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Lüthi, Anita, Thierry Bal, and David A. McCormick. Periodic- anisms underlying the slow (0.05–0.2 Hz) recurrence of
ity of thalamic spindle waves is abolished by ZD7288, a blocker spindle waves (Bal and McCormick 1996). Spindle waves
of Ih . J. Neurophysiol. 79: 3284–3289, 1998. The actions of the are generated as a circuitous interaction between thalamocor-
novel bradycardiac agent ZD7288 [4-(N-ethyl-N-phenylamino)- tical neurons and the inhibitory GABAergic cells of the peri-
1,2-dimethyl-6-(methylamino)pyrimidinium chloride] were in- geniculate/ thalamic reticular nuclei (Bal et al. 1995a,b; Ster-vestigated on the hyperpolarization-activated cation current Ih and

iade et al. 1993a). The arrival of repetitive inhibitory post-on network activity in spontaneously spindling ferret lateral genicu-
synaptic potentials (IPSPs) concomitantly with increases inlate (LGNd) slices in vitro using intracellular recording techniques.
intracellular Ca2/ due to rebound Ca2/ spikes during spindleIn voltage-clamp recordings, local application of ZD7288 (1 mM
waves leads to activation and upregulation of the hyperpolar-in micropipette) resulted in a complete block of Ih , whereas in

current-clamp recordings, application of this agent resulted in an ization-activated mixed cationic current known as Ih (Bal
abolition of the depolarizing sag activated by hyperpolarization and McCormick 1996; Lüthi and McCormick 1998; McCor-
and decreased the frequency of intrinsic d-oscillations for which mick and Pape 1990; Pape 1996). Persistent activation of
Ih acts as a pacemaker current. In addition, block of Ih with ZD7288 Ih depolarizes thalamocortical neurons to such an extent that
resulted in an abolition of the afterdepolarization (ADP) that fol- they no longer respond to these IPSPs with the generation
lows repetitive hyperpolarization and rebound burst firing as well of rebound Ca2/ spikes, thus resulting in the decrement oras that occurring in between spindle waves. The block of the ADP

‘‘waning’’ of spindle waves (Bal and McCormick 1996;was associated with a block of the spindle wave refractory period
Lüthi and McCormick 1998). Thus the rhythmicity of spin-such that continuous 6- to 10-Hz oscillations were generated
dle waves and the refractory period may be generated inthroughout the network. These findings give further support to the
large part via periodic activation of Ih .hypothesis that Ih is critically involved in the generation of slow

rhythmicity in synchronized thalamic activity. Support for this hypothesis has been obtained from experi-
ments blocking Ih with extracellular application of Cs/ (Bal
and McCormick 1996), as well as enhancing of Ih via seroto-

I N T R O D U C T I O N nin and norepinephrine (Lee and McCormick 1996). Thus
the block of Ih with application of low concentrations of Cs/

A prominent feature of thalamocortical networks is the results in an abolition of the slow periodicities in spindle
generation of various patterns of normal and pathological wave generation such that spindle waves are generated in a
synchronized network oscillations (Avoli et al. 1990; continuous manner and enhancement of Ih with serotonin
McCormick and Bal 1997; Niedermeyer 1990; Steriade et or norepinephrine results in the abolition of spindle waves
al. 1993a). Many of these network oscillations contain low- through the depolarization of thalamocortical neurons.
frequency components (e.g., 0.1–1 Hz) in which synchro- The drug ZD7288 is a bradycardiac agent with a selectiv-
nized neuronal activity is interspersed with periods of quies- ity for the cardiac equivalent of Ih , the pacemaker current
cence or less synchronized activity. For example, spindle I f (BoSmith et al. 1993). This drug also blocks Ih in guinea
waves appear as a 1- to 3-s period of 6- to 14-Hz synchro- pig substantia nigra neurons, rat hippocampal CA1 cells, and
nized oscillatory activity that recurs approximately once ev- cat ventrobasal thalamocortical neurons with minor effects
ery 5–20 s (Contreras et al. 1997; Steriade and Deschênes on other membrane properties (Gasparini and di Francesco
1984; Steriade et al. 1993a). In between spindle waves, 1997; Harris and Constanti 1995; Williams et al. 1997).
thalamocortical networks exhibit a relative refractory period, Here we reinvestigated the functional properties of Ih in
the strength of which depends on the period of time that has thalamocortical neurons and its role in spindle wave genera-
passed since the last generation of a spindle wave (Contreras tion by blocking this current with ZD7288.
et al. 1997; Kim et al. 1995). Additional examples of period-
icities on the order of seconds to tens of seconds in synchro-

