. L. Hoover, |. Soltesz, M. A. Smith, and D. K. jes indicate a paucity of inhibitory synaptic contacts in animgls

O’Dowd. GABA , receptor mediated miniature postsynaptic currentg 1 wk old (Blue and Parnavelas 1983; Miller 1986). In adq
and a-subunit expression in developing cortical neurahsNeuro- ti?n, the robust, short-latency GAB®R-mediated postsynaptig
m -

physiol.82: 3286—-3297, 1999. Previous studies have described : : . :
urational changes in GABAergic inhibitory synaptic transmission iﬁeSponseS to stimulation of afferent fibers in the adult cor

the rodent somatosensory cortex during the early postnatal period.&f§ S€e€n only rarely before the second postnatal week (Agnon

determine whether alterations in the functional properties of synapind O’Dowd 1992; Burgard and Hablitz 1993; Luhmann &
cally localized GABA, receptors (GABARS) contribute to develop- Prince 1991). More recent studies have identified symmetr
ment of inhibitory transmission, we used the whole cell recordir@resumed inhibitory) synapses postnatal day 4P4) (De

technique to examine GABAergic miniature postsynaptic currenfglipe et al. 1997), and demonstrated that thalamic stimula
(mPSCs) in developing cortical neurons. Neurons harvested fr%r%n evoke labile, asynchronous GABR-mediated synaptic

somatosensory cortices of newborn mice showed a progressive, e % ts in th t " Oas
fold increase in GABAergic mPSC frequency during the first 4 wk o urrents in the mouse somatosensory cortex as eark0as

development in dissociated cell culture. A twofold decrease in thégmon et al. 1996). An immature chloride gradient appears
decay time of the GABAergic mPSCs, between 1 and 4 wk, demdde responsible for the elevated reversal potential of
strates a functional change in the properties of GARA mediating GABAergic synaptic currents observed in young cortical ng
synaptic transmission in cortical neurons during development in cubns (Owens et al. 1996). Age-related differences in GAB
ture. A similar maturatic_)nal _profile_observed in GABAer_gic mps%voked currents in acute|y isolated cortical neurons sugg
frequency and decay time in cortical neurons developing in ViY@t alterations in the properties of the GABRs may also

(assessed in slices), suggests that these changes in synaptically I(&ﬁll ; ; ; e
ized GABA,Rs contribute to development of inhibition in the roden tribute to maturation of GABAergic transmission (Oh et

neocortex. Pharmacological and reverse transcription-polymerésgeQS)' To address this question directly, however, it is neg

chain reaction (RT-PCR) studies were conducted to determig? - -
whether changes in subunit expression might contribute to the &- GABARs that are specifically localized at synapses

served developmental alterations in synaptic GARA&. Zolpidem developing cortical neurons.

(300 nM), a subunit-selective benzodiazepine agonist with high af- The functional properties of ionotropic GAB&Rs can be
finity for a1-subunits, caused a reversible slowing of the mPSC decifluenced by a number of factors including receptor suby
kinetics in cultured cortical neurons. Development was characterizedmposition, desensitization rates, phosphorylation state
by an increase in the potency of zolpidem in modulating the mPSfell as reuptake rates of the ligand (Angelotti and Macdon
decay, suggesting a maturational increase in percentage of functigggg; Draguhn and Heinemann 1996; Galarreta and Hes
ally active GABA,Rs containingx_l subunit_s. The_relati_ve expressi_on1997; Haas and Macdonald 1999: Jones and Westbrook 1
of al versusa5 GABA,R subunit mRNA in cortical tissue, both in 2997; Macdonald and Olsen 1994: Serafini et al. 1998: \/

vivo and in vitro, also increased during this same period. Furthermo
single-cell RT-multiplex PCR analysis revealed more rapidly deca 6orn et al. 1990). Although some or all of these propert

ing mMPSCs in individual neurons in whictL versuse5 mRNA was may be altered during development, a combination of bioph
amplified. Together these data suggest that changes-subunit ical and pharmacological studies suggest that changeg
composition of GABA Rs contribute to the maturation of GABAer- a-subunit composition contribute to early postnatal maturat
gic mPSCs mediating inhibition in developing cortical neurons.  of receptors mediating GABAergic currents in cerebel
(Mathews et al. 1994; Tia et al. 1996; Vicini 1999) ar
hippocampal neurons (Hollrigel and Soltesz 1997; Kapur 3

INTRODUCTION Macdonald 1999; Rovira and Ben-Ari 1993). These findings| i

ofombination with previous reports of a large increaselrand
a decrease ia5 GABA,R subunit expression in the develof
ing rodent neocortex (Golshani et al. 1997; Laurie et al. 19

Inhibitory synaptic transmission in the mature cerebral ¢
tex, mediated by GABARS, plays a vital role in regulating
normal cortical activity. Although GABAergic neurons ar

present and GABARs are expressed in the neocortex . > ) .
newborn rodents (Del Rio et al. 1992; Laurie et al. 1992), t -subunits may contribute to maturational changes in the fu

inhibitory network is not fully mature at birth. Anatomic stud- ional properties of GABARs mediating inhibition in cortical
neurons.
The costs of publication of this article were defrayed in part by the payment of In this StUdy whole cell recordlngs were used to examine

page charges. The article must therefore be hereby masdttisemeritin ~ DIOphysical features of _the GABAergic mini_ature postsynap
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. currents (MPSCs), which reflect the functional properties
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ry to examine the functional properties of the subpopulat]
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GABAERGIC MPSG IN DEVELOPING CORTICAL NEURONS 3287

synaptically localized GABARS, in cortical neurons develop-Electrophysiology (cultured neurons)
ing in vivo and in dissociated cell culture. Having observed a

