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GABAergic
inhibition synchronizes
oscillatory
activity in the
thalamocortical
system. To understand
better the role of this
neurotransmitter
in generation
of thalamocortical
rhythmicity, the postnatal
development
of GABAergic
function mediated through activation
of GABA, receptors
was studied
in thalamus and cortex. GABA-evoked
chloride currents were
recorded
in dissociated
rat cortical and thalamic
neurons
during postnatal development.
Kinetic fits of GABA concentration/response
relationships
revealed developmental
and
regional alterations
in the potency of GABA. Early in postnatal development
(p5-p8), both thalamic and cortical neurons exhibited
reduced
potency
of GABA (27-31
PM KJ.
Potency increased
by pl8-~25
in thalamic and cortical neurons (19-22 @I K,), to a level maintained
in adult thalamic
neurons. Adult cortical neurons exhibited
reduced potency
of GABA (40 PM KJ. Benzodiazepine
modulation
of GABA,
currents was also studied. Kinetic analyses of benzodiazepine augmentation
of GABA, currents were best fitted assuming two effective sites with different affinities for clonazepam. The high-affinity
site (K, of 0.05-0.27
nM) showed
little variation with development
in cortical neurons, contributing about 18-23%
potentiation
at all postnatal ages. Developing thalamic neurons (pSp25)
showed similar potency
and efficacy of the high-affinity
benzodiazepine
site to cortical neurons.
High-affinity
benzodiazepine
effects disappeared in adult thalamic neurons. A lower-affinity
benzodiazepine site (25-50 nM /CD)was greater in efficacy in cortical
neurons compared
to thalamic neurons at all ages, with efficacy ranging from 50% to 110% in cortex and from 20%
to 80% in thalamus.
Knowledge
of developmental
and regional alterations
in GABA, receptor
function
may aid in
understanding
mechanisms
involved in generation
and control of normal and pathological
thalamocortical
rhythms.
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In the thalamocortical system, the tightly interconnected synaptic circuitry and oscillatory voltage-dependentionic conductanceswithin neuronscomprisingthe circuit predisposethe system to support phasic bursting activity as one of two main
behavioral states. In this system, GABAergic inhibition synchronizes and drives the phasic oscillatory activity that generates normal and pathological rhythms like sleepspindles(SSs)
and the spike-wave discharges(SWDs) recorded in the electroencephalogramofchildren experiencinggeneralizedabsence(GA)
seizures(Purpura and Cohen, 1962;Anderson and Sears,1964;
Steriade et al., 1985; reviewed in Gloor and Fariello, 1988;
Steriade and Llinas, 1988). The critical role of GABAergic inhibition in synchronizing thalamocortical oscillations is particularly evident in rodent geneticmodelsof GA, in which thalamic
infusion of GABAergic agoniststrigger or exacerbateSWDs (are
proconvulsant), while GABAergic antagonistsblock or reduce
SWDs, that is, are anticonvulsant (Liu et al., 1991, 1992; Hosford et al., 1992).
The thalamocortical system is the principal pathway transferring information from the periphery to the cortex, and has
been extensively studied in many species.Thalamic sensory
nuclei sendaxonal projections to neocortex, and receive feedback projections from the samecortical area. Thalamocortical
and corticothalamic axons also sendcollaterals to nucleusreticularis thalami (NRT), a GABAergic nucleussurroundingthe
thalamus (Houser et al., 1980; Jones, 1985). This nucleusprovides inhibitory feedback to thalamus. GABAergic inhibition
originating from NRT actsasthe pacemakerfor thalamocortical
rhythms (Steriade et al., 1985, 1987; Huguenard and Prince,
1994; reviewed in Steriade and Llinh, 1988). During SSs,NRT
neuronsfire repetitive bursts, which trigger large IPSPs in thalamic neurons.Thalamic neuronsthen fire largeburstsof action
potentials on the IPSP decay, due to deinactivation, and subsequentactivation, of the low-threshold calcium spike(LTS) by
the IPSP (Descheneset al., 1982; Llinas and Jahnsen, 1982;
Jahnsenand Llinas, 1984). This LTS then reinitiates activity,
and is critically important in generation of thalamocortical oscillations. Block of this LTS conductance may be a mechanism
of action of many drugseffective in controlling the pathological
thalamocortical rhythms of GA (Coulter et al., 1989b,c, 1990a).
GABA, and GABA, receptorsare distributed throughout the
thalamocortical system of rodents (Bowery et al., 1987; Olsen
et al., 1990), and GAD-positive terminals have been described
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in several thalamic nuclei (Houser et al., 1980). However, recent
in situ mRNA hybridization experiments have demonstrated a
pronounced differential regional and developmental distribution within the cortex and thalamus of several of the mRNAs
coding for specific subunits of the GABA, receptor heterooligomeric complex (Olsen and Tobin, 1990; Wisden et al.,
1992). In particular, mRNA coding for the y subunit of the
GABA, receptor, which confers benzodiazepine sensitivity onto
GABAergic responses (Pritchett et al., 1989), was noticeably
reduced in rodent thalamus (Wisden et al., 1992; but see Araki
et al., 1992; Persohn et al., 1992).
Because of the importance of GABAergic inhibition in generation of thalamocortical rhythmicity with the associated clinical significance of these rhythms, we were interested in functionally characterizing the properties and postnatal development
of GABA, receptors on cortical and thalamic neurons, using
patch-clamp recording techniques in acutely isolated neurons.
Materials