M E T H O D Snized cortical or thalamocortical activity are found in the
recurring pattern of the cortical slow rhythm (Steriade et Male or female ferrets, Ç2 mo old, were deeply anesthetized
al. 1993b), the cyclic alternating pattern of non–rapid eye with pentobarbital sodium (30 mg/kg ip) and killed by decapita-
movement sleep (Terzano et al. 1985), and the periodicity of tion in accordance with Yale University Medical School guidelines
spike-and-wave seizures in some animal models of absence for the use of animals in research. Sagittal slices (350–400 mm
epilepsy (Jandó et al. 1995; Kostopoulos et al. 1981). thick) were prepared on a vibratome and maintained in an interface

chamber at 34–357C. The perfusion medium contained the follow-Recent in vitro experiments have revealed possible mech-

3284 0022-3077/98 $5.00 Copyright q 1998 The American Physiological Society

J014-8rc/ 9k29$$ju41 05-27-98 07:02:11 neupa LP-Neurophys



ZD7288 EFFECTS ON SPINDLE OSCILLATIONS IN VITRO 3285

FIG. 1. Local application of ZD7288 (1 mM in micropipette) reduces Ih in thalamocortical cells. A : H-current responses
to 1.8-s hyperpolarizing voltage steps in a cell held at 066 mV under control conditions ( left) and in the presence of ZD7288
(right) . Voltages corresponding to each current trace are indicated. Inward currents due to activation of Ih were completely
absent in the presence of ZD7288, whereas depolarization-induced outward currents were not reduced. Inset : plot of the
current responses, measured at the beginning of the voltage step after the decay of the capacitive transients (s and n) , as
well as at the end of the hyperpolarizing step (● and m) . Large, unclamped inward currents were evoked upon stepping back
to 066 mV due to activation of low-threshold Ca2/ currents. These appear truncated in the figure. B : thalamocortical cell
that generated intrinsic oscillations at a frequency of Ç2 Hz. In the presence of ZD7288, the cell hyperpolarized and
spontaneous discharges occurred at a frequency below Ç0.2 Hz. Similar reductions in oscillatory activity were observed at
all values of membrane potentials, as assessed with various DC injections (not shown). Traces below depict 1 burst discharge
for each condition.

ing (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 stage was continuously monitored in order to ensure adequate set-
tling time between samples (switching frequency 1.5–2.5 kHz).CaCl2 , 1.2 MgSO4, and 10 dextrose. Solutions were aerated with

95% O2-5% CO2 to pH 7.4. Drugs were applied locally (within Only those cells that exhibited stable resting membrane potentials
of between 060 and 070 mV and input resistances in excess of0.1–0.2 mm from the cell) with the pressure-pulse technique in

which small (1–10 pl) drops of drug solution were extruded from 50 MV were included for analysis. ZD7288 was obtained from
Tocris Cookson. All other chemicals were obtained from Sigma.a broken micropipette (3–5 mm tip diameter) . To study the effects

of ZD7288 on network activity, this drug was applied more remote
(0.2–0.4 mm) from the recorded cell to prevent extensive local

