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Huntsman, Molly M. and John R. Huguenard. Nucleus-specific during thalamocortical oscillations, this intranuclear pathway
dlﬁgrences in GABA -receptor-mediated .|nh|b|t|on are enhanceqlnay prevent the pathological hypersynchrony of absence epi-
during thalamic developmend. Neurophysiol83: 350-358, 2000. |ensy  although intracortical mechanisms are also likely to be

Inhibitory postsynaptic currents (IPSCs) mediated by GABAcep- . : . .
tors are much slower in neurons of the thalamic reticular nucle portant in the genesis of such synchrony (e.g., Steriade and

(RTN) versus those in the ventrobasal complex (VB) of young rafsontreras 1998). The synaptic properties of RTN neurons

Here we confirm and extend those findings regarding GABA- indicate that these sparse intra-RTN connections, are compen-
sponse heterogeneity especially in relation to development. Whelated functionally with long-lasting GABAreceptor-medi-

cell patch-clamp recordings were used to investigate GABfon- ated inhibitory postsynaptic currents (IPSCs). These IPSCs
VB cells of different aged rats. Consistent with earlier findings, slPS&l 1997) and are differentially modulated by GABAeceptor

duration at P8—-12 was considerably longer in RTN (weighted dec ) .
fime constantry, = 56.2 + 4.9 ms; meant SE) than in VB ﬁéands (Akk et al. 1997; Huguenard and Prince 1994). These

(To.w = 15.8+ 1.0 ms) neurons. Decay kinetics in RTN neurons digroperties are likely the result of nucleus-specific expression of
not differ at P21-30 (45.5: 4.7 ms) or P42—60 (51.6 10.6 ms). In GABA, receptor subunits in the thalamus (Fritschy and
contrast, VB sIPSCs were significantly faster at both P21+3Q(= M®dhler 1995; Huntsman et al. 1996; Wisden et al. 1992).
10.8 = 0.9 ms) and P42—-60r§ ,, = 9.2 = 0.4 ms) compared with  GABA , receptor heterogeneity and function is determined
P8-12 animals. IPSCs displayed differential outward rectification aﬁ%imately by the combination of subunits within a pentameric
temperature dependence, providing further support for nUC|eus'S$ﬁloride ion channel (Macdonald and Olsen 1994). Subunit

cific responsesr, increased with membrane depolarization bu _ . . .
with a net Iarger%\léfvect in VB. By contrast, ., was always smaller MRNAs exhibit strict regional expression throughout the CNS

at higher temperatures but with relatively greater difference observdyisden et al. 1992), and in the thalamus, the distribution is
in RTN. Thus nuclear differences in GABAIPSCs are not only specific to individual nuclei (Huntsman et al. 1996). In addi-
maintained, but enhanced in the mature rodent under physiologitiain, thalamic GABA, receptor subunits are regulated devel-
conditions. These findings support our hypothesis that uniggpmentally (Gambarana et al. 1991; Laurie et al. 1992; Poulter

G'.A‘.BAlA r%CEpté’rs. mefdiate S'o‘f""?’] dehcalying RTN .'Pﬁ_ﬁ.s that are g 51 1992). In most thalamic nuclei, there is a developmental
critical and enduring feature of the thalamic circuit. This promotes . '
powerful intranuclear inhibition and likely prevents epileptiforne;turnover of subunits somewhere between postnatal day 6 (P6)

thalamocortical hypersynchrony. and P12 (Laurie et al. 1992). However, there are exceptions to
this switch, especially in the RTN, where expression of the
early postnatal subunits remain in the adult animal (Fritschy
INTRODUCTION and Mdler 1995; Huntsman et al. 1996; Laurie et al. 1992;
) . ‘Wisden et al. 1992).

The reticular nucleus (RTN) is composed of GABAergic previous studies have shown that differences in kinetic prop-
neurons andlprOVIcljles_ neharly g” of the lnl?lbltcl)ry neulro'[r(e\‘/”%'rties of IPSCs recorded in VB and RTN are likely due to
mission to relay cells in the rodent ventrobasal complex (VRystinct combinations of native GABAreceptors (Zhang et al.
(Benson et al. 1992; Houser et al. 1980; Ohara and Lieber 7). However, these experiments were carried out in young

1993; Williams and Faull 1987). RTN neurons send a majgiy; 15 (pg_p12) and thus during the proposed developmental
projection to relay nuclei and receive extensive innervation

from collaterals of corticothalamic and thalamocortical fibe witch in _subumt composition. To det_ermlne if de_velgpmental
(Jones 1975). However, they also are connected internally anges in receptor isoforms result in altered k|_net|g: proper-
each other through sparse axon collaterals and dendrodendﬁﬁé’ spontaneous and evoked IPSCs were StUd'ed. n thg ma-
connections in rodents and cats (Cox et al. 1996; Demehet '11NJ and adult rat. In the present study, the biophysical
al. 1985: Pinault et al. 1997: Scheibel and Scheibel 1966: \(BFP(lé?ert“tehS of %‘.’ftfh Spct’”ta”e_ous and f"o"ted ”?SCS were exam-
et al. 1985). The intra-RTN connections are critical for regyf€d ! three differen fgiges. ons egr Y, & (;i S Iz'igk?l wPeSn TZI -
lating inhibitory output and phasic bursting activity in rodent&°"Y hsynzpu_c acrt]lwty .|rsrt].can he etecte .reial g ( 0 ):
and ferrets (Huguenard and Prince 1994; Huntsman et al. 1046HCh is during the switch; another time point 11 days subse-

i . : ént to this switch (P21-30); and a final time point in the fully
Sanchez-Vives et al. 1997; von Krosigk et al. 1993). Thd:rgjature rat (P42—60). We also examined the effects of temper-

The costs of publication of this article were defrayed in part by the paymeg ure and voltage-dependent modifications of IPSCs in VB and

