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The Functional Influence of Burst and Tonic Firing Mode on
Synaptic Interactions in the Thalamus
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Thalamocortical and perigeniculate (PGN) neurons can gener-
ate action potentials either as Ca®" spike-mediated high-
frequency bursts or as tonic trains. Using dual intracellular
recordings in vitro in monosynaptically connected pairs of PGN
and dorsal lateral geniculate nucleus (LGNd) neurons, we found
that the functional effect of synaptic transmission between
these cell types was strongly influenced by the membrane
potential and hence the firing mode of both the pre- and
postsynaptic neurons. Activation of single action potentials or
low-frequency spike trains in PGN or thalamocortical neurons
resulted in the generation of PSPs that were 0.5-2.0 mV in
amplitude. In contrast, the generation of Ca®* spike-mediated
bursts of action potentials in the presynaptic cell increased
these PSPs to an average of 4.4 mV for the IPSP and 3.0 mV for

the EPSP barrage, because of temporal summation and/or
facilitation. If the postsynaptic neuron was at a resting mem-
brane potential (e.g., —65 mV), these PSP barrages could result
in the activation of a low-threshold Ca®* spike and burst of
action potentials. These results demonstrate that the burst
firing mode of action potential generation is a particularly ef-
fective means by which perigeniculate and thalamocortical
neurons may influence one another. We propose that the acti-
vation of burst discharges in these cell types is essential for the
generation of some forms of synchronized rhythmic oscillations
of sleep and of epileptic seizures.
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Thalamocortical and thalamic reticular (perigeniculate) neurons
exhibit two distinct modes of action potential generation. During
periods of slow wave sleep, rhythmic burst firing mediated by the
activation of low-threshold Ca®" spikes is prevalent, whereas
during waking, activity in both cell types is dominated by the
occurrence of trains of action potentials (Mukhametov et al.,
1970a,b; McCarley et al., 1983; Domich et al., 1986; Steriade et
al., 1986; Guido and Weyand, 1995; Weyand et al., 1997). During
slow wave sleep, the interactions of these two cell types are
responsible for the generation of spindle waves, which are char-
acterized by 1-3 sec periods of 6-14 Hz oscillation (Steriade and
Deschénes, 1984; Steriade et al., 1993; Bal et al., 1995a,b). During
the generation of spindle waves, thalamocortical neurons in the
dorsal lateral geniculate nucleus (LGNd) receive repetitive bar-
rages of IPSPs that are generated via the burst firing of the
GABAergic perigeniculate (PGN) neurons. These I PSPs result in
the occasional generation of rebound low-threshold Ca*" spikes
and bursts of action potentials, which then re-excite the PGN cells
as well as transmit the spindle wave to the cerebral cortex (Bal et
al., 1995a,b; Contreras and Steriade, 1995). Interestingly, at least
some types of generalized epileptic seizures are also believed to
depend on rhythmic burst firing in thalamic and thalamocortical
circuits (Avoli et al., 1990; Hosford et al., 1992; Snead, 1995).
The interactions between the GABAergic neurons of the tha-
lamic reticular or perigeniculate nuclei and the thalamocortical
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cells during the waking, or tonic discharge, state are less well
understood. In the dorsal lateral geniculate nucleus, these inter-
actions have been suggested to contribute to feedforward and
feedback, as well as binocular and far-field, inhibition within the
LGNd (Lindstrom, 1982; Sillito and Kemp, 1983; Ahlsen et al.,
1985; Eysel et al., 1987; Lindstrom and Wrébel, 1990).

Intracellular and extracellular recordings from numerous cell
types in varying regions of the mammalian brain, including the
neocortex, hippocampus, superior colliculus, and brainstem, indi-
cate that neurons that generate either burst, tonic, or both types
of activity are relatively common (e.g., Kandel and Spencer, 1961;
Evarts, 1964; Llinas, 1988; Steriade et al., 1990; Nunez et al.,
1993; Wang and McCormick, 1993; Munoz and Wurtz, 1995; Gray
and McCormick, 1996). The functional consequences of these
two modes of action potentials have not been examined in detail
in the mammalian brain. In many excitatory synaptic pathways,
rapid repetitive activation results in facilitation of the postsynap-
tic depolarization. This facilitation occurs in part indirectly via
decreases in disynaptic inhibition but also directly from increases
in the efficacy of excitatory transmission, which often result from
an increase in the amount of transmitter released by the presyn-
aptic terminal with each action potential (see Zucker, 1989, 1993;
Fisher et al., 1997). In particular, detailed examination of the
connections between pyramidal cells and GABAergic interneu-
rons in the hippocampus and cerebral cortex suggests that a burst
of action potentials in the pyramidal cell may markedly facilitate
synaptic transmission between these excitatory and inhibitory
neurons (Miles, 1990; Thomson et al., 1993a; Thomson and
Deuchars, 1997; see however Debanne et al., 1995). At the same
time, synaptic connections between pyramidal cells may exhibit
depression or facilitation with repetitive activation (Miles and
Wong, 1986; Thomson et al., 1993b; Markram and Tsodyks, 1996;
Thomson, 1997).
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Intracellular studies of neurons maintained in the ferret LGNd
and PGN slice provide a unique opportunity to examine the
properties of these two modes of action potential generation on
synaptic transmission in the mammalian brain, because this prep-
aration functionally maintains the extensive connections between
the excitatory thalamocortical and inhibitory PGN neurons (e.g.,
Bal et al., 1995a,b; Kim et al., 1995, 1997). Here we provide
evidence that the mode of operation of synaptic circuits within
the thalamus depends critically on the membrane potential and
firing mode of both the pre- and postsynaptic cells.

MATERIALS AND METHODS

Sagittal slices of the ferret LGNd and PGN were formed as described
previously and were maintained at 35°C in an interface style recording
chamber (Bal et al., 1995a). The bathing medium contained (in mm):
NaCl, 124; KCl, 2.5; MgSO,, 1.2; NaH,PO,, 1.25; CaCl,, 2; NaHCOs;,
26; and dextrose, 10; this medium was aerated with 95% 0,/5% CO, to
a final pH of 7.4. Dual intracellular recordings were obtained from
monosynaptically coupled pairs of neurons by obtaining first an intracel-
lular recording from a PGN neuron with a Leitz (Wetzlar, Germany)
micromanipulator followed by intracellular recordings from thalamocor-
tical neurons in the adjacent A or Al laminae of the LGNd with a
Narishige (Tokyo, Japan) three-dimensional hydraulic micromanipula-
tor. Capacitance coupling between the two electrodes was minimized by
wrapping each recording electrode in a parafilm sheet and by placing a
grounded metallic sheet between the two electrodes.

