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Bal, Thierry and David A. McCormick. Synchronized oscilla- chronously, suggesting that ensembles of inferior olive nu-
tions in the inferior olive are controlled by the hyperpolarization- cleus (IO) neurons have the ability to fire rhythmically in
activated cation current Ih. J. Neurophysiol. 77: 3145–3156, 1997. unison (Bell and Kawasaki 1972; Bower and Llinás 1983;
The participation of a hyperpolarization-activated cationic current Fukuda et al. 1987; Llinás and Volkind 1973; Sasaki and
in the generation of oscillations in single inferior olive neurons Llinás 1985; Yamamoto et al. 1986). This synchronous oscil-and in the generation of ensemble oscillations in the inferior olive

lation has been proposed to be important in the determinationnucleus (IO) of the guinea pig and ferret was investigated in slices
of the timing and dynamic organization of motor sequencesmaintained in vitro. Intracellular recordings in guinea pig or ferret
in motor coordination (Llinás 1988; Llinás and Welsh 1993;IO neurons revealed that these cells could generate sustained en-

dogenous oscillations (4–10 Hz) at hyperpolarized membrane po- Vallbo and Wessberg 1993), a hypothesis that is supported
tentials (060 to 067 mV) after the intracellular injection of a brief by studies in which multiple recordings from Purkinje cells
hyperpolarizing current pulse. These oscillations appeared as the in the rat cerebellum were used (Llinás and Sasaki 1989;
rhythmic generation of a low-threshold Ca2/ spike that typically Welsh et al. 1995).
initiated one or two fast Na/-dependent action potentials. Between Intracellular recordings from inferior olivary neuronslow-threshold Ca2/ spikes was an afterhyperpolarization that

maintained as a slice in vitro revealed that these cells haveformed a ‘‘pacemaker’’ potential. Local application of apamin re-
the intrinsic properties necessary not only to endogenouslysulted in a large reduction in the amplitude of the afterhyperpolar-
oscillate but also to influence one another through electro-ization, indicating that a Ca2/-activated K/ current makes a strong
tonic gap junctions (Llinás and Yarom 1981a,b) and therebycontribution to its generation. However, even in the presence of

apamin, hyperpolarization of IO neurons results in a ‘‘depolarizing generate pools of synchronously oscillating neurons (Be-
sag’’ of the membrane potential that was blocked by local applica- nardo and Foster 1986; Llinás and Yarom 1986). These en-
tion of Cs/ or partial replacement of extracellular Na/ with semble oscillations can appear as either subthreshold sine-
choline/ or N-methyl-D-glucamine/, suggesting that Ih also con- wave-shaped oscillations of the membrane potential or as
tributes to the generation of the afterhyperpolarization. Extracellu-

the rhythmic generation of low-threshold Ca2/ spikes, andlar application of low concentrations of cesium resulted in hyperpo-
they can occur either spontaneously or in response to thelarization of the membrane potential of IO neurons and spontaneous
application of the alkaloid harmaline (Benardo and Foster5- to 6-Hz oscillations in single, as well as networks, of IO neurons.
1986; Llinás and Yarom 1986). Interestingly, harmaline,Application of larger concentrations of cesium reduced the fre-

quency of oscillation to 2–3 Hz or blocked the oscillation entirely. when administered in vivo, results in a 10-Hz tremor, pre-
On the basis of these results, we propose that Ih con- sumably through the induction of oscillations in the inferior
tributes to single and ensemble oscillations in the IO in two ways: olive (de Montigny and Lamarre 1973; Llinás and Volkind
1) Ih contributes to the determination of the resting membrane 1973).
potential such that reduction of Ih results in hyperpolarization of Pioneering in vitro studies by Llinás and Yarom (1981a,b)the membrane potential and an increased propensity of oscillation

have described many of the ionic conductances that underliethrough removal of inactivation of the low-threshold Ca2/ current;
the endogenous oscillatory properties of single IO neurons,and 2) Ih contributes to the generation of the afterhyperpolarization
as well as these neurons’ ability to generate ensemble oscilla-and the pacemaker potential between low-threshold Ca2/ spikes.
tions in the 4- to 10-Hz range through electrotonic coupling
(Llinás and Yarom 1981a, 1986; Llinás et al. 1974). Three

I N T R O D U C T I O N main conductances, in addition to those involved in action
potential generation, have been proposed to account for theInferior olivary neurons densely innervate and monosyn-
oscillatory properties of IO neurons: a dendritic high-thresh-aptically excite cerebellar Purkinje cells through characteris-
old Ca2/ conductance, a somatic low-threshold Ca2/ conduc-tic axonal terminations known as climbing fibers, and thus
tance, and a Ca2/-activated K/ conductance (Llinás andform a major afferent pathway to the cerebellar cortex (Ec-
Yarom 1981a,b). The interaction of the high-threshold Ca2/cles et al. 1966). Inferior olivary neurons fire at a frequency
current and the prominent Ca2/-activated K/ current wasof 1–12 Hz and can exhibit spontaneous oscillatory activity
proposed to account for the generation of low-frequencynear 10 Hz (Armstrong et al. 1968). Likewise, the resulting
firing (up to 6 Hz), whereas higher-frequency (up to 10complex spikes occurring in Purkinje cells are also rhythmic
Hz) firing was proposed to occur at more hyperpolarizedand display a maximum frequency of 10–12 Hz (Llinás and
membrane potentials with less involvement of the high-Sasaki 1989). Simultaneous recordings from several Pur-

