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Postnatal Development of Synchronized Network Oscillations in the
Ferret Dorsal Lateral Geniculate and Perigeniculate Nuclei
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Extracellular and intracellular recordings from slices of fer-
ret dorsal lateral geniculate nucleus (LGNd) at postnatal
ages P10-53 were performed to examine the postnatal de-
velopment of spindle waves and the ability of biock of GA-
BA, receptors to alter these spindle waves into a slower,
synchronous oscillation. As in prior studies in the aduit,
intracellular and extracellular recordings at ages P33-53
revealed robust spindle waves to be present in both the
LGNd and perigeniculate nucleus (PGN). Intracellular re-
cordings from thalamocortical relay cells in the A-laminae
of the LGNd revealed that these cells received repetitive
inhibitory postsynaptic potentials (IPSPs) at 6~9 Hz during
the generation of spindle waves, and generated rebound
low threshold Caz* spikes and bursts of 2-6 action poten-
tials following each second or third IPSP. Intracellular re-
cordings from the GABAergic neurons of the PGN at P33-
53 revealed barrages of EPSPs that activated low threshold
Ca?* spikes and high frequency burst discharges of 2-10
action potentials during spindle wave generation. In con-
trast, full spindle waves were absent at ages prior to ap-
proximately P22 and spindle waves between the ages of
P26 and approximately P30 were relatively weak and as-
sociated with only one or two action potentials per burst
in both PGN neurons and LGNd relay celis. Bath applica-
tion of the GABA, antagonist bicuculline methiodide at
P41-53 resulted in a conversion of normal spindle waves
into a marked 2—4 Hz oscillation in which the action poten-
tial firing of both thalamocortical relay and PGN neurons
was greatly increased. In contrast, block of GABA, recep-
tors prior to age P39 did not result in the generation of the
slowed, 2-4 Hz network oscillation.

Investigation of the electrophysiological properties of
PGN neurons revealed that the postnatal development of
spindle waves and bicuculline-induced slow oscillations
were associated with an increase in the ability of PGN neu-
rons to generate high frequency bursts of action potentials,
suggesting that these changes in electrophysiological
properties may contribute to the late development of syn-
chronized oscillations in the ferret LGNd. B
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Spindle waves are a form of synchronous oscillation character-
ized by brief (1-3 sec) periods of 7-15 Hz rhythmic activity in
the electroencephalogram (EEG) during periods of drowsiness
and slow wave sleep. Spindle waves are generated in the thal-
amus and involve an interaction between GABAergic neurons
and thalamocortical relay cells (Andersen and Andersson, 1968;
Steriade and Deschénes, 1984; Steriade et al., 1993; von Krosigk
et al., 1993). Rhythmic burst firing in the GABAergic neurons
of the nucleus reticularis thalami (nRt) or the perigeniculate nu-
cleus (PGN) induces in thalamocortical relay cells rhythmic in-
hibitory postsynaptic potentials, some of which are followed by
rebound low threshold Ca?* spikes and bursts of action poten-
tials (Steriade et al., 1985, 1987, 1993, Bal et al., 1995a,b). This
burst firing in thalamic relay cells then triggers or reinforces
additional burst firing in the GAB Aergic nRt/PGN neurons, thus
starting the cycle again. In this manner, spindle waves appear to
be generated as a cyclical network oscillation depending upon
both the intrinsic and the synaptic characteristics of intrathalamic
and thalamocortical circuits. Postnatal developmental studies of
spindle wave generation in the human EEG reveal that these
events do not appear until approximately 2 months after birth
and strengthen over the next several months and years of age
(Metcalf, 1970; reviewed in Fisch, 1991). The cellular mecha-
nisms underlying this late appearance of spindle waves in the
EEG are unknown.

Absence seizures are characterized in children by brief peri-
ods (typically 5-10 sec) of staring, occasionally associated with
eye blinking, and a marked 3 Hz “‘spike-and-wave’ synchro-
nous oscillation in the EEG (Niedermeyer, 1990; reviewed in
Aicardi, 1994). Data obtained from two animal models of ab-
sence seizures, the feline generalized penicillin epilepsy (FGPE)
model and the generalized absence epileptic rat of Strasbourg
(GEARS) model, indicate that the cellular mechanisms of spike-
and-wave seizures involve those underlying the generation of
spindle wave oscillations (Kostopoulos et al., 1981a,b; Buzsaki
et al., 1990; reviewed in Avoli et al., 1990). For example, in the
FGPE model, intramuscular administration of high doses of pen-
icillin are associated with a slow transformation of normal spin-
dle waves into spike-and-wave seizures (Kostopoulos et al.,
1981a,b). Extracellular single unit recordings of thalamic neu-
rons during the generation of these spike-and-wave seizures in-
dicate that many thalamic cells are locked into a “‘burst—pause”
pattern associated with the “spike” and “wave” components of
the seizure (Avoli and Gloor, 1982). In addition, in the GAERS
rodent model, intrathalamic injection or peripheral administra-
tion of a GABA,, receptor antagonist results in a block of spike-
and-wave seizures, while thalamic application of GABA, ago-
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nists exacerbates them (Hosford et al., 1992; Liu et al., 1992,
Snead, 1992). Activation of GABAg receptors is especially ef-
fective in activating low threshold Ca?* spikes in thalamic relay
neurons (e.g., see Crunelli and Leresche, 1991), an event that is
important for the generation of spike-and-wave seizures.

In humans, typical absence seizures often make their first clin-
ical appearance around 4-6 years of age (although rare cases in
the first year of life have been reported), and in about half of
the cases, these seizures remit during adolescence or early adult-
hood (reviewed in Aicardi, 1994). Continuous EEG recordings
often reveal that the frequency of electrographic absence sei-
zures increases dramatically during periods of slow wave sleep,
when spindle waves normally occur, and are suppressed during
rapid-eye-movement (REM) sleep, when spindle waves are ab-

sent (reviewed in Kellaway, 1985; Kellaway et al., 1990). To- -

gether, these animal and human studies suggest that the cellular
mechanisms for generation of absence seizures are related to
those underlying spindle wave generation and that these develop
during the postnatal maturation of thalamic and thalamocortical
systems.