of page charges. The article must therefore be hereby maeidacbftisemerit N_neurons from a(_jult_ rats to provide further support for
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ functional heterogeneity in GABAreceptors.
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METHODS sion. GABAy receptors were blocked with Csand QX-314 in the
Preparation of thalamic slices internal pipette solution. In some cases, the identity of the GABA
P dependent IPSCs was confirmed by blockade with bath application of
All experiments were carried out in accordance with approve}p mm biCIUCU”.ine methiodide. ACC_eSS resistance of all recorded cells
procedures (Protocol 4450/0) established by the Administrative Paiilluded in this study were monitored constantly throughout each
on Laboratory Animal Care at Stanford University. In these expe@xperiment and only used for analysis if it wed4 M() and stable
ments, Sprague-Dawley rats of either sex were used from thi@8% tolerance) for the duration of the experiment.
different age groups: P8-12, P21-30, and P42-60. Animals were
anesthetized with an intraperitoneal injection of 55 mg/kg pentobanata analysis
bital sodium (Nembutal) until unresponsive. The anesthetized animals
were decapitated, and brains were blocked, removed and placed iPSCs were filtered at 1 kHz and stored in digitized form on
ice-cold, oxygen equilibrated (95%.,%% CQ,) choline chloride videotape (model DR484, Neurodata). Continuous records of sponta-
slicing solution for~2-3 min. The slicing solution consisted of (inneous events initially were collected with Axotape v2.0 (Axon Instru-
mM) 111 choline chloride (gH,,CINO), 26 NaHCQ, 10 glucose, ments, Foster City, CA), sorted with the customized software Detector
2.5 KCI, 1.25 NaHBPO,*H,0, 10 MgSQ*7H,0, and 0.5 V. 4.8 (J. R. Huguenard) and Metatape v14.0 (J. R. Huguenard) and
CaCl,*2H,0 and was adjusted to 290 mOsm. Horizontal slices wegfalyzed with Scan software (courtesy of J. R. Dempster). Back-
cut at a 200um thickness with a Vibratome (TPI, St. Louis, MO),ground root mean square (RMS) noise was determined from event-
hemi-sected, and submerged in preheated (32°C), oxygen-equilibreteg portions in the control record or from recordings in which sIPSCs
physiological saline [which contained (in mM): 126 NaCl, 2éhad been blocked with 1@M bicuculline methiodide. A software
NaHCQ,, 10 glucose, 2.5 KCl, 1.25 NaROQ,*H,0, 2 MgCL*6H,,0, trigger was set to only accept sIPSCs that were more than three times
and 2 CaCJ2H,0] for 1 h, and sections were allowed to cool to roonthe RMS level for that particular recording. Evoked responses were
temperature. collected with Clampex version 5.5.3 (Axon Instruments) and traces
were fit with Clampfit version 6.0.1 (Axon Instruments) and Metatape.
Data were analyzed with Origin (MicroCal Software, Northhampton,
MA) and Excel (v7.0, Microsoft). Instat (v2.03 GraphPad, San Diego,
Whole cell patch-clamp recordings were obtained similarly to o@A) software was used to measure significance of all biophysical
previous study with noted exceptions (Zhang et al. 1997). Recordinggrameters using Studenttgests, one-way ANOVA and Tukey-
were obtained from slices placed in a chamber with a continuosamer post hoc multiple comparisons test when one-way ANOVA
perfusion of physiological saline (2 ml/min) at room temperature. liests yieldedP < 0.05. The decay of averaged IPSQs & 50
some cases, the temperature was increased to 36°C by preheatingeats/cell) was fit to the following equatioh:= A,exp Y™ +
saline immediately before entering the recording chamber. A fie,e Y™ and weighted decay time constant (,) was determined by
temperature probe (Cole Parmer, Vernon Hills, IL) was placed withthe following formula:ry v = (Tp1A1 + 7 5 AN (AL + A)).
200 um of the recording electrode to assure accurate measurements of
the recorded cell. Recording pipettes were filled with cesium chlori e SULTS
adjusted to 7.3 pH and 290 mOsm. The solution contained (in mM)

135 CsCl, 5 lidocainé\-ethyloromide (QX-314), 2 MgCI2, 10 eth-  Neurons in the RTN and VB complex were identified by
yleneglycol-bis g-aminoethyl ‘etherN, N.N,N'-tetraacetate acid thejr position and morphology in the ventral and dorsal thala-
E\IﬁgTth:]%r:a}OSrfichgilds,(MS%.EaSqu]iJg;ﬁgydroxyethylpuperazme- mus. In horizontal sections, the RTN is positioned medial to

X ' ttl)}e large fiber bundle of the internal capsule and lateral to VB

Thalamic neurons were voltage-clamped at a holding potential o
—60 mV for continuous records of spontaneous and evoked inhibitg§?d Separated from the latter by the thin fiber bundle of the

events using a List-Medical Patch Clamp amplifier (model L/meXternal medullary lamina (Jones 1985). All recordings were
EPC7, Darmstadt, Germany). Neurons were visualized using a fix@@de=50 um within these borders for each respective nuclear
staged, upright microscope (Zeiss) equipped witkx@3 insulated group to guarantee recordings were obtained from identified
objective, infrared (IR) illumination, Nomarski optics and an IRneurons. An additional physiological criterion for cell identi-
sensitive video camera (COHU). Glass electrodes (KG-33 borosilicdigation was the demonstration of the characteristically slower
glass, 1.0 mm ID, 1.5 mm OD; Garner Glass Company, Claremofiactivation of the transient calcium current in RTN versus VB
CA) were pulled in four stages with a Flaming/Brown micropipett¢a\;rons (Huguenard and Prince 1992).

puller (Model, P-87, Sutter Instruments, San Francisco, CA). Al All GABA ,-receptor-mediated IPSCs were recorded from

micropipette electrodes had a final resistance between 2.0 and(3.3 . . . -
when filled with internal pipette solution. A bipolar tungsten electrodilﬂ-r'\I and VB neurons with cesium-chloride-filled electrodes.

(impedance 0.1-1 K1, FHC, Brunswick, ME) was placed in RTN to IPSCs reversed near the chloride equilibrium pote_ntlal).fs
activate neurons (0.5-2mA, 30-1Q%s) and evoke inhibitory re- MV) and thus were inward events at-60-mV holding po-
sponses. Voltage dependence was assessed by determining the f&éttial (Fig. 1). GABA\-receptor-mediated IPSCs were -so
fication ratio. For this purpose, amplitude,,, and charge were lated from GABA; and ionotropic glutamate receptors (see
measured at both+60 and —60 mV for responses in individual meTHops) and completely blocked by bath application of bicu-
neurons. Temperature dependence was estimated for all the followgngline methiodide (not shown). The data in this report repre-
biophysical parameters: rise time, peak current amplitad@,, 71, _sent voltage-clamp recordings from 128 neurons (58 RTN and

and 7 (1st- and 2nd-order exponential decay) using the equatiopy \/B) in thalamic slices from rats of the three different age
Q10 = (X2/X1)H"(2~T whereX = parameter and = temperature groups) g

(Otis and Mody 1992).
GABA ,-receptor-mediated IPSCs were isolated pharmacologically

by bath application of the ionotropic excitatory amino acid recept@PSCs in RTN versus VB neurons in young rats within

blockers: 6,7-dinitro-quinoxaline-2,3-dione (DNQX, 20m, RBI, postnatal days 8—12

Natrick, MA) and (-)-2-amino-5-phosphonopentanoic acid (AP-5,

100 wm, RBI) in physiological saline. All such glutamatergic excita- SIPSCs recorded in the RTN of P8—12 rats were slowly

tory responses were blocked within 2-3 min after the onset of perfdecaying events with a mean weighted decay time constant

Electrophysiology
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A RTN creased baseline noise levels. The different background noise
values in VB (5.9+ 0.5 pA) versus RTN neurons (27 0.2

‘ " 1/ | < pA, n = 10, P < 0.0001) may reflect differences in ambient
""W\LM s GABA levels (Tia et al. 1996) between these two nuclei.