. . . Whole cell recordings were made from cultured somatosens
developmental change in the kinetic properties of the GAB'A‘e(fértical neurons [3—28 days in vitro (DIV)] using unpolished pipett

gic mPSCs, we sought to identify the molecular events thgi an open tip resistance of 1-3( The internal pipette solution
might underlie them. The sensitivity of the GABAergic mPSCgontained (in mM) 120 KCI, 20 NaCl, 2 Mggl0.1 CaCl, 1 EGTA,
to modulation by zolpidem, a benzodiazepine type | (BZXnd 10 HEPES, pH 7.2. Cultured neurons were bathed in an extd
agonist with high affinity for receptors containirgd.- versus solution containing (in mM) 140 NaCl, 3 KCI, 4 Mggl1 CaCl, and
a5-subunits (Faure-Halley et al. 1993; Macdonald and OIsérHEPES, pH 7.2. The following drugs were added to the exter
1994; Pritchett and Seeburg 1990), was used to probe f@fution and bath applied in various combinations as requirecvi1
possible alterations in the relative contribution of these suggr?go(tgﬂ% ;)'t“gg (I\IIT)D(% )5i2’~'\gm‘?;]%ygn&']Z);fggggggneonﬁgm?ézii
units in the functionally active synaptic GAB/&Rs. Semiquan- » SUHNVE DU )mes Dl

titative reverse transéiption-pglymperase ?ﬁiin reactci]on (R(TA-PV)’ and ZuM (—)-bicuculine methochloride (BMC) and 3-3,00

- : M N,N,6-trimethyl-2-(4-methylphenyl)-imidazo [1,2-a] pyridine-3
PCR) analysis was conducted to examine the deveIOpme&@étamide (Zolpidem) (all from Research Biochemicals). Data w|

regulation ofa-subunits (1, 2, 3, and 5) in RNA harvested fromycquired using a patch-clamp amplifier (List EPC-7; Axopatch 1-
cortices or cultures at different ages. Finally, by combiningp-a board (Labmaster or DigiData 1200A; Axon Instruments), a|
whole cell recordings and gene expression in single neurgiampé (Axon Instruments) or SCAN (Courtesy of Dr. J. Dempst
(Brooks-Kayal et al. 1998a,b; Eberwine et al. 1992; Lamboletrathclyde Electrophysiology Software, Strathclyde Universi
et al. 1992; O’'Dowd and Smith 1996; Ruano et al. 1997), thgrathclyde, UK) software running on a Dell 386 or Pentium PC. T
correlation betweenrl and o5 subunit expression and bio-signal was filtered at 2.5-5 kHz and digitized at 1-10 kHz.
physical properties of the GABAergic mPSCs in individuabATA ANALYSIS. mPSC frequencwas determined in each neuro
cortical neurons was examined. Our data suggest that charfger® 30, 1-s current traces, filtered at 2.5 kHz, and digitized at 1 K
in a-subunit composition of synaptically localized GARRs using pCLAMP software. Individual events were counted when

contribute to the maturation of inhibition in developing corticamplitude was>20 pA (4-fold greater than the average RMS noi
level of 5 pA). mPSC biophysical propertiesere determined from

neurons. ) Sl ;
records filtered at 2.5-5 kHz and digitized at 5-10 kHz using SCA
The mean amplitude and 10-90% rise time were determined

METHODS averaging the values obtained frea50 single events in each neuron.

Decay kinetics were evaluated by two different measures. The T5

value was defined as the time required for the ensemble ave
Primary neuronal cultures were prepared from mouse somatosgi?SC from each neuron to decay to 50% of the peak amplit

sory cortex as previously described (Li et al. 1997; Massengill et 4Hajos and Mody 1997). Second, the decay time constant for €

1997). Briefly, PO mice (ICR, Harlan Sprague Dawley, San Diegoneuron was determined by fitting a single exponential to the fall

CA) were anesthetized by hypothermia before decapitation. The braimase of the ensemble average mPSC.

was removed, and pieces of the somatosensory cortex were dissected

out and treated with papain (10 U/ml) for 30 min at 37°C. The tiss i i i

was mechanically dissociated, in neurobasal medium with B27 suL%l-eCtrOphySIOIOgy (acute slice preparation)

plements (NMB+ B27; Life Technologies, Gaithersburg, MD), using Neonatal mice age 8 and 20-23 days postnatal were used

sterile glass micropipettes. The cells were plated onto pdisine— electrophysiological recordings in an acute slice preparation as

Tissue culture

coated glass coverslips (Bellco Glass, Vineland, NJ) and maintaingdusly described (Hollrigel and Soltesz 1997; Hollrigel et al. 19983)8

in a 5% CQ incubator at 37°C overnight. The following day, coverBriefly, mice were anesthetized by halothane inhalation before Kkill
slips were transferred to dishes containing confluent nonneurobgl decapitation. The brain was removed and placed in ice-cold g
feeder cultures in NBM+ B27 or fed with media conditioned by genated (95% ©5% CQ,) artificial cerebrospinal fluid (ACSF) con-
feeder cultures. Coverslips were subsequently transferred to newing (in mM) 126 NacCl, 2.5 KCI, 26 NaHCQ2 CaCl,, 2 MgCl,,
feeder cultures or supplemented with fresh conditioned medium evédr5 NaHPQO,, and 10p(+)-glucose. Coronal brain slices preparg
3 to 5 days, and were maintained in this manner for up to 4 wk. with a vibratome tissue sectioner (Lancer Series 1000), were eq
brated for 1 h INACSF at room temperature before recording. Ind
vidual slices were transferred to a submersion recording chani
perfused with ACSF bubbled with 95%&% CO, containing 10uM
Neuronal cultures were rinsed with phosphate-buffered salidd®V, 5 uM CNQX, and 1uM TTX. The internal pipette solution
(PBS), fixed in 4% paraformaldehyde-PBS foh onice, washed in contained (in mM) 120 KCI, 20 NaCl, 2 Mggl0.1 CaCl, 1 EGTA,
PBS, and permeabilized in PBS containing 0.02% saponin, 0.05d 10 HEPES, pH 7.2. Blind whole cell recordings were obtained
NaN, for 30 min on ice. Incubation with the primary antibody at alescribed previously (Blanton et al. 1989) using an Axopatch-20

Immunocytochemistry

dilution of 1:1,000 (polyclonal anti-GABA antibody, Sigma) wasamplifier. All recordings, from neurons in layers V and VI, wele

carried out in 2% BSA-PBS containing 0.05% NadVernight at 4°C. performed at room temperature.
Incubation with the secondary antibody at a dilution of 1:200 (Texas

Red-conjugated anti-rabbit IgG, Vector Laboratories) was performegr_pcRr

in 2% BSA-PBS containing 0.05% NaNbr 2 h at room temperature.

