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Jacobsen, Richard B., Daniel Ulrich, and John R. Huguenard. manner during the early stages of slow-wave sleep (Steriade
GABAg and NMDA receptors contribute to spindle-like oscillationgnd Deschees 1984; Steriade and Lligd 988). These oscil-

in rat thalamus in vitroJ NeurophysioB6: 1365-1375, 2001. Tha- |ations have been termed sleep spindles and are one of several
lamic slice preparations, in which intrathalamic connectivity betwegp, thms arising in the thalamus and cortex during non—rapid
the reticular nucleus and relay nuclei is maintained, are capableeé)/e\ movement (non-REM) sleep (McCormick and Bal 1997;

sustaining rhythmic burst firing activity in rodents and ferret. These . ~ ) \
vitro oscillations occur spontaneously in the ferret and have frequ teriade and DesChes 1984; Steriade et al. 1993). The ex-

cies (6-10 Hz) within the range of sleep spindles observed in vivo. {gNSive reciprocal connectivity between thalamic and cortical
the rat, mainly lower frequency (2—4 Hz) oscillations, evoked und&€urons results in propagation of spindles through the cortex
conditions of low bath [M§"] and/or GABA, receptor blockade, (Steriade and Llingt1988), but the inability of cortex to pro-
have been described. Here we show that faster rhythms in the rangdw€e these rhythms when disconnected from thalamus (Burns
4-9 Hz can be evoked in rat thalamic slices by electrical stimulatid950), and their persistence in decorticated thalamus (Morison
of the internal capsule and also occur spontaneously. When baid Basset 1945), indicate a thalamic origin for spindle oscil-
[Mg?*] was 2 mM, these spindle-like oscillations were most COMMORtions.

in a brief developmental time window, peakingistnatal day 12 While the function of sleep spindles remains a mystery, the

(P12. The oscillations were almost completely blocked by th : : : :
GABA, receptor antagonist picrotoxin, and, in some cases, the fr.(e(a(:""UIar mechanisms leading to their generation have been

quency of oscillations was incr.eased by the GAB#eceptor antag 'dntenzively’\‘T’tUdliedz%nd largely ellucidatﬁd Qvle r t.helpaSt Sz\./eral
onist CGP-35348. The selective blockade Mdmethylp-aspartate d€cades. Nearly yr ago, electrophysiological recordings
(NMDA) or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acidfom thalamic neurons in vitro (Llireand Jahnsen 1982) and
(AMPA) receptors by the antagonists 2-amino-5-phosphonovalefit Vivo (Descli@es et al. 1982; Roy et al. 1984) provided the
acid or 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[flquinoxaline-7basis for a mechanistic understanding of the state-dependent
sulfonamide (NBQX), respectively, significantly shortened oscillavscillatory behavior of the thalamus. Reciprocal connections
tions but did not completely block them. A combination of the twgetween the inhibitory, GABAergic nucleus reticularis (nRt)
pegtobargltal,_ WZ'Ch ‘?I?hf"‘”ceﬁ ?AQR res;oonlsesl, '”;F'a”yhs'o""\?\?hcircuitry for spindle generation in the thalamus (von Krosigk
and synchronized oscillations before completely blocking them. . ; : )
bath [Mg?*] was reduced from 2 to 0.65 mM, evoked oscillations%re al. 1993.’ but see Steriade et al. 1987). During slee_p on
thalamic neurons undergo a membrane hyperpolarization

became more robust and were often accompanied by spontaneo & . .
arising oscillations. Under these conditions, GABfeceptor block  (HIfsch et al. 1983; Steriade et al. 1986) that fundamentally

ade no longer inhibited oscillations, but instead converted them irdfers their firing properties, primarily through the deinactiva-
the slow, synchronous rhythms that have been observed in ottien of a low-threshold calcium current (Coulter et al. 1989;
studies. The effects of GABAor NMDA receptor blockade were Crunelli et al. 1989; Hernandez-Cruz and Pape 1989; Jahnsen
more pronounced in 0.65 mM than in 2 mM external My Thus  and Llinas 1984; Suzuki and Rogawski 1989). The biophysical
spindle-like oscillations occur in rat thalamic slices in vitro, and wproperties of this calcium current in nRt and relay nuclei
find that, in addition to the previously demonstrated contributions(gquguenard and Prince 1992) are such that it can be activated

AR I AP T0eor (0 s sl NMDA a1y incoming exciatory potentals i the former and on repo-
B . i i i inhibi i i
[Mg?'] on GABAergic pharmacology and a contribution of NMDA”I%rlzatlon following inhibitory potentials in the latter (Bal et al.

receptors during oscillations suggest a link between the excitability %995a,b; Huguenard and Prince 1994a; Warren et al. 1994). In

NMDA receptors and the activation of GAB&-mediated inhibitory both cases, activation leads to a regenerative calcium spike that
postsynaptic currents. depolarizes the cells above Na&hannel threshold long

enough to cause a high-frequency burst of action potentials

(Deschaes et al. 1982; Llirmand Jahnsen 1982). As a result
INTRODUCTION of the feedback circuitry between nRt and relay nuclei, bursts
in relay neurons produce glutamate receptor—dependent bursts
H nRt neurons, which in turn inhibit relay cells. The relay
ieurons do not fire until they have recovered from the inhibi-

A well-established property of the thalamus is the generati
of transient 7- to 14-Hz oscillations that arise in a period
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tory input of nRt cells, meaning that the inter-burst duratiorfhe thalamus and parts of the adjacent striatum were dissected out and
and thus the frequency of spindles, is largely dependent on thgubated in artificial cerebrospinal fluid (ACSF) containing (in mM)

duration of inhibitory postsynaptic currents (IPSCs) in rela§?® NaCl. 26 NaHCQ 2.5 KClI, 1.25 NaHPQ 2 MgCl,, 2 CaCl,
neurons (Bal et al. 1995a). gﬁd 10 glucose at 32°Cfd. h prior to recording. The solution was

. ) . . . ... continuously bubbled with 95% 6% CO,, and temperature was
The generation of spindles is strongly influenced by inhibjgoyed to r)(/eturn to room temper%t;ure a%er the initiafl) hour.

tory connections between nRt neurons, as shown by studies ifor recordings, slices were placed in an interface type recording

which these predominantly GAB&R-mediated connectionschamber and perfused with ACSF (described above) at 34°C. In

(Ulrich and Huguenard 1996) are removed from the circuieduced [Mg "] experiments, the [MgG] in the perfusion solution

either through pharmacological blockade (Bal et al. 1995a#4as reduced to 0.65 mM. Intra-thalamic oscillations were evoked by

Huguenard and Prince 1994a; Sanchez-Vives and McCormfki0- ©© 100-V, 60- to 8Gs stimulus to the internal capsule (IC)

) . . . rough a bipolar tungsten electrode (FHC, Bowdoinham, ME) posi-
1997; Sanchez-Vives et al. 1997; von Krosigk et al. 1993) Hbned at the border of the IC and the thalamic reticular nucleus (nRY).

genetic manipulation (Huntsman et al. 1999). The findinG§imylus interval was varied depending on the duration of an oscil-
show that the absence of intra-nRt inhibition can enhance tagon (to avoid inter-sweep variability presumably due to rundown)
output of nRt (Huguenard and Prince 1994b; Sanchez-Vivest was in the range of one stimulus every 15-60 s. Extracellular
and McCormick 1997) and result in hyper-synchronous oscihulti-unit activity was recorded using monopolar tungsten electrodes
latory activity (Huntsman et al. 1999). The slow, paroxysmaositioned in the ventrobasal (VB) somatosensory relay nucleus
oscillations that result from GABAR blockade in ferret (Ste and/or nRt. The amplitude of action potentials ranged from 10 to 15
riade et al. 1993; von Krosigk et al. 1993) and rat (Huguena# at threshold for spike detection (se&ta analysiy to maximum
and Prince 1994a) thalamic slices resemble those seen dufjfgntials in the 100- to 20pV range. Although only recordings
some forms of absence epilepsy. romn VB are presented in this study, spindle-like oscillations could be