Intracellular recording electrodes were formed on a Sutter Instruments
P-80 micropipette puller from medium-walled glass (1BF100; WPI) and
were beveled on a Sutter Instruments beveler. Micropipettes were filled
with 1.2 M potassium acetate and 2% biocytin for intracellular labeling of
recorded neurons and had resistances of between 60 and 100 M.
Biocytin-filled neurons were visualized via the standard avidin-biotin—
horseradish peroxidase reaction with diaminobenzidine (Horikawa and
Armstrong, 1988). Neurons were reconstructed by the use of camera
lucida with 60 or 100X objectives.

Some portions of the data obtained from the 41 pairs of PGN to LGNd
cells have been published elsewhere (Kim et al., 1997).

RESULTS

Dual intracellular recordings were obtained from 45 pairs of
monosynaptically connected PGN and thalamocortical (LGNd)
neurons in the ferret geniculate slice maintained in vitro (40 pairs,
PGN to LGNd; 4 pairs, LGNd to PGN; and 1 pair, both direc-
tions). The properties of synaptic transmission between these two
types of neuron were examined via the injection of depolarizing
and hyperpolarizing current pulses in the presynaptic neuron to
activate tonic trains or bursts of action potentials. In addition, the
membrane potential of the pre- and postsynaptic neurons was
manipulated via the intracellular injection of DC.

The properties of synaptic transmission between PGN and
thalamocortical cells are summarized in Figure 1. Single action
potentials in PGN neurons evoked monosynaptic I PSPs that were
0.5-1.9 mV in amplitude in thalamocortical cells (Fig. 1B),
whereas single action potentials in thalamocortical cells evoked
EPSPs that were 0.7-2.0 mV in amplitude in PGN cells (Fig. 1G).
The activation of prolonged trains of action potentials in PGN or
thalamocortical neurons resulted in trains of IPSPs or EPSPs,
respectively, that exhibited temporal summation in the postsyn-
aptic neuron (Fig. 1C,H). Activation of a low-threshold Ca®*
spike-mediated burst in the presynaptic neuron resulted in a large
summated IPSP or EPSP barrage in the postsynaptic cell (Fig.
1D,I). Functionally, the activation of an IPSP by the burst dis-
charge of a single PGN cell could result in the generation of a
rebound low-threshold Ca?" spike in the thalamocortical cell
(Fig. 1E), and the activation of an EPSP barrage by a burst of
action potentials in the thalamocortical cell could activate a
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low-threshold Ca** spike and burst of action potentials in the
PGN neuron (Fig. 1J).

Perigeniculate inhibition of thalamocortical neurons:
single-spike and tonic activity

The generation of action potentials at low frequencies (~1 Hz) in
PGN neurons that were monosynaptically connected with a si-
multaneously recorded LGNd cell resulted in [PSPs with a rela-
tively fixed latency of ~1 msec. The mean amplitude of these
single IPSPs varied considerably among different pairs of cells,
ranging from just above the noise level (0.1-0.2 mV) to 1.01 =
0.30 mV in the most strongly connected pair in our sample (n =
15 pairs analyzed). Single-spike—evoked IPSPs reached their
peak amplitude within 2-5 msec from onset and exhibited a
duration at half-amplitude of 10-50 msec (Fig. 24,B), which was
similar to the membrane time constants (14-37 msec; n = 6
pairs), measured from a 5 to 10 mV change in membrane poten-
tial in response to the injection of a hyperpolarizing current pulse.

The relationship between the frequency of action potential
activity in the PGN cell and the amplitude of the resulting
postsynaptic IPSPs was systematically examined. When a train of
two to five action potentials was evoked in the PGN cell in the
frequency range of 5-80 Hz (n = 5 pairs analyzed), the activation
of the first IPSP either had little effect or resulted in the depres-
sion of the second IPSP. For example, in three connected pairs
(see Fig. 2Da,Db E, pairs 1 and 2), the sizes of the second IPSPs
varied independently of that of the first, and the mean sizes of the
first and second IPSPs were not significantly different. However,
in pair 3 (Fig. 2Dc,E), the second IPSP was consistently depressed
in amplitude, as was evident in the significantly smaller mean size
of the second IPSPs (0.75 £ 0.27 mV) compared with that of the
first (0.95 = 0.19 mV; paired ¢ test, p = 0.003). In pair 4 (Fig.
2Dc,Dd,E), the depression of the second IPSP occurred in asso-
ciation with the activation of a large first IPSP. The mean size of
the second I PSP, given that the first IPSP was larger than average,
was 0.67 = 0.09 mV and was significantly smaller than the average
of the first IPSPs in all trials (0.88 = 0.31 mV; p = 0.03). In
contrast, the mean size of the second IPSP after a first IPSP that
was smaller than average was 0.85 = 0.13 mV and, therefore, was
not significantly different from the average of the first IPSPs.

The generation of repetitive trains of action potentials at fre-
quencies greater than ~20-50 Hz resulted in temporal summa-
tion of postsynaptic IPSPs (Fig. 3). There were two phases in this
summation. During the initial 3050 msec, the IPSPs summated
markedly, depending on the frequency of presynaptic activity
(Fig. 3Ba,Bb). However, after this time period, the individual
IPSPs decreased in amplitude as did the compound IPSP
(Fig. 34,D).

In part because of temporal summation, the peak amplitude of
the compound IPSP increased relatively linearly with increasing
rate of presynaptic action potential generation (Fig. 3Bb). How-
ever, at higher frequencies of activation (>100 Hz), the amplitude
of the compound IPSP was substantially larger than expected,
given the amplitude of the single-spike IPSPs. Under these cir-
cumstances, the average amplitude of the single-spike IPSPs
during the tonic train of action potentials increased with increas-
ing discharge rate of the PGN cell and was larger than was the
mean amplitude of single IPSPs activated at ~1 Hz (Fig. 3Bc).