Developmental changes of sIPSCs in older animals

B s
To determine if similar decay kinetics exist in older animals,
sIPSCs were recorded from both RTN and VB cells in juvenile
(P21-30) and adult (P42—60) rats and compared with IPSCs
from P8-12 rats (Figs. 2 and 3). sIPSCs in RTN neurons were
variable from cell to cell at all ages but no significant changes
in decay rate were found at either P21-3g(, of 45.5+ 4.7
C 700 100 1 ms,n = 27) or P42-60 (51.6- 10.6 ms,n = 10; P = 0.48,
60 1 o 1-way ANOVA,; Fig. 2,A andC). Mean peak IPSC amplitude
sol 801 in RTN neurons showed a decreasing trend in older animals
_ —s0l (P21-30:—31.2* 2.0 pA,n = 28; P42—60—25.5*+ 2.6 pA,
@ 40r 3 n = 10); however, these values failed to reach statistical
Tz 307 S 40 significance P = 0.1, 1-way ANOVA, Fig. 2,A andC). Rise
20} ek & times in RTN neurons were indistinguishable at all ages, show-
ol 20 ing similar values at P21-30 (1.12 0.1 ms,n = 27) and at
P42-60 (1.15+ 0.1 ms,n = 10, P = 0.9, 1-way ANOVA;
0" RTN VB o RTN VB Figs. IC and ZX). The frequency of sIPSCs in RTN neurons
did not show significant changes at P21-30 (2.4.3 Hz) or
or tar P42-60 (3.8- 1.3 Hz,P = 0.4, 1-way ANOVA,; Fig. 2A and
sl * 12} 1 T C). Baseline noise levels were also similar at all three ages.
= g 1.0} Overall, sIPSCs in RTN appear to have taken on a mature form
Tl < osl ~ as early as P8-12.
) E We next examined the biophysical properties of sIPSCs in
S 4r e oer VB neurons in the maturing rat (Fig. B,andD). By contrast
g g 04+ with RTN neurons, sIPSCs in VB neurons were significantly
w2y 02} faster at both P21-30r§,y 10.8 = 0.9 ms,n = 29) and
I ool ~ P42-60 (9.2t 0.4 ms,n = 11; P < 0.0001, 1-way ANOVA;
RTN VB RTN VB Tukey-Kramer multiple comparisons test for P8-12 vs.

Fie. 1. Spontaneous inhibitory postsynaptic currents (sIPSCs) recorded1—30 and_ P8-12 vs. P42-6B: < 0.001). Mean peak
from neurons of the reticular nucleus (RTN) and ventrobasal complex (VBUrrent amplitude was also significantly smaller at P21-30

from acute thalamic slices of rats aged P8-12. Continuous trace® af of (—35.2i 2.4 pA,n= 29) and like the Weighted decay values,

recording time of an RTNA) and VB (B) neuron.C: histogram of mean values {hase differences were maintained at P42-6B34.2 * 3.4
(= SE) illustrating the differences of weighted time constapt,,, amplitude, WV

and frequency. Note the disparity in the slowly decaying events of slPSCthA" ,n =15P < 0.0001, 1-way ANOVA; TUKey'Kramer
RTN neurons compared with VB. All values were subject to Studeritsts, multiple comparisons test for 8-12 vs. 21-3®:< 0.001,
*k P < 0,0001, ¥*P < 0.01, and P < 0.05. 8-12 vs. 42—60P < 0.01; Fig. 2,B andD). sIPSC properties

for typical VB neurons at P8—-12 and P21-30 are shown in Fig.
(Tow) Of 56.2+ 4.9 ms ( = 10; Fig. 1A). Consistent with 3, The averaged sIPSC is seen to be smaller, faster and overall
previous results (Zhang et al. 1997), sIPSCs in VB neuronsuch less effective (lower total charge) in the P21-30 neuron.
decayed about three times fasteg {y = 15.8* 1.0 ms,n = Histograms representing peak amplitude and duration mea-
18, P < 0.0001, Student'd-test) than sIPSCs from RTN sured at 50% of the total decay (or half-width) for the two
neurons at this age (FigBL As expected, peak current am-neurons illustrate different distributions of events at these two
plitude was highly variable in both types of thalamic neurorgevelopmental stages (FigBB Note that the amplitudes and
(Zhang et al. 1997). Mean sIPSC amplitude and frequenhglf-widths were largely overlapping in their distributions but
were lower in RTN neurons«35.7 = 4.0 pA, 3.0+ 1.0 Hz, that the peak of the distribution was shifted toward faster and
n = 10) than in VB neurons<{71.0 = 8.9 pA, 6.7+ 1.2 Hz, briefer events in the more mature neuron. In general, these
n = 18; amplitudeP < 0.01; frequencyP < 0.05; Student’s distributions could not be readily fitted with simple Gaussian
t-test). RTN sIPSC amplitudes in these immature neurons welistributions, suggesting that each was composed of at least
somewhat smaller than reported in our earlier study, liketwo subpopulations. These differences in kinetics may be the
reflecting improved methodology for recording and detectingsult of a different degree of electrotonic filtering in young
these events (semscussioy. However, consistent with our versus mature neurons. The latter have a more extensive den-
earlier report, sIPSC rise times (calculated as the time requiitic elaboration (Warren and Jones 1997) that might result in
to rise from 10 to 90% of peak amplitude) were similar foincreased filtering of electrotonically distal events. Yet the
RTN (1.2* 0.1 ms,n = 10) and VB (1.1+ 0.1 ms,n = 18, trend was the opposite—events in more mature neurons were
P = 0.9, Student’'¢-test) neurons. The higher frequency anfriefer. Further, the rise times measured in older animals were
amplitude of events in VB neurons were correlated with imot significantly different (P21-30: 1.+ 0.1 ms,n = 29;
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A RTN B VB
1

P8-12

2
B eaaananns Dali'sees WWW FIG. 2. SIPSCs in RTN and VB neurons

from thalamic slices of young and adult rats.

e e e A, 1-3 continuous raw traces of sIPSCs in
W RTN at P8-12, P21-30, and P42-60. Note
the lack of variability of sIPSCs in RTN
neurons at all ages examinegl. 1-3 contin-

3 3 uous raw traces of sIPSCs in VB neurons at
- et N P8-12, P21-30, and P42-60. Histogram of
P42-60 mean valuest SE) of sSIPSCs in VB neurons
— < atall 3ages, asindicated for RTR)and VB
T e Q (D). Brackets are derived from 1-way
100 ms ANOVA with post hoc Tukey-Kramer multi-
C D k% ok ok ple comparisons test, < 0.01 and ***P <
—
g0 = P8-12 110 00, sk Sk 120 o 0.001.
= 3 P21-30 o gol T ™ e
& 7O mmP42-60 g2 3 Q
3 2 19
£ 90 163 E s £
< 40| a =< Ji0 2
) , 1€ g9 E
g % o o 30 3
o 20t 1,2 @ o0l 45 9
10 : 10} o
ol i do ol lo &
Poak (PA) To(ms) ' Freq. (H2) Peak (DA) Tou(ms)  Freq. (Hz) ~