Th td | t of thalamic brain sli fi recorded simultaneously from VB and nRt, demonstrating that both
e recent development of thalamic brain Slicé preparaliofiz.|ej were participating in oscillatory activity. Signals were band-

in which spindle-like oscillations can be recorded has been gfks filtered (10 Hz to 3 kHz) and recorded at different sample rates
essential tool for working out the detailed molecular mechgepending on the software used (1.7 kHz, Axotape, or 5-10 kHz,
nisms responsible for oscillatory activity in the thalamus (rexxoscope, both from Axon Instruments, Foster City, CA).

viewed in McCormick and Bal 1997). Thalamic slices from a

number of species including rat (Huguenard and Prince 199ija' .

Leresche et al. 1991), mouse (Warren et al. 1994), and fe eepa analysis

(Bal et al. 1995a,b; von Krosigk et al. 1993) have demonstrateda software Schmidt trigger was used to detect spikes. The “dura-
oscillatory behavior. The basic mechanisms responsible fh” of an oscillation was measured as the time from stimulus to last
spindle-like oscillations appear to be similar, although sonberst (defined as 4 spikes occurring within 50 ms). The “total spike
differences between preparations are also apparent. Fast (5ad®ity” of an oscillation was defined as the number of spikes occur-
Hz), spindle-like oscillations occur spontaneously in ferréing between the time of stimulation and the end of the recording
slices under normal physiological conditions.2 mM bath SWeep. Autocorrelation analysis was performed on spike output, typ-
[Mg“]) (Bal et al. 1995a,b). In contrast, the pro-oscillator' ally with a bin size of 5-10 ms, to estimate the synchrony of

conditions of GABA, receptor blockade and/or low bath scillations. The results from five consecutively evoked oscillations

ot were summed for each plot presented in the results. Comparisons of
[Mg="] (0.2 mM) have been necessary to observe rOb"gsfgchrony were made using the height of the central peak relative to

evoked oscillations in thalamic slices from rat (Cox et al. 199¢e adjacent valley of the autocorrelogram as an estimate of the
Huguenard and Prince 1994a; Ulrich and Huguenard 1998)eportion of synchronous versus asynchronous spike activity, respec-
Consistent with findings in ferret, oscillations evoked in rafvely, during an oscillation. For comparisons of oscillation synchrony
slices in the presence of GABMR antagonism are slower (2—4where total unit activity varied between pharmacological conditions
Hz). Here we show that oscillations with frequencies in a rangéthin an experiment, autocorrelograms were normalized to the height
closer to that expected for spindles can be evoked in rat slicekthe central peak. _
even under physiological conditions that would not be consid-Fast Fourier transforms (FFTs) were also performed on spike
ered pro-oscillatory. The spindle-like oscillations in rat diffeputPut starting from the time of stimulation with bin sizes no larger
from those described in ferret (Bal et al. 1995a,b; von Krosi an 20 ms. As summarized by the three-dimensional contour plots of

: . . FET analysis presented in Fig8,2B, and 8, FFTs were performed
et al. 1993) and mouse (Warren et al. 1994) in being Sens't'él(,gparately on each evoked spindle during an experiment. The oscil-

to pharmacological blockade of GARBAand N-methylo-as  |ation frequency was calculated by determining the dominant spectral

partate (NMDA) receptors. component between 2 and 10 Hz for each FFT spectra and averaging
over at least five sweeps. Sweeps in which a dominant frequency
could not be determined, defined as those in which the peak power of

METHODS the dominant frequency compriset#0% of the summed peak power

. . . of the three most dominant frequencies, were not used.
Slice preparation and recording

Thalamic slices were prepared as previously described (Huguengligs
and Prince 1994a). Briefly, rat pups of either sex, 11-15 days old were
anesthetized (50 mg/kg ip pentobarbital sodium) and decapitated. Th€EGP-35348 (CGPp-3-aminopropyl-p-diethoxymethyl phosphoric
brain was removed and transferred into ice-cold slicing soluticatid) was a gift from Ciba-Geigy (Basel). All other chemicals were
containing (in mM) 234 sucrose, 11 glucose, 24 NaHC®5 KCI, from Sigma (St. Louis, MO). Picrotoxin, 1,2,3,4-Tetrahydro-6-nitro-
1.25 NaHPQ,, 10 MgSQ, and 0.5 CaClbubbled with 95% @5% 2,3-dioxo-benzo[flquinoxaline-7-sulfonamide (NBQX), and CGP
CO,. The whole brain was glued onto a cover slip, and 409- stock solutions were made in DMSO such that the final concentration
horizontal slices were made using a vibratome (TPI, St. Louis, MQ)f DMSO in the extracellular recording solution wa®.5%. Unless
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Fic. 1. GABAergic pharmacology of
spindle-like oscillations (SLOs) recorded in 2
mM [Mg?*]o. A extracellular, multi-unit re
cordings of oscillations in ventrobasal (VB)
evoked by electrical stimulation of internal
capsule (IC) at 40-s intervals. Two consecutive
traces each are shown for oscillations evoked
under control conditions, after bath application
of 800 uM CGP-35348 (CGP) for-10 min

vy 4 —..fl, Aoty ‘]‘. } # Hr——r—t and following ~25 min of wash. Thdast 3
wash [ e e ul . [ traceswere recorded in the presence of @l
L LR gy e BELEL AL L e i picrotoxin (ptx), a combination of ptx and
ptx Jd & CGP, and following~50 min of wash, respec-
" T oae tively. The dot at theop leftindicates time of
ptx + CGP stimulation. B: the frequency components of
each oscillation evoked during the experiment
wash #ml“‘-r—ﬁr - in Awere determined by fast Fourier transform
(FFT). The raw spectral power of the fre-
B s —plx+CGP C guency components fro_m each FF‘I_' is indi-
oontrtlj Te C-LP!' was# - it - — cated by contour intensity, black being most
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intense. The dominant frequency of oscilla-
tions reversibly increased from 4—4.5 Hz un-
der control conditions to 5-6 Hz in the pres-
ence of CGP. The addition of picrotoxin
reversibly slowed oscillations to 2—-2.5 Hz, and
subsequent addition of CGP blocked them en-
tirely. This effect was partially reversed during
prolonged washC: autocorrelation (Se@eTH-
ops) of spike activity from oscillations elicited
under the conditions indicated on the plots.
Blockade of GABAsRs increased the total
number of spikes and the frequency of oscil-
lations but did not influence the synchrony of
spike activity, as shown by the normalized and
expanded autocorrelograms in tieset D:
summary of CGP and picrotoxin effects on the
total spike activity and duration (Se&THODS)

of SLOs for all experiments in 2 mM
[Mg?*]o. Each point is the average of 5 eon
secutive evoked SLOs following drug applica-
tion, normalized to the average response in
control conditions. Horizontal bars are the av-
erage of all experiment&: the effects of CGP
on SLO frequency in 2 mM [Mg'].. Each
point is the dominant frequency, as determined
by FFT, averaged for 5 consecutively evoked
SLOs (seaeTHODS). Error bars are not shown
for clarity. Solid symbols irD andE represent
the experiment shown above.and0, the 2
experiments in which CGP enhanced the syn-
chrony of oscillations.

otherwise noted, drug concentrations were chosen to be 1-2 orderhigfh as 9 Hz, is in the range observed for sleep spindles in
magnitude greater than previously reportedC vivo (Steriade and Llihs 1988) and in numerous in vitro
studies using LGN slices from ferret (Bal et al. 1995a; Kim
et al. 1995; von Krosigk et al. 1993). We thus refer to these
4- to 9-Hz oscillations in rat as “spindle-like oscillations,”
or SLOs.

