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Synchronous thalamic network activity occurring during slow
wave sleep and paroxysmal discharges critically depends on
the ability of thalamocortical relay cells and inhibitory neurons
of the nucleus reticularis thalami (nRt) to fire bursts of action
potentials. Inhibitory synaptic potentials (IPSPs) originating
from nRt cells are crucial in deinactivating T-channels and thus
promoting burst firing in relay cells, but the functional role of
intra-nRt IPSPs is less well understood. A major factor that
regulates the net effects of IPSP generation is the chloride
equilibrium potential (ECl). Here we applied the perforated
patch-clamp technique, using the cation-selective ionophore
gramicidin to assess the reversal potential of chloride in nRt
and relay cells in brain slices. We found that the reversal
potential of GABA-induced membrane currents (EGABA) was
significantly more hyperpolarized in relay (281 6 2.6 mV), as

compared with nRt cells (271 6 2.5 mV). EGABA was not
significantly different from the reversal potential of evoked
IPSCs (EIPSC; 282 6 4.4 mV) in relay cells. In both relay and
reticular neurons the chloride gradient was collapsed partially
by the chloride cation cotransport blocker furosemide, sug-
gesting an active chloride extrusion mechanism in thalamic
neurons. Given the relatively hyperpolarized resting potentials
(approximately 270 mV) reported for nRt and relay cells during
in vitro thalamic oscillations, we conclude that under these
conditions GABAA IPSPs lead to significant hyperpolarization in
relay cells. By contrast, intra-nRt inhibition essentially would be
shunting, i.e., would produce minimal membrane polarization
but still could reduce the amplitude of excitatory events.
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Synchronous intrathalamic network oscillations occur during slow
wave sleep, anesthesia, and paroxysmal discharges (Steriade et al.,
1993). During these events mutually connected thalamocortical
relay cells and inhibitory neurons of the nucleus reticularis thal-
ami (nRt) fire bursts of action potentials that are generated by
low-threshold calcium spikes. In addition, via local axon collater-
als, nRt cells form an interconnected network of inhibitory neu-
rons in rodents (Spreafico et al., 1988; Cox et al., 1996). Dendro-
dendritic synapses may contribute to intra-nRt inhibition in cats
and monkeys (Deschênes et al., 1985; Williamson et al., 1994).
IPSPs mediated by GABA type A and B receptors are essential
for repriming low-threshold calcium channels for burst firing in
relay cells (Crunelli et al., 1988; von Krosigk et al., 1993; Hugue-
nard and Prince, 1994a). Indirect measurements suggest that the
reversal potential for Cl2-dependent, GABAA receptor-mediated
IPSPs (EIPSP) in relay cells is surprisingly hyperpolarized (Hugue-
nard and Prince, 1994a; Bal et al., 1995a). This would make these
IPSPs very efficient in deinactivating T-channels in thalamic cells.
As yet, the chloride reversal potential in nRt cells has not been

determined accurately. Microelectrode recordings from nRt cells
revealed a reversal potential of GABA currents (EGABA), which is
depolarizing (Spreafico et al., 1988), shunting (McCormick and
Prince, 1986), or hyperpolarizing (Bal and McCormick, 1993).
However, none of these reports was capable of determining the
GABAA receptor-dependent chloride reversal potential (ECl) ac-
curately, because the recording technology most likely interfered

with the intracellular chloride activity (Kyrozis and Reichling,
1995). The effectiveness of intra-nRt IPSPs is a critical issue in
intrathalamic oscillations. Whereas an intact thalamic circuitry is
necessary to maintain oscillatory activity in vitro (von Krosigk et
al., 1993), the surgically disconnected nRt (consisting of intercon-
nected inhibitory cells) is capable of acting as a pacemaker of
spindle waves in vivo (Steriade et al., 1987). Recent computer
models of nRt support this finding by showing that assemblies of
inhibitory cells can form temporally segregated clusters of burst-
ing cells that self-sustain oscillatory activity (Golomb et al., 1994).
However, a crucial parameter in this model is the reversal
potential of the intra-nRt GABAA receptor-mediated IPSPs:
hyperpolarizing IPSPs promote oscillatory activity, whereas
shunting IPSPs tend to synchronize and silence the network
(Golomb et al., 1994).
Therefore, in the present study the noninvasive perforated

patch recording technique was used with the cation-specific iono-
phore gramicidin, which allowed for the determination of ECl in
relay and nRt cells. Our findings suggest different functional roles
of intra-nRt and nRt relay IPSPs during thalamic oscillations and
other circuit activities.