P42-60:1.2- 0.1 msn=11,P = 0.9, 1-way ANOVA) from ms,n = 7, P < 0.05, 1-way ANOVA); however, post hoc
those measured at the youngest ages, suggesting the eledtuey-Kramer comparison tests did not reveal any pairwise
tonic changes do not contribute to the observed developmerdilerences among age groups (Fig.Aland C). The times
differences in VB IPSC kinetics. sIPSC frequency in VBequired for 90% decay of total peak amplitude were similarly
neurons varied slightly at different developmental stages, affected, (P8—-12: 222.4 19.9 ms,n = 7; P21-30: 173.3

this effect was not significant (P21-30: 9t11.1 Hz,n = 29; 21.3 ms,n = 17; P42—-60: 168.1 35.1 ms,n = 7), although
P42-60: 8.2- 1.6 Hz,n = 11,P = 0.4, 1-way ANOVA; Fig. these differences were not statistically significant. The peak
2D). We also did not observe any changes in baseline noisarent amplitude of elPSCs in RTN neurons was comparable
levels between VB neurons recorded at the youngest and oldssall ages, at P8-12-390.4 = 96.6 pA,n = 7), P21-30

age groups. (—362.8+ 70.3 pA,n = 17), or P42—-60(274.4* 69.1 pA,
n=7).
Electrically evoked IPSCs in RTN and VB In contrast with the developmental change in sIPSCs,

elPSCs half-widths in VB neurons did not show any significant

To further compare IPSC kinetics at different stages ehanges from P8-12 (16.8 1.4 ms,n = 11) to P21-30
development, the properties of electrically evoked IPSG$5.4* 2.3 ms,n = 8) and the P42—-60 (165 3.0 ms,n =
(elPSCs) were examined in both nuclei at all three age groupsP = 0.4, 1-way ANOVA) age groups (Fig. 48 and D),
(Fig. 4). elPSCs were evoked from stimulation of fibers in thguggesting that different mechanisms regulate decay of spon-
RTN using a bipolar tungsten electrode. Test pulses were gii@neous and evoked responses (@eeussioN. Similarly, the
at varying intensities (50Q.A to 2 mA) until an inward IPSC 90% decay time was unaffected by development (P8-12:
occurred. The intensity then was adjusted downward until58.1+ 4.1,n = 11; P21-30: 67.8- 7.5 ms,n = 8; P42-60:
minimal response was obtained, and the stimulus durati8@.2* 14.4msn=7,P = 0.2, 1-way ANOVA, Fig. D). The
(90-160uS) was increased by 50% to obtain a 1.5-threshofieak current amplitude did not change significantly during
response. elPSC decay kinetics could not be well fitted widevelopment: (P8-12:-868.3 + 298 pA,n = 11; P21-30:
double exponential decay functions and therefore were quan601.9*+ 192 pA,n = 8; P42—-60:—655 + 204 pA,n = 7,
tified as the time necessary for both 50% (half-widths) arfd = 0.7, 1-way ANOVA; Fig. D).
90% of total decay. All estimates were from averages=an
individual events from 15 individual RTN and VB neuronsyoltage dependence of sIPSCs in RTN and VB in adult rats
each held at —60 mV.

The half-widths of elPSCs in RTN neurons were slightly We have shown that sIPSCs reach full maturity by the third
longer at P8-12 (50.9 4.9 ms,n = 7) compared with both postnatal week in the rodent thalamus, therefore further anal-
P21-30 (34.7= 3.7 ms,n = 17) and at P42-60 (30.6 6.6 ysis of sSIPSCs was obtained after P21. Voltage dependence of
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P21-30 mV/—60 mV and found that VB neurons were slightly more
halfwidth 6 ms sensitive to changes in membrane potential than RTN neurons
Tow = 7.8 M3 (Fig. 5C). Ratios for both RTN and VB were analyzed in a

____Charge=0.34 pC

single sampld-test measured against a hypothetical value of
1.0. From these data, it was determined that amplitude was not
enhanced at positive holding potentials for either RTN or VB;
however,r, \, and charge were found to be voltage dependent
in both RTN and VB neurons of adult rats. VB neurons yielded
larger rectification ratios than RTN neurons for amplitude

20 ms (RTN: 0.92 vs. VB: 1.50P > 0.05), 75\ (RTN: 2.22 vs. VB:
/ P8-12 2.42,P > 0.05) and charge (RTN: 1.9 vs. VB: 3.8,<0.05).
i halfwidth 11 ms These data indicate outward rectification of sIPSCs in both

i Tow = 16.1ms

1 Charge = 1.2 pC nuclei; however, the net responses in VB neurons were more

sensitive to holding potentials than RTN neurons.

Temperature dependence of sIPSCs in RTN and VB
of adult rats

We were interested in determining whether the nucleus-
specific IPSC kinetics in thalamus were maintained under
conditions of physiological temperature. Figure 6 illustrates
temperature-dependent changes in sIPSC decay kinetics re-
6ms corded in 12 RTN and VB neurons in adult rat thalamic slices.
16 13 ms An increase in temperature from 26 to 36°C resulted in a

ok significant reduction in the decay of sSIPSCs in both RTH\(
at 26°C: 42.1+ 4.9 ms, and 36°C: 22.3 2.4 ms,P < 0.01;
Fig. 6,AandD) and VB neuronst, ,y at 26°C: 12.0- 1.1 ms
70 100 and 36°C: 5.8t 0.51 msP < 0.001; Fig. 6B andD). The Q
Halfwidth (ms) of the decay rate measured fy,y, or the first ;) or second
Fic. 3. Developmental changes of sIPSCs in VB neurdhsaveraged

sIPSCs superimposed on the same time scale to illustrate decreased peak
current amplitude and duration in 2 VB neurons, 1 from a P8—12rat 616

events) and 1 from a P21-30 rat & 274 events). Histograms of sIPSC
amplitude B) and half-width C) during a 4-min recording period. Two
distributions were superimposed to compare the VB sIPSCs at the different
ages.
0

sIPSCs was determined by examining peak current amplitude,
weighted time constant and overall charge with cells voltage C RN

Sqrt {count) w

0 100
Amplitude (pA)

Sqrt (count) O
R

200 pA

N
S
3
»

clamped at+60 mV (Fig. 5) compared with —60 mV. In RTN @ T 0
neurons, sIPSC amplitude was not voltage dependent, with E 240 750 6
similar peak absolute values at —60 mVZ46.6 + 3.7 pA) and g 200 éig 3 400
at +60 mV (22.8+ 2.8 pA,P = 0.4,n = 6; Fig. 5A). In = 160 B a0 =
contrast, ther ,y, of SIPSCs recorded in the RTN a60 mV S 1;8 Z % & 200
(44.3=+ 6.0 ms) was much briefer than sIPSCs recorded6fl = 40 T 10 E
mV (94.2 = 6.7 ms,P <0.001,n = 6). Overall charge S o 0 g
measured at-60 mV (1.25* 0.29 nC) was much lower than

the values estimated &t60 mV (2.16+ 0.24 nC,P < 0.05, D wvB

n = 6). By contrast, in VB neurons, peak current amplitude at @00 21200
—60 mV was smaller (27.9= 4.5 pA) but not significantly =80 720 %
(P = 0.1,n = 8) than at+60 mV (37.0+ 3.4 pA; Fig. B). Eeo §16 £
Similar to the RTN responses, thg,,, of sIPSCs in VB > 512 s
neurons decayed at about half the rate-80 mV (9.7 = 0.5 g 40 Z8 8
ms) than at+60 mV (23.5+ 1.8 ms,n = 8, P < 0.0001; Fig. <20 o4 s
5B). The overall charge of sIPSCs in VB neurons was also g0 0 &)

greatly affected by voltage with much lower values@®0 mV ¢ 4 properties of monosynaptic electrically evoked IPSCs (elPSCs)
(0.26 = 0.05 nC) compared with-60 mV (0.86%+ 0.1 nC,P  recorded in RTN and VB neurons of rats show limited developmental change
<0.0001,n = 8). Voltage dependence likely involves subtyp@ decay kineticsA andB: averaged elPSCs from RTN neuroms= 5) and
selective mechanisms (Burgard et al. 1996) that might dicta"ﬁ 3”2‘;;05”5&(; Tngi)é; :&“f’gé‘ﬁgg"rﬂ ‘\’;Bm(eD"’;”g’i""n';Ieeiég?ké’tf i‘;‘(‘;fgzsa;
further differences between these two types of thalamic n ignificant decrease in older animals using a 1-way ANOVR, < 0.05;
rons. We compared the degree of voltage dependence ver, post hoc Tukey-Kramer tests were not significantonset of