kinje cells have revealed that complex spikes can occur syn- threshold Ca2/ current.
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solutions. After the 2 h of recovery, extracellular multiple-unitIn similarity with inferior olivary neurons, thalamocortical
recordings were performed from multiple locations in each slicerelay neurons also possess the endogenous ability to generate
to determine the prevalence of spontaneous spiking activity. Re-rhythmic oscillations (Jahnsen and Llinás 1984a,b; McCor-
cordings were performed with the slices between the temperaturesmick and Pape 1990a; Soltesz et al. 1991). Detailed examina-
of 34.5 and 35.57C.tion of the mechanisms of oscillation in single thalamic relay Cesium acetate was dissolved in the bathing medium (1–2 mM)

neurons has revealed a critical role for the hyperpolarization- or was applied with the pressure-pulse technique (10–20 mM in
activated cation current known as Ih (McCormick and Hu- the micropipette), in which a brief pulse of pressure (10–100 ms,
guenard 1992; McCormick and Pape 1990a; Soltesz et al. 200–350 kPa) to a broken micropipette (tip diameter 2–10 mm)
1991). Low-frequency (0.5–4 Hz) rhythmic burst firing can was used to extrude volumes of 2–20 pl. Extracellular multiple-

unit recordings were obtained with tungsten microelectrodes (Fred-be generated in thalamocortical neurons through the interac-
erick Haer, Brunswick, ME), whereas intracellular recordings weretion between the low-threshold Ca2/ current IT and Ih. In
obtained with glass microelectrodes formed on a Sutter Instrumentsthis manner, the activation/inactivation of IT results in the
(Novato, CA) P-80/PC micropipette puller, filled with 1.2 or 4 Mgeneration of low-threshold Ca2/ spikes and high-frequency
potassium acetate, and beveled to a final resistance of 70–100 MV.bursts of Na/-dependent action potentials and the activation/
Beveled electrodes were found to be necessary in our experimentsdeactivation of Ih provides a ‘‘pacemaker-potential’’ that to obtain recordings from IO neurons that retained the ability to

times the generation of these low-threshold Ca2/ spikes generate intrinsic and prolonged oscillations. Electrical stimulation
(McCormick and Huguenard 1992; McCormick and Pape was performed with the use of bipolar tungsten electrodes similar
1990a). Interestingly, alterations in the amplitude or voltage to those used for extracellular recordings. Tips were electroplated
dependence of activation/deactivation of Ih can have strong with gold in a 2% HAuCL4 solution with the use of a 1.5-V battery

as a current generator. Stimulations (25–250 mA, duration 0.1 ms)effects on both the ability of thalamocortical relay neurons to
were delivered as one to three shocks with an intershock intervalendogenously oscillate and the frequency of this oscillation
of 10 ms. All data are presented as means { SD.(McCormick and Huguenard 1992; McCormick and Pape

1990a,b; McCormick and Williamson 1991). Partial reduc-
tion of Ih in thalamocortical relay neurons results in the R E S U L T S
enhancement of rhythmic oscillation, whereas complete
block of Ih results in an abolition of endogenous oscillations Intracellular recordings were obtained from guinea pig

(n Å 48) and ferret (n Å 17) inferior olivary neurons. In(McCormick and Pape 1990a).
Hyperpolarization of inferior olivary neurons results in a addition, simultaneous extracellular multiple-unit recordings

were routinely performed to monitor neuronal populationstrong ‘‘depolarizing sag’’ (Yarom and Llinás 1987) that is
likely the result of activation of a hyperpolarization-activated activity (e.g., see Fig. 1A). Recordings in both species re-

vealed similar results and therefore were combined for analy-cation current. This anomalous rectification in the hyperpo-
larizing range is blocked by extracellular application of har- sis. Extracellular and intracellular recordings from IO neu-

rons revealed that these cells were typically silent at restmaline and extracellular Cs/ (Yarom and Llinás 1987). To-
gether with previous results in thalamocortical relay neurons, (Figs. 1 and 2). In contrast, electrical stimulation of the slice

near the IO resulted in a typical 6- to 10-Hz rhythmic burst-these results suggest that Ih may also play an important role
in the determination of the occurrence and frequency of ing activity in both the extracellularly recorded multiple-unit

activity and intracellularly recorded single neuron. Theseoscillations in the inferior olive and that the reduction of
this current may be the major mechanism by which harma- rhythmic oscillations could be either supra- or subthreshold

for the generation of action potential activity. Simultaneousline induces rhythmic oscillations in this nucleus. In the
present study, we demonstrate that Ih can potently modulate extracellular and intracellular recordings at neighboring sites

revealed that these ensemble oscillations were synchronousthe presence and frequency of single and ensemble oscilla-
tions in the inferior olive. for the cells recorded (Fig. 1A).