and Methods

Acute isolation ofneurons.All experiments
wereperformedonthalamic
and corticalneurons,acutelyisolatedfrom the 5-74-d-old rats using
methods originally described by Kay and Wong (1986), modified as
described in Coulter et al. (1989a). Animals were anesthetized with
halothane and decapitated, and the brains rapidly removed and placed
into chilled, oxygenated (95% 0,/S% CO,) artificial cerebrospinal fluid
(ACSF), composed of (in mMjNaC1, 130; KCl, 3; NaH,PO,, 1.25;
MeCl,. 2: CaCl,. 2: NaHCO,. 26; and dextrose, 10. The brain was then
b&k& and glued (with cyanoacrylate glue) onto the stage of Vibratome
(Lancer 1000, TPI, Inc., St. Louis, MO) and 400 pm coronal sections
were prepared containing somatosensory thalamus and cortex. These
slices were then incubated for 1 hr following dissection in oxygenated
medium containing (in mM) NaCI, 120; KCl, 5; MgCl,, 1; CaCl,, 1;
elucose. 25: and uinerazine-N.N’-bisI2-ethanesulfonic
acid1 (PIPES), 20;
kith the pH adjusted to 7.0 with NaOH. Slices were then incubated a
further 30-60 min in PIPES medium containing 3 mg/ml Sigma protease
XXIII, thoroughly rinsed, and incubated another 45 min in PIPES
medium prior to mechanical dissociation. Mechanical dissociation was
accomplished by cutting 1 mm’ chunks ofappropriate areas (ventrobasal
complex of thalamus and somatosensory cortex) from the enzymed
slices. These chunks were then triturated through a series of fire-polished
Pasteur pipettes, and dispersed neurons were plated in N-2-hydroxyethylpiperazine-N’-2-ethane
sulfonic acid (HEPES) medium onto 35
mm culture dishes, and stored in an oxygenated chamber prior to recording. The external recording solution (HEPES medium) was composed of (in mM) NaCl, 155; KCI, 3; MgCl,, 1; CaCI,, 3; tetrodotoxin,
0.0005: and HEPES-Na+. 10: with DH adiusted to 7.4 with NaOH. On
most experimental days, neurons from boih thalamus and cortex of the
same animal were recorded, facilitating comparison of GABA, response
properties between brain areas. The ventrobasal complex of the thalamus could easily be distinguished from the surrounding NRT, and care
was taken to exclude NRT from areas to be dissociated. Using these
methods, it has been verified immunohistochemically
that very few
GABAergic neurons are isolated from the ventrobasal complex, confirming the exclusion of NRT from the isolated thalamic neuron population (Huguenard and Prince, 1992). To reduce variability further in
recordings within cortical neurons, only medium to large, pyramidalshaped cortical neurons were employed for study.
Voltage-clamp recordings. Whole-cell patch-clamp recording technioues were similar to those described bv Hamill et al. (198 1). Electrodes
(6-8 MQ resistance) were pulled on a Narishige PP-83 microelectrode
puller using a two-stage pull and thin-walled borosilicate capillary glass.
The intracellular (pipette) solution contained (in mM) Trizma phosphate
(dibasic), 100; Trizma base, 28; ethylene glycol bis-(&aminoethylether)N, N, N”, N’-tetraacetic acid, 11; MgC12, 2; CaCI,, 0.5; and Na,-ATP, 4;
with pH adjusted to 7.35 with NaOH. The pipette solution also contained an intracellular ATP reconstitution consisting of 50 U/ml creatinine phosphokinase and 22 mM phosphocreatinine (Forscher and
Oxford, 1985; Mody et al., 1988). This reconstitution system maintained energy stores of the neurons, and prevented rundown of GABA
currents, which has previously been described in acutely isolated neurons (Huguenard and Alger, 1986; Stelzer et al., 1988). The maintenance

solution was used to fill the shank of the electrode, but was omitted
from the solution that was used to back-fill the tip of the electrode,
because it was found that gigaohm seals were difficult to obtain with
protein in the tip solution. Recordings were amplified using an Axopatch
200A amplifier (Axon Instruments, Burlingame, CA), and filtered at 5
kHz with a 4-pole Bessel filter before digitization. All data were displayed on a chart recorder on line (model 2 107, Gould, Cleveland, OH;
frequency response DC to 50 Hz), and stored on videotape following
digitization (at 44 kHz) with a PCM interface (Neurodata Instrument
Co., New York, NY). For subsequent off-line analysis, data were played
back on a chart recorder with a frequency response of DC to 2500 Hz
(Astro-Med DASH IV, Warwick, RI).
Drug concentrations and method of application. All drug solutions
were freshly prepared daily, except for GABA, which was prepared as
a 1 M stock solution and then diluted to the final concentration in the
external solutions. Clonazepam was first dissolved in dimethyl sulfoxide
(DMSO) at 10 mM. The maximum concentration of DMSO used in
cellular perfusions was co.00 1%. During clonazepam experiments, all
perfusion barrels (including control and wash barrels) contained DMSO
to minimize any potential artifacts. Application of DMSO alone (0.1%)
did not alter GABA responses. The applied drug concentrations were
as follows: GABA (Sigma, St. Louis, MO), l-3000 NM; clonazepam
(Sigma), 0.0 l-l 000 nM; phenobarbital (Sigma), 50 FM; bicuculline (Research Biochemicals Inc., Natick, MA), 10 FM.
Solution changes were accomplished using the “sewer pipe” perfusion
technique (Yellen, 1982; Huguenard et al., 199 l), in which several solutions flow out of parallel Teflon tubes (0.2 mm i.d.; Cole Parmer
Instrument Co., Niles, IL) in a laminar pattern. Rapid (< 100 msec) and
complete solution changes at a constant flow rate were then effected by
moving the tube assembly in relation to the neuron under study. While
initiating recording from neurons, the cell was perfused with control
external solution, with the barrels placed about 50 lrn away from the
tip (mouth) of each tube. After breaking the seal and allowing approximately 2-5 min to pass to establish stable leak currents (0 to -250
PA), GABA was applied for 8-10 set, and washed out with control
external solution for 100 sec. The cell was then pretreated with test
drugs without GABA solutions for 100 set, and then test solutions were
applied, together with GABA. Drug effects were expressed as percentage
effect on GABA-evoked outward currents, recorded at -20 mV I’,,,,,.
Experiments were performed at room temperature (22-24°C)
Statistics. All data were analyzed by calculating the current amplitude
of test solutions relative to currents evoked by GABA application alone
and only reversible effects were analyzed. All data are expressed as mean
* 1 standard error unless otherwise specified. Significance was tested
using the two-tailed Student’s t test. Both the GABA concentration/
response and the clonazepam concentration/GABA
augmentation relationships were fitted by the Marquardt-Levenberg
nonlinear least
squares method (ORIGIN, MicroCal Software, Inc., Northhampton, MA).