A number of studies have demonstrated that the refinement
of axonal connections in the nervous system occurs through an
activity-dependent process (Archer et al., 1982; Dubin et al,,
1986; Stryker and Harris, 1986; Shatz and Stryker, 1988; re-
viewed in Constantine-Paton et al., 1990; Shatz, 1990; Goodman
and Shatz, 1993). Blocking or altering normal activity results in
alteration in the refinement of both retinogeniculate connections
as well as thalamocortical axons in the visual cortex. Recently,
it has been suggested that the occurrence of spontaneous syn-
chronized activity, which is known to occur in the developing
retina (Galli and Maffei, 1988; Maffei and Galli-Resta, 1990),
may play an important role in the establishment of proper neu-
ronal connections within the retinogeniculate system (see Meis-
ter et al., 1991). Multisite recording from the ferret retina in
vitro, for example, demonstrates waves of synchronized activity
that sweep across the retina (Meister et al., 1991; Wong et al,,
1993). These waves of activity may be useful for the establish-
ment of proper axonal connections, since the degree of corre-
lation between neighboring neurons may signal nearest neighbor
relations. The possibility that similar waves of activity occur in
the developing thalamocortical system has not been thoroughly
examined, although the postnatal onset of spindle waves in hu-
mans suggests that this is a possibility.

In the present study, we investigated the postnatal develop-
ment of spindle waves and the ability of block of GABA, re-
ceptors to induce a seizure-like oscillation in the ferret LGNd
maintained in vitro. We demonstrate that spindle waves do not
develop until after the period of segregation of retinogeniculate
axons into specific laminag and sublaminae, and that the bicu-
culline-induced slowed oscillation develops even later, when
PGN neurons develop the capability to generate prolonged and
high frequency burst discharges.

Materials and Methods

For the preparation of slices, male or female ferrets, from 10 d (P10)
to 53 d (P53) after birth (PO is the day of birth), were deeply anesthe-
tized with sodium pentobarbital (30—40 mg/kg, i.p.) and killed by de-
capitation. The forebrain was rapidly removed and the hemispheres
were separated with a midline incision. From four to eight 400-p.-thick
slices were formed using a vibratome (Ted Pella, Inc.) in the sagittal
plane from the two LGNds obtained from each animal. A modification
of the technique developed by Aghajanian and Rasmussen (1989) was
used to increase tissue viability. During preparation of siices, the tissue

was placed in a cold solution (approximately 5°C) in which NaCl was
replaced with sucrose while maintaining an osmolarity of 307 mOsm.
After formation on the vibratome, slices were placed in an interface
style recording chamber (Fine Sciences Tools) and allowed at least 2
hr to recover. The bathing medium contained (in mm) NaCl, 126; KCl,
2.5; MgSO,, 1.2; NaH,PO,, 1.25; CaCl,, 2; NaHCO,, 26; dextrose, 10;
and was aerated with 95% O,, 5% CO, to a final pH of 7.4. For the
first 20 min that the geniculate slices were in the recording chamber,
the bathing medium contained an equal mixture of the normal NaCl
and the sucrose-substituted solutions. Temperature was maintained at
34-35°C. Following 2 hr of recovery, extracellular multiple unit re-
cordings were performed from multiple locations in each slice to de-
termine the prevalence of spontaneous spindling activity.

For extracellular recordings in vivo, 14-60-d-old male or female fer-
rets were anesthetized with sodium pentobarbital (30 mg/kg, i.p.) and
mounted in a Kopf stereotaxic device. Rectal temperature was main-
tained at 36-37°C through circulating water thermal blankets, and the
animal’s electrocardiogram was monitored. The LGNd was located both
through stereotaxic coordinates (3 week old, 6—7 mm anterior to lamb-
da, 4-5 mm lateral to midline, 6-9 mm ventral to surface of cortex; 3
month old, 11.5-13 mm anterior, 5—6 mm lateral, 7.5-9 mm ventral)
and by testing the response to flashes of light to the contra- or ipsilateral
retina generated by an ophthalmoscope. Although spindle waves could
be recorded in the barbiturate-anesthetized ferret LGNd, these spindle
waves were enhanced by block of retinal activity. Therefore, tetrodo-
toxin (100 wM) was injected into each eye with a 30 gauge needle to
block spontaneous retinal activity after the extracellular recording mi-
croelectrode was placed in the LGNd. Although extracellular recordings
from LGNd relay and PGN neurons can be readily distinguished in the
adult animal, this was not attempted in the present recordings from
immature animals.

Intracellular recording electrodes were formed on a Sutter Instru-
ments P-80 micropipette puller from medium-walled glass (WPI,
1B100F), and beveled on a Sutter Instruments beveler. Micropipettes
were filled with either 4 M K-acetate or, in some cases, with 1.5 M
K-acetate and 2% biocytin for intracellular labeling of recorded neurons.
Biocytin-filled neurons were visualized through standard avidin-biotin-
horseradish peroxidase reaction visualized with diaminobenzidine (Hor-
ikawa and Armstrong, 1988). Electrical stimulation of afferent fibers
was achieved through the placement of a concentric stimulating elec-
trode in the structure to be stimulated and delivering 1-5 stimuli (100
pwsec duration; 10-500 pA amplitude; 100-200 Hz frequency). The
LGNd was identifiable at all ages in the slice preparation. The PGN
was identified as a band of neurons present anterior to the LGNd and
within the fibers of the optic radiation. These neurons also exhibited
characteristic EPSPs and EPSP barrages upon stimulation of the optic
radiation.

Results

Extracellular multiple unit recordings from the LGNd and sur-
rounding thalamic regions in barbiturate-anesthetized ferrets (n
= 21), and after block of retinal activity with intraocular injec-
tion of tetrodotoxin (100 pm), revealed that spindle waves are
absent at ages less than approximately 3 weeks (# = 5 animals,
2-3 weeks old). Around 3 weeks of age, extracellular recordings
occasionally revealed spontaneous rhythmic activity at frequen-
cies of about 2—6 Hz, although clear spindle waves were not yet
present (Fig. 14). Over the next 3 weeks, spindle waves became
more prevalent, more regular in structure, and possessed a higher
density of neurons firing during each spindle wave (n = 6 ani-
mals, 4-6 weeks old). At the age of 3 months, spindle waves in
the LGNd were robust and recurred once every 3-7 sec, with
intraspindle frequencies of approximately 6-9 Hz (Fig. 1B; n =
10 animals).