In cells at resting membrane potential, intracellular injection
of a hyperpolarizing current pulse 0.1–1 s (typically 200 ms)M E T H O D S
in duration was followed by a rebound low-threshold Ca2/

Male or female adult Hartley guinea pigs or ferrets, 2–9 mo spike (Yarom and Llinás 1987), which itself triggered betweenold, were deeply anesthetized with pentobarbital sodium (30–40
zero and two fast, Na/-dependent action potentials (Figs. 1Bmg/kg) and killed by decapitation. The brain was rapidly removed
and 2, A and B). On occasion, the offset of the hyperpolarizingand the region of the brain stem containing the inferior olive was
current pulse was followed by a brief period of damped oscilla-dissected free. Slices 400 mm thick were cut in the coronal plane
tion (e.g., Fig. 2A, 057 mV). Hyperpolarization of inferiorwith the use of a Vibratome (Ted Pella). A modification of the

technique developed by Aghajanian and Rasmussen (1989) was olivary neurons to the voltage range of approximately 060 to
used to increase tissue viability. During preparation of slices, the 067 mV with intracellular injection of DC resulted in 4- to
tissue was placed in the normal slice bathing solution (57C), ex- 8-Hz oscillations being triggered by the offset of the same
cept that NaCl was replaced with sucrose while an osmolarity of hyperpolarizing current pulses (Figs. 1B and 2A; n Å 18). The
307 mosM was maintained. After preparation, slices were placed frequency of these oscillations decreased over time and the
in an interface-style recording chamber (Fine Sciences Tools) and oscillations terminated after several seconds (up to 30 s andallowed ¢2 h to recover. The normal bathing medium contained

170 oscillation cycles) and were not critically dependent on(in mM) 126 NaCl, 2.5 KCl, 1.2 MgSO4 , 1.25 NaH2PO4, 2 CaCl2 ,
the generation of fast Na/ spikes (Fig. 2A, X), although fast26 NaHCO3, and 10 dextrose, aerated with 95% O2-5% CO2 to
spikes were shown to facilitate the generation of the oscillationa final pH of 7.4. For the first 20 min the inferior olivary slices
(see Fig. 9 below). Further hyperpolarization of inferior olivewere in the recording chamber, the bathing medium contained an

equal mixture of the normal-NaCl and the sucrose-substituted cells with DC to membrane potentials of 070 mV or more
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of IO electroresponsiveness. Indeed, examination of the re-
sponse of IO neurons to the 200-ms hyperpolarizing current
pulse revealed a substantial depolarizing sag (Fig. 2, A and
B). The amplitude of this depolarizing sag decreased mark-
edly on tonic hyperpolarization, as would be expected if
this feature were generated by activation of Ih , because this
current may be tonically activated at these membrane poten-
tials (McCormick and Pape 1990a).

To more closely examine the properties of the depolariz-
ing sag activated by hyperpolarization, a family of hyperpo-
larizing current pulses was injected into inferior olivary neu-
rons (Fig. 2C). Progressive hyperpolarization of IO neurons
resulted not only in progressively larger hyperpolarizations
of the membrane potential, but also in activation of a pro-
gressively larger depolarizing sag, as well as progressively
larger rebound low-threshold Ca2/ spikes (Fig. 2C).

Further evidence for the presence of Ih in IO neurons
was obtained with local application of cesium chloride,
which is known to specifically block this current in other
neuronal systems (e.g., see McCormick and Pape 1990a).
Local application of Cs/ (several 10- to 20-pl drops of 10–
20 mM CsCl in micropipette) to the region near the re-
corded IO neuron resulted in a reversible block of the depo-
larizing sag (Fig. 3) (Yarom and Llinás 1987). In addition,
local application of Cs/ hyperpolarized the cell from rest
by 10–18 mV (14.8 { 3.1 mV, mean { SD; n Å 5). This
hyperpolarization could bring the membrane potential of
the IO neuron below the threshold for activation of the
low-threshold Ca2/ current and therefore prevent rebound
low-threshold Ca2/ spikes (Fig. 3, A and D). Depolarization
of the IO neurons back to the pre-Cs/ membrane potential
reinstated rhythmic rebound oscillations (Fig. 3). Compari-
son of the rebound oscillations in control versus Cs/ re-FIG. 1. Ensemble and single-cell oscillation in inferior olivary nucleus

(IO). A: electrical stimulation of slice (●) outside border of IO induces vealed that extracellular application of Cs/ resulted in a
synchronous oscillatory and rhythmic bursting activity in intracellular and slowing of the frequency of oscillation (cf. Fig. 3, B and
extracellular multiple-unit recordings. First few s of oscillation are expanded C). In addition, there was a slowing of the rate of rise offor detail (f). Note synchronization of activity of single intracellularly re-

the offset of the AHP and on occasion an increase in thecorded neuron and multiple-unit activity. Intracellular and extracellular elec-
number of fast action potentials generated by the initialtrodes were spaced Ç100 mm apart. B: in a different cell, injection of a

brief hyperpolarizing pulse of current induces an intrinsic single-cell oscilla- rebound low-threshold Ca2/ spike (from 1 to 2).
tion, the duration and frequency of which are similar to those of the ensem- One complicating influence of the extracellular applica-
ble oscillation shown in A. Cells in A and B were slightly hyperpolarized

tion of Cs/ is that there is also an increase in the amplitude of(5–10 mV) by a holding current. Action potentials in intracellular re-
membrane hyperpolarization in response to the intracellularcordings are not shown at full height. Recording is from a guinea pig IO