METHODS) in terms of amplitude,r,, and charge at+60 stimulus.
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A C in RTN neurons than IPSCs recorded in the VB complex
5 (Zhang et al. 1997). In the present study, consistent with the
[,\ % al previous findings, the decay kinetics of IPSCs in RTN within
—————————— . % S 4l this same age range were also three times slower than IPSCs in
gg VB. Using additional measures of decay kinetics, the present
RTN 0 2r 5 study detailed four principal findings. First, decay kinetics of
_______ g1 [“‘l'"“““ synaptic sIPSCs in RTN neurons were similar at all age groups
< ot ————>— examined. Second, sIPSC duration and amplitude in VB neu-
Jg RTN VB rons varied with development. This indicates that the func-
o~
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FIG. 5. Voltage dependence of sSIPSCs in RTN and VB neurons from adult
rats. A: averaged sIPSCs in an RTN neuron measured & mV holding
potential fop, n = 83 events) and-60 mV (bottom n = 86 events).B:
averaged events recorded from a VB neuror-60 mV (top, n = 62 events)
and at—60 mV holding potential lfottom n = 255 events). Note the higher
sensitivity of VB neurons for both amplitude amg . C: ratios of amplitude,
Tow and charge of sIPSCs in RThi (= 6) and VB fi = 8) neurons as
measured by the values obtained4a60 mV/—60 mV. Significant voltage-
dependent modulation of response was determined b sample Student’s
t-test measured against a hypothetical mean of 1 and indicate@ by 0.05,

** P < 0.01, *** P, 0.0001, P < 0.05 and represents the significant differ-
ence of VB voltage-dependent sensitivity compared with RTN.

Rise Time Peak Tow Tos Toz
(Tpo) time constants obtained from biexponential fits were
2.0-2.5 (Fig. €) and in agreement with temperature-depen- Hook
dent changes in hippocampal neurons (Otis and Mody 1992). 14}
Interestingly, temperature dependent changes in amplitude sor 12
were observed specifically in RTN neurons and resulted in a 401 Q40
significant increase in peak current amplitude in all RTN a0l 08
neurons examined at higher temperatures (26°€9.14+ 2.2 ok = 0'6
pA vs. 36°C:—54.43+ 3.7 pA,n = 5, P < 0.001; Fig. ®). 20f - S
The increased amplitude of sIPSCs in RTN neurons had a 10k 0.4 .
significant effect on the overall charge such that even with an L 0.2
accelerated decay, there was no significant difference between 06 36 55°36° 26°36°26°36°  © 96° 36° 26° 36°
the charge measured at room (1:20.1 nC) or physiological Duration Peak Efficacy

(1.2 = 0.2 nC,n = 5'. P = 0.9) temperatures (F_Ig.[]j._ FIG. 6. Temperature-dependent changes in sIPSCs of RTN and VB neurons
Conversely, the |aFk of |ncreaseq peak current amplitude in \{Baquit rats.A, 1-3 averaged sIPSCs in RTN neuron at room temperature
neurons resulted in a decrease in charge at 36°C{0R03 (RT) at26°C Al) and at 36°CA2). A3 averaged sIPSCs superimposed on the
nC) compared with room temperature (@:30.05 nC,n = 7, same time scale to illustrate increased peak current amplitude and decreased

P < 0.05 Fig. _Overall with the ex ion of ri im induration in RTN neuron recorded at physiological temperatures (3685Q)-3
0.05; 9 ®) Overal th the exception of rise times . averaged sIPSCs in VB neuron at room temperatBte4nd at 36°CB2). B3:

R_TN ne_urons and ampllt_ude of VB_ n_eurons’ the remam'r}ﬂleraged sIPSCs superimposed on same time scale to illustrate decreased
biophysical parameters displayed similar temperature dep@iration in decay kinetics at physiological temperatu@sQ, , values indi

dent alterations. cating temperature dependence in RTN and VB neurons for rise time, peak
current amplitudesy \,, and 1st- and 2nd-order exponential decay, (and

Tpp). Note the nucleus-specific increase in peak current amplitude of RTN
sIPSCs at physiological temperatures: (at Q,, = 1.0), value expected for

; _ ; :~lack of temperature dependenc. averaged values for ., amplitude and
In a previous report on GAB,Q«receptor mediated IPSCs in harge at 26 and 36°C in both RTN and VB. Values were analyzed with a

the thalamus Of_young rats, quantitative ana'YSiS_ of |Pséﬁjdent’st-test comparing the 2 temperature settings in RTN and \BB<*
revealed decay time constants were two to three times slowes, *P < 0.01, **P < 0.001.

o
2

Tow (Ms), Amplitude (pA)

DISCUSSION
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tional IPSC heterogeneity between VB and RTN actually ter-mediated sIPSCs are governed by the properties created by
increased in the fully mature rat compared with that previoustiffering combinations of postsynaptic receptors. A number of
reported for immature animals (Zhang et al. 1997). Thirdtudies have suggested that synaptic GABA&ceptor-medi
further characterization in adult animals revealed that sIPS&®d currents (Hollrigel and Soltesz 1997; Jones et al. 1998;
in VB neurons were more voltage dependent than sIPSCsGtis and Mody 1992; Poisbeau et al. 1999; Tia et al. 1996;
RTN, providing further support for GABA receptor hetero Xiang et al. 1998; Zhang et al. 1997) likely result from ex-
geneity. Fourth, sIPSCs recorded at physiological temperatupgession of a specific combination of GARAeceptor sub
(36°C) were much briefer in both RTN and VB respective tanits (Fritschy and Mbler 1995; Laurie et al. 1992; Wisden et
their normal control decay times at room temperature. But tké 1992). This is supported further by the differential effects
relative difference remains with RTN sIPSCs almost four timed specific GABA, ligands (e.g., zolpidem, clonazepam,
slower than VB responses. loreclezole, flunitrazepam, and midazolam) on the decay of
In the present study, the values obtained for the decay synaptic IPSCs (Akk et al. 1997; Hollrigel and Soltesz 1997,
GABA ,-receptor-mediated sIPSCs in rats within the P8—1Qtis and Mody 1992; Perrais and Ropert 1999; Strecker et al.
age range were slightly faster in both RTN and VB neurori®999). Other more subtle and dynamic modulation of synaptic
than previously reported (Zhang et al. 1997). We attribute thiBABA ,-receptor-mediated IPSCs also may involve subunit-
discrepancy to the way in which spontaneous events wesgecific phosphorylation of serine and threonine residues
detected. In the present study, we used an objective criterio(dones and Westbrook 1997; Poisbeau et al. 1999).
collect all events greater than the background noise level (3GABA ,-receptor mediated-currents are likely influenced by
times rms noise). This increased sensitivity in SIPSC detectigating, deactivation (dependent on unbinding of agonist), and
resulted in detecting smaller events that would have otherwidesensitization (Angelotti and Macdonald 1993; Burgard et al.

been rejected incorrectly. 1996; Gingrich et al. 1995; Jones et al. 1998; Puia et al. 1991;
Sigel et al. 1990; Verdoorn et al. 1990; Wafford et al. 1993).