Cultures were washed three times with 2% BSA-PBS after eachMice at P7, P14, P21,and P28 were anesthetized by halothan
incubation. To determine the mean incidence of GABA-positive neirhalation before decapitation. Brains were removed and the som
rons, cultures were viewed with Hoffman optics to count the totakensory cortex dissected free from the surrounding tissue. Total R
number of neurons in randomly chosen fields of view. Fluorescemts isolated from acutely dissociated cortical tissue and culty
illumination of the same fields was used to count the number néurons at 7, 14, 21, and 28 DIV, by a single step method (Ch
labeled neurons. The mean percentage of GABA-positive neurons wagnski and Sacchi 1987). First strand cDNA was synthesized
determined from counts obtained from five fields on seven or moreverse transcription of 100 ng total RNA as described (O’Dowd et
coverslips at each developmental stage. 1995).RT-PCR amplification of1, a2, a3, a5: PCR products were
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3288 DUNNING, HOOVER, SOLTESZ, SMITH, AND O’'DOWD

TABLE 1. Primers used in RT-PCR

Primer Nucleotide Fragment
Subunit Set Primer Sequence Position Size
al* Outer f1: 5'-CCA GTT TCA GAC CAC GAT ATG GAG-3 380-403 285 bp
Outer rl: 5’-GAA GTC TTC CAA GTG CAT TGG G-3 664-643
Inner f2: 5'-TTC AAA GGA CCC ATG ACA GTG C-3 455-476 150 bp
Inner r2: 5’-AGT GCC ATC CTC TGT GAT ACG C-3 604-583
a2* Outer f1: 5’-CGA ATC CAG GAT GAT GGA ACA TTG-3 481-504 147 bp
Outer rl: 5’-TGT GAC TTC TGA GGT TGT GTA AGC G:3 627-603
a3* Outer f1: 5'-CGA CAA GAA CCT GGG GAC TTT G-3 277-298 329 bp
Outer rl: 5’-GCC AGA AGA TTG TTC AGT GGA AGG-3 605-582
abt Outer f1: 5-GCG AAC AGA CAT CTA TGT TAC CAG C-3 544-568 229 bp
Outer rl: 5-CTT GTT GGG TGT CGT CAT GTT G-3 772-751
Inner f2: 5-TTC CGT CAA AGC TGG AAA GAT G-3 617-638 113 bp
Inner r2: 5-TTG TGG AAG AAT GTG TCT GGG GTC-3 729-706

* Mouse; Genbank accession no. M86566; Wang et al. (1992).
T Rat; Genbank accession no. X51992; Malherbe et al. (1990).

amplified in separate single round RT-PCR reactions, using primegocortex, GABAergic mPSCs were examined in cortical n

pairs specific for each of the four distinct GARR a-subunits (Table rons during early postnatal development, both in vivo and]in
1). PCR parameters for amplification were as follows: 1 cycle at 943Girg. A previous study from our lab demonstrated thiat

for 1 min, 20 cycles at 94°C for 30 s, 55°C for 1 min, and 72°C foG
1.5 min, and a final elongation cycle at 72°C for 6 min. The identitx
of each of the PCR products was confirmed by sequentlodfiplex

ABA ,R-mediated currents could be recorded from corti

ers were radiolabeled by a T4 DNA kinase reaction (Promega) wigerved in the majority of cultured neurons examined (FAy. 1
P-ATP (NEN-DuPont), and-5 X 10° cpm of **P-labeled primer These were mediated by GABARs based on the demonstra

was added to the PCR. The radiolabeled PCR products were separggd that the mPSPs and mPSCs were reversibly blocked
by electrophoresis on a nondenaturing 8% polyacrylamide gel. QUE}V‘

titative analysis was performed using a phosphorimager (Molecu

Dynamics, Sunnyvale, CA). utamate receptor antagonists CNQX and APV (Fig. 1A).

addition, the mPSCs exhibited a reversal potential near
. . calculated chloride equilibrium potential {E= —2 mV) as
Single-cell multiplex RT-PCR expected for currents mediated by activation of GARBRS

Analysis of GABA, receptora-subunit mRNA expression was (Fig. 1B).
performed on RNA harvested from single cells as described (Massen-
gill et al. 1997). Briefly, after whole cell electrophysiology, mild . . .
suction was used to aspirate the contents of the cell into the tip of E,eqllJenpy c_)f QABAe:jgl_c mPSCs in cortical neurons
recording electrode that was then expelled into a tube containifi§V€!OPING IN Vitro and in vivo
reverse transcription buffer. First-strand cDNA synthesis was initiated

by the addition of 100 units of Moloney murine leukemia virus CGABAergic mPSCs could be recorded from some neurgns

(MMLV) reverse transcriptase (Life Technologies), and the reactid¥® €arly as the third day in culture (3 DIV). However, becayse
was allowed to proceed fal h at37°C. After termination of the Of the low incidence of observing neurons with these currents

reaction, the resulting cDNAs for thel- and thea5-subunit of the at 3—4 DIV, quantitative analysis of GABAergic mPSCs in t

GABA LR were co-amplified in a multiplex PCR reaction, using twdirst postnatal week was limited to cells between 5 and 7 D|V.
rounds of amplification, with distinct sets of nested primers specifin this age range, GABAergic mPSCs were recorded frgm
for a1 anda5 (Table 1). First round PCR parameters for co-amplifi-_ 7504 of the neurons examined (FigAR From the second

cation ofal anda5 were as follows: 1 cycle at 94°C for 1 min, 40
cycles at 94°C for 30 s, 55°C for 1 min, and 72°C for 1.5 min, and
final elongation cycle at 72°C for 6 min. The first round products were
diluted at 1:1,000 and amplified in a second-round under the followir )
conditions: 1 cycle at 94°C for 1 min, 40 cycles at 94°C for 30 s, 54° g from <1 _HZ at 5_7_ DIV up to 8 Hz at 4 wk (Fig. B and

for 1 min, and 72°C for 1.5 min, and a final elongation cycle at 72°€)- A large increase in the frequency of GABAergic mPS
for 6 min. PCR products were labeled by inclusion3P-labeled also occurred in cortical neurons developing in vivo. Reco

week on, GABAergic mPSCs were present in nearly all of

primer, separated by gel electrophoresis, and analyzed on a pHogs from neurons in slices preparedPatrevealed an average

phorimager. mPSC frequency of 0.1% 0.04 Hz (meant SE,n = 9) as
compared with 2.7 1.01 Hz (meant SE,n = 5) in neurons
RESULTS examined in slices made from animalsR#0-23.