Geniculate slices at postnatal ages P10-18

In similarity with in vivo recordings, extracellular multiple unit
and intracellular recordings in sagittal slices of the ferret LGNd
failed to reveal either spontaneous or evoked (optic radiation
stimulation) spindle waves at ages between P12 and P18 (n =
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Figure 1.

Development of spindle wave oscillations in the ferret thalamus in barbiturate-anesthetized ferrets. Extracellular multiple unit recordings

from the ferret LGNd at 3 weeks (A) and 3 months (B) postnatal. A, At 3 weeks, spontaneous action potentials were present and this activity
showed occasional periods of rhythmic activity (see expansion for detail), although clear spindle waves were not found. B, In contrast, extracellular
multiple unit recordings from the LGNd at 3 months of age demonstrated clear spindle waves recurring about once every 5-7 sec. Each spindie
wave was associated with synchronized rhythmic activity at about 6-9 Hz (see expansion for detail).

5 animals). Around the age of P18, electrical stimulation (five
stimuli at 100 Hz) of the optic radiation (OR) resulted in the
activation of an IPSP in thalamocortical relay cells, occasionally
followed by repetitive IPSPs, although no clear spindle waves
were generated (Fig. 2, LGNd). These repetitive IPSPs presum-
ably result from action potential activity in PGN neurons.

Extracellular recordings from the GABAergic PGN neurons
at this age revealed that they responded to OR stimulation with
short latency action potential discharge occasionally followed by
irregular repetitive discharge (not shown). Intracellular record-
ings from PGN neurons at P18 revealed the occurrence of EPSPs
in response to OR stimulation (Fig. 2, PGN), but no spindle
waves. Interestingly, intracellular injection of hyperpolarizing
current pulses at this age did not result in rebound low threshold
Ca?* spikes in PGN neurons, although similar pulses were fol-
lowed by rebound Ca** spikes in thalamic relay neurons (Fig.
2, lower traces).

Geniculate slices at postnatal ages P20-22

Extracellular and intracellular recordings from slices prepared
from animals aged P20-22 (n» = 3 animals) revealed a lack of

spontaneous spindle waves, although electrical stimulation (five
stimuli, 100 Hz, 0.1 msec duration; 50-500 wA) resulted in ab-
breviated spindle waves characterized by 3—6 cycles of repetitive
6-9 Hz activity in the A-laminae and PGN (not shown).

Geniculate slices at postnatal ages P26-30

Between the ages of P26 and P30 (n = 10 animals), extracellular
multiple and single unit recordings from the A-laminae of the
LGNd or from the PGN revealed both spontaneous and optic
radiation—evoked spindle waves, although these recordings also
revealed that single cells in both the A-laminae and the PGN
discharged only intermittently during the spindle waves, gener-
ating only one or two action potentials with each discharge (n
= 5 cells; not shown). Intracellular recordings from LGNd relay
neurons at the age of P27, for example, revealed the presence
of spindle wave—associated repetitive IPSPs arriving in the fre-
quency range of 6-9 Hz (Fig. 3A). These IPSPs were associated
with occasional generation of rebound action potentials, al-
though these action potentials typically occurred only one at a
time and no bursts of two or more action potentials were seen
(Fig. 3; expanded in B for detail). Bath application of the GA-
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Response of LGNd relay cells and PGN GABAergic neurons to stimulation (five stimuli, 0.1 msec duration, 200 Hz) of optic radiation

at P18. At this age, spindle waves are not evoked, although a somewhat disorganized barrage of repetitive IPSPs was sometimes seen in thala-

mocortical relay cells.

BA, receptor antagonist bicuculline methiodide (20 uMm) at this
age resulted in a complete block of spindle wave generation
(Fig. 3C), and the initial IPSP was greatly reduced in amplitude
and appeared to be slower in time to peak and longer in duration
(compare Fig. 3B,D). Since the GABAergic neurons of the PGN
are responsible for the generation of the IPSPs in LGNd relay
cells during normal spindle wave generation, and since the gen-
eration of the bicuculline-induced slow oscillation requires pro-
longed and high frequency burst discharges in PGN cells (Bal
et al., 1995a,b), these results suggest that action potential activity
in perigeniculate neurons may be rather limited at this age.

Extracellular multiple unit and single unit recordings from the
PGN at P28 revealed that spindle waves were associated with
rather weak and intermittent activity in these cells (e.g., Fig. 44,
PGN extracellular). Simultaneous intracellular recording from a
PGN neuron and extracellular multiple unit recording in the
nearby (<100 pm) region of the PGN revealed that spindle
waves were associated with the occurrence of barrages of EPSPs
with interbarrage frequencies of approximately 6-9 Hz (Fig. 44,
PGN intracellular). At resting membrane potential (—68 mV in
this neuron) these EPSP barrages occasionally activated single
action potentials in this PGN neuron (Fig. 4A,B). Hyperpolar-
ization of the PGN neuron with intracellular injection of current
to a membrane potential of —77 mV enhanced the amplitude of
the EPSPs arriving during the generation of the spindle wave,
although these events still generated only single action potentials
in the PGN neuron; no low threshold Ca?* spike-mediated bursts
of two or more action potentials were found (Fig. 4C,D).

The presence of EPSPs in PGN neurons during the generation
of spindle waves at P28 suggests that these cells are innervated

by thalamocortical relay neurons located in the A-laminae. In-
deed, local application of glutamate in either lamina A or Al
resulted in barrages of EPSPs in this PGN neuron (Fig. 4EF)
which could activate action potentials, in similarity with the gen-
eration of spindle waves.

