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SUMMARY AND CONCLUSIONS

1. Experiments were carried out using patch-clamp techniques
in rat thalamic slices, maintained in vitro, to examine the effects of
the benzodiazepine compound, clonazepam (CZP), on intratha-
lamic inhibition. Bath-applied CZP reduced the y-aminobutyric
acid-B (GABAR) component of inhibitory postsynaptic potentials
and currents (IPSPs and IPSCs, respectively) evoked in rat thala-
mic somatosensory relay neurons by stimulation of nucleus re-
ticularis thalami (nRt), without consistently affecting the GABA,
IPSP. Secondary IPSPs, which occur as a result of intrathalamic
oscillations, were dramatically reduced.

2. Voltage-clamp experiments combined with local or bath
perfusion of the GABA, antagonist bicuculline methiodide
(BMI), demonstrated that nRt is a site of GABA ,-mediated post-
synaptic inhibition that affects inhibitory output onto relay neu-
rons. BMI enhanced both GABA, and GABAj postsynaptic inhi-
bition in relay neurons when applied to nRt. Focal applications in
the ventrobasal relay nucleus near the recording electrode blocked
the GABA ,-mediated IPSP but had no effects on GABAj inhibi-
tory potentials.

3. Results suggest that CZP acts to facilitate recurrent inhibi-
tion in nRt and decrease its inhibitory output onto relay neurons.
Intra-nRt GABA ,-mediated inhibition thus has an important role
in controlling thalamic excitability and in the anti-absence actions
of CZP.

INTRODUCTION

Recurrent feedback within the intrathalamic circuit is
thought to underlie various thalamocortical oscillations, in-
cluding those involved in absence epilepsy (Avanzini et al.
1992; Buzsaki et al. 1990; Huguenard and Prince 1994;
Steriade and Llinas 1988; von Krosigk et al. 1993). Thala-
mocortical relay cells (TCs) excite GABAergic neurons of
the nucleus reticularis thalami (nRt) leading to recurrent
inhibitory postsynaptic potentials (IPSPs) onto relay neu-
rons. These IPSPs have both y-aminobutyric acid-A (GA-
BA,)- and GABAj-receptor-mediated components that
hyperpolarize the postsynaptic neurons and deinactivate a
transient calcium current (T current, I ), which underlies
generation of low-threshold calcium spikes (LTSs) and
bursts of sodium action potentials. The bursts generated by
relay neurons, in turn, feedback onto nRt neurons to re-ex-
cite them, beginning another cycle (Huguenard and Prince
1994). Because of these interactions, drugs that decrease
the efficacy of T current would tend to interrupt such oscil-
lations. This is the mode of action proposed for the succini-
mide anticonvulsants, which are selective drugs for treat-
ment of petit mal epilepsy (Coulter et al. 1989a,b, 1990;
Huguenard and Prince 1992). Also, according to this
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scheme, processes that hyperpolarize neurons in nRt and
relay nuclei would tend to precipitate abnormal rhythmic
discharges. Examples include 1) light sleep, during which
the 3-Hz second spike-wave discharges of petit mal are en-
hanced (Kellaway 1985) concurrent with decreased activ-
ity in brain stem ascending excitatory neurotransmitter sys-
tems that innervate thalamic neurons (e.g., Aston-Jones
and Bloom, 1981, 1985; Lindvall et al. 1974 ) and 2) admin-
istration of barbiturates that are known to exacerbate hu-
man petit mal epilepsy (Penry and So 1981), presumably
by enhancing GABA ,-receptor-mediated inhibition (Ni-

‘coll 1972; Twyman et al. 1989) within the thalamic circuit.

In this context, the beneficial actions of the benzodiazepine
agonist, clonazepam (CZP), in petit mal (Dreifuss et al.
1975) are difficult to explain because benzodiazepines are
known to augment GABA ,-mediated inhibition (Choi et
al. 1981) If this drug were to enhance postsynaptic GA-
BAergic inhibition in relay nuclei, one result would be in-
creased LTSs and more prominent oscillations. We hypoth-
esized that one potential site for CZP action would be
within nRt. By enhancing GABAergic IPSPs that presum-
ably result from activation of the recurrent inhibitory con-
nections known to be present between nRt neurons, CZP
might decrease inhibitory output from the nucleus onto
cells in the dorsal thalamus. With this possible explanation
in mind, we tested the actions of CZP on a thalamic slice
preparation in which connections between nRt and the
ventrobasal nuclei (VB) were intact. Results indicate that
CZP can reduce mainly the GABAg component of IPSPs
evoked in VB from nRt stimuli, most likely through actions
on intra-nRt inhibitory circuits. Such effects in nRt appear
to be far more potent that any postsynaptic actions to en-
hance GABA ,-mediated inhibition in VB.