MATERIALS AND METHODS
Tissue preparation. Sprague Dawley rats of either sex, postnatal days
9–12, were anesthetized with pentobarbital (50 mg/kg, i.p.) and decapi-
tated. The whole brain was removed and transferred into ice-cold solu-
tion containing (in mM): 234 sucrose, 11 glucose, 24 NaHCO3, 2.5 KCl,
1.25 NaH2PO4, 10 MgSO4, and 0.5 CaCl2, equilibrated with 95% O2/5%
CO2. Horizontal slices of 200 mm thickness were cut with a vibratome
(TPI, St. Louis, MO) and incubated at 328C in physiological saline
containing (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2
MgCl2, 2 CaCl2, and 10 glucose, equilibrated with 95% O2 /5% CO2 for
at least 1 hr before recording (Huguenard and Prince, 1994a).
Electrophysiology. Slices were transferred into a perfusion chamber and

superfused with physiological saline at 228C. Experiments were done
under visual control with 403 Hoffman modulation optics (Sakmann et
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al., 1989). Patch pipettes were pulled from borosilicate glass (Garner
Glass, Claremont, CA) and filled with (in mM): 130 KCl, 1 MgCl2, 0.07
CaCl2, 10 HEPES, and 0.1 EGTA (pH-adjusted to 7.3 with KOH,
osmolarity 300 mOsm). Gramicidin (5 mg/ml stock solution in DMSO)
was added to the prefiltered patch solution to obtain a final concentration
of 5 mg/ml and sonicated for 30 sec. Minimal pressure was applied to the
patch pipette before cell contact. High resistance seals (.0.8 GV) were
obtained by application of negative pressure to the patch pipette, thus
leading to the cell-attached configuration. Perforated patches with final
access resistances ;60–80 MV were obtained routinely after 10–20 min
(Kyrozis and Reichling, 1995). Voltage-clamp experiments were per-
formed with a List EPC7 amplifier (List, Darmstadt, Germany). Current
traces were low-pass-filtered at 1–3 kHz and digitized at 3 kHz with a
Labmaster TM-100 A/D converter (Scientific Solutions, Solon, OH) by
use of the pClamp software (Axon Instruments, Foster City, CA). A
liquid junction potential of 21 mV was left uncorrected. Pressure pulses
(puffs; 5–8 kPa) of agonists were applied through a patch pipette con-
nected to a solenoid-controlled pressure valve. Synaptic currents were
elicited by focal application of constant voltage (20–100 V) pulses
through a patch pipette (2–3 MV) filled with 150 mM NaCl.
Data analysis. Perforated patch access resistance was determined by

analyzing the transient responses to voltage-clamp steps (Marty and
Neher, 1995). The amplitude of the voltage step divided by the resultant
instantaneous current yielded an estimate of series resistance. The small,
incompletely compensated transient (see Fig. 1A) arising from electrode
capacitance was ignored, and “instantaneous” current was measured 400
msec after the onset of the voltage step (Fig. 1A, f) or more commonly
as the extrapolated zero time current obtained after fitting exponential
decay curves to the current transients. In most cases the decay of the
capacitive current transient could be well approximated by a single
exponential. Estimates for access resistance obtained by dividing the
resultant decay time constant by the whole-cell capacitance (Marty and
Neher, 1995) were similar to those obtained with the instantaneous
current methods. All membrane potentials subsequently were corrected
for the voltage drop across the series resistance:

Vcorr 5 Vcom 2 Iclamp 3 Rs ,

in which Vcom is the command potential, Iclamp is the clamp current, and
RS is the series resistance. Current–voltage (I–V ) relationships were
obtained for the leak current (normally measured as the current ampli-
tude 100 msec before the evoked responses) and total current level at the
peak of the evoked responses. Because the current levels differed for
baseline versus evoked response conditions (see Fig. 2A, f vs M), the
corresponding values for Vcorr were different for each given value of Vcom.
Equilibrium potentials were determined by measuring the voltage at the

intersection of the leak and total current I–V curves. Data are presented
as mean 6 SEM, and n designates the number of cells.
Drugs. GABA, muscimol, and gramicidin were obtained from Sigma (St.