Previous studies have demonstrated that 2- to 4-Hz oscillaMulti-unit, extracellular recordings of SLOs evoked by elec-
tory activity can be evoked in rat thalamic slices using #ical stimulation of the internal capsule were made in the VB
combination of GABA, receptor (GABAR) blockade and of rat thalamic slices, as detailed itgtHops. Our initial char-
reduced M@ concentration in the extracellular recordingicterization of SLOs was done in 2 mM [¥id, to allow
solution ([Mg®"]o) (Cox et al. 1997; Huguenard and Princ&omparison with previous studies in rat in which this concen-
1994a; Ulrich and Huguenard 1995). We found that highetration was used (Cox et al. 1997; Huguenard and Prince
frequency oscillations can occasionally be evoked in rat th#994a). We found, however, that reducing [Mg resulted in
lamic slices by electrical stimulation in the IC in the presenamore robust spindle-like oscillations, as described below (see
of 2 mM [Mg“*], [which is slightly higher than the-1-1.3 Effects of [Mgd '], on SLO3. Slices were selected for phar-
mM found in physiological conditions (Hansen 1985)]. Thenacological manipulation based on the duration and frequency
frequency of these oscillations, usually above 4 Hz and a& evoked SLOs. Our selection criteria was for a minimum

RESULTS

Spindle-like oscillations recorded from rat thalamic slices
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duration of five resolvable cycles, or an oscillation lasting 1 (800 wM) caused an increase in oscillation synchrony (based
or more. Often, however, evoked oscillations were of muamn autocorrelation analysis; se&THops). In both of these
longer duration (up to 10 s). We found that the ability of axperiments, CGP strongly suppressed the total spike activity
thalamic slice to support evoked SLOs in 2 mM [fMd, was and duration of oscillations while having little effect on fre-
strongly dependent on age. The proportion of preparatiogsency (Fig. 1,D and E, [0 and A). An example of an
(each yielding 6 40Q:m slices) that exhibited SLOs by ageexperiment in which CGP application increased oscillation
group was as followspostnatal day 11P11), 2/2;P12,13/14; synchrony is presented in the section describing experiments
P13, 3/4; P14, 2/7. Rats younger thaR11 tended to have with reduced [Mg*]o.
signal amplitudes that were near the threshold for resolving
muIti-un_it.extracellular activity, making the occurrence OEffects of pharmacological manipulation of GAB?s
SLOs difficult to assess. At agel4 and older, this type of 5, 5| 0g
oscillation was very rarely observed in 2 mM [fg,. We
focused our experiments dtl2rats due to the ease of obtain- The GABA,R antagonist picrotoxin strongly suppressed
ing evoked SLOs at this age and the strength of the signal$IsOs recorded in 2 mM [Mg']. An example is shown in the
compared withP11 animals. For consistency, only data fromexperiment in Fig. 1. The application of 50M picrotoxin
this age group is presented in the remainder of this report. reduced evoked activity from robust, high-frequeney4(3

A typical evoked SLO recorded in 2 mM [Mg], is shown Hz) oscillations to brief, low-frequency~2.3 Hz) events
in the top two tracesof Fig. 1A (labeled “control”). The consisting of only one or two cycles (Fig. A and B). A
frequency of this activity was-4.3 Hz, as determined by FFT combination of picrotoxin and CGP abolished oscillatory ac-
of the unit activity that followed each stimulus (seerHops). tivity (e.g., Fig. JA; n = 3).
The FFT spectra for all control recording sweeps in this ex- The suppressive effect of picrotoxin on SLOs is summarized
periment are shown by the contour plot in Figd {portion for all experiments in Fig. . In five of five experiments, the
labeled “control”). Note the cluster of darker contours (repréetal spike activity and duration of oscillations in the presence
senting frequencies with the highest FFT power) in the 4- tf the drug was reduced by50-90%, differing significantly

5-Hz range during this period. from control conditions across the populatioR € 0.001,
2-tailed t-test). When more than one cycle of an oscillation
Effects of GABA receptor blockade on SLOs remained after picrotoxin application, the frequency calculated

from the inter-burst interval was greatly reduced (2.5.2 Hz;

Studies in mouse (Warren et al. 1994) and ferret (Bal et ahean+ SE,n = 3). These findings are consistent with obser-
1995a; von Krosigk et al. 1993) found that the blockade oftions made in young ferret, where spindles from animals up
GABAgRs did not affect evoked oscillatory activity in tha to P39,recorded in 1.2 mM [M§"], were largely blocked by
lamic slices. We tested the contribution of GABRs to SLOs the GABA,R antagonist bicuculline (McCormick et al. 1995).
in rat by applying the antagonist CGP-35348 (CGP) to the bath
solqtior) during mu.Iti—unit, extracellular recordjng of evokegtfects of [MG*]o on SLOs
oscillations. Potential drug effects were quantified by measur-
ing the total spike activity, duration, frequency, and synchrony Conditions of reduced extracellular magnesium can greatly
of SLOs, as detailed imeTHops. An example of the effects of enhance the ability of thalamic slices to support oscillations
CGP is shown in Fig. 1. The effects were difficult to discer(Cox et al. 1997; Huguenard and Prince 1994a; Ulrich and
from raw recording traces (shown in FigA)Xl but Fourier Huguenard 1995). However, we found that decreasing
transform revealed a reversible increase (b25%) in the [Mg?']o to 0.2 mM, the concentration used in these earlier
dominant frequency of oscillations following drug applicatiostudies, resulted in oscillations that were less stable over the
(Fig. 1, B andC). An autocorrelation was performed on uniextended periods of time required to perform the pharmaco-
activity under control, CGP, and wash conditions to assdsgiical manipulations described here. Instead, we adopted a
oscillation synchrony (seestHobs). The plots in Fig. € show protocol using an intermediate [Mg] of 0.65 mM. Reducing
a slight enhancement in the overall number of spikes detec{dty?*], from 2.0 to 0.65 mM markedly increased the occur
during the oscillation in the presence of CGP relative to contrdnce of evoked and spontaneously arising SLOs in thalamic
and wash conditions. However, when the control and CGiiices from P12 rats (presented in this study) and in older
autocorrelograms are normalized, there is no difference in theimals (up toP15, data not shown). FigureA shows an
peak to valley ratio between the two plots (FigC,linsej, example of the effects of reducing [NMg]o.
suggesting no change in synchrony between these conditionsThe effects of GABAergic blockade on SLOs evoked in 0.65