METHODS

Methods have been previously described in detail (Huguenard
and Prince 1994). Briefly, rat pups, 10-19 days old, were anesthe-
tized (50 mg/kg ip pentobarbital sodium), decapitated, and the
brains were removed rapidly and placed in chilled (4°C) slice
solution. Horizontal 400 um-thick slices were cut on a vibratome,
incubated at 30°C in gassed slice solution (below) and transferred
as needed to an in vitro recording chamber and maintained at
34 + 1°C (mean + SD). Slices containing adjacent portions of
nRt and VB were selected for study.

The standard extracellular superfusion solution consisted of (in
mM) 126 NaCl, 26 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 2 MgCl,, 2
CaCl,, and 10 glucose. Intracellular recordings were made with
patch-clamp electrodes filled with the following solution (in
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FIG. 1. Bath application of clonazepam (CZP) reduces inhibitory poatsynaptic potentials (IPSPs) in ventrobasal nuclei

(VB) neurons. Traces in 4 and C are each the average of 6 trials. The thickness of the line indicate +1 SE. 4: the late
vy-aminobutyric acid-B (GABAg) IPSP ( ~ ~ ) evoked by nucleus reticularis thalami (nRt) stimulation (v) was reduced to
24% of control by 300 nM CZP (striped trace), whereas the early GABA, IPSP (~ ) and the input resistance were not
similarly affected. Initial deflection in A and B: responses to —50 pA intracellular current injections. Inset: only the late IPSP
was reduced by CZP. **P < 0.01; error bars, SD. B: nRt-evoked IPSP generates a rebound low-threshold calcium spike
(LTS; «) in another neuron. Addition of 300 nM CZP (thick line) results in depression of both GABA, and GABA; IPSPs
and blocks the rebound LTS. C: secondary IPSPs are depressed to a greater extent than primary IPSPs by CZP. CI: nRt
stimulation (v) evokes a biphasic primary IPSP and a secondary IPSP at a latency of 350 ms (open arrow in C2). CZP
(striped trace) reduces the peak GABA, IPSP by 7%, the GABAg IPSP by 15%, and delays and diminishes the secondary
IPSP. Inset: secondary inhibition was measured by integrating the IPSC from the onset of the secondary event. Peak latencies
in control and CZP were aligned. The integrated area under the curve (AUC) in CZP (striped area) was 43% reduced

compared with control (solid area). C2: the reduction in all 3 components is reversible.

mM): 120 K-gluconate, 1 MgCl,, 1 CaCl,, 11 KCl, 10 N-2-
hydroxyethylpiperazine- N-2-ethanesulfonic acid (HEPES),
and 11 ethylene glycol-bis(3-aminoethyl ether)- N, N, N, N-tetra-
acetic acid (EGTA). The pH was adjusted to 7.3 with KOH
and osmolality to 290 mosM with distilled H,O. Voltages were
corrected for liquid junction potentials.

Blind whole-cell patch-clamp recordings were obtained (Blan-
ton et al. 1989), and an Axoclamp 2A (Axon Instruments, Foster
City, CA) was used for bridge mode voltage recordings as well as
switched single-electrode voltage-clamp recordings. The headstage
was continually monitored to ensure complete decay of the
current transient before voltage measurement. Constant current
extracellular stimuli (250 pA, 40-100 us) were delivered through
a pair of 1-10Q sharpened tungsten electrodes (FHC, Maine) that
had a tip separation of ~100 um. All chemicals were obtained
from Sigma (St. Louis, MO) except 6-cyano-7-nitroquinoxaline-
2,3-dione and D-2-amino-5-phosphonopentanoic acid (D-APS5)
(Research Biochemicals International, Natick, MA ). Local perfu-
sion was by pressure application. Trains of 1-10, 50- to 100-kPa

pulses were delivered through a patch pipette positioned within
the top 100 um of the slice. Drugs were dissolved in normal saline.

Using these techniques, we obtained stable voltage- or current-
clamp recordings in 34 relay neurons. To quantify IPSPs and in-
hibitory postsynaptic currents (IPSCs), GABA , and GABA; com-
ponents were measured at separate latencies from the onset of
extracellular stimulus. Because the GABAg component had a de-
layed onset (Huguenard and Prince 1994; Otis et al. 1993), there
was essentially no contamination of the GABA, component,
when measured at its peak (20 ms; Huguenard and Prince 1994).
On the other hand, at the peak of the GABAg response (100-150
ms) the decay of the picrotoxin-sensitive GABA, component was
~95% complete (Huguenard and Prince 1994), so responses
measured at 150 ms largely reflect the GABAg-mediated compo-
nent. Population data are given as means + SD.