We have previously found that spindle waves in adult PGN
cells are often associated with the arrival of both EPSPs and
IPSPs, with the IPSPs presumably arising from activity in neigh-
boring PGN neurons (Bal et al., 1995b). Similarly, we also oc-
casionally observed at P26-30 inhibitory postsynaptic potentials
in PGN neurons during the generation of spindle waves (Fig. 5).
In the PGN cell of Figure 5, for example, a spindle wave was
activated through stimulation of the optic radiation. Extracellular
multiple unit recording in the PGN revealed the occurrence of
a spindle wave, although it was rather weak and disorganized in
comparison with those found in tissue from older animals. The
intraceltular recording from a PGN cell revealed the occurrence
of IPSPs in this neuron during the generation of the spindle
wave. These IPSPs exhibited a relatively rapid rate of onset (15—
25 msec time to peak) and a duration of 70-120 msec (Fig. 5).
In addition to IPSPs, clear EPSPs were also seen, and these were
occasionally associated with activation of single action poten-
tials (Fig. 5; see inset). Activation of a spindle wave at a more
hyperpolarized membrane potential resulted in a block or rever-
sal of these inhibitory postsynaptic potentials (Fig. 5, —91 mV).
These results suggest that by the age of P26-30, PGN neurons
inhibit one another through the activation of short duration, fast
inhibitory postsynaptic potentials (see Bal et al., 1995b).

Bath application of the GABA, receptor antagonist bicucul-
line methiodide (20 pwM) at the ages of P26-30 resulted in an
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Figure 3. Activation of optic radiation results in the generation of a spindle wave at P27 (A), as revealed by the occurrence of rhythmic IPSPs
in this thalamocortical relay cell. At this age, repetitive IPSPs are associated with only weak rebound responses in relay cells, consisting of one or
two action potentials (see expansion in B). Bath application of bicuculline (20 pum) abolishes the spindle wave and leaves only the initial IPSP,

which exhibits a slower rate of rise and a more prolonged duration.

abolition of spindle wave generation in the PGN (not shown).
In the presence of bicuculline, activation of optic radiation fibers
resulted in discharge of PGN neurons during the stimulation,
followed by a second, smaller discharge at a latency of approx-
imately 300 msec (Fig. 6A4). Intracellular recordings from PGN
neurons at this age revealed the presence of EPSPs during the
stimulation of the optic radiation, followed by a 200-300 msec
duration hyperpolarization or afterhyperpolarization (Fig. 6, —58
mV, AHP). This afterhyperpolarization was often followed by a
rebound low threshold Ca?* spike and a burst of two action
potentials (Fig. 6A,B). Hyperpolarization of the PGN neuron re-
vealed underlying EPSPs during stimulation of the optic radia-
tion, as well as a small barrage of EPSPs arriving at a latency
of approximately 300 msec indicating that thalamic relay neu-
rons may be firing at this latency (Fig. 64).

Geniculate slices at postnatal ages P33-39

Intracellular and extracellular recordings from the A-laminae
and PGN at ages P33-39 (r = 7 animals) revealed robust spon-
taneous and evoked spindle waves in both regions. Bath appli-
cation of bicuculline (20 uM) resulted in an abolition of spon-
taneous spindle wave generation. Electrical stimulation of the
optic radiation in the presence of bicuculline evoked only 2-3
cycles of a synchronized slow oscillation of approximately 2—-4
Hz (not shown; see below).

Geniculate slices at postnatal ages P41-53

Intracellular and extracellular recordings from LGNd relay neu-
rons and PGN cells at ages P41-53 (n = 7 animals) revealed
robust spontaneous or optic radiation stimulation—evoked spin-
dle waves (Figs. 7, 8). In thalamic relay cells, these spindle
waves were associated with the arrival of repetitive IPSPs at
frequencies of 6-9 Hz, and the occurrence of rebound low
threshold Ca?* spikes that were synchronized with the local ac-

tivity in the A-laminae (Fig. 7A,B). As we have reported pre-
viously (Bal et al., 1995a,b), these rebound Ca?* spikes occurred
on a rather regular basis at a rate of about 24 Hz, in keeping
with the intrinsic propensity of thalamic relay neurons to dis-
charge at this frequency (McCormick and Pape, 1990) (Fig. 7A).
At P41-53, bath application of bicuculline methiodide (20 M)
was typically associated with the conversion of normal spindle
waves into a marked slow oscillation with intraoscillatory fre-
quencies of approximately 2-4 Hz (Fig. 7C). These bicuculline-
induced oscillations were associated with marked burst firing in
thalamic relay cells such that these neurons discharged with
most every cycle, in synchrony with activity in the neighboring
portion of the A-lamina (Fig. 7C,D). These effects were revers-
ible upon washout of bicuculline (Fig. 7E,F).

Intracellular recordings from PGN neurons in this age range
revealed that during the generation of normal spindle waves,
these cells receive repetitive barrages of EPSPs and generate
robust high frequency (225-425 Hz) bursts of 5-12 action po-
tentials riding on top of a presumed low threshold Ca2* spike
(Fig. 84,C). Simultaneous recordings from lamina A in the
neighboring region of the LGNd revealed that each burst of ac-
tivity in presumed relay cells was associated with the arrival of
EPSPs in the PGN neuron, as we have reported previously (Bal
et al., 1995b). During each spindle wave, PGN neurons slowly
hyperpolarized, and following the end of the spindle wave, this
hyperpolarization persisted as an afterhyperpolarization (Fig.
8A).