Results
GABA-induced currents
Bath application of 10pi GABA to cortical neurons(postnatal
day 25, ~25) elicited a current with a reversal potential (EC,&
of -63 + 5.2 mV (mean + SE, n = 5) accompaniedby an
increasein conductance(Fig. 1A-C). This reversalpotential was
close to that for a chloride current derived from the GoldmanHodgkin-Katz equation (Goldman, 1943; Hodgkin and Katz,
1949). Under the ionic conditions of this study, assuminga
phosphate-to-chloride permeability ratio of 0.025 (Bormann et
al., 1987), and an activity coefficient of 0.75 for the 166 mM
external chloride solution, the calculated EGABA
was -70 mV.
The GABA-induced chloride current showed pronounced
outward rectification in both cortical and thalamic neurons(Fig.
lB), as has been previously describedin other neurons(Segal
and Barker, 1984; Barker and Harrison, 1988; Coulter et al.,
1990b). This current and accompanying conductance increase
elicited by 10 FM GABA were reduced or blocked by bath application of 10 PM bicuculline (9 1.1 f 3.8% block, mean ? SE,
n = 5, in p66 thalamic neurons; 90.5 * 2.5% block, n = 5, in
p66 cortical neurons; Fig. 1C). In contrast, the peak GABA
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Figure 1. Properties
of GABA-evokedcurrentsaretypicalof GABA,-

mediatedCl- conductances.
A, Tracesillustratinghow the amplitude
of theGABA-evokedcurrentsvariedwith theholdingpotentialat which
the neuronwasvoltage-clamped.
The holdingpotentialsaredisplayed
beloweachtrace.Data arefrom a p25 corticalneuron.B, Plot of the
reversalpotentialfor the tracesdepictedin A. Note the reversalof the
GABA currentat -63 mV, andthe pronounced
outwardrectification.
C, Blockof bothGABA (10&-evoked outwardcurrentandassociated
conductance
increase
by 10/LM bicuculline.Theconductance
of thecell
before,during,andafterGABA applicationwasvaluatedusingcontinually repeating5 mV conductance
pulses,which evokedconsistently
largercurrents(indicatinghighermembrane
conductance)
duringGABA
application.Dataarefrom a p66corticalneuron.

Figure 2. GABA concentration/response
relationshipfor p5-p8 rat
thalamicandcorticalneurons.A, Tracesillustratingthe response
of a

thalamic(top) anda corticalneuron(bottom)to four concentrations
of
GABA, while the neuronwasvoltage-clamped
at -20 mV. The concentrationof GABA elicitingthecurrentappears
beloweachtrace.Both
neuronsare from the sameanimal,a p6 rat. B, Log/linearplot of the
concentrationof GABA againstthe mean+ 1 SEresponse,
normalized
to the response
elicitedby applicationof 3 mM GABA. Curvesare
unbiasednonlinearleastsquares
fits of the data(fit parameters
arein
Table 1). Note the similarpotencyof GABA in p5-p8 corticaland
thalamicneurons.
responserelationship was

current elicited by 3 mM GABA application (receptor sattirating
levels of GABA; seeFigs. 2-4) was not blocked by application
of 10 FM bicuculline, consistentwith competitive inhibition of
GABA responsesby bicuculline (not shown).
Developmentof GABA responsesin cortical and thalamic
neurons
Figures 2-4 show the GABA-induced chloride current for 3
postnatal agegroups:p5-p8 (Fig. 2), p l&p25 (Fig. 3), and p60p74 (Fig. 4) at a holding potential of -20 mV. GABA concentration/response curves obtained derived from GABA application in the concentration rangefrom 1 PM to 3 mM were fitted
using a nonlinear least squaresmethod (Marquardt-Levenberg
method). The equation used to fit the GABA concentration/

z = Zmax;chl(ch
+ K,“),

(1)

where C is the GABA concentration, Z is the current elicited by
a given GABA concentration normalized to the GABA current
elicited by application of 3 mM GABA in the sameneuron, I,,,,,
is the maximal GABA current expressedasa percentageof the
3 mM GABA response,KDis the GABA concentration eliciting
half-maximal current, and n is the Hill coefficient. Nonlinear
least squaresfits of the data gave KDvalues and Hill coefficients
for each age,as are shown in Table 1.
The overall efficacy (or maximal effect) of GABA on cortical
and thalamic neuronswas the samefor all three developmental
stages.The potency (or K,J of GABA acting at GABA, receptors
varied with postnatal development, and between brain areas.
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Figure 3. GABA concentration/response relationship for p l&p25 rat
thalamic and cortical neurons. A, Traces illustrating the response of a
thalamic (top) and a cortical neuron (bottom) to four concentrations of
GABA, while the neuron was voltage-clamped at -20 mV. The concentration of GABA eliciting the current appears below each trace. Both
neurons are from the same animal, a ~25 rat. B, Log/linear plot of the
concentration of GABA against the mean rfr 1 SE response, normalized
to the response elicited by application of 3 mM GABA. Curves are
unbiased nonlinear least squares fits of the data (fit parameters are in
Table 1). Note the similar potency of GABA in p18-~25 cortical and
thalamic neurons.
The concentration
of GABA exhibiting half-maximal
effect diminished in the following sequence in cortical neurons: p60p74 > p5-p8 > p18-~25. This developmental alteration in

GABA potency wasdifferent in thalamic neurons, with GABA
having the lowestpotency in pS-p8 neurons,and higher potency
in p18-~25 and p60-p74 neurons, with both older developmental stagesbeing equal in GABA potency. There was little
differencein the relative potency of GABA responsesin cortical
and thalamic neurons at a given age, except in adult neurons
(p60-~74) where GABA was higher in potency in thalamus
relative to cortex (Table 1).
The current density of GABA receptor-mediated responses
increasedwith postnatal development, in both thalamic and
cortical neurons.There wasno differencein GABA current den-

20-

0 I
1

I I.,...,

.
IO

. ,~ . . . . .
100

.