cell. injection of the current pulse (not shown). However, com-
pensating for both the changes in membrane potential, with
intracellular injection of DC, and the increase in electrotonicnegative resulted in an abolition of rhythmic oscillations (Fig.
membrane response to the current pulse at steady state, by2A). Close examination of the rhythmic oscillations revealed
decreasing the amplitude of this current pulse, still resultedthat they were composed of low-threshold Ca2/ spikes that
in a slowing of the frequency of rhythmic oscillation in IOactivated one or two fast Na/-dependent action potentials and
neurons (mean increase of the 1st oscillation cycle duration:that were followed by pronounced afterhyperpolarizations
28.1 { 6.4%; n Å 6) and a decrease in the rate of rise of(AHPs) (e.g., Fig. 2A, 070 mV), as described previously (Be-
the offset of the AHP (Fig. 4, A, B, and D; n Å 6). Thesenardo and Foster 1986; Llinás and Yarom 1986) (see also
effects were reversible on washout of Cs/ (Fig. 4C). Mea-below). These results indicate that IO cells, although typically
surements of the duration of action potentials in the presencenot spontaneously oscillating at rest in vitro, possess all the
of Cs/ revealed that they were not significantly changed innecessary currents required to endogenously oscillate as indi-
comparison with values obtained in normal medium (mea-viduals and as a network (Llinás and Yarom 1981a,b).
sures were made at the threshold of the 1st action potential
generated in sequences of oscillations in 3 cells: 0.99 { 0.06Evidence for the presence of Ih in inferior olivary cells
ms, normal; 1.06 { 0.05 ms, cesium).

The hyperpolarization of IO neurons in response to extra-The enhancement of rhythmic oscillations in IO neurons
with hyperpolarization suggests that currents activated by cellular application of Cs/ suggests that Ih may contribute

to the resting membrane potential of these cells. If this ishyperpolarization, such as Ih , may contribute to this feature

j899-6/ 9k13$$ju10 08-05-97 10:12:48 neupa LP-Neurophys



T. BAL AND D. A. MCCORMICK3148

the case, then depolarization of IO neurons should result in the large AHP that terminates rebound bursts in IO neurons
and that has previously been demonstrated to be generateddeactivation of Ih and removal of this depolarization would

then lead to progressive (time-dependent) reactivation of Ih through the activation of a Ca2/-activated K/ current (Llinás
and Yarom 1981a). Apamin, a potent blocker of some typesand thus give rise to an apparent AHP (e.g., McCormick and

Pape 1990a). Such an Ih-dependent AHP would contribute to of calcium-dependent potassium channels, applied locally

FIG. 2. Oscillatory properties of IO neurons and presence of hyperpolarization-activated rectification. A: intracellular injection
of a hyperpolarizing current pulse at resting membrane potential of 057 mV resulted in a rhythmic oscillation consisting of 3
presumed low-threshold Ca2/ spikes interspersed by afterhyperpolarizations (AHPs). Intracellular injection of same current pulse
after hyperpolarization of the IO neuron to 060 mV through intracellular injection of DC resulted in a prolonged (4-s) sequence
of rhythmic oscillation, the frequency of which decreased over time. Last 3 low-threshold Ca2/ spikes failed to reach action
potential threshold. Hyperpolarization of IO neuron to 063 and 065 mV decreased frequency and duration of oscillation. At 070
mV, oscillation was suppressed altogether and only 1 low-threshold Ca2/ spike and AHP were generated. B: comparing response
of neuron to hyperpolarizing current pulse at 060 and 070 mV reveals decrease in ‘‘depolarizing sag’’ at070 mV. C: intracellular
injection of hyperpolarizing current pulses of progressively larger amplitude resulted in progressively larger hyperpolarizations,
depolarizing sags, and rebound low-threshold Ca2/ spikes. Data obtained from ferret IO.
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FIG. 3. Effects of extracellular applica-
tion of Cs/ on membrane potential and
rhythmic oscillations in IO neurons. A: in-
tracellular injection of hyperpolarizing cur-
rent pulses at a rate of once every 2 s results
in generation of a rhythmic sequence of 2
low-threshold Ca2/ spikes, interspersed
with an AHP (B). Extracellular application
of Cs/ (20 mM in micropipette) resulted in
hyperpolarization of membrane potential,
abolition of depolarizing sag generated by
hyperpolarizing current pulse (expanded in
D), and abolition of rebound oscillations.
Depolarization of cell back to 063 mV
with intracellular injection of current (A,
top trace) resulted in reinstatement of
rhythmic oscillations, although depolariz-
ing sag was completely blocked (expanded
in C). Comparison of rhythmic oscillations
generated on offset of current pulse before
and after application of Cs/ revealed a
block of the depolarizing sag in the electro-
tonic response to the hyperpolarizing cur-
rent pulse, an increase in amplitude of the
rebound low-threshold Ca2/ spike, and a
decrease in oscillation frequency. Data ob-
tained from ferret IO.