Differences in sIPSCs are dependent on differential Different receptor subtypes likely have different binding and

distribution of thalamic GABAreceptors unbinding properties. Thus receptors that mediate synaptic

responses with longer deactivation times are more efficient at

The present results show a significant reduction in peainding GABA than others (Jones et al. 1998). It appears that
current amplitude and decay kinetics of sIPSCs in developiag subunits may be a crucial component of receptors that
VB neurons. Moreover, VB neurons had a greater degree ethibit long-lasting GABA-mediated currents as opposed to
outwardly rectifying responses. The unique temperature-, valeceptors containing, and«, subunits (Gingrich et al. 1995;
age-, and age-dependent properties of GABAceptor-medi  Serafini et al. 1998; Verdoorn 1994). The prolonged IPSCs in
ated responses in VB neurons likely reflect region selecti®TN neurons (Zhang et al. 1997) may reflect in part the
expression of GABA receptor subunits. The temporalpredominance ofx; subunits in this nucleus compared with
changes in synaptic inhibitory events follow a similar trenimited expression in relay nuclei (Fritschy and Mer 1995;
toward faster IPSCs observed in hippocampal (Hollrigel ariduntsman et al. 1996; Wisden et al. 1992). When examined at
Soltesz 1997) and cerebellar (Tia et al. 1996) neurons. In B#th the mRNA and protein leveleg subunits are recognized
these studies, the time course of the transformation to fasésra primarya subunit in the RTN of adult rodents (Fritschy
IPSCs correlates with the timing of subunit turnover (Fritschgnd Mahler 1995; Wisden et al. 1992) and monkeys (Hunts-
et al. 1994; Gambarana et al. 1991; Laurie et al. 1992). tnan et al. 1996), suggesting that-mediated long-lasting
addition, the developmental stabilization of sSIPSC decay KPSCs may be a species-independent phenomenon.
netics in VB neurons in the present study also correlates withAlthough subunit turnover is a likely cause of the develop-
maintained levels of subunit mMRNAs in the adult rodent. Unmental changes observed with sIPSCs in the VB complex,
altered GABA,-receptor-mediated IPSCs throughout postnatdiere are other factors that should be considered, especially
development in RTN may reflect a lack of developmentalith regard to electrically evoked events. In VB neurons, we
change of subunits expressed in this nucleus (Huntsman alidi not observe a simultaneous decrease in elPSC decay as we
Jones 1995; Huntsman et al. 1996; Wisden et al. 1992). Thiid with sSIPSCs in both the older ages. Conversely, we did see
we find little evidence for a developmental switch in GABA a significant change in RTN elPSC half-widths. This difference
receptor function in RTN postnatally. These data contrast thetween spontaneous and evoked responses may lie in the
study by Gibbs et al. (1996), who found an age-related increatiferences behind the basic mechanisms of these two types of
in GABA-evoked chloride currents from dissociated cultureshibitory events. Compared with a spontaneous event, an
of RTN neurons. The discrepancy between these two findinggoked response is likely to result in higher neurotransmitter
may be due to differences in receptors and/or extracellulzmncentration due to the prolonged and highly synchronous
space. The present study examined synaptic receptors, wherebsase of GABA (Mody et al. 1994). This higher concentration
Gibbs et al. (1996) studied the responses to bulk applicationadfGABA is thought to result in a spillover of neurotransmitter
exogenous GABA, which will presumably activate both syrinto the extracellular space, activate receptors there and thus
aptic and extrasynaptic receptors. In addition, factors that iimfluence elPSC decay times. Extrasynaptic GABAceptors
fluence GABA levels in the extracellular space, and therefoage likely made up of different subunits than those located in
receptor activation, such as uptake or diffusion (see followirtge synapse (Brickley et al. 1999; Nusser et al. 1998) and may
text) (Draguhn and Heineman 1996; Roepstorff and Lambdérave different binding, unbinding and/or desensitization prop-
1992; Thompson and Gahwiler 1992), will be very different ierties than synaptic receptors. Tiagabine, a selective GABA
the two preparations. uptake blocker, has been shown to dramatically enhance the

Heterogeneity and modulation of synaptic GAB#ecep decay times of evoked but not spontaneous responses, presum-
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ably through the activation of extrasynaptic receptors (DraguBn-. T., Von KRrosig M., aNb McCormick, D. A. Role of ferret perigeniculate
and Heineman 1996; Roepstorff and Lambert 1992; Thompsoﬁ“deus in the generation of synchronized oscillations in vilrd?hysiol.

; (Lond.)483: 665—-685, 1995.
and Gahwiler 1992)' BAazHENOV, M., TIMOFEEV, |., STERIADE, M., AND Seinowskl, T. J. Self-
sustained rhythmic activity in the thalamic reticular nucleus mediated by depo-
Functional significance of long-lasting IPSCs larizing GABA-A receptor potentialdNat. Neurosci2: 168—174, 1999.
and network activity Benson D. L., Isackson P. J., GiLL, C. M., AND JoNes E. G. Contrasting

patterns in the localization of glutamic acid decarboxylase arntd /Ca-
Our main purpose in this study was to test whether themodulin protein kinase gene expression in the rat central nervous system.
slowly decaying IPSCs in RTN neurons persist into maturity Neurosciencet6: 825-849, 1992. _
and under conditions of physiological temperature. The pres&Rtck.E", S G., WLL-CANDY, S. G.,AND FARRANT, M. Single-channel prop-
study shows that the Iong—lasting IPSCs are present in adult ra'{Jsrtles of synaptic and extrasynaptic GABAeceptors suggest differential

. . rgeting of receptor subtyped. Neurosci.19: 2960-2973, 1999.
and that temperature-dependent decreases in decay tme@ﬁgﬁm gE_ C. ﬂréTz E ﬁ_’pNEELANDS T R. AND MACDONALD. R. L.

not alter th? functional capa_city of RTN IPSCs. Wh)_’ are We SOproperties of recombinantaminobutyric acig receptor isoforms contain
interested in the preservation of these characteristic IPSCsiRg the a5 subunit subtypeMol. Pharmacol.59: 119-127, 1996.