To determine whether developmental changes in the number
To determine whether there are maturational changes in tifeGABAergic neurons might contribute to the increase db-
properties of GABA R mediating synaptic transmission in theserved in the mPSC frequency, staining with anti-GABA gn-

eurons in brain slices as early as the day of birth (Agmor] et

RT-PCR amplification okl anda5: Co-amplification of the products al. 1996)' Here we o_lemonstrate that GA'B%S also mediate
for a1 anda5 was accomplished by combining the individual primefunctional transmission between cortical neurons, harvegt
sets in a single round RT-PCR reaction using the same amplificatff@m PO mouse somatosensory cortices, grown in dissocigt
conditions stated above. cell culture. Fast, action potential (AP)—independent posts

In both the single and multiplex RT-PCR reactions, forward primaptic potentials and currents (mPSPs and mPSCs) were

€eu-

al

e

C, a GABA,R antagonist, but were not affected by th

feurons examined (Fig.A3. A progressive change in th¢
erage frequency of GABAergic mPSCs was observed, rgng-|
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GABAERGIC MPSG IN DEVELOPING CORTICAL NEURONS 3289

A
GABAergic mPSPs GABAergic mPSCs
TTX+CNQX+APV
-70 mvV
TTX+CNQX+APV
+BMC

TOMY o . s b et Fic. 1. GABA,R mediate miniature postsynaptic potentia

and currents (MPSPs and mPSCs) recorded from cultured

TTX+CNQX+APV tical neurons. Asuperimposed traces (4 1-s sweeps) of mPS
Wash (left) and mPSCsright) obtained from 2 cultured neurons at 2

DIV at a holding potential of—=70 mV in the presence of

70 my m 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)(—)-2-amino-
5-phosphonopentanoic acid (APV), and tetrodotoxin citrg
5mv 40 pA (TTX). The mPSPs and mPSCs were reversibly blocked by b

|_m |—L application of 2uM (—)-bicuculline methochloride (BMC)B:

200 ms 200ms  the MPSCs are inward at negative holding potentials and g

ward at positive holding potentials. A plot of the average mP§

B amplitude vs. holding potential, fit with a linear regressio
indicates anx-intercept of —4 mV, close to the theoretical

MMWAWWM ~ 100+ equilibrium potential for CI.
+35 mV <
o
= 50
C
omv g 0 /
K -50 :
MY A e S
$ -100-]
70 mv o :
AT T
|200 pA -80 -60 -40 -20 O 20 40

400 ms Holding Potential (mV)

tibodies was used to assess the percentage of GABA-positilexay time constant and the T50% values as a function of
neurons at different times in culture (Fig. 8,and B). The revealed a two- to threefold decrease during the first 4 wk
average percentage of GABA-positive neurons (15%) did notlture from>30 ms during the first 2 wk, te-15 ms during
change significantly between 1 and 4 wk in vitro (Fig2)3 the 4th week (Fig. 4B andC). The mean mPSC amplitude an
demonstrating that the developmental increase in mPSC frise time were determined by averaging the values obtai
guency is not a consequence of a change in the numberfroim 50 or more single mPSCs in each neuron. In contras
GABAergic neurons. the change in decay kinetics, there was no significant chang
either the mean amplitude or rise time of the mPSCs during
first 4 wk in culture (Fig. 4,D and E). The developmental
increase in the rate of decay of the GABAergic mPSCs in

absence of alterations in amplitude supports the hypothesis

To address the question of whether there may be alteratidggulation of channel properties, rather than simply an a

Biophysical properties of GABAergic mPSCs in cortical
neurons developing in vitro and in vivo

in the functional properties of synaptic GARRs, the bio- dependent alteration in electronic filtering, underlies this

physical properties of GABAergic mPSCs were assesseédange. . _ _ _

through analysis of 50—1,000 individual mPSCs recorded fromAnalysis of GABAergic mPSCs from neurons in acute slic
single neurons between 1 and 4 wk in culture. Qualitati¥epared from animals &8 and P20-23revealed ensemble
comparison of currents observed in old versus young neurgirage mPSCs with more rapid decay kinetics in the ol
suggested that the currents decayed more rapidly in the oldgFsus younger neurons (Fig=)4 The mean mPSC decay tim
neurons (Fig. 4A). Two independent measures were employ@stant was significantly faster (3.5-fold) B20-P23when

to quantitatively evaluate this potential change in decay kinéompared withP8 (Fig. 4G). Similar to the results in vitro,

ics. First, a decay time constant was determined by fitting #tere was no significant change in the amplitude of the

exponential function to the falling phase of the ensembfeABAergic mPSCs during this developmental period in vi
average mPSC in each neuron. Although the falling phase (6f9- 4H). These data suggest that changes in functional p
some individual mPSCs could be best fit by the sum of mogéties of synaptically localized GABRs contribute to devel-
than one exponential, the ensemble average in the vast majofigynent of inhibition in the rodent neocortex.

of neurons at all ages examined were adequately fit by a single . .
exponential (Fig. A). Second, the time for the mPSC to decagmp'dem sensitivity

to half-amplitude (T50%) was determined from the ensembleThe developmental increase il and decrease 5
average mPSC in each neuron. Examination of both the meaABA AR subunit expression in the rodent neocortex (G
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3290 DUNNING, HOOVER, SOLTESZ, SMITH, AND O'DOWD