Bath application of bicuculline methiodide (20 pm) resulted
in a conversion of these normal spindle waves into the 2—4 Hz
slowed oscillation. During the generation of this bicuculline-in-
duced slow oscillation, PGN neurons generated high frequency
(up to 650 Hz) bursts of up to 50 action potentials (Fig. 8B,D).
Each burst of action potentials appeared to be generated through
the activation of a low threshold Ca?* spike that was triggered
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Figure 4. Simultaneous extracellular and intracellular recording of spindle wave generation in PGN neurons at P28. Spindle waves at this age are
associated with relatively weak rhythmic activity in the extracellular multiple unit recordings in the PGN (A, C; PGN extracellular) as well as in
the simultaneous intracellular PGN recording (A; PGN intracellular). Each burst of activity is associated with the arrival of barrages of EPSPs and
the activation of typically one, and sometimes two, action potentials (expanded in B for detail). C, Additional spindle wave recorded while the
PGN neuron was hyperpolarized to a membrane potential of —77 mV. At this membrane potential, the barrages of EPSPs associated with the
spindle wave are more evident, althongh they still activate only one action potential (expanded in D for detail). Stimulation of thalamic relay cells
in either lamina Al (E) or A (F) with local “puffer” application of glutamate (1 mMm in micropipette) resulted in pronounced barrages of EPSPs

and occasional action potentials in this PGN neuron.

by barrages of EPSPs. As during spindle wave generation, these
EPSPs were synchronous with the occurrence of action potential
activity in the neighboring region of the LGNd (Fig. 8B,D);
PGN neurons progressively hyperpolarized during the genera-
tion of these slow oscillations, and this hyperpolarization per-
sisted as an afterhyperpolarization (Fig. 8B).

Development of electrophysiological features of PGN neurons

The present results, and those published previously (Bal et al.,
1995a,b), suggest that the ability of PGN neurons to generate
robust low threshold Ca?* spikes is central to the generation of
both spindle waves and the bicuculline-induced slow oscillation.
Therefore, we examined the ability of PGN neurons to generate
rebound low threshold Ca?* spikes and high frequency action
potential activity at different postnatal ages through the intra-
cellular injection of hyperpolarizing and depolarizing current
pulses. This feature was investigated at ages prior to onset of

spindle wave generation (P15-18), at ages when spindle waves
were robust but bicuculline-induced slow oscillations were ab-
sent (P26-30), and at ages when bicuculline application resulted
in the generation of the slowed oscillation (P41-47).

Between the ages of P15 and P18, intracellular injection of
hyperpolarizing current pulses in PGN neurons resulted in the
generation of either no, or only single, rebound action potentials
(n = 4 cells; Fig. 9A4). Similarly, hyperpolarization of these cells
to membrane potentials of —90-—110 mV and intracellular in-
jection of depolarizing current pulses did not result in the gen-
eration of low threshold Ca?* spikes, but rather only single ac-
tion potentials, once action potential threshold was reached by
the depolarizing current pulse (not shown). Between the ages of
P26 and P30, intracellular injection of hyperpolarizing current
pulses resulted in the generation of rebound bursts of between
1 and 3 action potentials, mediated, presumably, through the
activation of a low threshold Ca?* spike (n = 10 cells; Fig.
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9B,E). Between the ages of P41 and P47, intracellular injection
of hyperpolarizing current pulses was followed by the generation
of robust, rebound low threshold Ca** spikes (n = 8 cells; Fig.
9C,F) similar to those seen in the adult (Bal and McCormick,
1993; Bal et al., 1995a,b). In addition, at these older ages, the
burst of action potentials in single PGN neurons were associated,
at a latency of about 150 msec, with barrages of EPSPs (Fig.
9F, feedback EPSPs), which are generated by rebound burst fir-
ing in thalamocortical relay cells induced by the burst discharge
of the recorded PGN cell (Bal et al., 1995a,b).

The intracellular injection of depolarizing current pulses into
PGN neurons resulted in the generation of trains of action po-
tentials (single spike firing) at all ages studied (P15-47; Fig.
104, B). However, there were a few notable differences that oc-
curred during development. In particular, the duration of single
action potentials in the PGN neurons decreased from the ages
of P15 to P47 (e.g., Fig. 10E). The average duration (at half
maximal amplitude) of the first action potential in a train of
spikes at ages P15-18 was 0.99 msec (=0.16; n = 4), at P27-
32 was 0.60 msec (+0.09; n = 6), and at P41-47 the average
duration had decreased to 0.36 msec (+0.04; n = 7; p < 0.05).
This decrease in duration was associated with an increase in the
amplitude of the afterhyperpolarization that occurred immedi-
ately following the action potential (e.g., Fig. 10E). Indeed, ex-
amination of the first derivative with respect to time (dV/dr)
during the generation of action potentials revealed that the av-
erage peak rate of rise of the action potential at P15-18 for PGN
neurons was 185 V/sec (x80; n = 4), and the average rate of
fall was 62 V/sec (£4). At ages P27-32 the average rate of rise
was 672 V/sec (=122; n = 6) and the average peak rate of fall
was 122 V/sec (%34); while for neurons at P41-47, the average
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Figure 5. Inhibitory postsynaptic po-
tentials are present in PGN neurons at
P27. Simultaneous extracellular and in-
tracellular recordings from PGN reveal
the presence of spindle waves, al-
though the extracellular recordings in-
dicate that individual PGN neurons dis-
charge only single action potentials
during these oscillations. Intracellular
recordings from a PGN neuron re-
vealed the presence of both hyperpo-
larizing (inhibitory) and depolarizing
PSPs at the membrane potential of —61
mV. During this spindle wave, two ac-
tion potentials were generated by this
neuron and these were activated by
EPSPs (see inset for detail). Hyperpo-
larization of this neuron to —91 mV
with the intracellular injection of cur-
rent revealed only depolarizing PSPs,
suggesting that the IPSPs had been re-
versed or blocked.

80 msec

15 mV

800 msec

peak rate of rise was 613 V/sec (£105; n = 7; p > 0.05) and
the average peak rate of fall was 232 V/sec (+42; p < 0.05)
(Fig. 10E).

Examination of dV/dt during the generation of bursts of action
potentials revealed a strong difference between PGN cells at the
ages of P27 and P42 (Fig. 10C,D,F). At both ages, burst dis-
charges were associated with a decrease in the peak rate of rise
and fall of the action potential, particularly at the peak of the
burst response. However, at the age of P27, the peak rate of
action potential rise and fall dropped much more dramatically
during the burst than in the older (P42) animals (Fig. 10F).

The frequency of action potentials generation during burst
generation was lower at the less mature ages. Between the ages
of P27 and P32, rebound action potential bursts occurred at peak
frequencies of 200-300 Hz, while for neurons between P41 and
P47, rebound bursts were characterized by frequencies in the
range of 350450 Hz (see Fig. 10F).