Louis, MO); CGP 35348 was a gift from CIBA-Geigy (Basel, Switzerland).
All other drugs were from Research Biochemicals (Natick, MA).

RESULTS
Perforated patch-clamp recordings were obtained from 46 tha-
lamic cells (28 nRt cells and 18 relay cells). nRt and relay cells
were identified under the microscope by their characteristic mor-
phology and localization in the slice (nRt is bounded by the
internal capsule and the external medullary lamina). A typical
voltage-clamp recording from a nRt cell is shown in Figure 1.
Soon after seal formation (Fig. 1A) the current transient was
reflected mainly by the seal resistance, whereas after 8 min (Fig.
1B) a perforated patch recording configuration was obtained.
During this time period the instantaneous (f, Fig. 1A,C) and
steady-state currents (Fig. 1A,B,D, M) steadily increased and
eventually reached plateau values (Fig. 1C,D). This is indicative of
successful patch perforation by gramicidin, which forms cation-
selective pores through lipid membranes (Myers and Haydon,
1972). The calculated initial seal resistance in this experiment was
;1 GV (Fig. 1D, f; 20 mV/21 pA 5 0.95 GV), and the steady-
state access resistance was;60 MV (Fig. 1D,M; 20 mV/340 pA5
58.8 MV). The mean access resistance, measured 10–15 min after
seal formation, in all experiments was 69 6 7 MV (n 5 40). The
use of higher concentrations of gramicidin and/or patch pipettes
with larger diameters severely interfered with successful seal for-
mation in this preparation. Because ECl is a steady-state param-
eter, the relatively high access resistances were tolerable for the
purposes of the present study. However, because current-induced
voltage drops could be significant with these relatively large access
resistances, voltage errors were compensated routinely in all ex-
perimental determinations of the chloride reversal potentials in
this study (see Materials and Methods).
Examples of a perforated patch-clamp experiment in a nRt cell

and a relay neuron are shown in Figure 2A and B, respectively. In
this and the following experiments, GABAB receptors were

Figure 1. Perforated patch-clamp recording in a nRt
cell. Shown are current responses to a 20 mV hyper-
polarizing voltage step after seal formation (A) and 8
min thereafter (B). Note the increase in amplitude of
the instantaneous (f) and steady-state currents (M)
because of perforation of the patch with gramicidin.
Traces are averages of five sweeps. C, Time series of
instantaneous current amplitudes during perforated
patch formation. The calculated final access resistance
was 59 MV in this experiment. D, Time series of the
steady-state current. Note the continuous decrease
from the initial values, which mainly indicate seal re-
sistance, to the final values reflecting mainly input
resistance.
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blocked by including the selective antagonist p-(3-aminopropyl)-
p-diethoxymethyl-phosphinic acid (CGP 35348; 0.5 mM) in the
perfusion solution. GABA (50 mM) was pressure-applied (10–30
msec, 0.1 Hz) close to the soma of the voltage-clamped cells. The
agonist-induced current was measured at different command po-
tentials between 2100 and 250 mV. The amount of GABA
applied was usually just above threshold for evoking a detectable
current. GABA-evoked current always fully decayed within ,2
sec (see Fig. 2). Conductance of the mean GABA response was
3.9 6 1.5 nS (n 5 7) and 7.0 6 2.6 nS (n 5 7) in nRt and relay
cells, respectively (Fig. 2C,D). Current–voltage (I–V) relation-
ships for current either before or during the GABA response
revealed a reversal potential (arrows in Fig. 2C,D) that was more
negative in relay than nRt cells. The mean EGABA in nRt cells was
271 6 2.5 mV (n 5 12). This value was depolarized significantly,
as compared with relay cells in which the mean EGABA was2816
2.6 mV (n 5 9; p , 0.02). Assuming a chloride activity coefficient
of 0.76 for the extracellular electrolyte (Bormann et al., 1987), the
calculated mean intracellular chloride activities in nRt and relay
cells under these conditions were 5.4 mM and 3.8 mM, respectively,
assuming that EGABA is determined mainly by the chloride gra-
dient (see Discussion).
To ascertain that our estimates of EGABA were not influenced