A from 12 neurons at 4 wk revealed a significant increasq i

100 amplitude (23* 8%; P < 0.01, paired Student'stest) and
decay time constant (32 10%,P < 0.01, paired Student’s
t-test) following exposure to 300 nM zolpidem. A les
pronounced, but still significant, change was observed in
amplitude and decay time constant of neurons at 7 DIV (K
5, B and D). Zolpidem (300 nM) enhanced the mPS
L amplitude by 14+ 6% (P < 0.05, paired Student’stest)
5.7 814 {521 2298 and decay time constant by 2t 5% (P < 0.01, paired
Ade i Student’st-test) in the 16 cells examined at 5-7 DIV.
ge in Culture (DIV)

7 DIV e Vh‘-—- : "

14 DIV vy * "

21 DIV WW

Incidence Rate (%)
2
|

28 DIV
120 pA
200 ms
C

N

L

>

5}

c

[}

S

o

o)

(TR

Q

wn

o

S

5-7 8-14 15-21 22-28

Age in Culture (DIV)

Fic. 2. Developmental increase in incidence and frequency of GABAergic
mPSCsA: the incidence rate (percentage of neurons with mPSCs/total number
of neurons sampled) is plotted as a function of age. The mean in each age
group represents the average incidence calculated from 5 or more experiments
in which a minimum of 3 neurons were sampled in each experiniént.
representative recordings of mPSCs from 4 different neurons at the indicated
ages at a holding potential 670 mV (2 superimposed 1-s current traces in

each sweep)C: the mPSC frequency was calculated for each neuron sampled,
and the average frequency is plotted as a function of age in culture. Error bars
indicate SE, and the number of neurons is in parentheses.
shani et al. 1997; Laurie et al. 1992; Paysan et al. 1994)
occurring over the same time period as the changes we
report in GABAergic mPSCs, suggests that developmental
regulation of these subunits may contribute to the matura-
tional changes in the functional properties of GABRs in
cortical neurons. To test this hypothesis we examined the 0
4 14 21 28

C

% GABA Positive
> o 8

w

sensitivity of the GABAergic mPSCs to bath application of
zolpidem, a benzodiazepine agonist with a high affinity for
recombinant GABARSs containingal-subunits compared Age (DIV)

with receptors Contamm@‘5'SUbun'ts (Faure'Ha”ey et al. Fic. 3.  Subpopulation of GABA-positive neurons in cortical cultures. Cy

1993; Macdonald and Olsen 1994; Pritchett and Seebuiiges were fixed, stained, and visualized by indirect immunofluorescence using

1990). Exposure of a neuron at 28 DIV to 300 nM zolpideran anti-GABA antibody A: photomicrograph of a typical culture fixed at
caused a reversible increase in the amplitude of the ensdM. and viewed with Hoffman modulation contrast opti&. epifluorescent
ble a}verage mPSC (FlgA5 There was also a re\/(:"I‘Slblebar, 20 um. C: quantitative analysis of the percentage of GABA-positi
slowing of the decay time constant, from 8.4 to 13.0 mS, Keyrons during the 1st 4 wk in vitro reveals no significant change during

this same neuron (Fig.&. Evaluation of mPSCs recordediime period. Bars indicate SE.

illumination identifies 2/9 of the neurons as GABA-positive neurons. Schl
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Culture
A B
T=16.5ms —
28 DIV r500=15.0 ms £
~A £
8
7]
c
Q
3]
10ms 2 .
= FIG. 4. Increase in rate of decay o
T=426ms % GABAergic mPSCs during development if
7DIV T50% = 40.0 ms &} vitro and in vivo.A: ensemble average mPSC]
. ’ 8 : L (solid lines) recorded from 2 representativ
,:" 57 814 1521 22-28 neurons at 7 and 28 DIV. Traces were normg
ized to a unitary amplitude. A single exponen
Age in Culture (DIV) tial (dashed lines) with the indicated deca

time constant+) is fit to the dataB: the mean
mPSC decay time constant decreases sign
cantly as a function of increasing age in cultur,
(ANOVA; P < 0.0001).C: in the same popu-
lation of neurons, the mean T50% also dg
creases significantly as a function of age i
culture (ANOVA; P < 0.0001).D andE: no

O
O
m

tude or the 10-90% rise time in these neuron
F: ensemble average mPSCs (solid lines) r
corded from 2 representative neurons in slic
prepared from the somatosensory cortices
L mice at 8 and 23 days postnatal. Traces we
57 8-1415-2122-28 5-7 8-14 15-2122-28 5.7 8-14 15-2122-28  normalized to a unitary amplitude. A singlq
. exponential (dashed lines) with the indicate)

Age in Culture (DIV) Age in Culture (DIV) Age in Culture (DIV)  decay time constantis fit to the dataG: the

mean mPSC decay time constant is signif

SI ice cantly slower in the neurons exam_ined in slicq
= G H at postnatal day 8A8) compared WItIPZQ -23
(P < 0.01, Student’s-test).H: the amplitude

for this same population of neurons was sim
lar at the 2 different ages. Error bars indicaf
SE, and the number of neurons is in pare
theses.

Amplitude (pA)
10-90% risetime (ms)

P23,T=11.8ms
~

>

P8, T=30.7 ms

Amplitude (pA)

10 ms

Decay time constant (ms)

8  20-23 8  20-23
Postnatal Age Postnatal Age

To further explore differences in the sensitivity of neurons tdlaturational changes in GAB&R «-subunit expression
zolpidem, we plotted the percent change in decay kinetics and ) . ) )
amplitude as a function of zolpidem concentration in neurons T0 determine whether an increase in expressiasloénd/or
at 5-7 versus 22-28 DIV (Fig. & and F). The mPSCs & decrease in expression ab-subunit mRNA is likely to
recorded from neurons in both age groups show a dose-dep@Hitribute to developmental regulation of GARR function,

dent increase in their decay time constant. However, the sifigmiquantitative RT-PCR analysis was used to examine |ex-

to the left in the curve generated from the older neuromi$€ssion of these subunits in neurons developing both in v

demonstrates a developmental increase in sensitivity to zolpRd in vivo. The expression of the individual subunits wps
dem with a significant difference observed at 30 nM zolpideassessed in separate RT-PCR reactions using 100 ng total RNA