In addition to the longer duration of action potentials in the
younger animals, we also noted that the frequency of action
potential generation during tonic firing appeared to be limited at
the younger ages. Indeed, examination of the frequency versus
injected current (f-I) relationships for the first interspike interval
in PGN neurons at the ages of P27/P28 versus P41-47 revealed
that at the younger ages, the PGN cells exhibit considerably
lower slopes in their f-I relations (Fig. 11). The average slope
of the f-I relation for cells at P27/P28 was 91 Hz/nA (*+32;
= 5), while at the later ages of P41-47 the average slope was
432 Hz/nA (£191; n = 6). Thus, with intracellular injection of
0.9 nA, most cells at ages P41-47 generated frequencies well in
excess of 250 Hz, while cells at ages P27/P28 responded with
frequencies limited to 50-150 Hz.
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Figure 6. Block of GABA, receptors with the bath application of bicuculline methiodide (20 wm) at P27 results in the block of spindle wave
generation. Intracellular and extracellular recordings of PGN neurons in the presence of bicuculline reveal that stimulation of the optic radiation
now results in the arrival of repetitive EPSPs, a burst of two action potentials, and a prolonged (approximately 300 msec) hyperpolarization that is
followed by an additional burst of two action potentials (expanded in B for detail). Hyperpolarization of the PGN neuron to —86 and —96 mV
with intracellular injection of current reveals that these events are associated barrages of EPSPs.

Discussion

The present results demonstrate that in the ferret LGNd spon-
tanecous and evoked spindle waves first appear after approxi-
mately 3—4 weeks of postnatal age and become stronger and
more prevalent during the following weeks. Weak spindle waves
have been previously observed in the thalamus of the newborn
cat, although they appear in the cortical EEG only after 2-3 d
postnatal and become clear and consistent around postnatal days
8-9 (Domich et al., 1987). Considering that a newborn cat is
approximately equivalent in developmental age to a 3-week-old
ferret (Linden et al., 1981), these results suggest that the ferret
and cat may exhibit a similar developmental time course of spin-
dle wave development. In the human, spindle waves appear in
the electroencephalogram (EEG) around the second month of
life and increase in strength and regularity during the following
several months and, perhaps, years (Metcalf, 1970; Fisch, 1991),
although these spindle waves may appear earlier in the thalamus
(e.g., Domich et al., 1987). There are likely to be several phys-
iological and anatomical components of the ferret LGNd and
PGN that must mature in the first few postnatal weeks before

spindle waves can be readily generated. Spindle waves are gen-
erated as an interaction between thalamocortical relay neurons
and the GABAergic neurons of the nucleus reticularis thalami/
perigeniculate nuclei (Steriade and Deschénes, 1984; Steriade et
al., 1993; von Krosigk et al., 1993; Bal et al., 1995a,b). A burst
of action potentials in PGN neurons induces a GABA, receptor—
mediated IPSP in a large number of thalamocortical relay cells.
The offset of this IPSP activates a low threshold Ca?* spike in
a few of these relay neurons, and a subsequent burst of action
potentials. This burst of action potentials in the relay cells then
excites the GABAergic PGN neurons once again, and generates
a burst of action potentials in many of these cells through acti-
vation of the low threshold Ca2?* current, thus starting the cycle
again (von Krosigk et al., 1993; Bal et al., 1995a,b). With each
cycle, more and more cells are recruited into the oscillation, as
it grows (waxes) through the neural network (Kim et al., 1994,
Bal et al., 1995a,b). The mechanisms by which the spindle wave
stops (wanes) are not yet known.

We have previously reported that the ability of LGNd relay
cells to generate low threshold Ca?* spikes and bursts of action
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Figure 7. Block of GABA, receptors results in the transformation of spindle waves into the slowed oscillation at age P52. A, Extracellular and
intracellular recordings from relay neurons in lamina A during the generation of a spindle wave evoked by electrical stimulation of the optic
radiation. B, Expansion for detail of part of recording in A. C, Bath application of bicuculline (20 M) results in the generation of the slowed 2-3
Hz synchronized oscillation in relay neurons. D, Expansion of portion of C for detail. £ and F, This effect of bicuculline is reversible.

potentials develops over the first 3—4 postnatal weeks in the
ferret LGNd (Ramoa and McCormick, 1994a). Here, we dem-
onstrate that PGN neurons also slowly develop the ability to
generate high frequency burst discharges over the first 4-6 post-
natal weeks, even though, like LGNd relay cells, PGN neurons
can generate tonic trains of action potentials at all postnatal ages
investigated (P15 to adult).

The postnatal development of burst discharges in PGN neu-
rons is likely to be associated with two important factors. First,
the amplitude of low threshold Ca2* spikes activated through the
intracellular injection of hyperpolarizing current pulses (or de-
polarizing current pulses during tonic hyperpolarization) increas-
es markedly during the first postnatal month, suggesting that the
underlying T-current may be changing in either total available
conductance or voltage dependence during this time period. An
increase in the maximal available T-current, with no change in
voltage dependence, during postnatal development of cat LGNd

thalamocortical relay cells has been observed (Pirchio et al.,
1990). Second, the ability of PGN neurons to generate high fre-
quency trains of action potentials develops over the first several
postnatal weeks in the ferret. Examination of the action poten-
tials generated by PGN neurons reveals a decrease in duration
and an increase in the maximal rate of rise, and particularly in
the maximal rate of fall, of the action potential. These results
are similar to those reported for rodent cortical pyramidal cells,
where similar changes have been attributed to postnatal increas-
es in the density of Na* and K* channels involved in action
potential generation (McCormick and Prince, 1987; Huguenard
et al., 1988). These changes in action potential generation are
likely to contribute to the shallow frequency versus injected cur-
rent properties of immature PGN cells. As the density of Na*
and K" channels increases, the threshold for activation of Na*
spikes is likely to decrease (McCormick and Prince, 1987; Ra-
moa and McCormick, 1994a) and the ability of the cell to gen-
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Figure 8.

Intracellular recording from a perigeniculate cell during the transition from normal spindle wave generation to the slowed oscillation.