In general, the effects of CGP on our measures of oscillatiomV [Mg®*], were notably different from those seen in 2 mM
robustness (total spike activity and duration) were quite vafMg®*].. In reduced [Mg§*],, the application of CGP caused
able, ranging from a slight enhancement to a 50% reductiondither no change or an enhancement in the total spikes and
these parameters (FigDL Although the population averagesduration of SLOs, as summarized in FigD.2The example
showed a slight suppression in both parameters, neither varsadwn in Fig. 2 proved to be the most pronounced instance of
significantly between control and CGP conditiofs= 0.18, an increase in these parameters. In addition, the influence of
total spikesP = 0.11, duration; 2-tailetttest). In five of eight CGP on the frequency and synchrony of SLOs became more
experiments, CGP caused a reversible increase in oscillatijmonounced in 0.65 mM [Mg ], such that clear effects were
frequency (Fig. [E). The magnitude of increase ranged from 18een in every experiment. The application of CGP resulted in
to 30% of control and did not correlate with the frequencsn increase in frequency (by 15-22%) in six of six experiments
under control conditions. In two of eight experiments, CGRas compared with 5/8 experiments in 2 mM [fig.), as
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A . FIG. 2. GABAergic pharmacology of
2 mM Mg*” o oo i. e spindle-like oscillations recorded in 0.65
¥ [ ) ) : mM [Mg?*]o. A extracellular, multi-unit
R e o o L o e o e s e e e L o recordings of oscillations in VB evoked by
O'EagTM d L Jk FJ 5 “1 i HJ o 5 :_—T electrica! sti_mulation of IC at 40-s intervals.
—-L-—*l'r-!-ﬁf- 2 RS A GOt s s T - The o_scnlatlons were greatly enhanced by
T O D TR N S S reducing [Mg o from 2 mM (op tracd to
CGP_ G 2 S T, T T s FEME R R AR . 2. At SR B et 0.65 mM f(ext 2 traces In reduced

[Mg?*]., the addition of 800uM CGP-
35348 (CGP) greatly increased the fre-
| | ' , " ' — ' o guency and total spike activity of oscilla-
wash 3 tions (ext 2 traces This effect was
r ——- P - ! } " > A ﬁ' tlperaniprnatleimds H - reversible following~30 min of wash iGext
2 trace3. Following 90 min of wash the

late wash -LW b b oscillation was attenuated (trace labeled
! | “late wash”), but application of 5@M pic-
— STV e rotoxin (ptx) greatly increased both the syn-
ptx ~ 1sec chrony and total spikes in the remaining
— “T‘[‘r: oscillation (ast 2 trace$. B: the frequency

components of each oscillation evoked dur-
ing the experiment i\ were determined by
FFT. The raw spectral power of each fre-
guency component of the FFT is indicated
by contour intensity, black being most in-
tense. The dominant frequency of oscilla-
tions reversibly increased from 4.5-5 Hz
under control conditions to 6—-6.5 Hz in the
presence of CGP, and was slowed to 3 Hz in
picrotoxin. This effect was partially reversed
during prolonged washC: autocorrelation
(see mETHODS) of spike activity under the
conditions indicated on the plots. In this
experiment, blockade of GABAor GABAg
receptors increased the total spike activity
: ; i and synchrony of the oscillations. The syn-
Hivies (i) Ume (aec) chronizing effect of CGP application can be
seen in the normalized and expanded plots in
the inset (compare with Fig. €). D: the
effects CGP or picrotoxin (ptx) on the total
spike activity and duration of SLOs in 0.65
mM [Mg?*].. Each point is the average of 5

/ consecutively evoked SLOs following drug
application, normalized to the average re-
/ sponse in control conditions. Horizontal bars

o)
@

2 Mg*

=)
T

frequency (Hz)
spike count (x1000)
N

W)
m

are the average of all experiments. the
effects of CGP on SLO frequency in 0.65
mM [Mg?*],. Each point is the average of
the dominant frequency, as determined by
” . ; : i FFT, from 5 consecutively evoked SLOs
spikes duration spikes duration control CGP (seemeTHODS). Solid symbols inD and E
CGP picrotoxin represent the experiment shown above.

@l
e
frequency (Hz)

normalized to control
i

shown by the example in Fig. 2 and population summary {Dontribution of NMDA receptors to oscillations
Fig. 2E. Synchrony was also enhanced in every experiment-l-he enhancement of SLOs in reduced ¥, raised the

(compared with only 2/8 experiments in 2 mM [f1d), as in possibility that at least part of this effect might be explained by
Fig. 2C. . . o the inhibitory interaction of Mg"™ with NMDA receptors
The most striking difference between oscillations recordquDAR; Nowak et al. 1984). We tested this by applying the
in high versus low [M§"]o was in the response to GABR  selective NMDAR antagonist 2-amino-5-phosphonovaleric
blockade by picrotoxin. In 2 mM [Mg']o, picrotoxin nearly acid (APV) to SLOs recorded in 2 mM [Md]o. In eight of
abolished SLOs (see Fig. 1), while in 0.65 mM [Md, eight experiments, the application of APV attenuated both the
oscillations became slow and hypersynchronous without beittgal spike activity and the duration of SLOs by 15-75% (Fig.
attenuated (Fig. 2A and B). In the three experiments per-3C). The reduction was significant across the populat®r<(
formed under these conditions, total spike activity showed0a001, 2-tailed-test). An example is provided in FigA3In
trend toward enhancement while duration remained unchangkid experiment, control oscillations were evoked by near-
(Fig. 2D, right sidg. The frequency of oscillations in the presencéhreshold (20 V) stimulation of the internal capsule, and bath
of picrotoxin was reduced to 2:¥ 0.4 Hz (e.g., Fig. B; n = 3). application of 200uM APV reduced the duration and total
These observations are consistent with results from earlier studipike activity of oscillations by~30%. A slight slowing of
using older rats and 0.2 mM [Mg],, (Cox et al. 1997; Hugue oscillation frequency was seen in the presence of APV in three
nard and Prince 1994a; Ulrich and Huguenard 1995). of five experiments where frequency could be quantified before
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FIc. 3. The effects ofN-methylp-aspar-
tate (NMDA) receptor blockade on spindle-
like oscillations A: extracellular, multi-unit re-

ity S cording of oscillations in VB evoked by
electrical stimulation in IC at 40-s intervals.
Lok e Two consecutive traces each are shown for
¥ ) oscillations evoked under control conditions
and, at the stimulus intensity indicated, follow-
i o ing the application of 20QuM 2-amino-5-
phosphonovaleric acid (APV) for-10 min.
An increase in stimulus intensity from 20 to 70
V in the presence of APV increased the num-
ber of spikes but not the duration of the oscil-
lation (seeB, below). B: autocorrelation (see
APV, 70V 0.5 sec METHODS) of spike activity under the 3 condi-
" VO tions shown above, as indicated on the plots.
C: summary of the effects of APV on the total
spike activity and duration of oscillations in all
experiments. Each point is the average from 5
consecutive evoked oscillations following
APV application normalized to the average
response in control conditions. The experiment
in A and B is represented by shaded circles
(20-V stimulus) or triangles (70-V stimulus).
Note the increase in total spikes, but not dura-
tion, when the stimulus intensity was increased
from 20 to 70 V. Horizontal bars are the aver-
age of all experiment®: the effects of APV
4F on oscillation frequency for those experiments
o where it could be determined for both control
3 and APV conditions. Each point is the average
spikes duration control APV of dominant frequency from 5 evoked oscilla-
time (sec) tions, as determined by FFT (S®&THODS).
Shaded circles represent the experimeri.in

control, 20 V

APV, 20V

oY)
[«
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N
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o
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and after drug application (e.g., Fig.8andB, summarized in in explaining the strong influence of [Mg], on oscillatory
Fig. 3D). activity in thalamic slices.