by damage of the patch membrane, some experiments (n 5 5)
were performed in which the same cells was recorded both in
perforated patch and whole-cell mode. Example GABA-evoked
currents in a relay cell during perforated patch-clamp recordings

are shown in Figure 3A. EGABA in this experiment was 287 mV
(Fig. 3C). After conventional whole-cell recording was established
by rupturing the patch membrane with a vacuum pulse, EGABA
was determined again (Fig. 3B,D). In whole-cell mode EGABA was
approximately 231 mV, presumably because of rapid diffusion of
chloride from the pipette into the cytosol, as expected for small
mobile ions (Pusch and Neher, 1988). We conclude that rupture
of the perforated patch membrane would be easily detectable,
because it immediately leads to a collapse of the chloride gradient
(Kyrozis and Reichling, 1995).
In another set of experiments, the reversal potential of mono-

synaptic IPSCs was determined with perforated patch-clamp re-
cordings. Inhibitory fibers were stimulated locally in the somato-
sensory thalamus by monopolar extracellular stimulation.
Excitatory synaptic transmission was blocked with the selective
ionotropic glutamate receptor antagonists (6)2-amino-5-
phosphonopentanoic acid (APV; 50 mM) and 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; 10 mM). In addition, GABAB
receptor-mediated IPSPs were blocked with CGP 35348. We
previously have shown that under such recording conditions
evoked IPSCs in the somatosensory thalamus are mediated by
GABAA receptors (Ulrich and Huguenard, 1995). Figure 4A
shows an evoked IPSC at different holding potentials during a
perforated patch-clamp experiment in a relay cell. Figure 4B
shows the I–V relationship of the total current during IPSCs and
the leak current. The mean EIPSC in relay cells was2826 4.4 mV
(n 5 5), thus not significantly different from the equilibrium

Figure 2. GABA-induced membrane currents at different command potentials (2100 to 250 mV) obtained with gramicidin-filled patch pipettes from
a nRt neuron (A) and a relay cell (B). GABA (50 mM) was pressure-applied focally at the time point indicated by arrows. CGP 35348 (0.5 mM) was present
in the extracellular solution. Insets, Current amplitudes (pre-GABA, f, and GABA, M) were measured at times indicated by horizontal bars. C, D,
Current–voltage relationship of the leak current (pre-GABA, f) and the total current during GABA application (GABA, M) in the same cells as in A
and B. The reversal potentials (intersections of the two I–V curves) are indicated by arrows and were 270 mV in C and 281 mV in D.
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potential obtained by GABA application in the same cell type.
This indicates that the synaptically and agonist-activated mem-
brane conductances have similar ion selectivities and that chloride
loading because of ion influx is negligible in these experiments
(Thompson and Gähwiler, 1989).
IPSCs could not be detected in nRt cells at various holding

potentials (between 290 and 250 mV) with perforated patch
recordings in the present study (n 5 13) either with glutamate
application or electrical stimulation, even under conditions in
which synaptic release should be enhanced, such as high [K1]o or
with 0.1 mM 4-aminopyridine added to the bath. However, evoked
and miniature spontaneous IPSCs previously have been recorded
in the same preparation with whole-cell techniques with cesium-
filled cells, where the holding potential could be set to 0 mV and
the resultant driving force was approximately 160 mV (Ulrich
and Huguenard, 1995, 1996). The absence of detectable IPSCs in
nRt cells in the current perforated patch experiments was prob-
ably attributable to two factors. First, the maximum driving force
(6 20 mV) that could be attained was relatively small, and second,
the relatively high access resistances of the perforated patch
electrodes resulted in a decreased frequency response of the
patch-clamp amplifier and, therefore, a reduced ability to record
rapid and small synaptic events.
Active chloride extrusion mechanisms maintain a low intracel-

lular chloride concentration in mammalian CNS neurons (Mis-
geld et al., 1986; Thompson et al., 1988a,b; Inoue et al., 1991). To
investigate whether such transport is involved in maintaining ECl
in thalamic cells, we investigated the effects of furosemide, a
chloride cation cotransport blocker (for review, see Haas, 1989).
Figure 5 shows GABA-induced membrane currents at different
holding potentials obtained from a relay cell with perforated
patch-clamp recordings under control conditions (Fig. 5A) and
after bath application of furosemide (1 mM; Fig. 5B). Figure 5C,D