A, At age P47, evoked spindle waves are associated with barrages of EPSPs and burst firing in PGN neurons (see C for detail). B, Bath application
of bicuculline (20 pm) results in the generation of the slowed oscillation, which is associated with pronounced bursts of action potentials in PGN

neurons (see D for detail).

erate action potentials at short (e.g., 2-3 msec) intervals increas-
es, allowing the PGN neurons to generate the high frequency
burst discharges associated with normal spindle wave generation
in the adult (e.g., Steriade et al., 1986; Bal et al., 1995b). Pre-
sumably, increases in the number of action potentials generated
per burst and the frequency of action potential generation during
the burst will increase the amplitude and perhaps duration of the
postsynaptic IPSPs in LGNd relay cells, thereby increasing the
likelihood of generating a rebound low threshold Ca?* spike, an
event essential to spindle wave generation.

Absence seizures (spike-and-wave) in children are character-
ized by a delayed developmental onset, typically making their
first clinical appearance at around 4-6 years of age (reviewed
in Aicardi, 1994). Absence seizures can be exacerbated or pre-
cipitated by drowsiness, and in continuous recordings of the
EEG, often occur most frequently during slow wave sleep (Kel-
laway, 1985). Animal models of spike-and-wave seizures indi-
cate that there is a strong relationship between the cellular mech-

anisms for generation of spindle waves and the cellular mech-
anisms for generation of spike-and-wave seizures (see review by
Avoli et al., 1990; Buzsaki et al., 1990). In the feline generalized
penicillin epilepsy model of spike-and-wave seizures, intramus-
cular injections of high doses of penicillin, which is a weak
antagonist at GABA, receptors (reviewed in Macdonald and Ol-
sen, 1994), or direct application of penicillin to the surface of
the cortex results in a slow transformation of normal spindle
waves into spike-and-wave seizures (Kostopoulos et al.,
1981a,b; Avoli and Kostopoulos, 1982). This transformation is
associated with a change in discharge pattern of cortical and
thalamic neurons such that they both become locked into a se-
quence of strong action potential discharge during the spike and
inhibition during the wave (Avoli and Gloor, 1982; Avoli and
Kostopoulos, 1982). Recent elegant experiments have revealed
that the spontaneous occurrence of spike-and-wave seizures in
anesthetized cats is associated with a striking pattern of action
potential generation during the spike and inhibition during the
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Figure 9. Response of PGN neurons to intracellular injection of hyperpolarizing current pulses at ages P18, P27, and P42. A, Intracellular injection
of hyperpolarizing current pulses at P18 does not result in rebound low threshold Ca?* spikes or burst responses, but rather the generation of only
single action potentials. B, At P27, around the time of first appearance of spindle waves, rebound responses are limited to the generation of one or
two action potentials. C, At P42, the adult pattern or rebound burst firing is seen in which PGN neurons generate robust rebound low threshold
Ca?* spikes and high frequency bursts of up to 10 action potentials. In addition, at this age, feedback follows the generation of burst firing in many
PGN neurons (F). Traces illustrated in D—F are individual examples of responses to hyperpolarizing current pulses, as indicated in A-C.

wave in cells of the cerebral cortex, nucleus reticularis of the
thalamus, and some thalamocortical relay neurons (Steriade and
Amzica, 1994; Steriade et al., 1994; Steriade and Contreras,
1995). These findings suggest that spike-and-wave paroxysms
are characterized by the occurrence of a perverse form of syn-
chronized oscillation in thalamocorticothalamic loops, and there-
fore depend for their generation on the postnatal development
of these circuits.

Recently, we demonstrated that block of GABA, receptors in
the ferret LGNd maintained in vitro results in a marked trans-
formation of normal spindle waves into a slowed (2-3 Hz) os-
cillation in which all, or nearly all, thalamic relay and PGN
neurons become locked into a burst—pause sequence of activity
(von Krosigk et al., 1993; Bal et al., 1995a,b). We have proposed
that this pattern of activity resembles that associated with the
generation of spike-and-wave seizures and that it results from
the pronounced burst discharges found in PGN neurons follow-
ing disinhibition of these cells through block of GABA, recep-
tors (Bal et al., 1995a,b). During normal spindle wave genera-
tion, PGN neurons receive barrages of EPSPs from burst firing
in thalamocortical relay neurons. The amplitude of these barrag-

es of EPSPs is regulated through nearly simultaneous barrages
of GABA, receptor—mediated IPSPs, arriving presumably from
the activity of neighboring PGN neurons (Bal et al., 1995a,b)
through axon collaterals (Yen et al., 1985), or dendrodendritic
synapses (Deschénes et al., 1985). Following the block of GA-
BA, receptors, the PGN neurons no longer inhibit one another
and generate prolonged and high frequency bursts of action po-
tentials during the generation of the slow oscillation (Bal et al.,
1995b). We have proposed that these prolonged, high frequency
bursts of action potentials are essential for the strong activation
of GABA, receptors on thalamic relay neurons, which in turn
is essential for the generation of the slowed, seizure-like oscil-
lation (Bal et al., 1995b; see also Hosford et al., 1992).

In the present report, we found in ferret LGNd slices that
block of GABA, receptors with bicuculline did not result in the
generation of the slow oscillation between the ages of approxi-
mately P26 and P39, even though spindle waves were prevalent
and inhibition between PGN neurons was present at these ages.
These results suggest that at this age, relay-PGN circuits have
not yet developed to a sufficient degree to allow for the gener-
ation of the bicuculline-induced paroxysmal activity. This de-
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Figure 10. Electrophysiological properties of PGN neurons at ages when spindle waves first appear (P27) and when the bicuculline-induced
oscillation first appears (P42). A, Intracellular injection of a depolarizing current pulse (0.5 nA) results in the generation of a low frequency train
of action potentials. The first derivative (dV/dt) of the voltage trace is illustrated as the top trace. B, Intracellular injection of a depolarizing current
pulse (0.5 nA) in a P42 PGN neuron results in a higher frequency of action potentials. C, Intracellular injection of a prolonged hyperpolarizing
current pulse into a P27 PGN neuron results in a rebound burst of only three action potentials. D, Intracellular injection of a shorter duration
hyperpolarizing current pulse results in the generation of a typical burst of action potentials in the P42 PGN cell. E, Comparison of dV/dt and
action potential waveform for the first action potentials in A and B. At P27, PGN action potentials are longer in duration and have a less pronounced
afterhyperpolarization and falling phase of the action potential. F, Similarly, during the burst response, the spike afterhyperpolarization in the P27
neurons is less pronounced and dV/dt demonstrates a marked decrease during generation of the burst. These results suggest that at age P27, PGN
neurons are still electrophysiologically immature, especially in their ability to generate high frequency bursts of action potentials.