The inhibitory actions of APV on evoked SLOs could occur We next blockedv-amino-3-hydroxy-5-methyl-4-isoxazole-
at excitatory inputs activated by the initial stimulation of th@ropionic acid (AMPA)/kainate receptors using the selective
internal capsule (at corticothalamic and/or thalamoreticul@htagonist NBQX and found that oscillations could still be
synapses) and/or at thalamoreticular synapses during the re€yeked. The addition of a high concentration of NBQX.(#)
rent excitation of nRt cells necessary for the maintenance 3ered the organization and reduced the duration of oscilla-
oscillations. If NMDAR blockade only reduced the efficacy ofions but had little effect on the total spike activity (see the
the initial stimulus event, the effects of APV might be overS*@mple in Fig. 4). Oscillations evoked in the presence of

come by an increase in stimulus intensity. As demonstratedfp@X could be completely blocked by the subsequent addi-

. : . : ; ; tion of 50 uM APV, confirming that they were mediated
Fig. 3, A andB, increasing stimulus intensity from 20 to 70 VI rgely by NMDARs 1 = 3, e.g., Fig. 4). In the example

greatly enhanced the total spike activity of oscillations in thS own, NMDAR-mediated oscillations had a lower frequency

presence OT APV (t.o. levels qc_)mparable with control) .bUt.WEIﬁan control oscillations (3.3 vs. 5.5 Hz), prolonged bursts and
ineffective in recruiting additional cycles to the oscﬂlatmnmore synchronous burst activity (FigBj# The frequency of
Similar results were seen in two additional slices using stifppAR-mediated oscillations was dramatically reduced in
ulus intensities ranging from threshold to 100 V (not showngyree of four experiments using AMPA receptor (AMPAR)
While the correlation between increased unit activity and nRhtagonists (Fig.). In one of these experiments (indicated in
output using this paradigm cannot be determined directly fropjg. 4, C and D, m), the AMPA/kainate receptor antagonist
extracellular recordings, these results are consistent with @@yano-7-nitroquinoxaline-2,3-dione (CNQX) was tested
influence of APV at thalamoreticular synapses during recurresii a rare SLO recorded from B15 animal with effects
excitation, in addition to the likely effects on stimulus efficacyon frequency and burst structure similar to the example in
The inhibitory effect of APV was also tested in 0.65 mMFig. 4.
[Mg®1o (n = 3, not shown). On average, the APV-induced
reduction in total spike activity of SLOs was more pronounc .
in 0.65 MM than in 2 mM [Mg*]o (58 = 4% vs. 39+ 6% lfects of pentobarbital on SLOs
block, respectively). In addition, APV was slightly more ef- We also tested the effects of the barbiturate pentobarbital
fective at inhibiting the total spike activity of SLOs recorded irfjpb) on SLOs evoked in slices froR12rats. This drug has
0.65 mM [Mg?*], than was increasing [Md]o to 2 mM  been shown to modulate GABRS by prolonging channel
when the two conditions were tested sequentially in the sampen times (Macdonald and Olsen 1994). As shown in Fig.
slice (58 = 4% vs. 44+ 4%, respectivelyn = 3). These 5, 100 uM pb reversibly abolished SLOs. During bath
observations are consistent with a role for NMDAR excitabilitapplication of the drug, a progressive lengthening of inter-
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A FIG. 4. The effects of-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)
iy o receptor blockade on spindle-like oscillations.
A: extracellular, multi-unit recordings of oscil-
Ao " lations in VB evoked by electrical stimulation
in nucleus reticularis (NRt) at 30-s intervals.
Two consecutive traces each are shown for
control conditions and following bath appli-
cation of 2 uM 1,2,3,4-Tetrahydro-6-nitro-
ey " 2,3-dioxo-benzol[flquinoxaline-7-sulfonamide
(NBQX) for 30 min. The next trace was re-

control l:
NBQX l:

corded in the presence of a combination of 50
NBQX + APV 1M APV and 2 uM NBQX, and thelast 2
- 0.5sec tracesfollowing 30 min of wash. The single
wash b e delayed burst of spikes recorded after complete
AMPA and NMDA receptor blockade was
likely the result of direct excitation of nRt
B 4 C 12r D 6 neurons by the stimulus, which triggered a
rebound burst in VB neuron&: autocorrela-
= S tion (seaeveTHODS) of spike activity under con-
S 3t NBQX E 10t 8 trol and NBQX conditions, as indicated on the
o / s — lots. C: summary of the effects on the total
- 5] o N 5} plo Su _ on the 1
X © I spike activity and duration of oscillations in 3
g Ll control 8 - experiments using NBQX ipostnatal day 12
3 /_ 3 08r 2 (P12 animals 6, ©, and ) and one using
o N g 6-cyano-7-nitroquinoxaling;3-dione  (CNQX;
2 © o o 4} 20 uM) in a P15animal @). Each point is
o I £ 0.6 £ the average from 5 consecutive evoked os-
e cillations following drug application normal-
. ized to the average response under control
ok : - ] n ) ) conditions.D: the effects of NBQX on os-
0 1 2 04 duration spikes 3 control NBQX cillation frequency (as determined by FFT,
time (sec) SeeMETHODS) in the same experiments.

burst intervals gradually reduced the oscillation frequen@jot in Fig. 3B. The progressive changes in oscillation
from 6-7 Hz to~4 Hz, accompanied by a pronouncedrequency following pb application can be seen in the con-
synchronization of the remaining cycles. Eventually a conteur plot of FFTs in Fig. &. Similar effects, including the
plete loss of recurrent activity, including the initial reboun@ventual loss of all oscillatory activity in the presence of
burst normally induced by the stimulus, was seen. TH&O0 uM pb, were reproduced in two additional experiments
complete experiment is presented as a spike-rate cont¢oot shown).

A [ ]

R !
control |:
e

Fic. 5. The effect of the barbiturate, pen-
tobarbital (pb), on spindle-like oscillations.
A: extracellular, multi-unit recordings of os-
g - e - cillations in VB evoked by electrical stimu-

lation of IC at 15-s intervals. Two consecu-
2 3 tive traces each are shown for control
conditions and following exposure to 100
| ' ' ¥ I I —  Odsec uM pb for 5 min. After 15 min exposure to
t } ‘% s Jr pb, the oscillation was completely abolished
(next tracg, and this effect was reversible
after 20 min of wash last 2 trace$. B:
f: pb 3 K I contour plot showing oscillatory activity
| ’ | during a 1.5-s recording period following
. ' each stimulus in the experiment above. The
l | contours represent spike rate/10-ms bin,
| ’ black representing the highest rate. Note that

I early following application of pb, the oscil-

Al

s
pb, 5 min|:
ey

pb, 15 min e

lation became progressively slower and
more organizedC: the frequency compo-
| nents of each evoked oscillation in the ex-
’ " I periment above were determined by FFT.
| i \

" It

sweep time (sec)
frequency (Hz)

1 The raw spectral power of each frequency

i component of the FFT is indicated by con-

h s tour intensity, black being most intense.
I

I n 1

30 40 50 20 30 20 50
total time elapsed (min) total time elapsed (min)
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frequency seen following CGP application in the present
study is likely the result of postsynaptic blockade of GAB?s
in relay neurons, as relief of presynaptic inhibition would
be expected to increase GABA output and, if anything,
prolong postsynaptic inhibitory postsynaptic potentials
J (IPSPs). The loss of slow, GABAmediated IPSPs would
T dsee result in more rapid rebound bursting, since the remaining
IPSPs would be shorter duration, GARAnediated events.
In addition, a homogeneous group of GABR-mediated
IPSPs in relay cells might synchronize rebound activation
and result in more organized oscillations, as was seen in
some experiments with CGP (and also transiently during
s 2 B e ek aviogs ot oomneauPEntobarbital application; seEffects of pentobarbital on
spindles from 2 sites?ﬁ VB of #12 r’at are shown. The\?iddle trr)acewas oscillationg. The (.:Omplex effects of CGP on OSC!”at'On
recorded from a separate location from ttep and bottom traces The robustness (see FigDland D) could be due to a mixture
frequencies were 5-6 Hz, and the durations ranged from 1.8 t0 6.6 s. ~ of pre- and postsynaptic effects at both reticulo-thalamic
and intra-nRt synapses. Variations in connectivity and/or
membrane properties between preparations might favor the