(P < 0.05, unpaired Student’stest; Fig. 5E). We were not prepared from cultures at 7, 14, 21, and 28 DIV (FigA6C,
able to determine whether there was an age-related differeael E). Twenty cycles of amplification using an end-labels
in the amplitude enhancement due to the relatively large vafdrward primer generated PCR products within the linear ra
ability observed in the neurons at both 1 and 4 wk (Fig).5 of amplification when quantified on a phosphorimager. RN

Taken together, these data suggest that while zolpidem sehsirvested from at least three different platings, for each of the

tive subunits (e.g.,al) contribute to formation of the developmental ages, was used to quantitatively assess|

GABA ,Rs mediating the mPSCs at all ages, their contributiarlative changes in expression of the subunits during the first 4

increases during development. wk in culture. The most pronounced change was a six-

significant change was observed in the ampli
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A 28 DIV B 7 DIV
Wash Pre-zolpidem
Pre-zolpidem Wash .
300 nM zolpidem 300 nM zolpidem

| 20 pA 20 pA
5 ms | 25ms_ Fic. 5. Zolpidem reversibly increases

mPSC amplitude and slows decay in cu

C D tured neuronsA andB: 3 superimposed en-
semble average mPSCs recorded from sing

Wash Pre-zolpidem neurons, 28 and 7 DIV, before (Pre-zolpi

Pre-zolpidem Wash dem), during (300 nM zolpidem) and afte|
300 nM zolpidem 300 nM zolpidem  (wash) bath application of zolpidem demont

strate an increase in mPSC amplitude in th
presence of zolpidenC andD: the revers-
ible slowing of the decay time constant by
zolpidem is more clearly visualized in thes
2 neurons when the ensemble averages
normalized to the peak current amplitude.

5ms 25 ms

m
M

100 plotted as a function of bath concentration g
o o~ o 40 zolpidem.F: the percent change in the am
© S 80 57Div M 3 > plitude is plotted as a function of bath con
B € 20.28DIV @ o = 30 centration of zolpidem. Each data point reg
© O go o 5 resents the mean value determined fro
a o 8 O 20 3-17 neurons. Error bars indicate SE.
o & o
i 401 o E
[0} c -
8 .g- = 8 10
= i o 2
&\o, <—’3‘ 20 [ % 0]
) N
3 & 09 g & -10-
20— -20 —— T
1 10 100 1000 10000 1 10 100 1000 10000
Zolpidem Concentration (nM) Zolpidem Concentration (nM)

eightfold increase in the expression @1 between 7 and 28 However, consistent with our analysis of RNA from who
DIV (P < 0.01, paired Studentistest; Fig. 6C). A decrease inculture, the frequency of encountering a single neuron in wh

a5 expression occurred over this same time pere<(0.02, only o5 was detected decreased with age in culture, whe

paired Student'$-test; Fig. &). Using identical amplification the frequency of encountering neurons in which oaly was
conditions and 100 ng total RNA, a similar developmentaletected increased with age in culture (Fig).7These data
change was observed in the expression of dfle and a5- suggest that changes in the relative expressiombf and
subunits in RNA prepared from the somatosensory corticesa-subunits contribute to changes in the GABAergic synay
mice fromP7-P28(Fig. 6,B, D, andF). RT-PCR analysis of currents in developing cortical neurons.
two additional subunitsp2 and a3, demonstrated that, al-
though these were expressed throughout the developmegi@ybunit expression in single neurons is correlated with
period examined, no significant change in expression Wa$sc decay kinetics
consistently observed either in vivo or in vitro (data not
shown). To examine the relationship betweansubunit expression
In these initial experiments, RNA was prepared from botiand the rate of decay of mPSCs in individual neurons, c¢
somatosensory cortical tissue and dissociated cell cultures tiwate grouped into three categories based on the PCR prog
are composed of a mixed population of cells including neuroasplified (i.e.,a5 only, a1 + a5, andal only). A represen-
and nonneuronal cells. To determine whether the changedative GABAergic mPSC from single neurons in each of t
al- anda5-subunit expression were representative of change€R categories is shown in FigA8Cell 1,in which only a5
occurring in the neurons, we used a single cell multiplexas amplified had a relatively slow decay time const@l
RT-PCR approach to assess the expression of both subunit® éxpressing botlxl anda5 had an intermediate rate of deca
single neurons at different ages in culture. After two rounds afhereasell 3,in which only a1 was amplified, had the fastes
amplification using nested primers, PCR products representiiage of decay. Analysis of all the neurons in which at least d
al and/ora5 were amplified from the majority of neuronsPCR product was amplified revealed that the decay time ¢
between 7 and 28 DIV (70/104), in which GABAergic mPSCstant in cells in which onlya5 mMRNA was detected was
were recorded. Regardless of developmental age, dbtiind significantly slower than in those cells in which ontyl
ab products were amplified from most neurons (Fidh).7 mRNA was detected (Fig.B. This was not simply an age

the percent change in decay time constant|i
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A Age in Culture (DIV) B Postnatal Age (Days)

i 14 21 28 7 14 21 28
- =i - -eee

- - IR T -

1000
800
600

o1(% P7)

400
200

O_

o5 (% P7)

7 14 21 28 7 14 21 28
Age in Culture (DIV) Postnatal Age (Days)