RESULTS

In thalamic slices that retained connectivity between nRt
and VB, extracellular stimulation of nRt evoked IPSPs with
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FIG. 2. Effects of local perfusion of bicuculline methiodide in VB and nRt [bicuculline methiodide (BMI), puffer
concentration 50 uM] on IPSPs recorded in a VB neuron. 4: multiple secondary IPSPs occur after a primary IPSP with a
dominant GABA, component (control ). BMI applied to VB (2nd segment) reversibly reduces GABA , IPSPs while leaving
GABAj components intact. After washout of VB application (3rd segment), application of BMI in nRt (4th segment)
increases both GABA,, and GABAg components, and this effect is reversible (5th segment). Each trace is the average of 5
trials. B: overlaid sweeps from 4. In this figure and in Fig. 3, traces obtained during BMI application are indicated with thick
lines and wash by dashed lines. BI: both primary and secondary GABA, IPSPs were decreased by BMI in VB. The slight
reduction in the GABA IPSP after BMI application appeared to be due to wash out of the response during perfusion with
pipette solution, because it never returned to control levels (note that the GABA IPSP obtained during BMI application to
VB was indistinguisible from either wash condition). B2: BMI application to nRT increased the size of primary and
secondary (open arrow) components. BMI application in either location had no effect on input resistance. C: the early
GABA, IPSP is prolonged by BMI application to nRt and a second peak is evident («). D: population data for local
perfusion experiments. n = 6-14, error bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.

prominent GABA, and GABA; components in VB neu-
rons (Huguenard and Prince 1994). An example of such an
IPSP is shown in Fig. 14, where the nRt stimulus evokes a
short-latency GABA, ( X\ ) and a later slow GABAg compo-
nent ( N\ X ). Bath application of CZP (300 nM) reduced
the size of GABAj IPSP, but did not alter the GABA , com-
ponent. On average, CZP did not affect input resistance (in
CZP R, was 97.6 + 7.6% of control, n = 9) and thus the
reduced IPSP was probably the result of activation of fewer
GABAg receptors, and not due to shunting of the synaptic
current. The effects of CZP were subtle and variable. In six
of eight cells that responded the reduction in GABAy, IPSP
was 20 = 6%. In the other two cells there was no effect of
CZP on the GABAj response, but even including these
cells, the overall depression (15 + 10% ) was significant (P <
0.01, Fig. 1 4, inset). GABA , IPSPs were slightly enhanced,

but not significantly (12 = 16% increase, P > 0.05). We
recently described a network oscillation that occurs in hori-
zontal rat thalamic slices (Huguenard and Prince 1994)
because nRt-evoked IPSPs can trigger rebound low-thresh-
old spikes (LTSs) in relay neurons (Fig. 1 B), and the out-
put from relay neurons can re-excite nRt neurons to gener-
ate another IPSP, and thus restart the cycle. An example of
the early portion of this oscillation is seen in a VB neuron in
the control trace of Fig. 1CI, where a secondary IPSP is
evoked by the nRt stimulus with a latency of ~375 ms. By
reducing the size of the primary IPSP, CZP can block re-
bound LTS generation (Fig. 1B) and therefore exert an
anti-oscillatory action. This is clearly seen in the CZP re-
duction of the secondary IPSP in Fig. 1C1. In this neuron,
CZP slightly reduced the GABA , and GABA; components
(7-15%), but dramatically reduced the strength of the sec-
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FIG. 3. Local BMI application in nRt increases IPSCs in VB. 4: VB neuron was voltage clamped to a holding potential of
—50 mV and IPSCs with prominent early GABA, (+) and late GABAg (++) components evoked every 15 s with nRt
stimulation. Secondary IPSCs (open arrow ) occurred 380 ms after the stimulus. Each trace is the average of 4 trials. 41: BMI
applied to VB reduced the GABA, IPSC and secondary event. 42: GABA,, and GABA IPSCs (measured at 20 and 150 ms)
were increased (7 and 28%, respectively) by BMI application to nRt. 43: the traces from A2 are displayed at higher gain to
show the enhancement of the secondary IPSC and the primary GABA IPSC. B: time course of the experiment from 4. B1:
GABA, IPSCs were stable in control, reversibly reduced by a bolus BMI application to VB, and enhanced by BMI applica-
tion to nRt. B2: theGABAg IPSC was less stable; it gradually ran down throughout the course of the experiment. BMI had no
effect on the amplitude of the GABA IPSC when applied to VB, but increased it when applied to nRt. B3: amplitude of the
secondary IPSP was decreased by local BMI perfusion in VB and enhanced by nRt perfusion.

ondary IPSP (43%), and this effect was reversible (Fig.
1C2). In this cell the total duration of the circuit oscillation
was reversibly reduced by 41% from 2.2 to 1.3 s (not
shown).