Spontaneous spindles were often seePi® slices using activation of different sets GABARs in different experi
0.65 mM [Md?"], but were observed much more rarely in Znents. _ _ _ _
mM [Mg?*],. Several examples of spindles recorded in the A study using paired recordings between synaptically coupled
latter condition from two separate sites in VB are shown in Figieurons of the perigeniculate nucleus (PGN) and lateral geniculate
6. In these recordings, spontaneous spindles arose every 10n@deus (LGN) in ferret slices examined the efficacy of high-
s, lasted 1-7 s, and had frequencies of 5-6 Hz. frequency IPSCs in promoting GAB/R activation during bursts
induced in single PGN neurons (Kim and McCormick 1998; Kim
et al. 1997). This study found that only prolonged, high-frequency
bursts in a PGN neuron, such as those seen following GABA
Role of GABA receptors in spindle oscillations blockade of intra-nRt connections by picrotoxin or bicuculline,

_ L were capable of significantly activating postsynaptic GABA

We have shown that SLOs with frequencies in the 4-10 9-Hg 4 onosynaptically coupled LGN neuron. Our results in rat
range can be evoked in thalamic slices from young rats. Thgyqest that GABAR activation can occur under more normal
oscillations resemble those seen in extracellular recordings iy conditions. One possible explanation is convergence of
from fgrret Iatera}I geniculate nycleus (LQN) slices (Bal et ABAergic input from multiple nRt cells onto single relay neu-
1995a; McCormick et al. 1995; von Krosigk et al. 1993), bur The incr in GA fivation in 0.65 mM [M§']
pharmacological manipulations revealed several differences’>: | N€ Increase B4R activatio ' o
between the two preparations. In ferret, the blockade of G4RA as _|nd|cated by the more _pronounc_ed _effegts of CGP and the
had no apparent effect on spontaneous (Bal et al. 1995a)nbz?mten_ance of GAB@«medlated _oscnlatlons in the presence of
evoked (Sanchez-Vives and McCormick 1997) spindles rBcrotoxin, suggests an increase |r_1.the amount of _GABA re!ea;ed
corded in 1.2 mM [M§"]o. We found that the GABAR by nRt neurons under these condmons. The pqss[ble contr|_but|on
antagonist CGP-35348 had several effects on evoked SL@S},\IMDA.RS to an enhancement in nRt output is discussed in the
when bath applied to rat thalamic slices, and that these effe@gxt section. . o .
were sensitive to [M§']o. An increase in oscillation fre ~ While this is the first study to implicate GAB/Rs in
guency was seen in five of eight experiments WhereWg normal SLOs in vitro, intracellular recordings in mouse
was 2 mM (range, 13-32% increase) and in all six experimerfi/arren et al. 1997), rat (Huguenard and Prince 1994a) and
where [Md¢f "], was 0.65 mM (range, 13—24%; compare Figderret (Bal et al. 1995b; Kim et al. 1997; Sanchez-Vives and
1E and ZE). In addition, GABA;R blockade caused an increasélcCormick 1997; von Krosigk et al. 1993) have demon-
in the synchrony of oscillations that was much less consistesitated that GABARS can be activated at synapses between
in 2 mM than in 0.65 mM [Mg*], (observed in 2/8 and 6/6 nRt and relay neurons. However, the studies in ferret and
experiments, respectively). Finally, based on our measuresnoduse found no effect of GAB4R antagonists on in vitro
oscillation robustness (total spike activity and duration), CG#kcillations. Slice preparations of mouse ventroposterior
could have enhancing or suppressing effects in 2 mMiMg thalamus, for example, were unable to support GABA
but tended to leave unchanged or cause a slight enhancementédiated oscillations following the blockade of GABRs
0.65 mM [Mg**] (compare Figs. @ and D). These results in 1.3 mM (Warren et al. 1994) or 2 mM [Md], (Hunts
indicate that in the rat preparation GABRs are activated man et al. 1999), despite the functional presence of postsyn-
during evoked SLOs where they may have slowing and/aptic GABAgRs (Warren et al. 1997). In contrast, robust
desynchronizing effects on oscillatory activity. GABAgR-mediated oscillations can occur in the rat ventro

The actions of CGP could be pre- or postsynaptic, as hlasal nucleus (Huguenard and Prince 1994a) and ferret LGN
been described in several thalamic studies in rat (Ulrich adon Krosigk et al. 1993) under similar conditions. These
Huguenard 1996) and ferret (Sanchez-Vives and McCatiscrepancies could be explained by species-specific and/or
mick 1997; Sanchez-Vives et al. 1997). The increase &natomical differences in preparations.

Spontaneous SLOs

DISCUSSION
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NMDA receptors contribute to SLOs at thalamoreticular  increase in the output of nRt neurons. Also consistent with
synapses increased GABAR activation in reduced [Mg ], was the
more pronounced effect of CGP on SLO frequency under
A number of studies in rodent have shown an NMDARhese conditions.
component to excitatory potentials evoked at corticothalamicA developmental study in ferret LGN found that bicuculline
synapses in both the reticular (de Curtis et al. 1989; Golshar@arly abolished spindle oscillations in thalamic slices from
and Jones 1999) and relay neurons (Désebeand Hu 1989; animals up topostnatal day 3%ut slowed and synchronized
Golshani et al. 1998; Kao and Coulter 1997; Scharfman et #iem in older animals (McCormick et al. 1995). The authors
1990; Turner and Salt 1998). An immunocytochemical elegoncluded that the ability of PGN neurons to generate sus-
tron microscopy study identified the NMDAR1 subunit atained high-frequency bursts of action potentials, which are
putative corticothalamic and thalamoreticular type synapseslficessary to activate postsynaptic GAf¥s, was a limiting
nRt of cat and rat (Liu 1997). One previous report has d@ctor during development. The changes in M, in our
tempted to specifically identify an NMDAR component tgtudy are unlikely to influence action potential firing in the

excitatory postsynaptic potentials (EPSPs) at thalamoreticuf@Me Way, although there may be other nonspecific effects on

synapses during oscillatory activity (Huguenard and Pringé(Citability, such as changes in ion channel inhibition, charge

1994a). Consistent with the present results, it was concluo%‘aeening effects, or Mg block of NMDARSs. Our findings