One reason is because the powerful IPSCs in RTN are fun@ax, C. L., HUGUENARD, J. R.,AND PRINCE, D. A. Heterogeneous axonal
mentally important for regulating the output of inhibition from @&rborizations of rat thalamic reticular neurons in the ventrobasal nucleus.
this nucleus. It has been shown that inhibition between RTI\Y: COmp- Neurol366: 416430, 1996.

ltimatel ffects intrathal . . its duri th ESCHENES M., MADARIAGA-DOMICH, A., AND STERIADE, M. Dendrodendritic
neurons ulimately afiects Intrathalamic circuis during esynapsesinthe cat reticularis thalami nucleus: a structural basis for thalamic

propagation of synchronized thalamocortical oscillatory activ-spindie synchronizatiorBrain Res.334: 165-168, 1985.

ity in vivo (Steriade et al. 1987) and in vitro (Bal et al. 1995pracutin, A. anp HEINEMANN, U. Different mechanisms regulate IPSC kinet-
Huguenard and Prince 1994; Huntsman et al. 1999; Sanchess in early postnatal and juvenile hippocampal granule céllsNeuro-
Vives et al. 1997; Sohal et al. 1999). Intra-RTN connectionspPhysiol.76: 3983-3993, 1996.

appear to be instrumental in some conditions in propagatiRgSTE& A CONTRERAS D., SEINOWSK| T. J.,AND STERIADE, M. A model

. S . - . of spindle rhythmicity in the isolated thalamic reticular nuclelisNeuro-
oscillatory activity in this nucleus in cat (Bazhenov et al. 1999; hysiol. 72: 803-818, 1994.

DeStEXhe et al. 199‘_1; Steriade et al-_ 1987). By Cont'fas'[aFi TSCHY, J.-M.AND MOHLER, H. GABA,-receptor heterogeneity in the adult rat
ferret, mice and rats, it appears the major role for these internarain: differential regional and cellular distribution of seven major subunits
RTN connections is to dampen this activity. Prolonged IPSE&TscHY, J.-M., PAvsan, J., ENNA, A., AND MOHLER, H. Switch in the

; ; ; ; i f rat GABA-receptor subtypes during postnatal development:
emanating from intra-RTN connections can effectively shunt&XPression o : ‘
o . an immunohistochemical study. Neuroscil4: 5302-5324, 1994. Comp.
other RTN neurons through lateral inhibition (Sanchez-Vivesye ol 359: 154194 1995@ P

et al. 1997; Ulrich and Huguenard 199_7)- When these p.rGAMBARANA, C., BeaTTIE, C. E., RDRIGUEZ Z. R.,AND SIEGEL, R. E. Region-
longed IPSCs are hampered or blocked in the RTN, there is apecific expression of messenger RNAs encoding GAB#eptor subunits
transformation of oscillatory activity from asynchronous tg in the developing rat braiNeurosciencel5: 423-432, 1991.

. . P BS, J. W.,1ll, BERKOW SHRODER, G.,AND COULTER, D. A. GABA , receptor
hypersynChronous oscillations similar to those observed unction in developing rat thalamic reticular neurons: whole cell recordings

absence epilepsy (Bal et al. 1995; Huguenard and Prince 1994 GapA-mediated currents and modulation by clonazepdmNeuro-
Huntsman et al. 1999; von Krosigk et al. 1993). Despite a lackphysiol.76: 2568-2579, 1996.

of multiple GABA, receptor isoforms in this nucleus (Hunts GINGRICH, K. J., RoBERTS W. A., AND Kass, R. S. Dependence of the GABA

man and Jones 1995: Huntsman et al 1996) RTN neurons aIréceptor gating kinetics on thesubunit isoform: implications for structure-
! ’ ’ .function relations and synaptic transmissidnPhysiol. (Lond.}89: 529—

primarily dependent on these receptors for postsynaptic inhiz,3 1995,
bition (Sanchez-Vives et al. 1997; Ulrich and Huguenard 1996pi1riceL, G. S.anp SoLTesz I. Slow kinetics of miniature IPSCs during
therefore modulation of GABA-receptor-mediated IPSC de early postnatal development in granule cells of the dentate gyruseu-
cay is a key target for antiepileptic medications. The therapeufs’:g; %:71 ;1\1/2lj—é’H1N28Jr 1E99;RBER R.PatD RosERTS E. GABA nerons
tic utIIIty of benzodla_tzepmes In .absence epllepsy (Matts. are the major cell type of the nucleus reticularis thalamain Res.200:
1995) suggests that in man, as in rat (Huguenard and Princgs1-354 1980.
1994), enhanced intra-RTN inhibition could lead to thalamatucuenarp, J. R. anp PriNCE, D. A. A novel T-type current underlies
cortical desynchronization. prolonged C&"-dependent burst firing in GABAergic neurons of rat-tha
lamic reticular nucleus]. Neurosci.12: 3804-3817, 1992.
. . . . . HUGUENARD, J. R.AND PrINCE, D. A. Clonazepam suppresses GABMedk
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Neurological Sciences, Rm M016, Stanford University Medical Center, Stan-ppstr. 21: 1758, 1995.
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rosci. 16: 3571-3589, 1996.
HunTsmAN, M. M., PORCELLO, D. M., Homanics, G. E., DELOREY, T. M., AND
REFERENCES HuGUENARD, J. R. Reciprocal inhibitory connections and network synchrony
in the mammalian thalamuScience283: 541-543, 1999.
Ak, G., BRown, S. H., GHianG, L. W., Cox, C. L., SSHULMAN, H., Hucue-  Jones E. G. Some aspects of the organization of the thalamic reticular
NARD, J. R.,AND PRINCE, D. A. Differences in pharmacological properties of complex.J. Comp. Neurol162: 285-308, 1975.
thalamic neurons are related to variance in GABA receptor subunit exprdsnes E. G. The ThalamusNew York: Plenum, 1985.
sion. Soc. Neurosci. Abst23: 949, 1997. JoNEs M. V. AND WESTBROOK G. L. Shaping of IPSCs by endogenous
ANGELOTTI, T. P. AND MACDONALD, R. L. Assembly of GABA, receptor calcineurin activity.J. Neurosci.l7: 76267633, 1997.
subunits: a;8; and «, 3,7, subunits produce unique ion channels withJoNEs M. V., SaHARA, Y., DzusAy, J. A., AND WESTBROOK G. L. Defining
dissimilar single channel propertiek. Neurosci.13: 1429-1440, 1993. affinity with the GABA, receptor.J. Neurosci.18: 8590-8604, 1998.

Received 2 August 1999; accepted in final form 23 September 1999.



358 M. M. HUNTSMAN AND J. R. HUGUENARD

LAuRIE, D. J., WsDEN, W., AND SEEBURG, P. H. The distribution of thirteen SreriaDE, M. AND CONTRERAS D. Spike-wave complexes and fast components

GABA, receptor subunit mRNAs in the rat brain. lll. Embryonic and of cortically generated seizures. I. Role of neocortex and thaladnideu-
postnatal developmeni. Neurosci.12: 4151-4172, 1992. rophysiol.80: 1439-1455, 1998.

MAcDONALD, R. L. AND OLsEN, R. W. GABA, receptor channel@\nnu. Rev.  Sreriabg, M., DomicH, L., OAKSON, G., AND DESCHENES, M. The deafferented
Neurosci.17: 569-602, 1994. reticular thalamic nucleus generates spindle rhythmicityNeurophysiol.