. .,....,

,

c

1000

log [GABA], ulbl
Figure 4. GABA concentration/response relationship for adult (p60~75) rat thalamic and cortical neurons. A, Traces illustrating the response of a thalamic (fop) and a cortical neuron (bottom) to four concentrations of GABA, while the neuron was voltage-clamped at -20
mV. The concentration of GABA eliciting the current appears below
each trace. Both neurons are from the same animal, a p66 rat. B, Log/
linear plot of the concentration of GABA against the mean k 1 SE
response, normalized to the response elicited by application of 3 mM
GABA. Curves are unbiased nonlinear least squares of the data (fit
parameters are in Table 1). Note the reduced potency of GABA in adult
cortical neurons relative to thalamic neurons.

sity between thalamus and cortex at any developmental stage.
Current density was calculated basedon the maximal response
of a neuron to 3 mM GABA, which was then divided by the
membranecapacitanceof the cell, read directly off the capacitance compensationpotentiometer on the patch amplifier. Capacitance readings using this method are in reasonableagreement with membranecapacitancemeasurementsderived from
integrating the current responseto a small depolarizing step
[16.0-l 8.0 pF in acutely isolated p5-~25 thalamic neuronsread
off the amplifier capacitancecompensationpotentiometer in the
presentstudy (Table 2) compared to 17.5 f 0.63 pF calculated
via integration in acutely isolated p7-p 15 thalamic neuronsin
Huguenard et al. (199l)]. Assuming a capacitance/membrane

The Journal

Table

1.

GABA

concentration/response

fit parameters

for cortical

and tbalamic

neurons

Cortex

Age

Maximal
current

Hill
coefficient

~5-~8
p18-~25
p60-~74

97.1 f 2.8
100.4 + 3.0
100.8 + 3.0

1.01 + 0.11
1.34 k 0.20
1.03 * 0.11

All values are f I SE. Number

of neurons recorded:

p5-p8,

26.6 + 3.4
18.9 -t 2.4
40.3 k 4.9

35 cortex, 3 I thalamus;

~1%~25;

of 1 pF/cm2 (or 0.01 pF/Fm2), the GABA
current densitiesfor the various neuron types and agesare enumerated in Table 2. With a GABA single-channelconductance
of 20-30 pS, a 50 mV driving force, and a maximal probability
of GABA channel openingof 0.83 at mM GABA concentrations
(Newland et al., 199l), thesecurrent densitieswould correspond
to a GABA channel density of 1.3-1.9 channels/pm2in p5-p8
neurons, and 1.6-2.5 channels/pm2in adult neurons. This is
derived usingthe equation Z = Nip, where Zis the mean current
per pm* (from Table 2), i is the single-channelcurrent computed
from the single-channelconductanceand the driving force, and
p is the probability of channel opening, assumedto be 0.83 for
the concentration of GABA employed (Newland et al., 1991).
Since perhapsone-third of the neuron’smembrane may be inaccessibleto applied GABA due to its closeapposition to the
surfaceof the petri dish, this channel density estimateprobably
underestimatesthe actual channel density, although these estimates are adequate for comparison of relative channel densitiesacrossdevelopmentalstagesand brain areas.Unlike GABA
current density, the capacitanceof the cells decreasedwith development (Table 2). This surprising finding was probably artifactual and related to the easewith which cells were isolated
by the enzymatic/mechanical techniquesemployed in the present study. The youngest cells (p5-p8) tended to isolate more
easily, and also tended to have longer dendrites attached to the
soma.The easeof isolation decreasedwith increasingageof the
brain, which was associatedwith a decreaseddendritic area,
although the somasize increasedwith increasingageof the cells.
The overall decreasedmembraneareain older neurons,coupled
with an increasedGABA current density in neuronsfrom older
animals tended to keep the peak GABA currents (recorded in

2.

GABA

receptor

density,

maximal

current,

desensitization,

and cellular

1.6 + 0.1
(n = 12)
1.6 k 0.2
(n = 7)
1.8 + 0.2
(n = 12)
1.8 k 0.2
(n = 13)
2.1 + 0.2
(n = 15)
2.0 + 0.3
(n= 11)

2454
(n =
2499
(n =
2229
(n =
2242
(n =
2036
(n =
2210
(n =

Thalamus

capacitance

in rat thalamic

31.0 AZ5.1
21.6 + 1.5
22.8 + 2.2

8 I cortex, 44 thalamus.

and cortical

(VF)

Cortex

Cortex

1345

on GABA-induced
Cl- currents in
neurons of various ages

Capacitance

~5-~8

~60-75

p60-~74,

Maximal
current
b.4

Thalamus

1.07 f 0.17
1.52 zk 0.14
1.26 f 0.14

Current
density
(DA/rmz)

Cortex

96.9 + 3.8
96.3 f 1.6
97.7 + 2.2
60 thalamus;

E(2)

When GABA (l-3000 PM) wasapplied to neuronsusinga concentration-clamp apparatusand a V,,,, of -20 mV, the concentration/responsecurve of GABA-induced currents was sigmoidal (e.g., Figs.2-4). As the concentrationof GABA increased,
the Cl- current began to exhibit more and more rapid desensitization. To examine benzodiazepine potentiation of GABA
currents, a concentration of 10PM GABA waschosen,sincethis
concentration was on the rising phase of the concentration/
responsecurve for all agesand brain areas and exhibited a
minimum degreeof desensitization.This concentrationof GABA
elicited GABA, currents that were the following percentageof
maximal current: p5-p8 thalamus 18.5%, cortex 21.8%; p18~25 thalamus 16.2%, cortex 14.4%; and p60-p74 thalamus
19.6%,cortex 14.2%.To minimize possibleerrors in calculating
potentiation of GABA responsesin the presenceof benzodiazepine, the drift rate of the GABA currents wascalculatedfor