Because benzodiazepines specifically interact with GA-
BA, receptors, the most parsimonious mechanism for the
effects on IPSPs in VB would be enhancement of GABA,-
mediated responses. The next set of experiments was de-
signed to determine the site of action of the CZP effect.
Local drug perfusion in nRt or VB was used to test whether
this was a pre- or postsynaptic action. Preliminary experi-
ments with CZP indicated that local perfusion (1 pM) in
nRt reduced the size of the IPSP in VB neurons, whereas
perfusion in VB had little effect (not shown, n = 3), impli-
cating a presynaptic site of CZP action in nRt. To demon-
strate a robust GABA ,-mediated presynaptic action in nRt,
we used bicuculline methiodide (BMI) rather than CZP
because it is a complete antagonist of GABA, responses
rather than a modulator. We found that the effects of BMI
(10 uM in the bath, n = 4; or locally applied in nRt, n = 6)

were opposite to those of bath-applied or locally applied
CZP. An example of a local perfusion current-clamp exper-
iment during recording from a VB neuron is shown in Fig,.
2. In control, nRt stimulation evoked a biphasic IPSP,
which in this case had a relatively small GABAg component
and several secondary IPSPs. As expected, local perfusion
of BMI in VB (Fig. 24, 2nd sweep; Fig. 2 BI, thick trace;
and Fig. 2 D) nearly completely blocked the GABA , compo-
nents of both the primary and secondary IPSPs, without
affecting the GABAg components. On the other hand,
when BMI was applied to nRt, all IPSP components were
enhanced (Fig. 2, B2 and D), but the effect on the second-
ary IPSP was generally greater than that on the primary
IPSP (Fig. 24, 4th sweep, and Fig. 2 B2, open arrow). The
shape of the early IPSP was sometimes altered by BMI ap-
plied to nRT (e.g., Fig. 2C); it was no longer monophasic,
but exhibited early and late (*) peaks, indicating that excit-
ability within nRt had been altered.

Voltage-clamp experiments confirmed that the effects of
BMI and CZP were the result of altered postsynaptic GABA
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conductances (7 = 5). An example is shown in Fig. 3. BMI
application to VB reduced the GABA, current (Fig. 3, 41,
*, and 3BlI), and the secondary IPSC (Fig. 341, open
arrow, and 3B3), but did not affect the GABAy current
(Fig. 3, A1, x*,and 3 B2). When BMI was applied to nRt,
there was a slight enhancement of GABA 4 response (Fig. 3,
A2 and B1), but a relatively larger increase in GABAj and
secondary IPSCs (Fig. 3, A3, B2, and B3).

DISCUSSION

These results indicate that GABA ,-mediated mecha-
nisms exist within the thalamus that can up- or down-regu-
late the inhibitory output from nRt to dorsal thalamus. Sev-
eral sites of action of CZP or BMI could account for our
observations. The effects of bath applications of CZP to
decrease IPSPs and IPSCs in VB neurons could conceivably
be due to augmentation of GABA ,-mediated presynaptic
inhibition of nRt terminals in VB. Suchreceptors are pres-
ent in spinal cord (Rudomin 1990) and a recent report
demonstrates presynaptic GABA , inhibition of nerve termi-
nals in the pituitary (Zhang and Jackson 1993). The obser-
vation that BMI applied locally in VB did not significantly
augment the GABA; component of the IPSP or IPSC ar-
gues against such an effect and also shows that the drug
perfusion was localized only to the site of application. Our
data cannot exclude existence of GABA, presynaptic re-
ceptors in nRt, because we did not test the effects of BMI on
GABA-mediated responses in nRt neurons.