Facilitation during the first three IPSPs generated at higher
frequencies (>100 Hz) was examined more closely. Plots of
amplitudes of the first versus second or third IPSPs activated
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Figure 1. Properties of synaptic connections between PGN and thalamocortical neurons. 4, Schematic diagram of the recording arrangement for
recordings in B—E is shown. The PGN neuron was activated via the intracellular injection of a depolarizing current pulse while recording from a recipient
thalamocortical neuron in lamina A of the LGNd. B, Low-frequency (20-50 Hz) tonic firing in the PGN neuron activates small (0.5-1.9 mV) IPSPs in
the thalamocortical cell (arrows). C, Increasing the frequency of discharge of the PGN neuron to an average of 170 Hz results in temporal summation
of the IPSPs. D, Activation of a burst discharge in the PGN neuron results in a larger summated IPSP in the postsynaptic thalamocortical cell. E,
Activation of a presynaptic burst in a PGN neuron could activate a rebound Ca>* spike and burst in a thalamocortical cell. F, Schematic diagram of the
recording arrangement for recordings in G-/ is shown. The thalamocortical cell was activated with the intracellular injection of current. G,
Low-frequency (10-30 Hz) firing in the thalamocortical neuron resulted in 0.7-2.0 mV EPSPs in the PGN cell. H, Increasing the discharge of the
thalamocortical cell to an average of 80 Hz results in temporal summation of the EPSPs. I, A presynaptic burst of action potentials in the thalamocortical
cell results in a summated barrage of EPSPs in the PGN neuron. J, Activation of a presynaptic burst in a thalamocortical cell could activate a burst in
a PGN neuron, which then could activate a barrage of IPSPs in the thalamocortical cell. The upward- and downward-pointing arrows indicate temporal
correlation between burst of action potentials and the activation of postsynaptic potentials. Data are from four different cell pairs (B-D, E, G-I, J).
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Figure 2. Properties of synaptic transmission from PGN to thalamocortical cells at low frequencies. A, Activation of single action potentials at ~1 Hz
in the PGN cell with the intracellular injection of depolarizing current results in single IPSPs in the postsynaptic thalamocortical neuron. B, Overlap of
20 single IPSPs is shown. The single IPSPs range from 0.6 to 1.2 mV in amplitude. C, Examples of the increase and decrease in the size of the second
IPSPs activated at interspike frequencies of 5-80 Hz are shown. Da—Dc, Plots of sizes of the first versus the second IPSPs that are activated in the
frequency range of 5-80 Hz in four different pairs are shown. The mean sizes of the first IPSPs in these pairs were 0.53, 0.80, 0.95, and 0.88 mV, whereas
those of the second IPSPs were 0.53, 0.73, 0.75, and 0.78 mV, respectively. The diagonal lines indicate no change in amplitude between the first and second
IPSPs. The vertical dotted lines indicate the mean sizes of the first IPSPs. E, In pairs 1 and 2, the sizes of the second IPSPs are not significantly different
from those of the first IPSPs, whereas in pair 3, the second IPSPs are consistently depressed in amplitude. In pair 4, the amplitude of the second IPSPs

decreased if the first IPSP was larger than average.

during a train of presynaptic action potentials at 150-300 Hz
revealed that the second and third IPSPs were consistently larger
than was the first irrespective of the amplitude of the first IPSPs
(Fig. 3Ca). The facilitation in single-spike IPSP amplitude was
greater for the third IPSP than for the second. The mean size of

the second IPSPs was 1.4-1.6 times larger than was that of the
first IPSP, whereas the mean amplitude of the third IPSP was
1.8-2.1 times larger (n = 6 pairs). The degree of facilitation
increased with increasing rate of discharge of the presynaptic
PGN cell (Fig. 3Cb).
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Figure 3. High-frequency discharge results in summation and facilitation in PGN to LGNd synaptic transmission. 4, When action potentials are
generated at >100 Hz in frequency, the amplitudes of the first four to six IPSPs (arrows) progressively increase, followed by individual IPSPs of
diminished amplitude. The number above each trace is the average frequency of action potential discharge. Ba, The number of single-spike IPSPs that
contribute to the peak amplitude increases with increasing rate of presynaptic action potential generation. Bb, The peak amplitude of summated IPSPs
increases with increasing rate of action potential generation. Bc, The averaged amplitude per single-spike IPSP (peak amplitude of summated
IPSPs/number of action potentials) also grows with increasing rate of action potential generation and is larger than the mean of single IPSPs activated
at an interspike frequency of ~1 Hz (horizontal dashed line), indicating facilitation in synaptic transmission during the high-frequency action potential
generation. C, Amplitude of facilitation in the initial IPSPs is frequency dependent. Ca, Plot of amplitudes of the second and third individual IPSPs
versus the first activated by a train of presynaptic action potentials at 150-300 Hz are shown. The diagonal line indicates no change in the amplitude.
Cb, Plots of amplitude ratios of the second and third IPSPs to the first as a function of discharge rate of the presynaptic PGN cell are shown. The ratios
increase with increasing rate of the action potential generation. The horizontal line indicates no change in the amplitude between the first and the second
or third IPSPs. The diagonal lines represent the best-fit linear regression, exhibiting that the magnitude of facilitation is larger in the third IPSP in
comparison with the second. D, Despite maintained discharge of the PGN cell at high frequency, the summated IPSPs reach a peak and then decline
gradually in amplitude to a steady state level. Data in A-C are from one cell pair and in D are from another.

Perigeniculate inhibition of thalamocortical neurons: temporal summation and facilitation of which resulted in com-
burst discharge pound IPSPs that were up to 11.06 = 0.78 mV in amplitude in the
The generation of bursts of action potentials in PGN cells, via the most strongly connected pair of cells from our sample. Because
activation of a low-threshold Ca?™ spike, resulted in a 350-550 the time-to-peak of single IPSPs ranged from 2.5 to 3.2 msec on
Hz barrage of IPSPs in the postsynaptic cell (Fig. 44,B), the average among pairs of cells (n = 15 pairs), the single-spike
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Figure 4. Burst discharges are associated with summation and facilitation of IPSPs from the PGN to LGNd. A4, A burst discharge of action potentials
results in the summated IPSPs that increase in peak amplitude with increasing rate of presynaptic action potential generation. Note that each action
potential, even at 450 Hz, results in a postsynaptic IPSP. The frequency of action potentials is an average during the burst. B, Overlap of the summated
IPSPs in A is shown. C, The averaged amplitude per single-spike IPSP grows progressively above the mean size of single IPSPs activated at 1 Hz
(horizontal dashed line) with increasing rate of action potential generation. Da, The averaged amplitude per single-spike IPSP is plotted as a function
of the mean size of single IPSPs at 1 Hz in 11 different pairs. In each pair, the mean size of single IPSPs at 1 Hz was calculated over 30-60 trials, whereas
the averaged amplitude per single-spike IPSP during burst generation was derived from averaging 10-20 bursts of action potentials at 450-550 Hz. In
every pair, the averaged amplitude per single-spike IPSP during a burst is larger than is the mean size of single IPSPs activated at low frequencies. These
results are indicative of facilitation in synaptic transmission during the burst of high-frequency action potentials. The diagonal line indicates no change
in amplitude. Each point represents the average from a single pair. Db, The ratio of the average amplitude per single-spike IPSP during a burst to the
mean amplitude of low-frequency single IPSPs was plotted as a function of the mean size of single IPSPs. The amplitude ratio shows a tendency to
decrease in pairs of larger mean sizes of single IPSPs, although this result does not reach statistical significance. E, F, Relationship between the amplitude
of the compound IPSP after four (E) or six (F) action potentials and the frequency of action potential generation in the tonic and burst firing mode in
two cell pairs are shown.
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Figure 5. Membrane potential of the thalamocortical cell determines the functional effect of presynaptic bursts in a PGN cell. 4, B, Depolarization of
the thalamocortical cell by only 3 mV results in abolition of rebound burst firing [—72 mV (A4) to —69 mV (B)]. C, Further depolarization of the
thalamocortical cell to tonic firing mode reveals that presynaptic bursts in the PGN neuron can inhibit the generation of action potentials.