. . rovide some support for the importance of NMDAR excit-
that NMDARs at thalamoreticular synapses contributed to rgbility in mediating Mg -related changes in oscillatory activ

current oscillatory activity. . L +
O . ity. The inhibitory effect of APV and 2 mM [M on SLOs
The finding that the NMDAR antagonist APV reduces th?gcorded in O.65ymM [M§],, was similar V\Ehgn]gompared in

teci/tgll(zgllge Zlcetlcvtlrti}é:Insdti(rjnng[tli%?] %ff%Zﬁulig?t?(;%o(tii\?aa%)gnt e same slice. In addition, the inhibitory effect of APV was,
y n average, more pronounced in 0.65 mM than 2 mM

tha]amogortical axons in the internal capsule could b_e emgz+]o suggesting that the NMDAR contribution to oscilla
IEIII?/IIBidR In tt_vvot_ways (Itdhat‘)t ared notdm;JtuaIIy e)t()dtuhs've)tions is enhanced in lower [Md].. These findings support a
activation could be reduced at one or both Sy, hanyeen NMDAR excitability and the sensitivity of SLOs
apses during stimulation, and/or at thalamoreticular SY[ [Mg?*]
o

apses during the maintenance of oscillations following ini- A recent study in the amygdala found that NMDAR-medi-

tiation. Several observations strongly suggest thatNMDAcFlg‘:gd EPSPs were more effective than AMPAR currents at

are functionally present at thalamoreticular synapses andy ati
) ! ivating a low-threshold G4 current (Calton et al. 2000).
that they contribute to the maintenance of SLOs. The m is raises the interesting possibility that NMDAR activation

convincing argument for this is the persistence of oscill Suld enhance the burstin
. . . g capabilities of nRt neurons by
tions after AMPAR blockade. It is possible that a sma fluencing the activation of a thalamic low-threshold?Ca

fraction of the AMPAR population remained unblocked in h : - Lo

. .. ‘thannel. The apparent increase in GARactivation in re
uM NBQX, but the complete suppression of the remainin + :
oscillatory activity by APV shows that NMDARSs are play-gUCGd [Mg"]o supports the notion that the output of nRt

ina at least a maior facilitative role. Suoport for an NMDAR €Urens is enhanced under these conditions and this could be
g atlea : . - Subp . ue, at least in part, to the influence of NMDAR activation on
contribution to SLO maintenance comes from experime

showing that increasing stimulus intensity does not over-
come NMDAR blockade, despite the recruitment of addi- ) o
tional unit activity during stimulation (Fig. 3A-C). In Effects of pentobarbital on oscillations

gﬁgg'do?n’ tthh: frreesq:rfcnecgfﬁpci/s?:lgg\?grsalvéis erﬁée‘;s,'tglys{ﬁ' The barbiturate pentobarbital completely blocked SLOs in
stimulus inter?sit did not influence the fre upenc of e\./oke'gﬁz slices. A gradual increas_e in_inter-burst durz_iti_on (slowin_g
oscillations (ungublished observations) (\qu coynclude t gffrequgnc_y) and a synchronization of the remaining cycles n
the changes in frequency arise from’ the influence te Qscnlatlon was followed by. complgte loss of .oscnlatory
NMDAR blockade on the internal structure of oscilIationsgCt'V'ty' The_se findings are consistent with the slowing of IPSC
i.e., at thalamoreticular excitatory synapses, rather thdecay kinetics causgd by barbiturates (Macdona_ld and Olsen
t.hr.c,)ugh a reduction in stimulus efficacy ’ "11594), as observed in hippocampal neurons (Otis and Mody
: 1992; Thompson and ‘@wiler 1992). The initial rebound
burst, caused by direct activation of nRt cells by the stimulus,
Effects of [MéJr]o on GABAR activation: a possib|e link was also abolished by 100M pentobarbital. This could be
with NMDAR excitability explained by an enhancement in the GABAergic inhibitory
interactions between nRt cells, which would have a shunting
When [Mg®*]o was 2 mM, SLOs were largely blocked byeffect on the stimulus and thus reduce the output of nRt cells
the GABA,R antagonist picrotoxin, suggesting thato a level insufficient to induce rebound burst generation in
postsynaptic GABAR activation in relay neurons was-in relay neurons. Another likely possibility is that the GABAergic
sufficient to induce rebound burst generation and sustain tfesponse of relay neurons was directly prolonged by pentobar-
oscillation. In 0.65 mM [Mdg "], SLOs were converted into bital such that the time course of repolarization during IPSPs
slow, hyper-synchronous oscillations in the presence whs too slow to activate T-type €achannels (Crunelli et al.
picrotoxin. This suggests that GABMR-mediated IPSPs 1989). An increase in the duration of GARBR-mediated
were sufficiently enhanced under these conditions to dril@SPs in relay neurons would explain the slowing of oscilla-
rebound burst firing in relay neurons, presumably due to &nns prior to complete blockade. This is consistent with the

e bursting properties of nRT.
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idea that it is primarily relay cell IPSPs that determine spindiucuenarD JR anD PrINCE DA. Intrathalamic rhythmicity studied in vitro:
frequency (BaI et al. 1995b). nominal T current modulation causes robust anti-oscillatory effddieu-

. T . . rosci 14: 5485-5502, 1994a.
In conclusion, the finding that SLOs with frequencies in thﬁUGUENARD JR AND PRrINCE DA. Clonazepam suppresses GAB#nediated

4- to Q'HZ range occur in rat .thala}mic.slices will .aHOW the. inhibition in thalamic relay neurons through effects in nucleus reticularis.
extension of previous observations in this preparation to oscily Neurophysiol71l: 2576—2581, 1994b.
lations that more closely resemble in vivo spindles. The resulgntsman MM, PorceLLo DM, Homanics GE, DeLorey TM, AND HUGUE-
presented here outline the contributions of GABASABAG, NARD JR._ Reciprocal |nh|b|t0ry cgnnectlons and network synchrony in the
AMPA, and NMDA receptors to SLOs. Combined with data, o e 21 (NalamusSciencezss: 541543, 1999.

o . p : BarnseN H AND LLINAS R. Electrophysiological properties of guinea-pig
showing the stro_ng_lnfluence of [Mg], on the pharmapology thalamic neurons: an in vitro studyl. Physiol (Lond)349: 205-226,
of SLOs, our findings suggest several new and importantL984.

factors that may be involved in shaping spindle oscillations af@ CQAno CouLTer DA. Physiology and pharmacology of corticothalamic

predisposing the thalamic circuit to hyper-synchronous, epiIep-\s,ﬂgu?t,l\?gdfgsxgoﬁpggéfzgéatlgg;n atosensory thalamic: neurons in

tiform activity (HUguenard and Prince 1994a; Huntsman et @, y Ba. T, ano McCormick DA. Spindle waves are propagating synchro-

1999; von Krosigk et al. 1993). nized oscillations in the ferret LGNd in vitrd Neurophysiol74: 1301—
1323, 1995.

This work was supported by National Institute of Neurological DisorderlélM U anp McCormick DA. The functional influence of burst and tonic firing
; ode on synaptic interactions in the thalamlifNeuroscil8: 9500-9516,
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th%i@gﬁfgg{;fgg&(Jsft:;tutgl’rif;:_Tfsdtlitzllj?és‘(;?'g'r?k;%fo(:he atrll?\?enr(ili?n.of BemKlM U, SancHez-VIVEs MV, anp McCormick DA. Functional dynamics of
' ; ysiology. y " GABAergic inhibition in the thalamusScience278: 130—~134, 1997.

CH3012 Bern 8006, Switzerland. LERESCHE N, LIGHTOWLER S, SOLTESZ |, JASSIK-GERSCHENFELD D, AND
CRUNELLI V. Low-frequency oscillatory activities intrinsic to rat and cat
thalamocortical cells] Physiol (Londy441: 155-174, 1991.

Liu XB. Subcellular distribution of AMPA and NMDA receptor subunit

BaL T, von Krosigk M, aND McCormick DA. Synaptic and membrane  immunoreactivity in ventral posterior and reticular nuclei of rat and cat
mechanisms underlying synchronized oscillations in the ferret lateralthalamus.J Comp NeuroB88: 587—602, 1997.
geniculate nucleus in vitral Physiol (Lond)483: 641-663, 1995a. LuNAS R AND JaHNsEN H. Electrophysiology of mammalian thalamic neurons

BAL T, voNn Krosick M, aND McCorwmick DA. Role of the ferret perigenicu-  in vitro. Nature 297: 406—408, 1982.
late nucleus in the generation of synchronized oscillations in \JtRhysiol  Macponao RL AnD OLsEN RW. GABA, receptor channelsAnnu Rev
(Lond) 483: 665-685, 1995b. ) ) Neuroscil7: 569—602, 1994.