(100 nM in micropipette), largely reduced the amplitude of 6B), an effect that was reversible (Fig. 6C; n Å 4). Examina-
tion of this Cs/-sensitive AHP revealed it to be Ç100–400the AHP, although a 2- to 4-mV AHP remained (Fig. 5A;

n Å 5); this residual AHP was reversibly blocked by local ms in duration and 2–6 mV in amplitude (mean Å 4.6 {
1.2 mV; n Å 4; Figs. 5 and 6). The depolarization-activatedapplication of cesium with (Fig. 5B; n Å 3) or without (not

shown) compensation for the Cs/-induced hyperpolarization AHP remained unaltered after extracellular application of
apamin (n Å 2; Fig. 6D). The amplitude of this AHP wasof the membrane potential. The apparent AHP was still pres-

ent even in the absence of calcium spikes or Na/-dependent also dependent on the duration of the preceding depolariza-
tion (Fig. 6D; n Å 2) and on its amplitude (not shown), asaction potentials. These findings can be explained by taking

into account the properties of Ih. The depolarization oc- expected if Ih were involved in the generation of this AHP.
curring during the generation of a low-threshold Ca2/ spike
results in the deactivation of some portion of Ih. After the Contribution of Ih to rhythmic firing
low-threshold Ca2/ spike, therefore, the membrane potential
is allowed to achieve a more hyperpolarized level (owing to Previous investigations in thalamocortical neurons re-

vealed that extracellular application of Cs/ could inducethe deactivation of Ih) and generate an AHP. However, Ih

once again activates and this slowly depolarizes the mem- rhythmic oscillations in nonoscillating neurons through re-
duction of Ih (McCormick and Pape 1990a). The possibilitybrane potential, generating the rising phase of the AHP (see

also McCormick and Pape 1990a). that reduction of hyperpolarization-activated cation currents
may also induce rhythmic oscillations in IO neurons wasIf this hypothesis is true, the intracellular injection of a

depolarizing current alone should result in the generation of examined. In the example shown in Fig. 7, ensemble oscilla-
tions in the inferior olive were not present, as revealed withan AHP. Indeed, removal of a prolonged depolarization of

IO neurons was followed by the generation of an AHP, even extracellular and intracellular recordings (Fig. 7A), although
hyperpolarization of individual IO neurons could result inif the prior depolarization was allowed to come to steady

state and several seconds had passed since the generation of these cells generating sustained periods of rhythmic oscilla-
tion (Fig. 7A). Extracellular application of cesium chlorideany low-threshold Ca2/ spikes (Fig. 6A; n Å 10). Local

application of Cs/ resulted in an abolition of this AHP (Fig. to the inferior olive, either locally via ejection from a micro-
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During the bath application of Cs/, the frequency of oscil-
lation generated by the inferior olive progressively decreased
from 5–7 Hz to Ç3 Hz (n Å 4), presumably representing
the slowly rising concentration of extracellular Cs/ (Fig.
7D). These results indicate that extracellular application of
cesium can both induce ensemble oscillations in inferior
olive neurons and determine the frequency of oscillation.
Because extracellular application of Cs/ is known to block
Ih in many cell types (Denyer and Brown 1990; DiFrancesco
1985; Halliwell and Adams 1982; Mayer and Westbrook
1983; McCormick and Pape 1990a; Spain et al. 1987; Tabata
and Ishida 1996), these results suggest that this ionic current
may play an important role in the determination of rhythmic
oscillation in the inferior olive.

In other neuronal systems, hyperpolarization-activated cation
currents have been demonstrated to be carried by both Na/

and K/ ions (Mayer and Westbrook 1983; McCormick and
Pape 1990a; Tabata and Ishida 1996). The depolarizing sag in
IO neurons is present even at membrane potentials positive to
the presumed equilibrium potential for K/ (approximately
0100 mV), indicating that this feature is not mediated by the
activation of a pure K/ current. Indeed, substitution of choline

FIG. 4. Effect of cesium on oscillation frequency. A: intracellular injec-
tion of a hyperpolarizing current pulse results in a rebound rhythmic oscilla-
tion. Local application of Cs/ (20 mM in micropipette) results in suppres-
sion of depolarizing sag and slowing by 30% of frequency of oscillation
(B, bottom, overlay of 3 traces), an effect that is reversible (C). D: overlaying
1st cycle of oscillation for control, cesium, and recovery conditions reveals
decrease of slope of pacemaker potential that results from cesium applica-
tion. Intensity of holding current and of hyperpolarizing current pulses was
adjusted to keep amount of hyperpolarization preceding calcium spike and
membrane potential of cell the same before and after application of Cs/.
Data obtained from guinea pig IO.

pipette placed near (õ50 mm) the recorded cell (5–20 mM
in micropipette) or in the bath (1–2 mM), resulted in robust
rhythmic activity in multiple IO neurons recorded extracellu-
larly (Fig. 7, B and C). Cells recorded intracellularly in the
vicinity of the multiple-unit electrode (at Ç20 and 100 mm
for cells 2 and 3, respectively) demonstrated membrane po-
tentials that were more negative than in the absence of Cs/,
presumably resulting from the Cs/-induced hyperpolariza-
tion of these cells (e.g., Fig. 3A). In the presence of Cs/,
intracellularly recorded IO neurons were found to oscillate
at the same frequency as the ensemble oscillation (e.g., Fig.
7C, cell 3).