IPSPs activated during the burst discharge of action potentials at
350-550 Hz presumably overlapped in their temporal develop-
ment, and therefore it was not possible to measure the true
amplitude of individual IPSPs during the burst. For this reason,
we calculated the average amplitude per single-spike IPSPs by
dividing the peak amplitude of the postsynaptic compound IPSPs
by the number of action potentials generated in the burst.

The average single-spike IPSP amplitude was larger during
presynaptic burst discharge than was the mean amplitude of
single IPSPs activated at interspike frequencies of ~1 Hz in all
pairs tested (n = 11). These results confirm the presence of
facilitation in the efficacy of the synaptic transmission from PGN
to LGNd during high-frequency discharge (Fig. 4C,Da). The
facilitation in the transmission by the burst discharge was again a
function of the rate of action potential generation in that the
average single-spike IPSP amplitude increased progressively with
increasing rate of action potential generation (Fig. 4C). Even in
one connected pair of cells in which single IPSPs after presyn-
aptic action potentials at 1 Hz were barely detectable (0.1-0.2
mV), the burst discharge of a presynaptic PGN cell evoked
compound IPSPs of ~3 mV, from which was calculated an aver-
age IPSP amplitude per single spike of 0.51 mV (data not shown).

There was a weak (r = —0.59; p = 0.07) correlation between
the amplitude of the single IPSP at low frequency versus the
average facilitation during a burst discharge (Fig. 4Db). Thus, the
amplitude of facilitation tended to be lowest in the pairs of cells
that produced the largest single IPSPs. To address the question
whether the efficacy of synaptic transmission from PGN to LGNd
cells is modulated solely by the rate of presynaptic action poten-
tial generation or is also influenced by the mode of action poten-
tial generation (e.g., burst vs tonic), we compared for the two
modes of action potential generation (n = 4 pairs) the amplitudes
of compound IPSPs summated from a fixed number of presynap-
tic spikes (four to six among different pairs of cells). The resulting
relationship between the amplitude of the compound IPSP and
the rate of presynaptic spike discharge indicated that the large
amplitude of IPSPs evoked by burst discharges is as predicted by
the high frequency of tonic action potential generation in the
presynaptic cell (Fig. 4E,F).

Changing the membrane potential of the thalamocortical neu-
ron had significant effects on the response of these cells to the
IPSP barrage (Fig. 5). At relatively hyperpolarized membrane
potentials (e.g., Fig. 54, —72 mV), the activation of an IPSP by a
burst of action potentials in a PGN neuron could result in a
rebound low-threshold Ca®* spike-mediated burst of action po-
tentials. However, depolarization of the thalamocortical cell by as

little as 3 mV resulted in a substantial reduction in the amplitude
or abolition of the rebound Ca*" spike (Fig. 5B, —69 mV).
Further depolarization of the thalamocortical neuron into the
tonic firing mode revealed that the activation of a burst of action
potentials in the PGN neuron could generate a 20-50 msec period
of inhibition of tonic discharge, corresponding approximately to
the duration of the PGN burst discharge (Fig. 5C).

Single PGN cells can activate both GABA, and GABAg
receptor-mediated IPSPs

We have demonstrated previously that activation of single PGN
cells can activate both GABA, and GABAj receptor-mediated
IPSPs in thalamocortical cells, depending on the pattern of pre-
synaptic action potential generation (Fig. 6) (see Kim et al,
1997). Here we addressed the question, does the activation of
burst discharges activate both GABA, and GABAjy receptor-
mediated IPSPs in normal solution? This question was difficult to
address in current-clamp recordings, because the activation of a
large GABA , receptor-mediated IPSP was typically associated
with a rebound low-threshold Ca?" spike during the time period
in which the GABAj receptor-mediated PSP was expected to be
prominent (Fig. 64). However, comparing the amplitude and
time course of the evoked IPSP as GABA, receptors were
gradually blocked with bath application of bicuculline methiodide
revealed that the slow PSP, mediated by GABAj receptors (Kim
et al., 1997), may make a small contribution to the late portions of
normal IPSPs (Fig. 6B). Thus, the block of GABA, receptors
revealed a slow I PSP that overlapped with the late portions of the
normal IPSP and therefore may have contributed to this (Fig.
6B). However, in the presence of bicuculline methiodide, the
number of action potentials generated by the PGN cell with each
burst increased significantly, in part because of disinhibition from
neighboring PGN cells (Sanchez-Vives et al., 1997) as well as the
block of Ca®*-activated K* currents (Johnson and Seutin, 1997;
Seutin et al., 1997). Therefore, the amplitude of the GABAg
IPSP remaining after application of bicuculline methiodide is
considerably larger than would be expected if the number of
action potentials in the presynaptic cell was held constant (e.g.,
see Fig. 6A4).