Brain area

p18-~25

Hill
coefficient

50 cortex,

1995.

ages

Thalamus
Maximal
current

Efects of clonazepam
cortical and thalamic

Age

Thalamus

postnatal

February

responseto 3 mM GABA application) relatively uniform in size
(Table 2), The overall desensitization of the GABA response
(to 3 mM GABA) decreasedwith postnatal development in cortical neurons, but not in thalamic neurons (Table 2). Desensitization was expressed as the ratio of the GABA current amplitude 8 set after onsetof exposureto 3 mM GABA to the peak
GABA current and was expressedasa percentage.By this type
of measure,cells that had a higher desensitizationpercentage
value exhibited lessdesensitizationthan cells with a lower percentagevalue. Cortical neuronsat all agesshowedsignificantly
more desensitizationthan did thalamic neuronsof the sameage
(Table 2).

area relationship

Table

of various

of Neuroscience,

+ 152
12)
t- 197
7)
+- 165
12)
k 246
13)
+ 213
15)
t 102
11)

15.4
(n =
16.2
(n =
13.4
(n =
12.5
(n =
10.7
(n =
12.5
(n =

neurons

% Desensitization
k 1.0
12)
+ 1.8
7)
rf- 1.4
12)
-t 0.7
13)
+ 1.1
15)
+ 1.3
11)

26.2
(n=
36.3
(n =
29.1
(n =
36.5
(n =
21.9
(n =
32.5
(n =

+ 1.7
11)
f 4.1
10)
f 2.4
11)
of:2.3
16)
+ 3.4
13)
f 3.8
9)
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Figure 5. Clonazepam augmentation of GABA currents in p5-p8 rat
thalamic and cortical neurons. A, Traces illustrating the augmentation
of the control GABA response (leftmost set of traces) by three concentrations of clonazepam (CNZ, right three sets of traces) in a thalamic
(top) and cortical (bottom) neuron. The concentrations of GABA and
CNZ applied to elicit a given trace appear below the bottom traces.
Note the concentration-dependent
augmentation in amplitude of the
current evoked by 10 PM GABA application by 0.0 1, 1, and 100 nM
clonazepam. Also note that the overall augmentation in GABA-current
amplitude elicited by 100 nM CNZ was similar in cortical and thalamic
neurons. Both neurons are from the same p6 animal. B, Log/linear plot
of the concentration of clonazepam applied during 10 PM GABA exposure against the mean + 1 SE response, expressed as a percentage of
the response to GABA 10 PM alone in the same neuron. Curves are
unbiased nonlinear least squares of the data (fit parameters are in Table
3). Note the similar high-affinity clonazepam augmentation of GABA
responses in p5-p8 cortical and thalamic neurons, and that the overall
efficacy of clonazepam in potentiating GABA currents in cortical neurons was similar to that in thalamic neurons.

each neuron recorded (this drift could be due to either drift in
amplitude or desensitization of GABA currents), and then the
effect of this error calculatedand temporally corrected for each
GABA application, with or without benzodiazepine present.
This drift was usually quite small. Neurons in which the drift
rate exceededa S%/min were not analyzed.
Once drift rate corrections had been applied to each GABA
exposure in a neuron, the effect of the benzodiazepine clonazepam on GABA-induced Cl- currents was examined, by dividing the amplitude of a GABA current elicited in the presence
of a given concentration of clonazepamby the amplitude of the
control GABA current, without clonazepam present,and multiplying the resultant figure by 100,to convert it to a percentage.

nhl

Figure 6. Clonazepam augmentation of GABA currents in pl8-~25
rat thalamic and cortical neurons. A Traces illustrating the augmentation
of the control GABA response (leftmost set of traces) by three concentrations of clonazepam (CNZ, right three sets of traces) in a thalamic
(top) and cortical (bottom) neuron. The concentrations of GABA and
CNZ applied to elicit a given trace appear below the bottom traces.
Note the concentration-dependent
increase in the amplitude of the current evoked by 10 PM GABA application by 0.0 1, 1, and 100 nM clonazepam. Also note that the overall increase in GABA-current amplitude
evoked by 100 nM CNZ was larger in cortical neurons. Both neurons
are from the same p 19 animal. B, Log/linear plot of the concentration
of clonazepam applied during 10 PM GABA exposure against the mean
+ 1 SE response, expressed as a percentage of the response to GABA
10 WM alone in the same neuron. Curves are unbiased nonlinear least
squares of the data (fit parameters are in Table 3). Note the similar
high-affinity clonazepam augmentation of GABA responses in pl8-~25
cortical and thalamic neurons, and that the overall efficacy of clonazepam in potentiating GABA currents in cortical neurons was not significantly greater than in thalamic neurons.