R E S U L T Shyperpolarization. Intracellular recording electrodes contained 2 M
potassium acetate, adjusted to pH 7.2–7.3. Intracellular recordings To establish the effectiveness of ZD7288 in blocking Ih
were performed with micropipettes formed on a Sutter Instruments in thalamocortical cells, neurons were voltage clamped to
P-80/PC micropipette puller from medium-walled glass (IB100F, membrane potentials of 049 to 066 mV and repetitivelyWorld Precision Instruments) and beveled on a Sutter Instruments

stepped to increasingly more negative membrane potentialsbeveler. Electrode resistances ranged between 80 and 120 MV for
covering the full activation range of Ih . Activation of Ihcurrent-clamp recordings and between 50 and 90 MV for voltage-
was characterized by a slowly developing inward current inclamp recordings. Voltage clamp was performed by the discontinu-
response to negative voltage steps that reached maximal lev-ous single-electrode voltage-clamp technique using an Axoclamp-

2A amplifier (Axon Instruments) in which the output of the head- els around 0100 mV, as demonstrated previously (Fig. 1A)
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FIG. 2. ZD7288 blocks the afterdepolarization (ADP) that follows repetitive hyperpolarization and rebound low-threshold
Ca2/ spikes. Tetrodotoxin (10 mM, local application) was present throughout the experiment. A : thalamocortical cell injected
with 20 hyperpolarizing current pulses (each 0400 pA, 120 ms in duration, frequency 4 Hz). This resulted in a sustained
ADP decaying in Ç12 s. During the repetitive pulses, the cell displayed a gradual depolarization. Input resistance under
control conditions was Ç90 MV. B : both the ADP and the gradual depolarization during the hyperpolarizing pulses were
abolished in the presence of ZD7288. Input resistance was increased to 115 MV. C : membrane potential responses to the
hyperpolarizing current injections are presented at an expanded time scale (control: thin lines; ZD7288: thick lines) . C1 :
responses to the initial 5 pulses. C2 : responses to the last 5 pulses. The control responses gradually diminished in size
(compare C1 and C2) , whereas the responses in ZD7288 did not change in amplitude.

(McCormick and Pape 1990). Local application of ZD7288 al. 1991). These oscillations are generated by a cyclical
interaction between the low-threshold Ca2/ current IT and(1 mM in micropipette) to the surface of the slice induced a

progressive reduction in the time-dependent inward currents the hyperpolarization-activated cation current Ih . Local ap-
plication of ZD7288 onto d-oscillating neurons resulted in awith a blocking effect being fully developed after 6–18

min (Fig. 1A, n Å 10). A plot of the current-voltage curve 10- to 20-mV membrane hyperpolarization and a progressive
lengthening of the interburst interval (Fig. 1B, n Å 7), fol-demonstrated that the inward current due to activation of Ih

was fully blocked in the presence of ZD7288, with little, if lowed, in general, by a complete and irreversible cessation
of activity (not shown). ZD7288 did not have marked effectsany, effect on passive current, measured at the onset of the

voltage step after the decay of the capacitive transients (Fig. on the generation of action potentials or low-threshold Ca2/

spikes (Fig. 1B, expanded traces) .1A, inset) . Thus, in agreement with studies of cardiac cells
and central neurons (BoSmith et al. 1993; Gasparini and di Intracellular injection of repetitive hyperpolarizing con-

stant current pulses (5–20 pulses, 2–7 Hz, 120 ms), mim-Francesco 1997; Harris and Constanti 1995; Williams et al.
1997), ZD7288 acts as a selective blocker of Ih in thalamo- icking the arrival of inhibitory input during spindle oscilla-

tions, resulted in a gradual reduction in the electrotonic re-cortical cells at potentials below approximately 060 mV.
The blocking effect of ZD7288 did not recover after 1 h sponse to each pulse (Fig. 2A, gradual depolarization) as