The convergence and divergence of connections between pop-
ulations of PGN and LGNd cells underlie the propagation and
synchronization of spontaneous spindle waves in ferret LGNd
slices in vitro (Kim et al., 1995). To obtain a measure of the
convergence from PGN cells to thalamocortical neurons, we com-
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Figure 6. The progressive block of GABA 4 receptors reveals the contribution of GABAg receptor activation. A, In control, the burst discharge of the
presynaptic PGN cell results in a large IPSP and the activation of a rebound low-threshold calcium spike. The temporal development of this rebound
calcium spike overlaps and conceals the activation of the GABAg receptor-mediated IPSP. The bath infusion of bicuculline methiodide (100 um)
gradually blocks the fast, GABA , receptor-mediated component of the evoked IPSP, and this also results in a loss of the rebound low-threshold Ca?*
spike. After 20—25 min, both GABA , and GABAG receptor-mediated IPSPs are activated after a single burst in the PGN cell. After 40 min, bicuculline
infusion completely blocks the GABA , receptor-mediated IPSP and unveils the pure GABAg receptor-mediated IPSPs. B, Overlap of the responses in
A is shown. Note that the number of action potentials generated by the PGN cell also increased in the presence of bicuculline.

pared the amplitude of IPSPs resulting from a single burst in a
presynaptic PGN cell with that of barrages of IPSPs recorded
during the spontaneous generation of spindle oscillations (Fig. 7).
Whereas the induction of a single burst in a presynaptic PGN
cell activated postsynaptic IPSPs of ~2-11 mV in amplitude, the
same postsynaptic LGNd cell received barrages of IPSPs of
~9-24 mV in amplitude during spontaneous generation of spin-
dle oscillations. The average amplitude of IPSPs induced by burst
firing in PGN cells was 4.4 = 2.5 mV, whereas the average peak
amplitude of IPSPs in the same thalamocortical neurons during
spindle wave generation was 15.5 = 3.6 mV (rn = 30 pairs).
During the generation of spindle oscillations, PGN cells gen-
erate repetitive burst discharges of action potentials at an inter-
burst frequency of 6—10 Hz. Here we examined how this repeti-
tive burst discharge may affect synaptic transmission between
PGN and LGNd cells. When PGN cells were induced to generate
repetitive bursts of action potentials at interburst frequencies >1
Hz, the second barrage of IPSPs decreased in amplitude in
comparison with the first, whereas relatively little change in

amplitude was observed between the second and the subsequent
barrages of IPSPs whether they were mediated by GABA , (Fig.
8A; n = 4 pairs) or GABAg (Fig. 8B) receptors.

Thalamocortical excitation of perigeniculate neurons

The probability of obtaining monosynaptic connections from a
thalamocortical neuron to a PGN cell was significantly less than
that in the other direction, presumably because of the markedly
less dense axon collaterals formed in the PGN by thalamocortical
cells in comparison with those formed in the LGNd by PGN cells
(Ferster and LeVay, 1978; Friedlander et al., 1981; Stanford et al.,
1983; Kim et al., 1997). Activation of a single action potential in
a presynaptic thalamocortical neuron resulted in the activation of
a 0.5-2.0 mV amplitude EPSP, with a duration of 20—-120 msec, in
the PGN neuron at —70 to —80 mV (Fig. 9; n = 5). The
generation of repetitive action potentials at frequencies greater
than ~10-50 Hz resulted in temporal summation of EPSPs in the
recipient PGN cell (Fig. 9). However, in contrast to IPSPs gen-
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connected pairs ~1-2 sec before the arrival of a spindle wave initiated three cycles of IPSPs in the recipient thalamocortical cell via divergent and
convergent connections between the two population of neurons. During the generation of a spindle wave, the same thalamocortical cells received a
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the burst discharge of a single presynaptic PGN cell with the peak IPSP (* in 4) generated during spindle oscillation reveals a three- to fourfold increase
in IPSP amplitude during the spindle oscillation. Because of the nonlinear nature of the summation of IPSPs from a population of convergent PGN cells,
especially as summated IPSPs reach the reversal potential, this ratio will underestimate the degree of convergence. Data obtained from two different cell

pairs are shown. Pairs in Aa and Ab are shown in Ba and Bb.

erated in thalamocortical cells, single-spike EPSPs in PGN neu-
rons did not exhibit facilitation at any frequency and in fact
typically decreased in amplitude with the generation of each
action potential, particularly at frequencies greater than ~100 Hz
(Figs. 94,C, 10).

The activation of a burst-induced barrage of EPSPs in a PGN
neuron at a membrane potential of —75 mV could be subthresh-
old for the activation of a low-threshold Ca*" spike in the PGN
cell (Fig. 9D). Depolarization of the PGN neuron to —67 mV
resulted in the EPSP barrage activating a low-threshold Ca?*
spike and burst of action potentials in this cell. Remarkably, in the

pair illustrated in Figure 9D, the burst of activity in the PGN cell
induced a barrage of IPSPs in the thalamocortical cell, indicating
that these two cells were monosynaptically connected in both
directions, forming a disynaptic loop between the PGN and
LGNd. The latency from generation of the initial action potential
in a burst in the PGN cell to the onset of the IPSP in the LGNd
cell was 1.0 msec (* 0.2 msec; n = 20). In addition, the “return
IPSP” onset varied precisely with the onset latency for the burst
of action potentials in the recorded PGN cell (r = 1.0), and when
the PGN cell did not discharge, there was no return IPSP in the
thalamocortical neuron. These results confirm that these two cells
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Figure 8. Effects of repetitive discharge of the presynaptic neuron on synaptic transmission between thalamocortical and PGN neurons. 4, Repetitive
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in peak amplitude with repetitive activation. D, Overlap of the indicated IPSP and EPSP barrages is illustrated. Sharp, spike-like events above the EPSP

barrages are capacitance-coupling artifacts.

are monosynaptically connected in both directions. Depolariza-
tion of the PGN neuron such that it was now in the tonic firing
mode dramatically reduced the excitatory effect of the barrage of
EPSPs such that now they generated only one extra action poten-
tial in the PGN cell (Fig. 9D, —55 mV).

During the generation of spindle waves, each PGN cell re-
ceived from a population of thalamocortical cells EPSP barrages

that grew in amplitude eventually to activate low-threshold
calcium-mediated burst discharges (Fig. 114). The peak ampli-
tude of these EPSP barrages reached 16-24 mV. Single-burst
discharges of presynaptic thalamocortical cells activated EPSP
barrages that were an average of 3.0 = 1.0 mV (n = 4) in recipient
PGN cells, suggesting a five- to eightfold increase in the peak
amplitude of EPSP barrages during spindle oscillation, because of
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thalamocortical neuron results in a train of EPSPs in the PGN neuron. Increasing the frequency of action potential generation in the thalamocortical
neuron results in temporal summation of these EPSP barrages. Note that the EPSP barrages reach a plateau and do not show facilitation. B, Activation
of bursts of action potentials in the thalamocortical neuron results in summated barrages of EPSPs in the PGN cell. C, Overlays of postsynaptic recordings
in 4 and B are shown. D, Changing the membrane potential of the postsynaptic neuron alters the functional effect of the EPSP barrage. Depolarization
of the PGN neuron from —75 to —67 mV results in the EPSP barrage (generated by a burst of action potentials in the thalamocortical cell) reaching
threshold for the activation of a low-threshold Ca?* spike and triggering a burst of action potentials in the PGN cell. Further depolarization of the PGN
neuron into the single-spike firing mode dramatically reduces the excitatory effect of the EPSP barrage such that it generates only one additional action
potential.