Using these methods of calculating potentiation, it was found
that application of clonazepam in concentrations from 0.01 to
100 nM resulted in a concentration-dependent, sigmoidally increasing potentiation of GABA current amplitude
for all developmental agesand cell types (Figs. 5-7). Above 100 nM,
clonazepam-induced augmentation of GABA currents decreased,as hasbeen reported previously (e.g., Yakushiji et al.,
1993).
The results of nonlinear least squaresanalysisof the clonazepam potentiation of the GABA-induced currents in cortical
and thalamic neurons during development are shown in Table
3. Fits of the data assuminga singlebinding sitealwaysexhibited
a systematicerror, with too much potentiation apparentfor low
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Figure 7. Clonazepam augmentation of GABA currents in adult (p6075) rat thalamic and cortical neurons. A, Traces illustrating the augmentation of the control GABA response (leftmost set of truces) by two
concentrations of clonazepam (CNZ; right two sets of truces) in a thalamic (top) and cortical (bottom) neuron. The concentrations of GABA
and CNZ applied to elicit a given trace appear below the bottom traces.
Note the concentration-dependent
increase in the amplitude of the current evoked by 10 PM GABA application by 0.1 and 100 nM clonazepam.
Also note that the overall increase in GABA-current amplitude evoked
by 100 nM CNZ was larger in cortical neurons, and the potency of
clonazepam was higher in cortical neurons, which showed significant
potentiation in response to 0.1 nM CNZ, which had no effect on the
thalamic neuron. Both neurons are from the same p67 animal. B, Log/
linear plot of the concentration of clonazepam applied during 10 PM
GABA exposure against the mean ? 1 SE response, expressed as a
percentage of the response to GABA 10 PM alone in the same neuron.
Curves are unbiased nonlinear least squares of the data (fit parameters
are in Table 3). Note that augmentation of GABA responses by clonazepam in cortical neurons was greater throughout the curve, indicating
increases in CNZ efficacy at both the high- and low-affinity sites in
cortical neurons relative to thalamic neurons.

concentrationsof clonazepam.Therefore, a two-site model was
employed to fit the data. This fit assumestwo pharmacologically
distinct binding sitesfor clonazepam, each with its own effect
in potentiating GABA currents. The equation used to fit the
clonazepamconcentration/GABA augmentation curves was
% Potentiation = [M,C21(CZ + KD,2)]
+ [M2c*/(c* + KDZZ)],

(2)

Cortex

Thalamus

Phenobarbital
(50 uM)

Cortex

Thalamus

Clonazepam
(100 nM)

Figure 8. Phenobarbital augmentation of GABA currents in adult (p60~75) thalamic and cortical neurons. A, Traces illustrating the augmentation of the response to GABA 10 PM by 50 PM phenobarbital in a
thalamic (top) and a cortical neuron (bottom). Note the similar effect of
phenobarbital on these two cells. Both cells were from the same animal,
a p67 rat. Calibration: thalamus (top), 1 nA, cortex (bottom), 2 nA. B,
Histogram illustrating the mean + 1 SE augmentation ofGABA currents
in adult rat thalamic and cortical neurons by 50 PM phenobarbital, and
by 100 nM clonazepam. Note the similar effect of phenobarbital in
cortical and thalamic neurons, and that the overall efficacy of phenobarbital was similar to that seen with clonazepam in cortical, but not
thalamic neurons.

where M, and Mz are the maximal effectsfor the high- and lowaffinity sites,C is the concentration of clonazepam,and KD, and
K,,2 are the clonazepamconcentrationsat which a half-maximal
effect is seenfor the high- and low-affinity sites, respectively.
To increasethe power of the fitting function, the Hill coefficient
wasfixed as 2, a value determinedto be closeto the actual value
from preliminary fits of the data. Previous studieshave found
Hill coefficients of between 1 and 2 for clonazepam augmentation of GABA currents (Pritchett et al., 1989;Yakushiji et al.,
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fit parameters

Receptor
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augmentation

of GABA-induced

Cortex
Age
P5-P8

p18-p25
p60-p76

currents

in cortical

and thalamic

neurons

Thalamus

Ml

KU

20.8 + 11.4
23.4 + 2.9
15.8 + 3.3

0.11

f 0.17

MZ

0.27
0.06

+
f

0.08
0.03

58.9
61.8
90.7

f&2
f
+
+

17.5
21.8
8.0

20.0
75.0
51.2

M
-+
k
+

13.8
38.2
9.0

20.1
28.0
4.4

KD,
+
+
+

3.3
6.9
0.6

0.11

M*
+ 0.05

0.55 + 0.15
0.02 ?I 0.01

54.6
25.1
57.0

KD,
+
+
+

5.0
9.5
1.4

19.2
40.1
45.2

+
+
k

3.8
30.5
2.1

All values are f 1 SE M, and I& are the maximal effect and KD values for the high-affinity
clonazepam response, and Ml and KD2 are the maximal effect and K, values
for the lower-affinity
clonazepam response. All fits were conducted assuming a Hill coefficient of 2 for clonazepam augmentation
of GABA currents for both the highand low-affinity
responses. Number of neurons recorded: p5-p8, 45 cortex, 54 thalamus; pl8-~25,
29 cortex, 39 thalamus; p6C-~74, 36 cortex, 37 thalamus.

1993) with the latter study reporting a Hill coefficient of 1.87
for diazepam potentiation of GABA, currentsin p 13-p 17acutely isolated rat neocortical neurons. When clonazepam concentration/GABA augmentation curves were fitted in the present
study assumingonly a singleeffective site, Hill coefficientswere
determined to be between0.5 and 1 under theseconstraints(not
shown), since the high-affinity effects also tended to make the
slope of the plots “shallower.” However, these fits were clearly
inadequate, and so a two-site model was employed to fit the
data.
A high-affinity site, with a KD in the subnanomolar range
(varying between0.03 and 0.55 nM) contributed approximately
1S-20% potentiation for most agesand cell types, and this maximal effect of the high-affinity site varied with cell type and age
(Table 2). The efficacy (maximal augmentation) of this highaffinity site decreasedwith the age of the animal in thalamic
neurons, with a maximal effect of 20.1% potentiation in p5-p8
neurons, decreasingto a 4.4% maximal effect in thalamic neurons from adult animals (Table 3, Figs. 5-7). In contrast, the
high-affinity site efficacy remained relatively constant for cortical neuronsacrossall ages(Table 3, Figs. 5-7). The low-affinity
clonazepam site contributed a much greater maximal potentiation to the total effect of clonazepam,contributing 9 1% potentiation in adult (p60-~74) cortical neurons, and 57% total potentiation in adult thalamic neurons(Table 3, Fig. 7). In cortical
neurons, low-affinity site efficacy increasedgradually with development (Table 3). This wasnot the casein thalamic neurons,
which showeda transient dip in efficacy at the low-affinity site
in p 1g-p25 neurons (Table 3).
Phenobarbital augmentation of adult cortical and thalamic
neuronsGABA currents
Figure 8 shows phenobarbital effects on adult thalamic and
cortical neurons. Phenobarbital augmentedcurrents evoked by
application of 10 PM GABA equally in cortical and thalamic
neurons, with equivalent overall efficacy to maximal potentiation of GABA responsesby clonazepam in adult cortical (but
not thalamic) neurons(Fig. 8B).
Discussion
Results from the present study demonstrate regional and developmental differencesin the function of GABA, receptorsof
somatosensorythalamic and cortical neurons, which could facilitate understandingof GABAergic mechanismsoperative in
the generation of normal and pathological rhythms in the thalamocortical system.
GABA responses
At all developmental stages,cortical neurons exhibited greater
desensitizationthan did thalamic neurons,and desensitization