well as the generation of a 10- to 15-s duration afterdepolar-following start of wash out, confirming the irreversible ac-
tion of this drug reported earlier (Gasparini and di Francesco ization (ADP; Fig. 2A, afterdepolarization), as reported pre-

viously (Bal and McCormick 1996). This ADP was recently1997; Harris and Constanti 1995; Williams et al. 1997).
Thalamocortical cells have a tendency to intrinsically os- shown to result from voltage- and Ca2/-mediated upregula-

tion of Ih (Lüthi and McCormick 1998). Application ofcillate at frequencies between 1 and 2 Hz, generating so-
called d-oscillations (McCormick and Pape 1990; Soltesz et ZD7288 led to a complete block of both the ADP and the
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FIG. 3. ZD7288 abolishes the periodicity of spindle waves in vitro. Expanded portions of each trace on the left are
presented on the right (for A–D) . A : recording from a thalamocortical cell participating in spontaneous spindle waves and
displaying an alternating sequence of spindles and refractory periods. Each refractory period was associated with a small
ADP. B : application of ZD7288 to the cell initially resulted in a lengthening and shortening of oscillatory and silent periods,
respectively, and an appearance of small inhibitory postsynaptic potentials (IPSPs) during the refractory period. C : further
wash in of ZD7288 led to a disappearance of silent phases, but some degree of periodicity remained, as apparent by inspecting
the envelopes of membrane potential. D : eventually, spindles occurred continuously, and no periodicity remained. Inset
(boxed): continuous occurrence of IPSPs, when the cell was depolarized with DC injection to block rebound Ca 2/ spikes.
E : depolarization of the cell by DC injection to control membrane potential levels also shows that the oscillatory activity
occurs continuously. Action potentials are truncated in the figure.

gradual depolarization (Fig. 2, B and C, n Å 6). Further- were used as a probe to assay network activity in the slice
through monitoring the pattern of synaptic potentials arrivingmore, the sag depolarization of thalamocortical cells during

the repetitive current injections was also abolished by in impaled cells. Application of 1–5 picodrops of ZD7288
(1 mM in micropipette) onto the surface of the slice in theZD7288 (Fig. 2C) , demonstrating that these effects on mem-

brane potential were entirely due to the progressive activa- A-laminae (200–400 mm from the recorded cell) to block
Ih in cells participating in spindle activity induced a gradualtion and Ca2/-mediated upregulation of Ih (Bal and McCor-

mick 1996; Lüthi and McCormick 1998). increase in the duration of the spindle waves and a shortening
of the refractory period (Fig. 3) . Approximately 10–20 minPreviously, we have suggested that the spindle wave re-

fractory period is generated in large part through the persis- after the application of ZD7288, the refractory period be-
tween spindle waves was completely abolished, but the oscil-tent activation of Ih in thalamocortical cells (Bal and McCor-

mick 1996; Lüthi and McCormick 1998). To test this hy- lations still exhibited slow periodicities indicating the pres-
ence of waxing and waning phases of oscillations (Fig. 3,pothesis, we locally applied ZD7288 to thalamocortical

neurons that were actively participating in the generation of B and C) . Eventually, all signs of periodicity were absent
(Fig. 3, D and E) , but cells continued to receive IPSPs inspindle waves (Fig. 3A, n Å 7). Recordings of single cells
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the frequency range of spindle oscillations (7–14 Hz; Fig. effects of Cs/ . The present data strongly support the hypoth-
esis that the refractory period of spindle waves in vitro is3D, inset) , showing that the network remained functionally

intact but now displayed continuous oscillations. generated through the upregulation of Ih and that this is an
event necessary to sustain the periodicity of these synchro-
nized thalamic oscillations.D I S C U S S I O N

Previous investigations have proposed that spike-and-
wave seizures in at least some animal models of absenceSlow periodicities on the time scale of seconds in neuronal

oscillations in thalamocortical systems have been repeatedly seizures in children are generated through cellular mecha-
nisms that share a number of common features to thosedemonstrated from the level of single cells (Leresche et al.