Figure 4. Amonosynaptically evoked IPSC recorded in a relay cell during
a perforated patch-clamp experiment is shown in A at different command
potentials (2100 mV to 270 mV). Excitatory synaptic transmission was
blocked with CNQX and APV, and GABAB IPSCs were blocked with
CGP 35348. The stimulus artifact is partially truncated for clarity. B,
Current–voltage relationship of the total current during the IPSC (M) and
the pre-IPSP current (f) intersect at 281 mV, as indicated by an arrow.

Figure 3. A, B, Perforated patch-clamp recording from a relay cell before (A) and after (B) rupturing the patch in the presence of CGP 35348 (0.5 mM).
GABA (50 mM) was pressure-applied focally at time points indicated by arrows. C, D, Current–voltage relationship of leak (f) and agonist-induced (M)
membrane currents in A and B. Note the dramatic increase in current amplitudes and shift of the reversal potential after establishing conventional
whole-cell recordings (A vs B). The reversal potential in C was 287 mV, and the extrapolated EGABA in D was 231 mV.
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shows the corresponding I–V curves for leak and GABA current
under the two different recording conditions. In six thalamic cells
tested (3 relay and 3 nRt) furosemide decreased the chloride
reversal potential on average by 9 6 1.5 and 7 6 0.9 mV,
respectively. A partial recovery was obtained in four cells. In the
two remaining experiments, cells were lost before washout was
completed. From these data we conclude that thalamic cells
maintain a low intracellular chloride concentration by an active
chloride extrusion mechanism.

DISCUSSION
The aim of the present study was to determine the reversal
potential of GABA-induced currents in the two principal cell
types of the somatosensory thalamus, i.e., thalamocortical relay
cells and inhibitory neurons of the nucleus reticularis thalami, by
means of perforated patch-clamp techniques. We found that the
reversal potential of GABA currents or GABAA receptor-
mediated IPSCs was hyperpolarized significantly more in relay, as
compared with nRt, cells. In addition, our experiments suggest
that both cell types maintain a low intracellular chloride activity
via active transport processes.
Previous attempts to estimate intracellular chloride activities in

thalamic and other CNS neurons were hampered by the invasive-
ness of the methods applied. Microelectrode, conventional whole-
cell, and perforated patch-clamp recordings using the chloride-
permeable ionophores nystatin and amphotericin B all can
influence the chloride reversal potential by altering the intracel-
lular ion activities to some degree (Rhee et al., 1994; Kyrozis and
Reichling, 1995). However, the pore-forming antibiotic gramici-
din is poorly permeable to anions (Myers and Haydon, 1972) and

therefore does not alter the chloride distribution across the cell
membrane. Nevertheless, our values of EGABA in relay and nRt
cells are in agreement with previous estimates (Bal and McCor-
mick, 1993; Huguenard and Prince, 1994a) but more hyperpolar-
ized than other studies in nRt cells (McCormick and Prince, 1986;
Spreafico et al., 1988). We have shown that EIPSP 5 EGABA in
relay cells, which indicates that there was no shift in ECl because
of chloride influx during GABA application. The high chloride
selectivity of the GABAA channel in mammalian CNS neurons
toward the other main physiological electrolytes (Bormann et al.,
1987) justifies the approximation EGABA ' ECl. Our estimates of
intracellular chloride activities are somewhat lower than results
obtained with the same method in cultured cells of substantia
nigra (Ebihara et al., 1995) and nucleus tractus solitarii (Rhee et
al., 1994) but close to ECl measured in hippocampal cells with
optical methods (Inoue et al., 1991). As in hippocampus (Misgeld
et al., 1986), our study supports the finding that different cell types
in the CNS maintain a slightly different intracellular chloride
homeostasis. If as in neocortex (Kaila et al., 1993) and hippocam-
pus (Staley et al., 1995) bicarbonate permeation contributes to
GABAA receptor-mediated responses in thalamus, then our esti-
mates of intracellular Cl activities (,6 mM) actually would be
overestimates. Prolonged chloride influx can lead to a decrease in
the chloride driving force because of intracellular chloride accu-
mulation (Huguenard and Alger, 1986; Thompson and Gähwiler,
1989). Chloride loading may explain partially why some previous
studies have found more depolarized values for EGABA in nRt
cells (McCormick and Prince, 1986; Spreafico et al., 1988).
Low intracellular ion activities suggest active membrane trans-