increasedin cortical (but not thalamic) neuronswith postnatal
development (Table 2). The KD and Hill coefficient values derived from kinetic fits of the GABA concentration/response
relationships varied with both postnatal age and cell type. In
thalamus, the relative potency of GABA was p18-~25 = p60p74 > p5-p8, while in cortical neurons GABA potency order
was p18-~25 > p5-p8 > P60-p74 (Figs. 2-4, Table 1). The
slopeof the concentration/responsecurve wassteepestin midpostnatal development (pl8-~25; Table 1). Hill coefficient valuesdecreasedin adult neuronsto early postnatallevelsin cortex,
and to a level intermediate betweenp5-p8 and p 1g-p25 values
in adult thalamic neurons(Table 1).
Several factors could affect the desensitizationrate, potency,
and slope of the GABA concentration/responserelationship.
One factor that could mediate thesetypes of kinetic differences
in GABA, responsesis the structure of the GABA, receptors
presenton differing neuron types of varying ages.In functional
studiesof expressedGABA, receptor subunits in Xenopus oocytes (Sigel et al., 1990) human embryonic kidney cell lines
(Verdoom et al., 1990) or mouse fibroblasts (Angelotti and
Macdonald, 1993) altering the subunit composition of the expressedGABA receptor has been shown to affect GABAergic
potency (Sigelet al., 1990;Verdoom et al., 1990),Hill coefficient
(Sigel et al., 1990), single-channelconductance (Angelotti and
Macdonald, 1993) and desensitization rate (Verdoom et al.,
1990). Receptorsconsistingof a!and 0 subunits(but no y subunit) had lower KDvalues, lower Hill coefficients, lower singlechannel conductances, and faster desensitization rates than
receptors composed of cy, 0, and y subunits. Therefore, one
possibleexplanation for the altered kinetic propertiesof GABA
in adult cortical neurons comparedto thalamic neuronsis that
cortical neurons may have a higher proportion of GABA receptors containing a yZ subunit than thalamic neurons (e.g.,
Olsen et al., 1990; Wisden et al., 1992), which may result in
this relative difference in GABA potency.
In situ hybridization studiesexamining expressionof GABA
subunit mRNAs provide evidence concerning which receptor
subunits may be present in both adult (Persohn et al., 1992;
Wisden et al., 1992) and developing (Laurie et al., 1992) rat
brain. The cortex of adult rat brain showsa laminar specificity
of expressionof various GABA subunit mRNAs, with positive
staining for (~,-01~,
&, p,, and yZ subunits (Persohnet al., 1992;
Wisden et al., 1992).In contrast, adult thalamusstainspositively
for only (Y~,LYE,
pZ, and 6 subunits(Persohnet al., 1992; Wisden
et al., 1992). The relative levels of expression of y2 mRNA
subunits in the thalamus are controversial, with some studies
finding little staining (Wisden et al., 1992) and others finding
higher levels of yZ staining (Araki et al., 1992; Persohnet al.,
1992).
The postnataldevelopmentof various GABA subunit mRNAs
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shows a varying pattern when compared to adult mRNA (Laurie
et al., 1992). Assuming that strength of mRNA hybridization
staining corresponds to the amount of functional protein expressed, GABA responses in pS-p8 cortical neurons were probably due to activation of GABA receptors composed of
(Y~~.~.~~~&,,~,Y~,
and in p5-p8 thalamic neurons of +&y,
(Laurie et al., 1992). Some of the differences seen could therefore be
due to alterations in subunit structure between the two brain
areas, with the pz and y2 subunits absent in p5-p8 thalamic
neurons but present in cortical neurons and the (Yeand ys subunits present in thalamic neurons but absent in cortical neurons.
By the same reasoning, GABA receptor responses in p 1g-p25
cortical neurons were probably due to activation of (Y(,+ &j,,
yz subunit-containing receptors (Laurie et al., 1992) with differences in GABA receptor function between p5-p8 and p 18p25 cortical neurons due to expression of (Y, and a5, and 0,
subunits in pl8-p25 neurons, which were not expressed similarly in p5-p8 cortical neurons. According to these mRNA expression data, thalamic neurons in the pl8-p25 age range had
GABA responses due to activation of c+&~
receptors (Laurie
et al., 1992) with differences between p 1g-p25 and p5-p8 thalamic neuron GABA currents being explained by the addition
of CY,,&, and 6 subunits in pl8-p25 neurons, and by the reduction in expression of a(2,3,0rs,,&, and y, subunits in p 1g-p25
thalamic neurons.
Benzodiazepine sensitivity
Benzodiazepine modulation of GABA receptor function showed
the largest alterations in regional expression and postnatal development. Kinetic analysis in developing cortical and thalamic
neurons (p5-~25) indicated that clonazepam acting on the highaffinity site had virtually identical effects within a given age
group (Figs. 5,6; Table 3). Clonazepam, acting at a lower-affinity
site, was also equally effective in augmenting GABA responses
in p5-p8 cortical neurons and thalamic neurons (Figs. 5,6; Table
3). In pl8-p25 neurons, clonazepam, acting at the low-affinity
site, was more effective in cortical neurons than in thalamic
neurons (62% compared to 25% augmentation; Table 3). In
neurons from adult rats (> 60 d old), this trend continued, with
low-affinity
site clonazepam effects augmenting GABA responses with greater efficacy in cortical neurons than in thalamic
neurons (91% compared to 57%; Table 3). In adult thalamic
neurons, the high-affinity site was reduced or absent, and the
low-affinity site had a lower efficacy than that seen in cortical