If the low-threshold Ca2/ spikes failed to occur during
the Cs/-induced ensemble oscillation (Fig. 7C), or were pre-

FIG. 5. Cesium- and apamin-sensitive AHPs are generated after a re-vented through membrane depolarization or hyperpolariza-
bound burst. A: application of apamin (100 nM in micropipette) reducestion (not shown), then rhythmic oscillations of the membrane
amplitude of AHP, lengthens duration of low-threshold calcium spike, and

were seen during these ensemble oscillations. These rhyth- suppresses rhythmic oscillations. B: extracellular application of cesium (20
mic oscillations were only seen when the extracellular multi- mM in micropipette) on a different cell, in presence of apamin, reversibly

blocks residual apamin-insensitive AHP and lengthens duration of low-ple-unit recordings revealed rhythmic oscillations in the pop-
threshold calcium spike. Large low-threshold calcium spikes in B wereulation of IO cells, and therefore presumably result from the
induced at offset of a 1-s hyperpolarizing current pulse. Intensity of holdingelectrotonically coupled activity of neighboring IO neurons, current (in the 00.4-nA range) and of hyperpolarizing current pulses were

as reported previously (Benardo and Foster 1986; Llinás and adjusted to keep amount of hyperpolarization preceding calcium spike and
membrane potential of cell constant. Data obtained from guinea pig IO.Yarom 1986).
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fast Na/ spikes activated by the low-threshold Ca2/ current
with the local application of tetrodotoxin (TTX) (10 mM in
micropipette) reduced the amplitude of the AHP (Fig. 9, B and
D). Similarly, low-threshold Ca2/ spikes that did not generate
fast action potentials were followed by an AHP that was smaller
in amplitude than those that generate action potentials (not
shown; n Å 4). Interestingly, the application of TTX not only
reduced the amplitude of the AHP, but also reduced the overall
duration of the oscillation induced by the hyperpolarizing cur-
rent pulse (Fig. 9B). Extracellular application of apamin (100
nM in micropipette) blocked the residual AHP remaining in
the presence of Cs/ and TTX (Fig. 9, C and D). In addition,
local application of apamin also completely blocked the rhyth-

FIG. 6. Cesium blocks an AHP following a depolarizing current pulse.
A: intracellular injection of a prolonged depolarizing current pulse is fol-
lowed by generation of an AHP. B: local application of Cs/ (20 mM in
micropipette) resulted in a complete suppression of this AHP, an effect
that was reversible (C). Arrows: expansion of AHP before and after local
application of Cs/. D: increasing duration of depolarizing current pulse
results in a progressively larger AHP, presumably owing to progressive
deactivation of Ih by the depolarization. Data obtained from ferret IO.

chloride for NaCl and choline bicarbonate for sodium bicarbon-
ate in equimolar concentration in the bathing medium (n Å 3)
or of N-methyl-D-glucamine chloride (NMDG) for NaCl (n Å
3), resulted in reduction of the depolarizing sag (Fig. 8, F and
G) and in hyperpolarization of the cells by 10–24 mV (meanÅ
14.7 { 5.3 mV; Fig. 8; n Å 6). As the extracellular concentra-
tion of Na/ was reduced and the membrane potential of IO
neurons became more negative, rhythmic ‘‘sine-wave’’ oscilla-
tions appeared indicating that the IO was generating an ensem- FIG. 7. Cesium induces synchronized ensemble oscillations in IO. A:
ble oscillation (Fig. 8, C and D; n Å 6). These oscillations extracellular recording from IO reveals absence of synchronized activity.

Intracellular injection of a hyperpolarizing current pulse at resting potentialcould trigger low-threshold Ca2/ spikes, which were then in
typically did not result in rebound oscillations (cell 1), although thesephase with the sine-wave oscillation (Fig. 8, C and D). As the
oscillations were evoked after hyperpolarization to 064 mV. Note thatextracellular concentration of Na/ continued to decline, IO synchronized oscillations in extracellular multiple-unit recording were also

neurons hyperpolarized further and the ensemble oscillation absent during evoked generation of oscillations in a single cell. B: several
minutes after addition of 2 mM Cs/ to bathing medium, synchronizedceased (Fig. 8E). These results are remarkably similar to those
oscillations were prevalent in both an intracellularly recorded neuron (cellobtained with extracellular application of Cs/ (see above) and
2) and the extracellular multiple-unit recording. C: these oscillations contin-suggest that at these membrane potentials the depolarizing sag
ued, appeared to be even more synchronized, and slowed down in frequency

is largely mediated by the inward movement of Na/ ions. when Cs/ reached steady 2 mM concentration in bathing medium (1 h of
infusion). Intracellular recordings revealed rhythmic generation of low-
threshold Ca2/ spikes and subthreshold oscillations of membrane potentialContribution of an apamin-sensitive K/ current and Na/
(cell 3). Phase of oscillation recorded in extracellular recordings and cellsaction potentials to the AHP
2 and 3 differed. This may have resulted from the fact that cell 3 was
recorded at an increased distance from the extracellular recording electrodeThe presence of a large AHP following each low-threshold
in comparison with cell 2. D: plot of frequency of oscillation vs. time afterCa2/ spike after blockade of Ih with extracellular Cs/ (Figs. 3 switch to 2 mM Cs/ in bathing medium. Recordings were performed in an

and 4) indicates that additional ionic currents are involved in the interface-style recording chamber where change of ion concentrations does
not reach steady state for Ç30–40 min. Data obtained from ferret IO.generation of this electrophysiological feature. Indeed, block of
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FIG. 8. Effects of reduction of extracellular concentration of Na/ on IO cells. Before reduction of extracellular Na/