Figure 5. GABA-induced membrane current at different holding potentials in a relay cell in control (A) and after bath application of the chloride
transport blocker furosemide (B; 1 mM). GABA (50 mM) was applied focally at time points indicated by arrows. C, D, Current–voltage relationship of leak
(f) and total (GABA 1 leak; M) currents in control condition (C) and after furosemide application (D). Note the shift of current cross-points (arrows)
after furosemide application, indicating a depolarizing shift of EGABA.
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port mechanisms. Indeed, it previously has been shown that chlo-
ride is extruded actively from pyramidal cells by a furosemide-
sensitive cation /chloride cotransporter (Misgeld et al., 1986;
Thompson et al., 1988a,b). A similar mechanism has been postu-
lated for thalamic relay cells after observing abnormal shifts of
EGABA during whole-cell recordings (Huguenard and Prince,
1994a). Here, we found a reversible decrease in EGABA in both
thalamic cell types after exposure to furosemide. It can, therefore,
be suggested that active chloride extrusion mechanisms exist in
thalamic and reticular neurons as well. However, the contribu-
tions of additional transport systems such as ATP-ases (Inoue et
al., 1991) have not been investigated in the present study but are
suggested by the fact that in a few cases (1 relay and 3 nRt cells),
especially after furosemide treatment, we found EGABA slightly
depolarized from rest. This may be explained by additional inward
chloride transport and /or bicarbonate efflux (Misgeld et al., 1986;
Staley et al., 1995).
The mean resting potentials of relay cells and nRt cells in this

in vitro preparation, averaged over a large number of cells, are
271 and 273 mV, respectively (Huguenard and Prince, 1994a;
Cox et al., 1995). Therefore, there exists a substantial driving force
of 10 mV for chloride in relay cells. The combination of more
negative EGABA-A (this study) and larger inhibitory synaptic con-
ductance (Ulrich and Huguenard, 1995, 1996) explains the more
prominent IPSPs recorded in relay cells than in nRt cells (von
Krosigk et al., 1993; Huguenard and Prince, 1994a; Bal et al.,
1995a). Significant hyperpolarization is necessary to remove inac-
tivation from T-type calcium channels (Coulter et al., 1989; Hu-
guenard and Prince, 1992). A hyperpolarized EGABA seems to be
necessary to generate rebound bursts in relay cells, a characteristic
of thalamic spindle oscillations (von Krosigk et al., 1993). On the
other hand, in nRt cells there seems to be almost no net driving
force for chloride ions. This suggests that intra-nRt inhibition
mediated by GABAA receptors essentially is shunting. Therefore,
one of the prerequisites for autonomous intra-nRt oscillations as
derived from computer models (Golomb et al., 1994) is not met in
our preparation. This may explain why an intact excitatory–inhibi-
tory circuitry is necessary to sustain oscillatory activities in this and
similar preparations (von Krosigk et al., 1993). However, mutual
inhibition within nRt may, nevertheless, have functional conse-
quences, because focal application of the GABAA receptor an-
tagonist bicuculline to nRt can lead to an enhanced output from
this nucleus (von Krosigk et al., 1993; Huguenard and Prince,
1994b). Further, bath application of bicuculline leads to a prolon-
gation of burst duration in nRt cells during phasic network activity
(Bal et al., 1995b). This suggests that GABAA receptor-mediated
intra-nRt connections can evoke inhibitory mechanisms suffi-
ciently powerful to truncate calcium-dependent burst mechanisms
(Ahlsén and Lindström, 1982).
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