FIc. 6. Developmental changes in GARR al- anda5-subunit mRNA expression in vitro parallel changes occurring in vivo.
A: autoradiograms from 2 experiments in which reverse transcription-polymerase chain reaction (RT-PCR) was used to assay the
relative levels of expression ofl- or «5-subunits in RNA isolated from cultures at the indicated aGesndE: in single RT-PCR
experiments a phosphorimager was used to determine the amount of product amplified for eachwspeifiit in RNA harvested
from cultures at the indicated ages. The data at 14, 21, and 28 DIV are presented following normalization to the amount of product
amplified in a concurrent reaction using RNA harvested at 7 DIV. Mean values represent determinations made from at least 2
independent PCR reactions on 3 separate pools of RNA prepared from cultures at the specified days in vitro, for eadB:subunit.
expression okl mMRNA increases as a function of age in culture with the peak levels at 21 DIV that are approximately 8-fold higher
than those observed at 7 DIE: o5 expression is similar at 7 and 14 DIV but decreases 39% of this value by 28 DIVB:
autoradiograms from 2 experiments in which RT-PCR was used to assay the relative levels of expreski@r ab-subunits in
RNA isolated from somatosensory cortices harvested from animals at the indicated postndedagfe: developmental changes
in subunit expression in vivo quantified using the same method descriliédmd E. Mean values represent determination made
from independent PCR reactions on 3 separate RNA preparations at each postnatal age. Changes in expfieasid®soin vivo
are similar in direction and magnitude during development in vitro. Error bars indicate SE.

dependent phenomenon because a similar correlation was éurons in the first week, suggest thdtsubunits contribute to
served when analysis was restricted to neurons in the thieteptors mediating the mPSCs as early as the first postr
week in culture (Fig. 8). In contrast, there was no correlatiorweek. However, developmental increases in zolpidem se
betweena-subunit expression and mPSC amplitude (data nidity, mPSC rate of decay, and the ratio of GABR a1 to

shown). These data support the hypothesis that an increaseSnrsubunit mMRNA, suggest that an increase in the proportjon

the ratio of al:a5-subunit expression contributes to an inef synaptic GABARs containingal-subunits contributes tg
creased rate of decay in the GABAergic mPSCs. the maturation of GABAergic transmission in mouse cortig
neurons.

DISCUSSION
Maturation in the functional properties of GARRS

This study documents changes in the kinetic properties gfediating synaptic transmission in cortical neurons
GABAergic mPSCs in mouse cortical neurons during the

first postnatal month, both in vivo and in vitro, indicating Previous studies have provided evidence of developme
that functional alterations in active, synaptically localizedhanges in the functional properties of synaptically localiZ
GABA ,Rs contribute to development of inhibition in the roo.GABA,Rs that are likely to contribute to development

dent neocortex. Sensitivity of young cultured neurons to loimhibition in the mammalian CNS. In cerebellar granule cel
concentrations of zolpidem and the expression of GARA the fast exponential component of the decay phase of spo
al-subunits, in RNA harvested from cortical tissue and singteeous inhibitory postsynaptic currents (IPSCs) becomes n
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A 7 DIV 28 DIV
R mc 1 2 3 4 5 6
al > - - - -
5> . ae
B
O «5only [0 aS5+al B «!lonly
60
(38) (41) (24)
50
S 40
o
[;o 30
20
10
0 T
7-14 DIV 15-21 DIV 22-28 DIV

prominent, and the IPSC amplitude decreases during the edidy that alterations in sensory stimulation may trigger, dired
postnatal period (Tia et al. 1996). A dramatic increase in tloe indirectly, the changes in GABR function. Our results
mPSC frequency and a twofold decrease in the decay timefiwfm cortical neurons illustrate changes in mPSC freque
the ensemble average mIPSCs, in the absence of a changenith kinetics that are similar to those reported in dentate gra
mIPSC amplitude, has been observed in dentate granule cedils, suggesting that the factors influencing development
in rats betweeir0—P14and adult (Hollrigel and Soltesz 1997).these properties might be similar in neocortex and hippoca
In both of these cases, a temporal correlation between eyes. However, the observation that the temporal sequence
opening/exploration of the environmeftl(4) with the changes direction of the changes in GABAergic mPSCs in cortig
in properties of the GABAergic currents has led to the suggeseurons developing in dissociated cell culture are similar,

A

R

al .
ab . “

Age in Culture (DIV)

Cell

mc 1 2 3

B 7.o8DIV C
40
(15)

30
'g (40)
£ 50 = (©)
=
]
|—

10

0 T T
ab ab+al al

a-subunit mRNA

10 ms

Cell31=10.1ms  diogram of the PCR products amplifieg
Cell2t=20.7ms from RNA (R) harvested from a whole
Cell1t=443ms culture and from 3 individual neurons in

Fic. 7. Developmental change in the frequency of single

neurons in which onlyal- or only a5-subunit mMRNA was
detected. Products unique farl- and/or a5-subunit mRNA
were amplified following reverse transcription and 2 rounds
multiplex PCR amplification using 2 nested primer sets spec
for the different subunitsA: autoradiograms of the product:
amplified from RNA harvested from cultures at 14 DIV (R) an

from 3 representative neurons at 7 and 28 DIV. Both suburlits

are amplified in the whole RNA sample as well as 2 of tl
single neurons at 7 and 28 DIV. In contrast, onl§ was

amplified fromcell 1at 7 DIV, and onlyal was amplified from
cell 6 at 28 DIV. Experiments were accepted for analysis on
when media controls (mc), assayed every 3-5 cells, were n
ative. B: the majority of neurons sampled in each age gro
expressed botll anda5 mRNA. However, the frequency of
cells in which onlya5 was amplified was highest between 7 ar
14 DIV, whereas the frequency of cells in which onlt§ was
amplified was highest at 22—-28 DIV. Numbers in parenthes
indicate number of neurons sampled at each age in which
least 1 PCR product was amplified.