MaTTson, R. H. Selection of antiepileptic drug therapy. lAntiepileptic 57: 260—273, 1987.
grugs,?:dlted bflggéH' Llezvgle?,'SH' Mattson, and B. Meldrum. New Yorkigrpecker G. J., RrK, W. K., AND DUbek, F. E. Zinc and flunitrazepam
aven Fress, P e modulation of GABA-mediated currents in rat suprachiasmatic neurons
Moby, ., DE KoNnNINeK, Y., OTis, T. S.,AND SoLTESZ |. Bridging the cleft at J. Neurophysiol81: 184-191, 1999 P
GABA synapses in the braifrends Neuroscil7: 517-525, 1994. THOMPSON S. M. AND GAHWILER, B. H. Effects of the GABA uptake inhibitor

NusseR Z., SEGART, W., AND SomoayI, P. Segregation of different GABA iagabine on inhibitory svnaoti tentials in rat hi mpal sli itur
receptors to synaptic and extrasynaptic membranes of cerebellar granul agabine on Inhibitory Synaplic potentials in rat hippocampal slice cultures.

cells.J. Neurosci.18: 1693—-1703, 1998. - Neurophysiol67: 1698-1701, 1992.

OHaRra, P. T.AND LiEBERMAN, A. R. Some aspects of the synaptic circuitry A S- WANG, J. F., KoTcHABHAKDI, N., AND ViciNi, S. Developmental
underlying inhibition in the ventrobasal thalamus.Neurocytol.22: 815— changes of inhibitory syna_ptlc currents in cerebellar granule neurons: role of
825, 1993. GABA, receptorag subunit.J. Neurosci.l6: 3630-3640, 1996.

OTis, T. S. aND Moby, |. Modulation of decay kinetics and frequency of ULRICH, D. AND HUGUENARD, J. R. GABA,-receptor-mediated responses in
GABA , receptor-mediated spontaneous inhibitory postsynaptic currents inGABAergic projection neurons of rat nucleus reticularis thalami in vitro.
hippocampal neuron$leurosciencel9: 13-32, 1992. J. Physiol. (Lond.}#93: 845—-854, 1996.

PerrAls, D. anD RoprerT, N. Effect of zolpidem on miniature IPSCs andULRicH, D. AND HUGUENARD, J. R. GABA,-receptor-mediated rebound burst
occupancy of postsynaptic GABAreceptors in central synapsek.Neu firing and shunting in thalamus. Neurophysiol78: 1748-1751, 1997.

rosci. 19: 578-588, 1999. . - ~ VERDOORN T. A. Formation of heteromerig-aminobutyric acid type-A re-
PINAULT, D., SWITH, Y., AND DEscHENES M. Dedrodendritic and axoaxonic  ceptors containing two different subunits Mol. Pharmacol 45: 475-480,

synapses in the thalamic reticular nucleus of the adultJratleuroscil7: 1994.

3215-3233, 1997. . VERDOORN T. A., DRAGUHN, A., YMER, S., SEBURG, P. H.,AND SAKMANN, B.
PoisseAu, P., GiENEY, M. C., BROWNING, M. D., anb Mooy, I. Modulation of g hetional properties of recombinant rat GABAeceptors depend on

synaptic GABA, receptor function by PKA and PKC in adult hippocampal = ¢ ,p it compositionNeuron4: 919-928, 1990.

neurons.]. Neurosci.19: 674683, 1999. VvoN KRrosick, M., BAL, T., AND McCormick, D. A. Cellular mechanisms of a

POULTER, M. O., BARKER, J. L., O’CarRROLL, A.-M., LOLAIT, S. J. AND MAHAN : TR f
i P ’ " P ’ ) : synchronized oscillation in the thalamuBcience261: 361-364, 1993.
L. C. Differential and transient expression of GABAeceptora-subunit WAFFORD, K. A., BAIN, C. J., WAITING, P. J..AND KEMP, J. A. Functional

mRNAs in the developing rat CNS. Neuroscil2: 2888-2900, 1992. . - ) .
comparison of the role of subunits in recombinant humaraminobu-

Puia, G., ViciN, S., SEBURG, P. H.,anD CosTa, E. Influence of recombinant h : ; ’
y-aminobutyrc acids receptor subunit composition on the action of allo tyrcgac@/benzodlazeplne receptordfol. Pharmacol. 44: 437-442,

steric modulators of-aminobutyrc acid-gated Clcurrents.Mol. Pharma ) o

col. 39: 691-696, 1991. WARREN, R. A. AND JONES E. G. Maturation of neuronal form and function in
ROEPSTORFE A. AND LAMBERT, J.D.C. Comparison of the effect of the GABA & mouse thalamo-cortical circuil. Neurosci.l7: 277-295, 1997.

uptake blockers, tiagabine and nipecotic acid, on inhibitory synaptic effica¥yiLLiams, M. N. anD FauLt, R.L.M. The distribution and morphology of

in hippocampal CA1 neuronebleurosci. Lett146: 131-134, 1992. identified thalamocortical projection neurons and glial cells with reference
SANCHEZ-VIVES, M. V., BAL, T., AND McCormick, D. A. Inhibitory interac- to the question of interneurons in the ventrolateral nucleus of the rat

tions between perigeniculate GABAergic neurohisNeurosci.17: 8894 — thalamus Neuroscience1: 767-780, 1987.

8908, 1997. WispeN, W., LAURIE, D. J., MONYER, H., AND SEEBURG, P. H. The distribution
ScHEIBEL, M. E. AND ScHEIBEL, A. B. The organization of the nucleus reticu- of 13 GABA, receptor subunit mRNAs in the rat brain. I. Telencephalon,

laris thalami: a Golgi studyBrain Res.1: 43—62, 1966. diencephalon, mesencephaldn.Neurosci12: 1040-1062, 1992.

SERAFINI, R., MARIC, D., MARIC, |., MA, W., FRITSCHY, J.-M., ZHANG, L., AND  XIANG, Z., HUGUENARD, J. R.,AND PrRINCE, D. A. GABA, receptor-mediated
BARKER, J. L. Dominant GABA, receptor/CI channel kinetics correlate  currents in interneurons and pyramidal cells of rat visual codeRhysiol.
with the relative expressions ef, as, as and 5 subunits in embryonic rat  (Lond.)506: 715-730, 1998.
neuronsNeurosciencel0: 334-349, 1998. Yen, C. T., @NLEY, M., HENDRY, S. H.,AND JonEs E. G. The morphology

SIGEL, E., BAUR, R., TRUBE, G., MOHLER, H., AND MALHERBE, P. The effect of of physiologically identified GABAergic neurons in the somatic sensory
subunit composition of rat brain GABAreceptors on channel function. part of the thalamic reticular nucleus in the cat.Neurosci.5: 2254 —
Neuron5: 703-711, 1990. 2268, 1985.

SoHAL, V. S., HUNTSMAN, M. M., AND HUGUENARD, J. R. Reciprocal inhibitory ZHANG, S. J., HIGUENARD, J. R.,AND PRINCE, D. A. GABA, receptor-mediated
connections regulate the spatiotemporal properties of intrathalamic oscillacurrents in rat thalamic reticular and relay neurohsNeurophysiol.78:
tions.J. Neurosci In press. 2280-2286, 1997.