neurons. In adult cortical neurons, the high-affinity site accounted for 16% of the total efficacy of benzodiazepine receptors, with the remainder accounted for by the low-affinity site.
Total augmentation (due to effects at both high- and low-affinity
sites) was 107% in adult cortical neurons and 6 1% in thalamic
neurons.
The reduced efficacy of clonazepam in potentiating GABA
responses in thalamic relative to cortical neurons could be accounted for by two distinct mechanisms. Clonazepam could
have differing effects at GABA receptors in thalamic and cortical
neurons, or there could be a subset of thalamic GABA receptors
that are insensitive to benzodiazepines, with neither of these
mechanisms being mutually exclusive. Support for the former
hypothesis is lent by recent findings that the sensitivity ofGABA
receptors containing a yz subunit can be modulated depending
on which (Yreceptor subunits are present in the receptor (Pritchett et al., 1989). GABA receptors containing the (Y, subunit were
found to display a BZ, receptor phenotype, while those con-
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taining LU,or (Y) subunits were found to display a BZ, receptor
phenotype (Pritchett et al., 1989). The expression of a receptor
subunit mRNAs has been shown to vary depending on brain,
area, with distinct (but partially overlapping) populations of (Y
receptor subunits expressed in thalamus and cortex (discussed
above). Support for the latter hypothesis (a subset of thalamic
GABA receptors present that are insensitive to benzodiazepines)
is lent by a number of recent studies. Olsen et al. (1990) in
binding studies have shown that there is a marked disparity
between the number of high-affinity GABA binding sites and
the number of benzodiazepine receptors in thalamus, suggesting
that there could be a significant population of GABA receptors
within thalamus (perhaps 80%) that do not bind benzodiazepines, and hence are not benzodiazepine modulated. Wisden et
al. (1992) have shown that expression of y2 mRNA is reduced
or absent in thalamus in adult rats (but see Araki et al., 1992;
Persohn et al., 1992). This subunit has been shown in functional
expression studies to confer benzodiazepine sensitivity to GABA
receptors (Sigel et al., 1990), although the binding site for benzodiazepine appears to be contained within the a subunit
(Pritchett and Seeburg, 199 1). Therefore, alterations in benzodiazepine sensitivity in thalamus relative to cortex in adults are
probably due to a combination of factors, including (1) thalamic
GABA receptors, which are insensitive to benzodiazepines, explaining the overall decreased efficacy of benzodiazepines in
thalamus relative to cortex, and (2) a population of GABA
receptors in thalamic neurons that have altered modulatory responses or sensitivity to benzodiazepine binding, which could
explain the altered kinetic properties of benzodiazepine potentiation of GABA responses in thalamus relative to cortex.
The increased efficacy of benzodiazepines at cortical GABA,
receptors of adult animals relative to thalamic GABA receptors
has therapeutic significance. The anticonvulsant activity of both
benzodiazepines and barbiturates is thought to be mediated to
a large extent by allosteric enhancement of GABAergic inhibition (Schulz and Macdonald, 198 1; Macdonald and McLean,
1986; Twyman et.al., 1989). Barbiturates, unlike benzodiazepines, are equally effective in augmenting GABA responses in
both cortical and thalamic neurons (Fig. 8). Barbiturates, unlike
benzodiazepines (which are effective GA anticonvulsants;
Browne and Pent-y, 1973; Dreifuss et al., 1975) are ineffective
or may even exacerbate GA (Penry and So, 1981) a seizure
disorder that involves activation of rhythmic thalamocortical
oscillations. This tendency of barbiturates to activate thalamocortical rhythms is particularly evident in barbiturate-anesthetized animals, which typically generate spontaneous thalamocortical oscillations resembling SSs (e.g., Andersen et al.,
1967). Since GABAergic IPSPs in thalamic neurons function to
synchronize thalamocortical oscillations, augmenting these IPSPs
would enhance (or exacerbate) rhythmicity, as has been seen in
animal models of GA (Liu et al., 199 1). Cortical neurons have
much smaller proportional low-threshold calcium current compared to thalamic neurons (cf. Coulter et al., 1989a-c; Sayer et
al., 1990) and so do not tend to be paradoxically activated by
hyperpolarization
as do thalamic neurons. Therefore, augmenting cortical GABAergic inhibition has a net effect of reducing excitability. Examining cortical and thalamic effects of
barbiturates and benzodiazepines on GABA receptor function
can help explain their contrasting actions in controlling GA.
Benzodiazepines would potentiate GABAergic IPSPs in neocortex to a greater extent than in thalamus (e.g., Fig. 7) while
barbiturates are equally effective in both areas (Fig. 8). Aug-
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mentation of GABAergic
function in thalamus would tend to
promote rhythm generation,
confounding
anticonvulsant
actions in cortex, and reducing the relative effectiveness of barbiturates as GA anticonvulsants.
A recent report has appeared
describing indirect evidence that clonazepam
also may have
actions in NRT, serving to increase intra-NRT
recurrent IPSPs,
and reducing NRT-mediated
inhibition
of thalamic neurons, an
action also consistent with anticonvulsant
effectiveness of this
drug in controlling
GA epilepsy (Huguenard and Prince, 1994).
Determination
ofthe effects of barbiturates
on intra-NRT
recurrent inhibition
awaits further study.
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