concentration, no spontaneous rhythmic oscillations in membrane potential were seen (A) and intracellular injection of a
hyperpolarizing current pulse was associated with a depolarizing sag and the generation of a rhythmic sequence of low-
threshold Ca2/ spikes (B; spikes are truncated). Only a portion of the rhythmic oscillation is shown. Changing extracellular
Na/ concentration from 153.25 to 1.25 mM by substituting choline chloride for NaCl and choline bicarbonate for sodium
bicarbonate in equimolar concentration in bathing medium resulted in steady hyperpolarization of neuron and appearance of
rhythmic ‘‘sine-wave’’ oscillations in membrane potential (C) that could trigger generation of low-threshold Ca2/ spikes (D).
After complete wash-in of low extracellular Na/ concentration, rhythmic oscillations were blocked (E) and cell no longer
generated fast action potentials nor oscillations on offset of current pulses, either at 068 or 058 mV (F and G). Data obtained
from ferret IO. [Na/], Na/ concentration.

mic oscillations generated in response to a hyperpolarizing cur- tributes to the intrinsic and population oscillations of inferior
olivary neurons. This current is sensitive to extracellular Cs/rent pulse (Figs. 5A and 9C). Comparison of the rebound low-

threshold Ca2/ spikes following the hyperpolarizing current and is at least partly carried by Na/ ions, and thus is likely
to be Ih. The contribution of K/ or Cl0 to Ih in inferiorpulse revealed a broadening of these with the application of

either TTX or apamin accompanying the reduction of the AHP olivary neurons remains to be tested.
(Figs. 5A and 9D). This result suggests that the AHP consider-
ably shortens the duration of the low-threshold Ca2/ spike. Ih generates the time-dependent rectification in IO neurons

The inward rectification first described in IO neurons by
D I S C U S S I O N

Yarom and Llinás (1987) shares common features with the
effects generated by a class of hyperpolarization-activated cur-The present results indicate that the activation of an in-

ward current by hyperpolarization of the membrane con- rent, termed Ih , described in a variety of electrically excitable
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FIG. 9. Contribution of tetrodotoxin (TTX)- and apamin-sensitive currents to generation of rhythmic oscillations in IO
neurons. A: intracellular injection of hyperpolarizing current pulse into IO neuron after block of depolarizing sag with
extracellular application of Cs/ is followed by a rhythmic sequence of low-threshold Ca2/ spikes interspersed with AHPs.
B: block of voltage-dependent Na/ currents with local application of TTX (10 mM in micropipette) results in a decrease in
duration of oscillation. C: local application of apamin (100 nM in micropipette), a potent antagonist of some Ca2/-activated
K/ currents, results in abolition of AHP and rhythmic oscillations. D: overlaying response to hyperpolarizing current pulse
under these conditions reveals that although electrotonic response to current pulse did not change, block of voltage-dependent
Na/ currents with TTX resulted in a broadening of low-threshold Ca2/ spike and a small decrease in AHP (B). Application
of apamin resulted in further broadening of low-threshold Ca2/ spike and complete abolition of AHP (C). Data obtained
from guinea pig IO.

cells ranging from heart cells and axons (DiFrancesco and replacement of extracellular Na/ with choline/ or NMDG/

(Fig. 8) and the absence of block by extracellular Ba2/ (YaromNoble 1989; Eng et al. 1990) to principal cells in the cerebral
cortex, thalamus, and cerebellum (Crepel and Penit-Soria 1986; and Llinás 1987) indicate that the depolarizing sag generated

in these neurons on hyperpolarization is due to the activationHalliwell and Adams 1982; McCormick and Pape 1990a; Spain
et al. 1987). In all of these cell types, hyperpolarization of the of Ih.
membrane potential results in the slow activation of Ih , which
is carried by both Na/ and K/ ions and therefore has a reversal Contribution of Ih to the resting membrane potential
potential of around 030 to 040 mV. At hyperpolarized mem-
brane potentials, Ih is dominated by the entry of Na/ ions into In other cell types, such as thalamic relay neurons, Ih not

only generates a depolarizing sag on hyperpolarization, but alsothe cell, and therefore generates a slow depolarizing sag. The
half-activation point in the steady-state activation curve for Ih contributes to the determination of the resting membrane poten-

tial (e.g., McCormick and Pape 1990a). Similarly, Ih also appearsvaries between cell types, but is often in the range of 070 to
080 mV (McCormick and Pape 1990a). Because IO neurons to contribute strongly to the determination of the resting mem-

brane potential and input conductance of IO neurons. In vitro,are electrotonically coupled to one another, it is not possible
to perform accurate voltage-clamp experiments on Ih in these nonoscillating IO neurons have a resting membrane potential of

055 to060 mV and are strongly hyperpolarized by the extracel-cells. However, the block of the time-dependent inward rectifi-
cation by extracellular application of Cs/ (Figs. 3 and 4) or by lular application of Cs/ (Fig. 3) or reduction of the extracellular
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concentration of Na/ ions (Fig. 8). Interestingly, the partial re- tinct intrinsic oscillations that differ in frequency. A 3- to
6-Hz oscillation occurs at depolarized membrane potentialsduction of Ih can hyperpolarize the cell into the range of mem-

brane potentials at which the cell can intrinsically oscillate and is generated through the activation of a fast combined
Na/ and high-threshold Ca2/-mediated action potential thatthrough the generation of rhythmic low-threshold Ca2/ spikes