layed development of the bicuculline-induced oscillation may be
due to many underlying factors, both anatomical and physiolog-
ical. In the present report, we found that these slow oscillations
are largely absent until the electrophysiological properties of
PGN neurons develop to a sufficient degree to allow these cells
to generate high frequency and prolonged bursts of action po-
tentials, a pattern of activity that we have previously proposed
to be essential to the generation of this paroxysmal activity (Bal
et al., 1995b). It is interesting to speculate that the delayed onset
of absence seizures in children may be due, in part, to the de-
layed maturation of electrophysiological properties of GA-
BAergic neurons in the nucleus reticularis thalami and perige-
niculate nuclei.

In addition to postnatal changes in electrophysiological prop-
erties, changes in intrathalamic anatomical connections also un-

doubtedly contribute to the development of synchronized oscil-
lations. Cytoarchitecturally, and in relation to retinogeniculate
connections, the ferret LGNd obtains an adult-like appearance
around P35—40 (Linden et al., 1981), even though the dorsal
lateral geniculate and perigeniculate regions are identifiable at
least as early as P1 in the ferret (Mitrofanis, 1994). To our
knowledge, the postnatal development of axonal connections be-
tween perigeniculate and LGNd relay cells has not been thor-
oughly investigated. Our own unpublished results indicate that
PGN neurons form inhibitory synaptic contacts with dorsolateral
geniculate relay neurons at least as early as P10 (A. Ramoa and
D. A. McCormick, unpublished observations), aithough the pos-
sibility that these inhibitory synapses may function differently
than those in the adult, as has been demonstrated in the hippo-
campus (reviewed in Cherubini et al., 1991), has not yet been



The Journal of Neuroscience, August 1995, 15(8) 5751

Figure 11. Frequency versus injected
current (f-/) relations for PGN neurons
at ages P27-28 and P41-47. At P27~
28 (black symbols), PGN neurons ex-
hibit a relatively shallow f-I relation. In
contrast, the f-I relation in P41-47
(white symbolsy PGN neurons was con-
siderably steeper, with PGN cells at this
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examined. Further studies are required to establish the contri-
bution of establishment of relay-nRt/PGN and nRt/PGN-relay
connections in the postnatal development of synchronized activ-
ity.

The appearance of spontaneous spindle waves at 3—4 weeks
of age corresponds to the end of the period during which retino-
geniculate axons in the ferret LGNd segregate into the eye-spe-
cific laminae and receptive field—specific sublaminae (Linden et
al., 1981; Hahm et al., 1991). Recent results have suggested that
spontancous activity in the developing retinogeniculate pathway
may be important for the proper development of this connection.
In mammals, retinogeniculate segregation into eye- and response
property—specific laminae occurs prior to eye opening, indicating
that normal visually evoked activity iS not necessary for the
determination of these anatomical arrangements. However, in-
traocular infusion of the Na* channel poison tetrodotoxin results
in a block of retinal activity as well as a substantial reduction
in the segregation of retinal afferents into eye-specific laminae
in the LGNd (Archer et al., 1982; Dubin et al., 1986; Shatz and
Stryker, 1988). Similarly, intrageniculate infusion of an NMDA
receptor antagonist, APV, results in a decrease in the segregation
of retinogeniculate afferents into the ferret LGNd according to
receptive-field type (Hahm et al., 1991). These data indicate that
spontaneous activity in the retina, and perhaps the subsequent
activation of NMDA receptors, is important for the segregation
of retinal afferents into their appropriate anatomical connections
with the cells of the LGNd. Indeed, simultaneous recordings
from two retinal ganglion cells during the generation of spon-
taneous action potentials reveal correlated spontaneous activity
between neighboring neurons (Galli and Maffei, 1988; Maffei
and Galli-Resta, 1990). This correlation between neighboring
retinal cells may result from waves of activity that have been
observed to sweep across the retina with in vitro preparations
of the ferret retina (Meister et al., 1991; Wong et al., 1993).

Our present results suggest that spontaneous or evoked spin-
dle waves do not develop until approximately 34 weeks of age,
in other words, after retinogeniculate segregation has occurred.
This late development of spontaneous LGNd/PGN activity may

age discharging at frequencies of great-
er than 250 Hz with current injections
of less than 1 nA.

be advantageous for the proper development of retinogeniculate
connections, since the occurrence of spindle oscillations at ear-
lier ages could disrupt the correlation between spontaneous ret-
inal and thalamic relay cell activity.

We have recently demonstrated with multisite recordings of
ferret LGNd in vitro that spindle waves travel across the ferret
LGNd slice at a rate of approximately 1 mm/sec (Kim et al.,
1994). Cross-correlation analysis of simultaneously recorded
cells or groups of cells reveals that the degree of correlation
between different relay neurons increases as the distance be-
tween these cells decreases (U. Kim, T. Bal, and D. A. McCor-
mick, unpublished observations). In this manner, the sweeping
of spindle waves through the thalamocortical network could act
as a signal of “‘nearest-neighbor” relations. Presumably, propa-
gation of this signal to the cerebral cortex will follow the dom-
inant synaptic connections between the thalamus, cerebral cor-
tex, and cortical regions. Since spindle waves develop at an age
when the precise anatomical relations of thalamocortical and in-
tracortical connections are still being determined through activ-
ity-dependent mechanisms (Levay et al., 1978), we propose that
the occurrence of these spindle waves may facilitate the estab-
lishment of appropriate anatomical connections, keeping in mind
that sensory input will play a dominant role in the determination
of functional connectivity in thalamocortical and corticocortical
circuits (reviewed in Shatz, 1990).
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