1991; Soltesz et al. 1991) to small networks in vitro (Bal involved in the generation of spindle waves (see Avoli et
al. 1983; Buzsáki 1991; Steriade et al. 1993a). An interestingand McCormick 1996), to intact thalamocortical interactions

in vivo (Contreras et al. 1997; Steriade and Deschênes 1984; hypothesis is that Ih also plays an important role in the spon-
taneous cessation of this form of generalized epileptic sei-Steriade et al. 1993a) and finally to the electroencephalo-

gram in humans and animals (Achermann and Borbély 1997; zures. This may be tested by examining the effects of intrace-
rebral administration of ZD7288 and/or agents that enhanceAvoli et al. 1990; Jandó et al. 1995; Steriade et al. 1993a,b) .

In the case of spindle waves, these slow periodicities have Ih through the activation of adenylyl cyclase (e.g., Lee and
McCormick 1996) on the duration and periodicity of thesebeen suggested to result from the synchronization and desyn-

chronization of thalamocortical networks (Andersen and An- seizures.
dersson 1968; Contreras and Steriade 1996; Kim et al.
1995), the hyperpolarization of GABAergic neurons in the A. Lüthi was supported by a fellowship from the Swiss National Science

Foundation and D. A. McCormick was supported by National Institutesperigeniculate and thalamic reticular nuclei (Kim et al. 1996;
of Health, the McKnight Foundation, and the Human Frontier Scientificvon Krosigk et al. 1993), and the activation and deactivation
Program.

of the hyperpolarization-activated cation current Ih (Bal and Address for reprint requests: D. A. McCormick, Section of Neurobiology,
McCormick 1996). The interval in between spindle waves Yale University School of Medicine, 333 Cedar St., New Haven, CT 06510.
is associated in thalamocortical cells with a small ADP that

Received 13 January 1998; accepted in final form 9 March 1998.is sufficiently large to decrease the effectiveness of evoked
IPSPs to generate rebound low-threshold Ca2/ spikes, and
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STERIADE, M., NUÑEZ, A., AND AMZICA, F. A novel slow (õ1 Hz) oscilla-(Lond.) 479: 183–197, 1994.
tion of neocortical neurons in vivo: depolarizing and hyperpolarizingKOSTOPOULOS, G., GLOOR, P., PELLEGRINI, A., AND SIATITSAS, I. A study
components. J . Neurosci . 13: 3252–3265, 1993b.of the transition from spindles to spike and wave discharge in feline

TERZANO, M. G., MANCIA, D., SALATI, M. R., COSTANI, G., DECEMBRINO,generalized penicillin epilepsy: EEG features. Exp . Neurol . 73: 43–54,
A., AND PARRINO, L. The cyclic alternating pattern as a physiologic1981. component of normal NREM sleep. Sleep 8: 137–145, 1985.

LEE, K. H. AND MCCORMICK, D. A. Abolition of spindle oscillations by UCHIMURA, N., CHERUBINI, E., AND NORTH, R. A. Inward rectification in
serotonin and norepinephrine in the ferret lateral geniculate and perigeni- rat nucleus accumbens neurons. J . Neurophysiol . 62: 1280–1286, 1989.
culate nuclei in vitro. Neuron 17: 309–321, 1996.

VON KROSIGK, M., BAL, T., AND MCCORMICK, D. A. Cellular mechanisms
LERESCHE, N., LIGHTOWLER, S., SOLTESZ, I., JASSIK-GERSCHENFELD, D., of a synchronized oscillation in the thalamus. Science 261: 361–364,

AND CRUNELLI, V. Low-frequency oscillatory activities intrinsic to rat 1993.
and cat thalamocortical cells. J. Physiol. (Lond.) 441: 155–174, 1991. WILLIAMS, J. T., NORTH, R. A., AND TOKIMASA, T. Inward rectification of
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