(Fig. 8C). In contrast to IPSP barrages between PGN and
thalamocortical cells, these EPSP barrages did not exhibit signif-
icant decreases in peak amplitude with repetitive activation
(Fig. 8C.D).

the synchronized discharge of convergent thalamocortical cells
onto single PGN cells (Fig. 11).

Repetitive activation of burst discharges at 5-9 Hz resulted in
the generation of repetitive barrages of EPSPs in PGN neurons
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of presynaptic discharge (210 Hz) decrease markedly after the first EPSP.

DISCUSSION

Our results demonstrate that synaptic transmission from PGN to
LGNd cells is highly dynamic, depending on the pattern of
activity in the presynaptic PGN cell. The amplitude of individual
IPSPs generated by action potentials in the PGN cell may be
either larger or smaller than that of the previous IPSPs, depend-
ing on the frequency of action potential activity and the number
of action potentials generated in the immediate past. Recent
investigations of synaptic transmission between hippocampal py-
ramidal cells have demonstrated that the probability of transmit-
ter release is dependent on whether or not the preceding action
potential in the train results in the release of neurotransmitter
(Dobrunz and Stevens, 1997; Murthy et al., 1997). If the preceding
action potential did not result in the release of neurotransmitter,
then the probability of release in the following action potential is
substantially increased, whereas if the preceding action potential
did result in neurotransmitter release, it was decreased. These
results are consistent with a “priming” effect of Ca®* entry in the
presynaptic terminal coupled together with another mechanism
that limits the frequency response of neurotransmitter release
(such as the number of vesicles available in the readily releasable
pool) (Dobrunz and Stevens, 1997).

The generation of action potentials in PGN cells at frequencies
greater than ~100 Hz resulted in the strong facilitation of syn-
aptic transmission during the initial three to five IPSPs (Figs. 1, 3,
4). Presumably, this increase in IPSP amplitude resulted from an
increase in release of transmitter, perhaps via a Ca**-dependent
mechanism (e.g., Magleby, 1987; Zucker, 1993), although this
remains to be investigated. Functionally, this strong facilitation
results in especially large IPSP amplitudes in response to the
generation of bursts of action potentials (e.g., Figs. 1, 4). High-
frequency burst generation in thalamic reticular neurons occurs
primarily during periods of non-rapid-eye-movement (non-REM)
sleep, and each burst is typically preceded by a period of reduced
action potential discharge or silence (Mukhametov et al., 1970a,b;
Domich et al., 1986; Steriade et al., 1986). In the awake and
attentive animal, thalamic reticular neurons typically discharge in
the tonic discharge mode at frequencies considerably <100 Hz,
although the possibility that these cells may fire brief bursts of
high-frequency activity in particular behavioral situations re-
mains to be investigated. The generation of large IPSPs is par-
ticularly efficacious in activating rebound low-threshold Ca?*

spikes in thalamocortical neurons (see Fig. 5), which seem to be
critical to the generation of at least some forms of synchronized
thalamocortical rhythms during non-REM sleep (Lee and Mc-
Cormick, 1996, 1997).

In addition to short-term facilitation and depression, the repet-
itive activation of bursts in PGN cells also exhibited depression of
synaptic transmission between the first and second response that
occurred at frequencies between 1 and 8 Hz and that persisted for
~1 sec (Fig. 84,B). A similar frequency-dependent depression of
GABAergic synaptic transmission has been demonstrated in py-
ramidal cells of the hippocampus and cerebral cortex (Deisz and
Prince, 1989; Nathan and Lambert, 1991; Davies and Col-
lingridge, 1993), in which both postsynaptic and presynaptic
mechanisms are involved. The postsynaptic mechanisms include a
decrease in the driving force because of the intracellular accu-
mulation of chloride ions (Thompson et al., 1993), the desensiti-
zation of GABA 4 receptors (Huguenard and Alger, 1986; Frosch
et al., 1992), and perhaps the modulation of conductance through
GABA, receptors by corelease of various transmitters (Scharf-
man and Schwartzkroin, 1989), whereas the presynaptic mecha-
nisms include autoinhibition through presynaptic GABA recep-
tors (Deisz and Prince, 1989; Otis and Mody, 1992; Davies and
Collingridge, 1993; Mott et al., 1993; Uhlrich and Huguenard,
1996) and the transient depletion of the transmitters in the pre-
synaptic terminals (Dobrunz and Stevens, 1997). It remains to be
determined how each of these cellular mechanisms contributes to
synaptic depression at PGN synapses onto thalamocortical cells.

Properties of thalamocortical synapses onto PGN cells
Activation of an action potential in a single thalamocortical cell
resulted in EPSPs that are 0.7-2.0 mV in amplitude in the
postsynaptic PGN neuron. This EPSP amplitude is similar to that
for the influence of pyramidal cells in the hippocampus and
cerebral cortex onto local interneurons (Miles, 1990; Gulyas et al.,
1993; Thomson et al., 1993a; Debanne et al., 1995), which, in at
least some cases, is mediated by a single release site (Gulyés et al.,
1993).

In contrast to our observations on the PGN to thalamocortical
cell synapse, we did not observe facilitation in the postsynaptic
EPSPs generated by thalamocortical cells in PGN neurons, even
at high frequencies. With repetitive activation, thalamocortical
EPSPs exhibited pronounced decrements in amplitude (Figs. 9,
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Figure 11. Evidence of convergence of multiple thalamocortical cells onto single PGN cells. A, Injection of hyperpolarizing current pulses into
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10), which may result from both pre- and postsynaptic influences decrease in the release of neurotransmitter with each action
such as the saturation of postsynaptic receptors (Tang et al., 1994; potential (Dobrunz and Stevens, 1997). However, repetitive burst
Tong and Jahr, 1994), desensitization of AMPA /kainate recep- firing in thalamocortical cells resulted in a relatively steady am-
tors (Trussell and Fischbach, 1989; Colquhoun et al., 1992), or a plitude of EPSP barrages in the postsynaptic PGN neuron (Fig.
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8C,D), suggesting that the mechanisms that decrement EPSP
amplitude do not have low-frequency components.