Fic. 8. Correlation between expressio
of a-subunit expression and mPSC decd
time constant in single neuronA: autora-

RT-multiplex PCR reactions. Media con
trol (mc). The averaged mPSCs (soli
lines) for these same cells are shown to t
right, along with their single exponential
fits (dashed lines) with the indicated deca
time constant<). Traces have been normal
ized to the same peak current amplitud
Cell 1, in which only a5 was detected, had
the slowest decay time constant, where
cell 3,in which only a1 was amplified, had

the fastest decay time constaBt. popula-
tion analysis of all the neurons between
and 28 DIV revealed that the average decd
time constant in neurons in whickb only
(2 was detected was significantly longer thal
that seen il + o5 (ANOVA; P < 0.01
Fishers PLSD) and inal neurons
(ANOVA; P < 0.001, Fishers PLSD)C:
analysis of neurons between 15 and 21 daj
revealed a similar correlation between d¢g
cay time constant and-subunit expression

15-21 DIV
40
(5)

30
w (16)
E T
S 20
@
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0 T T
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group. Error bars indicate SE, and numbe|
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that seen in vivo demonstrates that alterations in sensory inpupression also contribute to alterations in GABAergic traps-
are not necessary to initiate the change. mission in cortical neurons. First, an increase in the sensitiyity
Although GABAergic mPSCs get faster during the first 4 wkf mPSCs to bath application of zolpidem during developmént
of development, the magnitude of the change we observed vimitro is consistent with an increase in the contribution pf
greater in cortical neurons maturing in vivo versus in vitro. A1-subunits to GABARs mediating synaptic transmissiof.
number of variables may contribute to this difference. It i8lthough we did not investigate the pharmacological propgr-
possible, for example, that although the signals necessary ties of neurons developing in the animal, a recent study dem-
initiating the changes in GABAR function are intrinsic to the onstrates that zolpidem, at room temperature, enhances poth
cortex, or even cell autonomous, additional factors importantiine amplitude (38%) and the duration (63%) of the mIP$C
completion and/or maintenance of the more differentiated stageorded from layer V pyramidal neurons located in the visgial
may be absent in the cultures. Recent studies have also deprtex of rat (Perrais and Ropert 1999). These latter studlies
onstrated differences in the decay kinetics of GABAergic sIRvere done in slices obtained from animalPa5-25,and the
SCs between pyramidal and interneurons in the rodent cortexagnitude of the modulation by zolpidem is consistent wjth
providing evidence of cell-specific expression of functionallthat seen in our older age group. Second, the striking incrgass
distinct GABA,Rs (Xiang et al. 1998). In the present studyin the level ofal mMRNA expression suggests that an incregse
GABAergic mPSCs were recorded from randomly selecteéd the number ofx1-subunit—containing receptors contributgs
neurons in the culture dish and within layers V and VI in th# the increase in mPSC frequency that occurs during the same
slice preparations. Thus sampling from different subpopuldevelopmental period. Finally, our single-cell RT-PCR analy-
tions could also contribute to the differences in mean mP3( supports the hypothesis that a relative increase in expregsion
decay time between neurons examined in culture and sliceof al:a5 is important in the functional maturation of the decay
kinetics of synaptic GABARS.

a1-Subunits contribute to functional GABAergic mPSCs In addition toal andas5, a2—«4 are also expressed in th
during the first postnatal week developing _rodent neocortex. A recent report demonstra ing
that the majority of single pyramidal neurons in slices of the

Zolpidem has been a useful tool in gathering informatiovisual cortex expressed more than two, and as many as |figg
regarding the subunit composition of native receptors. Sen&l-a5) GABA,R subunits (Ruano et al. 1997), raises t
tivity to modulation by low concentrations of zolpidem suggesjuestion of the role of other-subunits in maturational chang
that «1-subunit containing receptors contribute to the GABANn the GABAergic mPSCs. Developing cultured cortical n
evoked currents or IPSCs in a variety of cells including dentatens showed little change in expression aff- and o3-sub-
granule neurons (De Koninck and Mody 1994; Soltesz amhits, making it unlikely that these subunits contribute to t

cortical neurons (Gibbs et al. 1996; Perrais and Ropert 19984-subunits, that were not monitored in this study, may cqre
A reversible increase in the mPSC amplitude and a slowingtiibute to maturation of the GABAergic mPSCs based on
the decay time, induced by bath exposure to zolpidem (3@€port of an increase im4 mMRNA expression during earlyf &
nM) in the population of neurons examined between 5 andpdstnatal development in the mouse somatosensory cdri®
DIV, demonstrate that BZ1-sensitive receptors contribute {Golshani et al. 1997) . §
the GABA,R-mediated synaptic currents in the first week. In IS
addition, our single-cell RT-mPCR analysis revealed that boftactors important in regulating the development of
al- anda5-subunits could be amplified from the majority ofGABAergic synaptic transmission

neurons examined, even in the youngest age group. Thes . L i
findings suggest thatl-subunits cogtribugtie to thge fo?matri)on of Eortical function is critically dependent on the normal mat-

X - . ration of the intrinsic membrane properties of its compongnt
functional receptors mediating GABAergic mPSCs as early . L [
the first postnatal week. ﬁgurons and the pattern of excitatory and inhibitory conngc

tions formed between the individual neurons. In the presgnt
study, comparison of the development of cortical neurong in

Evidence that changes in GARR a-subunit expression  dissociated cell culture with those developing in vivo resulted
contribute to the development of GABAergic transmission iin identification of functional and molecular properties of the
cortical neurons GABAergic synaptic transmission system that can develog in

. . . .. the absence of the normal pattern of afferent and efferfent
An increase in the expression of taé GABA,R subunit @nnections. However, it is clear from a number of studies that

has been shown to play an important role in developmen tterns of innervation (Paysan et al. 1997) and receptor acti-
changes in inhibitory synaptic currents in cerebellar gran

. ) R tion (Poulter et al. 1997) can regulate GAER subunit
nelurons (Tia e_tg_l.l?%,zr_lu et al.l(;)%)i StUd'e‘?’ n r}'pgoca'&pression in developing cortical neurons. Thus continyed
ﬁ% drl]?z;irr?nSGIRBIZ?RGimaendi:;[g:jeistﬁrer?tz e(;]ucgi'no rﬁgtg'ra?irgnég}ploration of the functional and molecular properties [of
consistentgwith the hypothesis that an increasag]iFsubunit— GABAARs mediating synaptic transmission in developing cer-
tical neurons, under a variety of conditions, will be important

containing' receptors contriputes to the developmenta_ll chan ?dentifying environmental and genetic factors that can |n-
observed in the GABAergic synaptic currents (Hollrigel an uence GABAergic synaptic transmission in cortical neuroms.

Soltesz 1997; Kapur and Macdonald 1999; Rovira and Ben-

1993). In this study, we present three lines of evidence supThe authors thank A. Agmon for comments on the manuscript and|B.
porting the hypothesis that developmental changessnbunit Nicolas for expert technical assistance.
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