(Fig. 7). Persistent activation of Ih can therefore result in tonic activates a large and long-lasting AHP generated through a
Ca2/-activated K/ conductance. The rising phase of the AHPdepolarization of IO neurons, resulting in inactivation of the low-

threshold Ca2/ current and a block of spontaneous rhythmic was proposed to then activate a low-threshold Ca2/ spike,
which reinitiated the cycle by activating again the Na//Ca2/oscillations. Because IO neurons are electronically coupled to

one another, the exact value of the resting membrane potential action potential. In hyperpolarized IO neurons, these cells
of each cell will depend on that of the other cells in the network. generate a 9- to 12-Hz oscillation through similar mecha-

The maintenance of the membrane potential of the cells in nisms, although at a higher frequency owing to a decrease
a ‘‘silent’’ region between rhythmic oscillations at hyperpolar- in the involvement of the dendritic high-threshold Ca2/ cur-
ized and depolarized membrane potentials may explain the gen- rents, resulting in a shortening of the duration of the AHP
eral absence of spontaneous oscillatory activity in IO in vitro (Llinás and Yarom 1981a,b, 1986). Our data are consistent
(Llinás and Yarom 1986; present results). However, even in the with this hypothesis for the generation of rhythmic oscilla-
absence of spontaneous oscillations, the network of IO neurons tions in inferior olivary neurons, but also demonstrate an
displays a marked propensity to oscillate. For example, local important role for Ih.
electrical stimulation could induce prolonged (1–40 s) periods In our scenario, rhythmic oscillations at hyperpolarized
of 4- to 8-Hz synchronous oscillations in the IO (Fig. 1). membrane potentials in IO neurons are generated through

the following sequence of events: activation of a somatic
Contribution of Ih to oscillations in the inferior olive low-threshold Ca2/ spike, which generates one or two Na/-

and K/-dependent action potentials, is followed by an AHPThe pioneering work of Llinás and Yarom (1981a,b) dem-
onstrated that inferior olivary neurons can generate two dis- mediated largely by the activation of an apamin-sensitive

FIG. 10. Summary diagram indicating
possible contribution of hyperpolarization-
activated cation current Ih to rhythmic oscil-
lations in IO. Rhythmic burst firing is created
through generation of a low-threshold Ca2/

current (IT), which activates fast action po-
tentials mediated by Na/, K/, and Ca2/ cur-
rents (INa, IK, and ICa, respectively). Entry of
Ca2/ during generation of these fast action
potentials and during generation of low-
threshold Ca2/ spike results in generation of
an AHP through activation of a Ca2/-acti-
vated K/ current. AHP activates Ih. Com-
bined activation of Ih and decrease of a Ca2/-
activated K/ current (IK,Ca) results in depo-
larization of neuron, which activates another
low-threshold Ca2/ spike. In this manner, Ih

modulates frequency of oscillation. In addi-
tion, tonic activation of Ih also contributes to
average membrane potential, and therefore
to presence, strength, and frequency of oscil-
lation in these neurons. Data obtained from
guinea pig IO.
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Ca2/-activated K/ current (Fig. 10). In addition, during the thalamic relay neurons (McCormick and Pape 1990b), brain
stem cells (Bobker and Williams 1989), and heart neuronslow-threshold Ca2/ spike and the generation of action poten-

tials, a portion of Ih is deactivated. This deactivation of Ih (DiFrancesco 1985), the voltage dependence of Ih is modu-
lated by the activation of a variety of receptor subtypes. Afacilitates the generation of the AHP by allowing it to reach

more negative membrane potentials (Fig. 10). The AHP sub- similar type of modulation of Ih in IO cells could play an
important role in the generation of normal (e.g., movement-sequently results in two important effects: removal of inacti-

vation of IT and the activation of Ih. Activation of Ih depolar- related) and abnormal (e.g., tremor-related) network oscilla-
tions in the IO.izes the membrane potential toward the threshold for activa-

tion of IT and subsequently promotes the generation of a low-
threshold Ca2/ spike and associated Na/- and K/-dependent This work was supported by grants from the National Institutes of Health

to D. A. McCormick, and from the Centre National de la Recherche Scienti-action potential(s), and therefore reinitiates the oscillation.
fique and the Fondation pour la Recherche Médicale to T. Bal.In our recordings, rhythmic oscillations in IO neurons oc-
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FUKUDA, M., YAMAMOTO, T., AND LLINÁS, R. Simultaneous recordingsnás and Yarom 1986). In the present study we demonstrate
from Purkinje cells of different folia in the rat cerebellum and theirthat bath application of low concentration of cesium or re-
relation to movement. Soc. Neurosci. Abstr. 13: 603, 1987.moval of extracellular Na/ ions hyperpolarizes IO cells and HALLIWELL, J. V. AND ADAMS, P. R. Voltage-clamp analysis of muscarinic

results in generation of robust sine-wave oscillations that excitation in hippocampal neurons. Brain Res. 250: 71–92, 1982.
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