BU(T_NOSr‘IdB)Dl.liOEnOe %rgopfg;g%s of the cat's isolated cerebral corfeRhysiol  \ccormick DA anp BAL T. Sleep and arousal: thalamocortical mechanisms.

| ONTO9 : Annu Rev Neuros@0: 185-215, 1997.
CALTON JL, KaNG MH, WiLsoN WA, aND MooRE SD. NMDA-receptor— McCormick DA, TReENT F, AND RaMOA AS. Postnatal development of syn-

g:gggg:gl ?rg’r\];g;) élacl daﬂglité%?]ycg o\écgt.aggéi%%ezndzeorgocalcmm channels "hronized network oscillations in the ferret dorsal lateral geniculate and

CouLTeER DA, HuGUENARD JR, AND PrINCE DA. Calcium currents in rat perlgenlcsulate nucled NeuroTC|15_: 5|739__5752]; lh995r-1 | d basal
thalamocortical relay neurons: kinetic properties of the transient, low-thredORISON RS AND BasseT DL. Electrical activity of the thalamus and basa

REFERENCES

old current.J Physiol (Lond)414: 587—604, 1989. ganglia in decorticate cats.NeurophysioB: 309-314, 1945.

Cox CL, HUGUENARD JR,AND PRINCE DA. Peptidergic modulation of intratha- NOWAK L, BREGESTOVSKI P, ASCHER P, HERBET A, AND PROCHIANTZ A.
lamic circuit activity in vitro: actions of cholecystokinid. Neuroscil7: Magnesium gates glutamate-activated channels in mouse central neurons.
70-82, 1997. Nature 307: 462—465, 1984.

CRUNELLI V, LIGHTOWLER S, AND PoLLARD CE. A T-type C&" current under  OTis TSAND Mobpy I. Modulation of decay kinetics and frequency of GABA-A
lies low-threshold C&" potentials in cells of the cat and rat lateral genic receptor-mediated spontaneous inhibitory postsynaptic currents in hip-
ulate nucleusJ Physiol (Lond}13: 543-561, 1989. pocampal neurondNeurosciencet9: 13-32, 1992.

DE CURTIS M, SPREAFICOR, AND AvANnzINI G. Excitatory amino acids mediate Roy JP, GERcQ M, STERIADE M, AND DEScHENES M. Electrophysiology of
responses elicited in vitro by stimulation of cortical afferents to reticu- neurons of lateral thalamic nuclei in cat: mechanisms of long-lasting hyper-
Iari§thalami neurons of the ralNeuroscience33: 275-283, 1989. polarizations.J Neurophysiob1: 1220—1235, 1984.

DescHENEs M anD Hu B. Electrophysiology and pharmacology of the corti-gancHez-Vives MV, BAL T, anp McCormick DA. Inhibitory interactions
cothalamic input to lateral thalamic nuclei: an intracellular study in the cat. petween perigeniculate GABAergic neurodsNeuroscil7: 8894—8908,
EurAJ Neurosci2: 140-152, 1989. _ _ _ 1997.

DE.SCHENESM' Rov JP,aND STERIADE M. Thalamic bursting F“ECha_”'smi AN sancHEZVIVES MV anD McCormick DA. Functional properties of peri-
inward slow current revealed by membrane hyperpolarizafimin Res geniculate inhibition of dorsal lateral geniculate nucleus thalamocortical

239: 289-293, 1982. P g
GoLsHANI P AnD JoNEs EG. Synchronized paroxysmal activity in the devel- heurons in vitro.J Neuroscil7: 88808893, 1997.

oping thalamocortical network mediated by corticothalamic projections aI%HARFMAN HE, Lu SM, Guino W ADAMS P.R’AND SHERMAN SM' N-met_hyl-
“silent’ synapses] Neuroscil9: 2865-2875, 1999. p-aspartate receptors contribute to excitatory postsynaptic potentials of cat

GoLsHANI P, WARREN RA, AND JoNEs EG. Progression of change in NMDA lateral geniculate neurons recorded in thalamic sli€esc Natl Acad Sci

non-NMDA, and metabotropic glutamate receptor function at the develog—USA87: 4548—4552; 1990. . )
ing corticothalamic synapsé.NeurophysioB0: 143154, 1998. TERIADE M AND DeEscHENES M. The thalamus as a neuronal oscillatBrain

HanseN AJ. Effect of anoxia on ion distribution in the braiRhysiol Rev65: Res Re8: 1-63, 1984.
101-148, 1985. SterIADE M, DomicH L, AnD OaksoN G. Reticularis thalami neurons revisited:
HErRNANDEZ-CRUZ A AND Pape HC. Identification of two calcium currents in  activity changes during shifts in states of vigilandeNeurosci6: 68—81,
acutely dissociated neurons from the rat lateral geniculate nucleNsu- 1986.
rophysiol61: 1270-1283, 1989. STERIADE M, DomicH L, OAKSON G, AND DescrENES M. The deafferented
HirscH JC, FOURMENT A, AND MARC ME. Sleep-related variations of mem- reticular thalamic nucleus generates spindle rhythmidityeurophysiob7:
brane potential in the lateral geniculate body relay neurons of th8raih 260-273, 1987.
Res259: 308-312, 1983. STERIADE M AND LLINAS R. The functional states of the thalamus and the

HucueNARD JR AND PrRINCE DA. A novel T-type current underlies prolonged associated neuronal interplahysiol Rev68: 649-742, 1988.
C&"-dependent burst firing in GABAergic neurons of rat thalamic reticula®reriabe M, McCormick DA, AND Seanowski TJ. Thalamocortical oscilla-
nucleus.J Neuroscil2: 3804-3817, 1992. tions in the sleeping and aroused breftience262: 679—-685, 1993.

J Neurophysiot vOL 86 « SEPTEMBER 200 WWW.jN.0rg



SPINDLE-LIKE OSCILLATIONS IN RAT THALAMIC SLICES 1375

Suzukl S AND Rocawski MA. T-type calcium channels mediate the transitionULrRicH D AnD HUGUENARD JR. GABAg receptor-mediated responses in
between tonic and phasic firing in thalamic neuroReoc Natl Acad Sci GABAergic projection neurons of rat nucleus reticularis thalami in vitro.
USAB86: 7228-7232, 1989. J Physiol (Lond)}493: 845—-854, 1996.

THoMPSON SM AnD GAHwILER BH. Effects of the GABA uptake inhibitor von Krosick M, BAL T, AND McCormick DA. Cellular mechanisms
tiagabine on inhibitory synaptic potentials in rat hippocampal slice cultures.of a synchronized oscillation in the thalamuScience261: 361-364,

J Neurophysiob7: 1698-1701, 1992. 1993.

TurNER JP AND SALT TE. Characterization of sensory and corticothalami®VArRREN RA, AcmMon A, AND JoNEs EG. Oscillatory synaptic interactions

excitatory inputs to rat thalamocortical neurons in vitloPhysiol (Lond) between ventroposterior and reticular neurons in mouse thalamus in vitro.

510: 829-843, 1998. J Neurophysiol72: 1993-2003, 1994.

ULRICH D AND HUGUENARD JR. Purinergic inhibition of GABA and glutamate WARREN RA, GoLsHANI P, AND JONES EG. GABAg-receptor—-mediated inhi
release in the thalamus: implications for thalamic network actiguron bition in developing mouse ventral posterior thalamic nucleéuleuro-
15: 909-918, 1995. physiol 78: 550-553, 1997.

J Neurophysiot vOL 86 « SEPTEMBER 200 WWW.jN.0rg