Functional properties of burst and tonic mode

The burst and lower frequency tonic firing modes of action
potential generation seem to differ in their effects on synaptic
transmission in the thalamus attributable in part to the temporal
summation of PSPs, to the temporally isolated nature of burst
discharges, and, in the case of PGN to thalamocortical cell syn-
apses, to facilitation at high frequencies. The first and last differ-
ences result from the high frequencies (300500 Hz) of action
potential discharge associated with burst discharges. Thus, if a
quiescent PGN neuron were to generate action potentials in the
tonic firing mode at a rate that was comparable with that of burst
discharges, then similar levels of summation and facilitation are
expected to occur in the postsynaptic response. Presumably, the
presynaptic terminals formed by PGN axons experience only the
pattern of action potential generation arriving at these terminals
and are not influenced by the mechanisms by which these action
potential patterns are generated at the soma (e.g., via a low
threshold Ca*" spike or tonic discharge). However, if the PGN
neuron generates a high-frequency tonic discharge in the midst of
ongoing tonic activity, then the resulting IPSP should be smaller
than that during an isolated burst discharge because of large
decreases in synaptic facilitation (e.g., Fig. 3) and postsynaptic
response (Fig. 84,B). Therefore, isolated, high-frequency burst
discharges are particularly effective in activating large IPSPs in
postsynaptic thalamocortical cells. Although it has not been spe-
cifically addressed, it is widely assumed that PGN neurons gen-
erate high-frequency discharges primarily, or exclusively, via the
activation of low-threshold Ca®* spikes and that the tonic mode
of action potential generation is associated with activity in the
frequency range of 0-200 Hz (Mukhametov et al., 1970a,b; Ste-
riade et al., 1986). If true, then these differences in frequency of
presynaptic action potential generation will have marked and
important effects on transmission between the PGN and thalamo-
cortical cells in the LGNd. For example, burst discharges in PGN
cells result in postsynaptic IPSPs in thalamocortical cells that are
often large enough to result in the generation of a rebound
low-threshold Ca*" spike. In contrast, in the tonic firing mode, at
frequencies of 0-100 Hz, PGN cells generated relatively small
(<2 mV) IPSPs in thalamocortical cells and therefore were not
able to generate rebound low-threshold Ca>* spikes. In relatively
rare cases, the activation of as few as two or three action poten-
tials at 300-400 Hz in a PGN neuron can generate “return
EPSPs,” presumably resulting from the activation of low-
threshold Ca*" spikes in thalamocortical cells (Bal et al., 1995b).

As we have reported previously for spindle wave-associated
IPSPs, the IPSPs activated by single PGN cells seem to be
mediated almost entirely via the activation of GABA , receptors.
After the block of GABA , receptors and strong activation of the
PGN cell, we found a small (1-3 mV) residual slow IPSP that is
mediated by GABAg receptors (e.g., Fig. 6) (see also Kim et al.,
1997). This small amplitude for the single cell-induced GABAg
IPSP contrasts with the ability of the activation of the PGN to
generate large (10-15 mV) GABAjg receptor-mediated IPSPs
during the generation of the bicuculline-induced paroxysmal os-
cillation (Bal et al., 1995a,b) or with the activation of the PGN
with extracellular application of glutamate (Sanchez-Vives et al.,
1997). These results suggest that several PGN cells need to
discharge in synchrony to generate a postsynaptic GABAg
receptor-mediated IPSP that is large enough to result in the
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rebound generation of low-threshold Ca** spikes. Indeed, we
have found that return EPSPs from the activation of a single PGN
cell are completely abolished after the block of GABA , receptors
(Kim et al., 1995). In addition to the additive nature of several
PGN cells converging onto single thalamocortical neurons, it is
also possible that the requirement for several PGN cells to dis-
charge to generate large GABAy receptor-mediated IPSPs re-
sults from an extrasynaptic location of these receptors (Isaacson
etal., 1993; Mody et al., 1994) or from the properties of G-protein
channel coupling (see Destexhe and Sejnowski, 1995). Applica-
tions of GABA to hippocampal pyramidal cells reveal that the
activation of GABA receptor-mediated increases in K™ conduc-
tance actually requires a lower dose of GABA than does the
activation of C1 ™~ conductances through GABA , receptors (Sod-
ickson and Bean, 1996). Because GABAj receptor-mediated
IPSPs are only generated with strong activation of GABAergic
synapses (Dutar and Nicoll, 1988a,b), these results support the
hypothesis that GABAg receptors responsible for the slow PSP
are located extrasynaptically.

The generation of prolonged trains of action potentials in PGN
cells resulted in postsynaptic IPSPs that increased and then
decreased in amplitude. The reduction in IPSP amplitude may
contribute to the “waning” of spindle waves or the antagonism of
synchronized oscillations, although this influence is most likely
minor, because block of GABAy receptors, which generally re-
duces or blocks reduction of IPSP amplitude during repetitive
stimulation (see Thompson et al., 1993; Wu and Saggau, 1995),
does not markedly affect the generation of spindle waves (Bal et
al., 1995a,b; U. Kim and D. A. McCormick, unpublished obser-
vations). In addition, block of the hyperpolarization-activated
cation current [, results in the generation of continuous spindle
waves, suggesting that reductions in synaptic transmission are
insufficient by themselves to halt the generation of these synchro-
nized oscillations (Bal and McCormick, 1996; Luthi et al., 1998).

As with the PGN input onto thalamocortical cells, burst firing
in thalamocortical neurons was especially effective in activating
hyperpolarized PGN cells, because of temporal summation of the
EPSPs during the burst. Interestingly, we did not observe any
noticeable changes in the amplitude of these EPSP barrages with
repetitive burst firing, indicating that decrement of this synaptic
connection is also unlikely to contribute to the waning of spindle
waves.

With the PGN in the tonic firing mode, barrages of EPSPs
generated by burst firing in thalamocortical cells were only effec-
tive in activating an extra action potential in the PGN neuron.
Presumably this results from the large currents involved in the
generation of action potentials overriding the relatively small
currents generated by EPSPs arriving from a single thalamocor-
tical neuron. However, when the PGN cells are hyperpolarized,
the EPSP barrages can trigger the low-threshold Ca®* current
and therefore generate a high-frequency burst discharge. The
findings that burst firing in PGN cells is essential to the genera-
tion of IPSPs that are large enough in amplitude to result in the
generation of rebound burst firing in thalamocortical cells and
that thalamocortical cells need to be hyperpolarized for this to
occur suggest that the generation of synchronized slow oscilla-
tions such as spindle waves (and some forms of spike-and-wave
seizure) may require that both PGN and thalamocortical cells be
in the hyperpolarized state. Indeed, we have shown previously
that depolarization of either thalamocortical cells or PGN neu-
rons into the tonic firing mode with the application of various
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neurotransmitters results in an abolition of spindle wave genera-
tion (Lee and McCormick, 1996, 1997).