The most likely explanation for the data is a predomi-
nant effect of CZP on recurrent inhibitory synapses within
nRt. Enhanced GABA ,-mediated inhibition at this site
could decrease the output of nRt neurons in several ways,
depending on the relationship of GABA equilibrium poten-
tial (Egapa) to membrane potential (V) and to the steady-
state inactivation curve for It (Huguenard and Prince
1992). If E; ,g, is significantly depolarized in nRt neurons,
as has been reported in rat (Spreafico et al. 1988) and if
there is significant background GABA release (Otis et al.
1991), CZP might augment GABA ,-mediated depolariza-
tion of nRt neurons, increase the steady-state inactivation
of T current, and decrease inhibitory burst output onto VB
neurons. Alternatively, if E;,pa Were significantly hyperpo-
larized to V', as is the case in VB neurons (Huguenard and
Prince 1994), CZP could increase V , into a range where
more intense excitation would be required to evoke an nRt
output. In either case, increased GABA-activated conduc-
tance would shunt excitatory postsynaptic potentials and
currents.

The effects of BMI perfusion or local application into
nRt are compatible with action on the recurrent inhibitory
circuit in nRt. Enhancement of both IPSP components
would be expected if nRt neurons became disinhibited, es-
pecially if there were a tonic activation of GABA receptors
in nRt at rest (Spreafico et al. 1988). The discrepancy be-
tween CZP effects on the GABA , versus GABA IPSP com-
ponents in VB could be due to concurrent effects in VB to
enhance GABA action and in nRt to decrease GABA re-
lease, so that the resultant GABA, IPSP would be little
changed in amplitude (e.g., Fig. 14). Because GABA re-
ceptors are thought to be maximally activated during
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evoked IPSPs (Edwards et al. 1990; Otis and Mody 1992),
effects of CZP on IPSP amplitude would be less likely than
an increase in the time constant of decay of the GABA
response (Choi et al. 1981; Otis and Mody 1992).

Because the conductances of the GABA ,- and GABAg-
mediated events overlap, further experiments on isolated
GABA , components will be required to determine whether
there would be a prolongation of the GABA, IPSP in VB by
benzodiazepines. In light of the significantly different GA-
BA, receptor subunits in nRt and relay nuclei (Wisden et
al. 1992), and the occurrence of a é subunit in the ventral
posterior nuclei but not in nRt, it may be that the failure of
CZP to significantly augment GABA , IPSP components in
VB reflects relative insensitivity of VB GABA , receptors to
benzodiazepines (Shivers et al. 1989). In any case, it is un-
likely that prolonging the GABA, IPSP could account for
the augmentation or depression of the GABAg-mediated
hyperpolarization seen with BMI in nRt or CZP bath appli-
cations, respectively. We performed current-clamp simula-
tions, based on a published model of relay neurons
(McCormick and Huguenard 1992), to test whether in-
creased conductance during a prolonged GABA, IPSP
could shunt a GABAj response. By increasing the time con-
stant of IPSP decay fourfold from 7 to 28 ms (a conserva-
tive test because benzodiazepines are associated with only a
twofold change in kinetics (Choi et al. 1981), we were able
to prolong the GABA, component, but this rapidly de-
cayed so that control and “benzodiazepine” curves were
identical after ~150 ms from onset of the IPSP. This is
clearly different from the experimental results where the
clonazepam depressed GABAg-mediated events over a pe-
riod of several hundred milliseconds (Figs. 1, 4 and C,
2B2, and 343).

We conclude that mechanisms exist within nRt that nor-
mally produce recurrent inhibition of nRt neurons by nRt
neurons. There is strong anatomic basis for such circuitry in
rat nRt (Scheibel and Scheibel 1966; Spreafico et al. 1988),
where it may be important in synchronizing nuclear output
(Wang and Rinzel 1993). Normally such inhibition would
prevent some nRt cells from firing in response to the extra-
cellular stimulation. Blocking the inhibition with BMI
would enhance responsiveness of nRt neurons to excitatory
drives and secondarily increase their inhibitory output onto
VB (Fig. 2C, *), whereas by enhancing recurrent inhibition
among nRt neurons, CZP would tend to reduce GABAer-
gic nRt output to dorsal thalamus. Furthermore, secondary
IPSPs tended to be more strongly affected than the primary
response (Figs. 1C1, 2B2, and 3, A3 and B3), so that a
modest decrease in primary response (Fig. 14) led to a
strong circuit desynchronization (cf. Huguenard and
Prince 1994). Because powerful GABAergic responses in
the thalamus (especially those mediated through GABAg
receptors) may be an important factor in generalized ab-
sence epilepsy (Hosford et al. 1992; Liu et al. 1992; Snead
1992), the enhancement of intra-nRt inhibition by CNZ
may explain its clinical effectiveness (Dreifuss et al. 1975).
The recurrent GABAergic circuitry within nRt is a poten-
tial target for drugs that would promote or block intratha-
lamic oscillations underlying normal rhythms or petit mal
discharges.
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