Summary

Thalamocortical activity exhibits at least three distinct states in
vivo: tonic activity during waking and REM sleep, repetitive burst
firing during non-REM sleep, and high-frequency, prolonged
burst firing during some forms of generalized seizures (Steriade
et al., 1986; McCormick and Bal, 1997). Our results demonstrate
that these three functional states of the thalamus depend in part
on the properties of synaptic transmission between the GABAer-
gic neurons of the perigeniculate (thalamic reticular) neurons and
thalamocortical cells. During periods of tonic activity of low-to-
moderate frequency, the synaptic responses generated in postsyn-
aptic neurons will generate graded changes in membrane poten-
tial in the postsynaptic neurons, presumably determining the
patterns of action potentials generated in this state. In contrast,
the generation of isolated high-frequency burst discharges results
in large postsynaptic responses because of temporal summation as
well as facilitation (PGN to thalamocortical), thereby allowing
these synaptic influences to activate low-threshold Ca*" spikes in
the postsynaptic neuron. Finally, during the occurrence of at least
some forms of generalized seizures, PGN (thalamic reticular)
neurons may generate prolonged high-frequency discharges,
thereby generating large GABAg receptor-mediated IPSPs in
postsynaptic thalamocortical cells. These slow IPSPs may then
slow the interaction between these two cell types to a frequency
in which each thalamocortical cell can discharge with each cycle
of the oscillation (Bal et al., 1995b; Kim et al., 1997; Sanchez-
Vives and McCormick, 1997), resulting in a “paroxysmal” dis-
charge in which all cells discharge in mass synchrony. These
hypotheses remain to be examined in detail.

APPENDIX

Our present physiological recordings, together with previous
anatomical results (Kim et al., 1997), allow us to calculate
the approximate degree of convergence and divergence of
synaptic connections between cells in the PGN and A-laminae of
the LGNd.

Convergence from perigeniculate to

thalamocortical neurons

Our physiological and morphological results indicate that each
PGN cell gives rise to a relatively strong connection to at least a
subset of thalamocortical cells. In the five examples that we
examined, we identified 11, 60, 62, 69, and 69 putative synaptic
contacts from a single PGN cell onto a postsynaptic thalamocor-
tical cell (Kim et al., 1997). These numbers are considerably
higher than that reported for innervation of pyramidal cells by
various types of interneurons in the hippocampus and cerebral
cortex, where each interneuron innervates individual pyramidal
cells through ~5-12 synapses (Somogyi et al., 1983; Buhl et al,,
1994). Previously, it has been estimated that thalamocortical cells
in the cat LGNd receive from 4000 to 5000 synaptic inputs each
(Wilson et al., 1984) and that ~25% of these are GABAergic
(Montero, 1991). GABAergic synapses on thalamocortical cells
arise both from intrageniculate GABAergic neurons, which pos-
sess both dendrodendritic and axonal synaptic outputs onto
thalamocortical cells, and from the perigeniculate nucleus, as well
as from other extrageniculate sources (see Uhlrich and Cuc-
chiaro, 1992). At present it is not known what percentage of
GABAergic synapses arise from the PGN. We estimate that the
average I PSP amplitude of 4.4 mV is generated by ~30 synapses
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(Kim et al., 1997). If all of the ~1000-1250 GABAergic synapses
were from PGN cells, then one would expect an average of
~33-42 PGN cells to innervate each LGNd thalamocortical neu-
ron. However, considering that a large percentage of GABAergic
synapses on thalamocortical cells in the LGNd are from local
GABAergic interneurons and that many putative synapses iden-
tified on the light level are not actual synaptic contacts, it is likely
that this number is a substantial overestimate.

Another method to estimate the number of PGN cells project-
ing to each LGNd thalamocortical cell is via comparing the
spindle wave-associated IPSPs with those associated with activa-
tion of a single burst of a PGN cell. During generation of spindle
waves, the barrages of IPSPs that arrive in thalamocortical cells
are an average of 16.5 mV. Considering that PGN cells discharge
approximately once every two cycles of the spindle wave (see Fig.
8A) and do not discharge in complete synchrony, we estimate that
10-20 PGN cells innervate each thalamocortical cell. This num-
ber also corresponds to the finding that GABA IPSPs are
~10-20 times larger during the bicuculline-induced paroxysmal
oscillations in comparison with the postsynaptic potential acti-
vated by a single PGN cell.

Divergence from perigeniculate to

thalamocortical neurons

In four cells we estimated the number of putative synaptic con-
tacts formed by perigeniculate cells in the LGNd by counting the
number of beads or swellings formed by the axons of these cells.
These counts ranged from ~3000 to 5000 synaptic contacts, which
is similar to that estimated previously in the cat LGNd (Uhlrich
et al., 1991). Because PGN neurons in the ferret LGNd seem to
innervate almost exclusively thalamocortical cells [with a smaller
component onto intrageniculate PGN-like interneurons
(Sanchez-Vives et al., 1996)] and we have observed on the aver-
age 30 putative synapses with each neuron, this result suggests
that single PGN cells innervate on average from 100 to 170
thalamocortical neurons.

Convergence of thalamocortical to PGN cells

Although we have not yet determined the number of contacts
from a thalamocortical cell onto a single PGN cell, these are likely
to be relatively low. The axon collaterals formed by single
thalamocortical cells in the PGN typically do not bifurcate ex-
tensively nor give rise to dense synaptic plexuses (Ferster and
LeVay, 1978; Friedlander et al., 1981; Stanford et al., 1983).
Examination of PGN neurons with the electron microscope indi-
cates that they may be densely innervated by terminals from
thalamocortical cells (Ide, 1982), suggesting a high degree of
convergence from thalamocortical to perigeniculate neurons,
which is consistent with the fact that there are many more
thalamocortical cells than there are PGN neurons. In our intra-
cellular recordings, the average amplitude of EPSP barrages
arriving in thalamocortical cells during the generation of spindle
waves was five to eight times larger than that generated by burst
discharges in single thalamocortical cells. Considering that
thalamocortical cells discharge, on average, once every three
cycles during spindle waves (Bal et al., 1995a) and that they are
not tightly synchronized during these discharges, we estimate that
20-40 or more thalamocortical neurons innervate each PGN cell.
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